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PARTE I



Resumo

O periodo do neurodesenvolvimento é caracterizado pela ampla estruturacdo do sistema
nervoso central (SNC) e, portanto, € um momento de grande vulnerabilidade a agentes
estressores enddgenos e exdgenos. Estresses ambientais como infec¢fes durante a gravidez,
adversidades na infancia e isolamento do convivio social podem prejudicar a maturacéo do
SNC, podendo, em ultima instancia, servir como gatilho para o desenvolvimento de
transtornos psiquiatricos. Roedores submetidos ao modelo de isolamento social pés-
desmame apresentam prejuizos cognitivos, no filtro sensério-motor, na neurotransmisséo de
dopamina e de plasticidade sinéptica. O sistema purinérgico é mediado pela sinalizacéo
extracelular de nucleotideos e nucleosideos. Com relagdo aos nucleotideos de adenina, o ATP
é hidrolisado até adenosina por acdo de uma eficiente cadeia enziméatica chamada de
ectonucleotidases. Os nucleotideos e nucleosideos podem atuar nos receptores purinérgicos,
que séo divididos em receptores P1 e P2. Os receptores P2 s&o ainda subdivididos em P2X e
P2Y. No SNC, as purinas exercem inumeras funcées fisioldgicas e patoldgicas. Ha uma
evidente sobreposicdo dos mecanismos disfuncionais apresentados por animais socialmente
isolados e pelas modulacdes que o sistema purinérgico exerce. Levando em consideracao tais
evidéncias, a presente dissertacdo teve como objetivo principal verificar se o isolamento
social induz alterac@es na sinalizacdo purinérgica em diferentes estruturas cerebrais de ratos.
Para isso, ratos Wistar de 21 dias foram isolados socialmente por 8 semanas, e em seguida,
verificamos diferentes fendtipos comportamentais e pardmetros neuroquimicos relacionados
com o sistema purinérgico foram conduzidos. Primeiramente, foi observado prejuizos no
filtro sensério-motor e aumento da interagdo social com ratos desconhecidos nos ratos
isolados socialmente. Quanto os parametros neuroquimicos, nossos resultados mostraram um
acumulo de ADP no liquido cefalorraquidiano e um aumento da hidrdlise do ADP em
sinaptossomas de hipocampo e estriado nos animais que foram criados isoladamente. Por
ultimo, nas andlises de expressdo génica, observamos diferentes alteracdes em diferentes
estruturas cerebrais. O cértex pré-frontal apresentou reducdo na expressdo génica de
adora2a, p2ryl e p2rx5 nos animais que passaram pelo isolamento social. O hipocampo, por
sua vez, apresentou regulacdo positiva dos genes p2ry4, p2ryl3 e p2ryl4 nos mesmos
animais. Foi observado, ainda, que o estriado foi mais afetado pelo isolamento social, uma
vez 0s animais submetidos ao isolamento apresentaram uma modulacdo negativa dos genes
adora2a, p2rx4, p2ry2, p2ry6, p2ryl2, p2ryl13, entpdl, entpd2 e entpd3. Desta forma, nossos
resultados demonstraram que o isolamento social pds-desmame promove abundantes
alteracOes na sinalizacdo purinérgica. Baseado em dados existentes na literatura, os dados
obtidos nesse estudo podem indicar, no cortex pré-frontal, alteracbes de receptores
envolvidos em processos cognitivos e de neurotransmissdo de dopamina e glutamato. No
hipocampo, apesar da escassez de estudos acerca desses receptores, parece haver indicios de
disfuncé@o microglial. O estriado, por sua vez, apresentou alteragdes de receptores associados,
principalmente, com modulacao de dopamina e disfuncéo microglial.



Abstract

The neurodevelopmental period it is characterized by wide structuring of central nervous
system (CNS), which implies in highly susceptibility to endogenous or exogenous stressors.
Environmental stressor in early-life, such as maternal separation, childhood adversities or
social isolation, can disrupt brain development prompting psychiatric diseases. Post-weaning
social isolation in rodents causes impairments in cognition, sensorimotor gating, dopamine
neurotransmission and synaptic plasticity. The purinergic system is mediated by extracellular
signaling of nucleotides and nucleosides. The ATP is hydrolyzed to adenosine by an efficient
enzyme chain named as ectonucleotidases. The nucleotides and nucleosides can act on the
purinergic receptors, which are divided in P1 and P2 receptors. P2 receptors are subclassified
in P2X and P2Y. Purines modulate many physiological and pathological mechanisms in the
CNS. There is a noticeable overlap between social isolation dysfunction and the processes
modulated by purinergic signaling. The main goal of this work was verify if post-weaning
social isolation induces impairments in purinergic signaling. Thus, we randomly allocated
Wistar rats at 21 postnatal day to social rearing or 8 weeks of social isolation. After the 8
weeks, we investigated the behavioral phenotype and performed neurochemical evaluation
related to purinergic system. Initially, the results showed that post-weaning social isolation
disrupted sensorimotor gating and increased social interaction. Posteriorly, we characterized
the purinergic system in this model. There was an accumulation of ADP in cerebrospinal
fluid and an increase of ADP hydrolysis in synaptic cleft of hippocampus and striatum of
isolation rearing rats. Lastly, we evaluated which purinergic elements might be differentially
expressed. To the best of our knowledge, were evidenced several purinergic receptors
alteration in this neurodevelopmental model. In the prefrontal cortex we have found an
upregulation of adora2a, p2ryl and p2rx5 genes. Regarding the hippocampus, we
demonstrate that p2ry4, p2ry13 and p2ry14 were downregulated. On the other hand, striatum
was highly affected and presented several genes downregulated such as adora2a, p2rx4,
p2ry2, p2ry6, p2ryl12, p2ry13, entpdl, entpd2 and entpd3. Although the neurodevelopmental
neuropsychiatric model exhibited slight behavioral impairment, we now provide genetic
evidences of several neurobiological processes that were mediated by purinergic signaling.
These results may provide a construct validity of several neuropsychiatric conditions. Thus,
our results evidenced that social isolation promotes several dysfunctions in the purinergic
signaling. Based on the literature results, these alterations in the expression of purinergic
receptors indicates a possible impairment in cognition and dopamine and glutamate
neurotransmission in the prefrontal cortex. In the hippocampus, few studies comprise the role
of these receptors, although may be feasible a microglial dysfunction. Concerning several
disturbances showed in the striatum they seem further related with dopamine
neurotransmission and microglial dysfunction.
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1. Introdugéo

1.1. Isolamento social p6s-desmame
O periodo do neurodesenvolvimento é caracterizado pela ampla estruturacdo do
sistema nervoso central (SNC), onde ocorrem 0s processos de histogénese, proliferacdo e
migracdo de células neuronais e gliais, diferenciacdo, sinaptogénese, podas sinapticas,
apoptose e mielinizagdo (Rice e Barone 2000). Diante do grande nimero de processos
fisiol6gicos e bioquimicos que acontecem durante este periodo este € um momento de grande

vulnerabilidade a agentes estressores enddgenos e exdgenos.

Estresses ambientais como infec¢bes durante a gravidez (Brown, 2012), separacdo
materna (Slotten et al., 2006), imigracdo (Cantor-Graae e Pedersen, 2013), adversidades na
infancia (Varese et al., 2012) e isolamento do convivio social (Leigh-Hunt et al., 2017)
podem perturbar as vias de sinalizacdo envolvidas no neurodesenvolvimento, que podem
estar diretamente associados com o desenvolvimento de transtornos psiquiatricos (Brown,

2012; Cantor-Graae e Pedersen, 2013; Leigh-Hunt et al., 2017; Owen et al., 2016).

Assim como os humanos, roedores sdo animais pré-sociais, sendo recompensados e
motivados a interacGes sociais (Panksepp e Lahvis, 2007). Portanto, a restricdo de contato
social é aversiva e estressante, sendo manifestada de diferentes maneiras em nivel
comportamental e neuroquimico (para revisdo, veja Fone & Porkess, 2008). Com o intuito
de compreender e caracterizar mecanismos envolvidos no estabelecimento de subtipos de
transtornos psiquiatricos, foi desenvolvido um modelo animal ndo farmacologico de
isolamento social. Um dos modelos de isolamento social amplamente empregado na

literatura se baseia na premissa de impedir a socializagdo durante o periodo critico de
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neurodesenvolvimento pés-natal até a fase adulta. Esse periodo compreende ao desmame em
roedores, normalmente realizado entre os dias 21 a 28 pos-natal (Fone and Porkess 2008).
Durante a criacdo em isolamento, os animais sdo mantidos sozinhos em uma caixa moradia
e podem ouvir, ver e sentir o cheiro de outros animais, mas sao impossibilitados de interagir

com eles (Fone and Porkess 2008).

O isolamento social crénico repercute em diversas alteracGes no desenvolvimento que
sdo manifestados em prejuizos comportamentais. Déficits cognitivos foram vistos em
macacos Rhesus isolados na fase juvenil com prejuizo na memoria de trabalho durante a fase
adulta (Sanchez et al., 1998) e, em ratos, no teste de reconhecimento de objetos (Méller et
al., 2013a) e na memdria espacial no teste de labirinto aquatico de Morriz (Quan et al., 2010).
Além disso, muitos estudos mostram que roedores submetidos ao isolamento social ndo sao
capazes de filtrar a informacao sensério-motora adequadamente (Chang et al., 2015; Méller
et al., 2013a; Murphy et al., 2010; Wang et al., 2012) e que ha aumento de agressividade em

ratos machos e fémeas (Oliveira et al., 2019).

Além das manifestacdes fenotipicas, abundantes alteracGes neuroquimicas também séo
vistas nesse modelo. Estudos demonstram um prejuizo na neurotransmissdo de dopamina,
onde animais socialmente isolados apresentam um maior nivel de dopamina basal no nucleo
accumbens (Hall et al. 1998; Yorgason et al. 2015) e no estriado e uma diminuigdo no cortex
frontal da dopamina e seus metabdlitos, acido 3,4-dihidroxifenilacético (Dopac) e acido
homovalinico (Moller et al., 2013b; Yorgason et al., 2015). Ainda, foi observada uma
diminuigcdo no cortex frontal e um aumento no estriado dos niveis de serotonina, e seu

metabolito acido 5-hidroxiindoleacético (Moéller et al., 2013b). Além da desregulacdo da
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neurotransmissao, ha relatos de um estado pré-inflamatorio, tendo em vista 0 aumento de

TNF-o e INF-y e diminuicédo de interleucina 4 e 6 (Mdller et al., 2013a).

A ruptura do neurodesenvolvimento ocasionado nesse modelo animal também
promove alteracdes na plasticidade sinéptica (Quan et al. 2010), na morfologia dos dendritos
na amigdala basolateral e no cortex pré-frontal medial (Wang et al. 2012), bem como pode
influenciar negativamente na maturacdo dos oligodendrdcitos e, portanto, na mielinizacdo do

cortex pré-frontal medial de camundongos (Makinodan et al., 2012).

Considerando a importancia desse modelo para os estudos relacionados com
transtornos neuropsiquiatricos e apesar de ser um modelo animal bastante empregado na
literatura, ainda ha uma grande necessidade de melhor caracterizar a influéncia do sistema

purinérgico neste modelo.

1.2. Sistema Purinérgico

Os nucleotideos estdo presentes em diversos tecidos e sao liberados por diferentes tipos
de células neurais. O metabolismo extracelular das purinas é realizado por uma eficiente
cadeia enzimatica denominada coletivamente de ectonucleotidases, que hidrolisam o ATP ao
AMP, que, por sua vez, € hidrolisado a adenosina (ADO) (Yegutkin, 2014). O ATP, e seus
produtos de degradacdo, exercem seus efeitos bioldgicos atuando nos receptores
purinérgicos, que sao classificados em receptores do tipo P1 e P2 (Yegutkin, 2014) (Figura
1). As ectonucleotidases, por sua vez, sdo divididas em: ectonucleosideo trifosfato
difosfohidrolase (E-NTPDases), ectonucleotideo pirofosfatase/fosfodiesterases (E-NPPs),
ecto-fosfatases alcalinas, ecto-5’-nucleotidase/CD73 e a ecto-adenosina deaminase

(Zimmermann et al., 1998). Essas enzimas promovem a regulacdo fina da sinalizacéo
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purinérgica, que é semelhante para os nucleotideos purinicos e pirimidinicos (Yegutkin,

2014).
NTPDases
eg CD39
NTPDases . Ecto-5"-nucleotidase
eg CD39 CD CD735"
Q’ d S T
3 Adenosine
ATP J Adenosine
release
Diverse cellular responses
often T[Ca;
Preferred agonist: Preferred agonist: Preferred agonist:
ATP X1-7 + heteromers | ADP Yy Y Yiz | Adenosine A1, A2a, A2b, A3
ATP Y11
UTP Y, (=ATP), Y,
UDP Ye

UDP-glucose Y4

Figura 1: Visdo geral da sinalizacdo purinérgica. O sistema purinérgico é composto pelos receptores, que sao
divididos em P2X , P2Y e P1, e pelas ectonucleotidases, que estdo representadas NTPDases (CD39), pela e pela
ecto-5’-nucleotidase (CD73). O ATP pode ser liberado da célula por diversos mecanismos e no meio
extracelular pode atuar nos receptores P2X ou P2Y ou, ainda, ser hidrolisado pelas ectonucleotidases até
adenosina. A adenosina pode atuar nos receptores P1 ou retornar ao citoplasma celular pelos transportadores de
nucleosideo (ndo mostrado) ou, ainda, ser desaminada e metabolizada, por fim, a acido drico (ndo mostrado).
NTPDases: ectonucleosideo trifosfato difosfohidrolase. Adaptado de Menzies e colaboradores (2017).

As ecto-nucleosideo trifosfato difosfohidrolases (E-NTPDases) sdo ectoenzimas que
hidrolisam no meio extracelular os nucleosideos trifosfatados e difosfatados, tendo, em sua
maioria, preferéncia pelos trifosfatados (Robson et al., 2006). Dentro dessa familia, existem

oitos diferentes genes para as E-NTPDases (Robson et al., 2006) e, dentre essas, as E-
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NTPDases 1, 2 e 3 estdo expressas no cérebro de mamiferos e sdo capazes de controlar a
sinalizacdo de ATP na fenda sindptica (Kukulski et al., 2004; Zimmermann, 1996).

As ecto-nucleotideo pirofosfatases/fosfodiesterases (NPPs) podem hidrolisar ATP
direto em AMP, liberando pirofosfato inorganico (PPi) (Goding et al., 2003). No SNC, a
NPP1, a NPP2 e a NPP3 estdo expressas em diferentes tipos celulares, podendo contribuir na
formacéo de mielina (Goding et al., 2003) e na secre¢éo do liquido cefalorraquidiano (Bonan,
2012).

As ecto-fosfatases alcalinas (APs) sdo fosfomonoesterases nao-especificas que liberam
fosfatos de diversos compostos organicos e, também, degradam nucleosideos trifosfatados,
difosfatados e monofosfatados (Bonan, 2012). Elas sdo mais expressas, no SNC, nas células
endoteliais das veias, no plexo coroide e nas meninges, mas também sdo encontradas em
diversas outras regides do encéfalo (Langer et al., 2008).

Participando da etapa final de desfosforilacdo dos nucleotideos, a ecto-5’-nucleotidase
estd envolvida na etapa catalitica final de inativacdo e o catabolismo do ATP e na formacéo
de adenosina a partir de AMP extracelular (Bonan, 2012; Zimmermann, 1992). Esta
ectonucleotidase é ubiqua no encéfalo e estd expressa tanto em neurdnios, quanto em células
gliais (Kovacs et al., 2013).

A adenosina formada no fim da cadeia enzimatica possui trés destinos diferentes: (1)
pode atuar nos receptores P1; (2) pode voltar para o meio intracelular por meio de
transportadores de nucleosideos, para a via de salvacdo das purinas; ou (3) pode ser
desaminada a inosina pela ecto-adenosina deaminase (E-ADA) (Robson et al., 2006;
Zimmermann, 1992).

Os receptores purinérgicos sdo divididos em receptores P1 (A1, A2a, A2s 0U A3), N0S

quais a adenosina tem seu sitio de acdo; e receptores P2, que se subdividem em P2X(1-7)
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(receptores ionotrépicos), que sdo ativados por ATP, e em P2Y124611121314 (receptores
metabotropicos) (Yegutkin, 2014). A familia dos receptores P2Y (P2YR) é dividida nos
receptores P2Y1, P2Y>, P2Y4, P2Ys e P2Y11 que ativam a fosfolipase C/inositol trisfofato e
nos receptores que inibem a adenlil ciclase, como 0 P2Y 12, P2Y13 e P2Y14 (Abbracchio et al.,
2009). Ainda, esses receptores diferem em seus agonistas enddgenos: os P2Y1R, P2Y12R e
P2Y13R sdo principalmente responsivos ao ADP; o P2Y;R e P2Y4R ao UTP e ao ATP; o
P2Y1:R ao ATP; e 0 P2Y6R e 0 P2Y 4R ao UDP, sendo que este ultimo é sensivel, também
a UDP-glicose e UDP-galactose (Abbracchio et al., 2009).

Os nucleotideos e nucleosideos exercem inumeras func@es bioldgicas no SNC. O ATP,
por exemplo, pode ser liberado pelos axénios, dendritos, pelo corpo celular neuronal e pela
glia (Fields e Burnstock, 2006), agindo como neurotransmissor ou como neuromodulador
(Burnstock, 2006a). Evidencia-se que esse nucleotideo também possa agir como um fator
trofico e de crescimento (Abbracchio et al., 1995), alterando o desenvolvimento de neurénios
(Mishra, 2006), pela regulacdo da concentracdo do calcio citoplasmaético e de AMPc (Fields
e Burnstock, 2006), bem como pode controlar a funcdo de astrécitos e a comunicacao
neurdnio-glia (Koizumi, 2010), influenciando na atividade sinaptica (Jourdain et al., 2007) e
regular a diferenciacdo de oligodendrécitos e mielinizacdo (Fumagalli et al., 2016). Em
contrapartida, o nucleosideo ADO exerce funcdes neuromoduladoras (Ribeiro et al., 2003)
de neurotransmissores como dopamina, GABA, glutamato e serotonina, bem como do ATP,
(Burnstock, 2007) e a¢Bes anti-inflamatdrias (Burnstock, 2006b). Visto que a adenosina é um
produto da hidrélise do ATP e essas duas moléculas frequentemente exercem efeitos opostos,
elas podem ser submetidas a regulagdo homeostéatica (Fields e Burnstock, 2006).

Estudos demonstram que 0s A1Rs e A2aRs estdo co-localizados no hipocampo (Rebola

et al., 2005), existindo uma interacdo funcional entre esses dois receptores adenosinérgicos,
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e que, ainda, eles podem formar heterodimeros com os receptores metabotropicos de
glutamato tipo 1 (Ciruela et al., 2004) e tipo 5 (Ferré et al., 2002; Nishi et al., 2003),
respectivamente. Essas interacGes exercem efeitos opostos na liberacdo de glutamato: a
modulacdo do A:iR pode inibir a liberagdo de glutamato pré-sinaptico, enquanto que a
ativacdo pos-sinaptica do Aqxa pode facilitar a liberagdo de glutamato (Coelho et al., 2014;
Lopes et al., 2002). Esta bem descrito que o A2aR promove a sinalizagéo do receptor D2 de
dopamina por meio da formagdo do heterodimero A2aR-D2R (Ferré, 1997) e que porgédo
extra-estriatal pode facilitar a liberacdo de GABA ou noradrenalina (Cunha, 2005). Ademais,
tém se visto que o glutamato pode induzir acimulo extracelular de ADO (Craig e White,
1993) e, no estriado, esse efeito € mediado, especificamente, pelos receptores NMDA
(Delaney et al., 1998).

Além das purinas derivadas da adenina, nos ultimos anos tém sido estudadas, cada vez
mais, as purinas baseadas na guanina: os nucleotideos GTP, GDP, GMP e o nucleosideo
guanosina (GUQ). Esses estudos tém consolidado os diversos efeitos bioldgicos dessas
purinas, sendo a GUO mais amplamente estudada até agora (para revisdo veja Tasca et al.,
2018). Apesar dos nucleotideos baseados na adenina ou na guanina apresentarem
semelhancas, fisiologicamente, existe diferencas importantes a respeito deles. A GUO, em
compara¢do com as purinas baseadas em adenina, é preferencialmente acumulada sob
condicdes fisiologicas e, em resposta a um insulto, a sua concentracdo aumenta
progressivamente (Ciccarelli et al., 1999). Contrariamente, aquelas derivadas do ATP séo
rapidamente metabolizadas (Ciccarelli et al., 1999).

No campo das neurociéncias, foi demonstrado que o GTP pode ser armazenado em
vesiculas sinapticas dentro de células neurais e liberadas na fenda sinaptica (Santos et al.,

2006). Semelhante ao ATP, no meio extracelular, o GTP pode ser hidrolisado pelas
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ectonucleotidases e formar, por fim, a GUO. Estudos demonstram que a GUO pode modular
a transmissao glutamatérgica (Dal-Cim et al., 2013) e adenosinérgica (Schmidt et al., 2007),
induzir proliferacdo de astrocitos (Ciccarelli et al., 2000) e exercer efeitos antiapoptdticos
(Di lorio et al., 2004; Pettifer et al., 2004), antioxidante (Dal-Cim et al., 2012) e anti-
inflamatdrios (D’ Alimonte et al., 2007).

Em resumo, o sistema purinérgico atua em muitos mecanismos no SNC, como a
modulacdo de neurotransmissores, a neuroinflamacéo, a excitabilidade e funcionamento de
neurdnios e células gliais e a mielinizacdo, por exemplo. O modelo de isolamento social, por
sua vez, causa diversos prejuizos de funcionamento de neurotransmissores, maturacdo de
oligodendrocitos, cognicdo e de plasticidade sinaptica. Sendo assim, essa grande
sobreposicdo dos mecanismos patofisolégicos suportam a ideia de que a sinalizacdo

purinérgica possa ter um papel na neurobiologia do isolamento social.

2. Objetivos

2.1. Objetivo geral

O objetivo geral desta dissertacdo é investigar o papel do sistema purinérgico na neurobiologia do

isolamento social.

2.2. Objetivos especificos
. Caracterizar as alteragcbes comportamentais induzidas pelo modelo de isolamento
social em ratos Wistar;
. Tracar o perfil do nivel de purinas presentes no liquido cefalorraquidiano no modelo

de isolamento social;
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Verificar a atividade das ectonucleotidases em abordagens de fatias ex vivo e em
preparacdo de sinaptossomos in vitro no hipocampo e no estriado.
Analisar a expressdo génica de elementos do sistema purinérgico no cortex pré-

frontal, no hipocampo e no estriado.
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3. Artigo cientifico

Esta secdo da dissertacdo sera apresentada na forma de artigo cientifico a ser submetido a revista
Journal of Neurochemistry. Normas de submissao foram retiradas do site:

https://onlinelibrary.wiley.com/page/journal/14714159/homepage/forauthors.html
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Abstract

Environmental stressor in early life, such as social isolation, can disrupt brain development
prompting psychiatric disorders. Post-weaning social isolation in rodents presents
impairments in sensorimotor gating, dopamine neurotransmission and synaptic plasticity.
Purinergic signaling is initiated by extracellular ATP which can be hydrolyzed to adenosine
by ectonucleotidases and act in P1 or P2. Purines have a key role in physiological and
pathological mechanisms and there is a noticeable overlap between these modulations with
social isolation dysfunctions. The aim of this work was verify if social isolation impair the
purinergic system. At weaning, Wistar rats were allocated to social rearing or social isolation
for 8 weeks to investigate the behavioral features and the purinergic system in the prefrontal
cortex, hippocampus and striatum. We evidenced disruption in the sensorimotor gating and
increased social interaction in rats socially isolated. Social isolation induced an accumulation
of ADP in cerebrospinal fluid and increased of ADP hydrolysis in hippocampus and striatum
synaptosomes. Socially isolated rats presented an upregulation of adora2a, p2ryl and p2rx5
genes in the prefrontal cortex and a downregulation expression of p2ry4, p2ry13 and p2ry14
in hippocampus and adora2a, p2rx4, p2ry2, p2ry6, p2ryl2, p2ryl3, entpdl, entpd2 and
entpd3 in striatum. Based on the literature, these results may indicate a impairment in
cognition, dopamine and glutamate neurotransmission, microglia function and neurogenesis
control, once these receptors are found to modulate these pathways. This work shed light of
several processes poorly studied and, as far as we know, we are pioneering to demonstrate
the several alterations in purinergic system that might be participating in this
neuropsychiatric model.

Keywords: Social isolation; purinergic system; ectonucleotidases; purinergic receptors;
prepulse inhibition.
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Introduction

Environmental stressor in early-life, such as maternal separation or social isolation, can
impair brain development and adult behavior (Mdller, et al., 2013; Slotten et al., 2006; Wang
et al., 2012) prompting psychiatric disorders (Brown, 2012; Leigh-Hunt et al., 2017; Owen
et al., 2016). In this sense, social isolation rearing (SI) is a non-pharmacological approach
that recapitulates several developmental alterations and its consequence in adult subject. The
core is restrained social contact during the critical early post-natal brain development period,
generally post-weaning, and maintain until adulthood. It is used to modeling neuropsychiatric

conditions (Fone and Porkess, 2008).

Collectively, the behavioral changes described hitherto exhibit deficits in cognition,
sensorimotor gating and locomotion (Moller et al., 2011; Mdller et al., 2013a) which are
consistent with inability to appropriately process environmental stimuli (Fone and Porkess,
2008). Sl also results in marked changes in neurotransmission function, such as dopamine
and serotonin and their metabolites (Hall et al., 1998; Moller et al., 2013b; Yorgason et al.,
2015), as well as synaptic plasticity (Quan et al., 2010) and alterations of dendrites
morphology in basolateral amygdala and in medial prefrontal cortex of rats (Wang et al.,

2012).

The purinergic signaling system is a pathway in which purines and pyrimidine act as
extracellular messengers and participates of many physiological and pathological conditions
in the central nervous system (to review see Burnstock et al., 2011). Their action is
determined by the balance between ATP and adenosine, regulated by an efficiently enzymatic

chain named ectonucleotidases. Ectonucleotidases are divided in ecto-nucleoside
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triphosphate diphosphohydrolase (E-NTPDases), ecto-nucleotide
pyrophosphatase/phosphodiesterases (E-NPPs), and both hydrolyze ATP and ADP to AMP,
and ecto-5’-nucleotidase, which converts AMP to adenosine (ADO) (Abbracchio et al., 2009;
Zimmermann et al., 1998). Nucleotides can exert their actions on P2X ion channel receptor
(P2X1-7) or on P2Y protein-coupled receptor (P2y1, P2v2, P2v4, P2ve, P2v11, P2v12, P2vy13,
P2v14), ATP- and ADP-sensitive. Moreover, the four subtypes of P1 receptor are sensitive to

adenosine (A1, Aza, Azs, As) (Burnstock 2007).

Adenosine 5’-triphosphate (ATP) is delivered to the extracellular matrix from neuronal and
glial cells by several mechanisms (Pankratov et al., 2006; Zhang et al., 2007) and when
released from damaged cells can act as a danger signal (Verkhrasky et al., 2009).
Furthermore, ATP is involved in synaptic transmission in many brain regions (as reviewed
by Abbracchio et al. 2009) and can act both as fast excitatory neurotransmitter either act as
a neuromodulator (Burnstock 2006). In this sense, some group of evidence has shown that
this nucleotide may co-release with glutamate in the hippocampus (Mori et al., 2001) and

with dopamine in the mesolimbic pathway (Krugel et al., 2003).

Regarding the ATP breakdown product, adenosine, exerts several functions in the brain,
including modulation of neuronal and glial cells, neural development (Daré et al., 2007;
Fellin et al., 2006) and neuroprotection (Cunha, 2005). The adenosine receptor foremost
expressed in the central nervous system, A1, has their role already established as an inhibitor
on excitatory neurotransmission, through the presynaptic inhibition of glutamate release
(Latini and Pedata, 2001; Thompson et al., 1992). Whereas Aza receptor has excitatory
actions (Latini and Pedata, 2001) in the basal ganglia, where it is prominently expressed, as

well as described to facilitate the release of glutamate, GABA, glycine, acetylcholine,
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noradrenaline and serotonin in different extra-striatal regions (Cunha, 2005). Moreover, both
receptors are expressed in glial cells and are capable to modulate them to participate in
neuron-glia interactions (Cunha, 2005) and neural development (Daré et al., 2007; Fellin et

al., 2006).

As noted, purinergic signaling has a highly relevant role in brain function. Thus, the main
goal of this work is to characterize this biochemical pathway in the neuropsychiatric model

of social isolation rearing.

Materials and Methods

Materials

All reagents were purchased from Sigma Aldrich (St. Louis, MO, USA), otherwise it is

signaled.

Animal maintenance and rearing

At weaning (post-natal day 21) 94 males Wistar rats were randomly allocated to two groups:
social isolation reared (1 animal/cage) or socially reared (3-4 animals/cage) during 8 weeks
(post-natal day 77) (Quan et al., 2010). The rats were bred in the Biotério do Departamento
de Bioquimica, Universidade Federal do Rio Grande do Sul (UFRGS). Both groups were
handled only for sawdust change weekly to social rearing and twice a week for group housed.
The rats were reared under identical conditions: cages 41 x 34 x 16 cm, temperature (22+2°C),
food and water ad libitum, 12:12 light-dark cycle (lights on at 7 am). Thus, the animals shared
the same conditions and they could smell and hear other animals, but it was not allowed to

interact with each other. Behavioral and biochemical experiments were accomplished at the
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end of 8 weeks. One animal of control group died from unknown causes. The experimental
procedures were according to the code of ethics in research under the National Institute of
Health Guide for the Care and Use of Laboratory Animals and the Brazilian College of
Animal Experimentation (CONCEA) and this project was approved by Ethical Committee

of UFRGS (protocol number 33550).

Behavioral tests

All behavioral tests were analyzed by trained experimenters blind to the groups. Animals
were habituated to the experimental room at least 30 min before the test. The apparatuses
were cleaned with ethanol 30% among each trial and all tests were carried out between 13h
and 17h. The same animals were used to open field, Y-maze and social interaction tests.
Prepulse inhibition and amphetamine-induced hyperlocomotion were carrying out on two

independent experiments.

Sensorimotor gating test

Prepulse inhibition (PPI) test is widely used to analyze impairments in sensorimotor gating,
caused by deficits in attentional and cognitions functions (Geyer et al., 2001). The PPI was
performed in a sound-attenuated startle chamber (Insight®, Sdo Paulo, Brazil) and the rats
were placed on a movement-sensitive platform. The stabilimeter was calibrated before each
session. First, the rats were habituated for 5 min acclimation period with 68 dB background
level that continued throughout the test session. Posteriorly, the rats were submitted to 10
trials with white noise acoustic startle response (120 dB per 20 ms). This design was to
establish a baseline of startle response at the beginning and these data were not included in

the PPI analysis. The test was consisted of six different blocks with 10 trials each: the no-
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stimulus trials where only the background noise was presented; trials with the 120 dB for 50
ms pulse alone; trials which prepulse stimulus (20 ms white noise, either 71 dB, 77 dB or 85
dB) was preceded 100 ms after by the onset of the startle stimulus. Each trial was delivered
in a randomized manner with an average intertrial interval of 15 s (range, 10-20 s). The
percentage of PPl (%PPI1) was calculated according to the formula: %PPI = [100 — (startle

response for Prepulse and Pulse trial)/(startle response for Pulse alone trial) x 100].

Open Field Test

Locomotor activity was assessed in an open field arena (47 cm x 47 cm x 47 cm) under 30
lux. Once placed in the center of the arena, rats were recorded during 30 min by ANY-Maze
video-tracking system (Stoelting Co., Wood Dale, IL, USA) (Domeney and Feldon, 1998;

Weiss et al., 2000) Distance traveled was measured using the same software above.

Amphetamine-induced Hyperlocomotion

The stereotyped locomotion was measured by challenge with D-Amphetamine Sulfate and
was performed in an open field arena (47 cm x 47 cm x 47 cm) under 30 lux. First, the animals
were treated with saline and placed in the center of the arena. After 30 minutes, they were
removed and injected with D-amphetamine 2 mg/kg, i.p., and returned to the arena where
was allowed to explore during 60 minutes (Herrmann et al. 2014; Lapiz et al., 2003). The test
was recorded and analyzed by ANY-Maze video-tracking system (Stoelting Co., Wood Dale,

IL, USA).

Spontaneous Alternation Test
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Working memory performance was assessed in Y-Maze apparatus consisting of three
identical arms (50 cm long x 30 cm high x 10 cm wide) and converged to 120° apart. Rats
were placed at the tip of the same arm and allowed to freely move for 8 min under dim
lightening condition (8 lux). The test was recorded and the sequence of arm entries was
analyzed manually. Each arm was namely A, B or C and an alternation were defined as the
ability to switch among arms, without turn back to the arm which recently left. For example,
a correct alternation was considered as ABC, ACB, BAC, BCA, CAB, CBA and wrong
alternation was considered as ABA, BCB and so on. The percentage of spontaneous
alternation was calculated as (total of alternation/total arm entries — 2) x 100 (Maurice et al.,

1994).

Social interaction

In order to measure deficits in social behavior, the rat under experimentation was placed in
the center of an open field arena together with an unknown naive Wistar rat. They were
allowed to interact during 10 min and the time spent in active interactive behaviors, such as
anogenital sniffing, approaching and staying with the partner were scored. The test was
accomplished under red light and the animal’s behaviors were recorded and analyzed based

on averaged scores by two blind experimenters (Mdéller et al., 2013a).

Biochemical analysis

Purines concentration in cerebrospinal fluid (CSF)

Nucleotides and their metabolites levels were measured in CSF by high-performance liquid
chromatography (HPLC). For this, anesthesia was induced and maintained with 3 %
isoflurane and placed in a stereotaxic apparatus. The CSF (approximately 100 pL) was
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collected by direct puncture of the cisterna magna with an insulin syringe (30 gauge). All
samples were centrifuged at 10000 x g at 4 °C for 10 min and immediately after, the samples
were frozen in dry ice and stored at -80 °C until analysis (Almeida et al., 2017). Before
applying in HPLC, the samples were filtered with a syringe filter (Millex®-GV 0.22 uM
filter, Merck Millipore, Tullagreen, IRL). The reverse-phase HPLC (Shimadzu, Japan) was
performed with 30 pL cell-free CSF aliquots using a C1g column (Ultra C18, 25 cm 9 4.6 mm
9 5 Im, Restek-USA) and measured at 254 nm. ATP, ADP, AMP, adenosine (ADO),
guanosine (GUO), inosine (INO), hypoxanthine (HYPO), xanthine (XAN) and uric acid
(UA) were measured according to a previously described method (Voelter et al., 1980) and
are expressed in UM. The puncture of CSF was performed 24 hours after the social interaction

test.

Ectonucleotidases activity ex vivo

The protocol was performed according to a method previously described (Bruno et al., 2002).
Briefly, the brains were maintained at incubation medium (115 mM NaCl, 3 mM KClI, 1.2
mM MgSOs, 25 mM NaHCO3, 10 mM glucose, 2 mM CaCl,, pH 7.4 and gassed with 95%
02 and 5% CO») for structures dissection. Hippocampus and striatum were transversely cut
to 400 um thick on a Mcllwan tissue chopper. For hippocampus two slices and for striatum
one slice per microtube were allocated for incubation. The samples were preincubated for 10
min at 37 °C with 500 pL of incubation medium and incubated for 20 min with 2.0 mM ATP,
ADP and AMP to ensure the linearity of reaction. The reaction was stopped with 100 pL of
10% trichloroacetic acid. The final volume of the reaction was 500 pL and 100 pL or 50 pL,
of hippocampus or striatum samples respectively, were colored with 1000 pL of the
malachite green mixture to measure released Pi (Chan et al., 1986). Protein was detected by
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Bradford method (Bradford, 1976) and the enzymatic activity was expressed as nmol Pi

released per minute per milligram of protein.

Ectonucleotidases activity in synaptosomal preparation

After removal, brains were placed in an ice-cold medium I (0.32M sucrose, 5 mM Hepes, pH
7.5and 0.1 mM EDTA) and structures were dissected. Total hippocampi (0,105 — 0.155¢g of
tissue) and total striatum (0.096 — 0.125g of tissue) of both hemispheres were gently
homogenized in 5 times of medium | with a motor-driven Teflon-glass homogenizer. The
synaptosomes preparation was accomplished based on a protocol previously described by
Nagy and Delgado-Escueta (1984). Briefly, after 1000 x g and 12000 x g centrifugations, the
crude mitochondrial pellet was resuspended in 500 pL of medium I. The Percoll gradients
were made with a stock solution of isosmotic Percoll and medium 11 (0.25 M sucrose, 5 mM
Hepes, pH 7.2 and 0.1 mM EDTA). The samples were mixed, posteriorly, in 4 mL of 8.5%
Percoll solution and, then, layered onto a discontinuous gradient of 10% and 16% Percoll
solution. The synaptosomes were collected in between 10% and 16% layers and washed
twice at 15000 x g for 20 min with the medium | to remove the contaminating Percoll. The
synaptosome pellet was suspended to a final protein concentration of approximately 0.5
mg/mL. Protein was measured by BCA method using bovine serum albumin as standard

(Smith et al., 1985).

The reaction medium used to incubate 1 mM ATP and ADP was essentially the same as
described by Battastini and collaborators (1991) (5 mM KCI, 1.5 mM CaCl,, 0.1 mM EDTA,
10 mM glucose, 225 mM sucrose and 45 mM Tris-HCI buffer, pH 8.0). The incubation

medium for AMP contained 10 mM MgCI2, 0.15 M sucrose, 0.1 M Tris-HCI, pH 7.0
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(Heymann et al., 1984). Around 15 pg of synaptosomes was added to 200 pL incubation
medium and were preincubated at 37 °C for 10 min. ATP, ADP and AMP (final concentration
in 1 mM) were incubated for 30 min and the reaction was stopped added 200 pL of 10%
trichloroacetic acid. In all enzymes assays, incubations times, sample dilutions and protein
concentration were chosen in order to ensure the linearity of reactions. Controls to correct
nonenzymatic hydrolysis were composed of the incubation medium, substrate and
synaptosomes, after the reaction was stopped were used. The Pi released was measured by
Chan and collaborators (1986) as described above. The enzymatic activity was expressed as

nmol Pi/min/mg protein.

MRNA analysis RT-PCR

Total RNA from the prefrontal cortex, hippocampus and striatum were isolated with
TRIzol™ Reagent (Invitrogen™) under the manufacturer’s instructions. The cDNA was
synthesized with Reverse Transcription System (Promega® Corporation, Madison, WI,
USA) from 2 pg RNA, according to the manufacturer’s instructions. An RT-PCR reaction
was performed with the PCR Mastex Mix of Promega® Corporation in a final volume of 20
pL. The cycling settings consisted in an initial denaturation for 2 min at 95 °C, the following
sequence of 35 cycles was carried out; denaturation at 95 °C for 15s, primer annealing at 58
— 62 °C for 15s, and extension at 72°C for 15s. The PCR was ended by a 5 min incubation at
72 °C. The housekeeping gene used was actin beta (actb gene) and beta-2 microglubolin
(b2m). The RT-PCR reaction were separated on a 2% agarose gel containing SYBR® Safe
DNA and visualized by Geliance 600 Imaging System (PerkinElmer, Inc., Waltham, MA,
USA). A negative control was performed by substituting the templates with DNAse/RNAse-

free distilled water in each RT-PCR reaction.
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Real-time PCR analysis was performed in the StepOne™ Real-Time PCR Systems
Instrument (Applied Biosystems®, Foster City, CA) using the PowerUp SYBR™ Green
Master Mix amplification system, according to manufacturer’s instructions and respective
forward and reverse primers (10 uM). All results were analyzed by the 2 -AACT method
(Livak et al., 1995), using for determination of relative expression data, taking -2
microglobulin and B-actin gene expression as an endogenous control for normalization, when
appropriate. A negative control was performed by substituting the templates with

DNAse/RNAse-free distilled water in each reaction. Primers details are described in table 1.

Statistical analysis

First of all, the data were tested for Gaussian distribution using the Shapiro-Wilk normality
test. For parametric distribution, we used two-tailed unpaired t test or two-way ANOVA
followed by Bonferroni post hoc multiple comparisons to identify group differences, when
appropriate. Nonparametric data were analyzed with the Mann Whitney test. The data were
analyzed using GraphPad Prism software version 6.0 for Windows (GraphPad, San Diego,
CA, USA) and significance was set at p < 0.05 and all data are expressed as mean + standard

deviation.

Results

Social isolation promotes tenuous behavioral alterations

Sensorimotor gating test

Social isolation from postnatal day 21 produced a larger amplitude on startle response (1724

* 91.53) when compared with group housed (1556 + 157.3; p = 0.0103, t test) (Figure 1A).
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Two-way ANOVA with Bonferroni post-hoc analysis showed no differences between groups
in percentage of prepulse inhibition at 71 dB (GH: -0.967 + 5.6; SI: 0.458 + 3.805; p > 0.05)
in contrast with an impairment in prepulse inhibition at 77 dB (GH: 13.687 + 10.17; SI: 3.504
+6.684; p=0.015) and 85 dB (GH: 24.065 + 8.462; SI: 9.602 + 9.034; p = 0.0004) in socially
isolated rats (Figure 1B). Additionally, two-way ANOVA analysis demonstrated a significant
effect on prepulses intensities (F (2, 51) = 24.18, p < 0.0001) and in rearing condition (F (1,
51) = 14.88, p = 0.003), as well as the interaction between the two factors (F (2, 51) = 5.594,

p = 0.0064)

Locomotor activity

In the open field apparatus, we did not find any differences in the distance travelled during
30 minutes (GH: 46.33 m + 15.24; SI: 43.77 m + 10.83; p > 0.05, t test) (Figure 1C). In order
to see any difference on the stereotyped locomotion, we challenged all the animals with d-
amphetamine 2 mg/kg. There are not any differences between groups to the amphetamine
challenge along 60 minutes of test (p > 0.05 in all times), as well as we did not see any
alterations in basal locomotor activity when the rats received saline injection (p > 0.05)

(Figure 1D).

Working memory

Both groups presented similar percentage of spontaneous alternation in the Y-Maze (GH:
56.55 + 11.92; SI: 63.97 + 12.14; p > 0.05, t test) (Figure 1E), showing that isolation rearing

did not promote impairment in working memory.

Social interaction
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In the social interaction test, the total time of interaction with unknown animal was increase
in the SI group when compared with control (GH: 121.8 + 21.04 s; SI: 224.6 £ 22.60 s, p <

0.0001, t test) (Figure 1F).

Social isolation rearing modifies the ectonucleotidases functionality by the ADP hydrolysis

Purines level in the CSF

In order to investigate the potential role of purinergic system in the current model, we first
evaluate the concentration of nucleotides and their metabolites in the CSF. HPLC analysis
detected only an accumulation of ADP in the CSF of social isolated rats (GH: 1.385 + 0.0471
uM; Sl: 2.714 + 1.459 uM; p = 0.0006, Mann-Whitney test). Additionally, we did not find
any difference in ATP (GH: 3.324 £ 0.827 uM; Sl: 4.149 + 0.879 uM; p > 0.05, t test), AMP
(GH: 0.982 + 0.041 uM; SI: 0.991 + 0.038 uM; p > 0.05, t test), adenosine (GH: 0.425 +
0.154 uM; SI: 0.362 £+ 0.204 uM; p > 0.05, t test), guanosine (GH: 0.238 + 0.053 uM; Sl:
0.241 +0.02 uM; p > 0.05, t test), inosine (GH: 0.420 £ 0.190 uM; SlI: 0.660 + 0.762 uM; p
> 0.05, Mann-Whitney test), hypoxanthine (GH: 0.711 + 0.378 uM; SI: 0.817 £ 0.700 puM;
p > 0.05, t test), xanthine (GH: 3.294 £ 0.615 uM; Sl: 2.920 + 0.437 uM; p > 0.05, t test) and
uric acid (GH: 11.63 £1.588 uM; SI: 11.41 + 1.678 uM; p > 0.05, Mann-Whitney test) levels

(Figure 2A-1).

Ectonucleotidases activity in in vitro assay

Purines metabolism in the social isolated rats demonstrate an increase of ADP compared with
control group. To further explore the ectonucleotidases activity in the synaptic terminal, we
performed synaptosomal preparation to measure their activity in a subcellular neuronal
fraction. Social isolation induced an increase in the ADP hydrolysis in the hippocampus (GH:
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46.95 + 10.21; SI: 59.72 £ 5.99; p = 0.0171, t test) and in the striatum (GH: 43.22 £ 10.56;
SI: 62.54 £ 6.24; p = 0.0018, t test). ATP (GH: 189.7 £ 41.82; SI: 200.5 + 16.96; p > 0.05, t
test, hippocampus; ATP GH: 203.6 + 74.56; SI: 237.3 £ 41.55; p > 0.05, t test, striatum) and
AMP (GH: 18.32 + 8.586; SI: 18.53 + 9.593; p > 0.05, t test, hippocampus; GH: 21.98 £
14.36; SI: 29.50 + 17.14; p > 0.05, t test, striatum) hydrolysis did not show any differences
in the both structures (Figure 3A-F). One outlier was removed in ADP analysis in the
hippocampus and striatum by an aberrant data that is not normally seen in the literature. We
only performed this analysis in these two structures once the prefrontal cortex does not yield

enough content to accomplish this experiment.

Ectonucleotidases activity in ex vivo preparation

With the intention to demonstrate the function of ectonucleotidases in the tissue, we analyzed
the nucleotides hydrolysis in the hippocampus and striatum slices. We did not observe any
differences in ATP (GH: 49.65 + 15.82; SI: 36.74 + 13.07; p > 0.05, t test), ADP (GH: 32.01
+10.82; SI: 24.07 £ 11.52; p > 0.05, t test) and AMP (GH: 13.82 + 3.549; SI: 10.22 + 9.448,;
p > 0.05, t test) hydrolysis in the hippocampus. In the striatum, isolation rearing did not
induce alterations in the ATPase (GH: 32.53 + 15.77; SI: 29.53 + 8.706; p > 0.05, t test),
ADPase (GH: 23.54 + 3.350; SI: 18.09 + 10.72; p > 0.05, t test) and AMPase (GH: 7.528 +
2.954; SI: 9.066 * 6.869; p > 0.05, t test) activities (Figure 4A-F). We only performed this
analysis in these two structures once the prefrontal cortex does not yield enough slices to

accomplish this experiment.

Purinergic receptors seem to be involved in social isolation pathogenesis

Gene expression of purinergic components
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Besides establishing the ectonucleotidases functioning in the hippocampus and striatum, we
pursued if other components of the purinergic system would be involved. For this, we first
performed RT-PCR in order to filter the genes differentially expressed to accomplish RT-
gPCR posteriorly. The genes that appeared with alteration expression between groups in the
prefrontal cortex were p2rx5, adora2a, p2ryl and slc29al; in the striatum were adora2a,
p2rx1, p2rx4, p2ry2, p2ry6, p2ryl12, p2ry13 and entpd3; and in the hippocampus were p2rx1,

p2ryl, p2ry4, p2ryl3, p2ryl4 and entpd3 (data not shown).

Quantitative PCR revealed several alterations in the gene expression of purinergic
components, mainly purinergic receptors. Social isolation rearing increased the expression
of adora2a (GH: 1.032 + 0.278; Sl: 2.548 + 0.981; p = 0.0020, t test) (Figure 5A), p2rx5
(GH: 1.082 + 0.462; SI: 2.763 + 1.255; p = 0.0061, t test) (Figure 5B), p2ryl (GH: 1.045 +
0.319; SI: 2.394 + 0.764; p = 0.0010, t test) (Figure 5C) and did not modify the expression
of slc29al (GH: 1.050 £ 0.345; SI: 1.691 + 0.715; p > 0.05, t test) (Figure 5D) in the

prefrontal cortex.

On the other hand, adora2a (GH: 1.111 + 0.489; Sl: 0.4027 £ 0.1727; p = 0.0036, t test)
(Figure 6A), p2rx4 (GH: 1.045 + 0.313; SI: 0.424 + 0.187; p = 0.0007, t test) (Figure 6B),
p2ry2 (GH: 1.045 £ 0.345; SI: 0.508 + 0.236; p = 0.0041, Mann-Whitney) (Figure 6C), p2ry6
(GH: 1.024 + 0.232; SI: 0.572 + 0.17; p = 0.0013, t test) (Figure 6D), p2ry12 (GH: 1.029 +
0.251; SI: 0.513 + 0.047; p = 0.0002, t test) (Figure 6E), p2ry13 (GH: 1.018 + 0.09; SI: 0.54
+ 0.144, p = 0.0003, t test) (Figure 6F), entpdl (GH: 1.025 £ 0.25; SI: 0.4702 = 0.137; p =
0.0002, t test) (Figure 6G), entpd2 (GH: 1.033 + 0.26; SI: 0.5059 + 0.32; p = 0.0053, t test)

(Figure 6H) and entpd3 (GH: 1.183 £ 0.715; SI: 0.247 £ 0.156; p = 0.0054, t test) (Figure 61)

37



were downregulated in the striatum. P2rx1 (GH: 1.070 + 0.451; SI: 0.738 £ 0.319; p > 0.05,

t test) (Figure 6J) was not differentially expressed.

Furthermore, in the hippocampus the p2ry4 (GH: 1.114 £ 0.539; SI: 0.518 + 0.201; p =
0.0179, t test) (Figure 7A), p2ry13 (GH: 1.017 £ 0.198; SI: 0.814 + 0.127; p = 0.0411, t test)
(Figure 7B) and p2ry14 (GH: 1.154 £ 0.619; SI: 0.384 + 0.165; p = 0.0070, Mann-Whitney)
were reduced in social isolated animals, whereas p2rx1 (GH: 1.029 £ 0.282; SI: 0.904 +
0.377; p > 0.05, t test) (Figure 7C), p2ryl (GH: 1.019 £ 0.232; SI: 1.126 = 0.2; p > 0.05,
Mann-Whitney) (Figure 7D), and entpd3 (GH: 1.37 + 1.409; SI: 0.486 + 0.469; p > 0.05,

Mann-Whitney) (Figure 7E) did not demonstrated any differences in gene expression.

Discussion

Initially, we showed that Wistar rats isolated for 8 weeks presented mild behavioral
alterations. The isolated animals had an augmentation of startle response and a disruption on
77 dB and 85 dB prepulse intensities in the rate of prepulse inhibition and an increase of total
time spent interacting with an unknown rat. The dysfunction of sensorimotor gating is well
described in this animal model (Chang et al., 2015; Mdéller et al,. 2013a; Murphy et al., 2010;
Wang et al., 2012), while other behavioral alterations are controversial, such as locomotor
activity (Ferdman et al., 2007; Hall et al., 1998; Ko and Liu, 2015; Wang et al., 2012; Weiss
et al., 2000), cognition (Hellemans et al., 2004; Mdller et al., 2013a; Quan et al,. 2010;
Schrijver et al., 2004; Weiss et al., 2001) and social interaction (Ferdman et al., 2007; Moller

etal., 2011; Moller et al., 2013a; Wongwitdecha and Marsden, 1996; Oliveira et al., 2019).

These discrepancies presented in the behavioral tasks may be explained by the strain

differences. It was demonstrated that Wistar rats are less sensitive to PPI processing than
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Lister hooded and Sprague-Dawley rats (Varty and Higgins, 1994). Regarding to the social
isolation model, evidences points that Sprague-Dawley rats begin to manifest the
impairments of isolation rearing after 4 weeks, while Lister hooded rats start to presented the
same injury after 7 weeks of isolation (Bakshi and Geyer, 1999). Moreover, the robustness
of PPI deficits is less apparent in Wistar rats (Domeney and Feldon, 1998; Weiss et al., 2000),
than in Sprague-Dawley (Geyer et al. 1993; Ko and Liu 2015; Mdéller et al. 2013a)(Geyer et
al., 1993; Ko and Liu, 2015; Mdller et al., 2013a), Lister hooded (Cilia et al., 2001; Day-
Wilson et al., 2006; Varty et al., 1999) or Long-Evans rats (Binder et al., 2001; Powell et al.,
2003). Therefore, the lack of behavioral manifestation in the present work could be explained

by the strain used.

A study analyzed the sensorimotor gating response and locomotor activity in different times
of isolation. Interestingly, the PPI disruption was apparent in 4 weeks of isolation, while the
socially isolated rats presented an increase of locomotion after 2 weeks of isolation (Bakshi
and Geyer, 1999). These results demonstrate that two behaviors are independent and the
locomotion seems to be a short-term consequence and the sensorimotor gating impairment
seems to be a long-term consequence, which would explain our results about the traveled

distance and the rate of prepulse inhibition.

Another controversial result in the literature is the highly sensitivity of isolated rats to the d-
amphetamine-induced hyperlocomotion (Fabricius et al., 2010; Herrmann et al., 2014; Jones
et al., 1992; Pritchard et al., 2013; Smith et al., 1997; Weiss et al., 2001). On the other hand,
more consistent results to d-amphetamine sensitivity comprises the increase of release of

dopamine in the accumbens nucleus, prefrontal cortex and caudate putamen (Fabricius et al.,
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2011; Jones et al., 1992) and increase the inhibition of dopamine uptake in the nucleus

accumbens and dorsal medial striatum (Yorgason et al., 2015) in socially isolated animals.

The fine tuning of extracellular nucleotides is promoted by ectonucleotidases functioning,
which guarantees a homeostatic regulation (Fields and Burnstock, 2006) to prevent
pathological processes (Burnstock, 2008). As far as we know, this is the first work to
demonstrate the nucleotides levels, and their breakdown products, in the CSF in the
neuropsychiatric social isolation model. Broadly speaking, our results show that are no an
evident imbalance of extracellular purines in the CSF, however, ADP is accumulating,
whereas ATP seems to be a tendency of accumulation. Noteworthy, ADP is the endogenous
agonist of P2Y(R, P2Y12R and P2Y13R (Abbracchio et al., 2009) that were all found
differentially expressed in the socially isolated rats, which became evident the contribution
of purinergic signaling in this model. Additionally, P2Y1R is upregulated in the prefrontal
cortex suggesting a possible over activation of this receptor. GUO is gaining attention in the
last years and it has been demonstrated their modulation of glutamatergic neurotransmission
(Tasca et al., 1998), antioxidant (Tasca et al., 2018), and antidepressant properties (Bettio et
al., 2014). Few studies investigate possible role of GUO in neuropsychiatric conditions and

our analysis showed that GUO is not altered in the social isolation model.

The well-known synaptic activity of ectonucleotidases (Zimmermann, 1996; Zimmermann
and Braun, 1999) made us inquire whether post-weaning social isolation could modulate the
ectonucleotidases functionality in synaptosomal preparation. Here, we show that isolation
rearing induces an increase of ADP hydrolysis in hippocampus and striatum synaptosomes.
These results may suggest that long periods of isolation prompt the necessity to an increase

of ADP metabolism in the synaptic cleft. This could be a compensatory mechanism, once
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ATP or ADP accumulation can lead to pro-inflammatory pathways (Chakfe et al., 2002),
neuron death (Bernardino et al., 2008) or astrogliosis (Franke et al., 2001). There are no
differences in the ATP, ADP or AMP hydrolysis pattern in ex vivo slices of hippocampus
and striatum, indicating that the presence of neurons and glial cells are regulating between

them.

After establishing the role of ectonucleotidases, our next goal was to verify the gene
expression of the constituents of purinergic signaling. The Aza receptor (A2aR) is widely
studied and have many functions described, such as neuroinflammation process (Rebola et
al., 2011), NMDA modulation (Rebola et al., 2008) and the activation of this receptor could
lead to an impairment of short-term memory (Pagnussat et al., 2015). A very interesting study
evidenced that striatal A2aR inactivation was able to increase the psychostimulants effects,
whereas the same inactivation of forebrain A2aR diminished the psychostimulants effects
(Shen et al., 2008). Remarkably, post-weaning social isolation showed upregulation of
adora2a expression in the prefrontal cortex and downregulation of expression in the striatum.
It could be possible to prefrontal cortex positively modulate glutamate release, may occurring
in glutamatergic excitotoxicity. Although the behavioral test used did not detect impairments
in working memory, the increase of A2aR expression might induce cognitive deficits
(Pagnussat et al., 2015; Pereira et al., 2005; Takahashi et al., 2008). It is well described the
functional striatal heteromer between A2aR and dopamine receptor 2 (D2R) in which D2R
diminish their affinity by dopamine when adenosine binds in A2aR (Ferré et al., 2016).
Regarding striatal A2aR in isolation rearing rats, our results indicate the dopamine affinity is
augmented by D2R, which may lead to dopaminergic hyperactivity and glutamatergic

hypoactivity. To the best of our knowledge, this is the first study that found this opposite
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modulation in gene expression of AxaR striatal and extra-striatal structures in a

nonpharmacological neuropsychiatric model.

The pathological role of P2Y receptor (P2Y1R) has been assigned to astrocytic reactivity
(Bowser and Khakh, 2007; Fam et al., 2003; Neary et al., 2003) coupled to glutamate
exocytosis (Domercq et al., 2006). A relevant study showed impairments in cognition
response, including PPI paradigm, via prefrontal cortex and an increase of dopamine release
in the prefrontal cortex and nucleus accumbens by P2Y 1R activation with MRS2365 agonist
(Koch etal., 2015). In the present study, socially isolated rats presented upregulation of p2ryl
in the prefrontal cortex. Together with the result of the accumulation of ADP in CSF, it is
possible to consider that this receptor could be aberrantly activated. Moreover, it is feasible

suppose that PPI deficit may be caused, at least partially, by this upregulation.

Microglia cells express the ionotropic receptor P2X4 and P2X7 and metabotropic receptors
P2Ye, P2Y12 and P2Y 13 (Calovi et al., 2018). The pharmacological blockade of P2X4R and
P2Y12R suppress the microglia chemotaxis (Ohsawa et al., 2007) and the microglia of
knockout mice to P2Y12R presented normal motility, but are unable to polarize, migrate and
extend their processes (Haynes et al., 2006), may indicating it as a marker of healthy
microglia (Mildner et al., 2017). Here we show the dysfunction induced by rearing condition
of both receptors in the striatum suggesting that isolated rats might have impairments in

chemotaxis, migration and polarization.

On the other hand, under physiological conditions P2YsR is almost no expressed in
microglial cells (Koizumi et al., 2013) and when activated by UDP their motility increase

and the phagocytosis processes are initiated, acting as a phagocytic receptor (Inoue et al.,

42



2009; Koizumi et al., 2007). P2ry6 seems to be decreased in socially isolated rats, thus, under
a challenge of immune system it is possible to consider that isolated rearing rats would
present impairments in phagocytic response in the brain and under basal conditions this

alteration may not be manifested.

Recent studies propose P2Y13R role in release of pro-infammatory cytokines (Liu et al.,
2017), in the suppression of astroglial proliferation, via microglial cells (Quintas et al., 2018)
and microglial P2Y13R seems to attenuate the neural progenitor proliferation in the
hippocampus, suggesting a key role in the homeostatic control of neurogenesis (Stefani et
al., 2018). Moreover, P2Y 3R deletion reduced the microglial complexity and extension
process, indicating the possible participation in the microglial structure (Stefani et al., 2018).
Our RT-gPCR analysis evidenced p2ry13 downregulation in the hippocampus and striatum
of isolation rearing animals that may imply in deficits of physiological control of
neurogenesis, indirect suppression of astroglial proliferation and microglial formation. A
study described that short period of isolation was able to inhibit neurogenesis process induced
by physical exercise (Leasure and Decker, 2009) and we suppose that P2Y 3R may be

mediating this event.

Few studies were conducted to elucidate the role of P2X5, P2Y>, P2Y4 e P2Y 14 receptors in
the brain. P2X5R seems co-localized with neurons containing arginine vasopressin and nitric
oxide synthase on the hypothalamus, would may exert hypoxia related function (Xiang et al.,
2006) and in different areas of developing cerebellum (Xiang and Burnstock, 2005). It was
suggested that P2X1/5 heteromer may contribute with NMDA receptor signaling in cortical
astrocytes (Palygin et al., 2010). P2Y2R seems to modulate integrins activation, astrogliosis,

growth factor, cellular proliferation and migration (Peterson et al., 2010) and their function
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in the brain pathologies is mainly linked to Alzheimer disease (Ajit et al., 2014; Kim et al.,
2012). It was proposed that P2Y4R is localized in presynaptic of glutamatergic neurons in
the hippocampus and may inhibit its release (Rodrigues et al. 2005) and in the hypothalamus
(Sergeeva et al., 2006) which have an early postnatal expression peak, indicating a possible
modulation of neuronal migration and differentiation (Sergeeva et al., 2006). P2Y14R are
poorly studied although it is know their broadly distribution in the brain (Chambers et al.,
2000). Our results of gene expression demonstrate a downregulation of p2ry2 in the striatum
and p2ry4 and p2ry14 in the hippocampus in post-weaning social isolation group. To better
understand the potential role of these receptors in neuropsychiatric models, more studies are

necessary to unveil the physiological functions.

Finally, our RT-gPCR analysis showed a decreased expression of entpdl, entpd2 and entpd3
genes, although no difference on ectonucleotidases activity was found on striatum and
hippocampus slices. These appearing divergent results could be explained by possible post-

translational regulation mechanisms and should be further investigated.

Summarizing, we provide relevant and completely new data concerning purinergic signaling
in a neurodevelopmental neuropsychiatric model. We evidenced that post-weaning social
isolation promotes alterations in sensorimotor gating and social interaction. Concerning the
purinergic system there was an accumulation of ADP in cerebrospinal fluid and an increase
of ADP hydrolysis in synaptic cleft of hippocampus and striatum of isolation reared rats. We
highlight the several differentially expressed genes induces by this model. Our data indicated,
in the prefrontal cortex, an upregulation of genes that may outcome in negative modulation
of dopamine and glutamate, deficits in sensorimotor gating and cognitive functions. Few

evidences regarding the CNS functionality of receptors modulated in the hippocampus are
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available. However, they seems be involved in the astrocytic proliferation, neurogenesis
control and microglia structuring. We demonstrated that social isolation mainly affects the
purinergic receptors in the striatum. These receptors are related to chemotaxis, polarization,
migration and phagocytic functions of microglia, dopamine modulation and neurogenesis
control. Although the isolation rearing exhibit mild behavioral impairments, we now provide
genetic evidence that purinergic signaling may be modulating several neurobiological
alterations already shown in the literature. Gathering the results we can presume
neurochemical similarities with neuropsychiatric conditions, mainly schizophrenia (to

review, see Burnstock et al., 2011).

As far as we know, we are the first work that evidenced alterations in purinergic signaling
parameters in a non-pharmacological neurodevelopmental model. Several modifications
presented here were discussed based on the previous studies findings and some of these
receptors do not have their functions well described in the literature, demonstrating huge

demand of further studies in this area.
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Table of primers

Gene Primer sequence (5' to 3") Product length (bp)
Forward: ATTGCTGTGGATCGATACC
Adoral 100
Reverse: GAATCCAGCAGCCAGCTAT
Forward: GCAGAGTTCCATCTTTAG
Adora2a 100
Reverse: CGCCCTCACACCTGTCA
Forward: TCCATCTTTAGCCTCTTGG
Adora2b 99
Reverse: TCCTCTTGCTCGTGTTC
Forward: CTGCGAGTCAAGCTGAC
Adora3 151
Reverse: GTCCCACCAGAAAGGACA
Forward: AGAATGGGACAAACCGTCG
P2rx1 177
Reverse: GCAGGATGTGGAGCAATAAGAG
Forward: AAGAACAGCATCCACTACCC
P2rx2 197
Reverse: ATGACTCCAATGACACCGC
Forward: ATGGACGTGTCGGATTATGTG
P2rx3 122
Reverse: CGGTACTTCTCTTCATTCTCTGG
Forward: GTATGTGGAAGACTACGAGCAG
P2rx4 180
Reverse: CCCTGAGTATTTGTGGAGTGG
Forward: CAAGGAGGCACCTGGAAAAC
P2rx5 218
Reverse: TTACTTGCCTCCCCTCTCCA
Forward: GAGGACCAAGTATGAAGAGGC
P2rx6 196
Reverse: GGAATGGATAGGCTGACACC
Forward: TCCCTTTGCAGGGGAACTC
P2rx7 288
Reverse: GTACGGTGAAGTTTTCGGC
Forward: GTCTGTCCTTTCGAGTAGCTG
P2ryl 132
Reverse: CGATTGTACTGTTTCCCCAAAG
P2ry2 Forward: ACCCGCACCCTCTATTACTCCTTC 130
Reverse: AGTAGAGCACAGGGTCAAGGCAAC
Porva Forward: AAGTATCGAAACCAGCTCCAG 194
Y Reverse: GTTAGTTCCCTTCATATCCAGCA
Forward: AAACTAAGACCCAACCTGCC
P2ry6 199
Reverse: AGTCGCTTGAAATCCTCACG
Forward: CCTGCCTTGATCCATTCATCT
P2ry12 185
Reverse: AAAGACTGAAGCAACCCTCC
Forward: CTGTTTTACACGGTGATTGCC
P2ry13 172
Reverse: TGGTTTGACTGTGGGTGTATG
Forward: AACTGCGCTCTAAGTAACCAG
P2ry14 197
Reverse: CCATCCCGATATTCCGTTGAG
Forward: ACACCCAAGACAAACGAGG
Entpd1 161
Reverse: TCAGTCCCACAGCAATCAAAG
Forward: CTGCTACTTTGCGTCCCTAC
Entpd2 200
Reverse: GGGTCATTTGCATAGCTGGAG
Forward: TGCTGAGCATCGTGGTA
Entpd3 120
Reverse: CAGTGGTTCTGGAAGAGCCG
Esnt Forward: CAAATCTGCCTCTGGAAAGC 160
Reverse: ACCTTCCAGAAGGACCCTGT
Forward: GCCAACAGAAACCAATCCATC
Slc29al 172
Reverse: CCACAGGGATGAAGTAGCAG
B2m Forward: TCCTGGCTCACACTGAATTC 194
Reverse: CTTTGTGGATAAATTGTATAGCA
Actb Forward: GCAGGAGTACGATGAGTCCG 7a
Reverse: ACGCAGCTCAGTAACAGTCC
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Legends of figures

Figure 1: Social isolation rearing induces slight behavioral alterations. (A) Startle amplitude
response elicited by PPI test was prominent in social isolated rats (n = 10) when compared
with socially reared rats (n = 9), as demonstrated by t test. (B) Two-way ANOVA analysis
demonstrated a significant effect on prepulses intensities (F (2, 51) = 24.18, p < 0.0001) and
in rearing condition (F (1, 51) = 14.88, p = 0.003), as well as the interaction between the two
factors (F (2, 51) = 5.594, p = 0.0064). Socially isolated rats presented impairment in
percentage of prepulse inhibition (%PPI) at 77 dB and 85 dB. (C) t test showed no differences
in the total distance traveled during 30 minutes in the open field test (n = 10/group); (D) Two-
way ANOVA followed by Bonferroni post hoc test showed no alterations in the total distance
traveled, here demonstrated in 5 minutes bin. Initially, the rats were injected with saline
(SAL) and 30 minutes later they were challenged with amphetamine 2 mg/kg (AMPH) (n =
10 to GH and 9 to Sl group); (E) Discrimination index of the three arms in the Y-maze test
(n = 10/group) had no alterations in the t test. (F) t test found an increase of social interaction
with unknown rat in the socially isolated group (n = 10/group). The p-values are described
in the figure. Data presented as mean + standard deviation.

Figure 2: ADP metabolism is impaired in isolation cerebrospinal fluid of social isolated rats.
High-pressure liquid chromatography (HPLC) detected the purine levels (uM): (A) ATP, (B)
ADP, (C) AMP, (D) adenosine, (E) guanosine, (F) inosine, (G) hypoxanthine, (H) xanthine
and (1) uric acid. To ATP, AMP, adenosine, guanosine, hypoxanthine and xanthine we
performed t test. ADP, inosine and uric acid are analyzed with Mann-Whitney test. The p-
value is described in the figure. Data presented as mean + standard deviation (n = 7-8).

Figure 3: Social isolated rats have an increase in ADP hydrolysis in the synaptic terminal.
(A) ATP, (B) ADP and (C) AMP hydrolysis in hippocampus synaptosomes and (D) ATP,
(E) ADP and (F) AMP hydrolysis of striatum synaptosomes. We performed the t test to all
data. The p-value is described in the figure. Data presented as mean * standard deviation (n
= 6-7).

Figure 4: Social isolation did not induce alterations in ectonucleotidases activities in ex vivo
slices. In the hippocampus the ATPase (A), ADPase (B) and AMPase (C) activities are not
different between groups and the same pattern was seen in (D) ATP, (E) ADP and (F) AMP
hydrolysis in the striatum. We performed the t test to all data. The p-value is described in the
figure. Data presented as mean + standard deviation (n = 6-7).

Figure 5: Some receptors are upregulated in the prefrontal cortex of socially isolated rats.
(A) Adora2a, (B) p2rx5 and (C) p2ry1 are increased in the social isolation model. (D) Slc29al
is not have statically different in both groups. Beta-2 microglobulin was used as a normalizer.
Results are expressed in fold-change relative to group housed animals. We performed the t
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test to all data. The p-value is described in the figure. Data presented as mean + standard
deviation (n = 7/group).

Figure 6: Social isolation promotes downregulation of several purinergic components in the
striatum. Gene expression of (A) adora2a, (B) p2rx4, (C) p2ry2, (D) p2ry6, (E) p2ryl12, (F)
p2ryl3, (G) entpdl, (H) entpd2, (1) entpd3 and (J) p2rx1. Beta-2 microglobulin was used as
a normalizer. Results are expressed in fold-change relative to group housed animals. To
adora2a, p2rx4, p2ry6, p2ry12, p2ryl13, entpd3 and p2rx1 we performed the t test. P2ry2 was
analyzed with Mann-Whitney test. Data presented as mean * standard deviation (n =
7/group).

Figure 7: Socially isolated rats have some purinergic receptors downregulated in the
hippocampus. Gene expression of (A) p2ry4, (B) p2ryl13, (C) p2ryl4, (D) p2rx1, (E) p2ryl
and (F) entpd3. Beta actin was used as a normalizer. Results are expressed in fold-change
relative to group housed animals. P2ry4, p2ry13 and p2rx1 were analyzed by t test. Mann-
Whitney test was applied to p2ryl4, p2ryl and entpd3 analysis. Data presented as mean +
standard deviation (n = 7/group).
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Figure 4
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Figure 5
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Figure 6
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Figura 7
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4. Discussao

A socializacdo é fundamental e vital para a maioria dos animais e, dentre eles, é bem
sabido o seu papel em humanos. Ela confere diversas vantagens evolutivas e o convivio social
é protetivo (Cacioppo et al., 2015). Estd bem estabelecido sabido que a sua auséncia em
qualquer periodo da vida causa diversos disturbios fisioldgicos, principalmente em nivel de

satde mental (Xia and Li, 2017).

Nossos resultados demonstram que ratos Wistar machos isolados durante 8 semanas
tiveram poucas manifestacdes comportamentais. Eles apresentaram uma maior resposta ao
estimulo de sobressalto e um prejuizo na taxa de inibicdo do pré-pulso nas intensidades de
77 e 85 dB e um aumento no tempo de interacao social. A disfuncao do filtro sensorio-motor
é bem descrito nesse modelo (Chang et al., 2015; Méller et al., 2013a; Murphy et al., 2010;
Wang et al., 2012). No entanto, outras alterac6es fenotipicas sdo divergentes na literatura,
uma vez que ha relatos de aumento da atividade locomotora (Ko and Liu, 2015; Wang et al.,
2012; Weiss et al., 2000) ou a ndo alteracdo (Ferdman et al., 2007; Hall et al., 1998),
disfuncdo cognitiva (Hellemans et al., 2004; Moéller et al., 2013a; Quan et al., 2010) e nenhum
prejuizo cognitivo (Schrijver et al., 2004; Weiss et al., 2001), bem como a diminuicdo da
interacdo social (Mdller et al., 2011; Moller et al., 2013a) e 0 aumento da sociabilidade e
agressividade (Ferdman et al., 2007; Wongwitdecha and Marsden, 1996; Oliveira et al.,

2019).

E importante salientar que nem todos os experimentos foram conduzidos em ratos
Wistar. Essas diferentes respostas apresentadas entre as cepas de ratos sdao amplamente
discutidas. Varty e Higgins (1994) demonstraram que ratos Wistar s&0 menos sensiveis a

deteccdo e ao processamento dos estimulos de pré-pulsos no paradigma do teste de PPI
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quando comparados com ratos Lister Hooded e Sprague-Dawley. Assim como as cepas de
ratos podem apresentar respostas diferenciadas a um teste comportamental, é de se imaginar
que a mesma légica valha para a sensibilidade ao modelo de isolamento social. Nesse sentido,
existem evidéncias mostrando que cada cepa manifesta os prejuizos do isolamento em
tempos diferentes: ratos Sprague-Dawley comecam a manifestar rupturas no teste de PPI a
partir de 4 semanas de isolamento, enquanto que ratos Lister Hooded apresentam o mesmo
déficit a partir de 7 semanas de isolamento pds- desmame (Bakshi e Geyer, 1999). O teste de
inibicdo do pré-pulso é amplamente utilizado neste modelo e o prejuizo apresentado por ele
tem sido replicado com robustez em ratos Lister Hooded (Cilia et al., 2001; Day-Wilson et
al., 2006; Varty et al., 1999), Long-Evans (Binder et al., 2001; Powell et al., 2003) e Sprague-
Dawley (Geyer et al., 1993; Ko e Liu, 2015; Mdller et al., 2013a). Em contrapartida, ele é
menos consistente e se nota efeitos menos robustos em ratos Wistar (Domeney e Feldon,
1998; Weiss et al., 2001). Por fim, até onde vimos, os estudos na literatura utilizando ratos
Wistar variam de 5 a 11 semanas do tempo de isolamento, podendo acarretar nas diferencas
encontradas no perfil comportamental (Ferdman et al., 2007; Murphy et al., 2010; Quan et

al., 2010; Wang et al., 2012).

Um estudo analisou a atividade locomotora e o filtro sensério-motor em periodos
diferentes de isolamento. Curiosamente, ratos Sprague-Dawley isolados socialmente tiveram
um déficit no PPI a partir de 4 semanas de isolamento, enquanto que o aumento da atividade
locomotora foi bem mais evidente quando o isolamento durou 2 semanas. Isso demonstra
que esses dois comportamentos sdo dissociaveis e que o isolamento afeta diferentemente
esses indices, e, portanto, a locomocao parece ser uma consequéncia de curto prazo, enquanto

que o filtro sensorio-motor parece ser de longo prazo (Bakshi e Geyer, 1999). Nesse sentido,
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0 nosso resultado da distancia percorrida serem semelhantes entre 0s grupos pode ser

explicado pelo tempo de 8 semanas de isolamento social.

Ha relatos de que roedores criados em isolamento sdo mais sensiveis a d-anfetamina e,
assim, apresentam hiperlocomoc¢do mais acentuada do que animais criados em grupo
(Fabricius et al. 2010; Herrmann et al. 2014; Smith, Neill, and Costall 1997). No entanto,
essas manifestacdes comportamentais sdo controversas e estudos mostram que nao ha
diferencas de locomocéo entre os grupos (Jones et al., 1992; Pritchard et al., 2013; Weiss et
al., 2001), mesmo padrédo que € demonstrado no presente trabalho. Evidéncias mais robustas
guanto a sensibilidade a essa droga psicomimeética sdo referentes a maior liberacdo de
dopamina no ndcleo accumbens, no cortex pré-frontal e no putdmen nos animais que séo
submetidos ao isolamento social (Fabricius et al., 2011; Jones et al., 1992), bem como a
inibicdo da captacdo de dopamina no nucleo accumbens e no estriado dorsal medial

(Yorgason et al., 2015).

As ectonucleotidases promovem um ajuste fino da concentracdo de nucleotideos no
meio extracelular. O ATP pode ter funcdo de neuromodulacdo e de neurotransmissao
(Burnstock, 2006a) e pode agir como um sinal de perigo (Verkhrasky et al., 2009). A
adenosina, seu produto final da degradacédo, age como um neuromodulador e tem agdes anti-
inflamatorias (Ribeiro et al., 2003). Por essa razdo, os nucleotideos extracelulares devem ter
seus niveis estritamente regulados, a fim de garantir um balanco homeostatico (Fields e
Burnstock, 2006), evitando assim, que a desregulacdo culmine em processos patoldgicos
(Burnstock, 2008). Um elegante estudo demonstrou em preparacées histoldgicas de encéfalo
que as ectonucleotidases estdo expressas em basicamente todo cérebro e que, em pH

fisiologico, as E-NTPDases e a ecto-5’-nucleotidase sdo as ectonucleotidases predominantes,
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mesmo que haja presenca das outras familias dessas enzimas (Langer et al., 2008). Até onde
sabemos, n6s somos 0s primeiros a relatar o nivel de nucleotideos no liquido
cefalorraquidiano no modelo neuropsiquiatrico de isolamento social. Nossos dados
demonstram que, em termos gerais, ndo existe um desequilibrio muito evidente dessas
purinas no meio extracelular, mas que ha um acimulo de ADP e uma tendéncia ao acumulo
de ATP. A guanosina tem sido cada vez mais estudada e tem sido relatado que ela é capaz de
modular a transmissao glutamatérgica (Tasca et al., 1998) tem papel ansiolitico (Almeida et
al.,, 2010), antidepressivo (Bettio et al., 2014) e antioxidante (Tasca et al., 2018).
Considerando que o GTP € uma purina também que sofre acdo das ectonucleotidases,
investigamos se a guanosina ndo poderia estar alterada no liquido cefalorraquidiano dos
animais. Poucos estudos avaliam o papel da guanosina em modelos neuropsiquiatricos, e nés

demonstramos que seus niveis ndo estao alterados no modelo animal de isolamento social.

Pela sabida necessidade de regulacao dos niveis de ATP extracelular na fenda sinaptica
e pelos estudos iniciais que relataram que o ATP e o ADP eram hidrolisados em preparagdes
de sinaptossomas em vérias regifes encefélicas e em varias espécies de animais
(Zimmermann, 1996; Zimmermann e Braun, 1999) postulou-se que as ectonucleotidases
eram principalmente expressas nas sinapses. Nossos resultados demonstraram que o
isolamento social induziu um aumento na atividade de hidrélise do ADP em sinaptossomas
de hipocampo e estriado dos ratos submetidos ao isolamento social. Esses dados podem
sugerir que apos um longo periodo de isolamento, possa haver um aumento na expressao das
enzimas que hidrolisam o ADP por uma maior necessidade de hidrolisa-lo a nivel sinaptico,
0 que, dessa forma, como um mecanismo compensatério, evitaria que houvesse o acimulo

de ATP ou de ADP, os quais poderiam ativar vias de sinalizacdo pro-inflamatorias (Chakfe
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et al., 2002), de morte neuronal (Bernardino et al., 2008) ou de astrogliose (Franke et al.,
2001). Entretanto, a atividade ATPasica, ADPasica e AMPasica em fatias ex vivo de
hipocampo e de estriado ndo foram moduladas pelo modelo de isolamento social. Esse
resultado nos leva a pensar que apesar de haver uma disfuncédo local da atividade ADPasica
sinaptica, em uma preparacdo celular mais complexa, como as fatias de tecido, as células
neuronais e gliais presentes em cada tecido estdo sendo capazes de equilibrar essa

desregulacdo sinaptica.

Apdbs estabelecer a funcionalidade das ectonucleotidases, nds partimos para a
abordagem de expressdo génica dos elementos do sistema purinérgico. O receptor Aza
(A2aR) é principalmente localizado nas sinapses (Rebola et al., 2005a) e seletivamente
controla o receptor NMDA (Rebola et al., 2008), a neuroinflamacéo (Rebola et al., 2011) e a
plasticidade sinaptica (Costenla et al., 2011). Além disso, ha relatos que a sua ativacao
acarreta em um prejuizo de memoria de curto prazo (Pagnussat et al., 2015). O A2aR é
expresso em diversas estruturas encefélicas, mas sua mais abundante expressdo esta no
estriado (Fink et al., 1992). Sua expressao extra-estriatal foi localizada principalmente nas
sinapses glutamatérgicas (Rebola et al., 2005b), bem como j& é consolidada sua funcéo de
facilitar a liberagéo de glutamato (Latini e Pedata, 2001). Interessantemente, foi demonstrado
que a inativacdo de A2aR no estriado aumenta os efeitos psicoestimulantes, enquanto que a
inativacdo do mesmo receptor no prosencéfalo (principalmente hipocampo e cortex) atenua
os efeitos psicoestimulantes (Shen et al., 2008). Esses dados sugerem, portanto, que o A2aR
extra-estriatal e estriatal podem exercer efeitos opostos (Shen et al., 2008). Os nossos dados
de expressdo génica de adora2a mostram que o isolamento social foi capaz de regular

positivamente a expressao desse receptor no cortex pré-frontal e regular negativamente no
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estriado. Esses resultados indicam que no cértex pré-frontal pode haver uma modulacdo
positiva na liberacdo de glutamato, podendo ocasionar excitotoxicidade glutamatérgica e,
que apesar de o teste comportamental empregado ndo ter detectado prejuizo na memoria de
trabalho, 0 aumento da expressdo de A2a poderia induzir um prejuizo cognitivo, como é
mostrado em trabalhos que modulam esse receptor (Pagnussat et al., 2015; Pereira et al.,
2005; Takahashi et al., 2008). No estriado, 0 A2aR forma um heterdmero funcional com o
receptor D2 de dopamina, isto é, quando a adenosina se liga ao A2aR, a afinidade do D2R
pela dopamina diminui (Ferré et al., 2016). Nosso achado de diminuicao da expressao desse
receptor no estriado pode indicar, portanto, que a afinidade do D2R pela dopamina esta
aumentada, podendo haver uma maior atividade dopamenérgica e menor atividade
glutamatérgica. Até onde sabemos, esse € o0 primeiro relato de que um modelo nédo
farmacoldgico induz esses efeitos opostos do receptor A2aR na porcdo estriatal e extra-
estriatal j& descritos (Shen et al., 2008), demonstrando a necessidade emergencial de se
estudar o papel desse receptor adenosinérgico com suas maltiplas funges em diferentes areas

do encéfalo.

O receptor P2Y: (P2Y1R) é expresso e modula neurbnios (Guzman et al., 2010),
astrocitos (Fam et al., 2003; Fumagalli et al., 2003) e microglia (Ballerini et al., 2005;
Boucsein et al., 2003), mas seu papel em condi¢Ges patoldgicas tem sido atribuido
principalmente a capacidade de propagacédo de ondas de célcio na rede de comunicacao entre
0s astrdcitos, acarretando em reatividade astrocitaria (Bowser e Khakh, 2007; Fam et al.
2003; Neary et al., 2003) e que essa sinalizacdo é acoplada a exocitose de glutamato
dependente de calcio (Domercq et al., 2006). Aprimorando o conhecimento cientifico acerca

das funcionalidades do P2Y (R, um importante estudo demonstrou que o agonista MRS2365
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induziu prejuizos na resposta comportamental cognitiva, incluindo o paradigma do PPI, via
cortex pré-frontal (Koch et al., 2015). No presente estudo, o isolamento social pos-desmame
modulou positivamente a expressdo génica do p2ryl no cortex pré-frontal e, é de se pensar,
que ele possa estar sendo aberrantemente ativado, tendo em vista o acimulo de ADP, seu
agonista endogeno (Abbracchio et al., 2009), observado no liquido cefalorraquidiano. E
possivel que o déficit encontrado no teste de PPI tenha sido parcialmente ocasionado por essa
inducdo de expressao, uma vez que Koch e colaboradores (2015) também encontraram essa
disfuncdo ao ativar esse receptor. Ainda, esse mesmo estudo demonstrou o aumento da
liberacdo de dopamina em nivel de curta duracdo no cortex pré-frontal e de longa duracéo no
nucleo accumbens (Koch et al., 2015). Apesar de estar descrito na literatura que ha
diminuicdo da dopamina basal no cértex frontal em ratos que sdo submetidos ao isolamento
social (Mdller et al., 2013; Yorgason et al., 2015), quando esses animais sdo desafiados com
d-anfetamina, h4 uma exacerbacdo da liberacdo de dopamina no cortex pré-frontal quando
comparados com animais que foram criados socialmente (Fabricius et al., 2011; Jones et al.,
1992). Portanto, é possivel que o receptor P2Y:R medeie, a0 menos parcialmente, o
mecanismo da sensibilidade & d-anfetamina dos animais criados em isolamento social. Por
fim, em neurdnios do cortex pré-frontal medial a ativacdo do receptor P2Y1 inibiu a depressao
de longa duracdo (LTD, do inglés long-term depression), um mecanismo envolvido na
plasticidade sinaptica da aprendizagem e da memdria (Guzman et al., 2010). Uma vez que
animais isolados apresentam alteragdes na plasticidade sinaptica (Quan et al., 2010), esse

pode ser outro mecanismo por tras das alteragGes encontradas nesse modelo.

Pouco se sabe sobre a funcao do receptor P2X5 (P2X5R) no SNC. Um estudo propde

que esse receptor pode funcionar como uma subunidade auxiliar, associando-se com 0s
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receptores P2X1, P2X2 e P2X4 (Compan et al., 2012). Eles ainda demonstram que o
heterotrimero P2X2/5 esta presente em neurdnios proprioceptivos e que podem exibir
propriedades funcionais semelhantes ao do receptor P2X7 (Compan et al., 2012). Outro
estudo demonstrou que esse receptor esta co-localizado em neurénios que contém arginina,
vasopressina e Oxido nitrico sintase no hipotalamo, podendo exercer alguma funcéo
relacionada a hipoxia (Xiang et al., 2006). No estudo conduzido por Xiang e Burnstock
(2005) eles mostraram, pela primeira vez, que 0 P2X5 esta presente em diferentes areas do
cerebelo em desenvolvimento. Por fim, outro estou relatou que o heterémero P2X1/5 parece
contribuir com a sinalizacdo do receptor NMDA em astrdcitos corticais (Palygin et al., 2010).
NOs encontramos uma regulacdo positiva induzida pelo modelo de isolamento social,

indicando que esse receptor possa ter um importante papel em modelos neuropsiquiatricos.

O receptor P2X4 (P2X4R) é o receptor P2X mais abundante no SNC (Rogove et al.,
2002), ele é amplamente expresso em células neuronais (Bo et al., 2003) e células gliais,
principalmente na microglia (McLarnon, 2005). Estudos demonstram que ele esta localizado
em neurdnios dopaminérgicos da substancia nigra e do estriado (Amadio et al., 2007) e que
0 ATP pode modular a atividade de disparo dos neurbnios da substancia nigra, como a
liberacdo pré-sindptica (Choi et al.,, 2009). Um estudo demonstrou que o bloqueio
farmacoldgico do P2X4R e P2Y12R suprimiu a quimiotaxia da microglia (Ohsawa et al
2007). No mesmo sentido, em cérebro de camundongo deficiente de P2Y12R, as células
microgliais apresentaram motilidade normal, mas foram incapazes de polarizar, migrar e
estender seus processos (Haynes et al., 2006), sendo assim, 0 P2Y 2R é considerado um
marcador da microglia saudavel no cerebro (Mildner et al., 2017). O isolamento social

promoveu uma disfungéo da expressdo génica de ambos receptores no estriado, o que pode
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significar que esses animais apresentam prejuizo na migracdo e na capacidade de mudanca
dos estados pro- e anti-inflamatorios. Ha relatos na literatura que animais criados em
isolamento apresentam um estado pré-inflamatorio, pelo aumento de TNF-a e INF-y e

dimunicdo de interleucina 4 e 6 (Moller et al., 2013a).

Semelhantemente a esse contexto, o receptor P2Ys esta expresso na microglia
(Koizumi et al., 2007) e, em condicdes fisiologicas, a sua expressdo € quase inexistente
nessas células (Koizumi et al., 2013). A ativacao por UDP acarreta no aumento da motilidade
e medeia a fagocitose de moléculas alvo, agindo como um receptor de fagocitose (Inoue et
al., 2009; Koizumi et al., 2007). Como demonstramos, ratos isolados apresentam uma
diminuicdo da expressdo génica desse receptor. Fisiologicamente é possivel que essa
alteracdo ndo esteja sendo manifestada a nivel comportamental ou neuroquimico, no entanto,
caso haja um desafio imune, seja por infeccdo externa ou um desbalango enddgeno, é possivel

gue animais isolados tenham um prejuizo na resposta fagocitica no sistema nervoso central.

A expressdo do receptor P2Y13 (P2Y13R) esta localizada na microglia (Crain et al.,
2009) e nos astrécitos (Fumagalli et al., 2004), esse receptor pode mediar a liberacdo de
citocinas pro-inflamatérias pela microglia (Liu et al., 2017). Dados recentes demonstram que
0 receptor ndo atua diretamente na proliferacdo astroglial, mas ele causa a supressao da
proliferacdo por meio da microglia (Quintas et al., 2018). Além disso, 0 P2Y13R microglial
constitutivo parece atenuar a proliferacdo de progenitores neurais do hipocampo,
apresentando um papel significativo no controle homeostatico da neurogénese e que, ainda,
a delecdo desse receptor reduz a complexidade e a extensdo dos processos microgliais,
sugerindo que o P2Y 13R tem um papel fundamental na estrutura da microglia (Stefani et al.,

2018). Nossos resultados demonstraram uma modulagdo negativa da expressdo génica no
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estriado e no hipocampo de ratos que passaram por isolamento social, podendo significar e
esses processos de modulacdo indireta da proliferacdo astroglial, do controle fisioldgico da
neurogénese, no caso do hipocampo, e da estrutura das células microgliais podem estar sendo
prejudicados. Um estudo relatou que o isolamento social de curto prazo impediu a
neurogénese induzida pelo exercicio fisico (Leasure e Decker, 2009), que pode estar sendo

modulada pela diminuicdo de expressao do receptor P2Y 13R.

O receptor P2Y> (P2Y2R) esta associado a uma variedade de vias de transdugéo de sinal
pela ativacdo de integrinas, fatores de crescimento, migracdo e proliferacdo celular e
astrogliose (Peterson et al., 2010). Na literatura, hd poucos relatos de seu envolvimento em
modelos neuropsiquiatricos, sendo mais amplamente estudado na doenca de Alzheimer, onde
sua regulacdo positiva parece ser protetivo contra os agentes dessa doenca (Ajit et al., 2014;
Kim et al., 2012). Poucos estudos tém investigado o papel do receptor P2Y4 (P2Y4R) no
SNC, no entanto, foi demonstrando de uma maneira muito elegante que esse receptor tem
expressdo em neurdnios glutamatérgicos nas por¢oes pré-sinapticas de CAl e CA3 e que ele
pode inibir a liberacdo de glutamato (Rodrigues et al., 2005). Além da localizacdo no
hipocampo, esse receptor também é expresso no hipotadlamo, onde ele tem agdo excitatéria.
Seu pico de expressao logo apds o nascimento pode indicar um envolvimento na migracéao e
diferenciacdo neuronal (Sergeeva et al., 2006). Da mesma maneira, 0 P2Y 14 € pouco estudado
ainda, mas sabe-se que ele ¢ amplamente expresso no cérebro (Chambers et al., 2000).
Nossos resultados demonstram uma diminuicéo da expresséo do p2ry2 no estriado e do p2ry4
e p2ry14 no hipocampo de ratos isolados pés-desmame. E necessario que haja mais estudos
de funcionalidade desses receptores no SNC para que, entdo, possamos entender 0s seus

possiveis papeis neste modelo neurop