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APRESENTACAO

Esta Tese esta organizada em secdes dispostagudats maneirantroducaqg
Hipoteses, ObjetivodMateriais e Métodos, Capitulds 11, Il e 1V, referentes a artigos
cientificos e a outros resultados obtidos ao lahgtrabalho)DiscussapConclusde®

Referéncias Bibliograficas

A secaolntroducdo apresenta o estado da arte e o embasamento teEco
serviram para a formulacdo déBpotesese dosObjetivos que estdo descritos na

sequéncia em suas respectivas secoes.

A secaoMateriais e Métodosbrange a descricdo de todos os procedimentos e

metodologias adotadas para a execucao do trabalho.

Na secadCapitulos estédo presentes os artigos cientificos publicadosm fase
de preparacdo para serem submetidos. Nesta sextdo, descritos os métodos e as
referéncias bibliograficas especificas de cadgar® Capitulo | consiste de um artigo
de revisao escrito durante o periodo do doutoraddigche e publicado em colaboracéo
com o Dr. Luis Miguel Garcia-Segura e com o Dr.naado Benetti, que contém boa
parte do referencial tedrico que embasou a red@desse trabalho. Os Capitulos Il e 11l
Sao compostos por experimentos realizados no labimralo Dr. Luis Miguel Garcia-
Segura no Instituto Cajal (Madri/Espanha), enquar@apitulo IV engloba experimentos
realizados em colaboracdo com o Grupo de Neurag@ote Sinalizacdo Celular,
coordenado pela Profa. Dra. Christianne Gazzanhe§al do Departamento de

Bioquimica (UFRGS).

A secaddiscussa@presenta a interpretacao geral dos resultadooel®m todos

0S experimentos apresentados na secao anteridgrim@ que as conclusdes estéo



apresentadas na sec¢ao seguinte, intituCareclus6esAs referéncias citadas ao longo da

Tese estdo apresentadas na ultima secéo, intitRksféaéncias Bibliograficas



RESUMO

O aumento da expectativa de vida da populacéo altedns se associado com uma maior
prevaléncia de doencas neurodegenerativas. A Dangdzheimer (DA) é a doenca
neurodegenerativa mais comum e a principal caudaméncia em individuos com mais
de 60 anos, sendo caracterizada por um declingrgssivo na memoéria e funcdo mental
dos pacientes. Esses sintomas sdo acompanhadadtgracdes histopatolégicas no
cérebro desses individuos, incluindo a presencantke grande quantidade de placas
senis, formadas pela deposicdo do peptideo betaideni(AB), e de emaranhados
neurofibrilares formados pela hiperfosforilacdopdateina Tau. Estudos indicam que a
deposicdo do A é uma das principais responsaveis pelo desenvehionda DA,
causando dano neuronal através da ativacao de vasapro-apoptoticas e dando origem
aos sintomas de deméncia tipicos dessa doenca.mdénento, ndo existem tratamentos
eficazes para o combate a DA, de forma que a mpéste das intervencgdes
farmacoldgicas é destinada apenas ao tratameraigules de seus sintomas. A proteina
translocadora (TSPO) se localiza em pontos de tmetdre as membranas mitocondriais
interna e externa e esta relacionada com o tramesper colesterol para o interior da
mitocondria e com a regulacdo da esteroidogéndseapoptose. Estudos mostram que
ligantes da TSPO apresentam efeitos neuroproteteras diferentes modelos
experimentais de lesdo cerebral e doencas neumelegeas. Especificamente em
relacdo a DA, um estudo indicou que o 4’-clorodiare (4’-CD), um ligante da TSPO,
apresenta efeitos neuroprotetores em um modelcaadensa doencga, sendo um possivel
candidato para o seu tratamento. Dessa forma, efivibjdesse estudo foi verificar o
efeito neuroprotetor do 4’-CD em diferentes modelostro de toxicidade induzida pelo
AB, além de seus efeitos sobre o desenvolvimento el@dnios hipocampais.
Inicialmente, demonstramos que o0 4’-CD reduziu atencelular de células SH-SY5Y
expostas a um modelo de toxicidade induzida pefairastracdo de B. Esses efeitos
estiveram associados com a reducao da expresgaotdaa pro-apoptotica Bax e com
um aumento da expressdo da survivina, uma proégiti@poptotica. A expressao das
proteinas Bcl-xI e procaspase-3, por outro ladm, fud alterada pelos tratamentos.
Posteriormente, estudamos os efeitos neuroprosetiwe4’-CD contra a toxicidade
induzida pela administracdo dd3Am culturas organotipicas de hipocampo. Nesses
experimentos, foi demonstrado que o 4’-CD reduz artencelular de culturas
organotipicas de hipocampo expostas foafkavés de um aumento na expressao da
enzima SOD, sem alterar, no entanto, a expressaprdeinas Akt e procaspase-3. Por
fim, foi avaliado o efeito do 4’-CD sobre o deseniraento de culturas primarias de
neurdnios hipocampais de camundongos machos es$érmabservado que as culturas
de neurdnios hipocampais das fémeas apresentaratesanvolvimento mais rapido do
que as dos machos. O 4’-CD acelerou a maturac@ionerdou a ramificacdo neuritica
dos neurdnios hipocampais dos machos, mas naoeexeualquer efeito sobre os
neuronios das fémeas. Em suma, foi observado quE-@CD apresenta efeitos
neuroprotetores contra opAem células SH-SY5Y e em culturas organotipicas do
hipocampo, apresentando-se como um farmaco emaquat@ara o tratamento da DA.



Além disso, foi observado que o0 4’-CD exerceu ueitefdependente do sexo sobre o
desenvolvimento de culturas primarias de neurbiiggcampais, estimulando o

desenvolvimento e a ramificagdo neuritica de neasdripocampais de machos, mas ndo
de fémeas.

Palavras-chave:proteina translocadora (TSPO); 4’-CD; neuroproteb@&ta-amiloide;
hipocampo; neuritogénese.



ABSTRACT

The increase in life expectancy of the world popatahas been associated with a higher
prevalence of neurodegenerative diseases. The iAlehs Disease (AD) is the most
common neurodegenerative disorder and the maireczudementia among people over
60 years, being characterized by a progressivénggol the memory and mental function
of the patients. These symptoms are associated histbpathological changes in the
brain of these patients, including the presencnile plagues, formed by the deposition
of amyloid-beta (&), and neurofibrillary tangles, which are related the
hyperphosphorylation of Tau protein. Studies ingicthat A8 deposition is a major
contributor to AD progression, promoting neuronahdge through the activation of
different pro-apoptotic pathways and giving ris¢hte typical dementia symptoms of this
disease. To date, there are no effective treatmfmtsAD, so that most of the
pharmacological intervention is intended for treatment of some of its symptoms. The
translocator protein (TSPO) is located in contatetssbetween the outer and the inner
mitochondrial membranes and is involved in the ebirol transport into the
mitochondria and in the regulation of steroidogenasd apoptosis. Studies show that
TSPO ligands present neuroprotective effects ifediht experimental models of brain
injury and neurodegenerative diseases. Specificafgrding AD, a study indicated that
4’-chlorodiazepam (4’-CD), a TSPO ligand, is neuatective in an animal model of this
disease, being a possible candidate for its tre#trii@erefore, the aim of this study was
to evaluate the neuroprotective effect of 4’-CDdifferent experimental models offA
induced neurotoxicityn vitro, as well as its effects on the development of ¢tapapal
neurons. First, it was demonstrated that 4’-CD el@®ed the cell death of SH-SY5Y cells
exposed to the A This effect was associated with the inhibitiontieé A3-induced
upregulation of Bax, a pro-apoptotic protein, arvdregulation of survivin, a pro-
survival protein. On the other hand, the expressioBcl-xI and procaspase-3 was not
change by the treatments. After, it was studied rtberoprotective effects of 4'-CD
against A in organotypic hipocampal cultures. In these expents, it was shown that
4’-CD decreases the cell death of organotypic htpptpal slices exposed to th@ By
increasing the protein expression of SOD, but withthanging the expression of Akt
and procaspase-3. Finally, due to the importancethef processes of neuronal
development and maturation in the regenerationN @fter injury, it was evaluated the
effect of 4’-CD on the development of primary higpmpal neurons of male and female
mice. It was observed that female primary hippocmeurons presented an increased
rate of development than male neurons. 4’-CD stiteual the development and increased
the neuritic branching of male but not from femadeirons. In summary, it was observed
that 4’-CD presented a neuroprotective effect agjalfp in SH-SY5Y cells and in rat
organotypical hippocampal slices, presenting itaglé promising agent for the treatment
of AD. Also, it was observed that 4-CD modulatég development of hippocampal
neurons in a sex-dependent manner, stimulatingléirelopment of male but not from
female cells.



Keywords: translocator protein (TSPO); 4-CD; neuroprotectioamyloid-beta;
hippocampus; neuritogenesis.



1 INTRODUCAO
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1.1 PROTEINA TRANSLOCADORA

A proteina translocadora (TSPO) é uma proteina8#®4. localizada em sitios
de contato entre as membranas mitocondriais interrexterna. Inicialmente, essa
proteina foi chamada de receptor benzodiazepimdgtepco por ser capaz de ligar-se ao
diazepam (Papadopoulos et al., 2006). FuncionaknarniSPO é conhecida devido a seu
papel no transporte do colesterol através do espagmso entre as membranas
mitocondriais, e, devido a essa funcéo, essa peotei renomeada em 2006 como TSPO
(Papadopoulos et al., 2006).

A TSPO €& uma proteina integral de membrana de h@foacidos, bastante
conservada durante a evolucdo (Batarseh e Papddesp@010). Essa proteina esta
arranjada em cinco dominios alfa-hélice transmenayra apresenta alta afinidade pelo
colesterol devido a presenca de um dominio CRz©lésterol recognition amino acid
consensysna sua regido C-terminal (Li e Papadopoulos, 1988mko et al., 2014).
Inicialmente, acreditava-se que a TSPO poderiaidnac como um canal, recebendo o
colesterol através da proteina reguladora agudasti&oidogénese (StAR), todavia,
estudos mais recentes sugerem que o transport#edberol estaria relacionado com um
mecanismo de deslizamento envolvendo a associacd8®O com outras proteinas (Li
et al., 2015). Dentro desse contexto, sabe-se qUeP®D faz parte de um complexo
multiproteico chamado de transduceossomo, competdoT SPO e por outras proteinas
envolvidas no transporte do colesterol para oimrtela mitocondria, incluindo o canal
aniénico dependente de voltagem (VDAC), a protédneontendo o dominio AAA
(ATAD3) e a proteina StAR (Midzak et al., 2011; Roet al., 2012) (Figura 1). O
transporte de colesterol para o interior da mitdc@né a etapa limitante no processo de

esteroidogénese. Na mitocondria, a sintese dos dmiosn esteroides inicia com a
19



clivagem enzimatica da cadeia lateral do colestefetuada pela enzima citocromo P450
clivadora da cadeia lateral (CYP11A1), que da onigee pregnenolona, o primeiro
esteroide formado na rota da esteroidogénese (Millauchus, 2011). Posteriormente, a
pregnenolona deixa a mitocondria e vai para o uletiendoplasmatico, onde sofre
diversas transformacgfes enziméticas que dardonoidgs demais hormonios esteroides

(Lacapére e Papadopoulos, 2003).

STAR

TSPO TSPO
polymer

monomer

ATAD3A

Fdx* @

FdxR

CYP11A1

Figura 1 - Transporte do colesterol para o interiorda mitocondria.

Legenda: O transporte do colesterol (em amarel@) @aterior da mitocondria € mediado por
uma estrutura chamada de transduceossomo, fornsadivprsas proteinas incluindo a TSPO,
a StAR, 0 VDAC e a ATAD3. Apds sua chegada no iatata mitocdndria, o colesterol é
convertido em pregnenolona (em azul) pela acaoYdR1CA1

Fonte: Rone et al., 2012.

Além do seu papel na regulacdo do transporte ldsterol e da esteroidogénese,
a TSPO tem sido relacionada com o controle de sdtnacdes mitocondriais, como a
respiracdo mitocondrial, a abertura do poro desicdio de permeabilidade mitocondrial

(MPTP), a apoptose e a proliferacéo celular, emhorda exista alguma controveérsia
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sobre a participagéo da TSPO no controle de algdessas funcdes (Hirsch et al., 1989;
Azarashvili et al., 2007; Veenman et al., 2007;Cet al., 2008, Sileikyte et al., 2011,

2014).

A expressédo da TSPO no encéfalo no estado saulgatativamente baixa, sendo
encontrada principalmente em células gliais e emisimais baixos nos neurénios (Chen
e Guilarte, 2008; Papadopoulos e Lecanu, 2009)c&milicbes patoldgicas, por outro
lado, como na doenca de Alzheimer (DA), na doergaPdrkinson, na doenca de
Huntington e na esclerose multipla, a expressa®SRO no sistema nervoso central
(SNC) aumenta em locais de dano e inflamacéo, edpente nos locais mais afetados
pelos mecanismos neurodegenerativos dessas dd@mgaset al., 2015). Dentro desse
contexto, estudos tém utilizado radioligantes d®@$ara a realizacdo de exames de
imagem pela técnica de tomografia por emissao ddrpos (PET), de forma que a
ligacdo desses compostos as células cuja exprdasB8PO € maior permite a analise
das regides cerebrais mais afetadas nessas d¢@uncaset al., 2005; Pavese et al., 2006;
Edison et al., 2008; Batarseh e Papadopoulos, ZDdl@santi et al., 2014; Rissanen et

al., 2014).

Além do seu uso na area do diagnéstico, algunsl@sttém mostrado que o0s
ligantes da TSPO poderiam exercer efeitos neurejoretls em diferentes modelos
experimentais. Levando em consideracdo que diveestisdos ja mostraram que
esteroides neuroativos, como a progesterona, @dedir a dihidroepiandrosterona
(DHEA) e a testosterona exercem efeitos protewmediferentes modelos experimentais
(De Nicola et al., 2013; Persky et al., 2013; Grietral., 2014; Arevalo et al., 2015; Arbo
et al., 2016; Grimm et al., 2016), e tendo em menpapel da TSPO na regulacdo da

esteroidogénese e da apoptose, o estudo das atiepnotetoras dos ligantes da TSPO

21



em diferentes modelos experimentais ganhou forgéltimaa década (Papadopoulos e
Lecanu, 2009; Rupprecht et al., 2010; Arbo et2415). Dentro desse contexto, ja foi
mostrado que ligantes da TSPO poderiam exercdogfeeuroprotetores em modelos
experimentais de lesdo traumatica cerebral (Sbesta., 2008, 2011), excitotoxicidade
(Veiga et al., 2005) e doengas neurodegeneraiivelsjndo a DA (Barron et al., 2013),

a esclerose multipla (Daugherty et al., 2013) elaopatia diabética (Giatti et al., 2009),
além de efeitos benéficos em modelos de transtgeiggiatricos (Kita et al., 2004;

Verleye et al., 2005; Rupprecht et al., 2009; Zhaingl., 2014).

1.2 DOENCA DE ALZHEIMER

O aumento da expectativa de vida da populacdo rawetn sendo acompanhado
de um crescimento exponencial do numero de pessfetadas por doencas
neurodegenerativas associadas a senilidade. A Bai@lzheimer (DA) é a doenca
neurodegenerativa mais comum e a principal caudaméncia em individuos com mais
de 60 anos, acometendo cerca de 8 a 15% da pop@aeipda de 65 anos de idade, o que
equivale a cerca de 35 milhdes de pessoas em todmao (Querfurth e LaFerla, 2010).
Essa doenca foi descrita no inicio do século XX peédico aleméo Alois Alzheimer,
apos receber uma paciente do sexo feminino no tébsie Frankfurt em 1901 que
apresentava perda progressiva de memoria, dediradacinacdes, que a definiu como
uma patologia neuroldgica desconhecida, assocamiademéncia, sintomas de déficit
de memodria, alterac6es comportamentais e dificelgada a realizacdo de atividades de
rotina (Alzheimer, 1907). Posteriormente, a and@iseérebro da paciente apds sua morte
revelaria a presenca de placas senis e de emacanhewkofibrilares, as duas principais

caracteristicas histopatolégicas dessa doenca, pgumiitiram que Alzheimer a
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classificasse como uma doenca distinta das patslaginhecidas até entdo (Alzheimer,

1911).

O principal fator de risco para a DA é a idadenéidéncia da doenca dobra a
cada 5 anos apos os 65 anos de idade, de formapdgseos 85 anos, a chance de os
individuos serem diagnosticados com Alzheimer éondo que 1:3 (Hirtz et al., 2007).
Estudos mostram que existem atualmente cerca deify8es de individuos com DA
nos EUA, e, que com o aumento progressivo da exipextde vida das pessoas, a
prevaléncia da DA nos EUA podera alcancar até 166es de casos até 2050 (Hebert et
al., 2013, Alzheimer’s Association, 2015). Dadosado de 2013 mostram que, ao passo
que a taxa de mortalidade relacionada com doengefiogasculares e acidentes
vasculares cerebrais diminuiu em 14% e 23%, relspectnte, a taxa de mortalidade
relacionada com a DA aumentou em 71%, tornandeexi@ causa de morte nos EUA e
a quinta causa de morte em individuos acima deés @lzheimer’'s Association, 2015).
Estima-se que o custo relacionado ao tratamentocetidado de pacientes com DA nos
EUA tenha alcancado 226 bilhdes de dolares no arDi5 (Alzheimer’'s Association,
2015), enquanto que os gastos com deméncia nad&unmpno de 2010 alcancaram a
marca de 105 bilhdes de euros (Gustavsson et0dll)2No Brasil, estudos da década
passada estimavam que a prevaléncia de deménpapukacao acima de 65 anos era de
7,1%, com a DA sendo responsavel por mais da mdtzleasos (Herrera Jr et al., 2002).
Levando em consideracdo o aumento da expectativaddano pais (dados do Instituto
Brasileiro de Geografia e Estatistica de 2014 smdigue a expectativa de vida no pais
subiu para 75,2 anos, contra 74,9 anos segunde di#d®013), a prevaléncia da DA no
pais é provavelmente maior do que a prevista Easesstimativas anterioré$o pais,

em 2002, foi criado no ambito do Sistema Unico @&d® (SUS) o Programa de
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Assisténcia aos Portadores da Doenca de Alzheimelesde entdo, o tratamento
farmacoldgico da DA possui um Protocolo Clinico eebDizes Terapéuticas (PDCT)
especifico, de forma que os medicamentos recomeadaddPDCT séao financiados pelo
Ministério da Saude. Dentro desse contexto, essiengde entre 2008 e 2013, mais de 47
milhdes de unidades de medicamentos para o tratardarDA foram adquiridos pelo

governo federal, ao custo de R$90,1 milhdes (Ceisah, 2015).

A DA é uma doenca complexa, envolvendo a combindeafatores genéticos,
moleculares e ambientais. Normalmente, a DA se festaide maneira mais precoce e
apresenta uma evolucdo mais rapida em pacienteshisbénia familiar dessa doenca
(Casserly e Topol, 2004; Blennow et al., 2006). @sneiros sintomas da DA
normalmente se manifestam na forma de leves defidé memoria, afetando
principalmente a memdria de curto-prazo, com osieptgs podendo apresentar
dificuldade em lembrar de pequenos eventos doiaatidpor exemplo. Posteriormente,
em estagios mais avancados, ocorre 0 desenvohonpeagressivo de uma deméncia
severa, que leva progressivamente os pacientes@acitacdo. Em média, os individuos
afetados pela DA podem conviver com esse dist(pbrocerca de oito anos, podendo

chegar a até 20 anos em alguns casos (Alzheimsssdfation, 2015).

O diagnastico definitivo da DA é obtido apenas\aisada analispost mortendo
cérebro dos pacientes, com a deteccdo das alterdgtepatologicas descritas por
Alzheimer. Essas alteracdes incluem a presencéadaspsenis, formadas pelo acumulo
e agregacao do peptideo beta-amiloidp)(Aormando filamentos cercados por células
gliais reativas e neuritos distroficos, e tamb&mesenca de emaranhados neurofibrilares
formados pelo acumulo da proteina Tau, que se &achiperfosforilada na DA e se

acumula dentro das células na forma de filamentogranhados helicoidais pareados

24



(LaFerla et al., 2007; Ballard et al., 2011, Ittegbotz, 2011). Em geral, o cérebro desses
pacientes apresenta atrofia cortical bastante aagatno lobo temporal, especialmente
no coértex e na formagdo hipocampal, de forma quelome cerebral reduzido é

consequéncia da neurodegeneracao progressiva @rta meuronal nessas estruturas

(Mattson et al., 2004; Heneka et al., 2010).

Atualmente, as estratégias de tratamento da DAbs&tante limitadas, sendo
baseadas na modulacdo da acdo de neurotransmissoresspecial da acetilcolina
(ACh). Os inibidores das colinesterases (ChE) sagroncipais farmacos utilizados
dentro desse contexto, atenuando o déficit colio@rgcasionado pela degeneracéo de
neurénios colinérgicos no prosenceéfalo basal qoer®@com a progressao da doenca e
melhorando sintomas cognitivos e comportamentaecésdos a doenca (Lane et al.,
2006; Hroudova et al., 2016). A Tacrina foi o priraenibidor reversivel da ChE a ser
sintetizado e o primeiro farmaco a ser utilizad@pmatratamento da DA, todavia, devido
a sua baixa seletividade e a ocorréncia de efettlagerais colinérgicos, como nauseas,
colicas abdominais e hepatotoxicidade, acabou sgosteriormente retirado do mercado
(Korabecny et al., 2010), sendo substituida parsutrmacos inibidores da ChE como
a rivastigmina, a galantamina e o donepezil (Hroads al., 2016). Além dos inibidores
da ChE, a memantina, um inibidor ndo-competitive areptores NMDA, também tem
sido utilizada para o tratamento da DA em casosemaolbs ou graves, blogueando a
ativacdo excessiva dos receptores NMDA sem bloguearentanto, sua ativacao
fisiologica e sem interferir na transmissao siragtormal (Lipton, 2005). Devido a
limitacdo das estratégias terapéuticas disponi&/éisauséncia de cura da DA, muitos
estudos tém sido realizados visando a descobemawies estratégias terapéuticas para

essa doenca. Estudos mostraram resultados proesssam o uso de inibidores da
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dap-secretase, enzimas envolvidas na sintesefdoeduzindo o acimulo deixo SNC

e melhorando o déficit de meméria de camundongassg@énicos utilizados como
modelos experimentais da DA (Chang et al., 2004jrLat al., 2007; Imbimbo et al.,
2007). Esses resultados foram corroborados porasnalénicos de fase | e Il, nos quais
se observou que o uso desses farmacos causou ulmaranmoderada nos déficits
cognitivos de pacientes com DA branda ou moder&daners et al., 2006; Fleisher et
al., 2008). Posteriormente, porém, ensaios clinidesfase Ill verificaram que a
administracdo desses farmacos ndo ocasionou qualtglieora cognitiva em pacientes
com DA leve ou moderada, e ainda aumentou o risgevdntos adversos graves nesses
pacientes (Green et al., 2009; Carlson et al., RODbéssa forma, apesar do grande
impacto econbémico e dos efeitos ocasionados peladbie a salude e a qualidade de
vida dos pacientes, os tratamentos para essa dasrmgsao limitados, de forma que
existe a necessidade do desenvolvimento de esasti@gapéuticas que sejam capazes
de atuar sobre os mecanismos patogénicos e imp@dagressao da doenca (Sugino et

al., 2015).

1.3 PEPTIDEO BETA-AMILOIDE (%)

Conforme mencionado anteriormente, a presenca @eguamde quantidade de
placas-senis formadas pelo acumulo d & uma das principais alteraces
histopatoldgicas encontradas no cérebro de pasiestametidos pela DA. Os peptideos
AB sé@o produtos naturais do metabolismo, sendo famawdr cerca de 36 até 43
aminoacidos, e originam-se da protedlise da prateiecursora do amiloide (APP)
(Querfurth e LaFerla, 2010). Essa proteina podpreeessada através de duas vias, uma

via ndo-amiloidogénica, que néo forma peptidepsetvolvendo a acdo de uma enzima
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a-secretase, seguida da acdo de uma enzisecretase, ou através de uma via
amiloidogénica, envolvendo a ag¢ao sequencial de emzamaf-secretase, chamada
enzima clivadora do sitio beta da proteina precardo amiloide (BACE-1), e de uma
enzimay-secretase, formando peptideds (Kigura 2) (Haass e Selkoe, 2007; Querfurth
e LaFerla, 2010). A atividade da BACE-1 pareceospasso limitante na producdo dos
peptideos B, sendo responsavel pelo processamento de cefd®ada APP, enquanto

0s outros 90% normalmente séo processados atrawés dao-amiloidogénica (Murphy

e LeVine, 2010). A clivagem realizada pelsecretase, por sua vez, € um pouco variavel,
podendo formar peptideos com diferencas na sua@ao@zterminal. Dessa forma,
existem diferentes tipos de peptideds Mcluindo aqueles que terminam na posicéo 40
(AB40), que correspondem a cerca de 80 a 90% dosipeptiormados, além de alguns
outros peptideos como opA2, que corresponde a cerca de 5 a 10% dos peptideo
sintetizados (Selkoe et al., 2001; Qiu et al., 20Wsn desequilibrio entre a producéo e a
eliminacdo dos peptideos faz com queposA acumule, e esse fendmeno poderia ser um
dos desencadeadores da DA, segundo a hipéteseidmgéaica (McGeer e McGeer,

2013).

Nonamyloidogenic Amyloidogenic
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Figura 2 — Processamento da APP e sintese dfi.A
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Legenda: A APP pode ser processada pela via ndoidagiénica (lado esquerdo da figura),
envolvendo a acdo de umasecretase ou pela via amiloidogénica (lado digtdigura),
envolvendo a acdo da BACE-1. O processamento dgp@RPria amiloidogénica é responsével

pela formacédo dos peptideof.A

Fonte: Querfurth e LaFerla, 2010.

Os peptideos A normalmente sdo sintetizados em uma forma solével
posteriormente se agregam espontaneamente em laglltiprmas coexistentes.
Inicialmente sdo formados pequenos dimeros e tBngue posteriormente dao origem
aos oligbmeros. Os oligbmeros entdo podem se agfegaando as fibrilas, que se
arranjam em folhag pregueadas para formar as placas senis cardacesidbs estagios
avancados da DA (Stine et al., 2003; Querfurthfeelda, 2010). Ao passo que ¢ Ado
parece exercer efeitos toxicos no estado monomeérgeeus oligdbmeros soluveis e os
amiloides intermediarios sdo bastante neurotoxicosin seus niveis estando
frequentemente associados com os déficits cognitiadA (Lue et al., 1999). As fibrilas
insoltveis, por outro lado, sdo menos toxicas, wadaas placas senis formadas pela
deposicao dessas fibrilas acabam servindo com@ep@tie de reservatorio de peptideos
AB, apresentando dimeros e oligbmeros difusiveis .l adjacéncias, que podem se
deslocar para locais mais distantes das placasagda danos aos neurdnios e as sinapses
(Shankar et al., 2008; Selkoe, 2011).

O acumulo de peptideos3Aa DA causa dano neuronal por meio de diversos
mecanismos distintos. OpfApromove a ativacdo de varias vias pré-apoptotipses
contribuem para a formagéo dos emaranhados fisilentracelulares, que aceleram a
morte neuronal e causam os sintomas de deménaastiga DA (Takata e Kitamura,
2012). Estudos mostram que @ Aeduz a expressdo da Bcl-2, uma proteina anti-

apoptética, e aumenta a expressao da Bax, umainaqgied-apoptética, regulando a

28



sobrevivéncia neuronal através da modulacdo dogmlantre as proteinas pro e anti-
apoptéticas (Paradis et al., 1996; Selznick eaD0; Clementi et al., 2006). Também,
sabe-se que a elevacdo dos niveis fleldsencadeia uma resposta crénica do sistema
imune, envolvendo a ativacao dell-like receptors2 (TLR 2), TLR4 e TLR6, o0 que
resulta em inflamacgé&o e na liberacéo de citociniamatérias e outras moléculas que
podem afetar a depuracéo d@§ A de restos neuronais e aumentar a morte neuronal
mediada por células microgliais (Neniskyte et2011; Liu et al., 2012; Heneka et al.,
2015; Minter et al., 2016). Além disso, ¢ Asta relacionado com a regulacdo do estado
redox no encéfalo, causando dano oxidativo atrdeeseacdo de radicais livres com
diferentes classes de lipidios e proteinas, alierssuas estruturas e/ou funcdes e
provocando danos na membrana e no DNA celular (\asgan et al., 2000; Butterfield

et al., 2013; Sun et al., 2015). O acumulo fetém sido associado com o aumento dos
niveis de espécies reativas de oxigénio (EROS)ne @aeducdo da atividade e/ou
expressao de enzimas antioxidantes, incluindo eréxjglo dismutase (SOD), catalase e
glutationa peroxidase (Turunc Bayrakdar et al. 2Qidtet al. 2015; Zhang et al. 2015).
Por fim, estudos tém associado o acumulo gle#n alterac6es na fungdo mitocondrial,
incluindo a inibicdo de enzimas mitocondriais caaaitocromo ¢ oxidase e alteragbes
no transporte de elétrons, na producédo de trifosfatadenosina (ATP), no consumo de
oxigénio e no potencial de membrana mitocondri@made estimular a liberagdo de
radicais livres (Smith et al., 1996; Caspersen.eP@05; Hauptmann et al., 2006; Reddy

e Beal, 2008).
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1.4 POTENCIAL NEUROTERAPEUTICO DOS LIGANTES DA TSPO

Conforme mencionado anteriormente, nos ultimos ,adivgrsos estudos tém
mostrado que os ligantes da TSPO apresentam efeto®protetores em diferentes
modelos experimentais, incluindo modelos de doengasrodegenerativas, lesdes
traumaticas cerebrais e disturbios psiquiatricap@elopoulos e Lecanu, 2009; Rupprecht
et al., 2010; Arbo et al., 2015). Especificamenterelacdo a DA, estudos mapeando a
expressdo da TSPO em células gliais em diferentelelos animais de DA mostraram
que as células microgliais com alta expressao d@0OT&ercem um papel neurotoxico,
enguanto astrocitos com alta expressao da TSPOesmerm papel neuroprotetor na DA.
Ainda, foi observado que durante a progressédo dagdp a acao neurotdxica exercida
pela microglia se sobrepbe ao efeito neuroprotdtw astrocitos (Ji et al., 2008).
Posteriormente, visando estudar os possiveis gfegoroprotetores de ligantes da TSPO
em um modelo animal de DA, Barron et al., (2013%tramam que a administracao de 4'-
clorodiazepam (4’-CD, também conhecido como Ro54386én ligante da TSPO, exerce
efeitos neuroprotetores em camundongos 3xTgAD,zieda o acumulo de 40 e a
gliose reativa, e melhorando o desfecho funcionalahimais. Além disso, outro estudo
mostrou que a administracdo de PK11195, outro téigda TSPO, é capaz de inibir a
elevacédo dos niveis dgAl2 ocasionada pela administracéo de lipopolisggaa(LPS)
em camundongos (Ma et al., 2016). Esses resultadasam a formulacdo de hipoteses
a respeito do uso de ligantes da TSPO como farneamgsotencial para o tratamento da
DA (Chua et al., 2014; Repalli, 2014), todavia, sne@studos sdo necessarios visando a
identificacdo dos mecanismos de acdo possivelmameolvidos nos efeitos
neuroprotetores dos ligantes da TSPO em modelosrimgntais de DA para a

confirmacao e o refinamento dessas hipoteses.
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1.5 EFEITOS DOS LIGANTES DA TSPO SOBRE O DESENVOMANTO

NEURONAL

O desenvolvimento e a maturagdo neuronal sdo Eo@Eessenciais dentro da
fisiopatologia de doencgas neurodegenerativas egeneracdo do SNC ap0s as injurias
(Royo et al., 2003; Liu et al., 2011; Winner e 2011; Doron-Mandel et al., 2015). Sabe-
se que progenitores neurais localizados no girdedeo sdo capazes de gerar novos
neurdnios e células gliais no cérebro de mamiféunante a vida adulta, de forma que
essas células sdo integradas estruturalmente iefiafmoente aos circuitos hipocampais,
contribuindo de maneira importante para os proceds@prendizado e memoaria (Kee et
al., 2007; Aimone et al., 2011; Gu et al., 2012¢nDo desse contexto, estudos em
modelos animais e analispest mortemo cérebro de pacientes portadores da DA tém
mostrado que a inibicdo da neurogénese poderixeatde as lesbes caracteristicas
observadas no cérebro de pacientes portadores gexeAcendo um papel importante no
desencadeamento e na progressao da doenca (LaZdary, 2010; Demars et al., 2010;
Perry et al., 2012; Gomez-Nicola et al., 2014; Ekoou et al., 2015). Devido a isso, uma
possibilidade de abordagem terapéutica para o denid®A seriam tratamentos ou
outras intervencdes capazes de aumentar a neusggénehipocampo e melhorar os
déficits de memdria associados a DA (Schaeffelr,62@09; Valero et al., 2011; Richetin
et al., 2015).

Além de exercerem efeitos neuroprotetores em digarsodelos experimentais,
sabe-se que os hormonios esteroides regulam owidgemento neuronal e 0 processo
de neuritogénese atraves de diferentes mecanigmehgsndo a modulagcéo das vias das

proteinas cinases ativadas por mitdgenos (MAPKjosfatidilinositol-3 cinase (PI3K)
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e da Notch/Neurogenina 3 (Arevalo et al., 2012)réfanto, embora alguns estudos
tenham avaliado os efeitos de hormdnios como @dhstrsobre a neuritogénese, o
desenvolvimento axonal e a sinaptogénese no higmrduon Schassen et al., 2006;
Ruiz-Palmero et al., 2011; Fester et al., 2012 ,catnomento ndo existem estudos que
tenham abordado os efeitos de ligantes da TSP@ sal@senvolvimento neuronal. Além
disso, recentemente foi demonstrado que existeenetifas sexuais na diferenciacéo
neuronal no hipotalamo (Scerbo et al., 2014), tjainda necessita ser esclarecido se
essas mesmas diferencas também estdo preseniésercthcao e desenvolvimento de

neurdnios hipocampais.
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2 HIPOTESES
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Ho — O 4’-CD nao apresenta efeitos neuroprotetoraesa@a toxicidade induzida pelA
e nao altera o desenvolvimento de cultivos prinsade neurdnios hipocampais de

camundongos machos e fémeas.

H: — O 4’-CD apresenta efeitos neuroprotetores cantaxicidade induzida pelophe
estimula o desenvolvimento de cultivos primarios rurénios hipocampais de

camundongos machos e fémeas.
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3 OBJETIVOS
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3.1 OBJETIVO GERAL

Verificar o efeito neuroprotetor do 4’-CD, um ligarda TSPO, em diferentes
modelosin vitro de toxicidade induzida pelo pA além de seus efeitos sobre o

desenvolvimento de neurdnios hipocampais.

3.2 OBJETIVOS ESPECIFICOS

- Verificar o efeito neuroprotetor do 4’-CD sobreviabilidade de células SH-
SY5Y expostas ao [A\e avaliar o possivel envolvimento de proteinasciehadas com a
regulacdo da sobrevivéncia e da morte celular refsge.

- Avaliar o efeito do 4’-CD sobre a morte celulan @m modelo de cultura
organotipica de hipocampo de ratos e avaliar oipslsenvolvimento de proteinas
relacionadas com a regulacao da sobrevivénciangod& celular nesse efeito.

- Investigar os efeitos do 4’-CD sobre o desenwvoérnto de cultivos primarios de
neurénios hipocampais de camundongos machos eg$émediando os efeitos do 4'-CD
sobre a neuritogénese e o desenvolvimento axonal.

- Verificar a existéncia de diferencas sexuais aesedvolvimento de cultivos
primarios de neurbnios hipocampais de camundonghos e fémeas, e se existem

diferencas sexuais nos efeitos do 4’-CD sobre erdedvimento desses cultivos.
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4 MATERIAIS E METODOS
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4.1 REAGENTES

O dimetilsulfoxido (DMSO), o 4’-CD, o acido retira@ (RA), a DNAse |, a poli-
L-lisina, o diacetato de fluorosceina (FDA) e oatmdde propideo (PI) foram adquiridos
da Sigma-Aldrich (St Louis, MO, EUA). Os meios ddtagra, o B27 e o GlutaMAX |
foram adquiridos da Invitrogen (Invitrogen, CrewReino Unido). A tripsina foi
fornecida pela Worthington Biochemicals (WorthingtBiochemicals, Freehold, NJ,
EUA). O ABi.40foi fornecido pela Polypeptide (Estrasburgo, Franeaquanto o pa-42

foi fornecido pela Bachem (Bubendorf, Suica).

4.2 CULTURAS DAS CELULAS DE NEUROBLASTOMA SH-SY5Y

Células de neuroblastoma SH-SY5Y (American Type tu€al Collection,
Manassas, VA, USA) foram cultivadas em meio Eagbeliitado de Dulbecco/F-12
Ham (DMEM-F12) suplementado com 10% de soro fetafrio (FBS) inativado por
calor e 1% de antibidticos. As células foram magid 37°C em uma atmosfera contendo
95% de ar e 5% de CCElas foram passadas duas vezes por semana eragousadas

apos 10 passagens.

4.3 AVALIACAO DOS EFEITOS NEUROPROTETORES DO 4’-GIONTRA A

TOXICIDADE INDUZIDA PELO AB EM CELULAS SH-SY5Y

Apos alcancarem 80% de confluéncia, as célulasnf@@meadas em placas de

48-pocos (para os ensaios de viabilidade) ou enaplde 6 pocos (para as andlises por
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Western Blot). Para a obtencdo de células difeaelasi, elas foram cultivadas na
presenca de acido retinoico (RA) (k®) por seis dias conforme descrito por outros
estudos (Guarneri et al., 2000; Jantas et al.,)2@b/ o meio de cultura sendo trocado
a cada dois dias durante este periodo. Cinco lam&s do inicio dos tratamentos, as
células foram lavadas com soluc¢do salina fosfatptenada (PBS) e incubadas com meio
novo sem a adicao de soro. As células foram ptadaa por 1h com DMSO ou 4’-CD
(1, 10, 100 e 1000 nM) e entdo expostas ao veiRBS) ou ao Ai4o0 (12 pM,
solubilizado em PBS a 37°C por 24h para a agregag@@) mais DMSO ou 4’-CD nas

doses previamente descritas por 24h.

4.4 AVALIACAO DA VIABILIDADE DAS CELULAS SH-SY5Y

A viabilidade celular foi avaliada pelo ensaio dacetato de fluoresceina
(FDA)/iodeto de propideo (PI) (Astiz et al., 201@)FDA € um composto que é captado
pelas células vivas, onde é convertida em fluofaac@m composto fluorescente verde.
Por outro lado, o Pl € um composto que penetrazapeas células mortas ou em processo
de morte celular, onde se intercala ao DNA e eumta fluorescéncia vermelha. Apés os
tratamentos, as células foram incubadas por 50tosrau37°C com FDA (106M) e PI
(15uM). Posteriormente, as células foram lavadas coio descultivo e as absorbancias
posteriormente lidas em um fluorimetro. A viabitidacelular é expressada pela relagcédo
entre as absorbéancias para o FDA e o Pl e é dadapercentual do grupo controle. Pelo

menos quatro experimentos independentes foranzaeals.
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4.5 CULTURAS ORGANOTIPICAS DE HIPOCAMPO

Fatias hipocampais foram obtidas de ratos Wista8 deas de idade conforme
descrito por Hoppe et al. (2013). Em resumo, omaisi foram mortos, seus encéfalos
removidos e seus hippocampos dissecados, e postente foram obtidas fatias (400
um) usando um chopper de tecidos Mcllwain (Micklebduatory Engineering Co.,
Guilford, UK). As fatias foram colocadas sobre isg de membrana inserts (Millic®l
CM 0.4um, Millipore) em placas de 6-pocos. Cada poco feepchido com 1 mL de
meio de cultura contendo 50% de meio essenciahmi@VIEM), 25% de solucao de sais
balanceada de Hank (HBSS) e 25% de soro de cauplensentado com glicose (36
mM), HEPES (25 mM), NaHC&(4 mM), fungizona (1%) e gentamicina 0,100 mgtml
As culturas foram mantidas a 37°C em uma atmosfareendo 5% de C{por 25 dias
in vitro antes do seu uso. Durante esse periodo, 0 meigltdea foi trocado duas vezes

por semana.

4.6 AVALIACAO DOS EFEITOS NEUROPROTETORES DO 4’-GIONTRA A
TOXICIDADE INDUZIDA PELO AB EM CULTURAS ORGANOTIPICAS DE

HIPOCAMPO

Apoés 25 DIV, as culturas foram tratadas corfii-#& (5 uM) por 72h em
combinacédo com o veiculo (DMSO) ou 4-CD nas date=4.0 nM, 100 nM e LM.
Visando a agregacao do peptideo,f-&foi dissolvido em HO Milli-Q e incubado a

37°C por 72h antes do seu uso.
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4.7 AVALIACAO DA MORTE CELULAR NAS CULTURAS ORGANOTPICAS

DE HIPOCAMPO

O dano celular nas culturas organotipicas foi adali pela analise da
incorporacdo do Pl nas fatias. Setenta e uma hepas os tratamentos, o PI foi
adicionado ao meio de cultura na concentracéo hd/5por 1 hora e a fluorescéncia
emitida pelo PI foi observada em um microscoépioflderescéncia invertido (Nikon
Eclipse TE 300). As imagens foram capturadas atrale uma camera acoplada ao
microscopio (Visitron Systems, Puchheim, Alemanaajazenadas e subsequentemente
analisadas no software Scion Image. A quantidadtudeescéncia foi determinada por
analise densitométrica, apos a transformacao dageins em vermelho para o cinza. Para
a quantificacado do dano neural, o percentual dacetendo fluorescéncia emitida pelo
Pl acima dos valores do background foi calculadaetatdo a area total de cada fatia. A
intensidade da marcacao com o Pl foi expressada pensentual do dano celular (Hoppe

et al., 2013). Os dados sao apresentados comoiféatporacéo do PI.

4.8 WESTERN BLOT

Apo6s os ensaios de viabilidade, as células SH-SiB&M homogeneizadas em
tampao de lise (pH= 7,4) contendo inibidores degase e detergentes (150 mM NacCl,
20 mM Tris—HCI, 5 mM EDTA, 10%licerol, 0,5% Nonidet P40) e um coquetel com
inibidores de proteases. Os homogeneizados forartrifogados a 14000xg por 5
minutos a 4°C para a eliminacao de restos celylaressobrenadante foi usado para a
analise por Western Blot. Por outro lado, as fdtipecampais foram homogeneizadas
em um tampao de lise contendo 4% de duodecil sutasodio (SDS), 2 mM de EDTA,

50 mM de Tris e 1% de inibidores de proteases. Apdracao de proteinas, as amostras
41



foram fervidas por 5 minutos. Os niveis de protiftmam quantificados através do
método de Bradford (1979). Posteriormente, quadésasemelhantes de proteinas (25
ug no caso das células SH-SY5Y adsho caso das fatias hipocampais) foram separadas
em géis de poliacrilamida e transferidas para mands de nitrocelulose conforme
previamente descrito (Arbo et al., 2014). Nos expentos envolvendo as células SH-
SY5Y, as membranas foram processadas para imuegéeteatravés do uso de
anticorpos policlonais para survivina (16 kDa) (difio 1:1000) (Cell Signaling,
Danvers, MA, EUA), Bax (23 kDa) (diluicao 1:500)af8a Cruz Biotechnology, Santa
Cruz, CA, EUA), Bcl-xl (30 kDa) (diluicdo 1:50) (B& Cruz) e procaspase-3 (32 kDa)
(diluicdo 1:1000) (BD Biosciences, San Jose, CA,AEUPor outro lado, nos
experimentos envolvendo as culturas organotipiedsigbcampo, as membranas foram
processadas para imunodetecc¢do através do ustia®@ws policlonais SOD1 (16 kDa)
(diluicdo 1:500), p-Akt (60 kDa) (diluicdo 1:500hkt (60 kDa) (diluicdo 1:500) e
procaspase-3 (32 kDa) (diluicdo 1:500). Apds ashacde®vernightcom os anticorpos
primarios, as membranas foram lavadas com TTB8ubadas por 2h com 0s anticorpos
secundarios conjugados a peroxidase cabra anticwomli cabra anti-camundongo
(diluicdo 1:10000) (Millipore, Billerica, MA, EUA)Posteriormente, apds serem lavadas
com TBS (20 mM Tris-HCI, 140 mM NaCl, pH= 7,4), m&mbranas foram reveladas
por quimiluminescéncia seguidas da exposicdo dasmbmamas a filmes
autorradiogréficos (Hyperfiim ECL, Amersham). Od$mis foram digitalizados e
analisados através do software ImageJ (NIH, Bethédd, EUA). Os resultados obtidos
para cada membrana foram normalizados através ldedoecom a expressédo da
gliceraldeido 3-fosfato desidrogenase (GAPDH) ofi-datina conforme indicado. Para
minimizar a variagdo entre 0s ensaios, as amodgas®dos 0S grupos experimentais

foram processadas em paralelo. Os valores pararasséo proteica foram calculados
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como unidades densitométricas arbitrarias, e fampmnessos como percentual do grupo

controle.

4.9 CULTURAS DE NEURONIOS HIPOCAMPAIS DE CAMUNDONG®

Camundongos CD1 foram criados no Instituto Cajas@&dos para a geracéo de
embrides para esse estudo. O dia do tampéao vdgintdfinido como o dia embrionario
0 (EO). Todos os protocolos usados foram aprovpdmscomité de ética institucional e
estdo de acordo com as diretrizes do Conselho dasuddades Europeias

(86/609/CEE).

Embrides de camundongos (E17) foram sexados at@davédentificacdo dos
testiculos dos embrides machos com o uso de unosuigpio de dissecgdo, e 0S seus
hipocampos foram dissecados e dissociados em €é&oladas apods digestdo enzimatica
com 0,5% de tripsina e DNAse | a 37°C por 15 misytoslin e Banker, 1989). As
células foram lavadas com HBSS livre dé'GaMg* e os neurdnios foram contados e
semeados em laminulas de vidro cobertas por pliditka em uma densidade de 200
neurdnios/mrh As células foram cultivadas em meio Neurobasal sermelho-fenol
suplementado com GlutaMAX | e B27. Sob essas c6edi@ nivel de contaminacao por
astrocitos deve ser menor do que 5% aposib d@i&ro (DIV) (Ruiz Palmero et al., 2011).
Apo6s 1 DIV, neurénios hipocampais de machos e férfmam tratados com DMSO ou

4’-CD (10 nM, 100 nM e 1000 nM) por 24h.
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4.10 IMUNOCITOQUIMICA E ANALISE MORFOLOGICA

Apos o tratamento, as células foram fixadas emf@analdeido 4% por 20 min
a temperatura ambiente e permeabilizadas com Od&2#ion-X mais 0,12% de gelatina
diluidos em PBS por 4 minutos. A seguir, as céltdeam lavadas com PBS/gelatina e
incubadas por 1h com anticorpos policlonais dehmahti-Tau (diluicdo 1:500) e de
galinha anti-MAP-2 (diluicdo 1:4000) (Abcam, Candge, UK) para a marcacao dos
axonios e dendritos, respectivamente. Em segusde¢lalas foram novamente lavadas
com PBS/gelatina e incubadas por 1h em temperanmaente com os anticorpos
secundarios Alexa Fluor® 568 cabra anti-coelhouichlo 1:1000) (Abcam) para a
deteccdo da Tau e Fluoroscein (FITC) AffiniPurerbuanti-galinha (diluicdo 1:1000)
(Jackson ImmunoResearch, West Grove, PA, EUA) padeteccdo da MAP-2. Os
nacleos celulares foram corados com DAPI. As imagéaram obtidas em um
microscopio de fluorescéncia equipado com uma cardagital (Leica, Heidelberg,
Alemanha) em um aumento de 40x.

Para a avaliacdo dos efeitos do 4’-CD sobre o #ebemento neuronal, as
células foram classificadas em trés estagios densgetrimento (I, Il e Ill) de acordo
com sua morfologia (Scerbo et al., 2014). Em resura@stagio |, as células ainda néo
apresentam neuritos bem definidos; no estagi® henirdnios apresentam neuritos curtos
ou prolongamentos relativamente pequenos, enquamtestagio Ill, os neurbnios
apresentam um neurito longo Tau-positivo, relatieat® uniforme em diametro, que
corresponde ao axénio (Scerbo et al., 2014). Pada grupo, pelo menos 100 células
foram avaliadas em cada experimento, e pelo magesekperimentos independentes
foram realizados. Além disso, para a avaliacdo dfistos do 4-CD sobre o

desenvolvimento neuronal, foi contado o nimero elgitos primarios nas células nos
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estagios Il e lll, enquanto o comprimento axona délulas no estagio Il foi medido
utilizando o software ImageJ (NIH, Bethesda, MDAY$® expressado como pixeth.
Ainda, a ramificacdo neuritica foi avaliada pelaodé de Sholl, com o uso do software
CellTarget (Garcia-Segura e Perez-Marquez, 20143icBmente, uma grade contendo
sete circulos concéntricos com raios aumentandgrgssivamente em 2(m foi
superposta as imagens, com o circulo mais inteendcs fixado em torno do corpo
neuronal, e o numero de insterseccdes dos neeritasada um dos circulos foi avaliado

(Sholl, 1953).

4.11 ANALISE ESTATISTICA

A analise estatistica foi realizada usando o soéWwaaphPad Prism 5.0 (La Jolla,
CA, EUA). A andlise de variancia (ANOVA) de uma foarealizada para a comparacao
entre a viabilidade celular e a expressao proteitie os diferentes grupos nos
experimentos envolvendo o estudo dos efeitos neatetipres do 4’-CD contra o efeito
neurotoxico do B. Quando apropriado, a ANOVA foi seguida do pOsetele Student-
Newman-Keuls (SNK). Para a analise das diferencadoidgicas entre as culturas
primérias de neurdnios hipocampais, foi realizada ANOVA de duas vias, usando-se
como fatores independentes sexo e tratamento. Quaprdpriado, a ANOVA de duas
vias foi seguida do pés-teste de Bonferroni. Tagosesultados foram expressados como
média * erro padrdo da meédia. O nivel de significAestatistica foi definido como

P<0,05.
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Abstract

Translocator protein (TSPO) is an 18 kDa protegated at contact sites between
the outer and the inner mitochondrial membrane. &oos studies have associated
TSPO with the translocation of cholesterol acrobe tagueous mitochondrial
intermembrane space and the regulation of sterertegjs, as well as with the control of
some other mitochondrial functions, such as mitadni@l respiration, mitochondrial
permeability transition pore opening, apoptosis aedl proliferation. In the brain,
changes in TSPO expression occur in several netn@pagical conditions including
neurodegenerative diseases and psychiatric disorBarthermore, TSPO ligands have
been shown to promote neuroprotection in animaletsodf brain pathology. At least in
some cases, the mechanisms of neuroprotectiossweiated with modifications in brain
steroidogenesis. In addition, regulation of neutammation seems to be a common
mechanism in the neuroprotective actions of TSBénlils in different animal models of

brain pathology.

Keywords: PBR; steroidogenesis; neuroprotection; traumat@nbinjury; anxiety;

Alzheimer's disease.
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1. Introduction

Translocator protein (TSPO) is an 18 kDa protegated at contact sites between
the outer and the inner mitochondrial membranesa#t previously known as peripheral
benzodiazepine receptor (PBR), due to its progerbynd to diazepam [1]. Functionally,
TSPO is well known for its role in the translocatiof cholesterol across the aqueous
mitochondrial intermembrane space. Due to this ifipefunction, the protein was

renamed in 2006 as TSPO [1].

TSPO is an integral membrane protein of 169 amicidsa well conserved
throughout evolution [2]. It is arranged in fivatismembrane alpha helices, an extra-
mitochondrial C-terminal, an intramitochondrial 8ininal and two extramitochondrial
and two intramitochondrial loops [3]. It presentghaffinity for cholesterol, having a
cholesterol recognition amino acid consensus (CRéd@hain at its C-terminal region
[4]. While first studies suggested that TSPO coluldction as a channel, receiving
cholesterol from the steroidogenic acute regulajfmotein (StAR) and mediating its
transport to the inner mitochondrial membrane, mégelLi et al. [5] studied the crystal
structure of TSPO and suggested a possible slidaghanism of transport for cholesterol
on the external protein surface, that would reqthee association of TSPO with other
proteins. Indeed, TSPO forms part of a multiproteiomplex, termed the
transduceosome, composed by other molecules invatvéhe transport of cholesterol
into the mitochondria such as the voltage-depenai@ion channel (VDAC), the 67-kDa
long isoform of the adenosine triphosphatase (A€pP&snily, AAA domain-containing
protein 3 (ATAD3) and StAR [6-11]. The transportabfolesterol into the mitochondria
is the rate-limiting step in steroidogenesis. lhitochondria, the biosynthesis of steroid
hormones is initiated with the enzymatic cleavafjhe side chain of cholesterol by the
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cytochrome P450 side chain cleavage enzyme (CYPYLisich forms the first steroid,
pregnenolone [12]. Pregnenolone, then, leaves tteehondria towards the endoplasmic
reticulum, where it undergoes further enzymatiagfarmations that will form the final

steroid products [13].

Numerous studies have addressed the possible folESBO in cholesterol
transport and have associated this protein witlebalation of steroidogenesis. The first
evidence came from studies showing that TSPO ligatidhulated the biosynthesis of
steroids in different cell types in vitro [14-18).vivo observations also helped to uphold
the role of TSPO in steroidogenesis, such as ttreased plasma levels of testosterone
in men treated with diazepam [19], the increasetaosterone levels in rats treated with
diazepam [20, 21], and the increased synthesisegfngnolone in the forebrain of rats
treated with high-affinity TSPO ligands [22]. Inragment with its proposed function on
steroidogenesis, the expression of TSPO is highsteroid-synthesizing tissues, such as
the gonads and adrenals [1]. It should be mentiohedever, that the results of some
recent studies using a conditional knockout miald WSPO deletion in testicular Leydig
cells [23] or global TSPO knockouts [24, 25] hataltenged the functional implication
of TSPO on gonadal steroidogenesis. In additioothaar recent study has shown that
TSPO deletion had little effect on gonadal stergatesis, but affected
adrenocorticotropic hormone (ACTH)-mediated stevgehesis in the adrenals,
increasing the number of lipid droplets and theslgwf neutral lipids, suggesting an
impairment of mitochondrial cholesterol transpart ateroidogenesis [26]. These mice
presented an up-regulation ®€arblin the adrenals, a gene that is involved in thenmai
pathway of cholesterol uptake from the peripheagjlitating the uptake of cholesteryl

esters from high-density lipoproteins, indicating adaptive response to the lack of
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substrate availability for steroidogenesis [26].offrer interesting observation of this
study was that the viability of two different line$ Cre-mediated TSPO conditional
knockout mice was different [26], indicating thia¢ tmethodology used to produce TSPO
deletion plays a key role in the results obtaiffétbrefore, a better understanding of these
knockout models is necessary to elucidate the imaif TSPO on the regulation of
steroidogenesis. Findings arising from studieslwing transgenic animal models should
be analyzed with caution, as complex interactiohghe thousands of genes in a
multicellular organism may obscure the functionsany individual gene [27]. On the
other hand, een if the protein in its quiescent state is notoiwed in gonadal
steroidogenesis, drug activation of the proteine@&@H cholesterol transport and
steroidogenesis in every tissue tested so far. dffest is highly specific as shown using
drugs of different chemical structure, affinitiestereoisomers, agonists/antagonists,
recombinant protein reconstituted alone in lipossnand based on nuclear magnetic
resonance (NMR) and crystal structure informati@8j[ Moreover, blocking the CRAC
domain also blocks steroidogenesis [29]. Thus,pilesence of TSPO allows for such

control of cholesterol transport and steroid prdigducby the drug ligands.

In addition to the possible relationship of TSP@wthe regulation of cholesterol
transport and steroidogenesis, TSPO is thoughettiate other mitochondrial functions,
such as mitochondrial respiration, apoptosis anldpeeliferation [30-34]. Moreover,
TSPO has been linked with the control of the mitoadrial permeability transition pore
(MPTP) opening, therefore regulating cytochromeelease, caspase activation and

apoptosis [35-38]. However, this role is still undebate [39].
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2. TSPO in the brain

Brain expression of TSPO in physiological conditias low. In the CNS, TSPO
iIs mainly found in glia and at very low levels iaurons [32, 37, 40]. TSPO ligands are
used for brain imaging of neuroinflammation, sif&PO is upregulated at sites of injury
and inflammation, as well as in several neuropatiiohl conditions including stroke and
neurodegenerative disorders such as Alzheimersades (AD), Parkinson’s disease,
Huntington’s disease, multiple sclerosis and anogdtic lateral sclerosis [2, 41-43].
Under these conditions, the expression of TSP@tdyhenhanced in reactive microglia
and astrocytes [7, 44-46]. Steroid hormones mayraigulate the expression and activity
of TSPO in neural cells. Rats submitted to a modl@europathic pain and treated with
progesterone present a higher spinal expressiarS®O than vehicle-treated animals
[47]. Furthermore, estradiol has been recently shtamactivate TSPO in hypothalamic
astrocytes, promoting the synthesis of progestef48k Interestingly, TSPO levels are
also affected by stress. Rats exposed to forcausivig test, a stress-inducing condition,
showed higher density of TSPO ligand binding in te¥ebral cortex [49], while

inescapable tailshocks decreased TSPO ligand lgndithe same brain region [50].

Numerous studies have shown that neuroactive dtereither from peripheral or
central origin, exert neuroprotective and anxialdctions [51-54]. Given the role of
TSPO on steroidogenesis and apoptosis, this meléad been explored as a therapeutic
target for psychiatric disorders (Table 1), neugsderative diseases (Table 2) and
neurotrauma (Table 3). In the next sections we exdmine the studies conducted with

TSPO ligands in animal models of these pathologiocallitions.
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3. TSPO ligands as neurotherapeutics

3.1 TSPO ligands and psychiatric disorders

Several studies have associated psychiatric disonlith a downregulation of
TSPO expression in peripheral cells. Decreased T&R@ession has been found in the
platelets and lymphocytes of patients with anxdigorders [55-57], in the platelets of
patients suffering from schizophrenia [58] and gostimatic stress disorder [59] and in
a suicidal adolescent population [60]. Howeverreased TSPO density, measured by
distribution volume by positron emission tomograpigs been detected in the prefrontal
cortex, the anterior cingulate cortex and insulpaifents with a major depressive episode
[61]. In these patients, greater TSPO density énahterior cingulate cortex correlated

with greater depression severity [61].

Different TSPO ligands presented anxiolytic effectsrodents and humans.
Etifoxine was the first TSPO ligand to be used linics due to its anxiolytic effects,
showing an efficacy similar to the benzodiazepiomzepam [62]. XBD173, a new
selective and high affinity TSPO ligand, presemsi@ytic and antidepressant effects in
different experimental models, without causingsloe effects normally associated with
conventional benzodiazepines, such as myorelaxXéatte tolerance and withdrawal
symptoms [63, 64]. Also, XBD173 exerted anti-pagfitects in rodents and humans, in
the absence of sedation, tolerance developmenw#hdrawal symptoms [65]. More
recently, this compound has been shown to imprbeebehavioral deficits involving
freezing and anxiety-like behaviors in a mouse rhofi@ost-traumatic stress disorder
[66]. However, Owen et al. [67] reported high TSBi@ding variability of XBD173
across human subjects, and XBD173 did not showrgufg over placebo in a phase Il

trial with patients with generalized anxiety diserd68]. Other TSPO ligands, such as
53



ZBD-2 and YL-IPAQ8, have been shown to exert angtioleffects in rats and mice [69-
71]. Furthermore, YL-IPAO8 reduced contextual fearodent models of post-traumatic

stress disorder [69, 70] (Table 1).

3.2 TSPO ligands and neurodegenerative diseases

Neurodegenerative diseases include a wide rangeudé and chronic conditions
characterized by the loss of neuronal and glialsceduch as Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, multgolerosis and amyotrophic lateral
sclerosis [72]. As mentioned before, increased T8R®Wession has been detected in the
brain of patients with these pathologies, espaciall the sites most affected by
degenerative changes [73-81]. However, few stuthe® investigated the role of TSPO

in these diseases (Table 2).

Barron et al [82] have shown that the TSPO ligahdndbrodiazepam (4’-CD,
also known as R05-4864), exerts neuroprotectiveoractin a mouse model of
Alzheimer’s disease, reducing hippocampal amyl@thi{A3) accumulation and gliosis
in 3XTgAD mice. These findings correlated with madkimprovements in functional
outcomes, including increased working memory pemntorce and reduced anxiety
behaviors in 3XTgAD mice. Another study examineg ileuroprotective effects of other
TSPO ligand, etifoxine, in a mouse model of mudtiptlerosis. In this study, etifoxine
attenuated the severity of the disease when adiad before the development of
clinical signs and improved symptomatic recoveryewladministered at the peak of the
disease. Etifoxine decreased peripheral immuneimitration in the spinal cord and

increased oligodendrial regeneration after inflatamadegeneration [83].
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The protective effect of TSPO ligands have alsonbegsessed in a model of
peripheral diabetic neuropathy caused by the ilgjeocdf streptozotocin to male rats.
Treatment of these animals with 4’-CD resultednnraprovement of nerve conduction
velocity, thermal threshold, and skin innervatiord amproved expression of myelin
proteins and Na+,K+-ATPase activity in the sciaterve [84]. In addition, the TSPO
ligand etifoxine has been shown to promote axaegemeration and functional recovery
after peripheral nerve freeze injury [85] and tdvamce peripheral nerve regeneration

through large acellular nerve grafts [86].

3.3TSPO ligands and traumatic brain injury

Traumatic brain injury (TBI) is one of the leadimguses of morbidity and
mortality in young adults, being caused by direetinal tissue damage and secondary
sequelae [87]. Reactive gliosis is one of the maaponses of the brain to injuries, and
TSPO upregulation in microglia and astrocytes spomse to lesions is directly related
with the degree of damage. Several studies sugjggsTSPO ligands could be used as
markers for the state and progression of TBI [4f], & addition, some studies have
addressed the neuroprotective effects of TSPO digam experimental models of brain
injury (Table 3). Soustiel et al [89] have showattd’-CD is neuroprotective in a rat
model of cortical injury, increasing the numbersafviving neurons and the density of
the neurofilament network in the perilesional ceorfEhese effects were correlated with
a decreased activity of caspase-9 and caspasei@ating that 4’-CD could be acting
through the inhibition of the caspase-dependenpimsts pathway, which is triggered by
the cytochrome c release from the mitochondria.[88f same group described that 4'-

CD decreases intracranial pressure after a codargusion, reducing water content and
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improving cerebral metabolism and neurological vecy, probably through a
mechanism involving a protective effect of 4’-CD mnitochondria as evidenced by

electron microscopy analysis [90].

4. TSPO and the control of neuroactive steroid levg

As previously mentioned, neuroactive steroids emetroprotective actions in a
variety of experimental models of neurodegeneratisseases and also have positive
outcomes in models of psychiatric disorders [51-F#refore, since TSPO is known to
be involved in steroidogenesis, it has been prapdeat TSPO ligands may exert
neurotherapeutic actions by regulating the synshes$ineuroactive steroids. Indeed,
changes in the levels of neuroactive steroids enltfain have been detected after the
administration of different TSPO ligands, includietgfoxine [91-93], XBD173 [65], 4'-

CD [82, 94] and YL-IPAO8 [69], among others.

There is evidence that alterations in the regutadiosteroidogenesis by TSPO are
associated with psychiatric disorders. For instaag®lymorphism (rs6971) in the TSPO
gene has been associated with the diagnosis afbigisorder [95]. This polymorphism
causes an amino acid substitution within the trambrane domain, which is in the same
location of the cholesterol binding pocket [4] atherefore it may affect cholesterol
transport. Interestingly, this polymorphism is aéssociated with an altered peripheral

production of pregnenolone [96].

The effects of TSPO ligands on animal models ofcpsyric disorders and
neurodegeneration are often associated with ineddasal levels of neuroactive steroids.

The anxiolytic effects of etifoxine and imidazomine acetamides are associated with an
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increase in the brain levels of several neuroacsigroids, such as pregnenolone,
progesterone, dddihydroprogesterone ¢SDHP), allopregnanolone and THDOC [91,
92]. Moreover, Verleye et al [92] reported that whetifoxine was administered in
combination with finasteride, an inhibitor of the-Eeductase, the enzyme responsible for
the conversion of &DHP in allopregnanolone, its anxiolytic effectsrevattenuated,
indicating that the anxiolytic effects of etifoxiremuld be mediated by an increased
synthesis of allopregnanolone. The neuroprote@ifexts of etifoxine in a mouse model
of multiple sclerosis were associated with an iasesin the mRNA expression of-3
hydroxysteroid dehydrogenase, an enzyme responsibie the production of
allopregnanolone [83]. Concerning the TSPO ligarBDX73, which exerts anxiolytic
and antidepressant effects, Rupprecht et al. [@djehshown that it increased the
production of neurosteroids in brain slices anda@cled GABAergic neurotransmission,
possibly through the action of neuroactive steroidsddition, the anxiolytic effects of
YL-IPAO8 were associated with an increase in thesle of allopregnanolone in the
prefrontal cortex [69]. Furthermore, the protectfkects of 4’-CD in the sciatic nerve of
diabetic rats were associated with an increasehénldcal levels of pregnenolone,

progesterone and dihydrotestosterone [84].

All these findings suggest that the therapeutitoast of TSPO ligands in the
nervous system may be mediated by an increaseeitetiels of neuroactive steroids.
However, there is still a lack of direct evidenae tbe link between the increase in
neuroactive steroids and the actions of TSPO ligamdeural cells. Furthermore, in some
cases, as reported for etifoxine on frog hypothalaexplants [93], the increase in
steroidogenesis produced by TSPO ligand may be atestiby TSPO independent

mechanisms [97].
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5. TSPO and the control of neuroinflammation

Neuroinflammation is a common component of neuredegative diseases and
traumatic brain injury and may also play a rolepsychiatric disorders [98]. Both
microglia and astrocytes participate in the nedt@ammatory response of the central
nervous system. TSPO is highly expressed in ad#ecynd microglia under
neurodegenerative conditions and TSPO seems tiipaté in the control of reactive
gliosis and neuroinflammation. Administration of@D to male rats reduced neuronal
loss, reactive astrogliosis and reactive microgdias the hippocampus caused by the
systemic administration of the excitotoxin kainicica[99]. Another TSPO ligand,
PK11195 was shown to reduce microgliosis and mil@ogroliferation in the
hippocampus of male rats that received an intrbceventricular infusion of bacterial
lipopolysaccharide (LPS) [100]. In contrast to slystemic administration of kainic acid,
the treatment with LPS does not induce significagdronal loss in the hippocampus.
Therefore, it can be concluded that the reductiomigrogliosis by PK11195 is not a
secondary effect due to decreased neuronal loggesting that microglia are direct
targets of TSPO ligands. This is also suggestetidjact that the TSPO ligand XBD173
decreased the expression of proinflammatory marketbe microglia cell line BV-2
exposed to LPS [45]. Furthermore, the over-expoassi TSPO on microglia decreased
its production of proinflammatory cytokines indudaegl LPS. In contrast, TSPO knock-
down in microglia increased the effects of LPS be expression of inflammatory
markers [101, 102]. This effect of TSPO was attleapart mediated by the modulation

of NF«B activity [101].
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TSPO may also participate in the communicationstfogytes and microglia in
the regulation of neuroinflammation. In the retif@PO is upregulated in microglia
under conditions of inflammation. At the same tithe TSPO endogenous ligand
diazepam-binding inhibitor (DBI) is upregulated astrocytes and Mduller cells, a
specialized macroglia cell type of the retina. Koiatatetraneuropeptide (TTN), a DBI
derived peptide and a TSPO ligand, reduced miaaggttivation in vitro and reduced
retinal inflammatory responses in vivo, suggesthg TSPO ligands mediate astroglia-

microglia communication to regulate the neuroinfaatory response [102].

6. Conclusion and future directions

The evidence reviewed here indicates that TSP(pential therapeutic target
for psychiatric disorders and neurodegenerativeagiss. Thus, TSPO ligands have been
documented to be effective in different experimeamtémal models of neurodegenerative
diseases, TBI and psychiatric disorders. Increasadoactive steroid synthesis and
decreased neuroinflammation may be involved inrtberal actions of TSPO ligands.
However, a direct proof for these possible mechmasids still lacking. Further
investigations focused on the study of the effe€tsonditional TSPO knockout in brain
cells are necessary. Recently, a NMR structurkeiriouse TSPO [3] and high resolution
crystal structures for TSPO from two distinct baet@ere obtained [5, 103], allowing a
correlation of TSPO structure and function at theleoular level for the first time.
Although these studies showed a similar overalbkogy of the monomer, differences
between the crystallographic and NMR structureseweund, including the ligand
binding residues and oligomeric states. Thereflurgher studies should be focused on

the elucidation of the functional attributes thatynarise from these structures, trying to
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address at which extent TSPO acts alone or in amatibn with other proteins in both

health and disease states, and how it interacksdifferent drugs.
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Table 1 - The use of TSPO ligands as neurotherapeutic agents different
experimental models of psychiatric disorders.

Experimental models TSPO ligands Effect

Water-lick conflict test Etifoxine and Anxiolytic effects [91, 92].
imidazopyridine
acetamides

Different anxiety and XBD173
depression animal models

Anxiolytic and
antidepressant-like effects
[63, 64].

YL-IPAO8

Anxiolytic and
antidepressant-like effects
[70].

Elevated plus-maze and XBD173
social exploration test

Anxiolytic effects [65].

Lactate- or CCK4-induced XBD173
panic in rodents

Anti-panic effects [65].

Mouse model of post- XBD173
traumatic stress disorder

Decreased freezing and
anxiolytic-like behaviors
[66].

YL-IPAOS8

Decreased anxiolytic-like
behavior and contextual
fear [69].

CCK4-induced panicin  XBD173
healthy male volunteers

Anti-panic effects [65].

Patients with generalized XBD173
anxiety disorder

Did not show superiority
over placebo [68].

Animal model of chronic ZBD-2
pain

Anxiolytic effect [71].

Abbreviations: 4’-CD: 4’-chlorodiazepam; CCK4: cholstokinin tetrapeptide; TSPO:

translocator protein (18 kDa).

76



Tabela 2 - The use of TSPO ligands as neurotherapeutic agsnin different

experimental models of neurodegenerative diseases.

Experimental models TSPO ligands Effect
Neurodegenerative

diseases

Mouse model of 4-CD Decreased hippocampal

Alzheimer’s disease

AP accumulation and
gliosis, increasing working
memory performance and
reducing anxiety behaviors
[82].

Mouse model of multiple Etifoxine
sclerosis

Decreased inflammation
and peripheral immune
cell infiltration of the
spinal cord, and increased
oligodendroglial
regeneration after
inflammatory
demyelination [83].

Rat model of peripheral 4’-CD
diabetic neuropathy

Improved nerve
conduction velocity,
thermal threshold, skin
innervation and the
expression of myelin
proteins and Na+,K+-
ATPase activity in the
sciatic nerve [84].

Peripheral nerve freeze  Etifoxine
injury

Promoted axonal
regeneration and
functional recovery [85].

Abbreviations: 4’-CD: 4’-chlorodiazepam;fAamyloid-beta; TSPO: translocator

protein (18 kDa).
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Tabela 3 - The use of TSPO ligands as neurotherapeutic agsnin different
experimental models of traumatic brain injury and neuroinflammation.

Experimental models TSPO ligands

Effect

Traumatic brain injury

Rat model of cortical 4’-CD
injury

Increased the neuronal
survival and the density of
the neurofilament network
in the perilesional cortex,
decreasing the activity of
caspase-9 and caspase-3
[89].

4'-CD

Decreased intracranial
pressure, reducing the
water content and
improving the cerebral
metabolism and the
neurological recovery [90].

Neuroinflammation

BV-2 cells exposed to LPS XBD173

Decreased theesgion
of proinflammatory
markers [45].

Kainic acid excitotoxicity  4’-CD

Reduced neuronass,
reactive astrogliosis and
reactive microgliosis in the
hippocampus [99].

Intracerebroventricular PK11195
infusion of LPS

Reduced microgliosis and
microglia proliferation in
the hippocampus [100].

LPS-induced retinal TTN
inflammation

Reduced microglia
activation in vitro and
reduced retinal
inflammatory responses
[102].

Abbreviations: 4’-CD: 4’-chlorodiazepam; TSPO: tshtator protein (18 kDa); TTN:

Triakontatetraneuropeptide.

78



6 CAPITULO Il

Artigo: 4’-Chlorodiazepam is neuroprotective against amylal-beta through the

modulation of survivin and bax protein expressionm vitro

Status: Publicado no periddico Brain Research (Brai Res. 1632:91-7, 2016).

79



4’-Chlorodiazepam is neuroprotective against amylal-beta through the modulation

of survivin and bax protein expression in vitro

Arbo BD'% Marques CV% Ruiz-Palmero % Ortiz-Rodriguez A, Ghorbanpoor &

Arevalo MA?, Garcia-Segura LK Ribeiro MF.

1- Laboratério de Interacdo Neuro-Humoral — Departimof Physiology — ICBS —
Universidade Federal do Rio Grande do Sul (UFR&8a Sarmento Leite, 500 (90050-

170), Porto Alegre/RS, Brazil.

2- Instituto Cajal — CSIC. Avenida Doctor Arce, @B002), Madrid, Spain.

Corresponding author: Bruno D. Arbo. Laboratério de Interacdo Neuro-Huahor
Department of Physiology, ICBS — Universidade Fabelo Rio Grande do Sul
(UFRGS), Rua Sarmento Leite, 500, Porto Alegre, ®950-170, Brazil. Phone: +55-

51-3308-3500.

E-mail addresshrunoarbo@gmail.com

80



Abstract

The translocator protein of 18 kDa (TSPO) is lodatethe outer mitochondrial
membrane and is involved in the cholesterol trarispto the mitochondria and in the
regulation of steroidogenesis, mitochondrial pefoilgg transition pore opening and
apoptosis. TSPO ligands have been investigatecherapeutic agents that promote
neuroprotective effects in experimental models m@irbinjury and neurodegenerative
diseases. The aim of this study was to identify tle@iroprotective effects of 4'-
chlorodiazepam (4’-CD), a ligand of TSPO, againstylaid-beta (4) in SH-SY5Y
neuroblastoma cells and its mechanisms of actighdécreased the viability of SH-
SY5Y neuroblastoma cells, while 4’-CD had a neuotgetive effect at the doses of 1
nM and 10 nM. The neuroprotective effects of 4'-@@ainst /8 were associated with
the inhibition of A-induced upregulation of Bax and downregulationsofvivin. In
summary, our findings indicate that 4'-CD is neundpctive against Brinduced
neurotoxicity by a mechanism that may involve tlegulation of Bax and survivin

expression.

Keywords: translocator protein (TSPO); steroids; steroidogene apoptosis;

Alzheimer's disease.

81



1. Introduction

Translocator protein (TSPO) is an 18 kDa protegated at contact sites between
the outer and the inner mitochondrial membranesciwlwas previously known as
peripheral benzodiazepine receptor (PBR), duestpribperty to bind diazepam [1, 2].
This protein is arranged in five transmembrane alpélices and presents a cholesterol
recognition amino acid consensus (CRAC) domainsaCtterminal region, presenting

high-affinity for cholesterol [3, 4].

Functionally, TSPO is thought to mediate the tracelion of cholesterol across
the aqueous mitochondrial intermembrane spacegdaado this function, this protein
was renamed in 2006 as TSPO [1]. TSPO forms patrobiltiprotein complex, termed
the transduceosome, composed by other moleculelwed/in the transport of cholesterol
into the mitochondria such as: (i), the voltageatefent anion channel (VDAC); (ii), the
67-kDa long isoform of the adenosine triphosphatddéPase) family, AAA domain-
containing protein 3 (ATAD3) and (iii), the sterogknic acute regulatory protein (StAR)
[5-7]. The transport of cholesterol into the mitondria is the rate-limiting step in
steroidogenesis. In the mitochondria, the biosyithef steroids is initiated with the
enzymatic cleavage of the side chain of cholesteyahe cytochrome P450 side chain
cleavage enzyme (CYP11A1l1), which forms the firser@t, pregnenolone [8].
Pregnenolone, then, leaves the mitochondria towidwel€ndoplasmic reticulum, where
it undergoes further enzymatic transformations widitform the final steroid products,

including progesterone, testosterone and estrggjiol

In addition to its relationship with the regulatiof cholesterol transport and
steroidogenesis, TSPO is thought to mediate oth&wchondrial functions, such as

mitochondrial respiration and cell proliferationdadifferentiation [10, 11]. Moreover,
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TSPO has been associated with the control of thhechmndrial permeability transition
pore (MPTP) opening, therefore regulating cytocheddrelease, caspase activation and

apoptosis [12-14].

TSPO is widely distributed throughout the body,nigefound in most tissues,
including the adrenal, pineal and salivary glarts, olfactory epithelium, ependyma,
gonads, heatrt, kidney, liver, lung, bone, marrom&jrh spinal cord and peripheral nerves
[2, 15]. In the nervous system, the expressionSRO in physiological conditions is low,
however, this protein is upregulated at sites @frinand inflammation, as well as in
several neuropathological conditions including lstr@and neurodegenerative disorders
such as Alzheimer’s disease (AD), Parkinson’s disg&luntington’s disease, multiple
sclerosis and amyotrophic lateral sclerosis [16-3bjne studies have shown that TSPO
ligands may be neuroprotective in experimental risodé different neurodegenerative
diseases, as well as in experimental models of lomairies and psychiatric disorders (see
Arbo et al. [22] for review). In addition, Girard al. [23] have shown that the TSPO
ligand etifoxine is able to improve nerve regernierand functional recovery after nerve
transection in rats. Furthermore, Giatti et al [Aémonstrated that the TSPO ligand 4'-
chlorodiazepam (4’-CD, also known as R05-4864) bk a0 increase the levels of
pregnenolone, progesterone and dihydrotestosténahe sciatic nerves of diabetic rats
and to decerase the severity of diabetic peripheratopathy. In relation to AD, it was
observed that 4’-CD exerts neuroprotective actiong mouse model of AD, reducing
hippocampal amyloid-beta (@-40 accumulation and gliosis, and improving the

functional outcomes of 3xTgAD mice [25].

AD pathological hallmarks include the presenceextiacellular senile plaques
mainly composed of fpeptide and intracellular neurofibrillary tangfesmed by hyper-
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phosphorilated aggregates of tau, which is a mitnde-associated protein [26].fA
accumulation causes neuronal damage in AD throbghattivation of pro-apoptotic
pathways [27-29] and contributes to the formatibmwacellular neurofibrillary tangles,
which further accelerates neuronal loss and caiheesymptoms of dementia [30]. It is
known that A downregulates the expression of Bcl-2, an antptgiec protein, and
upregulates the expression of Bax, a pro-apoppottein, regulating neuronal survival
through the modulation of the balance between paptotic and anti-apoptotic proteins
[31-33]. Therefore, the aim of this study was tentify the neuroprotective effects of 4'-
CD against amyloid-beta (A in SH-SY5Y neuroblastoma cells and its mechanieims

action.

2. Material and Methods

2.1 Chemicals

Dimethyl sulfoxide (DMSO), 4'-CD, retinoic acid (RAfluorescein diacetate
(FDA) and propidium iodide (PI) were purchased fr8igma-Aldrich (St. Louis, MO,
USA). Culture mediums were purchased from Invitrogavitrogen, Crewe, UK). Bx.-

sowas supplied by Polypeptide (Strasbourg, France).

2.2 Cell Cultures

Female human SH-SY5Y neuroblastoma cells (AmeriCype Culture
Collection, Manassas, VA, USA) were grown in Dulb@s Modified Eagle

Medium/Nutrient F-12 Ham (DMEM F12) supplementethai0% heat-inactivated fetal
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bovine serum (FBS) and 1% of antibiotics. Cellsev@aintained at 37° C in a saturated
humidity atmosphere containing 95% air and 5%,.CIhey were passaged twice per

week and were not used after 10 passages.

2.3 Evaluation of the neuroprotective effects of 4CD against A induced

neurotoxicity

After reaching 80% confluence, cells were seedwdd8-well plates (for viability
assays) or into 6-well plates (for Western Blotlgsia). In order to obtain differentiated
cells, they were cultured with RA (M) for six days as described elsewhere [34, 35]
and the culture medium was changed every two daysglthis period. Five hours before
treatments, cells were washed with phosphate ladfeolution (PBS) and incubated with
fresh serum-free medium. Cells were pre-treatedlfowith DMSO or 4’-CD (1nM,
10nM, 100nM and 1000nM), and then exposed to veh{EIBS) or Ai.a0 (12uM,
solubilized in PBS at 37°C for 24h in order to abi@ggregated B) plus DMSO or 4'-
CD in the doses previously described for 24h. Togedof A8 used in this study was

based in a pilot study (data not shown).

2.4 Cell Viability Assays

To assess cell viability we performed the fluoetsdiacetate (FDA)/propidium
iodide (PI) assay [36]. FDA is a cell-permeant exe substrate that stain live cells.
Living cells actively convert the non-fluorescenDA into the green compound
fluorescein. FDA assay allows the evaluation ofl-cembrane integrity, which is

required for intracellular retention of its fluooest product. In contrast, Pl is a membrane
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impermeable compound commonly used for the ideation of dead cells. After
treatments, cells were incubated for 50 min at 3¥RG@ FDA (10QuM) and PI (1pM).
After that, cells were washed with culture mediumd alates were read in a fluorimeter.
The viability ratio is expressed by the ratio oé thDA/PI absorbance and is given as

percentage of control, and at least four indepenebgperiments were performed.

2.5 Western Blotting

After viability assay, cells were homogenizedysis buffer (pH 7.4) containing
protease inhibitors and detergents (150mM NaCl, MOifris—HCI, 5mM EDTA,
10%glycerol 0.5% Nonidet P40 and protease inhibitor cockt@ile homogenates were
centrifuged at 14000xigr 5 min at 4°C to discard cell debris, and theesoatant fraction
obtained was used for Western blot as#dier protein isolation, the samples were boiled
for 5 min. The protein levels were measured byntleéhod of Bradford [37]. After protein
measurement, sodium dodecyl sulfate polyacrilangeleelectrophoresis (SDS-PAGE)
on 12 or 15% (w/v) was carried out using a minitpam system (Bio-Rad, Hercules, CA,
USA) with broad range molecular weight standarde¢Bion Plus Protein Dual Color
Standards, Bio-Rad). Protein (25pg) was loaded achelane with loading buffer
containing 65mM Tris (pH= 6.8), 50% glycerol, 109%D& 0.5M mercaptoethanol,
0.002% bromophenol blue. Samples were heated &t @42 min prior to gel loading.
After electrophoresis, proteins were transferred® um nitrocellulose membranes
(Trans-Blot, Bio-Rad) by a semi-dry system 25V /A.5 min (Trans-Blot Turbo Transfer
System, Bio-Rad). The membranes were blocked Wil{\s/v) BSA in TTBS (138 mM
NaCl, 25 mM Tris, pH 8.0, and 0.1% (w/v) Tween-20yoom temperature for 2h, and

then incubated overnight at 4°C with the primartiady diluted in this same blocking
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solution. The membranes were processed for immuecilen using rabbit polyclonal
antibodies for survivin (16kDa) (1:1000 dilutiorg€ll Signaling, Danvers, MA, USA),
Bax (23kDa) (1:500 dilution) (Santa Cruz Bioteclowy, Santa Cruz, CA, USA), Bcl-xI
(30kDa) (1:50 dilution) (Santa Cruz) and procasgh$d2kDa) (1:1000 dilution) (BD
Biosciences, San Jose, CA, USA). After washing WittBS, the membranes were
incubated for 2h at room temperature with goat-gatibit (Jackson ImmunoResearch,
West Grove, PA, USA) or goat anti-mouse (Bio-Raéjopidase-conjugate secondary
antibodies (1:10000 dilution) and washed with TBRSnM Tris-HCI, 140mM NacCl,
pH= 7.4). The blots were revealed for chemilumieese followed by apposition of the
membranes to autoradiographic films (Hyperfilm E@lmersham). The densitometric
analysis of the autoradiographies was performel thie¢ image ImageJ software (NIH,
Bethesda, MD, USA)The results from each membrane were normalizefl-dotin
(42kDa) (1:4000 dilution) (Sigma-Aldrich) or glyeadehyde 3-phosphate
dehydrogenase (GAPDH) (36kDa) (1:1000 dilutighillipore, Billerica, MA, USA)
where indicated. To minimize interassay variati@asnples from all experimental groups
were processed in parallel. Protein expressionegalwere calculated as arbitrary

densitometric units.

2.6 Statistical Analysis

Statistical analysis was carried out using GraphiP@sin 5.0 software (La Jolla,
CA, USA). A one-way analysis of variance (one-wady@VA) was performed to evaluate
cell viability and protein expression between d#éf& groups. When appropriate, ANOVA

was followed by the Student-Newman-Keuls (SNpQst hoctest. All results were
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expressed as mean = standard error (SEM). The déatétistical significance was set at

P< 0.05.

3. Results

3.1 4-CD is neuroprotective against f induced neurotoxicity

To assess its neuroprotective effects, four diffexdoses of 4’-CD were tested
against A-induced neurotoxicity. It was observed that 4’-@Bs neuroprotective against
AB when administered at 1nM or 10nMdko= 8.093,P<0.0001) (Figure 1). However,
when cells were treated with higher doses of 4'{@00nM or 11M), its neuroprotective
effect disappeared. Based on these findings, weeteel the dose of 10nM to be used in the

subsequent experiments.

3.2 The neuroprotective effect of 4-CD against A is related with the

modulation of the protein expression of Bax and swivin

After the identification of the neuroprotective exft elicited by 4’-CD
administration against induced neurotoxicity, we studied the expressiénsame
proteins implicated in the regulation of cell swaliand apoptosis, namely Bax, survivin,
Bcl-xI and procaspase-3, which could mediate the&romotective effects of 4’-CD. We
observed that Aincreased the protein expression of Bax 4§ 5.916,P,=0.0046) (Figure
2) and decreased the protein expression of sur(iyins= 3.454,P=0.0385) (Figure 3),

while the concomitant administration of 4’-CD inlidnl these effects. No differences were
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found in the expression of Bcl-xl (Figure 4) andgaspase-3 (Figure 5) between the

experimental groups.

4. Discussion

In the last decade, several studies have assdssatetiroprotective actions of
TSPO ligands in different experimental models. Bhesmpounds, which are currently
used for brain imaging of neuroinflammation dué¢ht® upregulation of TSPO in reactive
microglia and astrocytes, have been shown to bepeatective in different experimental
models of neurodegenerative diseases, brain igjuaied psychiatric disorders (as
reviewed by Arbo et al. [22]). In this study, wesebved that the TSPO ligand 4’-CD was
neuroprotective againstpAtreatment in female human neuroblastoma cellss& luata
corroborate previous data by Barron et al. [25],icwhfound that 4-CD was
neuroprotective in a mouse model of AD, reducimggpbcampal A-40 accumulation and

gliosis, and improving the functional outcomes »T§AD mice.

As previously mentioned, it is known thaf3 Anay affect neuronal survival
through the modulation of the balance between paptotic and anti-apoptotic proteins
[31]. We observed here thapAeurotoxicity was associated with a decreasedesspn
of survivin, which was reversed by the co-admiaistn of 4’-CD. Survivin is a
downstream protein of thcatenin pathway and a member of the inhibitorpaffaosis
protein family, which exerts anti-apoptotic effetig inhibiting caspase activation and
activated caspases, including caspase-3 and -738Although we did not observe
changes in the levels of procaspase-3, survividcbe acting modulating its cleavage

into the active caspase-3, whose levels were rntectdzl in the Western-blots. Indeed,
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data suggest that although survivin tightly binaladtive caspases such as caspase-3 and
-7, it may not bind to its inactive proforms, agtimainly by inhibiting the activated
caspases and regulating caspase activation byinegdehe cleavage of its proforms
[38]. Therefore, this could explain the fact tHa thanges in the levels of survivin were
not correlated with significant differences betwéemlevels of procaspase-3. In addition,

it should be mentioned that the role of caspasetBa A3-induced neuronal death is still
controversial, as studies have suggested tiffanéurotoxicity may be also caspase-

independent [32, 40-42].

In addition to the modulation of survivin proteirpeession, the neuroprotective
effects of 4’-CD were also associated with a desgdagprotein expression of Bax. As
previously mentioned, several studies have shoahAR-induced neuronal damage is
associated with the modulation of the balance betmpgro-apoptotic and anti-apoptotic
proteins, including the upregulation of Bax and twvnregulation of anti-apoptotic
proteins from the Bcl-2 family [31-33]. Bax is aopapoptotic protein from the Bcl-2
protein family that is found mainly in the cytosad soluble monomers, and to a lesser
extent, loosely associated to mitochondria [43]x Bativity is under the control of
prosurvival members of the Bcl-2 family, includinBcl-2 and Bcl-xl, which
heterodimerize with Bax and other pro-apoptotidgirs, inhibiting their activation [44].
After apoptotic stimulation, Bax undergoes confatiotaal changes and is translocated
from the cytosol to the mitochondria, where it feges the formation of pores and leads
to the mitochondrial outer membrane permeabiliza(MOMP), resulting in the release
of cytochrome ¢ and other pro-apoptotic factorsnfrine mitochondria, which lead to
caspase activation and apoptosis [45]. Thereftue neuroprotective actions of 4’-CD

against A could be related with a downregulation of Bax eggion, which could be
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associated with decreased cytochrome c releas@emeésed cell viability. Although the
changes in the Bax expression were not directlgted| to significant changes in the
expression of Bcl-xl, other proteins of the Bcla2rily such as Bcl-2 could be involved

in the regulation of Bax expression after 4’-CDatraent.

As previously mentioned, functionally, TSPO is tgbtito regulate cholesterol
transport and steroidogenesis [5, 6, 22]. Therefone of the hypothesis regarding the
neuroprotective effects of TSPO ligands agairfsisithat the activation of TSPO could
be related with the stimulation of the biosynthediaeurosteroids, which could mediate
the neuroprotective effects of TSPO ligands. Rdggrdhis aspect, it is known that
estradiol is able to regulate the expression ofgme from the Bcl-2 family, decrease
mitochondrial cytochrome c release and proteciarand hippocampal neurons against
AP [46, 47]. These data were corroborated by anattugly, which found that estradiol
protects cerebellar granule cells againgt through a reduction in the pAnduced
upregulation of Bax and downregulation of Bcl-xlhibiting mitochondrial cytochrome
c release and apoptosis [48]. Moreover, Qin g8l demonstrated that progesterone is
neuroprotective againstfAinduced neurotoxicity in primary cultured rat ¢cad neurons
through the inhibition of JNK signaling and theiimtion of the mitochondrial apoptotic
pathway. More recently, Grimm et al. [50] (2015pwied that different neurosteroids,
including progesterone, estradiol and testosterareeable to rescue the bioenergetics
deficits induced by the overexpression ¢f iA SH-SY5Y cells. In addition, other study
showed that both estradiol and progesterone aeetablegulate the expression of A
clearance factors in primary neuron cultures amdafe rat brain [51], corroborating a
possible role of neurosteroids in the regulatiompfactions in the brain. On the other

hand, it is also known that neurosteroidogenesffexted by A in SH-SY5Y cells [52]
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and that 3xTg-AD mice show age-related changeseuraactive steroid levels [53],
corroborating the relationship betweef @nd these molecules. Therefore, as 4’-CD elicit
neuroprotection againstihrough similar mechanisms than neurosteroid$dheg the
modulation of the balance between pro-apoptoticaantidapoptotic proteins, it is possible
that these effects could be mediated by increasagrosteroidogenesis, and this

hypothesis should be tested by further studies.

In summary, we showed that 4’-CD is neuroprotectagainst A-induced
neurotoxicity and that this effect may be relatethvihe inhibition of A-induced
downregulation of survivin and upregulation of B&urther studies may investigate if
the neuroprotective effects of 4-CD againstf Aare mediated by increased

neurosteroidogenesis related to the stimulatioRSRO activity.
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Figure Legends

Figure 1. Effect of different doses of 4’-CD in theviability of SH-SY5Y cells exposed
to Ap. Cells were pre-treated with vehicle or differenséds of 4’-CD for 1h, and then
treated with vehicle or 4’-CD and exposed tp @-40) (12uM) for 24h. At least four
independent experiments were performed. Data repteébe mean + SEM and are
expressed as percentage of control values. #Diffédrem DMSO; *Different from A
(ANOVA/SNK, P<0.05).

Figure 2. Effect of 4’-CD in the protein expressiorof Bax in SH-SY5Y cells exposed

to Ap. Cells were pre-treated with vehicle or 4-CD (M@)rfor 1h, and then treated with
vehicle or 4’-CD (10 nM) and exposed t@ £1-40) (121M) for 24h. Data represent the
mean + SEM. *Different from other groups (n= 5-@igp; ANOVA/SNK, P=0.0046).

Figure 3. Effect of 4’-CD in the protein expressionof survivin in SH-SY5Y cells
exposed to A. Cells were pre-treated with vehicle or 4’-CD (1d)nfor 1h, and then
treated with vehicle or 4-CD (10 nM) and exposed (1-40) (12uM) for 24h. Data
represent the mean + SEM. *Different from otherup® (n= 6/group; ANOVA/SNK,
P=0.0385).

Figure 4. Effect of 4’-CD in the protein expressionof Bcl-xlI in SH-SY5Y cells
exposed to A. Cells were pre-treated with vehicle or 4’-CD (1d)rfor 1h, and then
treated with vehicle or 4-CD (10 nM) and exposed (1-40) (12uM) for 24h. Data
represent the mean = SEM (n= 5-6/group).

Figure 5. Effect of 4’-CD in the protein expressiorof procaspase-3 in SH-SY5Y cells
exposed to A. Cells were pre-treated with vehicle or 4’-CD (1d)nfor 1h, and then
treated with vehicle or 4’-CD (10 nM) and exposed (1-40) (12uM) for 24h. Data
represent the mean £ SEM (n= 6/group).
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Figure 3
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Figure 4
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Figure 5
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Abstract

The translocator protein of 18 kDa (TSPO) is lodatethe outer mitochondrial
membrane and is involved in the cholesterol trartspto the mitochondria and in the
regulation of steroidogenesis, mitochondrial pefoilgg transition pore opening and
apoptosis. TSPO ligands have been investigatecherapeutic agents that promote
neuroprotective effects in experimental models m@irbinjury and neurodegenerative
diseases. In a previous study, our group showedttthlorodiazepam (4’-CD), a TSPO
ligand, was neuroprotective against amyloid-befd) (A SHSY-5Y neuroblastoma cells.
The aim of this study was to identify the neuropatitze effects of 4’-CD againstpAin
organotypic hippocampal slices and its mechanisinacbon. A3 decreased the cell
viability of organotypic hippocampal slices, whileCD had a neuroprotective effect at
the doses of 100 nM anduM. The neuroprotective effects of 4'-CD againgi were
associated with an increased expression of supkraksmutase (SOD). In summary, our
findings indicate that 4’-CD is neuroprotective mga AB-induced neurotoxicity by a

mechanism that may involve the regulation of SOftgin expression.

Keywords: translocator protein (TSPO); steroids; apoptosi&zhdimer's disease,

oxidative stress, superoxide dismutase (SOD).
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Introduction

The increase in the life expectancy of the worlgylation is accompanied by an
exponential increase in the number of people aftbdly neurodegenerative diseases
related to aging. Alzheimer’s disease (AD) is thestncommon neurodegenerative
disease and the major cause of dementia in pewpleb@ years-old, affecting around 35
million people over the world (Querfurth e LaFerk®10). Data from 2013 show that
whereas the mortality rate related to cardiovasaliteases and stroke decreased by 14%
and 23%, respectively, the mortality rate relatedD increased by 71%, making it the
sixth leading cause of death in the USA and thb fdading cause of death in individuals
over 65 years-old (Alzheimer’s Association, 2015)e costs related to the treatment and
care of AD patients in the USA were estimated ié Bl#lion dollars in 2015 (Alzheimer’s
Association, 2015), while the expenses relatech&odare of patients suffering from
dementia in Europe were estimated in 105 billiorosun 2010 (Gustavsson et al. 2011).
However, despite the large economic impact of ARreé are no effective treatments for
this disease. Currently, the drugs approved fottrégegment of AD are only intended to
treat some of the symptoms of this disease, ané ikeno treatment able to prevent its

progression through the inhibition of its pathogamechanisms (Sugino et al. 2015).

AD pathological hallmarks include the presence xifaeellular senile plaques
mainly composed of amyloid-beta fApeptide and intracellular neurofibrillary tangles
formed by hyper-phosphorylated aggregates of tductwis a microtubule-associated
protein (Cavalucci et al. 2012) BAaccumulation causes neuronal damage in AD through
the activation of pro-apoptotic pathways (Nikolat\al. 2009; Vohra et al. 2010; Zhou
et al. 2011) and contributes to the formation tfacellular neurofibrillary tangles, which
further accelerates neuronal loss and causes thetesns of dementia (Takata and
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Kitamura, 2012). In addition, AD is also relatedtodative stress, manifested by protein
oxidation, lipid peroxidation and DNA oxidation (Berfield et al. 2013). A

accumulation has been associated with increasetslefrreactive oxygen species (ROS)
and decreased levels and activities of antioxidamtymes, including superoxide
dismutase (SOD), catalase, and glutathione perseid@urunc Bayrakdar et al. 2014;

Liu et al. 2015; Zhang et al. 2015).

Translocator protein (TSPO) is an 18 kDa protegated at contact sites between
the outer and the inner mitochondrial membranesciwlwvas previously known as
peripheral benzodiazepine receptor (PBR), due gopioperty to bind diazepam
(Papadopoulos et al. 2006; Batarseh and Papad&@@a0). This protein is arranged
in five transmembrane alpha helices and present®ksterol recognition amino acid
consensus (CRAC) domain at its C-terminal regioresenting high-affinity for
cholesterol (Li and Papadopoulos, 1998; Jaremial.eR014). Functionally, TSPO is
thought to mediate the translocation of cholestambss the aqueous mitochondrial
intermembrane space, and due to this functionptioitein was renamed in 2006 as TSPO
(Papadopoulos et al. 2006). The transport of ckerelsinto the mitochondria is the rate-
limiting step in steroidogenesis. In the mitocheadthe biosynthesis of steroids is
initiated with the enzymatic cleavage of the silain of cholesterol by the cytochrome
P450 side chain cleavage enzyme (CYP11A1l), whichmdo the first steroid,
pregnenolone (Miller and Auchus, 2011). Pregnermltren leaves the mitochondria
towards the endoplasmic reticulum, where it undesgarther enzymatic transformations
that will form the final steroid products, includiprogesterone, testosterone and estradiol

(Lacapére and Papadopoulos, 2003).
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In addition to its relationship with the regulatiof cholesterol transport and
steroidogenesis, TSPO is thought to mediate oth&wchondrial functions, such as
mitochondrial respiration and cell proliferationdadifferentiation (Hirsch et al. 1989;
Corsi et al. 2008). Moreover, TSPO has been adedciwith the control of the
mitochondrial permeability transition pore (MPTPpeming, therefore regulating
cytochrome C release, caspase activation and apsgiamzami and Kroemer, 2001;

Azarashvili et al. 2007; Sileikyte et al. 2011).

Some studies have shown that TSPO ligands mayurepretective in different
experimental models of neurodegenerative diseds&sn injuries and psychiatric
disorders (see Arbo et al. (2015) for review). $ipeEadly regarding AD, it was observed
that 4’-CD exerts neuroprotective actions in a neausdel of AD, reducing hippocampal
AB-40 accumulation and gliosis, and improving thecfional outcomes of 3XxTgAD mice
(Barron et al. 2013). In addition, a previous studyour group showed that 4’-CD is
neuroprotective againstpfadministration in SH-SY5Y neuroblastoma cells tigio the
modulation of the protein expression of survivirdd@ax (Arbo et al. 2016). Therefore,
due to the need to clarify the mechanisms of actbrd’-CD against B-induced
neurotoxicity, the aim of this study was to invgate the neuroprotective effects of 4'-

CD against & in organotypic hippocampal slices and its mechmasisf action.

Material and Methods

Chemicals

Dimethyl sulfoxide (DMSO), 4’-CD and propidium iatk (PI) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Culture mediumsgere purchased from Gibco

(Carlsbad, CA, USA). Ba-a2was supplied by Bachem (Bubendorf, Switzerland).
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Organotypic Hippocampal Cultures

Hippocampal slices were obtained from 8-day-old en®istar rats as previously
described (Hoppe et al. 2013). Briefly, the animaése euthanized, their brains were
removed, the hippocampi were dissected and trasesuappocampal slices (4G0n
thickness) were obtained by using a Mcllwain tissumpper (Mickle Laboratory
Engineering Co., Guilford, UK). The slices wereqald on membrane inserts (Millic&ll
CM 0.4um, Millipore) in six-well plates. Each well contad 1 ml of culture medium
consisting of 50% minimum essential medium (MEM)%2 Hank’s balanced salt
solution (HBSS), 25% horse serum supplemented glithose (36 mM), HEPES (25
mM), NaHCQ (4 mM), fungizone (1%) and gentamicin 0.100 mg.n@ultures were
incubated at 37°C in an atmosphere of 5% of ©025 daysn vitro (DIV) prior to use.

Culture medium was changed twice a week.

Drugs and Treatments

4’-CD was dissolved in DMSO and stored at -20°0l wste. AB1-42 was incubated in
Milli-Q water at 37°C for 72h prior to use. On DRB, cultures were treated withBAs.
(5 uM) plus 4'CD in three different doses (10 nM, 10@ and 1uM) or its vehicle for

72h.
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Quantification of cellular death

Cell damage was assessed by fluorescent imagesanafypropidium iodide (Pl,
Calbiochem, San Diego, CA, USA) uptake. Pl is apobmpound that is impermeable
to an intact cell membrane, but it penetrates dachagll membranes of dying cells and
binds to nuclear DNA to generate a bright red #scence. Seventy-one hours after
treatments, the slices were stained with Pl (5 favi)Lh. PI fluorescence was observed
by an inverted fluorescence microscope (Nikon BeipE 300). Images were captured
using a CCD camera (Visitron Systems, Puchheimm@ny), stored and subsequently
analyzed by using Scion Image software. The amouRt fluorescence was determined
densitometrically after transforming the red valirgs grey values. For quantification of
neural damage, the percentage of area expressthgpriscence above background level
was calculated in relation to the total area oheslice. Pl intensity, meaning cell death,
was expressed as a percentage of cell damage (ldbppe2013). Data are presented as

% of Pl incorporation.

Western Blot

Organotypic slices were homogenized in lysis buffentaining 4% sodium
dodecyl sulfate (SDS), 2 mM EDTA, 50 mM Tris, 1% mraalian protease inhibitor
(Roche, San Francisco, CA, USA) at 4°C and stare2l04C until use. Equal amounts of
protein (50ug) were resolved and immunodetected as previowesygribed (Arbo et al.,
2014). The membranes were processed for immundaeteasing rabbit polyclonal
antibodies for SOD1 (16 kDa) (1:500 dilution), ptABO kDa) (1:500 dilution), Akt (60
kDa) (1:500 dilution) and procaspase-3 (32 kDap@Q: dilution). After washing with
TTBS, the membranes were incubated for 2 h at reonperature with goat anti-rabbit
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or goat anti-mouse peroxidase-conjugated secondatipodies (1:10000 dilution)
(Millipore, Billerica, MA, USA) and washed with TB&0 mM Tris-HCI, 140 mM NacCl,
pH= 7.4). The blots were revealed for chemilumieese followed by apposition of the
membranes to autoradiographic films (Hyperfiim EQimersham). The films were
scanned and the digitalized images analysed ukangdftware ImageJ (NIH, Bethesda,
MD, USA). The results from each membrane were nbrexh to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (36 kDa) (1:50Qiak) (Millipore). The average
optical density for the control group was desigdads 100%. To minimize interassay
variations, samples from all experimental groupsemgrocessed in parallel. Protein

expression values were calculated as arbitraryienstric units.

Statistical Analysis

Statistical analysis was carried out using Graph®ain 5.0 software (La Jolla,
CA, USA). A one-way analysis of variance (one-waiN®@VA) was performed to
evaluate cell viability and protein expression bs#w different groups. When
appropriate, ANOVA was followed by the Student-NeavirKeuls (SNK)post hodest.
All results were expressed as mean = standard €B6M). The level of statistical

significance was set &< 0.05.

Results
4’-CD is neuroprotective against A induced neurotoxicity

First, to establish a model ofAnduced neurotoxicity, we evaluated the effect of
AP (5uM) treatment for 24, 48 and 72 hours in the vigpdif organotypical hippocampal
slices. It was observed that the administration Agf decreased the viability of

hippocampal slices after 72h, while its administratfor 24 or 48h did not affect the
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viability of the slices (k,23= 51.36,P<0.0001) (Figure 1A and B). Based on these results,
we selected to use theAt the dose of pM for 72h in the other experiments. Later, we
evaluated if 4-CD was neuroprotective againgt Administration for 72h in rat
organotypic hippocampal slices. It was observeti4h&D was neuroprotective against

AB when administered at 100 nM opl (Fs 487 61.24,P<0.0001) (Figure 1C and D).

The neuroprotective effects of 4-CD against B could be related with the
modulation of the protein expression of SOD

After the identification of the neuroprotectivdestt elicited by the administration
of 4'-CD against A-induced neurotoxicity, we studied the expressio8@D1, one of the
major antioxidant enzymes expressed in the CNSoaisdme proteins implicated in the
regulation of cell survival and apoptosis, suchAk$ and procaspase-3, which could
mediate the neuroprotective effects of 4'-CD. Weeaskied that the administration of 4'-
CD in all the doses tested increased the protgression of SOD1 after the administration
of Ap (Fss3= 3.228,P=0.0136) (Figure 2). No differences were found he protein

expression of Akt (Figure 3) and procaspase-3 (leig)ibetween the experimental groups.

Discussion

In the last decade, several studies have assdssatktiroprotective effects of
TSPO ligands in different experimental models, répg that these compounds exert
neuroprotective effects in experimental models efirndegenerative diseases, brain
injuries and psychiatric disorders (Arbo et al. 201Specifically regarding the
neuroprotective effects of TSPO ligands in expentaemodels of AD, a previous study

by our group showed that 4-CD is neuroprotectivgaiast A in SH-SY5Y
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neuroblastoma cells through the modulation of simand bax protein expression (Arbo
et al. 2016). Corroborating these data, in thisdwtuve showed that 4'-CD was
neuroprotective againstpAn organotypic hippocampal slices. Since glialscebuld be
an important site for the action of TSPO ligandg 880 expression is generally higher
in these cells than in neurons (Veenman et al. 206é@n and Guilarte, 2008), we chose
to study the neuroprotective effects of 4'-CD agaiAp in organotypic hippocampal
slices, as they preserve the connections betwagonmeand glial cells and could help us
to better understand the mechanisms involved imtheoprotective actions of 4'-CD
against A-induced neurotoxicity.

It is known that AD is associated with oxidativerdage and that Baccumulation
has been associated with increased levels of veawtiygen species (ROS) and decreased
levels and activities of antioxidant enzymes, idahg SOD, catalase and glutathione
peroxidase (Turunc Bayrakdar et al. 2014; Liu et2805; Zhang et al. 2015). In this
study, we showed that the treatment with 4’-CD rak@ administration was able to
increase the expression of SOD1 in comparison thighA3-only treated group. SOD is
an enzyme that catalyzes the dismutation of thersuple radical, which is produced as
a by-product of the oxygen metabolism and may caunaay types of cell damage
(Bresciani et al. 2015). Oxidative stress that egauthin the bilayer, hypothesized in
the AB-induced oxidative stress hypothesis in whidh -4 inserts as oligomers into the
bilayer and serves as a source of ROS, has beewnstwinitiate lipid peroxidation
(Butterfield et al. 2013). Studies show that Met<#5AB peptides is critical for p-
associated toxicity and oxidative stress. The didaof Met-35 to form methionine
sulfoxide plays an important role in the regulatioh protein function and cellular
defense, and may lead to lipid or protein oxidatiStadtman, 2004; Butterfield et al.

2013). Studies have reported increased levels wfative stress markers for protein
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oxidation/nitration and nucleic acid oxidation iralms from patients in the early stages
of AD (Gabbita et al. 1998; Wang et al. 2006; Barat al. 2011, 2012). In addition,
Murakami et al. (2011) have shown that SOD1 ddficyedrives A oligomerization and
memory loss in a mouse model of AD, while otherdgtishowed that human
neuroblastoma SH-SY5Y cells overexpressing SODllem® susceptible to fAinsult
(Celsi et al. 2004), corroborating the idea thaDS©uld have a crucial role in the defense
against A-induced damage. Therefore, the stimulation ofsyr@hesis and activity of
antioxidant enzymes could be a mechanism for th®raof neuroprotective agents
against AB-induced neurotoxicity. Indeed, several studies enashown that the
neuroprotective actions of different compounds ragtad3 involve the modulation of the
expression of antioxidant enzymes in brain celis @t al. 2015; Yu et al. 2015; Zhang
et al. 2015). Moreover, some studies have showtHaD exerts antioxidant effects in
different experimental models. Mehta et al. (2088pwed that 4’-CD attenuates the
cognitive impairment promoted by the administratedra carbamate pesticide through
an increase in the expression of antioxidant ensymneaddition, other authors have also
associated the antioxidant effects of 4'-CD withaardioprotective effects in different
experimental models (Jaiswal et al. 2010; Xiad.&2@L0; Paradis et al. 2013). Therefore,
all together, these data suggest that the modualatfi&OD protein expression could be
related with the neuroprotective actions of 4’-Gfaiast A-induced neurotoxicity.

In addition to its oxidative damage, it is knowratthAB may affect neuronal
survival through the modulation of the balance lestmvpro-apoptotic and anti-apoptotic
proteins (Paradis et al. 1996; Hoppe et al. 20XBp/Aet al. 2016). Therefore, we studied
the expression of some proteins involved in theilisgn of cell survival to verify their
involvement in the neuroprotective effects of 4’-@@ainst A-induced neurotoxicity. In

this study, we did not find any difference in thepeession of Akt and procaspase-3
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between our experimental groups. Akt is a serinedthine kinase which is part of the
phosphoinositide-3 kinase (PI3K) pro-survival patlyw Although previous studies
showed that Akt may be involved in th@-fnduced cell damage (Chen et al. 2009; Yin
et al. 2011), Hoppe et al. (2013) did not showdiffgrence in the expression of Akt after
AP administration in rat organotypical hippocampates in a protocol similar to that
used in this paper. However, we cannot rule outrthelvement of PI3K/Akt pathway in
the effects of both A of 4’-CD in this experimental model, as changethmexpression
and activation of Akt could be happening in thetfinours after treatments, but could be
abolished after 72h. In addition to the absencdiftérences in Akt expression, we did
not find any difference in the expression of prpese-3 in our experimental groups.
Procaspase-3 is the inactive precursor of caspas@ith is considered the central and
final apoptotic effector responsible for apoptostgevious studies have suggested that
AP neurotoxicity may be caspase-independent (Selztiekt. 2000; Dumanchin-Njock
etal. 2001; Yu et al. 2010, 2011). In additiomtéer recent study from our group showed
that the neuroprotective effects of 4’-CD againti\SH-SY5Y cells do not involve the
regulation of the expression of procaspase-3 (Aebal. 2016). Therefore, our data
corroborate previous studies and indicate tHatrAluced neurotoxicity may be caspase-
independent.

As previously mentioned, functionally, TSPO is tgbtito regulate cholesterol
transport and steroidogenesis (Papadopoulos 086; Arbo et al. 2015). Therefore,
one of the hypothesis regarding the neuroprote@fterts of TSPO ligands againsp A
is that the activation of TSPO could be relatedhwhie stimulation of the biosynthesis of
neurosteroids, which could mediate the neuroprveceffects of TSPO ligands.
Regarding this aspect, it is known that some sddrormones are neuroprotective against

AB in different experimental models and modulate attiee stress in AD. Studies show
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that estradiol is neuroprotective againgtiA SH-SY5Y cells and hippocampal neurons,
decreasing ROS levels, lipid peroxidation and oxigainjury after A3 administration
(Goodman et al. 1996; Shea and Ortiz, 2003). Intiadd Qian et al. (2015) showed that
allopregnanolone attenuateg-Aduced neurotoxicity in PC12 cells by reducing th
intracellular ROS generation and lipid peroxidatemd increasing the SOD activity.
These data are corroborated by other studies slhyahat neuroactive steroids are able to
exert antioxidant effects in the brain in differexperimental conditions (Barron et al.
2006; Ozacmak and Sayan, 2009; Webster et al. 201®refore, as 4'-CD elicit
neuroprotection againstihrough similar mechanisms than neurosteroidgdheg the
modulation of the brain redox status and the agtoi antioxidant enzymes, it is possible
that these effects could be mediated by increasagrosteroidogenesis, and this
hypothesis should be tested by further studies.

In summary, our findings indicate that 4’-CD is rgurotective against
induced neurotoxicity by a mechanism that may imedhe regulation of SOD protein
expression. Further studies may investigate iht@oprotective effects of 4’-CD against
AP are mediated by increased neurosteroidogenesitedelo the stimulation of TSPO

activity and if they involve the modulation of othexidative stress parameters.
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Figure Legends

Figure 1. Effect of different doses of 4’-CD in theviability of rat organotypic
hippocampal slices exposed to [p First, to establish a model of pAnduced
neurotoxicity, we evaluated the effect of £6 uM) treatment for 24, 48 and 72 hours in
the viability of organotypical hippocampal slicésivas observed that the administration
of Ap decreased the viability of hippocampal slicesrafh, while its administration for
24 or 48h did not affect the viability of the skc@Panels A and B) (***Different from
control 72h, ANOVA/SNKP<0.001) (n= 3-12/group). Later, we evaluated iCD-was
neuroprotective againstpfadministration for 72h in rat organotypic hippogaaislices.
Cultures were treated with vehicle or 4’-CD (10 M0 nM and 1uM) and exposed to
AP (1-42) (5uM) for 72h (Panels C and D) (#Different from Comtrg*Different from
AB, ANOVA/SNK, P<0.001) (n= 9/group). Data represent the mean * $&ihe PI
incorporation.

Figure 2. Effect of 4-CD in the protein expressionof SOD in organotypic
hippocampal slices exposed to A Cultures were treated with vehicle or 4'-CD (10,nM
100 nM and uM) and exposed to A\(1-42) (5uM) for 72h. Data represent the mean +
SEM. *Different from A3 (n= 8-10/group; ANOVA/SNKP=0.0046).

Figure 3. Effect of 4-CD in the protein expressionof Akt in organotypic
hippocampal slices exposed to A Cultures were treated with vehicle or 4’-CD (10 nM,
100 nM and uM) and exposed to A\(1-42) (5uM) for 72h. Data represent the mean +
SEM (n= 8-10/group).

Figure 4. Effect of 4’-CD in the protein expressiorof procaspase-3 in organotypic
hippocampal slices exposed to A Cultures were treated with vehicle or 4’-CD (10 nM,
100 nM and uM) and exposed to A\(1-42) (5uM) for 72h. Data represent the mean +
SEM (n= 8-10/group).
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Figure 2
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8 CAPITULO IV

Artigo: 4’-Chlorodiazepam modulates the development of primry hippocampal

neurons in a sex-dependent manner

Status: A ser submetido para o periddico Biology abex Differences
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Abstract

The translocator protein 18 kDa (TSPO) is locatethe outer mitochondrial membrane
and is involved in the cholesterol transport ifite mitochondria and in the regulation of
steroidogenesis and other mitochondrial functior&udies show that some
neurodegenerative diseases are related with thigitioh of the neurogenesis, and that
the stimulation of this process could be a mecmaricy the action of neuroprotective
agents against these diseases. TSPO ligands hawvsl@vn to promote neuroprotective
effects in experimental models of brain injury arirodegenerative diseases, however,
the effects of TSPO ligands during neuronal develeaqmt are not known. Therefore, the
aim of this study was to identify the developmesefédcts of 4’-chlorodiazepam (4’-CD),

a TSPO ligand, in primary cultures of male and fienmaouse hippocampal neurons. We
observed a sex difference between the control growph female cultures showing a
smaller number of neural progenitors and a higlwenber of mature neurons than male
cultures. In addition, it was verified that femakurons presented a bigger neuritic arbour
than males. Moreover, it was identified that 4’-Gldministration accelerated the
development of male hippocampal neurons, decresisengumber of neural progenitors
and increasing the number of mature neurons, witebanging the development of
female neurons. Also, it was observed that 4’-CEatiment increased the neuritic
branching of male but not from female hippocampalrons. In summary, we showed
that there are sex differences in the developmeptimary hippocampal neurons and
that 4'-CD modulates the development of these cillsa sex-dependent manner,

stimulating the development of male but not frommée neurons.

Keywords: translocator protein (TSPO); gender differencestastis; steroidogenesis;
neuritogenesis; neuronal morphology.
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Introduction

Translocator protein (TSPO) is an 18 kDa protegated at contact sites between
the outer and the inner mitochondrial membranesciwlwvas previously known as
peripheral benzodiazepine receptor (PBR), due goprbperty to bind to diazepam
(Papadopoulos et al. 2006, Batarseh and Papadap@@d0). This protein is arranged
in five transmembrane alpha helices and presegtsdifinity for cholesterol due to the
presence of a cholesterol recognition amino acitsensus (CRAC) domain at its C-
terminal region (Li and Papadopoulos, 1998; Jarerikal. 2014). Functionally, TSPO
is thought to mediate the translocation of cholestacross the aqueous mitochondrial
intermembrane space, and due to this functionptioitein was renamed in 2006 as TSPO

(Papadopoulos et al. 2006).

The transport of cholesterol into the mitochondsahe rate-limiting step in
steroidogenesis. TSPO forms part of a multiprotemmplex, called transduceosome, that
also includes other proteins such as the voltagestent anion channel (VDAC) and
the steroidogenic acute regulatory protein (StARhich regulates the transport of
cholesterol into the mitochondria (Midzak et al.120 Rone et al. 2012). In the
mitochondria, the biosynthesis of steroid hormorsesnitiated with the enzymatic
cleavage of the side chain of cholesterol by theatyome P450 side chain cleavage
enzyme (CYP11A1), which forms the first steroidegmenolone (Miller and Auchus,
2011). Pregnenolone, then, leaves the mitochonolwards the endoplasmic reticulum,
where it undergoes further enzymatic transformatitmat will form the final steroid

products (Lacapére and Papadopoulos, 2003).

Brain expression of TSPO in physiological condisois low, however, this

protein is upregulated at sites of injury and imflaation, as well as in several
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neuropathological conditions including stroke amdinodegenerative disorders such as
Alzheimer's disease (AD), Parkinson’s disease, ipleltsclerosis and amyotrophic
lateral sclerosis (Gerhard et al. 2006; Yasund. @088; Rissanen et al. 2015; Zurcher et
al. 2015). It is known that some neurodegeneratiseases are associated with the
inhibition of the neurogenesis in the hippocampesulting in memory and learning
deficits, and that the stimulation of this processald be a mechanism for the action of
neuroprotective agents against these diseases (Petal., 2010; Mu and Gage, 2011;
Richetin et al., 2015). Some studies have showh T&#O ligands, such as the 4'-
chlorodiazepam (4’-CD, also known as R05-4864) nia neuroprotective in
experimental models of different neurodegeneraligeases, as well as in experimental
models of brain injuries and psychiatric disordés reviewed by Arbo et al. 2015).
However, in spite of its use in several experimiem@adels of brain diseases, the effects
of 4’-CD on the neuronal development and its moawulaeffects in some processes

including neuritogenesis and axon developmenttidlreist known.

It is known that steroid hormones, such as estragigulate neuritogenesis in the
CNS by different mechanisms, including the moduolabf the mitogen activated protein
kinase (MAPK), phosphoinositide 3-kinase (PI3K) addtch/Neurogenin 3 (Ngn3)
pathways (Arevalo et al. 2012). However, althougme studies have investigated the
effects of estradiol in the neuritogenesis, axovettgpment and synaptogenesis in the
hippocampus (von Schassen et al. 2006; Ruiz-Paleteab 2011; Fester et al. 2012),
none of them have investigated the developmentettsfof TSPO ligands in the CNS.
In addition, it was recently shown that there ae differences in the rate of neuronal
differentiation in the hypothalamus (Scerbo et28ll4), and it remains to be elucidated

if these same differences are also present iniffe¥ehtiation of hippocampal neurons.
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Thus, there is the need to understand how 4’-CDdcaffiect the neuronal development,
as this process is closely associated with neutegtion, being particularly important to
the promotion of neuronal regeneration after injdiyerefore, the aim of this study was
to identify the developmental effects of 4'-CD inrpary cultures of male and female

mouse hippocampal neurons.

Material and Methods

Chemicals

Dimethyl sulfoxide (DMSO), 4’-CD, DNAse | and polHysine were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Culture aiams, B-27 and GlutaMAX |
were purchased from Invitrogen (Invitrogen, CreW&). Trypsin was purchased from

Worthington Biochemicals (Worthington Biochemicdiseehold, NJ, USA).

Animals

CD1 mice were raised in Cajal Institute and usedeoerate embryos for this
study. The day of the vaginal plug was definedhesdmbryonic day 0 (EO). All the
protocols used in the present study were approyeaub institutional animal care and
use committee and were in accordance with the Ea@mpCommission guidelines

(86/609/CEE).

Hippocampal Neuronal Cultures
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E17 mouse embryos were sexed by the identificatiothe testis of the male
fetuses under a dissecting microscope and theipobgmpus was dissected and
dissociated to single cells after digestion with%0.Trypsin and DNase | at 37°C for 15
min (Goslin and Banker, 1989). Cells were washe@af/Mg?*-free Hank’s buffered
salt solution and the neurons were counted an@glan glass coverslips coated with
poly-L-lysine at a density of 200 neurons/fr@ells were cultured in phenol red-free
Neurobasal supplemented with GlutaMAX | and B-27 ti#ese conditions, the level of
astrocyte contamination should be less than 5% &ftiy in vitro (DIV) as reported by
a previous study of our group (Ruiz-Palmero ek@lll). After 1DIV, male and female
hippocampal neurons were treated with DMSO or 4’ @& Ehree different doses (10 nM,

100 nM and JuM) for 24h.

Immunocytochemistry and morphological analysis

After treatments, cells were fixed for 20 min abmo temperature in 4%
paraformaldehyde and permeabilized for 4 min witt2@ Triton-X plus 0.12% gelatin
in phosphate-buffered saline (PBS). Cells were thaished with PBS/gelatin and
incubated for 1h with anti-Tau rabbit polyclonaltiBody (1:500 dilution) (Abcam,
Cambridge, UK) and anti-MAP-2 chicken polyclonaliaady (1:4000 dilution) (Abcam)
for the staining of the axons and dendrites, respdyg. Cells were washed again with
PBS/gelatin and incubated for 1h at room tempeeatith Alexa Fluor® 568 goat anti-
rabbit (1:1000 dilution) (Abcam) for the detectiaf Tau and Fluoroscein (FITC)
AffiniPure donkey anti-chicken (1:1000 dilution)agtkson ImmunoResearch, West

Grove, PA, USA) for the detection of MAP-2. Cellalei were stained with DAPI.
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Images were obtained using a Leica fluorescenceostope equipped with a Leica

digital camera (Leica, Heidelberg, Germany) at Atagnification.

To evaluate the effects of 4’-CD on neuronal depeient, cells were classified
into three different stages of development (I, midalll) in accordance with their
morphology (Scerbo et al. 2014). Briefly, in sthgeeurites are not still emerged, in stage
II, neurons show short neurites or minor procesaéde in stage Ill, neurons show a
long Tau-positive neurite, relatively uniform inadaeter, which corresponds to the axon
(Scerbo et al. 2014). For each group, at leastihd@unostained neurons were counted
in each experiment, and at least three indeperuldiures were performed. In addition,
to assess the effects of 4’-CD on neuronal devedopnthe number of primary neurites
from cells in stages Il and Il was counted andaken length of the cells in stage Ill was
measured using the ImageJ software (NIH, Bethesta, USA) and expressed as
pixel/um. Also, the neuritic arbour was evaluated by thethod of Sholl using the
software CellTarget (Garcia-Segura and Perez-Mar2@l14). Briefly, a grid of seven
concentric circles with increasing radius of 2@ was superimposed to the images, with
the innermost circle placed over the perikaryom @n@ number of neurites intersecting

each circle was counted (Sholl, 1953).

Statistical Analysis

Statistical analysis was carried out using GraphP@sinm 5.0 software (La Jolla,
CA, USA). A two-way analysis of variance (two-waN®VA) was performed to compare
the neuronal morphology between different groupsngisex and treatment as factors.

When appropriate, two-way ANOVA was followed by tBenferronipost hoctest. All
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results were expressed as mean + standard errbh)(SEe level of statistical significance

wasP< 0.05.

Results

To study the effects of 4’-CD on neuritogenesis aadronal development, male
and female primary hippocampal neurons were treatddthree different doses of 4'-
CD and different morphological aspects were anayireluding the number of neurites,
the axon length and the extension of the neurrboar. We observed a sex difference
regarding the control groups, with female cultulshewing a smaller number of stage |
cells (Fnt 3,16 4.185,P=0.0229), represented mostly by neural progenitord a higher
number of stage Il cells fr3,16= 4.036,P= 0.0258) (Figure 1), represented by mature
neurons, with well defined dendrites and axonsn threale cultures. In addition, we
observed that 4’-CD administration at 10, 100 dd@@M accelerated the development
of male hippocampal neurons, decreasing the nuoflstage | cells (3,16~ 4.185,P=
0.0229) and increasing the number of stage I1d&h: 3,16~ 4.036,P= 0.0258) (Figure
1), without changing the neuronal development ofidke cells. Although we did not
observe any difference regarding the number of itesuand the axon length of the
neurons between our experimental groups, we obdesiveex difference and a sex-
dependent effect of 4’-CD on the analysis of theritie arbour by the method of Sholl.
Female neurons showed a higher number of intecsecthan male neurons, independent
of treatment (kex (1,167 11.49,P= 0.0037). The administration of 4'-CD at 10 and 10
nM increased the number of intersections in matebtiin female hippocampal neurons

(Fereatment (3,167 3.556,P= 0.0382) (Figure 2).
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Discussion

In the last decade, several studies have assdsseatetiroprotective actions of
TSPO ligands in different experimental models. Ehesmpounds, which are currently
used for brain imaging of neuroinflammation dué¢hte upregulation of TSPO in reactive
microglia and astrocytes, have been shown to bepeatective in different experimental
models of neurodegenerative diseases, brain isjuaied psychiatric disorders (as
reviewed by Arbo et al. 2015). However, althougkesal groups have assessed the
neuroprotective effects of TSPO ligands in différexperimental models, its effects on
neuronal development and neuronal morphology ar&mewn. Studies have shown that
some neurodegenerative diseases are related withttiition of the neurogenesis in the
hippocampus, and that therapeutic strategies thtziree neurogenesis could promote
neuroprotective effects against these diseas#sslstudy, it was observed that the TSPO
ligand 4’-CD presents sex-dependent effects odévelopment of primary hippocampal
neurons. In cultures of male hippocampal neurorSDitreatment decreased the number
of cells on stage | and increased the number ¢é oel stage 1ll, indicating that 4’-CD
may accelerate the development of male hippocamgaions. In contrast, as female
neurons showed a faster development in comparistonmale neurons, 4’-CD was not
able to produce the same changes in these cellseTiesults corroborate previous data
showing that female neurons present an increasedfrdevelopment in comparison with
male neurons in primary cultures of hypothalamepresented by a higher number of
neurons with branched neurites until 5 DIV due toiacreased expression of Ngn3

(Scerbo et al. 2014). In the same fashion, althaligbD treatment did not change the
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number of primary neurites and the axon lengtlvag observed that 4’-CD increased the

neuritic arborization in male but not in female pogampal neurons.

As previously mentioned, functionally, TSPO is tgbtuito regulate cholesterol
transport and steroidogenesis (Midzak et al. 2&idne et al. 2012). Therefore, one of
the hypothesis regarding the developmental effeEt§SPO ligands in hippocampal
neurons is that the activation of TSPO could bateel with the stimulation of the
biosynthesis of neurosteroids, which could medtat effects of TSPO ligands on
neuronal development. Several studies have denadedtthat hippocampal neurons are
able to synthesize estradiol in vitro (Fester e2@06; von Schassen et al. 2006). Indeed,
studies have shown that locally synthesized estrhdis a key role on neurite outgrowth
and synaptogenesis, and that the inhibition &fyitghesis is associated with the inhibition
of neurite outgrowth and synapse loss (von Schastah 2006; Fester et al. 2012).
Moreover, it has been shown that cholesterol, wiidhe precursor for the synthesis of
steroid hormones, is able to stimulate synaptogemesitro through its conversion into
estradiol, and that the knock-down of StAR, anofiretein involved in the regulation of
cholesterol transport into the mitochondria, iseatol inhibit the synaptogenic effects of
cholesterol (Fester et al. 2009). Regarding thectsf of estradiol on neuritogenesis,
previous studies by our group demonstrated thatadist stimulates the neurite
development of non-sexed hippocampal neurons, aserg the number of primary
neurites and the neuritic arborization through @meism involving an upregulation in
Ngn3 expression and the activation of PI3K path@Rwyiz-Palmero et al. 2011; Ruiz-
Palmero et al. 2013). Interestingly, in anotherdgtut was verified that there is a
differential expression of Ngn3 in male and fentatpothalamic neurons that is involved

in the generation of sex differences in the ratenetironal differentiation in the
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hypothalamus, and that estradiol administratiomiaites the axonal growth and the
neuritic branching of males primary hypothalamianeas through increasing Ngn3
levels, abolishing sex differences in neuronal tgyeent (Scerbo et al. 2014). These
findings suggest that the sex-specific effects '6€@ may be related with a possible
stimulation of the steroidogenesis through the @liton of TSPO activity, including a
stimulation of estradiol biosynthesis, which coblkl mediating the effects of 4’-CD on

neuronal development through the modulation of Nign3 and PI3K signaling.

In summary, we showed that there are sex diffeemeehe development of
primary hippocampal neurons and that 4’-CD modslate development of these cells
in a sex-dependent manner, stimulating the devedopraf male but not from female
neurons. Further studies may investigate if theot$fof 4’-CD on neuronal development
are mediated by increased neurosteroidogenesitedeta the stimulation of TSPO

activity.

Acknowledgements
Bruno D. Arbo received a scholarship from Consdltaxional de Desenvolvimento
Cientifico e Tecnolégico (CNPq) and a scolarshiprfrCiéncias sem Fronteiras. Maria
Flavia M. Ribeiro received a CNPq 2 Researcher ity Grant. Grant support from
Ministerio de Economia y Competitividad, Spain (Bf014-51836-C2-1-R) is also
acknowledged. The authors thank Felipe Schuleth®helping in the preparation of the

figures.

References

148



Arbo BD, Benetti F, Garcia-Segura LM, Ribeiro MFhéFapeutic actions of translocator
protein (18kDa) ligands in experimental models ofyghiatric disorders and

neurodegenerative diseases. J Steroid Biochem MbalZ)15 Jul 19;154:68-74.

Arevalo MA, Ruiz-Palmero |, Scerbo MJ, Acaz-FonsE¢caCambiasso MJ, Garcia-
Segura LM. Molecular mechanisms involved in theutation of neuritogenesis by

estradiol: Recent advances. J Steroid Biochem Nl B012 Aug;131(1-2):52-6.

Batarseh A, Papadopoulos V. Regulation of transtwcgrotein 18 kDa (TSPO)

expression in health and disease states. Mol @elbé&rinol. 327:1-12, 2010.

Demars M, Hu YS, Gadadhar A, Lazarov O. Impairegrogenesis is an early event in
the etiology of familial Alzheimer's disease insgenic mice. J Neurosci Res. 2010 Aug

1;88(10):2103-17.

Fester L, Prange-Kiel J, Zhou L, Blittersdorf BV ot J, Jarry H, Schumacher
M, Rune GM. Estrogen-regulated synaptogenesis ie thippocampus: sexual
dimorphism in vivo but not in vitro. J Steroid Bleem Mol Biol. 2012 Aug;131(1-2):24-

9.

149



Fester L, Ribeiro-Gouveia V, Prange-Kiel J, von &den C, Bottner M, Jarry
H, Rune GM. Proliferation and apoptosis of hippopamgranule cells require local

oestrogen synthesis. J Neurochem. 2006 May;97 (36-44.

Fester L, Zhou L, Butow A, Huber C, von Lossow Rarigje-Kiel J, Jarry H, Rune GM.
Cholesterol-promoted synaptogenesis requires theecsion of cholesterol to estradiol

in the hippocampus. Hippocampus. 2009 Aug;19(8)B32.

Garcia-Segura LM, Perez-Marquez J. A new mathemddtiaction to evaluate neuronal

morphology using the Sholl analysis. J Neurosciidds. 2014 Apr 15;226:103-9.

Gerhard A, Pavese N, Hotton G, Turkheimer F, E&Hsinmers A, Eggert K, Oertel W,
Banati RB, Brooks DJ. In vivo imaging of microglettivation with [11C](R)-PK11195

PET in idiopathic Parkinson's disease. Neurobigl R1:404-12, 2006.

Goslin K, Banker G. Experimental observations oe ttevelopment of polarity by

hippocampal neurons in culture. J Cell Biol. 1989;408(4):1507-16.

Jaremko L, Jaremko M, Giller K, Becker S, ZweckstetM. Structure of the
mitochondrial translocator protein in complex with diagnostic ligand. Science.

343:1363-6, 2014.

150



Lacapere JJ, Papadopoulos V. Peripheral-type bérayune receptor: structure and
function of a cholesterol-binding protein in stef@nd bile acid biosynthesis. Steroids.

68:569-85, 2003.

Li H, Papadopoulos V. Peripheral-type benzodiazepeceptor function in cholesterol
transport. ldentification of a putative cholesteretognition/interaction amino acid

sequence and consensus pattern. Endocrinology94®B:7, 1998.

Midzak A, Rone M, Aghazadeh Y, Culty M, PapadopsWb Mitochondrial protein
import and the genesis of steroidogenic mitoch@dviol Cell Endocrinol. 2011 Apr

10:336(1-2):70-9.

Miller WL, Auchus RJ. The molecular biology, biochistry, and physiology of human

steroidogenesis and its disorders. Endocr Rev13P54, 2011.

Mu Y, Gage FH. Adult hippocampal neurogenesis daaddle in Alzheimer's disease.

Mol Neurodegener. 2011 Dec 22;6:85.

Papadopoulos V, Baraldi M, Guilarte TR, Knudsen TRgcapere JJ, Lindemann P,

Norenberg MD, Nutt D, Weizman A, Zhang MR, Gavish Nranslocator protein
151



(18kDa): new nomenclature for the peripheral-typeamdiazepine receptor based on its

structure and molecular function. Trends Pharm&cal27:402-9, 2006.

Richetin K, Leclerc C, Toni N, Gallopin T, Pech Boybon L, Rampon C. Genetic
manipulation of adult-born hippocampal neuronsuesanemory in a mouse model of

Alzheimer's disease. Brain. 2015 Feb;138(Pt 2)33.0-

Rissanen E, Tuisku J, Rokka J, Paavilainen T, Ré¢akR, Rinne JO, Airas L. In Vivo
Detection of Diffuse Inflammation in Secondary Pexgive Multiple Sclerosis Using

PET Imaging and the Radioligand 11C-PK11195. J Nimdl. 55:939-44, 2014.

Rone MB, Midzak AS, Issop L, Rammouz G, Jaganna®ahan J, Ye X, Blonder J,
Veenstra T,Papadopoulos V. Identification of a agitamitochondrial protein complex
driving cholesterol import, trafficking, and metdbon to steroid hormones. Mol

Endocrinol. 2012 Nov;26(11):1868-82.

Ruiz-Palmero |, Hernando M, Garcia-Segura LM, AtevMA. G protein-coupled
estrogen receptor is required for the neuritogemiechanism of 1ff-estradiol in

developing hippocampal neurons. Mol Cell Endocri26i13 Jun 15;372(1-2):105-15.

152



Ruiz-Palmero I, Simon-Areces J, Garcia-Segura Lkgvalo MA. Notch/neurogenin 3
signalling is involved in the neuritogenic actiari®estradiol in developing hippocampal

neurones. J Neuroendocrinol. 2011 Apr;23(4):355-64.

Scerbo MJ, Freire-Regatillo A, Cisternas CD, Bramdl, Arevalo MA, Garcia-Segura
LM, Cambiasso MJ. Neurogenin 3 mediates sex chromeseffects on the generation
of sex differences in hypothalamic neuronal develept. Front Cell Neurosci. 2014 Jul

8:8:188.

Sholl DA. Dendritic organization in the neuronstloé visual and motor cortices of the

cat. J Anat. 1953 Oct;87(4):387-406.

von Schassen C, Fester L, Prange-Kiel J, Lohse ubeHC, Boéttner M, Rune GM.
Oestrogen synthesis in the hippocampus: role imaxggrowth. J Neuroendocrinol.

2006 Nov;18(11):847-56.

Yasuno F, Ota M, Kosaka J, Ito H, Higuchi M, Dorekbv TK, Nozaki S, Fujimura Y,
Koeda M, Asada T, Suhara T. Increased binding opperal benzodiazepine receptor in
Alzheimer's disease measured by positron emissimography with [L1C]DAA1106.

Biol Psychiatry. 64:835-41, 2008.

153



Zurcher NR, Loggia ML, Lawson R, Chonde DB, Izqd®Garcia D, Yasek JE, Akeju
O, Catana C, Rosen BR, Cudkowicz ME, Hooker JMsgit&l. Increased in vivo glial

activation in patients with amyotrophic lateralesolis: assessed with [(11)C]-PBR28.

Neuroimage Clin. 7:409-14, 2015.

154



Figure 1. Effect of 4'-CD in the development of pmary hippocampal neurons.Male
and female cells were treated at 1DIV with 4’-CD,(100 and 1000 nM) for 24h. Cells
were fixed and immunostained for Tau and MAP-2 alagsified into three stages of
maturation (stages I, Il and Ill) in accordancehwthieir morphology. At least 100 cells
were evaluated from each experimental group anéetlmdependent cultures were
performed. Data represent the mean + SEM. PaneMale DMSO; Panel B — Male 4'-
CD 10 nM; Panel C — Female DMSO; Panel D — Fema@3110 nM. *Different from

Males DMSO (ANOVA/BonferroniP<0.05).

Figure 2. Effect of 4-CD on the morphology of primary hippocampal neurons.Male
and female cells were treated at 1DIV with 4’-CD,(100 and 1000 nM) for 24h. Cells
were fixed and immunostained for Tau and MAP-2, iawgas evaluated the number of
primary neurites from cells in stages Il and lldahe axon length of cells in stage ll. In
addition, the neuritic arbour of cells in stageant Il was evaluated by the number of
intersections measured in the Sholl analysis. Timéependent cultures were performed.
Data represent the mean = SEM. Panel A — Male DM%Dgl B — Male 4’-CD 10 nM;
Panel C — Female DMSO; Panel D — Female 4’-CD 10 tibfferent from Males

DMSO; #Different from males (ANOVA/Bonferron<0.05).
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Figure 2
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O aumento da expectativa de vida da populagédo rautein se associado com
uma maior prevaléncia de doengas neurodegeneratientre as doencas
neurodegenerativas, a DA é a que apresenta mawalpncia, de forma que se estima
em 35 milhdes o numero de pessoas em todo o mumelsafrem desse disturbio
(Querfurth e LaFerla, 2010). Todavia, apesar dagsande prevaléncia, que aumenta
progressivamente com o aumento da expectativadie da populagcdo mundial, ndo
existem tratamentos suficientemente eficazes vsatehuar a progressdao da DA. Na
tltima década, diversos estudos avaliaram os sfe@iémroprotetores dos ligantes da
TSPO em diferentes modelos experimentais. Estepastos, que sao atualmente usados
na area de diagnéstico por imagem em quadros deintamacédo, devido ao aumento
da expressdo da TSPO em células gliais reativesseaputam efeitos neuroprotetores em
uma série de modelos experimentais distintos (cordaevisto por Arbo et al., 2015,
capitulo I). Além da TSPO se tornar um alvo teréipéunteressante na medida em que
sua expressdo aumenta em sitios de lesdo e/ouinflunacédo, o uso de ligantes da
TSPO ganhou notoriedade na ultima década devidataae alguns estudos indicarem
gue 0 seu uso poderia resultar em efeitos neueipres devido ao estimulo da
neuroesteroidogénese em diferentes modelos expeaime(Girard et al., 2008;
Papadopoulos e Lecanu, 2009; Giatti et al., 200@oMet al., 2012). O estimulo da
sintese de neuroesteroides poderia resultar ens agiroprotetoras, uma vez que sao
conhecidos os efeitos benéficos de diversos hows@esteroides em modelos de lesdo

neuronal (Arevalo et al., 2015; Arbo et al., 20G8imm et al., 2016).

Neste trabalho, foi demonstrado que o 4-CD exeri@itos neuroprotetores
contra a neurotoxicidade induzida pelp ém dois modelos experimentais distintos. No

primeiro experimento (capitulo Il) foi observadoequ 4'-CD nas doses de 1 e 10 nM
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protegeu células SH-SY5Y contra a morte neurordl4ida pela administragdo d@ A
(Figura 1 — Capitulo Il), enquanto no segundo darpamto (capitulo Ill) observamos um
efeito neuroprotetor exercido pelo 4'-CD nas dodes100 nM e 1uM contra a
administracdo do f\em culturas organotipicas de hipocampo (FigureChpitulo IlI).
Esses resultados corroboram os dados de um esitetcop que mostrou que o 4’-CD
exerce efeitos neuroprotetores em um modelo expatahde AD em camundongos,
reduzindo o acumulo depAno hipocampo e a gliose reativa, melhorando ofedess
funcionais dos animais (Barron et al., 2013). Edrtgmte mencionarmos que ao passo
gue no experimento com as células SH-SY5Y (capiililo 4'-CD exerce um efeito
neuroprotetor atuando diretamente sobre célulagonais, o efeito neuroprotetor
exercido pelo 4’-CD nas culturas organotipicasigedampo poderiam envolver ndo sé
uma acgédo direta sobre os neur6nios, mas tambéndalagéo de células gliais. Essa
observacédo é importante pois tem-se observado gsteagliose tem um papel central na
patogénese da DA, e a alteragdo da fungéo astraditim a progressao da doenca pode
resultar em alteracdes importantes na comunicagéiconal e no seu metabolismo
energético (Lian e Zheng, 2016; Osborn et al., 2006vido a isso, alguns estudos tém
sugerido que tratamentos capazes de atuar soloédudas gliais poderiam representar
um avanco interessante para o tratamento da DAafegpi Cabezas et al., 2014; Dzamba
et al., 2016; Wes et al., 2016). Dessa forma, efs@ss indicam que o 4'-CD poderia ser

um farmaco em potencial para o combate aos efegotoxicos ocasionados pelf.A

Sabe-se que ofAafeta a sobrevivéncia neuronal através de varEsanismos
distintos, incluindo a modulacdo do balanco entmeginas pro e anti-apoptéticas no
encéfalo (Paradis et al., 1996; Hoppe et al., 20483te estudo, foi demonstrado que a

administracdo de f\em células SH-SY5Y reduziu a expressao proteicaudavina,
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enquanto o tratamento com 4’-CD inibiu os efeit@astonados pelo A sobre a
expressao dessa proteina (Figura 2 — Capitulé Burvivina € uma componente da via
dap-catenina e um membro da familia de proteinasdoifais da apoptose, que exerce
efeitos anti-apoptéticos através da inibicdo dsagfio de caspases e das caspases
ativadas, incluindo as caspases-3 e -7 (Tamm,et988; Shin et al., 2001). Apesar de
nao terem sido observadas alteragcfes na express@oodaspase-3 entre 0S grupos
experimentais (Figura 5 — Capitulo 11), a survivpwaleria estar atuando modulando a sua
clivagem em caspase-3, cuja expressao nao foitddeeaosVestern-blotsealizados.

Na verdade, estudos sugerem que apesar da surgwitigar com alta afinidade as
caspases ativas como as caspases-3 e -7, ela @odgerligar aos seus precursores
inativos, atuando principalmente através da intbidds caspases ativadas e regulando a
ativacdo das caspases através da inibicdo daefivdgs seus precursores (Tamm et al.,
1998). Dessa forma, isso poderia explicar o fatquemudangas nos niveis da survivina
ndo se correlacionaram com mudancas significatieasniveis da procaspase-3. Além
disso, deve ser destacado que o papel da caspasai8rte neuronal induzida pel@ A
ainda é controverso, e estudos tém sugerido qesi@toxicidade ocasionada pel§ A
poderia ser independente da ativagdo das caspslesi¢k et al., 2000; Dumanchin-

Njock et al., 2001; Yu et al., 2010, 2011).

Além da modulacéo da expresséao proteica da suayigmefeitos neuroprotetores
ocasionados pelo 4-CD contra a administracdo d¢b e células SH-SY5Y se
associaram com uma reducdo na expressao proteiBaxdéFigura 3 — Capitulo 11).
Alguns estudos ja demonstraram que o dano neucanabhdo pelo Besta relacionado
com o0 aumento da expressao da Bax e com uma redagi@ressao das proteinas anti-

apoptaticas da familia Bcl-2 (Paradis et al., 199@znick et al., 2000; Clementi et al.,
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2006). A Bax é uma proteina pré-apoptética da famicl-2 que € encontrada
principalmente no citoplasma das células na foremendnémeros soluveis, e, em menor
escala, frouxamente associada a mitocondria (Dajeah, 2006). A atividade da Bax é
controlada por membros pré-sobrevivéncia da fariitib2, incluindo a Bcl-2 e a Bcl-
xl, que se heterodimerizam com a Bax e com out@gimas pro-apoptoticas, inibindo a
sua ativagdo (Chipuk et al., 2010). Apés um estmapoptdtico, a Bax sofre uma
alteracdo conformacional e é translocada do cisopapara a mitocondria, onde regula
a formacdo de poros e leva a permeabilizacdo dabra@ia mitocondrial externa,
resultando na liberacédo de citocromo c e de ofdtoses pro-apoptoticos da mitocondria,
que levam a ativacdo de caspases e a apoptosieq@ilal., 2015). Dessa forma, os
efeitos neuroprotetores do 4’-CD contra § poderiam estar relacionados com uma
reducao na expresséo da Bax, que poderia estaradmsoom uma reducgao na liberacao
de citocromo ¢ e com um aumento da viabilidadel@elWMpesar das mudangas na
expressdo da Bax ndo estarem associadas com @deregncomitantes na expressao
proteica da Bcl-xl (Figura 4 — Capitulo 1), outroeembros da familia Bcl-2 como a

proteina Bcl-2 poderiam estar envolvidos na reddaga expressdo da Bax apés a

administracéo do 4’-CD.

Além da modulacao do balancgo entre proteinas prii@poptoéticas, sabe-se que
0 acumulo do 8 também se associa com um aumento nos niveis ds ERGM uma
reducao na expressao e na atividade de enzimasidatites, incluindo a SOD, a catalase
e a glutationa peroxidase (Turunc Bayrakdar e8ll4; Liu et al., 2015; Zhang et al.,
2015). No presente estudo, foi demonstrado queitbeieuroprotetor ocasionado pela
administracdo do 4’-CD em culturas organotipicahigecampo se associou com um

aumento na expressao proteica da SOD1 nos gruggadds com o 4’-CD em todas as
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doses testadas apds a administracdofdenArelacdo ao grupo tratado apenas corfi o A
(Figura 2 — Capitulo IIl). A SOD é uma enzima gagatisa a dismutacao do radical
superoéxido, que é produzido como um subproduto dtalmolismo do oxigénio e que
pode causar muitos tipos de dano celular (Breseiaal., 2015). Segundo a hip6tese do
estresse oxidativo induzido pel@ fo estresse oxidativo que ocorre na bicamadddgpid
deve-se a insercdo de oligbmeros da-A nesse local, onde atuam como uma fonte de
EROs, que estdo envolvidas no inicio do procesdipoleeroxidacdo (Butterfield et al.,
2013). Estudos mostram que a Met-35 dos peptid@@sfAndamental para a toxicidade
e os danos oxidativo associados gh A oxidagdo da Met-35 para a formagédo de
metionina sulfoxido exerce um papel importante egulacédo da funcdo proteica e da
defesa celular, e pode levar a oxidacao lipidicaroteica (Stadtman, 2004; Butterfield
et al. 2013). Alguns estudos ja mostraram a presdaqiveis elevados de marcadores
de oxidacao e nitracao proteica e de oxidacaoidesucleicos no encéfalo de pacientes
em estagios iniciais da DA (Gabbita et al. 1998n@at al. 2006; Barone et al. 2011,
2012). Além disso, Murakami et al. (2011) mostrarpra a deficiéncia da SOD1 leva a
oligomerizacdo do B e a perda de memoéria em um modelo de DA em camgodo
engquanto outro estudo mostrou que células de nlastoma humano SH-SY5Y que
superexpressam SOD1 sdo menos suscetiveis aos atzsisnados pelofA(Celsi et
al., 2004), corroborando a ideia de que a SOD tenapapel fundamental na defesa
contra os danos ocasionados pefp Bessa forma, o estimulo da sintese e da atividade
de enzimas antioxidantes poderia ser um mecanisara @ acdo de agentes
neuroprotetores contra a toxicidade induzida pdlo Pentro desse contexto, diversos
estudos mostram que as acdes neuroprotetoras etend@s compostos contra @ A
envolvem a modulacdo da expressdo de enzimas igiatides no encéfalo (Liu et al.,

2015; Yu et al., 2015; Zhang et al., 2015). Aléssdi alguns estudos mostram que o 4'-
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CD exerce efeitos antioxidantes em outros modetpsrenentais. Mehta et al. (2010)

mostraram que o 4’-CD atenua os déficits cognitmaxluzidos pela administracéo de
um pesticida carbamato através de um aumento massgw de enzimas antioxidantes.
Ainda, outros estudos tém associado os efeitosxaadintes do 4’-CD com seus efeitos
cardioprotetores em diferentes modelos experimeiffaiswal et al. 2010; Xiao et al.

2010; Paradis et al. 2013). Dessa forma, essessdadaam que a modulacdo da
expressao proteica da SOD poderia estar relaciaradas acdes neuroprotetoras do 4'-
CD contra a neurotoxicidade induzida pelp. Outras enzimas antioxidantes também
poderiam ser moduladas dentro das agcbes neurapeastetxercidas pelo 4’-CD, sendo
gue o estudo da expressao dessas enzimas pernw@meoeuma perspectiva para a

sequéncia desse trabalho.

Devido aos resultados obtidos nos experimentossaptados no capitulo I,
indicando que a modulacdo da expressao de protgidasanti-apoptoticas poderia ser
um mecanismo de acdo importante envolvido nososfaieuroprotetores do 4’-CD,
foram avaliadas as expressdes das proteinas Aitagpase-3 nas culturas organotipicas
de hipocampo afim de verificarmos se os efeitod’d0D poderiam estar relacionados
com alteracbes na expressdao dessas proteinas.s Negperimentos, nao foram
encontradas diferencas significativas na expredadkt (Figura 3 — Capitulo Ill) e da
procaspase-3 (Figura 4 — Capitulo Ill) entre ospgsuexperimentais. A Akt € uma
serina/treonina cinase que faz parte da via préesok&ncia da fosfoinositideo-3-cinase
(PI13K). Embora alguns estudos tenham mostrado qieno celular induzido pelofA
envolve uma reducao na expressao da Akt (Chen @089; Yin et al., 2011), Hoppe et
al. (2013) ndo encontraram diferencas na expredsdkkt apds a administracao d@ A

em culturas organotipicas de hipocampo, em um gotale tratamento semelhante ao
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usado neste trabalho. Entretanto, o envolvimentoadda PI3K/Akt nos efeitos tanto do
AP quanto do 4’-CD nesse modelo experimental ndo pedeescartado, uma vez que
mudancas na expressao e na ativagdo da Akt podecdairer nas primeiras horas apos
a administragcdo dos tratamentos, e entdo deixexidgr apos 72h. Além da auséncia de
diferencas na expressdo da Akt, ndo foram encadraderencas significativas na
expressao da procaspase-3 entre 0s grupos exptisdbonforme previamente dito,
alguns estudos tém sugerido que a morte neuronaiziola pelo & poderia ser
independente da ativagcdo das caspases (Selznatk 2000; Dumanchin-Njock et al.,
2001; Yu et al., 2010, 2011), de forma que o radoltencontrado € semelhante ao
resultado dos experimentos realizados com as eéiHaSY5Y, em que tampouco foram
observadas diferencas na expressao da procasphgeli2mente, por ndo termos em
nosso laboratério os anticorpos anti-survivina @-Bax que utilizamos no estudo
envolvendo as células SH-SY5Y (que foi realizadoBspanha), ndo foi possivel
voltarmos a estudar a expressdo dessas proteirasculimras organotipicas de
hipocampo. Dessa forma, nossos dados corroboramasaiados obtidos por estudos
anteriores e sugerem que a neurotoxicidade indymatiaA3 pode ser independente das

caspases.

Funcionalmente, acredita-se que a TSPO poderia eskacionada com o
transporte do colesterol e com a regulacéo dacésbgi€nese (Papadopoulos et al., 2006;
Rone et al., 2012; Arbo et al., 2015). Dessa foumaa das hipoteses para a explicacédo
dos efeitos neuroprotetores ocasionados pelostéigata TSPO contra opfé de que a
ativacdo da TSPO poderia estar relacionada comtimudscdo da biossintese de
neuroesteroides, que poderiam mediar os efeitoopeaietores dos ligantes da TSPO.

Em relacdo a este aspecto, sabe-se que algunsriiosneSteroides sédo neuroprotetores
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contra os efeitos causados pelp @&m diferentes modelos experimentais, modulando o
balanco entre a expressao de proteinas pro epoqtédicas, assim como parametros de
estresse oxidativo. Estudos mostram que o estr&édichpaz de proteger neurbnios
corticais e hipocampais da toxicidade induzida pglatravés da regulacéo da expresséo
de proteinas da familia Bcl-2 e reduzindo a lib&oamitocondrial de citocromo ¢ (Nilsen
et al., 2006; Yao et al., 2007). Esses dados s&obmrados por resultados de outro
estudo mais recente, que mostrou que o estraditége células granulares cerebelares
contra o A através da modulacdo da expressdo das proteinas Ba-xl, inibindo a
liberacdo mitocondrial de citocromo ¢ e a apop{d&politano et al., 2014). Também,
Qin et al. (2015) mostraram que a progesteronauéopmtetora conta a toxicidade
induzida pelo & em culturas priméarias de neurénios corticais tiEsranibindo a via da
c-Jun N-terminal cinas@NK) e a via apoptoética mitocondrial. Além dis&simm et al.
(2016) mostraram que diferentes neuroesteroide® @progesterona, o estradiol e a
testosterona sdo capazes de recuperar o déficiendmigético induzido pela
superexpressdo doplem células SH-SY5Y. Corroborando esses dadosp estudo
mostrou que o estradiol e a progesterona sdo cafdazegular a expressao de fatores de
depuracédo do f.em culturas primarias de neurdnios e no encéflmths (Jayaraman
et al., 2012), indicando um possivel papel exerpeos neuroesteroides na regulagéo
das acgdes do [Ano SNC. Por outro lado, em relacdo aos efeitosumattios de
neuroesteroides sobre parametros de estresse ioxidgh modelos de DA, alguns
estudos mostram que o estradiol protege célulaS®s¥ e neurdnios hipocampais
contra a toxicidade induzida pelopAatravés da reducdo dos niveis de EROS, da
lipoperoxidacao e do dano oxidativo causados pkfarastracdo do A (Goodman et al.,
1996; Shea e Ortiz, 2003). Além disso, Qian et (@D15) mostraram que a

alopregnanolona atenua os efeitos tdxicos ocasisnpdla administracdo deflem
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células PC12 através da reducéo da producéo ihtiacde EROS e da lipoperoxidacao,
e do aumento da atividade da SOD. Esses dadosos@baados por outros estudos
indicando que os esteroides neuroativos séo caplazesercer efeitos antioxidantes em
outros modelos experimentais (Barron et al., 2aQgcmak e Sayan, 2009; Webster et
al., 2015). Por outro lado, sabe-se que a neuroakbgénese pode ser afetada pela
administracdo de (A (Schaeffer et al.,, 2008), e que camundongos 3xDgfdue
representam um modelo experimental de DA) apresemtiteracbes nos niveis de
esteroides neuroativos relacionadas com a idademeocdesenvolvimento da doencga
(Caruso et al., 2013), corroborando a existéncianaie possivel relacdo importante entre
os efeitos causados pel@ & os neuroesteroides. Dessa forma, na medida era 4u

CD exerce efeitos neuroprotetores contra p #@ravés de mecanismos de acgdo
semelhantes aos utilizados pelos neuroesterord#gindo a modulagdo do balanco entre
0s niveis de proteinas pro e anti-apoptoéticasmassimo a modulagdo de parametros de
estresse oxidativo e da expressao de enzimas aatides, € possivel que esses efeitos
estejam relacionados com um aumento da sintesesdesemonios apds a estimulacao
da TSPO, de forma que essa hipdtese deveria saddgsor outros estudos. Apesar de
inicialmente termos estabelecido como um dos algetdo estudo a quantificagdo dos
niveis dos hormdnios esteroides apds o tratamemooc4’-CD, a fim de verificarmos
como o tratamento poderia modular o nivel desseadmios, essa andlise envolveria o
uso da técnica de cromatografia liquida de altemd@gnho acoplado a espectrometria de
massas (HPLC-MS), e ndo foi possivel viabilizarmeshuma parceria durante esse

periodo que nos possibilitasse realizar tal avatiac

O desenvolvimento e a maturacdo neuronal sdo poEeEssenciais dentro da

fisiopatologia de doencas neurodegenerativas egkneracdo do SNC apos os danos
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(Royo et al., 2003; Liu et al., 2011; Winner et @011; Doron-Mandel et al., 2015).
Estudos tém mostrado que a inibicdo da neurogépederia anteceder as lesdes
caracteristicas observadas no cérebro de pacfntesiores da DA, exercendo um papel
importante no desencadeamento e na progressaoetsgadgLazarov e Marr, 2010;
Demars et al., 2010; Perry et al., 2012; Gomezd{died al., 2014; Ekonomou et al.,
2015). Devido a isso, uma possibilidade de abomiageapéutica para o combate a DA
seriam tratamentos ou outras intervencdes capazeguchentar a neurogénese no
hipocampo e melhorar os déficits de memdrias aadosia DA (Schaeffer et al., 2009;
Valero et al., 2011; Richetin et al., 2015). Embmsafeitos neuroprotetores dos ligantes
da TSPO em diferentes modelos experimentais verdamo estudados nos ultimos
anos, ainda nao se sabe de que forma esses compuxialam o desenvolvimento e a
morfologia neuronal. Dessa forma, um dos objettesse estudo foi avaliar os efeitos
do 4’-CD sobre o desenvolvimento de culturas priasade neurdnios hipocampais de
camundongos machos e fémeas. Nesse estudo, fovatbsegque o 4’-CD apresentou
efeitos dependentes do sexo sobre o desenvolvirdertaolturas primérias de neurdnios
hipocampais. Nas culturas dos neurdnios hipocangmisiachos, o 4’-CD reduziu o
namero de células em estagio | e aumentou o nudeecélulas em estagio Ill, indicando
que o 4’-CD poderia estimular o desenvolvimentoeleronios hipocampais de machos.
Por outro lado, como o0s neurbnios hipocampais deed8 apresentaram um
desenvolvimento naturalmente mais rapido do quasawhchos, o 4’-CD nao foi capaz
de alterar a taxa de desenvolvimento dessas célidass resultados sdo semelhantes aos
resultados encontrados por Scerbo et al. (2014)mmpstraram que culturas primarias de
neurénios hipotalamicos de fémeas apresentam uemd@simento mais rapido do que
de machos, representado por um nimero maior démiearcom ramificagdes neuriticas

até 5DIV devido a um aumento na expresséao da neniray 3 (Ngn3). Da mesma forma,
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apesar do 4’-CD ndo ter alterado o nUmero de msuptimarios nem o comprimento
axonal, ele aumentou a ramificacdo neuritica ndsiras primarias de neurbnios
hipocampais de machos, mas nao de fémeas. Outua®eslevem avaliar se os efeitos
modulatérios do 4'-CD sobre o desenvolvimento nearpoderiam estar associados as
suas acOes neuroprotetoras em diferentes modelperimentais de doencas

neurodegenerativas, incluindo a DA.

Assim como mencionado no que diz respeito a sait®eieuroprotetores, uma
das hipoteses que poderia explicar os efeitos-@i4sobre o desenvolvimento neuronal
envolve uma possivel estimulacdo da neuroester@nbsg devido a ativacdo da TSPO,
de forma que os efeitos do 4’-CD poderiam ser nikedigoelos esteroides sintetizados a
partir desse processo. Dentro desse contexto,sakgindos ja mostraram que neurénios
hipocampais cultivados vitro séo capazes de sintetizar estradiol (Fester,e2G06;
von Schassen et al., 2006). Além disso, sabe-se gqstradiol sintetizado localmente
possui um papel fundamental no crescimento deodréi na sinaptogénese, e que a
inibicdo desse processo se associa com a inibig@edcimento neuritico e com perda
sinaptica (von Schassen et al. 2006; Fester &Hl2). Tambeém, ja foi demonstrado que
o colesterol, que € a molécula precursora pamtess dos hormoénios esteroides, é capaz
de estimular a sinaptogénesevitro através da sua conversdo em estradiol, e que a
delecdo da StAR, uma outra proteina envolvida gala€do do transporte do colesterol
para o interior da mitocondria, € capaz de iniBireteitos sinaptogénicos do colesterol
(Fester et al., 2009). Em relacdo aos efeitos dendmios esteroides sobre a
neuritogénese, estudos anteriores do nosso grugtramoque o estradiol estimula o
desenvolvimento neuritico de culturas de neurdnibgocampais nao-sexadas,

aumentando o numero de neuritos primarios e a iGQ#o neuritica através de um
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mecanismo envolvendo um aumento na expresséo dadégrativacao da via da PI3K
(Ruiz-Palmero et al., 2011; Ruiz-Palmero et al130Além disso, em outro estudo, foi
verificado que existe uma diferenca sexual na agd@ da Ngn3 em neurdnios
hipotalamicos que esta envolvida na geracdo deredifas sexuais na taxa de
diferenciagcdo neuronal no hipotdlamo, e que a adtragdo de estradiol estimula o
crescimento axonal e a ramificacdo neuritica deukag primarias de neurdnios
hipotalamicos de camundongos machos através deumardo da expressao da Ngn3,
eliminando as diferencas sexuais na taxa de dif&e#o neuronal (Scerbo et al., 2014).
Esses resultados sugerem que os efeitos dependintesxo exercidos pelo 4’-CD
poderiam estar relacionados com uma possivel dsii@m da neuroesteroidogénese
através da ativacdo da TSPO, incluindo a estimoldaedsintese de estradiol que poderia
mediar os efeitos do 4’-CD sobre o desenvolvimaetaronal através da modulagéo das

vias da Ngn3 e da PI3K.
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10 CONCLUSOES

171



1 — O 4-CD apresentou efeitos neuroprotetoresraoattoxicidade induzida pelopA
tanto em células SH-SY5Y de neuroblastoma humamm@m culturas organotipicas de
hipocampo de ratos, apresentando-se como um faremquotencial para o tratamento

da DA (Capitulos Il e 1II).

2 — Os efeitos neuroprotetores exercidos pelo 4'A@Pcélulas SH-SY5Y envolveram a
inibicdo do aumento da expressao da Bax e da reddgdexpressdo da survivina
provocados pela administracao dp, Anquanto seus efeitos neuroprotetores nas csiltura
organotipicas de hipocampo envolveram um efeitixdante representado por um

aumento na expressao proteica da SOD (CapitutHI)l

3 — Existem diferencas sexuais entre o desenvohtinele culturas primarias de
neurbnios hipocampais de camundongos machos e g$énoeem 0S neurdnios
hipocampais de fémeas apresentando um desenvoteimeis precoce do que os de

machos (Capitulo 1V).

4 — O 4’-CD exerce efeitos dependentes do sexcesmlalesenvolvimento de culturas
primérias de neurbnios hipocampais, estimulandoesemnlolvimento de neurbnios
hipocampais de camundongos machos e aumentandorarsificagdo dendritica, sem
exercer os mesmos efeitos nos neurdnios de féraeas. efeito poderia ser um outro
mecanismo envolvido nas acdes protetoras exercpds 4'-CD em modelos

experimentais de doencas neurodegenerativas,ndola DA (Capitulo 1V).
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11 PERSPECTIVAS
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1 — Avaliar se os efeitos neuroprotetores e soltesenvolvimento neuronal causados
pelo 4-CD envolvem a modulacdo da neuroesteromwlesg incluindo um estudo
visando identificar a possivel participacdo de m@azsi da rota da esteroidogénese e de

receptores de hormonios esteroides nos efeitosidasrpelo 4’-CD.

2 — Estudar o envolvimento de outras vias de gagdio intracelular nos efeitos

neuroprotetores ocasionados pelo 4’-CD.

3 — Aprofundar o estudo do impacto dos efeitosoaitantes exercidos pelo 4'-CD em
seus efeitos neuroprotetores contraip @studando seus efeitos sobre outros parametros

de estresse oxidativo.

4 — Estudar as proteinas e vias de sinalizacdohedas nos efeitos do 4’-CD no
desenvolvimento neuronal, e avaliar se existemrahfg@s sexuais nos efeitos

modulatérios exercidos pelo 4’-CD sobre essas vias.

5 — Reproduzir os efeitaguroprotetores do 4’-CD contra a toxicidade indazelo A
in vitro em um modelo de toxicidade induzida pel@ W vivo, visando avaliar a

viabilidade do uso do 4’-CD como um possivel farompara o tratamento da DA.

6 — Avaliar se os efeitos do 4’-CD sobre o desenw@nto e a maturagcdo neuronal

poderiam estar envolvidos em suas agdes protetorasodelos animais de DA.

7 — Investigar os efeitos do 4’-CD sobre a modwadd funcao astrocitaria e qual sua
participacédo nas acdes neuroprotetoras exercid@agp€D em modelos experimentais

de DA.
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