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Parte |

1. RESUMO

Novas informacdes assimiladas pelo sistema nervoso primeiramente ficam em
um estado de labilidade para depois se estabilizarem através de um processo
conhecido como consolidacdo, que envolve sintese de proteinas. Depois da
reativacdo, uma memoria previamente consolidada retorna ao seu estado de
labilidade, e para que volte a ser estavel, é necessario que haja novamente
sintese de proteinas. Este segundo processo € chamado de reconsolidagéo.
Recentemente os mecanismos moleculares e celulares envolvidos na regulacéo
da sintese protéica relacionados a formacdo de memoria de longa duracéo vém
sendo esclarecidos. A proteina alvo da rapamicina em mamiferos (MTOR)
modula a plasticidade sinaptica pela regulacdo da fosforilacdo de dois alvos: a
proteina ribossomal S6K e a proteina de ligacado 4E. A amigdala basolateral e o
hipocampo dorsal s&o parte integrante do sistema neural envolvido na formagéao
e expressao de diversos tipos de memoérias. Estudos indicam que a via de
sinalizacdo da mTOR no hipocampo tem um papel importante na consolidacao
da memoaria de ratos submetidos a tarefa de esquiva inibitoria e reconhecimento
de objetos e na reconsolidacdo da memdéria de medo contextual condicionado.
Contudo, estudos anteriores ndo avaliaram o efeito da inibicio de mTOR
amigdalar sobre a memoéria de esquiva inibitéria e reconhecimento de objetos. O
objetivo do presente trabalho é investigar o efeito da inibicdo de mTOR na
amigdala basolateral por rapamicina na consolidacdo e reconsolidacdo da
memoria de esquiva inibitéria e reconhecimento de objetos e comparar estes
resultados com a inibicdo de mTOR no hipocampo. Ratos Wistar machos foram
submetidos a cirurgia estereotaxica para implantacdo de canulas na amigdala
basolateral e hipocampo dorsal. Os animais foram submetidos a tarefa de
esquiva inibitéria, um modelo animal de memoria de carater aversivo, e a tarefa
de reconhecimento de objetos, um modelo animal de memaria de carater pouco

aversivo. Para investigar o efeito da inibicho de mTOR na consolidacédo e
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reconsolidacdo da memoria, 0os animais receberam microinfusées de rapamicina
intra-amigdalar e intra-hipocampal em diferentes tempos em torno do treino e do
teste. N6és demonstramos que a via de sinalizacdo de mTOR na amigdala
basolateral é necesséria para consolidacdo da memdéria de esquiva inibitéria e
de reconhecimento de objetos. Nés também mostramos que a reativacao torna a

memaria novamente suscetivel e sensivel a inibicdo de mTOR por rapamicina.

Palavras chave: Reconsolidacdo, Consolidacdo, mTOR, Sintese protéica,

Memoéria aversiva, Memoéria de reconhecimento
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2. ABSTRACT

Memory formation requires protein synthesis, but only recently the cellular and
molecular mechanisms involved in the regulation of protein synthesis related to
the formation of long term memory has been elucidated. During memory
formation, new information is acquired by the central nervous system as an
initially fragile trace that over time becomes stable through a process known as
consolidation. After reactivation, previously consolidated memories might return
to a labile state, requiring a new round of protein synthesis to be restabilized.
This second process is called reconsolidation. The basolateral amygdala and
dorsal hippocampus are part of the neural systems involved in the formation and
expression of several types of memory. One key regulator of protein synthesis is
MTOR, a protein critical for different forms of synaptic plasticity by regulation of
two targets: S6K and 4EBP. Evidence indicates that the mTOR signaling
pathway in hippocampus has an important role in consolidation in rats of
inhibitory avoidance and object recognition in rats, as well as in reconsolidation of
contextual fear conditioning. However, previous studies have not examinated the
effect of amygdalar mTOR inhibition on reconsolidation of inhibitory avoidance
and object recognition. The aim of the present study was to evaluate the effect of
amygdalar mTOR inhibition by rapamycin on consolidation and reconsolidation of
inhibitory avoidance and object recognition, and compare the results with those
obtained with hippocampal mTOR inhibition. Male rats Wistar underwent
stereotaxic surgeries for cannulae implantation above the basolateral amygdala
or dorsal hippocampus. After recovery, the animals were trained in inhibitory
avoidance, an aversive memory task, or object recognition, a less aversive task.
To investigate the effect of mTOR inhibition on memory consolidation and
reconsolidation, we administered rapamycin, a specific mTOR inhibitor, into the
basolateral amygdala or the dorsal hippocampus before or after training or
reactivation. Our results provide evidence that mTOR in the basolateral
amygdala and hippocampus might play a role in inhibitory avoidance and object

recognition memory formation and reconsolidation.
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Key Words: Reconsolidation, Consolidation, mTOR, Protein synthesis, Aversive

memory, Recognition memory
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3. LISTA DE ABREVIATURAS E SIGLAS

pl — Microliter (Microlitro)
2W — Two Weeks (Duas semanas)

4E-BP1 - Eukaryotic Initiation Factor 4E Binding Protein 1 (Proteina de ligacao

do fator de iniciacdo eucarittico 4E 1)

4E-BP2 — Eukaryotic Initiation Factor 4E Binding Protein 2 (Proteina de ligacéo

do fator de iniciagéo eucariético 4E 2)

4E-BP3 — Eukaryotic Initiation Factor 4E Binding Protein 3 (Proteina de ligacéo

do fator de iniciagc&o eucariotico 4E 3)
5'UTRs - 5" Untranslated Regions (Regido nao traduzidas 5°)

AGC - Protein kinase A/protein G/protein kinase C-family (Familia de proteina

quinase A, G e C)
AKT ou PKB - Protein kinase B (Proteina quinase B)

AMPA-R - Amino-3-hydroxy-5-Methyl-4-isoxazolePropionic Acid Receptors (

Receptor do acido amino 3--hidroxi-5-metil-4-isoxalatopropionico)

Arc - Activity Regulated Cytoskeleton Associated Protein (Proteina associada a
atividade regulatoria do citoesqueleto)

ATP - Adenosine-5'-Triphosphate (Adenosina tri-fosfato)

BDNF - Brain Derived Neurotrophic Factor (Fator neurotroéfico derivado do

cérebro)
BLA — Basolateral Amygdala (Amigdala basolateral)
Ca*?- Calcium (Célcio)

CaMKII - Calcium/Calmodulin Dependent Protein kinases Il (Proteina quinase

dependente de calcio calmodulina I1)
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CamKIV - Calcium/Calmodulin Dependent Protein kinase Type IV (Proteina

guinase dependente de calcio calmodulina tipo 1V)
CAMP - Adenylyl Cyclase Monophosphate (Adenilato ciclase mono-fosfato)

C/EBP - CCAAT Enhancer Binding Protein (Proteina de ligacdo potenciadora de
CCAAT)

CREAL - Centro de Reproducédo de Animais de Laboratorio

CREB - cAMP Response Element Binding (Elemento de ligagéo responsivo a
cAMP)

D1-R - Dopaminergic Receptor 1 (Receptor de dopamina 1)
D2-R - Dopaminergic Receptor 2 (Receptor de dopamina 2)

Deptor - Domain Containing mTOR Interacting Protein (Proteina de interacao

gue contém o dominio mTOR)

DH — Dorsal Hippocampus (Hipocampo dorsal)

DMSO - Dimethyl Sulfoxide (Dimetil sulfoxido)

elF4A - Eukaryotic Initiation Factor 4A (Fator de iniciagdo eucariotico 4A)
elF4B - Eukaryotic Initiation Factor 4B (Fator de iniciacdo eucariético 4B)
elF4E - Eukaryotic Initiation Factor 4E (Fator de iniciacao eucariético 4E)
elF4F - Eukaryotic Initiation Factor 4F (Fator de iniciacdo eucariotico 4F)
elF4G - Eukaryotic Initiation Factor 4G (Fator de iniciacao eucariotico 4G)
eEF2 — Eukaryotic Elongation Factor 2 (Fator de elongacéo eucaridtico 2)
FEPPS - Fundacao Estadual de Producédo e Pesquisa em Saude
FKBP12 — FK506 Binding Protein (Proteina de ligacdo FK506)

FRB — FKBP12-Rapamycin Binding Domain (Dominio da ligacdo de FKBP12-

rapamicina)
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GTPase - Guanosine Triphosphatase (Guanosina tri-fosfatase)
Homer2 - Homer Protein Homolog 2 (Proteina homologa Homer 2)
IA - Inhibitory Avoidance (Esquiva inibitéria)

ICBS - Instituto de Ciéncias Basicas da Saude

JNK - c-Jun N-Terminal kinase (Proteina quinase c-Jun N-terminal)
LTP — Long Term Potentiation (Potencial de longa duracéo)

L-LTP - Late Long Term Potentiation (Potencial de longa duracéo tardio)
LTD - Long Term Depression (Depresséo de longa duragéo)

LTF - Long Term Facilitation (Facilitacdo de longa duracéo)

LTM — Long Term Memory (Memodria de longa duracao)

mA — mili Ampere (mili ampere)

MAPK - Mitogen Activated Protein Kinases (Proteina quinase ativada por

mitdgeno)

MGIuRs - Metabolotropic Glutamate Receptors (Receptores glutamatérgicos

metabolotropicos)

mLST8 - GTPase B-subunit like protein GBL (Subunidade 3 da proteina
GTPase)

mRNA - Messenger Ribonucleic Acid (Acido ribonucléico mensageiro)

MTOR — Mammalian Target of Rapamycin (Proteina alvo de rapamicina em

mamiferos)

MTORC1 — Mammalian Target of Rapamycin Complex 1 (Complexo 1 da

proteina alvo de rapamicina em mamiferos)

MTORC2 — Mammalian Target of Rapamycin Complex 2 (Complexo 2 da

proteina alvo de rapamicina em mamiferos)
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MSK1 - Mitogen and Stress Activated Protein Kinase 1(Proteina quinase ativad

por mitdégeno e estresse 1)

mSIN1- Mammalian Stress Activated Protein Kinase SAPK - Interacting Protein
1(Proteina de interacéo da proteina quinase de mamiferos ativada por estresse
1)

NMDA-R - N-methyl-D-Aspartate Receptor (Receptor N-metil-D-aspartato)
NRD - Negative Regulatory Domain (Dominio regulatério negativo)
OR - Object Recognition (Reconhecimento de objeto)

PDCD4 - Programmed Cell Death 4 Protein (Proteina de morte celular

programada 4)

PDK1- Phosphoinositide Dependent Kinase 1 (Quinase dependente de

fosfoinositideo 1)
PI13K - Phosphatidylinositol 3 Kinase (Quinase fosfatidilinositol 3)

PKA - cAMP Dependent Protein Kinase (Proteina quinase dependente de
cAMP)

PKC - Protein Kinase C (Proteina quinase C)

Raptor — Regulatory Associated Protein of TOR (Regulador associado a
proteina TOR)

Rictor - Rapamycin Insensitive Companion of TOR (Proteina associada a TOR

insensivel a rapamicina)
RNA — Ribonucleic Acid (Acido ribonucléico)
S6K — Ribosomal Kinase Protein S6 (Proteina quinase ribossomal S6)

SAPK - Mammalian Stress Activated Protein Kinase (Proteina quinase de

mamiferos ativada por estresse)

SBNec - Sociedade Brasileira de Neurociéncias e Comportamento

a
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SGK1 - Serum/Glucocorticoid Regutated Kinase 1 (Proteina quinase reguladora

do soro/glicocorticoide 1)

STM — Short Term Memory (Memoria de curta duracao)

TIF - 1A - Transcription Initiation Factor IA (Fator de iniciacdo da transcrigcdo 1A)
TR - Training (Treino)

TrK-R - Tyrosine Kinase Receptor (Receptor tirosina quinase)

TSC 1 - Tuberous Sclerosis Complex 1 (Complexo tuberose esclerose 1)

TSC 2 - Tuberous Sclerosis Complex 2 (Complexo tuberose esclerose 2)

TT - Test (Teste)

UEA - Unidade de Experimentagdo Animal

UFRGS - Universidade Federal do Rio Grande do Sul
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6. INTRODUCAO

A memodria é considerada a capacidade de aquisicdo, armazenamento e
evocacao de informacdes. A fase de aquisicdo da memaoria é o0 momento em que
se adquirem novas informacdes, habilidades ou experiéncias. A memobria é
diferente de acordo com o seu conteudo, sendo classificada como declarativa ou
explicita e ndo-declarativa ou implicita, e quanto ao tempo de duracdo, sendo
classificada como de curta ou longa duracdo. (Squire, 1987). As memoarias
explicitas sdo adquiridas conscientemente e podem ser divididas em memdrias
episddicas e semanticas. As memarias episodicas sdo referentes a eventos que
se assiste ou participa e as memorias semanticas séo referentes a
conhecimentos gerais. As memarias implicitas, por outro lado, sdo adquiridas de
maneira inconsciente e englobam as memorias de procedimentos, de
habilidades motoras e a informacdo obtida a partir de aprendizados simples
(Myskiw et al. 2008). A formacdo desses dois tipos de memoria depende de
estruturas encefalicas diferentes. As memorias explicitas requerem a integridade
de algumas estruturas do lobo temporal medial, que compreende o hipocampo e
0 cortex entorrinal. As memorias implicitas envolvem estruturas como a

amigdala, os ganglios da base e o cerebelo (Squire et al. 2007).
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Fig. 1. Desenho esquemaético dos tipos de memoria. Adaptado de Squire e Kandel,
2003.

As memodrias de curta duracdo persistem poucos minutos ou horas, nao

requerem sintese de mMRNA e proteinas. As memoérias de longa duragéo, por sua
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vez, requerem sintese de mRNA, sintese de proteinas e a participacdo de varias
vias de sinalizacdo metabolicas celulares vinculadas a esses processos
(McGaugh, 2000; Alberini et al. 2006; Roesler e McGaugh, 2010). As memarias
de curta e de longa duragéo utilizam as mesmas estruturas anatémicas para seu
processamento, como hipocampo, cortex entorrinal e amigdala, mas envolvem
mecanismos moleculares independentes (lzquierdo et al.1998). O periodo em
gue ocorre a formacdo da memodria de longa duracdo é chamado de
consolidagédo. O processo de consolidagdo € um conjunto complexo e regulado
de reacdes bioquimicas, levando a uma progressiva estabilizacdo pds-aquisicao
das memoérias de longa duracdo (McGaugh 2000; Dudai, 2004; Roesler e
McGaugh 2010). Durante este processo as memaorias encontram-se labeis e séo
sensiveis a inibidores de sintese protéica ou eventos traumaticos (Squire e
Kandel, 2003). Memdérias ja consolidadas tornam-se novamente l4beis e
susceptiveis a intervencdo quando reativadas (Milekic e Alberini, 2002) e para
gue persistam, precisam passar por um novo processo de estabilizacao,
dependente de sintese protéica, chamado de reconsolidacdo (Nader et al.
2000a; Sara, 2000).

AQUIs» comsm> REAH» necumsu%

MEMORIA
DE CURTA
DURACAO

MEMORIA
DE LONGA CONSOLIDACAD
DURAGAO

Fig. 2. Fases da memodria de curta e longa duracdo. As flechas coloridas indicam o

periodo em que a meméria esta labil. Adaptado de Tronson e Taylor, 2007.
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No condicionamento classico, o animal aprende a relacionar um estimulo
gue inicialmente ndo possui relevancia bioldégica ou significado aparente
(estimulo condicionado) a outro estimulo, ao qual o animal apresenta resposta
instintivamente (estimulo incondicionado). O processo de condicionamento faz
com que a representacao do estimulo condicionado ganhe relevancia biolégica e
o0 animal responda a este, da mesma maneira que responderia ao estimulo
incondicionado. A reativacdo de memdrias aversivas na auséncia do estimulo
incondicionado (choque) pode levar a dois processos: reconsolidacdo ou
extingdo. A reconsolidacdo pode fornecer uma janela de oportunidades para a
manutencdo e o fortalecimento do traco mneménico evocado (Nader et al.
2000b). Muitos tratamentos que bloqueiam a consolidacdo sdo capazes de
prejudicar a reconsolidacdo, o que levou a hipotese de que a reconsolidagdo
envolve a recapitulacdo dos acontecimentos moleculares que ocorrem durante a
consolidacdo (Sara, 2000). Porém, mesmo com algumas semelhancas,
consolidacéo e reconsolidagcdo ndo sao processos idénticos (Alberini, 2005).
Existem indicios de que vias de sinalizacdo que controlam a tradu¢cdo do mRNA
estdo envolvidas na consolidagcdo de memarias, bem como na persisténcia do
traco apds sua evocacao (Parsons et al. 2006a; Bekinschtein et al. 2007). Uma
dessas vias envolvidas no crescimento e proliferacdo celular e no controle
traducional envolve a proteina alvo da rapamicina em mamiferos (MTOR). A
proteina mTOR ¢€ ativada por atividade do receptor N-metil-D-aspartato (NMDA),
receptor tirosina quinase (TrK), receptor glutamatérgico metabolotropico (mGIuR)
e receptores dopaminérgicos (D1 e D2) (Hoeffer e Klann, 2010). mTOR é capaz
de fosforilar proteinas em residuos serina ou treonina. A mTOR regula o nivel
de traducdo pela fosforilagdo de alvos intracelulares, incluindo a proteina
ribossomal S6 quinase (S6K) e proteina de ligacdo do fator de iniciacdo
eucarioto 4E (4E-BP) (Raught et al. 2001; Carroll et al. 2006; Hoeffer e Klann
2010). No sistema nervoso central, esta proteina quinase € crucial para
plasticidade sinaptica, aprendizado e formacdo de memdrias (Swiech et al.
2008). Os mamiferos possuem dois complexos da mTOR denominados
MTORC1 e mTORC2 (Hay e Sonenberg, 2004). O mTORCL1 controla a ativacao
da S6K, proteina responsavel pela regulacdo da biogénese ribossémica, e do
fator de iniciagdo eucariotico 4E-BP, que possui um importante papel na
regulacéo da traducédo de proteinas (Wang et al. 2008).
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Associacao Modelo animal Primeiro autor e ano
Obesidade Zebrafish Craig et al. 2011
Transplante renal Humanos Cortazar et al. 2011
Cancer de mama Humanos (in vitro) Yellen et al. 2011
Cardiomiopatia Camundongos Marin et al. 2011
Depressao Camundongos Koike et al. 2011
Alzheimer Camundongos Caccamo et al. 2011
Parkinson Humanos (in vitro) Elstner et al. 2011
Epilepsia Camundongos Sunnen et al. 2011
Longevidade Ratos Harrison et al. 2009
Memoria Ratos Gafford et al. 2011

Tabela 1. Associa¢bes de mTOR na literatura.

Este complexo pode ser inibido diretamente por rapamicina, um
macrolideo obtido da bactéria Streptomyces hygroscopicus, que inicialmente foi
identificada como um agente anti fungicida (Vézina et al. 1975), e no ano de
1999, foi aprovado para utilizacdo em pacientes por suas propriedades
imunossupressoras (Sabatini, 2006). Atualmente uma molécula sintética da
rapamicina, RADOO1, esta em fase lll (testes clinicos), para o tratamento de
carcinoma renal (Motzer et al. 2008).
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Fig. 3. Estrutura quimica da rapamicina. Retirado de McAlister et al. 2002.
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A rapamicina exerce seu efeito principalmente por se ligar ao dominio N-
terminal da mTOR, inibindo sua atividade enziméatica e enfraquecendo a
interacdo entre MTOR e a proteina regulatéria de mTOR (Raptor),
consequentemente, suprimindo a fosforilagdo de seus principais alvos, a
proteina quinase S6K e o fator de iniciacdo eucariotico 4E-BP (Raught et al.
2001; Swiech et al. 2008). Ao inibir a mTOR, a rapamicina prejudica
consolidacédo e a reconsolidacdo de memdrias espaciais e aversivas em ratos
(Parsons et al. 2006a; Bekinschtein et al. 2007; Dash et al. 2006; Blundell et al.
2008). E possivel que o efeito amnésico na consolidacio da meméria de esquiva
inibitoria induzida pela inibicdo da mTOR hipocampal descrito na literatura possa
ocorrer também na reconsolidacdo da memoria. Este efeito talvez ocorra pela
administracdo intra-amigdalar de rapamicina. A via da mTOR esta relacionada a
consolidagdo da memoria aversiva de esquiva inibitoria, mas uma ampla revisao
da literatura ndo encontrou relato do papel da mTOR na reconsolidacdo da
memoaria na tarefa de esquiva inibitéria, bem como o efeito da inibicdo de mTOR
amigdalar por rapamicina nesta tarefa comportamental. Da mesma forma, a
participacdo de mTOR amigdalar na tarefa de reconhecimento de objetos, que
possui um componente aversivo muito menos evidente, ainda néo esta descrito.
No hipocampo, a via de sinalizacdo de mTOR participa da consolidacdo e
reconsolidacdo deste tipo de memoéria (Myskiw et al. 2008). Como existem
relatos na literatura sobre a influéncia da amigdala basolateral sobre a
consolidacdo da memodria de reconhecimento de objetos, possivelmente pela
ativacdo de receptores Beta adrenérgicos (Roozendaal et al. 2008), se torna
importante analisar se a via de mTOR amigdalar também é necessaria para a

formacao e reconsolidacdo da memoria de reconhecimento de objetos.
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7. REVISAO DA LITERATURA

7.1. CONSOLIDACAO DA MEMORIA

A consolidacdo da memoria comeca depois da aquisicdo. Nessa fase
ocorre a formacao e armazenamento da memoria aprendida. Esse processo
ocorre com a gradual conversdo do traco mnemonico, que inicialmente é labil,
em uma memoria estavel. No processo de consolidacdo, as novas memorias
ndo se formam no seu estado final, mas sim em um estado labil que é
suscetivel a diversos fatores, tais como tratamento eletroconvulsivo,
hipotermia, traumas, estresse, administracdo de farmacos amnésicos e até
mesmo, novos aprendizados (McGaugh, 2000; Squire e Kandel, 2001;
Roesler e McGaugh, 2010).

As memoérias de curta duracdo persistem poucos minutos ou horas,
nao requerem sintese de novos MRNASs e proteinas, enquanto as memaorias
de longa duragdo necessitam destes processos, além da participacdo de
varias vias de sinalizacdo metabdlicas celulares (Alberini et al. 2006). Mesmo
envolvendo em algumas ocasifes as mesmas estruturas nervosas para seu
processamento, as memorias de curta e de longa duracdo utilizam
mecanismos moleculares independentes (lzquierdo et al. 1998; Squire e
Kandel, 2003). O processo de consolidacdo leva a uma progressiva
estabilizacdo poés-aquisicdo das memoérias (McGaugh, 2000; Dudai, 2004;
Roesler e McGaugh, 2010).

7.2. RECONSOLIDACAO DA MEMORIA

A fase de consolidagdo da memaria é investigada ha mais de 100 anos e
a hipétese inicial sobre o fendmeno prediz que, uma vez que a memdria
encontra-se consolidada, ela ndo sofre mais interferéncia de tratamentos
amnésicos (McGaugh 2000). Essa hip6tese por muito tempo foi praticamente um

dogma dos estudos com aprendizado e meméria. Mas ela tem sido desafiada

28



pela hipétese da reconsolidacdo, que prediz que o periodo de labilidade da
memoria ndo depende unicamente do tempo desde o aprendizado, mas sim do
estado funcional da memdria (Dudai, 2004). Memérias ja consolidadas tornam-
se novamente l4beis e susceptiveis a intervengcdo quando reativadas (Milekic e
Alberini, 2002) e para que persistam, precisam passar por um novo processo de
estabilizacdo, dependente de sintese protéica, chamado de reconsolidacéo
(Nader et al. 2000a; Sara, 2000). Muitos tratamentos que bloqueiam a
consolidagdo sdo capazes de prejudicar a reconsolidacdo, o que levou a
hipotese de que a reconsolidacdo envolve a recapitulagdo dos acontecimentos
moleculares que ocorrem durante a consolidacdo (Nader et al. 2000a), mas
mesmo com algumas semelhancas, consolidacdo e reconsolidacdo ndo sao
processos idénticos (Squire et al. 2007). A natureza do processo de
reconsolidacdo da memodria tem sido debatida. Inicialmente foi argumentado que
a reativacdo da memoéria induzia a recapitulacdo da consolidacao (Alberini et al.
2006). Posteriormente, foi proposto a hipotese de que a reconsolidacao estaria
relacionada de alguma forma, com a consolidacdo da memoria, que ficaria
persistente até o momento de sua reativacdo. Os autores que acreditam nesta
segunda hipotese sugerem que a memoria estabilizada sofre agcdes enddgenas,
ou seja, modificacbes a partir de reativacbes espontaneas, de tempos em
tempos que contribuem para o processo de consolidacdo até o momento em que
uma nova consolidagao aconteca (lzquierdo et al. 1998; Squire e Kandel, 2003;
Eisenberg e Dudai 2004). No periodo anterior a esta segunda consolidacéo, a
memoaria retorna a um estado de labilidade podendo ser prejudicada, como foi
comentado anteriormente. A reconsolidacdo pode fornecer uma janela de
oportunidades para a manutencdo e o fortalecimento do traco mnemaonico
evocado (Nader et al. 2000b). Existem indicios de que vias de sinalizacao que
controlam a traducdo do mRNA estdo envolvidas na consolidacdo de memorias
bem como na persisténcia do traco apds sua evocacao (Bekinschtein et al.2007;

Parsons et al. 2006a).
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7.3. mTOR

MTOR é uma proteina quinase evolutivamente conservada que fosforila o
sitio serina/treonina de seus alvos e tem sua acgdo inibida por rapamicina, um
macrolideo proveniente de uma bactéria chamada Streptomyces hygroscopicus
A extremidade C terminal de mTOR contém um dominio quinase catalitico que
por sua vez contém pequenas regibes que sao locais de fosforegulacéo
chamados dominios regulatérios negativos (NRD) ou dominios repressores.
(Xiangyu, 2009). No interior destas regides, a fosforilagdo da treonina 2446,
serina 2448 e serina 2481 estéo vinculadas a altos niveis de atividade de mTOR
(Jacinto, 2008). Proximo a este dominio esta o dominio de ligacdo a rapamicina
de FKBP12 (FRB), que é onde se da a interacao inibitéria entre rapamicina e
MTOR, em que a ligacdo de rapamicina a proteina de ligacdo FK506 (FKBP12)
interrompe a interagdo chave para o funcionamento de mTOR, que controla a
traducao pela formacédo de um complexo sinalizador (Guertin e Sabatini, 2005).

A proteina mTOR é formada de dois complexos protéicos denominados
complexo 1 da mTOR (MTORC1) e complexo 2 da mTOR (mTORC2). O
MTORC1 modula a tradu¢cdo em resposta a nutrientes, hormonios e fatores de
crescimento e é composto pela proteina regulatéria associada a TOR (Raptor),
pela Proteina GTPase subunidade  (mLST8) e pela Proteina de interacdo que
contém o dominio mTOR (Deptor) (Hoeffer e Klann, 2010). Alguns componentes
de mMTORC1 também estdo presentes em mTORC2, como mLST8 e Deptor.
Outras proteinas como a proteina associada a TOR insensivel a rapamicina
(Rictor), proteina de interacdo da proteina quinase de mamiferos ativada por
estresse (MSIN1) e a proteina rica em prolina (Protor) sdo encontradas apenas
em mTORC2 (Frias et al. 2006).

Os complexos MTORC1 e mTORC2 fosforilam substratos diferentes e
regulam funcdes celulares distintas. MTORC2 fosforila AKT, SGK1 e PKC
(membros da familia de proteinas quinase AGC), as quais controlam a
sobrevivéncia celular e a organizacédo do citoesqueleto (Garcia Martinez et al.
2008). Por outro lado, mTORC1 estimula o crescimento e proliferacdo celular
pelo aumento da fase de iniciacdo da traducao, e isto € mediado por dois alvos:

a proteina de ligacdo a elF4E e a S6 quinase (Hay e Sonenberg, 2004).
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Acredita-se que S6k controla a traducao pela modulagcao de seus alvos: fator de
iniciacdo eucariotico 4B (elF4B) e proteina de morte celular programada 4
(PDCD4) (Ma e Blenis, 2009). A familia das 4E-BPs é formada por moléculas
repressoras da traducdo que incluem: 4E-BP1, 4E-BP2 e 4E-BP3. Essas
proteinas suprimem a traducdo de um conjunto de transcritos chamados "
MRNAs sensiveis a elF4E " por competir com o fator de iniciacdo eucariotico 4G
(elF4G) pela ligacao a fator de iniciagdo eucaridtico 4E (elF4E), e assim, evitam
a formacéo do complexo de iniciacao elF4F (Woo et al. 2007).

Devido a complexidade da 5 UTRs, mRNAs sensiveis a elF4E sao
traduzidos com menos eficiéncia que outros. Quando ativado, mTORC1 fosforila
0s sitios treonina 37 e treonina 46 de 4E-BP1, o0 que por sua vez atua como um
evento iniciador, essencial para a fosforilacdo dos sitios serina 65 e treonina 70,
gue levam a liberacdo de elF4E e subsequente formacé&o do complexo elF4E.
MTORCL1 também modula indiretamente a sintese de proteinas pela ativacdo de
TIF-IA e consequente estimulacdo da transcricdo do RNA ribossomal e
biogénese ribossomal (Mayer et al. 2004), bem como pela fosforilacado de elF4G
(Raught et al. 2000). A proteina mTOR é ativada pela ativacdo do receptor N-
metil-D-aspartato (NMDA-R) por glutamato; receptor do acido amino 3-hidroxi-5-
metil-4-isoxalatopropionico (AMPA-R) por glutamato; receptor Tirosina quinase
(TrK) pelo fator neurotréfico derivado do cérebro (BDNF) e receptores
glutamatérgicos metabolotropicos (mMGIURS) (Slipczuk et al. 2009). Todos estes
receptores sdo importantes para inducéo e persisténcia de LTP e LTD e mTOR
atua como um alvo destes receptores e algumas vias de sinalizacdo como
guinase dependente de fosfoinositideo 1 (PDK1), quinase fosfatidilinositol 3
(PI3K), Akt e proteina do complexo tuberose esclerose 1 e 2 (Tsc1/2) (Banko et
al. 2005; Slipczuk et al. 2009).
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Fig. 4. Desenho esquematico da via de sinalizagdo de mTOR (Fingar e Blenis, 2004).
7.4.VIA DE SINALIZA(;AO DE mTOR E MEMORIA

A primeira evidencia que relacionou a via de sinalizagcdo de mTOR a
plasticidade sinaptica surgiu de estudos usando rapamicina em Aplysia
californica (Casidio et al. 1999; Khan et al. 2001). Além de atuar na fase de
iniciacdo da traducédo, a rapamicina também bloqueia a fosforilagdo do fator de
elongacdo eucaridtico 2 (eEF2) na fase de elongacédo inibindo facilitacdo de
longa duracdo (LTF) (Carroll et al. 2004). Através destes primeiros achados,
percebeu-se que esta via de sinalizagdo é essencial para formacdo de
alteracbes duradouras na plasticidade sinaptica em invertebrados. Tang e
colaboradores (2002) demonstraram pela primeira vez que a inibicdo de mTOR
por rapamicina bloqueia LTP em cultura de células hipocampais, argumentando
gue mTOR estaria envolvida com a maquinaria de traducéo (Tang et al. 2002).
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Fig. 5. Desenho esquematico ilustrando o papel da sintese de proteinas na formacao da

memoria. Adaptado de Alberini, 2009.

Em neurdnios, a rapamicina bloqueia a expressao de componentes chave
para a maquinaria da traducao, como 4E-BP e elF4E, e mTOR regula a sintese
de diversas proteinas envolvidas na plasticidade sinaptica e formacdo da
memodria, incluindo Arc, CaMKIl e Homer2 (Dash et al. 2006). Muitas dessas
proteinas séo sintetizadas localmente nos dendritos pela ativacdo da via de
MTOR, sugerindo que a rapamicina tenha um efeito seletivo na tradugdo nos
dendritos (Tang et al. 2002). De fato, foi reportado que LTP induzida por estimulo
tetAnico em dendritos da regido CAl do hipocampo, pode ser blogueado por
rapamicina. Adicionalmente, a ativacdo de NMDA leva a plasticidade sin4ptica
dependente de sintese protéica através da ativacdo da via de mTOR nos
dendritos na regido CA1l do hipocampo dorsal (Tang et al. 2002). Estudos
sugerem que por este mecanismo MTOR esta envolvida na formacéo da
memoaria de longa duracdo, uma vez que a rapamicina bloqueia parcialmente
LTM (Blundell et al. 2008).

33



Camundongos knockout sem o regulador negativo de mTOR, TSC2 ou os
alvos de mTOR, S6K e 4E-BP apresentam plasticidade sinaptica alterada e
déficit de memaria (Banko et al. 2005). Contudo, mesmo com alguns resultados
soélidos e bem estruturados a cerca do papel de mTOR na formagdo da memdéria
(Blundell et al. 2008; Gafford et al. 2011), ainda existem resultados controversos.
Por exemplo, somente com a administracdo de uma dose alta de rapamicina
(150mg/kg) € possivel prejudicar a memoéria de longa duracdo contextual em
camundongos (Ehninger et al. 2008). Além disso, evidencias recentes sugerem
que rapamicina ndo bloqueia L-LTP no giro dentado (Panja et al. 2009) e a
traducdo também pode ser mantida mesmo na presenca de rapamicina (Ma e
Blenis, 2009). Os fendtipos gerados em camundongos knockout com a auséncia
de TSC2, FKBP12 séo contraditérios em relacdo a plasticidade neural e
memoaria (Hoeffer et al. 2008). Por fim, camundongos sem S6K exibem L-LTP, o
gue sugere gque S6K nédo controla a traducdo mediada por mTOR, necessaria
para que haja L-LTP. (Antion et al. 2008). Mesmo que camundongos sem 4E-
BP2, outro alvo de mTOR, apresentem déficit na formagdo da memoria de longa
duracao, foi visto que mTORCL1 é incapaz de fosforilar 4E-BP2 em cérebro de
adultos (Bidinosti et al. 2010). Este fato sugere que a sintese de proteinas
controlada por mTORC1 no cérebro ndo dependa de 4E-BP2 (Stoica et al.
2010).

MTOR € ativada por uma grande variedade de sinais sinpticos e leva a
alteracbes dependentes de traducdo na forca sinaptica e LTM. mTORC1
funciona com um grande integrador de sinais sinapticos regulando a traducao.
Em humanos, o Unico estudo que realizado até o presente momento mostrou
gue o bloqueio de mTORC1 melhora a cognicdo (Lang et al. 2009). Esses
resultados mostram que o papel de mTOR na consolidacdo da memdria esta
longe de ser completamente esclarecido. Dado que a via de sinalizacdo de
MTOR esta envolvida em varias doencas neurodegenerativas (Bishop, 2010) e
sua inibicdo esta relacionada com o aumento da longevidade (Harrison et al.
2009), é crucial que a participacdo de mTOR na consolidacdo e reconsolidacao
da memodria seja elucidada.

Ja foi mostrado que mTOR na regido CA1 do hipocampo dorsal participa
da consolidacéo da tarefa de esquiva inibitoria em ratos (Bekinschtein et al 2007)
e na consolidagéo e reconsolidagéo de reconhecimento de objetos (Myskiw et al.
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2008). Foi sugerido recentemente que mTOR hipocampal também desempenha
um papel na reconsolidacdo de medo condicionado em ratos (Gafford et al.
2011). Da mesma forma, ja foi mostrado que mTOR na amigdala basolateral
esta envolvida na consolidacao da tarefa de cued fear conditioning e contextual
fear conditioning (Parsons et al. 2006a) e que a infusdo de rapamicina sistémica
em camundongos prejudica a reconsolidacdo desta segunda tarefa (Blundell et
al. 2008). Contudo, o papel de mTOR amigdalar na consolidacdo e
reconsolidacéo da tarefa de esquiva inibitoria e reconhecimento de objetos ainda
nao foi reportado.

Na tarefa de EI, existem dois componentes principais, 0 aversivo,
representado pelo choque, que requer a participacdo da amigdala e o
componente contextual, representado pela caixa de esquiva inibitoria, que
requer a participacdo do hipocampo (Roesler et al. 2003b). Por outro lado, na
tarefa de RO, o componente aversivo € mais discreto, contudo, a exposi¢cdo do
animal a um contexto ou objeto novo gera um certo grau de estresse
(Roozendaal et al. 2006). Por causa disso, a amigdala modula a consolidacao
desta memoéria (Roozendaal et al. 2008), enquanto o hipocampo esta associado

a nocao espacial e ao contexto (Moses et al. 2002).
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8. OBJETIVOS

8.1. OBJETIVO GERAL

- Avaliar o papel da sinalizacdo por mTOR na formacdo e reconsolidacdo da

memodaria.

8.2. OBJETIVOS ESPECIFICOS

- Investigar o papel da mTOR amigdalar e hipocampal na consolidacdo da
memoria de esquiva inibitéria através da administracdo de rapamicina na

amigdala basolateral e hipocampo dorsal apds o treino.

- Investigar o papel da mTOR amigdalar e hipocampal na reconsolidagdo da
memoria de esquiva inibitéria através da administracdo de rapamicina na

amigdala basolateral e hipocampo dorsal apds a reativagao.

- Investigar o papel da mTOR amigdalar e hipocampal na consolidacdo da
memoria de reconhecimento de objetos através da administracdo de rapamicina

na amigdala basolateral e hipocampo dorsal.

- Investigar o papel da mTOR amigdalar e hipocampal na reconsolidacdo da
memoria de reconhecimento de objetos através da administracdo de rapamicina

na amigdala basolateral e hipocampo dorsal.
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9. MATERIAIS E METODOS

9.1. DELINEAMENTO DE PESQUISA

Este estudo teve carater experimental, no qual foi observado o efeito da
inibicdo da mTOR amigdalar e hipocampal por rapamicina sobre a consolidacéo

e reconsolidacdo da memaria aversiva de esquiva inibitéria em ratos.

9.2. LOCAL DE REALIZACAO DOS EXPERIMENTOS

Os experimentos foram realizados na Unidade de Animais de
Experimentacdo do Centro de Pesquisa do Hospital de Clinicas de Porto Alegre
e no Laboratério de Neurofarmacologia e Biologia de Tumores Neurais no
Instituto de Ciéncias Basicas da Saude da Universidade Federal do Rio Grande

do Sul, sob a orientagéo do Prof. Dr. Rafael Roesler.

9.3. ANIMAIS EXPERIMENTAIS

Foram utilizados ratos Wistar machos adultos adquiridos da Fundacgéo
Estadual de Pesquisa em Salde (FEPPS-RS) e do Centro de Reproducéo de
Animais de Experimentacdo da UFRGS (CREAL-UFRGS). A manutencao dos
roedores ficou a cargo dos bioteristas da Unidade de Experimentacdo Animal
(UEA — HCPA) e ICBS - UFRGS, sob controle de um médico veterinario. Os
animais foram mantidos no ratario das unidades em grupos de cinco animais por
caixa (dimensdes de 41x34x17cm comprimento X largura x altura), sob
condi¢cdes de temperatura e luz controlados (& 20£2°C, com ciclo claro-escuro
de 12 horas) com agua e comida disponiveis ad libitum. Os experimentos foram
realizados entre 10h e 18h. Todos os procedimentos envolvendo animais foram
aprovados pela Comiss&o de Etica para Uso de Animais do Hospital de Clinicas
de Porto Alegre (projeto numero 09-641). Todos os esfor¢os foram realizados

para diminuir o numero de animais utilizados e seu sofrimento.
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9.4. TRATAMENTOS

Doses e regimes de tratamento foram escolhidos com base em resultados
preliminares, dados da literatura e experimentos piloto. Para determinacéo da
dose intra-cerebral foi infundido 600 nM de rapamicina dissolvido em veiculo (1%
de DMSO em salina) no volume de 1ul (na regido CA1 do hipocampo dorsal)

e/ou 0,5ul (na amigdala basolateral) ou veiculo no mesmo volume.

9.5. TAMANHO DA AMOSTRA

O tamanho amostral foi baseado em estudos anteriores. O n da amostra foi
de 12 animais por grupo (Roesler et al. 2003; Roesler et al. 2006a; Roesler et al.
2006Db; Luft et al. 2008; Roesler et al. 2009). Foram usados no total 520 animais,

incluindo animais excluidos do estudo.

9.6. PROCEDIMENTOS CIRURGICOS

Os ratos utilizados nos experimentos utilizando a administracédo intra-
cerebral de rapamicina foram submetidos a cirurgia estereotdxica para
implantacdo de canulas sob a amigdala basolateral e hipocampo dorsal. Os
animais foram tratados com atropina (medicacdo pré-anestésica para o
tratamento de bradicardia e assistolia) e com lidocaina, sedados com quetamina
(75mg/kg) e xilazina (25mg/kg) e implantados bilateralmente com céanulas que
permitiram micro-infusées da droga na amigdala basolateral (coordenadas:
Antero posterior: -2,8mm em relacdo ao bregma, médio-lateral: +4,8mm em
relacdo ao bregma e ventral: -7,5mm em relacéo a superficie do cranio) ou area
CAL1 do hipocampo dorsal (coordenadas: anteroposterior: -4,3 mm em relagcéo ao
bregma; médio lateral: £3 mm em relagdo ao bregma e ventral: -2 mm em
relacdo a superficie do crénio) como descrito anteriormente em experimentos
piloto e estudos de nosso grupo de pesquisa (Roesler et al. 2003a; Roesler et al.
2003b; Roesler et al. 2008; Reolon et al. 2009). As canulas foram fixadas com

auxilio de cimento acrilico auto polimerizante e de pequenos parafusos (1,4 mm
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de diametro afixados no cranio). Os animais passaram por um periodo de

recuperacao de sete dias ap0s a cirurgia.

Fig.6. Aparelho para cirurgia estereotaxica

9.7. TAREFAS COMPORTAMENTAIS

9.7.1. ESQUIVA INIBITORIA

Os animais foram submetidos ao treino e testes de retencdo de memoéria
de curta e longa duracdo na tarefa de esquiva inibitéria, um modelo animal de
memoéria motivada emocionalmente de carater aversivo, conforme descrito em
estudos anteriores de nosso grupo (Meller et al. 2004; Maurmann et al. 2010). O
aparato da esquiva inibitéria consiste de uma caixa de acrilico de 50x25x25cm
com uma grade de barras de aco paralelas de 1 mm de diametro. Na sesséo de
treino, os animais foram colocados na plataforma (com largura de 7 cm,
localizada junto a parede esquerda da caixa) e sua laténcia de descida sobre a
grade foi medida com a utilizacdo de cronbmetros. Quando os animais desceram
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com suas quatro patas na grade, foi dado 1 choque de 2 segundos, com
intensidade de 0,7 mA. Na sessdo de teste de memodria de curta duragdo
(realizada 1,5h apos o treino) e longa duracéo (realizada 24h apds o treino), os
animais foram recolocados na plataforma e suas laténcias de descida a grade
registradas e usadas como uma medida de retencdo (memoria) da tarefa. Os
animais foram treinados conforme descrito acima e 24 horas depois, para que
ocorresse a reativacdo da memoria, foi realizado um teste no qual foi medida a
laténcia de descida do animal, sem refor¢co do estimulo aversivo. Um segundo
teste foi realizado para medir a retencdo 24 horas apdés a reativacdo da

memoria.

Fig.7. Caixa de esquiva inibitoria.

9.7.2. RECONHECIMENTO DE OBJETOS

Os animais foram individualmente habituados a caixa do campo aberto por

2 minutos. Durante a sessao de treino, realizada apos 24h, os animais foram re-
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expostos ao campo aberto contendo dois objetos idénticos (posicionados em
dois cantos adjacentes, a 9 cm das paredes) e o tempo gasto pelo animal na
exploracdo de cada objeto foi registrado durante 5 minutos. Os objetos utilizados
no treino foram duas garrafas idénticas (objeto A) e houve o
contrabalanceamento dos objetos pelo menos uma vez ao longo das sessdes de
treino. Exploracao foi definida como atividade de toque ou cheiro pelos animais
aos objetos com o nariz ou as patas. Durante a sesséo de teste, realizada 3h ou
24h apds o treino, o animal foi colocado novamente na caixa, na presenc¢a de um
objeto familiar utilizado na sesséo de treino (objeto A), e de um objeto novo (lata
= objeto B), com textura, cor e tamanhos semelhantes, porém formas distintas.
O percentual de tempo da exploracéao de qualquer um dos objetos (ha sesséo de
treino e na sessao de teste) foi utilizada como medida de retengdo de memoria
de reconhecimento. Foi feito um experimento anterior para constatar que nao
havia preferéncia dos animais por nenhum dos objetos utilizados ao longo do
experimento. Os animais foram treinados conforme indicado acima e 24 horas
depois, para que ocorra a reativacdo da memoria, foi realizado o teste no qual se
mediu a porcentagem de exploracdo dos objetos, com um familiar (objeto A) e
um objeto novo (objeto B). Um segundo teste foi realizado para medir a
exploracdo 24 horas ap0s a reativacdo da memaoria com um familiar (objeto A) e

um outro objeto novo (Cofre em forma de lapis = objeto C).
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Fig.8. Caixa de campo aberto e objetos usados na tarefa de reconhecimento de objeto.

9.8. DESENHOS EXPERIMENTAIS

9.8.1. EXPERIMENTOS PARA INVESTIGAR O EFEITO DA
INIBICAO DE mTOR AMIGDALAR E HIPOCAMPAL NA
CONSOLIDACAO DA MEMORIA DE ESQUIVA
INIBITORIA E RECONHECIMENTO DE OBJETOS

Infusie 15min

I 24h 24h 13 dias 24h

Treino Teste 24h Teste 4Eh Treine Teste 28h
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Infusie Oh
| dh 24h 13 dias dh

Treino Teste 24h Teste 48h Treino Teste 2dh

Fig. 9. Desenho experimental usado para investigar a consolidacdo na tarefa de esquiva
inibitéria representando o tempo da infusdo de rapamicina ou veiculo na regido CA1 do

hipocampo dorsal e na amigdala basolateral e os momentos de treino e teste.

Infusdo15min

24h | 24h

Habituagdo Treino Teste 24h
Infusdo Oh
24h 24h
Habituacao Treino Teste 24h

Fig. 10. Desenho experimental usado para investigar a consolidacdo na tarefa de
reconhecimento de objetos representando o tempo da infusdo de rapamicina ou veiculo
na regido CA1 do hipocampo dorsal e na amigdala basolateral e os momentos de treino

e teste.

Para investigar o efeito da inibicdo de mTOR na consolidacdo da memaria
de esquiva inibitéria e reconhecimento de objetos, os animais foram treinados
em El ou RO. Foram realizados dois tempos de administracdo, quinze minutos
antes e imediatamente depois do treino. Os ratos receberam micro infuséo intra-
amigdalar ou intra-hipocampal de rapamicina. Os animais foram testados 24
horas depois para analise da retencdo da memoéria. Quatorze dias apés o treino,
0s animais foram submetidos a um segundo treino e foram testados 24 horas
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depois. Um experimentador cego para os tratamentos avaliou a laténcia dos
testes.

9.8.2. EXPERIMENTOS PARA INVESTIGAR O EFEITO DA
INIBICAO DE mTOR AMIGDALAR E HIPOCAMPAL NA
RECONSOLIDACAO DA MEMORIA AVERSIVA DE
ESQUIVA INIBITORIA E RECONHECIMENTO DE
OBJETOS

Infusdolimin
2ah ¢ 24h
Treine Teste 24k Teste 43h
Infusia Oh
4k ¢ 24k
Treino Teste 24h Teste 48h
Infusdo 6h
24h ¢24h
Treino Teste 24h Teste 48h

Fig. 11. Desenho experimental usado para investigar a reconsolidacdo na tarefa de
esquiva inibitéria representando o tempo da infusdo de rapamicina ou veiculo na regido

CAL1 do hipocampo dorsal e na amigdala basolateral e os momentos de treino e teste.
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Infusdo 15min

24h 24h 24h

Habituacao Treino Teste 24h Teste 48h
Infusdo Oh

24h 24h 24h

Habituagao Treino Teste 24h Teste 48h
Infusdo 6h

24h 24h 24h

Habituacdo Treino Teste 24h Teste 48h

Fig. 12. Desenho experimental usado para investigar a reconsolidacdo na tarefa de
reconhecimento de objetos representando o tempo da infuséo de rapamicina ou veiculo
na regido CA1 do hipocampo dorsal e na amigdala basolateral e os momentos de treino

e teste.

Para investigar o efeito da inibicdo de mTOR na reconsolidacdo da
memoria de esquiva inibitéria e reconhecimento de objetos os animais foram
treinados e testados 24 horas depois em El ou RO, onde as memodrias foram
reativadas. Foram realizados dois tempos de administracdo de rapamicina intra-
amigdalar ou intra-hipocampal, 15 minutos antes e imediatamente apos o teste.
Os animais foram submetidos a um segundo teste 24 horas depois para medir a
retencdo da memoria. Um experimentador cego para os tratamentos avaliou a

laténcia dos testes.
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9.8.2.1. EXPERIMENTOS CONTROLE SEM REATIVACAO
DE ESQUIVA INIBITORIA E RECONHECIMENTO DE
OBJETOS

Infusdio

24h ¢ 24h

Treino Teste 48h

Infusie

2dh 24h 24h

Habituagio Treino Teste 43h

Fig. 13. Desenho experimental usado para investigar se o efeito de rapamicina na
reconsolidacdo na tarefa de esquiva inibitéria e reconhecimento de objetos é
dependente de reativacdo da memobria, representando o tempo da infusdo de
rapamicina ou veiculo na regido CA1 do hipocampo dorsal e na amigdala basolateral e

0S momentos de treino e teste.

Para investigar se as infusdes de rapamicina prejudicaram de fato a
reconsolidacdo da memoria de esquiva inibitéria e reconhecimento de objetos,
0os animais foram treinados e diferentemente do protocolo padrdo de
reconsolidagcéo, ndo foram submetidos a reativacdo da memoria. No dia seguinte
ao treino foram realizadas micro-infusdes de rapamicina na amigdala ou
hipocampo em uma sala diferente da sala usada no treino. Os animais foram
testados 24 horas depois para averiguar se o efeito da rapamicina é dependente
da reativagdo da memoria. Um experimentador cego para os tratamentos avaliou

a laténcia dos testes.
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9.8.2.2. EXPERIMENTOS CONTROLE "REMINDER" DE
ESQUIVA INIBITORIA

Infusdo Oh

24h ‘ 24h 6 dias 24h

Treino Teste 24h Teste 48h Reminder Teste 24h

Fig. 14. Desenho experimental usado para investigar se o efeito de rapamicina na
reconsolidacdo da memoria na tarefa de esquiva inibitoria pode ser revertido pelo
choque reminder, representando o tempo da infusdo de rapamicina ou veiculo na regido

CAL1 do hipocampo dorsal e na amigdala basolateral e os momentos de treino e teste.

Para investigar se as infusdes de rapamicina prejudicaram de fato a
reconsolidagdo da memodria de esquiva inibitéria os animais foram treinados e
testados em El. Imediatamente apdés o teste os animais receberam micro-
infusbes de rapamicina intra-amigdalar ou intra-hipocampal. Os animais foram
testados 24 horas depois para reativagcdo da memoria. Seis dias depois, 0s
animais passaram por uma sessao de reminder, onde a intensidade do choque
utilizado foi incapaz de provocar um novo aprendizado. Neste caso, o choque
serviu apenas como uma lembranca do primeiro treino. No dia seguinte os
animais foram testados novamente. Um experimentador cego para oS

tratamentos avaliou a laténcia dos testes.

9.9. ANALISE HISTOLOGICA

Dois dias apos os testes, os animais foram infundidos com 0,5 pl ou 1 pl de
azul de metileno 4% por amigdala e hipocampo, respectivamente. Quinze
minutos apos a infusao, foi realizada eutanasia por decapitacdo. Os encéfalos
foram removidos e armazenados em formalina por quatro a sete dias. Com o
auxilio de uma lupa, foi verificado se a canula estava posicionada corretamente,

caso a canula estivesse mal posicionada, os resultados foram desconsiderados.
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Fig. 15. Esquema da difusdo do farmaco na amigdala basolateral e na regido CA1 do

hipocampo dorsal. Adaptado de Paxino e Watson (1997).

9.10. ANALISE ESTATISTICA

Os resultados foram expressos como média + erro. Diferengas entre os
grupos experimentais foram analisadas através do teste ndo paramétrico de
Mann-Whitney. Diferengas entre treino e teste no mesmo grupo foram
analisadas através do teste ndo paramétrico de Wilcoxon (, Maurmann et al.
2010; Reolon et al. 2011; Pardo Andreu et al. 2011). As analises estatisticas
foram feitas no programa PASW 18. Em todas as comparacdes, valores de P

menores que 0,05 indicaram diferencas significativas.
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10. 1°ARTIGO DA TESE: Inhibition of mTOR by rapamycin in

the amygdala or hippocampus impairs formation and reconsolidation of
inhibitory avoidance memory. (2011, doi:10.1016/}.nim.2011.10.002).

Publicado na Neurobiology of Learning and Memory.
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Inhibition of mTOR by rapamycin in the amygdala or hippocampus impairs
formation and reconsolidation of inhibitory avoidance memory
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ARTICLE INFO ABSTRACT
Article history: Mammalian target of rapamycin (mTOR), a central regulator of protein synthesis in neurons, has been
Received 10 August 2011 implicated in synaptic plasticity and memory. Here we show that mTOR inhibition by rapamycin in
:’c‘('e“;g g‘gz&:‘:;l . the basolateral amygdala (BLA) or dorsal hippocampus {DH) impairs both formation and reconsolidation
Avallable cnline o0 of memory for inhibitory avoidance (IA) in rats. Male Wistar rats received bilateral infusions of vehicle or
rapamycin into the BLA or DH before or after IA training or retrieval. Memory retention was tested at dif-
- ferent time points after drug infusion. Rapamycin impaired long-term IA retention when given before or
::’m'm,‘ immediately after training or retrieval into the BLA, When infused into the DH, rapamycin produced
m.l'.‘;:ym memory impairment when given before training or immediately after retrieval. The impairing effects
Proteln synthesis of post-retrieval rapamycin required memory retrieval and were not reversed by a reminder shock.
Consolidation The results provide the first evidence that mTOR in the BLA and DH might play a role in IA memory
Reconsolidation reconsolidation.
Inhibitory avoidance © 2011 Clsevier Inc. All rights reserved.
1. Introduction protein synthesis-dependent phase of re-stabilization, a process

Gene expression and protein synthesis are required for long-
rerm memary formation. The protein synthesis-dependent phase
whereby newly leamed, initially labile, memory traces become sta-
bilized is known as consolidation (McGaugh, 2000). Consolidation
of memory for inhibitory avoidance (IA), a fear conditioning para-
digm in which rats or mice learn to avoid a context previously
associated with a footshock, is blocked by protein synthesis inhib-
itors given systemically or infused directly into the dorsal hippo-
campus (DH) or the basolateral amygdala {BLA) (Flood, Bennett,
Orme, & Rosenzweig, 1975; Milekic, Pollonini, & Alberini, 2007;
Quevedo et al., 1999; Staubli, Faraday, & Lynch, 1985).

The traditional consolidation theory has been challenged by a
wave of studies showing that reactivation of a previously consoli-
dated fear motivated memory during retrieval might render this
memory again susceptible to disruption by protein synthesis inhib-
itors. Thus, a reactivated labile memory would need to undergo a

* Corresponding author at: Department of Pharmacology, Institute for Basic
Healeh Sclences, Federal university of Rio Grande do Sul, Rua Sarmento Lelte, 300
(ICBS, Campus Centro/UFRGS), 90050-170 Porto Alegre, RS, Brazil. Fax: +55 51
33083121,

E-muail address: rafaelroesler@pq.cnpgbr (R. Roeder).

generally referred to as reconsolidation (Alberini, 2011; Debiec, Le-
Doux, & Nader, 2002; Nader, Schafe, & Le Doux, 2000; Sara, 2000),
althongh the exact nature of this phenomenon remains a matter of
debate (Alberini, 2005, 2011; Amaral, Osan, Roesler, & Tort, 2008;
Miller & Sweatt, 2006; Nader & Hardt, 2009). In IA studies, evi-
dence from experiments using systemic or intra-BLA injections of
protein synthesis inhibitors have suggested that memory for IA
undergoes reconsolidation (Milckic & Alberini, 2002; Milckic
et al., 2007), whereas other studies have found that impairments
in 1A memory produced by administration of drugs around the
time of retrieval are transient and may not be attributed to a deficit
of memory storage (Amaral, Luft, Cammarota, lzquierdo, & Roesler,
2007; Power, Berlau, McGaugh, & Steward, 2006). From a transla-
tional point of view, understanding the molecular mechanisms
underlying the reconsolidation of fear memorics and the cffects
of pharmacological treatments on reconsolidation has clinical
implications for the identification of novel treatment opportunities
for fear-related neuropsychiatric disorders including post-trau-
matic stress disorder (PTSD) (Debiec & LeDoux, 2006; Tronel &
Alberini, 2007).

Mammalian target of rapamycin (mTOR) is a central regulator
of protein synthesis in neurons. mTOR is a protein Kinase that acts
as central component of two multi-protein signaling complexes,
mTORC1 and mTORC2. The mTORC1 pathway integrates signaling
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from neurotransmitter and growth factor receptors to influence
the activity of downstream protein kinase pathways, including
phosphoinositide 3-kinase (PI3K). mTOR regulates mRNA transla-
tion by controlling the phosphorylation state of the eukaryotic ini-
tiation factor 4E binding protein (4E-BP1) and p70s6 kinase
(p70s6K) (for a review, see Hoeffer & Klann, 2010). Rapamycin
(sirolimus), a naturally occurring macrolide derived from the soil
bacterium Streptomyces hygroscopius, potently inhibits mTORC1
activity by associating with the intracellular protein FKBP12, and
together they bind the FKBP12-rapamycin-binding (FRB) domain
of mTOR, thus preventing mTOR-protein complex formation (for
reviews, see Guertin & Sabatini, 2009; Hoeffer & Klann, 2010).

Recent studies have used rapamycin as a tool to investigate the
role of mTOR in memory formation and reconsolidation. Systemic
administration of rapamycin impaired the consolidation of mem-
ory for contextual fear conditioning (CFC) and reduced subsequent
memory retention when given after reactivation (Blundell, Kouser,
& Powell, 2008). Rapamycin given systemically also impaired fear-
potentiated startle to a shock-paired context, but did not disrupt
startle increases when an odor cue was used (Glover, Ressler, & Da-
vis, 2010). Consolidation and reconsolidation of CFC were impaired
by rapamycin infused directly into the DH (Gafford, Parsons, &
Helmstetter, 2011), and long-term retention of trace fear memory
was impaired by rapamycin infused into the medial prefrontal cor-
tex in rats (Sui, Wang, & Li, 2008). The role of mTOR in memory for-
mation and reconsolidation in the BLA is less understood. One
study has indicated that rapamycin given into the amygdala either
after training or retrieval reduced memory for cued fear condition-
ing, however that study did not verify whether memory reactiva-
tion was required for the effect of post-retrieval rapamycin and
whether the effect was long-lasting or could recover with time
(Parsons, Gafford, & Helmstetter, 2006).

Only two previous studies examined the role of mTOR in mem-
ory for IA, and their findings indicate that IA memory consolidation
is dependent on mTOR and sensitive to rapamycin in the DH
around the time of training and 3 h after training (Bekinschtein
et al., 2007; Slipczuk et al., 2009). Previous studies have not exam-
ined whether mTOR is involved in IA reconsolidation, or the role of
mTOR in the amygdala in memory for IA. Here we used rapamycin
infusions to investigate the effects of mTOR inhibition in the BLA or
DH, around the time of acquisition or retrieval, on IA memory.

2. Methods
2.1. Animals

Adult male Wistar rats (340-440¢g at time of surgery) were
obtained from the institutional breeding facility (CREAL, ICBS,
UFRGS). Animals were housed five per cage in plastic cages with
sawdust bedding, and maintained on a 12 h light/dark cycle at a
room temperature of 22 +1 °C. The rats were allowed ad libitum
access to standardized pellet food and water. All experiments took
place between 9 AM and 6 PM. All experimental procedures were
performed in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals and were
approved by the institutional animal care committee under
protocol number 09-641.

2.2, Surgery

Animals were implanted under anesthesia with ketamine
(75 mg/kg) and xylasine (25 mg/kg) with bilateral 14-mm or
9.0-mm, 23-gauge guide cannulae aimed 1.0 mm above the BLA
or CA1 area of the DH respectively, as described in previous studies
(Quevedo et al, 1999; Roesler et al., 2003). Coordinates {BLA,

anteroposterior, —2.8 mm from bregma, mediolateral, +4.8 mm
from bregma, ventral, —7.5 mm from skull surface; DH anteropos-
terior, —4.3 mm from bregma; mediolateral, +3.0 mm from breg-
ma; ventral, —2.0 mm from skull surface) were obtained from the
atlas of Paxinos and Watson (2007). Animals were allowed to
recover at least 7 days after surgery.

2.3. Drugs and infusion procedures

The general procedures for intra-BLA and intra-DH infusions
were as described in previous reports (Amaral et al., 2007; Queve-
doetal, 1999; Roesler et al., 2003, 2006). At the time of infusion, a
30-gauge infusion needle was fitted into the guide cannula. The tip
of the infusion needle protruded 1.0 mm beyond the guide cannula
and was aimed at either the BLA or the CA1 area of the DH. Drug or
vehicle (1% dimethylsulfoxide, DMSO, in saline) were infused
during a 30-s period. The infusion needle was left in place for an
additional minute to allow diffusion of the drug away from the
needle tip.

Either 15 min before or immediately after training or the 24-h
retention test trial, rats received a bilateral 0.5-pl (BLA) or 1.0-pl
(DH) infusion of vehicle or rapamycin (600nM dissolved in
vehicle; Sigma-Aldrich, St. Louis, USA) into either the BLA or DH.
The dose of rapamycin was chosen on the basis of previous studies
(Bekinschtein et al., 2007; Parsons et al., 2006) and pilot
experiments. Drug solutions were freshly prepared before each
experiment.

2.4. Inhibitory avoidance (IA)

We used the single-trial step-down IA conditioning as an estab-
lished model of fear-motivated memory. In step-down IA training,
animals learn to associate a location in the training apparatus (a
grid floor) with an aversive stimulus (footshock). The general pro-
cedures for IA behavioral training and retention test were de-
scribed in previous reports (Amaral et al, 2007; Quevedo et al.,
1999). The IA apparatus was a 50 x 25 x 25-cm acrylic box (Alba-
rsch, Porto Alegre, Brazil) whose floor consisted of parallel caliber
stainless steel bars (1 mm diameter) spaced 1 cm apart. A 7-cm
wide, 2.5-cm high platform was placed on the floor of the box
against the left wall.

On training trials, rats were placed on the platform and their la-
tency to step down on the grid with all four paws was measured
with a digital chronometer connected to the box control unit.
Immediately after stepping down on the gnd, rats receiwved a 0.7-
mA, 2.0-s footshock and were removed from the apparatus imme-
diately after the footshock. Retention test trials took place at differ-
ent time points after training by placing the rats on the platform
and recording their latencies to step down. No footshock was pre-
sented during retention test trials. In experiments examining pos-
sible drug effects on reconsolidation, rats that did not step down to
the grid floor within 180 s during the 24-h test trial (“reactivation
session”) were gently put on the grid floor for 3 s. Step-down laten-
cies on the retention test trial (maximum 180 s) were used as a
measure of 1A memory retention. In some of the experiments,
the rats were given a retraining trial 2 weeks after the original
training, or a 0.3-mA 2.0-s reminder footshock 1 week after the ori-
ginal training (Tronel & Alberini, 2007), followed by a retention test
24 h later. Fig. 1 shows a diagram of the design of the experiments
used in this study.

2.5. Histology
Twenty-four to 72 h after behavioral testing, a 0.5-ul (BLA) or

1.0-p (DH) infusion of a 4% methylene blue solution was given into
the BLA or DH. Rats were killed by decapitation 15 min later, and
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Fig. 1. Schematic diagram showing the design of the experiments used in the
present study.

their brains were removed and stored in 10% formalin for at least
72 h. The brains were sectioned and examined for cannulae place-
ment in the hippocampus and BLA. The extension of the methylene
blue dye was taken as indicative of diffusion of the drugs previ-
ously given to each rat, as previously described (Amaral et al.,
2007; Quevedo et al., 1999; Roesler et al., 2003, 2006). Rats with
incorrect cannula placements were excluded from the analysis.

2.6. Statistics

Data are mean + SEM retention test latencies to step-down (s).
Comparisons of training and retention test step-down latencies
between groups were performed using Mann-Whitney U tests,
two-tailed (Amaral et al, 2007; Quevedo et al., 1999; Roesler
et al., 2003, 2006). In all comparisons, p < 0.05 was considered to
indicate statistical significance.

3. Results

3.1. Rapamycin infused into the BLA impairs consolidation of long-
term IA memory

We first examined the effects of intra-BLA infusions of rapamy-
cin on memory for IA. Rats were given IA training and tested for
retention 3 and 24 h later. Either 15 min before (pretraining infu-
sions) or immediately after (post-training infusions) training, vehi-
cle or rapamycin was infused into the BLA. Rapamycin given
15 min before training significantly decreased IA retention tested
at 24 h (p <0.05), but not at 3 h after training, compared to vehi-
cle-injected controls (Fig. 2A). Rapamycin also impaired 24-h
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Fig. 2. Inhibition of mTOR by rapamycin in the BLA impairs formation of long-term
IA memory. Rats were trained in IA and tested for retention 3 and 24 h later. Vehicle
or rapamycin was infused into the BLA either before or after training. (A) Rats were
infused with vehicle (N=9) or rapamycin (N=9) 15 min before training. When
tested for retention 3 h after training both groups had similar latencies. In a second
retention test 24 h after training, rats given rapamycin had significantly lower
latencies compared to controls ("p<0.05). (B) Rats were infused with vehicle
(N=11) or rapamycin (N=11) immediately after training When tested for
retention 24 h after training, rats given rapamycin had significantly lower latencies
compared to controls (""p<0.01). (C) Rats given post-training rapamycin showed
normal IA retention after being giving a retraining drug-free 2 weeks after the
original training. There was no significant difference between vehicle and rapamy-
cin-treated rats.

retention when infused immediately after training (p<0.01)
(Fig. 2B). The effects of rapamycin could not be attributed to per-
manent impairment or neuronal damage, since rats given rapamy-
cin post-training showed normal retention when given a second
training drug-free 2 weeks after the original training (Fig. 2C).
Thus, rapamycin infusion in the BLA around the time of acquisition
impairs long-, but not short-term memory for IA, indicating that
mTOR in the BLA is required for IA memory consolidation.

3.2. Rapamycin infused into the BLA before or after retrieval impairs
reconsolidation of IA memory

We next examined whether mTOR inhibition in the BLA would
affect reconsolidation-like processes by giving rats intra-BLA
rapamycin around the time of retrieval. BLA-implanted rats
underwent IA training followed by a retention test trial 24 h later.
Fifteen minutes before (pre-retrieval infusions), immediately after
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(post-retrieval infusions), or 6 h (delayed infusions) after the 24-
retention test, vehicle or rapamycin was infused into the BLA. An
additional retention test trial was carried out 48 h after training.
There were no significant differences between groups treated with
vehicle and rapamycin in training or 24-h test latencies. Intra-BLA
rapamycin produced a decrease in IA latency in the 48-h test com-
pared to controls, when given either before (p <0.01; Fig. 3A) or
immediately after (p < 0.05; Fig. 3B) training.

We also verified whether the impairing effect of intra-BLA rap-
amycin given after retrieval would undergo spontaneous recovery
or be ameliorated by a reminder (Fig. 3C). Rats that received intra-
BLA infusions after retrieval were again placed on the platform
1 week after the original training and their time to step down
was recorded. There was no significant increase in the step down
latencies of rapamycin-treated rats in this trial compared to the
48-h test trial. Upon stepping down, rats were given a mild remin-
der footshock and tested again for retention 24 h later. Latencies in
the rapamycin-treated group remained significantly reduced
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compared to controls (p <0.05). A separate experiment using a dif-
ferent group of untrained rats confirmed that the reminder shock
used (0.3 mA) was sub-threshold, i.e., it did not induce significant
24-h retention by itself (data not shown).

Additional control experiments were performed to confirm the
specificity of the effects induced by rapamycin. A “delayed infu-
sion” control experiment showed that intra-BLA rapamycin did
not affect IA retention when infused 6h after the 24-h test
(Fig. 3D). Moreover, the impairing effect of rapamycin was depen-
dent on memory retrieval; a “no reactivation” control experiment
showed that intra-BLA rapamycin given 24 h after training failed to
affect 48-h retention in the absence of a retention test trial
(Fig. 3E).

Together, these results suggest that rapamycin infused into the
BLA either before or after retrieval impairs IA memory tested in a
subsequent retention trial compared to controls. This impairing
effect requires memory retrieval associated with the drug infusion,
does not recover spontaneously, and is not ameliorated by a
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Fig. 3. Inhibition of mTOR by rapamycin in the BLA impairs IA memory reconsolidation. (A) Rats were trained in IA and tested for retention 24 h later. Fifteen minutes before
the 24-h test, vehicle (M= 11) or rapamycin (N=12) was infused into the BLA. When re-tested for retention 24 h later (48 h after training), rats given rapamycin had
significantly lower latencies compared to vehicle-treated controls (“"p < 0.01). (B) Rats were trained in IA and tested for retention 24 h later. Vehicle (n = 10) or rapamycin
(N=10) was infused into the BLA immediately after the 24-h test. When re-tested for retention 24 h later (48 h after training), rats given rapamycin showed significantly
lower latencies compared to controls {"p <0.05). (C) The impairing effect of post-retrieval rapamycin was not ameliorated by a reminder shock. Rats used in the experiment
shown in the previous panel were given a 0.3-mA footshock 1 wveek after training and tested for retention 24 h later. Latencies in rapamycin-treated rats remained
significantly reduced compared w vehicde-tueated conttols (“p < 0.01). (D) Delayed injection contiol. Rats were bained in IA and tested [on etention 24 and 48 b later. Six
hours after the 24-h test, vehicle (N=7) or rapamycin (N =9) was infused into the BLA. There was no significant difference between groups. (E) No reactivation control. Rats
were trained in A and tested for retention 48 h later. Twenty-four hours after training, vehicle (N = 12) or rapamycin (N = 12} was infused into the BLA in the absence of a

retention test. There was no sienificant difference between grouns.
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reminder shock. Thus, inhibition of mTOR in the BLA might pro-
duce deficits in IA memory reconsolidation.

3.3. Rapamycin infused into the DH before but not after training
impairs long-term IA memory

We then aimed to compare the findings from experiments using
intra-BLA infusions of rapamycin with the effects of infusions given
into the DH. Rats were trained in IA and tested for retention 3 and
24 h later. Either 15 min before or immediately after training, vehi-
cle or rapamycin was infused into the DH. There was no significant
difference between groups in training trial latencies. Rapamycin
given 15 min before training significantly decreased IA retention
tested at 24 h (p<0.01), but not at 3 h after training, compared
to vehicle-injected controls (Fig. 4A). However, rapamycin did
not affect 24-h retention when infused into the DH immediately
after training (Fig. 4B). Rats given pretraining rapamycin were
capable of learning normally when given a second training trial
drug-free 2 weeks after the original training (Fig. 4C). These
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Fig. 4. Inhibition of mTOR by rapamycin in the DH before but not after training
impairs long-term [A memory. Rats were trained in IA and tested for retention 3 and
24 h later. Vehicle or rapamycin was infused into the DH either before or after
training. (A) Rats were infused with vehicle (N=13) or rapamycin (N =13) 15 min
before training. Both groups showed similar latencies in a retention test carried out
3 h after training. In a second retention test 24 h given after training, rats infused
with rapamycin showed significantly lower latencies compared to wehicle-treated
rats ("p <0.01). (B) Rats were infused with vehicle (N=8) or rapamycin (N=7)
immediately after training. When tested for retention 24 h after training, both
groups showed similar latencies. There was no significant difference between
weliicles and rapamydin-tueated 1ats. (C) Rals given puost-ldining tapamycin
showed normal IA retention after a retraining drug-free 2 weeks after the original
training. There was no significant difference between vehicle and rapamycin-
treated rats.

findings suggest that mTOR inhibition in the DH before acquisition
impairs long-, but not short-term memory for 1A.

3.4. Rapamycin infused into the DH after but not before retrieval
impairs reconsolidation of IA memory

In the final set of experiments, we investigated the possible role
of hippocampal mTOR in reconsolidation-like processes. Previous
studies have indicated that the DH is not involved in IA reconsoli-
dation (Cammarota, Bevilaqua, Medina, & Izquierdo, 2004;
Taubenfeld, Milekic, Monti, & Alberini, 2001). Rats were trained
in IA and given intra-DH infusions of vehicle or rapamycin
15 min before, immediately after, or 6 h after a 24-retention test.
An additional retention test trial was carried out 48 h after train-
ing. There were no significant differences between groups treated
with vehicle and rapamycin in training or 24 h test latencies. In-
tra-DH rapamycin did not significantly affect 48-h retention when
infused before the 24-h test (Fig. 5A). However, rapamycin given
after the 24-h test produced a decrease in IA latency in the subse-
quent 48-h test compared to controls (p < 0.05; Fig. 5B).

As with intra-BLA infusions, the rapamycin-induced impairment
did not recover spontaneously and was not rescued by a reminder
shock (p < 0.01; Fig. 5C). Moreover, a “delayed injection’ control
experiment showed that intra-DH rapamycin did not affect 1A
retention when infused 6 h after the 24-h test (Fig. 5D). Finally,
the impairing effect of rapamycin required memory retrieval, as
shown by a “no reactivation” control experiment (Fig. 5E). The
results indicate that rapamycin infused into the DH after retrieval
reduces IA retention tested in a subsequent retention trial, suggest-
ing that mTOR inhibition in the DH impairs reconsolidation.

3.5. Histology

Twenty-eight rats implanted in the BLA and 10 rats implanted
in the CA1 were excluded from the analysis due to incorrect cannu-
lae placements. Fig. 6 shows representative pictures of cannula
locations and a schematic drawing of the spread of dye within
the BLA and DH.

4. Discussion

Together, our results suggest that administration of the mTOR
inhibitor rapamycin directly into the BLA or DH can impair both
formation and reconsolidation of memory for IA. Only one previous
study has examined the effects of rapamycin infused into the BLA
on fear memory reconsolidation, however that study did not
address whether the impairing effects were reversible and depen-
dent on retrieval {Parsons et al., 2006). Thus, to our knowledge
here we provide the first evidence that intra-BLA rapamycin
produces an impairment in fear memory reconsolidation that is
not ameliorated by a reminder, and that mTOR in the BLA might
be required for IA reconsolidation. Also, our findings provide the
first evidence that pharmacological manipulation of the hippocam-
pus after retrieval can produce a deficit in IA memory that does not
recover with time or exposure to a reminder. Thus, in contrast to
previous studies (Cammarota et al, 2004; Taubenfeld et al.,
2001), the present results suggest that the hippocampus might
play a role in reconsolidation of IA memory.

It remains unclear why intra-DH rapamycin impaired formation
of IA memory when given before, but not after training, whereas, in
contrast, the effects on reconsolidation were produced by infusions
given after, but not before retrieval. However, this pattern of effect
is similar to that previously observed in experiments using intra-
DH infusions of the protein synthesis inhibitor anisomycin (Quev-
edo et al.,, 1999; Vianna, Szapiro, McGaugh, Medina, & Izquierdo,
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Fig. 5. [nhibition of mTOR by rapamycin in the DH after retrieval impairs [A memory reconsolidation. (A) Rats were trained in IA and tested for retention 24 h later. Fifteen
minutes before the 24-h test, vehicle (N =11) or rapamycin (N = 10)was infused into the DH. When re-tested for retention 24 h later (48 h after training), both groups showed
similar latencies. (B) Rats were given IA training and tested for retention 24 h later. Vehicle (N = 7) or rapamycin (N = 7) was infused into the BLA immediately after the 24-h
test. When re-tested for retention 24 h later (48 h after training), rats given rapamycin showed significantly lower latencies compared to vehicle-treated controls (“p < 0.05).
(L) the impairing effect of post-retrieval rapamycin was not ameliorated by a reminder shock. Kats used in the experiment shown in the previous panel were given a U.3-mA
footshock 1 week after training and tested for retention 24 h later. Latencies in the rapamycin-treated group were significantly reduced compared to vehicle-treated rats
(~p<0.01).(D) Delayed injection control. Rats were trained in IA and tested for retention 24 and 48 h later. Six hours after the 24-h test, vehicle (N =8) or rapamycin (N =8)
was infused into the DH. There was no significant difference between groups. (E) No reactivation control. Rats were trained in IA and tested for retention 48 h later. Twenty-
four hours after training, vehicle (N = 10) or rapamycin (N = 12) was infused into the DH in the absence of a retention test. There was no significant difference between groups.

2001). In experiments examining reconsolidation, intra-BLA infu-
sions of rapamycin impaired 48-h retention when given either be-
fore or after retrieval, whereas intra-DH infusions had an effect
only if given after retrieval. It is possible that this pattern of effects
is related to the differential effects of protein synthesis regulated
by mTOR on the BLA and DH in fear memory. Previous findings
have suggested that fear memory reconsolidation in the BLA re
quires protein synthesis, but not de novo mRNA synthesis (Parsons,
Gafford, Baruch, Riedner, & Helmstetter, 2006; but see Duvarci, Na-
der, & LeDoux, 2008). Increasing evidence indicates that mTOR is a
key regulator of local protein synthesis induced by synaptic activ-
ity (Jiang & Schuman, 2002; Takei et al., 2004). This local synthesis
occurs in specialized zones at dendrites through a mechanism that
does not depend on transcription. It is possible that memory recon-
solidation in the DH is supported by both global and local protein
synthesis, whereas mainly local protein synthesis is required in the
BLA, thus resulting in a more salient requirement of mTOR in the
BLA.

It is also worth pointing out that rapamycin after training or
retrieval reduced, but did not completely block, 1A retention, as
evidenced by the higher latencies of rapamycin-treated rats in test
trials compared to training. However, the effect sizes of rapamycin
in our study is comparable to those found in previous studies
examining the effects of rapamycin and other protein synthesis
inhibitors on rcconsolidation of fear memory (Milckic ct al.,
2007; Parsons et al., 2006; Taubenfeld et al., 2001).

In previous studies from our research group, the impairing
effects of pharmacological inhibitors given after IA retrieval were
transient and recovered spontaneously with time (Amaral et al.,
2007; Luft, Amaral, Schwartsmann, & Roesler, 2008). These tran-
sient effects were consistent with those observed in many other
studies on post-retrieval treatments and fear memory (for a
review, see Amaral et al., 2008). Thus, we hypothesized that the
impairing effects of post-retrieval manipulations could represent,
among other possibilities, a “transient silencing” of the memory
trace undergoing consolidation, rather than a blockade of

55



Fig. 6. Infusion placements into the BLA and DH. Representative brain sections at
—2.8(BLA) and —4.3 mm from bregma showing cannula locations aimed at the BLA
and DH, and schematic diagrams of coronal sections of the rat brain, adapted from
the atlas of Paxinos and Watson (2007 ), depicting the diffusion of methylene blue in
the BLA and DH for rats included in the statistical analysis.

“reconsolidation” (Amaral et al.,, 2007, 2008). In the present study,
in contrast, we observed for the first time a retention impairment
induced by post-retrieval manipulation in the IA task that could
not be reversed even when animals were given a reminder. Thus,
here we interpret our findings adopting the term ‘‘reconsolida-
tion”, as defined operationally by a phenomenon revealed by per-
sistent impairment of memory retention produced by
administration of a protein synthesis inhibitor after retrieval. How-
ever, the relationship between *‘consolidation” and *‘reconsolida-
tion” remains a matter of debate and will require further
understanding of their underlying mechanisms. We have proposed
that it may be possible to reconcile apparent discrepant findings
from different reconsolidation studies by developing a view of con-
solidation and reconsolidation as integrated components of the
processes mediating long-term memory storage (Amaral et al,
2008; Roesler & McGaugh, 2010). As proposed originally by Dudai
and Eisenberg (2004), and further developed by Alberini (2005,
2011), reconsolidation might be taken as an integral part of a
“lingering consolidation” process, and a mechanism triggered by
retrieval to strengthen the consolidation of recently formed
memories.

Our results add to a growing body of evidence, from pharmaco-
logical experiments using rapamycin as well as recent genetic
studies (Stoica et al, 2011), indicating that mTOR is a critical
molecular regulator of synaptic plasticity and memory. The activity
of mTOR is influenced by N-methyl-p-aspartate (NMDA) glutamate
receptors and brain-derived neurotrophic factor (BDNF), among
other neurotransmitter and neurotrophin pathways. mTOR inte-
grates these signals with downstream signaling pathways such as
the PI3K and phosphoinositide dependent kinase-1 (PDK1), to ulti-
mately lead to alterations in mRNA translation and protein synthe-
sis (reviewed in Hoeffer & Klann, 2010). The role of mTORC1 in
regulating consolidation and reconsolidation of fear memory opens
a window of opportunity for the development of mTORC1 inhibi-
tors as potential therapeutic agents for the treatment of PTSD
and other fear-related psychiatric disorders. Rapamycin is an
mTOR inhibitor alrcady in clinical usc as an immunosuppressant,
and has also been investigated in clinical trials of cancer (Lane &

Breuleux, 2009). Thus, as previously pointed out by Blundell
etal. (2008), clinical studies of rapamycin combined with reactiva-
tion of traumatic memories in patients with PTSD are warranted.
Rapamycin analogs such as temsirolimus, as well as second-
generation mTOR inhibitors that directly target the mTOR catalytic
site (Guertin & Sabatini, 2009), could also be investigated in
preclinical studies of fear memory as well as in clinical studies in
patients with PTSD.

In conclusion, here we present data consistent with the view
that mTOR is importantly involved in fear memory, and provide
the first evidence that mTOR in both the amygdala and hippocam-
pus might play a role in reconsolidation of memory for IA.
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ABSTRACT

The role of the basolateral complex of the amygdala (BLA) in recognition
memory remains poorly understood. The mammalian target of rapamycin
(mTOR) in the BLA and other brain areas has been implicated in synaptic
plasticity and memory. We have recently shown that mTOR signaling in both
the BLA and the dorsal hippocampus (DH) is required for formation and
reconsolidation of inhibitory avoidance, a fear-motivated memory task. Here we
examined the effects of infusions of the mTOR inhibitor rapamycin into the BLA
before or after either training or reactivation on retention of novel object
recognition memory (NOR) in rats, and compared the effects with those
obtained using intra-DH infusions. Male Wistar rats received bilateral infusions
of vehicle or rapamycin into the BLA or DH before or after NOR training or
reactivation. Rapamycin impaired NOR retention tested 24 h after training when
given either before or immediately after training into the BLA or DH. Rapamycin
also impaired retention measured 24 h after reactivation when infused before
reactivation into the BLA or DH, or immediately after reactivation into the BLA,
but not when given 6 h after reactivation into either the BLA or DH. The results
suggest that mTOR signaling in the BLA and DH is involved in NOR memory

formation and stabilization.

Keywords:

Rapamycin
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1. Introduction

It is now well established that the basolateral complex of the amygdala
(BLA) plays a crucial role in enhancing the formation of memories for
emotionally arousing events (for a review, see [1]). Novel object recognition
(NOR), a memory task based on the natural preference towards novel objects
displayed by rodents, involve no explicit rewarding or aversive stimuli [2].
However, recent evidence indicates that formation of memory for NOR training
under specific experimental conditions is modulated by stress hormones and
noradrenergic activation of the BLA [3-6]. The involvement of molecular
processes including protein synthesis and intracellular signaling pathways
within the BLA in NOR memory remains poorly understood.

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase
that regulates cell growth and cell cycle progression by integrating signals from
growth factors to influence the activity of downstream targets. mTOR s
selectively inhibited by rapamycin (sirolimus), a naturally occurring macrolide
derived from the soil bacterium Streptomyces hygroscopius mTOR (for reviews,
see [7-9]. In the central nervous system, mTOR signaling, which acts as a
central regulator of mRNA translation and protein synthesis, has been
increasingly implicated in synaptic plasticity and memory formation [9].
Rapamycin injected systemically, or microinfused into selective brain areas
including the BLA and the dorsal hippocampus (DH), has been shown to impair
memory for fear conditioning when given around the time of acquisition (thus
affecting memory formation) or reactivation (interfering with memory

reconsolidation or long-term stabilization) [10-16]. We have recently shown that
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intra-BLA or intra-DH infusions of rapamycin inhibit formation and
reconsolidation of long-term memory for inhibitory avoidance, a type of fear-
motivated conditioning [14]. A previous study examining the role of mTOR in
NOR memory found that rapamycin impaired retention when given into the DH
within a limited time window after training, and could either impair
reconsolidation or have no effect when given after reactivation, depending on
specific training conditions [17]. However, previous studies have not verified
whether mTOR in the BLA is involved in NOR memory. In the present study, we
examined the effects of mTOR inhibition by rapamycin in the BLA before or
after training or reactivation, on memory for NOR, and compared the effects of

intra-BLA rapamycin with those obtained with intra-DH infusions.

2. Material and methods

2.1. Animals

Adult male Wistar rats (340-430g at time of surgery) were obtained from
the institutional breeding facility (CREAL, ICBS, UFRGS). Animals were housed
five per cage in plastic cages with sawdust bedding, and maintained on a 12 h
light/dark cycle at a room temperature of 22 £ 1 °C. The rats were allowed ad
libitum access to standardized pellet food and water. All experiments took place
between 9 AM and 6 PM. All experimental procedures were performed in
accordance with the National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals and were approved by the institutional animal care

committee under protocol number 09-641.
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2.2. Surgery

Animals were implanted under anesthesia with ketamine (75 mg/kg) and
xylasine (25 mg/kg) with bilateral 14-mm or 9.0-mm, 23-gauge guide cannulae
aimed 1.0 mm above the BLA or CA1 area of the DH respectively, as described
in previous studies [14, 18]. Coordinates (BLA, anteroposterior, —2.8 mm from
bregma, mediolateral, 4.8 mm from bregma, ventral, =7.5 mm from skull
surface; DH anteroposterior, -4.3 mm from bregma; mediolateral, £3.0 mm
from bregma; ventral, -2.0 mm from skull surface) were obtained from the atlas
of Paxinos & Watson [19]. Animals were allowed to recover at least 7 days after

surgery.

2.3. Drug infusions

The general procedures for intra-BLA and intra-DH vehicle and
rapamycin infusions were as described in a previous report [14]. At the time of
infusion, a 30-gauge infusion needle was fitted into the guide cannula. The tip of
the infusion needle protruded 1.0 mm beyond the guide cannula and was aimed
at either the BLA or the CA1 area of the DH. Drug or vehicle (1%
dimethylsulfoxide, DMSO, in saline) were infused during a 30-s period. The
infusion needle was left in place for an additional minute to allow diffusion of the

drug away from the needle tip.

Fifteen min before, immediately after, or 6 h after NOR training or

reactivation, rats received a bilateral 0.5-pl infusion of vehicle or rapamycin (600
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nM dissolved in vehicle; Sigma-Aldrich, St. Louis, USA) into either the BLA or
DH. The dose of rapamycin was chosen on the basis of a previous study [14].

Drug solutions were freshly prepared before each experiment.

2.4. Novel object recognition

NOR training and testing took place in a 40 cm x 50 cm open field
surrounded by 50 cm high walls made of plywood with a frontal glass wall. The
floor was covered with sawdust. Objects used in training and testing trials
presented distinctive colors and shapes and consisted of pairs of identical cans,
small glass bottles, or blocks made with plastic Duplo Lego toys. The different
objects and their positions were counterbalanced across experiments and
behavioral trials, and all objects had a height of about 10 cm. The objects were
washed with a 70% ethanol solution between trials. Exploration was defined as
sniffing or touching the object with the nose and/or forepaws, sitting on the
object was not considered exploration. General training and test procedures
followed the general methods described in previous reports [3, 20-22]. Briefly,
rats were left to explore the empty arena for 2 minutes in the first day
(habituation). Twenty-four hours after habituation, training was conducted by
placing individual rats into the field, in which two identical objects (objects A1
and A2) were positioned in two adjacent corners, 10 cm from the walls. Animals
were left to explore the objects during 5 min and the time exploring each object
was recorded. On memory retention test trials given either 3 or 24 h after

training, rats explored the open field for 5 minutes in the presence of one
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familiar (A) and one novel (B) object. In experiments using pre- or post-
reactivation infusions, the 24-h test trial was used as a memory reactivation

session, and a second test trial was given 24 h after reactivation.

2.5. Histology

Twenty-four to 72 h after behavioral testing, a 0.5- pl (BLA) or 1.0-ul (DH)
infusion of a 4% methylene blue solution was given into the BLA or DH. Rats
were killed by decapitation 15 minutes later, and their brains were removed and
stored in 10% formalin for at least 72 h. The brains were sectioned and
examined for cannulae placement in the hippocampus and BLA. The extension
of the methylene blue dye was taken as indicative of diffusion of the drugs
previously given to each rat, as previously described [14, 18]. Rats with

incorrect cannula placements were excluded from the analysis.

2.6. Statistics

A recognition index calculated for each animal was expressed by the
ratio TB/(TA + TB)*100 [TA =time spent exploring the familiar object A;
TB = time spent exploring the novel object B]. Data are expressed as mean +

S.E.M. exploratory preferences. Comparisons between groups were performed
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using Mann-Whitney U-tests, two-tailed [3, 20-22]. In all comparisons, p < 0.05

was considered to indicate statistical significance.

3. Results

3.1. Pre- or posttraining intra-BLA infusion of rapamycin impairs NOR memory

retention

We first examined the effects of intra-BLA infusions of rapamycin on
NOR memory. In the first experiment, rats were given NOR training and tested
for retention 3 and 24 h later. Fifteen min before (pretraining infusions) training,
vehicle or rapamycin was infused into the BLA. Rapamycin significantly
impaired retention tested at 24 h (p < 0.05), but not at 3 h after training,
compared to vehicle-injected controls (Fig. 1A). In the second experiment,
rapamycin was infused immediately after training and rats were tested for
retention 24 h later. Rapamycin-treated rats showed impaired retention (p <
0.01; Fig. 1B). The results indicate that rapamycin infusion in the BLA either
before or early after training impairs long-, but not short-term memory for NOR,

suggesting that mTOR in the BLA is required for consolidation of NOR memory.

10
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Fig. 1 should be inserted here

3.2. Intra-BLA infusion of rapamycin after reactivation impairs NOR memory

retention

We next examined whether mTOR inhibition in the BLA would affect
NOR memory when given around the time of reactivation. These experiments
were carried out in the light of previous evidence indicating that mTOR in the
BLA is involved in regulating reconsolidation-like processes [14, 15]. Rats were
given NOR training followed by a reactivation session 24 h later. Fifteen min
before (pre-reactivation infusions), immediately after (post-reactivation
infusions), or 6 h (delayed infusion controls) after reactivation, vehicle or
rapamycin was infused into the BLA. An additional retention test trial was
carried out 48 h after training. There were no significant differences between
groups treated with vehicle and rapamycin in training or 24-h test latencies.
Intra-BLA rapamycin infused either before (Fig. 2A) or immediately after (Fig.
2B) reactivation produced an impairment in NOR memory in the 48-h test
compared to controls (both ps < 0.01). In contrast, rapamycin failed to affect 48-
h retention when infused 6 h after reactivation (Fig. 2C). Moreover, the
impairing effect of rapamycin was dependent on memory retrieval; a “no

reactivation” control experiment showed that intra-BLA rapamycin given 24 h

11
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after training in the absence of reactivation had no effect on 48-h retention (Fig.
2D). Together, these results indicate that rapamycin infused into the BLA either
before or shortly after reactivation impairs retention of NOR memory tested in a

subsequent retention trial.

Fig. 2 should be inserted here

3.3. Pre- or posttraining intra-DH infusion of rapamycin impairs NOR memory

retention

We went on to compare the effects induced by intra-BLA infusions of
rapamycin with those of infusions given into the DH. Rats were trained in NOR
and tested for retention 3 and 24 h later. Fifteen min before training, vehicle or
rapamycin was infused into the DH. There were no significant differences
between groups in performance in the training or 3-h retention test trials.
However, rapamycin-treated rats showed significantly reduced NOR retention in
the 24-h retention test (p < 0.05; Fig. 3A). Rapamycin also produced a
significant impairment of 24-retention when infused immediately after training (p
< 0.05; Fig. 3B). The findings suggest that mTOR inhibition in the DH impairs

consolidation of NOR memory.

12
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Fig. 3 should be inserted here

3.4. Intra-DH infusion of rapamycin before reactivation impairs retention of NOR

memory

In the final set of experiments, we examined the effects of intra-
hippocampal rapamycin given before or after reactivation on NOR memory.
Rats were trained in NOR and given intra-DH infusions of vehicle or rapamycin
15 min before, immediately after, or 6 h after the reactivation session carried out
24 h after training. A retention test was given 24 h after reactivation. There were
no significant differences between rats treated with vehicle and rapamycin in
training or 24 h test latencies. Intra-DH rapamycin significantly impaired 48-h
retention when infused before reactivation (p < 0.05; Fig. 4A). In contrast, 48-h
performance in rats given rapamycin after reactivation did not differ from that of
control rats (Fig. 4B). As with intra-BLA infusions, a “delayed injection” control
experiment showed that intra-DH rapamycin did not affect NOR retention when
infused 6 h after reactivation (Fig. 4C). Finally, the impairing effect of pre-
reactivation rapamycin required memory retrieval, as shown by a “no
reactivation” control experiment (Fig. 4D). The results indicate that rapamycin
infused into the DH before reactivation impairs NOR memory tested in a

subsequent retention trial.

13
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Fig. 4 should be inserted here

3.5. Total exploration time

Total time exploring both objects during NOR training, reactivation, and
retention test trials is shown in Table 1 (rats given intra-BLA infusions) and
Table 2 (rats given intra-DH infusions). There were no significant differences
between rats given rapamycin and controls in total exploration during training or
reactivation sessions, indicating that the effects of rapamycin could not be
attributed to altered locomotion, exploratory activity, or motivation during those
sessions. However, rats given rapamycin into either the BLA or DH after
training, and rats given intra-BLA rapamycin after reactivation showed

decreased exploration in the retention test trial (all ps < 0.05).

Table 1 should be inserted here

14
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Table 2 should be inserted here

3.6. Histology

Fig. 5 shows a schematic drawing of the extent of the dye spread within
the BLA and DH of rats in which infusion placements were considered correct.
Seventeen rats cannulated in the BLA and 6 rats cannulated in the DH were

excluded because of incorrect infusion placements.

Fig. 5 should be inserted here

4, Discussion

Previous studies have indicated that NOR, generally considered a
memory task that does not involve explicit emotional arousal, is regulated by
stress hormones and BLA activation, particularly under conditions in which rats

are not extensively habituated to the context before training. For example,

15
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consolidation of long-term memory for NOR is enhanced by systemic
administration of adrenaline or glucocorticoids, as well as by intra-BLA infusion
of noradrenaline after training, whereas posttraining intra-BLA infusion of the
beta-adrenoceptor antagonist propranolol impairs NOR retention [3-6].
However, the role of molecular mechanisms proposed to mediate synaptic
plasticity in NOR memory has not been previously examined in the BLA.

Evidence has indicated that inhibition of mTOR by rapamycin within the
BLA impairs both consolidation and reconsolidation of memory for aversive
conditioning [14, 15]. However, the possible role of amygdalar mTOR in
memory for tasks that do not involve explicit fear-eliciting stimuli had not been
previously investigated. Our results provide the first evidence indicating that
mTOR activation in the BLA is required for formation and long-term stabilization
of memories for low-arousing training experiences. The cellular mechanisms
underlying the effects of amygdalar mTOR inhibition on memory remain to be
clarified. mTOR in neurons is better known as a key regulator of local protein
synthesis induced by synaptic activity [9]. However, the BLA has been proposed
as a brain area involved in modulating synaptic plasticity and memory
consolidation in other brain areas, rather than a site for protein-synthesis-
dependent memory storage [1]. Thus, it is possible that mechanisms other than
an inhibition of protein synthesis and plasticity within the BLA are involved in the
memory-impairing effects of intra-BLA rapamycin.

mTOR acts as a central component of two multi-protein complexes,
mTORC1 and mTORC2, leading to alterations in the activity of protein kinase
pathways such as phosphoinositide 3-kinase (PI3K), as well as in the

phosphorylation state of the eukaryotic initiation factor 4E binding protein (4E-
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BP1) and p70s6 kinase (p70s6K). Rapamycin inhibits mTORC1 by associating
with the intracellular protein FKBP12, and together they bind the FKBP12-
rapamycin-binding (FRB) domain of mTOR, preventing mTOR-protein complex
formation [7-9]. Importantly, the PIS3K/mTOR pathway has been shown to cross-
talk with other protein kinase pathways. For example, both cross-activation and
cross-inhibition between the PISK/mTOR and Ras/extracellular-regulated kinase
(ERK)/mitogen-activated protein kinase (MAPK) pathways have been reported
[23]. Since the PI3K and ERK/MAPK pathways act downstream of
neurotransmitter and hormone receptors and play a role in BLA activity related
to its modulatory role in memory consolidation [1, 24, 25], it is possible that
mTOR inhibition alters the activity of neurochemical systems involved in
regulating BLA activity and memory formation through mechanisms that do not
require long-term synaptic plasticity dependent on protein synthesis.
Alternatively, mTOR inhibition might affect more general aspects of neuronal
metabolism. mMTOR has emerged as a regulator of glucose uptake and
glycolysis, lipid synthesis, and mitochondrial metabolism [26]. It is possible that
alterations in cellular metabolism produced by mTOR inhibition in BLA neurons
affect the memory-modulatory function of the BLA.

Several studies using lesions, pharmacological inhibitors, or genetic
manipulations have suggested a role for the DH in NOR memory formation,
although the nature of its involvement remains controversial [22, 27-29]. One
previous study has examined the effects of intra-DH infusions of rapamycin on
consolidation and reconsolidation of NOR [17]. Here we replicated some of
those experiments using modified experimental conditions, in order to allow for

a comparison between the effects of intra-BLA and intra-DH infusions of
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rapamycin on NOR memory. Consistently with the findings by Myskiw et al. [17],
we found that NOR memory was impaired by rapamycin infused into the DH
immediately after training. We also found an impairing effect of intra-DH
rapamycin given before either training or reactivation. The finding that post-
reactivation intra-DH infusion of rapamycin had no effect on retention could be
confounded by the relatively low mean exploratory preference towards the novel
object (60.02%) displayed by control rats during the retention test in that
specific experiment. However, there was not even a trend for a difference
between controls and rapamycin-treated rats in retention levels (p = 0.94). In
addition, a lack of effect of intra-DH post-reactivation rapamycin would be
consistent with the previous results observed by Miskyw et al. [17] in
experiments in which rats were presented with familiar objects during NOR
reactivation.

The findings that rapamycin impaired retention when given before or after
reactivation into the BLA and before reactivation into the DH are consistent with
a role for mTOR signaling in reconsolidation of NOR memory. We have recently
reported evidence indicating that rapamycin inhibition of mTOR in the BLA or
DH hinders reconsolidation of inhibitory avoidance [14]. Moreover, a previous
study has suggested that mTOR in the DH is required for NOR reconsolidation
under specific training and reactivation conditions [17]. However, in the present
study we have not verified whether the memory impairment produced by
rapamycin given around the time of reactivation is long-lasting or undergoes
spontaneous recovery, which could confound the interpretation of the results as
reconsolidation deficits (for a review, see [30]). On the basis that

reconsolidation can taken as a phase of a “lingering consolidation” process and
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a mechanism that allows the strengthening of consolidation of recently formed
memories [30-32], it is possible that rapamycin given at reactivation inhibits the
long-term stabilization or a late phase of consolidation of NOR memory. Further
studies are required to examine the nature of mTOR involvement in
reconsolidation of NOR memory.

Several results control for the specificity of the rapamycin-induced
impairments in NOR memory found in our experiments. First, pretraining
infusions of rapamycin did not affect short-term retention measured 3 h after
training; second, rapamycin did not affect retention when given at a later time
interval (6 h) after reactivation; and finally, there were no significant differences
between groups in total exploration during training and reactivation sessions
(although there was considerable variability in exploration times among
experiments as well as among behavioral sessions within the same
experiment). The reduced exploration time observed in rapamycin-treated rats
during the retention test trials in some experiments might be related to the
memory impairment itself. One possibility is that rats with impaired memory
spend relatively more time exploring the training arena than the objects. It is
also possible that rats with impaired memory have increased anxiety when
exposed to the training context and objects during test, leading to reduced
locomotion and exploration. It is unlikely that rapamycin infusions induced a late
alteration in locomotion or motivation, because infusions given 6 h after

reactivation had no effect on retention test performances.

5. Conclusions
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In conclusion, the present findings provide evidence that mTOR signaling
in both the BLA and DH is required for consolidation of NOR memory. In
addition, mTOR may play a role in reconsolidation-like processes or long-term
stabilization of recognition memory. The findings support the view that signaling
mechanisms involved in regulating protein synthesis, synaptic plasticity, and cell

metabolism in the BLA modulate memory for low-arousing tasks.
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Table 1. Total time exploring both objects during NOR training, reactivation, and
retention test trials in rats given infusions of vehicle or rapamycin into the BLA.
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Group Mean + S.E.M. total time (s) exploring both objects
Pretraining infusions

n Training 3 h test 24 h test
Vehicle 10 1584 +1.12 | 24.44+2.80 18.34 + 2.99
Rapamycin | 11 1738 +1.50 | 29.83 + 1.04 13.15 + 1.50

Posttraining infusions

n Training 24 h test
Yelicte 8 23.98 + 1.50 32.88 + 5.64
Bapamyeq 8 27.83 +0.59 28.37+2.98 *

Pre-reactivation infusions

n Training Reactivation 48 h test
Vehicle 8 2558 +124  |38.06+3.14  |3243%237
Rapamycin | 7 24.05+285 | 50.77 +3.83 30.61 +4.11

Post-reactivation infusions

n Training Reactivation 48 h test
Vehicle 8 2267+164  |4149+433  [30.23+1.97
Rapamycin | 9 2261+1.70 | 49.87 £ 3.61 21.5242.25*

Delayed infusion control

n Training Reactivation 48 h test
Vehicle 9 2341+154  |2470+£259  |23.70+2.73
Rapamycin |7 21.45+309  [22.02+2.03 19.18 £ 1.12

No reactivation control

n Training 48 h test
yehigle " 116.06+1.94 21.87 £ 1.71
Rapamycin | 11 14.84 +1.23 22.81+1.63

*

p < 0.05 compared to controls within the same behavioral session.
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Table 2. Total time exploring both objects during NOR training, reactivation, and
retention test trials in rats given infusions of vehicle or rapamycin into the DH.

Group Mean + S.E.M. total time (s) exploring both objects
Pretraining infusions

n Training 3 h test 24 h test
Vehiple 8 4594+529 |1069£240 157854349
Rapamyeln |8 5419:853 11372159 153484191

Posttraining infusions

n Training 24 h test
vehicle 12 |15.36£2.15 25.34 £ 4.77
BapEmyen |9 15.21+1.16 12.63 £ 1.65 *

Pre-reactivation infusions

n Training Reactivation 48 h test
Vehicle 13 25.43 + 2.41 34.43+4.43  [30.71+4.05
Rapamycin | 11 28.78 +2.06 36.70 + 3.98 24.60 + 2.86

Post-reactivation infusions

n Training Reactivation 48 h test
Vehicle 9 26.60£2.09 |44.85+3.64  |27.09%3.79
Rapamycin | 11 26.37+2.66  |50.01+3.93  |30.09%3.74

Delayed infusion control

n Training Reactivation 48 h test
Vehicle 8 1524064 1957137  |18.15+1.39
Rapamycin |7 1403+1.04  |1955£210  [13.74£1.90

No reactivation control

n Training 48 h test
Vehicle 12 20.28 +0.94 30.30 £ 3.17
Rapamycin | 11 18.93+1.16 33.91+ 2.38

*p < 0.05 compared to controls within the same behavioral session.
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Six h after reactivation, vehicle (n = 9) or rapamycin (n = 7) was infused into the
BLA. There was no significant difference between groups. (D) No reactivation
control. Rats were trained and tested for retention 48 h later. Twenty-four h after
training, vehicle (N = 11) or rapamycin (N = 11) was infused into the BLA in the
absence of reactivation. There was no significant difference between groups.
Data are expressed as exploratory preferences, defined as mean + S.E.M.
percent time exploring object A2 during training or the novel objects B or C

during retention test trials.

Fig. 3. Inhibition of mTOR by rapamycin in the DH impairs formation of long-
term recognition memory. (A) Rats were given NOR training and tested for
retention 3 and 24 h later. Vehicle (n = 9) or rapamycin (n = 8) was infused into
the DH 15 min before training. Rats given rapamycin showed significantly
impaired retention compared to controls 24 h (* p < 0.05), but not 3 h after
training. (B) Rats were infused with vehicle (n = 12) or rapamycin (n = 9)
immediately after training. When tested for retention 24 h after training, rats
given rapamycin had significantly impaired retention compared to controls (* p <
0.05). Data are expressed as exploratory preferences, defined as mean +
S.E.M. percent time exploring object A2 during training or the novel objects B or

C during retention test trials.

Fig. 4. Inhibition of mTOR by rapamycin in the DH before reactivation impairs
recognition memory. (A) Rats were given NOR training followed by a memory
reactivation session 24 h later. Fifteen min before reactivation, vehicle (n = 13)

or rapamycin (n = 11) was infused into the DH. When tested for retention 24 h
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after reactivation (48 h after training), rats given rapamycin had significantly
lower latencies compared to vehicle-treated controls (* p < 0.05). (B) Rats were
trained and given a reactivation session 24 h later. Vehicle (n = 9) or rapamycin
(n = 11) was infused into the DH immediately after reactivation. When tested for
retention 24 h later (48 h after training), both groups showed similar levels of
exploratory preference. (C) Delayed infusion control. Rats were trained and
given a reactivation session 24 h later. Six h after reactivation, vehicle (n = 8) or
rapamycin (n = 7) was infused into the DH. There was no significant difference
between groups. (D) No reactivation control. Rats were trained and tested for
retention 48 h later. Twenty-four h after training, vehicle (N = 12) or rapamycin
(N = 11) was infused into the DH in the absence of reactivation. There was no
significant difference between groups. Data are expressed as exploratory
preferences, defined as mean + S.E.M. percent time exploring object A2 during

training or the novel objects B or C during retention test trials.

Fig 5. Infusion placements into the BLA and DH. Schematic diagrams of
coronal sections of the rat brain, adapted from the atlas of Paxinos and Watson
[19], depicting the diffusion of methylene blue in the (A) BLA and (B) DH for rats

included in the statistical analysis.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Parte Il

12. CONSIDERACOES FINAIS

NOs demonstramos que a via de sinalizagdo de mTOR na amigdala
basolateral e no hipocampo dorsal € necesséria para consolidacdo da memoria
de esquiva inibitéria e de reconhecimento de objetos. Nés também mostramos
gue ao apresentar a caixa de esquiva inibitoria junto com a descida a grade ou,
no caso da tarefa de reconhecimento de objetos, um novo objeto, ao animal o
traco da memoria anteriormente consolidado, se torna novamente suscetivel e
pode ser prejudicado pela inibicio de mTOR por rapamicina. O presente
trabalho sugere que a traducdo de proteinas, dependente de mTOR, esta
associada ao processo de formacdo e manutencdo da memobria. A respeito

disso, outros estudos demonstraram que a via de mTOR no hipocampo e

[N

amigdala, além de outras regides cerebrais, como o cortex auditorio,

importante para outros tipos de memdrias como memoéria auditiva, espacial

D

aversiva (Tischmeyer et al. 2003; Dash et al. 2006; Parsons et al. 2006a).
Nossos resultados com infuséo intra-amigdalar indicam que (1) o
bloqueio de mTOR amigdalar por rapamicina 15 minutos antes ou
imediatamente depois do treino prejudica a consolidacdo da memoria de longa
duracdo de esquiva inibitéria sem prejudicar a memoria de curta duracdo. O
mesmo acontece com a retencdo da memoaria de reconhecimento de objetos.
Estes resultados indicam a necessidade de mTOR na amigdala na fase inicial da
consolidacéo destes dois tipos de memadria. O desempenho dos animais néo foi
comprometido por qualquer efeito inespecifico da rapamicina uma vez que
animais infundidos com veiculo apresentaram semelhante performance. (2) O
bloqueio de mTOR amigdalar por rapamicina 15 minutos antes e imediatamente
apos a reativagdo da memoria de esquiva inibitéria e da memobria de
reconhecimento de objetos prejudica a reconsolidacdo. O mesmo ndo acontece
6 horas depois da reativacao, indicando que a participacdo de mTOR para a
reconsolidagcdo da memoria acontece em uma janela temporal que inicia logo

apos a reativacdo da memoria e termina em algum momento antes de 6 horas
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depois da reativacdo em ambas as tarefas. Ainda € possivel observar que (3) o
efeito amnésico causado por rapamicina s6 acontece na presenca de uma
sessao de reativacdo do traco mneménico. Uma vez que a rapamicina por si sO
ndo acarreta nenhum prejuizo na memoria do animal, fica excluida a
possibilidade de um efeito tardio na consolidacdo. (4) Uma vez que o déficit de
memoria causado por rapamicina nao foi revertido pelo choque reminder,
podemos considerar que o0 prejuizo da retencdo da memoria causado pela
infusdo de rapamicina ndo pode ser atribuido a facilitacdo da extingdo, mas sim
um déficit na reconsolidacdo da memoéria e pode ser devido a um bloqueio da
traducédo na amigdala basolateral.

Nossos resultados com infusdo intra hipocampal indicam que (1) o
bloqueio de mTOR por rapamicina 15 minutos antes e imediatamente depois do
treino, prejudica a consolidagdo da memoria de longa duracdo de esquiva
inibitéria sem prejudicar a memoaria de curta duracédo. Na tarefa reconhecimento
de objetos, a infusdo de rapamicina imediatamente, mas nao quinze minutos
antes do treino bloqueia a consolidagdo da memodria. Estes resultados indicam a
necessidade de mTOR no hipocampo na fase inicial da consolidacao e que este
envolvimento pode possuir diferencas temporais de acordo com o tipos de
memoarias (aversiva e de reconhecimento). O desempenho dos animais nao foi
comprometido por qualquer efeito inespecifico da rapamicina uma vez que
animais infundidos com veiculo apresentaram a mesma performance. (2) O
bloqueio de mTOR hipocampal por rapamicina 15 minutos antes, mas nao
imediatamente apds a reativacdo da memoéria de esquiva inibitéria prejudica a
reconsolidacdo. O contrario acontece com na tarefa de reconhecimento de
objetos, ou seja, a infusdo de rapamicina quinze minutos antes, mas nao
imediatamente depois da reativacdo, blogueia a reconsolidacdo da meméria. Em
ambas as tarefas, quando a infusdo de rapamicina acontece 6 horas depois da
reativacao, a retencdo da memoria nao é prejudicada. Estes resultados indicam
gue a participacdo de mTOR hipocampal para a reconsolidacdo da memoria
pode ser tempo e tarefa-dependente e que esta acontece em uma janela
temporal que inicia logo ap0s a reativacdo do traco mnemobnico e termina em
algum momento antes de 6 horas depois da reativacdo. Ainda € possivel
observar que (3) o efeito amnésico causado por rapamicina s6 acontece na

presenca de uma sessédo de reativacao do trago mnemonico. Como a rapamicina
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por si s6 ndo acarreta nenhum prejuizo na memoaria do animal, fica excluida a
possibilidade de um efeito tardio na consolidacao. (4) O prejuizo da retencéo da
memoria causado pela infusdo de rapamicina ndo pode ser atribuido a facilitacao
da extingdo, mas sim a um déficit na reconsolidacdo da memodria e pode ser
devido a um blogueio da traducdo no hipocampo dorsal.

Evidéncias experimentais sugerem que memadrias consolidadas ndo sao
imutaveis, pois, ap0s serem evocadas, tornam-se novamente labeis e, para
persistirem, necessitam da ocorréncia de outro processo também dependente de
sintese protéica, chamado de reconsolidacdo (Alberini, 2005). Estudos sugerem
gue o principal papel da reconsolidacao é re-estabilizar o traco que fora alterado
em consequéncia de sua reativacdo (Nader et al., 2000a; Milekic e Alberini,
2002; Tronson e Taylor, 2007). De fato, estudos mostram que a memoria de
esquiva inibitéria e de reconhecimento de objetos, quando reativada, torna-se
susceptivel a inibidores de sintese protéica (Milekic et al. 2007; Myskiw et al.
2008). Rossato e colaboradores (2007) mostraram que a inibicdo de sintese
protéica no hipocampo, prejudica a persisténcia da memoria de reconhecimento
de objetos quando a infusdo do inibidor ocorre apds a reativacdo do traco
original da memoria (Rossato et al. 2007). O hipocampo parece estar envolvido
no processamento de informacdes relacionadas a deteccdo da novidades no
ambiente (Moncada e Viola, 2006).

De maneira geral podemos sugerir, baseados em nossos resultados de
esquiva inibitéria que a janela temporal pés-aquisicdo em que a inibicdo de
MTOR por rapamicina prejudica a sintese protéica no hipocampo pode ser curta
em relacdo a amigdala, perdurando até somente alguns minutos depois da
aquisicdo. Este déficit causado pela rapamicina pode ser devido a um bloqueio
da traducéo de novas proteinas na amigdala basolateral e no hipocampo dorsal.
Ainda pertinente ao efeito da rapamicina sobre a reconsolidacdo da memodria,
parece haver uma dissociacéo entre o tempo de ativacdo de mTOR hipocampal,
mas ndo amigdalar. Este fato também pode ser creditado ao distinto papel
destas estruturas na memoria de esquiva inibitéria. A amigdala estaria mais
associada ao componente aversivo da tarefa, enquanto o hipocampo, ao
componente contextual (Roesler et al. 2003b). Esta dissociacdo sugere que a
amigdala seja de fato, um sitio de modulagdo de memdrias com componentes

emocionais, e que a via de sinalizacdo de mTOR seja requerida em ambas as
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estruturas para a consolidacdo e reconsolidacdo da memodria. Neste caso, a
consolidacédo e a reconsolidacdo necessitam de sintese protéica tanto na
amigdala quanto no hipocampo dependente de mTOR. Contudo, a rapamicina é
considerada um inibidor de sintese protéica local. Como a amigdala basolateral
parece ser mais sensivel a inibicdo de mTOR do que o hipocampo dorsal, é
tentador especular que a amigdala depende de sintese protéica local tanto para
consolidagdo, quando para reconsolidacdo da memoéria de longa duracao.
Fortalecendo essa suposi¢cdo, um sugere que a reconsolidacdo na amigdala
pode ser mantida por sintese protéica local (Parsons et al. 2006b).

Nossos resultados sugerem que a via de sinalizacdo de mTOR na
amigdala participa na formacdo e reconsolidacdo da memoria aversiva de
esquiva inibitéria e na memdéria de reconhecimento de objetos. Essa participacao
€, de certa forma, esperada, uma vez que a amigdala é parte integrante do
circuito neural associado a formag¢do da memoéria (Mclintyre et al. 2011) Contudo,
neste estudo foi mostrado pela primeira vez que mTOR amigdalar é necessaria
para a consolidacdo da memoéria de esquiva inibitéria e reconhecimento de

objetos.
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14. ANEXOS
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