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APRESENTACAO

Esta Tese estd organizada em secOes dispostas da seguinte maneira: Introdugdo,
Objetivos, Capitulos (I, 11, III e IV — referentes a artigos cientificos), Discussdo,
Conclusoes, Perspectivas e Bibliografia.

A secdo Introducdo apresenta o embasamento tedrico que levou a formular as
propostas da Tese, as quais estdo descritas na secao Objetivos.

A secdo Capitulos contém os artigos cientificos publicados, submetidos ou em fase
de preparacdo para serem submetidos, os quais estdo apresentados de acordo com os
objetivos especificos. Esta secdo também apresenta os materiais, os métodos e as
referéncias bibliogrificas especificas de cada artigo e estd dividida em Capitulos 1, 11,
IIl e 1V. Os Capitulos I e IV foram realizados no Laboratério de Neuroprotecdo e
Sinalizacdo Celular — Departamento de Bioquimica (UFRGS), coordenado pela Profa.
Dra. Christianne Gazzana Salbego; no Capitulo IV houve a colaboracdo com o
Laboratério de Sistemas Nanoestruturados para a Administracdo de Farmacos —
Faculdade de Farméacia (UFRGS), através do Prof. Dr. Ruy Carlos Ruver Beck. Os
Capitulos Il e 11l foram realizados nos laboratdrios de Farmacologia e Eletrofisiologia
da Faculdade de Farmdcia da Universidade de Reading, Inglaterra, durante a realizacdo
do doutorado sanduiche sob a supervisdo do Prof. Dr. Benjamin Whalley e da Profa.
Dra. Helena Cimarosti.

A secdo Discussdo contém uma interpretacdo geral dos resultados obtidos nos
diferentes artigos cientificos. A secdo Conclusdes aborda as conclusdes gerais obtidas
na Tese. A secdo Perspectivas aborda as possibilidades de desenvolvimento de projetos
a partir dos resultados obtidos dando continuidade a esta linha de pesquisa.

A secdo Bibliografia lista as referéncias citadas na Introdugdo e Discussdo da Tese.
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RESUMO

O aumento da longevidade da populacdo mundial tem como consequéncia uma maior
prevaléncia de doencas neurodegenerativas. A Doenga de Alzheimer (DA) é a desordem
neurodegenerativa mais prevalente e a principal causa de deméncia apds os 60 anos. A
DA caracteriza-se por um crescente declinio na funcdo mental e memoria do paciente.
Esses sintomas sdo acompanhados pela presenca de alteragdes estruturais no tecido
cerebral: os emaranhados neurofibrilares constituidos pela proteina tau hiperfosforilada
e as placas senis constituidas pelo peptideo beta-amiloide (A). O peptideo AP tem sido
considerado o principal responsdvel pelos processos de disfun¢do sindptica, morte
neuronal e consequente declinio cognitivo dos pacientes com DA. O cendrio atual ao
qual se enquadram nossos conhecimentos sobre a etiologia, fisiopatologia e terapéutica
da DA ainda ndo permitem um entendimento completo e satisfatério sobre essa doenca
e seu tratamento. A curcumina, um polifenol de origem vegetal, tem atraido
considerdvel interesse devido aos seus potenciais beneficios a saide humana. Alguns
estudos tém demonstrado que a curcumina possui propriedades antioxidantes,
antiinflamatorias e anti-amiloidogénicas em modelos animais de DA. Entretanto, as
bases moleculares para a sua neuroprotecdo ainda ndo estdo totalmente esclarecidas.
Neste trabalho, avaliamos diversos mecanismos que sdo modulados pela curcumina em
modelos in vivo e in vitro de toxicidade induzida pelo peptideo AB1-42. Inicialmente,
demonstramos que o co-tratamento com curcumina reduziu a morte celular induzida
pela exposi¢ao ao peptideo AP por 48 h em culturas organotipicas de hipocampo de
ratos. Em paralelo, a curcumina preveniu a reducio da proteina sinaptofisina, a geracao
de espécies reativas, a ativagdo astrocitdria e microglial, bem como, a alteragdo na
secrecdo de importantes mediadores inflamatérios. Além disso, o0 mecanismo envolvido
com sua neuroprote¢do pode estar associado com a regulacdo da fosforilagdo da
proteina P-catenina e da modulacdo da via de sinalizacdo PI3K, através da regulacdo
dos substratos Akt e GSK-3p, visto que o uso do inibidor LY294002 bloqueou o efeito
neuroprotetor da curcumina. Diante da intensa ativagcdo astrocitdria observada no
primeiro capitulo, investigamos o efeito da curcumina na reatividade astrocitdria em
cultura primdria de astrdcitos expostos ao peptideo AP. Neste trabalho observamos que
os mecanismos de protecdo da curcumina envolvem a prevencao da ativacao da proteina
JNK e a regulacdo do perfil de sumoilagcdo de astrdcitos, visto que a superexpressao de
SUMO-1 diminui a reatividade astrocitdria induzida pelo peptideo AB. Além do efeito
neuroprotetor contra a morte celular, a curcumina demonstrou ter efeitos benéficos na
transmissdo sindptica, evitando a diminui¢do da excitabilidade neuronal em fatias
organotipicas de hipocampo de ratos expostas por 24 h ao peptideo AP e este efeito
parece estar associado com a modulacdo das proteinas CaMKII e sinapsina I. Para a
avaliagdo do efeito neuroprotetor da curcumina no modelo in vivo de toxicidade ao
peptideo AB1-42, devido a sua baixa biodisponibilidade, comparamos a eficiéncia de
nanocdpsulas de curcumina e curcumina livre na prevencdo dos danos cognitivos
induzidos pela injecdo icv do peptideo AB. De modo interessante, observamos um
significativo aumento do desempenho in vivo da curcumina nanoencapsulada, a qual
apresentou efeitos similares ou melhores com uma dose 20 vezes menor do que a dose
efetiva de curcumina livre. Os mecanismos de neuroprotecdo da curcumina neste
modelo parecem envolver o fator neurotréfico BDNF e a via de sinalizacao PI3K/Akt.
Juntos, nossos resultados ndo somente confirmam o potencial da curcumina no
tratamento dos processos neurodegenerativos como também oferecem uma via efetiva
para melhorar o efeito neuroprotetor da curcumina através da nanobiotecnologia.
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ABSTRACT

The increased longevity of the population has resulted in a higher prevalence of
neurodegenerative diseases. Alzheimer’s disease (AD) is the most common
neurodegenerative disorder and the leading cause of dementia in persons over 60 years.
The AD is characterized clinically by progressive impairments in cognition and
memory. These clinical features are accompanied by the presence of structural changes
in brain tissue: neurofibrillary tangles formed by hyperphosphorylated tau protein and
amyloid plaques formed by amyloid beta-peptide (AB). AP has been considered the
main processes responsible for synaptic dysfunction, neuronal death and subsequent
cognitive decline in patients with AD. The current scenario of our knowledge of the
etiology, pathophysiology and therapy of AD does not allow a full and satisfactory
understanding of this disease and its treatment. Curcumin, a naturally occurring
polyphenol, has attracted considerable interest for its beneficial potentials for human
health. Over the past decade, studies have been shown that curcumin is associated with
antioxidant, anti-inflammatory and anti-amyloidogenic properties in models of AD;
however, the molecular basis for its neuroprotection is not yet fully understood. In this
study, we evaluated several mechanisms that are modulated by curcumin in in vitro and
in vivo models of AB1-42-induced toxicity. Initially, we demonstrated that co-treatment
with curcumin reduced the cell death induced by exposure to peptide AP for 48 h in
organotypic hippocampal slice cultures. In parallel, curcumin prevented the reduction of
synaptophysin protein, generation of reactive species, astrocytic and microglial
activation and the changes in the release of important inflammatory mediators.
Furthermore, the mechanism involved in this neuroprotection may be associated with
regulation of phosphorylation of B-catenin protein and modulation of PI3K signaling
pathway, by regulating the substrates Akt and GSK-3f, since the use of inhibitor
LY294002 blocked the neuroprotective effect of curcumin. Given the intense astrocytic
activation observed in the first study, we investigated the effect of curcumin on
astrocytic reactivity in primary culture of astrocytes exposed to AB1-42. In this study
we observed that the protective mechanisms of curcumin involve the prevention of JNK
activation and regulation of SUMOylation profile of astrocytes, whereas overexpression
of SUMO-1 reduces astrocyte reactivity induced by AB. Besides the neuroprotective
effect against cell death, curcumin shown to have beneficial effects in synaptic
transmission, avoiding the reduction of neuronal excitability in organotypic
hippocampal slices exposed for 24 h to AB1-42 and this effect could be associated with
CaMKII and synapsin I modulation by curcumin. For evaluating the neuroprotective
effect of curcumin in an in vivo model of AP-induced toxicity, due to its poor
bioavailability, we compared the efficiency of curcumin-loaded lipid-core nanocapsules
and free curcumin in preventing cognitive impairments induced by icv injection of AB1-
42. Interestingly, we observed a significant increase in the in vivo performance of
nanoencapsulated curcumin, which presented similar or better neuroprotective results in
a dose 20-fold lower compared to the effective dose of free curcumin. The
neuroprotective mechanisms of curcumin in this model appear to involve the
neurotrophic factor BDNF and PI3K/Akt signaling pathway. Taken together, our results
not only confirm the potential of curcumin in treating neurodegenerative processes but
also offer an effective way to improve the neuroprotective efficiency of curcumin
through nanobiotechnology.
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1.1. Doenca de Alzheimer

A populacdo mundial vem passando por uma significante transi¢do demografica,
as sociedades estdo deixando de ser formadas predominantemente por jovens e adultos
para se transformarem em sociedades compostas por pessoas cada vez mais idosas.
Embora esse dado demonstre um avancgo na qualidade de vida de parte da populacio,
ele também acena para a possibilidade do crescimento alarmante do nimero de pessoas
acometidas pelas doencgas relacionadas ao envelhecimento, dentre as quais se destaca a
Doenca de Alzheimer (DA).

Descrita em 1906 pelo médico alemdo Alois Alzheimer durante sua conferéncia
intitulada “Uber eine eigenartige Erkrankung der Hirnrinde” (Sobre uma doenca
peculiar do cortex cerebral) (Alzheimer, 1907). Alzheimer definiu seu achado como
uma patologia neuroldgica ndo reconhecida, que cursa com deméncia, e destacou os
sintomas de déficit de memdria, alteragdes de comportamento e incapacidade para as
atividades rotineiras. Esses sintomas foram observados em uma paciente do sexo
feminino de 51 anos, admitida por Alzheimer no Hospital de Frankfurt em 1901,
apresentando perda de memoria progressiva, delirios e alucina¢des. Em 1906, apds a
morte da paciente seu cérebro foi analisado por Alzheimer que identificou as duas
principais caracteristicas histopatolégicas da doenga: as placas senis e os emaranhados
neurofibrilares (Alzheimer, 1911). Estes dois achados patolégicos, em uma doente com
severas perturbacdes neurocognitivas, € na auséncia de evidéncia de compromisso ou
lesdo intravascular, permitiram a Alzheimer caracterizar este quadro clinico como
distinto de outras patologias organicas do cérebro. Em 1910, o também médico alemao
Emil Kraepelin, apds estudar casos semelhantes aos relatos de Alzheimer, propds o
nome da doenca em homenagem ao seu descobridor (Moller and Graeber, 1998;

Goedert et al., 2006; Goedert and Spillantini, 2006).



A DA é a desordem neurodegenerativa mais comum e a principal causa de
demeéncia apds os 60 anos de idade (Forman et al., 2004; Querfurth and LaFerla, 2010).
A DA acomete 8 a 15% da populagdo com mais de 65 anos correspondendo
aproximadamente a 35 milhdes de pessoas com a DA no mundo, o que representa 70%
do conjunto de doengas que afetam a populagdo idosa (Philipson et al., 2010; Querfurth
and LaFerla, 2010). Segundo relatério produzido pela Alzheimer’s Disease International
(ADI), um novo caso de deméncia aparece a cada sete segundos fazendo com que o
nimero de pessoas com deméncia duplique a cada 20 anos, com 4,6 milhdes de novos
casos anualmente (Ferri et al., 2005).

A DA constitui um quadro complexo envolvendo a combinacdo de fatores
genéticos, moleculares e ambientais. Desta forma, compreender 0s mecanismos
moleculares pelos quais essas alteragdes patolégicas comprometem a funcdo e
integridade neuronal e levam aos sintomas clinicos observados na DA tem sido uma
busca incessante na investigacdo desta patologia. A idade de inicio das manifestacoes
clinicas caracteristicas desta deméncia € mais precoce e sua progressdo mais acelerada
em pacientes com histéria familiar desse transtorno (Casserly and Topol, 2004;
Blennow et al., 2006). As manifestacdes da DA iniciam com leves déficits de memoria,
primeiramente afetando a memoria de curto prazo. Os primeiros sintomas geralmente
surgem como déficits sutis e intermitentes em lembrar pequenos eventos do cotidiano.
Nos estdgios mais avancados, hd o desenvolvimento progressivo de uma profunda
demeéncia afetando as esferas cognitivas e comportamentais. Embora a incapacitacdao
seja progressiva, o paciente com a DA pode conviver com esta desordem durante muitos
anos, em média oito, mas podendo chegar até vinte anos (Alzheimer’s Association,
2011). O cérebro de um paciente com DA apresenta atrofia cortical mais acentuada no

lobo temporal, principalmente no cortex e na formacdo hipocampal. O volume cerebral
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reduzido é decorrente de uma profunda degeneracdo de sinapses e morte neuronal
(Mattson, 2004; Heneka and O’Banion, 2007).

O diagnéstico definitivo da DA somente € obtido por meio da anélise post mortem
com a demonstragdo das alteracdes histopatoldgicas encontradas por Alzheimer (Ballard
et al., 2011). As placas senis extracelulares sdo formadas pelo acimulo e agregacdo do
peptideo beta-amiloide (A), formando filamentos cercados por neuritos distréficos,
microglia ativada e astrécitos reativos. Enquanto que os emaranhados neurofibrilares
sdao formados pela deposicdo da proteina tau, cuja principal funcdo € estabilizar os
microtubulos responsaveis por modular a organiza¢do funcional do neur6nio. Porém na
DA, a tau encontra-se hiperfosforilada desprendendo-se dos microtibulos, acumulando-
se intracelularmente na forma de filamentos emaranhados helicoidais pareados (Selkoe

and Schenk, 2003; LaFerla et al., 2007; Ittner and Gotz, 2011).

1.2. Peptideo beta-amiloide

O peptideo AP € produzido pela protedlise da proteina precursora amiloide
(Amyloid Precursor Protein — APP), uma glicoproteina transmembrana amplamente
expressa na superficie celular de neurdnios e glia. A clivagem e o processamento da
APP podem ser divididos em duas vias distintas: a via amiloidogénica e a via ndo-
amiloidogénica (Figura 1). O processamento proteolitico anormal, ou amiloidogénico,
da APP ocorre através da ac¢do sequencial de duas proteases denominadas [3-secretase
(BACE 1) e y-secretase, resultando na secrecdo do AP em fragmentos amiloides de 38 a
43 aminodacidos (Haass et al. 1992; Herz and Beffert, 2000). Produzido em sua forma
solivel o peptideo AP tende a se aglomerar. Inicialmente sdo formados pequenos

dimeros, trimeros e, posteriormente, oligdbmeros (Klein et al., 2002). Esses oligdmeros



se agregam dando origem as fibrilas que por sua vez dardo origem as placas senis (Stine

et al., 2003).
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Figura 1. Vias de processamento da APP. Processamento amiloidogénico, através das

enzimas [B-secretase (BACE-1) e y-secretase, gerando o peptideo AP. Processamento
nao amiloidogénico, mediado pelas enzimas o-secretase e y-secretase, nao havendo

geragdo do peptideo AP (Adaptado de Querfurth and LaFerla, 2010).

No estado monomérico, o peptideo AP parece ndo exercer efeitos toxicos, enquanto
que a espécie solivel oligomérica demonstra alto potencial neurotéxico com capacidade
de interferir na plasticidade sindptica, bloqueando os potenciais de longa duracdo e
afetando de forma significativa diferentes vias de sinalizacdo celular. Na forma de
fibrilas, insoluiveis, o peptideo AP possui a capacidade de se auto-agregar formando as
placas senis (Eckert et al., 2008; Plimplikar, 2009). Apesar das fibrilas insoldveis que
formam as placas senis serem relativamente inativas, isso ndo significa que as placas
ndo tenham um papel na degeneracdo neuronal progressiva. De fato, os oligdmeros
difusiveis do peptideo AP encontrados cercando as placas, foram associados a perda
local de espinhos dendriticos e a distrofia neuritica (Knowles et al., 1999; Koffie et al.,

2009). Além disso, a presenga de dimeros e oligdmeros maiores “presos” junto as placas
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senis insoluveis sugere fortemente que estas placas servem como uma reserva local de
pequenos oligdmeros, e estes podem difundir para locais mais distantes das placas
causando dano sindptico/neuritico (Shankar et al., 2008; Selkoe, 2011).

O peptideo AP tem sido considerado o principal responsdvel pelos processos de
disfun¢do sindptica e morte neuronal e consequente declinio cognitivo dos pacientes
com DA (Crews and Masliah, 2010). Desta forma, acredita-se que um aumento
acentuado dos niveis cerebrais do peptideo AP levaria a uma maior formacdo de
oligdmeros desse peptideo gerando importantes alteracdes na fungdo sindptica e na
sinalizacdo celular. Em paralelo, ocorreria a formacao das fibrilas, com consequente,
acimulo e deposi¢do em forma de placas. A progressdo da doenca ocorre com dano
sindptico e neuronal, acompanhada da ativacdo de diferentes vias de sinalizacdo, perda
da homeostase i6nica, dano oxidativo e resposta inflamatéria. O aumento dos niveis do
peptideo AP também é acompanhado por alteracdes na atividade de quinases e
fosfatases, levando a hiperfosforilacdo da tau e formagdo dos emaranhados

neurofibrilares com consequente dano no transporte axonal (Hardy and Selkoe, 2002;

Mattson and Chan, 2003; Haass and Selkoe, 2007).

1.3. Proteina tau

Os emaranhados neurofibrilares sdo constituidos principalmente pela deposicao
de filamentos helicoidais pareados da proteina tau hiperfosforilada. A principal fungdo
da proteina tau € estabilizar os microtibulos, atuando na regulacdo da
polimerizacio/despolimerizacdo destes durante o processo de extensao axonal. Ao ligar-
se as unidades de tubulina a proteina tau possibilita a organizacdo em hélice das mesmas
e o alongamento dos microtubulos. Porém, na forma hiperfosforilada a proteina tau se

desprende das unidades de tubulina, causando a desestabilizacdo dos microtibulos bem
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como a deposicdo da proteina tau no corpo celular e dendritos dos neurdnios na forma
de emaranhados neurofibrilares (Figura 2) (Golde, 2007; Hooper et al., 2008; Ittner and

Gotz, 2011).
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Figura 2. Hiperfosforilacao da proteina tau na DA. Em neurdnios a proteina tau é
normalmente encontrada em axonios, porém na DA ela se redistribui para o corpo
celular e dendritos, em funcdo de seu desprendimento dos microtibulos (Adaptado de

Ittner and Gotz, 2011).

A atividade da proteina tau é regulada, a nivel pds-traducional, por mecanismos
de fosforilacdo e desfosforilacio. Na DA, a hiperfosforilacio da proteina tau parece
resultar de uma maior atividade das tau quinases, ou da subsensibilizacdo de suas
fosfatases, ou ainda por ambos os mecanismos citados. Esses processos parecem ser
desencadeados pelo acimulo do peptideo AP, acelerando a agregacdo da proteina tau e
a formac¢do dos emaranhados na regidao somatodendritica de neur6énios (Mazanetz and
Fischer, 2007; Citron, 2010). A proteina tau possui mais de 30 sitios de fosforilacao,
dos quais muitos sdo em motivos formados por um residuo serina ou treonina seguido

de uma prolina (Ser/Thr-Pro) e, dessa maneira, fosforilados por proteinas quinases
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dependentes de prolina (PDPK). J4 foi demonstrado que a proteina tau pode ser
fosforilada por muitas proteinas quinases, dentre essas a glicogénio sintase quinase 3-f3
(GSK-3p), que € considerada a principal quinase com a fun¢c@o de manter a estabilidade
da proteina tau. Dentre as proteinas fosfatases, a proteina fosfatase 2A (PP-2A) tem sido
descrita como a principal fosfatase com atividade sobre a proteina tau (Gong et al.,
2006; Crespo-Biel et al., 2007). A hiperfosforilacdo da proteina tau, com o consequente
desmonte dos microtibulos e desorganizacdo do transporte axonal, levam a importantes
alteracdes neuronais, culminando em um processo de perda de fun¢do e morte neuronal
(Hernandez et al. 2010; Avila et al., 2012). Na DA parece ocorrer um circulo vicioso
entre as atividades do peptideo AP e da proteina tau, enquanto os niveis elevados da
proteina tau hiperfosforilada na regido somatodendritica estdo associados com a maior
vulnerabilidade neuronal para os efeitos toxicos do AP, esse aumento da toxicidade do
peptideo AP, por sua vez, exacerba a fosforilacdo da proteina tau e do seu actimulo
sensibilizando ainda mais os neurdnios para os efeitos téxicos do peptideo AP (Ittner
and Gotz, 2011). Embora o mecanismo pelo qual ocorreria essa interconexdo ainda nao
foi completamente compreendido, sugere-se possiveis envolvimentos da ativacdo de
quinases pelo peptideo AP tais como: a GSK-3f, que é principal enzima envolvida na
fosforilacdo da proteina tau (Avila et al., 2012); a inibi¢do da atividade do proteassoma
pelo peptideo AP, envolvido na degradacdo de proteinas ndo usuais, favorecendo o
dep6sito dos emaranhados neurofibrilares (Blurton-Jones and LaFerla, 2006); a
liberacdo de citocinas pro-inflamatorias, decorrentes do processo de inflamagao
desencadeado pelo peptideo AP, as quais podem modular o processo de fosforilagdao da

proteina tau (Quintanilla et al., 2004; Garwood et al., 2011).



1.4. Neuroinflamacao e DA

O processo inflamatério cronico, desencadeado pelo peptideo AP, parece ter
importante contribuicdo no processo neurodegenerativo da DA. Os principais
mediadores da inflamacdo observada na DA s@o os astrocitos reativos € a microglia
ativada circundantes as placas senis (Wyss-Coray, 2006; Zaheer et al., 2008; McGeer
and McGeer, 2010). A ativacdo prolongada e generalizada destas células gliais no
cérebro se correlaciona com a extensdo da atrofia cerebral e o declinio cognitivo
(Cagnin et al., 2001; Parachikowa et al., 2007; Garwood et al., 2011). O componente
neuroinflamatério presente na DA € caracterizado, além da ativacdo glial, por uma
resposta local de fase aguda mediada por citocinas, ativagdao do sistema complemento,
liberagdo de glutamato, indu¢@o de enzimas inflamatorias como a 6xido nitrico sintase
induzivel (iNOS) e ciclooxigenase-2 (COX-2), com consequente aumento da geracdo
de 6xido nitrico (NO) e espécies reativas de oxigénio (ROS) (Rock et al., 2004; Heneka
and O’Banion, 2007).

As citocinas representam um grupo de substancias multifuncionais que estdo
envolvidas nos principais pontos da resposta inflamatdria. O sistema imune influencia o
sistema nervoso central (SNC) primariamente através de citocinas. Até o momento,
mais de 100 membros das familias das citocinas e seus respectivos receptores foram
identificados (Barnes, 2001; Haddad, 2002). De maneira geral, as citocinas podem ser
classificadas como pré ou anti-inflamatérias, dependendo do momento que irdo
interferir no processo inflamatério (Hopkins, 2003). Citocinas pré-inflamatdrias, como
IL-1B, IL-6, IL-18 e TNF-a, estdo envolvidas na iniciacdo e amplificacdo do processo
inflamatério, enquanto citocinas anti-inflamatérias, como IL-10 e TGF-1p, modulam
negativamente esses eventos (Dinarello, 2000; Opal and DePalo, 2010). O hipocampo é

a estrutura do SNC que apresenta a maior densidade de receptores para citocinas e
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parece ser particularmente vulnerdvel ao processo inflamatério (Wilson et al., 2002;
Mattson and Magnus, 2006). As citocinas influenciam mecanismos complexos que
envolvem uma variedade de circuitos neurais como termo-regulacio, apetite, padroes de
sono e comportamento. Evidéncias também sugerem que redes de citocinas estdo
envolvidas em mecanismos centrais de memoria e aprendizado (Wilson et al., 2002;
Medeiros et al., 2007; Belarbi et al., 2012)

Dentre as citocinas alteradas na DA uma das mais estudadas ¢ o TNF-a. O
tratamento com o peptideo AP no hipocampo acarreta um aumento na producdo desta
citocina pré-inflamatéria principalmente pelas células microgliais (Ryu and McLarnon,
2008). Esse aumento de TNF-a parece ser um dos substratos biolégicos associados aos
déficits cognitivos ocasionados por processos neuroinflamatdrios, uma vez que a
ativacdo desta citocina, por modelo farmacoldgico ou genético, € capaz de atenuar esses
déficits (Medeiros et al., 2007; Belarbi et al., 2012). Outra importante citocina pro-
inflamatéria alterada na DA é a IL-1pB. Estudos com astrécitos ja demonstraram que
estas células gliais desempenham um papel importante na elevacdo de IL-1B na
presencga do peptideo AP (Hou et al., 2011). Em modelos animais j4 foi observado que o
aumento de IL-1B ocasiona déficits de aprendizado e que seu bloqueio pode reverter
déficits cognitivos ocasionados por estimulos inflamatérios (Gibertini et al., 1995).
Assim como o TNF-a e a IL-1p, a IL-6 parece ter uma importante fungdo no processo
inflamatério observado na DA. A exposi¢do de neurdnios hipocampais a IL-6 ocasiona
o aumento da fosforilagdo da proteina tau através do aumento da atividade de quinases
especificas (Quintanilla et al., 2004). Também ja foram demonstradas correlacdes entre
polimorfismos que alteram a producdo da citocina antiinflamatéria IL-10 e a ocorréncia
de DA (Ribizzi et al., 2010). Pacientes com DA apresentam menos capacidade de

producdo de IL-10 do que pacientes sadios (Saresella et al., 2011). Porém, ainda é
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necessario mais informagdes sobre a relacdo entre IL-10 e a DA, especialmente sobre o
papel desempenhado pelo peptideo AP sobre esta citocina.

Durante a progressdo do processo inflamatério, a presenca quantitativa das
neurotrofinas diminui concomitantemente ao aumento dos mediadores pré-inflamatérios

(Figura 3) (Murer et al., 2001; Tong et al., 2008).
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Figura 3. Envolvimento de citocinas e neurotrofinas na comunicac¢ao glia-neuronio

no processo neuroinflamatério (Adaptado de Jurgens and Johnson, 2012).

1.5. BDNF

As neurotrofinas sdo uma familia de proteinas que regulam diversos aspectos do
desenvolvimento e fun¢des neuronais, incluindo a formagao de sinapses e plasticidade
sindptica, além de serem importantes mediadores da comunicacao intercelular neurdnio-
glia (Chao, 2003). Entre os mamiferos, os principais componentes da familia sdo o fator
de crescimento neuronal (NGF), fator neurotréfico derivado do encéfalo (BDNF), NT-3
e NT-4/5. O papel das neurotrofinas tem sido de extremo interesse, particularmente no

que tange pesquisas envolvendo as doencas neurodegenerativas (Chao et al., 2006). O
11



estudo da expressao das neurotrofinas na DA tem dado importancia especial ao BDNF,
molécula altamente expressa no hipocampo que possui a capacidade de modulacdo da
plasticidade sindptica e mediacdo do processo de sobrevivéncia e morte neuronal
(McAllister et al., 1999; Tyler et al., 2002, Qian et al., 2007). O BDNF ¢é considerado
fator essencial no mecanismo de formacdo de aprendizagem e memoria (Bliss and
Collingridge, 1993; Bekinschtein et al., 2008; Lou et al., 2008). Andlises post mortem
de pacientes com DA mostraram niveis reduzidos de BDNF em tecidos cerebrais,
embora a natureza desta observacdo permanec¢a parcialmente compreendida até o
momento (Mattson, 2008; Querfurth and LaFerla, 2010; Wang et al., 2011). A acdo do
BDNF ocorre através de sua ligagcdo aos receptores TrkB, promovendo uma cascata de
sinalizadores intracelulares e de transcricdo através de distintas vias neuroquimicas
(MAPK, PI3K, PKA) (Brunet et al., 2001; Reichardt, 2006; Zeng et al., 2010). Deste
modo, o BDNF € capaz de modular moléculas importantes para a transmissao sindptica,
tais como sinapsina I, cdlcio/calmodulina proteina quinase ativada II (CaMKII) e o fator
de transcricdo proteina de ligacdo ao elemento de resposta do AMPc (CREB) (Gémez-
Pinilla et al., 2007). Estudos em diferentes modelos animais t€ém demonstrado que a
ativacdo dos receptores TrkB por BDNF promove a sobrevivéncia neuronal em grande
parte através da ativacdo da via de sobrevivéncia celular PI3K/Akt (Yoshii and

Constantine-Paton, 2007; Jantas et al., 2009).

1.6. Sinalizacido Celular e DA

Sinalizacdo celular é o mecanismo pelo qual sinais que estdo presentes no meio
extracelular sdo transmitidos via receptores a fim de serem interpretados
intracelularmente. O controle inadequado das vias de sinaliza¢do contribui para a perda

da homeostase neural, responsdvel pelo desencadeamento e progressdo de muitas das

12



doencas neurodegenerativas incluindo a DA (Fuentealba et al., 2004; Park and Bowers,
2010). Os mecanismos envolvidos no dano sindptico € na morte celular da DA, como
formacdo de espécies reativas (ERs), neuroinflamacdo, distirbios na homeostase do
cdlcio intracelular, hiperfosforilagdo da tau, toxicidade do peptideo AP e apoptose estdo
diretamente relacionados com alteracdes em vias de sinaliza¢do (Chiang et al., 2010).
Dessa forma, a pesquisa das vias de sinalizacdo envolvidas na patogénese da DA ¢é
extensa e bastante complexa. A integracdo destas vias foi realizada recentemente através
da elaboracdo de um mapa chamado “AlzPathway”, no qual estdo catalogadas muitas
das vias de sinalizacdo envolvidas com a DA. Para dimensionar a complexidade do
tema, este mapa € atualmente composto por 1347 moléculas (proteinas, genes, RNAs,
ions, produtos de degradagdo, fenétipos), 1070 reacdes (em neurdnios, regido pré-
sindptica e pOs-sindptica, astrocitos, microglia, barreira hematoencefédlica) e suas

localizagGes celulares (Figura 4) (Mizuno et al., 2012).
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Figura 4. Complexidade da sinalizaciao celular envolvida com a patogénese da DA.

“AlzPathway” é um mapa global contento as vias de sinalizagdo intra, inter e
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extracelulares correlacionadas a DA. O banco de dados completo encontra-se disponivel

em http://alzpathway.org/. (Adaptado de Mizuno et al., 2012).

No entanto, o conhecimento adquirido sobre as vias de sinalizagdo envolvidas na
patogénese da DA e a inter-relacdo destas com as placas senis e os emaranhados
neurofibrilares permanece longe de estar elucidado (Cakala et al., 2007; Chiang et al.,

2010; Mizuno et al., 2012).

1.6.1 A via de sinalizacao celular PI3K/Akt

A via de sinalizagdo fosfatidilinositol-3-quinase (PI3K)/Akt possui um importante
papel na sobrevivéncia celular em vérios tipos neuronais (Lawlor and Alessi, 2001; Kim
and Chung, 2002). Mais recentemente estudos também t€ém demonstrado o papel da via
PI3K/Akt na plasticidade sindptica (Horwood et al., 2006; Chen et al., 2011). Além
disso, crescentes evidéncias sugerem que a via PI3K/Akt € diretamente influenciada
pela exposicdo ao peptideo AP e encontra-se alterada no cérebro de pacientes com AD
(Jimenez et al., 2011). PI3K € ativada através da ligacdo de vdrios estimulos aos
receptores tirosina quinase (RTKSs), como fatores de crescimento, BDNF, insulina, fator
de crescimento tipo insulina-I (IGFI) e citocinas (Lawlor and Alessi, 2001). Uma vez
ativada gera fosfatidilinositol-3,4,5-trifosfato (PIP3), o qual é fundamental para a

ativacdo da proteina quinase B (PKB/Akt) (Brunet et al., 2001; Sarbassov et al., 2005).

1.6.1.1. Akt

Akt estd altamente expressa no SNC, constituindo um promotor de sobrevivéncia e
protecdo neuronal (Brunet et al., 2001). Quando ativa, a Akt inibe a apoptose por
fosforilar e inativar uma variedade de substratos pertencentes a maquinaria celular

apoptética, tais como a BAD - proteina pré-apoptética pertencente a familia das Bcl-2
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(oncogene da célula B) (Yuan and Yankner, 2000), GSK-3B (Cross et al., 2001),
caspase-9, e a familia de fatores da transcricdo em “forquilha” (Forkhead, FKHR)

(Brunet et al., 1999). Akt também parece fosforilar diretamente a proteina tau (Vivanco

and Sawyers, 2002; Ksiezak-Reading et al., 2003) (Figura 5).

Growth factors
Cytokines

|

l]{\ G2

p-catenin Casgase

Figura 5. Via de sinalizacdo celular PI3K/Akt simplificada. Detalhe da ativacdo da

Akt e a regulacdo de seus substratos (Adaptado de Vivanco and Sawyers, 2002).

1.6.1.2. GSK-3p

Um dos principais alvos da proteina Akt € a proteina glicogénio sintase quinase 3-3.
A GSK-3B é uma proteina constitutivamente ativa, no entanto ao ser fosforilada em
Serina 9, pela proteina Akt, torna-se inativa (Cross et al., 2001). Diversas evidéncias
tém demonstrado que a proteina GSK3-f desempenha papel fundamental na cascata de
eventos envolvidos com a DA, visto que esta quinase estd envolvida na inducdo da
hiperfosforilacdo da proteina tau, modula negativamento mecanismos envolvidos com

aprendizagem e memdria, € estimula a liberacdo de citocinas envolvidas com a resposta
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inflamatéria (Mandelkov et al., 1992; Hooper et al., 2008; Dewachter et al., 2009;
Green et al.,, 2012). Além de ser uma das principais quinases envolvidas na
hiperfosforilagdo da proteina tau, a GSK-3p é considerada uma enzima pré-apoptética
por inibir a ativa¢do de uma variedade de proteinas e fatores de transcricado importantes
para sobrevivéncia, proliferacao e crescimento celular (Li et al., 2002).

Exemplo disso é seu envolvimento na regulagdo dos niveis intracelulares da proteina
B-catenina, componente fundamental da via de sinalizacdo Wnt (Lee et al., 2000;
Salinas and Zou, 2008). Quando a GSK-3p estd ativa, atua fosforilando a B-catenina,
facilitando sua ubiquitinacdo e degradacdo proteolitica, inibindo assim sua atividade.
Quando desfosforilada a B-catenina € estdvel e capaz de se translocar para o nucleo
ativando a familia de fatores de transcricdo do fator promotor de célula T/linfécitos
(Tcf/Lef) importantes para a expressdo de genes que codificam para a sobrevivéncia e

homeostase neuronal (Inestrosa et al., 2007; Chong et al., 2007; Zhang et al., 2011).
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Figura 6. Sinalizacdo celular envolvendo GSK-3p e Wnt/B-catenina. A atividade

aumentada da GSK-3B reduz a estabilidade da P-catenina encaminhando-a para
degradacdo, enquanto que a inibicdo da GSK-3p facilita a translocacdo da B-catenina

para o ndcleo promovendo a expressao génica (Adaptado de Duman and Voleti, 2012).
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1.6.2. Sumoilacido e DA

Como ja mencionado acima, a modificagdo pds-traducional de proteinas € critica
para a regulacio espacial e temporal das cascatas de sinalizacdo, e isto € especialmente
importante no sistema nervoso central, onde os processos que afetam diferenciacio,
crescimento, segmentagcdo e comunicacao entre os neuronios sdo altamente complexos e
muito bem regulados. Na udltima década, observou-se que a modificacdo de proteinas
por membros da familia SUMO (Small Ubiquitin-like Modifier) de proteinas estad
relacionada com a func@o neural. Dessa forma, a sumoilagdo de uma variedade de
proteinas intra e extra nucleares tém sido relacionadas a uma gama diversificada de
processos que possuem implicacdes na funcido e na fisiopatologia neuronal (Geiss-
Friedlander et al., 2007; Wilkinson et al., 2010; Wilkinson and Henley, 2010).

A sumoilag@o envolve uma ligag@o covalente de um membro da familia de proteinas
SUMO a um residuo de lisina em proteinas alvo especifico através de uma cascata
enzimdtica andloga, mas distinta, da via de ubiquitina¢do. Existem trés pardlogos
SUMO presentes em mamiferos, designadas de SUMO-1 a SUMO-3, e um nimero
crescente de proteinas estdo sendo identificadas como alvo da SUMO, porém pouco se
sabe como esta sumoilacao é regulada (Wilkinson et al., 2010; Lee et al., 2011).

Durante o ciclo de conjugacdo da SUMO, a molécula responsavel por conjugar a
SUMO ao seu alvo € a sua enzima de conjugacdo (Ubc9). A sumoilacdo, apesar de ser
uma ligacdo covalente, € prontamente revertida com a acdo de proteases especificas
(SENPs). O equilibrio entre a conjugacdo mediada por Ubc9 e a desconjugacdo mediada
por SENP determina o estado de sumoilacdo de uma proteina especifica (Figura 7)

(Gareau and Lima, 2010; Wilkinson et al., 2010; Wilkinson and Henley, 2010).
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Figura 7. Ciclo de Sumoilacdo. A proteina SUMO ¢ transcrita como um precursor
inativo que € clivada por membros da SENP para a forma madura. Esta forma madura é
ativada através do uso da energia do ATP, e serd conjugada com o auxilio da proteina
conjugadora UbcY, a qual catalisa a transferéncia da SUMO para a proteina alvo. A
desumoilacdo € mediada por membros da familia SENP, liberando a SUMO para
realizar mais ciclos de conjugagdo a proteinas alvo (Adaptado de Dorval and Fraser,
2007).

A principal fun¢do da sumoilagdo € modificar, inibir ou ativar interagdes proteina-
proteina (Geiss-Friedlander et al., 2007). A sumoilacdo se mostrou essencial em células
eucaridticas e a supressio ou delecdo da Ubc9, um componente critico da sumoilagdo, é
fatal para células de mamiferos (Hayashi et al., 2002; Nacerddine et al., 2005). Visto
que a sumoilacdo desempenha papel importante na sinaliza¢do, desenvolvimento e
excitabilidade neuronal, nao surpreende que a desregulacdo desta via tem sido

relacionada com a patofisiologia de doengas neurodegenerativas (Dorval and Fraser,

2007; Anderson et al., 2009). A dinadmica de fosforilacao/desfosforilacdo de proteinas
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desempenha papel critico em vdérias vias de sinalizagdo celular e um numero de
quinases, fosfatases e proteinas de estruturagdo envolvidas na ativagdo destas vias t€m
sido relatadas como sendo alvos de conjugacdo por SUMO (Gareau and Lima, 2010;
Wilkinson et al, 2010).

Os estudos sobre o papel da sumoilagdo na DA ainda s3o recentes e bastante
controversos. Ja foi observado que a proteina APP, que d4 origem ao peptideo AP, pode
ser sumoilada e que esta sumoilacdo regula negativamente a geracdo do peptideo AP,
reduzindo dessa maneira os niveis do peptideo agregado (Zhang and Sarge, 2008).
Porém, também existem resultados na literatura apontando que a sumoilagdo pode estar
relacionada com o aumento da produgdo deste peptideo (Dorval et al, 2007). Os
resultados obtidos até o momento ainda ndo sdo claros quanto a implicacdo da proteina
SUMO na DA, mas mostram-se promissores para um importante envolvimento na
patogénese da doenca. Niveis elevados de oligdbmeros do AP podem contribuir para a
morte neuronal através da via da c-Jun-N- terminal quinase (JNK), uma proteina
quinase associada a estimulos de estresse celular (Thakur et al., 2007; Mehan et al.,
2011). Estudos demonstram uma ligacdo entre a via da JNK e a via da sumoilacdo
protéica na resposta ao estresse celular, porém estes estudos também permanecem
controversos. Alguns estudos j4 demonstraram que muitos dos fatores de transcri¢dao
ativados por JNK como c-Jun, p53, Elk-1, Smad4 sdo também regulados por SUMO-1

(Mueller et al., 2000; Lee et al., 2005; Feligione et al., 2011).

1.7. Memoria e Aprendizado: déficit cognitivo na DA
O comprometimento da memoria € o sintoma clinico de maior magnitude na DA.
Nos estagios iniciais, geralmente encontramos perda de memodria episddica e

dificuldades na aquisi¢do de novas habilidades, evoluindo gradualmente com prejuizos
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em outras funcdes cognitivas, tais como julgamento, raciocinio e habilidades visuo-
espaciais (Budson and Price, 2005; Sperling et al., 2010).

Embora geralmente confundidos, memodria e aprendizado possuem conceitos
distintos. Aprendizado € a aquisicdo de novas informagdes resultado da interacdo do
sujeito com o meio. A retencdo das informagdes aprendidas para a evocagdo mais
adiante é chamada de memoria (Izquierdo and Medina, 1997). As memdrias mantidas
durante o tempo necessario para sua andlise (fracdes de segundos ou poucos segundos)
sdo chamadas de memorias imediatas. As memorias que sdo armazenadas por um curto
periodo de tempo (segundos, minutos, poucas horas) sdo chamadas de memoria de curto
prazo (short-term memory, STM), e as memodrias mantidas por um longo periodo
(muitas horas, dias, semanas, anos, permanentemente) sdo conhecidas como memoria de
longo prazo (long-term memory, LTM) (McGaugh, 2000). A consolidacdo é o processo
pelo qual as informacdes aprendidas sdo armazenadas, e ocorre através de uma série de
eventos bioquimicos envolvidos com a sinalizacdo intracelular de formacdo da
memoria. Estes eventos parecem ser similares aos descritos para a potencia¢do de longa
duracdo (LTP) no hipocampo, mecanismo celular relacionado ao aprendizado e
memoria. A LTP € caracterizada pelo o aumento persistente da transmissdo sindptica
glutamatérgica entre o neurdnio pré- e o pds-sindptico (Bliss and Collingridge, 1993;
Izquierdo and Medina, 1997; Granger et al., 2013). Dentre os eventos de sinalizacdo
intracelular envolvidos na transmissdo sindptica, a proteina quinase II dependente de
célcio/calmodulina (CaMKII) apresenta fun¢do chave na modulacdo da plasticidade
sindptica, inducdo de LTP e formacdo da memoria (Figura 8) (Yamauchi, 2005;
Miyamoto, 2006; Lisman et al., 2012). Recentemente, a desregulacdo da fosforilacdo da

proteina CaMKII nas sinapses tem sido implicada na toxicidade induzida pelo peptideo
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AP e no déficit de memoria observado na DA (Zeng et al., 2010; Ly and Song, 2011;

Wang et al., 2013).
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Figura 8. As miiltiplas funcdes da proteina CaMKIL O aumento do influxo de Ca**
intracelular leva a formagdo do complexo Ca®*/Calmodulina (CaM), que por sua vez
ativa a autofosforilacdo da proteina CaMKII. CaMKII ativada possui a capacidade de
fosforilar e ativar multiplas proteinas envolvidas na plasticidade sindptica tanto em
neurdnios pré-sindpticos (Sinapsina I) quanto nos pds-sindpticos (receptores

glutamatérgicos do tipo AMPA) (Adaptado de Yamauchi, 2005).

1.7.1. Neuroeletrofisiologia através de matrizes multieletrodos

A utilizagdo de técnicas in vitro para registro de correlatos eletrofisioldgicos da
atividade neural é uma importante ferramenta empregada para o estudo das patologias
do sistema nervoso. As sinapses sao locais chaves para a modificacdo de propriedades
funcionais das redes neuronais, possivelmente fornecendo a base para o fendmeno de
aprendizagem e memoria. A atividade elétrica produzida pelo cérebro pode ser
detectada por eletrodos em diferentes niveis de localizacdo e reflete o comportamento
médio de populagdes de neuronios, onde cada célula neuronal contribui através de seus

potenciais poés-sindpticos inibitérios (PIPS), excitatérios (PEPS) e disparos de
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potenciais de acdo (Srinivasan and Nunez, 2006). O registro de um potencial de acdo
pode ser realizado a partir de duas configuracdes bdsicas, intracelular ou extracelular.
Na realizacdo de medidas extracelulares, o sinal captado representa ndo a atividade
individual de um neurdnio, mas sim o comportamento geral da populacdo neural,
chamado de potencial de campo local (LFP).

A maioria dos estudos eletrofisiolégicos funcionais in vitro dos efeitos do peptideo
AP sobre os neurdnios até o momento foram realizados utilizando o método “patch
clamp” (Lambert et al., 1998; Jhamandas et al., 2001; Gureviciene et al., 2004). Um
avanco tecnoldgico recente para 0 monitoramento cronico € nao-invasivo da atividade
elétrica de neurdnios € a utilizagdo de matrizes multieletrodos (MEAs) para medida dos
LFPs (Chong et al., 2011; Liu et al., 2012; Spira and Hai, 2013). Em contraste com as
técnicas eletrofisiolégicas intracelulares mais comumente utilizadas, que geralmente
permitem o monitoramento da atividade das células individualmente e apenas em curto
prazo, as MEAs sdo ideais para investigar os efeitos de longa duracdo sem limitar o
nimero de células que podem ser analisadas em um dado momento (Jung et al., 1998;
Hofmann e Balding, 2006). Além disso, a MEA constitui um sistema in vitro ideal para
monitorar os efeitos de drogas e toxinas, promovendo conclusdes importantes sobre a
atuacao neuroquimica especifica para o estudo de farmacos (Potter and De-Marse, 2001;
Varghese et al., 2010).

Dessa forma, as MEAs representam um importante refinamento do conceito de
interface bioeletronica. Uma interface bioeletronica pode ser descrita como um sistema
onde células ou fatias de tecido nervoso, mantidas vidveis em cultura celular, sdo
conectadas a um circuito elétrico, a fim de estabelecer um intercimbio bidirecional de

informacao (Figura 9) (Besl and Fromherz, 2002; Fromherz, 2002).
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Figura 9. Conjunto de eletrodos em uma fatia organotipica hipocampal. Matrizes
multieletrodos sdo dispositivos utilizados para estimular e registrar in vitro a atividade
elétrica de culturas celulares ou fatias cerebrais, e consistem em microchips que

apresentam configuracdes de microeletrodos (Adapatada de Rennaker et al., 2005).

1.8. Curcumina

O desenvolvimento de terapias efetivas para a DA representa um grande desafio
atual e futuro, visto o grande nimero de pessoas afetadas atualmente pela DA e diante
das evidéncias do aumento significativo de pessoas com essa patologia nas préoximas
décadas. As terapias atuais para a DA apenas fornecem beneficios discretos para os
sintomas clinicos da doencga, particularmente nos estdgios iniciais. Infelizmente, ainda
ndo existem terapias capazes de afetar o desenvolvimento do processo
neurodegenerativo dessa desordem. Diante dessa realidade, muitas estratégias
terapéuticas neuroprotetoras com o objetivo de retardar ou impedir a neurodegeneracao

tém sido amplamente pesquisadas. Derivados de compostos naturais representam uma
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grande fonte para o desenvolvimento de medicamentos, cerca de metade das drogas
aprovadas como novos medicamentos durante os anos de 1995 a 2005 foram
desenvolvidos a partir de produtos naturais (Refolo and Fillit, 2004; Harvey, 2008).
Dentre os muitos compostos investigados, a curcumina tem emergido como um agente
com multiplas propriedades bioldgicas e seu efeito neuroprotetor na DA tem sido objeto
de intensa pesquisa na ultima década. A curcumina (1,7-bis-(4-hidroxi-3-metoxifenil)-
1,6-heptadieno-3,5-diona), caracterizada quimicamente em 1910 (Figura 10), é um
composto polifendlico naturalmente encontrado no rizoma de Curcuma Longa,
amplamente usado como corante amarelo e tempero em alimentos, como o curry (Park
et al., 2008). O interesse nos efeitos neuroprotetores da curcumina na DA iniciou a
partir de estudos epidemiolégicos na India, onde a Curcuma Longa é amplamente usada
na alimenta¢do, mostrarem que a incidéncia de pacientes com Doenca de Alzheimer
neste pais foi significativamente menor que os observados nos Estados Unidos (Ganguli

et al., 2000; Ng et al., 2006; Mishra and Palanivelu, 2008).
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Figura 10. Estrutura quimica da curcumina. A curcumina é um polifenélico
lipossoluvel, estruturalmente composto de dois anéis metoxifenol unidos por uma -
dicetona.

A curcumina demonstrou ter propriedades antioxidantes, anti-inflamatérias e anti-

amiloidogénicas (Zhao et al., 1989), e desta forma reduzir a quantidade de placas

amiléides em modelos animais da DA (Lim e al., 2001; Begum et al., 2008). A
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curcumina antagoniza muitas etapas do processo inflamatério, incluindo a ativacio de
NFk-B, iNOS e JNK (Weber et al., 2006). Além disso, o tratamento com curcumina
aumenta a sobrevivéncia celular em diferentes modelos in vitro de toxicidade pelo
peptideo AP (Kim et al., 2001; Park et al., 2008; Qin et al., 2010; Huang et al., 2012). O
hipocampo e as regides corticais s@o os principais locais de transmissao colinérgica para
o processamento do aprendizado e memdria, e parecem ser as mais propensas aos danos
oxidativos observados na DA. Uma vez que o dano nas sinapses destas regides contribui
para o déficit cognitivo, a curcumina, por sua vez, também apresenta um papel benéfico
nas funcdes de memoria observado em modelos animais de DA (Pan et al., 2008;
Agrawal et al., 2010; Ahmed et al., 2010). Apesar dos avangos na compreensdo dos
efeitos neuroprotetores da curcumina na DA, seus mecanismos moleculares
permanecem distantes de estarem elucidados.

A maioria dos estudos demonstrando efeitos benéficos do tratamento com
curcumina na DA até o momento foram realizados em culturas celulares ou modelos
animais da doenga. Nos modelos in vivo da doenca as doses de curcumina que se
mostraram efetivas foram geralmente altas devido a baixa solubilidade em agua e o
curto tempo de meia-vida da curcumina, gerando uma biodisponibilidade reduzida deste
composto no plasma e tecidos. Estudos em animais demonstraram que a
biodisponibilidade oral de curcumina em ratos € de apenas 1% (Yan et al., 2011). Além
disso, estudos clinicos com o uso de curcumina em pacientes com DA ndo apresentaram
evidéncias clinicas ou bioquimicas de sua eficicia, e sugeriram que a baixa
disponibilidade deste composto foi o fator limitante (Baum et al., 2008; Ringman et al.,
2012).

Nesse sentido, alguns grupos de pesquisa tém utilizado a nanobiotecnologia e os

efeitos de nanoparticulas contendo curcumina ja vém sendo promissor (Thangapazham

25



et al., 2008; Ray et al., 2011; Jaques et al., 2013; Zanotto-Filho et al., 2013). Extensivas
estratégias tém sido realizadas a fim de aumentar a vetoriza¢do da curcumina ao SNC
(Ma et al., 2008; Chen et al., 2009; Shaik et al., 2009). As nanoparticulas poliméricas
sdo sistemas carreadores de farmacos que apresentam didmetros inferiores a lum.
Dentre as nanoparticulas poliméricas amplamente utilizadas para a entrega de farmacos
destacam-se as nanocépsulas. Estas sdo formadas por um invélucro polimérico disposto
ao redor de um nucleo oleoso, podendo o firmaco estar dissolvido neste nicleo e/ou
adsorvido a parede polimérica, dependendo das propriedades fisico-quimicas e da
composi¢do das nanocdpsulas (Figura 11). Dessa forma, nanocdpsulas podem ser
consideradas um sistema ‘“reservatério” (Couvreur et al., 2002). As nanocdpsulas
apresentam alto potencial de encapsulamento de substancias, especialmente as
lipofilicas, sdo capazes de controlar a liberagdo de farmacos em sitios de agdo
especificos e otimizar a velocidade de cedéncia, gerando respostas adequadas por
prolongados periodos de tempo. Além disso, aumentam a estabilidade de
armazenamento € no organismo, melhoram regimes de dosagens de substancias e o
indice terapéutico por aumentarem a eficdcia e/ou reduzirem a toxicidade de farmacos,
diminuindo a absorcao sistémica (Meier, 2000; Barrat, 2003; Schaffazick et al., 2003;
Guterres et al., 2007). Dentre os polimeros utilizados, a poli(e-caprolactona) se destaca
devido sua biocompatibilidade e biodegradabilidade (Guterres et al., 2007). O
revestimento das nanocdpsulas poliméricas com polissorbato 80 ja foi relatado pela
literatura como fundamental para a vetorizacao cerebral (Ambruosi et al., 2006; Zhang
et al., 2006).

Desta maneira, o encapsulamento de fiarmacos € uma alternativa importante para
mascarar suas propriedades fisico-quimicas, aumentar sua interagdo com as membranas,

bem como o transporte através delas, além de permitir sua liberacdo sustentada e
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aumentar a estabilidade, a solubilidade e a disponibilidade em fluidos biolégicos e

tecidos (Roney et al., 2005; Faraji et al., 2009).

>Polissorbato 80

> Poli(e-caprolactona)

@)
O S Nucleo Lipidico
O

. > Curcumina

Figura 11. Composicao e organizacao estrutural da nanocapsula polimérica de

curcumina utilizada neste trabalho.
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2. OBJETIVOS
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2.1. Objetivo Geral

Avaliar o potencial efeito neuroprotetor da curcumina em modelos in vitro e in vivo

de toxicidade induzida pelo peptideo beta-amiloide (AP).

2.2. Objetivos Especificos

1) Investigar o efeito da curcumina sobre a morte celular, o estresse oxidativo e a
neuroinflamac¢do induzidos pelo peptideo APB;4> em modelo de cultura organotipica de
hipocampo de ratos e verificar o possivel envolvimento da via de sinalizacdo PI3K/Akt

na neuroprotecao mediada pela curcumina;

2) Avaliar o efeito da curcumina sobre o perfil de sumoilagdo em modelo de cultura
primdria de astrécitos expostos ao peptideo AP;.4, e verificar se a alteracdo deste perfil

pode conferir aumento ou diminuicao da reatividade astrocitéria;

3) Verificar o efeito da curcumina na alteracdo da excitabilidade neuronal induzida pelo
peptideo AP;.4, em culturas organotipicas de hipocampo de ratos e verificar o possivel

envolvimento das proteinas CaMKII e sinapsina [;

4) Comparar o efeito do tratamento com curcumina livre e curcumina nanoencapsulada
em um modelo in vivo de toxicidade induzida pelo peptideo A;.4; e verificar o possivel
envolvimento da via de sinalizacdo PI3K/Akt na neuroprotecdo mediada pela

curcumina.
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Abstract

Objective: Accumulating evidence indicates that curcumin potently protects against AP
due to its oxygen free radicals scavenging and anti-inflammatory properties. However,
cellular mechanisms that may underlie the neuroprotective effect of curcumin in Af-
induced toxicity are not fully understood yet. The present study was undertaken to
investigate the mechanisms involved in these curcumin neuroprotective effects,
particularly involving Wnt/B-catenin and PI3K pathways.

Methods: Organotypic hippocampal slice cultures were treated with curcumin and
exposed to APj;4, by 48 h. Synaptic dysfunction, cell death, ROS formation,
neuroinflammation and PB-catenin, Akt and GSK-3[ phosphorylation were measured to
determine the effects of curcumin against A toxicity.

Results: Curcumin significantly attenuated Ap-induced cell death, loss of
synaptophysin and ROS generation. Furthermore, curcumin was able to decrease 1L-6
release and increase IL-10 release, and prevented glial activation. The phosphorylation
of B-catenin was avoided and the levels of free B-catenin were increased by curcumin to
promote cell survival upon treatment with AB. Curcumin, in the presence of Ap,
activated Akt which in turn phosphorylates GSK-3f, and resulted in the inhibition of
GSK-3B. The presence of LY294002, an inhibitor of PI3K pathway, blocked the pro
survival effect of curcumin.

Discussion: These results reinforce the neuroprotective effects of curcumin on AP
toxicity and add some evidence that its mechanism may involve B-catenin and PI3K

signaling pathway in organotypic hippocampal slice culture.

Keywords: B-amyloid, B-catenin, curcumin, organotypic hippocampal slice culture,
PI3K signaling pathway
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Introduction

Alzheimer’s disease (AD) is the most common dementia disorder and is
characterized by widespread neurodegeneration, accumulation of beta-amyloid (Ap)
aggregates, and formation of neurofibrillary tangles (NFTs) in the brain'~. AP has been
emphasized as a key molecule in AD pathogenesis. The amyloid cascade hypothesis
suggests that increased A results in inflammatory response, oxidative stress, altered
central nervous system homeostasis, synaptic dysfunction, cellular death, and
dementia®*’.

The mechanisms underlying Ap-induced neurotoxicity are not fully
characterized, and treatments, including dietary interventions, which may reduce
neuroinflammation and oxidative stress, are of great therapeutic interest. Curcumin, the
curry flavoring and coloring agent, is the principal curcuminoid constituent of the spice
turmeric®. Extensive studies have been carried out to investigate the pharmacological
properties of curcumin. Curcumin modulates the expression of various molecular
targets, such as transcription factors, enzymes, cytokines, cell cycle proteins, receptors
and adhesion molecules”®. In fact, curcumin has shown wide range of pharmacological
activities including powerfull anti—inﬂarnmatory9 and anti-oxidant'® effects. The
pleiotropic activities of curcumin derive from its complex chemistry as well as its
ability to influence multiple signaling pathways, including survival pathways11’12. Over
the past decade, curcumin has been reported to have potent neuroprotective effect in
different in vitro and in vivo AD models'>'*'*. So far, studies examining the molecular
mechanisms mediating the therapeutic effect of curcumin particularly in AD are still
incomplete.

More and more studies have proposed that neuroprotective substances can

prevent AB-induced neuronal death by altering several intracellular signaling pathways
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and these changes are tightly correlated with the genesis and development of AD. The
phosphatidylinositol 3-kinase (PI3K) pathway is known to be important in neuronal cell
survival and death and to be affected by inflammatory response and oxidative stress'®!7.
Akt, the direct downstream effector of PI3K, in turn regulates a wide range of target
proteins such as glycogen synthase kinase 3 (GSK-3p) which regulates cell survival,
proliferation and growthlg. GSK-3B can phosphorylate B-catenin, facilitating its
proteolysis to promote the neuronal degeneration in AD. B-catenin, as an integral
component in the canonical Wnt signaling pathway, is involved in controlling several
development processes including cell fate specification, axis patterning, neural
development, and synapse development19’20.

In the present work, we investigated whether curcumin could protect
organotypic hippocampal slice cultures against AB-induced toxicity and the mechanisms

by which it did so, with a special focus on the B-catenin and PI3K/Akt/GSK3-

signaling pathway.

Materials and Methods
Organotypic hippocampal culture

All procedures used in the present study followed the “Principles of Laboratory
Animal Care” from NIH publication No. 85-23 and were approved by the Ethics
Committee on the Use of Animals (CEP-UFRGS, protocol number 20005).
Hippocampal slice cultures were prepared from 6- to 8-day-old male Wistar rats>'.
Briefly, the animals were sacrificed, the brains were removed, the hippocampi were
isolated, and transverse hippocampal slices (350 um thickness) were prepared by using
a Mcllwain tissue chopper (Mickle Laboratory Engineering Co., Guildford, UK). The

slices were placed on membrane inserts (0.4 mM Millicell®-CM culture plate inserts) in
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six-well plates. Each well contained 1 ml of culture medium consisting of 50%
minimum essential medium (MEM), 25% Hank’ balanced salt solution (HBSS), 25%
horse serum, supplemented with (mM, final concentration): glucose 36, HEPES 25, and
NaHCOg; Fungizone® 1%, and gentamicin 0.100 mg.mL™’, pH 7.3. Organotypic
cultures were maintained in a humidified incubator gasified with a 5%C0O,/95%0;
atmosphere at 37 °C. Culture medium was changed three times weekly for the

subsequent 4 weeks until the experiments commenced.

Preparation of drugs and treatments

Curcumin (#C1386, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl
sulfoxide (DMSO, Merck, Darmstadt, Germany) and stored at -20°C. Single aliquots
were further diluted in culture media and added to the cells to provide the required final
concentration, alongside vehicle control (DMSO 0.1%). AB;.4> (Bachem, Torrance, CA,
USA) was prepared by incubating the peptide in Milli-Q water with 0.1% ammonium
hydroxide at 37 °C for 72 h?%. On the 28 DIV, cultures were co-treated with ABj4, (2
uM) and curcumin (0.5-10 uM) for 48 h. The control group was set up with DMSO

instead of curcumin.

Quantification of cellular death

Cell damage was assessed by fluorescent image analysis of propidium iodide
(PI, Calbiochem, San Diego, CA, USA) uptake. PI is a polar compound that is
impermeable to an intact cell membrane, but it penetrates damaged cell membranes of
dying cells and binds to nuclear DNA to generate a bright red fluorescence. Forty-six
hours after the AP peptides exposure, organotypic cultures were stained with PI (5 uM)

for 2h. PI fluorescence was observed by an inverted fluorescence microscope (Nikon
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Eclipse TE 300). Images were captured using a CCD camera (Visitron Systems,
Puchheim, Germany), stored and subsequently analyzed by using Scion Image software.
The amount of PI fluorescence was determined densitometrically after transforming the
red values into grey values. For quantification of neural damage, the percentage of area
expressing PI fluorescence above background level was calculated in relation to the
total area of each slice. PI intensity, meaning cell death, was expressed as a percentage
of cell damage: cell death (%) = Fy¢/Fy X 100, where Fjy is the PI uptake fluorescence of

dead area of hippocampal slices and Fy is the total area of each hippocampal slice™.

Evaluation of intracellular ROS formation

Formation of intracellular peroxides was detected using an oxidant sensing
fluorescent probe, 2’,7’-dichlorofluorescin diacetate (DCFH-DA, Molecular Probes
Inc., Eugene, OR, USA), which is de-esterified within cells by endogenous esterases to
the ionized free acid, 2’°,7’-dichlorofluorescin; 2°,7’- dichlorofluorescin (DCFH>) is then
oxidized to the fluorescent 2’,7’-dichlorofluorescein (DCF) by peroxides. The cultures
were incubated with 10 uM DCFH-DA in PBS at 37°C for 30 min**. The fluorescent
DCF images were observed under a fluorescence microscope (Nikon Eclipse TE 300),
captured by a digital camera, stored and subsequently analyzed by using the Scion
Image software. For quantification of ROS formation, the percentage of area expressing
DCEF fluorescence above background level was calculated in relation to the total area of
each slice. DCF intensity, meaning ROS formation, was expressed as a percentage of
fluorescence: fluorescence (%) = F4/Fy X 100, where F4 is the DCF fluorescence of ROS

formation area of hippocampal slices and Fj is the total area of each hippocampal slice.

Determination of IL-6 and IL-10 levels in the culture medium of organotypic cultures
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Pro- and anti-inflammatory cytokines release were analyzed. The -culture
medium was collected, rapidly frozen, and stored at -20 °C for later measurement of IL-
6, and IL-10 levels using specific enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems, Minneapolis, MN, USA) in accordance with the manufacturer's

recommendations. The values of cytokines were expressed as pg.ml”' medium.

Western blot analysis

Organotypic slices were homogenized in lyses buffer 4% sodium dodecylsulfate
-SDS-, 2 mM EDTA, 50 mM Tris, 1% mammalian protease inhibitor (Roche, San
Francisco, CA, USA) at 4 °C and stored at -70 °C until use. Equal amounts of protein
were resolved and immunodetected as described previously”, using anti-GFAP
(1:3000; Sigma-Aldrich), anti-synaptophysin (1:2000; Calbiochem, Temecula, CA,
USA), anti-Phospho-B-catenin Ser45 (1:1000; Sigma-Aldrich), anti-f-catenin (1:2000;
Sigma-Aldrich), anti-Phospho-Akt Serd473 (1:1000; Cell Signaling, Beverly, MA,
USA), anti-Akt (1:1000; Cell Signaling), anti-Phospho-GSK-38 Ser9 (1:1000; Cell
Signaling), anti-GSK-3p (1:1000; Cell Signaling) and anti-B-actin (1:1000; Cell
Signaling). The films were scanned and the digitalized images analysed using Optiquant
(Bio-Rad Laboratories, Hertfordshire, UK). The average optical density for the vehicle

control was designated as 100%.

Immunofluorescence staining

Cultured slices were fixed for 2 h with 4% paraformaldehyde (Merck,
Darmstadt, Germany) in 0.1 M PBS. The slices were then incubated at 4°C for 1 h in
blocking solution containing 0.2% Triton X-100 in 5% bovine serum albumin (BSA) in

PBS™. Slices were incubated for 18 h at 4°C in the primary antibodies anti-
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synaptophysin (1:1000; Chemicon), anti-CD11b (1:1000; Millipore) and anti-GFAP
(1:3000; Sigma-Aldrich). After three washes with PBS, secondary antibodies Alexa
Fluor® 488 or Alexa Fluor® 568 (1:500; Invitrogen, Carlsbad, CA, USA) were applied
to the slices. Dapi (1:1000, Sigma) was used to stain the nuclei (blue). Slices were
mounted with Pro—Long® Gold Antifade Reagent (Molecular Probes), the images were
acquired using an inverted fluorescence microscopy (Olympus IX-70, Germany) and a
digital camera connected to a microscope (Camera model U-LH100HGAPO)
(Magnification x4 and x20). For quantitative analysis, the images were captured using
the 4x objective lens and digitalized. Three to 6 sections from each rat were randomly

selected and images were quantified using ImageJ software (NIH, USA).

Statistical analysis

Values are means + SEM of at least three separate experiments. Data were
analyzed by ANOVA to test the hypothesis for the comparison of independent groups
using Prism Graph Pad (v.5.0, Graph Pad Software Inc., San Diego, CA, USA). Student
Newman-Keuls post hoc test was applied to the means to determine differences between

groups. p-Values < 0.05 were considered to be statistically significant.

Results
Curcumin enhances cell survival against Ap-induced toxicity in organotypic
hippocampal culture

The exposure of organotypic cultures to AP;4, for 48 h caused a significant
increase in PI fluorescence in hippocampal slices, which means an increase in the
cellular damage. This damage was reduced by the treatment with curcumin (Figure 1A).

Quantification of PI fluorescence showed that AP caused damage to around 28 + 3%
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(n=8) of the cells in the hippocampus, a significant increase when compared with
control cultures 4 + 1% (n=12). The treatments with low-doses curcumin (0.5 and 1
uM) did not protect from AB-induced cell death; however, when cultures were treated
with 5 (15 = 5%, n=10) and 10 uM (9 £ 4%, n=10) the toxicity was significantly
decreased (Figure 1B). The exposure of cultures to Ap 12 and 24 h did not cause a
significant rise in fluorescence in hippocampal slices (data not shown). Cultures
exposed to the same concentration of scramble sequence of A4y, showed no
differences in cell survival compared to untreated control cultures (data not shown).
Curcumin 10 M is a concentration commonly used for in vitro studies and was adopted

for subsequent experiments.

Curcumin prevents synaptic dysfunction triggered by A

To investigate the synaptic integrity in organotypic hippocampal slice cultures,
we performed Western blotting and immunofluorescence analyses for the synaptic
protein synaptophysin, a specific synaptic marker’®*’. A reduction in the synaptophysin
immunofluorescence intensity was found in AB-treated organotypic hippocampal slice
cultures, which were prevented with curcumin treatment (Figure 2A, B, C, D). Western
blot analysis of synaptophysin confirmed the imaging data: AP significantly decreased
synaptophysin levels to 54 + 12% of controls (n=5), whereas, concomitant treatment

with curcumin blocked this decrease (101 £ 15%, n=5) (Figure 2E).

Oxidant effect of AP and antioxidant effect of curcumin in organotypic hippocampal
culture
To determine the oxidant effect of AP, the amount of free radicals in

hippocampal slices treated with AP and/or curcumin for 48 h was measured using
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DCFH-DA. As can be seen in Figure 3C, AP increased the fluorescence staining in
organotypic slices. Free radical levels were significantly higher in cells treated with AP
(37 £ 6%, n=6) (Figure 3C, E) when compared to control slices (Figure 3A, B, E).
Treatment with 10 uM curcumin was able to prevent the production of free radicals

induced by AP (14 + 2%, n=6) (Figure 3D, E).

Curcumin prevents Af-induced glial reactivity and cytokine levels changes

Considering the involvement of neuroinflammation in the physiopathology of
AD, the anti-inflammatory properties of curcumin were assayed in organotypic
hippocampal cultures exposed to AP. We first analyzed the effects of treatment with 2
UM AP and 10 uM curcumin on astrocytes by analyzing the content of glial fibrillary
acidic protein (GFAP) by immunofluorescence. Af-treated slices exhibited an increase
in GFAP immunofluorescence intensity (0.85 + 0.1), which were prevented by
curcumin treatment (0.32 + 0.04) (Figure 4A, B). In Western blotting analysis GFAP
immunocontent was increased on slices exposed to AP (152 + 14%, n=5), whereas
curcumin significantly prevented the increase in GFAP (116 + 12%, n=5) (Figure 4C).
We also analyzed the effects of treatment with AP and curcumin on microglial reactivity
by immunofluorescence. Ap-treated slices exhibited an increase in CDI11b
immunofluorescence intensity (0.68 + 0.18), which were prevented by curcumin
treatment (0.26 + 0.05) (Figure 5A, B). We investigated some cytokines thought to play
a central role in self-propagation of neuroinflammation, including the pro-inflammatory
IL-6 and the anti-inflammatory IL-10. The anti-inflammatory cytokine IL-10 levels
significantly decreased in Ap-treated slices medium culture (160 + 91%, n=8) (Figure
5C) and the pro-inflammatory cytokine IL-6 levels significantly increased in the

medium culture after exposure to AP (2236 + 321, n=10) (Figure 5D). Curcumin was
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able to prevent these alterations levels induced by AP of both cytokines analyzed, IL-10
(1270 £ 190%, n=10) and IL-6 (1008 + 153%, n=10). Moreover, curcumin treatment
per se increased the IL-10 levels (1332 + 254%, n=8) when compared to control (886 +

123%, n=12) (Figure 5C).

Regulation of p-catenin in curcumin-mediated neuroprotection

We next ascertained the effect of curcumin on intracellular signaling proteins,
which are critical for cellular survival, in APB-treated organotypic slices. Wnt pathway
disruption by AP represents a pivotal event in the neuronal death occurring in AD, and
it is well established that regulation of B-catenin stability is a crucial control mechanism
in Wnt signalingzg. To detect the role of B-catenin phosphorylation status in the
neuroprotective effect of curcumin after AP-induced toxicity in hippocampus, we
analyzed B-catenin levels and phophorylated B-catenin levels by Western blotting. Af
treated slices displayed increased phosphorylated B-catenin (168 + 19%, n=5) (Figure
6A) and reduced B-catenin levels in cytoplasm (53 + 8%, n=6) (Figure 6B). However,
these B-catenin stability alterations induced by AP were recovered with co-treatment

with 10 uM curcumin (116 £ 16%, n=5 and 94 + 12%, n=6, respectively).

Curcumin is protective against Af through the PI3K pathway

The PI3K pathway has been emphasized to play an important role in cell
survival by both activating the expression of antiapoptotic proteins and inhibiting the
expression of pro-apoptotic proteins16. Activated PI3K phosphorylates its downstream
target Akt. Phosphorylated Akt directly affects GSK-3f by phosphorylating it at Ser 9
and thus inhibiting its activitylg. In order to determine whether the PI3K signaling

pathway by Akt activation and GSK-3p inactivation was involved in the neuroprotective
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effect of curcumin, we carried out this experiment using L.Y294002, a specific inhibitor
of PI3K. LY294002 does not induce significant cell death in intact cell at the low
concentrations used as inhibitor”~", LY294002 5 uM abolished the neuroprotection
induced by 10 pM curcumin, increasing the PI incorporation from 13 + 3% (AB+Cur) to
24 + 4% (n=8) (AP+Cur+LY) (Figure 7A). Considering that LY294002 abolished the
neuroprotective effect of curcumin, we analyzed the status of Akt phosphorylation.
Curcumin remained significantly increased the percentage of pAkt/Akt ratio 152 + 17%
(n=6) in cultures treated for 48 h with AP (Figure 7B), and this increase was abolished
by LY294002 (95 £+ 7%, n=6). Treatment with L.Y294002 reduced the ratio of pAkt/Akt
in control and AP treated cultures, confirming the efficacy of the inhibitor. We
subsequently found that LY 2940002 also blocked (108 + 12%, n=7) the increase of
GSK-3pB phosphorylation mediated by curcumin in A treated slices for 48 h (157 +
18%, n=7) (Figure 7C), indicating that GSK-3p inhibition is modulated by PI3K
pathway in curcumin neuroprotective mechanism against AB-induced neurotoxicity in

organotypic hippocampal slices.

Discussion

The development of therapies for neurodegenerative diseases represents a major
challenge to academic, biotechnology, and pharmaceutical scientists. To contribute in
this field, we have used an organotypic hippocampal slice cultures model of AB-induced
neurotoxicity, which are a valuable alternative to animal experiments. Organotypic cell
culture models represent an in vitro model that maintains the in vivo three-dimensional
structure, neuron-neuron and neuronal-glial interactions and neurons and glial cells
survive long-term and physiologically mature in culture, allowing relevant studies to

understand the mechanisms of neurodegeneration and neuroprotection at a cellular level
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in AD*"*. To the best of our knowledge, this is the first report of neuroprotective
effects of curcumin against B-Amyloid-induced toxicity in organotypic hippocampal
slice culture.

AP protein, AP fibrils, and AP oligomers, which are abnormally accumulated in
human brains afflicted with AD, have long been proposed as the most likely culprit in
the pathogenesis of the disease’. Synaptic loss and death of specific neurons population
in AD are provoked by a cascade of multiple deleterious molecular and cellular events.
There is extensive evidence that AP contributes significantly to the synaptic loss and
neuronal death in AD*’. Our results showed a significant decrease in a synaptic marker
and a significant increase in cell death when cultures were exposed to AP, whereas
treatment with curcumin was able to prevent the AB-induced toxicity. This hypothesis is
reinforced by effects of curcumin against synaptotoxicity and cell death triggered by
AP, since curcumin prevented changes in the major synaptic vesicle protein,
synaptophysin, and PI uptake in organotypic hippocampal slice cultures.

Neuroinflammation is common place in various central nervous system (CNS)
conditions including neurodegenerative disorders such as AD*. Glia-neuron crosstalk
through the release of several neurotrophic factors is a primary event in the maintenance
of CNS homeostasis. Microglial and astrocytic gliosis occurs with neuroinflammation

and there is production of proinflammatory chemokines and cytokines'” *°

. The pro-
inflammatory cytokine IL-6 has been associated with severe cognitive impairments™°.
IL-10 is a cytokine with potent anti-inflammatory properties, repressing the expression
of inflammatory cytokines such as TNF-a, IL-1p and IL-6 by activated glia cells®’.
Neuroinflammatory and oxidative stress responses are interdependent and bidirectional

events. The concept of free radical toxicity actually has its roots in inflammation

biology, where the secretion of reactive oxygen and nitrogen species by inflammatory
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cells is a major mechanism for attacking opsonized taurgets3 y Physiologically, the
cellular expression of cytokines in the CNS is strictly controlled; however, under certain
pathological conditions such high reactive species formation, the expression of various
cytokine genes may become spatially and temporally modified. These parallel or
sequential relations between neuroinflammation and oxidative stress might imply the
same regulatory or auto regulatory mechanisms through commonly implicated signaling
pathways3 5 Receptor binding of cytokines stimulates a variety of intracellular signaling
pathways that have been implicated in AD, including the activation of protein kinase C
(PKC), c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase
(p38/MAPK), PI3K/Akt, extracellular signaling-related kinase (ERK), as well as
activation of caspase-1 and -33940,

In this study, we also demonstrate that curcumin exerts a neuroprotective effect
by blunting inflammatory response and oxidative stress characteristics that were pivotal
for the development of Ap-induced toxicity. Inhibition of glial activation, release
alteration of cytokines IL.-6 and IL-10, and diminish formation of reactive species with
curcumin treatment, suggest that this natural compound may be effective in combating
these processes closely associated with AD. These results are in accordance with
findings obtained in others in vivo and in vitro models of AD'*1 ’15, however we may
further investigate its neuroprotective mechanism. So this study confirms previous
findings showing that curcumin is protective against AB-induced toxicity, and goes
beyond adding new information on the mechanism of neuroprotection.

In the attempt to better establish the neuroprotective effects of curcumin in AD,
we next proposed that curcumin could mediate its effects observed here by acting of two
important signaling pathways implicated in supporting neuronal survival: Wnt/B-catenin

and PI3K. Wnt pathway disruption by AP represents a pivotal event in the neuronal
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death occurring in AD, and drugs that rescue the Wnt pathway have been proposed as
attractive novel AD therapeutics''. In the Wnt pathway, the phosphorylation of B-
catenin targets it for ubiquitination and degradation by the proteasome, while the
unphosphorylated p-catenin is stable and translocates into nuclei to promote cell
survival by activating its T cell factor/lymphocyte enhancer factor(TCF/LEF)-dependent
transcriptional activity27. We observed that AR was able to increase phosphorylated [3-
catenin and decrease unphosphorylated B-catenin in cytoplasm of organotypic slices,
thereby leading to the degradation of B-catenin and the inactivation of Wnt signaling.
These data also show that curcumin could promote its neuroprotective effect preventing
this degradation of B-catenin by AB. However, further studies are needed to clarify the
involvement of the Wnt/B-catenin pathway in the neuroprotective effect demonstrated
by curcumin against AP toxicity.

The PI3K pathway is known to be important in neuronal cell survival and death
and to be highly affected by inflammatory response and oxidative stress. It has been
shown that the protective effects of PI3K are mediated primarily by one of its
downstream targets, Akt*. Akt has direct effects on the apoptosis pathway, by
inhibiting the pro-apoptotic proteins as, among others, GSK—3B43. GSK-3p is a cross
link between PI3K and Wnt/B-catenin pathways, it can also phosphorylate B-catenin,
facilitating its proteolysis to promote the neuronal degeneration in AD. Therefore, we
investigated whether curcumin could act in the PI3K pathway using the PI3K inhibitor,
LY294002. Firstly, we observed that PI3K inhibitor prevented the curcumin protection
against AB-induced cell death. The possible reason for this fact is that LY294002 was
able to abolish the increase levels of phospho-Akt and phospho-GSK-3f observed with
curcumin treatment in presence of AB. Curcumin appears to act as a potent modulator of

PI3K/Akt pathway in organotypic hippocampal slices exposed to AP, while LY294002
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blocks this survival pathway and thereby reduces the neuroprotective effects of
curcumin in our model. It is known AP can modify multiple intracellular signaling
pathways, which contribute to its toxicity. A reason for we did not observe differences
in phosphorylation of Akt and GSK-3f in organotypic hippocampal slices treated with
AP for 48 h can be due to the fact that these changes may happen earlier that 48 h. Our
previous studies have shown that 12 h of AP exposure in organotypic hippocampal
slices, the phosphorylation of Akt and GSK-3 were significantly decreased and at 48 h
exposure returned to control levels®™*. Although Akt inactivation by AP appears be
transient in vitro, it may be sufficient to transient signals for apoptosis to downstream
targets. Our goal in this study was to demonstrate that curcumin, even after long time of
exposure, acts to hold this important pro-survival pathway activates during the cell

injury stimulus induced by AP in organotypic hippocampal slice cultures.

In conclusion, the results presented here indicate a close association between
neuroinflammation and oxidative stress to synaptic loss and cell death promoted by AP,
and suggests that suppression of these responses by curcumin may represent a valid
therapeutic strategy for the treatment of AD. We also considered that PI3K/Akt-
mediated inactivation of GSK-3f and the stabilization of B-catenin could contribute to
the neuroprotective activity of curcumin and open a new light for future investigations.
Moreover, the inhibition of PI3K signaling pathway plays critical roles in curcumin
mediated neuroprotection, suggesting that the drug may induce activation of this

survival pathway against AB-induced toxicity.
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Figure legends

Figure 1 Effects of curcumin on cell damage triggered by AP in organotypic
hippocampal cultures. A Representative images of propidium iodide (PI) uptake in
hippocampal slices treated with AP and curcumin. B Quantitative analysis of
hippocampal damage 48 h after A and curcumin (0.5, 1, 5 and 10 uM) exposure. Bars
represent the mean + SEM, n= 8-10 animals per group. "P < 0.01 significantly different
from controls group; **P <0.01 significantly different from the AP group;

*#*P < 0.001 significantly different from the Ap group.

Figure 2 Curcumin attenuates sinaptotoxicity after exposure of organotypic
hippocampal slices cultures to AP. Representative images of synaptophysin (Syn)
immunoreactivity in CA1 cell body layer of organotypic hippocampal slices at x20

magnification (Scale bar, 100um), A Control, B Curcumin 10 uM, C AB;.4,2 uM and D
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APi4p + Curcumin are shown. Experiments were performed at least three times. e
Representative Western blotting analysis for synaptophysin and B-actin protein (loading
control) performed in organotypic hippocampal cultures. Graphic shows quantification
of synaptophysin immunocontent normalized by B-actin protein (loading control). Bars
represent the mean = SEM, n=5 animals per group. **P < 0.01 significantly different

from the other groups.

Figure 3 Curcumin prevents ROS formation triggered by AP in rat hippocampus.
Representative images of hippocampal slices using the fluorescent probe DCFH-DA, A
Control, B Curcumin 10 uM, C AB;42 2 uM and D A4, + Curcumin. e Quantitative
analysis of hippocampal DCF fluorescence after Ap exposure and curcumin treatment.
Bars represent the mean + SEM, n= 6 animals per group. P <0.01 significantly

different from the controls group; *P < 0.05 significantly different from the AP group.

Figure 4 Effect of curcumin on AB-induced astrocyte reactivity. A Immunofluorescence
images of GFAP immunoreactivity in organotypic hippocampal slices at 4x and 20x
magnification (Scale bars, 20 um and 100 um, respectively). B Analysis of GFAP
immunofluorescence intensity (6 slices from each rat, 4 animals per group) showed Ap-
treated hippocampal slices had significantly more immunofluorescence intensity
(arbitrary units/mm?) than other groups. Bars represent the mean = SEM (**P < 0.01).
C Western blotting analysis of GFAP and B-actin protein (loading control) performed in
organotypic hippocampal cultures. Bars represent the mean + SEM, n=5. *P < 0.05

significantly different from the other groups.

50



Figure 5 Effect of curcumin on AB-induced microglial reactivity and altered levels of
cytokines. A Immunofluorescence images of CD11b immunoreactivity in organotypic
hippocampal slices at 4x (Scale bars: 10 um). B Analysis of CDI1b
immunofluorescence intensity (6 slices from each rat, 3 animals per group) showed Ap-
treated hippocampal slices had significantly more immunofluorescence intensity
(arbitrary units/mm?) than other groups. Bars represent the mean + SEM (*P < 0.05). C
Levels of anti-inflammatory cytokine IL-10 in the culture medium by organotypic
slices. *P < 0.01 significantly different from the other groups; *P < 0.05 significantly
different from the control group (n=8-10). D Release of pro-inflammatory cytokine IL-6
in the culture medium by organotypic slices. *P < 0.001 significantly different from the

control groups; *P < 0.05 significantly different from the AB group (n=8-12).

Figure 6 Effect of AP phosphorylated B-catenin and unphosphorylated B-catenin in
organotypic slices in the absence or in the presence of curcumin. A Representative
Western blot and graphic showing quantification of [-catenin phosphorylated
immunocontent normalized by [-actin protein (loading control). Bars represent the
mean + SEM, n= 5. *P < 0.01 significantly different from the control groups; *P < 0.05
significantly different from the AP group. B Representative Western blot and graphic
showing quantification of PB-catenin immunocontent normalized by B-actin protein
(loading control). Bars represent the mean * SEM, n= 6. *P <0.05 significantly

different from the other groups (n=6).

Figure 7 Effect of PI3K inhibitor on neuroprotective effect of curcumin against AB. A
Representative images and graphic showing quantification of PI uptake in organotypic

slices in presence of LY294002. Bars represent the mean = SEM, n= 8§. *P<0.05
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significantly different from the AP groups; *P < 0.05 significantly different from the
control groups. B Representative Western blot and graphic showing quantification of p-
Akt and Akt levels in organotypic slices. Bars represent the mean + SEM, n= 6.
**P < 0.01 significantly different from the other groups; *P <0.05 significantly
different from the other groups. C Representative Western blot and graphic showing
quantification of p-GSK-3p (Ser 9) and GSK-3p levels in organotypic slices. Bars

represent the mean + SEM, n= 7. *P < 0.05 significantly different from the other groups.
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Figure 2
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Figure 5
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Figure 6
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Figure 7
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Abstract

Astrocyte reactivity is implicated in the neuronal loss underlying Alzheimer’s disease.
Curcumin has been shown to reduce astrocyte reactivity, though the exact pathways are
incomplete. Here we investigated the role of the small ubiquitin-like modifier (SUMO)
conjugation in mediating this effect of curcumin. In beta-amyloid (AP)-treated
astrocytes, morphological changes and increased glial fibrillary acidic protein (GFAP)
confirmed reactivity, which was accompanied by c-jun N-terminal kinase (JNK)
activation. Moreover, the levels of SUMO-1 conjugated proteins, as well as the
conjugating enzyme, Ubc9, were decreased, with concomitant treatment with curcumin
preventing these effects. Increasing SUMOylation in astrocytes, by over-expression of
constitutively active SUMO-1, but not its inactive mutant, abrogated Ap-induced
increase in GFAP, suggesting astrocytes require SUMO-1 conjugation to remain non-

reactive.

Keywords: Alzheimer’s disease; beta-amyloid peptide; c-jun N-terminal kinase;

curcumin; reactivity; SUMOylation
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1. Introduction

Astrocytes are receiving increasing attention as key contributors to neurodegenerative
disease, including Alzheimer’s disease (AD) [21]. Loss of function in astrocytes,
associated with astrocyte reactivity, is considered to have an important role in
neurodegeneration [28]. In human patients, and mouse models of AD, there is increased
astrocyte reactivity, assessed by up-regulation of the intermediate filament protein, glial
fibrillary acidic protein (GFAP), and morphological changes in astrocytes [19, 25, 26].
AD-related beta-amyloid (AB) peptides cause astrocyte reactivity [6, 13]. Specifically,
Ap-treated reactive astrocytes have been shown to be involved in inflammatory

responses and to exacerbate neurotoxicity [1, 2, 4, 11, 20].

The mechanisms underlying astrocyte reactivity are not fully characterized, and
treatments, including dietary interventions, which may reduce astrocyte reactivity, are
of great therapeutic interest. One well-known modulator of astrocyte properties is
curcumin, a major constituent of turmeric (Curcuma longa). Curcumin has been shown
to reduce astrocyte reactivity and up-regulate a number of cytoprotective pathways in
astrocytes, including those involved in antioxidant defense [14, 23, 24, 29]. The exact
pathways underlying the effects of curcumin are incomplete and may include regulation
of the posttranslational modification of proteins by the small ubiquitin-like modifier
(SUMO). SUMOylation [10] is a pathway recently implicated in AD [17, 31] and is
usually regarded as an endogenous cytoprotective mechanism [5, 30]. Little is currently
known about the role of SUMOylation in AD, in particular in astrocytes, therefore the
aims of this study were to determine whether AP caused changes in SUMOylation in

astrocytes associated with reactivity, and if these could be blocked by curcumin.
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Furthermore, we determined whether increasing SUMOylation could prevent Ap-

induced astrocyte reactivity.

2. Materials and Methods

2.1. Primary cultures of mouse astrocytes
Animals were maintained and used according to the UK Animals (Scientific
Procedures) Act, 1986 and institutional ethical approval. Animals were killed using
cervical dislocation (Schedule 1 procedure) according to Home Office guidelines.
Cerebral cortex astrocytes were prepared from 15-day-old Swiss mouse embryos (NIH,
Harlan, UK) [27]. Cultures were treated at 12-14 days in vitro (DIV). For expression of
recombinant protein, astrocytes at 10-12 DIV were transfected with 1.75 pg of DNA
encoding pEYFP-SUMO-1GG and pEYFP-SUMO-1AGG (gifts of Jeremy Henley,
University of Bristol), active and inactive forms of SUMO-1, respectively, using
Lipofectamine 2000 (Invitrogen, Paisley, UK). To evaluate cytotoxicity, lactate
dehydrogenase (LDH) release was measured using Tox7 (Sigma-Aldrich), according to

the manufacturer’s instructions.

2.2. Preparation of drugs and treatments
Curcumin (#C1386, Sigma-Aldrich, Poole, UK) was dissolved in dimethyl sulfoxide
(DMSO, Merck, Beeston, UK) and stored at -20°C. Aliquots were further diluted in
culture media and added to the cells to provide the final concentration (0.1-10 uM),
alongside vehicle-control (0.1% DMSO). AB;.4> (Bachem, Torrance, CA, USA) was
incubated in Milli-Q water at 37°C for 72 h prior to use [12]. Cells were treated with

APBi42 (2 uM) and curcumin for 48 h.
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2.3. Protein analysis
Astrocytes grown on 13 mm glass coverslips were fixed at 12 DIV using 4%
paraformaldehyde for 30 min. Coverslips were processed as described previously [27]
using rabbit polyclonal anti-GFAP (1:2000; Dako, Ely, UK) and Hoechst 33342
(1:1000; Calbiochem, La Jolla, CA, USA). Images were acquired using fluorescence
microscopy (AxioScop2, Zeiss). Five arbitrarily selected microscopic fields of view at a
40-fold magnification were photographed for each experimental condition of three
separate experiments. Morphometric analysis of GFAP-immunolabelled astrocytes was
quantified with NIH ImageJ software (National Institutes of Health, USA) [7, 22]. For
Immunoblotting astrocytes were lysed in ice-cold buffer containing: 50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% mammalian
protease inhibitor (Roche, Hertforshire, UK) and 20 mM NEM (Sigma-Aldrich). Protein
samples were resolved, immunodetected and analysed as described previously [5]. The
antibodies used were rabbit polyclonal anti-GFAP (1:4000; Dako), anti-phospho-
SAPK/JNK1/2 (1:1000; Cell Signaling, Danvers, MA, USA), anti-SUMO-1 (1:1000;
Cell Signaling), anti-SUMO-2/3 (1:1000; Invitrogen) and anti-SENP1 (1:1000;
Imgenex, San Diego, CA, USA), mouse polyclonal anti-JNK3 (1:1000; Cell Signaling)
and anti-Ubc9 (1:250; Santa Cruz Biotechnology, Wembley, UK), and mouse

monoclonal anti-B-actin (1:1000; Cell Signaling).

24. Statistical analysis
Values are means + SEM of at least three independent experiments. One-way analysis
of the variance (ANOVA) followed by Tukey’s post hoc test was applied to the means
to determine differences between groups. P < 0.05 was considered statistically

significant.
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3. Results

3.1 Curcumin prevents Af-induced astrocyte reactivity and JNK activation
Astrocytes exhibit altered morphology in the course of AD, and are referred to as
“reactive” astrocytes. Reactive astrocytes feature an up-regulation of GFAP expression
and an apparent hypertrophy of cell bodies and processes [25, 26]. We first analyzed the
effects of treatment with 2 uM AP;4 (AP) and 10 uM curcumin on astrocyte
morphology by GFAP immunofluorescence. Ap-treated astrocytes exhibited
morphological signs of reactivity (Fig. 1A). The morphometric assessments of GFAP
expression in astrocyte cultures show the marked changes in astroglial morphology
observed in the different experimental groups. AB-treated cultures presented a greater
increase in astrocytic cell area (hypertrophy) (179 £ 16 umz) compared with control
group (89 + 13 umz), which were prevented by curcumin (114 + 15 umz) (n=3). In
addition, we found that the number of primary processes leaving the soma was
significantly increased in AB-treated astrocytes (6.7 £ 0.46) compared with control (2.4
+ 0.25) or AP + curcumin treated astrocytes (3.2 £ 0.55) (Fig. 1B). Additionally, AB
significantly enhanced GFAP levels to 155 £+ 18% of controls (n=6), whereas,
concomitant treatment with curcumin blocked this increase in Western blot analysis
(Fig. 1C). The AB-induced reactivity was not a consequence of glial cell damage or loss
of viability, as evidenced by no differences in the release of LDH from control vs. AB-

treated astrocytes (Fig. 1D).

In 3xTg-AD mice, curcumin has been shown to reduce activation of JNK, a key kinase
in cellular stress, though the cell types in which this occurs has not been reported [16].

We therefore measured the effect of AB and curcumin on JNK in astrocytes. AP caused
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a marked increase (160 + 20%, n=4) in the phosphorylation status of pJNK, which was
significantly reduced by concomitant treatment with curcumin (116 + 11%, n=4) (Fig.

1E).

3.2. Ap decreases SUMO-1 conjugated proteins in astrocytes
Next, we investigated whether SUMO conjugation to proteins was involved in the
curcumin-mediated inhibition of Af-induced reactivity. Probing untreated astrocytes
with anti-SUMO-1 antibody revealed four major bands of molecular weights
approximately 15, 75, 150 and 250 kDa, with long film exposures required to reveal all
of the bands (Fig. 2A, left lane). Treatment with AP resulted in a highly significant
decrease (59 + 9%, n=4) in the SUMO-1-conjugated proteins in astrocytes (Fig. 2A).
This effect was blocked by concomitant treatment with curcumin (94 + 8%, n=4). The
JNK inhibitor L-JNKI1 (3uM) (Enzo Life Sciences, Exeter, UK) prevented the Ap-
induced decrease in protein conjugation by SUMO-1 (106 + 16%, n=4) (Fig. 3A) in a
similar way to curcumin, consistent with the concept that curcumin acts as a JNK
inhibitor in astrocytes. This decrease in SUMOylation was specific to SUMO-1, since
SUMO-2/3 conjugated proteins remained unaltered (Fig. 2B). In line with the decreased
SUMO-1 conjugation, levels of the sole conjugating enzyme, Ubc9, were reduced (57+
12%, n=4) and treatment with curcumin was able to prevent this decrease (95 + 7%,
n=4) (Fig. 2C). No changes in the deconjugating enzyme, SENP1 were observed (Fig.

2D).

3.3. Over-expression of SUMO-1 in astrocytes blocks AfB-induced increase in

GFAP levels
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To determine whether the decreased SUMO-1 conjugation was involved in the Ap-
induced astrocyte activation, we altered SUMOylation in astrocytes by transiently over-
expressing the inactive SUMO-1 construct (SUMO-1AGG) or the constitutively active
SUMO-1 construct (SUMO-1GG). The inactive SUMO-1contains a di-glycine deletion,
which makes it unable to conjugate to proteins, as confirmed by detection of only one of
the main SUMO-1 immunoreactive bands in astrocytes over-expressing SUMO-1AGG
compared to SUMO-1GG (Fig. 3B). Astrocyte viability was unaffected by transfection
(data not shown). Next, we exposed transfected astrocytes to APB. Over-expression of
active SUMO-1 completely blocked the AB-induced increase in GFAP protein levels
(94 + 8%, n=4), whereas the inactive mutant exerted no effect in Western blot analysis
(143 £ 14%, n=4) (Fig. 3C). In GFAP immunofluorescence analysis, AP-treated
astrocytes over-expressing SUMO-1AGG exhibited morphological signs of reactivity
(Fig. 3D). The increased cell area (hypertrophy) of GFAP immunostained astrocytes is a
sensitive parameter used to evaluate the astroglial reactivity [22]. The morphometric
analysis of the individual astrocytic cell area showed that astrocytes over-expressing
SUMO-1 GG treated with AP presented a significantly decrease in cell area (95 + 15
umz) compared with astrocytes over-expressing SUMO-1 AGG treated with AB (160 +

22 um?, n=3) (Fig. 3E).

4. Discussion

We have used an in vitro model of AB-induced astrocyte activation, which is relevant to
understanding the role of astrocyte reactivity in neurodegenerative disorders. Because of
our prior interest in SUMOylation in AD [17], we hypothesized that SUMOylation was

linked to AB-induced astrocyte reactivity. This paper is the first report of SUMOylation
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patterns in astrocytes, and their regulation after AP exposure. The data show that
astrocytes have a number of proteins which are SUMOylated under resting conditions,
with relatively few targets of SUMO-1 compared to SUMO-2/3. This finding contrasts
to the pattern observed when analyzing samples from neuronal cultures [5] or whole
brain [17], where there are as many SUMO-1 bands as there are SUMO-2/3 bands. This
restricted pattern of SUMO-1 conjugation suggests a key role in cellular regulation.
Following exposure to AP, there is a marked decrease in conjugation by SUMO-1, but
not by SUMO-2/3, an entirely unexpected and novel observation. Furthermore,
increasing the ability of astrocytes to conjugate proteins with SUMO-1, by over-
expressing SUMO-1GG, abolishes the ability of AP to elevate GFAP levels in
astrocytes, suggesting a critical role for SUMO-1 in this pathway associated with

astrocyte reactivity.

Curcumin is an effective suppressor of astrocyte activation, reducing Ap-induced
increase in GFAP levels and morphological changes, consistent with its reported effects
in vitro and in animal models of AD [15, 29]. To our knowledge, the effects of
curcumin on SUMOylation have not been reported previously. Our data show that
curcumin prevents AB-induced reduction in SUMO-1 conjugation in astrocytes and that
curcumin is acting mainly as a JNK inhibitor, since it is able to prevent the AB-induced
activation of JNK. An effect of curcumin on JNK is consistent with the literature:
treatment with curcumin has been shown to reduce activated JNK in an AD transgenic
mouse model [16]. JNK and SUMOylation pathways have previously been associated
[8, 18] and JNK itself is likely to be a target for SUMOylation. Indeed, in a human
neuroblastoma cell line, increasing SUMO-1 conjugation increases JNK activation

under conditions of moderate oxidative stress [8].
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Altogether our data suggest astrocytes require SUMO-1 conjugation to remain in a non-
reactive state and predict that increased SUMO-1 conjugation in astrocytes will be
neuroprotective. SUMOylation is usually associated with a cytoprotective response to
cellular stressors, e.g ischaemia [5, 30]. While there is little data on SUMO in
astrocytes, one report has shown that the mRNA levels for SUMO-1, Ubc9 and SENP1
are down-regulated following lipopolysaccharide treatment of astrocytes, suggesting
that loss of the SUMO pathway in astrocytes is associated with pathophysiological
processes [3]. However, we note that SUMOQylation of certain proteins in astrocytes,
namely the C-terminal proteolytic fragment of the glutamate transporter, EAAT?2, has
been associated with gliotoxicity [8]. In our working model, SUMO is downstream of
JNK, with JNK inhibition preventing reduction of SUMO-1 conjugation. Further
research is required to elucidate the exact nature of astrocyte SUMO-1 conjugation and

its regulation by JNK in neurodegeneration and neuroprotection.
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Legends to figures

Figure 1. Effects of curcumin on AB-induced astrocytic reactivity and JNK activation.
Astrocytes were untreated or treated with 2 UM A4 in the presence or absence of 0.1,
1 and 10 uM curcumin for 48 h. A) Representative images of control and AB-treated
astrocytes, with or without 10 uM curcumin, immunostained using anti-GFAP antibody
(green) and Hoechst 333342 (blue). B) Morphometric analysis of cell area and number
of primary process leaving the soma based on GFAP. Values are shown as mean + SEM
(n=3). Asterisks (* and **) indicate significant difference p < 0.05 and p < 0.01,
respectively. C) Representative GFAP immunoreactivity and B-actin loading controls.
The cumulative results are presented as percentage of control £ SEM (n=6). Asterisks (*
and **) indicate significant difference p < 0.05 and p < 0.01, respectively. D) Cellular
viability as measured by LDH assay. Values represent the amount of LDH released into
the culture medium in relation to total LDH and are presented as percentage of control +
SEM (n=8). E) Representative phospho-JNK (Thr183/Tyr185) and JNK3

immunoreactivities and B-actin loading controls. The cumulative results represent the
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ratio p-JNK/JNK and are presented as percentage of control + SEM (n=4). Asterisks (*

and **) indicate significant difference p < 0.05 and p < 0.01, respectively.

Figure 2. Effects of curcumin on protein SUMOylation in AB-treated astrocytes. A)
Representative pattern of SUMO-1 immunoreactivity, B-actin loading controls and
cumulative  SUMO-1 results. B) Representative pattern of SUMO-2/3
immunoreactivity, f-actin loading controls and cumulative SUMO-2/3 results. C)
Representative SENP1 immunoreactivity, B-actin loading controls and cumulative
SENPI results. D) Representative Ubc9 immunoreactivity, B-actin loading controls and
cumulative Ubc9 results. The quantified data in A-D are presented as percentage of

control = SEM (n=4). Asterisk (*) indicates significant difference p < 0.05.

Figure 3. Effects of L-JNKI1 on protein SUMOylation and SUMO-1 overexpression on
GFAP levels in Ap-treated astrocytes. A) Representative pattern of SUMO-1
immunoreactivity, B-actin loading controls and cumulative SUMO-1 results using L-
JNKII1. The quantified data are presented as percentage of control + SEM (n=5).
Asterisk (*) indicates significant difference p < 0.05. B) Representative pattern of
SUMO-1 immunoreactivity and B-actin loading control from astrocytes over-expressing
SUMO-1AGG (inactive) and SUMO-1GG (active). C) Representative GFAP
immunoreactivity and B-actin loading controls and cumulative GFAP results from
astrocytes over-expressing SUMO-1AGG (inactive) and SUMO-1GG (active). The
quantified data are presented as percentage of control = SEM (n=4). Asterisk (*)
indicates significant difference p < 0.05. D) Representative images of control and AB-

treated astrocytes over-expressing SUMO-1AGG (green) and SUMO-1GG (green)
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immunostained using anti-GFAP antibody (red). E) Morphometric analysis of cell area
based on GFAP. Values are shown as mean = SEM (n=3). Asterisks (* and **) indicate

significant difference p < 0.05 and p < 0.01, respectively.

Figure 4. Schematic diagram representing the key mediators of f-amyloid (A)-induced
astrocyte reactivity. Treatment with AP increases pJNK, which leads to a decrease in
global SUMO-1 conjugation and increase in GFAP levels, causing astrocytes to become
reactive. Treatment with curcumin is able to prevent AP effects. By decreasing pJNK,
global SUMO-1 conjugation and GFAP levels are kept at basal levels, restoring the

non-reactive state of astrocytes.
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Figure 2
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Figure 3
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Figure 4
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Abstract

Synaptic plasticity is crucial for the process of memory formation and synaptic
degeneration (synaptotoxicity) is involved in the early stages of Alzheimer’s disease
(AD). Increasing evidence demonstrates that beta-amyloid (AB) is toxic to synapses,
resulting in the progressive dismantling of neuronal circuits. Therapeutic strategies that
could counteract the synaptotoxic effects of AP could be particularly relevant for
providing effective treatments for this devastating neurodegenerative disease. Curcumin
was recently reported to reverse AP detrimental synaptic effects and improve memory
in animal models of AD, though the exact pathways are incomplete. Little is currently
known about the specific mechanisms by which AP affects neuronal excitability and
whether curcumin can ameliorate synaptic transmission in the hippocampus. Here,
organotypic hippocampal slice cultures exposed to APj4, were used to study the
proposed neuroprotective effects of curcumin. Curcumin counteracted both deleterious
effects of AP; the initial synaptic dysfunction and the later neuronal death. A spectral
analysis of multi-electrode array (MEA) recordings of spontaneous neuronal activity
showed an attenuation of signal propagation induced by AP before cell death and
curcumin-induced alterations to LFP phase coherence. Curcumin-mediated attenuation
of AB-induced synaptic dysfunction involved regulation of synaptic proteins, namely
phospho-CaMKII and phospho-synapsin I (Ser603). Taken together, our results expand
the neuroprotective role of curcumin to a synaptic level. The identification of these
mechanisms underlying the effects of curcumin may lead to new targets for future

therapies for AD.

Keywords: Beta-amyloid peptide; CaMKII; curcumin; multi-electrode array;

organotypic hippocampal slice culture; synapsin I
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1. Introduction

Increasing evidence suggests that impaired memory and cognitive decline in
Alzheimer’s disease (AD) begin with synaptic dysfunction, are followed by synaptic
loss and progress to include widespread neuronal cell death and network failure
(Coleman et al. 2004, Koffie et al. 2009, Masliah et al. 2001, Zeng et al. 2010).
Although well accepted as a key player in AD pathogenesis, the specific mechanisms
underlying detrimental effects of beta-amyloid (AP) peptide on synaptic function have
not been fully elucidated (Koffie et al. 2009, Tanzi & Bertram 2005). Several studies
have demonstrated Ap-induced synaptic toxicity that results in the progressive
dismantling of neuronal circuits (Hartley et al. 1999, Jo et al. 2011, Selkoe 2008, Tsai et
al. 2004), and multiple molecular and cellular signaling pathways contributing to this
process have been proposed (Kamenetz et al. 2003, Ma & Klann 2012, Palop & Mucke
2010, Shankar & Walsh 2009). Apart from a mechanistic understanding of AB’s ability
to disrupt normal synaptic function, therapeutic strategies, including dietary
interventions, which could counteract synaptotoxic effects of AP, warrant serious
consideration as effective treatments for this devastating neurodegenerative disease.
Curcumin, a major polyphenol from curry spice (Curcuma longa), was recently
reported to reverse AP detrimental synaptic effects and improve memory in animal
models of AD (Ishrat et al. 2009, Ma et al. 2013, Varghese et al. 2010). Preventing loss
of synaptic proteins, such as calcium/calmodulin-dependent protein kinase II (CaMKII)
and synapsin I, has been suggested to mediate the synaptoprotective effects of curcumin
(Sun et al. 2013, Wu et al. 2011, Xu et al. 2009). CaMKII and synapsin I are key
proteins implicated in presynaptic neurotransmitter release (Benfenati et al. 1996, Chi et

al. 2003) and are essential for synaptic plasticity (Hilfiker et al. 1999, Ninan & Arancio
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2004). During the induction of long-term potentiation (LTP), CaMKII undergoes
autophosphorylation and activation following activity-triggered Ca** influx through N-
methyl-D-aspartate (NMDA) receptors (Sanhueza & Lisman 2013). AP has been shown
to block CaMKII autophosphorylation/activation in rat hippocampal slices and CaMKII
activity is decreased in the hippocampus of AD patients (Reese et al. 2011, Zeng et al.
2010, Zhao et al. 2004). CaMKII modulates various synaptic proteins, including
synapsin I which, under resting conditions, anchors synaptic vesicles to cytoskeletal
elements, whereas once phosphorylated it dissociates from synaptic vesicles, increasing
their availability at the presynaptic terminal for neurotransmitter release (Chi et al.
2003). AB-induced synapse loss in primary hippocampal or cortical neurons has been
shown to be accompanied by a reduction in synapsin I, an effect also observed in the
hippocampus of AD patients (Evans et al. 2008, Qin et al. 2004). Multiple Ca**-
regulated signaling pathways are involved in mediating AP action at hippocampal
synapses and AB-induced accumulation of cytosolic Ca®*, which contributes to
abnormal levels of phosphorylation of several synaptic proteins, including CAMKII, is
an early and pivotal event in AP neurotoxicity (Xie et al 2004; Zeng et al 2010).

Little is currently known about the specific mechanisms by which AP can affect
neuronal excitability and whether curcumin can ameliorate AP effects upon synaptic
transmission in the hippocampus, a brain area critical for learning and memory,
especially vulnerable to damage at early stages of AD. Thus, the present study assesses
early effects of AP upon synaptic transmission and whether they are beneficially
modulated by curcumin. The effects of AP treatment, in the presence or absence of
curcumin, were assessed via multi-electrode array (MEA) electrophysiological
recordings (Hill et al. 2010, Varghese et al. 2010) of spontaneous local field potential

(LFP) activity from organotypic hippocampal slice cultures. AP exerted detrimental
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effects upon synaptic transmission in hippocampal networks that were ablated by
curcumin. Furthermore, we demonstrate that curcumin prevented Ap-induced
inactivation of CaMKII and synapsin I, key synaptic proteins, which could effectively
rescue AP-induced LFP deficits at hippocampal synapses. Taken together, our results
demonstrate that curcumin can act via a CAMKII-dependent pathway to prevent early

stage AP-induced synaptic dysfunction in functional hippocampal neuronal networks.

2. Materials and Methods

2.1. Organotypic hippocampal slice cultures

Animals were maintained and used according to the UK Animals (Scientific
Procedures) Act, 1986 and killed by cervical dislocation. All efforts were made to
minimise animal suffering and the number of animals used. Organotypic hippocampal
slice cultures were prepared from 6-8-day-old Wistar rats (NIH, Harlan, UK) as
described previously (Cimarosti et al. 2009). Briefly, transverse hippocampal slices
(350 um) were prepared using a Mcllwain tissue chopper (Mickle Laboratory
Engineering Co., Guildford, UK) and transferred to ice-cold Hank’s balanced salt
solution (HBSS, Invitrogen). Slices were placed on membrane inserts (Millicell®-CM
0.4 um, Millipore) in 24-well plates. Each well contained 250 pL of culture medium
(pH 7.3) comprising minimum essential medium (MEM, Invitrogen) 50%, HBSS 25%
and horse serum 25%, supplemented with glucose 36 mM, HEPES 25 mM, NaHCO; 4
mM, fungizone 1%, and gentamicin 0.100 mg.mL"". Cultures were incubated at 37°C in
an atmosphere of 5% CO, for 14 days in vitro (DIV) prior to use. Medium was changed

every 3 days.
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2.2.  Preparation of drugs and treatments

Curcumin (#C1386, Sigma-Aldrich) was dissolved in dimethylsulfoxide (DMSO)
and stored at -20°C until use. Aliquots were further diluted in culture media and added
to the slices to provide the final concentration, alongside vehicle-control (0.1% DMSO).
APi.42 (Bachem) was incubated in Milli-Q water at 37°C for 72 h prior to use. On DIV
14 cultures were treated with A4, (2 uM) and curcumin (10 uM) for 24 h and 48 h

(Hoppe et al. 2010).

2.3. Assessment of cell death

Cellular damage was assessed by fluorescent image analysis of propidium iodide
(PI) uptake (Cimarosti et al. 2009, Hoppe et al. 2010) and lactate dehydrogenase (LDH)
release into the medium. Twenty-four and forty-eight hours after AB;.4» and curcumin
treatments, PI 7.5 mM was added to cultures and incubated for 1 h. Slices were
observed with an inverted Nikon Eclipse TE 300 microscope (Nikon, Japan;
magnification x5) fitted with a standard rhodamine filter set. Images were captured
using a CCD camera (Visitron Systems, Puchheim, Germany) and subsequently
analyzed using Scion Image software (Scion Corporation, www.scioncorp.com). For
quantification of cellular damage, the pixel intensity and area in which PI fluorescence
was detectable above background level was determined using the ‘density slice’
function of the software. This tool converts portions of the greyscale images into red,
based on the density value of the pixel, providing a value correspondent to the amount
of PI fluorescence in each slice. The results were expressed as a percentage in relation
to the total area of each slice. For measurement of LDH release into the culture medium,
Tox7 kit (Sigma-Aldrich) was used according to the manufacturer’s instructions.

Samples of medium from the wells containing the inserts with slices were combined
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with the assay mixture consisting of cofactor, substrate and dye solutions. The
conversion of the tetrazolium dye into a soluble, coloured compound by nicotinamide
adenine dinucleotide (NADH), which is proportional to LDH activity, was quantified

using a microplate spectrophotometer.

2.4. Electrophysiological recordings

Substrate-integrated MEAs (Multi Channel Systems, Reutlingen, Germany) were
used to record spontaneous LFP activity from each organotypic hippocampal slice
culture. MEAs comprise 60 planar electrodes (including reference ground) of 30 um
diameter, arranged in an 8x8 array with 200 um spacing between electrodes (100 um
recording radius). Electrical activity was amplified (x1100, MEA60 System, Multi
Channel Systems GmbH, Reutlingen, Germany), sampled at 10 kHz and lowpass
filtered (1-200 Hz; 2™ order Butterworth filter) for analyses of LFPs. Recordings (n>6
per condition) were made at DIV 15 using a heated MEA headstage (25°C). Data
acquisition was to a PC using MC Rack software (Multi Channel Systems GmbH,
Reutlingen, Germany) and offline analysis performed using MC_Rack and MATLAB
7.0.4 (Mathworks Inc., Natick, MA). LFP power was calculated via multitaper
spectrums for a recording period of 120 s using a 1-40 Hz frequency range using the
Chronux toolbox (Mitra & Bokil, 2007; http://chronux.org/; time-bandwidth product: 3;
taper number: 5). Spectrograms were averaged to produce a single power value for each
MEA channel which was scaled to the channel showing the highest power value on a
given MEA (P.x). Power values for each channel were categorized by distance from
the focus (Pgist), normalised to Pn.x and averaged for each distance per MEA and
condition (X Pp.x/Pgis)). Resulting normalised power values were averaged across all

MEAs per condition. Phase coherences were calculated using multitaper spectrums
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estimated for representative LFP cutouts of 5 s duration and a 1-40 Hz frequency range
for each MEA. The phase coherence Cpxdiss between the underlying spectra of the
channel with the highest power and channels at various distances from it (see above)
was calculated based on the multitaper spectrums resulting in a value between 0 (no
coherence) and 1 (strongest coherence). Coherence values were then averaged across
distances before averaging across all MEAs per condition (£ Cpax.dist)), resulting in a

single coherence value for each distance per condition.

2.5. Western blots and densitometry

Slices were lysed in ice-cold buffer containing: Tris-HCl (pH 7.4) 50 mM, NaCl
150 mM, EDTA 1 mM, SDS 0.1%, Triton X-100 1%, mammalian protease inhibitor
1% and NEM 20 mM. Protein samples were resolved, immunodetected and analysed as
described previously (Cimarosti et al. 2009). The antibodies used were rabbit polyclonal
anti-phospho-CaMKII (Thr286) (1:1000; Cell Signaling), anti-CaMKII (1:1000; Cell
Signaling), anti-phospho-synapsin I (Ser09) (1:1000; Cell Signaling), anti-phospho-
synapsin I (Ser603) (1:250; Santa Cruz Biotechnology) and mouse monoclonal anti-p3-

actin (1:1000; Cell Signaling).

2.6. Statistical analysis

Data are presented as mean = SEM of the indicated number of independent
experiments. Frequency values for all data points on MEAs were averaged over five
MEAs. One-way analysis of the variance (ANOVA) followed by Tukey’s post hoc test

was applied to the means to determine significant differences between experimental
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groups. Electrophysiological data are presented as median + MEM! (for LFP power)
and interquartile and absolute range from the median (for phase coherence) for
normalised channels per distance. Normalised frequency and phase coherence values for
all distances and MEAs were analysed for differences using a Kruskal-Wallis test
followed by Dunn’s post-hoc tests when appropriate. For all statistical tests used, P <

0.05 was considered statistically significant.

3. Results

3.1. Curcumin prevents Af-induced cellular death

We first analysed the effects of treatment with AB;4, (2 uM) and AP;4 plus
curcumin (2 uM and 10 uM, respectively) for 24 h and 48 h on cell viability.
Organotypic hippocampal slice cultures treated with AP for 24 h showed a slightly
increased cell death (12.5 = 2.7%, n = 8) compared to control slices (4.3 £ 0.7%, n =
10), as assessed by the incorporation of PI uptake, whereas treatment for 48 h caused a
significant increase in PI uptake (25.4 £ 3.5%, n = 8, P < 0.001) (Figure 1A, B). This
Ap-induced increase in PI uptake was accompanied by a 42 + 9% increase (n = 6, P <
0.05) in LDH released into the culture medium compared to control slices (Figure 1C).
Concomitant curcumin treatment prevented the AB-induced increase in PI uptake (10.8

+2.2%,n = 8) and LDH release (104 = 15%, n = 6).

3.2. Assessment of spontaneous neuronal activity using MEA recordings
Spontaneous LFPs (Figure 2A; inset) were recorded from organotypic
hippocampal slice cultures at DIV 15. In control conditions, median total LFP power

progressively decreased with increasing distance from the site at which the highest

! Standard error of the median absolute deviation
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power LFP was recorded (Figure 2A). Whilst 24 h AB;.4, (2 uM) treatment appeared to
increase the extent to which total LFP decreased, this was not statistically significant (P
> 0.05). However, total LFP power under A4, plus curcumin (2 uM and 10 uM,
respectively) conditions declined at a significantly (P < 0.05) lower rate than in cultures
treated with AP;42 (2 uM) alone. These results demonstrate that concomitant curcumin
treatment can reverse the tendency for A4, to attenuate synaptically propagated
neuronal activity. In order to probe the manner in which curcumin effects upon LFP
propagation arose, we next examined the effects of drug treatments upon phase
coherence assessed with reference to the channel where the highest power LFP was
observed (‘focus’). In comparison to control conditions, although AB;4 (2 uM)
treatment had no effect upon phase coherence at any distance from the focus, phase
coherence was significantly reduced 200 um from the focus in A;_4; plus curcumin (2

uM and 10 uM, respectively) conditions (Figure 2B).

3.3.  Curcumin prevents Af-induced decrease in the phosphorylation/activation of
synapsin I and CaMKII

In order to investigate possible mechanisms involved in the curcumin-mediated
attenuation of AB-induced synaptic dysfunction observed in our model, we evaluated
phosphorylation/activation of synapsin I and CaMKII. Synapsin I is phosphorylated at
multiple sites by various protein kinases, including CaMKs, which phosphorylate
synapsin I at Ser9 (CaMKI) and Ser603 (CaMKII) (Yamagata 2003). We measured the
effects of AP and curcumin on these two important phosphorylation sites of synapsin L
Neither AP nor curcumin affected the phosphorylation state of synapsin I at Ser9
(Figure 3A, B). However, AP caused a marked decrease in the phosphorylation of

synapsin I at Ser603 (50 = 12%, n = 5, P < 0.05), which was completely blocked by
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concomitant curcumin treatment (96 £ 8%, n =5, P < 0.01, Figure 3A, C). Because the
phosphorylation of synapsin I at Ser603 is generally considered to be CaMKII-
dependent (Yamagata 2003), we further investigated the phosphorylation state of
CaMKII. CaMKII autophosphorylation at Thr286 results in a persistently active form of
the kinase, which is required for CAMKII to phosphorylate/activate synapsin I (Hilfiker
et al. 1999). Treatment with AP resulted in a significant decrease in the ratio phospho-
CaMKII (Thr286)/CaMKII (54 + 13%, n = 5, P < 0.05), while curcumin abrogated this

effect (85 £ 9%, n =5, Figure 3D).

4. Discussion

Here, we have used an organotypic hippocampal slice culture model of
demonstrate functional neuroprotective effects of curcumin againist Ap-induced
neuronal death and synaptic dysfunction.

Firstly, we demonstrated that extended exposure to AP (48 h) was necessary to
induce significant neuronal death in organotypic hippocampal slices, which is in
agreement with previous reports (Lu et al. 2004; Ishige et al. 2007; Patel & Good 2007;
Suh et al. 2008). Interestingly, co-treatment with curcumin for 48 h prevented cellular
damage. Whilst treatment with AP for 24 h did not cause significant neuronal loss, it
exerted effects upon functional synaptic transmission in organotypic slices, which were
also prevented by curcumin. Curcumin-induced blockade of AP effects upon LFP power
is consistent with prevention of synapse loss and/or synaptic dysfunction. Of particular
interest is the effect of curcumin upon phase coherence, a measure of the extent to
which spatially separated LFP events retain elements of synchronisation, where reduced

phase coherence was observed. AP has been shown to reduce glutamate reuptake (Palop
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& Mucke 2010) leading to remodeling of synaptic synaptic plasticity that culminates in
synaptic depression. Furthermore, other studies have shown that AB attenuates NMDA
receptor currents by direct effects upon GluN2B containing NMDARs (Koffie et al.
2011) again leading to reduced Ca® influx into spines the promotion of long-term
depression (LTD) and ultimately, impairments in neuronal network function (Decker et
al. 2010; Corona et al. 2011). Given the pivotal role of sustained reduction of
synaptically evoked Ca** influx and activation of cellular pathways that lead to spine
loss and synapse weakening in AB-induced synaptotoxicity (Shankar et al. 2007), this
desynchronizing effect of curcumin may underlie an element of its neuroprotective
properties against AB-induced loss of electrophysiologically active synapses.

These results are reinforced by our findings on the profile of CaMKII
phosphorylation. It is known that AB-induced reduction of Ca®" influx through NMDA
receptors limits CAMKII function (Koffie et al. 2011). We observed that curcumin was
able to prevent AP-induced decrease in CaMKII function in organotypic hippocampal
slices. This contributed to the induction of more robust and synaptically efficient
neurons, reflected in inhibition of synaptic dysfunction and neuronal death. Moreover,
CaMKII activation facilitates the induction of LTP, which promotes dendritic spine
enlargement and synaptic strength (Pi ef al. 2010; Koffie et al. 2011).

Our results are in agreement with previous studies reporting the roles of synapsin
I and CaMKII in the neuroprotective effects of curcumin. For example, dietary
supplementation of curcumin improved the outcome of traumatic brain injury not only
by dramatically reducing oxidative damage, but also by restoring the levels of phospho-
synapsin | that had been reduced after the insult (Wu er al. 2006). Additionally,
treatment with a curcumin derivative, which exhibits better brain absorption and

biological activity, counteracted the post-traumatic deficits in cognition and locomotion,
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as well as prevented the reductions in synapsin I and CaMKII in the hippocampus and
spinal cord (Wu et al. 2011). Moreover, phospho-CaMKII down-regulation was
observed in the hippocampus of senescence-accelerated mouse prone 8 (SAMP8 mice),
a model displaying age-related deficits of cognition. Treatment of SAMP8 mice with
curcumin attenuated the cognitive impairment by improving the expression of phospho-

CaMKII (Sun et al. 2013).

Taken together, our results support the emerging view that AB-mediated synaptic
dysfunction appears to be an important driving factor in AD pathogenesis and
understanding the molecular underpinnings may provide effective therapeutic targets for
combating the disease. Our results show that the protective role of curcumin goes
beyond its capacity to modulate neuronal death since it is able to counteract early and
later deleterious effects of APB; synaptic dysfunction and later neuronal loss respectively.
Our results suggest that curcumin modulates AB-induced decrease in synaptic function

via a CaMKII-dependent pathway.
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Legends to figures

Figure 1. Effects of curcumin on AB-induced cell death. Organotypic hippocampal slice
cultures were untreated or treated with 2 UM AP, .4, in the presence or absence of 10 uM
curcumin for 24 h and/or 48 h. A) Representative images of control and Ap-treated
slices, with or without curcumin, stained with propidium iodide (PI). B) Quantitative
analysis of incorporation of PI in all regions of control and AB-treated slices, with or
without curcumin, in relation to the whole slice area. The results are presented as
percentage of total slice area + SEM (n = 8). C) Cellular viability as measured by lactate
dehydrogenase (LDH) assay. Values represent the amount of LDH released into the
culture medium in relation to total LDH and are presented as percentage of control +
SEM (n = 8-10). One-way analysis of the variance (ANOVA) followed by Tukey’s post

hoc test, *: P <0.05, ***: P <0.001.

Figure 2. AB-induced impairment of signal propagation in organotypic hippocampal
slice cultures on MEAs. Organotypic slices exhibit spontaneous local field potential
(LFP) events that arise from a single arbitrary focus to propagate across the tissue. A)
Variation of median spontaneous LFP power (1-40 Hz) with distance from site of
highest power LFP (‘focus’). Power values are normalised with reference to total power
at the focus. Error bars show standard error of the median absolute deviation. Inset
shows representative LFP traces for a control recording (low-pass filtered at 1 kHz).

APz (2 uM) treatment significantly reduces total power compared to AB;4 (2 uM)
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plus curcumin (10 puM) conditions. B) Effect of A4, and curcumin treatment upon
median LFP phase coherence (black line). Phase coherence values at specified distances
from, and with respect to, LFP focus were calculated from spectrograms of
representative 5 s periods during which LFPs occurred. Error bars represent maxima
and minima, blocks represent 25™ and 75" percentiles. A significant effect of curcumin
treatment to reduce phase coherence at a distance 200 pm was observed. Kruskal Wallis

followed by Dunn’s post hoc tests, *: P < 0.05, **: P <0.01, ***: P <0 .001.

Figure 3. Effects of curcumin on phosphorylation of synapsin I and CaMKII in Ap-
treated organotypic hippocampal slice cultures. A) Representative immunoreactivities
for phospho-synapsin I (Ser09 and Ser603), phospho-CAMKII (Thr286), CaMKII and
B-actin loading controls. B) Cumulative results represent phospho-synapsin I Ser09
immunocontent normalized by B-actin. C) Cumulative results represent phospho-
synapsin I Ser603 immunocontent normalized by B-actin. D) Cumulative results
represent the ratio phospho-CaMKII/CaMKII. The quantified data in B-D are presented
as percentage of control + SEM (n = 4-5). One-way analysis of the variance (ANOVA)

followed by Tukey’s post hoc test, *: P <0.05, **: P <0.01.
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Figure 3
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6. CAPITULOI1IV

Artigo: Nanoencapsulated curcumin improves the neuroprotective effect against f-
amyloid-induced cognitive impairments in rats by the involvement of BDNF and
Akt/GSK-3p signaling pathway — Status: Submetido ao periodico Neurobiology of
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Abstract

Alzheimer’s disease (AD), a neurodegenerative disorder exhibiting progressive loss of
memory and cognitive functions, is characterized by the presence of neuritic plaques
composed of neurofibrillary tangles and B-amyloid (AB) peptide. Drug delivery to the
brain still remains highly challenging for the treatment of AD. Several studies have
been shown that curcumin is associated with anti-amyloidogenic properties, but
therapeutic application of its beneficial effects is limited. Here we investigated possible
mechanisms involved in curcumin protection against AP(1-42)-induced cognitive
impairment and, due to its poor bioavailability, we developed curcumin-loaded lipid-
core nanocapsules in an attempt to improve the neuroprotective effect of this
polyphenol. Animals received a single intracerebroventricular injection of Ap(1-42) and
they were administered either free curcumin or curcumin-loaded lipid-core
nanocapsules (Cur-LNC) intraperitoneally for 10 days. AP(1-42)-infused animals
showed a significant impairment on learning-memory ability, which was paralleled by a
significant decrease in hippocampal synaptophysin levels. Furthermore, animals
exhibited activated astrocytes and microglial cells, as well as disturbance in BDNF
expression and Akt/GSK-3f signaling pathway, beyond tau hyperphosphorylation. Our
findings demonstrate that administration of curcumin was effective in preventing
behavioral impairments, neuroinflammation, tau hyperphosphorylation as well as cell
signaling disturbances triggered by AP in vivo. Of high interest, Cur-LNC in a dose 20-
fold lower presented similar or better neuroprotective results compared to the effective
dose of free curcumin. Considered overall, the data suggest that curcumin is a potential
therapeutic agent for neurocognition and nanoencapsulation of curcumin in LNC is an
important strategy to enhance its pharmacological efficacy in the treatment of

neurodegenerative diseases.

Keywords Alzheimer’s disease, Lipid-core nanocapsules, Curcumin, B-Amyloid,

BDNF, Akt/GSK-3f pathway, Hippocampus
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and is the
most common form of dementia in the elderly population. It has a complex
pathophysiology, which, although not completely understood, is characterized by -
amyloid (AB) peptide aggregation originated from cleavage of the amyloid precursor
protein (APP) and neurofibrillary tangles (NFTs) formed from hyperphosphorylated
microtubule protein tau (Tiraboschi et al., 2004). Synaptic loss is another characteristic
feature of the condition and probably the best correlate of the cognitive decline that
develops progressively in AD patients (Terry et al., 1991). The deposition of AP in
brain areas involved in cognitive functions is assumed to initiate an array of molecular
and cellular cascades that lead to synaptic dysfunction (Walsh & Selkoe, 2004).
However, mechanistic molecular processes that link AR and memory impairment

remain to be firmly established.

Current therapies for neurodegenerative diseases provide effective symptomatic
relief, particularly in early stages of the disease. However, there are too few, if any
therapies that affect the underlying disease process. Furthermore, the presence of a
blood-brain barrier (BBB) presents a huge challenge for effective entry of the majority
of drugs, and thus severely restricts the therapy of many diseases affecting the central
nervous systems (CNS), including AD. Therapeutic strategies for the treatment of
neurodegenerative diseases have been widely researched. One of the most significant
challenges facing CNS drug development is the availability of effective brain drug
targeting technology (Pardridge, 2005). Therefore, the application of technological
advances in neurological research is expected to have a major impact leading to the

development of newer therapeutic modalities (Modi et al., 2009). In this way,
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nanoparticles have become an important area of research in the field of drug delivery
because they have the ability to deliver a wide range of drugs to varying areas of the

body for a sustained period of time (Hans & Lowman, 2002; Song et al., 2011).

Curcumin (diferuloylmethane), a naturally occurring polyphenol derived from
the root of the rhizome Curcuma longa, possesses multiple biological activities (Ono et
al., 2004; Maheshwari et al., 2006). In particular, experimental evidences have
demonstrated that curcumin exhibits neuroprotective effects in a variety of AD models
(Lim et al., 2001; Begum et al., 2008; Wang et al., 2010). These curcumin
neuroprotective effects have been associated with its antioxidant, anti-inflammation and
anti-amyloidogenic properties. Curcumin has shown to modulate functions of many
regulatory proteins involved in signal transduction, and to affect a variety of cellular
activities, including cell growth, survival and death (Ma et al., 2009; Qin, Cheng & Yu,
2010; Zhang et al., 2011). However, the clinical advancement of this promising natural
compound is hampered by its poor water solubility and short biological half-life,
resulting in low bioavailability in both plasma and tissues (Yang et al., 2007; Anand et
al., 2007). The oral bioavailability of curcumin is very low (only 1% in rats) (Yan et al.,
2011). Facing this problem, many research groups have employed nanotechnology to
overcome these limitations and the effects of nanoparticles formulations of curcumin
have been promising (Thangapazham et al., 2008; Ray et al., 2011; Jaques et al., 2013;
Zanotto-Filho et al., 2013). In this context, we developed a curcumin-loaded lipid-core
nanocapsules formulation in an attempt to stabilize the drug and improve its biological

activities.

Although many studies have reported the protective effects of curcumin against

AP, the mechanisms underlying these neuroprotective effects still remain to be
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determinate. Thereby, the present study compared the ability of curcumin-loaded lipid-
core nanocapsule and non-encapsulated curcumin to protect against AB1-42-induced
synaptotoxicity, neuroinflammation and memory impairment and investigated some

underlying mechanisms.

2. Materials and Methods

2.1. Preparation and characterization of lipid-core nanocapsules

Curcumin-loaded lipid-core nanocapsules (Cur-LNC) were prepared in triplicate (3
batches) by the interfacial deposition of preformed polymer (Jdger et al., 2009). An
organic phase containing poly(g-caprolactone) as a biodegradable polymer (0.25 g),
grape seed oil (413 pL), sorbitan monostearate (0.0957 g) and curcumin (0.0125 g)
dissolved in acetone (67 mL) at 40 °C was poured into the aqueous phase containing
polysorbate 80 (0.1915 g), under moderate magnetic stirring. After 10 minutes, a rotary
evaporator (Biichi R-114, Flawil, Switzerland) was used to remove acetone and adjust
the final volume (25 mL) under reduced pressure at 40 °C. Unloaded-nanocapsules,
called blank lipid-core nanocapsules (B-LNC), were also prepared, but omitting the
curcumin in the organic phase. Lipid-core nanocapsules were characterized by means of
particle size, polydispersity index, zeta potential, pH measurements and drug content
analysis. To ensure the presence of only nanometric particles, formulations were
evaluated by laser diffraction using a Mastersizer® 2000 instrument (Malvern
Instruments, Malvern, UK). Particle mean diameters and polydispersity index of
formulations were evaluated at 25 °C by photon correlation spectroscopy using
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) after dilution in
previously filtered (0.45 pm) ultrapure water. Using the same instrument, zeta potential

was measured after dilution of the suspension in 10 mM NaCl aqueous solution by
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electrophoretic mobility. The pH values were determined directly in the formulations.
The curcumin content was assayed by high performance liquid chromatography (HPLC)
after dissolution of the sample in acetonitrile (Perkin-Elmer, Series 200, Waltham, MA,
USA). A C-18 column (Sigma-Aldrich, St. Louis, MO, USA) was used and the mobile
phase was composed of acetonitrile and 0.1% trifluoracetic acid (50/50 v/v), (adjusted
with pH 3.0 with triethylamine) at the flow rate of 0.6 mL/min (Zanotto-Filho et al.,

2013).

2.2. Peptide preparation

The AP(1-42) peptide (Bachem Americas Inc. Torrance, CA, USA) or the inactive
control AB(42-1) peptide (American Peptide Co., Sunnyvale, CA, USA) were dissolved
in sterilized bi-distilled water with 0.1% ammonium hydroxide (Merck, NJ, USA) at a
concentration of 1 mg/mL and stored to -20 °C. Aliquots of AP peptides were allowed

aggregating by incubation at 37 °C for 72 h before in vivo infusion (Frozza et al., 2013).

2.3. Animals

Male adult Wistar rats (300-350 g) were obtained from in-house breeding colonies
at the Departamento de Bioquimica, Universidade Federal do Rio Grande do Sul
(UFRGS- Porto Alegre, Brazil). Animals were housed in cages under optimum light
conditions (12:12 h light—dark cycle), temperature (22 = 1 °C), and humidity (50 to
60%), with food and water provided ad libitum. All procedures used in the present study
followed the “Principles of Laboratory Animal Care” from NIH publication No. 85-23
and were approved by the local Ethics Committee on the Use of Animals (CEP-
UFRGS, protocol number 20005). All efforts were made to minimize the number of

animals and their suffering.
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2.4. Surgical procedure

Animals were anesthetized with Equithesin (3.5 mL/kg intraperitoneally — i.p.) and
placed in a stereotaxic frame. After sterilized using standard procedures a middle
saggital incision was made in the scalp. Bilateral holes were drilled in the skull using a
dental drill over the lateral ventricles. Injection coordinates were chosen according to
the atlas of Paxinos and Watson (Paxinos & Watson, 2005): 0.8 mm posterior to
bregma; 1.5 mm lateral to the saggital suture; 3.5 mm beneath the surface of brain. Rats
received a single infusion of 5 pL into each lateral ventricle of AB(1-42) or AB(42-1)
(total of 2 nmol in 10 pL). Controls animals received bilateral intracerebroventricular
(i.c.v.) injections of equal volume of bi-distilled water with 0.1% ammonium hydroxide.
Microinjections were performed using a 10-uL Hamilton syringe fitted with a 26-gauge
needle. All infusions were made at a rate of 1 LL/min over a period of 5 min. At the end
of infusion, the needle was left in place for an additional 3-5 min before being slowly
withdrawn to allow diffusion from the tip and prevent reflux of the solution. After the
injection, the scalp was sutured and the animals were allowed to recover from the
anesthesia on a heating pad to maintain body temperature at 37.5 + 0.5 °C. The animals

were submitted to behavioral tasks 2 weeks after A injection.

2.5. Drug administration

The animals were randomly divided into eight groups. Control animals infused i.c.v.
with water plus 0.1% ammonium hydroxide (AB-vehicle) were split into the following
three groups: (1) untreated (Control group), (2) treated with free curcumin (Cur group),
and (3) treated with curcumin-loaded lipid-core nanocapsules (Cur-LNC group).
Animals infused i.c.v. with AB(1-42) were divided into the following groups: (4)

untreated (AP group), (5) treated with free curcumin vehicle (Ap Veh group), (6) treated
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with blank lipid-core nanocapsules (A} B-LNC group), (7) treated with free curcumin
(AP Cur group), and (8) treated with curcumin-loaded lipid-core nanocapsules (AP Cur-
LNC group). Animals injected with AB(42-1) received no treatment and completed
behavioral tasks 2 weeks after AP injection. Suspension of free curcumin (Cur) (Sigma-
Aldrich) was made in 0.5% w/v aqueous solution of carboxymethylcellulose (CMC).
Curcumin is nonpolar and must be suspended in CMC (Ghosh et al., 2009). This
solution was freshly made up immediately before each administration, and lipid-core
nanocapsules containing curcumin (Cur-LNC) were prepared as described above. Daily,
doses reaching 50 mg/kg/day of Cur and 2.5 mg/kg/day Cur-LNC were administered
1.p. to the animals for 10 consecutive days beginning 4 days after the surgical procedure.
Similarly, vehicle treated groups with identical volumes to those treated with Cur or
Cur-LNC were run in parallel in rats infused with AB. The behavior tests were started

on day 13 after A infusion and were carried out sequentially.

2.6. Behavioral analysis

Spontaneous alternation. Hippocampal-dependent memory performance was assessed
by measuring spontaneous alternation performance during 8 min in the Y-maze test,
which evaluates cognitive searching behavior, although it does not allow isolating
memory performance (reviewed in Huges, 2004). Spontaneous alternation behavior is
considered to reflect spatial working memory, which is a form of short-term memory.
The experimental apparatus used in the present study consisted of three arms (40 cm
long, 25 cm high and 10 cm wide, labeled A, B, and C) constructed of plywood and
painted black with an equilateral triangular central area. This apparatus was used in a
testing room with constant illumination. Each rat was placed at the end of one arm and

allowed to move freely through the apparatus for 8 min. Behavior was recorded by a
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video camera mounted vertically above the test arena for later analysis using a video-
tracking software (ANY—maze®, Stoelting Co., USA). The number of arm choices and
pattern of choices were recorded for each animal. An arm entry was counted when the
hind paws of the rat were completely within the arm. Spontaneous alternation behavior
was defined as entry into all three arms on consecutive choices in overlapping triplet
sets (i.e. ABC, BCA, CBA). The percentage of alternation was calculated as [total
alternations/(total arm entries-2) x 100].

Novel object recognition task. The object recognition task was performed following
recently reviewed guidelines (Bevins & Besheer, 2006). This task is based on the
spontaneous tendency of rodents to explore novel objects (Ennaceur & Delacour, 1988).
The task was performed in an apparatus made of wood covered with impermeable
Formica (dimensions: 40 x 50 x 50 cm) that had black floor and walls. The apparatus
was used in a testing room with a constant illumination. The objects used in this test had
similar textures, colors and sizes, but had different shapes. Objects were placed near the
two corners at either end of one side of the apparatus. The objects chosen were two
cuboids glass blocks, a cylindrical bottle filled with water, and a dodecahedron-shaped
block. These objects were heavy enough to prevent the rats from moving them. A day
before the tests, rats were submitted to a habituation session in which they were allowed
to explore the apparatus for 5 min without objects. On the following day, rats were
acclimated in the testing room during 1 h before the beginning of the sessions. First, rats
completed a training session (24h after habituation) that consisted of leaving the
animals in the apparatus containing two identical objects (A and Al). After training, rats
were placed in their home-cages for 3 h. The testing session to evaluate short-term
recognition memory was performed 3 h after the training session. Rats were once again

allowed to explore the apparatus, but during this session, the apparatus contained two
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dissimilar objects: the familiar object from the training session, and a novel one (A and
B, respectively). Long-term recognition memory was evaluated 24 h after the training
session and a different pair of dissimilar objects (a familiar and a novel one; A and C,
respectively) were presented. In all sessions, each rat was always placed in the
apparatus facing the wall and allowed to explore the objects for 5 min, after which the
rat was returned to its home cage. Behavior was recorded by a video camera mounted
vertically above the test arena and analyzed using appropriated video-tracking software
(ANY—maze®, Stoelting Co., USA). Each animal underwent three trials, including the
training and two test sessions. The animals started to explore the objects 1 min after
they had been placed in the apparatus. The percentage of time spent exploring the novel
object was calculated as a function of the total amount of time spent exploring both
objects during testing [time spent with novel object/(time spent with novel object + time
spent with familiar object)]. A higher percentage of time spent exploring the novel
object was considered to be an index of enhanced cognitive performance (Recognition
Index). Between trials, the objects were cleaned with 10% ethanol solution. Active
exploration was defined by directing the nose to the object at a distance of no more than
2 cm and/or touching the object with the nose or forepaws. Sitting on the object was not

considered exploratory behavior.

2.7. Western blotting assay

In order to evaluate any cell signaling disturbances triggered by i.c.v. injection of
AP1-42 as well as curcumin treatments, animals were killed by a lethal dosage of
anesthesia following completion of the behavioral tasks and blood samples were
collected by cardiac puncture. The brain was rapidly removed from the skull, and the

hippocampus was dissected on dry ice. The hippocampi were then homogenized in ice-
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cold lysis buffer (4% sodium dodecylsulfate [SDS], 2 mM EDTA, 50 mM Tris)
containing a protease/phosphatase inhibitor cocktail. The homogenates were denatured
for 5 min at 100 °C, and then centrifuged at 10,000 x g for 30 min. The supernatant
containing the cytosolic fraction was collected, the protein concentration was
determined (Peterson, 1972), and B-mercaptoethanol was added to a final concentration
of 5%. Equal amounts of proteins were resolved (35 ug per lane) on 8-14% SDS-PAGE.
After electrophoresis, proteins were electro transferred to nitrocellulose membranes
(Hybondw ECL" nitrocellulose membrane, Amersham Biosciences, Freiburg, Germany)
using a semi-dry transfer apparatus (Bio-Rad, Trans-Blot SD, Hercules, CA, USA).
Membranes were incubated for 60 min at 4 °C in blocking solution (Tris-buffered saline
containing 5% non-fat milk and 0.1% Tween-20, pH 7.4) and further incubated with the
appropriate primary antibody dissolved in the blocking solution overnight at 4°C. The
primary antibodies against the following proteins were used: anti-phospho GSK-3f3
[pSerg] (1:1000, Cell Signaling Technology Beverly, MA, USA), anti-GSK-3f3 (1:1000,
Cell Signaling Technology), anti-phospho Akt[pSer473] (pAkt, 1:1000, Cell Signaling
Technology), anti-Akt (1:1000, Cell Signaling Technology), anti-phospho Tau
[pSer396/404] (pTau, 1:500, Invitrogen, Grand Island, NY, USA), anti-Tau (1:1000,
Invitrogen), anti-glial fibrillary acidic protein (GFAP, 1:3000, Sigma-Aldrich), anti-
BDNF (1:250, Sigma-Aldrich), anti-synaptophysin (1:3000, Millipore® Bradford, MA,
USA), and anti-B-actin (1:2000, Sigma-Aldrich). After washing, the membranes were
incubated with adjusted secondary antibodies coupled to horseradish peroxidase
(1:1000, Amersham Pharmacia Biotech Piscataway, NJ, USA) for 2 h. The
immunocomplexes were visualized by using Western blot detection SuperSignal West

Pico chemiluminescent reagent (Pierce, Rockford, IL, USA). Band density

115



measurements were performed by using Optiquant software (Packard Instrument). The

average optical density for the control group was designated as 100%.

2.8. Isolectin B4 (IB4) reactivity

In an attempt to evaluate the activation of microglial cells after A i.c.v. injection,
we analyzed the IB4 (Sigma Chemical Co.) reactivity. Proteins (25 ug per line) were
resolved on 8% SDS-PAGE, and electro-transferred to nitrocellulose membranes as
described for the Western blotting assay. Membranes were incubated overnight at 4 °C
in albumin solution (5% albumin and 2% Tween 20 in PBS, pH 7.4). After washing,
IB4 peroxidase conjugate was incubated in PBS containing 0.05% Tween 20 overnight
in a final concentration of 0.250 pg/mL. Chemioluminescence was detected by Western

blot detection SuperSignal West Pico chemiluminescent reagent (Pierce) using X-ray

films (Kodak X-Omat, Rochester, NY, USA).

2.9. Measurement of proinflammatory cytokines

Levels of the proinflammatory cytokines Tumor Necrosis Factor-o (TNF-a) and
Interleukin 1-B (IL-1p) were measured in hippocampal extract supernatants by specific
enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, MN) in
accordance with the manufacturer’s recommendations. For cytokines measurement,
hippocampus was homogenized in phosphate buffer saline (PBS, pH 7.4), containing
ImM ethylene glycol tetraacetic acid (EGTA) and ImM PMSF. The homogenate was
centrifuged at 1000 x g for 5 min at 4 °C and the supernatant was used. For each assay,
samples were analyzed in duplicate and compared with known concentrations of protein
standard. The values of cytokines are shown as mean picograms of each cytokine per

milliliter (+SEM) of supernatant.
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2.10. Measurement of hepatic enzymes in serum

In an attempt to evaluate whether treatments caused hepatic alterations, the serum
levels of hepatic enzymes were evaluated at the end of the treatments. The blood
samples collected by cardiac puncture were analyzed by activities of hepatic enzymes vy-
glutamyltransferase, alanine aminotransferase and aspartate aminotransferase, which
were used as markers of metabolic and tissue toxicity. These experiments were

performed in a LabMax 240 analyzer (Labtest Diagnostica, Lagoa Santa, Brazil).

2.11. Data analysis

All experiments were carried out at least in triplicate except for behavioral tests. The
results are presented as the mean = SEM of five to fifteen animals per group. The
statistical comparisons of the data were performed by one-way analysis of variance
(ANOVA) followed by Student Newman-Keuls post hoc test using GraphPad Prism
software version 5.01 (GraphPad Software Inc. La Jolla, CA, USA). A p value lower

than 0.05 (p<0.05) was considered significant.

3. Results

3.1. Physicochemical characterization of lipid-core nanocapsules

Laser diffraction analysis showed a unimodal distribution without micrometric
particle population (Fig. S1). Nanocapsules suspensions presented homogeneous aspect
with nanometric size around 200 nm and polydispersity index below 0.2. Formulations
presented negative zeta potential of -9.6 (Cur-LNC), -7.5 (B-LNC), and pH values
ranged from 6.2 and 6.4. Regarding the mean curcumin content, the Cur-LNC showed
values of 0.49 mg/mL, corresponding to a drug recovery of 98% in relation to the
amount of drug initially added to the formulations (0.50 mg/mL) (Table 1). The

physicochemical characteristics presented here are in accordance with our previous
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work who demonstrated the nanotechnological features of this formulation (Zanotto-

Filho et al., 2013).

3.2. Effects of curcumin on AP(1-42)-induced cognitive impairments

Since AD is characterized clinically by a progressive decline in learning and
memory processes, we evaluated the potential neuroprotective effects of curcumin
against neurotoxicity using behavioral tests in AP(1-42)-treated rats. Spontaneous
alternation and novel object recognition tasks were used to investigate behavioral
impairments involved in AB-induced cognitive decline 2 weeks after AB(1-42)-infused
rats. Furthermore, we compared the effects of treatment with free curcumin (Cur) to
those of curcumin-loaded lipid-core nanocapsules (Cur-LNC) against Ap. We observed
that 2 weeks after a single i.c.v. infusion of 2 nmol of AB(1-42) the rats displayed a
decrease of spontaneous alternation in the Y-maze (p<0.01) (Fig. 1). In order to
evaluate the effects of curcumin, animals were treated daily with 50 mg/kg/day of Cur
(Cur 50) or 2.5 mg/kg/day of Cur-LNC (Cur-LNC 2.5) for 10 days. As shown in Fig. 1,
Cur 50 and Cur-LNC 2.5 treatments increase the spontaneous alternation behavior in
ApB-infused rats (p<0.05). However, it is important to note that the treatment with Cur-
LNC 2.5, in a dose 20-fold lower, significantly attenuated this impairment triggered by
APB(1-42). The number of arm entries did not differed among all groups (data not
shown), indicating that changes in alternation behavior were not due to generalized
exploratory, locomotor or motivational effects. Next, we evaluated the effects of AP1-
42 infusion, as well as Cur 50 and Cur-LNC 2.5 treatments on recognition memory by
submitting the animals to a novel object recognition task. As is seen in Fig. 2B, when
the animals were placed in the arena 3h after first exploration period (training session,

Fig. 2A), AB-infused rats were not able to discriminate between the familiar and novel
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objects, as indicated by similar exploration times for both objects (Fig. 2B). Treatment
with Cur 50 and Cur-LNC 2.5 were able to improve short-term recognition memory
(p<0.05 and p<0.01, respectively; Fig. 2B). Similar results were found when long-term
recognition memory was evaluated, indicating that rats treated with Cur 50 and Cur-
LNC 2.5 were able to distinguish between familiar and new one objects following Af
infusion (p<0.05 and p<0.01, respectively; Fig. 2C). Lower dose of free curcumin
showed no effect on behavioral tasks (10 mg/kg/day) (data not shown). Animals i.c.v.
infused with water plus 0.1% ammonium hydroxide (A vehicle) were treated with Cur
50 or Cur-LNC 2.5 at the same schedule in order to test for possible intrinsic toxicity.
These animals showed no impairment in either the spontaneous alternation task or the
recognition memory task when compared to control animals. Treatment with vehicles
(CMC or B-LNC, respectively) had no effects on the spontaneous alternation and
recognition memory impairments triggered by AP (Figs. 1, 2). Animals i.c.v. infused
with AP(42-1) had no differences in the spontaneous alternation and memory

recognition tasks (data not shown).

3.3. Curcumin decreases synaptotoxicity triggered by A

To investigate the synaptic integrity in our treatment groups, we performed Western
blotting analysis for the synaptic protein synaptophysin, a specific presynaptic marker.
A significant reduction in synaptophysin levels was found in AB(1-42)-infused rats 15
days after i.c.v. injection (p<0.05), suggesting that some form of synaptic dysfunction
had been induced (Fig. 3). Consistent with the behavioral results, treatments with Cur
50 and Cur-LNC 2.5 were able to block the decrease in synaptophysin levels following

AB(1-42) infusion (p<0.05; Fig. 3).
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3.4. Effect of curcumin in abnormal hyperphosphorylation of tau in AfB-infused rats

Abnormal hyperphosphorylation of tau is a critical event in the cascade leading
to AD pathology. Aberrant tau phosphorylation in response to elevated AP contributes
to tau aggregation and fibrillisation in NFTs (Herndndez et al., 2010). To investigate
whether our treatment groups influence the phosphorylation of microtubule protein tau,
Western blotting was performed with antibodies against the phosphorylated form of tau
as well as against its total immunocontent. In the rat hippocampus, tau protein
phosphorylation was found to increase after AR intracerebroventricularly infused rats
without modifying the total levels of tau (p<0.05; Fig. 4). Again, treatment with both
Cur 50 and Cur-LNC 2.5 was able to decrease the tau phosphorylation (p<0.05 and
p<0.01, respectively; Fig. 4).

3.5. Effect of curcumin on glial activation and proinflammatory cytokines induced by
Ap

Considering that neuroinflammation is a prominent feature of AD brain, with
inflammatory responses playing a significant role in modulating disease progression, we
tested the possible requirement of astrocytes and microglial activation after AB-infused
rats. We also investigated TNF-a and IL-1p proinflammatory cytokines thought to play
a central role in the self-propagation of neuroinflammation (Inoue, 2002). The results
showed that AP infusion caused a highly significant increase in activated astrocytes, as
seen by increased glial fibrillary acidic protein (GFAP) immunocontent (Fig. 5A). Cur
50 and Cur-LNC 2.5 were effective at blocking astrocytes activation, the treatments
significantly decreased the levels of GFAP immunocontent (p<0.05; Fig. 5A).
Similarly, the reactivity for IB4 was increased in the hippocampi of AB(1-42)-infused
rats, meaning microglial activation and treatments with Cur 50 and Cur-LNC 2.5

allowed the reduced activated microglia (n= 4; Fig. 5B). Performing ELISA assays, we
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observed that TNF-a and IL-1p levels were greatly increased in the hippocampi of Af-
infused rats (p<0.001 and p<0.01, respectively; Fig. 5B and D). Only the treatment with
Cur-LNC 2.5 was able to significantly attenuate the TNF-a and IL-1p increase levels

following APB(1-42) infusion (p<0.05; Figs. 5C, D).

3.6. Curcumin attenuates BDNF reduction in the Af-infused rats

Some important neurotrophic factors are critical for neuronal survival and plasticity
and could be implicated in AD development (Yasutake et al., 2006). Because brain-
derived neurotrophic factor (BDNF) supports neuronal survival, maintains several
neuronal activities, modulates neurotransmitter release, participates in neuronal
plasticity, and mediates long-term potentiation and memory fixation (Jantas et al.,
2009), we further measured BDNF concentrations in rat hippocampus. As shown in Fig.
6, an evident decrease in BDNF protein expression was observed following AB(1-42)
injection (p<0.05). Western blot analysis revealed that treatments with both Cur 50 and

Cur-LNC 2.5 were able to block this AB-induced decrease in BDNF levels (p<0.05).

3.7. Akt and GSK-3p phosphorylation is involved in curcumin-mediated neuroprotection

Increasing evidence suggests that the PI3K/Akt/GSK-3p signaling pathway is
directly impacted by AP exposure and is altered in AD brains (Jimenez et al., 2011).
Neurotrophins, activating the PI3K/Akt signaling pathway, control neuronal survival
and plasticity. Akt can be activated by BDNF (Troca-Marin, Alves-Sampaio &
Montesinos, 2011). We therefore hypothesize that the PI3K/Akt pathway may have an
important role in curcumin-mediated neuroprotection against AB-induced cognitive
impairments in rats. To detect the role of Akt and GSK-3p activity in hippocampus after
AP infusion in rats, we performed Western blots. As shown in Fig. 7A, a significant

decrease in Akt phosphorylation was found in the hippocampi of AB1-42—infused rats
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15 days after ICV injection (p<0.01; Fig. 7A). Cur 50 and Cur-LNC 2.5 treatments were
able to significantly increase the levels of Akt phosphorylation without modifying the
total levels of Akt (p<0.05 and p<0.01, respectively; Fig. 7A). GSK3-f is constitutively
active in most cells and is negatively regulated by phosphorylation at its Ser-9 by a
variety of upstream signalling cascades, including PI3K/Akt. The GSK-3f activity
could play a central role controlling the development of AD. GSK-3f accounts for
several features of this pathology such as memory impairment, Tau
hyperphosphorylation, microglia-mediated inflammation, proinflammatory cytokines
production, synaptic failure and neuronal death (Hooper, Killick & Lovestone, 2008).
As seen in Fig. 7B, while AB(1-42) induced activation of GSK-3B (p<0.001), an
increase in phosphorylation/inactivation of GSK-3 was noticed after both Cur 50 and

Cur-LNC 2.5 treatments (p<0.01 and p<0.001, respectively).

3.8. Investigation of possible side effects of curcumin treatments

Treatment with Cur (50 mg/kg/day, i.p.) or Cur-LNC (2.5 mg/kg/day, 1.p.), as well
as the vehicles did not induce mortality or alter body weight within 10 days of treatment
(data not shown). The activities of hepatic enzymes y-glutamyltransferase, alanine
aminotransferase, and aspartate aminotransferase were assessed in rat blood serum.
None of the treated animals presented with significant alterations in the investigated
enzymes, suggesting no hepatic or metabolic alterations in the animals under the tested

conditions (data not shown).

4. Discussion
In this study we demonstrated that a single intracerebroventricular injection of AB
induces cognitive and behavioural deficits which may be related to synaptic

dysfunction, neuroinflammation and tau hyperphosphorylation, cardinal features of AD.
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This AP disease model has been a useful complement to transgenic approaches to AD
neuropathology in development and evaluation of therapeutic approaches (Woodruff-
Pak, 2008). Drug delivery to the brain still remains highly challenging for the treatment
of AD. The development of new practical treatment modalities for the treatment of AD
is currently a highly active area of research (Fazil et al., 2012). In this scenario, we
developed an aqueous dispersion constituted by curcumin-loaded lipid core-
nanocapsules. This nanomaterial was characterized and showed unimodal particle size
distribution at the nanoscale. These nanocapsules are coated by polysorbate 80, whose
strategy has been used to enhance the brain delivery of nanoencapsulated drugs (Su et
al., 2010; Benvegnu et al., 2012). Regarding the in vivo experiments, our findings
demonstrate that administration of both curcumin free and nanoencapsulated was
effective in  preventing behavioral impairments, neuroinflammation, tau
hyperphosphorylation as well as cell signaling disturbances triggered by AP in vivo.
Non-encapsulated curcumin only exerted significant effects against AP at a high dose of
50 mg/kg/day. Of high interest, Cur-LNC at a dose 20-fold lower (2.5 mg/kg/day)
presented similar or better neuroprotective results compared to the effective dose of

non-encapsulated curcumin in our experimental model of AD in rats.

Previous studies by our group showed that lipid-core nanocapsules (LNCs) are able
to increase indomethacin and resveratrol accumulation in rat brain after daily i.p.
injection when compared to the free drug (Frozza et al., 2010; Bernardi et al., 2012).
Recently, Su et al. (2010) showed a 2.5-fold increase in the brain concentration of
curcumin and a 14-fold increase in mean residence time (MRT) of curcumin after
intravenous  injections  when  this  polyphenol = was  associated  with

poly(butylcyanoacrylate) nanoparticles coated with polysorbate 80. Pharmacokinetics
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analysis in the different brain regions revealed that the half-time (t;;,) and the MRT of
curcumin-loaded PLGA nanoparticles were increased in the hippocampus and cerebral
cortex (Tsai et al., 2011), both regions of vital importance in the cognition and memory
processes (Medina & Izquierdo, 1995). Thereby, data obtained herein show an
improvement in the in vivo performance of the curcumin, strongly suggesting that LNCs
has the potential of increasing the brain bioavailability of curcumin. Moreover, the
absence of systemic side effects, such as alterations in serum markers and tissue
histology in treatments with Cur-LNC, suggest that the LNCs were nontoxic in this
model and similar treatments (Zanotto-Filho et al., 2013). Recently, toxicological
studies indicated the safety of LNC after single and repeated-dose treatments during 28

days, by i.p. administration (Bulcao et al., 2013).

Neuroprotective effects of curcumin against cognitive and memory impairments
induced by AP remain to be established. Here, we have observed that treatments with 50
mg/kg/day of free curcumin and 2.5 mg/kg/day of Cur-LNC improve the cognitive
damage induced by i.c.v. AP injection. Because curcumin treatments were initiated after
AP infusion, these data suggest that curcumin not only prevented memory loss, but also
restored the cognitive deficit. Thereby, we suppose that improvement in spontaneous
alternation and recognition index performances in treated animals reflects
neuroprotective effect of curcumin on hippocampal regions damaged by AP. After the
evaluation of memory parameters, we aimed to elucidate some mechanisms involved in
the memory impairment caused by AP and by what routes curcumin exerts its protective
effect. In the next experiments, we focused our interest on the hippocampus, an
important region involved in the cognition and memory processes related to AD

(Broadbent et al., 2010). Synapse loss in hippocampal region of AD patients
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significantly correlates with the severity of their cognitive symptoms (Scheff et al.,
2006). In our experimental model, AP caused a significant decrease in hippocampal
levels of synaptophysin, a specific presynaptic marker. The decreased synaptophysin
levels and the impaired spontaneous alternation and object recognition tasks in AB(1-
42)-exposed rats greatly suggest a link between both events. The synaptotoxic effects of
AP might be crucial in causing the observed memory deficits. Our results are in
accordance with previous studies related to synaptic loss due to toxicity induced by
i.c.v. injection of AP (Medeiros et al., 2007; Canas et al., 2009; Passos et al., 2009).
This hypothesis is reinforced by effects of curcumin against synaptotoxicity triggered
by AP, since curcumin rescued synaptic changes as can be seen by increasing

synaptophysin levels, the major synaptic vesicle protein.

Synaptic loss and death of specific neurons population in AD are provoked by a
cascade of multiple deleterious molecular and cellular events rather than a single
pathogenic factor. One feature present in AD brain and analyzed in the present study is
the presence of reactive astrocytes and activated microglial cells triggered by AP, which
plays a prominent role in the neurodegenerative process (Ralay et al., 2006; Lue et al.,
2010). Some of those roles include phagocytizing cell debris after synaptic rewiring and
memory formation and the release of proinflammatory cytokines, such as TNF-a and
IL-1B. These proinflammatory cytokines could cause a vicious cycle of inflammation
that has been characterized in a number of neurodegenerative diseases including AD
(Drew et al., 2006; Garwood et al., 2011). Our results clearly show that both treatments,
free curcumin (50 mg/kg/day) and nanoencapsulated curcumin (2.5 mg/kg/day), were
able to decrease both astrocyte and microglial activation induced by i.c.v. injection of

APB(1-42). Despite treatment with free curcumin shows a tendency to decrease the levels
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of TNF-a and IL-1PB in AB-infused rats, only treatment with Cur-LNC significantly
exhibited decreased levels of these proinflammatory cytokines in hippocampus. A
possible mechanism underlying this superior efficacy of treatment with Cur-LNC may
include an enhanced brain biodistribution of curcumin afforded by lipid-core
nanocapsules. Glia cells also release factors vital for neuronal survival that are
important intercellular communication between neurons and glia. One factor that is
released is brain derived neurotrophic factor involved in neuronal growth, maintenance,
and in different aspects of activity-dependent synaptic physiology by acting in neuronal
plasticity and mediating long-term potentiation and memory fixation (McAllister et al.,
1999; Tyler et al., 2002). Contextually, it may be noted that during neurodegenerative
diseases, the quantitative presence of BDNF and other neurotrophins decreases with a
parallel increase in proinflammatory products (Murer et al., 2001; Ge & Lahiri, 2002).
For this reason, the content of BDNF within hippocampal region was measured
following AP i.c.v. injection and curcumin administrations as a means to assess the
possible involvement of neurotrophic factors in the action of curcumin. Our results
demonstrate that AB-infused rats showed significantly decreased BDNF protein levels
in the hippocampus, while curcumin rescued BDNF content. These results indicate that
curcumin could up-regulate the BDNF level in rat hippocampus, an important finding

that may be related with the improvements of memory performance impaired by Ap.

Trophic factors such as NGF, insulin-like growth factor I, or BDNF activate a
variety of signaling cascades, including the PI3K/Akt, the Ras-mitogen-activated
protein kinase (MAPK), and the cAMP/protein kinase A (PKA) (Brunet, Datta &
Greenberg, 2001; Johnson-Farley, Travkina & Cowen, 2006). It was shown that

activation of TrkB by BDNF promotes neuronal survival largely through the Akt
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(Yoshii et al., 2007; Jantas et al., 2009). Increasing evidence suggests that the PI3K/Akt
survival pathway is directly impacted by AP exposure and is altered in AD brains
(Jimenez et al., 2011). A variety of substrates of Akt have been implicated in the
regulation of cell survival, including Bcl-2 family member Bad, caspase 9, the
transcription factors Forkhead, nuclear factor-kB and protein kinase GSK-3p (Datta,
Brunnet & Greenberg, 1999; Song, Feng & Bao, 2005). We focused on GSK-3f
because of its known role in tau phosphorylation, production of proinflammatory
cytokines and a modulator in learning and memory (Brunet, Datta & Greenberg 2001;
Hooper, Killick & Lovestone, 2008; Green et al., 2012). Based on this information, we
hypothesized that the PI3K/Akt/GSK-3p signaling pathway could be involved in
curcumin neuroprotective effect in our experimental model. We observed that Akt
phosphorylation was strongly decreased and GSK-33 was activated in hippocampus of
ApB-infused rats, while curcumin treatments were able to maintain Akt phosphorylation
and inhibit GSK-3p activity by serine 9 phosphorylation. This effect leads us to believe
that curcumin may be exerting its neuroprotective effect through up-regulating BDNF

which in turns activates Akt and inhibits GSK-3p.

GSK-3f is abundant in the central nervous system and can modify several
neuronal proteins like tau (Hernandez et al., 2010; Avila et al., 2012). Overexpression of
GSK-3pB in a conditional transgenic model produced tau hyperphosphorylation and
neuronal death (Lucas et al., 2001; Engel et al., 2006). Furthermore, pharmacological
inhibition of the GSK-3f activity by lithium decreased AP production and plaque
accumulation (Sofola et al., 2010), improved performance in memory tests, preserved
the dendritic structure, and reduced the Tau-dependent pathology in AD transgenic

models (Noble et al., 2005; Rockenstein et al., 2008). AP directly affects neurons,
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leading to neurodegeneration and tau protein phosphorylation (Kar et al., 2004). Once
hyperphosphorylated, tau protein affinity for microtubules is reduced and it can detach,
leading to changes in microtubule dynamics which perturb axon transport of synaptic
vesicles, resulting in the degeneration of synapses (Sorrentino & Bonavita, 2007). A
growing body of evidence suggests that the effects of AB on tau phosphorylation could
be the direct consequence of increased kinase or decreased phosphatase activities
(Mazanetz & Fischer, 2007). Putative tau kinases that phosphorylate tau in response to
AP include cyclin dependent kinase-5, GSK-3f, p38/MAPK, JNK-1/2 and ERK, several
of which are activated by increased production or release of cytokines (Ma et al., 2009).
Indeed, of the proline-directed kinases, GSK-3p is the major contributor to the
phosphorylation of tau (Ryder, Su & Ni, 2004). Our current results showed that Ap-
infused rats can significantly increase GSK-3f activity and it may explain the result
observed in tau phosphorylation, where there was a strong increase in tau
phosphorylation in hippocampus of Af-infused rats. Curcumin was able to promote
phosphorylation/inactivation of GSK-3B, thereby suppressing GSK-3B-dependent

phosphorylation of tau.

In conclusion, the present findings reinforce and extend the notion of the
hazardous effects of AB1-42 toward hippocampal synaptic homeostasis and cognitive
performance. To the best of our knowledge, this is the first report of an in vivo effect of
curcumin-loaded lipid-core nanocapsules in an animal model of AD. Cur-LNC
presented efficacy at a low dose in contrast to the high doses of nonencapsulated
curcumin, suggesting an improvement in the in vivo performance of the curcumin by its
nanoencapsulation. Furthermore, we showed that neuroprotective effect of curcumin on

AP induced memory impairments could be connected with the activation of Akt/GSK-
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3B signaling pathway and the increased expression of BDNF. These results, taken
together, provide a new insight into the neuroprotective action of curcumin, its
beneficial effects in chronic neurodegenerative disorders and its nanoencapsulation as a

promising approach for the development of an effective nanomedicine.
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Figure legends

Table 1. Physicochemical characteristics of curcumin-loaded lipid-core nanocapsules
(Cur-LNC) and unloaded-lipid-core nanocapsules (B-LNC) after preparation. Data are
mean + SEM, n = 3. PDI, Polydispersity index.

Fig. 1 Effect of free curcumin (Cur) and curcumin-loaded lipid-core nanocapsules (Cur-
LNC) on spontaneous alternation behavior. Rats were injected (2 nmol, i.c.v.) with
AB1-42 or AB-vehicle and daily administered with Cur (50 mg/kg, i.p.) or Cur-LNC
(2.5 mg/kg, i.p.), for 10 days. Spontaneous alternation behavior during 8 min session in
the Y-maze task was measured after 14 days of treatment. Columns indicate mean +
SEM, n= 12-15 animals in each experimental group. ~Significant differences between
the indicated columns (p<0.05) (one-way ANOVA followed by Newman—Keuls post

hoc test).

Fig. 2 Effect of free curcumin (Cur) and curcumin-loaded lipid-core nanocapsules (Cur-
LNC) on the novel object recognition memory. Rats were injected (2 nmol, i.c.v.) with
APB1-42 or AB-vehicle and daily administered with Cur (50 mg/kg, i.p.) or Cur-LNC
(2.5 mg/kg, i.p.), for 10 days. Graphics show object recognition index during 5 min in
the training session (A), short-term memory test session performed 3 h after training

(B), and long-term memory test session performed 24 h after training session (C).
135



Columns indicate mean = SEM, n= 10-16 animals in each experimental group.
*Significant differences between familiar and new object for each group (p<0.05) and
**Significant differences between familiar and new object for each group (p<0.01).

(one-way ANOVA followed by Newman—Keuls post hoc test).

Fig. 3 AP1-42 injection causes synaptotoxicity, which is reduced by curcumin
treatments. Western blot analysis for synaptophysin and -actin protein (loading
control) was performed in the hippocampus of animals after being injected with AB1-42
(2 nmol, i.c.v.) and treated by 10 days with Cur (50 mg/kg/day) or Cur-LNC (2.5
mg/kg/day). Graphic shows representative quantification of synaptophysin
immunocontent normalized to B-actin protein (loading control). The values represent
synaptophysin level expressed as the average percentage increase (mean + SEM) over
basal levels, n= 6 animals in each experimental group. "Significantly different from all
control and curcumin groups (p<0.05) (one-way ANOVA followed by Newman—Keuls

post hoc test).

Fig. 4 Effect of curcumin on tau phosphorylation triggered by AB1-42. Western blot
analysis were performed in hippocampi of animals after being injected with AB1-42 (2
nmol, i.c.v.) and treated by 10 days with Cur (50 mg/kg/day) or Cur-LNC (2.5
mg/kg/day). (A) Representative Western blot of ratio ptau/tau immunocontent
normalized to B-actin protein (loading control). (B) The values represent ptau/tau level
expressed as the average percentage increase (mean + SEM) over basal levels, n= 7
animals in each experimental group. ~Significant differences between the indicated
columns (p<0.05) and ~ Significant differences between the indicated columns (p<0.01)

(one-way ANOVA followed by Newman—Keuls post hoc test).
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Fig. 5 Curcumin-loaded lipid-core nanocapsules treatment enhances the prevention of
neuroinflammation in the hippocampus after i.c.v. injection of AB1-42. Representative
image showing Isolectin B4 (IB4) reactivity (A), GFAP expression (B), TNF-a levels
(C), and IL-1p levels (D) in the hippocampus 15 days after i.c.v. injection of Af1-42 (2
nmol) and treatment with Cur (50 mg/kg/day) or Cur-LNC (2.5 mg/kg/day) for 10 days.
Graphic shows representative quantification of GFAP immunocontent normalized to B-
actin protein (loading control). The values represent GFAP level expressed as the
average percentage increase (mean = SEM) over basal levels, n= 5 animals in each
experimental group. Significantly different from all control and curcumin groups
(p<0.05) (B). Graphic shows quantification of the levels of TNF-a and IL-1p (mean +
SEM), n=6-8 in each experimental group. *Significantly differences between the
indicated column (p<0.05), **Significantly different from all control groups (p<0.01)
and ***Significantly different from all control groups (p<0.001) (C) and (D) (one-way

ANOVA followed by Newman—Keuls post hoc test).

Fig. 6 The up-regulation of BDNF levels by curcumin in Ap-infused rats. (A)
Representative Western blot of BDNF expression normalized to B-actin protein (loading
control) in the hippocampus 15 days after i.c.v. injection of AB1-42 (2 nmol) and treated
by 10 days with Cur (50 mg/kg/day) or Cur-LNC (2.5 mg/kg/day). (B) Graphic shows
representative quantification of BDNF immunocontent normalized to B-actin protein
(loading control). The values represent BDNF level expressed as the average percentage
increase (mean + SEM) over basal levels, n= 5 animals in each experimental group.
"Significantly different from all control and curcumin groups (p<0.05) (one-way

ANOVA followed by Newman—Keuls post hoc test).
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Fig. 7 Akt and GSK-3f dephosphorylation induced by AB1-42 peptide can be reduced
by curcumin. (A) Representative Western blot and graphic showing quantification of
ratio pAkt/Akt immunocontent in the hippocampus 15 days after i.c.v. injection of AB1-
42 (2 nmol) and treatment with Cur (50 mg/kg/day) or Cur-LNC (2.5 mg/kg/day) for 10
days. The values are expressed as the average percentage increase (mean + SEM) over
basal levels, n= 6 animals in each experimental group. *Significant differences between
the indicated columns (p<0.05) and **Significant differences between the indicated
columns (p<0.01). (B) Representative Western blot and graphic showing quantification
of ratio pGSK-3B/GSK-38 immunocontent in the hippocampus 15 days after i.c.v.
injection of AB1-42 (2 nmol) and treatment with Cur (50 mg/kg/day) or Cur-LNC (2.5
mg/kg/day) for 10 days. The values represent pGSK-3B/GSK-3p level expressed as the
average percentage increase (mean = SEM) over basal levels, n= 5 animals in each
experimental group. ~ Significant differences between the indicated columns (p<0.01)
and ***Significant differences between the indicated columns (p<0.001) (one-way

ANOVA followed by Newman—Keuls post hoc test).

Supplementary Fig. 1 Granulometric profiles obtained by laser diffraction for Cur-

LNC and B-LNC considering the particles volume.
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Table 1

Formulations Cur-LNC B-LNC
Particle size (nm) 192+6 200+3
PDI 0.09 =0.01 0.10+0.01
Zeta potential (mV) -9.6£3.5 -7.5£0.3
pH 6.4=0.5 6.2=04
Drug loaded (mg/mL) 0.49 = 0.01 -
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figu
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Supplementary Figure 1
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7. DISCUSSAO
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Atualmente, é elevado o nimero de pessoas afetadas pela DA e esse aumento
alarmante € também esperado para as proximas décadas em decorréncia do aumento da
expectativa de vida da populacdo. A farmacoterapia atual se mostra limitada a
beneficios sintomdticos e apenas por um curto periodo de tempo, e, portanto, a
descoberta e o desenvolvimento de terapias eficazes contra a DA € ainda um grande
desafio da drea médica, farmac€utica e biotecnoldgica (Citron, 2002; Refolo and Fillit,
2004). Durante as ultimas décadas, diversos estudos epidemioldgicos tém
consistentemente demonstrado uma associagdo inversa entre o consumo de vegetais e
frutas e o desenvolvimento de uma grande variedade de condi¢Oes patofisioldgicas,
como cancer, doencas neurodegenerativas, diabetes, doencas inflamatdrias e
envelhecimento, possivelmente em decorréncia das propriedades farmacolégicas dos
seus metabdlitos secunddrios (Zhuang et al., 2003; Craggs and Kalaria, 2011; Ferris-
Tortajada et al., 2012). Os compostos polifendlicos constituem um dos mais numerosos
e amplamente distribuidos grupos de metabdlitos secundédrios de plantas. Estes
compostos ocorrem naturalmente e sdo encontrados em quantidades significativas em
uma variedade de plantas. Os polifendis encontrados nestas plantas sdo conhecidos
como agentes multifuncionais por apresentarem uma ampla variedade de funcdes
bioldgicas, incluindo antibacteriana, antiviral, anticarcinogé€nica, antimutagénica e
antienvelhecimento, sendo muitas das suas atividades atribuidas ao potencial
antioxidante e antiinflamatério destes compostos (Soobrattee et al., 2005). Os efeitos
protetores de muitos destes compostos também t€m sido atribuidos, além da acdo sobre
o estresse oxidativo e a inflamag¢do, a mecanismos alternativos como a modulacdo das
cascatas de transducdo dos sinais de apoptose e sobrevivéncia celular ou efeitos na

expressao génica (Kesley et al., 2010).
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Dentre estes compostos a curcumina é um polifenol de baixo peso molecular
encontrado de 2 a 8% nos rizomas de circuma (Maheshwari et al., 2006; Park et al.,
2008). Seus efeitos bioldgicos t€m sido extensivamente estudados, demonstrando
principalmente acdo antioxidante, antiinflamatodria e antitumoral (Motterlini et al., 2000;
Moon et al., 2010; Zanotto-Filho et al., 2012). Na ultima década, diversos estudos tanto
in vitro como in vivo, tém sugerido que a curcumina desempenha um importante papel
neuroprotetor, impulsionando o interesse em determinar a sua eficicia na prevencao ou
recuperacdo de doencas neurodegenerativas (Lim et al., 2001; Wang et al., 2009; Sun et
al., 2011). Estes dados nos guiaram para formular nossa hipotese de trabalho que foi
verificar o efeito neuroprotetor da curcumina sobre a toxicidade induzida pelo peptideo
AP, utilizando para comprovar esta hipdtese modelos experimentais in vitro e in vivo.
Os resultados obtidos nesta tese nao s6 confirmam a hip6tese de trabalho como também
contribuem para aprofundar os conhecimentos sobre os efeitos da curcumina, visando o
melhor entendimento do seu mecanismo de neuroprotecdo contra a toxicidade induzida
pelo peptideo AP.

No primeiro capitulo deste trabalho, na tentativa de melhor compreender os
mecanismos envolvidos no efeito neuroprotetor da curcumina contra o peptideo Ap,
utilizamos o modelo de toxicidade do peptideo A4, em culturas organotipicas de
hipocampo de ratos. Culturas organotipicas representam um modelo in vitro que
mantém a estrutura tridimensional e a multiplicidade celular original do tecido, além de
suas conexoes intraneurais intactas (Stoppini et al., 1991; Holopainen, 2005; Noraberg
et al., 2005). Neste sistema, neuronios e células gliais sobrevivem por longo periodo de
tempo “amadurecendo” fisiologicamente em cultivo, permitindo o estudo de fatores
fisiolégicos e de compostos farmacoldgicos que possam contribuir com a sobrevivéncia

celular e com a plasticidade sindptica, bem como a biologia de proteinas especificas e
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cascatas de sinalizacdo celular (Frotscher et al., 1995; Holopainen, 2005). Além disso, o
modelo de cultura organotipica de fatias hipocampais € um modelo ja bem estabelecido
em nosso grupo de trabalho, e amplamente empregado para o estudo de dano celular,
envolvimento de vias de sinalizacdo e investigacdo de potenciais agentes
neuroprotetores nos modelos de privacdo de oxigénio e glicose (Valentim et al., 2003;
Horn et al., 2005; Zamin et al. 2006; Simao et al., 2009) e no modelo de toxidade
induzida pelo peptideo AP (Nassif et al., 2007; Frozza et al., 2009; Hoppe et al., 2010;
Bernardi et al., 2012). Dessa maneira, a cultura organotipica constitui-se um excelente
modelo para estudar a resposta dos neurdnios, dos astrécitos e da microglia frente a
toxicidade induzida pelo peptideo AP e favorece a investigacdo de mecanismos
moleculares envolvidos na neuroprotecdo da curcumina contra o dano provocado no
tecido hipocampal, uma drea importante para o aprendizado e memoéria € uma das
principais regides afetadas na DA (Jarrard, 1993; Broadbent et al; 2004).

No modelo de lesdao do presente trabalho, o tecido foi mantido in vitro durante 28
dias, a partir de cultura realizada com ratos de 6-8 dias, visto que dados da literatura
indicam que culturas organotipicas de hipocampo amadurecidas sdo mais sensiveis ao
peptideo AP (Bruce et al., 1996; Ishige et al., 2007; Frozza et al., 2009). Embora
evidéncias sugiram que agregados oligoméricos sejam os principais responsaveis pela
toxicidade do AP, em nosso estudo utilizamos o peptideo AB1-42 fibrilado conforme
processo de fibrilagdo amplamente descrito na literatura. Entretanto, nds ndo excluimos
a possibilidade da presenca de oligdbmeros em nossa preparagdo. Apds o periodo de 28
dias de cultivo as culturas foram expostas a concentracdo de 2 uM do peptideo AB1-42,
previamente fibrilado, e 0.5-10 uM de curcumina concomitantemente por 48h,
totalizando 30 dias de cultivo. O tempo de exposi¢do de 48 h do peptideo AP foi

determinado a partir de uma curva de tempo de 6, 12, 24, 48 e 72 h realizada em
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trabalhos prévios do nosso grupo, nos quais observamos morte celular significativa das
fatias expostas ao peptideo AP sem comprometimento da viabilidade de fatias controle
no tempo de 48 h (Nassif et al 2007; Hoppe et al.; 2010). Os resultados mostraram uma
morte celular significativa, analisada pela incorpora¢do do corante Iodeto de Propideo
(IP), apds 48 h de exposicdo ao peptideo AP1-42. O longo tempo de exposi¢do ao
peptideo A necessdrio para observar essa toxicidade estd de acordo com outros estudos
que também relatam a necessidade de um prolongado tempo de exposi¢do (Lu et al.
2004; Ishige et al., 2007; Patel and Good, 2007; Suh et al., 2008). Considerando as
limitagcdes dos estudos in vitro, o pOs-tratamento com curcumina ndo apresentou
neuroprotecdo em nosso modelo de toxicidade do peptideo AP em fatias organotipicas
de hipocampo de ratos. Porém, o resultado apresentado na Figura 1 (Capitulo I) mostra
que o co-tratamento com curcumina nas concentracdes de 5 uM e 10 uM preveniu
significativamente a morte celular induzida pela exposi¢do de culturas organotipicas de
hipocampo ao peptideo AP1-42. O método de tratamento e as concentracdes de
curcumina que se mostraram neuroprotetoras em nosso trabalho estdo de acordo com
outros estudos em modelos in vitro de toxidade do peptideo AP (Qin et al., 2010; Wang
et al., 2010; Zhang et al., 2011; Huang et al., 2012). Um estudo importante realizou uma
curva de concentragdo de curcumina (1-100 pM) em cultura priméria de neurdnios
expostas ao peptideo AP e demonstrou que o perfil de protecdo da curcumina segue uma
curva em forma de U, na qual as concentragOes efetivas para a manutencdo da
viabilidade celular dos neurdnios expostos ao peptideo AP foram entre 5-30 uM, sem
diferenga significativa entre elas, enquanto que em doses maiores a curcumina nao
demonstrou mais efic4cia e em doses elevadas (60-100 uM) foi toxica para os neur6nios

(Ye and Zhang, 2012). Visto que curcumina 10 pM é comumente usada em estudos in
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vitro de toxicidade do peptideo AP e diante do resultado observado em nosso modelo,
essa concentracdo foi adotada para os experimentos posteriores.

Visto que a perda sindptica pode levar ao desenvolvimento de importantes alteragdes
no aprendizado e na memoria muito antes da morte neuronal generalizada ser observada
na DA (Selkoe et al., 2002), a integridade sindptica nas fatias organotipicas de
hipocampo de ratos foi avaliada através da proteina sinaptofisina. A disfuncdo de
sinapses na DA € decorrente de uma cascata de multiplos eventos celulares e
moleculares deletérios desencadeados pelo peptideo AP (Shankar and Walsh, 2009;
Palop and Mucke, 2010). O resultado apresentado na Figura 2 (Capitulo I) mostra que o
co-tratamento com curcumina 10 uM preveniu significativamente a reduc¢do do
imunoconteido de sinaptofisina induzida pela exposicdo de fatias organotipicas de
hipocampo ao peptideo AB1-42. A sinaptofisina € a principal proteina de membrana da
vesicula sindptica, estando presente em todos os neurdnios do cérebro e medula espinhal
que participam da transmissdo sindptica e, dessa maneira, tem sido usada para a
quantificagdo de sinapses (Calhoun et al., 1996; Suh et al., 2008).

Na sequéncia da nossa avaliagdo, procuramos investigar os mecanismos envolvidos
na neuroprote¢do da curcumina contra a toxicidade sindptica e morte celular induzidas
pelo peptideo A nas fatias hipocampais. A neuroinflamacdo tem sido reconhecida por
exercer um papel central na patogenia da DA, uma vez que a producdo anormal de
citocinas e quimiocinas, bem como de espécies reativas, parece desempenhar um papel
importante na toxicidade induzida pelo peptideo AP, levando a distirbios na
homeostasia celular, perda sindptica e morte celular (Agostinho et al., 2010). Nossos
resultados reforcam dados prévios, nos quais a curcumina tem sido proposta como um
potente composto antioxidante e antiinflamatério em resposta ao peptideo A (Figura 3,

4 e 5 - Capitulo 1) (Lim et al., 2001; Begum et al., 2008; Wang et al., 2010). Também
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ampliamos estes achados ao demonstrarmos mudancas nos niveis de importantes
citocinas, como a IL-6 e a IL-10, para o meio de cultivo das fatias organotipicas
hipocampais expostas ao peptideo AP (Figura 5 - Capitulo I). A reducio da formacao de
espécies reativas, a inibicdo da ativacdo astrocitidria e microglial e a prevencdo da
alterac@o na liberacdo das citocinas IL-6 e IL-10 na presenga de curcumina, sugerem
que este composto polifendlico pode ser eficaz no combate a estes processos
intimamente associadas com a DA. Enquanto a citocina pré-inflamatéria 1L-6 tem sido
associada com danos cognitivos graves, a citocina antiinflamatéria I1L-10 atua
reprimindo a expressdo de citocinas pro-inflamatérias, como a IL-6, TNF-a e IL-1f por
células gliais ativadas (Beurel et al., 2009; Dagvadorj et al., 2009; Garwood et al.,
2011). As respostas ao estresse oxidativo e a inflamagdo sdo eventos interdependentes e
bidirecionais, visto que o conceito da toxicidade por espécies reativas tem como raiz a
biologia da inflamag¢do, onde a formacao de espécies reativas por astrcitos e microglia
€ um mecanismo importante para atacar alvos opsonizados (Akiyama et al., 2000; Block
et al., 2007). Essas relacdes paralelas ou sequenciais entre inflamacgdo e dano oxidativo
podem implicar em mecanismos de regulacdo comuns através das mesmas vias de
sinalizacdo (Rosales-Corral et al., 2004). Ainda que inicialmente astrécitos e microglia
atuem promovendo a remocdo do peptideo AP, os elevados niveis de fatores pro-
inflamatorios e pro-oxidativos gerados levam ao agravamento da neurodegeneracdo. Em
um ambiente inflamatério e altamente oxidativo, os astrécitos e a microglia podem
sofrer alteracdes em seus fendtipos metabdlicos reduzindo sua capacidade de controlar
as alteracdes homeostéticas e diminuindo sua habilidade em proteger os neurdnios
(Gavillet et al., 2008; Luo and Chen, 2012). A geracdo deste microambiente
inflamatério pode desencadear a ativacdo de diversas vias de sinalizacdo celular,

comprometento a sobrevivéncia neuronal e contribuindo para a geracdo de mais
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mediadores toxicos (Van Eldik et al., 2007). A ligacdo de citocinas aos seus receptores
estimulam uma variedade de vias de sinalizacdo intracelulares que tém sido implicadas
na DA, incluindo a ativacdo da proteina quinase C (PKC), c-Jun N-terminal quinase
(JNK), a proteina ativada por mitdgeno p38-quinase (p38), PI3K/Akt, quinase de
sinalizacdo relacionada extracelular (ERK), bem como a ativagcdo de caspases -1 e -3
(Van Eldik et al., 2007; Anisman et al., 2009).

Além do importante efeito antioxidante e anti-inflamatério que a curcumina
apresenta, também cresce o nimero de evidéncias mostrando que este composto pode
modular vias de sinalizac¢do intracelulares reguladas por modifica¢des pds-traducionais
de proteinas (Hatcher et al., 2008; Zhou et al., 2011). A fosforilagdo de proteinas é uma
das mais importantes modificacdes pOs-traducionais com efeito direto na atividade
celular. Na tentativa de melhor estabelecer os efeitos neuroprotetores da curcumina em
nosso modelo, nos baseamos na hipétese de que a curcumina poderia mediar seus
efeitos até agora observados, agindo em duas importantes vias de sinaliza¢do envolvidas
na sobrevivéncia neuronal: Wnt/pB-catenina e PI3K/Akt. A desregulacdo da via de
sinalizacdo Wnt/ B-catenina pelo peptideo AP representa um evento central na morte
neuronal que ocorre na DA (Garrido et al., 2002; De Ferrari et al., 2003; Li et al., 2011).
Os niveis citoplasméticos da B-catenina sdo regulados por fosforilagdo de tal maneira
que livre a B-catenina pode migrar para o nucleo e induzir a expressdo de diversos genes
envolvidos na sobrevivéncia e na homeostase neuronal ou ser direcionada as sinapses
para modular o fortalecimento sindptico em resposta a despolariza¢do (Caricasole et al.,
2003). Entretanto, uma vez fosforilada a B-catenina é degradada via sistema ubiquitina-
proteossoma (Aberle et al., 1997). Na figura 6 (Capitulo I) observamos que o peptideo
AP foi capaz de aumentar a proteina -catenina fosforilada e diminuir a f-catenina ndo

fosforilada no citoplasma das fatias organotipicas, possivelmente conduzindo a
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degradacdo da B-catenina. Nossos dados também demonstram que a curcumina pode
promover o seu efeito neuroprotetor ao prevenir essa degradacio da proteina f-catenina
induzida pelo peptideo Ap.

A via de sinalizagdo PI3K é conhecida por ser importante na sobrevivéncia e na
morte neuronal, e por ser altamente afetada por ambientes de estresse oxidativo e
inflamacao (Lee et al., 2008; De Oliveira et al., 2012). Tem sido demonstrado que os
efeitos protetores da via de sinalizacdo PI3K s@o mediados principalmente por um dos
seus alvos a jusante, a proteina Akt. A Akt tem efeitos diretos sobre a via de apoptose,
por inibir diversas proteinas pré-apoptdticas, como a GSK-3p (Pap et al., 1998). A
proteina GSK-3p ¢ uma importante inter-relacdo entre as vias PI3K e Wnt/p-catenina,
pois pode atuar diretamente na fosforilacdo da B-catenina (Doble and Woodgett, 2003).
Para investigar o envolvimento da via de sinalizagdo PI3K na neuroprotecdo mediada
pela curcumina contra a toxicidade induzida pelo peptideo AP em fatias organotipicas
de hipocampo, utilizamos LY294002, um inibidor especifico da PI3K, e este suprimiu
quase que totalmente o efeito neuroprotetor da curcumina. Sendo assim, foi investigado
o efeito da curcumina sobre a proteina Akt, principal efetora desta via, e os resultados
mostraram que a curcumina foi capaz de aumentar a fosforilagdo, e consequente
ativacdo, apenas nas fatias expostas ao peptideo AP, e o uso do LY parcialmente aboliu
esta ativacdo da Akt. Seguindo a via da PI3K/Akt, investigou-se o efeito da curcumina
sobre a proteina pré-apoptotica GSK-3. Seguindo o mesmo perfil observado na Akt, a
curcumina aumentou a fosforilacdo da GSK-3f, e consequente inativagcdo, apenas nas
fatias expostas ao peptideo AP, enquanto o LY foi capaz de bloquear esta inativacdo da
GSK-3p. Este conjunto de resultados, onde a curcumina aumentou a fosforilagdo da Akt
e da GSK-3p em fatias expostas ao peptideo AP, e o efeito da inibicdo da via de

sinalizacdo PI3K pelo LY294002 abolindo a neuroprote¢cdo mediada pela curcumina,
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sugerem que este pode ser um importante mecanismo pelo qual a curcumina protege as
culturas organotipicas de hipocampo de rato do dano sindptico e da morte celular
induzidos pelo peptideo AP (Figura 7 - Capitulo I).

Uma explicacdo para ndo observarmos diferenca na fosforilacdo de Akt e GSK-3f3
em fatias organotipicas de hipocampo tratados com o peptideo AP apés 48 h de
exposicao, possivelmente seja devido ao fato de que estas alteracdes estejam ocorrendo
antes deste periodo e sejam transientes. Nossos estudos anteriores ja demonstraram este
perfil, onde com a exposi¢cdo de 12 h ao peptideo AP em fatias organotipicas de
hipocampo a fosforilacao das proteinas Akt e GSK-3f encontram-se significativamente
diminuidas e no tempo de 48 h de exposicao ja retornaram aos niveis basais (Nassif et
al., 2007; Hoppe et al., 2010). Embora a fosforilacio da Akt e GSK-3f pelo peptideo
AP parece acontecer de forma transiente in vitro, neste estudo observamos que a
curcumina, mesmo apdés longo periodo de exposi¢do, atua para manter esta importante
via pré-sobrevivéncia ativa em culturas organotipicas de hipocampo expostas ao Ap.

A ativacdo prolongada e difundida de astrécitos e microglia caracteriza a
neuroinflamacdo na DA, onde a severidade da ativacao glial é correlacionada a extensao
da atrofia cerebral e do declinio cognitivo (Parachikova et al., 2007; Garwood et al.,
2011). Considerando os resultados da curcumina contra a neuroinflamac¢do induzida
pelo peptideo AP em fatias organotipicas de hipocampo, no segundo capitulo desta tese
procuramos aprofundar a investigacdo dos efeitos da curcumina contra a toxicidade
induzida pelo peptideo AP em células gliais astrocitdrias. Esta hipétese foi baseada no
fato de que os astrdcitos t€m recebido grande foco como contribuintes fundamentais no
desenvolvimento do processo neurodegenerativo. Em estudos recentes, a reatividade
astrocitdria tem sido fortemente implicada na perda neuronal induzida pelo peptideo AP

na DA (Garwood et al., 2011). Os mecanismos envolvidos na reatividade dos astrécitos
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ndo estdo totalmente caracterizados e tratamentos que podem reduzir a reatividade dos
astrocitos sao de grande interesse terapéutico. A curcumina jd demonstrou capacidade
em reduzir a reatividade astrocitdria e regular um ndmero significativo de vias
citoprotetoras nos astrécitos (Lavoie et al., 2009; Wang et al., 2010). Como discutido
anteriormente, a regulacdo destas vias de sinalizacdo envolve a regulacdo de
modificacOes pos-traducionais de proteinas. Dentre estas modificagdes, recentemente
tem sido atribuido o papel da sumoilac¢do na regulacdo da atividade de proteinas através
dos pequenos modificadores do tipo ubiquitina (SUMO) na DA, geralmente
considerado um mecanismo enddgeno citoprotetor (Yang et al., 2008; Zhang et al.,
2008, McMillan et al., 2011).

Neste segundo capitulo utilizamos um modelo in vitro de toxicidade induzida pelo
peptideo AP em cultura primdria de astrécitos. Em nosso estudo, observamos que a
exposi¢do por 48 h ao peptideo AP causou a reatividade astrocitdria das culturas,
evidenciado pelo aumento do imunocontetido da proteina glial fibrilar dcida (GFAP) e
pelas alteracdes morfoldgicas astrogliais como hipertrofia e aumento de processos
celulares, sem provocar morte celular das culturas. O co-tratamento com curcumina 10
uM foi um supressor eficaz da ativacdo astrocitdria, reduzindo os niveis da proteina
GFAP e as alteragdes morfoldgicas induzidas pelo peptideo AP em nosso modelo,
resultados estes que estdo em conformidade com estudos prévios in vitro e em modelo
animal da DA (Figura 1 - Capitulo II) (Lim et al., 2001; Wang et al., 2010).

A partir destes resultados, prosseguiu-se a investigacdo dos possiveis mecanismos
de inducdo da ativacdo dos astrécitos pelo peptideo AP e de citoprotecdo mediada pela
curcumina. A ativacdo da JNK, membro da familia das proteinas quinases ativadas por
mitégenos (MAPK), tem sido descrita em modelos da DA e sua inibi¢do pode contribuir

significativamente para a reducdo da toxicidade desencadeada pelo AP (Herrera et al.,
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2012). Além disso, a JNK pode estar envolvida nos processos de ativacdo glial e na
indu¢do da expressdo de genes responsdveis pela sintese de diversas citocinas pro-
inflamatérias, bem como com a ativacdo de COX-2 e iNOS (Waetzig and Herdegen,
2004; Mehan et al., 2011). A andlise por western blotting da JNK demonstrou que a
curcumina foi capaz de inibir a fosforilagdo/ativacdo desta proteina induzida pelo
peptideo AP nas culturas de astrécitos (Figura 1 — Capitulo II). Este efeito da curcumina
sobre a proteina JNK € consistente com a literatura, na qual o tratamento com
curcumina mostrou reduzir a ativacao de JNK em um modelo transgénico da DA (Ma et
al., 2009).

Com a finalidade de ampliar a investigacdo sobre os mecanismos envolvidos no
efeito citoprotetor mediado pela curcumina avaliou-se o envolvimento da sumoilacido na
inducdo da ativacdo astrocitdria pelo peptideo AP. Os resultados mostraram que 0s
astrdcitos tém certo nimero de proteinas que sdo sumoiladas sob condi¢des de repouso,
com um nuimero relativamente pequeno de alvos para a SUMO-1 em comparagdao com
os para SUMO-2/3. Este achado contrasta ao padrdao observado na andlise de amostras
de culturas neuronais (Cimarosti et al., 2012) ou de homogeneizado de tecido cerebral
(McMillan et al., 2011), em que existe um nimero equivalente de bandas protéicas
marcadas com SUMO-1 e SUMO-2/3. Este padrdo restrito de conjugacdo de SUMO-1
nos sugere um papel importante deste na regulacdo celular dos astrocitos. Apds a
exposicdo das culturas ao peptideo AP, hd uma diminui¢do acentuada da conjugacdo por
SUMO-1, mas nao por SUMO-2/3, uma observacdo até agora nio encontrada na
literatura (Figura 2 — Capitulo II). Assim como, os resultados sobre a acdo da
curcumina, bem como do peptideo inibidor da proteina JNK (L-JNKi), prevenindo a
diminui¢do da conjugacdo por SUMO-1 em astrdcitos expostos ao peptideo Ap.

Sugerindo que a curcumina possa estar atuando como um inibidor da proteina JNK,
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visto que ela foi capaz de prevenir a ativacdo de JNK neste modelo. Sumoilacdo e a via
da JNK ja foram associadas em estudos anteriores, porém os resultados destes estudos
ainda permanecem controversos. Estudos jd demonstraram que enquanto a JNK
fosforila e ativa os fatores de transcricdo c-Jun e p53, o aumento da conjugacdo por
SUMO-1 parece regular negativamente estes fatores de transcricdo (Mueller et al.,
2000). Além disso, o aumento da sumoilacio parece inibir a proteina sinal de apoptose
quinase 1 (ASK1), um ativador de JNK (Lee et al., 2005). Em outro estudo, com
linhagem de neuroblastoma humano, observou-se que aumentando a conjugagdo por
SUMO-1 ocorre um aumento da ativagdo de JNK em condicdes de estresse oxidativo
moderado (Feligione et al., 2011).

Diante da diminui¢do da conjugacdo por SUMO-1 nos astrdcitos expostos ao
peptideo AP e na prevengdo desta alteracdo pela curcumina, decidimos investigar um
possivel papel da SUMO-1 na reatividade astrocitdria induzida pelo peptideo AB. O
aumento da capacidade dos astrdcitos para conjugar proteinas com SUMO-1, através da
superexpressdo com SUMO-1GG, aboliu a capacidade do peptideo AP em elevar os
niveis de GFAP e induzir alteragdes morfoldgicas em astrdcitos, sugerindo um papel
critico da conjugacdo por SUMO-1 no mecanismo envolvido com a reatividade dos
astrécitos expostos ao peptideo AP (Figura 3 - Capitulo II). Os resultados obtidos neste
capitulo sugerem que os astrdcitos exigem a conjugacdo por SUMO-1 para permanecer
em um estado ndo-reativo. Desse modo, a prevencdo da alteracdo da conjugacdo de
SUMO-1 pela curcumina pode ser um importante mecanismo citoprotetor contra a
toxicidade induzida pelo peptideo AP em astrécitos (Figura 4 - Capitulo II). Até o
momento existem poucos dados sobre a sumoilacdo em astrdcitos, um importante
estudo mostrou que os niveis de SUMO-1 sdo regulados negativamente em astrocitos

tratados com lipopolissacarideo (LPS), refor¢cando a ideia que a perda da conjugacio
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por SUMO-1 em astrdcitos esteja associada com processos patofisiolégicos (Akar and
Feinstein, 2009).

Tendo em mente os resultados obtidos no Capitulo I, onde a morte celular
significativa em fatias organotipicas hipocampais somente foi observada apds a
exposicdo por 48 h ao peptideo AP, no Capitulo III desta tese decidimos utilizar o
mesmo modelo de culturas organotipicas expostas ao peptideo A, porém por um menor
periodo de tempo, para investigar a atividade sindptica através de medidas
eletrofisioldgicas nestas fatias hipocampais e o efeito do tratamento com curcumina
neste modelo. Segundo a nova versdo da hipdtese da cascata amildide a disfuncio
sindptica constitui a melhor correlagdo com os distirbios cognitivos associados com a
DA precedendo a morte neuronal generalizada (Koffie et al., 2009; Zeng et al., 2010).
Apesar de bem aceito como componente principal na patogénese da DA, os mecanismos
envolvidos nos efeitos prejudiciais do peptideo AP na funcio sindptica ndo estdo
totalmente caracterizados (Tanzi and Bertram, 2005; Koffie et al., 2009). Varios estudos
tém mostrado que o peptideo AP é téxico para as sinapses, resultando na eliminagdo
progressiva dos circuitos neuronais (Hartley et al., 1999; Tsai et al., 2004; Selkoe, 2008;
Jo et al., 2011) e alguns importantes mecanismos de sinalizacdo celular t€m sido
envolvidos neste processo de disfuncao sindptica (Shankar and Walsh, 2009; Palop and
Mucke, 2010; Ma and Klann, 2012). Apesar de diversos estudos demonstrarem um
maior potencial téxico dos oligdbmeros do AP para as sinapses, ja foi demonstrado que a
perda de sinapses € mais proeminente nas imediacdes das placas senis sugerindo que
estas placas podem ser um reservatdrio de oligdmeros sinaptotoxicos (Tsai et al., 2004;
Koffie et al., 2009; Shankar and Walsh, 2009).

Neste estudo, confirmamos a morte celular das fatias organotipicas hipocampais

apods 48 h de exposicao ao peptideo AB1-42 (2uM), bem como a sua prevengdo através
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do co-tratamento destas fatias com curcumina (10 uM). Este resultado foi confirmado
através de duas técnicas complementares de andlise de viabilidade celular nestas fatias,
a incorporacdo de IP nas fatias e a liberacdo da enzima lactato desidrogenase (LDH) no
meio de cultivo, sendo que o perfil de dano celular foi similar com as duas técnicas.
Além disso, observamos que apds 24 h de exposicdo ao peptideo AP as fatias ainda ndo
apresentavam morte celular significativa e, portanto, este foi o tempo escolhido para os
experimentos seguintes realizados no presente trabalho (Figura 1 - Capitulo III).

Desta forma, utilizamos fatias organotipicas co-tratadas com peptideo AP e
curcumina por 24 h e avaliamos possiveis efeitos deletérios e protetores,
respectivamente, destes compostos sobre a funcionalidade celular através do registro
dos sinais eletrofisiologicos das fatias organotipicas hipocampais com o auxilio de
matrizes multieletrodo (MEAs). As fatias organotipicas hipocampais controles e
tratadas ap6s 15 dias in vitro foram acopladas nas MEAs para a gravacdo da atividade
neuronal espontanea de cada fatia. Cada MEA era composta de 60 eletrodos de 30 um
de diametro dispostos numa matriz 8 x 8 com espacamento de 200 um entre cada
eletrodo (Multi Channel Systems, Reutlingen, Germany). A fatia foi posicionada
corretamente sobre a matriz e os sinais elétricos obtidos, a partir dos eletrodos
extracelulares, foram ampliados, gravados e processados através do uso de software
especifico (MC Rack Software), para posterior andlise dos potenciais de campo local
(LFPs). Os LFPs sdo caracterizados como o0s potenciais elétricos registrados por
eletrodos extracelulares e refletem a atividade sindptica de uma grande populacdo de
neur6nios (Lindén et al., 2011; Lewis, 2012). Estudos ji demonstraram que as
oscilagdes de LFPs no hipocampo estdo associadas com aprendizagem e memoria em
ratos (Siegel et al., 2009; Pangalos et al., 2013). A anélise dos espectros gravados com

os potenciais de campo local espontineos de 60 eletrodos por fatia de hipocampo
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demonstrou uma atenuacdo da propagagdo do sinal induzida pelo peptideo AP quando
comparado com o controle, o qual foi significativamente prevenido pela curcumina
(Figura 2 A — Capitulo III). A maioria dos estudos in vitro envolvendo a atividade
eletrofisiolgica de neur6nios tratados com o peptideo AP utilizaram a técnica de “patch
clamp” (Jhamandas et al., 2001; Gureviciene et al., 2004; Tan et al., 2012). Nossos
dados reforcam os achados de um tnico estudo existente na literatura até o momento
utilizando a técnica eletrofisioldgica de MEAs para avaliar os efeitos do peptideo AP na
atividade sindptica, neste os autores compararam os resultados obtidos com a técnica de
MEAs com a técnica eletrofisiolégica de “patch clamp” em cultura priméria de
neur6nios hipocampais e observaram a inibi¢do da atividade sindptica espontinea
induzida por oligdbmeros do AP e a atenuacdo desta condi¢do por curcumina (Varghese
et al., 2010). A fim de investigar um possivel mecanismo eletrofisiolégico pelo qual a
curcumina atenuou a diminuicdo da propagacdo do sinal induzido pelo peptideo AP,
avaliamos o efeito do co-tratamento com curcumina nas fatias hipocampais expostas ao
peptideo APB1-42 sobre a coeréncia de fase, uma medida da extensdo em que os eventos
de LFPs mantém elementos de sincronizagdo. Observamos que a coeréncia de fase foi
significativamente reduzida 200 um a partir do foco nas fatias co-tratadas com peptideo
AP1-42 e curcumina (Figura 2 B - Capitulo III). Fortes evidéncias tém demonstrado que
o peptideo AP € capaz de reduzir a recaptagdo de glutamato (Palop and Mucke, 2010)
levando a remodelagdo da plasticidade sindptica e culminando na depressdo sindptica.
Além disso, outros estudos tém demonstrado que o peptideo AP atenua a atividade dos
receptores N-metil-D-aspartato (NMDARSs) por efeitos diretos sobre GluN2B NMDAR
(Koffie et al., 2011) levando a diminuicdo do influxo de Ca®* nos espinhos dendriticos,
promovendo a depressdo a longo prazo (LTD) e, finalmente, gerando o dano na

funcionalidade da rede neuronal (Decker et al., 2010; Corona et al., 2011). Visto o
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importante papel da diminuicio sustentada do influxo Ca** e a consequente ativacio de
vias celulares que levam ao enfraquecimento sindptico na sinaptotoxicidade provocada
pelo peptideo AP (Shankar et al., 2007), este efeito de dessincronizagdo da transmissio
sindptica pode estar envolvido com o efeito neuroprotetor da curcumina na prevengao
da disfuncdo sindptica induzida pelo peptideo AP em fatias organotipicas de hipocampo.
Além disso, estes resultados sdo reforcados pelo estudo do perfil de fosforilacdo das
proteinas sindpticas CaMKII e sinapsina I em nosso modelo.

Considerando que pouco se sabe sobre os mecanismos especificos pelos quais o
peptideo AP afeta a excitabilidade neuronal e a curcumina pode melhorar a transmissdo
sindptica no hipocampo, avaliamos a fosforilacdo/ativacdo de uma proteina importante
para a liberacdo de neurotransmissores, a sinapsina I, e uma proteina essencial para a
plasticidade sindptica, a CaMKII (Hilfiker et al., 1999; Ninan and Arancio, 2004). A
perda de sinapses induzida pelo peptideo AP em neur6nios hipocampais e corticais tem
sido mostrado estar acompanhado por uma redugdo de sinapsina I, um efeito também
observado em hipocampo de pacientes com DA (Qin et al., 2004; Evans et al., 2008). O
influxo reduzido de Ca** através dos NMDARs induzido pelo peptideo AP tem
demonstrado impedir a funcionalidade da proteina CaMKII (Zhao et al., 2004; Koffie et
al., 2011). Por sua vez, a ativacao da proteina CaMKII facilita a indu¢do da potenciacdao
de longo prazo (LTP), promovendo o alargamento de espinhos dendriticos e o
fortalecimento sindptico (Pi et al 2010; Koffie et al., 2011). Isso contribuiu para a
indu¢do de neurdnios mais robustos e sinapticamente eficientes, refletido na inibicao da
disfuncdo sindptica e morte neuronal. Além disso, a CaMKII quando ativada modula
vdrias proteinas envolvidas com a transmissdo sindptica, incluindo a sinapsina I, a qual
sob condi¢des de repouso, ancora as vesiculas sindpticas a elementos do citoesqueleto,

enquanto que fosforilada se dissocia das vesiculas sindpticas, aumentando a
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disponibilidade destas para o terminal pré-sindptico e, consequentemente, a liberacdo de
neurotransmissores (Chi et al. 2003). Na figura 3 (Capitulo III) avaliamos o estado de
fosforilagdo da sinapsina I em dois sitios importantes Ser 09 e Ser 603, e observamos
que apenas na Ser 603 houve mudanca do perfil de fosforilacdo pelo peptideo AP em
nosso modelo, e que esta foi bloqueada com curcumina. Diante deste resultado, e visto
que o sitio de fosforilacio 603 é CaMKII especifico, analisamos os niveis de
fosforilagdo desta importante proteina sindptica e encontramos uma significativa
redu¢@o dos niveis de p-CaMKII (Thr 286) na fatias expostas ao peptideo AP por 24 h,
enquanto nas fatias co-tratadas com curcumina esta reducdo foi prevenida. Estes
resultados nos levam a acreditar que a curcumina possa regular a atividade da proteina
CaMKII e, por consequéncia, a fosforilacdo da sinapsina I Ser 603 e, desta forma, a
regulacdo desta via de sinalizagdo esteja contribuindo para o seu efeito protetor no
comprometimento da transmissao sindptica de fatias hipocampais expostas ao peptideo
Ap.

Este achado estd de acordo com alguns estudos prévios encontrados na literatura,
envolvendo outros modelos de danos ao SNC, que também relacionam a regulacio de
CaMKII e sinapsina I aos efeitos neuroprotetores da curcumina. A suplementacdo
dietética com curcumina melhorou o resultado de uma lesdo cerebral traumatica, ndo
apenas através da redugdo substancial do dano oxidativo, mas também através da
restauracdo dos niveis de fosfo-sinapsina I que haviam sido reduzidos apds o insulto
(Wu et al. 2006). Em outro estudo, o tratamento com curcumina bloqueou os déficits
cognitivos pods-trauma, bem como preveniu a reducao dos niveis de sinapsia [ e CaMKII
no hipocampo e na medula espinhal (Wu et al., 2011).

Tomados em conjunto, os resultados obtidos neste Capitulo suportam a emergente

visdo de que a deficiéncia funcional dos neur6nios pode ser mais importante para o
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desenvolvimento dos sintomas da DA do que a morte celular que ocorre em fases mais
avancadas da doenca (Varghese et al. 2010; Palop and Mucke, 2010). Nossos resultados
revelaram que o tratamento com a curcumina vai além de sua capacidade de modular a
morte neuronal, uma vez que a mesma foi capaz de neutralizar tanto os efeitos
deletérios do peptideo AP na morte celular mais tardia quanto na disfung@o sindptica
mais precoce em culturas organotipicas de hipocampo de ratos. Além disso, nossos
resultados sugerem que a curcumina modula a diminui¢do da fungdo sindptica induzida
pelo peptideo AP através de uma via dependente da proteina CaMKIL.

Diante dos resultados obtidos nos trés primeiros Capitulos utilizando modelos
experimentais in vitro, na ultima abordagem experimental desta tese foi avaliado o
efeito da curcumina em um modelo in vivo de toxicidade induzida pelo peptideo Ap.
Para tanto, utilizamos o modelo de injecdo intracerebroventricular (icv) do peptideo A
em ratos Wistar. Apesar da maioria dos estudos in vivo abordando as alteracdes
caracteristicas da DA utilizarem roedores transgénicos, a utilizacdo do modelo de
administracio icv do peptideo AP tem sido especialmente util no desenvolvimento e na
avaliacdo de novas modalidades terapéuticas. Embora varidavel em termos de tamanho e
estado de agregacao do peptideo AP utilizado, do procedimento e do local de injecdo e
dos testes comportamentais empregados, diversos estudos tem consistentemente
demonstrado a ocorréncia de déficits comportamentais relacionados a perda de memoria
apOs a injecdo intracerebral do peptideo AP em roedores (Medeiros et al., 2007,
Prediger et al., 2007; Canas et al., 2009; Ahmed et al., 2010; Frozza et al., 2013). Da
mesma forma como discutido no Capitulo I, o peptideo A4, utilizado em nosso estudo
foi submetido aos processos de formacgdo de fibrilas amplamente empregados pela
literatura. Porém conforme acima citado, ndo € excludente a presenca de oligdbmeros em

nossa preparacdo. Os resultados obtidos no Capitulo IV desta tese mostram que a
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inje¢do icv do AB1-42 (2 nmol) causou um significativo déficit comportamental, como
pode ser evidenciado pela reducdo significativa na alternacdo espontanea e pela
diminui¢do significativa no indice de reconhecimento de objetos (Figura 1 e 2 —
Capitulo 1V). Estes resultados corroboram com estudos prévios mostrando que a
injeccdo icv de 2 nmol de oligdmeros do AB1-42 também levou a diminui¢do de
desempenho nos testes de alternacdo espontanea e de reconhecimento de objetos apds
um periodo de 15 dias (Cunha et al., 2008; Canas et al., 2009). O teste de alternacdo
espontanea tem sido utilizado para a avaliacdo da memoria espacial de curta duragcdo
onde se podem analisar alteracdes nos processos colinérgicos hipocampais (Hughes,
2004). O teste de reconhecimento de objetos constitui um teste de memoria ndo-espacial
utilizado para analisar memoria de curta e longa duracdo a qual traduz alteragdes do
lobo temporal medial, principalmente no cortex perirrinal € no hipocampo (Winters and
Bussey, 2005; Furini et al., 2010). O processo de reconhecimento € composto por pelo
menos dois componentes, um € o julgamento de familiaridade de itens e o outro € a
lembrancga da informacdo contextual onde os itens foram encontrados. Alguns estudos
tém sugerido que as diferentes regides do lobo temporal possuem fun¢des distintas no
processo de consolidagdo da memoria de reconhecimento, enquanto o cortex perirrinal
estd envolvido com a discriminacdo de familiaridade o hipocampo parece estar
envolvido com o contexto em que elas ocorrem (Winters et al., 2004; Balderas et al.,
2008). Esta tarefa é particularmente ttil para estudar as memdrias declarativas em
roedores, pois se baseia em sua preferéncia inata por objetos novos sobre objetos
familiares (Clarke et al., 2010). Visto que as alteragdes no desempenho destes dois
testes comportamentais sdo dependentes de regides cerebrais que constituem os

primeiros alvos do peptideo AP, dessa maneira podem fornecer uma medida sensivel
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das alteragGes cognitivas iniciais da DA (Dodart et al., 2002; Sipos et al., 2007; Francis
etal., 2012).

Considerando que os efeitos da curcumina sobre o dano cognitivo induzido pelo
peptideo AP em animais foram pouco explorados até o momento, decidimos avaliar o
efeito da administracdo de curcumina sobre o dano cognitivo induzido pela injecdo icv
do peptideo AP1-42 em ratos Wistar. Em nossos estudos iniciais utilizamos a dose de 10
mg/kg/dia de curcumina em suspensdo (i.p.) por 10 dias consecutivos, € nestas
condig¢des, nao observamos nenhum efeito benéfico da nossa droga sobre os pardmetros
comportamentais testados nos ratos infundidos com o peptideo AB1-42. Embora um
significativo nimero de evidéncias demonstre o elevado potencial terapéutico da
curcumina na DA, sua aplicacdo em estudos in vivo e na clinica sdo limitadas pelas
baixas concentracdes plasmdticas atingidas apds sua administracdo. A baixa
biodisponibiladade da curcumina € atribuida a uma baixa absor¢do no trato
gastrointestinal, rdpida biotransformacdo e uma rdpida eliminacdo sist€émica. Além
disso, sua natureza lipofilica conferindo pequena solubilidade em solu¢des aquosas
também € considerada um fator importante para a sua baixa biodisponibilidade (Sharma
et al., 2004; Yan et al., 2011). Com o objetivo de aumentar a biodisponibilidade da
curcumina estdo sendo realizados estudos envolvendo a sintese de andlogos, a utilizacdo
conjunta com inibidores do metabolismo da curcumina, como a piperina, ou 0O
desenvolvimento de novas formulagdes como as nanoparticulas, micelas, dispersdes
sOlidas (Anand et al., 2007; Aggarwal and Harikumar, 2009; Ray et al., 2011). Nesse
estudo optamos por uma alternativa nanotecnoldgica para minimizar as limitagcdes
relativas a biodisponibilidade da droga, e para tanto utilizamos nanocdpsulas
poliméricas de curcumina (Cur-LNC) revestidas com polissorbato. Esta estratégia de

revestimento tem sido usada para aumentar a disponibilidade das nanocdpsulas ao SNC
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(Su et al., 2010; Benvegni et al., 2012). De modo interessante, seguindo o modelo de
tratamento de 10 dias consecutivos de injecdo i.p. iniciados apds 4 dias da infusdo do
peptideo AP, observamos que a dose de 2,5 mg/kg/dia de Cur-LNC foi capaz de reduzir
os danos cognitivos induzidos pelo peptideo AP enquanto que uma dose 20 vezes maior
de curcumina livre (50 mg/kg/dia) foi necessdria para os mesmos efeitos serem
observados em nosso modelo (Figura 1 e 2 — Capitulo IV).

Na investigacdo dos possiveis mecanismos envolvidos nos efeitos benéficos
observados com o0s tratamentos com curcumina, confirmamos em nosso modelo in vivo
o envolvimento de importantes alteracdes jd observadas em nosso modelo in vitro e
anteriormente explanadas no Capitulo I desta tese, como o envolvimento da alteracdo da
proteina sinaptofisina (Figura 3 - Capitulo IV), da ativagdo glial e producdo de citocinas
proé-inflamatorias (Figura 5 - Capitulo IV), bem como, da modulacao das proteinas Akt
e GSK-3p (Figura 7 - Capitulo IV), nos quais o tratamento com uma baixa dose de Cur-
LNC apresentou resultados similares de protecdo das alteracdes observadas no
hipocampo do que a alta dose de curcumina livre efetiva em nosso modelo. Além disso,
neste estudo observamos o envolvimento de um importante fator tréfico, o fator
neurotréfico derivado do encéfalo (BDNF), na neuroprotecdo mediada pela curcumina
contra o dano cognitivo induzido pelo peptideo AP (Figura 6 - Capitulo IV). Este é um
resultado interessante, visto que estudos prévios ja demonstraram que o BDNF é um
importante fator para a formacdo da memodria, além de atuar na manutencdo da
plasticidade e da sobrevivéncia neuronal através da ativagdo de importantes vias de
sinalizacdo, entre elas a via PI3K/Akt (Yoshii et al., 2007; Jantas et al., 2009). Este
efeito da curcumina sobre a regulacdo do BDNF demonstrado pela primeira vez em um
modelo de toxicidade induzida pelo peptideo AP neste estudo, estd de acordo com o

efeito da curcumina observado em alguns modelos de depressdo em roedores, nos quais

169



a curcumina parece regular positivamente os niveis deste fator neurotréfico no
hipocampo (Huang et al., 2011; Zhang et al., 2012; Hurley et al., 2013).

Outro dado interessante encontrado neste estudo foi a restauracdo dos niveis de
fosforilagdo da proteina tau através de ambos os tratamentos com curcumina utilizados
neste estudo (Figura 4 - Capitulo IV). Este efeito da curcumina pode ser explicado pela
sua capacidade de regular a proteina GSK-3f, inibindo a sua ativagcdo induzida pelo
peptideo AP e, desta maneira, pode atuar prevenindo o aumento da fosforilacdo da tau,
visto que a GSK-3fB € a principal proteina quinase responsdvel pela fosforilacdo da
proteina tau (Ryder et al., 2004; Gong et al., 2006).

Os dados apresentados neste dltimo Capitulo reforcam alguns dos mecanismos
envolvidos no efeito neuroprotetor da curcumina contra a toxicidade induzida pelo
peptideo AP in vitro encontrados no primeiro Capitulo desta tese, além de ampliarem o
conhecimento dos mecanismos envolvidos nesta neuroprotecdo. Tomados em conjunto,
os resultados obtidos neste modelo in vivo da Doenca de Alzheimer ndo somente
confirmam o potencial da curcumina como um importante agente contra os danos
cognitivos induzidos pelo peptideo AP como também sugerem o nanoencapsulamento
desta droga como uma estratégia eficiente para aumentar seu efeito farmacolégico no

tratamento de doencas do SNC.
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8. CONCLUSOES
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Esta tese apresentou os resultados obtidos no estudo dos efeitos da curcumina sobre
parametros moleculares, eletrofisiolégicos e comportamentais em modelos
experimentais da Doenca de Alzheimer. Como importantes contribuicdes para o tema de
pesquisa desenvolvido nesta tese destacam-se:

¢ O envolvimento da via de sinalizacdo celular PI3K/Akt e o bloqueio do seu
substrato GSK-3B na neuroprotecio mediada pela curcumina, observados
tanto no modelo in vitro quanto no modelo in vivo de toxicidade
desencadeada pelo peptideo AP (Capitulo I e IV);

e A capacidade da curcumina em reduzir a ativagdo astrocitdria e microglial
induzida pelo peptideo AP, e desta forma, modular a produgdo de citocinas,
importantes moléculas envolvidas na sinalizacdo celular (Capitulo I e IV);

e Este foi o primeiro trabalho a verificar o envolvimento da SUMO-1 na
reatividade astrocitdria induzida pelo peptideo AP, bem como a regulacdo da
sumoilacdo pela curcumina em astrécitos (Capitulo II);

® A capacidade da curcumina em prevenir a disfun¢do sindptica induzida pelo
peptideo AP através da regulacdo das proteinas sindpticas CaMKII e
sinapsina I (Capitulo III);

¢ O tratamento com curcumina nanoencapsulada apresentou eficidcia com uma
dose 20 vezes menor quando comparada com o tratamento com curcumina
livre sobre a diminuicio de desempenho nos testes comportamentais
induzida pelo AP, demonstrando ser uma eficiente ferramenta para superar as
limitag¢des intrinsicas da curcumina (Capitulo IV);

e A curcumina parece mediar este efeito através da regulacdo dos niveis de
BDNF, neurotrofina envolvida no processo de formacdo da memodria e na

ativacdo da via PI3K/Akt (Capitulo IV).
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A sequéncia de trabalhos apresentados nesta tese permitiu aprofundar o
conhecimento sobre o efeito neuroprotetor da curcumina contra a toxicidade induzida
pelo peptideo beta-amiloide, considerando os beneficios e as limitacdes do uso de
modelos translacionais na pesquisa cientifica envolvendo a Doenca de Alzheimer e o

desenvolvimento de formacos para a interven¢do desta doenca.
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9. PERSPECTIVAS
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Como continuagdo deste trabalho, pretende-se trabalhar com os seguintes objetivos:

e Avaliar o envolvimento do fator de transcricdio CREB na neuroprote¢ao mediada
pela curcumina nos modelos de cultura organotipica de hipocampo de ratos

expostas ao peptideo AP e no modelo in vivo de injecdo icv do peptideo AP;

e Testar a hipdtese que a injecdo de LY294002 bloqueia os efeitos benéficos da

curcumina contra os danos cognitivos induzidos pela inje¢do do peptideo AP;

e Determinar através de microscopia confocal a disponibilidade de nanocapsulas

de curcumina e curcumina livre no cérebro dos ratos.
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