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RESUMO

Dissertacao de Mestrado
Programa de P6s-Graduagao em Farmacologia
Universidade Federal de Santa Maria, RS, Brasil

A MELHORA DA RECONSOLIDA(}AO DA MEMORIA INDUZIDA POR
ESPERMIDINA ENVOLVE A PROTEINA CINASE DEPENDENTE DE CALCIO

AUTORA: Bruna Amanda Girardi
ORIENTADORA: Dr? Maribel Antonello Rubin
Local e Data da Defesa: Santa Maria, 21 de julho de 2015.

A reativagdo de uma memoria resulta na sua desestabilizagdo, que exigem um
processo de reconsolidacido de memodria para manté-la. A espermidina € uma amina
alifatica endégena com estrutura policatidbnica que modula a atividade do receptor N-
metil-D-aspartato (NMDA) e melhora a memoria. Evidéncias recentes sugerem que a
administracao sistémica de espermidina melhora a reconsolidacdo da memdria de
medo. No entanto n&o se sabe se a administragao intra hipocampal de espermidina
melhora a reconsolidacdo da memodria e nem se a proteina cinase dependente de
calcio (PKC) e sintese proteica estao envolvidas neste efeito. Portanto, no presente
estudo verificou-se o envolvimento da PKC e da sintese proteica na melhora da
reconsolidacdo da memoria do medo induzida pela administragdo intrahipocampal
(ih) de espermidina em ratos. Ratos Wistar machos foram treinados na tarefa de
medo condicionado contextual utilizando-se choque de 0,4 mA como estimulo
incondicionado. Vinte e quatro horas apds o treino, os animais foram re-expostos ao
aparelho na auséncia de choque (sessao reativacéo). Imediatamente apds a sesséo
de reativacdo foram administradas, por via ih, espermidina (2-200 pmol/sitio); o
inibidor da PKC, 3- [1- (dimetilaminopropil) indol-3-il] -4- (indol-3-il) maleimida (GF
109203X, 0,3-30 pg/sitio); o antagonista do sitio de ligagdo das poliaminas no
receptor de NMDA, arcaina (0,2-200 pmol/sitio) ou o ativador de PKC, 12-miristato
13-acetato de forbol (PMA, 0,02-2 nmol/sitio). Os testes foram realizados no mesmo
aparelho, 24 horas apds a sessao de reativacdo. O tempo de imobilidade dos
animais durante o teste foi considerado como medida de memodria. Enquanto a
administracao de espermidina (20 e 200 pmol/sitio) melhorou, GF 109203X (1, 10 e
30 pg/sitio) prejudicou a reconsolidagdo da memoadria. O GF 109203X (0,3 pg/sitio)
preveniu a melhora da reconsolidagcdo da memoria induzida por espermidina (200
pmol/sitio). A administracdo da arcaina (200 pmol/sitio) prejudicou e PMA (2
nmol/sitio) melhorou a reconsolidagdo da memoaria. O PMA (0,2 nmol/sitio) preveniu
0 prejuizo na reconsolidacdo da memoaria induzido por arcaina (200 pmol/sitio). O
inibidor de sintese de proteica, anisomicina (2 ug/sitio) preveniu a melhora da
reconsolidagdo da memoaria induzida por espermidina (200 pmol/sitio). Estas drogas
nao tiveram nenhum efeito sobre a memodria quando foram administrados na
auséncia da sessdo de reativagao. Estes resultados sugerem que a melhora da
reconsolidagdo da memoria induzida pela administragéo ih de espermidina envolve a
sintese proteica e a ativagcao de PKC.

Palavras-chave: Poliaminas, hipocampo, reconsolidagdo da memoria, proteina
cinase C, medo condicionado contextual.
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The reactivation of a memory results in its destabilization, requiring a process of
memory reconsolidation to maintain it. Spermidine is an endogenous aliphatic amine
with polycationic structure that modulates N-methyl-D-aspartate (NMDA) receptor
activity and improves memory. Recent evidence suggests that systemic
administration of spermidine improves the reconsolidation of fear memory. Here we
determined whether the calcium-dependent protein kinase (PKC) signaling pathway
is involved in the improvement of fear memory reconsolidation induced by
intrahippocampal (ih) administration of spermidine in rats. Male Wistar rats were
trained in a fear conditioning apparatus using a 0.4 mA footshock as unconditioned
stimulus. Twenty-four hours after training, animals were re-exposed to the apparatus
in the absence of shock (reactivation session). Immediately after the reactivation
session, spermidine (2-200 pmol/site); the PKC inhibitor, 3-[1-
(dimethylaminopropyl)indol-3-yl]-4-(indol-3-yl) maleimide hydrochloride (GF 109203X,
0.3 - 30 pg/site); the antagonist of the polyamine-binding site at the NMDA receptor,
arcaine (0.2 - 200 pmol/site) or the PKC activator, phorbol 12-myristate 13-acetate
(PMA, 0.02 - 2 nmol/site) were injected intra-hipocampally (i.h.). Testing was carried
out in the same apparatus, twenty-four hours after reactivation. Freezing scores at
testing were considered a measure of memory. While the post-reactivation
administration of spermidine (20 and 200 pmol/site) improved, GF 109203X (1, 10
and 30 pg/site) impaired memory reconsolidation. GF 109203X (0.3 pg/site)
prevented spermidine (200 pmol/site)-induced improvement of memory
reconsolidation. The post-reactivation administration of arcaine (200 pmol/site)
impaired and PMA (2 nmol/site) improved memory reconsolidation. PMA (0.2
nmol/site) prevented arcaine (200 pmol/site)-induced impairment of memory
reconsolidation. The protein synthesis inhibitor anisomycin (2 ug/site) prevented
spermidine (200 pmol/site)-induced improvement of memory reconsolidation. These
drugs had no effect on memory if they were administered in the absence of
reactivation. These results suggest that the enhancement of memory reconsolidation
induced by the administration of spermidine involves PKC activation.

Keywords: Polyamines; hippocampus; memory reconsolidation; protein kinase C;
contextual fear conditioning.
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1. INTRODUGCAO

1. INTRODUGAO

1.1 Memoria

Memoria é definida como o processo de aquisi¢ao, formagao ou consolidagao
e evocagao de informagdes adquiridas (IZQUIERDO I, 2011; 1ZQUIERDO, 2002). A
aquisicao é conhecida como aprendizado e, novos aprendizados ou informacdes
adquiridas podem, ou n&o, ser armazenados de forma permanente para serem
recuperados ou evocados sempre que necessario (IZQUIERDO, 2002; BADDELY &
NAVARRO, 1999).

Devido a sua complexidade, a memoria pode ser classificada de acordo com
0 seu conteudo e o seu tempo de duragao. De acordo com o conteudo, podemos
classificar as memorias em declarativas (explicitas) e n&o declarativas (implicitas).
As memoérias declarativas (explicitas) sdo aquelas associadas a eventos ou
conhecimentos e que podem ser evocadas pelo consciente e as quais conseguimos
verbalizar. As memdrias declarativas podem ser divididas em episodicas e
semanticas. As memorias episddicas sdo aquelas referentes a eventos aos quais
assistimos ou dos quais participamos, como a lembranga de nossa formatura, de um
rosto ou de um filme. As memodrias seménticas sdo aquelas de conhecimentos
gerais, como o conhecimento de portugués, medicina ou do perfume das rosas. As
memorias ndo declarativas (implicitas) sdo aquelas manifestadas por meio de
comportamentos motores ou sensoriais (MULLER & SCHUMANN, 2011). Em
comparagdo com as memorias declarativas, as memodrias nao declarativas s&o
aquelas evocadas pelo inconsciente e que ndo conseguimos verbalizar, como o fato
de sabermos andar de bicicleta, nadar, saltar (BEAR et al., 2008; STICKGOLD,
2005; IZQUIERDO, 2002).

Em pesquisas com animais, a classificacdo previamente mencionada pode
ser dificil de aplicar, principalmente pela complexidade que a memdria pode ser

avaliada em outras espécies. A figura 1 mostra essa classificagdo segundo a



natureza associativa ou nao associativa e,

comportamentais em roedores para sua avaliagao.
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Figura 1- Classificagdo da memodria segundo sua natureza associativa ou ndo associativa. Adaptado
de QUILLFELDT, 2006.

De acordo com o tempo de duragdo, que € o tempo que as memdrias
permanecem disponiveis para a evocagao apds serem adquiridas, as memdarias
podem ser classificadas em: memoéria de trabalho (as informagbes que estdo
disponiveis por periodos muito curtos de tempo, segundos a minutos), memorias de
curta duragdo (que duram de minutos a poucas horas apds serem adquiridas) e,
memorias de longa duragao (que podem durar dias, meses ou anos) e levam um
tempo maior para serem armazenadas (SQUIRE et al., 2004). Ainda existe uma
classificagao para aquelas memodrias que podem durar décadas, como aquelas da
nossa infancia e, essas sdo denominadas de memorias remotas (NADER et al.,
2000).

Tem sido proposto que a formacdo de memoria € constituida por diferentes
processos, 0s quais envolvem substratos neurobiolégicos distintos e complexos. A

formagcao da memodria de longa duragdo compreende trés fases distintas: aquisigéo,
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consolidagdo e evocacao (IZQUIERDO, 2011; I1ZQUIERDO, 2002), conforme
ilustrado na Figura 2. A aquisicdo ou aprendizado refere-se ao periodo de tempo
entre a percepgao do estimulo aprendido apés uma experiéncia prévia e 0 momento
que esse estimulo é convertido em uma memdéria. Logo apds o aprendizado ocorrem
modificagbes moleculares e celulares que culminam em uma progressiva
estabilizacdo dessas informacgdes adquiridas. Este processo, conhecido como
consolidagao, consiste no armazenamento da informagéao adquirida para que essa
seja armazenada como uma memoria de longa duragdo (NADEL et al., 2012;
DUBAI, 2004; McGAUGH, 2000). Durante este processo de estabilizagdo, as
memorias encontram-se labeis, ou seja, instaveis, estando susceptiveis a
intervengdes por diferentes meios, incluindo agentes farmacoldgicos, fazendo com
que a informagao adquirida possa ser alterada (GLAZER, 2010; McGAUGH, 1966;
2000).

RECONSOLIDAGAO

Evocacgao

Aquisics lidacs
quisicaoy Consolidacao e

EXTINGAO

Modulagcdes de forma positiva ou negativa por outras memorias,
drogas ou tratamentos farmacolégicas

Figura 2- Fases do processamento da memoria

Apos a consolidagdo da memoaria ela permanece estavel e pouco sensivel a
interferéncias (JI et al., 2003). Assim, quando a informagdo armazenada nao agrega
mais nenhum valor ao individuo, a memoéria € esquecida, priorizando o
armazenamento de novas informacdes. A evocagao ou recordagao refere-se ao
acesso a informacdo armazenada. E o retorno da memodria ao estado em que a
informagéo pode ser acessada de maneira consciente e/ou utilizada na execugao de
um comportamento (AGREN et al., 2012; CHEN et al., 2011). Com a evocagao de

uma determinada memoria, dois processos paralelos importantes, que dependem
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metodologicamente do tempo de reativagdo da memdria, podem ocorrer: a extingao
ou a reconsolidagdo da memoria, conforme ilustrado na Figura 2.

Quando a evocacéo é prolongada em auséncia de contingéncias aprendidas,
a memoria pode ser extinta (HARRIS et al., 2000). A extingdo consiste no
aprendizado de uma nova memoria que coexiste com a memdria original e que é
capaz de inibir, a0 menos temporariamente, a evocagdo da memoria original
(BOUTON, 2004). Cabe acrescentar que a extingao nao implica no esquecimento da
memoria. Com o passar do tempo, ou havendo mudangas no contexto ou no estado
emocional, a memoria original pode vir a dominar novamente o comportamento
(QUIRK & MUELLER, 2008; QUIRK, 2002) e, isso pode ocorrer espontaneamente,
ou através da reexposi¢cao ao estimulo incondicionado, a dicas ambientais ou, ao
estresse. Assim, o sentido biolégico da extingdo € formar uma nova memadria com
significado distinto da memdria original. Exposigdes curtas aos estimulos aprendidos
geralmente desencadeiam o processo de reconsolidagdo (ALBERINI & LEDOUX,
2013; DEBIEC et al., 2002).

1.2 Reconsolidagao da Meméria

A reconsolidagdo da memoria € o processo de estabilizacdo de uma memoria
reativada (NADER et al., 2000; MISANIN et al., 1968). A reativacao refere-se ao
processo de evocacdo da memoria que induz a desestabilizacdo da memoria
previamente consolidada, tornando-a labil novamente (MILTON & EVERITT, 2010;
LEWIS, 1979). Assim, a memoria labilizada precisa passar por um novo processo de
estabilizacdo, dependente de sintese proteica (LOPEZ et al., 2015), para persistir e
ser atualizada (WINTERS et al, 2009; ROSSATO et al, 2007), ou seja, ser
reconsolidada (NADER et al., 2000; SARA, 2000). Nesse contexto, a evocagao pode
mudar o conteudo da memoria original, podendo ser vista como um processo
dinamico, que confere uma propriedade adaptativa ao SNC (SARA, 2000).

Na reconsolidagdo ocorrem mudangas dindmicas na atividade de moléculas
de sinalizagao intracelular, tal como a ativacdo da proteina cinase dependente de
AMP¢ (PKA) (ARGUELLO et al, 2013), a ativagao de fatores de transcricdo como a
proteina ligante do elemento responsivo ao AMPc (CREB) (KIM et al., 2014;
TRONSON et al., 2012; KIDA et al., 2002) e a ativagado da cinase reguladadora de
sinalizacado extracelular (ERK) (KIM et al., 2014; TRONSON et al., 2012) e, a
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necessidade de sintese proteica (LOPEZ et al., 2015; DEBIEC et al., 2002; NADER
et al., 2000). Outra molécula de sinalizagao intracelular que é ativada durante a
reconsolidagdo da memoria € a proteina cinase dependente de calcio (PKC). Um
estudo realizado em 2007 sugeriu que a PKC hipocampal esta envolvida na
aquisicao, consolidacdo e, também na reconsolidagdo da memdria espacial (BONINI
et al., 2007). Especificamente este estudo mostrou que a inibicdo da PKC apds a
reativagdo, no hipocampo dorsal, prejudica a consolidacdo e reconsolidagdo da
memoria espacial. Além disso, a infusdo, apds a reativagao, de um inibidor da PKC
nao inibe a evocacgao/reativacdo, mas inibe a reconsolidagdo da memdaria (BONINI et
al., 2007). Outro estudo também mostrou que a ativagdo de PKCC( e proteina
quinase MC (PKMCQ) é necessaria para a reativacdo e reconsolidagdo de memorias
(CRESPO et al., 2012).

Essas evidéncias levaram a hipotese de que a reconsolidagao envolveria uma
especie de recapitulacdo dos acontecimentos moleculares que ocorrem durante a
consolidagdo (SARA, 2000). No entanto, importantes diferengas bioquimicas e
farmacolégicas entre consolidagdo e reconsolidagdo foram encontradas
(BUCHERELLI et al., 2006; LEE et al., 2004), indicando que, apesar de existirem
algumas semelhancgas, consolidagéo e reconsolidagdo ndo sdo processos idénticos
(ALBERINI, 2006; LEE et al., 2004).

Lee e colaboradores (2004) mostraram que a consolidagdo e a
reconsolidagdo sao processos dissociaveis, pois utilizam substratos cerebrais
diferentes. Foi demonstrado que a consolidagcdo da memodria de medo contextual
envolve o fator neurotréfico derivado do encéfalo (BDNF), porém n&o o fator de
transcricdo Zif-268 no hipocampo. A reconsolidagao, ao contrario, requer Zif- 268,
mas ndo BDNF. Esta diferenca entre os papéis do BDNF e do Zif268 n&o so
esclarece a necessidade destas proteinas em fases distintas da memoria
dependente do hipocampo, mas também mostra que os mecanismos envolvidos na
reconsolidacdo da memoaria de medo nao sao idénticos aos da consolidacdo. Sendo
assim, o processo de reconsolidagcdo pode ser encarado como uma janela de
oportunidades para a manutencdo, o fortalecimento e a atualizacdo do traco
mnemonico evocado (NADER et al., 2000).

Diversos estudos tém demonstrado que a administragcdo de inibidores de
sintese proteica, apds a reativacdo de uma memdria consolidada, prejudica a

memoria original e reafirmam a hipdtese de que a evocagdo de uma memoria
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consolidada induz um novo periodo de instabilidade que requer um processo que
estabilize e mantenha a memdria para uma futura recuperagao (LOPEZ et al., 2015;
EINARSSON & NADER, 2013; ROSSATO et al., 2010). Além disso, os inibidores de
sintese proteica, assim como os antagonistas do receptor N-Metil-D-Aspartato
(NMDA), como MK-801, tém sido utilizados para mostrar a dissociagdo que existe
entre o processo de reconsolidacao e o de extingdo (MERLO et al., 2014; ROSSATO
et al., 2010)

Além da utilizacdo de inibidores de sintese proteica, estudos utilizando
injecbes sistémicas ou intracerebrais de distintos agentes farmacologicos tém
mostrado que a reconsolidagao pode ser prejudicada ou facilitada quando as drogas
sao administradas durante a reativacdo da memoria. Entre estas substancias,
destacam-se as drogas que prejudicam a reconsolidagdo da memoria, como
agonistas (GAMACHE et al.,, 2012) e antagonistas dos receptores noradrenérgicos
(ACHTERBERG et al, 2012; DEBIEC & LEDOUX, 2004), antagonistas dos
receptores de glicocorticoides (TRONEL & ALBERINI, 2007) e antagonistas do
NMDA (MERLO et al, 2014; LEE & HYNDS, 2013; CHIA & OTTO, 2013;
CHARLIER & TIRELLI, 2011), além de drogas que facilitam a reconsolidagdo, como
benzodiazepinicos (RODRIGUEZ et al., 2013) e agonistas do receptor NMDA
(RIBEIRO et al., 2013; PORTERO-TRESSERA et al., 2012; LEE et al., 2006).

1.3 Proteina cinase depende de calcio (PKC)

Takai e colaboradores descreveram em 1977 pela primeira vez uma proteina
cinase independente de nucleotideos ciclicos para sua ativacéo (TAKAI et al., 1977).
Posteriormente Tanaka e Nishizuka (1994) descreveram as mesmas como sendo
serina/treonina cinase, ativadas por calcio (do inglés PKC, protein kinases Ca®*
dependent), que estdo envolvidas em vias de transdugcdo neuronais através da
fosforilagao de diferentes substratos (TANAKA & NISHIZUKA, 1994)

Em mamiferos s&o descritas 10 isoformas de PKC, subdividas em trés

subfamilias, de acordo com suas caracteristicas bioquimicas (Quadro 1).
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Quadro 1: Classificacdo das isoformas da PKC.

Classificagao Isoforma O que requerem para ser
ativada
PKC Classica ou a, Bl Blley Requerem Ca”* e DAG
convencional (PKCc)
PKC “nova” (PKCn) £n,0,5ep Requerem Ca“* mas nido
DAG
PKC atipicas (PKCa) ¢ LA Nao requerem Ca’ nem
DAG

A PKC é uma enzima monomérica com um dominio regulatério e um catalitico
ligado a cadeia polipeptidica. A isoforma convencional da PKC é formada por quatro
regides conservadas (C1-C4). A metade amino terminal, contendo as regides C1,
que interage com o diacilglicerol (DAG- produto da hidrolise de fosfatidil- inositideos
restrito a membrana), éster de forbol e fosfatidilserina; C2 que interage com o Ca®*;
além de um pseudo-substrato adjacente a C1, representam um dominio regulatorio.
A metade carbodxi-terminal, contendo as regides C3 e C4, responsaveis pela ligagéo
do ATP e do substrato, respectivamente, representa o dominio catalitico (SUN &
ALKON, 2010; AMADIO et al., 2006). Usualmente a PKC encontra-se na forma
inativa no citosol, porem ativa-se de maneira reversivel quando se liga a membrana
fosfolipidica, na presenca de Ca?*. O jon promove a interacdo do subgrupo calcio
dependente da PKC com a fosfatidilserina da membrana, essa translocacao para a
membrana facilita a ligacdo do DAG e ativagdo do dominio catalitico da PKC
(STEINBERG, 2008).

Dominio regulatério Dominio catalitico
[ || ]
Ligagdo DAG/ Ligacdo | Ligacao ATP | Ligacdo Substrato |
éster de forbol Célcio y e '
Zinco Calcio
Vi l V2 V3 V4 V5
Pseudo-substrato

Figura 3- Isoforma da PKC. Adaptado de Ogita et al., 2002.
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A PKC esta amplamente distribuida no sistema nervoso central (SNC) dos
mamiferos, incluindo regides como neocortex, cortex cingulado, nucleo basolateral
da amigdala e, em quase toda a formagéo hipocampal (VAN DER ZEE et al., 1997).
Sua alta atividade e expressdao no SNC estdo associados com a regulagdo da
transmissao sinaptica e das fung¢des neurais em diferentes niveis, incluindo liberagéo
de neurotransmissores, funcionamento de receptores, expressao genica e processos
de aprendizagem e memoria (GOULD & MANJI, 2002).

Todas as isoformas de PKC contem um local entre o dominio regulatério e o
dominio catalitico, que é susceptivel a protedlise enzimatica. Elevados niveis de
célcio citoplasmatico podem ativar proteases que clivam PKC, libertando uma
isoforma da PKC citoplasmatica chamada proteina quinase M¢{ (PKMCQ) (OGITA et
al.,, 1992; OSADA et al., 1990). Este fragmento & constitutivamente ativo porque
perde seu dominio regulamentar. Sacktor mostrou em um estudo que o aumento da
expressdo PKMC conduz a ativacéo persistente de PKC em neurdnios hipocampais
e, que isso € particularmente importante para a manutencdo de memodrias
(SACKTOR, 2008).

Os substratos para a PKC podem ser, proteinas associadas a membrana pré
ou pods-sinaptica como a neurogranina, neurotransmissores como a acetilcolina e o
glutamato e, subunidades especificas de receptores como a NR2B do receptor
NMDA que estdo envolvidas com processo de plasticidade neuronal (CASABONA,
1997).

1.4 Receptor N-metil-D-Aspartato (NMDA)

Diversos sistemas de neurotransmissores estdo envolvidos com
aprendizagem e memoria (LEE & HYNDS, 2013; NADER et al., 2009), incluindo os
receptores glutamatérgicos NMDAr (figura 3). O receptor NMDA é um receptor de
membrana ativado por glutamato, pertencente a familia de receptores ionotrépicos
glutamatérgicos responsavel por mediar transmissdes excitatorias tanto na medula
espinhal como no encéfalo. Atualmente sao conhecidas sete subunidades desse
receptor, divididas em trés subfamilias: uma subunidade GIuN1, quatro subunidades
GIuN2 (GIuN2A, GIuN2B, GIuN2C e GIuN2D) e, duas subunidades GIuN3 (GIuN3A,

GIuN3B). Estas subunidades podem organizar-se em heterodimeros contendo
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subunidades GIuN1 e GIuN2 ou uma mistura de subunidades GIuN2 e GIuN3
(PAOLETTI et al., 2013; SANZ-CLEMENTE et al., 2013).

O receptor NMDA possui duas caracteristicas peculiares: € o unico ativado
por ligante e dependente de voltagem, devido a presenga de um ion magnésio, e
que necessita de dois ligantes, o glutamato e um coagonista (D-serina ou glicina)
para ser ativado (KLECKNER & DINGLEDINE, 1988). Em condi¢cdes de repouso, 0
poro do receptor NMDA esta bloqueado por niveis fisiolégicos de Mg®*. A ativacédo
do receptor NMDA resulta no influxo de sédio e calcio e efluxo de potassio, através
do seu poro. A ativagdo do receptor NMDA inicialmente ocorre com um impulso
nervoso com consequente despolarizagdo da membrana do neurdnio pré-sinaptico e
liberagao do glutamato das vesiculas por exocitose. O glutamato liberado se liga aos
receptores glutamatérgicos acido a-amino-3-hidroxi-5-metil-4-isoxazol propidnico
(AMPA) e cainato, fazendo com que ocorra influxo de ions Na*. Desta forma, vai
ocorrer uma despolarizagdo na membrana do neurbnio pds-sinaptico, fazendo com
gue o magnésio seja deslocado e o receptor NMDA possa ser ativado pelo agonista
glutamato e pelo seu co-agonista glicina, resultando no influxo de ions Na* e Ca’*e
no efluxo de ions K* (PAOLETTI & NEYTON, 2007; OZAWA et al., 1998; SCATTON,
1993). O influxo de Ca®" aumenta a intensidade e prolonga a duracdo da
despolarizacdo da membrana do neurbnio pds-sinaptico, promove a ativacdo de
proteinas cinases responsaveis por algumas respostas celulares, como o aumento
da expressdo dos fatores de transcricdio e o aumento da transmissdo de
informagdes entre os neurdnios (plasticidade sinaptica) que modificam a eficiéncia
sinaptica e a morfologia neuronal, cruciais para plasticidade sinaptica (SANZ-
CLEMENTE et al., 2013; IZQUIERDO & MEDINA, 1997).

O receptor NMDA ¢é regulado por diferentes sitios de ligagdo tanto para
ligantes enddgenos quanto para ligantes exdgenos, incluindo o glutamato, glicina,

magneésio, zinco e também um sitio para as poliaminas (ZIGMOND et al., 1999).
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Sitio redox Glutamato

Glicina

T Poliamina
Extracelular

Intracelular

P P
Sitios de fosforilagéo

Figura 4- Estrutura do receptor NMDA. Adaptado de SQUIRE et al., 2002.

1.5 Poliaminas

As poliaminas foram descritas pela primeira vez em 1678, por Antoni van
Leeuwenhoek, sdao aminas alifaticas simples compostas por uma, duas ou trés
cadeias carbonadas flexiveis, as quais sdo conectadas por atomos de nitrogénio
(figura 4). A putrescina (1,4-dianobutano) € uma diamina, a espermidina (mono-N-3-
aminopropil-1,4-dianobutano) € uma triamina e a espermina (bis-N-3-aminopropil-
1,4-dianobutano) € uma tetraamina (TETI et al., 2002), seus nomes comuns provem
da fonte de onde foram primariamente isoladas: carne em putrefacdo e liquido
seminal (COFFINO, 2001).



20

+
+/\/\/NH3
HsN
Putrescina
+
+ +
/\/\/Nl-h
BN T N
2P
H H
Espermidina
H,  H +
+ +
D W i T e WP
H:N AN &
H H
Espermina

Figura 5- Estrutura quimica das poliaminas. Adaptado de TETI et al., 2002.

As poliaminas estdo amplamente distribuidas no SNC de seres humanos,
sendo as maiores concentracbes de espermidina, seguida pela espermina e
putrescina, cada qual estando distribuida diferentemente em cada regido cerebral.
Sao encontradas principalmente em regides como hipocampo, hipotadlamo, nucleo
acumbens, bulbo, hipocampo e cértex cerebelar (KRAUSS et al., 2007; THOMAS &
THOMAS, 2001; MORRISON & KISH, 1995).

O carater fortemente basico das poliaminas implica na protonacdo de todos
0os grupos amino em condigdes fisiolégicas. As poliaminas podem modular a
excitabilidade neuronal agindo em diferentes canais idnicos e receptores de
membrana, como canais de calcio e o receptor NMDA (MONY et al., 2009). A
interacdo das poliaminas com sitios aniénicos de macromoléculas (acidos nucléicos,
proteinas, lipidios de membrana) é a base do mecanismo para a maioria das suas
fungbes bioldgicas. Dentre estas se destacam: modulagdo do crescimento e
diferenciacao celular (TABOR & TABOR, 1984), apoptose (THOMAS & THOMAS,
2001), estabilizagdo do DNA e RNA (IGARASHI & KASHIWAGI, 2000), regulagéo da
expressado génica (CELANO et al., 1989), sintese de proteinas (YOSHIDA et al.,
1999), sinalizagao celular (BACHRACH et al., 2001; JOHNSON & MCCORMACK,
1999), diminuicdo da lipoperoxidacao (BELLE et al., 2004) e ainda, possuem

interagcdes especificas com canais idnicos (WILLIAMS, 1997) tais como canais de
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potassio (K*), receptores AMPA permedveis ao calcio (Ca**), receptores cainato e o
receptor NMDA (IGARASHI & KASHIWAGI, 2010; MOTT et al., 2003).

A arcaina é um antagonista competitivo do sitio de ligagao das poliaminas do
receptor NMDA (LYNCH et al., 1995) e um analogo das poliaminas, possuindo
estrutura semelhante a estas. E composta por uma cadeia carbonada, a qual esta
conectada por atomos de nitrogénio. Ela também apresenta grupamentos amino em
suas extremidades, além de conter uma molécula de acido sulfurico, a qual confere
o nome de 1, 4-diguanidinobutano (REYNOLDS, 1990).

Mony e colaboradores (2011) mostraram através de técnicas moleculares e
eletrofisiolégicas, que as poliaminas se ligam na interface das subunidades
GIuN1/GIuN2B do receptor NMDA (figura 5) (MONY et al, 2011). No modelo
proposto, a espermina liga-se na interface formada pelos I6bulos inferiores do
dominio N-terminal (NTD) das subunidades GIuN1/GIuN2B do receptor NMDA. O
dimero formado pelo NTD das subunidades GluN1/GIuN2B que possuem formato de
concha, pode alternar entre dois estados conformacionais: um estado ativo e outro
estado “tipo dessensibilizado”. No estado ativado, a regido NTD das duas
subunidades esta aberta, o que mantém os lobulos inferiores proximos e aumenta a
probabilidade de ligagdo do agonista. Ja no estado dessensibilizado, cargas
eletrostaticas mantém os I6bulos inferiores de GIuN1 e GIuN2B separados, o que
provoca o fechamento da regido NTD. A espermina e a espermidina agem
estabilizando o receptor em um estado ativado, aliviando a repulsédo eletrostatica
que separa os lébulos inferiores das subunidades GluN1 e GIuN2B.
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Sitio de ligagé@o das poliaminas no receptor NMDA

B
A GIUN1 GIuN2B Modulacéo
alostérica positiva
e —— @
Estado ativo @ Estado dessensibilizado
Espermidina/Espermina
c . Traxoprodil

0 <
ﬁ _ Modulagéo
e alostérica negativa

Figura 6- Sitios de modulagao alostérica no receptor NMDA. A) Visdo esquematica do heterodimero
formado pelas subunidades GIuN1 e GIuN2B. B) Sitio de ligagdo das poliaminas no receptor NMDA.
C) Sitio de ligagao de antagonistas da subunidade GIuN2B do receptor NMDA. Adaptado de MONY et
al., 2011.

1.5.1 Metabolismo das poliaminas

Nos seres humanos as poliaminas podem ser sintetizadas endogenamente
pelo organismo ou provém da flora gastrintestinal, através da metabolizagdo dos
aminoacidos provenientes da dieta (TETI et al., 2002). Distinguem-se duas maiores
rotas de metabolismo das poliaminas: a via da produgéo (sinteses de novo) ou da
interconversao e a via do catabolismo final das poliaminas (figura 6). O aminoacido
ornitina € o principal precursor das poliaminas endégenas.

No encéfalo, a ornitina €& formada a partir da clivagem hidrolitica do
aminoacido arginina, através da enzima arginase formando putrescina
(SEILER,1981). Uma vez sintetizada, a putrescina serve como precursor para a
espermina e espermidina, para isso deve haver a doagcdo de um grupamento
aminopropil para a putrescina, o qual é derivado da descarboxilagdo da S-
adenosilmetionina através da acdo da enzima S-adenosilmetionina descarboxilase.
A enzima espermidina sintase, uma enzima aminopropil transferase, catalisa a
transferéncia do grupamento aminopropil para a putrescina, formando a

espermidina. A espermina é formada pela doagdo de um segundo grupamento
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aminopropil para a espermidina, catalisada pela espermina sintase, formando entéo
a espermina (MOINARD et al., 2005; TABOR & TABOR,1984).

A rota de interconversdo permite que essa reagao seja reversivel, isto é, a
espermina e a espermidina podem ser convertidas em espermidina e putrescina,
respectivamente. A enzima espermidina/espermina acetiltransferase (SSAT),
presente no encéfalo, acetila a espermina ou espermidina na posicdo N1,
transformando as poliaminas em derivados monoacetil. Através da agdo da SSAT, a
espermina é transformada em N1-acetilespermina e a espermidina em N1-
acetilespermidina. As poliaminas acetiladas sofrem, por fim, uma clivagem oxidativa,
catalisada pela enzima poliamina oxidase (PAO), liberando os grupamentos
aminopropil, e formando a espermidina e putrescina, respectivamente (PEGG, 2009;
URDIALES et al., 2001; SEILER,1987).

O catabolismo das poliaminas é realizado por amino-oxidases dependentes
de cobre. Cada intermediario da rota de interconversdo pode ser transformado em
um aldeido, através da desaminagao oxidativa do grupamento amino primario, o
qual é posteriormente oxidado em um aminoacido ou em um grupamento gama-
lactdmico. Os produtos finais do catabolismo das poliaminas ndo podem ser
reconvertidos em poliaminas novamente, sendo entdo excretados através da urina
como poliaminas inalteradas, na forma de produtos acetilados e oxidados (TETI et
al., 2002; URDIALES et al., 2001; SEILER et al.,1996; CARTER,1994).

Trés enzimas chaves regulam a biossintese das poliaminas, sdo essas: a
ornitina  descarboxilase, a  S-adenosilmetionina  descarboxilase e a
espermidina/espermina N-acetiltransferase. Estas enzimas regulam os niveis de
poliaminas no organismo envolvendo trés passos do metabolismo das poliaminas,
que sdo a sintese, a rota de interconversdo e o catabolismo (SEILER, 2004;
MORGAN, 1999).
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Figura 7- Metabolismo das poliaminas. Arginina descarboxilase (ADC); ornitina descarboxilase (ODC);
S-adenosil-metionina descarboxilase (SAMDC); espermidina/espermina N1 acetil-transferase (SSAT);
poliamina oxidase (PAO); metiltioadenosina (MTA). Adaptado de URDIALES et al., 2001.

1.5.2 Poliaminas e mem®éria

As poliaminas, ao se ligarem a seu sitio de ligagao no receptor NMDA, podem
potencializar ou inibir as respostas induzidas pelo glutamato (JOHNSON, 1996).
Como consequéncia de uma potencializacdo da ativagcdo do receptor NMDA
ocorreria um aumento da atividade de moléculas de sinalizagao intracelular, tal como
a ativacao da PKA, PKC, ERK, proteina cinase calcio-calmodulina dependente
(CaMKIl) e a ativagcdo de fatores de transcrigdo como a CREB que por sua vez
poderiam ativar demais mecanismos celulares que culminam com a sintese proteica,
e no aumento de transmissao de informagdes entre os neurdnios (McGAUGH, 2002;
McGAUGH & IZQUIERDO, 2000).

Tem sido descrito que a administragcéo intracerebral (GUERRA et al., 2012,
2011, 2006; BERLESE et al., 2005; RUBIN et al., 2004; RUBIN et al., 2001; RUBIN
et al., 2000) e sisttmica (CAMERA et al, 2007) de espermidina melhora o
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desempenho de ratos em tarefas como esquiva inibitéria, medo condicionado,
reconhecimento social e facilita a extingdo da memadria (GOMES et al.,, 2010). A
espermidina modula a aquisicdo e/ou inicio da consolidagdo da memoaria na tarefa
da esquiva inibitéria, ndo apresentando efeito sobre a consolidagéo tardia e nem
sobre a evocagao da memoria, sugerindo que as poliaminas exercem seu efeito
sobre a memdria em uma determinada janela de tempo (BERLESE et al., 2005). O
efeito facilitador da espermidina sobre a consolidagdo da memoéria parece depender
da ativagdo da enzima 6xido nitrico sintase (GUERRA et al.,, 2006) da PKA e da
CREB no hipocampo de ratos (GUERRA et al., 2011), bem como da ativacao
sequencial de vias da PKC e da PKA/CREB (GUERRA et al., 2012).

Recentemente foi descrito que a administragdo sistémica de espermidina
melhora a persisténcia (SIGNOR et al., 2014) bem como a reconsolidacédo (RIBEIRO
et al., 2013) da memoria da tarefa de medo condicionado contextual em ratos. Estes
efeitos da espermidina s&o revertidos por arcaina, antagonista das poliaminas no
receptor NMDA, sugerindo o envolvimento do sitio das poliaminas neste efeito.

Além disso, tem sido mostrado que a espermina reverte o déficit de memaria
induzido pela injegéo intra-estriatal de acido quinolinico, que é um modelo de doenga
de Huntington, na tarefa de reconhecimento de objeto (VELLOSO et al., 2009).
Também foi mostrado que a espermina reverte o prejuizo da memoria induzido por
neuroinflamacao (FRUHAUF et al., 2015).

1.6 Receptor NMDA, reconsolidagao da memoria e poliaminas

Diversos estudos mostram o envolvimento dos receptores NMDA no processo
de reconsolidagdao da memoria, utilizando diferentes tarefas experimentais (LOPEZ
et al., 2015; MERLO et al., 2014; FLINT et al., 2013; MILTON et al., 2013;
CHARLIER & TIRELLI, 2011; BUSTOS et al., 2010). Antagonistas do receptor
NMDA, como MK-801, AP5 e ifenprodil prejudicam, enquanto que o agonista parcial
D-cicloserina melhora a reconsolidagdo da memdria de medo em camundongos e
ratos (CHARLIER & TIRELLI, 2011; BEN MAMOU et al., 2006; LEE et al., 2006).
Além disso, um estudo recente mostrou que o efeito amnésico do MK-801 na
reconsolidacdo da memdria € revertido pela administragdo da mesma droga antes
do teste, mostrando evidéncias para um efeito de reconsolidacdo dependente de
estado (FLINT et al., 2013).
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A subunidade GIuN2B, do receptor NMDA, é fundamental para que as
memorias de medo ao tom, consolidadas e estaveis, retornem a um estado labil
durante a reativacdo (BEN MAMOU et al, 2006). Assim, Ben Mamou e
colaboradores (2006) demonstraram que a anisomicina prejudica a reconsolidagao
da memoria de medo ao tom e que a administracdo de ifenprodil, um antagonista
seletivo da subunidade NR2B, previne a piora da memoria causada pela
anisomicina. Este resultado foi confirmado por Milton e colaboradores (2013) que
mostraram que a subunidade NR2B é necessaria para a desestabilizagdo da
memoria de medo ao tom consolidada, enquanto a subunidade NR2A para a
reestabilizacdo (MILTON et al., 2013).

Corroborando essas informacgdes, estudos do nosso grupo mostraram que a
administragao sistémica de espermidina melhora a reconsolidagdo da memoéria na
tarefa de medo condicionado e, a administragdo de arcaina, antagonista do sitio de
ligacdo das poliaminas no receptor NMDA, prejudica a reconsolidagdo da memoria
na mesma tarefa comportamental (RIBEIRO et al., 2013).

1.7 Medo condicionado

O medo condicionado € um modelo experimental utilizado para mensurar a
base neural da memdria emocional. Esta tarefa utiliza memaria associativa e, reflete
a capacidade de estimulos ambientais originalmente neutros passarem a atuar como
estimulo condicionado (EC) devido ao pareamento com um estimulo incondicionado
(El), que pode ser aversivo, como um choque nas patas. Quando o animal aprender
esta associagéo (EC-EI), e for exposto apenas ao estimulo condicionado, ou seja, ao
contexto, ele vai responder de forma condicionada, com comportamentos
defensivos, congelando os movimentos. Seu pelo fica ericado, ocorre aumento dos
batimentos cardiacos e de sua pressdo sanguinea, que sao reagdes caracterizadas
como respostas de medo do animal (TZSCHENTKE, 2007). Esse teste é utilizado

para avaliar memorias de medo (MAREN, 2005).

1.8 Justificativa

As respostas emocionais a situagbes aversivas, constrangedoras ou

ameacadoras, como o0 medo e a ansiedade sao bastante comuns em seres
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humanos, possuindo grande importancia para a sua sobrevivéncia. Entretanto,
quando de forma excessiva, essas emogdes podem ocasionar patologias, como
ocorre nos transtornos do estresse pdés-traumatico e transtornos da ansiedade,
afetando significativamente a qualidade de vida do individuo (SCHWABE et al,,
2014). Dessa forma, o medo condicionado pode ser utilizado para investigar os
mecanismos de aprendizado e memdria nos mamiferos e, para o conhecimento das
origens dos disturbios relacionados ao medo em humanos (NADER et al., 2013).
Embora ja tenha sido mostrado o envolvimento das poliaminas, administradas
sistemicamente, na reconsolidacdo da memoéria de medo, nenhum estudo relatou o
efeito da administracdo intra-hipocampal das polimiaminas e, a possivel via de
sinalizagao envolvida no efeito das poliaminas. Portanto, no presente estudo foram
investigados os efeitos da administragdo intra-hipocampal de espermidina e da
arcaina na reconsolidacdo da memoria, assim como o envolvimento da PKC sobre a

melhora da reconsolidagdo da memoria de medo induzida por espermidina.
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2. OBJETIVOS

2. OBJETIVOS

2.1. Objetivo Geral

Avaliar o envolvimento da sintese proteica e da proteina cinase C sobre a

melhora da reconsolidagdo da memoria de medo induzida por espermidina em ratos.

2.2. Objetivos especificos

2.2.1 Verificar o envolvimento das poliamianas e do hipocampo na

reconsolidacdo da memoaria de medo.

2.2.2 Verificar o envolvimento da proteina cinase C sobre o efeito das

poliaminas na reconsolidacédo da memodria.

2.2.3 Verificar o envolvimento da sintese proteica sobre o efeito das

poliaminas na reconsolidacédo da memodria.

2.2.4 Analisar se o efeito das drogas administradas € especifico para a

reconsolidacdo da memoria.
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ABSTRACT

In this study we determined whether the calcium-dependent protein kinase (PKC)
signaling pathway is involved in the improvement of fear memory reconsolidation
induced by intrahippocampal administration of spermidine in rats. Male Wistar rats
were trained in a fear conditioning apparatus using a 0.4 mA footshock as
unconditioned stimulus. Twenty-four hours after training, animals were re-exposed to
the apparatus in the absence of shock (reactivation session). Immediately after the
reactivation session, spermidine (2 - 200 pmol/site); the PKC inhibitor 3-[1-
(dimethylaminopropyl)indol-3-yl]-4-(indol-3-yl) maleimide hydrochloride (GF 109203X,
0.3 - 30 pg/site); the antagonist of the polyamine-binding site at the NMDA receptor,
arcaine (0.2 - 200 pmol/site) or the PKC activator phorbol 12-myristate 13-acetate
(PMA, 0.02 - 2 nmol/site) were injected. While the post-reactivation administration of
spermidine (20 and 200 pmol/site) and PMA (2 nmol/site) improved, GF 109203X (1,
10 and 30 pg/site) and arcaine (200 pmol/site) impaired memory reconsolidation. GF
109203X (0.3 pg/site) prevented spermidine (200 pmol/site)-induced improvement of
memory reconsolidation. PMA (0.2 nmol/site) prevented arcaine (200 pmol/site)-
induced impairment of memory reconsolidation. Anisomycin (2 ug/site) prevented
spermidine (200 pmol/site)-induced improvement of memory reconsolidation. Drugs
had no effect if they were administered in the absence of reactivation. These results
suggest that spermidine-induced enhancement of memory reconsolidation involves
PKC activation.

Keywords: Polyamines; memory reconsolidation
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1. Introduction

At the end of the 1960s, Misanin and colleagues (Misanin et al. 1968) suggested
that consolidated memories become labile and susceptible to modulation when
reactivated, that is, when evoked they need to go through a new stabilization process
to persist (Nader et al. 2000; Sara 2000; de la Fuente et al. 2011; Graff et al. 2014).
This new stabilization process has been termed “reconsolidation” (Przybyslawski et
al. 1999).

N-methyl-D-aspartate glutamatergic receptors (NMDAr), particularly those
containing GIuUN2B subunit, play an important role in reconsolidation (Wang et al.
2009). The GIuN2B subunit of the NMDA receptor is essential to consolidated and
stable auditory fear memories return to a labile state during reactivation (Ben Mamou
et al. 2006). This is supported by current evidence that NMDA receptor antagonists
such as MK-801, ifenprodil and APS5 impair, while the agonist D-cycloserine
enhances fear memory reconsolidation in mice and rats (Ben Mamou et al. 2006; Lee
et al. 2006; Milton et al. 2012; Flint et al. 2013; Merlo et al. 2014). Moreover, it has
been shown that spermidine, an endogenous polyamine that bind to the interface
between GIuN1 and GIuN2B subunits of the NMDA receptor (Mony et al. 2011),
improves the reconsolidation of fear conditioning memory (Ribeiro et al. 2013).
Accordingly, the antagonist of this polyamine-binding site at the NMDAr, arcaine,
impairs reconsolidation, suggesting a putative physiological role for polyamines in
this process (Ribeiro et al. 2013).

Current behavioral and neurochemical evidence suggests that the facilitatory
effect of spermidine on memory depends on nitric oxide synthase (NOS) activity,
since the administration of N(G)-nitro L-arginine methyl ester (L-NAME), a
nonspecific inhibitor of NOS, prevents the facilitatory effects of spermidine on the
inhibitory avoidance task (Guerra et al. 2006). In addition, Guerra and colleagues
(Guerra et al. 2011, 2012) have shown that protein kinase A (PKA) and PKC
inhibitors prevent the facilitatory effect of spermidine on the memory of an inhibitory
avoidance task. Accordingly, they also prevented spermidine-induced
phosphorylation of PKC, PKA and CREB in the hippocampus (Guerra et al. 2011,
2012). Therefore, the effect of spermidine on memory consolidation seems to involve
a sequence of biochemical events which is triggered by NMDA receptor, followed by

activation of NOS and sequential activation of PKC and PKA/CREB signaling in the
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hippocampus of rats. However, no study has addressed the neurochemical
mechanisms involved in the improvement of memory reconsolidation by polyamines.
Reconsolidation requires dynamic changes in the activity of intracellular signaling
molecules thought to be upstream gene transcription, such as PKA and ERK-MAPK
(Duvarci et al. 2005; Tronson et al. 2006), as well as transcription factors, such as
phosphoCREB (Kida et al. 2002; Milekic et al. 2007; Arguello et al. 2013). Bonini and
colleagues (Bonini et al. 2007) have shown that post-retrieval administration of a
PKC inhibitor in the CA1 region disrupts spatial memory reconsolidation, indicating
that activation of hippocampal PKC is necessary for reconsolidation of memory
(Bonini et al. 2007). Considering these studies, we hypothesized that the facilitatory
effects of spermidine on memory reconsolidation involved PKC. Therefore, in the
current study we investigated whether the intrahippocampal infusion of spermidine
and arcaine alters memory reconsolidation in rats and whether protein synthesis and
PKC are involved in the polyamine-induced improvement of fear memory

reconsolidation.

2. Results

2.1. Postreactivation intrahippocampal spermidine improves reconsolidation

Fig. 1 shows the effect of the bilateral intrahippocampal injection of spermidine
(2-200 pmol/site) immediately after reactivation on the reconsolidation of fear
conditioning. Statistical analysis (one-way ANOVA) of freezing scores at testing
revealed a significant effect of drug (F,14) = 3.78, P < 0.05). Post hoc analysis (SNK)
revealed that spermidine at the dose of 20 and 200 pmol/site increased freezing
scores at test. These results suggest that the spermidine facilitates memory
reconsolidation. As expected, statistical analysis (one-way ANOVA) of freezing
scores during the reactivation session revealed no difference between groups (F 14
= 0.048, P > 0.05, data not shown), indicating that the behavior of the animals was

similar between groups before drug administration.

2.2. GF 109203X impairs memory reconsolidation and prevents spermidine-induced

improvement of memory
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Fig. 2A shows the effect of the bilateral intrahippocampal injection of GF
109203X (0.3, 1, 10 or 30 pg/site) immediately post-reactivation on the
reconsolidation of fear conditioning. Statistical analysis (one-way ANOVA) of test
freezing scores revealed a significant effect of drug treatment (Fa17) = 9.21, P <
0.05). Post hoc analysis (SNK) revealed that GF 109203X at the dose of 1, 10 and
30 pg/site decreased freezing scores at test. These results suggest that
intrahippocampal administration of the selective PKC inhibitor impairs memory
reconsolidation. As expected, statistical analysis (one-way ANOVA) of reactivation
session freezing scores revealed no difference among groups (Fa,17) = 0.20, P >
0.05, data not shown), indicating that the behavior of the animals was similar

between groups before drug administration.

Fig. 2B shows the effect of the bilateral intrahippocampal injection of GF
109203X, at a non-effective dose (0.3 pg/site, immediately post-reactivation), on
spermidine-induced (200 pmol/site, 5 min post-reactivation) improvement of
reconsolidation. Statistical analysis (two-way ANOVA) revealed a significant
pretreatment (PBS or GF 109203X) versus treatment (PBS or spermidine) interaction
(F(1,16) = 5.45, P < 0.05). These results suggest that intrahippocampal administration
of the selective PKC inhibitor prevented the improvement of fear conditioning
reconsolidation induced by spermidine. Statistical analysis (one-way ANOVA) of
reactivation freezing scores revealed no difference among groups in this experiment
(F1,16) = 0.034, P > 0.05, data not shown).

2.3. Postreactivation intrahippocampal administration of arcaine impairs

reconsolidation of contextual fear memories

Fig. 3 shows the effect of the bilateral intrahippocampal injection of arcaine
(0.2- 200 pmol/site) immediately post-reactivation on fear conditioning
reconsolidation. Statistical analysis (one-way ANOVA) of test freezing scores
revealed a significant effect of drug treatment (Fu24) = 2.94, P< 0.05). Post hoc
analysis (SNK) revealed that 200 pmol/site arcaine decreased freezing scores at test.
These results suggest that intrahippocampal administration of arcaine impairs
memory reconsolidation. As expected, statistical analysis (one-way ANOVA) of
reactivation session freezing scores revealed no difference among groups (Fa,24) =
0.41, P> 0.05).
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2.4. Phorbol 12-myristate 13-acetate (PMA) improves reconsolidation and prevents

arcaine-induced impairment of reconsolidation

Fig. 4A shows the effect of bilateral intrahippocampal injection of PMA (0.02- 2
nmol/site) immediately post-reactivation on the reconsolidation of fear conditioning.
Statistical analysis (one-way ANOVA) of test freezing scores revealed a significant
effect of drug (F3,16) = 21.63, P < 0.050). Post hoc analysis (SNK) revealed that PMA
(2 nmol/site) increased freezing scores at test. These results suggest that the
intrahippocampal administration of PMA facilitates memory reconsolidation. As
expected, statistical analysis (one-way ANOVA) of reactivation session freezing

scores revealed no difference among groups (F3,16) = 0.66, P > 0.05).

Fig. 4B shows the effect of bilateral intrahippocampal injection of PMA, at a
non-effective dose (0.2 nmol/site, immediately post-reactivation), on the impairment
of reconsolidation induced by arcaine (200 pmol/site, 5 min post-reactivation).
Statistical analysis (two-way ANOVA) revealed a significant pretreatment (PBS or
PMA) versus treatment (PBS or arcaine) interaction (F(128= 6.11, P < 0.05). These
results indicate that PMA prevents arcaine-induced impairment of fear conditioning
reconsolidation. Statistical analysis (one-way ANOVA) of reactivation freezing scores
revealed no difference among groups in this experiment (F12¢) = 0.21, P > 0.05, data

not shown).

2.5. Anisomycin impairs reconsolidation and prevents spermidine-induced

improvement of reconsolidation

Fig. 5A shows the effect of the bilateral intrahippocampal injection of
anisomycin (0.2, 2, 20 ug/site), immediately post-reactivation, on the reconsolidation
of fear conditioning. Statistical analysis (one-way ANOVA) of test freezing scores
revealed a significant effect of drug (F@,16) = 11.16, P < 0.05). Post hoc analysis
(SNK) revealed that anisomicyn (20 pg/site) decreases freezing scores at test. These
results suggest that intrahippocampal anisomycin impairs memory reconsolidation.
As expected, statistical analysis (one-way ANOVA) of reactivation session freezing

scores revealed no difference among groups (F3,16) = 0.33, P > 0.05).
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Fig. 5B shows the effect of the bilateral intrahippocampal injection of
anisomycin at a non-effective dose (0.2 ug/site, immediately post-reactivation) on
spermidine-induced (200 pmol/site, 5 min post-reactivation) improvement of
reconsolidation. Statistical analysis (two-way ANOVA) revealed a significant
pretreatment (PBS or anisomycin) versus treatment (PBS or spermidine) interaction
(Fa1e) = 29.29, P < 0.05). These results suggest that anisomycin prevents
spermidine-induced improvement of fear conditioning reconsolidation. Statistical
analysis (one-way ANOVA) of reactivation freezing scores revealed no difference

among groups in this experiment (F(1,16) = 0.006, P > 0.05, data not shown).

2.6. The effects of spermidine, GF 109203X, arcaine, PMA and anisomycin are

specific for reconsolidation of contextual fear memories

Fig. 6 shows the effect of the bilateral intrahippocampal injection of spermidine
(200 pmol/site), GF 109203X (30 pg/site), arcaine (200 pmol/site), PMA (2 nmol/site),
or anisomycin (20 ug/site) 24 hours after training, in the absence of reactivation
session, on reconsolidation of fear conditioning. Statistical analysis (one-way
ANOVA) of test freezing scores revealed that spermidine, GF 109203X, arcaine,
PMA and anisomycin does not alter contextual fear conditioning in the absence of
reactivation (Fs23) = 0.66, P > 0.05).

3. Discussion

The main findings of the current study are that while the ih injection of
spermidine improved, arcaine impaired memory reconsolidation. Phorbol 12-
myristate 13-acetate and GF 109203X respectively prevented arcaine-induced
impairment and spermidine-induced improvement of memory reconsolidation. At last,
anisomycin also prevented the facilitatory effects of spermidine on memory.

The currently reported spermidine-induced improvement of memory
reconsolidation (Fig. 1A) is in agreement with Ribeiro et al (2013), who have shown
that systemic injection of spermidine facilitates the reconsolidation of fear
conditioning memory (Ribeiro et al. 2013). Moreover, it implies the polyaminergic
modulation in the dorsal hippocampus in the reconsolidation of fear conditioning
memory, a view that is fully corroborated by the finding that ih arcaine, a
polyaminergic antagonist, disrupted memory reconsolidation (Fig. 3). Accordingly,

pharmacological, functional imaging and lesioning studies indicate an important role
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for the dorsal hippocampus in the reconsolidation contextual fear conditioning
(Boccia et al. 2010; Jobim et al. 2012; Lee and Hynds 2013; De Jaeger et al. 2014).
These findings may also be interpreted as additional evidence supporting a role for
hippocampal NMDA receptors, particularly those containing the GIuN2 subunit, in
memory reconsolidation (Ribeiro et al., 2013; Charlier and Tirelli, 2011; Lee et al.,
2006; Pedreira et al.,, 2002), as far as the agonist and the antagonist of the
polyamine binding site at the NMDAr respectively improved and disrupted memory
reconsolidation.

The PKC family of Ser/Thr kinases (Nishizuka 1995) regulates neuronal
activity at different levels, including neurotransmitter release, neurotransmitter
receptor function and gene expression (Ben-Ari et al. 1992; Meberg et al. 1993;
Manseau et al. 1998; Macek et al. 1998; Kleschevnikov and Routtenberg 2001).
There are at least 10 genes coding for PKC family members. Based on their structure
and sensitivity to Ca?* and diacylglycerol (DAG) these isoforms have been classified
as conventional (a, B and y), novel (d, €, n, 6 and y) and atypical PKCs (¢ and A/)
which are structurally homologous, but can be regulated independently of calcium
(Parekh et al. 2000; Weeber et al. 2000; Ohno and Nishizuka 2002). All PKC
isoforms contain a site between the regulatory and catalytic domain, which is
susceptible to enzymatic proteolysis. High levels of cytoplasmic calcium can activate
proteases that cleave PKC, releasing a cytoplasmic isoform of PKC called protein
kinase MC (PKMC() (Kishimoto et al. 1983). This fragment is constitutively active
because it loses its regulatory domain. Increased PKMC( expression leads to
persistent activation of PKC in hippocampal neurons. In this context Sacktor (Sacktor
2008) has shown that PKCC is particularly important for the maintenance of fear
memories.

In line with this view, Bonini and colleagues (Bonini et al. 2007) suggested that
post-retrieval inhibition of PKC in the CA1 region of dorsal hippocampus disrupts
further retention of spatial memory. Moreover, the amnesia induced by the post-
retrieval injection of an inhibitor of PKC is not caused by a delayed inhibitory effect on
retrieval, but due to inhibition of a process that stabilizes the retrieved trace (Bonini et
al. 2007). Crespo and colleagues (Crespo et al. 2012) have also show that activation
of PKC({ and PKM( is necessary for the retrieval and reconsolidation of drug memory.
Analogously, we showed that the effect of spermidine on memory reconsolidation of
contextual fear conditioning is fully prevented by a non-effective dose of GF
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109203X, an inhibitor of PKC. Accordingly, the deleterious effect of arcaine on
memory reconsolidation was also fully prevented by a non-effective dose of the PKC
activator PMA, indicating that the improving effects of spermidine on memory
reconsolidation involve the activation of PKC in the hippocampus.

The finding that anisomycin prevented spermidine-induced improvement of
memory reconsolidation suggests the involvement of protein synthesis in the
currently described effects of spermidine. These results are in agreement with
previous studies that showed that consolidation and reconsolidation require protein
synthesis (Nader et al. 2000; Sol Fustifana et al. 2014). Indeed, the injection of
protein synthesis inhibitors before or after training, or after reactivation, impairs long-
term memory (Nader et al. 2000; Lopez et al. 2015). Nevertheless, anisomycin can
have other important effects on neurobiological function, including induction of
immediate early genes (Edwards and Mahadevan 1992; Rudy et al. 2006; Gold
2008; Radulovic and Tronson 2008), alterations in synaptic release (Canal et al.
2007) and profound suppression of neural activity (Sharma et al. 2012; Greenberg et
al. 2014). Therefore, we cannot rule out that other effects of anisomycin, unrelated to
protein synthesis inhibition, have interfered in the spermidine-induced improvement
of memory reconsolidation.

In summary, this study showed that intrahippocampal injection of GF 109203X
prevents the improvement of memory reconsolidation induced by spermidine and that
the injection of PMA prevents arcaine-induced impairment of memory
reconsolidation. These findings suggest that ligands of the polyamine binding site at
the NMDA receptor modulate memory reconsolidation by PKC-mediated

mechanisms.

4. Materials and methods

4.1 Animals

Experimentally naive adult male Wistar rats (260-320 g), from the animal
house of the Federal University of Santa Maria were used. The animals were housed
four to a cage on a 12-h day/night cycle (lights on at 7:00 A.M.) at a temperature of

21°C with water and standard laboratory chow (Guabi, Santa Maria, Rio Grande do
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Sul, Brazil) ad libitum. All experimental procedures were conducted in accordance
with the policies on the use of animals and humans in neuroscience research,
revised and approved by the Society for Neuroscience Research in January 1995
and with the Institutional and national regulations for animal research (process
068/2011).

4.2 Surgery

Rats were anesthetized with ketamine (80 mg/kg) and xylazine (8 mg/kg, i.p.),
and were implanted with two 27-gauge guide cannulae placed 1 mm above the CA1
region of the dorsal hippocampus at the following coordinates: A = 4.0 mm; L = 3.0
mm; and V = 2.0 mm (Paxinos and Watson 1986). Placement of injections was
histologically verified, as described elsewhere (Rubin et al. 1997). Only data from the

animals with correct cannula placement were analyzed.

4.3 Drugs

N-(3- aminopropyl)-1.4-butanediamine trihydrochloride (spermidine; Sigma,
St.  Louis, MO), 3-[1(dimethylaminopropyl) indol-3-yl]-4-(indol-3-yl) maleimide
hydrochloride (GF 109203X; Sigma St. Louis, MO), 1,4-diguanidinobutane sulfate
(arcaine; Pfaltz & Bauer, Waterbury, CT, USA), phorbol 12-myristate 13-acetate
(PMA; Sigma, St. Louis, MO) or anisomycin (Sigma, St. Louis, MO). Anysomycin,
spermidine, arcaine and GF 109203X were dissolved in 50 mM phosphate-buffered
saline solution (PBS; pH 7.4). PMA was dissolved in DMSO and diluted to the final
concentration of 0.05 % DMSO (v/v) with PBS. Drugs were bilaterally injected into the
hippocampus (ih, 0.5 pl/brain hemisphere for 1 min). The injections were performed
by using an infusion pump and a 30-gauge needle fitted into the guide cannula. The
tip of the infusion needle protruded 1.0 mm beyond that of the guide cannula into the
CA1 region in the dorsal hippocampus. The needles were left in place for additional
60 s to minimize backflow. Doses were selected based on previous studies (Guerra
et al. 2012) and pilot experiments.

4.4 Conditioning apparatus
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Contextual fear conditioning training, reactivation and test took place in a fear
conditioning chamber (30 X 25 X 25 cm), located in a well-lit room. The front wall and
ceiling of the chamber were made of clear acrylic plastic, whereas the lateral and
rear walls were made of opaque plastic. The floor of the chamber consisted of 32
stainless steel rods (3 mm diameter), spaced 1 cm apart and wired to a shock
generator. The chamber was cleaned with 30% ethylic alcohol before and after each

rat occupied it.

4.5 Behavioral procedure

4.5.1. Contextual fear conditioning

In the conditioning trial each animal was subjected to a single fear-conditioning
training session, as described by Rubin et al (2004) with some modifications. In brief,
the rat was placed in the conditioning chamber (conditioned stimulus, CS) and
habituated to the apparatus for 3 min. Immediately after habituation, three 1 s, 0.4
mA-footshocks (unconditioned stimulus, US) were delivered. The shocks were 40 s
apart. After the last US, rats were allowed to stay in the chamber for additional 60 s
before returning to their home cages.

4.5.2. Reactivation and testing sessions

The animals were subjected to reactivation and testing sessions according to
Ribeiro et al (2013). Briefly, twenty-four hours after conditioning rats were re-exposed
to the same conditioning context for 3 min, in the absence of footshock (reactivation
session). The animals were returned to their home cages immediately after the
reactivation session. Twenty-four hours after reactivation each rat was placed back in
the conditioning chamber and a 6-min test was performed. During this time, no shock
was given. The rat was observed every 4 s to assess whether it was in freezing, or
not, by a trained observer who was unaware of the experimental treatment
conditions. Data were converted to the percentage of samples scored as freezing.
The percentage of samples scored as freezing over 6 min was taken as a contextual

fear conditioning measure.

4.6 Experimental groups
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Experiment 1

This experiment was designed to investigate the effect of the intrahippocampal
administration of spermidine on memory reconsolidation. Animals were trained in the
fear conditioning apparatus, as described above. Immediately after the reactivation
session the animals were injected with PBS or spermidine (2, 20 or 200 pmol/site)
and, 24h later, tested in the fear conditioning apparatus, where their freezing
responses were scored as described above.

Experiment 2

This experiment was designed to investigate the effect of intrahippocampal
administration of the PKC inhibitor GF 109203X on memory reconsolidation, as well
as the involvement of PKC in the effect of spermidine on memory reconsolidation.
Animals were trained in the fear conditioning apparatus, as described above.
Immediately after reactivation session, the animals were injected with PBS or GF
109203X (0.3, 1, 10 or 30 pg/site) and, 24h later, tested in the fear conditioning
apparatus where their freezing responses were scored.

Once it was determined that GF 109203X, at a dose of 0.3 pg/site, did not alter
memory reconsolidation, the effect of GF 109203X on spermidine-induced
improvement of memory reconsolidation was determined. The animals were trained
in the fear conditioning apparatus, as described above. Immediately after reactivation
session, they were injected with PBS or GF 109203X (0.3 pg/site) and, 5 min later,
they were injected with PBS or spermidine (200 pmol/site). This dose of spermidine
(200 pmol/site) was selected because it improved memory reconsolidation, as shown
in Figure 1. Twenty-four hours after reactivation, the animals were tested in the fear

conditioning apparatus and their freezing responses were scored.

Experiment 3

This experiment was designed to investigate the effect of intrahippocampal
administration of arcaine on memory reconsolidation. Animals were trained in the

fear conditioning apparatus, as described above. Immediately after reactivation
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session the animals were injected (ih) with PBS or arcaine (0.2, 2, 20 or 200
pmol/site) and, 24h later, tested in the fear conditioning apparatus where their

freezing responses were scored.

Experiment 4

This experiment was designed to investigate the effect of PMA, a PKC
activator, on memory reconsolidation determine whether PMA prevents arcaine-
induced impairment of memory reconsolidation. Animals were trained in the fear
conditioning apparatus, as described above. Immediately after reactivation session,
the animals were injected (ih) with PBS or PMA (0.02, 0.2 or 2 nmol/site) and, 24h
later, tested in the fear conditioning apparatus where their freezing responses were
scored, as described above. Once it was determined that PMA, at a dose of 0.2
nmol/site, did not alter the reconsolidation of memory, the effect of PMA on arcaine-
induced impairment of memory reconsolidation was determined. The animals were
trained in the fear conditioning apparatus, as described above. Immediately after
reactivation session, the animals were injected with PBS or PMA (0.2 nmol/site) and
5 min later they were injected with PBS or arcaine (200 pmol/site). Twenty-four
hours after reactivation, the animals were tested in the fear conditioning apparatus

and their freezing responses were scored.

Experiment 5

This experiment was designed to investigate the involvement of protein
synthesis in the effect of spermidine on memory reconsolidation.

Animals were trained in the fear conditioning apparatus, as described above.
Immediately after reactivation session, the animals were injected (ih) with PBS or a
protein synthesis inhibitor, anisomycin (0.2, 2 or 20 ug/site) and, 24h later, tested in
the fear conditioning apparatus where their freezing responses were scored, as
described above. Once determined that anisomycin, at a dose of 0.2 ug/site, did not
alter memory reconsolidation, the effect of anisomycin on spermidine-induced
improvement of memory reconsolidation was determined. The animals were trained
in the fear conditioning apparatus, as described above. Immediately after reactivation

session, the animals were injected with PBS or anisomycin (0.2 ug/site, ih) and 5 min
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later they were injected with PBS or SPD (200 pmol/site, ih). Twenty-four hours after
reactivation, the animals were tested in the fear conditioning apparatus and their

freezing responses were scored.

Experiment 6

Control experiments without the memory reactivation session were performed
to evaluate whether the effects of spermidine, GF 109203X, arcaine, PMA or
anisomycin are specific for reconsolidation of contextual fear memories. Animals
were trained in the fear conditioning apparatus but without the memory reactivation
session 24 h later. The animals were injected (ih) with PBS, spermidine (200
pmol/site), GF 109203X (30 pg/site), arcaine (200 pmol/site), PMA (2 nmol/site) or
anisomycin (20 ug/site), 24 h after training and, 24 h later, were tested in the fear
conditioning apparatus and had their freezing responses scored.

4.7 Statistics

The data were analyzed by one or two-way analysis of variance (ANOVA),
depending on the experimental design. Post hoc analyses were carried out by the
Student-Newman—Keuls test, when indicated. A p < 0.05 was considered significant.
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Fig.1. Postreactivation intrahippocampal administration of spermidine improves
reconsolidation of contextual fear memories. (A) Rats received spermidine (SPD, 2—
200 pmol/site, ih) or PBS, immediately after a reactivation session, and were tested
for memory reconsolidation 1 day later. *p < 0.05 compared with vehicle by the SNK
Test. Data are the means + SEM percentage of freezing at testing session (n = 4-5
animals in each group). (B) Schematic representations of rat brain sections at two
rostrocaudal planes (-4.0 and -4.3 from bregma) taken from the atlas of Paxinos and
Watson (1986). The dark squares showing the cannulae placements and infusion

sites in the CA1 region of the dorsal hippocampus.
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Fig. 2. Postreactivation intrahippocampal administration of GF 109203X impairs the
reconsolidation of contextual fear memories and prevents the spermidine-induced
improvement of memory reconsolidation. (A) Rats received GF 109203X (0.3, 1, 10
and 30 pg/site, ih) or PBS, immediately after a reactivation session, and were tested
for memory reconsolidation 1 day later. (B) Rats received GF 109203X (0.3 pg/site,
ih) or PBS immediately and spermidine (SPD, 200 pmol/site, ih) or PBS 5 min after
the reactivation session, and were tested for memory reconsolidation 1 day later. *p <
0.05 compared with vehicle by the SNK. Data are means + SEM percentage of

freezing at testing session (n = 4-8 animals in each group).
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Fig. 3. Postreactivation intrahippocampal administration of arcaine impairs the
reconsolidation of contextual fear memories. Rats received arcaine (ARC, 0.2-200
pmol/site, ih) or PBS, immediately after the reactivation session, and were tested for
memory reconsolidation 1 day later. *p < 0.05 compared with vehicle by the SNK

Test. Data are the means + SEM percentage of freezing at testing session (n = 5-6

animals in each group).
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Fig. 4. Postreactivation intrahippocampal administration of phorbol 12-myristate 13-

acetate (PMA) improves the reconsolidation of contextual fear memories and

prevents arcaine-induced impairment of memory reconsolidation. (A) Rats received

PMA (0.02-2 nmol/site, ih) or PBS, immediately after a reactivation session, and were

tested for memory reconsolidation 1 day later. (B) Rats received PMA (0.2 ug/site, ih)
or PBS immediately and arcaine (ARC, 200 pmol/site, ih) or PBS 5 min after the

reactivation session, and were tested for memory reconsolidation 1 day later. *p <

0.05 compared with vehicle by the SNK. Data are means + SEM percentage of

freezing at testing session (n = 5-8 animals in each group).
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Fig. 5. Postreactivation intrahippocampal administration of anisomycin impairs the
reconsolidation of contextual fear memories and prevents spermidine-induced
improvement of memory reconsolidation. (A) Rats received anisomycin (0.2 -20
pg/site, ih) or PBS, immediately after a reactivation session, and were tested for
memory reconsolidation 1 day later. (B) Rats received anisomycin (ANI, 2 ug/site, ih)
or PBS immediately and spermidine (SPD, 200 pmol/site, ih) or PBS 5 min after the
reactivation session, and were tested for memory reconsolidation 1 day later. *p <
0.05 compared with vehicle by the SNK Test. Data are the means + SEM percentage
of freezing at testing session (n = 5 animals in each group).
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Fig. 6. Spermidine, phorbol 12-myristate 13-acetate (PMA), arcaine, GF109203X and
anisomycin are specific for reconsolidation of contextual fear memories. Rats
received an intrahippocampal administration of PBS, spermidine (SPD, 200
pmol/site), GF109203X (30 pg/site), arcaine (ARC, 200 pmol/site), PMA (2 nmol/site),
anisomycin (ANI, 20 ug/site) 24 h after training in the absence of reactivation
session, and were tested for memory reconsolidation 1 day later. Data are means +
SEM percentage of freezing in the testing session (n = 4-5 animals in each group).
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4. CONCLUSOES

4. CONCLUSOES

4.1 CONCLUSOES PARCIAIS

Com os resultados do presente estudo podemos concluir que:

4.1.1 A infunséao intra-hipocampal de espermidina melhorou e a arcaina piorou a
reconsolidagdo da memoria, sugerindo o das poliaminas sobre a reconsolidagao da

memoria.

4.1.2 O efeito da espermidina e da arcaina na reconsolidagédo da meméria envolve a
ativagcdo da PKC no hipocampo. Chegou-se a esta conclusdo porque a arcaina
preveniu a melhora da reconsolidagdo da memoria induzida pelo ativador da PKC,
PMA, e porque o inibidor da PKC, GF 109203X, preveniu a melhora da

reconsolidagdo da memdria induzida por espermidina.

4.1.3 O efeito da espermidina sobre a reconsolidagdo da memdria envolve a sintese
de proteinas, uma vez que o inibidor da sintese protéica, anisomicina, piorou e, em
uma dose sem efeito per se, preveniu a melhora da reconsolidagdo da memodria

induzida por espermidina.
414 O efeito de espermidina, arcaina, PMA, GF 109203X e anisomicina foi
especifico para a reconsolidacdo da memoria, uma vez que estes compostos nao

apresentaram efeito na auséncia da reativacao.

4.2. CONCLUSAO GERAL
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Com os resultados do presente estudo concluimos que a melhora da
reconsolidacdo da memoria induzida pela administracdo intra-hipocampal de

espermidina envolve a sintese protéica e ativagao da PKC.

5. PERPECTIVAS

5. PERSPECTIVAS

Os autores deste trabalho pretendem confirmar o envolvimento da PKC, assim
como investigar quais os demais mecanismos envolvidos na reconsolidacédo da
memoria de medo induzida por espermidina. Para isso serao realizados ensaios de
Western Blot para verificar a expressao da PKC. Ainda pretende-se estudar o
envolvimento das poliaminas durante a reconsolidacdo da memoaria na expressao de

fatores de transcricdo, como a CREB.
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