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Apresentacéao

A presente tese de doutorado esté organizada em trés partes, conforme segue:
Parte 1. Resumo, abstract, lista de abreviaturas, introducéo e objetivos;
Parte 2: Resultados apresentados na forma de 4 artigos cientificos;

Parte 3: Discusséo, conclus@es, perspectivas e referéncias bibliogréaficas.



Parte 1

I. Resumo

O RAGE €& um receptor transmembrana, imunoglobulina-like que existe em multiplas
isoformas e interage com um amplo repertodrio de ligantes extracelulares. O RAGE é
expresso em niveis baixos na maioria das células, porém o aumento da presenca de
seus ligantes no dominio extracelular faz com que o RAGE inicie uma cascata de
sinalizacdo intracelular complexa, resultando em estresse oxidativo, ativacao do fator
de transcricdo NF-kB, aumento da expressao de citocinas, além da inducao de sua
propria expressao. O envolvimento do RAGE neste amplo espectro de sinalizagao
vincula este receptor a diversas condi¢gdes patoldgicas. Nesta tese utilizamos 3
modelos experimentais que induzem inflamacéo sistémica (Leishmania amazonensis,
Lipopolissacarideo e sepse) e 1 modelo experimental que mimetiza a denervagao
neuronal (modelos experimentais in vivo). Além disso utilizamos diferentes
abordagens de bloqueio do RAGE a fim de elucidar a fungdo deste receptor. Com
base em nossos resultados os modelos experimentais foram eficientes em induzir o
aumento do RAGE e sua sinalizagao no sistema nervoso central, desencadeando a
sintese e liberagao de moléculas pro-inflamatoérias e 0 aumento do estresse oxidativo,
culminando em neuroinflamagado e neurodegeneracgao. As intervencdes de bloqueio
do RAGE foram eficientes em inibir as vias de sinalizacao intracelular mediadas pelo
receptor, comprovando a via de agdo. Levando em conta nossos principais resultados
concluimos que: a) RAGE atua como mediador da perda neuronal em resposta ao
insulto inflamatério em diversas estruturas do SNC, b) esta presente no corpo dos
neurénios dopaminérgicos e envolvido na morte destes neurdnios; ¢) o aumento do
RAGE ¢é tempo-dependente e a morte dos neurdnios esta vinculada a acédo deste

receptor.

Palavras chave: RAGE; neuroinflamagao; neurodegeneracéao



Il. Abstract

RAGE is a transmembrane, immunoglobulin-like receptor that exists in multiple
isoforms and interacts with a broad repertoire of extracellular ligands. RAGE is
expressed at low levels in most cells, but the increased presence of its ligands initiates
a complex intracellular signaling cascade resulting in oxidative stress, activation of
transcription factor NF-kB, increased expression of cytokines in addition to
concomitant upregulation of RAGE itself. In this thesis we used 3 experimental models
which induce systemic inflammation (Leishmania amazonensis, Lipopolysaccharide
and sepsis) and 1 experimental model that mimics neuronal denervation (experimental
models in vivo). In addition, different approaches to block RAGE were used to elucidate
the function of this receptor. Based on our results the experimental models were
efficient in inducing the increase of RAGE and its signaling in the central nervous
system, triggering the synthesis and release of proinflammatory molecules and the
increase of oxidative stress, culminating in neuroinflammation and neurodegeneration.
The RAGE blocking interventions were effective in inhibiting receptor-mediated
signaling, proving the signaling pathway. Considering our main results, we conclude
that: a) RAGE acts as a mediator of neuronal loss triggered by inflammatory insults in
various CNS structures; b) RAGE is present in the body of dopaminergic neurons and
Is involved in the death of these neurons; c) the increase of RAGE is time-dependent,

and the neuronal death is dependent on the action of this receptor.

Key words: RAGE; neuroinflammation; neurodegeneration



lll. Lista de abreviaturas e siglas

6-OHDA: 6-hidroxidopamina

AKT ou PKB: proteina cinase B

ADAM10: proteina desintegrina e metaloproteinase 10, do inglés: disintegrin and
metalloproteinase domain-containing protein 10

AGE: produto final de glicacdo avancada, do inglés: advanced glycation end-products
AGER: Gene humano do RAGE, do inglés: advanced glycation end-products receptor
CDC42: proteina de controle de divisdo celular 42, do inglés: cell division control
protein 42 homolog

CLP: Ligadura e Perfuracdo Cecal, do inglés: cecal ligation puncture

CML: Ng- (carboximetil) lisina

DAMP: Padrdo molecular associado ao dano, do inglés: damage-associated
molecular pattern

DIAPHL1: proteina diafano 1, do inglés: protein diaphanous homolog 1

DN-RAGE: RAGE dominante negativo, do inglés: dominant negative - receptor for
advanced glycation end products

ERO: espécie reativa de oxigénio

FL-RAGE: versdo completa do RAGE, do inglés: full length - receptor for advanced
glycation end-products

FPS-ZM1: N-Benzil-N-ciclo-hexil-4-clorobenzamida

HMGB1: grupo de alta mobilidade 1, do inglés: high mobility group box 1

HSP70: proteina de choque térmico 70, do inglés: high shock protein 70

IL-1B: interleucina 13

JAK: janus cinase

LPS: lipopolissacarideo

MIP-1a: proteina inflamatéria de macrofagos 1a, do inglés: macrophage inflammatory
protein 1a

MIP-1B: proteina inflamatéria de macrofagos 1B, do inglés: macrophage inflammatory
protein 1 8

MMP9: metaloproteinase 9

N-CAM: moléculas de adesao celular neural, do inglés: neural cell adhesion molecule



N-RAGE: RAGE N-truncado, do inglés: N-truncated: receptor for advanced glycation
end-products

SAPK/JNK: proteina cinase ativadas por estresse/cinases jun amino-terminais, do
Inglés: stress-activated protein kinases/Jun amino-terminal kinases

SRAGE: RAGE solavel, do inglés: soluble receptor for advanced glycation end
products

MAPK: proteina-cinases ativadas por mitdgenos, do inglés: mitogen-activated protein
kinase

MHC: complexo principal de histocompatibilidade, do inglés: major histocompability
complex

MTOR: proteina alvo da rapamicina em mamiferos, do inglés: mammalian target of
rapamycin

NF-xB: fator nuclear kappa B, do inglés: nuclear factor kappa B

RAGE: receptor para produtos finais de glicacdo avancada - do inglés: receptor for
advanced glycation end products

SNC: sistema nervoso central

STAT: transdutor de sinal e ativador de transcriptoma, do inglés: signal transducer
and activator of transcription

TH: tirosina hidroxilase

TLRA4: receptor tipo toll 4, do inglés: toll-like receptor 4

TNF-a: fator de necrose tumoral—a, do inglés: tumor necrosis fator-a



IV. Introducgéo

Estrutura do RAGE

A exposicao de proteinas a agucares redutores resulta em glicacdo através de
acdo ndo enzimatica, formando os produtos finais de glicacdo avancada (AGEs). Em
1992 (Schmidt et al., 1992) ao tentar identificar o mecanismo pelo qual os AGEs
modulam as fungdes celulares no pulméo de bovinos os investigadores descreveram
a presenca de um aceptor de alta afinidade presente na superficie das células. Este
aceptor foi posteriormente purificado e definido como o receptor para produtos finais
de glicacdo avancada (RAGE) (Schmidt et al., 1992; Schmidt et al., 1996). Desde
entdo o RAGE vem sendo intensamente investigado.

RAGE é um receptor transmembrana que pertence a superfamilia das
imunoglobulinas. Este receptor possui mdltiplas isoformas com capacidade
multiligante surpreendente e € considerado um receptor de reconhecimento de
padrdes (Chavakis et al., 2003). O gene humano do RAGE (AGER) esté localizado no
cromossomo 6 na regido de classe Il do complexo principal de histocompatibilidade
gue contém 11 exons. Estruturalmente, o RAGE consiste de 404 aminoacidos com
uma massa molecular de 50 kDa (Neeper et al., 1992). O RAGE na versdo completa
consiste de uma estrutura extracelular, que possui uma sequéncia na regiao N-
terminal (aminoacidos 1-22), um dominio imoglobulina-like do tipo-V (aminoacidos 23-
116), e uma sequéncia de dois dominios imunoglobulina-like de tipo-C (aminoacidos
124-221 e 227-317, respectivamente). Um dominio transmembrana udnico
(aminoacidos 343-363. E uma cauda citoplasmatica intracelular curta (C-terminal)

altamente carregada (aminoacidos 364-404) (Neeper et al., 1992).
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Figura 1. Estrutura do RAGE. Adaptado de (Bongarzone et al., 2017).

O dominio do tipo-V apresenta estrutura secundaria e consiste de duas folhas
B conectadas por uma ponte dissulfeto, uma pequena hélice a e uma random coil que
n&o possui uma estrutura secundaria definida (Yatime e Andersen, 2013). E o principal
sitio de ligacdo para ligantes que interagem com RAGE em nivel micromolar
(Matsumoto et al., 2008). Os outros dominios também apresentam capacidade de ligar
moléculas, por exemplo, a proteina S100B liga-se a ambos dominios V e C1, enquanto
gue S100A6 se liga aos dominios C1 e C2 (Leclerc et al., 2007).

O dominio C1 se dobra (fold) em um dominio de Ig do tipo-C classico (Dattilo
et al., 2007; Yatime e Andersen, 2013). A superficie molecular dos dominios V e C1 é
coberta por uma cavidade hidrofébica e areas carregadas positivamente. Varias
ligacdes de hidrogénio e interacdes hidrofébicas ocorrem entre os dominios V e C1
formando uma unidade estrutural integrada para reconhecimento do ligantes (VC1)
(Dattilo et al., 2007).

Estudos demonstraram que o ectodominio VC1 articulado, esta implicado na
interacdo com uma gama diversificada de ligantes do RAGE que possuem
caracteristica acida (carregado negativamente), como AGEs, HMGB1 (grupo de alta

mobilidade 1) e B-amildide (Hori et al., 1995; Xue et al., 2014).



O RAGE pode sofrer dimerizacdo ou oligomerizacdo multimodal mediada por
auto associacdo de dominios V-V ou C1-C1 (Koch et al., 2010; Zong et al., 2010;
Yatime e Andersen, 2013). O dominio VC1 é anexado ao dominio C2 por uma ligacao
flexivel (Kislinger et al., 2001). O dominio C2 consiste de duas folhas-B estabilizadas
por pontes dissulfeto, além de possuir uma grande superficie carregada
negativamente com residuos &cidos direcionados para a superficie basica do
oligbmero VC1 (Yatime e Andersen, 2013).

O dominio extracelular (VC1C2) do RAGE humano (UniProtkB Q15109)
compartilha uma identidade de sequéncia de 79,2% (Q62151) com ratos (Rattus
norvegicus) e 96,5% (Q63495) com primatas (Rhesus macaque, F1ABQ1) (Rodriguez
Gonzalez-Moro et al., 2009). Os residuos carregados positivamente envolvidos na
ligacdo de AGE a RAGE, séo conservados nas 3 espécies sugerindo um padrédo de
ligacdo comum (Rodriguez Gonzalez-Moro et al., 2009; Xue et al., 2014). O dominio
transmembrana do RAGE ¢é uma estrutura helicoidal que pode promover a
homodimerizacado hélice-hélice do receptor e, portanto, pode estar envolvida na
transducdo de sinal (Yatime e Andersen, 2013). A cauda citoplasméatica do RAGE é
dividida em pelo menos trés partes: um dominio de 17 aminoacidos proximal a
membrana, rica em aminoacidos basicos (Arg366, Arg368, Arg369 e Glu371), um
dominio central de 17 aminoacidos contendo acidos glutdmicos e um local de
fosforilagdo em Ser391 e um dominio C-terminal ndo estruturado (Rai et al., 2012).
Esta pequena cauda citoplasmatica na regido C-terminal € crucial para a interacéo do
dominio citoplasmatico do RAGE com moléculas efetoras que disparam sinalizacao
intracelular.

A cauda citoplasmatica é absolutamente essencial para sinalizacao intracelular

do RAGE (Ding e Keller, 2005), na auséncia da cauda, RAGE é capaz de reconhecer



e ligar seus ligantes, porém nédo dispara a sinalizacdo intracelular (Hofmann et al.,
1999).

A ligacdo RAGE-ligante dispara a sinalizagdo de vérias proteinas incluindo,
diafano-1 (DIAPH1), proteina-cinases ativadas por mitdgenos (MAPKS), - proteina de
controle de divisao celular 42 (CDC42) e Janus cinase (JAK)/ transdutores de sinal e
ativadores de transcriptomas (STATS) e subsequente ativacdo da via do NF-«B

(Hudson et al., 2008; Ramasamy et al., 2008; Rai et al., 2012).

Isoformas do RAGE

Até o momento estdo documentadas 22 isoformas do RAGE em seres
humanos, 12 das quais sdo encontradas no cérebro (Lopez-Diez et al., 2013). Estas
isoformas variam por splicing alternativo, que inclui a forma soltuvel, além dos
receptores ligados a membrana celular (Lopez-Diez et al., 2013).

As 4 isoformas principais do RAGE séo (figura 2):

1) RAGE na forma completa, full-length (FL-RAGE): contém todos os principais
componentes do receptor e representa a sua forma ativa para transduzir o sinal
intracelular.

2) RAGE dominante negativo (DN-RAGE): estd ancorado na membrana, porém
ndo apresenta a cauda intracelular, portanto ndo ha mediagéo de sinalizacdo entre o
lado interno e externo da célula;

3) RAGE N-truncado (N-RAGE): apesar de ndo possuir o dominio do tipo-V, 0s
restantes dos dominios estdo ancorados na membrana possuindo capacidade de

ligacdo de seus ligantes nos dominios do tipo-C;



4) RAGE C-truncado, secretado/solavel (SRAGE): o dominio C-terminal esta
ausente, mas contém todos os dominios das imunoglobulinas da versdo completa do
RAGE. A forma solivel do RAGE é secretada extracelularmente como resultado do
splicing alternativo do mRNA do RAGE ou também pela acdo de metaloproteinases
(ADAM10 e MMP9) que clivam o RAGE resultando na liberagcdo de sRAGE

(Ramasamy et al., 2016).

FL-RAGE Oligomeros DN-RAGE | FL-RAGE
N I N M f

N-RAGE A
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Figura 2. Isoformas do RAGE. As isoformas chave do RAGE na ilustragcao inclui: (a
partir da esquerda) FL-RAGE; oligdmeros do RAGE; DN-RAGE; N-RAGE; e sRAGE.

Adaptado de (Bongarzone et al., 2017).

Papel fisioldgico e sinalizacdo do RAGE

RAGE é altamente expresso durante o desenvolvimento embrionario e durante
0 periodo pos-natal onde possui funcdo constitutiva em uma ampla variedade de
células (Brett et al., 1993). Na fase adulta, em condicdes fisioldgicas, a expressdo do

RAGE em células diferenciadas como cardiomiécitos, neurénios e em outros tipos
9



celulares é reprimida (Brett et al., 1993; Schmidt et al., 1993). Em células da pele e do
pulmdo, que apresentam caracteristicas distintas aos demais tipos celulares, a
expressao do RAGE é constitutiva e altos niveis do RAGE durante o desenvolvimento
e fase adulta sdo normais e provavelmente benéficas para manter a homeostase
(Buckley e Ehrhardt, 2010; Chuah et al., 2013).

RAGE contribui para o metabolismo dos o0ssos, € expresso tanto em
osteoclastos quanto em osteoblastos. RAGE ¢é essencial na maturagéo,
funcionamento e funcdo dos osteoclastos além de auxiliar na remodelagdo 6ssea
(Zhou et al., 2006). Camundongos RAGE ") tem osteoclastos com morfologia e
funcionalidades comprometidas levando as células ao fenotipo osteopetrose-like. A
auséncia do RAGE induz falha na diferenciacdo osteoclastica e reducdo da
sinalizacao de adesdao celular mediada por integrina em macrofagos de medula 6ssea,
além de diminuir a pre-fusdo de osteoclastos. Em ratos RAGE ") tanto a densidade
mineral 6ssea quanto a for¢ca biomecéanica sdo afetadas com a diminuicdo no nimero
de osteoclastos (Ding et al., 2006; Zhou et al., 2006).

A presenca do RAGE nos ax6nios em baixas concentracdes ja esta bem
estabelecida e sua presenca é importante como promotor de crescimento e
regeneracdo de neuritos em condicbes saudaveis (Rong, Trojaborg, et al., 2004;
Rong, Yan, et al., 2004).

Em situacfes de estresse, o0 acumulo ou 0 aumento da circulacao dos ligantes
do RAGE induz a expressao do receptor em células que o RAGE estava reprimido ou
diminuido (Cheng et al., 2005; Chuah et al., 2013). A interacdo de um ligante no
dominio extracelular do receptor desencadeia uma complexa cascata de sinalizacao
intracelular, resultando na producdo de espécies reativas de oxigénio (ERO),

induzindo efeitos imunoinflamatorios, modulando a proliferacéo celular, alterando a

10



mobilidade/migracéo celular e estimulando a expressdo de genes pro-inflamatorio,
além do concomitante aumento do RAGE (Ramasamy et al., 2008). Além disso o
RAGE possibilita as células a habilidade de aderir a componentes da matriz
extracelular e também a aderir a outras células através de interacBes homofilicas
(Sessa et al., 2014), pois apresenta alto grau de homologia estrutural a moléculas de
adeséo celular neural (N-CAM) (Song et al., 2014).

Em alguns transtornos neuroldgicos como na doenca de Alzheimer ja é bem
comprovada a interacdo do peptideo B-amildide com o RAGE, conduzindo
principalmente a inflamacéo e ao estresse oxidativo (Kim et al., 2013; Chen et al.,
2014). Ja a interacdo entre RAGE/HMGB1 e RAGE/S100B s&o conhecidas por
estarem envolvidas em fun¢des neuronais como 0 crescimento de neuritos e
diferenciagao celular (Huttunen et al., 2000). No entanto, a concentragcao de ligantes
€ um fator importante na predicdo do efeito do RAGE na homeostase celular. As
baixas concentracdes levam a eventos mais benéficos (crescimento de neuritos) e
altas concentra¢cbes, induzem eventos mais deletérios (sinalizacdo inflamatoria)
(Huttunen et al., 2000). Além da concentracao, o tipo de célula parece ser importante.
Nos neuronios, a ligacdo do HMGBL1 resulta em crescimento de neuritos, enquanto
que na microglia HMGBL1 induz sinalizacao inflamatoria potencialmente nociva (Ding
e Keller, 2005).

O aumento exacerbado dos niveis do RAGE também é tempo-dependente e
estudos demonstram que durante o envelhecimento ha o aumento da expressao do
RAGE em diversos tecidos (Simm et al., 2004; Srikanth et al., 2011). Este aumento do
RAGE durante o envelhecimento € devido ao acumulo de ligantes do RAGE, que por
sua vez elevam a expresséao do receptor em um looping de feed back positivo (figura

3) (Li e Schmidt, 1997).
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Figura 3. Mecanismo do looping de feed back positivo do RAGE. Adaptado
de Chuah et al., 2013.

Em contraste, SRAGE tem niveis menores no plasma durante o envelhecimento
(Fujii e Nakayama, 2010). Niveis elevados de sRAGE no plasma séo correlacionados
com longevidade humana (Geroldi et al., 2006), visto que SRAGE pode atuar como
agente bloqueador do RAGE, evitando que outros ligantes interajam com RAGE ou
com outros receptores de superficie celular (Zhang et al., 2008). Em pacientes com
doenca arterial coronariana, baixos niveis plasmaticos de sRAGE foram evidenciados
em um evento agudo, esse fendmeno ocorre pela alta demanda do receptor na
membrana. A alta interacdo AGE-RAGE amplifica a sinalizacdo do RAGE e mais
ligantes séo recrutados levando a um aumento da producdo de ERO e da resposta
inflamatéria (Falcone et al., 2013).

A funcdo ambigua do RAGE em células neuronais € complexa, em baixas

concentracbes € capaz de aumentar a sobrevivéncia celular e favorecer a
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diferenciagao neuronal e por outro lado sua ativagcédo pode induzir estresse oxidativo
e levar a morte neuronal (Huttunen et al., 2000). Esses efeitos contraditérios parecem
nao estar relacionados aos tipos de ligantes do RAGE, visto que diferentes ligantes
sdo capazes de induzir ambos os tipos de resposta celular. Provavelmente o que
diferencia de um caso para outro € a intensidade e a duracdo do estimulo e
fundamentalmente as caracteristicas especificas das células (Huttunen et al., 2000;

Piras et al., 2016).

RAGE e inflamagéo

Inicialmente, o RAGE foi considerado importante na patogénese da diabetes e
suas complicacdes, visto que diabéticos apresentam acumulos de AGEs nas paredes
dos vasos sanguineos, plasma e tecidos (Ruderman et al., 1992). Atualmente RAGE
€ considerado o receptor chave no eixo de inflamacéo, pois além de ser ativado por
AGEs tem capacidade de ligar um amplo repertério de agonistas com preferéncia por
ligantes propensos a agregacao e modificacdes pds-traducdo (oxidagao, glicosilacéo,
etc.) denominados padroes moleculares associados ao dano celular (DAMPS),
presentes em proteinas como o peptideo B-amildide, proteinas da familia S100,
HMGB1, HSP70, Ne-(carboximetil) lisina (CML), LPS e uma série de outras
moléculas/proteinas relacionadas com condi¢cdes patoldgicas (Yan et al., 2009; Dal-
Pizzol et al., 2012).

Um dos efeitos intracelulares mais pronunciados da ativacdo do RAGE ¢ a
ativacdo redox-dependente de NF-xB e a indugdo de Vvias pré-inflamatdrias
controladas por esse fator de transcricao (Janssen-Heininger et al., 2000). A ativagao
de NF-xB é normalmente induzida por mecanismos transitérios de acdo, como a
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ativacdo de cascatas de fosforilagcdo e oxidacdo de grupamentos tidis de proteinas
redox-sensiveis. Tais eventos acabam induzindo a fosforilagdo de proteinas cinases
da subunidade inibitéria IkBa (IKKs). Esta subunidade € responsavel pela
integridade do complexo IkB-p50-p65, que é inativo. No entanto, a fosforilagdo de
IkBa por IKKs resulta na dissociagdo das subunidades p50-p65, as quais podem
formar homo e/ou heterodimeros e atuarem como fatores de transcricdo de genes
pro-inflamatorios (Sarnico et al., 2012).

A interacdo do RAGE com seus ligantes em locais de lesdo ou inflamacéo
induzem a ativacéo intracelular de NF-xB. O gene AGER tem um elemento responsivo
ao NF-kB, uma vez que possui sitio de ligagao funcional ao NF-xB em seu promotor
proximal (Li e Schmidt, 1997). A sinalizacdo entre RAGE/ NF-«xB esta interligada, isso
garante a manutencado e a amplificacdo do sinal pro-inflamatorio caracterizando a
perpetuacao da inflamacao. Tal mecanismo de retroalimentacao positiva possibilita ao
RAGE aumentar sua propria expressao.

RAGE é expresso em numerosas células do sistema imune, incluindo
neutroéfilos, mondécitos/macrofagos, linfocitos e células dendriticas (Brett et al., 1993).
Camundongos RAGE - estdo protegidos dos efeitos letais do choque séptico, que é
em grande parte baseado na resposta imune inata. Os camundongos RAGE - tem
inflamacéo local diminuida e também menor ativacdo de NF-kB nos érgaos alvo de
choque séptico (Liliensiek et al., 2004). O bloqueio do RAGE provoca um adiamento
na resposta inflamatoria através da diminuicdo da rota de sinalizacédo da inflamacgéo
no SNC (Hofmann et al., 1999; Kislinger et al., 2001). Quando o RAGE esta ativo no
endotélio, fagocitos mononucleares e linfocitos desencadeiam sinalizacao celular,

com liberacéo dos principais mediadores pro-inflamatérios (Hofmann et al., 1999).
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RAGE e doencgas neurodegenerativas

O aumento do RAGE tem sido implicado em inimeras condicdes patolégicas —
diabetes, doencas cardiovasculares, doenca inflamatéria renal, arteriosclerose,
doenca inflamatoéria intestinal e também doencas neurodegenerativas, como doenca
de Alzheimer, polineuropatia amildide familiar, neuropatia diabética, doenca de
Parkinson e doenga de Huntington (Uttara et al., 2009; Chuah et al., 2013; Juranek et
al., 2015).

A expressdo do RAGE est4 presente em neurdnios, células vasculares,
microglia e astrocitos, sugerindo-lhe um papel chave no SNC (Ding e Keller, 2005). A
acdo do RAGE nessas células depende da isoforma e seus niveis de concentracao
na superficie celular (Ding e Keller, 2005). A ligagdo entre RAGE/AGE ou RAGE/B-
amildide nos neurdnios resulta em aumento do estresse oxidativo e ativacdo de NF-
kB (Yan et al., 1996; Mattson e Camandola, 2001) enquanto que em células
mononucleares e linfécitos a ligacdo RAGE/S100 desencadeia a sintese de
mediadores proé-inflamatorios (Hofmann et al., 1999).

Na doenca de Alzheimer, por exemplo, ha um aumento na expressao do RAGE
no SNC, e de forma co-localizada com as placas amildides, estruturas
histopatoldgicas constituidas por cross-links do peptideo B-amildide (Zhang et al.,
2009). Em um estudo (post mortem) com cérebros de pacientes afetados pela doenca
de Alzheimer e diabetes foram encontrados niveis elevados do RAGE, sugerindo a
participacdo deste receptor no mecanismo de dano celular contribuindo na progresséao
da doenca pela geracao permanente de estresse oxidativo (Valente et al., 2010).

J& na doenca de Parkinson, apesar de também estar bem estabelecido que a

ativagao pro-inflamatéria € um componente importante na progressao da morte dos
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neurbnios dopaminérgicos, o papel do RAGE neste processo ainda é obscuro e

precisa ser estudado.

O bloqueio do RAGE como potencial terapéutico

O crescente numero de evidéncias conectando RAGE a uma série de doencas
despertou o interesse na investigagdo do RAGE como um alvo para intervencéo
terapéutica. O RAGE soluvel (SRAGE) é um dos modelos utilizados para bloquear o
RAGE, dado que sRAGE atua como antagonista inibindo a ativa¢do da sinalizagao do
RAGE. Ratos tratados com sRAGE mostraram uma reducdao significativa na infiltragéo
de neutrofilos, indice de permeabilidade pulmonar e atividade de NF-«B, bem como a
producao de varias citocinas pré-inflamatérias incluindo TNF-a e proteina inflamatodria
de macréfagos (MIP-1a e MIP-18) em modelo induzido por LPS (Zhang et al., 2008).
Muitos estudos vém evidenciando que sRAGE tem capacidade de bloqueio do RAGE
e que a inibicdo do receptor acarreta em protecéo contra varias doencas (Chen et al.,
2004; Chen et al., 2007; Ramasamy et al., 2008).

Estudos conduzidos com camundongos knock-out demonstraram que a
delecdo genética do RAGE forneceu protecdo e melhorou a sobrevivéncia em
situacdes de patologias como a sepse e aterosclerose (Lutterloh et al., 2007,
Ramasamy et al., 2008). Em camundongos knock-out para RAGE, a ativagcdo de NF-
kB e morte celular em neurénios e células gliais causadas pela inducao de modelo da
doenca de Parkinson por injecdo da neurotoxina MPTP (1-metil-4-fenil-1,2,3,6-
tetrahidropiridina) é revertida aos niveis de animais controle (Teismann et al., 2012).
Resultados semelhantes foram observados com animais knock-out para S100B, nos
quais a inducdo de doenca de Parkinson com MPTP produziu uma microgliose
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significativamente menor, com diminuida expressdo do RAGE e de TNF-q, e
consequente diminuicdo da perda celular dopaminérgica (Sathe et al., 2012).

Estudos que investigaram doengas neurodegenerativas em ratos, como a
neuropatia periférica diabética e doencga de Alzheimer mostraram que o tratamento
farmacoldgico ou o bloqueio genético do RAGE atenua as complicacdes associadas
ao diabetes e a formacgao de placa nos neurdnios (Bierhaus et al., 2004; Cho et al.,
20009).

O blogueio do RAGE com o anticorpo anti-RAGE em células endoteliais do
cérebro humano reduziu o transporte de sAB1-40 através da membrana (transcitose),
melhorando as condi¢des gerais dessas células (Mackic et al., 1998). Outro estudo
revelou o possivel envolvimento do RAGE na biologia da amiloidose, onde foi
demonstrado que RAGE liga tanto o peptideo B-amiléide quanto seus agregados. O
bloqueio do RAGE resultou na supressado da expressao esplénica de citocinas pro-
inflamatérias, ativacdo NF-kB e acumulo de B-amiléide (Yan et al., 2000). Em modelo
de sepse grave a inibicdo do RAGE com o anti-RAGE aumentou a sobrevivéncia dos
animais (Lutterloh et al., 2007).

A inibicdo da interacdo RAGE-anfoterina diminuiu o crescimento e a metastase
em camundongos com tumores implantados e tumores que se desenvolvem
espontaneamente em camundongos susceptiveis. A ativacdo das MAPK-p44/p42,
p38 e proteinas cinases ativadas por estresse/cinases Jun amino-terminais
(SAPK/INK) e de metaloproteinases foram reprimidas pelo bloqueio do RAGE
(Taguchi et al., 2000).

Dentre todas estratégias de blogueio do RAGE, o N-Benzil-N-ciclo-hexil-4-
clorobenzamida, ou FPS-ZM1, vem despertando mais interesse da comunidade

cientifica. Este antagonista foi selecionado através da triagem de 5000 compostos na
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busca por de inibidores do RAGE (Deane et al., 2012). FPS-ZM1 é um bloqueador
multimodal do RAGE que bloqueia o dominio tipo-V do receptor in vitro e in vivo
(Deane et al., 2012). Os recursos associados a ligagdo a RAGE sé&o (1) um nucleo
central de amida terciaria, (2) um benzeno deficiente em elétrons, (3) uma fragédo
hidrofébica e (4) um anel de benzeno rico em elétrons ligado & amida com um
espacador de alquilo (Deane et al., 2012; Cary et al., 2016).

R

Figura 4. Estrutura do antagonista do
RAGE, N-Benzil-N-ciclo-hexil-4-
clorobenzamida (FPS-ZM1)

Em um estudo com camundongos o FPS-ZM1 controlou efetivamente a
progressao da disfuncdo cerebral mediado por $-amildide melhorando o desempenho
cognitivo (Deane et al., 2012).

Com base nos expressivos resultados obtidos de estudos in vitro e in vivo, o
blogueio ou a eliminacdo do RAGE parece ter grande potencial farmacoterapéutico no
contexto clinico. Portanto delinear as ligacbes moleculares entre os complexos
caminhos de sinalizacdo do RAGE e disfuncdo neuronal é essencial para a

compreensao basica dos mecanismos envolvidos nas doencas neurodegenerativas.

Modelos experimentais para estudo de dano neuronal

Infeccbes bacterianas e virais s8o fatores de risco para varias doencas
neurodegenerativas, como a doenca de Alzheimer e doenca de Parkinson (De Chiara

etal., 2012). A infeccao leva a ativacao de processos inflamatorios e respostas imunes
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do hospedeiro, que atua como mecanismo de defesa, mas também pode causar
danos as fungbes neuronais, infecgdes no SNC podem levar a multiplos danos em
células infectadas e células vizinhas (Alam et al., 2017). Esses efeitos podem atuar
em combinag¢do com outros fatores, como envelhecimento, doencas metabdlicas e a
composicao genética do hospedeiro (Alam et al., 2017).

No capitulo | é demonstrada a ligacdo entre a infec¢ao sistémica induzida pelo
modelo de L. Amazonensis e alteracdes de parametros envolvidos em processos
neurodegenerativos através da ativacdo do RAGE em camundongos. Varios
patdgenos bacterianos e virais sdo relacionados com a producdo e acumulo de
agregados de proteinas, estresse oxidativo, processos autofagicos deficientes,
sinaptopatias e consequente morte neuronal (Alam et al., 2017).

No capitulo Il foi utilizado o modelo de LPS de maneira aguda em ratos Wistar
com intuito de realizar um mapeamento entre a inflamacéo sistémica e seus efeitos
em diferentes estruturas do sistema nervoso central. A imunoneutralizacdo do RAGE
foi empregada para investigar o papel deste receptor na mediacdo da resposta
inflamatoria sistémica e no SNC.

A injecdo sistémica de LPS em ratos é um modelo surpreendentemente
fisiolégico para o estudo do papel da inflamagcdo no desenvolvimento de doencas
neurodegenerativas. Uma Unica injecao intraperitoneal pode induzir uma diminuicéo
progressiva (cerca de 50%) na quantidade de neurdnios dopaminérgicos da
substancia negra em tratamento de longo prazo (Qin et al.,, 2007). Essas
caracteristicas sdo muito similares ao processo lento e gradual de evolucdo da
neurodegeneracao em pacientes, sendo que 0s animais apresentam evolucao similar

de sintomas motores. Além disso, esse efeito foi observado ser significativamente
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menor em ratas fémeas, 0 que é consistente com a maior incidéncia de Doenca de
Parkinson em homens do que em mulheres (Miller e Cronin-Golomb, 2010).

No capitulo Il investigamos os efeitos da inflamacdo no SNC induzida por
modelo de sepse cronicamente. Utilizamos o método de imunoneutralizacdo do RAGE
aplicado diretamente no hipocampo de ratos Wistar com objetivo de elucidar o papel
deste receptor em uma doenca que acomete milhares de pessoas pelo mundo. A
sepse € um problema de saude publica, € definida como uma disfuncéo organica com
risco de vida causada por respostas desreguladas do hospedeiro frente a uma
infeccdo grave, até 71% dos pacientes sépticos desenvolvem disfuncdo cerebral
irreversivel (Widmann e Heneka, 2014). Mesmo sendo uma condi¢do induzida por
inflamac&o sistémica, sem infec¢do no cérebro (porém com inflamacao), a sepse tem
como caracteristica a diminuicdo do metabolismo cerebral, diminuicdo da atencdo,
desorientacédo, delirio ou coma (Semmler et al., 2008).

Na intengdo de comprovar o envolvimento do RAGE nas doengas que
conduzem a disfuncado/morte neuronal, no capitulo IV o modelo de 6-OHDA foi
empregado com concomitante administracdo do antagonista farmacolégico (FPS-
ZM1) do RAGE. Dentre os diversos modelos que ja foram utilizados para elucidar os
mecanismos que desencadeiam doencas neurodegenerativas a 6-OHDA apresenta a
denervacao neuronal do eixo nigroestrailatal muito semelhante a aquela encontrada
na doenca de Parkinson. Este modelo foi utilizado para investigar a morte neuronal a
nivel celular, diferentemente dos outros modelos citados anteriormente, que envolvem
toda a complexidade fisiolégica do organismo.

Nesta tese utilizamos 4 modelos experimentais in vivo, com diferentes

abordagens metodoldgicas de inducédo de inflamacdo, com intencdo de elucidar o
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papel do RAGE na inflamacéo sistémica, na neuroinflamacdo e na degeneracédo de

neurdnios do SNC.

V. Objetivos

Justificativa e objetivos

Esclarecer o papel do RAGE na progressdo da morte neuronal € emergente.
A elucidacdo do mecanismo de acdo do RAGE pode estabelecer este receptor como
alvo terapéutico para o desenvolvimento de terapias efetivas voltadas as causas
das doencas. Para determinar tais respostas foi consolidada uma rede interdisciplinar
de cooperacdo entre instituicdes de pesquisa, ensino e saude do Brasil e do exterior
(Universidade Federal do Rio Grande do Sul - UFRGS, Fundagdo Oswaldo Cruz -
FIOCRUZ, Universidade do Extremo Sul Catarinense - UNESC e The University of
Newcastle-AUS), de forma a reunir e agregar conhecimento para nossa
investigacao.

Considerando: i) a relevancia da modulacéo pré-inflamatéria na morte neuronal
e progressao de doencas neurodegenerativas; ii) A importancia do RAGE na resposta
inflamatoria crénica e morte celular neuronal em processos desse tipo; iii) A falta de
conhecimento sobre o papel do RAGE em doencas neurodegenerativas, o objetivo
central destatese foi o de determinar a funcdo do RAGE em diferentes modelos

de inflamacdo e morte neuronal in vivo, tendo como objetivo especificos:

a) Determinar alteracdes do RAGE no cérebro de camundongos

infectados com Leishmania amazonensis.
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b) Avaliar os efeitos do bloqueio do RAGE na resposta inflamatoria

aguda induzida por LPS em ratos Wistar.

c) Investigar o papel mediador do RAGE no acumulo de B-amildide na
fosforilagcéo de tau e no comprometimento cognitivo de ratos Wistar

submetidos a sepse.

d) Determinar os efeitos do bloqueio do RAGE na denervacao

dopaminérgica induzida por 6-hidroxidopamina em ratos Wistar.

e) ldentificar o subtipo celular responséavel pela expressdao do RAGE

nos modelos in vivo.
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Parte 2

Resultados

Capitulo |

Increased tau phosphorylation and receptor for advanced glycation
endproducts (RAGE) in the brain of mice infected with Leishmania

amazonensis
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Leishmaniasis is a parasitosis caused by several species of the genus Leishmania, an obligate intramacro-
phagic parasite. Although neurologic symptoms have been observed in human cases of leishmaniasis, the
manifestation of neurodegenerative processes is poorly studied. The aim of the present work was to
investigate if peripheral infection of BALB/c mice with Leishmania amazonensis affects tau phosphoryla-
tion and RAGE protein content in the brain, which represent biochemical markers of neurodegenerative
processes observed in diseases with a pro-inflammatory component, including Alzheimer's disease and
Down syndrome. Four months after a single right hind footpad subcutaneous injection of L. amazonensis,
the brain cortex of BALB/c mice was isolated. Western blot analysis indicated an increase in tau phos-
phorylation (Ser®®®) and RAGE immunocontent in infected animals. Brain tissue TNF-o, IL-1p, and IL-6
levels were not different from control animals; however, increased protein carbonylation, decreased
IFN-v levels and impairment in antioxidant defenses were detected. Systemic antioxidant treatment
(NAC 20 mg/kg, i.p.) inhibited tau phosphorylation and recovered IFN-vy levels. These data, altogether,
indicate an association between impaired redox state, tau phosphorylation and RAGE up-regulation in
the brain cortex of animals infected with L. amazonensis. In this context, it is possible that neurologic
symptoms associated to chronic leishmaniasis are associated to disruptions in the homeostasis of CNS
proteins, such as tau and RAGE, as consequence of oxidative stress. This is the first demonstration of alter-
ations in biochemical parameters of neurodegeneration in an experimental model of Leishmania infection.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction each is determined by the species of infecting parasite and the

genetic susceptibility of the host (McGwire and Satoskar, 2013).

Leishmaniasis is a parasitosis caused by several species of the
genus Leishmania, an obligate intramacrophagic parasite. Endemic
leishmaniasis transmission occurs in at least 98 countries (Alvar
et al., 2012). There are three main human syndromes caused by
Leishmania: cutaneous disease, the least severe form of disease;
mucocutaneous disease, which can be due the extension or metas-
tasis of local skin lesions; and visceral leishmaniasis, also known as
Kala-azar, the most severe form (Desjeux, 2004). The outcome of

* Corresponding author. Address: Rua Ramiro Barcelos, 2600 - anexo, CEP 90035-
003 Porto Alegre, RS, Brazil. Tel.: +55 51 3308 5577; fax: +55 51 3308 5535.
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Leishmania amazonensis causes different diseases depending on
the host and parasitic virulence factors (Souza et al., 2011). Com-
monly, L. amazonensis infection is more associated to cutaneous
leishmaniasis (Murray et al.,, 2005), but parasites have been also
isolated from patients with the entire spectrum of the disease,
including localized and diffuse cutaneous lesions, mucosal and vis-
ceral leishmaniasis (Barral et al., 1991). Recently, L. amazonensis
was also associated with disseminate cutaneous leishmaniasis, an
intermediate clinical form (David and Craft, 2009).

Although neurologic symptoms have been largely observed in
human cases of the disease, the manifestation of degenerative
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processes associated with the central nervous system (CNS) in
leishmaniasis is poorly studied. Cutaneous leishmaniasis is known
to cause a peripheral neuropathy by direct or close parasite
involvement with the nerve or nerve sheath (Petersen and
Greenlee, 2011). In this form of the disease, parasites in the skin
and draining lymph nodes are thought to cause an endocrine
imbalance as a consequence of cytokines action on the CNS (de
Moura et al, 2005). More recently, patients with cutaneous
leishmaniasis were reported to exhibit an immune-endocrine
imbalance with reduction of plasma levels of dehydroepiandros-
terone-S, prolactin and testosterone (Baccan et al., 2011). Together
with the observation that L. amazonensis may cross the blood-
brain barrier and induce significant pathologic changes in the
CNS (Abreu-Silva et al,, 2003), these data indicate that relevant
neurodegenerative processes may occur in the course of
leishmaniasis.

The microtubule-stabilizing protein tau is mainly expressed in
central nervous system (CNS) neurons and is essential for axon
architecture and synaptic function. Initially, the aberrant
hyperphosphorylation of tau was observed to be associated with
the formation of neurotoxic histological structures in the CNS
known as neurofibrillary tangles, characteristic of Alzheimer's dis-
ease (AD) (Sonnen et al., 2008). Later, tau hyperphosphorylation
was detected in at least twenty-two different CNS related patholo-
gies, including prionic diseases, amyotrophic lateral sclerosis and
Down's syndrome (Spires-Jones et al., 2009). These conditions have
been referred to as “tauopathies”, in which tau aberrant phosphor-
ylation is thought to exert a causative role in synapse impairment
and progression of neuronal cell death. Although the molecular
detailing of the steps coupling tau aberrant phosphorylation and
neuronal death are currently not completely understood, it is clear
that disruption of tau homeostasis is associated with an impair-
ment of neural circuits and cognitive deficits (Gendron and
Petrucelli, 2009).

The receptor for advanced glycation endproducts (RAGE) is a
multiligand membrane receptor that exerts crucial roles in the
development of chronic inflammatory processes (Srikanth et al.,
2011). RAGE was initially observed to be associated with late dia-
betic complications, where the accumulation of advanced glycation
endproducts (AGE) on the endothelial surface triggers its expres-
sion and activation. Further studies have characterized RAGE as a
damage-associated molecular pattern (DAMP) receptor, as other
molecules with pro-inflammatory and pro-apoptotic activities
were observed to act as RAGE ligands (Coughlan et al., 2007). These
include the extracellular forms of HMGB1 and members of the
S100/calgranulin family, such as S100B and S100A7 (Bopp et al.,
2008; Leclerc et al., 2007). RAGE activation induces the expression
of pro-inflammatory cytokines and NADPH oxidase activation,
which in turn stimulate reactive species (RS) production, causing
oxidative damage to biomolecules and sustaining local inflamma-
tion and tissue damage (Maczurek et al., 2008). In the brain, a
prominent role of RAGE in the contribution to neurodegenerative
processes has been emerging since the earlier observations that
the p-amyloid peptide function as a RAGE ligand (Arancio et al.,
2004; Du Yan et al., 1997). Since then, extensive data have been
indicating a key role for RAGE in the chronic pro-inflammatory axis
responsible for the progression of neuronal death observed in AD
(Yan et al.,, 2009). On the other hand, the involvement of RAGE in
other neuroinflammatory states potentially associated with neuro-
degeneration is poorly studied. In the present work, we investi-
gated the phosphorylation of tau and the modulation of the
immunocontent of RAGE in the brain cortex of BALB/c mice
infected with L. amazonensis. We also analyzed oxidative stress
and inflammatory parameters in order to study the possible rela-
tionship of RS production and inflammation in the modulation of
neurodegeneration parameters in leishmaniasis.

2. Materials and methods
2.1. Chemicals

Glycine, H,0, (hydrogen peroxide), catalase (CAT, EC 1.11.1.6),
superoxide dismutase (SOD, EC 1.15.1.1), thiobarbituric acid,
epinephrine, AAPH (2,2'-azobis[2-methylpropionamidine]dihydro-
chloride), trichloroacetic acid (TCA), 2,4-dinitrophenylhydrazine
(DNPH), 5,5'-dithionitrobis 2-nitrobenzoic acid (DTNB), Bile salts,
sodium dodecyl sulfate, DNP polyclonal antibody and monoclonal
TNF-a antibody were purchased from Sigma-Aldrich®(St. Louis,
USA). Electrophoresis and immunoblot reagents were from Bio-
Rad (Hercules, USA), GE Healthcare Brazilian Headquarter (Sio
Paulo, Brazil) and Sigma-Aldrich®RAGE polyclonal antibody, phos-
phorylated tau polyclonal antibody, total tau polyclonal antibody,
B-actin polyclonal antibody, IL-1p polyclonal antibody and
anti-rabbit immunoglobulin linked to peroxidase were from Cell
Signalling technology{Beverly, USA). ELISA microplates were from
Greiner Bio-One (Monroe, USA) and ELISA TMB spectrophotometric
detection kit was from BD Biosciences (San Diego, USA). Immuno-
blot chemiluminescence detection was carried out with the West
Pico detection kit from Thermo Scientific Pierce Protein Biology
Products (Rockford, USA). MilliQ-purified H,O0 was used for
preparing solutions. All other reagents used in this study were of
analytical or HPLC grade.

2.2. Ethics statement

All experimental procedures were performed in accordance
with the National Institute of Health Guide for the Care and Use
of Laboratory Animals (NIH publication number 80-23 revised
1996) and the Brazilian Society for Neuroscience and Behavior rec-
ommendations for animal care. The experimental protocols were
approved by the Oswaldo Cruz Foundation Committee of Ethics
for the Use of Animals (CEUA-Fiocruz) protocol number P-36/11-3.

2.3. Parasite strain and infection

L. amazonensis (MHOM/BR/75/JOSEFA) were maintained by reg-
ular passage in BALB/c mice. Amastigotes were purified from the
footpad lesions of mice as previously described (Barbieri et al.,
1993). Female BALB/c mice (6 weeks old) were obtained from Cen-
tro de Criagdo de Animais de Laboratério (CECAL)-Fiocruz, Rio de
Janeiro, R], Brazil, and injected subcutaneously in the right hind
footpad with 10° amastigotes (Arrais-Silva et al., 2006). Four
months post-infection the animals were euthanized, the brain cor-
tex was removed and maintained in liquid nitrogen until the
assays were performed. Additional groups of mice received a sys-
temic antioxidant therapy (N-acetylcysteine 20 mg/kg b.w., one
daily injection, i.p.) for five consecutive days before euthanasia.
During the post-infection period, animals show apathy and dimin-
ished eating behavior. To estimate parasite burden in the lesions,
the entire infected footpads were removed and amastigotes were
recovered from the lesions and counted. Inflammatory parameters
in liver and serum (TNF-o and IL-1B) were measured to confirm
systemic inflammation. In all assays five animals per group
(n=5) were utilized.

2.4. Antioxidant enzymes activities

Samples were homogenized in phosphate buffer (PB) 50 mM
(KH2PO, and K;HPO4, pH-7.4) and the protein content was deter-
mined by Bradford method (Bradford, 1976). Catalase (CAT; E.C.
1.11.1.6) activity was evaluated by following the rate of decrease
in hydrogen peroxide (H,0;) absorbance in a spectrophotometer
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at 240 nm (Aebi, 1984). Results are expressed as units of CAT/mg of
protein. The activity of superoxide dismutase (SOD; EC 1.15.1.1)
was measured by quantifying the inhibition of superoxide-depen-
dent adrenaline auto-oxidation in a sample buffer; adrenochrome
formation was monitored at 480 nm for 10 min (32 °C) in a spec-
trophotometer (Misra and Fridovich, 1972). Results are expressed
as units of SOD/mg of protein.

2.5. Oxidative damage to proteins (carbonyl)

As an index of protein oxidative damage, the carbonyl groups
were determined as previously described (Levine et al., 1990).
The homogenate were divided into two aliquots of 300 pL (1 mg
of protein). Proteins were precipitated by the addition of 150 puL
of 20% TCA for 5 min on ice and centrifuged at 4000g for 5 min.
The pellet was dissolved with 100 pL of sodium hydroxide (NaOH)
(200 mM) and 100 pL of hydrochloric acid (HCl) (2 M) was added
in blanks. DNPH (10 mM) was added for carbonyl groups derivati-
zation. Samples were maintained for 30 min at room temperature.
Proteins were precipitated with 20% TCA and washed three times
with 500 pL of 1:1 ethanol:ethyl acetate with 15 min standing
periods to remove the excess DNPH. Samples were dissolved in
200 pL of urea (8 M) pH 2.3, and the absorbance was read at
370 nm.

2.6. Western blot detection of dinitrophenyl (DNP)-labeled protein
carbonyls

Tissue samples were homogenized in 1 volume of radio-immu-
noprecipitation assay (RIPA) buffer (20 mM Tris-HCl at pH 7.5,
150 mM NaCl, 1 mM Na, EDTA, 1 mM EGTA, 1% NP-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM B-glycero-
phosphate, 1mM NasVO4 1pg/mL leupeptin), centrifuged
(14,000g for 10 min at 4 °C) and the pellet proteins were quanti-
fied. Proteins were dissolved in 6% sodium dodecyl sulfate (SDS)
and derivatized with an equal volume of DNPH 10 mM in 10% tri-
fluoroacetic acid for 1h (Shacter et al, 1994). Samples were
subjected to SDS-polyacrylamide gel electrophoresis for Western
blot detection of DNP-derivatized proteins with an antibody
against DNP as described below.

2.7. Sulfhydryl groups quantification

Oxidative status of thiol groups were assessed by quantification
of total reduced sulfhydryl (SH) groups in samples (Ellman, 1959).
Briefly, for total SH content measurement, 60 pg sample aliquot
was diluted in phosphate-buffered saline (PBS) (NaCl, NazHPOQ,,
KH,PO,4), and 5,5-dithionitrobis 2-nitrobenzoic acid (10 mM),
and read in a spectrophotometer at 412 nm after 60 min of incuba-
tion in room temperature.

2.8. Index of lipid peroxidation (TBARS)

The quantification of thiobarbituric acid reactive substances
(TBARS) was performed for evaluation of an index of lipoperoxida-
tion, as previously described (Draper and Hadley, 1990). Brain
cortex tissue was homogenized in ice-cold Tris-HCl 15 mM (pH
7.4) and reacted with an equal volume of 40% trichloroacetic acid
(TCA), followed by centrifugation and addition of 0.67% TBA.
Samples were then incubated at 100 °C for 25 min. After cooling,
samples were centrifuged (750g/10min) and supernatant
absorbance was read at 535 nm.
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2.9. Total reactive antioxidant potential (TRAP assay)

The total reactive antioxidant potential (TRAP) was used as an
index of non-enzymatic antioxidant capacity. This assay is based
on the quenching of peroxyl radicals generated by AAPH (2,2 azo-
bis[2-amidinopropane]) by antioxidants present in a given sample
(Lissi et al., 1992). Briefly, a chemical system that generates per-
oxyl radicals at a constant rate (an AAPH-containing buffer) is cou-
pled to a luminescent reactant (luminol) which emits photons
proportionally to its oxidation. The samples were homogenized
with glycine buffer (pH-8.6). The reaction was initiated by inject-
ing luminol to the 0.1 M glycine buffer containing AAPH that
resulted in steady luminescence emission. Equal amounts of sam-
ples are then added to this reaction system, and the luminescence
emission at the moment following this addition (t = 0) is recorded.
This initial emission reflects the production of free radicals by
AAPH at the first moment right after sample addition and is related
to the endogenous oxidant state of the sample. Following incuba-
tion, the thermal decomposition of AAPH produces luminescence
at a constant rate (“system™), and the presence of free radical scav-
engers in the added sample will decrease this rate according to its
content of non-enzymatic antioxidants. We followed TRAP lumi-
nescence emission for 80 min and calculated the area under the
curve (AUC) relative to the system without samples (which was
considered as 100% of luminescence emission at all time points.
The addition of the homogenate samples decreases or facilitates
the luminescence emission proportionally to its redox state. The
luminescence emission was recorded in a MicroBeta® lumines-
cence counter (Perkin Elmer, USA).

2.10. TNF-a., IL-18, IFN-y, IL-6 and nitrotyrosine levels (ELISA)

TNF-o, IL-1B, IFN-7, IL-6 and nitrotyrosine were quantified by
indirect ELISA. Brain cortex homogenate was placed in ELISA
plates. After 24 h incubation, plates were washed three times with
Tween-Tris buffered saline (TTBS, 100 mM Tris—HCl, pH 7.5, con-
taining 0.9% NaCl, and 0.1% Tween-20). Subsequently, 200 pL of
anti-TNF-o, anti-IL-1p, anti-IFN-y, anti-IL-6 or anti-nitrotyrosine
(1:1000) were added and incubation was carried for 24 h at 4 °C,
The plates were washed three times with TTBS and incubated with
rabbit or mouse IgG peroxidase-linked secondary antibody
(1:1000) for 2 h. After washing the plate three times with TTBS,
200 pL of substrate solution (TMB spectrophotometric ELISA detec-
tion kit) were added to each well and incubated for 15 min. The
reaction was terminated with 50 pLjwell of 12 M sulfuric acid
stopping reagent and the plate read at 450 nm.

2.11. Immunoblot detection of phosphorylated tau and RAGE

To perform immunoblot experiments, the tissue was homogen-
ated with 1X RIPA buffer, centrifuged (10,000g for 5 min at 4 °C)
and the pellet proteins were measured by the Bradford method
(Bradford, 1976). Laemmli-sample buffer (62.5 mM Tris—HCl, pH
6.8, 1% (w/v) SDS, 10% (v/v) glycerol) was added to complete vol-
ume according the protein content of each sample and equal
amounts of cell protein (30 pg/well) were fractionated by SDS-
PAGE and electro-blotted onto nitrocellulose membranes with
Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell, Bio-Rad
(Hercules, CA, USA) . Protein loading and electro-blotting efficiency
were verified through Ponceau S staining, and the membrane was
washed with Tween-Tris buffered saline (Tris 100 mM, pH 7.5,
0.9% NaCl and 0.1% Tween-20). Membranes were incubated
20 min at room temperature in SNAP i.d.* 2.0 Protein Detection
System Merck Millipore (Billerica, MA, USA) with each primary
antibody (anti-RAGE, anti-phospho-tau, anti-tau, anti-p-actin -
1:500 dilution range each) and then washed with TTBS. Anti-rabbit
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or mouse IgG peroxidase-linked secondary antibody (1:5000 dilu-
tion range) was incubated with membranes for additional 20 min
in SNAP i.d. system (Millipore, Billerica, MA, USA), washed again
and the immunoreactivity was detected by enhanced chemilumi-
nescence using Supersignal West Pico Chemiluminescent kit from
Thermo Scientific (Luminol/Enhancer and Stable Peroxide Buffer).
Densitometric analysis of the films was performed with Image J.
software. Blots were developed to be linear in the range used for
densitometry.

2.12. Statistical analysis

Statistical analysis was performed with GraphPad 5.0 software.
Student’s ¢ test (two-tailed) was applied for simple comparisons
between control and infected animals in each assay. For
comparison of multiple means, ANOVA with Tukey's post hoc
was performed. The results of measurements were expressed as
mean + standard error of the mean (SEM). Differences were consid-
ered significant when p <0.05. The tissue protein content was
measured by Bradford method for data normalization in all assays
(Bradford, 1976).

3. Results

Tau may be phosphorylated by diverse protein kinases at
approximately 25 different sites (Wang et al., 2013). However,
phosphorylation of tau on Ser396 is one of the earliest events lead-
ing to neurofibrillary tangles formation in AD and Down syndrome
and it was suggested to play a key role in the formation of paired
helical filaments, the major component of neurofibrillary tangles
(Mondragon-Rodriguez et al., 2014). We evaluated the content of
phosphorylated and total tau isoforms in the brain cortex of mice
infected by L. amazonensis by Western blot. An increase in the con-
tent of phospho-tau (Ser396) was detected, but the content of total
tau was not changed (Fig. 1A). This result indicates that tau phos-
phorylation in infected animals is increased by a mechanism that is
not associated with modulation of tau expression.

We next evaluated the immunocontent of RAGE in these sam-
ples of brain cortex. In animals infected by L. amazonensis, the total
content of RAGE was significantly increased compared to control
animals (Fig. 1B). In AD, both tau aberrant phosphorylation and
RAGE up-regulation are strongly implicated in the molecular
mechanisms underlying the progression of neuronal death (Li
et al., 2012; Yan et al,, 2009). RAGE has been suggested to be the
key component of the chronic pro-inflammatory axis responsible

(A)

Control Infected

for microglia activation and reactive species production that
ultimately leads to neuronal cell death in AD and also in other neu-
rodegenerative processes (Maczurek et al., 2008). For this reason,
we next sought to evaluate parameters of inflammation and oxida-
tive/nitrosative stress in the brain cortex of mice infected with L.
amazonensis.

The levels of TNF-o and IL-1p were evaluated by ELISA. These
cytokines are considered markers of acute pro-inflammatory acti-
vation and have been associated with modulation of tau phosphor-
ylation and RAGE expression in some neuropathological states
(Krstic et al., 2012; Roe et al., 2011). Although an increase in
TNF-o levels was detected in other organs, such as liver (data not
shown), no significant changes in the levels of both TNF-o and
IL-1p were detected in brain cortex of infected animals (Fig. 2A
and B). Thus, our results indicate that tau phosphorylation and
RAGE upregulation are not associated with TNF-o and IL-1p in
leishmaniasis.

We next evaluated parameters of oxidative and nitrosative
damage in biomolecules of brain cortex samples from mice
infected with L. amazonensis. We quantified levels of nitrotyrosine,
a marker of peroxynitrite-mediated protein nitration, in brain cor-
tex samples by ELISA. Besides, the quantification of free (reduced)
thiol groups indicates the redox state of proteins and peptides con-
taining sulfhydryl groups that may undergo oxidation or reduction
and form disulfide bonds. No changes in the levels of nitrotyrosine
and free thiol groups were observed between control and infected
animals (Fig. 3A and B). On the other hand, the levels of TBARS
were significantly increased in infected animals, suggesting an ele-
vated status of brain lipid peroxidation (Fig. 3C). Besides, the Wes-
tern blot analysis of DNP-reactive proteins indicated that protein
carbonylation in infected animals was increased (Fig. 3D), which
was also confirmed by quantification of carbonyl groups in the
samples (Fig. 3E).

The antioxidant status of brain cortex samples was also
analyzed. The activities of the antioxidant enzymes CAT and SOD
were measured. A decrease in CAT activity was observed in
infected animals, indicating impaired H,0, detoxification capacity
in brain cortex (Fig. 4A). SOD activity did not differ between control
and infected animals (Fig. 4B). Also, the analysis of the non-enzy-
matic antioxidant status by the TRAP assay showed that mice
infected by L. amazonensis had a decreased status in non-enzymatic
antioxidant defense, indicating a diminished antioxidant capacity
compared to control animals (Fig. 4C and D).

Finally, to verify whether tau phosphorylation was associated to
the elevated status of oxidative stress in the brain cortex, mice
infected with L. amazonensis were subjected to a daily ip.
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Fig. 1. Tau phosphorylation and RAGE content in brain cortex of mice infected with L. amazonensis. Four months after infection, brain cortex tissue from infected and control
animals was removed and proteins were subjected to SDS-PAGE/Western blot analysis. (A) Representative immunablots of tau phosphorylated at Ser396 (p-tau Ser**®, upper
panel) and total tau (lower panel) from four control and four infected animals. Bar graph corresponds to mean + SEM quantification values of the p-tauftotal tau ratio from all
samples. (B) Representative immunoblots of RAGE content from four control and four infected animals (upper panel). Lower panel corresponds to B-actin immunocontent
used as control for protein constitutive expression. Bar graph corresponds to mean = SEM quantification values of the RAGE/p-actin ratio from all samples. Values for p

depicted were obtained by applying two-tailed student’s ¢ test.

27



J. Gasparotto et al./Brain, Behavior, and Immunity 43 (2015) 37-45

Z

15

1.0

TNF-o
(Fold of control)

0.5

il |

Control Infected

0.0

(B)

1.5

-
=]

IL-18
(Fold of control)

b
o

0.0

Control Infected

Fig. 2. Levels of TNF-ot and IL-1 in brain cortex from mice infected with L. amazonensis. Four months after infection, brain cortex tissue from infected and control animals
was removed and proteins were subjected to ELISA detection of (A) TNF-o and (B) IL-1p internal levels. Values represent mean + SEM of five samples from each group. No

statistical differences were detected using two-tailed student’s t test (for p = 0.005).
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Fig. 3. Parameters of protein oxidative and nitrosative modifications in brain cortex from mice infected with L. amazonensis. (A) Protein samples from control and infected
animals were subjected to nitrotyrosine detection by ELISA. (B) Free thiol (sulfhydryl; SH) groups quantification in brain cortex samples from control and infected animals. (C)
Quantification of thiobarbituric acid reactive substances was performed as an index of lipoperoxidation. (D) Western blot detection of carbonyl groups was also performed by
analysis of total protein fraction of samples previously derivatized with DNP. Polyclonal anti-DNP was used to detect DNP-carbonyl derivatized proteins (upper gel panel) and
B-actin immunocontent used as control for protein constitutive expression (lower gel panel). Bar graph corresponds to mean + SEM quantification values of the DNP/B-actin
ratio from all samples. (E) Spectrophotometric quantification of carbonyl groups was performed in the same samples. Bar graphs in A, B, C and E correspond to mean + SEM
quantification values from all samples. Values for p were obtained by applying two-tailed student’s t test and are shown only when p < 0.005.

administration with the antioxidant NAC (20 mg/kg) for five con-
secutive days before euthanasia. Infected animals that received
NAC had decreased levels of phosphorylated tau compared to
infected animals that did not receive antioxidant therapy (Fig. 5A
and B), indicating a role for reactive species in tau phosphorylation.
Additionally, we compared the levels of IFN-y and IL-6, plus TNF-o
and IL-1B, between control and infected animals receiving NAC.
The levels of IFN-y were decreased in infected animals, while the
infected animals that received NAC recovered IFN-vy levels to con-
trol values (Fig. 5C), which indicates a role for oxidative stress in
the modulation of IFN-y in the brain cortex of animals infected
with L. amazonensis. We did not observe any effect on IL-6 levels
at any group of animals (Fig. 5D). Besides, infected animals receiv-
ing NAC presented decreased TNF-o levels compared to infected

animals that did not receive antioxidant therapy (Fig. 5E). No vari-
ations in IL-1p levels were observed in all groups (Fig. 5F).

4. Discussion

Oxidative stress is an important factor in the course of Leish-
mania infection. L. amazonensis was reported to contain a cluster
of genes expressing META1 and META2 proteins, which were found
to be responsible for resistance of the parasite against heat shock
and oxidative stress (Ramos et al., 2011). These characteristics
probably evolved as a parasite’s strategy of resistance against the
oxidizing agents generated by inflammatory cells aimed to Kkill
intracellular and extracellular pathogens. However, depending on
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Fig. 4. Antioxidant capacity in brain cortex samples from mice infected with L. amazonensis. The activities of antioxidant enzymes and the non-enzymatic antioxidant
potential in brain cortex samples from animals 4 months after infection were measured. (A) Catalase (CAT) activity. (B) Superoxide dismutase (SOD) activity. (C) Total reactive
antioxidant parameter (TRAP) kinetic assay; square dots represent control and circle dots represent samples from infected animals. (D) Quantification of the area under the
curve between time points 0 min and 60 min of the kinetic assay (arbitrary units are shown). Bar graphs correspond to mean + SEM quantification values from all samples.
Values for p were obtained by applying two-tailed student’s t test and are shown only when p <0.005.

the parasite’s ability to cope with the oxidative stress generated by
the host, the inflammatory response may be further intensified in
order to kill more resistant micro-organisms. The intensification
of the production of oxidizing agents during this response may
affect cells and tissues of the host, thus contributing to further
development of the disease. The observation of oxidative damage
to proteins in the CNS of mice infected with L amazonensis
reported here may bring new information for the understanding
of neurological symptoms in cutaneous leishmaniasis and related
parasitic infections. In previous studies, alterations in the redox
state of liver were observed only in visceral leishmaniasis caused
by infection of hamsters with Leishmania chagasi (Oliveira and
Cecchini, 2000).

Oxidative stress in patients and experimental models of leish-
maniasis is generally analyzed in the context of infected cells or
focusing on the microenvironment (tissue) of the injury. Granu-
lomatous inflammatory reaction is associated with the presence
of amastigotes within macrophages, reflecting in the function of
organs such as liver, spleen, lymph nodes and bone marrow. Cells
of the mononuclear phagocyte system are present in these organs
(Baneth and Aroch, 2008; Engwerda et al., 2004). In a previous
study conducted with the same animal model and infection proto-
col used here, it was observed that BALB/c mice infected with L.
amazonensis displayed inflammatory infiltrates of mononuclear
cells and neutrophils without parasites in the meninges and the
presence of macrophages containing parasites in the cerebral
parenchyma (Abreu-Silva et al., 2003). However, as observed in
studies with human subjects, the mere presence of parasites in
skin and draining lymph nodes (as in localized cutaneous leish-
maniosis) affects several neuroendocrine axes, and these effects
are believed to emerge as consequences of the actions of pro-
inflammatory factors released by peripheral tissues on the CNS
(Baccan et al,, 2011).

Inflammation and oxidative stress are important components in
several neurodegenerative conditions. In AD and related tauopa-
thies, tau phosphorylation and RAGE up-regulation are unequivo-
cally stimulated. These characteristics are strongly believed to be
associated with the activation of RS production caused by factors
that sustain a chronic state of local inflammatory activation in
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CNS. However, we did not observe any changes in the levels of
TNF-o, [L-1p and IL-6 in the brain cortex of infected animals. These
cytokines are associated with acute inflammatory responses, while
RAGE is considered a marker of chronic pro-inflammatory develop-
ment (Ibrahim et al., 2013). TNF-a promotes the induction of IL-6
and IL-1B, and high levels of these cytokines in macrophages of rats
acutely infected with Leishmania braziliensis have been previously
reported (Brelaz-de-Castro et al., 2012). However, in leishmaniasis,
the action of these cytokines is more pronounced at either acute
phases or advanced stages of the chronic disease (Oliveira et al.,
2014). On the other hand, the levels of IFN-y were decreased in
the brain of infected animals, and the antioxidant therapy with
NAC recovered IFN-vy status to control levels. [FN-y is associated
to the Th1 response, which is a necessary step of an adequate
immune response to control the parasite. A Th1 predominant
response is considered a good prognosis for control of the infection
with most species of Leishmania, while Th2-predominant response
is associated to the evolution of the disease (Pereira and Alves,
2008). Nonetheless, infections caused by L amazonensis were
observed to downregulate IFN-y levels in lymph node cells to a
greater extent compared to other Leishmania species (Maioli
et al,, 2004), and this was suggested to be part of a specific mech-
anism by which the parasite modulates the host immune system,
as INF-y-mediated induction of macrophage activation is essential
for control of the parasite (Alexander and Bryson, 2005). Inhibition
of IFN-y production in leishmaniasis is directly associated to
increased lesion size. The shift between Th1 and Th2 responses is
influenced in different ways by the parasite at earlier and later
stages of the disease, in order to couple the host immune response
with the progression of the parasite's cycle and its change from
amastigote to promastigote forms (Pereira and Alves, 2008).
Interestingly, infected mice that received NAC presented
decreased TNF-o levels in the brain cortex compared to infected
animals that were not treated with NAC. Variations in the levels
of this cytokine were not observed between control and infected
animals, but the antioxidant treatment was able to reduce this
pro-inflammatory mediator in the brain of both control and
infected mice. At systemic level, an increase in IL-4 production
caused L. amazonensis promotes a Th2 response and downregulates
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Fig. 5. Effects of antioxidant therapy with NAC in tau phosphorylation and brain cortex cytokines. Uninfected and infected animals were subdivided into groups that received
one daily i.p. injection of N-acetylcysteine (NAC) 20 mg/kg for five consecutive days before the day of euthanasia. (A) Representative Western blots of brain cortex samples

incubated with antibodies to tau phosphorylated at Ser396 (p-tau Ser*¢

. upper panel) and total tau {lower panel). (B) Mean + SEM quantification values of the p-tau/total tau

ratio from all samples. Relative quantification of cytokine levels was assessed by ELISA in samples from the same groups. (C) IFN-v, (D) IL-6, (E) TNF-o2 and (F) IL-1p levels
were analyzed. Values represent mean + SEM of all samples from each group. ANOVA with Tukey’s post hoc analysis was performed. * denotes difference from control group;

# denotes difference from infected group (p = 0.005).

[FN-v production. These effects are believed to be directly related
to the decrease of macrophage activation and TNF-o production
associated to the progression of leishmaniasis, as these events
would be a consequence of the shift from Th1 to Th2 response
caused by the parasite (Pereira and Alves, 2008). Thus, it is surpris-
ing that TNF-o levels are not decreased along with I[FN-v in
infected animals. However, the changes in the levels of these cyto-
kines caused by NAC treatment suggest that redox-dependent
mechanisms are a key factor in the regulation of pro-inflammatory
mediators at CNs level in leishmaniasis. It is possible that the pro-
oxidant environment in the brain cortex of infected animals is
responsible for maintaining TNF-a levels unaltered compared to
control animals, instead of an expected decrease in the levels of
this cytokine, since Th1 response is supposed to be suppressed.
In AD, accumulated evidence shows that stimulation of the
amyloidogenic pathway results in the activation of innate immune
system mainly by pattern recognition receptors (PRRs), including
RAGE (Salminen et al, 2009). In the amyloidogenic pathway,
beta-amyloid peptide release in CNS stimulates oligomers and
fibril accumulation (early steps of amyloid plaques formation),
which may act as danger-associated molecular patterns (DAMPs).
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DAMPs stimulate the up-regulation and activation of PRRs such
as Toll-like receptors, NOD-like receptors and RAGE (Maczurek
et al, 2008; Salminen et al, 2009). RAGE activation, in turn,
triggers a wide array of cellular responses relevant to neurodegen-
erative progression in AD, such as the transcriptional activation of
NF-kB-regulated genes (which include several genes associated
with pro-inflammatory activation, oxidative stress and cell sur-
vival-associated responses), MAPK activation (which regulates
both cell survival/death responses as well as inflammatory activa-
tion) and NADPH oxidase activation (which leads to microglia
recruitment/activation, increased RS production and modulation
of redox-sensitive protein kinases and transcription factors)
(Arancio et al., 2004; Kojro and Postina, 2009; Maczurek et al.,
2008; Sims et al.,, 2010; Yan et al., 2009).

Oxidative stress-related protein carbonylation, nitrotyrosina-
tion and thiol oxidation favor the formation of intra- and
intermolecular protein cross-links, which leads to conformational
changes increasing hydrophobicity and aggregation. These oxida-
tive alterations favor the formation of protein cross-links, inducing
generalized cellular dysfunction (Halliwell, 2006). Although we did
not detect changes in thiol oxidation or nitrotyrosine formation
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here, protein carbonylation was significantly increased in infected
animals. This oxidative modification is responsible for the impair-
ment in several protein functions by causing disruption of proteos-
somic-mediated protein turnover and generation of aberrant
conformations (Kastle and Grune, 2011). We also observed that
the non-enzymatic antioxidant potential in the brain cortex of
infected animals was decreased, suggesting a state of enhanced
RS production. These observations, altogether, strongly suggest
that the increase in tau phosphorylation and RAGE protein content
in the brain cortex of animals infected with L. amazonensis is asso-
ciated with a state of oxidative stress in the CNS caused by the
infection. It is possible brain oxidative stress may be a sustained
response to acute pro-inflammatory activation induced in early
stages of the infection, contributing later to the evolution of the
chronic disease. Also, as previously stated, it is important to note
that even when the presence of the parasite within the CNS is
not certain, Leishmania spp. infection have been reported by differ-
ent works to exert neurologic effects as consequence of systemic
alterations originated by local inflammatory responses in organs
such as liver and spleen (Melo et al, 2013; Petersen and
Greenlee, 2011). In human patients with localized cutaneous leish-
maniasis, plasma levels of cortisol, estradiol or prolactin positively
correlated with at least one clinical parameter of the disease
(lesion size, dose used to reach cure and time to cure), indicating
a reflect in neuroendocrine regulation (Baccan et al., 2011). It is
possible that such modifications may contribute to brain oxidative
stress, since neuroendocrine hormones may exert significant
changes in the redox state of the CNS (Mancini et al.,, 2010).

It is reasonable to suggest, based on our present data, that the
increase in tau phosphorylation and RAGE immunocontent is a
consequence of the oxidative stress in brain cortex. Tau phosphor-
ylation and RAGE expression have been previously observed to be
regulated by pro-inflammatory cytokines, including TNF-o and IL-
1 (Li et al.,, 2003; Shi et al,, 2011). We observed that levels of TNF-o
in infected animals treated with NAC are decreased compared to
infected animals that were not treated with NAC. These data indi-
cate that a participation of TNF-« in the induction of tau aberrant
phosphorylation may not be completely ruled out. On the other
hand, we must consider that the decrease in IFN-y levels could
be involved in this effect, as the levels of this cytokine were recov-
ered in infected animals subjected to antioxidant treatment. The
inhibitory effect of NAC treatment on tau phosphorylation was
very clear in our experimental model. These data, altogether with
the effects observed other cytokines with NAC treatment, strongly
suggests that aberrant tau phosphorylation is caused primarily by
a redox-dependent mechanism in the brain of animals infected
with L. amazonensis.

Several evidence associate increased RS production and oxida-
tive damage to biomolecules to both tau aberrant phosphorylation
and RAGE up-regulation/activation (de Bittencourt Pasquali et al.,
2013; Mondragon-Rodriguez et al., 2014, 2013). In AD, there is a
clear role of oxidative stress in the progression of neurodegenera-
tion, and both tau phosphorylation and aggregation are involved in
RS-dependent neuronal death in the course of the disease (Schmitt
et al., 2012). RAGE up-regulation in response to oxidative stress
was observed in different diseases where increased RS production
is a characteristic, including diabetes, atherosclerosis and AD (Guo
et al., 2008; Kojro and Postina, 2009). In AD, RAGE is believed to
contribute in maintaining an elevated state of RS production by
stimulating NADPH oxidase (Kojro and Postina, 2009), enhance
tau phosphorylation via the ERK1/2-GSK3p pathway (Barroso
et al, 2013; Li et al, 2012) and amyloid translocation through
blood-brain barrier (Candela et al., 2010). In this context, it is
possible that neurologic symptoms associated with chronic leish-
maniasis are related to disruptions in the homeostasis of CNS pro-
teins, such as tau and RAGE, as consequence of oxidative stress

which in turn may be originated initially by systemic infection.
This is the first demonstration of alterations in biochemical param-
eters of neurodegeneration in an experimental model of Leishmania
infection. The relationship between the regulation of RAGE expres-
sion and function in the course of leishmaniasis and its relationship
with modulation of Th1/Th2 responses arises from this work as an
interesting issue to be addressed in future studies.

This was an exploratory study and, as such, more detailed eval-
uations aiming to understand mechanistic relationships or propose
intervention procedures could not be performed at this stage.
Therefore, it is important to point some limitations inherent to this
study. First, although data presented here strongly indicate an
association of oxidative stress with modulation of tau phosphory-
lation and RAGE in leishmaniasis, this relationship would only be
fully established if administration of antioxidants is able to reverse
the effects of L. amazonensis infection on these parameters. Also,
we did not explore the full complexity of the inflammatory
response, as we focused on biochemical parameters more com-
monly observed in inflammatory diseases of the CNS and in neuro-
degenerative conditions. Thus, the absence of increase in TNF-o
and IL-1p levels do not necessarily mean absence of brain inflam-
mation. A detailed study focused on a longitudinal evaluation of
neurological, neurodegenerative and pro/anti-inflammatory
parameters (including a wider range of Th1/Th2 mediators) must
be performed for a full comprehension of the mechanisms involved
in the etiology of CNS damage in leishmaniasis. Nonetheless, this is
the first observation of classic neurodegenerative parameters in
this disease, which is not only clinically relevant as it also opens
perspectives of new mechanistic and intervention studies.
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Systemic inflammation induces transient or permanent dysfunction in the brain by exposing it to soluble
inflammatory mediators. The receptor for advanced glycation endproducts (RAGE) binds to distinct
ligands mediating and increasing inflammatory processes. In this study we used an LPS-induced systemic
inflammation model in rats to investigate the effect of blocking RAGE in serum, liver, cerebrospinal fluid
(CSF) and brain (striatum, prefrontal cortex, ventral tegmental area and substantia nigra). Intraperitoneal
injection of RAGE antibody (50 pg/kg) was followed after 1 h by a single LPS (5 mg/kg) intraperitoneal
injection. Twenty-four hours later, tissues were isolated for analysis. RAGE antibody reduced LPS-
Neuroinflammation induced inflammatory effects in both serum and liver; the levels of proinflammatory cytokines (TNF-o,
Systemic inflammation IL-1p) were decreased and the phosphorylation/activation of RAGE downstream targets (ERK1/2, kB
LPS and p65) in liver were significantly attenuated. RAGE antibody prevented LPS-induced effects on TNF-
Striatum o and IL-1p in CSF. In striatum, RAGE antibody inhibited increases in IL-1p, Iba-1, GFAP, phospho-
Neurodegeneration ERK1/2 and phospho-tau (ser202), as well as the decrease in synaptophysin levels. These effects were
caused by systemic RAGE inhibition, as RAGE antibody did not cross the blood-brain barrier. RAGE anti-
body also prevented striatal lipoperoxidation and activation of mitochondrial complex II. In conclusion,
blockade of RAGE is able to inhibit inflammatory responses induced by LPS in serum, liver, CSF and brain.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction 2009; Nguyen et al., 2014). In systemic inflammation induced by

sepsis delirium is a common CNS manifestation during the acute

The importance of systemic inflammation as a causative factor
to the development of brain functional impairment, cognitive
decline and neurodegeneration has been recognized. Clinical and
experimental data indicate that both chronic and acute systemic
proinflammatory processes affect central nervous system (CNS)
function, leading to either transient or permanent dysfunction
(Cunningham and Hennessy, 2015). Chronic medical conditions
with activated proinflammatory signalling, such as diabetes,
obesity and atherosclerosis, have been associated with increased
incidence of Alzheimer's disease (AD) and dementia (Holt et al.,
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Porto Alegre, RS, Brazil.
E-mail address: daniel.gelain@ufrgs.br (D.P. Gelain).
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phases, while a significant number of patients on recovery develop
long-term functional impairment of the brain similar to neurode-
generation associated with brain trauma (Pandharipande et al.,
2013; Widmann and Heneka, 2014).

The receptor for advanced glycation endproducts (RAGE) is a
multi-ligand receptor associated with distinct cell responses
depending on the tissue of origin and developmental stage. RAGE
is known to interact with a variety of ligands that may be classified
as danger- or pathogen-associated molecular pattern molecules
(DAMPs and PAMPs), including the S100 family proteins, HMGB1,
amyloid-p peptide (Ap), bacterial lipopolysaccharide (LPS) and sev-
eral advanced glycation endproducts (AGEs), among others (Xie
etal, 2013). RAGE is present only in mammals, where it is constitu-
tively expressed in lungs and endothelial cells, but it may be
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up-regulated in most other cell types by DAMPs and PAMPs that
evoke proinflammatory signalling (Creagh-Brown et al., 2010). In
such situations, RAGE-activated signalling induces the transcription
of proinflammatory cytokines and also enhances its own transcrip-
tion, establishing a positive feedback axis of proinflammatory sig-
nalling (Lukic et al., 2008). Since its activation enhances its own
expression, RAGE exerts a key role in the sustained proinflamma-
tory states that occur with chronic diseases. This role has been well
documented in diabetes, atherosclerosis, cancer, autoimmune dis-
eases and some neurodegenerative conditions (Guo et al., 2008;
Maczurek et al., 2008; Martens et al., 2012; Sims et al., 2010). Micro-
glial RAGE activation by AP is believed to sustain the proinflamma
tory/neurodegenerative axis in AD (Yu and Ye, 2015) and RAGE acti-
vation in brain is associated to memory impairment (Mazarati et al.,
2011). RAGE is also suggested to play a central role in the develop-
ment of diabetic neuropathy and other neurodegenerative co-
morbidities of diabetes (Juranek et al., 2015; Sugimoto et al., 2008).

RAGE blocking, using antibodies against RAGE or soluble isoform
(SRAGE) that sequesters circulating ligands, is protective against
systemic proinflammatory insults induced by sepsis and LPS endo-
toxemia (Lutterloh and Opal, 2007; Lutterloh et al, 2007; van
Zoelen and van der Poll, 2008; Yamamoto et al., 2011). Immune
neutralization of RAGE has been successfully performed with poly-
clonal, monoclonal or FAb fragments in vivo and in vitro (Bro et al.,
2008; Lutterloh et al., 2007; Tekabe et al., 2015). In rodents, sys-
temic injection of polyclonal antibodies against RAGE has been
applied to inhibit RAGE signalling and was demonstrated to inhibit
acute liver injury and fibrosis in a rat bile duct ligation model (Xia
et al.,, 2016), and experimental endotoxaemic liver failure induced
by galactosamine and LPS in mice ([{uhla et al., 2013). Abdominal
sepsis induced by Escherichia coli was also observed to be signifi-
cantly attenuated by polyclonal anti-RAGE (van Zoelen et al.,
2009), and in situ studies demonstrated that it is possible to achieve
specific blocking of RAGE using polyclonal antibodies (Marsche
etal., 2007; Origlia et al., 2014). RAGE inhibition has also been sug-
gested to be a potential molecular mechanism to alleviate neuroin-
flammation and neurodegeneration in AD, Parkinson’s disease (PD),
Huntington’s disease (HD) and other similar conditions (Kim et al.,
2015; Maczurek et al., 2008; Ray et al., 2016; Teismann et al., 2012),

In rodent models of systemic inflammation induced by LPS, neu-
roinflammation and neurodegeneration are observed in brain
structures related to dopaminergic function (Bodea et al., 2014;
Qinetal., 2013). Proinflammatory cytokines produced peripherally,
such as liver TNF-ao, are involved in the genesis and progression of
neurodegenerative processes observed several months after a sin-
gle LPS injection (Qin et al., 2007). Episodes of acute systemic
inflammation seem to play a major role in brain disease pathogen-
esis. In the present work, we investigated the role of RAGE in the
short-term (up to 24h) in serum, liver and CSF and the
neurotoxicity-related effects induced by acute systemic inflamma-
tion in prefrontal cortex, striatum, substantia nigra (SN) and ventral
tegmental area (VTA). Intraperitoneal administration of anti-RAGE
1gG (RAGE-AD) prior to LPS inhibited changes in proinflammatory,
oxidative and neurotoxicity parameters that occurred in tissue
specific manner 24 h after induction of systemic inflammation. All
brain regions responded to LPS, but the striatum cytokine response
was most susceptible to inhibition by RAGE-Ab. The present results
suggest that RAGE exerts an important role in the propagation of
acute systemic inflammation in the striatum within 24 h.

2. Materials and methods
2.1. Chemicals

Glycine, H,0, (hydrogen peroxide), thiobarbituric acid, bil_e
salts and sodium dodecyl sulfate (SDS) were from Sigma-Aldrich®
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(St. Louis, USA). Electrophoresis and immunoblot apparatus and
reagents were from Bio-Rad (Hercules, USA) and GE Healthcare
Brazilian Headquarter (Sao Paulo, Brazil). Polyclonal and mono-
clonal antibodies from Cell Signalling Technology® (MA, USA)
were: p-ERK-44/42 (Thr202/Tyr204) (9101), ERK-44/42 (9102),
IkBot (4812), p-IkB (9246), NFkB-p65 (8242), p-NFkB-p65 (3033),
GFAP (3670), synaptophysin (5461) and p-tau ser202 (11834).
anti-p-actin (A1978) anti-Iba-1 (SAB2500042) were from Sigma-
Aldrich® (St. Louis, USA). Antibodies against nitrotyrosine
(ab7048), TNF-o (ab6671), IL-1p (ab9722), 4-hydroxynonenal
(ab46545), RAGE (AB37647) and TLR4 (ab8376) were obtained
from Abcam® (Cambridge, UK). For RAGE blocking, anti-RAGE rat
IgG (SC5563) from Santa Cruz Biotechnology, Inc. (Texas, USA)
was used. Other antibodies used here are described below. ELISA
kits to TNF-o (RAB0479) and IL-1p (RAB0272) were from Sigma-
Aldrich® (St. Louis, USA). anti-rabbit IgG, peroxidase conjugated
(AP132P) and anti-mouse IgG, peroxidase conjugated (AP124P)
were from Merck Millipore (MA, EUA). Immunoblot chemilumines-
cence detection was carried out with the West Pico detection kit
from Thermo Scientific Pierce Protein Biology Products (lllinois,
USA). All other reagents used in this study were of analytical or
HPLC grade.

2.2. Animals and drug treatments

Male Wistar rats (60-days old) were obtained from our breeding
colony (n = 6 per group). They were caged in groups of four animals
with free access (ad libitum) to water and standard commercial
food (Chow Nuvilab CR-1 type; Curitiba, PR, Brazil). Rats were
maintained in a twelve-hour light-dark cycle in a temperature-
controlled colony room (21 °C). Animals were handled for 7 days
(adaptation period) to reduce stress caused by subsequent manip-
ulation and weighting. After this adaptation period blood was sam-
pled from the lateral tail vein (Lee and Goosens, 2015). Rats were
separated into four groups: a) control group - received one saline
injection and one hour later a second saline injection; b) RAGE-Ab
group - received one RAGE antibody (RAGE-Ab) injection and one
hour later a saline injection; c) LPS group - received one saline
injection and one hour later one LPS injection; d) RAGE-Ab+LPS
group - received one RAGE-Ab injection and one hour later one
LPS injection. In some experiments, isotype anti-rat IgG was used
as control for specificity of RAGE-Ab.

All injections were administered i.p. The RAGE-Ab concentra-
tion (50 pg/kg) was selected based on previous reports (Kuhla
et al.,, 2013; van Zoelen et al., 2009; Xia et al., 2016) and modified
according our pilot experiments. We tested concentrations of
RAGE-ADb up to 250 pg/kg and selected the lowest effective dose
inhibiting liver ERK1/2 and serum TNF-o and IL-1p induced by sys-
temic inflammation (unpublished data). The LPS dose of 5 mg/kg
and via of administration (intraperitoneal) were applied based on
results of previous works demonstrating acute changes in blood-
brain barrier (BBB) permeability followed by neurodegenerative
progression over time using this procedure (Hoban et al., 2013;
Qin et al.,, 2013, 2007), plus data from pilot experiments to assess
mortality in the animals used in this study (Suppl. Fig. 1A and B).
After 24 h, animals were anesthetized and the blood-free cere-
brospinal fluid (CSF) was collected from the cisterna magna
(Nirogi et al., 2009). An average volume of 100 uL of blood
traces-free CSF per animal was obtained. Animals were euthanized
by decapitation. The liver, serum, and brain structures (prefrontal
cortex, striatum, SN and VTA) were isolated for analyses (see
Fig. 1). Serum was separated from whole blood and used for ELISA
as described below. Liver and brain were removed and the brain
was quickly dissected using a rat brain matrix slicer and promptly
homogenized. Tissue aliquots were homogenized in separate buf-
fers according the respective procedure to follow, as described
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Fig. 1. Experimental design.

separately below. For brain immunofluorescence, animals were
subjected to a different protocol of tissue preparation and isolation
(see details below). To evaluate RAGE-Ab translocation through
BBB, RAGE-Ab was conjugated to Alexa-Fluor 555 dye according
kit's manufacturer instructions (Thermo Fisher, A20187) prior to
i.p. injection procedure described above. In these animals, collected
CSF was used to determine fluorescence intensity corresponding to
Alexa-Fluor 555-conjugated RAGE-Ab. Alexa-Fluor 555-conjugated
anti-rat 1gG was used as control for RAGE-Ab. Repeated experi-
ments with different animals were independently performed to
obtain samples for multiple assays when required; the number of
animals in each group (6) was always maintained.

2.3. Ethics statement

All experimental procedures were performed in accordance
with the guidelines of the National Institutes of Health (NIH,
1985) and the Brazilian Society for Neuroscience and Behavior rec-
ommendations for animal care. Our research protocol was
approved by the Ethical Committee for Animal Experimentation
of the Universidade Federal do Rio Grande do Sul- Brazil (CEUA-
UFRGS) under the project number #27683.

2.4. In vivo Evans blue dye (EBD) injection and dye extraction

In order to determine the effect of LPS on BBB permeability an
EBD perfusion assay was performed as previously described (Dal-
Pizzol et al., 2013). Injection of EBD is peripheral and its detection
in brain is associated to BBB disruption, due to its high molecular
weight (around 960 kDa). Twenty-four hours after LPS administra-
tion, the lateral tail vein was cannulated. EBD (4% solution in 0.9%
saline), was injected as a single bolus dose of 2 mL/kg via cannula.
After 120 min to enable uniform blood distribution, each rat was
anaesthetized and thoroughly perfused with 0.9% saline to rid
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circulation of remaining dye, and the perfused brain was collected.
For extraction, the right and left sides of each striatum were placed
in 50% trichloroacetic acid (TCA), at a ratio of 30-35 mg striatum to
200 pL, and then homogenized for 5 min. The TCA brain extracts
were centrifuged at 10,000g for 20 min to remove debris. The
supernatants were added to a 96-well plate (30 pL per well, each
plate supplemented with 90 mL of 95% ethanol and thoroughly
mixed by pipetting) for detection of EBD emission of fluorescence
in a microplate reader (620 nm/680 nm) (Wang and Lai, 2014).
The intensity of the EBD fluorescence leaking into the striatum pro-
vided an indication of the increased permeability of the BBB.

2.5. Enzyme-linked immunesorbent assay (ELISA) determination of
cytokines and oxidative damage

TNF-o and IL-1p were quantified with commercial kits and 4-
hydroxinonenal (4-HNE) and nitrotyrosine were assessed by indi-
rect assay. Liver and brain tissues were homogenized in phosphate
buffer 50 mM (KH2PO4 and K;HPO,4, pH 7.4) and protein content
measured. Tissue homogenate samples (30 pg protein/well), CSF
and blood serum samples (100 pL) were placed in ELISA plates.
For TNF-o, and IL-1B quantification, kit manufacturer protocol
was followed. For indirect ELISA, samples were incubated for
24 h in plates, and then washed three times with Tween-Tris buf-
fered saline (TTBS, 100 mM Tris - HCI, pH 7.5, containing 0.9%
NaCl, and 0.1% Tween-20). Subsequently, 200 pL of primary anti-
body against 4-HNE or nitrotyrosine (1:1000) were added and
incubation was carried for 24 h at 4 °C. The plates were washed
three times with TTBS and incubated with rabbit or mouse IgG
peroxidase-linked secondary antibody (1:1000) for 2 h. After
washing the plate three times with TTBS, 200 pL of substrate solu-
tion (TMB spectrophotometric ELISA detection kit) were added to
each well and incubated for 15 min. The reaction was terminated
with 50 pL/well of 12 M sulfuric acid stopping reagent and the
plate read at 450 nm in a microplate. The results are expressed
in percentage to control.

2.6. Measurement of total thiol content

For total reduced sulfhydryl (-SH) content measurement, sam-
ples were homogenized in phosphate buffer and protein content
measured. A sample aliquot (50 pL making 50 pg protein/well)
was diluted with 120 pL of 50 mM PBS at pH 7.4 (NaCl, Na;HPO,,
[KH2PO4) and 30 pL of a buffer pH 8.5 (boric acid 100 mM and EDTA
0.2 mM) mixed with 10 pL of 5,5'-dithiobis (2-nitrobenzoic acid)
10 mM. The reaction was read in a spectrophotometer at 412 nm
after 60 min of incubation at room temperature (Ellman, 1959).

2.7. Mitochondrial respiratory chain complexes activities

Tissues were homogenized (1:10,w/v) with SETH buffer
(250 mM sucrose, 2 mM EDTA, 10 mM Tris-HCl, 50 IU/ml heparin,
pH 7.4). The homogenates were centrifuged at 800g for 10 min at
4°C and protein content measured. Samples (6 pg protein/pL in
500 pL) were submitted to three freeze-thaw cycles to fully expose
the enzymes to substrates. Ten microliters of supernatant (60 pg
protein) were applied per well to measure the activities of succi
nate-2,6-dichloroindophenol (DCIP)-oxidoreductase (succinate
dehydrogenase), succinate:cytochrome ¢ oxidoreductase (com-
plexes II:IlI), NADH dehydrogenase:cytochrome ¢ oxidoreductase
(complexes I:111) and cytochrome ¢ oxidase (complex IV) were
determined by spectrophotometry kinetic measurements accord-
ing previously described (Fischer et al., 1985; Rustin et al., 1994;
Schapira et al., 1990) with modifications (da Silva et al., 2002).



J. Gasparotto et al./Brain, Behavior, and Immunity 62 (2017) 124-136

2.8. Antioxidant enzymes activities

Catalase (CAT, EC 1.11.1.6), superoxide dismutase (SOD, EC
1.15.1.1) and glutathione peroxidase (GPx, EC 1.11.1.9) activities
were quantified in tissue samples previously homogenized in
phosphate buffer (pH 7.4) and normalized to 1 pg protein/pL.
CAT activity was evaluated by determining the rate of H,O, absor-
bance decrease at 240 nm (Aebi, 1984). In brief, 5 pL of each sam-
ple were added per well and mixed with 195 pL of phosphate
buffer 50 mM at pH 7.4 (Na,HPO,, KH,PO,). Hydrogen peroxide
1 mM (5 pL) was added to start the reaction and kinetic was mon-
itored in a spectrophotometer. The activity of SOD was measured
by quantifying the inhibition of superoxide-dependent adrenaline
autoxidation to adrenochrome, which was monitored at 480 nm
for 10 min (32 °C) in spectrophotometer (Misra and Fridovich,
1972). In brief, 5 pl of catalase (10 pM) were added in each well,
followed by 10puL of sample and 180 uL of glycine buffer
(50 mM, pH 10.2). Epinephrine (60 mM, 5 pL) was added to start
reaction. To determine GPx activity, the rate of NADPH oxidation
was measured in the presence of reduced glutathione (GSH), tert-
butyl hydroperoxide, and glutathione reductase as previously
described (Flohe and Gunzler, 1984). Ten microliters of sample
were added per well, followed by 20 uL of NADPH (5 mM) and
170 pL of phosphate buffer (Na;HPO4, KH2PO4 -20 mM, pH 7.7).
The microplate was incubated during 10 min in 37 °C then 10 pL
of glutathione reductase (40 U/mL)+ 10 pL glutathione (40 mM)
+20 pL of tert-butyl hydroperoxide (1 pL{mL) were added in each
well. The reaction was monitored in spectrophotometer at
340 nm during 6 min.

2.9, Lipid peroxidation

The quantification of thiobarbituric acid reactive substances
(TBARS) was performed for lipoperoxidation evaluation, as previ-
ously described (Draper and Hadley, 1990). Liver and striatum
were homogenized in phosphate buffer (pH 7.4) and protein con-
tent normalized for 1 mg/mL. Samples were mixed with 0.6 mL
of 10% TCA and centrifuged (10,000g for 10 min). Supernatant
was mixed with 0.5 mL of 0.67% thiobarbituric acid and heated in
boiling water for 25 min. TBARS were determined by the absor-
bance in a spectrophotometer at 532 nm. Results were expressed
as nmol TBARS/mg protein.

2.10. Total reactive antioxidant potential (TRAP assay)

The total reactive antioxidant potential (TRAP) assay was
applied to assess the non-enzymatic antioxidant capacity of sam-
ples. This assay is based on the quenching of peroxyl radicals gen-
erated by addition of AAPH to samples (Lissi et al., 1992) and was
performed as optimized by (Dresch et al., 2009). In brief, samples
were homogenized in phosphate-buffered saline and protein con-
tent normalized to 1 pg/uL in glycine buffer (100 mM, pH 8.6).
Supernatant is isolated and used for TRAP measurement. In sepa-
rate vials, a chemical system that generates peroxyl radicals at a
constant rate (AAPH 10 mM dissolved in glycine buffer, 4 mL)is
coupled to a luminescent reactant (luminol 4 mM, 10 pL) which
emits photons in proportion to its oxidation. The addition of the
homogenate samples either decreases or facilitates the lumines-
cence emission in proportion to its content of non-enzymatic
antioxidants. The luminescence emission was recorded in a
MicroBeta® luminescence counter (Perkin Elmer, USA).

2.11. Western blotting

To perform immunoblot experiments, the tissues were pre-
pared using an radioimmunoprecipitation assay buffer protocol

37

(Gasparotto et al,, 2015). The proteins (30 pg/well) were elec-
trophoresed by SDS-PAGE and electroblotted onto nitrocellulose
membranes with trans-Blot Semi-Dry Electrophoretic Transfer Cell
(Bio-Rad, CA, USA). Protein loading and electroblotting efficiency
were verified through Ponceau S staining, and the membranes
were washed with TTBS. Membranes were incubated for 20 min
at room temperature in SNAP i.d. 2.0 Protein Detection System
(Merck Millipore, MA, USA) with each primary antibody (all anti-
bodies incubated at 1:500 dilution) and subsequently washed with
TTBS. anti-rabbit or mouse IgG peroxidase-linked secondary anti-
body was incubated for an additional 20 min in SNAP (1:5000 dilu-
tion) and washed again, and the immunoreactivity was detected by
enhanced chemiluminescence using Supersignal West Pico Chemi-
luminescent kit. The chemiluminescence was captured with an
ImageQuant LAS 4000 (GE Healthcare). Densitometric analysis of
the images was performed using Image] software (Image] v1.49,
National Institute of Health, USA). Blots were developed to be lin-
ear in the range used for densitometry. All results were expressed
as a relative ratio to p-actin or total isoform of the protein.

2.12. Reporter gene (Luciferase) assay

RAW 264.7 macrophage cells (obtained in the Rio de Janeiro Cell
Bank, R], Brazil) were plated in 96-well plates and after 24 h trans-
fected with 100 ng of a vector containing a responsive element to
NF-kB driving firefly luciferease (pGL4.32 Luc2P-NF-kB® Promega)
and 10 ng constitutive Renilla-luciferase construct (pRL-TK® Pro-
mega) per well. The transfection was carried by ViaFect® reagent
(Promega) and Opti-MEM. Cells were also transfected with GFP
vector to monitor the efficiency of transfection, and an empty vec-
tor was used as negative control. When more than 60% of cells dis-
play green fluorescence, NF-kB-luciferase and Renilla transfected
cells were treated. Cells were pre-treated with RAGE-Ab at 20 pg/
mL and treated with LPS 1 pg/mL for 1 h. At the end of treatments,
the cells were lysed and luciferase activity was assessed using the
Dual-Glo® Luciferase Assay System (Promega). Results are
expressed in ratio Luciferase/Renilla luminescence relative to con-
trol groups.

2.13. Immunofluorescence

Rats were perfused via the vascular system with descendent
aorta clamped. Sterile saline was administered during 10 min fol-
lowed by 10 min with paraformaldehyde (PFA) solution 4% in
PBS (7.4). The brains were then carefully extracted and maintained
in PFA 4% for 24 h at 4 °C, then placed in sucrose 15% for 24 h at
4 °C and placed for 24 h at 4 °C in sucrose 30%. Brains were slightly
dried and frozen in -20 °C. After 24 h the striatum was sectioned in
slices of 15 pm on the coronal plane using a cryostat at -20 °C (Jung
Histoslide 2000R; Leica; Heidelberg, Germany). A total of 20-30
slices per rat containing the striatum were collected in PBS con-
taining Triton x100 0.1% (PBS-0.1%). The free-floating sections were
incubated with albumin 5% during 2 h to block nonspecific binding
sites. The antibody was incubated during 48 h at 4 °C. Antibody
dilution and catalogue number: Iba-1 (1:500; 019-19741) is from
Wako Chemicals USA, Inc. (VA, USA). GFAP (1:500; #3670) is from
Cell Signalling. DAPI for nucleic acid staining (1:500; D9542) is
from Sigma-Aldrich® (MO, USA). Antibodies were diluted in PBS
containing bovine serum albumin (2%). After washing four times
with PBS-0.1%, tissue sections were incubated with secondary anti-
body according to reactive species (anti-rabbit or mouse Alexa 488
or 555 from Cell Signalling Technology™®), all diluted 1:500 in PBS
and BSA 2%. After 1 h at room temperature the slices were washed
several times in PBS-0.1%, transferred to gelatinized slides,
mounted with FluorSave™ (345789 - Merck Millipore; MA, USA)
and covered with coverslips. The images were obtained with a
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Microscopy EVOS® FL Auto Imaging System (AMAFD1000 -
Thermo Fisher Scientific; MA, USA).

2.14. Protein assay

Total protein was quantified by Bradford assay and used to nor-
malize all data (Bradford, 1976).

2.15. Statistical analysis

Statistical analysis was performed with GraphPad Prism version
5.04 (GraphPad Software Inc., San Diego, USA). Data were evalu-
ated by one-way ANOVA analysis and followed by Tukey’s Multiple
Comparison post hoc test. Differences were considered significant
when p <0.05.

3. Results and discussion

Systemic LPS induces peripheral inflammation, oxidative stress
and neuroinflammation, followed by progressive neurodegenera-
tion over a period of ten months (Hoban et al., 2013; Qin et al,,
2007). This model has been used to investigate the role of inflam-
mation in the onset of neurodegenerative processes in the brain,
and also has been applied to induce Parkinsons's disease- and
major depression-like changes (Duty and Jenner, 2011; O'Sullivan
et al., 2009; Qin et al., 2013), thus constituting a suitable model

to investigate the role of RAGE in systemic inflammation-induced
CNS damage. We first evaluated inflammatory markers in serum
and determined the effects of pretreatment with anti-RAGE rabbit
polyclonal 1gG (RAGE-Ab). Previous works using polyclonal anti-
RAGE for immune neutralization in rodents applied doses varying
from 200 pg/kg to 1000 pg/kg and above (Kuhla et al., 2013; van
Zoelen et al., 2009; Xia et al., 2016). Although unspecific binding
of the blocking antibody was not reported in such studies, we
tested a lower range of RAGE-Ab doses (from 50 up to 250 pg/kg)
and selected the lowest concentration effective in inhibiting liver
ERK1/2 phosphorylation induced by systemic inflammatory shock
(unpublished data), as we wanted to avoid potential binding of
RAGE-AD to other proteins that could result from the use of higher
doses.

LPS injection has been shown to initiate an inflammatory
response that leads to the activation of macrophages, and other
white blood cells (WBC). This in turn leads to the production of
proinflammatory cytokines and a burst of NADPH oxidase activa-
tion with consequent generation of reactive species (Qin et al.,
2013). LPS (5 mg/kg) increased both serum TNF-o and serum IL-
1B 24 h after injection into rats (Fig. 2A and B). At 24 h, rats had lost
approximately 10% of their body weight (Suppl. Fig. 1C) and further
increases in the dose of LPS (7.5 and 10 mg/kg) caused 100% of
mortality 1 h after injection (Suppl. Fig. 1 A and B). LPS (5 mg/kg)
also increased serum 4-HNE and serum nitrotyrosine 24 h after
injection (Fig. 2C and D) and this is consistent with an oxidative
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Fig. 2. Effects of systemic administration of RAGE-Ab and LPS on serum cytokines and oxidative stress markers. Wistar rats received a single dose of RAGE-Ab (50 pg/kg i.p.)
and after 1 h a single dose of LPS (5 mg/kg i.p.); control group received saline. A) TNF-ot and B) IL-1p levels were compared before injections (0 h) and 24 h after LPS injection.
C) 4-HNE (4-hydroxynonenal) and D) nitrotyrosine relative levels were evaluated 24 h after LPS injection. Values represent mean + SEM of samples obtained from six rats per
group. One-way analysis of variance and Bonferroni Multiple Comparison post hoc analysis were applied for all data. The p values are embedded in the figures.
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stress response. Prior treatment with RAGE-Ab significantly
reduced the production of the proinflammatory cytokines and
serum 4-HNE and it reduced the mean level of serum nitrotyrosine
(Fig. 2A-D). Overall these serum results indicate that LPS induces a
substantial inflammatory response in rats and suggests that LPS
also induces RAGE activation, which in turn facilitates many of
these LPS induced inflammatory responses. Importantly, the use
of a polyclonal isotype antibody not directed to RAGE (rabbit
anti-rat IgG) was not able to produce an effect similar to RAGE-
Ab over serum cytokines (Suppl. Fig. 1D and E), confirming the
specific activity of RAGE-AD. Previous works observed that serum
cytokines may present decreased levels compared to control 24 h
after systemic injection with different doses of LPS (Fischer et al.,
2015; Ong et al., 2016). This is expected as the serum cytokine
response to systemic LPS may vary according the dose and bacte-
rial origin of LPS utilized. Systemic inflammatory response induced
by LPS or pathogens is constituted by an acute proinflammatory
activation followed by a counter-regulatory anti-inflammatory
response, which may be even more harmful than the proinflamma-
tory phase (Kumar et al.,, 2009; Van Amersfoort et al., 2003; Xu
et al., 2012). In our model, serum cytokines at 24 h were still
increased compared to control levels, but their levels were declin-
ing compared to 1 h after injection (Suppl. Fig. 1A and B).

The increase in oxidative stress markers in serum is often asso-
ciated to organ damage and release to the bloodstream. Previously,
it was demonstrated that systemic injection of LPS to mice induced
long-term neurodegeneration by a mechanism that was triggered
by liver inflammation and secretion of TNF-a (Qin et al.,, 2007).
In order to thoroughly investigate the inflammatory effects of LPS
and the mechanisms whereby RAGE activation facilitates many of
these LPS induced responses we chose liver as our model tissue.
This is because liver is one of the main tissue targets during sys-
temic inflammation and it is a major source of systemic proinflam-
matory mediators, which when released can affect other organs,
including the brain (Romero-Gomez et al., 2015). The level of RAGE
in liver was significantly increased by LPS 24 h after injection
(Fig. 3A). Prior treatment with RAGE-Ab decreased basal levels of
liver RAGE and completely blocked the increase in RAGE induced
by LPS confirming the utility of this approach. These results indi-
cate that RAGE participates in maintenance of its own basal levels
in liver during LPS induction of systemic inflammation. Classically,
following ligand binding, RAGE activates NF-kB transcriptional
activity and an increase in RAGE expression is induced, since the
RAGE gene (AGER) possess a responsive element for NF-kB
(Maczurek et al., 2008). RAGE ligand binding increases RAGE avail-
ability, whereas RAGE inhibition decreases RAGE expression and
protein levels. In this context, downregulation of RAGE expression
generally evidences that RAGE signalling is inhibited, and these
results indicate that the positive feedback axis of RAGE activation
and up-regulation was successfully blocked.

Immune neutralization of RAGE with antibodies or FAb frag-
ments has been extensively applied to inhibit RAGE, as a pharma-
cological inhibitor was not available until recently. Generally, the
use of FAb fragments or monoclonal antibodies may present evi-
dent advantages compared to full-length polyclonal antibodies
for this type of approach, as polyclonal antibodies recognize multi-
ple epitopes and could potentially bind to other scavenger recep-
tors that may share one or more epitopes. Besides, potential
induction of receptor internalization could “mask” the expected
blockade of the receptor. Nonetheless, this blocking approach of
RAGE using polyclonal antibody was previously applied in different
rodent models of systemic inflammation, being demonstrated to
successfully block RAGE activation and other proinflammatory
effects related to RAGE signalling in similar conditions (Kuhla
et al,, 2013; Origlia et al,, 2008; van Zoelen et al., 2009; Xia et al.,
2016). It is important to note, however, that LPS binds to multiple
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receptors (including RAGE) and trigger similar intracellular effects
that are associated to proinflammatory activation, including NF-kB
activation. In this context, the use of unspecific antibodies to neu-
tralize RAGE could also inhibit other receptors, potentially Toll-like
receptor 4 (TLR4), which is one of the main receptors to recognize
and translate LPS proinflammatory signals. We tested the blocking
effect of RAGE-Ab over NF-xB activation by LPS in a macrophage
cell line through a luciferase-reporter transactivation assay and
observed that RAGE-AD significantly, but not completely, inhibited
LPS-mediated NF-kB activity (Suppl. Fig. 1F). This result is
expected for macrophage cells that express both RAGE and TLR4
and are exposed to LPS, as selective blocking of RAGE would not
inhibit TLR4-mediated NF-kB activation by LPS.

To further characterize the effect of RAGE blockade on LPS sys-
temic inflammation, parameters related to LPS and RAGE signalling
in liver were analyzed. The content of TLR4 was significantly
increased by LPS in liver, and RAGE-Ab significantly, but not com-
pletely, inhibited this effect (Fig. 3B). The Extracellular-signal Reg-
ulated Kinases 1 and 2 (ERK1/2) are intracellular downstream
targets of both RAGE and TLR4. ERK1/2 are also activated in
response to oxidative stress (Son et al., 2013). Phosphorylated
ERK1/2 levels were increased in the liver by LPS, and RAGE-AD sig-
nificantly, but not completely, inhibited this effect (Fig. 4C). Overall
these liver results indicate that RAGE signalling facilitates the up-
regulation of TLR4 and activation of ERK1/2 that occurs during sys-
temic inflammation induced by LPS. Importantly, the use of a poly-
clonal isotype antibody not directed to RAGE was not able to
produce a similar inhibitory effect over liver ERK1/2 phosphoryla-
tion by LPS, evidencing the specificity of RAGE blocking in this
effect (Suppl. Fig. 1G). Both RAGE and TLR4 trigger NF-xB activa-
tion during inflammatory stimulation. ERK1/2 are known to mod-
ulate the amplification of proinflammatory signalling resulting
from RAGE and TLR4 ligand binding by causing NF-kB-dependent
gene transcription activation (Mandrekar and Szabo, 2009; Ott
et al, 2014). NF-kB is a multi-subunit protein complex regulated
by various mechanisms that affect interaction between the differ-
ent subunits, which may culminate in translocation of the p50 and
p65 transcriptional subunits to the nucleus. In unstimulated condi-
tions, p50 and p65 subunits are sequestered in the cytosol in an
inactive state by the inhibitory IkB subunits, which prevent
nuclear translocation and consequent activation of gene transcrip-
tion by p50/p65. Activation and modulation of NF-kB may occur
through phosphorylation and/or ubiquitination of IxB subunits,
which leads to dissociation from p50/p65 and proteosomic degra-
dation; phosphorylation of p65 itself also positively modulates
transcriptional activity (Viatour et al., 2005). Systemic injection
of LPS induced a significant increase in [xB phosphorylation, which
was significantly, but not completely, inhibited in animals pre-
treated with RAGE-Ab (Fig. 3D). This increase in phosphorylation
was despite the total [kB level being significantly decreased in
LPS-treated animals (Fig. 3E). LPS also caused a significant increase
in p65 phosphorylation, which was significantly, but not com-
pletely, inhibited in animals pre-treated with RAGE-Ab (Fig. 3F).
This increase in phosphorylation was despite the total p65 level
being significantly decreased in LPS-treated animals (Fig 3G). Over-
all these results suggest that, during systemic inflammation
induced by LPS, activation of NF-kB through IkB and p65 regula-
tory mechanisms in liver results from multiple pathways, with
RAGE participating in IkB and p65 phosphorylation and RAGE-
independent pathways leading to IkB and p65 degradation.

LPS increased liver levels of TNF-o and IL-1p (Fig. 4A and B).
Prior treatment with RAGE-Ab had no effect on the basal levels
of these proinflammatory markers, but completely blocked the
LPS induced increases in TNF-o and IL-1B. Overall these results
indicate that RAGE activation significantly facilitates the effects
of LPS on liver cytokine production. LPS increased liver levels of
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Fig. 3. Effects of systemic administration of RAGE-Ab and LPS on liver RAGE, TLR4, ERK1/2, IkB and p65. Wistar rats received a single dose of RAGE-Ab (50 pg/kg i.p.) followed
by a single dose of LPS (5 mg/kg i.p.); control group received saline. Twenty-four hours after LPS injection, liver was isolated for western blot determination of the content of
A) RAGE B) TLR4 C) phospho-ERK1/2 D) phospho-IkB E) IkB/p-actin F) phospho-p65 G) p65/p-actin. Representative western blots images are disposed under the graphs.
Content of RAGE, TLR4, IkB and p65 was normalized relative to B-actin levels; content of phosphorylated isoforms of ERK1/2, IkB and p65 was normalized relative their total
isoforms. Values represent mean + SEM of samples obtained from six rats/group. One-way analysis of variance and Bonferroni Multiple Comparison post hoc analysis were
applied for all data. The p values are embedded in figures.
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figures.
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4-HNE (marker for lipoperoxidation) and nitrotyrosine (marker of
protein nitrosative damage) (Fig. 4C and D). Prior treatment with
RAGE-Ab did not block the LPS induced increase in liver 4-HNE
and only minimally reduced the mean level of liver nitrotyrosine.
Damage to lipids is the main cause of cell rupture and release of
many proteases and toxic substances, affecting other cells. We
therefore also measured lipid damage in liver through the TBARS
assay and observed that LPS increased TBARS, but this was also
not reversed by RAGE-Ab (Fig. 4E). Overall these results indicated
that, unlike in serum, liver oxidative stress during acute systemic
inflammation induced by LPS is not dependent on RAGE signalling.
This suggested also that the liver is not the main source of 4-HNE
and nitrotyrosine observed in serum, as RAGE-Ab blocked the
increase in these markers in the circulation. It could also be possi-
ble that RAGE-Ab pre-treatment inhibited the release of these
molecules from this tissue to the bloodstream, but this hypothesis
should be examined in more details.

LPS has been used to induce neurodegeneration both by sys-
temic or intracranial injection (Bodea et al, 2014; Qin et al.,
2007). In order to understand the role of RAGE in neuroinflamma-
tion triggered by systemic inflammation, we first evaluated param-
eters of proinflammatory activation in CSF, prefrontal cortex,
striatum, SN and VTA. Systemic LPS administration increased
TNF-o0 by 10-fold and IL-1p by 35-fold in CSF, and these effects
were Dblocked in animals pre-treated with RAGE-Ab
(Fig. 5A and B). Control experiments with anti-IgG isotype injection

instead of RAGE-Ab failed to produce this inhibition, confirming
the specificity of RAGE-Ab effect (Suppl. Fig. 1H and I). As this
effect was similar to what we observed in serum, it is possible that
the increase in TNF-o and IL-1B in CSF is related to an influx of sys-
temic cytokines via passage across the choroid plexus, or indirectly
by passage across impaired blood-brain barrier (BBB) (Nirogi et al.,
2009; Shen et al., 2004). Cytokines can also be transported across
the BBB by saturable transport systems, which are able to directly
affect central nervous system functions (Liu and Bing, 2011). We
observed an increase in BBB permeability in animals subjected to
systemic LPS injection by using the Evans blue translocation assay
(Fig. 5C), suggesting that this route was likely to have contributed
to the CSF cytokine levels.

Local production of inflammatory cytokines by different brain
structures were analyzed separately. TNF-o2 was not changed in
any brain region after systemic LPS injection (Fig. 5D), while IL-
1B was increased in striatum, prefrontal cortex and VTA (Fig. 5E).
The increase in IL-1f in the striatum was inhibited by pre-
treatment with RAGE-Ab, but there was no effect of RAGE-Ab on
prefrontal cortex and VTA IL-18 levels. The fact that prefrontal cor-
tex and VTA levels of IL-15 were not altered by RAGE-Ab, while the
CSF levels were, suggests that IL-1p was produced locally in these
regions. However, for the striatum which showed changes in BBB
permeability, these results suggest that systemic inhibition of
RAGE prior to LPS injection blocks either the local production of
IL-1p in the striatum or migration of this cytokine into the striatum
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Fig. 5. Effects of systemic administration of RAGE-Ab and LPS on brain cytokines and BBB permeability. Wistar rats received a single dose of RAGE-Ab (50 pg/kg i.p.) followed
by a single dose of LPS (5 mg/kg i.p.); control group received saline. Twenty-four hours after LPS injection, CSF was obtained for determination of the content of A) TNF-o and
B)IL-1p by ELISA. The brain of these rats was isolated for analysis of D) TNF-a and E) IL-1p in cortex, striatum, VTA and SN by ELISA. For C) Evans blue-based BBB permeability
assay, rats were cannulated and perfused before brain extraction according description in “material and methods” section. Evans blue-fluorescence in striatum was
determined in control vs. LPS-treated animals. F) Passage of RAGE-Ab across the BBB was analyzed by evaluating the presence of RAGE-Ab conjugated with Alexa-fluor®
fluorescent probe in CSF; conjugated anti-IgG was used for specificity control. Values represent mean + SEM of samples obtained from six rats/group. One-way analysis of
variance and Bonferroni Multiple Comparison post hoc test were applied for all data. The p values are embedded in figure.
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from the CSF. LPS was previously observed to alter A transport
across BBB and this effect was not associated to BBB disruption,
although it was not associated to changes in RAGE expression
either (Jaeger et al., 2009). In this context, it seemed important
to determine whether systemically injected RAGE-Ab could
translocate into the CNS in our model, in order to establish if any
potential effects observed at CNS level could be ascribed to local
RAGE blocking. We thus evaluated the translocation of RAGE-Ab
across the BBB by pre-injecting animals with RAGE-Ab conjugated
to a fluorescent probe (Alexa Fluor®) and evaluating the presence
of fluorescent probe in the CSF. Fluorescent conjugated RAGE-Ab
is not detected in the CSF of animals treated with LPS, indicating
that RAGE-Ab does not cross the BBB (Fig. 5F). Using conjugated
anti-rat IgG isotype as control, CSF fluorescence is significantly
increased in animals treated with LPS. These results confirm that
effects of systemic RAGE-Ab injection over the CNS are not due
to RAGE inhibition in the brain, as RAGE-Ab did not have access
to the CNS in our experimental conditions. Besides, this result sug-
gests that RAGE-ADb prevents BBB disruption by LPS, since, opposite
to RAGE-Ab, anti-rat IgG is detected in the CSF of LPS-treated
animals.

The effects of systemic LPS and RAGE-Ab on the striatum were
investigated further in order to determine which of the major cell
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types (microglia, astrocytes or neurons) were activated and what
mechanisms were operating in this tissue. Unlike with the liver,
there were no significant effects of systemic LPS on striatal RAGE
levels 24 h after injection (Fig. 6A) and RAGE-Ab did not signifi-
cantly reduce basal RAGE levels in the striatum. This reinforces
the hypothesis that effects of RAGE-Ab in the striatum were not
due to local blocking of RAGE. Brain RAGE has been implicated in
neurodegeneration in previous studies (Ray et al., 2016), but these
works examined much longer-term effects than 24 h. The micro-
glial protein Iba-1, which is used as a marker of microglia activa-
tion, was increased in the striatum of animals subjected to
systemic LPS and this increase was significantly inhibited by
RAGE-AD (Fig. 6B and G). Microglia are key innate immune cells
in brain homeostasis and are constantly scavenging the CNS for
damaged or unnecessary neurons and infectious agents
(Gehrmann et al.,, 1995). The communication between peripheral
inflammation and brain inflammation can result in the propagation
of cytokines and chemokines within the brain by action of micro-
glia (Chen et al,, 2012; Norden et al., 2016) and microglia are
known to be activated by systemic LPS (Qin et al., 2007). Glial fib-
rillary acidic protein (GFAP) expression is increased in activated
astrocytes during neuroinflammation and is considered to be a
marker for astrogliosis (Niranjan et al, 2010). Systemic LPS

H GFAP DAPI

MERGE
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Fig. 6. Effects of systemic administration of RAGE-Ab and LPS on striatum. Wistar rats received a single dose of RAGE-Ab (50 ug/kg i.p.) followed by a single dose of LPS (5 mg/
kg i.p.); control group received saline or anti-rat IgG at the same concentration of RAGE-Ab. The contents of A) RAGE, B) Iba-1, C) GFAP, D) synaptophysin, E) phosphorylated
tau (ser202) and F) phosphorylated ERK1/2 were quantified by western blot. Representative western blot bands are depicted. Immunofluorescence visualization of G) Iba-1
and (H) GFAP in animals treated with anti-IgG for control of RAGE-Ab activity was performed in striatum; DAPI was used for nucleus staining. Representative images of
analyzed samples from three rats/group are demonstrated. Values represent mean + SEM of samples obtained from six rats/group. One-way analysis of variance and
Bonferroni Multiple Comparison post hoc test were applied for all data. The p values are embedded in figure.
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injection significantly increased GFAP levels in striatum, and this
effect was completely blocked by RAGE-Ab (Fig. 6C and H). Finally,
we compared the effect of RAGE-Ab with isotype anti-rat IgG over
Iba-1 and GFAP immunolocalization to assess the inhibitory speci-
ficity of RAGE-Ab over microglia and astrocyte activation by LPS,
which was confirmed as anti-IgG had no effect over LPS-induced
Iba-1 and GFAP immunoreactivity (Fig. 6G and H).

The levels of synaptophysin, a protein marker of functional
synapses in neurons (Tarsa and Goda, 2002), was significantly
decreased in LPS-treated animals (Fig. 6D), suggesting that the
activity of striatal neurons was markedly altered. Synaptophysin
expression is changed in response to various stimuli that affect
the architecture of neuronal interconnections where functional
synapses are established. RAGE-Ab pre-treatment conserved the
level of synaptophysin in LPS treated animals. RAGE activation in
brain has been suggested to affect synaptophysin levels in
response to AP (Arancio et al., 2004). Nonetheless, as our results
indicate, the decrease in synaptophysin by LPS is very likely to
be a consequence of systemic inflammation, as systemic RAGE-
Ab rescued synaptophysin levels without crossing the BBB. In this
context, it is possible that the action of RAGE over the modulation
of peripheral proinflammatory mediators may be the cause, direct
or not, of synaptophysin downregulation and consequent synaptic
dysfunction in the striatum. Several studies have been indicating
that neuroinflammation correlates with synaptic loss, and
NMDA-related excitotoxicity in response to IL-1B, TNF-o, IL-6
and chemokines released by activated microglia and astrocytes
during a major proinflammatory event. As our data indicated, sys-
temic inflammation by LPS affected the BBB integrity, which
allowed the passage of proinflammatory mediators to striatum
and consequent glia activation. This has been proposed as a poten-

tial mechanism responsible by synaptophysin downregulation in
major inflammatory insults (Rao et al., 2012) and our data suggests
that systemic RAGE blocking probably prevented BBB integrity dis-
ruption by LPS and consequent microglia/astrocyte activation.

An increase in protein phosphorylation can indicate enzyme
activation in cells due to increased protein kinase activity. Tau
phosphorylation is increased in activated neurons as tau regulates
neuron microtubule assembly and stabilization in response to
phosphorylation by diverse serine/threonine kinases (Wang et al.,
2012). Hyperphosphorylated states of tau for extended periods
are also associated with the formation of dense hydrophobic aggre-
gates leading to neurofibrillary tangles, contributing to neurode-
generation in conditions known as tauopathies (Mazanetz and
Fischer, 2007). Tau phosphorylation at ser202 normally occurs dur-
ing embryonic development, then ceases in the adult CNS; how-
ever, in AD, phosphorylation at this site is recapitulated and
correlates with induction of abnormal phosphorylation states and
neurofibrillary tangle formation (Coedert et al, 1998, 1993). Sys-
temic LPS injection significantly increased tau ser202 phosphoryla-
tion levels in striatum after 24 h, and this effect was completely
blocked by RAGE-Ab (Fig. GE). Total levels of tau did not present
significant variations in relation to B-actin content (Suppl.
Fig. 2F). Although RAGE ligands have been previously observed to
induce tau phosphorylation, the inhibitory effect of RAGE-Ab can-
not be ascribed to RAGE blocking in striatum, as RAGE-Ab did not
cross the BBB (Fig. 5F). It is possible that, in response to systemic
inflammation and BBB disruption induced by LPS, activated micro-
glia and astrocytes release proinflammatory mediators that acti-
vate death receptors in neurons, which in turn activate ERK1/2,
GSK-3p and CDK5-dependent tau phosphorylation, a classic neuro-
toxic cascade hypothesized for Alheizmer’'s disease (Zilka et al.,
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Fig. 7. Effects of systemic administration of RAGE-Ab and LPS on oxidative stress parameters and mitochondrial activity in striatum. Wistar rats received a single dose of
RAGE-AD (50 pg/kg i.p.) followed by a single dose of LPS (5 mg/kg i.p.); control group received saline. Twenty-four hours after LPS injection, striatum was isolated. A) 4-HNE
(4-hydroxynonenal) and B) nitrotyrosine relative levels were analyzed by ELISA and C) lipoperoxidation was analyzed by TBARS determination. D) Mitochondrial complex I-
1II, E) complex 11-Q (ubiquinone), F) succinate dehydrogenase G) complex II-Ill and H) complex IV activities were followed spectrophotometrically. Values represent
mean * SEM of samples obtained from six rats/group. The values are represented as percentage to control. One-way analysis of variance and Bonferroni Multiple Comparison

post hoc test were applied for all data. The p values are embedded in figure.
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Fig. 8. Proposed mechanism of the role of RAGE on systemic inflammation and
consequent BBB disruption, CSF proinflammatory cytokines and striatal damage
24 h after LPS induction. RAGE antibody pre-treatment prevents RAGE ligand
binding and inhibits liver proinflammatory activation via NF-xB pathway. Increases
in serum TNF-o, IL-1p and lipoperoxidation, as well as neuroinflammation and
brain damage markers are all inhibited by systemic injection of RAGE-Ab.

2012). ERK1/2 phosphorylation was significantly increased by sys-
temic injection of LPS and this effect was blocked by RAGE-Ab
(Fig. 6F). ERK1/2 are present in all three major cell types in the
striatum and an increase in ERK1/2 phosphorylation is consistent
with any or all of the three cell types being activated, Overall these
results suggest that LPS activates microglia, astrocytes and neurons
in the striatum 24 h after injection and RAGE-Ab significantly
decreased this activation without affecting striatal RAGE levels.
This, along with data from fig. 5F showing that RAGE-Ab does not
translocate to the brain in LPS-treated animals, strongly suggests
that systemic inhibition of RAGE activation can lead to blockade
of the effects of LPS in the striatum. In a broader context, consider-
ing the effects of RAGE-Ab over parameters of inflammation and
damage in all tissues analyzed, these results indicate that systemic
blockade of RAGE protects the CSF and striatum by inhibiting the
proinflammatory action of LPS at systemic level.

Oxidative stress is a major component in the neuronal death
triggered by neuroinflammation during the progression of neu-
rodegenerative conditions (Halliwell, 2006). To further understand
the importance of systemic RAGE blocking in the acute effects of
systemic inflammation on striatum, we next analyzed oxidative
stress markers and there were no alterations in 4-HNE and nitroty-
rosine levels, two specific markers of oxidative and nitrosative
damage to lipids and proteins, respectively (Fig. 7A and B). How-
ever, TBARS levels were increased in LPS-treated animals and sys-
temic RAGE-ADb injection prevented this effect (Fig. 7C). This result
led us to analyze mitochondrial function by measuring the activity
of the respiratory chain complexes in striatum, as mitochondrial
activity is one of the main sources of reactive species production,
along with NADPH oxidase, during an inflammatory burst
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(Halliwell and Gutteridge, 2007). We observed that activities of
complex [l-ubiquinone, succinate dehydrogenase, complex II-II1
and complex IV were enhanced in LPS-treated animals. In liver
LPS induced decreases in complex II activities while RAGE-Ab pre-
vented this effect, no activities were found in other complex
(Fig. 7D-H). We also analyzed parameters of antioxidant defence
activation in striatum by assessing the activities of the enzymes
CAT, SOD and GPx, the non-enzymatic antioxidant capacity by
TRAP assay and quantification of total reduced thiol (sulfhydryl)
groups. However, we did not observe any changes in these param-
eters (Supplementary Fig. 2A-E).

4. Conclusion

Systemic inflammation induced by LPS has been applied in
diverse protocols that affect the function of the nigrostriatal axis,
resulting in deficits of motor function, dopamine loss and neurode-
generation (Byler et al., 2009; Qin et al,, 2013, 2007). Here we
applied a protocol of acute inflammation with a single LPS injection
and examined short-term effects (at 24 h after LPS injection) in
blood serum, liver, CSF, prefrontal cortex, striatum, SN and VTA.
A summary diagram is provided indicating the major findings
(Fig 8). Inhibiting effects induced by LPS in liver and serum,
RAGE-ADb prevented LPS-related effects in CSF and striatum, but
not in prefrontal cortex, SN and VTA. Our hypothesis is that sys-
temic RAGE-Ab administration prior to LPS injection blocks the
effects caused by RAGE upregulation and activation in liver, thus
preventing a cascade of proinflammatory events caused by RAGE
at systemic level, which include the production and release of
cytokines that reach the brain and affect the striatum in less than
24 h (Fig. 8 and graphical abstract). Systemic RAGE activation con-
tributes to BBB impairment and access of proinflammatory cytoki-
nes to the striatum, probably by stimulating the production and
release of cytokines by liver. This is the first observation reporting
the involvement of systemic RAGE signalling in neuroinflamma-
tion, tau phosphorylation, synaptophysin downregulation and
brain redox impairment resulting from systemic inflammation. It
remains to be determined, in the future, the role of RAGE in the
long-term impairment of CNS functions that may evolve as conse-
quence of systemic proinflammatory insults of different types.
Also, it will be important to confirm if the involvement of RAGE
in this process is restricted to CSF and striatum or if it affects other
brain regions with time. In this context, evaluating neuroinflam-
mation, oxidative stress, brain energy metabolism and parameters
of neurodegeneration in longer periods after systemic LPS induc-
tion could be useful to determine the role of RAGE linking systemic
and CNS inflammation. The mechanism by which RAGE exerts this
role remains elusive (Fig. 8 and graphical abstract) but our data
suggest that inhibition of the RAGE pathway may be an effective
approach to block proinflammatory insults affecting the CNS.
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Supplementary Fig. 1. Pilot tests for dose determination of LPS and RAGE-Ab efficacy control
experiments. Wistar rats (6 per group) received different doses of LPS: 0 (saline), 2.5, 5, 7.5, and
10 mg/kg were administered. The blood was sampled before LPS injection (time 0); then at 1 hand 24 h
after LPS injection. A) TNF-a and B) IL-1p levels were assessed by ELISA. C) Average weight before
and 24 h after LPS: Wistar rats received a single dose of RAGE-Ab (50 ug/kg i.p.) followed by a single
dose of LPS (5 mg/kg i.p.); control group received saline. To evaluate the specificity of RAGE-Ab action
over LPS effects, serum cytokine levels were evaluated in animals treated with isotype anti-lgG
(50 ug/kg) instead of RAGE-Ab. Serum D) TNF-a and E) IL-1pB were analyzed by ELISA. F) In RAW
264.7 macrophage cell line, a NF-kB transactivation assay was performed to evaluate the blocking
activity of RAGE-Ab over LPS-induced activation of NF-kB. G) Comparison between blocking activity of
RAGE-Ab and isotype anti-IgG on LPS-evoked liver ERK1/2 phosphorylation. The effect of anti-IgG on
H) TNF-a and 1) IL-1B in CSF was also analyzed by ELISA. Values represent mean = SEM of samples
obtained from six rats. One-way analysis of variance and Bonferroni Multiple Comparison post-hoc test
were applied for all data. Skulls represent groups with 100% of mortality before completion of 24 h.

Asterisks denote difference to control groups ("p < 0.0001 and “p < 0.05).
47


http://www.sciencedirect.com/topics/neuroscience/tumor-necrosis-factor-alpha
http://www.sciencedirect.com/topics/neuroscience/il1b
http://www.sciencedirect.com/topics/neuroscience/elisa
http://www.sciencedirect.com/topics/immunology-and-microbiology/serum-blood
http://www.sciencedirect.com/topics/neuroscience/cytokines
http://www.sciencedirect.com/topics/immunology-and-microbiology/isotype-immunology
http://www.sciencedirect.com/topics/neuroscience/macrophages
http://www.sciencedirect.com/topics/neuroscience/cell-lines
http://www.sciencedirect.com/topics/neuroscience/extracellular-signal-regulated-kinases
http://www.sciencedirect.com/topics/neuroscience/phosphorylation

>
w
(9]

60+ 100+ < 0.15+
= o °
£ £ 80- =
22,0l 28 £ E 0.10-
> = 2 S 804 > c
s 4 5 4 = £
P 82 s LI g &
== o= - x
< 2 204 oz & & 0.05-
©F »E <
2 =2 20+ r
)
() gy re—— Oty g—p—— g 0.00———7——
RAGE-Ab = o= RAGE-Ab = o= P RAGE-Ab o e g
LPS e o % & LPS LSRR Y. S LPS SR
D E
15+ F
— T
5 . system 081
S o 10+ ey
_C_D a Trolox I-I 2 .é 0.74
s CE” Control g =
5= 5 0.6
& g 54 RAGE-Ab z8 l
ad LPS 4 gg 0.5-
il RAGE-Ab*LPS<'_'—1 ' ' ' 0.4
RAGE-Ab - + - + 0 50000 100000 150000 200000 RAGE-Ab - + - +
LPS T Area under curve LPS an T OB

(arbitrary units)
Supplementary Fig. 2. Effects of systemic administration of RAGE-Ab and LPS on striatum
antioxidant enzymes, non-enzymatic antioxidant defense and total levels of tau. Wistar rats received a
single dose of RAGE-Ab (50 pg/kg i.p.) followed by a single dose of LPS (5 mg/kg i.p.); control group
received saline. Striatum was isolated 24 h later. A) CAT (catalase) B) SOD (superoxide dismutase)
activity and C) GPx (glutathione peroxidase) activities were determined. D) Reduced thiol (-SH) groups
content was evaluated spectrophotometrically. E) TRAP parameter was determined
by luminescence kinetic assay. F) The contents of total tau and B-actin were determined by western
blot (representative gels in Fig. 6). Values of total tau were normalized in relation to B-actin. Values
represent mean + SEM of samples obtained from six rats. One-way analysis of variance and Bonferroni

Multiple Comparison post-hoc test were applied for all data. The p values are embedded in figure.
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Patients recovering from sepsis have higher rates of CNS mor-
bidities associated with long-lasting impairment of cognitive
functions, including neurodegenerative diseases. However, the
molecular etiology of these sepsis-induced impairments is
unclear. Here, we investigated the role of the receptor for
advanced glycation end products (RAGE) in neuroinflamma-
tion, neurodegeneration-associated changes, and cognitive dys-
function arising after sepsis recovery. Adult Wistar rats under-
went cecal ligation and perforation (CLP), and serum and brain
(hippocampus and prefrontal cortex) samples were obtained at
days 1, 15, and 30 after the CLP. We examined these samples for
systemic and brain inflammation; amyloid-g peptide (A) and
Ser-202—phosphorylated Tau (p-Tau®*"2°2) levels; and RAGE,
RAGE ligands, and RAGE intracellular signaling. Serum mark-
ers associated with the acute proinflammatory phase of sepsis
(TNFa, IL-1B, and IL-6) rapidly increased and then progres-
sively decreased during the 30-day period post-CLP, concomi-
tant with a progressive increase in RAGE ligands (S100B,
Ne-[carboxymethyl]lysine, HSP70, and HMGBI1). In the brain,
levels of RAGE and Toll-like receptor 4, glial fibrillary acidic
protein and neuronal nitric-oxide synthase, and Af and
p-Tau®"2°2 also increased during that time. Of note, intracere-
bral injection of RAGE antibody into the hippocampus at days
15, 17, and 19 post-CLP reduced A and p-Tau**"2°? accumu-
lation, Akt/mechanistic target of rapamycin signaling, levels of
ionized calcium-binding adapter molecule 1 and glial fibrillary
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acidic protein, and behavioral deficits associated with cognitive
decline. These results indicate that brain RAGE is an essential
factor in the pathogenesis of neurological disorders following
acute systemic inflammation.

Sepsis is defined as a life-threatening organ dysfunction
caused by dysregulated host responses to an infection (1). At
admission, up to 71% of septic patients develop potentially irre-
versible acute cerebral dysfunction (2, 3), a condition caused by
systemic inflammation without brain infection and clinically
characterized by slowing of mental processes, impaired atten-
tion, disorientation, delirium, or coma (4). Recent studies have
shown that long-lasting consequences following sepsis recov-
ery often include brain disorders (5). Even after full recovery,
animals subjected to sepsis induced by cecal ligation and perfo-
ration (CLP)? demonstrated significant difficulties in perform-
ing behavioral tasks, indicating cognitive deficits (6). In recov-
ered patients, persistent deficits in functional abilities and
general quality of life are observed (7), which may be associated
with long-lasting impairment in cognitive capacities associated
with memory and executive function (8).

This long-term impairment in brain function was suggested
to result from neurodegenerative or ischemic mechanisms trig-
gered by systemic inflammation (9). Peripherally produced
cytokines can enter the central nervous system (CNS), as sepsis
is able to induce transient disruption of the blood-brain barrier
(BBB) (10, 11). This in turn leads to microglia/astrocyte activa-
tion and local production of pro-inflammatory mediators and

2 The abbreviations used are: CLP, cecal ligation and perforation; RAGE, recep-
tor for advanced glycation end product; sRAGE, soluble form of RAGE;
RAGEab, RAGE antibody; AGE, advanced glycation end product; AB, amy-
loid-B; ABPP, amyloid precursor protein; BBB, blood-brain barrier; GFAP,
glial fibrillary acidic protein; mTOR, mechanistic target of rapamycin;
nNOS, neuronal nitric-oxide synthase; AD, Alzheimer's disease; ANOVA,
analysis of variance; CML, Ne-(carboxymethyl)lysine; b.w., body weight;
TBI, traumatic brain injury.
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reactive species (12, 13). However, details of the molecular cas-
cades linking systemic inflammation to neuroinflammation
and brain dysfunction still need to be better understood. Com-
prehension of these mechanisms in detail may reveal valuable
information that can be used as a basis to develop new strategies
to treat sepsis co-morbidities. In addition, unveiling new details
on the molecular events linking systemic inflammation to brain
dysfunction may also uncover new insights to the understand-
ing of the onset of neurodegeneration itself (14).

Neurodegenerative processes may evolve over the course of
many years, and the diagnosis is generally performed only in
advanced or late stages, when brain function is impaired due to
significant neuronal loss. Neurodegeneration is characterized
by progressive neuronal death associated with the accumula-
tion of misfolded, aberrant forms of cellular proteins or pep-
tides with neurotoxic activity. In Alzheimer’s disease (AD),
neuronal death occurs concomitant to progressive formation of
neurofibrillary tangles and amyloid (senile) plaques. Neurofi-
brillary tangles are formed due to aberrant hyperphosphoryla-
tion of the microtubule-stabilizing protein Tau, whereas amy-
loid plaques originate by hydrophobic aggregates of misfolded
amyloid- B peptide (AB). Hyperphosphorylation of Tau occurs
in at least 22 other brain conditions, such as amyotrophic
lateral sclerosis, Down’s syndrome, and prion diseases (15),
and because disruption of Tau homeostasis is associated with
cognitive deficits (16), modulation of Tau phosphorylation by
pathogenic processes may also be associated with the onset of
neurodegenerative processes. Similarly, cleavage of the amyloid
precursor protein (ABPP) by different secretases may generate
small peptides, including a variety of A B peptides (17). Necrotic
and apoptotic neuronal death is induced by extracellular AB
both through activation of death receptors in neurons and
induction of microglial pro-inflammatory activation and astro-
cytosis (18). Pro-inflammatory activation, in turn, further
induces A aggregation due to amino acid oxidation and pep-
tide destabilization (19).

The receptor for advanced glycation end products (RAGE) is
a multiligand pattern-recognition receptor, belonging to the
immunoglobulin superfamily of proteins (20). Although it was
first described to be activated by advanced glycation end prod-
ucts (AGEs), RAGE can interact with a number of different
classes of agonists, including S100 family proteins (e.g. S100B),
high-mobility group box protein 1 (HMGB1), 70-kDa heat-
shock protein (HSP70), and Ne-(carboxymethyl)lysine (CML)
(21), among others. RAGE is expressed only by lungs and endo-
thelial cells in a constitutive fashion and is generally repressed
in other tissues; however, an increase in the concentration of
circulating RAGE ligands induces the expression of this recep-
tor in most cell types (20). RAGE activation triggers different
signaling cascades for immune responses, including the ERK1/
2-dependent activation of NF-kB and consequent transcrip-
tional activation of pro-inflammatory genes (22), whereas
RAGE inhibition was demonstrated to have a protective role
against sepsis and LPS-induced endotoxemia (23-25). In the
CNS, RAGE expression has been linked to neuroinflammation,
A influx through the BBB, and neurodegeneration associated
with AD, among other conditions (26, 27). It was previously
demonstrated that HMGB1, a RAGE ligand, mediates cognitive
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dysfunction in sepsis survivors (28) and that RAGE is increased
in the brain of rats 30 days after sepsis induction by CLP (29,
30). Following the observation that AB binds and activates
RAGE (31), RAGE was identified as an important link in the
intertwined signaling of inflammatory, amyloidogenic, and
pro-apoptotic cascades during the progression of AD, as it
maintains a chronic pro-inflammatory state via AB-dependent
stimulation of microglia (32). Nonetheless, a possible role of
RAGE in other CNS disorders, including those associated with
pro-inflammatory states, has been relatively neglected.

This study was performed to evaluate whether RAGE is asso-
ciated with the changes in CNS homeostasis that arise after the
recovery of the acute pro-inflammatory phase of sepsis. There-
fore, the levels of pro-inflammatory markers, A, phosphory-
lated Tau, and RAGE-associated molecules (including RAGE,
several RAGE ligands, and intracellular downstream targets)
were monitored in serum and brain from 24 h to 30 days after
CLP surgery. The serum was evaluated for peripheral inflam-
matory markers and RAGE ligands, and the hippocampus and
prefrontal cortex were evaluated because these structures are
directly associated with cognitive dysfunctions observed in this
rat model (6, 33). RAGE signaling was blocked by immune neu-
tralization in the hippocampus between 15 and 19 days after
CLP, and the cognitive function (inhibitory avoidance and
object recognition tasks), neuroinflammatory (RAGE, Iba-1,
and GFAP), and neurodegenerative markers (A Band phosphor-
ylated Tau) were evaluated 30-31 days after CLP. The results
presented here indicate the following: (i) RAGE signaling
increases as acute pro-inflammatory markers decrease over the
30 days following CLP, in serum, and CNS; and (ii) blocking of
RAGE in the hippocampus inhibits neuroinflammatory and
neurodegenerative markers in this brain region, as well as cog-
nitive deficits that are observed 30 days after CLP. Overall these
data suggest that RAGE signaling in the CNS exerts an impor-
tant role in the progressive impairment of brain function that
arises after the recovery from the acute phase of sepsis, and it
may be involved in the long-term development of brain dys-
function and neurodegeneration triggered by episodes of acute
systemic inflammation, including polymicrobial sepsis.

Results

Neuroinflammation and neurodegeneration markers increase
after the acute phase of sepsis

Increased levels of IL-183, TNF-q, and IL-6 were observed in
serum 24 h after sepsis induction (Fig. 1A4). Fifteen days after
CLP, IL-1B and TNF-a were still increased, but no differences
were detected between sham and CLP animals 30 days after
surgery. These results confirmed that CLP induced an acute
increase in systemic pro-inflammatory mediators and that the
differences in cytokine levels between sham-operated and ani-
mals undergoing CLP decreased with time. As animals sub-
jected to CLP often present with brain dysfunction after full
recovery from inflammation, biochemical markers of neuroin-
flammation in hippocampus and prefrontal cortex were evalu-
ated at early and late periods after sepsis induction. One day
after CLP, IL-1p, IL-6, and TNF-« levels were increased in the
hippocampus (Fig. 1B) and the prefrontal cortex (Fig. 1C). Fif-
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Figure 1. Content of pro-inflammatory cytokines in serum, hippocampus, and prefrontal cortex at 1, 15, and 30 days after CLP. The content of
pro-inflammatory cytokines IL-1p, IL-6, and TNF-a was assessed by ELISA in serum (A), hippocampus (B), and prefrontal cortex (C). Values represent relative
quantification considering control (sham group) as 100%. Scattered individual data points (n = 6) and standard deviations are represented. Differences
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0.001).

teen days after CLP, the levels of all cytokines were still
increased, but 30 days after CLP, TNF-a had returned to con-
trol values in the hippocampus, whereas IL-18 and IL-6 levels
returned to values similar to sham-operated animals in the pre-
frontal cortex (Fig. 1, B and C). Toll-like receptor 4 (TLR4), a
membrane receptor important in the modulation of pro-in-
flammatory responses, increased in both brain structures only
at 30 days after CLP (Fig. 2, A and D). A similar profile was
observed with the content of GFAP, a marker of astrocyte acti-
vation (Fig. 2, B and E). However, the neuronal nitric-oxide
synthase (nNOS) content did not change in the hippocampus
(Fig. 2C), although it increased in the prefrontal cortex 15 and
30 days after CLP (Fig. 2F).

Increased formation of A from A BPP cleavage and aberrant
phosphorylation of the microtubule-stabilizing protein Tau
are key events leading to the formation of amyloid plaques
and neurofibrillary tangles, respectively. In the hippocampus,
increased A immunodetection and enhanced Tau phosphor-
ylation were observed only at 30 days after CLP (Fig. 3, A and B,
respectively). In the prefrontal cortex, AB immunocontent
increased 15 and 30 days after CLP (Fig. 3C), and Tau phosphor-
ylation at Ser-202 transiently increased 15 days after CLP and
then returned to basal levels at 30 days (Fig. 3D). Confirming
this observation, immunofluorescence visualization of these
markers 30 days after CLP showed increased immunostaining
of AB and phospho-Tau in the hippocampus (Fig. 3E) and
enhanced immunostaining of A as well as remnant presence
of phospho-Tau in the prefrontal cortex (Fig. 3F).

Circulating RAGE ligands and brain RAGE increase as animals
recover from CLP

To evaluate a possible relationship between RAGE signaling
and brain function impairment in sepsis, the content of several
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biochemical markers associated with RAGE was assessed. The
content of various RAGE ligands (CML, HMGB1, HSP70, and
S100B) was determined in the serum (Fig. 44). CML levels
increased in all periods after CLP; HMGB1 increased 15 and 30
days after CLP, whereas HSP70 levels were increased only at 30
days. No differences in S100B levels were detected. Levels of the
soluble form of RAGE (sRAGE) in the serum were analyzed, as
RAGE shedding and release off the cell membrane is an impor-
tant regulatory mechanism of signaling termination. No differ-
ences in serum sSRAGE levels were detected at any period after
CLP (Fig.4A). The content of RAGE ligands and RAGE was also
evaluated in the brain. In the hippocampus, CML levels were
unaltered, whereas HMGBI1 and HSP70 levels decreased 15
days after CLP (Fig. 4B). In the prefrontal cortex, CML levels
were increased only 1 day after CLP (Fig. 4C); HMGBI1 and
HSP70 levels were decreased 15 days after CLP, but no differ-
ences were observed at other periods (Fig. 4C). The content of
RAGE in both structures increased at 15 and 30 days after CLP
(Fig. 4, Band C).

Hippocampal RAGE antibody injection inhibits
neuroinflammation and neurodegeneration markers

The levels of circulating RAGE ligands and brain RAGE are
more prominent after the acute phase of sepsis, when most
pro-inflammatory markers are already decreased or declining
to levels similar to sham-operated animals. In this context, the
role of RAGE in changes observed in the brain 30 days after CLP
was investigated by selective blocking of RAGE in the hip-
pocampus with anti-RAGE antibody (RAGEab, 100 pg/kg).
RAGEab was administered via cannula consecutively at days
15,17, and 19 after CLP. At 30 days after CLP, the endogenous
content of RAGE in the hippocampus decreased in CLP-sub-
jected animals receiving RAGEab as visualized by immunoflu-
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when differences were detected.

orescence microscopy (Fig. 54). Besides, immunolocalization
of Iba-1 (Fig. 5B) and GFAP (Fig. 5C) indicated that RAGEab
administration inhibited CLP-induced microglial and astrocyte
activation, respectively. The increases in hippocampal Af
immunostaining (Fig. 5D) and Tau phosphorylation (Fig. 5E)
observed 30 days after CLP were also inhibited by RAGEab
administration to hippocampus. Quantification of fluorescence
intensity of RAGE, Iba-1, GFAP, AB, and p-Tau immuno-
staining and statistical analysis confirmed these observations
(Table 1).

Interestingly, hippocampal RAGEab administration also had
effects in the prefrontal cortex. Mean values and statistical anal-
ysis of fluorescence quantification in hippocampus are shown
in Table 1. The increase in RAGE induced by CLP was inhibited
in prefrontal cortex of animals treated with RAGEab, as
observed by fluorescent immunolocalization (Fig. 6A4). The
number of cells with positive staining for both Iba-1 (Fig. 6B)
and GFAP (Fig. 6C) was also decreased by hippocampal RAGE
inhibition, and a similar effect was observed with AB immuno-
staining (Fig. 6D). No significant effect was observed on Tau
phosphorylation, as this parameter was not significantly altered

SASBMB

in the prefrontal cortex 30 days after CLP (Fig. 6E). To further
confirm this observation, a double staining was performed with
the neuronal marker NeuN. Hippocampal Tau phosphoryla-
tion is possible to observe at the subcellular level and at differ-
ent magnifications along with NeuN-positive neurons. Distri-
bution of p-Tau and NeuN staining within cells varies
according to the irradiation pattern of neuritis/axons from
the perinuclear area, which is the site of NeuN expression
(Fig.7A). In the prefrontal cortex, however, staining for phos-
phorylated Tau is not observed, although NeuN staining
suggests a decrease in the number of neurons at both struc-
tures in the CLP group, which is rescued by RAGEab (Fig. 7B
and Table 1).

AB and phosphorylated Tau immunofluorescence was
observed in isolated cells to identify morphological staining
patterns that could be associated with extracellular deposition
or intracellular accumulation. Staining of A antibodies in iso-
lated neurons of hippocampus and prefrontal cortex from CLP
and CLP + RAGEab groups resembles neuronal bodies and
neurite projections (Fig. 8, A and B). Plaque-like structures
were not observed. A similar examination was performed with
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phosphorylated Tau with double staining for NeuN. The mor-
phological pattern displayed at a cellular level in hippocampus
does not resemble extracellular deposition of structures such as
neurofibrillary tangles, but they are suggestive of intracellular
fibrillary constitution (Fig. 94). Neurons of the prefrontal cor-
tex, in contrast, do not present p-Tau reactivity, as observed
above (Fig. 9B).

Long-term effects of RAGE in brain involves modulation of Akt
and mTOR

RAGE and TLR4 modulate inflammatory and neurodegen-
erative responses through activation of specific protein kinase
cascades. The phosphorylation of ERK1/2 and Akt, which par-
ticipate in different signal cascades evoked by RAGE and TLR4,
was verified. In the hippocampus, ERK1/2 phosphorylation was
increased 24 h and 15 days after CLP but returned to levels
similar to sham animals 30 days after CLP (Fig. 10A). In the
prefrontal cortex, ERK1/2 phosphorylation was increased 24 h
after CLP but returned to basal levels at later periods (Fig. 10D).

J. Biol. Chem. (2018) 293(1) 226-244

In contrast, Akt had an opposite profile, presenting increased
phosphorylation only 15 and 30 days after CLP in both struc-
tures (Fig. 10, B and E). Considering this profile of transient
activation of ERK1/2 and late sustained activation of Akt, the
phosphorylation state of Akt downstream target mTOR was
analyzed. Phosphorylation of mTOR in the hippocampus was
significantly decreased compared with sham animals at 30 days
after CLP, with no alterations at earlier times (Fig. 10C). In the
prefrontal cortex, mTOR phosphorylation was increased 1
day after CLP but displayed an opposite profile at 15 and 30
days following CLP, presenting decreased phosphorylation
compared with sham animals (Fig. 10F). These results sug-
gest that RAGE signaling is associated with Akt phosphory-
lation and mTOR dephosphorylation, as these effects
occurred concomitantly after the acute inflammatory phase
of sepsis.

To confirm this hypothesis, the effect of hippocampal
RAGE inhibition over Akt and mTOR phosphorylation
states 30 days after CLP in both structures was analyzed.
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RAGEab treatment to the hippocampus significantly inhib-
ited the increase in Akt phosphorylation (Fig. 114) and
reversed the inhibition of mTOR phosphorylation (Fig. 11B)
observed 30 days after CLP. Furthermore, quantification of
RAGE levels in these same samples confirmed that RAGEab
injection to the hippocampus down-regulated RAGE protein
levels in this structure (Fig. 11C), suggesting a link for
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p < 0.05,and **, p < 0.001).

RAGE, Akt,and mTOR. Theimmunocontent of ABand phos-
phorylated Tau was also assessed in these samples (Fig. 11, D
and E, respectively). Hippocampal RAGEab administration
also affected RAGE signaling in the prefrontal cortex.
Changes in prefrontal cortex Akt and mTOR observed in the
CLP group were significantly reversed by RAGEab injection
into the hippocampus (Fig. 11, F and G, respectively). Simi-
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Figure 5. Effects of hippocampal RAGEab injection over RAGE and markers of neuroinflammation and neurodegeneration in hippocampus of
animals submitted to CLP. RAGEab was administered bilaterally into the hippocampus at 100 ng/kg at days 15, 17, and 19 after CLP. Control animals
received 100 pg/kg of isotype IgG. At day 30 after CLP, the hippocampus was prepared for immunofluorescence detection of RAGE (A), Iba-1 (B), GFAP
Q), AB (D), and phospho-Tau (E). DAPI was used for nuclear staining. Magnification bar length is 400 um in the bigger panel and 100 um in all
other panels.

Table1

Values of fluorescence immunostaining intensity (fold-induction)

Mean *+ S.D. values of fluorescence intensity units from eight animals per group. ****, p < 0.0001, ***, p < 0.001, and **, p < 0.01 were compared with sham

group. ####, p < 0.0001, ###, p < 0.001, and ##, p < 0.01 were compared with CLP group. One-way ANOVA was done with Tukey’s post hoc test.

Hippocampus Prefrontal cortex
Sham CLP CLP + RAGEab Sham CLP CLP + RAGEab

RAGE 1+044 28,5+ 5.2 2.54 + 1.37###% 1+ 1.02 35:39: 117" 4.25 * 2.51###%
Iba-1 1+ 0.51 28.2 * 2.0: 7.64 * 1.82#### 1+097 497 * 2.39** 1.39 * 0.67#
GFAP 1+0.28 8.49 = 2.95%*** 1.58 & 0.14#### 1048 179 * 6.34**** 2.15 & 0.68####
AB 1+0.30 53.08 = 10.91** 17.63 = 5.18#### 1£0.98 28.17 = 13.83"* 10.12 = 5.01##
p-Tau 1+0.14 6.08 = 1.45** 2,97 * 0.85### 1+0.57 0.99 *+ 0.64 0.65 + 0.38
NeuN 1+0.10 053 011" 1.01 * 0.15#### 1+0.31 0.55 + 0.19** 1.18 * 0.20###

larly, levels of RAGE in these samples were significantly tection (Fig. 11/) and phosphorylated Tau (Fig. 11)) levels
inhibited by RAGEab administration (Fig. 11H). Finally, the also repeated the pattern seen in the prefrontal cortex
effect of hippocampal RAGEab injection on A immunode- immunolocalization.
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Figure 6. Effects of hippocampal RAGEab injection in prefrontal cortex RAGE and markers of neuroinflammation and neurodegeneration in animals
submitted to CLP. RAGEab was administered bilaterally into the hippocampus at 100 ug/kg at days 15, 17, and 19 after CLP. Control animals received 100
pra/kg of isotype IgG. At day 30 after CLP, the prefrontal cortex was prepared for immunofluorescence detection of RAGE (A), Iba-1 (B), GFAP (), AB (D), and
phospho-Tau (E). DAPI was used for nuclear staining. Magnification bar length is 100 wm.

Hippocampal RAGEab injection restores impaired cognitive
performance

Finally, the effect of hippocampal RAGE immune neutraliza-
tion in cognitive performance was evaluated 30 days after CLP.
Sepsis induces a significant impairment in memory retention
tasks, and animals treated with RAGEab administration had
performance similar to control animals (Fig. 12, A and B). These
results, altogether, suggest that administration of RAGEab into
hippocampus is able to restore some of the alterations in brain
function that are observed after recovery from the acute phase
of sepsis.

Discussion

In this study, animals surviving sepsis presented brain alter-
ations commonly associated with the onset of neurodegenera-
tive processes, and RAGE was demonstrated to playa key role in
the progression of these changes. Sepsis enhances transcription
of pro-inflammatory cytokines, including TNF-q, IL-1j3, and

ASBMB

IL-6 (4), which affect the arrangement of tight junctions in BBB
endothelial cells (34-36). This increases BBB permeability,
contributing to neuroinflammation and cell death (11). The
present model of polymicrobial sepsis induced by CLP requires
the use of antibiotics to maintain survival around 40%. How-
ever, the antibiotic therapy, as observed here and in previous
works, does not prevent the progression of sepsis, although it
significantly enhances survival (37, 38). The variation in pro-
inflammatory cytokines at the systemic level presented a typical
pattern here. Pro-inflammatory cytokines may accumulate in
brain due to saturable influx transport, retrograde axonal trans-
port systems, or simple diffusion in areas where BBB is
impaired. A similar pattern was observed here, as brain pro-
inflammatory markers increased, systemic cytokines decreased
following acute inflammation recovery. All cytokines were ele-
vated in the brain 24 h after CLP and decreased with time,
except TNF-ain the prefrontal cortex (which peaked at 15 days
and then decreased). In contrast, alterations in TLR4, GFAP,

J. Biol. Chem. (2018) 293(1) 226 -244
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Figure 7. Effects of hippocampal RAGEab injection over phospho-Tau and NeuN staining in hippocampus and prefrontal cortex of animals submitted
to CLP. RAGEab was administered bilaterally into the hippocampus at 100 ug/kg at days 15, 17,and 19 after CLP. Control animals received 100 ug/kg isotype
IgG. At day 30 after CLP, the hippocampus (A) and the prefrontal cortex (B) were prepared for immunofluorescence detection of phospho-Tau (red) and the
neuron nuclear marker NeuN (green). DAPI was used for nuclear staining. Magnification bar length in hippocampus: left panels, 1000 wm; central panels, 200 pm;
and right panels, 100 um. In prefrontal cortex panels, the magnification bar length is 100 wm.

and nNOS, which are markers associated with inflammatory
activation in specific cells, were not observed earlier than 15
days after CLP. Indeed, TLR4 and GFAP levels were altered
only 30 days after CLP. These data unveil a bimodal profile of
inflammation in the CNS following sepsis, with a more promi-
nent role of pro-inflammatory cytokines at earlier stages, prob-
ably resulting from transient BBB disruption during the acute
phase of sepsis, followed by resident activation of local cells as
BBB is restored and animals recover from acute inflammation.
As mentioned above, BBB is disrupted during the acute phase of
sepsis, but it restores its integrity and selective permeability as
animals recover from acute inflammation (11, 39).

Previous work has demonstrated that CLP induces micro-
glial activation, and this is associated with long-term cognitive
dysfunction caused by sepsis (13). A similar profile was
observed here for astrocytes, as GFAP levels increased late after
CLP. Altogether, these observations suggest that the glia exert
an important role in the chronic neuroinflammation and long-
term impairments in brain function observed after sepsis recov-
ery. In this context, the late increase in TLR4 levels (30 days
after CLP) may be associated with late astrocyte/microglial

J. Biol. Chem. (2018) 293(1) 226-244

activation instead of polymicrobial-dependent up-regulation.
TLR4 triggers production of cytokines, nitric oxide (NO), and
reactive oxygen species in microglia and astrocytes (40). Abnor-
mal Tau phosphorylation is associated with several neurode-
generative conditions, including AD and other tauopathies
where formation of highly dense hydrophobic aggregates of
misfolded proteins causes neuronal death (41). Tau presents at
least 85 potential sites of phosphorylation, which are regulated
by several different protein kinases and phosphatases. The spe-
cific phosphorylation of some of these sites has been associated
with particular physiological processes, whereas the overstimu-
lation of some sites has been suggested to be more critical for
the induction of abnormal aggregation (42-44). Abnormal
stimulation of Tau Ser-202 phosphorylation correlates with AD
in adult humans and is associated with neurofibrillary tangle
formation (43). The involvement of aberrant Tau phosphoryla-
tion in brain function impairment following sepsis is consistent
with previous observations, including progressive decline in
cognitive functions and oxidative damage to CNS (45, 46).
RAGE expression in the adult CNS is more often associated
with microglia and astrocytes, although it may be induced in

ASBMB
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Figure 8. Morphological observation of A immunofluorescence staining in hippocampus and prefrontal cortex 30 days after CLP. Sections of tissues
from CLP and CLP + RAGEab groups are shown at left panels (magnification bar length is 100 wm). White arrows indicate isolated cells detailed in augmented
visualization. DAPI-merged and isolated A stainings are compared. Morphology is indicative of intraneuronal localization of AB. Letters and numbers in upper
left of images identify panels that originated the detailed images of isolated cells.

neurons as well. The mechanistic relationship between RAGE
and Tau phosphorylation in the brain may involve RAGE up-
regulation as a consequence of microglia and astrocyte activa-
tion, release of pro-inflammatory mediators to the extracellular
milieu, and consequent activation of neurotoxic pathways in
neurons, including GSK-33- and CDK5-regulated cascades
that participate in Tau phosphorylation (47). This hypothesis is
supported by our finding that in the hippocampus RAGE up-
regulation precedes Tau phosphorylation at 15 days.

ASBMB

The immunostaining profile of phosphorylated Tau in the
hippocampus is indicative of intracellular sublocalization,
whereas no evident formation of tangles was detected. Extra-
cellular accumulation of neurofibrillary tangles is characteristi-
cally observed in post-mortem analyses of AD brains, being
normally associated with late stages of neurodegeneration.
However, Tauabnormal phosphorylation, aggregation,and pro-
teolysis constitute earlier steps in the formation of neurofibril-
lary tangles, being crucial events in the pathogenesis of AD and
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Figure 9. Morphological observation of phospho-Tau and NeuN immunofluorescence double staining in hippocampus and prefrontal cortex 30 days
after CLP. Sections of tissues from CLP group are shown at upper left panels (magnification bar length is 100 um). Costaining with phospho-Tau (red) and the
neuronal nuclear marker NeuN (green) are used to confirm neuronal localization of phospho-Tau. Details of highlighted areas are compared for each type of
staining, including DAPland merged images. Morphology is indicative of intraneuronal localization of filamentous phospho-Tau deposition in hippocampus.
Prefrontal cortex did not show phospho-Tau staining, confirming Western blotting and immunofluorescence data for 30 days post-CLP animals. Letters and
numbers in upper left of images identify panels that originated the detailed images of isolated cells.
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their total respective protein levels were assessed by Western blotting. Scattered individual data points (n = 6) and standard deviation are represented for all

data. Representative Western blots are demonstrated. Differences between sham and CLP groups in each day were considered significant when p

according student’s t test (two-tailed) analysis; individual p values are depicted.

J. Biol. Chem. (2018) 293(1) 226 -244

60

< 0.05

ASBMB



RAGE mediates neurodegeneration in sepsis

hippocampus
A p=0.0306 B D E .
= 37p=00339 '3 -
s S v 2 = - ?2.0 P20.0006 c
- - =0 000018 = e Ap -
§352 i3 §g15 ﬁ 22T 53 ‘
s 53 =3 £515 23 VO pog=
5 £ me1o g8 8 ptaul - 2 i
331 ? g3 93 F510 % §8
n_§ =3 § ] 0.5 P<0.0001 %5 - H _-5 4 - 0o
< < £=3 53
0 - £ 0.0— R 83 BERBE
= el RAGE | sa00 < g AR ..
p-Akt - . p-mTOR == o 0.0: tau
—w0n r +sr00 CLP - + + @ion
Akt|="="= ‘.m. mTOR — — practin = =— — RAGEab + RAGEab ‘
- | wlaon
CLP - + + Ci CLP - + + — .
RAGEab + RAGEab + RAGEab - + p-actin — — — ..
CLP - + +
RAGEab - - +
prefrontal cortex
G H 1 J
s ?3 20000 - -
- [3
S £ £o20
=8 $82 ®2 v
3 1.5 ]
2z 0F1 §20 § gi' s [
) gs 2205 o
£ o is
& o w3 = 0.0 o 1B
— | - RAGE s st
S T 3 30408 S LIRC .
::L wios e ™ — = B-actin - B
- -+ 50400 £
RAGEaD Racess - 4 oo S| Practin
CLP - + +
RAGEab - - +

Figure 11. Akt and mTOR phosphorylation are associated with RAGE and markers of neurodegeneration in brain. RAGEab was administered bilaterally
into the hippocampus at 100 ug/kg atdays 15,17, and 19 after CLP. Hippocampus was isolated, and the levels of phosphorylated Akt (A) and mTOR (B), RAGE
(O, AB (D), and phosphorylated Tau (F) 30 days after CLP were analyzed by Western blotting. Similarly, in isolated prefrontal cortex, phosphorylated Akt (F) and
mTOR (G), RAGE (H), AB (/), and phosphorylated Tau (J) were assessed. Scattered individual data points (n = 6) and standard deviation are represented for all
data. Representative Western blottings are demonstrated. Differences between groups were considered significant when p < 0.05 according to one-way

ANOVA with Tukey’s post hoc test; individual p values are depicted.

other sporadic tauopathies (48, 49). It is postulated that the
process of Tau abnormal phosphorylation and aggregation in
tauopathies follows a progression through three stages: pre-
tangle formation, when soluble oligomers and small aggregates
are observed as intracellular inclusions; intracellular neurofi-
brillary tangle stage, when it is possible to observe phosphory-
lated Tau in the form of intracellular filaments; and extra-
neuronal neurofibrillary tangles stage, when neurons that
originated the processes are no longer viable (48). Our obser-
vations are suggestive that the first two stages are taking place in
hippocampus. In prefrontal cortex, however, Tau phosphoryla-
tion had already returned to basal levels 30 days after CLP,
although NeuN staining suggests a decreased number of
neurons.

The progressive accumulation of A is also consistent with
this scenario. ABPP metabolism is normally accelerated in AD
and related diseases and may lead to A3 generation (50). How-
ever, the amyloid plaques observed in pathological analysis of
AD brains are believed to take decades to form (51). Accumu-
lation of AB in amyloid plaques is affected by transcriptional
regulation of ABPP, modifications in expression and/or activity
of secretases involved in ABPP cleavage, and oxidative damage
resulting from glial activation (19). Interestingly, secretases
responsible for ABPP cleavage also act in RAGE shedding (52,
53), indicating that RAGE and A share important regulatory
steps, and their homeostasis may be disrupted by common
mechanisms. RAGE is also a major regulator of systemic A3
translocation into CNS through BBB (54), and AB-RAGE inter-
action enhances Tau phosphorylation (27). Brain accumulation
of A following CLP recovery has been previously associated
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with long-term cognitive impairment (30). Here, a progressive
increase in A3 immunodetection was observed with time after
CLP and RAGE immune neutralization in hippocampus was
able to inhibit this effect in both structures at 30 days, suggest-
ing a link between RAGE and A induction. This is in agree-
ment with previous observations showing that RAGE inhibi-
tion prevented AB production, inflammation, oxidative stress,
and cognitive deficits in an AD mouse model and in rats receiv-
ing intrahippocampal AGEs (31, 55).

Immunofluorescence images display a staining pattern not
indicative of plaque-like structures but an intraneuronal loca-
tion varying between cell bodies and neurites and, apparently,
axons in some cells. Although deposition of AB in AD senile
plaques is postulated to occur in the course of years, or perhaps
decades, the formation, aggregation, and deposition of Af in
traumatic brain injury (TBI) can be highly accelerated, taking
place in a span of hours from an acute episode of trauma (56).
The pattern of AB staining in hippocampus and prefrontal cor-
tex observed here does not indicate an advanced stage of neu-
rodegeneration commonly associated with the presence of
amyloid plaques but intraneuronal accumulation of A or,
more likely, its full-length precursor protein, considering the
morphological pattern of staining. Early intraneuronal accu-
mulation of AB in neurons that are particularly vulnerable in
AD were observed in AD brains, as well as Down’s syndrome
and numerous transgenic mouse models of AD (57). This “pre-
plaque” accumulation takes place in intraneuronal endosomal
vesicles, reportedly located in cell soma and, at higher extent,
distal neurites and synapses (58, 59). Recently, the hypothesis
that A extracellular plaque deposits are the remnants of these
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Figure 12. Effect of RAGEab injection into hippocampus over cognitive
tests in animals subjected to CLP. RAGEab was administered bilaterally into
the hippocampus at 100 pg/kg atdays 15, 17, and 19 after CLP. For inhibitory
avoidance tasks (A), training sessions were performed at day 30 after surgery.
Test sessions were carried out 24 h after training, and the step-down latency
was used as a measure of retention. For object recognition task (B), training at
day 30 after CLP was conducted by placing rats in the field with two identical
objects (objects A1 and A2). Twenty four hours later, animals were allowed to
explore the field in the presence of the familiar object A and a novel object C.
A recognition index was calculated as the ratio TB/(TA + TB), with TA = time
spent exploring the familiar object A; TB = time spent exploring the novel
object B. Scattered individual data points with mean and standard deviation
from animals from two different experiments are represented; comparisons
among groups were performed using the Mann-Whitney U test. For behav-
ioral analyses, individual groups were compared by the Wilcoxon tests. Ani-
mals that presented unusual locomotor activity or any other sign of altered
behavior during training sessions were excluded from tests. Differences were
considered significant when p < 0.05 (¥).

degenerating neurites and synapses, as well as neuron cell soma
(neurites and synapses also exist at neuron cell bodies), has
been increasingly supported by detailed studies on subcellular
localization of A formation, oligomerization, and subsequent
deposition in the progression of neurodegeneration (57). Our
results are in accordance with this hypothesis, as A8 staining in
our model seems to follow a pattern of intracellular localiza-
tion, not associated with plaques and not as extensive as would
be expected following an acute TBI episode. Notwithstanding,
in non-transgenic Wistar rats, intraneuronal A 8 accumulation
in response to neuroinflammation is not usually as high as
observed here, especially considering the intensity of the effect
and the age of the animals used in this study (3-month-old
young adults). In this context, a possible cross-reactivity with
full-length ABPP in our immunofluorescence images should
not be ruled out. This is a plausible hypothesis to explain why
CLP induces this extent of A labeling in young animals at such
short times after surgery. Importantly, this possibility does not
invalidate the current interpretation of our observations, con-
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sidering that A has originated from ABPP cleavage and thus a
marked increase in ABPP could constitute an earlier step of this
process. Although detailed molecular steps of these events
remain to be elucidated, the occurrence of augmented A and
Tau phosphorylation in the hippocampus and prefrontal cor-
tex, together with previous evidence mentioned above, are
highly suggestive of neurotoxic processes that potentially rep-
resent early molecular steps of neurodegenerative cascades in
the course of activation. Besides, the observation that RAGE
immunoneutralization inhibited AB immunodetection and
Tau phosphorylation represents valuable information concern-
ing the sequence of events by which sepsis and systemic inflam-
mation trigger long-term neurodegenerative processes.
Circulating RAGE ligands were increased in serum, and
RAGE was up-regulated in brain structures. These data could
indicate that the influx of peripheral RAGE ligands to the CNS
is occurring, as sepsis-impaired BBB allows unspecific trans-
port of pro-inflammatory mediators to the brain (10, 11, 60).
Although the determination of RAGE ligands in total tissue
does not reflect the extracellular content of these molecules in
the CNS, they presented little or no variations, corroborating
the hypothesis that RAGE in CNS is activated and up-regulated
by peripherally-produced ligands and cytokines. As a conse-
quence, intracellular effects triggered downstream RAGE acti-
vation that may take place in a similar time frame to RAGE
protein up-regulation. Importantly, a correlation between Akt/
mTOR and RAGE signaling is observed. Akt phosphorylation
in brain is increased concomitantly with the increase in RAGE
markers in serum and brain, and this relationship was further
reinforced by the observation that RAGEab inhibited Akt phos-
phorylation. ERK1/2 and Akt are important components in
neurodegenerative and inflammatory pathways and cross-talk
to counteract, enhance, or suppress signaling by each other
(61). In neurodegenerative diseases (especially AD), neuronal
ERK1/2 activation is generally associated with GSK3-f3 cascade
regulating Tau phosphorylation, but in glia these kinases are
associated with inflammation (26, 62). A ubiquitous conse-
quence of RAGE binding is NF-«B activation through ERK1/2,
which in turn activates inflammatory cytokines and RAGE
transcription. Alternatively, Akt activation is associated with
survival responses, including inhibition of pro-inflammatory
activation and autophagic clearance of protein aggregates (63,
64). Nonetheless, both exhibit differential states of basal activity
and response to stimuli in different brain areas. Recently, it was
observed that ERK1/2- and Akt-mediated pathways share little
common regulation in different brain structures of ABPP/PS1
transgenic mice, despite simultaneous dysfunctional processes
(65). ERK1/2 phosphorylation was increased in earlier periods
and returned to basal levels later; in contrast, Akt phosphory-
lation exhibited a pattern of progressive increase. These data
point to a shift from ERK1/2-mediated pathways, in earlier
periods, to Akt signaling in later periods. Also, these results are
in accordance with the decrease in acute pro-inflammatory
markers observed during CLP recovery. Thus, a scenario where
pro-inflammatory cytokines increase in the CNS causing
ERK1/2 phosphorylation during the acute phase of sepsis fol-
lowed by a second phase where RAGE up-regulation evokes
Akt-dependent responses as pro-inflammatory cytokines
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decrease is consistent with our data. In neurodegenerative
conditions, mTOR is generally associated with control of
autophagy and apoptosis in response to protein misfolding and
aggregation. Akt and ERK1/2 affect mTOR by modulating the
activation of the mTOR-inhibitory TSC1-TSC2 complex (66).
Akt also controls mTOR by phosphorylation (67, 68). Here,
mTOR phosphorylation decreased concomitant to stimulation
of Akt. It is possible that the late effect of CLP on mTOR phos-
phorylation in brain is related to inhibitory feedback mecha-
nisms of RAGE involving Akt late phosphorylation. The obser-
vation that RAGEab reversed the effects of CLP on mTOR and
Akt phosphorylation states after 30 days is consistent with this
interpretation. Besides, it is also important to note that HSP70
levels in both structures were decreased 15 days after CLP.
HSP70 is a molecular chaperone important for the control of
autophagy as its function is directly related to protein misfold-
ing and turnover. Decreased levels of HSP70 could be related to
a deficit in autophagic processing, and this, in turn, could con-
tribute to enhance the accumulation of damaged or misfolded
proteins.

The time course of events observed here indicates a trend
pattern. The decrease in acute systemic inflammation charac-
teristic of sepsis occurs with progressive increase in RAGE-
associated markers in serum and brain over time, suggesting a
shift from acute inflammation toward chronic neuroinflamma-
tion. In different chronic diseases related to organ function
degeneration, RAGE expression is elevated and associated with
the support of a chronic inflammatory state (20, 69). The results
presented here suggest that RAGE signaling increases as the
acute pro-inflammatory signaling decreases as animals recover
from sepsis. The spatial and temporal differences in the expres-
sion of markers associated with acute inflammation, RAGE,
and neurodegenerative signaling may be related to the systemic
origin of inflammation, which may affect CNS structures at
different extents depending on their localization, contact area
with blood vessels, and relative constitution of different cell
types. However, LPS-induced systemic inflammation was
reported to cause loss of neurons in both hippocampus and
prefrontal cortex, with substantial loss of cholinergic innerva-
tions, resembling a neurodegenerative process; and different
types of cognitive deficits were observed in this model (70).
Previous works demonstrated several different cognitive defi-
cits in sepsis survivors, and these deficits were associated with
the prefrontal cortex and hippocampus inflammation (6, 13,
71). Here, it was demonstrated that blocking RAGE signaling in
the hippocampus inhibited long-term cognitive dysfunction.
All these data taken together suggest that systemic inflamma-
tion induces long-term hippocampal and prefrontal alterations
that are somehow similar to a neurodegenerative process.
These molecular and structural alterations are linked to a phe-
notype of cognitive dysfunction that is dependent on hip-
pocampus and prefrontal connections.

Antagonism of RAGE signaling using RAGE antibodies or
sequestering RAGE ligands with SRAGE have been previously
undertaken in models of inflammation and sepsis. The use of
monoclonal, polyclonal, or Fab fragments has been extensively
applied as a pharmacological inhibitor was available only very
recently. RAGE inhibition by these approaches has a significant
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impact on sepsis, mainly through attenuation of pro-inflamma-
tory signaling (24). Utilization of Fab fragments or monoclonal
antibodies instead of polyclonal antibodies used here could rep-
resent a practical advantage as they would not bind to other
scavenger receptors sharing similar epitopes. A necessary step
for development of a clinical protocol based on immune neu-
tralization of RAGE, in this context, is the rational design of a
selective RAGE antibody for human utilization in a clinical trial.
Besides, the delivery of an anti-RAGE molecule to specific brain
regions should be considered another essential step, which
could demand a surgical approach. A clinical trial with a syn-
thetic RAGE inhibitor, PF-04494700 (Azeliragon or TTP488),
indicated no consistent effect on plasma levels of A, inflam-
matory biomarkers, or secondary cognitive outcomes in phase
II (72). However, a follow-up examination, conducted after
treatment was suspended, suggested a possible clinical benefit
for a low dose, but as these data became evident only long
after discontinuation of the treatment based on preliminary
results, they remain inconclusive (73). Currently, a phase III
clinical trial is ongoing for efficacy and safety in mild AD
(NCT02080364). Nonetheless, in an experimental context,
blocking of RAGE with polyclonal antibodies has been success-
fully demonstrated in different rodent models of systemic
inflammation, and effects caused by unspecific binding have
not been observed (74 —76). Systemic blocking of RAGE previ-
ous to sepsis attenuated the effects of endotoxemic shock (23,
25,77). Here, RAGEab was used to evaluate the role of RAGE in
brain dysfunction occurring 30 days after CLP. Importantly, the
hippocampal administration of RAGEab was performed from
15 to 19 days after CLP, to establish the importance of CLP-
induced up-regulation of RAGE in changes emerging after the
acute pro-inflammatory phase of sepsis. Blocking RAGE prior
to CLP, or using constitutive RAGE knock-out models, would
result in an overall inhibition of systemic inflammation, as dem-
onstrated previously (77), whereas the main goal of the current
approach was to identify a molecular link connecting systemic
inflammation and brain dysfunction that may be involved in
long-term brain impairment caused by sepsis. This allowed
identifying RAGE as an important molecular component in the
course of CNS signaling events often associated with the onset
and progression of neurodegeneration, such as A3 accumula-
tion, Tau phosphorylation, astrocyte/microglia activation, and
modulation of Akt and mTOR. Also, the participation of RAGE
in cognitive impairment as animals recover from an episode of
sepsis could also be identified.

In conclusion, the results presented here demonstrate a
prominent role of RAGE in the development of biochemical
and behavioral changes commonly associated with the onset of
neurodegenerative processes. Although the limitations of the
current model do not allow an extrapolation of a more impor-
tant role for RAGE in the evolution of characteristic neurode-
generative conditions (such as AD and other tauopathies, for
instance), this study provided valuable insight to the under-
standing of mechanistic links that could associate episodes of
acute systemic inflammation to the activation of neurodegen-
erative-associated signaling in the CNS in later periods of life.
Besides, the development of a clinical protocol for RAGE
immune neutralization in a specific brain region could be
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designed to be applied in early steps of neurodegenerative dis-
eases, such as AD, in future clinical studies. The results pre-
sented here indicate that inhibition of RAGE in the hippo-
campus and prefrontal cortex by injection of RAGEab in hip-
pocampus is able to counteract the degenerative process trig-
gered by sepsis. Clinical strategies that treat the cause of neu-
ronal death in neurodegenerative diseases are currently scarce,
as most therapeutic approaches focus on alleviating or retard-
ing the symptoms of neurodegeneration.

Experimental procedures
Chemicals

Electrophoresis and immunoblot reagents were from Bio-
Rad, Thermo Fisher Scientific Pierce Protein Biology Products,
and GE Healthcare Brazilian Headquarter (Sao Paulo, Brazil).
Polyclonal and monoclonal antibodies from Abcam (Cam-
bridge, UK) were as follows: TNF-« (ab6671); IL-1B (ab9722);
IL-6 (ab9324); CML (ab27684); nitrotyrosine (ab7048); RAGE
(ab37647); and TLR4 (ab22048). Antibodies against S100B (cat-
alog no. 9550), HSP70 (catalog no. 4872), HMGB1 (catalog no.
3935), GFAP (catalog no. 3670), p-Tau (Ser-202) (catalog no.
11834), Tau (catalog no. 4019), A (catalog no. 2454), p-ERK-
44/42 (Thr-202/Tyr-204) (catalog no. 9101), ERK-44/42 (cata-
log no. 9102), RAGE (catalog no. 4679), p-Akt (Ser-308) (cata-
log no. 13038), Akt (catalog no. 9272), p-mTOR (catalog no.
2971), and mTOR (catalog no. 4517) were from Cell Signaling
Technology. Polyclonal antibody against nNOS (AB5380) and
NeuN (MAB377) was from Merck Millipore. B-Actin (A1978)
monoclonal antibody was from Sigma. Anti-Iba-1 (catalog no.
019-19741) was from Wako Chemicals. Antibody concentra-
tions were used as indicated by the manufacturers. Biotinylated
ladder protein marker was from Cell Signaling Technology.
Anti-rabbit IgG peroxidase-conjugated (catalog no. AP132P)
and anti-mouse IgG peroxidase-conjugated (catalog no.
AP124P) were from Merck Millipore. Immunoblot chemilumi-
nescence detection was carried out with the West Pico detec-
tion kit from Thermo Fisher Scientific Pierce Protein Biology
Products (Rockford, IL). MilliQ-purified H,O was used for pre-
paring solutions. For RAGE immune neutralization, anti-
RAGE rat IgG (SC5563) from Santa Cruz Biotechnology, Inc.
(Dallas, TX), was used. All other reagents used in this study
were of analytical or HPLC grade.

cLp

Adult (60-day-old) male Wistar rats were used in this study.
Animals were subjected to CLP or sham-surgery as described
previously (78). In brief, rats were anesthetized with a mixture
of ketamine (80 mg/kg) and xylazine (10 mg/kg) given intra-
peritoneally. A 3-cm midline laparotomy was performed to
expose the cecum with adjoining intestine, under aseptic con-
ditions. The cecum was tightly ligated with a 3.0 silk suture at its
base, below the ileocecal valve, and perforated with a 14-gauge
needle. The cecum was then gently squeezed to extrude a small
amount of feces from the perforation site. The cecum was then
returned to the peritoneal cavity, and the laparotomy was
closed with 4.0 silk sutures. A sham operation (laparotomy and
cecal exposure without further manipulation) was performed
as control. After surgery, animals were resuscitated with nor-
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mal saline (50 ml/kg b.w. subcutaneously as bolus injection) and
received 30 mg/kg ceftriaxone and 25 mg/kg clindamycin in
saline (50 ml/kg b.w.) subcutaneously every 6 h for a total of 3
days. Sodium dipyrone was used as analgesic due to its high
gastric tolerability and to avoid opioid analgesics that could
have any possible influence in behavior tests. Besides, there are
no reported effects of sodium dipyrone over sepsis aggravation
to date. Administration of 80 mg/kg was performed at the end
of surgery, and 0.5% flavored dipyrone suspension was provided
in the water for 3 days after surgery. All these drugs were equally
administered to sham and CLP animals. Itisrelevant to cite that
even flavored dipyrone could alter water taste, although evident
changes in water consumption were not observed. To minimize
variability between different experiments, the CLP procedure
was always performed by the same investigator. For each exper-
iment, every group had an initial number of 22 animals, with a
survival rate of 100% in the sham group and around 40% in the
sepsis group, which was in accordance with our previous obser-
vations (30, 79). A minimum of six animals per group (sham
versus CLP) on each day (1, 15, or 30 days after surgery) was
used for individual biochemical and behavioral analyses. For
behavioral analyses, animals that were unable to complete tasks
within a maximum time were excluded. To collect samples for
biochemical analyses, animals were euthanized by decapitation,
and samples (tissues and blood) were collected immediately.
The whole blood was collected in a centrifuge tube, and the
serum was immediately separated by centrifugation while the
brain was dissected. Brain was dissected in a Petri’s dish con-
taining isotonic PBS placed onice. After surgical isolation of the
hippocampus and prefrontal cortex, these samples were imme-
diately homogenized in ice-cold RIPA buffer containing a com-
plete protease and phosphatase inhibitor mixture (CST catalog
no. 5872). For histology preparation, the procedure is provided
below. All experimental procedures were performed in accord-
ance with the National Institutes of Health, Guide for the Care
and Use of Laboratory Animals (NRC80), and the Brazilian
Society for Neuroscience and Behavior recommendations for
animal care (80). The experimental protocols were approved by
Committee of Ethics for the Use of Animals under protocol
number 068/2014-2 (Universidade do Extremo Sul Catari-
nense) and the Universidade Federal do Rio Grande do Sul
Committee of Ethics for the Use of Animals under protocol
number 22629.

RAGE immune neutralization

Rats were bilaterally implanted with guide cannulas under
anesthesia with isoflurane (1.0 —2.0% delivered in O,). Fourteen
days after CLP, the rat was anesthetized with 2.0% isoflurane
and placed in a Kopfe stereotaxic frame and a stainless steel
guide cannula (27 gauge, 9-mm length) aimed 1 mm above the
hippocampus coordinates: anteroposterior, 2.2 mm, lateral =
2.0 mm, and ventral —3.7 (81) was inserted. Isoflurane (1.0—
2.0%) was delivered during the entire procedure. Anchoring
screws and dental acrylic secured the guide cannula to the skull.
The skin was approximated around the implant and sutured in
place. The solutions were infused through an injection needle
of 10 mm length, thus extending 1 mm beyond the length of
guide cannula. The needle had a flat extremity and was con-
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nected to a 10-ul Hamilton syringe, and infusions were carried
out over 30 s, first on one side and then on the other. In each
case the infusion cannula was left in place for 15 s after the
infusion had been completed. Rat polyclonal RAGEab was
administered bilaterally into the hippocampus at 100 ug/kg
saline at days 15, 17, and 19 after CLP. Control animals received
100 pg/kg of isotype IgG.

Behavior tests

Animals were subjected to inhibitory avoidance tasks 30 days
after CLP. The behavioral procedures were conducted between
13:00 and 16:00 h in a sound-isolated room. All behavioral tests
were performed by the same person who was blind to the ani-
mal group. The inhibitory avoidance procedure was described
in a previous report (82). Training sessions were performed 30
days after surgery. Immediately after stepping down on the grid,
animals received a foot shock of 0.3 mA for 2 s. In test sessions
carried out 24 h after training, no foot shock was given, and the
step-down latency (maximum of 180 s) was used as a measure of
retention. Animals that failed to step down on the grid or pre-
sented any signs of unusual locomotor activity were excluded.
During object recognition habituation, session animals were
allowed to explore an open field. Training was conducted by
placing rats in the field, in which two identical objects (objects
Al and A2; both being cubes) were positioned. Twenty four
hours after training, animals were allowed to explore the field in
the presence of the familiar object A and a novel object B (a
sphere with a square-shaped base). A recognition index was
calculated and was reported as the ratio TB/(TA + TB) (TA =
time spent exploring the familiar object A; TB = time spent
exploring the novel object B). Animals that presented unusual
locomotor activity during training session were excluded.

ELISA measurements

To determine TNF-g, IL1-, IL-6, and CML concentrations
in serum and TNF-q, IL-1B, IL-6, S100B, CML, HSP70, and
HMGBI in tissues, we used an indirect enzyme-linked immu-
nosorbent assay (ELISA) procedure. Samples were normalized
according to protein content (83) and added to ELISA micro-
plates. The antigen was incubated for 24 h at room tempera-
ture. The immunoreactivity (1:1) was detected using a spectro-
photometric detection kit from BD Biosciences. The reaction
was stopped with sulfuric acid (2 m), and samples were read at
450 nm. Purified proteins were used for standard curve
calculation.

Western blotting

To perform immunoblot experiments, the tissue was homo-
genized with 1X RIPA buffer, centrifuged 14,000 X g for 10 min
at 4 °C, and supernatant proteins were measured by the Brad-
ford method (83). Laemmli sample buffer was added to com-
plete volume according to the protein content of each sample,
and equal amounts of cell protein (30 pg/well) were fraction-
ated by SDS-PAGE and electroblotted onto nitrocellulose
membranes with Trans-Blot® SD Semi-Dry Electrophoretic
Transfer Cell, Bio-Rad. Membranes were incubated for 20 min
at room temperature in SNAP i.d.® 2.0 Protein Detection Sys-
tem, Merck Millipore, with each primary antibody. Anti-rabbit
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or -mouse IgG peroxidase-linked secondary antibody was incu-
bated with membranes for an additional 20 min in SNAP
(1:2000 dilution range), and the immunoreactivity was detected
by enhanced chemiluminescence using Supersignal West Pico
Chemiluminescent kit from Thermo Fisher Scientific. Molecu-
lar weight was accessed with a biotinylated protein ladder (5 ul
per well). Densitometric analysis of the images was performed
with Image] software (Image] version 1.49, National Institutes
of Health). Blots were developed to be linear in the range used
for densitometry.

Perfusion fixation of tissue for histology

Animals (eight per group) were anesthetized with thiopental
and lidocaine (120 and 10 mg/kg i.p.). Once the animal was
unresponsive to toe pinch-response (anesthesia validation test),
it was placed on the operating table with its back down. A scal-
pel was used to make an incision through the abdomen at the
length of the diaphragm, followed by a cut of the rib cage up to
the collarbone on both sides of the ribs providing a clear view of
the heart. A small incision was made in the posterior end of the
left ventricle and an olive-tipped perfusion needle was inserted
through the ventricle to extend straight up about 5 mm. An
incision to the rat right atrium was made to create an outlet for
free flow of the solution. A hemostat was used to stabilize the
needle and to clamp the descendent aorta to optimize perfusion
in the CNS. Eight animals per group were perfused with 0.9%
sterile saline during 10 min (flow rate 20 ml/min) followed by 10
min with paraformaldehyde solution 4% in PBS (pH 7.4) (flow
rate 20 ml/min). The brains were then carefully extracted and
maintained in 4% paraformaldehyde for 24 h at 4°C, then
placed in sucrose 15% for 24 h at 4 °C, and placed in sucrose 30%
for 24 h at 4 °C. Brains were slightly dried and frozen in —20 °C.
After 24 h the prefrontal cortex and the hippocampus were
sectioned in slices of 15 wm on the coronal plane using a cryo-
stat at —20 °C (Jung Histoslide 2000R; Leica; Heidelberg, Ger-
many). A total of 2030 slices per rat containing the structures
was collected in PBS containing 0.1% Triton X-100 (PBS-0.1%).
The free-floating sections were incubated with 5% albumin
during 2 h to block non-specific binding sites. The antibody was
incubated during 48 h at 4°C. Anti-RAGE, anti-Iba-1, anti-
GFAP, anti-A 3, and anti-phospho-Tau were used at 1:500 dilu-
tion. DAPI was used for nucleic acid staining (1:500; D9542,
Sigma). Antibodies were diluted in PBS containing bovine
serum albumin (2%). After washing four times with PBS-0.1%,
tissue sections were incubated with secondary antibody accord-
ing to reactive species (anti-rabbit or mouse Alexa 488 or 555
from Cell Signaling Technology), all diluted 1:500 in PBS and
2% BSA. After 1 h at room temperature, the slices were washed
several times in PBS-0.1%, transferred to gelatinized slides,
mounted with FluorSave™ (345789, Merck Millipore), and
covered with coverslips. The images were obtained with a
Microscopy EVOS® FL Auto Imaging System (AMAFD1000,
Thermo Fisher Scientific). Quantitative analysis of immunoflu-
orescence staining was performed with Image] software
(Image] version 1.49, National Institutes of Health). Results are
expressed as fold relative to control (sham) group.
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Statistical analysis

Statistical analysis was performed with GraphPad 5.0 soft-
ware (GraphPad Software Inc., San Diego). Student’s ¢ test
(one-tailed) was applied for simple comparisons between sham
and CLP animals in each assay and one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test in assays with
more groups. For behavioral analyses, individual groups were
compared by the Wilcoxon tests, and comparisons among
groups in inhibitory avoidance tasks were performed using the
Mann-Whitney U test. Differences were considered significant
when p < 0.05.

Author contributions—]. G. performed experiments, analyzed all
data, elaborated the figures, and wrote the majority of the manu-
script. C. S. G, N. S,, and C. T. R. performed Western blottings and
ELISA measurements. M. M., B.S., M. R,, and A. V. S. performed
surgical procedures (CLP and hippocampal cannulation), RAGEab
administration, and behavioral tests plus analyses. J. C.F. M.
designed experiments, discussed data, and helped to write the man-
uscript. T. B. and J. Q. designed behavioral experiments, analyzed
and discussed data, and helped to write the manuscript. F. D. P. and
D. P. G. provided the aims, design, and setting of the study, analyzed
data, and wrote and reviewed the manuscript. All authors read and
approved the final manuscript.

Acknowledgments—The Translational Psychiatry Program is funded
by the Department of Psychiatry and Behavioral Sciences, McGovern
Medical School, University of Texas Health Science Center at Hous-
ton. Laboratory of Neurosciences and Fisiopatologia Experimental
(Brazil) are one of the members of the Center of Excellence in Applied
Neurosciences of Santa Catarina (NENASC).

References

1. Singer, M., Deutschman, C. S., Seymour, C. W., Shankar-Hari, M., An-
nane, D., Bauer, M., Bellomo, R,, Bernard, G. R., Chiche, ]. D., Cooper-
smith, C. M., Hotchkiss, R. S., Levy, M. M., Marshall, ]. C., Martin, G. S.,
Opal, S. M,, et al. (2016) The Third International Consensus Definitions
for Sepsis and Septic Shock (Sepsis-3). JAMA 315, 801-810 CrossRef
Medline

2. Wilson, J. X, and Young, G. B. (2003) Progress in clinical neurosciences:
sepsis-associated encephalopathy: evolving concepts. Can. J. Neurol. Sci.
30, 98105 CrossRef Medline

3. Widmann, C. N., and Heneka, M. T. (2014) Long-term cerebral conse-
quences of sepsis. Lancet Neurol. 13, 630—636 CrossRef Medline

4. Semmler, A., Hermann, S., Mormann, F., Weberpals, M., Paxian, S. A.,
Okulla, T., Schifers, M., Kummer, M. P., Klockgether, T., and Heneka,
M. T. (2008) Sepsis causes neuroinflammation and concomitant decrease
of cerebral metabolism. . Neuroinflammation 5, 38 CrossRef Medline

5. Winters, B. D., Eberlein, M., Leung, ]., Needham, D. M., Pronovost, P. J.,
and Sevransky, J. E. (2010) Long-term mortality and quality oflife in sepsis:
a systematic review. Crit. Care Med. 38, 12761283 CrossRef Medline

6. Barichello, T., Martins, M. R., Reinke, A., Feier, G., Ritter, C., Quevedo, J.,
and Dal-Pizzol, F. (2005) Cognitive impairment in sepsis survivors from
cecal ligation and perforation. Crit. Care Med. 33, 221-223 CrossRef
Medline

7. Yende, S., Austin, S., Rhodes, A., Finfer, S., Opal, S., Thompson, T., Bozza,
F. A, LaRosa, S. P, Ranieri, V. M., and Angus, D. C. (2016) Long-term
quality of life among survivors of severe sepsis: analyses of two interna-
tional trials. Crit. Care Med. 44, 1461-1467 CrossRef Medline

8. Iwashyna, T. ], Ely, E. W., Smith, D. M., and Langa, K. M. (2010) Long-
term cognitive impairment and functional disability among survivors of
severe sepsis. JAMA 304, 1787-1794 CrossRef Medline

J. Biol. Chem. (2018) 293(1) 226 -244

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

66

. Annane, D., and Sharshar, T. (2015) Cognitive decline after sepsis. Lancet.

Respir. Med. 3, 61— 69 CrossRef Medline

Varatharaj, A., and Galea, 1. (2017) The blood-brain barrier in systemic
inflammation. Brain Behav. Immun. 60, 1-12 Medline

Dal-Pizzol, F., Rojas, H. A., dos Santos, E. M., Vuolo, F., Constantino, L.,
Feier, G., Pasquali, M., Comim, C. M., Petronilho, F., Gelain, D. P.,
Quevedo, J., Moreira, ]. C., and Ritter, C. (2013) Matrix metalloprotei-
nase-2 and metalloproteinase-9 activities are associated with blood-brain
barrier dysfunction in an animal model of severe sepsis. Mol. Neurobiol.
48, 62-70 CrossRef Medline

Michels, M., Steckert, A. V., Quevedo, J., Barichello, T., and Dal-Pizzol, F.
(2015) Mechanisms of long-term cognitive dysfunction of sepsis: from
blood-borne leukocytes to glial cells. Intensive Care Med. Exp. 3, 30
CrossRef Medline

Michels, M., Vieira, A. S., Vuolo, F., Zapelini, H. G., Mendonga, B., Mina,
F., Dominguini, D., Steckert, A., Schuck, P. F., Quevedo, J., Petronilho, F.,
and Dal-Pizzol, F. (2015) The role of microglia activation in the develop-
ment of sepsis-induced long-term cognitive impairment. Brain Behav.
Immun. 43, 54-59 CrossRef Medline

Cunningham, C., and Hennessy, E. (2015) Co-morbidity and systemic
inflammation as drivers of cognitive decline: new experimental models
adopting a broader paradigm in dementia research. Alzheimers Res. Ther.
7, 33 CrossRef Medline

Spires-Jones, T. L., Stoothoff, W. H., de Calignon, A., Jones, P. B., and
Hyman, B. T. (2009) Tau pathophysiology in neurodegeneration: a tangled
issue. Trends Neurosci. 32, 150-159 CrossRef Medline

Gendron, T. F., and Petrucelli, L. (2009) The role of Tau in neurodegen-
eration. Mol. Neurodegener. 4, 13 CrossRef Medline

Multhaup, G., Huber, O., Buée, L., and Galas, M. C. (2015) Amyloid pre-
cursor protein (APP) metabolites APP intracellular fragment (AICD),
AB42, and tau in nuclear roles. /. Biol. Chem. 290, 23515-23522 CrossRef
Medline

Nalivaeva, N. N, and Turner, A. J. (2013) The amyloid precursor protein:
a biochemical enigma in brain development, function and disease. FEBS
Lett. 587, 2046 —2054 CrossRef Medline

Zuo, L., Hemmelgarn, B. T, Chuang, C. C., and Best, T. M. (2015) The role
of oxidative stress-induced epigenetic alterations in amyloid-B produc-
tion in Alzheimer’s disease. Oxid. Med. Cell. Longev. 2015, 604658
Medline

Creagh-Brown, B. C,, Quinlan, G. ], Evans, T. W., and Burke-Gaffney, A.
(2010) The RAGE axis in systemic inflammation, acute lung injury and
myocardial dysfunction: an important therapeutic target? Intensive Care
Med. 36, 1644 1656 CrossRef Medline

Batkulwar, K. B., Bansode, S. B., Patil, G. V., Godbole, R. K,, Kazi, R. S.,
Chinnathambi, S., Shanmugam, D., and Kulkarni, M. J. (2015) Investiga-
tion of phosphoproteome in RAGE signaling. Proteomics 15, 245-259
CrossRef Medline

Tébon-Velasco, J. C., Cuevas, E., and Torres-Ramos, M. A. (2014) Recep-
tor for AGEs (RAGE) as mediator of NF-«B pathway activation in neuro-
inflammation and oxidative stress. CNS Neurol. Disord. Drug Targets 13,
1615-1626 CrossRef Medline

Lutterloh, E. C,, Opal, S. M., Pittman, D. D,, Keith, J. C,, Jr, Tan, X. Y.,
Clancy, B. M., Palmer, H., Milarski, K., Sun, Y., Palardy, J. E., Parejo, N. A.,
and Kessimian, N. (2007) Inhibition of the RAGE products increases sur-
vival in experimental models of severe sepsis and systemic infection. Crit.
Care 11, R122 CrossRef Medline

van Zoelen, M. A., Schmidt, A. M., Florquin, S., Meijers, ]. C., de Beer, R.,
de Vos, A. F., Nawroth, P. P., Bierhaus, A., and van der Poll, T. (2009)
Receptor for advanced glycation end products facilitates host defense dur-
ing Escherichia coli-induced abdominal sepsis in mice. /. Infect. Dis. 200,
765-773 CrossRef Medline

van Zoelen, M. A, and van der Poll, T. (2008) Targeting RAGE in sepsis.
Crit. Care 12, 103 CrossRef Medline

Srikanth, V., Maczurek, A, Phan, T, Steele, M., Westcott, B., Juskiw, D.,
and Miinch, G. (2011) Advanced glycation end products and their recep-
tor RAGE in Alzheimer’s disease. Neurobiol. Aging 32, 763-777 Medline
Li, X. H, Lv, B. L,, Xie, J. Z,, Liu, J., Zhou, X. W., and Wang, ]. Z. (2012)
AGEs induce Alzheimer-like tau pathology and memory deficit via

SASBMB



28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

RAGE-mediated GSK-3 activation. Neurobiol. Aging 33, 1400-1410
Medline

Chavan, S. S., Huerta, P. T., Robbiati, S., Valdes-Ferrer, S. 1., Ochani, M.,
Dancho, M., Frankfurt, M., Volpe, B. T., Tracey, K. J., and Diamond, B.
(2012) HMGBI mediates cognitive impairment in sepsis survivors. Mol.
Med. 18, 930-937 Medline

Dal-Pizzol, F., Pasquali, M., Quevedo, J., Gelain, D. P., and Moreira, J. C.
(2012) Is there a role for high mobility group box 1 and the receptor for
advanced glycation end products in the genesis of long-term cognitive
impairment in sepsis survivors? Mol. Med. 18, 1357-1358 Medline
Schwalm, M. T., Pasquali, M., Miguel, S. P., Dos Santos, J. P., Vuolo, F.,
Comim, C. M., Petronilho, F., Quevedo, J., Gelain, D. P., Moreira, J. C.,
Ritter, C., and Dal-Pizzol, F. (2014) Acute brain inflammation and oxida-
tive damage are related to long-term cognitive deficits and markers of
neurodegeneration in sepsis-survivor rats. Mol. Neurobiol. 49, 380—385
CrossRef Medline

Deane, R., Singh, I, Sagare, A. P., Bell, R. D., Ross, N. T., LaRue, B., Love, R.,
Perry, S., Paquette, N., Deane, R. ]., Thiyagarajan, M., Zarcone, T, Fritz, G.,
Friedman, A. E., Miller, B. L., and Zlokovic, B. V. (2012) A multimodal
RAGE-specific inhibitor reduces amyloid B-mediated brain disorder in a
mouse model of Alzheimer disease. /. Clin. Invest. 122, 1377-1392
CrossRef Medline

Yu,Y.,and Ye, R. D. (2015) Microglial AB receptors in Alzheimer’s disease.
Cell. Mol. Neurobiol. 35, 71— 83 CrossRef Medline

Barichello, T., Martins, M. R, Reinke, A., Constantino, L. S., Machado,
R. A, Valvassori, S. S., Moreira, ]. C., Quevedo, J., and Dal-Pizzol, F. (2007)
Behavioral deficits in sepsis-surviving rats induced by cecal ligation and
perforation. Braz. J. Med. Biol. Res. 40, 831—837 CrossRef Medline

. Gutierrez, E. G., Banks, W. A, and Kastin, A. J. (1993) Murine tumor

necrosis factor e is transported from blood to brain in the mouse. /. Neu-
roimmunol. 47, 169-176 CrossRef Medline

Yarlagadda, A., Alfson, E., and Clayton, A. H. (2009) The blood brain
barrier and the role of cytokines in neuropsychiatry. Psychiatry 6, 1822
Medline

Pan, W, Stone, K. P., Hsuchou, H., Manda, V. K., Zhang, Y., and Kastin,
A.]. (2011) Cytokine signaling modulates blood-brain barrier function.
Curr. Pharm. Des. 17, 3729-3740 CrossRef Medline

Dal-Pizzol, F., Di Leone, L. P., Ritter, C., Martins, M. R., Reinke, A., Pens
Gelain, D., Zanotto-Filho, A., de Souza, L. F., Andrades, M., Barbeiro, D. F.,
Bernard, E. A., Cammarota, M., Bevilaqua, L. R,, Soriano, F. G., Claudio, ].,
et al. (2006) Gastrin-releasing peptide receptor antagonist effects on an
animal model of sepsis. Am. J. Respir. Crit. Care Med. 173, 84 —90 CrossRef
Medline

Ritter, C., Andrades, M. E., Reinke, A., Menna-Barreto, S., Moreira, J. C.,
and Dal-Pizzol, F. (2004) Treatment with N-acetylcysteine plus deferox-
amine protects rats against oxidative stress and improves survival in sep-
sis. Crit. Care Med. 32, 342-349 CrossRef Medline

du Moulin, G. C,, Paterson, D., Hedley-Whyte, J., and Broitman, S. A.
(1985) E. coli peritonitis and bacteremia cause increased blood-brain bar-
rier permeability. Brain Res. 340, 261-268 CrossRef Medline

Lee,]. Y., Lee, ]. D., Phipps, S., Noakes, P. G., and Woodruff, T. M. (2015)
Absence of toll-like receptor 4 (TLR4) extends survival in the
hSOD1G93A mouse model of amyotrophic lateral sclerosis. /. Neuroin-
flammation 12:90 Medline

Wang, J. Z., Xia, Y. Y., Grundke-Igbal, ., and Igbal, K. (2013) Abnormal
hyperphosphorylation of Tau: sites, regulation, and molecular mechanism
of neurofibrillary degeneration. /. Alzheimers Dis. 33, S123 Medline
Goedert, M., Jakes, R., Crowther, R. A,, Six, ], Libke, U., Vandermeeren,
M., Cras, P., Trojanowski, J. Q., and Lee, V. M. (1993) The abnormal
phosphorylation of tau protein at Ser-202 in Alzheimer disease recapitu-
lates phosphorylation during development. Proc. Natl. Acad. Sci. U.S.A.
90, 5066 -5070 CrossRef Medline

Goedert, M., Jakes, R., Crowther, R. A., Hasegawa, M., Smith, M. J., and
Spillantini, M. G. (1998) Intraneuronal filamentous tau protein and a-sy-
nuclein deposits in neurodegenerative diseases. Biochem. Soc. Trans. 26,
463-471 CrossRef Medline

. Simi¢, G., Babi¢ Leko, M., Wray, S., Harrington, C., Delalle, L., Jovanov-

Milosevi¢, N., Bazadona, D., Buée, L., de Silva, R., Di Giovanni, G., Wis-

SASBMB

45.

46.

47.

48.

49.

50.

51

52;

53.

54.

55.

56.

57,

58.

59.

60.

61.

67

RAGE mediates neurodegeneration in sepsis

chik, C., and Hof, P. R. (2016) Tau protein hyperphosphorylation and
aggregation in Alzheimer’s disease and other tauopathies, and possible
neuroprotective strategies. Biomolecules 6, 6 CrossRef Medline
Sharshar, T., Gray, F., Lorin de la Grandmaison, G., Hopkinson, N. S.,
Ross, E., Dorandeu, A., Orlikowski, D., Raphael, J. C., Gajdos, P., and An-
nane, D. (2003) Apoptosis of neurons in cardiovascular autonomic centres
triggered by inducible nitric-oxide synthase after death from septic shock.
Lancet 362, 17991805 CrossRef Medline

Barichello, T., Fortunato, ]. J., Vitali, A. M., Feier, G., Reinke, A., Moreira,
J. C., Quevedo, J., and Dal-Pizzol, F. (2006) Oxidative variables in the rat
brain after sepsis induced by cecal ligation and perforation. Crit. Care
Med. 34, 886 —889 CrossRef Medline

Zilka, N., Kazmerova, Z., Jadhav, S., Neradil, P., Madari, A., Obetkova, D.,
Bugos, O., and Novak, M. (2012) Who fans the flames of Alzheimer’s
disease brains? Misfolded tau on the crossroad of neurodegenerative and
inflammatory pathways. J. Neuroinflammation 9, 47 Medline

Simi¢, G., Babi¢ Leko, M., Wray, S., Harrington, C., Delalle, L., Jovanov-
Milosevi¢, N., Bazadona, D., Buée, L., de Silva, R., Di Giovanni, G., Wis-
chik, C,, and Hof, P. R. (2016) Tau protein hyperphosphorylation and
aggregation in Alzheimer’s disease and other tauopathies, and possible
neuroprotective strategies. Biomolecules 6, 6 CrossRef Medline

Simic, G. (2002) Pathological tau proteins in argyrophilic grain disease.
Lancet Neurol. 1, 276 CrossRef Medline

O'Brien, R. J., and Wong, P. C. (2011) Amyloid precursor protein pro-
cessing and Alzheimer’s disease. Annu. Rev. Neurosci. 34, 185-204
CrossRef Medline

Edwards, G., 3rd, Moreno-Gonzalez, 1., and Soto, C. (2017) Amyloid-B
and tau pathology following repetitive mild traumatic brain injury.
Biochem. Biophys. Res. Commun. 483, 1137-1142 CrossRef Medline
Cho,H.J.,Son,S.M,, Jin, S. M., Hong, H. S., Shin, D. H., Kim, S.]., Huh, K.,
and Mook-Jung, 1. (2009) RAGE regulates BACE1 and A generation via
NFAT1 activation in Alzheimer’s disease animal model. FASEB /. 23,
2639 -2649 CrossRef Medline

Takuma, K, Fang, F., Zhang, W, Yan, S., Fukuzaki, E., Du, H., Sosunov, A.,
McKhann, G., Funatsu, Y., Nakamichi, N., Nagai, T., Mizoguchi, H., Ibi,
D., Hori, O., Ogawa, S., et al. (2009) RAGE-mediated signaling contributes
to intraneuronal transport of amyloid-B and neuronal dysfunction. Proc.
Natl. Acad. Sci. U.S.A. 106, 20021-20026 CrossRef Medline

Candela, P., Gosselet, F., Saint-Pol, J., Sevin, E., Boucau, M. C., Boulanger,
E., Cecchelli, R., and Fenart, L. (2010) Apical-to-basolateral transport of
amyloid-B peptides through blood-brain barrier cells is mediated by the
receptor for advanced glycation end-products and is restricted by P-gly-
coprotein. /. Alzheimers Dis. 22, 849 — 859 CrossRef Medline

Hong, Y., Shen, C,, Yin, Q., Sun, M., Ma, Y., and Liu, X. (2016) Effects of
RAGE-specific inhibitor FPS-ZM1 on amyloid-B metabolism and AGEs-
induced inflammation and oxidative stress in rat hippocampus. Neuro-
chem. Res. 41, 1192—-1199 CrossRef Medline

Johnson, V. E., Stewart, W., and Smith, D. H. (2010) Traumatic brain
injury and amyloid-B pathology: a link to Alzheimer’s disease? Nat. Rev.
Neurosci. 11, 361-370 Medline

Gouras, G. K., Willén, K., and Faideau, M. (2014) The inside-out amyloid
hypothesis and synapse pathology in Alzheimer’s disease. Neurodegener.
Dis. 13, 142-146 Medline

Takahashi, R. H., Almeida, C. G., Kearney, P. F,, Yu, F., Lin, M. T., Milner,
T. A, and Gouras, G. K. (2004) Oligomerization of Alzheimer’s B-amyloid
within processes and synapses of cultured neurons and brain. J. Neurosci.
24, 3592-3599 CrossRef Medline

Capetillo-Zarate, E., Gracia, L., Yu, F., Banfelder, J. R., Lin, M. T., Tampel-
lini, D., and Gouras, G. K. (2011) High-resolution 3D reconstruction re-
veals intra-synaptic amyloid fibrils. Am. J. Pathol. 179, 2551-2558
CrossRef Medline

Opp, M. R, George, A, Ringgold, K. M., Hansen, K. M., Bullock, K. M., and
Banks, W. A. (2015) Sleep fragmentation and sepsis differentially impact
blood-brain barrier integrity and transport of tumor necrosis factor-a in
aging. Brain Behav. Immun. 50, 259 —265 CrossRef Medline

Dent, P. (2014) Crosstalk between ERK, AKT, and cell survival. Cancer
Biol. Ther. 15, 245-246 CrossRef Medline

J. Biol. Chem. (2018) 293(1) 226244



RAGE mediates neurodegeneration in sepsis

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

2

Kamat, P. K., Rai, S., Swarnkar, S., Shukla, R., and Nath, C. (2014) Molec-
ular and cellular mechanism of okadaic acid (OKA)-induced neurotoxic-
ity: a novel tool for Alzheimer’s disease therapeutic application. Mol. Neu-
robiol. 50, 852—865 CrossRef Medline

Shi, S, Liang, D., Bao, M., Xie, Y., Xu, W., Wang, L., Wang, Z., and Qiao, Z.
(2016) Gx-50 inhibits neuroinflammation via a7 nAChR activation of the
JAK2/STAT3 and PI3K/AKT pathways. /. Alzheimers Dis. 50, 859871
CrossRef Medline

Heras-Sandoval, D., Pérez-Rojas, J. M., Hernandez-Damién, J., and Pe-
draza-Chaverri, J. (2014) The role of PI3K/AKT/mTOR pathway in the
modulation of autophagy and the clearance of protein aggregates in neu-
rodegeneration. Cell. Signal. 26, 2694-2701 CrossRef Medline

Guillot, F., Kemppainen, S., Lavasseur, G., Miettinen, P. O., Laroche, S.,
Tanila, H., and Davis, S. (2016) Brain-specific basal and novelty-induced
alternations in PI3K-Akt and MAPK/ERK signaling in a middle-aged
ABPP/PS1 mouse model of Alzheimer’s disease. /. Alzheimers Dis. 2016;
51(4):1157-1173 CrossRef Medline

Maiese, K. (2016) Targeting molecules to medicine with mTOR, au-
tophagy, and neurodegenerative disorders. Br. J. Clin. Pharmacol. 82,
1245-1266 Medline

Asati, V., Mahapatra, D. K., and Bharti, S. K. (2016) PI3K/Akt/mTOR and
Ras/Raf/MEK/ERK signaling pathways inhibitors as anticancer agents:
Structural and pharmacological perspectives. Eur. J. Med. Chem. 109,
314-341 CrossRef Medline

Chiang, G. G., and Abraham, R. T. (2005) Phosphorylation of mammalian
target of rapamycin (mTOR) at Ser-2448 is mediated by p70S6 kinase.
J. Biol. Chem. 280, 25485-25490 CrossRef Medline

Lukic, I. K., Humpert, P. M., Nawroth, P. P., and Bierhaus, A. (2008) The
RAGE pathway: activation and perpetuation in the pathogenesis of dia-
betic neuropathy. Ann. N.Y. Acad. Sci. 1126, 76 — 80 CrossRef Medline
Semmler, A., Frisch, C., Debeir, T., Ramanathan, M., Okulla, T., Klock-
gether, T., and Heneka, M. T. (2007) Long-term cognitive impairment,
neuronal loss and reduced cortical cholinergic innervation after recovery
from sepsis in a rodent model. Exp. Neurol. 204, 733-740 CrossRef
Medline

Barichello, T., Martins, M. R., Reinke, A., Feier, G., Ritter, C., Quevedo, J.,
and Dal-Pizzol, F. (2005) Long-term cognitive impairment in sepsis sur-
vivors. Crit. Care Med. 33, 1671 CrossRef Medline

Sabbagh, M. N., Agro, A., Bell, ], Aisen, P. S., Schweizer, E., and Galasko,
D. (2011) PF-04494700, an oral inhibitor of receptor for advanced glyca-
tion end products (RAGE), in Alzheimer disease. Alzheimer Dis. Assoc.
Disord. 25, 206212 CrossRef Medline

J. Biol. Chem. (2018) 293(1) 226 -244

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

68

Galasko, D., Bell, ]., Mancuso, J. Y., Kupiec, ]. W., Sabbagh, M. N., van
Dyck, C.,, Thomas, R. G., Aisen, P. S.,and Alzheimer’s Disease Cooperative
Study. (2014) Clinical trial of an inhibitor of RAGE-A interactions in
Alzheimer disease. Neurology 82, 1536 —1542 CrossRef Medline

Origlia, N., Righi, M., Capsoni, S., Cattaneo, A., Fang, F., Stern, D. M.,
Chen, J. X., Schmidt, A. M., Arancio, O., Yan, S. D., and Domenici, L.
(2008) Receptor for advanced glycation end product-dependent activa-
tion of p38 mitogen-activated protein kinase contributes to amyloid-B-
mediated cortical synaptic dysfunction. /. Neurosci. 28, 3521-3530
CrossRef Medline

Kuhla, A., Norden, J., Abshagen, K., Menger, M. D., and Vollmar, B. (2013)
RAGE blockade and hepatic microcirculation in experimental endotoxae-
mic liver failure. Br. J. Surg. 100, 1229-1239 CrossRef Medline

Xia, P., Deng, Q., Gao, ], Yu, X., Zhang, Y., Li, ]., Guan, W, Hy, J., Tan, Q.,
Zhou, L., Han, W, Yuan, Y., and Yu, Y. (2016) Therapeutic effects of
antigen affinity-purified polyclonal anti-receptor of advanced glycation
end-product (RAGE) antibodies on cholestasis-induced liver injury in
rats. Eur. J. Pharmacol. 779, 102-110 CrossRef Medline

Lutterloh, E. C., and Opal, S. M. (2007) Antibodies against RAGE in sepsis
and inflammation: implications for therapy. Expert Opin. Pharmacother.
8,1193-1196 CrossRef Medline

Ritter, C., Andrades, M., Frota Jinior, M. L., Bonatto, F., Pinho, R. A,,
Polydoro, M., Klamt, F., Pinheiro, C. T., Menna-Barreto, S. S., Moreira,
J. C., and Dal-Pizzol, F. (2003) Oxidative parameters and mortality in
sepsis induced by cecal ligation and perforation. Intensive Care Med. 29,
1782-1789 CrossRef Medline

Barichello, T., Machado, R. A., Constantino, L., Valvassori, S. S., Réus,
G. Z., Martins, M. R,, Petronilho, F., Ritter, C., Quevedo, J., and Dal-Pizzol,
F.(2007) Antioxidant treatment prevented late memory impairment in an
animal model of sepsis. Crit. Care Med. 35, 21862190 CrossRef Medline
National Research Council (2011) Committee for the Update of the Guide
for the Care and Use of Laboratory Animals. 8th Ed., National Academies
Press, Washington, D. C.

Paxinos, G., and Watson, C. (2005) The Rat Brain in Stereotaxic Coordi-
nates, 5th Ed., pp. 181-207, Elsevier Academic Press, Amsterdam
Roesler, R., Vianna, M. R., de-Paris, F., and Quevedo, J. (1999) Memory-
enhancing treatments do not reverse the impairment of inhibitory avoid-
ance retention induced by NMDA receptor blockade. Neurobiol. Learn.
Mem. 72, 252-258 CrossRef Medline

Bradford, M. M. (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72, 248 -254 CrossRef Medline

SASBMB



Capitulo IV

Targeted inhibition of RAGE in substantia nigra of rats blocks

6-OHDA-induced dopaminergic denervation

Publicado em: Scientific Reports (2017)

69



SCIENTIFIC REPg}RTS

Targeted inhibition of RAGE in
substantia nigra of rats blocks
6-OHDA-induced dopaminergic
denervation

Juciano Gasparotto(®?, Camila Tiefensee Ribeiro?, Rafael Calixto Bortolin!, Nauana Somensi?,
Thallita Kelly Rabelo?, Alice Kunzler?, Natalia Cabral Souza?, Matheus Augusto de Bittencourt
Pasquali?, José Claudio Fonseca Moreira® & Daniel Pens Gelain®

The receptor for advanced glycation endproducts (RAGE) is a pattern-recognition receptor associated
with inflammation in most cell types. RAGE up-regulates the expression of proinflammatory mediators
and its own expression via activation of NF-kB. Recent works have proposed a role for RAGE in
Parkinson’s disease (PD). In this study, we used the multimodal blocker of RAGE FPS-ZM1, which has
become available recently, to selectively inhibit RAGE in the substantia nigra (SN) of rats intracranially
injected with 6-hydroxydopamine (6-OHDA). FPS-ZM1 (40 pg per rat), injected concomitantly with
6-OHDA (10 g per rat) into the SN, inhibited the increase in RAGE, activation of ERK1/2, Src and
nuclear translocation of NF-kB p65 subunit in the SN. RAGE inhibition blocked glial fibrillary acidic
protein and Iba-1 upregulation as well as associated astrocyte and microglia activation. Circulating
cytokines in serum and CSF were also decreased by FPS-ZM1 injection. The loss of tyrosine hydroxylase
and NeuN-positive neurons was significantly inhibited by RAGE blocking. Finally, FPS-ZM1 attenuated
locomotory and exploratory deficits induced by 6-OHDA. Our results demonstrate that RAGE is an
essential component in the neuroinflammation and dopaminergic denervation induced by 6-OHDA in
the SN. Selective inhibition of RAGE may offer perspectives for therapeutic approaches.

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the specific loss of the
nigrostriatal dopaminergic neurons, causing locomotor and postural deficits. Chronic neuroinflammation has
been reported as a major contributor to PD'. The defense mechanisms in brain are able to protect against inflam-
matory processes. However, when inflammatory stressors accumulate beyond a threshold, which has not been
defined until date, signaling pathways for neuronal death are triggered.

The amount of evidence linking RAGE to neurodegenerative diseases such as Alzheimer’s disease, PD, and
Huntington’s disease has been increasing in the last few years?. RAGE belongs to the superfamily of immunoglob-
ulins, which are present on the surface of many types of cells such as neurons, microglia, brain endothelial cells®
and astrocytes®. RAGE is a very promiscuous receptor binding many proteins such as S100b, HMGB1, HSP70,
AGEs, 3-amyloid and LPS among many others. New proteins with the capacity to bind RAGE are reported
continuously.

Many animal models have been used to elucidate the mechanisms that trigger neurodegenerative diseases. We
chose the rat model, where 6-hydroxydopamine (6-OHDA) is administrated unilaterally. This model has been
studied extensively and the dopaminergic denervation in this rat model is similar to that in PD>¢,

In the present work, we used a pharmacological antagonist, FPS-ZM 1, for blocking RAGE in the SN to inves-
tigate potential neuroprotective effects against 6-OHDA-induced dopaminergic denervation. FPS-ZM1 is able
to penetrate BBB and acts as a high affinity, multimodal blocker of RAGE through V domain-mediated ligand
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binding’. FPS-ZM1 treatment has been employed to study neurotoxicity models”®, FPS-ZM1 was injected into
the same site of 6-OHDA. Proinflammatory, oxidative and neurotoxic effects of 6-OHDA in serum, CSF, and
SN were evaluated. The results demonstrate a relationship between RAGE and 6-OHDA induced dopaminergic
denervation in the SN. FPS-ZM 1 was able to protect against most of the 6-OHDA-induced effects, suggesting that
RAGE plays a pivotal role in the propagation/amplification of inflammatory effects and dopaminergic denerva-
tion consequent from 6-OHDA injection.

Results

RAGE isincreased inthe SN of 6-OHDA-treated rats. The content of immunoreactive RAGE increased
in the SN region of 6-OHDA-administered rats as shown by immunofluorescence analysis (Fig. 1a). Injection of
RAGE blocking peptide FPS-ZM1 into the SN concomitantly with 6-OHDA inhibited the increase in RAGE
content. Relative quantification by western blotting showed that RAGE increased by 50% in animals adminis-
tered with 6-OHDA, which was inhibited by FPS-ZM1 by 46% (Fig. 1b). RAGE content and immunolocaliza-
tion in the contralateral (not showed) SN was not affected, as expected (Fig. 1a). Interestingly, rats injected with
FPS-ZM1+ 6-OHDA had increased RAGE localization in blood vessels as show detailed in Fig. 1a. In Control
and FPZ-ZM1 groups, RAGE was not detected (Fig. 1a). To identify the cells in which RAGE was induced, we
conducted co-immunostaining of RAGE with glial fibrillary acidic protein (GFAP - astrocyte marker), Iba-1
(microglial marker), or TH (dopaminergic neuron marker). The results showed the induction of RAGE mainly in
TH+ cells, but not in astrocytes or microglia (Fig. 2a and b). Confocal microscopy scanning of Z-axis confirmed
the co-localization of TH and RAGE staining in the same cells (Fig. 2c), demonstrating a different pattern of
staining from rats treated with FPS-ZM1 and 6-OHDA, in which RAGE is typically localized in endothelial cells
and absent in TH+ neurons (Fig. 2d). Details of Z-axis scanning are shown in supplementary figure Sla and b.

NF-kB activation in SN of 6-OHDA-injected rats is mediated by RAGE. Following ligand bind-
ing, the intracellular machinery activated by RAGE induces the dissociation of p65 and p50 subunits from the
inhibitory IkB subunit of the NF-kB complex in the cytoplasm, leading to p65 nuclear translocation. This results
in transcriptional activation of proinflammatory genes and up-regulation of RAGE expression, as the RAGE
gene (AGER) is also responsive to NF-&B transcriptional activity®. The immunofluorescence images of the tran-
scriptional subunit, p65 of NF-kB show the translocation of p65 from cytoplasm to nucleus in many cells in
6-OHDA-induced group (Fig. 3a and detail in Fig. 3b). FPS-ZM1 completely blocked the 6-OHDA-induced
translocation of p65 to nuclei. There were negligible number of p65+ nuclei in control group (2.3 + 1.5) or ani-
mals receiving only FPS-ZM1 (3.4 & 1.6) (Fig. 3c).

ERK1/2 and Src activation in SN of 6-OHDA-injected rats are mediated by RAGE. RAGE ligand
binding on cell membrane results in the activation of different protein phosphorylation cascades leading to the
activation of transcription factors such as NF-kB'®. We therefore examined the phosphorylation/activation of
MAPKs, which are regulatory signaling molecules in inflammation and cell death and might be activated upon
RAGEligand binding. 6-OHDA induced the phosphorylation of ERK1/2 and Src (Fig. 4a and d), and the antag-
onist FPS-ZM1 suppressed ERK1/2 and Src activation. p38 was not inhibited to a significant extent by FPS-ZM1
and JNK phosphorylation was not significantly altered by 6-OHDA (Fig. 4b and c). These data suggest that
ERK1/2 and Src phosphorylation in the SN of 6-OHDA-treated rats are evoked via a RAGE-dependent pathway.

RAGE inhibition in SN blocks 6-OHDA-induced neuroinflammation. We also measured
pro-inflammatory cytokines in CSF and serum (Fig. 5a and b). TNF-a and IL-1( were increased in CSF (110%
and 130% respectively) and serum (70% and 150% respectively) of 6-OHDA-injected rats. FPS-ZM1 blocked the
IL-13 increase in CSF (Fig. 5a), whereas both cytokines were blocked in serum (Fig. 5b). The administration of
6-OHDA triggers an inflammatory process that contributes to dopaminergic denervation. RAGE is a major regu-
lator of chronic inflammation in several tissues, including CNS'. In order to assess the effect of RAGE inhibition
on the inflammation of SN in 6-OHDA-injected rats, we evaluated the effect of RAGE inhibition on glial activa-
tion by assessing GFAP and Iba-1 immunostaining (Fig. 5¢) and immunoblotting (Fig. 5d and e). The increases
in the number of GFAP+ cells and the content of GFAP were inhibited by the presence of FSP-ZM1, indicating
that RAGE inhibition decreases 6-OHDA-induced astrocyte activation (Fig. 5c and e). Similar effect was observed
with Iba-1, suggesting the involvement of RAGE in 6-OHDA-induced microglia activation (Fig. 5¢ and d).

RAGE inhibition in SN blocks 6-OHDA-induced dopaminergic denervation. Tyrosine hydroxylase
(TH) is the rate-limiting enzyme in catecholamine synthesis and is the golden marker for dopaminergic neurons
in the SN'% Death of dopaminergic neurons is a hallmark of PD. Therefore, we evaluated the effect of RAGE
inhibition over dopaminergic neurons by immunostaining TH+ neurons and on other neurons by assessing
a general neuronal marker, neuronal nuclear antigen (NeuN). The immunofluorescence analysis for neuronal
markers revealed a significant loss of TH-+ and NeuN+ cells in the SN of animals treated with 6-OHDA (Fig. 6a).
Western blot analysis confirmed these observations (Fig. 6b and ¢). The RAGE inhibitor, FPS-ZM1 blocked the
loss of TH and NeuN positive cells when administered concomitantly with 6-OHDA (Fig. 6a—c) and rescued
the protein content. The blocking effect of RAGE inhibition in 6-OHDA-induced dopaminergic denervation is
shown in nigrostriatal axis (Sup. Fig. S2). In addition, the TH-immunoreactivity images are shown in whole SN
and striatum (caudate-putamen unit) (Sup. Fig. S3).

RAGE inhibition in SN rescues locomotor, rotational and exploratory deficits induced by
6-OHDA. Dopaminergic denervation induced by 6-OHDA is characterized by locomotor and exploratory
deficits that can be assessed in behavioral tests. General motor performance was assessed 14 days after surgery,
using the constant (21 RPM) rotarod test. Animals injected with 6-OHDA displayed significant reduction in the
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Figure 1. FPS-ZMI1 blocked the increase in the levels of RAGE in rats administered with 6-OHDA. Rats

were prepared for immunofluorescence and western blotting 15 days after the injection of 6-OHDA. (a)
Representative immunofluorescence images of SN immunostained for RAGE and DAPI (# =10 per group). The
ipsilateral sides are shown. The microscopy images were taken with 400 pm of magnification and the squares
represents the location of the approximation of 100 pm. (b) Representative western blots and quantification

of RAGE (n =6 per group). Each color in the graph represents a group and a brain location: gray - control/
ipsilateral side; blue - FPS-ZM 1/ipsilateral side; red - 6-OHDA/ipsilateral side; dark red - 6-OHDA/contralateral
side; green - FPS-ZM1 + 6-OHDA/ipsilateral side; dark green - FPS-ZM1 + 6-OHDA /contralateral side. Values
represent mean =+ SD. One-way analysis of variance and Bonferroni Multiple Comparison post-hoc test were
applied to all data. p values are embedded in the figure.

time on rotarod (60% of the control (Fig. 7a). Rats administered with both FPS-ZM1 and 6-OHDA presented an
improved motor ability on rotarod test (10% higher than that of 6-OHDA group).

To evaluate the effectiveness and precision of the 6-OHDA injection the rotational behavior was assessed.
The apomorphine-induced rotation is shown in Fig. 7b. The data demonstrate that 6-OHDA administration
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Figure 2. RAGE preferentially binds to dopaminergic neurons. Rats were prepared for immunofluorescence 15
days after 6-OHDA administration. The sections were co-immunostained for markers specific to different cell
types and RAGE to evaluate the morphology and co-localization. (a) GFAP + RAGE, (b) IBA-1+ RAGE. The
microscopy images were taken with 50 pm of magnification. (¢) Confocal representative immunofluorescence
images of SN co-immunostained for TH, RAGE and DAPI to ipsilateral 6-OHDA-induced and (d) ipsilateral
FPS-ZM1 + 6-OHDA. The confocal microscopy images were taken with 100 pm of magnification and the z-axis
layers are detailed in Sup. Fig. Sla and b. Representative immunofluorescence images of SN co-immunostained
for different cell types (n= 10 per group): Only ipsilateral sides are showed.

induced a rotational asymmetry, with rats displaying significant increase in continuous contralateral rotations
following apomorphine injection (mean rates of 12 4 1.5). Animals receiving FPS-ZM1 + 6-OHDA had signifi-
cantly lower rotation rates (4.6  1.2) induced by apomorphine injection. Control and FPS-ZM1 groups did not
show any significant spontaneous rotation. The lesion severity of 6-OHDA model was established according to
apomorphine-induced rotation'’. The present model is characterized as severe, since rats exhibited more than
3 contralateral turns/minute. This magnitude of impairment is expected to display > 85% TH+ cell loss in SN
and >45% TH+ cell loss in VTA™.

We also evaluated the exploratory activity. Animals administered with FPS-ZM1 + 6-OHDA presented a
higher exploratory activity in an open field test of rearing events, compared to animals receiving only 6-OHDA
(Fig. 7c). Notably, 6-OHDA reduced the number of rearing episodes (50% of control), whereas rats exposed to
FPS-ZM1 + 6-OHDA displayed a higher number of rearing episodes compared to the control group (Fig. 7c).

Discussion
Although 6-OHDA-induced dopaminergic denervation has been a useful model largely utilized for under-
standing motor and biochemical dysfunctions associated to PD, it is not clear, whether dopaminergic cell death
induced by this toxin shares common molecular mechanisms to those observed in patients. In this context, it
must be considered that the 6-OHDA model does not replicate several pathological characteristics of PD, which
poses limitations in relation to the interpretations of molecular mechanisms underlying the progression of dopa-
minergic cell death when using this model. For instance, animal models of 6-OHDA injection do not display
Lewy bodies in the brain, a histopathological hallmark of PD'*'*. Besides, the dopaminergic denervation is local-
ized and rapidly induced if compared to PD. In this disease, a progressive neuronal death evolves in the course of
years and its consequence is not restricted to dopaminergic denervation, although this is the main cause of the
characteristic motor symptoms'‘. Nonetheless, animal models of PD present different limitations regarding the
multiple dysfunctions of the disease, and the 6-OHDA animal model is still considered a valid model to investi-
gate behavioral and cellular features of PD'*. Here, we performed a localized inhibition of RAGE with FPS-ZM1
(RAGE antagonist) to understand the involvement of RAGE in dopaminergic denervation and to test a potential
strategy to prevent and neuronal death. RAGE interacts with a variety of ligands* that may lead to inflammatory
response causing brain injury and cell death'®. To investigate the role of RAGE in SN, we administered 6-OHDA
to induce neuronal death and co-administered FPS-ZM1 to inhibit the action of RAGE.

RAGE is a receptor with bad reputation?, fittingly so. RAGE is implicated in numerous neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease?. Although there is ample evi-
dence demonstrating the involvement of RAGE in neurodegenerative diseases!’, the mechanism by which RAGE
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Figure 3. FPS-ZM1 blocked the 6-OHDA-induced nuclear translocation of NF-kB-p65. Rats were prepared for
immunofluorescence 15 days after 6-OHDA administration. (a) Representative co-immunofluorescence images
of SN immunostained for NF-kB-p65, RAGE and DAPI (n = 10 per group). The ipsilateral sides are showed. The
microscopy images were taken with 50 pm of magnification. (b) Cell details. (c) p65+ nucleus quantification/
picture with 50 pm magnification area. Values represent mean 4 SD from 6 rats per group. One-way analysis of
variance and Bonferroni Multiple Comparison post-hoc test were applied to all data. p values are embedded in
the figure.

causes neuronal death remains unclear. Our results have demonstrated that 6-OHDA increased the number of
RAGE-positive cells specifically in SN (Fig. 1a). Immunofluorescence visualization of a larger area in SN gives a
general picture of the capacity of RAGE antibody to bind to various cell types. However, when we approximate the
image magnification (Fig. 2¢) it is possible to observe an accentuated presence of RAGE in dopaminergic neurons
compared to that in astrocytes (Fig. 2a) and microglia (Fig. 2b).

Astrocytes are stellate-like cells and represent the most abundant cell type in most parts of the brain. The
morphological changes induced in astrocytes by 6-OHDA (Sup. Fig. S1c) may result from changes of cytoskel-
etal proteins in microfilaments, intermediate filaments, and/or microtubules'. Microglia are highly dynamic
cells, presenting a functional phenotype. Under both physiological and pathological conditions, they scan their
environment and regulate tissue homeostasis'®. In response to 6-OHDA lesion, microglia displayed a morphol-
ogy associated to an activated phenotype (Sup. Fig. S1d) Furthermore, 6-OHDA reduced the number of TH+
neurons and induced characteristic morphological changes in surviving cells. The remaining TH+ cells showed
a spherical format in comparison to the normal spindle forms presenting a well-designed axodendritic network
(Sup. Fig. Sle and f). The neuroplasticity induced by 6-OHDA or derived toxins is unclear, however altered cell
morphology may be an informative tool in documenting the changes caused by the neurotoxic insults to neuronal
and nucleolar volume?.

NEF-kB is a critical factor transducing a variety of inflammatory and pro- or anti-apoptotic signals in the cell,
depending on the stimulus?'. There was a massive presence of NF-kB-p65 in the nuclei of the SN cells of rats
receiving 6-OHDA, indicating a transcriptional effect (Fig. 3b). NF-&B translocation also promotes the expres-
sion of proinflammatory cytokines''. The gene encoding RAGE contains functional binding elements for NF-B.
RAGE can also upregulate itself, perpetuating the neuroinflammation®" 2. FPS-ZM1 significantly suppresses
the ERK1/2 phosphorylation and NF-kB translocation to the nuclei of the cells in the SN of rats injected with
6-OHDA (Fig. 3a—c). This strongly suggests that inhibiting RAGE activation blocked the signaling cascade and
consequently blocked the inflammation and damage caused by 6-OHDA.

RAGE activation triggers MAPK-controlled phosphorylation cascades. Our results show that 6-OHDA sig-
nificantly increased ERK1/2 and Src activation (Fig. 4a and d). ERK 1/2 is the main component of the MAPK
pathway and when enhanced by prior Src phosphorylation, it plays a key role in RAGE signal, which may result
in the upregulation of NF-kB%. In addition RAGE directly binds to ERK by a D-like domain, this interaction does
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Figure 4. FPS-ZM1 inhibited 6-OHDA-induced MAPK-ERK 1/2 and Src phosphorylation. Tissue samples
were prepared for western blotting assay 15 days after 6-OHDA-injection. (a) p-ERK 1/2. (b) p-p38. (c) p-JNK.
(d) p-Src. The representative western blots of phosphorylated protein and total protein are shown below the
graphs. Values represent mean + SD from 6 rats per group. One-way analysis of variance and Bonferroni
Multiple Comparison post-hoc test were applied to all data. p values are embedded in the figure.

not occur with others MAPKSs as for p38 and JNK*. RAGE seems to have an important effect in this pathway,
whereas FPS-ZM1 blocked the 6-OHDA-induced signaling otherwise activated by RAGE.

We observed an increase in TNF-a and IL-18 in 6-OHDA-induced rats, as demonstrated by the ELISA meas-
urements in CSF and serum (Fig. 5a and b). The increases in these cytokines originate from many cells stimulated
by 6-OHDA, mainly astrocytes and microglia, which overproduce and release TNF-o and IL-1( into CSF and
serum. 6-OHDA generates a strong pro-inflammatory response and inflammatory condition in distinct cell types.
Inhibiting RAGE with FPS-ZM1 blocked the release of cytokines (TNF-cv in CSF was the exception) and the
activation of astrocytes and microglia in SN (Fig. 5c—e). Taking these results together, RAGE seems to be a crucial
factor that mediates the 6-OHDA-induced inflammatory process and contributes to neuronal degeneration.

Research with animal models and clinical studies suggested that RAGE, protein $100B* and HMGB1% are
potential contributors to the development of PD. These data are in accordance with our results and support our
research focus to block RAGE, since inflammatory signaling and neuronal damage seem to occur through this
receptor.

6-OHDA administration, as expected, reduced the number of TH and NeuN positive neurons (Fig. 6a—c).
FPS-ZM1 protected against 6-OHDA-induced effects. These results provide strong evidence for the hypoth-
esis that RAGE inhibition blocks all signaling cascades involved in neuroinflammation and dopaminergic
denervation. The neuronal death in SN manifested in locomotor deficit was confirmed by rotarod test and
apomorphine-induced rotations (Fig. 7a and b). In addition, the animals displayed depression-like behavior and
decrease in exploratory interest (Fig. 7c) that is correlated with DA impairments®. FPS-ZM1 also protects against
6-OHDA-induced behavioral changes. There was an increase in exploratory interest, probably because there was
an increase in the expression of neurotransmitters. The behavioral impairments along with reduced number of
neurons in the SN provide concrete evidence for the progressive death of DA neurons. FPS-ZM1 protects against
this effect of 6-OHDA.
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Figure 5. FPS-ZM1 protected rats from 6-OHDA-induced neuronal inflammation. CSF and serum were
analyzed by ELISA assay 15 days after 6-OHDA administration. (a) Cerebrospinal fluid was analyzed for
TNF-acand IL-18. TNF-acand IL-10 levels are expressed in pg/mL. (b) Serum samples were analyzed for
TNF-acand IL-18. (¢) Representative immunofluorescence images of SN co-immunostained for IBA-1, GFAP
and DAPI (n= 10 per group). The ipsilateral sides are shown. The microscopy images were taken with 400
pm of magnification and the squares represents the location of the approximation of 100 pm. Representative
western blots and quantification of (d) IBA-1 (n=6 per group) and (e) GFAP (1 =6 per group). Each color in
the graph represents a group and a brain location: gray - control/ipsilateral side; blue - FPS-ZM1/ipsilateral
side; red - 6-OHDA/ipsilateral side; dark red - 6-OHDA/green - FPS-ZM1 + 6-OHDA/ipsilateral side; dark
green - FPS-ZM1 + 6-OHDA/contralateral side. Values represent mean 4= SD. One-way analysis of variance and
Bonferroni Multiple Comparison post-hoc test were applied to all data. p values are embedded in the figure.

Conclusion

The multimodal blocker of RAGE, FPS-ZM1, shows a neuroprotective activity in the rat model of
6-OHDA-induced PD. FPS-ZM1 injected in the SN blocked dopaminergic denervation, neuroinflammation,
and locomotor/exploratory deficits induced by 6-OHDA. The probable chain of events triggered by 6-OHDA
in the SN of rats, according to our results, includes RAGE activation and upregulation, followed by activation
of downstream signaling that involves ERK1/2 and Src, leading to p65 nuclear translocation and consequent
pro-inflammatory response. This latter effect results in activation of astrocytes and microglia and increased
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Figure 7. FPS-ZM1 protects rats from 6-OHDA-induced motor deficits. Locomotor abilities of rats injected
with 6-OHDA were examined 14 days after the injection. (a) Rotarod test - total time on the rod limited to
4 min. (b) Rotational activity after apomorphine challenging. (c) Open field rearing test - duration limited
to 5min. Values represent mean =+ SD from ten rats per group. One-way analysis of variance and Bonferroni
Multiple Comparison post-hoc test were applied to all data. p values are embedded in the figure. n =12 per
group was used for rotarod and rearing test, n= 10 per group was used to measure the rotational activity.
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circulating cytokines in CSF and serum. This, in turn, contributes to cell death and consequent loss of dopamin-
ergic neurons (neurodegeneration), which is reflected in the deficits in locomotory and exploratory behavior.
FPS-ZM1 was effective in blocking the dopaminergic denervation induced by 6-OHDA. However, it did not
bring back the rotarod performance to control levels, indicating that molecular pathways other than RAGE also
contribute to locomotor deficits caused by 6-OHDA, which is expected. Co-localization immunofluorescence
results indicate that neurons are the main cells expressing RAGE in the SN of 6-OHDA-injected rats. Despite the
limitations of this model, the present results indicate that the potential application of RAGE pharmacological
inhibition in PD and the understanding of the role of this receptor in the pathophysiology of this disease must be
investigated in more details.

Methods

Chemicals. Electrophoresis and immunoblotting apparatus were from Bio-Rad (Hercules, USA) and GE
Healthcare Brazilian Headquarter (Sao Paulo, Brazil), respectively. The antibody information is listed in the
descriptions of each technique. All other reagents used in this study were of analytical or HPLC grade.

Ethics Statement. Our research protocol was approved under project number 27683 by the Ethical
Committee for Animal Experimentation of the Universidade Federal do Rio Grande do Sul-Brazil
(CEUA-UFRGS). All experimental procedures were performed in accordance with the guidelines of the National
Institutes of Health”” and the Brazilian Society for Neuroscience and Behavior recommendations for animal care.
All efforts were made to minimize animal suffering.

Animals. Male Wistar rats (60 days old) bred in our facilities were maintained at constant temperature of
21+ 1°Cand 12-hour light-dark cycle. They were caged in groups of four animals with free access (ad libitum)
to water and standard commercial food (Chow Nuvilab CR-1 type; PR, Brazil). The rats were anesthetized with a
single dose of ketamine (100 mg/kg; i.p.) and xilazine (10 mg/kg; i.p.) for all surgical procedures.

FPS-ZM1 and 6-hydroxydopamine (6-OHDA) preparation. FPS-ZM1 (C,,H,,CINO) is a non-toxic,
tertiary amide compound that acts as a high affinity multimodal blocker of RAGE V domain-mediated ligand
binding (K, =25, 148, & 230 nM)>. It was dissolved in a small amount of dimethylsulfoxide (DMSO) and then
diluted with saline to 10 pg/pL stock solution. The final DMSO concentration was 0.02%. FPS-ZM1 was pur-
chased from Merck Millipore (MA, USA). Each rat received injection with 40 pg of FPS-ZM1 into the SN.
6-OHDA is a neurotoxic synthetic organic compound that destroys catecholaminergic terminals. It was prepared
asa 5pg/pL solution in 0.02% ascorbic acid dissolved in sterile saline, protected from heat and light. 6-OHDA was
purchased from Sigma-Aldrich® (MO, USA). Each rat was administered with 10 pg®® of 6-OHDA.

Experimental design. The rats were randomly divided into four groups:

Group 1: control group received intranigral injection of saline solution.
Group 2: received FPS-ZM1 (intranigral injection).

Group 3: received 6-OHDA (intranigral injection).

Group 4: received FPS-ZM1 + 6-OHDA (intranigral injection).

Fourteen days after the induction of the SN lesion (see below), behavior tests were performed. On the 15"
day, all the animals were anaesthetized and CSF was sampled. Six animals from each group were decapitated and
serum was collected, followed by dissection of the SN for analysis. Ten animals in each group were intracardially
perfused for immunoflorescence assessment.

Surgical Procedure.  Anesthetized rats were immobilized by securing via ear and nose bars on a stereotaxic
apparatus (Insight-EFF 338, SP, BRA). Fur was shaved with a pet clipper (SKU #: 09160-210 — Wahl; IL, USA)
and 10% povidone-iodine solution was applied to sterilize the incision site. The skulls were trepanned with a
dental drill (3 mm) at the appropriate location. A single dose (2 pL) of 6-OHDA?® or FPS-ZM1° or saline was
injected into the left SN at the following stereotaxic coordinates: antero-posterior (AP): —5.0 mm from bregma;
medio-lateral (ML): £2.1 mm from the midline; dorso-ventral (DV): —8.0 mm from skull, according to the Rat
Brain Atlas in Stereotaxic Coordinates Paxinos®, using a 10-pl Hamilton® syringe 701SN, needle size 23s ga
(Sigma-Aldrich®; MO, USA). Syringes were lowered into the brain at a rate of 2 mm/min. The chemicals were
injected at a rate of 0.5pL/min and the syringe was left in place for 2 min after injection, before drawing back
at a rate of 2 mm/min. The incision was thoroughly cleaned with povidone-Iodine solution and closed using
three sutures. Lactated Ringer’s solution (1 mL) was injected subcutaneously to replenish electrolytes. Nebacetin
(Medley; RS, BRA) was applied topically to the incision to prevent infections. The animals were removed from
stereotaxic frame and placed in a controlled temperature recovery cage (37 °C) until they regained consciousness.
'The animals were returned to the housing facility 2 h after the surgery.

Immunofluorescence microscopy. Fifteen days after the surgery, rats were perfused via the vascular sys-
tem with descending aorta clamped. Sterile saline was administered for 10 min followed by perfusion with 4%
paraformaldehyde (PFA) solution in PBS, pH 7.4, for 10 more minutes. The brains were then carefully recovered
and maintained in 4% PFA for 24 h at 4°C. The brains were then transferred into 15% sucrose solution for 24h
at 4 °C followed by immersion in 30% sucrose for additional 24 h at 4 °C. Brains were lightly dried and frozen
at —20°C. After 24 h, the SN region was sectioned in to slices of 15 pm thickness on the coronal plane using
a cryostat at —20°C (Jung Histoslide 2000R; Leica; Heidelberg, Germany). A total of 20-30 slices per rat con-
taining SN were collected in PBS containing 0.1% triton x 100. The free-floating sections were incubated in 5%
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albumin for 2 h to block nonspecific binding. The sections were then incubated with antibodies for 48 h at 4°C,
The details of the antibody source and dilutions are as follows. Anti-GFAP (1:500- G6171) and DAPI for nucleic
acid staining (1:500; D9542) were from Sigma-Aldrich® (MO, USA). Anti-IBA-1 (1:500; 019-19741) was from
Wako Chemicals USA, Inc. (VA, USA). Anti-RAGE (1:200; PA1-84173) was from Thermo Fisher Scientific (MA,
USA). Anti-NeuN (1:500; MAB377) was from Merck Millipore (MA, USA). Anti-NF-&B -p65 (1:200; 6956) and
Anti-TH (1:200; 2792 8) were from Cell Signaling Technology® (MA, USA). Antibodies were diluted in PBS
containing 2% bovine serum albumin. Primary antibodies were excluded from the incubation of negative con-
trols. After washing four times with 0.1% PBS, tissue sections were incubated with secondary antibodies, which
included anti-rabbit Alexa 488 or 555; anti-mouse Alexa 488 or 555 and Alexa anti-goat 555 from Cell Signaling
Technology® (MA, USA), all of them diluted 1:500 in PBS containing 2% BSA. After incubation in second-
ary antibodies for 1h at room temperature (21 + 3 °C), the sections were washed several times in 0.1% PBS,
transferred to gelatinized slides, mounted with FluorSave™ (345789- Merck Millipore; MA, USA) and covered
with coverslips. The images were acquired using a Microscopy EVOS® FL Auto Imaging System (AMAFD1000
- Thermo Fisher Scientific; MA, USA). The Z-axis images were collected using a Laser-scanning confocal micros-
copy (Olympus FV 1000, Tokyo, Japan).

Enzyme-linked immunosorbent assay (ELISA) determination of cytokines. TNF-a (RAB0479-
1KT) and IL-13 (RAB0272-1KT) were quantified with commercial kits from Sigma-Aldrich® (MO, USA). The
CSF from cisterna magna and blood serum samples were incubated in ELISA plates and processed further
according to the manufacturer’s protocol.

Western blotting. For immunoblotting experiments, tissues were prepared using a radioimmunoprecip-
itation assay buffer protocol®”. Total proteins (30 pg/well) were fractionated by SDS-PAGE and electroblotted
onto nitrocellulose membranes with Trans-Blot Semi-Dry Electrophoretic Transfer Cell (Bio-Rad; CA, USA).
Protein loading and electroblotting efficiency were verified through Ponceau S staining. After washing with TTBS
(100 mM Tris - HC, pH 7.5, containing 0.9% NaCl, and 0.1% Tween-20), the membranes were incubated with
primary antibodies (1:500 dilutions) for 20 min at room temperature in SNAP i.d. 2.0 Protein Detection System
(Merck Millipore; MA, USA). The membranes were washed again with TTBS. Polyclonal and monoclonal anti-
bodies used were from Cell Signaling Technology® (MA, USA) and included the following: anti-p-ERK-44/42
(Thr202/Tyr204) (9101), anti-ERK-44/42 (9102), anti-p-Src (Tyr416) (2101), anti-Src (2108), p-p38 (4511),
anti-p38 (8690), anti-p-SAPK/JNK (Thr183/Tyr185) (9255), and anti-SAPK/JNK (9252). The blots were incu-
bated with anti-rabbit, goat or mouse peroxidase-linked secondary antibody for an additional 20 min in SNAP
(1:5000 dilution) and washed again. The immunoreactivity was detected by enhanced chemiluminescence using
Supersignal West Pico Chemiluminescent kit from Thermo Fisher Scientific (MA, USA). The chemiluminescence
was captured with an ImageQuant LAS 4000 (GE Healthcare; SP, Brazil). Densitometric analysis of the images
were performed using Image] software (Image] v1.49, National Institute of Health, USA). Blots were developed to
be linear in the range used for densitometry. All results were expressed as relative ratio to f-actin (A1978) from
Sigma-Aldrich® (MO, USA) or total protein content.

Behavioral tests (locomotor, rotational and exploratory activities). The motor system was eval-
uated using the rotarod test. The protocol was performed at a constant speed of 21 rpm. The cut-off time was
240 'The animals were acclimated to the apparatus with three prior training sessions at one-hour intervals.
The duration on rotarod during experimental sessions was measured. The mean of 3 attempts were used for the
statistical analyses.

Apomorphine-induced rotation test was performed to study the hypersensitivity of the lesioned SN.
Apomorphine 0.1 mg/kg (dissolved in a 0.2 mg/mL ascorbic acid in 0.9% saline solution) was subcutaneously
injected and tested over a 40 min session. Animals were allowed to habituate for 5min after injection before the
recording of rotations began in cylinder rotameter (400 mm diameter). Full body ipsilateral and contralateral side
rotations were counted by an observer who was blind to the animal pretreatments. The data were expressed as
the net (contralateral - ipsilateral turns) average rotations per min (RPM)*. Apomorphine was purchased from
Sigma-Aldrich®; MO, USA.

The other parameter evaluated was the number of rearing events. In an open field test, the rearing episodes
were scored when the animal displayed a vertical exploratory activity™.

Protein assay. Total protein was quantified by Bradford assay and used to normalize all data®.

Statistical analysis. Statistical analysis was performed using GraphPad Prism version 7 (GraphPad Software
Inc., CA, USA). Data were evaluated by one-way ANOVA followed by Bonferroni multiple comparison post-hoc
test. The results are expressed as mean =+ SD. Differences were considered significant when p < 0.05.

References

1. Wang, Q., Liu, Y. & Zhou, J. Neuroinflammation in Parkinson’s disease and its potential as therapeutic target. Transl Neurodegener 4,
doi:10.1186/540035-015-0042-0 (2015).

2. Juranek, J. K. et al. Receptor for Advanced Glycation End Products and its Inflammatory Ligands are Upregulated in Amyotrophic
Lateral Sclerosis. Front Cell Neurosci 9, doi:10.3389/fncel.2015.00485 (2015).

3. Deane, R. ef al. A multimodal RAGE-specific inhibitor reduces amyloid beta-mediated brain disorder in a mouse model of
Alzheimer disease. ] Clin Invest 122, 1377-1392, doi:10.1172/jci58642 (2012).

4. Teismann, P. ef al. Receptor for advanced glycation endproducts (RAGE) deficiency protects against MPTP toxicity. Neurobiology of
aging 33, 2478-2490, doi:10.1016/j.neurobiolaging.2011.12.006 (2012).

79



U

N

=]

10.

1

—

1

o

13.

14.
15.
16.

17.

1

oo

19.

20.

2

—_

22.

23,

24.

25.

wn

26.

27,

28.

29.
30.

31.

32,

33,

34,

. De Jesus-Cortes, H. et al. Protective efficacy of P7C3-5243 in the 6-hydroxydopamine model of Parkinson’s disease. NPJ Parkinsons

Dis 1, doi:10.1038/npjparkd.2015.10 (2015).

. 'Thiele, . L., Warre, R. & Nash, J. E. Development of a unilaterally-lesioned 6-OHDA mouse model of Parkinson's disease. ] Vis Exp.

doi:10.3791/3234 (2012).
Hong, Y. et al. Effects of RAGE-Specific Inhibitor FPS-ZM1 on Amyloid-beta Metabolism and AGEs-Induced Inflammation and
Oxidative Stress in Rat Hippocampus. Neurochem Res 41, 1192-1199, doi:10.1007/s11064-015-1814-8 (2016).

. Yang, F. et al. Receptor for advanced glycation end-product antagonist reduces blood-brain barrier damage after intracerebral

hemorrhage. Stroke 46, 1328-1336, doi:10.1161/strokeaha.114.008336 (2015).

. Maczurek, A., Shanmugam, K. & Munch, G. Inflammation and the redox-sensitive AGE-RAGE pathway as a therapeutic target in

Alzheimer’s disease. Annals of the New York Academy of Sciences 1126, 147-151, doi:10.1196/annals.1433.026 (2008).
Xie, ], Mendez, J. D., Mendez-Valenzuela, V. & Aguilar-Hernandez, M. M. Cellular signalling of the receptor for advanced glycation
end products (RAGE). Cellular signalling 25, 2185-2197, doi:10.1016/j.cellsig.2013.06.013 (2013).

. Tobon-Velasco, J. C., Cuevas, E. & Torres-Ramos, M. A. Receptor for AGEs (RAGE) as mediator of NF-KB pathway activation in

neuroinflammation and oxidative stress. CNS ¢~ neurological disorders drug targets 13, 1615-1626 (2014).

. Dunkley, P. R., Bobrovskaya, L., Graham, M. E., von Nagy-Felsobuki, E. I. & Dickson, P. W. Tyrosine hydroxylase phosphorylation:

regulation and consequences. Journal of neurochemistry 91, 1025-1043, doi:10.1111/j.1471-4159.2004.02797.x (2004)

Grealish, S., Mattsson, B, Draxler, P. & Bjorklund, A. Characterisation of behavioural and neurodegenerative changes induced by
intranigral 6-hydroxydopamine lesions in a mouse model of Parkinson’s disease. Eur J Neurosci 31, 2266-2278,
doi:10.1111/j.1460-9568.2010.07265.x (2010).

Simola, N., Morelli, M. & Carta, A. R. The 6-hydroxydopamine model of Parkinson’s disease. Neurotox Res 11, 151-167 (2007).
Dauer, W. & Przedborski, S. Parkinson’s disease: mechanisms and models. Neuron 39, 889-909 (2003).

Zhang, H. et al. Genetic deficiency of neuronal RAGE protects against AGE-induced synaptic injury. Cell death ¢ disease 5, 1288,
doi:10.1038/cddis.2014.248 (2014).

Ray, R., Juranek, J. K. & Rai, V. RAGE axis in neuroinflammation, neurodegeneration and its emerging role in the pathogenesis of
amyotrophic lateral sclerosis. Neuroscience and biobehavioral reviews 62, 48-55, doi:10.1016/j.neubiorev.2015.12.006 (2016).

. Safavi-Abbasi, S., Wolff, ]. R. & Missler, M. Rapid morphological changes in astrocytes are accompanied by redistribution but not by

quantitative changes of cytoskeletal proteins. Glia 36, 102-115 (2001).

Avignone, E., Lepleux, M., Angibaud, J. & Nagerl, U. V. Altered morphological dynamics of activated microglia after induction of
status epilepticus. | Neuroinflammation 12, doi:10.1186/512974-015-0421-6 (2015).

Healy-Stoffel, M., Ahmad, S. O. & Stanford, J. A. & Levant, B. Altered nucleolar morphology in substantia nigra dopamine neurons
following 6-hydroxydopamine lesion in rats. Neurosci Left 546, 26-30, doi:10.1016/j.neulet.2013.04.033 (2013).

. Ramasamy, R. et al. Advanced glycation end products and RAGE: a common thread in aging, diabetes, neurodegeneration, and

inflammation. Glycebiology 15, 16r-28r, doi:10.1093/glycob/cwi053 (2005).

Li, J. & Schmidt, A. M. Characterization and functional analysis of the promoter of RAGE, the receptor for advanced glycation end
products. The Journal of biological chemistry 272, 16498-16506 (1997).

Ishihara, K., Tsutsumi, K., Kawane, S., Nakajima, M. & Kasaoka, T. The receptor for advanced glycation end-products (RAGE)
directly binds to ERK by a D-domain-like docking site. FEBS letters 550, 107-113 (2003).

Sathe, K. et al. $100B is increased in Parkinson’s disease and ablation protects against MP'TP-induced toxicity through the RAGE and
TNF-alpha pathway. Brain: a journal of neurology 135, 3336-3347, doi:10.1093/brain/aws250 (2012).

Santoro, M. et al. In-vive evidence that high mobility group box 1 exerts deleterious effects in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine model and Parkinson’s disease which can be attenuated by glycyrrhizin. Neurebiol Dis 91, 59-68, doi:10.1016/j.
nbd.2016.02.018 (2016).

Santiago, R. M. et al. Depressive-like behaviors alterations induced by intranigral MPTP, 6-OHDA, LPS and rotenone models of
Parkinson’s disease are predominantly associated with serotonin and dopamine. Progress in neuro-psychopharmacology & biological
psychiatry 34, 1104-1114, doi:10.1016/j.pnpbp.2010.06.004 (2010).

National Institutes of Health Guide for Careand Use of Laboratory Animals.Eighth Edition. Avaiable in https://grants.nih.gov/
grants/olaw/Guide-for-the- Care-and-Use-of-Laboratory- Animals.pdf Accessed 15 Jan 2017 (1985).

Lima, M. M. et al. Motor and non-motor features of Parkinson’s disease - a review of clinical and experimental studies. CNS ¢
neurological disorders drug targets 11, 439-449 (2012).

Paxinos, G. & Watson, C. The Rat Brain in Stereotaxic Coordinates. Sixth edition. Academic Press (2007).

Gasparotto, J. ef al. Increased tau phosphorylation and receptor for advanced glycation endproducts (RAGE) in the brain of mice
infected with Leishmania amazonensis. Brain Behav Immun 43, 37-45, doi:10.1016/j.bbi.2014.06.204 (2015).

Colle, D. et al. Probucol Increases Striatal Glutathione Peroxidase Activity and Protects against 3-Nitropropionic Acid-Induced Pro-
Oxidative Damage in Rats. PLoS One 8, doi:10.1371/journal.pone.0067658 (2013).

Boix, J., Padel, T. & Paul, G. A partial lesion model of Parkinson’s disease in mice-characterization of a 6-OHDA-induced medial
forebrain bundle lesion. Behav Brain Res 284, 196-206, doi:10.1016/j.bbr.2015.01.053 (2015).

Schallert, T., Fleming, S. M., Leasure, ]. L., Tillerson, J. L. & Bland, S. T. CNS plasticity and assessment of forelimb sensorimotor
outcome in unilateral rat models of stroke, cortical ablation, parkinsonism and spinal cord injury. Neuropharmacology 39, 777-787
(2000).

Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72, 248-254 (1976).

Acknowledgements

This work was supported by Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq)
#400437/2013-9, #443514/2014-3 and #401260/2014-3; FAPERGS #2299-2551/14-6; Propesq-UFRGS and
Coordenagio de Aperfeicoamento de Pessoal de Nivel Superior (CAPES).

Author Contributions

J.G. conducted the experiments, designed the study, analyzed the data and drafted the manuscript. C.T.R. and
R.C.B. performed western blots. T.K.R. and N.S. performed immunofluorescence microscopy. A.K. and N.C.S.
performed Behavioral tests. M.A.B.P. and J.C.EM. performed data evaluation. D.P.G. supervised and coordinated
this work. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09257-3

Competing Interests: The authors declare that they have no competing interests.

80



Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and

institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
= - ) . - ) o o -

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

b
Ipsilateral - 6-OHDA Ipsnlateral - FPS-ZM1+ 6-OHDA

Supplementary figure S1. RAGE is localized to TH(+) neurons.
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SN were prepared for immunofluorescence 15 days after the administration of 6-OHDA.
a) Confocal representative immunofluorescence images of SN co-immunostained for TH, RAGE
and DAPI to ipsilateral 6-OHDA-induced and b) ipsilateral FPS-ZM1+6-OHDA (n=10 per group):

Only ipsilateral sides are showed.

.
Dopaminergic neurons (TH and RAGE+)

The confocal microscopy images were taken with 100 um of magnification and the z-axis layers
(1-7) are detailed. Detailed cell morphology focused in one cell and shown in black and white:
c) Astrocytes. d) Microglia. e) Dopaminergic neurons. f) Cells immunostained only with RAGE.
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Supplementary figure S2. FPS-ZM1 blocked denervation 6-OHDA -induced in nigrostriatal axis

Rats were prepared for immunofluorescence 15 days after the injection of 6-OHDA.

a) Picture of rat brain, the numbers (1-5) represents the location of the image microscopy (100 or 400 um of
maghnification). b) The extent of damage to the nigrostriatal axis immunostained for TH and DAPI

The ipsilateral sides are shown (n=3 per group).
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Supplementary figure S3. FPS-ZM1 blocked denervation 6-OHDA-induced in SN and striatum

SN and striatum were prepared for immunofluorescence 15 days after the injection of 6-OHDA.

a) control, b) FPS-ZM1, ¢) 6-OHDA and d) FPS-ZM1+6-OHDA representative immunofluorescence images
of SN and striatum co-immunostained for TH and DAPI (n=10 per group). The ipsilateral and contralateral
sides are shown. The microscopies magnification is detail in each image.
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Parte 3.

Discussao

Inicialmente nomeado como receptor para AGEs, o RAGE apresenta muito
mais fungdes do que a atividade que lhe foi primeiramente descrita. Atualmente o
RAGE é o foco de investigacdo de diversos grupos de pesquisa, tal interesse é
resultado da capacidade deste receptor em reconhecer padrdes e de ligar iniUmeras
moléculas identificadas como ligantes do RAGE. Este receptor é essencial em
mamiferos e tem como principal fun¢cdo mediar a composicéo da estrutura celular nos
periodos do desenvolvimento. Apés este periodo e em condigbes saudaveis, RAGE
apresenta niveis basais reprimidos, porém perante a algum estimulo, por exemplo, o
aumento de seus ligantes, o RAGE se torna nocivo para as células (Uttara et al., 2009;
Chuah et al., 2013; Juranek et al., 2015).

O RAGE é muito eficiente em desempenhar suas funcbes de mediador de
sinais multiplos, pois possui alta capacidade de adaptacao a diferentes estimulos, o
splicing alternativo, a oligomerizacéo, a dimerizacdo e até mesmo a multimerizacao
séo exemplos desta resposta altamente dinamica de interagir com seus ligantes. Nao
bastasse a habilidade de adaptacéo e ligacdo, o RAGE parece ter preferéncia por
moléculas que possuem caracteristicas de auto-agregacdo como o peptideo B-
amiloide (Chuah et al., 2013).

O descobrimento da presenca do RAGE em varios tipos celulares no cérebro e
sua relacdo com diversas patologias destaca este receptor como um dos principais
responsaveis pelo eixo da sinalizacéao inflamatoéria, possuindo uma funcéo que pode

ser caracterizada como mediador pro-inflamatério.
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A expressdo do RAGE no SNC foi observada pela primeira vez em neurdnios
motores corticais no sistema nervoso de bovinos (Brett et al., 1993) e muito ja foi
especulado sobre a fungcdo do RAGE desde entdo, mas poucas constatacoes
concretas foram estabelecidas. Nosso foco central desta tese é investigar a relagédo
mediadora do RAGE na neuroinflamacao e morte neuronal. Nos capitulos (I-1V) desta
tese utilizamos diferentes modelos experimentais in vivo para indugao de inflamacéo
sistémica e neuroinflamacdo com o intuito de investigar e elucidar o envolvimento do
RAGE na neuroinflamacéo e neurodegeneracao.

Primeiramente, no capitulo | utilizamos a L. amazonensis para investigar a
modulacdo do RAGE no cérebro de camundongos (BALB/c) em resposta a um agente
patogénico periférico. Nosso estudo demonstrou que a infec¢ao periférica induzida
por L. amazonensis afeta a fosforilagdo de tau e o conteido do RAGE no cortex de
camundongos (BALB/c), além de induzir estresse e dano oxidativo. E importante
salientar que, no modelo utilizado, ndo ha presenca de parasitas no sistema nervoso
central. Estes resultados somados com outros publicados por nosso grupo (De
Oliveira et al., 2013; Gasparotto, Kunzler, et al., 2017) destacam o envolvimento do
RAGE nas doencas infecciosas induzida por parasitas.

Existem mudltiplos relatos em medicina humana e veterinaria relacionando a L.
amazonensis com manifestacdes neuroldgicas (Nieto et al., 1996; Gontijo et al., 2002;
Abreu-Silva et al.,, 2003). Pacientes de leishmaniose apresentam alteracdes
neurologicas induzidas pela doenca (Petersen e Greenlee, 2011), porém 0 mecanismo
pelo qual a doenca afeta o SNC € pouco investigada. Considerando Nnossos
resultados, € possivel que os sintomas neurologicos associados a leishmaniose

cronica sejam mediados por RAGE.
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No capitulo Il realizamos um mapeamento entre a inflamacado sistémica e a
neuroinflamacao utilizando LPS como agente indutor de inflamacéo aguda e anti-
RAGE como método de neutralizacdo imune do RAGE. A administracao sistémica de
LPS (i.p.) tem sido usada repetidamente em modelos com ratos e camundongos a fim
de determinar o papel da inflamag&o na degeneracdo dos neurdnios dopaminérgicos
localizados no eixo nigro-estriatal (Liu e Bing, 2011; Reinert et al., 2014). Os neurdnios
dopaminérgicos destas regides sdo vulneraveis a processos de inflamacéo e estresse
oxidativo (Dunkley et al., 2004; Damanhuri et al., 2012). Estudos anteriores
demonstram que, independentemente da idade do animal, a injecao sistémica de LPS
causa danos severos no sistema dopaminérgico (Qin et al., 2007; Liu et al., 2008).

Nossa investigacao teve como objetivo principal verificar como o bloqueio do
RAGE afeta a resposta aguda ao LPS no soro, figado, liquido cefalorraquidiano e
principalmente em diferentes estruturas do cérebro (estriado, cortex pré-frontal, area
tegmental ventral e substancia negra) de ratos Wistar. A compreensao do mecanismo
e as vias que ocorrem 0s primeiros sinais de inflamacéo e estresse oxidativo no SNC
séo essenciais para elucidacdo de como o RAGE aumenta e acumula cronicamente
em diferentes estruturas do SNC.

Nossos resultados disponibilizaram evidéncias de que a inflamacéo sistémica
induz a disfuncao transitéria ou permanente no cérebro expondo-o a mediadores
inflamatdérios soltveis. Ainda, forneceu evidéncias do envolvimento da sinalizacéo do
RAGE na neuroinflamacédo, fosforilacdo de tau, regulacdo da sinaptofisina e
comprometimento do estado redox cerebral resultante de inflamacéo sistémica. O
blogueio sistémico do RAGE é capaz de proteger o estriado de danos causados pela
injecao sistémica de LPS, reduzindo a ativacdo microglial e astrocitaria bem como

parametros de dano neuronal (Gasparotto, Tiefensee Ribeiro, et al., 2017). Este efeito
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foi observado ocorrer de forma aguda (até 24 horas apods a inducéo de inflamacéo) e
o bloqueio de RAGE inibiu a ativacéo sistémica de NF-kB e liberacéo de citocinas pré-
inflamatorias na circulacéo.

Os efeitos encontrados estao diretamente relacionados com o RAGE, visto que
0s ratos que tiveram seus receptores bloqueados ndo apresentaram a resposta
inflamatéria encontrada nos animais que receberam apenas LPS. Além dos resultados
publicados no capitulo I, também investigamos outros 6rgdos como pulmdes, baco,
rins e coracdo, porém ndo foram constatadas alteracdes significativas (dados néo
publicados). Investigacbes de longo prazo utilizando este modelo ainda estdo em
andamento pelo nosso grupo.

No capitulo I, utilizamos o modelo de sepse com intuito de investigar os efeitos
do RAGE na neuroinflamacdo, neurodegeneracdo e na disfuncéo cognitiva tempo-
dependente em ratos Wistar. Ratos Wistar foram submetidos a ligadura cecal (CLP),
e perfuracdo. Amostras de soro e cérebro (hipocampo e cértex pré-frontal) foram
obtidas nos dias 1, 15 e 30 apds o CLP. RAGE e seus ligantes foram investigados. Os
animais que sobrevivem a sepse apresentam alteragcdes cerebrais comumente
associado ao inicio de processos neurodegenerativos (Gasparotto et al., 2018). Para
determinar o papel do RAGE na disfuncdo neuronal, administramos anti-RAGE
diretamente no hipocampo dos ratos como intervencgao terapéutica para os efeitos
causados pela sepse. Ratos que receberam o anti-RAGE tiveram diminuicdo do
acumulo do peptideo B-amiléide, diminuicdo da fosforilacdo da tauSe%? e niveis de
sinalizacdo de Akt /mTOR igual a grupos controle, além da diminuicdo dos déficits
comportamentais associados ao declinio cognitivo. Estes resultados indicam que o
RAGE é fator essencial na patogénese de transtornos neuroldgicos apos inflamacgéao

sistémica aguda induzida por sepse.
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Pacientes que se recuperam de sepse tém taxas mais altas de
comprometimento das fungdes cognitivas, incluindo doengas neurodegenerativas
(Semmler et al., 2008) como a doenca de Alzheimer. Estudos imuno-histoquimicos
com tecido cerebral humano demonstraram que os niveis do RAGE sédo aumentados
em pacientes com a doencga de Alzheimer em relagcéo a grupo controle (Sasaki et al.,
2001; Miller et al., 2008). A expressdo do RAGE est& presente em células endoteliais
cerebrais, astrocitos, neurénios do hipocampo, cértex entorrinal e giro frontal superior,
de pacientes com a doenca (Jeynes e Provias, 2008; Miller et al., 2008).

Como RAGE permanece ativado enquanto o B-amiléide esta presente (Yan et
al., 1996), RAGE esta diretamente envolvido na iniciacado e amplificacdo da toxicidade
neuronal de B-amiléide onde RAGE também contribui para a translocagcao de fA1-40
do espaco extracelular para o intracelular, difundindo-se entre as células e causando
danos neuronais (Takuma et al., 2009). A inibicdo da atividade do RAGE leva a uma
gueda pronunciada nos niveis in vitro e in vivo de ERO cerebral, bem como uma
funcao cognitiva melhorada em animais e pacientes com doenca de Alzheimer (Deane
et al., 2012; Hong et al., 2016).

O estresse oxidativo € um indutor de aumento do RAGE, assim como RAGE
pode induzir estresse oxidativo, esta relacdo foi observada em diferentes doencas,
onde o aumento da producdo de ERO é uma caracteristica, incluindo diabetes,
aterosclerose e doenca de Parkinson (Guo et al., 2008; Zhang et al., 2008; Zhang et
al., 2009).

Em analises pds-morte realizadas em pacientes diagnosticados com doenga
de Parkinson, foi evidenciado o acumulo de AGEs nos corpos de Lewy, o que
aconteceu provavelmente devido a glicagdo das proteinas desempacotadas que

constituem esses aglomerados (Munchau e Bhatia, 2000). O aumento do conteudo do
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RAGE em corpos de Lewy foi demonstrado até mesmo em condigdes pré-sintomaticas
a doenga de Parkinson, destacando a presenga do receptor mesmo sem haver o0s
sintomas classicos da doenga (Dalfo et al., 2005).

Para melhorar o entendimento de mecanismo de acdo do RAGE nas doencas
neurodegenerativas, optamos por uma abordagem mais direta de inducado de morte
neuronal, injetando 6-OHDA diretamente na substancia negra de ratos Wistar. 6-
OHDA é um composto organico sintético neurotoxico que destréi terminais
catecolaminérgicos (Lima et al., 2012). FSP-ZM1 (figura 4), um eficiente antagonista
farmacoldgico do RAGE foi utilizado para bloquear o receptor, injetando-o0 no mesmo
local que a 6-OHDA foi administrada. O tratamento com FPS-ZM1 vem sendo
empregado para estudar modelos de neurotoxicidade (Deane et al., 2012; Yang et al.,
2015; Hong et al., 2016; Bongarzone et al., 2017).

Efeitos pro-inflamatérios, oxidativos e neurotéxicos induzidos pela 6-OHDA
foram bloqueados pelo antagonista do RAGE, no soro, no liquido cefalorraquidiano e
na substancia negra. Os resultados demonstram uma relacdo mediadora entre RAGE
e a morte neuronal, onde RAGE desempenha um papel fundamental na propagacao
/ amplificacdo de efeitos inflamatoérios e na denervacédo dopaminérgica induzida por 6-
OHDA na substancia negra de ratos.

O RAGE é capaz de induzir um desequilibrio oxidativo severo nos neurdnios
dopaminérgicos, pelo elevado numero de mitocondrias nestas células, apresentando
uma predisposicdo ao consumo elevado de oxigénio (Dal-Pizzol et al., 2001) e
consequente vulnerabilidade maior ao estresse oxidativo. Apesar dos neurdnios
dopaminérgicos estarem adaptados as altas taxas de metabolismo oxidativo,
componentes das defesas antioxidantes endogenas desses neurbnios parecem ser

comprometidos em algum estagio de progressao da doenca de Parkinson, uma vez
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gue a analise post-mortem de tecidos cerebrais de pacientes demonstra o acamulo
de marcadores de dano oxidativo (Dal-Pizzol et al., 2001).

O capitulo IV nos trouxe informacdes importantes da localizagdo do RAGE. Até
0 momento, informagbes da presenca do RAGE nos neurfnios eram escassas
(Sasaki et al., 2001; Miller et al., 2008). Nossos resultados demostram a presenca do
RAGE no corpo dos neurdnios. Este achado é fator crucial para compreensao do
mecanismo de morte neuronal, visto que o receptor faz a mediacdo entre o meio
extracelular para intracelular de diversas moléculas com potencial neurodegenerativo.

Os modelos animais contribuem para aumentar o conhecimento sobre a
fisiopatologia das doencas neurodegenerativas. Todos o0s quatro modelos
investigados para a construgéo desta tese apresentam envolvimento do RAGE. Esses
modelos reproduzem diferentes aspectos de uma dada doencga, bem como as lesdes
histopatolégicas e seus principais sintomas. A investigacdo em diferentes modelos
experimentais nos proporciona um melhor entendimento da abrangéncia de agéo do
RAGE em diferentes casos.

O modelo de L. Amazonensis nos disponibilizou a primeira informac¢éo quanto
a presenca do RAGE no cortex pré-frontal de camundongos induzido por uma infeccao
periférica. Os modelos utilizando o LPS ou a sepse (mimetizam um ambiente de
infeccao bacteriana) foram utilizados para investigar o papel do RAGE nas respostas
iniciais dos processos inflamatérios. Nossos resultados demonstraram que 0s
processos inflamatorios e degenerativos em diferentes estruturas do SNC foram
mediados por RAGE. O modelo utilizando a 6-OHDA € um método classico de infuséo
intracraniana que induz a destruicdo macica a nivel celular dos neurénios
dopaminérgicos do eixo nigrostriatal, este modelo € amplamente utilizado para

investigar disfuncbes motoras e bioquimicas semelhantes as observadas na doenca
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de Parkinson. Neste modelo o RAGE foi o principal mediador da morte neuronal.
Portanto, apesar dos insultos pré-inflamatérios iniciais serem diferentes, a presenca
do RAGE é marcante em todos os modelos e é o responsavel por mediar processos
neuroinflamatérios e neurodegenerativos.

Levando em conta nossos resultados, o desenvolvimento da morte neuronal é
tempo dependente e tende a seguir uma ordem cronoldgica de eventos. Cada modelo
experimental que utilizamos para comprovar o papel do RAGE na mediagdo da
neurodegeneracao apresenta no primeiro momento respostas fisiologicas distintas,
por exemplo: a L. amazonensis desencadeia febre leve nas primeiras 48 horas sem
mortalidade (capitulo 1); injecdo de LPS desencadeia febre intensa nas primeiras 24
horas acompanhado de sangramento pelo nariz e mortalidade de 15% (capitulo I1);
sepse desencadeia febre intensa nas primeiras 48 horas e mortalidade acima de 40%
(capitulo 111); denervacao induzida por 6-OHDA na substancia negra, nas primeiras
horas ndo apresenta nenhum sintoma visivel e ndo ha mortalidade (capitulo 1V).

Passado o periodo mais critico da inflamacao (de 24 a 48 horas ap6és o insulto)
0s animais se recuperam e de acordo com o tempo, alteracdes em nivel bioquimico
(parametros de estresse oxidativo e dano oxidativo) e molecular (expressédo de
proteinas) sdo detectados. Em diferentes janelas de tempo, uma maior concentracao
dos ligantes do RAGE pode ser detectado tanto na circulacdo sanguinea quanto nos
orgaos.

Estudos com modelos animais demonstram que passado 0s sintomas apos
infeccdes (LPS) ou administragao de a-sinucleina, marcadores de neurodegeneracgao
tendem a levar mais da metade da vida do animal para serem detectados em regides
do cérebro (Qin et al., 2007; Hansen et al., 2013; Rey et al., 2016). Por mais que as

primeiras respostas fisioldgicas e bioquimicas de um organismo frente a infeccdes
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possuam sintomas distintos, em longo prazo encontramos similaridades como
aumento de contetudo do RAGE.

De acordo com os resultados obtidos até o momento, 0 RAGE parece ter papel
importante nas patogéneses degenerativas, uma vez que estimulos que
desencadeiam a ativacao da expressao desse receptor invariavelmente resultam na
instalacéo de um processo cronico de inflamagé&o local associado a estresse oxidativo,
dano oxidativo em biomoléculas, acumulo de a-sinucleina e consequente progressao
de morte celular no tecido afetado.

Uma vez aumentado o mecanismo de retroalimentacao da expresséo do RAGE
fard& com que mais moléculas do RAGE sejam sintetizadas. Quanto maior a
guantidade do RAGE na célula maior sera a sinalizagéo pré-inflamatéria e a producao
de espécies reativas, atingindo niveis que a célula ndo suporta e acaba perdendo
funcdo ou morrendo. As estratégias de bloqueio apresentadas nesta tese forem
eficazes em bloquear os efeitos deletérios mediados pelo RAGE (figura 5) induzidos

por diferentes modelos.
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Inibidores

Figura 5. A inibicdo do RAGE
bloqueia a neuroinflamacéo e a
neurodegeneracao, induzida
pela interacdo com seus

ligantes. Tanto o anti-RAGE

Estresse Citocinas quanto o FPS-ZM1  foram

5 5 dui L
Oxidativo | | pro-inflamatorias Quinases

4

eficientes em bloquear a ligacéo

dos ligantes do RAGE. O bloqueio

do receptor inibe toda a cascata de
sinalizacdo, evitando o estresse
oxidativo, a ativacdo de cinases e
a producdo de citocinas pro-

inflamatorias.

Existem outros receptores de membrana, além do RAGE, que podem modular
a ativacao pro-inflamatoria no cérebro, por exemplo o TLR-4 (Lehnardt et al., 2003;
Takeda et al., 2003). Este receptor ja foi sugerido por fazer cross-talk com RAGE (Qin
et al., 2009), porém o mecanismo nao € detalhado. De fato, nossas atencdes estédo
voltadas para o RAGE, nossos resultados suportam a hipotese que RAGE é
fundamental no desenvolvimento da inflamacao e da neurodegeneracao.

Inevitavelmente, ndo sao apenas processos patoldgicos que afetam o aumento
do RAGE. O envelhecimento apresenta um declinio progressivo na eficiéncia dos
processos fisioldgicos (ndo necessariamente tudo ao mesmo tempo) apos a fase de
reproducdo. A capacidade de células e organismos para se recuperar de um insulto,

como lesdo traumatica (ou estresse oxidativo) também diminui com a idade

(Gutteridge e Halliwell, 2015). De fato, o envelhecimento vem acompanhado de
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inmeras disfun¢des celulares, sdo processos naturais, o qual aumentos do conteudo
do RAGE faz parte.

Em um estudo comparando ratos idosos que passaram por treinamento com
exercicios de intensidade moderada com ratos da mesma idade que receberam a
administracdo do FPS-ZM1, ambos o0s grupos tiveram resultados semelhantes.
Reduziram os niveis de AGEs e de mudltiplos marcadores de estresse oxidativo,
diminuiram a expressdo do RAGE e suprimiram a ativacdo de NF-kB em aortas de
ratos (Gu et al., 2014). Este resultado demostra que o exercicio induziu a inativacao
de AGE/RAGE e que o0 RAGE esta diretamente relacionado com estresse oxidativo e
inflamacao durante o processo de envelhecimento (Gu et al., 2014).

O estilo de vida também é um componente que pode afetar diretamente 0 eixo
AGE-RAGE. O efeito de nove meses de ingestao de dietas enriquecidas com CML foi
testado em camundongos controle e camundongos RAGE "), As dietas com alto
indice de CML afetaram aortas dos camundongos selvagens enquanto que os RAGE
A n&o tiveram alteracdes. Os AGEs podem conduzir anormalidades na vasculatura
semelhante a do envelhecimento, pelo menos em parte através do RAGE (Grossin et
al., 2015). RAGE é expresso em maiores niveis em individuos obesos em comparacao
com individuos magros, principalmente em macrofagos e adipécitos (Gaens et al.,
2014). Dietas com alto teor de gordura para humanos e/ou em modelos com animais
geram ligantes do RAGE, como CML, modificagbes de fostoetanolamina de
isolevuglandinas, HMGB1 e S100B, que se acumulam em tecidos metabdlicos na
obesidade (Fujiya et al., 2014; Gaens et al., 2014; Uribarri et al., 2015).

O aumento da disponibilidade de ligantes do RAGE seja pelo processo de
envelhecimento ou pela ingestdo exacerbada de AGEs associado com rotinas

sedentarias aumentam a presenca do RAGE nas células. Somado a isso a exposi¢cao
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de um organismo a estimulos deletérios como por exemplo, infecgbes, estresse
oxidativo e inflamacao sdo componentes que podem agravar ainda mais os niveis do
RAGE levando a neurodegeneracéo.

Adicionado aos fatores externos listados acima, a neurogénese na fase adulta
€ comprometida (Riddle e Lichtenwalner, 2007), a maquinaria para produgéo de novas
células neuronais (hormoénios, fatores de crescimento, neurotransmissores, etc...)
nesta fase é debilitada em comparagdo aos periodos do desenvolvimento (Riddle e
Lichtenwalner, 2007; Urban e Guillemot, 2014). Este efeito acarreta em déficit na
reposicdo de neurdnios essenciais para o funcionamento correto do cérebro.

A origem das doencas neurodegenerativas ainda € pouco conhecida, porém
sabe-se que o envelhecimento faz parte do processo da vida, as células se
desenvolvem cumprem suas fun¢gdes e morrem, com neurdnios néo é diferente. Todos
0s organismos serdo oxidados pelo tempo, porém este efeito pode variar entre eles,
esta variacdo parece estar relacionada com habitos e fatores genéticos que podem

delinear caminhos opostos ou a favor as doencgas neurodegenerativas.

Conclusoes

As doencas neurodegenerativas em estagios iniciais sdo altamente silenciosas,
sao imperceptiveis por anos e de dificil diagnostico. No momento que os sintomas
surgem, grandes areas do cérebro estdo comprometidas. RAGE contribui de maneira
direta para isso, o qual parece atuar como um gatilho que frente a um estimulo dispara
cascatas de sinalizacdo que levam a morte dos neurbnios. Nossos resultados
apontam o RAGE como o principal mediador para aumento do estado pro-inflamatorio

e progressao neurodegenerativa. Além disso, uma vasta gama de evidéncias
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disponiveis na literatura, tanto em estudos in vitro quanto in vivo, sugerem que a
inibicdo do RAGE pode ser uma ferramenta util para o gerenciamento de patologias
imunoinflamatorias.

Independente do modelo experimental que utilizamos nesta tese, a inibicdo do
RAGE resulta na redugdo: a) do acumulo do RAGE nas células; b) de proteinas
relacionadas a neuroinflamacéo; c¢) da morte neuronal. Dado o papel crucial do RAGE
em muitas doencgas, a descoberta de drogas que inibam o RAGE pode acarretar
beneficios para doencas neurodegenerativas e também outras doencas que RAGE
seja o agente mediador.

A diversidade da sinalizacdo do RAGE pode ser um fator limitante para o
bloqueio do receptor, pois além de ser ativado por diversos ligantes, é necessario que
sejam considerados para investigacdo bloqueadores com afinidade para diferentes
dominios, oligbmeros e isoformas do RAGE. Dada a importancia deste alvo em
multiplas doencas, o desenvolvimento de uma nova geracdo de intervencdes
terapéuticas é emergente.

Por mais promissores que os resultados sejam, € necessario investigar mais a
fundo os efeitos fisiolégicos do RAGE, visto que a longo prazo os efeitos do bloqueio

do RAGE sdo desconhecidos.

Perspectivas

Com base nos resultados observados neste trabalho, as perspectivas futuras
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A) Investigar a janela de tempo necessaria para que haja o aumento do
contetdo do RAGE apés inducdo de neuroinflamacéo induzida por LPS em ratos

Wistar.

B) Investigar os efeitos do bloqueio do RAGE ap0s ter aumento constatado
significativamente (periodo que seré estabelecido na op¢do A) em um protocolo de

neurodegeneracao cronica (6 a 10 meses) induzida por LPS em ratos Wistar.

C) Averiguar por qual mecanismo (apoptose, senescéncia, autofagia) o

RAGE leva a morte dos neurénios dopaminérgicos induzido por LPS em ratos Wistar.

D) Enquanto a metodologia de experimentacdo animal visa principalmente
esclarecer os mecanismos celulares e moleculares na associacdo entre o RAGE
e a neurodegeneracdo, vamos complementar nosso estudo sobre o RAGE com a
investigacdo de dados bioquimicos e clinicos coletados em pacientes com a doenca
de Parkinson. Isso nos fornecera uma medida de validacéo do estudo experimental
e propiciara o desenvolvimento de uma ferramenta analitica de diagndstico

quantitativo.

E) Investigar qual a relacdo entre RAGE e seus ligantes nos diferentes
estagios clinicos da doenca de Parkinson, no grau de envolvimento neurolégico e

na inducéo de declinio cognitivo

F) Quantificar os niveis de ligantes de RAGE e moduladores do estado
inflamatério (citocinas pré- e anti-inflamatérias) na circulacéo (sangue periférico) nos
modelos animais e também nos pacientes, afim de determinar possiveis correlacdes
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e a potencial utilizacdo do RAGE e de seus moduladores como marcadores periféricos

preditivos da evolucéo da doenca de Parkinson
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