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RESUMO

Os canais intracelulares de calcio (Ca®**) desempenham um papel dindmico na
homeostase neuronal de Ca?*, funcionando tanto no tamponamento do excesso de Ca®" no
citoplasma quanto como uma fonte adicional de Ca?" quando o0 aumento na concentragéo é
necessario. Entretanto, apesar do grande nimero de evidéncias implicando o Ca?* como um
segundo-mensageiro essencial em muitas cascatas de sinalizacdo subjacentes a plasticidade
sinaptica, o envolvimento direto dos canais intracelulares de Ca?* (CIC) no processamento da
memoria tem sido pouco estudado. Neste trabalho, foi investigado o papel do receptor de
inositol 1,4,5-trifosfato (IPsR), um tipo de CIC, em diferentes fases da memdria aversiva
contextual através de inibigdo farmacoldgica no hipocampo dorsal. Primeiro, a administragdo
pos-treino do antagonista de IP3R 2-aminoetildifenil borato (2-APB) causou prejuizo na
consolidacdo da memoria de maneira dependente de dose e tempo. Além disso, o bloqueio de
IPsRs inibiu também a evocacdo da memoria. A reconsolidacdo e a extingdo da memaria, no
entanto, ndo se mostraram vulneraveis a administracdo de 2-APB. Em conjunto, 0s presentes
resultados indicam que os IPsRs hipocampais desempenham um papel importante na

consolidacdo e na evocagdo da memoria aversiva contextual.



ABSTRACT

Intracellular calcium stores play a dynamic role in neuronal calcium (Ca?*) homeostasis
both by buffering Ca?* excess in the cytoplasm or providing an additional source of Ca?* when
concentration increase is needed. However, in spite of the large body of evidence showing Ca?*
as an essential second messenger in many signaling cascades underlying synaptic plasticity, the
direct involvement of the intracellular Ca?*-release channels (ICRCs) in memory processing
has been highly overlooked. Here the role of the ICRC inositol 1,4,5-trisphosphate receptor
(IPsR) activity during different memory phases was investigated through pharmacological
inhibition in the dorsal hippocampus during contextual fear conditioning. It was first found that
post-training administration of the IPsR antagonist 2-aminoethyl diphenylborinate (2-APB)
impaired memory consolidation in a dose and time-dependent manner. Inhibiting IP3Rs also
disrupted memory retrieval. Contextual fear memory reconsolidation or extinction, however,
were not sensitive to IPsR blockade. Taken together, these results indicate that hippocampal

IPsRs play an important role in contextual fear memory consolidation and retrieval.
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1. INTRODUCAO
1.1. MEMORIA

A memoria é o mecanismo encefalico que permite que informacdes sejam armazenadas
e evocadas quando necessario. Dependendo do tipo de informagdo a ser retida no encéfalo,
diferentes sistemas de memdria sdo recrutados; estes, por sua vez, operam em distintas

estruturas encefalicas.

E comum, por exemplo, a divisdo das memorias entre declarativas e ndo-declarativas.
Lembrancas de fatos ou eventos sdo evocagOes conscientes, a que humanos podem se referir;
sdo memorias declarativas, ou explicitas. Dentre as nao-declarativas, ou implicitas, estdo
memorias emocionais, de habilidades motoras, de habitos e de diferenciacdo entre cheiros e
gostos. Memorias declarativas sdo principalmente codificadas pelo sistema hipocampal
temporal medial, que inclui os cortices perirrinal e entorrinal, o hipocampo e o subiculo (Squire
& Zola 1996, Squire & Zola-Morgan 1991). Ja os diferentes subtipos de memdrias nédo-
declarativas envolvem vérias e distintas regies encefalicas, incluindo a amigdala, os nucleos
da base e o cerebelo (Squire & Dede 2015, Yin & Knowlton 2006).

Mem@rias também variam na duracdo de sua retencdo. Elas podem conservar-se por
poucos segundos, minutos ou horas, como no caso das memorias de curta duragdo (STM — do
inglés short term memory), ou por muitas horas, dias ou mesmo pelo resto da vida, tornando-se
memorias de longa duracdo (LTM — do inglés long term memory). Para se tornarem LTMs,
novos tracos mnemaonicos passam por um processo conhecido como consolidacdo (McGaugh
2000). Memorias sdo inicialmente frageis, suscetiveis a alteracfes, e precisam da sintese de
novas proteinas para tornarem-se resistentes e duradouras — consolidarem-se (Kandel et al.
2014).

Isso ocorre, no nivel celular, atraves do fortalecimento das conexdes entre 0s neurénios,
as sinapses. Esse tipo de plasticidade sinaptica é conhecido como potenciacao de longa duragéo
(LTP —do inglés long term potentiation); seu inverso, ou seja, 0 enfraguecimento das sinapses,
é denominado depresséo de longa duracdo (LTD — do inglés long term depression). LTP e LTD
podem, portanto, alterar persistentemente a comunicacao entre neurénios de acordo com as
informagdes recebidas pelo organismo; dessa forma, sdo amplamente consideradas o substrato
fisico da memdria, os mecanismos celulares através dos quais a memoria € criada e mantida
(LeDoux 2000, Nabavi et al. 2014, Stevens 1998).



A extensa pesquisa na area da memoria permitiu que fossem discernidas importantes
etapas na sua formacgdo e manutencdo. Apos a aquisicdo, momento em que a experiéncia é
vivenciada, o tragco mnemanico passa pela consolidacao, descrita anteriormente. A reexposi¢ao
a um elemento que compde a memoria causa a evocagao, que pode ser observada em animais
através de alteracbes no comportamento. A evocacdo de uma memdria pode dar inicio a dois
processos distintos, dependendo dos estimulos recebidos: a reconsolidacéo, na qual o trago é
instabilizado e reestabilizado, mais forte e/ou atualizado com novas informac6es (Nader 2015);

ou a extingdo, criacdo de um novo traco que inibe a expressdo do anterior (Abel & Lattal 2001).

1.2. CALCIO NEURONAL

O célcio (Ca?*) é um ion que funciona como segundo mensageiro em inGmeras
atividades essenciais de todas as células eucariodticas. Algumas dessas funcdes sdo comuns a
todas as células, como o controle do metabolismo através dos processos de fosforilacdo e
desfosforilagdo de enzimas, a manutencdo do citoesqueleto, a exocitose e a expressdo génica
(Clapham 2007); outras, especificas de determinados tipos celulares. Destas, muitas ocorrem
no neurdnio: controle da excitabilidade neuronal, desenvolvimento da morfologia neuronal,
formacdo de sinapses, liberacdo de neurotransmissores e plasticidade sinaptica (Brini et al.
2014, Citri & Malenka 2008).

Para que tantas funcdes ocorram, é necessario um fino ajuste do fluxo de Ca?* através
da membrana plasmatica e entre organelas. A concentracio de Ca?* no citosol deve manter-se
muito baixa, de forma que pequenas alteracdes — com baixo gasto energético — sejam suficientes
para ativar as cascatas de sinalizacdo necessérias (Brini et al. 2014). De fato, a concentracao de
Ca?* fora da célula é muito maior do que dentro; nas escalas de mM e nM, respectivamente. A
manutencdo de tal equilibrio e a coordenagéo dos niveis de Ca?* nos diferentes microdominios
intracelulares requerem uma complexa maquinaria celular. Canais i6nicos e bombas — tanto na
membrana plasmatica quanto nas membranas do reticulo endoplasmatico (RE), da mitocondria,
do aparelho de Golgi e do nlcleo; receptores metabotropicos; proteinas ligantes ao Ca?*; todos
colaboram para regular os niveis adequados de Ca?* em cada compartimento celular (Brini et
al. 2014, Mateos-Aparicio & Rodriguez-Moreno 2020).

1.2.1.FONTES EXTRACELULARES DE CALCIO NEURONAL
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Na membrana plasmatica do neurdnio, ions Ca** podem fluir de fora para dentro da
célula através de canais de Ca?" dependentes de voltagem (CCDVs) e dos receptores
glutamatérgicos N-metil-D-aspartato (NMDARS). Em situacfes de plasticidade, também ha a
expressdao de um tipo de receptor a-amino-3-hidroxi-5-metil-4-isoxazolpropionico (AMPAR)

permedvel a Ca?* (Lalanne et al. 2018).

Os diferentes subtipos de CCDVs estdo presentes por toda a extensdo da membrana,
desde os dendritos até o terminal axonal, passando pelo soma (Vierra et al. 2019, Wild et al.
2019). O Ca?* que através deles entra na célula é essencial para a liberacdo de
neurotransmissores do terminal axonal para a fenda sinéptica, a regulacdo da excitabilidade
neuronal e a inducdo de expressdo génica (Murphy et al. 1991, Simms & Zamponi 2014,
Wheeler et al. 1994).

Os NMDARs sdo receptores glutamatérgicos e canais ibnicos que sdo majoritariamente
expressos na membrana pds-sinaptica do neurénio. Abrem apoés ligacdo de glutamato e glicina
e permitem a passagem de calcio apds despolarizacdo da membrana (Liu & Zhang 2000,
Vyklicky et al. 2014). Sua principal fungdo é induzir a LTP ou a LTD, sendo este o primeiro
influxo pos-sinaptico de Ca?* apds estimulo pré-sinaptico, desencadeando as varias cascatas
metabolicas que culminardo no fortalecimento ou enfraquecimento da sinapse (Collingridge et
al. 1983, Dunwiddie & Lynch 1978).

Os AMPARSs sdo responsaveis pela rapida despolarizacdo pés-sinaptica inicial causada
pela entrada de sodio (Na*), sendo normalmente impermeaveis a Ca?* (Verdoorn et al. 1991).
Entretanto, ha um subtipo desse receptor que é permeavel a Ca?* por ndo possuir a subunidade
GIuA2 ou té-la alterada (Sommer et al. 1991). Os CP-AMPARSs (do inglés calcium permeable)
sdo transitoriamente expressos e recrutados a densidade pos-sinaptica durante eventos de
plasticidade sinaptica como a LTP, aumentando o fluxo de Ca?* que ocorre via NMDARSs (Park
et al. 2018).

1.2.2.FONTES INTRACELULARES DE CALCIO NEURONAL

Grande parte do Ca®* proveniente do meio extracelular é estocado em organelas, como
o aparelho de Golgi, a mitocondria e, principalmente, o RE. O RE, além de sequestrar o Ca?*
excessivo através de bombas Ca?*-ATPase para manter os niveis de equilibrio, faz também a

funcdo inversa, servindo como fonte. Os receptores de inositol-1,4,5-tri-fosfato (IP3Rs) e de
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rianodina (RyRs) séo canais (canais intracelulares de calcio; CICs) expressos na membrana do
RE e tém como funcéo a liberacéo regenerativa de Ca?*, através do que é chamado de liberagio
de Ca?* induzida por Ca?* (CICR, do inglés calcium induced calcium release); ou seja, quando
o Ca?* proveniente do meio extracelular se liga aos CICs, eles se abrem, permitindo a saida do
Ca?* estocado no RE (Berridge 1998). A abertura dos IPsRs requer também a ligacdo de IPs,
um fosfolipideo de membrana liberado pela hidrdlise de fosfatidilinositol-3,4-bifosfato (PIP-)
apos ativacao da fosfolipase C (PLC), que por sua vez é ativada principalmente por receptores
metabotropicos como 0 mGIuR (Berridge 1998, Foskett et al. 2007).

O RE se estende por todo o interior do neuronio, incluindo espinhos dendriticos e
terminal axonal, e sua area de superficie € muito maior que a da membrana plasmatica (Toescu
et al. 2004). No soma e nos dendritos se estrutura como folhetos empilhados e interconectados,
enguanto no axonio toma uma forma tubular (Bell et al. 2019, Terasaki 2018, Terasaki et al.
2013). Essa heterogeneidade estrutural reflete distintas fungfes do RE nos diferentes

compartimentos neuronais (Karagas & Venkatachalam 2019).

O segmento do RE que se estende para dentro do espinho dendritico forma uma estrutura
especializada chamada aparelho espinhal (Gray 1959). O aparelho espinhal participa na
regulacdo da morfogénese espinhal, da dindmica do Ca?* e, consequentemente, da plasticidade
sinaptica (Bell et al. 2019, Deller et al. 2003, Jedlicka et al. 2008). Sua estrutura de folhetos
empilhados também permite uma alta densidade de ribossomos na membrana do RE no soma
e nos dendritos, 0 que € necessario para a traducdo proteica, requisito da LTP2 ou LTP
intermediaria (Bliss et al. 2018, Raymond 2007, Terasaki et al. 2013).

1.3. CALCIO E MEMORIA

A plasticidade sinéptica é fundamental para a formagdo de memdrias, e todos 0s tipos
de plasticidade sinaptica, de uma forma ou de outra, dependem de processos mediados por Ca?*.
Na bem conhecida LTP pés-sinaptica dependente de NMDAR, o influxo de Ca?* através dos
NMDARs é responsavel por ativar enzimas como a proteina cinase dependente de
Ca?*/calmodulina 1l (CaMKII) e as proteinas cinases A (PKA) e C (PKC) (Colgan et al. 2018,
Lledo et al. 1995, Makhinson et al. 1999). A atividade dessas proteinas cinases esta diretamente
envolvida na inducéo e manutencéo dessa forma de LTP, ao aumentar o nimero de AMPARS
na membrana pos-sinaptica e a condutancia desses canais (Benke et al. 1998, Bredt & Nicoll

2003, Collingridge et al. 2004). A sinalizagdo de Ca?" também é necessaria para a ocorréncia
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de formas menos estudadas da LTP, como a LTP pos-sinaptica independente de NMDAR e a
LTP pré-sinéptica, e de diferentes tipos de LTD (Mateos-Aparicio & Rodriguez-Moreno 2020).

A importancia do Ca?* proveniente do meio extracelular para os processos de memoria
é corroborada por estudos nos quais os efeitos da modulagio da atividade dos canais de Ca?* de
membrana sdo observados em tarefas comportamentais. Varios deles demonstram que o
bloqueio de NMDARs, CCDVs ou CP-AMPARSs prejudica a consolidacédo e outras fases de
diferentes tipos de memoria (Castellano et al. 2001, Da Silva et al. 2013, Torquatto et al. 2019,
Woodside et al. 2004).

1.3.1.CANAIS INTRACELULARES DE CALCIO E MEMORIA

O papel do Ca?* liberado pelos CICs, entretanto, na codificacio da memaria ndo é tao
bem conhecido. A literatura existente sugere, através de eletrofisiologia in vitro, importante

envolvimento, mas ha poucos trabalhos comportamentais para corroborar hipoteses.

J& foi demonstrado que a atividade de RyRs e IP3Rs influencia na LTP, LTD, liberacéo
de neurotransmissores, excitabilidade dendritica e transcricdo génica (revisado em Baker et al.
2013). Cada um desses tipos de receptores intracelulares, contudo, parece contribuir
diferentemente para esses processos, e seus locais de expressdo variam de forma
correspondente. RyRs sdo encontrados primariamente nos espinhos dendriticos; IPsRs, nos
dendritos, especialmente sob sitios sinapticos (Sharp et al. 1993). Esta distribuicdo espacial dos
CICs esta de acordo com estudos que indicam a necessidade de RyRs para a ocorréncia da LTP1
(ou fase precoce da LTP) e de IPsRs paraa LTP2 (ou LTP intermediaria) (Raymond & Redman
2002); segundo 0 modelo proposto pelos autores, o Ca** amplificado pelos RyRs no espinho
apos estimulo fraco permite uma curta potenciacdo, enquanto a ativagcdo dos IP3Rs por
estimulos de intensidade intermediaria causa potenciacdo mais duradoura atraves do
recrutamento da maquinaria de sintese proteica presente no dendrito (Raymond 2007, Raymond
& Redman 2006).

Sao escassas, entretanto, as evidéncias comportamentais. Em galinhas, em uma tarefa
de esquiva discriminatoria, a infusdo pds-treino de antagonistas de ambos RyRs e IPsRs no
mesopalio medial intermediario (uma regido critica para o processamento da memdria em
galinhas; Gibbs 2008) impede a retencdo da memoria (Baker et al. 2008, Edwards & Rickard

2006). Em camundongos, a inibicdo hipocampal de RyRs imediatamente apds o treino de
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esquiva inibitéria também prejudica a consolidacdo (Galeotti et al. 2008). Ainda ndo foi
investigado, portanto, o efeito da modulacdo de IP3Rs nas diferentes fases da memdria em

mamiferos. Este é o objetivo deste trabalho.
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2. OBJETIVOS
2.1. OBJETIVO GERAL

Avaliar se a inibi¢do farmacologica dos receptores 1Pz prejudica os diferentes processos
de memoria em ratos Wistar submetidos a tarefa de condicionamento aversivo contextual
(CAQ).

2.2. OBJETIVOS ESPECIFICOS

1. Analisar os efeitos da administracdo (em diferentes momentos da janela de
consolidacdo) hipocampal do antagonista de IPsRs 2-APB na consolidacdo da memoria
aversiva contextual em ratos Wistar.

2. Analisar o efeito da administragdo hipocampal do antagonista de IP3Rs 2-APB na
evocacao da memoria aversiva contextual em ratos Wistar.

3. Analisar o efeito da administracdo hipocampal do antagonista de IP3Rs 2-APB na
reconsolidacdo da memdria aversiva contextual em ratos Wistar.

4. Analisar o efeito da administracdo hipocampal do antagonista de IP3Rs 2-APB na

extingdo da memoria aversiva contextual em ratos Wistar.
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3. RESULTADOS
3.1. ARTIGO CIENTIFICO

Os resultados obtidos durante este trabalho estdo descritos no seguinte artigo cientifico,
que foi redigido de acordo com as normas da Neurobiology of Learning and Memory e sera

submetido & mesma.
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Abstract

Intracellular calcium stores (ICS) play a dynamic role in neuronal calcium (Ca2+) homeostasis
both by buffering Ca2+ excess in the cytoplasm or providing an additional source of Ca2+ when
concentration increase is needed. However, in spite of the large body of evidence showing Ca2+
as an essential second messenger in many signaling cascades underlying synaptic plasticity, the
direct involvement of the intracellular Ca2+-release channels (ICRCs) in memory processing
has been highly overlooked. Here we investigated the role of the ICRC inositol 1,4,5-
trisphosphate receptor (IP3R) activity during different memory phases using pharmacological
inhibition in the dorsal hippocampus during contextual fear conditioning. We first found that
post-training administration of the IP3R antagonist 2-aminoethyl diphenylborinate (2-APB)
impaired memory consolidation in a dose and time-dependent manner. Inhibiting IP3Rs also
disrupted memory retrieval. Contextual fear memory reconsolidation or extinction, however,
were not sensitive to IP3R blockade. Taken together, our results indicate that hippocampal

IP3Rs play an important role in contextual fear memory consolidation and retrieval.
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1. Introduction

Many of the signaling cascades that orchestrate learning and memory depend on calcium
(Ca2+) as a second messenger. For instance, the persistent strengthening and weakening of
synapses known as long-term potentiation (LTP) and long-term depression (LTD), respectively,
which are considered the major cellular mechanisms that underlie learning and memory, both
need an increase in Ca®* concentration to occur (R C Malenka, Lancaster, & Zucker, 1992;
Robert C Malenka & Bear, 2004). Blockade of plasma membrane Ca®* channels such as N-
methyl-D-aspartate receptors (NMDARS) or voltage-gated Ca®* channels (VGCCs) impair
different memory phases such as consolidation, retrieval, reconsolidation and extinction (Bauer,
Schafe, & LeDoux, 2002; lwamura, Yamada, & Ichitani, 2016; Shimizu, Tang, Rampon, &
Tsien, 2000; Suzuki et al., 2004). Still, these extracellular Ca?* sources are not the only ones

that contribute to the increase of intracellular Ca** concentration.

The endoplasmic reticulum (ER), which extends from the soma to dendrites and
dendritic spines, stores Ca?* so that its basal concentration in the cytosol is maintained at a low
level (Brini, Cali, Ottolini, & Carafoli, 2014; Meldolesi, 2001; Spacek & Harris, 1997). Neurons
can thus increase or spatially amplify the Ca?* signals that enter through plasma membrane Ca?*
channels by inducing the opening of the intracellular Ca?*-release channels (ICRCs) located at
the ER membrane: inositol 1,4,5-trisphosphate receptors (IPsRs) and ryanodine receptors
(RyRs) (Berridge, 1998). Both channels open in response to Ca?*, while IPsR opening also
requires binding of IP3, a membrane phospholipid released from the hydrolysis of
phosphatidylinositol biphosphate (PIP2) after activation of phospholipase C (PLC), which in
turn is activated mainly by metabotropic receptors such as mGIuR (Berridge, 1998; Foskett,
White, Cheung, & Mak, 2007).

Despite substantial evidence showing ICRCs roles in neuronal Ca?* signaling, their
specific contribution to memory processes is not clear, especially at the behavioral level. It has
been shown that they are involved in LTP, LTD, neurotransmitter release, dendritic excitability
and gene transcription (reviewed in Kathryn D Baker, Edwards, & Rickard, 2013). Of special
interest is the involvement of IP3Rs, in particular, in later phases of LTP and protein synthesis.
Raymond et al. (2000) observed that the blockade of RyRs inhibits LTP1 (or early-LTP), while
blocking IP3Rs inhibits LTP2 (or intermediate-LTP) in rat hippocampal slices. LTP2 is
dependent on local protein synthesis from pre-existing mRNA (C R Raymond, Thompson, Tate,
& Abraham, 2000). Accordingly, IPsRs are preferentially located in the dendritic shaft (Sharp
et al., 1993), mostly directly beneath synaptic sites, where there is also protein synthesis
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machinery (Steward & Schuman, 2001). Many examples of dendritic protein synthesis
regulated by Ca®* have been shown (Kelleher, Govindarajan, & Tonegawa, 2004). It is
reasonable to assume, therefore, that blockade of IPsRs could have an impact on memory

encoding.

Yet, studies investigating the roles of IPsRs in memory processes in behaving animals
are scarce. In the day-old chick, post-training IPsR or mGIuR1 inhibition in the intermediate
medial mesopallium (a critical region for memory processing in chicks) in a discrimination
avoidance task persistently impairs memory retention from 90 min post-training, a time point
considered to be in the protein synthesis-dependent LTM stage (K D Baker, Edwards, &
Rickard, 2008; Gibbs & Ng, 1979). In rodents, however, no such work, to our knowledge, has
been done. We hypothesized that IPsRs could play an important role in distinct memory phases
and therefore sought to elucidate, using contextual fear conditioning in rats, the effect of IPsR

blockade on memory consolidation, retrieval, reconsolidation and extinction.

2. Materials and methods

2.1. Animals

Male adult Wistar rats (aged 2-3 months, weighing 300-400 g) from the Center for
Reproduction and Experimentation of Laboratory Animals (CREAL) at the Federal University
of Rio Grande do Sul (UFRGS) were used for all experiments. They were housed in plastic
cages, four animals per cage, under controlled temperature (21 + 2 °C) and a 12/12h light/dark
cycle with regular chow and water available ad libitum. All procedures followed the Brazilian
ethical guidelines for animal research set by the National Council of the Control of
Experimental Animal Research (CONCEA).

2.2. Stereotaxic surgery and cannulae implantation

Rats were anesthetized by intraperitoneal injection with ketamine (75 mg/kg) and
xylazine (10 mg/kg) and secured in a Kopf stereotaxic apparatus. Bilateral guide cannulae were
targeted for placement directly above the CA1 region of the dorsal hippocampus (AP -4.0 mm

(from bregma), LL + 3.0 mm, DV -1.6 mm). We used meloxicam (analgesic and nonsteroidal
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anti-inflammatory; 1 mg/kg; via subcutaneous) 20 min before surgery, as well as once a day in
the following two days. Animals were allowed 5-7 days to recover before experimentation.
Following the appropriate behavioral task, animals were euthanized, and their brains were
collected to ensure accurate cannula placement. Animals with inaccurate cannula position were

excluded from statistical analysis.

2.3. Drugs and microinfusion

2-APB (2-aminoethyl diphenylborinate, Sigma-Aldrich), a IP3 receptor antagonist (50
or 500 uM, dissolved in 10% DMSO) or its vehicle (DMSO 10%) were infused bilaterally into
the CA1 region of the dorsal hippocampus. At the time of infusion, a 27-gauge needle was fitted
into the 22-gauge guide cannula, with its tip protruding 1.0 mm beyond the guide cannula. All
the infusions were delivered at a rate of 0.5 uL/side (2-APB or DMSO 10%) over 60 s and 30
additional seconds were waited before removing the infusion needle. A total volume of 1 pL of

2-APB or vehicle was injected into the hippocampus.

2.4. Contextual fear conditioning

The conditioning chamber (context) consisted of an illuminated Plexiglas box (33 x 22
x 22 cm), with grid floor of parallel 0.1 cm caliber stainless steel bars spaced 1 cm apart and
walls that were vertically striped in black and white. Rats were initially placed in the
conditioning chamber for 5 min for habituation. One day later, in the conditioning session
(training), rats were placed in the conditioning chamber for 3 min before receiving two 2 s, 0.3
mA foot-shocks separated by a 30 s interval; they were kept in the conditioning chamber for an
additional 30 s before returning to their home cage. Rats were then reexposed to the context in

different sessions, depending on the experiment performed.

Test session: Two days after training or one day after the extinction session, rats were

reexposed to the context, without foot-shocks, for 4 min to assess memory retention.

Retest session: One day after the test session, rats were reexposed to the context, without

foot-shocks, for 4 min to reassess memory retention.

Extinction session: Two days after training, rats were reexposed to the context, without

foot-shocks, for 30 min to induce memory extinction.
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2.5. Behavioral measurement

Freezing behavior was used as a memory index, being registered using a stopwatch in
real time by an experienced observer that was unaware of the experimental conditions. Freezing
was defined as total cessation of all movements except those required for respiration (Blanchard
& Blanchard, 1969).

2.6. Statistical analysis

Data are expressed as mean + SEM. Statistical analyses were performed using one or
two-way analysis of variance (ANOVA), followed by Tukey’s or Bonferroni’s post hoc tests,
when necessary. All data used confidence level of 95% and values of p < 0.05 were considered
statistically significant.

3. Results

3.1. IP3R blockade impairs contextual fear memory consolidation

We first examined whether IPsR blockade would impair contextual fear memory
consolidation in rats. The IP3R antagonist 2-APB (50 or 500 uM) or its vehicle were bilaterally
infused into the hippocampus of rats immediately after training. Freezing behavior was assessed
48 h after training (Fig. 1A).

One-way ANOVA revealed a significant effect of treatment (Fig. 1B; one-way
ANOVA: F(2,23) =4.701, P = 0.0194). Tukey’s post hoc analysis showed that the group treated
with 500 uM expressed lower freezing levels compared to the vehicle group (P = 0.015), while
the 50 uM group did not (P = 0.2571). Thus, we used the 500 uM dose in the following
experiments. These results show that hippocampal IP3R inhibition with 2-APB immediately

after training disrupts contextual fear memory consolidation.
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Figure 1. IP3R blockade impairs contextual fear memory consolidation. (A) Experimental
design: animals were injected with either vehicle (DMSO 10%) or 2-APB (50 or 500 uM) into
the hippocampus immediately after the training session and tested 2 days later. (B) During the
test session, animals infused with 2-APB at 500 uM, but not at 50 uM, expressed lower freezing
levels when compared to the vehicle group (vehicle, n = 10; 2-APB 50 uM, n = §; 2-APB 500

UM, n = 8). Data are shown in mean + SEM. * represents P < 0.05.

3.2. Consolidation impairment by 2-APB is time-dependent

Memory consolidation is not a single event phenomenon. It occurs through several hours
and molecular processes, which may take place in distinct critical periods of kinase activation
and protein synthesis (Bernabeu et al., 1997; Bourtchouladze et al., 1998; Schafe et al., 2000).
Therefore, we aimed to investigate whether IPsR inhibition would still impair consolidation if
conducted 90 min after training (Fig. 2A). We also examined the effect of 2-APB infusion 6 h
after training (Fig. 2A), a time point at which the memory trace is believed to have become
impervious to interferences (McGaugh, 2000). Two-way ANOVA revealed a significant effect
of time x treatment interaction (F(1,25) = 14.77, P = 0.0007). Bonferroni’s post hoc analysis
showed that 2-APB administration 90 min after training reduced freezing levels compared to

the vehicle group (Fig. 2B; P =0.002). Infusion 6 h after training, however, caused no difference
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between groups (Fig. 2B; P = 0.2434). These findings suggest that calcium release through
IP3Rs is necessary at different time points during, but not after, the consolidation time window.
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Habituation Training Test
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0 60—
.=
> 40
o
"_L k2
20—
0

90 min
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Figure 2. Consolidation impairment by 2-APB is time-dependent. (A) Experimental design:
animals were injected with either vehicle (DMSO 10%) or 2-APB (500 uM) into the
hippocampus 90 min or 6 h after the training session and tested 2 days later. (B) During the test
session, animals infused with 2-APB 90 min after the training session (n = 6) expressed lower
freezing levels when compared to the vehicle group (n = 7). There was no difference, however,
in freezing behavior between groups infused 6 h after the training session (vehicle, n = 7; 2-
APB, n =9). Data are shown in mean + SEM. ** represents P < 0.01.

3.3. IP3R blockade impairs contextual fear memory retrieval

We next addressed whether IP3R blockade affects memory retrieval. Rats received intra-
hippocampal infusion of 2-APB or vehicle 20 min before the test session (Fig. 3A).
Furthermore, a retest session was conducted 24 h after the test session to see if any effect caused
by 2-APB administration would be specific to retrieval under the effect of the drug (Fig. 3A).
Two-way repeated measures (RM) ANOVA revealed a significant effect of time x treatment
interaction (F(1,14) = 4.915, P = 0.0437). Bonferroni’s post hoc analysis showed that 2-APB
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administration 20 min before the test reduced freezing levels compared to the vehicle group
(Fig. 3B; P =0.0334). No difference was found between groups in the retest 24 h later (Fig. 3B;

P =0.7941). These findings indicate that IP3Rs play an important role in memory retrieval.
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Figure 3. IP3R blockade impairs contextual fear memory retrieval. (A) Experimental design:
animals were injected with either vehicle (DMSO 10%) or 2-APB (500 uM) into the
hippocampus 20 min before the retrieval session and tested 24 h later. (B) During the retrieval
session, animals infused with 2-APB expressed lower freezing levels when compared to the
vehicle group. There was no difference, however, in freezing behavior between groups in the
test session 24 h later (vehicle, n = 7; 2-APB, n = 9). Data are shown in mean £ SEM. *
represents P < 0.05.

3.4. 2-APB has no effect on reconsolidation or extinction

Lastly, we examined whether IPsR blockade would affect two memory processes
capable of altering the expression of already consolidated memories: reconsolidation and
extinction. Previous experiments from our lab demonstrated that a reexposure session with a
duration similar to the one used here was able to turn memory susceptible to modifications via
reconsolidation (Lunardi et al., 2018; Popik, Crestani, Silva, Quillfeldt, & de Oliveira Alvares,

2018; Redondo et al., 2020). Animals were infused with 2-APB or vehicle into the hippocampus
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immediately after the test session and retested 24 h later (Fig. 4A). Two-way RM ANOVA
revealed no significant effect of time x treatment interaction (Fig. 4B; F(1,11) = 1.322, P =
0.2746).
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Figure 4. 2-APB has no effect on reconsolidation. (A) Experimental design: animals were
injected with either vehicle (DMSO 10%) or 2-APB (500 uM) into the hippocampus
immediately after the retrieval session and tested 24 h later. (B) There was no difference in
freezing behavior between groups in the retrieval or test sessions (vehicle, n = 7; 2-APB, n =

6). Data are shown in mean + SEM.

In the process of fear memory extinction, a new memory is formed and competes with
the original fear memory for expression (Quirk & Mueller, 2008). We thus evaluated the
involvement of IP3Rs in the consolidation of extinction memory. 2-APB or vehicle were infused
into the hippocampus immediately after the extinction session, and the persistence of extinction
memory was assessed in the test 24 h later (Fig. 5A). Between the first and last 5 min of the
extinction session, two-way RM ANOVA revealed a significant effect of time (F(1,15) = 192.3,
P < 0.0001). Bonferroni’s post hoc analysis showed that both groups had their freezing
expression decreased during the extinction session (Fig. 5B; P < 0.0001). Between the first 5

min of the extinction session and test, two-way RM ANOVA revealed a significant effect of
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time (F(1,15) = 179.8, P <0.0001), but not treatment (F(1,15) = 0.4946, P = 0.4927) nor a time
X treatment interaction (F(1,15) = 1.955, P = 0.1824). Bonferroni’s post hoc analysis showed
that both groups had their freezing expression reduced between the first 5 min of the extinction
session and test (P < 0.0001). More importantly, there was no difference between groups in the
test (Fig. 5B; P > 0.9999). These results suggest that 2-APB has no effect on memory

reconsolidation or extinction.
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Figure 5. 2-APB has no effect on extinction. (A) Experimental design: animals were injected
with either vehicle (DMSO 10%) or 2-APB (500 uM) into the hippocampus immediately after
the extinction session and tested 24 h later. (B) Both groups expressed lower freezing levels
during the last 5 min of the extinction session and during the test session when compared to the
first 5 min of the extinction session. Furthermore, there was no difference in freezing behavior
between groups in the test session (vehicle, n = 8; 2-APB, n = 9). Data are shown in mean +
SEM. **** represents P < 0.0001.

4. Discussion

We investigated the involvement of IP3R in distinct memory processes by using the

membrane permeable IPsR antagonist 2-APB. Our findings demonstrate an important role for
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IP3 receptors in contextual fear memory consolidation and retrieval in rats. Reconsolidation and
extinction, in contrast, appear to be immune to disruption through IP3R blockade in the
hippocampus. To our knowledge, this is the first study that evaluates the effect of hippocampal

IPsR inhibition on memory processes.

There is substantial evidence for a postsynaptic role for IPsRs in LTP in the
hippocampus (Kapur, Yeckel, & Johnston, 2001; Kwon & Castillo, 2008; Sokolov et al., 2003).
Following presynaptic glutamate release, the concurrent activation of group I mGIluRs and
NMDARs results in IP3 and Ca?* signals, respectively, which are necessary to activate IPsRs in
the dendritic shaft (Berridge, Lipp, & Bootman, 2000; Foskett et al., 2007; Raymond &
Redman, 2002). The resulting Ca®*-induced Ca?* release (CICR) through IPsRs has been
suggested as a required step in the mGIluR-dependent local protein synthesis cascade underlying
late LTP phases (Raymond et al., 2000; Raymond & Redman, 2002; Raymond, 2007). Indeed,
blockade of IP3Rs with specific antagonist Xestospongin C in CA1 pyramidal neurons in vitro
inhibits LTP2, an intermediate phase of LTP that is dependent of local protein synthesis but
does not require gene transcription (Raymond & Redman, 2002, 2006; Raymond, 2007).
Moreover, post-training inhibition of IPsRs or mGIuR1s in the intermediate medial
mesopallium of day-old chicks resulted in persistent retention loss assessed 24 h after training
in a discrimination avoidance task (Baker et al., 2008). Our finding that 2-APB was able to
impair memory consolidation in rats is consistent with this evidence. We suggest that IP3R
inhibition may disrupt later phases of synaptic potentiation through local (dendritic) protein

synthesis impairment.

The fact that 2-APB was still able to disrupt consolidation when infused 90 min after
training further reinforces this hypothesis of a late-LTP role for IP3Rs. A significant body of
evidence supports the existence of distinct critical time points in the consolidation window that
require protein synthesis and activity of key protein kinases. Bourtchouladze et al. (1998) found
that the inhibition of protein synthesis or protein kinase A (PKA) in the mouse hippocampus
impaired contextual fear memory consolidation when conducted immediately or 4 h, but not 1
h or 6 h after training. In rats, inhibitory avoidance learning required increased PKA levels and
activity at 0, 3 or 6 h in the hippocampus; in the amygdala, extracellular signal-regulated
kinase/mitogen-activated protein kinase (ERK/MAPK) levels were increased at 60 min, but not
15, 30 or 180 min after auditory fear conditioning (Bernabeu et al., 1997; Schafe et al., 2000).
It is well known that both ERK/MAPK and cyclic adenosine monophosphate (CAMP)/PKA

pathways are essential regulators of memory formation (Impey, Obrietan, & Storm, 1999).
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Furthermore, the persistent retention impairment found by Baker et al. (2008) after IP3R
inhibition in the day-old chick was observed from 90 min post-training. Therefore, we find it
reasonable to assume that CICR through IPsRs may have an important role in the protein

synthesis and kinase activation of late phases of memory consolidation.

Memory retrieval is also an active process. It requires ongoing protein synthesis and a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) trafficking (Lopez,
Gamache, Schneider, & Nader, 2015). Moreover, pretest inhibition of PKA or the upstream
activator of MAPK impairs retrieval of the hippocampus-dependent inhibitory avoidance
memory (Szapiro et al., 2000). Importantly, the same effect on retrieval was found by blocking
mGIuR, the primary activator of IPsR and a major trigger for dendritic protein synthesis (Sutton
& Schuman, 2005; Szapiro et al., 2000). IPsR-mediated Ca?* release may also be involved in
activating protein kinase C (PKC), an enzyme shown to be important not only for late-LTP,
downstream of mGIuR activation, but also for inhibitory avoidance memory retrieval
(Reymann & Frey, 2007; Vianna et al., 2000). Our results corroborate these findings, suggesting
that memory retrieval is an active and protein synthesis-dependent process and relies on the

mGIuR-dependent IP3R activity.

Infusion of 2-APB immediately after retrieval did not impair memory expression
assessed 24 h later. Considering that similar protocols rendered memory susceptible to
modifications through reconsolidation in previous experiments in our lab (Lunardi et al., 2018;
Popik et al., 2018; Redondo et al., 2020), we hypothesize that either (1) the increase in
intracellular calcium levels through IPsR is not necessary for contextual fear memory
reconsolidation or (2) IP3R inhibition blocked the memory trace destabilization that normally
occurs after retrieval (J. L. C. Lee, 2008; Rudy, 2008). Since trace destabilization has been
shown to depend on the increase in calcium levels through NMDAR or VGCCs to activate the
ubiquitin proteasome system and the degradation of key scaffolding proteins (Ben Mamou,
Gamache, & Nader, 2006; Jarome, Werner, Kwapis, & Helmstetter, 2011; Kaang & Choi, 2012;
Suzuki, Mukawa, Tsukagoshi, Frankland, & Kida, 2008), we favor the second hypothesis.
Accordingly, proteasome activity inhibition in both the hippocampus or the amygdala
prevented the loss of contextual fear memory caused by the protein synthesis inhibitor
anisomycin after retrieval (Jarome et al., 2011; S.-H. Lee et al., 2008). Further experiments such
as coinfusing 2-APB and anisomycin immediately after retrieval would be needed to support

this proposition.
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The brain regions which have been most implicated in fear memory extinction are the
medial prefrontal cortex (mPFC), amygdala and hippocampus (Myers & Davis, 2007).
However, as extinction is considered new learning, it occurs in different phases, such as
acquisition, consolidation and retrieval, and the specific role of each brain structure in the
different phases of extinction learning is still unclear (Baldi & Bucherelli, 2015; Quirk &
Mueller, 2008). Since the hippocampus is believed to be the storage of contextual information,
it is possible it does not have the same pivotal role in extinction memory consolidation as it
does in its acquisition or retrieval. According to this hypothesis, since contextual information
is already stored during fear memory consolidation, its unimpeded prolonged retrieval would
be sufficient to induce the consolidation of the new extinction memory in the other brain
structures. Supporting this view, a previous study reported that protein synthesis inhibitor
anisomycin impaired contextual fear extinction if infused immediately after the extinction
session in the amygdala or the mPFC, but not in the dorsal hippocampus (Mamiya et al., 2009).
In addition, dorsal hippocampus infusion of the GABAergic agonist muscimol at the same time
point did not block extinction memory consolidation, nor attenuated the extinction memory
enhancing effects of norepinephrine infused into the amygdala (Berlau & McGaugh, 2006).
Other studies, however, have shown otherwise (de Carvalho Myskiw, Furini, Benetti, &
Izquierdo, 2014; Fiorenza, Rosa, lzquierdo, & Myskiw, 2012; Szapiro, Vianna, McGaugh,
Medina, & lzquierdo, 2003). Therefore, we do not rule out the possibility that IPsR-mediated
calcium signaling in the dorsal hippocampus may play a role in extinction consolidation. Future
experiments with different training intensities, duration of context exposure or drug dosage

should help elucidating this question.

The results presented here confirm, in rats, what had already been suggested in previous
works with chicks and in hippocampal slices in vitro. IP3Rs appear to be importantly involved
in LTP and memory, with emphasis on late phases. Therefore, in conclusion, we propose that
the increase in intracellular Ca?* levels through IPsRs helps promoting memory processes such
as consolidation and retrieval by triggering protein synthesis and key enzymes activation.

Further experiments will be required to confirm these hypotheses.
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4. DISCUSSAO

Neste trabalho, foi investigado o envolvimento dos receptores de IPs em diferentes
processos de memoria através do uso do antagonista de IPsR 2-APB. Os achados aqui descritos
sugerem um papel importante para os IP3Rs na consolidacédo e na evocagdo da memoria aversiva
contextual em ratos. A reconsolidagéo e a extin¢do, por outro lado, se mostraram imunes ao
prejuizo pelo bloqueio de IP3R no hipocampo. Este foi o primeiro estudo que avaliou o efeito

da inibig&o de IP3R hipocampal em processos de memoria.

Existe um corpo significativo de evidéncias indicando um papel p6s-sinaptico para
IPsRs na LTP no hipocampo (Kapur et al. 2001, Kwon & Castillo 2008, Sokolov et al. 2003).
Apobs a liberacdo pré-sinaptica de glutamato, a ativacdo concomitante de mGIuRs de grupo | e
NMDARs resulta em sinais de IPs e Ca?*, respectivamente, que sdo necessarios para ativar
IPsRs no eixo dendritico (Berridge et al. 2000, Foskett et al. 2007, Raymond & Redman 2002).
A consequente liberacdo de Ca?" através de IPsRs (CICR) ja foi sugerida como uma etapa
essencial na cascata de sintese local de proteinas dependente de mGIuR, que é necessaria para
as fases mais tardias da LTP (Raymond 2007, Raymond & Redman 2002, Raymond et al.
2000). De fato, o blogqueio de IPsR com o antagonista especifico xestospongina C em neurénios
piramidais de CALl in vitro inibe a LTP2, fase intermediaria da LTP que € dependente de sintese
local de proteinas mas ndo requer transcri¢cdo génica (Raymond 2007, Raymond & Redman
2002, 2006). Além disso, a inibicdo pds-treino de IP3Rs ou mGIuR1s no mesopalio medial
intermediario de galinhas resulta em perda persistente de retencdo da memaria, observada 24 h
apos o treino, em uma tarefa de esquiva discriminativa (Baker et al. 2008). As observacdes,
descritas neste trabalho, de que o 2-APB foi capaz de prejudicar a consolidacdo da memdria em
ratos sdo consistentes com esses estudos. E possivel que a inibicdo de IP3Rs perturbe fases

tardias da potenciacao sinaptica ao dificultar a sintese local (dendritica) de proteinas.

O fato de que a infuséo de 2-APB foi capaz de prejudicar a consolidagdo mesmo quando
feita 90 min depois do treino reforca a hipotese de que os IPsRs tenham um papel na LTP tardia.
Um conjunto importante de evidéncias aponta para a existéncia de distintos periodos criticos
dentro da janela de consolidacdo que requerem sintese de proteinas e a atividade de proteinas
cinases essenciais. Bourtchouladze et al. (1998) observaram que a inibicdo da sintese de
proteinas ou da PKA no hipocampo de camundongos causou prejuizo na consolidacdo da
memoria aversiva contextual quando realizada imediatamente ou 4 h, mas ndo 1 ou 6 h, apos o
treino. Em ratos, o aprendizado na esquiva inibitéria requer aumento em concentracdo e

atividade de PKA 0, 3 ou 6 h apds o treino no hipocampo; na amigdala, os niveis da cinase
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regulada por sinal extracelular/proteina cinase ativada por mitdgeno (ERK/MAPK) estéo
aumentados 60 min, mas ndo 15, 30 ou 180 min, apos o treino no condicionamento aversivo ao
tom (Bernabeu et al. 1997, Schafe et al. 2000). E sabido que tanto a via da ERK/MAPK quanto
a do monofosfato ciclico de adenosina (CAMP)/PKA séo reguladoras da formacao da memoria
(Impey et al. 1999). Além disso, a perda persistente de retencdo reportada por Baker et al.
(2008) apos inibicdo de IP3Rs em galinhas foi observada a partir de 90 min apds o treino.
Portanto, é razoavel assumir que a amplificacdo de sinais intracelulares de Ca* via IPsRs possa
ter um papel importante na sintese de proteinas e na ativacdo de cinases durante fases tardias

da consolidacdo da memodria.

A evocacdo da memoria também € um processo ativo. Ela requer sintese continua de
proteinas e trafego de AMPARs (Lopez et al. 2015). Além disso, a inibicdo pré-teste da PKA
ou do ativador a montante da MAPK prejudica a evocacdo da memoria de esquiva inibitdria
(Szapiro et al. 2000). O mesmo efeito, € importante destacar, foi encontrado com o bloqueio do
mGIuR, o principal ativador do IPsR e um grande desencadeador de sintese dendritica de
proteinas (Sutton & Schuman 2005, Szapiro et al. 2000). A liberacdo de Ca?* mediada por IPsRs
também pode estar envolvida com a ativagdo da PKC, enzima cuja importancia ja foi
demonstrada ndo s6 para a LTP tardia, a jusante da ativacdo do mGIuR, mas também para a
evocacdo da memdria de esquiva inibitoria (Reymann & Frey 2007, Vianna et al. 2000). Os
resultados obtidos neste trabalho corroboram esses dados, sugerindo que a evocacao da
memoria é um processo ativo e dependente de sintese de proteinas e que esta condicionado a

atividade mGIluR-dependente de IP3Rs.

A infusdo de 2-APB imediatamente apds a evocagcdo ndo causou prejuizo na expressao
da memoria observada 24 h depois. Considerando que, em experimentos anteriores neste
laboratorio, protocolos similares tornaram a memoria suscetivel a modificagbes através da
reconsolidacdo (Lunardi et al. 2018, Popik et al. 2018, Redondo et al. 2020), duas hipoteses
podem ser consideradas: (1) o aumento nos niveis intracelulares de Ca?* através de IPsRs ndo
€ necessario para a reconsolidacdo da memdria aversiva contextual ou (2) a inibigdo de IP3Rs
bloqueou a desestabilizacdo do traco mnemaonico que normalmente ocorre apds a evocagao (Lee
2008, Rudy 2008). Estudos que sugerem que a desestabilizacdo do tragco depende do aumento
dos niveis de Ca?* através de NMDARs e CCDVs para ativar o sistema ubiquitina-proteassoma
e a degradacédo de proteinas scaffold (Ben Mamou et al. 2006, Jarome et al. 2011, Kaang &
Choi 2012, Suzuki et al. 2008) fortalecem a segunda hipotese. De fato, a inibicdo da atividade

de proteassomas tanto no hipocampo quanto na amigdala preveniram a perda de memoria
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aversiva contextual causada pelo inibidor de sintese proteica anisomicina ap0s evocagao
(Jarome et al. 2011, Lee et al. 2008). Experimentos adicionais, como a coinfusdo de 2-APB e

anisomicina imediatamente ap0s a evocacgao, seriam necessarios para suportar essa proposicao.

As regibes encefalicas mais associadas a extingcdo das memorias aversivas sao 0 cortex
pré-frontal medial (mPFC), a amigdala e o hipocampo (Myers & Davis 2007). Entretanto, como
a extingdo é considerada um novo aprendizado, ela ocorre em diferentes fases, como aquisicao,
consolidacdo e evocacao, e o papel especifico de cada estrutura encefalica nas diferentes fases
da extincdo ainda néo foi muito esclarecido (Baldi & Bucherelli 2015, Quirk & Mueller 2008).
Uma vez que o hipocampo é tido como o principal local de armazenamento de informacéo
contextual, é possivel que ele ndo tenha, na consolidacdo da memoria de extingdo, 0 mesmo
papel fundamental que ele tem na sua aquisicdo ou evocagdo. De acordo com essa hipétese,
como a informacdo contextual ja teria sido armazenada no hipocampo durante a consolidacao
da memdria aversiva, a prolongada (e desimpedida) evocacdo dessa memdria seria suficiente
para que fosse induzida a consolidacdo da nova memdria de extingdo nas outras estruturas
encefalicas, sem que fosse necessario um novo processo de consolidacdo especificamente no
hipocampo. Corroborando essa teoria, um estudo publicado por Mamiya et al. (2009) reportou
que o inibidor de sintese proteica anisomicina prejudicou a extincdo da memoria aversiva
contextual se infundido imediatamente ap06s a sessdo de extincdo na amigdala ou no mPFC,
mas ndo no hipocampo dorsal. Além disso, a infusdo do agonista gabaérgico muscimol no
hipocampo dorsal, também logo ap6s a sessdo de extingdo, ndo bloqueou a consolidacdo da
memoria de extingdo nem atenuou os efeitos potencializadores que a infusdo de noradrenalina
na amigdala tem na memoria de extincdo (Berlau & McGaugh 2006). Outros estudos,
entretanto, obtiveram resultados contrastantes (de Carvalho Myskiw et al. 2014, Fiorenza et al.
2012, Szapiro et al. 2003). Dessa forma, apesar da extin¢do néo ter sido perturbada pela infusdo
hipocampal de 2-APB ap0s a sesséo de extingcdo no presente trabalho, ndo se pode excluir a
possibilidade de que a sinalizagdo de Ca** mediada por IP3Rs no hipocampo dorsal desempenhe
um papel na consolidagéo da extingdo. Experimentos futuros com diferentes intensidades de
treino, duracdes de exposicdo ao contexto ou dosagens farmacoldgicas deverdo ajudar a

elucidar essa questao.
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5. CONCLUSAO

Os resultados aqui apresentados confirmam, em ratos, o que ja havia sido sugerido em
trabalhos anteriores com galinhas e em fatias hipocampais in vitro. Os IP3Rs parecem estar
intimamente envolvidos com LTP e memoria, especialmente em fases tardias. Pode-se concluir,
portanto, que 0 aumento nos niveis intracelulares de Ca?* através dos IPsRs provavelmente
colabora para o processamento da consolidacao e da evocacdo da memoria aversiva contextual
ao induzir a sintese local de novas proteinas e a ativacdo de enzimas-chave. Experimentos
futuros serdo necessarios para confirmar essas hipéteses e para investigar se os IP3Rs sdo de

alguma forma importantes para a reconsolidacédo e a extingdo da memoria.
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