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Resumo

Introducédo: A doenca de Alzheimer (DA) é responsavel por aproximadamente 60 a
70% de todos os casos de deméncia no mundo. A deméncia é uma patologia
neurodegenerativa e irreversivel que ocasiona declinio progressivo da memodria,
comprometimento cognitivo, alteracbes comportamentais, afetando severamente as
atividades diarias e levando a morte. Objetivos: Investigar os efeitos neuroprotetores
da exendina-4 (EXE-4) sobre alteracfes cognitivas e morfolégicas no hipocampo de
ratos submetidos a um modelo experimental de deméncia esporadica do tipo
Alzheimer induzido por estreptozotocina (STZ). Material e Métodos: Foram utilizados
40 ratos Wistar machos, que receberam estreptozotocina  (STZ-
Intracerebroventricular, 10 ul, 3 mg/kg, e liquido cefalorraquidiano artificial como
veiculo) e tratados com EXE-4 (10 ug/kg, via intraperitoneal, solucdo salina como
veiculo), durante 21 dias. Apds, os animais foram submetidos aos testes para avaliar
a memodria, a atividade locomotora e exploratéria. Ao final, os animais foram
submetidos a eutandsia, e seus cérebros foram removidos para analises teciduais das
regides do Corno de Ammon 1 e 3 (CA1 e CA3) e giro denteado no hipocampo, pelas
técnicas de imunofluorescéncia e imuno-histoquimica. Resultados: Verificou-se que
a EXE-4 apresentou efeitos benéficos sobre os neurdnios piramidais e granulares que
constituem o hipocampo, protegeu a memaria de curta e longa duracéo, melhorou a
proliferacéo celular e reduziu a neuroinflamacgéo. Concluséo: Concluiu-se que a EXE-
4 pode ser um adjuvante no tratamento da DA, melhorando a qualidade de vida das
pessoas acometidas por essa patologia.

Palavras-chave: doenca de Alzheimer; exendina-4; memoria; neuroinflamagéao.



Abstract

Introduction: Alzheimer's disease (AD) is responsible for approximately 60 to 70% of
all cases of dementia worldwide. Dementia is a neurodegenerative and irreversible
pathology that causes progressive memory decline, cognitive impairment, behavioral
changes, severely affecting daily activities and leading to death. Aim of study: To
investigate the neuroprotective effects of exendin-4 (EXE-4) on cognitive and
morphological alterations in the hippocampus of rats submitted to an experimental
model of sporadic dementia of the Alzheimer type, induced by streptozotocin (STZ).
Material and Methods: Forty male Wistar rats were used, which received
streptozotocin (STZ-Intracerebroventricular, 10 pl, 3 mg/kg, and artificial cerebrospinal
fluid as vehicle) and treated with EXE-4 (10 pg/kg, intraperitoneally, saline solution as
a vehicle) for 21 days. Afterwards, the animals were submitted to tests to assess
memory, locomotor and exploratory activity. At the end, the animals were euthanized,
and their brains were removed for tissue analysis of the Horn of Ammon regions 1 and
3 (CA1 and CA3) and dentate gyrus in the hippocampus, using immunofluorescence
and immunohistochemistry techniques. Results: EXE-4 was found to have beneficial
effects on pyramidal and granular neurons that make up the hippocampus, protect
short- and long-term memory, improve cell proliferation, and reduce
neuroinflammation. Conclusion: It was concluded that EXE-4 can be an adjuvant in

the treatment of AD, improving the quality of life of people affected by this pathology.

Keywords: Alzheimer's disease; exendin-4; memory; neuroinflammation.
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1 REFERENCIAL TEORICO

1.1 HIPOCAMPO

O hipocampo € uma das estruturas cerebrais mais investigadas. Desde o
relatorio de 1957, do estudo de caso do paciente H.M., notoriamente, ele perdeu a
capacidade de formar novas memarias ap0s a remocao cirurgica do hipocampo e das
estruturas proximas do lobo temporal para tratar a epilepsia intratavel. O hipocampo
tem estado na vanguarda da pesquisa sobre as bases neurobiolégicas da memorial.
O termo é derivado das palavras gregas hippos, cavalo; kampos, monstro do mar,
uma referéncia & semelhanca com “cavalo-marinho”. E uma estrutura que circunda o
ventriculo lateral do lobo temporal do encéfalo e faz parte do sistema limbico % 3 4.

O sistema limbico (Figura 1) é responsavel pelo impacto emocional que as
acles, os comportamentos e as situacdes exercem sobre os individuos. Ele direciona
as respostas para essas emocdes e atua na criagdo, no armazenamento e na
recuperacéo das memodrias, particularmente as que despertam emocdes fortes 23 4.

O hipocampo consiste em um grupo de estruturas localizadas na face medial
de cada hemisfério cerebral e no diencéfalo, sendo as principais: giro do cingulo,
formacao hipocampal (hipocampo e giro para-hipocampal) e amigdala. O giro do
cingulo e o parahipocampal sdo normalmente chamados de “lobo limbico”, que nao
se trata de um lobo verdadeiro como os outros, mas que abrange partes dos lobos

frontal, parietal e temporal (Figura 2) 234,
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Giro cingulado

Corpo caloso

Hipotélamo
Amigdala

Hipocampo

Figura 1: Sistema Limbico.

Legenda: Em branco, o corpo caloso; verde o giro cingulado; marrom claro, o talamo;
azul escuro, o hipotalamo; laranja, a amigdala e, em azul claro, o hipocampo. Extraido
de um banco de imagens sem direitos autorais (https://pixabay.com).

Lobo frontal : /7 Lobo parietal

Lobo occipital

Lobo temporal
Cerebelo

Tronco cerebral

Figura 2: Lobos cerebrais.

Legenda: vermelho, o lobo frontal; azul, o lobo parietal; amarelo, o lobo temporal,
verde, o lobo occipital; laranja, o cerebelo e, em roxo, o tronco cerebral. Extraido de
um banco de imagens sem direitos autorais (https://pixabay.com).

Ventralmente ao hipocampo, estdo trés importantes regifes corticais que

cercam o sulco rinal: o cortex entorrinal, o cOrtex perirrinal e o cortex para-hipocampal.
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As aferéncias alcancam, primeiramente, os cortices rinal (cortex entorrinal e o
perirrinal) e para-hipocampal, antes de serem passados para o hipocampo (Figura 3).
Uma das principais vias eferentes do hipocampo é o fornix, que circunda o talamo

antes de terminar no hipotalamo 2.

Ventriculo lateral

-
% £P Talamo
N W \ = —
1 € )
=
- s
o o \
Y ,
? ; entorrinal
v 4
. N &
/ A
>
Hipocampo
Sulco Sulco Cortex Cortex
rinal rinal perirrinal  para-hipocampal

Figura 3: O encéfalo em seccao coronal para mostrar o hipocampo e o cértex entorrinal
no lobo temporal medial.
Legenda: Em azul, o hipocampo; verde, o cértex entorrinal; laranja, o cortex perirrinal e
violeta, o cortex para-hipocampal (Adaptado de Bear, Connors, Paradiso e Jorge
Alberto, 2017) 2.
O hipocampo consiste em finas camadas de neurdnios, dobradas uma sobre a
outra. Uma é chamada de giro denteado (DG), composta por neurbnios granulados, e a
outra de Corno de Ammon (CA, do latim “Cornu Ammonis”), composta por neurénios
piramidais e formada por quatro regides (CAl, CA2, CA3 e CA4), que, junto com o cortex
entorrinal e o complexo subicular, integram a formacao hipocampal (Figuras 4 A e 4 B) 5.
O hipocampo desempenha um papel importante no aprendizado, na formacéo,
armazenamento e evocacdo de memorias, nos processos emocionais e cognitivos *

6. Além disso, o hipocampo esta envolvido no processo de neurogénese adulta, que

ocorre na zona subgranular (ZSG) do giro denteado (Figura 4 A) .
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Figura 4 A: Representacao do hipocampo, suas respectivas regides, principais tipos
celulares e o processo de neurogénese, comecando na zona subgranular (SGZ) da
camada granular do giro denteado.

Legenda: CAl, CA2, CA3 e CA4 — Regides 1, 2, 3 e 4 do Corno de Ammon
(Adaptado de Vescovi, Galli e Reynolds, 2006) .

Neocértex

Parietal Pré-frontal Temporal

: .

/
I Giro Para-hipocampal Cértex Perirrinal |

/
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\ /
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\ /
\ /
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Cortex
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—

Figura 4 B: Padrdo de conectividade cortical e intrinseca da formac&o hipocampal.
Note o fluxo reciproco de informacdes corticais convergindo via giro para-hipocampal
e cortex perirrinal sobre o cortex entorrinal.

Legenda: Corno de Ammon 1 e 3 (CAl e CA3) (Adaptado de Schultz e Engelhardt,
2014) °.

No hipocampo, as conexdes neuronais séo altamente ordenadas. Por isso, é facil

identificar populacdes especificas de neurbnios e sinapses. O cortex entorrinal fornece a



18

principal aferéncia cortical para o hipocampo. Os axbénios dos neurbnios do coértex
entorrinal atravessam o subiculo e entram no giro denteado por meio da via perfurante, e
formam sinapses com células granulares do giro denteado e os axénios das células
granulares. As fibras musgosas ligam-se aos dendritos apicais dos neurénios piramidais
da regido CA3, que, por sua vez, através da via colateral de Schaffer, as conduz para a
regido CAl. Na sequéncia, os axdnios dos neurdnios piramidais da regido CA1 projetam-
se para o subiculo, via regressa ao coértex entorrinal. Todo esse circuito € chamado de
“alca trissinaptica” (Figura 5), e as sinapses sao todas excitatorias e utilizam glutamato

como neurotransmissor &1,
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Figura 5: Circuitos e conexdes do hipocampo.

Legenda: CAl e CA3: Regides 1 e 3 do Corno Ammon; CE2, 3 e 5: Cortex entorrinal
2, 3 e 5; GD: Giro denteado (Adaptado de Aimone, Li, Lee, Clemenson, Deng e Gage,
2014) °.

As estruturas que constituem a formacdo hipocampal sdo as primeiras

estruturas cerebrais a serem afetadas pela Doenca de Alzheimer, que desencadeia
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déficits de aprendizado, memodria e outras funcbes cognitivas, como percepcao,

atencao e linguagem, ocasionando também deterioracdo do tecido nervoso *°.

1.2 MEMORIA

Conceitualmente, “memodria € a aquisicao, a formagéo, a conservagao e a evocagao
de informacgdes”. Podemos afirmar que “somos aquilo que recordamos”. Portanto, ndo
podemos fazer, nem comunicar nada que desconheg¢amos, isto €, nada que nao esteja na
nossa memoria. O acervo de nossas memoarias faz com que cada um de nos seja o que €,
cada individuo, um ser para o qual nédo existe outro idéntico *.

O aprendizado é a aquisicdo de novas informacfes ou conhecimentos, que
conduz ao armazenamento de informacdo como consequéncia da pratica, da
observacao, do estudo, da experiéncia e ou da introspecgéo 2.

A memoria pode ser classificada em dois tipos, de acordo com seu conteudo.
Ela pode ser declarativa ou explicita e ndo declarativa ou implicita.

A memoria declarativa ou explicita € uma memoria de fatos e eventos que
ocorreram em nossa vida, como um casamento, uma viagem. E aquela evocada pelo
consciente e a qual verbalizamos, sdo mais faceis de formar e, também, facilmente
esquecidas °.

A memoria ndo declarativa ou implicita, também chamada de memoéria procedural,
€ uma memoria de habilidades, habitos e comportamentos, como andar de bicicleta, tocar
piano, jogar bola ou dirigir um automdvel. E evocada pelo inconsciente e que n&o
verbalizamos, sua formacgéo exige repeticdo e pratica durante um periodo mais longo,

mas essas memorias sdo menos provaveis de serem esquecidas 2.



20

A memoria também pode ser classificada conforme o tempo de duracdo. Nessa
classificacéo, estdo a memaria de trabalho, a memadria de curto prazo e a memaoria de
longo prazo.

A Memodria de trabalho basicamente armazena as informagdes por um periodo
muito curto de tempo (segundos a minutos) e ndo deixa nenhum registro duradouro
de qualquer tipo. Memaria de curto prazo (STM, do inglés short-term memory): que
dura algumas horas, ou seja, informacfes recém aprendidas sao temporariamente
armazenadas. A Memoria de longo prazo (LTM, long-term memory): que dura dias,
meses ou anos. As memarias de longo prazo nao ficam determinadas em sua forma
permanente imediatamente depois de sua aquisicdo. O processo que leva a fixacao
definitiva das memorias de longo prazo de maneira que mais tarde possam ser
evocadas nos dias ou anos seguintes chama-se consolidagéo 2 12 11,

Em estudos experimentais, é possivel avaliar esses tipos de memaria. Quillfeldt *?
prop6s uma classificacéo para os tipos de memdria e as tarefas comportamentais que

podem ser realizadas (Figura 6).
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Figura 6: Classificacdo das memoérias segundo o conteudo em declarativa e ndo
declarativa e tarefas comportamentais (Adaptado de Quillfeldt, 2016)*2.
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Em algumas espécies de mamiferos, basicamente, como 0s sistemas
neuronais sdo muito semelhantes (0 homem, o rato e o0 camundongo possuem lobos
cerebrais), podemos fazer inferéncias sensatas de achados em uma dessas espécies
menores e extrapola-la aos humanos. Por exemplo, uma lesdo do lobo temporal
produz alteracbes da memodria semelhantes no homem e no camundongo. A
interferéncia no cérebro do rato e do homem em determinado passo de uma rota
bioquimica tem efeitos parecidos sobre a memaria de ambas as espécies 1.

Muitos estudos em humanos e modelos animais estabelecem que o hipocampo
executa um papel critico na combinacao de diferentes tipos de informagdes (“o que”,
“onde” e “quando”), caracteristicas da memdria episddica. Segundo os autores dessa
revisdo, essa teoria propde que esses tipos de informacbes sdo transmitidos ao
hipocampo por diferentes circuitos neurais, envolvendo regides parahipocampais
circundantes 3.

Na memoria episédica, “o que” envolve o cértex perirrinal. Este se projeta para
o cortex entorrinal lateral (LEC), que, por sua vez, possui conexdes mutuas com o
hipocampo. Diferentemente, a informacdo “onde” envolve atividade no cortex
parahipocampal (conhecido como cértex pés-rinal em roedores), que se projeta para
o cortex entorrinal medial (MEC), que, por sua vez, tem conexfes mutuas com o0
hipocampo. A informacgao “quando” permanece amplamente separada pelas vias LEC
e MEC até ser combinada por projecdes entorrinais no hipocampo. Considera-se que
a atividade neural do hipocampo codifique, entre outras coisas, a identidade de itens
e estimulos, a posicdo do animal no espaco, e o0 tempo decorrido em intervalos
relevantes para a tarefa, propondo que o hipocampo processa diferentes tipos de

informacéo 3.
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Durante a codificacdo da memoria, as informacdes sobre o contexto espacial
ativam a regido parahipocampal, que fornece informacdes ao cortex entorrinal medial
(MEC), que, por sua vez, projeta-se para o hipocampo, no qual o ambiente espacial é
parcialmente codificado (ou seja, o “onde”). Ao mesmo tempo, a informagéo sobre o
contetdo de um evento envolve o circuito do cortex perirrinal, cértex entorrinal lateral
e hipocampo (“o que” e possivelmente “quando”). Essas duas vias convergem para as
mesmas células da regido do DG e CA3 do hipocampo, permitindo uma combinacao
das informagdes “o que”, “onde” e “quando” em representagées conjunturais. Ja
neurdnios da regido CA1 do hipocampo recebem entradas de cada via, permitindo a
separacao entre informagdes espaciais de ndo espaciais 2.

A consolidacdo da memoria envolve processos que ocorrem tanto durante a
vigilia como durante o sono em varios niveis de organizacéo e funcédo no cérebro, do
molecular ao comportamental, e varia de segundos a meses e anos. Os mecanismos
moleculares, sinapticos e celulares relativamente rapidos, provavelmente servem
como procedimentos repetitivos nos mecanismos que incorporam consolidagdes mais
lentas, nas quais as informacfes dependentes da experiéncia sdo redistribuidas pelos
circuitos cerebrais 4.

Sabe-se que o0 hipocampo é uma estrutura cerebral responsavel pelo
aprendizado e pela memoria, atuando especialmente na aquisicédo e consolidacéo de
informacdes '°, e que o SNC com o envelhecimento natural e outras causas, como
disfungdes no funcionamento da insulina cerebral, sindrome metabdlica, ma
alimentacéo, obesidade, diabetes mellitus, doenca hepatica gordurosa néo alcoolica
e sedentarismo, pode desenvolver varios graus de disfungbes e uma variedade de

doencas neurodegenerativas, entre elas, Parkinson e Alzheimer 617,18,
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1.3. DEMENCIA

A deméncia é caracterizada pela perda ou declinio da memodria e outras
habilidades cognitivas. E causada por diversas doencgas, que resultam em danos nas
células cerebrais, comprometendo as atividades da vida diéaria, sendo uma das
principais causas de dependéncia, incapacidade e mortalidade '* 20, E atualmente a
sétima principal causa de morte entre todas as doengas e tem impactos fisicos,
psicoldgicos, sociais e econbmicos, ndo apenas para as pessoas que vivem com
deméncia, mas também para seus cuidadores, familias e sociedade .

Atualmente, cerca de 55 milhdes de pessoas tém deméncia em todo o mundo,
e h& quase 10 milhdes de novos casos a cada ano, com mais de 60% vivendo em
paises de baixa e média renda. Como a populacdo de idosos estd aumentando em
quase todos os paises, espera-se que esse numero aumente para 78 milhdes em

2030 e 139 milhdes em 2050 21,

1.4 DOENCA DE ALZHEIMER

A Doenca de Alzheimer (DA) é a principal causa de deméncia em todo o
mundo, totalizando 60 a 70% dos casos. Segundo a Organiza¢do Mundial de Saude
(OMS), estima-se que existam 35,6 milhdes de pessoas com DA no mundo, sendo
que o nimero tende a dobrar até o ano de 2030 e triplicar até 2050 2. No Brasil, ha
cerca de 1,2 milhdo de casos, a maior parte deles sem diagndstico 2.

A DA foi primeiramente descrita em 1907 pelo médico alemao Alois Alzheimer,
gue relatou em seu artigo intitulado “Uma doenga peculiar do cortex cerebral”, o caso
de uma paciente de 51 anos de idade, que apresentou como primeiro sintoma dessa
doenca um forte sentimento de ciimes pelo seu marido. Em seguida, ela passou a

apresentar prejuizos crescentes de memoria, delirios, desorientacdo, déficits de
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linguagem e disturbios comportamentais, continuou a declinar até ficar acamada e
morrer. Apés sua morte, a autopsia revelou um cérebro atréfico difuso, e o exame
microscopio mostrou perda neuronal e alteracdes histolégicas, hoje conhecidas como
placas senis e emaranhados neurofibrilares, que se tornaram os principais indicativos
patolégicos da DA 22319,

A DA é uma patologia neurodegenerativa e irreversivel que ocasiona perda
progressiva de memdéria, comprometimento cognitivo e alteracdes comportamentais,
o que afeta severamente as atividades diarias, levando a morte °.

A DA é classificada em esporadica ou familiar. A esporadica ocorre geralmente
apos os 65 anos de idade, sendo a forma mais comum da doenca, responsavel por
95% do total de casos, com etiologia complexa devido a interacdes entre
componentes ambientais e genéticos, principalmente na presenca do alelo E4 da
Apolipoproteina E (APOE). A forma familiar normalmente se apresenta na meia-idade
entre 0s 30 e 50 anos, representando os 5% restantes do total de casos, uma condi¢ao
genética muito rara causada por uma mutacdo nos genes da Proteina Precursora
Amiloide (APP) e Presenilina 1 e 2 (PS1 e PS2) 242526,

As caracteristicas neuropatol6gicas comumente encontradas no encéfalo de
pacientes com DA sdo a presenca de placas amiloides extracelulares compostas por
peptideo B-amiloide (AB), emaranhados neurofibrilares intracelulares e morte de
neurdnios 2’.

As placas amiloides s&o produtos do metabolismo da APP. O dominio
extracelular da APP é clivado pelas enzimas secretases do tipo a ou 3, e a porgéao
transmembrana remanescente é clivada pela secretase do tipo y. A clivagem da APP
pela a-secretase libera produtos soltveis, chamada de via ndo amiloidogénica, ja na

clivagem pela 3-secretase (BACE 1), inicia um processo patogénico e amiloidogénico
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da APP. Apds a acdo da [B-secretase, o fragmento remanescente no interior do
dominio transmembrana sofre agdo da y-secretase. A clivagem da y-secretase
formara peptideos, que variam de 38 a 42 residuos de aminoacidos (AB1-38, AB1-40
e AB1-42). O fragmento de 42 residuos de aminoacidos (AB-42) é neurotoxico, agrega-
se progressivamente em oligbmeros, fibrilas, formando as placas AP insoluveis

(placas senis), associada a doenca de Alzheimer (Figura 7) 28 2,
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Figura 7: A clivagem da APP ocorre de forma ndo amiloidogénica (fisiolégica) ou
amiloidogénica (patoldgica) que inicia por agdao da enzima (-secretase, o fragmento
remanescente no interior do dominio transmembrana sofre acdo da y-secretase
formando peptideos de AB1-38 a AB1-42. O AB1-42 agrega-se progressivamente em
oligbmeros, fibrilas e posteriormente nas placas Ap (Adaptado de Heppner, Ransohoff
e Becher, 2015) 20,

Os emaranhados neurofibrilares (ENFs), outro agregado proteico, sé&o
constituidos por proteina tau hiperfosforilada. Em condi¢cdes normais, a tau promove
a montagem e a estabilizacdo dos microtubulos presentes no citoesqueleto dos
neurdnios que define a morfologia/estrutura normal dos neurdnios e serve como trilhas
para o transporte axonal. Aléem disso, as proteinas tau interagem com outros
elementos do citoesqueleto para permitir 0 espagcamento entre os microtubulos e
serve Como ancora para outras proteinas ou enzimas envolvidas na sinalizacéo

celular. Estudos recentes demonstraram que a tau também esta ativamente envolvida

na regulacdo da viabilidade e atividade celular 3% 22,
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A hiperfosforilagdo da tau faz com que essa proteina se desprenda dos
microtubulos, provocando a sua desestabilizacdo. Com isso, ocorre 0 sequestro de
proteinas normais associadas aos microtubulos, o que interrompe a dinamica dos
microtubulos e compromete o transporte axonal (anterogrado e retrogrado). A tau
hiperfosforilada, apés se desprender dos microtubulos, forma filamentos helicoidais
pareados que se agregam, formando os emaranhados neurofibrilares, que contribuem

para a disfuncdo sinaptica e morte celular, observadas na DA (Figura 8) %2
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Figura 8: Hiperfosforilagédo da proteina tau (Adaptado de Querfurth e Laferla, 2010) 5.

1.5 MODELO ANIMAL DE DOENCA DE ALZHEIMER INDUZIDA POR
ESTREPTOZOTOCINA (STZ) INTRACEREBROVENTRICULAR

A STZ foi isolada de uma cepa de bactéria do solo Streptomyces

achromogenes no final da década de 1950. E um composto glucosamina-nitrosoureia
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inicialmente desenvolvido como antibidtico e posteriormente como um agente
anticancerigeno. Em 1963, foi descoberto como diabetogénico em animais
experimentais. Desde entéo, a aplicacao sistémica (via intraperitoneal) de STZ tornou-
se 0 modelo experimental mais estudado de diabetes insulino-dependente (tipo 1) 34,
O STZ apresenta carater hidrofilico devido a presenca do grupamento hexose na sua
estrutura quimica, que € de grande importancia para ser internalizado pelas células,

conforme Figura 9 35,
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Figura 9: Férmula estrutural da estreptozotocina (STZ) (Adaptado de Grieb, 2016) 26.

A injecdo de STZ intracerobroventricular (ICV) altera o metabolismo cerebral
de glicose 3" e piora a via insulina/ IGF (fatores de crescimento semelhantes a
insulina), simulando algumas das alteracGes cerebrais observadas durante a DA .
Também induz a disfung&o do receptor de insulina cerebral, um dos primeiros eventos
observados na doenca. Além disso, causa neuroinflamacao, estresse oxidativo com
expressdo aumentada do gene pro-apoptose (p53), NOS e NOX-1, aumento da
imunorreatividade de 4-Hidroxi-2-nonenal (HNE) e 8-hidroxidesoxiguanosina (8-
OHdG), como ocorre na DA 8 3%, Também ocorre aumento da populagcdo microglial

e de astrocitos, aumento da atividade glicogénio sintase quinase 3 (GSK3[3) e quinase
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5 dependentes de ciclina (CDK5), déficits na funcéo colinérgica, deficiéncias na
aprendizagem espacial, memodria e lesdes histopatolégicas, como na DA 18 39,40,
Levando em consideracdo que o hipometabolismo da glicose € um sinal precoce e
persistente da DA e que os cérebros de pacientes com Alzheimer apresentam caracteristicas
de sinalizacéo prejudicada da insulina, as injecdes ICV de STZ s&o exploradas como um

modelo de deméncia esporadica do tipo Alzheimer (SAD) (Figura 10) 6.
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Figura 10: Mecanismo central de acdo da estreptozotocina intracerebroventricular
administrado em ratos.

Legenda: GLUT 1-3 (Transportadores de glicose 1-3); NMDA (N-metil-D-aspartato);
GSK-3pB (glicogénio sintase quinase 3 beta); CDK5 (quinase 5 dependente de ciclina);
ATP  (Adenosina trifosfato); AChE (acetilcolinesterase); ChAT  (colina
acetiltransferase) e ACh (acetilcolina) (Adaptado de Mehan, Arora, Sehgal, Sharma,
Sharma, 2012; De La Monte e Tong, 2014; De La Monte, Tong, Lester-Coll, Plater e
Wands, 2006; Mishra, Singh, Shukla e Shukla, 2018 e Yuliani, Lobentanzer e Klein,
2020)41, 18, 39, 40, 42_

1.6 SINALIZACAO DA INSULINA NO SNC

A insulina € um hormonio polipeptidico produzido e liberado pelas células B
pancredticas, que age tanto no cérebro como nos tecidos periféricos do nosso

organismo “3. Seu transporte para o cérebro é feito por um processo mediado por
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receptores, por meio da barreira hematoencefalica (BHE) e pela insulina produzida
pelos neurdnios piramidais presentes no hipocampo, cortex pré-frontal e entorrinal 44 45,

A insulina no SNC regula o desenvolvimento neuronal, modula vias de sinalizacéo
dos neurotransmissores e participa do aprendizado e da memoéria “. Em relacdo a
memoria, a insulina ativa cascatas de sinalizacao no hipocampo que afetam a plasticidade
sinaptica 4. A insulina também regula a utilizacdo de energia, funcdo mitocondrial,
autofagia, estresse oxidativo e funcéo cognitiva .

A insulina liga-se ao seu receptor (RI), que esta distribuido por todo o SNC e
em maior densidade no hipocampo, amigdala, hipotalamo, cértex, cortex entorrinal,
bulbo olfatério e cerebelo 4% 0. O RI est4, na sua maioria, localizado nos neurdnios e
concentrado nas sinapses em forma de componente da densidade pds-sinaptica
(PSD). A sinapse é um local importante na sinalizacdo de insulina no cérebro . Esse
receptor é formado por uma proteina transmembrana de tirosina quinase, € composto
por dimeros da subunidade a/B, que estdo ligados por pontes dissulfeto, compostas
por duas subunidades a extracelulares e duas subunidades B #8. O local de ligacéo da
insulina € com a subunidade a extracelular que ainda se liga a subunidade (3. Cada
subunidade B possui um dominio transmembranar e uma esfera de tirosina quinase
intracelular que regula a autofosforilagdo. A ligagdo da insulina a subunidade a traz
mudancas conformacionais indispensaveis para a autofosforilacédo de residuos tirosina
na regido citosolica da subunidade B . Os substratos autofosforilados da subunidade
B séo entéo identificados pelos substratos do receptor de insulina (IRS) IRS-1 e IRS-2,
que sdo necessarios para a propagacao precisa da sinalizacdo da insulina 2.

Igualmente a insulina, o fator de crescimento semelhante a insulina 1 (do inglés:
insulin-like growth factor-1, IGF-1) também atravessa a BHE e se encontra presente

no SNC %, Os fatores de crescimento semelhantes a insulina (IGFs) sdo proteinas
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gue se ligam aos receptores de insulina além dos receptores de IGF. Existem dois
subtipos de IGF: IGF-1 e IGF-2. A insulina e os fatores de crescimento semelhantes a
insulina (IGF-1) se conectam aos receptores de tirosina quinase 2. A sinalizacdo de
insulina/IGF desempenha um papel crucial na regulacédo de diferentes funcbes do
SNC %3, como cognitivas e comportamental (cértex cerebral e hipocampo), ligando a

insulina ao dominio da cognicéo *° (Figura 11).
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Figura 11: Transducao de sinais e a¢fes bioldgicas induzidas por insulina ou IGF-1
por meio de seu receptor ou de seus receptores hibridos (Adaptado de Blazquez,
Veldzquez, Hurtado-Carneiro e Ruiz-Albusac, 2014) 54.

A insulina liga-se a subunidade-a do Rl e ativa a tirosina quinase da
subunidade-B, estimulando a auto fosforilagdo do seu receptor %6. Os Rls fosforilados
fosforilam, por sua vez, os respectivos substratos 1 e 2 (substratos do RI, RIS-1 e RIS-
2), desencadeando a ativacéo da via fosfatidilinositol-3-quinase (PI3K). A ligagéo da

PI3K aos RIS-1 e RIS-2 recruta a proteina quinase B (PKB ou Akt) para a membrana,

na qual é fosforilada e ativada por proteinas quinases especificas (proteina quinase-
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1 dependente de fosfoinositideo ou PDK1). A PKB/Akt encontra-se envolvida na
proliferacéo, crescimento e sobrevivéncia celular por meio da inibicdo de agentes pro-
apoptoticos, como a FoxO (proteinas de fatores de transcri¢ao) e a GSK3[3 (glicogénio
sintase quinase 3B), protegendo assim a atividade neuronal 5% %6,

A proteina quinase ativada por mitdgeno (MAPK) envolve a ativacao da
proteina Ras, que, consequentemente, ativa a Raf quinase (proteina quinase
serina/treonina), que fosforila a MEK (proteina quinase ativada por mitbgeno), que
ativa a ERK (quinase regulada por sinal extracelular), induzindo a expressao genética

e a proliferacéo, regeneracgédo e reparo neuronal, (Figura 12) %6,
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Figura 12: Sinalizacdo da insulina nos neurdnios. Legenda: RIS1,2- substrato do
receptor de insulina 1 e 2; GLUT 4- transportador de glicose insulina-dependente;
MAPK- proteinas quinases ativadas por mitdogeno; PI3K- fosfatidilinositol-3 quinase
(Adaptado de Hdlscher, 2014) 7.

A insulina também regula a expresséo e os niveis dos mecanismos mediados

pelos receptores glutamatérgicos NMDA (N-metil-D-aspartato), AMPA (acido-a-
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amino-3-hidroxi-4-isoxazolpropiénico e GABA (acido gama-aminobutirico), que tém
influéncia sobre a potenciacdo de longo prazo (long-term potentiation, LTP) e
depressdo de longo prazo (long -term depression, LTD). Ainda, a insulina esta
crucialmente envolvida na expansédo e preservacdo de sinapses excitatérias 8 e
formacdo de espinhas dendriticas por meio da ativacdo de PI3K/Akt/mTOR e vias
relacionadas a Ras %% %, que sdo essenciais para a sinalizagdo da insulina 1. A
insulina também influencia a sobrevivéncia celular, modulando as vias apoptoéticas e

os intermediarios envolvidos na cascata apoptética ©2.

1.7 SINALIZACAO DA INSULINA NA DOENCA DE ALZHEIMER

Muitas pessoas estdo familiarizadas com o diabetes mellitus tipo 1 e 2, no
entanto, existe outra forma de diabetes que foi identificada, conhecida como diabetes
mellitus tipo 3 (DM3), que se manifesta como resisténcia a insulina no cérebro e tem
grande potencial para impactar a neurocognic¢ao e contribui para a etiologia da doenca
de Alzheimer 3,

Nas ultimas décadas, a descoberta da expressdo do receptor de insulina (RI)
em areas do cérebro envolvidas em funcbes diferentes do controle da alimentacéo,
como aprendizado e memdria, revolucionou essa ideia e abriu caminho para a
compreensdo de como o cérebro é um 6rgdo sensivel a insulina % %, A plasticidade
cerebral, a capacidade desse 6rgao de sofrer mudancgas estruturais e funcionais em
resposta a estimulos ambientais, é finamente modulada pela dieta e por horménios
dependentes de nutrientes, como a insulina 6.

A glicose € o combustivel obrigatorio para o cérebro e é crucial para a

resisténcia neuronal, conexdes sinapticas, producdo de ATP e integridade da BHE.



33

Todas essas funcdes dependem da disponibilidade 6tima de glicose, que depende de
mecanismos de transporte regulados pela insulina e pelos receptores de insulina 67 68,
Assim, a alteracdo na sinalizacdo da insulina no SNC pode acelerar o envelhecimento,
prejudicar a plasticidade cerebral e promover a neurodegeneracéo ©°.

Na DA, as principais moléculas envolvidas na sinalizacéo prejudicada da insulina
séo: RIS, PI3K, Akt e GSK-3[3. A ativacao ou inativacdo dessas moléculas por meio da
fosforilacdo aumentada ou diminuida desempenha um papel nas anormalidades de
sinalizacdo ou na resisténcia a insulina 5% 0. A resisténcia a insulina é a principal
responsavel pelas caracteristicas da DA decorrentes de neuroinflamacéo e estresse
oxidativo. Além disso, caspases, fator nuclear eritroide 2 relacionado ao fator 2 (Nrf2) e
factor nuclear kappa B (NF-kB) influenciam essa via de forma indireta 3.

A resisténcia a insulina pode afetar as funcdes da memoria ao limitar a
captacao de glicose por meio de niveis reduzidos de GLUT-1 e 3, e essas alteracdes
sdo detectaveis na DA e se correlacionam com a densidade de emaranhados
neurofibrilares e atrofia hipocampal "% 4°. Além disso, a resisténcia a insulina regula
negativamente a expressdo dos receptores de insulina no endotélio dos capilares
cerebrais, que, por sua vez, afetam a permeabilidade seletiva da BHE, levando a
niveis diminuidos de insulina, o que afeta a atividade neuronal e glial 7% 73 4.

A disfuncao da sinalizacdo de PI3K caracterizada pela resisténcia a insulina na
DA ativa a via do GSK-3[ que causa hiperfosforilacdo da proteina tau, e formacgao de
ENFs. Além disso, a GSK-3p ativada também abre caminho para o aumento da
liberacdo e acumulo de placas amiloides, neuroinflamacéo, sintese reduzida de
acetilcolina, o que, finalmente, leva aos sintomas patolégicos de deméncia e

comprometimento cognitivo da DA.
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Além disso, descobriu-se que o AB ativa o GSK-3B, o que leva ainda a
hiperfosforilagdo da proteina tau, ativacdo de caspase-3, fragmentacdo do DNA de
neurbnios e gliose, sendo que esses fendmenos agravam O processo
neurodegenerativo 3 (Figura 13).

Também a desregulacdo da sinalizacdo do mTOR (alvo em mamiferos da
rapamicina) € responsavel pelo envelhecimento, diabetes, cancer, obesidade, complicactes
cardiovasculares e neurodegenerativas, incluindo a DA. A ativacdo do mTOR aumenta a

geracao e a deposi¢édo de AB e contribui para a hiperfosforilagéo da tau 7.
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Figura 13: Sinalizacédo da insulina, memoria e DA. A sinalizacdo da insulina modula a
memoria e a patologia da DA. A GSK-3B é um regulador chave da fosforilagdo da
proteina tau. A tau hiperfosforilada € o principal componente dos emaranhados
neurofibrilares (ENF). O peptideo B-amiloide (AB) modula a sinalizagédo da insulina e
pode prejudicar o aprendizado e a memodria.

Legenda: IRS — substrato do receptor de insulina; PI3K — fosfatidilinositol-3-quinase;
ERK- quinase regulada por sinal extracelular; CREB - proteina de ligagéo ao elemento
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de resposta do AMPc; PIP2 - fosfatidilinositol 4,5 bifosfato); PIP3 — fosfatidilinositol
3,4,5 trifosfatos; mTOR — alvo em mamiferos da rapamicina (Adaptado de Takeda,
Sato, Rakugi e Morishita, 2011) 7°.

A resisténcia a insulina é bem conhecida como uma caracteristica essencial do
DM3. Portanto, as estratégias de tratamento para DMS3, particularmente aquelas
destinadas a melhorar a sensibilidade a insulina, também podem beneficiar os
pacientes com risco de DA nos estagios iniciais 3. Devido as caracteristicas
patologicas entre diabetes mellitus, resisténcia a insulina e declinio cognitivo, terapias
medicamentosas multidirecionadas, juntamente com intervencdes no estilo de vida
também sdo exploradas na perspectiva da pesquisa na industria farmacéutica,
incluindo atividade antioxidante, polifendis, acidos 6mega-3, nutracéuticos, bem como
as conexdes cérebro-intestino com o uso dos agonistas do GLP-1 (peptideo
semelhante ao glucagon, uma incretina), como a exendina-4 (exenatida), liraglutida,

semaglutida, entre outros 63 76.77. 78,

1.8 INCRETINAS

A palavra incretina é formada do inglés “INtestinal seCRETion of INsulin” 7°. As
incretinas sdo hormonios peptideos produzidos pelo trato gastrointestinal e pancreas
e que regulam o metabolismo da glicose. Essas moléculas sé&o langadas na circulacao
sanguinea em resposta a ingestdo de nutrientes e aumentam a secrec¢do de insulina,
regulando o metabolismo glicolitico 8. As incretinas foram identificadas na década de
30, mas suas propriedades insulinotropicas foram reconhecidas nos anos 60 8.

As principais incretinas sdo os peptideos GLP-1 (peptideo semelhante ao

glucagon-1) e o peptideo inibidor gastrico (GIP, também conhecido como: polipeptideo
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insulinotrépico dependente de glicose). Ambos sdo membros da superfamilia de
peptideos do glucagon &2.

O GIP foi o primeiro hormonio incretina isolado do intestino delgado de suino
e, pela sua capacidade de inibir a secrecao de acido gastrico em caes, foi inicialmente
chamado de polipeptideo inibitorio gastrico (GIP). Estudos posteriores revelaram que
0 GIP pode também estimular a secrecdo de insulina em animais e humanos .
Devido a sua acao incretina ocorrer em niveis fisiologicos, o horménio foi entédo
renomeado de polipeptideo insulinotropico dependente de glicose (do inglés glucose-
dependent insulinotropic polypeptide) para refletir esta acédo fisiolégica, mantendo
ainda sua sigla 8 83 8485 8 (O GIP é secretado pelas células K, localizadas
principalmente no duodeno e na parte proximal do jejuno 8.

O GLP-1 e GLP-2 foram descobertos a partir do precursor do glucagon, o pro-
glucagon (PG), um polipeptideo de 160 aminoéacidos, codificado pelo gene do
glucagon, produzido tanto nas células a das ilhotas de Langerhans como nas células
L da mucosa intestinal. O PG possui trés dominios importantes, ou seja, 0 proprio
glucagon com residuos de aminoacidos na sequéncia 33 e 61, e dois dominios com
uma importante homologia (50%) de sequéncia com o glucagon, ambos cercados por
pares de aminoacidos basicos (locais tipicos de clivagem) ocupando posicbes 72-
107/108 e 126-158 do PG, denominados, respectivamente, de GLP-1 e GLP-2 (Figura
14) 87, 88, 89, 90, 91_

Embora exista essa homologia, GLP-1 e GLP-2 foram testados quanto as suas
acOes insulinotropicas, mas apenas o GLP-1 foi capaz de estimular a secrecao de
insulina & 8586 Por esse motivo, 0 GLP-2 néo é considerado um hormdnio incretina .

O GLP-1 é secretado pelas células L, encontradas principalmente no ileo e no célon &,
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Figura 14: Processamento poés-traducional diferencial do pro-glucagon no péancreas,
estdbmago e cérebro. Os numeros indicam posi¢cdes de aminoacidos na sequéncia de
160 aminoacidos do pré-glucagon, e as linhas verticais indicam as posi¢cdes dos
residuos basicos de aminodacidos, locais tipicos de clivagem.
Legenda: GRP- polipeptideo pancreético relacionado com glicina; GLP-1 - peptideo
tipo glucagon-1; GLP-2 - peptideo tipo glucagon-2; IP-1 -peptideo interveniente-1 e
IP-2 - peptideo interveniente-2 (Adaptado de Holst, 2007) &’.

Como descrito anteriormente, o PG da origem a uma série de horménios
peptidicos, como glucagon, GLP-1, GLP-2, glicentina, GRPP e OXM (Figura 13 e 14).
Esses horménios tém efeitos muito especificos e, em certa medida, opostos sobre a
glicose e o metabolismo energético 3,

A especificidade tecidual da clivagem do PG é obtida pela expressao seletiva
das enzimas PC. Assim, nas células a, o glucagon é clivado do PC2 ou PCSK2),
enquanto o GLP-1, GLP-2, OXM e glicentina derivam do PG por meio da clivagem do

PC1 ou PCSK1 mediada no cérebro e no intestino (Figura 15) 93 80,94, 95,96
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Figura 15: Esquema do processamento do pré-glucagon, por meio da acédo de
enzimas pro-horménio convertases (PCs). No pancreas, o pré-glucagon é clivado pelo
pré-horménio convertase 2 (PC2) em glucagon, polipeptideo pancreético relacionado
a glicentina (GRPP), o peptideo interveniente 1 (IP-1) e um fragmento principal do pré-
glucagon (MPGG). No intestino e no cérebro, o pré-glucagon € clivado pelo pré-
horménio convertase 1 (PC1l) em glicentina, oxintomodulina (OXM), o peptideo
interveniente 2 (IP-2), GLP-1 e GLP-2 (Adaptado de Miiller, Finan, Clemmensen,
DiMarchi e Tschop, 2017) %,

Em relagcdo aos aspectos moleculares, sabe-se que o gene do GIP esta
localizado no cromossomo humano 17¢21.3-g22 e compreende seis exons %. O
processamento proteolitico da pré-pro-GIP gera GIP secretado pelas células K. O
gene do pro-glucagon estad localizado no cromossomo humano 2g36-937 e
compreende seis exons. No intestino, o processamento proteolitico de PG gera GLP-
1 e GLP-2, enquanto o glucagon é produzido no pancreas 8%, E importante ressaltar

gue mais de 70% do GLP-1 secretado pelas células L em humanos recebe uma amida

na porcao carboxila-terminal (Figura 16) °!
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Figura 16: Os genes do GIP e do PG e suas localizagdes no cromossomo 17921.3-
022 e 2936-0g37, respectivamente (adaptado de Yabe e Seino, 2011) %,

O “efeito incretina" foi descrito em estudos que demonstraram que a glicose
administrada por via oral resultou resposta insulinica (aumento de insulina sérica) maior do
gue a obtida com a administracao intravenosa de glicose. Tal efeito ocorreu uma vez que
a glicose via oral estimula as células L, presentes principalmente no ileo e no colon, e as
células K, presentes em regides mais proximais (duodeno e jejuno) do intestino delgado. A
ativacdo dessas células pela glicose aumenta os niveis de GLP-1, produzido pelas células
L, e GIP, produzido pelas células K. Essas moléculas atuam nas células p-pancreaticas
estimulando a producédo e secrecao de insulina, 0 que nao ocorre quando a glicose é
administrada via intravenosa % 1% 101102 Nesse contexto, percebe-se o importante efeito
das incretinas na resposta insulinica e estima-se que elas sejam responsaveis por
aproximadamente 50 a 70% do total de insulina secretada apods a ingestéo oral de glicose
8, Tal descoberta foi descrita por Nauck e colaboradores (1986)'%, que reportaram o efeito
incretina apos o consumo de glicose 25, 50 e 100g de glicose por via oral ou intravenosa
sobre os niveis de insulina plasmatica e peptideo C, um produto formado pela clivagem da
molécula pré-insulina para sintese de insulina. A medida que o tempo avancava,
observaram um pico maior de insulina e peptideo C séricos nos grupos “glicose oral” em

relagdo ao grupo “glicose intravenosa” 193,
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Os efeitos mediados pelas incretinas GIP e GLP-1 ocorrem por meio da interacédo
hormonio-receptor. Os receptores especificos sao: o receptor do peptideo inibidor gastrico
(GIPR) 1% e o receptor de GLP-1 (GLP-1R) 1%, Ambos pertencem a familia de receptores
acoplados a proteina G 1%, que, por sua vez, ativam a enzima adenilato ciclase que eleva os
niveis de AMPc citoplasmatico nas células 3 pancreaticas. O aumento de AMPc engatilha a
via de sinalizacdo mediada pela proteina cinase dependente de AMP ciclico (PKA) e a
proteina de troca ativada (Epac) pelo AMPc, o que leva a rapidos aumentos no calcio
intracelular e na liberacdo de insulina glicose-dependente via reticulo endoplasmatico rugoso
107 Em paralelo, a PKA também ativa a via da MAPK, que tem papel central na proliferagéo

de células beta pancreaticas, bem como na reducdo da apoptose celular (Figura 17) 107198,
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Figura 17: Efeito do GLP-1 e GLP-1R sobre a sintese e secrecao de insulina.
Legenda: GLUTZ2, transportador de glicose 2; K-ATP, canal de potassio sensivel a
ATP; TCA, acido tricarboxilico; EGFR, receptor do fator de crescimento epidérmico;
VDCC, canais de calcio dependentes de voltagem; PI3K, fosfatidilinositol-3 quinase;
IRS, substrato do receptor de insulina; PKC, proteina quinase C; MAPK, proteina
quinase ativada por mitdogeno; RE, reticulo endoplasmatico; cAMP, monofosfato de
adenosina ciclico; PKA, proteina quinase A; AC, adenilato ciclase; Epac, proteina de
troca ativada por cAMP (Adaptado de Jung, Kim e Lim, 2014) 1%,
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Os receptores GLP-1 (GLP-1Rs) podem ser encontrados ndo apenas nas
células pancreéticas, mas também nas células miocardicas, endotélio vascular e SNC.
No SNC, os receptores do GLP-1 (GLP-1R) sdo expressos em varias regides do
cérebro de humanos, primatas e roedores, incluindo o hipocampo, cértex, hipotalamo,
cerebelo, células de Purkinje, nacleo do trato solitario (NTS), neocdrtex, ganglios da
base, ax6nios e dendritos. Existem evidéncias crescentes de que 0s astricitos e
microglia expressam GLP-1Rs e que, em lesdo e neuroinflamacdo, elevam sua
expresséo 110, 111, 112, 113_

Os miméticos de GLP-1 podem proteger neurdnios cultivados de estressores,
reduzir a apoptose e aumentar a divisdo celular *’. Eles também protegem as sinapses
dos efeitos prejudiciais de AR na plasticidade sinaptica no hipocampo. Além disso,
podem atravessar a barreira hematoencefalica, uma propriedade importante para o
tratamento de distlrbios neurodegenerativos do SNC 7°.

O GLP-1, assim como a insulina e o IGF-1, ativa as vias de sinalizacdo de
segundo mensageiro, que sdo comumente ligadas a sinalizacdo do fator de
crescimento nos neurdnios 1%, Os efeitos neuroprotetores da ligagdo entre o GLP-1
e seu receptor (GLP-1R), mediado pelas vias PKB/Akt e MAPK/ERK, ativa uma
proteina G/ adenilato ciclase (AC), o que resulta aumento no AMPc, levando a eventos
intracelulares, como sobrevivéncia celular, inibicdo da apoptose, ativacdo de canais
de Ca?*, crescimento celular, reparo e regeneracdo, liberacdo aumentada de
neurotransmissor/facilitacdo de potenciacdo a longo prazo (long-term potentation,
LTP). Dessa forma, resulta em desenvolvimento neuronal, neuroprotecéo e formacgao

de meméria (Figura 18) °’.
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Figura 18: Sinalizagdo celular relacionada ao fator de crescimento ativada por
receptores GLP-1 em neurdnios.

Legenda: adenil- ciclase (AC); adenosina difosfato (ADP); proteina quinase b (AKt);
regulacdo B-Raf B de alfa-fetoproteina; monofosfato de adenosina ciclico (CAMP);
quinase regulada por sinal extracelular (ERK); fatores de troca de nucleotideos de
guanina (GEFs); peptideo-1 semelhante ao glucagon (GLP-1); receptor do peptideo 1
semelhante ao glucagon (GLP-1R); potenciacdo a longo prazo (LTP); proteinas
guinases ativadas por mitogeno (MAPK); quinase (MEK); quinase dependente de
fosfatidilinositol (PDK); fosfatidilinositol - 4,5-bifosfato 3-quinase alfa (Pi3Ka); proteina
guinase A (PKA); proteina quinase B (PKB); proteina quinase C (PKC); proteina
membro da familia de oncogenes RAS (RaplA) (adapatado de Calsolaro e Edison,
2015)110.

O GLP-1 exerce uma variedade de efeitos metabdlicos em diferentes 6rgaos
do corpo por meio do “tamponamento” glicémico. No cérebro, atua reduzindo o apetite,

0 consumo alimentar e aumentando a neuroprotecéo (Figura 19) 114,
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Figura 19: Efeitos do GLP-1 e glucagon sobre os diferentes 6rgaos (Adaptado de
Mdller, Finan, Clemmensen, DiMarchi e Tschop, 2017) %,

Os efeitos neurotroficos e neuroprotetores do GLP-1 foram caracterizados em
varios estudos pré-clinicos in vitro e in vivo, com o uso de agonistas do receptor de
GLP-1 (GLP-1RA) e inibidores da dipeptidil peptidase-4 115

Em modelos experimentais da DA em camundongos, os analogos de GLP-1
mostraram melhora no aprendizado e na meméaria 116, atuar como fator de crescimento
no cérebro, formando sinaptogénese, neurogénese e protegendo contra lesao
oxidativa. Também foi observada reducédo dos niveis de marcadores patologicos da
DA, incluindo AR oligomérico e placas AR, bem como diminui¢ao da ativagdo microglial

e melhora da memodria 117,



44

Dois agonistas do GLP-1R, liraglutida e exenatida, em modelos de DA em
camundongos, antagonizaram processos ligados a neurodegeneragcao e progressao
da doenca, mesmo na auséncia de diabetes 17: 118,

Os efeitos positivos dos agonistas do receptor do GLP-1 em doencas
neurodegenerativas se devem a melhora na sinalizacdo da insulina, nas funcdes
neurocognitivas, neuroprotecdo, neurogénese, proliferacdo, diferenciacdo e
diminuicdo da neuroinflamagéo °.

Analogos do GLP-1 administrados perifericamente, incluindo a EXE-4 e
liraglutida, atravessam a BHE 1% 120 e portanto, séo capazes de se ligar a receptores
de GLP-1 amplamente encontrados no cérebro, bem como nas células piramidais do

cortex cerebral e formacao hipocampal 2.

1.9 EXENDINA-4

Por meio do estudo da ecologia p6de-se obter pistas interessantes para a
descoberta de novos medicamentos, como no caso da EXE-4, um farmaco derivado
do veneno do monstro-de-gila (Heloderma suspectum) (Figura 20), um réptil venenoso
nativo do deserto do sudoeste dos Estados Unidos e norte do México, que pode
suportar longos periodos de jejum, comendo apenas trés ou quatro vezes por ano. As
bases fisiologicas para esse notavel comportamento alimentar foram atribuidas a
presenca de um hormdnio salivar EXE-4 que retarda a digestdo e a absorcdo dos
alimentos 121,

Uma forma sintética da EXE-4 (exenatida, Byetta®) foi aprovada pela FDA
(Food and Drug Administration), em abril de 2005, para o controle do diabetes mellitus
tipo Il em pacientes cuja glicemia ndo pode ser controlada com agentes diabéticos

orais (metformina, sulfonilureias ou tiazolidinedionas) isoladamente 122,
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Figura 20: Monstro-de-Gila (Heloderma suspectum), extraido de um banco de
imagens sem direitos autorais (https://pixabay.com/).

A EXE-4 é um polipeptideo de 39 aminoacidos, de sequéncia homologa em
50% ao GLP-1 e, devido a isso, exibe propriedades bioldgicas bem semelhantes
(Figura 21). Eng et al.*?! fazem parte do grupo dos primeiros pesquisadores a elucidar
o papel biolégico das exendinas. Primeiramente, seu estudo investigou os peptideos
exendina-3 e EXE-4. Apos o isolamento desses peptideos, Eng relatou a presenga de
39 aminoéacidos contendo uma histidina amino-terminal e uma amida carboxi-terminal.
Aplicando esses peptideos em células acinares pancreaticas, a exendina-3 e a EXE-4
estimularam a liberagdo de amilase em concentragfes crescentes e aumentaram o0s
niveis de AMP ciclico celular. No entanto, a EXE-4 difere da exendina-3 por apenas
duas substituicbes de aminoacidos nas posi¢ées 2 e 3 da por¢do N-terminal. A partir
desse achado, Eng relatou a possibilidade de existir um suposto receptor para
exendinas nas células acinares pancreaticas (modelo experimental Cavia porcellus) 122,

A presenca desse receptor também foi determinada por Eng a partir do uso de
um inibidor especifico, a exendina (9-39) amida, molécula desenhada para ser um
analogo das exendinas. Eng verificou que as exendinas (9-39) amida aboliram o

aumento no AMPc induzido por exendina-3 e EXE-4. Ap0Os essa descoberta, o autor
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prediz a existéncia de um analogo endogeno em mamiferos para os peptideos de
exendinas bem como um receptor para exendinas'?’. Em seguida, Raufman e
colaboradores (1992)%® descobriram que a exendina (9-39) amida era capaz de
bloquear o efeito do GLP-1 humano em &cinos pancreaticos. Essa descoberta foi vital
para compreender o local em que as exendinas atuariam. Os autores constataram

gue o GLP-1 pode atuar no mesmo receptor que a exendinas-3 e a EXE-4121. 123,
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Figura 21: A comparagdo de sequéncia entre EXE-4 e o GLP-1. Os asteriscos
vermelhos indicam os residuos idénticos compartilhados entre a EXE-4 e o GLP-1.
EXE-4 também tem uma extensdo C terminal que esta ausente no GLP-1 (Adaptado
de Yap e Misuan, 2019) 24,

A possibilidade de as exendinas atuarem no mesmo receptor que o GLP-1 veio
a ser confirmada em seguida por Rai e colaboradores 2°. Experiéncias utilizando
estdbmago de cobaias permitiram descobrir que GLP-1, exendinas-3 e 4 aumentavam
as concentracdes de AMPc celular e secrecao de pepsinogénio. Essas acdes foram
progressivamente inibidas pelo aumento das concentra¢cdes do antagonista exendina-
(9-39) amida. Esses achados clarificam o sitio de a¢do das exendinas, confirmando
gue estas compartilham o mesmo receptor que o GLP-1 1%°,

Na busca para compreender melhor o sitio de ligacdo das exendinas, Goke e
colaboradores '%¢ descobriram que o sitio de ligagdo da EXE-4 ocorre no receptor para
GLP-1. Utilizando moléculas marcadas radioativamente, Goke e colaboradores (1993) 126
demonstraram que a EXE-4 e a exendina-(9-39) amida interagem especificamente com

o receptor do GLP-1 nas células derivadas do insulinoma e em membranas pulmonares.

Essa evidéncia aponta que a EXE-4 € um agonista, e a exendina (9-39)-amida € um
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antagonista especifico do receptor de GLP-1'%. Posteriormente, Schepp e
colaboradores confirmaram essa descoberta utilizando os peptideos marcados
radioativamente em células parietais gastricas de ratos 7.

ApoOs as evidéncias de que EXE-4 atua sobre os receptores GLP-1, Kolligs e
colaboradores 28 verificaram a possibilidade de um efeito incretina exercido por estes
peptideos. Administracéo de glicose intraduodenal e intravenosa foram realizadas em
ratos e foi feita uma comparacédo sobre niveis de insulina. A glicose intraduodenal
elevou os niveis de insulina numa concentracdo maior que a induzida pela via
intravenosa, e esses efeitos foram mais pronunciados na acao do GLP-1 e da EXE-4.
Apods confirmado um efeito incretina, os autores verificaram também que a exendina
(9-39) amida aboliu o efeito estimulante da insulina. Esses dados apoiam o conceito
de que o GLP-1 e a EXE-4 s&o importantes hormdnios incretina 128,

Uma vez estabelecido o papel da EXE-4 como um agonista dos receptores de
GLP-1, Goke e colaboradores descobriram a presenca de receptores para GLP-1 no
sistema nervoso. Utilizando autorradiografia quantitativa in vitro, os pesquisadores
detectaram uma alta densidade de locais de ligacdo especificas para o GLP-1 visto
no lobo pituitario, lobos anterior e intermediario 12°, septo lateral, no 6rgéo subfornical
(SFO), no tdlamo, no hipotalamo, no nucleo interpenduncular, no nucleo tegmentar
postero-dorsal, na area postrema (AP), o NTS e regides circunventriculares (2. Goke,
et. al., 1995). Estudos de ligacdo com [125]] [Tyr 39] exendina-4 (uma exendina-4
marcada) mostraram um padréo de distribuicdo idéntico nos sitios de ligacdo para
GLP-1 130,

A EXE-4 é mais potente que o GLP-1 para aumentar a sintese de insulina
dependente de glicose, diminuir a producdo de glucagon e retardar o esvaziamento

gastrico. Além disso, a exendina-4 tem maior duragéo de agédo que o GLP-1, com
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meia-vida superior a 2 horas versus 1-2 minutos para o GLP-1, sendo resistente a
inativacdo enzimatica pela dipeptidil peptidase-4 (DPP-4) 122, A DPP-4 é a enzima

que metaboliza e inativa o0 GLP-1 alguns minutos apés sua secrecgéo 19,

1.10 EXENDINA-4: EVIDENCIAS NO SNC

GLP-1 e a EXE-4 podem atuar como agentes neurotréficos regulando a
proliferacdo celular, neurogénese, o crescimento neuritico e protegendo neuritos em
condi¢cGes patoldgicas 13 132, A EXE-4 na dose de 1 ug/kg administrada via i.p. em
ratos machos durante 21 dias aumentou o numero de células imunorreativas para Ki67
(1,51 vezes em relacdo ao controle), doublecortina (DCX, 2,5 vezes em relacdo ao
controle) e 5-bromo-2-desoxiuridina (BrdU, 2,46 vezes em relacdo ao controle) na
SGZ do DG 133 Nesse estudo, fica claro que EXE-4 aumenta a diferenciacéo
neuroblastica e a proliferacao celular na SGZ do DG e sugere que a EXE-4 promove
plasticidade estrutural no DG 2.

Em seguida, Hamilton e colaboradores 34 estimaram o nimero de células
progenitoras ou de neurbnios jovens positivos no DG para trés modelos de ratos
diabéticos. EXE-4 na dose de 25 nmol/Kg administrada via subcutanea durante quatro
semanas também aumentou o nimero de células BrdU e DCX positivas em relacdo
aos animais diabéticos e controle. Além disso, o antagonista exendina-9-36 (outro
antagonista para exendina-4) reduziu a proliferacdo de células progenitoras nesses
animais. Os resultados demonstram que os agonistas do GLP-1R sdo promissores
como tratamento para doengas neurodegenerativas, uma vez que atravessam a BHE
e aumentam a proliferacdo celular e neurogénese hipocampal 134, Apés verificar os

efeitos da EXE-4 sobre a proliferacdo celular e neurogénese, novos estudos
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mostraram o papel desse agonista do GLP1-R sobre parametros neurotroficos. EXE-
4 foi incubada com neurbénios do ganglio da raiz dorsal de ratos (DRG) adultos e
células PC12. Nessa experiéncia, foi detectada a presenca de GLP-1R,
predominantemente localizado em neurdnios peptidérgicos in vivo e in vitro, e viram
gue EXE-4 mostrou efeitos dose-dependentes (concentragcées 1 < 10 < 100 nM),
promovendo crescimento de neuritos e sobrevivéncia neuronal em dois e sete dias,
respectivamente 3. Além disso, o tratamento com 100 nM de EXE-4 restaurou o
crescimento reduzido dos neuritos e aumentou a viabilidade de neurbnios DRG
causados pela remocéo de insulina do meio. Buscando compreender melhor esse
achado, os autores descobriram que a EXE-4 foi capaz de suprimir a atividade de
RhoA, um regulador inibidor da regeneracdo de nervos periféricos, em células PC12.
Além disso, os efeitos benéficos da EXE-4 foram atenuados quando ocorreu um co-
tratamento com o inibidor (LY294002) da PI3K. Possivelmente, EXE-4 aumenta o
crescimento de neuritos e a sobrevivéncia neuronal por meio da ativagéo da via de
sinalizacao PI3K/RhoA. A EXE-4 e outros agonistas do GLP-1R podem compensar os
efeitos reduzidos da insulina nos neurdnios, sendo, portanto, benéficos para
condi¢cdes patolégicas que incluem a reducdo de neuritos, como na neuropatia
diabética 13°.

A caracterizaram morfologica, estrutural e funcional das a¢bes da EXE-4
usando um modelo de célula neuronal humana conhecida como células SH-SY5Y, e
aumentou o numero de neuritos paralelos por modificacfes na distribuicdo de actina
e tubulina intracelular. Além disso, analises eletrofisiologicas mostraram um aumento
dos canais ibnicos na superficie da membrana celular, bem como sua sensibilidade.

Em relacdo a atividade desses canais, foi encontrada uma conduténcia aumentada
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dos canais de Na* e na amplitude das correntes de Ca?* (tipos T e L, canais tipicos de
neurdnios numa forma (ou fenotipo) mais madura) 131,

A EXE-4 administrada subcutaneamente foi benéfica em casos de traumatismo
cranioencefalico leve. Quando administrada 48 horas antes ou 2 horas apés o trauma,
a EXE-4 impediu a inducéo de déficits cognitivos e as altera¢des induzidas pelo trauma
na marcacao para sinaptofisina no cértex cerebral e hipocampo. E in vitro, a EXE-4
protegeu neurénios do encolhimento neuritico e morte celular. O tratamento de culturas
de HT22 com EXE-4 (25 a 100 nM), antes da lesdo, atenuou os efeitos citotoxicos de
lesGes por estiramento biaxial e preservou o comprimento dos neuritos 22,

A literatura também aponta que a EXE-4 promove a regeneracao em lesdo de
nervo periférico, porque pode atenuar a neuropatia sensorial periférica %6, além de
acelerar o crescimento de neuritos em neurdénios ganglionares cultivados, melhorar a
percepc¢ao da dor e a conducao neuronal motora e sensorial, mas seu mecanismo de
acao ndo esta elucidado 7. Com isso, na tentativa de elucidar o mecanismo de agédo
da EXE-4, no tratamento de lesdo de nervo periférico, e observou-se que houve
regeneracao dos nervos periféricos, proliferacdo e migracdo de células de Schwann
por meio da via de sinalizagéo Jak-STAT. Assim, esses resultados fornecem uma base
e direcdo para melhor compreender os mecanismos da EXE-4 no reparo de leséo de
nervo periférico e uma nova abordagem para o tratamento 3,

Na pesquisa dos efeitos do GLP-1R na nocicepcdo, cognicdo e
neuroinflamacé&o na dor crénica, foi utilizado um modelo de ligadura do nervo espinhal
em ratos tratados com EXE-4 (10 pg/kg) injetada continuamente via subaracnoidea
de 10 a 21 dias apos a ligacéo do nervo espinhal. Com isso, observou-se que a EXE-
4 atenuou 0 comprometimento cognitivo induzido pela dor ao aliviar a neuroinflamacéo

do hipocampo. Assim, os resultados encontrados sugerem que a EXE-4 pode aliviar
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as respostas neuroinflamatorias induzidas pela dor e promover a recuperacao da
funcdo cognitiva por meio da via do GLP-1R**.

Na investigacdo do efeito neuroprotetor de drogas hipoglicémicas, como a
insulina e EXE-4, foi usado um modelo in vitro da doenca de Huntington, desenvolvido
por neurénios dopaminérgicos diferenciados, tratados com o composto neurotoxico
pré-oxidante 6-hidroxidopamina. Com essa investigagao, os resultados demonstraram
gue insulina e EXE-4 reduziram a acumulo de huntingtina mutante em células
neuronais4°,

Para investigar os efeitos neuroprotetores do tratamento agudo com EXE-4, em
um modelo animal de inflamac&o, utilizaram-se, no estudo, diferentes doses (0,1; 0,3
ou 0,5 pg/Kg) via intraperitoneal. Foram utilizados ratos Wistar machos, que receberam
o lipopolissacarideo (LPS) via intraperitoneal na dose de 0,25 mg/Kg e tratados com
EXE-4. O fator neurotrofico derivado do cérebro (BDNF), as espécies reativas ao acido
tiobarbitdrico (TBARS) e a interleucina-6 (IL- 6) foram quantificados no soro e no
hipocampo. A dose mais alta de EXE-4 reduziu a IL-6 no hipocampo dos animais que
receberam LPS, e a EXE-4 per se reduziu os niveis séricos de TBARS com um efeito
antioxidante moderado nos grupos LPS. Ja os niveis de BDNF no hipocampo pareciam
estar aumentados no grupo LPS+EXE-4 em comparagédo com o grupo LPS. Com isso,
esse estudo fornece evidéncias sobre o efeito anti-inflamatoério da EXE-4 no hipocampo
de um modelo animal para inflamacéo4*.

Para verificar os efeitos do tratamento diario com EXE-4, na funcdo cognitiva e
plasticidade sinaptica em um modelo de obesidade induzido por uma dieta rica em
gordura, foram utilizados camundongos, que receberam a dieta e foram tratados com
EXE-4 (25 nmol kg-1 de peso corporal; duas vezes ao dia) ou veiculo (solucdo salina

0,9% p/v) durante 21 dias. Com isso, os autores do estudo observaram que, além de
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melhorar o controle metabdlico, os camundongos tratados com EXE-4 exibiram um
aumento acentuado no indice de reconhecimento, destacando o aprendizado e a
memaoria, e uma recuperacao na eliminacdo da potenciacao eletrofisiolégica em longo
prazo in vivo, causada pela dieta rica em gordura. Assim, a pesquisa mostra que a
terapia com EXE-4 melhorou a fungéo cognitiva e a plasticidade sinaptica hipocampal,
prejudicadas na obesidade 142,

Para investigar se a esclerose multipla (EM) poderia ser um complemento para
os disturbios do SNC que estdo associados ao eixo de sinalizacdo GLP-1/GLP-1R,
uma vez que as proteinas GLP-1 e GLP-1R estdo expressas em neurdnios, astrocitos
e microglia na medula espinhal de camundongos normais, Leo e colaboradores (2018)
induziram encefalomielite autoimune experimental (EAE) em um modelo animal, e os
camundongos com sintomas de EAE foram tratados diariamente com EXE-4 na dose
de 5 ug / kg via intraperitoneal durante 13 dias. Com isso, observaram que a
administracdo de EXE-4 melhorou significativamente os sinais clinicos da doenca,
juntamente com a reversao de sequelas histopatoldgicas, como acumulo de células,
desmielinizacdo, astrogliose, ativagdo microglial e transformacdo morfolégica da
microglia ativada na medula espinhal lesada. Essa melhora apresentada pela EXE-4
foi comparada a do farmaco utilizado para EM, o fingolimod (FTY720) na dose de 3mg/
kg, via intraperitoneal. Os efeitos neuroprotetores da EXE-4 contra a EAE também
foram associados a diminuicdo da expressdo de mRNA de citocinas pro-inflamatorias,
como interleucina (IL) - 17, IL-1B, IL-6 e fator de necrose tumoral (TNF)-a. Assim, o
estudo demonstrou que a ativacdo do eixo de sinalizacdo GLP-1 / GLP-1R
empregando EXE-4 tem potencial terapéutico contra a EAE monofasica, juntamente

com respostas neuroinflamatdrias reduzidas 42
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Para analisar os efeitos e os mecanismos de GLP-1, e especialmente de seu
analogo de longa acédo, a EXE-4, na viabilidade de células neuronais, sob condi¢cdes
de hiperglicemia ou estresse oxidativo in vitro e os efeitos de EXE-4 sobre o déficit de
memoria, alteracdes histopatoldgicas, hiperfosforilacdo da tau e a principal atividade
GSK-3, em um modelo induzido por dano na sinalizagao de insulina cerebral in vivo,
utilizaram ratos Wistar machos que receberam injecdo STZ - ICV (3 mg/Kg de peso
corporal, 6pl/ ventriculo) e tratados com EXE-4 (10ug/Kg de peso corporal) por via
subcutanea duas vezes ao dia, durante 14 dias. Entdo, observaram que, tanto o GLP-
1 como a EXE-4, melhoraram a lesdo induzida pelo estresse oxidativo em células
PC12 e exerceram um efeito protetor contra a reducao da viabilidade das células PC12
causada pela hiperglicemia e que esse efeito foi mediado pela via PI3K. Além disso,
a avaliacdo histopatologica confirmou os efeitos protetores do tratamento com EXE-4
nos neurénios do hipocampo. A EXE-4 também reverteu a hiperfosforilacdo da tau
induzida por STZ- ICV por meio da regulagcédo negativa da atividade de GSK-3f, uma
quinase chave tanto na DM2 como na DA 143,

No tratamento da disfuncdo cognitiva, como a DA, utilizou-se o GLP-1, EXE-4
e L- penetratina para facilitar a entrada no cérebro de GLP-1 e EXE-4 (ambos 2,5
mg/mL). Para tal, os pesquisadores utilizaram camundongos ddY, SAMP8 (modelo de
deméncia) e SAMR1 (controle normal para SAMP8) e observaram que a distribuicdo
de EXE-4 no cérebro aumentou significativamente pela coadministracdo intranasal de
L-penetratina, e a administragdo simultanea de EXE-4 por via intranasal ativou a
sinalizacao de insulina no hipocampo. Com isso, um nivel adequado de insulina foi
confirmado pela analise da fosforilacdo de AKt. Além disso, apds administracao diaria
de EXE-4 com L-penetratina e insulina suplementar por quatro semanas, observaram

uma melhora adicional da funcdo cognitiva espacial, como mostrado no teste de
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labirinto aquatico de Morris. O estudo sugere que a administracdo intranasal de EXE-
4 com insulina suplementar, mediada pela coadministracao de L-penetratina, mostra-
se promissora para o tratamento da disfuncdo cognitiva progressiva em SAMP8
(modelo de deméncia) 44

Na busca do envolvimento do BNDF e visfatina cerebral nas alteracfes
cognitivas no DM2, bem como 0s mecanismos subjacentes a essas alteracdes, foram
utilizados ratos Wistar machos que receberam STZ na dose de 45mg/Kg via i.p. para
induzir diabetes. Os ratos tratados receberam EXE-4, analogo do GLP-1, na dose de
3ug/kg administrada via subcutanea, durante 30 dias. Esse estudo fornece evidéncias
do envolvimento do BDNF e da visfatina cerebral nas alteracdes cognitivas associadas
ao DM2, além do efeito neuroprotetor da EXE-4 na sobrevivéncia neuronal e na
integridade sinaptica. O tratamento do DM2 com EXE-4 também melhorou
significativamente o controle glicémico e reduziu a resisténcia a insulina, dislipidemia,
estado inflamatorio, estresse oxidativo cerebral, area de neurdnios degenerados e
area de células gliais, o que pode contribuir para seu efeito benéfico nas funcbes
cognitivas 5.

A EXE-4, utilizada como uma droga terapéutica para DM2, administrada por
injecéo intrahipocampal em ratos machos Sprague-Dawley (SD), na dose de 0,2nmol
(1yL), apresentou um efeito antagdnico na supressédo da potenciagdo LTP induzida
por AB1-42 no hipocampo de ratos na regido CALl in vivo. Essa neuroprotecéo pode
ser mediada pela regulacdo da homeostase do calcio. O pré-tratamento com EXE-4
administrada 15 minutos antes da injecdo de AB1-42, na dose de 0,625 nmol (1uL),
suprimiu a elevagao induzida por AB1-42 na concentracdo de calcio intracelular
([Ca2+] i) através de canais de calcio dependentes de voltagem do tipo L (L-VDCCs)

e receptores de N metil-D-aspartato (NMDARSs). Além disso, a EXE-4 antagonizou a
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diminuicAo da proteina quinase dependente de calcio/calmodulina (p-CaMKII)
induzida por AB1-42 na regido CAl no hipocampo de rato. Assim, os efeitos
neuroprotetores da EXE-4, que provavelmente envolvem a regulacdo da homeostase
do calcio, fornecem suporte tedrico para o uso da EXE-4 para tratar e prevenir a DA
no futuro 146,

No estudo da atividade neuroprotetora da EXE-4, contra a toxicidade
mitocondrial, aumento do nivel de AB e disfungéo colinérgica no hipocampo e cortex
pré-frontal, foram utilizados ratos Wistar machos que receberam AB via i.c.v. para
induzir manifestacbes semelhantes a DA. As atividades neuroprotetoras da EXE-4
administrada na dose de 5 ug/kg foram avaliadas na presenca de LY294002, um
inibidor de PI3K, para estabelecer a via do GLP-1R na modulacdo da bioenergética
mitocondrial nas regifes do hipocampo e cortex pré-frontal. Logo, a EXE-4 atenuou a
toxicidade mitocondrial por meio da via dependente de PI3K/Akt em ratos com déficit
cognitivo induzido por AB1-42 nas regides do hipocampo e cértex pré-frontal 147,

Com o objetivo de elucidar os mecanismos de hiperglicemia e/ou injecao
intrahipocampal aguda de LPS na progressao da disfungcédo cognitiva e os efeitos
neuroprotetores da EXE-4 contra hiperglicemia e/ou lesdo aguda de LPS
intrahipocampal, foram utilizados para o estudo camundongos que receberam STZ na
dose de 200 mg/Kg via i.p. ou veiculo (citrato de sédio). Apdés 10 dias da STZ, os
camundongos foram tratados com EXE-4 na dose de 10mg/Kg/dia ou veiculo (solugcéo
salina) via i.p. uma vez ao dia, durante 28 dias, e a inje¢cdo de LPS ou veiculo via
intrahipocampal na regido CAl1 no hipocampo foi realizada 30 minutos apos a
aplicacao de EXE-4. Com isso, 0s achados revelaram que tanto a hiperglicemia como
a injegao intrahipocampal de LPS induzem disfuncdo cognitiva por meio da ativagao

de respostas inflamatorias relacionadas ao NF-kB. No entanto, a injecdo aguda de
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LPS intrahipocampal exacerbou a progressdo da disfuncdo cognitiva nos
camundongos hiperglicémicos por meio de um aumento nas respostas relacionadas
a ativacao dos astrécitos. Contudo, EXE-4 protegeu contra o comprometimento da
cognicao resultante da hiperglicemia e/ou injecéao intrahipocampal de LPS. Assim,
esses achados revelaram que EXE-4 pode ser um adjuvante para o tratamento de
doencas neurodegenerativas 4.

Para explorar os mecanismos da EXE-4 na reducéo da fosforilacdo da proteina
tau, foram utilizados ratos Sprague-Dawley machos adultos com DM2, que foram
tratados com EXE-4 na dose de 3,2 ug / kg via i.p. e injecdo ICV do inibidor de PI3K.
Para tal fim, utilizaram uma linhagem de células neuronais-HT22, que foram tratadas
com EXE-4 e/ou insulina. Essa pesquisa demonstrou um efeito critico da via
PI3K/AKT/GSK-3[ na regulacao da fosforilagdo da proteina tau no hipocampo de ratos
e sugere que o efeito da EXE-4 na diminuicdo da fosforilacdo da tau é provavelmente
devido ao aumento da insulina cerebral, que ativou a sinalizacdo desta no cérebro.
Assim sendo, sdo necessarios mais estudos para explorar o efeito da EXE-4 nos
niveis de insulina cerebral 14°.

Para avaliar as mudancas nos niveis de proteinas especificas da BHE
(occludina, claudina-5, ZO-1 e aquaporina-4), barreira sangue - liquido
cefalorraquidiano (claudina-2 e aquaporina-1) e nas alteragdes funcionais dessas
barreiras no hipocampo, foram utilizados ratos machos Wistar Kyoto, que receberam
STZ viai.p. na dose de 75mg/Kg e tratados com EXE-4, na dose de 10 ug / kg via i.p.
Essa avaliagdo demonstrou um efeito neuroprotetor da EXE-4 na reversédo de
alteragbes funcionais e estruturais nas barreiras cerebrais, bem como prejuizos

cognitivos %0,
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Na analise dos efeitos da injecéo i.p. de EXE-4, na hiperfosforilacdo da proteina
tau associada a DA e na via de sinalizacédo da insulina no cérebro na DM2, foram
utilizados ratos machos Sprague-Dawley, que receberam STZ uma vez na dose de 60
mg/Kg via i.p. Apés, os ratos foram tratados com EXE-4 duas vezes ao dia, na dose
de 3,2 pg/Kg via i.p., durante 28 dias. A EXE-4 reduziu o aumento dos niveis de
proteina tau fosforilada nos locais Ser 199/202 e o nivel de Thr 217 no hipocampo de
ratos com DM2. Além disso, o tratamento com EXE-4 melhorou a via de sinalizacao
da insulina no cérebro. Esse resultado foi demonstrado pelo aumento na atividade de
PI3K/AKT e um declinio na atividade de GSK-f3, apds quatro semanas de intervencao
da EXE-4. Os resultados do tratamento com EXE-4 por varios dias parecem prevenir
a hiperfosforilagdo da proteina tau associada a DA, em razdo do aumento da via de
sinalizacdo da insulina no cérebro. Esses achados apoiam o uso da EXE-4 para a
prevencéo e tratamento da DA em individuos com DM2 151,

Nesse contexto, entre as possibilidades de atuacdo da EXE-4 sobre o SNC,
torna-se relevante avaliar seu efeito em um protétipo que mimetize a DA, como o
modelo experimental de deméncia esporadica do tipo Alzheimer induzido pela STZ.
Dessa forma, € possivel contribuir para a busca de novas terapias que possam

beneficiar pacientes acometidos por essa patologia.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

O objetivo desta tese foi investigar os efeitos neuroprotetores da exendina-4 sobre
alteracdes cognitivas e morfoldgicas no hipocampo de ratos submetidos a um modelo

experimental de deméncia esporadica do tipo Alzheimer.

3.20BJETIVOS ESPECIFICOS

Em ratos submetidos ao modelo de deméncia esporadica do tipo Alzheimer e
tratados com EXE-4 sera avaliado o efeito da EXE-4 sobre:
- aprendizado e memaria em tarefas comportamentais;
- marcadores neuronais, astrocitarios e microgliais no hipocampo;
- apoptose no hipocampo;
- 0s marcadores de receptor de insulina e do antigeno nuclear de proliferacédo

celular (PCNA).
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Abstract

This study investigated the neuroprotective effects of exendin-4 (EXE-4), an analogue of the glucagon-like
peptide 1 receptor (GLP-1R) on memory and on the neuronal populations that constitute the hippocampus of
rats submitted to a sporadic dementia of Alzheimer’s type (SDAT). Male Wistar rats received streptozotocin
(STZ icv, 3mg/kg diluted in ACFS, 5 ul/ventricle) and treated during 21 days with EXE-4 (10ug/kg, ip; saline
as vehicle). Four groups were formed: Vehicle, EXE-4, STZ and STZ+EXE-4. The groups were submitted to
Y-Maze (YM), Object Recognition (ORT) and Object Displacement (ODT) Tasks to assess learning and
memory. The brains were used for immunohistochemical and immunofluorescent techniques with antibodies
to NeuN, Cleaved Caspase-3 (CC-3), PCNA and Insulin Receptor (IR). STZ worsened spatial memory in the
YMT, as well as short-term (STM) and long-term (LTM) memories in the ORT and ODT, respectively. EXE-
4 protected against memory impairment in STZ animals. STZ reduced mature neurons density (NeuN) and
increased cell apoptosis (CC-3) in the DG, CA1 and CA3. EXE-4 protected against neuronal death in all
regions. EXE-4 increased PCNA* cells in all regions of the hippocampus, and STZ attenuated this effect. EXE-
4 increased immunoreactivity to IR in the CAL. From these findings, EXE-4 showed a beneficial effect on
hippocampal pyramidal and granular neurons in the SDAT showing anti-apoptotic properties and promoting
cell proliferation in. In parallel, EXE-4 preserved the memory of SDAT rats. In conclusion, these data indicate
that agonists to GLP-1R have a beneficial effect on hippocampal neurons in AD.

Key-Words: SDAT; exendin-4; incretin mimetics; neurons; hippocampus; memory.
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Introduction

Alzheimer's Disease (AD) is the most common form of dementia found and it is estimated that there are
35.6 million people with AD worldwide, a number that will double by 2030 and triple by 2050 [1,2]. AD is
biologically defined by the presence of B-amyloid-containing plaques and tau-containing neurofibrillary
tangles. AD is a genetic and sporadic neurodegenerative disease that causes an amnestic cognitive impairment
in its prototypical presentation and non-amnestic cognitive impairment in its less common variants. The
cognitive impairment is acquired in midlife and late-life but its clinical impact is modified by other
neurodegenerative and cerebrovascular conditions, and a complex interplay of loss of synaptic homeostasis
[3].

Dysfunctions in brain glucose metabolism and insulin signaling have been linked to a key role in the
etiopathology of sporadic AD [4,5]. Glucose metabolism, as assessed by positron emission tomography, is
substantially reduced in the hippocampus and brain cortex of familial AD subjects [6]. Furthermore, altered
glucose uptake is also observed in the brain of patients with mild cognitive impairment, considered a prodromal
stage of AD [7]. In this sense, the intracerebroventricular (icv) administration of streptozotocin (STZ), at a
subdiabetogenic dose, has become an experimental model used to mimic Sporadic Dementia of Alzheimer
Type (SDAT). STZ causes insulin signaling dysfunction by interfering with brain glucose metabolism,
damages in cholinergic neurons, induces oxidative stress and neuroinflammation, culminates in tau
hyperphosphorylation and amyloid beta (Ap) accumulation, and results in deficits in learning and memory [8-
12].

Exendin-4 (EXE-4) is a 39 amino acid polypeptide similar to glucagon like peptide-1 (GLP-1). It was
isolated from the saliva of the Gila monster (Heloderma suspectum) and due to this similarity, it has biological
properties analogue to GLP-1 acting as an agonist for its receptor [13]. Furthermore, EXE-4 has become a drug
for the treatment of type 2 diabetes mellitus (T2DM) [13]. When administered peripherally, it crosses the blood-
brain barrier (BBB) and acts as a neurotrophic agent regulating cell proliferation, neurogenesis, neuronal
dendritic growth and protecting neurons in pathological conditions [14-17]. From this evidence, studies have
shown the beneficial effect of EXE-4 and others GLP-1 mimetics on the CNS, stimulating neurogenesis,
increasing cell repair and reducing pro-inflammatory responses, as well as improvements in cognitive
impairment [18-21]. There is also evidences that EXE-4 promotes an increase in brain insulin synthesis in mice
[22,23].

Finding a suitable molecular target and a successful multifaceted pharmacological approach to AD is a
major challenge in drug development. Studies show a strong correlation between T2DM and AD [24,25].
Compared with the general population, the increased risk of dementia is 50%-150% in people with T2DM [26-
28]. Subjects with T2DM have significant higher incidence of AD than those without diabetes, with a relative
risk of 1.53 (1.42-1.63) [25]. This occurs due to glucose metabolism and insulin-mediated signaling are
worsened in both pathologies [24].

In view of this, the present study sought to find a neuroprotective effect of EXE-4, a drug used in T2DM,
in the face of worsening memory and neuronal loss found in SDAT. For this, spatial and discriminatory
memory were investigated in rats treated with EXE-4 and induced to SDAT. Concomitantly,
immunofluorescence and immunohistochemical markers for apoptosis and cell proliferation in the CA1, CA3

e DG. Based on these findings, this study seeks to find a nootropic and neuroprotective effect of EXE-4 in an
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SDAT-model, and thereby contribute new information about the role of insulin signaling pathway and the use

of incretin mimetics on neuronal survival and cell death present in sporadic dementia.

Materials and Methods

Chemicals used in treatments

Streptozotocin (STZ, Sigma-Aldrich®, Reference Code: S0130) and Exendin-4 (EXE-4 > 97%, Sigma
Aldrich®, Reference Code: E7144) were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
All other reagents used in the experiments were of analytical grade and of highest purity.

Experiential model and ethical concepts

Adult male Wistar rats (n=38) weighing 300g on average were obtained from the local breeding colony
of Federal University of Health Sciences of Porto Alegre (UFCSPA, Brazil). The animals were maintained in
the Central Animal House of the UFCSPA in colony cages at an ambient temperature of 23 + 2°C and relative
humidity of 45-55% with 12 h light/dark cycles and with free access to a standard rodent pellet diet and water
ad libitum.

This study was approved by the Committee of Ethics and Animal Experimentation (CEUA/UFCSPA)
of the Federal University of Health Sciences of Porto Alegre, Brazil, under protocol number 191/16,
identification code: 488/16. The use of animals was in accordance with the Brazilian Guidelines for the Care
and Use of Animals in Scientific Research Activities, which is in agreement with the National Council of
Control of Animal Experimentation (CONCEA). The animals were handled in accordance with international
and national laws for the ethical care and handling of laboratory animals (Guidelines of the Council of the
European Communities of 22 September 2010, 2010/63/EU and Law 11.794/08).

Experimental Protocol

Treatment with Exendin-4

The rats received EXE-4 at a dose of 10ug/kg body weight, previously dissolved in saline via
intraperitoneal (i.p.) (Iml/kg) during 21 days (a total of 21 administrations were performed, once a day, see
figure 1A). The dose was chose based on previous studies [29,30]. The control group received only the vehicle
(Iml/kg of saline, i.p.). Rats were randomly distributed into four groups: Vehicle, EXE-4 10ug/kg (EXE-4),
STZ, and STZ plus EXE-4 10ug/kg. More information about groups can be viewed in the experimental design
(see figure 1B).

Stereotactic Surgery and Induction of SDAT

SDAT-induction was performed as previously described [31]. The animals were anesthetized with
ketamine (Dopalen® 10%, S&o Paulo/Brazil, 80-100 mg/kg i.p.) and xylazine (Anasedan® 2%, S&o
Paulo/Brazil, 5-10 mg/kg i.p.) and then the animal's head hair was shaved before being placed in the stereotaxic
apparatus. Asepsis was performed with 3% hydrogen peroxide for subsequent sagittal incision on the midline

to expose the cranial scalp. Two bilateral holes were drilled with a drill, following the stereotaxic coordinates
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of the lateral ventricles provided by Paxinos and Watson's atlas of stereotaxic coordinates (0.8 mm in the
anteroposterior axis, 1.5 mm in the medial-lateral axis, and 4 mm in the dorsoventral axis) [32]. Through these
orifices, with a microliter syringe (Hamilton®, 10ul, Reference Code: 80300), STZ dissolved in artificial
cerebrospinal fluid (ACFS, 5 pl/ventricle) and injected at a dose of 3 mg/kg. This dose/volume has been pre-
established in previous work by the project's collaborating group as well as described by other research groups
and is shown to be effective in the development of dementia-related cognitive deficit [31,11]. Animals not
induced to SDAT received ACFS only. After surgery, the animals were kept warm with the aid of an electric
digital heater and latex hot water bag. After regaining consciousness, the rats were put back into the housing
box with water and food ad libitum. Two days after surgery, all animals received a bottle with a watery solution
of nest milk (20g/1000ml) renewed each day for five consecutive days to avoid body weight loss. The degree

of invasiveness for this stereotactic procedure is considered moderate. More details can be found in figure 1A.

Behavioral Tasks for Assessment of Learning and Memory

Y-Maze Task

The Y-Maze task occurred on the 21st day (figure 1A). The Y-Maze test consists of assessing the
spatial short-term memory (STM) capacity. This test checks whether the rodent retains in its memory the space
it has just explored. The experiments were conducted in an environment with sound attenuation and low
intensity light. The rodent was positioned at the end of the Y-arm (START arm) with access to only one of the
arms (FAMILIAR arm). During the first 5 minutes, the animals were allowed to explore these two arms (STAR
and FAMILIAR arms). At the end of habituation, the animals were removed from the task. Four hours later,
the animals returned for the test. Rats were placed in the START arm, but all arms were available for
exploration. The NOVEL arm consists of the arm that was closed in the training session. The test session lasted
five minutes. The number of entries and the time spent in the novel arm were used as a parameter for cognitive

assessment as previously described [33].

Open-Field Task

The open-field task occurred on the 22nd day (figure 1A), in a session of habituation to the box for
the Object Tasks. The open-field allows observing how the animal behaves in a new and unfamiliar
environment. For this, the animals were transferred to a square arena measuring 60 x 60x 60/cm (base x width
x height), with the floor divided into quadrants. Each animal was placed in the center of this box, and given 10
minutes to explore the entire site. During that time, the number of crossings, rearing’s and time spent in the

center were recorded.

Object Recognition Task (ORT) to asses STM

The ORT occurred on day 23. It was performed in the open-field box. The objects used were pairs of
glass bottles with different shapes and colors, but with the same size. The box and objects were cleaned after
each animal tested with 30% ethanol. The ORT was performed as describe [34]. The animals were randomly
selected to perform the behavioral task and the studies were conducted in a blinded manner. The task consisted

of habituation, training, and testing sessions, each of them with duration of 10 min. Firstly, rats were habituated
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to the apparatus, which stage consisted with open-field. Twenty-four hours later, the training session occurred.
Animals were exposed to two equal objects (object A and B), and the exploration time (corresponding to
animal's nose touch or get close the object less than 2 cm) was recorded. Climbing or sitting on the object was
not considered exploration. The test session was carried out 4 h after training (STM). Rats were placed back in
the box and one of the familiar objects (i.e., object A) was replaced by a novel object (i.e., object C). The time
spent exploring the familiar and the novel objects were recorded. The discrimination index (INDEX) was then
calculated, taking into account the difference of time spent exploring the novel (C) and the familiar (A or B)
objects x100 divided by the sum of time spent exploring the novel (C) and the familiar (A or B), and used as a
cognitive parameter:
INDEX: [(t.novel — t. familiar) + (t.novel + t. familiar)]/100

Object Displacement Task (ODT) to asses Long Term-Memory (LTM)

The ODT was performed on the 24th. Twenty-four hours after performing the ORT, the animals were
returned to the box in the presence of the same objects as the ORT (object A and C). However, object C was
moved to another location in the box, and object A remained in the same location. In this situation, the rat's
ability to discriminate against two familiar objects was observed, nonetheless one of them had its position in
the box changed (object displaced). A time of 10 minutes was given to explore the objects. The time spent
exploring the familiar object and the displaced object was recorded, and the INDEX was calculated following

the same criteria and the same equation used for the ORT.

Fixation of the brain and preparation of cryosections

On day 24, the animals were deeply anesthetized by i.p. injection of with ketamine (Dopalen® 10%,
S&o Paulo/Brazil, 80-100 mg/kg i. p.) and xylazine (Anasedan® 2%, Sdo Paulo/Brazil, 5-10 mg/kg i. p.), and
were euthanized by intracardic transfusion, heparinized with 0.1 ml of heparin (Heparin 5000UI®, Cristalia®,
S&o Paulo/Brazil) and perfused with 0.9% saline for 10 minutes, followed by paraformaldehyde (Sigma-
Aldrich®, Reference Number:158127) 4% diluted in 0.1 M phosphate buffer (PBS at pH 7.4) for 30 minutes.
The brains were post-fixed in 4% paraformaldehyde (24 hours), transferred to a solution of 30% sucrose in
PBS-1% until total submersion [35]. Then, the fixed brains were sectioned (5 and 16 pm) following a
stereotaxic coordinate atlas [32] and using a Cryostat Leica CM3050S (Leica Microsystem, German) at a
temperature of -24 to -26°C. Next, the sections were mounted on slides coated with 2% gelatin plus 0,08%
chromalin (chromium and potassium sulfate, Sigma-Aldrich) and finally allowed to dry at room temperature

during 24 hours. At last, all sections were stored at -20°C until use.

Immunostaining for Cryosections

Immunohistochemistry (immunoperoxidase)

For the immunohistochemistry technique, the slides with the frozen samples were washed in ice-cold
acetone for 10 min, under agitation. After removing the acetone, the slides were left to rest until total
evaporation, and then washed with distilled water. Afterwards, the slides were placed in a water bath for 20

min at 95-98°C, in 20 mM sodium citrate buffer (pH 6.0), for antigen recovery. Endogenous peroxidase
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blocking was performed with 5% hydrogen peroxide prepared in methanol for 10 min (3 times). Non-specific
proteins were blocked with 1% bovine serum albumin (BSA, Sigma-Aldrich®, Reference Number: A9647)
prepared in PBS plus 0.1% Triton X-100 for 1 h at room temperature (RT).

Anti-Insulin Receptor Alfa: sections were incubated overnight in a refrigerator at 2-8 °C, with the
primary polyclonal anti-insulin receptor alpha antibody (5um sections): 1:200 (Abcam, Cambridge, UK,
England, Reference Number: ab5500). The sections for the insulin receptor were incubated for 30 min at room
temperature with HRP-conjugated polymer (Envision+ Dual Link system-HRP kit, Dako Reference Number:
K4061). Then, diaminobenzidine (DAB+ Chromogen Substrate Liquid System, Dako Reference Number:
K3468) was used to visualize the color of the reactions according to the manufacturer's recommendations [36].

Anti-proliferating cell nuclear antigen (PCNA): sections were incubated overnight in a refrigerator
at 2-8°C, with anti-PCNA primary antibody (5um sections): 1:800 (Millipore®, Burlington, Massachusetts,
USA, Reference Number: MAB424). The sections were incubated for 30min at room temperature with HRP-
conjugated polymer (Envision+ Dual Link system-HRP kit, Dako Reference Number: K4061). Then,
diaminobenzidine (DAB+ Chromogen Substrate Liquid System, Dako Reference Number :K3468) was added
to the sections for 5 min and finally the slides were counterstained with Harris Hematoxylin for 20 seconds
and mounted using Entellan® (Merck®) [36]. Images were acquired using a Leica DM6-B microscope, Leica
DFC 7000-T Camera and Leica Las X Software.

Immunofluorescence

Firstly, the samples, still frozen, were washed with cold acetone for 10 minutes, under agitation. Then, the
acetone was allowed to evaporate; the sections were washed in PBS twice (10 min) and blocked/permeabilized
with 5% bovine serum albumin (BSA, Sigma-Aldrich®, Reference Number: A9647) prepared in PBS plus
0.1% Triton X-100 for 2 hours at RT. Sections were incubated with primary antibodies diluted in 5% BSA
solution: Anti-NeuN (sections of 5 um) 1:6000 Millipore®, Burlington, Massachussetts, USA, Reference
Number: MAB377); Anti-Cleaved Caspase-3 (section of 16 um) 1:200, Cell Signaling Technology®,
Danvers, Massachusetts, EUA, Reference Number: #9661).

After incubation with the primary antibody, samples were washed with PBS-Triton X-100 for 5 minutes
(4 times) and incubated in the dark for 2 hours with the anti-rabbit IgG H&L antibody (1:1000, secondary
antibody, Alexa Fluor® 555, Abcam® - Cambridge - UK, England, Reference Number: ab150078) for anti-
Cleaved Caspase-3. For samples labeled with anti-NeuN, slices were incubated with the anti-mouse 1gG H&L
secondary antibody (1:500, Alexa Fluor® 488, Abcam®, Cambridge - UK, England, Reference Number:
ab150113).

Then, the samples were again washed with PBS-Triton for 5 minutes (4 times) and incubated in the dark
with the nuclear marker DAPI (1:10,000, 4',6-diamidino-2-phenylindole, Invitrogen® - Eugene - Oregon -
USA,; Reference number: D1306) for 10 minutes. The slides were washed 4 times with PBS-triton for 5 minutes
each. VectaShield® (Vector, Burlingame - California - USA; Reference Number: H-1000) was added over the
sections, which were then overlaid with a coverslip and kept at a temperature of 4°C, in the dark, until the time
of capturing the images. Images were acquired using a Leica DM6-B microscope, Leica DFC 7000-T camera

and Leica Las-X Software.
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Image Acquisition, Standardization and Selection of Area for Analysis

The analysis of the markers was carried out in the hippocampus in the main regions of CA1, CA3 and
DG, in order to evaluate the pattern of immunoreactivity of proteins NeuN and cleaved caspase-3 (CC3). Since
the study cells are neurons, images were acquired on the pyramidal cell layer of the CA1 and CA3 (see figure
2A, region 3) as well as on the granular layer of the DG (see figure 2A, region 8).

Determining factors for the selection of pyramidal and granular layers were established according to the
hippocampal anatomy (see figure 2). Briefly, the hippocampus consists of thin layers of neurons, folded one
on top of the other. The DG is composed of granulated neurons while the Horn of Ammon (CA, from the Latin
“Cornu Ammonis”) is composed of pyramidal neurons and consists of four regions (CA1, CA2, CA3 and CA4)
that together with the entorhinal cortex and the subicular complex integrate the hippocampal formation [37].

The oriens layer (2) is the most superficial layer of the hippocampus, situated just inferior to the alveus
fibers (1). It is composed mainly of basket-cell interneurons and shares many structural characteristics with the
deepest layer of the neocortex. The pyramidal layer (3) is the thickest and the most important layer of the
hippocampus. It is composed of densely packed pyramidal neurons. The pyramidal layer merges with the
internal pyramidal layer of the neocortex (3). From this information, the acquisition and quantification of
proteins occurred specifically in the pyramidal layer (3) of the CA1 and CAS3 regions (see figure 2A). The
radiate layer (4) is mainly composed of the dendrites of the pyramidal cells and stellate cells while the
molecular layer is the deepest layer of the hippocampal arch cortex and this layer is mainly composed of
interneurons (5) [37].

DG is multilayered and its primary cell is granule cell. Granule cell axons are called mossy fibers. The
granular layer (8) is composed of granule cells, the main cells of DG (8), while the molecular layer (9)
composed of nerve cell bodies and granule cell dendrites (9). Since the granular cells are the most important in
the DG, the quantifications were carried out specifically in this region (8). Finally, the hilum (7) can be
observed between the external granular layer (above the hilum) and internal granular layer (below the hilum)
(see figure 2A).

Images were captured using a 20X Objective Lens. From that, a specific area was standardized
according to the size of the pyramidal or granular layer and delimited for each image in: DG (area of 770,172.7
um?), CA1 (area of 102,664.53 um?) and CA3 (area of 287,693.13 um?) (see figure 2B)

The images obtained for NeuN, and Insulin Receptor-alpha 1 were measured by optical densitometry using
ImagePro Plus®6.3 software (Media Cybernetics®). Images obtained for CC3 and PCNA were measured by
double counting of positive cells using ImagePro Plus® 6.3 software (Media Cybernetics®).

Statistical Analysis

The normality analysis of the samples was performed by Kolmogorov Smirnov test. Afterwards,
parametric data were analyzed using two-way analysis of variance (ANOVA) followed by the Bonferroni test
when appropriate. Body weight gain was analyzed by one-way ANOVA followed by post hoc Tukey Test.
Results were expressed as the mean + standard error (SE). P values less than 0.05 (P<0.05) were considered as

indicative of significance.
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Results

Effect of treatment with exendin-4 (EXE-4) in rats subjected to a model of sporadic dementia of the
Alzheimer type (SDAT) on body weight gain and blood glucose levels.

Graph 3A shows that there was no significant difference between treatments in the body weight gain
when compared to the vehicle group [F33=2.484; P=0,266) on the start of treatment (Day 1). On the seventh
day, there was a significant reduction in body weight gain (F33=9.224; P=0,0001) induced by STZ in relation
to the vehicle group [vehicle vs STZ, P=0,0024; vehicle vs EXE-4+STZ, P<0,0001; EXE-4 vs STZ, P=0,0034].

The EXE-4, STZ and EXE-4+STZ groups showed a significant reduction in body weight gain on the
fourteenth day compared to the vehicle group (F333=13,73; P<0,0001) [vehicle vs EXE-4, P=0,0309; vehicle
vs STZ, P=0,0001; EXE-4 vs STZ, P=0,0005]. The same effect was also observed on day 21, where all
treatments reduced body weight gain (F333=15.85; P<0,0001) [vehicle vs EXE-4, P=0,0058; vehicle vs STZ,
P<0,0001; vehicle vs EXE-4+STZ, P<0,0001; EXE-4 vs EXE-4+STZ, P=0,0006; STZ vs EXE-4+STZ,
P=0,0159].

Over the 21 days, both STZ and EXE-4 treatment reduced body weight gain. Furthermore, STZ
showed a more robust effect in reducing body weight gain when compared to EXE-4. The interaction of EXE-
4 plus STZ treatments showed a summation effect, further reducing body weight gain.

Graph 3B shows that STZ reduced blood glucose levels in the STZ and EXE-4+STZ groups compared to the
vehicle group (F,32=6.668; P=0,0148), excluding a hyperglycemic episode of diabetes. No effects of EXE-4
were observed in relation to vehicle group (F(,32=0,005; P=0,9812). No significant interaction between
treatments EXE-4 or saline versus STZ or ACFS (F,32=0.024, P=0,877) were observed to blood glucose

levels.

Exendin-4 protects spatial memory in the Y-Maze task in rats subjected to a sporadic dementia of the
Alzheimer type.

Image 4A shows a schematic execution of the Y-Maze task. Graph 4B and 4C show that EXE-4 and
STZ do not change the frequency of animals in the familiar arm (F,33=1.255; P=0,2707) nor the time spent in
the familiar arm (F(1,33=0.123; P=0,7288) during training session.

Graph 4D shows that there was a significant interaction between treatments, where EXE-4 protects
against the reduction in frequency of animals in the novel arm induced by STZ (F(1,33=5,061; P=0,0313) during
the test. Furthermore, the same nootropic effect was seen when evaluating the time spent in the novel arm,
since EXE-4 protects against the reduction of exploration time in the novel arm induced by STZ (F(1,31=4,909;
P=0,0342, graph 4E) in the test.

Exendin-4 protects discrimination memory in object recognition and object displacement tasks in rats
submitted to sporadic dementia of the Alzheimer type.

Image 5A shows a schematic execution of the habituation, training and testing tasks. First, the animals
were habituated to the object recognition box. During this session, the number of crossings, rearing and time

spent in the center were noted (graph 5B, 5C and 5D). The next day, training for object recognition was
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performed, with two identical objects (5E). After 4 hours, one of the objects was replaced and the
discrimination index (INDEX) was evaluated between the groups (5F). Finally, the next day the animals
returned to the box and the new object was moved. The INDEX for the displaced object was also evaluated
(5G).

Graph 5B shows that the STZ group performed a greater number of crossings compared to the vehicle
group (F(1,33=7.056, P=0.0121). No significant interaction was observed between treatments for this parameter
(F,33=0.289; P=0.8661). There was also no significant interaction for the number of rearing between groups
(F(,33=3.316; P=0,077; graph 5C).

Graph 5D shows that EXE-4 and STZ do not change the time spent in the center of the object
recognition box [EXE-4: F(132=0.5528; P=0,462; STZ: Fu32=1.627; P=0,65]. In parallel, no significant
interaction was found between treatments (F(1,32=0.3662; P=0,5515).

During the training session, none of the treatments changed the object recognition INDEX
(F,33=0.9702; P=0,3318; graph 5E). STZ reduced the INDEX in the ORT compared to the vehicle group
[Fa32=4.854; P=0,0351; graph 5F]. In addition, a significant interaction between treatments was observed
(F(1.32)=5.128; P=0.0307; graph 5F) indicating a protective effect of EXE-4 against memory impairment
induced by STZ.

Graph 5G shows the INDEX for ODT. It was observed that STZ significantly reduced the INDEX
when compared to the vehicle group; and EXE-4 protected against this effect [F132=10.45; P=0,0028, graph
5G]. Furthermore, EXE-4 per se increased the INDEX compared to the vehicle group (F32=6.412;
P=0,0164).

Exendin-4 protects against the reduction of mature neurons in the hippocampus of rats submitted to a
model of sporadic dementia of the Alzheimer type.

Figure 6 shows the immunoreactivity for Neu-N in different regions in the hippocampus of rats with
SDAT and treated with EXE-4. Image 6A shows representative immunoreactions of each group in the DG,
CA1l and CA3, respectively. Graph 6B shows a significance in the interaction between EXE-4 or saline versus
STZ or ACFS [F,2=13.18; P=0,001; graph 6B] was observed for the granular neurons that make up the DG,
suggesting a protective effect of EXE-4 against the deleterious effects of STZ for the population of NeuN-
immunoreactive cells.

Finally, a significance in the interaction between EXE-4 or saline versus STZ or ACFS [F(1,26=7.180;
P=0,0144, graph 6C], suggesting that EXE-4 protected against the reduction in immunoreactivity to NeuN in
the pyramidal layer in the CA1 region induced by STZ. In the CA3 region, a significance was observed in the
interaction between EXE-4 or saline versus STZ or ACFS [F1,26=9.951; P=0,0044; graph 6D], suggesting that
EXE-4 also protected against the reduction in immunoreactivity to NeuN in the pyramidal layer in the CA3

region induced by STZ.

Exendin-4 protects against apoptosis of neurons in the hippocampus of rats submitted to a model of
sporadic dementia of the Alzheimer type
Figure 7 shows the immunoreactivity for CC3 in the hippocampus of rats with SDAT and treated with

EXE-4. Image 7A shows representative immunoreactions of each group in the DG, CA1 and CA3, respectively.
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Graph 7B shows a significant interaction between EXE-4 or saline versus STZ or ACFS [F,26=28.00;
P<0.0001; graph 7B] was also observed in DG, suggesting that EXE-4 is effective in reducing CC3* cells in
the granular layer induced by STZ.

Graph 7C shows a significant interaction between EXE-4 or saline versus STZ or ACFS
[F(1,26)=14.68; P=0.0006; graph 7C], suggesting that EXE-4 reduced the apoptosis induced by STZ in the
pyramidal layer of the CA1 region. In the CA3 region, a significance was observed in the interaction between
EXE-4 or saline versus STZ or ACFS [Fq,26=14.54; P=0.0007; graph 7D], also suggesting an anti-apoptotic
effect of EXE-4 in the pyramidal layer against the deleterious effects of STZ.

Exendin-4 enhances PCNA* cells in rat hippocampus

Figure 8A shows the immunoreactivity for PCNA in different regions in the hippocampus of rats with
SDAT and treated with EXE-4. Graph 8B shows that EXE-4 per se increased the number of PCNA* cells in
the CAL region compared to vehicle group [F,26=63.98; P<0,0001].

In the CAS3 region, EXE-4 per se increased PCNA™ cells compared to vehicle group [F(,26=46.16;
P<0,0001, graph 8C]. A significance in the interaction between EXE-4 or saline versus STZ or ACFS
[Fa,26=36.36; P<0,0001; graph 8C] was observed, suggesting that STZ reduces the increase in PCNA* cells
induced by EXE-4.

In DG, a significance in the interaction between EXE-4 or saline versus STZ or ACFS [F1,26=9.577;
P=0,0063; graph 8D] was observed, suggesting that STZ also reduces the increase in the number of PCNA*
cells induced by EXE-4. Furthermore, EXE-4 increased per se the number of PCNA* cells compared to vehicle
group [F,26=11.06; P=0,0038; graph 8D]

Exendin-4 enhances insulin receptor immunoreactivity in rat hippocampus

Figure 9 shows the immunoreactivity for insulin receptor in the hippocampus of rats with SDAT and
treated with EXE-4. Image 9A shows the immunoreactions of each group in the CA1l, CA3 and DG,
respectively. Graph 9B does not show significance in the interaction between EXE-4 or saline versus STZ or
ACFS [F(1,26=0.600; P=0,4496] in the CAl. EXE-4 per se increases insulin receptor immunoreactivity
compared to the vehicle group [F,26=5.748; P=0,0291].

Graphs 9C-D do not show significant effects between treatments for the CA3 [F(1,26=0.9802;
P=0,3389; graph 9C] and DG [F(126=1.168; P=0,2381; graph 9D], respectively.

Discussion

AD is the most common cause of dementia, and its risk is increased by T2DM. It is still unclear
whether T2DM and AD are parallel phenomena or synergistic diseases linked by pathological cycles with
associated metabolic alterations, but common evidence points to an impairment in the insulin signaling
pathway that culminates in a reduction in the cellular metabolism as a key element in this process [38,39].
Based on this hypothesis, the SDAT model was used in this study since the STZ inducing agent has the
mechanism of causing a sporadic form of dementia, triggered by through impairments in insulin signaling and
in the cascades activated by its receptor, as well as in other cellular events involving neuroinflammation,

oxidative stress and hippocampal atrophy, all of which are present in AD [8,40,41] .
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GLP-1R agonists, such as EXE-4, exert antidiabetic and anti-obesity effects, including regulation of
insulin homeostasis glucose-dependent and regulation of food intake and weight loss [42]. GLP-1R agonist
treatments can effectively suppress increased glycemic parameters and body weight [43]. These evidences
corroborate data from this study, which showed a reduction in body weight gain in the EXE-4 and EXE-4 plus
STZ groups. Furthermore, only SDAT animals showed a reduction in blood glucose, confirming that the STZ
dose was subdiabetogenic.

In the CNS, GLP-1Rs are observed in several areas of the brain, especially the hypothalamus and
hippocampus. [44]. In the hypothalamus, GLP1-R acts on food satiety and stress response [44]; whereas in the
hippocampus, they are related to learning and memory function [44]. GLP-1 agonists also promote
neuritogenesis and increase long-lasting potentials (LTP) in the hippocampus [45]; and cleavage products of
GLP-1 (9-36) increase hippocampal synaptic plasticity in correlation with expression and phosphorylation of
Kv4.2 channels (a channel subtype for K* ions) [45].

It is known that insulin also plays an important role in cognitive functions. [46] and neuronal activity
[47,48]. For example, signaling mediated by this peptide triggers underlying molecular cascades vital for
synaptic plasticity, acquisition and consolidation of hippocampal memories [49]. A reduction in this signaling,
whether due to insulin deficiency or resistance to this receptor, reduces neural stem cell populations, neuron
activity and firing, and compromises hippocampal synaptic plasticity [49]. This evidence highlights the critical
role of brain insulin resistance at the “crossroads” between T2DM and AD. From this, finding pharmacological
agents capable of reestablishing this signaling assumes an important role as they can contribute to both diabetic
neuropathy and dementia caused by AD.

EXE-4 has the ability to elevate peripheral and brain insulin levels by activating GLP1-R [50].
Systemic EXE-4 is able to stimulate the proliferation of pancreatic B-cells [51], increase proinsulin hormone
biosynthesis and potentiate insulin responses in a glucose-dependent manner [52]. It was seen in this study that
EXE-4 (i.p.) showed a protective effect on short- and long-term memory compromised by SDAT in behavioral
tasks for spatial (Y-Maze) and discriminatory (ORT/ODT) memory. It is known that STZ (3mg/kg, icv) induces
worsening of learning and memory from the 14th day after injection [10,31]. EXE-4 protected STZ-induced
spatial and discriminatory memory. These findings point out that GLP-1R can promote a nootropic effect in
neuropathic conditions associated with T2DM and SDAT.

Garabadu and Verma (2019) showed that EXE-4 at a dose of 5 pg/kg i.p also significantly attenuated
memory deficits induced by AP peptide (bilateral, icv) in rats submitted to Morris Water Maze and Y -maze
Tasks. In that same study, a significant decrease in AB levels was seen in the hippocampus and prefrontal
cortex, as well as an increase in the levels of the neurotransmitter acetylcholine and in the activity of the enzyme
choline acetyl-transferase (responsible for producing this neurotransmitter). Garabadu and Verma (2019) also
showed that EXE-4 protected against the reduction in the activity of enzymes I, IV and V of the mitochondrial
complex, indicating the beneficial capacity of incretin-mimetics on mitochondrial metabolism [53]. Thus, the
protective role of systemic administration of EXE-4 on memory corroborates the findings of this study, even
using another experimental model for preclinical studies for AD. Interestingly, Wang et al. (2016) showed a
similar effect of EXE-4, but drug administration occurred intra-hippocampal [21]. An injection of 0.625
nmol/1ul/site of EXE-4 protected against memory impairment by Ap1-42 in the Morris Water Maze. Through

electrophysiology studies, there was a recovery of long-term potentiation in the rat hippocampal CAL region
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in vivo [21]. These data show that the neuroprotective effects of GLP1-R agonists may go beyond their ability
to stimulate peripheral insulin production and release, which occurs in intraperitoneal administrations.

Grieco et al. (2019) reviewed GLP-1R signaling in cognitive function against neurodegenerative
diseases. [54]. To better understand the protective mechanisms coming from GPL-1R agonists, the authors
associated the increase in neuronal functions (firing and number of synapses), the control of blood pressure,
the stimulation of neurogenesis and the reestablishment of energy homeostasis in the nervous tissue [54].
Interestingly, GLP-1R stimulation also seems to reduce AP aggregation, hallmark of AD [55]. To explain the
nootropic effect of EXE-4 on memory protection in SDAT, it is not possible to rule out all these biological
properties of GLP1-R agonists. However, anti-apoptotic properties were evident and predominate in all
hippocampal regions investigated. It was seen that STZ reduced the populations of mature neurons (NeuN*
cells) in the CAL, CA3 and DG regions. In parallel, EXE-4 protected against this reduction, in other words,
EXE-4 increased the immunoreactivity of NeuN in the pyramidal layers of CAl and CA3 as well as in the
granular layers of DG. This finding indicates that EXE-4 protects neuronal populations against an injury caused
by STZ. From CC3" cell counts performed in these same layers, an increase in cellular apoptosis in the CA1,
CA3 and DG regions was confirmed in SDAT animals. EXE-4 also protected against this effect, attenuating
apoptosis in the pyramidal and granular layers that are formed mainly by neurons.

Qiu and colleagues (2016) investigated the anti-apoptotic mechanism of EXE-4 in neurons exposed
in vitro to AP 1-42 oligomers [56]. EXE-4 concentrations in a range of 100 to 300 nM increase the viability of
neurons (PC12 cells), reduce the active expression of pro-caspase-3 and Bcl-2. Finally, EXE-4 re-established
the AKT pathway and phosphorylation of cAMP-response binding protein (CREB) element, which is described
to regulate neuronal survival and stimulate neurotrophin production [56]. Xie et al. (2018) found a similar
result in vivo using an experimental model of injury after subarachnoid hemorrhage in rats. EXE-4 (i.p.) also
attenuated neuronal death via the GLP1-R/PI3K/AKT pathway and reduced brain Bcl-2/Bax levels [57]. These
findings are in agreement with those reported in this study since systemic EXE-4 reduced apoptosis in the
layers formed by neurons in the hippocampus of SDAT rats.

PCNA, or proliferating cell nuclear antigen, plays an essential role in nucleic acid metabolism,
replication and repair. This protein surrounds DNA and confers processability to DNA polymerase enzymes,
interacts with proteins involved in cell cycle progression, and has a direct effect on DNA synthesis [58]. Since
then, PCNA has been used in studies to investigate cell proliferation and nucleic acid metabolism [59]. EXE-
4 has been identified as a pharmacological agent capable of stimulating cell proliferation. EXE-4 increased cell
proliferation and neuroblastic differentiation in adult rat hippocampus [60], with emphasis on the sub-granular
area of the DG [15], and increased neurogenesis in the sub-ventricular zone [14]. Here, the results showed that
EXE-4 increased immunoreactivity for PCNA in cells that make up the pyramidal layer of the CAl and CA3
regions as well as the granular layer of DG, suggesting an increase in nucleic acid metabolism and proliferation
in the cells that make up these regions, that is, pyramidal and granular neurons. The association between STZ
plus EXE-4 blocked the effect of EXE-4 on the increase of PCNA in the CA3 and DG regions. This effect can
be explained since this SDAT model is able to reduce neurogenesis and cell proliferation in the hippocampus
of rats [61] and mice [62]. Although no effect per se was observed in the SDAT group on PCNA
immunoreactivity, STZ was able to reduce the properties of EXE-4 on cell proliferation and nucleic acid

metabolism. It is important to highlight that cell cycle mechanisms can be active in cell proliferation processes,
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but also be aberrantly activated in an injured or aged brain, and this effect is seen in AD [63,64]. Post-mortem
analysis revealed that the hippocampi of elderly people affected by this pathology show an increase in the
expression of PCNA, Mcm2 and Ki67 (markers of cell proliferation), and that there is a greater increase in the
expression of these markers in association with more advanced cases of AD. [63,64]. However, this effect was
not observed in SDAT animals.

Recently, it was reported that EXE-4 was able to increase insulin levels in the cerebrospinal fluid of
diabetic mice. [22]. Liraglutide, another GLP1-R analogue, prevented the loss of insulin receptors and synapses
in the brain of mice subjected to the Ap injection model. The infusion of Ap into the lateral cerebral ventricle
of non-human primates (NHPs) led to a marked loss of insulin receptors and synapses in memory-related brain
regions, an effect attenuated by liraglutide [65]. Batista et al. (2018) showed, in this study with NHPs, that the
damage and elimination of insulin synapses are among the first known pathological changes and the best
correlates of memory impairment in AD and that evidence of this level shows the importance of understanding
the neuroprotective mechanisms of incretin-mimetics by activating GLP-1R to protect brain insulin receptors
and synapses in AD [65]. Here, the SDAT model showed no change in immunoreactivity for the insulin
receptor in the hippocampus, but EXE-4 increased the immunoreactivity of insulin receptors in the CA1 region.

In conclusion, agonists for GLP-1R have been reported as neuroprotective agents in preclinical
models of AD. The anti-apoptotic properties of EXE-4 on hippocampal neuronal populations can compose one
of the main mechanisms in the nootropic action of EXE-4 for protecting learning and memory in SDAT.
Furthermore, EXE-4 has shown the ability to stimulate nuclear metabolism and hippocampal cell proliferation
as well as the density of insulin receptors in the CAL region. These results demonstrate the potential properties
of GLP-1R agonists for the prevention and treatment of dementia associated with T2DM and AD. From this,
more preclinical studies should be performed in order to better elucidate the mechanisms of action of these

receptors as well as their nootropic properties for neurodegenerative diseases, including AD.
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List of legends

Figure 1. (A). Experimental design: Execution of the treatment with exendin-4 (EXE-4) and stereotaxic
procedure for the administration of streptozotocin (STZ) as an induction model for sporadic dementia of the
Alzheimer's type (SDAT). Rats were acclimatized for ten days. On day 0, stereotaxic surgery was performed
for injection of STZ or the vehicle (Artificial Cerebrum-Spinal Fluid, ACFS, pH 7.4). STZ was injected
intracerebroventricular in a total volume of 10 pl (5 pl, bilaterally; 1 pl/minute). After this procedure, the rats
were allowed to recover for two days. On day 2, treatment started with EXE-4 at a dose of 10 pg/kg,
administered intraperitoneally (volume of 1 ml/kg). EXE-4 was prepared in sterile saline (vehicle). The end of
treatment with EXE-4 occurred on day 21 (2 hours before the start of behavioral tasks). On day 21, the animals
were trained on the Y-Maze task. After 4 hours, the animals were tested for the Y-Maze task. On day 22, the
animals were placed in the open field for 10 minutes in order to acclimatize the box. Here, the number of
crossings, rearings and time spent in center (s) were noted. On day 23, the animals returned to the box for
object recognition task (ORT) training. After 4 hours, the animals returned to perform the object recognition
test (short-term memory). On day 24, the animals returned to the box to perform the object displacement task
(ODT, long-term memory). After behavioral tests, the animals were immediately anesthetized and euthanized
to obtain the brain. (B). Experimental groups: Vehicle Group (Saline plus ACSF, n=9), STZ Group (Saline
plus STZ, n=10), EXE-4 Group (EXE-4 plus ACSF, n=9) and EXE-4+STZ Group (EXE-4 plus STZ, n=10).

Figure 2. (A). Hippocampus anatomy and distribution of the layers that constitute the Ammon’s Horn and
dentate gyrus regions. (B). Area selected for image acquisition [DG (area of 770,172.7 um?), CA1 (area of
102,664.53 pm?) and CA3 (area of 287,693.13 um?)].

Figure 3. Effect of exendin-4 (EXE-4) treatment in rats submitted to a model of sporadic dementia of the
Alzheimer type (SDAT, STZ) on body weight gain (BW) and blood glucose levels. (A). The body weight gain
of the different groups was assessed on days 1, 7, 14 and 21. e Denotes vehicle, e denotes STZ, o denotes
EXE-4, m denotes STZ+EXE-4. Statistical analysis was performed by one-way analysis of variance followed
by Tukey's post hoc. Letters a, b and ¢ denote the significant difference between groups on the respective day.
P<0.05 was considered significant. Data expressed as mean + standard error of mean for n=9-10. (B) Blood
glucose levels of the different experimental groups. After euthanasia, the animals' blood was collected for
measurement of blood glucose levels (day 24). *Means significant difference compared to vehicle group. Two-
way analysis of variance. P<0.05 was considered significant. Data expressed as mean + standard error of mean

for n=9-10.

Figure 4. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a model of sporadic
dementia of the Alzheimer type (STZ, 3mg/kg, icv) on performance in the Y-Maze Task. (A) Schematic
drawing of the execution in the Y-maze Task. The test was performed 4 hours after training to check short-
term memory (STM). Frequency (B) and time (C) spent on the familiar arm during the training session.
Frequency (D) and time (E) spent on the novel arm during the test session. * Denotes significant difference in

relation to the vehicle group. #Denotes significant interaction between treatments (versus STZ group). Two-
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way analysis of variance. P<0.05 was considered significant. Data expressed as mean =+ standard error of mean

for n=9-10.

Figure 5. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a model of sporadic
dementia of the Alzheimer type (STZ, 3mg/kg, icv) on performance in the Object Recognition (ORT) and
Object Displacement (ODT) Tasks. (A) Scheme of the execution of the Habituation, Training and Test. First,
the animals were habituated to the Object Recognition box. During this session, the number of crossings,
rearing and time spent in the center were noted (B, C and D, respectively). The next day, object recognition
training was performed with two identical objects (E). After 4 hours, one of the objects was replaced, and the
discrimination index (INDEX) was evaluated between groups (F). Finally, the next day the animals returned
to the box and the new object was moved. The INDEX for the displaced object was also evaluated (G). Crossing
(B), rearing (C), time spent in center (D). (E) INDEX for training in the ORT. (F) INDEX for the test in the
ORT (4 hours post-training, STM). (G) INDEX for test in the ODT (24 hours, LTM). *Denotes significant
difference versus vehicle group. #Denotes significant interaction between treatments (versus STZ group). Two-
way analysis of variance. P<0.05 was considered significant. Data expressed as mean =+ standard error of mean

for n=9-10.

Figure 6. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a sporadic dementia of
the Alzheimer type (STZ, 3mg/kg, icv) on the NeuN immunoreactivity on the Granular Layer of the DG,
Pyramidal Layer of the CAl and CA3 regions. (A) Representative immunoreactions of each group (DAPI in
blue, NeuN in green and Merge). Graph with the results of the statistical analysis of optical densities for NeuN
in the CA1 (B), CA3 (C) and DG (D) regions. *Denotes significant difference versus vehicle group. #Denotes
significant interaction between treatments (versus STZ group). Two-way analysis of variance. P<0.05 was

considered significant. Data expressed as mean * standard error of mean for n = 5-6.

Figure 7. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a sporadic dementia of
the Alzheimer type (STZ, 3mg/kg, icv) on the Cleaved Caspase-3 (CC3) immunoreactivity immunoreactivity
on the Granular Layer of the DG, Pyramidal Layer of the CA1 and CA3 regions. (A) Representative
immunoreactions of each group (DAPI in blue, CC3 in red and Merge). Graph with the results of the statistical
analysis of number of CC3" cells in the CAL (B), CA3 (C) and DG (D) regions. *Denotes significant difference
versus vehicle group. #Denotes significant interaction between treatments (versus STZ group). Two-way
analysis of variance. P<0.05 was considered significant. Data expressed as mean + standard error of mean for

n = 5-6.

Figure 8. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a sporadic dementia of
the Alzheimer type (STZ, 3mg/kg, icv) on the Proliferating Cell Nuclear Antigen (PCNA) immunoreactivity
in the Pyramidal Layer of the CA1 and CA3 regions; and on the Granular Layer of the DG. (A) Representative
immunoreactions of each group. Graph with the results of the statistical analysis of number of PCNA* cells in

the CA1 (B), CA3 (C) and DG (D) regions. *Denotes significant difference versus vehicle group. #Denotes
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significant interaction between treatments (versus EXE-4 group). Two-way analysis of variance. P<0.05 was

considered significant. Data expressed as mean * standard error of mean for n = 5-6.

Figure 9. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a sporadic dementia of
the Alzheimer type (STZ, 3mg/kg, icv) on the Insulin alfa-1 Receptor (IR) immunoreactivity in the Pyramidal
Layer of the CAl and CA3 regions; and on the Granular Layer of the DG. (A) Representative immunoreactions
of each group. Graph with the results of the statistical analysis of optical density to IR in the CA1 (B), CA3
(C) and DG (D) regions. *Denotes significant difference versus vehicle group. Two-way analysis of variance.

P<0.05 was considered significant. Data expressed as mean + standard error of mean for n = 5-6.
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4.2 MANUSCRITO 2
2

FEDERAL UNIVERSITY OF HEALTH SCIENCES OF PORTO
ALEGRE

PATHOLOGY RESEARCH LABORATORY

AW PORTO ALEGRE, RS, BRAZIL

8
To: Editors-in-chief of Glia,

Bruce R. Ransom and Helmut Kettenmann
December 2022

Dear Editor,

I would like to submit the research article for publication in the Glia entitled “Exendin-
4 reduces astrogliosis, microgliosis and hippocampal neuroinflammation in Sporadic
Dementia of the Alzheimer’s Type” (Total Words: £ 4.834, Figures: 7, References: 79).

The manuscript was co-authored by Adriana M. Zago (first author), Fabiano B.
Carvalho, Francine L. Rahmeier, Marta Santin, Fernanda Huf, Giuliano R. Guimaraes, Jessié
M. Gutierres and Marilda da C. Fernandes (corresponding author).

The main contribution of our work is that it describes the beneficial effects of treatment
with exendin-4 (EXE-4), a glucagon-like peptide 1 receptor (GLP1-R) agonist and drug for the
treatment of type 2 diabetes mellitus, in a model of sporadic dementia of the Alzheimer type
(SDAT). Through morphology studies, we verified a protection in the glial alterations present
in the SDAT. Furthermore, EXE-4 was shown to be effective in reducing glial apoptosis in the
CAl, CA3 and DG regions.

This study is of interest to neuroscience, nutrition, and metabolism professionals as
these results may contribute to new insights into the role of incretin-mimetics against
neuropathological conditions found in dementias such as Alzheimer’s disease. In parallel, this
study seeks to find new supporting tools in the protection of populations of hippocampal
neurons against the neurotoxic effects present in SDAT.

We read and understand your journal's policies on copyright, ethics, etc., and we
believe that neither the manuscript nor the study violates any of them.

Thanks for your consideration. We hope that our manuscript will be suitable for
publication in your journal.

Sincerely,

Marilda da Cruz Fernandes

Pathology Research Laboratory, Federal University of Health Sciences of Porto Alegre,
Sarmento Leite, 245, Room 514 - Building 3. CEP 90050-170, Porto Alegre, RS, Brazil.
E-mail address: marneuro@ufcspa.edu.br or marneuro22@gmail.com
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Abstract

Alzheimer's disease (AD) is a pathology characterized by progressive and irreversible deterioration of
cognitive functions. Astrocytes and microglia are immune cells that when activated acquire a reactive
phenotype acting rapidly in response to tissue injury, this phenomenon is known by astrogliosis and
microgliosis. This study evaluated the effects of exendin-4 (EXE-4), a glucagon-like peptide-1 receptor
(GLP-1R) agonist, on the hippocampal astrocytic and microglial population in rats submited to sporadic
dementia of the Alzheimer's type (SDAT). For that, male Wistar rats received STZ (icv, 10 pl, 3 mg/kg,
artificial cerebrospinal fluid as vehicle) and treated with EXE-4 (10 pg/kg, i.p., saline as vehicle). Four
groups were formed: Vehicle, EXE-4, STZ and STZ plus EXE-4. Then, brains were used for
immunofluorescence studies with antibodies to GFAP, vimentin, Iba-1, CD11b and cleaved caspase-3
(CC3). STZ increased immunoreactivity for GFAP, CD11b and Iba-1 in CAl, CA3 and DG compared
to the vehicle group. EXE-4 protected against the increase in immunoreactivity for GFAP, Iba-1 and
CD11b induced by STZ. STZ increased immunoreactivity for vimentin only in DG, and EXE-4
attenuated this effect. STZ increased CC3"* cells in all regions, and EXE-4 reduced this apoptosis induced
by STZ. In conclusion, EXE-4 showed an anti-apoptotic effect on glial cells as well, the ability to reduce
astrogliosis and microgliosis in SDAT. These findings show a potential neuroprotective role of this
agonist to GLP-1R in glial injury in a preclinical model that mimics the sporadic form of AD.

Keywords: Alzheimer's disease; exendin-4; hippocampus; astrocytes; microglia; apoptosis.
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1. Introduction

Alzheimer's Disease (AD) constitutes 60-70% of cases of dementia and it is estimated
that there are 35.6 million people affected in the world (Association, 2022). The sporadic form
represents 90-95% of all cases and, although its etiology is multifactorial, age is the main risk
factor (Meraz-Rios, Toral-Rios, Franco-Bocanegra, Villeda-Hernandez, & Campos-Pena,
2013). Clinically, AD is defined by the progressive decline in memory, characterized by the
presence of extracellular aggregates of beta-amyloid peptide (AP) arising from the abnormal
proteolytic cleavage of the amyloid precursor protein (APP) by beta and gamma-secretase
enzymes (Cho, Bae, Okun, Arumugam, & Jo, 2022; Hur, 2022; Y. W. Zhang, Thompson,
Zhang, & Xu, 2011). In addition, intraneural neurofibrillary tangles (NFTs) are formed, which
are composed of hyperphosphorylated tau protein (Avila-Munoz & Arias, 2014). Amyloid
plaques accumulate around neurons and cause abnormalities in synaptic transmission and
disrupt mitochondrial functioning (Bronzuoli, lacomino, Steardo, & Scuderi, 2016). The
deposition of AP and NFTs leads to neuronal cell death, microtubule destabilization and cell
membrane degeneration (Calsolaro & Edison, 2016). In parallel, glial cells are also the target
of injury caused by AP deposition. This peptide disrupts gliotransmission, impairs Ca?*-
mediated signaling, increases cytotoxicity and cellular apoptosis. These events also contribute
to the reduction of synaptic plasticity and cognitive impairment in the AD (Sajja, Hlavac, &
VandeVord, 2016).

Astrocytes and microglia are the main immune cells of the central nervous system
(CNS) and, therefore, are responsible for initiating inflammatory responses to insults in the
brain, as well as mediating tissue recovery from stress and injury (Farfara, Lifshitz, & Frenkel,
2008; Molofsky & Deneen, 2015; Ransohoff & Brown, 2012). Increased astrocyte
immunoreactivity can trigger beneficial or harmful responses, such as promoting tissue repair
and maintaining homeostasis; or in the exacerbation of inflammatory reactions, cell damage
and apoptosis (Colombo & Farina, 2016). Reactive astrocytosis has become an important tool
for investigating glia, as it is a pro-inflammatory phenomenon with alterations in the astrocytic
spectrum in the face of tissue injury and is found in several pathologies that affect the CNS,
especially AD (Sajja et al., 2016).

Microglia is in a quiescent state and monitor the presence of pathogens in nervous tissue
(Hristovska & Pascual, 2015). Hyper-reactive microglia are reported with the progression of
neurodegeneration. There is a complexity in the factors that regulate the balance between
microglial beneficial and harmful effects (Di Benedetto et al., 2022) since in the early stages of

the disease, microglia activation has been associated with neuroprotective effects, removing
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harmful stimuli represented by AP hyperproduction, cleaning up cellular debris, phagocytosing
dead cells and releasing neurotrophic factors (Simon, Obst, & Gomez-Nicola, 2019). However,
the persistence of harmful stimuli throughout the disease subjects these cells to a state of chronic
activation and release of pro-inflammatory cytokines, which lead to neurotoxicity and
neurodegeneration (Ransohoff & Brown, 2012; Ransohoff & El Khoury, 2015). Activated
microglia produce and secrete several pro-inflammatory mediators, including tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6), and nitric oxide (NO), which confer the onset and
progression of AD (Ahmad, Fatima, & Mondal, 2019).

The activation of microglia and astrocytes stimulated by the deposition of Ap induces

reactive gliosis and triggers a inflammatory signaling cascade. While prolonged activation of
pro-inflammatory cytokines affects APP processing through beta-secretase, AB production is
accelerated. This results in reduction from AB debugging and phagocytosis by activated glial
cells that lead to elevation AP content (Sastre et al., 2004; Sastre et al., 2003; Sastre et al., 2001).
Astrogliosis and microgliosis can promote the removal of the harmful stimulus providing
protection to the brain (Sofroniew, 2000, 2011, 2015, 2020). However, glial activation diverse
and continuous can exercise an adverse effect by promoting neurodegeneration (Linnerbauer,
Wheeler, & Quintana, 2020; Madore, Yin, Leibowitz, & Butovsky, 2020).
Finding a suitable molecular target and a successful multifaceted pharmacological approach to
AD is a major challenge for drug development. In addition, a therapy that aims to treat disorders
linked to insulin signaling, either through resistance or interruption in signaling, which interfere
with glucose metabolism and neuronal activity, may be beneficial. Insulin resistance,
hyperglycemia and hyperinsulinemia are metabolic characteristics that have been associated
with AD and progress to mitochondrial dysfunction, oxidative stress, bioenergetic failure,
negatively impacting neurons and glial cells (Ghasemi et al., 2013; Talbot et al., 2012; Yin,
Yao, Brinton, & Cadenas, 2017).

Exendin-4 (EXE-4) is a 39-amino acid polypeptide that acts as glucagon-like peptide-1
receptor (GLP-1R) agonist and is a well-established drug for the treatment of type 2 diabetes
mellitus (TDM2). EXE-4, when administered peripherally, crosses the blood-brain barrier
(BBB) (Luciani et al., 2010). The beneficial effects of EXE-4 on the CNS include improvement
in neurogenesis, cell repair and suppression of the inflammatory response, as well as cognitive
improvement (Holscher, 2014; Huang et al., 2012). Given this evidence, the aim of this study
was to investigate the immunoreactivity for markers of astrogliosis, microgliosis and apoptosis

in the hippocampus of rats submitted to sporadic dementia of the Alzheimer's type (SDAT).
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Through this study, it is expected to find evidence on the role of the GLP-1 receptor agonist in

modulating microglial and astrocytic activity, as well as reducing cell death present in SDAT.

2. Materials and methods

2.1 Chemicals

Streptozotocin (STZ, Sigma-Aldrich® - Sant Louis, Missouri, USA; product number:
S0130) and EXE-4 > 97%, Reference code: E7144 - Sigma Aldrich Chemical Co. (St. Louis,
MO, USA) were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All other
reagents used in the experiments were of analytical grade and of highest purity.

2.2 Animals

Adult male Wistar rats (n= 28) weighing 300g on average, from the local breeding
colony of Federal University of Health Sciences of Porto Alegre (UFCSPA, Brazil). The
animals were maintained in the Central Animal House of the UFCSPA in colony cages at an
ambient temperature of 23 + 2°C and relative humidity of 45-55% with 12 h light/dark cycles
and with free access to a standard rodent pellet diet and water ad libitum.

The Committee of Ethics and Animal Experimentation of the UFCSPA, under protocol
number 191/16, identification code: 488/16, approved all procedures. The animals were
handled in accordance with international and national laws for the ethical care and handling of
laboraty animals (Guidelines of the Council of the European Communities of 22 September
2010, 2010/63/EU and Law 11.794/08).

2.3 Treatments

The rats received EXE-4 at a dose of 10 pg/kg body weight, previously dissolved in
saline via intraperitoneal (ip) (1ml/kg) for 21 days (a total of 21 administrations were
performed). The dose was chose based on a previous study as describe (Tortorelli et al., 2015;
Zanotto et al., 2017). The control groups received only the vehicle (1ml/kg of salina, ip). Rats
were randomly distributed into four groups: vehicle, EXE-4 10ug/kg (EXE-4), Streptozotocin
(STZ), and STZ plus EXE-4 10ug/kg. Further information can be viewed in the experimental

design (see figure 1).

2.4 Induction of Sporadic Dementia of the Alzheimer’s Type



© o0 ~N o 0 b~ w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

111

The animals were anesthetized with ketamine (Dopalen® 10%, Ceva® - S&o Paulo -
Brazil, 80-100 mg/kg ip) and xylazine (Anasedan® 2%, Ceva® - S&o Paulo - Brazil, 5-10 mg/kg
i. p.) and then the animal's head hair was shaved before being placed in the stereotaxis.

Asepsis was performed with 3% hydrogen peroxide (10% hydrogen peroxide - Lifar
brand) for subsequent sagittal incision on the midline to expose the cranial scalp. Two bilateral
holes were drilled with a drill, following the stereotaxic coordinates of the lateral ventricles
provided by Paxinos and Watson's atlas of stereotaxic coordinates (0.8 mm in the
anteroposterior axis, 1.5 mm in the medial-lateral axis, and 4 mm in the dorsoventral axis)
(Paxinos & Watson, 2013). Through these orifices, with a microliter microsyringe (Hamilton®,
10pl, Product code, 80300), STZ (Sigma-Aldrich® - Sant Louis, Missouri, USA; product
number: S0130) dissolved in sterile saline (5 pL/ventricle) was injected at a dose of 3 mg/kg.
This dose/volume has been pre-established in previous work by the project's collaborating
group as well as described by other research groups and is shown to be effective in the
development of dementia-related cognitive deficit (Gutierres et al., 2014; L. Rodrigues et al.,
2009; M. V. Rodrigues et al., 2019). Animals not induced SDAT received saline only. After
surgery the animals were kept warm by eletric heater and hot water bags, and after regaining
consciousness they were put back into the housing box with water and food ad libitum. Two
days after surgery, the animals received a bottle with a watery solution of nest milk
(70g/3000ml) renewed each day for five consecutive days to avoid body weight loss. The

degree of invasiveness for this stereotactic procedure is considered moderate (see figure 2).

2.5 Immunofluorescence morphological studies

On day 24, the animals were deeply anesthetized by injection with ketamine (Dopalen®
10%, Ceva® - Sao Paulo - Brazil, 80-100 mg/kg ip) and xylazine (Anasedan® 2%, Ceva® -
Sédo Paulo - Brazil, 5-10 mg/kg ip), and were euthanized by intracardic transfusion, heparinized
with 0.1 ml of heparin (Heparin 5000UI®, Cristalia® - S&o Paulo, Brazil) and perfused with
0.9% saline for 10 minutes, followed by paraformaldehyde (Sigma-Aldrich® - Sant Louis,
Missouri, USA; product number: 158127) 4% diluted in 0.1 M phosphate buffer (PBS at pH
7.4) for 30 minutes (Rahmeier et al., 2016). The brains were post fixed in 4% paraformaldehyde
(24 hours), transferred to a solution of 30% sucrose in PBS-1% until total submersion. Then,
the frozen fixed brains were sectioned (5 and 16 pum) as per the stereotaxic coordinate atlas
(Paxinos & Watson, 2013), using cryostat Leica CM3050S (Leica Microsystem, German) at a
temperature of -30°C. Next, the sections were mounted on slides coated with 2% gelatin plus

0.08% chromalin (chromium and potassium sulfate, from Sigma-Aldrich, Brazil) and finally



© o0 ~N o 0 b~ w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

112

allowed to dry at room temperature for 24 hours. At last, all sections were stored at -20°C until
use (Rahmeier et al., 2016).

For the immunofluorescence (IF) techniques, five markers were selected: GFAP
(marker of reactive astrocytes), CD11b and Iba-1 (markers of microglia), vimentin (marker of
astrocytosis and reactive gliosis in responses to tissue injuries) cleaved caspase-3 (CC3)
(marker of cellular apoptosis). The slides with the frozen samples were washed in ice-cold
acetone for 10 min, under agitation. After removing the acetone, the slides were left to rest until
their total evaporation and then washed for 5 min (three times) with phosphate buffer containing
Triton® X-100 (PBS-tx). Blocking of non-specific proteins was performed with 5% bovine
serum albumin (BSA - Sigma-Aldrich® - Sant Louis, Missouri, USA; product number: A9647)
diluted in PBS-tx for 2 hours at room temperature (RT). The sections were then incubated with
the primary antibody diluted in 5% BSA for 1 hour at room temperature and overnight at 4°C.

The antibodies used were Anti-GFAP (16um sections) 1:800, Sigma- Aldrich®, Sant
Louis, Missouri, USA (product number: G9269-2ML); Anti-lbal (16 pm sections) 1:800,
Genetex®, Irvine, California, USA (product number: GTX100042); Anti-CD11b (16 pum
sections) 1:800, Abcam®, Cambridge, UK, England (product number: ab1211); Anti-vimentin
(16 pm sections): 1:800 DakoCytomation®, Santa Clara, California, USA (product number:
MO0725) and anti-CC3 (16 pum sections) 1:200, Cell Signaling Technology®, Danvers,
Massachusetts, USA (product number: #9661).

After incubation with the primary antibody, the samples were washed with PBS-tx for
5 minutes (4 times) and incubated in the dark for 2 hours with the goat anti-rabbit IgG H&L
antibody: 1:1000 secondary antibody (Alexa Fluor® 555, Abcam® - Cambridge - UK, England,
product number: ab150078) for samples with Iba-1, GFAP and CC3. CD11b and vimentin were
incubated with the secondary antibody goat anti-mouse 1IgG H&L: 1:500 (Alexa Fluor® 488,
Abcam® - Cambridge - UK, England, product number: ab150113).

Afterwards, the samples were washed again with PBS-tx for 5 minutes (4 times) and
incubated in the dark with the nuclear marker DAPI: 1:10,000 (4',6-diamidino-2-phenylindole,
Invitrogen® - Eugene - Oregon - USA; product number: D1306) for 10 minutes. Then the slides
were washed 4 times with PBS-tx for 5 minutes each. VectaShield® (Vector, Burlingame -
California - USA; product number: H-1000) was added over the sections which were then
overlaid with a coverslip and kept at a temperature of 4°C, in the dark, until the moment of
capturing the images. Images were acquired using a Leica DM6-B microscope, Leica DFC
7000-T Camera and Leica Las X Software. For each section, images were acquired in the

hippocampus regions (CA1, CA3 and Dentate Gyrus, DG). The slides were evaluated in a wide-
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field optical microscope for fluorescence observations (Leica DM6-B) and the images obtained
were captured by a camera (Leica DFC7000 T) coupled to the microscope. GFAP, Iba-1,
CD11b and vimentin were measured by optical densitometry using ImagePro Plus®6.3
software (Media Cybernetics®). CC3* was measured by double counting of positive cells
(CC3* cells).

In CAl and CAS3, Stratum Oriens, Stratum Radiatum and Stratum Moleculare layers
were analyzed; except the pyramidal layer. In the DG, the Moleculare layer and the Hilus region

were analyzed, except for the granulare layer.

2.6 Statistical Analysis

The normality analysis of the samples was performed by Kolmogorov-Smirnov test.
Afterwards, parametric data were analyzed using two-way analysis of variance (ANOVA)
followed by the Bonferroni test when appropriate. Results were expressed as the mean +
standard error (SE). P values less than 0.05 (P<0.05) were considered as indicative of

significance.

3. Results

3.1. Exendin-4 protects against increased immunoreactivity to GFAP induced by sporadic
dementia of the Alzheimer’s type

Figure 3 shows GFAP immunoreactivity in the hippocampus of rats treated with EXE-
4 and submitted to SDAT. Figure 3A shows representative immunoreactions of each group in
the CA1, CA3 and DG respectively. Graph 3B shows the significance in the interaction between
vehicle or EXE-4 versus vehicle or STZ [F1,24=22.24; P<0.0001; graph 3B], suggesting that
STZ increased immunoreactivity for GFAP and that EXE-4 protected against this effect induced
by the SDAT in the CAL.

In the CAS3, significant interaction was observed between vehicle or EXE-4 versus
vehicle or STZ [Fq,24=14.28; P=0.0009; graph 3C], suggesting that EXE-4 protected against
the increase in GFAP induced by SDAT.

In DG, significance in the interaction between vehicle or EXE-4 versus vehicle or STZ
[F,24=17.10; P=0.0004; 3D graph] was observed, suggesting a neuroprotective effect of EXE-
4 against the increase in the GFAP induced by STZ.
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3.2 Exendin-4 protects against increased immunoreactivity to vimentin in the DG induced
by sporadic dementia of the Alzheimer’s type

Figure 4 shows the immunoreactivity for vimentin in the hippocampus of rats with
SDAT and treated with EXE-4. Figure 4A shows representative immunoreactions of each group
in the CA1, CA3 and DG, respectively. Graph 4B shows no significant effect of both treatments
for the CAL [F1,24=2,682; P=0.1145; graph 4B] and CA3 [F(1,24)=0.7708; P=0.3877; graph 4C].
A significance in the interaction between vehicle or EXE-4 versus vehicle or STZ [F(1,24)=7,828;
P=0.0105; graph 4D] was observed only in DG, suggesting that STZ increase the
immunoreactivity to vimentin and that EXE-4 protects against this effect.

3.3 Exendin-4 protects against increased immunoreactivity to Iba-1 induced by sporadic
dementia of the Alzheimer’s type

Figure 5 shows Iba-1 immunoreactivity in the hippocampus of rats with SDAT and
treated with EXE-4. Figure 5A shows representative immunoreactions of each group in the
CALl, CA3 and DG, respectively. Graph 5B shows a significance in the interaction between
vehicle or EXE-4 versus vehicle or STZ [F(,24=5.241; P=0.0301; graph 5B], suggesting that
STZ increases Iba-1 immunoreactivity and EXE-4 protects against this effect.

In parallel, EXE-4 showed an effect per se in reducing Iba-1 immunoreactivity
compared to the vehicle group [F,24=188.9; P<0.0001; graph 5B]. In the CA3 region, a
significance was observed in the interaction between vehicle or EXE-4 versus vehicle or STZ
[Fa24= 6,981; P=0.0133; graph 5C], also suggesting that EXE-4 reduces the increase in
immunoreactivity for Iba-1 induced by STZ. EXE-4 also reduced immunoreactivity for Iba-1
per se, when compared to the vehicle group [F(1,24)=222.7; P<0.0001; graph 5C].

Finally, a significance in the interaction between vehicle or EXE-4 versus vehicle or
STZ [F(1,24=7,844; P=0.0095; graph 5D] was also observed in DG. Furthermore, the same
effect per se of EXE-4 was also seen for this region [F24=221.1; P<0.0001; graph 5D]

suppressing microglial immunoreactivity.

3.4 Exendin-4 protects against increased immunoreactivity to CD11b induced by sporadic
dementia of the Alzheimer type

Figure 6 shows the immunoreactivity for CD11b in the hippocampus of rats with SDAT
and treated with EXE-4. Figure 6A shows representative immunoreactions from each group in
the CAL, CA3 and DG, respectively. Graph 6B shows a significance in the interaction between
vehicle or EXE-4 versus vehicle or STZ [F(,24=5.075; P=0.0320; graph 6B], suggesting that
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EXE-4 treatment was effective in reducing the immunoreactivity to CD11b in the CAl induced
by STZ.

In the CA3, a significance was observed in the interaction between vehicle or EXE-4
versus vehicle or STZ [F,24=5,391; P=0.0270; graph 6C], suggesting that EXE-4 treatment
protected against the increase in the CD11b immunoreactivity induced by STZ.

Finally, a significance in the interaction between vehicle or EXE-4 versus vehicle or
STZ [F,24=6,909; P<0.0136; graph 6D] was observed at the DG, suggesting that EXE-4 is

effective in protecting against the increase in the CD11b immunoreactivity induced by STZ.

3.5 Exendin-4 protects against apoptosis in the hippocampus of rats induced by sporadic
dementia of the Alzheimer’s type

Figure 7 shows the number of CC3* cells in the hippocampus of rats with SDAT and
treated with EXE-4. Figure 7A shows representative immunoreactions of each group in the
CAl, CA3 and DG, respectively. Graph 7B shows a significance in the interaction between
vehicle or EXE-4 versus vehicle or STZ [F(1,24=16.09; P=0.0004; graph 7B], suggesting that
EXE-4 treatment reduced apoptosis in the CA1 region induced by STZ.

In the CAS3 region, a significance was observed in the interaction between vehicle or
EXE-4 versus vehicle or STZ [F,24=19.06; P=0.0002; graph 7C], also suggesting an anti-
apoptotic effect of EXE-4 against the deleterious effects of STZ. In the DG, a significance was
also observed in the interaction between vehicle or EXE-4 versus vehicle or STZ [F(1,24)=21.87,;
P<0.0001; graph 7D] suggesting that EXE-4 is effective in reducing CC3* cells increased in
SDAT.

4. Discussion

The administration of STZ-icv mimics a model of SDAT, characterized by glucose
hypometabolism and insulin resistance in the brain (de la Monte & Tong, 2014; Hoyer &
Lannert, 2007). This model reproduces AD-like symptoms such as memory deficits,
mitochondrial dysfunction, increased oxidative stress, astrocyte and microglia activation,
cholinergic dysfunction, neuroinflammation, and neurodegeneration (Mishra, Singh, Shukla, &
Shukla, 2018; Salkovic-Petrisic & Hoyer, 2007; Yuliani, Lobentanzer, & Klein, 2021). Due to
the important role of glia in nervous system homeostasis, the present study investigated whether
EXE-4 has the ability to protect astrocytes and microglia from tissue injury caused by SDAT.
Thus, markers of astrogliosis (GFAP and vimentin), microgliosis (Iba-1 and CD11b) and

apoptosis (CC3*) were investigated in the Stratum Oriens, Stratum Radiatum and Stratum
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Moleculare in the CAl e CA3; and Moleculare Layer and Hilus region of the DG (layers formed
mostly by glial cells).

Our findings show that SDAT increases the GFAP immunoreactivity in the CA1, CA3
and DG. These results corroborate with previous studies that also showed reactive astrogliosis
for SDAT. Teixeira et al. (2021) showed increase in GFAP in the hippocampus of rats with
SDAT 25 days after administration of STZ (3 mg/kg) (Teixeira et al., 2022). Yuliani et al (2020)
observed an increase in GFAP immunoreactivity in the hippocampus of rats 21 days after STZ
administration (Yuliani et al., 2021).

GFAP is a protein present in the intermediate filaments of the cytoskeleton being
considered an important marker in pathological conditions once astrocytes become more
reactive against an imbalance of cellular homeostasis and loss of cellular functions (Agulhon et
al., 2012; Santos et al., 2013). Reactive astrogliosis is seen in neurological disorders such as
neurotrauma, ischemic stroke, and neurodegenerative diseases, including AD (Kraft et al.,
2013; Macauley, Pekny, & Sands, 2011).

In this study, EXE-4 was seen to reduce astrogliosis and microgliosis in animals with
21 days of SDAT. MiaoJun et al., (2021) showed that different GLP-1R agonists, including
EXE-4 (25nmol/kg ip), were also able to inhibit astrogliosis using a model of Parkinson's
disease in mice (MPTP model).In this study, the ability of incretinomimetics reduced the
content of GFAP and Iba-1 induced by MPTP (Lv et al., 2021). In addition, GLP1-R agonists
inhibited the NF-Kf inflammatory pathway and reestablished the levels of neurotrophins BNDF
and GDNF, important for cell survival and tissue repair (MiaoJung et al., 2021). Shi et al.,
(2017) showed that a new agonist for GIP/GLP-1 receptors (10nm/kg, ip) was able to reduce
astrogliosis (GFAP positive astrocytes) and microgliosis (Iba-1 positive microglia) by
modulation of the AKT enzyme and phosphorylation of insulin receptors 1 in an SDAT model
(14 days after STZ injection, in rats) (Shi, Zhang, Li, & Holscher, 2017). Although the
mechanism by which EXE-4 regulates astrocytic reactivity has not been fully elucidated, the
authors suggest a reduction in the ratio of the content of pro-apoptotic factors Bax versus anti-
apoptotic Bcl-2 factors is a key factor in this process (Shi et al., 2017).

In contrast to these findings, liraglutide (another GLP-1R agonist) has been shown to
increase GFAP immunoreactivity in the face of ischemic injury. Using the cerebral ischemia
model (MCAOQO), Dong et al (2017) found that liraglutide (50-200 ug/kg, ip) only protected
neuronal populations from ischemic damage. Furthermore, liraglutide further increased

astrogliosis caused by MCAO, which would be justified by the remodeling of the
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vascular/astrocyte system, a recurrent process after a tissue ischemic process (Dong et al.,
2017).

VIM is the major structural component of intermediate filaments in cells of
mesenchymal origin. VIM expression demonstrates functions beyond the maintenance of cell
cytoarchitecture (Eckes et al., 1998). During development of rodents, for example, VIM is
associated with the mobility of neural crest cells (Cochard & Paulin, 1984) and mesenchymal
cells (Franke et al., 1982). VIM also plays a role in the structuring and phenotypic
rearrangement of immature astrocytes and its expression increases for cell division and
migration (de Pablo et al., 2019).

SDAT increases immunoreactivity for VIM, and this effect was unique to DG. EXE-4
reduces VIM immunoreactivity in SDAT animals. As discussed earlier, cells of the astrocytic
lineage undergo changes in the intermediate filaments (Fedoroff, McAuley, Houle, & Devon,
1984). In the development of radial glia, the VIM appears as the only important and
predominant intermediate filament (Bignami, Raju, & Dahl, 1982). The subgranular zone
(SGZ) of the DG contains many radial-type astrocytes that arise from the radial glia (Eckenhoff
& Rakic, 1984; Rickmann, Amaral, & Cowan, 1987). These astrocytes express VIM mostly,
but other filaments such as nestin and GFAP are found in these cells (Eckenhoff & Rakic, 1984;
Lendahl, Zimmerman, & McKay, 1990; Rickmann et al., 1987; Seri, Garcia-Verdugo, Collado-
Morente, McEwen, & Alvarez-Buylla, 2004). From this, this fact may explain the change in
VIM immunoreactivity occurring only in the DG of SDAT animals.

It is important to note that the granular layer of the DG was excluded for the
measurement of immunoreactivity, with the aim of eliminating a possible quantification of
immature neurons that can be formed in the process of adult neurogenesis. It is known that new
neurons do form in the adult mammalian brain from neural stem cells, especially in the border
of the lateral ventricles of the brain (subventricular zone) and (b) the subgranular zone (SGZ)
of the DG of the hippocampus (Abbott & Nigussie, 2020). It has been described that astrocyte
reactive in AD concomitantly overexpressed GFAP and VIM (Wilhelmsson et al., 2006). This
effect is also present in the hippocampus of SDAT animals, but more focused on the DG.
Stanojevic et al. (2022) recently reported a concomitant increase in GFAP and VIM content in
the hippocampal and periventricular areas in SDAT rats (Stanojevic et al., 2022).

Microglia can change their phenotype and transition from a neuroprotective to a pro-
inflammatory process, especially in pathologies characterized due to signaling dysfunction
insulin receptor mediated or in insulin resistance events (Kwon & Koh, 2020). Under this

situation, activated microglia produce and secretes several pro-inflammatory mediators (Z. Cali,
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Hussain, & Yan, 2014; Dheen, Kaur, & Ling, 2007), including tumor necrosis factor-o. (TNF-
a), interleukin-1beta (IL-1p), IL-6 and nitric oxide (NO); molecular products that trigger the
onset and contribute to the progression of AD (Akiyama et al., 2000; H. Cai, Liang, & Ge,
2016; Sajja et al., 2016).

CD11b is a frequently used marker for microglial study. In the healthy brain, microglia
are the only cells that express CD11b. However, when the blood-brain barrier is broken,
neutrophils and monocytes, which express CD11b, infiltrate the brain. Therefore, anti-CD11b
antibodies cannot distinguish microglia from neutrophils and monocytes, but can provide
pertinent information about the presence of inflammatory cells and microglial activity (Jeong,
Ji, Min, & Joe, 2013). In contrast, ionized calcium-binding adapter protein 1 (lba-1) is
specifically expressed in microglia-like macrophages and increases in Iba-1 expression have
been reported after tissue damage in ischemic processes and neurodegenerative diseases (Jeong
etal., 2013).

SDAT increases immunoreactivity for Iba-1 and CD11-b in all hippocampal regions.
These data are in agreement with Chen et al., (2014) in which the SDAT increased Iba-1 levels
in the hippocampus of 3xTg-AD mice. Iba-1 and CD11b levels are also increased in other
experimental models for AD and in patients affected by this pathology (Bronzuoli, Facchinetti,
Steardo, & Scuderi, 2017; Bronzuoli et al., 2016). On the immunomodulatory effect of
microglia by GLP-1R and GIP-R agonists, DA5-CH (GLP-1/GIP dual-receptor agonist) and
NLYO1 (GLP-1 single-receptor agonist) were reported to be able to reduce microgliosis in
Parkinson disease (Lv et al., 2021) and SDAT models (Shi et al., 2017). In order to better
understand the anti-inflammatory effect of EXE-4, Huang et al., (2012) verified the capacity of
this peptide (10ug/kg ip) against the inflammatory responses triggered by hyperglycemia and
by hyperglycemia associated with lipopolysaccharide (an inducing agent of
neuroinflammation). There was a suppression of the NF-kB pathway, reduction of COX1/2
levels, reduction of astrocytosis and microgliosis caused by EXE-4 in hyperglycemic and pro-
inflammatory injuries (Huang et al., 2012). These findings lead to believe that EXE-4 has the
potential anti-inflammatory ability to down-regulate hyper reactive microglia, and may favor
against deleterious processes associated with TDM2 and AD.

To assess the impact of astrogliosis and microgliosis on cell viability, the number of
CC3* cells was counted in SDAT and EXE-4 treated animals. SDAT increased apoptosis in all
hippocampal regions. Furthermore, EXE-4 was able to reduce this cell death caused by SDAT.
Increased cell death in SDAT models was reported by Martini, et al., (2019) and Du et al.,
(2015), evidencing an increase in apoptotic cells in mice (Martini et al., 2019) and SDAT rats
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(Du et al., 2015), respectively. Other evidence suggests that STZ-icv is capable of inducing
hippocampal atrophy and increasing ventricular areas (Roy et al., 2022). On the neuroprotective
mechanism of EXE-4, it is known that this molecule has been described as anti-apoptotic by
Huang et al (2012), where they showed that EXE-4 (10ug/kg, ip) reduced apoptosis caused by
LPS, as well as apoptosis induced by the association between hyperglycemia plus LPS in the
CALl region (Huang et al., 2012). Similar effects were also noted by induced apoptosis by
cerebral ischemia/reperfusion in diabetic rats (Chung, Chung, Cheng, Yang, & Chien, 2022) by
glucose/oxygen deprivation in rat primary cortical neuron (EXE-4, concentrations between 0.2-
0.8 pg/ml) (Wang et al.,, 2012) and in a preclinical model for Parkinson's disease (6-
hydroxydopamine) in rats (L. Y. Zhang, Jin, Holscher, & Li, 2021).

It has been seen that a chronic treatment (21 days) with EXE-4 is able to stimulate cell
proliferation and neuroblastic differentiation in the DG of adult mice (Li et al., 2010). In this
study, EXE-4 treatment increases the number of Ki67*, doublecortin® and BrdU* cells (Li et
al., 2010). (Bertilsson et al., 2008) found that EXE-4 stimulates neurogenesis in the
subventricular zone of rats submitted to a model for Parkinson's disease. (Hamilton, Patterson,
Porter, Gault, & Holscher, 2011) showed that agonists for GLP-1R, highlighting EXE-4, as
agents promoting the proliferation of brain progenitor cells. Although the mechanism of EXE-
4 and other GLP-1R agonists on cell proliferation has not been elucidated, mimetics are
identified as neuroprotective agents for contributing to the tissue repair process, especially in
neurodegeneration conditions (Holscher, 2014). As reviewed by Christian Holscher (2014),
stimulation of GIP/GLP-1 receptors increase the production of second messengers and activate
vital signaling pathways for the control of energy metabolism, mitogenesis, mitophagy,
autophagy, inhibition of apoptosis, cell and synapse growth, reduction of inflammation and
regulation of translation and transcription of genes involved in cellular stress (Holscher, 2014).

Through this study, an increase was observed of astrocytosis/microgliosis accompanied
by cell death in SDAT animals. EXE-4 has been shown to be effective to mitigate these effects
indicating that GLP-1R agonists may contribute to the protection of glial cells against injuries
found in TDM2 and AD. These findings point out that EXE-4 can reduce neuroinflammation
by negative modulation on astrocytic and microglial cells as well as, reduce the death of these
cells in a condition of sporadic dementia of the Alzheimer type. Through this, this work points
to a potential neuroprotective effect of EXE-4 for neurodegenerative diseases, especially the
DA. Although neurons have been the protagonists in most studies related to neurodegenerative
diseases, it is important to understand the role of astrogliosis and microgliosis in pathological

conditions, especially AD, and to find molecules capable of protecting against this disease.
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Figure 1. Division of Experimental Groups. Vehicle (saline ip plus ACFS icv), Exendin-4 (EXE-
4 ip plus ACFS icv), STZ (saline ip plus STZ icv), and STZ+EXE-4 (EXE-4 ip plus STZ icv).
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Figure 2. Experimental design of the treatment with EXE-4 and the stereotaxic procedure for the

Sporadic Dementia Alzheimer’s Type (SDAT). Day 0: stereotaxic surgery was performed for STZ

or ACFS injection (icv, in a total volume of 10 ul - 5 pl, bilaterally; 1 pl/minute). After this

procedure, the rats were allowed to recovery for two days. Day 2: treatment with EXE-4 or saline

was started, until day 21, at a dose of 10 pg/kg, administered intraperitoneal (volume of 1 ml/kg).

EXE-4 was prepared in sterile saline. On day 24, the animals were anesthetized and euthanized to

obtain the brain.



1

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

128

Figure 3
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Figure 3. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a sporadic
dementia of the Alzheimer type (SDAT, STZ 3mg/kg, icv) on the GFAP immunoreactivity of the
CAl, CA3 and DG. (A) Representative immunoreactions of each group (DAPI in blue, GFAP in
pink and Merge, 20X). Graph with optical densities for GFAP in the CAl (B), CA3 (C) and DG
(D). *Denotes significant difference versus vehicle group (saline plus ACFS). #Denotes significant
interaction between treatments (difference versus STZ group). Two-way analysis of variance. * or

# P<0.05 was considered significant. Data expressed as mean + standard error of mean forn = 7.
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Figure 4. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip) in rats submitted to a sporadic
dementia of the Alzheimer type (SDAT, STZ 3mg/kg, icv) on the vimentin immunoreactivity of
the CAl, CA3 and DG. (A) Representative immunoreactions of each group (DAPI in blue,
vimentin in green and Merge, 20X). Graph with optical densities for vimentin in the CA1 (B),
CA3 (C) and DG (D). *Denotes significant difference versus vehicle group (saline plus ACFS).
#Denotes significant interaction between treatments (difference versus STZ group). Two-way
analysis of variance. * or # P<0.05 was considered significant. Data expressed as mean =+ standard

error of mean forn=7.
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Figure 5. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip, saline vehicle) in rats submitted
to a sporadic dementia of the Alzheimer type (SDAT, STZ, 3mg/kg, icv, ACFS as vehicle) on the
Iba-1 immunoreactivity of the CA1, CA3 and DG. (A) Representative immunoreactions of each
group (DAPI in blue, Iba-1 in red and Merge, 20X). Graph with the optical densities for Iba-1 in
the CAl (B), CA3 (C) and DG (D). *Denotes significant difference versus vehicle group (saline
plus ACFS). # Denotes significant interaction between treatments (difference versus STZ group).
Two-way analysis of variance. * or # P<0.05 was considered significant. Data expressed as mean

+ standard error of mean for n =7.
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5 Figure 6. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip, vehicle as saline) in rats
6  submitted to a sporadic dementia of the Alzheimer type (SDAT, STZ, 3mg/kg, icv, ACFS as
7 vehicle) on the CD11b immunoreactivity of the CAl, CA3 and DG regions. (A) Representative
8  immunoreactions of each group (DAPI in blue, CD11-B in green and Merge, 20X). Graph with
9  optical densities for CD11b in the CA1 (B), CA3 (C) and DG (D). *Denotes significant difference
10 wversus vehicle group (saline plus ACFS). #Denotes significant interaction between treatments
11 (difference versus STZ group). Two-way analysis of variance. * or # P<0.05 was considered

12 significant. Data expressed as mean + standard error of mean forn = 7.
13
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Figure 7. Effect of treatment with exendin-4 (EXE-4, 10ug/kg, ip, saline as vehicle) in rats
submitted to a sporadic dementia of the Alzheimer type (SDAT, STZ, 3mg/kg, icv. ACFS as
vehicle) on the Cleaved Caspase-3* (CC3) cells in the CA1, CA3 and DG. (A) Representative
immunoreactions of each group (DAPI in blue, CC3 in red and Merge, 20X). Graph with the
number of CC3* cells in the CA1 (B), CA3 (C) and DG (D). *Denotes significant difference versus
vehicle group (saline plus ACFS). #Denotes significant interaction between treatments (difference
versus STZ group). Two-way analysis of variance. * or # P<0.05 was considered significant. Data

expressed as mean + standard error of mean forn = 7.
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5 CONCLUSOES

v Nossos resultados e outros estudos ja citados na literatura mostraram que o
modelo de deméncia esporadica do tipo Alzheimer induzido por estreptozotocina (DETA)
foi capaz de reproduzir sintomas semelhantes aos da DA, como déficits de memoria,
ativacdo de astrécitos e microglia, apoptose celular, neuroinflamacdo e

neurodegeneracao.

v A administracdo de EXE-4 foi capaz de proteger a memoria de curta e longa

duracédo dos animais no modelo de deméncia esporadica do tipo Alzheimer.

v A EXE-4 apresentou um efeito benéfico nos neurdnios piramidais e granulares no
hipocampo dos animais DETA, mostrando propriedades anti-apoptoticas e promovendo

a proliferacao celular.

v A EXE-4 aumentou o conteldo de receptores para a insulina no hipocampo, o que

pode melhorar as respostas bioldgicas mediadas pela insulina nessa estrutura.

v No hipocampo dos animais DETA, foi observado um aumento de
astrocitose/microgliose acompanhada de morte celular. EXE-4 foi capaz de abrandar
esses efeitos, indicando que os agonistas de GLP-1R podem contribuir para a protecao

das células gliais contra lesdes encontradas no DM2 e DA.

v Este trabalho aponta para um potencial efeito neuroprotetor da EXE-4 para

doencas neurodegenerativas, principalmente a DA.
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v Embora os neurbnios tenham sido protagonistas na maioria dos estudos
relacionados as doencas neurodegenerativas, € importante entender o papel da
astrogliose e da microgliose nas condicfes patoldgicas, principalmente na DA, e

encontrar moléculas capazes de proteger contra essa doenca.
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6 CONSIDERACOES FINAIS

O presente estudo faz parte de um projeto maior intitulado “Caracterizagbes
comportamentais, histopatologicas e inflamatoérias no modelo da doenca de Alzheimer
induzida por estreptozotocina®. possiveis mecanismos de toxicidade e protecido”,
aprovado pelo Comité de Etica em Pesquisa (CEP) da UFCSPA
(Protocolo N° 191/16; Parecer N° 488/16). Deste projeto maior além da minha tese de
doutorado foram desenvolvidos outros trabalhos, incluindo uma dissertacdo de
mestrado.

A ideia da minha tese de doutorado foi pesquisar o efeito neuroprotetor da EXE-
4, um andlogo do receptor do peptideo semelhante ao glucagon-1 (GLP-1), um
medicamento bem estabelecido para o tratamento de diabetes mellitus tipo 2 (DM2) em
ratos submetidos a um modelo de deméncia esporadica do tipo Alzheimer induzido por
estreptozotocina.

Na pesquisa, verificamos que a EXE-4 apresentou efeitos benéficos sobre os
neurdnios piramidais e granulares que constituem o hipocampo, sobre o processo de
apoptose, protegeu a memoéria de curta e longa duracao, melhorou a proliferacédo celular
e foi capaz de abrandar a astrocitose/microgliose. Com nossos resultados e outros
estudos realizados na literatura, a EXE-4 pode ser um adjuvante para o tratamento da
doenca de Alzheimer, melhorando a qualidade de vida das pessoas acometidas por essa

patologia.
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ANEXOS - PARECER DO COMITE DE ETICA DA UFCSPA

REPUBLICA FEDERATIVA DO BRASIL
MINISTERIO DA EDUCACAD

UFCSPA

UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE PORTO ALEGRE

CEUA -~COMISSAO DE ETICA NO USO DE ANIMAIS

PARECER CONSUBSTANCIADO DE PROJETO DE PESQUISA E ENSINO
1) PROTOCOLO N°: 191/16 Parecer 488/16

2) DATA DO PARECER: 11/01/2017

3) TITULO DO PROJETO:

Caracterizacoes comportamentais.histopatolégicas e inflamatérias no modelo da doenga
de Alzheimer induzida por estreptozotocina: possiveis mecanismos de toxicidade e
protecio

4) PESQUISADOR RESPONSAVEL:

Profa. Marilda da Cruz Fernandes

5) RESUMO DO PROJETO:

Trata-se de projeto experimental em ratos com 3 experimentos onde se busca estudar os
efeitos da injegiio intracerebroventricular de estreptozotocina (com e sem LPS e EX4) e
avaliado da ocorréncia de alteragoes de memdria (no labirinto aqudtico) cerebrais a
serem testadas gquanto i presenca de placas senis, emaranhados neurofibrilares, ‘corpos
amildceos’, marcados inflamatdrios (S100B e TLR4 e deposicio de LPS) no tecido
nervoso e no liguido cefalorraquidiano (neste caso, S100B, proteina C reativa,
componentes C3 e C4 do sistema complemento).

6) OBJETIVOS DO PROJETO:

Acima indicados

7) FINALIDADE DO PROJETO: [ |Ensino  [x | Pesquisa

8) ITENS METODOLOGICOS E ETICOS DO PROJETO:

Titulo Adequado [ | Comentarios
Introdugéo [x | Adequada [ | Comentérios
Objetivos [x_| Adequados [ | Comentarios
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REPUBLICA FEDERATIVA DO BRASIL
MINISTERIO D& EDUCAGAD

UFCSPA

UNIVERSIDADE FEDERAL DE ¢|EN¢U\$ DA $A|;JDE DE PORTO ALEGRE
Relevancia e Justificativa [ ] Adequados Comentarios
Materiais e Métodos [ | Adequados Comentarios

Cronograma para execugéo da pesquisa | x | Adequado [ ] Comentérios

Orcamento e fonte financiadora D Adequados [ x | Comentarios
(nao consta fonte financiadora)

Referéncias Bibliograficas [ ] Adequadas Comentarios

9) O PROJETO ESTA ADEQUADO A LEGISLAGAO VIGENTE:
{vide comentarios referentes & metodologia a serem respondidos)

[ ] sim Néo

10) INFORMAGOES RELATIVAS AOS ANIMAIS:

Grau de dor/estresse: B | cl | pDX] E [ ]
Justifigue:

Procedimentos invasivos com necessidade de anestesia e analgesia e, por fim, eutandsia.

Espécie: Rato Numero Amostral: 100
Reducédo Amostral: [ ]Sim [x ] Ndo
Justifigue:

Substituicdo de Metodologia: [x | Sim [ ] Nao

Se achar necessdrio, justifique e sugiva uma nova metodologia:

Vide comentirios abaixo

Aprimoramento da Metodologia: [x ] Sim [ ] Nao
Se achar necessdrio, justifique e sugira aprimoramentos da metodologia:
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Vide comentirios abaixo

Acomodacgdo e manutengdo dos animais: [ x | Adequada [ | Inadequada

Se achar inadequada cite abaixo as melhorias necessdrias:

Manipulagédo dos animais: [x | Adequada [ ] Inadequada

Se achar inadequada cite abaixo as melhorias necessdrias:

Analgesia dos animais (se aplicavel): [ ] Adequada [ ] Inadequada

Se achar inadequada cite abaixo as melhorias necessdrias com analgésico substituto:

Vide comentirios abaixo

Anestesia dos animais (se aplicavel): |I| Adequada |:| Inadequada
Se achar inadeguada cite abaixo as melthorias necessdrias com anestésico substituto:

Eutanasia dos animais (se aplicavel): [ ] Adequada [ | Inadequada

Se achar inadequada cite abaixo as melhorias necessdrias com metodologia substituta:

Vide comentirios abaixo

Local de Realizagdo (Biotério/Labotardrio): Laboratério de Pesquisa em Patologia/ UFCSPA

QOutra instituigdo. Qual? Laboratério de “Proteinas Ligantes de Calcio"/UFRGS e Laboratério

de Bioguimica do Hospital de Clinicas de Porto Alegre

11) CRONOGRAMA DE UTILIZAGCAO DE ANIMAIS

Data Espécie Sexo Quantidade
2017/1 Rato Macho 20
2018/1 Rato Macho 40
2019/1 Rato Macho 40

12) RECOMENDACAO:

Aprovado
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[ ] Com Pendéncia

|:| N&o aprovado

Data de inicio 01/2017
Data de Término 07/2021

Comentarios gerais sobre o projeto:

Os comentdrios sdo apresentados de acordo com a ordem dos documentos apresentados,
sugerindo-se, respeitosamente, aos autores 0s seguintes pontos a considerar:

Sugestdes:

Utilizar anestésico geral com isoflurano ou tiopental, antes da perfusio, levando em
consideracio o possivel estresse de ser causado no animal. O uso de anestésico com
estd proposto, ndo seria 0 mais indicado pois nio possui efeito anestésico profundo.

Da mesma forma sugerimos aumentar a concentracio do farmaco a ser injetado pela
via intracérebro ventricular. Adequar para o volume miximo de 3ml conforme
literatura (8).
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