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I

Es ist nicht bequem, Gefiihle
wissenschaftlich zu bearbeiten

It is not easy to deal scientifically
with feelings

Sigmund Freud, 1929
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Resumo

Almeida, Roberto Farina. Avaliagdo do Potencial Ansiolitico e
Antidepressivo da Guanosina. Tese de Doutorado, Programa de Pds- graduacdo em
Ciéncias Biologica: Bioquimica, Universidade Federal do Rio Grande do Sul. Porto
Alegre, Brasil, 2016.

Os Transtornos psiquidtricos acompanham a histéria da humanidade.
Classificados em categorias distintas podemos observar que dentre todas as patologias
que constituem os transtornos mentais e de comportamento, as doencas mais prevalentes
sdo as doencas de Ansiedade e de Transtorno Depressivo Maior (TDM). Mesmo com
muitos avancos nas neurociéncias, assim como na terapéutica (psicofarmacologia), ainda
hoje a fisiopatologia e o desenvolvimento farmacolégico sdo &reas que necessitam
intenso estudo. Avangos recentes tem sugerido que drogas capazes de modular os
sistemas glutamatérgico e purinérgico possuem potencial efeito neuromodulador, sendo
promissores candidatos para o desenvolvimento de novas drogas com acdo ansiolitica
e/ou antidepressiva. Dessa maneira, 0 objetivo desta tese foi investigar o potencial efeito
ansiolitico da guanosina (GUQO) em modelos animais preditivos para o estudo da
potencial atividade ansiolitica de novos compostos, assim como seu potencial efeito
antidepressivo no modelo animal de depressdo da Bulbectomia Olfatoria Bilateral
(OBX). Inicialmente, nossos resultados demonstram que a administragdo de GUO foi
capaz de produzir um consistente efeito ansiolitico modulando os niveis de adenosina
(ADO) e glutamato cerebral. Ainda, pela primeira vez, foi observado que a GUO per se
promoveu uma diminuicdo da liberacdo de glutamato em preparacfes de sinaptosomas
de hipocampo, um efeito dependente da ativacdo dos receptores A; de ADO. Apds a
caracterizacdo do potencial efeito ansiolitico da GUO, nosso objetivo foi avaliar o
potencial efeito antidepressivo da GUO em um modelo animal com validade de face e de
constructo, como o0 modelo da OBX. Contudo, apds revisdo da literatura em estudos que
utilizaram o modelo da OBX, observou-se a necessidade de uma investigacdo a longo
prazo, das principais alteracbes comportamentais e neuroquimicas induzidas pela OBX.
Nossos resultados, mostram pela primeira vez, que camundongos submetidos a OBX
apresentaram simultaneamente alteracdes comportamentais e neuroquimicas transitérias
e de longa duracdo. Ademais, as evidéncias indicam que o hipocampo possui alta
susceptibilidade aos danos induzidos pela OBX, visto que uma sinaptotoxicidade
transitoria, acompanhada de um duradouro desequilibrio redox e aumento da resposta
inflamatdria foram observados. Por fim, o tratamento crénico com GUO foi capaz de
reverter a maioria das alteracbes identificadas previamente como duradouras nos
parametros comportamentais e neuroquimicos no modelo da OBX. Considerando 0s
resultados neuroquimicos obtidos pelos diferentes protocolos de tratamento realizados
neste estudo, novas hipoteses de mecanismos de acdo exercidos pela GUO foram
apresentadas, e mecanismos ja estabelecidos foram reproduzidos. Por fim, de uma
maneira geral os dados apresentados nesta tese reforcam a hipétese do envolvimento do
sistema purinérgico nos transtornos psiquiatricos, e sugerem que a GUO apresenta uma
potencial acdo terapéutica para o tratamento destas doencas, abrindo assim novas
perspectivas para elucidagéo dos mecanismos envolvidos na fisiopatologia da ansiedade
e TDM.

Palavras-chave: Depressdo Maior, Ansiedade, Guanosina, Bulbectomia Olfatéria, Preparagdo
Sinaptosomal



Abstract

Almeida, Roberto Farina. Investigation of the Potential Anxiolytic and
Antidepressive of Guanosine. PhD Thesis, Post-graduation Program of Biological
Sciences: Biochemistry, Universidade Federal do Rio Grande do Sul. Porto Alegre,
Brazil, 2016.

Psychiatric disorder had accompanied the course of human history. Mental and
behavioral disorders are classified in different categories and among all different
psychiatric disorders; anxiety and major depressive disorder (MDD) are the most
prevalents. Despite the substantial advances in our knowledge on the neurobiological
bases of both anxiety and MDD, as well as in the therapeutic area
(psychopharmacology), even today, the pathophysiology of these disorders as well as
pharmacological development are still under investigation. Recent advances have
suggested that drugs able to modulate glutamatergic and purinergic systems present a
potential neuromodulatory effect, and are promising candidates for the development of
new drugs with both anxiolytic and antidepressant effects. Thus, the aim of this work
was to investigate the potential guanosine (GUO) anxiolytic-like effects in predictive
animal models largely used to elucidate anxiolytic properties of new compounds, as well
as investigate the potential GUO antidepressant effect in Olfactory Bulbectomy (OBX)
model of depression. Initially, our results demonstrate that acute GUO administration
was able to induce a consistent anxiolytic-like effect, by modulating the adenosine and
glutamate cerebrospinal levels. Here, for the first time, it was observed that GUO per se
was able to decrease the glutamate release in hippocampal synaptosome. After
characterizing the potential anxiolytic-like effect promoted by GUO, our second goal
was to evaluate the potential GUO antidepressant-like effect in an animal model with
recognized face and construct validity as the OBX model of depression. However, given
the lack of studies in the literature considering the time course of the behavioral and
neurochemical changes after the depressive-like behavior onset induced by OBX we
firstly characterize some important features regarding the OBX model. Collectively,
mice submitted to the OBX model of depression and followed up to 8 weeks
simultaneously presented transient and long-lasting deleterious effects in behavioral and
neurochemical parameters. The evidences pointed that hippocampus was the most
affected brain structure, since a transient hippocampal-related synaptotoxicity,
accompanied by a long-lasting hippocampal imbalance in redox and inflammatory
homeostasis were observed. Additionally, the neurochemical effects seem to strengthen
our behavioral findings. Finally, chronic GUO treatment, similarly to the classical
tricyclic antidepressant imipramine, was able to improve the long-term behavioral
phenotype impairment induced by OBX, specifically improving behavioral
performances that require cognitive functions, accompanied by reversion of
hippocampal redox imbalance parameters, as well as in peripheral and central anti-
inflammatory IL-10 release. Thus, in present study, the pre-clinical evaluation of GUO
as a potential drug for treatment of the most prevalent psychiatric disorders (anxiety and
MDD) presented promising results. Furthermore, additional GUO mechanisms of action
were evidenced and new perspectives were established. Thus, the data presented in this
thesis support the hypothesis of the involvement of the purinergic system in mood
disorders, and suggest that GUO has a potential therapeutic activity for the treatment of

psychiatric disorders.
Keywords: Major Depressive disorder, Anxiety, Guanosine, Olfactory Bulbectomy,
Synaptosomal preparations.
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1. Introducéo:

1.1. Transtornos Psiquiatricas

Os transtornos psiquiatricos, mentais e de comportamento acompanham a
historia da humanidade (Wong & Licinio, 2001). Normalmente, tais distlrbios geram
grandes perturbagbes nos individuos capazes de afetar aspectos fisioldgicos,
comportamentais e sociais, gerando grandes prejuizos na qualidade de vida dos pacientes
(Vos et al., 2012). Historicamente, os primeiros relatos de estudos que investigaram 0s
fendmenos envolvidos nas perturbagdes psiquicas datam de 400 anos antes de Cristo, e
buscaram a interpretagcéo e entendimento dos mecanismos envolvidos nestas patologias
objetivando claramente estratégias de prevencao (Wong & Licinio, 2001).

Com o passar do tempo, principalmente durante a segunda metade do século XX
(meado dos anos 60), uma grande mudanca no paradigma do cuidado em salde mental
tornava-se necessario, visto que um crescente nimero de pessoas acometidas por estes
transtornos eram diagnosticadas (Wong & Licinio, 2001). Tais transformagfes foram
influenciadas principalmente por 2 principais fatores: 1) o movimento de direitos
humanos iniciado nos Estados Unidos, chamado de revolucdo psiquiatrica, na qual a
organizacdo dos servicos relacionados aos transtornos mentais tornou-se um tema
consensual em todo o mundo; e 2) o desenvolvimento e progresso da psicofarmacologia,
com a descoberta de novas classes de medicamentos, com destaque aos farmacos
antidepressivos que ganharam grande atencdo (Gmitrowicz & Kucharska, 1994; Wong
& Licinio, 2001).

Atualmente, mesmo com muitos estudos buscando esclarecer a patogénese dos
transtornos psiquiatricos, os diversos mecanismos envolvidos na sua etiologia e
progressdo ainda ndo sdo completamente conhecidas (Maes, Kubera, Obuchowiczwa,

Goehler, & Brzeszcz, 2011; Moller et al., 2016). Mesmo com grandes avangos nas areas



da salde, pacientes acometidos por tais condigdes continuam sofrendo com a séria
incapacidade causada pelos sintomas caracteristicos desta condi¢do, que estdo entre as
maiores causas de morbidade da sociedade moderna (Belmaker & Agam, 2008;
Hofmeijer-Sevink et al., 2012; M. Y. Lee et al., 2016; Moller et al., 2016; Vos et al.,
2012). Dentre as inumeras consequéncias geradas por estas patologias, podem ser
destacadas: a reducdo da qualidade de vida, da produtividade no trabalho e o alto
prejuizo social dos pacientes. Por conseguinte, altos custos econdmicos estdo associados
a alta prevaléncia destes transtornos, devido principalmente a alta demanda nos
atendimentos de emergéncia, nas consultas médicas, na hospitalizacdo e na prescri¢do de
medicamentos (Vos et al., 2012).

Mesmo com a descoberta de inUmeros biomarcadores, assim como 0 enorme
avango na area da psiquiatria, ainda hoje sdo discutidos os critérios diagnéstico dos
transtornos mentais e de comportamento (Doernberg & Hollander, 2016; M. Y. Lee et
al., 2016; Smith, Summers, Dillon, Macatee, & Cougle, 2016). Para tal, a Organizacao
Mundial da Satde (OMS) publicou, em uma série de revisdes com inicio em 1893, no
ano de 1993 a décima Classificacdo Internacional de Doencas e Problemas Relacionados
a Saude (CID-10) o Capitulo V, que corresponde especificamente aos transtornos
mentais e de comportamento (Doernberg & Hollander, 2016). Recentemente (2013),
atualizando as definigdes de diagndstico dos transtornos mentais, a Associacdo
Americana de Psiquiatria publicou 0 Manual Estatistico e Diagndstico de Doencas
Mentais na sua 5° edicdo (DSM-V). No entanto, mesmo com muitos estudos nesta
direcdo, os diagndsticos dos transtornos mentais e do comportamento permanecem
sendo subjetivos e suscetiveis a erros (Doernberg & Hollander, 2016; Fried & Nesse,

2015; Moller et al., 2016; Smith et al., 2016).



Classificadas em categorias distintas podemos observar que dentre todas as
patologias que constituem o0s transtornos mentais e de comportamento, os transtornos
psiquiatricos mais prevalentes sdo os de ansiedade e Transtorno Depressivo Maior
(TDM) (Griebel & Holmes, 2013; Hart et al., 2016; Machado-Vieira, Manji, & Zarate,
2009; Moller et al., 2016; Ortiz, Ulrich, Zarate, & Machado-Vieira, 2015; Stein &
Sareen, 2015; Vos et al., 2012; Wieronska & Pilc, 2009). No entanto, mesmo que muitos
estudos venham tentando esclarecer os mecanismos envolvidos na fisiopatologia destas
desordens (MacNamara, Kotov, & Hajcak, 2016), devido a grande complexidade das
alteracbes neuromorfoldgicas, neuroquimicas, neuroenddcrinas e neuroimunes, ainda
nos dias de hoje exige-se dos profissionais da salde, através da investigacao cientifica, a
ampliacdo do conhecimento para responder com a méaxima eficacia possivel as
exigéncias da area.

1.2. Ansiedade

Os transtornos de ansiedade, assim como a maioria das patologias
neuropsiquiatricas, sao de carater multifatorial (Gross & Hen, 2004; Hoge, Ivkovic, &
Fricchione, 2012; Stein & Sareen, 2015). Dados epidemioldgicos indicam que a
ansiedade é um transtorno psiquiatrico comum na pratica médica, sendo na maioria dos
casos acompanhado por outras comorbidades (Hofmeijer-Sevink et al., 2012; Hoge et
al., 2012; Maes, Kubera et al., 2011). Atualmente, nos Estados Unidos, os transtornos de
ansiedade estdo entre as desordens psiquiatricas mais prevalentes, afetando cerca de 15,7
milhGes de americanos a cada ano. Estimativas, indicam que cerca de 30 milhdes de
pessoas em algum momento de suas vidas serdo acometidas por este transtorno (Riaza
Bermudo-Soriano, Perez-Rodriguez, Vaquero-Lorenzo, & Baca-Garcia, 2012). Ainda,
segundo demonstrado pelo European Epidemiology of Mental Disorders, em 2007, cerca

de 20,6% das pessoas que sofriam com os transtornos de ansiedade procuraram 0s



servicos de saude, e destes, 20,7% ndo receberam nenhum tratamento (Alonso & Lepine,
2007). No entanto, a real prevaléncia epidemioldgica deste transtorno é de dificil
obtencdo, principalmente devido ao fato de que pequenas alteracdes nos critérios
diagndsticos podem alterar os resultados (Lieb, 2005; Stein & Sareen, 2015).

Nos seres humanos, em condicdes fisioldgicas, a ansiedade é produzida em
resposta a uma variedade de eventos permitindo ao individuo avaliar seu ambiente e
realizar ajustes em seu comportamento frente a situagdes de perigo potencial ou
eminente (Hart et al., 2016; Riaza Bermudo-Soriano et al., 2012). Sugere-se que 0s
transtornos de ansiedade sdo causados por uma hiper-estimulacdo dos comportamentos
defensivos, que geram respostas fisioldgicas (taquicardia, sudorese, midriase, etc) e
psicolodgicas intensas (medo, por exemplo), causando grandes sofrimentos aos pacientes
(Hoge et al., 2012; Olatunji, Cisler, & Tolin, 2007).

Avangos cientificos sugerem que situagdes envolvendo estresse tém papel
determinante para a causa deste transtorno (Campos, Fogaca, Aguiar, & Guimaraes,
2013; B. H. Harvey & Shahid, 2012). Considerando os aspectos neurobiolégicos, as
bases da ansiedade podem envolver diferentes vias neuroendécrinas e de
neurotransmissdo (Amiel & Mathew, 2007; B. H. Harvey & Shahid, 2012). Um
componente neuroenddcrino extremamente importante € o eixo Hipotalamo-hipofise-
adrenal (HPA) que € regulado por diferentes areas do cérebro, como a amigdala,
substancia cinzenta periaquidutal e o hipocampo (Borrow, Stranahan, Suchecki, &
Yunes, 2016; Marques et al., 2016). Uma ruptura na homeostase deste sistema esta
intimamente relacionada ao medo e ansiedade (Borrow et al., 2016). Em situacGes de
risco, 0s neurdnios hipotalamicos, regulados pela amigdala e hipocampo, secretam o
horménio liberador de corticotrofina (CRH) (Marques et al., 2016). Com isso, ha um

aumento nos niveis sanguineos do horménio adrenocorticotrofico (ACTH), que culmina
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na liberagdo do hormonio cortisol (corticosterona em roedores), pela glandula adrenal
(Ramos Ade, Homem, Suchecki, Tufik, & Troncone, 2014). Quando o nucleo central da
amigdala é ativado, a resposta ao estresse é emitida levando a ativacdo inapropriada e
continua do eixo HPA (Marques et al., 2016). Ainda, periodos de estresse cronico, levam
a hiper-estimulacéo dos receptores de glicocorticoides presentes no hipocampo, ativados
pelo cortisol, o que pode levar a alteracdo da concentracdo de neurotransmissores
presentes nesta regido cerebral, acarretando grandes prejuizos na homeostase e
plasticidade sinaptica (Marques et al., 2016; Riaza Bermudo-Soriano et al., 2012).

Com relagdo ao envolvimento dos diferentes sistemas de neurotransmissores,
reconhecidos alvos farmacol6gicos capazes de modular a neurotransmissao
GABAérgica, assim como a serotoninérgica, possuem importantes efeitos ansioliticos
(Ball, Kuhn, Wall, Shekhar, & Goddard, 2005; Hoge et al., 2012; Riaza Bermudo-
Soriano et al., 2012). Isto se deve ao fato dos benzodiazepinicos que atuam no sistema
GABAérgico, assim como os inibidores seletivos da recaptacdo de serotonina (ISRS’s),
serem 0s medicamentos de escolha e amplamente usados na terapéutica da ansiedade
(Riaza Bermudo-Soriano et al., 2012). Porém, devido aos efeitos adversos que incluem
os efeitos hipndtico-sedativos, propriedades musculo relaxante, prejuizo de memodria,
ganho de peso e sindrome de retirada, estes compostos vém apresentando limitada
aplicagéo terapéutica e a busca por novos alvos terapéuticos tém aumentado (Hoffman &
Mathew, 2008; Roy-Byrne, 2005). Através de mecanismos ja bem caracterizados, sabe-
se que em condigdes de estresse 0 aumento dos niveis de glicocorticoides pode levar a
um aumento de glutamato e/ou diminui¢cdo da depuracdo glutamatérgica na fenda
sinaptica (Riaza Bermudo-Soriano et al., 2012), acarretando uma hiper estimulacdo
glutamatérgica, o que também seria um dos possiveis mecanismos envolvidos nos

transtornos de ansiedade (B. H. Harvey & Shahid, 2012; Machado-Vieira et al., 2009;
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Wieronska & Pilc, 2013). Dessa maneira, farmacos capazes de modular a
neurotransmissdo glutamatérgica sao promissores alvos terapéuticos para o tratamento
da ansiedade. Uma abordagem mais completa sobre o sistema glutamatérgico, assim
como perspectivas do seu envolvimento nas doencas psiquiatricas abordadas nesta tese
serdo apresentadas na se¢do 1.4.

Em outra perspectiva, e ainda, como uma maneira indireta de modular os niveis
de glutamato, o sistema purinérgico (compostos capazes de modular as vias das purinas
derivadas da adenina, e da guanina) também tem sido associado com a etiologia das
doencas psiquiatricas, assim como uma possivel via de acdo para promissoras drogas
com acles ansioliticas (Almeida et al., 2010; Jain, Kemp, Adeyemo, Buchanan, &
Stone, 1995; Ortiz et al., 2015; Prediger, Batista, & Takahashi, 2004; Vinade et al.,
2003). Com base nos efeitos neuromoduladores da adenosina (ADO) na liberacdo de
glutamato, muitos efeitos modulando as respostas relacionadas com ansiedade ja forma
observados, seja por manipulacdo farmacoldgica, ou por manipulacdo genética dos
receptores de ADO no cérebro (Burnstock, Krugel, Abbracchio, & llles, 2011). Além
disso, considerando que os receptores de ADO apresentam alta expressdo em estruturas
relacionadas com o sistema limbico, como o hipocampo, a neurotransmissao
adenosinérgica vém sendo um potencial alvo terapéutico para a acdo de drogas
ansioliticas (Burnstock et al., 2011). Da mesma maneira, estudos investigando o
potencial ansiolitico das bases puricas derivadas da guanina (PDGs) também sdo
considerados potenciais alvos terapéuticos, contudo, por ser um dos principais focos
desta tese, uma caracterizagdo mais minuciosa sera apresentada na sec¢éo 1.5.

1.3. Trantorno Depressivo Maior:

O Transtorno depressivo maior (TDM) é um transtorno psiquiatrico crénico que

afeta cerca de 350 milhdes de pessoas no mundo atual (Blazer, Kessler, McGonagle, &
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Swartz, 1994; Bortolato et al., 2016; Karyotaki et al., 2016; Kessler, Chiu, Demler,
Merikangas, & Walters, 2005; Kessler et al., 1994; Stahl, 2006; Thase, 2007). Segundo
dados epidemioldgicos da OMS estima-se que a prevaléncia da TDM tende a aumentar,
sendo que projec¢des atuais apontam que em 2030 a TDM sera a segunda maior doenca
incapacitante no mundo (Kaufman, DeLorenzo, Choudhury, & Parsey, 2016). Segundo
os critérios diagnosticos definidos pelo DSM-V, para caracterizacdo de TDM ha a
necessidade obrigatdria da presenca de humor depressivo, perda de interesse e/ou prazer
durante pelo menos duas semanas (Karyotaki et al., 2016). Além destes, uma série de
outras manifestacbes clinicas devem ser observadas em pacientes com TDM, como:
apatia, tristeza, impoténcia, desesperanca, alteragcdes psicomotoras (retardo ou agitacéao),
de sono (insbnia ou hipersodnia), reducdo no grau de concentracdo, de memdria e de
cognigdo, variacdo de peso corporal e perda de energia (Reus et al., 2016). A
comunidade cientifica, em geral, acredita que a TDM ndo possui uma Unica causa, mas
decorre de mdltiplos fatores que somados desempenham um papel importante no
desenvolvimento deste transtorno (Berton & Nestler, 2006; Czeh, Fuchs, Wiborg, &
Simon, 2015; Nestler et al., 2002). Entre fatores ja estabelecidos podemos citar
experiéncias vividas pelos individuos (contato prévio com determinadas doencas e/ou
uso de substancias entorpecentes moduladoras do Sistema Nervoso Central — SNC),
genética, idade, alteracdes hormonais e neuroquimicas (Czeh et al., 2015; Karalliedde,
Wheeler, Maclehose, & Murray, 2000).

Por mais de trés decadas, as bases biologicas dos transtornos depressivos tém
sido explicadas por meio da hipotese monoaminérgica da depressdo (Karyotaki et al.,
2016). Essa teoria propde que a TDM seja consequéncia de uma menor disponibilidade
tanto de serotonina, noradrenalina e/ou dopamina (Schildkraut, 1965). Tal proposicao é

reforcada pelo conhecimento do mecanismo de acdo dos antidepressivos atualmente
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utilizados na clinica, que se baseiam principalmente, no aumento da disponibilidade
desses neurotransmissores na fenda sinaptica, seja pela inibicdo (seletiva ou ndo) de suas
recaptacdes, ou pela inibicdo da enzima responsavel por suas degradacdes (Nowak,
Szewczyk, & Pilc, 2005; Stahl, Entsuah, & Rudolph, 2002).

Estudos atuais propdem que algumas estruturas cerebrais estejam envolvidas na
fisiopatologia da TDM (Figura 1). O hipocampo e o cortex pré-frontal sdo estruturas
cerebrais implicadas diretamente nos mecanismos relacionados a memoria,
aprendizagem, atencdo e impulsos, 0 que sugere que podem controlar muitos aspectos
relacionados com a doenga, como: défict cognitivo, sentimento de culpa, desesperanca,
assim como a tomada de decisdo que pode culminar com o suicidio (Benedetti et al.,
2009; Benedetti & Smeraldi, 2009; Brockmann et al., 2009; Halari et al., 2009;
Klumpers et al., 2010; Peluso et al., 2009). Tais evidéncias sdo baseadas em achados que
mostraram alteracbes morfoldgicas (atrofia de dendritos, e de células da glia),
histoldgicas (perdas de neurdnios) e neuroquimicas nestas regides, como por exemplo:
diminuicdo do volume hipocampal e do cortex pré-frontal principalmente em estudos
post-mortem e em estudos pré-clinicos (Bremner et al., 2000; Colla et al., 2007; Czeh et
al., 2015; Krishnan & Nestler, 2008; Nicholls, 2008; Ongur, Drevets, & Price, 1998;
Pittenger & Duman, 2008; Rajkowska et al., 1999). Por outro lado, pesquisas indicam
que a regido da amigdala, outra regido do cérebro bastante envolvida na fisiopatologia da

TDM, teria sua atividade e morfologia aumentadas.
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Figura 1. Regides cerebrais implicadas na fisiopatologia do Transtorno Depressivo Maior.
Adaptado de Leslie Hulvershorn, Brain Imaging Behav. 2011

E de amplo conhecimento que assim como na teoria neuroenddcrina dos
transtornos de ansiedade, a etiologia da TDM pode estar relacionada com alteracdes
hormonais dependentes do eixo neuroenddcrino, HPA, o qual possui conexdes com
diversas estruturas do sistema limbico (Czeh et al., 2015; Song & Leonard, 2005) e pode
ser regulado pelo estresse. Pesquisas indicam que alteracdes estruturais como atrofia e
morte de neurdnios sdo processos bastante evidentes dependendo da severidade e
cronicidade do estresse. Além disso, 0 estresse diminui a neurogénese de neurdbnios
granulares do giro denteado no hipocampo, principalmente por diminuir a expressédo do
fator neurotrofico derivado do cerebro (BDNF) no hipocampo (Kim, Nunes, Oliveira,
Young, & Lafer, 2016), o que pode contribuir para as alteragdes estruturais ja
mencionadas. Dentre as vias relacionadas podemos destacar as vias de apoptose e/ou
necrose celular, moduladas inicialmente por uma perturbacdo na homeostase do Ca*?,
com posterior ativagdo de diferentes vias enzimaticas relacionadas aos eventos de morte
celular, como a ativacdo de proteases, fosfolipases, oxido nitrico sintase e/ou

endonucleases (Li et al., 2011; Verkhratsky, 2007).
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Além disso, estudos sugerem que a TDM acompanha a ativacdo de respostas
imuno-inflamatérias. Pacientes com TDM apresentam aumento no nimero de leucécitos
sanguineos periféricos, aumento da razdo CD4"/CD8", reducdo do nimero de linfécitos
e da atividade de células natural killer (NK), além de um aumento nos niveis sanguineos
de citocinas pro-inflamatdrias e de seus receptores (Hannestad, DellaGioia, & Bloch,
2011; Hashioka, 2011). Juntamente com estas alteracdes, a desregulacdo na sinalizagdo
redox também poderia estar envolvida nas alteragdes progressivas envolvidas na TDM.
Espécies reativas de oxigénio e de nitrogénio (ROS e RNS, respectivamente), sao
produzidos durante os processos fisioldgicos normais (Black et al., 2016; Liu et al.,
2015), e através da interacdo com proteinas, acidos graxos e DNA, executam fungfes na
regulacdo da funcdo celular. No entanto, a superproducdo de ROS e RNS pode acarretar
alteracdes estruturais e funcionais com consequente comprometimento celular (Maes,
Kubera et al., 2011; Moylan et al., 2014). Em situacfes normais, estes potenciais efeitos
toxicos sdo compensados por mecanismos antioxidantes intrinsecos, porém pesquisas
conduzidas com pacientes acometidos pela TDM sugerem que estas populagdes
apresentem aumento expressivo da producdo de ROS e RNS (Maes, Galecki, Chang, &
Berk, 2011), principalmente devido a redugdo da fungdo dos sistemas antioxidantes
(Black, Bot, Scheffer, Cuijpers, & Penninx, 2015; Moylan et al., 2014). Do mesmo
modo, alteragdes em enzimas com funcdo antioxidante tém sido relatados, reduzida
atividade da superdxido dismutase (SOD) e da glutationa peroxidase (GPX) em
pacientes acometidos pela TDM (Maes, Galecki et al., 2011; Maes, Kubera et al., 2011).
Diante de todas as altera¢cdes mencionadas, um ilustracdo pode ser visualizada na Figura

2.
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Figura 2. Fisiopatologia da Depressao Maior

Em (A) sdo apresentados os fendmenos que podem desencadear 8 DM, e em (B) sdo demonstradas
possiveis alteragdes neuroquimicas encontradas em estudos que investigaram a fisiopatologia da
DM. Adaptado de Boldizsar Czéh, Progress in Neuro-Psychopharmacology & Biological Psychiatry.
2015

A alteracdo da funcionalidade mitocondrial é uma hipdtese bastante atrativa para
explicar a fisiopatologia da TDM. Estudos investigando a bioenergética mitocondrial
demonstraram uma significante diminuicdo na producdo de ATP, assim como na
atividade dos complexos mitocondrias de I-1VV em pacientes com TDM (Ben-Shachar &
Karry, 2008), aléem de alteracbes no potencial de membrana (AW) mitocondrial
(Avetisyan et al., 2016). Mesmo diante destes dados, o debate persiste, visto que estudos
buscam esclarecer se a reducdo da bioenergética mitocondrial seria uma causa ou uma
consequéncia da fisiopatologia da TDM.

A disfuncdo na bioenergética mitocondrial pode prejudicar o AY e
consequentemente a manutengdo da homeostase tecidual e da neurotransmissao

(principalmente a homeostase do glutamato), as quais consomem a maior parte da

17



energia gasta pelo cérebro (Sheng & Cai, 2015). Quando a producéo de ATP é reduzida
devido a alteragdo na atividade mitocondrial, a bomba de Na* /K" ATPase, que mantém
o potencial de membrana, diminui a troca Na* /K. Isso ird aumentar a probabilidade dos
canais de Na* e Ca*? dependentes de voltagem se abrirem, elevando a concentrago de
Ca*® (Sheng & Cai, 2015). O desequilibrio na homeostase do Ca*’, tem como
consequéncia a liberacdo de aminodcidos excitatérios no espago extracelular, como o
glutamato (Streck et al., 2014). A disfungdo no transporte desse neurotransmissor, que é
dependente do gradiente eletrogénico, leva seu acimulo na fenda sinaptica, em um
fendmeno denominado como excitotoxicidade glutamatérgica o qual estd envolvido na
etiologia e progressdo das mais diversas doencgas cerebrais, incluindo a TDM (Manji et
al., 2012; Streck et al., 2014). Mesmo diante de tantas evidéncias, € importante enfatizar
que a progressdo destas alteracdes € complexa e bastante variavel, sendo extremamente
necessario novos estudos para melhorar a compressao dos mecanismos associados com a
progressdo temporal da doenca. Uma ilustracdo abrangendo algumas vias de sinalizacéo
relacionadas a neuroprogressao da TDM é apresentada na figura 3.

Considerando que a sintomatologia da depressdo é espécie especifica, e que
limitacbes nos modelos sdo previsiveis, torna-se possivel verificar similaridade entre
pacientes com TDM e roedores submetidos aos diferentes modelos para estudo da
depressdo como: alteracdes endocrinas, imunologicas, e de neurotransmissores o que
torna tais modelos amplamente aceitos e utilizados (Chopra, Kumar, & Kuhad, 2011;
Spijker & van Rossum, 2012; van Rossum & van den Akker, 2011). Atualmente, um
modelo animal que preenche muitos dos critérios necessarios para se estudar a TDM e
que vém ganhando atencdo da comunidade cientifica é a ablacéo bilateral dos bulbos

olfatérios no modelo da Bulbectomia Bilateral Olfatoria (OBX) em roedores
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(Hendriksen, Korte, Olivier, & Oosting, 2015; Mucignat-Caretta, Bondi, & Caretta,

2006; Song & Leonard, 2005).

Earty lfe expeniences. trauma. bereavement

.......... l Antioxidants / Anti-inflammatory agents y
4 PICs and CMI cytokines < (Coenzyme Q10, Vitamin £, Zinc. Ghutathione, GPX) y

. )
(IL-1, 1L-6, TNF-, T cell activation, IFN-y, IL-2, N\ y. 4
neoptenn) N y 4

1 HPA axis acﬂvaﬂon l_ 1'00 Activation
1 Serotonin (5 Nf) T TRYCATs

B inflammation & CMI activation

Smhtedwa&xﬂmdm'h A
« Sensitize cells to & -
. Mmuudlmdmwmnemxw - \\;\
. A of recep pathway s:
wairing mitochondrial triggering ) -
apoptosis /
« Activation of HPA axis
. of gene ripti T
* A against 9 5N
molecules damaged by O&NS
Oxidative & Nitrosative Stress -
mitochondrial function, direct effects of PICs /
G cyRokinus Mitochondria /
W»«mmmw.u 2 ot "
immunogenic .| SOt andf nEplgeneﬂcs
MWMGMM . e W « Altered gene methylation (NR3CT and
and NO adducts, thus = % S-HTTLPR)
P caspase activation
lmpdrhg Hlular signal « Stimulated production of NOS
cellular architecture, differentiation, ONA it '°"“‘“°‘M"":°““"°"““"""""°“ « Altered transcription of oh
synthesis, cell growth. ¥

Figura 3. Exemplo de vias de sinalizacio que podem estar relacionadas com a
neuroprogressao dos eventos associados a TDM. Adaptado de Moylan S. Molecular
Pschiatry. 2013.
1.3.1 Bulbectomia olfatdria bilateral (OBX) como modelo animal para o estudo
do Transtorno Depressivo Maior
Os bulbos olfativos sdo projecOes bilaterais do telencéfalo rostral e constituem
cerca de 4% da massa total do cérebro de um roedor adulto (Song & Leonard, 2005).
Devido as suas extensivas conex0es eferentes em areas cerebrais como a
mesocorticolimbicas e subcorticais, postula-se que a remocao bilateral desta regido tem
um impacto maior no cérebro que apenas anosmia gerada pela ablacdo dos bulbos
olfatorios (Figura 4) (Song & Leonard, 2005). Alteracdes na funcionalidade de diversas

estruturas cerebrais sdo observadas apds a OBX, principalmente devido a aspectos
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relacionados com degeneracdo retrograda, anterdgrada e transneuronal principalmente
em regides centrais como a amigdala e o hipocampo (Hendriksen et al., 2015; Song &
Leonard, 2005). Como consequéncia ha prejuizo direto em componentes
comportamentais, de memoria e emocg6es. Dentre as alteracGes observadas destacam-se
hiperatividade, anedonia, déficit cognitivo, alteracbes no comportamento exploratorio,
na ingesta alimentar e agressividade (Hendriksen et al., 2015; Song & Leonard, 2005). E
importante ressaltar que a agitacdo psicomotora observada pela hiperlocomogéo no teste
do campo aberto, altamente explorada em estudos utilizando este modelo, parece ser
uma das principais alteracdes fenotipicas desenvolvidas pelos animais submetidos a
OBX, sendo este um dos motivos pelos quais este modelo também é considerado um
modelo de depressdo ansiosa por alguns autores (Song & Leonard, 2005). Entretanto,
com relacdo as caracteristicas comportamentais, principalmente nos parametros
relacionados com anedonia, ainda ha resultados contraditorios em estudos utilizando a
OBX (Czeh et al., 2015; Song & Leonard, 2005). Além de alteragdes comportamentais,
alteragBes enddcrinas, imunes, neuroanatdmicas e neuroquimicas que mimetizam as
encontradas em pacientes acometidos pela depressdo sdo observados nesse modelo
(Czeh et al., 2015; Song & Leonard, 2005). Ainda, tém se demonstrado que a maior
parte das alteragcbes comportamentais e bioquimicas observadas nos roedores submetidos
a supressdao dos bulbos olfatorios sdo revertidas por tratamentos cronicos com
antidepressivos com acdo clinica comprovada (Hendriksen et al., 2015). Entretanto,
mesmo com muitos estudos nesta e em outras direcdes, ainda hd uma caréncia de
estudos neuroquimicos no modelo da ablagdo do bulbo olfatério que podem auxiliar na
compreenséo da fisiopatologia da TDM, e por fim auxiliar no desenvolvimento de novos
farmacos. Considerando que a progressdo das alteracdes cerebrais e comportamentais

em pacientes com TDM ndo esta totalmente esclarecida, a utilizagdo do modelo da OBX
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pode ser uma excelente ferramenta para avancar neste conhecimento.

Figura 4. Conexdes neuronais entre o bulbo olfatério e as diversas areas do cérebro de

camundongos

Demonstracdo das extensivas conexoes eferentes entre as diferentes areas cerebrais do cérebro de
camundongos, onde apdés a OBX ocorrerda uma neurodegeneragdo retrograda, anterograda e
transneuronal resultando em comprometimento funcional de diversos tecidos, principalmente em

regides centrais como a amigdala e o hipocampo. Adaptado de Canavan SV, Front Psychiatry. 2011

1.4. Sistema Glutamatérgico

Estima-se que 50% dos neurdnios cerebrais sejam glutamatérgicos (Danbolt,
Furness, & Zhou, 2016). O glutamato € o principal neurotransmissor excitatorio do SNC.
O glutamato esta intimamente relacionado com o0s processos de aprendizagem e
memoria e também é fundamental para a diferenciagcdo neural, migracdo, sobrevivéncia
e desenvolvimento do cérebro, alem de outros eventos que envolvem plasticidade
neuronal (Izquierdo et al., 2006; Segovia, Porras, Del Arco, & Mora, 2001; Spitzer,
Volbracht, Lundgaard, & Karadottir, 2016).

O glutamato tem sua acdo pos-sinaptica, realizada através da ativacdo de seus
receptores. Estes podem ser classificados em dois grandes grupos: ionotropicos (iGLU, -

+2
)

NMDA, AMPA and KA), que sdo permeéaveis aos cations Na“ e Ca™, e os
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metabotrépicos (MGLU), que sdo acoplados a sistemas de segundos mensageiros atraves
de proteinas G (Bruno et al., 2016; Maragakis & Rothstein, 2004, 2006; Sheldon &
Robinson, 2007). Em condices fisioldgicas, o glutamato vesicular é liberado na fenda
sinaptica por um mecanismo dependente de Ca*?, ligando-se aos seus receptores. A
concentracdo de glutamato nas vesiculas é cerca de 100mmol/L e sua liberagdo produz
um potencial pos-sinéptico excitatério (PPSE) e sua ativagdo resulta na propagacdo do
potencial de acdo nos neurbnios glutamatérgicos (Sattler & Rothstein, 2006; Sheldon &
Robinson, 2007).

A homeostasia deste sistema de neurotransmissdo, ainda, envolve a remocao do
glutamato da fenda sinaptica por transportadores especificos, os quais ja foram
caracterizados em cérebro de mamiferos: EAAT1-5 (Danbolt, 2001; Jensen, Fahlke,
Bjorn-Yoshimoto, & Bunch, 2015). A atividade destes transportadores é dependente de
Na* (Chao, Fei, & Fei; Danbolt, 2001; Jensen et al., 2015; Tzingounis & Wadiche, 2007)
e esta sujeita a regulacdo e plasticidade, sendo extremamente importantes na modulagao
do tdnus fisiolégico do sistema glutamatérgico (Chao, Fei, & Fei, 2010; Danbolt, 2001;
Eulenburg & Gomeza, 2010; Tzingounis & Wadiche, 2007). Trés destes transportadores
sdo neuronais (EAAC1, EAAT4 e EAATS), enquanto o GLT1 (EAAT2) e GLAST
(EAATL) estdo predominantemente presentes em células gliais (Beart & O'Shea, 2007;
Danbolt, 2001; Machado-Vieira et al., 2009; Swanson, Ying, & Kauppinen, 2004).

A excessiva ativacdo do sistema glutamatérgico, causada pelo excesso de
glutamato extracelular, ¢ altamente neurotdxica e esta intimamente relacionada com
doencgas agudas (Acidente Vascular Cerebral, Convulsdo e Traumas), assim como com
doengas cronicas do cérebro (Doencgas Neurodegenerativas, Deméncia e Transtornos
Psiquiatricos) (Lipton & Rosenberg, 1994; Machado-Vieira et al., 2009; Maragakis &

Rothstein, 2006; Meldrum, 1994; Segovia et al., 2001; Sheldon & Robinson, 2007). A
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captacdo astrocitaria de glutamato é o principal mecanismo enddgeno para proteger
neurbnios da excitotoxicidade do glutamato (Robinson & Jackson, 2016). Varios estudos
tém considerado que a disfungdo de transportadores de glutamato pode ser o evento
inicial ou parte de uma cascata implicada na patologia de doencas cerebrais (Machado-
Vieira et al., 2009; Maragakis & Rothstein, 2004, 2006; Moussa et al., 2007; Robinson,
2006; Robinson & Jackson, 2016; Sheldon & Robinson, 2007; Tzingounis & Wadiche,
2007).

Um prejuizo na homeostase da neurotransmissdo glutamatérgica parece ter um
grande envolvimento nas doencas psiquiatricas. Com relacdo a ansiedade, diversos
dados da literatura sugerem que a neurotransmissdo glutamatérgica em estruturas
relacionadas com o sistema limbico desempenham um papel crucial na patogénese dos
transtornos de ansiedade (Amiel & Mathew, 2007; Bergink, van Megen, & Westenberg,
2004; Cortese & Phan, 2005; Marrocco et al., 2012; Riaza Bermudo-Soriano et al., 2012;
Zimmer et al., 2015). J& foi observado que farmacos ndo competitivos, bem como
antagonistas competitivos dos receptores glutamatérgico NMDA e AMPA produzem
efeitos ansioliticos (B. H. Harvey & Shahid, 2012; Marrocco et al., 2012; Riaza
Bermudo-Soriano et al., 2012). Mais recentemente, varios compostos que atuam
antagonizando os receptores metabotropicos com alta seletividade e poténcia foram
descobertos e seus efeitos estdo sendo investigados em estudos comportamentais para
avaliacdo de parametros de ansiedade (B. H. Harvey & Shahid, 2012).

Por outro lado, dados que corroboram com a hipotese glutamatérgica associada
com a TDM j& mostraram alteracdes nos niveis de glutamato em plasma/soro (Altamura
et al., 1993; Mitani et al., 2006), liquor (Frye, Tsai, Huggins, Coyle, & Post, 2007; Frye,
Watzl et al., 2007; Levine et al., 2000), e em cOrtex occipital/pré-frontal de pacientes

que sofrem/sofriam de TDM (Dean, Scarr, Bradbury, & Copolov, 1999; Hashimoto,

23



2009; Hasler et al.,, 2007; Sanacora, Kendell, Fenton, Coric, & Krystal, 2004).
Atualmente, é crescente 0 numero de dados experimentais indicando que receptores
glutamatérgicos NMDA estdo envolvidos no mecanismo de agdo de drogas
antidepressivas. Resultados pré-clinicos, e clinicos (Machado-Vieira, Henter, & Zarate,
2015; Padovan & Guimaraes, 2004; Pittenger et al., 2008; Pittenger, Sanacora, &
Krystal, 2007) sugerem que drogas capazes de antagonizar receptores NMDA —
Ketamina, CP101606 e MK 801 — possuem propriedades antidepressivas (Machado-
Vieira et al., 2009). Além disso, relatos mostram que o Riluzol, cujo mecanismo de acéo
se da pela inibicdo da liberacdo de glutamato, estimulacdo de AMPA, aumento da
recaptacdo de glutamato e estimulacdo da sintese de fatores troficos (Frizzo, Dall'Onder,
Dalcin, & Souza, 2004; Machado-Vieira et al., 2015; Machado-Vieira et al., 2009;
Mizuta et al., 2001; Pittenger et al.,, 2008) apresentam efeitos antidepressivos em
modelos animais para estudo da TDM, assim como em estudos clinicos com pacientes
que acometidos pela TDM.

Diante de todas estas evidéncias, e considerando a grande complexidade
envolvida na fisiopatologia da ansiedade e da TDM, ainda h4 uma grande necessidade de
estudos visando o entendimento dos mecanismos envolvidos nestas doencgas, assim
como o desenvolvimento de novas alternativas terapéuticas.

1.5. Purinas Derivadas da Guanina

As Bases Puricas possuem importante funcdo biologica, sendo amplamente
distribuidas dentro e fora das células, dentres estas podem ser destacadas as Purinas
Derivadas da Adenina (PDASs) e as Purinas Derivadas da Guanina (PDGs), com seus
respectivos nucleotideos e nucleosideos (Figura 5). As PDAs podem ser classificadas
como ATP, ADP, AMP, Adenosina e Adenina, enquanto as PDGs podem ser

classificadas como GTP, GDP, GMP, Guanosine e Guanina. Contemplando o restante
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das purinas estdo 0s metabdlitos diretos da hidrdlise dos nucleotideos e nucleosideos da
adenina e guanina, como: Inosina, Xantina, Hipoxantina e Acido Urico. Dentre as
diversas fungdes bioldgicas das purinas podemos destacar seu papel na constru¢do do
DNA e RNA (através da adenina e guanina), vias bioguimicas envolvidas no
metabolismo energético celular (como os nucleotideos ATP, e GTP), assim como nos
mecanismos de transducdo de sinal como segundos mensageiros (AMPc e GMPc)
(Bourne, Sanders, & McCormick, 1990; Burnstock, 2007).

Nos Gltimos 25 anos, as PDGs vém ganhando atencdo dos pesquisadores devido
ao seu potencial efeito neuroprotetor em modelos experimentais que envolvem a hiper-
estimulagdo da neurotransmissdo glutamatérgica (Frizzo et al., 2003; Schmidt, Avila, &
Souza, 2005; Schmidt, Lara, de Faria Maraschin, da Silveira Perla, & Onofre Souza,
2000; Schmidt, Lara, & Souza, 2007). Estudos que ja& investigaram as possiveis ligacGes
das PDGs evidenciaram que tais moléculas sdo capazes de inibir a ligacdo do glutamato
e de seus analogos de preparacdes de membrana cerebral (Mendieta, Gago, & Ramirez,
2005; Paas, Devillers-Thiery, Changeux, Medevielle, & Teichberg, 1996). Dentre o0s
resultados com grande destaque estdo os trabalhos de Ramirez G. e Souza D.O., que
demonstraram que os efeitos dos nucleotideos da guanina ndo dependem de sua
interacdo com a proteina-G (Souza & Ramirez, 1991).

Estudos posteriores, demonstraram que as PDGs podem atuar do lado externo da
membrana plasmatica celular, apresentando uma importante funcéo fisioldgica e
neuromodulatoria no sistema nervoso central; exercendo efeitos troficos em células
neurais (Bettio, Gil-Mohapel, & Rodrigues, 2016; Ciccarelli et al., 2001; Rathbone et al.,
1999); e/ou como possivel acdo modulatéria do sistema glutamatérgico (Baron et al.,
1989; Bettio, Gil-Mohapel et al., 2016; Burgos, Barat, Souza, & Ramirez, 1998; Paz,

Ramos, Ramirez, & Souza, 1994; Regner, Ramirez, Bello-Klein, & Souza, 1998), e
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exercendo efeitos neuroprotetores em diferentes modelos de doengas cerebrais (Lara et
al., 2001; Schmidt et al., 2007; Vinade et al., 2003).

A hidrdlise dos nucleotideos purinérgicos, como demontrado na figura 5, é
realizada por uma variedade de enzimas, denominadas ecto-nucleotidases. Tais enzimas
sdo cruciais para a modulacdo fisioldgica de diversas funcdes do SNC (Gomes et al.,
2009). Dentre essas enzimas podemos destacar a familia das nucleosideo trifosfato
difosfoidrolases (NTPDases) e a ecto-5’-nucleotidase, as quais desempenham um
importante papel regulador do sistema purinérgico em condigcdes fisioldgicas e
patoldgicas (Vollmayer et al., 2001; Zimmermann, 2006a, 2006b). As NTPDases s&o
enzimas que podem estar localizadas tanto na membrana plasmatica das celulas
hidrolisando nucleotideos extracelulares, bem como ancoradas a organelas
citoplasmaticas com o sitio ativo voltado para o limen das mesmas (Lavoie, Kukulski,
Levesque, Lecka, & Sevigny, 2004). Ja as ecto-5’-nucleotidases sdo responsaveis pela

hidrolise de nucleotideos 5° monofosfatados ao seu respectivo nucleosideo (Strater,

2006).
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Figura 5. Demonstraciio das vias relacionadas com o catabolismo das Purinas Derivadas da
Adenina e Guanina. Adaptado da Ali-Sisto, T., Neuropsychoendocrinology 2016
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Uma vez formados, os nucleosideos sdo potencialmente utilizados como
substratos da enzima nucleosideo purina fosforilase (PNP), uma outra familia de
enzimas do sistema purinérgico (Bzowska, Kulikowska, & Shugar, 2000; Bzowska et
al., 1995). A PNP € uma enzima com ampla distribuicdo nos tecidos responsavel pelo
catabolismo de nucleosideos, além de ser uma enzima chave na via da salvagdo, onde
catalisa a fosfordlise reversivel de nucleosideos puricos a uma ribose-1-fosfato
(Bzowska et al., 2000; Bzowska et al., 1995; Yegutkin et al., 2008). Os principais
substratos fisioldgicos desta enzima sdo inosina (degradada a hipoxantina) e GUO
(degradada a Guanina) - derivadas principalmente da hidrélise de ribonucleotideos
(Nakamura, Chu, Stoeckler, & Parks, 1986; Stoeckler, Cambor, & Parks, 1980;
Stoeckler et al., 1986). Considerando especificamente a GUO, € importante enfatizar que
estudos farmacocinéticos recentes demonstram que a GUO ¢é rapidamente absorvida,
atravessa a barreira hemato encefalica (BHE) sendo capaz de exercer efeitos
neuromodulatores no cérebro (Bettio, Gil-Mohapel et al., 2016). Uma ilustracdo dos
possiveis mecanismos de acdo da GUO esta apresentada na figura 6.

Além dos efeitos neuroprotetores frente aos insultos provocados pela
hiperestimulacdo do sistema glutamatérgico, estudos recentes vém demonstrando que as
PDGs possuem efeitos neurotroficos/neuritogénicos em neurénios hipocampais, células
da glia e células feocromocitoma (PC12), visto que mostraram aumento da proliferagéo,
diferenciacéo, arborizagéo e crescimento de neurdnios. Também, estudos sugerem que o
nucleosideo GUO tenha acdo antioxidante, impedindo o aumento de ROS, além de efeito
anti-inflamatorio, neutralizando o aumento de interleucina-6 (IL-6) e do fator de necrose
tumoral (TNF- a). Além disso, a ativagdo induzida pela GUO das vias de sinalizagdo da
PI3K/Akt e MAPKSs estaria associada com a inibi¢do do fator nuclear-kappaB (NF-kB),

com a inibicdo da Oxido nitrico sintase induzivel (iNOS) (Bellaver et al., 2015;
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D'Alimonte et al., 2007; Dal-Cim et al., 2013), e com a inducéo da expressédo da heme

oxigenase-1 (Bau et al., 2005; Bellaver et al., 2015; D'Alimonte et al., 2007; Dal-Cim et

al., 2012).
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Figura 6. Ilustracio do possivel mecanismo de a¢do extracelular da GUO.

Os astrocitos sdo as principais fontes de Purinas Derivadas da Guanina (PDGs) no Sistema Nervoso Central
(SNC). A GUO presente no espago extracelular ¢ gerada a partir do catabolismo de nucleotideos da Guanina.
Dentre os mecanismos ja elucidados destacam-se os efeitos moduladores da neurotransmissao glutamatérgica
e neurotrofinas, assim como o potencial efeito anti-inflamatorio, antioxidante e antiapoptotico. Adaptado de
Bettio, L.E. Purinergic Signalling, 2016.

Em relacdo aos possiveis efeitos das PDGs em modelos experimentais utilizados
para avaliar o possivel efeito ansiolitico de novas drogas, ja foi demonstrado que a GUO
administrada ad libitum na agua de beber de camundongos por duas semanas foi capaz
de apresentar um efeito ansiolitico no teste da placa perfurada (Vinade et al., 2003).
Ainda, em um estudo que investigou especificamente a acdo do GMP, nas doses de 10,
25, 50, 100 e 150mg/kg em relacdo ao comportamento relacionado com a ansiedade em
ratos, foi demonstrado que a administracdo aguda e sistémica de GMP na dose de
50mg/kg promoveu acdo ansiolitica similar a administracdo de diazepam 2.0mg/kg em
testes cléssicos de ansiedade, como o claro/escuro e o labirinto em cruz elevado, sem

alterar a locomocgéo dos animais no teste do campo aberto (Almeida et al., 2010).
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Com relagdo a TDM, dados recentes evidenciaram um efeito tipico
antidepressivo da GUO em testes como nado forgado, suspenséo pela cauda e de estresse
agudo em roedores (Bettio et al., 2012; Bettio et al., 2014; Bettio, Neis et al., 2016).
Nestes estudos, verificou-se que o a prévia administracdo de GUO foi capaz de prevenir
0 aumento induzido pelo estresse agudo no tempo de imobilidade no nado forcado. Além
disso, também foi demonstrado que este efeito tipico antidepressivo parece ser
dependente, pelo menos em parte, das propriedades antioxidantes e relacionadas a
neurogénese da GUO.

No entanto, mesmo sabendo que os testes preditivos para estudo das doencas
psiquiatricas sdo extremamente importantes para investigar o mecanismo de acdo de
determinadas drogas, a utilizacdo de modelos animais com validade de face e de
constructo acaba sendo uma ferramenta mais completa, onde os animais acabam
desenvolvendo os sintomas da depressao gradualmente ao longo do tempo em resposta a
diferentes estimulos, possibilitando buscar um melhor entendimento da fisiopatologia
dos transtornos mentais assim como novas alternativas de tratamento farmacolégico.
Assim, considerando que amplas evidéncias indicam que (1) dentre todas as patologias
que constituem os transtornos mentais e de comportamento, as doencgas psiquiatricas
mais prevalentes sdo as doencas de Ansiedade e Depressdo, (2) 0s mecanismos
envolvidos na fisiopatologia das doencas psiquiatricas ndo estdo totalmente elucidados,
(3) que amplas evidéncias sustentam que o sistema purinérgico esta fortemente
relacionado com as bases neurobiologicas destes transtornos mentais, (4) que ha uma
grande necessidade do desenvolvimento de novas compostos com reconhecida acao
terapéutica para o tratamento destas doengas e (5) que, embora sem ter 0 seu mecanismo
de acdo bem definido, estudos vem demonstrando um potencial efeito neuromodulador

da GUO, estudos nesta direcéo se fazem-se necessario.
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2. OBJETIVO

2.1.  Objetivo Geral

Investigar o potencial ansiolitico e antidepressivo da GUO em modelos animais
preditivos de atividade ansiolitica, assim como no modelo de depressdo da Bulbectomia
Olfatdria Bilateral (OBX).

2.2. Objetivos especificos

o Investigar o efeito da GUO em modelos preditivos de atividade
ansiolitica em ratos;

o Avaliar a participacdo dos sistemas glutamatérgico e adenosinérgico no
potencial efeito ansiolitico da GUO;

o Investigar as bases neurobiolégicas da TDM em um modelo animal com
potencial aplicabilidade translacional, avaliando as alteragfes temporais relacionadas ao
fendtipo comportamental e aos parametros neuroquimicos decorrentes da ablacdo
bilateral dos bulbos olfatérios no modelo de depressdo da OBX em camundongos. Esta
fase preliminar visa a melhor caracterizacdo do modelo de depressdo da OBX para
realizacdo das etapas subsequentes.

o Avaliar e padronizar as diferentes alteragdes neuroquimicas, em
parametros (1) mitocondriais, (2) relacionados a homeostase redox, e (3) as respostas
inflamatdria ao longo do tempo em camundongos submetidos a OBX

o Avaliar o potencial efeito antidepressivo da GUO no modelo da OBX em
testes comportamentais para avaliacdo de parametros comportamentais relacionados
especificamente com a fungéo cognitiva.

o Investigar os a influéncia de diferentes parametros neuroquimicos

envolvidos na resposta antidepressiva da GUO.
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PARTE Il

Nesta secdo as metodologias e os resultados serdo apresentados em capitulos,
sendo estes compostos por artigos cientificos. O Primeiro capitulo demonstra os
resultados de um estudo experimental visando o entendimento dos mecanismos
envolvidos na potencial agdo ansiolitica da GUO. O Segundo capitulo, visa aumentar o
entendimento sobre a fisiopatologia da TDM, avaliando a progressdo das alteracfes
cerebrais e comportamentais utilizando um modelo com elevado potencial translacional;
no modelo da OBX. Por fim, o Terceiro capitulo desta tese visa a avaliacdo dos efeitos

antidepressivos da GUO no modelo da OBX.
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Capitulo I: Guanosine Anxiolytic-Like Effect Involves Adenosinergic and
Glutamatergic Neurotransmitter Systems

Artigo publicado no periddico Molecular Neurobiology
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Abstract Accumulating evidences indicate thar endogenous
modulatoss of excitalory aynapaes in the mammalian brain are
potential targets for reating neuropsychiatric disorders. [e-
deed, glutematergic and adenpginergic neurolfransmissions
were recently highlighied as poiential targets for developing
innovative amcielyic drugs. Accoedingly, it has been shown
that guanine-Based purines are able 1o modulate botl
adesosinergic and glotamanergic systems in mamealian can-
vral nervous system. Here, we aimed to investigaie the poten-
tial armiolytic-like effecs of guanogine and is effects on the
adenosinergic and gluamatesgic sysems. Acula’syaremic
guaposine administration (7.5 meg'kg) induced robust
ariolytic-like effects in theee classical anxiety-related para-
digms {elevated plus maze, lighv'dark Box, and round apen
theld tasks). These guancsine effects were cormelaed with an
enhancement of adencsine and a decrement of glutamaie
levels in the cerebrospinal fluid. Additienally, pre-
adminigiration of caffeine [ 10 mglkg), an orspecitle adeno-
site recepiors’ antagonist, coenpletely abolished the bahavior-
al and pastially preventad the reuromodulatory effecs exerted
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by guancsite. Altbough the hippocampal glotamate upake
wias mot modolated by guasosine (koth ex vivo and in vitro
protocols), the synaplosesal K -stimulared glummane release
in witro was decreased by guanogine |0 phdp and by the
specific adenosine A, receptor agonist, 2-chloro-A"-
cyclopentyladenosine (OCPA, 100 ahd). Moreover, the specit-
ic adenosine A, receplor antagonist S-cyelepentyl-1,3-
dipeopy earthine (DPCEX, 100 nbd) fully reversad the inlib-
oy guanogine effect in the gluamare releass. The phasma-
cological modulation of A, recepiors has shown no effect in
any of the evaluaied parsrmetess. [n sumesary, the guanosine
arciolytbe-like effects seem closaly related o the modulation
of adenosinesgic (A, recepiors) and glutamanergic sysems.

Keywards Arxiery - Guanosine - Purnes - Adenesine
recepiors - Glummare - Ghotamate release

Introduction

Anxiety ig a common mental diserder woeldwide and is
srongly associaved with poor gualiny of life [1]. Despire ad-
vances in the elucidation of the pathophysiology of anxbery
disarders, their causal faciors, etiology, and mechanisms re-
reain relatively poosly understood [2). However, there 5 a
consendns that the mechanisms involved in ariety inclods
miltple neurotransminer sysiems, resuling in a wide range
of phasmacological tasgets for treating anxiety disorders [1].
In addition 1w the classical phasmacological targats, the
GABAergic [4) and seratoninesgic [§] systerms, panicular em-
plasis hag been placed an the developemest of novel drugs that
focus on the gluamarergic and pusinergic sysiems [68]. Glu-
tamate (GLL) & the main excitslory newrstransmiter in the
central nesvouws ayatem [CNE) and acts through ionotropic and
metbatropic recepiors [9). Changes in anxiety phenotypes
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bave been observed after the administration of GLU recepior
modulatees [2, 3, 8, 10]. Moreover, glutamsiengic neumirans-
rtigsion i disectly influenced by estracellular GLLT levels,
which are regulated by its release from neuronal pre-
synaptic termtinals and'or by e uptake maknly by astrcytic
GLLU trarsparters [2, 11]. Recently, the control of extracellolar
GLLU levels has been progosad as a warget foe the development
of novel arsiolytic drugs [2, 3, &, 10].

Adenogine (ADOQ) newrotransmisgion kas alao been associ-
ated with anxiety-nelated responses [13] based on the modu-
latary effects of ADCD on vesicular pre-synaptic GLL release
[13]. ADO recepions have dusl effects on GLU release: the
activation of ADD A recepiors is associated with inhibition
[13], whereas the activation of ADO Aa, receptoss 19 mose
likely to facilitate GLU releasa [7, 14]. Therefore, arxiolyte!
anxiety-related behavioss have been dermonatrated by phars-
cological andfor genetic manipalation of both receptors [T, 12,
15]. Moreover, although less abundant than AR, the ADO
Ay Roas well as AR receptors play imparant foles in glota-
matergic pewrond of the hippocampus and ather lHimbic struc-
tures, brain regions closely related 1o anxiety behavior, hence
sirengihening their potential a9 targen for treating anxisty
[14].

Sewveral findings support the hypothesis that guanine-hased
purites (GBRPs) are able to modulate bath adenpsipergic and
glatamarergic neurotransmission in vivo [ 16-18]. ledead, the
adminigtration of GBPs, especially the auclesside guanosine
(GLUO), counteracts the harmful effects of ghatamatergic
exciiotoxicity in sevesal experimental modals [ 16-19]. Exper-
imental evidence indicates that the neurspeatective effects
exerted by GLOD appear to be mediated by the stimualation of
agtrocytic GLU uptake, which clears excessive GLLU from the
synaptic cleft [20, 21] and keeps the exteacellular GLLU levels
ar plysielogical concentrations. Interestingly, at least some of
the abserved neuroprotective effects of GUO appear 1o be
blocked by ADO recepior antagonists [17, 23] However,
the stmualation of astrocytic GLLU uptake by GBPs is not in-
fluenced by caffeine ({CAF), a nonspecific ADOD receptor ar-
taganiat [20], suggesting additional mechanizms of action for
GO thar invalve kath the adenosinergic and glutamatesgic
systemng, Thus, to the best of our keowledge, the intesplay
berween GLO and the adenoginergic and glutamatesgic sys-
Leits peraing elusive.

Additionally, our group has already shown that gystemic
administration of guanosine-5'-monoplosphate (GMEP) in-
duced anxiohytic-like behaviors in rats [8], and the induction
of & similar effect by chronic GUO adminisration was also
previously described in mice [13]. However, the mechanisms
imvolved in these effects are sill not clear. Thus, the present
siudy aimed vo investigate the anxiolytic potential of acute
in vive GLIO administration in ras, with particular emplasis
ont rechanisms invelving the adenosinergic and glutarmatengic
reuriransmitter systems, Here, the potental anxiolytic-like
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effect of GUO was evaluated in three argiety-related para-
digms: the elevated plos maze (EPM), and light'dark and
round open field tasks. Additionally, ADD and GLU levels
in cerebrogpinal fluid (CEF), GLL uptake (ex vivo and invilsa
protocola), and in via synaptosemal GLIU ralease were also
evaluated 1o investigate the putative molecular targets and
signaling patlweys recraited by GUO. The results preserted
here illustrate the invelvement of the adenosirengic and gluta-
resaterghe aysieing an it viva GUO amstiolytic-like behavios.

Materials and Methods
Animals

Male Wistar ratq, G090 days old (250-300 g), were kep
ander a 12-h light'dark cyele (light on at 7:00 AM) at 22
=1 *C in plastic cages (5 per cage) with water and food avail-
abile ad likdtaim O the day of the bebavioral tasks, they were
acelimated to the behavioral rooim with approgriste lghting
(2% Ix) far 1 1 before the behavioral procedures. The amierals
wiene matntained according te the National Institutes of Health
Guide for the Care and Use of Laboratory Andmals. All peo-
toeels followed the Ethical Committes of the Faderal Univer-
ity of Rie Grande do Sul (Project aumber | 3238)

Chemicals

GMPE, GO, CAF, 2-chlore-N-cyclopentyladenosine (CCPA,
an ADD A, receptor agonist), 2-p-(2-carhoxyethyl)
phenathylaming-2'-N-ethylcarboxamidoadenasine hydro-
chloride hydrate (CGE21&80), S-cyclopentyl-1,3-
dipropylzanthine (DPCPX, an ADD A, recepior antagonist),
and ZM24 1388 (an ADD AL recepior antagonist) were from
Rigma Chemicals (St Louis, MO, [JSA), Lv{"'H] glutamare
(spacific activity of 50 Cilmmel) was from Amersham
International, UK. The anesthetic sodiam thiopertal was from
Cristdlia (ltapira, 3P Brazily

Dirugs were dissolved in saline (0.9 % NaCl and adminis-
tered ip. for in vive evaluation, GUO and CAF were dis-
solved in Hank's buffered salt solution (HBSS) containing
(in mM) the following: 137 MaCl, 0.63 MNa,HPO,, 4.17
MaHC 0y, 536 KCL, 044 KH. POy, 128 CaCly, 041 Mg80,,
0.48 MgCl , and 5.5 glocose (pH=7.4} for in vitre GLL op-
take and release assays. CCPA, CGSX1eR0, DPCPX, and
IM24138% were dissolved with DMSO0 (] %) in HBSS.

For the Western Blotting assay, bovine serum albumin, a
protease and phosphatase inhibitor cockiail, and antibodies
against glial fibrillary acid protein (GFAP) and
synaptosemal-aasociated protein 25 (SNAP 28] were from
Rigrma Chamicals. The antibody against the A-mathyl-n-
aapartic recegior subunin (NRE 1 was from Chemicon; the an-
tibody againat postsynagptic dersity protein 92 (PSD 9F) was
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from Afflnity BioReagents: the antibodies againgt escitatary
arming aeid carsier | (EAACT) and glutamate trarsporer-1
(GLT-1) wese fram Alpha Diagnostic; the antibody against
-amine-3-{ S-methyl-3-px0- 1 2-oxazol-4-y ) propanoic acid
[AMPA) recepior subumit 1 (Glod 1; AMPA recepior subimit)
was from UpState; and the antibodies againgl monoamine
oxidase A (MAO A), B-tubuolin 10, and synaptobrevin
(VAME) were from Santa Cruz Biotechnology:

rrug Administration

The expermerdal design ard drug administration schedules
are ghown in Fig. 1.

Protweal 1

Ag depicted in Fig. 1—protoons] 1A, the rag weee divided into
five groups: saline, 50 mg'kg GMP (positive canmol), and 7.5,
A, or 60 mgke GUO. GMP 20 maka was used a5 a positive
cantral for anxialytic-like effecs [2]. The GUO doses wers
carefully chosen based on previously sudies fream our group,
which demonatrated irmporiant nevromodulalory effects of
GUD in different in vive prodocols [18, 19]. Sixy minutes
after imrapedtoneal (Lp.) administration of these compounds,
the animals were subjected 10 an EPM task. Afier the belay-
ioeal procedure, CSF was immediately collected for purine
conient evaluation.

After agsesging the potentdal arceiolytic GUO dese in the
EFNM, a well-established and widely wsed task o detect
anxiolyric/arsiery-like phenotypes in roderts, the anxiahytie-
like effect of 7.8 mg/hkg GUO was also evaluated in two other
anxiety-related paradigms, the light'dark and the round apen
fleld wsks (Fig. 1—peotecol 1B). The ras were divided into
Flg. | Experimental design end Patacal 1A
drug edminisiration. Schematic
represemation of the experimenial
prodocols, including the dug
edminisiraticos, behovioml msks,
zrd neurochemical analysis

pecformmed, for peoineal [{A and
B end protacal 11

Tepgtmisss

Pratoca |l

Sakie, GMP S)mghg and Oud (75,
oA B PG sTre e el in rans

owie groups! saline or 7.8 mgkg GUO. The same schedule of
administration was maintained ag previoualy mentioned

Protocol 11

Ag depdcted in Fig. 1, the rats were divided imto four groups
(salimesaline, 10 ma'hkg CAFaline, salina.5 male GLUG,
and 10 mg'ke CAFT S mo'kg GUO). The CAF dose was
chosen based on the literatore [24] and by prelimisary pilo
experiments (Materal Supplementary 10, Pre-adiministration
af saline of CAF ip. was performed 1 8 min before i.p. adomin-
wstration of saling or GUC. Sixty minwes afler the last adrin-
wtration, the EFM task wag performed. It is imponant 1o high-
light that 10 mg'kg CAF per se did not affect the angieny-
related Behavior assessed by the EPM task. O the other hand,
this CAF dose modulaed rais® perfoemance an the light'dark
and round open fleld tasks (Materal Supplementary 1), dem-
arstrating that usder different stdimulug, CAF 10 mg'kg can
act a5 a paychostimualant

Immediately after the behavioral task, CSF was collected
far the messussrment of purined and GLU conteit and the beain
was immediaaly processed for GLL uptake.

EPM Task

The EPM task was performed as previowsly described [1%).
The apparatus consisted of two open [(20= 10 cm,
length = width) and two enclosed (50= 10= 40 cm,
lengrh = width = hedght) arms that were separated by a central
platforn (5= 5 em); the height of the maze was 70 cm. The
animal's behavior was reconded for 5 min wing ANY-Maze
software. The percertage of time spent in the open arms, the
total distance travelled in open arms (cim), and the toal

m
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digtance travelled {cm)were determined. When administration
of a drug significantly increased the first two behavioral pa-
rarnetess without changing the wtal nomber of ransitions, the
drug was corsidered arciolytic.

LightDark Task

The lighv'dark 1ask was performed as peeviously desceibad
[2%]. The apparans consisied of & rectargular acrylic box with
two separated compartmeants, One comparoment had black
walls and a black floer {withow illumination) with a size of
2 =35 =4 ] con i height = length = widthy The other had whita
walls and & white floor, with a size of 21= 45 =41 cm
(hzight = lengih = widily, illuminated by 2 100-W lamp placed
4% em above the center of the box). An B=5 em
(height = length) opening joined both compariments. Each
ral was placed in the light comparment facing away from
the opening and allowed 1o explore the box for 5 min. The
following belavieral parameters were analyzed by ANY-
baze software: the number of tarsitions beowean compan-
ments aid the time spent in the light compartment. Wi the
adiminisiration of a drug increased these parameters, the deag
was considered anxiohytic.

Ruund Open Field Task

The rats were placed in the center of a rourd open field appa-
ratus (B0 cm in dizmeter) and let 1o freely explore the arera for
13 muin, a5 previcusly described with minor modiflcations
[X7]. Tetal bocomoior activity, distance travelled in the center
zare, and toetal ime spent in e center 2one were recardad for
each amimal using ANY-Maze software. The treatment was
corsidered anxiolytic when it incresses the time spent of the
digtanee travelled in the center 2one, in ascordance with pre-
vious sudies [27].

CSF Analysis

Preliminarily, two CSF sampling prviocols were tesied in or-
der to avold purine degradation (Supplerseniary Material 2).
The following methodelegy (method 11 showed 1o be mora
reliable and it wag wsed in the expediments. The CSF was
collected immediately after the EPM task to evaluste purines
and GLLU levels. The stz were anegthetized with sodium thio-
perial {40 mgke, i.p.) and placed in a siereolaxic apparais.
The CSF {10001 20 wl ) was collected by direct punctuse of the
cistera magisa with an insulin syringe (X7 gauge = 0.5 in. in
lemgth). Samples with visible blood contamination were
discarded. All samples were centrifiugad an 10,000y at 4 “C
for 10 min in an Eppendodf™ camriflige o obtain call-fres
supernatanis. Afler the centrifugation, the sarmples were im-
mediaiely frozen in dry ice and siored at —80 *C until analysis.

ﬂﬁpriuulr
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High-Performance Liguid Chromatography

The high-performance liquid chrommography (HPLC) proce-
dures were performed with cell-free CSF aliguets in a
Shimadzu Class-VP chromatograply system. The system
consisted of & gquaternary gradient pump with vacoum
degassing and piston desaling modules, a Shimadzu SIL-
10AF auta inpector valve with 30 pL loop and UV and fluo-
rescence detectors, which were used 1o detect purines and
GLL, respectively (Shimadzu, Kyouw, Japan).

The HPLC fior paarine analysis was perthrmed as peeviously
described [ 16, 28], Briefly, the levels of the following purines
were determined: ADO, GMP, GUO, inosine (INO}, hypo-
xanthing [HYPOX), xanthine (XANT), ard wric acid (LA
The mehile phase flow rate was 1.2 mlimdn, and the column
teinperatare was 24 “C. The buffer compositions were un-
changed (A: 150 mmelL phosplate buffer, pH 6.0, contain-
irgg 150 el KCL Br e sarme Buffer with 12 % acetond-
trle). The gradient profile was modified according o the con-
teirt of buffer B in the mobile phase: O % at 0,060 min, 2 % a
.05 min, T % at 2.4% min, 50 % ar 10,00 min, 100 %
11040 min, and 0 % ar 12,40 min. Samples of 25 pl were
irjected. Absorbance was read ar 284 nm in a UV detecior.

The HFLC for GLL analysis was perfomed as previpusly
described [29]. The samples were derivatized with
o-plithalaldelyde, the mokile phase flow e was 14 mb
prairy, and the colummn termperature was 24 *C. The buffer com-
positions were &5 follows: A: 004 mol'L sodiom phosphate
buffer, pH 5.5, containing 20 % methanoel; and B2 0.01 malL
sodium dilydeogen phosplate monchydrate buffer, pH 5.5,
conzining B0 % methanal. The gradient proflle was medified
according 1o the coment of buffer B in the mobile phase: 0%
at D00 min, 23 % a1 1375 min, 100 % an 15.00-20000 min,
and 0 % at 2000012500 min. Absorbance values were mea-
quned at 360 am excitation and 432 am eimission in a fluores-
cence detector. Samples of 50 wl were injecied.

The CSF levels of the pusines and GLL were expressed in
micrarmalar (a3 the mean+ 3 EM )

Ex Vive Na™-Dependent Hippocampal GLLU Uptake

Immediately after the EPM task (protocol 1), the beain was
processed foe an ex vive GLU uptake assay as previously
described [30]. Feom each brain, hippocampal slices of
400 wem were obtabned uzing a Mellwain chopper and irdivid-
ually placed into 24-well plates conmining HBSS ar 37 #C.
The slices were washed cace with 1 mL of 37 *C HESS and
then pre-incubated at 37 °C for 12 min. The incubsaiion was
grarted by the addition of .33 CifmL L-[*H]GLU plus
100 phd (firal concentration) GLU and stopged after 5 min
with two ice-cold washes with | mL of HESS. The washes
were imrmediately fallowead by the additon of 0.5 N Na(H.
Ma'-independent uptake was measured using the same
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protocal, with modifications in the temperatore (4 *C) and
medium composition {choline chlorde instead of sedium
chloride). Na -dependent uptake was defined as the difference
berween both uptakes. The incorporated radioactivity was
measured in a Hidex 300 SL scintillation counter.

Hippocampal Synaptosomal Preparation

Synapesomes were prepared from the hippocampus of
anirmals that were not subjected to any treatment of be-
kavioral task according peeviously published procedures
[31]. The hippocampus of each rat was manoally homog-
enized [small capacity Teflon/glass homogenizer in
Ir=mlig) in 10 mb Tris boffer (pH 7.4) with 032 M
suctase, 1 mM EDTA, and 0.2%8 mM dithiotheeinl (DTTL
The homogerate (Hy was cenrifuged in miceofuge mbes
(1.3 mL per twbe) ar D00=g for 10 min ar 4 *C, using a
flved-angle rmtor The resulting supernatant (S1) was ceir
trifuged at 11,000=g for 20 min at 4 °C o obrain a
synaptosomal-enriched pellet [(3P), which was washed
twice with HESS (pH 7.4} by centrifugation at 16 000<g
for 10 min &t 4 °C to remove excess sucrose. The final
pellet was resuspended in HBES buffer (900 wl)

To clharacterize the guality of the theee diffecent stages of the
preparation of hippocampal synaptosemss (H, 81, and 5F), we
performed Western blot analygis to evaluate the rrunocoantent
of neumnal and glial peoteing, evaluating the ensichment of
each protein in the 8B The following proteing wens investigat-
ed: B Tub [ far the mewronal cytoskelston; SNAP 24 and
WAMP for synaptic vesicles, PSD 95 for postsynaptic densities;
EAACT NEI, and GLUA] for neuronal plasra membranes;
MAD A for mitochondrial membeanes; and GFAP and GLT-1
fior asirocytes (Supplenentary Materal 1),

I Viten :.-|’H| GLLU Uptake by Hippocanipal
Synaptosmmal Preparations

Five minotes peior to the messurement of GLU uptake
in the 5P, 100 pM GUO was added toe the incubation
medivm, Then, | wCimL L-[*H]GLU plus 50w {fnal
concentration) GLU was added, and the mixture was
incubated for 15 min at 37 °C. The reaction was termi-
nated by four waghes of ice-cold HESS through centri-
fugation at 14 00=g for | min ar 4 5C. The final pellet
was resuspended in HE2S, and an aliquot was separat-
ed. The radicactivity of this aliguot was determined
using a Hidex 300 5L scintillation radipactivity counter.

I Viten 1-["H| GLU Helease from Hippocampal
Synaptosmmal Preparations

L-[*H] GLU release was measured according w [31], with
ptiner modifications. First, the 8P was loaded with t-[*H]

GLU using the in vitro L=[*H] GLL uptake assay protocol
{described abave), withow GLUO in the incubation medium,
Basal Lv[!]']] GLU release was initiated by the addition of
aliquots of loaded synaptosomes in HBEES buaffer ar 37 #C
for | min and terminated by immediae cenrifugation {14,
Oy fine | imin at 4 °C). The percentage of peeviously loaded
radipactivity present in the supematant was considered the
amount of GLU released. K™ -stimulated 1-[*H]GLL releasa
wag assayed as described for basal release, except that the
incubation medium contzined 40 mM RCl (NaCl deceeased
accoeding v 1o induce synaptosomal depalarization. The K*-
stirmulated GLU release was caleulared as the delta (A be-
tween bath GLU release activities. GLLU release was increased
by approximately 70 % by kigh K, indicating the viability of
Qur preparations, in comparson between the nonstimulated
L-["H]GLU release and the K -stimulated L-"H]GLU release
(Fig. &<, d).

To determine the effects of different drugs on GLU
release, the final incubation medium (for basal or stim-
ulated GLU releage) contained GUO (100 pb), CCPA
(100 sd), OGS21680 (30 ab), CAF (1 uM), DPCPX
(100 ad), ZM24138% (20 M), of one of the following
combinations: CCPAGLUQO, CGE21630/GUO, CAF/
GUO, DECPXGUQO, or ZM241IESGUD. The concen-
trations of CAF, CCPA, CGS21680, and ZM241382
were chosen based on literature [17, 32, 33), and the
concentration of DPCPX was chosen based on our pee-
vious data (Suvpplementary Material 4). Radicactivity
was separately determined for superpatants and pellets
using a Hidex ) SL scintillation counter.

Protein Determination

Peotein content was measuned using the BCAY peatein assay
kit with bovine serum albumin as a standard.

Statistcal Analysis

One-way analysis of variance (ANOVA) followed by
Tukey's post hoc test was used to analyze the effects
of GLIG an the EPM task. Stodent's rotest was wsed io
evaluate the effecis of GUO on the light'dark and sound
apen fleld tasks, on CSF purine concentrations, and on
bath ex vivo and in vitro GLL uptake and o compare
basal versus K .stimulated L["H]GLU release from the
2P Coerelations between EPM behavioral parameters
apd ADOQ or GLU CSF levels were analyzed by
Pearson®s correlation. Two-way ANOVA followed by
Bonferroni's post hoc test was osed to amalyze the in-
fluence of CAF pre-administration on the GUO effect,
an the EPM task, and on ADO and GLU CEF lewels
[factors: (1) pre-adminisration with saline or CAF and
(2} administration with saline or GLUO] and to analyze
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the effects of GUO, CCPA, CGS21680, CAF, DPCPX,
and ZM24138% an the effect of GUO on synapiosomal
GLU releage [factors: (1) incubation with CCPA,
CGS21680, CAF, DPCPX, or ZM241385 and (2] incu-
bation with GUO). Differences were considered statisti-
cally significant ar p<(.05

Resulis

Syetemic GUO Administration Induced Ansiolyic-Like
Effects and Increased CEF A Levels

OMP (50 ma'kgy and GUO (7.5 mokg) presented
anxiolytic-like effects in the EPM task by significantly
enhancing the percentage of the time spent in the open
arms (Fig. 2a, **p=00029 and **p=_0.0025, respac-
tively} and the open anns distance wavelled (Fig. 2b,
o= 00130 and *p=00160, respectively), withour sig-
nificantly affecting rotal distance tavelled (Fig, 2e):
higher doses of GUQO had no anxiolytie-like effect.
Based on these results, ealy 7.5 mgkg GUOD was wed
in subsequent experiments. In the light'dark task,
7.5 mepkg GUO presented anxiolytic-like effecis by sig-
nifbcantly increasing the aumber of transitions Betaneedn
the compartiments (Fig. 3a, *p=0.0395) and the time
spent in the light compamment (Fig. 3k, =p=000086).
In the round open field sk, 7.2 megkg GUO presented
an anxiolytic-like effect by significantly enhancing the
time spent in the cemtar zone (Fig. 3d, =*p=00278),
withour affecting the vzl distance travelled or the dis-
tance travelled in the cemter 2ome (Figs. 3¢ and 4e,
p=05342 and p=0.0698, reapectively].

The administration of 7.5 mgkg GUD simultanecasly
exerted an anxiohabe effect (Fig. 2 in the EPM task and in-
creaged the CSF levels of ADD (Fig. 5a, **p=0.004 1) withk-
out affecting the levals of other pueines (INC, GLIO, HYPOX,
HANT, and Us—Supplementary Material § A and B).

The Anxiolytic-Like Effects Promoted by Systemic GLO
Administration YWere Completely Prevented

by Pre-administration of CAF, a Nonapecific ADO
Receptor Antagonist

CAF (10 mg'kg) administration per s did not modulate
any anxiery-like behavioral parameter in the EPM task
(Fig. 4 and Supplementary Material 1} On the other
hand, GUO 7.5 mg'kg, again, increases the percentage
of time spent it the open armd (Fig. da, **p=00010)
apd in open arms distance travelled (Fig. 4b,
*p=0.0422) in the EPM 1ask. Additionally, the effect
of GUO on the percentage of time spent in the open
arms was completely abolished by ip. pre-
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Fig. 2 Systemic edministration of GUO-induced anxinlytic-like
behavior in the EPM izsk. The percenigge of time spemt in the open
ore (m), the tota] distanze trevelled in cpen 2ms (em) (b}, and the totnl
distance trovelled (om) () were evelmisd in dhe EPM task S0 min afier
Lp edministration of saline, 50 mgfg GMP or 7.5, 30, or 60 mg'kg
GUO. Deta are reposied 2x the mean=5.EM. and were enalyzed by
omzewny ANOVA followed by Takey's multiple comperisans test
{r= 10 animalsigroup) *p <008 and **p<0] compared io the saline
graup

administration of 10 mg/kg CAF (Fig. 4a, ""p=0.0078).
The total distance travelled was not affected by any drog
administration {Fig. 4c).
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Flg. 3 Sysiemic adminisraion
of GLQ-induced axdalytic-like
behavier ia the light/dark tzsik and
in the round open field msk. The
number of trensitions (a) and the
time spent in the ight
campariment (h) were evaluaiad
in the lighy'dark texk 60 min after
i.p. salinz or 72 mg'kg GUO
administration. The wal disance
travellad (c), the time speat in the

Numberof Transitions @

center zane (d), and the distance 0
travellad in center zons (¢) were
evaluzied in the round open fisld
tesi 60 min afier i.p. saline or
7.5 mg/kg GUO administzzion,
Daz zre reported as the mean=
S.EM. and were analyzed by
unpairad Stadent's ¢ tos2. (rw (2
znemelsgroup). *p<0.08
campared to the saline group

1

GUO 7 5mglkg

Total Distance Travelled (m) ©

o

®
»

.
2

Distance Travelled
in Center Zone (m)
»

o

Saline

The Increase in CSF ADO Levels Promoted by GUO
Administration Was Partially Prevented by CAF
Pre-administration

CAF (10 mg/kg) did not present any effect per se ca CSF
ADO levels. However, GUO 7.8 mg/kg effect on increase
CSF ADO levels (Fig. Sb, ***p=0.0001) was partially
prevented by pre-administration of CAF. A positive
carrelation becween ADO levels and the percentage of time
spent in the open anns in the EPM task can be observed
regardless of CAF pre-treatment (Fig. Sc, P =().3228,
**u=0.0016), as well as between ADO levels and the open
anm distance travelled (Fig. $4, = 0.2021, *p<0.0377),
without any coerelation with total distance travelled in the
EPM task (=0.1903, p=0.2016).

Interestingly, the animals that received CAF showed an
increase in CSF levels of XAN and UA regardless of postesior
administration of Sal or GUO (Supplementary Material § C
and D). Accordingly, it is noteworthy that XAN and UA are

"
-

A

Saline

Q. TimeinLight Compartment O

n

Time in Center Zone (s)

Sal'lm

GUO 7.8mglkg

products of CAF metabolism [34], which corrobarates to the
accuracy of our analysis.

Systemic GUO Administration Decreased CSF GLU
Levels, an Effect that Was Partially Prevented by CAF
Pre-administration

CSF GLU levels significantly decreased following systemic
ip. administration of 7.8 mg/kg Sal/GUO (Fig. Se,
=ty m().0384). CAF per se did not change significantly but
partially blocked GUO effect on CSF GLU levels (Fig. Se,
#=0.9851 and p=0.434%, respectively). As opposed 1o CSF
ADO levels, a negative carrelation between CSF GLU levels
and the percentage of time spent in the open anms in the EPM
task (Fig 87, ¥ =0.2977, *p=0.0228) could be cbserved. No
significant correlations were observed with the open arm dis-
tance travelled (~ =0.1637, p=0.2170) or with the ozl dis-
tance travelled (= 0.01940, p=( 6552) in the EPM task.

fJ_ Springer
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Flg. 4 Sysemic CAF pre-edministrmtion inkibited the emcabytic=like
effecis of GLI(L. The perenmge of time spent in the cpen arms (n), the
totnl distence trevelled in open arms {em) (b), 2nd the ol dimence
trewelled {em) (2] were eveluzied in the EPM msk 60 min ofter ip.
saline or 72 mpgkg GUO adminisration, which was prepeded by
15 min of i.p. seline ar 10 mg'kg CAF pre-adminisiretion. Dotz ere
reported 2s the memn=5.EM., and differences emong groups were
determimed by two=way ANOVA followed by Benferoni's post hoo
text! when applicable (r= 12 animals’grog). *p< 008 compered 1o the
szlinefaline groom and ™ 0001 compered i the salina’GLUO groop

Ex Vivo and In Vitro Approaches to Investigate Putative
G Mechanisms of Action

Considering that estrmeellular GLLU levels are modulated by
cellolar uptake/release, we performed ex vive GLU upake
assays in hippocampal slices, and no sigrificant effect of
in vive GUO administration was observed (Fig. Ga,
p=0.90373) Thus, we furber investigatad the putative maclh-
anigms of GUO action in vitro, vsing hippocampal 5P
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prepararions from naive rats (not subjected to any behavioral
tagk). The SP prepasation was greatly enciched in gy raptic
cormponents (Supplementary Material 3) and was sensitive
to ligh K. GLU upmake by the hippocampal synapiosomal
peeparations (Fig. &b, p=0.T212) was not influenced by
GUOL Interestingly, alhough basal GLU release was not at-
fected by GUO (Fig. fe, p=0.999), K -stimulaed GLL re-
lease was significantly decreased by 100 whd GLUO in vitra
(Fig. &d, ***p=0.001}.

Ty examine the putative invoelvernent of ADD recepior
in the GUO effect on K+-stimulated GLU seleage, ADO
recepior modulators were wied, o identify putative
adenosinergic mvolvement in the GUO effects. Basal
GLU release was not affectad by GUO, the ADO A, re-
ceplas agonist CCPA (10D aM), the ADD Az, receplor
agonist CGSX1680 (30 aM), the neaspecific ADO recep-
tor antagonisr CAF (1 whd), the ADO Ay receplor antag-
anist DPCPX {100 ahd), the ADD Al feceplor antagomist
ZMI41385 (50 nM), or their combinations with GUO
(Fig. 6c). However, although none of the ADD recepior
antagenists affected K -stimulared GLU releass, the effece
of GUO on reducing K -stimulated GLU release was not
prevented by the A, amtagonist ZW24138%5 (Fig. &d,
=g ()78, while CAF parially prevented (Fig. &d,
p=0.089) and DPCEX torally prevented [(Fig. &d,
"p=0013) the GUO-mediated reduction in K -stimuolated
GLU release. Accordingly, the AD A, receplor agomnist
CCPA also significantly decreased K-stimulated GLU
release (Fig &d, **p=0.008} and the ADO As, receplor
agonist CGS21680 did not affect the GUO effect (Fig. &4,
p=0460) Finally, the combiratien of GUOD plus CCPA
ar CGS2 1680 continued 10 hold the decreasa in glotamare
release (Fig. 6d, *e=0.0101, **p=0.0018, respactivaly).

Discussion

Acute/gystemic GUO administration in rats induced
anxiolvibe-like effects in three different anxiety para-
digrms; these effects were corcelated with the increase
of ADD noclesside levels and with the deceease of
GLU levels in C3F. Additbonally, these GUO effects
were pravented in vivo by CAF pre-administration. [npae-
estingly, in hippocampal synaprosemal preparations,
GLO and the ADD A receptor agonist CCPA deceeaged
K -stimulated GLU release, while the ADO A receptor
antagonist DPCPX and the nenspecific ADO seceplor
antagonist CAF reversed the GUO effect. Here, we pro-
vided expesimental evidence in suppoet o a pew GUO
mechanism of action involving the adenosinergic and
glutamatergic aysiems, which seems o be closely related
o the arxiclytic-like effects observed in wive.
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Fig. 8 CAF prevemad the incresse of ADC levels and the decrense of
GLL levels on C5F of mis follewing systemic GUO administrotion
induced anxiolyticslike efects. ADO levels () were measured on CS5F
colleried immedimely after EPM tesk perfomance from mis that received
i.p. saline or 7.5 mgkg GUO edministration. Dme are reporied os the
meen = 5. EM. and were englyzed by unpoired Student's & test. ADD
lewals (b} ead GLL levels {e)] were mensared an C5F collecbed
immediately afier EFM insk performance fom rais thedt neceived ip.
saline o 7.5 mg'kg GUO admindstraticn preceded by ip. saline or
10 mg'kg CAF presedminisiration. Duin ere reported as the mean=

Anxiolytic Potential of GLUO Adminbstration

The EPFM is cumently the fimst-chodce task for screening
anxiolytic/anxieny-like behavioe, Here, in the EPM rask, acate
administration of only the lower doge of GUO produced an
anxiolytic-like behavior. The U-shape dose curve response for
GUY was similar to that previowsly repored for the
anxiolytic-like belavior promaoted by GMP [6]. Howeves,
comparing the effective anxiolytic dogages, GMP showed
anxiolytic-like effects in a higher dose than GUO (GMP ar
20 mg/kg and GLUIO ar 7.5 mg'kg), which suggests that
GO is more potent than GMP. [n addition, the amciolyic
potential of GUO was further demonstrated in the light/dark
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mimzl. *p< (08, ** <, and *** p< 0001, compared to the saline
grog [me= |{=12 animals’groan)

and rowund open feld tasks. Thus, phamacelogically, all theea
paradigms presented reasonable sensitivity o 7.8 ma'ka
GO,

Ta the best of our knowledge, this is the fiess stody o
evaluate the potential anxiolytic effects of acute/systemic
GUO administration. lmportantly, it was previously deme-
anstrated that chronic oral administration of GUO exered
anxiolytic-like effects in mice [23). Regarding depres-
sbon, for which the main comorhkidity i3 anxiety, the ad-
ministration of GMP or GUO alse produces
antidepressive-like effects in peedictive tasks [35, 3&8). I
has been shown that some of the behavioeal effects of
GMP, such as its anticonvulsant and antinociceptive
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Flg. 6 Invitrn GUO incubation
decraesad the relsase of GLL
from hippocampal synzptosomal
preparetions, without any change
in GLL uptaie. Ex viva
hippocampal GLL uptzie vwes
evaluzizd 60 min after seline or
GLI adminis:rmion (2] (o= 12
enimalsgroup], and in vitro
hippocampal synaptosomal GLLU
upimioz vwos evnluzed 5 min after
the synepiosomal imcubation with
100 e GUO (D) in =15
enimalsgroup). Both methads
were described in the *Meterials
erd Methods™ seotiom. Datn wenz
compared by unpaired Studenn's
t test. In vitro synepiosomal
differences hetoeen the
tremmenss an non=stimulmed

L4 3H]GLL! release [basal) wemne
measured in ¢, 2nd in wiro K
+egtimmmlated GLL relense afier

| min of symaptosomal
depolerizmtion were evalusted in
d, e described i the *Maierizk
erd Methods™ saotiom. The
different tremimes issied were
GLAC 100 uM, the AT recepios
zgoniss (CCPA 100 nM and
CGS2 1680 30 nk], the ARG
entzgnnisis (CAF | uhl, DRCPFX
100 n® 2nd ZM24 1383 20 nbd)
with or without GUO 100 uM.
Dizin are reported os the mean =
S.EM., and differences among
groaams were detemined by
tweoswmy AMNOWVA followed by
Bondermoni's post hoc test. {n=25
erimels). *pe0 08, **p=0 0] and
*hbne]h ()l compared o dhe
seline group

effacts, depend on the enzymatic conversion of GMP
GUO [37). Albhoogh simdlarities exist, it remaing o be
imvestigated whether the mechanizsms underlying the
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ansiolytic-like effects induced by GMP depend on i
conversion e GUO. In facr, this wopic is curently under
imvestigation in our laboratory.
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Interplay Between the Anxiolviic Effects of GILO
and the AN System

It has Been previously demonstrated thar CSF GUO
levels imcreased 30 min after acute'systemic administra-
ton of 7.5 megkg GUO in ras [37). By comtrast, here,
we did nmot abserve any modalation in C8F GUO levels
B0 min after systemibe GUO administeation. However, it
las alse been shown that GLUO levels are increased in
brain tssue homogenates &0 min after ip. adminisira-
tion of GUC [38], suggesting that GUO uptake by neu-
ral cells could be at least parially invelved in the de-
ceease in GUO CEF levels, which could explain the
upaliered CRF GLUO levels obsesved in owr amady.

Additionally, we showed an increase in ADOD CSF
levels after GUO administration, and this increase was
carrelated with the arxiolyic parameters evaloated in the
EPM task. The modulaton of CSF ADOD by GUOD seems
vy ocwr later than 30 min after the GUO adminigeration,
ag it cannod be observed earlier (30 min afier syslemic
GUO 7.2 mpks administration) [37). [nwriguingly, our
in vivo sesulis are corsisient with those of in vitro studies,
in which GUC stimulates exracellular ADO enbancement
in asrrocyies and in other types of cells in culnaee |34,
40]. Furthermore, recenily reported evidence imdicates thar
the effect of GUO on regulaiing extracelbalar ADOD levels
may Be a result of reducing is uptake by unchasacierized
specifle transporess [40, 41). Togethes, all of these data
suggest a clode associstion Berween extracellular levels of
GUC ard ADO

Interestingly, the increase in CEF AD( levels and the
carrelated anxialytie-like effect promoted by GUO wera
sepgitive 1w CAF. The lherature supporis the hypothesis
that GLU presents effects that are either dapendent on
or independent of ADD receprors. In fact, using distinct
CAF pre-adminisiration doses, different pesulis were ob-
tained; in wvive, CAF pre-adminisiration did aor peevent
the antbeorvolsant (af a dose of 30 mo'ke) [42] and
armpedic (at 8 dose of § mg'ke) effects of 7.5 malkg
GUO [23] but preverted the antinociceptive effect {at
a dose of 10 mg'kg) induced by 7.5 moghkg GUD [14].
In witrn, some of the newral effecis produced by exoge-
pows GUOD are prevented by ADO recepler antagonists,
guch as mitegenic activiry, which could ke partially
inhibited by ADO A and As receplor amagonists
[39], whereas other effecis do aot invelve adenoginergic
newrotranamisgion, such as the stumuolatory effect on
i witro asteocytic GLU uptake activity, What seems
clear is that GUOD does aot kind 10 ADO receploss, as
gshown in a preliminary swdy in which the kinding of
GUO 10 g putative G-protein receplor did not appear o
be significantly sensitive o adenosinergic modulator
compounds, including CAF [43].
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Interactions Between the Anxiolyviic Effects of GILO
and Glutamatergic Neurotransmission

Acute systemic adminisiration of GUO sigrificantly de-
creased C8F GLLU levels, an effect that was correlated with
i anxielyvtic-relatad kehavioe, a8 demonstrated by the in-
creass in the percentage of time spent in the open arms of
tlse EPM rask. Previcualy, our group demonstrated that cheon-
iz gyaremic GLIO administration prevented an increasa in CRF
GLU concentration in fais subjected 1o a cheonic hepatic en-
cephalopathy model [44). Moseover, our group also showed
that geuie aysiemic adminisieation of GUO prevented an in-
crease in CSF levels of excitatosy amino acids (including
GLL) im the CSF of mice subjected 1o lyperalgesia induced
by ME-801 [45]. Here, we provided the first repon of a direct
effiect of svstemic adminiseation of GUO on CSF GLU levels
im rars subjected vo an anxiety-relaied paradigm.

Mo changes were observed in the GLU upake activity
indoced by GUO in either the ex vivo (brain alices) or
in witro [synapiosoral preparations) proweols. These daa in-
dicated that there is &t least one additional mechanism by
which extracellular GLU levels are regulated by GUC in kasal
conditions. [n this context, CAF pre-administration partally
blocked the decrease in C8F GLU levels promoted by GLIO,
suggesting that the adercsinergic aysiem & involved in the
effiects of GLIO undes physiolegical corditions.

I Firre Effecss of GUC on Hippocampal GLU Releaze

In witre GUO significantly decreased B -stimulated GLIU re-
lease in the hippocarpal synaptosomal preparation, witlour
affecting bagal GLU release. Our data i in accosdance with
GUO affect on peeventing esiracellular GLLU aceurmulation
irduced by exciisionic conditions in a more complex sysiem,
i, hippocarnpal slices [46]. In fact, decreasing hippocampal
GLU neuroransmizsion is a feadible mechanism of inducing
ariolytic-like effecis [3] because the hipgocampus is part of
the limbic aystemy, which is linked 1o emsotional behavices, and
GLLU is one of the neurorensmiers that is intimaiely respon-
sible for exciting the limbic patbway during anxiety-relaied
behaviars [47).

Motably, the GUO effect on the B -stimwlated GLU release
was aimilar w0 thar of the ADD A receptor agonist CCPA.
Moseover, this GUC effect was comgletely klocked by an
ADO A receplor antagonist but not by an ADO As, amago-
nist. These data suggest thar by inhibiting pre-gaynapic GLU
release through ADO A, recepior activation, GUO could de-
crease extracellulas GLLUI levels. [mereqting, ADO Aa, recep-
tofs seerr to play a rale in GUO sdmolswory effect on gluca-
maale uptake in exciooxic conditions [17), corraborating with
GUO effect on the imesplay berween adenozinesgic and glo-
amatengic syspem.
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Recently, it was also showed that GUO recovered the im-
pairment caused by oxygen glocose deprivation i hippocam-
pal slices through stimulation of gluamate uptake by a patl-
way that, among othess, invalves antagonism of AT A,
recepiors [17]. Here we did not ebseeve any counteractive
effect of COR2 1680, a specific ADD As, receplor agonist,
ot GLICH effect. Collectively, thase data suggest that the mod-
ularory effecis of GUO on different parameters of the ghoa-
matergic neuratransmission through the adenosinergic system
are regulated by different mechanisms, especially in cormpar-
im0 berwesn physiolegic and excitpionic conditions,

Iy agresrment with this bypothesis, the fallowing should be
highlighted: (i) an increase in endogenous ADO iz capable of
increasing the activation of ADC Ay receptors [4&]; (if) AD0D
Ay recepion are the most abuidant of the four kiown AL
receptons in the beain [49], including in the hippecampus; and
[(EiE] i soine pegions of the beain, one of the plysislogical reles
of ADD is 10 inhibkit GLU release via pre-aynapic ADO A,
recepions, which consequently decreases neuronal excitabiliny
[20, £1]. [reerestingly, there are other repoets specifically re-
lated 1o the invalvernent of ADO A, recepioss that are also
caraitent with the GLO effects described bare: (1) the block-
ade of ADD A, receplors induces an anxisty phenotype in
zebraflsh [52], an effect opposite w the effect of GUO admin-
istration specified here; and {ii) the activation of ADM) Ay
recepioed in ralg leads to memory impairment [$3], an effeer
gimmdlar o that promeded by GUO [18, 23],

Considering these findings, our results indicate that GUC-
induced enbancement in extracellular {CEF) ADOD concentra-
tio ight e able 1o merease the activation of ADD A re-
ceptoes, Which could contribute 1o the inkibition of GLU ax-
citability in the hippocampus, promoting atenuation of the
aniety-like phanatype.

Conclusians

I summary, the present work demonsieated the potential
areiolytic effects of acwe’systemic GLUO administration,
which could ke exered by orchestration of the activities
of the adescsinergic and glutamatergic systems. Moaore spe-
cifically, a novel mechanism of action could be proposed
for the anxiolitic effects of GUO, which include & modu-
latary effect on exiracellular AD and GLU levels. In ad-
ditbon, because high levels of extracellular GLU are in-
vielved i several neuropsychiatie conditions, these pesulis
retnforce the praviowsly observed neuroprotective effecs of
GUY. Thus, we contibuted 1o the goal of identifying the
molecular wargets and sigraling palvways thar are recruited
by GUO ard that promote anxiety-like behavior. Finally,
GULY is an endogeious, oeally active compound that iz
apparenily well tolerated and that deserves amention as a
poiental novel therapeutic drug in amety disorders.
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ESM 1 - CAF per se did not affect the anxiety-related behavior assessed by the

EPM task.
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ESM 2 - CSF purine levels 60 minutes after i.p. saline administration: a comparison between two different protocols to

preserve CSF purines.

Table 1 — CSF purines levels 60 min after an i.p. injection of saline

(uM) Method 1 Method 11
ADO 0.04 £0.02 0.10£0.04*
INO 0.26 £0.07 0.55+0.25%
HIPOX 2.80+£0.22 4.00£0.63%
GUO 0.48 £0.05 0.52 +0.09
XANT 3.77+£0.25 260£0.17%*
UA 1.72+0.17 1.36 +£0.27*
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ESM 3 - Analysis of hippocampal synaptosomal preparations
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ESM 5 - CAF modulates CSF levels of XAN and UA
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Capitulo IlI: Olfactory bulbectomy in mice triggers long-lasting and transient
behavioral impairments and neurochemical hippocampal disturbances.
No capitulo Il apresentamos o artigo submetido ao periédico Translational

Psychiatry
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Abstract

Major depression disorder (MDD) is a neuropsychiatric disease that is
associated with profound disturbances in affected individuals. Elucidating the
pathophysiology of MDD has been frustratingly slow, especially concerning the
neurochemical events and brain regions associated with disease progression. Thus, we
evaluated the time-course (up to 8 weeks) behavioral and neurochemical effects in
mice that underwent an olfactory bulbectomy (OBX), which is used to model
depressive-like behavior in rodents. Similar to the symptoms in patients with MDD,
OBX induced long-lasting (e.g., impairment of habituation to novelty, hyperactivity
and an anxiety-like phenotype) and transient (e.g., loss of self-care and motivational
behavior) behavioral effects. OBX temporarily impaired synaptosomal mitochondria
in the hippocampus but did not affect mitochondria from whole-cell preparations.
Long-lasting pro-oxidative (i.e., increased levels of reactive oxygen species and nitric
oxide and decreased glutathione levels) and pro-inflammatory (i.e., increased levels of
pro-inflammatory cytokines IL-1, IL-6, TNF-a and decreased anti-inflammatory
cytokine IL-10 levels) effects were induced in the hippocampus by OBX.
Additionally, these parameters were transiently affected in the posterior and frontal
cortices. This study suggests that the transient and long-lasting behavioral effects
from OBX strongly correlate with mitochondrial, oxidative and inflammatory
parameters in the hippocampus; furthermore, these effects show a weak correlation
with these parameters in the cortex. Our findings highlight the underlying
mechanisms involved in the neurochemical time course of events related to depressive

behavior.
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1. Introduction

Major depression disorder (MDD) is a chronic and heterogeneous
neuropsychiatric disease with a variable course and extremely high worldwide
prevalence and incidence (Belmaker & Agam, 2008; Mann, 2005; Vos et al., 2012).
MDD is characterized by profound disturbances in emotional regulation, motivation,
social cognition and other systemic physiological aspects that result in a poor quality
of life and disability (Belmaker & Agam, 2008; Black et al., 2016). The treatment for
MDD patients commonly includes a combination of psychotherapy and
pharmacotherapy (Karyotaki et al., 2016); however, despite the recent advances in
antidepressive drug development, more than thirty percent of patients with MDD do
not benefit from conventional antidepressant treatments and present with persistent
symptomatology that leads to a chronic disease state (Balestri et al., 2016; Berton &
Nestler, 2006). Progress in understanding the pathophysiology of MDD has been
frustratingly slow (Berton & Nestler, 2006; Kim et al., 2016). Impairments in
cognitive functioning (Black et al., 2016; Bora, Harrison, Yucel, & Pantelis, 2013)
and evidence of neurodegenerative symptomatology in patients with MDD (Hurley &
Tizabi, 2013; Kim et al., 2016) highlight the importance of identifying the molecular
pathways that contribute to the progressive nature of this disorder. The pathogenesis
and temporal course of MDD is complex and variable; thus, modeling human MDD
in animals is extremely challenging but could significantly contribute to a better
understanding of the mechanisms associated with the disease (Nestler & Hyman,
2010).

In this context, the bilateral olfactory bulbectomy (OBX) has garnered
attention as an animal model of depression (Hendriksen et al., 2015; Kelly, Wrynn, &

Leonard, 1997; Song & Leonard, 2005). This model is based on the hypothesis that
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removal of the olfactory bulbs, which are part of the limbic system, affects their
extensive efferent neuronal networks and disturbs the connection and function of the
whole limbic system (Song & Leonard, 2005). The limbic circuit is essential for the
maintenance of mood, emotional and memory components of behavior; thus, OBX
induces depressive-like behaviors (Czeh et al.,, 2015; Hendriksen et al., 2015).
Prominent behavioral changes that resemble the symptomatology observed in MDD
patients (Hendriksen et al., 2015; Kelly et al., 1997; Song & Leonard, 2005) are
apparent in the OBX animal model of depression, including anhedonia (Freitas et al.,
2012) (e.g., an impairment in self-care and motivational behavior), increased
sensitivity to stressful environments (Hendriksen et al., 2015; Song & Leonard, 2005;
Zueger et al., 2005) (e.g., hyperactivity in the open field task), enhanced irritability
(Song & Leonard, 2005) (e.g., increased murecidal behavior and territorial
aggression), and memory and cognition impairments (Holubova et al., 2016) (e.g.,
deficits in the passive avoidance task and Morris water maze). Moreover, anatomical,
cellular and biochemical changes similar to those observed in MDD patients were
found in the central nervous system (CNS) of rodents that underwent an OBX,
including a reduction in hippocampal volume (Wrynn et al., 2000), changes in
synaptic strength (Czeh et al., 2015), impairments in mitochondrial metabolism
(Rinwa, Kumar, & Garg, 2013), increased oxidative/nitrosative stress and
inflammatory markers (Holzmann, da Silva, Correa da Silva, Steimbach, & de Souza,
2015; Yang et al., 2014), and enhanced cell death (Gomez-Climent et al., 2011;
Jarosik, Legutko, Unsicker, & von Bohlen Und Halbach, 2007). Importantly, the
chronic treatment of animals with antidepressants reverses the behavioral phenotypes
and anatomical, cellular and biochemical changes induced by OBX (Freitas et al.,

2012; Hendriksen et al., 2015; Song & Leonard, 2005). These data support the use of
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OBX as an important animal model to investigate the pathophysiology of MDD.

Similar to many other psychiatric disorders, the neurochemical mechanisms
involved in the progression of MDD remain elusive. The time course of changes in
the brain that accompany long-lasting depressive behaviors in patients is unclear.
OBX appears to be suitable animal model to explore the brain mechanisms associated
with chronic depressive behaviors. Indeed, the OBX-induced disruption of neuronal
connections between the olfactory bulbs and other brain regions resembles the
neurodegenerative events in patients with MDD (Hendriksen et al., 2015). The
majority of OBX studies focused on only one time point: 2 weeks after surgery. Thus,
there is lack of information on the time course of the behavioral and neurochemical
changes induced by OBX. To identify the putative pathways that contribute to the
progression of MDD, we evaluated the time-course (up to 8 weeks) effects of OBX in
mice by assessing behavioral patterns (i.e., hyperactivity, habituation to novelty and
anhedonia) and neurochemical parameters (i.e., brain mitochondrial, oxidative,
nitrosative and inflammatory markers) in MDD-related brain areas (i.e., hippocampus,
posterior cortex and frontal cortex).

2. Material and Methods:

2.1. Animals

Male C57BL/6 mice (45-50 days old, 20-25 g) were obtained from Fundagéo
Estadual de Producdo e Pesquisa do Rio Grande do Sul, Porto Alegre, Brazil. Animals
were housed 5 per cage and housed in a room under a 12-h/12-h light/dark cycle with
a controlled temperature (22 =1 °C) and ad libitum access to food and water. The
cages were placed in the experimental room 24 h prior to behavioral tasks, for
acclimatization. All experiments were completed between 2:00 and 6:00 pm. All

procedures were performed in accordance with the NIH Guide for the Care and Use
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of Laboratory Animals and approved by the local Ethics Committee (project number
24577). All efforts were made to minimize animal suffering and the number of
animals used in the experiments.

2.2. Experimental Schedule

To evaluate the long-term behavioral and neurochemical changes in an OBX
model of depression, we designed 3 experimental schedules according to the time
after surgery: 2 weeks (2W), 4 weeks (4W) and 8 weeks (8W). Naive animals
underwent an open field test (OFT) 1 day before the OBX (OFT1) to verify their
baseline exploratory activity and discard any animals with behavioral abnormalities.
Next, the animals were assigned to the Sham (mice that underwent the surgical
procedure, but bulbs were left intact) or OBX (mice that underwent OBX) group.

The experimental scheme for the animals evaluated for 2 weeks after surgery
(2W) is depicted in Fig. 1A. Accordingly, 2 weeks after surgery, the mice underwent
a second OFT (OFT2). Two hours later, the mice underwent the Splash test. The mice
were anesthetized and euthanized the following day, and brain samples were
collected. Fig. 1B shows the experimental schedule for animals evaluated for 4 weeks
after surgery (4W). Two weeks after surgery, the mice underwent OFT2. A third OFT
was completed 4 weeks after surgery (OFT3). The mice were submitted to the splash
test 2 hours after OFT3. On the following day, the mice were anesthetized and
euthanized for sample collection. Fig. 1C shows the experimental schedule for
animals evaluated for 8 weeks after surgery (8W). The schedule was similar to the
4W group, except OFT3 was performed 8 weeks (instead of 4 weeks) after surgery.

2.3. Bilateral olfactory bulbectomy (OBX)

2.3.1. Surgical procedure
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The bilateral OBX was performed as previously described (Freitas et al., 2012)
with minor modifications. Briefly, mice were anaesthetized via an intraperitoneal
(i.p.) injection of xylazine (6 mg/kg) and ketamine (100 mg/kg) diluted in saline. The
head was shaved and a burr hole (approximately 2 mm in diameter) was made in the
skull above the olfactory bulbs 4 mm rostral to Bregma. Both olfactory bulbs were
then dissected with surgical micro scissors and removed by suction with a glass
Pasteur pipette. Animals were excluded from the study if the bulbs were not
completely removed or the frontal cortex was injured (Freitas et al., 2012).

2.4. Behavioral tests

2.4.1. Open field test (OFT)

The OFT was used as previously described (Zueger et al., 2005) to investigate
locomotor/exploratory activity, habituation and anxiety. Mice were placed near the
sidewall in a gray wooden box (50x50%50 cm, length x width x height) with a 200
lux white light intensity and then recorded individually for 10 minutes with a video-
camera (positioned above and at ca. 90° to the square arena) that was connected to a
monitor. The behavioral performance of mice was analyzed using the AnyMaze®
software (Stoelting Co., Wood Dale, IL). Multiple parameters were determined: i) the
total distance traveled in the first 3 minutes was used to measure habituation to
novelty; ii) the decrease in the distance traveled during the 1% to 3" minute of the test
was used to measure short-term habituation to novelty; iii) total time spent immobile
during the first 3 minutes (the minimum duration of an immobile episode was set at 5
seconds); iv) the distance traveled during the last 7 minutes of the test was used to
measure locomotor/exploratory activity; v) the total time spent immobile during the

last 7 minutes; and vi) the time and the % of distance traveled in the center zone was
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used to evaluate their anxiety-related phenotype. The apparatus was cleaned with 70%
alcohol and dried after each test.

2.4.2. Splash test

The splash test was used to evaluate the loss of self-care and motivational
behavior in mice (Freitas et al., 2012). A 10% sucrose solution was sprayed on the
dorsal coat of mice. The sprayer delivered a fixed volume of 0.7 mL (each mouse
received 3 sprays). Due its viscosity, the sucrose solution soils the fur of the mouse
and induces the animal to initiate grooming behaviors. The grooming time (a
grooming episode was defined as a mouse exhibiting behaviors such as licking,
scratching or face-washing) during the first 5 minutes after application of the sucrose
solution was recorded. This parameter was used as a measure of anhedonia.

2.5. Neurochemical assays

Mice were anesthetized, transcardially perfused with PBS and euthanized.
Next, the brains were removed, and the hippocampus, posterior cortex and frontal
cortex were dissected. The samples were immediately processed for flow cytometry
or frozen at -80 °C for other biochemical evaluations.

2.5.1. Flow cytometry

The mitochondrial mass and membrane potential (A¥) were determined in
whole neural cells or in synaptosomal-enriched preparations using flow cytometry
(Becton Dickinson BD FACS Calibur cytometer). Mitochondrial mass (FL1-H) was
detected with MitoTracker® Green FM (Life Technologies) labeling, and the
mitochondrial membrane potential - AY (FL-3H) was detected with Mitotracker ™
Red detection.

2.5.2. Dissociated whole neural cell preparations
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For cell analyses, the tissue samples were mechanically dissociated using a
fire polished Pasteur pipette in 0.1 M phosphate-buffered saline (PBS), pH 7.4
containing 0.1 mg/mL of collagenase 1VV. After dissociation, the samples were
decanted for 15 minutes. An aliquot of supernatant was collected and incubated with
MitoTracker™ Green FM and Red FM dyes (100 nM each) for 45 minutes at 37 °C.
The mean fluorescence intensity of FL1-H and FL3-H was used to estimate
mitochondrial mass and AY, respectively. The emission of fluorescence was
measured using green (FL-1; 530 nm/30) and red (FL-3; 670 nm long pass) bandpass
filters with a FACSCalibur platform and CellQuest Pro software (Becton Dickinson,
Franklin Lakes, NJ, USA). Data from 10,000 events from dissociated cells of cerebral
tissue were acquired for FL1-H and FL3-H using forward scatter (FSC) and side
scatter (SSC) parameters with linear and log scales. All analyses were performed
using Flow Jo software 7.6.3 (Treestar, Ashland, OR).

2.5.3. Synaptosomal preparations

Synaptosomal preparations were obtained as previously described (Almeida et
al., 2016) with minor modifications. Briefly, tissue samples were homogenized
(manual small capacity Teflon/glass homogenizer in 10 x volume/weight) in 10 mM
Tris buffer (pH=7.4) containing 0.32 M sucrose, 1 mM EDTA and 0.25 mM DTT.
The homogenates were centrifuged in microfuge tubes (1.5 mL per tube) at 1,000 g
for 10 minutes at 4 °C using a fixed-angle rotor. The resulting supernatant was
centrifuged at 11,000 g for 20 minutes at 4 °C using the same rotor. The
synaptosomal-enriched pellet was then washed twice with HBSS (pH=7.4) by
centrifugation at 16,000 g for 10 minutes at 4 °C to remove excess sucrose. The

protocol for the whole-cell mitochondrial analysis was also used for synaptic
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mitochondrial flow cytometry. Data from 40,000 events were acquired using a log
scale for all parameters, including FSC and SSC.

2.5.4. Estimation of redox homeostasis

2.5.4.1. Intracellular levels of reactive oxygen species (ROS)

Tissue samples were homogenized in phosphate-KCI (20 mM/140 mM)
buffer, pH=7.4, and centrifuged at 1,000 g for 5 minutes at 4 °C. An aliquot of the
supernatant was used to evaluate DCFH-DA oxidation. DCFH oxidation was used to
measure intracellular ROS levels. 2°,7’-dichlorodihydrofluorescein diacetate (DCFH-
DA) is hydrolyzed by intracellular esterases to produce dichlorofluorescin (DCFH).
This non-fluorescent molecule is then oxidized to fluorescent dichlorofluorescin
(DCF) by cellular oxidants. The fluorescence intensity was determined at an
excitation wavelength of 488 nm and an emission wavelength of 520 nm using a plate
reader (Spectra Max GEMINI XPS, Molecular Devices, USA) (Perez-Severiano et
al., 2004).

2.5.4.2. Nitrite levels

NO levels were determined by measuring the nitrite levels (a stable oxidation
product of NO) in tissue homogenates using the Griess reaction. The Griess reagent
was a 1:1 mixture of 1% (w/v) sulphanilamide in 2.5% (w/v) phosphoric acid and
0.1% (w/v) N-(1-napththyl) ethylene diamine dihydrochloride in deionized water.
Briefly, the tissue was homogenized in phosphate-KCl (20 mM/140 mM) buffer,
pH=7.4 and centrifuged at 1,000 g for 10 minutes at 4 °C. The supernatant was
deproteinized with 20 ul TCA 25%, centrifuged at 2,000 g for 10 minutes at 4 °C and
immediately neutralized with 2 M potassium bicarbonate. After this procedure, the
Griess reagent was added directly to the neutralized sample. The sample was then

incubated in the dark for 15 minutes at 22 °C (Hansel et al., 2014). Samples were
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analyzed at 550 nm on a microplate spectrophotometer. Nitrite concentrations were
calculated using a standard curve, and the results are expressed as percentages relative
to the control conditions.

2.5.4.3. Glutathione (GSH) levels

GSH levels were assessed as previously described (Hansel et al., 2014). The
tissues were homogenized in a phosphate-KCl (20 mM/140 mM) buffer, pH 7.4,
containing 5 mM EDTA, and the protein was precipitated with 1.7% meta-phosphoric
acid. The tissue homogenates were centrifuged at 1,000 g for 5 minutes at 4 °C. The
supernatant was mixed with o-phthaldialdehyde (1 mg/ mL methanol) and incubated
at 22 °C for 15 minutes. The fluorescence intensity was measured using excitation
and emission wavelengths of 350 nm and 420 nm, respectively. A calibration curve
was created with standard GSH solutions. GSH concentrations were calculated as
nmol/mg protein.

2.5.5. Inflammatory cytokine levels

The samples were homogenized in a PBS/Tris-HCI/SDS 5% solution, pH 7.4,
and centrifuged at 5,000 g for 10 minutes at 4 °C. Commercial enzyme-linked
immunosorbent assay (ELISA) kits for rat IL-1, IL-6, TNF-o and the anti-
inflammatory cytokine (IL-10) were used according to the manufacturer’s instructions
(eBIOSCIENCE, San Diego, CA, USA). Briefly, 96-well microplates were incubated
with the primary antibody at 4 °C overnight, washed and then blocked at room
temperature for 1 h. The cytokine standards, calibrators, and samples were added to
the plate in triplicate and incubated at room temperature for 2 h. After washing, the
secondary antibody conjugated with peroxidase was added, and the plate was
incubated at room temperature for 1 h. After this procedure, the samples were washed

and a tetramethylbenzidine (TMB) chromogen was added. The reaction was allowed
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to proceed for 15 minutes. The enzyme reaction was stopped by adding 1 M
phosphoric acid (Stop solution). The absorbance was measured at 450 nm. The results
for the tissue sample are expressed as picograms per milligram.

2.5.6. Protein determination

Protein content was measured using the Pierce BCA® protein kit (Thermo
Scientific, Waltham, MA, USA) with bovine serum albumin as a standard.

2.6. Statistical analysis

A two-way ANOVA followed by Bonferroni post hoc test was used to analyze
the effect of OBX surgery on behavioral and biochemical parameters and the time
course changes induced by surgery in the Sham and OBX groups [factors: (1: surgery)
Sham versus OBX within post-surgery time points and (2: time) comparison of
different time points (naive, 2W, 4W and 8W) within each group (Sham/OBX)].
Correlations among the grooming time in the Splash task and the first 3 minutes of
distance travelled in the OFT, the last 7 minutes of distance travelled in the OFT and
time in the center zone in the OFT and the correlation between the mitochondrial
synaptosomal analysis with first 3 minutes of distance travelled in the OFT, the last 7
minutes of distance travelled in the OFT were analyzed by Pearson’s correlation. The
strength of the correlation was described using the guide suggested by Evans in 1996.
Correlations were considered statistically significant at r>0.60. All statistical
procedures were carried out using Graph Pad Prism (Graph Pad Software, version 5,
San Diego, CA, USA).

3. Results

Fig. 2 - OBX induced long-lasting impairments in habituation to novelty

and hyperactivity in the OFT.
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Fig. 2A and B shows the minute-by-minute distance traveled for mice from the
naive, Sham and OBX groups (see ESM_1 for a representative supplementary video).

During the first 3 minutes of the OFT, comparisons of naive mice with the
Sham groups (2W, 4W and 8W) revealed that repeated OFTs induced significant
decreases in the distance traveled (Fig. 2C) and the difference in distance traveled
between the 1% and 3™ minutes of testing (Fig. 2D) and a significant increase in the
time spent immobile (Fig. 2E). Thus, the Sham groups presented a strong habituation
to novelty. However, OBX groups presented a long-lasting impairment in the
habituation to novelty compared with the naive group, as evidenced by no decrease in
the distance traveled during the first 3 minutes (Fig. 2B) and no change in the distance
traveled between the 1% and 3™ minute of testing (Fig. 2C) or the time spent immobile
(Fig. 2E).

During the last 7 minutes of testing, a long-lasting hyperactivity was observed
in the OBX groups compared with their respective sham groups, as evidenced by a
significant increase in the distance traveled (Fig. 2F). Additionally, OBX mice
showed a significant increase in the total distance traveled compared with their
respective naive group (Fig. 2F). Sham animals from the 4W and 8W groups but not
the 2W group showed a significantly longer immobility time compared with their
naive counterparts (Fig. 2G).

Fig. 3 - OBX induced a long-lasting anxiety-like phenotype (center
avoidance in OFT)

OBX caused a significant long-lasting anxiogenic effect. OBX mice showed a
decreased % of distanced traveled in the center zone when compared with the naive

group and the 2W, 4W and 8W Sham groups (Fig. 3A). OBX mice also showed a
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decrease in the time spent in the center zone compared with the naive group and the
2W and 4W Sham groups (Fig. 3B).

Fig. 4 - OBX induced a transient depressive-like behavior (anhedonia).

The splash test was used to measure anhedonic-like behavior (i.e., hedonic
state, the ability to gain pleasure and motivational behavior). The transient anhedonic-
like behavior induced by OBX was evidenced by a decrease in grooming time at 2
and 4 weeks; however, this effect was not present at 8 weeks (Fig. 4). There were
transient correlations between grooming time and two OFT parameters, including the
distance traveled during the first 3 minutes of testing (ESM_2A) and the distance
traveled during the last 7 minutes of testing (ESM_2B). There were long-lasting
correlations between grooming time and two OFT parameters, including the change in
the distance traveled between the 1% and 3™ minute of testing (ESM_2C) and the time
spent in the center zone of the arena (ESM_2D).

Fig. 5 and 6 — The effect of OBX on mitochondria from whole-cell and
synaptosomal preparations from the hippocampus, posterior and frontal
cortices. OBX produced transient changes in mitochondrial mass and AY in
mitochondria from only hippocampal synaptosomal preparations.

No significant differences were observed in the mitochondrial mass or AYW
from whole-cell preparations of the hippocampus, posterior cortex and frontal cortex
(Fig. 5). However, synaptosomal preparations from hippocampus showed a transient
impairment in mitochondrial parameters, including a decrease in mitochondrial mass
(Fig. 6A) and AY (Fig. 6B), in the 2W and 4W OBX groups but not the 8W group.
There was transient correlation between the distance travelled in the first 3 minutes
with synaptosomal mitochondrial AY (ESM_3C) and the distance travelled in the last

7 minutes with synaptosomal mitochondrial mass and AY (ESM_3B and D,
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respectively).

Evaluation of the events from positively stained mitochondria (Mito+) in the
hippocampal synaptosomal preparation revealed that OBX had no effect on
mitochondrial mass (Mito+) (Fig. 6C), and a transient effect on mitochondrial AY
(Mito+), as evidenced by a decrease in mitochondrial AY from the 2W and 4W
groups but not the 8W group (Fig. 6D). There were transient negative correlations
between the distance traveled during the first 3 minutes and the synaptosomal
mitochondrial AY (ESM_3G) and the distance traveled during the last 7 minutes of
testing versus the synaptosomal mitochondrial mass and AY (ESM_3F and_3H).

Fig. 7 - OBX induced a long-lasting imbalance in redox homeostasis in the
hippocampus and a transient imbalance in the posterior and frontal cortices.

In the hippocampus, OBX induced a long-lasting effect on redox homeostasis.
The OBX groups showed a significant increase in DCFH and NO levels (Figs. 7A-
7B) and a significant decrease in GSH levels (Fig. 7C) compared with their respective
Sham groups.

In the posterior cortex, OBX induced a transient imbalance in redox
homeostasis. A significant increase in DCFH levels was observed in the 2W and 4W
OBX groups but not the 8w OBX group (Fig. 7D). A significant increase in NO
levels was observed in the 2W OBX group but not the 4W and 8W OBX groups (Fig.
7E). A significant decrease in GSH levels was observed in the 2W and 4W OBX
groups but not the 8W OBX group (Fig. 7F). In the frontal cortex, a transient
disruption in redox homeostasis was evidenced by the significant increase in DCFH
levels (Fig. 7G) and significant decrease in GSH levels in the 2W OBX group but not
the 4W and 8W OBX groups (Fig. 71).

There were long-lasting correlations between the behavioral performance in
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OFT versus the imbalance in hippocampal redox homeostasis (intracellular ROS and
GSH levels) (ESM_4A, 4B and 4E), and a transient correlation between the
behavioral performance in OFT versus NO intracellular levels (ESM_4C).

Fig. 8 - OBX induced a long-lasting inflammatory response in the
hippocampus and a transient inflammatory response in the posterior and frontal
cortices

OBX caused a long-lasting inflammatory response in hippocampus, as
evidenced by a significant increase in the hippocampal pro-inflammatory cytokines
IL-1 (Fig. 8A), IL-6 (Fig. 8B) and TNF-a (Fig. 8C) and a significant decrease in the
anti-inflammatory cytokine IL-10 (Fig. 8D).

In the posterior cortex, OBX caused a mild but long-lasting inflammatory
response. The OBX groups showed a significant increase in IL-1 (Fig. 8E) and a
transient significant increase in TNF-a (Fig. 8G). In the frontal cortex, OBX caused a
permanent significant increase in IL-1 (Fig. 81) and IL-6 (Fig. 8J), a transient
significant increase in TNF-a (Fig. 8K) and a transient significant decrease in 1L-10
(Fig. 8L).

There was a long-lasting correlation between the distance traveled during the
first 3 minutes of testing versus the hippocampal inflammatory response (i.e., 1L-1,
IL-6, TNF- a and IL-10 release) (ESM_5A, 5B, 5C and 5D). Additionally, there was
a long-lasting correlation between the distance traveled during the last 7 minutes of
testing and TNF-a release (ESM_5G).

4. Discussion

We are the first to describe the transient and long-lasting effects (up to 8
weeks) of the OBX mouse model of depression. We observed a long-lasting

impairment in the habituation to novelty, hyperactivity and anxiety-like phenotype in
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the OFT and a transient loss of self-care and motivational behavior in the splash test.
The neurochemical analysis revealed that the hippocampus was the most affected
brain structure compared with the posterior and frontal cortices. We observed
multiple neurochemical changes in OBX mice: i) specific and transient impairment in
synaptosomal (not in whole-cell) mitochondria mass and AW, which may be
associated with hippocampal-related synaptotoxicity; and ii) long-lasting hippocampal
imbalance in redox and inflammatory homeostasis. Our findings are strengthened by
the presence of significant correlations between the behavioral and neurochemical
parameters. The physiopathology of MDD and necessity for the novel therapeutics
drugs remain under investigation; however, our data highlight promising future
targets for the depression field.

OBX induced long-lasting behavioral changes: potential translational
relevance.

The classical and the most widely accepted behavioral pattern in the OBX
model of depression is the remarkable increase in locomotor/exploratory activity
during the OFT (Czeh et al., 2015; Hendriksen et al., 2015; Kelly et al., 1997; Song &
Leonard, 2005). Here, for the first time, the hyperactivity in OFT was evident for up
to 8 weeks after OBX. OFT is a relevant tool for assessing behavioral disturbances in
rodents (Gonzales, Barrett, Shumake, Gonzalez-Lima, & Lane, 2015; Padilla et al.,
2010), and there is a wide diversity of symptoms present in mood disorders
(Belmaker & Agam, 2008; Mann, 2005). However, there are lack of studies on the
time-course of OBX-induced OFT behavioral changes (Mucignat-Caretta et al.,
2006). To address this knowledge gap, we explored the long-term behavioral patterns
of OBX.

Mice typically exhibit less exploratory behavior during the first few minutes of
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testing in a familiar open field arena (Almeida et al., 2010; Padilla et al., 2010). This
parameter is a measure of habituation to a novel environment. Here, we observed a
normal habituation performance by Sham animals (i.e., a decrease in the total distance
traveled, a lack of change in the distance traveled between the 1% and 3" minute of
testing, and an increase in immobility during the first 3 minutes of testing). In
contrast, OBX mice showed long-lasting impairments and did not habituate to the
open field up to 8 weeks post-surgery. OBX mice also showed chronic hyperactivity.
Interestingly, all of these observations can be compared with clinical features that
demonstrate a remarked cognitive decline in depressed patients (Cobb et al., 2016;
Schmaal et al., 2015), which is predominantly diagnosed by strong declarative
memory deficits (Bora et al., 2013; Papakostas, 2014; Vythilingam et al., 2004) rather
than psychomotor agitation (Papakostas, 2014), a less frequent symptom of MDD.
Considering that persistent cognitive decline is observed in MDD patients, the OBX
model has face validity (symptomatic homology) and construct validity (theoretical
rationale) as a depressive disorder model.

Another important aspect of mood disorders is the comorbidity between
anxiety and MDD (Hofmeijer-Sevink et al., 2012; Stein & Sareen, 2015). Depression
ranks among the top most frequent co-existing disorders with anxiety (Stein &
Sareen, 2015). The co-existence of these disorders increases the tendency toward
chronicity and severity (Balestri et al., 2016), suggesting that they may also share
common pathophysiological mechanisms. The OFT is associated with increased stress
and/or anxiety, which explains OBX-related hyperactivity (Song & Leonard, 2005).
We demonstrated long-lasting anxiety-like behavior, including decreased exploration
of the center zone of the OFT arena. Considering that hyperactivity is a putative sign

of agitation-like behavior in anxious patients (Gupta, Radhakrishnan, Thangaraj, &
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Kurhe, 2014) and that the comorbidity of anxiety disorder and MDD increases the
chronicity of the disease (van Loo et al., 2014), we postulate that the long-lasting
impairment in habituation to novelty and anxious phenotype induced by OBX is
sustained by the interaction between anxious and depressive behaviors. Importantly,
other behavioral tasks in rodents can be used to demonstrate depression-related
phenotypes, such as object recognition, y-maze, passive avoidance, forced swim, tail
suspension, light-dark and elevated plus maze tasks (Gupta et al., 2014; Han et al.,
2008; Nakagawasali et al., 2016; Song & Leonard, 2005).

According to the DSM-5, a formal MDD diagnosis is characterized by a
persistent depressive mood or anhedonia, which is one of the cardinal signs of
depression in humans (Lally et al., 2014; Taylor, 2014). Furthermore, several studies
indicate that the measurement of anhedonia in MDD patients is a complex process
that encompasses aspects of personality, learning and biases (Rizvi, Pizzagalli,
Sproule, & Kennedy, 2016). We are the first to demonstrate that OBX induced the
transient loss of self-care and motivational behavior for up to 4 weeks after surgery.
In contrast, previous studies suggested that anhedonic-like behaviors are not clearly
observed in the OBX model of depression (Czeh et al., 2015). Significant correlations
between anhedonic-like behavior, habituation to novelty and anxiety in the OFT
strengthen the face and construct validity of the OBX model of depression (Czeh et
al., 2015).

OBX triggered transient hippocampal mitochondrial impairments and
long-lasting imbalances in redox homeostasis and the inflammatory response of
the hippocampus.

Several studies demonstrated that mitochondrial cytopathies are a key feature

in MDD (Aguiar et al., 2014; Scaglia, 2010). The mechanisms driving the observed
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changes in the OBX model were shown to include alterations in mitochondrial
metabolism (Rinwa et al., 2013). Here, we observed no OBX-related effects on the
mitochondrial parameters of whole-cell preparations from any analyzed brain region.
However, OBX profoundly affected hippocampal presynaptic mitochondria,
indicating a remarkable specificity of OBX effects on presynaptic components.
Presynaptic mitochondria play important roles in synaptic transmission,
plasticity and organization, including the movement of vesicles and calcium buffering
(Mattson, Gleichmann, & Cheng, 2008; Nicholls, Brand, & Gerencser, 2015); thus,
we conducted mitochondrial analyses of well-established preparations, including
synaptosome-enriched preparations, to explore the putative specificity of
mitochondrial parameters susceptible to OBX. Mitochondria from hippocampal
synaptosome-enriched preparations uniquely showed a transient decrease in
mitochondrial mass and AW. Positively-stained mitochondria (Mito+) also showed a
transient decrease in the mitochondrial AW, highlighting the specific loss of
hippocampal synaptic mitochondrial functionality in the OBX model of depression.
The current results suggest that in addition to the decrease in synaptic mitochondria,
there is also a decrease in mitochondrial functionality in the presynaptic terminals 2
weeks and 4 weeks after OBX. Interestingly, the OBX-induced effects on synaptic
mitochondria were reversed by 8 weeks post-surgery. We observed significant
negative correlations between mitochondria functionality (AW) versus the total
distance traveled during the first 3 minutes of the OFT (habituation to novelty) and
the distance traveled during the last 7 minutes of the OFT (hyperactivity) in the 2W
and 4W groups, suggesting that the observed mitochondrial dysfunction in
hippocampal synaptosomal-enriched preparation may contribute to synaptotoxicity-

related effect. Mitochondria in the synaptosomal preparation (presynaptic terminals)
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exhibited a significant lower content of electron transport components, which could
lead to an increased susceptibility to neurodegenerative dysfunction and
synaptotoxicity (Nicholls et al., 2015; Picard & McEwen, 2014). Mitochondria are
strongly involved in neuroplasticity/synaptogenesis (Cheng, Hou, & Mattson, 2010;
Picard & McEwen, 2014) and play a key role in regulating synaptic transmission,
cognition and aging (Nicholls et al., 2015; Picard & McEwen, 2014); therefore, the
transient impairment in synaptic mitochondria homeostasis may contribute to the
behavioral disturbances observed in the OBX model of depression. Since, the
impairment of the high metabolic requirement in presynaptic terminals was
previously associated with changes in synaptic strength and/or loss of spine density in
the limbic areas of OBX animals (Czeh et al., 2015), this data could suggest a close
link between the transient mitochondrial changes and anhedonic-like behaviors.

The hippocampal selectivity of the OBX-induced mitochondrial alterations are
in accordance with the structural modifications in specific brain regions that resulted
in deficits in hippocampus-dependent learning and memory in OBX mice
(Hendriksen et al., 2015). Some authors postulate that the cognitive phenotype
induced by OBX (loss of spatial memory), accompanied by increased brain levels of
tau-protein hyperphosphorylation, could be associated as a model for Alzheimer’s
disease (Bobkova et al., 2014; Hu, Wang, Liu, Wang, & Zhu, 2012). Although both
pathologies (Alzheimer’s disease and MDD) have a chronic effect on cognitive
performance, the neurotoxicity in animal models of Alzheimer’s involves b-amyloid
peptide deposition (Crimins, Pooler, Polydoro, Luebke, & Spires-Jones, 2013;
Ferreira, Lourenco, Oliveira, & De Felice, 2015) and/or the abnormal phosphorylation
of the microtubule-associated protein tau (Pooler, Noble, & Hanger, 2014). Although

the precise synaptotoxic form of tau remains unclear, several studies suggest that
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aggregated tau may from primary synaptotoxic insults (Kopeikina, Hyman, & Spires-
Jones, 2012; Pooler et al., 2014; Spires-Jones, Kopeikina, Koffie, de Calignon, &
Hyman, 2011). Notably, evidence suggests that tau regulates neuronal signal
transduction by influencing the targeting and function of synaptic mitochondria;
indeed, tau can bind to kinesin and compete with other cargo, which inhibits
mitochondrial transport to the soma, axon, and pre-synaptic boutons (Pooler et al.,
2014). At this time, although our results demonstrated the long-lasting effects on
memory-related parameters (habituation to novelty), the transient neurochemical
changes observed suggest that the OBX model of depression leads to a transient
synaptotoxicity-related effect, which differs from the synaptotoxicity verified in
Alzheimer’s disease.

Several human and experimental studies, including meta-analyses (Black et
al., 2015), suggested that an imbalance in several redox parameters contributed to the
pathogenesis of MDD (Black et al., 2015; Hurley & Tizabi, 2013; Moylan et al.,
2014; Yang et al., 2014). Here, our data show that OBX increased the production of
ROS, NO and altered antioxidant defenses (e.g., GSH), particularly in the
hippocampus, for up to 8 weeks. We postulate that these effects lead to dysfunction in
intracellular signaling contributing to the hippocampal synaptotoxicity (Pooler et al.,
2014). Indeed, the disruption of redox homeostasis is strongly associated with
mitochondrial damage (Moylan et al., 2014) and may contribute to the transient
mitochondrial AY impairment demonstrated in our study. Moreover, OBX effects on
intracellular ROS and NO levels in the posterior and frontal cortices were transient.

Several lives of evidence suggest that pro-inflammatory cytokines are
produced in response to oxidative stress (Moylan et al., 2014) and play a critical role

in the pathogenesis of MDD. Many studies have demonstrated that pro-inflammatory
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cytokines, including IL-1, IL-6 and TNF-a, are elevated in the serum and CNS of
patients with MDD (Hurley & Tizabi, 2013). These data are reinforced by recent
work showing that inflammation illicits symptoms of anhedonia (Swardfager,
Rosenblat, Benlamri, & Mcintyre, 2016). Our temporal analysis revealed an increase
in the levels of pro-inflammatory cytokines and a decrease in an anti-inflammatory
cytokine in the hippocampus; furthermore, the majority of these changes were long-
lasting. Previous studies showed that the inflammatory and redox state are intimately
linked in the cell (Moylan et al., 2014); thus, our findings of GSH depletion, the main
neuronal antioxidant defense, and increased pro-inflammatory cytokines are in
accordance with the presence of a pro-oxidative state in the hippocampus.
Additionally, in vitro and in vivo studies have shown that increases in pro-
inflammatory cytokines can alter synaptic plasticity (Hurley & Tizabi, 2013). Thus,
the pronounced and long-lasting redox imbalance and pro-inflammatory response
displayed in hippocampus of OBX mice presented in our study could strongly
influence the increased mitochondrial dysfunction observed at the presynaptic
terminals.

Interestingly, the hippocampus redox status and cytokines levels significantly
correlates with the distance traveled in the OFT, predominantly during the first 3
minutes of the task. These data suggest an association between long-lasting
behavioral changes and the disruption of redox homeostasis and enhancement of the
inflammatory response. Additionally, the hippocampus is intimately involved in
emotional and spatial/topographical memory. Thus, our data reinforce the importance
of separately evaluating OFT behavioral parameters and suggest that habituation to
novelty in the OFT is an essential behavioral abnormality caused by OBX in mice.

Previous studies showed that the olfactory bulbs have defined regions that
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communicate via neurotransmitters and projections to the amygdala, hippocampus,
posterior pyriform cortex and entorhinal cortex (Song & Leonard, 2005). This
description of anatomical connections among the main olfactory bulbs and other brain
regions clarifies our data because the most pronounced neurochemical changes
(mitochondrial mass and AW, redox imbalance and pro-inflammatory cytokines) that
observed over the time occurred in the hippocampus and, to a lesser extent, in the
posterior and frontal cortices. Thus, retrograde, anterograde and transneuronal
degeneration may have occurred after the OBX surgery, leading to changes in the
entire brain; however, some regions were more affected than others, such as
hippocampus.

Therefore, we postulate that OBX surgery induces a number of maladaptive
consequences in the hippocampus in a transient or long-lasting manner: (i) changes in
hippocampal anatomical structure, (ii) transient hippocampal-related synaptotoxicity,
(iii) long-lasting increases in ROS and pro-inflammatory cytokines, (iv) decreased
hippocampal synaptic plasticity, (v) reduced hippocampal cellular resilience and (vi)
impairment of hippocampal-dependent behavioral performance. Based on the
aforementioned evidence, the structural changes in the hippocampus are consistent
with the pronounced anxiety and depressive-like behavior in OBX mice. Our results
provide additional characterization of the OBX model in mice and create new
perspectives for the depression field, including future pharmacological studies, and
potential targets for antidepressant drugs.
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Figure Legends:

Fig. 1 — Study protocols.

The experimental schedule for mice consisted of 3 time points: 2 (2W), 4
(4W) and 8 (8W) weeks after the Sham or OBX surgery. Mice were euthanized on
day 16 (2W), 30 (4W) or 62 (8W). Brain structures were dissected for immediate
analysis (flow cytometry) or stored at —80 °C for subsequent biochemical analyses of
redox and inflammatory parameters. OFT1: 1* Open Field exposure — all groups were
tested; OFT2: 2" Open Field exposure — all groups were tested; OFT3: 3" Open Field
exposure — only the 4W and 8W groups were tested.

Fig. 2 — Effect of OBX on habituation to novelty and locomotor activity in
the OFT

A minute-by-minute analysis of the locomotor activity of Sham (A) and OBX
(B) groups during the OFT. Each point represents the mean of the group. The effect of
time and surgery on the distance traveled during the first 3 minutes of testing (C), the
change in the distance traveled between the 1% and 3™ minute of testing (D), the time
spent immobile during the first 3 minutes of testing (E), the distance traveled during
the last 7 minutes of testing (F) and the time spent immobile during the last 7 minutes

of testing (G). Each column represents the mean+S.E.M. Data were analyzed using a
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two-way ANOVA followed by Bonferroni post-hoc tests. *p<0.05, **p<0.01 and
***p<0.001 compared to the respective Sham group (surgery effect); #p<0.05,
##p<0.01 and ###p<0.001 compared to the respective naive group (time effect) (n=25
animals/group).

Fig. 3 — The effect of OBX on anxiety-related behavior in the OFT

The effect of time and surgery on the time spent in the center zone (A) and the
percentage of distance traveled in the center (B) by the Sham and OBX groups. Each
column represents the mean + S.E.M. Data were analyzed using a two-way ANOVA
followed by Bonferroni post-hoc tests. *p<0.05 and ***p<0.001 compared to the
respective Sham group (surgery effect); #p<0.05, ##p<0.01 and ###p<0.001
compared to the respective naive group (time effect) (n=25 animals/group).

Fig. 4 — The effect of OBX on self-care and motivational behavior

The effect of time and surgery on grooming time in the splash test (A) for
Sham and OBX mice. Data are reported as the mean + S.E.M. and were analyzed
using a two-way ANOVA followed by Bonferroni post-hoc tests. *p<0.05 and
**p<0.01 compared to the respective Sham group (n=8-12 animals/group).

Fig. 5 — The effect of OBX on whole-cell mitochondrial mass and AY in
multiple brain regions

The effect of OBX on mitochondrial mass and AY in the hippocampus (A and
B), posterior cortex (C and D) and frontal cortex (E and F). Data are reported as the
mean £+ S.E.M. and were analyzed using a two-way ANOVA followed by Bonferroni
post-hoc tests (n=6 animals/group).

Fig. 6 — The effect of OBX on the mass and AY of hippocampal synaptic

mitochondria
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The effects of OBX on hippocampal mitochondrial mass (A) and AY (B) and
the mitochondrial mass (C) and A¥Y (D) of only viable mitochondria (Mito+) from
synaptosomal-enriched preparations. Data are reported as the mean + S.E.M. and
were analyzed using a two-way ANOVA followed by Bonferroni post-hoc tests.
*p<0.05 and **p<0.01 compared to the respective sham group (n=6 animals/group).

Fig. 7 — The effect of OBX on redox homeostasis

Effects of OBX on the levels of DCFH (A), (D) and (G) in hippocampus,
posterior cortex and frontal cortex, respectively; of NO (B), (E) and (H) in
hippocampus, posterior cortex and frontal cortex, respectively; and of GSH (C), (F)
and (1) in hippocampus, posterior cortex and frontal cortex, respectively. Data are
reported as the mean £+ S.E.M. and were analyzed using a two-way ANOVA followed
by Bonferroni post-hoc tests. *p<0.05, **p<0.01 and ***p<0.001 compared to the
respective Sham group (surgery effect); #p<0.05, ##p<0.01 and ###p<0.001
compared to the respective OBX 2W group (time effect) (n=5 animals/group).

Fig. 8 — The effect of OBX on inflammatory parameters

Effects of OBX on IL-1 (A), (E) and (I) in hippocampus, posterior cortex and
frontal cortex, respectively; on IL-6 (B), (F) and (J) in hippocampus, posterior cortex
and frontal cortex, respectively; on TNF-a (C), (G) and (K) in hippocampus, posterior
cortex and frontal cortex, respectively; and on IL-10 (D), (H) and (L) in hippocampus,
posterior cortex and frontal cortex, respectively. Data are reported as the mean +
S.E.M. and were analyzed using a two-way ANOVA followed by Bonferroni post-
hoc tests. *p<0.05, **p<0.01 and ***p<0.001 compared to their respective Sham
group (n=5 animals/group).

ESM_1 — Supplementary video

A video of the representative behavior of Sham and OBX mice in the OFT.
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ESM_2 - Correlation between the grooming time in the splash test versus
the behavioral performance in the OFT.

Linear correlations between grooming time in the splash test and 4 OFT
parameters: the distance traveled during the first 3 minutes of testing (A), the distance
traveled during the last 7 minutes of testing (B), the change in the distance traveled
between the 1% and 3" minute of testing (C) and the time spent in the center zone of
the arena (D). Each point represents 1 animal. *p<0.05 and**p<0.01 (n=8-12
animals/group).

ESM_3 - Linear correlations between hippocampal synaptosomal
mitochondrial parameters and the distance traveled during the first 3 minutes or
last 7 minutes of the OFT.

The linear correlations between the hippocampal synaptosomal mitochondrial
mass versus the distance traveled during the first 3 minutes (A) and last 7 minutes (B)
of the OFT. The linear correlations between the hippocampal synaptosomal
mitochondrial AW and the distance traveled during the first 3 minutes (C) and the last
7 minutes (D) of the OFT. The linear correlations between the hippocampal
synaptosomal (Mito+) mitochondrial mass and the distance traveled during the first 3
minutes (E) and the last 7 minutes (F) of the OFT. The linear correlations between the
hippocampal synaptosomal mitochondrial AY and the distance traveled during the
first 3 minutes (G) and the last 7 minutes (H) of the OFT. Each point represents one
animal. *p<0.05 and ***p<0.001 represent a significant correlation between the
variables analyzed (n=6 animals/group).

ESM_4 — Linear correlations between hippocampal redox parameters
and the distance traveled during the first 3 minutes and last 7 minutes of the

OFT.
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The linear correlations between DCFH levels versus the distance traveled in
the first 3 minutes (A) and last 7 minutes (B) of the OFT. The linear correlations
between NO levels and the distance traveled in the first 3 minutes (C) and last 7
minutes (D) of the OFT. The linear correlations between GSH levels and the distance
traveled in the first 3 minutes (E) and last 7 minutes (F) of the OFT. Each point
represents one animal. *p<0.05 and ***p<0.001 represent a significant correlation
between the variables analyzed (n=6 animals/group).

ESM_5 - Linear correlations between hippocampal inflammatory
parameters and the distance traveled during the first 3 minutes and last 7
minutes of the OFT.

(A), (B), (C) and (D), respectively, show the linear correlations between the
IL-1, IL-6, TNF-a and IL-10 levels and the first 3 minutes distance travelled in the
OFT. (E), (F), (G) and (H), respectively, show the linear correlations between the IL-
1, IL-6, TNF-a and IL-10 levels and the distance traveled during the last 7 minutes of
the OFT. Each point represents one animal. *p<0.05 and ***p<0.001 represent a
significant correlation between the variables analyzed (n=6 animals/group).
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Fig. 1 — Study protocols.
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Fig. 2 — Effect of OBX on habituation to novelty and locomotor activity in the OFT
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Fig. 3 — The effect of OBX on anxiety-related behavior in the OFT
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Fig. 4 — The effect of OBX on self-care and motivational behavior
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Fig. 5 — The effect of OBX on whole-cell mitochondrial mass and AY in multiple
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Fig. 6 — The effect of OBX on the mass and AY of hippocampal synaptic mitochondria
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Fig. 7 — The effect of OBX on redox homeostasis
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Fig. 8 — The effect of OBX on inflammatory parameters
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ESM_2 - Correlation between the grooming time in the splash test versus the behavioral performance in the OFT
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ESM_3 - Linear correlations between hippocampal synaptosomal mitochondrial parameters and the distance traveled during the

first 3 minutes or last 7 minutes of the OFT.
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Capitulo I11: Guanosine treatment improves the long-term behavioral changes and
the impairment in hippocampal redox homeostasis induced by Bilateral Olfactory
Bulbotectomy in mice.

No capitulo 11 apresentamos o artigo que ainda esta sob preparacéo.
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Abstract:

Major depressive disorder (MDD) is the most prevalent mental disorder and
the leading cause of disability worldwide. Patients with recurrent episodes, present a
notable intellectual (learning and memory abilities) compromising, which was at the
same time an early and long-lasting prodromal sign, being an important focus to
antidepressant drug development. Recently, we have proposed that Olfactory
Bulbectomy (OBX) in mice is a suitable model to investigate long-lasting effects
associated to depressive symptomatology, including some strictly parameters related
to cognitive functions. Several lines of evidences have suggested that the purinergic
signaling could be dysregulated in patients with MDD, and guanosine (GUO)
signaling seems to be a promising target. Taken all these evidences, the present study
aimed to investigate the potential antidepressant effect of chronic GUO treatment in
mice submitted to OBX model of depression. The results presented here shows that
chronic GUO treatment for 45 days, similarly to the classical tricyclic antidepressant
IMI, was able to improve the long-term behavioral phenotype impairment induced by
OBX, specifically improving behavioral performances that require cognitive
functions, accompanied by reversion of hippocampal redox imbalance parameters
(increase in intracellular ROS and NO levels, and decrease in the GSH levels), as well
as in peripheral and central (hippocampal) anti-inflammatory IL-10 release. Thus,
considering that our main findings, for the first time, pointed an improvement in
memory components, accompanied by some hippocampal neuromodulatory effects
promoted by GUO, which reinforce the GUO neuroprotective effect and establish

news perspective in MDD therapeutic developments.
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1. Introduction

Major depressive disorder (MDD) is the most prevalent mental disorder and
the leading cause of disability worldwide (Schmaal et al., 2016; Vos et al., 2012).
MDD is a multifactorial triggered disorder with complex symptomatology, with no
validated biological markers that can be used to a definitive diagnostic, leading to a
usually lately diagnosis (M. Y. Lee et al., 2016). Currently, MDD diagnosis is defined
based on criteria published by the 5™ edition of the Diagnostic and Statistical Manual
of Mental Disorders (Bortolato et al., 2016; Czeh et al., 2015). As pointed, an
individual need to have chronic (2 weeks or more) depressed mood (markedly
diminished interest or pleasure in all, or almost all activities) accompanied by others
behavioral changes (Czeh et al., 2015). Accordingly, in patients with recurrent
episodes, the most frequent and at the same time an early and long-lasting prodromal
sign that appears simultaneously with the depression mood is a notable intellectual
(learning and memory abilities) compromising (R. S. Lee, Hermens, Porter, &
Redoblado-Hodge, 2012; Williams et al., 2000). As described, short-term and long-
term memories components are compromised in depressed patients and may
contribute to the ineffectiveness of a chronic antidepressant therapy (Papakostas,
2014). Therefore, the cognitive deficit associated to depression is an important focus
to antidepressant drug development (Bora et al., 2013; Bortolato et al., 2016;
Maeshima et al., 2013).

In order to provide valuable information on the underlying pathophysiology of
MDD and related symptoms, Bilateral Olfactory Bulbectomy (OBX) animal model of
depression have been used (Czeh et al., 2015; Mucignat-Caretta et al., 2006; Song &
Leonard, 2005; Yuan & Slotnick, 2014). After OBX surgery, a long-term disruption

in compensatory pathways of the cortical-hippocampal-amygdala circuits occurs,

107



leading to dysfunctional signaling in the limbic brain circuitry, which induces
prominent behavioral changes that resemble to the symptomatology observed in
MDD patients (Czeh et al., 2015; Mucignat-Caretta et al., 2006; Song & Leonard,
2005; Yuan & Slotnick, 2014). Recently, we have proposed that OBX in mice is a
suitable model to investigate long-lasting effects associated to depressive
symptomatology, including some parameters related to behavioral performance
(unpublished result). To note, OBX induced transitory anhedonic-like behavior,
together with a long-lasting habituation to novelty impairment, hyperactivity and
anxious-like phenotype (unpublished result). Moreover, OBX induced a long-lasting
hippocampal imbalance in redox homeostasis and increased the inflammatory
response, accompanied by a transitory impairment in the synaptosomal mitochondrial
functionality (unpublished result).

Interestingly, several lines of evidences have suggested that the purine cycle,
as well as the purinergic signaling could be dysregulated in patients affected with
MDD (Ali-Sisto et al., 2016; Kesebir, Tatlidil Yaylaci, Suner, & Gultekin, 2014,
Ortiz et al., 2015). In accordance with these data, it was demonstrated by a clinical
and longitudinal study, a decreased in the serum guanosine (GUO) levels in MDD
patients in comparison with non-depressed controls (Ali-Sisto et al., 2016). GUO is an
endogenous nucleoside that presents a wide neuroprotective potential counteracting
harmful effects observed in different animal models of brain disorders (Bettio, Gil-
Mohapel et al., 2016; Schmidt et al., 2007). Regarding to MDD, GUO acutely
administered in rodents has shown an antidepressive potential (Bettio et al., 2012;
Bettio et al., 2014). In such conditions, GUO seems to play an important role as an
extracellular signaling molecule that modulate some neurotrophins, display

antioxidant activity, attenuate the increases in inflammatory response, and attenuate
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the glutamatergic toxicity (Bettio, Gil-Mohapel et al., 2016). Therefore, considering
that nowadays more than 30% percent of patients with MDD do not profit from
conventional antidepressant treatments (Balestri et al., 2016; Berton & Nestler, 2006),
new advances in drug development are extremely necessary and GUO signaling
seems to be a promising target.

Taken all these evidences together, the present study aimed to investigate the
potential antidepressant effect of chronic GUO treatment in mice submitted to OBX
model, evaluating the long-lasting behavioral (exploring patterns closely related to
cognitive function) and neurochemical (redox and inflammatory parameters) changes.

2. Materials and Methods:

2.1. Animals

Male C57BL/6 mice (45-50 days, 20-25g) were obtained from Fundacdo
Estadual de Producdo e Pesquisa do Rio Grande do Sul, Porto Alegre, Brazil. Animals
were housed 5 per cage and allocated in a room with controlled temperature (22 £ 1
°C), under a 12h/12h light/dark cycle with ad libitum access to food and water. The
cages were placed in the experimental room 24 h before behavioral tasks for
acclimatization. All manipulations were carried out between 15:00 and 18:00h. All
present procedures were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and approved by the local Ethics Committee (project
number 24577). All efforts were made to minimize animal suffering and the number
of animals used in the experiments.

2.2. Drugs and Treatment Schedule

GUO and Imipramine (IMI) were purchased form Sigma Chemicals (St.

Louis, MO, USA). All drug solutions were freshly prepared before administration
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(dissolved in saline) and intraperitoneally injected (i.p.) at a dose of 40 mg/kg for IMI
and 7.5 mg/kg for GUO (in a volume of 10ml/Kkg).

To evaluate the neuroprotective potential of GUO against long-term effects
induced by OBX, the experimental protocol depicted in Fig 1 was used. Firstly, naive
animals were submitted to Open Field Task (OFT) 1 day before the OBX surgery
(OFT1) in order to verify the baseline activity and to discard any animal displaying
behavioral abnormality. After 14 post-operative days (recovery period), the mice were
re-evaluated in the OFT (OFT2) to evaluate the depressive-like condition. Then, the
animals were randomly assigned to the following groups (10-12 mice per group):
Sham Sal, OBX Sal, Sham IMI (40 mg/kg), OBX IMI (40 mg/kg), Sham GUO (7.5
mg/kg) and OBX GUO (7.5 mg/kg). In the same day after OFT2, the chronic
treatments started with the drugs been injected once a day over the followed 45 days.

2.3. Bilateral Olfactory Bulbectomy

2.3.1. Surgical procedure

Bilateral olfactory bulb ablation was performed as previously described
(Poretti et al., 2015). Briefly, mice were anaesthetized with a combination of xylazine
(6 mg/kg) and ketamine (100 mg/kg) diluted in saline given by intraperitoneal (i.p.)
route. The animals were fixed in a stereotactic frame (Stoelting Co., USA) and the
skull was shaven and a burr hole (approximately 2 mm in diameter) was made above
the olfactory bulbs, 4 mm rostral to the bregma. Both olfactory bulbs were then
disconnected with a surgical micro scissors and removed by suction with a glass
Pasteur pipette. Sham operations on mice serving as controls were done in the same
way, but with the bulbs left intact. Animals were eliminated from the study if the
bulbs were not completely removed or when the frontal cortex was injured (Roche,

Harkin, & Kelly, 2007).
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2.4. Behavioral tasks

2.4.1. Open Field Task (OFT)

OFT previously described by (Zueger et al., 2005) was used to investigate
locomotor/exploratory activity, recognition activity and anxiety-like phenotypes.
Mice were placed near to the sidewall in a gray wooden box (50x50%50 cm,
length x width x height) with 200 lux light intensity, and then recorded individually
during 10 minutes. All mice were recorded by a video-camera (positioned above and
at ca. 90° to the square arena) connected to a monitor. The mice performance was
analyzed using the AnyMaze® software, and the following parameters were
determined: total distance traveled in the pre surgery, in the post-surgery and in the
post treatment periods. Additionally, it was also evaluated the distance traveled during
the first 3 minutes (considered as habituation to novelty) and the last 7 minutes
(considered as locomotor /exploratory activity), and the total time of immobility (an
immobile episode was only considered when the mouse stayed more than 5 seconds
immobile). Finally, it was evaluated the percentage of the distance travelled in the
center zone, to measure the anxiety-related phenotypes. The apparatus was cleaned
with alcohol 70° and dried between animal trials.

2.4.2. Object Recognition Task (ORT)

The object recognition task (ORT), with minor modifications, was used to
evaluate recognition memory (Figueiredo et al., 2013). ORT is based on the tendency
of mice to discriminate a novel object (NO) from a familiar object (FO). ORT was
performed at the same OFT apparatus. Mice were individually habituated to the OFT
apparatus for 10 minutes in the OFT section performed in the day before. The task
consists of an acquisition phase trial (training section — ORT1) and a test phase trial

(test section — ORT2). The total distance exploring the arena was used to determine
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the locomotor activity in the training and the test sections, which were analyzed by
AnyMaze® software. During the acquisition phases, 2 identical objects were placed
in a symmetric position in the center of the apparatus for 10 minutes. In the training
section it was measured the total distance travelled and the time of exploratory
activity in each object. Twenty-four hours after, a novel object replaced one of the
familiar objects, and the exploratory activity was analyzed for 10 minutes. Again, in
the test section the total distance travelled and the time of the exploratory activity in
each object were evaluated for each animal. After each session, objects were
thoroughly cleaned with 70% ethanol to prevent odor recognition. Exploration of an
object was defined as rearing on the object or sniffing it at a distance of less than 1
cm, touching it with the nose, or both. Successful recognition of a previously explored
object was reflected by preferential exploration of the NO. By definition, animals that
recognize the FO explore the NO more than 50% of the total time.

2.4.3. Y-maze Test (YMT)

Y-maze test, with minor modifications, was conducted according to (Jaehne,
Corrigan, Toben, Jawahar, & Baune, 2015). The apparatus consisted of grey wooden
walls with 3 identical arms (30 x 8 x 15 cm each at an angle of 120° from the others).
This experiment was a two-trial task with a training phase and a test phase trials,
separated by an intertrial of 30 min. In the training phase trial, each mouse was
individually placed in the maze with one of the 3 arms closed, and were allowed
freely to explore the other 2 arms for 5 minutes, and then allocated back to the home
cage. Thirty minutes after, the animal was again placed in the maze with all 3 arms
opened, and was allowed freely to explore all the arms. The previously closed arm,

opened in the test phase trial, was defined as the new arm. The animal performance
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was video-recorded for later analysis. The time spent and the total distance travelled
in the new arm was analyzed using AnyMaze® software.

2.5. Biochemical assays

After the behavioral protocols, mice were anesthetized, blood was collected by
cardiac puncture, and mice were then transcardiacally perfused with PBS, and
sacrificed by decapitation; brains were removed, and the hippocampi dissected at 4°C.
The samples were frozen at -80 °C for biochemical evaluations.

2.5.1. Estimation of redox homeostasis parameters

2.5.1.1. Reactive Oxygen Species (ROS) levels

To evaluate the levels of ROS, the hippocampi were homogenate in
phosphate-KCI (20mM/140mM) buffer, pH=7.4, and centrifuged at 1,000xgx5
minutes at 4 °C. An aliquot of supernatant was used to evaluate 20,70 -
dichlorodihydrofluorescein diacetate (DCFH-DA) oxidation. DCFH-DA (7uM)
oxidation was determined spectrofluorimetrically. Fluorescence was determined at
488 nm for excitation and 520 nm for emission. A standard curve was carried out
using 20,70 - dichlorofluorescein (DCF) (Perez-Severiano et al., 2004). Results are
shown as delta of DCFH-DA oxidation between 15 and 30 minutes of incubation.

2.5.1.2. Nitrite (NO) levels

NO levels were determined by measuring the amount of nitrite (a stable
oxidation product of NO) in hippocampus homogenate, as indicated by the Griess
reaction. The Griess reagent was a 1:1 mixture of 1% (w/v) sulphanilamide in 2.5%
(w/v) phosphoric acid and 0.1% (w/v) N-(1-napththyl) ethylene diamine
dihydrochloride in deionized water. Briefly, the tissue was homogenized in
phosphate-KCI (20mM/140mM) buffer pH=7.4, and centrifuged at 1,000xgx10

minutes at 4 °C. The supernatant was deproteinized with 20 ul TCA 25%, centrifuged
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at 2,000xgx10 minutes at 4 °C and immediately neutralized with 2 M potassium
bicarbonate. After this procedure, the Griess reagent was added directly to the
neutralized sample, and incubated in the dark for 15 minutes, at 22 °C (Hansel et al.,
2014). Samples were analyzed at 550 nm on a microplate spectrophotometer. Nitrite
concentrations were calculated using a standard curve and the results are expressed as
percentages relative to the control conditions.

2.5.1.3. Glutathione (GSH) levels

GSH levels were assessed as previously described (Hansel et al., 2014).
Hippocampi were homogenate in a phosphate-KCl (20mM/140mM) buffer pH=7.4,
containing 5 mM EDTA, and the protein was precipitated with 1.7% meta-phosphoric
acid. The homogenate were centrifuged at 1,000xgx5 minutes at 4 °C, the supernatant
was mixed with o-phthaldialdehyde (at a concentration of 1 mg/ mL methanol) and
incubated at 22 °C for 15 minutes. Fluorescence was measured using excitation and
emission wavelengths of 350 nm and 420 nm, respectively. A calibration curve was
performed with standard GSH solutions. GSH concentrations were calculated as
nmol/mg protein.

2.5.2. Inflammatory Cytokine Levels

To obtain serum samples, the total blood was centrifuged at 5,000xgx10
minutes into silicone-coated tubes, and the serum was collected. Hippocampi were
homogenized in PBS/Tris-HCI/SDS 5% pH 7.4 and further centrifuged at 5,000xgx10
minutes 4 °C, for collecting the supernatant.

Enzyme-linked immunosorbent assay (ELISA) kits for rat IL-1, IL-6, TNF-a,
INF-y and IL-10 were used accordingly to the manufacturer’s instructions
(eBIOSCIENCE, San Diego, CA, USA). Briefly, 96-well microplates were incubated

with the primary antibody at 4 °C overnight, washed and blocked at room temperature
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for 1 h. The cytokine standards, calibrators, and samples were added in triplicate to
the plate and incubated at room temperature for 2 h. After washing, the secondary
antibody conjugated with peroxidase was added and incubated at room temperature
for 1 h. After this procedure, the samples were washed and tetramethylbenzidine
chromogen was added. The enzyme reaction was stopped after 15 minutes, by adding
phosphoric acid (H3sPO4) 1M. The absorbance was measured at 450 nm. The results
are expressed as pg/mg protein for tissue samples.

2.6. Protein determination

Protein content was measured using the Pierce BCA® protein kit (Thermo
Scientific, Waltham, MA, USA) with bovine serum albumin as a standard.

2.7. Statistical analysis

Two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test
was performed to analyze the time course changes induced by the surgery and the
treatment in Sham and OBX groups on OFT [factors: (1: time) comparison among
naive and the different Sham/OBX treated groups]. One-sample Student’s t test was
used to compare the mean exploration time for each object in the ORT test section
with the fixed value of 50%. Two-way ANOVA followed by Tukey’s post hoc test
was used to analyze the effect of OBX surgery on ORT total distance travelled and
biochemical parameters [factors: (1: surgery) Sham versus OBX in the same group;
and (2: treatment) comparison among different treatment groups]. One-way ANOVA
followed by Tukey’s post hoc test was used to compare the A between the both
objects in the different Sham and OBX groups in ORT training and test sections, as
well as to compare the different groups distance travelled and time spent in each of
the 3 arms on the YMT test section. On the YMT training section two-way ANOVA,

followed by multiple comparisons using Uncorrected Fischer’s LSD test were
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performed to compare the different groups distance travelled and time spent in each of
2 arms.

3. Results:

3.1. OBX surgery induced long-lasting behavioral changes in the OFT.

In the ESM_1A and B it was showed the demonstrative minute-by-minute
distance traveled for mice from the naive and Sham; and from the naive and OBX
groups respectively.

3.2. Chronic GUO treatment, similarly to IMI, completely prevented the
OBX induced habituation to novelty impairment and hyperactivity.

In a minute-by-minute analysis it was observed in Fig. 2A that all the Sham
groups presented a significant decrease in the distance travelled in comparison with
the naive group, while in comparison with the OBX groups (Fig. 2B) just the IMI and
GUO groups presented a significant decrease in distance travelled on the 2™ and 3"
minutes.

In the first 3 minutes, comparing the naive mice with the treated Sham groups
(Sal, IMI and GUO), it was observed that re-exposure of the mice to OFT induced a
significant decrease in the distance travelled (Fig 2C), accompanied by a significant
increase in time immobility (Fig. 2E). However, by comparing naive mice, with OBX
Sal group a long-lasting impairment in the habituation to novelty was observed, since
a significant increase in the distance travelled (Fig 2B), accompanied by no difference
in an increase in the time immobile in the first 3 minutes was demonstrated (Fig. 2E).
Additionally, chronic GUO treatment, similarly to IMI, on the Sham groups did not
impair any behavioral feature compared with the Sham Sal group, however, on the

OBX groups both treatments completely reverses only the distance travelled in the
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first 3 minutes in the OFT, since both groups differ significantly from the OBX Sal
group (Fig 2C).

In the last 7 minutes, Sham animals from Sal, IMI and GUO groups presented
a significantly decrease in the distance travelled (Fig. 2F), while only the Sham IMI
group presented a significant increase in the time immobile (Fig. 2G). On the other
hand, a long-lasting hyperactivity was observed comparing OBX Sal mice with their
naive group evidenced by a significant increase in the distance travelled in the last 7
minutes in the OFT (Fig. 2F). Moreover, chronic GUO treatment, similarly to IMI,
completely reverses the OBX hyperactivity, while only the OBX IMI treatment
significantly enhance the time immobile (Fig. 2G).

Finally, OBX caused a significant long-lasting anxiogenic effect by decreasing
the % of distance travelled in the center zone in comparison to the naive group (Fig.
2H), and chronic IMI or GUO treatments were not able to revert this phenotype.

3.3. Chronic GUO and IMI treatments improved long-term recognition
memory disrupted by OBX in the ORT.

In the ORT training section, as depicted in Fig. 3A and B (with the insert),
respectively, no significant differences in the total distance travelled, and for a
particular object preference were observed comparing the different experimental
groups.

Specifically related to the ORT test section, none difference in the total
distance travelled was observed comparing the different experimental groups (Fig.
3C). Moreover, it was evidenced that all groups could discriminate the novel object
from the familiar object 24 hours after the training section (long-term recognition
memory), considering the meaning exploration time higher than 50% (Sham Sal:

mean=66.16, t=4.80, df=9; OBX Sal: mean=56.63, t=3.59, df=9; Sham IMI:
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mean=69.13, t=10.16, df=9; OBX IMI: mean=69.54 t=7.49, df=9; Sham GUO:
mean=66.73, t=7.92, df=11; OBX GUO: mean=69.28, t=9.91, df=11). However,
analyzing the A between the NO and the FO a significantly lower exploratory
behavior was observed only in the OBX Sal group (Fig. 3D - insert), suggesting that
both treatments was able to completely reverses the OBX-induced recognition
impairment in long-term recognition memory.

3.4. Chronic IMI treatment impairs the short-term memory in YMT only
in OBX mice, while GUO did not influence the short-term memory.

Regarding to the YMT, no differences were verified on the total distance
travelled (ESM_2A), as well as on the total time spent in each arm (ESM_2B) in the
training section comparing all the experimental groups. In the test section, it was
observed that all experimental groups, except the OBX IMI group, increase
significantly both the total distance travelled (Fig. 4A) and the time spent in the new
arm (arm 3), as depicted in Fig. 4B.

3.5. Chronic GUO treatment, similarly to IMI, completely prevented the
redox homeostasis imbalance induced by OBX

As depicted in Fig. 5A, a significant increase in intracellular ROS production
(DCFH) and NO levels (Fig. 5B), accompanied by a significant decrease in the
antioxidant GSH levels (Fig. 5C) were observed in the hippocampus of OBX Sal
group in comparison with Sham Sal group. On the other hand, chronic GUO, as well
as IMI treatments, completely prevented the hippocampal intracellular ROS
production and NO increases induced by OBX surgery (Fig. 5A and 5B, respectively).
Furthermore, only the chronic GUO treatment on the OBX mice completely
prevented the GSH decreases, while, chronic GUO treatment in the Sham group (per

se) significantly decreases the GSH levels (Fig. 5C).
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3.6. Chronic GUO and IMI treatments completely prevented the
decreases in peripheral anti-inflammatory cytokine (IL-10) induced by OBX.

Analyzing the peripheral pro-inflammatory parameters (IL-1, IL-6, TNF-a and
INF-y) no statistical differences were pointed comparing the Sham and OBX groups
(data not shown). However, regarding to the anti-inflammatory IL-10 cytokine level,
the OBX surgery leads to a significantly decreased in its levels as observed in OBX
Sal group, while the chronic GUO and IMI treatments completely prevented this
reduction (Fig. 6).

3.7. Chronic GUO and IMI treatments completely prevented the
decreases in hippocampal anti-inflammatory cytokine (IL-10) induced by OBX,
without any change in the increases in the pro-inflammatory cytokines
stimulated by OBX.

OBX surgery induces significant increases in the hippocampal pro-
inflammatory cytokines IL-1 (Fig. 7A), IL-6 (Fig. 7B), TNF-a (Fig. 7C), and INF- y
(Fig. 7D) as observed in OBX Sal mice comparing with the Sham Sal group. At the
same time, chronic GUO and IMI treatments were unable to modulate the OBX-
induced increase in the pro-inflammatory cytokines. Finally, as in the serum analysis,
OBX surgery also decreased significantly the hippocampal anti-inflammatory
cytokine 1L-10 (Fig 7E) levels and chronic IMI and GUO treatments completely
reverse this effect (Fig. 7E).

Discussion:

Recently, we reported that OBX is a suitable animal model to investigate long-
lasting behavior and neurochemical events related to MDD. Indeed, OBX surgery
induces long-term cognitive deficit (habituation to novelty impairment) and

psychomotor agitation (increases in locomotor activity), which are associated with an
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early and transitory anhedonic-like behavior (loss of self-care and motivational
behavior). Moreover, these behavioral disturbances were correlated to a pro-oxidative
and a pro-inflammatory hippocampal state, also observed in MDD patients
(unpublished results). Here, the present study shows that after 45 days, chronic GUO
treatment similarly to the classical tricyclic antidepressant IMI, was able to reverse
some of these long-term behavioral impairments and neurochemical disturbances
induced by OBX, highlighting the improvement of the behavioral performance that
require specifically cognitive skills in OBX mice, a well-characterized model of
depression, which present good face and construct validity. Thus, our present data
reinforce the recent findings that the purinergic system is intimately involved in
human MDD physiopathology (Ali-Sisto et al., 2016), and even more, suggest GUO
as an alternative treatment to depressive-related behaviors.

The intracellular role of the guanine-based nucleotides, including the
nucleoside GUO, during signaling through G-protein-coupled receptors is well-known
(Bettio, Gil-Mohapel et al., 2016; Schmidt et al., 2007). However, even today the
extracellular roles promoted by GUO were not fully understood (Bettio, Gil-Mohapel
et al., 2016; Schmidt et al.,, 2007). To note, several lines of evidences have
highlighted the fact that GUO, has relevant extracellular signaling in both
physiological and diseased conditions, acting mainly as a neuromodulator (Bettio,
Gil-Mohapel et al., 2016; Schmidt et al., 2007). Indeed, ours and other groups
reported neuroprotective effects of GUO both in in vitro and in vivo models of several
neurological diseases, as cerebral vascular hypoperfusion (Ganzella et al., 2012),
ischemia (Hansel et al., 2014; Hansel et al., 2015; Ramos et al., 2016), neuropathic
pain (Schmidt, Paniz et al., 2010), epilepsy (Torres et al., 2010), Parkinson (Giuliani,

Romano et al., 2012) and Alzheimer diseases (Pettifer et al., 2004; Tarozzi et al.,
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2010). In line with the refereed effects, GUO also exerted neuroprotective effects in
animal models of neuropsychiatry disorders. GUO injection prevented the
hyperlocomotion induced by dizocilpine (a drug-based animal model of
schizophrenia) (Tort et al., 2004) and presented anxiolytic-like effect in predictive
behavioral tasks (Almeida et al., 2016). In addition, in predictive (Forced Swimming
test and Tail Suspension test) or acute (acute restraint stress) rodent models of
depression, it was already demonstrated that GUO administration produces a potential
antidepressive-like effect mainly due to its capability of modulating the antioxidant
defenses, as well as to mitigating oxidative damage induced by acute restraint stress
(Bettio et al., 2014).

OBX in rodents is consistently used for the screening of potential novel
therapeutic agents with antidepressant activity (Czeh et al., 2015; Mucignat-Caretta et
al., 2006; Song & Leonard, 2005; Yuan & Slotnick, 2014). The abnormal behavioral
phenotypes induced by OBX, usually ameliorated by chronic administration of
antidepressants, providing valuable pre-clinical information (Czeh et al., 2015;
Hendriksen et al., 2015). However, as for the first time pointed in our previous work,
the OBX model has a limited time-window to explore the behavioral phenotypes, an
early stages after the olfactory bulb removal (2 weeks post-surgery) anhedonic-like
behavior, accompanied by cognitive deficit, hyperlomocotor activity and anxious
phenotype, which were maintained up until 4 weeks after surgery (unpublished
result), illustrating a complex symptomatology commonly observed in patients
suffering from MDD (Czeh et al., 2015; Hendriksen et al., 2015). In fact, OBX model
resembles some relevant findings from clinical studies that evidenced a long-lasting
cognitive impairment in a significant proportion of MDD patients after the

depressive-like behavior disappears (Bortolato et al., 2016; Rock, Roiser, Riedel, &
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Blackwell, 2014). Indeed, this persistent cognitive deficit induced by MDD is one
focus of treatment nowadays. Here, we demonstrated, for the first time, that chronic
GUO treatment, similarly to IMI, improves some behavioral abnormalities induced by
OBX in the OFT, including the habituation to novelty impairment (a component
strictly associated to cognition) and the hyperactivity, suggesting, a potential
antidepressant-like effect accompanied by a cognitive improvement promoted by
GUO treatment.

Interestingly, although OBX Sal group presented impairment in habituation to
novelty the results presented here demonstrate that at 8 weeks after surgery they
displayed recognition memory in the ORT. However, they presented a lower
discrimination rate, implying long-lasting learning and memory deficit, indicating an
incomplete remission of the MDD symptomatology, an effect similar to observed
with remised MDD patients. Interestingly, the related disturbance was prevented by
GUO, as well as by IMI treatments. Taking to account that different mechanism are
involved in memory components, and changes in short-term memory were also
compromised in MDD (Culpepper, 2015; Williams et al., 2000), we investigate the
putative short-term memory component in the YMT. Interestingly, OBX animals did
not present any deficit in short-term memory. Additionally, GUO per se (in Sham
group), as well as in the OBX-treated mice, did not interfere in the spatial memory in
YMT. However, while the chronic IMI treatment per se did not interfere in any
parameter of the YMT, in OBX mice IMI impaired the behavioral performance.
Accordingly, rats chronic treated with IMI (10 mg/kg) for 28 days were unable to
discriminate the familiar object from the novel object in the ORT (Naudon, Hotte, &

Jay, 2007), disturbing the recognition memory. Additionally, and reinforcing our data,
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clinical studies also shown that tricyclic antidepressant presented a negative influence
in some memory components (Bortolato et al., 2016; Nagane et al., 2014).

Curiously, forty-five daily GUO injections did not modulate any effect per se
on the behavioral tasks conducted here. To note, some behavioral modulatory effects
were already reported by acute and or short-term treatments with GUO (Bettio, Gil-
Mohapel et al., 2016; Schmidt et al., 2007). Acute GUO injection in rats, as well as 2
weeks orally treatment causes amnesic effects (Giuliani, Buccella et al., 2012;
Vinade, Izquierdo, Lara, Schmidt, & Souza, 2004; Vinade et al., 2003). Conversely,
and in agreement with our data, orally chronic GUO treatment (6 weeks) did not
modulate the behavioral performance in rats submitted to Morris water maze task
(Ganzella et al., 2012). Taken collectively all these above-mentioned data, it was
suggested that as a neuromodulator compound, a short disturbance in GUO level can
negatively influence learning and memory capability, but when exposed for a long
period, the neural system homeostasis could be adapted and the amnesic effect could
be dissolved. Remarkably, GUO modulates directly the glutamatergic system
(Almeida et al., 2016; Bettio, Gil-Mohapel et al., 2016; Schmidt et al., 2007). Since
glutamate is the main neurotransmitter in the brain, and their signaling is essential to
diverse brain functions, including learning and memory (Robinson & Jackson, 2016),
a long-term exposure to supra-physiological GUO level can restoration pivotal neural
circuits of brain influencing positively the learning and memory impaired by OBX.

Besides the GUO effects on learning and memory, it was also evidenced that
acute and short-term GUO treatment induces anxiolytic-like effect (Almeida et al.,
2016; Vinade et al., 2003). Here, it was not verified any GUO effect on the % of
center distance comparing the different experimental groups. To date, it is important

to highlight that GUO accompanied the IMI effect. The majority of studies presented
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in the literature using chronic IMI only to explore their potential antidepressant-like
effect. Accordingly, the few studies found in the literature reported that the potential
anxiolytic-like effect promoted by IMI remained controversial (Borsini F, 2000, (Hart
et al., 2016). Collectively our behavior data shows that GUO, in general, modulates
positively some long-lasting changes impaired in the OBX mice, especially
parameters related to the short and long-term memory, while IMI chronic treatment
could display a side effect, since it was demonstrated impairment in short-term
memory.

It is notorious that to perform behavioral tasks aiming to investigate
parameters involved in learning and memory, as the ORT, hippocampus plays a
crucial role in memory encoded, consolidated and retrieved (Cohen & Stackman,
2015). Regarding to the normal functions sub served by hippocampus, as the
emotionality and the spatial/topographical memory, impairment in hippocampal
function might be expected to contribute to some of the cognitive abnormalities of
depression (Bartsch & Wulff, 2015). Considering that GUO prevented the disturbance
in recognition memory elicited by OBX (habituation to novelty in the OFT, and the
lower discrimination rate in the ORT), we could hypotheses that GUO could be act in
hippocampal signaling pathways which is essential to improve the OFT and ORT
performance. In consonance with this proposition and sustained our hypothesis, Bettio
et al., 2016 showed that the antidepressant-like effect of chronic GUO treatment in
tail suspension task is associated with increased hippocampal neuronal differentiation
(Bettio, Neis et al., 2016).

As a well-recognized mechanism in aging and in disease, the redox imbalance
plays a pivotal role in the pathophysiology of psychiatric disorders including MDD,

since increases the susceptibility to oxidative damage by reduced expression of
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antioxidant enzymes and increased production of ROS (Kim et al., 2008) (Maes,
Galecki et al., 2011; Maes, Kubera et al., 2011; Moylan et al., 2014). Here, chronic
GUO treatment completely reversed redox imbalance induced by OBX in
hippocampus, differently from IMI, which did not modulate the GSH levels.
Particularly, it was demonstrated by our group that GUO has a potential antioxidant
effect mainly by its modulation in the homeostasis of GSH, the major nonenzymatic
antioxidant in the CNS (Quincozes-Santos et al., 2014). Additionally, in vitro GUO
was able to prevent the LPS-induced decrease in GSH content in C6 astroglial
cell and primary cultures of rat hippocampal astrocytes (Bellaver et al., 2015). Thus, it
is possible that GUO may exert its effects by direct radical scavenging activity and
may also modulate signaling pathways, avoiding the increases in both intracellular
ROS production and NO levels (Gudkov, Shtarkman, Smirnova, Chernikov, &
Bruskov, 2006), which was evidenced by us in the present work . It is worth pointing
that, in their metabolic pathway, GUO is converted into uric acid, which could exert a
potent antioxidant effect and clinical finding pointed a significantly decreased in
plasma of depressed patients (Liu et al., 2015; Ortiz et al., 2015). Thus, the chronic
treatment with GUO could increase activity of the purine degradation causing the
consequent increase in uric acid levels, which leads to a compensatory mechanism to
counteract the oxidative stress.

Finally, oxidative stress in MDD is also associated with some of the
inflammatory changes in depression (Maes, Kubera et al., 2011). In addition, the
depletion of GSH content is intimately associated with inflammatory response and
cytotoxicity (Haddad, 2000). Several data has demonstrated that OBX induced robust
increases in inflammatory response (Borre et al., 2014; Rinwa et al., 2013; Yang et

al., 2014). Our results show that chronic GUO treatment was able to completely
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reverse only the decrease of the anti-inflammatory cytokine IL-10 induced by OBX in
serum and in hippocampus of mice. Conversely, previous reports indicate that GUO
inhibited TNF-a release (D'Alimonte et al.,, 2007), and reduced inflammation
response measured by macrophage invasion (Hansel et al., 2015; Jiang et al., 2007),
but the exact mechanism underlying these effects are not established. However, an
additional mechanism could be considered in future studies, since the nucleoside
adenosine exert a well-established anti-inflammatory effect (Ali-Sisto et al., 2016),
and different studies conducted by our group observed that GUO administration could
lead to a significant increase in extracellular levels of adenosine (Almeida et al., 2016;
Ciccarelli et al., 2000). So, this pathway could be involved in the mechanisms by
which GUO prevents the reduction of the anti-inflammatory cytokines, and attenuates
the glutamate release from synaptosomal preparation. Finally, considering that our
main findings pointing for the improvement in the memory components, accompanied
by some hippocampal neuromodulatory effects promoted by GUO, although we did
not verified here, we could speculate that GUO effects were associated with some
neurogenesis-related process stimulating by GUO, as the hippocampal neuronal
differentiation already evidenced (Bettio, Neis et al., 2016; Di lorio et al., 2004;
Rathbone et al., 1998).

Conclusion:

In summary, the present work demonstrated for the first time that GUO was
able to improve the long-lasting behavioral impairment (including some remised
parameters) in animal paradigms that require specifically cognitive skills, acting as an
antidepressant drug in a well-characterized model of depression, which presented both
face and construct validity. Additionally, it was shown that GUO could exert their

action by attenuating the hippocampal redox imbalance, accompanied by avoiding
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peripheral and central (hippocampal) anti-inflammatory IL-10 decreases induced by
OBX. Since the dysregulation of the purine cycle can be a relevant point in the course
of MDD, our results together reinforce the potential neuroprotective effects promoted
by GUO, establishing news perspective in therapeutic developments.
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Legends:

Fig. 1 — Diagrammatic representation of the study protocol

Experimental schedule of the protocol lasting 2 and 8 weeks after OBX
surgery. At 61° days, mice were euthanized and the brain structures were dissected for
biochemical analysis. The sample were stored at —80 °C. (OFT1: first Open Field
exposure — all groups were tested; OFT2: second Open Field exposure — all groups
were tested. In the behavioral tasks mice were submitted to OFT3: third Open Field

exposure; Object Recognition task and y-Maze task.
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Fig. 2 — Effect of chronic IMI and GUO treatments in the habituation to
novelty, locomotor activity and anxiety-related behavior impairment induced by
OBX surgery

Locomotor activity in a minute by minute analysis in the OFT of naive and
Sham groups (A), as well as naive and OBX groups (B). Each point represents the
mean of the group. Effect of the Sal, IMI and GUO chronic treatments on distance
travelled in the first 3 minutes (C), on the A between the 1% and the 3™ minutes
distance travelled (D), on the first 3 minutes of time immobility (E), on distance
travelled in the last 7 minutes (F), in the last 7 minutes of time immobility (G) and on
the percentage of center distance travelled (H) in mice submitted to the Sham or OBX
surgery. Each column represents the mean+S.E.M. Data were analyzed by two-way
ANOVA, followed by Tukey’s multiple range post-hoc test. #p<0.05, ##p<0.01 and
###p<0.001 comparing the respective naive group (time effect) with their respective
Sham or OBX groups. *p<0.05 comparing the Sham group with their respective OBX
groups (treatment effect). (n=10-12 animals/group).

Fig. 3 — OBX effect on long-term memory in the ORT

Effect of the Sal, IMI and GUO chronic treatments in total distance travelled
in the training (A) and in test (C) sections in mice submitted to the Sham or OBX
surgery. Each column represents the mean+S.E.M. In (B) and (D) were demonstrated
the average exploration time for each object in the training and test section
respectively, in mice submitted to the Sham or OBX surgery. Each column represents
the mean+S.E.M. In (B) and (D) on the inserts were demonstrated the A between the
each objects. Each column represents the mean+S.E.M. Data were analyzed by one-
way ANOVA, followed by Tukey's multiple range post-hoc test. *p<0.05 and

***p<0.0001 comparing the NO with the FO in each group. On the inserts*p<0.05
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comparing the OBX Sal group with the others Sham (Sal, IMI and GUO) and OBX
(IMI and GUO) groups; (n=10-12 animals/group).

Fig. 4 — OBX effect on short-term memory in the YMT

Effect of the Sal, IMI and GUO chronic treatments in the distance travelled in
each arm (A) and in the time spent in each arm (B) in the YMT in mice submitted to
the Sham or OBX surgery. Each column represents the meantS.E.M. Data were
analyzed by one-way ANOVA, followed by Tuke’s multiple range post-hoc test.
*p<0.05 and **p<0.01 comparing the differences among arm 1, 2 and 3 in each
different experimental group. (n=10-12 animals/group).

Fig. 5 — OBX effect in redox homeostasis

Effect of Sal, IMI and GUO chronic treatments on hippocampal DCFH (A),
NO (B) and GSH (C) levels in mice submitted to the Sham or OBX surgery. Data are
reported as the mean + S.E.M. and were analyzed by two-way ANOVA followed by
Tukey’s multiple range post-hoc test. *p<0.05 and ***p<0.001 comparing the OBX
mice with their respective Sham groups; #p<0.05, ##p<0.01 and ###p<0.001
comparing the different Sham or OBX groups with Sham or OBX Sal groups. (n=5-6
animals/group).

Fig. 6 — OBX effect on the serum anti-inflammatory IL-10 cytokine

Effect of Sal, IMI and GUO chronic treatments on serum IL-10 cytokine levels
(A) in mice submitted to the Sham or OBX surgery. Data are reported as the mean +
S.E.M. and were analyzed by two-way ANOVA followed by Tukey’s multiple range
post-hoc test. **p<0.01 comparing the OBX mice with their respective Sham groups;
##p<0.01 comparing the different OBX groups with the OBX Sal group. (n=5-6
animals/group).

Fig. 7 — OBX effect on the hippocampal inflammatory cytokines response
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Effect of Sal, IMI and GUO chronic treatments on hippocampal IL-1 (A), IL-6
(B), TNF-a (C), INF-y (D), and IL-10 (E) levels in mice submitted to the Sham or
OBX surgery. Data are reported as the mean £ S.E.M. and were analyzed by two-way
ANOVA followed by Tukey’s multiple range post-hoc test. **p<0.01 and
***p<0.001 compared to their respective Sham group, ##p<0.01 comparing the
different OBX groups with the OBX Sal group. (n=5-6 animals/group)

ESM_1 — Effect of OBX on habituation to novelty, locomotor activity and
anxiety-related behavior in OFT

A representative minute-by-minute analysis of the locomotor activity of Sham
(A) and OBX (B) groups during the OFT. Each point represents the mean of the
group. (n=32 animals/group).

ESM_2 — OBX effect in the training section of the YMT

Effect of the Sal, IMI and GUO chronic treatments in the distance travelled in
each arm (A) and in the time spent in each arm (B) in the YMT in mice submitted to
the Sham or OBX surgery. Each column represents the mean+S.E.M. Data were
analyzed by Two-way ANOVA followed by multiple comparisons using Uncorrected
Fischer’s LSD. *p<0.05, **p<0.01 and ***p<0.001 comparing the differences among

arm 1, 2 and 3 in each different experimental group. (n=10-12 animals/group).
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Fig. 1 — Diagrammatic representation of the study protocol
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Fig. 2 — Effect of chronic IMI and GUO treatments in the habituation to novelty, locomotor activity and anxiety-related behavior

impairment induced by OBX surgery
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Fig. 3 — OBX effect on long-term memory in the ORT
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Fig. 4 — OBX effect on short-term memory in the YMT
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Fig. 5 — OBX effect in redox homeostasis
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Fig. 6 — OBX effect on the serum anti-inflammatory IL-10 cytokine
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Fig. 7 — OBX effect on the hippocampal inflammatory cytokines response
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ESM_1 — Effect of OBX on habituation to novelty, locomotor activity and anxiety-

related behavior in OFT
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ESM_2 — OBX effect in the training section of the YMT
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3. DISCUSSAO

O conhecimento crescente nas areas da neurociéncias, especificamente nas
vias de sinalizacdo envolvidas na neurotransmissdo glutamatérgica, renovaram a
atengdo para esse sistema de neurotransmissdo como um possivel alvo molecular para
uma nova classe de drogas no tratamento de condi¢cBes neuropsiquidtricas. Dessa
maneira, estudos pré-clinicos tém sugerido que compostos capazes de modular a
neurotransmissao glutamatérgica, através do antagonismo dos receptores ionotropicos
ou metabotropicos de glutamato, ou ainda, diminuindo a liberacdo deste
neurotransmissor nos terminais sinapticos, apresentam um potencial ansiolitico e/ou
antidepressivo em modelos animais com validade preditiva para o estudo da
ansiedade, assim como em modelos animais com validade preditiva, de face e de
constructo para o estudo da depressdo. (Cunha, Ferre, Vaugeois, & Chen, 2008;
Lopes, Sebastiao, & Ribeiro, 2011; Machado-Vieira et al., 2009; Riaza Bermudo-
Soriano et al., 2012).

Considerando a hipétese de que a GUO exerce suas acles neuroprotetoras
através da modulacdo da neurotransmissdo glutamatérgica, no primeiro estudo
realizado nesta tese objetivou-se investigar o potencial ansiolitico da GUO através da
sua administracdo sisttmica e aguda em ratos. Nossos resultados demonstram que a
administracdo de GUO na dose de 7.5mg/kg foi capaz de induzir um consistente
efeito ansiolitico em trés diferentes paradigmas comportamentais com reconhecida
validade preditiva (labirinto em cruz elevado, claro-escuro e campo aberto) para o
estudo de farmacos com potencial efeito ansiolitico. Além disso, demonstramos que
60 minutos apos a administracdo de GUO uma diminuicdo nos niveis de glutamato
juntamente com um aumento nos niveis de adenosina (ADO) no liquor dos animais

foram observados. Reforcando nossos resultados, o efeito comportamental foi

148



significativamente correlacionado com o aumento de ADO no liquor, assim como
com a diminuigdo liqudrica de glutamato. Tanto a GUO, quanto a ADO sdo
nucleosideos com importantes fungfes em diversos processos bioldgicos, e uma
variagdo no tonus fisioldgico da concentracdo destes nucleosideos estd intimamente
associada com a modulacao dos niveis de glutamato. Curiosamente, o pré-tratamento
com cafeina foi capaz de prevenir os efeitos ansioliticos in vivo observados apos a
administracdo de GUO, incluindo a parcial prevencdo do aumento dos niveis de ADO
e diminuicdo dos niveis de glutamato no liquor.

Considerando a neurotransmissdo adenosinérgica, agonistas ou antagonistas
deste sistema de neurotransmissédo séo efetivas vias para a modulacdo da sinalizagao
glutamatérgica (Cunha et al., 2008; Dunwiddie & Masino, 2001; Eschke et al., 2001;
Gomes et al., 2009; Lopes et al., 2011). Como j& descrito, o aumento das
concentracdes de ADO no cérebro, pode influenciar a liberacdo vesicular de
glutamato (Sperlagh & Vizi, 2011), efeito que tem sido associado com estratégias
farmacolodgicas para combater os transtornos do humor (Lopes et al., 2011). No
entanto, € importante ressaltar que a acdo da ADO nos seus receptores tem um efeito
dual, visto que a ativacdo dos receptores adenosinérgicos do tipo A; estdo associados
com a inibicdo da liberacdo de glutamato (Sperlagh & Vizi, 2011), enquanto a
ativacdo dos receptores A, de adenosina estdo relacionados com a facilitacdo da
liberacdo do glutamato (Coelho et al., 2014; Costenla et al., 2011). Diante disto,
estudos ja demonstraram efeitos ansioliticos ou ansiogénicos através da modulacao
farmacoldgica e/ou genética de ambos os tipos de receptores (Burnstock et al., 2011;
Coelho et al., 2014; Lopes et al., 2011). Embora em diferentes niveis de expressao nas
estruturas relacionadas com o sistema limbico, dentre elas com grande destaque o

hipocampo, a¢Ges modulatorias da neurotransmissdo adenosinérgica ja elucidadas,
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fortalecem o potencial alvo farmacoldgico de drogas para o tratamento da ansiedade
(Burnstock et al., 2011).

No entanto, de acordo com alguns estudos do nosso grupo, 0 mecanismo de
acdo da GUO ndo parece estar envolvido com a modulagdo do sistema adenosinérgico
(Lara et al., 2001; Vinade et al., 2004). Por outro lado, evidéncias suportam nossos
presentes achados, onde, estudos demonstram que os efeitos troficos promovidos pela
GUO podem estar sim relacionados com o aumento de ADO em experimentos in vitro
(Ciccarelli et al., 2000), assim como os efeitos antinociceptivos (in vivo) da GUO em
camundongos parecem estar relacionados com a modulagéo dos receptores de ADO
A; e Az, (Schmidt, Bohmer et al., 2010).

Considerando que o aumento de ADO no liquor poderia estar influenciando as
acOes inibitérias da liberagdo pré-sindptica de glutamato e que preparacdes
sinaptosomais sdo excelentes estratégias para investigar alteracdes nesta regido,
optamos por avaliar os efeitos da GUO em um protocolo de captacao e liberacdo de
glutamato. Mesmo que estudos indiquem que um dos mecanismos de acdo da GUO
seja pela sua capacidade de aumentar a captacao de glutamato (Bettio, Gil-Mohapel et
al., 2016; Schmidt et al., 2007), nossos resultados ndo demonstraram nenhuma
alteracdo nestes parametros, tanto em modelos in vitro, quanto ex vivo. Por outro lado,
pela primeira vez, observamos que a GUO per se foi capaz de promover uma
diminuicdo da liberagdo de glutamato ap6s estimulo com alto K* em homogeneizado
de hipocampo, sem alterar a liberagéo basal.

Considerando que o hipocampo é uma regido do sistema limbico e que esta
intimamente envolvido nos comportamentos que envolvem emocdes (Femenia,
Gomez-Galan, Lindskog, & Magara, 2012; Machado-Vieira et al., 2009), incluindo os

comportamentos relacionados a ansiedade, e que o estimulo excitatorio promovido
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pelo glutamato pode ser uma via diretamente relacionada no transtorno de ansiedade
(Femenia et al., 2012), uma diminuicdo da liberagdo de glutamato hipocampal
promovida pela GUO pode ser uma possivel via que explica o potencial ansiolitico
deste composto. Por fim, os efeitos evidenciados pela GUO na liberagdo de glutamato
frente ao estimulo com alto K" foram similares ao promovido pelo agonista A;
adenosinérgico (CCPA), e completamente bloqueado pelo antagonista de receptores
adenosinérgico A; (DPCPX). Com relacdo a modulacdo dos receptores A,, de ADO
nenhuma alteracdo dos efeitos promovidos pela GUO foi evidenciada.

Considerando estes dados, & possivel sugerir num primeiro momento que
através do aumento das concentra¢des de ADO no liquor, a GUO ¢é capaz de diminuir
a liberacdo de glutamato tendo como principal mecanismo de acdo a ativacdo dos
receptores A; de ADO. De acordo com esta hipdtese, e levando em consideracdo que
os receptores A; de ADO sdo os mais abundantes dos quatro tipos de receptores
cerebrais de ADO (Rebola et al., 2005), e que sendo uma das funcdes fisioldgicas da
ADO inibir a liberacdo pré-sinaptica de glutamato através da ativacdo dos receptores
A; de ADO, o que tém como consequéncia a diminuicdo da excitabilidade neural (J.
Harvey & Lacey, 1997; Lindberg et al., 2015; Oliet & Poulain, 1999; Rau, Ariwodola,
& Weiner, 2014), este poderia de fato ser o mecanismo pelo qual a GUO exerce seu
efeito ansiolitico.

Ap0s caracterizar o potencial efeito ansiolitico da GUO, em testes preditivos
para avaliacdo dos efeitos relacionados com ansiedade, e apontar alguns indicios
sobre o seu mecanismo de agéo, considerando ainda, que estudos utilizando testes
animais com validade preditiva j& demonstraram um potencial antidepressivo da
GUO, nosso objetivo foi avaliar o seu potencial antidepressivo em um modelo animal

de depressdo que apresenta maior similaridade ao que realmente é observado em
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pacientes que sofrem com a TDM (validade de face e de constructo). No entanto, é
importante ressaltar que diante dos dados apresentados até o momento na literatura
explorando as alteragdes decorrentes da OBX, sentiu-se a necessidade de investigar
especificamente 0 modelo da OBX, principalmente no que diz respeito as alteracfes
temporais relacionadas com: a agitacdo psicomotora, com a cognicdo e com a
anhedonia, assim como em pardmetros neuroquimicos, principalmente na
identificacdo de alguns mecanismos moleculares que poderiam contribuir para o
entendimento da fisiopatologia deste prevalente transtorno. Dessa maneira,
investigamos as possiveis alteracfes ao longo do tempo (até 8 semanas) promovidas
pela ablacdo bilateral dos bulbos olfatérios em camundongos submetidos a OBX,
avaliando caracteristicas comportamentais (e.g. hiperatividade, habituacdo a
novidade, e anedonia), e parametros neuroquimicos (e.g. marcadores mitocondriais,
do status redox e da resposta inflamatoria) em estruturas cerebrais intimamente
envolvidas no desenvolvimento e progressdo da TDM.

Coletivamente, os resultados apresentados no segundo estudo desta tese
mostram, pela primeira vez, que camundongos submetidos ao modelo de depresséo da
OBX apresentaram simultaneamente alteracfes transitorias e de longa duracéo.
Especificamente, pdde-se observar um comprometimento duradouro em aspectos
relacionados a memoria (habituacdo a novidade), a agitacdo psicomotora
(hiperatividade) e a um fendtipo do tipo ansioso apds subsequentes exposicdes ao
teste do campo aberto. Acompanhando estas alteracdes, observamos que 0s animais
submetidos a OBX apresentaram uma diminuicdo transitéria da motivacdo e auto-
cuidado em um teste comportamental para avaliacdo da anedonia.

Com relacgdo aos estudos que abordam a OBX como modelo de depressao, faz-

se necessario enfatizar que como caracteristica comportamental marcante, a
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hiperatividade observada no teste comportamental do campo aberto € uma alteracdo
fenotipica bastante importante e reproduzivel (Song & Leonard, 2005), contudo, ha
muito que se explorar neste teste como as alteragdes relacionadas com memoria e
parametros relacionados a ansiedade. Assim, sugerimos que futuros estudos
abordando a OBX como modelo de TDM explorem estas avalia¢Ges, juntamente com
um teste especifico para avaliacdo do fenotipo anedonico (sintoma que deve
obrigatoriamente estar presente no TDM). Por outro lado, analisando os parametros
neuroquimicos, nossos resultados indicam claramente que dentre as estruturas
cerebrais investigadas, o hipocampo foi a regido cerebral onde as altera¢fes foram
mais expressivas. Através da andlise de preparacBes sinaptosomais, observamos
alteracdes transientes especificamente analisando massa e AY mitocondrial na regido
pré-sinaptica por citometria de fluxo, enquanto que em analisando parametros
mitocondriais em células dissociadas nenhuma alteracdo foi observada nas diferentes
estruturas avaliadas.

Com relacgdo as alteragdes mitocondriais observadas é importante enfatizar que
0 prejuizo da funcdo sindptica esta intimamente relacionado as doencas cerebrais
(Nicholls et al., 2015; Picard & McEwen, 2014). Considerando que a comunicagao
neural através da rapida e eficiente liberagcdo de neurotransmissores em zonas ativas
da pré-sinapse e justapostas a densidade pos-sindptica estdo extremamente
relacionadas com a disponibilidade de energia em terminais do axdnio, 0 nUmero e a
funcionalidade mitocondrial nesta regido é extremamente importante (Nicholls et al.,
2015; Picard & McEwen, 2014; Sheng & Cai, 2015). Nos terminais pre-sinapticos, 0s
neurotransmissores sdo empacotados em vesiculas sindpticas e organizados em grupos
ou em conjuntos funcionais que incluem a pronta liberacdo do pool vesicular de

neurotransmissores, assim como a rapida reciclagem deste pool em um processo que
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deve ser altamente controlado (Zhang et al., 2015). Nossos resultados indicam que
animais submetidos ao modelo da OBX apresentam um prejuizo transiente nas
mitocdndrias presentes no terminal pré-sindptico, sugerindo que a disponibilidade
energeética para todos os processos j& mencionados estd diminuida apds a ablacdo
bilateral dos bulbos olfatérios. Diante do fato que a disponibilidade de ATP tem um
papel fundamental para a transmissdo sinéptica, organizacdo e movimento de
vesiculas, assim como para o controle da homeostase do Ca** (Zhang et al., 2015) os
resultados transientes presentes na analise dos parametros mitocondriais podem estar
associados com uma sinaptotoxicidade transitoria que provavelmente contribui para
as alteragBes comportamentais observadas nos animais submetidos a OBX.

Além da modulacdo dos parametros mitocondriais, observamos que a OBX
induz a um duradouro desequilibrio na homeostase redox, assim como uma duradoura
ativagdo das respostas inflamatérias. Em consonancia com nossos resultados, muitos
estudos na literatura indicam que pacientes acometidos pela TDM apresentam
aumento nos biomarcadores relacionados com estresse oxidativo e inflamacéo, o que
contribui para a patogénese deste transtorno (Hurley & Tizabi, 2013; Liu et al., 2015;
Maes, Galecki et al., 2011; Moylan et al., 2014). Estudos sugerem que 0 aumento da
atividade imuno-inflamatdria, tais como, aumento dos niveis de IL-1 e TNF-a pode
estar relacionado com distdrbios na cadeia transportadora de elétrons prejudicando a
fosforilacdo oxidativa e consequentemente a diminuicdo dos niveis de ATP (Maes,
Galecki et al., 2011; Maes, Kubera et al., 2011). Ainda, relacionando o aumento das
ROS e RNS, assim como os marcadores de neuroinflamacéo, evidéncias indicam que
a transcricdo de IL-1, IL-6 e TNF-a sdo regulados pelo status redox da célula, e uma
deplecdo da GSH estaria relacionada com o aumento da transcri¢do de citocinas pro-

inflamatérias (Moylan et al., 2014). Recentemente, importantes informacdes

154



relacionando a liberacéo de citocinas pré-inflamatérias (tais como IL-1, IL-6 € TNF-
a) pela microglia vém recebendo consideravel atencdo pelo seu papel nas doencas
cerebrais (Duman, Aghajanian, Sanacora, & Krystal, 2016). Como as células mais
comuns do sistema imune, a resposta exercida pela micrdglia tem sido um ponto
central na fisiopatologia das doencas neurodegenerativas, onde inclui-se a TDM
(Duman et al., 2016). Em condicGes fisiologicas a atividade da micrdglia estd
intimamente relacionada com a homeostase do sistema nervoso central, com
mecanismos de neuroprotecdo, envolvendo principalmente a liberacdo de fatores
neurotréficos, como o BDNF, assim como fator de transformacdo de crescimento
(TGF- B) (Morris et al., 2016; Rojo et al., 2014). Por outro lado, quando a ativacéo da
microglia, bem como a ativacdo astrocitaria é cronica, a liberacdo de citocinas, tem
como consequéncia a estimulacdo de uma cascata inflamatéria que esta intimamente
relacionada com os danos neuronais presentes nas doencgas neurodegenerativas (Rojo
etal., 2014).

Mesmo que a disfuncdo mitocondrial observada neste estudo tenha sido
transiente e 0s prejuizos na homeostase redox, assim como na resposta inflamatéria
tenham sido duradouras, isto pode ser um indicativo da plasticidade cerebral. Embora
0s parametros relacionados com neuroplasticidade ndo tenham sido estudados neste
momento, vias relacionadas com neurogénese/plasticidade sinaptica devem ter seus
mecanismos caracterizados em proximos estudos utilizando a OBX como uma
ferramenta para estudo da progressao das alteracfes presentes na TDM. Ademais,
sabe-se que a plasticidade sindptica representa uma das mais importantes e
fundamentais funcdes do cerebro (Duman et al., 2016), a capacidade de perceber,
avaliar e armazenar informagdes complexas, assim como realizar respostas

apropriadas e adaptativas para estimulos externos ¢ uma funcdo extremamente nobre
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(Duman et al., 2016). Esta funcdo cerebral critica exerce influéncia direta nas
memorias de curta e longa duracdo, e alteracBes nos mecanismos relacionados com
plasticidade sinéptica tém sido associados com a TDM, principalmente pelo fato do
consideravel déficit cognitivo presente como sintomatologia (Bortolato et al., 2016;
Culpepper, 2015; Femenia et al., 2012). Parametros relacionados com sinaptogénese
sdo regulados por complexas vias de sinalizagdo, e 0 rompimento dos principais
mecanismos tém sido implicados como uma das vias susceptiveis na TDM, incluindo
perda do suporte de fatores troficos, e aumento duradouro dos niveis de citocinas
inflamatdrias (Duman et al., 2016).

Considerando estes achados, os dados apresentados neste estudo indicam que
a modulacdo do estado redox e da resposta inflamatoria tém uma relacdo bastante
préxima com a progressdo das alteragdes comportamentais apresentadas no modelo
de depressdao da OBX, assim como a disfuncdo mitocondrial observada em preparacao
sinaptosomal. Desta maneira, levando em consideracéo que a fisiopatologia da TDM,
assim como o desenvolvimento de novas abordagens terapéuticas ainda estdo sob
investigacdo, os parametros apontados aqui contribuem para alvos promissores no
campo das doencas psiquiatricas, e para futuros estudos, visto que novas perspectivas
S80 necessarias.

Apls uma investigacdo mais profunda no modelo da OBX, buscamos
investigar o potencial efeito antidepressivo da GUO, explorando principalmente as
vias de sinalizacdo que apresentaram uma modulacdo duradoura no modelo da OBX.
Como resultados deste terceiro estudo, mostramos que apds 45 dias de tratamento
com GUO, da mesma forma que o efeito do tratamento com o antidepressivo
triciclico imipramina (IMI), algumas alteracbes comportamentais duradouras foram

completamente revertidas pela GUO, assim como 0s parametros neuroquimicos
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relacionados com o equilibrio redox no hipocampo, e a resposta anti-inflamat6ria em
soro e hipocampo.

Visto que anteriormente haviamos identificado que as alteracbGes cognitivas
sdo duradouras no modelo da OBX (até 8 semanas), somado ao fato de que o prejuizo
na fungdo cognitiva é um dos principais sintomas presentes na TDM e, ainda, que
estudos demonstram que o tratamento com os antidepressivos usualmente urilizados
na clinica (ISRSS e os ATC) ndo apresentam remissdo destes sintomas (Bortolato et
al., 2016), optamos, neste momento, por realizar uma analise mais detalhada do efeito
da GUO em parametros especificamente relacionados com cognigdo e memoria.
Dessa maneira os testes comportamentais utilizados levaram em consideracéo o
envolvimento das vias relacionadas com a formacdo de memoria de curta e de longa
duragéo (Cohen & Stackman, 2015; Jaehne et al., 2015; Padilla et al., 2010). Nossos
resultados demonstraram que 60 dias apds a OBX, os camundongos do grupo OBX
tratados com Salina apresentaram prejuizos nas memdrias de habituacdo e de
reconhecimento quando comparados com 0s seus respectivos controles (Sham
Salina), sem nenhuma alteragdo nos fendmenos relacionados com memoria de curta
duragdo. Por outro lado, o tratamento cronico com GUO, foi capaz de melhorar os
parametros relacionados com memoria nos testes propostos, principalmente no que
diz respeito as memorias de longa duragéo.

Embora estudos anteriores tenham observado que a GUO quando administrada
de forma aguda apresenta efeito amnésico (Saute et al., 2006; Vinade et al., 2003),
que evidentemente acabaria por influenciar parametros relacionados com aprendizado
e memoria, nossos resultados demonstram um efeito benéfico do tratamento crénico
com GUO nos testes do campo aberto, reconhecimento de objeto e no labirinto em Y,

onde diferentes vias relacionadas com memoria foram mensuradas. Com comprovada
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acdo neuromoduladora frente as vias de sinalizacdo cerebral, alteragdes agudas nos
niveis de GUO podem influenciar negativamente as habilidades de aprendizagem e
memoria, principalmente pela sua modulagéo do ténus glutamatérgico (Ota, Zanetti,
& Hallock, 2013), enquanto que por outro lado, quando um tratamento cronico é
realizado, uma adaptagdo do sistema cerebral pode ocorrer e 0s prejuizos provocados
pela modulagéo aguda se dissolverem.

Com relacéo aos efeitos relacionados com ansiedade que sdo exacerbados nos
animais OBX, o tratamento crénico com GUO, ndo foi capaz de modular tal fenétipo.
Embora estudos anteriores (Vinade et al., 2003), assim como o primeiro estudo desta
tese, tenham mostrado um efeito do tipo ansiolitico ap6s o tratamento com GUO,
nesta abordagem experimental, seus efeitos ndo foram evidenciados. No entanto, da
mesma maneira que o efeito amnésico promovido pela administracdo aguda de GUO
se extingue ap6s um tratamento cronico (45 dias), o efeito ansiolitico parece seguir o
mesmo padrdo. Diante da acdo neuromodulatéria do sistema glutamatérgico exercida
pela GUO (Bettio, Gil-Mohapel et al., 2016; Schmidt et al., 2007), uma modulacao
aguda no tonus excitatorio pode influenciar ambos parametros. Ainda, mesmo néo
sendo o foco deste estudo, onde a IMI foi utilizada apenas como um farmaco que
apresenta propriedades reconhecidamente antidepressivas, 0 tratamento crénico com
esta droga levou a um prejuizo no teste do labirinto em Y que avaliou memoria de
curta duracdo apenas nos animais que foram submetidos a OBX. Visto que este
resultado encontra respaldo na literatura este pode ser considerado um efeito
indesejado do tratamento com IMI (Nagane et al., 2014; Naudon et al., 2007), que nao
foi acompanhado pelo tratamento com GUO.

Por fim, com relacdo aos parametros neuroquimicos analisados, Nnossos

resultados demonstram que a GUO e a IMI, foram capazes de reverter o aumento do
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ROS, do éxido nitrico (NO), assim como a diminuicdo das respostas antioxidantes,
avaliadas por GSH. Ademais, ambos tratamentos reverteram a diminuicdo dos niveis
de IL-10, uma citocina anti-inflamat6ria, em soro e hipocampo dos animais
submetidos a OBX. A op¢do por avaliar apenas a estrutura cerebral do hipocampo, se
deu fundamentalmente pelo fato que nos experimentos realizados no estudo anterior,
nossos resultados demonstraram que as alteragdes nestes parametros foram
duradouros nesta regido do cérebro, enquanto que em cortex posterior e frontal as
alteracbes foram transientes. O potencial antioxidante da GUO j& foi demonstrado,
principalmente devido a modulac¢do do antioxidante ndo enzimatico GSH (Bellaver et
al., 2015; Quincozes-Santos et al., 2014). Neste sentido, nossos dados corroboram
com esses achados e reforcam a agdo da GUO como um scavenger, que evita o
aumento das ROS e do NO. Por outro lado, e considerando que a deplecdo de GSH
estaria intimamente relacionada com a ativagdo das respostas inflamatdrias e
citotoxicidade, mesmo que o tratamento com GUO tenha revertido os efeitos
deletérios na GSH, apenas a atividade anti-inflamatéria da IL-10 foi revertida pelo
tratamento com GUO. Assim, esses resultados podem sugerir uma atenuacdo das
respostas inflamatérias induzida pela GUO que tem como consequéncia a melhora

dos parametros comportamentais avaliados neste estudo.
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4. CONCLUSAO

Nesta tese, estudos pré-clinicos conduzidos com duas espécies de roedores
foram realizados afim de investigar o potencial efeito da GUO como um promissor
composto com atividade terapéutica para o tratamento da ansiedade e TDM, assim
como, caracterizar os possiveis mecanismos de a¢do envolvidos nestes efeitos. Neste
sentido, com o presente estudo foi possivel caracterizar o potencial ansiolitico e
antidepressivo da GUO, e avancar nos conhecimentos relacionados com o0 seu
mecanismo de acdo. Considerando os resultados neuroquimicos obtidos pelos
diferentes protocolos experimentais utilizados, avangamos no entendimento das vias
de sinalizacdo envolvidas no mecanismo de acdo da GUO, onde, pela primeira vez
demonstra-se que a GUO é capaz de modular a liberacdo de glutamato, um efeito
dependente da sinalizacdo adenosinérgica, enquanto que por outro lado reforca-se o
efeito da GUO como um composto com potente acdo antioxidante. Coletivamente, de
uma maneira geral, estes resultados reforcam as recentes evidéncias que sugerem um
envolvimento do sistema purinérgico nos trantornos psiquiatricos. Por fim,
considerando as necessidades de estudos que busquem avancar nos conhecimentos
sobre 0s mecanismos fisiopatoldgicos da TDM, novas perspectivas relacionadas com
sua fisiopatologia foram observadas em um modelo animal com elevado potencial
translacional, onde a neuroprogressdo das alteragfes neuroquimicas associadas com a
TDM foram demonstradas. Neste sentido, uma avaliacdo temporal em camundongos
submetidos ao modelo da OBX, demonstraram alteracbes transitorias em
mitocondrias localizadas especificamente na regido pré-sinaptica do hipocampo,
acompanhadas de um duradouro desequilibrio na homeostase redox e resposta
inflamatdéria em hipocampo o que abre novas perspectivas para a elucidacdo dos

mecanismos envolvidos na fisiopatologia da TDM.
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