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―Out of the night that covers me,
Black as the Pit from pole to pole,
I thank whatever gods may be
For my unconquerable soul.

In the fell clutch of circumstance
I have not winced nor cried aloud.
Under the bludgeonings of chance
My head is bloody, but unbowed.

Beyond this place of wrath and tears
Looms but the Horror of the shade,
And yet the menace of the years
Finds, and shall find, me unafraid.

It matters not how strait the gate,
How charged with punishments the scroll.
I am the master of my fate:
I am the captain of my soul.‖

INVICTUS, William Ernest Henley

―…We all been sorry,
We all been hurt,
But how we survive
is what makes us who we are…‖

SURVIVE, Rise Against
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RESUMO E ABSTRACT

RESUMO

A

dependência

química

pode

ser

entendida

como

uma

usurpação/subversão patológica dos mecanismos de aprendizado e memória
que,

sob

circunstâncias

normais,

modulam

os

comportamentos

de

sobrevivência relacionados à busca de recompensas e às pistas que as
predizem. Nesse aspecto, os processos cognitivos reforçariam o impacto
motivacional dos estímulos associados às drogas de abuso. De fato, tem sido
sugerido que os mecanismos neuronais que subsidiam os processos de
aprendizado e memória são também componentes centrais do circuito clássico
de recompensa que medeia a dependência química. Paralelamente, há um
número considerável de evidências que sugerem que a evocação de uma
informação aprendida pode necessitar que o organismo esteja em um estado
similar àquele em que a informação foi inicialmente adquirida. Esse fenômeno,
denominado dependência de estado, tem sido demonstrado após a
administração de diferentes drogas psicoativas. Dessa forma, tal processo tem
sido proposto com um mecanismo potencialmente relacionado aos processos
psicofisiológicos e patológicos subjacentes à dependência química. Nesse
contexto, o objetivo do presente trabalho foi verificar a influência da
dependência de estado nos efeitos cognitivos promovidos pela administração
aguda de etanol, anfetamina, cafeína e midazolam. Nossos resultados sugerem
que os déficits cognitivos promovidos por essas drogas de abuso são
criticamente dependentes de estado. Corroborando, pois, com a noção de que
o

fenômeno

de

dependência

de

estado

possa

contribuir

para

o

desenvolvimento da dependência química.
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ABSTRACT

Drug abuse can be understood as a pathological usurpation/subversion
of learning and memory mechanisms that, under physiological circumstances,
modulate survival behaviors related to reward and reward-related cues. In this
way, cognitive processes could reinforce the motivational impact of drugassociated stimuli. In fact, it has been suggested that the neural substrates that
underlie learning and memory are central components of the classical network
that ensembles drug abuse. In parallel, a great amount of evidence suggests
that the retrieval of learned information requires that the animal be in a state
similar to that in which the memory for this information was acquired, a
phenomenon so-called state-dependency, which has been demonstrated after
administration of several psychoactive drugs. In this scenario, statedependency has been related to psycho-physiological and pathological
mechanisms of drug abuse. The present work aimed to verify the role of statedependency on the cognitive effects induced by the acute administration of
ethanol, amphetamine, caffeine and midazolam. Our results suggest that the
cognitive impairments induced by these drugs are critically state-dependent
thereby strengthening the notion of the participation of this phenomenon on
drug abuse.
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INTRODUÇÃO

Leandro Sanday

1. INTRODUÇÃO

1.1 Dependência Química e Aspectos Cognitivos

O consumo de drogas pelos homens é evidenciado há séculos. Tal uso
se tornou uma questão pública e alvo de estudos em diversos segmentos do
saber como a farmacologia e a antropologia.
Atualmente, o termo ―droga‖ possui uma complexidade de significados.
Além da definição clássica da farmacologia, é usado também para designar
substâncias que são tóxicas ou que eliciam dependência. Tal generalização
deu-se no começo do século XX, quando se notou que algumas substâncias,
como o álcool e a cocaína, possuíam propriedades maléficas capazes de
transfigurar os indivíduos. Nesse contexto, iniciou-se uma política de interdição
da produção ao consumo dessas substâncias nos Estados Unidos da América,
ecoando nos países latino-americanos (Fiore, 2004). Essas substâncias
assumiram um papel ilícito na sociedade, agregando valores de ordem moral,
social e política. Tais drogas, pela capacidade de provocar comportamento
compulsivo, muitas vezes euforizante, e de promover o desenvolvimento de
dependência química, foram denominadas drogas de abuso.
A dependência química tem sido crescentemente reconhecida como
uma doença neurobiológica na qual o uso repetido de drogas reorganiza
prejudicialmente as vias que medeiam a recompensa1 e os comportamentos
adaptativos,

1

causando

mudanças

neuroplásticas

que

se

manifestam

Recompensa é um constructo complexo que pode ser definido, do ponto de vista operacional,
como um estímulo que aumenta a freqüência de um comportamento. Do ponto de vista
experimental, pode ser definido com um incidente que induz um sentimento de prazer e uma
ação para obtê-lo, incluindo, tanto o aspecto hedônico, como o de incentivo motivacional
(Robbinson & Berridge, 2008).
1

Leandro Sanday

fenomenologicamente por meio de comportamentos compulsivos de busca pela
droga; inabilidade em controlar tais comportamentos; uso contínuo das
substâncias, apesar das conseqüências negativas; vulnerabilidade à recaída,
mesmo após um longo período de sobriedade; necessidade reduzida de
recompensas naturais biologicamente relevantes (tais como alimentação, sede,
comportamento sexual e laços familiares) e fundamentais para a sobrevivência
e adequabilidade social (Kalivas & O’Brien, 2008).
Considerando que a dependência química é reconhecida como uma
doença neurológica crônica caracterizada por um curso intermitente de
recaídas, um complexo leque de interações entre os fatores moduladores pode
modificá-la. Dentre tais fatores estão: as características do portador (ou seja,
fatores biológicos, como vulnerabilidade genética, fatores psicológicos, como a
busca elevada por novidade/comportamento de risco e comorbidade com
doenças psiquiátricas ou médicas), as características da droga (potencial
farmacológico, via de administração, habilidade em gerar um estímulo
condicionado que prediz a recompensa) e as características ambientais
(legalidade, aceitabilidade, viabilidade e pressão sócio-político-econômica)
(Ross & Peselow, 2009).
Como observado por Wise e colaboradores em 1978, a dopamina teria
um papel crítico na expectativa de prazer associada às recompensas positivas,
e que as drogas de abuso exerceriam seus efeitos por modularem a
transmissão dopaminérgica (Wise, 2008). Ainda, uma característica comum
entre todas as drogas com potencial de abuso (e também dos comportamentos
recompensadores naturais, como sexo, comida e laços afetivos) é a habilidade
em aumentar os níveis extracelulares de dopamina no núcleo accumbens por
meio do aumento direto da transmissão dopaminérgica, bloqueando a
2
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recaptação desse neurotransmissor (como a cocaína, a anfetamina e a
metanfetamina) ou por meio de mecanismos indiretos que afetam a taxa de
disparos dos neurônios dopaminérgicos (como etanol, os opiáceos, a nicotina,
a maconha e antagonistas NMDA) (Baler & Volkow, 2006). Apesar da
dopamina parecer ser o mecanismo primário do reforço de drogas, outros
neurotransmissores têm sido indiretamente implicados nas propriedades de
reforço agudo das substâncias de abuso, como o GABA, os peptídeos
opióides, a serotonina, a acetilcolina, os endocanabinóides e o glutamato.
Esses sistemas podem trabalhar em conjunto com o sistema dopaminérgico
mesolímbico ou podem constituir vias independentes de reforço (Koob, 2008).
Nesse cenário, diversas abordagens teóricas têm sido desenvolvidas na
tentativa de elucidar as características mecanicísticas da dependência química.
Assim, diversos autores têm sugerido um papel crítico dos processos
cognitivos de aprendizado e memória nos mecanismos que medeiam a
dependência química (Berke & Hyman, 2000; Nestler, 2002; Robbins & Everitt,
2002; Hyman et al., 2006; Dalley & Everitt, 2009; Ross & Peselow, 2009; von
der Goltz & Kiefer, 2009).
De importância, a dependência química pode ser entendida como uma
usurpação/subversão patológica dos mecanismos de aprendizado e memória
que,

sob

circunstâncias

normais,

modulam

os

comportamentos

de

sobrevivência relacionados à busca de recompensas e às pistas que as
predizem (Hyman, 2005). Nesse aspecto, os processos cognitivos reforçariam
o impacto motivacional dos estímulos associados às drogas de abuso (Robbins
& Everitt, 2002).
No que diz respeito às vias que medeiam as recompensas naturais e as
respostas

comportamentais

adaptativas,

a

ativação

de

neurônios
3
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dopaminérgicos no núcleo accumbens inicia um processo de neuroplasticidade
relacionado às recompensas ou a um aprendizado que serve inicialmente para
alertar sobre a saliência de estímulos novos e consolidá-los (Horvitz, 2000).
Contudo, com o passar do tempo, os comportamentos motivacionais se tornam
aprendidos e familiares e a liberação de dopamina deixa de ser induzida pela
recompensa e passa a ocorrer em resposta aos estímulos condicionados que
predizem tal recompensa (Schultz et al., 1997). Nesse sentido, por meio de um
aprendizado associativo, a dopamina sinaliza a antecipação da recompensa.
Dessa forma, a liberação de dopamina se transfere da recompensa para os
estímulos neutros. As drogas de abuso, por outro lado, são capazes de induzir
uma liberação de dopamina de maior magnitude do que aquela induzida pelas
recompensas naturais e continuam a liberar níveis elevados de dopamina a
cada administração da droga. Esse aumento de dopamina farmacologicamente
induzido, mais intenso e prolongado em relação aos estímulos biológicos
naturais, causa associações aprendidas de maior intensidade entre os efeitos
da droga e os estímulos ambientais neutros (Hyman, 2005). Dessa forma,
acredita-se que esse aprendizado dos comportamentos associados à droga
tenha um papel crítico no início da dependência química e poderia aumentar o
desejo compulsivo pela droga e a recaída eliciada por pistas ambientais
(Kalivas, 2007).
De importância, adaptações neuronais de longa-duração resultantes da
exposição repetida a drogas envolvem um processo de aprendizado
associativo (Wolf, 2002) que, por sua vez, pode envolver o hipocampo (Berke &
Hyman, 2000; Berke & Eichenbaum, 2001; Nestler, 2001, 2002; Robbins &
Everitt, 2002; Berke, 2003). Nesse sentido, deve-se salientar que o hipocampo
não é uma estrutura participante do circuito de recompensa. Não obstante,
4
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estudos demonstram um envolvimento direto dessa estrutura na mediação de
comportamentos associados à recompensa produzida por drogas. Utilizando
um modelo clássico de recompensa, foi demonstrado que ratos pressionam
uma barra que leva à estimulação elétrica hipocampal (Ursin et al., 1966).
Ainda,

a

estimulação

elétrica

do

subiculum

parece

restabelecer

o

comportamento de busca pela droga (Vorel et al., 2001; Taepavarapruk &
Phillips, 2003), enquanto que a inativação farmacológica dessa mesma área
hipocampal reduz os comportamentos de busca e de uso de droga em
roedores (Sun & Rebec, 2003; Black et al., 2004). Além disso, a infusão de
morfina no hipocampo induziu preferência condicionada por lugar em ratos
(Corrigall & Linseman, 1988). Ainda nesse sentido, a inativação farmacológica
do hipocampo impede a aquisição de preferência condicionada por lugar
induzida pela administração sistêmica de cocaína (Meyers et al., 2003, 2006).
Nesse contexto, a participação dopaminérgica no hipocampo tem sido
pouco estudada devido à visão prévia de que o hipocampo não receberia uma
inervação dopaminérgica significante (Loy et al., 1980). Atualmente é
reconhecido que o hipocampo recebe tal inervação (Gasbarri et al., 1994a,b).
Constatações anatômicas e químicas demonstram que as áreas hipocampais
CA3, CA1 e subiculum recebem projeções dopaminérgicas da área ventral do
tegmento mesencefálico (VTA) (Scatton et al., 1980; Swanson, 1982; Verney et
al., 1985) e expressam altos níveis de receptores dopaminérgicos dos tipos D 1
e D2 (Bischoff et al., 1980; Martres et al., 1985; Bruinink & Bischoff, 1986).
Ainda, um estudo recente demonstrou que a ativação de vias aferentes,
partindo do hipocampo para o núcleo accumbens, modulam a responsividade
de neurônios dopaminérgicos por meio da regulação da intensidade da
ativação neuronal fásica (Lodge & Grace, 2006). Mais especificamente, o
5
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aumento da LTP (do inglês, long-term potentiation), uma forma de plasticidade
sináptica envolvida na consolidação de memórias de longa-duração, no
hipocampo se traduz em um efluxo elevado de impulsos neuronais da região
CA1 hipocampal para os neurônios do núcleo accumbens. Em resposta a tal
ativação, o núcleo accumbens promove uma ―retirada‖ da inibição que o globo
pálido exerce sobre os neurônios dopaminérgicos da VTA, resultando em uma
desinibição dessas células (Lisman & Otmakhova, 2001; Lisman & Grace,
2005). Tomadas em conjunto, essas evidências sugerem que os mecanismos
neuronais que subsidiam os processos de aprendizado e memória são também
componentes centrais do circuito clássico de recompensa que medeiam a
dependência química (Kelley, 2004; Hyman et al., 2006).
No que concerne à plasticidade neuronal, evidências sugerem que a
dopamina, por meio dos receptores D1 e D5, afeta a LTP. Em nível celular,
diversos estudos têm demonstrado a indução da LTP por meio da transmissão
dopaminérgica (Jay, 2003). Além disso, um número crescente de evidências
sugere que o início da sensibilização após a exposição a uma droga com
potencial de abuso depende da LTP mediada por receptores glutamatérgicos
NMDA nas sinapses excitatórias do sistema dopaminérgico mesolímbico
(Kauer, 2004). De fato, diversas drogas de abuso parecem causar a indução da
LTP nas sinapses dopaminérgicas na VTA (Saal et al., 2003). Nesse cenário, a
plasticidade neuronal poderia funcionar como um mecanismo pelo qual as
drogas psicoativas iniciariam uma cascata de transdução de sinais que
sustentariam a recompensa e o desejo compulsivo pela droga (Nestler &
Aghajanian, 1997; Nestler, 2002; Kelley, 2004).
Paralelamente, argumenta-se que o estado corpóreo, definido pela
integração da informação interoceptiva, é crucial para o risco de iniciação e
6
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para a transição para o uso compulsivo de drogas com potencial de
dependência (Paulus et al., 2009). Nesse contexto, o conceito de interocepção
compreende o senso da condição fisiológica do corpo, a representação
consciente do estado interno, dentre o contexto das atividades cotidianas e a
iniciação de ações motivacionais para regular homeostaticamente o estado
interno (Craig, 2009).
Dois aspectos da interocepção são importantes nos processos de
dependência química. Primeiramente, durante o processamento interoceptivo,
a avaliação do sinal é altamente dependente do estado homeostático do
indivíduo. Em segundo lugar, as sensações interoceptivas são geralmente
associadas a componentes intensamente afetivos e motivacionais (Paulus et
al., 2009). Assim, três componentes parecem críticos para a forma pela qual
um indivíduo responde às drogas de abuso: 1) o estado interno ou
homeostático sinalizado por vias aferentes que convergem ao córtex insular –
parte do sistema límbico que coordena as emoções; 2) o estado cognitivo do
indivíduo,

que

inclui

uma

representação

―contextualizada‖

do

estado

interoceptivo (Shipp, 2005) e 3) as associações geradas pelos estímulos
externos.
No que se refere à influência dos estímulos externos nos processos de
dependência química, diversos grupos de pesquisa têm demonstrado que uma
―dependência ao contexto‖ pode ser indispensável para o desenvolvimento da
sensibilização ao efeito estimulante de drogas de abuso. Assim, enquanto
ocorre uma sensibilização ao efeito agudo da droga no local previamente
associado a mesma, uma ausência desse efeito é verificada em um ambiente
não-associado à droga em questão (para revisão, veja Pert et al., 1990;
Anagnostaras & Robbinson, 1996). Mesmo sem uma injeção aguda da droga,
7
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um animal exposto novamente ao ambiente associado anteriormente a ela, irá
geralmente apresentar uma resposta condicionada, repetindo o comportamento
desempenhado previamente nesse local (como um aumento da atividade
locomotora e o comportamento estereotipado – Ahmed et al., 1995; Carey &
Gui, 1998a,b; Carey et al., 2005a,b; Alvarez et al., 2006; Chinen et al., 2006).
Ainda nesse sentido, a sensibilização ao efeito agudo da droga em animais de
laboratório e a recaída dependente do contexto em humanos sugere que áreas
cerebrais armazenam informações específicas relacionadas à droga. De fato, a
recaída geralmente ocorre quando o indivíduo portador de dependência
química encontra pessoas, lugares ou outras pistas associadas ao uso prévio
da droga (Childress et al., 1986; Shiffman et al. 1996).

8
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1.2 Dependência de Estado

Há um número significante de evidências que sugerem que a evocação
de uma informação aprendida pode necessitar que o organismo esteja em um
estado similar àquele em que a informação foi inicialmente adquirida, um
fenômeno que tem sido denominado como ―dependência de estado‖ (Overton,
1983; Weingartner, 1978; Bruins Slot & Colpaert, 1999; Jackson et al., 1992;
Shulz, 2000; Shulz et al., 2000). De acordo com esse ponto de vista, a
reativação de uma memória induzida por uma droga (ou hormônio) dependeria
do restabelecimento de um número suficiente de atributos para sua evocação,
atributos esses que ocorressem no momento do ou imediatamente após o
aprendizado. Alguns autores têm argumentado que a dependência de estado
ocorre devido a estados interoceptivos experimentados em um dado estado de
droga (ou hormonal) que serviriam como pistas contextuais para a evocação
(Harrod et al. 2001; Izquierdo et al. 1988). Dessa forma, poder-se-ia considerar
a possibilidade de que uma modulação retrógada da memória resultaria de
uma dependência de estado. Apesar da dependência de estado ser um
fenômeno bem estabelecido comportamental e farmacologicamente, parece
não haver correlações precisas entre esse fenômeno e substratos celulares
específicos (Shulz et al., 2000).
Tem sido demonstrado que a dependência de estado ocorre após a
administração de diversas drogas psicoativas (Colpaert, 1990; Jackson et al.,
1992; Bruins Slot et al., 1999; Colpaert et al., 2001). Além disso, também foi
demonstrado que a dependência de estado pode atuar separadamente nas
fases de formação da memória: aquisição, consolidação e evocação (Colpaert
9
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et al., 2001). Dessa forma, tal processo tem sido proposto como um
mecanismo relacionado aos processos psicofisiológicos da dependência
química, como no caso de dependência a opiáceos (Colpaert 1990, 1996;
Spanagel, 1995).
De fato, estudos anteriores têm demonstrado que drogas de abuso, tais
como a morfina e o etanol, quando administradas tanto previamente à
aquisição da tarefa (Malekmohamadi et al., 2007; Rezayof et al., 2008a,b)
quanto após a aquisição (Ahmadi et al., 2007) podem produzir uma amnésia
que pode ser revertida pela administração da subseqüente mesma droga
previamente à evocação da tarefa. Nesse cenário, diversas drogas que
possuem potencial de abuso promovem déficits cognitivos tanto em humanos
(Gorforth et al., 2010) quanto em modelos animais de aprendizado e memória
(Silva & Frussa-Filho, 2000; Silva et al., 2002a; Patti et al., 2006; Kameda et al.,
2007; Gulick & Gould, 2009a,b, 2011), os quais poderiam estar relacionados ao
fenômeno de dependência de estado.
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2. OBJETIVOS

2.1 Objetivo Geral

Considerando o envolvimento do fenômeno de dependência de estado
nos efeitos amnésticos promovidos por diversas drogas com potencial de
abuso

e

o

possível

envolvimento

de

tal

fenômeno

nos

processos

mecanicísticos da dependência química, o objetivo geral deste trabalho foi
avaliar a participação da dependência de estado nos efeitos amnésticos
promovidos pelo etanol, pela anfetamina, pela cafeína e pelo midazolam em
camundongos submetidos à esquiva discriminativa em labirinto em cruz
elevado, um modelo animal que avalia concomitante e independentemente,
mas de forma integrativa o aprendizado e a memória, além dos níveis de
ansiedade e a atividade locomotora dos animais. Paralelamente, procurou-se
também considerar a influência de possíveis alterações nos níveis de
ansiedade no desenvolvimento do fenômeno de dependência de estado para
as diferentes drogas com potencial de abuso investigadas.

2.2 Objetivos Específicos

- Caracterizar a participação do fenômeno de dependência de estado nos
déficits de memória induzidos pela administração aguda de etanol em
camundongos submetidos à esquiva discriminativa em labirinto em cruz
elevado;
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- Caracterizar a participação do fenômeno de dependência de estado nos
déficits de memória induzidos pela administração aguda de anfetamina em
camundongos submetidos à esquiva discriminativa em labirinto em cruz
elevado;
- Caracterizar a participação do fenômeno de dependência de estado nos
déficits de memória induzidos pela administração aguda de cafeína em
camundongos submetidos à esquiva discriminativa em labirinto em cruz
elevado;
- Caracterizar a participação do fenômeno de dependência de estado nos
déficits de memória induzidos pela administração aguda de midazolam em
camundongos submetidos à esquiva discriminativa em labirinto em cruz
elevado.
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3. MATERIAL E MÉTODOS

3.1 Sujeitos Experimentais

Camundongos Swiss EPM-M1 com 3-4 meses de idade, machos,
originários da colônia do biotério da Universidade Federal de São Paulo foram
alojados, desde seu desmame, em número de 12 em gaiolas plásticas,
medindo 41 cm x 34 cm x 16,5 cm. As gaiolas foram mantidas em nosso
biotério, com ventilação e temperatura (20-23C) controladas por meio de um
aparelho de ar condicionado central, em um ciclo claro-escuro de 12/12 horas,
iniciando-se o período de claro às 6 horas e 45 minutos e o período de escuro
às 18 horas e 45 minutos. Água e comida foram fornecidas ad libitum. Quando
da realização dos experimentos, os animais foram retirados do biotério em
suas gaiolas moradia e levados para uma sala de experimentação, com
temperatura controlada (20-23C) e isolamento acústico, onde foram deixados
para habituação por pelo menos uma hora antes do início dos procedimentos
experimentais.
Todos os procedimentos realizados na presente Dissertação estão de
acordo com as normas estabelecidas pela Lei Brasileira nº. 11794/2008 para
Procedimentos para o Uso Científico de Animais pelo Comitê de Ética em
Pesquisa da Universidade Federal de São Paulo (nº. do protocolo 0960/09) e
pelos Princípios Éticos e Práticos do Uso de Animais de Experimentação
(Andersen et al., 2004).
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3.2 Drogas

- Etanol absoluto (Merck)
- D-anfetamina (Sigma)
- Cafeína (RBI)
- Midazolam (Cristália)

Todas as drogas foram diluídas em solução salina 0,9% e todas as
soluções foram administradas intraperitonealmente (i.p.) em um volume de 10
mL/Kg.
As doses empregadas para cada droga acima elencada foram: 1,2 g/Kg
de etanol; 3 mg/Kg de D-anfetamina; 20 mg/Kg de cafeína e 2 mg/Kg de
midazolam. Todas as doses e os respectivos intervalos de tempo entre a
administração de cada droga e a observação comportamental empregados
neste trabalho foram obtidos a partir de trabalhos anteriores de nosso grupo de
pesquisa no modelo de esquiva discriminativa em labirinto em cruz elevado ou
no labirinto em cruz elevado convencional (Kameda et al., 2007 – etanol; Silva
et al., 2002a – anfetamina; Silva & Frussa-Filho, 2000 – cafeína; Zanlorenci et
al, dados submetidos – midazolam).

3.3 Esquiva Discriminativa em Labirinto em Cruz Elevado

Considerando à estreita relação entre processos mnemônicos e a
ansiedade, bem como a possível interferência de alterações na função motora
na quantificação desses processos, foi desenvolvido, em nosso laboratório, um
14
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modelo de estudo simultâneo de aprendizado/memória, ansiedade e atividade
locomotora. Trata-se da esquiva discriminativa em labirinto em cruz elevado
(Silva et al., 1997; Silva & Frussa-Filho, 2000). Nesse modelo, realizado em um
labirinto em cruz elevado modificado, o animal deve escolher entre dois braços
fechados (um dos quais aversivo, contendo uma luz de 100 watts e um ruído
de 80 dB) ao mesmo tempo que evita dois braços abertos. Além do estudo da
interação entre memória (quantificada pela preferência pelo braço fechado nãoaversivo em relação ao braço fechado aversivo na sessão de teste) e
ansiedade (avaliada pela evitação aos braços abertos), esse modelo ainda tem
a vantagem de avaliar alterações na locomoção (por meio da quantificação do
número de entradas em todos os braços do aparelho). Tal característica se faz
importante tanto para o estudo de efeitos de drogas (Silva et al., 1997, 1998,
1999, 2000, 2002a,b; Claro et al., 1999; Silva & Frussa-Filho, 2000, 2002; Silva,
2001; Calzavara et al., 2004; Carvalho et al., 2006; Patti et al., 2006; Kameda
et al., 2007; Niigaki et al., 2010), quanto de procedimentos experimentais (Silva
et al., 2004; Castro et al., 2005; Alvarenga et al., 2008; Patti et al., 2010) que
conhecidamente alteram a função motora sobre os processos de aprendizado e
memória. Não obstante, possibilita a avaliação de drogas com potencial
analgésico sobre os processos cognitivos, como a morfina (Patti et al., 2006),
pois os estímulos aplicados não parecem promover modificações nos sistemas
de percepção da dor.
Em cada experimento, foram realizadas uma sessão de treino e uma
sessão de teste, intervaladas por 24 horas. Os animais foram colocados
individual e intercaladamente no centro de um labirinto em cruz elevado
modificado, contendo dois braços abertos (28,5 cm x 7 cm) opostos a dois
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braços fechados (28,5 cm x 7 cm x 18,5 cm), um dos quais contendo uma
lâmpada incandescente de 100 watts (braço fechado aversivo) (veja ilustração
1). Durante a sessão de treino, com duração de 10 minutos, cada vez que o
animal entrasse no braço fechado contendo a lâmpada, receberia estimulação
aversiva até que deixasse o braço, quando os estímulos cessavam, não
recebendo tal estimulação no outro braço fechado (não-aversivo). A
estimulação aversiva consistiu em iluminação proveniente da lâmpada de 100
watts e em um ruído de 80 dB. Na sessão de teste, com duração de 3 minutos,
cada animal foi novamente colocado no centro do aparelho, mas sem receber
qualquer estimulação aversiva, embora a lâmpada (desligada) continuasse
presente sobre o braço fechado aversivo. Em todas as sessões experimentais,
foram registrados o número de entradas e o tempo de permanência em cada
um dos braços do aparelho (braço fechado aversivo, braço fechado nãoaversivo e braços abertos). Entre as exposições de cada animal, o aparelho foi
limpo com uma solução álcool/água 5%.
O aprendizado foi avaliado por meio do registro minuto a minuto da
porcentagem de tempo de permanência no braço fechado aversivo (tempo no
braço fechado aversivo/ tempo de permanência em ambos os braços fechados
x 100) durante a sessão de treino. Mais especificamente, constatando-se a
efetividade dos estímulos aversivos (tempo de permanência no braço fechado
aversivo significativamente menor que no braço fechado não-aversivo) na
sessão de treino como um todo, o aprendizado dos grupos experimentais foi
detectado e quantificado por meio do decréscimo progressivo da porcentagem
de tempo no braço fechado aversivo ao longo da sessão de treino. A memória
foi avaliada por meio da comparação do tempo de permanência nos braços
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fechados aversivo e não-aversivo nas sessões de teste. Constatada a retenção
da tarefa (tempo no braço fechado aversivo significativamente menor que no
braço fechado não-aversivo) por mais de um grupo, os grupos experimentais
que exibiram retenção foram comparados por meio da porcentagem de tempo
no braço fechado aversivo para verificar se o grau de retenção da tarefa entre
eles foi quantitativamente diferente. Os níveis de ansiedade foram avaliados
por meio da comparação da porcentagem de tempo de permanência nos
braços abertos do aparelho (tempo de permanência nos braços abertos/ tempo
de permanência em todos os braços x 100). Finalmente, a atividade locomotora
foi avaliada por meio do número de entradas em todos os braços do aparelho.

1

2

3

Ilustração 1 – Esquiva discriminativa em labirinto em cruz elevado (ED-LCE). Os
camundongos são submetidos à sessão de treino e se esquivam do braço aversivo em
decorrência da apresentação dos estímulos aversivos (luz de 100 watts e um ruído de 80 db)
apresentados em um dos braços fechados do aparelho (braço fechado aversivo). Note que a
lâmpada é desligada imediatamente após o animal deixar o braço fechado.
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3.4 Delineamento Experimental Geral

Camundongos receberam uma injeção intraperitoneal de solução salina
0,9% (SAL – n=20) ou uma injeção de droga (n=20). Minutos após a essa
administração (5 minutos para o etanol, 15 minutos para a anfetamina e 30
minutos para a cafeína e o midazolam), os animais foram submetidos ao treino
na esquiva discriminativa em labirinto em cruz elevado. Vinte e quatro horas
após a sessão de treino, os grupos foram subdivididos e os animais receberam
uma injeção de salina ou de droga, formando, assim, os seguintes grupos:
SAL-SAL (n=10), SAL-droga (n=10), droga-SAL (n=10) e droga-droga (n=10).
Minutos após a administração (5 minutos para o etanol e a cafeína, 15 minutos
para a anfetamina e 30 minutos para o midazolam), os animais foram testados
na esquiva discriminativa em labirinto em cruz elevado.

Ilustração 2 – Delineamento experimental.
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3.5 Análise Estatística

Em um primeiro momento, realizamos o teste de Levene para a
constatação de que os dados obtidos seriam paramétricos. Uma vez que o
foram, todos os parâmetros foram avaliados ou pela análise de variância
(ANOVA) proposta por Snedocor (1946) de uma, duas ou três vias,
dependendo do delineamento experimental seguida do teste de Duncan (1955)
ou por meio do Teste T para amostras independentes.
Em todas as comparações realizadas, a probabilidade de P<0,05 foi
considerada capaz de determinar diferenças significativas.
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ABSTRACT

STUDY OBJECTIVES: A considerable amount of experimental evidence has
reported ethanol-induced amnestic effects after pre-training administration both
in humans and in laboratory animals. Although, the phenomenon of statedependency has been demonstrated to play a critical role in memory deficits
induced by both pharmacological and non-pharmacological pre-training
perturbations, the involvement of this phenomenon in ethanol-induced
anterograde amnesia has been overlooked. In this scenario, the present study
aims to investigate the role of state-dependency in ethanol-induced amnestic
effects

and

their

interactions

with

the

well-known

anxiolysis

and

hyperlocomotion induced by this drug in the plus-maze discriminative avoidance
task. This animal model concomitantly evaluates learning, memory, anxiety and
motor activity. DESIGN: Mice were administered 1.2 g/Kg ethanol (EtOH)
before training and/or before testing in the plus-maze discriminative avoidance
task. RESULTS: Whereas pre-training only or pre-test only EtOH administration
impaired memory retrieval, pre-training plus pre-test administration of this drug
counteracted this impairment. CONCLUSIONS: Our data demonstrate that
EtOH-induced memory deficits are critically related to state-dependency. The
possible participation of EtOH-induced modifications in anxiety and general
activity levels in its state-dependent memory deficits is discussed.

KEYWORDS: ethanol, memory, state-dependency
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INTRODUCTION

Ethanol (EtOH) is one of the most widely drug of abuse consumed in the
world and it is also well known for its deleterious effects on learning and
memory both in humans and laboratory animals (Melia et al., 1996; Matthews et
al., 1999; Hoffmann and Matthews, 2001; Ryabinin et al., 2002; Berry and
Matthews, 2004; Gulick and Gould, 2009 a,b. 2011). In this way, such cognitive
impairments are described to be caused not only after acute administration of
this drug (Kameda et al., 2007), but also in chronic users and abstinent
alcoholics (Korbo, 1999; Harper and Matsumoto, 2005; Kameda et al., 2007).
Concerning the cognitive effects of EtOH on laboratory animals’
performance, it has been reported that the pre-training acute administration of
this drug leads to impairments in a myriad of memory tasks, including fear
conditioning paradigm (Melia et al., 1996; Gulick and Gould, 2007, 2008a,b,
2009a), Morris water maze (Berry and Matthews, 2004; Gönenç et al., 2005),
object recognition (Ryabinin et al., 2002), radial maze (Hoffmann and Matthews,
2001), and avoidance tasks (Bammer and Chesher, 1982; Markel, 1986; File
and Mabbutt, 1990; Melis et al., 1996; Singh et al., 2003; Gulick and Gould,
2009b,c, 2011).
Although a large number of studies have reported amnestic effects of pretraining administration of EtOH, the role of the state-dependency phenomenon
in these memory deficits have been overlooked. In this context, this
phenomenon is characterized when the retrieval of learned information requires
that the animal be in a state similar to that in which the memory for this
information was acquired (Izquierdo et al., 1981; Bruins Slot and Colpaert,

22

Leandro Sanday

1999). State-dependency has been demonstrated after administration of several
psychoactive drugs (Colpaert, 1990; Jackson et al., 1992; Bruins Slot et al.,
1999; Colpaert et al., 2001; Khavandgar et al., 2002; Homayoun et al., 2003;
Zarrindast and Rezayof, 2004; Vakili et al., 2004; Jafari et al., 2006; Rassouli et
al., 2010; Ardjmand et al., 2011) as well as after non-pharmacological pretraining perturbation such as sleep deprivation (Patti et al., 2010). In addition, it
has been shown that state-dependency may act separately on acquisition,
retention and retrieval (Colpaert et al., 2001).
The involvement of state-dependency on the amnestic effects induced by
pre-training EtOH administration has been suggested both in human beings
(Goodwin et al., 1969; Petersen, 1977; Oei and Young, 1986; Weissenborn and
Duka, 2000; Duka et al., 2001) and in animal models of memory. As for animal
models, the great majority of studies has used the passive avoidance task in
rodents (Holloway, 1972; Nakagawa and Iwasaki, 1995, 1996; Rezayof et al.,
2007, 2008a,b, 2010), although the phenomenon has also been demonstrated
for active avoidance (Holloway, 1972) and for conditioning of EtOH mediated
taste aversion (Hunt et al., 1990) in rodents and for adaptation of olfactory
stimulus in C. elegans (Bettinger and McIntire, 2004).
The possible participation of state-dependency on the amnestic effects of
pre-training EtOH administration is strengthened by the fact that at the same
amnestic dose-range EtOH can modify anxiety and motor activity levels
(Kameda et al., 2007; Gulick and Gould, 2009a,b, 2011). Those alterations in
anxiety and motor activity levels could be relevant features of the internal state
of the subject, facilitating state-dependent learning. Based on these evidences,
the aim of the present study was to evaluate the role of state-dependency
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phenomenon on the effects of an amnestic dose (1.2 g/Kg, Kameda et al.,
2007) of EtOH in mice submitted to the plus-maze discriminative avoidance task
(PM-DAT), an animal model of memory that can concomitantly evaluate anxiety
and motor activity levels (Silva et al., 1999; Silva and Frussa-Filho, 2000; Gulick
and Gould, 2011).

MATERIALS AND METHODS

Subjects

Three-month-old Swiss EPM-M1 male mice (outbred, raised, and
maintained in the Centre for Development of Experimental Models in Medicine
and Biology of Universidade Federal de São Paulo) were used. Animals
weighing 30-35 g were housed under controlled temperature (22-23°C) and
lighting (12h light, 12h dark; lights on at 6:45 a.m.) conditions. Food and water
were available ad libitum throughout the experiments. Animals used in this
study were maintained in accordance with the National Institute of Health Guide
for the care and use of laboratory animals (NIH Publications Nº 80-23, revised
1996) and the Brazilian Law for Procedures for Animal Scientific Use
(#11794/2008). The experimental procedures were approved by the Institutional
Animal Care and Use Committee under the protocol #0960/09.
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Drug

Ethanol (EtOH) absolute (Merck®) was diluted in saline and given
intraperitoneally (i.p.) in a volume of 10 ml/Kg of body weight at the dose of 1.2
g/Kg. Saline was used as control solution.

Plus-maze discriminative avoidance task (PM-DAT)

The apparatus employed in the plus-maze discriminative avoidance task
(PM-DAT) is a modified elevated plus-maze, made of wood, containing two
enclosed arms with sidewalls and no top (28.5 x 7 x 18.5 cm), opposite to two
open arms (28.5 x 7 cm). A non-illuminated 100-W lamp was placed over the
exact center of one of the enclosed arms (aversive enclosed arm). In the
training session, each mouse was placed at the center of the apparatus and,
during a 10-min period, an aversive stimulus was administered every time the
animal entered the enclosed arm containing the lamp and was continued until
the animal left the arm. The aversive stimulus consisted of both the illumination
of the 100-W light and the production of an 80-dB noise by a small machine
placed under the aversive enclosed arm. In the test session (performed in the
same room 24h after the training session), mice were again placed in the center
of the apparatus and were observed for 3 min; however, the mice did not
receive the aversive stimuli when they entered the aversive enclosed arm
(although the non-illuminated lamp was still placed on the middle of this arm to
help distinguish between the aversive and non-aversive arms). In the
experiment, the animals were observed in a blind manner, and the apparatus
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was cleaned with a 5% alcohol solution after each behavioral session. Total
number of entries in any of the arms (an entry was defined as the entry of all
four paws into one arm), percent time spent in the aversive enclosed arm (time
spent in aversive enclosed arm/time spent in both enclosed arms), and percent
time spent in open arms (time spent in open arms/time spent in both open and
enclosed arms) were calculated. Learning was evaluated by the decrease in
percent time spent in the aversive enclosed arm throughout the training
session. Memory was evaluated by the time spent in the aversive vs. nonaversive enclosed arms in the test session. Percent time spent in the aversive
enclosed arm among the groups which presented retention of the task in the
test session was compared in order to reveal quantitative differences. Anxietylike behavior was evaluated by the percent time spent in the open arms of the
apparatus. Total number of entries in any of the arms was used to evaluate
motor activity.

Statistical analysis

Total number of entries in any of the arms, percent time spent in the
open arms and percent time spent in the aversive enclosed arm were calculated
and compared using the T-test for independent samples in the training session
and two-way ANOVA followed by Duncan’s test in the testing. The decrease in
percent time spent in the aversive enclosed arm throughout the training session
was compared by ANOVA with repeated measures. Two-way ANOVA followed
by Duncan’s test was used to analyze time spent in the aversive vs. nonaversive enclosed arms in the training session and a three-way ANOVA was
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used in the test session to analyze the same parameter. A probability of P<0.05
was considered significant for all comparisons made.

Experimental design

Role

of

state-dependency

in

memory

impairment

induced

by

acute

administration of ethanol in mice tested in the PM-DAT

Mice were randomly assigned to one of the following groups: pretraining/pre-test administration of SAL (SAL-SAL, n= 10), pre-test administration
of EtOH (SAL-EtOH, n=10), pre-training administration of EtOH (EtOH-SAL,
n=10) or pre-training/pre-test administration of EtOH (EtOH-EtOH, n=10).
Groups of 20 mice received saline or 1.2 g/Kg EtOH. Five minutes after the
injection, all animals were submitted to a training session in the PM-DAT and
the behavioral parameters were registered minute by minute. Twenty-four hours
after the training session, 10 animals of pre-training SAL group received
another SAL injection, while the other 10 mice received 1.2 g/Kg EtOH.
Similarly, 10 animals of the pre-training EtOH group received a SAL injection
and the other 10 mice received another 1.2 g/Kg EtOH administration. A test
session was performed five minutes after the second injection.
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RESULTS

Role

of

state-dependency

in

memory

impairment

induced

by

acute

administration of ethanol in mice tested in the PM-DAT

While both the SAL-SAL and SAL-EtOH groups performed the training
session after a SAL injection, both the EtOH-SAL and EtOH-EtOH groups
performed it after an EtOH injection. In the training session, data from animals
of the SAL-SAL and SAL-EtOH groups were thus pooled into the SAL group
whereas data from the EtOH-SAL and EtOH-EtOH groups were pooled into the
EtOH group. Two-way ANOVA with treatment (saline x ethanol) as betweensubject factor and arm type (aversive vs. non-aversive) as within-subject factor
revealed a significant effect of arm type [F(1,76)=200.70; P<0.001] and pretraining treatment x arm type interaction [F(1,76)=9.99; P<0.05]. Post hoc
analysis by Duncan’s test revealed that mice treated with SAL or EtOH spent
significantly less time in the aversive than in the non-aversive enclosed arm
during the training session (Figure 1A), demonstrating the effectiveness of the
aversive stimuli. ANOVA for the percent time spent in the aversive arm with
treatment as a between-subject factor and time (minutes of observation) as a
repeated measure factor revealed significant effects of treatment [F(1,38)=9.83;
P<0.05] and time [F(9,342)=6.90; P<0.001]. Indeed, although the percent time
spent in the aversive arm was decreased in both groups (demonstrating learn of
the task), this decrease had a lesser magnitude in mice acutely treated with
EtOH, thereby suggesting a learning impairment (Figure 1B). Indeed, in this
session, T-test for independent samples showed that the EtOH-treated mice
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had an enhanced percent time spent in the aversive enclosed arm when
compared to SAL-treated mice (SAL) [T(38)=2.55; P<0.05] (Figure 1C).
T-test for independent samples revealed that the EtOH-treated mice
showed an increase in percent time spent in the open arms of the apparatus
[T(38)=2.08; P<0.01] as well as an enhancement in the total number of entries
[T(38)=3.62; P=0.01] during the training session (Figures 3A and 3B,
respectively).
In the test session, three-way ANOVA with pre-training (saline or ethanol)
and pre-test (saline or ethanol) treatments as between-subject factors and arm
type as within-subject factor revealed significant effects of arm type
[F(1,72)=18.57; P<0.001] and pre-training treatment x pre-test treatment x arm
type [F(1,72)=4.78; P<0.05] interaction. Post hoc analysis by Duncan’s test
revealed that mice treated with SAL or EtOH before both sessions (SAL-SAL
and EtOH-EtOH groups) spent significantly less time in the aversive than in the
non-aversive enclosed arm, whereas mice treated with EtOH only before
training or testing showed similar times spent in the aversive and non-aversive
enclosed arms (Figure 2A), demonstrating that EtOH-induced memory
impairments are state-dependent. Still, comparing both groups that presented
retention of the task (SAL-SAL and EtOH-EtOH), T-test did not reveal significant
differences in the percent time spent in the aversive enclosed arm [T(18)=0.19;
P=0.85], demonstrating the same magnitude of retention (Figure 2B).
Concerning percent time spent in the open arms, two-way (pre-training x
pre-test treatments) ANOVA revealed significant effect of pre-test treatment
[F(1,36)=16.07; P<0.001]. Indeed, post hoc analysis by Duncan’s test revealed
that mice treated with EtOH only before test session (SAL-EtOH) and before
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both training and testing (EtOH-EtOH) showed an enhancement in this
parameter when compared to their respective control groups (SAL-SAL and
EtOH-SAL; Figure 3C). Finally, two-way ANOVA for total number of entries
revealed significant effects of pre-training [F(1,36)=6.18; P<0.05] and pre-test
[F(1,36)=28.14; P<0.001] treatments. Hence, post hoc analysis by Duncan’s
test revealed that mice treated with EtOH only before test session (SAL-EtOH)
and before both training and testing (EtOH-EtOH) showed an increased motor
activity when compared to their respective control groups (SAL-SAL and EtOHSAL). Moreover, mice treated with EtOH before both sessions (EtOH-EtOH)
showed a greater enhancement in the motor activity than mice treated with this
drug only before testing (SAL-EtOH) demonstrating behavioral sensitization
(Figure 3D).

30

Leandro Sanday

A

B

C

Figure 1: Effects of ethanol on the training performance of treated mice in the
PM-DAT. Mice were intraperitoneally treated with saline (SAL) or 1.2 g/Kg
ethanol (EtOH) 5 min before training session. Results are presented as
mean±SE of time (seconds) spent in the non-aversive (NAv) and in the aversive
(Av) enclosed arms (A); percent time spent in the aversive enclosed arm (%
TAv) minute by minute throughout the training (B) and percent time spent in the
aversive enclosed arm in the session as a whole (C) of the plus-maze
discriminative avoidance task (PM-DAT) apparatus in the training session.
*p<0.05 compared to the time spent in the non-aversive enclosed arm (two-way
ANOVA and Duncan’s test); ANOVA with repeated measures revealed
treatment and time significant effects for %TAv (B); °p<0.05 compared to the
SAL-treated group (independent samples T-test).
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A

B

Figure 2: Effects of ethanol on the test performance of pre-training and/or pretest treated mice in the PM-DAT. Mice were intraperitoneally treated with saline
(SAL-) or 1.2 g/Kg ethanol (EtOH-) 5 min before training session and tested,
24h later, 5 min after an i.p. injection of saline (-SAL) or 1.2 g/Kg ethanol (EtOH). Results are presented as mean±SE of time (seconds) spent in the nonaversive (NAv) and in the aversive (Av) enclosed arms (A) and percent time
spent in the aversive enclosed arm (B) of the plus-maze discriminative
avoidance task (PM-DAT) apparatus in the test session. *p<0.05 compared to
the time spent in the non-aversive enclosed arm (three-way ANOVA and
Duncan’s test).
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Figure 3: Effects of ethanol on performance of pre-training and/or pre-test
treated mice in the PM-DAT. Mice were intraperitoneally treated with saline
(SAL-) or 1.2 g/Kg ethanol (EtOH-) 5 min before training session and tested,
24h later, 5 min after an i.p. injection of saline (-SAL) or 1.2 g/Kg ethanol (EtOH). Results are presented as mean±SE of percent time spent in the open
arms (% TO) (A and C) and total number of entries (B and D) of the plus-maze
discriminative avoidance task (PM-DAT) apparatus in the training and test
sessions, respectively. °p<0.05 compared to SAL-treated group (independent
samples T-test in the training and two-way ANOVA and Duncan’s test in the test
sessions); #p<0.05 compared to the SAL-EtOH group (two-way ANOVA and
Duncan’s test); +p<0.05 compared to the EtOH-SAL group (two-way ANOVA
and Duncan’s test).
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DISCUSSION

The major finding of the present study is that both pre-training only or pretest only acute administration of EtOH induced memory deficits in a
discriminative avoidance task which were state-dependent. Indeed, retention
performance was restored to control levels when animals performed both the
training and test sessions under the same ―EtOH state‖ which included
decreased anxiety-like behavior and increased general activity.
In the PM-DAT, the avoidance of the aversive enclosed arm upon testing
has been validated as a measurement of retention, because amnestic
manipulations decrease this effect (Claro et al., 1999; Silva et al., 1999, 2002a,
2004; Silva and Frussa-Filho, 2000, 2002; Kameda et al., 2007; Alvarenga et
al., 2008; Gulick and Gould, 2009a,b, 2011; Patti et al., 2010). In contrast,
memory-improving treatments increase this effect (Silva et al., 1997, 1999,
2000; Claro et al., 1999). This behavioral model has also been shown to be
effective in concomitantly evaluating anxiety-related behaviors (Silva and
Frussa-Filho 2000, 2002; Kameda et al., 2007; Gulick and Gould, 2009a,b,
2011) and locomotor activity alterations (Silva et al., 2002a,b; Castro et al.,
2005; Carvalho et al., 2006; Patti et al., 2006; Cardoso et al., 2010; Niigaki et
al., 2010).
In the training session, mice acutely treated with EtOH presented
impairment in the encoding phase of the task. Although animals were able to
discriminate the aversive enclosed arm from the non-aversive, they displayed a
decreased avoidance of the aversive arm throughout the training session. In
this way, these results corroborate the findings described by our group
(Kameda et al., 2007) and by others (Gullick and Gould, 2009a,b).
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In our findings, a motor stimulant effect induced by the acute
administration of EtOH was also verified in the training session, corroborating
the findings of previous studies on EtOH effects on the performance of mice in
the PM-DAT (Kameda et al., 2007; Gulick and Gould, 2009a,b, 2011). In this
aspect, EtOH-induced hypermotility has been proposed as an artefactual
influence on learning/memory performance of rodents in other animal models
(Bammer and Chesher, 1982). Thus, a possible artefactual influence of the
motor stimulant effect of EtOH on the learning deficit observed herein could be
raised. However, as compared to other animal models of learning/memory, the
PM-DAT model not only evaluates motor activity, but is also less influenced by
possible motor alterations presented by the animals. Indeed, in the PM-DAT,
learning/memory is evaluated by the preference for the non-aversive enclosed
arm over the aversive enclosed one, which might be less influenced (in
comparison with the other models) by increased or decreased motor function.
It is well-known that acute EtOH administration impairs specific types of
learning based upon research results from a myriad of fields including molecular
biology and behavioral pharmacology (Silvers et al., 2003). Animal studies
suggest that the response of EtOH on spatial learning could be due to its effect
in the hippocampal formation (Ryabinin et al., 1995; Givens, 1995). It has been
suggested that the drug degrades spatial learning by disrupting hippocampal
pyramidal cell neural activities (Tokunaga et al., 2003). As discussed earlier,
under our experimental conditions pre-training acute administration of EtOH
produced a learning deficit in the PM-DAT. However, a possible causative effect
of this learning impairment on the retention deficit presented by the EtOH-SAL
group in test session seems unlikely because it was not able to abolish the
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retrieval of the task in the animals that received EtOH before both the training
and test sessions.
Regarding memory, whereas animals which received SAL or EtOH before
both sessions showed a similar preference for the non-aversive enclosed arm in
the test session, acute pre-training only or pre-test only administration of EtOH
induced amnestic effects. In fact, animals treated with EtOH only before training
or only before testing failed to show a significant preference for the nonaversive enclosed arm in the test session. As mentioned above, mice treated
with EtOH before both sessions had their memory preserved, demonstrating,
thus, the participation of state-dependency in the amnestic effects of acute
administration of EtOH in the PM-DAT. This finding is in line with several
studies that demonstrated the importance of state-dependency on the amnestic
effects of EtOH in both humans and animal models (see Introduction).
Concerning animal models as far as we know this is the first study revealing the
involvement of state-dependency in the retention deficits induced by EtOH in a
discriminative avoidance task. Another important finding of the present work is
that EtOH-induced state-dependent memory deficits were bi-directional. Indeed,
while the response acquired in the EtOH state could not be recalled in the
normal state, the response acquired in the normal state (SAL) could not be
recalled in the EtOH state. Within this context, whereas in clinical studies
changes in mnesic states involving EtOH have been shown to disable retrieval
in both drug-to-non-drug and non-drug-to-drug experimental conditions
(Petersen et al., 1977; Weissenborn and Duka, 2000) most studies in rodents
have investigated the involvement of state-dependency only in the EtOH-SAL
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experimental condition (Nakagawa and Iwasaki, 1995, 1996; Rezayof et al.,
2007, 2008a,b, 2010).
From a neurochemical point of view, the influence of state-dependency on
EtOH-induced

amnestic

effects

have

been

related

to

the

benzodiazepine/GABAA receptor complex (Nakagawa and Iwasaki, 1995), 5HT3 receptors (Nakagawa and Iwasaki, 1996), dorsal hippocampal dopamine
(Rezayof et al., 2007), muscarinic (Rezayof et al., 2008a), nicotinic (Rezayof et
al., 2008a) and NMDA (Rezayof et al., 2008b) receptors as well as to dorsal
hippocampal nitric oxide synthesis (Rezayof et al., 2010). From a behavioral
perspective, our data suggest that both decreased anxiety-like behavior and
increased general activity may have contributed to the internal state of EtOHtreated mice which produced state-dependent learning.
Concerning anxiety-like behavior animals of the EtOH-EtOH group
presented anxiolysis in both training and test sessions. In the test session, the
acute pre-test administration of EtOH (irrespective from the fact that animals
had received SAL or EtOH before training) induced an enhancement in open
arms exploration. In this respect, there are several studies showing that the
anxiety-like behavior evaluated by the percent time spent in the open arms of a
plus-maze apparatus is qualitatively different in animals previously exposed to
the maze (Rodgers et al., 1997; Holmes and Rodgers, 1999). Indeed,
benzodiazepines – classical anxiolytic drugs – do not modify open-arms
exploration in plus-maze-experienced rodents (File, 1990; Pereira et al., 1999;
Frussa-Filho and Ribeiro, 2002; Calzavara et al., 2005). However, it does not
seem to be the case of EtOH-induced anxiolytic-like behavior, since the pre-test
administration of EtOH enhanced percent time spent in the open arms during

37

Leandro Sanday

the test session. In fact, Boerngen-Lacerda and Souza-Formigoni (2000) have
also described an EtOH-induced anxiolytic effect in the second exposure to the
conventional elevated plus-maze. Importantly, studies in humans have
extensively shown that similar mood conditions can critically contribute to statedependent learning (Bower, 1981; Clarck and Teasdale, 1982; Willner, 1985;
Blaney, 1986; Dalgleish and Wats, 1990; Kenealy, 1997). Specifically
concerning anxiety states, Colpaert (1990) suggested that the state-dependent
learning of benzodiazepine receptor agonists is linked to their anxiolytic action.
Mice of the EtOH-EtOH group also presented increased general activity in
both training and test sessions. Interestingly, animals that were treated with
EtOH before both sessions presented a further increased locomotion in the test
session when compared to animals that received EtOH only before testing. This
result agrees with reports that the repeated treatment with stimulant doses of
this drug induces an increase in its locomotor stimulant effect in mice, a wellknown phenomenon called behavioral sensitization (Masur et al., 1986;
Robinson and Becker, 1986). Within this context, although behavioral
sensitization is usually observed after repeated treatment with drugs of abuse it
has been shown that it is not necessary to repeatedly administer a drug for long
periods of time to produce such a phenomenon. Indeed, a single injection of
amphetamine (Vanderschuren et al., 1999; Costa et al., 2001; Frussa-Filho et
al., 2004; Chinen et al., 2006) or EtOH (Fukushiro et al., 2010) has been
reported to enhance locomotor stimulation produced by a subsequent injection
of the drug given hours or weeks later. Importantly, EtOH-induced
hyperlocomotion and behavioral sensitization are directly related with EtOH
release of dopamine in the meso-accumbens system (Di Chiara and Imperato,
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1988; Nestler and Self, 1997), a brain-pathway well known to be involved in the
reward effects of drugs of abuse (Robinson and Berridge, 1993; Vezina, 2004;
Alcaro et al., 2007). In this vein, there is evidence that state-dependent learning
produced

by

both

morphine

(Zarrindast

and

Rezayof,

2004)

and

benzodiazepine-receptor agonists (Jensen and Poulsen, 1982; Colpaert, 1990)
is linked to their reward effects and drug dependency producing ability.
Taken together, our results corroborate the notion of an important role of
state-dependent

phenomenon

in

EtOH-induced

memory

impairments.

Importantly, our finding suggests that the behavioral modifications induced by
the acute administration of this drug – anxiolysis and hyperlocomotion – could
critically contribute to the ability of retrieving a discriminative task. Additionally,
these results reinforce the importance of considering the participation of statedependency on the interpretation of the cognitive effects of EtOH.
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ABSTRACT

STUDY OBJECTIVES: Both in humans and in laboratory animals the reports of
cognitive effects following acute amphetamine (AMPH) administration are
mixed, depending, for example, on the moment of administration (before or after
the acquisition of the task) and on the memory model used. In parallel, besides
its cognitive effects, AMPH produces other important behavioral effects,
including alterations in anxiety and general activity, which could modify the
internal state of the subject thereby facilitating state-dependent learning. This
study evaluates the participation of state-dependent learning in AMPH-induced
memory deficits in the plus-maze discriminative avoidance task (PM-DAT) in
mice. This animal model evaluates concomitantly learning, memory, anxiety-like
behavior and general activity. DESIGN: Mice were administered with 3 mg/Kg
AMPH before training and/or before testing in the PM-DAT. RESULTS: Pretraining AMPH administration did not modify learning of the discriminative task
but induced anxiogenic-like effects and a marked retention deficit in the test
session. This memory impairment was completely abolished when animals
received

AMPH

acute

administration

both

pre-training

and

pre-test.

CONCLUSIONS: AMPH-induced memory impairment of a discriminative
avoidance task is state-dependent so that a response that acquired in the
―AMPH state‖ cannot be recalled in the normal state. The involvement of anxiety
alterations in such ―AMPH state‖ is discussed.

KEYWORDS: amphetamine, memory, state-dependency
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INTRODUCTION

Amphetamine (AMPH) can be highly addictive, leading individuals to
exhibit behaviors ranging from relative minor cognitive impairments to severe
psychotic symptoms (Wood and Anagnostaras, 2009). In the clinical practice,
AMPH is used in the treatment of attention deficit hyperactivity disorder
(ADHD), excessive daytime sleepiness and narcolepsy (Ahmann et al., 2001).
However, its indiscriminate usage is a growing social problem, since the drug
has been regarded by the public as a cognitive enhancer, presumably by
promoting mental arousal or wakefulness (Butcher, 2003).
Concerning the acute effects of AMPH on the cognitive processes of
learning and memory, mixed results are reported. Indeed, absence of effects
(Fulginiti and Cancela; 1983, Beuzen et al., 1994), memory enhancement
(Roffman and Lal, 1971; Castellano, 1973; Janak and Martinez, 1992; Ventulani
et al., 1993; Roozendal et al., 1996) and deficits (Bruto et al, 1983; Gutnikov et
al., 1994; McKetin and Mattick, 1998; Ornstein et al., 2000; Silva et al., 2002a)
have been extensively described depending on the moment of administration
(before or after the acquisition of the task) and on the memory model used both
in humans (Soetens et al., 1993, 1995) and in laboratory animals (Simon and
Setlow, 2006; Wood and Anagnostaras, 2009).
Previous studies have shown that AMPH promotes memory improvement
mostly when given after the acquisition, supporting the idea that its effects are
specifically related to memory consolidation. Specifically in pre-clinical studies,
systemic post-training injections of AMPH have been shown to enhance the
consolidation of spatial learning (Packard and White, 1989; Strupp et al., 1991;
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Brown et al., 2000), visual discrimination learning (Krivanek and McGaugh,
1969), active avoidance (Janak and Martinez, 1992) and appetitive conditioning
tasks (Oscos et al., 1988; Simon and Setlow, 2006). However, when AMPH is
given pre-training, its effects on memory are highly contradictory there being
reports of facilitatory (Roffman and Lal, 1971; Ventulani et al., 1993; Beuzen et
al., 1994) or inhibitory (Gutnikov et al., 1994; Silva et al., 2002a; Wood and
Anagnostaras, 2009) effects. Pre-training AMPH inhibitory effects on memory
performance could be critically modified by both AMPH-induced learning
impairment and/or the involvement of the state-dependent phenomenon [i.e.,
the retrieval of an engram from memory may require that the organism being in
a state that is similar to that in which the engram was initially acquired (Bruins
Slot and Colpaert, 1999)].
Regarding state-dependency, AMPH produces important behavioral
effects on emotional levels (Pellow et al., 1985; Lin et al., 1999) and on general
activity (Robinson and Becker, 1986; Bernardi et al., 1986; Fukushiro et al.,
2007) which could modify the internal state of the organism thereby facilitating
state-dependent learning. From a clinical perspective, state-dependent could
play an important role in AMPH abuse because cues, such as the drug intake
context and the drug-induced interoceptive effects, can become associated with
the rewarding properties of the drug itself (Chinen et al., 2006; Alvarez et al.,
2006; Simon and Setlow, 2006).
The aim of the present study was to investigate the role of statedependency on the effects of a pre-training amnestic dose of AMPH (Silva et
al., 2002a) in mice submitted to the plus-maze discriminative avoidance task
(PM-DAT), an animal model that evaluates concomitantly learning, memory,
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anxiety and general activity (Silva et al., 1997; Silva and Frussa-Filho, 2000;
Gulick and Gould, 2011).

MATERIALS AND METHODS

Subjects

Three-month-old Swiss EPM-M1 male mice (outbred, raised, and
maintained in the Centre for Development of Experimental Models in Medicine
and Biology of Universidade Federal de São Paulo) were used. Animals
weighing 30-35 g were housed under controlled temperature (22-23°C) and
lighting (12h light, 12h dark; lights on at 6:45 a.m.) conditions. Food and water
were available ad libitum throughout the experiments. Animals used in this
study were maintained in accordance with the National Institute of Health Guide
for the care and use of laboratory animals (NIH Publications Nº 80-23, revised
1996) and the Brazilian Law for Procedures for Animal Scientific Use
(#11794/2008). The experimental procedures were approved by the Institutional
Animal Care and Use Committee under the protocol #0960/09.

Drugs

Amphetamine (AMPH) (Sigma®) was diluted in saline (SAL) and given
intraperitoneally (i.p) in a volume of 10 ml/Kg of body weight at the dose of 3
mg/Kg. Saline was used as control solution.
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Plus-maze discriminative avoidance task (PM-DAT)

The apparatus employed in the plus-maze discriminative avoidance task
(PM-DAT) is a modified elevated plus-maze, made of wood, containing two
enclosed arms with sidewalls and no top (28.5 x 7 x 18.5 cm), opposite to two
open arms (28.5 x 7 cm). A non-illuminated 100-W lamp was placed over the
exact center of one of the enclosed arms (aversive enclosed arm). In the
training session, each mouse was placed at the center of the apparatus and,
during a 10-min period, an aversive stimulus was administered every time the
animal entered the enclosed arm containing the lamp and was continued until
the animal left the arm. The aversive stimulus consisted of both the illumination
of the 100-W light and the production of an 80-dB noise by a small machine
placed under the aversive enclosed arm. In the test session (performed in the
same room 24h after the training session), mice were again placed in the center
of the apparatus and were observed for 3 min; however, the mice did not
receive the aversive stimuli when they entered the aversive enclosed arm
(although the non-illuminated lamp was still placed on the middle of this arm to
help distinguish between the aversive and non-aversive arms). In the
experiment, the animals were observed in a blind manner, and the apparatus
was cleaned with a 5% alcohol solution after each behavioral session. Total
number of entries in any of the arms (an entry was defined as the entry of all
four paws into one arm), percent time spent in the aversive enclosed arm (time
spent in aversive enclosed arm/time spent in both enclosed arms), and percent
time spent in open arms (time spent in open arms/time spent in both open and
enclosed arms) were calculated. Learning was evaluated by the decrease in
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percent time spent in the aversive enclosed arm throughout the training
session. Memory was evaluated by the time spent in the aversive vs. nonaversive enclosed arms in the test session. Percent time spent in the aversive
enclosed arm among the groups which presented retention of the task in the
test session was compared in order to reveal quantitative differences. Anxietylike behavior was evaluated by the percent time spent in the open arms of the
apparatus. Total number of entries in any of the arms was used to evaluated
motor activity.

Statistical analysis

Total number of entries in any of the arms, percent time spent in the
open arms and percent time spent in the aversive enclosed arm were calculated
and compared using the T-test for independent samples in the training session
and two-way ANOVA followed by Duncan’s test in the testing. The decrease in
percent time spent in the aversive enclosed arm throughout the training session
was compared by ANOVA with repeated measures. Two-way ANOVA followed
by Duncan’s test was used to analyze time spent in the aversive vs. nonaversive enclosed arms in the training session and a three-way ANOVA was
used in the test session to analyze the same parameter. A probability of p<0.05
was considered significant for all comparisons made.
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Experimental design

Role

of

state-dependency

in

memory

impairment

induced

by

acute

administration of amphetamine in mice tested in the PM-DAT

Mice were randomly assigned to one of the following groups: pretraining/pre-test

administration

of

saline

(SAL-SAL,

n=

10),

pre-test

administration of AMPH (SAL-AMPH, n=10), pre-training administration of
AMPH (AMPH-SAL, n=10) or pre-training/pre-test administration of AMPH
(AMPH-AMPH, n=10). Groups of 20 mice received saline or 3 mg/Kg AMPH.
Fifteen minutes after the injection, all animals were submitted to a training
session in the PM-DAT and the behavioral parameters were registered minute
by minute. Twenty-four hours after the training session, 10 animals of the pretraining SAL group received another SAL injection, while the other 10 mice
received 3.0 mg/Kg AMPH. Similarly, 10 animals of the pre-training AMPH
group received a SAL injection and the other 10 mice received another 3.0
mg/Kg AMPH administration. A test session was performed 15 minutes after the
second injection.
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RESULTS

Role
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state-dependency
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memory

impairment

induced

by

acute

administration of amphetamine in mice tested in the PM-DAT

While both the SAL-SAL and SAL-AMPH groups performed the training
session after a SAL injection, both the AMPH-SAL and AMPH- AMPH groups
performed it after an AMPH injection. In the training session, data from animals
of the SAL-SAL and SAL- AMPH groups were thus pooled into the SAL group
whereas data from the AMPH-SAL and AMPH-AMPH groups were pooled into
the AMPH group. Two-way ANOVA with treatment (saline x amphetamine) as
between-subject factor and arm type (aversive vs. non-aversive) as withinsubject factor revealed only a significant effect of arm type [F(1,76)=496.35;
P<0.001]. Post hoc analysis by Duncan’s test revealed that mice treated with
SAL or AMPH spent significantly less time in the aversive than in the nonaversive enclosed arm during the training session (Figure 1A), demonstrating
the effectiveness of the aversive stimuli. ANOVA for the percent time spent in
the aversive arm with treatment as a between-subject factor and time (minutes
of observation) as a repeated measure factor revealed a significant effect of
time [F(9,342)=11.21; P<0.001]. Indeed, the percent time spent in the aversive
arm was decreased with the same magnitude in both groups, demonstrating an
equivalent learning level of the task (Figure 1B). Still, in this session, T-test for
independent samples did not show any significant difference when percent time
spent in the aversive enclosed arm was compared [T(38)=0.92; P=0.36] (Figure
1C).
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Concerning percent time spent in the open arms during the training
session, T-test for independent samples revealed that the animals treated with
AMPH spent less percent time in these arms, showing an anxiogenic effect
[T(38)=2.11; P<0.05]. Conversely, no significant differences were found when
total number of entries was analyzed [T(38)=0.24; P=0.81] (Figures 3A and 3B,
respectively).
In the test session, three-way ANOVA with pre-training (saline x
amphetamine) and pre-test (saline x amphetamine) treatments as betweensubject factors and arm type as within-subject factor revealed a significant effect
of arm type [F(1,72)=700.48; P<0.001], significant pre-training treatment x arm
type [F(1,72)=11.04; P=0.001], pre-test treatment (SAL or AMPH) x arm type
[F(1,72)=34.42; P<0.001] pre-training x pre-test x arm type [F(1,72)=12.63;
P=0.001] interaction effects. Post hoc analysis by Duncan’s test revealed that
all animals (SAL-SAL, SAL-AMPH, AMPH-SAL and AMPH-AMPH) spent
significantly less time in the aversive than in the non-aversive enclosed arm,
(Figure 2A). Since all mice displayed retention of the task, percent time spent in
the aversive enclosed arm was analyzed in order to investigate possible
differences in the magnitude of the retention. Thus, two-way ANOVA followed
by Duncan’s test revealed significant effects of pre-training [F(1,36)=5.10;
P<0.05] and pre-test [F(1,36)=9,88; P<0.005] treatments and pre-training x pretest interaction [F(1,36)=5.06; p<0.05], showing that the animals treated with
AMPH before training (AMPH-SAL) displayed an enhancement in this
parameter (i.e., memory impairment) when compared to all the other groups.
Taken together, these data demonstrates that a pre-training administration of
AMPH induces memory impairment which is state-dependent, as far as the pre-
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test administration of this drug (AMPH-AMPH) abolishes such memory deficit
(Figure 2B).
In respect to percent time spent in the open arms during the test session,
two-way ANOVA revealed no significant effects (Figure 3C). Finally, two-way
ANOVA for total number of entries revealed significant effects of pre-test
treatment [F(1,36)=7.56; P<0.05]. Hence, mice pre-test treated with AMPH
(SAL-AMPH and AMPH-AMPH groups) showed a decreased motor activity
when compared to their respective control pre-test treated with SAL (SAL-SAL
and AMPH-SAL, respectively) (Figure 3D).

59

Leandro Sanday

A

B

C

Figure 1: Effects of amphetamine on the training performance of mice in the
PM-DAT. Mice were intraperitoneally treated with saline (SAL) or 3 mg/Kg
amphetamine (AMPH) 15 min before training session. Results are presented as
mean±SE of time (seconds) spent in the non-aversive (NAv) and in the aversive
(Av) enclosed arms (A); percent time spent in the aversive enclosed arm (%
TAv) minute by minute throughout the training (B) and percent time spent in the
aversive enclosed arm in the session as a whole (C) of the plus-maze
discriminative avoidance task (PM-DAT) apparatus in the training session.
*p<0.05 compared to the time spent in the non-aversive enclosed arm (two-way
ANOVA and Duncan’s test); ANOVA with repeated measures revealed only
time significant effects for %TAv (B).
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A

B

Figure 2: Effects of amphetamine on the test performance of pre-training and/or
pre-test treated mice in the PM-DAT. Mice were intraperitoneally treated with
saline (SAL-) or 3 mg/Kg amphetamine (AMPH-) 15 min before training session
and tested, 24h later, 15 min after an i.p. injection of saline (-SAL) or 3 mg/Kg
amphetamine (-AMPH). Results are presented as mean±SE of time (seconds)
spent in the non-aversive (NAv) and in the aversive (Av) enclosed arms (A) and
percent time spent in the aversive enclosed arm (B) of the plus-maze
discriminative avoidance task (PM-DAT) apparatus in the test session. *p<0.05
compared to the time spent in the non-aversive enclosed arm (three-way
ANOVA and Duncan’s test); p<0.05 compared to all the other groups (two-way
ANOVA and Duncan’s test).
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A

B

C

D

Figure 3: Effects of amphetamine on performance of pre-training and/or pretest treated mice in the PM-DAT. Mice were intraperitoneally treated with saline
(SAL-) or 3 mg/Kg amphetamine (AMPH-) 15 min before training session and
tested, 24h later, 15 min after an i.p. injection of saline (-SAL) or 3 mg/Kg
amphetamine (-AMPH). Results are presented as mean±SE of percent time
spent in the open arms (% TO) (A and C) and total number of entries (B and D)
of the plus-maze discriminative avoidance task (PM-DAT) apparatus in the
training and test sessions, respectively. °p<0.05 compared to the SAL-treated
group (independent samples T-test); +p<0.05 compared to the respective SAL
pre-test-treated group (two-way ANOVA and Duncan’s test).
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DISCUSSION

Whereas there is extensive evidence of facilitatory effects of post-training
administration of AMPH on memory tasks (Krivanek and McGaugh, 1969;
Packard and White, 1989; Janak and Martinez, 1992; Simon and Setlow, 2006).
The pre-training effects of this psychostimulant on memory are highly
controversial (Ventulani et al., 1993; Gutnikov et al., 1994; Wood and
Anagnostaras, 2009). Thus, although AMPH seems to improve memory
consolidation, pre-training administration of this drug can impair cognitive
performance by inhibiting learning process or by producing state-dependent
memory deficits. Using the PM-DAT, the present study demonstrated that pretraining AMPH administration produced memory deficits in the absence of a
learning impairment. These memory deficits were however completely
abolished by a subsequent pre-test administration of the drug, thereby revealing
the critical role of state-dependency in the cognitive effects of AMPH.
In the PM-DAT, learning is evaluated by the progressive decrease in the
exploration of the aversive enclosed arm where light and sound are presented
during the training session. Since learning has to be verified by a modification of
performance in a specific period of time, the progressive learned avoidance to
this arm is measured by the percent time spent in the arm throughout the
training session (Silva et al., 2004; Carvalho et al., 2006; Patti et al., 2006;
Alvarenga et al., 2008; Niigaki et al., 2010). Regarding the experimental
validation of this parameter as a learning index, we have demonstrated, for
example, that sleep deprivation produced learning deficits in rats (Alvarenga et
al., 2008), corroborating clinical data (Dinges et al., 1997). In the present study,
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the pre-training acute administration of AMPH did not modify the animals’ ability
of progressively avoid the aversive enclosed arm in the training session,
suggesting that learning was not modified. However, AMPH administration
promoted a decreased percent time spent in the open arms of the apparatus in
training session. The quantification of this parameter in the PM-DAT has been
proven to effectively evaluate anxiety levels since classical anxiogenic drugs
such as caffeine decrease it (Silva and Frussa-Filho, 2000), while classical
anxiolytic agents such as chlordiazepoxide and ethanol increase it (Silva and
Frussa-Filho, 2000, 2002; Calzavara et al., 2004; Kameda et al., 2007; Gulick
and Gould, 2009a,b, 2011). In this vein, the anxiogenic effect of this
psychoactive drug has been extensively described for mice and rats both in the
traditional elevated plus-maze (Pellow et al., 1985; Lapin, 1993; Biala and Kruk,
2007, 2009; Biala et al., 2009) and in the PM-DAT (Silva et al., 2002a).
In the present study, pre-training acute administration of 3.0 mg/Kg AMPH
did not modify locomotor activity (evaluated by total number entries in any of the
arms of the apparatus) during the training session. These results contradicts
findings obtained in our own laboratory showing that AMPH at the same or
similar dose range significantly enhanced mice’s locomotor activity evaluated in
the open-field apparatus (Bellot et al., 1997; Calzavara et al., 2008; Carvalho et
al., 2009). This discrepancy between the PM-DAT and the open-field finding
might lead to the suggestion that total number of entries in the former test does
not represent a very sensitive index of locomotor activation. However, this does
not seem to be the case because total number of entries in the PM-DAT has
been proven to be a sensitive as the open-field model to evaluate
hypolocomotion induced by the catecholamine-depleting agent reserpina (Silva
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et al., 2002b; Carvalho et al., 2003; Castro et al., 2006) or the well-known
biphasic pattern of ethanol derived effects on motor activity (Bellot et al., 1996;
Araujo et al., 2005, 2006, 2009; Kameda et al., 2007; Gulick and Gould,
2009a,b,

2011).

In

addition,

we

have

already

demonstrated

that

hyperlocomotion induced by non-drug procedures such as continuous exposure
to light (Abílio et al., 1999) or paradoxical sleep deprivation (Frussa-Filho et al.,
2004) can be effectively detected by the total number of entries in the PM-DAT
(Castro et a., 2006; Patti et al., 2010).
Alternatively, the discrepancy between the PM-DAT and open-field
findings concerning the increased motor activity induced by AMPH could be due
to the experimental situation, since there are environmental qualitative
differences between these two animal models. In fact, while the open-field
arena can be a neutral environment, the PM-DAT contains two open arms
naturally avoided by rodents and one aversive enclosed arm which can be
actively avoided, making this apparatus more anxiogenic than the open-field. In
this way, highly illuminated (i.e., more aversive) open-fields have been shown to
decrease spontaneous (Bouwknecht et al., 2007) or AMPH-induced (Fukushiro
and Frussa-Filho, 2010) locomotor activity. Thus, the absence of the
hyperlocomotor effect of AMPH in the PM-DAT could be explained by an
increased anxiety-like behavior induced by the drug in an aversive environment.
Within this context, our group has verified that the anxiogenic effect of acute
administration of AMPH could mask its hyperlocomotor effect (Zanlorenci et al.,
data in preparation). Indeed, when AMPH is co-administrated with the
benzodiazepine chlordiazepoxide, this anxiolytic agent was able inhibit AMPHinduced anxiogenic effect and a hyperlocomotor effect with a greater magnitude
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was verified in mice exposed to the open-field arena. In further support to this
assumption, we have demonstrated that the PM-DAT was not effective at
detecting the well-known stimulant effect of caffeine unless it was coadministered with chlordiazepoxide (Silva and Frussa-Filho, 2000).
Previous studies from our group and others have demonstrated that, in the
PM-DAT, an inhibitory effect on memory can be demonstrated by reduced
avoidance of the aversive enclosed arm, i.e., when the time spent in this arm is
not significantly different from time spent in the non-aversive enclosed arm in
the test. Such inhibitory effect has been reported for scopolamine (Claro et al.,
1999; Silva et al., 1999), chlordiazepoxide (Silva and Frussa-Filho 2000),
morphine (Patti et al., 2006), reserpine (Carvalho et al., 2006), ethanol (Kameda
et al., 2007; Gulick and Gould, 2009a,b, 2011) and cocaine (Niigaki et al., 2010)
pre-training administration. Alternatively, memory reduction can be evaluated by
an increase in the percent time spent in the aversive enclosed arm in the test,
even if the animals were still able to avoid the aversive enclosed arms. This
inhibitory effect has been reported for pre-training administration of caffeine
(Silva and Frussa-Filho, 2000) and AMPH (Silva et al., 2002a) and paradoxical
sleep deprivation (Alvarenga et al., 2008). In this context, our study
corroborates that the findings of Silva and colleagues (2002a) who verified that
the pre-training acute administration of 1.0 and 3.0 mg/Kg AMPH induced
amnestic effects by increasing the percent time spent in the aversive enclosed
arm during the test session of the PM-DAT.
Considering the close relationship between memory and anxiety in
behavioral tasks (Mathews, 1990; Silva and Frussa-Filho, 2000), the well-known
anxiogenic effect of AMPH demonstrated in this study could be contributing to
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the appearance of the retention deficit induced by this drug and detected by an
increased percent time in the aversive enclosed arm present by the AMPH-SAL
group in the test session. In this scenario, Silva and Frussa-Filho (2000) have
demonstrated that alteration in anxiety levels (increase or decrease) during the
plus-maze discriminative avoidance conditioning led to retention deficits during
the testing. In that study, pre-training administration of caffeine decreased the
percentage time in open arms in the training session and did not modify the
acquisition performance. Caffeine pre-training treatment, however, did lead to
performance deficits during the test session, which were counteracted by
simultaneous

pre-training

chlordiazepoxide

administration,

as

was

the

anxiogenic effect. In addition, it has been demonstrated that biochemical events
involved in memory formation are regulated by hormonal and neurohumoral
mechanisms related to stress and anxiety (Korneyev, 1997). However, the fact
that the amnestic effect produced by the pre-training AMPH administration
(AMPH-SAL

group) was completely abolished by the pre-test acute

administration of the drug (AMPH-AMPH group) suggested a preponderant
involvement of the state-dependency phenomenon on the memory impairment
induced by the pre-training AMPH administration.
Importantly, the present results do not corroborate the observation that
state-dependent learning is bidirectional, i.e., animals that were trained after a
SAL injection should present retention deficits when AMPH was administered
before the test session. In the present study, mice treated with SAL before
training and AMPH before testing (SAL-AMPH group) showed similar retention
levels when compared to that presented by the control (SAL-SAL) group. In this
respect, previous data have shown that drug-to-vehicle state alterations often
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exert greater state-dependent effects then vehicle-to-drug changes do
(Colpaert, 1990; Jackson et al., 1992; Patti et al., 2006).
Concerning the occurrence of state-dependent learning described in the
present study, our data suggest that the emotional state of the animal may be
relevant for the ability of retrieving the task. In other words, although not
statistically detected, pre-test AMPH administration may have lead to an
anxiogenic state similar to that in the training. In this respect, the absence of
significant statistic differences in the percent time spent in the open arms during
the test session among groups pre-test treated with AMPH (SAL-AMPH and
AMPH-AMPH groups) in relation to their respective control groups (SAL-SAL
and AMPH-SAL groups) could have been produced by a floor effect (two-way
ANOVA with treatment as a between subject revealed a trend towards pre-test
treatment [F(1,36)=3.52; p=0.073]). Additionally, reinforcing this possible
occurrence of anxiogenic effect in mice pre-test treated with AMPH, the
decrement of AMPH-induced hyperlocomotion in the test session could have
been produced by an increased anxiety level. In this respect, it is well-known
that the environmental novelty has rewarding and hyperlocomotion effects
(Piazza et al., 1989; Alvarez et al., 2006). Thus, while the anxiogenic effect of
AMPH was counterbalanced by the stimulant effect of novelty in the training
session, a predominance of the anxiogenic effect in the test session (without
environmental novelty) may have produced AMPH-induced locomotor inhibition.
From a clinical perspective as recently pointed out by Young and Colpaert
(2009), state-dependency of stimulants like AMPH may dramatically influence
drug use, the permanence of learning and the ability to use information in new
conditions. According to these authors, individuals who use AMPH to improve
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their learning of new information may indeed learn slightly fast or with less effort
than those who do not use such drug. Latter, however, they may not remember
or use the learned information unless they take amphetamines or related drugs
again. Our pre-clinical data seem to markedly corroborate such a view. In
addition, state-dependency has been linked to both anxiety state and drug
dependency in humans (Colpaert, 1990).
Taken together, these results corroborate the previous work of our group
(Silva et al., 2002a) which describes a decreased retention of a discriminative
avoidance task induced by pre-training acute administration of AMPH.
Importantly, the present study demonstrates that this memory impairment is
state-dependent. Additionally, we also suggest that the behavioral modifications
induced by the acute administration of this drug – anxiety – could critically
contribute to the ability of retrieving the discriminative task. These results
reinforce the importance of considering the participation of state-dependency
learning on the interpretation of the cognitive effects of AMPH.
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ABSTRACT

STUDY OBJECTIVES: Caffeine (CAF) is the most widely used psychoactive
substance in the world and its generally believed that it promotes beneficial
effects on cognitive performance. However, there is also extensive evidence
suggesting inhibitory effects of CAF on learning and memory. Considering that
CAF promotes a marked anxiogenic effect, changing the emotional state of the
subjects, an influence of state-dependent learning in CAF-induced cognitive
alterations could be raised. DESIGN: Mice were administered with 20 mg/Kg
CAF before training and/or before testing in the plus-maze discriminative
avoidance task (PM-DAT), an animal model that evaluates concomitantly
learning, memory, anxiety and general activity. RESULTS: Pre-training CAF
administration did not modify learning, but produced an anxiogenic effect and
impaired memory retrieval. While pre-test administration of CAF did not modify
retrieval per se, the subsequent pre-test administration of this drug
counteracted the memory deficit induced by the pre-training CAF injection.
CONCLUSIONS: Our data demonstrate that CAF-induced memory deficits are
critically related to state-dependent learning, reinforcing the importance of
considering the participation of state-dependency on the interpretation of the
cognitive effects of CAF. The possible participation of CAF-induced anxiety
alterations in its state-dependent memory deficits is discussed.

KEYWORDS: caffeine, memory, state-dependency
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INTRODUCTION

Caffeine (CAF) is the most widely used psychoactive substance in the
world (Nehlig, 1999) and, generally, it is believed to improve learning and
memory (Cunha and Agostinho, 2010; Glade, 2010).However, an accurate
review of studies on this subject shows that there are mixed results. In this way,
while many studies suggest an improving effect of CAF either in animal (Yonkov
and Roussinov, 1983; Valzelli et al., 1986; Molinengo et al., 1995; Cestari and
Castellano, 1996; Howell et al., 1997; Prediger et al., 2005a,b,c,d; Costa et al.,
2008; Botton et al., 2010) or in human models of learning and memory (Calev,
1994; Riedel et al., 1995; Riedel and Jolles, 1996; Pollina and Calev, 1997;
Lieberman et al., 2002; Haskell et al., 2008), other studies report that CAF does
not affect memory (Erikson et al., 1985; Loke et al., 1985; Loke, 1988;
Furusawa, 1991; Hudzik and Wenger, 1993; Smith et al., 1994) or even impairs
it (Bartus, 1979; Izquierdo et al., 1979; Terry and Phifer, 1986; Sansone et al.,
1994; Angelucci et al., 1999; Corodimas et al., 2000; Silva and Frussa-Filho,
2000; Childs and de Wit, 2006; Gulick and Gould, 2009a).
Concerning the possible reasons for this controversy, in all the above
cited reports in which CAF administration led to amnestic effect, the drug was
pre-training administered. Thus, a specific inhibitory effect of CAF on the
acquisition phase of the memory process could explain many of the
contradictory effects of CAF on memory found in the literature. This inhibitory
effect on acquisition could be related to a direct impairment effect on learning or
to the phenomenon of state-dependent learning. In this respect, sometimes the
retrieval of an engram from memory may require that the organism be in a state
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that is similar to that in which the engram was initially acquired (Bruins Slot and
Colpaert, 1999). Since CAF produces a marked anxiogenic effect both in
humans (Lader and Bruce, 1986) and in animal models (Lister, 1987), thereby
changing the emotional state of the subjects, an influence of state-dependent
learning in CAF-induced cognitive alterations could be raised.
Alternatively, the anxiogenic effect of CAF and its psychostimulant action
could per se interfere with learning processes, leading to contradictory findings.
Indeed, while there seems to be a close relationship between cognition and
anxiety (Mathews, 1990; Silva and Fussa-Filho, 2000) CAF may produce
hyperlocomotion in rodents (Meliska and Loke, 1984) which could also modify
the acquisition of behavioral tasks and consequently affect retention. In this
scenario, the investigation of the effects of pre-training administration of CAF on
the plus-maze discriminative avoidance task (PM-DAT) can be very useful since
this animal model can evaluate concomitantly and independently memory
retention, anxiety and motor function (Silva et al., 1997; Silva and Frussa-Filho,
2000; Ribeiro et al., 2010; Gulick and Gould, 2011). More recently, we have
also validated the model to the quantification of learning (Silva et al., 2004;
Carvalho et al., 2006; Patti et al., 2006; Alvarenga et al., 2008). Using the PMDAT, we (Silva and Frussa-Filho, 2000) and others (Gulick and Gould 2009a)
have demonstrated that pre-training administration of CAF produces an
anxiogenic effect in the training session and an inhibitory effect on the retention
of the discriminative avoidance task. Interestingly, we have demonstrated that
the amnestic effects of pre-training 20 mg/Kg CAF was abolished when its
anxiogenic effect was inhibited by the concomitant administration of the
benzodiazepine chlordiazepoxide (Silva and Frussa-Filho, 2000). However, the
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specific effect of this amnestic dose of CAF on learning was not investigated yet
as it was not the possible involvement of the state-dependency phenomenon.
The aim of the present study was to investigate the effects of the pretraining administration of the amnestic dose of 20 mg/Kg CAF on learning,
memory, anxiety and motor function of mice submitted to the PM-DAT, and to
examine the possible participation of the state-dependency phenomenon in
CAF-induced retention deficits.

MATERIALS AND METHODS

Subjects

Three-month-old Swiss EPM-M1 male mice (outbred, raised, and
maintained in the Centre for Development of Experimental Models in Medicine
and Biology of Universidade Federal de São Paulo) were used. Animals
weighing 30-35 g were housed under controlled temperature (22-23°C) and
lighting (12h light, 12h dark; lights on at 6:45 a.m.) conditions. Food and water
were available ad libitum throughout the experiments. Animals used in this
study were maintained in accordance with the National Institute of Health Guide
for the care and use of laboratory animals (NIH Publications Nº 80-23, revised
1996) and the Brazilian Law for Procedures for Animal Scientific Use
(#11794/2008). The experimental procedures were approved by the Institutional
Animal Care and Use Committee under the protocol #0960/09.
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Drug

Caffeine (CAF) (RBI®) was diluted in saline (SAL) and given
intraperitoneally (i.p.) in a volume of 10 ml/Kg of body weight at the dose of 20
mg/Kg. Saline was used as control solution.

Plus-maze discriminative avoidance task (PM-DAT)

The apparatus employed in the plus-maze discriminative avoidance task
(PM-DAT) is a modified elevated plus-maze, made of wood, containing two
enclosed arms with sidewalls and no top (28.5 x 7 x 18.5 cm), opposite to two
open arms (28.5 x 7 cm). A non-illuminated 100-W lamp was placed over the
exact center of one of the enclosed arms (aversive enclosed arm). In the
training session, each mouse was placed at the center of the apparatus and,
during a 10-min period, an aversive stimulus was administered every time the
animal entered the enclosed arm containing the lamp and was continued until
the animal left the arm. The aversive stimulus consisted of both the illumination
of the 100-W light and the production of an 80-dB noise by a small machine
placed under the aversive enclosed arm. In the test session (performed in the
same room 24h after the training session), mice were again placed in the center
of the apparatus and were observed for 3 min; however, the mice did not
receive the aversive stimuli when they entered the aversive enclosed arm
(although the non-illuminated lamp was still placed on the middle of this arm to
help distinguish between the aversive and non-aversive arms). In all
experiments, the animals were observed in a blind manner, and the apparatus
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was cleaned with a 5% alcohol solution after each behavioral session. Total
number of entries in any of the arms (an entry was defined as the entry of all
four paws into one arm), percent time spent in the aversive enclosed arm (time
spent in aversive enclosed arm/time spent in both enclosed arms), and percent
time spent in open arms (time spent in open arms/time spent in both open and
enclosed arms) were calculated. Learning was evaluated by the decrease in
percent time spent in the aversive enclosed arm throughout the training
session. Memory was evaluated by the time spent in the aversive vs. nonaversive enclosed arms in the test session. Percent time spent in the aversive
enclosed arm among the groups which presented retention of the task in the
test session was compared in order to reveal quantitative differences. Anxietylike behavior was evaluated by the percent time spent in the open arms of the
apparatus. Total number of entries in any of the arms was used to evaluated
motor activity.

Statistical analysis

Total number of entries in any of the arms, percent time spent in the
open arms and percent time spent in the aversive enclosed arm were calculated
and compared using the T-test for independent samples in the training session
and two-way ANOVA followed by Duncan’s test in the testing. The decrease in
percent time spent in the aversive enclosed arm throughout the training session
was compared by ANOVA with repeated measures. Two-way ANOVA followed
by Duncan’s test was used to analyze time spent in the aversive vs. nonaversive enclosed arms in the training session and a three-way ANOVA was
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used in the test session to analyze the same parameter. A probability of p<0.05
was considered significant for all comparisons made.

Experimental design

Role

of

state-dependency

in

memory

impairment

induced

by

acute

administration of caffeine in mice tested in the PM-DAT

Mice were randomly assigned to one of the following groups: pretraining/pre-test administration of SAL (SAL-SAL, n= 10), pre-test administration
of CAF (SAL-CAF, n=10), pre-training administration of CAF (CAF-SAL, n=10)
or pre-training/pre-test administration of CAF (CAF-CAF, n=10). Groups of 20
mice received SAL or 20 mg/Kg CAF. Five minutes after the injection, all
animals were submitted to a training session in the PM-DAT and the behavioral
parameters were registered minute by minute. Twenty-four hours after the
training session, 10 animals of the pre-training SAL group received another SAL
injection (SAL-SAL) while the other 10 mice received 20 mg/Kg CAF (SALCAF). Similarly, 10 animals of the pre-training CAF group received a SAL
injection (CAF-SAL) and the other 10 mice received another 20 mg/Kg CAF
administration (CAF-CAF). A test session was performed thirty minutes after the
second injection.
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RESULTS

Role

of

state-dependency

in

memory

impairment

induced

by

acute

administration of caffeine in mice tested in the PM-DAT

While both the SAL-SAL and SAL-CAF groups performed the training
session after a SAL injection, both the CAF-SAL and CAF-CAF groups
performed it after a CAF injection. In the training session, data from animals of
the SAL-SAL and SAL-CAF groups were thus pooled into the SAL group
whereas data from the CAF-SAL and CAF-CAF groups were pooled into the
CAF group. Two-way ANOVA with pre-training treatment (saline x caffeine) as
between-subject factor and arm type (aversive vs. non-aversive) as withinsubject factor revealed a significant effect of arm type [F(1,76)=566.06;
P<0.001]. Post hoc analysis by Duncan’s test revealed that animals treated with
SAL or CAF spent significantly less time in the aversive than in the non-aversive
enclosed arm, during the training session (Figure 1A), demonstrating the
effectiveness of the aversive stimuli. ANOVA for the percent time spent in the
aversive arm with treatment as a between-subject factor and time (minutes of
observation) as a repeated measure factor revealed a significant effect of time
only [F(9,342)=8.05; P<0.001]. Indeed, the percent time spent in the aversive
arm was decreased with the same magnitude in both groups, demonstrating an
equivalent learning level of the task (Figure 1B). Still, in this session, T-test for
independent samples did not show any significant difference when percent time
spent in the aversive enclosed arm was compared [T(38)=0.36; P=0.72] (Figure
1C).
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Concerning percent time spent in the open arms, T-test for independent
samples revealed that animals treated with CAF spent less percent time in
these arms, showing an anxiogenic effect [T(38)=2.18; P<0.05]. Conversely, no
significant differences were found between groups when total number of entries
was analyzed [T(38)=1.68; P=0.10] (Figures 3A and 3B, respectively).
In the test session, three-way ANOVA with pre-training (saline x caffeine)
and pre-test (saline x caffeine) treatments as between-subject factors and arm
type as within-subject factor revealed significant effects of arm type
[F(1,72)=48.36; P<0.001], pre-training treatment x arm type [F(1,72)=6.05;
P<0.05], pre-test treatment (saline or caffeine) x arm type [F(1,72)=5.42;
P<0.05], pre-training treatment x pre-test treatment x arm type [F(1,72)=3.29;
P<0.05] interactions . Post hoc analysis by Duncan’s test revealed that with the
exception of the group of animals pre-training treated with CAF (CAF-SAL), all
the other groups (SAL-SAL, SAL-CAF and CAF-CAF) spent significantly less
time in the aversive than in the non-aversive enclosed arm, whereas the
animals pre-training treated with CAF (CAF-SAL) displayed similar times spent
in both enclosed arms (Figure 2A). Thus, the pre-training administration of CAF
induced memory impairment which was state-dependent, since the pre-test
administration of this drug (CAF-CAF) abolished such impairment. Still,
comparing the groups that presented retention of the task (SAL-SAL, SAL-CAF
and CAF-CAF), one-way ANOVA did not reveal significant differences in the
percent time spent in the aversive enclosed arm [F(2,27)=1.75; P=0.19],
demonstrating the same magnitude of retention among groups(Figure 2B).
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Concerning percent time spent in the open arms, two-way ANOVA did
not reveal significant effects (Figure 3C). Also, two-way ANOVA for total
number of entries did not reveal significant effects (Figure 3D).
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A

B

C

Figure 1: Effects of caffeine on the training performance of mice in the PMDAT. Mice were intraperitoneally treated with saline (SAL) or 20 mg/Kg caffeine
(CAF) 5 min before training session. Results are presented as mean±SE of time
(seconds) spent in the non-aversive (NAv) and in the aversive (Av) enclosed
arms (A); percent time spent in the aversive enclosed arm (% TAv) minute by
minute throughout the training (B) and percent time spent in the aversive
enclosed arm in the session as a whole (C) of the plus-maze discriminative
avoidance task (PM-DAT) apparatus in the training session. *p<0.05 compared
to the time spent in the non-aversive enclosed arm (two-way ANOVA and
Duncan’s test); ANOVA with repeated measures revealed only time significant
effects for %TAv (B).
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A

B

Figure 2: Effects of caffeine on the test performance of pre-training and/or pretest treated mice in the PM-DAT. Mice were intraperitoneally treated with saline
(SAL-) or 20 mg/Kg caffeine (CAF-) 5 min before training session and tested,
24h later, 5 min after an i.p. injection of saline (-SAL) or 20 mg/Kg caffeine (CAF). Results are presented as mean±SE of time (seconds) spent in the nonaversive (NAv) and in the aversive (Av) enclosed arms (A) and percent time
spent in the aversive enclosed arm (B) of the plus-maze discriminative
avoidance task (PM-DAT) apparatus in the test session. *p<0.05 compared to
the time spent in the non-aversive enclosed arm (three-way ANOVA and
Duncan’s test).
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A

B

C

D

Figure 3: Effects of caffeine on performance of pre-training and/or pre-test
treated mice in the PM-DAT. Mice were intraperitoneally treated with saline
(SAL-) or 20 mg/Kg caffeine (CAF-) 5 min before training session and tested,
24h later, 5 min after an i.p. injection of saline (-SAL) or 20 mg/Kg caffeine (CAF). Results are presented as mean±SE of percent time spent in the open
arms (% TO) (A and C) and total number of entries (B and D) of the plus-maze
discriminative avoidance task (PM-DAT) apparatus in the training and test
sessions, respectively. °p<0.05 compared to the saline-treated group
(independent samples T-test).

90

Leandro Sanday

DISCUSSION

While there is extensive literature suggesting a general facilitatory effect
of CAF on memory, many studies have reported inhibitory effects on retention
after pre-training administration of this psychostimulant (see Introduction
section), thereby suggesting that CAF can specifically impair some aspects of
the acquisition phase the learning/memory processes. The present study
corroborates the data reported by Silva and Frussa-Filho (2000) by
demonstrating that pre-training 20 mg/Kg CAF produced anxiogenic effects and
decreased retention in mice submitted to the PM-DAT. Extending the findings of
Silva and Frussa Filho (2000), the present work demonstrated that pre-training
CAF-induced retention decrement of the discriminative avoidance task was not
due to a direct impairing effect on learning. However, it was critically related to
the state-dependent learning phenomenon, since subsequent pre-test CAF
administration abolished the amnestic effect of the pre-training injection of the
psychostimulant.
In the PM-DAT, the avoidance of the aversive enclosed arm upon testing
has been validated as a measure of retention because classical amnestic
manipulations such as scopolamine (Silva et al., 1999, 2002a; Claro et al.,
1999), chlordiazepoxide (Silva and Frussa-Filho, 2000, 2002; Calzavara et al.,
2004), ethanol (Kameda et al, 2007; Gulick and Gould, 2009a,b, 2011) and
sleep deprivation (Silva et al., 2004; Alvarenga et al., 2008; Patti et al., 2010)
decrease it. In contrast, putative memory-improving treatments such as
gangliosides (Silva et al., 1997, 1999, 2000) and phosphatidylserine (Claro et
al, 1999) increase this effect. In addition, the percent of time spent in the open
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arms of the apparatus during the training session has been validated as a
measure of anxiety since classical anxiety agents such as chlordiazepoxide
(Silva and Frussa-Filho, 2000, 2002; Calzavara et al., 2004) and ethanol
(Kameda et al, 2007; Gulick and Gould, 2009a,b, 2011) increase this parameter
and classical anxiogenic drugs such as CAF decrease it (Silva and FrussaFilho, 2000; Gulick and Gould, 2009a). In the present paper, pre-training
administration of 20 mg/Kg CAF significantly decrease the avoidance of the
aversive enclosed arm upon testing and diminished the percent time spent in
the open arms of the apparatus in the training session. Thus, these effects were
respectively interpreted as a retention deficit and an anxiogenic action.
Concerning the retention deficit induced by the pre-training administration
of CAF, it could at first sight be related with a direct impairing effect of the drug
on the acquisition of the task. However, this was not the case as there was no
significant difference in the way mice pre-treated with CAF or SAL progressively
avoided the aversive enclosed arm throughout the training session. In this
respect, since learning has to be verified by a modification of performance in a
specified period of time, the progressively learned avoidance to the aversive
enclosed arm is measured by the percent time spent in the arm throughout the
training session (Silva et al., 2004; Patti et al., 2006; Alvarenga et al., 2008;
Niigaki et al., 2010). Regarding the experimental validation of this parameter of
the learning index, we have demonstrated that sleep deprivation produced
learning deficits in rats (Alvarenga et al., 2008), corroborating clinical data
(Dinges et al., 1997). In the present study, two-way ANOVA with repeated
measures of the percent time spent in the aversive enclosed arm throughout the
training session revealed a significant effect of time but no significant effect of
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pre-treatment and no significant interaction between pre-treatment and time.
Thus, both CAF and SAL pre-treated mice learned equally the discriminative
avoidance task.
The conclusion that the retention deficit induced by pre-training CAF
administration was not produced by a direct impairment effect of CAF on the
acquisition of the task was strengthened by the observation that a subsequent
pre-test CAF administration abolished the amnestic effect produced by the pretraining injection of the drug. Importantly, this observation demonstrates the
involvement of state-dependent learning on the amnestic effect of the pretraining CAF administration. While, state-dependency involving CAF have been
demonstrated in same clinical studies (Kelemen and Creeley, 2003;
Mystkowsky et al., 2003), as far as we know, this is the first study to
demonstrate state-dependent learning involving CAF in an animal model of
learning and memory. Within this context, it was suggested that the amnestic
effects induced by pre-training CAF administration in rodents submitted to both
inhibitory avoidance task (Angelucci et al, 1999) and a fear conditioning task
(Corodimas et al., 2000) could not be attributed to state-dependent learning in
that they were not abolished by a subsequent pre-test CAF administration.
However, it should be noted that in these animal models, memory is quantified
by inhibition of motor activity, which can be artefactually modified by pre-test
CAF’s psychostimulant effects. Notwithstanding, Gulick and Gould (2009a)
have recently demonstrated that the retention deficit induced by pre-training
administration of 40 mg/Kg CAF in C56BL/6 mice submitted to the PM-DAT due
was not due to state-dependent learning. Differences in mice’s strain and CAF
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dose could be related to the discrepancy between the present data and those
reported by Gulick and Gould (2009a).
Regarding the anxiogenic effect induced by the pre-training CAF
administration, the present data corroborate those previously reported by Silva
and Frussa-Filho (2000) and Gulick and Gould (2009a). In this respect, an
increased anxiety level could have contributed to the internal state of CAFtreated mice, which causes state-dependent learning. Indeed, studies in
humans have extensively shown that similar mood conditions can critically
contribute to state-dependent learning (Bower, 1981; Clarck and Teasdale,
1982; Wilner, 1985; Blaney, 1986; Dalgleish and Watts, 1990; Kenealy, 1997).
Specifically concerning anxiety states, Colpaert (1990) suggested that the statedependent learning effects of benzodiazepine-receptor agonists are linked to
their anxiolytic action. On the other hand, the possible involvement of CAFinduced anxiogenic effect on state-dependent learning does not seem to be in
line with the fact that pre-test administration of the drug was not able to modify
the percent time spent in the open arms of the apparatus. However, there
several studies performed in the traditional elevated plus-maze showing that the
anxiety-like behavior evaluated by the percent time spent in the open arms of
the apparatus is not reliable in animals previously exposed to the maze (File,
1990; Rodgers et al., 1997; Homes and Rodgers, 1999; Pereira et al., 19999;
Frussa-Filho and Ribeiro, 2002;. Calzavara et al., 2005). Both the pre-training
and the pre-test CAF administration could have produced an anxiogenic state
but only the anxiogenic effect produced by the pre-training administration of the
drug could have been detected by the percent time spent in the open arms of
the PM-DAT apparatus.
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Data from the total number of entries parameter seem to be in line with
the possibility pointed out above. This behavioral parameter has been proven to
as sensitive as the open-field model to evaluated hypolocomotion induced by
the catecholamine-depleting agent reserpine (Silva et al, 2002b; Carvalho et al.,
2003, 2006; Castro et al., 2006), or the well-known biphasic pattern of ethanolderived effects on motor activity (Bellot et al., 1996; Araujo et al., 2005, 2006,
2009; Kameda et al., 2007, Gulick and Gould, 2009a, b, 2011). In addition, we
have already demonstrated that the hyperlocomotion induced by non-drug
procedures such as continuous exposure to light (Abílio et al., 1999) or
paradoxical sleep deprivation (Frussa-Filho et al., 2004) can be effectively
detected by total number entries in the PM-DAT (Castro et al., 2006; Patti et al.,
2010). These concerns notwithstanding, the well-known locomotor stimulant
effects of CAF verified in the open-field at a similar dose range to that was used
in the present study (Meliska and Loke, 1984; Meliska et al., 1990; Angelucci et
al., 1999) was not detected in the PM-DAT (present data, Silva and FrussaFilho, 2000 and Gulick and Gould, 2009a).
The discrepancy between the PM-DAT and the open-field findings
concerning the increased motor activity induced by CAF could be due to the
experimental situation, since there are environmental qualitative differences
between these two animal models. In fact, while the open-field arena can be a
neutral environment, the PM-DAT contains two open arms naturally avoided by
rodents and one aversive enclosed arm which can be actively avoided, making
this apparatus more anxiogenic than the open-field. In this way, highly
illuminated (i.e., more aversive) open-field have been shown to decrease
spontaneous (Bouwknecht et al., 2007) or drug-induced (Fukushiro et al., 2010)
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locomotor activity. Thus, the absence of the hyperlocomotor effect of CAF in the
PM-DAT could be explained by an increased anxiety-like behavior induced by
the drug in an aversive environment. In full support to this assumption, we have
previously demonstrated that the co-administration with an anxiolytic dose of
chlordiazepoxide abolished the anxiogenic effect of 20 mg/Kg CAF in the PMDAT and released its locomotor stimulant effect measured by the total number
of entries (Silva and Frussa-Filho, 2000).
Since both pre-training and pre-test CAF administrations were unable to
produce locomotor stimulation in the PM-DAT, it can be concluded that CAF
produced an anxiogenic state both in the training and in the test sessions,
allowing the pre-training plus pre-test CAF treated mice (CAF-CAF group) to
recall the task. Conversely, animals only pre-training treated with CAF
presented an increased anxiety only in the training session thereby presenting a
state-dependent amnesia. Supporting this notion, we have shown that the
abolition of the anxiogenic effect of pre-training CAF administration by the coadministration with chlordiazepoxide was also able to abolish the amnestic
effect of the drug (Silva and Frussa-Filho, 2000).
Importantly, the present results do not corroborate the observation that
state-dependent learning is bi-directional, i.e., animals that were trained after a
SAL injection should present retention deficits when CAF was administered
before the test session. In the present study, mice treated with SAL before
training and CAF before testing (SAL-CAF group) showed similar retention
levels when compared to that presented by the control (SAL-SAL) group. In this
respect, previous data have shown that drug-to-vehicle state alterations often
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exert greater state-dependent effects than vehicle-to-drug changes do
(Colpaert, 1990; Jackson et al., 1992; Patti et al; 2006).
In conclusion, our results corroborate previous findings that describe
impairment of the retention of a discriminative avoidance task induced by pretraining acute administration of CAF (Silva and Frussa-Filho, 2000; Gulick and
Gould, 2009a). Importantly, the present study demonstrates that this memory
deficit can be state-dependent. Additionally, we also suggest that the
anxiogenic effect of CAF could critically contribute to the ability of retrieving the
discriminative task. These results reinforce the importance of considering the
participation of state-dependent learning in the interpretation of the cognitive
effects of this widely used drug.
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ABSTRACT

STUDY OBJECTIVES: Although the memory deficits produced by pre-training
benzodiazepines administration have been extensively demonstrated both in
humans and in animal studies, there is a considerable controversy about the
involvement of the state-dependency phenomenon on benzodiazepinesinduced anterograde amnesia. The contradictory findings could be related to the
use of different memory models as well as to the specific influence of
benzodiazepines-induced anxiolysis on different types of memory. The present
study aimed to characterize the role state-dependency on memory deficits
induced by the benzodiazepine midazolam (MID) in mice submitted to the plus
maze

discriminative

avoidance

task

(PM-DAT).

This

animal

model

concomitantly evaluates learning and memory of discriminative avoidance and
exploratory habituation tasks as well as anxiety and motor activity. DESIGN:
Mice received 2 mg/Kg MID before training and/or before testing in the PMDAT. RESULTS: Pre-training (but not pre-test) MID administration impaired
retention of the discriminative avoidance task, which was not counteracted by a
subsequent pre-test administration of this drug, discarding the participation of
state-dependency. Conversely, the pre-training administration of MID also led to
an impairment of habituation of exploration in the PM-DAT (an animal model of
non-associative memory). This habituation deficit was state-dependent since it
was absent in pre-training plus pre-test MID treated mice. Concomitantly, MID
pre-training administration induced anxiolytic effects and diminished the
aversive effectiveness of the aversive stimuli of the task, leading to an
impairment

of

the

acquisition

of

the

discriminative

avoidance

task.
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CONCLUSIONS: Our findings suggest that pre-training benzodiazepines
administration can impair retention of different types of memory by producing
specific deleterious effects on learning or by inducing state-dependent memory
deficits.

KEYWORDS: midazolam, memory, state-dependency
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INTRODUCTION

Notwithstanding

there

are

considerable

anxiolytic

efficacy

benzodiazepines promote many adverse effects both in short- and long-term,
such as sedation, ataxy, anterograde amnesia and tolerance, apart from the
potential to induce addiction (Akhondzadeh et al., 2002; Allison and Pratt,
2003).
Concerning the cognitive side effects of benzodiazepines, there is a
considerable controversy about the involvement of the state-dependency
phenomenon on memory deficits induced by their pre-training administration. In
this respect, memory can be state-dependent, in that a response which has
been acquired in a given (i.e., drug-induced) state may not be retrieved when
the organism is in a different state (Colpaert et al., 2001). This state-dependent
learning has proven to be involved in the anterograde amnesia induced by
benzodiazepine in mice submitted to the passive avoidance task (Patel et al.,
1979), in rats submitted to a food-rewarded lever pressing task (Colpaert, 1986,
1990; Jackson, 1995; Colpaert and Koek, 1996) and even in chicks submitted to
a T-maze task (Gilbert et al., 1989). However, the memory deficits induced by
pre-training benzodiazepines administration were not related to statedependency in pigs (Dantzer et al., 1976), rats (Davis, 1979) and mice (Sanger
and Joly, 1985) submitted to conditioned fear tasks and in rats submitted to the
passive avoidance (Nabeshima et al., 1990), Morris water maze (McNamara
and Skelton, 1991), or to a delayed known-match-to sample radial-arm maze
task (Stackman and Walsh, 1992). As for human studies, the involment and
importance of state-dependency on benzodiazepines-induced anterograde
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amnesia has been emphasized by some authors (Liljequist et al., 1977; Jensen
and Poulsen, 1982) while others have considered it as partial and relatively
small, not accounting for most of the observed impairments (Lister, 1985;
Curran, 1986).
The absence of involvement of state-dependency on the memory deficits
induced by pre-training administration of benzodiazepines could be related to a
direct effect of these drugs on learning/memory. Indeed, in vitro work
demonstrates that administration of the benzodiazepine midazolam (MID) can
selectively inhibit long-term potentiation (LTP), a cellular model of learning and
memory (Evans and Viola-McCabe 1996). Alternatively, the anxiolytic effect of
benzodiazepines and their sedative effects could per se interfere with learning
processes, leading to contradictory findings. Indeed, while there seems to be a
close relationship between cognition and anxiety (Mathews, 1990; Silva and
Frussa-Filho, 2000), benzodiazepines may produce hypolocomotion in rodents
(Prut and Belzung, 2003), which could also modify the acquisition of behavioral
tasks and consequently affect retention.
In this scenario, the investigation of the effects of pre-training
administration of benzodiazepines on the plus-maze discriminative avoidance
task (PM-DAT) can be very useful because this animal model can evaluate
concomitantly learning and retention of a discriminative avoidance task,
retention of habituation of exploration (a model of non-associative memory),
anxiety and motor function (Silva et al., 1997; Silva and Frussa-Filho, 2000;
Patti et al., 2006; Ribeiro et al., 2010; Gulick and Gould, 2011).
The aim of the present study was to investigate the effects of the pretraining administration of an amnestic dose of the benzodiazepine MID on
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learning, memory, anxiety and motor function in mice submitted to the PM-DAT
and to examine the possible participation of the state-dependency phenomenon
in MID-induced retention deficits.

MATERIALS AND METHODS

Subjects

Three-month-old Swiss EPM-M1 male mice (outbred, raised, and
maintained in the Centre for Development of Experimental Models in Medicine
and Biology of Universidade Federal de São Paulo) were used. Animals
weighing 30-35 g were housed under controlled temperature (22-23°C) and
lighting (12h light, 12h dark; lights on at 6:45 a.m.) conditions. Food and water
were available ad libitum throughout the experiments. Animals used in this
study were maintained in accordance with the National Institute of Health Guide
for the care and use of laboratory animals (NIH Publications Nº 80-23, revised
1996) and the Brazilian Law for Procedures for Animal Scientific Use
(#11794/2008). The experimental procedures were approved by the Institutional
Animal Care and Use Committee under the protocol #0960/09.

Drug

Midazolam (MID) (Cristália®) was diluted in saline (SAL) and given
intraperitoneally (i.p.) in a volume of 10 ml/Kg of body weight at the dose of 2
mg/Kg. Saline was used as control solution.
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Plus-maze discriminative avoidance task (PM-DAT)

The apparatus employed in the plus-maze discriminative avoidance task
(PM-DAT) is a modified elevated plus-maze, made of wood, containing two
enclosed arms with sidewalls and no top (28.5 x 7 x 18.5 cm), opposite to two
open arms (28.5 x 7 cm). A non-illuminated, 100-W lamp was placed over the
exact center of one of the enclosed arms (aversive enclosed arm). In the
training session, each mouse was placed at the center of the apparatus and,
during a 10-min period, an aversive stimulus was administered every time the
animal entered the enclosed arm containing the lamp and was continued until
the animal left the arm. The aversive stimulus consisted of both the illumination
of the 100-W light and the production of an 80-dB noise by a small machine
placed under the aversive enclosed arm. In the test session (performed in the
same room 10 days after the training session), mice were again placed in the
center of the apparatus and were observed for 3 min; however, the mice did not
receive the aversive stimuli when they entered the aversive enclosed arm
(although the non-illuminated lamp was still placed on the middle of this arm to
help distinguish between the aversive and non-aversive arms). In all
experiments, the animals were observed in a blind manner, and the apparatus
was cleaned with a 5% alcohol solution after each behavioral session. Total
number of entries in any of the arms, percent time spent in the aversive
enclosed arm (time spent in aversive enclosed arm/time spent in both enclosed
arms), and percent time spent in open arms (time spent in open arms/time
spent in both open and enclosed arms) were calculated. Learning and memory
were evaluated by the percent time spent in the aversive enclosed arm in the
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training and in the test sessions, respectively. Anxiety-like behavior and motor
activity were evaluated by the percent time spent in the open arms and the total
number of entries in all the arms of the apparatus, respectively.

Statistical analysis

Total number of entries in any of the arms, percent time spent in the
open arms and percent time spent in the aversive enclosed arm were calculated
and compared using the T-test for independent samples in the training session
and two-way ANOVA followed by Duncan’s test in the testing. The decrease in
percent time spent in the aversive enclosed arm throughout the training session
was compared by ANOVA with repeated measures. Two-way ANOVA followed
by Duncan’s test was used to analyze time spent in the aversive vs. nonaversive enclosed arms in the training session and a three-way ANOVA was
used in the test session to analyze the same parameter. A probability of P<0.05
was considered significant for all comparisons made.

Experimental design

Role

of

state-dependency

in

memory

impairment

induced

by

acute

administration of midazolam in mice tested in the PM-DAT

Mice were randomly assigned to one of the following groups: pretraining/pre-test administration of SAL (SAL-SAL, n= 10), pre-test administration
of MID (SAL-MID, n=10), pre-training administration of MID (MID-SAL, n=10) or
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pre-training/pre-test administration of MID (MID-MID, n=10). Groups of 20 mice
received saline or 2 mg/Kg MID. Thirty minutes after the injection all animals
were submitted to a training session in the PM-DAT and the behavioral
parameters were registered minute by minute. Twenty-four hours after the
training session, 10 animals of the pre-training SAL group received another SAL
injection, while other 10 mice received 2 mg/Kg MID. Similarly, 10 animals of
the pre-training MID group received a SAL injection and other 10 mice received
another 2 mg/Kg MID administration. A test session was performed 30 minutes
after the second injection.

RESULTS

Role

of

state-dependency

in

memory

impairment

induced

by

acute

administration of midazolam in mice tested in the PM-DAT

While both the SAL-SAL and SAL-MID groups performed the training
session after a saline injection, both the MID-SAL and MID-MID groups
performed it after an MID injection. In the training session, data from animals of
the SAL-SAL and SAL-MID groups were thus pooled into the SAL group
whereas data from the MID-SAL and MID-MID groups were pooled into the MID
group. Two-way ANOVA with treatment (saline x midazolam) as betweensubject factor and arm type (aversive vs. non-aversive) as within-subject factor
revealed a significant effects of arm type [F(1,76)=210.45; P<0.001], treatment
[F(1,76)=15.27; P<0.001] and treatment x arm type interaction [F(1,76)=29.29;
P<0.001]. Post hoc analysis by Duncan’s test revealed that both mice treated
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with SAL or MID spent significantly less time in the aversive than in the nonaversive enclosed arm during the training session (Figure 1A), demonstrating
the effectiveness of the aversive stimuli. However, mice treated with MID
discriminated both enclosed arms in a different manner. In fact, ANOVA for the
percent time spent in the aversive arm with treatment as a between-subject
factor and time (minutes of observation) as a repeated measure factor revealed
significant

effects

of

treatment

[F(1,38)=15.72;

P<0.001]

and

time

[F(9,342)=5.78; P<0.001]. Thus, while both SAL and MID groups progressively
avoided

the aversive

enclosed ram

throughout the

training session,

demonstration learning of the discriminative avoidance task, the magnitude of
such avoidance was lower in the MID-treated mice, suggesting that MID
attenuated the effectiveness of the aversive stimuli of the task leading to a
learning impairment (Figure 1B). Indeed, in this session, T-test for independent
samples showed that the MID-treated mice had an enhancement in the percent
time spent in the aversive enclosed arm in the session as a whole when
compared to SAL-treated mice [T(38)=2.88; P<0.05] (Figure 1C).
T-test for independent samples revealed that the MID-treated mice
showed an increase in percent time spent in the open arms of the apparatus
[t(38)=3.42; P<0.05], demonstrating the anxiolytic effect of the drug (Figure 3A).
On the other hand, no differences were found concerning total number of
entries [T(38)=0,27; P=0.78] (Figures 3B).
In the test session, three-way ANOVA with pre-training (saline x
midazolam) and pre-test (saline x midazolam) treatments as between-subject
factors and arm type as within-subject factor revealed significant effects of arm
type [F(1,72)=5.61; P<0.05] and pre-training treatment x arm type interaction
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[F(1,72)=16.85; P<0.001]. Post hoc analysis by Duncan’s test revealed that only
mice treated with SAL before the training session (SAL-SAL and SAL-MID
groups) spent significantly less time in the aversive than in the non-aversive
enclosed arm, whereas mice treated with MID before training (MID-SAL and
MID-MID groups) showed similar time spent in the aversive and non-aversive
enclosed arms (Figure 2A), thus pre-training MID produced an impairment of
the discriminative avoidance task which was not reversed by a subsequent pretest administration of the drug. Still, comparing both groups that presented
retention of the task (SAL-SAL and SAL-MID), T-test did not reveal significant
differences in the percent time spent in the aversive enclosed arm [T(18)=1.45;
P=0.16], demonstrating the same magnitude of retention (Figure 2B).
Concerning percent time spent in the open arms, two-way (pre-training x
pre-test treatments) ANOVA did not reveal significant differences in any factors
(Figure 3C). Finally, two-way ANOVA for total number of entries revealed
significant

effects

of

pre-training

[F(1,36)=7.68;

P<0.05],

pre-test

[F(1,36)=44.77; P<0.001], and interaction pre-training x pre-test treatments
[F(1,36)=16.63, P<0.001]. Hence, post hoc analysis by Duncan’s test revealed
that the pre-training administration of MID (MID-SAL) induced an increment in
total numbers of entries which was abolished by the pre-test administration of
the drug (MID-MID) (Figure 3D).

115

Leandro Sanday

A

B

C

Figure 1: Effects of midazolam on training performance of mice in the PM-DAT.
Mice were treated intraperitoneally with saline (SAL) or 2 mg/Kg midazolam
(MID) 30 min before training session. Results are presented as mean±SE of
time (seconds) spent in the non-aversive (NAv) and in the aversive (Av)
enclosed arms (A); percent time spent in the aversive enclosed arm (% TAv)
minute by minute throughout the training (B) and percent time spent in the
aversive enclosed arm in the session as a whole (C) of the plus-maze
discriminative avoidance task (PM-DAT) apparatus in the training session.
*p<0.05 compared to the time spent in the non-aversive enclosed arm (two-way
ANOVA and Duncan’s test); ANOVA with repeated measures revealed
treatment and time significant effects for %TAv (B); °p<0.05 compared to the
SAL-treated group (independent samples T-test).
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A

B

Figure 2: Effects of midazolam on the test performance of pre-training and/or
pre-test treated mice in the PM-DAT. Mice were intraperitoneally treated with
saline (SAL-) or 2 mg/Kg midazolam (MID-) 30 min before training session and
tested, 24h later, 30 min after an i.p. injection of saline (-SAL) or 2 mg/Kg
midazolam (-MID). Results are presented as mean±SE of time (seconds) spent
in the non-aversive (NAv) and in the aversive (Av) enclosed arms (A) and
percent time spent in the aversive enclosed arm in the session as a whole (B)
of the plus-maze discriminative avoidance task (PM-DAT) apparatus in the test
session. *p<0.05 compared to the time spent in the non-aversive enclosed arm
(three-way ANOVA and Duncan’s test).
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A

B

C

D

Figure 3: Effects of midazolam on performance of pre-training and/or pre-test
treated mice in the PM-DAT. Mice were intraperitoneally treated with saline
(SAL-) or 2 mg/Kg midazolam (MID-) 30 min before training session and tested,
24h later, 30 min after an i.p. injection of saline (-SAL) or 2 mg/Kg midazolam (MID). Results are presented as mean±SE of percent time spent in the open
arms (% TO) (A and C) and total number of entries (B and D) of the plus-maze
discriminative avoidance task (PM-DAT) apparatus in the training and test
sessions,

respectively.

°p<0.05

compared

to

the

SAL-treated

group

(independent samples T-test); +p<0.05 compared to all the other groups (twoway ANOVA and Duncan’s test).
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DISCUSSION

While the anterograde amnestic effect of benzodiazepines represents a
major undesired side effect in their clinical use (Uzun et al., 2010), there is a
considerable controversy about its causative factors. This is especially true in
relation to the state-dependency phenomenon, which seems to be involved in
pre-training benzodiazepines-induced deficits in some memory models, but not
in others (see Introduction section). However, as far as we know no study has
compared the involvement of state-dependence in benzodiazepines-induced
amnesia in different types of memory, using exactly the same experimental
conditions. Furthermore, benzodiazepines can produce anxiolysis which may
impair retention by modifying the optimum anxiety level necessary to learning
occur (Silva and Frussa-Filho, 2000) or by engendering a specific mnesic state
that can facilitate state-dependency (Colpaert et al., 2000). Using the PM-DAT
model, we demonstrated in the present study that the state-dependency
phenomenon was involved in the pre-training MID-induced deficit in a nonassociative type of memory (habituation of exploration) but was not involved in
the retention deficit produced by the benzodiazepine in a discriminative
avoidance task. As far the later amnestic effect, our data suggest that it may be
related with the anxiolytic effect of the drug which probably decreased the
effectiveness of the aversive stimuli during the training session thereby
impairing an optimum acquisition of the task.
In the PM-DAT, the avoidance of the aversive enclosed arm upon testing
has been validated as a measure of retention of a discriminative task because
classical amnestic manipulations such as scopolamine (Silva et al., 1999,
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2002a; Claro et al., 1999), chlordiazepoxide (Silva and Frussa-Filho, 2000,
2002; Calzavara et al., 2004), ethanol (Kameda et al, 2007; Gulick and Gould,
2009a,b, 2011) and sleep deprivation (Silva et al., 2004a; Alvarenga et al.,
2008; Patti et al., 2010) decrease it. In contrast, putative memory-improving
treatments such as gangliosides (Silva et al., 1997, 1999, 2000) and
phosphatidylserine (Claro et al, 1999) increase this effect. In addition, the
percent of time spent in the open arms of the apparatus during the training
session has been validated as a measure of anxiety since classical anxiolytic
agents such as chlordiazepoxide (Silva and Frussa-Filho, 2000, 2002;
Calzavara et al., 2004) and ethanol (Kameda et al, 2007; Gulick and Gould,
2009a,b, 2011) increase this parameter and classical anxiogenic drugs such as
caffeine decrease it (Silva and Frussa-Filho, 2000; Gulick and Gould, 2009a)
confirming previous data obtained with the benzodiazepine chlordiazepoxide
(Silva and Frussa-Filho, 2000, 2002; Calzavara et al., 2004), in the present
study pre-training (but not pre-test) administration of 2 mg/Kg MID significantly
decreased the avoidance of the aversive enclosed arm upon testing and
diminished the percent time spent in the open arms of the apparatus in the
training session. Thus these effects were interpreted as a retention deficit of a
discriminative task and an anxiolytic action.
Regarding the inhibitory effect of pre-training MID administration on the
retention of the discriminative avoidance task, it is important to note that it was
not reversed by a subsequent pre-test administration of MID. Thus, this specific
kind of benzodiazepine-induced anterograde amnesia was not a consequence
of the state-dependency phenomenon. As for the absence of effects of pre-test
administration of MID per se on the retention of the discriminative avoidance
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task, this finding is in line with the clinical literature in that benzodiazepines do
not impair retrieval in humans or may even facilitate it (Lister, 1985).
Interestingly, a closer observation of our data reveals a trend towards an
increased retrieval of the discriminative avoidance task in the SAL-MID group
when compared to the SAL-SAL group (Figures 2A and 2B).
The demonstration of the anxiolytic effect of MID in the PM-DAT adds to
the extensive literature showing benzodiazepines-induced anxiolysis on
different animal models such as the social interaction test (File and Seth, 2003),
light-dark exploration (Hascoët et al., 2001), open-field (Prut and Belzung,
2003) Geller conflict (Babbini et al., 1982; Pietraszek et al., 2005), Vogel conflict
(Agmo et al., 1995; Millan, 2003), the elevated T maze (Graeff et al., 1993) and
the traditional elevated plus-maze (Pellow and File, 1986; Lister, 1987; FrussaFilho et al., 1999; Silva et al., 2004b). As regards the exploration of the open
arms of the apparatus in the test session, the absence of an anxiolytic effect of
pre-test MID administration could be interpreted on the basis of extensive
literature showing that the animal’s motivational state upon re-exposure to the
plus-maze is very different from that upon initial exposure. Specifically, despite
its widespread appeal to evaluate anxiety-like behavior, the plus-maze model
has an intriguing feature: the phenomenon of ―one-trial tolerance‖. Indeed, there
is marked

attenuation

or even

abolition

of

the

anxiolytic effect of

benzodiazepines by a single previous experience on the maze (Lister 1987;
Rodgers and Shepherd 1993; Gonzales and File 1997; Pereira et al., 1999;
Frussa-Filho and Ribeiro, 2002; Calzavara et al., 2005).
The PM-DAT model has also been proven to be effective at detecting bidirectional modifications in the exploratory activity of rodents through the
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quantification of the total number of entries parameter. Indeed, while the
depressant agent reserpine decreases this parameter (Silva et al., 2002b;
Carvalho et al., 2006), psychostimulant agents such as amphetamine (Silva et
al., 2002a) or cocaine (Niigaki et al., 2010) increases it. In addition, this
parameter has been shown to be sensitive to the biphasic pattern ethanolderived effects on exploratory activity (Kameda et al., 2007; Gulick and Gould,
2009a,b, 2011) or to stimulant effects of non-drug procedures such as
continuous exposure to light (Castro et al., 2006) and sleep deprivation (Patti et
al., 2010). As a consequence, the PM-DAT model has also the effectiveness in
evaluating deficits in habituation of exploration (a non-associative type of
memory) through an enhancement of the total number of entries in the test
session. Such a habituation deficit was demonstrated, for example, in mice pretraining treated with morphine and submitted to the PM-DAT (Patti et al., 2006).
In the present study, pre-training MID administration did not modify the total
number of entries in the training session. In this respect, we corroborate
previous work of our group which demonstrates that this dose of MID when
administered acutely did not promote alterations on motor activity in mice
exposed to the open field arena (Zanlorenci, in preparation). However, in the
test session, pre-training (but not pre-test) MID-treated mice presented an
increased total number of entries, does suggesting a deficit of habituation of
exploration.
Habituation is defined as a decrement in the behavioral response after a
repeated exposure to a certain stimulus (Levitan and Kaczmarek, 1991;
Conceição et al., 1994). As for the habituation deficit induced by the pre-training
MID administration in mice submitted to the PM-DAT model, it corroborates
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previous finding obtained for rats pre-treated with chlordiazepoxide and
submitted to the open-field apparatus (Lister and File, 1987). It is possible that
the animals which received pre-training MID were not able to remember not
only the presentation of aversive stimuli in a specific arm but also the general
information about the apparatus. In other words, the impairment effect of MID
may not have been specifically related to the associative learning induced by
pairing light and noise to the aversive arm. An interesting finding of the present
study is that the subsequent pre-test administration of MID abolished the
habituation impairment induced by the pre-training injection of the drug, i.e.,
restored the locomotion to control levels, suggesting that this non-associative
memory impairment was state-dependent.
More recently, the PM-DAT has also been used to specifically evaluate
the learning process (Silva et al., 2004a; Patti et al., 2006; Alvarenga et al.,
2008; Niigaki et al., 2010). In this respect, since learning has to be verified by a
modification of performance in a specific period of time, the progressively
learned avoidance to the aversive enclosed arm is measured by the percent
time spent in the arm throughout the training session. Regarding the
experimental validation of this parameter as a learning index, we have
demonstrated, for example, that sleep deprivation produced learning deficit in
rats (Alvarenga et al., 2008), corroborating clinical data (Dinges et al., 1997). In
the present study, mice acutely treated with MID presented impairment in the
encoding phase of the task. Although animals were able to discriminate the
aversive enclosed arm from the non-aversive one, they displayed a decreased
avoidance of the aversive arm throughout the training session or in the session
as a whole. Concerning the close relationship between memory and anxiety in
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behavioral tasks (Mathews, 1990; Silva and Frussa-Filho, 2000), the well-known
anxiolytic effect of midazolam demonstrated in this study could be contributing
to the appearance of the learning deficit induced by this drug. In this regard, the
increased aversive arm exploration could be due to a reduced fear response to
the aversive stimulation.
The specific inhibitory effect of benzodiazepines (including MID) on the
learning phase of memory process has been well characterized in humans
(Lister, 1985; Carter et al., 2009) and also demonstrated in some animals
(Dickinson-Anson and McGaugh, 1993; Tonkiss et al., 2000). The present study
extended the characterization of this pharmacological effect to the animal
literature. Importantly, this learning impairment of the discriminative avoidance
task can explain by the retention deficit observed in the test session and also
the absence of the involvement of the state-dependency in this retention deficit.
As pointed out earlier the inhibitory effect of MID on the acquisition of the
discriminative avoidance task can be a consequence of its anxiolytic action. For
example, we have demonstrated that the abolishment of chlordiazepoxide
anxiolytic effect by pre-training co-administration of caffeine also abolished the
retention deficit produced by the benzodiazepine in the PM-DAT model (Silva
and Frussa-Filho, 2000). If this is the case, benzodiazepines-induced learning
(and consequently retention) deficits would be more prominent in the
performance of tasks involving aversive stimulation. In addition, the consequent
retention deficits would not be state-dependent. Interestingly, it has been
consistently demonstrated in different species such as pigs (Dantzer et al.,
1976), rats

(Davis, 1979) and mice (Sanger and

Joly,

1985) that

benzodiazepine-induced memory deficits in conditioned fear tasks are not
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related to state-dependency. Within this context, since the habituation of the
exploration task thus not involve highly aversive stimuli it is expected that the
impairment of the retention of this task induced by MID was not due to learning
deficit but, as our data suggest, to the state-dependency phenomenon.
Summarizing, the present study demonstrates that MID-induced memory
impairment of a non-associative (but not of an aversively associative) task is
state-dependent, reinforcing the importance of considering the participation of
this phenomenon on the cognitive effects of MID. Additionally, our data
strengthen the notion that the inhibitory effect of benzodiazepines on memory
are multifaceted being influenced by different cognitive and emotional
processes. Finally, the present work confirms the utility of the PM-DAT model to
provide a concomitantly evaluation of the complex interactions occurring
between learning, memory and anxiety.
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5. CONCLUSÕES

5.1 Conclusões Específicas

5.1.1 Relacionadas ao objetivo específico 1:

Caracterizar a participação do fenômeno de dependência de estado nos déficits
de memória induzidos pela administração aguda de etanol em camundongos
submetidos à esquiva discriminativa em labirinto em cruz elevado

A administração aguda de 1,2 g/Kg de etanol previamente à sessão de
treino na esquiva discriminativa em labirinto em cruz elevado promoveu déficits
de aprendizado da tarefa discriminativa, bem como um efeito ansiolítico e
hiperlocomoção. A administração pré-teste dessa droga per se promoveu
déficits de evocação da tarefa, acompanhados pelos efeitos ansiolítico e
hiperlocomotor. Ainda, a administração de etanol antes de ambas as sessões
(treino e teste) reverteu os déficits de retenção, evidenciando a participação do
fenômeno de dependência de estado. A administração pré-teste de etanol,
subseqüente à injeção pré-treino ainda, na sessão de teste promoveu efeito
ansiolítico e sensibilização comportamental ao etanol.
Tomados em conjunto, esses resultados sugerem que os efeitos
amnésticos do etanol são dependentes de estado e que as demais alterações
comportamentais, especialmente diminuição de ansiedade e a hiperlocomoção
induzidas por essa droga, poderiam contribuir para um estado interno, que
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modularia

o

condicionamento

droga-contexto,

facilitando,

assim

o

desenvolvimento do fenômeno de dependência de estado.

5.1.2 Relacionadas ao objetivo específico 2:

Caracterizar a participação do fenômeno de dependência de estado nos déficits
de memória induzidos pela administração aguda de anfetamina em
camundongos submetidos à esquiva discriminativa em labirinto em cruz
elevado

A administração aguda pré-treino de 3 mg/Kg de anfetamina promoveu
efeitos ansiogênico e amnéstico na esquiva discriminativa em labirinto em cruz
elevado. A administração dessa droga antes de ambas as sessões (treino e
teste) reverteu os déficits de retenção. Esses resultados, além de corroborarem
estudo prévio de nosso grupo de pesquisa (Silva et al., 2002a), sugerem que
os efeitos amnésticos da anfetamina em uma tarefa discriminativa aversiva são
dependentes de estado e que o aumento dos níveis de ansiedade pode ser um
fator contribuinte para o estabelecimento de um estado interno que facilite a
evocação da tarefa, caracterizando, assim o fenômeno de dependência de
estado.
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5.1.3 Relacionadas ao objetivo específico 3:

Caracterizar a participação do fenômeno de dependência de estado nos déficits
de memória induzidos pela administração aguda de cafeína em camundongos
submetidos à esquiva discriminativa em labirinto em cruz elevado

A administração aguda pré-treino de 20 mg/Kg de cafeína promoveu efeitos
ansiogênico e amnéstico na esquiva discriminativa em labirinto em cruz
elevado. A administração dessa droga antes de ambas as sessões (treino e
teste) reverteu os déficits de retenção. Esses resultados, além de corroborarem
estudo prévio de nosso grupo de pesquisa (Silva & Frussa-Filho, 2000),
sugerem que os efeitos amnésticos da cafeína são dependentes de estado.
Uma vez mais, os resultados sugerem que as alterações no estado de
ansiedade produzidas pela droga (efeito ansiogênico) podem representar um
fator facilitador do fenômeno de dependência de estado.

5.1.4 Relacionadas ao objetivo específico 4:

Caracterizar a participação do fenômeno de dependência de estado nos déficits
de

memória

induzidos pela

administração

aguda de

midazolam em

camundongos submetidos à esquiva discriminativa em labirinto em cruz
elevado

A administração aguda de 2 mg/Kg de midazolam previamente à sessão de
treino na esquiva discriminativa em labirinto em cruz elevado promoveu déficits
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de aprendizado e de retenção da tarefa discriminativa, bem como um efeito
ansiolítico. Ainda, a administração de midazolam antes de ambas as sessões
(treino e teste) não foi capaz de reverter os déficits de retenção da tarefa
discriminativa (memória associativa), mas reverteu os déficits de habituação
(memória não-associativa) induzidos pela administração pré-treino dessa
droga, sugerindo que o fenômeno de dependência de estado pode atuar de
forma distinta em diferentes tipos de memória.

5.2 Conclusão Geral

5.2.1 Em relação ao objetivo geral:

Considerando o envolvimento do fenômeno de dependência de estado nos
efeitos amnésticos promovidos por diversas drogas com potencial de abuso e o
possível envolvimento de tal fenômeno nos processos mecanicísticos da
dependência química, o objetivo geral deste trabalho foi avaliar a participação
da dependência de estado nos efeitos amnésticos promovidos pelo etanol, pela
anfetamina, pela cafeína e pelo midazolam em camundongos submetidos a
esquiva discriminativa em labirinto em cruz elevado, um modelo animal que
avalia concomitante e independentemente, mas de forma integrativa o
aprendizado e a memória, além dos níveis de ansiedade e a atividade
locomotora dos animais. Paralelamente, procurou-se também considerar a
influência de possíveis alterações nos níveis de ansiedade dos animais no
desenvolvimento do fenômeno de dependência de estado para as diferentes
drogas com potencial de abuso.
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Nossos resultados sugerem que o fenômeno de dependência de estado
mostrou-se um fator crítico para os déficits de memória produzidos por todas as
drogas com potencial de abuso avaliadas em nosso estudo. A análise geral dos
resultados sugere que modificações nos níveis basais de ansiedade e, por sua
vez, na atividade geral induzidas por essas drogas podem contribuir de forma
decisiva para o estabelecimento de um estado interno que facilite o
desenvolvimento do fenômeno de dependência de estado. Nesse aspecto,
poder-se-ia sugerir que a participação da dependência de estado induzida
pelas drogas empregadas estaria relacionada a um gradiente de efeitos
estimulantes (midazolam, etanol, cafeína e anfetamina). Especificamente, as
drogas ansiolíticas (midazolam e etanol) promoveram prejuízos marcantes no
aprendizado da tarefa discriminativa enquanto que os efeitos amnésticos
produzidos pelas drogas ansiogênicas (cafeína e anfetamina) não parecem
estar relacionados a modificações nessa fase específica da formação da
memória (isto é, não houve alterações no aprendizado da tarefa). Ainda nesse
aspecto, a participação da dependência de estado na memória associativa
quando induzida pelo etanol foi bilateral, ou seja, tanto a administração prétreino quanto a administração pré-teste dessa droga promoveram déficits de
retenção. Por outro lado, a dependência de estado induzida pela cafeína ou
pela anfetamina foi unilateral (apenas a administração pré-treino dessa droga
promoveu déficits de retenção). Esses achados poderiam reforçar a noção de
que a interação entre as demais alterações comportamentais induzidas pelas
drogas com potencial de abuso (modificações na ansiedade e na locomoção)
seriam críticas para fortalecer a dependência de estado.
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Em conjunto, nossos resultados corroboram a noção originalmente
proposta por Colpaert (1990) de que os fenômenos de dependência de estado
e de dependência química intersectam-se patologicamente. Com efeito, a
dependência química representa uma situação na qual a integridade fisiológica
e/ou psicológica do indivíduo é dependente da utilização de uma droga. Assim,
a demonstração de que animais treinados sob a ação de drogas com potencial
de abuso necessitam dessas substâncias para emitir comportamentos vitais de
auto-preservação previamente aprendidos sugere que a dependência de
estado pode operar como um mecanismo de dependência química.
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