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RESUMO

Evidéncias convincentes tém demonstrado que a cetamina, um antagonista do receptor NMDA,
exerce efeito antidepressivo rapido e duradouro, bem como efeito profilatico, por promover a
formagao de espinhos dendriticos via ativagdo de mTORCI1. Considerando que o uso da
cetamina apresenta algumas limitagdes, estratégias direcionas em potencializar suas respostas
antidepressivas, mas com menor potencial para efeitos indesejaveis sdo bem-vindas. Neste
sentido, estudos recentes mostraram que a guanosina, uma purina neuroprotetora endogena,
apresenta mecanismos de agdo sobrepostos a cetamina e, portanto, poderia ser um novo
candidato para potencializar suas acdes. Diante disso, o objetivo desta tese foi investigar a
guanosina como um agente potencializador dos efeitos tipo-antidepressivo e pro-sinaptogénico
desencadeados pela cetamina em camundongos, bem como o papel da via de sinalizagao
mediada por mTORCI1 nestas possiveis respostas. A coadministracdo Unica com doses sub-
efetivas de cetamina (0,1 mg/kg, i.p.) e guanosina (0,01 mg/kg, p.o.) foi capaz de produzir um
efeito tipo-antidepressivo apos 1 h e 24 h, mas ndo apos 7 dias, em camundongos. Este efeito
comportamental foi acompanhado por um aumento rapido (iniciado em 1 h) e transitorio (de
volta aos niveis do controle em 24 h) no imunoconteido de BDNF, p-Akt (Ser*”?), p-GSK-3p
(Ser®), p-mTORC1 (Ser**®), p-p70S6K (Thr**”) no hipocampo, mas ndo no cortex pré-frontal.
Por outro lado, a associa¢ao de cetamina e guanosina aumentou o imunoconteudo PSD-95 e
GluAl no cortex pré-frontal, mas ndo no hipocampo apoés 1 h, enquanto um aumento no
imunoconteudo dessas proteinas em ambas as estruturas encefalicas foi observado apds 24 h.
Contudo, o aumento no imunoconteido de PSD-95 e GluA1 promovido pela combinagdo de
cetamina e guanosina ndo persistiu apds 7 dias. Além disso, a administragdo combinada de
cetamina e guanosina aumentou a densidade de espinhos dendriticos na por¢ao ventral do giro
denteado da formagdo hipocampal e no cortex pré-frontal apdés 24 h. Nao obstante, a
administracdo de rapamicina (0,2 nmol/sitio, i.c.v., um inibidor seletivo de mTORC1) anulou
completamente os efeitos tipo-antidepressivo e pro-sinaptogénico desencadeadas pela
combina¢do de cetamina e guanosina, indicando que estas respostas sdo dependentes, pelo
menos em parte, da ativagdo de mTORCI1. Adicionalmente, a combinacdo com doses sub-
efetivas de cetamina (0,1 mg/kg, i.p.) e guanosina (0,01 mg/kg, p.o.) foi capaz de reverter o
comportamento tipo-depressivo e os déficits no imunocontetido de BDNF, p-Akt (Ser*’?), p-
GSK-3B (Ser’), PSD-95, GluAl e sinapsina no hipocampo de camundongos submetidos a
administragio cronica com corticosterona (20 mg/kg, p.o., por 21 dias). E importante destacar
que estes efeitos foram abolidos pela administragdo de rapamicina, reforcando o envolvimento
de mTORCI nos efeitos tipo-antidepressivo e pro-sinaptogénico desencadeados pela
associacdo de cetamina e guanosina. Além disso, a administracdo profilatica de cetamina (5
mg/kg, 1.p.), mas ndo de guanosina (1 ou 5 mg/kg, p.o.) ou a associagao de cetamina (1 mg/kg,
1.p.) e guanosina (5 mg/kg, p.o.) preveniu o comportamento tipo-depressivo e reducdes no
imunoconteudo de PSD-95, GluA1l e sinapsina no hipocampo de camundongos submetidos a
administracdo cronica com corticosterona (20 mg/kg, p.o., por 21 dias). Estes resultados
reforgam a no¢do que a administragao profilatica de cetamina € capaz de produzir uma resposta
pro-resiliéncia contra o comportamento tipo-depressivo induzido por estresse. Os resultados
deste trabalho indicam que a combinagao de cetamina e guanosina € capaz de produzir um efeito
tipo-antidepressivo € uma resposta pro-sinaptogénica de maneira tempo-dependente no
hipocampo e cortex pré-frontal. Além disso, este estudo sugere que a guanosina em combinacao
com a cetamina pode constituir uma estratégia segura e promissora para auxiliar pacientes com
diagnostico de depressao no futuro, por permitir a redugdo da dose terapeuticamente eficaz de
cetamina, uma prova de conceito que merece uma investigacao mais aprofundada.

Palavras-chave: Cetamina. Depressdao. Guanosina. mTORCI1. Sinaptogénese.



ABSTRACT

Compelling evidence has demonstrated that ketamine, an NMDA receptor antagonist, elicits
fast and long-lasting antidepressant responses, besides prophylactic actions, by stimulating
dendritic spines formation via mTORCI activation. Considering that ketamine's use has some
limitations, strategies targeting to potentiate its antidepressant responses but devoid of
undesirable effects are welcome. Within this scenario, recent studies have shown that
guanosine, an endogenous neuroprotective purine, presents overlapping mechanisms to
ketamine e thereby, it could be a novel candidate to potentiate its actions. Given this
background, this thesis aimed to investigate guanosine as an augmenting agent of
antidepressant-like and pro-synaptogenic effects triggered by ketamine in mice, as well as the
role of the mTORCI signaling pathway in these putative responses. A single combined
administration of subthreshold doses of ketamine (0.1 mg/kg, i.p.) and guanosine (0.01 mg/kg,
p.o.) was effective to produce a fast (1 h — 24 h), but not long-lasting (7 days) antidepressant-
like effect in mice. This behavioral effect was paralleled by a rapid (started in 1 h) and transient
(back to baseline in 24 h) increase on BDNF, p-Akt (Ser*’?), p- GSK-3pB (Ser’), p-mTORCI
(Ser’*®), p-p70S6K (Thr*®) immunocontent in the hippocampus, but not in the prefrontal
cortex. Conversely, ketamine plus guanosine increased PSD-95 and GluA1 immunocontent in
the prefrontal cortex, but not the hippocampus after 1 h, whereas increased levels of these
proteins in both brain structures were observed after 24 h. However, the increase in the
immunocontent of PSD-95 and GluAl elicited by the combination of ketamine and guanosine
did not persist after 7 days. Furthermore, the combined administration of ketamine plus
guanosine raised the dendritic spines density in the ventral dentate gyrus of the hippocampus
and prefrontal cortex after 24 h. Nonetheless, the rapamycin (0.2 nmol/site, i.c.v.)
administration completely abrogated the antidepressant-like effect and pro- synaptogenic
responses triggered by ketamine plus guanosine, indicating that these responses are dependent,
at least in part, on mTORCI1 activation. Additionally, a low-dose combination of ketamine (0.1
mg/kg, i.p.) and guanosine (0.01 mg/kg, p.o.) was effective in reversing the depressive-like
behavior and deficits on the immunocontent of BDNF, p-Akt (Ser*”®), p- GSK-3p (Ser’), PSD-
95, GluAl, and synapsin in the hippocampus of mice subjected to the chronic administration of
corticosterone (20 mg/kg, p.o., for 21 days). It is important to note that these responses were
abolished by rapamycin administration, further reinforcing the involvement of mMTORCI in the
antidepressant-like and pro-synaptogenic effects elicited by a low-dose combination of
ketamine and guanosine. Moreover, a single prophylactic administration of ketamine (5 mg/kg,
1.p.), but not guanosine (1 or 5 mg/kg, p.o.) or the association of ketamine (1 mg/kg, i.p.) plus
guanosine (5 mg/kg, p.o.), was able to prevent the depressive-like behavior and the reduction
in the immunocontent of PSD-95, GluA1, and synapsin in the hippocampus of mice subjected
to the chronic administration of corticosterone (20 mg/kg, p.o., for 21 days). These results
reinforce the notion that the prophylactic administration of ketamine is effective in producing
a pro-resilience response against depressive-like behavior induced by stress. The results of this
study indicate that ketamine plus guanosine combination is effective to produce an
antidepressant-like effect and a pro-synaptogenic response in a time-dependent manner in the
hippocampus and prefrontal cortex. Furthermore, this study suggests that guanosine in
combination with ketamine could constitute an effective and safe strategy to assist patients
diagnosed with depression in the future by allowing ketamine's therapeutically effective dose
to be lowered, a proof-of-concept that deserves further investigation.

Keywords: Ketamine. Depression. Guanosine. mMTORC1. Synaptogenesis.
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1 INTRODUCAO

1.1 TRANSTORNO DEPRESSIVO MAIOR

O transtorno depressivo maior (TDM) ou depressao, ¢ uma condi¢do psiquiatrica grave
e altamente prevalente que acarreta perda consideravel de produtividade e qualidade de vida,
bem como déficits no relacionamento social (OTTE et al., 2016). Destaca-se que este transtorno
¢ a principal causa de incapacitacao a nivel global e de mortes por suicidio anualmente. Em
2017, a Organizacdo Mundial da Saude estimou que mais de 300 milhdes de pessoas sdao
acometidas pelo TDM globalmente, um indice que equivale a cerca 6% da populacio adulta
mundial, com prevaléncia de 1 a cada 6 adultos ao longo da vida (WORLD HEALTH
ORGANIZATION, 2017). O Brasil, em particular, ¢ o pais com o maior indice de individuos
com depressdo na América Latina, com especial destaque para a cidade de Sao Paulo que
apresenta uma prevaléncia anual de 10,4%, superando os indices mundiais (OTTE et al., 2016).
Estes dados refletem um numero consideravel de individuos com uma necessidade potencial de
usar os servigos de satide (MUNHOZ et al., 2016). Contudo, estima-se que apos a pandemia
causada pelo virus SARS-CoV-2 (Coronavirus - COVID-19) houve um adicional de 53,2
milhdes casos de TDM em todo o mundo (um aumento de cerca de 27,6%), exacerbando
drasticamente os anos vividos com incapacidade pelos individuos (SANTOMAURO et al.,
2021). Estes dados reforcam a urgéncia crescente em fortalecer os sistemas de saude
mundialmente, tornando-se um desafio socioecondmico no atual cenario.

O TDM ¢ diagnosticado de acordo com critérios presentes no Manual de Diagndstico
e Estatistico dos Disturbios Mentais. Do ponto de vista sintomatoldgico, um individuo com
TDM deve apresentar pelo menos cinco dos seguintes sintomas (Figura 1), por um periodo
minimo de duas semanas, e quase que diariamente: 1) humor deprimido evidente; ii) diminui¢ao
no interesse ou prazer em todas ou quase todas as atividades (anedonia); ii1) diminui¢do ou
aumento no apetite, associado com alteragdes no peso sem dieta alimentar aparente; 1v) insonia
ou hipersonia; v) agitagdo ou retardo psicomotor; vi) sensacdo de fadiga; vii) sentimento
excessivo de inutilidade ou culpa; viii) diminui¢ao na capacidade de concentragdo e tomada de
decisOes; i1x) pensamentos recorrentes de morte ou ideacdo suicida (AMERICAN
PSYCHIATRIC ASSOCIATION, 2013). Além disso, ¢ necessario que humor deprimido e/ou
anedonia estejam presentes, € 0 que os sintomas apresentados causem prejuizo nas areas sociais

ou ocupacionais. E conveniente enfatizar ainda, que os sintomas apresentados ndo devem ser
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atribuidos ao uso de qualquer substancia ou farmaco pelo individuo bem como associados a
qualquer outra condi¢do médica como por exemplo, episdédios de mania, esquizofrenia ou

qualquer outro transtorno (ARMOUR; JANA; ELHAI 2016; OTTE et al., 2016).

Figura 1. Critérios diagnosticos do TDM

Humor Diminuicaodo Fadiga excessiva
deprimido interesse/prazer e desanimo
Distdrbios Agitacdo ou retardo Mudanca de peso

do sono psicomotor ou apetite

Sentimento excessiva de Reducdo na capacidade de Ideacdo ou tentativa
culpa concentracdao de suicidio

O Manual de Diagndstico ¢ Estatistico dos Disturbios Mentais que define que um episddio de TDM ¢ caracterizado
pela constatagdo de no minimo cinco entre os nove sintomas mostrados na figura acima e exige a presenca de pelo



17

menos um dos dois primeiros sintomas mencionados (humor deprimido ou perda de interesse/prazer) presentes
com uma duragdo minima de duas semanas (AMERICAN PSYCHIATRIC ASSOCIATION, 2013). Figura
elaborada usando imagens do Mind the Graph e Servier Medical Art. Fonte: autor.

Apesar de sua alta prevaléncia e gravidade, a fisiopatologia do TDM ainda nao esta
completamente estabelecida. Este fendmeno estd associado a alta complexidade clinica e
neurobioldgica observada no TDM, que inclui diferentes mecanismos, sistemas e regioes
encefalicas, o que dificulta a identificagdo de uma uUnica causa subjacente ¢ maneja-la de
maneira adequada (NEMEROFF, 2007; OTTE et al., 2016). Além disso, o TDM também tem
sua origem derivada de uma interacdo entre multiplas suscetibilidades envolvendo fatores
genéticos e ambientais (BERTON; NESTLER, 2006).

Historicamente, uma das primeiras teorias acerca da neurobiologia do TDM foi
baseada no sistema monoaminérgico. O papel das monoaminas na fisiopatologia do TDM
surgiu apoOs a observagdo de que a reserpina, um alcaloide anti-hipertensivo que promove a
deplecao de noradrenalina, causava como efeito adverso sintomas depressivos (CELANO et al.,
2011; FREIS, 1954). Em paralelo a essa descoberta, o papel do sistema monoaminérgico na
neurobiologia do TDM foi ainda refor¢ado com a descoberta dos primeiros agentes
antidepressivos, a imipramina e a iproniazida (PEREIRA; HIROAKI-SATO, 2018).

Particularmente, em 1957 demonstrou-se pela primeira vez que a imipramina, um
farmaco anti-histaminico, apresentou propriedades antidepressivas em pacientes com TDM
apos tratamento diario por até 6 semanas (DOMINO, 1999; KUHN, 1958). Neste sentido, a
imipramina configurou-se como o primeiro antidepressivo descoberto, classificado como
antidepressivo triciclico (ATC), o qual possui como mecanismo de agdo a inibicdo da
recaptacao de serotonina e noradrenalina (HAMON; BLIER, 2013). No mesmo ano, constatou-
se que a iproniazida, um farmaco antituberculinico, foi eficaz em produzir efeito antidepressivo
em pacientes diagnosticados com TDM (CRANE, 1957; LOPEZ-MUNOZ; ALAMO, 2009).
O mecanismo de acdo da iproniazida consiste na inibicdo da enzima monoamina oxidase
(MAO), responsavel pela degradagdo das monoaminas serotonina, noradrenalina e dopamina
(HAMON; BLIER, 2013).

A descoberta dos mecanismos de a¢do da iproniazida e da imipramina foi essencial
para a formulac¢do da primeira teoria etiologica do TDM, a teoria monoaminérgica (Figura 2).
De especial interesse, a teoria baseada no sistema monoaminérgico destaca que pacientes com
TDM apresentam uma reducdo nos niveis dos neurotransmissores monoaminérgicos

(basicamente serotonina, noradrenalina e dopamina) na fenda sindptica (DELGADO, 2000).
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Neste contexto, postula-se que estratégias capazes de inibir a recaptacdo destes
neurotransmissores ou sua degradacao pelas enzimas MAO podem ser capazes de produzir

respostas antidepressivas (NESTLER et al., 2002; OTTE et al., 2016).

Figura 2. Hipotese monoaminérgica do TDM

Sistemas de
recaptacéo de

monoaminas

Individuo com TDM apos
tratamento com antidepressivo

Individuo eutimico Individuo com TDM

Em individuos com humor eutimico, serotonina, noradrenalina ou dopamina (representadas em circulos azuis)
contidas em vesiculas sinapticas sdo liberadas na fenda sinaptica onde exercem suas fungdes nos neurénios pos-
sinapticos, por meio da ativagdo dos seus respectivos receptores. Apds a interagdo, estas monoaminas sdo
recaptadas por sistemas de recaptagdo de volta ao neurdnio pré-sinaptico, onde sdo degradadas pela MAO,
originando metabolitos que podem ser reciclados para a produgdo de novos neurotransmissores. Em individuos
com TDM, ocorre uma redugéo na biodisponibilidade de monoaminas na fenda sinaptica, acarretando numa menor
interacdo e ativacdo de receptores do neurdnio pos-sinaptico, o que por sua vez propicia o aparecimento de
sintomas depressivos (DELGADQO, 2000). Além disso, as enzimas MAOs continuam exercendo a sua funcdo de
degradacdo de monoaminas amplificando ainda mais este déficit. Contudo, ap6s o inicio do tratamento com
antidepressivos, como os ISRS ou os ATCs, ocorre o bloqueio dos sistemas de recaptagdo de monoaminas,
contribuindo para um aumento na biodisponibilidade destes neurotransmissores na fenda sinaptica, enquanto os
iMAO atuam inibindo a atividade desta enzima e reduzindo a degrada¢do dos neurotransmissores. Postula-se que
estes mecanismos em conjunto promovam uma melhora nas condi¢des de humor do paciente. Abreviaturas: ATC:
antidepressivos triciclicos; iMAO: inibidores da enzima monoamina oxidase; ISRS: inibidores seletivos da
recaptagdo de serotonina; MAO monoamina oxidase. Figura elaborada usando imagens do Mind the Graph e
Servier Medical Art. Fonte: autor.

Embora a descoberta da imipramina e da iproniazida tenha revolucionado a
farmacoterapia do TDM, estes farmacos apresentavam uma série de efeitos adversos, tendo

como destaque a hepatotoxicidade (PEREIRA; HIROAKI-SATO, 2018). Dentro deste cenario,
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a postulagcdo da teoria monoaminérgica possibilitou a busca por agentes antidepressivos mais
seletivos, o que por sua vez poderia diminuir a frequéncia e a probabilidade de efeitos adversos
(LOPEZ-MUNOZ; ALAMO, 2009). Neste sentido, em 1984 descobriu-se a fluoxetina, um
inibidor seletivo da recaptacao de serotonina (ISRS). A fluoxetina teve eficdcia comprovada no
tratamento do TDM com a vantagem de causar menos efeitos adversos quando comparado aos
ATCs e IMAOS (MONTGOMERY, 1989). Dentro deste contexto, a fluoxetina foi considerada
a pilula da felicidade, foi o antidepressivo mais vendido de todos os tempos e o segundo
medicamento mais vendido no mundo (LOPEZ-MUNOZ; ALAMO, 2009). Somado a este fato,
considerando a crescente necessidade de fArmacos para o manejo do TDM e tendo a fluoxetina
como protdtipo, outros ISRS foram sintetizados e liberados no mercado posteriormente. Desta
forma, a descoberta dos ISRS ¢ considerada um momento de fundamental importancia na
psicofarmacologia (PEREIRA; HIROAKI-SATO, 2018).

Contudo, apesar da expectativa muito grande sobre os ISRS, estes fairmacos nao
resolveram varios dos problemas anteriores relacionados ao uso dos antidepressivos (LOPEZ-
MUNOZ; ALAMO, 2009). De fato, os antidepressivos atuais que se baseiam primariamente
em aumentar os niveis sindpticos de monoaminas apresentam uma séria de limitagdes, tais
como: baixa taxa de efetividade, sendo que até 50% dos pacientes ndo atinge a remissao
completa dos sintomas, mesmo apds serem tratados com varios antidepressivos; alto indice de
refratariedade; demora consideravel na resposta terapéutica, uma vez que podem levar de
semanas a meses para promover uma resposta terapéutica; e uma série de efeitos adversos como
dores de cabeca, alteracdes de peso e sono, e disfungdo sexual (PAPAKOSTAS; IONESCU,
2015). Além disso, esses farmacos t€m se mostrado ineficazes para o tratamento da ideacdo
suicida em pacientes com TDM grave (PENN; TRACY, 2012). Essas limitacdes ressaltam a
necessidade de desenvolver novas estratégias antidepressivas com efeito mais rapido e com
maior eficacia (KASTER et al., 2016).

De fato, a teoria monoaminérgica tem sido considerada excessivamente simplista, uma
vez que os antidepressivos supracitados restabelecem os niveis de monoaminas poucas horas
apos a administracdo, mas com a resposta terapéutica s6 ocorrendo apenas apds varias semanas
de tratamento (OTTE et al., 2016). Desta forma, tendo em vista que os neurotransmissores
monoaminérgicos modulam uma série de vias de sinalizagdo, estudos tém buscado identificar
novos alvos moleculares subjacentes ao efeito terapéutico tardio dos antidepressivos
convencionais (HAMON; BLIER, 2013). Neste sentido, observou-se que a administragao

cronica com antidepressivos baseados no sistema monoaminérgico foi capaz de diminuir os
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niveis de acido ribonucleico mensageiro (MRNA) que codifica as subunidades do receptor
glutamatérgico do subtipo N-metil-D-aspartato (NMDA), atenuando por sua vez a fungao deste
receptor (SKOLNICK, 1999). Além disso, foi reportado que a administragao de antagonistas
do receptor NMDA produziu efeito tipo-antidepressivo em roedores (TRULLAS; SKOLNICK,
1990). Diante dessas evidéncias, em 1999 Phil Skolnick propos os antidepressivos para o0 novo

milénio, os quais se baseariam na modulagao do sistema glutamatérgico (SKOLNICK, 1999).

1.2 SISTEMA GLUTAMATERGICO E SINAPTOGENESE

Um grande conjunto de evidéncias cientificas tem apontado o papel essencial de outros
sistemas bioldgicos além das monoaminas na fisiopatologia do TDM, em particular, o sistema
glutamatérgico (MARMIROLI; CAVALETTI, 2012; TOMASETTI et al., 2019). O glutamato
¢ um dos principais neurotransmissores excitatorios do sistema nervoso central (SNC) de
mamiferos, ¢ do ponto de vista fisioldgico, estd envolvido em uma série de fungdes, com
destaque para a proliferagcdo, migracado, diferenciag¢do e sobrevivéncia neuronal, bem como para
a formacdo e maturagdo de sinapses (SANACORA; TRECCANI; POPOLI, 2012). Neste
sentido, ¢ bem estabelecido que o sistema glutamatérgico ¢ essencial para uma série de
processos, incluindo a modulacdo do humor, o aprendizado ¢ a memoria (HILLHOUSE;
PORTER, 2015).

A sintese do glutamato em neurdnios pré-sinapticos ocorre pela desaminagdo da
glutamina, uma etapa mediada pela enzima glutaminase. Além disso, o glutamato também pode
ser formado a partir do a-cetoglutarato, em uma reagdo catalisada pela enzima
glutamatodesidrogenase. Consequentemente, o glutamato ¢ armazenado em vesiculas
sinapticas por meio dos transportadores vesiculares de glutamato e pode ser liberado por
exocitose, de maneira dependente de potencial de acdo. Por sua vez, o glutamato liberado na
fenda sindptica pode interagir com receptores especificos, os receptores metabotrdpicos e os
ionotrépicos (NICIU; KELMENDI; SANACORA, 2012). Os receptores metabotropicos de
glutamato (nomeados de mGlul a mGluS8) incluem os receptores glutamatérgicos acoplados a
proteina G estimulatoria ou inibitdria, enquanto os receptores ionotropicos incluem os
receptores NMDA, alfa-amino-3-hidroxi-metil-5-4-isoxazolpropionico (AMPA) e cainato
(MARMIROLI; CAVALETTI, 2012). Basicamente, os receptores ionotropicos permitem a
entrada de ions catidnicos (como o célcio e o s6dio) quando ativados pelo glutamato. Os trés

receptores sao tetrameros e formados por subunidades especificas, sendo que os receptores
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NMDA (GluN1, GIluN2A, GIluN2B, GIuN2C, GIuN2D, GIuN3A e GIuN3B) sdo
heterotetrameros, enquanto os receptores AMPA (GluAl, GluA2, GluA3 e GluA4) e cainato
(GluK1, GluK2, GluK3, GluK4 e GluKS5) podem ser homotetrameros ou heterotetrameros
(NICIU; KELMENDI; SANACORA, 2012).

Subsequentemente a interagdo com estes receptores, o glutamato ¢ removido da fenda
sinaptica majoritariamente por transportadores de aminoécidos excitatorios do tipo 1 e 2
(EAATI1 e EAAT?2), localizados em astrocitos, e convertido em glutamina por meio da enzima
glutamina sintetase (TOMASETTI et al., 2019). Posteriormente, a glutamina pode sofrer efluxo
para o meio extracelular seguido de influxo para o interior neuronal via transportadores
especificos. Desta forma, a glutamina pode ser convertida novamente em glutamato pela enzima
glutaminase no interior dos neurdnios (NICIU; KELMENDI; SANACORA, 2012). E
importante destacar que a remocao do glutamato da fenda mediado pelos astrdcitos compreende
um processo essencial para a homeostase siniptica, uma vez que o excesso deste
neurotransmissor pode desencadear eventos de sinaptotoxicidade e, ultimamente, atrofia e
morte neural (POPOLI et al., 2011). Este fendmeno ocorre devido ao elevado influxo de calcio
mediado principalmente pelos receptores NMDA (MURROUGH; ABDALLAH; MATHEW,
2017). Dentro deste contexto, estudos robustos demonstraram um aumento de glutamato no
cortex e plasma de pacientes diagnosticados com TDM, sugerindo que o excesso deste
neurotransmissor poderia estar subjacente ao desenvolvimento deste transtorno
(HASHIMOTO; SAWA; IYO, 2007; KUCUKIBRAHIMOGLU et al., 2009). Contudo, é
conveniente enfatizar que pacientes com TDM também podem apresentar uma reducdo ou
mesmo inalteracdo nos niveis de glutamato no cérebro, no liquido cefalorraquidiano e no
plasma (MORIGUCHI et al., 2018; SANACORA et al., 2012).

E importante destacar que o glutamato desempenha um papel crucial na
neuroplasticidade, a qual ¢ definida como a capacidade do SNC de adaptar-se e moldar-se a
nivel estrutural e funcional quando sujeito a novas experiéncias (DUMAN; LI, 2012). A
plasticidade sindptica em particular, um dos aspectos da neuroplasticidade, vem sendo cada vez
mais estudadas nos ultimos anos (DUMAN; DUMAN, 2014), e distarbios neste processo tém
sido observado no encéfalo de individuos diagnosticados com TDM (DURIC et al., 2013;
HOLMES etal., 2019). O processo de plasticidade sinaptica pode envolver a formagdo de novos
espinhos dendriticos (espinogénese), alteracdo na morfologia e composicdo proteica dos
espinhos dendriticos, eventos que sdo fundamentais para formac¢do de novas sinapses

(sinaptogénese) e fortalecimento das sinapses ja existentes (DUMAN; DUMAN, 2014).
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Um dos varios fendmenos que contribuem para a plasticidade sinaptica ¢ a potencia¢ao
de longa duracao (LTP), a qual compreende o processo no qual estimulos elétricos de alta
frequéncia desencadeiam mudangas estruturais e funcionais que geram uma resposta
subsequente com maior magnitude (BALTACI; MOGULKOC; BALTACI, 2019; DUMAN;
AGHAJANIAN, 2012). O fenomeno de LTP ocorre nas sinapses excitatorias maduras
encontradas nos espinhos dendriticos, sendo mediado pela liberagdo de glutamato na fenda
sindptica que ativa principalmente os receptores do tipo AMPA e¢ NMDA (BALTACI,
MOGULKOC; BALTACI, 2019; KIM; NA, 2016). Em particular, a ativagao dos receptores
AMPA resulta em um influxo de ions sédio que causam o aumento do potencial de membrana
e despolarizagdo do neurdnio. Por sua vez, a despolarizagdo acarreta na remog¢ao do magnésio
do poro do canal do receptor NMDA, e a ativacao deste receptor ocorre em resposta a ligacao
da glicina (co-agonista) e do glutamato de forma concomitante a despolariza¢dao
(HARDINGHAM, 2019). O influxo de ions célcio via receptores NMDA levara a ativacao de
uma série de proteinas cinases, com destaque para o complexo célcio/calmodulina cinase II
(CaMKII) e a proteina cinase A (PKA) (HERRING; NICOLL, 2016; LISMAN; YASUDA;
RAGHAVACHARI, 2012; YATES, 2016).

E conveniente enfatizar ainda que a LTP envolve a inser¢io de novos receptores
AMPA na densidade pds-sinaptica, e o trafego destes receptores pode ser modulado pela

fosforilagdo de suas subunidades (HERRING; NICOLL, 2016; WATT et al., 2004).

1 845

Particularmente, a fosforilagdo dos sitios Ser®*! e Ser®® na subunidade GluA1l promove o

deslocamento dos receptores AMPA para a membrana plasmatica. A fosforilagdo em Ser®®
resultante da a¢ao da PKA induz a inser¢cao de receptores AMPA na membrana perissindptica
por meio de mecanismos ainda ndo totalmente esclarecidos (PATRIARCHI; BUONARATI;
HELL, 2018). Posteriormente, os receptores AMPA atingem a densidade pds-sinaptica por
difusdo lateral, onde eles sdo estabilizados por meio da ancoragem da proteina de densidade
poOs-sinaptica de 95kDa (PSD-95), um processo mediado pela proteina transmembrana
reguladora de receptores AMPA (TARP) (PAYNE, 2008). Além disso, a CaMKII promove a
fosforilagio de GluAl em Ser®! aumentando a atividade do canal (PATRIARCHI;
BUONARATI; HELL, 2018). Desta forma, a PKA ¢ CAMKII também podem fosforilar e
modular a atividade das sinapsinas, proteinas pré-sinapticas responsaveis pela mobilizagao de
vesiculas sinapticas (SONG; AUGUSTINE, 2015).

A inser¢do de novos receptores AMPA na membrana plasmatica amplifica o influxo

de ions sodio, que por sua vez promove despolarizacdo do neurdnio, acarretando na ativagao e
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abertura dos canais de calcio dependentes de voltagem (CCVD) (MATEOS-APARICIO;
RODRIGUEZ-MORENO, 2020). De especial interesse, o influxo de calcio através dos CCVD
leva a exocitose de vesiculas sindpticas contendo o fator neurotréfico derivado do encéfalo
(BDNF), uma neurotrofina com papel crucial no desenvolvimento e sobrevivéncia neural, bem
como responsavel pela formacdo, maturacdo e fortalecimento das sinapses (YOSHII;
CONSTANTINE-PATON, 2010). A ativacdo dos receptores tropomiosina cinase B (TrkB)
pelo BDNF culmina na ativagdo de vias de sinalizacdo intracelular que regulam a sintese de
novas proteinas sindpticas importantes para os processos de espinogénese € sinaptogénese
(LEAL; BRAMHAM; DUARTE, 2017). De fato, evidéncias consistentes demonstraram que o
BDNF regula o transporte de mRNA bem como as fases de iniciag@o e alongamento da sintese
de proteinas nos dendritos, contribuindo para a LTP e plasticidade sinaptica local (LEAL;
COMPRIDO; DUARTE, 2014).

Particularmente, a ativagdo de TrkB resulta na autofosforilagdo ¢ dimerizagao deste
receptor, o qual desencadeia a fosforilagdo e ativagdo da fosfatidilinositol 3-cinase (PI3K). A
fosforilagao de PI3K promove o recrutamento da proteina cinase B (Akt) para a membrana
plasmatica, onde essa proteina serd fosforilada (Ser*”’) e ativada (LEAL; COMPRIDO;
DUARTE, 2014; TEJEDA; DIAZ-GUERRA, 2017). Por sua vez, a Akt fosforila a proteina
substrato de Akt rico em prolina de 40 kDa (PRAS40 - Thr**®) que tem efeito inibitério sobre
o complexo 1 da proteina alvo mecanistico da rapamicina (mMTORC1) (HAAR et al., 2007).
Assim o complexo se autofosforila (Ser>**!) e fosforila a proteina ribossomal S6 cinase de 70
kDa (p70S6K — Thr**’), a qual pode fosforilar o mTORC1 (Ser***?), permanecendo em uma
alca de fosforilagdo (MAGNUSON; EKIM; FINGAR, 2011). Subsequentemente, a p70S6K
fosforila a subunidade menor do ribossomo (S6 — Ser?*®), modulando positivamente a sintese
de proteinas. Além disso, o mMTORC1 pode fosforilar e reprimir a proteina 1 ligadora do fator
de alongamento 4E (4E-BP1 — Thr’”#%), que tem efeito inibitério sobre a sintese de proteinas
(HOEFFER; KLANN, 2010). Dentre as proteinas que tem sua sintese regulada pelo mTORCI,
destacam-se as proteinas sindpticas GluA1, PSD-95 e sinapsina (DUMAN; VOLETI, 2012).
Desta forma, o mTORCI regula a sintese de proteinas envolvidas na formagao e maturagdo de
novos espinhos dendriticos, componentes essenciais para a sinaptogénese (DUMAN et al.,
2012). Um esquema ilustrativo resumindo os mecanismos envolvidos no processo de

sinaptogénese € mostrado na Figura 3.
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Figura 3. Mecanismos envolvidos no processo de sinaptogénese
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A LTP ocorre nas sinapses excitatorias maduras encontradas nos espinhos dendriticos apds uma série de estimulos
elétricos de alta frequéncia neurdnio pré-sinaptico (A). Estes potenciais de acdo levam milissegundos para ativar
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os CCVD, liberando célcio no meio intracelular e favorecendo a exocitose de vesiculas contendo glutamato (1).
Em questdo de segundos, o glutamato ativa os receptores AMPA resultando em um influxo de ions sodio que
causam a despolarizagdo do neurénio. Apods alguns minutos, o influxo de ions calcio via receptores NMDA levara
a ativac@o de uma série de proteinas cinases, com destaque para a CaMKII e a PKA (2). A fosforilagdo em Ser845
resultante por PKA induz a inser¢do de receptores AMPA na membrana perissindptica. Posteriormente, os
receptores AMPA atingem a densidade pos-sinaptica por difusdo lateral, onde eles sdo estabilizados por meio da
ancoragem da PSD-95, um processo mediado pela TARP. A CaMKII promove a fosforilagdo de GluA1 em Ser831
aumentando a atividade do canal (3). Além disso, a PKA ¢ CAMKII também podem fosforilar e modular a
atividade das sinapsinas, proteinas pré-sinapticas responsaveis pela mobilizacdo de vesiculas sinapticas (4). A
inser¢do de novos receptores AMPA na membrana plasmatica amplifica o influxo de ions sddio, que por sua vez
promove despolarizagdo do neuronio, acarretando na ativagdo e abertura dos CCVD (B). O influxo de célcio
através dos CCVD leva a exocitose de vesiculas sinapticas contendo o BDNF (5). A ativacdo dos receptores TrkB
pelo BDNF culmina na ativag@o da via de sinalizacdo mediada por PI3K/AKT/mTORCI1 e p70S6K/4E-BP1 que
regula a sintese de novas proteinas sinapticas (6). Dentre as proteinas que tem sua sintese regulada pelo mTORCI1,
destacam-se as proteinas sinapticas GluA1, PSD-95 e sinapsina, as quais sdo importantes para a formagao de novos
espinhos dendriticos e sinaptogénese. 4E-BP1: proteina 1 ligadora do fator de alongamento 4E; Akt: proteina
cinase B; AMPA: alfa-amino-3-hidroxi-metil-5-4-isoxazolpropionico;, BDNF: fator neurotréfico derivado do
encéfalo; CaMKII: complexo calcio/calmodulina cinase II; CCVD: cdlcio dependentes de voltagem, GluAl:
subunidade 1 de receptores AMPA,; LTP: potenciagdo de longa dura¢do; mTORCI: complexo 1 da proteina alvo
mecanistico da rapamicina;, NMDA: N-metil-D-aspartato; p70S6K: proteina ribossomal S6 cinase de 70 kDa;
PI3K: fosfatidilinositol 3-cinase; PKA: proteina cinase A; PSD-95: proteina de densidade pos-sindaptica de
95kDa; TARP: proteina transmembrana reguladora de receptores AMPA,; TrkB: tropomiosina cinase B. Figura
elaborada usando imagens do Mind the Graph e Servier Medical Art. Fonte: autor.

Apds 1 a2 horas da indugdo da LTP, ocorre a formacao de novos espinhos dendriticos
ou a maturacdo dos espinhos pré-existentes, e consequentemente a sinaptogénese (DUMAN;
AGHAJANIAN, 2012; DUMAN; LI, 2012). Os processos de espinogénese e
consequentemente de sinaptogénese configuram-que como eventos complexos caracterizados
por mudangas neuroquimicas ¢ morfoldgicas em elementos pré e/ou pos-sinapticos (CITRI;
MALENKA, 2007; HARRIS, 2020). Os espinhos dendriticos sdo pequenas protuberancias
especializadas que se localizam nos dendritos neuronais e configuram-se como componentes
poOs-sindpticos da maioria das sinapses excitatorias (CITRI; MALENKA, 2007; QIAO et al.,
2016).

Pesquisas substanciais demonstraram que a densidade e a remodelagdo da morfologia
dos espinhos dendriticos desempenham um papel funcional crucial na plasticidade sindptica
(CHIDAMBARAM et al., 2019; SEGAL, 2005; YUSTE, 2011). Morfologicamente, o aspecto
estrutural de um espinho dendritico ¢ definido pela presenga de uma cabega, a qual possui
componentes pos-sinapticos, conectada as hastes dendriticas por uma estrutura denominada de
pescogo (NISHIYAMA, 2019; SEGAL, 2005). Os espinhos dendriticos sdo enriquecidos de F-
actina, uma molécula responsavel pela manutencdo da estrutura, formato e estabilidade do
espinho, além da organizagdo da maquinaria da sinalizacdo pos-sinaptica (BASU;

LAMPRECHT, 143AD; HOTULAINEN; HOOGENRAAD, 2010). E bem estabelecido que a
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morfogénese e o remodelamento dos espinhos dendriticos ¢ dependente da atividade sinaptica
(LIPPMAN; DUNAEVSKY, 2005).

Em relagao a morfogénese dos espinhos dendriticos, tem sido observado que espinhos
com forma semelhante a dedos, chamados de 'filopodios', emergem dos dendritos e formam
sinapses com axoOnios adjacentes (BOSCH; HAYASHI, 2012). Inicialmente, o contato entre
dois neuronios ¢ dependente de moléculas de adesao, as quais sdo fundamentais para a formagao
das sinapses. Dentre essas moléculas, destacam-se as neurexinas e as neuroliginas
(THALHAMMER; CINGOLANI, 2014). Particularmente, as neurexinas ligam-se a sitios
especificos da proteina serina cinase dependente de calcio (CASK), uma proteina de
ancoragem, promovendo o recrutamento da maquinaria pré-sindptica (GOMEZ;
TRAUNMULLER; SCHEIFFELE, 2021; SUDHOF, 2017). Por sua vez, as neuroliginas ligam-
se a PSD-95 estimulando o recrutamento de receptores NMDA e AMPA para a densidade pos-
sinaptica (SUDHOF, 2018; WU et al., 2019). E importante destacar que estes eventos
favorecem a estabilidade do citoesqueleto, um processo de fundamental importancia para a
maturacdo da  sinapse recém-desenvolvida (BASU; LAMPRECHT, 143AD;
CHIDAMBARAM et al., 2019).

Subsequentemente, mudangas na composicao proteica do espinho dendriticos em
crescimento passam a ser observadas, particularmente proteinas envolvidas com a maturagao
do mesmo (BOSCH; HAYASHI, 2012). Apos o contato sinaptico, acredita-se que os espinhos
tipo filopddio se transformam morfologicamente em espinhos com sinapses mais funcionais
(CHIDAMBARAM et al., 2019). De especial interesse, os filopodios podem sofrer alteracdes
morfologicas formando espinhos do tipo fino (do inglés thin) ou achatado (do inglés stubby),
0s quais apresentam pequenas regides de densidade pos-sinapticas e sdo considerados estruturas
imaturas (BERRY; NEDIVI, 2017; CITRI; MALENKA, 2007). No entanto, o processo final
de maturacao do espinho dendritico envolve mudangas na composicao proteica da densidade
pOs-sinaptica e no citoesqueleto acarretando na alteragdo estrutural da arquitetura do espinho,
particularmente gerando uma forma mais estavel e madura, a qual ¢ denominada de espinho do
tipo cogumelo (do inglés mushrroom) (BOSCH; HAYASHI, 2012; HELM et al., 2021). A
partir de entdo, o espinho dendritico do tipo cogumelo pode se integrar com outros espinhos
dendriticos de neuronios adjacentes, aprimorando e fortalecendo a transmissdo sinéaptica

(CHIDAMBARAM et al., 2019).
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1.3 REGIOES ENCEFALICAS ENVOLVIDAS NO TDM

E bem estabelecido que disfungdes na homeostase dendritica, incluindo a redugio na
densidade, alteragdao na morfologia e composigao proteica dos espinhos dendriticos, contribuem
para a conectividade disfuncional nos circuitos sindpticos e atrofia sindptica (DUMAN;
DUMAN, 2014; LICZNERSKI; DUMAN, 2013). De especial interesse, tem sido evidenciado
que estas disfungdes estdo majoritariamente presentes no cortex pré-frontal e na formagao
hipocampal, duas regides encefalicas envolvidas, dentre outras fungdes, com a modulagao do
humor (GODSIL et al., 2013). Portando, este trabalho destacara o cortex pré-frontal e a
formagao hipocampal.

A regido hipocampal, em particular, ¢ constituida pela formacao hipocampal e a regido
parahipocampal, diferindo no nimero de camadas ¢ caracteristicas celulares e de conectividade
(SCHULTZ; ENGELHARDT, 2014). A formacao hipocampal dos mamiferos ¢ dividida nas
areas Cornu Ammonis (CAl), CA2, CA3 e uma sub-regido denominada de giro denteado
(HANNULA; DUFF, 2017; SCHARFMAN, 2016; SENZALI, 2019). Tem sido postulado que a
formagdo hipocampal parece ter duas porc¢des funcionalmente distintas, nomeadamente a
porcao dorsal e a por¢cdo ventral. Evidéncias sugerem que a porcdo ventral parece estar
associada a modulacao do estresse, emog¢do e afeto, enquanto a zona dorsal desempenha
principalmente fungdes cognitivas (BANNERMAN et al., 2004; FANSELOW; DONG, 2010).
De especial interesse, o giro denteado € uma estrutura com trés camadas, sendo a primeira delas
denominada camada molecular; a segunda camada corresponde a camada granular e a terceira
camada ¢ chamada de polimorfica ou hilar. Entre a camada granular e acima do hilo encontra-
se a zona subgranular, um dos principais nichos neurogénicos do cérebro adulto de mamiferos
(HANNULA; DUFF, 2017; MOSER; MOSER; MCNAUGHTON, 2017; TANTI; BELZUNG,
2013). Além disso, vale ressaltar que essa organizacdo anatomica ¢ semelhante em roedores e
primatas (HANNULA; DUFF, 2017; SCHULTZ; ENGELHARDT, 2014).

A camada molecular ¢ composta basicamente por dendritos das células granulares que
estdo na zona granular. A camada granular, por sua vez, compreende os corpos celulares dos
neurdnios granulares propriamente ditos, os quais estdo orientadas de forma estereotipada. Por
ultimo, a camada hilar ou polimorfica € composta pelas fibras musgosas (FANSELOW; DONG,
2010; HANNULA; DUFF, 2017). E conveniente enfatizar ainda que, as fibras musgosas se
projetam das camadas hilar e granular para a regido CA3, enquanto da regido CA3 outras fibras

sdo projetadas para a regido CA1, formando as vias colaterais de Schaffer. Adicionalmente, da
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regido CA1 sdo enviadas projegdes para o cortex entorrinal e para o subiculo (SCHULTZ;
ENGELHARDT, 2014). Por sua vez, as fibras que deixam o cortex entorrinal em direcao ao
hipocampo constituem a chamada via perfurante e inervam os dendritos das células granulares
na regido da camada molecular do giro denteado. Por fim, ¢ importante destacar que esta
circuitaria utiliza o glutamato como principal neurotransmissor e ¢ denominada via tri-sindptica
(STRANGE et al., 2014).

O cortex pré-frontal, por sua vez, ¢ uma regido encefalica critica para muitas
habilidades cognitivas e executivas, como atencao e tomada de decisdo, além de configurar-se
como um sistema neural essencial para o funcionamento social e emocional (DIXON et al.,
2017; TEFFER; SEMENDEFERI, 2012). Embora muitos estudos de neuroimagem buscam
estabelecer a exata localizagao funcional e a divisao do cortex pré-frontal, as suas subdivisoes
e extensdo podem variar. Contudo, postula-se que o cortex pré-frontal compreenda o cortex
infralimbico, cortex pré-limbico, cortex orbital medial, cortex orbital ventral, cértex orbital
dorsolateral e cortex orbital lateral (CARLEN, 2017). Do ponto de vista morfo-comparativo,
vale destacar que o cortex pré-frontal em primatas ¢ totalmente homotipico, isto €, exibe uma
estrutura interna de seis camadas, enquanto o cortex pré-frontal em roedores € heterotipico, ou
seja, apresenta auséncia da camada granular quatro (CARLEN, 2017).

Por fim, vale ressaltar que diversos estudos mostraram que disturbios na conectividade
sinaptica e atrofia neuronal foram observados no cortex pré-frontal e na formagao hipocampal
de individuos diagnosticados com TDM (BOLDRINI et al., 2013; DURIC et al., 2013;
FEYISSA et al., 2009; HOLMES et al., 2019; HUANG et al., 2013; KANG et al., 2012;
NUNINGA et al., 2019; RAFALO-ULINSKA et al., 2016). Essas evidéncias sugerem que
estratégias direcionadas ao remodelamento da plasticidade sindptica na formagao hipocampal e

cortex pré-frontal podem apresentar respostas antidepressivas.

1.4 CETAMINA

Um avango significativo para o tratamento do TDM foi a descoberta de que uma unica
administracdo com uma dose subanestésica de cetamina, um antagonista do receptor NMDA,
produz respostas antidepressivas rapidas e duradouras em pacientes com TDM, mesmo
naqueles com ideacdo suicida (BERMAN et al., 2000; ZARATE et al., 2006). A cetamina ¢ um
derivado das fenciclidinas (p6 de anjo), vendida comercialmente como uma mistura racémica

de dois isomeros (Figura 4), a R-cetamina e a S-cetamina (KURDI; THEERTH; DEVA, 2014).
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O isomero S-cetamina apresenta uma afinidade de 3 a 4 vezes maior pelos receptores NMDA
do que isdbmero R-cetamina. E conveniente enfatizar que na clinica esta molécula ¢
frequentemente utilizada como anestésico, devido a sua capacidade de produzir inconsciéncia

e imobilidade (GAO; REJAEI; LIU, 2016).

Figura 4. Estrutura quimica da cetamina

Cl

A cetamina ¢ um farmaco derivado das fenciclidinas, sintetizado a partir do brometo de ciclopentilo, o-
clorobenzonitrilo e metilamina. Comercialmente, este farmaco € utilizado como uma mistura racémica de dois
isdmeros opticamente ativos, a R-cetamina (esquerda) e a S-cetamina (direita). Fonte: PubChem CID: 3821.

Particularmente, Berman et al. (2000) demonstraram que uma unica administragao
endovenosa e subanestésica de cetamina produziu um rapido efeito antidepressivo em pacientes
com TDM, uma resposta que foi observada dentro de 4 horas enquanto um efeito progressivo
foi também evidenciado por até 3 dias. Notavelmente, este efeito foi refor¢ado e expandido por
Zarate et al. (2006), os quais demonstraram que uma Unica administragdo subanestésica de
cetamina promoveu um efeito antidepressivo rapido (dentro de 2 horas) e sustentado (por até 7
dias) em pacientes refratarios ao tratamento convencional. Essas descobertas despertaram um
interesse significativo da comunidade cientifica em estudar os mecanismos subjacentes as agdes
antidepressivas da cetamina. Evidéncias robustas tém demonstrado que a cetamina exerce seu
efeito antidepressivo por promover a formacao de espinhos dendriticos e sinaptogénese no
hipocampo (FRAGA et al., 2020, 2021) e no cortex pré-frontal (LI et al., 2010, 2011) de
roedores, regides encefalicas envolvidas na modula¢dao do humor (LIU et al., 2017).

Do ponto de vista mecanistico (Figura 5), o efeito antidepressivo da cetamina parece

ser desencadeado por meio do antagonismo dos receptores NMDA em interneuronios



30

GABA¢érgicos, impedindo a a¢do inibitéria deste sistema sobre o tonus glutamatérgico, em
func¢do da diminuig¢ao do influxo de ions cloreto pelos receptores GABAA (ABDALLAH et al.,
2016). Os neurdnios glutamatérgicos promovem a liberagdo de glutamato na fenda sinaptica, o
qual ativa preferencialmente os receptores AMPA, visto que os receptores NMDA ainda se
encontram bloqueados pela cetamina. Uma vez ativados, os receptores AMPA promovem um
influxo transitoério de ions sodio, aumentando o potencial de membrana com consequente
ativagdo e abertura dos CCVD (DUMAN et al., 2012). A entrada de célcio através dos CCVD,
promove a exocitose de vesiculas sinapticas contendo o BDNF, que entao pode ativar seus

receptores TrkB (LEPACK et al., 2014; CASAROTTO et al., 2021).

Figura 5. Vias de sinalizacdo implicadas nos efeitos antidepressivo e pré-sinaptogénico

desencadeados pela cetamina
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A cetamina, ao promover antagonismo dos receptores NMDA em interneuronios GABAérgicos (A), impede a
acdo inibitdria deste sistema sobre o tonus glutamatérgico, resultando na liberacdo de glutamato na fenda sinéptica
(B). O glutamato ativa preferencialmente os receptores AMPA, que promovem um influxo transitério de cargas
positivas aumentando o potencial de membrana com consequente ativagdo e abertura dos CCVD. A entrada de
calcio promove a exocitose de BDNF, que ativa os receptores TrkB. A ativagdo destes receptores culmina na
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estimulacdo da via de sinalizacdo PI3K/Akt/mTORC1/p70S6K que promove a sintese de proteinas sinapticas
como a PSD-95, GluAl ¢ a sinapsina (C), as quais sdo requeridas para espinogénese ¢ sinaptogénese. Akt: proteina
cinase B; AMPA: alfa-amino-3-hidroxi-metil-5-4-isoxazolpropionico;, BDNF: fator neurotréfico derivado do
encéfalo; CCVD: calcio dependentes de voltagem; GluAl: subunidade 1 de receptores AMPA; mTORCI:
complexo 1 da proteina alvo mecanistico da rapamicina; NMDA: N-metil-D-aspartato; p70S6K: proteina
ribossomal S6 cinase de 70 kDa; PI3K: fosfatidilinositol 3-cinase; PSD-95: proteina de densidade pos-sindptica
de 95kDa; TrkB: tropomiosina cinase B. Figura elaborada usando imagens do Mind the Graph e Servier Medical
Art. Fonte: autor.

Os receptores TrkB provocam a estimulagdo da via de sinalizagao intracelular mediada
por PI3K/Akt que culmina na inibicdo da proteina glicogénio sintase cinase-3p (GSK-3f) e
ativagdo do mTORCI1 (LI et al., 2010; LIU et al., 2013). Conforme mencionado anteriormente,
o mTORCI regula a etapa inicial da sintese de proteinas requeridas para a formagdo de novos
espinhos dendriticos e sinaptogénese. Particularmente, a ativagdo de mTORCI1 controla a
sintese das proteinas sinapticas PSD-95, subunidades de receptores AMPA GluAl e sinapsina,
via fosforilagdo e ativagao da p70S6K (ABDALLAH; AVERILL; KRYSTAL, 2015). De fato,
a liberacdo de BDNF, a ativacao da via de sinalizagdo mediada por mTORCI1 e o aumento
sinaptogénese desempenham um papel crucial para respostas antidepressivas rapidas e
sustentadas (DUMAN et al., 2012). Portanto, as estratégias direcionadas ao aumento da
sinaptogénese via mTORCI podem produzir respostas antidepressivas de agdo rapida e
duradoura.

Vale destacar que quase 20 anos ap0s a descoberta do rapido efeito antidepressivo da
cetamina, em margo de 2019, o FDA (Food and Drug Administration) dos EUA aprovou o uso
de spray nasal de (S)-cetamina (Spravato ™) para o tratamento de pacientes com TDM
refratdrio (WEL; CHANG; HASHIMOTO, 2020). No mesmo ano, o spray nasal de (S)-cetamina
foi aprovado para uso em pacientes com TDM resistente ao tratamento na Europa. No Brasil, a
Agéncia Nacional de Vigilancia Sanitaria (Anvisa) aprovou o uso do Spravato ™ para pacientes
com depressao refrataria no final do ano de 2020. No entanto, a principal limitagcdo referente ao
uso da cetamina estd associada aos efeitos colaterais indesejaveis que ela pode produzir,
notadamente efeitos psicotomiméticos e dissociativos, além de seu potencial de abuso (GAO;
REJAEI; LIU, 2016). Portanto, a investigacao de novos antidepressivos que apresentam agdes
semelhantes as da cetamina, mas que sao desprovidos de efeitos adversos, sdao um dos principais
focos de desenvolvimento de drogas no campo de pesquisa da neuropsicofarmacologia
(ABDALLAH; AVERILL; KRYSTAL, 2015).

Apesar dos resultados encorajadores com outros moduladores do canal do receptor
NMDA em estudos pré-clinicos, essas drogas ndo foram capazes de exercer todo o espectro de

acoes da cetamina em ensaios clinicos (NEWPORT et al., 2015; POCHWAT; NOWAK;
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SZEWCZYK, 2019). Diante desse cendrio, estratégias que possam aumentar as respostas
antidepressivas da cetamina com menor potencial para efeitos indesejaveis sao bem-vindas. As
estratégias de aumento (augmentation strategies) que consistem na utilizacdo da medicagao
antidepressiva combinada com agentes ndo antidepressivos podem ser uma ferramenta
interessante para o tratamento do TDM quando o medicamento de primeira escolha tem
limitagdes (HAN et al., 2014; PAPAKOSTAS et al., 2005; PARK, 2020; ZHOU et al., 2019).
A terapia de aumento apresenta vantagens em relagdo a monoterapia, uma vez que pode induzir
a uma remissdo mais significativa dos sintomas depressivos (MALHI et al., 2020; MORET,
2005; ZHOU et al., 2015). Esta estratégia também permite a redugdo da dose do antidepressivo,
0 que poderia reduzir seus efeitos adversos (BAROWSKY; SCHWARTZ, 2006; MORET,
2005).

1.5 ESTRESSE E RESILIENCIA

O estresse configura-se como uma reacdo comum frente a uma adversidade, e a
exposi¢do do individuo a um agente estressor promove a ativa¢ao do eixo hipotalamo-hipofise-
adrenal (HHA), o qual estimula o organismo a iniciar respostas adaptativas e de enfrentamento
para manter a homeostase (KELLER et al., 2017; MCEWEN, 2007; RIBONI; BELZUNG,
2017). Neste contexto, em situacdes de estresse o nucleo paraventricular do hipotdlamo ¢
estimulado a secretar o hormonio liberador de corticotrofina (CRH) que ir4, por sua vez,
estimular a liberacdo de hormoénio adrenocorticotréfico (ACTH) pela hipofise (também
conhecida como pituitaria) anterior ou adeno-hipofise. O ACTH liberado na corrente sanguinea
estimulard a secrecdo de cortisol (ou corticosterona em roedores) pelo cortex das glandulas
adrenais (INCOLLINGO RODRIGUEZ et al., 2015). Um esquema mostrando o funcionamento

do eixo HHA esté ilustrado na Figura 6.
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Figura 6. O eixo HHA
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Em situagdes de estresse o nucleo paraventricular do hipotalamo ¢é estimulado a secretar o CRH que ird, por sua
vez, estimular a liberacdo de ACTH pela hipofise (também conhecida como pituitaria) anterior ou adeno-hipodfise.
O ACTH liberado na corrente sanguinea estimulara a secre¢do de GC como cortisol em humanos ou corticosterona
em roedores pelas glandulas adrenais. O cortisol € um hormoénio esteroide que ira atuar em diversos tecidos
corporais desencadeando diversas fungdes, principalmente relacionadas ao comportamento de luta ou fuga. O
cortisol ou a corticosterona (roedores) também exercem uma influéncia inibitdria sobre o eixo HHA através de um
sistema de retroalimentag@o negativa, atuando a nivel do nicleo paraventricular e da hipofise. A regulagio do eixo
HHA também parece ser dependente do hipocampo e do cortex pré-frontal, estrutura encefalicas que expressam
grande densidade de receptores glicocorticoides. Contudo, o estresse cronico pode levar ao aumento dos niveis
plasmaticos de glicocorticoides, que podem causar danos aos neurénios do hipocampo e cortex pré-frontal,
incluindo déficits sinapticos, atrofia e morte neuronal. Em conjunto, estes eventos reduzem o mecanismo de
retroalimentagdo negativa ¢ amplificam a disfun¢do do eixo HHA, eventos que parecem estar subjacentes ao
desenvolvimento do TDM. ACTH.: horménio adrenocorticotrofico; CRH: horménio liberador de corticotrofina;
GC: glicocorticoides. Figura elaborada usando imagens do Mind the Graph e Servier Medical Art. Fonte: autor.

O cortisol ¢ um hormdnio esteroide sintetizado a partir da molécula de colesterol que
ird atuar em diversos tecidos corporais desencadeando diversas fungdes, principalmente
relacionadas ao comportamento de luta ou fuga. E importante destacar que estas agdes sdo
mediadas por meio da interacio com receptores especificos, os receptores de
mineralocorticoides e os receptores de glicocorticoides (GROENEWEG et al., 2012;
JURUENA, 2014). Os receptores de mineralocorticoides que recebem esta denominagdo por
terem alta afinidade pela aldosterona, possuem uma alta afinidade pelo cortisol, portanto, sao
ativados mesmo quando os niveis deste glicocorticoide estio baixos (JOELS; KARST;

SARABDIJITSINGH, 2018). Contudo, os receptores de glicocorticoides que apresentam uma
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alta afinidade por glicocorticoides sintéticos, apresentam uma afinidade mais baixa pelo
cortisol, sendo ativados apenas quando as concentragdes deste hormoénio estdo elevadas
(KADMIEL; CIDLOWSKI, 2013). Os receptores de glicocorticoide localizam-se no
citoplasma em seu estado de repouso, e nestas condigdes eles permanecem acoplados a um
complexo multimérico de proteinas chaperonas incluindo as proteinas de choque térmico
(HSP56 e HSP90) e imunofilinas. Apds a interagdo com os glicocorticoides, esses receptores
sao ativados e se dissociam do complexo de proteinas chaperonas e imunofilinas, resultando na
sua translocacao para o nucleo, onde controlam a expressao génica (KADMIEL; CIDLOWSKI,
2013). Além disso, as vias de sinalizagdo medidas pelo receptor de glicocorticoide culmina na
ativacdo de mecanismos de resposta rapida (ndo-gendmicos) ou de resposta lenta (através de
alteracdes na transcri¢do génica), os quais contribuem coletivamente para uma adaptacdo
comportamental bem-sucedida (JOELS; PASRICHA; KARST, 2013).

E importante destacar ainda que os glicocorticoides também exercem uma influéncia
inibitoria sobre o eixo HHA, particularmente atuando a nivel do nucleo paraventricular e da
hipofise, através de um sistema de retroalimentacdo negativa (GJERSTAD; LIGHTMAN;
SPIGA, 2018). Além destas algas de controle inibitorio, a regulacdo do eixo HHA também
parece ser dependente do hipocampo e do cortex pré-frontal, estruturas encefalicas que
expressam grande densidade de receptores glicocorticoides (JACOBSON; SAPOLSKY, 1991;
MCKLVEEN et al., 2013; MIZOGUCHI et al., 2003). Contudo, o estresse cronico pode levar
ao aumento dos niveis plasmaticos de glicocorticoides, que podem causar danos aos neurdnios
do hipocampo e cortex pré-frontal e reduzir o mecanismo de retroalimentagdo negativa do eixo
HHA (JOELS et al., 2009; LEE; OGLE; SAPOLSKY, 2002; MIZOGUCHI et al., 2003). De
fato, evidéncias tém demonstrado de forma robusta que modelos de estresse cronico sao capazes
de promover disfuncdes no eixo HHA bem como déficits sindpticos, atrofia e morte neuronal
na formagdo hipocampal e no cortex pré-frontal de roedores (ALFAREZ et al., 2009;
DALMAGRO et al., 2020; FRAGA et al., 2021; LI et al., 2011; PAZINI et al., 2016), eventos
que parecem estar subjacentes ao desenvolvimento de comportamento tipo-depressivo.

Reforcando essa premissa, evidéncias convincentes demonstraram que o estresse €
disfun¢ao do eixo HHA configuram-se como fatores de riscos para o desenvolvimento do TDM
(JURUENA, 2014; OTTE et al., 2016; PARIANTE; LIGHTMAN, 2008). De forma consistente
e robusta, demonstrou-se previamente que cerca de 50% dos pacientes acometidos pelo TDM
apresentam niveis aumentados de cortisol (DETTENBORN et al., 2012; GOODYER et al.,
2000; HARRIS et al., 2000; KNORR et al., 2010; STETLER; MILLER, 2011), bem como
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disfung¢oes no eixo HHA (FRODL; O’KEANE, 2013; GOLD, 2015; MARIC; ADZIC, 2013).
Além disso, individuos com TDM apresentam uma reduc¢do na fungdo dos receptores de
glicocorticoide (ANACKER et al., 2011), bem como déficits sinapticos e atrofia neuronal no
cortex pré-frontal e no hipocampo (BOLDRINI et al., 2013; DURIC et al., 2013; FEYISSA et
al., 2009; HOLMES et al., 2019; KANG et al., 2012; RAFALO-ULINSKA et al., 2016). Desta
forma, postula-se o estresse cronico pode causar mas adaptagdes moleculares e celulares que
contribuem para o desenvolvimento do TDM (KLOET; JOELS; HOLSBOER, 2005;
MCEWEN, 2007).

Embora seja bem estabelecido que o estresse comumente precipite o TDM, nem todos
os individuos expostos a agentes estressores desenvolvem este transtorno, isto €, alguns
individuos sdo suscetiveis enquanto outros sao resilientes (FAYE et al., 2018; RUSSO et al.,
2012). A resiliéncia ¢ definida como o processo de adaptagdo frente a situagdes adversas e
estressoras, visando o manter a funcionalidade homeostatica fisica e mental (HAN; NESTLER,
2017). Apesar de alguns estudos apontarem fatores que promovem a suscetibilidade a doengas
psiquiatricas induzidas pelo estresse, poucos estudos investigaram o que torna os individuos
resilientes (FEDER; NESTLER; CHARNEY, 2009). Até recentemente, os estudos sobre a
resiliéncia ao estresse foram baseados na premissa de que esta ¢ uma propriedade passiva,
relacionada a auséncia dos fatores de risco que tornam os individuos suscetiveis (RUSSO et al.,
2012). No entanto, modelos animais sugerem que a resiliéncia ao estresse pode ser também
mediada por processos ativos, por mecanismos distintos e paralelos aos da suscetibilidade
(BRACHMAN et al., 2016; CAMARGO et al., 2021; KRISHNAN et al., 2007; LAGAMMA
et al., 2018; PARISE et al., 2021).

E importante enfatizar ainda que embora uma extensa pesquisa tenha focado em
tratamentos farmacoldgicos que possam neutralizar as patologias relacionadas ao estresse,
poucos estudos investigaram se os tratamentos farmacologicos poderiam aumentar a resiliéncia
frente a agentes estressores (GURURAJAN et al., 2019). Com base neste cenario, aumentar a
resiliéncia ao estresse poderia proteger contra o desenvolvimento de transtornos psiquiatricos,
como o TDM (CATHOMAS et al., 2019), mas estratégias terapéuticas para esta finalidade
ainda sdo poucos estudadas. Além disso, a identificagdo das vias de sinalizagdo e alvos
moleculares subjacentes a resiliéncia ao estresse poderia sustentar o desenvolvimento de novas
abordagens preventivas, especialmente para populacdes vulneraveis em risco de desenvolver

TDM.



36

Embora a descoberta da cetamina como antidepressivo rapido tenha marcado a
mudanga na historia do desenvolvimento de agentes antidepressivos, estudos inovadores
mostraram sua capacidade de produzir efeito profilatico e promotor de resiliéncia frente ao
estresse em roedores (BRACHMAN et al.,, 2016; MASTRODONATO et al., 2018;
MCGOWAN et al., 2018) e humanos (MA et al., 2019). O efeito pro-resiliéncia da cetamina
foi observado em protocolos experimentais nos quais ela foi administrada 7 dias antes do inicio
da exposicao cronica ao estresse, incluindo os modelos de estresse de derrota social, paradigma
de desamparo aprendido, estresse cronico e imprevisivel e estresse cronico de restricao
(BRACHMAN et al, 2016; CHEN et al., 2020; KRZYSTYNIAK et al., 2019,
MASTRODONATO et al., 2018; PARISE et al., 2021). Além disso, a administracdo profilatica
de cetamina foi capaz de aumentar a resili€ncia contra o comportamento do tipo-depressivo
induzido por estressores inflamatorios, particularmente o lipopolissacarideo (LPS) e fator de
necrose tumoral-alfa (TNF-a) (CAMARGO et al., 2021; MASTRODONATO et al., 2020).
Também reportou-se que a cetamina pode atenuar uma resposta ao medo em um paradigma de
medo condicionado ao contexto quando administrada uma semana antes, mas ndo quando
administrada imediatamente antes ou depois de um episddio indutor de estresse (MCGOWAN
etal., 2017). Estes achados reforcam a nogao de que a cetamina apresenta uma janela de eficacia
terapéutica muito além da sua meia-vida de algumas horas e € capaz de desencadear uma cascata
de eventos que se sustenta por varios dias (BRACHMAN et al., 2016). Mais importante, estes
resultados também sugerem que a cetamina pode emergir como uma nova estratégia potencial
para reduzir a incidéncia e manejar os pacientes sob condi¢des de alto estresse em risco de
desenvolver TDM.

Pesquisas subsequentes reportaram que o mecanismo de a¢do profildtico da cetamina
parece ser associado ao aumento da formacao de espinhos dendriticos e aumento da eficacia
sindptica na regido CA3 da formacdo hipocampal (KRZYSTYNIAK et al, 2019;
MASTRODONATO et al., 2018) e no coértex pré-frontal (DOLZANI et al., 2018;
KRZYSTYNIAK et al., 2019). E importante destacar, que o efeito profilatico da cetamina, ao
contrario do efeito antidepressivo, parece ndo envolver o aumento de processo de neurogénese
(LAGAMMA et al., 2018). Além disso, o fenotipo pro-resiliente induzido pela administragao
profilatica frente aos estressores inflamatorios LPS e TNF-a foi associado a supressao da via
de sinalizagdo mediada pelo inflamassoma NLRP3 (receptor do tipo NOD com dominio pirina
3) no hipocampo de camundongos (CAMARGO et al., 2021). E interessante observar que um

estudo recente forneceu evidéncias de que os mecanismos subjacentes ao efeito profilatico e
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promotor de resiliéncia desencadeados pela cetamina ¢ semelhante aos observados em sua
resposta antidepressiva rapida, particularmente a ativagdo da via da sinalizagdo mediada por
Akt/mTORCI1 com consequentemente aumento da eficicia sinaptica (PARISE et al., 2021).
Portanto, esses achados sugerem que a via de sinalizagdo mediada por mTORCI1 pode ser um
alvo subjacente ao aumento da resiliéncia contra transtornos relacionados ao estresse. De
especial interesse, demonstrou-se que o efeito profilatico e promotor de resiliéncia da cetamina
parece ser associado a modulagdo no sistema purinérgico, sendo que o aumento das formas
mono e difosfatadas de guanosina poderiam estar subjacentes a este efeito (MCGOWAN et al.,
2018). Essa evidéncia sugere que o sistema purinérgico poderia ser um componente importante

para respostas promotoras de resiliéncia.

1.6 SISTEMA PURINERGICO

O sistema purinérgico constitui-se como um complexo sistema celular que ¢ crucial
para diversas funcdes fisioldgicas. De especial interesse, as purinas que compdem o sistema
purinérgico podem desempenhar uma série de fungdes, tais como a estruturagdo do acido
desoxirribonucleico (DNA) e RNA, como componentes do metabolismo energético e segundos
mensageiros nos mecanismos de transducdo de sinal, bem como neurotransmissores e
neuromoduladores (BURNSTOCK, 2020). Desta forma, as purinas apresentam um papel
fundamental em diversos processos fisiologicos, incluindo respostas imunes, inflamagao, dor,
mecanismos de sinalizagdo intracelular e extracelular, proliferacdo e morte celular
(BURNSTOCK, 2016; HEINE; SYGNECKA; FRANKE, 2016; MIRAS-PORTUGAL et al.,
2016; OLIVEIRA; ILLES; ULRICH, 2016; RIBEIRO et al., 2016; RODRIGUES; MARQUES;
CUNHA, 2019).

Em 1972, postulou-se pela primeira vez o conceito de sinalizagao purinérgica, no qual
sugeriu-se que o ATP poderia agir como neurotransmissor (BURNSTOCK, 1972).
Inicialmente, esta ideia gerou uma série de criticas ja que o papel energético do ATP estava
bem estabelecido. Consistentemente, estudos pioneiros demonstraram a presenca de receptores
transmembrana para o sistema purinérgico, os quais foram categorizados em dois grandes
grupos de acordo com seus ligantes. Os purinoceptores do tipo 1 (P1) possuem a adenosina
como ligante enquanto, os receptores purinérgicos do tipo 2 (P2) interagem com o ATP ou ADP
(BURNSTOCK, 2007). Particularmente, os receptores P1 configuram-se como receptores

metabotropicos e sdo divididos em quatro subtipos: Ai, A2A, A2B e As. Em particular, os



38

purinoceptores A1 sdo acoplados a proteina G inibitoria levando a uma diminuigao da atividade
da adenilato ciclase e consequente diminui¢do nos niveis de AMP ciclico intracelular.
Contrariamente, os purinoceptores A>A sdo acoplados a proteina G estimulatoria, levando ao
aumento dos niveis de AMP ciclico. Os receptores P2 sdo subdivididos em P>X (receptores
ionotropicos) e P2Y (receptores metabotropicos) (BURNSTOCK, 2020). E importante destacar
que os receptores A; e AxA sdo amplamente distribuidos no SNC sendo encontrados nos
terminais pré-sinapticos e pos-sinapticos em diferentes regides do cérebro e sdo os principais
responsaveis pelos efeitos centrais da adenosina, enquanto os receptores A>B e Az parecem ter
uma menor expressao no SNC (BURNSTOCK, 2008).

Vale destacar ainda que embora um grande conjunto de evidéncias tenha demonstrado
o importante papel fisiologico das purinas a base de adenina, os derivados da guanina tém
recebido menos atencdo nesta perspectiva. Além disso, apesar do importante papel dos
derivados da guanina como componentes das cascatas de sinalizacdo intracelular, evidéncias
robustas tém evidenciado que os derivados da guanina podem também atuar como moléculas
de sinalizacdo extracelular (SCHMIDT; LARA; SOUZA, 2007). Dentre os derivados da
guanina, destaca-se o nucleosideo guanosina (Figura 7). A principal fonte de guanosina ¢ sua
producdo por astrdcitos, os quais liberam nucleotideos da guanina no espago extracelular que
sao rapidamente catabolizados pelas ecto-5’-nucleotidases, produzindo este nucleosideo

(CICCARELLI et al., 2001; SCHMIDT; LARA; SOUZA, 2007).

Figura 7. Estrutura quimica da guanosina
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A guanosina ¢ um nucleosideo da guanina que ocorre naturalmente no sistema nervoso central, cuja estrutura que
compreende uma guanina ligada a um anel de ribose. CioHi3NsOs; peso molecular: 283.244 g/mol. Fonte:
PubChem CID: 6802.



39

A guanosina ¢ liberada no espago extracelular em condigdes fisioldgicas e
especialmente durante eventos patologicos, sendo capaz de desencadear uma ampla gama de
fungdes em varias regides encefalicas, achados que postulam que a mesma poderia ser um
neuroprotetor endogeno (CICCARELLI et al., 1999; LANZNASTER et al., 2016).
Consistentemente, o efeito neuroprotetor da guanosina foi demonstrado por diversos estudos in
vitro e in vivo, particularmente em modelos de isquemia (DAL-CIM et al., 2011, 2013, 2016;
HANSEL et al., 2014; RAMOS et al, 2016; THOMAZ et al., 2016), septicemia
(PETRONILHO et al., 2012), doenca de Alzheimer (LANZNASTER et al., 2017), doenga de
Parkinson (MARQUES; MASSARI; TASCA, 2019; MASSARI et al., 2020, 2017), epilepsia
(OLIVEIRA et al., 2004; TORRES et al., 2010), e excitotoxicidade glutamatérgica (MOLZ et
al., 2011). Também demonstrou-se que a guanosina ¢ capaz de promover efeitos
antinociceptivo e neurotroficos (SCHMIDT et al., 2009, 2010). De especial interesse, postula-
se que a guanosina exerca seus efeitos neuroprotetores por estimular vias de sinalizacdo que
culminam na sintese e liberacao de fatores neurotréficos, bem como respostas antioxidantes e
anti-inflamatdrias (BETTIO; GIL-MOHAPEL; RODRIGUES, 2016; TASCA et al., 2018).
Apesar do efeito neuroprotetor promovido pela guanosina ser bem estabelecido, o seu exato
sitio de acdo ainda ndo esta bem elucidado (LANZNASTER et al., 2016).

Estudos buscaram estabelecer se os efeitos neuroprotetores da guanosina seriam de
fato atribuidas a este nucleosideo e ndao a algum efetor. Neste sentido, evidenciou-se que os
niveis plasmaticos de guanosina aumentam de maneira dose e tempo-dependentes apds sua
administracdo intraperitoneal (GIULIANI et al., 2012). Particularmente, averiguou-se que a
concentracdo de guanosina encontra-se duplicada apos 90 minutos da administracao (JIANG et
al., 2008). E bem estabelecido que a guanosina ¢ amplamente distribuida ap6s administragdo
sistémica, sendo capaz de entrar no SNC em 7,5 min. Além disso, suas concentragdes
continuam a aumentar no SNC, atingindo um pico 30 min ap6s administragdo intraperitoneal
(GIULIANI et al., 2012; JIANG et al., 2008).

E importante destacar que um padrio semelhante também foi observado apds
administracdo da guanosina por via oral (SCHMIDT et al., 2010; VINADE et al., 2005). De
fato, a guanosina pode ser captada por transportadores de nucleosideos, que sdo amplamente
encontrados em células intestinais, microvasos € na barreira hematoencefalica (JONES;
HAMMOND, 1995; KALARIA; HARIK, 1988; NAGASAWA et al., 2007, PATIL;
UNADKAT, 1997; PENG et al., 2005). E conveniente destacar ainda que a guanosina pode ser

convertida em guanina através da atividade da enzima purina nucleosideo fosforilase
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(SCHMIDT; LARA; SOUZA, 2007). Neste sentido, estudos prévios mostraram que as
concentragcdes maximas dos metabolitos da guanosina, particularmente guanina, xantina e acido
urico, foram detectados no plasma apos 15-30 min da sua administragao, indicando que esse
nucleosideo pode ser rapidamente metabolizado apds administragdo exdgena (GIULIANT et al.,
2012; JIANG et al., 2008).

De especial interesse, demonstrou-se que os niveis de guanosina estdo reduzidos no
soro de pacientes com TDM (ALI-SISTO et al., 2016; MOCKING et al., 2021), o que sugere o
envolvimento deste nucleosideo na neurobiologia deste transtorno. Particularmente, nosso
grupo de pesquisa foi o primeiro a demonstrar que a guanosina é capaz de exercer uma resposta
tipo-antidepressiva em camundongos apds administragdo unica (BETTIO et al., 2012) ou
repetida (BETTIO et al., 2016), um efeito reforcado por outros grupos de pesquisa (ALMEIDA
et al., 2020, 2021; MARQUES et al., 2019; PIERMARTIRI et al., 2020). Vale destacar que a
guanosina apresenta mecanismos de agdo similares a cetamina e, portanto, poderia ser um novo
candidato para produzir respostas tipo-antidepressivas rapidas ou potencializar as agdes da
cetamina (CAMARGO; RODRIGUES, 2019).

Do ponto de vista mecanistico (Figura 8), o efeito tipo-antidepressivo provocado pela
guanosina no teste de suspensdo pela cauda parece envolver a modulagdo dos receptores
NMDA, visto que a administragdo de NMDA (um agonista do receptor NMDA) ou D-serina
(um co-agonista do receptor NMDA) aboliram completamente este efeito (BETTIO et al.,
2012). Além disso, a administragdo combinada de guanosina e MK-801 (um antagonista do
receptor NMDA) produziram um efeito tipo-antidepressivo no teste de suspensdo pela cauda
em camundongos (BETTIO et al., 2012). O efeito tipo-antidepressivo deste nucleosideo foi
completamente abolido pela administragdo de DNQX (um antagonista do receptor AMPA) ou
verapamil (um bloqueador dos CCVD) (ROSA et al., 2021). A liberagdo de BDNF e a ativacao
do receptor TrkB também parecem ser necessarios para o efeito tipo-antidepressivo da
guanosina, uma vez que a administracao do anticorpo anti-BDNF ou do K-252a (um antagonista
do receptor TrkB) aboliu esta resposta no teste de suspensio pela cauda (ROSA et al., 2021).
Além disso, esta resposta comportamental foi acompanhada por um aumento significativo nos
niveis de BDNF no hipocampo e no cortex pré-frontal de camundongos apds 1 h do tratamento

com guanosina (ROSA et al., 2021).



41

Figura 8. Mecanismos envolvidos no efeito tipo-antidepressivo da guanosina
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O efeito tipo-antidepressivo da guanosina no teste de suspensdo pela cauda parece envolver a modulagao dos
receptores NMDA e AMPA e a ativagdo dos CCVD, bem como a liberagdo de BDNF e a ativagdo do receptor
TrkB. O efeito tipo-antidepressivo desencadeado pela guanosina esta associado a ativag@o da via de sinalizag¢do
PI3K/Akt/GSK-3B/mTORCI1 com consequentemente aumento na fosforilagdo de p70S6K e no imunocontetido de
sinapsina no hipocampo de camundongos. No entanto, uma Unica administragdo de guanosina ndo aumentou a
densidade e a maturagdo de espinhos dendriticos na por¢do ventral do giro denteado a formagdo hipocampal de
camundongos apés 1 h do tratamento. Akt: proteina cinase B; AMPA: alfa-amino-3-hidroxi-metil-5-4-
isoxazolpropionico;, BDNF': fator neurotrofico derivado do encéfalo;, CCVD: cdlcio dependentes de voltagem;
DNQX: 6,7-dinitroquinoxaline-2,3-dione; GSK-3f: glicogénio sintase cinase-3f; GluAl: subunidade 1 de
receptores AMPA; mTORCI1: complexo 1 da proteina alvo mecanistico da rapamicina;, NMDA: N-metil-D-
aspartato, p70S6K: proteina ribossomal S6 cinase de 70 kDa; PI3K: fosfatidilinositol 3-cinase; PSD-95: proteina
de densidade pos-sinaptica de 95kDa; TrkB: tropomiosina cinase B. Figura elaborada usando imagens do Mind
the Graph e Servier Medical Art. Fonte: autor.

O efeito tipo-antidepressivo da guanosina também estd associado a estimulagdo de via
de sinalizagdo PI3K/Akt/GSK-38/mTORCI. Em particular, a administragdo de LY294002 (um
inibidor de PI3K) ou rapamicina (um inibidor seletivo de mTORC1) anulou completamente as
respostas tipo-antidepressivas da guanosina no teste de suspensao pela cauda (BETTIO et al.,
2012). A coadministragdo com doses sub-efetivas de guanosina e cloreto de litio (um inibidor
ndo seletivo de GSK-3) ou AR-A014418 (um inibidor seletivo de GSK-3f) produziu um efeito
tipo-antidepressivo no teste de suspensao pela cauda (ROSA et al., 2019). A administragdo de

guanosina também foi capaz de aumentar significativamente a fosforilacdo de p70S6K e o
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imunoconteudo de sinapsina no hipocampo de camundongos ap6s 1 h do tratamento (ROSA et
al., 2021). Reforcando a nocao de que a cetamina e a guanosina compartilham respostas
comportamentais e alvos moleculares comuns, uma unica administracao de guanosina foi capaz
de reverter o comportamento tipo-depressivo induzido pela bulbectomia olfatéria em
camundongos submetidos ao teste de borrifagem com sacarose e ao teste de reconhecimento de
objetivos (ALMEIDA et al., 2020). Entretanto, este efeito ndo foi observado quando os
camundongos foram pré-tratados com a rapamicina, indicando que o efeito tipo-antidepressivo
da guanosina ¢ dependente da estimulagdo de mTORC1 (ALMEIDA et al., 2020). Contudo, ¢
importante destacar que uma tinica administra¢do de guanosina, ao contrario da cetamina, nao
aumentou a densidade e a maturagdo de espinhos dendriticos na por¢ao ventral do giro denteado
da formacao hipocampal de camundongos 1h apds sua administracdo (ROSA et al., 2021).

Recentemente, nosso grupo de pesquisa demostrou que uma administra¢do aguda de
guanosina, de forma semelhante a cetamina, apresentou um efeito tipo-antidepressivo no teste
da alimentag¢do suprimida pela novidade (CAMARGO et al., 2019; ROSA et al., 2021), um
paradigma comportamental sensivel a uma inica administragdo de agentes antidepressivos com
rapido efeito, mas que ndo responde a uma Unica administracdo de antidepressivos
convencionais (NEIS et al., 2020; PAZINI et al., 2020). Além disso, a capacidade da guanosina
em aumentar o efeito tipo-antidepressivo de doses sub-efetivas de cetamina no teste da
alimentacdo suprimida pela novidade também foi demonstrada por nosso grupo de pesquisa
(CAMARGO et al., 2019). Este efeito comportamental observado no teste da alimentagdo
suprimida pela novidade ap6s a combinagdo de cetamina e guanosina nao foi detectado quando
a rapamicina foi previamente administrada aos camundongos, indicando que o efeito tipo-
antidepressivo ¢ dependente da ativacdo de mTORC1 (CAMARGO et al., 2019). Refor¢ando
o papel da via de sinaliza¢do mediada por mTORCI1 neste efeito, a coadministracdo com doses
sub-efetivas de cetamina e guanosina aumentou significativamente a fosforilacdo de mTORCI
no hipocampo de camundongos (CAMARGO et al., 2019).

Apesar das evidéncias mostrando que a guanosina ¢ efetiva em produzir efeito tipo-
antidepressivo (BETTIO et al., 2012; CAMARGO et al., 2019; ROSA et al., 2021), ainda ndo
foi determinado se a guanosina ¢ eficaz em potencializar o efeito tipo-antidepressivo e pro-
sinaptogénico rapido e sustentado desencadeado pela cetamina. Mais importante, ainda precisa
ser elucidado o papel da via de sinalizagdo mediada por mMTORC1 e a formagdo de espinhos
dendriticos nos possiveis efeitos tipo-antidepressivo e pro-sinaptogénico desencadeados pela

coadministragdo de doses sub-efetivas de cetamina e guanosina. Além disso, ainda ndo ha
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evidéncias que mostrem que a administragdo Unica de doses sub-efetivas de cetamina e
guanosina poderia exercer efeitos tipo-antidepressivo e pro-sinaptogénico em um modelo
animal que mimetiza alteragcdes comportamentais ¢ moleculares observadas em paciente com
TDM. Por fim, ainda precisa ser determinado se a guanosina ¢ capaz de produzir um efeito pro-
resiliéncia bem como potencializar o fendtipo pro-resiliente promovido pela cetamina contra o

comportamento tipo-depressivo e disfunc¢des sinapticas induzidas por estresse cronico.



44

2 JUSTIFICATIVA

Considerando que varios antagonistas do receptor NMDA falharam em exercer todo o
espectro de agdes da cetamina em ensaios clinicos (NEWPORT et al., 2015; POCHWAT;
NOWAK; SZEWCZYK, 2019), estratégias direcionas em potencializar as respostas
antidepressivas desta molécula, com menor potencial para efeitos indesejaveis sdo bem-vindas.
Notavelmente, ha um crescente conjunto de evidéncias mostrando que os moduladores
glutamatérgicos endogenos podem produzir efeito tipo-antidepressivo rapido e até mesmo
aumentar as acgdes antidepressivas da cetamina por estimular a sinalizagdo mediada por
mTORC1 (CAMARGO; RODRIGUES, 2019). Neste sentido, destaca-se que guanosina, uma
purina neuroprotetora endogena a base de guanina. Estudos recentes demonstraram que a
guanosina apresenta mecanismos de agcdo sobrepostos a cetamina e, portanto, poderia ser um
novo candidato para produzir respostas tipo-antidepressivas rapidas ou potencializar as agdes
da cetamina (CAMARGO; RODRIGUES, 2019). Em vista das limitagdes do uso da cetamina,
a estratégia de combinagdo da cetamina com a guanosina, em doses sub-efetivas, pode constituir
uma estratégia promissora para auxiliar pacientes com diagndstico de TDM no futuro,
particularmente por permitir a redugdo da dose terapeuticamente eficaz da cetamina e
possivelmente os efeitos adversos. Estes dados nos incentivam a investigar a guanosina como
um agente potencializador dos efeitos tipo-antidepressivo e pro-sinaptogénico desencadeados
pela cetamina em camundongos, bem como o papel da via de sinalizagdo mediada por mTORC1

nesta possivel resposta.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Investigar a guanosina como um agente potencializador dos efeitos tipo-antidepressivo

e pro-sinaptogénico desencadeados pela cetamina em camundongos, bem como o papel da via

de sinalizacdo mediada por mTORC1 nesta possivel resposta.

3.2 OBJETIVOS ESPECIFICOS

a)

b)

d)

Avaliar o efeito tipo-antidepressivo da administragdo de cetamina, guanosina e a

combinac¢do de doses sub-efetivas de cetamina e guanosina;

Investigar se a possivel resposta tipo-antidepressiva desencadeada pela coadministragdo
de doses sub-efetivas de cetamina e guanosina estd associada com a via de sinalizag@o

pro-sinaptogénica mediada por mTORC1;

Analisar se a guanosina ¢ capaz de potencializar o efeito tipo-antidepressivo apds 1 h,
24 h e 7 dias da administracdo de cetamina, e investigar se esta resposta relacionada a

estimulacdo da via pro-sinaptogénica mediada por mTORCI;

Avaliar a densidade de espinhos dendriticos na por¢ao ventral do giro denteado da
formagdo hipocampal e no cortex pré-frontal de animais tratados com cetamina e/ou

guanosina ap6s 1 h, 24 h e 7 dias;

Analisar se a possivel capacidade da guanosina em potencializar o efeito tipo-
antidepressivo e pro-sinaptogénico desencadeado pela cetamina ¢ dependente da

ativagdo de mTORCI;

Investigar o efeito tipo-antidepressivo e pro-sinaptogénico da combinacao de doses sub-
efetivas de cetamina e guanosina em animais submetidos a administragdo cronica de

corticosterona e o papel da via de sinalizagdo mediada por mTORC1;
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h)

46

Verificar se o efeito tipo-antidepressivo e pro-sinaptogénico desencadeado pela
associacao de doses sub-efetivas de cetamina e guanosina em animais submetidos a
administracao cronica de corticosterona ¢ dependente da ativagdo da via de sinalizagao

mediada por mTORCI;

Avaliar se a administragdo profilatica de cetamina, guanosina e a associacdo de
cetamina e guanosina ¢ capaz de prevenir o comportamento tipo-depressivo induzido
pela administracao cronica de corticosterona, e se este efeito estd associado a via de

sinalizacdo mediada por mTORCI.
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4 MATERIAIS, METODOS E RESULTADOS

Esta Tese de Doutorado apresenta os principais resultados obtidos durante o periodo
de doutoramento. Os resultados estdo divididos em 4 capitulos contendo os manuscritos

completos publicados nos respectivos periodicos.

CAPITULO 1
“Guanosine potentiates the antidepressant-like effect of subthreshold doses of ketamine:
Possible role of pro-synaptogenic signaling pathway”

Manuscrito completo referente aos objetivos a e b publicado no periodico Journal of Affective

Disorders, v. 271, p. 100-108, 2020.

CAPITULO 2
“Guanosine boosts the fast, but not sustained, antidepressant-like and pro-synaptogenic
effects of ketamine by stimulating mTORC1-driven signaling pathway”
Manuscrito completo referente aos objetivos ¢, d e publicado no periodico European

Neuropsychopharmacology, v. 57, p. 15-29, 2022.

CAPITULO 3
“A low-dose combination of ketamine and guanosine counteracts corticosterone-induced
depressive-like behavior and hippocampal synaptic impairments via mTORC1
signaling”
Manuscrito completo referente aos objetivos f e g publicado no periodico Progress in Neuro-

Psychopharmacology and Biological Psychiatry, v. 111, p. 110371, 2021.

CAPITULO 4
“Ketamine, but not guanosine, as a prophylactic agent against corticosterone-induced
depressive-like behavior: Possible role of long-lasting pro-synaptogenic signaling
pathway”
Manuscrito completo referente ao objetivo h publicado no Experimental Neurology, v. 334, p.

113459, 2020.
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Guanosine potentiates the antidepressant-like effect of subthreshold doses of ketamine:

Possible role of pro-synaptogenic signaling pathway
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ABSTRACT

Background Augmentation therapies may be effective strategies to potentiate the ketamine's actions with lower
potential for knock-on effects. Thus, this study investigated the ability of combined administration of guanosine
plus ketamine to elicit an antidepressant-like effect associated with mTOR pathway modulation. The ability of
this combined administration to exert an antidepressant-like effect in a model of depression was also evaluated.

Methods Mice were administered with subthreshold doses of ketamine (0.1 mg/kg, i.p.) and guanosine
(0.01 mg/kg, p.o.) and submitted to the tail suspension test, and immunoblotting analyses (p-mTOR, p-p70S6K,
PSD-95, GluA1, and synapsin) in the hippocampus and prefrontal cortex. The antidepressant-like effect of ke-
tamine plus guanosine in mice subjected to administration of corticosterone (20 mg/kg, p.o., 21 days) was also
evaluated.

Results Ketamine plus guanosine treatment elicited an antidepressant-like effect, which was associated with
increased mTOR (Ser®**®) and p70S6K (Thr**?) phosphorylation in the hippocampus, but not in the prefrontal
cortex. Furthermore, increased PSD-95 and GluAl immunocontent were observed in the prefrontal cortex, but
not in the hippocampus of ketamine plus guanosine-treated mice. Reinforcing the notion that guanosine may
potentiate the ketamine's behavioral response, a single administration of subthreshold doses of ketamine plus
guanosine counteracted the corticosterone-induced depressive-like behavior.

Conclusions Our results indicate that guanosine potentiates the antidepressant-like effect of subthreshold
doses of ketamine, an effect likely associated with the stimulation of synaptogenic pathway in the hippocampus
and prefrontal cortex, although with a different profile. The augmentation effect of ketamine by guanosine could
have therapeutic relevance for patients with treatment-resistant depression.

1. Introduction

need for the development of novel, more efficacious and fast-acting
antidepressant agents, not primarily based on the monoaminergic

Depression is a burdensome neuropsychiatric disorder whose life-
time prevalence is nearly 20% (Otte et al., 2016). Among the multiples
causes that underlie the pathophysiology of depression, the mood-re-
lated circuitry disruption in brain structures such as the hippocampus
and prefrontal cortex has received special attention (Duman et al.,
2016). Neuroplasticity alterations in the hippocampus and prefrontal
cortex have been associated with low remission rates and impaired
clinical  response to  conventional  antidepressant  drugs
(MacQueen et al., 2008; Savitz and Drevets, 2009). These drugs are
modestly effective since they require weeks to months to provide
complete remission of symptoms, besides being effective to only about
one-third of patients (Crisafulli et al., 2011; Papakostas and
Tonescu, 2015). Given this scenario, these limitations underscore the

* Corresponding author.
E-mail address: ana.l.rodrigues@ufsc.br (A.L.S. Rodrigues).
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system.

Ketamine, an N-methyl-D-aspartate (NMDA) receptor antagonist,
has emerged as a fast-acting antidepressant that elicits rapid and long-
lasting effects (Berman et al., 2000) even in treatment-refractory in-
dividuals with suicidal ideation (Zarate et al., 2006). These findings
have spurred several research groups to conduct preclinical studies
aimed at elucidating the ketamine's mechanisms of action. The activa-
tion of mammalian target of rapamycin (mTOR) that controls the
translation of synaptic proteins such as postsynaptic density protein-
95 kDa (PSD-95), alpha-amino-3-hydroxy-methyl-5-4-isoxazole pro-
pionic acid (AMPA) receptor subunits 1 (GluA1) and, synapsin has been
reported to underpin the fast-acting antidepressant effect elicited by
ketamine (Li et al., 2010). These synaptic proteins promote
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spinogenesis and synaptogenesis in the prefrontal cortex and hippo-
campus, which in turn could be associated with antidepressant re-
sponses (Li et al.,, 2011, 2010; Liu et al.,, 2016; Zhou et al., 2014).
However, the use of ketamine may cause psychotomimetic and neuro-
toxic effects, limiting its widespread clinical use (Gao et al,, 2016).
Therefore, strategies to augment the ketamine's antidepressant effects
with lower potential for knock-on effects are needed.

Augmentation strategy is generally used to provide greater im-
provement than monotherapy and to allow antidepressant dose reduc-
tion, thereby attenuating its adverse/side effects (Barowsky and
Schwartz, 2006; Han et al., 2014; Moret, 2005). Guanosine, a guanine-
based nucleoside, has been shown to present overlapping mechanisms
of action to ketamine and could be an augmenting agent (Bettio et al.,
2012; Camargo and Rodrigues, 2019; Camargo et al., 2019). Accord-
ingly, it promotes antidepressant-like effect with a behavioral profile
similar to ketamine, particularly by stimulating phosphatidylinositol-3-
kinase (PI3K)/protein kinase B (Akt)/mTOR signaling (Bettio et al.,
2012; Camargo et al., 2019). Moreover, a single administration of
guanosine affords augmentation of ketamine's effects in the novelty-
suppressed feeding test (Camargo et al., 2019). Therefore, this study
sought to investigate: a) the effect of administration of subthreshold
doses of ketamine and guanosine in the mouse tail suspension test; b)
whether the administration of subthreshold doses of ketamine and
guanosine is effective to modulate mTOR signaling pathway increasing
synaptic proteins in the hippocampus and prefrontal cortex; c) the
ability of a single administration of subthreshold doses of ketamine and
guanosine to counteract the depressive-like behavior induced by sub-
chronic corticosterone (CORT) administration in mice.

2. Material and methods
2.1. Animals

The behavioral experiments were conducted using male Swiss mice
(30-40 g, 45-60 days of age), maintained under controlled temperature
(21 #= 1 °C)and humidity (50 = 20%) with a 12:12 h light/dark cycle
(lights on at 7:00 a.m.). Animals were maintained with free access to
food and water in groups of 8-10 in a 41x34x 16 cm cage and the
behavioral tests were carried out between 9.00 a.m. and 04.00 p.m. The
experiments were carried out according to the National Institute of
Health Guide for the Care and Use of Laboratory Animals and were
performed after approval of the protocol by the Institutional Ethics
Committee. All efforts were done to minimize animal suffering and to
reduce their number to the minimum necessary to demonstrate con-
sistent effects in the experiments.

2.2. Drugs and treatments

The first set of experiments was designed to obtain the dose-re-
sponse curve of ketamine and guanosine in the tail suspension test
(TST). To develop the first protocol, mice were randomly assigned to
seven experimental groups (n=8/group): control (vehicle), ketamine
(Ket —0.1, 1 and 5 mg/kg), and guanosine (Guo —0.01, 0.05 and 1 mg/
kg). Ketamine and guanosine, obtained from Sigma Chemical Co., St.
Louis, U.S.A, were dissolved in distilled water and saline (0.9%), re-
spectively. Guanosine was administered orally (p.o.) while ketamine
was administered intraperitoneally (i.p.), both in a volume of 10 ml/kg.
Mice were submitted to the TST 60 min after guanosine treatment and
30 min after ketamine administration. Ten min after the TST, mice were
submitted to the open field test (OFT) (Fig. 1A). In the second set of
experiments, in order to investigate the potential augmentation effect of
ketamine by guanosine in the TST, mice (n=8/group) were adminis-
tered with subthreshold doses of ketamine (Ket — 0.1 mg/kg, i.p.) and/
or guanosine (Guo — 0.01 mg/kg, p.o.) and submitted to the TST and
OFT 10 min apart (Fig. 1B). Mice were immediately euthanized by
decapitation and the hippocampus and prefrontal cortex were collected
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for western blotting analysis immediately after the OFT. The third set of
experiments was performed to test whether guanosine is effective to
potentiate the effect of ketamine in an animal model of depression in-
duced by CORT (Fig. 1C). To conduct the protocol, mice were divided
into the following groups: vehicle + vehicle; vehicle + ketamine (Ket —
0.1 mg/kg); vehicle + guanosine (Guo - 0.01 mg/kg); vehicle + keta-
mine (Ket — 0.1 mg/kg)/guanosine (Guo - 0.01 mg/kg); CORT + wve-
hicle; CORT + ketamine (Ket — 0.1 mg/kg); CORT + guanosine (Guo —
0.01 mg/kg); and CORT + ketamine (Ket - 0.1 mg/kg)/guanosine (Guo
- 0.01 mg/kg). CORT (Sigma Chemical Co., St. Louis, U.S.A) was dis-
solved in distilled water with 2% Tween 80 and 0.2% DMSO and ad-
ministered orally at 20 mg/kg once a day for 21 days. Ketamine and/or
guanosine treatments were administered in a single dose immediately
after the last CORT administration. On the 22nd day, 24 h after the
treatments, animals were submitted to the TST and OFT (after 10 min).
All doses and time points of administration were chosen based on
previous studies (Bettio et al., 2012; Ludka et al., 2013; Pazini et al.,
2016), and the drugs were freshly prepared before administration. A
diagram of all experimental schedules (treatment regimen, behavioral
and biochemical evaluation) is provided in Fig. 1.

2.3. Tail suspension test (TST)

The total immobility time of mice suspended by the tail was mea-
sured as previously proposed (Steru et al., 1985). Briefly, visually iso-
lated mice were suspended 50 cm above the floor by adhesive tape
placed approximately 1 cm from the tip of the tail. Immobility time was
recorded during a 6-min period by an experienced observer blind to the
experimental groups. Mice were considered immobile only when they
hung passively and completely motionless.

2.4, Open-field test (OFT)

Ten min after the TST the locomotor activity was assessed in the
OFT in a wooden box measuring 40 x 60 cm x50 cm height with the
floor divided into 12 equal squares (Pazini et al., 2016). At the start of
each trial, mice were placed in the left corner of the field and allowed to
freely explore the arena. The number of crossings (squares crossed with
all paws) was registered for 6 min. The arena floor was cleaned with
10% ethanol between tests.

2.5. Western blotting

Hippocampus and prefrontal cortex were quickly dissected and
snap-frozen with liquid nitrogen before storage at —80 °C until use.
Briefly, samples were mechanically homogenized in 400 pl of 50 mM
TRIS pH 7.0, 1 mM EDTA, 100 mM NaF, 0.1 mM PMSF, 2 mM NasVO,,
1 % Triton X-100, 10 % glycerol, Sigma Protease Inhibitor Cocktail
(P2714). Lysates were centrifuged (10,000 g for 10 min, at 4 °C) to
eliminate cellular debris. The supernatants were diluted 1/1 (v/v) in
100 mM TRIS pH 6.8, 4 mM EDTA, 8 % SDS, and boiled for 5 min.
Thereafter, sample dilution (40 % glycerol, 100 mM TRIS, bromophenol
blue, pH 6.8) in the ratio 25:100 (v/v) and B-mercaptoethanol (final
concentration 8 %) were added to the samples. Protein content was
quantified using bovine serum albumin (BSA) as a standard
(Peterson, 1977). The samples containing 60 pg protein/track were
separated by SDS-PAGE (miniVE Vertical Electrophoresis System TM,
GE Healthcare Life Sciences, Piscataway, NJ, USA) using 7-10 % gel
and the proteins were transferred to nitrocellulose membranes using a
semi-dry blotting apparatus (1.2 mA/cm2; 1.5 h). Subsequently, the
membranes were blocked with 5% BSA in TBS (10 mM Tris, 150 mM
NaCl, pH 7.5). The immunocontent of total and phosphorylated forms
of mTOR (Ser®**®) and p70S6K (Thr®®?), as well as PSD-95, GluAl,
synapsin, and B-actin (loading control) immunocontent were detected
using specific antibodies (obtained from Cell Signaling Technology
-1:1000 dilution) incubated overnight diluted in TBS-T (10 mM Tris,
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Behavioral tests

Western blotting

mTOR, p7056K, PSD-95, GluA1, and synapsin

Fig. 1. Schematic representation of the treatment protocol and behavioral and biochemical evaluation. (A) In order to obtain the dose-response curve of ketamine
and guanosine, mice received ketamine (Ket - 0.1, 1 and 5 mg/kg, i.p.) or guanosine (Guo - 0.01, 0.05 and 1 mg/kg, p.o.), and subsequently, they were submitted to
the TST and OFT. (B) To investigate the augmentation effect of ketamine by guanosine, mice received subthreshold doses of ketamine (Ket — 0.1 mg/kg, i.p.) and/or
guanosine (Guo - 0.01 mg/kg, p.o.) and, subsequently they were subjected to the TST and OFT. After the behavioral tests, mice were immediately euthanized by
decapitation and the hippocampus and prefrontal cortex were collected for western blotting. (C) To investigate the effect of augmentation effect of ketamine by
guanosine in an animal model of depression, mice were treated or not with corticosterone orally (20 mg/kg, p.o.), once a day, for 21 consecutive days to induce
depressive-like behavior, Ketamine (Ket — 0.1 mg/kg, i.p.) and/or guanosine (Guo — 0.01 mg/kg, p.o.) solutions were administered in a single dose immediately
following the last corticosterone administration. On the 22nd day, 24 h after the treatments, animals were submitted to TST and OFT. Figure designed using images
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150 mM NaCl, 0.1 % Tween-10, pH 7.5) containing 2.5 % BSA. After,
the membranes were incubated with anti-rabbit antibody horseradish
peroxidase-conjugated secondary antibody (Cell Signaling, 1:2500) for
60 min, and the immunoreactive bands were developed using a che-
miluminescence kit (Amersham ECL Select, Piscataway, USA). All
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Fig. 2. Effect of a single administration of ke-
tamine (Ket — 0.01, 1 and 5 mg/kg, i.p.) or
guanosine (Guo - 0.01, 0.05 and 1 mg/kg, p.o.)
in mice submitted to the TST and OFT.
Ketamine or guanosine was administered
30 min or 60 min prior to the test, respectively.
Values are expressed as means *+ S.E.M (n=8).
**p < 0.01 as compared with the vehicle-
treated control (one-way ANOVA followed by
Newman-Keuls post-hoc test).

blocking and incubation steps were followed by three washes (5 min) of
the membranes with TBS-T (Leal et al., 2002). The optical density (OD)
of the bands was quantified using Image Lab Software® 4.1 (Bio-Rad
Laboratories). The phosphorylation levels of mTOR and p70S6K were
determined as a ratio of OD of the phosphorylated band over OD of the
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total band. The immunocontent of PSD-95, GluA1l, and synapsin was
determined as a ratio of OD of PSD-95, GluA1, and synapsin band over
the OD of the [(-actin band. Results are expressed as compared to
control group (100%).

2.6. Statistical analysis

The results are expressed as means + S.E.M. Differences among
experimental groups were determined by one-way or two-way analysis
of variance (ANOVA) followed by Newman-Keuls post hoc test, when
appropriate. A value of P<0.05 was considered to be significant.

3. Results
3.1. Effect of ketamine or guanosine alone or in combination in the TST

In the first set of experiments, to obtain the effective and sub-
threshold doses of ketamine and guanosine in the TST, a dose-response
curve was performed. The acute administration of ketamine (Ket - 1
and 5 mg/kg; F (3, 299 = 15.65, P < 0.01) or guanosine (Guo - 0.05 and
1 mg/kg; F (3, 25 = 6.59, P < 0.01) significantly decreased the im-
mobility time in the TST (Fig. 2A and C), whereas ketamine (0.1 mg/kg)
or guanosine (0.01 mg/kg) caused no effect. In addition, the number of
crossings in the OFT (Fig. 2B and D) was not altered in mice treated
with ketamine or guanosine (F (5, 25) = 0.15, P = 0.93, and F (5,
28y = 0.32, P=0.80, respectively).

In a next step, subthreshold doses of ketamine and guanosine were
coadministered to test the hypothesis that guanosine is effective to
augment the effect of ketamine in the TST (Fig. 3A). Statistical analysis
showed that subthreshold doses of ketamine (0.1 mg/kg) and guanosine
(0.01 mg/kg) significantly reduced the immobility time in the TST as
compared to the control group (F (3, 25y = 7.77, P < 0.01 - Fig. 3A).
This effect in the TST was not associated with any alteration in the
locomotor activity (F (3, 25y = 0.08, P = 0.96; Fig. 3B).

3.2. mTOR-mediated signaling pathway is associated with the augmentation
effect of ketamine by guanosine

Considering previous evidence on the role of the mTOR signaling
pathway for the antidepressant-like effect of ketamine (Li et al., 2010),
we investigated the ability of the combined administration of ketamine
and guanosine to activate mTOR signaling pathway leading to in-
creased levels of synaptic proteins in the hippocampus and prefrontal
cortex.

The results illustrated Fig. 4 show the hippocampal (4A and 4C) and
prefrontocortical (4B and 4D) immunocontent of phospho-mTOR
(Ser***®) and phospho-p70S6K (Thr**®) in mice treated with subthres-
hold doses of guanosine and/or ketamine. Statistical analysis indicated
that the combined administration of ketamine and guanosine increased
hippocampal phospho-mTOR (Ser®**®) as compared to the control
group (F (3, 24y = 10.01, P < 0.01). In addition, no significant effect
was observed on hippocampal total mTOR immunocontent (F (5,
24y = 0.44, P = 0.72). Furthermore, statistical analysis showed that a
single coadministration with subthreshold doses of ketamine and gua-
nosine increased hippocampal phospho-p70S6K (Thr**°) as compared
to the control group (F (3, 24y = 25.24, P < 0.01). No significant effect
was observed on hippocampal total p70S6K immunocontent (F (3,
24y = 1.22, P = 0.32). One-way ANOVA revealed no significant dif-
ferences for treatment on prefrontocortical phospho-mTOR (F (3, 24y=
1.70, P = 0.19) and on prefrontocortical phospho-p70S6K (F (3,
299 = 0.46, P = 0.70). In addition, the immunocontent of pre-
frontocortical total mTOR (F (3, 249y = 0.32, P = 0.80) and pre-
frontocortical total p70S6K treatment (F (3, 24y = 0.44, P = 0.72) was
not affected by any treatment.

The results depicted in Fig. 5 show the hippocampal (5A and 5C)
and prefrontocortical (5B and 5D) immunocontent of synaptic proteins
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Fig. 3. Effect of a single administration with a subthreshold dose of ketamine
(Ket - 0.1 mg/kg, i.p.) and/or guanosine (Guo - 0.01 mg/kg, p.o.) in mice
submitted to the TST and OFT. Ketamine and/or guanosine were administered
30 min or 60 min prior to the test, respectively. Values are expressed as
means + S.EM (n=8). **P < 0.01 as compared with the vehicle-treated con-
trol (one-way ANOVA followed by Newman-Keuls post-hoc test).

PSD-95, GluAl, and synapsin in mice treated with subthreshold doses of
guanosine and/or ketamine. One-way ANOVA revealed no significant
differences for treatment on hippocampal PSD-95 immunocontent (F (5,
24y = 1.30, P = 0.29), on hippocampal GluA1l immunocontent (F (3,
24y = 0.18, P = 0.90), as well as on hippocampal synapsin im-
munocontent (F (3, 24y = 0.31, P = 0.81). However, statistical analysis
indicated that a single coadministration with subthreshold doses of
ketamine plus guanosine significantly increased the prefrontocortical
immunocontent of PSD-95 (F (3, 24) = 8.35, P < 0.01) and, GluA1 (F 3,
249 = 454, P < 0.01) as compared to the control group. One-way
ANOVA revealed no significant differences for treatment (F (s,
24y = 1.14, P = 0.35) on prefrontocortical synapsin immunocontent.

3.3. Effect of a single dose of ketamine and/or guanosine on the CORT-
induced depressive-like behavior

To investigate the possible augmentation effect of ketamine by
guanosine in a model that mimics depressive state caused by stress,
CORT-treated mice received a single administration of subthreshold
doses of ketamine plus guanosine. Two-way ANOVA revealed sig-
nificant differences for treatment (F 3, 56 = 31.73, P < 0.01) and
CORT administration (F 4, s = 121.80, P < 0.01), but not for
treatment X CORT administration interaction (F (3, s = 2.31,
P = 0.08). Post-hoc analysis showed that CORT administration sig-
nificantly increased the immobility time in mice submitted to the TST
(P < 0.01 - Fig. 6A), while this behavioral alteration was significantly
counteracted by coadministration of subthreshold doses of ketamine
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Fig. 4. Effect of a single administration with subthreshold doses of ketamine (Ket - 0.1 mg/kg, i.p.) and/or guanosine (Guo - 0.01 mg/kg, p.o.) on phospho-mTOR
and phospho-p70S6K immunocontent in the hippocampus (A and C) and prefrontal cortex (B and D) of mice submitted to the TST and OFT. Values are expressed as
means + S.E.M (n=7). **P < 0.01 as compared with the vehicle-treated control (one-way ANOVA followed by Newman-Keuls post-hoc test).

and guanosine. Ketamine or guanosine alone did not present any be-
havioral effect. A single coadministration with ketamine and/or gua-
nosine did not significantly alter the number of crossings in the OFT
(treatment (F (3, ssy = 0.20, P = 0.89), CORT administration (F (,
s6) = 0.01, P = 0.89), treatment x CORT administration interaction (F
@, s6) = 0.15, P = 0.92), Fig. 6B).
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4. Discussion

We demonstrated that guanosine potentiates the antidepressant-like
effect of ketamine, a response associated with the pro-synaptogenic
signaling pathway, although with a different profile in the hippocampus
and prefrontal cortex of mice. Noteworthy, the effectiveness of this
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Fig. 5. Effect of a single administration with subthreshold doses of ketamine (Ket — 0.1 mg/kg, i.p.) and/or guanosine (Guo - 0.01 mg/kg, p.o.) on PSD-95, GluAl and
synapsin immunocontent in the hippocampus (A and C) and prefrontal cortex (B and D) of mice submitted to the TST and OFT. Values are expressed as

means + S.E.M (n=7). **P < 0.01 as compared with the vehicle-treated control

(one-way ANOVA followed by Newman-Keuls post-hoc test).
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Fig. 6. Effect of a single administration with ketamine (Ket — 1 mg/kg, i.p.),
guanosine (Guo - 0.05 mg/kg, p.o.), and the coadministration with a sub-
threshold dose of ketamine (Ket — 0.1 mg/kg, i.p.) and/or guanosine (Guo —
0.01 mg/kg, p.o.) in mice treated or not with corticosterone (CORT - 20 mg/kg,
p.0.) and submitted to TST and OFT. Values are expressed as means + S.E.M
(n=8). **P < 0.01 as compared with the vehicle-treated group; ##P < 0.01 as
compared with the CORT-treated group (two-way ANOVA followed by
Newman-Keuls post-hoc test).

putative augmentation strategy is also observed in an animal model of
depression induced by repeated CORT administration.

Guanosine is an endogenous nucleoside that exerts a core role in the
central nervous system, especially in brain regions involved with mood
regulation (Bettio et al., 2016; Lanznaster et al., 2016). It is proposed
that guanosine could play a role in the pathophysiology of depression,
particularly due to a compelling finding demonstrating that plasma
levels of this nucleoside were reduced in patients with depression (Ali-
Sisto et al., 2016). Reinforcing this notion, our research group has
provided evidence that guanosine produces an antidepressant-like ef-
fect in behavioral tests predictive of antidepressant activity in mice, the
TST (0.05, 0.1 and 0.5 mg/kg, p.o.) and forced swim test (0.5, 1 and
5 mg/kg, p.o.) in experiments conducted in male and female mice
homogeneously distributed into the groups (Bettio et al., 2012), We
confirm and extend these results here by showing that acute adminis-
tration of guanosine (0.05 and 1 mg/kg, p.o.) exerts an antidepressant-
like effect in the TST in male mice, without affecting the locomotor
performance of mice. Moreover, in agreement with literature data
(Ludka et al., 2013), we showed that ketamine was effective to reduce
the immobility time in the TST at 1 and 5 mg/kg. In the present study,
we also confirm that the acute coadministration with subthreshold
doses of ketamine (0.1 mg/kg, i.p.) and guanosine (0.01 mg/kg, p.o.)
are effective to produce an antidepressant-like effect in the TST, in
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agreement with a previous result (Bettio et al., 2012). Reinforcing the
notion that the effect of ketamine may be augmented by guanosine
coadministration, we recently reported a similar augmentation re-
sponse in the novelty-suppressed feeding test in mice (Camargo et al,,
2019).

Considering the relevance of strategies to increase the rapid action
of ketamine, we decided to obtain deeper insight into the mechanisms
associated with the effects of the combined administration of ketamine
plus guanosine in circuitries/brain regions that underlie fast-acting
antidepressant responses, the hippocampus, and prefrontal cortex.
Particularly, we investigated the role of the mTOR-mediated signaling
pathway and its synaptic downstream proteins. Although the mTOR
hypothesis to explain the rapid effect of ketamine has been questioned
(Popp et al., 2016; Abdallah et al., 2018), a great body of evidence has
shown that the mTOR-dependent synapse formation is a substantial
target for the effect of fast-acting antidepressant agents (Li et al., 2010;
2011; Réus et al., 2015). Importantly, it would be interesting to in-
vestigate how ketamine plus guanosine treatment affects the hippo-
campus and prefrontal cortex, specifically whether distinct or even in-
verse patterns on mTOR signaling occur in these brain regions after the
coadministration of these compounds. mTOR is a ubiquitously ex-
pressed serine/threonine kinase that controls a core of cell processes,
particularly the translation via the assembly of multi-protein signaling
complexes (Hoeffer and Klann, 2010). Remarkably, mTOR signaling is
involved in the behavioral and synaptic plasticity effects of ketamine
(Li et al, 2010), scopolamine (Voleti et al.,, 2013), and creatine
(Pazini et al., 2016). Our results showed that ketamine plus guanosine
treatment increased mTOR phosphorylation on Ser***®, indicative of its
activation, following their administration (1 h after guanosine and
30 min after ketamine) in the hippocampus, but not in the prefrontal
cortex, of mice. This result is consistent with prior evidence that re-
ported increased mTOR phosphorylation in the hippocampus of mice
following 1 h of coadministration with subthreshold doses of ketamine
and guanosine (Camargo et al., 2019).

Active mTORC1 promotes protein synthesis through the phosphor-
ylation of key effectors, as the 70 kDa ribosomal protein S6 kinase
(p7086K) (Ersahin et al., 2015; Soliman et al., 2010). p70S6K phos-
phorylation at Thr*®? residue by mTORCI promotes translation initia-
tion and elongation since this kinase stimulates components of the
translational machinery such as ribosomal protein S6 (rpS6) and eu-
karyotic elongation factor 2 kinase (eEF2K) (Ma and Blenis, 2009).
Therefore, we investigated whether ketamine plus guanosine treatment
affects p70S6K phosphorylation in the hippocampus and prefrontal
cortex. Herein, we observed that the combined administration of ke-
tamine plus guanosine increased p70$6K phosphorylation at Thr**? in
the hippocampus, but not in the prefrontal cortex. Importantly, acti-
vation of p70S86K has become a suitable target for readout of mTORC1
activation, reinforcing the present results (Soliman et al., 2010). mTOR-
mediated signaling controls the translation of synaptic proteins such as
PSD-95, AMPA receptor subunits 1 (GluAl) and synapsin, which are
important to promote new dendritic spines formation and synapto-
genesis (Duman et al., 2016; Li et al., 2010). Notably, deficits on PSD95
(Feyissa et al., 2009), GluAl (Rafalo-Ulinska et al., 2016) and synapsin
(Kang et al., 2012) immunocontent were showed in the prefrontal
cortex of postmortem tissue of depressed subjects, reinforcing the no-
tion that these proteins are core targets implicated in depression. We
observed herein an increase on the immunocontent of PSD-95 and
GluAl in the prefrontal cortex, but not in the hippocampus, after a
single administration of ketamine plus guanosine. The absence of effect
in the hippocampus agrees with a previous study in which no alteration
in PSD-95, GluA1l, and synapsin was observed in mice previously sub-
jected to the novelty-suppressed feeding test (Camargo et al., 2019).
The distinct regional pattern of synaptogenic signaling pathway acti-
vation was firstly observed in the present study after the augmentative
ketamine plus guanosine treatment. Indeed, emotion-related circui-
tries/brain regions that underlie the neurobiology of depression and
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Fig. 7. Putative signaling pathways implicated
in the augmentation effect evoked by guano-
sine over ketamine's antidepressant-like and
pro-synaptogenic effects. The mammalian
target of rapamycin complex 1 (mTORC1) is a
ubiquitously expressed serine/threonine kinase
. that controls protein synthesis through the
phosphorylation of 70 kDa ribosomal protein
S6 kinase (p70S6K). Among the proteins
regulated by mTORC1 stands out AMPA re-
ceptor subunits 1 (GluAl) and postsynaptic
density-9 (PSD-95). These synaptic proteins are
subsequently inserted into the cell membrane
contributing to new dendritic spines formation
and synaptogenesis (Hoeffer and Klann, 2010).
We provided evidence that a single adminis-
tration with subthreshold doses of ketamine
(0.1 mg/kg, i.p.) and guanosine (0.01 mg/kg,
p.0.) increased mTOR (Ser2448) and p70S6K
(Thr389) phosphorylation in the hippocampus,
but not in the prefrontal cortex (1 h after
guanosine and 30 min after ketamine). Con-
versely, it was detected an increase in the im-
munocontent of PSD-95 and GluAl in the

prefrontal cortex, but not in the hippocampus, after a single administration of ketamine plus guanosine. These results raise the supposition that ketamine plus
guanosine treatment affects the hippocampus and prefrontal cortex in a distinct pattern on synaptogenic signaling, specifically, this mechanism seems to occur in a
faster manner in the prefrontal cortex, than the hippocampus. Figure designed using images from Servier Medical Art and Mind the Graph.

fast-acting  antidepressant responses have intrinsic features
(Liu et al. 2017). We provide evidence that ketamine plus guanosine
treatment affects the hippocampus and prefrontal cortex in a distinct
pattern on synaptogenic signaling. Therefore, considering data pre-
sented herein one may suppose that the neurochemical effects depen-
dent on mTOR activation could occur faster in the prefrontal cortex
since increased immunocontent of synaptic proteins targets of mTOR
were observed in this region after the combined treatment with gua-
nosine plus ketamine, whereas in the hippocampus an event upstream
to synaptic protein translation (mTOR/p70S6K phosphorylation) was
detected. These findings provide novel insights into the region specifi-
city of the mechanism underlying the augmentation response of keta-
mine by guanosine.

To shed light on the possible rapid augmentation effect of ketamine
by guanosine, the ability of the combined administration of these drugs
to counteract the depressive-like behavior induced by CORT was tested.
Notably, the stress induced by repeated administration of CORT is a
useful model to mimic physiological and behavioral alterations that
occur in human depression (Hare et al., 2017). Accordingly, this animal
model is responsive only to chronic, but not acute, administration of
conventional antidepressants, which mirrors the clinical situation
(Pazini et al., 2016; Zeni et al., 2019). However, this model is sensitive
to a single administration of fast-acting antidepressants (Koike et al,,
2013; Neis et al., 2018; Pazini et al., 2016). We demonstrated herein
that administration of CORT for 21 days was effective to induce de-
pressive-like behavior by increasing the immobility in the TST, a result
consistent with prior reports (Pazini et al., 2016; Zhao et al., 2008). Of
note, a single treatment with subthreshold doses of ketamine and
guanosine rescued the depressive-like phenotype of mice exposed to
CORT, reinforcing the notion that the combined administration of these
drugs is effective to elicit a fast antidepressant-like response.

The exact mechanism by which guanosine acts to potentiate the
antidepressant-like and pro-synaptogenic effects of subthreshold doses
of ketamine remains unclear, although some hypotheses may be raised.
The antidepressant-like effect of guanosine has been proposed to be
associated with a modulation of NMDA receptor, similar to ketamine,
since its antidepressant-like effect in the TST was abolished by NMDA
(NMDA receptor agonist) and D-serine (glycine-site NMDA receptor
agonist) (Bettio et al., 2012). Of note, the PI3K inhibitors (LY294002 or
wortmannin) and mTORC1 inhibitor (rapamycin) abolished the
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antidepressant-like effect of guanosine, suggesting the PI3k/mTOR
pathway is required for its behavioral effect (Bettio et al., 2012), si-
milarly to ketamine. Thus, we may suppose that guanosine could share
similar molecular targets to ketamine, which in turn could trigger
convergent mechanisms, including the mTOR pathway that could be
responsible for the antidepressant-like effect elicited by the combined
administration of subthreshold doses of guanosine and ketamine,
However, the initial targets by which guanosine acts remain to be de-
termined, even in the glutamatergic system, and a guanosine receptor
have not been characterized until now (Lanznaster et al., 2016). In
addition, an interaction between ketamine and guanosine/guanosi-
nergic system may account for the augmentation effect observed when
both drugs were administered at subthreshold doses. Accordingly, a
single administration of ketamine raises guanosine precursors (GTP and
GDP) after 2 weeks of the treatment, suggesting that ketamine could
modulate the guanine-based purinergic system (McGowan et al., 2018).
Based on these findings, one may also suppose that ketamine and
guanosine could interact with each other, a hypothesis that should be
addressed in a future study.

5. Limitations

The present study has some limitations. First, this study does not
ascertain the causal relationship between mTOR signaling, synaptic
plasticity, and behavioral outcomes. Second, considering that con-
vergent evidence supports the evidence regarding the stimulation on
the synaptogenic pathway independent on the stimulation of the mTOR
signaling pathway, we cannot rule out that the increase in synaptic
proteins occurred regardless mTOR-mediated signaling, i.e, by other
protein translation mechanisms. Further experiments using mTORC1
inhibitor (rapamycin) and general protein synthesis inhibitors (such as
anisomycin, sparsomycin, and others) could be carried out in futures
studies to ascertain this issue. Third, although our study has provided
evidence supporting the role of the pro-synaptogenic signaling pathway
for the antidepressant-like effect of combined administration of keta-
mine and guanosine, the formation and function of new synapses were
not addressed.
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6. Conclusion

We provided evidence regarding the potentiation effect triggered by
guanosine onto ketamine's antidepressant-like response, and this be-
havioral effect was associated with the stimulation of pro-synaptogenic
signaling pathway in the prefrontal cortex and hippocampus, although
with a distinct profile (Fig. 7). The augmentation effect of ketamine by
guanosine could have therapeutic relevance as a potential adjunctive
treatment for the management of treatment-resistant depression.
Therefore, this study opens perspectives for the design of proof-of-
concept trials for the combined use of ketamine and guanosine for de-
pression.
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KEYWORDS Abstract

Dendritic spines; The mTORC1-dependent dendritic spines formation represents a key mechanism for fast and
Depression; long-lasting antidepressant responses, but it remains to be determined whether this mecha-
Guanosine; nism may account for the ability of guanosine in potentiating ketamine’s actions. Here, we
Ketamine; investigated the ability of ketamine plus guanosine to elicit fast and sustained antidepressant-
mTORCA1 like and pro-synaptogenic effects in mice and the role of mTORC1 signaling in these responses.

The combined administration of subthreshold doses of ketamine (0.1 mg/kg, i.p.) and guano-
sine (0.01 mg/kg, p.o.) caused a fast (1 h - 24 h), but not long-lasting (7 days) reduction in
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the immobility time in the tail suspension test. This behavioral effect was paralleled by a rapid
(started in 1 h) and transient (back to baseline in 24 h) increase on BDNF, p-Akt (Ser?), p-
GSK-3p (Ser?), p-mTORC1 (Ser?*#8), p-p7056K (Thr*®?) immunocontent in the hippocampus, but
not in the prefrontal cortex. Conversely, ketamine plus guanosine increased PSD-95 and GluAf1
immunocontent in the prefrontal cortex, but not the hippocampus after 1 h, whereas increased
levels of these proteins in both brain structures were observed after 24 h, but these effects
did not persist after 7 days. The combined administration of ketamine plus guanosine raised
the dendritic spines density in the ventral hippocampal DG and prefrontal cortex after 24 h Ra-
pamycin (0.2 nmol/site, i.c.v.) abrogated the antidepressant-like effect and pro-synaptogenic
responses triggered by ketamine plus guanosine. These results indicate that guanosine may
boost the antidepressant-like effect of ketamine for up to 24 h by a mTORC1-dependent mech-

anism.

© 2021 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Major depressive disorder (MDD), a widespread psychiatric
condition associated with an increased risk of suicide,
has considerable social and economic consequences (World
Health Organization, 2017). Despite the high prevalence and
severity of MDD, its harmful effects are compounded by
the lack of fast and efficacious antidepressant therapies
(Otte et al., 2016). The current monoaminergic-targeted
antidepressants can take weeks to months to promote a
therapeutic response, and a significant percentage of pa-
tients do not achieve symptom remission even after be-
ing treated with multiple antidepressants (Papakostas and
lonescu, 2015). In addition, these drugs are ineffective for
the treatment of suicide ideation in patients with severe
MDD (Penn and Tracy, 2012). These drawbacks underscore
the necessity for developing new antidepressant strategies
with a faster onset effect and greater efficacy.

A significant advancement for the treatment of MDD was
the discovery that a single administration of a subanes-
thetic dose of ketamine, an NMDA (N-methyl-D-aspartate)
receptor antagonist, produces fast and long-lasting antide-
pressant responses in patients with MDD (Berman et al.,
2000; Zarate et al., 2006), even in those with suicidal
ideation (DiazGranados et al., 2010). These findings have
triggered a significant interest of the scientific community
to study the mechanisms underlying the antidepressant-
like actions of ketamine. Accumulating evidence suggests
that ketamine exerts its antidepressant effect by promot-
ing dendritic spine formation and synaptogenesis in the hip-
pocampus (Fraga et al., 2020, 2021) and prefrontal cortex
(Li et al., 2010, 2011), key regions involved in mood mod-
ulation. More importantly, compelling reports showed that
ketamine’s antidepressant and synaptic effects are activity-
dependent and result from a burst of glutamate, brain-
derived neurotrophic factor (BDNF) release, and activation
of the mechanistic target of rapamycin complex 1 (mTORC1)
signaling pathway (Lepack et al., 2014, Li et al., 2010).
Particularly, mTORC1 activation promotes synaptic protein
synthesis, such as postsynaptic density protein-95 kDa (PSD-
95), alpha-amino-3-hydroxy-methyl-5-4-isoxazole propionic
acid (AMPA) receptor subunits 1 (GluA1), and synapsin via
phosphorylation and activation of 70 kDa ribosomal pro-
tein 56 kinase (p7056K) (Abdallah et al., 2016; Huang and
Fingar, 2014). Of note, BDNF release and the activation
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of mTORC1 signaling have been proposed as crucial mech-
anisms for fast and long-lasting antidepressant and pro-
synaptogenic responses (Abdallah et al., 2016). Therefore,
strategies targeting synaptogenesis via mTORC1 could af-
ford rapid and sustained antidepressant responses.

The main limitation regarding ketamine use is that it may
produce undesirable side effects, notably psychotomimetic
and dissociative symptoms, besides its abuse potential
(Gao et al., 2016). Therefore, novel antidepressants that
present ketamine-like actions, but are devoid of adverse ef-
fects are one of the major focuses of current drug develop-
ment. Despite the encouraging results with other NMDA re-
ceptor channel blockers in preclinical studies, these drugs
have failed to exert the full spectrum of ketamine’s ac-
tions in clinical trials (Newport et al., 2015). Given this sce-
nario, strategies to increase the antidepressant responses
of ketamine with a lower potential for undesirable ef-
fects are welcome. Augmentation strategy with ongoing an-
tidepressant medication combined with non-antidepressant
agents may be a valuable tool for managing MDD when
the first-choice drug has drawbacks (Han et al., 2014;
Papakostas et al., 2005; Park, 2020; Zhou et al., 2019).
Importantly, augmentation therapy acts within the fast-
response window and is preferred over monotherapy be-
cause it may significantly improve depressive symptoms
(Malhi et al., 2020; Moret, 2005). Interestingly, this strategy
allows the curtail of the antidepressant dose, which may
reduce its knock-on effects (Barowsky and Schwartz, 2006;
Moret, 2005).

Guanosine, an endogenous purine, has become a promis-
ing candidate to exert a fast antidepressant response
or augment the ketamine’s actions (Camargo and Ro-
drigues, 2019). Particularly, the antidepressant-like effect
of guanosine involves the modulation of NMDA and AMPA
receptors and the stimulation of BDNF/mTORC1 signaling
(Bettio et al., 2012; Rosa et al., 2021). A single adminis-
tration of guanosine, similar to ketamine, was able to re-
verse the depressive-like behavior induced by olfactory bul-
bectomy in mice via the mTORC1 pathway (Almeida et al.,
2020). Interestingly, the ability of guanosine in boosting the
rapid antidepressant-like and pro-synaptogenic effects of
subthreshold doses of ketamine has been demonstrated by
our research group (Camargo et al., 2019, 2020). Notewor-
thy, we showed in a recent study that mTORC1 underlies
the antidepressant-like and pro-synaptogenic responses dis-
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played by a low-dose combination of ketamine and guano-
sine in a mouse model of stress (Camargo et al., 2021).
However, whether guanosine is effective in potentiating
the long-lasting antidepressant-like actions of ketamine re-
mains to be determined. More importantly, the exact role of
the mTORC1 signaling pathway and dendritic spine forma-
tion in the antidepressant-like effect elicited by ketamine
plus guanosine remains to be thoroughly investigated.
Within this context, this study investigated the abil-
ity of guanosine to potentiate the rapid and long-lasting
antidepressant-like effect of subthreshold doses of ke-
tamine and whether these responses could be associated
with an increase in protein synthesis and dendritic spines
formation by stimulating the mTORC1 signaling pathway.

2. Material and methods
2.1. Animals

Male Swiss mice (30-40 g, 45-60 days of age, substrain Swiss-UFSC)
were housed in groups of 8 in a cage (41 x 34 x 16 cm), main-
tained under controlled temperature (21 + 1 °C) and humidity
(50 + 20%) with a 12:12 h light/dark cycle (lights on at 7:00 a.m.),
and with free access to food and water. The experiments were car-
ried out according to the National Institute of Health Guide for
the Care and Use of Laboratory Animals and were performed af-
ter approval of the protocol by the Institutional Ethics Committee
(N° 8420,231,120). Mice were provided by the Central Animal Care
Facility of Universidade Federal de Santa Catarina, Florianopolis,
Brazil.

2.2. Drugs and treatments

The present study was divided into two experimental approaches.
The first set of experiments was designed to investigate the time
course of the antidepressant-like and pro-synaptogenic effects
elicited by subthreshold doses of ketamine plus guanosine. Mice
were randomly assigned to four experimental groups (n = 7/group):
a) control group that received vehicle (i.p.) plus vehicle (p.o.);
b) ketamine group that received vehicle (p.o.) plus ketamine
(0.1 mg/kg, i.p.); ¢) guanosine group that received guanosine
(0.01 mg/kg, p.o.) plus vehicle (i.p.); d) ketamine plus guano-
sine group that received guanosine (0.01 mg/kg, p.o.) plus vehi-
cle ketamine (0.1 mg/kg, i.p.). Ketamine and guanosine (obtained
from Sigma Chemical Co., St. Louis, U.S.A) were dissolved in saline
(0.9%) and distilled water, respectively. Mice were administered
orally (p.o.) with guanosine (0.01 mg/kg) and 30 min later in-
traperitoneally (i.p.) with ketamine (0.1 mg/kg). Then, indepen-
dent groups of mice were tested 30 min, 24 h, or 7 days after the
administration of ketamine in the tail suspension test (TST) and
subsequently, after 10 min, in the open-field test (OFT). All doses
and time points of administration were chosen based on previous
studies ( Camargo et al., 2020; Ludka et al., 2013).

The second set of experiments was performed to test whether
the mTORC1-driven signaling pathway underlies the ability of
guanosine in augmenting ketamine’s effects. To address this hy-
pothesis, mice were randomly assigned to four experimental groups
(n = 7/group): a) control group that received vehicle (i.c.v.), vehi-
cle (i.p.) plus vehicle (p.o.); b) ketamine plus guanosine group that
received vehicle (i.c.v.), ketamine (0.1 mg/kg, i.p.) plus guanosine
(0.01 mg/kg, p.o.); c) rapamycin group that received rapamycin
(0.2 nmol/site, i.c.v.) plus vehicle (i.p) plus vehicle (p.o.); d) ra-
pamycin (0.2 nmol/site) plus ketamine (0.1 mg/kg) plus guanosine
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(0.01 mg/kg) group. Rapamycin (a selective mTORC1 inhibitor) was
administered 15 and 45 min before guanosine and ketamine admin-
istration, respectively. Mice were subjected to TST 1 h or 24 h later,
followed by the OFT after 10 min. Rapamycin was dissolved in ster-
ile saline with dimethyl sulfoxide (DMSO) at a final concentration of
1% and administered by intracerebroventricular route (i.c.v.) in a
volume of 3 Ll per mouse (0.2 nmol/site). The i.c.v. injections were
performed by employing a freehand method under isoflurane anes-
thesia according to the procedure described previously (Camargo
et al., 2019, 2021; ; Pazini et al., 2016, 2020). Briefly, a 0.4-mm
external diameter hypodermic needle attached to a cannula linked
to a 25-xl Hamilton syringe was inserted perpendicularly through
the skull (no more than 2 mm into the brain of each mouse). Ra-
pamycin was administered into the left lateral ventricle, at the
following coordinates from bregma taken from the atlas of Franklin
and Paxinos (1997): anterioposterior (AP) = —0.1 mm; mediolateral
(ML) = 1 mm; and dorsoventral (DV) = —3 mm. The injection was
given over 30 s, and the needle remained in place for another 30 s
to avoid the reflux of the substances injected. The injection site
was 1 mm to the left from the midpoint on a line drawn through
to the ears’ anterior base and performed by an experienced inves-
tigator. After dissection of the animal’s brain, the success of the
injection was examined, macroscopically, discarding results from
mice presenting misplacement of the injection site or any sign of
cerebral hemorrhage (<5%).

In both sets of experiments, one cohort of mice (n = 7/group)
was immediately euthanized by decapitation, and hippocampus
and prefrontal cortex were collected for ELISA and Western Blot-
ting analysis, and a second cohort of animals (n = 6/group) was
deeply anesthetized and subjected to transcardial perfusion with
0.9% NaCl for morphological analysis of the hippocampus and pre-
frontal cortex.

2.3. Tail suspension test (TST)

The total immability time of mice suspended by the tail was mea-
sured as previously proposed (Steru et al., 1985). Visually isolated
mice were suspended 50 cm above the floor by adhesive tape placed
approximately 1 cm from the tip of the tail. Immobility time was
recorded during a 6-min period by an experienced observer blind
to the experimental groups. Mice were considered immaobile only
when they hung passively and completely motionless.

2.4. Open-field test (OFT)

Mice were individually subjected to the OFT as previously described
(Fraga et al., 2018). The apparatus consisted of a wooden box
(40 x 60 x 50 cm high) with the floor divided into 12 equal squares.
The number of squares crossed was registered for 6 min and con-
sidered as a parameter of locomotor activity.

2.5. Brain-derived neurotrophic factor (BDNF)
measurement

A BDNF ELISA kit (Promega® Inc., USA) was used to measure ma-

ture BDNF protein levels in hippocampal and prefrontal cortex ho-
mogenates, according to the manufacturer’s instructions.

2.6. Western blotting

Hippocampus and prefrontal cortex were quickly dissected and
snap-frozen with liquid nitrogen before storage at —80 °C until use.
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Briefly, samples were mechanically homogenized in 400 pl of 50 mM
TRIS pH 7.0, 1 mM EDTA, 100 mM NaF, 0.1 mM PMSF, 2 mM Na3VOy4,
1% Triton X-100, 10% glycerol, Sigma Protease Inhibitor Cocktail
(P2714). Lysates were centrifuged (10,000 g for 10 min, at 4 °C) to
eliminate cellular debris. The supernatants were diluted 1/1 (v/v)
in 100 mM TRIS pH 6.8, 4 mM EDTA, 8% SDS, and boiled for 5 min.
In the next step, samples were diluted in 40% glycerol, 100 mM
TRIS, bromophenol blue (pH 6.8) in the ratio 25:100 (v/v), and 8-
mercaptoethanol at a final concentration of 8% was added to each
sample, as previously described ( Pazini et al., 2020; Rosa et al.,
2019). Protein content was quantified using bovine serum albumin
(BSA) as a standard (Peterson, 1977). The samples containing 60 g
protein/track were electrophoresed in SDS-PAGE (miniVE Vertical
Electrophoresis System TM, GE Healthcare Life Sciences, Piscat-
away, NJ, USA) using 7-10% gel, and the separated proteins were
transferred to nitrocellulose membranes using a semi-dry blotting
apparatus (1.2 mA/cm2; 1.5 h). Subsequently, the membranes were
blocked with 5% BSA in TBS (10 mM Tris, 150 mM NaCl, pH 7.5). By
using specific antibodies (Cell Signaling, 1:1000) diluted in TBS-T
(10 mM Tris, 150 mM NaCl, 0.1% Tween-10, pH 7.5) containing 2.5%
BSA and incubated overnight (Leal et al., 2020), the immunocon-
tent of total and phosphorylated forms of protein kinase B (Akt -
Ser’3, #9271) glycogen synthase kinase 38 (GSK-3g8 - Ser?, #9336),
mTORC1 (Ser?*#®, #2971) and 70 kDa ribosomal protein S6 kinase
(P70S6K - Thr3®?, #9205), as well as the total immunocontent of Akt
(#9272), GSK-3p8 (#9315), mTORC1 (#2972), p70S6K (#9202), PSD-
95 (#2507), GluA1 (#13,185), synapsin (#2312), and 8-actin (loading
control, #4970) were detected. After the membranes were incu-
bated with anti-rabbit antibody horseradish peroxidase-conjugated
secondary antibody (Cell Signaling, 1:2500) for 60 min, the im-
munoreactive bands were developed using a chemiluminescence kit
(Amersham ECL Select, Piscataway, USA). All blocking and incuba-
tion steps were followed by three washes (5 min) of the membranes
with TBS-T. The optical density (OD) of the bands was quantified
using Image Lab Software® 4.1 (Bio-Rad Laboratories). The phos-
phorylation levels of Akt, GSK-38, mTORC1, and p70S6K were de-
termined as a ratio of OD of the phosphorylated band over OD of
the total band. The immunocontent of PSD-95, GluA1, and synapsin
was determined as a ratio of the specific protein band over the OD
of the g-actin band. Results are expressed as compared to the con-
trol group (100%). The horizontally uncropped images of Western
Blotting are available in the Suppl. Material.

2.7. Golgi staining and dendrite spine analysis

Under analgesia with lidocaine (7 mg/kg, i.p.) and deep anesthesia
with thiopental (100 mg/kg, i.p.), mice were transcardially per-
fused with 0.9% NaCl solution. Brains were immediately removed,
placed in vials containing 20 mL modified Golgi-Cox solution, and
stored at room temperature in the dark for 14 days (Fraga et al.,
2020, 2021). Following this period, brains were protected in 30%
sucrose and cut into 200 m coronal sections (Vibratome Series
1000; Vibratome, St Louis, USA), collected in 6% sucrose, and blot-
ted dry onto cleaned, 2% gelatin-coated microscope slides. The
sections obtained were alkalinized in ammonium hydroxide and
fixed in Kodak rapid fixer (Kannangara et al., 2014). The speci-
mens were then dehydrated through a graded series of increas-
ing concentrations of ethanol, cleared in xylene, mounted, cover-
slipped, and imaged on an IX83 inverted microscope under bright
field illumination (Olympus, Tokyo, Japan). Golgi-impregnated cells
were selected if they fulfilled the following criteria: had consis-
tent impregnation throughout the extent of the cell body and den-
drites, were able to be distinguished from neighboring impreg-
nated cells, and had intact dendritic trees. For dendritic spine
density analysis, secondary and tertiary dendritic branches of neu-
rons in the dentate gyrus (DG) of the ventral hippocampus and
the prefrontal cortex (within the layers I, lI/1ll, and V) were ac-
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quired using a 100 x magnification oil objective. For this study,
8 segments were analyzed per animal. Starting from the origin
of the branch (as a reference point) and continuing away from
the cell soma, spines were counted manually along with the se-
lected dendrite segment using ImageJ software (National Insti-
tute of Health, Bethesda Maryland, USA). Total dendritic spines in
each segment were counted and normalized by the total length of
the dendritic segment ( Fraga et al., 2020; Freitas et al., 2020;
Oliveira et al., 2021). The images had brightness and contrast lin-
early altered, but spine counting was performed without any image
manipulation.

2.8. Statistical analysis

The D’Agostino-Pearson test was used to assess data normality. The
differences among experimental groups were determined by one-
way or two-way analysis of variance (ANOVA) followed by Tukey's
multiple comparison post hoc test, when appropriate. The descrip-
tion of statistical data is listed in Suppl. Table 1 and Suppl. Table
2. Data are presented as mean =+ standard error of mean (SEM). A
value of P<0.05 was considered significant.

3. Results

3.1. Subthreshold doses of ketamine plus
guanosine elicit antidepressant-like and
pro-synaptogenic effects in a time-dependent
manner

In the first set of experiments, we investigated the
antidepressant-like and pro-synaptogenic effects elicited
by a single administration of subthreshold doses of ketamine
plus guanosine 1 h after the treatment (Fig. 1A). Ketamine
administered in combination with guanosine significantly
decreased the immobility time in mice subjected to the
TST (P<0.01; Fig. 1B), without altering the number of
crossings in the OFT (Fig. 1C), a result consistent with an
antidepressant-like effect. Regarding the neurochemical
findings, ketamine plus guanosine raised the BDNF im-
munocontent in the hippocampus (P<0.01; Fig. 1D) and
prefrontal cortex (P<0.01; Fig. 1E). Moreover, the combined
administration of these drugs increased the phosphorylation
of Akt (Ser®), GSK-38 (Ser’), mTORC1 (Ser?*8), and p7056K
(Thr*®#?) in the hippocampus of mice (P<0.01; Fig. 1F and G),
when compared to the vehicle-treated mice. No significant
alterations were detected on the immunocontent of PSD-95,
GluA1, and synapsin in the hippocampus of ketamine plus
guanosine-treated mice. Conversely, the combined adminis-
tration of these drugs increased PSD-95 and GluA1 immuno-
content in the prefrontal cortex (P<0.01; Fig. 1H and 1)
but did not alter the phosphorylation levels of Akt (Ser’?),
GSK-3g8 (Ser?), mTORC1 (Ser’**®), and p70S6K (Thr®?) as
well as total immunocontent of synapsin in the prefrontal
cortex.

In the second set of experiments, we examined the
antidepressant-like and pro-synaptogenic effects elicited by
ketamine plus guanosine 24 h after the treatment (Fig. 2A).
Single coadministration of these drugs significantly reduced
the immobility time in the TST (P<0.01; Fig. 2B). This re-
sult indicates that the combined treatment with these drugs
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Effect of a single administration of subthreshold doses of ketamine (Ket - 0.1 mg/kg, i.p.) plus guanosine (Guo - 0.01 mg/kg,

p.o.) in the depression-related behavioral tests and mTORC1 signaling pathway following 1 h Experimental timeline (A). Panels
represent respectively the immobility time in the TST (B) and the number of crossings in the OFT (C). BDNF immunocontent in
the hippocampus (D) and prefrontal cortex (E). Representative bands of phospho-Akt (Ser*’?), Akt, phospho-GSK-34 (Ser®), GSK-34,
phospho-mTOR (Ser?*#), mTOR, phospho-p70S6K (Thr38?), p70S6K, PSD-95, GluA1, synapsin, and g-actin in the hippocampus (F)
and prefrontal cortex (H) of mice. Densitometric quantification of these proteins in the hippocampus (G) and prefrontal cortex
(I). Statistical analysis was performed by Tukey’s post hoc test (one-way ANOVA). Values are expressed as means + S.E.M (n = 7).

**P<0.01 as compared with the vehicle-treated group.

caused an antidepressant-like effect since no significant al-
terations in the number of crossings in the OFT were ob-
served (Fig. 2C). No significant changes were observed in the
BDNF immunocontent in the hippocampus (Fig. 2D) and pre-
frontal cortex (Fig. 2E). Conversely, ketamine plus guano-
sine treatment increased PSD-95 and GluA1 immunocontent
in the hippocampus (P<0.01; Fig. 2F and G) and prefrontal
cortex (P<0.01; Fig. 2H and I).

In the next step, we investigated the antidepressant-
like and pro-synaptogenic effects elicited by ketamine plus
guanosine 7 days after the treatment (Fig. 3A). The immo-
bility time in the TST (Fig. 3B) and the number of crossings
in the OFT were not affected (Fig. 3C) by ketamine and/or
guanosine administration. No significant alterations were
detected on the BDNF immunocontent in the hippocampus
(Fig. 3D) and prefrontal cortex (Fig. 3E). Likewise, phos-
phorylation levels of Akt (Ser*’?), GSK-38 (Ser®), mTORC1
(Ser**®), and p70S6K (Thr*®) as well as total immunocon-
tent of PSD-95, GluA1, and synapsin in the hippocampus
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(Fig. 3F and G) and prefrontal cortex were not significantly
altered by any treatment (Fig. 3H and I).

The ability of a single administration of subthresh-
old doses of ketamine (0.1 mg/kg, i.p.) plus guanosine
(0.01 mg/kg, p.o.) to increase the dendritic spines density
following 1 h (Fig. 4A), 24 h (Fig. 4F), or 7 days (Fig. 4K)
was next investigated. Statistical analysis indicated no sig-
nificant alterations on the total dendritic spine density in
the ventral DG of the hippocampus (Fig. 4B and C) and
the prefrontal cortex (Fig. 4D and E) 1 h after ketamine
and/or guanosine administration. However, a single admin-
istration of ketamine plus guanosine increased the dendritic
spine density in the ventral DG of the hippocampus (P<0.01;
Fig. 4G and H) and the prefrontal cortex (P<0.01; Fig. 4l
and J) following 24 h when compared to the vehicle-treated
group. However, no significant effects on the total dendritic
spine density in the ventral hippocampal DG (Fig. 4L and M)
and the prefrontal cortex (Fig. 4N and Q) after ketamine
plus guanosine were observed 7 days after the treatment.
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Fig. 2 Effect of a single administration of subthreshold doses of ketamine (Ket - 0.1 mg/kg, i.p.) plus guanosine (Guo - 0.01 mg/kg,
p.o.) in the depression-related behavioral tests and mTORC1 signaling pathway following 24 h Experimental timeline (A). Panels
represent respectively the immobility time in the TST (B) and the number of crossings in the OFT (C). BDNF immunocontent in
the hippocampus (D) and prefrontal cortex (E). Representative bands of phospho-Akt (Ser*’?), Akt, phospho-GSK-38 (Ser®), GSK-34,
phospho-mTOR (Ser?*®), mTOR, phospho-p7056éK (Thr?®?), p70S6K, PSD-95, GluA1, synapsin, and g-actin in the hippocampus (F)
and prefrontal cortex (H) of mice. Densitometric quantification of these proteins in the hippocampus (G) and prefrontal cortex
(). Statistical analysis was performed by Tukey’s post hoc test (one-way ANOVA). Values are expressed as means + S.E.M (n = 7).

**P<0.01 as compared with the vehicle-treated group.

3.2. mTORC1-driven signaling is required for the
antidepressant-like and pro-synaptogenic effects
displayed by ketamine plus guanosine

To ascertain the hypothesis that mTORC1 participates in the
antidepressant-like and pro-synaptogenic effects triggered
by ketamine by guanosine following 1 h (Fig. 5A and 7A) and
24 h (Fig. 6A and 7F), mice received rapamycin (a selective
mTORCH1 inhibitor, 0.2 nmol/site, i.c.v.) prior the treatment
of ketamine plus guanosine.

Rapamycin was effective to prevent the decreased immo-
bility time in the TST observed 1 h after the administration
of ketamine plus guanosine (P<0.01; Fig. 5B). None of the
treatments caused any effect on the number of crossings
in the OFT (Fig. 5C). Ketamine plus guanosine administra-
tion raised the phosphorylation levels of mTOR (Ser?*®) and
p70S6K (Thr?®) in the hippocampus (P<0.01; Fig. 5D and E)
and the total immunocontent of PSD-95 and GluA1 in the
prefrontal cortex (P<0.01; Fig. 5F and G). All these neu-
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rochemical alterations induced by the combined adminis-
tration of ketamine and guanosine were prevented by ra-
pamycin infusion (P<0.01). No alterations were detected
on PSD-95, GluA1, and synapsin immunocontent in the hip-
pocampus after ketamine plus guanosine and/or rapamycin.
Likewise, no changes were observed on the phosphorylation
levels of mTOR (Ser?*®) and p7056K (Thr*®%) as well as total
immunocontent of synapsin in the prefrontal cortex after
ketamine plus guanosine treatment and/or rapamycin.
Rapamycin administration was also effective to prevent
the reduced immobility time observed 24 h after the coad-
ministration of subthreshold doses of ketamine and guano-
sine (P<0.01; Fig. 6B). No alterations were observed in
the locomotor activity (Fig. 6C). Regarding the neurochem-
ical data, ketamine plus guanosine increased the immuno-
content of PSD-95 and GluA1 in the hippocampus (P<0.01;
Fig. 6D and E) and prefrontal cortex (P<0.01; Fig. 6F and
G), but this response was blocked by rapamycin pretreat-
ment (P<0.01). None of the treatments caused any changes
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Fig. 3 Effect of asingle administration of subthreshold doses of ketamine (Ket - 0.1 mg/kg, i.p.) plus guanosine (Guo - 0.01 mg/kg,
p.o.) in the depression-related behavioral tests and mTORC1 signaling pathway following 7 days. Experimental timeline (A). Panels
represent respectively the immobility time in the TST (B) and the number of crossings in the OFT (C). BDNF immunocontent in
the hippocampus (D) and prefrontal cortex (E). Representative bands of phospho-Akt (Ser*’?), Akt, phospho-GSK-34 (Ser®), GSK-34,
phospho-mTOR (Ser?*#), mTOR, phospho-p70S6K (Thr38?), p70S6K, PSD-95, GluA1, synapsin, and g-actin in the hippocampus (F)
and prefrontal cortex (H) of mice. Densitometric quantification of these proteins in the hippocampus (G) and prefrontal cortex (I).
Statistical analysis was performed by Tukey’s post hoc test (one-way ANOVA). Values are expressed as means + S.E.M (n = 7).

in the phosphorylation levels of mTOR (Ser?*®) and p70S6K
(Thr?#¥), as well as the immunocontent of synapsin in the
hippocampus and prefrontal cortex.

Concerning the morphological analysis carried out 1 h af-
ter treatments, no significant effects were observed in total
dendritic spine density in the ventral DG of the hippocam-
pus (Fig. 7B and C) and the prefrontal cortex (Fig. 7D and
E). However, after 24 h, the pretreatment with rapamycin
was able to abolish the increase in dendritic spine density
in the ventral hippocampal DG (P<0.01; Fig. 7G and H) and
the prefrontal cortex (Fig. 71 and J; P<0.01), indicating the
involvement of mTORC1 signaling.

4. Discussion

In this study, we reported that a single combined adminis-
tration of subthreshold doses of ketamine and guanosine,
which had no effect alone, effectively produced a fast,
but not prolonged reduction of immobility time in the TST
in mice. Importantly, this behavioral effect was accompa-
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nied by rapid and transient activation of the mTORC1-driven
signaling pathway with a consequent increase in synaptic
protein synthesis and dendritic spines density in a time-
dependent manner in the hippocampus and prefrontal cor-
tex.

The discovery that the NMDA receptor antagonist ke-
tamine is effective in producing fast and sustained an-
tidepressant actions was a great breakthrough in the de-
velopment of MDD pharmacotherapy. Compelling studies
have demonstrated that ketamine exerts its antidepres-
sant effect by promoting dendritic spines formation and
synaptogenesis, effects associated with the activation of
the mTORC1 signaling pathway (Fraga et al., 2020, 2021;
Li et al., 2010, 2011). Supporting these findings, substantial
evidence also showed disturbances on mTORC1 and synapse
connectivity in the prefrontal cortex and hippocampus of
MDD subjects (Duric et al., 2013; Holmes et al., 2019;
Jernigan et al., 2011; Kang et al., 2012). Therefore, the
activation of mTORC1 signaling with subsequent increased
synaptic plasticity in the hippocampus and prefrontal cor-
tex could lead to fast-onset and sustained antidepressant-
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Fig. 4 Effect of a single administration of subthreshold doses of ketamine (Ket - 0.1 mg/kg, i.p.) plus guanosine (Guo - 0.01 mg/kg,
p.0.) on dendritic spines density following 1 h, 24 h, or 7 days. Experimental timeline (A). Representative images of different
dendritic segments in the ventral DG of the hippocampus following 1 h (B). Total spine density in the ventral DG of the hippocampus
following 1 h (C). Representative images of different dendritic segments in the prefrontal cortex following 1 h (D). Total spine
density in the prefrontal cortex following 1 h (E). Experimental timeline (F). Representative images of different dendritic segments
in the ventral DG of the hippocampus following 24 h (G). Total spine density in the ventral DG of the hippocampus following
24 h (H). Representative images of different dendritic segments in the prefrontal cortex following 24 h (I). Total spine density in
the prefrontal cortex following 24 h (J). Experimental timeline (K). Representative images of different dendritic segments in the
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prefrontal cortex following 7 days (0). Statistical analysis was performed by Tukey’s post hoc test (one-way ANOVA). Values are
expressed as means + S.E.M (n = 6). Scale bar: 2 um.

like responses. Aside from selective modulators of NMDA re- remains to be fully investigated. Moreover, if mTORC1-
ceptors, there is a growing body of studies showing that en- mediated synaptic protein synthesis and dendritic spine for-
dogenous glutamatergic neuromodulators may produce fast mation underlie the rapid actions induced by subthreshold
antidepressant-like effects and augment ketamine’s actions doses of ketamine plus guanosine also remains to be re-
by activating the mTORC1 pathway (Almeida et al., 2020, solved.

Camargo et al., 2020; ; Freitas et al., 2020; Neis et al., Herein, we reinforced the notion that a single adminis-
2016; Pazini et al., 2016; Rosa et al., 2021). In this re- tration of a subthreshold dose of guanosine is capable of
gard, substantial studies have prospectively shown that augmenting the antidepressant-like effect of a subthresh-
guanosine presents overlapping mechanisms of action to ke- old dose of ketamine in the TST, a sensitive and reliable
tamine and could be a novel candidate to produce fast an- behavioral test widely used to detect antidepressant ac-
tidepressant responses or even potentiate ketamine’s ac- tivity in mice (Cryan et al., 2005). Importantly, we pro-

tions (Camargo and Rodrigues, 2019). Although guanosine vided novel evidence that this response occurred in a time-
has been reported to be an augmenting agent over the dependent manner, starting 1 h after the treatment and
fast antidepressant-like effect of ketamine (Camargo et al., lasting up for 24 h, but not for 7 days. Of note, ketamine
2020, 2021), whether guanosine effectively potentiates the plus guanosine treatment did not alter the number of cross-
long-lasting antidepressant-like and pro-synaptogenic ac- ings in the OFT, indicating that the anti-immobility effect
tions of ketamine by stimulating the mTORC1 pathway was not due to a psychostimulant response. Further rein-
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Fig. 5 Effect of rapamycin (a selective mTORC1 inhibitor, 0.2 nmol/site, i.c.v.) in the behavioral and molecular effects triggered
by subthreshold doses of ketamine (Ket - 0.1 mg/kg, i.p.) plus guanosine (Guo - 0.01 mg/kg, p.o.) following 1 h Experimental
timeline (A). Panels represent the immobility time in the TST (B) and the number of crossings in the OFT (C). Representative bands
of phospho-mTOR (Ser?*#%), mTOR, phospho-p7056K (Thr®%), p70S6K, PSD-95, GluA1, synapsin, and g-actin in the hippocampus (D)
and prefrontal cortex (F) of mice. Densitometric quantification of these proteins in the hippocampus (E) and prefrontal cortex
(G). Statistical analysis was performed by Tukey's post hoc test (two-way ANOVA). Values are expressed as means + S.E.M (n = 7).
**P<0.01 as compared with the vehicle-treated group; ##P<0.01 as compared with the ketamine plus guanosine-treated group.

forcing the possible antidepressant-like effect elicited by a
single coadministration of subthreshold doses of ketamine
plus guanosine, our group previously showed that the com-
bination of these drugs (same dose used here) was effec-
tive in the novelty-suppressed feeding test (Camargo et al.,
2019) and TST (Camargo et al., 2020) 1 h after their ad-
ministration. Guanosine has also been previously reported
to potentiate the antidepressant-like effect of a subthresh-
old dose of ketamine 24 h after the chronic administration
of corticosterone in mice (Camargo et al., 2021). Notably,
our results are in line with a prior study showing that the
combination of sub-effective doses of ketamine and lithium,
which had no effect alone, significantly decreased the im-
mobility time of rats in the forced swim test, starting in
30 min and lasting up for 7 days (Liu et al., 2013). Similarly,
the coadministration of subthreshold doses of ketamine and
agmatine induced a fast (1 h and 24 h) and sustained (7 days)
antidepressant-like effect in mice (Freitas et al., 2020).
However, differently from these studies that reported a sus-
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tained effect after 7 days (Freitas et al., 2020; Liu et al.,
2013), or even with a study that investigated the effect of
ketamine per se (Autry et al., 2011), we report here that the
combined treatment of ketamine plus guanosine was only
effective to produce a fast (1 h - 24 h), but not sustained (7
days) effect in the TST.

In the next step, we decided to elucidate whether the
mTORC1-driven signaling pathway is associated with the
antidepressant-like effect elicited by ketamine plus guano-
sine. Our experiments unveil that a single subthreshold
dose of ketamine, which had no effect by itself, given
in combination with a subthreshold dose of guanosine in-
creased BDNF levels and mTORC1 signaling, molecular tar-
gets involved in fast and sustained antidepressant and pro-
synaptogenic responses (Duman et al., 2012), in a time-
dependent manner in the hippocampus and prefrontal cor-
tex. Ketamine plus guanosine raised BDNF levels both in the
hippocampus and prefrontal cortex 1 h after administration,
but this effect was not observed in 24 h or 7 days. Moreover,
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Fig. 6 Effect of rapamycin (a selective mTORC1 inhibitor, 0.2 nmol/site, i.c.v.) in the behavioral and molecular effects triggered
by subthreshold doses of ketamine (Ket - 0.1 mg/kg, i.p.) plus guanosine (Guo - 0.01 mg/kg, p.o.) following 24 h Experimental
timeline (A). Panels represent the immobility time in the TST (B) and the number of crossings in the OFT (C). Representative bands
of phospho-mTOR (Ser?*#8), mTOR, phospho-p70S6K (Thr38%), p70S6K, PSD-95, GluA1, synapsin, and f-actin in the hippocampus (D)
and prefrontal cortex (F) of mice. Densitometric quantification of these proteins in the hippocampus (E) and prefrontal cortex
(G). Statistical analysis was performed by Tukey's post hoc test (two-way ANOVA). Values are expressed as means + S.E.M (n = 7).
**P<0.01 as compared with the vehicle-treated group; ##P<0.01 as compared with the ketamine plus guanosine-treated group.

ketamine plus guanosine rapidly increased (1 h after admin-
istration) Akt, GSK-38, mTORC1, and p70S6K phosphoryla-
tion in the hippocampus, but not in the prefrontal cortex,
and this effect was not sustained (back to baseline in 24 h).
Our results also revealed a time-dependent upregulation of
PSD-95 and GluA1 immunocontent in the hippocampus and
prefrontal cortex after the combined administration of ke-
tamine plus guanosine. Particularly, the immunocontent of
PSD-95 and GluA1 was upregulated in the prefrontal cor-
tex 1 h after ketamine plus guanosine coadministration, an
effect not observed in the hippocampus. However, an in-
crease in the immunocontent of PSD-95 and GluA1 was de-
tected 24 h after ketamine plus guanosine treatment both
in the hippocampus and prefrontal cortex of mice, while no
effects were observed after 7 days. These results concur
with previous findings that showed the ability of ketamine
plus guanosine in stimulating the mTORC1-driven signaling
pathway in a time-dependent manner with a distinct re-
gional pattern (Camargo et al., 2020). In addition, we pro-
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vide novel evidence regarding the distinct regional and time
course (24 h and 7 days) patterns in upstream and down-
stream targets of the mTORC1-driven signaling pathway.
These results also suggest that the activation of mTORC1-
driven pro-synaptogenic signaling in the hippocampus and
prefrontal cortex is time-dependent.

This study also demonstrated for the first time that the
combination of sub-effective doses of ketamine plus guano-
sine, but not either alone, increased the dendritic spines
formation in the hippocampus and prefrontal cortex with
a distinct time course. Our results indicated that ketamine
plus guanosine increased the dendritic spine density in the
ventral DG of the hippocampus and the prefrontal cortex
24 h after their administration, but failed to cause any
significant alteration after 1 h or 7 days. In agreement,
the combination of low doses of ketamine plus lithium in-
creased dendritic spine density, spine head diameter, and
excitatory postsynaptic currents in the prefrontal cortex of
rats after 24 h, and these effects lasted up to 7 days after
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the treatment, which could explain the fast and sustained
antidepressant-like response of this treatment (Liu et al.,
2013). Additionally, the coadministration of subthreshold
doses of ketamine and agmatine raised the synaptic pro-
tein synthesis and dendritic spines in the prefrontal cortex
of mice after 1 h Importantly, this effect was sustained for
24 h and 7 days and was accompanied by an antidepressant-
like effect elicited by the combined administration of these
drugs (Freitas et al., 2020). Notably, ketamine by itself (ac-
tive dose) was effective in exerting an antidepressant-like
effect and increasing the dendritic spines density in the ven-
tral DG of the hippocampus (Fraga et al., 2020) and the pre-
frontal cortex (Li et al., 2010). Considering that the increase
in synaptic protein synthesis and dendritic spines formation
is implicated in fast antidepressant response (Duman and
Duman, 2014), one may suppose that these morphological
alterations could be associated with the ability of ketamine
plus guanosine to induce a rapid antidepressant-like effect.
However, future studies are necessary to characterize the
volume of spines, spine morphology and architecture as well
as dendrite arborization, which are critical components in
regulating synaptic formation (Duman and Duman, 2014).
Noteworthy, the ability of ketamine plus guanosine treat-
ment in modulating dendritic spines density and shape in
animal models that induce behavioral, molecular, and mor-
phological alterations similar to the ones observed in MDD
remains to be investigated.

To obtain deeper insights regarding the role of mTORC1
in guanosine’s ability to boost antidepressant-like and pro-
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synaptogenic effects triggered by ketamine, mice were
pretreated with the mTORC1 inhibitor rapamycin. Our re-
sults demonstrated that the ability of ketamine plus guano-
sine to reduce the immobility time in the TST requires
mTORC1 activation, since rapamycin completely prevented
this behavioral effect. In agreement with our results, the
pretreatment with rapamycin was reported to effectively
abolish the effect elicited by the combined administra-
tion of ketamine plus guanosine in the novelty-suppressed
feeding test in mice (Camargo et al., 2019). Accordingly,
the administration of rapamycin completely prevented the
ability of guanosine to potentiate the antidepressant-like
effect of subthreshold doses of ketamine in mice sub-
jected to the chronic administration of corticosterone, re-
inforcing the notion that mTORC1 signaling may be cru-
cial for this response (Camargo et al., 2021). Further-
more, the rapamycin administration has been shown to ab-
rogate the antidepressant-like response elicited by either
ketamine or guanosine, suggesting that the mTORC1 path-
way is required for the antidepressant response of these
drugs (Almeida et al., 2020; Bettio et al., 2012; Li et al.,
2010). Here, we also demonstrated that the ketamine plus
guanosine-induced increase on phosphorylation of mTORC1
and p7056K and total immunocontent of synaptic proteins
(PSD-95 and GluA1) were prevented by rapamycin adminis-
tration. These results indicate that the pro-synaptogenic ef-
fect triggered by ketamine plus guanosine in the hippocam-
pus and prefrontal cortex was dependent on mTORC1 signal-
ing. These findings resemble a previous study reporting that
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action of this system on the glutamatergic tonus. This event results in glutamate release that activates AMPA receptors. The acti-
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channels, causing exocytosis of synaptic vesicles containing BDNF. The activation of TrkB by BDNF culminates in Akt activation
(Ser*?), which can phosphorylate and inactivate GSK-3 at Ser?. Akt also activates mTORC1 at Ser?*® that, in turn, phosphorylates
and activates p7056K at Thr®®, These events stimulate synaptic proteins synthesis including AMPA receptor subunits 1 (GluA1) and
postsynaptic density-95 (PSD-95) that contribute to dendritic spines formation. In the present study, we provide evidence that a
single coadministration of subthreshold doses of ketamine (0.1 mg/kg, i.p.) plus guanosine (0.01 mg/kg, p.o.) following 1 h in-
creased the phosphorylation of Akt (Ser*’?), GSK-34 (Ser®), mTORC1 (Ser?*®), and p7056K (Thr*#?) in the hippocampus, but not in
the prefrontal cortex. Ketamine plus guanosine increased PSD-95 and GluA1 immunocontent in the prefrontal cortex, but not in the
hippocampus, 1 h after their coadministration. Interestingly, ketamine plus guanosine raised the PSD-95 and GluA1 immunocontent
both in the hippocampus and prefrontal cortex 24 h after the treatment. Moreover, ketamine plus guanosine increased the dendritic
spine density in the ventral DG of the hippocampus and the prefrontal cortex only following 24 h Importantly, rapamycin pretreat-
ment (MTORC1 inhibitor) completely abolished the antidepressant-like and pro-synaptogenic responses elicited by ketamine plus
guanosine. These results suggest that guanosine potentiates the antidepressant-like and pro-synaptogenic effects of subthreshold
doses of ketamine by activating mTORC1 signaling in the hippocampus and prefrontal cortex in a time-dependent manner. Figure
designed using images from Servier Medical Art and Mind the Graph.
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the efficacy of ketamine plus guanosine low-dose combina-
tion in reversing corticosterone-induced reduction in synap-
tic proteins in the hippocampus was dependent on mTORC1
(Camargo et al., 2021). Of note, the administration of ra-
pamycin by itself did not affect mTORC1 and p70S6K phos-
phorylation and synaptic proteins immunocontent, which
agree with previous studies that reported its inability to al-
ter mTORC1 and its downstream targets in naive and stress-
exposed rodents (Li et al., 2010, 2011; Pazini et al., 2020).
More importantly, our results also unveil that the mTORC1-
driven signaling pathway is required for the ability of ke-
tamine plus guanosine to rapidly induce an increase in den-
dritic spines density in the ventral DG of the hippocampus
and the prefrontal cortex following 24 h, since the pretreat-
ment with rapamycin completely abolished these responses.
Therefore, our findings agree with the assumption that stim-
ulating mTORC1-dependent dendritic spines formation and
protein synthesis may lead to fast-onset antidepressant-like
responses (Duman and Duman, 2014; Li et al., 2010).

Taken together, the results reinforce and extend the no-
tion that guanosine may boost the antidepressant-like and
pro-synaptogenic effects of ketamine by activating mTORC1
signaling (Fig. 8). The ability of ketamine plus guanosine
treatment to elicit a pro-synaptogenic effect occurred in a
region-specific and time-dependent manner. Given the be-
havioral, neurochemical, and morphological outcomes ob-
served when subthreshold doses of ketamine and guano-
sine were coadministered, one may suppose that even a low
quantity of ketamine or guanosine may reach the brain to
exert beneficial effects. However, we cannot rule out that
ketamine was converted into several metabolites such as
norketamine and hydroxynorketamine that could be respon-
sible for the effects observed in the present study, since the
antidepressant-like properties of these metabolites have
been reported (Zanos et al., 2016, 2019). Therefore, ad-
ditional studies are necessary to address these topics. Of
note, the association of subthreshold doses of ketamine and
guanosine is effective to produce a fast, but not sustained,
antidepressant-like response, in contrast to the long-lasting
effect obtained when a higher dose of ketamine is admin-
istered (Autry et al., 2011; Liu et al., 2013). Despite this
drawback, the administration of guanosine in combination
with a very low dose of ketamine has the advantage of po-
tentially being able to reduce the side effects of ketamine.
Therefore, this study suggests that guanosine in combina-
tion with ketamine could constitute an effective and safe
strategy to assist patients diagnosed with MDD, an issue that
warrants future investigation.
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ARTICLE INFO ABSTRACT

Keywords:
Augmentation strategy
Corticosterone

Ketamine exhibits rapid and sustained antidepressant responses, but its repeated use may cause adverse effects.
Augmentation strategies have been postulated to be useful for the management/reduction of ketamine's dose and
its adverse effects. Based on the studies that have suggested that ketamine and guanosine may share overlapping

KI fres.smn mechanisms of action, the present study investigated the antidepressant-like effect of subthreshold doses of
etamine A Ra % s . s y
Gianohie ketamine and guanosine in mice subjected to repeated administration of corticosterone (CORT) and the role of

mTORC1 signaling for this effect. The ability of the treatment with ketamine (0.1 mg/kg, i.p.) plus guanosine
(0.01 mg/kg, p.o.) to counteract the depressive-like behavior induced by CORT (20 mg/kg, p.o., for 21 days) in
mice, was paralleled with the prevention of the CORT-induced reduction on BDNF levels, Akt (Ser”B) and GSK-
3 (Ser”) phosphorylation, and PSD-95, GluA1, and synapsin immunocontent in the hippocampus. No changes on
mTORC1 and p7086K immunocontent were found in the hippocampus and prefrontal cortex of any experimental
group. No alterations on BDNF, Akt/GSK-3f, mTORC1/p7086K, and synaptic proteins were observed in the
prefrontal cortex of mice. The antidepressant-like and pro-synaptogenic effects elicited by ketamine plus gua-
nosine were abolished by the pretreatment with rapamycin (0.2 nmol/site, i.c.v., a selective mTORC1 inhibitor).
Our results showed that the combined administration of ketamine and guanosine at low doses counteracted
CORT-induced depressive-like behavior and synaptogenic disturbances by activating mTORC1 signaling. This
study supports the notion that the combined administration of guanosine and ketamine may be a useful thera-
peutic strategy for the management of MDD.

1. Introduction

Major depressive disorder (MDD), a highly prevalent psychiatric
condition, represents a serious public health concern. This disorder af-
fects more than 300 million individuals and is the leading cause of
disability worldwide (World Health Organization, 2017). The
hypothalamic-pituitary-adrenal (HPA) axis dysfunction is a key
component underpinning the onset of depressive symptoms (Mizoguchi
et al., 2003; Myers et al.,, 2014), and compelling evidence have pro-
spectively shown that increased cortisol levels are a risk factor for MDD
(Goodyer et al., 2000; Harris et al., 2000). Glucocorticoid levels are

tightly regulated by a negative feedback mechanism, but in depressive
patients this might be impaired due to an HPA axis dysfunction (Watson
and Mackin, 2006). In this respect, prolonged exposure to glucocorti-
coids may damage the hippocampus and prefrontal cortex, brain regions
involved in the HPA axis autoregulation and mood control, contributing
to the depressive symptoms (Lee et al., 2002; McKlveen et al., 2013).
Importantly, synaptic loss and deficits in functional connectivity were
widely reported in the hippocampus and prefrontal cortex of MDD pa-
tients (Duric et al., 2013; Feyissa et al., 2009; Holmes et al., 2019; Kang
et al., 2012; Murrough et al., 2016) and rodents subjected to stress
models (Fraga et al., 2021; Li et al., 2011; Wang et al., 2013).
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Fig. 1. Schematic representation of the treatment regimen. In the first set of experiments, mice received vehicle or CORT (20 mg/kg, p.o.) once a day, for 21 days. On
the 21st day, after the last CORT administration, mice received a single administration of guanosine (0.01 mg/kg) and following 30 min they were treated with
ketamine (0.1 mg/kg). On the 22nd day, 24 h after the treatments, mice were subjected to the behavioral, ELISA and western blotting analyses (A). In the second set
of experiments, mice underwent chronic administration of vehicle or CORT (20 mg/kg, p.o.), and rapamycin (0.2 nmol/site, i.c.v.) was given 15 and 45 min before
guanosine and ketamine administration, respectively. On the 22nd day, 24 h after ketamine plus guanosine treatment, the behavioral tests, ELISA and western
blotting were performed (B). The behavioral tests included the tail suspension test, open-field test, splash test, and novelty-suppressed feeding test. One cohort of
animals was subjected to tail suspension test, open-field test, and splash test (10 min apart). The second cohort of animals was subjected to the novelty-suppressed
feeding test. The BDNF immunocontent was measured by ELISA analysis. The immunocontent of Akt, GSK-3f, mTOR, p70S6K, PSD-95, GluAl, and synapsin was

evaluated by western blotting analysis (C).

Despite all the efforts in establishing the neurobiclogical basis of this
medical condition and developing effective therapeutic approaches for
its management, the pharmacological treatment for MDD is still a
challenge (Otte et al., 2016). The conventional treatment for MDD has
been aimed at modulating the monoaminergic system, however, these
antidepressants are effective only in some patients (about 50% fail to
achieve remission) and act slowly (Papakostas and lonescu, 2015).
Moreover, about 30% of the patients do not achieve remission of the
depressive symptoms even after treatment with multiple drugs and are
considered treatment-resistant (IKaster et al., 2016). These limitations
underscore the need to develop new antidepressants that provide a
faster antidepressant effect and greater efficacy. The most promising
approach for the treatment of MDD emerged in 2000 when Berman et al
(2000) demonstrated in a clinical study that ketamine, an N-methyl-n-
aspartate (NMDA) receptor antagonist, produced a rapid and sustained

antidepressant effect. Importantly, these rapid actions displayed by ke-
tamine were also observed even in treatment-refractory patients with
suicidal ideation (Price et al., 2009; Zarate et al., 2006). These findings
became the focus of several research groups that aimed at elucidating
the mechanisms of action of ketamine.

Accumulating evidence suggests that ketamine exerts its antide-
pressant effect through the release of brain-derived neurotrophic factor
(BDNF) with subsequent activation of the protein kinase B (Akt)/
mechanistic target of rapamycin protein complex 1 (mTORC1) (Lepaclk
et al., 2014; Li et al., 2010, 2011). In turn, mTORC] activation culmi-
nates in the translation of synaptic proteins important to dendritic spines
formation and synaptogenesis, such as postsynaptic density protein-95
kDa (PSD-95), alpha-amino-3-hydroxy-methyl-5-4-isoxazole propionic
acid (AMPA) receptor subunits 1 (GluA1l), and synapsin (Abdallah et al.,
2015). Despite the major breakthrough that ketamine represented for
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MDD pharmacotherapy, its repeated use has been reported to cause
imaginative and/or dissociative states, making it a drug with abuse
potential (Gao et al., 2016). Considering these limitations, the investi-
gation of compounds that may produce ketamine-like effects or that
augment its actions without causing side effects is welcome.

Augmentation strategies that comprise the association of the anti-
depressant drug with non-antidepressant agents could be an approach to
overcome ketamine's drawbacks, since it may produce more consider-
able improvement than monotherapy and allow for a reduction in the
dose used, which may contribute to lowering the adverse effects (Bar-
owsky and Schwartz, 2006; Han et al., 2014; Moret, 2005; Papakostas
et al., 2005). Our research group has provided evidence that guanosine,
a guanine-based nucleoside, could be a candidate to induce a fast-acting
antidepressant response or even augment ketamine's effects (Camargo
and Rodrigues, 2019). Particularly, the antidepressant-like effect of
guanosine involves the modulation of NMDA and AMPA receptors and
stimulation of BDNF/mTORC1 signaling (Bettio et al., 2012; Rosa et al.,
2021;). A single administration of guanosine, similar to ketamine, was
able to reverse the depressive-like behavior induced by olfactory bul-
bectomy in mice via mTORC1 pathway (Almeida et al., 2020). The
ability of guanosine to potentiate the antidepressant-like and pro-
synaptogenic effects of subthreshold doses of ketamine in naive mice
were recently demonstrated (Camargo et al.,, 2019, 2020a ). Of note,
guanosine was effective in potentiating the antidepressant-like effect of
a subthreshold dose of ketamine in the mice subjected to repeated
administration of CORT, an animal model that mimics human MDD
(Camargo et al., 2020b). Despite this evidence, the role of mTORC1
signaling in the antidepressant-like and pro-synaptogenic effects trig-
gered by subthreshold doses of ketamine plus guanosine remains to be
investigated.

Given this scenario, the present study investigated the
antidepressant-like and pro-synaptogenic effects of single administra-
tion with low doses of ketamine and/or guanosine in corticosterone-
treated mice and the role of mMTORC1-driven signaling pathway in this
response.

2. Material and methods
2.1. Animals

The experiments were conducted using male Swiss mice (45-60 days
of age, 30-40 g), maintained under controlled temperature (21 + 1 °C)
and humidity (50 + 20%) with a 12:12 h light/dark cycle (lights on at
7:00 a.m.). Animals were housed in groups of 8 in a cage (41 x 34 x 16
cm) with free access to food and water, except when they were 24-h
food-deprived before the novelty-suppressed feeding test. The experi-
ments were performed after approval of the protocol by the Institutional
Ethics Committee and according to the National Institute of Health
Guide for the Care and Use of Laboratory Animals.

2.2. Drugs and treatments

Mice received vehicle or corticosterone (CORT - 20 mg/kg, dissolved
in distilled water with 2% Tween 80 and 0.2% DMSO) once a day for 21
days. Ketamine (0.1 mg/kg) and/or guanosine (0.01 mg/kg) were dis-
solved in saline (0.9%) and distilled water, respectively, and adminis-
tered in a single dose immediately after the last CORT administration.
On the 22nd day, mice were subjected to the behavioral tests 24 h after
the treatments (Fig. 1A). Subsequently, mice were immediately eutha-
nized by decapitation, and the hippocampus and prefrontal cortex were
collected for neurochemical analyses. Vehicle, CORT, and guanosine
were administered orally (p.o.) by gavage, while ketamine was admin-
istered intraperitoneally (i.p.). All drugs (obtained from Sigma Chemical
Co., St. Louis, USA) were freshly prepared and administered in a volume
of 10 ml/kg body weight. All doses and time points of administration
were chosen based on previous studies (Camargo et al., 2019; Ludka
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et al., 2013; Pazini et al., 2016).

In the second set of experiments, to investigate the role of mTORC1
pathway in the effects elicited by ketamine plus guanosine coadminis-
tration, rapamycin (a selective mTORC] inhibitor) was administered 15
and 45 min before guanosine and ketamine administration, respectively.
The animals were subjected to behavioral tests 24 h later (Fig. 1B).
Rapamycin was dissolved in sterile saline with dimethyl sulfoxide
(DMSO) at a final concentration of 1% and administered by intra-
cerebroventricular route (i.c.v.) in a volume of 3 pl per mouse (0.2
nmol/site). Appropriate vehicle-treated groups were also assessed
simultaneously. The i.c.v. injections were performed by employing a
freehand method under isoflurane anesthesia according to the proced-
ure described previously (Camargo et al, 2019). Briefly, a 0.4-mm
external diameter hypodermic needle attached to a cannula linked to
a 25-pl Hamilton syringe was inserted perpendicularly through the skull
(no more than 2 mm into the brain of each mouse). Rapamycin was
administered into the left lateral ventricle. The injection was given over
30 s, and the needle remained in place for another 30 s in order to avoid
the reflux of the substances injected. The injection site was 1 mm to the
left from the midpoint on a line drawn through to the anterior base of the
ears. Then, i.c.v. injections were performed by an experienced investi-
gator, and after dissection of the brain of the animal, the success of the
injection was examined, macroscopically, discarding results from mice
presenting misplacement of the injection site or any sign of cerebral
hemorrhage (<5%).

Two cohorts of animals were used in this study. One cohort of ani-
mals was subjected to tail suspension test, open-field test, and splash test
(10 min apart). The second cohort of animals was subjected to the
novelty-suppressed feeding test. All manipulations and behavioral tests
were carried out between 11:00 and 16:00 h.

2.3. Tail suspension test

The total immobility time of mice suspended by the tail was
measured as previously proposed (Steru et al., 1985). Visually isolated
mice were suspended 50 cm above the floor by adhesive tape placed
approximately 1 cm from the tip of the tail. Immobility time was
manually recorded during a 6-min period using a stopwatch by an
experienced and blind observer. Mice were considered immobile only
when they hung passively and completely motionless,

2.4. Open-field test

Mice were individually subjected to the open-field test as previously
described (Dalmagro et al., 2019). The apparatus consisted of a wooden
box (40 x 60 x 50 cm high) with the floor divided into 12 equal squares.
The number of squares crossed, a parameter indicative of locomotor
activity, was manually registered for 6 min by an experienced and blind
observer.

2.5. Splash test

The splash test consists of squirting a 10% sucrose solution (w/v) on
the dorsal coat of mice placed in clear boxes (9 x 7 x 11 cm). Due to its
viscosity, the sucrose solution dirties the mice which then initiates a
grooming behavior (Rosa et al., 2014). After applying the sucrose so-
lution, the latency time to the first grooming and the total time spent
grooming were manually recorded for 5 min using a stopwatch by an
experienced and blind observer, as indices of self-care and motivational
behavior (Willner, 2005).

2.6. Novelty-suppressed feeding test
The novelty-suppressed feeding test performed as previously pro-

posed (Bodnoff et al., 1988; Pazini et al., 2020) measures the latency of
mice in approaching and eating food in a novel environment following
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Fig. 2. Effect of a single administration with a subthreshold dose of ketamine (Ket — 0.1 mg/kg, i.p.) and/or guanosine (Guo - 0.01 mg/kg, p.o.) in mice treated with
vehicle or corticosterone (CORT — 20 mg/kg, p.o.) and subjected to the behavioral tests. Panels represent the immobility time in the tail suspension test (A), number
of crossings in the open-field test (B), grooming latency (C) and total time of grooming (D) in the splash test, and latency to feed (E) and food consumption (F) in the
novelty-suppressed feeding test. Values are expressed as means + S.E.M (n = 7). **P < 0.01 as compared with the vehicle-treated control group; ##P < 0.01 as
compared with the CORT-treated control group (two-way ANOVA followed by Newman-Keuls post-hoc test).

an extended period (up to 24 h) of food deprivation. The latency to begin
eating reflects how the animal copes with a behavioral conflict, and
because the ability to solve conflicts is inversely related to anxiety/
MDD, this test has been used to investigate behaviors related to these
disorders (Dulawa and Hen, 2005). Mice were weighed and all food was
removed from their cages, although water continued to be provided with
free access. 24 h after the removal of the food, mice were placed in an
illuminated wooden box (40 x 60 cm and 50 ecm height). A small piece of
mouse chow was positioned in the center of the box and each mouse was
placed in the corner of the testing arena, and the time until the first
feeding episode was manually recorded within 10 min using a stopwatch
by an experienced and blind observer. Subsequently, the tested animal
was placed alone in a cage with a weighed piece of chow for 5 min and,
at the end of this period, the amount of food consumed was determined
by weighing the piece of chow (Fraga et al., 2020; lijima et al., 2012).
After, mice returned to the cage with free access to food and water.

2.7. BDNF measurement

A BDNF ELISA kit (Promega® Inc., USA) was used to measure mature
BDNF protein levels in hippocampal and prefrontocortical homogenates,
according to the manufacturer's instructions. Briefly, hippocampal or
prefrontocortical tissues were homogenized in lysis buffer, centrifuged
at 14,000g for 30 min at 4 °C, and the supernatants were collected and
stored at —80 °C until assay. All samples and standards were applied in
duplicate into 96-well plates pre-coated with rabbit anti-human BDNF
antibodies, which were incubated overnight on a shaker at 4 °C. After
washing four times, biotinylated mouse anti-BDNF antibodies were
added, and the plates were incubated for 3 h at room temperature. Next,

the plates were incubated with streptavidin-HRP conjugate solution at
room temperature for 1 h and subsequently with TMB/E substrate for 15
min. The sample absorbances were read using a microplate reader at
450 nm.

2.8. Western blotting

The hippocampus and prefrontal cortex were quickly dissected and
snap-frozen with liquid nitrogen before storage at —80 °C until use. The
samples were mechanically homogenized in 400 pl of 50 mM TRIS pH
7.0, 1 mM EDTA, 100 mM NaF, 0.1 mM PMSF, 2 mM Na3VO,, 1%Triton
X-100, 10% glycerol, Sigma Protease Inhibitor Cocktail (P2714). Lysates
were centrifuged (10,000 g for 10 min, at 4 °C) to eliminate cellular
debris. The supernatants were diluted 1/1 (v/v) in 100 mM TRIS pH 6.8,
4 mM EDTA, 8% SDS, and boiled for 5 min. Thereafter, sample dilution
(40% glycerol, 100 mM TRIS, bromophenol blue, pH 6.8) in the ratio
25:100 (v/v) and f-mercaptoethanol (final concentration 8%) were
added to the samples (Camargo et al., 2020¢). Protein content was
quantified using bovine serum albumin (BSA) as a standard (Peterson,
1977). The samples containing 60 pg protein/track were separated by
SDS-PAGE (miniVE Vertical Electrophoresis System TM, GE Healthcare
Life Sciences, Piscataway, NJ, USA) using 7-10% gel and the proteins
were transferred to nitrocellulose membranes using a semi-dry blotting
apparatus (1.2 mA/cm2; 1.5 h). To verify the transfer efficiency process,
membranes were stained with Ponceau and were subsequently blocked
with 5% BSA in TBS (10 mM Tris, 150 mM NaCl, pH 7.5). The immu-
nocontent of total and phosphorylated forms of Akt (Ser*”?), glycogen
synthase kinase-3p (GSK-3p — Ser”), mTORC1 (Ser?**®), and 70 kDa ri-
bosomal protein S6 kinase (p70S6K — Tlu‘aaq), as well as PSD-95, GluAl,
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synapsin, and f-actin (loading control) immunocontent were detected
using specific antibodies (Cell Signaling, 1:1000) diluted in TBS-T (10
mM Tris, 150 mM NacCl, 0.1% Tween-10, pH 7.5) containing 2.5% BSA
and incubated overnight. Subsequently, the membranes were incubated
with anti-rabbit antibody horseradish peroxidase-conjugated secondary
antibody (Cell Signaling, 1:2500) for 60 min, and the immunoreactive
bands were developed using a chemiluminescence kit (Amersham ECL
Select, Piscataway, USA). All blocking and incubation steps were fol-
lowed by three washes (5 min) of the membranes with TBS-T. The op-
tical density (OD) of the bands was quantified using Image Lab
Software® 4.1 (Bio-Rad Laboratories). The phosphorylation levels of
Akt, GSK-3p, mTORC1, and p70S6K were determined as a ratio of OD of
the phosphorylated band over OD of the total band. The immunocontent
of PSD-95, GluA1, and synapsin was determined as a ratio of the specific
protein band over the OD of the p-actin band. Results are expressed as
compared to the control group 100%.

2.9. Statistical analysis

The D'Agostino-Pearson test was used to assess data normality. The
differences among experimental groups were determined by two-way
analysis of variance (ANOVA) followed by Newman-Keuls post hoc
test, when appropriate. Data are presented as mean + standard error of
mean (SEM). A value of P < 0.05 was considered significant.

3. Results

3.1. Subthreshold doses of ketamine and guanosine when given in
combination elicit antidepressant-like effect

The first set of experiments was designed to validate and reinforce
herein the antidepressant-like effect of ketamine plus guanosine in mice
subjected to the chronic administration of CORT.

Two-way ANOVA revealed significant differences for treatment [F3,
48) = 50.92, P < 0.01], CORT [F(1, 48) = 59.03, P < 0.01], and treatment
» CORT interaction [Fg3, 48) = 3.67, P < 0.05]) in the tail suspension test
(Fig. 2A). Post-hoc analysis indicated that ketamine plus guanosine
significantly decreased the immobility time in mice subjected to the tail
suspension test when compared to vehicle-treated control (P < 0.01).
Moreover, CORT administration significantly increased the immobility
time when compared to vehicle-treated control (P < 0.01). However,
this alteration was only counteracted by a single coadministration of
guanosine plus ketamine (P < 0.01). No alteration was observed in the
number of crossings in the open-field test (Fig. 2B) in any experimental
group (treatment [F(3. 48 =011,P= 0.94], CORT [Fu! 48)=0.02,P =
0.98], treatment x CORT interaction [Fs, 45y = 0.14, P = 0.93]).

Concerning the splash test (Fig. 2C and D), two-way ANOVA revealed
significant differences for grooming latency (treatment [F(3 45) = 6.49,
P < 0.01], CORT [F(;, 48) = 61.85, P < 0.01], treatment x CORT
interaction [F(3, 48) = 4.13, P < 0.05]), and total time of grooming
(treatment [F(g, 48) = 6.01, P < 0.01], CORT [F(1, 48) = 42.82, P < 0.01],
treatment x CORT interaction [F (3, 48) = 5.94, P < 0.01]). Post-hoc
analysis showed that CORT administration significantly increased the
grooming latency and reduced the total time of grooming (Fig. 2C and D,
respectively) when compared to vehicle-treated control (P < 0.01), but
these alterations were significantly abolished by ketamine plus guano-
sine treatment (P < 0.01).

Additionally, two-way ANOVA revealed significant differences for
treatment [F(g‘ 48) = 11.61, P < 0.01], CORT [F(L 48) = 67.94, P < 0.01]
and treatment x CORT interaction [F (3, 48) = 5.68, P < 0.01] in latency
to feed in the novelty-suppressed feeding test (Fig. 2E). Post-hoc analysis
indicated that CORT administration significantly increased the latency
to feed when compared to vehicle-treated control (P < 0.01), but this
effect was not observed in ketamine plus guanosine-treated mice (P <
0.01). No alteration was observed in the food consumption (Fig. 2F) in
the novelty-suppressed feeding test (treatment [F3 45 = 0.07, P =
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Fig. 3. Effect of a single administration with a subthreshold dose of ketamine
(Ket — 0.1 mg/kg, i.p.) and/or guanosine (Guo — 0.01 mg/kg, p.o.) on BDNF
levels in the hippocampus (A) and prefrontal cortex (B) of mice treated with
vehicle or corticosterone (CORT - 20 mg/kg, p.o.). Values are expressed as
means + S.E.M (n = 7). *P < 0.05 and **P < 0.01 as compared with the vehicle-
treated control group; ##P < 0.01 as compared with the CORT-treated control
group (two-way ANOVA followed by Newman-Keuls post-hoc test).

0.97], CORT [F(y, 48y = 2.10, P = 0.15], treatment x CORT interaction
[Fes, 48) = 0.31, P = 0.82]).

3.2. The influence of BDNF/Akt/GSK-3f/mTORC] signaling pathway in
the augmentation effect triggered by ketamine plus guanosine

We next sought to investigate whether the BDNF and mTORC1-
driven signaling pathway may be associated with the antidepressant-
like effect elicited by ketamine plus guanosine.

Two-way ANOVA revealed significant main effects for BDNF levels
(Fig. 3A and B) in the hippocampus (treatment [F(3 4g) = 3.55, P <
0.05], CORT [F(;, 4) = 43.15, P < 0.01], and treatment x CORT
interaction [F(s, 4g) = 2.85, P < 0.05]), but not in the prefrontal cortex
(treatment [F(3, 48) = 0.38, P = 0.76], CORT [F(1, 48) = 0.95, P = 0.33],
treatment x CORT interaction [F(3 45 = 1.18, P = 0.32]). Post-hoc
analysis showed that CORT administration significantly reduced BDNF
levels (P < 0.01) in the hippocampus (Fig. 3A), but not in the prefrontal
cortex (Fig. 3B), when compared to vehicle-treated control. However,
this alteration was only abolished by single coadministration of keta-
mine plus guanosine (P < 0.01).

Additionally, two-way ANOVA revealed significant differences for
phospho-Akt (treatment [F(3, 4g) = 7.70, P < 0.01], CORT [F (3, 48) =
35.20, P < 0.01], treatment x CORT interaction [F(3, 4g) = 4.94, P <
0.01]) and phospho-GSK-3p (treatment [F(3, 4g) = 17.48, P < 0.01],
CORT [F(y, 48) = 47.12, P < 0.01], treatment x CORT interaction [F(3,
48) = 4.29, P < 0.01]) in the hippocampus. Post-hoc analysis showed that
CORT administration significantly reduced Akt (Ser*’®) and GSK-3p
(Ser”) phosphorylation (P < 0.01) in the hippocampus (Fig. 4A and B)
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Fig. 4. Effect of a single administration with a subthreshold dose of ketamine (Ket — 0.1 mg/kg, i.p.) and/or guanosine (Guo - 0.01 mg/kg, p.0.) on phospho-Akt
(Ser"®) and phospho-GSK-3f (Ser”) immunocontent in the hippocampus (A and B) and prefrontal cortex (C and D) of mice treated with vehicle or corticosterone
(CORT - 20 mg/kg, p.o.). Panels A and C show respectively the representative bands of phospho-Akt (Ser™™), Ak, phospho-GSK-3p (Ser”), GSK-3p, and p-actin in the
hippocampus and prefrontal cortex. Panels B and D show the quantification of these proteins in the hippocampus and prefrontal cortex, respectively. Values are
expressed as means + S.E.M (n = 7). **P < 0.01 as compared with the vehicle-treated control group; ##P < 0.01 as compared with the CORT-treated control group

(two-way ANOVA followed by Newman-Keuls post-hoc test).

when compared to vehicle-treated control, but this alteration was
completely rescued by single coadministration of ketamine plus gua-
nosine (P < 0.01). No changes were observed on the immunocontent of
PhOSphD-Akt (treatment [F(gl 48) = 1.07, P = 0.39], CORT [F(l, 48) =
0.12, P = 0.72], treatment x CORT interaction [F(3, 48y = 0.52, P =
0.65]) and phospho-GSK-3p (treatment [F(3, 45y = 0.91, P = 0.44], CORT
[F(1, 48) = 1.49, P = 0.22], treatment x CORT interaction [F(3, 4g) = 0.62,
P = 0.19]) in the prefrontal cortex (Fig. 4C and D).

No changes were observed on the phosphorylation levels and total
immunocontent of phospho-mTOR (treatment [F3 48) = 0.97, P =
0.41], CORT [F(y, 48y = 1.70, P = 0.19], treatment x CORT interaction
[F(3, 48) = 0.88, P = 0.45]) and phospho-p70S6K (treatment [F (3, 48) =
0.46, P = 0.70], CORT [F(1, 48) = 0.01, P = 0.94], treatment x CORT
interaction [F (3, 48y = 0.39, P = 0.75]) in the hippocampus (Fig. 5A and
B). Also, no significant effects were observed on the phosphorylation
levels and total immunocontent of phospho-mTOR (treatment [F(3, 48) =
2.44, P = 0.07]; CORT [F(, ag) = 0.06, P = 0.79]; treatment x CORT
interaction [F(3 4g) = 1.34, P = 0.27]) and phospho-p70S6K (treatment
[F(s, a8y = 0.30, P = 0.83], CORT [F(3, 48) = 0.012, P = 0.91], treatment
»x CORT interaction [F(3, 4g) = 0.067, P = 0.97]) in the prefrontal cortex
(Fig. 5C and D).

Additionally, two-way ANOVA revealed significant differences for
PSD-95 (treatment [F(;;. 48)=9.53,P < 0.01], CORT [F(l. 48)=108.20, P
< 0.01], and treatment x CORT interaction [F (3 4g) = 8.36, P < 0.01]),
GluA1 (treatment [F(3, 48y = 12.72, P < 0.01], CORT [F1, 48) = 107.60, P
< 0.01], and treatment x CORT interaction [F3, 4g) = 19.10, P < 0.01]),
as well as synapsin (treatment [F(3, 4g) = 5.12, P < 0.01], CORT [F(y, 48)
=66.90, P < 0.01], and treatment x CORT interaction [F3 4g) = 2.91, P

< 0.05]) in the hippocampus (Fig. 6A and B). Post-hoc analysis
demonstrated that CORT administration significantly decreased the
PSD-95, GluAl, and synapsin immunocontent in the hippocampus
(Fig. 6A and B) when compared to vehicle-treated control (P < 0.01),
but these alterations were counteracted by single coadministration of
ketamine plus guanosine (P < 0.01). No alterations were observed on
the immunocontent of PSD-95 (treatment [F(3 45 = 0.16, P = 0.92],
CORT [F(y, 48) = 0.23, P = 0.62], treatment x CORT interaction [F(3, 4s)
=1.11, P = 0.35]), GluA1 (treatment [F(3, ) = 2.13, P = 0.10], CORT
[F(1, 48) = 2.98, P = 0.09], treatment x CORT interaction [F(3, 48) = 1.59,
P = 0.20]) as well as synapsin (treatment [F3 45) = 0.52, P = 0.66],
CORT [F(y, 48) = 0.30, P = 0.58], treatment x CORT interaction [F(s, 4s)
= 1.32, P = 0.27]) in the prefrontal cortex (Fig. 6C and D),

3.3. The role of mTORC1 in the antidepressant-like and pro-synaptogenic
effects triggered by ketamine plus guanosine

To give insight into the role of mTORC1 signaling in the
antidepressant-like and pro-synaptogenic effects elicited by ketamine
plus guanosine low-dose combination, mice were pretreated with
rapamycin, a selective mTORCI inhibitor.

Two-way ANOVA revealed a significant main effect for treatment
(treatment [F3, 4s) = 21.50, P < 0.01]) in the tail suspension test
(Fig. 7A), with only ketamine plus guanosine-treated mice presenting a
reduction in the immobility time (P < 0.01) regardless of the treatment
with vehicle or CORT. A significant main effect of CORT administration
was also detected F(q, 4g) = 99.38, P < 0.01]), with CORT-treated mice
spending more time immobile in the tail suspension test as compared
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Fig. 5. Effect of the administration with a subthreshold dose of ketamine (Ket - 0.1 mg/kg, i.p.) and/or guanosine (Guo - 0.01 mg/kg, p.o.) on phospho-mTORC1 and
phospho-p70S6K immunocontent in the hippocampus (A and B) or prefrontal cortex (C and D) of mice treated with vehicle or corticosterone (CORT - 20 mg/kg, p.
0.). Panels A and C illustrate the representative western blots, while panels B and D show the densitometrie quantitation of blots. Values are expressed as means + S.
EM (n = 7). Two-way ANOVA followed by Newman-Keuls post-hoc test.
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Fig. 7. Effect of treatment with ketamine (0.1 mg/kg, i.p.) plus guanosine (0.01 mg/kg, p.o.) and/or rapamyein (0.2 nmol/site, i.c.v.) on depression-related be-
haviors in mice subjected to the vehicle or corticosterone (CORT - 20 mg/kg, p.o.) administration. Panels represent the immobility time in the tail suspension test (A),
number of erossings in the open-field test (B), grooming latency (C) and total time of grooming (D) in the splash test, and latency to feed (E) and food consumption (F)
in the novelty-suppressed feeding test. Values are expressed as means = S.EM (n = 7). @@P < 0.01 as compared CORT-treated mice with their vehicle-treated
counterparts (i.e., significant main effect of CORT administration); &&P < 0.01 as compared with vehicle-treated mice (i.e., significant main effect of treatment).
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with vehicle-treated mice (P < 0.01). No significant treatment x CORT
interaction ([F(s, 48y = 0.14, P = 0.93]) was observed in the tail sus-
pension test. No effect was observed in the number of crossings (treat-
ment [F @3, 48) = 001, P = 0.99], CORT [F (1, 48) = 0.04, P = 0.82],
treatment x CORT interaction [F (3 48) = 0.30, P = 0.82]) in the open-
field test (Fig. 7B).

Additionally, two-way ANOVA revealed significant differences for
grooming latency (treatment [F3 48) = 6.06, P < 0.01], CORT [F(1, 48) =
86.27, P < 0.01], treatment x CORT interaction [F(3 4g) = 5.36, P <
0.05]) and total time of grooming (treatment [F(3 4g) = 6.39, P < 0.01],
CORT [F(1, 48) = 18.78, P < 0.01], treatment x CORT interaction [F(3,
48) = 2.86, P < 0.05]) in mice subjected to the splash test (Fig. 7C and D).
Post-hoc analysis showed that CORT administration significantly
increased the latency to start grooming (P < 0.01) and reduced the time
spent grooming (P < 0.01) in mice subjected to the splash test (Fig. 7C
and D, respectively). A single administration of ketamine plus guanosine
was effective in counteracting CORT-induced alterations in the splash
test (P < 0.01), but these responses were completely abolished by the
pretreated with rapamycin (P < 0.01).

Concerning the novelty-suppressed feeding test (Fiz. 7E), two-way
ANOVA revealed significant differences for latency to feed (treatment
[F[3> 48)=4.83,P < 0.01], CORT [F(]_ 48)=74.41,P < 0.01], treatment
x CORT interaction [F(3, 4g) = 6.91, P < 0.01]). Post-hoc analysis indi-
cated that CORT administration significantly increased the latency to
feed when compared with vehicle-treated mice (P < 0.01). Of note,
CORT-induced increase in the latency to feed was counteracted by a
single administration with subthreshold doses of ketamine plus

guanosine (P < 0.01), but these responses were abrogated by the pre-
treatment with rapamycin (P < 0.01). No alterations were observed in
the food consumption (treatment [F(3, 48y = 0.97, P = 0.41], CORT [F(y,
48) = 0.40, P = 0.52], treatment x CORT interaction [F(3, 48y = 0.23,P =
0.86]) in the novelty-suppressed feeding test in any experimental group
(Fig. 7F).

No alterations were observed on the phosphorylation levels and total
immunocontent of phospho-mTOR (treatment [F3 48 = 0.31, P =
0.81], CORT [F(y, 4g) = 1.12, P = 0.29], treatment x CORT interaction
[F(3, 48y = 0.58, P = 0.62]) and phospho-p70S6K (treatment [F(3, 48) =
0.78, P < 0.05], CORT [F(, 48) = 1.78, P = 0.18], treatment x CORT
interaction [F3, 48) = 0.43, P = 0.72]) in the hippocampus (Fig. 8A and
B) of any experimental group. No changes were observed on the phos-
phorylation levels and total immunocontent of phospho-mTOR (treat-
ment [Fes ag = 0.12, P = 0.94]; CORT [F(y, 45) = 0.63, P = 0.42];
treatment x CORT interaction [F 4g) = 0.17, P = 0.91]) and phospho-
p70S6K (treatment [F(g‘ 48) = 1.88, P = 0.14], CORT [F“. 48) = 2.07,P=
0.15], treatment x CORT interaction [F(3 4g) = 0.10, P = 0.95]) in the
prefrontal cortex (Fig. 8C and D) of any experimental group.

Two-way ANOVA revealed significant differences for PSD-95
(treatment [F(3 48 = 4.66, P < 0.01], CORT [F(y, 48) = 16.89, P <
0.01], and treatment x CORT interaction [F3, 48) = 3.61, P < 0.05]),
GluAl (treatment [Fys, 48) = 3.10, P < 0.05], CORT [F(y, 45y = 16.90, P <
0.01], and treatment x CORT interaction [F(3, 4g) = 3.61, P < 0.05]), as
well as synapsin (treatment [F3, 48) = 6.40, P < 0.01], CORT [F(1, 48) =
3.98, P < 0.05], and treatment x CORT interaction [F(3 48 =5.12,P <
0.01]) in the hippocampus (Fig. 9A and B). Post-hoc analysis indicated
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Fig. 8. Effect of treatment with ketamine (0.1 mg/kg, i.p.) plus guanosine (0.01 mg/kg, p.o.) and/or rapamycin (0.2 nmol/site, i.c.v.) on phospho-mTORC1 and
phospho-p70S6K immunocontent in the hippocampus (panels A and B) and prefrontal cortex (panels C and D) of mice that underwent the vehicle or corticosterone
(CORT - 20 mg/kg, p.o.) administration. Panels A and C illustrate the representative western blots, while panels B and D show the densitometric quantitation of blots.
Values are expressed as means + S.E.M (n = 7). Two-way ANOVA followed by Newman-Keuls post-hoc test.

that CORT administration significantly reduced the immunocontent of
PSD-95 (P < 0.01), GluAl (P < 0.01), and synapsin (P < 0.01) in the
hippocampus, but these alterations were not observed in the ketamine
plus guanosine-treated mice (P < 0.01). Notably, the ability of ketamine
plus guanosine in counteracting the reductions in PSD-95 and GluAl
immunocontent induced by CORT was completely abolished by rapa-
mycin (P < 0.01). However, rapamycin administration was not able to
abolish the upregulation of synapsin immunocontent induced by keta-
mine plus guanosine in the hippocampus of CORT-treated mice. Addi-
tionally, no alterations were observed on the immunocontent of PSD-95
(treatment [F(3, 45y = 0.01, P = 0.99], CORT [F(y, 48) = 1.56, P = 0.21],
treatment x CORT interaction [F3, 48y = 0.11, P = 0.95]), GluAl
(treatment [F(gg 48) = 0.40, P = 0.98], CORT [F(L 48) = 0.53, P =0.43],
treatment x CORT interaction [F(3 48) = 0.11, P = 0.94]) as well as
synapsin (treatment [F(3, 48) = 0.05, P = 0.98], CORT [F(, 48) = 0.66, P
=0.41], treatment x CORT interaction [F(3 4g) = 0.31, P = 0.80]) in the
prefrontal cortex after CORT, ketamine plus guanosine, and/or rapa-
mycin administrations (Fig. 9C and D).

4. Discussion

The present study reinforces and extends the notion that a sub-
threshold dose of ketamine, which had no effect by itself, when given in
combination with a subthreshold dose of guanosine produces an
antidepressant-like effect in mice chronically administered with CORT, a
rodent model that resembles MDD (Sterner and Kalynchuk, 2010).
Additionally, we showed for the first time a link between the upregu-
lation of proteins upstream and downstream to mTORC1 in the
antidepressant-like response elicited by ketamine plus guanosine in this

model. Noteworthy, our results unveiled that the ability of ketamine
plus guanosine in abolishing the CORT-induced depressive-like behavior
and synaptogenic impairments in the hippocampus is dependent on
mTORC1 signaling.

In this study, CORT administration for 21 days was effective to
induce a depressive-like behavior as evidenced by increased immobility
time in the tail suspension test and latency to feed in the novelty-
suppressed feeding test, as well as reduced self-care in the splash test.
In line with our results, previous studies reported that chronic exposure
to CORT is capable of causing a depressive-like phenotype (David et al.,
2009; Pazini et al., 2016; Zhao et al., 2009). This behavioral alteration
induced by CORT has been reported to be abolished by chronic, but not
acute administration of typical monoaminergic antidepressants (Ago
etal., 2013; Ampuero et al., 2010; Morais et al., 2014; Zeni et al., 2019),
but it is reversed by a single administration of ketamine (Koike et al,,
2013; Neis et al., 2018; Pazini et al., 2016). Therefore, this experimental
approach allows the screening of putative rapid-acting antidepressant
agents. In this study, CORT-induced depressive-like behavior was suc-
cessfully abolished by a single administration of sub-effective doses of
ketamine plus guanosine as efficiently as the effect elicited by a higher
dose of ketamine (Koike et al., 2013; Neis et al., 2018). Additionally, we
provide evidence that the ketamine plus guanosine-induced antide-
pressant-like effect in CORT-exposed mice is dependent on the activa-
tion mTORC1 signaling, since rapamycin (a selective mTORC1
inhibitor) consistently abolished the behavioral responses. Of note, an
acute i.c.v. administration of rapamycin per se had no effect on
depression-related behaviors. This result agrees with previous studies
demonstrating that rapamycin was unable to affect depression-related
phenotypes after a single central administration (Li et al., 2010, 2011;
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Fig. 9. Effect of treatment with ketamine (0.1 mg/kg, i.p.) plus guanosine (0.01 mg/kg, p.o.) and/or rapamycin (0.2 nmol/site, i.c.v.) on PSD-95, GluA1l, and
synapsin immunocontent in the hippocampus (A and B) and prefrontal cortex (C and D) of mice treated with vehicle or corticosterone (CORT - 20 mg/kg, p.o.).
Panels A and C show the representative bands of PSD-95, GluA1, synapsin, and p-actin in the hippocampus and prefrontal cortex, respectively. Panels B and D show
the quantification of these proteins in the hippocampus and prefrontal cortex, respectively. Values are expressed as means + S.E.M (n = 7). **P < 0.01 as compared
with the vehicle-treated group; ##P < 0.01 as compared with the CORT-treated group; $8P < 0.01 as compared with the ketamine plus guanosine-treated group

(two-way ANOVA followed by Newman-Keuls post-hoc test).

Neis et al., 2020; Pazini et al., 2016), but it was effective in modulating
depression-related behaviors after repeated systemic administration
(Hadamitzky et al., 2018; Halloran et al., 2012). Supporting our results,
mTORC1 activation has been recently reported to be required for the
acute behavioral effects of ketamine plus guanosine treatment in the
novelty-suppressed feeding test (Camargo et al., 2019) and guanosine's
antidepressant response in the olfactory bulbectomy model (Almeida
et al., 2020) in mice. Therefore, these findings demonstrated that a low-
dose combination of ketamine and guanosine is effective to counteract
corticosterone-induced depressive-like behavior via activating mTORC1
signaling.

To reinforce the role of mTORC1-driven signaling pathway in the
antidepressant-like effect elicited by a low-dose combination of keta-
mine and guanosine, proteins upstream and downstream to mTORC1
were next investigated. Although questions have been raised about the
role of the mTORC1 in the antidepressant effect of ketamine in clinical
and preclinical studies (Abdallah et al., 2020; Popp et al., 2016),
numerous reports have shown that the mTORCI signaling is a crucial
target for fast antidepressant responses (Li et al., 2010; Neis et al., 2020;
Réus et al., 2015; Voleti et al., 2013). Classically, it has been postulated
that ketamine blocks NMDA receptors located on inhibitory GABAergic
interneurons, resulting in a disinhibition of hippocampal pyramidal cells
and consequent release of glutamate in the synaptic cleft (Abdallah
et al.,, 2015). Glutamate by activating AMPA receptors causes sodium
influx and depolarization, leading to the activation of voltage-dependent
calcium channels and BDNF release (Lepack et al., 2014). In the present
study, CORT administration reduced BDNF levels in the hippocampus,
but not in the prefrontal cortex, and this alteration concurs partially
with previous studies (Freitas et al., 2016; Pazini et al., 2016; Weng
et al., 2016). Since the hippocampus presents a high density of gluco-
corticoid receptors, this feature could make it particularly more

vulnerable to the effects of chronic CORT administration than the pre-
frontal cortex (Lee et al., 2002). Of note, this assumption may explain
the BDNF reduction (and its downstream targets evidenced throughout
this paper) only in the hippocampus. However, only the combined
administration of subthreshold doses of ketamine and guanosine rescued
the reduction on hippocampal BDNF levels induced by CORT, suggesting
that BDNF could be associated with antidepressant-like effect triggered
by ketamine plus guanosine combination. Consistent with these find-
ings, previous studies demonstrated that BDNF upregulation was asso-
ciated with the antidepressant-like effects elicited by guanosine (Rosa
et al., 2021) and ketamine (Lepack et al., 2014). Regarding the modu-
lation of BDNF by guanosine, we recently showed that hippocampal
BDNF levels were increased 1, 6 and 24 h after a single administration of
guanosine. However, in the prefrontal cortex, BDNF level was increased
only 1 h after guanosine treatment, suggesting that guanosine may affect
the hippocampus and the prefrontal cortex with a different profile (Rosa
et al., 2021) .

The activation of tropomyosin receptor kinase B (TrkB) by BDNF
culminates in Akt phosphorylation, which plays a role in cell meta-
bolism, growth, and survival (Tejeda and Diaz-Guerra, 2017). In line
with a prior report, the present study showed that CORT exposure
reduced Akt (Ser””®) phosphorylation in the hippocampus (Dong et al.,
2019), but this alteration was not observed in ketamine plus guanosine-
treated mice. Reinforcing these results, we also found that ketamine plus
guanosine treatment counteracted the CORT-induced reduction on
phosphorylation (Ser”) of glycogen synthase kinase-3pp (GSK-3p), a
downstream target of Akt. Importantly, Akt activation and GSK-3p in-
hibition represent a key mechanism for the rapid-acting actions of ke-
tamine, an effect that was observed at 30 min and 60 min after its
administration, respectively (Beurel et al., 2011; Li et al., 2010). The
antidepressant-like and synaptogenic effects of a sub-effective dose of
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Fig. 10. This schematic representation postulates how the combination of ketamine plus guanosine at low doses could activate the mTORC1-driven signaling
pathway to produce antidepressant-like and pro-synaptogenic effects. We demonstrated that corticosterone (20 mg/kg, p.o., for 21 days) administration reduced the
BDNF levels, Akt/GSK-3p phosphorylation, and PSD-95, GluAl, and synapsin immunocontent (synaptic proteins downstream to mTORC1/p7086K) in the hippo-
campus. A single combined administration of subthreshold doses of ketamine and guanosine was able to counteract all these corticosterone-induced alterations.
Moreover, the pretreatment with rapamycin, a mTORC1 inhibitor, completely abolished the antidepressant-like and pro-synaptogenic effect elicited by ketamine plus
guanosine. These findings suggest that the modulation of mTORC1-driven signaling pathway contribute to the antidepressant-like effect triggered by ketamine plus
guanosine. Figure designed using images from Servier Medical Art and Mind the Graph.

ketamine were potentiated by a sub-effective dose of lithium, a GSK-3f
inhibitor (Liu et al., 2013). Previous studies also demonstrated that the
antidepressant-like effect of guanosine is dependent on PI3K/Akt (Bettio
et al., 2012) and GSK-3p signaling pathways (Rosa et al., 2019), rein-
forcing the results of this study. Therefore, these results suggest that
Akt/GSK-3p signaling could contribute to the antidepressant-like effect
elicited by the combined administration of ketamine and guanosine.
Akt can activate mTORC1 by phosphorylating and inactivating
proline-rich Akt substrate of 40 kDa (PRAS40) at Thr?® (Haar et al.,
2007). Subsequently, mTORC1 phosphorylates 70 kDa ribosomal pro-
tein S6 kinase (p7086K) at Thr**’, which also phosphorylates and acti-
vates mTORC1 at Ser***® via a feedback loop (Magnuson et al., 2011).
mTORC]1 plays an essential role in the regulation of protein synthesis
and is consistently associated with key neuronal functions as axonal
sprouting and dendritic spine growth (Laplante and Sabatini, 2012).
Notably, deficits on mTORC1/p7056K immunocontent were observed in
the prefrontal cortex of subjects diagnosed with MDD (Jernigan et al.,
2011) and in the hippocampus and prefrontal cortex of rodents that
underwent the chronic unpredictable stress and CORT administration
protocols (Dong et al., 2019; Pazini et al., 2016; Zhu et al., 2018). Here,
no alterations on mTOR1,/p70S86K phosphorylation in the hippocampus
and prefrontal cortex were observed after the administration of CORT
(21 days, 20 mg/kg) or rapamycin, in agreement with previous results
(Camargo et al., 2020c; Li et al., 2010, 2011). Likewise, no alterations on
hippocampal or prefrontocortical mTORC1 and p70S6K phosphoryla-
tion were observed 24 h after a single administration of ketamine plus
guanosine. This result is in contrast with a rapid increase on mTORC1/
p70S6K phosphorylation detected 1 h after the combined administration
of subthreshold doses of ketamine and guanosine in the hippocampus,
but not in the prefrontal cortex (Camargo et al, 2020a). We may

hypothesize that the absence of significant effects on mTORC1/p70S6K
phosphorylation observed in the present study may be due to the long
time period (24 h) elapsed between the administration of ketamine plus
guanosine and the western blotting analysis. Indeed, the activation of
mTORC1 and p70S6K phosphorylation is a dynamic process that rapidly
triggers downstream activation of molecular targets such as protein
translation (Hoeffer and Klann, 2010). In line with this notion, ketamine
has been found to induce a rapid (started in 30 min) and transient (back
to baseline in 2 h) increase on mTORC1/p7086K phosphorylation after
its administration in the prefrontal cortex of rats (Li et al., 2010).
Conversely, a previous study demonstrated that 24 h after ketamine
administration no effect was observed on mTORC1 /p70S6K phosphor-
ylation (Li et al., 2011), suggesting that ketamine stimulates the
mTORC1 signaling transiently, in a time-dependent manner, but future
studies investigating additional time points are necessary to address this
issue.

mTORC1/S6K signaling regulates protein translation, such as PSD-
95, GluAl, and synapsin, which are required for the formation, matu-
ration, and function of new synapses (Duman and Voleti, 2012).
Remarkably, rapid-acting antidepressant agents, such as GLYX-13 (Liu
etal., 2017), scopolamine (Voleti et al., 2013), and AZD6765 (Neis et al.,
2020) have convergent effects on the pro-synaptogenesis signaling
pathway. The rapid upregulation on PSD-95, GluAl, and synapsin is
consistent with the possibility that increased synapse formation and
connectivity underlie the fast-acting responses (Li et al., 2010; Voleti
et al., 2013). Importantly, robust reductions in these synaptic proteins
were reported in the hippocampus and prefrontal cortex of depressed
subjects (Duric et al., 2013; Feyissa et al,, 2009; Kang et al., 2012;
Rafalo-Ulinska et al., 2016) and rodents subjected to chronic stress and
CORT administration (Camargo et al., 2020c; Li et al., 2011; Pazini et al.,
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2016). Here, CORT caused a downregulation on PSD-95, GluAl, and
synapsin immunocontent in the hippocampus of mice, but not in the
prefrontal cortex, corroborating prior studies (Camargo et al.,, 2020c;
Pazini et al., 2016). Nonetheless, this study revealed for the first time
that a single administration of low doses of ketamine plus guanosine,
which had no effect alone, when given in combination was effective in
reversing the alterations on PSD-95, GluAl, and synapsin immuno-
content induced by CORT in the hippocampus. Furthermore, we also
demonstrated that the ability of ketamine plus guanosine to reverse
CORT-induced deficits on PSD-95 and GluA1 in the hippocampus was
abolished by the administration of rapamycin, indicating the involve-
ment of mTORC] in this response. Therefore, we may speculate that the
modulation of synaptic proteins via mTORC1 signaling could be asso-
ciated with the antidepressant-like response triggered by ketamine plus
guanosine. The administration of rapamycin by itself had no effect on
synaptic proteins immunocontent, which is in line with previous evi-
dence that reported its inability to affect mTORC1 downstream targets
after an acute central administration in naive (Li et al., 2010) and stress-
exposed rodents (Li et al., 2011). It is intriguing to note that the ability of
ketamine plus guanosine to counteract CORT-induced reduction in
synapsin immunocontent was not rescued by rapamycin administration.
This result suggests the participation of additional mechanisms on the
modulation of this protein, and further investigation is necessary to
ascertain this issue.

Altogether, our study reinforces and extends the notion that a single
administration of ketamine plus guanosine at low doses robustly re-
verses CORT-induced depressive-like behavior. Noteworthy, this study
provides novel evidence that the combined administration of ketamine
and guanosine at low doses counteracted CORT-induced reductions on
the immunocontent of BDNF, Akt/GSK-3f, and synaptic proteins (PSD-
95, GluAl, and synapsin) in the hippocampus, a response that could
contribute to the antidepressant-like effect elicited by these drugs
(Fig. 10). Although no alterations on mTORC1/p70S6K phosphorylation
were observed after ketamine plus guanosine and/or CORT, by using
rapamycin we provide convincing evidence of the essential role of
mTORC1 activation in the antidepressant-like and pro-synaptogenic
effects elicited by ketamine plus guanosine. Despite the time point
chosen in this study (24 h) to evaluate the phosphorylation of mTORC1/
p70S6K failed to detect any changes in these parameters, our experi-
ments were optimized to study the modulation of synaptic proteins
(PSD-95, GluAl, and synapsin) that are crucial for antidepressant re-
sponses (Duman and Voleti, 2012). In this regard, we demonstrated that
ketamine plus guanosine treatment upregulated synaptic proteins, but
further studies are necessary to ascertain the ability of this pharmaco-
logical strategy to enhance the number and function of dendritic spines.
Overall, this strategy could have therapeutic relevance for the treatment
of MDD.
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ARTICLE INFO ABSTRACT

Keywords: Ketamine has been reported to exert a prophylactic effect against stress-induced depressive-like behavior by
Corticosterone modulating the guanosine-based purinergic system. However, the molecular pathways underlying its prophy-
Depression lactic effect and whether guanosine also elicits a similar effect remain to be determined. Here, we investigated
Zzz_';‘:s?:e the prophylactic effect of ketamine and guanosine against corticosterone (CORT - 20mg/kg, p.o.)-induced

depressive-like behavior in mice. Furthermore, we characterized if the prophylactic response may be associated
with mTORC1-driven signaling in the hippocampus and prefrontal cortex. A single administration of ketamine
(5 mg/kg, i.p.), but not guanosine (1 or 5 mg/kg, p.o.), given 1 week before the pharmacological stress prevented
CORT-induced depressive-like behavior in the tail suspension test (TST) and splash test (SPT). Fluoxetine
treatment for 3 weeks did not prevent CORT-induced behavioral effects. A single administration of subthreshold
doses of ketamine (1 mg/kg, i.p.) plus guanosine (5mg/kg, p.o.) partially prevented the CORT-induced de-
pressive-like behavior in the SPT. Additionally, CORT reduced Akt (Ser*”?) and GSK-3p (Ser”) phosphorylation
and PSD-95, GluAl, and synapsin immunocontent in the hippocampus, but not in the prefrontal cortex. No
alterations on mTORC1/p70S6K immunocontent were found in both regions in any experimental group. CORT-
induced reductions on PSD-95, GluAl, and synapsin immunocontent were prevented only by ketamine treat-
ment. Collectively, these findings suggest that ketamine, but not guanesine, exerts a prophylactic effect against
depressive-like behavior, an effect associated with the stimulation of long-lasting pro-synaptogenic signaling in
the hippocampus.

Prophylactic effect

1. Introduction well-being, MDD, anxiety, and alexithymic traits during the COVID-19

pandemic, a high-stress condition that may increase suicide risk (De

Major depressive disorder (MDD), a prevalent and pervasive psy-
chiatric condition affecting more than 300 million individuals, is the
most cause of disability worldwide (World Health Organization, 2017).
Importantly, stress exposure is the main risk factor for the onset of
depressive symptoms (Otte et al., 2016) and several lines of evidence
have shown that increased levels of cortisol are associated with de-
pressive episodes (Goodyer et al., 2000; Harris et al., 2000). For in-
stance, compelling evidence has revealed associations among subjective

Berardis et al., 2017; Pappa et al., 2020; Tang et al., 2020). Of note,
depressive-like behavior has been reported in rodents subjected to
chronic unpredictable stress or repeated administration of corticos-
terone (Li et al., 2011; Moretti et al., 2012; Pazini et al., 2016; Zeni
et al., 2019). However, current monoamine-based antidepressant drugs
have reduced efficacy and large time-lag for exerting a therapeutic re-
sponse, and these are significant limitations for patients with severe
MDD and at risk of suicide (Kaster et al., 2016; Papakostas and lonescu,
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2015). Therefore, novel antidepressants with new mechanisms of action
are a major focus of current drug development. Reinforcing this as-
sumption, agomelatine that targets the melatonergic system has been
reported to be effective as an antidepressant drug, which could be a
novel intriguing antidepressant option (Pompili et al., 2013).

However, the most promising advance for the treatment of MDD
emerged with the discovery of ketamine, an N-Methyl-p-aspartate
(NMDA) receptor antagonist that produces fast and sustained anti-
depressant responses (Berman et al., 2000; Zarate et al., 2006). Keta-
mine can relieve depressive symptoms within hours after a single dose
and its effects can last up to 2 weeks, even in treatment-resistant pa-
tients with suicidal ideation (DiazGranados et al., 2010; Price et al.,
2009; Zarate et al., 2006). Compelling reports have shown that the
antidepressant effect of ketamine is dependent on the mechanistic
target of rapamycin protein complex 1 (mTORC1) signaling pathway
and synaptic protein synthesis (Li et al., 2011; Li et al., 2010; Sarkar
and Kabbaj, 2016). mTORC1 stimulation controls synaptic protein
translation such as postsynaptic density protein-95kDa (PSD-95),
alpha-amino-3-hydroxy-methyl-5-4-isoxazole propionic acid (AMPA)
receptor subunits 1 (GluAl), and synapsin, which are essential for
spinogenesis and synaptogenesis (Abdallah et al., 2016). Notably, es-
ketamine was approved for adults with treatment-resistant MDD (Wei
et al., 2020). A study by Brachman et al. (2016) has provided
groundbreaking evidence that ketamine is also effective as a prophy-
lactic agent against stress-induced depressive-like behavior, opening
novel perspectives for the design of strategies to prevent MDD. Of
special interest, McGowan et al. (2018) showed that the prophylactic
effect of ketamine against stress was associated with increased levels of
guanosine precursors, guanosine's diphosphate and triphosphate, both
in the hippocampus and prefrontal cortex, suggesting an interaction
between ketamine and the purinergic system.

We previously reported that guanosine, an endogenous guanine-
based purine, could be a novel agent to exert fast antidepressant-like
responses or even potentiate the actions of ketamine (Almeida et al.,
2020; Camargo et al.,, 2020a; Camargo and Rodrigues, 2019). This
nucleoside is a neuromodulator with remarkable neurotrophic and
neuroprotective effects (Bettio et al., 2016; Di Liberto et al., 2016;
Tasca et al., 2018). Of note, guanosine administered systemically or
centrally produces an antidepressant-like effect in the tail suspension
test (TST) and forced swimming test (FST) through the modulation of
NMDA receptors and the mTORC1 pathway (Bettio et al., 2012).
Moreover, a single administration of guanosine exerted a fast onset
antidepressant-like effect in the olfactory bulbectomy mice model
(Almeida et al., 2020), The ability of guanosine to augment the anti-
depressant-like and pro-synaptogenic effects of subthreshold doses of
ketamine in the novelty-suppressed feeding test (NSF) and TST was also
demonstrated (Camargo et al.,, 2019; Camargo et al., 2020a). Note-
worthy, a single combined administration with subthreshold doses of
ketamine and guanosine was effective in counteracting corticosterone
(CORT)-induced depressive-like behavior 24h after treatment
(Camargo et al., 2020b). However, it remains to be determined if
guanosine could be effective as a prophylactic agent or even potentiate
the prophylactic actions of ketamine against stress.

Considering that ketamine-induced mTORC1-driven pro-synapto-
genic effect has a long-lasting window (Li et al., 2011; Moda-Sava et al.,
2019), we hypothesized that this response could be associated with its
prophylactic effect against CORT-induced depressive-like behavior.
Moreover, taking into account that ketamine may modulate the pur-
inergic system (McGowan et al., 2018) and guanosine shares some
common molecular targets to ketamine (Camargo and Rodrigues,
2019), we also hypothesized that this nucleoside could elicit a pro-
phylactic effect or would be able to potentiate the ketamine's effects.
Therefore, the present study had three major purposes. First, we aimed
to validate the prophylactic effect of ketamine against the depressive-
like behavior elicited by the repeated administration of corticosterone
(a protocol that mimics chronic stress) and characterize if this response
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may be associated with mTORC1-mediated signaling. Second, we in-
vestigated the possible prophylactic effect of guanosine against this
same protocol of corticosterone administration and whether the mod-
ulation of mTORC1 signaling could be associated with this response.
Third, we evaluated the ability of the combined administration of ke-
tamine and guanosine to exert a prophylactic response and the role of
mTORC] signaling.

2. Material and methods
2.1. Animals

Male Swiss mice (55-60 days of age) were housed in groups of 8 in a
cage (41 x 34 x 16cm), under controlled temperature (21 * 1°C)
and humidity (50 + 20%) with a 12:12 h light/dark cycle (lights on at
7:00a.m.), and with free access to food and water. The animals were
used according to the National Institute of Health Guide for the Care
and Use of Laboratory Animals, and the experiments were performed
after approval of the protocol by the Institutional Ethics Committee.

2.2. Drugs and treatments

Mice received a single administration of ketamine (1 or 5mg/kg,
i.p., dissolved in 0.9% saline) or guanosine (1 or 5mg/kg, p.o., dis-
solved in distilled water) 1 week prior to the administration of vehicle
or CORT. Both drugs were administered in a volume of 10 ml/kg body
weight. In another set of experiments, mice were daily administered
with fluoxetine (10mg/kg, p.o., dissolved in distilled water) for
3 weeks before the onset of the administration of vehicle or CORT. In
the last set of experiments, mice received a single administration of
ketamine (1 mg/kg, i.p.) plus guanosine (5 mg/kg, p.o.) 1 week before
the administration of vehicle or CORT. Vehicle or CORT (20 mg/kg,
dissolved in distilled water with 2% Tween 80 and 0.2% DMSO) was
administered by gavage (p.0.) once a day (between 9:00a.m. and
10a.m.) for 21 days. On the 22nd day, 24h after the last CORT ad-
ministration, animals were subjected to the depression-related beha-
vioral tests (10 min apart). Subsequently, mice were immediately eu-
thanized by decapitation, and the hippocampus and prefrontal cortex
were collected for western blotting analysis. The drugs (Sigma
Chemical Co., St. Louis, USA) were freshly prepared before adminis-
tration, and all doses and time points of administration were chosen
based on previous studies (Bettio et al., 2012; Brachman et al., 2016;
Camargo et al., 2020a; Pazini et al., 2016). A diagram of the treatment
regimen, behavioral and neurochemical analyses is provided in Fig. 1.

2.3. Tail suspension test (TST)

The total immobility time of mice suspended by the tail was mea-
sured as previously proposed (Steru et al., 1985). Visually isolated mice
were suspended 50 cm above the floor by adhesive tape placed ap-
proximately 1 em from the tip of the tail. Immobility time was recorded
for 6 min by an experienced observer blind to the experimental groups.
Mice were considered immobile only when they hung passively and
completely motionless.

2.4. Open-field test (OFT)

Mice were individually subjected to the OFT as previously described
(Rodrigues et al., 1996). The apparatus consisted of a wooden box
measuring 40 X 60 X 50 cm high. The floor of the arena was divided
into 12 equal squares. The number of squares crossed for 6 min was
considered a parameter of locomotor activity.

2.5. Splash test (SPT)

The SPT consists of squirting a 10% sucrose solution (w/v) on the
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Fig. 1. Experimental design and schedule of the treatment regimen, behavioral and neurochemical analyses. a Mice were treated with a single administration of
ketamine (1 or 5mg/kg, i.p.) or guanosine (1 or 5mg/kg, p.o.) 1 week prior to the administration with vehicle or corticosterone. b Mice were daily administered with
fluoxetine (10 mg/kg, p.o.) for 3 weeks before starting the chronic administration with vehicle or corticosterone, ¢ Mice were treated with a single administration of a
subthreshold dose of ketamine (1 mg/kg, i.p.) plus a high dose of guanosine (5mg/kg, p.o.) 1 week before the administration with vehicle or corticosterone. a, b, ¢
Vehicle or corticosterone (20 mg/kg) was administered orally (p.o.), once a day, for 21 consecutive days. On the 22nd day, 24 h after the last corticosterone
administration, animals were subjected to the depression-related behavioral tests, namely tail suspension test, open-field test, and splash test (10 min apart).
Subsequently, mice were immediately euthanized by decapitation and the hippocampus and prefrontal cortex were collected for western blotting analysis. Figure

designed using images from Mind the Graph.

dorsal coat of mice placed in clear boxes (12 x 20 x 30 cm). Due to its
viscosity, the sucrose solution dirties the mice which then initiate a
grooming behavior. After applying the sucrose solution, the latency
time to the first grooming and the total time spent grooming were re-
corded for 5min, as an index of self-care and motivational behavior
(Rosa et al., 2014; Willner, 2005).

2.6. Western blotting

Western blotting was conducted as previously described (Leal et al.,
2020). The hippocampus and prefrontal cortex were mechanically
homogenized in 400 pl of 50mM TRIS pH 7.0, 1 mM EDTA, 100 mM
NaF, 0.1 mM PMSF, 2 mM Na3VO,, 1%Triton X-100, 10% glycerol, and
protease inhibitor cocktail. Lysates were centrifuged (10,000g for
10 min, at 4 °C) and the supernatants were diluted 1/1 (v/v) in 100 mM
TRIS pH 6.8, 4mM EDTA, 8% SDS, and boiled for 5 min. Thereafter,
sample dilution (40% glycerol, 100 mM TRIS, bromophenol blue,
pH6.8) in the ratio 25:100 (v/v) and B-mercaptoethanol (final con-
centration 8%) were added to the samples. Protein content was quan-
tified using bovine serum albumin (BSA) as a standard (Peterson,
1977). The samples containing 60 pg protein/track were separated by
SDS-PAGE using 7-10% gel and the proteins were transferred to ni-
trocellulose membranes using a semi-dry blotting apparatus (1.2mA/

cm2; 1.5 h). To verify the transfer efficiency process, membranes were
stained with Ponceau and subsequently, the membranes were blocked
with 5% BSA in TBS (10 mM Tris, 150 mM NaCl, pH7.5). The im-
munocontent of total and phosphorylated forms of protein kinase B (Akt
- Ser*”®, #9271), glycogen synthase kinase 3 (GSK-3p — Ser®, #9336),
mTORC1 (Ser**®, #2971) and 70kDa ribosomal protein S6 kinase
(p70S6K — Thr®®* #9205), as well as the total immunocontent of Akt
(#9272), GSK-3P (#9315), mTORC1 (#2972), p70S6K (#9202), PSD-
95 (#2507), GluA1 (#13185), synapsin (#2312), and B-actin (loading
control, #4970) were detected using specific antibodies (Cell Signaling,
1:1000) diluted in TBS-T (10 mM Tris, 150 mM NaCl, 0.1% Tween-10,
pH7.5) containing 2.5% BSA and incubated overnight. Next, the
membranes were incubated with a horseradish peroxidase-conjugated
secondary antibody (Cell Signaling, 1:2500) for 60 min, and the im-
munoreactive bands were developed using a chemiluminescence kit
(Amersham ECL Select, Piscataway, USA). The optical density (OD) of
the bands was quantified using Image Lab Software® 4.1 (Bio-Rad La-
boratories). The phosphorylation levels of Akt, GSK-3p, mTOR, and
p70S6K were determined as a ratio of OD of the phosphorylated band
over OD of the total band. The immunocontent of PSD-95, GluAl, and
synapsin was determined as a ratio of the specific protein band over the
OD of the P-actin band. Results are expressed as compared to the
control group 100%.
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Fig. 2. Effect of a single administration with ketamine (Ket - 1 or 5mg/kg, i.p.) 1 week prior to the administration with vehicle or corticosterone (CORT - 20 mg/kg,
p.o.) on depression-related behaviors and synaptic markers in the hippocampus and prefrontal cortex of mice. a Ketamine (5 mg/kg, i.p.) administration prevented
CORT-induced increase in the immobility time in the TST (n = 8). b, ¢ Ketamine (5 mg/kg, i.p.) administration prevented the increase in the grooming latency and
reduction in the total time of grooming induced by CORT in the SPT (n = 8). d All groups of mice had comparable number of crossings in the OFT (n = 8). e, f
Representative bands of phospho-Akt (Ser*”®), Akt, phospho-GSK-3p (Ser”), GSK-3p, phospho-mTOR (Ser****), mTOR, phospho-p70S6K (Thr*®?), p70S6K, PSD-95,
GluAl, synapsin, and f-actin in the (e) hippocampus and (f) prefrontal cortex of mice. g, h Quantification of these proteins in the (g) hippocampus and (h) prefrontal
cortex. Values are expressed as means = SEM (n = 7). ** p < .01 as compared with the vehicle-treated group; ## p < .01 as compared with the CORT-treated
group (two-way ANOVA followed by Newman-Keuls post hoc test).
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2.7. Statistical analysis

The D'Agostino-Pearson test was used to assess data normality. The
differences among experimental groups were determined by two-way
analysis of variance (ANOVA) followed by Newman-Keuls post hoc test,
when appropriate. Data are presented as mean * standard error of
mean (SEM). A value of p < .05 was considered significant.

3. Results

3.1. Ketamine prevents CORT-induced depressive-like behavior and
hippocampal synaptogenic markers deficits

The first set of experiments was designed to validate herein the
prophylactic effect of ketamine previously shown in C57BL/6NTac mice
(Brachman et al,, 2016), Chronic CORT administration significantly
increased the immobility time (a behavioral despair behavior) in the
TST (p < .01; Fig. 2a) and the latency to first grooming (indicative of
impaired self-care behavior) in the SPT (p < .01; Fig. 2b). Ad-
ditionally, CORT administration reduced the time spent grooming (an
anhedonic marker) in the SPT (p < .01; Fig. 2c). No effect was ob-
served in the number of crossings in the OFT (Fig. 2d). These results
indicate that the CORT protocol induced a depressive-like phenotype.
In contrast, a single administration of ketamine at dose 5 mg/kg, i.p.,
but not 1 mg/kg, i.p., significantly prevented the increase in immobility
time and grooming latency (p < .01), and the reduced total time of
grooming (p < .01) induced by CORT. These results suggest that ke-
tamine was effective in producing a prophylactic effect against the
depressive-like behavior elicited by CORT administration.

‘We next sought to investigate whether the mTORC1-mediated sig-
naling pathway may be associated with the prophylactic effect of ke-
tamine. Fig. 2 shows the influence of CORT administration and/or ke-
tamine treatment on the phosphorylated forms of protein kinase B (Akt
-Ser"?), glycogen synthase kinase 3B (GSK-3p - Ser®), mTOR (Ser®**®),
and 70 kDa ribosomal protein $6 kinase (p70S6K - Thr*®?), as well as
the immunocontent of PSD-95, GluAl, synapsin in the hippocampus
(Fig. 2e, g) and prefrontal cortex (Fig. 2f, h) of mice. CORT adminis-
tration significantly reduced Akt and GSK-3f phosphorylation and PSD-
95, GluAl, and synapsin immunocontent in the hippocampus of mice
(p < .01). No significant effects of any treatment were observed on
mTOR and p70S6K phosphorylation in the hippocampus. However, a
single administration of ketamine (5mg/kg, i.p.) 1 week prior to the
CORT administration significantly prevented the reduction on PSD-95,
GluAl, and synapsin immunocontent induced by this hormone in the
hippocampus (p < .01). Conversely, ketamine treatment was not ef-
fective in preventing CORT-induced decrease on hippocampal Akt and
GSK-3p phosphorylation. Furthermore, no significant alterations on the
phosphorylation levels of Akt, GSK-3B, mTOR, p70S6K, as well as on
immunocontent of PSD-95, GluA1, and synapsin were observed in the
prefrontal cortex after CORT and/or ketamine administration.

3.2. Fluoxetine is ineffective to prevent the depressive-like behavior and
hippocampal synaptogenic markers deficits induced by CORT

The second set of experiments was designed to validate whether
fluoxetine fails to exert a prophylactic effect, as previously reported in
C57BL/6NTac mice (Brachman et al., 2016), Chronic CORT adminis-
tration raised the immobility time (p < .01; Fig. 3a) and the latency to
first grooming (p < .01; Fig. 3b) in the TST and SPT, respectively.
Furthermore, CORT reduced the time spent grooming (p < .01; Fig. 3¢)
in mice subjected to the SPT. No effect was observed in the number of
crossings in the OFT (Fig. 3d). Importantly, repeated fluoxetine ad-
ministration for 3 weeks before the CORT protocol was ineffective to
prevent the depressive-like behavior.

The influence of fluoxetine on mTORC1-mediated signaling was also
investigated. Fig. 3 shows the influence of CORT and/or fluoxetine
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administration on the phosphorylated forms of Akt (Ser*”®), GSK-3p
(Ser”), mTOR (Ser”**®), and p70S6K (Thr’®®), as well as the im-
munocontent of PSD-95, GluAl, synapsin in the hippocampus (Fig. 3e,
g) and prefrontal cortex (Fig. 3f, h). CORT significantly reduced Akt and
GSK-3p phosphorylation as well as PSD-95, GluAl, and synapsin im-
munocontent in the hippocampus of mice (p < .01), but no effect was
observed on mTOR and p70S6K phosphorylation in this brain structure.
Fluoxetine treatment did not protect against CORT-induced reduction
in any hippocampal protein. Additionally, no alterations were observed
on mTORC]1-related targets in the prefrontal cortex after CORT and/or
fluoxetine administration.

3.3. Guanosine is unable to prevent CORT-induced depressive-like behavior
and hippocampal synaptogenic markers deficits

We next investigated the possible prophylactic effect of guanosine, a
novel target postulated for exhibiting fast antidepressant-like responses
(Camargo and Rodrigues, 2019). Chronic CORT administration en-
hanced the immobility time in the TST (p < .01; Fig. 4a) and latency to
start the first grooming in the SPT (p < .01; Fig. 4b), as well as reduced
the time spent grooming in the SPT (p < .01; Fig. 4c). No effect was
observed in the OFT (Fig. 4d). As opposed to ketamine's results, gua-
nosine was unable to prevent any behavioral alteration induced by the
CORT.

The influence of guanosine on mTORC1-mediated signaling was
subsequently investigated. Fig. 4 shows the influence of CORT admin-
istration and/or guanosine treatment on the phosphorylation levels of
Akt (Ser®”®), GSK-3B (Ser®), mTOR (Ser***®), and p70S6K (Thr*®?), as
well as the immunocontent of PSD-95, GluA1, synapsin in the hippo-
campus (Fig. 4e, g) and prefrontal cortex (Fig. 4f, h). CORT protocol
significantly decreased Akt and GSK-3B phosphorylation and PSD-95,
GluAl, and synapsin immunocontent in the hippocampus of mice
(p < .01), although no alteration in any protein was observed in the
prefrontal cortex, A single administration of guanosine given before the
pharmacological stress failed to prevent the reduction induced by CORT
on Akt, GSK-3p, PSD-95, GluAl, and synapsin immunocontent. No al-
terations on mTORC1-related targets were detected in the prefrontal
cortex after CORT and/or guanosine administration.

3.4. Ketamine plus guanosine partially prevented CORT-induced reduction
on self-care behavior, without altering hippocampal synaptogenic markers
deficits induced by CORT

Considering that guanosine potentiates the antidepressant-like of
subthreshold doses of ketamine in CORT-administered mice (Camargo
et al., 2020b), we next investigated whether this augmentation re-
sponse could be effective in producing a prophylactic effect. Chronic
CORT administration significantly increased immobility time in the TST
(p < .01; Fig. 5a) and grooming latency in the SPT (p < .01; Fig. 5b),
and reduced time spent grooming in the SPT (p < .01; Fig. 5¢). Fur-
thermore, no alteration was observed in the OFT in any group (Fig. 5d).
A single coadministration of ketamine plus guanosine partially coun-
teracted the CORT-induced increase in the grooming latency (p < .05).
However, this combined administration did not prevent the other be-
havioral alterations induced by the CORT.

The influence of ketamine plus guanosine treatment on mTORC1-
mediated signaling was next evaluated. Fig. 5 shows the influence of
CORT administration and/or ketamine plus guanosine treatment on the
phosphorylation of Akt (Ser*”®), GSK-3p (ser”), mTOR (Ser***®), and
p7086K (Thr*®?), as well as the immunocontent of PSD-95, GluA1l, sy-
napsin in the hippocampus (Fig. 5e, g) and prefrontal cortex (Fig. 5f, h).
CORT administration significantly decreased Akt and GSK-3p phos-
phorylation and PSD-95, GluA1l, and synapsin immunocontent in the
hippocampus of mice (p < .01), while no alterations on these proteins
were observed in the prefrontal cortex. A single administration of ke-
tamine plus guanosine failed to prevent the reduction on Akt, GSK-38,
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Fig. 3. Effect of repeated treatment with fluoxetine (Flx - 10 mg/kg, p.o.) before the chronic administration with vehicle or corticosterone (CORT — 20 mg/kg, p.o.)
on depression-related behaviors and synaptic markers in the hippocampus and prefrontal cortex of mice. a Fluoxetine (10 mg/kg, p.o) administration did not prevent
CORT-induced increase in the immobility time in the TST (n = 8). b, ¢ Fluoxetine (10 mg/kg, p.0) administration did not prevent the increase in the grooming latency
and reduction in the time spent grooming induced by CORT in the SPT (n = 8). d All groups of mice had comparable number of crossings in the OFT (n = 8). e, f
Representative bands of phospho-Akt (Ser*”®), Akt, phospho-GSK-3p (Ser”), GSK-3p, phospho-mTOR (Ser****), mTOR, phospho-p70S6K (Thr*®?), p70S6K, PSD-95,
GluAl, synapsin, and f-actin in the (e) hippocampus and (f) prefrontal cortex of mice. g, h Quantification of these proteins in the (g) hippocampus and (h) prefrontal
cortex. Values are expressed as means = SEM (n = 7). ** p < .01 as compared with the vehicle-treated group (two-way ANOVA followed by Newman-Keuls post
hoc test).

95



A. Camargo, et al.

Experimental Neurology 334 (2020) 113459

W Vehice
D £=1_Guanosine

g0

300 = 150
- - ) ”
= 250 L P PY 2 ... 2 9 125
> E 60 =
£ 200 2 100 & @ 100
£ £ g :
- o e
£ 150 ) 5 5 40 o 5 T8
a - -
2 100 E 50 g 2 so
£ 2 na £
- 3
= 50 o 2 g 2 ®
0 0 - L} 0
v 1 5 v 1 5 v 1 v 1 5 v 1 5 v 1 5 v 1 5 \4 1 5
Vehicle CORT (20 mgiKg) Vehicle CORT (20 mg/Kg) Vehicle CORT (20 mgiKg) Vehicle CORT (20 mg/Kg)
Hippocampus Prefrontal cortex
E Vehicle CORT (20 mg/Kg) F Vehicle CORT (20 mgiKg)
Vehicle Vehicle Guo Guo Vehicle Vehicle Guo Guo Vehicle Vehicle Guo Guo Vehicle Vehicle Gue Guo

P-AKt (SerdT3) ’i-’- — — g-]
ARLA00) | — — — — — —
P-GSK-38 (sero) | N — — - —|
GSK-3 (46 kDa) !7 Eiii E j
T T e ————
MTOR 200k0a) | = s s S — — |
PRTOSEK ) [ G — O — — —
PTOSEK rokps) | SN G — A — —

PIDS ko W ——

p-Akt (Ser473) |— —— — —-__]
Akt eoion) | W—— — T S——— — |
POSK I sy, | — — — — — ——
G0 o) | ———— — —— ——
PmTOR e [ e e Y S T S W
MTOR @ooioo) [t i S - —
PPTOSEN (o) | — - — — — — — —
PTOSEK (70K00) | WG S S S S — —

PSDS5 (0£100) | S w— — — — — — —

GluA1 (100 kD8) — GIUAT (100k0s) | TN WD G S S S S— —
Synapsin (77xon) | W N NS SRS G s S e | synapsin 17kos) f_'!__ _7_- -— — —
Bactinuskos | S e S S - Bractin eskos) | S— — — — . . —
G Hippocampus
150+
— p-Akt
- T p-GSK-30
£ 100 = 1 p-mTOR
g - T 2 n 3 e . p-p70S6K
S 4 b 1 PSD-85
g. 504 — GluA1
= 1 Synapsin
o-
Vehicle Guo (5) CORT CORT+Guo (5)
H Prefrontal cortex
1504
m— -Akt
= ‘I’ — p-GSK-3n
g 1004 e —1 p-mTOR
g [ p-p70S6K
& 3 PSD-95
s 50 C GluA1
ES 1 Synapsin
o_
Vehicle Guo (5) CORT CORT+Guo (5)

Fig. 4. Effect of a single administration with guanosine (Guo — 1 or 5mg/kg, i.p.) 1 week prior to the administration with vehicle or corticosterone (CORT - 20 mg/
kg, p.o.) on depression-related behaviors and synaptic markers in the hippocampus and prefrontal cortex of mice. a Guanosine (1 or 5mg/kg, p.o) administration did
not prevent CORT-induced increase in the immobility time in the TST (n = 8). b, c Guanosine (1 or 5 mg/kg, p.o) administration did not prevent the increase in the
grooming latency and reduction in the total time of grooming induced by CORT in the SPT (n = 8). d All groups of mice had comparable number of cressings in the
OFT (n = 8). e, f Representative bands of phospho-Akt (Ser’”?), Akt, phospho-GSK-3p (Ser”), GSK-3pB, phospho-mTOR (Ser®**®), mTOR, phospho-p7086K (Thr*®%),
p70S6K, PSD-95, GluA1, synapsin, and B-actin in the (e) hippocampus and (f) prefrontal cortex of mice. g, h Quantification of these proteins in the (g) hippocampus
and (h) prefrontal cortex. Values are expressed as means = S.EM (n = 7). ** p < .01 as compared with the vehicle-treated group (two-way ANOVA followed by

Newman-Keuls post hoc test).
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Fig. 5. Effect of single administration with a subthreshold dose of ketamine (Ket - 1 mg/kg, i.p.) plus an ineffective dose of guanosine (Guo - 5 mg/kg, p.o.) 1 week
before the chronic administration with vehicle or corticosterone (CORT - 20 mg/kg, p.o.) on depression-related behaviors and synaptic markers in the hippocampus
and prefrontal cortex of mice. a Ketamine 1 mg/kg, i.p.) plus guanosine (5 mg/kg, p.o) administration did not prevent the increase in the immobility time in the TST
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PSD-95, GluAl, and synapsin induced by CORT.
4. Discussion

This study reinforces and extends the notion that a single adminis-
tration with a subanesthetic dose of ketamine given before the phar-
macological stress protects mice against CORT-induced depressive-like
behavior. Additionally, we provide evidence that ketamine's ability in
preventing the CORT-induced impairments on synaptogenic markers
occurs selectively in the hippocampus of mice, and these findings could
be associated with its prophylactic response. We also confirm the pre-
vious findings that the repeated fluoxetine administration fails to exert
a prophylactic response (Brachman et al., 2016; Chen et al., 2020), and
we demonstrated that this drug is also unable to prevent CORT-induced
reduction on hippocampal synaptogenic markers. In addition, we have
shown that guanosine is not capable of preventing CORT-induced de-
pressive-like behavior and hippocampal synaptic markers impairment,
although the combined administration of subthreshold doses of keta-
mine plus guanosine attenuated the impaired self-care behavior in-
duced by CORT.

The evidence that ketamine may have a prophylactic effect against
stress besides producing rapid-onset and long-lasting antidepressant
effects has emerged as a possible novel strategy to manage those pa-
tients at risk to develop severe MDD (Brachman et al., 2016). However,
it remains to be fully resolved whether this prophylactic effect elicited
by ketamine translate from mice to humans. In the present study, we
extend the investigations regarding the prophylactic effect of ketamine
in mice subjected to repeated administration of CORT. This experi-
mental protocol has been postulated to be useful for the study of MDD
since it induces behavioral and neurochemical alterations similar to
those occurring in patients with this disorder (Sterner and Kalynchuk,
2010; Zhao et al., 2009). Here, we found that CORT administration for
21 days robustly induced a depressive-like behavior, as evidenced by
the behavioral alterations in the TST and SPT, in agreement with pre-
vious studies (David et al., 2009; Moda-Sava et al., 2019; Rosa et al.,
2014; Zhao et al, 2008). Importantly, we showed that a single ad-
ministration of ketamine (5mg/kg, i.p.) 1week before starting the
pharmacological stress was effective in preventing the depressive-like
behavior, although a lower dose (1 mg/kg, i.p.) that exerts an anti-
depressant-like response in this model when administered following
CORT administration (Neis et al., 2018; Pazini et al., 2016), failed to
produce the same effect. The ketamine's prophylactic effect against the
behavioral effects elicited by CORT is in agreement with a previous
study, which indicated that a single administration of ketamine pre-
vented CORT-induced increase in the grooming latency in the SPT
(90 mg/kg, i.p.) and the latency to feed in the NSF test (10 and 90 mg/
kg, i.p) in C57BL/6NTac mice (Brachman et al., 2016). Furthermore,
the prophylactic efficacy of a low dose of ketamine (3 mg/kg, i.p.)
against depressive-like behavior induced by chronic unpredictable
stress (14 days) in C57BL/6 J mice subjected to the sucrose preference
test was also reported (Krzystyniak et al., 2019). Here, we provide novel
evidence that ketamine was effective in preventing the increase in the
immobility time in the TST and reduction in the total time of grooming
in the SPT induced by CORT administration in Swiss mice, reinforcing
the notion that ketamine may be a useful prophylactic strategy in at-risk
populations. The present study also provides additional evidence that
fluoxetine (10 mg/kg, p.o.) administration for 3 weeks before stress did
not protect against CORT-induced depressive-like behavior in Swiss
mice subjected to the TST and SPT. These results are in agreement with
previous studies reporting that repeated fluoxetine (18 mg/kg, p.o.)
treatment was ineffective to elicit a prophylactic effect against CORT in
the SPT and NSF test in C57BL/6NTac mice (Brachman et al., 2016;
Chen et al., 2020).

Due to recent reports showing that ketamine may affect the pur-
inergic system and that guanosine shares some common molecular
targets with ketamine (Almeida et al.,, 2020; Camargo et al., 2019;
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MeGowan et al., 2018), we next investigated whether guanosine would
be able to afford prophylactic response against the CORT-induced de-
pressive-like behavior. Guanosine serum levels were shown to be re-
duced in patients with MDD, reinforcing the notion that this nucleoside
may play a role in the pathophysiology of this disorder (Ali-Sisto et al.,
2016). However, as opposed to the actions displayed by ketamine, a
single administration of guanosine (1 or 5mg/kg, p.o.) given 1 week
before the pharmacological stress was unable to prevent CORT-induced
depressive-like behavior. Thus, one may speculate that this nucleoside
could be only effective to produce fast (Almeida et al., 2020; Camargo
and Rodrigues, 2019), but not long-term responses against stress. Our
research group demonstrated that guanosine potentiates the anti-
depressant-like effect of a subthreshold dose of ketamine in the NSF test
and TST in the vehicle- and CORT-administered mice (Camargo et al.,
2019; Camargo et al.,, 2020a; Camargo et al., 2020b). Thus, we next
investigated the ability of a single administration with an ineffective
dose of guanosine (5mg/kg, p.o.) in combination with a subthreshold
dose of ketamine (1 mg/kg, p.o.) to elicit a prophylactic response. We
found that ketamine plus guanosine treatment partially prevented the
reduced self-care behavior evoked by CORT, although it did not prevent
the CORT-induced behavioral despair and anhedonic-like behavior.
However, additional studies are necessary to ascertain the long-lasting
beneficial effects of this combined treatment in self-care-related re-
sponses, Furthermore, this combined strategy was not capable of ex-
erting the full spectrum of ketamine's prophylactic actions, highlighting
the necessity to understand the mechanisms of action associated with
its long-lasting effect.

Despite the numerous studies investigating the mechanisms of ke-
tamine's antidepressant effects, few studies have focused on the me-
chanisms underlying the prophylactic effect of this drug. The available
mechanistic studies provide evidence that prophylactic ketamine
treatment may act by modulating the neural activity (Dolzani et al.,
2018; Mastrodonato et al,, 2018) and promoting synaptic plasticity in
the hippocampus and prefrontal cortex (Krzystyniak et al., 2019) as
well as modulating the immune system (Mastrodonato et al., 2020),
effects likely associated with its prophylactic response. Furthermore,
the antidepressant-like effect, but not the prophylactic effect of keta-
mine was associated with its ability to increase pro-neurogenic markers
(LaGamma et al., 2018). Regarding this issue, the ketamine's prophy-
lactic effect in socially defeated 129S6/SvEvTac mice was associated
with increased AFosB expression, a transcriptional regulator of synaptic
plasticity, in the prefrontal cortex and hippocampus, whereas AFosB
transcriptional silencing in the hippocampal CA3 area inhibited the
ketamine's behavioral response (Mastrodonato et al., 2018). Ad-
ditionally, ketamine's prophylactic effect against chronic unpredictable
stress in C57BL/6 J mice was associated with an increase in dendritic
spines density in the prefrontal cortex and hippocampal CA1 and CA3
areas (Krzystyniak et al., 2019), but the signaling pathways implicated
in these effects remain to be determined.

To provide some insight into the molecular targets underpinning the
prophylactic effect of ketamine, particularly whether these targets are
similar or divergent from its antidepressant response, we investigate if
mTORC1-driven long-lasting synaptogenic signaling could be asso-
ciated with ketamine's prophylactic effect against CORT. Here, we
found that CORT robustly reduced the phosphorylation of Akt (Ser*”?),
and its downstream target GSK-3p (Ser”) in the hippocampus, but not in
the prefrontal cortex, while no alterations were detected on mTOR
(Serz“s)/p7056]( (Thr*®?) phosphorylation in both structures.
Additionally, CORT downregulated PSD-95, GluAl, and synapsin im-
munocontent in the hippocampus, but not in the prefrontal cortex,
suggesting a synaptogenic deficit. These results are partially in line with
prior reports showing the distinct effects of CORT administration and
chronic stress on mTORCI1-related targets in the hippocampus and
prefrontal cortex (Freitas et al., 2016; Li et al., 2011; Pazini et al., 2016;
Zhu et al., 2018), Particularly, it has been shown that CORT protocol
reduced mTOR phosphorylation and synaptic proteins content in the
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hippocampus of mice without affecting p70S6K (Thr®®?) (Freitas et al.,
2016; Pazini et al., 2016), whereas chronic stress decreased Akt, mTOR,
and p70S6K phosphorylation (Zhu et al., 2018) and synaptic proteins
levels (Li et al., 2011) in the prefrontal cortex of mice and rats, re-
spectively. The exact reasons for these discrepancies are unclear but
considering that the hippocampus expresses a high density of gluco-
corticoid receptors, this aspect could make this brain region more
vulnerable to the deleterious effects of CORT administration rather than
the prefrontal cortex (Lee et al., 2002). In addition, these neurochem-
ical divergences may also be attributable to mouse strains differences or
testing conditions (Jacobson and Cryan, 2007; Lathe, 2004).

Our results unveil that CORT-induced reduction on PSD-95, GluAl,
and synapsin immunocontent was completely prevented by a single
administration of ketamine. These results suggest that ketamine is ef-
fective in preventing CORT-induced synaptic impairments in the hip-
pocampus and this effect could be associated with its behavioral pro-
phylactic effect. Reinforcing this assumption, repeated fluoxetine
treatment or a single administration of guanosine, which had no be-
havioral prophylactic effect, was not capable of preventing CORT-in-
duced synaptic markers impairment in the hippocampus, indicating
that this effect was selectively exerted by ketamine. Therefore, one may
speculate that ketamine-induced long-lasting pro-synaptogenic effect in
the hippocampus could make this brain region less prone to CORT-in-
duced synaptic impairment and could enhance the resilience of mice
against the detrimental effects evoked by this hormone. However, no
preventive effect was observed concerning the reduced Akt and GSK-3p
phosphorylation in CORT-treated mice. Considering that ketamine af-
fects rapidly and transiently the phosphorylation of Akt and GSK-3p
(Beurel et al.,, 2011; Li et al., 2010; Liu et al.
that these targets may also be associated with its prophylactic effect in
earlier time points. It is worth noting that the combined administration
of subthreshold doses of ketamine and guanosine, which partially pre-
vented the reduced self-care behavior, did not prevent CORT-induced
detrimental effects on hippocampal PSD-95, GluAl, and synapsin im-
munocontent, possibly because of the subtle behavioral response, not
enough to impact the pro-synaptogenic signaling. However, further
investigations are necessary to understand the possible preventive ef-
fect triggered by ketamine plus guanosine treatment and the mechan-
isms associated with this response.

2013), we cannot rule out

5. Conclusions

Taken together, our results reinforce the notion that a single ad-
ministration of ketamine robustly exerts a prophylactic effect against
CORT administration, and provides evidence that this behavioral re-
sponse is associated with the stimulation of long-lasting pro-synapto-
genic signaling pathway, specifically in the hippocampus. Moreover, we
showed that a single administration with subthreshold doses of keta-
mine plus guanosine partially prevented CORT-induced reduction on
self-care behavior possibly conferring a subtle stress resilience that
deserves further investigation. The prophylactic effect of ketamine
could have therapeutic relevance as a potential novel strategy to
manage those patients at risk to develop severe MDD and suicide, ie.,
individuals under high-stress conditions. Particularly in the COVID-19
pandemic, medical health workers or people in confinement with psy-
chiatric disorders are good examples of a predictably at-risk patient
population (De Berardis et al., 2017; Pappa et al., 2020; Tang et al.,
2020).

Nonetheless, this research has important caveats that need to be
considered. Taking into account that the causal relationship between
mTORC]1-driven signaling and behavioral/pro-synaptogenic outcomes
elicited by ketamine's prophylactic treatment was not addressed herein,
additional experiments using rapamycin (mTORC1 inhibitor) could be
undertaken to ascertain this issue. Furthermore, considering that the
stimulation of the pro-synaptogenic pathway may occur independently
of mTORCI stimulation, further experiments using general inhibitors of
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protein synthesis (such as anisomycin) would give some insight into this
issue. Finally, although a single administration of ketamine upregulated
the pro-synaptogenic markers (PSD-95, GluAl, and synapsin) in the
hippocampus of CORT-treated mice after 4 weeks, the morphological
evaluation of spinogenesis and synaptogenesis was not addressed in the
present study. Despite these limitations, the data reported herein sug-
gest that targeting the long-lasting pro-synaptogenic signaling pathway
can induce a resilience-enhancing effect, protecting against stress-re-
lated disorders.
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5 DISCUSSAO GERAL

O presente estudo demonstra que a coadministragdo unica com doses sub-efetivas de
cetamina e guanosina, que nao produzem efeito quando administradas isoladamente, ¢ capaz de
provocar um efeito tipo-antidepressivo rapido, mas ndo sustentado, em camundongos. E
importante ressaltar que este efeito comportamental foi acompanhado por uma ativacao rapida
e transitoria da via de sinalizagdo mediada por mTORC1 com consequente aumento na sintese
de proteinas sinapticas e na densidade de espinhos dendriticos de maneira tempo-dependente
no hipocampo e cortex pré-frontal. Além disso, a combinacao de doses sub-efetivas de cetamina
e guanosina ¢ eficaz em reverter rapidamente o comportamento tipo-depressivo e disfung¢des na
sintese de proteinas sinapticas no hipocampo induzidos pela administragdo crénica com
corticosterona, um efeito dependente da ativagdo de mTORCI. Por fim, demonstramos que uma
unica administragao profilatica de cetamina, mas nao de guanosina ou associacao de doses sub-
efetivas de cetamina e guanosina, ¢ capaz de prevenir o comportamento tipo-depressivo e
disfuncdes na sintese de proteinas sinipticas no hipocampo de camundongos submetidos a
administracao cronica de corticosterona.

A descoberta de que a cetamina, um antagonista do receptor NMDA, ¢ eficaz em
produzir acdes antidepressivas rapidas e sustentadas configurou-se como um avango
substancial no desenvolvimento da farmacoterapia do TDM. Tem sido demonstrado que a
cetamina exerce respostas antidepressivas por promover o aumento na formagao de espinhos
dendriticos e sinaptogénese, efeitos associados com a ativacao da via de sinalizagdo mediada
por mTORC1 (FRAGA et al., 2020, 2021; LI et al., 2010, 2011). Neste sentido, demonstrou-se
que diversos moduladores do receptor NMDA, tais como o AZD-6765 (NEIS et al., 2020),
GLYX-13 (LIU et al., 2016), Ro 25-6981 (LI et al., 2010) ¢ 0 NVP-AAMO077 (GORDILLO-
SALAS et al., 2018) sdo eficazes em exercer uma resposta tipo-antidepressiva rapida por um
mecanismo de acdo também dependente da sinalizagdo intracelular mediada por mTORCI.
Suportando esses achados, evidéncias também mostraram que distarbios nesta via de
sinalizacdo e na conectividade sinaptica foram observados no cortex pré-frontal e hipocampo
de individuos diagnosticados com TDM (DURIC et al., 2013; HOLMES et al., 2019;
JERNIGAN et al., 2011; KANG et al., 2012). Esses achados refor¢am a no¢ao de que a ativagao
da via de sinalizagdo mediada por mTORC1 com consequente aumento da plasticidade
sinaptica no hipocampo e cortex pré-frontal podem estar subjacentes a respostas antidepressivas

de inicio répido e de longa duragdo. Contudo, além dos moduladores seletivos do receptor
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NMDA, ha um crescente conjunto de evidéncias mostrando que os moduladores
glutamatérgicos enddgenos podem produzir efeito tipo-antidepressivo rapido e até mesmo
aumentar as agOes antidepressivas da cetamina por estimular a sinalizagdo mediada por
mTORCI1 (ALMEIDA et al., 2020; CAMARGO et al., 2019; CUNHA et al., 2016; FREITAS
et al., 2020; NEIS et al., 2016; PAZINI et al., 2016; ROSA et al., 2021).

Estudos recentes demonstraram que a guanosina apresenta mecanismos de acgdo
sobrepostos a cetamina e, portanto, poderia ser um novo candidato para produzir respostas tipo-
antidepressivas rapidas ou potencializar as agdes da cetamina (CAMARGO; RODRIGUES,
2019). Em particular, o efeito tipo-antidepressivo da guanosina parece envolver a modulagao
dos receptores NMDA ¢ AMPA ¢ a ativagdo dos CCVD, de forma semelhante a cetamina
(BETTIO et al., 2012; ROSA et al., 2021). Vale ressaltar que a liberagcdo de BDNF e a ativagdo
do receptor TrkB também parecem ser necessarios para o efeito tipo-antidepressivo da
guanosina no teste de suspensao pela cauda (ROSA et al., 2021). Além disso, a administragao
aguda de guanosina aumenta os niveis de BDNF no hipocampo e no cortex pré-frontal de
camundongos (ROSA et al., 2021). Reforcando a nocdo de que a cetamina e a guanosina
compartilham respostas comportamentais e alvos moleculares comuns, o efeito tipo-
antidepressivo da guanosina também estd associado a ativacdo da via de sinalizacao
PI3K/Akt/GSK-3B/mTORCI e aumento da fosforilacdo de p70S6K e do imunocontetido de
sinapsina no hipocampo de camundongos (BETTIO et al., 2012; ROSA et al., 2021). Destaca-
se ainda que uma tnica administra¢do de guanosina foi capaz de reverter o comportamento tipo-
depressivo induzido pela bulbectomia olfatéria em camundongos, um efeito dependente da
ativacdo de mTORC1 (ALMEIDA et al., 2020). A administracao aguda de guanosina, de forma
semelhante a cetamina, apresentou um efeito tipo-antidepressivo no teste da alimentagao
suprimida pela novidade (ROSA et al., 2021), um paradigma comportamental sensivel a uma
unica administragdo de agentes antidepressivos com efeito rapido (PAZINI et al., 2020). Além
disso, também reportou-se que guanosina ¢ capaz de aumentar o efeito tipo-antidepressivo de
doses sub-efetivas de cetamina neste teste, por um mecanismo dependente de mTORCI
(CAMARGO et al., 2019). Considerando este conjunto de evidéncias, esta estratégia de
administracdo combinada de cetamina e guanosina merece uma investigacado mais detalhada
em relacdo aos efeitos comportamentais € mecanismos subjacentes.

No primeiro capitulo desta tese, analisou-se o possivel efeito tipo-antidepressivo
desencadeado pela administracdo de doses sub-efetivas de cetamina e guanosina no teste de

suspensao pela cauda. Além disso, avaliou-se se esta estratégia seria eficaz em modular a sintese
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de proteinas sindpticas via sinalizagdo de mTORC1 no hipocampo e cortex pré-frontal de
camundongos. Desta forma, um primeiro conjunto de experimentos foi realizado para obtengao
das doses ativas e sub-efetivas de cetamina e guanosina no teste de suspensao pela cauda. Os
resultados mostraram que a administra¢ao aguda de guanosina (0,05 e 1 mg/kg, p.o.) exerce um
efeito tipo-antidepressivo no teste de suspensdo pela cauda em camundongos, sem afetar o
desempenho locomotor no teste do campo aberto, conforme demonstrado anteriormente
(BETTIO et al., 2012; ROSA et al., 2021). Além disso, de acordo com dados da literatura
(LUDKA et al., 2013), mostramos que a cetamina foi eficaz em reduzir o tempo de imobilidade
no teste de suspensdo pela cauda nas doses de 1 ¢ 5 mg/kg. Além disso, a coadministracao
aguda com doses sub-efetivas de cetamina (0,1 mg/kg, i.p.) e guanosina (0,01 mg/kg, p.o.) foi
eficaz em produzir um efeito tipo-antidepressivo no teste de suspensdo pela cauda, em
concordancia com um resultado anterior (BETTIO et al., 2012). Em seguida, decidimos avaliar
os mecanismos associados ao efeito tipo-antidepressivo produzido pela administra¢ao
combinada de cetamina e guanosina em regides encefalicas que estdo subjacentes a respostas
antidepressivas de acdo rapida, em particular o hipocampo e o cortex pré-frontal.
Particularmente, investigamos se o efeito tipo-antidepressivo estaria associado a estimulac¢do
da via de sinalizagao mediada por mMTORCI e a sintese de proteinas sinapticas downstream. De
especial interesse, avaliamos como o tratamento combinado com cetamina e guanosina afetaria
o hipocampo e o cortex pré-frontal, especificamente se padrdes distintos ou mesmo inversos na
sinalizagdo de mTORCI1 poderiam ocorrer nessas regides encefalicas apds a coadministragao
desses compostos.

Embora a hipotese de que a ativacao da via de sinalizagdo intracelular mediada pela
mTORCI para explicar o efeito rapido da cetamina tenha sido questionada (ABDALLAH et
al., 2020; POPP et al., 2016), um grande conjunto de evidéncias demonstrou que a formacgao de
sinapses dependente de mTORC1 ¢ um alvo substancial para o efeito de agentes antidepressivos
de acdo rapida (ABDALLAH; AVERILL; KRYSTAL, 2015; DUMAN et al., 2012). Neste
estudo, fornecemos evidéncias de que uma administracdo Unica com doses sub-efetivas de
cetamina e guanosina aumentou a fosforilagdo de mTORC1 (Ser?**®) e p70S6K (Thr**?) no
hipocampo, mas ndo no pré-frontal cortex (1 h apds a administracdo de guanosina e 30 min
apoés a cetamina). Por outro lado, foi detectado um aumento no imunocontetido de PSD-95 e
GluAl no cortex pré-frontal, mas ndo no hipocampo, apds a associacdo de cetamina e
guanosina. E importante destacar que este padrdo regional distinto de ativagio da via de

sinalizacdo pro-sinaptogénica mediada por mTORCI1 apos o tratamento combinado de cetamina
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e guanosina foi observado pela primeira vez no presente estudo. De fato, o hipocampo e o cortex
pré-frontal t€m caracteristicas intrinsecas, que inclui diferengas na organizag¢ao anatémica, tipos
celulares, e atividade neural (LIU et al., 2017), aspectos que podem contribuir para respostas
diferenciais. Portanto, considerando os dados aqui apresentados, pode-se supor que os efeitos
neuroquimicos dependentes da ativagdo de mTORC]1 poderiam ocorrer mais rapidamente no
cortex pré-frontal, uma vez que um aumento no imunocontetdo de proteinas sindpticas alvos
de mTORC1 foi observado nesta regido apds o tratamento combinado com cetamina e
guanosina, enquanto no hipocampo, um evento upstream a sintese de proteinas sindpticas
(fosforilagdo mTORC1/p70S6K) foi detectado.

No segundo capitulo desta tese, foi determinado se a guanosina ¢ eficaz em
potencializar o efeito tipo-antidepressivo e pro-sinaptogénico rapido e sustentado
desencadeados pela cetamina, bem como o papel da via de sinalizacdo mediada por mTORC1
e da formagao de espinhos dendriticos nesta resposta. Os resultados deste capitulo reforcaram
a no¢ao de que uma unica administragdo com uma dose sub-efetiva de guanosina ¢ capaz de
potencializar o efeito tipo-antidepressivo de uma dose sub-efetiva de cetamina no teste de
suspensdo pela cauda. Contudo, demonstramos que essa resposta ocorreu de maneira tempo-
dependente, isto ¢, iniciando 1 hora apds o tratamento e mantendo-se por até 24 h, mas nao por
7 dias. Um estudo anterior mostrou que a combinagdo de doses sub-efetivas de cetamina e litio
diminuiu significativamente o tempo de imobilidade em ratos submetidos ao teste do nado
forcado, um efeito que foi observado em apenas 30 min e perdurou por 7 dias (LIU et al., 2013).
Além disso, a coadministragdo Unica com doses sub-efetivas de cetamina e agmatina, outro
modulador glutamatérgico endogeno, produziu um efeito tipo-antidepressivo rapido (1 h e 24
h) e sustentado (7 dias) em camundongos submetidos ao teste de suspensdo pela cauda
(FREITAS et al., 2020). Entretanto, diferentemente desses estudos que relataram um efeito
sustentado apds 7 dias com a associagao de cetamina e agmatina ou litio (FREITAS et al., 2020,
LIU et al., 2013), ou mesmo um estudo que investigou o efeito sustentado da cetamina per se
(AUTRY etal.,2011), o tratamento combinado com doses sub-efetivas de cetamina e guanosina
foi apenas eficaz em produzir uma resposta tipo-antidepressiva rapida (1 h — 24 h), mas ndo
sustentada (7 dias). Embora a combinagdao com doses sub-efetivas de cetamina e guanosina
tenha sido apenas efetiva em produzir uma resposta tipo-antidepressiva 1 h e 24 h apds o
tratamento, ¢ importante destacar que os antidepressivos convencionais, mediante uma Unica
administracdo, ndo sdo capazes de produzir tal resposta (FRAGA et al., 2021; NEIS et al., 2018;
PAZINI et al., 2016).
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Subsequentemente, decidimos ampliar o conhecimento acerca do papel da via de
sinalizacgdo mediada por mMTORC1 no efeito tipo-antidepressivo provocado pela
coadministragdo de cetamina e guanosina. Nossos experimentos revelaram que uma Unica
administracdo com uma dose sub-efetiva de cetamina, que nao teve efeito por si s0, quando
administrada em combina¢do com uma dose sub-efetiva de guanosina aumentou os niveis de
BDNF e a sinalizagdo de mTORCI, alvos moleculares envolvidos em respostas tipo-
antidepressiva e pro-sinaptogénica (DUMAN et al., 2012; ABDALLAH et al., 2016), de forma
tempo-dependente no hipocampo e cortex pré-frontal. Particularmente, a administracdo de
cetamina e guanosina aumentou os niveis de BDNF no hipocampo e no cortex pré-frontal 1 h
apos a administracdo, mas este efeito nao foi observado em 24 h ou 7 dias. Além disso, a
administracdo conjunta de cetamina e guanosina aumentou rapidamente (1 h apds a
administracdo) a fosforilacio de Akt (Ser*”?), GSK-3B (Ser’), mTORC1 (Ser***®) e p70S6K
(Thr**®) no hipocampo, mas niio no coértex pré-frontal, e este efeito ndo se manteve por 24 h.
Nossos resultados também revelaram um aumento tempo-dependente no imunoconteudo PSD-
95 e GluA1 no hipocampo e cortex pré-frontal apds a administragdo combinada de cetamina e
guanosina. Em particular, houve um aumento no imunocontetido de PSD-95 e GluA1 no cortex
pré-frontal 1 h apds a coadministracdo de cetamina e guanosina, um efeito ndo observado no
hipocampo. No entanto, um aumento significativo no imunocontetido de PSD-95 e GluA1 foi
detectado 24 h apds o tratamento com cetamina € guanosina no hipocampo e no cortex pré-
frontal de camundongos, mas este efeito nao foi verificado apds 7 dias. Além disso, estudos
anteriores demonstraram que administragdo de guanosina e cetamina isoladamente, em doses
ativas, foi capaz de aumentar os niveis de BDNF (LEPACK et al., 2014; ROSA et al., 2021).
Desta forma, neste capitulo, fornecemos novas evidéncias sobre padroes temporais (24 h e 7
dias) e regionais (hipocampo e cortex pré-frontal) em alvos upstream (BDNF, Akt e GSK-3p)
e downstream (PSD-95 e GluAl) da via de sinalizagdo mediada por mTORC1 apds a
administracao de cetamina e guanosina.

Em seguida, investigamos se a formacao de espinhos dendriticos no cortex pré-frontal
e no giro denteado da formagdo hipocampal, um mecanismo essencial para respostas
antidepressivas de efeito rapido e duradouro (DUMAN; DUMAN, 2014), poderia estar
associado com o efeito tipo-antidepressivo exercido pela coadministragdo de cetamina e
guanosina. De especial interesse, analisamos se a formacao de espinhos poderia acontecer na
porcdo ventral do giro denteado da formacdo hipocampal, considerando que estudos prévios

demonstraram que a regido ventral (regido anterior em primatas) parece estar mais associada a
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modulacdo de estresse, emocao e afeto, enquanto a zona dorsal desempenha majoritariamente
fungdes cognitivas (BANNERMAN et al., 2004; FANSELOW; DONG, 2010). Os resultados
mostraram que a combinagdo com doses sub-efetivas de cetamina e guanosina aumentou a
formagao de espinhos dendriticos na por¢do ventral do giro denteado da formagao hipocampal
e no cortex pré-frontal de maneira tempo-dependente. Em particular, nossos resultados
indicaram que coadministragdo de cetamina e guanosina aumentou a densidade de espinhos
dendriticos na por¢ao ventral do giro denteado da formagao hipocampal e no cortex pré-frontal
24 h apds sua administragdo, mas ndo causou qualquer alteracao significativa em 1 h ou 7 dias.
Um estudo prévio mostrou que a combinagdo de doses sub-efetivas de cetamina e litio
aumentou a densidade de espinhos dendriticos no cortex pré-frontal de ratos apos 24 horas, e
esses efeitos se mantiveram por até 7 dias apos o tratamento (LIU et al., 2013). Desta forma,
estes resultados poderiam explicar a resposta tipo-antidepressiva rapida e sustentada
desencadeada pela administragdo desses compostos (LIU et al., 2013). Além disso, a
coadministragdo de doses sub-efetivas de cetamina e agmatina aumentou a sintese de proteinas
sinapticas e o numero de espinhos dendriticos no cortex pré-frontal de camundongos apos 1 h.
Contudo, esse efeito se sustentou por 24 horas e 7 dias, o que também foi relacionado ao efeito
do tipo-antidepressivo provocado pela administragdo combinada dessas moléculas (FREITAS
et al., 2020). Estudos prévios mostraram que uma unica administragdo de cetamina per se (dose
ativa) exerceu um efeito tipo-antidepressivo e aumentou a densidade dos espinhos dendriticos
na porcao ventral do giro denteado da formagao hipocampal (FRAGA et al., 2020) e no cortex
pré-frontal (LI et al., 2010) de roedores. Considerando que o aumento na sintese de proteinas
sindpticas e formacao de espinhos dendriticos estao subjacentes aos efeitos antidepressivos de
inicio rapido (DUMAN; DUMAN, 2014), pode-se supor que estes mecanismos poderiam estar
associados a capacidade da combinagdo de cetamina e guanosina em exercer um rapido efeito
tipo-antidepressivo.

Com o intuito de reforgar o papel da via de sinalizagdo mediada por mTORC1 nos
efeitos tipo-antidepressivo e pro-sinaptogénico desencadeados pela coadministragdo de
cetamina e guanosina, os camundongos foram pré-tratados com a rapamicina, um inibidor
seletivo de mTORCI1. Nossos resultados demonstraram que o efeito tipo-antidepressivo
provocado pela combinagao de doses sub-efetivas de cetamina e guanosina apés 1 h e 24 h em
camundongos submetidos ao teste de suspensao pela cauda requer a ativagdo de mTORC1, uma
vez que o pré-tratamento com a rapamicina aboliu completamente este efeito. Em consonancia

com nossos resultados, um estudo anterior do nosso grupo de pesquisa mostrou que o pré-



107

tratamento com rapamicina preveniu o efeito tipo-antidepressivo provocado pela administragao
combinada de cetamina e guanosina no teste da alimentacdo suprimida pela novidade em
camundongos apos 1 h (CAMARGO et al., 2019). Além disso, foi reportado anteriormente que
a administracdo de rapamicina anulou completamente o efeito tipo-antidepressivo exercido pela
administracdo isolada das doses ativas de cetamina ou guanosina (ALMEIDA et al., 2020;
BETTIO et al., 2012; LI et al., 2010). Também demonstramos que o aumento na fosforilagao
de mTORCI1 e p70S6K e no imunoconteudo das proteinas sindpticas PSD-95 e GluAl
promovidos pela combinagdo de cetamina e guanosina, foram completamente prevenidos pela
administracdo de rapamicina. Estes resultados indicam que o efeito pro-sinaptogénico
desencadeado pela associacdo de cetamina e guanosina no hipocampo e cortex pré-frontal ¢
dependente, pelo menos em parte, da ativagdo de mTORCI1. Além disso, esses achados
reforgam a nogao de que a ativacao da via sinalizagcdo mediada por mTORC1 parece ocorrer de
forma mais rapida no cortex pré-frontal do que no hipocampo, ou seja, iniciando antes de 1 h,
conforme sugerido no primeiro capitulo desta tese. Essa suposicdo ¢ baseada no fato de que,
embora ndo tenha sido verificado nenhum aumento na fosforilagdo de mTORC1/p70S6K no
cortex pré-frontal neste periodo, o aumento no imunoconteido de proteinas sindpticas
promovido pela associacdo de cetamina e guanosina foi abolido pelo pré-tratamento com
rapamicina. Nossos resultados também revelam pela primeira vez que a sinalizagdo mediada
por mTORCI esta subjacente a capacidade da combinacdo de cetamina e guanosina em
aumentar a densidade de espinhos dendriticos na por¢ao ventral do giro denteado da formacao
hipocampal e no cortex pré-frontal apds 24 horas, uma vez o pré-tratamento com rapamicina
aboliu totalmente essa resposta. Portanto, nossos achados concordam com a premissa de que
estimular a via de sinalizacdo mediada por mTORC1 com consequente aumento na sintese de
proteinas sinapticas e formagdo de espinhos dendriticos pode levar a respostas tipo-
antidepressivas de inicio rapido (DUMAN; DUMAN, 2014; DUMAN; VOLETI, 2012).

No terceiro capitulo desta tese, avaliamos os efeitos tipo-antidepressivo e pro-
sinaptogénico desencadeados pela administragdo com doses sub-efetivas de cetamina e
guanosina no modelo animal de estresse farmacoldgico induzido pela administragdo cronica de
corticosterona. Este modelo tem recebido atencdo nos ultimos anos devido sua capacidade de
mimetizar aspectos comportamentais, neuroquimicos e morfologicos observados em individuos
com TDM (STERNER; KALYNCHUK, 2010). De especial interesse, a administragdo cronica
de corticosterona ¢ capaz de provocar comportamento do tipo-depressivo no teste de suspensao

pela cauda, teste do nado for¢ado e no teste de borrifagem de sacarose (DAVID et al., 2009;
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NEIS etal., 2018; PAZINI et al., 2016; ZENI; CAMARGO; DALMAGRO, 2019). Além disso,
este modelo promove alteragdes neuroquimicas e morfoldgicas que incluem diminuigdo de
BDNF, disfungdes na via de sinalizacdo mediada por mTORCI1 e na sintese de proteinas
sinapticas, bem como déficits na densidade e arquitetura de espinhos dendriticos no hipocampo
e no cortex pré-frontal de camundongos (FRAGA et al., 2021; FREITAS et al., 2016; PAZINI
et al., 2016). Vale ressaltar que as alteragdes comportamentais ¢ moleculares induzidas pela
corticosterona sdo abolidas apenas pela administragdo crénica, mas ndo aguda, de
antidepressivos monoaminérgicos convencionais (AGO et al., 2013; AMPUERO et al., 2010;
MORALIS et al., 2014; ZENI; CAMARGO; DALMAGRO, 2019), mas sdo revertidas por uma
unica administragdo de cetamina (KOIKE; IIJIMA; CHAKI, 2013; NEIS et al., 2018; PAZINI
et al., 2016). Portanto, este modelo animal configura-se como uma abordagem experimental
util para a investigagdo de novos agentes antidepressivos com efeito rapido. Os resultados deste
capitulo revelaram que a administracdo com uma dose sub-efetiva de cetamina, que ndo teve
efeito por si s6, quando administrada em combina¢do com uma dose sub-efetiva de guanosina
produziu um efeito tipo-antidepressivo em camundongos administrados cronicamente com
corticosterona. Particularmente, demonstramos que a administragdo por 21 dias de
corticosterona (20 mg/kg, p.o.) foi capaz de produzir um comportamento do tipo-depressivo em
camundongos submetidos ao teste de suspensdo pela cauda, teste da borrifagem com sacarose
e teste da alimentacdo suprimida pela novidade. Contudo, o fendtipo tipo-depressivo induzido
pela corticosterona ndo foi observado apds 24 h do tratamento combinado com doses sub-
efetivas de cetamina e guanosina. Além disso, fornecemos evidéncias de que o efeito tipo-
antidepressivo induzido pela combinacdo de cetamina e guanosina em camundongos expostos
a corticosterona ¢ dependente da ativagdo de mTORCI1, uma vez que a administracdo de
rapamicina aboliu este efeito comportamental.

Para reforcar o papel da via de sinalizacdo mediada por mTORC1 no efeito do tipo-
antidepressivo provocado pela associacdo de cetamina e guanosina, proteinas upstream e
downstream de mTORCI1 foram investigadas. Os resultados revelaram que a administragao
cronica com corticosterona causou uma redugdo significativa nos niveis de BDNF, na
fosforilagio de Akt (Ser*’?) e GSK-3B (Ser’) e no imunoconteudo de PSD-95, GluAl e
sinapsina no hipocampo, mas ndo no cortex pré-frontal de camundongos, e esses resultados
concordam parcialmente com estudos anteriores (DONG et al., 2019; FRAGA et al., 2021;
FREITAS et al., 2016; PAZINI et al., 2016; WENG et al., 2016). Entretanto, estas alteragdes

moleculares foram completamente revertidas apds 24 h de uma tunica administracdo da
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cetamina e guanosina. Além disso, também demonstramos que a capacidade da combinagdo de
cetamina e guanosina em reverter os déficits no imunocontetido de PSD-95 e GluA1 induzidos
por corticosterona no hipocampo foi abolida pela administracdo de rapamicina, indicando o
envolvimento de mTORC1 nesta resposta. Além disso, € intrigante notar que a capacidade da
associa¢do cetamina e guanosina em atenuar a redu¢ao no imunocontetudo de sinapsina induzida
pela corticosterona nao foi abolida pela administracdo de rapamicina, sugerindo a participacao
de mecanismos adicionais na modulagdo dessa proteina. Contudo, pode-se especular que a
modulagdo da sintese de proteinas sinapticas via sinalizagdo de mTORC1 pode estar associada
a resposta tipo-antidepressiva promovida pela coadministragdo de doses sub-efetivas de
cetamina e guanosina em um modelo animal induzido estresse. Desta forma, estes resultados
reforcam a noc¢do de que a administracdo combinada de guanosina e cetamina pode ser uma
estratégia terap€utica 1til para o manejo do TDM.

Por fim, é importante destacar que uma Unica administra¢do prévia de cetamina foi
capaz de proteger contra o comportamento tipo-depressivo induzido por estresse, sugerindo que
esta molécula além de possuir propriedades antidepressivas rapidas também apresenta agao
profilatica e promotora de resiliéncia (BRACHMAN et al., 2016; MASTRODONATO et al.,
2018; MCGOWAN et al., 2018). Desta forma, no quarto capitulo desta tese investigamos se a
administracdo profilatica de guanosina, de forma semelhante a cetamina, poderia produzir um
efeito pro-resiliéncia. Além disso, avaliamos se a guanosina poderia potencializar a capacidade
da cetamina em exercer uma resposta profilatica. Os resultados mostraram que a cetamina (5
mg/kg, 1.p.), quando administrada 1 semana antes do inicio da administragdo cronica de
corticosterona (20 mg/kg, p.o., por 21 dias), foi eficaz na prevencao do comportamento tipo-
depressivo induzido por este protocolo de estresse farmacologico. No entanto, a administragdao
repetida de fluoxetina (10 mg/kg, p.o., por 21 dias, antidepressivo convencional), uma unica
administracdo de guanosina (1 ou 5 mg/kg, p.o.) ou a associagdo de doses sub-efetivas de
cetamina (1 mg/kg, i.p.) e guanosina (5 mg/kg, p.o.) ndo foram capazes de prevenir o
comportamento tipo-depressivo induzido pela corticosterona. Estes dados reforgam a premissa
de que a combinagdo de cetamina e guanosina ¢ capaz de produzir respostas rapidas, mas nao
sustentadas.

De especial interesse, € importante enfatizar que os alvos moleculares subjacentes a
resposta profilatica da cetamina estdo pouco caracterizados e ainda ndo sdo totalmente
compreendidos. Somado a este fato, ainda existem poucos estudos investigando se o efeito

profilatico da cetamina poderia também estar associado a sua cascata de sinalizagdo classica,
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por meio da estimulagdo da mTORCI1 com consequente aumento na sintese de proteinas e
sinaptogénese (KRZYSTYNIAK et al., 2019; PARISE et al., 2021). Desta forma, ¢ importante
caracterizar se o mecanismo classico da cetamina poderia estar subjacente ao seu efeito
profilatico e promotor de resiliéncia. Nesta tese, verificou-se que a administragdo cronica com
corticosterona reduziu significativamente a fosforilagio de Akt (Ser*”*) e GSK-3p (Ser’), bem
como o imunoconteudo de PSD-95, GluA1 e sinapsina no hipocampo, mas nao no cortex pré-
frontal de camundongos, refor¢ando resultados prévios (DONG et al., 2019; FRAGA et al.,
2021; FREITAS etal., 2016; PAZINI et al., 2016). No entanto, foi observado que a redugao no
imunoconteudo hipocampal de PSD-95, GluAl e sinapsina induzida pela corticosterona foi
seletivamente prevenida pela administrag¢do profilatica de cetamina, uma vez que a fluoxetina,
a guanosina ou a associa¢do de cetamina e guanosina, ndo apresentaram o mesmo efeito.
Desta forma, este estudo sugere que o efeito prd-sinaptogénico sustentado no
hipocampo exercido pela administragdo profilatica de cetamina poderia tornar esta regido
encefalica menos propensa aos déficits sindpticos induzidos pela corticosterona e poderia
aumentar a resiliéncia de camundongos contra os efeitos prejudiciais do estresse. Além disso,
nossos dados sugerem que estratégias direcionadas a estimulagdo da via de sinalizacdo pro-
sinaptogénica de longa duracdo poderia aumentar a resiliéncia e proteger contra transtornos
relacionados ao estresse. Somado a isso, os resultados deste estudo também reforcam a nogao
de que intervengdes sinaptoprotetoras, que sdo capazes de prevenir o comprometimento
sinaptico induzido por estresse, podem configurar-se como estratégias preventivas contra o
TDM (HUZIAN et al., 2021). E importante destacar que nossos dados refor¢am a premissa que
a administragdo profilatica de cetamina pode emergir como uma nova estratégia potencial para
reduzir a incidéncia e manejar os pacientes sob condi¢des de alto estresse em risco de

desenvolver TDM.
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6 CONCLUSOES

A coadministracdao unica com doses sub-efetivas de cetamina e guanosina, que nao
produzem efeito quando administradas isoladamente, ¢ capaz de provocar um efeito tipo-
antidepressivo apos 1 h e 24 h, mas ndo apds 7 dias, em camundongos;

O efeito tipo-antidepressivo desencadeado pela combinacdo de cetamina e guanosina
foi acompanhado por uma estimulacao da via de sinalizagdo mediada por mTORC1 com
consequente aumento na sintese de proteinas sindpticas e na densidade de espinhos dendriticos
de maneira tempo-dependente na formagao hipocampal e cortex pré-frontal;

A capacidade do tratamento combinado com doses sub-efetivas de cetamina e
guanosina em provocar um efeito tipo-antidepressivo e pro-sinaptogénico ¢ dependente da
ativagdo da sinalizagdo de mTORCI;

A combinagdo com doses sub-efetivas de cetamina e guanosina ¢ eficaz em reverter o
comportamento tipo-depressivo e os déficits sinapticos hipocampais induzidos pela
administracao cronica com corticosterona;

O efeito tipo-antidepressivo e pro-sinaptogénico promovido pela combinacgido de
cetamina e guanosina em camundongos expostos a corticosterona ¢ dependente da ativagao de
mTORCI;

A administragcdo profilatica de cetamina, mas nao de guanosina ou a associagdo de
cetamina e guanosina, foi capaz de prevenir o comportamento tipo-depressivo e déficits
sindpticos hipocampais induzidos pela administragcdo cronica de corticosterona;

O presente estudo ampliou o conhecimento acerca dos mecanismos envolvidos nos
efeitos tipo-antidepressivo e pro-sinaptogénico desencadeados pela coadministragao com doses
sub-efetivas de cetamina e guanosina;

Este estudo sugere que a guanosina em combinac¢do com a cetamina pode constituir
uma estratégia promissora para auxiliar pacientes com diagnostico de TDM no futuro, por
permitir a redug¢do da dose terapeuticamente eficaz de cetamina, uma prova de conceito que

merece uma investigacdo mais aprofundada.
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7 PERSPECTIVAS

Investigar se o efeito tipo-antidepressivo e pro-sinaptogénico desencadeados pela
coadministragdo tnica com doses sub-efetivas de cetamina e guanosina pode se sustentar por
48 h ou 72 h;

Analisar a arquitetura dos espinhos dendriticos na formagao hipocampal e cortex pré-
frontal apds o tratamento combinado com doses sub-efetivas de cetamina e guanosina, a fim de
caracterizar a maturacao dos espinhos dendriticos;

Investigar se a associacdo com doses sub-efetivas de cetamina e guanosina é capaz de
alterar parametros de eletrofisiologia apds 1 e 24 h de uma tinica administragdo, com intuito de
investigar a funcionalidade dos espinhos dendriticos;

Verificar os niveis de fosforilagdo nos sitios Ser®*! e Ser®® da subunidade GluA1 do
receptor AMPA no hipocampo e cortex pré-frontal apds a coadministragdo tnica com doses
sub-efetivas de cetamina e guanosina;

Avaliar os efeitos da associagdo de cetamina e guanosina sobre a sinaptogénese
(avaliacao morfoldgica do ntimero e formato dos espinhos dendriticos) no hipocampo e cortex
pré-frontal de animais submetidos ao modelo de estresse farmacologico induzido por
corticosterona;

Estudar o envolvimento de outras regides encefalicas, como giro denteado dorsal,
habénula lateral, amigdala e nucleo accumbens, no efeito tipo-antidepressivo promovido pela
associacao de cetamina e guanosina;

Averiguar se a formacgao e o remodelamento de espinhos dendriticos no hipocampo e

cortex pré-frontal pode estar subjacente ao efeito pro-resiliéncia promovido pela cetamina.
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