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Resumo

CAMPOS, Renan Costa. Estudo da participacdo do receptor P2X7 no desempenho cognitivo
de roedores: abordagens farmacoldgicas e genéticas. 2013. 46p. Dissertacdo de Mestrado.
Programa de Pdés-Graduacdo em Ciéncias Fisioldgicas: Fisiologia Animal Comparada.
Universidade Federal do Rio Grande, Rio Grande.

A memdria é um fendmeno decorrente de um conjunto de processos fisioldgicos denominado
plasticidade. Varias formas de plasticidade sdao necessarias no processo de formacdo da
memoria e também s3o responsaveis pelo gerenciamento do comportamento. O fendmeno
eletrofisiolégico chamado potencializacdo de longa duragdo (PLD), cuja ocorréncia no
hipocampo merece destaque, foi proposto como sendo o mecanismo de plasticidade
constitutivo das bases da consolidagdo da memoaria nesta regido encefalica. A importancia da
plasticidade na regidao CA1 do hipocampo se manifesta em diversas formas de aprendizado,
como espacial e condicionamento classico. Os eventos bioquimicos que culminam na
plasticidade e formag¢do da memodria sofrem influéncia de diversos sistemas de
neurotransmissores e evidéncias indicam também a participacdo do sistema purinérgico,
provavelmente através dos receptores ionotrépicos P2X. Receptores purinérgicos do subtipo
P2X7 (P2X7R), largamente distribuidos no sistema nervoso central (SNC), além de possuirem
varias caracteristicas que os distinguem de outros subtipos de receptores P2X, estdo
envolvidos na regulacdo da liberagcdo de neurotransmissores cruciais para a promog¢do da PLD
na regido hipocampal e formagdo da memdria. Assim, este trabalho objetivou avaliar a
participagdo dos P2X7R em camundongos geneticamente modificados (KO), que ndo
expressam o receptor P2X7, e ratos através da exposicdo destes a diferentes tarefas
comportamentais, bem como avaliar o efeito do enriquecimento ambiental sobre possiveis
déficits mnemonicos resultantes da supressdo génica sobre o receptor P2X7. Os resultados
sugerem que os P2X7R participam tanto da memoria aversiva como da memdria espacial: o
bloqueio farmacolégico com o antagonista especifico de P2X7R A-740003 em diferentes
janelas temporais causou prejuizos mnemoénicos em ratos submetidos a tarefa do medo
condicionado contextual (MCC), enquanto a dele¢cdo do P2X7R causou déficits mnemonicos a
camundongos nas tarefas do labirinto aquatico de Morris e no MCC, indicando prejuizos nas
memdrias espacial e aversiva, respectivamente. Experimentos com enriquecimento ambiental
sugerem que esta forma de estimulagdo contribui na reversdao dos déficits mnemonicos
causado pela auséncia do P2X7R. Por fim, nenhuma alteracdo na memdaria de habituacdo foi
observada em animais com delecdo génica para o P2X7R.
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de roedores: abordagens farmacoldgicas e genéticas. 2013. 46p. Dissertacdo de Mestrado.
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Memory is a phenomenon ensued by a set of physiological processes known as plasticity.
Several forms of plasticity are necessary in the process of memory formation and are also
responsible for the management of the behavior. The electrophysiological phenomenon called
long-term potentiation (LTP), whose occurrence in the hippocampus is generally highlighted,
was proposed to be the underlying plastic mechanism involved in the basis of memory
consolidation in this brain region. The importance of plasticity in the CAl region of the
hippocampus is observed in several sorts of cognition, such as spatial learning and classic
conditioning. The biochemical events that culminate in plasticity and memory formation are
subject to the influence of several neurotransmission system and evidences suggest also the
participation of the purinergic system in this process, likely through P2X receptors. Purinergic
P2X7 ionotropic receptors (P2X7R), widely distributed through the central nervous system,
possess a number of distinctive characteristics when compared to other P2X receptors and are
involved in the regulation of the release of neurotransmitters that are crucial in the promotion
of hippocampal LTP and memory formation. So, this work aimed to evaluate the participation
of the P2X7R in genetically modified (KO) mice with suppressed expression of the P2X7R and
rats through different behavioral paradigms, as well as to evaluate the effect of environmental
enrichment on potential mnemonic deficits resulting from genetic suppression on the P2X7R.
The results suggest that P2X7R participate on both aversive and spatial memory:
pharmacological blockage with specific P2X7R antagonist A-740003 in different time-frames
elicited mnemonic impairments in rats submitted to the contextual fear conditioning (CFC)
task, and the deletion of P2X7R hampered both spatial and aversive memory of mice subjected
to the Morris water maze and CFC paradigms, respectively. Experiments using mice subjected
to environmental enrichment suggest that this form of stimulation reverses mnemonic
impairments ascribed to the absence of P2X7R. Finally, no alterations were observed in the
habituation memory of P2X7R KO mice.
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I. Introdugao

l.i. Aprendizado, Memdria e Plasticidade Neuronal

A memoria é caracterizada pela habilidade de adquirir, conservar e evocar informacdes,
sendo uma fungao que depende da capacidade das células nervosas de alterar sua resposta a
determinados estimulos. Esta capacidade é decorrente de um conjunto de processos
fisiolégicos denominado plasticidade (lzquierdo, 2011). A plasticidade no sistema nervoso é
essencial para a aquisicdo de novas informagdes e pode acontecer em vdrias escalas, desde a
sintese de proteinas e insergao de receptores a membrana sinaptica até a sincronizagdo total
das atividades neuronais no cérebro. Estas varias formas de plasticidade se refletem na
atividade de populagbes neuronais e, além de serem necessdarias no processo de formagdo da
memoria (Lamprecht e LeDoux, 2004), sdo também responsdveis pelo gerenciamento do

comportamento (Maren e Quirk, 2004; McGaugh e Roozendaal, 2009; Pape e Pare, 2010).

As mudangas temporarias e reversiveis na transmissdo sinaptica convencionou-se chamar
memoéria de curta duragdo (MCD), consistindo em modificacdes independentes de sintese
protéica. Entretanto, para que o aprendizado se consolide, as mudancas fisioldgicas que
ocorrem na transmissdo sindptica precisam se estabilizar e, para que isto ocorra, outro tipo de
modificacdo, mais consistente, é necessaria. O que se definiu como meméria de longa duracdo
(MLD) consiste na criacdo de tracos estdveis e persistentes que requerem a expressdo de
genes e a resultante sintese de proteinas (Kandel, 2001). Ainda assim, mudangas moleculares
sdo transitérias e, per se, ndo sustentam as bases da MLD. Logo, acredita-se que mudancas
estruturais na morfologia sinaptica, acontecendo como conseqliéncia ou paralelamente a
sintese de proteinas, sejam também necessarias, configurando o fendmeno de plasticidade
sindptica (Lamprecht e LeDoux, 2004). Essa plasticidade sindptica atividade-dependente é
induzida em sinapses apropriadas durante a formacdo da memdria, sendo ndo apenas
necessaria mas também suficiente para que ocorra o armazenamento de informacgdes (Dudai,

2002).

Em 1973 descobriu-se que a estimulacdo em alta freqliéncia na regido entre a via
perforante e as células granulares do giro denteado hipocampal produzia um aumento estavel
e duradouro das respostas sindpticas e este fendmeno eletrofisiolégico passou a ser chamado
potencializacdo de longa duracdo (PLD) (Lgmo, 2003) (Fig. A). A sequéncia de eventos
moleculares envolvidos na PLD podem produzir aumento ou modificacbes de espinhas
dendriticas — proje¢Oes protopldsmicas que compdem os principais locais da transmissdo
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sindptica excitatéria do encéfalo dos vertebrados —, dando origem a novas sinapses ou
fortalecendo as ja existentes. Este fendmeno, cuja ocorréncia em uma regido denominada
Cornu Ammons 1 (CA1) na porc¢do dorsal do hipocampo merece destaque, foi proposto como
sendo o mecanismo constitutivo das bases da consolidagdo da memdria nesta regido (Whitlock

e Heynen, 2006).

Hipocampo

f.-'?Célula piramidal "
da Regido CAl

Via Colateral
de Schaffer

I
Célula piramidal
da Regido CA3

| Giro Denteado Via Perforante
Fibras (a partir do Cartex
Musgosas Entorrinal)

Figura A. Diagrama de uma secgdo através do hipocampo de um roedor onde sdo observadas as principais regides, vias
excitatdrias e conexdes sindpticas. Adaptado de Purves, et al. (2004)

Na PLD o neurotransmissor glutamato se liga a dois diferentes subtipos de receptores que
geralmente estdo co-localizados em espinhas dendriticas. O primeiro a ser acionado é o
receptor ionotrdpico a-amino-3-hidroxi-5-metil-4-isoxazolepropionico (AMPA), cujo canal é

permeavel a cdtions monovalentes (Na* e K') e produz um influxo inicial de ions que
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despolariza a membrana do neurbnio pds-sindptico. Em seguida, a prévia despolarizacdo da
membrana em que esta inserido faz com que seja extruido o fon Mg?* que obstrui o canal do
receptor N-metil-D-aspartato (NMDA), possibilitando, assim, o influxo de Ca?* e de Na' na
espinha dendritica. Este influxo de Ca** é o gatilho que dispara a fase inicial da PLD

(Minichiello, 2009; Morgado-Bernal, 2011) (Fig. B).

A partir deste gatilho se inicia um processo de sinalizacdo intracelular em que varias
proteinas quinases — dentre elas a proteina quinase dependente de Ca**/calmodulina (CaMK),
proteina quinase dependente de Ca®* (PKC), proteina quinase dependente de AMP ciclico
(PKA), proteina quinase regulada por sinalizagdo extracelular (ERK), dentre outras — podem ser
ativadas sob a influéncia do consideravel influxo de Ca** e por outros sinais intracelulares
originados na membrana pds sindptica, servindo como reguladores positivos na plasticidade
sindptica (na forma da PLD) através da ativacdo do fator de transcrigdo chamado elemento de
ligacdo responsivo a AMP ciclico (CREB). Este elemento, por sua vez, regula a transcri¢do de
proteinas necessarias para a estabilizacdo das mudangas sinapticas formadas durante o
aprendizado e a memoaria (Alberini, 2009; Lee e Silva, 2009). Além disso, o influxo de Ca* é
imprescindivel no processo de recrutamento de receptores AMPA adicionais a membrana de
botdes pds-sindpticos. Essa inser¢cdo contribui para o incremento da fungdo sindptica e é
essencial para a manutencdo da PLD e possivelmente para a consolidagdio da memoria

(Lamprecht e LeDoux, 2004; Opazo e Choquet, 2011).

Ainda, a PLD é associativa, o que significa que a forte ativagdo de um grupo de sinapses
pode facilitar a indugdo da PLD em um conjunto independente de sinapses ativas adjacentes
na mesma célula, se ambas as sinapses forem ativadas dentro de uma janela temporal
determinada. Assim, quando gerada em um grupo de sinapses por ativacao repetitiva, a PLD
na regido CAl do hipocampo proporciona um aumento da robustez exclusivamente nas
sinapses ativadas, o que confere uma grande especificidade e aumenta largamente a
capacidade de armazenamento de cada neurdnio no processo de aprendizagem e memdria

(Malenka, 1999; Bermudez-Rattoni, 2007).

A importancia da plasticidade na regido CA1 do hipocampo se manifesta em diversas
formas de aprendizado. Por exemplo, a deficiéncia na formagdo da PLD na regido CA1l do
hipocampo coincide com prejuizos no aprendizado espacial, como verificado na tarefa do
labirinto aquatico de Morris (LAM), em que camundongos deficientes na expressdo da enzima
CaMKIl, assim como camundongos com uma limitagdo na expressdo do CREB apresentaram

déficits tanto na formacdo da PLD como na performance do LAM (D’Hooge e Deyn, 2001). Esta
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tarefa se tornou uma das ferramentas mais largamente utilizadas em laboratério na avaliacao
da memodria espacial de modelos animais. Os animais submetidos a ela aprendem a encontrar
uma plataforma de escape, ligeiramente submersa, para que sejam resgatados de um tanque

circular preenchido com agua turva (Morris, 1984).

Glu Glu

ca2t R ca’* / \ -
y M92+ /
M92+ \

fca2t

Potencial de
repouso Durante despolarizagdo

Figura B. Modelo de indugdo de PLD. Durante a transmissdo sindptica normal, o glutamato (Glu) é liberado do terminal pré-
sindptico, agindo em receptores AMPA e NMDA. Os ions Na+ fluem inicialmente através dos receptores AMPA. A
despolarizagdo do terminal pds-sinaptico expulsa o ion Mg2+ que bloqueia os receptores NMDA, permitindo o influxo de Na+ e
Ca2+ para a espinha dendritica através deste receptor. O resultante aumento da concentragdo de Ca2+ na espinha dendritica é
crucial para o disparo da PLD. Adaptado de Malenka, 1999.

Outro importante tipo de aprendizado é a simples associacdo entre um estimulo e uma
resposta, como o condicionamento classico ou Pavloviano (lzquierdo, 2011). Nesta forma de
aprendizado, um estimulo neutro, como um tom acustico (estimulo condicionado, EsC), é
pareado com um estimulo incondicionado (Esl) aversivo, como um choque elétrico nas patas.
Apds algumas poucas sessGes, o EsC passa a evocar uma resposta de medo (resposta
condicionada, RC) aprendida, como o comportamento de imobilidade temporaria do animal
guando exposto ao EsC (LeDoux, Romanski e Xagoraris, 1990; Davis, 1997). O condicionamento
Pavloviano é particularmente util para anadlise eletrofisioldgica por ser rapidamente adquirido
e formar memodrias de longa duracdo. Além disso, os principios comportamentais e circuitos
neurais que compdem esta forma de aprendizado sdo bem caracterizados, permitindo uma
andlise da relagcdo entre atividade neuronal e comportamento aprendido (Maren e Quirk,

2004).




Uma rede de estruturas, que inclui diversos nucleos da amigdala, o hipocampo e o cortex
pré-frontal medial (CPFm), estd envolvida na regulacdo da expressdo do medo condicionado
(Sierra-Mercado, Padilla-Coreano e Quirk, 2011). O nucleo lateral da amigdala (NLA) recebe
informacdes sensoriais e é o local onde ocorre plasticidade relacionando EsC/Es| durante o
medo condicionado. O NLA envia eferéncias para o nucleo central da amigdala (NCA), o qual
controla a expressao da resposta fisiolégica do medo, a RC, através de projecdes para o tronco
encefalico e hipotdlamo (Phelps e LeDoux, 2005). O hipocampo, regido que possui projecoes
que atingem o nucleo basal da amigdala (NBA), é responsavel pelo controle da informacgdo
contextual durante o condicionamento, podendo conduzir a expressao do medo através do

NCA.

Os eventos bioquimicos que se sucedem em todos os estagios da formagdo da meméria
acontecem sob a influéncia de diversos sistemas de neurotransmissores e das cascatas
bioquimicas decorrentes das ligagdes destes com seus respectivos receptores, além de outros
fatores, como ansiedade e estresse (lzquierdo e Medina, 1997). Assim, na busca da melhor
compreensdao dos eventos subjacentes a estes processos moleculares, é pertinente a
consideracdo da influéncia exercida pelo sistema purinérgico, ja que uma porgao consideravel
de evidéncias sustenta o envolvimento da adenosina, ATP e seus receptores nos mecanismos

de plasticidade e formacdo da meméria (Burnstock et al., 2011).

L.ii. Sistema purinérgico e memoria

Os primeiros relatos da sinalizacdo purinérgica datam de 1929, quando pesquisadores
injetaram intravenosamente extratos de tecidos cardiacos em animais intactos e observaram a
diminuicdo dos batimentos cardiacos; logo identificaram o agente biolégico como um
composto nucleosideo (Drury e Szent-Gyorgyi, 1929). Pesquisas realizadas nas décadas mais
recentes levaram a descoberta de muitos efeitos da sinalizacdo através de nucleotideos e
nucleosideos purinicos — adenosina trifosfato (ATP), adenosina difosfato (ADP) da adenosina —
destacando-se o surgimento do conceito de neurotransmissdo purinérgica em 1972
(Burnstock, 1972, 2007). Logo a presenca do ATP foi identificada em termina¢Ges nervosas
simpaticas e parassimpaticas (Burnstock, 1976), sendo atualmente reconhecida a acdo deste
mediador na transmissao ou co-transmissao da maior parte dos nervos, tanto no sistema
nervoso periférico como no SNC (Burnstock, 2010).

Apds a liberagdo, o ATP e outros nucleotideos sofrem rdpida degradacdo enzimatica

através da acdo de ectonucleotidases, cujas acbes sdo funcionalmente importantes pelo fato



dos metabdlitos do ATP agirem como ligantes fisioldgicos para outros receptores purinérgicos.
Além disso, todas as familias de ectonucleotidases identificadas até o momento sdo expressas
no cérebro (Abbracchio et al., 2009). Estas incluem E-NTPDases (ecnonucleosideo trifosfato
difosfohidrolases), E-NPPs (ectonucleotideo pifofosfatase e/ou fosfodiesterases), fosfatases
alcalinas e ecto-5'-nucleotidase. E-NTPDases e E-NPPs hidrolizam ATP e ADP a AMP, que é
hidrolisado a adenosina pela ecto-5'-nucleotidase. Fosfatases alcalinas também hidrolisam
nucleosideo tri-, di- e monofosfatos enquanto a presenca de ectoenzimas conversoras de
nucleotideos, tais como nucleosideo difosfoquinase ou mioquinase também foi descrita
(Zimmermann, 2001; Abbracchio et al., 2009) (Fig. C).

Implicita no conceito de neurotransmissdo purinérgica, esta a existéncia de moléculas
receptoras, presentes na membrana de diversos tipos celulares e mediando a a¢do do ATP
extracelular. Os receptores purinérgicos foram definidos pela primeira vez em 1976
(Burnstock, 1976) e, dois anos depois, foi proposta a base para a distingdo de dois tipos de
receptores, identificados como P1 e P2 (para adenosina e ATP/ADP, respectivamente)

(Burnstock, 2007) (Fig. C).
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Figura C. Mecanismos de liberagdo, degradagdo e recepgdo do ATP. Alk Phos, fosfatase alcalina; Myok, mioquinase (adenilado
quinase); NDK, nucleosideo difosfato quinase; NPPS, nucleotideo pirofosfatase e/ou fosfodiesterases; 5'-Nuc, 5'-nucleotidase;
VINUT, transportador vesicular de nucleotideos. Adaptado de Abbracchio, 2009.



L.ii.i Adenosina e receptores P1

A adenosina (ADO) é um metabdlito constitutivo de todas as células, estando envolvida
em importantes vias de sinalizacdo tais como sintese de bases nucleotidicas purinicas,
respostas citoprotetoras e modulacdo do estado metabdlico celular (Cunha, 2001; Housley,
Bringmann e Reichenbach, 2009). Este nucleosideo ndo é considerado um neurotransmissor
classico, por ndo ser armazenada em granulos sindpticos neuronais ou liberada in quanta, mas
como um neuromodulador, ganhando acesso ao espaco extracelular parte pela quebra de
nucleotideos (ATP, ADP e AMP) e parte pela translocagdo a partir do citoplasma de células por
proteinas transportadoras de nucleosideos (Siegel, Albers e Brady, 2006). A depuragdo da ADO
é mediada principalmente pela enzima adenosina quinase, nos astrécitos, fosforilando a
adenosina a AMP e controlando as a¢cGes homeostaticas da adenosina (Didgenes et al., 2012).

A ADO desempenha um papel dual no espago extracelular do sistema nervoso. Por um
lado, a adenosina desempenha a mencionada fungao na neuromodulagao, controlando o fluxo
de informacgdes através de circuitos neuronais. Por outro lado, a ADO desempenha também
uma fungao mais ampla, em todas as células eucaridticas, agindo na modulagdo homeostatica.
Levando-se em considera¢do que no tecido encefalico a adenosina cumpre estas duas fungdes,
ambas sdo, geralmente, de dificil dissociacdo (Cunha, 2001; Gomes et al., 2011).

Receptores de adenosina sdo proteinas de membrana pertencentes a superfamilia de
receptores acoplados a proteina G e, até o presente, quatro tipos de receptores P1 foram
clonados: Aj;, Aj;s, Az, As (Fredholm et al, 2000). Entretanto, a observacdo de que
camundongos geneticamente modificados, com silenciamento da expressao génica (do inglés
knock out — KO) para receptores de adenosina sdo vidveis indica a redundancia desta porgao
do sistema purinérgico em condicdes fisioldgicas normais (Eltzschig, Sitkovsky e Robson, 2012).

O subtipo de receptor de adenosina mais largamente distribuido no encéfalo é o A,
sendo sua principal atuacdo a modulacdo da liberacdo de neurotransmissores excitatérios
(Burnstock, Fredholm e Verkhratsky, 2011; Gomes et al., 2011). Ativacdo de receptores A;
(com alta densidade no hipocampo de varias espécies de mamiferos, incluindo humanos) inibe
tonicamente a transmissdo sinaptica tanto a partir de terminais pré- como pds-sindpticos
(Fredholm et al., 2005), normalmente induzindo sedacdo e efeitos ansioliticos e tendendo a
prejudicar fungbes de aprendizado e memdria (Zarrindast e Shafaghi, 1994; Pereira et al.,
2005). Assim, o efeito inibitério da adenosina enddgena na PLD tem relagdo com a ativacdo de
receptores NMDA. Esta ligacdo é compreensivel, considerando-se que a adenosina é liberada

sob estimulacdo de alta freqiéncia e é capaz de inibir as respostas mediadas pelos receptores



NMDA, cuja atuacdo é determinante na indugdo da PLD na regido CA1 (Mendonga e Ribeiro,
2001).

Além disso, a cafeina, um dos psicoativos mais largamente consumidos, exerce efeitos
no SNC através do antagonismo de receptores de adenosina (Fredholm et al., 2000) e
consumidores relatam uma melhora no desempenho intelectual apds o consumo de cafeina,
particularmente quando em estado fatigado. Os efeitos cognitivos da cafeina na maior parte
devem-se a sua habilidade de antagonizar receptores A; no hipocampo e coértex, areas
cerebrais particularmente envolvidas com a cogni¢do (Ribeiro, Sebastido e Mendonga, de,
2002). Assim, a utilizagdo de antagonistas dos receptores A; tem sido proposta no tratamento
de disturbios mnemoénicos (Ribeiro e Sebastido, 2010). Por fim, os efeitos da ativagdo dos
receptores de adenosina em diferentes estagios da memdria — aquisicdo, consolidagdo,
retenc¢do e evocagao — dependem fortemente do periodo da administra¢do, da concentragao e

das caracteristicas do composto administrados no animal (Burnstock et al., 2011).

Lii.ii ATP e receptores P2

O citoplasma da maior parte dos neurdnios contém por volta de 2-5 mM ATP e até
recentemente admitia-se que a Unica fonte de ATP extracelular agindo em receptores
purinérgicos fosse proveniente de células com danos ou em processo de morte. Atualmente a
liberagdao de ATP a partir de células sadias é reconhecida como um mecanismo fisioldgico. Esta
liberagdo ocorre tanto a partir de neurbnios periféricos como centrais, onde o ATP é
encontrado em concentragGes mais altas (até 100 mM) enquanto armazenado em vesiculas
sindpticas que contém, além do ATP, outros nucleotideos em menor concentragdo, como ADP
e AMP (Burnstock, 2007).

O ATP estd provavelmente presente em todas as vesiculas sindpticas e/ou secretorias,
embora em diferentes concentracdes, e seu acumulo em vesiculas provavelmente seja
mediado por transportadores vesiculares de nucleotideos dependentes de CI” (Sawada et al.,
2008). Na célula, o ATP pode ser co-armazenado e co-liberado com outros neurotransmissores,
como 4cido y-aminobutirico (GABA), noradrenalina e glutamato (Abbracchio et al., 2009).
Igualmente, o ATP pode ser armazenado sozinho em vesiculas, compondo os unicos
transmissores presentes no terminal sindptico, como na habénula medial (Robertson e
Edwards, 1998), ou pode compartilhar o terminal pré-sindptico com vesiculas de glutamato
(Pankratov et al., 2007). De qualquer forma, a Unica regido onde se encontra transmissdo
mediada puramente pelo ATP é a habénula medial (Robertson e Edwards, 1998; Burnstock,

Fredholm e Verkhratsky, 2011).



No hipocampo, a liberagdo de ATP foi detectada nas fibras colaterais de Schaffer em
resposta a estimulacdo elétrica (Pankratov et al., 1998), fendmeno observado também em
outras regides, como habénula medial (Sperlagh et al., 1998) e hipotalamo (Sperlagh, Sershen
e Lajtha, 1998). Ainda no hipocampo, foi reportada a cooperacdo entre o ATP extracelular e
receptores NMDA na formacdo da PLD na regido CA1, corroborando com a hipdtese da co-
transmissdo do ATP com o glutamato nesta estrutura (Fujii, Kato e Kuroda, 2002). Por fim,
além de ser liberado por exocitose, o ATP pode ser liberado no SNC por vias alternativas, como
jungdes comunicantes, transportadores ABC (ATP-binding cassette), canais de cloreto volume-
sensitivos ou através do poro formado pelo receptor P2X7 (Pankratov et al., 2006) (Fig. C).

Assim, foi estabelecido que o ATP ativa receptores de membrana ionotrdpicos P2X e
metabotrdpicos P2Y, sendo ambos largamente distribuidos no SNC, influenciando tanto células
neuronais como células gliais (Jarvis e Khakh, 2009).

Até o presente, a familia de receptores P2Y é composta por 10 subtipos ja clonados e
funcionalmente definidos. Oito destes (P2Y1, 2, 4, 6, 11, 12, 13 e 14) estdo presentes em
tecidos humanos e, destes, P2Y1, 6, 11, 12, 13 e 14 ocorrem no SNC (llles e Ribeiro, 2004a).
Estes receptores podem ser ativados ndo somente pelo ATP, mas também por outros
nucleotideos de ocorréncia natural, como ADP, uridina trifosfato e uridina difosfato (Sak e
Webb, 2002). A familia dos receptores P2Y é composta por receptores metabotrépicos e esta
envolvida na neuromodulagdo, sendo estes receptores responsaveis pela mediacdo de
mudangas lentas na transmissdo sindptica e excitabilidade neuronal através do seu
acoplamento a proteinas G triméricas (Hussl and Boehm, 2006).

Nos neurénios, os sete subtipos de receptores P2X (P2X1 — P2X7) identificados (Li et al.,
2008) medeiam respostas sindpticas rapidas através da ligacdo com o ATP (llles e Ribeiro,
2004b). As subunidades destes receptores, que se agrupam em trimeros ou hexameros,
possuem dois dominios transmembrana, uma longa al¢ca extracelular contendo o sitio de
ligacdo ao ATP e caudas terminais C e N intracelulares (llles e Ribeiro, 2004a). Além disso,
receptores P2X s3o permedveis tanto a cations monovalentes, como Na* e K*, quanto a cations
divalentes, como Ca*? (Burnashev, 1998; Rubio e Soto, 2001), enquanto os receptores P2X
expressos no cérebro se destacam pela alta permeabilidade ao Ca®* (Egan e Khakh, 2004).
Ainda, ao contrario dos receptores NMDA, que para permitirem o influxo de Ca*® necessitam
de uma prévia despolarizagio da membrana para que o ion Mg* que os obstrui seja extraido,
assim desbloqueando seu canal, o influxo de Ca*™ através de receptores P2X pode acontecer

mesmo durante o potencial de repouso do neurénio, o que constitui uma fonte adicional para



a entrada de Ca* que poderia modular o desempenho das células pds-sinapticas (Edwards and
Gibb, 1993).

Os receptores P2X possuem uma combinacdo Unica de propriedades funcionais que os
tornam importantes na regulacdo da plasticidade sinaptica, como a co-liberacdo do ATP com
outros neurotransmissores, a alta permeabilidade destes receptores ao Ca*’, mesmo sob
potenciais de repouso, e a capacidade de interagir com outros receptores para
modular/disparar a liberacdo de outros neurotransmissores e gliotransmissores (Pankratov et
al., 2009).

Evidéncias indicando o papel dos receptores P2X neuronais na regulacao da plasticidade
sindptica sdo abundantes (Pankratov et al., 2009). Enquanto até o fim da década de 1990
acreditava-se que a transmissdo sinaptica excitatéria na formagdo hipocampal era mediada
somente por receptores de amindacidos excitatérios, experimentos de Pankratov (et al., 1998),
indicaram a presenca de um componente ndo glutamatérgico nas correntes excitatérias pds-
sindpticas de neurdnios piramidais na regidao CA1 do hipocampo. A partir dai, sugere-se que o
componente envolvido neste tipo de transmissdo seja o ATP, através de receptores P2X, sendo
este responsavel por 20-25% das conexdes excitatérias que chegam a regido CAl. Essa
liberagdo de ATP em neurbnios do hipocampo estd implicada também na PLD (Fields e
Burnstock, 2006). Esse aumento da LTP em neurénios centrais se da provavelmente através da

ativacao de receptores P2X (Sim et al., 2006).

Liii. Receptores P2X7

Desde o momento em que foi isolado, a partir de mastécitos de ratos, o receptor P2X7
(P2X7R) tem sido considerado como sendo a realizagdo molecular de um receptor de ATP
passivel de tornar a célula permeadvel a ions (Cockroft e Gomperts, 1979). Posteriormente, este
receptor de ATP foi classificado como receptor P2Z e identificado em células do sistema
imunoldgico (Gordon, 1986). Receptores P2X7 sdo largamente distribuidos no SNC,
predominantemente localizados nas células imunes e na glia, onde medeiam liberacdo de
citocinas pré-inflamatdrias, proliferacao celular e apoptose, e nos terminais pré-sinapticos de

neurdnios (Deuchars et al., 2001; Burnstock, 2007).

Quanto a sua estrutura, estes receptores possuem estrutura similar a dos outros
membros da familia dos receptores P2X, exceto quanto a sua porcdao C-terminal intracelular,
gue é significativamente mais longa neste subtipo, sendo ainda crucial na inducdo do poro ndo
seletivo (Ralevic e Burnstock, 1998). Além disso, admite-se que este subtipo de receptor possui

varias caracteristicas que o distinguem de outros membros da familia dos receptores P2X.
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Experimentos de co-imunoprecipitacdo indicam que este receptor possui uma Unica
subunidade que ndo se heteropolimeriza com outras subunidades P2X (Kim et al., 2001). Sua
ativacao requer concentracdes de ATP que sdo + 10-100 vezes maiores do que as necessarias
para ativar os outros receptores P2X, sendo sua ativacao plena atingida em concentracdes de
mM de ATP (Kim et al., 2001; Verkhratsky et al., 2009). Entretanto, a afinidade com o agonista
€ uma resposta maxima também podem ser moduladas de 5 a 100 vezes por alteracées nos

cations mono e divalentes externos (Kim et al., 2001).

Ademais, quando exposto a concentragdes elevadas de ATP, ou quando estimulado por
um longo periodo, a ativagao do receptor P2X7 ndao somente abre um canal idnico "tipico"
seletivo a cations como Ca’*, mas também leva a abertura gradual de um poro maior que
permite a passagem ndo so de cations, mas também de moléculas com peso molecular de até
900 Da (White e Burnstock, 2006; Yan et al., 2008). Controvérsias permeiam a formagéo do
poro: enquanto ha relatos de que o préprio canal do receptor se dilata, permitindo a passagem
de moléculas maiores (Yan et al., 2008), alguns estudos reportam que uma ou varias proteinas
formam este poro, sugerindo-se a panexina como provavel candidata (Locovei et al., 2007;
Skaper, Debetto e Giusti, 2010). De qualquer forma, postula-se que a formac¢do do poro esta
diretamente envolvida no processamento e liberacdo de IL-1B a partir de células previamente
estimuladas com LPS (ver adiante) (Pelegrin e Surprenant, 2006). Por outro lado, ndo ha
duvidas de que sua ativacdo abala severamente a homeostase i6nica citoplasmatica. Pelo fato
do receptor P2X7 nao sofrer dessensibilizagdo, o poro permanece aberto enquanto o receptor
estd ligado ao ATP e, caso a estimulagdo seja prolongada (15 a 30 minutos na maioria das
células), a célula sofre danos irreversiveis e freqlientemente é levada a morte (North, 2002).
Como conseqliéncia, esse excesso de estimulacdo pode provocar disfuncdes celulares e

neurodegeneracao (Skaper, Debetto e Giusti, 2009).

Além dessas caracteristicas, os P2X7R estdo envolvidos na regulacdo da liberacdo de
glutamato e GABA na regido hipocampal, sendo a ativacdo dos respectivos receptores de suma
importancia na promocdo da PLD e formagdo da meméria (lzquierdo e Medina, 1997; Sperlagh
et al., 2002). Ainda, Papp e colaboradores (2007) relataram que a ativagdo desses receptores
aumenta a ac¢do da enzima p38 MAPK no hipocampo de ratos, sendo esta enzima ativada
durante diferentes tipos de aprendizado, possivelmente contribuindo em eventos
transcripcionais que levam a consolidacdo da memdria. Além disso, P2X7R podem diretamente
ativar a PI3-cinase, um mediador chave na insercdo dos receptores AMPA, essenciais no

processo de manutencdo da PLD (Bains e Oliet, 2007).
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Uma ferramenta muito util na investigacdo do papel de determinada proteina é
composta por animais geneticamente modificados. Estudos comportamentais conduzidos com
animais nocautes (KO) que ndo expressam o receptor P2X7 tém sido utilizados no estudo do
papel deste receptor na depressdo e ansiedade (Basso et al., 2009) assim como no
desenvolvimento de novos agentes farmacoldgicos especificos para este tipo de receptor
(Skaper, Debetto e Giusti, 2010).

Com vistas no que foi descrito e estando esses receptores relacionados com a
atividade de neurotransmissores e com a ativagcdo de vias importantes na formagdo da
memdria, torna-se importante aprofundar o conhecimento do papel do subtipo de receptores

purinérgicos ionotrépicos P2X7 na memoria.

Il. Objetivos

Il.i. Objetivo geral

Avaliar a participagdao dos receptores purinérgicos ionotrépicos P2X7 em camundongos
geneticamente modificados e ratos através da exposicdo destes a diferentes tarefas
comportamentais, assim como avaliar o efeito do enriquecimento ambiental sobre possiveis
déficits mnemonicos resultantes de intervenc¢des genéticas sobre o receptor P2X7.

Il.ii. Objetivos especificos

o Avaliar o envolvimento dos P2X7R na aquisicdo da memdria na tarefa do medo
condicionado, utilizando um modelo animal com delecdo génica para o P2X7R;

o Avaliar o envolvimento dos P2X7R na consolidacdo da memodria na tarefa do medo
condicionado, utilizando um modelo animal com delecdo génica para o P2X7R;

o Avaliar o envolvimento dos P2X7R na evocacdo da memdria na tarefa do medo
condicionado, utilizando um modelo animal com dele¢do génica para o P2X7R;

o Avaliar o envolvimento dos P2X7R na memdria de habituacdo, utilizando um modelo
animal com deleg¢do génica para o P2X7R;

o Avaliar o efeito dos P2X7R na memdria espacial através da tarefa do labirinto aquatico de

Morris, utilizando um modelo animal com dele¢do génica para o P2X7R.
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Avaliar o envolvimento dos P2X7R na aquisicdo da memdria na tarefa do medo
condicionado, através da administragdo de um antagonista deste receptor na regido CA1l
do hipocampo;

Avaliar o envolvimento dos P2X7R na consolidacdo da memdria na tarefa do medo
condicionado, através da administracdo de um antagonista deste receptor na regidao CA1l
do hipocampo;

Avaliar o envolvimento dos P2X7R na evocacdo da memdria na tarefa do medo
condicionado, através da administragdo de um antagonista deste receptor na regido CA1
do hipocampo

Avaliar o efeito do enriquecimento ambiental sobre possiveis prejuizos mnemaonicos
causados por manipulagdes genéticas sobre o receptor P2X7 nas memorias de curto e

longo prazo em um modelo animal com dele¢do génica para o P2X7R.

13



1. Manuscrito

Pharmacological and Genetic manipulations on P2X7 receptor hinder spatial and
aversive memories: reversion in enriched environment

Campos, R. C.; Parfitt, G. M.'; Coutinho-Silva, R.>; Morrone, F. B.%; Barros, D. M.**

! Programa de Pds-graduacdo em Ciéncias Fisioldgicas — Fisiologia Animal Comparada, Instituto
de Ciéncias Bioldgicas, Laboratério de Neurociéncias — Universidade Federal do Rio Grande
(FURG);

? Instituto de Biofisica Carlos Chagas Filho — Universidade Federal do Rio de Janeiro (UFRJ);

? Instituto de Farmacologia e Toxicologia— Pontificia Universidade Catdlica de Porto Alegre
(PUC-RS);

* Instituto de Ciéncias Bioldgicas; Laboratdrio de Neurociéncias — Universidade Federal do Rio
Grande (FURG) — Rio Grande/RS 96203-900 — Brasil

*Correspondence to:

Dr. Daniela Marti Barros

Instituto de Ciéncias Bioldgicas,

Universidade Federal do Rio Grande

Av. Itdlia, Km 8 — Campus Carreiros

Rio Grande — RS — Brazil

Cx. Postal 474, CEP 96201-900

Phone: +55 53 3293.5170

E-mail: barrosdm@yahoo.com.br

Revista Neuropharmacology

(Fator de Impacto — 4.814)

14


mailto:barrosdm@yahoo.com.br

Abstract

Innovative studies carried out 50-30 years ago demonstrated that ATP plays a role in cell
signaling. It was soon proposed that ATP activates ionotripic P2X, exerting influence on
neurons as well as on glial cells. Also, ATP release has been implicated in hippocampal long
term potentiation (LTP), whose molecular mechanisms in the hippocampal CA1 region are
much alike those involved in the consolidation of long-term memory (LTM). Evidences show
the presence of moderate-high expression of the P2X7 purinergic receptor (P2X7R) in
presynaptic terminals in the central nervous system, mainly in hippocampal neurons,
contributing to the modulation of neurotransmission in this region. This study aimed to
investigate the participation of the P2X7R in genetically modified (KO) mice with suppressed
expression of the P2X7R and rats through different behavioral paradigms, as well as to
evaluate the effect of environmental enrichment on potential mnemonic deficits resulting
from genetic suppression on the P2X7R. The results suggest that P2X7R participate on both
aversive and spatial memory: pharmacological blockage with specific P2X7R antagonist A-
740003 in different time-frames elicited mnemonic impairments in rats submitted to the
contextual fear conditioning (CFC) task, and the deletion of P2X7R hampered both spatial and
aversive memory of mice subjected to the Morris water maze and CFC paradigms, respectively.
Experiments using mice subjected to environmental enrichment suggest that this form of
stimulation reverses mnemonic impairments ascribed to the absence of P2X7R. Finally, no

alterations were observed in the habituation memory of P2X7R KO mice.

Keywords: Aversive Memory; Spatial Memory; Fear Conditioning; Purinergic System; P2X7

15



1. Introduction

Innovative studies carried out 50-30 years ago demonstrated that ATP plays a role in cell
signaling. It was soon proposed that ATP activates ionotripic P2X and metabotropic P2Y
membrane receptors (Jarvis & Khakh, 2009). Both types of receptors are distributed
throughout the central nervous system and exert influence on neurons as well as on glial cells.
On neurons, the seven P2X receptor subtypes identified (P2X1 — P2X7) (Li et al., 2008) mediate
fast synaptic responses to the ligand ATP (llles & Ribeiro, 2004).

The P2X7 receptor (P2X7R) subtype has several characteristics that distinguish it from
the other members of the P2X family. The primary intracellular signal triggered by P2X7R
stimulation consists of a fast influx of Ca** and Na* and efflux of K* (Bianco et al., 2009) and co-
immunoprecipitation experiments suggest that this subtype does not associate with other P2X
subunits (Kim et al., 2001). Its activation demands concentrations of ATP that are 10-100 times
higher than the necessary for other P2X subunits, and its full activation is reached when it is
exposed to concentrations in the range of mM of ATP (Verkhratsky et al., 2009; Kim et al.,
2001). Also, when exposed to ATP either for a prolonged period or in high concentrations, the
P2X7R may have its ionic channel converted into a large transmembrane non selective pore,
which allows the passage of molecules as large as 900 Da (Yan et al., 2008; White & Burnstock,
2006).

Experiments developed by Pankratov and colleagues (1998) indicated the presence of
non glutamatergic currents on post-synaptic excitatory currents in pyramidal neurons of the
hippocampal CA1 region. It has been suggested that depending on the membrane voltage, 20-
25% of the excitatory input to CA1 neurons can be of purinergic origin. Thus, besides the fact
that the activation of P2 receptors can stimulate or inhibit glutamate release from rat
hippocampal neurons, ATP release has been implicated in hippocampal long term potentiation
(LTP) (Fields & Burnstock, 2006), whose molecular mechanisms in the hippocampal CA1 region
are much alike those involved in the consolidation of long-term memory (LTM) (lzquierdo et
al., 2006).

Besides being reported to be expressed on microglia and astrocytes, evidences show
also the presence of moderate-high expression of P2X7 in presynaptic terminals in the central
nervous system (Deuchars et al., 2001), mainly in hippocampal neurons (Able et al., 2011;
Kukley et al., 2004). More specifically, P2X7R are abundantly found on presynaptic terminals of
mossy fiber synapses in the rat hippocampus, and further investigation ascribed the inhibition
of neurotransmission at mossy-fiber-CA3 synapses through a p38MAPK signaling to the P2X7

activation in presynaptic terminals (Armstrong et al., 2002). Being abundant in the terminals of
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mossy fiber synapses (Maruyama et al., 2000), p38MAPK is recognized as a key player in the
regulation of synaptic plasticity (Thomas & Huganir, 2004).

The standart definition of an enriched environment (EE) is "a combination of complex
inanimate and social stimulation", in which the interacion of different stimuli and voluntary
exercise elicits various plastic responses in the adult brain (Van Praag et al., 2000). An
important line of research deals with the potential therapeutic effects of EE in experimental
models of nervous system injuries and disorders, given that the action of EE may be
particularly efficacious in delaying the progression and/or in ameliorating the symptoms of
those neurological disorders in which neuronal plasticity is compromised due to alterations in
physiological processes (Baroncelli et al., 2010).

The present study was designed to investigate the role of P2X7 receptors in aversive,
spatial and habituation memory, as well as the possibility of reversal of potential mnemonic
deficits through environmental enrichment. Thus, mutant P2X7 receptor knockout (KO) mice
and wild type (WT) mice were tested in well characterized behavioral paradigms such as
contextual fear conditioning, Morris water maze and open field. We also tested male Wistar
rats that received intrahippocampal infusions of a specific P2X7R antagonist in different time
points in order to access the participation of this receptor subtype in acquisition, consolidation

and evocation of aversive memory.

2. Methods

2.1. Animals

Male Swiss, C57/BL6 and P2X7R knockout (P2X7R KO) mice (age 5 months; 25-30 g)
were used throughout this study (n= 9-12 per group). Swiss and C57/BL6 mice were obtained
from Universidade Federal de Pelotas (UFPEL; Pelotas, RS), and P2X7 receptor KO were
donated by Dr. Robson Coutinho, Federal University of Rio de Janeiro (UFRJ). The P2X7
receptor KO mice were generated by the method developed by Dr. James Mobley (PGRD,
Pfizer Inc, Groton, CT, USA). The P2X7 receptor-deficient mice used in the present study were
C57/BL6 inbred. The animals were housed in groups of five per cage and maintained in
controlled temperature (22+22C) and humidity (60-70%), under a 12 h light-dark cycle, with
food and water ad libitum.

In a separate set of experiments, Rattus norvegicus of the Wistar strain were used for

additional pharmacological experiments (n= 8-10). Male rats (age 2—3 months; weight 250-280
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g) were obtained from the breeding colony of Universidade Federal do Rio Grande (Rio
Grande, RS, Brazil). The animals were kept in groups of five in each cage, with a 12 h light/dark

cycle, at a temperature of 22 °C £ 1 °C, with food and water ad libitum.

All the experimental procedures were carried the out in accordance with the
Guidelines for the Use and Care with Laboratorial Animals from National Institute of Health
and ethical guidelines for investigations of experimental pain in conscious animal, and were
approved by the Local Animal Ethics Committee (0131/12 PUC-RS) (P069/2011 FURG). The
number of animals and the intensity of noxious stimuli were the minimum necessary to

demonstrate the consistent effects of the experiment.

2.2. Environmental enrichment (EE)

Two separate groups of mice (P2X7R KO and WT) were housed in groups of nine in 47 x
37 x 21 c¢cm cages, each containing one 30-cm hollow plastic J-shaped tunnel; one 13-cm-
diameter metallic running wheel; short, hollow plastic tubes for burrowing and two 5cm plastic
toys. Two other groups (P2X7R KO or WT) of mice were housed in groups of nine in similar-sized
cages without these added spatial components (non-enriched environment, NE). Mice were
housed for 6 consecutive weeks (Sztainberg, 2010) before behavioral experimentation in the
contextual fear conditioning paradigm (see 2.3.3.). Both enriched and nonenriched groups of
mice received identical types of food and water ad libitum, and they were kept on a 12-h

light/dark cycle.

2.3. Stereotaxic Surgery

After a week of acclimation, rats were submitted to stereotaxic surgery for the implant
of cannulae on the CA1 region of the hippocampus, under Ketamin (62.5 mg/kg) and Xilazin
(13 mg/kg) anesthesia. The guide cannulae were fixed with acrylic resin at 1 mm above of CA1
region of dorsal hippocampus, according to the following coordinates: 4.3 anterior, 3.0 lateral,
1.8 ventral, according to the atlas by Paxinos and Watson (2007). At the end of the surgery, to
prevent infections, the animals were treated with an antibiotic association (Pentabidtico®,

Brazil).
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2.4. Drugs and infusion procedures

For experimental procedures, rats were distributed randomly in groups according to
the treatments. The animals were randomly divided in 5 groups and each subject was treated
with a single bilateral hippocampal infusion of either A-740003 (1, 10 or 100 uM), a specific
P2X7 antagonist, or DMSO (vehicle group) on the CA1 region. The control groups were treated
with saline solution. In all groups 1 plL/cannulae was infused according to the treatment. For
the infusion procedure, an infusion cannula was fitted through the guide cannulae and the
infusions were performed with Hamilton microsyringe coupled to the cannulae with a
polyethylene tube. At the time of administration, infusion cannula protruded 1.0 mm beyond
the guide cannula and was aimed at the hippocampus CA1l area. All the treatments were
performed either at 30 min pre- or 0 min post training, or 30 min prior to the contextual fear
conditioning test session in order to evaluate the effect of the specific P2X7 antagonist A-
740003 upon acquisition, consolidation and retrieval of memory (see details in the behavioral

analysis 2.3.3). All drugs were obtained from Sigma Chemical Co, USA.

2.5. Behavioral analyses

2.5.1. Habituation

In order to control for possible interference of the P2X7 receptor on habituation
memory and general locomotor activity, mice were submitted to the open field task using a
box with 50 x 40 cm linoleum floor divided into 12 equal rectangles with the black lines,
surrounded by 60 cm-high walls. The front wall was made of glass and the other walls were
made of plywood. On the first session, animals were gently placed on the rear left rectangle
and left to explore the field freely for 5 min to be then returned to their homecage. The second
session was carried out 24 h later, with a procedure similar to the first session (Barros et al.,

2001). Line crossings and rearings were counted in both sessions (Vianna et al., 2001).

2.5.2. Spatial memory in the Morris Water Maze (MWM)

A water-maze similar to that described by Morris (1984) was used. The large circular
pool (160 cm in diameter and 70 cm in depth) was half-filled with milky water that was
maintained at 22+1°C (room temperature). The escape platform (10 cm in diameter), made of
Polyvinyl Chloride (PVC), was submerged 0.5 cm below the surface of the water and was not
visible for the mouse when placed in one of the four quadrants during the acquisition trials.
Spatial memory acquisition trials were performed in a procedure consisting in the placement of
each subject in the pool facing the side-wall. The animals were then allowed to swim until the

escape platform was reached or for a maximum of 120 s. Spatial cues were placed on the walls
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outside the pool. During the 5 days of acquisition trials in the spatial-memory procedure, the
hidden platform remained in the same location and each animal was given four trials a day
using different starting positions according to a semi-random pattern. If the subject found the
platform within the period of 120 s, it spent 10 s on the platform after which it was removed
from the pool for 50 s before the next trial was started. If the platform was not found within
120 s, the mouse was placed on the platform where it remained for 10 s and was removed from
the pool for 50 s before the next trial was started. During the probe trial (day 6), the platform
was removed from the pool and, for 90 s, the time spent by the mouse in the quadrant where
the platform was located during the acquisition trials was evaluated. Data were recorded by

imaging analyses system (EthoVision®, NOLDUS).

2.5.3. Contextual Fear Conditioning (CFC)

Mice were manipulated for three days and then submitted to the fear conditioning
task. Behavioral training was performed in a fear conditioning chamber (25 x 25 x 25 cm). The
box had aluminum sidewalls, a Plexiglas front wall and the floor consisted of 16 stainless steel
rods spaced 1 cm apart. The animals were transported to chambers in groups of ten in their
homecages. Chambers were cleaned with a 70% ethanol solution following each individual
behavioral testing session. Mice were transported to the conditioning context and individually
placed into the experimental chamber. Following a 180 s of habituation to the context, animals
were fear conditioned using three, 0.7 mA, 1 s footshocks separated by a 10 s interval.
Following the final shock, the animals remained in the chambers until the completion of a 5
minutes session before being transported back to their homecages. Mice were then brought
back to the context for a 5 min exposure session to test for contextual fear memory either 90
min or 24 hours later, in which the time spent in freezing behavior was assessed to evaluate
short-term and long-term memory, respectively (adapted from Bekinschtein, 2007).

After recovering from surgery, the rats were manipulated for three days and then
submitted to the same paradigm. Memory acquisition, consolidation and evocation were tested

24 hours post-training.

2.5.4. Hot Plate test for nociception

In order to test for possible differences in nociception between the groups of mice
used, which could influence pain-related responses during fear conditioning, the response to
an acute thermal stimulus was measured using hot plate test (Karlsson et al., 2005). The

animals were individually placed on a (20x20x0.5 cm) metal surface maintained at 55 °C and
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surrounded by a transparent plastic barrier. The latency to the first paw lick, jump or hindpaw
shake was manually accessed. A maximum response latency of 30 s was used to prevent the

risk of tissue damage to the paws and group differences were analyzed using Student T test.

2.6. Statistical Analyses

In this study, parametric statistics were used to analyze the results from the
habituation paradigm and statistical differences were tested through analysis of variance
ANOVA test followed by Newman-Keuls post-test. For the water maze task, results were
analyzed through parametric statistics, where statistical differences were tested through
Student T test or two way ANOVA test followed by Bonferroni post-test. Finally, for the
contextual fear conditioning results, either Student T tests or analysis of variance ANOVA test
followed by Newman-Keuls post-test were employed. In all comparisons p < 0.05 was

considered to indicate statistical significance.

3. Results

3.1. P2X7 purinergic receptor does not alter habituation memory

The animals were tested in an Open Field (OF) apparatus for the habituation task. First
we analyzed their performance on the second session, which took place 24 h after their first
exposure to the apparatus and compared the number of line crossings within the same group.
As shown on Figure 1, the WT group displayed less line crossings on the second day, when
compared with the first session (p < 0.01), suggesting that the WT group was successful in the
habituation task. Also, the P2X7 receptor KO mice (P2X7KO) group displayed significant
difference when the first and the second days were compared (p < 0.01). In order to evaluate
the locomotor activity comparing the performances of both groups in the first session, we
noticed that there has been a significant difference between them, in which P2X7KO mice
displayed less locomotor activity (p < 0.05). This difference, however, did not compromise the

results obtained in the other tasks performed, as it will be further discussed.

3.2. P2X7KO mice show hindered spatial memory on Morris water maze (MWM)
In order to access the influence of the P2X7 receptor on spatial memory, the animals

were subjected to the Morris Water Maze task. The WT group gradually decreased the total
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time lapse spent on acquisition trials, being it significant from the 3" day on (day 3 p < 0.05;
day 4 p < 0.01; day 5 p < 0.001, versus WT day 1), while the KO group exhibited a significant
difference only on the 4™ day (p < 0.001, versus KO day 1), and no differences were observed

on the last day of trials (p > 0.05, versus KO day 1) (Fig. 2A).

Notably, when total distance was accessed, the KO group swam for a shorter distance
from the 3" day of trials on (day 3 p < 0.001; day 4 p < 0.001; day 5 p < 0.001, versus KO day 1),
while the WT group swam significantly less on the fourth and fifth days (day 4 p < 0.01; day 5 p
< 0.01, versus WT day 1) (Fig. 2B). Regarding velocity, we observed a significant difference in
the KO group during the last day of trials (day 5 p < 0.01, versus KO day 1) (Fig. 2C).

Next, we compared the performances of the groups on the 6" day of experiment,
when the test session took place. It is important to notice that the platform was removed from
the pool during the probe trial. The first parameter analyzed was the lapse of time spent to
reach the platform zone, in which the KO group was significantly superior (p < 0.05) (Fig. 3A).
Furthermore, the number of entries in the SW Quadrant (where the platform was placed
during acquisition trials) was significantly superior within the WT group (p < 0.05) (Fig 3B),
whereas the lapse of time spent in the same quadrant did not show significant difference (Fig
xC). Finally, as for the total distance the animals have swum, KO mice swam less in relation to

the WT group, showing a significant difference between the groups (p < 0.01).

3.3. P2X7 receptor participates on aversive memory

3.3.1 P2X7R KO mice show impaired contextual fear conditioning performance

We next performed the Contextual Fear Conditioning task, in P2X7R KO mice, in which
tests were carried out 90 min or 24 h after training in order to access short- and long-term
memories, and 7 days after training, when long term memory was once again accessed. As
shown in Fig. 4A, the time spent in freezing was significantly shorter in the KO group when the
subjects were tested 90 minutes after training session (p < 0.001). Similar results were
obtained in the following tests, carried out 24 h (p < 0.001) and 7 days (p < 0.001) after training
session (Fig 4B, C).

3.3.2. Exposure to enriched environment reverses mnemonic deficit on P2X7 mice

Mice housed in environmentally enriched cages were compared with mice housed in
similar-sized cages without the spatial component. The groups were submitted to the fear
conditioning paradigm in order to have their short- and long-term memory tested 90 min and

24h after training, respectively. First, mice that were kept in cages without the enrichment
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component (NE) were submitted to the fear conditioning task and tested 90 min after training.
As described in the previous experiment (see 3.3.1.), a significant difference was found when
both WT and KO non-enriched groups were compared (p < 0.01) (Fig. 5A). Interestingly, when
comparing the performance of both groups (WT and KO) that were previously housed in EE, no
difference was found as they were tested 90 min after training. Furthermore, a significant
difference was found when both KO groups (EE versus NE) were compared (p < 0.05) (Fig. 5A).
Regarding the groups tested 24h after training, a significant difference was found again
between NE groups (WT versus KO; p < 0.001), as seen on figure 5B. Also, a significant
difference was observed in the comparison between both WT groups (NE versus EE; p < 0.05).
Finally, a significant difference was found between both KO groups (NE versus EE), when tested

24h after training (p < 0.001) (Fig 5B).

3.3.3. Specific antagonist A-740003 hinders aversive memory in Wistar Rats

As for the CFC task carried out with rats, the administration of the selective P2X7
receptor antagonist A-740003 in three different doses (1 uM, 10 uM or 100 uM) resulted in
significant differences in all the time points of injection (Fig 6). Regarding animals infused 30
min before the training, significant difference was only observed in the group injected with the
dose of 10 uM, as compared with the vehicle and control groups (p < 0.05) (Fig. 6A).
Additionally, when we compared the animals subjected to infusion 0 min after the training,
differences were found in all doses when the treated groups were compared with the vehicle
and control groups (p < 0.001). Interestingly, the group infused with the lowest dose of A-
740003 showed also a significant difference when compared with the groups infused with both
higher doses (p < 0.01) (Fig. 6B). Finally, comparisons were made among the animals infused
30 min prior to the test session, which occurred 24h after training. Differences were found in
the group infused with the highest dose of the antagonist (100 uM), when compared with the

vehicle and control groups (p < 0.01) (Fig. 6C).

3.5. P2X7 exerts no influence on Pain Sensitivity task

In order to evaluate the influence of P2X7R on pain sensitivity among the groups of
mice, we performed the Hot Plate test. There was no significant difference between the
groups regarding their response latency (p = 0.176) (Fig. 7). This data excludes the possibility of

pain sensitivity exerting any influence whatsoever in the aversive memory task.
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4, Discussion

This study brings new evidence on the participation of P2X7 purinergic receptor in
memory of rodents, by demonstrating that: 1) P2X7R KO mice display abnormal spatial
memory while training in the MWM task; 2) P2X7R KO mice show a defective formation of
aversive memory when submitted to the fear conditioning paradigm; 3) the P2X7R antagonist
A-740003 administered into the CA1 hippocampal region of rats, in different time points,
hinders the acquisition, consolidation and retrieval of long-term memory; 4) Housing in
enriched environment succeeded to reverse mnemonic deficits elicited by the lack of P2X7R in
the fear conditioning paradigm and 5) KO mice display unharmed habituation memory, despite

showing less locomotor activity in the habituation task.

Regarding spatial memory, the data obtained in this study corroborate with an elegant
set of experiments developed by Labrousse et al. (2009), where WT mice showed significant
spatial recognition in a different behavioral paradigm, whereas P2X7R KO mice did not. Our
data shows that P2X7R KO mice displayed an impaired performance on the acquisition trials,
as observed on the total time lapse of the trials. In our work, the lapse taken by the WT group
decreased over the trials, whereas the KO group seemed to have consolidated the spatial
memory from the third day, as the mice took less time to accomplish the task. However, as the
memory was retrieved on the fourth day, the lack of the receptor seemed to have rendered an
impaired reconsolidation of the memory, so that the mice could not repeat the performance

on the last day of trials.

Also, the diminished average total distance swum in the probe trials (Fig. 3D) might be
related to the results obtained in the habituation task, in which the animals displayed less line
crossings already in the first session of the paradigm. Regarding this aspect, our data concur
with results obtained by Boucher et al. (2011), who observed a decreased locomotor activity of
P2X7KO mice when compared to WT mice in the light-dark emergence test. Even though Basso
et al. (2009) reported no differences between P2X7KO and WT mice tested in activity
chambers for a longer period of time, as suggested by Boucher, the decreased travelled
activity observed in the P2X7KO mice could be credited to decreased exploratory behaviour
and both WT and P2X7KO mice would habituate to exploration if tested for longer (Boucher,
2011; Basso, 2009).

As for the fear conditioning task, our results showed that the P2X7RKO group displayed
impairments already on the test session carried out 90 m after training, thus reflecting

impairments already in the short-term memory, and again on both subsequent test sessions
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that access long-term memory. Similar results were obtained from the same task in which rats
subjected to intra-hippocampal infusions with the selective P2X7R antagonist A-740003.
Pharmacological experiments provide higher temporal specificity, as one can be aware of the
onset of the receptor blocking, starting at the infusion. Animals that underwent infusion
before training showed impairment on LTM after the administration of the intermediate dose,
conveying that the blockage of the P2X7R already in the acquisition hinders memory
formation. Also, the inhibition of this receptor immediately after training showed the
importance of this receptor during the consolidation phase, as the animals displayed deficits
on LTM following the administration of all doses of the P2X7R antagonist, as observed in the
test session. Finally, memory retrieval is also likely to be influenced by the P2X7 receptor, as
the administration of the P2X7R receptor at the highest dose also influenced the mnemonic

performance of the subjects.

Our results suggest that both the absence and the blockage of P2X7R in different time-
frames elicits impairments on hippocampal-dependent memory formation and probably the
downstream events stemming from it that are specifically involved in aversive as well as spatial
learning. This possibility is supported by similar results obtained by Labrousse et al. (2009)
regarding spatial learning deficits in P2X7KO mice and possibly by the effects elicited by ATP
through presynaptic P2X7R in the modulation of hippocampal synaptic transmission
(Armstrong et al., 2002; Sperlagh et al., 2002), underlined by the high expression of P2X7 both

by presynaptic terminals of mossy fibers targeting CA3 pyramidal neurons (Armstrong, 2002).

As for the experiments with EE, the results obtained solely from mice housed in NE
corroborate initial results from the same paradigm when mice were tested 90 min or 24 h after
training, indicating mnemonic deficits both on short-term and long term aversive memory (see
3.3.1.). As for animals tested 90 min after training (Fig. 5A), further comparisons showed not
only that no significant difference was found between both groups submitted to EE, but also
that when both P2X7KO groups were compared (P2X7KO EE versus P2X7KO NE), P2X7KO EE
mice displayed significant STM improvement. Furthermore, similar effect by environmental
enrichment was observed when groups were tested 24 h after training. Besides no difference
between both EE groups (WT versus P2X7KO) being found, the P2X7KO EE group displayed a
significantly better performance when compared to the P2X7KO NE. Interestingly, a significant
improvement in LTM was observed also in the comparison between both WT groups (WT NE

versus WT EE). These data imply that environmental enrichment had a compensatory effect
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over the absence of P2X7R in KO mice, mitigating mnemonic deficits observed both in STM and

LTM performances of mice submitted to the CFC paradigm.

The mnemonic enhancement observed in WT group submitted to EE corroborates with
the view that EE exerts profound effects on the central nervous system, leading to
improvements in complex cognitive functions, particularly learning and memory (Baroncelli, et
al., 2010; Duffy et al., 2001). It has been shown that EE also attenuates cognitive impairments
elicited by a variety of experimental challenges, such as prenatal maternal seizure (Xie et al.,
2012), chronic cerebral hypoperfusion (Sun et al., 2010), chronic stress (Hutchinson et al.,
2012; Veena et al., 2009), ageing (Speisman et al., 2013) and beta amyloid pathology (Herring
et al., 2011). In this case, EE seems to have counteracted the absence of the P2X7R on both

short-term and long term aversive memory, as suggested by our results.

Regarding the pharmacological experiments, the P2X7R specific antagonist employed
in this study A-740003 functions as a competitive antagonist of P2X7R and is reported to dose-
dependently reduce neuropathic pain in rats submitted to several models of neuropathic pain
(Honore et al., 2006). Interestingly, the effects obtained from the administration of the P2X7R
specific antagonist A-740003 showed an inverted U shape dose-response profile when
administered immediately after training. Conversely, this effect was not observed in the other

two time-frames of administration performed in this study.

Additionally, bearing in mind the involvement of the P2X7R in chronic and neuropathic
pain signaling (Sorge et al., 2012; Donnelly-Roberts et al., 2008), we considered that a possible
difference in pain sensitivity between groups subjected to the fear conditioning task should be
ruled out. Thus, our results corroborate with previous work in which the data obtained from
the hot plate test suggests no differences between WT and KO groups regarding pain

sensitivity (Chessell et al., 2005).

Also, our results imply that the ionotripic P2X7 receptor is not involved in the
habituation memory, as both groups displayed similar results when subjected to the
habituation task. Furthermore, the results obtained in the habituation task are not likely to
having interfered in the results obtained from the fear conditioning paradigm, as the WT group

displayed longer lapses in freezing behavior on the test session.

Finally, the data of the present study showed that both the absence and the blockage
of the P2X7R in different time-frames elicit impairments on aversive memory. Furthermore,

this deficit may be reversed by the stimuli provided by an enriched environment. Also, the
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data conveys that the actions of P2X7 receptors in hippocampal CA1 are important at different
time points during memory formation, as suggested by pharmacological blockage. Also, the
absence of this receptor elicits impairments on spatial learning indicating that P2X7 purinergic

receptors are implicated in the memory of rodent models.
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6. Figure Captions

Figure 1. Locomotor activity of mice during Habituation task (n= 12). Bars represent number of
line crossings during the first and second days of exposure to the OF apparatus. Oneway
ANOVA, followed by Newman-Keuls post-test, showed that line crossings on day 1 (D1) is
significantly different from exploration on day 2 (D2) in both groups (** p < 0.01). Comparison
made between the performances of both groups on the first day showed a significant

difference (* p < 0.05, ANOVA followed by post test Newman-Keuls).

Figure 2. Acquisition trials in the Morris Water Maze (n= 12). Bars represent total time lapse of
acquisition trials. WT group displayed significant difference from 3™ day on (day 3 p < 0.05; day
4 p < 0.01; day 5 p < 0.001, versus WT day 1), while the KO group exhibited significant
difference only on the 4™ day (p < 0.001, versus KO day 1) returning to not being significantly
different on the last day of trials (p > 0.05, versus WT day 1). All comparisons were made with
Twoway ANOVA followed by Bonferroni post-test (A); Bars represent total distance traveled
during acquisition trials. KO group swam for a shorter distance from the 3™ day of trials on
(day 3 p <0.001; day 4 p <0.001; day 5 p < 0.001, versus KO day 1), while the WT group swam
significantly less on the fourth and fifth days (day 4 p < 0.01; day 5 p < 0.01, versus WT day 1).
All comparisons were made with Twoway ANOVA followed by Bonferroni post-test (B); Bars

represent mean velocity during acquisition trials. The only significant difference was displayed
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by the KO group during the last day of trials (day 5 p < 0.01, twoway ANOVA followed by

Bonferroni post-test) (C).

Figure 3. Probe trial in the Morris Water Maze (n= 12). Bars represent lapse covered until the
first occurrence in the platform area. KO group displayed significantly superior lapse (p < 0.05
Student T Test) (A); Bars represent number of entries in the SW quadrant (where the platform
was placed during acquisition trials). WT group entered a number of times significantly
superior when compared to the KO group (p < 0.05 Student T Test) (B); Bars represent time
spent in the SW quadrant. No significant difference was found (p > 0.05 Student T Test) (C);
Bars represent total distance traveled. A difference was found in which the KO group swam

significantly less (p < 0.01 Student T Test) (D).

Figure 4. Contextual fear conditioning paradigm with mice (n=9-11). Bars represent time spent
in freezing behavior when mice were tested 90 min (A), as well as 24 h (B) and 7 days (C) after
training in CF. In all cases, freezing behavior lasted significantly less in KO group (p < 0.001

Student T Test).

Figure 5. Contextual fear conditioning paradigm with mice subjected to EE (n= 9). Bars
represent time spent in freezing behavior when mice were tested 90 min (A), as well as 24 h
(B). The first comparison between groups tested 90 min after training indicates a significant
difference between WT and KO NE groups (p < 0.01). Interestingly, no difference was found in
the comparison between the performance of the groups WT EE and P2X7KO EE (WT and KO ),
also tested 90 min after training. Furthermore, a significant difference was found when both
P2X7RKO groups (EE versus NE) were compared (p < 0.05) (A). Concerning the groups tested
24h after training, a significant difference was found between non-enriched groups (WT NE
versus KOP2X7 NE; p < 0.001). Also, a significant difference was observed in the comparison
between both WT groups (EE versus NE; p < 0.05). Finally, a significant difference was found
between both KO groups (EE versus NE), when tested 24h after training (p < 0.001) (B). All
comparisons were made through Analysis of variance Oneway ANOVA test followed by

Newman-Keuls post-test.

Figure 6. Contextual fear conditioning paradigm with rats (n= 8-10). Bars represent time spent
in freezing behavior when rats were tested 24 h after training session. The first infusion time
took place 30 min before training in CFC and aimed to evaluate the acquisition of memory. The
group infused with A-740003 10 uM showed a significant difference, as compared to the group
infused with vehicle (DMSO+H,0) (* p < 0.05) (A). Next, animals were infused 30 min after
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training, in order to evaluate the beginning of the consolidation of memory. Groups infused
with all doses of A-740003 (1, 10 and 100 uM) showed significant difference as compared to
the vehicle group (*** p < 0.001). Interestingly, the group infused with the lowest dose
showed also a significant difference when compared with both higher doses (@ p < 0.01) (B).
Finally, animals were infused 30 min before testing, in order to evaluate memory retrieval. The
highest dose of A-740003 (100 uM) showed significant difference as compared to the vehicle
group (** p <0.01) (C). In all cases Oneway ANOVA followed by Newman-Keuls post-test was

used.

Figure 7. Hot plate (n= 10). Bars represent latency until response. There was no significant

difference between the groups with regards to response latency (p = 0.176 Student T Test).
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IV. Consideragoes Finais

Este trabalho fornece informagbGes importantes para a melhor compreensdo da
participacdo do subtipo de receptor purinérgico P2X7 nos processos cognitivos em roedores.
Tendo em vista as diversas evidéncias sugerindo a influéncia exercida pelo sistema purinérgico
sobre os eventos subjacentes a plasticidade, confirma-se, através deste estudo, um
componente purinérgico nos processos de formacdao das memadrias aversivas de curto e longo
prazo. Esta observacdo se deu através da avaliacdo do desempenho de camundongos com
delecdo génica para o receptor P2X7 aos 90 min e as 24hs apds treino na tarefa de medo

condicionado contextual.

Ademais, similar prejuizo foi observado no processo de formag¢ao da memdria espacial,
avaliada através da tarefa do labirinto aquatico de Morris, com a utilizagdo do mesmo modelo
animal. Ainda, o mencionado componente purinérgico conta com a participagdo dos
receptores ionotropicos P2X7 em especial na regido CA1 do hipocampo, como sugerido pelos
resultados dos experimentos farmacoldgicos obtidos com ratos, neste estudo. Estes efeitos
foram evidenciados tanto pelos déficits na fase de aquisicdo da memodria como nas fases de
consolidacdo e evocagdo, observados apds a administracdo de um antagonista especifico do
receptor P2X7 em diferentes pontos da formacdo da memdria. Surpreendentemente, os
efeitos benéficos do enriquecimento ambiental sobre processos cognitivos de camundongos
se comprovaram suficientes para que os prejuizos mnemonicos observados nos experimentos
iniciais com camundongos KO fossem revertidos e, ainda, para que se observasse uma melhora
no desempenho mnemobnico de camundongos selvagens submetidos a este tipo de

estimulacdo prolongada.

Como perspectivas, estudos na darea de biologia molecular, especificamente
relacionados a expressdo de genes envolvidos na formagdo da memdéria com c-fos e zif 268,
bem como a participacdio de interleucinas, poderiam complementar as informacdes
comportamentais e farmacoldgicas contidas neste trabalho, buscando uma melhor
compreensdo dos mecanismos através dos quais o receptor P2X7 pode estar atuando nos

processos cognitivos avaliados.
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