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[...] Para que se vea desde alta mar
de poco le sirve al navegante
que Nno sepa esperar.

Pie detras de pie

no hay otra manera de caminar
la noche del Cabo

revelada en un inmenso radar.

Un faro para, solo de dia,

guia, mientras no deje de girar

no es la luz lo que importa en verdad
son los 12 segundos de oscuridad.

12 Segundos de Oscuridade — Jorge Drexler
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Resumo geral

A sintese protéica é um evento chave para a formagdo de memorias de longa
duracgéo, e muitos estudos vem investigando quais vias de sinalizacdo intracelular estdo
envolvidas neste processo. Sabemos também, que ao longo do envelhecimento, os
processos bésicos de manutencdo das funcbes celulares vdo ficando mais lentos e
podem apresentar problemas, gerando patologias. Uma das vias de controle da sintese
protéica é a via que inclui a proteina TOR, que de maneira geral regula o processo
traducional. Assim, o0 objetivo deste trabalho foi investigar os padrdes de expressao de
genes relacionados a promocéo da sintese protéica durante a consolidacdo da memoria
em zebrafish (Danio rerio) jovens, adultos e velhos. Para isso, 0s animais foram
submetidos ao protocolo de treino na esquiva inibitdria, seguida da retirada de tecido
cerebral 30 min, 3 h e 6 h apds o treino, para avaliacdo de expressdo génica de BDNF,
TOR e dois de seus alvos (elF4E-BP e p70S6K) em RT-PCR. Os resultados deste
trabalho mostram que ha diferencas entre o padrdo de expressdo génica entre 0s animais
de diferentes idades. Mas, todos os grupos demonstram um aumento na expressao de
BDNF nas fases iniciais da consolidacdo da memoria, persistindo até 6 h ap6s o treino.
Este resultado ocorreu tanto nos animais submetidos ao choque, quanto nos animais que
apenas entraram no aparato. Isso nos leva a pensar que tanto o aprendizado aversivo,
quanto a exposi¢do ao novo ambiente desencadeiam respostas de plasticidade sinéptica
nestes animais. Além disso, a expressao génica da TOR e suas duas principais efetoras
(4E-BP e p70S6K) manteve os mesmo padrdo de aumento que BDNF nas trés diferentes

idades, sugerindo que esta via esta ligada a plasticidade sindptica em zebrafish.

Palavras chave: zebrafish, memoéria, envelhecimento, TOR.
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1. Introducéo geral

1.1 Memoria

Ao longo da evolucdo, os organismos vivos foram submetidos a diferentes
condi¢des ambientais, precisando lancar médo de diferentes estratégias para garantir sua
sobrevivéncia e perpetuacdo da espécie. Uma das estratégias a se destacar é a
capacidade de modificar o comportamento em funcdo de experiéncias vivenciadas,
podendo assim, distinguir acGes que beneficiam ou ndo a continuidade da vida. Dessa
forma, a memoria é a maneira de um organismo armazenar e codificar informac6es em
seu sistema nervoso central, permitindo assim, interacdes com o ambiente (Kandel,
2001; Squire & Kandel, 2003).

Conforme o animal registra suas diferentes experiéncias ao longo da vida, vai
criando uma intrincada rede de conexdes eletroquimicas entre neurbnios, provocando
alteracdes estruturais e funcionais em suas estruturas sinapticas (Kandel, 2001; Bailey et
al., 2008). Para que novas redes de conexdes sejam formadas, é preciso que eventos
bioquimicos acontecam nas redes neurais que foram ativadas pelo aprendizado. Assim,
uma cascata sinalizadora é ativada no interior da célula, culminando com a sintese de
novas proteinas. Esses eventos sdo conhecidos como potenciacdo de longa duracdo
(LTP) ou como consolidacéo, e sdo importantes para a formacdo de memdrias de longa
duracdo (lIzquierdo & Medina, 1997; Izquierdo et al., 2006).

Para estudar como uma resposta € aprendida, é preciso entender como uma
memoria de longa duracdo é formada. Para isso, um protocolo bem aceito é aquele em
que o animal é submetido a um Unico evento aversivo e aprende a evitar 0 perigo em
apenas um julgamento (em inglés, one-trial avoidance learning) (Lucon-Xiccato &
Dadda, 2014). Muitos estudos revelaram que a regido CA1 do hipocampo ¢é fundamental

para a formacdo de uma memodria de longa duracdo (lzquierdo et al., 2006) e esta



conectada a outras regides do cérebro como septo medial, cortex entorrinal e, através
deste, com a amidala e outras regides do cortex. (Izquierdo & Medina, 1997; Izquierdo
et al., 2006). Durante a consolidagcdo de uma memoria, receptores de glutamato AMPA,
NMDA e receptores metabotropicos se ativam na regido CAl do hipocampo
aumentando a concentragdo de célcio no interior no neurénio. O aumento da
concentracdo de célcio intracelular € o gatilho para ativacdo de proteinas cinases como
CaMKIl, PKC, PKG, PKA e ERKSs (lzquierdo & Medina, 1997; Malenka & Nicolli,
1999; Izquierdo et al., 2006).

A atividade cinase da PKG é importante para o inicio da LTP, participando da
liberacdo de dxido nitrico, mondxido de carbono e o fator de ativacdo plaquetario,
substancias que aumentam a liberagéo de glutamato, melhorando a eficiéncia da sinpase
nos primeiros minutos. Para a liberacdo de glutamato do neurénio pré sinaptico, a PKC
também é importante pois fosforila a proteina GAP-43, envolvida na mobiliza¢do de
vesiculas de glutamato. Em neurbnios pés sinapticos, as proteinas CaMKIIl e PKC
funcionardo fosforilando receptores glutamatérgicos a ativando-os. A atividade de
CaMKII em receptores AMPA por exemplo, dura muitas horas apds o inicio da
potenciacdo de longa duracdo (lzquierdo & Medina, 1997; Malenka & Nicolli, 1999;
Izquierdo et al., 2006). As proteinas ERK e a PKA atuam principalmente na
fosforilacdo de fatores de transcricdo como o CREB, que participa da sinalizacdo que

leva a sintese de novas proteinas (O’Connell et al., 1997; Izquierdo et al., 2006) (Figura

1).
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A partir da ativacdo destas cascatas sinalizatorias, o controle transcricional passa
a ser regulado envolvendo as vias das proteinas Akt, PI3K e MER/ERK. Um dos alvos
finais destas cascatas sinalizatorias que iniciam com o influxo de célcio e ativacdo de
receptores de membrana € a proteina TOR. Uma vez ativada, a TOR participard do

ajuste da maquinaria de sintese protéica (Garelick & Kennedy, 2011) (Figura 2).
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Sendo assim, a consolidacdo de memoria requer um rearanjo molecular e
estrutural das espinhas dendriticas como mostra Lamprecht & LeDoux (2004) (Fig. 3).
A partir do potencial de acdo, o influxo de célcio e ativacdo de vias que culminardo na
sintese de proteinas ocorrem no interior do neurdnio e iniciam uma série de
modificagdes estruturais como: aumento no ndmero de vesiculas contendo
neurotransmissores nos neurénios pré sinapticos, aumento no numero de receptores de
membrana nos neurdnios pds sinapticos, aumento no numero de ribossomos nos
neurdnios pos sinapticos. Ao longo do tempo, novas espinhas dendriticas sdo formadas,

aumentando assim a capacidade de transmissdo da via que esta sendo ativada, tornando-



a mais forte. Esse fendbmeno pode ser chamado de plasticidade sindptica, processo no

qual a sintese protéica é essencial (Lamprecht & LeDoux, 2004).
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Figura 3: Mecanismos moleculares envolvidos no processo de plasticidade sinaptica.
Adaptado de Lamprecht & LeDoux (2004).

1.2 Sintese protéica e controle traducional

Para que a informag&o contida em um gene direcione a sintese de uma proteina,
s80 necessarios muitos passos, sendo cada um deles crucial na formagdo de uma nova
molécula protéica. Em eucariotos, o primeiro passo € realizado pelas RNA polimerases
e uma série de outras proteinas denominadas fatores gerais de transcrigdo. Essas
moléculas reconhecem sitios promotores do DNA e transcrevem sequéncias génicas em
fitas de RNA complementar. A fita de RNA mensageiro (MRNA) podera, entdo, ser
traduzida nos ribossomos presentes no citoplasma celular (Dever et al., 2007; Jackson et
al., 2010)

Para isso, uma extensa e complexa maquinaria entra em funcionamento,
incluindo as subunidades ribossomais, a fita de mRNA, uma série de fatores de

iniciacdo eucarioticos (elFs) e os RNA transportadores (tRNA) contendo aminoacidos
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especificos que formardo a proteina. Equanto vai sendo produzida, a proteina recém
sintetizada é dobrada, atingindo sua configuracdo exata e liberada na célula. Todo o
processo de traducdo e transcricdo funciona coordenadamente a necessidade celular,
mantendo dessa forma um ambiente homeostatico intracelular e no organismo como um
todo (Klann & Dever, 2004; Dever et al., 2007; Jackson et al., 2010).

A expressdo génica pode ser regulada em diferentes niveis, sendo essa uma das
formas dos organismos modularem suas respostas fisiologicas a diferentes estimulos
externos e/ou internos (Tang & Schuman, 2002; Sonenberg & Hinnebusch, 2009). Esse
controle pode ocorrer em qualquer uma das etapas da via que vai do DNA para 0 RNA,
até a proteina; como: (1) controle transcricional, determinando quando e como o gene é
transcrito; (2) controle do processamento de RNA; (3) transporte de RNA e controle
localizacional do nicleo para as regibes do citoplasma; (4) controle traducional,
selecionando quais mRNAs serdo traduzidos nos ribossomos; (5) controle da
degradacdo do mRNA no citoplasma; ou (6) controle da atividade protéica pela
ativacdo, desativacdo, degradacdo ou compartimentalizacdo de proteinas apés a sintese
(Figura 4).
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Figura 4: Passos pelos quais a expressdo génica eucaridtica pode ser regulada.
Adaptado de Alberts (2004).



Para a maioria dos genes, o controle transcricional € extremamente importante e
eficiente, sendo mais econdmico para a célula, pois evita o gasto de energia nas etapas
seguintes da via de producdo de proteinas. Por outro lado, o controle traducional
permite alterages mais rapidas na concentracdo de proteinas, sendo entdo um
mecanismo de manutencdo da homeostasia juntamente com controles mais lentos e
permanentes (Sonenberg & Hinnebusch, 2009). Assim, o controle traducional é
considerado crucial em eventos como, estresse, restricdo alimentar, crescimento
(Sengupta et al; 2010), desenvolvimento e diferenciacdo celular, envelhecimento
(Sonenberg & Hinnebusch, 2009), aprendizado e memoria (Costa-Mattioli et al; 2009).

Considerando a importancia da sintese de proteinas para que ocorra a formagao
de novas memorias, pesquisadores tem concentrado esforcos para entender quais
moléculas participam das vias de sinalizacdo intracelular que regulam o mecanismo do

aprendizado. Um destes alvos de estudo é a via da proteina TOR.

1.3 Proteina TOR

Por volta do ano de 1965, cientistas brasileiros estiveram na llha de Pascoa
(também chamada de Rapa Nui na lingua nativa), no Chile, buscando estudar
microorganismos presentes no solo desta regido; e encontraram a bactéria Streptomyces
hygroscopicus, que produzia metabolitos com propriedades antifungicas. Cinco anos
mais tarde, em 1970, um composto produzido por estas bactérias foi isolado e recebeu o
nome de rapamicina, fazendo alusdo ao nome nativo da ilha onde as amostras foram
coletadas. Os estudos posteriores demonstraram que a rapamicina inibe a proliferacédo
de células de mamiferos, além de possuir propriedades imunossupressoras. A partir de
entdo, a rapamicina foi largamente estudada, no intuito de descobrir os mecanismos de

acdo desta molecula (Harris & Lawrence, 2003; Wullschleger, et al. 2006).



A proteina TOR foi identificada primeiramente em formas mutadas que
apresentaram resisténcia as propriedades inibidoras da rapamicina, diminuindo o
brotamento de leveduras Saccharomyces cerevisiae (Heitman et al.,, 1991). Esta
proteina é uma serina/treonina cinase altamente conservada entre os eucariotos e pode
ser encontrada em dois complexos multiprotéicos. O primeiro deles, chamado de
TORC1 de mamiferos (MTORC1) € sensivel a rapamicina e é composto pelas proteinas:
mTOR, raptor e mLST8. Este complexo € melhor caracterizado pela literatura e é
responsavel, principalmente, pelas fungdes de crescimento celular, respostas ao estresse
e ao status energético, controle da sintese protéica, autofagia e apoptose. O segundo
complexo, mMTORC2, ndo € sensivel a rapamicina e contém as proteinas: mTOR, rictor,
mS1N1, PRR5 e mLST8. Este complexo estd envolvido principalmente na formacdo do
citoesqueleto celular (Hall, 2008; Laplante & Sabatini, 2012; Yang et al., 2013). De
maneira geral, ambos os complexos sdo estruturas chave na regulacdo metabdlica,
controlando principalmente o desenvolvimento e o crescimento celular (Hall, 2008;
Yang et al., 2013).

O papel da TOR é muito abrangente, incluindo acdes catabolicas e anabdlicas do
metabolismo celular. Dentre eles estdo a transcricdo de genes, sintese de proteinas,
formacdo de unidades ribossomais, transporte de nutrientes e metabolismo mitocondrial.
Além disso, participa da regulacdo da degradacdo de moléculas de mRNA e de
proteinas, da autofagia e da apoptose (Harris et al., 2003; Hall, 2008; Laplante &
Sabatini, 2012).

No cérebro, as funcBes da TOR variam entre regular a sintese de novas
proteinas, monitorar o estado nutricional regulando a alimentacdo e participar de
processos de plasticidade e consolidagdo de memorias de longa duracdo (Garelick &
Kennedy, 2011). No que diz respeito a memdria, a funcionalidade da TOR é

influenciada pela atividade de plasticidade sinaptica, onde receptores de membrana séo



ativados e desencadeiam vias de sinalizacdo intracelular. O aumento no influxo de
calcio, por exemplo, pode resultar na abertura de canais de célcio voltagem dependente
ou receptores NMDA. A partir dai, vias como MEK/ERK ou da proteina PI3K podem
modular a atividade da TOR (Hoeffer & Klann, 2009; Garelick & Kennedy, 2011).
Outros estudos demonstram que BDNF também promove aumento na atividade da TOR
e consequentemente aumento na atividade traducional (Schratt et al., 2004; Slipczuk et
al., 2009; Leal et al., 2014).

Inimeros estudos j& demonstraram a necessidade de atividade da TOR durante o
processo de consolidagcdo da memoria, principalmente utilizando o bloqueio da TOR
através da rapamicina (Tang et al., 2002; Myskiw et al., 2008; Slipczuk et al., 2009;
Swiech et al., 2008; Halloran et al., 2012). Além disso, pesquisas demonstram que a
presenca da TOR nas regifes sindpticas regula a sintese de proteinas em locais
especificos (Tang et al., 2002; Garelick & Kennedy, 2011). Tang e colaboradores
(2002), através de experimentos de imunocoloracdo, investigaram a presenca da
maquinaria de traducdo em dendritos de neurbnios hipocampais, reforcando a ideia de
que pode haver sintese de proteinas nos dentritos ou indicando que a sintese iniciou no
soma e foi transportada para os dendritos.

Os alvos mais conhecidos dessa proteina sdo elementos pertencentes a
maquinaria de controle traducional, que sdo regulados direta ou indiretamente por
fosforilacdo, incluindo as proteinas elF4G, elF4B e 4E-BP1. A proteina 4E-BP1, por
sua vez, controla o fator de iniciacdo elFAE que estd acoplado ao cap da extremidade 5’
do mRNA. Quando esta proteina esta acoplada ao cap ndo ha interacdo do elF4E com
outros fatores de iniciacdo. Através da atividade da TOR, a proteina 4E-BP1 é
fosforilada liberando o sitio de ligacdo do fator de iniciacdo elFAE que podera recrutar,

entdo, outros fatores (como elF4G e elF4A), que irdo favorecer a interacdo das



subunidades ribossomais com 0 mRNA (Figura 5) (Hall, 2008; Ma & Blenis, 2009;

Sonenberg & Hinnebusch, 2009; Laplante & Sabatini, 2012).
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Figura 5: Acdo da TOR sobre o fator de iniciagdo 4E-BP.
Adaptado de Ma & Blenis (2009).

Outro importante alvo da TOR é a proteina p70S6K, que esta envolvida tanto na
sintese de novas proteinas, como na formacdo de novos ribossomos. Para seu
funcionamento completo, a S6K precisa ser fosforilada em dois sitios especificos, um
motivo hidrofébico C-terminal e um sitio de dominio cinase. Uma vez ativada, esta
proteina fosforila a subunidade ribossomal 40S, levando ao aumento da tradugdo de um
subconjunto de mRNAs chamados 5°TOP, os quais codificam proteinas ribossomais e
fatores de alongamento. Assim, a proteina S6K promove o0 aumento da capacidade total
de traducdo da célula (Figura 6) (Hall, 2008; Ma & Blenis, 2009; Laplante & Sabatini,

2012:).
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Figura 6: Acdo da TOR sobre o fator de iniciagdo 4E-BP e sobre a proteina S6K, formando um

completo com a fita de mRNA.
Adaptado de Ma & Blenis (2009).



Sendo a TOR tdo abrangente em suas fungdes na célula, os pesquisadores
também direcionaram o olhar ao papel desta proteina durante o envelhecimento. Sabe-se
hoje que um cérebro saudavel envelhece com perdas de fungdes neuronais muito sutis,
sendo estas células mais sensiveis ao estresse oxidativo e ao acumulo de proteinas,
fosfolipideos e acidos nucléicos no interior da célula. Ao longo do tempo, 0s neurdnios
também demonstram atividade mais lenta na liberacdo de célcio no citosol e na
producdo de proteinas, além de menor taxa de neurogénese (Mattson et al., 2002;
Mouravlev et al., 2006; Garelick & Kennedy, 2011).

Pesquisas demonstram que o bloqueio da TOR pode diminuir as taxas de
envelhecimento celular (Harrison et al., 2009; Evans et al., 2011; Maiese et al., 2013), e
esta descoberta trouxe uma grande esperanga nos estudos a respeito de doengas
neurodegenerativas. Visto que algumas doencas estdo associadas ao acumulo de
proteinas mal formadas no interior da celula, o bloqueio da TOR se mostra benéfico,
retardando a traducdo de novas proteinas. Além disso, o0 uso da rapamicina pode induzir
a autofagia, promovendo uma reciclagem no interior da célula de proteinas e organelas
mal formadas (Ravikumar et al., 2004; Sarkar et al., 2009; Stanfel et al., 2009; Maiese
et al., 2013). Ao mesmo tempo que alguns estudos demonstram o prejuizo das funcdes
cognitivas em animais tratados com rapamicina, outras pesquisas mostram o contrario,
onde o uso da rapamicina melhora as funcdes de memoria e retardam processos de
neurodegeneracdo (Garelick & Kennedy, 2011). Sendo assim, é importante desvendar

em quais niveis e em quais situa¢fes 0 uso da rapamicina pode ser benéfico.

1.4 Zebrafish como modelo biolégico
O conhecimento a respeito da fisiologia de vertebrados avanga
consideravelmente gracas ao uso de modelos biolégicos como o peixe teledsteo Danio

rerio, também chamado de zebrafish ou paulistinha. Desde 0s primeiros ensaios com
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zebrafish, por volta da década de 1970, até hoje, este animal tornou-se um modelo de
estudo importante gracas as facilidades que oferece: baixo custo de manutencgéo, alta
fecundidade, rapido desenvolvimento, transparéncia de ovo e larva (Gerlai, 2011,
Kalueff et al., 2014; Stewart et al., 2014). Além disso, um passo determinante para o
uso deste modelo foi 0 sequenciamento de seu genoma, 0 que proporcionou que uma
ampla gama de ferramentas genéticas pudessem ser aplicadas a este animal (Kalueff et
al., 2014).

Hoje, sabe-se que a sequéncia de nucleotideos dos genes de zebrafish apresenta
cerca de 70% de similaridade com a de genes humanos. Além disso, 84% de genes
associados a doengas tem genes homologos em zebrafish (Kalueff et al., 2014). Assim,
0 zebrafish se tornou um 6timo modelo de estudo sobre desenvolvimento, sistemas
fisiologicos, redes neurais e mecanismos de doengas (Grunwald & Eisen, 2002; Gerlai
etal., 2010).

Embora filogeneticamente o zebrafish esteja distante dos humanos, muitos
mecanismos fisiolégicos permanecem altamente conservados, mostrando assim forte
homologia a mamiferos (Cafiestro et al. 2007). No campo das neurociéncias, estudos
indicam que genes comprometidos com o desenvolvimento do sistema nervoso Sao
conservado em peixes teledsteos, possibilitando assim comparagfes entre mamiferos e
zebrafish (Carfiestro, 2007; Mueller & Waullimann, 2009). Sabe-se também, que a
organizacdo geral do sistema nervoso entre estes animais € muito semelhante, seguindo
a estrutura basica de outros vertebrados: prosencéfalo, mesencéfalo e romboencéfalo
(Rinwitz et al., 2011). Sub-regides como bulbo olfatorio, cerebelo e medula espinal, por
exemplo, apresentam-se altamente conservadas entre as espécies (Friedrich et al., 2010)
e as areas do cérebro menos semelhantes sdo telencéfalo e tectun. Porém zonas
homologas a amigdala, habénula e hipocampo também sdo encontradas em zebrafish

(Mueller & Wullimann, 2009; Friedrich et al., 2010; Kalueff et al., 2014).
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Assim como a anatomia cerebral, os sistemas de neurotrasmissdo também sdo
altamente conservadas em zebrafish (Kalueff et al., 2014), mostrando forte semelhanca
entre os sistemas gabaérgico, monoaminérgico e colinérgico (Panula et al., 2006;
Rinwitz et al.,, 2011). Estudos envolvendo imageamento, genética e tarefas
comportamentais revelam funcionamentos fisiolégicos extremamente parecidos entre
zebrafish e mamiferos (Stewart & Kalueff, 2012; Kalueff et al., 2014).

Zebrafish apresenta um repertorio comportamental vasto e muito semelhante a
outros modelos ja bem estabelecidos (Gerlai 2011; Stewart & Kalueff, 2012), assim,
pode-se contar com esta espécie para estudar comportamentos complexos como, por
exemplo, aprendizado e memoria (Blaser & Vira, 2014), medo e ansiedade (Egan et al.,
2009; Blaser et al., 2009), agressividade (Gerlai, 2003; Larson et al., 2006; Moretz et
al., 2007), comportamento social (Engeszer et al., 2007; Saverino & Gerlai, 2008) e
sono (Zhdanova, 2006).

O envelhecimento é um dos processos fisiologicos ja largamente estudados em
diversos modelos animais, porém, o zebrafish foi visto como possivel novo modelo a
partir da Gltima década (Kalueff et al., 2014). Na figura 7 podemos observar um resumo
das fases do desenvolvimento do zebrafish. Os embrides permanecem nos ovos cerca de
72 horas pos fertilizacdo (hpf) e entdo eclodem entre 72 e 120 hpf. Inicia-se entdo o
periodo larval que se estende até 30 dias pos fertilizacdo (dpf). A fase juvenil vai de 30
dpf até 90 dpf e, a partir dai, temos o zebrafish adulto. Ap6s 2 anos de vida, pode-se
considerar 0 peixe como senescente e sua expectativa de vida varia entre 4 e 5 anos

(Spence et al., 2008; Kalueff et al., 2014).
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Fertilizacdao Eclosdo Larva Juvenil Adulto Envelhecimento Morte

0 ———3dpf ———————30dpf 90dpf —————2 Anos  4-5Anos
Desenvolvime Natacgdo livre Neurodegeneragio
embrionario Desenvolvimento CNS Y Declinio cognitivo
!’ Déficit motor
Larva de zebrafish Zebrafish adulto

Figura 7: Estagios do desenvolvimento de zebrafish (Danio rerio)
Adaptado de Stewart et al. (2014).

Tendo as fases do desenvolvimento de zebrafish j& descritas, pesquisas
revelaram que este peixe apresenta senescéncia gradual, assim como em mamiferos
(Keller & Murtha, 2004). Yu e colaboradores (2006) investigaram respostas cognitivas
em peixes adultos de 1, 2 e 3 anos e obtiveram resultados que demonstram declinio
cognitivo destes animais em funcdo da idade. Os animais mais velhos apresentaram
menor atividade locomotora e demoraram mais tempo para aprender uma resposta
condicionada a um estimulo aversivo. Porém, todos os animais demoraram 0 mesmo
tempo para aprender uma tarefa condicionada a um estimulo aversivo, o0 que sugere que
animais mais velhos podem aprender rapidamente, porém exigem maior estimulacdo até
adquirir a resposta condicionada. Sendo assim, o zebrafish se mostra um eficiente
modelo para estudar deficiéncias cognitivas relacionada a idade ou disturbios que levam

a doencas de ordem neuroldgica.
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2. Objetivos

2.1 Objetivo geral
Investigar o padrdo de expressao de genes que indicam para sintese de novas
proteinas durante a consolidacdo da memdria em cérebros de zebrafish (Danio rerio)

jovens, adultos e velhos.

2.2 Objetivos especificos
- Avaliar a capacidade locomotora e 0 comportamento ansioso em zebrafish jovens,

adultos e velhos;

- Avaliar a capacidade de aprendizado condicionado aversivo em zebrafish de diferentes

idades;

- Avaliar a expressao dos genes de BDNF, da proteina TORC1, da proteina p70S6-
cinase e do fator de iniciacdo eucariotico 4E-BP em zebrafish jovens, adultos e velhos

durante o periodo de consolidacdo da memodria.
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Abstract

TOR is a protein kinase involved in modulation of mRNA translation thereby
regulating the protein synthesis. In neurons, this role is particularly important in the
memory consolidation of long-term memory (LTM). One of the modulators of the TOR
Is brain derived neurotropic factor (BDNF), which promotes by TOR signaling the
protein synthesis, synapses strengthening and creating new neural networks. We
investigate the gene expression pattern of this pathway during memory consolidation in
zebrafish of different ages. Our findings demonstrate that in old animals TOR activation
occurs in the early phase of consolidation, following the same pattern of BDNF
expression. Already, in young and middle-age animals this increase did not occur, as the
BDNF expression also not so pronounced. Furthermore, the expression of the main
protein regulated by TOR protein synthesis (4E-BP and p70S6K) remains the same

pattern of TOR protein for all groups.

Key-words: zebrafish, memory consolidation, TOR protein, aging
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1. INTRODUCTION

The neuronal plasticity process requires neural modulation triggered from new
experiences, which leads to the process consolidation and storage of information in the
central nervous system (CNS) (Izquierdo et al., 2006). Memory consolidation depends
on intracelular signalling cascades to promote new protein synthesis, stimulating
synaptic reinforcement and the formation of new connections (lzquierdo & Medina,
1997; lzquierdo et al., 2006). The control of mMRNA reading is one of the ways to
regulate this protein synthesis and, it is crucial during stress, food restriction, growing
(Sengupta et al.; 2010), development, cellular differentiation (Sonenberg et al.; 2009)
and, learning and memory (Costa-Mattioli et al.; 2009). However, some efforts still
need to be performed to the completely understanding of the intracellular mechanisms
triggered by learning to promote new protein synthesis.

The serine/threonine kinase TOR is a highly conserved protein in eukaryotes
and, it has been extensively studied as result of its function as metabolic regulator,
controlling mainly development and cellular growing (Hall, 2008; Laplante & Sabatini,
2012). Concerning its function in the CNS, it is a well-known player in plasticity and
protein synthesis regulator (Tang et al., 2002; Garelick & Kennedy, 2011). The main
TOR targets are the indirect target initiation factor elF4E and the protein p70S6K. The
factor elF4E has its function indirectly modulated by TOR, through the TOR mediated
phosphorylation of 4E-BP1 which releases its binding site favouring the mRNA
interaction with ribosomal subunits. Differently, the protein p70S6K, after its direct
activation by TOR, phosphorylates the ribosomal 40S subunit, leading to the translation
of several 5°TOP mRNAs, which end with synthesis of several ribosomal proteins and
elongation factors (Hall, 2008; Ma & Blenis, 2009; Sonenberg & Hinnebusch, 2009;

Laplante & Sabatini, 2012).
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TOR activity can be regulated by different intra and extracellular signals. In the
CNS, the neurotropic factor BDNF has been pointed as one of the key drivers of TOR
activation (Takei et al., 2004; Slipczuk et al., 2009), also BDNF signalling has been
described as crucial for memory formation in many different learning paradigms (Hall
et al., 2000; Mizuno et al., 2000; Liu et al., 2004; Bekinschtein et al., 2007; Myskiw et
al., 2008).

The aim of this study was to evaluate the gene expression pattern of molecules
involved with the protein synthesis and plasticity during memory consolidation in
zebrafish of different ages. In this study, we have investigated the expression pattern of
TOR pathway and BDNF genes during the consolidation of a fear memory in zebrafish
of different ages. To evaluate this, we first validated the learning protocol for the
different ages, in a novel inhibitory avoidance apparatus, to ensure that they passed
through a consolidation period after the training. Since all groups were able to learn, we
performed the mRNA expression during the memory consolidation. First, we analysed
the TOR and their related effectors 4E-BP1 e p70S6K in different time points after
training in young, middle-age and old animals. Also, we analysed the immediately early
gene BDNF, one of the triggers of the TOR signalling pathway, in different periods of

the consolidation for the different ages.

2. MATERIALS AND METHODS

2.1 Animals and maintenance

Zebrafish (Danio rerio) were obtained from a commercial store (Red Fish, Porto
Alegre, Brazil) and maintained for breeding and cultivation at the Institute of Biological
Sciences — ICB — FURG. The animals were maintained in a recirculation water system

equipped with a biological filter and UV light sterilization. The tanks had 15 liters of
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capacity with a maximum density of 10 fish, pH around 7.0, controlled temperature (28
+ 2 °C) and a 14-10 h day/night photoperiod. All animals were fed twice daily ad
libitum with balanced commercial diet (Tetra ColorBits). The experiments were
performed with animals of three different ages: young (up to 3 months), middle-aged
(7-9 months) and old (24 months). All protocols were reviewed and approved by the
Ethics Committee on Animals Use of the Federal University of Rio Grande (FURG)

under the process number 23116.008369/2013-91.

2.2 Behavioral tasks

2.2.1 Open field

The open field task was performed using a tank (12.3 cm heightx38.7 cm
widthx47.3 cm length) divided in 12 equal sized zones, with a 3 cm of water column.
Each fish was placed in the center of the tank and video recorded for 3 min, 30 seconds
of habituation was given prior the beginning of the recording. To analyze the locomotor
activity, the number of entries to each zone was documented. To analyze the anxiety
like behavior, the time spend in the zones near to the walls of the tank relative to the
total time in the tank was calculated based on recorded data. Measures of open field task
were performed prior to the inhibitory avoidance task to ensure that the response in this

test was not affected by the stress generated by that task (Kalueff et al., 2014).

2.2.2. Inhibitory avoidance task

To evaluate animal ability to learn, inhibitory avoidance test was used, since the
following tests will focus on the consolidation phase of memory. The apparatus was
developed at the Institute of Biological Sciences, under a patent protocol in INPI
(National Industrial Property Institute) under number 0000220704494890 in 09/07/2007

(Castro et al., 2009). The apparatus consisted of a PVC pipe (33.0 X 7.3 X8.0 cm) with
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internal diameter of 7.3 cm divided into a dark zone and a bright zone. In the dark zone,
two metallic plates were fixed vertically where the mild electrical shock was generated
(5mA,; 6V; unconditioned stimulus).

For training sessions, animals were placed in the bright side of the apparatus
while the partition between the dark zone and bright zone was closed. After 3 min of
habituation in the new environment, the partition was open, allowing the animal to cross
to the dark zone. As soon as the animal crossed to the dark side entirely, the partition
was closed and two sequential shocks were administered. Immediately after the shocks,
the fish was removed from de apparatus and returned to the housing tank. The test
sessions occurred 48 h after the training by repeating the training protocol, with the
exception that no shock was administered. The long-term memory (LTM) was
determined by the latency time to entry in the dark zone, if the fish do not enter the dark
zone no shock is given, with a ceiling of 180 s. For the control group, the same protocol

was used, but no animal received electrical shock.

2.3 Gene expression

The animals utilized for the gene expression experiments were divided in three
experimental groups: 1) animals trained in the inhibitory avoidance task and Killed at
different times after training (30 min, 3 h and 6 h; referred as Learning Group); 2)
animals that were exposed to the apparatus and did not receive shock in the inhibitory
avoidance task, after wards the animals were killed at different times after training (30
min, 3 h, 6 h; Novelty Group); and 3) animals removed from their home cages and
killed immediately (Naive Group).

Each sample was performed using a pool of two whole zebrafish brains. The
tissue was dissected out and rapidly frozen (-80 °C) in Trizol reagent (Invitrogen,

Brazil) for subsequent total RNA extraction according to the manufacture’s protocol. To
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confirm the integrity of RNA samples a gel electrophoresis in 1% agarose was
performed. After extraction, for cDNA synthesis, samples of total RNA were reverse
transcripted using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Brazil). The total amount of RNA and cDNA was determined using a Qubit
Fluorometer and Quant-iT Assay Kit (Invitrogen, Brazil). Then, gene amplification was
performed using specific primers designed based on sequences available at GeneBank
(Table 1) for real-time quantitative PCR (QPCR) with an ABI 7500 System (Applied
Biosystems, Brazil) using Platinum SYBR Green gPCR SuperMix-UDG (Invitrogen,
Brazil). The conditions for gPCR reactions used were 50 °C for 2 min, 95 °C for 2 min,
40 cycles of 95 °C for 25 s and 60 °C for 30 s. Duplicates were ran for each sample and
the expression level of the target genes was normalized by the expression of B-actin and
Rp113. The geNorm VBA applet for Microsoft Excel was used to calculate a
normalization factor and then was calculated the mean normalized expression of the

target genes (Vandesompele et al. 2002).

2.4 Statistical analysis

Gene expression analyses were performed using triplicates in each experiment.
Data are expressed as mean + standart error and analyzed with ANOVA followed by
Fisher’s posttest. Results of behavior test were analyzed by One-Way ANOVA test of
variance followed by Fisher’s post hoc test. Data is presented as mean + standard error

of the mean (S.E.M.). Differences were considered significant when p< 0,05.

3. RESULTS

3.1 Locomotor activity and anxiety like behavior
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Open field test was performed to investigate possible differences in locomotor
activity and anxiety behavior among the groups studied. In locomotor activity, higher
number of crossings was observed in old fish group when compared to young and
middle-age groups (Fig. 1A). In anxiety like behavior the old group showed significant
decrease between the middle-age group in the time spend in the periphery of the

apparatus (Fig. 1B).

3.2 Long-term fear memory acquisition in different zebrafish ages for the novel

inhibitory avoidance task apparatus.

To investigate possible effects of learning on gene expression, we first
performed the inhibitory avoidance test in animals of three different ages to confirm that
the subjects were able to learn the task. The young animals submitted to the avoidance
task and referred as learning group, showed an increase latency time for the LTM test,
also this group displayed an increased latency when compared to the novelty group
(Fig. 2A). Concerning the young fish novelty group no difference was observed in the
latency time after the exposure to the apparatus (Fig. 2A). The same pattern of learning
was observed in the middle-age group, an increase in the latency after training and a
significant difference compared to respective novelty group (Fig. 2B). As predicted no
alterations in the latency for the middle-age novelty group were observed after the
exposure to the apparatus (Fig. 2B). In the old group also was observed difference in
learning group. It was observed an increase in the latency time when compared to the
training and the novelty group (Fig. 2C). In the novelty group, no change was observed

in latency time after exposure to the apparatus (Fig. 2C).

3.3 Relative BDNF mRNA expression in zebrafish brain of different ages
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Since the inhibitory avoidance test in this novel apparatus promotes conditioning
learning in the animals of different ages, we were able to investigate possible
modulations in the BDNF gene expression during the process of memory consolidation.
Figure 3 shows the relative expression of BDNF mRNA in the different experimental
groups. In young animals, no change was observed between novelty group and naive
group. In the animals of learning group, significant increase in BDNF mRNA
expression was observed 30 min after training (Fig. 3A). Furthermore, there was a
significant increase in BDNF mRNA expression 6 h after training, but in a lesser
magnitude (Fig. 3A). This expression pattern did not repeat in middle-age and old
animals. In middle-age animals, compared to naive group, a significant increase was
observed 30 min after training in no shocked novelty animals (Fig. 3B) and significant
increase in all times after training in learning group (Fig 3B). In old animals, there was
significant increased expression in all experimental groups compared to naive (Fig 3C).
However, among animals of learning group, we noticed a decrease in BDNF expression

6 h after training compared to 3 h and 30 min (Fig. 3C).

3.4 Relative TOR mRNA expression in zebrafish brain of different ages

TOR protein can be activated by BDNF triggering an intracellular signaling that
promotes the synthesis of new proteins (Garelick & Kennedy, 2011; Slipczuk et al.,
2009). Thus, we sought to evaluate the expression pattern of TOR during different time
points of memory consolidation. In young animals, all groups showed no increase in the
TOR expression when subjected to IA test when compared to the naive group,
excluding animals that received shock and showed an increase in TOR expression 6 h
after training (Fig. 4A). Concerning the middle-age animals, all groups also showed no
alterations in the expression, with the exception of an increase 30 min after training in

novelty group when compared to naive group (Fig. 4B). In the old animals, no
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alterations in the TOR expression were observed comparing novelty group and naive
group. However, significant increase in TOR expression was observed 30 min and 3 h

after training in the learning group (Fig. 4C).

3.5 Relative mRNA expression of the two main effectors of TOR protein: elF4E-BP and

p70S6K

The two main effectors of TOR protein showed a similar expression pattern
among the groups. In young learning groups, the same pattern was also found in two
analyzed genes showing significant increase in mRNA expression 30 min and 6 h after
training (Fig. 5A and 5D). This response is preserved in middle-age animals, but this
pattern also was observed in novelty groups compared to naive group in both genes
(Fig. 5B and 5E). In old animals, the response pattern is different. It was observed an
increase in MRNA expression of learning group 30 min and a significant increase 3 h
after training (Fig. 5C and 5F). Finally, 6 h after training no differences were observed
relative to naive group (Fig. 5C and 5F). The p70S6K mRNA expression increased in
old animals compared to the novelty group, which was not observed in elF4E-BP

MRNA expression (Fig. 5 C and F).

4. DISCUSSION

The main findings of this work showed that memory consolidation induced a
general increase in genes related to new protein synthesis and plasticity in zebrafish.
Surprising, the old animals had an expressive increase in genic expression, higher than
in younger subjects, mainly in the early phases of consolidation. In general, animals of

different ages showed different patterns of gene expression during memory
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consolidation, indicating different molecular responses between ages. However, the
gene expression of the pathway that involves protein synthesis by BDNF — TOR
signaling worked synchronously in all animal groups, with modulation in the gene
expression studied during the same moments of memory consolidation.

Initially, we performed a locomotor activity test using an open field to evaluate
any possible locomotor difference which could have biased the interpretation of the 1A
results. We found no locomotor alterations in the young group, however the old animals
showed an increase in the locomotor activity. This locomotor increase may be explained
by their increased size (table 2) thus, the lower number of crossings observed in smaller
size animals do not mean that their locomotor activity is reduced. This result suggests
that, although zebrafish at this age have been characterised as old, they did not present
decline in their locomotor capacity.

Since that the tested ages had the capacity of acquire and retrieve the long term
fear memory in the 1A, we went further to evaluate the mechanism involved in this
learning. There is an suggestion that BDNF is involved in memory consolidation in
zebrafish for all studied ages, since during the consolidation the BDNF gene was
induced in the early stages of consolidation remaining up regulated in late stages. This
up regulation was also observed in the novelty group for the middle-age and old
animals. These results suggest that BDNF up regulation due to the learning is not
specific of the 1A learning, suggesting that both the aversive learning and novelty can
trigger this signalling (lzquierdo et al., 2003, Izquierdo et al., 2001). Interestingly, was
observed an increase in the expression of BDNF mRNA in old animals of the novelty
group, differently from the young animals. This leads us to think that the novelty, in this
study, was more impactful to the brain of older animals.

BDNF expression is described as essential for the memory consolidation in the

first hours after learning for the formation and persistence of this new memory (Alonso
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et al.,, 2014; Bekinschtein et al., 2007; Soulé et al., 2006). Recently, Alonso and
colleagues (2014) have also demonstrated BDNF is required of in narrow time window
after training in the parietal cortex for the IA task (Alonso et al., 2014). Besides the 1A
task, it is well known that the exposition to novel environments can induce BDNF
expression and promote plasticity, and this novelty induced BDNF expression is also
found in old animals (Li et al., 2013; Izquierdo et al., 2003; Izquierdo et al., 2001). In
addition, the increase in BDNF mRNA expression in this work occur at the same time
that the increased activity of PKA in IA task showed by Bernabeu et al. (1997).

As in the BDNF expression, TOR also followed a distinct expression patter
related to the subject age, with a match in their spikes of expression with the BDNF
increase. Differently from middle-age and young fish, the old animals displayed an
earlier increase in the TOR mRNA during the consolidation. This result may be
associated with a state of the normal aging brain neuronal where cellular functions are
reduced (Garelick & Kennedy, 2011). In the young and middle-age groups, this increase
in the TOR mMRNA was not observed, which does not necessarily means that the TOR
cascade is not engaged in the fear memory consolidation, they may have been activated
without the necessity of mRNA production. We observed that in these groups the
increase BDNF expression was not prominent as in the old animals. Thus, that increase
in BDNF expression may have not been sufficient to activate the protein synthesis of
TOR and its effectors. The increase in the TOR expression, in old animals, at 30 min
and 3h after training agrees with Slipczuk et al. (2009) findings. Their findings show a
two time window TOR activation (immediately and 3h) after training for the IA.
Besides, this increase depends on BDNF signalling. Concerning the 4E-BP e p70S6K
expression the same pattern was observed. Once these proteins are related to the TOR
pathway, it was expected that their expression pattern follow the same increase found

for TOR and BDNF.
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Thus, we here reported gene expression during the learning events in zebrafish
of different ages, showing that their physiological responses can respond differently.
We also demonstrated that a synchronized regulation occurred, once gene results for
BDNF, TOR, 4E-BP e p70S6K had the same patter for each age separately. Thus, we
reinforce that the BDNF - TOR pathway can be an importance study field in the cellular

homeostasis maintaining in heath and disease.
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Figures and captions

Figure 1. Means of number of squares crossed in young, middle-age and old animals in
the open field task (A) and relative time spend in the periphery of the apparatus by
young, middle-age and old animals in the open field task. * p<0.05. n=13-22 per group.

Figure 2. Means of memory latency to enter to the dark compartment in young (A),
middle-age (B) and old (C) animals trained on the inhibitory avoidance test (learning
group) and animals arriving in the apparatus but received no shock (novelty group).
Data are expressed as mean (xSEM). * p<0.05. n = 8-12 per group.

Figure 3. Relative mRNA expression of BDNF in young (A), middle-age (B) and old
(C) animals. The dotted red line represents the mean mMRNA expression in naive group,
while the bars represent novelty group (left) and learning group (right) sacrificed 30
min, 3 h and 6 h after training. * Statistically significant difference between animals
trained on the inhibitory avoidance task (novelty or learning) and naive group (p<0,05).
# statistically significant difference between novelty group and learning group at the
same experimental time (p<0,05). @ Statistically significant difference between the

three experimental times within the same group (novelty or learning) (p<0,05). n =5 per

group.

Figure 4. Relative mRNA expression of TOR in young (A), middle-age (B) and old (C)
animals. The dotted red line represents the mean mRNA expression in naive group,
while the bars represent novelty group (left) and learning group (right) sacrificed 30
min, 3 h and 6 h after training. * Statistically significant difference between animals
trained on the inhibitory avoidance task (novelty or learning) and naive group (p<0,05).
# statistically significant difference between novelty group and learning group at the
same experimental time (p<0,05). @ Statistically significant difference between the
three experimental times within the same group (novelty or learning) (p<0,05). n =5 per

group.

Figure 5. Relative mRNA expression of Eif4E-BP and p70S6K in young (A and D),
middle-age (B and E) and old (C and F) animals. The dotted red line represents the
mean MRNA expression in naive group, while the bars represent novelty group (left)

and learning group (right) sacrificed 30 min, 3 h and 6 h after training. * Statistically
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significant difference between animals trained on the inhibitory avoidance task (novelty
or learning) and naive group (p<0,05). # Statistically significant difference between
novelty group and learning group at the same experimental time (p<0,05). @
Statistically significant difference between the three experimental times within the same

group (novelty or learning) (p<0,05). n = 5 per group.
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Table 1. Specific primers used for real-time PCR analyses and GenBank accession

number.

Gene

Primer sequence

GenBank accession number

Target of rapamycin (TOR)

F: 5>-CACACGAGGTGCAGGTATGG-3’

R: 5’-TGACTGGAACATCACCAGACG-3’

XM_001919253

elFAE-BP F: 5-CTTCAGGCGGCAGGAGATAC-3’ NM_198373
R: 5’-CCACTCGCTCCTTTTGACGA-3’
p70S6KB F: 5-CCGTTCACCTCGCCGGTTCT-3’ XM_005157417

R: 5’-CCGGGTAAGGTGGGACCTCGT-3’

Brain-derived neurotrophic F: 5’-GCTCTCTCAATGCGCACTAC-3’ NM_131595
factor (BDNF)
R: 5-TGACTGAGCGGATCCTTTGG-3’
B-actin F: 5>-CCACCCCACTTCTCTCTAAGGA-3’ NM_001101.3
R:5’-ACCTCCCCTGTGTGGACTTG-3’
Rp113 F: 5-TCTGGAGGACTGTAAGAGGTATGC-3’ NM_212784

R: 5>-AGACGCACAATCTTGAGAGCAG-3’

Table 2: Means (xS.E.M) of weights and lengths of the animals used in the behavioral

experiments. Analyzed by one way ANOVA followed by Fisher’s post test. All means

are significantly different among the groups for both measures.

Young Middle-age Old
Weight (g) 0,116 £0,020 0,292 + 0,013 0,844 + 0,034
Length (cm) 1,977 £ 0,053 3,142 + 0,052 4,285 + 0,047
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Figure 2

Juvenile
3 Training

80 '|' = Test

Latency (s)

L] —

Novelty Learning

Adult
3 Training

804 '|' = Test

Latency (s)

L1

Novelty Learning

100- Senescent

=3 Training

80 = Test

@
o
1

Latency (s)
B
o
_| *

[\
o
1

oLl ] I I —

Novelty Learning




Relative mRNA expression

Relative mRNA expression

Relative mRNA expression

Relative mRNA expression

Figure 3

Young
8-
*#@
6
44
*
24 T T T
0 T T T
30minc 3hc 6hc 30mina 3ha 6ha
Figure 4
Young
8+
6
44
@
1
*
24
. T i
=
L e T T
0 T T T T T T
30minc 3hc 6hc 30mina 3ha 6ha
Figure 5
Youn
20+ 9
154
10+
@
1
5 * *
*
-------H’-----r---
0
T T T
30 min 3h 6h 30 min 3h 6h
Youn
10— J
8
6
44
* * * *
2 T T
0 T T T
30minC 3hC 6hC 30minA 3hA 6hA

Relative mRNA expression

Relative mRNA expression

Relative mRNA expression

Relative mRNA expression

Middle-age Old
8- 8 =
< *
=}
6 w64 T
*@ < *
T 3 T
4 * < 44
[ L
T 3
2
24 Ez-
D
| ROy, _ RV, SR, _ A A e o
0 T T T 0 T T
30min  3h 6h  30min  3h 6h 30min  3h
Middle-age Old
8 8-
H f 1
6 gs- * #
4
: T
x
3
44 @ < 44 Ed
T 1T T
*
2 T 22 L T
] 2 5] -
T T T + £
A =T s ;S N ['4
0 T T T T T T 0 T T T T T T
30min  3h 6h 30min  3h 6h 30min 3h 6h  30min  3h 6h
Middle-age Old
20+ 204
c
o
154 215
e
o
x
@
104 <104
£
*
*
* 3
* 3 T
54 T _':‘_ T 55. T T
3
A & . B ['4
0 T T T 0 r r r
30min  3h 6h  30min  3h 6h 30min 3h 6h  30min  3h
Middle-age Oold
10+ 104
c
8 e S 8 * #
73
f 1 H *
* s
- T £ 6 'I'
< * *
* Z =
44 '|' * nE: 44 T
o
T # -%
24 S 2
e L -] -] ['4
0 T T T 0 T T T
30minC 3hC 6hC 30minA 3hA 6hA 30minC 3hC 6hC 30minA 3hA 6hA

Novelty
@S |earning

Novelty

Learning

Novelty
@ | earning

Novelty
@B | earning



3. Consideracdes finais

Este estudo buscou investigar mecanismos intracelulares de sintese proteica
envolvendo a via ativada por BDNF e proteina TOR em cérebros de zebrafish de
diferentes idades. Tendo em vista que ainda ha muito a ser compreendido a respeito das
vias de sinalizacdo intracelular que promovem a consolidacdo da memoria, este estudo
fornece informacdes relevantes sobre a expressdo de genes envolvidos na via da TOR
em um modelo com alta semelhanca a mamiferos.

Os resultados encontrados neste trabalho sugerem padrdes de expressédo génica
distintos entre animais de diferentes idades e levantam questdes importantes sobre o
envelhecimento neural. Além disso, os resultados de expressdo dos genes investigados
mostram que a via BDNF-TOR funciona de forma sincronizada, como ja previsto em
outros estudos utilizando mamiferos. Além disso, este estudo contribui com
conhecimentos a respeito do zebrafish como um modelo de estudo de envelhecimento e
memoria.

Como perspectiva, prevemos o uso do bloqueador da atividade da TOR para
investigar efeitos nas funcGes de memaria e aprendizado nestes animais. Além disso, a
avaliacdo da quantidade de proteinas totais e fosforiladas poderia elucidar questdes

sobre as respostas celulares em funcdo da modulacéo na atividade da via investigada.
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