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RESUMO

Os receptores canabindides CB1 estdo presentegameg quantidades no sistema
nervoso central, especialmente no hipocampo, asrugncefalica essencial para a
formacdo de memorias. Estudos recentes mostramportamte papel do sistema
endocanabindide hipocampal sobre a consolidacdovacagdo de memorias

emocionalmente relevantes ou que envolvam algumn dgaaversividade. Na primeira
parte desta tese, estudamos os efeitos da admgdistmtra-hipocampal de AM251, um
antagonista seletivo para os receptores canabm@@d, ou anandamida, um agonista
canabinoide endogeno, sobre as fases da recoms@ida extingdo da memodria na
tarefa do condicionamento aversivo contextual. B®ssesultados mostram que o
antagonista CB1 facilitou a reconsolidacdo, poréibiu a extincdo. A anandamida
inibiu a reconsolidacdo da memoria e facilitou ding&o, e esses efeitos foram
revertidos pela co-administracdo de uma dose siNeefde AM251, mostrando que os
efeitos sdo mediados pelos receptores CB1.

Na segunda parte do trabalho, investigamos osmisggas por trads do envolvimento
do sistema endocanabindide hipocampal sobre mesnénecionais/aversivas. Foram
desenvolvidos dois protocolos com diferentes nidasaversividade. O antagonista
CB1 AM251 inibiu a consolidagdo da memoria no proto de alta aversividade

(choque forte), mas ndo no de baixa aversividatlegiee fraco). Em seguida, os
animais foram submetidos a uma sesséo de estrasserpmetizar um aprendizado
aversivo e entdo, treinamos no protocolo fraco. nfusdo de AM251 inibiu a

consolidacdo da memoria nessas condicdes. O exgennseguinte avaliou se 0s



glicocorticoides liberados durante o estresse au aprendizado com forte conteudo
emocional é o fator determinante para a ativacaocsidma endocanabindide no
hipocampo. O AM251 inibiu a consolidacdo da mem@uando os animais eram
tratados com o glicocorticéide sintético dexametasnediatamente antes do treino
com choque fraco. Por fim, avaliamos se o locahd&o dos glicocorticoides era o
hipocampo. A administracdo intra-hipocampal de destasona n&o produziu efeito
sobre a consolidagdo, sugerindo que a modulacaoglioscorticéides ocorre de

maneira indireta. Esses resultados mostram quéeaxisa interacdo sinérgica entre o

sistema canabindide e glicocorticoéide sobre a nagdia da memoria.



ABSTRACT

CB1 cannabinoid receptors are abundantly presethteitrain, with large concentration in
the hippocampus, an essential structure for the oneprocesses. Experimental evidence
suggests an important role of the endocannabingstes (ECS) in aversively-motivated
memories. Similarly, Glucocorticoids (GC) releasadresponse to stress exposure also
modulates memory formation, and both stress andrdethasone activate the ECS. The
scope of the first part is to investigate the pbé&tnrole of the hippocampal
endocannabinoid system on reconsolidation and eidim Bilateral infusion of CB1
antagonist AM251 into the dorsal hippocampus aftemory reactivation facilitated the
reconsolidation of the contextual fear conditionmngmory. In contrast, the local infusion
in CAl1 with anandamide blocked memory reconsolagtian effect that was antagonized
after the combined administration of anandamidé& &itCB1 antagonist, supporting a role
of the hippocampal endocabinnoid system in the rfatidm of the reconsolidation. Local
infusion with AM251 into CA1 blocked memory extirat whereas the administration of
ananadamide facilitated memory extinction. Howewdren combined with a subthreshold
dose of the antagonist the extinction remain uwttk Our results demonstrated a
modulatory role of the hippocampal endocannabingydtem in both processes after
retrieval: reconsolidation and extinction

In the second part, we investigated the interadbetween the ECS and GCs in the
hippocampus in the modulation of fear memory cadatibn. Two protocols with different
shock intensities were used in order to controllével of aversiveness. Local infusion of

AM251 into the CA1 immediately after training wasestic in the strong, but not in the



weak protocol. Moreover, AM251 was amnestic in aisnstressed prior to the weak
protocol, reverting the stress-induced facilitateftect. In order to investigate if the stress
effect was mediated by glucocorticoid, we perforntkamethasone injection before
training. Intrahippocampal AM251 infusion reducedmuory in these animals. Finally, we
investigated if glucocorticoid action site was iipgocampus. Dexamethasone infused
directly in CA1 was not able to mimic the systenmjection effect, suggesting an indirect
GC modulation. In conclusion, ECS and GC seemftiragt in a synergic way in order to

modulate memory consolidation.
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1. INTRODUCAO

Dentre todas as fungdes exercidas pelo encéfalo, a mais fascinante ¢ a sua
capacidade de reter informagdes de fatos, eventos e habilidades. Pois em consequéncia
disso (somado as informagdes inatas presentes em nosso genétipo) cada um de nés é um
individuo Unico. Portanto, ¢ a memoria que garante nossa individualidade e personalidade.
Além disso, a memoria possui um papel fundamental para a nossa sobrevivéncia, pois
permite a reten¢do de informacgdes oriundas de experiéncias vividas que irdo nortear nossas
acOes futuras. A existéncia da memoria em organismos filogeneticamente mais antigos,
como nos invertebrados, € a sua conservacao ao longo da evolugdo, reflete o grande valor
adaptativo da memoria, que permite aos organismos adaptarem-se as constantes mudangas

do ambiente.

1.1. MEMORIA

Pode-se definir memoéria como o registro da representacdo de informagdes
adquiridas através de experiéncias. Apesar do nosso organismo estar constantemente
recebendo informacgdes através de nossos sentidos, apenas uma pequena fracdo serd retida
de forma duradoura. A intensidade e a duragdo da memoria ¢ determinada pela importancia
da informagdo e o grau de aten¢do e emocdo envolvidos no momento da aquisicdo da

memoria. Uma vez retida, a informagdo pode ser evocada. A memoria pode ser classificada



de acordo com o tempo de retencdo e quanto ao conteudo da informagdo, ilustrado

resumidamente no quadro I.

CLASSIFICACAO DA MEMORIA QUANTO A DURACAO

Quadro I

Tipo Duragio Caracteristicas

Memoria de Segundos a poucos Nao produz “arquivos” duradouros. Mantém a informacao on line,
Trabalho minutos através da atividade de neur6nios do cortex pré-frontal enquanto
(Operacional) estamos executando determinada tarefa.

Curta Duragao Até cerca de 6 horas Mantém a informagdo enquanto a memoria de longa durag@o esta

apoés o aprendizado

sendo formada. Nao requer sintese de novas proteinas.

Longa Duragado

Dias, anos, toda a vida

habilidades do individuo.

Garante o registro do passado autobiografico, conhecimento e

CLASSIFICACAO DA MEMORIA QUANTO A NATUREZA DE SEU CONTEUDO

Tipo

Caracteristicas

Principais estruturas
encefalicas envolvidas

Declarativa ou Explicita

Podem ser subdivididos em episédicas, que refere-se a
eventos autobiograficos, ¢ semanticas, que refere-se a
fatos e conceitos.

Formagao hipocampal,
amigdala, diencéfalo e
neocortex

Nao-declarativa ou
Implicita (de
precedimentos)

Habitos e habilidades motoras.

Nucleos da base e cerebelo

Nota: Apesar da conceituagdo e classificagdo da memoria ser um método didaticamente valido, ele ndo é
totalmente preciso. Muitas memorias possuem componentes implicitos e explicitos, dificilmente dissociados,
que podem agir de maneira sinérgica ou competitiva. Além disso, ndo existe consenso entre as classificagées,
tanto quanto a durag¢do como ao conteudo, havendo uma grande divergéncia entre os autores.

Tao importante quanto armazenar informagdes ¢ a nossa capacidade de esquecer,

pois além de ndo sobrecarregar nosso sistema com memorias que deixaram de ser

relevantes, nos permite fazer generalizacdes e abstracdes.

A formagcdo de uma memoéria ndao ocorre instantaneamente, logo apds o

aprendizado, ocorrem modificacdes moleculares e celulares requeridas para que essa




memoria seja formada. Durante esse periodo, chamado de consolidacdo, a informagao pode
ser alterada por eletrochoque convulsivo (ECC), traumas, hipotermia ou tratamentos
farmacologicos, antes de se estabilizar. Passada essa “janela temporal”, esses tratamentos
ndo sao mais efetivos (Duncan, 1949; McGaugh, 1966, 2000; Sara, 2000). O termo
“consolida¢@o” foi cunhado por Muller e Pilzeker em 1900 através de experimentos com
humanos, mostrando que um aprendizado pode interferir sobre outro se o intervalo entre
eles for curto. Estudos com modelos animais de amnésia retrograda foram demonstrados a
partir de 1949 por Duncan, mostrando que o tratamento com ECC logo apds o treinamento
prejudicava a consolidacdo da memoria em animais, porém esse fendmeno ndo ocorria se o
ECC fosse apresentado depois de transcorrido um intervalo maior de tempo em relacio ao
treino. Ou seja, a memoaria parece possuir uma fase labil (e, portanto, sujeita a modulagdes)
apos a aquisi¢do. Entretanto, depois de consolidada, seria armazenada em um estado

estavel.

No final da década de 60, foi demonstrado que a memoria poderia retornar para um
estado 1abil apds a evocagdo (Misanin et al., 1968). Nesse trabalho, o grupo do Dr. Lewis
demonstrou que o tratamento com ECC apo6s a evocag¢do (usualmente chamada de

reativagdo no jargdo de pesquisadores de reconsolidacdo), prejudicava a memoria.

Interessantemente, se o ECC fosse apresentado na auséncia da reativagdo, tal
prejuizo ndo ocorria. Portanto, o ECC s6 afetava a memoria se ocorresse logo apos a
evocacdo, mostrando que a memoria se relabiliza quando evocada. Esse fenomeno foi
chamado posteriormente de reconsolidagdo (apesar de ndo se tratar exatamente de um
simples segundo round da consolidagdo). Apesar da relevancia do assunto, esse trabalho

ndo teve a repercussao merecida gracas ao forte “dogma” da consolidagdo vigente na época,
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de que a memoria apds uma vez consolidada, ndo mais seria passivel de mudangas. O tema
voltou a tona vigorosamente em 2000, quando um trabalho do laboratério do Dr. Joseph
LeDoux, foi publicado na revista Nature (Nader et al., 2000). Nesse estudo, a infusdo do
inibidor de sintese protéica, anisomicina, na amigdala lateral, imediatamente apds a
reativagdo, inibiu a reconsolidagdo da memoria. Assim como nos trabalhos de Lewis, a

memoria tinha que ser reativada para tornar-se sensivel ao tratamento.

Durante a evocagdo, portanto, a memoria pode tornar-se labil novamente,
necessitando de processos moleculares e celulares, como transcricdo e tradugdo génica,
ativagdo de receptores NMDA, entre muitos outros mecanismos necessarios para manter-se
¢/ou atualizar-se (Nader et al., 2000; Lee et al., 2006; Da Silva et al., 2008). Além disso, a
reativacdo da memoria por um periodo prolongado, pode desencadear um outro processo,

de conteudo oposto ao da memdria original: a extingdo.

O fisiologista russo Ivan Pavlov descreveu que quando um estimulo condicionado
(EC), o qual inicialmente ndo produz uma resposta comportamental significativa, ¢ pareado
com um estimulo incondicionado (EI) (biologicamente significante, que produz
invariavelmente uma resposta), o mesmo passa a produzir uma resposta condicionada. Ou
seja, ocorre uma associagdo entre os dois estimulos. Essa associacdo foi chamada de
condicionamento pavloviano ou cléssico. Se o EC for repetidamente apresentado sem o EI,
o animal tenderd a produzir uma nova associa¢do: EC sem EI, diminuindo a resposta

condicionada, processo chamado de extingao.

Apesar de Pavlov ter demonstrado esse condicionamento em caes, hoje em dia, o

mesmo principio ¢ amplamente utilizado no estudo da neurobiologia da memoria em
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roedores. Nesse caso, o EC ¢ comumente um determinado contexto, e o EI, um choque nas
patas. Apods a associagdo entre o EC e o EI, a exposi¢do ao contexto provoca uma resposta
condicionada, usualmente quantificada pela resposta estereotipada de medo, chamada de
congelamento (freezing, em inglés). A reexposi¢ao prolongada ao contexto sem o EI produz

a extin¢do, diminuindo, portanto, a resposta condicionada.

Dois processos antagOnicos, portanto, podem derivar da evocagdo da memoria
(dependendo do “valor” atribuido a informagdo): se a informagdo ¢ importante, essa
memoria vai ser reconsolidada e mantida, caso contrario ela tendera a ser extinta, conforme
mostra a figura 1. Ou seja, a evocagdo da memoria ndo € um processo passivo, ela recruta
diversas cascatas bioquimicas para “definir” o rumo dessa memoria recém-evocada. O
sentido bioldgico da reconsolidagdo da memoria é manter e acrescentar novas informagdes
a memoria antiga, enquanto o da extin¢do ¢ de formar uma nova memoria com significado

distinto da memoria original.

L
“*oh [ extingiio

FIGURA 1.
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1.2. CANNABIS SATIVA E O SISTEMA ENDOCANABINOIDE

A Cannabis sativa (classificada por Carolus Linnaeus em 1753) (fig. 2),
popularmente conhecida como maconha ou haxixe, entre muitos outros nomes, vem sendo
utilizada ha milhares de anos por seus efeitos psicoativos (Elphick, 2001), tanto para usos
medicinais, como recreativos (Wilson e Nicoll, 2002). A folha e a flor da Cannabis sativa
secretam cerca de 60 compostos terpenofenolicos chamados de canabinodides. Destes, o
principal principio ativo é o A’tetrahidrocanabinol (THC), descrito em 1964 (Gaoni &
Mechoulam, 1964). Devido a natureza lipofilica do THC, acreditava-se que seu mecanismo
de acdo seria pela interagdo com a membrana plasmatica, modificando sua fluidez (Hillard
et al., 1985). O primeiro indicio de que o mecanismo de agdo da cannabis era mediado por
receptores de membrana, surgiu quando Howlett demonstrou que canabinodides diminuiam
a quantidade de AMPc em cultura de neuroblastoma, sugerindo que esses receptores eram
acoplados a proteina G, (Howlett, 1984). A busca por uma maior compreensdao sobre os
receptores canabinoides continuaram, com a confirmacao através de binding (Devane et al.,
1988), localizacdo (Herkenham et al., 1990), e finalmente a clonagem do receptor CB1

(Matsuda et al., 1990).

Depois da identificagdo de receptores canabinodides especificos, a questdo natural a
ser pensada era: ndo possuimos esses receptores para a possibilidade de utilizar a Cannabis,
provavelmente deve haver algum ligante enddgeno que ative esses receptores. Em 1992,

utilizando extratos de encéfalo de porcos, isolou-se o primeiro canabindide enddgeno, o N-
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araquidonil-etanolamina (Devane et al., 1992), (a qual foi chamada de anandamida, que
significa “felicidade”, do sanscrito). Trés anos apds, um segundo canabindide enddgeno foi

identificado, o 2-araquidonilglicerol (2-AG) (Mechoulam et al., 1995). Cannabis Sativa
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Figura 2. CANNABIS SATIVA
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Nos seres humanos, o THC produz -euforia, antinocicepcdo, dificulta a
concentracdo, entre outros efeitos (Ameri, 1999). Exerce seus efeitos ligando-se aos
receptores canabindides CB1 e CB2 (fig. 3 e 4). Os receptores CB1 estdo localizados
principalmente no SNC, e os CB2, em cé¢lulas do sistema imunitario - principalmente em
linfocitos B e T, mastocitos e macrofagos (Iversen et al., 2001). Entretanto, trabalhos
recentes demonstraram a presenga de CB2 no tronco encefilico (o qual pode estar
envolvido no controle da émese) (Van et al., 2005) ¢ em outras estruturas encefalicas

(Brusco et al., 2008), porém o seu papel fisiologico ainda ndo é compreendido.

Os receptores CB1 s3o os receptores metabotropicos mais abundantes no SNC
(Howlett et al., 2002; Herkenham et al., 1991) e estdo localizados principalmente nos
nucleos da base, cortex, cerebelo e hipocampo (Wilson e Nicoll 2002). Esses pertencem a
familia de receptores acoplados a proteina Gjo, a qual inibe a adenilato ciclase e os canais
de célcio dependentes de voltagem do tipo N e P/Q, e estimulam canais de potéassio e a

enzima MAPK (Ameri 1999) (fig.6).

Além dos receptores CB1 e CB2, os endocanabindides podem se ligar nos
receptores TRPV1 (Toth et al., 2009; Starowicz et al., 2007), PPAR (O’Sullivan 2007) e

GPRS55 (Ryberg et al., 2005).
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Timeline of Cannabis use and scientific advances

Western world  Medical use
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Religious use leams of lagalized in
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The Ancient World to the present
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Adenyiyl cloned SRA141716A,
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discovered coupling mapped cloned | withdrawal mice
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1964 1984 1986 1988 1990 1992 1593 1954 1095 1998

Cannabis Research Developments

Ficura 3. Historico Do Uso E DescoBertas Da Cannabis. Extraipo DE CHILDERS 1998.

same as CB2 esesssesnset..
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different in CB2

not in CB2 . COOH

FIGURA 4. RECEPTORES CANABINOIDES. ADAPTADO DE CHILDERS 1998.
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FiGURA 6. MECANISMO DE TRANSDUCAO. ADAPTADO DE CHILDERS 1998.

Dois principais canabindides endégenos, ou endocanabinodides, foram identificados:
a n-araquidoniletanolamina (anandamida) (Devane et al., 1992) e 2-araquidonilglicerol (2-
AG) (Mechoulam et al., 1995), ambos eicosanoides. Outras moléculas endogenas que se
ligam aos receptores ja foram identificadas, como a noladina éter (2-araquidonilglicerol
¢ter), a virodamina (O-araquidonil-etanolamina) e a N-araquidonil-dopamina (Bisogno et
al., 2005, Hanus et al., 2001, Porter et al., 2002), porém pouco se sabe sobre elas. Os
endocanabinoides classicos (anandamida e 2-AG) sdo sintetizados a partir de fosfolipidios
de membrana e liberados por neuroénios pos-sinapticos (mensageiros retrogrados) de forma
dependente de calcio (consequente da atividade neuronal). Sdo inativados principalmente
por recaptagdo (por neurdnios e glia) e posteriormente hidrolisados por enzimas

especificas: a anandamida ¢ metabolizada pela acido graxo amida hidroxilase (FAAH) em
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etanolamina e acido araquidonico (Mechoulam et al., 1998) e o 2-AG por uma lipase de

monoacilglicerol (embora também pela FAAH) (Goparaju et al., 1999).

Viérios achados sugerem que os canabinoides possam modular a liberacao e agdo de
distintos neurotransmissores. Desta forma, foi verificada uma interagdo entre canabindides
e sistemas gabaérgicos, glutamatérgicos, dopaminérgicos, noradrenérgicos e colinérgicos

(Chaperon e Thiebot, 1999).

No hipocampo, os receptores CB1 parecem estar localizados basicamente nos
terminais pré-sinapticos de neurdnios gabaérgicos, principalmente nas células em cesta que
co-liberam colecistocinina (CCK) (Katona et al., 1999; Tsou et al., 1999; Wilson & Nicoll,
2002). De fato, agonistas CB1 reduzem fortemente a liberacdo de GABA no hipocampo, e
que, nesta estrutura, tal efeito ¢ revertido pelo antagonista seletivo CB1 SR141716A
(Katona et al., 1999). Trés trabalhos recentes mostraram, independentemente, a presenga de
receptores CB1 em terminais de neuronios piramidais glutamatérgicos no hipocampo
(Katona et al., 2006; Takahashi & Castillo, 2006; Kawamura et al., 2006), embora com uma

concentragao 20 vezes maior em interneurdnios inibitorios (Kawamura et al., 2006).

Muitos efeitos atribuidos @& maconha em usudrios cronicos (muitas vezes por
jornalistas e outros leigos, sem conhecimento para interpretar alguns resultados) ndo foram
comprovados em estudos em humanos e modelos animais, além de serem bastante
contraditorios: ¢ o caso de muitos relatos acerca do desenvolvimento de tolerancia e
dependéncia, toxicidade, lesdes em estruturas encefélicas, alteragdes hormonais ou na
producdo de gametas, mutagénese e carcinogénese - pelo menos em doses normais,

proximas as consumidas por usuarios (Iversen, 2001).
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1.3 SISTEMA CANABINOIDE E MEMORIA

O déficit de atengdo, aprendizado e memoria com a administracdo aguda de
canabinomiméticos em mamiferos t€ém sido mostrados ha bastante tempo na literatura. A
infusdo de agonistas canabinodides sintéticos WIN55212-2, CP55940, HU-210 e naturais
como o THC, e mesmo daquelas moléculas que depois vieram a ser detectadas como sendo
endocanabinodides, administrados de forma sistémica antes do treino, tiveram efeitos
prejudiciais sobre a memoria em diferentes tarefas espaciais: labirinto radial de oito bragos
(Molina-Holgado et al., 1995, Lichtman et al., 1995 e 1996), alternacao espacial no
labirinto em T (Jentsch et al., 1997), campo aberto (Ferrari et al.,1999) ou DMTP (Mallet et

al., 1996; Hampson et al., 1998, 1999, 2000).

Entretanto esses experimentos ndo demonstraram conclusivamente até que ponto tal
efeito se deve a agdao dos canabindides sobre o hipocampo. Uma excecdo foi o trabalho de
Lichtman e colaboradores (1995), com administracdo intra-hipocampal, que encontrou
resultados similares com CP55,940 (agonista CBI1), porém exclusivamente sobre a
memoria de trabalho. Estudos com antagonistas canabindides administrados sozinhos (i.p.)
ndo mostraram efeitos deletérios (Da Silva & Takahashi, 2002; Davies et al., 2002), ou, por
outro lado, encontraram até mesmo facilitagdo da memoria de curta duragdo no labirinto
radial de 8 bragos (Lichtman et al., 2000). A administracdo sist€émica poOs-treino de
anandamida prejudicou a memoria na tarefa da esquiva inibitéria em ratos (Murillo-
Rodrigues et al., 1998) e camundongos (Castellano et al., 1997, 1999). A administracao
cronica de THC causou um déficit de memoria espacial na tarefa do labirinto radial de oito

bracos (Stiglick et al.,1982) e, por outro lado, uma facilitagdo na esquiva ativa (Stiglick et

21



al., 1984). Dois trabalhos recentes mostraram uma facilitagdo da aquisi¢do da memoria com
a inibicdo da FAAH na tarefa do labirinto aquatico de Morris (Varvel et al., 2006) e um
déficit sobre a aquisicdo e evocagdo com o antagonista-CB1 AM251 na tarefa do medo

condicionado (Arenos et al., 2006).

Em trabalhos anteriores, investigamos o papel do sistema canabindide enddgeno
sobre a aquisi¢do, consolida¢do e evocacdo da memoria, e sobre a inducdo da potenciagao
de longa duracdo (LTP), utilizando o agonista endégeno anandamida e um antagonista
seletivo para os receptores CB1, o AM251 (um enfoque um pouco diferente de outros
trabalhos, os quais procuravam investigar os efeitos dos canabinoides exdgenos sobre a
memoria). Nossos resultados mostraram uma importante participagdo do sistema
endocanabinoide sobre os processos de memoria e indugdo da LTP (de Oliveira Alvares et

al., 2005, 2006 e 2008). Alguns resultados estdo representados resumidamente na tabela

abaixo.

Aquisicao Consolidagao Evocacao LTP
Anandamida [0) O [0) -
AM251 [0) O O O

(P = sem efeito
O= facilitagdo
O= prejuizo

— = ndo realizado
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Estudos recentes mostram um papel-chave do sistema endocanabindide sobre a
extingdo da memoria em camundongos nocaute para o receptor CB1 (Marsicano et al.,
2002). Além disso, a administragdo sistémica do agonista canabindide WIN55212-2 e a
inibicdo da FAAH, facilitam a extingdo da memoria (Pamplona et al., 2006; Varvel et al.,

2006).

Em termos de reconsolidacdo da memoria, existem poucos trabalhos envolvendo os
receptores CB1, e seus resultados sdo aparentemente conflitantes: Suzuki e colaboradores
ndo encontraram efeito com o antagonista CB1 SR141716A administrado i.p. antes da
reativagdo da memoria (Suzuki et al., 2004). Outros trabalhos foram feitos com a infusdo na
amigdala, do agonista WIN55212-2, que inibiu a reconsolidagdo (Lin et al., 2006), ou do

antagonista AM251, que também inibiu a reconsolidacao (Bucherelli et al.,2006).

A importancia fisiologica do sistema endocanabindide sobre o aprendizado
emocional ¢ refor¢ada pela grande concentragdo de receptores CB1 no SNC e a presenca de
endocanabindides em estruturas encefalicas envolvidas neste tipo de memoria, como o
hipocampo (Herkenham et al., 1990). Apesar disso, surpreendentemente pouco se sabe a
respeito da fungdo do sistema canabindide enddgeno sobre a extingdo ou a reconsolidagdo

da memoria nessa estrutura.

Embora existam muitos trabalhos mostrando a importdncia do sistema
endocanabinoide sobre a formag¢do de memorias emocionais aversivas, esse sistema parece
ndo participar da formagdo de memorias com menores niveis de alerta e/ou aversividade
(Holter et al., 2005; de Oliveira Alvares et al., 2005; Pamplona e Takahashi, 2006; Niyuhire

et al., 2007). Entre os hormonios liberados durante um aprendizado com contetido
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emocional, os glicocorticoides estdo entre os que possuem um papel bastante conhecido
sobre a memoria. Muitos trabalhos mostram que tanto uma situacdo de estresse, como a
administracdo de corticosterona ou do glicocorticoide sintético dexametasona facilitam a
consolidagdo da memoria (Quirarte et al.,1997; Roozendaal et al., 2002; Roozendaal et al.,
2006) e prejudicam a evocacdo (de Quervain et al.,1998). Roozendaal e colaboradores
demonstraram que a corticosterona s6 influencia a consolidagdo da memoria quando o
treinamento demanda um nivel minimo de alerta (arousal) (Okuda et al.,2004; Roozendaal

et al., 2006).

O fato do sistema endocanabindide e glicocorticdide possuirem o mesmo padrao de
modulagdo sobre memorias que envolvam algum grau de aversividade (facilitando a
consolidagdo e inibindo a evocagdo, o que ¢ incomum se compararmos com outros sistemas
neuromoduladores), sugere uma interacdo entre esses sistemas. Além disso, estudos
recentes mostraram que choques nas patas e a infusdo de dexametasona aumentam os niveis
dos canabindides enddgenos anandamida e 2-AG (Di et al., 2005; Hohmann et al.,2005).
Campolongo e colegas demonstraram que o efeito facilitatorio da corticosterona sobre a
consolidacdo da memoria era revertido com antagonista CB1 infundido na amigdala

basolateral, refor¢ando a hipdtese da interacdo entre os dois sistemas.

O corpo de resultados desta tese esta dividida em dois capitulos, que correspondem
aos dois artigos publicados durante o doutorado. O capitulo I refere-se aos experimentos
que avaliam o papel do sistema endocanabindide hipocampal sobre a reconsolidagdo e
extingdo da memoria. No capitulo II, investigamos a interagdo do sistema endocanabindide

e glicocorticoide sobre a consolidagdo da memoria.
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2. OBJETIVOS

2.1 OBJETIVO GERAL DO CAPITULO I:

Verificar a possivel participagdo do sistema endocanabindide hipocampal sobre os

processos de reconsolidagdo e de extingdo de memdrias aversivas empregando o modelo do

condicionamento aversivo contextual em ratos Wistar adultos.

2.1.1 Objetivos especificos:

1-

Verificar os efeitos da administragdao intra-hipocampal do antagonista
seletivo dos receptores CB1, AM251, sobre a reconsolidagao da memoria

no modelo do condicionamento aversivo contextual;

Verificar os efeitos da administragdo intra-hipocampal do agonista
canabinoide endogeno, anandamida, sobre a reconsolidacdo da memoria

no modelo do condicionamento aversivo contextual;

Verificar os efeitos da administragdao intra-hipocampal do antagonista
seletivo dos receptores CB1, AM251, imediatamente apds a sessdo de

extincdo da memoria no modelo do condicionamento aversivo contextual;

Verificar os efeitos da administragdo intra-hipocampal do agonista
canabinoide enddgeno, anandamida, imediatamente apds a sessao de

extincdo da memoria no modelo do condicionamento aversivo contextual;

Verificar se os efeitos da administracdo intra-hipocampal do agonista
canabinoide endogeno, anandamida, sobre a reconsolidagdo ¢ revertido
pela infusdo de uma dose sem efeito proprio do antagonista seletivo dos
receptores CB1, AM251, no modelo do condicionamento aversivo

contextual;
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Verificar se os efeitos da administragdo intra-hipocampal do agonista
canabinoide enddgeno, anandamida, sobre a extingdo ¢ revertido pela
infusdo de uma dose sem efeito proprio do antagonista seletivo dos
receptores CB1, AM251, no modelo do condicionamento aversivo

contextual.
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2.2 OBJETIVO GERAL DO CAPITULO II:

Verificar os mecanismos subjacentes a participagdo hipocampal do sistema

endocanabinoide sobre a formacdo de memorias emocionais-aversivas, mas nao sobre

memorias neutras ou com um menor grau de aversividade no modelo do condicionamento

aversivo contextual em ratos Wistar adultos.

2.2.1 Objetivos especificos:

1-

Verificar se o sistema endocanabindide ¢ recrutado para o processo de
consolida¢do da memdria num protocolo de aversividade moderada (com
choques de 0,3mA) ou de alta aversividade (choques de 0,7mA) no
modelo do condicionamento aversivo contextual, através da
administra¢ao intra-hipocampal do antagonista CB1, AM251, apds o

treino;

Verificar se o sistema endocanabindide ¢ recrutado para o processo de
consolidagao da memoria num protocolo de aversividade moderada (com
choques de 0,3mA) quando os animais sdo submetidos previamente a uma
sessdo de estresse, através da administracdo intra-hipocampal do

antagonista CB1, AM251, ap0s o treino;

Verificar se o sistema endocanabindide ¢ recrutado para o processo de
consolida¢do da memoria num protocolo de aversividade moderada (com
choques de 0,3mA) quando os animais sdo infundidos sistemicamente
com glicocorticoide sintético dexametasona i.p., através da administragao

intra-hipocampal do antagonista CB1, AM251, ap0s o treino;

Verificar se o local de acdo dos glicocorticoides sobre a consolidacdao da

memoria €, de fato, o hipocampo, através da infusdo intra-hipocampal de
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dexametasona, um glicocorticoide sintético, num protocolo de

aversividade moderada (com choques de 0,3mA).
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3. CAPITULO I

Artigo “Opposite action of hippocampal CB1 receptors in memory reconsolidation and
extinction” publicado na revista Neuroscience 154(4):1648-55, 2008.

29



Please cite this article in press as: de Oliveira Alvares L, et al., Opposite action of hippocampal CB1 receptors in memory reconsoli-
dation and extinction, Neuroscience (2008), doi: 10.1016/j.neuroscience.2008.05.005

Neuroscience xx (2008) xxx

OPPOSITE ACTION OF HIPPOCAMPAL CB1 RECEPTORS IN MEMORY
RECONSOLIDATION AND EXTINCTION

L. DE OLIVEIRA ALVARES,*? B. PASQUALINI GENRO,*?P
F. DIEHL,>" V. A. MOLINA°" AND J. A. QUILLFELDT®""*

“Laboratério de Psicobiologia e Neurocomputagdo, Departamento de
Biofisica, Instituto de Biociéncias, Universidade Federal do Rio
Grande do Sul, Av. Bento Gongalves, 9500, Prédio 43422, sala 208A,
CEP 91.501-970, Porto Alegre, RS, Brazil

bPrograma de Pés-Graduagdo em Neurociéncias, Instituto de Cién-
cias Basicas da Saude, Universidade Federal do Rio Grande do
Sul-Porto Alegre, Porto Alegre, RS, Brazil

°Departamento de Farmacologia, Facultad de Ciencias Quimicas, Uni-
versidad Nacional de Cérdoba, Haya de la Torre y Medina Allende,
Ciudad Universitaria, 5000 Cérdoba, Argentina

Abstract—Retrieval of a consolidated memory triggers a num-
ber of processes which depend, among other factors, on the
duration of the reactivation session: reconsolidation requires a
brief reactivation session, and extinction, a prolonged one. The
scope of this study is to explore the potential role of the hip-
pocampal endocannabinoid system on reconsolidation and ex-
tinction processes. Bilateral infusion of the CB1 cannabinoid
receptor antagonist, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2, 4-di-
chlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) into
the CA1 region of the dorsal hippocampus of Wistar rats after
memory reactivation facilitated the reconsolidation of the con-
textual fear conditioning memory. The inhibition of protein syn-
thesis with DRB in the same brain region blocked memory
reconsolidation. Both effects were persistent, lasting up to 7
days after the first retrieval experience. In contrast, the local
infusion of anandamide blocked memory reconsolidation, an
effect that was antagonized by the combined administration of
anandamide with a subthreshold dose of a CB1 antagonist,
supporting a CB1-mediated role of the hippocampal endocan-
nabinoid system in the modulation of the memory reconsolida-
tion. Local infusion of AM251 into CA1 blocked memory extinc-
tion whereas the administration of anandamide facilitated it;
however, when combined with a subthreshold concentration of
the CB1 antagonist, anandamide did not affect the extinction
process. The clear-cut, opposite effects observed in each situ-
ation suggest a possible role of the hippocampal endocannabi-
noid system as a switching mechanism deciding which pro-
cesses will take place, either maintaining the original memory
(reconsolidation) or promoting a new learning (extinction).
© 2008 IBRO. Published by Elsevier Ltd. All rights reserved.
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In recent years, numerous authors have shown that mem-
ories already established can become transiently labile by
a recall session—usually using the conditioned stimulus
(CS) as a reminder cue of the original learning presented
for a limited period of time (Przybyslawski and Sara, 1997;
Nader, 2003a,b; Debiec and LeDoux, 2004; Duvarci and
Nader, 2004). This phase is followed by a stabilization
period, usually defined as reconsolidation, which requires
de novo protein synthesis, at least in the involved brain
structures (Misanin et al.,1968; Przybyslawski and Sara,
1997; Przybyslawsk et al., 1999; Nader el at., 2000; Eisen-
berg et al., 2003; Pedreira and Maldonado, 2003; Debiec
and LeDoux, 2004; Duvarci and Nader, 2004). For in-
stance, Nader et al. (2000) have shown that anisomycin
infused into the basolateral nuclei of the amygdala shortly
after memory reactivation (but not in the absence of this
session) produces amnesia on later tests, proving that
consolidated fear memories, when reactivated, return to a
labile state that requires de novo protein, a phenomenon
called reconsolidation.

If re-exposure to the CS extends beyond some critical
period, the conditioned response gradually decreases in a
process called extinction, where the original memory trace
is not erased, but transiently replaced by a new active
learning: during this acquisition, animals learn that the
presentation of the CS no longer predicts the occurrence of
the unconditioned stimulus (US) (Bouton, 2004; Bouton et
al., 2006; Myers and Davis, 2007). Therefore, reconsoli-
dation demands a brief reactivation session, whereas ex-
tinction takes place after longer CS presentation, or after
repeated presentations of the CS without the US. Conso-
nant with this view, several authors have proposed that the
duration of the re-exposure session to the CS is a decisive
factor that critically influence which process will predomi-
nate: reconsolidation or extinction (Bustos et al., 2006,
2008; Debiec et al., 2002; Pedreira and Maldonado, 2003;
Boccia et al., 2004, 2007; Suzuki et al., 2004; Tronson and
Taylor, 2007).

Cannabinoid CB1 receptors are expressed throughout
the brain, mainly in the basal ganglia, hippocampus, neocor-
tex, and cerebellum (Davies et al., 2002; Wilson and Nicoll,
2002; Mackie, 2005). Being one of the most abundant class
of metabotropic receptors in the brain, it is especially promi-
nent in the hippocampus (Herkenham et al., 1991; Ameri,
1999; Hampson and Deadwyler, 1999), a structure essential
for memory formation (Squire, 1992; Izquierdo and Medina,
1995). It is a consensus that glutamatergic synapses are the
main responsible for the building of memory traces (see, e.g.
Bliss and Collingridge, 1993; Izquierdo and Medina, 1995;
Lamprecht and LeDoux, 2004; Izquierdo et al., 2006; Kull-
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mann and Lamsa, 2007), so understanding the role of any
modulatory system affecting it is of paramount importance. In
the hippocampus, CB1 receptors are mostly localized on
inhibitory interneurons (Katona et al., 1999; Egertova and
Elphick, 2000; Tsou et al., 1999), but also on glutamatergic
axon terminals (Katona et al., 2006; Takahashi and Castillo,
2006, and Kawamura et al., 2006), with a density 20 or more
times higher in the inhibitory pre-synaptic sites than in the
excitatory ones (Monory et al., 2006, 2007; Kawamura et al.,
2006; Domenici et al., 2006).

Previous findings from our laboratory have shown that
the post-training intra-hippocampal infusion of the CB1 an-
tagonist N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichloro-
phenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) dis-
rupted memory consolidation of the step-down inhibitory
avoidance task (De Oliveira Alvares et al., 2005, 2006, 2008).
Surprisingly, a pre-test infusion of the same drug into the
same structure and task has facilitated memory retrieval at
the same dose that was amnestic post-training (for a discus-
sion of that, please refer to De Oliveira Alvares et al., 2008).

In the last years, several reports have been showing that
endocannabinoids play an important role in extinction of
memories that are mostly aversive (Varvel et al., 2002, 2007;
Suzuki et al., 2004; Chhatwal et al., 2005; Marsicano et al.,
2002). Some of these works, specially those employing an-
tagonists as pharmacological tools, point to a definite role of
the endocannabinoids in these cognitive functions. The diffi-
culty remains in that most of these studies were done using
systemic infusions (e.g. Suzuki et al., 2004), and since CB1
receptors are present in different brain structures (involved in
different physiological roles), these reports are hardly conclu-
sive in terms of anatomical substrate. However, Kobilo et al.
(2007), infusing SR141716A directly into the insular cortex,
have found a disruption of extinction similar to that reported
by Suzuki et al. (2004) with i.p. administration: considering
they were using different animals (respectively, rats and
mice) and behavioral tasks, this is a notable convergence.
Also, Varvel et al. (2007), studying knockout mice for fatty-
acid amide hydrolase (FAAH), have found a facilitatory effect
upon Morris water maze memory extinction: FAAH (—/-)
mice submitted to an extinction protocol showed an increase
in the latencies to reach the position where the hidden plat-
form was located in the training session and a decrease in the
percentage of time spent in the target quadrant, i.e. animals
in this model of increased endocannabinoid tone extin-
guished the learned response at a quicker rate than normal
FAAH (+/+) mice. This is an interesting result since Morris
water maze is a less aversive behavioral paradigm.

Concerning memory reconsolidation, however, there are
fewer studies focusing on the role of the endocannabinoid
system, and conflicting results are not rare. Both Suzuki et al.
(2004) and Kobilo et al. (2007) reported a lack of effect of the
CB1 antagonist SR141716A upon the reconsolidation aver-
sive memories, with the important difference that the first one
was infused i.p., and the other, in the insular cortex. Lin et al.
(2006) found that two cannabinoid agonists infused into the
amygdala disrupted reconsolidation of the startle memory, an
effect proved to be mediated by CB1 receptors, since it was
reverted by a concomitant subthreshold concentration of

AM251. Allin all, the participation of this system in the mem-
ory reconsolidation remains unclear.

Based on the fact that endocannabinoids seem to mod-
ulate several phases of memory formation, and since CB1
receptors are highly concentrated in the hippocampus, a
brain structure with a well known role in the control of memory
processes, such as extinction or reconsolidation (Bonini et
al., 2007; Rossato et al., 2006; Debiec et al., 2002; Vianna et
al., 2001; Lee et al., 2006), it seems reasonable to hypothe-
size that this endogenous system could have an important
role as a “route defining” system deciding between these two
“routes” of a contextual fear memory continuation. The mod-
ulatory role of endocannabinoids in this region, acting both
upon glutamatergic synapses and inhibitory GABAergic inter-
neurons, calls for a closer look in terms of its participation in
these memory processes.

EXPERIMENTAL PROCEDURES
Animals

One hundred twenty-six male Wistar rats (age 2—3 months, weight
210-300 g) from our breeding colony were used in this experi-
ment. Animals were housed in plastic cages, four to five to a cage,
under a 12-h light/dark cycle and at a constant temperature of
24+1 °C, with water and food ad libitum.

Surgery

All animals were anesthetized by a mixture of ketamine and
xylazine (i.p., 75 and 10 mg/kg, respectively) and bilaterally im-
planted with a 27-gauge guide cannulae aimed at AP —4.2 mm
(from bregma), LL +3.0 mm, DV 1.8 mm, aimed 1.0 mm above the
CA1 area of the dorsal hippocampus (according to Paxinos and
Watson, 1998). After recovery from surgery (1 week), animals
were submitted to the behavioral procedure.

Contextual fear conditioning (CFC)

The conditioning chamber consisted in an illuminated Plexiglas
box (25.0%25.0 cm grid of parallel 0.1 cm caliber stainless steel
bars spaced 1.0 cm apart). In the conditioning trial (day 1), rats
were placed in the chamber for 3 min and received two 2-s 0.7 mA
foot shocks separated by a 30 s interval. Before returning to the
home cages, animals were kept in the conditioning environment
for an additional minute. Reconsolidation or extinction protocols
were performed 48 h later as follows: animals were re-exposed to
the same context for 3 or 25 min, respectively, without receiving a
foot-shock. Twenty-four hours later, all animals were tested for 5
min in the same context, and some groups were also retested 5
days later. A control group was submitted to the same procedure,
but without the memory reactivation session. Freezing time was
registered by an experienced observer that was unaware of the
treatments, and used as a memory index.

Drugs

At the time of infusion, immediately after the re-exposure ses-
sion, a 30-gauge infusion needle was fitted into the guide
cannulae, with its tip protruding 1.0 mm beyond the guide
cannulae and aimed at the pyramidal cell layer of CA1 in the
dorsal hippocampus (Fig. 1). A bilateral infusion of 0.5 ul was
performed at a 20 ul/h rate. Animals were divided into three
groups, each receiving one of these drugs: AM251, a selective
CB1 antagonist (Tocris Cookson Inc., Ellisville, MO, USA; con-
centrations of 5.5 or 0.27 ng per side/hemistructure injected),
anandamide (AEA), a CB1 agonist (Tocris, concentrations of
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Fig. 1. Drawing representing AP plane —4.2 mm adapted from the
atlas of Paxinos and Watson (1998) showing the extent of the area
reached by the tip of the infusion cannulae, where our drugs were
infused in the rat dorsal hippocampus (stippled area represent average
region of acceptance, as dyed by 0.5 ul of 2% Methylene Blue in saline
infused through the same cannulae right after kill by decapitation).

0.17 ng per side/hemistructure injected), 5,6-dichloro-1-b-p-
ribofuranosylbenzimidazole (DRB), a protein synthesis inhibitor
(Calbiochem, 10 ng per side/hemistructure injected) previously
shown to block memory consolidation (Igaz et al., 2002), or
their vehicle (phosphate-buffered saline with 8% dimethylsulf-
oxide). Vehicle composition and the selected doses of the
drugs were chosen on the basis of previous experiments from
our laboratory (De Oliveira Alvares et al., 2005, 2006, 2008).
Statistical analysis of the behavioral data was limited to the 107
of 126 animals with correct cannulae placements (see Fig. 1).
All experimental procedures were performed in strict accor-
dance to the recommendations of Brazilian Society for Neuro-
sciences (SBNeC), the Brazilian College of Animal Experimen-
tation (COBEA), and the International Brain Research Organi-
zation (IBRO), being previously approved by the Ethics on
Research Review Committee of our institution, UFRGS, mean-
ing that they are in compliance with the U.S. National Institutes
of Health Guide for Care and Use of Laboratory Animals (pub-
lication no. 85-23, revised in 1985), the European Communities
Council Directive of 24 November 1986 (86/609/EEC), and the
Brazilian law (Law no. 6.638/1979). Every effort was made to
minimize the number of animals used and their suffering.

RESULTS

Effect of the CB1 antagonist and of the protein
synthesis inhibitor on memory reconsolidation

The effects of 5.5 ng/side of both AM251 and DRB adminis-
tered immediately after a 3 min re-exposure are shown in Fig.

2. The one-way ANOVA test revealed a significant difference
among treatments between test 1 and test 2 sessions, the
last one taking place 5 days after test 1 (F(2,23)=41.207,
P=0.000 and F(2,23)=17.471, P=0.000, respectively). All
animals performed similar freezing during reactivation
(F(2,23)=0.855, P=0.438). Student-Newman-Keuls post
hoc test comparisons indicated that AM251 and DRB rats are
different from vehicle-treated animals (P<0.05).

Effect of the CB1 antagonist on memory extinction

Fig. 3 depicts the effect of AM251 on the extinction of
contextual fear memory. Paired t-test revealed a signif-
icant difference between the first 4 min period from the
last 4 min of the 25 min re-exposure session in all
animals (P=0.000 in every group). However, indepen-
dent t-test revealed no difference between AM251
and vehicle rats during these periods (F(1,3)=0.14,
P=0.673 and F(1,3)=6.72, P=0.919). In the test,
AM251 rats displayed significantly more freezing that
control rats (F(1,3)=0.000, P=0.011). Fear was signifi-
cantly lower in vehicle animals during the test as com-
pared with the fear observed during the first 4 min period
of re-exposure, indicating extinction retention (Paired
t-test, P=0.000). In contrast, AM251 rats performed
similar freezing to that performed by the same ani-
mals during the first 4 min of re-exposure, suggesting
that AM251 blocked the consolidation of extinction
(P=0.755).

Effect of the CB1 antagonist and the protein
synthesis inhibitor DRB, without re-exposure to
the context

Rats injected either with AM251 or DRB, and without re-
exposure to the conditioning environment are shown in
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Fig. 2. Effect of AM251 and DRB in the contextual fear conditioning
task upon the memory reconsolidation (after a 3 min re-exposure
treatment). Diagram above describes the behavioral procedure used
in this experiment. Data are the mean=S.E.M. percentage of time rats
spent freezing in the 3 min reactivation and the 5 min test sessions,
each one a re-exposure to the training context. Ns per group are 7—-11.
ANOVA shows no significant difference among reactivation session.
(a) Significant difference (P<0.05) between the treated groups and
those control in the test sessions.
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Fig. 3. Effect of AM251 in the contextual fear conditioning task
upon the memory extinction (after a 25 min re-exposure treatment).
Diagram above describes the behavioral procedure used in this
experiment. Data are the mean+S.E.M. percentage of time rats
spent freezing in the first and the last 4 min of the 25 min reacti-
vation session (here named “test 1”) and in the 5 min test session,
each of these a re-exposure to the training context. Ns per group
are 7-8. ANOVA shows no significant difference between the
groups in the first and last 4 min of the re-exposure session. (b)
Significant difference between the first and the last 4 min, in both
groups, showing that they had extinguished (ANOVA, P<0.05).
Only the control group kept this difference (between the first 4 min
and the test), showing that the AM251 had inhibited the extinction
consolidation. (a) Significant difference between the treated groups
in the test 2 session (ANOVA P<0.05).

Fig. 4. One-way ANOVA revealed no difference among the
groups (F(2,14)=0.559, P=0.584).

Effect of the CB1 agonist and on memory
reconsolidation

The effects of AEA, a subthreshold dose of AM251, or both
concomitantly administered immediately after a 3 min re-
exposure are shown in Fig. 5. One-way ANOVA revealed
a significant difference among treatment in the test session
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——

—1—

%Freezing

Without Reactivation Test

Fig. 4. Effect of AM251 and DRB in the contextual fear conditioning
task without exposing the animal to the reactivation session. Diagram
above describes the behavioral procedure used in this experiment.
Data are the mean=S.E.M. percentage of time rats spent freezing in
the 5 min test session, actually the first re-exposure to the training
context. Ns per group are 5-6. ANOVA shows no significant differ-
ences among groups in the test session.
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Fig. 5. Effect of AEA in the contextual fear conditioning task upon the
memory reconsolidation (after a 3 min re-exposure treatment). Data
are the mean=S.E.M. percentage of time rats spent freezing in the 3
min reactivation and the 5 min test sessions, each one a re-exposure
to the training context. Ns per group are 6—8. ANOVA shows no
significant difference among reactivation session. (a) Significant dif-
ference (P<0.05) among the AEA and the other groups in the test
session.

(F(3,26)=5.258, P=0.006). All animals performed similar
freezing during reactivation (F(3,26)=0.439, P=0.727).
Student-Newman-Keuls post hoc test comparisons indi-
cated that AEA rats are different from vehicle-treated ani-
mals (P<0.05).

Effect of the CB1 agonist on memory extinction

The effects of AEA and AEA with a subthreshold dose of
AM251 on the extinction of contextual fear memory are
shown in Fig. 6. Paired f-test revealed a significant differ-
ence between the first 4 min period from the last 4 min of
the 25 min re-exposure session in all animals (P=0.000 in
every group). However, one-way ANOVA revealed no dif-
ference among the groups during these periods
(F(2,27)=1.352, P=0.285 and F(2,27)=0.188, P=0.831).
In the test, there was a significant difference among the
groups (F(2,27)=7.606, P=0.004). Student-Newman-
Keuls post hoc test comparisons indicated that AEA rats
are different from the other groups (P<0.05). Fear was
significantly lower in every group during the test as com-
pared with the fear observed during the first 4 min period of
re-exposure, indicating a good extinction retention (paired
t-test, P=0.000 in every group).

Effect of the CB1 agonist without re-exposure to
the context

Rats injected either with AEA, a subthreshold dose of
AM251, or both concomitant administered without re-
exposure to the conditioning environment are shown in
Fig. 7. One-way ANOVA revealed no difference among the
groups (F(3,19)=0.048, P=0.986).
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Fig. 6. Effect of AEA in the contextual fear conditioning task upon the
memory extinction (after a 25 min re-exposure treatment). Diagram
above describes the behavioral procedure used in this experiment.
Data are the mean=S.E.M. percentage of time rats spent freezing in
the first and the last 4 min of the 25 min reactivation session (here
named “test 1”) and in the 5 min test session, each of these a
re-exposure to the training context. Ns per group are 6—7. ANOVA
shows no significant difference among the groups in the first and last
4 min of the re-exposure session. (b) Significant difference (P<0.05)
between the first and the last 4 min, in every group, showing that they
had extinguished. Every group kept this difference (comparing the first
4 min with the test performances). (a) Significant difference between
the AEA and control group in the test session.

DISCUSSION

CB1 antagonist AM251 infused intra-hippocampally imme-
diately after a 3 min re-exposure session, caused the
enhancement of the freezing response during the test,
suggesting a memory reconsolidation facilitation (Fig. 2),
an effect that was persistent, since a higher fear expres-
sion was still present 5 days after test 1. Consistent with
previous evidence (Nader et al., 2000; Suzuki et al., 2004),
our results also showed that the suppression of protein
synthesis employing the transcriptional blocker DRB in
CA1 has blocked memory reconsolidation (also in Fig. 2):
DRB was the drug of choice because of its reversible
action and selectivity for RNA polymerase Il (Chodosh et
al.,, 1989), and has been employed by other authors as
an alternative to other transcriptional inhibitors (e.g. Crow
et al.,, 1997; Igaz et al., 2002). Neither AM251 nor DRB
affected fear memory when the reactivation session was
omitted (Fig. 4) indicating (a) that these drugs (in these
doses) do not influence fear per se, and (b) confirming that
the reactivation session is necessary to observe the effect
of both drugs upon the reconsolidation.

Complementary to that, the local infusion of AEA has
disrupted memory reconsolidation (Fig. 5), and a com-
bined administration of AEA plus a subthreshold dose of
AM251 abolished this effect, supporting the notion that
the influence of endocannabinoids on memory recon-
solidation is mediated by CB1 receptors in the dorsal
hippocampus. Neither AEA nor AEA plus a subeffective

dose of AM251 was effective if the reactivation session
was omitted (Fig. 7).

The endocannabinoid hypothesis receives support by
the fact that a selective CB1 antagonist has an effect
probably due to the displacement of an endogenous pool
of ligands. But, as a conjecture it will lose strength if the
drug of choice happens to be a partial agonist. Actually,
since AM251 is a simple-substitution SR141716A deriva-
tive, a proved partial agonist (Landsman et al., 1997; Na-
kamura-Palacios et al., 1999), the possibility remains.
Originally considered a competitive antagonist (Gatley et
al., 1996), there is recent, sparse evidence suggesting the
reality of an “inverse cannabimimetic” effect of AM251
among other biarylpyrozoles (Pertwee, 2005). In any
event, agonist data may also contribute to support an
endocannabinoid hypothesis, despite being less conclu-
sive: its infusion, if causing any effect, should be inter-
preted carefully since this exogenous administration may
be adding tonus to a preexisting pool of endogenous li-
gands and the nature of the effect may be strongly sensi-
tive to the initial state of the endogenous system.

Our evidence also showed that the prolonged expo-
sure to the conditioned environment without the US led to
a gradual reduction of the fear response along the reacti-
vation session, presumably indicating that animals began
to extinguish their fear response. Consistent with this,
animals that were subjected to such re-exposure and later
on tested in the associated context, displayed a lower fear
compared with the fear observed in animals without the
reactivation trial. These observations support the notion
that a single but prolonged re-exposure to the context
without reinforcement, resulted in extinction in our experi-
mental paradigm.

When AM251 was locally infused in CA1 after a 25 min
re-exposure, rats performed a higher fear response if com-
pared with that exhibited by control animals, suggesting
that this drug has disrupted the consolidation of extinction
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Fig. 7. Effect of AEA in the contextual fear conditioning task without
exposing the animal to the memory reactivation on extinction session.
Diagram above describes the behavioral procedure used in this ex-
periment. Data are the mean*=S.E.M. percentage of time rats spent
freezing in the 5 min test session, actually the first re-exposure to the
training context. Ns per group are 5-6. ANOVA shows no significant
difference among the groups in the test session.
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(Fig. 3). Confirming the potential role of the hippocampal
CB1-mediated endocannabinoid system on the consolida-
tion of extinction, intra-hippocampal administration of ex-
ogenous AEA has facilitated extinction whereas the com-
bined infusion with AEA and AM251 has blocked such
facilitation (Fig. 6). A similar result was found by Chhatwal
et al. (2005) in a study of conditioned fear: using AM404 to
increase the tonus of endogenous cannabinoids they de-
tected a facilitation of extinction; SR141716A, by the other
side, blocked extinction and, infused along with AM404,
reverted the facilitation, supporting the notion of a CB1-
mediated effect.

Consistently with previous studies, the current findings
showed that the duration of the reactivation session is a
crucial variable that determines subsequent memory (De-
biec et al., 2002; Boccia et al., 2004, 2007; Suzuki et al.,
2004; Pedreira and Maldonado, 2003; Bustos et al., 2008).
Brief re-exposure leads to reconsolidation whereas a pro-
longed reactivation session induced extinction. There are
relevant functional differences between both processes. It
was suggested that reconsolidation can be an updating
mechanism conducted to incorporate new information to
an already consolidated memory (Tronson and Taylor,
2007; Suzuki et al., 2004). In contrast, the persistent pres-
ence of the CS without reinforcement leads to another
learning process and results in a new memory that com-
petes with and temporarily suppresses the memory formed
during the original association: an extinction (Bouton,
2004; Myers and Davis, 2002). According to our results,
the hippocampal endocannabinoid system seems to have
opposite modulatory roles on each of these processes:
hence, this system may disrupt the emergence of recon-
solidation when a brief re-exposure to the CS is used, and
with longer re-exposure to the CS extinction, learning
takes place and the hippocampal endocannabinoids act to
facilitate the consolidation of the extinction memory.

The disruption of reconsolidation observed with the
local infusion of AEA could be alternatively interpreted as a
facilitatory effect of AEA upon memory extinction after that
brief, 3 min re-exposure, an effect that could mimic a
reconsolidation disruption. However, we do not consider
this likely since such brief re-exposures may not be “in-
tense” enough to be able to initiate a new memory trace
necessary to extinguish the previous one: as Fig. 2 shows,
no change is detectable in the test session when the
reactivation session lasts 3 min for the vehicle-injected
groups.

These findings support the importance of the hip-
pocampal endocannabinoid system in the modulation of
memory reconsolidation and our results do not conflict
directly with any previous study. Suzuki et al. (2004) re-
ported that blockade of CB1 receptors after systemic ad-
ministration did not affect the reconsolidation of a contex-
tual fear memory, but since they used a systemic infusion,
this absence of effect might mean that two or more differ-
ent brain areas simultaneously affected may have com-
pensated for each other, e.g. neutralizing the particular
hippocampal effect. In fact, considering the intracerebral
results of Lin et al. (2006) and Kobilo et al. (2007), where

reconsolidation of an aversive task was blocked by the
infusion of CB1 agonists into the amygdala or the insular
cortex, respectively, we could propose that none of these
areas is the responsible for the neutralization/compensat-
ing effect observed in that systemic study; in any event,
each region seems to have its peculiarities, since, e.g. the
antagonist caused no effect when infused into the insular
cortex (Kobilo et al., 2007). Thus, if one of the functional
roles of the reconsolidation process is to update informa-
tion, the incorporation of new information during the reac-
tivation session could, in fact, be under the control of any
of these endogenous systems.

Data from Fig. 3 suggest that endocannabinoids are
necessary for the “consolidation of extinction,” a concept
already used by other authors (Duvarci et al., 2006; Lin et
al., 2003; Santini et al., 2001), since AM251 leads the test
two response to near-untrained levels, as in test 1 (1-4)
(% freezing higher than control group), i.e. the blockage of
endocannabinoid normal function disrupts extinction. Re-
cent studies reported not only that an extinction memory
attenuation was detected in CB1 knockout mice, but also
that blocking CB1 receptor with a specific antagonist dis-
rupts memory extinction in a variety of behavioral tasks
(Suzuki et al., 2004; Marsicano et al., 2002; Pamplona et
al., 2006; Kobilo et al., 2007). Moreover, in accordance
with the view that the hippocampal endocannabinoid sys-
tem is required for the emergence of memory consolidation
(de Oliveira Alvares et al., 2005, 2006, 2008), we can
tentatively propose that the activation of the endocannabi-
noid system has a permissive role on the formation of any
new memory, including an extinction memory, as reported
here and by Marsicano et al. (2002). Thus, during and/or
after a new learning, the synthesis and release of endo-
cannabinoids in the CA1 region of the hippocampus may
act in order to improve this new memory formation, facili-
tating the glutamatergic communication, the main thing
responsible for the memory trace building (Bliss and Col-
lingridge, 1993; Izquierdo and Medina, 1995; Lamprecht
and LeDoux, 2004; Kullmann and Lamsa, 2007).

In fact, Lee et al. (2006) have shown that systemically
infused NMDA antagonist MK-801 blocked fear condition-
ing (FC) extinction, and the NMDA partial agonist b-
cycloserine (DCS) potentiated it (systemically and into the
amygdala), when administered before a long “extinction
training” (reactivation) session; exactly the opposite took
place after a brief memory reactivation session: MK-801
impaired, whereas DCS increased, freezing, i.e. they, re-
spectively, impaired and enhanced reconsolidation. Even
taking into consideration the fact that hippocampal CB1
receptors are 20 or more times more concentrated in the
GABAergic interneurons than in glutamatergic terminals
(Monory et al.,, 2006, 2007; Katona et al., 1999, 2006;
Egertova and Elphick, 2000; Tsou et al., 1999; Takahashi
and Castillo, 2006; Kawamura et al., 2006; Domenici et al.,
2006), endocannabinoids can, by “directly” modulating the
effector synapses (i.e. the glutamatergic targets), or “indi-
rectly” (i.e. the GABAergic targets), be acting as the selec-
tor of the glutamatergic response: indeed, since (a) most of
the behavioral tasks in which this system seems to matter
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are of aversive nature, and (b) endocannabinoids were
shown to be released by stressful agents in different brain
areas (see, e.g. Hohmann et al., 2005), we may suppose
that endocannabinoids in the hippocampus are a nice
putative “switching mechanism” between memory pro-
cesses that takes place after reactivation: After a brief
re-exposure, endocannabinoids seem to act in order to
maintain the original memory, or, in other words, reconsol-
idating the memory (Sara, 2000); when the animals are
re-exposed for a long period in the CS without the US, a
new learning occurs, CS/no-US, i.e. an extinction takes
place: in this sense, our results may be more than conver-
gent with those of Lee et al. (2006). To this point, however,
this is all very conjectural and demands more investigation.

Putative treatments for some severely incapacitating
conditions such as posttraumatic stress disorder have
been proposed, ranging from the (usually spontaneously
reversible) facilitation of extinction (Myers and Dauvis,
2007) to the most promising reconsolidation impairment
(Nader, 2003a,b). Understanding the mechanism that de-
termines the route-choosing between such opposite pro-
cesses like extinction or reconsolidation may, in time, pro-
vide a viable approach for some psychiatric disorders in-
volving aversive memories.
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Stress response recruits the hippocampal
endocannabinoid system for the modulation
of fear memory

Lucas de Oliveira Alvares,'-*>* Douglas Senna Engelke,'-* Felipe Diehl, "2
Robson Scheffer-Teixeira,' Josué Haubrich,' Lindsey de Freitas Cassini,"
Victor Alejandro Molina,?? and Jorge Alberto Quillfeldt’%>
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Grande do Sul, CEP 91.501-970, Porto Alegre, Rio Grande do Sul, Brazil; 2 Programa de Pés-Graduagdo em Neurociéncias, Instituto de
Ciéncias Basicas da Satde, Universidade Federal do Rio Grande do Sul-Porto Alegre, CEP 90.046-900, Porto Alegre, Rio Grande do Sul,
Brazil; *Departamento de Farmacologia, Facultad de Ciencias Quimicas, Universidad Nacional de Cérdoba, Haya de la Torre y Medina
Allende, Ciudad Universitaria 5000, Cordoba, Argentina

The modulation of memory processes is one of the several functions of the endocannabinoid system (ECS) in the brain, with
CBI receptors highly expressed in areas such as the dorsal hippocampus. Experimental evidence suggested an important
role of the ECS in aversively motivated memories. Similarly, glucocorticoids released in response to stress exposure also
modulates memory formation, and both stress and dexamethasone activate the ECS. Here, we investigate the interaction
between the ECS and glucocorticoids in the hippocampus in the modulation of fear memory consolidation. Two protocols
with different shock intensities were used in order to control the level of aversiveness. Local infusion of AM25I into the
hippocampus immediately after training was amnestic in the strong, but not in the weak protocol. Moreover, AM25]
was amnestic in animals stressed O, but not 30-min prior to the weak protocol, reverting the stress-induced facilitatory
effect. Finally, intrahippocampal AM25I infusion reduced memory in animals that received dexamethasone immediately,
but not 30 min before training. These results are (1) consistent with the view that the dorsal hippocampus ECS is activated
on demand, in a rapid and short-lived fashion in order to modulate the consolidation of an aversive memory, and (2)
show that this recruitment seems to be mediated by glucocorticoids, either in the hippocampus or in other brain

regions functionally associated with the hippocampus.

In the last decade, growing evidence supports the role of the
endocannabinoid system (ECS) as a memory modulator, particu-
larly in mammal brain structures (Davies et al. 2002; Lutz 2007;
Viveros et al. 2007; Heifets and Castillo 2009). The involvement
of this modulatory system in areas such as the dorsal hippocam-
pus or the basolateral amygdala (BLA) is not only corroborated
by receptor density studies (Mackie 2005; Marsicano and Kuner
2008), but is also consistent with several pharmacological results,
usually obtained in behavioral tasks that are both aversive and
hippocampus dependent. For instance, CB1 antagonists were
shown to impair consolidation (de Oliveira Alvares et al. 2005)
and extinction (Suzuki et al. 2004; Pamplona and Takahashi
2006; Niyuhire et al. 2007), while having the opposite effect on
memory retrieval (de Oliveira Alvares et al. 2008a) and reconsoli-
dation (de Oliveira Alvares et al. 2008b). The same results may
not be observable when the administration is performed systemi-
cally or under a different experimental protocol (Suzuki et al.
2004; Pamplona and Takahashi 2006; Yim et al. 2008). The ECS
may be acting both at the cellular and the systems level, being
involved in memory processes that depend on protein synthesis
(de Oliveira Alvares et al. 2008b; Heifets and Castillo 2009;
Puighermanal et al. 2009) and, on the other side of the spectrum,
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is considered a good spike timing/brain oscillations coordinator
candidate (Robbe et al. 2006). Although the role of the ECS in
long-term memory modulation is better documented for aversive
tasks, this system does not appear to be involved in less-aversive
memories (Holter et al. 2005; de Oliveira Alvares et al. 2006;
Pamplona and Takahashi 2006; Niyuhire et al. 2007).

Among the several different stress hormones released after an
aversive learning paradigm, glucocorticoids (GC) are noticeable
for their broad functional and temporal range of effects (Joéls
2008; Joéls et al. 2009). The hippocampus is one of the memory-
related targets of these actions, being specifically susceptible to
uncontrollable stress through a pathway that involves the amyg-
dala (Kim and Diamond 2002; Akirav and Richter-Levin 2006;
Malin and McGaugh 2006). Several convergent studies show
that either corticosterone, or the synthetic glucocorticoid
dexamethasone, or stress promote the enhancement of memory
consolidation (Roozendaal and McGaugh 1996; Roozendaal
et al. 1999) while impairing retrieval (de Quervain et al. 1998;
Roozendaal et al. 2003). Moreover, recent studies have shown
that stress exposure or glucocorticoid administration impair
reconsolidation (Maroun and Akirav 2008; Wang et al. 2008)
and influence extinction (Cai et al. 2006; Yang et al. 2006) despite
some contradictory results (Maroun and Akirav 2008). It is quite
uncommon for a drug to exhibit a functional profile structured
like that exhibited by agents acting at the ECS, i.e., enhancing
consolidation while impairing retrieval, as well as causing exactly
opposite effects upon reconsolidation and extinction.
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The parallels between endocannabinoids and glucocorti-
coids acting upon different phases of memory processing suggest
an interaction between both systems, as already shown in other
brain areas (Di et al. 2003, 2005; Steiner and Wotjak 2008). A
recent report suggests that CB1-mediated signaling in the basolat-
eral amygdala is critically modulated by GCs in emotional mem-
ory consolidation (Campolongo et al. 2009). In addition, there are
studies showing that both stress and dexamethasone administra-
tion increased the level of both endocannabinoids anandamide
and 2-arachidonylglycerol (Di et al. 2003, 2005; Hohmann et al.
2005). The aim of the current study was to evaluate the interaction
between the ECS and glucocorticoids in the modulation of
memory consolidation using the contextual fear conditioning
(CFC) paradigm, a well known hippocampus-dependent learning
task (Kim and Fanselow 1992). Moreover, the training protocol
used allows one to control the strength of the aversive stimulus
applied.

Results

Experiment I: The endocannabinoid system is recruited
only with strong fear training

In this first series of experiments, we study whether the ECS is
required for memory consolidation when the training used a
mild footshock (0.3 mA) or when the training used a strong foot-
shock (0.7 mA). With the strong footshock training, there was a
significant difference between the AM251 and the control groups
(Fig. 1A, P <0.001, t-test). In contrast, such an effect was not
evident with the weak footshock protocol (Fig. 1B, P =0.750,
t-test). The fact that the AM251 disruptive effect was absent using
the weak protocol suggests that only high levels of aversive status
may be able to recruit the hippocampal endocannabinoid system
in order to modulate contextual fear memory.

Experiment 2: Prior stress recruits the hippocampal
endocannabinoid system for the modulation

of fear memory consolidation

Based on the findings obtained in the experiment 1, we next asked
whether increasing the aversiveness from another source prior
to the weak training protocol would be able to render memory
consolidation sensitive to the interference induced by the CB1
antagonist. Figure 2 shows the freezing behavior performed dur-
ing the test by animals that received a bilateral intrahippocampal
infusion of AM251 or its vehicle after the CFC weak training, and
with a previous stress session in a different context at two different
times. The two-way ANOVA revealed a significant effect for
AM251 (Fq 35=11.145, P=0.002) and an interaction between
stress-0-min x AM251 (F(3,35)= 4.556, P = 0.040). There was a sig-
nificant difference between the AM251 and its DMSO control for
0 min (Tukey post-hoc test, P < 0.001), but not for 30-min pre-
training stress (idem, P =0.419); also, the AM251 group for
0 min pre-training stress differed significantly from the 30 min
case (idem, P = 0.021). These results showed that a prior stressful
experience strengthens the memory consolidation of a weak con-
ditioning protocol. Moreover, this rapid memory-enhancing
effect elicited by stress is modulated by the activation of the
hippocampal ECS.

Experiment 3: Glucocorticoids interact with the
hippocampal endocannabinoid signaling to
modulate fear memory consolidation

In the following experiment, we investigated whether glucoco-
rticoids recruit the hippocampal ECS to influence memory
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Figure 1. Effect of bilateral intrahippocampal infusion of AM251 or its
vehicle (veh: PBS with 8% DMSO) upon percentual freezing time in a
test session performed 24 h after a contextual fear conditioning (CFC)
training session under (A) a strong (0.7 mA) or (B) a weak (0.3 mA) foot-
shock. The diagram above each histogram depicts the corresponding
experimental design. Data expressed as mean + SEM of percent of freez-
ing time in a 5-min test session. (a) Significantly different from the control
group (P < 0.001, t-test), with n=11 and 9, respectively. In Figure 2
(bottom panel) there were no significant differences between groups
(P =0.750, t-test), with n = 8 and 8, respectively.

consolidation following the weak footshock protocol. To this
end, we studied the effect of a systemic injection of an exogenous
synthetic glucocorticoid injected at O or 30 min prior to the CFC
weak training. The goal of this experiment was to mimic the
effect of the stressful experience observed in experiment 2. For
the groups injected with dexamethasone immediately before
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Figure 2. Time-dependent differential responses (percentual freezing)
to bilateral intrahippocampal infusion of AM251 or its vehicle (veh: PBS
with 8% DMSO), in a test session performed 24 h after a CFC training
session under both a weak (0.3 mA) footshock and after a previous
stress session in a different context, at different times. The diagram
above the histogram depicts the corresponding experimental design.
Data expressed as mean * SEM of percentual freezing time in a 5-min
test session. Dashed line: average value of percent freezing for a group
not submitted to stress, shown for illustrative reasons only. Horizontal
axis: time of stress before CFC training. Two-way ANOVA indicates a sig-
nificant effect of treatment (but not of time), and an interaction between
treatment and time: (a) significant difference between treatment groups
for this time (P < 0.001, Tukey post-hoc test); (b) significantly different
from the correspondent AM251-infused group stressed at 30 min (P =
0.021, Tukey post-hoc test). n=11, 10, 10, and 8, respectively.

training (Fig. 3A), two-way ANOVA indicated a significant effect of
AM251 (F(1,31y= 5.464, P=0.026), and an interaction between
DEXA and AM251 groups (F(1,31)= 13.554, P < 0.001): There was
a significant difference between both DMSO groups (Tukey
post-hoc test, P =0.003); and the AM251 group injected with
DEXA was significantly different from its DMSO control (idem,
P < 0.001). For the groups injected with dexamethasone 30 min
before training (Fig. 3B), the two-way ANOVA indicates only a sig-
nificant effect of DEXA (F,35=17.051, P < 0.001): There was a
significant difference between groups receiving DEXA or its
vehicle for each intrahippocampal treatment, be it DMSO
(Tukey post-hoc test, P=0.003) or AM251 (idem, P=0.011).
These data showed that dexamethasone induced a long-lasting
facilitatory effect upon memory consolidation, a potentiation
that was blocked by AM251 infused into the hippocampus.
These results suggest that the rapid memory-enhancing effect of
a glucocorticoid upsurge is modulated by the activation of the
ECS in the hippocampus. Thus, dexamethasone mimicked the
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facilitating influence of a pre-training stress session upon memory
consolidation following the weak training protocol.

Experiments 4 and 5: Effect of intrahippocampal
dexamethasone on the hippocampal endocannabinoid
signaling on the modulation of fear memory consolidation
In order to analyze whether the stress/glucocorticoid-inducing
effect upon the hippocampal endocannabinoid system takes
place in the hippocampus, we performed two additional experi-
ments. In experiment 4, we investigated whether dexamethasone
directly infused into the CA1l area immediately after the CFC
training with a weak footshock could lead to the same enhancing
effect observed in experiment 3: There was no statistically signifi-
cant increase in the percent freezing following the weak footshock
protocol (Fig. 4). Drug concentrations were similar to those used
elsewhere (Abraham et al. 1996; Ferreira et al. 2000; Di et al.
2003) and pretraining infusions were also ineffective (data not
shown). Thus, intrahippocampal dexamethasone infusion failed
to mimic the facilitating influence of a pretraining stress session
or systemic dexamethasone on fear memory consolidation
following the weak training protocol.

In additional experiments we evaluated the effect of
mifepristone (RU486), a glucocorticoid cytoplasmatic receptor
antagonist, in concentrations used earlier (Calfa et al. 2007),
directly infused into the CA1 area immediately before the CFC
training with a strong footshock. Since there is no membrane/
rapid/nongenomic GC receptor (mGCR) antagonist available
yet (Di et al. 2005), we checked whether at least the slow,
genomic-mediated GC hippocampal receptors might contribute
to the observed enhancing effect induced by the strong shock
(see Fig. 1A). The findings of this experiment showed comparable
levels of freezing among the different groups (P = 0.947, one-way
ANOVA), indicating that the intrahippocampal infusion of this
drug at two different doses does not affect fear memory con-
solidation. As in experiment 1, all groups were run in parallel,
at the same time, and the means were: Vehicle: 39.2 + 5.5 sec;
Mifepristone 6 ng/unL: 42.4 +8.1 sec; Mifepristone 60 ng/pL:
39.9 +10.0sec (n =9, 8, and 5, respectively). The smaller freezing
time of the control group compared with that in Figure 1A (with
same shock intensity) might be due to natural variations among
samples, since the experiments were performed in different
months of the year.

Discussion

The current study examined the role of the hippocampal ECS in
the modulation of memory consolidation induced by different
footshock intensities during fear conditioning. The amnestic
effect of the CB1 antagonist AM251 on consolidation following
the strong footshock protocol (Fig. 1A) is consistent with previous
data from our group using both the CFC and the step-down in-
hibitory avoidance tasks (de Oliveira Alvares et al. 2005, 2006,
2008a,b). In contrast, such effect was absent in animals subjected
to weak footshock training (Fig. 1B). These findings suggest that a
strong emotionally arousing experience is a necessary condition
for the involvement of the hippocampal ECS on fear memory
consolidation.

The view that hippocampal ECS requires some level of
aversiveness in order to be recruited is also supported by studies
showing that memory motivated by mildly aversive tasks, such
as the open field habituation, systematically fails to respond to
CB1 agents (de Oliveira Alvares et al. 2005, 2008a). Although
the generality of this supposition might be disputed (see, e.g.,
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Interdependency between intrahippocampal treatment (AM251 or its vehicle) and dexamethasone systemically infused (A) immediately

(0 min) or (B) 30 min before the CFC training session under a weak (0.3 mA) footshock. The diagram above each histogram depicts the corresponding
experimental design. Data expressed as mean £ SEM of percentual freezing time in a 5-min test session performed 24 h after the CFC training session.
Horizontal axis: The two intrahippocampal infusion groups (Veh: PBS with 8% DMSO; AM251: 5.5 ng/side) are grouped according to the systemic treat-
ment—first the control group (i.p. Veh: saline  2.5% ethanol) and, next, the dexamethasone group (i.p. DEXA: 0.01 mg/Kg). In A the two-way ANOVA
indicates a significant effect of intrahippocampal, but not of systemic treatment, and an interaction between these treatments: (a) significantly different
from the intrahippocampal vehicle-injected of the i.p. Veh systemic group (P = 0.003, Tukey post-hoc test); (b) significantly different from the corre-
spondent vehicle-injected group of the same systemic (i.p. DEXA) group (P < 0.001, Tukey post-hoc test). n=19, 7, 10, and 9, respectively. In B, the
two-way ANOVA indicates a significant effect of systemic (but neither of intrahippocampal treatment nor an interaction between the two treatments):
There is a significant difference between systemic groups for each intrahippocampal treatment, (c) Veh (P=0.003, Tukey post-hoc test) or (d)

AM251 (P = 0.011, Tukey post-hoc test), with n=11, 9, 10, and 9, respectively.

Kamprath et al. 2006; Jacob et al. 2009), it seems consistent with
the literature indicating that ECS involvement is task-specific
(de Oliveira Alvares et al. 2005; Holter et al. 2005; Niyuhire et al.
2007). Recently, Kamprath et al. (2009) have demonstrated a
dependency of endocannabinoid action on the intensity of the
footshock used in a fear-conditioning task that associates tone
response with previous shock treatment.

It is widely known that stressful events, such as an aversive
learning paradigm, or the release of hormones functionally asso-
ciated with threatening events, play a critical role in memory
processes (Roozendaal and McGaugh 1996; de Quervain et al.
1998; Roozendaal et al. 1999, 2003; Okuda et al. 2004). It is notice-
able how the effects of these stimuli resemble the endocannabi-
noid system on its influence on different memory phases
(Suzuki et al. 2004; de Oliveira Alvares et al. 2005, 2008a,b; Cai
et al. 2006; Pamplona and Takahashi 2006; Yang et al. 2006;
Niyuhire et al. 2007; Maroun and Akirav 2008; Wang et al.
2008). Actually, the release of endocannabinoids such as ananda-
mide and 2-AG have been demonstrated in the hippocampus
(Kamprath et al. 2006), the amygdala (Marsicano et al. 2002),
and other brain structures, such as the periaqueductal gray matter
(Hohmann et al. 2005) and the midbrain (Di et al. 2005), always in
response to an aversive situation. Another suggestive clue comes
from the fact that cannabinoids can influence synaptic events tak-
ing place in areas such as the hippocampus, particularly after an
aversive stimulation (Wilson et al. 2001; Carlson et al. 2002).

Consonant with this view, the present study shows that
intrahippocampus infusion of AM251 blocked the memory-
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enhancing effect of both pre-training treatments, a single stress
session (Fig. 2) or a single dexamethasone injection (Fig. 3A), sug-
gesting an activation of the hippocampal ECS by the glucocorti-
coid system. Endocannabinoids would, in turn, suppress the
local interneuronal GABAergic control (Katona et al. 1999;
Wilson and Nicoll 2002) and, through this mechanism, disinhibit
the memory trace building excitatory pathway as we have
suggested elsewhere (de Oliveira Alvares et al. 2005, 2006).

In the last few years, it became clear that the Hypothalamus-
Pituitary—Adrenal (HPA) axis activity is controlled by an endocan-
nabinoid tonus (Cota 2008; Steiner and Wotjak 2008); more
specifically, subcortical brain areas expressed CB1 receptors that
seem to be involved in stress-induced GC release (Steiner et al.
2008). The existence of a two-way interdependence between
endocannabinoid and GC systems began to be uncovered after
the demonstration of the existence of rapid/nongenomic/
membrane-bound glucocorticoid receptors (Tasker et al. 2006);
and corticosterone, an endogenous GC released by the adrenal
cortex in response to a stressful stimulus, can act upon several
targets in the brain after freely crossing the blood-brain barrier
(Joéls 2008). It was suggested that the fact that this effect takes
place in a few minutes was in conflict with the well-known slow,
genomic effects mediated by the two citoplasmatic types of GC
receptors. This evidence led to the proposal of a fast, functional
G-protein membrane-bound receptor (mGCR), first shown in
the hypothalamic PVN area (Di et al. 2003, 2005): Postsynaptic
mGCRs in parvocellular neurons can promote a fast feedback
inhibition of further hormone release, a mechanism mediated
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Figure 4. Effect of dexamethasone (Dexa: 0.2 and 4 pg/pL) or its
vehicle (Veh: PBS) directly infused into the dorsal hippocampus (area
CA1) immediately after the CFC training under a weak (0.3 mA) shock.
Data expressed as mean = SEM of percentual freezing time in the 5-min
test session performed 24 h after the CFC training session. There were
no significant differences between the groups (P=0.332, one-way
ANOVA). n=12, 13, and 14, respectively.

by the production and release of endocannabinoids acting
presynaptically to reduce glutamate release (Di et al. 2003).
Similarly, GCs can reduce glutamate and increase GABA release
in magnocellular neurons through endocannabinoids that will
retrogradely act upon two different cell types (Di et al. 2005),
using two divergent G-protein pathways (Di et al. 2009). This
putative fast-signaling receptor might explain the different results
we have observed between the two time points selected (0O or
30 prior to training) for stress exposure (Fig. 2), or dexamethasone
administration (Fig. 3A,B), suggesting that the intrahippocampal
infusion of the CB1 antagonist disrupted memory consolidation
only at the beginning of the GC system activation.

In order to conclude whether the GC-dependent hippocam-
pal endocannabinoid recruitment takes place in the hippocampus
itself, we performed experiments 4 and 5. These results, however,
are inconclusive, and the “link” may still be in the hippocam-
pus—possibly mediated by the putative, fast mGCRs—or in
another brain structure. In this regard, two recent reports showed
that local AM251 infusion into the BLA may interfere with the
memory-enhancing effect of stress or GCs (Campolongo et al.
2009; Ganon-Elazar and Akirav 2009). In the first study, the
memory-enhancing effect of GCs was attributed to an ECS-
mediated disinhibitory influence on noradrenaline release, a
mechanism that facilitated the formation of the aversive memory
trace (Campolongo et al. 2009; Hill and McEwen 2009). In the sec-
ond work, intra-BLA AM251 disrupted an avoidance memory
extinction and the agonist WINSS5,212-2, administered either
into the BLA or systemically, modulated the behavioral enhance-
ment effect of stress, prompting a small increase in plasma
corticosterone levels (Ganon-Elazar and Akirav 2009). Thus, not
only the dorsal hippocampus and the basolateral amygdala
may share an analogous mechanism, but they might even be
functionally connected in order to modulate a cognitive process
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such as the formation of a new contextual fear memory trace
(Akirav et al. 2001; Kim and Diamond 2002; Akirav and
Richter-Levin 2006; Malin and McGaugh 2006). Further experi-
ments are necessary to investigate such a possibility.

The dexamethasone i.p. dose selected in the present
study enhances memory consolidation in a long-lasting way
(Fig. 3A,B). Despite the fact that this synthetic glucocorticoid
has a different time profile as compared with corticosterone
(Bohus and De Kloet 1981), experiment 3 was able to effectively
mimic the stress situation, again supporting the idea that the
stress-induced enhancing effect involves the recruitment of hip-
pocampal endocannabinoids (Fig. 3A), either directly or through
an external relay as mentioned above. Furthermore, this ECS
recruitment appears to vanish 30 min after dexamethasone
administration (Fig. 3B), similar to the effect we observed when
stress exposure was performed 30 min prior to the CFC training
session (Fig. 2). This was also consistent with evidence showing
that endocannabinoids are rapidly released on demand and
have a brief half-life of circa 5 min (Di Marzo et al. 1994, 2005).

Since the stress-enhancing effect took place only when pre-
sented immediately before (or during) training, a time course of
action for the stress-released endogenous agent that mediates
the phenomenon is suggested. The fact that the effect is no
longer evident when animals are subjected to the environmental
demand 30 min prior to training is consistent with the time course
of several stress hormones (Joéls 2008). In this line of reasoning,
corticosterone may be a good candidate, even considering the
fact that its hippocampal peak takes place 30 min after stress
(Pfaff et al. 1971; Joéls 2008) and similar times may be expected
for nearby anatomical targets. Thus, its receptor-mediated effects,
both rapid and/or slow, might be induced early in the time curve,
and the receptor activation/inactivation cycle might be com-
pleted well before the GCs have reached their maximum levels.

In summary, our results suggest that the activation of the ECS
in the hippocampus requires a certain level of aversiveness or
emotional status to exert its modulatory role on fear memory
consolidation. This negative emotional state may be provided
(1) by the task stimulus itself (e.g., a strong shock; Fig. 1A), or
(2) by a previous stress session (Fig. 2), or, alternatively, (3) by a
hormone functionally associated with a stressful stimulus, such
as the glucocorticoids (Fig. 3A). Based on these findings we
propose that glucocorticoids may be the putative endogenous
mediators of this aversive-dependent hippocampal ECS recruit-
ment, despite the fact that this functional link may be taking place
in the same or in adjacent brain structures. To our knowledge,
this is the first demonstration that the hippocampal ECS can
functionally interact with glucocorticoids in order to modulate
the formation of a contextual fear memory.

Materials and Methods

Animals

Two-hundred and thirty-one male Wistar rats (age 2-3 mo,
weight 250-320 g) from our breeding colony were used in these
experiments. Animals were housed in plastic cages, four to five
in a cage, under a 12-h light/dark cycle and at a constant temper-
ature of 24 + 1°C, with water and food ad libitum.

Stereotaxic surgery and cannulae placement

All animals were anesthetized by a mixture of ketamine and xyla-
zine (i.p., 75 and 10 mg/kg, respectively) and bilaterally im-
planted with a 27-gauge guide cannulae aimed at AP —4.2 mm
(from bregma), LL = 3.0 mm, DV 1.8 mm, just 1.0 mm above
the CA1 area of the dorsal hippocampus (according to Paxinos
and Watson 2007). After a 1-wk recovery from surgery, animals
were submitted to the behavioral procedures. Following the
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behavioral experiments, all subjects were sacrificed and their
brains dissected and preserved in 10% formaldehyde to verify
for cannulae position under low magnification (Fig. 5): 210 out
of 231 animals had correct cannulae placements, so their data
were included in the statistical analysis.

Contextual fear conditioning (CFC)

The conditioning chamber consisted of an illuminated Plexiglas
box (25.0 x 25.0-cm grid of parallel 0.1-cm caliber stainless steel
bars spaced 1.0 cm apart). In the conditioning session (training),
rats were placed in the chamber for 3 min for habituation, and
only after this, they received two 2-sec footshocks, either of 0.3
or 0.7 mA, separated by a 30-sec interval. Before returning to their
home cages, animals were kept in the conditioning environment
for an additional minute. Twenty-four hours later, all animals
were tested for 5 min in the same context.

Stress vs. glucocorticoid injection

The stress session consisted of receiving two 1-mA inescapable
footshocks in a different context (10 x 10-cm plastic box, grid
floor), delivered 10 sec after being put there. Both stress exposure
or dexamethasone i.p administration. (0.01 mg/kg) were either
applied 30 min or immediately before training in the CFC task.
In order to avoid any association with the grid floor itself, the
very few animals (less than five) that presented freezing behavior
during the 3-min habituation phase of the conditioning session
(before receiving the conditioning shocks) were excluded from
the analyses.

Intrahippocampally infused drugs

At the time of infusion, a 30-gauge infusion needle was fitted into
the guide cannulae, with its tip protruding 1.0 mm beyond the
guide cannula end and aimed at the pyramidal cell layer of CA1
of the dorsal hippocampus (see Fig. 5). A volume of 0.5 pL was
bilaterally infused at a slow rate (20 pL/h) and the needle was
removed only after another additional 30 sec. In experiments
1-3 animals were divided into two groups, each receiving one
of the following drugs: AM251, a selective CB1 antagonist
(5.5 ng/side; Tocris Cookson, Inc.), or its vehicle (phosphate-
buffered saline with 8% dimethylsulfoxide). Vehicle composition
and the doses/concentrations used were selected based on pre-
vious experiments from our laboratory (de Oliveira Alvares et al.
2006, 2008b). Dexamethasone (0.2 and 4 pg/pL) and the GCR
antagonist mifespristone/RU486 (Sigma; 6 and 60 ng/nL) for
the intrahippocampal infusions were dissolved in the same
vehicle as described above for AM251.

Figure 5. Typical acceptable needle placement, aimed at the CA1
region (according to Paxinos and Watson 2007) of the rat dorsal hippo-
campus (formol thionine technique).
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Experimental design

Experiment |

Animals were trained in the CFC with either a strong (0.7 mA) or a
weak (0.3 mA) footshock; immediately after the training session,
rats received the intrahippocampal infusion of AM251 (5.5 ng/
side) or its vehicle (PBS + 8% DMSO), and the test was performed
24 h later (see the diagram above Fig. 1A,B).

Experiment 2

Animals were submitted to a stressful event in a different context
at different time points, either O or 30 min prior to the training
session, and then trained in the weak shock protocol (0.3 mA);
immediately after training, animals received locally in the dorsal
hippocampus either AM251 or its vehicle (as in experiment 1); test
was performed 24 h later (see the diagram above Fig. 2).

Experiment 3

Animals were injected i.p. with dexamethasone (DEXA, 0.01 mg/
Kg) or its vehicle (ETOH, PBS + 2.5% ethanol) at different time
points, either 0 or 30 min prior to the training session, and then
trained using the weak shock protocol (0.3 mA); immediately after
training, animals received locally in the dorsal hippocampus
either AM251 or its vehicle (as in experiment 1); test was
performed 24 h later (see diagram above Fig. 3A,B).

Experiment 4

Experiment 4 was similar to experiment 1, with dexamethasone
(0.2 and 4 pg/pL) directly infused into the dorsal hippocampus
(area CA1) after the training session with the weak (0.3 mA) shock
(see diagram above Fig. 4).

Experiment 5

Experiment 5 was also similar to experiment 1, with mifepristone
(6 and 60 ng/pL) directly infused into the dorsal hippocampus
(area CA1) before the training session with the strong (0.7 mA)
shock.

Statistical analysis

Since CFC data (percent freezing) in all experimental groups have
both reached P > 0.200 in the Kolmogorov-Smirnov test with
Lilliefors’ correction and passed the Equal Variance test, normal-
ity and homocedasticity were ensured and only parametric tests
were used (data expressed as mean * SEM). Differences between
groups receiving intrahippocampal post-training infusions of
AM251 or its vehicle after a weak or a strong footshock were iden-
tified by t-test for independent samples (experiment 1); when
more groups were involved, one-way (experiments 4 and S5) or
two-way (experiments 2 and 3) ANOVAs was used and differences
sorted by Tukey all-pairwise multiple comparison post-hoc test.
Statistical analysis of the behavioral data was limited to the 210
out of 231 animals with correct cannulae placements (Fig. 5),
and only P of <0.05 were considered significant.

Ethical aspects

All experimental procedures in living animals (rats) were
performed in strict accordance to the recommendations
of the Brazilian Society for Neurosciences (SBNeC), the
Brazilian College of Animal Experimentation (SBCAL), and the
International Brain Research Organization (IBRO), being previ-
ously approved by our Institutional (UFRGS) Committee for
Ethics in Research, meaning that they are in compliance with
the U.S. National Institutes of Health Guide for Care and Use of
Laboratory Animals (publication no. 85-23, revised in 1985), the
European Communities Council Directive of 24 November 1986
(86/609/EEC), and the Brazilian law (Federal Law no 11.794/
2008). Every effort was made to minimize the number of animals
used and their suffering.
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5. DISCUSSAO

5.1 Participagdo dos receptores CBI na reconsolidagdo e extingdo da memoria

Os resultados apresentados no capitulo I mostram a participacdo do sistema
endocanabinodide hipocampal nos processos de reconsolidacdo e extingdo da memoria na

tarefa do condicionamento aversivo contextual em ratos.

A infusdo bilateral do antagonista seletivo dos receptores CB1, AM251, no
hipocampo dorsal imediatamente apos a sessao de reativacdo da memoria de 3 min facilitou
a reconsolidacdo da memoria. Esse efeito parece ser duradouro e/ou permanente, ja que a
memoria dos animais tratados com AM251 permaneceu facilitada depois de 5 dias (Figura
2). O agonista canabindide endogeno anandamida apresentou um efeito oposto ao AM251,
inibindo a reconsolidacio da memodria (Figura 5). Esse efeito foi revertido quando
administrado concomitantemente com uma dose sub-efetiva de AM251, mostrando que seu

efeito ¢ mediado pelos receptores CB1 (Figura 5).

Esses estudos sobre o processo de reconsolidacdo foram pioneiros no laboratorio, e,
portanto, foi necessdrio validar o protocolo para poder interferir no processo de
reconsolidagdo (especialmente para ajustar a intensidade do choque e o tempo de
reexposicdo durante a reativagdo, que varia muito de um laboratdrio para outro). Para esse
fim, utilizamos o inibidor de sintese protéica, que ¢ classicamente utilizado para inibir a
reconsolidagdo da memoria. Usualmente sdo utilizadas drogas que inibem a tradugdo

génica, como anisomicina ou ciclohexamida, entretanto, nesse trabalho foi utilizado o

48



inibidor de transcri¢do génica DRB, que atua reversivelmente sobre a RNA polimerase II.
O que inicialmente teria um mero papel de validagdo acabou tendo um resultado original, j&
que foi o primeiro trabalho a demonstrar o efeito do DRB sobre a reconsolidagdo em
memorias aversivas (num intervalo de poucas semanas foi publicado um outro trabalho

com efeitos similares sobre a memoria espacial, Da Silva et al., 2008).

A infusdo de AM251, anandamida ou DRB s6 produziu efeito sobre a memoria
quando estas foram administradas imediatamente apos a sessdo de reativagdo da memoria
(Figura 4), mostrando que (a) essas drogas ndo possuem um efeito per se, e que (b) a
exposic¢do a dicas que induzem a evocacao da memoria ¢ fundamental para a labilizagdo da

mesma, tornando-a assim vulneravel a interferéncias.

Esses resultados corroboram outros trabalhos que demonstraram que agonistas dos
receptores CB1 inibem a reconsolida¢do da memoria no cortex insular (Kobilo et al., 2007)
e na BLA (Lin et al., 2006). Um resultado aparentemente contraditério, no qual a infusdo
intra-hipocampal do antagonista CB1, SR 141615A (uma molécula extremamente parecida
com o AM251, a ponto de serem utilizadas freqlientemente nas mesmas concentracdes),
ndo possuiu efeito sobre a reconsolidacdo da memoria quando infundido sozinho, porém,
previniu a labilizacdo da memoria, tornado-a insensivel a anisomicina (Suzuki et al., 2008).
Uma possivel explicagdo para essa discrepancia foi a diferenga nas concentragdes
utilizadas. Nesse trabalho, foram utilizadas concentracdes de 400 a 800 vezes mais altas do
que as utilizadas nos experimentos aqui apresentados, podendo, portanto, estar atuando em

sitios inespecificos.
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Além de ter abordado a reconsolida¢do, o primeiro capitulo desta tese também
verificou a participagdo do sistema endocanabindide hipocampal sobre a extingdo da
memoria. O AM251 inibiu a consolidagdo da extingdo quando administrado imediatamente
apos a exposi¢do de 25 minutos ao contexto (Figura 3). A anandamida, por outro lado,
facilitou a extingdo da memoria (Figura 6). Esse efeito parece ser mediado pelos receptores
CBI1, pois o0 mesmo foi bloqueado por uma dose sub-efetiva de AM251 infundida de forma

concomitante (Figura 6).

Esse efeito inédito encontrado no hipocampo, parece ser um mecanismo geral do
sistema endocanabindide na extingdo, pois foram mostrados resultados similares com
camundongos nocaute para receptores CB1, onde apresentavam um enorme déficit sobre a
extingdo (Marsicano et al., 2002), uma facilitacio da extingdo com o agonista CBI1
WINS55212-2 (Pamplona et al., 2006), ou uma inibi¢ao da extingdo com o antagonistas CB1

(Suzuki et al,. 2004 e 2008; Pamplona et al., 2006; Kobilo et al.,2007).

Em trabalhos anteriores demonstramos que os processos de consolidagdo e de
evocacdo sao modulados pela atividade do sistema endocanabindide. A infusdo intra-
hipocampal do antagonista CB1, AM251, imediatamente apds o treino, prejudicou a
consolidacdo da memoria (de Oliveira Alvares et al., 2005) e também sobre seu analogo
eletrofisiologico, a LTP (de Oliveira Alvares et al., 2006), enquanto que concentragdes
baixas do canabindide endogeno anandamida facilitaram a formagdo da memoria (de
Oliveira Alvares et al., 2008). Para nossa surpresa, obtivemos resultados opostos com o
tratamento pré-teste, ou seja, a facilitagdo da evocagdo da memoria com o bloqueio dos
receptores CBI1. Esta assimetria sugere a ocorréncia de uma alteragdo plastica que

modificaria a sensibilizagdo e/ou a expressao de receptores CB1 hipocampais em func¢io do
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aprendizado (i.e., durante o processo de consolida¢do), e que fica evidente no momento da

evocacao, 24h mais tarde (de Oliveira Alvares et al., 2008).

Interessantemente, encontramos agora essa mesma assimetria entre os processos de
reconsolidagdo e extingado (i.e. efeitos opostos entre os dois processos). Essas diferengas sdo
coerentes com a idéia de que no processo de reconsolidacio da memoria, interfere-se no
proprio “traco” de memoria, enquanto que na extingdo seria um novo traco, o qual compete
com a memoria original. Ou seja, no processo de reconsolidacdo (onde ja ocorreu o
aprendizado, e, portanto, a eventual alteragdo plastica modulada pelo sistema canabinoide)
o antagonista CB1 possui um papel facilitador do sistema (0 mesmo que ocorre durante a
evocacdo), enquanto que na extincdo da memoria, onde estd se formando um novo
aprendizado, o antagonista CB1 possui um efeito prejudicial, assim como ocorre durante a

consolidacao.
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5.2 Interagdo entre o sistema endocanabindide e glicocorticoide no hipocampo

Conforme ja havia sido demonstrado ndo s6 em nosso laboratério (de Oliveira
Alvares et al., 2005) mas também por outros grupos (Holter et al., 2005; Pamplona e
Takahashi, 2006; Niyuhire et al., 2007), o sistema endocanabindide parece estar envolvido
na forma¢ao de memorias emocionais, mas ndo sobre as memorias neutras. Neste capitulo,
estudou-se os possiveis mecanismos envolvidos em memorias emocionais que recrutam o

sistema endocanabinodide para sua participacdo na consolidagdo da memoria.

No primeiro experimento, desenvolveu-se um protocolo onde fosse possivel
dissociar a participacdo do sistema endocanabindide na consolidacdo da memoria. A
variavel alterada entre os protocolos foi a intensidade do choque nas patas, 0,3mA no
protocolo de intensidade moderada (choque fraco) ou 0,7mA no protocolo de intensidade
alta (choque forte). Se o sistema endocanabindide fosse recrutado no treino de alta
intensidade, entdo a infusdo de um antagonista CB1 deveria interferir sobre a consolidacao
da memoria. No protocolo de intensidade moderada, por outro lado, hipotetizamos que o
antagonista CB1 ndo deveria influenciar na formag¢do da memoria, j4 que o sistema

endocanabinoide nao estaria sendo demandado nessas condigdes.

Esses resultados sugerem que o sistema endocanabindide participa na consolidagao
da memoria no protocolo com choque forte, mas ndo no protocolo de intensidade moderada
(choque fraco). O antagonista AM251 administrado no hipocampo imediatamente apods o
treino com choque forte apresentou um efeito amnésico. Porém, nao houve efeito quando

administrado ap6s o treino com choque fraco.
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Esses resultados mostraram que o sistema endocanabindide necessita de um
estimulo com um nivel de aversividade minimo para ser recrutado. No experimento
seguinte testamos se o estresse inerente de um aprendizado emocional aversivo, como a
associacdo de um contexto com choques de intensidade alta, estaria envolvido na sintese
e/ou liberagdo dos canabindides endogenos sobre a consolidacdo da memoria. Hohmann e
colegas (2005) ja haviam demonstrado que ocorria um aumento da liberacdo dos

endocanabinodides anandamida e 2-AG em resposta a choques nas patas.

Para testar essa hipotese, submetemos os animais a uma sessao de estresse em dois
tempos, 30 minutos ou imediatamente antes do treino, com o protocolo de choque de
intensidade moderada (choque fraco). Se a sessdo de estresse fosse suficiente para o
recrutamento de endocanabinodides, entdo (a) os animais deveriam apresentar uma
facilitagdo sobre a consolidacdo da memoria devido a acdo dos endocanabinoides (e outros
neuromoduladores liberados pelo estresse que ndo podem ser negligenciados) e (b) a
administragdo de um antagonista CB1 apds o treino com choque fraco deveria inibir a

consolida¢dao da memoria.

Os resultados mostram que os ratos submetidos a sessdo de estresse imediatamente,
mas ndo 30 minutos antes do treino com choque fraco, apresentaram uma facilitagdo da
formagdo da memoria. O antagonista CB1, AM251, teve um efeito amnésico sobre a
consolidacdo da memoria nos ratos que passaram pela sessdo de estresse imediatamente

antes do treino, mas nao 30 minutos antes.

Esses resultados sugerem que o estresse induz a formacdo de endocanabindides, os

quais participariam da consolidagdo da memoria no sentido de facilita-la. De fato, ja
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haviamos demonstrado esse efeito em trabalhos anteriores, onde a infusdo intra-hipocampal
de anandamida facilitou a consolidacao da memoria (de Oliveira Alvares et al., 2008). A
auséncia de efeito sobre a memoria e a sensibilidade ao AM251, quando a sessdo de
estresse ocorria 30 minutos antes do treino, mostra a agdo rapida e a subsequente inativagao
do sistema endocanabindide. Essa caracteristica de uma meia-vida curta dos
endocanabinoides, ja havia sido descrita em outros trabalhos (Di Marzo et al., 1994; 2005;

Hohmann et al., 2005).

O estresse produz uma enorme gama de efeitos fisiologicos sobre o organismo. No
experimento seguinte, investigamos qual molécula liberada pelo estresse estaria atuando
sobre o sistema endocanabindide. Di e colaboradores (2005) mostraram que o
glicocorticdide sintético dexametasona aumenta os niveis dos canabinodides enddgenos
anandamida e 2-AG in vitro. Motivados por esse trabalho, injetamos dexametasona i.p.
imediatamente ou 30 minutos antes da sessdo de treino. Se os efeitos do estresse sobre o
sistema endocanabindide fossem mediados pela liberagdo de glicocorticdides, entdo a
infusdo de um glicocorticoide exdgeno deveria facilitar a consolidacdo da memoria, e

tornar esses animais sensiveis ao antagonista CB1 no treino com choque fraco.

Nossos resultados mostraram que a infusdo sistémica de dexametasona
imediatamente antes do treino facilitou a formacao da memoria. Coerentemente com os
achados anteriores, a infusdo intra-hipocampal de AM251 apresentou efeito amnésico no
grupo que recebeu dexametasona imediatamente antes do treino com choque fraco. Um
recente trabalho abordou a interagdo entre o sistema glicocorticdide e endocanabinodide na
amigdala: Campolongo e colaboradores demonstraram que o efeito facilitatorio da infusdo

sistémica de glicocorticoides dependia da transmissdo canabinérgica na BLA. A infusdo do
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antagonista CB1, AM251, na BLA reverteu o efeito facilitatorio do glicocorticoide sobre a
consolida¢do da memoéria (Campolongo et al., 2009). Esses resultados encontrados na BLA
corroboram nossos achados no hipocampo, sugerindo que essa interagao sinérgica possa ser

um mecanismo geral no encéfalo entre os dois sistemas.

No experimento em que a infusdo de dexametasona ocorreu 30 minutos antes do
treino, a infusdo de AM251 ndo apresentou efeito, porém, a dexametasona continuou
facilitando a consolidacio da memoria. Esses resultados sugerem que o glicocorticoide
sintético dexametasona esta envolvido com a sintese e/ou liberacao de endocanabindides no
hipocampo durante a aquisi¢do e comeco da consolidagdo, j& que se mostrou sensivel ao
bloqueio dos receptores CB1 no grupo onde recebeu o tratamento com dexametasona
imediatamente antes do treino. A auséncia de efeito do AM251 sobre o grupo que recebeu a
infusdo de dexametasona 30 minutos antes do treino indica que (a) os endocanabinoides sao
sintetizados quando o sistema detecta um aumento na concentracao de glicocorticoides, (b)
esse feito ¢ efémero e ndo persistente, mesmo que ainda existam glicocorticoides
circulantes, ja que se acredita que durante o treino ainda haja uma concentracao razoavel de
dexametasona devido a inje¢do sistémica. Ademais, esses resultados mostram que os
glicocorticdides atuam sobre outro alvo de maneira a influenciar a consolidacdo da

memdria, ja& que, apesar de ndo ser sensivel ao AM251, facilitou a formacdo da memoria.

Especula-se que os efeitos tardios (30 minutos) e precoces (imediatamente pré-
treino) dos glicocorticoides sdo mediados por receptores distintos. Embora os hormonios
esterdides sejam classicamente descritos como ligantes de receptores citoplasmaticos, e
portanto, de agdo lenta, novos estudos vém mudando essa visdo. Estudos com anfibios ja

haviam demonstrado esses efeitos rapidos de glicocorticdides, os quais eram mediados por
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receptores de membrana acoplados & proteina G (Moore e Orchinic, 1994). Porém, em
mamiferos, esse tipo de receptor glicocorticdide estd apenas comegando a ser
compreendido. Em um elegante trabalho do grupo do Dr. Tasker, Di e colaboradores (2005)
mostraram que a administracdo de corticosterona ou dexametasona inibe a transmissao
glutamatérgica in vitro de maneira répida (cerca de 3 minutos), sugerindo, portanto, que o
efeito seria mediado por receptores de membrana ao invés dos classicos receptores
citoplasmaticos. Para testar essa hipotese, administraram dexametasona conjugada com
albumina, de modo que essas moléculas ndo pudessem entrar na célula e, portanto, o
possivel efeito, se existisse, seria sobre os receptores de membrana, e ndo citoplasmaticos.
O resultado desse experimento foi a manuten¢do dos efeitos encontrados com a
dexametasona e corticosterona, demonstrando que realmente eram mediados por receptores
de membrana. Ademais, mostraram que esses efeitos eram produzidos por receptores
metabotropicos, pois eram revertidos pela administracdo de GDP-B-S, um bloqueador da

proteina G.

Esses resultados corroboram nossos achados de que a interacdo dos glicocorticdides
com os endocanabindides ocorre de maneira rapida, estando ausente depois de 30 minutos.
Os resultados, contudo, ndo excluem a participacdo dos glicocorticdides sobre a
consolidacdo da memoria através de receptores esterdides classicos, afinal, a injecdo de
dexametasona 30 minutos antes do treino produziu efeito facilitatorio, apesar ndo ter sido

revertido pelo AM251, sugerindo mecanismos independentes que atuam em paralelo.

Em todos os casos estudados até agora, o aumento de glicocorticoides era sistémico.
Para testar se os efeitos dos glicocorticdides eram sobre o hipocampo, fizemos um

experimento administrando dexametasona diretamente nesta estrutura, utilizando o
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protocolo com choque fraco. Se o efeito dos glicocorticdides fosse no hipocampo, a infusao

de dexametasona facilitaria a consolidagao da memoria.

Os resultados mostraram, porém, que a dexametasona infundida no hipocampo ndo
produziu qualquer efeito sobre a memoria, sugerindo que a atuagdo dos glicocorticoides
sobre os endocanabinodides no hipocampo seja indireta. Especulamos que o hipocampo
receba aferéncias de outras estruturas encefalicas que sdo sensiveis aos glicocorticoides,
possivelmente a amigdala. De fato, essa interagdo entre a amigdala basolateral e o
hipocampo dorsal j4 foi demonstrada por Roozendaal e McGaugh, onde a lesdo na BLA
reverteu os efeitos modulatorios de glicocorticdides no hipocampo, tanto na consolidagdo

como na evocacao da memoria (Roozendaal e McGaugh 1997).

Os experimentos realizados nesse trabalho mostraram que o sistema
endocanabinodide hipocampal requer um grau minimo de conteido emocional/aversividade
para participar efetivamente do processo de forma¢ao da memoria. Alternativamente a um
“treino forte”, uma sessdo de estresse ou a mera administragdo de glicocorticoide exdgeno
parece ser capaz de recrutar o sistema endocanabindide para a modulacdo da memoria.
Apesar da liberagdo de endocanabinodides ocorrer no hipocampo, a a¢do do glicocorticoide
parece ser indireta, estimulando a sintese/liberagdo de anandamida e 2-AG através

aferéncias hipocampais.
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6. CONCLUSOES

6.1 Participagado dos receptores CBI1 na reconsolidagdo e extingdo da memoria:

No primeiro capitulo, verificou-se a participagdo do sistema endocanabinoide
hipocampal sobre os processos de reconsolidagdo e de extingdo de memorias aversivas
empregando o modelo do condicionamento aversivo contextual em ratos Wistar adultos.

Abaixo estdo as conclusodes:

a) A administragdo bilateral de AM251, antagonista seletivo dos receptores
canabindides CB1, imediatamente ap0s a reativagdo da memdria, facilita a reconsolidacao

da memoria na tarefa do condicionamento aversivo contextual em ratos;

b) A administragdo bilateral de anandamida, agonista enddgeno dos receptores
canabindides CB1, imediatamente apos a reativacdo da memoria, inibe a reconsolidacio

da memoria na tarefa do condicionamento aversivo contextual em ratos;

c) A administragdo bilateral de AM251, antagonista seletivo dos receptores
canabindides CBI1, imediatamente apds a sessdo de extingdo, inibe a consolidag¢do da

extin¢do da memoria na tarefa do condicionamento aversivo contextual em ratos;

d) A administragdo bilateral de anandamida, agonista enddgeno dos receptores

canabindides CBI1, imediatamente ap6s a sessdo de extingdo, facilita a consolidacdo da

extin¢cdo da memoria na tarefa do condicionamento aversivo contextual em ratos;
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e) A administragdo bilateral de uma dose sub-efetiva de AM251, antagonista seletivo
dos receptores canabindides CB1, imediatamente apds a reativacdo da memoria, reverte os
efeitos da anandamida sobre a reconsolidacio da memodria, demonstrando que esses

efeitos sdo mediados pelos receptores CB1.

f) A administragdo bilateral de uma dose sub-efetiva de AM251, antagonista seletivo
dos receptores canabindides CB1, imediatamente apds a sessdo de extin¢do, reverte os
efeitos da anandamida sobre a extin¢cio da memoria, demonstrando que esses efeitos sao

mediados pelos receptores CBI1.
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6.2 Interagdo entre o sistema endocanabinoide e glicocorticoide no hipocampo

No segundo capitulo, verificou-se a interagdo entre o sistema endocanabinodide e
glicocorticdide no hipocampo sobre a modulagdo da consolidagdo da memoria no modelo
do condicionamento aversivo contextual em ratos Wistar adultos. Abaixo estdo as

conclusoes:

a) A infusdo intra-hipocampal de AM251, antagonista seletivo dos receptores CB1,
prejudicou a consolidagdo da memoéria no protocolo de alta aversividade (choques de
0,7mA), mas ndo no protocolo de aversividade moderada (com choques de 0,3mA) no
modelo do condicionamento aversivo contextual, demonstrando que o sistema
endocanabindide é recrutado durante um aprendizado que envolva um grau minimo

de conteudo emocional e/ou aversividade;

b) A infusdo intra-hipocampal de AM251, antagonista seletivo dos receptores CB1,
prejudicou a consolidagdo da memoéria no protocolo de aversividade moderada (com
choques de 0,3mA) no modelo do condicionamento aversivo contextual, quando um evento
estressor era apresentado imediatamente antes do treino, demonstrando que o estresse é

capaz de recrutar o sistema endocanabinodide para a modula¢cio da memoria;

c) A infusdo intra-hipocampal de AM251, antagonista seletivo dos receptores CB1,
prejudicou a consolidagdo da memoéria no protocolo de aversividade moderada (com
choques de 0,3mA) no modelo do condicionamento aversivo contextual, quando o

glicocorticoide sintético dexametasona € injetado sistemicamente logo antes do treino,
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demonstrando que os glicocorticdides siao capazes de recrutar o sistema

endocanabindide para a modulacio da memdria;

d) A infusdo de dexametasona, um glicocorticoide sintético, no hipocampo nao
mimetizou os efeitos do estresse ou da inje¢do sistémica da mesma sobre a consolidagdo da
memoria no protocolo de aversividade moderada (com choques de 0,3mA) no modelo do
condicionamento aversivo contextual, sugerindo que a modulacio dos glicocorticéides no

hipocampo ocorrem de forma indireta.
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ANEXO 1

Realizei o estagio de doutorado no exterior (sanduiche) no laboratério do Dr. Karim
Nader, na universidade McGill, Montreal, Qubec, Canada, de maio de 2008 até fevereiro de
2009. Essa experiéncia foi extremamente proveitosa para meu desenvolvimento cientifico
(e pessoal). O Dr. Karim Nader ¢ o principal pesquisador sobre o tema da reconsolidag¢ao
da memoéria em atividade, foi o que me motivou a procura-lo para estagiar em seu
laboratorio.

Nas proximas paginas dessa tese, estd o artigo “Cellular and systems mechanisms of
memory strength as a constraint on auditory fear reconsolidation”, fruto do trabalho
realizado durante o doutorado sanduiche publicado na revista Nature Neuroscience

(2009)12(7):905-12.
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Cellular and systems mechanisms of memory strength
as a constraint on auditory fear reconsolidation

Szu-Han Wang, Lucas de Oliveira Alvares & Karim Nader

Memory reconsolidation has been demonstrated in various tasks and species, suggesting it is a fundamental process. However,
there are experimental parameters that can inhibit reconsolidation from occurring (boundary conditions). These conditions and
their mechanisms remain poorly defined. Here, we characterize the ability of strong training to inhibit reconsolidation at the
behavioral, systems and molecular levels. We demonstrate that strong memories in rats initially are resistant to reconsolidation,
but after sufficient time will undergo reconsolidation, suggesting that boundary conditions can be transient. At the systems level,
we show that the hippocampus is necessary for inhibiting reconsolidation in the amygdala. At the molecular level, we demonstrate
that NR2B NMDA-receptor subunits which are critical for the induction of reconsolidation of auditory memories in the amygdala,
are downregulated only under conditions when strong memories do not undergo reconsolidation. This suggests that one molecular
mechanism for mediating boundary conditions is through downregulation of reconsolidation induction mechanisms.

Memories not only undergo a time-dependent process of stabilization
after the initial learning, which is called consolidation!; they can also
undergo another restabilization process after reactivation that typically
entails presentation of a training-related stimulus to call up the
memory>3, which is now called reconsolidation*”. The memory
process induced by reactivation of consolidated memories meets the
standards of being a consolidation process®. There have been many
demonstrations of reconsolidation across species, tasks and amnesic
agents, suggesting that it is a fundamental process. However, reconso-
lidation is not ubiquitous. There are experimental conditions under
which reconsolidation does not seem to occur. These conditions, which
we define as boundary conditions on reconsolidation, have recently
drawn research attention.

A number of boundary conditions have been suggested, such as trace
dominance between cues that no longer predict the occurrence of a
reinforcement (extinction) and reconsolidation® 1, memory agelz’13,
directly versus indirectly activated memories'# and training strength!.
However, comprehensive descriptions of the behavioral conditions and
the mechanisms for inhibiting reconsolidation under specific para-
meters are limited. Further, for each condition—extinction!>!6,
strength of training!”!® and age!>—there are contradictory findings
(for review see ref. 8).

One source probably contributing to the observed inconsistencies is
that the typical logic used to conclude that a boundary condition exists
is through challenging a memory’s sensitivity to post-reactivation
amnesic agents under one set of experimental parameters. If memory
disruption is not observed, then it is concluded that the memory does
not undergo reconsolidation under those conditions. Several reports,
however, have demonstrated that a memory may undergo reconsolida-
tion only under specific reactivation conditions!>?%2!, The implication

of these findings is that it is extremely difficult to conclude on the basis
of behavioral studies that a memory never undergoes reconsolidation.
Do the negative effects upon which the boundary conditions are
based imply that a given memory never undergoes reconsolidation,
or is the memory still capable of undergoing reconsolidation with
another reactivation protocol? Given that the parameter space of
possible reactivation procedures is essentially infinite, a real boundary
condition is very difficult to prove at the behavioral level. This is
likely to be part of why there is so much inconsistency in the field of
boundary conditions®.

Here we have taken a complementary approach to identify some of
the molecular mechanisms by which boundary conditions inhibit
reconsolidation from occurring. If a molecular or conceptual definition
of how they are manifested in the brain could be identified, then we
could make strong predictions concerning when we should see these
molecular mechanisms expressed. For example, if strong memories
represent real boundary conditions, then the putative mechanisms used
to inhibit reconsolidation from occurring should only be expressed
after strong but not weak training. This strategy would significantly
complement the behavioral studies described above in their search for
true boundary conditions and help resolve some of the conflicting
findings in the field.

An understanding of how boundary conditions are mediated across
levels of analysis is critical because targeting reconsolidation of trau-
matic memories has been proposed to be a potential treatment for
many psychopathologies, including post-traumatic stress disorder
(PTSD)'®?2, For PTSD, blocking the reconsolidation of traumatic
memories might weaken the long-term maintenance of these traumatic
memories, in turn reducing PTSD pathology. However, if strong
aversive experiences act as a boundary condition on reconsolidation!?,

Department of Psychology, McGill University, Montreal, Quebec, Canada. Correspondence should be addressed to K.N. (karim.nader@mcgill.ca).

Received 9 March; accepted 21 April; published online 21 June 2009; doi:10.1038/nn.2350

NATURE NEUROSCIENCE ADVANCE ONLINE PUBLICATION


http://www.nature.com/doifinder/10.1038/nn.2350
mailto:karim.nader@mcgill.ca
http://www.nature.com/natureneuroscience/

I@J © 2009 Nature America, Inc. All rights reserved.

ARTICLES

a 48 h o
1 CS+ or 10 CS+ ——— Extinction 10 x CS—
100 -
80 A
g 60,
j=2}
£
N
8 40 *
w
20{ &P
—a—10p
0 T 1
CSt CS10
b 48 h
1 CS+or10 CS+ —

4h 20 h
React: 1 CS— T — PR-STM 0—>PF§-LTM

100 4
80 i
S
> 501 N
£
P —n— 1V N
© 407 *
[ —a— 1A
204 —s8—10V
—a—10A
0 T T )
React PR-STM  PR-LTM
c 48 h
1 CS+ or 1 CS+ with 9+ ——>
24 h 24 h 24 h
React: 1 CS- T—»PH-LTM — Retrain —Re LTM
100 -
80 ¢
g 60 1 %
g X
£ _
T 40 &— 1V
I —_—a— 1A
20 A . —e—1+V
—e— 140A
0

T T T 1
React PR-LTM Re LTM

then this would suggest that the traumatic memories in PTSD patients
may be resistant to undergoing reconsolidation, negating reconsolida-
tion as a therapeutic target. Therefore, it is critical to determine what
the optimal conditions are to allow an extremely strong fear memory to
undergo reconsolidation.

To this end, we show that strong auditory fear memories initially
did not undergo reconsolidation but did over time, suggesting that
the boundary condition induced by strong training is transient. The
time course resembled the time course over which contextual fear
memories are thought to be transformed from a hippocampus-
dependent to hippocampus-independent memory?*. We hypothe-
sized and found that the hippocampus inhibited the auditory fear
memory from undergoing reconsolidation in the lateral and basal
amygdala (LBA). On the basis of our previous findings®*, we
hypothesized that one principle that could mediate boundary
conditions is downregulation of the mechanisms that allow mem-
ories to undergo reconsolidation. Using two complementary meth-
ods, we demonstrated that NR2B expression in the LBA, which is
critical for the induction of fear reconsolidation but not the
expression of fear?4, was reduced under conditions when memories
did not undergo reconsolidation and was normal when memories
underwent reconsolidation.

Figure 1 Strong auditory fear memories are insensitive to anisomycin 2 d
after training. (a) Top: behavioral protocol. Separate groups of rats received
one or ten tone-shock pairings (1P/1CS+ or 10P/10CS+). Two days after
training they received extinction sessions (CS-). At the end of the extinction
session, rats trained with 10P had significantly more freezing. Freezing
percentage was defined as percentage of time during tests that the animal
stayed immobile except for breathing. (b) Top: behavioral protocol. LBA-
cannulated rats received either 1P or 10P. Two days after training, the
memory was reactivated (React) with one unreinforced tone (1CS-)
immediately followed by intra-LBA infusions (vertical arrow) of vehicle (V) or
anisomycin (A). PR-STM and PR-LTM tests were done at 4 h and 24 h after
reactivation, respectively. All groups (1V, 1A, 10V, N = 7 per group and 10A,
N = 8) froze similarly during reactivation and PR-STM. Although anisomycin
blocked PR-LTM in the 1P group (1V > 1A), it, however, did not impair
PR-LTM in the 10P group (10V =~ 10A). (c) Top: behavioral protocol. Rats
received either 1P or 1P followed by nine unsignaled footshocks (1 CS+ with
9+). Post-reactivation anisomycin infusion blocked both groups’ PR-LTM
compared to vehicle controls (1Vand 1+9V > 1A and 149A; n=6, 7,6, 8,
respectively). When rats were retrained, they were capable of maintaining the
retrained long-term memory (Re LTM). *P < 0.05. Means + s.e.m.

RESULTS
Recent strong memories do not undergo reconsolidation
We first determined whether the strength of auditory fear memories
acquired with ten tone—shock pairings (10P) was stronger than with
one pairing (1P). Separate groups of rats were conditioned with either
1P or 10P and then received multiple extinction trials in a single session
(see Online Methods). Extinction reduced freezing significantly more
in the 1P group than in the 10P group (group by trial interaction
F6=9.28, P < 0.05; Fig. 1a). This indicates that the 10P memory was
stronger than the 1P memory.

To test whether these stronger memories underwent reconsolidation,
2 d after conditioning the auditory fear memory was reactivated in a
context different from the context used for training and followed by
intra-LBA infusion of anisomycin or its vehicle. Post-reactivation
short-term memory (PR-STM) and post-reactivation long-term mem-
ory (PR-LTM) tests, assayed by conditioned freezing?’, were given 4
and 24 h later, respectively. The results showed that the strong memory
was not sensitive to anisomycin challenge (Fig. 1b). A two-way analysis
of variance (ANOVA) on reactivation performance showed no sig-
nificant training effect (1P versus 10P), drug effect (vehicle versus
anisomycin), or training by drug interaction (all F; 55 < 1.5, P > 0.25).
A three-way, one-repeated ANOVA comparing training, drug and test
(PR-STM versus PR-LTM, repeated measure) showed a significant
three-way interaction (Fj,5 = 7.68, P = 0.01). Further analyses
revealed that all groups had comparable PR-STM scores (all F 5 <
2.5, P > 0.1). At PR-LTM, however, only the 1P-anisomycin group
showed significantly impaired performance compared to the other
groups (post hoc tests, all P < 0.02) which did not differ from each
other (all P > 0.4). These data are consistent with the possibility that
strong training either inhibited the memory from undergoing recon-
solidation or made it more difficult for auditory fear memories to
undergo reconsolidation 2 d after training!?. The negative finding in
the 10P group demonstrates that anisomycin infusion did not induce

damage that was sufficient to compromise behavioral functions?®.

The boundary condition is due to increased associative strength

We asked whether the inability of 10P memories to undergo reconso-
lidation was due to the learning or to some non-associative factor
caused by multiple footshocks. We trained two groups of rats with a
single tone—footshock pairing followed by nine un-signaled, unpaired
footshocks (that is, 1+9UP). Two more groups were trained with 1P
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and served as positive controls. If greater associative strength inhibits
memories from undergoing reconsolidation, then the 1+9UP memory,
sharing a similar associative strength with the 1P memory, should
undergo reconsolidation. Results showed that the 1+9UP memory
underwent reconsolidation (Fig. 1c). A three-way, one-repeated
ANOVA comparing training, drug and test (reactivation versus PR-
LTM, repeated measure) showed a significant drug by test interaction
(F124 = 11.98, P = 0.0002). Further analyses showed all groups had

Figure 3 Strong memories undergo
reconsolidation at 30 and 60 d, but not 7 d,
after training. Top subpanel of each panel

represents the behavioral protocol. 100 -
(a—c) Separate groups of rats were LBA-
cannulated and trained with ten tone—footshock 80 1 5
pairings. The memory was reactivated at 7 (a), ?
30 (b) or 60 (c) days after training. Intra-LBA ° 601
anisomycin infusion (vertical arrow) after 8 40l

w

memory reactivation with 1 tone (1CS-)

7d 4h 20h
10 CS+ —>React: 1 CS- T—»PR-STM — PR-LTM
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Figure 2 Alternative reactivation protocols are not sufficient to make the
strong auditory fear memories sensitive to anisomycin. Top subpanel of
each panel represents the behavioral protocol, which is similar to Figure 1b
except for the reactivation procedure. All LBA-cannulated rats received

ten tone—footshock pairings. The memory was reactivated 2 d later with
five unreinforced tone presentations (5CS—, n = 7 per group) (a) or

1 tone-footshock pairing (1CS+, n = 6 per group) (b). In both cases,
post-reactivation anisomycin (A), compared to vehicle (V), infusion did not
block post-reactivation short-term and long-term memory in the strongly
trained rats. Means + s.e.m.

similar performance at reactivation (that is, no training effect, drug
effect or training by drug interaction, all F < 1). An analysis of PR-LTM
showed that both anisomycin groups were impaired compared to both
vehicle groups (Fjps < 1593, P < 0.001). There was neither
main effect of training nor an interaction between training and drug
(both F < 1).

All rats were retrained with 1P. The long-term memory for this
relearning was tested on the next day. All four groups showed similar
long-term memory of relearning (that is, no effect of training history,
drug history, or training by drug interaction, all F,4 < 2.9, P > 0.1).
This again demonstrates that memory impairment caused by aniso-
mycin is unlikely due to LBA damage?®.

These results demonstrate that auditory fear memories formed after
1P followed by nine unsignaled footshocks is as labile as memories
formed after 1P alone. We conclude that the resistance of 10P memories
to undergoing reconsolidation is due to the stronger association
(Fig. 1c versus Fig. 1b).

Other reactivation protocols do not induce reconsolidation

The above findings suggest that either strong memories do not undergo
reconsolidation or it is harder to induce reconsolidation of strong
memories. To partially address this, we asked whether reconsolidation
of strong memories could be induced with other reactivation protocols.
One reactivation protocol was to extend the tone presentation by giving
five tone presentations without footshock!2. The second protocol used

b
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impaired the PR-LTM only when the memory 20 A =V
was reactivated at 30 and 60 d but not 7 d A
after training. In all cases, the reactivation 0 React
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anisomycin (A) rats compared to the vehicle c
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reconsolidation over time. For the purposes of 1
comparison, the data in Figures 3a—c and 1b 100 - 2 7 30 60d
were converted to a freezing ratio, (PR-LTM — 20 . . . d
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Figure 4 Pretraining dorsal hippocampus lesions cause strong fear memory to
undergo reconsolidation in the LBA. Top: behavioral protocol. All rats received
electrolytic dorsal hippocampus lesion when cannulae were implanted. After
recovery from surgery, they received 10 tone—footshock pairings. (a) Post-
reactivation anisomycin (A, n = 7) infusion in LBA did not block PR-STM but
did impair PR-LTM compared to the vehicle infusion (V, n = 7). (b) When the
memory reactivation was omitted before the drug infusion, the PNR-LTM was
comparable in vehicle (V, n = 6) and anisomycin (A, n = 4) groups. The
same rats further received memory reactivation and were divided in two
subgroups in a counterbalanced manner (n = 5 per group for vehicle or
anisomycin infusion). The group assignments yielded a comparable baseline
(see the text). The PR-LTM then was impaired by intra-LBA anisomycin when
the drug was contingent on the memory reactivation (React). (c) Rats
received hippocampus or sham lesion (n = 7 per group) followed by 10
pairings and an extinction session (10CS-). The two groups showed
comparable extinction rates. *P < 0.05. Means + s.e.m.

was a reinforced trial that has been shown to induce reconsolidation in
the LBA%’. This should be a very strong reactivation because the LBA
neurons mediating the memory will be reactivated by sensory input
from both tone and footshock afferents to the LBA.

Results showed that neither reactivation protocol was sufficient to
detect an anisomycin impairment (Fig. 2). When the reactivation trial
contained five tone presentations, the PR-ITM was still normal in the
anisomycin group (F < 1, Fig. 2a) as it was when another pairing was
used to reactivate the memory (F < 1, Fig. 2b).

Strong training boundary condition is transient

In clinical settings, PTSD patients have experienced extremely aversive
past events. Often years will have passed between the trauma and the
opportunity for intervention (R. Pitman, personal communication).
Therefore, we asked whether the time between training and memory
reactivation would interact with a strong memory’s inability to
undergo reconsolidation. To this end, we increased the time between
strong training and reactivation. When the strong memory was
reactivated 7 d after training, post-reactivation anisomycin infusions
did not impair PR-ITM (F < 1, Fig. 3a). However, when the memory
was reactivated 30 or 60 d after training, anisomycin infusions induced
a behavioral impairment at PR-LTM (30 d: F; ;o = 7, P < 0.02, Fig. 3b;
60 d: F; 14 = 5.19, P < 0.04, Fig. 3¢c) but not PR-STM. To summarize
the relationship of the interval between training and reactivation and
whether the strong memory undergoes reconsolidation, we standar-
dized the behavioral results as a freezing ratio (Fig. 3d). Anisomycin
did not induce any detectable impairment 2 or 7 d after training but
did 30 and 60 d after training (a significant group by day interaction,
Fs 49 = 2.83, P < 0.05). Post hoc tests showed that, compared to day 2,
the significant group differences only emerged at days 30 and 60, not
day 7 (P < 0.03, P < 0.01 and P > 0.5, respectively).

The freezing percentage during reactivation at 2, 7, 30 or 60 d after
strong training did not change significantly and did not differ between
vehicle and anisomycin groups (both F < 1). Moreover, the freezing
elicited by the test context before the onset of the tone is also consistent
across days and between groups (both F < 1, Supplementary Fig. 1
online). This suggests that the age of a memory at the time of
reactivation interacts with its strength and that this interaction
determines the memory’s susceptibility to reconsolidation.

Dorsal hippocampus is necessary for the boundary condition

If strong training indeed transiently inhibits a fear memory from
undergoing reconsolidation, why would this time course resemble
the time course of systems consolidation, in which the hippocampus
has been proposed to play a time-limited role?>?3-302 Specifically, a
lesion of the dorsal hippocampus 1 d after training impairs contextual,
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but not auditory, fear conditioning. However, the same lesion has no
effect on memory retention if made 28 d after training?®. Auditory fear
conditioning usually also leads to contextual fear’l. Therefore, it
is possible that the strong contextual fear, acquired with strong
training, would inhibit the ability of memories in the LBA to undergo
reconsolidation for as long as the contextual memory is hippo-
campus dependent. Once the contextual memory is putatively
hippocampus independent, this could allow the strong fear memory
in the LBA to undergo reconsolidation. This inhibition could be
mediated through the LBA’s connections with the hippocampus®>®,
The ability of the hippocampus to modulate the amygdala’s plasticity
has been proposed>*.

To test whether the systems consolidation of contextual fear memory
imposes the strong training boundary condition, we applied electro-
lytic dorsal hippocampus lesions to the rats before strong training.
We chose this lesion method on the basis of its effect on causing
temporally-graded amnesia of contextual, but not auditory,
freezing!”?3, We predicted that if the dorsal hippocampus is
critical for inhibiting new strong fear memories from undergoing
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reconsolidation, then strong memories should undergo reconsolida-
tion 2 d after training in dorsal hippocampus-lesioned rats, a time
when the memory does not undergo reconsolidation in intact rats.
Dorsal hippocampus lesions did not impair auditory fear memory
given comparable freezing at reactivation in unlesioned rats that
received strong training (Fig. 4a versus Fig. 1b, F; 5 < 1.1, P > 0.3;
Supplementary Figs. 2 and 3 online).

We found that strong memories in lesioned rats were sensitive to
post-reactivation anisomycin infusions 2 d after training (Fig. 4a).
Specifically, both anisomycin and vehicle groups had similar freezing
percentages at reactivation and PR-STM test (both F < 1), whereas the
anisomycin group froze significantly less during PR-LTM test than the
vehicle group (Fy,;; = 6.95, P < 0.03). This is in contrast to results in
intact rats, in which the strong memory remained insensitive to
anisomycin when it was reactivated 2 d after training.

We then performed the identical experiment in different rats but
omitting memory reactivation. Anisomycin had no effect on the post-
non-reactivation long-term memory (PNR-LTM) test (Fig. 4b, F < 1).
These data demonstrate that reconsolidation of a strong memory 2 d
after training occurs in rats with dorsal hippocampus lesions and is
dependent on memory reactivation. We then used these rats, which did
not receive a reactivation session, to replicate the reactivation-dependent
reconsolidation. One day after the PNR-LTM test, these rats received a
reactivation session and were infused with either vehicle or anisomycin
in a counterbalanced manner (that is, the vehicle group consisted of
equal numbers of animals that had received vehicle and anisomycin in
the previous experiment, and vice versa). The group assignment showed
comparable performance between groups (rats that were to receive
vehicle versus those that were to receive anisomycin) in the previous
PNR-LTM test (F < 1). The reactivation result showed that both groups
had similar freezing to the conditioned tone (F < 1). However, a
significant impairment of PR-LTM was observed in the anisomycin
group (F) g = 6.48, P < 0.04). This replicates the previous experiment.

These findings suggest that the dorsal hippocampus actively inhibits
strong memories from undergoing reconsolidation 2 d after training.
However, if the absence of an anisomycin effect in normal rats is due to
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Figure 5 NR2B-subunit abundance is inversely related to the ability of
strong memories to undergo reconsolidation over time. (a) Western blot and
quantification of NR2B subunits in the LBA 2 d after training. Rats received
one pairing (1P, n = 7), one unpaired tone and shock presentation (1UP, n = 4),
ten pairings (10P, n = 7) or one pairing followed by nine (1+9UP, n = 4)
unsignaled foot shocks. Rats receiving 10P or 1+9UP showed less NR2B than
rats receiving 1P or 1UP. (b) Western blot and quantification of NR1 subunits in
the LBA 2 d after training. Rats received one pairing (1P, n = 4), one unpaired
tone and shock presentation (1UP, n = 4), ten pairings (10P, n = 4) or one
pairing followed by nine unsignaled foot shocks (1+9UP, n = 4). No differences
were found. *P < 0.05. Means + s.e.m.

a ceiling effect 2 d after training, perhaps the anisomycin sensitivity
after lesioning might be due to the hippocampus lesions decreasing
freezing to a range in which a putative anisomycin impairment could be
behaviorally detected. To directly test this possibility, two groups of rats
received either sham or electrolytic lesions of the dorsal hippocampus,
followed by 10P and extinction. The lesion and the sham groups
showed comparable extinction rates 2 d after strong training (Fig. 4c,
group by trial interaction F < 1). This rules out a ceiling-effect
interpretation of our findings.

The molecular mechanism for the boundary condition

What could be the molecular mechanism in the LBA that inhibits
reconsolidation of strong memories for up to 30 d after training? Our
group recently demonstrated that NMDA receptors containing
NR2B subunits are necessary in transforming stable, consolidated
memories into labile ones during reactivation?. New strong memories
show similar properties: normal expression of freezing during reactiva-
tion but insensitivity to post-reactivation anisomycin. We reasoned
that strong training may downregulate NR2B expression in the LBA,
thereby making the memory insensitive to post-reactivation anisomy-
cin infusions but capable of being expressed normally.

The ability of robust fear conditioning to strongly affect NMDA
receptor subtypes has already been described®>. An earlier finding used
electrophysiological recordings to show that there is a postsynaptic
decrease of NMDA receptors during the maintenance phase of strong
fear conditioning. Furthermore, this study used western blots to show
that protein expression in the amygdala of NR2B, but not total NR1
NMDA-receptor subunit, is reduced after strong fear conditioning®.
We measured NR2B in the LBA using quantitative western blots and
immunohistochemistry (IHC) under conditions that prevent (2 d) or
allow (60 d) reconsolidation to occur after training.

Four groups (1P, 1UP, 1+9UP and 10P) were killed 2 d after training,
a time when strong memories do not undergo reconsolidation.
Western blot results demonstrated that strong training reduced
NR2B expression (Fig. 5a, Supplementary Fig. 4a online). A one-
way ANOVA showed a significant group effect (F3 ;7 = 5.92, P < 0.01).
Post hoc tests showed that NR2B expression decreased after both
10P and 14+9UP compared with the 1P control group (P < 0.05).
We further found NR1 expression comparable for all groups (Fig. 5b,
Supplementary Fig. 4b, F3,, = 0.501, P > 0.6). This result shows
that the decrease of NR2B was selective in the LBA, replicating the
previous report.

Using THC, we counted NR2B-containing cells within the lateral and
basal amygdala separately (Supplementary Fig. 5a online). A two-way
ANOVA showed significant group effect (F, 9 = 19.86, P < 0.001), area
effect (lateral > basal amygdala, F; g = 82.02, P < 0.001) and group by
area interaction (F, 9 = 7.76, P = 0.01). Post hoc tests revealed that the
1P group had similar NR2B-positive cells compared to the 1UP group
(P > 0.5). However, strong training significantly reduced NR2B-
positive cells compared to either the 1P or 1UP group (both P < 0.01).
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We next asked whether this decrease was reversed 60 d after strong
training, a time when strong memories undergo reconsolidation.
Western blot results showed that NR2B downregulation disappeared
60 d after training (; = 1.98, P > 0.05, Supplementary Fig. 6 online),
at a time when the strong memory can undergo reconsolidation (Fig. 5
and Supplementary Figs. 5 and 6). IHC results confirmed this
(Supplementary Fig. 5b). A two-way ANOVA (1P versus 10P in lateral
versus basal amygdala) detected insignificant group difference or group
by area interaction (both F < 1). Overall results demonstrated an
inverse relationship between NR2B abundance and the ability of a
memory to undergo reconsolidation.

NR2B levels functionally relate to reconsolidation

If the NR2B abundance in the LBA had a functional relationship with
whether fear memories undergo reconsolidation, then we predicted
that manipulations that allow reconsolidation of strong memories 2 d
after training should also prevent NR2B downregulation. We applied
pretraining dorsal hippocampus lesions, which allows new strong
memories to undergo reconsolidation (Fig. 4). Four groups of rats
received sham or electrolytic lesions and 1P or 10P.

Western blot results confirmed the prediction (Fig. 6 and Supple-
mentary Fig. 7 online): a one-way ANOVA showed significant differ-
ence among groups (F3,3 = 4.001, P = 0.019). Post hoc tests showed
that only 10P-sham group had less NR2B expression than the 1P-sham
and 10P-lesion groups (P < 0.05). Using IHC (Supplementary Fig. 8
online), a two-way ANOVA showed significant group (F,9 = 6.57,
P < 0.05) and area effects (lateral > basal amygdala, F; 9 = 75.21,
P < 0.001). Post hoc tests showed that the 10P-sham group had fewer
NR2B-positive cells (P < 0.05) than the 1P-sham group. This again
replicated the downregulation (Fig. 5a and Supplementary Fig. 5a).
However, the downregulation was absent in the 10P-lesion group.

DISCUSSION

Previous work has demonstrated that reconsolidation is a fundamental
phenomenon, but it is not ubiquitous. There are reports of boundary
conditions”!>1336, Here we show that strong training—induced bound-
ary conditions can (i) be transient, (ii) require a separate brain system
and (iii) be manifested by downregulation of a mechanism mediating
the induction of reconsolidation, which in the case of fear conditioning
in the LBA is the NR2B NMDA receptor subunit (Supplementary
Figs. 9 and 10 online). The reduction in mechanisms necessary for
reconsolidation is likely to be a graded phenomenon and would be
maximally reduced under conditions when the memory is resistant to
undergoing reconsolidation using a variety of reactivation protocols.
Under moderate conditions—for example, after 5 tone-shock
pairings—the NR2B reduction could be more modest, which might

Figure 6 Pretraining dorsal hippocampus lesions prevent the downregulation
of NR2B in strongly trained rats. Rats received a pretraining electrolytic dorsal
hippocampus lesion or sham lesion. After recovered from the surgery, they
were trained with 1 or 10 tone—footshock pairings (1P and 10P, respectively).
Two days after training, tissue was extracted from the amygdala for NR2B
quantification. The 1P sham (n = 6), 1P lesion (n = 7) and 10P lesion
(n=7) all had comparable NR2B subunit expression. The 10P sham (n = 7)
group showed less expression of NR2B in the LBA, an effect that was not
present in 10P lesion group. *P < 0.05. Means + s.e.m.

leave enough NR2B receptors for the memory to undergo reconsolida-
tion with alternative reactivation protocols.

One possible alternative interpretation of our conclusion that strong
training boundary conditions are transient would posit that strong
auditory fear memories are initially amygdala independent and then
become amygdala dependent over time. However, the amygdala is
thought to be always critical for acquisition and consolidation of
pavlovian fear memories®”*, Even strong memories acquired with
75 shocks are dependent on the LBA%, In addition, this alternative
interpretation cannot explain why lesions of the dorsal hippocampus
make the auditory fear memories sensitive to anisomycin challenge
in the LBA.

A second alternative interpretation of the transient boundary con-
dition would suggest that strong memories undergo reconsolidation;
however, the freezing level might reach a ceiling and this prevents us
from detecting a positive effect of anisomycin at 2 and 7 d after strong
training. However, to explain the positive findings at 30 and 60 d after
training, this interpretation would have to posit that the levels of
freezing decline over 30 d to allow an anisomycin-induced deficit to be
detectable. This interpretation has more difficulty explaining the
findings that strong memories in rats with dorsal hippocampus lesion
are sensitive to post-reactivation anisomycin. This is because lesions of
the dorsal hippocampus are not thought to affect the level of auditory
freezing”>. To explain the anisomycin impairment in the dorsal
hippocampus lesioned rats, the ceiling effect interpretation would
have to posit that the lesions substantially decreased auditory fear to
levels at which an anisomycin impairment could be detected. We
directly tested this and found no change in the rate of extinction
(Fig. 4c), suggesting that the lesions did not affect the strength
of the memory. This last finding rules out the ceiling effect inter-
pretation of our data.

Lastly, the pattern of findings cannot be explained by nonspecific
effects, such as state-dependent learning, or by toxicity, such as
apoptosis, due to anisomycin infusions?®. This is because PR-STM
was always intact, and the identical infusions have both negative
and positive effects on the long-term memory, depending on the
training protocol, the reactivation time after training and the
presence or absence of hippocampus lesions. Thus, the most parsimo-
nious interpretation of the data is that the strong fear memory
remains consolidated in the LBA and over time can again begin to
undergo reconsolidation.

We found that the strong training-induced boundary condition was
due to associative effects of the shocks. Memories for a single pairing
followed by nine unsignaled footshocks (1+9UP) underwent reconso-
lidation. This suggests that at the behavioral level, it is the change in
associative strength acquired with the ten pairings that induces the
boundary condition. At the molecular level, both of these groups
showed decreases in NR2B subunit abundance. It could be argued
that the ability of the auditory fear memory to undergo reconsolidation
in the 1+9UP group, while it also reduces NR2B subunit abundance in
the LBA, dissociates amounts of the NR2B subunit from a memory’s
ability to undergo reconsolidation. In turn, it could be argued that on
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the basis of this finding the decrease in NR2B subunit is nonspecific.
However, if this interpretation is correct, then there is no reason why a
nonspecific effect would reverse over time (60 d after strong straining),
be subunit specific (decreased NR2B but not NR1) and be reversed by
lesions of the dorsal hippocampus.

An alternative specific interpretation of the decreased NR2B expres-
sion in the 1+9UP group is that the protocol induces strong contextual
fear conditioning. The decrease in NR2B subunit would serve to inhibit
reconsolidation of the contextual memory. Projections of auditory and
contextual information are thought to be acquired by different popula-
tions of neurons within the LBA*. The tissue analyzed in our
experiments included both regions. We assume that the reduction in
NR2B subunit after 10P occurs predominantly at LBA afferents relaying
the 5-kHz frequency of the conditioned stimulus and adjoining
frequencies. Similarly, the decreased NR2B expression in the 1+9UP
group would predominantly be reduced at the afferents mediating the
contextual memory within the LBA. In this case, the 1+9UP should
decrease the total NR2B subunits (induced at the afferents mediating
the contextual memory), but the abundance of NR2B on the afferents
mediating auditory fear conditioning would be sufficient to permit the
auditory memory to undergo reconsolidation.

The dorsal hippocampus has been previously shown to be mostly
dispensable for the acquisition and expression of auditory fear con-
ditioning?>*1#2, For this reason, it is unexpected that lesions of the
dorsal hippocampus allowed strong memories to undergo reconsolida-
tion in the amygdala 2 d after training. This is not due to nonspecific
effects of the lesions, as the rats showed freezing levels comparable to
those in unlesioned rats during reactivation, with intact PR-STM scores,
and the impairment was only seen when the memory was reactivated.
Any nonspecific effects of the lesion, such as increased locomotion, that
could compete with freezing would have led to a decrease in freezing
during reactivation in both the reactivated and non-reactivated groups.
Further evidence for the specificity of dorsal hippocampus lesions on
the mechanisms associated with the boundary condition was that the
abundance of NR2B subunits in these lesioned rats was comparable to
that in sham-lesioned rats with weak 1P training. This cross-region
regulation of reconsolidation needs future studies to identify which
stage of the training experience the hippocampus is critical for. It is
possible that the hippocampus is only involved in the initial training in
order to inhibit reconsolidation. Alternatively, the dorsal hippocampus
may only be involved in the maintenance of the boundary condition.
Attempts to answer these questions are under way.

Because of the novelty of the ability of the hippocampus to affect
reconsolidation in the amygdala, we can only speculate as to the nature of
the information mediated by the hippocampus that is inhibiting strong
new memories from undergoing reconsolidation in the amygdala. Cur-
rent models of hippocampus functions suggest the involvement of the
dorsal hippocampus in the time-dependent reorganization of contextual
memories?; but see ref. 43). It is possible that during the reorganization
of the contextual memory into a remote memory, the strong auditory fear
memories consolidated in the LBA are inhibited from undergoing
reconsolidation. Over time, however, the memory is thought to become
independent of the hippocampus and dependent on the anterior cingu-
late cortex?®. Once the memory has become hippocampus independent, it
would cease to inhibit reconsolidation within the LBA.

Reconsolidation experiments entail two processes. First, reactivation
induces the consolidated memory to return to a labile state. Second, the
memory must be reconsolidated from this labile state®?!. Recent
findings suggest that NR2B subunits must be activated in the LBA
during reactivation for the consolidated auditory fear memory to return
to a labile state®®. We found a clear relationship between NR2B
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expression and the ability of a strong auditory fear memory to undergo
reconsolidation in the LBA. NR2B downregulation coincides with time
points at which strong memories do not undergo reconsolidation and
returns to normal (either passively by the passage of time or by dorsal
hippocampus lesion) at times when the strong memories can undergo
reconsolidation. It is unlikely that the initial decrease in NR2B subunits
was due to increased cellular stress from strong training because (i) NR1
expression was normal in rats that received strong training and
(ii) NR2B expression was normal in hippocampus-lesioned rats. Last,
the finding that dorsal hippocampus lesion did prevent both the strong
training boundary condition and the decrease in NR2B expression
demonstrates a functional relationship between these two factors.

The reduced NR2B but normal NR1 expression is congruent with an
earlier report using physiological recording and western blot®>. The
authors suggested that one protective effect on the strong memory that
results from the downregulation of NMDA receptors would be that it
would prevent the acquisition of new fear memories that could
interfere with the original strong memory. This downregulation may
be a homeostatic response to overstimulation*4. Another effect on a
recently acquired strong fear memory of decreasing NR2B subunits in
the LBA is that it would prevent the strong fear memory from returning
to a labile state during which it could be changed or weakened. Thus,
the very strong memory is protected for some time from interference.
Substantial downregulation of NMDA receptors is also seen during
development, often at the end of a critical period45’46. Therefore,
decreasing NMDA receptor abundance could be a general mechanism
by the brain to preserve the learned experience and reduce the potential
interference from future events. This reduction would, theoretically,
compromise any computations, memory-related or not, performed by
afferents with a very low abundance of NR2B subunits.

The insensitivity of the strong memory to anisomycin 2 d after training
could be interpreted as a memory that does not undergo reconsolidation
or as one that is harder to induce to undergo reconsolidation. The finding
that three different reactivation procedures (Figs. 1b and 2) did not
induce any amnesia suggests that strong memories initially do not
undergo reconsolidation. It is always possible that some other protocol
would be effective. However, 2 d after training, the receptor mechanisms
critical for inducing reconsolidation are downregulated. Because the
mechanisms that are necessary for inducing a consolidated memory to
enter a labile state are extremely reduced, we could consider strong
memories as a real boundary condition in the LBA.

Our suggested role of the NR2B subunits in regulating when fear
memory in the LBA will undergo reconsolidation may not generalize to
all memory systems or types of memory. Thus far, there are four studies
that have examined the mechanisms involved in transforming a
consolidated memory into one in a labile state. While we have
demonstrated that NR2B subunit is critical for memories to return
to a labile state within the LBA for fear conditioning?4, NMDA
receptors in the hippocampus for fear memories and within the
amygdala for appetitive memories are thought to play a role in
restabilization process*”*%, In the hippocampus, voltage-gated calcium
channels (VGCC)*” and protein degradation*® are critical for return of
a memory to a labile state. Thus, boundary conditions within the
hippocampus may work by decreasing VGCC abundance or by pre-
venting protein degradation or any molecular mechanism initiated by
VGCC activation that will putatively lead to protein degradation. For
each system, the specific molecules mediating boundary conditions are
likely to change, but the conceptual mechanisms should remain the
same: boundary conditions inhibit reconsolidation by downregulating
a mechanism that is critical for transformation of a memory from a
stable to a labile state.
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ARTICLES

In summary, these results begin to describe the training-strength
boundary conditions on reconsolidation from the perspectives of
behavioral variables, brain system dynamics and molecular mechanisms.
These data provide new insights into the nature of the mechanisms that
constrain reconsolidation: (i) they can be transient, (ii) different brain
areas can be necessary for the boundary conditions on other brain areas
and (iii) one conceptual mechanism mediating boundary conditions is
the downregulation of the mechanisms mediating the induction of
reconsolidation. These findings contain important clinical implications:
treating PTSD too soon after the memory has consolidated may be
fruitless as the memory is less likely to undergo reconsolidation.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Subjects. Adult male Sprague-Dawley rats bred at Charles River were used in
this study. Both food and water were provided ad libitum. The 12-h light-dark
cycle began at 7 am daily. All experiments were conducted at the light cycle and
followed the protocols approved by McGill University Animal Care Center.

Surgery. Rats were anesthetized with sodium pentobarbital (60 mg ml™),
injected with atropine to prevent the obstruction of the respiration and placed
in stereotaxic frames. Guide cannula (22 gauge) were bilaterally implanted and
aimed at lateral and basal nuclei of the amygdala (LBA). The coordinates were 3
mm posterior, 5.3 mm lateral, and 8 mm ventral from the bregma based on rat
brain atlas. Three jewelry screws were implanted into the skull and acrylic
cement was applied to stabilize the cannula. The rats were then allowed 7-10 d
to recover from the surgery. During the recovery period, rats were handled
daily.

For dorsal hippocampus lesions, rats were given electrolytic or sham lesions
at the time of LBA cannula implantation. The screws were first anchored. The
electrodes were then placed at two sites of dorsal hippocampus in each
hemisphere. The coordinates were 2.8 mm posterior, 2 mm lateral and
4 mm ventral; 4.2 mm posterior, 3 mm lateral and 4 mm ventral from the
bregma. Stainless steel microelectrodes (FHC, model KK1) with 500 pm of the
tip insulation removed were lowered through an incision in the dura into the
target area. Lesions were made by passing a positive current (1.0 mA, 20 s)
through a lesion-making device (Ugo Basile). Sham lesioned rats underwent a
similar surgery procedure except for the electrolytic current being omitted.

Drugs and micro-infusions. Anisomycin (125 pg pl~!, Sigma-Aldrich) was
dissolved in 1 M HCl and normal physiological saline. The pH was adjusted to
7.4 with 1 M NaOH. Normal physiological saline was used as vehicle solution.
For intra-LBA microinfusion, injectors (28 gauge, extending 1.5 mm below the
guide cannula) were connected to microsyringe (5 pl, Hamilton) with poly-
ethylene tubes. The solution (0.5 pl per side) was infused with a pump
(Harvard) over the course of 2 min. The injector was left for an additional
minute to allow the complete diffusion.

Histology. After completing all behavioral procedures, rats were transcardially
perfused with physiological saline followed by 10% formalin-saline. The brains
were then cryosectioned at 50-pum thickness and stained with formal-thionin to
identify cannula placement.

Behavioral procedures. Habituation. After recovery from the surgery, rats were
given 2 d of habituation in the training and testing chambers, which had
different olfactory, tactile and visual properties from each other. On day 1, half
of the rats were habituated to the training contexts for 30 min and 5 h later,
they were habituated to the testing contexts for 30 min. On the next day, the
same rats received a reversed order of habituation (that is, testing context first
and then training context). The remaining half rats received the reverse
sequence of habituation.

Training. The day after habituation rats were conditioned. After 3 min of
acclimation, one tone (5 kHz, 75 dB) was presented for 30 s and it
coterminated with a scrambled footshock (1.5 mA, 1 s). In the strong training
paradigm, 10 tone—footshock pairings were given. The interpairing interval was
variable with an average of 4 min. One minute after the final pairing, rats were
returned to their home cages.

Reactivation. Reactivation entailed one 30-s tone presentation in the testing
box. One minute after the offset of the tone, rats were removed from the testing
chamber. Half of the rats were immediately infused with anisomycin and the
remaining were infused with vehicle. They were then returned to the home
cage. Four hours later, they were given a post-reactivation short-term memory
(PR-STM) test. The test session was 8 min long and composed of three
presentations of the 30-s tone. Twenty-four hours after reactivation, rats were

given post-reactivation long-term (PR-LTM) memory test which was 8 min
long and composed of three presentations of the 30-s tone.

Extinction. Rats were habituated and trained with 1 pairing or 10 pairings as
described above. Two days later, rats received 10 presentations of the tones (30 s
each) without any footshocks in the testing context. The intertone interval was
varied between 2 and 5 min (average 3 min).

Western blots and antibodies. The rats were deeply anesthetized with
urethane (50 mg ml™') and put to death and their brains were rapidly
removed and frozen. Amygdala punches were obtained with a neuro punch
(1 mm; Fine Science Tools) from frozen brains. The punches included the
lateral amygdala and the basal nucleus and possibly portions of the lateral
central nucleus. The samples were homogenized in cold lysis buffer with
protease inhibitors. Equal amounts of protein (15 pg) were resolved using
7.5% SDS-PAGE and transferred to nitrocellulose membranes as previously
described®®. The protein blots were incubated with primary antibodies
(NR2B, 1:300 (Zymed) or NRI, 1:1,000 (Chemicon)), followed by incuba-
tion with horseradish peroxidase—conjugated antibody to goat IgG. For
quantification of immunoblots, they were scanned and analyzed using
ImageQuant software (Amersham).

Immunohistochemistry. Two days after training, the rats were deeply anesthe-
tized with urethane (50 mg ml™!). They were then transcardially perfused with
cold PBS followed by 4% paraformaldehyde in phosphate buffer. Brains were
removed and postfixed in the same fixative overnight. Brains were then sliced
with vibratome (Leica) at 50-um thickness. Sections were collected from the
region around 2.8 to 3.5 mm posterior to the bregma, where it contains
amygdalar structures. IHC was done using a free-flotation method. Selected
sections were then incubated in 0.3% H,0, to quench endogenous peroxidase
activity, blocked in PBS containing 1% bovine serum with 0.2% Triton X-100
and incubated in antibodies to NR2B (rabbit polyclonal antibody, 1:500;
Upstate) in the same blocking buffer at room temperature (23-26 °C) over-
night. After washing with PBS, slices were then incubated in biotinylated goat
anti-rabbit antibodies (1:1,000, Vector) for 1 h at room temperature, washed
with PBS and incubated in ABC (Elite kit, Vector). The color development was
done with 3,3’-diaminobenzidine tetrahydrochloride (Sigma-Aldrich) for
2 min. After a series of dehydration procedures, sections were mounted on
coated slides and coverslipped.

Quantification of NR2B-labeled cells. In each rat, cell counts were taken from
two to three sections, separated by 200 pum, from 2.8 to 3.2 mm posterior to the
bregma. The boundary of lateral amygdala and basal amygdala was defined
under the microscope (Olympus, IX81) using a x20 objective. Cell counting
was done under a x40 objective. We used ImagePro software (Media
Cybernetics) to identify circular, stained objects that were substantially darker
than the background. We later verified that these objects were cell bodies. A
region of interest (ROI; dimensions, a 210 pum X 150 pm rectangle) was
randomly selected ~ 0.2 mm below the tip of the lateral amygdala or below the
boundary of the lateral and basal amygdala. In total, eight similar ROIs were
randomly collected within lateral and basal amygdala. The cell numbers within
these ROIs were later averaged for statistic analysis.

Statistics. We used one-way independent, two-way independent, and two-way
or three-way with one repeated measure ANOVA for behavioral data analysis.
Post hoc tests were further used to identify the critical differences that
contributed to significant interaction. Type-one error rate was set at 0.05.
Behavioral data entered statistical analysis only when the cannula correctly
targeted LBA bilaterally.

50. Lengyel, |. et al. Autonomous activity of CaMKI| is only transiently increased following
the induction of long-term potentiation in the rat hippocampus. Eur J. Neurosci. 20,
3063-3072 (2004).
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Figure S1 Freezing to the context during reactivation does not change
over time. The percentage of freezing to the test context was assessed by
the duration of freezing during the 30 seconds before the onset of the CS.
Veh (open squares) or Ani (black squares) refers to the animals that

would receive intra-LBA infusion of vehicle or anisomycin after reactivation.
Each data point is represented in mean +/— s.e.m.



Wang, Alvares & Nader

Memory strength as a constraint on auditory fear reconsolidation

Nature Neuroscience: doi:10.1038/nn.2350

Figure S2 Electrolytic lesion of dorsal
hippocampus. Top panel: The picture
represents a typical brain section with
dorsal hippocampus lesion. Bottom panel:
The schematic representation shows the
extent of the lesion. The number attached
to each brain section indicates its distance
(in mm) posterior to the bregma (based on
Paxinos and Watson atlas). Shaded area
shows the largest lesion while the black
area shows the smallest lesion. This
figure represents the animals in Fig. 4a
study.
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Figure S3 Lateral and basal amygdala
cannula placement. Top panel: The picture
represents a typical brain section showing
cannula aimed at lateral amygdala. Bottom
panel: the schematic representation shows
the placement of the tip of injectors which
can be clearly identified under microscopy
by tracing the scar trace. The number
attached to each brain section indicates its
distance (in mm) posterior to the bregma
(based on Paxinos and Watson atlas). This
figure represents the animals in Fig. 4a
study.
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Figure S4 Western blots of Fig. 5. The number above each lane represents the group identify: 1: 1 pairing,
2: 1 unpairing, 3: 1 pairing + 9 unpaired shocks, 4: 10 pairings. ‘M’ indicates markers of protein molecular
weight.
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Figure S5 NR2B-subunit levels, assessed by immunohistochemistry (IHC), are inversely related to
the ability of the strong memories to undergo reconsolidation over time. (a) Animals received 10
tone-footshock pairings (10P), 1 pairing (1P), or 1 footshock followed by an unpaired tone (UP). They
were sacrificed 2 days after training, a time when the memory does not undergo reconsolidation, and
their brains were later processed for IHC. The left panel represents the actual staining in regions of
interest (ROI) in lateral and basal amygdala (LA, BA) in individual groups (n=4/group). The graph
shows the quantification of NR2B-positive cell numbers in each ROI. While 1P and UP animals
showed similar level of NR2B-immunostained cells, 10P animals showed significantly less stained
cells in either LA or BA. The asterisk (*) indicates significant group differences. (b) Animals received
either 10P or 1P. They were sacrificed 60 days after training, a time when the memory does undergo
reconsolidation, and their brains were later processed for IHC. Both groups show similar level of
NR2B-positive cells in LA and BA. The scalar bar represents 80 um. All pictures in the left panel are
in the same scale. Each data point is represented in mean +/- s.e.m.
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Figure S6 Strong memory induced down-regulation of NR2B subunits dissipates over time. (a) Western
blot of NR2B subunits in amygdala tissue. Animals were trained with 1 (n = 5) or 10 (n = 4) tone-footshock
pairings (1P or 10P) and sacrificed 60 days later, a time when the memory does undergo reconsolidation.
‘M’ indicates markers of protein molecular weight. (b) Quantification of the levels of NR2B subunits which
was comparable between strong and weak training when tested 60 days after training. Each data point is

represented in mean +/— s.e.m.
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Figure S7 Western blots of Fig. 6. The number above each lane represents the group identify: 1: 1 pairing
with sham dorsal hippocampus (dHPC) lesion, 2: 10 pairing with sham dHPC lesion, 3: 1 pairing with
electrolytic dHPC lesion, 4: 10 pairing with electrolytic dHPC lesion. ‘M’ indicates markers of protein
molecular weight.
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Figure S7 Western blots of Fig. 6. The number above each lane represents the group identify: 1: 1 pairing
with sham dorsal hippocampus (dHPC) lesion, 2: 10 pairing with sham dHPC lesion, 3: 1 pairing with
electrolytic dHPC lesion, 4: 10 pairing with electrolytic dHPC lesion. ‘M’ indicates markers of protein
molecular weight.
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Figure S8 Immunohistochemical analysis of the effects of pre-training dorsal hippocampus
lesion on the down regulation of NR2B-positive cells in strongly trained animals. Animals
received pre-training, electrolytic dorsal hippocampus lesion or sham lesion at the time of
implanting LBA cannula. They were trained with either 10 tone-footshock pairings (10P) or
1 pairing (1P). They were sacrificed 2 days after training and their brains were processed
for immunohistochemistry. The sham-lesioned, strong training group (10p_sham) showed
less NR2B-positive cells than those in sham-lesioned, 1 pairing group (1p_sham). Dorsal
hippocampus lesions prevented the reduction in NR2B positive cells induced by normally
induced by strong training (10p_lesion) to a level that is comparable to the regular training

group (1p_sham). The asterisk (*) indicates significant group differences. Each data point
is represented in mean +/- s.e.m.
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Figure S9 A diagram summarizing how strength of auditory fear memory can influence a mechanism that allows reconsolidation
to occur at the LBA synapses. (a) After 1 pairing, NR2B containing NMDA receptors are activated for the memory to go from a
consolidated inactive state (IS) to a labile active state (AS) (gray curved arrow). The labile memory then undergoes
reconsolidation and return to IS (black curved arrow). Independently of this mechanism, AMPA receptors are critical for the
expression of freezing behavior24. After 1 pairing, there are sufficient NR2B subunits at the synapse for the memory to undergo
reconsolidation when standard reactivation procedures are used. (b) After 10 pairings, via hippocampus mediated mechanisms
(not shown), levels of the NR2B, but not NR1, are reduced 2 days after training. NR2B reduction eliminates a necessary
mechanism for the memory to undergo reconsolidation. Hence, reactivation by standard or alternative protocols should be unable
to induce reconsolidation. Meanwhile, the existing AMPA receptors will mediate normal expression of freezing. NR2B level returns
to normal 60 days after training. Thus, standard reactivation procedures are now sufficient to induce reconsolidation.
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Figure S10 Conceptual diagram demonstrating how boundary conditions could inhibit memories from
undergoing reconsolidation across memories types and memory systems. (a) Under experimental conditions
when a memory undergoes reconsolidation, the mechanisms allowing a memory to be transformed from a
consolidated inactive state (IS) to a labile active state (AS), must be present and functional at the synapse (? in
figure). These mechanisms, of course, will involve more than surface receptors and will likely include a number
of molecular processes that have yet to be identified. One other molecular mechanism is protein degradation,
which is required for a consolidated memory to return to a labile state49. These mechanisms will likely not be
identical from all memory systems. (b) Experimental conditions that begin to inhibit memories from undergoing
reconsolidation may lead to a partial reduction in a mechanism that is critical for the induction of reconsolidation.
The partial reduction might be sufficient to prevent the induction of reconsolidation when a standard protocol is
used. However, there may still be sufficient amounts of this mechanism to permit the memory to undergo
reconsolidation when a stronger reactivation is used. (c) Under conditions when the memory does not undergo
reconsolidation, a boundary condition, a necessary mechanism for the induction of reconsolidation is reduced to
the point that alternative reactivation protocols cannot induce the memory to undergo reconsolidation.
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