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RESUMO

Dissertacdo de Mestrado
Programa de Pés-Graduacdo em Farmacologia
Universidade Federal de Santa Maria

ENVOLVIMENTO DO SISTEMA OPIOIDE NA DEPENDENCIA DE
ESTADO INDUZIDA PELA ARCAINA EM RATOS

Autora: RAQUELE KIPPER MARIANI
Orientadora: MARIBEL ANTONELLO RUBIN
Data e Local da Defesa: Santa Maria, 02 de Marco de 2011

A arcaina é um antagonista do sitio de ligagdo das poliaminas no
receptor NMDA, a qual induz dependéncia de estado. No entanto, nenhum
estudo abordou o envolvimento de outros neurotransmissores/
neuromoduladores na dependéncia de estado induzida pela arcaina. No
presente estudo, investigamos se o sistema opidide esta envolvido na
dependéncia de estado induzida pela arcaina na tarefa de esquiva inibitéria (1A)
em ratos. A administragao sistémica de arcaina (30 mg/kg, i.p) ou morfina (5
mg/kg, i.p) zero, 3, 6 ou 9 horas pos-treino, reduziu a laténcia de descida da
plataforma no dia do teste. A injecdo de arcaina (30 mg/kg, i.p) ou morfina (5
mg/kg, i.p) 30 minutos antes do teste, reverteu o déficit de desempenho
induzido pela administragdo de arcaina ou morfina zero, 3 ou 6, mas néo 9
horas pods-treino. A reversdo da piora da memoria induzida pela arcaina foi
totalmente transferida para a morfina, e vice-versa. A associacdo de baixas
doses de arcaina e morfina (10 e 1,5 mg/kg, respectivamente), que
individualmente n&o pioraram a memodria, induziram dependéncia de estado. A
naloxona (2 mg/kg, 3 min pos-treino, ou 1 mg/kg uma hora pré-teste, i.p),
reverteu a amnésia e a dependéncia de estado induzida pela arcaina e morfina.
Esses resultados sugerem que a dependéncia de estado induzida pela arcaina

envolve o sistema opidide.

Palavras-chave: arcaina, poliamina, morfina, dependéncia de estado, sistema
opidide, memodria.
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ABSTRACT

Dissertation of Master’s degree
Graduation program in Pharmacology
Federal University of Santa Maria, RS, Brazil

Arcaine-induced state-dependent memory involves opioid
mechanisms in rats

AUTHOR: RAQUELE KIPPER MARIANI
ADVISOR: MARIBEL ANTONELLO RUBIN
Date and defense place: Santa Maria,March, 2" 2011

Arcaine is a competitive antagonist of the polyamine binding site at the
NMDA receptor which induces state-dependent recall. However, no study has
addressed the involvement of other neurotransmitter/neuromodulators in
arcaine-induced state dependency. The current study investigates whether the
opioid system is involved in arcaine-induced state-dependent memory retrieval
of the inhibitory avoidance task (IA) in rats. The systemic administration of
arcaine (30 mg/kg, i.p.) or morphine (5 mg/kg, i.p.) zero, 3, 6 or 9 hours post-
training, reduced step-down latencies at testing. Arcaine (30 mg/kg, i.p.) or
morphine (5 mg/kg, i.p.) injection 30 min before testing reversed the
performance deficit induced by administration of arcaine or morphine zero, 3 or
6, but not 9 hours post-training. The reversal of arcaine-induced impairment of
IA performance was completely transferred to morphine, and vice-versa. The
association of low and ineffective doses of morphine and arcaine (10 and 1.5
mg/kg, respectively) were additive and caused state-dependency. Naloxone (2
mg/kg, 3 min post-training, or 1 mg/kg, 1 hour pre-test, i.p.), reversed the
amnesia and the state dependency induced by morphine and arcaine. These
results suggest that state dependency induced by arcaine involves the opioid

system.

Keywords: Arcaine, polyamines, morphine, state dependency, opioid system,

memory.
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APRESENTACAO

Na introdugéo esta descrita uma breve abordagem geral sobre os temas
abordados nesta dissertacdo. A revisdo bibliografica apresenta uma reviséo
sucinta sobre os temas trabalhados nesta dissertacdo. As secdes discussao e
conclusao, encontradas ao fim desta dissertagao, apresentam interpretacoes e
comentarios gerais sobre a mesma. As referéncias bibliograficas encontradas
ao final desta dissertacao referem-se somente as citagbes que aparecem na
introdugao, revisao bibliografica e discussao.

Os resultados que fazem parte dessa dissertagcdo estdo apresentados
sob forma de artigo publicado no peridédico Psychopharmacology. As segdes
introdugdo, materiais e meétodos, resultados, discussdo e referéncias
bibliograficas encontram-se no préprio manuscrito e representam a integra
deste estudo. Em anexo encontram-se o material suplementar do manuscrito

bem como as cartas dos revisores do manuscrito.
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Introducéo

1. Introducéo

As poliaminas enddgenas (putrescina, espermidina e espermina) estao
presentes em altas concentracbes no sistema nervoso central e por sua
natureza policatibnica podem interagir com diversos alvos intracelulares,
incluindo enzimas e acidos nucléicos, e exercer agbes complexas em uma
variedade de canais iGnicos (Scott et al. 1993). As poliaminas também tém sido
implicadas na plasticidade em eventos tais como a modulagdo do aprendizado
e a memoria interagindo com receptores glutamatérgicos do tipo AMPA
(Pellegrini-Giampietro 2003) e com o receptor glutamatérgico N-metil-D-
aspartato (NMDA) (Ransom and Stec 1988; Rock and Macdonald 1995;
Williams 1997 a; Williams et al. 1991). Varias evidéncias indicam que muitos
dos efeitos bioldgicos das poliaminas s&o devidos a modulagdo do receptor
NMDA (Wallace 2009).

A administracdo sistémica, intra-hipocampal e intra-amigdala de
espermidina melhora a memoria em tarefas distintas (Camera et al. 2007;
Guerra et al. 2006; Rubin et al. 2004; 2000; 2001; Shimada et al. 1994) e
facilita a extingdo da memoria (Gomes et al. 2010). Além disso, a administragao
intraestriatal de espermina reverte o prejuizo de memdria induzido pelo acido
quinolinico em uma tarefa de reconhecimento de objeto (Velloso et al. 2009).

O efeito facilitatorio das poliaminas sobre a memdéria parece depender
da ativacdo do receptor NMDA e da enzima o6xido nitrico sintase (NOS)
(Camera et al. 2007; Guerra et al. 2006; Rubin et al. 2001). E também notavel
que os efeitos facilitatérios da espermidina sobre a memdria sdo revertidos por

14



Introducéo

baixas doses de arcaina, um antagonista competitivo do sitio de ligagcao das
poliaminas na subunidade NR2B do receptor NMDA, sugerindo que o receptor
NMDA esta envolvido na melhora da memoria induzida por espermidina (Rubin
et al. 2000). Seguindo a mesma visdo, o antagonista n&o- competitivo do
receptor NMDA, o MK-801, reverte o efeito facilitador da espermidina sobre a
memoria do medo (Camera et al. 2007) e a administragdo sistémica e intra-
amigdala de arcaina piora a memoria dos animais na tarefa de esquiva
inibitéria (Rubin et al. 2000) e medo condicionado (Rubin et al. 2004),
sugerindo que exista um ténus poliaminérgico endégeno que fisiologicamente
modula o processamento da meméria nesta estrutura. E particularmente
interessante que os efeitos facilitadores da espermidina sobre a memoria séo
antagonizados por arcaina, traxoprodil e ifenprodil, antagonistas da subunidade
NR2B do receptor NMDA, em doses muito baixas (Gomes et al. 2010; Rubin et
al. 2004; 2000; 2001). Tal achado sugere que o receptor NMDA esta envolvido
na melhora da memodria induzida pela espermidina.

Estudo realizado por Ceretta e colaboradores (2008), demonstrou que a
administragao pos-treino de arcaina causa amnésia, e que este efeito amnésico
€ revertido pela administracdo de arcaina pré-teste, caracterizando
dependéncia de estado da arcaina. Além disso, a dependéncia de estado para
a arcaina pode ser transferida para o MK-801 e vice-versa, reforcando o
envolvimento do receptor NMDA nos efeitos da arcaina. Tais achados sugerem
que, fisiologicamente, o estado de ativacdo do receptor NMDA pode se
constituir em um marcador contextual da memdéria. Dependéncia de estado é

dito quando uma informagao que foi aprendida enquanto o animal esta sob a
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influéncia de uma determinada droga, pode ser recordada apenas quando este
animal estiver sob o mesmo contexto e estado fisioldgico no qual a informacéao
foi adquirida pela primeira vez (Darbandi et al. 2008; Khajehpour et al. 2008;
Rezayof et al. 2008).

Ha muito se sabe que a aprendizagem e a memoria sao afetadas por
opidides. Assim, a administragado pré ou pés-treino de morfina, um agonista
opidide, prejudica a memoéria em diferentes paradigmas, inclusive de esquiva
inibitoria (Ahmadi et al. 2007; Rezayof et al. 2006). Enquanto a administracao
pré-teste de morfina reverte o prejuizo da memoria induzido pela administracao
pré ou pos-treino da droga, caracterizando dependéncia de estado da morfina
(Khalilzadeh et al. 2006; Zarrindast et al. 2006a; 2006b). O envolvimento de
receptores [ opidide na dependéncia de estado induzida por morfina tem sido
sugerido, uma vez que ela é prevenida por naloxona, mas nao por naltrindole
(Zarrindast et al. 2004).

Uma interagdo entre os sistemas opidide e glutamatérgico tem sido
proposta, uma vez que o antagonista de receptores NMDA, MK-801,
potencializa a amnésia induzida por morfina (Cestari and Castellano 1997) e
previne a dependéncia de estado induzida por opidides (Zarrindast et al.
2006c¢), sugerindo que a dependéncia de estado a morfina envolve receptores
opidides e NMDA.

Considerando que ambos arcaina e morfina induzem dependéncia de
estado a qual envolve o receptor NMDA, neste estudo investigou-se o possivel
papel dos receptores opidides na dependéncia de estado induzida pela arcaina

na tarefa de esquiva inibitoria em ratos.
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Objetivos

2. Objetivos

O objetivo geral do presente estudo foi investigar o envolvimento do

sistema opidide na dependéncia de estado induzida pela arcaina em ratos.
Objetivos especificos

1- Determinar a janela de tempo em que a arcaina e a morfina induzem

amnésia na tarefa de esquiva inibitoria.

2- Determinar a janela de tempo em que a arcaina e a morfina induzem

dependéncia de estado.

3- Avaliar se a arcaina e morfina apresentam dependéncia de estado

cruzada.

4- Avaliar o envolvimento dos receptores opidides na dependéncia de

estado induzida pela arcaina e morfina.

5- Avaliar se a arcaina e morfina em dose ineficaz apresentam efeito

aditivo e dependéncia de estado.

6- Avaliar se a arcaina e morfina alteram a atividade locomotora e

exploratdria dos animais.
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Revisao Bibliogréafica

3. Revisédo Bibliografica

3.1 Membdria

A memoria pode ser definida como a aprendizagem, a formagédo, a
conservagao e a evocacao de informacgdes. A aquisi¢cao é também chamada de
aprendizagem: sé se grava aquilo que foi aprendido. A evocagédo € também
chamada de recordacao, lembranca, recuperacdo. SO lembramos aquilo que
gravamos, aquilo que foi aprendido (Bliss and Collingridge 1993)

Segundo o Dr. Ivan Izquierdo “Somos aquilo que lembramos e também
somos o que decidimos esquecer’. De acordo com nossos habitos e
personalidade, podemos escolher ndo esquecer as ofensas e as agressdes
jamais, e nesse caso estaremos propensos a amargura, a parandia ou ao
ressentimento. Podemos escolher esquecé-las por completo, ou reprimi-las até
que desaparecam do nosso acervo de memdrias importantes, e nesse caso
ficaremos muitas vezes indefesos perante a sua reiteracdo. Podemos também,
entretanto, escolher reprimi-las ou extingui-las até que passem a ficar fora do
acervo das memodrias de uso diario e facilmente acessiveis, mas a nossa
disposicdo caso se torne necessarias; por exemplo, quando for oportuno
esquivar-nos ou defender-nos de novas ofensas ou agressdes. Nossa mente
possui 0s mecanismos para escolher entre essas possiveis solugbes
(Cammarota et al. 2005). O uso repetido de uma ou outra delas nos leva por

rumos diferentes em relagdo a nossa personalidade; e a personalidade nao é
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algo que se obtém como um diploma em uma certa idade: podemos muda-la
ao longo da vida, como produto das memorias deixadas pelas experiéncias. O
mundo esta cheio de pessoas que ja foram “boazinhas” e, como consequéncia
de uma guerra, uma humilhagdo ou um infortunio, se tornaram ressentidas e
perigosas. E também de outras que ja foram ressentidas e amarguradas e
depois de um sucesso, um golpe de sorte, o amor de alguém, o amor de
muitos, a realizacdo pessoal, ou qualquer outro motivo, tornam-se tolerantes,
benevolentes e de trato agradavel e frutifero. As mudangas de personalidade
pelo conjunto de experiéncias que temos sao muitas vezes inconscientes e até
involuntarias; outras vezes s&o conscientes e produto de nosso julgamento
sobre o0 que € que mais nos convém na sociedade em que vivemos, e de nossa
analise cuidadosa das caracteristicas dessa sociedade. Portanto, o conjunto
dessas memorias determina a personalidade e a forma de ser, de viver e de
agir de cada um, e por isso somos unicos e completamente diferentes. A perda
da memoria leva a perda de si mesmo, a perda da histéria de uma vida e das
interagdes duradouras com outros seres humanos (Izquierdo 2002).

As memorias podem ser classificadas quanto a sua natureza em
memoria declarativa ou explicita e ndo-declarativa ou implicita. A memoria
declarativa ou explicita € aquela memoria que registra fatos e eventos que
tenham ocorrido e que podemos evocar por meio de palavras com plena
intervencéo da consciéncia (recordacédo). E aquela memdria para o nome de
um amigo, as ultimas férias de verdo. A memoria de trabalho € uma memoaria
declarativa muito breve e fugaz, que n&o produz arquivo. Ela serve para manter
durante alguns segundos, no maximo poucos minutos, a informagao que esta

sendo processada no momento, como por exemplo: usamos a memoria de
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trabalho quando perguntamos para alguém o numero de telefone do dentista:
conservamos esse numero o tempo suficiente para disca-lo e, uma vez feita a
comunicagdo correspondente, o esquecemos (Ashby and O'Brien 2005;
lzquierdo et al. 2006).

As memorias nao-declarativas ou implicitas, sdo memodrias que
adquirimos sem perceber, sd0 memorias de capacidade ou habilidades
motoras ou sensoriais, como por exemplo: andar de bicicleta, nadar, etc
(Izquierdo et al. 2006).

As memorias também podem ser classificadas quanto ao tempo de
retencdo em memoria de curta e longa duragcdo e memodria remota. As
memorias de curta duragdo duram pouco tempo (minutos ou 3 a 6 horas)
engquanto a memoria de longa duragéo esta sendo formada, se estas memodrias
durarem muitos meses ou anos passam a ser denominadas de memorias

remotas (Lees et al. 2000).

3.2 Mecanismos de Meméria

Ha evidéncias de que formamos memodria por mais de um mecanismo
bioquimico, dependendo do tipo da memadria formada. Ha evidéncias também
gque 0s mecanismos bioquimicos pelos quais formamos a memoria sao
diferentes dos mecanismos pelos quais a evocamos e envolvem uma miriade
de eventos moleculares que ocorrem em locais, estruturas e em tempos
diferentes no sistema nervoso central (Abel and Lattal 2001; Izquierdo et al.

2002).
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O mecanismo celular de aprendizado e memodria envolve mecanismos
de plasticidade sinaptica tais como a LTP. Do ponto de vista funcional, a LTP
corresponde a um processo de facilitacdo das sinapses, cujo estabelecimento
depende da duracédo e da frequéncia do estimulo repetitivo; ou numa analogia,
depende do “treinamento”, e, portanto, de um processo de ‘aprendizagem’
(Bliss and Collingridge 1993). Bliss e Lomo (1970) haviam apenas demonstrado
que a estimulacdo elétrica de alta frequéncia de alguma forma tornava os
circuitos neurais mais potentes. Mas quais seriam 0os mecanismos neurais
responsaveis por este fenbmeno? Varios estudos tém demonstrado que, em
hipocampo o aminoacido glutamato, produz LTP através da ligagdo com
moléculas receptoras existentes na membrana pdés-sinaptica (Hollmann and
Heinemann 1994).

A cascata de reagdes para a formagdo da memoria (FIGURA 1) inicia
quando o glutamato é liberado, se liga a receptores especificos na membrana
pos-sinaptica: acido amino-3-hidroxi-5-metil-4-isoxasol propiénico (AMPA),
cainato, NMDA e receptores glutamatérgicos metabotropicos (mMRGLU), (Bliss
and Collingridge 1993; Mcgaugh and Izquierdo 2000).

A ligagéo de glutamato no receptor AMPA leva ao influxo de Na* e assim
promove a retirada do Mg2+ do receptor NMDA, que passa a responder ao
glutamato permitindo a entrada de Ca?* na célula (Hollmann et al. 1991;
MacDermott et al. 1986). Este aumento na concentracdo de calcio intracelular
estimula a proteina calmodulina, que se torna ativa quando quatro ions calcio
se ligam a ela. Torna-se entdo Ca®'/calmodulina, o segundo mensageiro

principal para LTP e para a memodria (Lledo et al. 1995).
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A Ca?*'/calmodulina, ativa enzimas que desempenham um papel
fundamental neste processo, como a adenilato ciclase, que catalisa a
conversao de ATP em AMPc o qual ativa a proteina quinase dependente de
AMPc (PKA), (Taylor et al. 1990; Whittard and Akiyama 2001). A
Ca?*/calmodulina também ativa a enzima Ca®‘/calmodulina dependente de
proteina quinase Il (CaMK IlI- atua fosforilando e ativando o receptor AMPA)
(Lisman and Zhabotinsky 2001; Lledo et al. 1995; Strack et al. 1997).

O aumento de Ca?' intracelular também ativa a proteina quinase
dependente de GMPc (PKG) a qual libera substancias como éxido nitrico,
monodxido de carbono e fator de agregagcdo plaquetaria (PAF) as quais
aumentam ainda mais a liberagdo de glutamato (Bliss and Collingridge 1993;
lzquierdo and Medina 1995). Estas enzimas, irdo modificar a conformagéao
espacial de outras moléculas, geralmente por fosforilagdo (Bliss and
Collingridge 1993).

Em outras palavras, ha uma cascata de reacgdes bioquimicas tipicas que
podem ter muitos efeitos diferentes. Por exemplo, a PKA e a proteina quinase
dependente de calcio (PKC) fosforilam os receptores AMPA e NMDA,
permitindo que eles permanegam ativados por mais tempo apés a ligagao do
glutamato a eles (Chen and Huang 1992; Lan et al. 2001; Raman et al. 1996;
Roche et al. 1996; Skeberdis et al. 2006). Como resultado, o neurénio pos-
sinaptico se torna ainda mais despolarizado, contribuindo assim para a LTP.
Além disso, juntas (PKC e PKA) fosforilam fatores de transcrigdo protéicos no
nucleo, dos quais o mais conhecido € a proteina ligante do elemento
responsivo ao AMPc (CREB) que desempenha um papel importante na

transcricdo de genes e sintese de diversas proteinas, aumentando a
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efetividade de transmiss&o de informacg&o entre os neurdnios (Hummler et al.
1994; Jancic et al. 2009; Ramanan et al. 2005).

O aumento de Ca** na célula pos-sindptica também pode ativar a
enzima Oxido nitrico sintase (NOS) a qual converte L-arginina em L-citrulina
foramando o NO (6xido nitrico). Assim, o NO pode agir como um mensageiro
retrogrado difundindo-se para o terminal pré-sinaptico e alterando a liberacéo
de neurotransmissores (Garthwaite 1991).

A memoéria pode ser modulada por agonistas, antagonistas de
receptores glutamatérgicos (AMPA, NMDA, mRGLU, cainato) e também por
inibidores especificos de algumas enzimas (PKA, PKC, PKG, CAMK Il) em

diferentes estruturas cerebrais (Izquierdo and Medina 1995).
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Figura 1- Cascata de eventos envolvidos na formagado da memdéria (Voglis and
Tavernarakis 2006).

3.3 Receptor N-metil-D-aspartato (rNMDA)

O receptor NMDA possui multiplos sitios de ligagdo, tanto para
compostos enddgenos quanto exdgenos (Figura 2). Dentre estes, existem
sitios de ligacdo para agonistas tais como glutamato e antagonista deste sitio
como AP-5 (Acido D-2-amino-5-fosfopentandico), sitio para a glicina (co-
agonista) que liga serina e D-cicloserina como agonista e acido 7-
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cloroquinurénico como antagonista. Antagonistas como Mg?* MK-801
(dizocilpina), quetamina, fenciclidina (PCP) entre outros podem se ligar
bloqueando o canal NMDA. Além disso, existem sitios de ligagcdo para agentes
redox, prétons, zinco e poliaminas que podem modular a atividade do receptor
(Cull-Candy and Leszkiewicz 2004; Ozawa et al. 1998; Paoletti et al. 2009;
Riedel et al. 2003; Yamakura and Shimoji 1999).

O receptor glutamatérgico N-Metil-D-aspartato (rNMDA) desempenha
um importante papel em varias fungdes fisiologicas, tais como plasticidade
sinaptica, memoria, aprendizagem e na formacao de redes neurais durante o
desenvolvimento (Schwartz et al. 1996; Whetsell 1996). Além disso, NMDA
esta envolvido em uma variedade de estados patologicos, incluindo doengas
neurologicas causadas por excitotoxicidade neuronal, lesdo aguda como
isquemia, trauma, epilepsia e estados cronicos degenerativos como a doencga
de Huntington, esclerose lateral amiotrofica e talvez em varias outras
sindromes, como a doencga de Alzheimer, transtornos psiquiatricos e sindrome
de dor neuropatica (Javitt et al. 1994; Krystal et al. 1994; Pud et al. 1998;
Thornberg and Saklad 1996; Woolf and Thompson 1991; Yamin 2009)

O NMDAr é formado por diferentes proteinas heteroméricas chamadas
subunidades: NR1 (A-G) NR2 (A-D) e NR3 (A-B) que agrupadas formam um
canal ibnico com condutancia seletiva de ions calcio, sodio e potassio através
da membrana neuronal (Monyer et al. 1992).

Quando o receptor esta em repouso, ions de Mg2+ ficam ligados a um
sitio dentro do canal idnico impedindo assim o influxo de Ca**. O canal s6 é
ativado quando 3 fatores ocorrem simultaneamente: 1) ligagdo do

neurotransmissor glutamato na subunidade NR2B; 2) ligacdo de glicina (co-
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agonista obrigatério) na subunidade NR1; e 3) despolarizagdo da membrana
pos-sinaptica. Estes trés fatores provocam uma mudanca na conformagao
alostérica do receptor diminuindo a afinidade pelo Mg2+ que € deslocado,
permitindo assim o influxo de ions Ca* e Na* bem como o efluxo de K*. A
ativagdo do receptor NMDA é voltagem dependente e ocorre através de
receptores AMPA que estao localizados ao lado de receptores NMDA. Quando
ativados, o receptor NMDA age no sentido de aumentar ainda mais a
despolarizacao iniciada pelos receptores AMPA.
Esse aumento de ions calcio no meio intracelular, € extremamente importante
para que mensageiros intracelulares possam ativar muitas enzimas, envolvidas
na consolidagdo da memdria, como: ativagcdo de proteinas quinases de calcio
(PKC) e a proteina dependente de calcio-calmodulina Il, que s&o responsaveis
por algumas respostas celulares mediadas pelo receptor NMDA, que inclui
formas de plasticidade sinaptica (Hollmann et al. 1991; Kerchner and Nicoll

2008; Newpher and Ehlers 2009);
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Figura 2- Representacdo esquematica do receptor NMDA adaptado de
Zigmond et al 1999).

3.4 Poliaminas

As poliaminas (Putrescina, Espermidina e Espermina) sao cations
alifaticos de baixo peso molecular presentes em todos os organismos Vivos.
Sua descoberta foi feita por Antoni Van Leuwenhoek em 1978, que descreveu
a presenca de cristais de fosfatos de espermidina em amostras resfriadas do
sémen humano.

As poliaminas sdo encontradas em plantas, insetos, bactérias e em
animais superiores (Leeuwenhoek 1978; Morgan 1998; Wortham et al. 2007).

As poliaminas sdo compostas por uma, duas ou trés cadeias carbonadas
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flexiveis, as quais s&o conectadas por atomos de nitrogénio. Elas também
apresentam grupamentos amino primario nas extremidades da cadeia
carbonada. Como mostra a figura 3, putrescina (1,4-dianobutano) € uma di-
amina primaria, espermidina (mono-N-3-aminopropil-1,4-diaminobutano) é uma
tri-amina e espermina (bis-N-3-aminopropil-1,4-diaminobutano) é uma tetra-

amina, todas contém grupamentos aminos primarios ou secundarios (Teti et al.

2002).
+
+ NH
HEN TN s
Putrescina
H.N' N

Espermidina

+ +
3 2
2
Espermina

Figura 3- Estrutura quimica das trés poliaminas enddégenas (adaptado de Kalac
and Krausova, 2005).

Devido a sua carga positiva, estes compostos podem se ligar a varias
macromoléculas, como o DNA e RNA, proteinas e lipidios de membrana
(Ouameur and Tajmir-Riahi 2004; Ruiz-Chica et al. 2003; Wallace 2003). As
poliaminas também tém sido implicadas em processos celulares, incluindo a
regulacdo de traducdo e expressido de gene, a proliferacdo celular, a

modulagao da sinalizagao e estabilizagdo da membrana da célula (lgarashi and
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Kashiwagi 2000; Tabor and Tabor 1984; Wallace 2003). As poliaminas também
podem regular a morte celular, particularmente a apoptose (Seiler and Raul

2005; Thomas and Thomas 2001).

3.5 Arcaina

A arcaina € um analogo das poliaminas, possuindo estrutura
semelhante a estas. A arcaina € composta por uma cadeia carbonada, a qual
esta conectada por atomos de nitrogénio. Ela também apresenta grupamentos
amino nas extremidades da cadeia carbonada, além de conter uma molécula
de acido sulfurico, sendo assim a arcaina é um sulfato 1,4-diguanidinobutano

como mostrado na figura 4 (Reynolds 1990).

A arcaina € um antagonista competitivo do sitio de ligacdo das
poliaminas na subunidade NR2B do rNMDA (Lynch et al., 1995). Estudos
demonstraram que a arcaina provoca o deslocamento da curva da ligagdo da
dizocilpina produzida pela espermidina para a direita o que sugere que a

arcaina é um antagonista competitivo das poliaminas (Sacaan and Johnson,

1990).
] NH
HzM \”/NWNJJ\ NH,
MH i
HyS0,

Figura 4: Estrutura da arcaina, adapatado de Reynolds 1990.
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3.6 Metabolismo das poliaminas

As poliaminas e seu metabolismo sdo de importancia médica e
farmacolodgica. Elas estdo presentes em concentragdes relativamente elevadas
no cérebro de mamiferos (hipocampo: putrescina 7,1 nmol g'1; espermidina 420
nmol g'1; espermina 334 nmol g'1) (Seiler and Schmitd-Glenewinkel 1975).

As poliaminas encontradas nos seres humanos s&o sintetizadas no
organismo ou provém da flora gastrintestinal capaz de metabolizar aminoacidos
provenientes da dieta (Teti et al. 2002). Uma nogédo geral do metabolismo das
poliaminas pode ser vista na figura 5.

A sintese das poliaminas inicia-se pela formacédo da putrescina a partir
da ornitina por uma reacgédo catalisada pela enzima ornitina descarboxilase
(ODC), uma enzima limitante na sintese das poliaminas. Esta enzima pode ser
inibida pelo a-diflurometilornitina (DFMO), o que leva a uma reducgéo drastica
de putrescina e espermidina. A ornitina utilizada para a sintese de putrescina é
na sua maioria proveniente do ciclo da uréia (Coffino 2000). A arginase é
necessaria para fornecer ornitina e arginina, em células que n&o possuem o
ciclo da uréia completo, e consequentemente levando a sintese de putrescina.
Assim, ambas arginase | (citosdlica e expressa principalmente no figado) e
arginase Il (mitocondrial) podem ser capazes de fornecer ornitina para a
sintese de poliaminas (Pegg and McCann 1982).

A partir da putrescina sao formadas as outras duas poliaminas:
espermidina e espermina.

A metionina fornece os grupos aminopropil necessarios para converter a
putrescina nas poliaminas superiores (espermidina e espermina). Os grupos

aminopropil sado convertidos em S-adenosilmetionina (SAM) pela agdo da
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enzima metionina adenosiltransferase (MAT). A SAM é entdo descarboxilada
pela enzima S-adenosilmetionina descarboxilase (SAMDC), para formar o
doador aminopropil S-adenosilmetionina descarboxilada (dcSAM) (Casero and
Pegg 1993; Moinard et al. 2005) Assim, a espermidina € formada a partir da
putrescina pela transferéncia de um grupamento aminopropil transferido da
dcSAM, uma reagao catalisada pela espermidina sintase. A enzima espermina
sintase, transfere o segundo grupo aminopropil de outra molécula de dcSAM
para a espermidina originando a espermina (Moinard et al. 2005; Tabor and
Tabor 1984).

As reacgdes catalisadas pelas aminopropil-transferases (espermidina e
espermina sintase) sdo essencialmente irreversiveis, mas a reversao da rota
pode ocorrer através da atividade da espermidina/espermina-N1-
acetiltransferase (SSAT), a qual forma intermediarios N-acetilados, N1-
acetilespermidina e N1-acetilespermidina. Estes apresentam afinidade pela
enzima poliamina oxidase (PAQO), que rompe as ligagdes C-N entre os residuos
aminopropil e os grupos amino secundario para formar espermidina e
putrescina (Moinard et al. 2005; Seiler 1990). Assim, esta via de interconverséo
catalisada pela SSAT e PAO é muitas vezes descrita como parte do sistema de
biossintese de poliaminas, mas ndo pode gerar poliaminas pela sintese de
novo, e sim esta mais envolvida na degradagao e excregéo das poliaminas.

O catabolismo final das poliaminas ¢é feito por amino-oxidases
dependentes de cobre. Pela desaminagdo oxidativa do grupamento amino
primario, cada intermediario do ciclo de interconversdo pode ser transformado
em um aldeido, que é posteriormente oxidado em um aminoacido ou em um

grupamento gama-lactamico. Os produtos finais do catabolismo bem como

33



Revisao Bibliogréafica

poliaminas acetiladas, sao excretados por via renal como poliaminas
inalteradas, sendo um mecanismo de controle dos niveis intracelulares de
poliaminas (Gugliucci 2004; Seiler 2004).

As trés enzimas que regulam a biossintese de poliaminas s&o ornitina
descarboxilase, S-adenosilmetionina descarboxilase e espermidina/espermina
N-acetiltransferase. Estas enzimas regulam os mecanismos envolvendo os trés
passos do metabolismo das poliaminas: sintese de novo, rota de

interconversédo e catabolismo (Morgan 1999; Seiler 2004).
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Figura 5: Metabolismo das poliaminas. Arginina descarboxilase (ADC); ornitina
descarboxilase (ODC); S-adenosil-metionina descarboxilase (SAMDC);
espermidina/espermina N' acetil-transferase (SSAT); poliamina oxidase (PAO);
metiltioadenosina (MTA) (Urdiales et al. 2001).
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3.7 Poliaminas e receptor NMDA

As poliaminas enddgenas, especialmente espermina e espermidina, sdo
reguladores de varias atividades na membrana e também de canais idnicos,
podendo interagir com subtipos especificos de canais de potassio e receptores
glutamatérgicos, principalmente na subunidade NR2B do receptor NMDA
(Williams 1997a; 1997 b; Williams et al. 1990).

Ranson e Stec (1988) mostraram que a espermidina e espermina,
aumentavam a afinidade do receptor NMDA pelo [*H]MK-801, na presenca e na
auséncia de concentragdes saturantes de glutamato e glicina. Foi entéo
proposto que o efeito estimulatorio das poliaminas deve-se a sua ligagédo no
receptor NMDA.

A espermina atua sobre o receptor NMDA de maneira bifasica, ou seja,
quando em altas concentracdes ela ndo potencializa a ligagdo do [°H]MK-801,
enquanto que em baixas concentragdes de espermina aumenta a condutancia
do receptor NMDA, por aumentar a frequéncia de abertura do canal (Johnson
1996; Rock and Macdonald 1995). Esta acdo complexa das poliaminas sobre o
receptor NMDA sugere que possa haver mais de um sitio de ligagdo das
poliaminas associado a este receptor (Worthen et al. 2001; Yoneda and Ogita

1991).

A figura 6 apresenta o esquema com o efeito inibitorio e estimulatério

das poliaminas sobre o receptor NMDA (Johnson 1996; Williams 1997b).

1- Estimulacédo glicina-independente: a espermina aumenta as correntes de
ions pelo receptor NMDA na presenca de concentracdes saturantes de

glicina;
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2- Estimulagdo glicina-dependente: a espermina aumenta a afinidade do
receptor pela glicina;

3- Uma inibicdo voltagem dependente, por diminuigdo da conduténcia do
canal, como resultado de seu carater catidnico na entrada do poro, ou
por bloqueio do canal aberto em um sitio dentro do poro como faz o
magneésio.

4- Inibigdo da afinidade do receptor pelo glutamato.

EXTRACELULAR
Glutamato
Glicina NMDA .
MNa
Ca™
9$$ina espermina espemina
A
@]e “
2y
Y
INTRACELULAR

Figura 6- Esquema de acdes modulatérias da espermina sobre o receptor
NMDA. + efeito estimulatério das poliaminas; - efeito inibitorio das poliaminas.
1- 4: sitios 1 — 4 (adaptado de Johnson, 1996).

3.8 Poliaminas, receptor NMDA e memoéria

As poliaminas estdo envolvidas na modulacdo da memoria, e em
diferentes tarefas de aprendizagem, apresentando um efeito bifasico: quando
em baixas concentragbes melhoram a memodria e quando em altas

concentragdes pioram a memoria (Anderson et al. 1975; Halonen et al. 1993).
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De fato, altas doses de espermidina (125-250 nmol) administradas por via
intracerebroventricular, causa déficit no aprendizado no labirinto aquatico de
Morris (Conway 1998). A administracdo intraperitoneal de poliaminas
potencializa a diminui¢cdo do aprendizado induzido por dizocilpina no labirinto
em T de 14 bracos (Shimada et al. 1994). Por outro lado, a administragédo
sistémica, intrahipocampal e intra-amigdala de espermidina melhora o
desempenho de ratos na tarefa de esquiva inibitéria (Guerra et al. 2006; Rubin
et al. 2000; 2001), medo condicionado (Camera et al. 2007; Rubin et al. 2004) e
extincdo do medo condicionado contextual (Gomes et al. 2010). O efeito
facilitatorio causado pela espermidina no teste de esquiva inibitéria parece
ocorrer somente nas fases de aquisi¢ao e inicio da consolidacdo da memoaria
(Berlese et al. 2005). O efeito facilitatério causado pela espermidina, pode ser
revertido pela administracdo de arcaina. Isto apoia as evidéncias que o efeito
facilitatorio da espermidina € devido a interacdo da espermidina no sitio das
poliaminas no rNMDA, uma vez que ndo s6 a administragcdo de arcaina, mas
também de MK-801 (antagonista n&o-competitivo do rNMDA) traxoprodil e
ifenprodil (antagonistas da subunidade NR2B do rNMDA) revertem a melhora
da memoria induzida por espermidina (Camera et al. 2007; Gomes et al. 2010;
Rubin et al. 2004; 2000; 2001).

O efeito facilitatério da espermidina sobre a memoria parece depender
da atividade da enzima oéxido nitrico sintase hipocampal, uma vez que a
administragdo intra-hipocampal de N®-Nitro-L-arginina metil éster (L-NAME),
um inibidor ndo especifico da enzima 6xido nitrico sintase, imediatamente apos

o treino, previne a melhora da memoria causada por espermidina na tarefa de
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esquiva inibitéria. A espermidina aumenta os niveis de nitratos e nitritos, e a

co-administragdo de L-NAME previne este efeito (Guerra et al. 2006).

3.9 Dependéncia de estado

As memdrias sao adquiridas sob a influéncia de um determinado "ténus"
cerebral dopaminérgico, noradrenérgico, serotoninérgico ou betaendorfinico
(McGaugh et al. 1975). Esses moduladores e hormdnios geralmente facilitam a
formagao de memorias (Perry and lzquierdo 1989).

As memodrias sao mais bem evocadas quando o "ténus" neurohumoral e
hormonal vigente no momento de sua aquisicdo se repetem na evocagao
(Izquierdo 1982). Assim, em momentos de ansiedade elevada, em que se
libera muita dopamina, noradrenalina cerebral, adrenalina e corticoides na
periferia, teremos ndo so tendéncia a gravar melhor o que esta acontecendo
nessa ocasidao, como também facilidade para evocar outras experiéncias
igualmente assustadoras ou aversivas. Isto € sem duvida util para ter em
mente, disponivel para a utilizacdo imediata, por meio de estratégias de acéo
apropriadas para a circunstancia: devemos fugir, pular, nos esconder ou lutar?
(Izquierdo 2002).

Este fenbmeno se denomina dependéncia de estado: a evocacado das
memorias de certo conteudo emocional depende do estado hormonal e neuro-
humoral em que a mesma esteja ocorrendo (Bruins Slot and Colpaert 1999Db).
Quanto mais esse estado se paregca com aquele em que memorias de indole
similar foram adquiridas, melhor sera a evocagao (Jackson et al. 1992; Shulz et
al. 2000). Assim, muitas memorias ficam num estado que poderiamos chamar
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latente, s6 despertado por determinadas conjungbes de fendmenos neuro-
humorais e hormonais proprios de cada estado: as que causam medo, as que
chamam ao sexo etc. Mas isto ndo quer dizer que o fato dessas memorias
importantes ficarem latentes signifique que foram esquecidas, sequer
temporariamente. Quer dizer que essas memoérias dependentes de um
determinado estado neuro-humoral e hormonal, para serem reativadas,
requerem certos estimulos que compreendam pelo menos parte da reprodugao
do estado em que foram originalmente adquiridas (lzquierdo 2002).

Tarefas como esquiva inibitéria reproduzem muito bem a dependéncia
de estado em animais. No treino ocorrem dois conjuntos paralelos de eventos
que podem interagir. Um deles inclui a aprendizagem, que € seguida pelo
armazenamento onde passa de um estado labil a um estado mais fixo, a fase
de consolidacdo da memodria. Na fase de consolidagdo, as memodrias s&o
bastante suscetiveis a interferéncias como, por exemplo, por drogas, e assim a
informacdo armazenada pode ou n&o estar disponivel para a evocagao na
sessdo de teste; a sessdo do teste geralmente envolve além da recuperagéo,
algum grau de reaprendizagem (Abel and Lattal 2001; McGaugh and Izquierdo
2000).

Simultaneamente com a aprendizagem, existem alteragdes
neurohumorais e hormonais que persistem no periodo pos-treino e pode
influenciar o aprendizado, o armazenamento, a consolidagido ou a evocagao
da memoria. Algumas destas alteragbes neurohumorais e hormonais que
persistem apos o treino sdo: (1) hipersecregao periférica de epinefrina e
norapinefrina (Gold and McCarty 1981; Liang et al. 1986), (2) liberagdo de

dopamina, norapinefrina (Schutz et al. 1979) e de B-endorfina no cérebro
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(Izquierdo et al. 1980a), e (3) liberacdo do hormdnio adenocorticotréfico
(ACTH) (Dunn 1980). Varias evidéncias sugerem que estas alteracbes podem
modular a formagdo da memoria apos o treino (Cahill and McGaugh 1996;
Introini-Collison and McGaugh 1988).

As mudangas que ocorrem na sessao do teste tém sido menos
estudadas e acredita-se que s&do menores que as que ocorrem no periodo pés-
treino. Elas podem ter influéncia sobre a disponibilidade para a recuperagao da
memoria ou evocacdo. De fato a liberacdo de B-endorfina no cérebro € muito
menor na sessdo do teste (lzquierdo 1982; Izquierdo et al. 1980b). Existem
motivos para acreditar que a sessao de teste da tarefa de esquiva inibitoria em
que nao & dado um choque e acompanhada por uma descarga muito menor de
ACTH ou catecolaminas periféricas do que na sessao de treino,
particularmente uma vez que estas alteracdes parecem depender do estresse
ou aversao associadas a tarefa (Gold and Van Buskirk 1976; Gold and Van
Buskirk 1975; Izquierdo and Dias 1983).

A administragdo pré-teste intraperitoneal de ACTH, B-endorfina ou
epinefrina aumenta a recuperacdao do comportamento aversivo aprendido
anteriormente (de Wied et al. 1978; lzquierdo 1980; Rigter 1978). Este aumento
pode ser manifestado na melhora da performance dos animais na tarefa de
esquiva inibitoria no dia do teste (lzquierdo 1980), também retardar a extingdo
da memodria (de Wied et al. 1978), e também em reverter a amnésia induzida
pelo tratamento pos-treino (Rigter 1978).

As alteragbes neurohumorais e hormonais sugerem que a aprendizagem
e a memoéria dependem da relagdo entre o estado enddgeno que se

desenvolve durante e apos o treino e o que se desenvolve durante a retencao
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do teste: ou em outras palavras, que existe uma dependéncia de estado
endoégeno. Assim estas alteracbes endogenas irdo servir como pistas
contextuais para uma melhor evocagdo da memdria no dia do teste (Izquierdo
1984; Izquierdo 1988).

A dependéncia de estado além de envolver alteragbes neurohumorais e
hormonais, também envolve varios sistemas de neurotransmisores, como:
sistema glutamatérgico, sistema opidide, sistema dopaminérgico, sistema
serotoninérgico, entre outros; e também segundos mensageiros (AMPc, GMPc,
NO, etc), além da sintese de proteinas (PKA, PKC, etc), (Ardjmand et al. 2011;
Houghoghi et al. 2009; Nasehi et al. 2010; Sharifzadeh et al. 2006; Wu et al.
2006; Zarrindast et al. 2008). A dependéncia de estado na tarefa de esquiva
inibitéria parece envolver diferentes regides cerebrais, tais como: amigdala,
hipocampo, estriado, cortex, nucleo accumbens entre outras (Izquierdo and
Medina 1993; 1997).

Além da tarefa de esquiva inibitoria, a tarefa de labirinto aquatico de
Morris também induz dependéncia de estado nos animais, o que envolve a
memoria espacial (Nakagawa et al. 1995).

Ceretta e colaboradores (2008) mostraram que o déficit no desempenho
dos animais na tarefa de esquiva inibitéria induzida pela administracdo de
arcaina pos-treino, foi revertido pela administracdo de arcaina pré-teste,
caracterizando dependéncia de estado da arcaina. Também foi demonstrado
que a administragdo pré-teste de MK-801 reverte o prejuizo da memoria
induzida pela administragao pos-treino de MK-801. Além disso, o MK-801 pode

substituir a arcaina, indicando uma dependéncia de estado cruzada entre a
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arcaina e MK-801, reforcando o envolvimento do rNMDA neste efeito da

arcaina.

3.9.1 Sistema opidide e memoria

Os opidides s&do comumente utilizados como analgésicos, mas sua
utilizacao clinica é limitada pelo desenvolvimento de tolerancia e dependéncia
fisica (Veilleux et al. 2010).

Os receptores opidides pertencem a uma familia de receptores
acoplados a proteina G. Existem quatro subtipos de receptores opidides: Mu (u
ou MOR), Delta (6 ou DOR), Kappa (k ou KOR), e o receptor ORL1, que
também tem sido sugerido na ligagéo de opidides (Bodnar 2009).

O receptor MOR esta acoplado a uma proteina G inibitoria (Gi), quando
ativado pela ligagdo do agonista morfina, diminui a fosforilagdo induzida pelo
AMPc, inibe os canais de calcio enquanto ativa os canais de potassio (figura
7), com isso induz uma hiperpolarizagdo na célula, causando amnésia (Ueda
1989).

O sistema opidide tem sido implicado na modulagdo da memoria, em
condicbes estressantes. Em animais, a retencdo de uma experiéncia que
envolve um estimulo aversivo (um choque por exemplo) é prejudicada por
agonistas opiaceos e reforgada por antagonistas opiaceos administrados logo
apos o treino. Desta maneira, o sistema opidide (ou mais especificamente, a
ativagao farmacologica do sistema) € geralmente considerado como prejudicial
a memoria. Assim, a adminstracdo de morfina pré ou pds treino na tarefa de
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esquiva inibitoria (a qual envolve um estimulo aversivo) prejudica a memoria
(Izquierdo and McGaugh 1985). Porém, a administracdo de morfina pré-teste
reverte o efeito amnésico causado pela morfina no treino, caracterizando
dependéncia de estado, onde a evocacao de uma determinada memoria, vai
exigir que o organismo esteja em um estado semelhante aquele em que a
memoria foi adquirida pela primeira vez. Naloxona, mas n&o naltrindole,
antagoniza a dependéncia de estado induzida pela morfina (Bruins Slot and
Colpaert 1999a).

Estudos tém mostrado que a dependéncia de estado causada pela
morfina envolve o sistema glutamatérgico, uma vez que a administragdo de
antagonistas do receptor NMDA, como o MK-801 e o AP-5, bloqueiam a
dependéncia de estado induzida pelo agonista opidide (Zarrindast et al. 2006c¢).
Outros estudos tém mostrado que o MK-801 potencializa a amnésia induzida
pela morfina (Cestari and Castellano 1997) sugerindo que a dependéncia de
estado causada pela morfina envolve o receptor NMDA.

Além disso, a administragdo de morfina regula a expressao da
subunidade NR2B do receptor NMDA no sistema limbico e cortex frontal, e tem
sido sugerido como uma das adaptagdes nos circuitos cerebrais durante o
desenvolvimento da dependéncia de opiaceos (Johansson et al. 2010). E
importante ressaltar que a dependéncia de estado causada pela morfina
envolve outros sistema na memoria aléem do sistema glutamatérgico, como:
sistema colinérgico (Rezayof et al. 2008), sistema dopaminérgico (Zarrindast et
al. 2006b), sistema gabaérgico (Rassouli et al. 2010), entre outros. A morfina
também induz dependéncia em outras tarefas como no labirinto aquatico de

Morris (Miladi Gorji et al. 2008) e na aprendizagem de preferéncia condicionada
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do local (Rezayof et al. 2007). Ainda, a administracdo de naloxona bloqueia a
aquisicdo mas nao a consolidacdo e a evocacdo da extincdo do medo
condicionado, demonstrando o envolvimento de opidides na memdria do medo
(Kim and Richardson 2009).

A memoria também pode ser modulada por opidides enddgenos. Estes
peptideos endogenos sado produzidos naturalmente no corpo. Eles incluem
endorfina, encefalinas, dinorfina e endorfina. 3-endorfina € expressa em células
no nucleo arqueado do hipotalamo e no tronco cerebral, e atua através dos
receptores p-opidides. Encefalina € amplamente distribuida pelo cérebro e age
através dos receptores u e d-opidides. Dinorfina age através de receptores k-
opidide e é encontrada na medula espinhal e em muitas partes do cérebro,
incluindo o hipotalamo. A endorfina (endorfina-1 e endomorfina-2) se ligam
fortemente e preferecialmente aos receptores p-opidides. Estes peptideos
endoégenos tém sido implicados na dependéncia de estado, isto por que, a
piora da memoria causada pela administracdo pos-treino deste opidides
enddégenos, pode ser atenuada pela administragdo dos mesmos preé-teste,
demonstrando uma dependéncia de estado endogena (Okada et al. 2002;
Zadina et al. 1999).

Considerando que a dependéncia de estado causada pela arcaina e
causada pela morfina envolvem o receptor NMDA, no presente estudo
estudaremos se a dependéncia de estado induzida pela arcaina envolve o

sistema opidide.
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Figura 7- Representagdo esquematica do mecanismo de agdo da morfina

sobre o receptor p-opidide, adapatado de Kreer and Forge 2007.
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3.9.2 Esquiva inibitoria

A esquiva inibitéria € muito utilizada para avaliar a memoria em ratos
e camundongos: € um teste muito simples, o treino é realizado uma unica vez,
permanece por muito tempo (as vezes, toda a vida) e tem um valor biolégico
importante (Izquierdo, 2002). A tarefa de esquiva inibitoria utiliza a regido CA1
do hipocampo, sendo importante para os mecanismos da formacdo da
memoria de longa duragao como: excitagdo das células hipocampais por meio
da estimulagéo de receptores glutamatérgicos AMPA, NMDA e metabotropicos,
e a entrada de célcio nas células levando a ativacdo subsequente de varias
proteinas-quinase (lzquierdo, 2002).

A tarefa de esquiva inibitéria envolve a formagdo de uma memoria
declarativa na qual o animal aprende a inibir uma resposta (descer de uma
plataforma ou entrar em um outro compartimento) para nao receber um
estimulo aversivo (um choque elétrico). Esta memoria corresponde aquela em
que nos, os humanos, evitamos entrar em uma rua perigosa ou aprendemos a
olhar a esquerda antes de atravessar a rua (lzquierdo, 2002). A esquiva
inibitéria € uma memodria episddica (lembramos o episédio pelo qual
aprendemos: o dia em que colocamos os dedos na tomada) e também
semantica (aprendemos a evitar todas ou, pelo menos, a maioria das
circunstancias perigosas: um conhecimento episodico adquire valor semantico).
Esta tarefa de aprendizado é a que melhor demonstra separadamente as
fases de aquisicdo, consolidacdo e evocacdo da memoria, e assim pode ser
utilizada para reproduzir a dependéncia de estado em animais. A aquisicdo de

uma esquiva inibitéria € ansiogénicae/ou estressante, porque envolve um
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choque elétrico, que produz hipersecrecdo de neurotransmissores ou
neuromoduladores (B-endorfina, noradrenalina) e hormdénios do estresse
(noradrenalina do sistema simpatico, adrenalina, ACTH, etc) o que agem como
pistas para uma melhor evocagdo da memdria no dia do teste, facilitando a

dependéncia de estado induzida por drogas (lzquierdo, 2002) .
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Abstract

Rationale Arcaine is a competitive antagonist of the poly-
amine binding site at the N-methyl-D-aspartic acid receptor
which induces state-dependent recall. However, no study has
addressed the involvement of other neurotransmitter/neuro-
modulators in arcaine-induced state dependency.

Objectives The current study investigates whether the opioid
system is involved in arcaine-induced state-dependent mem-
ory retrieval of the inhibitory avoidance task (IA) in rats.
Results The systemic administration of arcaine (30 mg/kg,
intraperitoneally (i.p.)) or morphine (5 mg/kg, i.p.) 0, 3, 6,
or 9 h post-training, reduced step-down latencies at testing.
Arcaine (30 mg/kg, i.p.) or morphine (5 mgkg, ip.)
injection 30 min before testing reversed the performance
deficit induced by administration of arcaine or morphine 0,
3 or 6, but not 9 h post-training. The reversal of arcaine-
induced impairment of IA performance was completely
transferred to morphine and vice versa. The association of
low and ineffective doses of morphine and arcaine (10 and
1.5 mg/kg, respectively) were additive and caused state
dependency. Naloxone (2 mg/kg, 3 min post-training, or
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I mg/kg, 1 h pre-test, 1.p.) reversed the amnesia and the
state dependency induced by morphine and arcaine.
Conclusion These results suggest that state dependency
induced by arcaine involves the opioid system.

Keywords Arcaine - Polyamines - Morphine - State
dependency - Opioid system- Memory

Introduction

The endogenous polyamines (putrescine, spermine, and sper-
midine) are aliphatic amines with a polycationic structure.
Polyamines can interact with several intracellular targets,
including nucleic acids and enzymes, and exert complex actions
on a variety of ion channels (Scott et al. 1993). Polyamines also
have been implicated in modulation of the glutamatergic N-
methyl-D-aspartate receptor (NMDAr; Ransom and Stec 1988;
Rock and Macdonald 1995; Williams 1997; Williams et al.
1991) and -amino-3-hydroxy-5-methyl-4-isoxazole propio-
nate receptors (Pellegrini-Giampietro 2003). Considerable
evidence suggests that several of the biological effects of
polyamines are due to NMDAr modulation. Accordingly, the
systemic (Camera et al. 2007; Shimada et al. 1994), intra-
hippocampal (Berlese et al. 2005; Guerra et al. 2006; Rubin et
al. 2000), and intra-amygdalar (Rubin et al. 2004, 2001)
administration of spermidine improves memory in distinct
tasks and facilitates memory extinction (Gomes et al. 2010).
Moreover, the intrastriatal administration of spermine reverses
the deficits induced by quinolinic acid on an object recognition
task (Velloso et al. 2009).

The facilitatory effects of spermidine are antagonized by
low doses of arcaine, an antagonist of the NMDATr
polyamine binding site, suggesting that the NMDAr is
mnvolved in the memory improvement induced by spermi-
dine (Rubin et al. 2000). In line with this view, the
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noncompetitive NMDAr antagonist, MK-801, reverses the
facilitatory effect of spermidine on the memory of fear
(Camera et al. 2007), and the systemic (Ceretta et al. 2008)
and intra-amygdalar administration of arcaine impairs the
memory of inhibitory avoidance (Rubin et al. 2000) and
fear conditioning tasks (Rubin et al. 2004).

The deficits in the performance at testing, induced by the
post-training administration of arcaine, are abrogated if it is
administered again, 30 min before testing (Ceretta et al. 2008),
characterizing state dependency for arcaine. State dependen-
cy is said to occur when a given information is learned under
the influence of a certain drug, and such an information is
more easily recalled when the animal is subjected to the
same pharmacological state in which the information was
learned (Overton 1964; Riccio et al. 2006). Accordingly, pre-
test administration of MK-801 also cancels the memory
impairment induced by the post-training administration of
MK-801 (Harrod et al. 2001) and can be substituted for
arcaine, indicating a cross-state dependency for arcaine and
MK-801, further supporting a role for NMDAr in this effect
of arcaine (Ceretta et al. 2008).

It has long been known that learning and memory are
affected by opioids (Castellano 1975; for a broad review, see
“Endogenous opiates and behavior” series; Bodnar 2009).
Pre- or post-training administration of the opioid receptor
agonist morphine impairs memory in different paradigms,
including inhibitory avoidance (Ahmadi et al. 2007; Rezayof
et al. 2006). Furthermore, pre-test administration of mor-
phine reverses the impairment of memory induced by pre- or
post-training administration of morphine, characterizing
morphine-induced state dependency (Khalilzadeh et al.
2006; Zarrindast et al. 2006a, b). It is likely that p-opioid
receptor activation is involved in this morphine state of
memory, as naloxone, but not naltrindole, antagonizes the
effects of morphine (Zamindast et al. 2004). Other studies
have shown that the NMDAr antagonist MK-801 potentiates
morphine-induced amnesia (Cestari and Castellano 1997)
and inhibits state dependency caused by opioids (Zarmrindast
et al. 2006c), suggesting that morphine state dependency
involves NMDA and opioid receptors. Considering that both
arcaine and morphine induce state-dependent learning that
involves NMDA receptors, in this study we investigated the
possible role of opioid receptors on arcaine-induced state
dependency in the inhibitory avoidance task in rats.

Materials and methods
Animals
Naive male adult Wistar rats (200-250 g), from the animal

house of the Federal University of Santa Maria, were used.
The animals were housed five to a cage on a 12-h day/night

@ Springer

cycle (lights on at 07:00 A.M.) at a temperature of 22-23°C
with free access to water and standard laboratory chow
(Guabi, Santa Maria, Rio Grande do Sul, Brazil). Behavioral
tests were conducted during the light phase of the cycle
(between 9:00 A.M. and 6:00 PM.) using independent
experimental groups of rats. All animal experimentation
reported in this study was conducted in accordance with
Brazilian law N° 11.794/2008, which is in agreement with the
Policies on the Use of Animals and Humans in Neuroscience
Research, revised and approved by the Society for Neurosci-
ence Research in January 1995 and with the Institutional and
National regulations for animal research (Institutional Ethics
Committee process number 0206). The number of animals in
each group was limited by planned statistical comparisons.
The first analysis was carried out at n=6, and subsequent
comparisons performed after a two-animal increase in each
group, until a p,<0.05 or a pp<0.2 was obtained,
determining the interruption of the experiment. Every effort
was made to minimize the suffering of the animals.

Drugs

1,4-Diguanidinobutane sulfate (arcaine) was obtained from
Pfaltz & Bauer (Waterbury, CT, USA); naloxone and morphine
sulfate were obtained from Cristalia (Sao Paulo, Sdao Paulo,
Brazil). All drug solutions were prepared daily in saline (0.9%
NaCl). All injections were administered intraperitoneally (i.p.)
in a 1-ml/kg injection volume. Doses were selected based on
previous studies (Ahmadi et al. 2007; Ceretta et al. 2008;
Zarrindast et al. 2004) and pilot experiments.

Inhibitory avoidance

The animals were trained in a one-trial step-down inhibitory
avoidance paradigm (IA). The IA training apparatus consisted
ofa 30%25%25-cm box with a 2.5-cm high, 7-cm wide, and
25-cm-long platform covering the left side of the grid floor.
During training, animals were gently placed on the platform
facing the left rear corner of the training box, and immediately
after stepping down with their four paws on the grid, they
received a 4-s 0.4-mA scrambled foot shock. Immediately
after training, they were returned to their home cage. Memory
retention was evaluated in a test session carried out 24 h after
training, in which trained animals were placed on the training
box platform, and the step-down latency was measured. A
cutoff time of 300 s was imposed on step-down latency during
testing session. The apparatus was cleaned with 30% ethyl
alcohol before and after each rat occupied it.

Open field

Immediately after the 1A testing session, all animals were
transferred to an open field in order to assess exploratory
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activity. Animals were placed on the center quadrant of a
round open field (56 cm diameter) with the floor divided
into ten equal areas. An observer, who was not aware of the
pharmacological treatments, manually recorded the number
of crossing and rearing responses over 5 min. Crossing was
defined as the total number of areas crossed with the four
paws, and rearing was defined as the total number of stand
up responses on two paws. This test was carried out to
identify possible motor disabilities that might have influ-
enced inhibitory avoidance performance at testing.

Experiment 1: determination of the time window
for the state dependency induced by arcaine and morphine

This experiment was designated to determine the time
window in which arcaine and morphine state dependency
develops and the importance of the contingency of
endogenous state and learning. For this purpose, the
animals received arcaine (30 mg/kg), morphine (5 mgkg),
or saline 0, 3, 6, or 9 h after training and 30 min before
testing.

Experiment 2: transfer of arcaine-induced state dependency
to morphine

In this experiment, we investigated whether the reversal of
the impairment of IA performance induced by the post-
training injection of arcaine is transferred to morphine. The
animals were randomly assigned to one of seven groups,
wherein each animal received two injections: the first 0 h
post-training and the second 30 min before testing,
respectively: saline and saline (Sal/Sal), arcaine (30 mg/
kg) and saline (Arc/Sal), arcaine and arcaine (Arc/Arc),
arcaine and morphine (5 mg/kg; Arc/Mor), morphine and
saline (Mor/Sal), morphine and morphine (Mor/Mor), and
morphine and arcaine (Mor/Arc).

Experiment 3: effect of naloxone (nonselective opioid
antagonist) on morphine-induced state dependency

In order to confirm the involvement of opioid receptors in
morphine-induced state-dependent learning, the animals
were injected with morphine (5 mg/kg) or saline immedi-
ately after training, the opioid receptor antagonist, naloxone
(2 mg/kg, i.p.) or saline 3 min after training or naloxone
(1 mg/kg) | h pre-test, and morphine (5 mg/kg) or saline
30 min before testing.

Experiment 4: effect of naloxone on arcaine-induced state
dependency

In this experiment, we investigated whether naloxone
reverses arcaine-induced state dependency. The animals

received arcaine (30 mg/kg) or saline immediately after
training, naloxone (2 mg/kg) or saline 3 min after training
or naloxone (1 mg/kg) 1 h pre-test, and arcaine (30 mg/kg)
or saline 30 min before testing.

Experiment 5: determination whether arcaine-
and morphine-induced state dependency is additive

In this experiment, we determined whether arcaine- and
morphine-induced state dependency is additive by admin-
istrating low (non-effective) doses of these compounds. The
animals received saline, arcaine (10 mgkg), morphine
(1.5 mg/kg), or arcaine plus morphine (10 and 1.5 mg/kg,
respectively) immediately after training and 30 min before
testing.

Statistics

Retention latencies are expressed as the median and
interquartile range. Statistical analysis of test step-down
latencies was carried out by Kruskal-Wallis followed by
post hoc analyses (nonparametric Dunn’s test). Crossing
and rearing responses were analyzed by one-way ANOVA.
A p,<0.05 was used as the criterion for statistical
significance.

Results
Experiment 1

Figure 1 shows the effect of arcaine (30 mg/kg) 0 (a), 3 (b),
6 (c), and 9 h (d) after training and 30 min before testing
on step-down latencies at testing. Statistical analysis
revealed a significant difference between groups: H(3)=
20.49, p<0.05 (a); H(3)=20.29, p<0.05 (b); H(3)=21.26,
p<0.05 (c); and H(3)=11.57, p<0.05 (d). Post hoc analysis
revealed that arcaine injection 0, 3, 6, and 9 h post-training
(Arc/Sal group) reduces step-down latencies at testing.
Arcaine injection 30 min before testing did not alter step-
down latencies but reversed the performance deficit
induced by 0, 3, and 6 h post-training administration of
arcaine (Arc/Arc group). These results indicate that arcaine
induces state dependency up to 6 h, but not at 9 h post-
training.

Figure 2 shows the effect of the intraperitoneal adminis-
tration of morphine (5 mg/kg) or vehicle a, b, ¢, and d after
training and 30 min before testing on step-down latencies at
testing. Statistical analysis revealed a significant difference
between groups: H(3)=23.44, p<0.05 (a); H(3)=23.23, p<
0.05 (b); H(3)=24.12, p<0.05 (c); and H(3)=21.01, p<0.05
(d). Post hoc analysis revealed that morphine injection 0, 3,
6, and 9 h after training (Mor/Sal groups) or 30 min before
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Fig. 1 Effect of vehicle (saline, Sal) or arcaine (Arc; 30 mg/kg) 0 (a),
3 (b), 6 h (¢), and 9 h (d) after training and 30 min before testing on
test step-down latency (s). Data are median + interquartile range for
9—11 animals in each group. *p<0.05 compared to control group (Sal/
Sal), @p=<0.05 compared to Arc/Sal group

testing (Sal/Mor group) reduces step-down latencies at
testing. Morphine injection 30 min before testing reversed
the performance deficit induced by the administration of
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Fig. 2 Effect of vehicle (saline, Sal) or morphine (Mor; 5 mg/kg) 0
(a), 3 (b), 6 (¢), and 9 h (d) after training and 30 min before testing
on test step-down latency (s). Data are median + interquartile range for
8-11 animals in each group. *p<0.05 compared to control group (Sal/
Sal), @p=<0.05 compared to Mor/Sal and Sal/Mor groups

morphine 0, 3, and 6 h but not 9 h post-training (Mor/Mor
group). These results show that morphine induces state
dependency when injected up to 6 h after training.
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Experiment 2

Figure 3 shows the transfer of arcaine-induced state
dependency to morphine. Statistical analysis (Kruskal-
Wallis H test) revealed a significant effect of treatment: H
(6)=28.41, p<0.05. Multiple comparison analysis revealed
that post-fraining administration of arcaine (Arc/Sal group)
and morphine (Mor/Sal group) reduced step-down latencies
at testing and that pre-test administration of arcaine and
morphine reversed the deleterious effect of the post-fraining
administration of arcaine and morphine, respectively (Arc/
Arc and Mor/Mor groups). These data confirm that arcaine
and morphine cause state-dependent learning, as demon-
strated in experiment 1. In addition, the administration of
morphine 30 min before testing reversed the performance
deficit induced by the post-training administration of
arcaine. Similarly, the administration of arcaine 30 min
before testing reversed the performance impairment in-
duced by the post-training administration of morphine,
demonstrating the transfer of the reversal of arcaine-
induced impairment of 1A to morphine and vice versa.

Experiment 3

Figure 4 shows the effect of naloxone (a nonselective
opioid antagonist) on morphine-induced state dependency.
Statistical analysis revealed a significant effect of treatment:
H(7)=46.65, p<0.05 (a) and H(7)=58.26., p<0.05 (b).
Post hoc analysis revealed that post-training and pre-test
administration of morphine (Mor/Sal/Sal and Sal/Sal/Mor
groups) reduced step-down latencies at testing. The analysis
also demonstrated that post-training administration of
naloxone (2 mg/kg, 3 min after training; Fig. 4a) reverses
the performance deficit induced by the post-training or pre-
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morphine (Mor; 5 mg/kg) 0 h post-training and 30 min before testing
on test step-down latency (s). Data are median + interquartile range for
11 animals in each group.*p<0.05 compared to control group (Sal/
Sal)
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naloxone (1 mg/kg) 1 h before testing (b) on morphine-induced state
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animals in each group. *p<0.05 compared to control group (Sal/Sal/
Sal), @p<0.05 compared to Sal/Sal/Mor and Mor/Sal/Sal groups, and
#p<0.05 compared to Mor/Sal/Mor group

test injection of morphine (Mor/Nal/Sal and Sal/Nal/Mor
groups). Naloxone (1 mg/kg; Fig. 4b) administration 1 h
before testing reversed the performance deficit induced by
the pre-test injection of morphine (Sal/Nal/Mor group) but
did not reverse the performance deficit induced by the post-
training injection of morphine (Mor/Nal/Sal group). Inter-
estingly, post-training or pre-test administration of naloxone
attenuated morphine-induced state dependency (Mor/Nal/
Mor group).

Experiment 4

Figure 5 shows the effect of naloxone on arcaine-induced
state dependency. Statistical analysis revealed a significant
effect of treatment: H(7)=41.62, p<0.05 (a) and H(7)=
42.58, p<0.05 (b). Post hoc analysis revealed that post-
training administration of arcaine (Arc/Sal/Sal group)
reduced step-down latencies at testing. The analysis also
indicated that post-training administration of naloxone
(2 mg/kg, 3 min after training; Fig. 5a) reverses the
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performance deficit induced by the injection of arcaine
immediately after training (Arc/Nal/Sal group). The admin-
istration of naloxone (1 mg/kg; Fig. 5b) 1 h before testing
did not reverse the performance deficit induced by the post-
training injection of arcaine (Arc/Nal/Sal group). In
addition, the post-training administration of naloxone
reversed the state dependency induced by arcaine (Arc/
Nal/Arc group). These results suggest that the impairment
of memory and the state dependency induced by arcaine
involves opioid receptors.

Experiment 5

Figure 6 shows that association of low, non-effective doses
of arcaine and morphine causes state dependency H(6)=
1941, p<0.05, indicating that the effects of arcaine and
morphine on state-dependent learning are additive.

Open-field evaluation

Immediately after 1A testing sessions, the animals were
subjected to an open-field session, which revealed that
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pharmacological treatment did not alter spontaneous loco-
motor activity (Supplemental Tables S1, S2, S3, S4, and
S5).

Discussion

The main findings of the current study were as follows: (a)
The administration of arcaine or morphine 0, 3, 6, or 9 h
post-training impaired the performance of the animals in a
subsequent testing session performed 24 h later; (b) the
respective administration of morphine or arcaine before
testing reverted the deleterious effect of the administration
of morphine or arcaine 0, 3, and 6 but not 9 h after training
on the performance of the animals at testing, configuring
opioid, and polyamine antagonist state dependencies; (c)
state dependency to arcaine was fully transferred to
morphine and vice versa; (d) the association of low, non-
effective doses of arcaine and morphine causes state
dependency; and (e) the post-training or pre-test adminis-
tration of naloxone reverted the deleterious effect of the
opioid and of the polyamine antagonist on the performance
of the animals in the testing session because it prevented
the establishment of state dependency both to the opioid
and the polyamine antagonist.

It has been widely accepted that the contingency
between endogenous state and learming is required for
state-dependent memory. Nevertheless, accumulating evi-
dence supports that state dependency also ensues if
pharmacological treatment is given after training, namely
during the consolidation of the memory of the task (Netto
and Maltchik 1991; Zarrindast et al. 2007). In this context,
it is reasonable to suppose that (1) delaying drug injections
would impair state dependency by disrupting contingency
and (2) if arcaine and morphine impaired performance at
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testing by interfering in the same (state dependency-related)
mechanisms, they should share the same time-dependency
profile. The experiments shown in Figs. 1 and 2 determine
the time window in which arcaine- and morphine-induced
state dependency occurs and provide experimental evidence
for the importance of the contingency between drug and
learning (or early consolidation) for state-dependent mem-
ory. As expected from previous studies, the shorter was the
period between training and morphine or arcaine treatment,
the more efficient were the drugs to cause state dependency.
On the other hand, the IA performance impairment caused
by the delayed (9-h) administration of morphine or arcaine
is not related to state dependency, since it was not reverted
by the respective administration of pre-test morphine or
arcaine. One might argue that delayed (9-h) morphine may
have impaired the retrieval of the task. This possibility
sounds unlikely because the 7), for morphine is approx-
imately 45 min in naive rats (Miyamoto et al. 1988).
Consequently, negligible concentrations of morphine in the
serum and in the brain would be expected after 15 h, at
testing.

Interestingly, similar delayed pharmacological interfer-
ence on memory (12-24 h post-training) has been recently
reported in the ventral tegmental area (Rossato et al. 2009)
and in the hippocampus (Bethus et al. 2010; Katche et al.
2010) and has been implicated in memory persistence
(Wang et al. 2010). Therefore, it is possible that delayed
systemic morphine or arcaine injection have altered or
modulated memory persistence of the task.

These experiments, particularly those in which there was
a contingency between drug and learning, confirmed the
fairly known phenomenon of morphine-induced state-
dependent memory retrieval (lzquierdo and Dias 1983,
1985) and the recently reported similar effect for arcaine
(Ceretta et al. 2008). Interestingly, in these experiments, an
amnestic effect for pre-testing injection of morphine, but
not of arcaine, was observed. The lack of effect of negative
modulators of NMDArs on memory retrieval (Rezayof et
al. 2008; Roesler et al. 2006) in the absence of pharmaco-
logical intervention around training is in agreement with
our results that pre-test systemic injection of a putative
antagonist of the polyamine binding site at the NMDAr
does not alter memory retrieval (Ceretta et al. 2008).
However, if animals are treated with arcaine immediately
after training, asymmetric state dependency for arcaine
ensues (Figs. 1, 3, and 5; Ceretta et al. 2008). Asymmetrical
state dependency, first described and commented by Berger,
was reported for other drugs, such as scopolamine and
lorazepam (Berger and Stein 1969).

Additional evidence for an interaction between the
NMDATr antagonist and the opioid system comes from the
experiments depicted in Fig. 3, which shows that state
dependency to arcaine is fully transferred to morphine and

vice versa. The transfer of response between different
agents has been argued as experimental evidence support-
ing common mechanisms of action (Jackson et al. 1992).
Although no study has addressed whether arcaine interacts
with opioid receptors and vice versa, [ HJifenprodil binding
is displaced by arcaine, but not by morphine (Hashimoto et
al. 1994), suggesting different pharmacological targets for
these compounds, at the receptor level.

Notwithstanding, one should also look for common
mechanisms beyond receptor level that could be elicited by
both morphine and arcaine and result in similar cellular and
behavioral responses. In this context, the NMDAT is known
to activate nitric oxide synthase and ¢cGMP production,
effects that are attenuated by NMDAr antagonists (Girouard
et al. 2009; Lourenco et al. 2010), such as arcaine. It is also
noteworthy that arcaine competitively inhibits NOS activity
(Yokoi et al. 1994), a pharmacological property that could
decrease NO/cGMP-mediated actions, though experimental
evidence for such an effect of arcaine in vivo is still
missing. Interestingly, naloxone increases cGMP produc-
tion, an effect that is abolished by morphine (Pu et al.
1997). Pu et al. (1997) have also shown axo-somatic and
axo-dendritic synaptic connections between beta-endorphin
and NOS-immunopositive networks in the hypothalamus
and medial septum and have suggested that naloxone-
induced ¢cGMP production was due to blockade of
endogenous opioid mechanisms. Curiously, the septum is
fundamental for electroconvulsive shock-induced amnesia,
which is naloxone reversible (Netto and Izquierdo 1985).

If a decrease in NO/cGMP signaling was the common
mechanism shared by arcaine and morphine that allowed
the transfer of the avoidance response, one should expect
that other agents capable of reducing NO/cGMP produc-
tion, such as NOS inhibitors, would cause the same effect.
Accordingly, morphine-induced state dependency transfers
to L-NAME, an effect that is counteracted by the co-
administration of L-arginine (Khavandgar et al. 2003).

A role for opioid receptors in the currently described state
dependency to arcaine is further supported by the findings
shown in Figs. 4 and 5 that show that post-training (a) and
pre-test (b) naloxone reverted not only the deleterious effect
of the post-training administration of morphine and arcaine
on the performance at testing but also the state dependency
induced by the post-training injection of these compounds.
The reversal of morphine-induced state dependency by
naloxone is in agreement with the studies by Bruins Slot
and Colpaert (1999) and Khavandgar et al. (2001), who have
described that early pre-test administration of naloxone
prevents morphine-induced state dependency (Bruins Slot
and Colpaert 1999; Khavandgar et al. 2001). Moreover, low
and ineffective doses of arcaine and morphine had additive
effect, causing state dependency to the same degree of that
caused by full doses of arcaine and morphine (Fig. 6).
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One intriguing result obtained in this study was that post-
training injection of naloxone prevented the impairment of
performance induced by pre-test injection of morphine
(Fig. 4a). One might argue that a residual amount of naloxone
at testing could have prevented the effect of pre-test morphine,
particularly if considered the dose used in the current study
(2 mg/kg), which is higher than the doses used in other studies
(0.15-1 mg/kg, pre-test before morphine to prevent morphine-
induced state dependency; Bruins Slot and Colpaert 1999,
Khavandgar et al. 2001; Nishimura et al. 1990; Zarrindast and
Rezayof 2004). However, this possibility sounds unlikely,
since the 7' for naloxone in rats is approximately 30 min
(Ngai et al. 1976), and morphine injection was carried out
approximately 23 h later, when naloxone concentrations
would be negligible. Other possibilities, such as lack of effect
of pre-test morphine (Khavandgar et al. 2003) and a
facilitatory effect of post-training naloxone (Izquierdo 1979),
are also improbable, given that the Sal/Sal/Mor group
presented shorter latencies than Sal/Sal/Sal group and Sal/
Nal/Sal did not differ from Sal/Sal/Sal group. It is clear,
however, that 3-min post-training naloxone administration
antagonizes the amnestic effect of immediately post-training
morphine (an expected response for an opioid antagonist) and
disrupts the effects (facilitatory and inhibitory) of pre-test
morphine, making retrieval insensitive to opioid agonist
manipulation. Interestingly, the same applies for arcaine, since
post-training naloxone also antagonized the amnestic effect of
immediately post-training arcaine (an expected response for
an opioid antagonist if this was an opioid-mediated response)
and disrupted the facilitatory effect of pre-test arcaine, making
retrieval insensitive to arcaine. Considering the overall results
of these experiments, one might conclude that consolidating
the task in the absence of opioid tonus (presence of naloxone)
makes recall also opioid-independent, what could be consid-
ered a form of state dependency.

In summary, in this study we present experimental
evidence suggesting that opioid mechanisms play a role in
the state-dependent memory induced by arcaine and that
morphine- and arcaine-induced state dependency may occur
if drugs are given up to 6 h after training.
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5. Discussao

O presente estudo teve como propédsito pesquisar se a dependéncia de
estado induzida pela arcaina envolve o sistema opidide.

Os resultados encontrados demonstram que a administragao sistémica
de arcaina ou morfina 0, 3, 6, 9 horas pos-treino prejudicou o desempenho dos
animais na tarefa de esquiva inibitéria no dia do teste. A administracdo de
arcaina ou morfina pré-teste reverteu o efeito amnésico induzida pela
administracao de arcaina e morfina 0, 3 e 6, mas n&o 9 horas poés-treino, o que
caracteriza a dependéncia de estado causada pela morfina, agonista opidide e
pela arcaina, antagonista das poliaminas. Também foi demonstrado que a
dependéncia de estado causada pela arcaina foi transferida para a morfina, e
vice-versa. A associagao de baixa e ineficaz dose de arcaina e morfina
causaram dependéncia de estado. Além disso, a administragdo de naloxona (2
mg/kg, 3 min pds-treino ou 1 mg/kg, uma hora pré-teste), reverteu o efeito
deletério e a dependéncia de estado induzida pela morfina e arcaina na
sessdo do teste.

Nos experimentos 1 e 2, os quais determinam a janela de tempo em que
a arcaina e morfina induzem dependéncia de estado, demonstram que tanto a
dependéncia de estado induzida pela arcaina como de morfina, ocorrem na
mesma janela temporal. Isto sugere que ambos devem partilhar seu
mecanismo de dependéncia de estado ao mesmo tempo. Além disso, € visto
que a administragcdo 9 horas pdés-treino de arcaina ou morfina prejudicou o
desempenho dos animais na sessao do teste por um mecanismo que nio esta

relacionado com a dependéncia de estado, uma vez que nao é revertida pela
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respectiva administracdo pré-teste de arcaina ou morfina. Esses dados
confirmam o fendbmeno de dependéncia de estado a recuperagao da
informag&o obtida em um aprendizado vai exigir que o organismo esteja em
um estado semelhante aquele em que a informagao foi inicialmente adquirida;
isto pode ser observado tanto para morfina (Izquierdo and Dias 1983; 1985) e
recentemente para arcaina (Ceretta et al. 2008). Curiosamente, nesses
experimentos, um efeito amnésico causado pela injecdo pré-teste de morfina,
mas ndo de arcaina, foi observado. A auséncia de efeito de moduladores
negativos do receptor NMDA na recuperagdo da memoria esta de acordo com
nossos resultados que a administracdo sistémica pré-teste de arcaina nao
altera a recuperagdo da memoria (Ceretta et al. 2008). Porém, se os animais
sdo tratados com arcaina e morfina pés-treino (figuras 1, 3 e 5, e Ceretta et al.
2008) estes pioram a memoria. A dependéncia de estado assimétrica foi
descrita pela primeira vez por Berger, sendo relatada para outras drogas, como
a escopolamina e lorazepam (Berger and Stein 1969).

Ceretta e colaboradores 2008 demonstraram que a dependéncia de
estado induzida pela arcaina foi transferida para o MK-801 e vice-versa. Esta
evidéncia apdia os achados do trabalho, uma vez que, a dependéncia de
estado induzida pela arcaina foi transferida para a morfina e vice-versa. Além
disso, outros trabalhos demonstraram que a dependéncia de estado causada
pela morfina pode ser inibida pela administragdo de antagonista do receptor
NMDA, como o AP-5, por exemplo (Ardjmand et al. 2011), o que sugere que a
dependéncia de estado causada pela morfina e arcaina envolvem o sistema
glutamatérgico. Outro ponto comum entre a arcaina e morfina, para explicar

melhor estes resultados, € o fato de que a arcaina inibe a atividade da NOS no
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cérebro de ratos, com isso contribuindo para a diminuigdo de NO/GMPc
(Kabuto et al. 1995; Yokoi et al. 1994). Curiosamente, a infus&o de naloxona no
hipotalamo de ratos, aumenta a producdo de GMPc, um efeito que € abolido
pela morfina (Pu et al. 1997). Além disso, a administracdo pos-treino de L-
arginina, a qual serve como substrato para a NOS, reverte a piora da memoria
causada pela administragédo pré-teste de morfina (Khavandgar et al. 2003).

Se um decréscimo na sinalizagao de NO/GMPc for o mecanismo comum
partilhado pela arcaina e morfina, o qual poderia ter permitido a transferéncia
da resposta, deve-se esperar que outros agentes que sdo capazes de reduzir a
producao de NO/GMPc, como os inibidores da NOS, causem o mesmo efeito.
Assim, a morfina transfere a resposta de dependéncia de estado para o L-
NAME, um efeito que €& neutralizado pela co-administragdo de L-arginina
(Khavandgar et al. 2003).

Os resultados mostrados nas figuras 4 e 5 reforgam o envolvimento do
sistema opidide na dependéncia de estado induzida pela arcaina, que mostram
que administracdo de naloxona pés-treino (A) e pré-teste (B), ndo so reverteu a
piora da memdria causada pela administracao pos-treino de morfina e arcaina,
mas também a dependéncia de estado induzida pela injecdo pos-treino destes
compostos. Tem sido descrito que a administragcao de naloxona pré-teste inibe
a dependéncia de estado causada pela morfina (Bruins Slot and Colpaert 1999
b).

Um resultado inesperado obtido no presente estudo foi que a injegao
poOs-treino de naloxona impediu o prejuizo do desempenho causado pela
injecdo pré-teste de morfina. O que é intrigante, uma vez que o T1/2 de

naloxona em ratos € cerca de 30 min (Ngai et al. 1976), e a injegdo de morfina
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foi realizada aproximadamente 23 horas depois, quando as concentragdes de
naloxona seriam insignificantes. E claro, porém, que a administracdo de
naloxona 3 min pods-treino antagonizou o efeito amnésico da morfina
imediatamente pos-treino e impediu o da morfina de pré-teste, fazendo uma
recuperacao insensivel a manipulagado do agonista opidide. O mesmo se aplica
para arcaina, uma vez que a naloxona poés-treino também antagonizou o efeito
amnésico da arcaina imediatamente pds-treino, e impediu o efeito facilitador da
arcaina pré-teste, tornando a recuperacgao insensivel a arcaina.

Os experimentos em que a injecdo pré-teste de naloxona bloqueou a
dependéncia de estado causada pela arcaina e morfina (figuras 4B e 5B),
apdiam a ideia de que a dependéncia de estado induzida pela arcaina envolve
o sistema opidide. Além disso, a administracdo de dose baixa e ineficaz de
arcaina e morfina, apresentaram efeito aditivo, induzindo dependéncia de
estado com a mesma intensidade daquela causada por doses plenas de
arcaina e morfina (fig 6).

Em resumo, neste estudo apresentamos evidéncias convincentes de que
0 mecanismo opidide desempenha um importante papel na memoria de
dependéncia de estado induzida pela arcaina e que a morfina e arcaina
induzem dependéncia de estado quando sdo dadas até seis horas apds o
treino. No entanto devem ser realizados mais estudos, a fim de definir os

mecanismos envolvidos na transferéncia de resposta entre arcaina e morfina.
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6. Conclusodes

Através da analise dos resultados obtidos no presente trabalho,

podemos concluir que:

1- A arcaina e a morfina induzem amnésia quando administradas zero, 3, 6 ou

9 horas poés-treino.

2- A arcaina e a morfina induzem dependéncia de estado zero, 3, ou 6 mas nao

9 horas poés-treino.

3- A arcaina e a morfina induzem dependéncia de estado cruzada.

4- A dependéncia de estado induzida pela arcaina envolve o sistema opidide
uma vez que a administragdo de naloxona (2 mg/kg, 3 min pos-treino, ou 1
mg/kg uma hora preé-teste, i.p), reverteu a amnésia e a dependéncia de estado

induzidas pela arcaina e morfina.

5- A arcaina e morfina apresentam efeito aditivo e causam dependéncia de

estado em baixas doses.

6- Nenhum dos tratamentos farmacoldgicos alterou a atividade locomotora e

exploratdria dos animais.
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8. anexos

8.1 Anexo 1

Material suplementar do manuscrito.

Supplemental Table S1 Effect of treatments of experiment 1 on the training

step-down latency (s) and on the behavior of rats in the open-field immediately

after the inhibitory avoidance testing session.

Training . :

Group latency Crossing Rearing N
Experiment 1, Fig 1.A
Sal/Sal 6.88 +0.93 18.44 +2.80 18.44+1.94 9
Arc/Sal 8.22 £ 1.91 15.22 +2.07 16.33+2.59 9
Sal/Arc 7.22+1.03 20.78+1.99 15.33+2.31 9
Arc/Arc 477 £1.22 19.67 +1.78 13.11+2.57 9
Experiment 1, Fig 1.B
Sa/Sal 7.44 £ 1.59 15.44 +1.71 14.56 + 1.90 9
Arc/Sal 6.11 £ 1.04 20.22+1.29 19.56 +2.70 9
Sal/Arc 6.11+1.19 15.11+2.30 17.00+3.18 9
Arc/Arc 7.00 £1.04 1511 +1.32 18.00+2.43 9
Experiment 1, Fig 1.C
Sal/Sal 5.18 £ 0.91 17.73+2.19 17.64 +2.87 11
Arc/Sal 5.81+0.76 13.45+1.72 18.36+2.47 11
Sal/Arc 7.09 £1.63 13.09 + 1.71 16.00 + 1.61 11
Arc/Arc 6.45 + 1.48 16.64 +2.35 18.55+2.23 11
Experiment 1, Fig 1.D
Sal/Sal 8.00 +1.74 3227 £4.70 19.55+2.79 11
Arc/Sal 12.6 + 3.31 28.82+3.34 14.36 +2.64 11
Sal/Arc 10.6 +2.39 20.82+1.98 16.00 +£2.09 11
Arc/Arc 6.27 +1.16 29.27 +3.34 16.36 + 1.81 11

Data are means £ SEM. N, number of animals in each group
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Supplemental Table S2 Effect of treatments of experiment 1 on the training

step-down latency (s) and on the behavior of rats in the open-field immediately

after the inhibitory avoidance testing session.

Training . .

Group latency Crossing Rearing N
Experiment 1, Fig 2.A
Sal/Sal 5.00 £ 1.11 17.50 £ 2.04 18.50+ 2.44 8
Mor/Sal 6.00 £0.70 20.25 £ 1.81 16.75+1.79 8
Sal/Mor 17.6 £ 9.53 18.00 + 2.26 14.38 + 1.60 8
Mor/Mor 6.12 +1.27 19.88 +1.79 18.75+1.70 8
Experiment 1, Fig 2.B
Sal/Sal 4.25+1.20 2213 +£1.54 14.50 + 1.89 8
Mor/Sal 6.25+0.95 19.50 + 1.60 15.63 + 1.88 8
Sal/Mor 7.12 +2.53 16.00 + 1.43 14.13 +1.46 8
Mor/Mor 4.00 £1.62 17.25 +1.50 15.25 +1.34 8
Experiment 1, Fig 2.C
Sal/Sal 4.87 +1.64 17.63 = 1.96 14.63 + 2.38 8
Mor/Sal 4.87 +1.40 17.25+1.75 13.88 £ 1.79 8
Sal/Mor 7.50 +2.82 15.88 + 1.34 15.63 = 1.06 8
Mor/Mor 3.62 +0.32 16.50 = 1.00 12.63 +1.42 8
Experiment 1, Fig 2.D
Sal/Sal 7.09 +2.08 32.73+£2.47 24.45+2.70 11
Mor/Sal 6.09 £ 1.26 25.00 £ 3.81 20.91 £ 3.25 11
Sal/Mor 7.54 £2.01 24.18 £ 2.64 24.00 = 3.01 11
Mor/Mor 6.72 +1.95 25.00 £ 2.58 30.00 + 3.87 11

Data are means £ SEM. N, number of animals in each group
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Supplemental Table S3 Effect of treatments of experiment 2 on the training

step-down latency (s) and on the behavior of rats in the open-field immediately

after the inhibitory avoidance testing session.

Training . .

Group latency Crossing Rearing N
Experiment 2, Fig 3
Sal/Sal 6.45 % 0.86 15.45 + 2.14 7.81 +1.50 11
Arc/Sal 7.54 +0.83 23.36 + 3.13 12.18 £+ 1.82 11
Arc/ Arc 8.72+£1.05 24.55 + 3.21 11.64 £2.40 11
Arc/Mor 7.72 £0.68 26.00 + 3.28 13.73+1.73 11
Mor/Sal 9.00 +1.04 23.82+4.18 10.73 +2.63 11
Mor/Mor 7.90+0.70 28.27 + 3.92 15.45 + 2.92 11
Mor/Arc 7.54 £0.74 26.82 + 4.41 13.64 £+2.43 11

Data are means + SEM. N, number of animals in each group
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Supplemental Table S4 Effect of treatments of experiment 3 on the training

step-down latency (s) and on the behavior of rats in the open-field immediately

after the inhibitory avoidance testing session.

Training

Group latency Crossing Rearing N

Experiment 3, Fig 4.A

Sal/Sal/Sal 7.09 £1.62 17.18 + 2.55 9.00 +1.27 11
Sal/Nal/Sal 540+1.13 10.60 + 0.94 6.10 + 1.36 10
Sal/Sal/Mor 8.72 +1.62 13.09 + 2.15 545 + 0.95 11
Sal/Nal/Mor 472 +0.79 8.63 +1.54 527 +0.79 11
Mor/Sal/Sal 7.00 +0.98 11.91 +1.57 6.00 +0.71 11
Mor/Nal/Sal 554 +1.17 14.82 + 2.23 8.00 + 1.25 11
Mor/Sal/Mor 7.72 £+1.37 10.58 + 2.58 5.66 + 1.09 11
Mor/Nal/Mor 4.63 +0.82 10.82 + 2.06 6.36 + 0.96 11
Experiment 3, Fig 4.B

Sal/Sal/Sal 6.27 +1.16 30.45 + 3.41 15.64 + 1.90 11
Sal/Nal/Sal 4.63 £ 0.81 26.64 +3.12 15.55 + 2.29 11
Sal/Sal/Mor 5.00£1.40 2518 + 2.61 19.73 +2.78 11
Sal/Nal/Mor 4.09 +1.08 27.55 + 2.86 20.36 + 2.53 11
Mor/Sal/Sal 5.63 £0.97 16.55 + 2.91 17.36 + 2.30 11
Mor/Nal/Sal 4.45+1.12 26.09 + 3.53 21.55 + 2.56 11
Mor/Sal/Mor 6.45 +1.52 24 .45 + 2.51 17.45 +2.73 11
Mor/Nal/Mor 5.09 +1.23 2355+ 2.76 18.82 +2.14 11

Data are means £ SEM. N, number of animals in each group
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Supplemental Table S5 Effect of treatments of experiment 4 on the training

step-down latency (s) and on the behavior of rats in the open-field immediately

after the inhibitory avoidance testing session.

Group I-;':[Z':g;/g Crossing Rearing N
Experiment 4, Fig 5.A
Sal/Sal/Sal 5.18 £ 1.48 1555+2.44 11.00+243 11
Sal/Nal/Sal 5.90 £1.69 15.45+236 10.36 £1.71 11
Sal/Sal/Arc 6.33 £ 0.80 1827 +2.80 11.73+1.52 11
Sal/Nal/Arc 416 +1.02 16.75+1.98 13.08+1.73 12
Arc/Sal/Sal 6.00 + 1.16 15.42 +1.87 9.83 £2.29 12
Arc/Nal/Sal 4.90 £ 1.06 1542 +2.27 12.25+1.37 12
Arc/Sal/Arc 572 +1.36 1464 +1.49 13.45+1.97 11
Arc/Nal/Arc 572 +1.77 17.09+1.83 16.91+ 1.93 11
Experiment 4, Fig 5.B
Sal/Sal/Sal 4.72 +1.07 27.0+3.20 30.82+3.16 11
Sal/Nal/Sal 527 +1.18 3155+3.72 2527 +3.67 11
Sal/Sal/Arc 5.81+1.74 2591 +3.38 27.09+3.83 11
Sal/Nal/Arc 5.63+1.49 28.73+2.88 24.36+3.42 11
Arc/Sal/Sal 7.09+1.04 1845 +1.91 2555+ 3.62 11
Arc/Nal/Sal 5.81+1.32 27.09+3.23 18.91 + 3.01 11
Arc/Sal/Arc 581+2.14 26.82 +£3.31 20.82+1.83 11
Arc/Nal/Arc 3.90 +£0.88 2573+2.87 20.18+1.80 11

Data are means + SEM. N, number of animals in each group
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Supplemental Table S6- Effect of arcaine (30 mg/kg) or vehicle (Sal)
administration immediately post-training on the test step-down latency (s) of rats

pseudo trained (without shock).

Training
Group latency N
Sal 14.00 + 1.842 8
Arc 10.00 + 2.765 8

Data are means £ SEM. N, number of animals in each group

Supplemental Table S7 Effect of vehicle (Sal) administration immediately

post-training and 30 min pre-test on the training and test step-down latency (s).

Group Training latency Test latency
Sal/Sal 5.250 + 1.236 173.1 £ 34.50
Statistical Analysis t=4.86, df=14, p<0.001

Data are means £ SEM. N, number of animals in each group
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8.2 Anexo 2

Neste anexo esta a carta dos revisores referente a primeira submissao

ao periddico Psychopharmacology, com parecer sobre o manuscrito.

Manuscript No. Psych-2010-00264
Title : Arcaine-induced state-dependent memory involves opioid mechanisms

Corresponding author : Dr. Maribel Rubin

Dear Dr. Rubin,

The manuscript, authored by R. K. Mariani, C. F. Mello, M.M. da Rosa, A. P. C.
Ceretta, K. Camera, and yourself, entitled “Arcaine-induced state-dependent
memory involves opioid mechanisms” (MS No. 2010-00264) has been
evaluated by three editorial consultants promptly, rigorously and carefully.
Please find the reviewers’ detailed comments attached below. The topic of
arcaine-opioid interactions is of potential interest. Nonetheless, a number of
issues distract from this experimental effort that involves a very large number of

animals and includes many confirmatory data.

Let me highlight the key concerns with the current report.
First, the initial studies with morphine and arcaine constitute largely replications

of previously published findings. It would have been useful to learn about the
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effects of other doses of these compounds, particularly in view of the
subsequently conducted decisive studies on the interactions between morphine

and arcaine.

Second, any information on the kinetics of the compounds involving the
administration of three drugs at different time points will be important in order to
learn about potential mechanism(s) of interaction. At present, the results are
difficult to interpret in terms of potential mechanisms. Reviewer 1 points to the
surprising lack of effect in varying the time interval between training and drug
injection. Again, kinetic questions arise that need to be resolved.

Third, the Reviewers mention three potential confounds for the current data on
latencies to step-down — anxiety, impulsivity and altered motor activity. The
open-field data address these potential confounds incompletely. Also, the open-
field data are confounded by being always sequenced immediately after the
foot-shock avoidance task. In future work, | recommend to automate these

motor activity measurements.

In terms of statistical analyses, the Kruskal-Wallis tests is appropriate for
latency data that are limited by an upper cut-off and are not normally

distributed. It is less clear how the Dunn test was applied.

Reviewers 2 and 3 point to the current data as being more relevant to retrieval,
but neither to formation nor consolidation of memory. Your data require a more
precise and qualified interpretation.

In addition to the comments and queries by the reviewing colleagues, may | ask

83



Anexo

you to attend to several further issues with the presentation and style.

(1) Please avoid a sentence as title, and rather render the title as a label.
Also, mention the animal species in the title

(2) In general, your paper is well written. Only a few expressions and words
require improvement (for example, please avoid the interchangeable use of
“‘dependence” and “dependency.” Also, P3L14/15: start a new sentence and
correct the verb: “Considerable evidence suggests that...” P5: “0.9% NaCl.”
(3) Please use supporting references more selectively and avoid multiple
references in support of the same point. Also, | recommend to credit the original
contributions in preference of recent replications.

(4) | recommend to perform behavioral experiments in the active phase of
this nocturnal species.

(5) Please avoid repeating material in the results section and in the figure

legends.

| kindly ask that you submit your revised manuscript that contains further novel
data, as follows:

- The text, including tables figures and figure legends, in one file, compatible
with Word.

- If high resolution Figures are necessary please submit each figure in a

separate file without the figure legend.

Please clearly mark all your revisions in the electronic version of the revised
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manuscript. Please respond in a detailed and itemized fashion to each of the

comments of the Reviewers and Editor.

| request that you revise your manuscript as quickly as possible, but within three

months of receipt of this letter.

To submit your revision please log in your author center at

https://mc.manuscriptcentral.com/psychopharmacology , click on 'Manuscripts

with decision'. Please follow the instructions when the 'Submit a revision'

window opens.

| look forward to the receipt of your extensively revised manuscript.

Sincerely,
Klaus A. Miczek
Principal Editor

Psychopharmacology

Reviewer: 1

Comments of Reviewer for the attention of authors.

| believe the study by Mariani et al. makes a potentially interesting contribution.
By showing the interchangeability of arcaine and morphine in a state dependent

retention paradigm, the authors provide evidence for common opioid
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mechanisms, although it is not yet clear at what level the “state” similarities

exist.

| do have a couple of major concerns that | believe need to be addressed in

some manner:

1. The open field measure of activity is not an adequate way to assess any
effects of the treatments on step-down latency test performance. This is a
particularly important issue with respect to the arcaine groups because the good
performance (i.e., failure to disrupt “memory”) in the conditions where the drug
is administered for the first time at testing (Fig 1, Sal — Arc conditions) could be
due to a direct effect of the drug on step down latency. If that were the case,
then the recovery of performance in the same state groups (Arc-Arc) would not
be interpretable. A minimal control would be to give the drug (without training)
prior to a “test” to evaluate step down latencies. Even better would be to use
pseudo training (non contingent footshock) and the drug exposure to control for
all the events that the experimental rats have received. (I should note that this
criticism would not apply to the morpine condition where the drug given only at
testing does, in fact, disrupt performance i.e., produces symmetrical state
dependent memory.)

2.  The “time window” phrase is not very meaningful, since even after six
hours the window does not seem to close, although the data hint at a change in
performance as the drug administration is delayed. This lack of temporal effect
is a bit worrisome, as other studies have found a window to exist, and the

amnesia literature seldom reports retrograde amnesia when there are many
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hours between training and the amnesic treatment. Do the authors have other
data showing that the state dependent memory with these drugs is a time-

dependent phenomenon?

More minor matters:

a. Assuming the failure of arcaine to disrupt memory when given only prior to
testing is not an artifact, then the authors might want to note that asymmetrical
state dependency has been found with other drugs. | believe Barry Berger was
one of the first to point this out and comment on it.

b.  The authors cite Ceretta et al with respect to MK -801 producing state
dependent retention, but they probably should also cite Harrod et al , as |
believe that they were the first to demonstrate the state effect of MK-801 in the
inhibitory avoidance task.

c. The General Discussion seems rambling and not always directly related to
the findings presented.

d. |think the term “noteworthy” might capture the authors’ intent better than

‘remarkable” (important shades of difference).

Reviewer: 2
Comments of Reviewer for the attention of authors.
Mariani and collaborators present an interesting and well written manuscript that

describes the effect of post-training and pre-test administration of arcaine and
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morphine on the performance of adult rats in the one-trial inhibitory avoidance
task. They provide evidence that the memory impairment induced by arcaine
involves opioid receptors. In addition they find that arcaine-induced state-
dependent retrieval of inhibitory avoidance memory can be transferred to
morphine and vice-versa, suggesting the involvement of the opioid system in

arcaine-induced state-dependency. However, several issues should be clarified.

Major

1. The major concern with this study is the description and interpretation of
the results of experiments 3 and 4. These experiments describe the effect of
post-training naloxone administration on morphine- and arcaine-induced
performance impairment and state-dependent retrieval in the inhibitory
avoidance task. The experiments were well designed and included all the
appropriate control groups. However the results from control experiments
should be discussed more in detail by the authors.

1.1. In experiment 3, surprisingly, post-training naloxone administration
prevents not only the impairment induced by post-training, but also by pre-test
morphine administration (Mor/Nal/Sal and Sal/Nal/Mor), suggesting a long-
lasting effect of naloxone administration. As the authors stressed in the
discussion, the dose of naloxone (2 mg/kg) used in the present study is higher
than the doses used in other studies (0.5-1 mg/kg) to prevent morphine-induced
state-dependent retrieval. What was the rationale for the choice of the naloxone
dose? This issue should be clarified, especially because a potentially novel
result of the present study is the effect of pharmacological manipulation of the

consolidation phase on morphine state-dependency, as opposed to
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manipulations of the memory retrieval phase largely studied in the literature.
The authors should consider to repeat the experiment with a lower dose of
naloxone.

1.2. The authors stated in the Discussion that post-training administration of
naloxone prevented state-dependency to morphine (Mor/Nal/Mor) in experiment
3. However, as they correctly noted in the Results, naloxone only attenuated
morphine-induced state-dependency compared to the Mor/Sal/Mor group,
without causing a real performance impairment. Indeed is the test latency of the
Mor/Nal/Mor group different from the Sal/Sal/Sal control group? Moreover, in
this experiment the performance of the Mor/Sal/Mor group is exceptionally good
(all animals reached the cut-off of 300 s), compared with all other groups in the
same experiment, but also with the Mor/Mor groups in experiments 1 and 2.
This weakens, in my opinion, the significance of the difference observed
between the Mor/Sal/Mor and the Mor/Nal/Mor group, especially if the
Mor/Nal/Mor group is not different from the saline-treated group. This issue
should be discussed appropriately and the interpretation of the effect of
naloxone on state-dependency should be more cautious.

1.3. | was puzzled by the effects of naloxone reported in experiment 4. Post-
training administration of naloxone impaired the performance of rats
administered both post-training and pre-test with arcaine (Arc/Nal/Arc),
suggesting an effect on state-dependent memory retrieval. Nonetheless, this
result is surprising in light of a) the ability of post-training administration of
naloxone to revert the deficit induced by post-training arcaine; b) the lack of
effect of pre-test arcaine administration, with or without post-training naloxone,

on inhibitory avoidance performance. Based on these results, one would not

89



Anexo

expect a deficit in the Arc/Nal/Arc group. This issue should be discussed by the
authors and the interpretation of the effect of naloxone on state-dependency to
arcaine should be more cautious. Pre-test naloxone administration might be
helpful to clarify the role of the opioid system in arcaine-induced state-
dependency.

Taken together, these observations reduce the implications of the present study
on the mechanisms of morphine and arcaine-induced state-dependent retrieval.

The authors should revise the manuscript accordingly.

2. This study investigates the effect of various pharmacological treatments
on learning and memory. However, no compelling evidence was provided that
the training procedure used in the present study effectively induces learning.
Even though the same procedure has been largely used in the literature, it is
fundamental to demonstrate that learning occurs in the present experimental
conditions. A convincing way to demonstrate that control animals develop an
inhibitory avoidance memory as a consequence of training, would be to show
increased step-down latencies in the testing session compared to the training in
saline-treated rats.

3. Differences in anxiety or impulsivity could severely affect the performance
of rats in the one-trial inhibitory avoidance task, compromising the results of the
study. In addition to the locomotor activity data, step-down latencies during
training should be provided and analyzed in order to demonstrate there were no
significant pre-existing differences among groups.

4. Inthe Results, the description of the post-hoc analysis should be revised
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in order to make clear and explicit which differences are statistically significant
and which are not. Moreover, for each comparison, it should be clearly stated
which groups are being compared. For example, in experiment 1, Figure 2C, is
the Mor/Mor group significantly different from the Sal/Sal group? At present this

information can not be inferred unequivocally from the manuscript.

Minor

1. The effect of pre-test arcaine administration in experiment 1 should be
described in the Results for completeness.

2.  Inthe Methods, Page 7, Line 24 “morphine (5 mg/kg)” should be changed

to “arcaine (30 mg/kg)”.

3.  The number of experimental animals in each group should be reported in

the Results.

Reviewer: 3

Comments of Reviewer for the attention of authors.

In the manuscript by Mariani et al. authors investigate the interaction between
the NMDA and the opioid systems in rat state-dependent memory.
Post-training administration of arcaine or morphine induced a deficit in the

inhibitory avoidance, tested 24h later. The deficit is reversed if arcaine or
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morphine are injected 30 minutes before the test.

Authors conclude that a response transfer occurs between arcaine and
morphine, as morphine causes a state dependency when administered before
the test in substitution of arcaine, and the same effect is reported when arcaine
is injected in substitution of morphine. In addition, the opioid antagonist
naloxone seems to interfere with arcaine state-dependent memory.

In general these data confirm previous findings regarding the ability of arcaine
(Ceretta et al. 2008) and morphine (lzquierdo, 1979; Izquierdo and Dias, 1983;
Nishimura et al. 1990; Ukai et al. 1993; Bruins Slot and Colpaert, 1999a,b,
khavandgar et al. 2002; Jafari-Sabet, 2005 ) to independently induce state

dependency. The main finding is the interaction between the two systems.

This result is interesting, however | have the following concerns:

-This set of experiments suggests that arcaine and morphine at the doses used
did not disrupt memory formation and consolidation, but induced a state which
affected retrieval. In experiment 3 and 4 the authors use post-training injection
of naloxone, manipulating the consolidation phase. The pre-test injection,
however, seems to be the best control to study the effect of morphine in
memory retrieval.

The interpretation of the effect of post-training injections can’t be conclusive
without other control experiments. The effect of naloxone on the pre-test
morphine, or on the state dependency induced by morphine, suggests a
proactive effects of naloxone, or a facilitatory effect on cosolidation (Messing et

al. 1979; Izquierdo 1979, 1983) that should be clarified. Also, supplementary
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post hoc comparisons (mor/nal/sal vs Mor/Nal/Mor) would help the
interpretation of the results.

- It is not clear why authors explored in experiment 1 later post-training time
points, far from the learning phase if the contingency between the endogenous
state and learning is required for state-dependent memory. The relevance of
this approach should be better emphasized, as the temporal coincidence
mentioned in the discussion is not convincing.

-In the discussion the summary of the results is overextended. Most of the
results presented confirm already published findings. In addition, despite the
speculation about the possible interaction of arcaine and morphine effect at
signal transduction level, which is not supported by experimental evidence,
authors are not providing a mechanistic view of this interaction, as they propose
in the rationale. The discussion would benefit if it was more focused on the

finding about the interaction between two systems.

8.3 Anexo 3

Neste anexo estda a carta do principal editor referente a segunda
submissdo ao periddico Psychopharmacology, com parecer sobre o

manuscrito.

Manuscript No. Psych-2010-00264.R1
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Title : Arcaine-induced state-dependent memory involves opioid mechanisms in
rats

Corresponding author : Dr. Maribel Rubin

Dear Dr. Rubin,

The revised version of the manuscript, authored by R. K. Mariani, C. F. Mello,
M.M. da Rosa, A. P. C. Ceretta, K. Camera, and yourself, entitled “Arcaine-
induced state-dependent memory involves opioid mechanisms” (MS No. 2010-
00264.R1) has incorporated some of the requested and recommended

changes. Nonetheless, there is considerable room for improvement.

It is unfortunate that | could not persuade you to go beyond single doses of
morphine, arcaine and naloxone. As you know, single dose pharmacology is
treacherous and often misleading. Once more, please strengthen your report by

adding at least one further dose.

Your delineation of the time course is valuable. However, such a 9-hour time
course in behavioral effects needs to be complemented by pharmacokinetic or

other mechanistic data. Once more, | am asking you to supply such information.

In terms of style and format of presentation, let me reiterate
(1) Please avoid a sentence as title, and rather render the title as a label. As

Robert A. Day in his book on “How to write and publish a scientific paper” so
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appropriately stated regarding the format of a title, an assertive sentence is
improper and imprudent. Do not worry about the downloads —
Psychopharmacology has the second highest downloads in all of the Journals
of the Springer Verlag. It is a scientific journal, not a newspaper. Your data
show single-dose morphine and naloxone effects, but do not give insight into
“opioid mechanisms.”

(2) Once more, please use supporting references more selectively and avoid
multiple references in support of the same point, particularly from your own
laboratory. Also, | recommend to credit the original contributions in preference
of recent replications. For example, cite the original demonstration of state
dependency on top of P4. Also, cite the original demonstration that opioids alter
learning and memory (P4 center).

(3) The number of subjects in the tables and the total number of rats on top of
PS5 should match. | recommend that you present the number of rats for each
experiment in the text and explain why some experiments contain 8 and others
12 rats. Clearly, not all experiments were conducted at the same time. Also,
specify the sequence of experiments.

(4) Please observe the 15-page limit for the text portion of the manuscript,
using 12 point font and double spacing.

(5) Please improve the quality of the graphs. For example, enlarge the
numerals and letters along the axes so that the overall size of the figure can be
reduced. Avoid repeating identical labels in multi-plot figures. Also, |
recommend shading the bars depicting the effects of experimental treatments in
shades of grey.

(6) In the supplemental tables and also in the text of the results it is not
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necessary to present the statistical details of non-significant changes.

Again, | kindly ask that you submit your further revised manuscript, as follows:
- The text, including tables figures and figure legends, in one file, compatible
with Word.

- If high resolution Figures are necessary please submit each figure in a

separate file without the figure legend.

As before, | request that you revise your manuscript as quickly as possible, but

within three months of receipt of this letter.

To submit your revision please log in your author center at

https://mc.manuscriptcentral.com/psychopharmacology, click on 'Manuscripts

with decision'. Please follow the instructions when the 'Submit a revision'

window opens.

| look forward to the receipt of your extensively revised manuscript.

Sincerely,

Klaus A. Miczek

Principal Editor

Psychopharmacology
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