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RESUMO

O Diabetes mellitus (DM) ¢ uma desordem metabdlica caracterizada
principalmente por hiperglicemia cronica. Durante o DM, a aten¢do esta voltada
principalmente para doengas que afetam sistemas periféricos, contudo, as
complicagdes do DM podem resultar em danos ao sistema nervoso central (SNC),
podendo levar a prejuizos cognitivos.

Em vista disso, o objetivo desta tese foi investigar alteracdes no SNC,
particularmente relacionadas as funcdes astrocitarias e do funcionamento das
barreiras encefalicas em modelo animal de DM baseando-se nas alteragdes
periféricas. Além disso, foi analisado o efeito da exendina-4 (EX-4), um agonista dos
receptores do peptideo semelhante ao glucagon (GLP-1), em reverter os parametros
avaliados.

Os resultados observados mostraram prejuizos periféricos ¢ no SNC
decorrentes do DM. O DM foi responsavel pela excessiva producdo de AGEs e
alteragdes em parametros periféricos como peso corporal, glicemia, hemoglobina
glicada (HbAlc) e peptideo C. Ao analisar o SNC, observamos prejuizo nas fungdes
cognitivas, em parametros astrocitarios, disfungdes nas barreiras encefélicas e
diminui¢do do conteido da subunidade GluN1 do receptor N-metil D-Aspartato
(NMDA). O tratamento com EX-4 reverteu o prejuizo cognitivo, o dano nas barreiras
encefalicas, a captacdo de glutamato e o conteiido de GluN1. No entanto, a EX-4 ndo
teve efeito sobre a glicemia e formagao de AGE:s.

O dano em fungdes astrocitarias e nas barreiras encefalicas observado no DM
pode ser decorrente da ativagdo de vias de sinalizagdo desencadeadas pelos elevados
niveis de AGEs. Da mesma maneira, o prejuizo no comportamento cognitivo
provavelmente possa ser atribuido aos danos astrocitarios e nas barreiras encefalicas
observados no DM.

O efeito da EX-4 na melhora cognitiva possivelmente seja devido aos seus
efeitos na captagdo de glutamato, no conteudo de GluNI e na recuperagdo das
barreiras do encéfalo. Ainda, os papéis ja estabelecidos da EX-4 na ativagdo de vias
de sinalizacdo relacionadas com a aprendizagem e memoria e na diminuicdo da
expressdo de mediadores inflamatorios, podem ter atenuado os danos causados pela
hiperglicemia e pelo acimulo de AGEs. No entanto, mais estudos s3o necessarios
para estabelecer o mecanismo de acdo da EX-4 na recuperagao dos danos causados

pelo DM no SNC.
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ABSTRACT

Diabetes mellitus (DM) is a metabolic disorder characterized primarily by
chronic hyperglycemia. During the DM, attention is mainly focused on diseases
affecting peripheral systems. However, DM complications may result in damage to
the central nervous system (CNS), leading to cognitive impairments.

In view of this, the aim of this thesis was to investigate changes in the CNS,
particularly related to astrocytic functions and the functioning of the brain barriers in
animal model of DM relying on the peripheral changes and to analyze the effect of
exendin-4 (EX-4), an agonist of glucagon like peptide-1 (GLP-1) receptors, in
reversing the parameters evaluated.

The observed results showed peripheral and CNS damage resulting from DM.
The DM was responsible for the excessive production of AGEs and changes in
peripheral parameters such as body weight, blood glucose, glycated hemoglobin
(HbAlc) and C-peptide When assessing the CNS, we observed impairment in
cognitive functions, astrocytic parameters, dysfunctions in the brain barriers and
decrease in N-methyl-D-aspartate (NMDA) GluN1 subunit content. Treatment with
EX-4 reversed the cognitive impairment, damage in brain barriers, glutamate uptake
and GIluN1 content. However, the EX-4 had no effect in the glycemia and ADEs
formation.

The loss of astrocytic and brain barriers functions observed in DM may be
due to the activation of signalling pathways triggered by high levels of AGEs. In
addition, impairment in cognitive behavior can probably be attributed to astrocyte and
brain barriers damage observed in DM.

The effect of EX-4 on the cognitive improvement possibly be due to its
effects on glutamate uptake, in the GluN1 content and in the recovery of the brain
barriers. In addition, the EX-4 established roles in the activation of signalling
pathways associated with learning and memory and in the decrease expression of
inflammatory mediators, can attenuate the damage caused by hyperglycemia and by
accumulation of AGE. However, further studies are needed to establish the

mechanism of EX-4 action in the recovery of damage caused by DM in CNS.
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INTRODUCAO

1. Diabetes Mellitus

O Diabetes Mellitus (DM) pode ser definido como uma desordem do
metabolismo de carboidratos, lipideos e proteinas, caracterizado principalmente por
hiperglicemia cronica, frequentemente acompanhado por dislipidemia, hipertensao
arterial e disfun¢do endotelial (Coleman et al., 2010). O DM representa um problema
de saude publica devido as sérias complicacdes desenvolvidas a longo prazo.
Ademais, esta doenca esta assumindo proporgdes epidémicas, atualmente, estima-se
que em torno de 382 milhdes de pessoas sofram de DM em todo o mundo, e este
nimero pode chegar a 592 milhdes até 2035 (Kade e Rocha, 2013; International
Diabetes Federation, 2015).

O DM ¢ caracterizado principalmente pela incapacidade das células beta do
pancreas em produzir insulina (Nejsum et al., 2008) e/ou o organismo ndo conseguir
utilizar de maneira eficaz a insulina secretada (DM tipo 2) (Chu et al., 2014) e ambos
os tipos de DM podem estar associados com prejuizos funcionais e estruturais do
sistema nervoso central (SNC) (Li e Sima, 2004). Outro tipo de DM encontrado com
frequéncia e cuja etiologia ainda ndo estd completamente esclarecida ¢ o diabetes
gestacional, o qual ¢ detectado no rastreamento pré-natal (Ministério da Satude/
Secretaria de Ateng¢do a Saude, Departamento de Atencdo Bésica, 2013). Cabe
ressaltar que sdo conhecidos outros tipos especificos de DM menos frequentes, os
quais podem resultar de defeitos genéticos da funcdo das células beta pancredticas,
defeitos genéticos da agdo da insulina, doencas do pancreas exdcrino,
endocrinopatias, efeitos colaterais de medicamentos, infeccdes e outras sindromes

genéticas associadas ao DM (American Diabetes Association, 2015; Ministério da



Saude/ Secretaria de Atencdo a Saude, Departamento de Atencgao Basica, 2013).

O efeito comum do DM ¢ a hiperglicemia, a qual pode induzir diversas
alteragdes, tais como a auto-oxidacdo da glicose, a geracdo de produtos finais de
glicagdo avancada (AGEs), o desequilibrio entre a geragdo de radicais livres e defesas
antioxidantes, disturbios vasculares, inflamagao, além de alteragcdes na homeostase do
calcio e o aumento da peroxidacao lipidica (Beauquis et al., 2010; Gispen e Biessels,
2000; Parvizi et al., 2014).

A hiperglicemia ¢ a causa de complicagdes micro e macrovasculares (Rosiak
et al., 2014). As complicagdes macrovasculares incluem obstru¢des dos vasos, como
doengas das artérias corondrias, aterosclerose e doencas vasculares periféricas. As
patologias microvasculares incluem retinopatia, nefropatia e neuropatia, que pode
levar a cegueira, insuficiéncia renal e amputacdes de membros inferiores,
respectivamente  (Chilelli et al., 2013; Group, 1998). As complicagdes
microvasculares decorrentes da hiperglicemia devem-se, pelo menos, a cinco
mecanismos principais: o aumento do fluxo de glicose e outros agucares através da
via do poliol; o aumento da formagao de AGEs; interagdao entre AGEs e os receptores
para produtos finais de glicagdo avancada (RAGEs), levando a sinalizacao
intracelular, a qual prejudica a fungdo das células; a persistente ativacao de isoformas
da proteina cinase C (PKC); e o aumento da atividade da hexosamina (Chilelli et al.,
2013).

Dentre os casos de DM, estima-se que 85-95% sejam de DM tipo 2 e 5-15%
de DM gestacional ou tipo 1, no entanto as complicacdes micro e macrovasculares
apresentam uma maior prevaléncia neste ultimo grupo de pacientes (Rodrigues et al.,

2010b).



2. Alteracoes Periféricas do Diabetes Mellitus

Os sintomas classicos do DM sdo politria, polidipsia, polifagia e perda
involuntaria de peso. Outros sintomas que levantam a suspeita clinica sdo: fadiga,
fraqueza, letargia, prurido cutaneo e vulvar e infecgdes de repeticao. Algumas vezes o
diagndstico ¢ feito a partir de complicagdes cronicas como neuropatia, retinopatia ou
doenga cardiovascular aterosclerdtica, podendo ser também assintomdtico em
proporgao significativa dos casos (Nathan, 2015). Geralmente, o diagnostico do DM ¢
feito quando observados niveis de hemoglobina glicada (HbAlc) acima de 6,5%.
Além disso, niveis glicémicos maiores que 126 mg/dL em jejum, ou maiores que 200
mg/dL a qualquer momento do dia (glicemia casual) ou duas horas apds a ingestao de
75 g de glicose dissolvida em dgua (teste de tolerancia a glicose) podem ser utilizados
como indicativo de DM (American Diabetes Association, 2015; Ministério da Saude/
Secretaria de Atencdo a Satude, Departamento de Atencgao Basica, 2013).

O monitoramento de marcadores metabdlicos como a pressdo arterial, peso
corporal, perfil lipidico, glicemia e HbAlc sdo essenciais para o manejo clinico dos
pacientes com DM (Yuan et al., 2014). Além disso, ¢ muito importante a obtengdo e a
manuten¢do do controle glicémico no tratamento do DM, especialmente em pacientes

tratados com insulina (Braga et al., 2012).

2.1 Hemoglobina Glicada

A HbAlc ¢ formada pela glicacdo ndo-enzimatica da glicose com molécula de
hemoglobina e reflete o0 nimero de moléculas de glicose ligadas a hemoglobina nos

eritrocitos. Como o tempo médio de vida dos eritrocitos ¢ de 120 dias e a formagdo da



HbAlc ¢ uma reacdo continua e lenta durante toda a vida eritrocitaria, a medida de
HbA ¢ reflete como esteve a concentragdo de glicose sanguinea nos ultimos 120 dias
(Kohnert et al., 2015). Dessa forma, a HbAlc é um fator importante utilizado para
monitorar o equilibrio da glicose no sangue a longo prazo e pode ser relacionado com
os resultados obtidos no teste de tolerancia a glicose (Hsieh et al., 2013) .

A HbAIlc, além de ser um marcador amplamente aceito para verificar a
glicemia em longos periodos, o aumento em seus indices pode prever riscos em
consequéncia aos altos niveis de glicose (Nathan et al., 2008). Sabe-se que a reducao
nos niveis de HbAlc diminui os riscos de prejuizos relacionadas ao DM, como
infarto do miocardio e danos microvasculares (Stratton et al., 2000). O tratamento do
DM, entdo, objetiva manter os niveis de HbAlc o mais proximo possivel dos valores
ideias (entre 4,5% ¢ 5,7%) para reduzir ou prevenir estas complicacdes (Kohnert et
al., 2015).

Nao obstante, a avaliagdo da HbAlc apresenta algumas limitagdes: ela mostra
a exposi¢ado total a glicose nos ultimos 120 dias, mas ndo capta pequenas alteracdes
na glicemia e, além disso, ndo tem a capacidade de prever a ocorréncia de uma

possivel hipoglicemia durante o periodo (Kohnert et al., 2015).

2.2. Peptideo C

Durante a biossintese de insulina, a pro-insulina ¢ clivada em insulina e
peptideo C. Ambos sdo estocados nas glandulas secretérias das células beta
pancredticas e, eventualmente, sdo liberados na circulacdo em niveis equimolares.
Diversos testes foram realizados na tentativa de descobrir se o peptideo C possui

efeito semelhante a insulina, no entanto, os resultados foram negativos (Wahren e



Larsson, 2015).

O peptideo C possui uma estabilidade muito maior que a insulina, por isso sua
dosagem ¢ frequentemente utilizada para verificar a func¢do das células beta
pancreaticas (Yosten e Kolar, 2015). Além disso, estudos mais recentes tém relatado
efeitos anti-inflamatorios, antioxidantes e antiapoptoticos deste peptideo (Wahren e
Larsson, 2015). Pacientes com DM tipo 1 possuem uma deficiéncia de insulina e
peptideo C devido a destruicdo das células beta pancredticas. A insulina ¢
administrada de forma terapéutica, no entanto, estes pacientes continuam deficientes
de peptideo C, o que poderia contribuir para a inflamagdo e estresse oxidativo

frequentemente presentes no DM tipo 1 (Yosten e Kolar, 2015).

2.3. Produtos Finais de Glicacao Avancada

A hiperglicemia observada no DM promove a glicagdo nao-enzimatica de
proteinas, lipideos ou acidos nucléicos através da chamada reacdo de Maillard, em
um processo que engloba uma série de oxidagdes, desidratacdes e reagdes ciclicas
que dao origem aos chamados AGEs enddgenos. Dessa forma, os AGEs sdo
compostos termodinamicamente instaveis que normalmente se acumulam em
proteinas plasmaticas ou intracelulares e lipoproteinas (Chilelli et al., 2013).

O principal precursor dos AGEs ¢ o metilglioxal e em situa¢cdes normais as
células estdo protegidas da toxicidade deste composto por diferentes mecanismos, em
particular pelo sistema glioxalase, o qual representa a rota mais importante de
detoxificagdo do metilglioxal. A via da glioxalase ¢ composta pelas enzimas
glioxalase-1 (GLO 1) e glioxalase-2 (GLO 2) e seu funcionamento ¢ essencial para a

protecdo celular contra a glicacdo e o estresse oxidativo (Allaman et al., 2015).
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Figura 1. Representacdo esquematica da formagao de AGEs. Adaptado de Ott et al.,

2014

Os AGEs apresentam varios alvos intra e extracelulares, de modo que podem
ser vistos como uma ponte entre o dano intracelular e extracelular. Além disso,
independentemente do nivel de hiperglicemia, os AGEs produzirdo a glicagdo de
proteinas da cadeia respiratoria mitocondrial, o que formard espécies reativas de
oxigénio que, por sua vez, levardo a formagao de AGEs (Chilelli et al., 2013).

Diversos estudos tém identificado um receptor celular especifico para AGEs,
denominado RAGE (Nathan et al., 2008). RAGE, um membro da superfamilia de
imunoglobulinas codificado a partir de um gene no cromossomo 6, ¢ uma proteina
transmembrana e foi originalmente identificado em varios tipos celulares, tais como,

monocitos/macréfagos, linfocitos T, fibroblastos, células musculares lisas, células



endoteliais, neuronios, astrocitos, eritrocitos e células mesangiais (Akirav et al., 2012;
Li et al., 1998). O receptor RAGE tem diversos ligantes e ndo liga somente AGEs,
mas também moléculas pré-inflamatorias e as proteinas ligantes de calcio S100 (Yan

et al., 2008).

3. Alteracoes Centrais no Diabetes Mellitus

Quando fala-se em DM, o maior foco estd voltado para doengas que afetam
rins, visdo e sistema nervoso periférico. No entanto, as complicagdes do DM podem
causar prejuizos estruturais e funcionais no SNC, levando a danos cognitivos
transitorios ou permanentes (McCrimmon et al., 2012; Sima et al., 2004). No DM,
principalmente no DM tipo 1, ocorrem flutuagdes nas concentragdes da glicose
plasmatica, que associadas com alteracdes hormonais e metabdlicas, podem
contribuir para o desenvolvimento de alteracdes cognitivas (McCrimmon et al.,
2012).

As concentragdes de glicose no SNC desempenham um papel fundamental na
regulagdo do metabolismo energético. A glicose € a principal fonte bioenergética do
encéfalo, apesar da importancia ja reconhecida do lactato, dos corpos cetonicos e dos
aminoacidos, como glutamina e glutamato (Amaral, 2013). Além disso, ¢ armazenada
como glicogénio nos astrécitos para evitar episodios de hiperglicemia (Garcia-
Caceres et al., 2012).

O metabolismo energético cerebral consiste em um grupo complexo de vias e
de mecanismos de trocas entre todos os componentes celulares encefalicos e fornece
energia para manter a maioria das fungdes cerebrais (Amaral, 2013). O cérebro ¢
muito sensivel as alteragdes metabolicas, j4 que tanto neurdnios como células gliais

expressam uma variedade de receptores, transportadores e reguladores metabdlicos



(Garcia-Caceres et al., 2012). Em particular, o metabolismo de astrocitos e de
neurdnios estd intimamente interligado para suportar a atividade sindptica devido ao
alto grau de compartimentalizacdo celular e subcelular ao nivel de enzimas,
transportadores e conjunto de metabolitos (Amaral, 2013).

Embora a relacdo entre a glicose encefalica intersticial e a glicose plasmatica
seja 1:15 e estes niveis permanecam constantes em situagdes de controle glicémico, o
cérebro utiliza aproximadamente 25% da glicose circulante para obter energia. Em
decorréncia disso, em condigdes de alteragoes da glicose plasmatica, o encéfalo pode
sofrer sérios prejuizos (McCrimmon et al., 2012; Prasad et al., 2014).

A glicose entra no encéfalo via duas classes de transportadores presentes
principalmente na barreira hematoencefalica (BHE): transportadores de glicose
independentes de soédio (GLUTSs) e transportadores de glicose dependentes de sodio
(SGLTs) (Shah et al., 2012). Os transportadores GLUTs exercem o transporte
bidirecional de glicose a favor do gradiente de concentracdo, ja4 os transportadores
SGLTs transportam glicose e galactose contra o gradiente de concentragdo com
simultaneo transporte de ions sodio (Shah et al., 2012).

A familia de transportadores GLUTs possui 14 membros, sendo o
transportador de glicose independente de sodio do tipo 1 (GLUT-1) o melhor
estudado e caracterizado. Enquanto o GLUT-1 das células endoteliais da
microvasculatura encefalica e dos astrocitos carrega glicose através da BHE, o
transportador de glicose independente de sodio do tipo 3 (GLUT-3) ¢ considerado o
principal, mas nao exclusivo, transportador de glicose neuronal. O transportador de
glicose independente de sédio do tipo 4 (GLUT-4), o qual ¢ o transportador de
glicose sensivel a insulina, e os receptores de insulina nas células endoteliais da BHE,

também desempenham um papel central na regulacao do transporte de glicose para o



SNC (Prasad et al., 2014).

Devido a permeabilidade restrita da BHE e a falta de estoques de carboidratos
encefalicos, a expressdo e a fungdo desses transportadores ¢ essencial para suprir com
nutrientes e solutos o encéfalo. Assim, quaisquer alteracdes na sua fungdo ou
expressdo pode afetar seriamente o metabolismo energético e a homeostase da glicose
no SNC (Shah et al., 2012).

As complicagdes degenerativas e funcionais no SNC de diabéticos geralmente
sdo consequéncias da hiperglicemia cronica (Amin et al., 2013). Essas desordens
acarretam prejuizo das fungdes encefalicas, como alteragdes morfologicas,
diminui¢do da cognigdo e alteracdes no metabolismo da glicose no SNC (Northam et
al., 2009; Strachan et al., 1997).

E importante mencionarmos que a hipoglicemia, frequentemente presente em
pacientes diabéticos insulinodependentes, também compromete seriamente as fungdes
encefalicas. Os niveis normais da glicose sanguinea variam entre 3,9 a 7,1 mM (70
mg/dL a 127 mg/dL) e da glicose encefalica entre 0,8 a 2,3 mM (14 mg/dL a 41
mg/dL). Quando os niveis da glicose sanguinea estao abaixo de 2 mM (36 mg/dL), a
concentracdo da glicose encefalica pode chegar a zero, ja que o consumo sanguineo
torna-se superior ao transporte para o encéfalo, podendo acarretar coma e até morte
(Amaral, 2013).

Um dos principais mecanismos que precede o DM ¢ o aumento da glicose
intracelular. Devido a isso ¢ crucial compreender a fungdo, a expressdo e a regulagao
dos transportadores de glicose no encéfalo, pois alteracdes nesses parametros podem
ser passos limitantes na patogénese de complicacdes associadas ao SNC de diabéticos

(Shah et al., 2012).
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3.1. Prejuizo cognitivo

Ja foi comprovado que o DM, tanto o tipo 1 como o tipo 2, aumenta em pelo
menos duas vezes o risco de deméncia e disfungdes cognitivas (Umegaki, 2014; Xu et
al., 2009; Ott et al., 1999). Prejuizos na aprendizagem, memoria, atencao, capacidade
de resolugdo de problemas, processamento de informagdes e alteragdes na velocidade
para desempenhar tarefas motoras e mentais foram demonstradas em humanos e
roedores com DM (Gispen e Biessels, 2000; Beauquis et al., 2008; Biessels et al.,
1996).

Pelo menos 3 alteragcdes bioquimicas tém sido estudadas e associadas com os
déficits cognitivos no DM: alteracdes vasculares, resisténcia a insulina e falha na
regulacdo da glicose (Nardin, 2014). Além disso, o hipocampo, estrutura encefalica
responsavel por diversas formas de aprendizagem e memoria, ¢ particularmente
sensivel a alteragdes na homeostase da glicose, sendo que tanto a hipo como a
hiperglicemia podem afetar seu funcionamento (Amin et al., 2013).

A duragdo do DM ¢ um fator de risco para o aumento do declinio cognitivo.
Foi observado que os decréscimos no funcionamento cognitivo em pacientes com
DM tipo 1 ¢ mais evidente naqueles com inicio na infancia. Entdo, isso pode estar
relacionado com o tempo de exposicao a niveis elevados de insulina combinado com
a gravidade da doenca (Williamson et al., 2012). No entanto, pacientes com DM tipo
1 com severas complicacdes microvasculares apresentam um declinio cognitivo
muito maior do que pacientes com DM tipo 1 sem essas complicagdes (Biessels e

Reijmer, 2014).
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3.2. Astrocitos

Os astrocitos sdo um dos principais tipos celulares e as células mais
abundantes do SNC, estima-se que 99% da superficie cerebrovascular seja coberta
por processos astrocitarios (Mathiisen et al., 2010). Os astrdcitos podem proteger os
neurdnios de diferentes insultos estressores, como da producgdo de espécies reativas
de oxigénio devido a sua alta capacidade antioxidante, ¢ podem liberar fatores
neurotroficos que aumentam a sobrevivéncia neuronal, como o fator neurotréfico
derivado do encéfalo (BDNF) e fatores de crescimento neuronal. Além disso, os
astrocitos regulam a homeostase do calcio e os niveis basais de ions e
neurotransmissores (Chen et al., 2005; Finsterwald et al., 2015; Pirttimaki e Parri,
2013).

Os astrocitos também desempenham papeis importantes em varias outras
atividades encetfilicas, como na manuten¢dao da BHE, no controle do fluxo sanguineo
cerebral (Alvarez et al., 2013), na remo¢do do glutamato da fenda sindptica e no
tamponamento do potassio (Cheung et al., 2015). Além disso, podem desempenhar
papeis centrais na progressao de doencas neurodegenerativas (Pekna e Pekny, 2012).

As células em questdo desempenham importantes funcdes no metabolismo
energético cerebral, como na modulagdo dos niveis periféricos e centrais de glicose e
no fornecimento de glicose para o espago extracelular, onde sera captada pelos
neuronios. Ademais, também captam e estocam a glicose sanguinea como glicogénio,
a partir do qual sera produzido lactato, que sera transferido para os neurénios como
fonte de energia (Garcia-Caceres et al., 2012). A comunicacdo entre astrocitos e
neurdnios € necessaria para que a glicose seja utilizada como fonte de combustivel,

assim, astrdcitos, neuroénios e vasos sanguineos trabalham juntos como uma unidade
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funcional (Wang et al., 2015a). Dessa forma, o fornecimento de glicose e seus
metabolitos para os neurdnios, assim como quaisquer alteracdes nos niveis de glicose
encefalica poderiam afetar principalmente os astrécitos (Nagayach et al., 2014). Além
da glicose, os astrocitos transportam para o SNC acidos graxos, cetonas e lactato, e as
necessidades energéticas do cérebro estdo ligadas aos tipos de nutrientes disponiveis
(Jakovcevic e Harder, 2007). Todas essas propriedades dos astrdcitos sugerem que
eles podem reagir precocemente as alteracdes no metabolismo da glicose relacionadas
ao DM (Lebed et al., 2008).

Em particular, os astrocitos podem ser ativados e mudar a sua aparéncia em
resposta a condigdes fisiopatoldgicas, fendmeno este chamado de gliose ou
astrogliose, onde ocorrem alteragcdes morfologicas, proliferacao celular, expressao de
marcadores especificos de ativagdo e aumento da geracao de citocinas e interleucinas
pro-inflamatorias (Anderson et al., 2014). A ativagdo glial atua geralmente de duas
maneiras: auxilia na eficacia da restaura¢do das células encefalicas danificadas ou
provoca um ambiente ameacador que acarreta posterior disfuncdo cerebral
dependendo do estimulo e da progressdao da doenga (Pekny e Pekna, 2014).

A ativagdo de células gliais altera a expressao génica de marcadores bastante
utilizados na astrogliose em diversas situacdes envolvendo doenca encefélica: a
proteina glial fibrilar dcida (GFAP) e a proteina S100B (Goncalves et al., 2008).
Além disso, a astrogliose provoca alteragdes no metabolismo do glutamato e em

defesas antioxidantes (Eng et al., 2000; Donato et al., 2009).
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3.2.1. Proteina Glial Fibrilar Acida

A GFAP ¢ uma proteina de filamento intermedidrio de astrocitos, com peso
molecular de aproximadamente 50 kDa, regulada por fosforilagdao, que além do seu
papel como integrador estrutural, pode fornecer sitios de ligagdes para diversas
enzimas envolvidas na geracdo de diferentes respostas astrocitarias (Lebed et al.,
2008). Esta proteina ¢ comumente utilizada como marcador de astrogliose e ativagao
de astrocitos em distintas situagdes envolvendo dano encefalico e é comumente
utilizada para analisar a distribuicdo de células gliais em resposta a danos neuronais
(Hamby e Sofroniew, 2010).

O aumento da GFAP em consequéncia da astrogliose protege as células do
SNC através da captagdo do glutamato excitotoxico, promove o aumento da producao
do antioxidante glutationa e do neuroprotetor adenosina (Dringen et al., 2000),
provoca degradacdo do peptideo beta amildide (Koistinaho et al., 2004) e limita a
propagacao de células inflamatorias (Voskuhl et al., 2009).

As alteragcdes na GFAP em modelos animais de DM ocorrem geralmente em
periodos precoces da doenca, o que poderia contribuir para o entendimento da

patofisiologia de doengas encefélicas provocadas pelo DM (Coleman et al., 2010).

3.2.2. S100B

A S100B pertence a familia de 25 membros de proteinas S100 que receberam
esta denominacdo por serem soltveis em solugdo 100% saturada de sulfato de amonio
(Moore, 1965). A S100B apresenta estrutura homodimérica, onde cada monomero
beta possui peso molecular aproximado de 10,5 kDa, exibindo dois sitios de ligagcdes

do tipo EF-hand para o célcio e sitios de ligacdes independentes para o zinco
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(Donato, 2001). A S100B ¢ expressa principalmente em astrocitos no SNC de
vertebrados, no entanto outros tipos celulares como linfécitos, adipdcitos, algumas
linhagens tumorais, células progenitoras neurais, dentre outros tipos celulares
também expressam esta proteina (Donato et al., 2009).

Intracelularmente no SNC, a S100B interage com diferentes proteinas
envolvidas em uma variedade de rotas bioldgicas, como na regulagdo do
citoesqueleto, proliferacdo, sobrevivéncia e diferenciagdo celular, além da modulagao
do metabolismo energético astrocitario (Van Eldik e Wainwright, 2003; Donato,
2001).

A proteina S100B executa efeitos autocrinos e pardcrinos em astrocitos,
neurdnios e microglia, esta associada com a proliferacdo astrocitaria, mas sabe-se que
também estimula a ativagdo de células microgliais (Nagayach et al., 2014).

Em cultura de neuronios a S100B demonstrou ter efeitos troficos quando
presente em concentragdes picomolares ¢ nanomolares, enquanto concentragdes
micromolares desta proteina apresentaram efeitos tdxicos, promovendo apoptose
(Van Eldik e Wainwright, 2003).

Além disso, sabe-se que o papel extracelular da SI00B também ¢ mediado
pelo receptor RAGE e envolve vias de sinalizacdo como de proteinas cinases
reguladas por sinais extracelulares (ERK) e do fator nuclear kappa B (NF-kB)

(Donato et al., 2009; Goncalves et al., 2008).

3.2.3. Glutamato

O glutamato € o principal neurotransmissor excitatorio do SNC de mamiferos
e 40% dentre todas as sinapses sao glutamatérgicas. Visando manter a homeostase

encefalica, o glutamato deve ser removido rapidamente da fenda sindptica pelos
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astrocitos (Kim et al., 2011). No interior do astrécito, por sua vez, o glutamato é
convertido em glutamina pela enzima glutamina sintetase, ¢ a glutamina ¢ captada
pelos neurdnios glutamatérgicos e reconvertida em glutamato, para entdo agir em
novas sinapses (Magistretti e Pellerin, 1996). Quando ocorrem disfungdes
astrocitarias, pode ocorrer uma diminui¢cdo da captacdo do glutamato e consequente
acamulo extracelular, podendo provocar excitotoxicidade ¢ morte neuronal. Desta
maneira, para avaliagdo das fungdes astrocitarias no tecido encefalico, a medida da
captagdo de glutamato astrocitaria ¢ bastante utilizada (Stobart ¢ Anderson, 2013).

O glutamato transportado para dentro do astrocito ativa a glicolise
intracelular, aumenta a produ¢do de lactato e sua distribuicdo para os neurdnios,
controlando assim a disponibilidade de nutrientes (Garcia-Caceres et al., 2012). Além
disso, o glutamato também pode ser utilizado para a sintese per se de glutationa
(Dringen et al., 1999) e parece estar envolvido no controle da migragado, diferenciagao
e sobrevivéncia neuronal, crescimento de neuritos e sinaptogénese (Suzuki et al.,
20006).

Ja foram identificados cinco tipos de transportadores de glutamato em
humanos, os chamados transportadores de aminoacidos excitatorios (EAATSs). Estes
transportadores sao bombas i6nicas e desempenham importante papel na regulagdo
das concentracdes de glutamato no espago extracelular e manutencao de baixos niveis
fisiologicos que promovem as funcdes biologicas sem causar toxicidade. Eles estdo
altamente expressos em astrocitos, onde desempenham importante papel na
comunicacdo entre células gliais e neurdnios (Wang e Qin, 2010). No encéfalo de
ratos, trés homologos destes transportadores estdo presentes: transportador de
glutamato e aspartato (GLAST), transportador glial de glutamato (GLT-1) e carreador

de aminodacidos excitatorios (EAACI1). O transportador de aminoacidos excitatorios
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do tipo 2 (EAAT-2) ou GLT-1 ¢ responsavel por, pelo menos, 80% da captacio de
glutamato no encéfalo de adultos (Soni et al., 2014).

A captacdo de glutamato ¢ regulada de diversas maneiras. A expressdo dos
transportadores ¢ regulada pela adenosina 3',5'-monofosfato ciclico (AMPc), fatores
neuronais ¢ em resposta a diferentes doencas encefalicas. Ja a atividade dos
transportadores pode ser regulada por fosforilagdo, oxidacdo da sulfidrila, acido
araquidonico, dentre outros fatores (Kim et al., 2011).

Sabe-se que o aumento nos niveis de glutamato extracelular tem diversos
efeitos danosos, como a disfun¢do na homeostase do calcio, aumento da produgdo de
oxido nitrico, ativagdo de proteases, aumento de fatores de transcri¢do citotdxicos e

aumento da formacao de radicais livres (Wang e Qin, 2010).

4. Barreiras no Sistema Nervoso Central

O SNC ¢ parcialmente impermeavel as moléculas presentes no sangue,
principalmente pela BHE e pela barreira hematoliquorica (BHL) (Engelhardt e
Sorokin, 2009).

A BHE consiste em um sistema complexo formado por diversos tipos
celulares. A unidade estrutural e funcional basica da BHE ¢ a chamada unidade
neurovascular, a qual ¢ composta por pelo menos quatro tipos celulares: as células
endoteliais, que compreendem os capilares da vasculatura encefalica; os pericitos que
situam-se em cima das células endoteliais e partilham a mesma membrana basal; os
astrocitos que cercam os capilares com os pés astrocitarios; € 0s neurdnios que
inervam diretamente a microcirculacdo, juntas essas células da unidade neurovascular

controlam a fun¢ao da barreira (Obermeier et al., 2013).
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A BHE possui caracteristicas distintas, como a falta de fenestracdes e
atividade pinocitética baixa, o que torna limitada a disponibilidade de glicose e outros
nutrientes aos tecidos neurais em comparagdo com os 6rgaos periféricos (Shah et al.,
2012). Além disso, a funcionalidade da BHE ¢ manifestada por mecanismos de
transporte permanentemente ativos, expressos especificamente por células endoteliais
dos capilares cerebrais que garantem o transporte de nutrientes para o SNC e, ao
mesmo tempo, o impedimento da passagem de moléculas que podem prejudicar o
ambiente necessario para a transmissao neuronal (Engelhardt e Sorokin, 2009).

A perda da integridade da BHE expde o encéfalo a substancias potencialmente
danosas como, por exemplo, componentes plasmaticos, moléculas imunoldgicas,
células, ions, aminoacidos, proteinas e outras macromoléculas que podem perturbar a
homeostase encefilica e levar a disfungdo e degeneracdo neuronal (Obermeier et al.,
2013; Daneman, 2012). Além disso, a BHE ¢ uma estrutura heterogénea e em certas
regides encefalicas estd mais vulnerdvel ao dano oxidativo e desacoplamento
neurovascular (VanGilder et al., 2009).

Os plexos corodides sdo estruturas que consistem de uma extensiva rede de
capilares fenestrados revestidos por uma tunica camada do epitélio cuboidal e sua
principal funcdo ¢ produzir e secretar o liquido cefalorraquidiano (LCR). A BHL ¢
encontrada na superficie das jungdes oclusivas apicais entre as c€lulas epiteliais dos
plexos coroides, inibindo a difusdo paracelular de moléculas soluveis em dgua. A
barreira e a funcdo secretoria destas células epiteliais sdo mantidas pela expressao de
sistemas de transporte, permitindo a passagem direta de ions e nutrientes para dentro
do LCR. Em patologias do SNC, caracteristicas da BHL sao alteradas, levando a
formacdo de edema e recrutamento de células inflamatérias para dentro do SNC

(Engelhardt e Sorokin, 2009).
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Em ambas, tanto na BHE como na BHL, a difusdo paracelular simples de
metabolitos e ions ¢ impedida pela presenga de jungdes oclusivas nas células

endoteliais e epiteliais, respectivamente (De Bock et al., 2014).
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Figura 2. Representacdo grafica da formacdo da BHL e da interface entre LCR e

tecido encefalico. Adaptado de De Bock et al., 2014

4.1. Juncoes Oclusivas

O complexo juncional entre as células endoteliais dos microvasos do SNC
incluem as jungdes aderentes e as juncdes oclusivas, ja nas células epiteliais ha
somente as jungdes oclusivas. Esses dois tipos de jungdes sdo componentes
estruturais destas barreiras que impedem o movimento paracelular de ions, solutos e
proteinas, além do transporte de d4gua que medeia o influxo de substancias essenciais

e o efluxo de moléculas deletérias através da BHE e BHL (De Bock et al., 2014).
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As jungdes oclusivas, tanto da BHE como da BHL, sdo formadas por um
complexo proteico transmembrana e citosolico que vedam os espacos entre as células
endoteliais e epiteliais vizinhas, respectivamente e, assim, estabelecem uma barreira
passiva e fisica que regulam a passagem de solutos e ions do sangue para o encéfalo
(Coisne e Engelhardt, 2011). As jungdes oclusivas exercem pelo menos duas fungdes
nos tecidos, como barreira ¢ como cerca limitante, as quais sdo essenciais para o
desenvolvimento ¢ homeostase cerebral, tanto quanto para a manuten¢do da
polaridade das células como um limite para os sitios da membrana plasmatica apical e
basolateral (Goncalves et al., 2013). Dessa forma, a BHE ¢ a BHL equilibram o
influxo de nutrientes ¢ o efluxo de toxinas, residuos e drogas para manter a
homeostase encefalica (Liu e Liu, 2014).

Dentre as varias proteinas deste complexo estdo as primeiras proteinas
integrais de membrana descritas, as ocludinas, localizadas exclusivamente nas
juncdes oclusivas da BHE. Alguns estudos demonstraram que elas ndo sao essenciais
para o desenvolvimento normal das junc¢des oclusivas desta barreira (Engelhardt e
Sorokin, 2009). Ja a familia de 27 membros das claudinas ¢ essencial e suficiente
para a formagao das ligacdes das jungdes oclusivas.

As claudinas possuem entre 20 e 34 kDa, possuem quatro hélices
transmembrana e ndo estdo uniformemente distribuidas nos tecidos. Estd bem
estabelecido que as claudinas 1, 3, 5 e 12 regulam a permeabilidade paracelular de
pequenas moléculas através da BHE, sendo a claudina 5 a mais abundante ¢ um
regulador critico da permeabilidade através da BHE. As claudinas 1, 2, 3 e 11 sdo
encontradas principalmente nas jungdes oclusivas das células epiteliais dos plexos
coroides. A BHL possui menor resisténcia fisica e permeabilidade menos restrita que

a BHE e isto pode ser explicado por possuir diferentes tipos de claudinas, ja que estas
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proteinas desempenham um importante papel na fungdo de barreira e no controle do
movimento paracelular de ions e moléculas (Coisne e Engelhardt, 2011; Goncalves et
al., 2013).

Além das ocludinas e claudinas, as proteinas de zbénula oclusiva também
fazem parte das jungdes oclusivas da BHE e BHL, sendo a proteina de zonula
oclusiva 1 (ZO-1) a mais descrita na literatura. A ZO-1 é uma proteina acessoria que
estd ligada as proteinas das jungdes oclusivas permitindo seu ancoramento a actina
(proteinas do citoesqueleto celular). Alteragdes na expressao e conteudo de ZO-1

também podem prejudicar as fungdes da BHE e BHL (Gunzel e Yu, 2013).
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Figura 3. Representacdo esquematica das células que formam a BHE e das juncdes
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4.2. Aquaporinas

As aquaporinas (AQPs) representam uma familia de proteinas integrais de
membrana que funcionam como canais de agua e ja foram identificados 13 tipos de
AQPs em mamiferos (Vella et al., 2015). As AQPs possuem peso molecular em torno
de 30 kDa e desempenham um papel critico no controle do conteudo de 4gua das
células e, em alguns casos, facilitam o transporte de outros pequenos solutos através
das membranas. Esses canais sdo amplamente distribuidos em todos os organismos ¢
estdo presentes, principalmente, onde uma rapida ou alta passagem de moléculas de
agua ¢é necessaria, permitindo que a fun¢ao celular seja desempenhada (Zheng et al.,
2010). Essas proteinas contribuem significativamente para a homeostase de agua no
organismo ¢ tem importantes papéis tanto em condi¢cdes fisiologicas como
patoldgicas. No entanto, as AQPs tém sido associadas com outras fungdes celulares,
como migracao celular, difusdo de gases e alteragdes em sua expressao em tecidos
tumorais (Papadopoulos et al., 2008; Badaut et al., 2014).

No SNC de mamiferos ja foi demonstrado a expressao das AQPs 1,4 e 9. A
aquaporina 1 (AQP1) localiza-se principalmente no epéndima e na membrana apical
do epitélio dos plexos coroides, onde esta relacionada com a producao do LCR. Além
disso, trabalhos mais recentes relataram a presenga de AQP1 no septo neuronal, com
aumento apos danos encefalicos, o que sugere um papel na plasticidade e reparo dos
neuronios (Badaut et al., 2014; Fukuda et al., 2012). No entanto, mais estudos sao
necessarios para esclarecer seu papel nestas células.

A aquaporina-4 (AQP4) ¢ a AQP mais abundante no encéfalo e estd
localizada no epéndima, na glia limitante e, principalmente, ¢ encontrada em grande

quantidade nos pés astrocitarios perto dos vasos encefalicos, onde desempenha
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importante funcdo no transporte de agua para fora do parénquima cerebral por
aumentar o fluxo de dgua transmembrana nos astrocitos e no tamponamento do
potassio (Bonomini e Rezzani, 2010; Filippidis et al., 2011). Além disso, a AQP4
parece estar envolvida em diversas outras fungdes, como na adesdo celular, na
remog¢do de substancias potencialmente danosas ao SNC, como o peptideo beta
amildide, na remocdo de gases e solutos e na migragdo astrocitaria durante a
astrogliose (Badaut et al., 2014).

A aquaporina 9 (AQPY9) facilita tanto a difusdo de agua como de glicerol,
ureia e monocarboxilatos. A AQP9 esta presente nos astrocitos, células endoteliais e
neurdnios catecolaminérgicos, e parece ser alterada por mudangas no metabolismo
energético cerebral (Zelenina, 2010; Badaut et al., 2014). Além disso, ja foi
demonstrado um aumento desta proteina em neurdnios de animais diabéticos (Badaut
et al., 2011; Badaut, 2010).

Como as fungdes encefalicas normais estdo ligadas a homeostase de agua, nao
¢ de estranhar que desde a sua descoberta, as AQPs tomaram um papel central no
estudo de diversas condicdes encefélicas e a determinacdo da sua expressdao durante
diferentes doengas pode contribuir para um melhor entendimento das funcdes das

barreiras encefélicas (Vella et al., 2015).

S. Agonistas dos Receptores de GLP-1

O Peptideo Semelhante ao Glucagon (GLP-1) ¢ um peptideo produzido pelas
células L enteroenddcrinas do intestino e, juntamente com o polipeptideo inibitdrio
gastrico (GIP), formam a familia de hormonios incretinas, que coletivamente

estimulam 50-70% do total da secrecdo de insulina pds-prandial (Unger, 2013; Pettus
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et al., 2013). O GLP-1 possui 30 aminoacidos, sendo em torno de 50% da sequéncia
homologa ao glucagon, e exerce uma variedade de efeitos pancredticos, incluindo o
aumento da biossintese e liberagdo da insulina p6s-prandial, diminui¢do da secrecdo
de glucagon, aumento da massa e da sensibilidade das células beta a glicose e
diminui¢ao da apoptose (Seufert e Gallwitz, 2014).

O efeito do horménio GLP-1 nativo tem limitado valor farmacolégico devido
a sua meia-vida curta de 1-2 minutos, atribuida a degradacdo pela enzima dipeptidil
peptidase-4 (DPP-1V) (Mentlein et al., 1993). Devido a isto, tém sido desenvolvido
andlogos mais estdveis, com efeito mais longo ao do GLP-1 e resistentes a
degradagao pela enzima DPP-IV, os agonistas dos receptores de GLP-1 (Green et al.,
2004). Estes compostos sdo drogas bem estabelecidas para tratar o DM tipo 2 e sabe-
se que elas estimulam a produgdo e secrecdo de insulina pelas células beta
pancreaticas de uma maneira dependente de glicose (Drucker e Nauck, 2006).
Atualmente, dois agonistas dos receptores de GLP-1 estdo aprovados para o
tratamento do DM tipo 2: a exendina-4 (EX-4; Exenatide®, Byetta®) e a liraglutida
(Victoza®). Estes andlogos sdo injetados de forma subcutanea e nao afetam os niveis
de glicose sanguinea em pacientes normoglicémicos, por isso podem ser
administrados em pacientes ndo-diabéticos (Vella et al., 2002). A EX-4 foi o primeiro
analogo GLP-1 de agdo longa descrito que foi aprovado pela Food and Drug
Administration (FDA) em 2005 para ser utilizado no tratamento do DM tipo 2. Esta
substincia apresenta uma meia-vida muito mais longa (120 minutos) que o GLP-1, o
que possibilita sua utilidade clinica (Hamilton et al., 2011).

Os receptores para GLP-1 pertencem a familia que abrange sete receptores
transmembrana acoplados a proteina G e estdo expressos em varios tecidos como no

SNC e periférico, coragdo, endotélio, rins, pancreas, pulmoes e trato gastrointestinal,
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o que demonstra que sua agdo nao esta restrita ao pancreas (Unger, 2013). Apds a
ligagdo ao receptor, a principal via de sinalizagdo envolve a ativacdo da adenilil
ciclase, levando a um aumento dos niveis intracelulares de AMPc e uma série de
eventos de sinaliza¢do subsequente que regulam diversas funcgdes celulares (Salcedo
et al., 2012). No pancreas, o GLP-1 pode ativar a proteina cinase B/serina treonina
cinase (PKB/Akt) através da fosforilacdo dependente de AMPc de proteinas ligantes
responsivas a0 AMPc e resultar na ativacdo da via da insulina (Wang e Brubaker,
2002).

No SNC, os receptores GLP-1 estdo amplamente expressos principalmente
pelos neurdnios, em especial em neurdnios piramidais no hipocampo e neocortex e
em células de Purkinje no cerebelo. Em células gliais ndo foram encontrados esses
receptores, no entanto, elas induzem sua expressdo quando ativadas em resposta
inflamatéria (Holscher, 2014). Os analogos do GLP-1 atravessam a BHE,
propriedade que € de vital importancia para serem utilizados no tratamento de
desordens degenerativas do SNC (Kastin e Akerstrom, 2003; Hamilton e Holscher,
2009).

Estudos recentes tém investigado o papel de agonistas dos receptores de GLP-
1 em pacientes com DM tipo 1 (Traina et al., 2014). Na maioria destes pacientes, a
resposta regulatoria do glucagon a hipoglicemia induzida pela insulina ¢ deficiente, e
os agonistas dos receptores de GLP-1 poderiam melhorar esta resposta (Kramer et al.,
2014; Christensen et al., 2015). Como os pacientes com DM tipo 1 tem uma fungao
residual das células beta de 20 a 30%, os agonistas dos receptores de GLP-1
poderiam atuar aumentando a massa dessas células e consequentemente a biossintese
de insulina (Unger, 2013) ou, ainda, diminuindo a apoptose e, dessa forma,

aumentando a sobrevivéncia celular (Drucker, 2003). Estas caracteristicas aumentam
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a possibilidade de utilizar esses compostos no inicio da doengca como agentes
imunomodulatérios, para auxiliar a compensar o insulto autoimune e a perda da
massa das células beta pancreaticas (Pettus et al., 2013). Além disso, esses agentes
podem aumentar o controle glicémico independente dos efeitos nas células beta,
inibindo o glucagon, promovendo a saciedade e atrasando o esvaziamento gastrico
(Nauck et al., 1996).

Como mencionado anteriormente, o DM ¢é uma desordem metabdlica
caracterizado por mudancas funcionais e estruturais no SNC, aumentando em pelo
menos duas vezes o risco de deméncia e disfungdes cognitivas. Neste sentido, a
hipotese deste trabalho foi confirmar alteragdes periféricas e o prejuizo cognitivo em
um modelo de DM tipo 1 induzido por estreptozotocina (STZ), bem como verificar
possiveis alteragdes bioquimicas e astrocitarias associadas com o prejuizo cognitivo
no DM e sua (s) provavel (is) origem (ns). Ainda, buscou-se investigar a eventual

func¢ao neuroprotetora de um agonista dos receptores de GLP-1.
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OBJETIVOS
OBJETIVO GERAL

O objetivo geral desta tese foi investigar alteragdes no SNC, particularmente
as funcdes astrocitarias ¢ das barreiras encefalicas em modelo animal de DM
induzido por STZ tendo como base as alteragdes periféricas, bem como analisar o
efeito da EX-4, um agonista dos receptores de GLP-1, em reverter os parametros

alterados.
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Peripheral Levels of AGEs and Astrocyte Alterations in the Hippocampus of
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OBJETIVOS ESPECIFICOS

1. Confirmar alteragdes periféricas no modelo de DM induzido por STZ;
2. Analisar alteracdes bioquimicas relacionadas a captagao de glicose encefalica;
3. Investigar funcdes astrocitarias através da dosagem das proteinas GFAP,

S100B e da captacao de glutamato.
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Abstract Diabetic patients and streptozotocin (STZ)-in-
duced diabetes mellitus (DM) models exhibit signals of
brain dysfunction, evidenced by neuronal damage and
memory impairment. Astrocytes surrounding capillaries
and synapses modulate many brain activities that are con-
nected to neuronal function, such as nutrient flux and
glutamatergic neurotransmission. As such, cognitive
changes observed in diabetic patients and experimental
models could be related to astroglial alterations. Herein, we
investigate specific astrocyte changes in the rat hip-
pocampus in a model of DM induced by STZ, particularly
looking at glial fibrillary acidic protein (GFAP), S100B
protein and glutamate uptake, as well as the content of
advanced glycated end products (AGEs) in serum and
cerebrospinal fluid (CSF), as a consequence of elevated
hyperglycemia and the content of receptor for AGEs in the
hippocampus. We found clear peripheral alterations,
including hyperglycemia, low levels of proinsulin C-pep-
tide, elevated levels of AGEs in serum and CSF, as well as
an increase in RAGE in hippocampal tissue. We found
specific astroglial abnormalities in this brain region, such
as reduced S100B content, reduced glutamate uptake and
increased S100B secretion, which were not accompanied
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by changes in GFAP. We also observed an increase in the
glucose transporter, GLUT-1. All these changes may result
from RAGE-induced inflammation; these astroglial alter-
ations together with the reduced content of GluN1, a sub-
unit of the NMDA receptor, in the hippocampus may be
associated with the impairment of glutamatergic commu-
nication in diabetic rats. These findings contribute to
understanding the cognitive deficits in diabetic patients and
experimental models.

Keywords Advanced glycation end products (AGEs) -
Diabetes mellitus - GFAP - Glutamate neurotransmission -
S100B secretion

Introduction

Diabetes mellitus (DM) is a metabolic and multifactorial
disease, associated with systemic and central abnormalities
[1], whose prevalence has reached alarming proportions
[2]. DM is characterized by high concentrations of glucose
in the tissues, including the blood and brain [3], and the
resulting glucotoxicity is among the causes of DM com-
plications [4]. One group of toxic glucose derivatives is the
advanced glycation end products (AGEs), which are pro-
duced from non-enzymatic glycation and glycoxidation
processes and are formed on proteins, lipids or nucleic
acids in a pro-oxidant environment [5]. DM is associated
with several adverse effects in the brain, including changes
in brain energy metabolism, increased free calcium levels,
as well as glucose-mediated increases in oxidative stress
and inflammation, possibly mediated by AGEs [6, 7].
Animal models have greatly contributed to the study of
the DM pathophysiology, clinical features and potential
therapy. In chemically induced-DM models, insulin

&) Springer
21 Sp 3%


http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-016-1912-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-016-1912-2&amp;domain=pdf

Neurochem Res

producing B-cells are destroyed, leading to hyperglycemia
[8]. Streptozotocin (STZ), a nitrosourea derivative isolated
from Streptomyces achromogenes, is an alkylating anti-
neoplastic drug often used to induce DM in experimental
animals [9]. The cytotoxicity of STZ in the B-cells appears
to depend on the GLUT-2 glucose transporter, but its full
mechanism is still unclear [10].

The experimental model of STZ-induced DM has
demonstrated evidence of brain dysfunction, such as
astrocyte activation [11], B-amyloid deposition [12], neu-
ronal damage and memory impairment verified by behav-
ioral tests [13]. Interestingly, DM is associated with an
increased risk of Alzheimer’s disease (AD) and other
dementias [14, 15].

Astrocytes, the most abundant cells of the central ner-
vous system (CNS), provide nutrients, maintain brain
homeostasis and regulate neuronal metabolic function [16].
As such, astrocytes participate in glucose metabolism and
respond to alterations in glucose levels by providing lactate
to the extracellular space for uptake by neurons [17].
Astrocytes that surround capillaries capture and transport
glucose into the brain, principally through the glucose
transporter 1 (GLUT-1). There are two isoforms of GLUT-
1, one more glycosylated form (GLUT-1 55 kDa), located
on the vascular endothelial cells, which ensures transport of
glucose across the blood—brain barrier (BBB), and another
less glycosylated form (GLUT-1 45 kDa), which is located
in astrocytes [18].

The astrocytes become reactive in response to numerous
injuries to the CNS, modifying the cellular morphology and
expression of specific markers [19]. The glial fibrillary
acidic protein (GFAP) and S100B protein are astrocyte
markers for activity and brain injury in several neuropsy-
chiatric disorders [20]. Intracellular S100B interacts with
several target proteins (e.g. GFAP [21] and calcineurin
[22]), modulating astroglial activity and extracellular
S100B, acting on receptors for AGE [23], and is considered
to be a neurotrophic or inflammatory cytokine [24, 25].

Glutamate is the major excitatory neurotransmitter and
changes in glutamate receptors are related to synaptic
plasticity in cognitive tasks such as memory and learning
[26]. However, extracellular glutamate accumulation leads
to neurotoxicity, mediated by the same receptors, and
calcium overload [27]. The glutamate uptake by specific
astrocytic transporters is a defense system against excito-
toxicity that contributes to the efficient clearance and
recycling of glutamate [28]. Alterations in glutamate
transport have been associated with DM and this mecha-
nism could be involved in the pathogenesis of brain dis-
orders related to this disease [14, 29].

Cognitive changes observed in diabetic patients and
experimental models could be related to alterations in
glutamate neurotransmission and S100B secretion,
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parameters intimately related to astrocyte function. Herein,
we investigate specific astrocyte changes in the rat hip-
pocampus in a model of DM induced by STZ, looking
particularly at GFAP, S100B and glutamate uptake, as well
as the content of AGE and RAGE in this brain tissue.

Results

Changes in Peripheral Metabolic Parameters
Validate the Diabetic Model

To validate our model of DM in WKY rats, we measured
peripheral parameters — body weight, glycemia, glycated
hemoglobin and C-peptide, after 8 weeks of STZ admin-
istration. We observed that the diabetic rats exhibited sig-
nificantly lower body weight than age-matched control rats
(Fig. 1a; p < 0.0001). The diabetic rat group presented an
increase in serum glucose levels (Fig. 1b; p < 0.0001),
urine glucose levels (data not shown) and in the glycated
hemoglobin concentration in total blood (Fig. lc;
p < 0.0001), when compared with the control group.
Confirming insulin deficiency, the diabetic rats presented a
lower concentration of C-peptide in the serum (Fig. 1d;
p = 0.0022).

AGEs and RAGE are Altered in Diabetic Rats

To evaluate glucotoxicity, we determined AGE content in
the serum and CSF of diabetic rats. An increase in AGE
levels was observed in the serum (Fig. 2a; p = 0.0022) and
in the CSF (Fig. 2b; p = 0.0057) of diabetic rats compared
with control rats. Moreover, a potential receptor for AGE
[23] was measured in hippocampal tissue and, RAGE level
was augmented in STZ-diabetic rats, compared with con-
trol rats (Fig. 2c; p = 0.0369).

Brain Glucose Transport is Modified in Diabetic
Rats

We measured the glucose uptake activity and the GLUT-1
content in hippocampal slices. The [*H] glucose uptake in
diabetic rats is not different from control (Fig. 3a;
p = 0.5821). However, in diabetic rats, the amount of
glucose transporter GLUT-1 1is increased (Fig. 3b;
p = 0.0328).

The Astroglial Marker, S100B, is Altered
in the Hippocampus of Diabetic Rats

Two astroglial markers, GFAP and S100B, were analyzed

in hippocampal tissue. We did not find changes in the
content of GFAP in diabetic rats compared with age-
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matched control rats (Fig. 4a; p = 0.3736). However, the
content of the S100B protein was reduced in the hip-
pocampus of diabetic rats (Fig. 4b; p = 0.0461).

Extracellular Levels of S100B are Altered
in Diabetic Rats

In the CNS, S100B protein is mainly produced and secreted
by astrocytes and variations of extracellular levels of this
protein have been reported in diabetic patients and models.
We measured serum and CSF levels of S100B and found a
dramatic decrease in serum S100B (Fig. 5a; p < 0.0001),
but without changes in CSF levels (Fig. 5b; p = 0.1125).
Moreover, we measured the S100B content in the extra-
cellular medium of acute hippocampal slices. In this
ex vivo assay we observed an increase in S100B secretion
(Fig. 5¢; p = 0.0083).

Glutamatergic Neurotransmission is Modified
in Diabetic Rats

Assuming the key role of astrocytes in connecting energy
metabolism and glutamatergic neurotransmission, we
investigated glutamate transport in hippocampal slices. We
found a decrease in glutamate uptake in the diabetic rats
(Fig. 6a; p = 0.0054). Conversely, the protein levels of the
main astrocytic glutamate transporters, GLT-1 and
GLAST, did not differ between control and diabetic rats
(Fig. 6b; p = 0.9986 and Fig. 6¢c; p = 0.3467, respec-
tively). Moreover, the GIuN1 subunit of the receptor
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NMDA for glutamate was found to be reduced in the
hippocampus of diabetic rats. (Figure 6d; p = 0.0308).

Discussion

Animal models have contributed immensely to our under-
standing of the biochemical modifications of DM. The
peripheral alterations in our STZ-induced model of DM are
in accordance with those of the literature [30-32]. More
recently, such models have been used to address questions
of central neurochemical modifications in DM, particularly
in relation to cognitive impairment and even dementia [33,
34].

Chronic hyperglycemia is associated with the formation
and accumulation of AGEs in DM [35]. Accordingly, we
found an augment in the AGE levels in the serum and CSF
of diabetic rats. AGEs are cleared by scavenger receptors
(see [36] for a review). However, AGE activate the mul-
tiligand receptor associated with the inflammatory
response, RAGE (receptor for AGE) [37].

RAGE activation plays a key role in the pathogenesis of
diabetic vascular complications [38] and neurodegenera-
tive disorders, including AD [39]. The AGE-RAGE path-
way investigated in epidemiological studies has reinforced
the association between DM and AD [40, 41]. We, herein,
demonstrate an increase in the levels of RAGE in the
hippocampus of diabetic rats. Activation of AGE-RAGE
signaling involves an inflammatory response that is medi-
ated by NF-kB and cytokines [42].
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Fig. 2 AGEs and RAGE are altered in diabetic rats. We found
augmented AGE levels in the serum (a) and in CSF (b), as evaluated
by ELISA. Western blotting showed an augment in RAGE protein in
the hippocampus of diabetic rats compared with controls (¢). Results
represent the mean £+ S.E.M (a) or the median and interquartile range
(b). Representative Western blots are presented above each respective
graph. The results are normalized to [-actin and represent the
mean + S.E.M., expressed as arbitrary units (¢). N = 6 in all panels.
*p < 0.05 or **p < 0.01 significantly different from control, as
determined by unpaired Student’s ¢ test (a, ¢) or Mann—Whitney test

(b)

Two astroglial markers have been widely investigated in
DM [30, 43]; however, there are conflicting results in the
literature. We did not find any alteration in hippocampal
GFAP content, but we observed a decrease in S100B in
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STZ-diabetic rats. Some authors have reported a significant
increase in GFAP protein [44, 45], while others have
related a decrease of this protein in the hippocampus of
diabetic animals [6, 31, 46, 47]. In part, these discrepancies
might be due to methodological differences in the animal
models used, the heterogeneity of glial cells, time analysis
and assays employed for GFAP measurement. It is also
important to mention that, although GFAP is the most
common marker of astrogliosis, astroglial activation does
not necessarily involve GFAP increment [48]. With regard
to the S100B protein, it has been reported that no change in
the number of S100B-containing cells occurs in diabetic
rats [31, 47, 49], despite other glial abnormalities. In
another study, a transitory increase of S100B-positive cells
in the hippocampus was observed in the first week after
STZ administration [7].

The serum S100B has been proposed as a marker of
glial activation or brain damage [50], but many extrac-
erebral sources, such as adipose tissue, can contribute to
serum S100B levels [51]. Steiner et al. observed a corre-
lation between serum S100B and body mass index in
humans [52]. We found a reduction in the serum S100B
levels, which was in accordance with some clinical reports
[53, 54]. To our knowledge, this is the first time that
serum S100B has been measured in STZ-induced DM.
The decreased serum SO0OB was not accompanied by
changes in CSF levels. Moreover, it is important to
mention that in other study where STZ was administered
in the intracerebroventricular space (to induce dementia),
we observed a decrease in CSF S100B, without changes in
serum S100B. Together these data reinforce the idea that
S100B changes in CSF and serum are not necessarily
related [20].

The AGE-RAGE signaling pathway leads to NF-kB
activation, which in turn, induces the expression of pro-
inflammatory cytokines, such as IL-13 and TNF-a [55].
Such inflammatory mediators could cause the decrease in
glutamate uptake [56] that we observed. A correlation
between RAGE content and glutamate uptake was not
found in the hippocampus (> = 0.11; p = 0.52). However,
RAGE content does not necessarily express RAGE acti-
vation and the small “N” in this study limits this analysis.
Moreover, another mechanism of impairment of glutamate
uptake in diabetic rats involving AGEs, but independent of
RAGE, cannot be ruled out [57]. Despite the decrease in
glutamate uptake, we did not find any changes in the levels
of glutamate transporters (GLT-1 and GLAST). Regardless
of the mechanism, impairment of glutamate uptake could
result in elevated extracellular levels of glutamate and,
therefore, excitotoxicity. Accordingly, the GluN1 subunit
of the NMDA receptor, which is downregulated by chronic
excitotoxicity [58], was found to be reduced in our STZ-
diabetic animals.
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Fig. 3 Brain glucose transport is modified in diabetic rats. The DM
rats did not present any alteration in glucose uptake activity, when
compared with the controls (a). Western blotting showed an augment
in GLUT-1 protein levels in diabetic rats, compared with the controls
(b). Representative Western blots are presented above each respective
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Fig. 4 Astroglial marker S100B is altered in the hippocampus of
diabetic rats. ELISA showed no alterations in hippocampal GFAP
(a) and a decrease in S100B content (b) in DM rats, compared with

Pro-inflammatory cytokines induced by RAGE activa-
tion can trigger S100B secretion in hippocampal slices
[59]. Therefore, although we did not find elevated CSF
levels of S100B, the putative inflammatory state could
explain the higher basal S100B secretion observed in the
acute hippocampal slices of diabetic rats. On the other
hand, we know that high extracellular levels of glutamate
reduce S100B secretion in hippocampal slices [60]. We
searched for a possible correlation between RAGE content
and S100B secretion (r2 = 0.29 and p = 0.26), as well as
between glutamate uptake and S100B secretion (> = 0.09
and p = 0.54). The lack of correlations found in this pre-
liminary approach is limited by the small experimental
“N” and we suggest that this issue deserves further
investigation. It is important to emphasize that extracellular
S100B binds to RAGE and, in this condition, it could work
as a positive feedback mediator, reinforcing the inflam-
matory signaling.

We found an increase in the hippocampal amount of
GLUT-1, but we did not find any modification in glucose
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graph. The results are normalized to [-actin and represent the
mean £+ S.E.M., expressed as arbitrary units, N = 6, *p < 0.05
significantly different from control, as determined by unpaired
Student’s ¢ test
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uptake activity in the hippocampal slices of diabetic ani-
mals. Accordingly, an increase in GLUT-1 mRNA in brain
cortical microvessels and no alterations in glucose uptake
in the hippocampus and cerebral cortex of STZ-induced
diabetic rats has been described in the literature [61]. An
increase in GLUT-1 also was observed in a human BBB
endothelial cell line exposed to a medium with high levels
of glucose for 24 h [62]. However, Wang et al. found that
the glucose transport across BBB was not altered in
uncontrolled DM for up to 10 weeks in STZ-rats [63].

The mechanism of GLUT-1 increase in diabetic models
and its significance is unclear at the moment. Expression of
this transporter is increased by hypoglycemia [61] and
in vitro results suggest that it can be regulated by inflam-
matory processes (see [18] for a review). Therefore, RAGE
activation could help us explain the increase in GLUT-1 in
diabetic rats. However, at this moment, we cannot estimate
how much of the glucose uptake is due to astrocyte activity
or how much of the GLUT-1 content is from astrocytes in
hippocampal slices.
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Fig. 5 Extracellular levels of S100B are altered in diabetic rats.
ELISA showed a decrease in S100B levels in the serum (a) and no
alterations in the CSF (b). The S100B secretion in hippocampal slices
(c) was augmented in DM rats, compared with controls. Results
represent the mean + S.EM., N = 6, *¥p < 0.01 or ****p < 0.0001
by unpaired Student’s ¢ test

Several studies have demonstrated an association
between DM and learning and memory impairments. The
cognitive deficit observed in DM is associated, among
other factors, with changes in hippocampal synaptic plas-
ticity [64]. In this study, we observed a decrease in gluta-
mate uptake and in the content of the GIuN1 subunit of the
NMDA glutamate receptor. Our findings support the
hypothesis that glutamatergic transmission is altered in
DM. Consistent with this idea, posttranslational alterations
in the GluN1 of STZ-diabetic rats have been reported [65].
On the other hand, decreased GIuN2B subunit (but not
GluN1 or GluN2A) protein level was observed in post-
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synaptic density fractions of hippocampi from of STZ-di-
abetic rats [66].

In summary, in this STZ-induced model of DM, we
found significantly elevated levels of AGEs in the serum
and CSF of animals as well as an increase of RAGE in
hippocampal tissue. We found specific astroglial abnor-
malities in this brain region, such as reduced S100B con-
tent, reduced glutamate uptake and increased S100B
secretion, that were not accompanied by changes in GFAP.
We also observed an increase in the glucose transporter,
GLUT-1. All these changes are may be due to RAGE-
induced inflammation. These astroglial alterations, together
with the reduced content of the GluN1 receptors in the
hippocampus, may be associated with the impairment of
glutamatergic communication in diabetic rats and possibly
contribute to the cognitive deficits that are observed in
diabetic patients and experimental models.

Experimental Procedure
Experimental Animals

A total of twenty-six isogenic male Wistar-Kyoto (WKY)
rats (8-weeks-old, weighing 160-270 g) were obtained
from our breeding colony. Rats were maintained under a
12 h light/12 h dark cycle at a constant temperature of
22 &+ 1 °C and had with free access to a 20 % (w/w)
protein commercial chow and water. All animal experi-
ments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Labo-
ratory Animals and all procedures were previously
approved by the local Animal Care Ethical Committee
(CEUA-UFRGS; project approval number 20375). All
efforts were made to minimize animal suffering and reduce
the number of animals used.

STZ-Induced Diabetic Model and Experimental
Design

DM was induced in 14 WKY rats by intraperitoneal
injection of streptozotocin (STZ) (75 mg/kg in citrate
buffer with an injection volume of 300 uL/kg body weight,
pH 4.5); 12 age-matched animals that received only vehicle
(citrate buffer) were used as control. The animals were then
housed (3—4 per cage) for a period of 60 days. Body
weight, blood and urine glucose levels were recorded every
2 weeks. Glycemia was measured with an Accu-Chek®
Active Kit (Roche Diagnostics, Basilea, Switzerland), and
the animals were considered diabetic if their blood glucose
levels were more than 250 mg/dL. Twelve (12 of 14) rats
became diabetic (as indicated by glycemic parameters
measured 48 h after STZ administration). Glycosuria was
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Fig. 6 Glutamatergic A
neurotransmission is modified
in diabetic rats. Glutamate
uptake in hippocampal slices
revealed a decrease in DM rats,
compared to control rats (a).
Western blotting showed no
alterations in protein levels of
GLT-1 (b) and GLAST (c), but
showed a decrease in GluN1
protein levels (d) in diabetic
rats, compared with the
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confirmed with urinalysis strips (Sensi 10, Guangxl,
China). Biochemical analyses were performed 60 days
after DM induction and in the respective controls. Diabetic
(N = 12) and control (N = 12) rats were randomly divided
into two groups for biochemical analysis. One group
(N = 6) was anesthetized (see item Cerebrospinal Fluid
and Serum Samples) and used for CSF and blood sampling.
The other group (N = 6) was euthanized by decapitation
and used for obtaining hippocampal samples.

Material

Streptozotocin; mouse monoclonal anti-actin antibody (1A4
clone); Ponceau S; cytochalasin B; mouse monoclonal anti-
S100B antibody (SH-B1 clone); L-glutamate; 4-(2-hydrox-
yethyl) piperazine-1-ethanesulfonic acid (HEPES) and o-
phenylenediamine (OPD) were purchased from Sigma (St.
Louis, MO, USA). Rabbit polyclonal anti-GFAP and anti-
S100 antibodies were obtained from DAKO (Glostrup,
Denmark). Goat polyclonal anti-RAGE and anti-GLUT-1
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Mouse monoclonal anti-GluN1
(R1JHL clone) was obtained from Millipore (Darmstadt,
Germany). The rabbit polyclonal anti-GLAST and anti-
GLT-1 antibodies were purchased from ABCAM (Cam-
brigde, UK). The peroxidase-conjugated immunoglobulin
(IgG) antibody and L-[2,3-*H] glutamate were obtained from
Amersham  (Buckingamshire, UK). D-[3-°H] glucose
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(20 Ci/mmol) was obtained from Perkin-Elmer (Boston,
MA, USA). Anti-AGE antibody (6D12) was purchased from
Cosmo Bio (Tokyo, Japan). All other chemicals were pur-
chased from local commercial suppliers.

Cerebrospinal Fluid and Serum Samples

Animals were anesthetized using ketamine and xylazine
(Syntec, Sdo Paulo, Brazil) administered at doses of 75 and
10 mg/kg, respectively, and then positioned in a stereotaxic
holder for collection of 100 pL (approximately) of CSF
from the cisterna magna. The puncture was performed
using an insulin 1 mL syringe and 31 G needle (0.25 mm
diameter, 6 mm length). Rats were then removed from the
stereotaxic apparatus and placed on a flat surface, where
approximately 3 mL of whole blood was obtained through
an intracardiac puncture using a 5 mL syringe and 21 G
needle (0.80 mm diameter, 25 mm length) inserted into the
intercostal space above the sternum. Serum was separated
by centrifugation at 3000 g for 10 min. CSF and serum
samples were frozen (—80 °C) until further analysis [67].

Glycated Hemoglobin Assay
Glycated hemoglobin was measured in whole blood using a

Glycated Hemoglobin Doles Kit Assay (Goiania, Goias,
Brazil) according to the manufacturer’s manual.
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C-Peptide Assay

Proinsulin C-peptide was assessed using a Rat/Mouse
C-Peptide 2 ELISA kit (Millipore, Darmstadt, Germany)
according to the manufacturer’s recommendations. Briefly,
serum was added to a 96-well flat-bottom plate and incu-
bated with a mixture of capture and detection antibodies, at
1:1, for 2 h at room temperature. Subsequently, the plate
was incubated with streptavidin-horseradish peroxidase for
30 min at room temperature. The color reaction produced
with tetramethylbenzidine (TMB) was then quantified in a
plate reader at 450 and 590 nm. The standard C-peptide
curve ranged from O to 1600 pM.

AGE Measurement

AGEs were measured in serum and CSF by an enzyme-
linked immunosorbent assay (ELISA), as previously
described [68] with some modifications. The wells of a
microtiter plate were coated overnight with 0.1 pg protein
in 0.1 mL of 50 mM carbonate bicarbonate buffer (pH
9.6). The wells were washed three times with washing
buffer (PBS containing 0.05 % Tween 20) and then incu-
bated for 3 h with 2 % albumin from chicken egg white to
block nonspecific binding. Subsequently, wells were
washed again with washing buffer and incubated with
100 pL of anti-AGE (6D12) for 1 h. After three washes,
wells were incubated with 100 pL of peroxidase-conju-
gated secondary antibody for 1 h. The reactivity of per-
oxidase was determined by incubation with OPD for
30 min. The reaction was stopped by the addition of 50 puL
sulfuric acid (3 M). Absorbance measurements were taken
at 492 nm. Results were calculated and expressed as a
percentage of the control.

Preparation and Incubation of Hippocampal Slices

After obtaining whole blood by intracardiac pucture, the
animals were decapitated with the aid of a guillotine, the
brains were removed and placed in cold saline medium
with the following composition (in mM): 120 NaCl; 2 KCI,
1 CaCl,; 1 MgSOQy; 25 HEPES; 1 KH,PO,, and 10 glucose,
adjusted to pH 7.4 and previously aerated with O,. The
hippocampi were dissected and transverse slices of 0.3 mm
were obtained using a Mcllwain Tissue Chopper. Slices
were then transferred immediately into 24-well culture
plates, each well containing 0.3 mL of physiological
medium and only one slice. The medium was changed
every 15 min with fresh saline medium at room tempera-
ture (maintained at 25 °C). Following a 120-min equili-
bration period, the medium was removed and replaced with
basal media for 60 min at 30 °C in a warm plate. Thirty
microliters of media were collected for S1I00B secretion
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measurement and the slices were collected for GFAP and
S100B content measurement [69].

Glucose Uptake Assay

Glucose uptake was performed as previously described
[70], with some modifications. Briefly, hippocampal slices
were incubated at 35° C in a Hank’s balanced salt solution
(HBSS) containing (in mM): 137 NaCl, 5.36 KCI, 1.26
CaCl,, 0.41 MgS0O,, 0.49 MgCl,, 0.63 Na,HPO,-7H,0,
0.44 KH,POy,, 4.17 NaHCO3;, and 5.6 glucose, adjusted to
pH 7.2. The assay was started by the addition of 0.1 pCi
deoxy-D-[3-*H] glucose/well. The incubation was stopped
after 30 min by removing the medium and rinsing the sli-
ces twice with ice-cold HBSS. The slices were then lysed
in a solution containing 0.5 M NaOH. Glucose uptake was
calculated by subtracting the non-specific uptake, obtained
by the glucose transporter inhibitor, cytochalasin B
(10 uM), from the total uptake in order to obtain the
specific uptake. Radioactivity was measured in a scintil-
lation counter. Results were calculated as nmol/mg protein/
min and were expressed as percentage of the control.

Glutamate Uptake Assay

Glutamate uptake was performed as previously described
[69]. The hippocampal slices were incubated in HBSS
containing (in mM): 137 NaCl; 0.63 Na,HPO,; 4.17
NaHCOj;; 5.36 KCl; 0.44 KH,PO4 1.26 CaCly; 0.41
MgSOy,; 0.49 MgCl,, and 5.6 glucose, in pH 7.2. The assay
was started by the addition of 0.1 mM L-glutamate and
0.66 uCi/ml L-[2,3-*H] glutamate. Incubation was stopped
after 5 min by removal of the medium and rinsing the
slices twice with ice-cold HBSS. Slices were then lysed in
a solution containing 0.1 M NaOH and 0.01 % SDS.
Sodium-independent uptake was determined using
N-methyl-D-glucamine instead of sodium chloride.
Sodium-dependent glutamate uptake was obtained by
subtracting the non-specific uptake from the specific
uptake. Radioactivity was measured with a scintillation
counter. Results were calculated as nmol/mg protein/min
and were expressed as percentage of the control.

Western Blotting

Equal amounts (30 pg) of proteins from each sample were
boiled in sample buffer [0.0625 M Tris—HCI pH 6.8, 2 %
(w/v) SDS, 5 % (w/v) B-mercaptoethanol, 10 % (v/v)
glycerol, 0.002 % (w/v) bromophenol blue] and elec-
trophoresed in 10 % (w/v) SDS—polyacrylamide gel. The
separated proteins were blotted onto a nitrocellulose
membrane and transference was confirmed with Ponceau S
staining [71]. After incubating for 1 h at room temperature
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with the primary antibody (anti-GluN1, anti-GLUT-1, anti-
GLAST, anti-GLT-1 or anti-RAGE at 1:5000 dilution), the
filters were washed and incubated with anti-rabbit, anti-
mouse or anti-goat peroxidase-conjugated IgG (at dilution
of 1:10000), for 1 h. Protein loading in each lane was
normalized by the actin content (measured using antibody
anti-actin, at 1:2000 dilution). The chemiluminescence
signal was detected using an ECL Western Blotting
Detection Kit from Amersham and captured using an
ImageQuant LAS400 (GE).

S100B Measurement

S100B was determined by ELISA, as previously described
[72]. Briefly, 50 pL of sample plus 50 pL of Tris buffer
were incubated for 2 h on a microtiter plate previously
coated with monoclonal anti-S100B antibody. Polyclonal
anti-S100 was incubated for 30 min and then peroxidase-
conjugated anti-rabbit IgG antibody was added for an
additional 30 min. The color reaction with OPD was
measured at 492 nm. The standard S100B curve ranged
from 0.002 to 1 ng/mL.

GFAP Measurement

ELISA for GFAP was performed as previously described
[73]. Briefly, microtiter plates were coated with 100 pL of
samples for 24 h at 4° C and then incubated with a poly-
clonal anti-GFAP from rabbit for 1 h, followed by incu-
bation with a secondary antibody conjugated with
peroxidase for 1 h at room temperature. A colorimetric
reaction with OPD was measured at 492 nm. The standard
human GFAP (from Calbiochem) curve ranged from 0.1 to
5 ng/mL.

Protein Determination

The protein content was measured by Lowry’s method
using bovine serum albumin (BSA) as a standard [74].

Statistical Analysis

Data normality (by Kolmogorov—Smirnov test) and statis-
tical analyses were performed using PRISM 5.0 (GraphPad
Software Inc., San Diego, CA, USA), assuming p < 0.05
as significant. Parametric data from the experiments are
presented as mean + standard error (S.E.M.) and were
statistically evaluated by Student’s t test. Non—parametric
data (CSF AGE and C-peptide) are presented as medians
and interquartile range and were statistically evaluated by
Mann—Whitney test.
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Abstract Diabetes mellitus (DM) is a metabolic disorder as-
sociated with micro- and macrovascular alterations that con-
tribute to the cognitive impairment observed in diabetic pa-
tients. Signs of breakdown of the blood—brain barrier (BBB)
and the blood—cerebrospinal fluid barrier (BCSFB) have been
found in patients and animal models of DM. Breakdown of
the BBB and BCSFB can lead to disruptions in cerebral ho-
meostasis and eventually neural dysfunction and degenera-
tion. However, our understanding of the biochemistry under-
lying barrier protein modifications is incomplete. Herein, we
evaluated changes in the levels of specific proteins in the BBB
(occludin, claudin-5, ZO-1, and aquaporin-4) and BCSFB
(claudin-2 and aquaporin-1) in the hippocampus of diabetic
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rats, and we also investigated the functional alterations in
these barriers. In addition, we evaluated the ability of
exendin-4 (EX-4), a glucagon-like peptide-1 agonist that can
cross the BBB to reverse the functional and biochemical mod-
ifications observed in these animals. We observed a decrease
in BBB proteins (except ZO-1) in diabetic rats, whereas the
EX-4 treatment recovered the occludin and aquaporin-4
levels. Similarly, we observed a decrease in BCSFB proteins
in diabetic rats, whereas EX-4 reversed such changes. EX-4
also reversed alterations in the permeability of the BBB and
BCSFB in diabetic rats. Additionally, altered cognitive param-
eters in diabetic rats were improved by EX-4. These data
further our understanding of the alterations in the central ner-
vous system caused by DM, particularly changes in the pro-
teins and permeability of the brain barriers, as well as cogni-
tive dysfunction. Furthermore, these data suggest a role for
EX-4 in therapeutic strategies for cognitive dysfunction in
DM.

Keywords Blood-brain barrier - Blood—cerebrospinal fluid
barrier - Cognitive impairment - Diabetes mellitus - GLP-1
agonist

Introduction

Diabetes mellitus (DM) is a systemic metabolic disorder that
leads to the development of micro- and macrovascular com-
plications and is associated with an increased risk of
mild cognitive impairment, dementia, and stroke [1].
Hyperglycemia is one of the main causes of endothelial dys-
function and a precursor of microvascular complications in
DM [2]. Disturbances in cerebral microvessels may contribute
to cognitive and functional deficits in specific brain regions,
such as the hippocampus [3]. It has been demonstrated that the
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development of cognitive deficits in adults with type 1 diabe-
tes mellitus (T1DM) is usually slow compared with healthy
individuals, except in subgroups of patients with microvascu-
lar complications who may present a more marked decline [4].
Supporting these data, TIDM has been associated with re-
duced cognitive functioning, particularly in the presence of
microangiopathy [5, 6]. However, despite evidence of vascu-
lar pathology in diabetic patients and experimental models,
the possibility that ruptures may occur in the blood—brain
barrier (BBB), and their association with cognitive impair-
ment, is still in debate [7, 8].

The central nervous system (CNS) is selectively imperme-
able to molecules circulating in the blood through the blood—
brain barrier (BBB) and the blood—cerebrospinal fluid barrier
(BCSFB), providing a stable microenvironment that is critical
for brain function [9]. The tight junctions (TJ) of the brain
barriers are formed by a transmembrane protein complex that
constitute physical barriers by regulating the passage of ions
and solutes through the paracellular slot [10]. Endothelial TJ
ofthe BBB include proteins such as zonula occludens protein-
1 (ZO-1), occludin, and claudin-5 [9]. Breakdown of the BBB
that accompanies several disorders, such as ischemia [11] and
epilepsy [12], exposes the brain to neurotoxins, plasma com-
ponents, immune molecules and cells that may cause dysfunc-
tion and neural degeneration [13]. Epithelial TJ of the BCSFB
contain the protein claudin-2. Moreover, several types of
aquaporins (AQPs), which are water channel proteins that
play a critical role in controlling the water content of cells,
have been studied in pathological brain conditions, including
edema, trauma, and dementia, and may be altered during neu-
roinflammation, which is frequently associated with changes
in BBB and BCSFB permeability [14, 15]. The primary AQPs
related to BBB and BCSFB disorders are aquaporin-4 (AQP4)
and aquaporin-1 (AQP1). AQP4 is specifically found in astro-
cytes, particularly in the endfeet surrounding the BBB endo-
thelium, whereas AQP1 is found in the choroid epithelium of
the BCSFB and plays an important role in cerebrospinal fluid
(CSF) formation [15].

Glucagon-like peptide-1 (GLP-1) receptor agonists stimu-
late insulin secretion from pancreatic 3-cells in a glucose-
dependent manner and are well-established drugs for treating
type 2 diabetes mellitus (T2DM) [16]. Moreover, some studies
have investigated the role of GLP-1 agonists in patients [17]
with TIDM and rodents [18] and have reported benefits in-
cluding increased proliferation of beta cells with a reduction in
apoptosis and improved glycemic control in patients [17, 19].

Exendin-4 (EX-4) is a long-acting analogue of GLP-1 that
can cross the BBB [20]. When it is administered peripherally,
it appears to have beneficial effects on cognitive functioning
in mice with chronic hyperglycemia associated-inflammation
[21]. GLP-1 mimetics show an impressive range of protective
effects in the CNS, and studies have shown positive effects on
neurogenesis, synaptogenesis, and cell repair, as well as
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reductions in the chronic inflammatory response and levels
of amyloid plaques [20]. These findings demonstrate that
GLP-1 agonists have effects beyond insulin homeostasis.

Our working hypothesis is that vascular alterations in DM
elapse with changes in BBB, as well as in BCSFB, and that
such alterations contribute to the cognitive impairment ob-
served in patients and experimental models. Because cogni-
tive decline in diabetes may be associated with alterations in
the hippocampus, a region related to learning and memory, we
evaluated specific BBB (occludin, claudin-5, ZO-1, and
AQP4) and BCSFB (claudin-2 and AQP1) proteins in the
hippocampus of STZ-diabetic rats, and we investigated the
functional changes in these barriers 30 and 60 days after
DM induction. In addition, we evaluated the ability of EX-4
to reverse the functional and biochemical changes observed in
these animals, as well as its possible protective role against
cognitive deficit.

Materials and Methods
Experimental Design and Animals

A total of 75 male Wistar Kyoto (WKY) rats (8 weeks old,
weighing 160-270 g) were obtained from our breeding colo-
ny. Rats were maintained under a 12-h light/12-h dark cycle at
a constant temperature of 22+1 °C and had free access to a
commercial chow and water. All animal experiments were
carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publications no. 80-23), and all procedures were previ-
ously approved by the local Animal Care Ethical Committee
(CEUA-UFRGS; project number 24076). All efforts were
made to minimize animal suffering and reduce the number
of animals used.

DM was induced in 45 WKY rats by intraperitoneal injec-
tion of streptozotocin (STZ) (75 mg/kg in citrate buffer with
an injection volume of 300 puL/kg body weight, pH 4.5).
Forty-one (41 of 45) rats became diabetic (as demonstrated
by glycemic parameters measured 48 h after STZ administra-
tion); 30 age-matched animals that received only vehicle (cit-
rate buffer) were used as controls. The animals were then
housed (3—4 per cage) for a period of 30 or 60 days. Body
weight and blood glucose levels were recorded every 2 weeks.
Glycemia was measured with an Accu-Chek® Active Kit
(Roche Diagnostics, Basilea, Switzerland), and the animals
were considered diabetic if their blood glucose levels were
more than 250 mg/dL.

Behavioral and other biochemical analyses were performed
30 (DM 30) and 60 (DM 60) days after DM induction and in
their respective controls. At 30 days, 10 DM rats and 10 con-
trol rats were submitted to cognitive evaluation, followed by
euthanasia and biochemical analysis. At 60 days, 30 DM rats

43



Mol Neurobiol

and 20 controls were submitted to cognitive evaluation. After
performing the cognitive task, rats in the DM 60 group were
randomly divided in three subgroups. One was euthanized for
biochemical analysis (n=10) and two other were assigned:
DM-vehicle (n=10) and DM-EX-4 (n=10). The DM-EX-4
animals received EX-4 10 pg/kg intraperitoneally once a day
for 28 days, whereas the DM-vehicle animals received an
equal volume of saline solution. Note that, at 30 days after
STZ, there were 10 DM and 10 control rats; at 60 days there
were 10 DM and 10 control rats for biochemical analysis, and
a total of 30 DM and 20 control rats for behavioral analysis;
finally, at 28 days after EX-4 treatment, 10 DM-EX-4 and 10
DM-vehicle rats were used for cognitive evaluation and bio-
chemical analysis. For biochemical analysis, half of the ani-
mals from each subgroup was used for Evan blue assay and
measurements of acid ascorbic and albumin. The other half
was used for Western blotting assays. The numbers of animals
used in each evaluated parameter are detailed in the figure
legends.

Material

STZ, Evans blue, mouse monoclonal anti-actin antibody, EX-
4, and Ponceau S were obtained from Sigma (St. Louis, MO,
USA). Rabbit polyclonal anti-AQP4 and anti-AQP1 antibod-
ies were purchased from Santa Cruz Biotechnology (Santa
Cruz, USA) and Millipore (Darmstadt, Germany), respective-
ly. Peroxidase-conjugated IgG antibodies and ECL Western
Blotting Detection Kit were obtained from Amersham
(Buckingamshire, UK). The antibodies mouse monoclonal
anti-claudin-5 and anti-occludin, mouse polyclonal anti-
claudin-2 and rabbit polyclonal anti-ZO-1 were purchased
from Invitrogen (Carlsbad, USA). The Ascorbate Assay Kit
was purchased from BioVision Research Products (Mountain
View, CA, USA). All other chemicals were purchased from
local commercial suppliers.

Glycated Hemoglobin Assay

Glycated hemoglobin was measured in whole blood using a
Glycated Hemoglobin Doles Kit Assay (Goiania, Goias,
Brazil) according to the manufacturer’s manual.

Cognitive Evaluation

The DM 30 and DM 60 groups underwent training in the
Morris water maze [22]. Following the task, the DM 60 group
was randomly divided into DM-vehicle or DM-EX-4 sub-
groups. After 28 days, rats in both subgroups repeated the
water maze task. The task apparatus consisted of a circular
pool filled with water that was placed in a room with spatial
cues. An escape platform was placed 1.5 cm below the water
surface in the middle of one of the quadrants and was

equidistant from the maze walls and the middle of the pool.
The escape platform was located in the same quadrant in every
trial. Four different starting positions were equally spaced
around the perimeter of the pool, and the positions were used
in a random sequence each training day. A trial began by
placing the animal in the water at one of the starting points.
If the animal failed to escape within 60 s, then it was gently
conducted to the platform, where it was allowed to stay for
20 s. The rats were trained for 5 days and were submitted to a
test session 24 h after the last training session. The submerged
platform was removed before the test session. The retention
test consisted of placing the animals in the water for 1 min.
The number of crossings over the original platform position
and the time spent in the target quadrant compared with the
opposite quadrant were measured.

Evans Blue Extravasation

BBB permeability was evaluated according to the distribution
in the rat brain of Evans blue dye administered at a dose of
2 mg/kg by an intracarotid injection [23]. Rats were anesthe-
tized using ketamine and xylazine (Syntec, Sao Paulo, Brazil)
administered at doses of 75 and 10 mg/kg, respectively. The
dye was injected through a P10 catheter via a small incision in
the right common carotid artery. After 5—10 min, the rats were
decapitated and the brain was dissected.

For quantification, the hemispheres were separated along
the sagittal suture. Both hemispheres were weighed and im-
mersed in formamide (1 mL/100 mg) at 60 °C for 24 h. The
content of the dye extracted from each brain was determined
with a spectrophotometer (at 620 nm). The quantitative calcu-
lation of the dye content was based on the external standards
dissolved in the same solvent [24].

Cerebrospinal Fluid and Serum Samples

Animals were anesthetized as described above and then posi-
tioned in a stereotaxic holder for collection of 100 pL
(approximately) of CSF from the cisterna magna. The punc-
ture was performed using an insulin 1 mL syringe and 31 G
needle (0.25 mm diameter, 6 mm length). Rats were then
removed from the stereotaxic apparatus and placed on a flat
surface, where approximately 3 mL of whole blood was ob-
tained through an intracardiac puncture using a 5-mL syringe
and 21 G needle (0.80 mm diameter, 25 mm length) inserted
into the intercostal space above the sternum. Serum was sep-
arated by centrifugation at 3000 g for 10 min. CSF and serum
samples were frozen (—80 °C) until further analysis [25].

Protein Determination

Protein levels were measured by Lowry’s method using bo-
vine serum albumin as a standard [26].
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Determination of CSF/Serum Albumin Ratio

Serum and CSF were collected as described above. The
CSF/serum albumin ratio was analyzed using the
bromocresol green assay kit from Doles (Goiania,
Brazil). The modified method included the mixture of
10 puL of serum or 50 uL of CSF sample with 2 mL or
500 pL of color reagent, respectively. The samples were
incubated for 10 min at 37 °C, and the absorbance of each
sample was measured at 546 nm against a reagent blank
using a spectrophotometer [27].

Determination of CSF/Serum Ascorbic Acid Ratio

Serum and CSF were collected as described above.
Ascorbic acid in the blood or CSF was measured with
the Ascorbic Acid Colorimetric Assay Kit II, BioVision
(Mountain View, CA, USA) according to the manufac-
turer’s instructions.

Western Blotting

Equal amounts (30 pg) of proteins from each sample were
boiled in sample buffer [0.0625 M Tris—HCI pH 6.8, 2 %
(w/v) SDS, 5 % (w/v) B-mercaptoethanol, 10 % (v/v) glycerol,
0.002 % (w/v) bromophenol blue] and electrophoresed on a
10 % (w/v) SDS-polyacrylamide gel. The separated proteins
were blotted onto a nitrocellulose membrane. Equal loading of
each sample was confirmed with Ponceau S staining [28].
After incubating for 1 h at room temperature with the primary
antibodies (anti-AQP4, anti-AQP1, anti-claudin-5, anti-
claudin-2, anti-occludin, or anti-ZO-1 at 1:5000 dilution),
the filters were washed and incubated with anti-rabbit or
anti-mouse peroxidase-conjugated immunoglobulin (IgG) (at
dilution of 1:10,000). The chemiluminescence signal was de-
tected using an ECL Western Blotting Detection Kit from
Amersham.

Statistical Analysis

The escape latency parameter in the Morris water maze task
was evaluated by two-way ANOVA with a repeated measures
analysis of variance followed by Tukey’s post hoc test using
PRISM 5.0 (GraphPad Software Inc., San Diego, CA, USA),
assuming p<0.05 as significant. Biochemical data from the
experiments are presented as the mean=standard error and
were statistically evaluated by Student’s t test, assuming
p<0.05 as significant. The peripheral parameters (in
Table 1) were analyzed by one-way ANOVA followed by
Tukey’s post hoc test.
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Results

Exendin-4 Did Not Alter the Peripheral Parameters
in Diabetic Rats

To validate our DM animal model in WKY rats, we measured
some peripheral parameters (Table 1) and observed that the
DM 60 group exhibited significantly lower body weight than
age-matched control rats (p<0.0001). We then analyzed the
glycemia and glycated hemoglobin concentrations in total
blood, and the DM 60 group showed an augment in these
factors compared with the control group (p<0.0001). After
28 days of EX-4 administration to the subgroup randomly
derived from DM 60 group, we still observed a body weight
reduction and an increase in glycemia and glycated hemoglo-
bin concentrations in the DM-EX-4 subgroup when compared
with the control group. Interestingly, the glycated hemoglobin
concentration increased in the DM-EX-4 subgroup compared
with the DM 60 group (p<0.0001) (Table 1).

Exendin-4 Improves Cognitive Deficits in Diabetic Rats

The Morris water maze was used to evaluate reference mem-
ory in the DM 30 and DM 60 groups. When the DM 30 group
and their respective control group were analyzed, both showed
significantly reduced escape latencies during the acquisition
phase; however, there were no differences between the groups
[treatment x days, F (4.76)=4.079, p=0.0048; days, F
(4.76)=24.56, p<0.0001; treatment, F (1.19)=0.3745,
p=0.5478]. In the test trial, controls and DM 30 did not show
any changes in the parameters analyzed, demonstrating that
these animals did not show cognitive deficits (p>0.05) (data
not shown).

The DM 60 group and its respective control group demon-
strated significant improvements in task performance in the
training sessions. Main effects of days [F (4.232)=93.18,
»<0.0001] and treatment [F (1,58)=15.12, p=0.0003] were
observed. No interactions between these factors were ob-
served [treatment X days, F (4,232)=1,393, p=0.2373;
Fig. 1a]. These effects can be attributed to the latencies during
the days of the training session (Fig. 1a), which decreased for
both groups as the animals showed improved times for finding
the platform. However, the entire control group showed a
better performance compared with DM 60. In the probe trial,
the DM 60 group showed a longer latency for finding the
original platform location compared with its control group
(Fig. 1c p<0.0001). Moreover, the number of crossings over
the platform location was significantly lower in the DM 60
compared with controls (Fig. le; p<0.0001).

On the test day, both the control and the DM 60 groups
demonstrated an increase in the time spent in the target quad-
rant compared with the opposite quadrant [Fig. 1g;
treatment X quadrant, F (1.116)=7.566, p =0.0069; quadrants,
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Table 1  Exendin-4 did not alter the peripheral parameters observed in
diabetic rats. Body weight, glycemia, and glycated hemoglobin were
evaluated in the DM 60 (n=30) and control (n=20) groups 60 days

after STZ induction. A randomly derived subgroup from DM 60 (n=7)
is showed at right column, that was treated for 28 days with EX-4

Control DM 60 DM-EX-4
Body weight (g) 273.9+9.9 180.9 + 110 208.9 + 8. ks
Glycemia (mg/dL) 92.4+10.8 531.7+37.6%%%* 546.6+ 18.0%*
Glycated hemoglobin (%) 3.5+0.1 4,640, 1% 55402 hunn

All values are expressed as the mean+S.E.M

*Significantly different from the control group, **** p<0.0001 # Significantly different from the DM 60 group, #### p <0.0001

F (1.116)=43.59, p<0.0001; treatment, F (1.116)=1.269,
p=0.2623)]. Moreover, the control group spent more time in
the target quadrant compared with the DM 60 group. The time
spent in the opposite quadrant did not differ between the
groups.

The DM 60 group was then randomly divided into two
subgroups, DM-EX-4 and DM-vehicle, which received EX-
4 or vehicle, respectively, for 28 days. After 28 days, the two
subgroups exhibited in the training sessions similar perfor-
mances and improved latencies for finding the platform during
the acquisition phase [Fig. 1b; treatment x days, F (4,
184)=3.530, p=0.0084; days, F (4.184)=27.82, p<0.0001;
treatment, F (1,46)=14.93, p=0.0003].

In the test trial, the DM-EX-4 subgroup demonstrated im-
provement in both latency and crossings (Fig. 1d p<0.0001;
Fig. 1f; p<0.0001). When the time spent in each quadrant was
analyzed, both DM-vehicle and DM-EX-4 subgroups spent
more time in the target quadrant than in the opposite quadrant.
Additionally, the DM-EX-4 remained in the target quadrant
for a longer duration than the DM-vehicle [Fig. 1h;
treatment X quadrant, F (1,91)=1416, p=0.2371; quadrants,
F (1,91)=14.48, p=0.0003; treatment, F (1,91)=3.443,
p=0.0668)]. Taken together, these results demonstrate a clear
effect of EX-4 treatment in recuperating cognitive decline.

Diabetic Rats Exhibited Disruption of the BBB That Was
Recovered by Exendin-4 Administration

The functional permeability of the BBB was evaluated in the
DM 30 and DM 60 groups and their respective controls using
Evans blue staining assay and the CSF/serum albumin ratio. A
significant increase in Evans blue staining was observed
(Fig. 2a, b) and quantified (Fig. 2e, p=0.0198) in the DM
60 group. Accordingly, an increase in the CSF/serum albumin
ratio was observed in the same group (Fig. 2g, p=0.0014). In
contrast with the DM-EX-4 subgroup, the DM-vehicle sub-
group exhibited a strong staining with Evans blue (Fig. 2c),
(Fig. 2d). The difference in Evans blue staining was quantified
(Fig. 21, p=0.0213) to characterize the recovery attributed to
EX-4. In addition, the CSF/serum ratio of albumin decreased
in DM-EX-4 rats (Fig. 2h, p=0.0015). Importantly, no change

was observed in the Evans blue staining assay (p=0.89) or in
the CSF/serum albumin ratio (»p=0.59) in the DM 30 group
(data not shown).

Diabetic Rats Exhibited Disruption of the BCSFB That
Was Recovered by Exendin-4 Administration

We measured the CSF/serum ratio of ascorbate to evaluate the
function of the BCSFB. No difference was observed in the
DM 30 group (data not shown). However, we observed a
decrease in CSF/serum ascorbate levels in the DM 60 group
(Fig. 3a; p=0.0016). BCSFB function was reevaluated after
EX-4 administration (or vehicle), which revealed the CSF/
serum ratio of ascorbate was augmented in the DM-EX-4
subgroup compared with the DM-vehicle subgroup (Fig. 3b;
p=0.0279).

Levels of Specific BBB Proteins Are Altered in Diabetic
Rats

To identify protein alterations related to the BBB in diabetic
rats, we measured the levels of occludin, claudin-5, ZO-1, and
AQP4 by Western blotting, using actin as a standard.
Decreases in the levels of occludin (Fig. 4a, p=0.0012),
claudin-5 (Fig. 4c, p=0.0185), and AQP4 (Fig. 4g,
p=0.0396) were observed in the DM 60 group. No change
was observed in the levels of ZO-1 protein (Fig. 4e,
p=0.0599). After treatment with EX-4 (or vehicle), the levels
of these proteins were reevaluated. Interestingly, occludin
(Fig. 4b, p=0.0427) and AQP4 (Fig. 4h, p=0.0458) increased
in the DM-EX-4 subgroup, suggesting a recovery. This effect
was not observed for the claudin-5 (Fig. 4d, p=0.0620). In
addition, EX-4 failed to induce any change in ZO-1 protein
levels (Fig. 4f, p=0.4361).

Levels of BCSFB Proteins Were Altered in Diabetic Rats
To identify alterations in BCSFB proteins in diabetic rats, we
measured the levels of claudin-2 and AQP1 with Western

blotting, using actin as a standard. We observed a decrease
in the levels of claudin-2 (Fig. 5a, p=0.0054) and AQPI
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Fig. 1 Exendin-4 improved cognitive deficits in diabetic rats. Rats were
tested in the Morris water maze at 60 days after induction of DM. The
DM 60 and control groups demonstrated improvements in task
performance in the training sessions (a). In the probe trials, the DM 60
group demonstrated increased latencies for finding the platform location
(c) and a decreased number of crossings over the platform location in
relation to the control group (e). The DM 60 group was randomly divided
into two subgroups, DM-vehicle or DM-EX-4, which received vehicle or
EX-4, respectively, for 28 days. In the training session, the two subgroups
demonstrated improved latencies for finding the platform location in the
acquisition phase (b). The DM-EX-4 subgroup showed improved escape
latencies (d) and a higher number of crossings over the platform location
(f) when compared with the DM-vehicle subgroup. Both groups (g) and
subgroups (h) showed an increase in the time spent in the target quadrant

(Fig. 5¢, p<0.0001) in the DM 60 group. After treatment with
EX-4 (or vehicle), the levels of these proteins were
reevaluated. The levels of both claudin-2 (Fig. 5b,
p=0.0153) and AQP1 (Fig. 5d, p=0.0055) increased in the
DM-EX-4 subgroup, possibly due to the functional recovery
of the BCSFB.
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compared with the opposite quadrant. However, the control group (g) and
the subgroup DM-EX-4 (h) spent more time in the target quadrant
compared with the DM 60 and DM-vehicle, respectively. Data are
expressed as the mean+ S.E.M. Differences in escape latencies during
the training sessions, and the time spent in quadrants were analyzed by
two-way ANOVA with a repeated-measures analysis of variance followed
by Tukey’s post hoc test, assuming p <0.05 as significant. Differences in
escape latencies and the number of crossings on the test day were
analyzed using an unpaired Student’s t test. *Significantly different
between the treatments. #Significantly different between the quadrants.
*or #p <0.05; **or ##p <0.01; ***or ###p <0.001 ****or
#ittp < 0.0001. Control (n=20), DM 60 (n=30), DM-vehicle (n=10)
and DM-EX-4 (n=10)

Discussion

Accumulating data suggest that cognitive impairment
occurs in diabetic patients and animal models, but the
brain pathophysiology of DM is poorly understood.
Advanced imaging techniques have shown
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Fig. 2 Diabetic rats demonstrated BBB disruption that was reversed by
EX-4 administration. Evans blue staining assay and the CSF/serum
albumin ratio were used to evaluate BBB permeability at 60 days after
DM induction. The DM 60 group (b) showed extravasation of Evans blue
dye, which was not observed in the control group (a). The DM-vehicle
subgroup (c) exhibited strong staining with Evans blue, but the DM-EX-4

microstructural abnormalities in the small vessels of
diabetic patients, and these alterations might underlie
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Fig. 3 Diabetic rats showed BCSFB disruption that was reversed by EX-
4 administration. To evaluate the function of the BCSFB, we measured
the CSF/serum ascorbate ratio in diabetic rats at 60 days after DM
induction. A decrease in CSF/serum ascorbate level was observed in the
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subgroup (d) demonstrated less permeation. The quantification of the
Evans blue dye confirmed the above results (e and f). The DM 60
group demonstrated an increased CSF/serum albumin ratio (g); a
decline in this ratio was observed in the DM-EX-4 subgroup (h) when
compared with the DM-vehicle subgroup. The results represent the mean
+S.EM., n=4, *p<0.05; **p<0.01 by unpaired Students t test

DM-associated cognitive dysfunction [4]. Moreover,
chronic exposure to hyperglycemia [29], vascular
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DM 60 group when compared with the control groups (a). The DM-EX-4
subgroup demonstrated increased ascorbate levels when compared with
the DM-vehicle subgroup (b). The results represent the mean+S.E.M.,
n=5, **p<0.01 by unpaired Students t test
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disorder [30], dysregulation of the insulin-signaling
pathway [31], and inflammatory mechanisms [32] are
associated with both DM cognitive impairment and
Alzheimer’s disease, suggesting that these pathologies
share some pathogenic aspects [29, 33, 34]. Vascular
pathology has been characterized in diabetic patients
and experimental models, but whether this leads to
BBB rupture is unclear [8]. Moreover, it is also
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unclear as to whether such ruptures cause brain func-
tional changes resulting in the type of cognitive or
psychiatric symptoms observed in diabetic patients
[35]. Our working hypothesis was that DM vascular
pathology commits the BBB and other brain barriers
(such as the BCSFB) structurally and functionally and
that these changes contribute to the cognitive impair-
ment observed in patients and experimental models.
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It is important to emphasize that the peripheral alterations
(hyperglycemia, body weight, and glycated hemoglobin)
found in our diabetic rats are in accordance with the literature
[36, 37] and validate our STZ-induced model of DM.

DM-induced CNS complications are multifactorial, and the
impairment in BBB functioning constitutes one of these alter-
ations. In fact, breakdown of the BBB is considered one of the
key steps in diabetic encephalopathy [37, 38]. The BBB is a
heterogeneous structure in which the vasculature in certain
brain regions is more vulnerable to neurovascular uncoupling
[3]; however, there is still controversy as to whether T1IDM
directly impairs the BBB. Bradburry et al. [39] and Dai et al.
[40] found BBB permeability was unaffected in the cerebral
cortex of STZ-induced diabetic rats (13—14 weeks of duration)
and in diabetic patients, respectively. On the other hand,
Hawkins et al. [38] and Mooradian et al. [41] found increased
barrier permeability in animal models of STZ-induced DM (of
different durations). We found an increase in the CSF/serum
albumin ratio and a strong Evans blue staining in diabetic rats
60 days after STZ administration, indicating BBB disruption.
Additionally, the decrease in the CSF/serum ascorbic acid
ratio suggests a disruption of the BCSFB.

We evaluated the levels of specific TJ proteins of the BBB
in the hippocampus and observed decreased levels of occludin
and claudin-5 in diabetic rats; however, the ZO-1 level was
not altered. A decrease in occludin has been described in two
other reports in diabetic rats [38, 42], as well as in cultures of
human brain microvascular endothelial cells (HBMEC)
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exposed to a high-glucose medium [43]. A decrease in
claudin-5 has also been described in diabetic rats [37, 44]
and in cultured HBMEC exposed to advanced glycation end
products (AGE) [45]. However, the ZO-1 level in diabetic rats
has been reported either as unaltered [42], as we found, or
reduced [37, 38].

Epithelial cells in the choroid plexus contain TJ, produce
CSF and are surrounded by fenestrated endothelial cells.
Ascorbic acid levels are 3—5 times higher in CSF than in
serum and are maintained by an active transport mechanism
in the BCSFB [46]. As such, we measured the CSF/serum
ascorbic acid ratio and found a decrease in the diabetic group.
In addition, a decrease in the claudin-2 level, a BCSFB-related
protein, was shown. Thus, to the best of our knowledge, we
demonstrated herein for the first time that the biochemical
integrity of the BCSFB is impaired in diabetic rats. The results
of the present study corroborate those of Egleton et al., who
observed an increase in *°Rb efflux in the choroid plexus of
STZ-induced diabetic rats [47].

The determination of the expression of AQPs is important
in several neural disorders and could contribute to an im-
proved understanding of the pathophysiological functions of
AQPs associated with brain barriers. AQP1 is highly
expressed in the choroid plexus and is involved in CSF pro-
duction, whereas AQP4 is highly expressed in the perivascular
processes of BBB astrocytes [15].

We observed a decrease in the AQP4 and AQP1 levels in the
diabetic rat hippocampus. Our data demonstrating a decrease in
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hippocampal AQP4 are in accordance with another indepen-
dent and recent study that used the STZ model of DM in Wistar
rats [48]. In that study, no alteration in AQP4 was found in the
striatum, suggesting that DM-induced CNS insult is dependent
on the brain region. In agreement with our results, Koves and
collaborators [49] showed a decrease in AQP4 mRNA in neu-
roblastoma cell lines exposed to a hyperosmolar medium. In
contrast, Deng et al. [50] observed an up-regulation of AQP4
protein after hypoglycemia-induced brain edema in rat cortical
tissue. This is relevant because hypoglycemic episodes are
common in diabetic patients.

The renal levels of AQP1 and AQP4 (but not other AQPs)
appear to be unchanged in diabetic rats [51]. To the best of our
knowledge, brain AQP1 has not yet been investigated in dia-
betic rats. The decrease in AQP1 that we observed could re-
flect alterations in the BCSFB. However, this protein is pos-
sibly involved in other brain functions, including cell plastic-
ity (e.g., [52]), even as AQP4 [53, 54]). Although the precise
contributions of brain AQP1 and AQP4 are not yet fully un-
derstood, they likely play roles in neuroprotection, and a re-
duction in their levels could be related to DM-induced CNS
complications.

The standard therapeutic strategies available for DM
may be insufficient to prevent cognitive decline and psy-
chiatric comorbidities. Therefore, further research should
attempt to explore novel therapeutic strategies to prevent
or reduce the development of cognitive impairment or
dementia in diabetic individuals [55]. Some proposed
neuroprotective agents such as angiotensin receptor inhib-
itors [56], statins [41], and resveratrol [57] appear to im-
prove BBB integrity. Our results show that EX-4, a GLP-
1 agonist, could reverse cognitive impairment in diabetic
rats, as well as reverse functional changes in the perme-
ability of the brain barriers and restore levels of BBB and
BCSFB proteins. The mechanisms mediating the effects
of chronic hyperglycemia and elevated AGE levels on the
brain barriers and their structural-functional correlations
remain unknown. These mechanisms could be associated
with the inflammatory response induced by high glucose
[21] and AGE [58] levels, regulating the turnover of TJ
proteins and AQPs, although other regulatory mechanisms
(e.g., protein phosphorylation) could be involved [59, 60].

The BBB and BCSFB alterations induced in the STZ mod-
el of DM were reversed by EX-4. GLP-1 agonists have a
variety of pancreatic effects and can improve glycemic control
independently of their effects on the beta cells [19].
Additionally, extra-pancreatic effects have been reported in
the literature [61]. Recently, GLP-1 mimetics have been asso-
ciated with neurotrophic [62] and neuroprotective actions
[20]. Considering that EX-4 treatment decreased inflammato-
ry factors, such as interleukin-1 beta [21], this protein could
modify the protein kinase A pathway, which regulates TJ pro-
tein phosphorylation, and consequently, the BBB and
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BCSFB. However, further studies are needed to determine
the mechanism by which EX-4 reverses the breakdown in
TJ and cognitive impairment.

Our results clearly show that biochemical and function-
al alterations in the BBB and BCSFB in the hippocampus,
as well as cognitive impairment, are dependent on time.
At 30 days after STZ exposure, it was possible to observe
metabolic signals of DM, such as body weight reduction
and an increase in glycemia (data not shown), but no
functional alterations in the BBB or BCSFB, or decreased
cognitive functioning, were observed. Alterations in both
brain barriers and cognitive functioning were observed
only at 60 days after STZ administration. Moreover, EX-
4 treatment of diabetic animals reversed the functional
rupture of these barriers and cognitive decline. These re-
sults contribute to the current debate about diabetic en-
cephalopathy, increasing our understanding of the role of
brain barriers in cognitive decline in DM and indicating
the importance of these barriers and barrier proteins as
biomarkers and therapeutic targets in the clinical practice.

Despite of these advances, the present study has some lim-
itations. Firstly, although our study only focused on changes
in BBB, BCSFB, and TJ proteins during STZ-induced DM,
this disorder induces other brain abnormalities that can com-
promise cognitive functions [4, 63]. Therefore, it is currently
not possible to affirm an exclusive and direct correlation be-
tween alterations in brain barriers and cognitive impairment.
Secondly, we quantified TJ proteins only in the hippocampus
because of the relationship between this brain region and cog-
nitive tasks, as evaluated by the Morris water maze in the
present study. However, TJ proteins should be quantified in
the whole brain, and especially in the choroid plexus, in fur-
ther studies to obtain a better understanding of BCSFB alter-
ations in diabetic rats.

In summary, this study demonstrates that STZ-induced DM
leads to increased BBB and BCSFB permeability, and these
alterations are associated with decreases in TJ proteins. Our
results corroborate previous data regarding BBB alterations in
DM and also extend our understanding of both the functional
and biochemical alterations in the BCSFB (claudin-2 and
AQP1). A clear effect of DM on AQP4 and AQP1 was ob-
served in this model. The functions of these proteins go be-
yond their roles in water flux (see [54] for a review), reinforc-
ing the impact of this metabolic disorder on the CNS. In ad-
dition, this study demonstrated a neuroprotective effect of EX-
4 on reversing functional and structural alterations in brain
barriers, as well as cognitive impairments. These data further
our knowledge regarding CNS alterations in DM, particularly
changes in the proteins (TJ and aquaporins) and permeability
of brain barriers, as well as cognitive dysfunction, and they
suggest a role for EX-4 in therapeutic strategies in the clinical
practice for treating cognitive dysfunction associated with
DM.
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Abstract

Diabetes mellitus (DM) is a metabolic disorder that results in glucotoxicity and
cognitive impairment both, associated with several adverse effects in the brain.
Exendin-4 (EX-4), an analogue of glucagon-like peptide-1 (GLP-1), appears to have
beneficial effects on cognitive functioning in mice with chronic hyperglycemia.
Herein, we investigate the ability of EX-4 to reverse changes in the glutamatergic
transmission observed in a model of DM STZ-induced, looking particularly at
glutamate uptake and GIluN1 subunit content of N-methyl-D-aspartate (NMDA)
receptor. Additionally, we evaluated peripheral metabolic parameters, as well as the
content of AGEs in cerebrospinal fluid (CSF) and serum, and RAGE in the brain
tissue. We found a decrease in glutamate uptake and GluN1 content in hippocampus
of diabetic rats and EX-4 was able to reverse these parameters, but had no effect in
the others evaluated parameters (glycemia, C-peptide, AGEs levels, RAGE and
glyoxalase 1). The reversal in the glutamatergic neurotransmission may result from
an improvement in brain inflammatory condition in hyperglycemic situations or a
direct effect on the functioning of neurons and astrocytes. Both situations could
reverse the glutamate uptake by astrocytes, avoiding the excitotoxicity and restore the
GluN1 content. However, more studies are necessary to clarify the EX-4 mechanism

in our diabetic rats.

Keywords: Exendin-4; Glutamate uptake; Glutamatergic neurotransmission
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1. Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized primarily by
chronic hyperglycemia that results in glucotoxicity, including the AGEs formation,
which is among the causes of DM complications. AGEs are a diverse group of
compounds that are generated by non-enzymatic glycation or glycoxidation of
proteins, lipids or nucleic acids through of a series of reactions (Vlassara and
Uribarri, 2014). The main precursor of AGEs is the methylglyoxal and, in normal
situations, the cells are protected from the toxicity of this compound by the
glyoxalase system, a detoxification pathway formed by the enzymes glyoxalase 1
(GLO 1) and glyoxalase 2 (GLO 2) (Allaman et al., 2015), which catalyzes the
conversion of methylglyoxal to D-lactate (Rabbani and Thornalley, 2011). DM is
associated with several adverse effects in the brain, including increases in oxidative
stress and inflammation, possibly mediated by AGEs and their receptor, RAGE
(Amin et al., 2013).

Glutamate is the major excitatory neurotransmitter and in order to maintain the
brain homeostasis and avoid the excitotoxicity, glutamate should be removed quickly
from the synaptic cleft by specific astrocytes transporters (Kim et al., 2011).
Extracellular glutamate accumulation leads to neurotoxicity, mediated by the
glutamate receptors, such as N-methyl-D-aspartate (NMDA). The glutamate receptors
play a key role in neuroplasticity, neural development and differentiation. Moreover,
changes in NMDA receptors are related to impairment in cognitive tasks such as
memory and learning (Lin et al., 2014).

Exendin-4 (EX-4) is an analogue of glucagon-like peptide-1 (GLP-1), which are
well-established drugs for treating type 2 diabetes mellitus (T2DM). Some studies

have investigated the role of GLP-1 agonists in type 1 diabetes mellitus (T1DM).
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They reported benefits including improved glycemic control, increased in
proliferation and reduction in apoptosis of beta cells (Pettus et al., 2013).
Additionally, when administered peripherally, EX-4 appears to have beneficial
effects on cognitive functioning in mice with chronic hyperglycemia associated-
inflammation (Huang et al., 2012).

Herein, we investigated the ability of EX-4 to reverse changes in the glutamatergic
transmission observed in a model of DM STZ-induced, looking particularly at
glutamate uptake and NMDA content. Additionally, we evaluated peripheral
metabolic parameters, as well as the content of AGEs in cerebrospinal fluid (CSF)

and serum, and RAGE in the brain tissue.

2. Materials and Methods

2.1 Experimental Animals

A total of forty-five male Wistar Kyoto (WKY) rats (8 weeks old, weighing
160-270 g) were obtained from our breeding colony. Rats were maintained under a
12 h light/12 h dark cycle at a constant temperature of 22 + 1 °C and had free access
to a commercial chow and water. All animal experiments were carried out in
accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications no. 80-23), and all procedures were
previously approved by the local Animal Care Ethical Committee (CEUA-UFRGS;
project number 24076). All efforts were made to minimize animal suffering and
reduce the number of animals used.

DM was induced in thirty-three WKY rats by intraperitoneal injection of
streptozotocin (STZ) (75 mg/kg in citrate buffer with an injection volume of 300

uL/kg body weight, pH 4.5). Thirty (30 of 33) rats became diabetic (as demonstrated
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by glycemic parameters measured 48 h after STZ administration); ten age-matched
animals that received only vehicle (citrate buffer) were used as controls. The animals
were then housed (3—4 per cage) for a period of 60 days. Body weight and blood
glucose levels were recorded every two weeks. Glycemia was measured with an
Accu-Chek® Active Kit (Roche Diagnostics, Basilea, Switzerland), and the animals
were considered diabetic if their blood glucose levels were more than 250 mg/dL.
Biochemical analyses were performed 60 days after DM induction and in their
respective controls. After 60 days of DM induction, the DM rats were randomly
divided in three subgroups. One was euthanized for biochemical analysis (n = 10)
together with controls (n=10), and two other were assigned: DM-vehicle (n = 10) and
DM-EX-4 (n = 10). The DM-EX-4 animals received EX-4 10 pg/kg intraperitoneally
once a day for 28 days, whereas the DM-vehicle animals received an equal volume of

saline solution.

2.2. Material

STZ; mouse monoclonal anti-actin antibody (1A4 clone); Ponceau S; L-
glutamate and o-phenylenediamine (OPD) were purchased from Sigma (St. Louis,
MO, USA). Goat polyclonal anti-RAGE was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal anti-GluN1 (R1JHL

clone) was obtained from Millipore (Darmstadt, Germany). The peroxidase-

conjugated immunoglobulin (IgG) antibodies and L-[2,3-3H] glutamate were
obtained from Amersham (Buckingamshire, UK). Anti-AGE antibody (6D12) was
purchased from Cosmo Bio (Esposito et al., 2014). All other chemicals were

purchased from local commercial suppliers
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2.3. Cerebrospinal fluid and serum samples

Animals were anesthetized as described above and then positioned in a
stereotaxic holder for collection of 100 uL (approximately) of CSF from the cisterna
magna. The puncture was performed using an insulin 1 mL syringe and 31 G needle
(0.25 mm diameter, 6 mm length). Rats were then removed from the stereotaxic
apparatus and placed on a flat surface, where approximately 3 mL of whole blood
was obtained through an intracardiac puncture using a 5 mL syringe and 21 G needle
(0.80 mm diameter, 25 mm length) inserted into the intercostal space above the
sternum. Serum was separated by centrifugation at 3000 g for 10 min. CSF and serum

samples were frozen (-80 ° C) until further analysis (Netto et al., 2006).

2.4. C-peptide Assay

Proinsulin C-peptide was assessed using a Rat/Mouse C-Peptide 2 ELISA kit
(Millipore, Darmstadt, Germany) according to the manufacturer’s recommendations.
Briefly, serum was added to a 96-well flat-bottom plate and incubated with a mixture
of capture and detection antibodies, at 1:1, for 2 hours at room temperature.
Subsequently, the plate was incubated with streptavidin-horseradish peroxidase for 30
min at room temperature. The color reaction produced with tetramethylbenzidine
(TMB) was then quantified in a plate reader at 450 and 590 nm. The standard C-

peptide curve ranged from 0 to 1600 pM.

2.5. AGE measurement

AGEs were measured in serum and CSF by ELISA, as previously described

by (Ikeda et al., 1996) with some modifications. Briefly, the wells of a microtiter



plate were coated overnight with 0.1 pg protein in 0.1 mL of 50 mM carbonate
bicarbonate buffer (pH 9.6). The wells were washed with washing buffer (PBS
containing 0.05 % Tween 20) and then incubated for 3 h with 2 % albumin.
Subsequently, wells were washed again and incubated with 100 pL of anti-AGE
(6D12) for 1 h. After washes, wells were incubated with 100 pL of peroxidase-
conjugated secondary antibody for 1 h. The reactivity of peroxidase was determined
by incubation with OPD for 30 min. The reaction was stopped by the addition of 50
uL sulfuric acid (3M). Absorbance measurements were taken at 492 nm. Results were

calculated and expressed as a percentage of the control.

2.6. Preparation for Glyoxalase Activity Assays

Hippocampal slices were lysed and homogenized in sodium phosphate buffer,
pH 7.4. Subsequently, slices were centrifuged at 13,000 rpm for 15 min at 4°C and
the supernatant was used for enzymatic activity and protein content measurements

(Hansen et al., 2012).

2.7. Glyoxalase 1 Activity Assay

GLO 1 activity was assayed according to (Mannervik et al., 1981) with some
modifications. The assay was carried out in 96-well microplates using a microplate
spectrophotometer (UV Star - Greiner). The reaction mixture (200 pL/well) contained
50 mM sodium-phosphate buffer pH 7.2, 2 mM methylglyoxal (MG) and 1 mM GSH
(pre-incubated for 30 min at room temp). Protein from the sample (10— 20 pg per
well) was added to the buffer. The formation of S-(D)-lactoylglutathione was linear

and monitored at 240 nm for 15 min at 30°C. A unit of GLO 1 activity is defined as
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the amount of enzyme that catalyzes the formation of 1 pmol of S-(D)-
lactoylglutathione per minute. Specific activity was calculated in milliunits per

milligram of protein (mU/mg protein).

2.8. Glutamate Uptake Assay

Glutamate uptake was performed as previously described (Nardin et al.,
2009). The hippocampal slices were incubated in a Hank’s balanced salt solution

(HBSS), in pH 7.4. The assay was started by the addition of 0.1 mM L-glutamate and

0.66 uCi/ml L—[2,3—3H] glutamate. Incubation was stopped after 5 min by removal of
the medium and rinsing the slices twice with ice-cold HBSS. Slices were then lysed
in a solution containing 0.1 M NaOH and 0.01% SDS. Sodium-independent uptake
was determined using N-methyl-D-glucamine instead of sodium chloride. Sodium-
dependent glutamate uptake was obtained by subtracting the non-specific uptake from
the specific uptake. Radioactivity was measured with a scintillation counter. Results
were calculated as nmol/mg protein/min and were expressed as percentage of the

control.

2.9. Western Blotting

Equal amounts (30 pg) of proteins from each sample were boiled in sample
buffer [0.0625 M Tris—HCI pH 6.8, 2% (w/v) SDS, 5% (w/v) B-mercaptoethanol,
10% (v/v) glycerol, 0.002% (w/v) bromophenol blue] and electrophoresed on a 10%
(w/v) SDS-polyacrylamide gel. The separated proteins were blotted onto a
nitrocellulose membrane. Equal loading of each sample was confirmed with Ponceau
S staining (Zanotto et al., 2013). After incubating for 1 h at room temperature with
the primary antibodies (anti-GluN1 or anti-RAGE at 1:5000 dilution), the filters were

washed and incubated with anti-mouse or anti-goat peroxidase-conjugated
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immunoglobulin (IgG) (at dilution of 1:10000). The chemiluminescence signal was

detected using an ECL Western Blotting Detection Kit from Amersham.

2.10. Protein Determination

Protein levels were measured by Lowry’s method using bovine serum albumin as a

standard (Lowry et al., 1951).

2.11. Statistical Analysis

Data normality (by Kolmogorov-Smirnov test) and statistical analysis were
performed using PRISM 5.0 (GraphPad Software Inc., San Diego, CA, USA),
assuming p < 0.05 as significant. Parametric data from the experiments are presented
as mean =+ standard error (S.E.M.) and were statistically evaluated by Student’s t test.
Non—parametric data (CSF AGE and C-peptide) are presented as median and

interquartile range and were statistically evaluates by Mann-Whitney test.

3. Results

3.1. Glutamatergic neurotransmission is reverses by EX-4 in diabetic rats

Assuming the key role of astrocytes in connecting the energy metabolism to
glutamatergic transmission, we investigated the glutamate transport in hippocampal
slices in diabetic rats. We found a reduction in glutamate uptake (p=0.0054) and in
the GluN1 subunit of the receptor NMDA (p=0.0308) in hippocampus of diabetic rats

compared with controls rats. Glutamatergic metabolism was reevaluated after EX-4
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administration (or vehicle), and revealed a reversal in glutamate uptake (p=0.0005)
and also in the GluN1 (p=0.008) impaired by DM.

Conversely, the protein levels of the main astrocytes glutamate transporters, GLT-
1 and GLAST, did not differ between control and DM group, and between DM-

vehicle and DM-EX-4 subgroups (data not shown).

3.2. AGEs and RAGE are altered in diabetic rats

To assess glucotoxicity, we determined AGEs content in the serum and CSF of
diabetic rats. An increase in AGE levels was observed in serum (p = 0.0022) and CSF
(p = 0.0057) of the DM group compared with control group. Moreover, a potential
receptor for AGEs was measured in hippocampal tissue, and RAGE levels were
augmented in DM rats, compared with control rats (p = 0.0369). We measured the
levels of the enzyme GLO 1 in hippocampus to evaluate the function of the
glyoxalase system. Increase in GLO 1 levels were observed in DM group compared
with control group (p=0.03).

After 28 days of EX-4 administration to the arbitrarily assigned DM group,
intriguingly, we observed an increase in AGE serum concentrations in the DM-EX-4
subgroup compared with the DM-vehicle subgroup (p=0.003). The AGE
concentrations in CSF (p=0.48) and RAGE levels in hippocampus (p=0.31) did not
differ between DM-vehicle and DM-EX-4 subgroups. Accordingly, the GLO 1 levels
did not differ between the subgroups (p=0.66) (Table 1).

Surprisingly, the glucose uptake activity did not differ in groups and subgroups
analyzed, but the amount of glucose transporter GLUT-1 was increased in DM group
compared with age-matched controls. The GLUT-1 content did not differ between

DM-vehicle and DM-EX-4 subgroups (data not shown).
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3.3. EX-4 do not recovered the peripheral metabolic parameters observed in

diabetes model

We measured some peripheral parameters and observed that the rats from DM
group exhibited higher glycemia than age-matched control rats (p < 0.0001). The C-
peptide was significantly lower in DM group than control group (p = 0.002). After 28
days of EX-4 administration to the randomly assigned DM group, the glycemia did
not differ between DM-vehicle and DM-EX-4 subgroups (p=0.13). Confirming
insulin deficiency, the DM-vehicle and DM-EX-4 subgroups presented very low

levels of serum C-peptide (Table 1).

4. Discussion

Assuming that the reversal of the cognitive dysfunction by EX-4 observed in
STZ-induced diabetic rats in previous work of our group (Zanotto et al, in press)
could not be attributed entirely to biochemical and functional alterations in brain
barriers, we evaluated the neuroprotective role of EX-4 on changes in glutamatergic
transmission.

When assessing the glutamatergic transmission, we found a decrease in glutamate
uptake and GluN1 content in hippocampus of diabetic rats. The EX-4 was able to
reverse the glutamatergic system, but had no effect in the others evaluated parameters
(see table 1). The high glucose levels found in DM lead to glucotoxicity by glycation
of biomolecules and formation of different AGEs. The exposure to these compounds
could cause changes in glutamatergic activity of both ways, RAGE dependent manner

in which the AGE/RAGE pathway activation (Barlovic et al., 2011) cause an
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inflammatory response with the release of pro-inflammatory cytokines (IL-1f, TNF-
a) (Barlovic et al., 2011) and thus, a reduction of the glutamate uptake (Tilleux and
Hermans, 2007) and/or a RAGE independent manner (Hansen et al., 2015). Despite
this decrease in glutamate uptake, we found no changes in the glutamate transporters
levels present in astrocytes, GLT-1 and GLAST. Regardless of the mechanism,
decreased glutamate uptake result in extracellular high levels of glutamate and
subsequently excitotoxicity. Accordingly, the GluN1 subunit of the NMDA receptor,
which is negatively regulated by chronic excitotoxicity (Gascon et al., 2005) was
decreased in our diabetic rats. Togheter, excitotoxicity and alterations in the
glutamate receptors expression could cause glutamatergic transmission dysfunction
and, finally, cognitive deficit in DM (Gardoni et al., 2002).

The peripheral parameters evaluated in the present study, blood glucose and C-
peptide, are according to the literature (Burvin et al., 1994; Goyal et al., 2015) and
validate the model of STZ-induced DM. It is well established that the chronic
hyperglycemia found in DM is directly related to the formation and accumulation of
AGEs in both, serum and tissues (Ott et al., 2014). Accordingly, we found an
augment of AGEs levels in the serum and in CSF of diabetic rats as well as, elevated
hippocampal levels of the RAGE receptor and GLO-1, the key enzyme that detoxifies
the methylglyoxal. Probably, the elevated levels of the enzyme GLO-1 observed in
ours diabetic rats is a compensatory mechanism in an attempt to detoxify the CNS
from the AGEs accumulation (Allaman et al., 2015).

Therapeutic standards strategies used in DM, such as the administration of
insulin in insulin-dependent patients, appear to be insufficient to prevent or reduce
CNS damage observed in long-term diabetic patients (McCall and Farhy, 2013). We

observed a reversal in glutamatergic transmission in EX-4-treated rats, however, EX-
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4 was not able to recover the others altered parameters observed in our DM animal
model.

The reports in literature indicate a recovery of blood glucose in diabetic type 1
patients with detectable levels of C-peptide, which enable us to claim that these
patients have a residual function of pancreatic beta cells (Ghazi et al., 2014). Our
diabetic animals had no detectable C-peptide levels, so probably this was the reason
for the EX-4 not has been capable to recover blood glucose and consequently AGEs
formation.

It has been shown that EX-4 is able to improve inflammatory mediators such as
IL-1p and NF-kB in hyperglycemic situations (Huang et al., 2012). In addition, GLP-
1 agonists may be acting directly on neurons and astrocytes, improving their
functioning (Long-Smith et al., 2013). Both situations could reverse the glutamate
uptake by astrocytes, avoiding the excitotoxicity and restore the NMDA receptor
content. However, more studies are necessary to clarify the EX-4 mechanism in our

diabetic rats.

5. Conclusion

To conclude, our results indicate the potential role of EX-4, a GLP-1 agonist, to
reverse the glutamatergic transmission, particularly glutamate uptake and GluN1
content, in diabetic rats. However, the EX-4 was not able to recover the glycemia and
AGEs formation in STZ-induced diabetes. These results suggest that EX-4 could be
an adjuvant treatment in brain damage related to excitotoxicity in type 1 DM. Future
investigations are needed to clarify by which the EX-4 is acting to improve the

glutamatergic transmission in DM.
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Figure Caption

Figure 1. Glutamatergic neurotransmission is recovered by EX-4 in diabetic rats
Glutamate uptake in hippocampal slices were evaluated in DM and control groups
(A). After EX-4 or vehicle administration the measure were reevaluated (B). Western
blotting were assessed to verified alterations in GluN1 protein levels in DM group
and their age-matched controls (C). ). After EX-4 or vehicle administration the
measure were reevaluated (D). Representative Western blots for each protein are
presented above each respective graph. The results are normalized to actin and
represent the means = S.E.M., expressed as arbitrary units, n = 8-10, * p < 0.05, ** p
< 0.01, *** p<0.001 significantly different from control, as determined by unpaired

Student’s t test.
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Table 1. EX-4 do not recovered the peripheral metabolic parameters and
AGE/RAGE altered in diabetes model Glycemia, C-peptide, AGEs in serum and
CSF, RAGE content in hippocampus, and GLO 1 were evaluated in the DM and age-
matched control rats. Rats of DM group that were not used for biochemical analyzes
were randomly assigned to the DM-vehicle or DM-EX-4 subgroup and the measures
were reevaluated. All values are expressed as the mean + S.E.M. n=8-10. *
Significantly different from the control group, * p < 0.05, ** p <0.01, *** p<0.001,

FHdx p <0.0001
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Table 1:

Control DM DM-vehicle DM-EX-4
Glycemia (mg/dL) 943+49 477.4 +34.0%*F% L 439.5+24.5 497.4 +£26.71
Peripheric Parameters | C-peptide (pM) 154 (123-180) 0 (0-1.5)%** 0(0-1.5) 0 (0-1.5)
AGEs serum (%) 100.0+3.3 140.8 +£ 9.3* 100.0 4.0 120.0 £ 4.2%%*
AGEs CSF (%) 96.2 (96-101) |131.6 (126-152)** 100.0 £7.6 89.48 £ 11.22
Central Parameters RAGE (%) 100.0 £ 18.0 151.8 £ 8.5% 100.0 £13.5 124.3 + 18.87
GLO 1(%) 100.0 £ 10.1 131.8 £9.9*% 100.0 £ 7.6 952429
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PARTE III
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DISCUSSAO

O DM ¢ uma doenga cronica caracterizada principalmente por hiperglicemia e
alteragdes na homeostase celular, o que pode provocar danos vasculares e disfungdes
em diversos tecidos biologicos. A longo prazo, pacientes diabéticos frequentemente
apresentam alteracdes macro e microvasculares (Chilelli et al., 2013).

O DM ¢ responsavel por danos no SNC e, devido a isso, modelos animais tém
contribuido imensamente para a compreensdo das alteragdes bioquimicas e
funcionais, incluindo alteragdes neuroquimicas particularmente relacionadas com o
comprometimento cognitivo e, at¢ mesmo, deméncia (Flood et al., 1990; Duarte et
al.; 2009; Duarte et al., 2012; Wang et al., 2015b). Corroborando com esses achados,
esta tese teve por objetivo investigar alteragdes no SNC, particularmente relacionadas
as fungdes astrocitarias e, posteriormente, das barreiras encefalicas em modelo animal
de DM induzido por STZ tendo como base as alteragcdes periféricas, bem como
analisar o efeito da EX-4, um agonista dos receptores de GLP-1, em reverter os
parametros avaliados.

Assim, os resultados desta tese foram divididos em trés capitulos. No primeiro
deles avaliamos determinados parametros periféricos confirmando a inducao de DM
no modelo induzido por STZ. Investigamos também o acumulo de AGEs e alteracdes
nas funcdes astrocitarias. No segundo capitulo verificamos o prejuizo cognitivo nos
animais diabéticos e alteragdes nas barreiras encefalicas. Neste capitulo também
verificamos a capacidade da EX-4 em reverter os danos encontrados. No terceiro e
ultimo capitulo avaliamos se a EX-4 foi capaz de reverter o prejuizo no metabolismo
de glutamato e os parametros periféricos incluindo a formacdo de AGEs observado

nos animais diabéticos.
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Em nosso estudo utilizamos modelo animal induzido por injecdo
intraperitoneal de STZ, uma droga alquilante antineoplédsica que destroi as células
beta pancreaticas, mimetizando o DM tipo 1 (Aggarwal, et al., 2014). Este modelo ¢
bem estabelecido na literatura para estudar o DM. Alteragdes em parametros
periféricos, como diminui¢do do peso corporal, aumento da glicemia e da HblAc, e
uma reduc¢do bastante acentuada do peptideo C, sugerindo uma destrui¢do quase total
das células beta pancreaticas que obtivemos em nosso trabalho, confirmam que o
modelo animal estabelecido mimetiza as principais caracteristicas do DM e torna-se
adequado para avaliarmos as alteragdes comportamentais e bioquimicas decorrentes
do DM (VanGilder et al., 2009; Aggarwal et al., 2014).

A hiperglicemia estd associada com o aumento da formagdo e aciimulo de
AGEs (Singh et al., 2014; Ott et al., 2014). Em conformidade com esta afirmacao,
observamos elevados niveis de AGEs no soro e no LCR de animais diabéticos. Além
disso, quando avaliamos o sistema glioxalase, um aumento na atividade da enzima
GLO 1 no hipocampo foi determinado, o que poderia ser um mecanismo
compensatorio do sistema de detoxificagdo contra o acimulo de AGEs (Allaman et
al., 2015). No entanto, este aumento na GLO 1 ndo foi suficiente para combater os
elevados indices de AGEs nos animais diabéticos.

Os AGEs ativam receptores multi-ligantes associados a resposta inflamatoria,
os RAGEs (Chen et al., 2015). Estudos sugerem que a formacdo de AGEs e a
ativacdo de RAGE poderia ser um dos mecanismos patogénicos interconectados mais
importantes envolvido nas complicagdes microvasculares do DM (Chilelli et al.,
2013). Além disso, sabe-se que os principais mecanismos envolvidos no dano
tecidual causado por AGEs sdo a glicacdo intracelular, a formagdo de ligacdes

cruzadas e a interacdo com RAGE (Chilelli et al., 2013; Chawla et al., 2014).
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De acordo, em nosso trabalho verificamos um aumento no conteido de RAGE
no hipocampo de animais diabéticos. Sabe-se que a ativacdo da via de sinalizacdo
AGE-RAGE esta envolvida na resposta inflamatéria mediada pelo NF-kB e produgao
de citocinas pro-inflamatodria, e esta reagdo poderia estar mediando danos no SNC de
animais diabéticos (Ahmed, 2005). Nesse sentido, ja foi demonstrado o aumento de
mediadores inflamatorios no DM, como o aumento do receptor do tipo roll 4 (TLR4),
das ciclooxigenases 1 ¢ 2 (COX-1 e COX-2, respectivamente), da glicoproteina
expressa na membrana dos linfécitos T (CD45) e da enzima 6xido nitrico sintase
induzivel (iNOS), além do NF-kB e interleucina 1 beta (IL-1p) (Huang et al., 2012).
A interacdo de AGE com o receptor RAGE também pode induzir inflamagdo
vascular, aumentando a regulacio de moléculas de adesdo endoteliais, como a
molécula de adesdo da célula vascular 1 (VCAM-1) (Piga et al., 2007).

O actimulo intracelular de AGEs altera fatores citoplasmaticos e nucleares,
incluindo proteinas envolvidas na transcricdo génica e altera vias envolvidas na
sinalizacdo celular em tecidos encefalicos, o que acarreta prejuizos cognitivos
(Pugliese, 2008). Em vista disso, os AGEs e a ativagdo de RAGE desempenham um
papel importante tanto na patogénese de complicagdes vasculares relacionadas ao
DM, como em desordens neurodegenerativas, incluindo a doenga de Parkinson e
Alzheimer (Takeuchi e Yamagishi, 2008; Ramasamy et al., 2005; Yamagishi, 2011).
Ainda, a via AGE-RAGE investigada em estudos epidemiolédgicos tem reforgado a
associacdo entre DM e a doenca de Alzheimer, e estudos com pacientes diabéticos
sugerem que um dos possiveis mecanismos que conecta a disfun¢do astrocitaria e a
neurodegeneragdo relacionada ao DM ¢ a formacgdo de AGEs (Huang et al., 2014;
Ouwens et al., 2014; Chu et al., 2014). De fato, nds observamos um aumento na

formagdo de AGEs e alteracdes em pardmetros astrocitarios (secre¢do de S100B e
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captagdo de glutamato) em ratos diabéticos.

Quando avaliamos a captagdo de glicose em fatias hipocampais de ratos
diabéticos ndo obtivemos alteracdes em relacdo aos ratos controles, porém
observamos um aumento no conteido de GLUT-1 nos animais diabéticos. Nosso
resultado ¢ intrigante, embora o significado e mecanismo que levam ao aumento do
GLUT-1 nos animais diabéticos sejam desconhecidos, este dado corrobora com
Simpson e colaboradores (1999), que observaram um aumento no RNAm de GLUT-1
na microvasculatura cortical e ndo obtiveram alteragdes na captacdo de glicose no
hipocampo e no cortex cerebral de ratos com DM. Um aumento no GLUT-1 também
foi observado em linhagem de células endoteliais da BHE humana expostas a um
meio com elevados niveis de glicose (Prasad et al., 2015). Além disso, Wang ¢
colaboradores (2012) também ndo encontraram alteragcdes no transporte de glicose
através da BHE em ratos diabéticos até¢ 10 semanas apds a indugdo. Sabe-se que a
expressao do transportador GLUT-1 ¢ aumentada por hipoglicemia (Simpson et al.,
1999) e estudos in vitro sugerem uma possivel regulagdo inflamatoéria deste
transportador (revisado por Jurcovicova, 2014). Portanto, a ativagdo de RAGE
observada em nossos animais ¢ as vias inflamatorias desencadeadas por essa ativagao
poderia nos ajudar a explicar esse aumento de GLUT-1 em ratos diabéticos.

Os astrdcitos estdo envolvidos em varias complicagdes relacionadas com o
DM, incluindo neuropatia e neurodegeneragao (Chu et al., 2014). Além disso, estas
células estdo intimamente associadas com os neurOnios e a ativagdo de astrdcitos
pode estar relacionada com a formacao de placas senis e a morte neuronal (Costa et
al., 2012). A proliferacdo e hipertrofia dos astrocitos ¢ um processo complexo
conhecido como astrogliose, a qual pode ter efeitos benéficos ou prejudiciais

dependendo da situagdo, além de contribuir para a liberagcdo de citocinas pré e anti-
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inflamatorias como o fator de transformagdo de crescimento beta (TGF-), fator de
necrose tumoral alfa (TNF-a), interferon gama (IFN-y), interleucinas 1 e 6 (IL-1 e IL-
6) que modulam a inflamagdo e mecanismos secundarios ao dano (Karimi-
Abdolrezaee e Billakanti, 2012).

A astrogliose ¢ benéfica geralmente no inicio do dano ao SNC, onde produz
elevados niveis de antioxidantes, como a glutationa, promove a revascularizacdo e
produz substratos energéticos e fatores troficos para neurdnios e oligodendrocitos.
Quando a astrogliose ocorre tardiamente, ela inibe a regeneragdo neuronal e contribui
para manter a inflamagao no SNC (Lee e MacLean, 2015).

Dois marcadores astrogliais tém sido investigados no DM: as proteinas S100B
e GFAP, as quais sdo marcadoras das fungdes astrocitarias (Nagayach et al., 2014;
Revsin et al., 2005). Além disso, pardmetros relacionados como a captacdo de
glutamato sdo utilizados para verificar a atividade astrocitdria. Em nosso trabalho a
proteina GFAP nao foi alterada em ratos diabéticos, no entanto, quando analisamos a
S100B, obtivemos uma diminui¢ao no seu conteudo hipocampal e um aumento na
sua secrecdao em fatias agudas hipocampais de ratos diabéticos. Quando analisamos
seu conteido no soro e LCR, houve uma diminui¢do desta proteina no soro,
entretanto, no LCR, ndo houve alteragdo. A captacdo de glutamato se mostrou
diminuida nos animais diabéticos, mas o conteido dos transportadores GLAST e
GLT-1 nao foi modificado.

Os resultados de medida de GFAP no DM presentes na literatura sdo
controversos. Alguns autores relataram um aumento significativo nesta proteina
(Baydas et al., 2003; Saravia et al., 2006; El-Akabawy e El-Kholy, 2014), enquanto
outros indicaram uma diminuicdo desta proteina no hipocampo de animais diabéticos

(Coleman et al., 2004; Coleman et al., 2010; de Senna et al., 2011; Amin et al., 2013).
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Estas discrepancias podem ser devido a diferengas metodoldgicas nos modelos
animais, heterogeneidade das células gliais, tempo das andlises e ensaios para a
medida de GFAP. Também ¢ importante enfatizarmos que, embora a GFAP seja o
marcador mais comum de astrogliose, a ativacdo astroglial ndo necessariamente
envolve aumento no conteudo desta proteina, ja que as cé€lulas astrocitarias podem
estar com sua morfologia alterada e ndo ter uma maior producao de GFAP (Liberto et
al., 2004).

A medida da S100B no soro ¢ proposta como um marcador de ativacdo de
células gliais ou de danos encefalicos (Rothermundt et al., 2003), mas diversas fontes
extracerebrais, tais como o tecido adiposo, podem contribuir para alterar os niveis de
S100B no soro (Goncalves et al., 2010). Steiner e colaboradores (2010) observaram
uma correlagdo entre os niveis séricos de S100B e o indice de massa corporal em
humanos. Nossos resultados mostram uma reducao nos niveis séricos de S100B nos
ratos diabéticos, o que esta de acordo com alguns relatos clinicos (Hovsepyan et al.,
2004; Celikbilek et al., 2014). Conforme verificamos, esta ¢ a primeira vez que a
S100B ¢ dosada em modelo animal de DM induzido por STZ. Além disso, a
diminui¢do da S100B no soro ndo foi acompanhada por alteragdes nos niveis desta
proteina no LCR. E importante citarmos que, em outro estudo, onde a STZ foi
administrada no espago intracerebroventricular (para induzir deméncia), observou-se
uma diminui¢do da S100B no LCR, sem mudancas na S100B sérica (Rodrigues et al.,
2010a). Em conjunto, esses dados refor¢cam a ideia de que mudangas nos conteudos
de S100B no LCR e no soro ndo estdo necessariamente relacionadas (Goncalves et
al., 2008).

A S100B ¢ utilizada como parametro de ativagdo ou morte glial em diversas

desordens encefalicas e/ou rompimento da BHE. Os dados da literatura sao
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controversos, enquanto diversos autores ndo relatam alteragdes no numero de células
S100B positivas em ratos diabéticos (apesar de observarem outras alteracdes gliais)
(Coleman et al., 2004; Collino et al., 2009; de Senna et al., 2011), outros autores
observaram um aumento transitorio das células S100B positivas no hipocampo na
primeira semana apds a administracdo de STZ (Lebed et al., 2008). Em nosso
trabalho observamos uma diminui¢do no conteudo da S100B no hipocampo e um
aumento da secregdo desta proteina em fatias agudas de hipocampo. Utilizamos fatias
agudas hipocampais porque este modelo apresenta a circuitaria neuroglial
parcialmente preservada e poderia ajudar a esclarecer a relacdo entre astrocitos e
neurdnios, a qual desempenha importantes papéis em lesdes encefalicas (Nardin et
al., 2009). E importante enfatizarmos que, assim como os AGEs, a S100B
extracelular se liga @ RAGE e, nesta condi¢do, poderia funcionar como um mediador
de feedback positivo, refor¢ando a sinalizag¢do inflamatoria.

A explicagdo para o aumento da secrecdo de S100B observada em nossos
resultados se baseia em publicacdo anterior do nosso grupo que demonstrou um
aumento na secre¢do de S100B por citocinas pro-inflamatorias em fatias hipocampais
agudas (de Souza et al., 2009). Estas citocinas pré-inflamatdrias, tais como a IL-1p e
o TNF-a, poderiam resultar de um aumento na sinalizacio AGE-RAGE, o que
poderia levar a ativagdo do NF-xB que, por sua vez, induziria a expressdo de tais
citocinas (Berbaum et al., 2008). Portanto, embora ndo tenhamos encontrado niveis
elevados de S100B no LCR, o estado inflamatorio poderia explicar o aumento basal
na secrecao de S100B em fatias agudas de hipocampo de ratos diabéticos. Por outro
lado, obtivemos uma diminui¢do na captacao de glutamato pelos astrocitos e sabemos
que niveis extracelulares elevados de glutamato podem reduzir a secre¢do de S100B

em fatias do hipocampo (Buyukuysal, 2005; Nardin et al., 2009).
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A presenga de mediadores inflamatorios, como a IL-1f ¢ TNF-o também
pode estar envolvida com a diminui¢ao da captagao de glutamato observada em nosso
trabalho, como descrito por Tilleux ¢ Hermans 2007. No entanto, um outro
mecanismo de diminui¢do da captacdo de glutamato em ratos diabéticos que envolve
AGEs, mas independente de RAGE nao pode ser descartado (Hansen et al., 2015).
Apesar desta redugdo na captacdo de glutamato, ndo encontramos alteragdes nas
quantidades dos transportadores de glutamato presentes em astrocitos, GLT-1 e
GLAST. Independentemente do mecanismo, a diminui¢do da captacdo de glutamato
resultaria em niveis extracelulares aumentados de glutamato e elevada
excitotoxicidade. De acordo, a subunidade GluN1 do receptor N-metil-D-Aspartato
(NMDA), que ¢ regulada negativamente por excitotoxicidade cronica (Gascon et al.,
2005) se mostrou diminuida em nossos ratos diabéticos.

E importante mencionarmos que a excitotoxicidade do glutamato ja foi
associada com diversas doengas neuroldgicas, como epilepsia, acidente vascular
encefalico e desordens neurodegenerativas, e a disfungdo nos transportadores de
glutamato ¢ muitas vezes o evento inicial que leva a estas doencas (Wang e Qin,
2010).

A BHE ¢ uma estrutura heterogénea na qual a vasculatura é mais vulneravel
ao desacoplamento neurovascular em determinadas regides do encéfalo (Huber et al.,
2006). Complicacdes no SNC induzida pelo DM sdo multifatoriais e o
comprometimento das fun¢des da BHE e BHL possivelmente constitui alguma dessas
alteracdes. A patologia vascular tem sido caracterizada em pacientes diabéticos e
modelos experimentais de DM. Contudo, ainda ndo estd esclarecido se o dano
vascular leva a ruptura da BHE, e, ainda estd em debate, a possibilidade de ocorrer

ruptura da BHE e suas associagcdes com o comprometimento cognitivo (Mogi e
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Horiuchi, 2011; Prasad et al., 2014).

Neste trabalho nos verificamos se a patologia vascular do DM acomete
estruturalmente e funcionalmente a BHE ¢ a BHL ¢ se estas alteragdes contribuem
para o prejuizo cognitivo observado em pacientes diabéticos e modelos experimentais
de DM. De acordo com essa hipotese, nossos animais diabéticos apresentaram um
aumento do déficit cognitivo e da permeabilidade da BHE e BHL, além de alteragdes
nas proteinas que formam as jungdes oclusivas destas barreiras.

Nossos resultados mostram um aumento na relagdo albumina LCR/soro e uma
forte coloragdo para Evans blue em ratos diabéticos 60 dias apds a administragdo de
STZ, indicando dano na BHE. Este resultado estd de acordo com Hawkins e
colaboradores (2007) e Mooradian e colaboradores (2005), que encontraram um
aumento na permeabilidade da BHE em modelo animal de DM induzido por STZ. E
importante ressaltarmos que 30 dias ap6s a indugdo do DM nos observados sinais
metabolicos compativeis com o DM, como diminui¢do do peso corporal e aumento
da glicemia. No entanto, a funcionalidade das barreiras encefalicas e o desempenho
cognitivo nao foram alterados, sugerindo que estas alteragdes sao dependentes do
tempo de duracao da doenca.

A BHE tem como func¢ao inibir a difusdo paracelular de moléculas soluveis
em agua devido as jungdes oclusivas que interconectam as células endoteliais
(Engelhardt e Sorokin, 2009). Nos obtivemos uma diminuicdo no conteudo das
proteinas claudina-5 e ocludina, que sdo responsaveis pela formagdo das jungdes
oclusivas na BHE, o que poderia explicar o aumento na permeabilidade da BHE
observado no nosso modelo de DM.

A diminui¢ao no conteudo de ocludina estad de acordo com a literatura e foi

descrita em outros trabalhos com ratos diabéticos (Chehade et al., 2002; Hawkins et
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al., 2007), assim como em cultura de células endoteliais da microvasculatura cerebral
humana (HBMEC) expostas a meio de cultura com elevados niveis de glicose (Shao e
Bayraktutan, 2013). A diminui¢do nos niveis de claudina-5 também tem sido descrita
em ratos diabéticos (VanGilder et al., 2009; Sun et al., 2015) e em HBMEC expostas
a AGEs (Shimizu et al., 2013). No entanto, o conteido de ZO-1 nao alterou em
nossos animais diabéticos, o que corrobora com Chehade et al. (2002), enquanto que
Hawkins et al. (2007) e VanGilder et al. (2009) encontraram niveis diminuidos de
Z0-1 no DM.

Sabe-se que a permeabilidade da BHE pode ser alterada em diversos eventos
patolégicos do SNC, como por exemplo, na hipdxia-isquemia e em doengas nas quais
mecanismos inflamatérios afetam a BHE, como a encefalopatia séptica, deméncia
induzida por HIV, esclerose multipla e doenga de Alzheimer (Redzic, 2011). Além
disso, alteragdes nas fungdes e integridade da BHE podem ter um forte impacto sobre
a patogénese e progressao das principais doengas neuroldgicas, € o dano na BHE ¢
considerado por alguns autores como um dos passos chave na encefalopatia diabética
(VanGilder et al., 2009; Hawkins et al., 2007).

Além das alteragdoes na BHE, observamos em nosso modelo de DM prejuizos
na funcao e integridade da BHL. As células epiteliais nos plexos cordides produzem o
LCR e estao cercadas por células endoteliais fenestradas, além disso possuem juncdes
oclusivas que mantém as cé€lulas epiteliais ligadas para exercerem a fungdo de
barreira (Arlt et al., 2002). O acido ascorbico desempenha importantes papéis como
cofator na biossintese de catecolaminas e hormdnios peptidicos, atua como
antioxidante e na detoxificacdo de radicais livres no encéfalo (Minamizono et al.,
2006). Devido a suas fungdes, os niveis de acido ascorbico estdo aproximadamente 5

vezes maiores no LCR do que no soro e estes niveis elevados no LCR se mantém
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devido a um mecanismo de transporte ativo na BHL (Angelow et al., 2003). Em vista
disso, n6s medimos a taxa de 4cido ascorbico LCR/soro para avaliar a fungdo da BHL
e encontramos uma diminui¢do nos animais diabéticos. Também observamos uma
reducdo no nivel de claudina-2, uma proteina relacionada com as jung¢des oclusivas
da BHL. Assim, até onde sabemos, demonstramos pela primeira vez que a
integridade bioquimica da BHL ¢ prejudicada em ratos diabéticos. Os dados do nosso
estudo corroboram com Egleton e colaboradores (2003) que observaram um aumento
no efluxo do **Rb nos plexos corodides de ratos diabéticos induzidos por STZ.

Embora ndo podemos afirmar quais os mecanismos que provocam danos na
BHE ¢ BHL em nossos animais diabéticos, possivelmente o acimulo de AGEs, a
disfuncdo astrocitaria e a excitotoxicidade decorrente da diminui¢do da captacdo de
glutamato estejam envolvidos.

Como mencionamos anteriormente, o aumento nos niveis de AGE-RAGE
observado em nosso trabalho poderia estar acionando mecanismos inflamatorios,
como a ativagdo de NF-kB e a producdo de citocinas pro-inflamatorias, e estes
poderiam estar modulando as proteinas das jungdes oclusivas e aumentando a
permeabilidade da BHE e BHL (Hoffman et al., 2009).

Um crescente numero de evidéncias sugerem que condigdes patoldgicas
caracterizadas por neuroinflamagado, como a doenca de Alzheimer, esclerose multipla,
DM e retinopatia de prematuridade compartilham uma caracteristica comum: o dano
na BHE (Goncalves et al., 2013). Além disso, ja ¢ bem estabelecido na literatura que
no DM ocorre o aumento do estresse oxidativo, e este, por sua vez, também pode
estar diminuindo a expressao das proteinas das jungdes oclusivas e aumentando a

permeabilidade de ambas, BHE e BHL (Krizbai et al., 2005; Goncalves et al., 2013).
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Ainda ndo esta claro se o dano nas barreiras encefalicas dependente do DM
pode afetar seriamente o SNC e resultar nos sintomas de comprometimento cognitivo
e psiquiatricos observados em pacientes diabéticos (Serlin et al., 2011). A BHL
protege o SNC das constantes alteracdes bioquimicas na corrente sanguinea, bem
como de infec¢des e toxinas, mantendo assim a homeostase encefilica (Tietz e
Engelhardt, 2015). A BHE, por sua vez, ¢ extremamente importante para a
patogénese de doengas cerebrais, devido ao fato dela atuar como uma guardid do
encéfalo, com diversas fungdes inter-relacionadas, incluindo a prote¢do do SNC de
substancias potencialmente nocivas, regulagdo do transporte de moléculas essenciais,
manutengdo da homeostase encefalica e regulagdo de fungdes imunologicas (Prasad
et al., 2014). Quando temos um comprometimento nas fun¢des da BHE e BHL, o
encéfalo fica exposto as toxinas e substancias danosas, podendo levar ao prejuizo de
fungdes gliais e neuronais que podem provocar sé€rios danos ao SNC (Tietz e
Engelhardt, 2015). Os prejuizos das funcdes astrocitarias observados em nossos
resultados podem ser devido ao aumento da produgdao de AGEs e suas consequéncias,
como mencionamos anteriormente. Além disso, os danos nas fun¢des da BHE e BHL
decorrentes do DM poderiam estar contribuindo para a perda das fungdes dos
astrocitos.

Os mecanismos subjacentes aos efeitos da hiperglicemia cronica e niveis
elevados de AGEs sobre as barreiras do encéfalo ¢ suas correlagdes estruturais-
funcionais ainda sdo desconhecidos. Estes poderiam estar associados com a resposta
inflamatoéria induzida por niveis elevados de glicose (Huang et al., 2012) e a idade
(Yamagishi et al., 2005), o que modula a rotacao de proteinas das jungdes oclusivas e
AQPs. Além disso, outros mecanismos de regulacdo, como a fosforilagdo de

proteinas, poderiam estar envolvidos (Harhaj e Antonetti, 2004, Gunzel e Yu, 2013).
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A determinacdo da expressdo de AQPs ¢ importante em diversas doengas
neurologicas e pode contribuir para uma melhor compreensdo das fungdes das AQPs
associadas com as barreiras encefalicas (Badaut et al., 2014).

Nos observamos uma diminui¢ao dos niveis de AQP4 e AQP1 no hipocampo
de ratos diabéticos. Essa diminuicdo da AQP4 no hipocampo estd em conformidade
com outro estudo em que foi avaliada a regido do estriado no DM induzido por STZ ¢
ndo foram encontradas alteragdes na AQP4 (de Senna et al., 2015), sugerindo que o
insulto no SNC induzido pelo DM ¢ dependente da regido encefalica avaliada. De
acordo com os nossos resultados, Koves et al. (2012) mostraram uma diminui¢do na
expressao do RNAm de AQP4 em linhagem celular de neuroblastoma exposta a um
meio hiperosmolar. Por outro lado, Deng et al. (2014) relataram um aumento nos
niveis de AQP4 apds edema cerebral induzido por hipoglicemia em tecido cortical de
rato. Isso ¢ relevante uma vez que episddios de hipoglicemia sdo frequentes em
pacientes diabéticos.

Até onde sabemos, 0 nosso trabalho ¢ o primeiro a analisar os niveis de AQP1
em cérebros de ratos diabéticos e a diminuicdo nos niveis de AQP1 poderia refletir
em alteracoes na BHL destes animais. No entanto, esta proteina esta possivelmente
envolvida em outras funcdes encefalicas, incluindo a plasticidade celular (Nesic et al.,
2008), assim como a AQP4 (Iliff et al., 2012; Nagelhus e Ottersen, 2013). Embora as
contribuicdes precisas das AQPs 1 e 4 no encéfalo ainda ndo estejam completamente
esclarecidas, elas provavelmente desempenham papéis na neuroprote¢do e, dessa
forma, uma redug¢do em seus niveis poderia estar relacionada com complicagdes no
SNC provocadas pelo DM. O prejuizo nas fungdes das barreiras encefalicas e a
presenca de mediadores inflamatorios poderia explicar as alteracdes obtidas nos

niveis das AQPs 1 e 4. Alteragdes na AQP4 ocorrem durante o processo inflamatorio,
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sugerindo mudangas no movimento da 4gua relacionado com a neuroinflamacao
(Badaut et al., 2014). No entanto, os resultados quanto a regulacdo da AQP4 frente a
citocinas pro-inflamatorias ainda ndo estdo bem elucidados e mais estudos sdo
necessarios para esclarecer o papel da AQP4 durante processos inflamatdrios.

Diversas pesquisas tém demonstrado uma associacdo entre DM e prejuizo na
aprendizagem e memoria, o que corrobora com nosso resultado. O déficit cognitivo
observado no DM esté associado, entre outros fatores, com mudangas da plasticidade
sinaptica no hipocampo (Gispen e Biessels, 2000). Neste trabalho, observamos uma
diminui¢do na captagcdo de glutamato e no conteido de GIuN1. Nossos resultados
suportam a hipétese de que a transmissdo glutamatérgica ¢ alterada no DM. De
acordo, foram relatadas alteragdes pos-translacionais na subunidade GluN1 em ratos
diabéticos induzidos por STZ (Rondon et al., 2010).

Dados na literatura sugerem que o prejuizo cognitivo ocorre em pacientes
diabéticos e em modelos animais, sendo que o DM tipo 1 ¢ frequentemente associado
com decréscimos leves a moderados na fun¢do cognitiva. A velocidade psicomotora,
flexibilidade mental, atencdo e inteligéncia, em geral, sdo os fatores mais afetados
pelo DM tipo 1 (revisado por Moheet et al., 2015), no entanto, a patofisiologia do
encéfalo durante o DM ndo ¢ bem compreendida. Técnicas avangadas de imagem
mostraram anormalidades microestruturais em pequenos vasos de pacientes
diabéticos, e essas alteragdes podem ser subjacentes a disfungdo cognitiva associada
ao DM (Biessels e Reijmer, 2014). Além disso, a exposi¢ao cronica a hiperglicemia
(Ahmad, 2013), doenca vascular (Taguchi, 2009), desregulagdo da via de sinalizagao
da insulina (Jolivalt et al., 2008) e mecanismos inflamatérios (Takeda et al., 2010)
estdo associados tanto com o comprometimento cognitivo no DM quanto com a

doenca de Alzheimer, o que sugere que estas patologias podem compartilhar alguns
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aspectos patogénicos (Biessels et al., 2002; de Senna et al., 2011, Ahmad, 2013). Os
estudos ainda ndo sdo completamente esclarecedores, mas acredita-se que o DM
aumente em 50-100% o risco de desenvolvimento de doenga de Alzheimer e em 100-
150% o risco de deméncia vascular (Xu et al., 2009; Sinclair et al., 2014; Umegaki,
2014).

O DM tipo 1 é comumente diagnosticado durante a infancia ou adolescéncia.
Este ¢ um periodo de rapidas mudangas no desenvolvimento do SNC e trabalhos
sugerem que o cérebro jovem pode ser mais suscetivel aos extremos de glicemia.
Além disso, a idade de inicio do DM e a presenca de complicagdes microvasculares
sdo fatores de risco para o declinio cognitivo (Moheet et al., 2015).

As estratégias terapéuticas padrdes utilizadas no DM, como a administracao
de insulina em pacientes insulinodependentes, parecem ser insuficientes para prevenir
ou reduzir o declinio cognitivo e comorbidades psiquiatricas a longo prazo observado
nestes pacientes. Os nossos resultados demonstraram que a EX-4, um agonista dos
receptores de GLP-1, foi capaz de reverter a disfun¢do cognitiva em ratos diabéticos,
bem como restaurar as alteragdes na permeabilidade e nas proteinas da BHE e BHL.
Além disso, essa droga foi capaz de reverter a diminui¢do na captagdo de glutamato
causada pelo DM, diminuindo, portanto, o contetdo de glutamato extracelular e a
excitotoxicidade. Surpreendentemente, a EX-4 ndo restaurou aos niveis normais a
glicose sanguinea, a Hb1Ac e o peptideo C, o que nos possibilita afirmar que os
efeitos da EX-4 observados em nosso trabalho nao estao relacionados com alteragoes
da glicose circulante.

Trabalhos relatam uma recuperacao da glicemia em pacientes com DM tipo 1
com niveis detectaveis de peptideo C, o que possibilita afirmar que estes pacientes

apresentam uma funcao residual das células beta pancredticas (Ghazi et al., 2014).
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Nossos animas diabéticos ndo apresentaram niveis detectaveis de peptideo C, entdo
provavelmente este foi o motivo da EX-4 ndo ter sido capaz de recuperar a glicemia.
E, por esta razdo, a atividade da enzima GLO 1, bem como os niveis de AGEs no
soro ¢ LCR, também nao foram recuperados pela EX-4.

Os agonistas dos receptores de GLP-1 possuem uma variedade de efeitos
pancredticos € podem melhorar o controle glicémico de forma independente dos seus
efeitos sobre as células beta (Pettus et al., 2013). Além disso, diversos efeitos extra-
pancredticos tém sido relatados na literatura (Seufert e Gallwitz, 2014).
Recentemente, os miméticos de GLP-1 tém sido associados com agdes neurotroficas
(Li et al., 2010), neuroprotetoras (Holscher, 2014) e anti-inflamatoérias (Shiraki et al.,
2012).

Pesquisas cientificas ja demonstraram que o tratamento com EX-4 diminuiu
fatores inflamatorios, tais como a IL-1p (Huang et al., 2012). Esta, por sua vez, pode
modificar a via da proteina cinase A (PKA), que ¢ capaz de regular a fosforilagao de
proteinas da BHE e BHL e, consequentemente, a funcionalidade das barreiras
cerebrais. Além disso, o tratamento com EX-4 foi capaz de reduzir os niveis dos
mediadores inflamatérios COX-1, COX-2, CD45 e NF-kB frente a uma situacao de
hiperglicemia (Long-Smith et al., 2013). De fato, em nosso trabalho a EX-4 reverteu
os danos na BHE e BHL e isto poderia ser atribuido a diminuicao de fatores ou
mediadores pro-inflamatorios que levam a danos nas barreiras encefélicas. Estes
achados reforcam nossa hipotese que a EX-4 poderia estar agindo na resposta
inflamatoria e, desta maneira, melhorando os parametros analisados no DM.

Além de recuperar as barreiras encefalicas, os agonistas dos receptores de
GLP-1 podem estar agindo diretamente em astrocitos e neurdénios, melhorando seu

funcionamento (Long-Smith et al., 2013; Ji et al., 2015; Chen et al., 2012). No SNC,
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os agonistas dos receptores de GLP-1 aumentam a atividade da AMPc/PKA
promovendo a fosforilagdo da proteina ligante de resposta ao AMPc (CREB) e a
transcri¢do génica nuclear, o que finalmente resultara em aumento da aprendizagem e
memoria (Han et al., 2012). Outras vias de sinalizacdo, como da proteina cinase
ativada por mitégenos (MAPK) e da fosfatidilinositol-3-cinase/serina treonina cinase
(PI3K/Akt) também estdo envolvidas nos efeitos protetores mediados por GLP-1 nas
células neuronais (Perry et al., 2002).

Nossos resultados mostraram que a EX-4 recuperou a diminui¢do na captacao
de glutamato causada pelo DM, evitando assim a excitotoxicidade e suas
consequéncias deletérias. Ainda, a EX-4 recuperou os niveis do da subunidade GluN1
do receptor NMDA, cujo envolvimento com a memoria e aprendizagem ¢ um papel
bem estabelecido na literatura cientifica (Wang et al., 2014; Cercato et al., 2014).
Devido a isso, a melhora na cogni¢do observada nos ratos diabéticos tratados com
EX-4 também pode ser atribuida ao aumento da captacdo de glutamato e recuperagao
dos niveis de GluN1.

No entanto, mais estudos sdo necessarios para esclarecer o mecanismo pelo

qual a EX-4 recupera os sérios danos causados pelo DM ao SNC.
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Figura 4. Representag¢do esquematica dos principais resultados obtidos nesta tese

Os resultados apresentados nesta tese mostram claramente prejuizos no SNC
decorrentes do DM e contribuem para os debates atuais sobre a encefalopatia
diabética. A hiperglicemia ¢ responsavel pela excessiva produg¢ao de AGEs e estes,
por sua vez, podem ativar vias inflamatérias e modular a fungdo e expressao de
diversas proteinas. O prejuizo em fungdes astrocitarias e os danos nas barreiras
encefalicas observados neste trabalho podem ser decorrentes da ativagdo de vias de
sinaliza¢ao como da IL-1P e NF-xB desencadeadas pelos elevados niveis de AGEs no

soro € no LCR. Além disso, o prejuizo no comportamento cognitivo observado neste
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trabalho, provavelmente possa ser atribuido aos danos astrocitarios ¢ na BHE ¢ BHL,
observados nos animais diabéticos.

A EX-4 foi capaz de restaurar a captagdo de glutamato, o dano nas barreiras
encefalicas e o comportamento cognitivo prejudicado pelo DM, sem ter eficacia sobre
a glicemia e formacdo de AGEs. Sugerindo o papel da EX-4 como estratégia
terapéutica na pratica clinica para tratar a disfun¢ao cognitiva associado ao DM.

O efeito da EX-4 na melhora cognitiva dos animais diabéticos possivelmente
seja devido a quatro fatores principais: ao aumento da captagdo de glutamato,
diminuindo assim a excitotoxicidade; ao aumento do conteuido de GIluNIl,
melhorando a cognicdo; a restauracdo das fungdes da BHE e BHL, deixando o
encéfalo menos vulneravel a toxinas; a ativagao pela EX-4 de vias relacionadas com a
aprendizagem e memoria, como AMPc/PKA, PI3K/Akt e MAPK. Além disso, a EX-
4 pode estar diminuindo a expressao de mediadores inflamatorios, como IL-1p, NF-
kB, COX-1 e COX-2, atenuando assim os danos causados pela hiperglicemia e pelo
acimulo de AGEs. No entanto, mais estudos sdo necessarios para estabelecer o

mecanismo de a¢cdo da EX-4 na recuperacao dos danos causados pelo DM no SNC.
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PERSPECTIVAS

Avaliar as vias inflamatorias ativadas no modelo de DM incluindo os niveis
dos mediadores inflamatorios envolvidos e o possivel efeito da EX-4 na
regulacdo dessas vias;

Avaliar o conteido da AQP9 no modelo de DM, ja que ela parece estar
relacionada com o metabolismo energético encefalico;

Avaliar o mecanismo de regulacdo das proteinas das barreiras encefalicas
(BHE e BHL) dos animais diabéticos;

Investigar os provaveis mecanismos e/ou vias de sinalizagdo envolvidos no
efeito da EX-4 sobre o SNC.

Avaliar o efeito da EX-4 em estagios mais precoces do DM, ou seja, quando

os animais diabéticos ainda apresentarem niveis detectaveis de peptideo C.
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