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RESUMO

O cortex pré-frontal medial (CPFm) processam respostas emocionais induzidas por estimulos
estressores, e a inibicdo CPFm esquerdo (CPFmE) e direito (D) elicia ansiogénese e ansidlise,
respectivamente. Aqui, nosso objetivo foi investigar (i) a lateralizacdo functional do CPFm nos
comportamentos defensivos/relacionados a ansiedade em camundongos submetidos ao estresse
de derrota social (EDS) cronico; (ii) os efeitos da inibicdo do CPFmE (com injecéo local de
CoCl2) sobre o padrdo de ativagdo do CPFmD; e (iii) os efeitos do bloqueio de receptores
NMDA do CPFmE sobre a ansiedade induzida pela inibicdo do CPFmE em camundongos
expostos ao labirinto em cruz elevado (LCE). Os resultados demonstraram que o EDS cronico
induziu comprotamentos relacionados a ansiedade, seguidos pelo aumento de marcacdo de
AFosB e da dupla marcacdo de AFosB + CaMKII bilateralmente nos cortices cingulado (Cgl)
e infralimbico (IL), sub-regides do CPFm. O EDS crénico também aumentou AFosB e AFosB
+ CaMKII seletivamente no cortex pré-limbico (PrL) direito, apenas. Além disso, a inibicdo do
PrL esquerdo causou o aumento da marcagdo de cFos + CaMKII nos PrL e IL contralaterais.
Ainda, a ansiogénese induzida pela inibicdo do PrL esquerdo foi bloqueada pelo antagonismo
de receptores NMDA no PrL direito, através da injecdo local de AP7. Estes achados sugerem
controle lateralizado da neurotransmissdo glutamatérgica na modulacdo de respostas

emocionais em camundongos submetidos ao estresse.

Palavras-chave: Cortex Pré-frontal medial, lateralizacdo funcional, receptores NMDA,

estresse



ABSTRACT

The left and right medial prefrontal cortex (L & RmPFC) process emotional responses induced
by stress-related stimuli, and LmPFC and RmPFC inhibition elicit anxiogenesis and anxiolysis,
respectively. Here we sought to investigate (i) the mPFC functional laterality on
defensive/anxiogenic-like behaviors in mice subjected to chronic social defeat stress (SDS); (ii)
the effects of LmPFC inhibition (with local injection CoCl,) on the RmPFC glutamatergic
neuronal activation pattern; and (iii) the effects of the RmPFC NMDA receptor blockade on the
anxiety induced by LmPFC inhibition in mice exposed to the elevated plus-maze (EPM).
Results showed that chronic SDS induced defensive-like behaviors followed by the rise of
AFosB labeling and by AFosB + CaMKII double-labeling bilaterally in the cingulate (Cgl) and
infralimbic (IL) subareas of the mPFC. Chronic SDS also increased AFosB and by AFosB +
CaMKII labeling only on the right prelimbic (PrL). Also, left PrL inhibition increased cFos +
CaMKII labeling in the contralateral PrL and IL. Moreover, anxiogenesis induced by the left
PrL inhibition was blocked by NMDA receptor antagonist AP7 injected into the right PrL.
These findings suggest the lateralized control of the glutamatergic neurotransmission in the

modulation of emotional-like responses in mice subjected to chronic SDS.

Keywords: medial prefrontal cortex, functional lateralization, NMDA receptors, stress
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Lista de Figruas

Figure 1. Chronic social defeat stress induces social avoidance-like behavior in mice. (A) SDS
mice (n=15) spend less time in the interaction zone (1Z) with a non-familiar target compared to
the NA mice (n=9). (B) Time spent in the corner zone (CZ) in the absence and presence of the
target. (C) Social interaction ratio in the I1Z and CZ. Bars represent mean (+ SEM). *p < 0.05
compared to the No target of the respective group or to the NA group. NA, non-aggressive;
SDS, social defeat stress. (p.59)

Figure 2. Chronic social defeat stress (SDS) induces anxiety-like behavior in mice. (A)
percentage of open arm entries and percentage of open arm time in the EPM. (B) Frequency of
closed arm entries in the EPM. Bars represent mean (+SEM). *p < 0.05 compared to the NA
group. NA, non-aggressive; SDS, social defeat stress. (p.61)

Figure 3. Representative 10X (scale bar = 100 um) (A) and 40X (scale bar = 20 um) (B) images
showing AFosB, CaMKII immunoreactivity, and double-labeling merge for AFosB (labeled in
green) and CaMKII (labeled in red) in the mPFC. Representative 20X images showing AF0sB,
CaMKII, and double-labeling for AFosB + CaMKII on the Cgl (C), PrL (E) and IL (G) (scale
bar = 100 pm). Corrected total cell fluorescence (CTCF) for AFosB, CaMKII, and AFosB +
CaMKII positive neurons in the Cgl (D), PrL (F) and IL (H). (E) Representative 20X images
showing AFosB, CaMKII, and double-labeling for AFosB+ CaMKII on the PrL. (F) Corrected
total cell fluorescence (CTCF) for AFosB, CaMKII, and AFosB + CaMKII positive neurons in
the PrL. (G) Representative 20X images showing AFosB, CaMKII, and double-labeling for
AFosB+ CaMKII on the IL. (H). Sample sizes: Naive (n=6), NA (n=7) SDS (n=6). Bars
represent mean (+SEM). *p < 0.05 compared to the same group on the opposite hemisphere. *p
< 0.05 compared to the naive group. L, left; R, right; NA, non-aggressive; SDS, social defeat
stress; Cgl, cingulate cortex, area 1; PrL, prelimbic cortex; IL, infralimbic cortex. (p.64)

Figure 4. Photomicrographs depicting the anterogradely labeled neurons in the mPFC. (A)
BDA microinjection site in the left PrL (scale bar = 100 um). (B) White arrows show the
presence of labeled neurons in the right PrL (scale bar = 50 pum). (p.67)

Figure 5. Anxiogenesis induced by left PrL inhibition (with local injection of CoCl.) increases
cFos and cFos + CaMKII labeling in the right PrL and IL (but not Cgl) subareas. (A) Effects
of CoCl; injection into the left-PrL on the percentage of open arm entries and percentage of
open arm time, and (B) frequency of closed arm entries in the EPM of Saline (n=10) and CoCl>
(n=8) groups. Bars represent mean (+SEM). *p < 0.05. Representative 20X images showing
cFos, CaMKII, and double-labeling for cFos (labeled in green) and CaMKII (labeled in red) on
the right-Cgl (C), PrL (E), and IL (G) (scale bar = 100 um). Corrected total cell fluorescence
(CTCEF) for cFos, CaMKII, and cFos + CaMKII positive neurons in the right-Cgl (D), PrL (F),
and IL (H). Saline (n=7) and CoCl, (n=6). Bars represent mean (+SEM). *p < 0.05. Cg1,
cingulate cortex, area 1; PrL, prelimbic cortex; IL, infralimbic cortex. (p.70)
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Figure 6. Effects of AP7 injected into the RmPFC [AP7 (R)] subsequently to CoCl. injection
into the LmPFC [CoCl2 (L)] on behavior of mice exposed to the EPM. (A) Grouped Cgl and
PrL analysis on the percentage of open arm entries and percentage of open arm time, and
frequency of closed arm entries [Sal (L) + Sal (R) (n=20); Sal (L) + AP7 (R) (n=19); CoCl (L)
+ Sal (R) (n=21); CoCl: (L) + AP7 (R) (n=15)]. (B) Cg1 analysis on the percentage of open
arm entries and time, and frequency of closed arm entries [Sal (L) + Sal (R) (n=9); Sal (L) +
AP7 (R) (n=7); CoCl: (L) + Sal (R) (n=6); CoCl. (L) + AP7 (R) (n=7)]. (C) PrL analysis of
the percentage of open arm entries and percentage of open arm time, and frequency of closed
arm entries [Sal (L) + Sal (R) (n=7); Sal (L) + AP7 (R) (n=8); CoCl> (L) + Sal (R) (n=10);
CoCl2 (L) + AP7 (R) (n=7)]. *p < 0.05 compared to the Sal (L) + sal (R) group; #p < 0.05
compared to the CoCl» (L) + Sal (R) group. L, left; R, right; Sal, saline; Cg1, cingulate cortex,
area 1; PrL, prelimbic cortex. (p.74)

Supplementary Material
Figure 1. Schematic diagram (left) and a photomicrograph (right) of a representative

microinfusion site (shadow area or black arrow) within the mPFC of the mouse. Section
corresponds to 1.94 mm anterior to bregma (Paxinos and Franklin, 2001). Abbreviations: Cg1,
cingulate cortex, area 1; PrL, prelimbic cortex; IL, infralimbic cortex; fmi, forceps minor of the
corpus callosum (p.96)
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O conteldo da tese foi organizado em duas partes, sendo uma redigida em portugués e outra
em lingua estrangeira (inglés). Na primeira parte, denominada sintese (redigida em portugués),
foi feita uma introducéo sobre o assunto, apresentados os objetivos, uma breve apresentacéo da
metodologia seguidos de um resumo dos resultados obtidos e uma discussao geral, para que o
leitor compreenda a problemaética a qual a tese contempla. A segunda parte (redigida em inglés),
é composta pelo manuscrito, na integra, produzido a partir dos dados obtidos durante o periodo

de doutorado, publicado pelo peridédico “Frontiers in Behavioral Neuroscience”.



INTRODUCAO
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1. Epidemiologia dos transtornos mentais: ansiedade e depressao

Os transtornos mentais (ou neuropsiquiatricos) sao altamente incapacitantes, de dificil
tratamento e demandam grande atencéo dentro da Satde Publica. Uma meta-anélise publicada
pelo International Journal of Epidemiology, em 2014, demonstrou que a prevaléncia global de
doencas neuropsiquiatricas entre os anos de 1983 e 2013 foi de cerca de 20%. Dentre elas, em
primeiro lugar encontram-se os transtornos de ansiedade (1 a cada 15 pessoas), seguidos pelos
transtornos do humor (1 a cada 20) (STEEL et al, 2014). Em 2017, esses transtornos foram
responsaveis por mais de 6% de todos 0s anos de vida perdidos ajustados por incapacidade (do
inglés, DALY s, disability-adjusted life years) (JAMES et al., 2018), o que impacta diretamente
na qualidade de vida dos pacientes e na mdo-de-obra economicamente ativa de um pais.

No Brasil, um estudo de 2012, conduzido na cidade de S&o Paulo e regido metropolitana,
mostrou uma prevaléncia de quase 20% para os transtornos de ansiedade e 11% para 0s
transtornos de humor (ANDRADE 2012). Em 2015, esses transtornos foram responsaveis por
cerca de 6% de todos os anos de vida perdidos ajustados por incapacidade no Brasil, semelhante
a resultados encontrados para a populacdo mundial (BONADIMAN, 2017). Um estudo
prospectivo realizado com uma populacdo do sul do Brasil mostrou uma prevaléncia do
transtorno de depressdo maior de 7,9% e do transtorno de ansiedade generalizado de 12,7% em
adultos com 30 anos de idade (QUEVEDO 2020). Recentemente, durante a pandemia causada
pela COVID-19, a prevaléncia de sintomas de depressdo e ansiedade na populacéo brasileira
geral foi de pouco mais de 46% e 39%, respectivamente (SERAFIM 2021).

Além da grande prevaléncia na populacédo, os transtornos de depressédo e a ansiedade
ainda nao possuem um tratamento cuja efetividade possa ser considerada ideal. Os tratamentos
farmacologicos atualmente disponiveis possuem diversos efeitos adversos relacionados a sua

terapéutica (NEMEROFF, 2007) e uma alta taxa de ineficacia (BLANCO 2013; CEPEDA et
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al., 2018; NEMEROFF, 2007). A depressdo resistente ao tratamento, por exemplo, tem uma
prevaléncia de cerca de 30% (HALARIS, 2020; ZHDANAVA, 2021), enquanto 0S custos
associados a sua prevaléncia aos sistemas de satde podem chegar a quase 50% (ZHDANAVA,
2021).

O estresse é um fator de risco para o desenvolvimento de diversas dessas doengas
neuropsiquiatricas, como transtorno de estresse pos-traumatico e depressdo maior (FRANKLIN
et al., 2012; MCEWEN; AKIL, 2020). Ele pode ser definido como um conjunto de respostas
fisiol6gicas e comportamentais a condi¢cGes e eventos que perturbam o funcionamento e
equilibrio do organismo. Tais respostas visam proteger o organismo, preparando-0 para se
defender do estressor (fase de alerta); todavia, se o estimulo aversivo persiste, outras respostas
surgem para tentar reestabelecer o equilibrio (fase de resisténcia), e, se as estratégias nao forem
bem sucedidas, o estresse pode gerar uma sobrecarga ao individuo (fase de exaustdo), sendo
esta, relacionada com aparecimento de patologias (SELYE, 1956; MCEWEN, 2012). No
entanto, nem todos os individuos que vivenciam eventos estressores desenvolvem doencas
relacionadas a ele. Isto se deve a existéncia de diferentes graus de suscetibilidade, em que os
individuos mais vulneraveis se adaptam mal (ou ndo se adaptam) ao estressor e expressam
respostas inapropriadas, as quais podem se tornar alteracdes permanentes, enquanto individuos
resilientes (ndo suscetiveis) desenvolvem respostas psicofisiolégicas adaptativas, se
recuperando das alteracdes induzidas pelo estresse (DEL GIUDICE; ELLIS; SHIRTCLIFF,
2011). Assim, diversos estudos tém objetivado identificar os mecanismos neurais pelos quais o

estresse induz sintomas mal adaptativos.

2. Neurobiologia do estresse e desenvolvimento de transtornos neuropsiquiatricos: o

papel do cortex pre-frontal medial



18

O cortex pré-frontal medial (CPFm) é uma estrutura prosencefalica e limbica, que pode
ser dividida anatomicamente em cingulados (Cg) areas 1 e 2, pré-limbico (PrL) e infra-limbico
(IL) (PAXINOS; FRANKLIN, 2001). Funcionalmente, o CPFm de roedores pode ser dividido
em dorsal (CPFmMD), que abrange os Cg e a parte mais dorsal do PrL, e ventral (CPFmV),
formado pela parte ventral do PrL e pelo IL (XU et al., 2019). Essas areas parecem equivaler
ao cortex cingulado anterior (CgA) e ao cortex pré-frontal medial dorsolateral de primatas
(LAUBACH et al.,, 2018; SEAMANS; LAPISH; DURSTEWITZ, 2008). O CPFm esta
envolvido com memoéria (EUSTON et al., 2012), tomada de decisdo (BECHARA; DAMASIO,
2002), flexibilidade cognitiva (GRUBER et al., 2010), cognicdo executiva (YUAN; RAZ,
2014), interacdo social e processamento emocional (DAMASIO, 2000). Ele apresenta densas
conexdes reciprocas com outras areas relacionadas ao controle e expressdo das emogdes [e.g.
amidala, hipocampo, hipotalamo, rafe dorsal e matéria cinzenta periaquedutal (e.g. EUSTON;
GRUBER; MCNAUGHTON, 2012)], o que promove sua habilidade de modular estados
emocionais como medo e ansiedade (COURTIN et al., 2013; GOLD; MOREY; MCCARTHY,
2015).

A fim de tentar uma padronizagdo na nomenclatura do CPFm aumentando a homologia
entre as espécies de roedores utilizadas na pesquisa em relagcdo aos seres humanos, estudos
recentes tém nomeado a regido mais rostral do Cg, o PrL e o IL de roedores como CgA (que
seria 0 equivalente ao CgA de humanos), enquanto a regido mais caudal do Cg é nomeada
cortex cingulado medial (CgM, e seria o equivalente ao CgM de humanos) (HEUKELUM,;
VAN et al., 2020).

Diversas alteracbes morfologicas e funcionais sdo encontradas no CPFm apos a
exposicdo cronica ao estresse. A exposi¢do de ratos ao estresse de restricao repetido diminui a

arborizacdo dendritica dos neurdnios piramidais no CgA (COOK; WELLMAN, 2004; LISTON
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et al., 2006; RADLEY et al., 2006), assim como a exposi¢do ao estresse cronico variavel induz
uma diminuicdo de volume no CPFm e prejuizo dos mecanismos de plasticidade dependentes
do hipocampo (regido densamente inervada pelo CPFm) em ratos (CERQUEIRA et al., 2007).
A exposicdo ao estresse de derrota social (EDS) reduz a expressdo de genes relacionados a
producdo e manutencdo da mielina no sistema nervoso central (SNS), o que acarreta na
diminuigdo da mielinizagdo do CPFm (LEHMANN et al., 2017). Essas alteragcbes na
morfologia neuronal sdo acompanhadas pela diminuicdo na expresséo de genes de expresséo
imediata (COVINGTON et al., 2005), pela diminui¢do da atividade serotonérgica (BEKRIS et
al., 2005) e desregulacdo da neurotransmisséo glutamatérgica (JETT et al., 2017). Além disso,
alteracdes no volume do CPFm se correlacionam com a evitagcdo social em camundongos
suscetiveis ao EDS (ANACKER et al., 2016). Alterac6es equivalentes no volume e atividade
do CPFm sdo encontradas em pacientes com diagnéstico de depressdao (COVINGTON 2010;
BELLEAU; TREADWAY:; PIZZAGALLLI, 2019; MAYBERG, 2009).

O CPFm também é conhecido por controlar as respostas adaptativas ao estresse, e,
recentemente, tem sido apontado como uma estrutura alvo para predizer resiliéncia.
Sucintamente, um estudo de imagem por ressonancia magnéetica funcional (do inglés, fMRI),
em pacientes sem historico de transtornos psiquiatricos, demonstrou que sinais de flexibilidade
neural no CPFm durante o estresse agudo se correlaciona com o coping (enfrentamento) ativo,
ao passo que a baixa atividade dessa regido pdde predizer um nivel maior de comportamentos
mal adaptativos (SINHA et al., 2016). Em mulheres adolescentes com historico de abuso sexual
durante a infancia, um maior volume do CPFm parece estar relacionado com um efeito protetor
contra o transtorno de estresse pos-traumatico (MUTLUER et al., 2018). Apesar de diversos
estudos terem evidenciado seu papel no controle das respostas comportamental e

neuroendocrina ao estresse, sdo conhecidas importantes diferencas funcionais entre as
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subdivisdes dorso-ventrais do CPFm (e.g. SUZUKI et al., 2016). Além disso, uma crescente
linha de evidéncias vem demonstrando uma importancia da lateralizagdo funcional do CPFm
na modulagéo dessas respostas (CERQUEIRA 2008). Neste sentido, Sullivan e Gratton (1999)
demonstraram que lesGes bilaterais ou do CPFm direito (CPFmD) (mas ndo somente do
esquerdo) de ratos diminuem o pico de corticosterona induzida por estresse de restrigéo,
causando resisténcia ao estresse. Ainda, quando submetido ao estresse cronico, 0 CPFm
esquerdo (CPFmE) sofre perda estrutural, refletindo em diminuicdo volumétrica (CZEH, 2007),
enquanto o hemisfério direito passa a ter um papel dominante, facilitando a resposta hormonal
ao estresse, através da interagdo com o eixo hipotdlamo-pituitdria-adrenais (HPA)
(SULLIVAN; GRANTON, 1999). Esses dados vao ao encontro de estudos post-mortem que
apontam uma diminuicdo volumétrica do CPFm em pacientes que sofriam de transtornos de
humor (RAJKOWSKA et al., 2007a; RAJKOWSKA; MIGUEL-HIDALGO, 2007b apud
CZEH, 2008). Além disso, conforme demonstrado por Johnstone e colaboradores (2007) com
um estudo de fMRI em humanos, em situacdes basais, 0 CPFmE esta seletivamente envolvido
na regulacdo (downregulation) de emocGes negativas, diminuindo a ativacdo da amidala; o que
n&do ocorre em pacientes deprimidos (para revisao ver Cerqueira; Almeida; Sousa, 2008).
Nesse cenario, um estudo de nosso laborat6rio demonstrou a lateralizagdo funcional do
CPFm nos comportamentos relacionados a ansiedade e na modulagdo do estresse social em
camundongos (COSTA et al., 2016). Resumidamente, os resultados sugerem haver um controle
ténico do CPFmE sobre os comportamentos defensivos de camundongos expostos ao labirinto
em cruz elevado (LCE), uma vez que enquanto a ativagdo nitrérgica (através da injecéo local
de um doador de NO) do CPFmD promove efeitos ansiogénicos, nenhuma alteragdo no perfil
comportamental defensivo é observada quando o doador de NO é injetado unilateralmente (no

CPFmE) ou bilateralmente nesta estrutura. Além disso, a inativacao temporaria com cloreto de
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cobalto (CoCl2, um bloqueador sinéptico) do CPFmD e CPFmE promove efeitos ansioliticos e
ansiogénicos, respectivamente. Ainda, quando a inibicdo do CPFmE é associada a uma unica
sessdo de EDS, ocorre um aumento nos comportamentos ansiosos 24h apds o evento, um efeito
n&o observado quando o animal passa pelo estresse com 0 CPFmE intacto. Em outras palavras,
parece que os efeitos deletérios do estresse [evidenciados pela relagcdo entre diminuicdo
volumeétrica/funcional do CPFmE e comportamentos mal adaptativos (i.e., aumento ansiedade;
depressdo)] podem ser mimetizados pela inativagdo do CPFmE, culminando na expressao de
suscetibilidade. Neste mesmo sentido, Lee e colaboradores (2015) demonstraram (através de
um protocolo que permite classificar camundongos quanto a resiliéncia x suscetibilidade) que
0s animais suscetiveis ao estresse de derrota social voltam a interagir socialmente quando é
feita fotoativacdo de neurdnios do CPFmE e, por outro lado, a fotoinativagao desses neurénios
em animais resilientes induz evitagdo social. De maneira interessante, ambos os trabalhos
supracitados (i.e., Costa et al., 2016 e Lee et al., 2015), além de demonstrarem uma relacdo
entre lateralidade do CPFm e suscetibilidade, tiveram como alvo de manipulagfes o PrL
esquerdo, denotando que as diferencas entre as sub-regides dorso-ventrais parecem ser
importantes.

Desta maneira, estes dados reforcam a ideia de que o CPFm seja uma estrutura
importante para o processamento de eventos aversivos e, sua funcionalidade, isto é, seu padréo
de ativacdo, sobretudo na diferenciacdo entre os hemisférios, crucial para a expressdo do
fenotipo resiliente ou suscetivel. No entanto, ainda néo se sabe qual o mecanismo pelo qual o
déficit funcional do CPFmME leve a alteragdes deletérias, ou seja, relacionadas a suscetibilidade
a eventos aversivos.

Uma das maneiras de se estudar a ativacdo neuronal é através da quantificacdo de

membros da familia de proteinas FOS, com destaque para os fatores de transcri¢cdo c-FOS e
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AFosB. Embora ambos os fatores sejam induzidos em resposta a estressores, o primeiro, c-Fos,
tem uma inducdo rapida e transiente, sendo interessante para detectar ativacdo mediante
estimulos agudos. Ja o segundo, AFosB, um produto de alta estabilidade molecular, é induzido
tardiamente ao estimulo e se acumula, sendo interessante para deteccéo de alteragdes induzidas
por estimulos crénicos e repetidos (NESTLER; KELZ; CHEN, 1999; NESTLER, 2008). A
exposi¢do a diversos estimulos estressores de maneira cronica, como nos protocolos de estresse
cronico variavel, estresse cronico de restricdo e EDS, aumenta os niveis de AFosB em diversas
regides encefalicas (LAINE et al., 2017; PERROTTI et al., 2004). Assim, a AFosB parece ser
um importante regulador transcricional da resposta neuronal ao estresse. Diversos estudos tém
evidenciado alteragdes com relacdo ao fator AFosB como importantes para a expressdo do
fendtipo de resiliente ou suscetivel ao estresse, em que alteracGes na sua expressdo parecem
estar envolvidos com a resiliéncia e com a eficacia de tratamentos antidepressivos, dependendo
da regido encefélica analisada (NESTLER, 2015). Com relacdo ao CPFm, Vialou e
colaboradores (2014) detectaram diferengas na expressido da AFosB entre os fenotipos de
enfrentamento ao estresse. Esse estudo encontrou aumento de sua expressao no PrL em
camundongos suscetiveis ao estresse de derrota social, enquanto os animais resilientes
apresentaram um aumento no IL. Todavia, nesse estudo, assim como na maioria, ndo houve
uma preocupacao com relacdo a lateralidade funcional, foco do presente estudo.

Sabe-se que o CPFm é predominantemente composto por neurdnios glutamatérgicos
(80-90%) (MCKLVEEN; MYERS; HERMAN, 2015) e diversos estudos tém demonstrado, em
humanos ou roedores, uma grande relacéo entre alteracfes na neurotransmissdo glutamatérgica
e a fisiopatologia de transtornos de ansiedade e de humor, sobretudo no que diz respeito a
funcdo dos receptores N-Metil-D-Aspartato (NMDA) (para revisdo, ver SANACORA

TRECCANI; POPOLLI, 2012). Ainda, diferentes estressores aumentam a liberacéo de glutamato
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(GLU) e alteram sua transmissdo sinaptica em estruturas cortico-limbicas, além de induzirem
efeitos estruturais e morfoldgicos e, possivelmente, reducBes volumétricas, semelhantes ao
encontrado em pacientes com depressdao maior (SANACORA; TRECCANI; POPOLLI, 2012).
Neste sentido, resultados obtidos em nosso laboratério (VICTORIANO et al., 2020) indicam a
participacdo de receptores NMDA da regido mais dorsal do CPFm nos comportamentos
relacionados a ansiedade em camundongos expostos ao EDS e LCE, com diferentes papéis nos
hemisférios direito e esquerdo, uma vez que o bloqueio de tais receptores (através da injecdo
de AP7, um antagonista seletivo para receptores NMDA) no CPFmD reverte os efeitos
ansiogénicos desencadeados pelo bloqueio sinaptico do CPFmME e da exposicdo ao EDS no
LCE. Assim, faz-se interessante aprofundar a investigacdo sobre a neurotransmisséo
glutamatérgica no ambito da lateralizagdo funcional e sua relagho com a
suscetibilidade/resiliéncia ao estresse. Nesse contexto, a proteina quinase dependente de
Célcio/Calmodulina — CaMKII — ¢ um membro da cascata de sinalizacdo celular subjacente a
ativacdo dos receptores NMDA e um bom marcador de neurdnios glutamatérgicos no neocértex

(WANG et al., 2013).



OBJETIVOS
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Geral
Investigar a participacdo dos CPFm direito e esquerdo nas alteracdes comportamentais
relacionadas a ansiedade bem como as alteracfes moleculares envolvidas nas consequéncias

emocionais do estresse de derrota social em camundongos.

Especificos:

- Investigar os efeitos do EDS cronico sobre a evitacdo social e comportamentos relacionados
a ansiedade no LCE;

- Investigar os efeitos do EDS cronico sobre a expressao de AFosB, CaMKII e na expressao
conjunta de AFosB ¢ CaMKII no CPFm;

- Mapear a existéncia de projecdes da sub-regido PrL do CPFmE para as sub-regides do
CPFmD;

- Investigar os efeitos da inibicdo sindptica do CPFmE nos comportamentos relacionados a
ansiedade no LCE e padrao de ativacdo neuronal do CPFmD;

- Investigar o papel dos receptores do tipo NMDA do CPFmD nos efeitos da inibicdo sinaptica

do CPFmE sobre os comportamentos relacionados a ansiedade no LCE.



MATERIAL E
METODOS
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3. Abordagem experimental

O presente trabalho investigou as alteracGes comportamentais relacionadas & ansiedade
através do teste do labirinto em cruz elevado, bem como as alteracbes moleculares via
imunofluorescéncia para proteinas da familia Fos (cFOS ou AFosB) em dupla marcagao com a
proteina quinase dependente de Calcio/calmodulina (CaMKII), membro da cascata de
sinalizacdo intracelular subjacente a ativacéo de receptores glutamatérgicos NMDA.

A participagdo dos receptores NMDA do CPFmD na ansiogénese induzida pela
inativacdo do CPFmE foi investigada através da microinjecéo de farmacos (CoCl», bloqueador
sinaptico; AP7, antagonista glutamatérgico) em camundongos machos que passaram por
estereotaxia para implante de canulas nas sub-regides especificadas. Para o estudo de alteracoes
induzidas pelo estresse, foi utilizado o protocolo de EDS cronico (modelo residente-intruso)
seguido do teste de interacdo social (TIS), o qual avalia o indice de evitagcdo a um coespecifico,
utilizado para classificar individuos como suscetiveis ou resilientes ao estresse.

A anélise de projecGes neuronais entre os dois hemisférios do CPFm foi investigada por
meio da injecdo de BDA (Dextran Amine-Texas Red®, Biotinylated), um neurotracejador
anterogrado (LANCIEGO 2020; BRANDT, 1992.

Os seguintes protocolos experimentais foram utilizados:

3.1. Experimentos 1 e 2: Efeitos comportamentais do estresse de derrota social cronico no
teste de interacdo social e labirinto em cruz elevado

Quarenta e um camundongos foram submetidos a dez sessbes de EDS (n = 25) ou
interacdo ndo-agressiva (n = 16) e, 24 horas depois, uma parte foi testado quanto a evitagédo

social no TIS ou quanto aos comportamentos relacionados a ansiedade no LCE.
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3.2. Experimento 3: Efeito do estresse de derrota social cronico na expressao de AFosB,
CaMKII e na dupla marcacdo AFosB/CaMKII bilateralmente no cortex pré-frontal
medial
Dezenove camundongos foram submetidos a dez sessdes de EDS (n = 7) ou interagéo

ndo-agressiva (n = 6) e, 24 horas depois, foram eutanasiados e tiverem seus encéfalos
processados para analise da expressdo de AFosB, CaMKII e da dupla marcagao AFosB/CaMKII
por imunofluorescéncia bilateralmente no CPFm. Um grupo experimental ingénuo (n = 6) foi

acrescentado nesse experimento para avaliacdo dos niveis basais de fluorescéncia.

3.3. Experimento 4: Tracejamento das projecdes do cdrtex pré-frontal medial esquerdo
(sub-regido pré-limbica) para o cdrtex pré-frontal medial direito (sub-regides cingulada
1, pré-limbica e infralimbica)
Cinco camundongos receberam o neurotracejador anterégrado BDA na sub-regido PrL
do CPFmE e, trés semanas depois, foram eutanasiados e tiveram seus encéfalos processados

para avaliacdo das projecGes neuronais.

3.4. Experimento 5: Efeito da injecdo de cloreto de cobalto no cortex pré-frontal medial
esquerdo nos comportamentos relacionados a ansiedade e na expressao de cFos,
CaMKII e na dupla marcagdo cFos/CaMKII no cortex pré-frontal medial direito

Vinte e cinco camundongos tiveram canulas para microinjecdo implantadas no CPFmE.
Seis dias apos a cirurgia, os animais foram transportados para sala experimental e mantidos em
habituacdo por 30 minutos antes do inicio dos experimentos. Salina ou CoCl2 (1,0 mM/0,2 pL)
foram injetados na sub-regido PrL do CPFmME e, 10 minutos depois, 0s animais foram testados

no LCE por 5 minutos. Noventa minutos apds o termino do LCE, os animais foram eutanasiados
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e tiveram os encéfalos processados para analise a expressdo de cFos, CaMKII e da dupla

marcagdo cFos/CaMKII no cortex pré-frontal medial direito.

3.5. Experimento 6: Efeito da injecdo de AP7 e cloreto de cobalto no cortex pré-frontal
medial direito e esquerdo, respectivamente, nos comportamentos relacionados a
ansiedade no labirinto em cruz elevado

Setenta e oito camundongos tiveram canulas para microinjecdo implantadas no CPFmE. Seis
dias ap6s a cirurgia, os animais foram transportados para sala experimental e mantidos em
habituagdo por 30 minutos antes do inicio dos experimentos. Salina ou AP7 (0,05 nmol/0,2 pL)
foram injetados no CPFmD seguidos de salina ou CoClz (1,0 mM/0,2 pL) no CPFmE e, 10

minutos depois, 0s animais foram testados no LCE por 5 minutos.



PRINCIPAIS
RESULTADOS
ENCONTRADOS
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4. Resumo dos principais resultados encontrados

O presente estudo demonstra que (i) o estresse de derrota social induz comportamentos
defensivos/relacionados a ansiedade e distintas ativacdo/inibi¢cdo neuronal das sub-regiGes do
CPFmD e CPFmE e (ii) que a inibicdo do CPFmE também induz tais efeitos, que sdo
principalmente relacionados a subéarea pré-limbica do hemisfério esquerdo do CPFm de
camundongos. Esses achados, juntamente a evidencia de que neurdnios do CPFmE projetam-
se diretamente ao CPFmD, sugerem que o PrL esquerdo modula a atividade neural dos cortices
PrL e IL direitos, cuja estimulacdo elicia ansiedade em camundongos expostos ao LCE. O
CPFmE parece ter papel tonico na modulacéo da ansiedade, uma vez que sua inibic¢ao funcional,
particularmente da subarea PrL, intensifica a evitacdo dos bracos abertos do LCE.
Adicionalmente, a manipulacdo farmacoldgica (injecdo de AP7, antagonista NMDA) junto as
analises de imunofluorescéncia (Fos + CaMKII em dupla marcacdo) demonstram papel crucial
do sistema glutamatérgico (através de receptores NMDA) no CPFmD PrL e IL na modulacéo
ansiogénica em camundongos machos.

Os resultados comportamentais demonstraram que o EDS crbénico aumenta 0s
comportamentos defensivos/ansiogénicos em camundongos. No TIS, o EDS cronico diminuiu
o0 tempo de permanéncia na zona de interacdo na sessdo em que um alvo social estava presente.
No LCE, os resultados indicaram que esse protocolo promoveu diminuicdo expressiva da
exploracdo dos bragos abertos, sugerindo perfil ansiogénico em animais estressados.

A andlise de imunofluorescéncia demonstrou diferentes alteracbes na expressédo de
AFosB (um marcador de atividade neuronal prolongada) e de AFosB/CaMKII (um fator da
cascata de ativacdo subjacente a ativacdo de receptores NMDA) em dupla marcagéo,
dependendo da subarea do hemisfério do CPFm. Por exemplo, no Cgl, o EDS crénico induziu

aumento bilateralmente na expressdo de AFosB e AFosB/CaMKII em dupla marcagéo,
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enquanto no PrL, animais estressados apresentaram diminuicdo no hemisfério esquerdo e
aumento no hemisfério direito de AFosB. Lateralizacdo similar foi observada para neurénios
positivos para ambas AFosB+CaMKII, uma vez que foi detectado aumento apenas no lado
direito. No IL, o estresse provocou aumento na expressao de AFosB bilateralmente, mas a dupla
marcacgdo foi acentuada apenas no hemisfério direito. Em camundongos naive, a analise das
sub-regides dorsais do CPFm (Cgl and PrL) apontou menor expressdo de AFosB no hemisfério
direito do que no esquerdo.

A andlise do tracejamento neuronal, trés semanas depois da injecdo do neurotracejador
anterogrado BDA, mostrou que os neurénios da sub-regido PrL do CPFmE se projetam para
todas as sub-regides do CPFmD. Isso foi evidenciado pela presenca de fibras marcadas pelo
tracejador injetado no CPFmME nas sub-regides Cgl, PrL e IL do CPFmD.

A inativacdo sinaptica do PrL esquerdo, através da injecdo local de CoCly, induziu
ansiogénese, a qual foi abolida quando receptores NMDA do PrL direito foram bloqueados pela
injecdo de AP7. O tratamento com CoCl, também causou aumento de cFos + CaMKII no PrL
e IL contralaterais (i.e., direito), mas ndo no Cgl.

Os resultados decorrentes do bloqueio sinaptico do CPFm esquerdo, isto €, considerando
os efeitos da injecdo local de CoCl, em ambos Cgl e PrL, ndo indicaram efeito claro da
inativacdo quimica sobre os indices de ansiedade no LCE. Porém, quando os dados foram
analisados separadamente, os resultados demonstram efeitos ansiogénicos do CoClz,porém
quando injetado no PrL, mas ndo no Cgl. Tal efeito desaparece quando o PrL contralateral foi
tratado com o antagonista NMDA, AP7. Nessas condigdes, 0s animais tratados com o
blogueador sinaptico no CPFmE e antagonista NMDA no CPFmD (CoCl>+AP7) exploraram
as regides aversivas do LCE de maneira similar aos tratados com salina (salina + salina ou

salina + AP7). Também, a dose de AP7 utilizada (0,05 nmol) n&o alterou por si sé as medidas
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relacionadas a ansiedade e tampouco influenciou as entradas nos bracos fechados do labirinto
em cruz elevado, sugerindo um bloqueio seletivo deste antagonista NMDA sobre os indices de

ansiedade.



DISCUSSAO
GERAL
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5. Discussao

Os experimentos propostos neste estudo tém por base a busca por aumentar a
compreensdo sobre a lateralizacdo funcional do CPFm e seu papel na modulacao de respostas

comportamentais desencadeadas por estimulos aversivos.

O CPFmE e CPFmD processam respostas emocionais induzidas por estimulos
relacionados ao estresse, e a inibicdo do CPFmE e CPFmD elicia ansiogénese e ansiolise,
respectivamente (COSTA et al.,, 2016). Nesse estudo nosso objetivo foi investigar a
lateralizacdo funcional do CPFm nos comportamentos de defesa (relacionados a ansiedade) em
camundongos submetidos ao EDS cronico, os efeitos da inibicdo do CPFmE (via injecdo local
de CoCl,, inativador sindptico) sobre o padrdo de ativagdo neuronal e glutamatérgica do
CPFmD e os efeitos do bloqueio de receptores NMDA do CPFmD sobre o aumento de
ansiedade induzida pela inativacdo do CPFmE em camundongos expostos ao LCE. Também

investigamos a existéncia de projecdes neuroniais partindo do CPFmE em direcdo ao CPFmD.

Os resultados mostraram que o EDS cronico induziu comportamentos defensivos (Exp.
1 e 2) seguidos pelo aumento da marcagédo de AFosB e da dupla marcagdo de AFosB + CaMKI|I
nas subareas cingulado 1 (Cgl) e infralimbico (IL) do CPFm, bilateralmente. Além disso, 0
EDS aumentou a marcacao de AFosB e a dupla marcacdo de AFosB + CaMKII seletivamente
no pré-limbico (PrL) direito (Exp. 3). Através da injecdo do neurotracejador anterogrado
(BDA), foi possivel observar projecdes diretas do CPFmME em direcdo ao CPFmD PrL e IL,
sugerindo a presenca de modulacéo de atividade entre os hemisférios (Exp. 4). Também foi
observado que a inibicdo transiente do CPFmE aumentou a marcacdo de cFos + CaMKII no

PrL e IL contralaterais (Exp. 5). Ainda, 0 aumento de ansiedade induzido pela inativagdo do
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PrL esquerdo foi bloqueado pelo antagonista de receptores NMDA, o AP7, injetado no PrL

direito (Exp. 6).

Os resultados obtidos no TIS mostraram que 0s animais expostos ao EDS de maneira
crbnica apresentam evitacao social, como evidenciado pela diminui¢do do tempo gasto na zona
de interacdo quando um coespecifico desconhecido estava presente no teste. Diversos estudos
tém reportado alteracdes semelhantes em camundongos expostos ao EDS, tanto em animais da
linhagem Swiss-Webster (a mesma utilizada em nosso estudo) quanto em animais da linhagem
C57BL/6J (LEHMANN 2017; MACEDO 2017; BROWNE 2017; PIARDI 2020; FOX 2020;
MUL 2018; BERTON 2006). Outros estudos, por outro lado, utilizam o TIS para classificar os
animais que passaram pelo estresse em dois perfis: resiliente e suscetivel (KRISHNAN 2014).
Contudo, nossos resultados indicaram que, com o protocolo utilizado, uma parcela muito
pequena de animais apresenta o fendtipo resiliente (n=3), razdo de excluirmos estes animais da
atual analise. Essa maior suscetibilidade dos nossos animais ao protocolo pode estar relacionada
a diferencas nas linhagens de camundongos utilizadas (a maioria dos estudos utiliza
camundongos da linhagem C57BL/6J), ao nivel de agressividade dos residentes ou a condi¢des

ambientais do local utilizado para a realizacdo do TIS.

Com relacdo aos comportamentos relacionados a ansiedade avaliada no LCE, foi
possivel observar que o grupo estressado apresenta aumento do comportamento defensivo,
evidenciado pela diminuicdo da exploracdo das areas aversivas do LCE (menor porcentagem
de entradas e de tempo de permanéncia nos bracos abertos), quando comparado ao grupo
controle. Estes resultados sugerem que o EDS crénico é capaz de alterar o comportamento de
animais, desencadeando diminui¢édo da interacdo social no TIS e aumento da aversédo no LCE.
Em outras palavras, 0 EDS cronico pode desencadear altera¢cdes mal adaptativas, aumentando

a exibicdo de comportamentos “ansiosos”. Esses achados vao ao encontro da nossa proposta,
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em que se destaca a importancia de se separar os perfis comportamentais de individuos que
passam por situacGes estressoras e, a partir disso, investigar possiveis diferencas em seus

mecanismos neurobioldgicos relacionadas com as estratégias de enfrentamento ao estresse.

Com relacdo a analise de imunofluorescéncia para AFosB e CaMKII em animais
expostos ao EDS crénico, nossos resultados demonstraram que ha um aumento da expressédo de
AFosB bilateralmente no Cgl em comparagdo aos animais controle ndo estressados. Além
disso, a analise também demonstrou que na regido cortical PrL, esse aumento ocorre apenas no
lado direito (semelhante ao observado quando da inativacdo temporaria do CPFmME PrL por
CoCly). Estes resultados sugerem ser o PrL uma sub-regido chave no processo de lateralizacéo

na modulacdo das respostas emocionais de animais submetidos cronicamente ao EDS.

Com relacdo a expressdo da CaMKII em animais submetidos ao estresse, 0 aumento no
namero de colocalizagGes da expressdo destas proteinas indicou aumento do recrutamento
glutamatérgico no PrL e IL direito, bem como a diminuicdo no IL esquerdo dos animais
estressados. Esses achados corroboram estudos anteriores em que se sugere que quando
submetido ao estresse crénico, 0 CPFm Esquerdo (CPFmE) sofre perda estrutural, refletindo
em diminuicdo volumétrica (CZEH, 2007), enquanto o hemisfério direito passaria a ter um
papel principal na facilitacdo da resposta hormonal ao estresse, através da interacdo com o eixo

hipotalamo-pituitaria-adrenais (HPA) (SULLIVAN; GRANTON, 1999).

De maneira interessante, nossos resultados de imunofluorescéncia revelaram que o
aumento de comportamentos relacionados a ansiedade induzido pela inativagdo do CPFmE PrL
parece ser modulado pelas sub-regides PrL e IL contralaterais. O ensaio demonstrou 0 aumento
de cFos (marcador de ativacdo neuronal) e sua dupla marcacdo com CaMKII (fator da cascata

de ativacao de receptores NMDA\) nessas duas sub-regides quando os sujeitos receberam CoCl;
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no CPFmE PrL em comparagdo com os animais que receberam salina. E importante ressaltar
que ndo houve alteracdes na expressdo dessas proteinas isoladas ou combinadas no Cgl,

enfatizando a importancia de se levar em conta a subéarea do CPFm.

A inativacdo sinaptica do CPFm, especificamente a sub-regido pré-limbica esquerda,
promove aumento dos comportamentos relacionados a ansiedade, uma vez que o tratamento
com CoClz nessa estrutura diminui significativamente a exploracéo dos bracos abertos do LCE,
denotando papel tdnico unilateral da regido na modulacdo dos comportamentos exibidos no
teste. De maneira interessante, o efeito induzido pelo bloqueio sindptico do CPFmE nao ¢é
observado quando a estrutura contralateral esta sob blogueio de receptores NMDA, uma vez
que os animais que receberam CoCl, no CPFmE PrL concomitantemente ao AP7 intra-CPFmD
PrL exploram as areas aversivas do LCE de maneira semelhante aos animais que receberam
apenas salina (grupo controle). Vale destacar que a dose utilizada de AP7 (0,05 nmol) ndo tem
efeito por si sobre as medidas classicas de ansiedade (%EA e %TA) e tampouco alterou a
atividade geral (entradas nos bragos fechados), o que poderia prejudicar a interpretacdo dos
resultados. Porém, € indispensavel enfatizar que os efeitos observados dependem da sub-regido
do CPFm que é manipulada, ou seja, sao sitio-especificos. Nesse sentido, foi possivel observar
que a inativagdo sinaptica promovida pelo CoCl. induz perfil ansiogénico, reduzindo a
exploracdo dos bracos abertos do LCE, apenas nos animais que receberam a injecdo na sub-
regido PrL. No entanto, tais alteragdes ndo foram observadas quando as intervencoes
farmacoldgicas atingiram a area 1 do cortex cingulado anterior (Cgl). Assim, é possivel sugerir
que a inativagdo do CPFmE PrL desencadeou efeitos semelhantes ao encontrado em nossos
resultados anteriores, com o diferencial de que naquele estudo (COSTA et al., 2016), embora
ndo tenha sido abordado o papel do CPFm IL, também n&o houve distin¢ao entre as sub-regides

dorsais (Cgl e PrL) do CPFm.
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Neste sentido, a analise da ativacdo neuronal inferida pela expressao de cFos indica que
a inativagdo sinéptica produzida por CoCl, no hemisfério esquerdo do CPFm PrL aumenta o
recrutamento de neurénios do CPFm PrL contralateral. Extrapolando os achados, pode ser
sugerido que a inativacdo do CPFmE PrL cause o aumento da ativacdo do hemisfério direito,
desencadeando as respostas comportamentais de carater ansiogénico observadas. Sendo o
CPFm composto por 80-90% de neurdnios glutamatérgicos (SANACORA; TRECCANI;
POPOLI, 2012), o bloqueio dos receptores NMDA (Exp. 3) parece explicar a auséncia do efeito

pré-aversivo do tratamento com CoCl2 em animais que receberam AP7 no hemisfério direito.

Resultados anteriores de nosso grupo de pesquisa mostraram que a facilitagdo nitrérgica
(através do NOC-9, doador de NO) do CPFmD promove efeitos ansiogénicos, enquanto a
mesma facilitacdo concomitante no CPFmE impede que tais efeitos aparecam. Em outras
palavras, injecdes bilaterais no CPFm de NOC-9 ndo alteram a ansiedade de camundongos
expostos ao LCE (COSTA et al., 2016), sugerindo que de alguma forma a liberacdo de 6xido
nitrico no CPFmME prejudica os efeitos ansiogénicos observados com a facilitacdo nitrérgica no
CPFmD. Além disso, a inativacdo temporaria (através do bloqueador sinaptico CoCly) do
CPFmD ou E promove, respectivamente, efeitos ansiolitico e ansiogénico (COSTA et al.,
2016). Cabe destacar que tais resultados consideram como CPFm as sub-regifes Cgl e PrL
agrupadas. Ainda, resultados de nosso laboratério demonstraram que o bloqueio de receptores
NMDA no CPFm PrL promove efeitos contrarios em camundongos expostos ao LCE. Assim,
enguanto o tratamento com AP7 produz efeitos ansiolitico no hemisfério direito (em doses mais
elevadas que a do presente estudo: 0,1 e 0,2 nmol), este antagonista NMDA produz efeitos
ansiogénicos quando injetado no CPFmE (resultados ndo publicados). Desta forma, parece que
a ativacdo do CPFmD e responsavel pelo aumento dos comportamentos defensivos exibidos

diante de situagdes ameacadoras, ao passo que, de alguma maneira, a ativagdo do CPFmE
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parece impedir o aumento exacerbado dessas respostas, ajudando a animal a lidar com a
situacdo, reduzindo a expressdo de comportamentos relacionados a ansiedade. Neste mesmo
sentido, recentemente, demonstramos que camundongos expostos a uma Unica sessdo de
estresse de derrota social sob inibicdo do CPFmE por CoCl, exibem aumento de
comportamentos ansiosos que perduram por 2, 5 e até 10 dias, quando avaliados no LCE. Ainda,
este tipo de ansiogénese prolongada foi revertido pelo bloqueio dos receptores NMDA do
CPFmD (AP7, 0,05 nmol — dose sem efeitos intrinsecos sobre a ansiedade) no momento do
teste (VICTORIANO et al., 2020).

Alguns estudos ja demonstraram que a lateralizagdo funcional do CPFm esté envolvida
com o processamento do controle emocional em humanos (DAVIDSON, 1998) e animais (e.g.
SULLIVAN; GRATTON, 1999). Trabalhos importantes da area mostraram que o0 CPFm tem
papel lateralizado na modulacdo de respostas neuroenddcrinas e autondémicas ao estresse em
varios mamiferos. Por exemplo, lesdes bilaterais ou do CPFmMD (mas ndo apenas do esquerdo)
reduzem o pico de corticosterona induzido por estresse de restricdo em ratos (SULLIVAN;
GRATTON, 1999). Além disso, situacOes de estresse cronico tém sido relacionadas com
alteracbes volumétricas e funcionais do CPFm, e parece haver diferencas hemisféricas:
hiperativacdo do hemisfério direito e diminuicéo da atividade do hemisfério esquerdo (CZEH,
2007; LEE et al., 2015). Dessa maneira, Cerqueira et al. (2008) propdem que o CPFmE tenha
um papel de controle inibitorio sobre 0 CPFmMD em condi¢6es basais e que disfuncdes nessa
estrutura possam estar relacionadas com o aparecimento de respostas mal adaptativas, como
aumento de comportamentos relacionados a ansiedade. Nossos resultados vdo ao encontro
dessa hipotese, uma vez que encontramos projecdes provenientes do CPFmE para o CPFmD e
a inativagdo do CPFmE aumenta os indices de ansiedade nos animais. Além disso, tais efeitos

parecem ser decorrentes da desinibi¢do glutamatérgica do CPFmD, uma vez que o bloqueio
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concomitante dos receptores NMDA nesse hemisfério reverte o efeito pro-aversivo. Dessa
maneira, considerando todos o0s resultados do presente estudo, é possivel que a
hipofuncionalidade do CPFmE, de alguma forma (direta ou indiretamente), leve a desregulacdo
da neurotransmissao glutamatérgica no CPFmD, promovendo um descontrole comportamental

frente a situagOes aversivas.

Dentre uma série de processos que envolvem modulacdo via CPFm, tem sido mais
recorrente se investigar particularidades morfofuncionais com relacdo a suas subdivisées no
eixo dorso-ventral. No entanto, embora existentes, poucos trabalhos se atém a lateralizacao
funcional ou mencionam o hemisfério em estudos com intervencdo unilateral da estrutura.
Tendo isso em vista, alguns achados indicam diferencas funcionais entre o Cgl e o PrL. Por
exemplo, com relacdo aos processos relacionados a memdria avaliados em testes de esquiva
inibitdria, Padro-Acala e colaboradores (2017) demonstraram que a inativacao reversivel do
PrL impede a consolidacdo da memoria em ratos que receberam choque nas patas, 0 que nao
ocorre em animais com o Cgl inativado. Também em ratos, Croteau et al. (2017) observaram
gue a administracdo crénica de corticosterona (através do implante bilateral no CPFm de
micropellets de corticosterona) reduz a exploracdo das regibes aversivas em dois testes para
comportamentos relacionados a ansiedade, o campo aberto e o labirinto em cruz elevado.
Contudo, esse efeito desencadeado pelos altos niveis do glicocorticoides s6 foi demonstrado
em intervencbes no PrL e IL, mas ndo no Cgl. Em ambos os trabalhos mencionados, as
discussdes se encaminham por diferencas j& conhecidas entre PrL e IL e apontam para o

possivel papel de projecdes entre 0 CPFm e os subndcleos da amigdala, por exemplo.

Marek e colaboradores (2018) demonstraram, através do uso de marcadores retrogrados
e cFos, conex&o excitatoria unidirecional do PrL para o IL num modelo de extingdo de medo.

Embora nesse estudo os autores ndo tenham especificado ou discutido acerca de lateralizacéo



42

funcional, parece razoavel sugerir, considerando achados prévios de nosso grupo de pesquisa,
que a queda na modulacgéo tonica a partir do PrL esquerdo leva ao aumento da ativacdo do PrL
direito (através de receptores NMDA), a qual pode enviar projecdes glutamatérgicas para o IL
ipsilateral, causando aumento das respostas de ansiedade. Apesar de atraente, esta hipotese
necessita ser investigada em outros experimentos voltados a esclarecer as vias subjacentes a
lateralizagdo funcional envolvidas na modulagdo dos comportamentos defensivos. Neste
sentido, encontra-se em andamento em nosso laboratorio, investigagdes morfofuncionais em
que buscamos identificar, via utilizacdo de neurotracejadores e quantificacdo de AFosB, o papel
de estruturas corticais (e.g., CPFm e hipocampo) e subcorticais (e.g., amigdalas e BNST) na
modulacgéo de respostas defensivas desencadeadas por situagdes aversivas e potencializadas por

estressores.

Se assim, é possivel sugerir que existam eferéncias (diretas ou indiretas) do CPFmE
com papel inibitério sobre o CPFmD. Neste sentido, ndo é de nosso conhecimento haver
trabalhos na literatura que tenham realizado um mapeamento em camundongos com relacdo as
projeces do CPFm. Porém, Franklin e colaboradores (2017) observaram que projecdes
glutamatérgicas do CPFm para a matéria cinzenta periaquedutal (MCP) modulam as respostas
a situacbes aversivas, como 0 estresse de derrota social, uma vez que a inibicdo desses
neurdnios reduz a esquiva social em camundongos que foram submetidos previamente a este
estresse. Alguns trabalhos realizados em ratos, investigando o CPFm sem se aterem a
lateralizacdo, nos ddo um panorama de quais outras &reas importantes, além da MCP, possam
estar recebendo projecoes do CPFmE. Em ratos, foi observado uma diferenga marcante das
projecOes emitidas pela porcdo IL em comparagdo a PrL do CPFm, podendo-se destacar as
projecdes da regido IL para o septo lateral, o nucleo leito da estria terminal (BNST), os nucleos

amidaloides (medial, basomedial, central e cortical) e hipotalamicos (dorsomedial, lateral,
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perifornical, posterior e supramamilar). Com relacdo a porcéo PrL, destacam-se as projecoes
para cortex insular agranular, nacleo accumbens, tdlamo, a parte capsular do ndcleo central e
do ndcleo basolateral da amidala e, em menor escala em comparagdo as projecdes do IL,
também para o ndcleo leito da estria terminal (VERTES, 2004). Por sua vez, nossos resultados

demonstram projecdes da porcao PrL do CPFmE para todas as sub-regides do CPFmD.

Em resumo, os resultados obtidos reforcam a hipétese da lateralizacdo funcional do
CPFm, em que os hemisférios direito e esquerdo parecem possuir diferentes participacdes na
modulacdo de respostas desencadeadas por situacdes aversivas (e.g., bracos abertos do LCE;
interacdo social agressiva). Os dados também sugerem influéncia da atividade de um hemisfério
sobre o outro, corroborando a proposta de Cerqueira e colaboradores (2008) de que 0 CPFmD,
responsavel pelo aumento de comportamentos relacionados a ansiedade, sofra um controle
inibitério oriundo do CPFmE. Contudo, ndo se pode excluir o papel de outras estruturas
subcorticais sobre essas modulacdes. Neste sentido, recentes resultados obtidos em nosso
laboratério mostraram que o blogueio de receptores glutamatérgicos do tipo NMDA e para o
neuropeptideo fator liberador de corticotropina (CRF) do tipo 1 (CRF1) no ndcleo intersticial
da estria terminal (BNST) antagoniza os efeitos ansiogénicos desencadeados pela injecédo de
NOC-9 (doador de NO) no cortex pré-frontal medial direito (FARIA; LAVERDE; NUNES-

DE-SOUZA, 2020).

Somados a essas evidéncias anteriores, 0s resultados apresentados aqui sdo sugestivos
de que, se de alguma forma, a funcionalidade do CPFmE PrL impede um aumento exacerbado
da atividade do CPFmD. A inativacdo do CPFm do hemisfério esquerdo, por sua vez, provoca
um aumento nos indices de ansiedade por ativagdo do hemisfério direito dessa estrutura,

sobretudo via modulacéo por receptores glutamatérgicos do tipo NMDA.
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Em concluséo, nossos resultados sugerem que a sub-regido PrL do CPFmE exerce um
papel inibitério sobre 0 CPFmD, e que a inibicdo do CPFmE PrL leva a uma desinibi¢do do
CPFmD, por meio da modulagéo dos receptores NMDA. Essa inibi¢do do CPFmE e desinibicao
do CPFmD esté relacionada com um aumento dos comportamentos relacionados a ansiedade
em resposta a estimulos aversivos. Além disso, nosso estudo ressalta a importancia do estudo
funcional do CPFm como uma estrutura diversa, em que cada sub-regido no eixo dorso-ventral

e cada hemisfério possui um papel diferente na modulacgéo das respostas emocionais ao estresse.
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Abstract

The left and right medial prefrontal cortex (L & RmPFC) process emotional responses induced
by stress-related stimuli, and LmPFC and RmPFC inhibition elicit anxiogenesis and anxiolysis,
respectively. Here we sought to investigate (i) the mPFC functional laterality on
defensive/anxiogenic-like behaviors in mice subjected to chronic social defeat stress (SDS); (ii)
the effects of LmPFC inhibition (with local injection CoCl;) on the RmPFC glutamatergic
neuronal activation pattern; and (iii) the effects of the RmPFC NMDA receptor blockade on the
anxiety induced by LmPFC inhibition in mice exposed to the elevated plus-maze (EPM).
Results showed that chronic SDS induced defensive-like behaviors followed by the rise of
AFosB labeling and by AFosB + CaMKII double-labeling bilaterally in the cingulate (Cgl) and
infralimbic (IL) subareas of the mPFC. Chronic SDS also increased AFosB and by AFosB +
CaMKII labeling only on the right prelimbic (PrL). Also, left PrL inhibition increased cFos +
CaMKII labeling in the contralateral PrL and IL. Moreover, anxiogenesis induced by the left
PrL inhibition was blocked by NMDA receptor antagonist AP7 injected into the right PrL.
These findings suggest the lateralized control of the glutamatergic neurotransmission in the

modulation of emotional-like responses in mice subjected to chronic SDS.



50

1. INTRODUCTION

Several studies have pointed out that ~15% of adults in the world are affected by anxiety
disorders, one of the most common psychiatric disorders (World Health Organisation, 2017
Alonso et al., 2018; Charlson et al., 2019). Stressful situations are widely known as a predictor
of anxiety conditions (Myin-Germeys et al., 2003). In this sense, interpersonal conflicts can
promote a huge impact on emotional responses (Bolger et al., 1989; Nezlek and Plesko, 2001).

From a basic research perspective, Rodgers and colleagues (1993) have published the
first evidence about the anxiogenesis-like response in mice induced by hard confrontation with
an aggressive male conspecific, a phenomenon known as social defeat stress (SDS). Posteriorly,
the protocol was standardized to improve the expertise in evaluating affective-like disorders in
rodents (Golden et al., 2011). Therefore, our group has used the SDS to investigate the neuronal
basis of defensive behaviors in the attacked mouse (Faria et al., 2020; Victoriano et al., 2020).

Among the various limbic areas that modulate the emotional consequences induced by
SDS (Cooper et al., 2015), the medial prefrontal cortex (mPFC) is a highlighted forebrain area
for regulating the behavioral responses such as social avoidance induced by stress in mice
(Diorio et al., 1993; Blanchard et al., 1998; Cerqueira et al., 2008). Furthermore, a body of
evidence indicates that mPFC lesion alters the anxiety-related behavior in rats exposed to the
elevated plus-maze (EPM) and social interaction test (Gonzalez et al., 2000; Lacroix et al.,
2000; Shah and Treit, 2003), highlighting the relevance of this forebrain area as a potential
target for the effects of anxiolytic drugs (e.g., McNaughton and Corr, 2004; Jaferi and
Bhatnagar, 2007; Holmes and Wellman, 2009).

Previous studies have shown the proaversive effects of various classes of drugs injected
into the mPFC [e.g.,, blockade of B1 adrenergic (atenolol), muscarinic cholinergic

(scopolamine), or ionotropic glutamatergic (ap-5) (Stern et al., 2010) receptors; excitotoxic
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lesion (Shah and Treit, 2003)]. Lisboa et al. (2010) showed that cobalt chloride [CoCl>, a
synaptic inhibitor (Kretz, 1984) that does not interfere with the fibers of passage function
(Lomber, 1999)] injections into the prelimbic (PrL) and/or infralimbic (IL) portions of the
mPFC of rats induce anxiogenic- and anxiolytic-like effects, respectively, in rats exposed to
innate (i.e., EPM and Light-dark box) and learned (i.e., contextual fear conditioning, Vogel
conflict) anxiety/fear tests. Besides the distinct aversiveness nature of the test used to evaluate
anxiety-related responses, such discrepant findings could be related to the involvement of the
mPFC subregions or even to the functional lateralization of this forebrain area (Sullivan and
Gratton, 1999, 2002; Cerqueira et al., 2008; Lee et al., 2015; Costa et al., 2016; Faria et al.,
2020; Victoriano et al., 2020), which were not taken into account in most studies investigating
the role of the mPFC in the modulation of anxiety. Regarding functional lateralization, previous
studies have demonstrated that inhibition of the left and right mPFC produces anxiogenic- and
anxiolytic-like effects, respectively, in mice exposed to various tests of anxiety (Lee et al., 2015;
Costa et al., 2016).

Besides the employment of techniques of functional inhibition (for instance, with
irreversible lesions or local injections of CoCly), the use of immunofluorescence assays is also
convenient to investigate the role of a brain area in the modulation of an emotional state. In this
context, the protein Fos has probably been the most commonly used neuronal activity marker
in behavioral research, including studies on fear and anxiety (e.g., Morgan and Curran, 1991;
Brenhouse and Stellar, 2006; Cruz et al., 2015). For instance, increased expression of protein
Fos has been identified in limbic areas of animals exposed to the EPM (e.g., Duncan et al.,
1996; Linden et al., 2003; Sorregotti et al., 2018). Moreover, Pati et al. (2018) have
demonstrated the increase of Fos, and the involvement of CaMKIIl [Ca2+/calmodulin-

dependent protein kinase Il, an NMDAR signaling activation-related protein (De Koninck and
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Schulman, 1998; Sanhueza et al., 2011; Carvajal et al., 2016)], in the mPFC of rats exposed to
the EPM and open field tests.

Given that glutamate neurotransmission is ubiquitous in the PFC (McKlveen et al.,
2015) and the mPFC plays a lateralized function in the control of anxiety (Cerqueira et al.,
2008; Lee et al., 2015; Costa et al., 2016; Victoriano et al., 2020), we hypothesized that the
raised of defensive behaviors, specially anxiogenic-like responses, induced by SDS are
modulated by the glutamatergic neurotransmission in the mPFC. Furthermore, our hypothesis
also points out that the increase in anxiety-like behavior can be a consequence of hemispheric
lateralization disturbance in subregions of this forebrain area.

To test these hypotheses, we investigated the influence of social defeat stress protocol
in mice on (i) the avoidance behavior assessed in the social interaction and (ii) EPM tests, and
(iii) AFosB, CaMKII as well as AFosB+CaMKII labeling in neurons located in both
hemispheres of the mPFC of mice. Furthermore, we evaluated the (iv) presence of projections
from the left to the right mPFC, (v) whether the anxiogenesis induced by LmPFC inhibition
leads to cFos, CaMKI|I, and cFos+CaMKI|I labeling in neurons located in the RmPFC, and (vi)
the effect of intra-RmPFC injection of AP7 (an NMDA receptor antagonist) on the anxiogenic-

like effect induced by CoCl: injection into the LmPFC in mice exposed to the EPM.

2. MATERIAL AND METHODS

2.1 Subjects

One hundred sixty-eight male Swiss-Webster mice (S&o Paulo State University - Unesp,

SP, Brazil) of 5-6 weeks of age were used in this study. Mice were housed in groups of 10 per
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cage (size: 41 x 34 x 16 cm) and maintained under a normal 12-h light cycle (lights on at 7:00
a.m) in a temperature-controlled environment (23 + 2 °C). Food and water were freely available
except during the brief test periods. All mice were naive at the beginning of the experiments
and they were used once. Housing conditions and experimental procedures were approved by
the Ethical Committee for Use of Animals of the School of Pharmaceutical Sciences/Unesp,
which complies with Brazilian and international guidelines for animal use and welfare

(CEP/FCF/CAr-UNESP: protocol number 22/2017).

2.2 Drugs

The following drugs were used: Cobalt chloride (CoCl. — nonspecific synaptic blocker-
1 mM/0.2 pL); AP7 (2-amino-7- phosphonoheptanoic acid - an NMDA glutamate receptor
antagonist - 0.05 nmol/0.2 pL). The drugs were dissolved in 0.9% physiological saline solution.
Doses were based on previous studies (Costa et al., 2016; Faria et al., 2016; Victoriano et al.,

2020).

2.3 Surgery and neurotracer and drug microinjection

Mice were bi- or unilaterally (for details, see 2.5 General Procedures section) implanted
with a 7-mm stainless steel guide cannula (26 gauge; Insight Equipamentos Cientificos Ltd.,
Brazil) targeted to the mPFC, under anesthesia induced by intraperitoneal injection of ketamine
(100 mg/kg) plus xylazine (10 mg/kg). Stereotaxic coordinates (Paxinos and Franklin, 2001)

for the mPFC were: 1.94 mm anterior to bregma, +/— 0.3 mm lateral to the midline for left and
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right hemispheres, and 1.9 mm ventral to the skull surface, with the guide cannulae in the
vertical position.

For the neurotracer infusion experiment, 0,1 pL of the antegrade neurotracer BDA
(Dextran Amine-Texas Red®, Biotinylated; Vector Laboratories) was microinjected into the
left prelimbic area. The BDA infusion was performed through an infusion pump (Micro4
Microsyringe Pump) linked to a syringe (0.5 pL, Neuros Syringe, Model 7000.5 KH, 32 gauge)
in a ratio of 0.02 pL/min (final volume 0.1 pL). At the end of the infusion, the needle remained
within the area for extra five minutes (Reiner et al., 2000; Vercelli et al., 2000) to avoid the
reflux of BDA.

For experiments with drug microinjections, guide cannulae were fixed to the skull with
dental acrylic and jeweler's screws. A dummy cannula (33 gauge, stainless steel wire; Fishtex
Industry and Commerce of Plastics Ltd.), inserted into each guide cannula, served to reduce the
incidence of occlusion. Immediately after surgery, the animals received an intramuscular
injection of penicillin-G benzathine (Pentabiotic®, 56.7 mg/kg in a 0.1 mL volume; Fort
Dodge, Campinas, SP, Brazil) and a subcutaneous injection of the anti-inflammatory analgesic
Banamine® (3.5 mg/kg flunixin meglumine, Intervet Schering-Plough, Rio de Janeiro, RJ,
Brazil, in a volume of 0.3 mL). Five to seven days after surgery, solutions (see 2.2. Drugs
section) were injected into the mPFC through microinjection units (33 gauge stainless steel
cannula; Insight Equipamentos Cientificos Ltda., Brazil), which extended 1.0 mm beyond the
tip of the guide cannula. Each microinjection unit was attached to a 2 uL. Hamilton microsyringe
via polyethylene tubing (PE-10). The microinjection procedure consisted of gently restraining
the animal, removing the dummy cannula, inserting the injection unit in situ, and proceeding

with the microinjection over a 30-s period, after which the needle was left for a further 30 s.
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The final volume delivered was 0.2 pL. The successful procedure was verified by monitoring

the movement of a small air bubble in the PE-10 tubing.

2.4. Social defeat stress (SDS)

The chronic SDS is based on the conflict between conspecifics and consists of the
interaction between an aggressor resident and an intruder mouse placed on the aggressor’s cage.
This aggressive interaction triggers various behavioral, endocrine, and autonomic changes in
the defeated animal. The test has been used for the study of stress-related disorders, i.e.,
depression, anxiety, and drug abuse (Keeney and Hogg, 1999; Bjorkqvist, 2001; Hammels et
al., 2015). The resident, an animal that displays spontaneous aggressive behavior, is socially
isolated in individual cages (28 x 17 x 12 cm) with separated ventilation for at least 4 weeks to
intensify their aggressive behavior. During the confrontation, the intruder remains in the
aggressor’s home cage for 5 min or until it presents a submissive posture: elevation of the body
on the hind legs, front legs extended towards the aggressor, head retracted, and ears arched, for
3 seconds (Miczek et al., 1982). Non-aggressive group (non-defeated intruders) were exposed
to a familiar non-aggressive conspecific for 5 min. The aggressive or non-aggressive
interactions were carried out once a day for 10 consecutive days. Immediately after each daily
interaction, the intruders remained in their home cages. To select the aggressor animals

(residents), we followed a protocol similar to that described by Golden and colleagues (2011).

2.5. Social Interaction test
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One day after the last aggressive or non-aggressive interaction, mice were subjected to
the social interaction test. The social interaction arena (42 x 42 x 15 cm) and the behavioral
analysis were similar to those described by Golden and colleagues (2011). Briefly, the social
interaction test was composed of two phases of 150s each, separated by an interval of 30 s,
either with or without the target (a non-familiar male resident) placed into a wire mesh cage (10
x 6 x 15 cm), called interaction zone (1Z). In the first phase, each mouse (previously subjected
to the SDS or non-aggressive interaction) was placed in the center of the open field faced to the
empty wire-mesh cage (no target) and was allowed to explore the arena. At the end of the first
phase, the mouse was removed from the arena and left undisturbed in a holding cage for 30 s.
During this time, a resident mouse (target) was placed in the wire-mesh cage. The second phase
started when the experimental mouse was placed again in the arena, in the same position as
described for the first phase, except that now faced the wire mesh cage where the resident mouse
was in (target). All sessions were recorded under red light illumination (50 lux on the floor of
the arena) by a vertically mounted camera linked to a monitor. The exploration time (in seconds)
of the 1Z and corner zones (CZ) were recorded in the absence (no target) and presence of the
target. The social avoidance behavior was also expressed as a social interaction ratio, which is
the ratio of time a mouse spends in the IZ or CZ in the presence of a target compared with the

absence of a target.

2.6 Elevated plus maze and behavioral analysis

The basic elevated plus maze (EPM) design comprised two open arms (30 x 5 x 0.25
cm) and two closed arms (30 x 5 x 15 ¢cm), connected via a common central platform (5 x 5
cm). The apparatus was constructed from wood covered with Formica (floor) and transparent

glass (clear walls) and was raised to a height of 38.5 cm above floor level. After drug injection
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(see 2.3 section for details) into the mPFC, each mouse was placed in an individual holding
cage and then transported to the maze. Testing commenced by placing the subject on the central
platform of the maze (facing an open arm), following which the experimenter immediately
withdrew to an adjacent room. The test sessions were 5-min in duration and, between subjects,
the maze was thoroughly cleaned with 20% alcohol. All experiments were performed under
low luminosity (50 lux on the central platform of the EPM), during the light phase of the light-
dark cycle. All sessions were recorded by a vertically mounted camera linked to a monitor. The
EPM videos were scored by using software (X-plo-rat 2005, University of S&o Paulo) (Tejada
et al.,, 2018). Behavioral parameters comprised conventional spatiotemporal measures:
frequencies of closed-arm entries (CE), and open-arm entries (OE), and the time (in seconds)
spent in the open arm of the maze (entry = all four paws into an arm). These data were used to
calculate the percentage of open-arm entries [(%OE) - (open/total) x 100] and percentage of

open-arm time (%0T) [(time open/300) x 100] (Rodgers and Johnson, 1995).

2.7 Immunofluorescence

Mice were transcardially perfused with 30 mL of 1X phosphate-buffered saline (PBS)
at pH 7.4, followed by 50 mL of fresh PFA. The brain was dissected and transferred to a 30%
sucrose solution in PBS for 48 hr at 4 °C. After the brains had submerged, the tissues were
embedded in OCT and sectioned at 35 um thickness on a cryostat. Sections were placed in serial
order in a 12-well plate containing 0.1 M phosphate buffer (PB) with 0.01% sodium azide.
Sections were washed 3 times in 0.1 M PB and then incubated in a blocking solution, containing
10% Normal Goat Serum and 0.3% Triton-X 100 in 0.1 M PB, for 1 h at room temperature with

gentle rocking. Sections were incubated overnight with the primary antibody previously diluted
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in a blocking solution. The primary antibodies used were: rabbit-anti-FOS (cat. No. 5348: SER-
32 D82C12, Cell Signaling Technology Inc. Danvers — MA, EUA - 1:1000 working dilution),
anti-AFosB (1:1000, cat. No. EPR15905, Abcam) and anti-mouse CaMKII (cat. No.
TH269517: 6G9, Thermo Fischer Scientific. Rockford — IL, EUA — 1:1000 working
concentration). Sections were washed 5 times in 0.1 M PB and, then, incubated for 2 h at room
temperature with secondary antibody (1:1000 each) diluted in blocking solution. The secondary
antibodies used were: anti-rabbit IgG Alexa-Fluor 488 (1:1000, cat. No. A21206, Life
Technologies Co. Eugene-OR, USA) e anti-mouse 1gG Alexa-Fluor 568 (1:1000, cat. No.
A11004, Life Technologies Co. Eugene-OR, USA). Following secondary incubation, sections
were washed 5 times in 0.1 M PB, mounted onto glass slides, cover-slipped using Fluoroshield
Mounting Medium, and sealed with nail polish, once cured. The images from each slide were
acquired using a fluorescence microscope (Axio Imager.D2, Carl Zeiss Microscopy, LLC,
Thornwood-NY, USA) connected Zen Pro 2.0 software (Carl Zeiss Microscopy, LLC,
Thornwood-NY, USA), and were analyzed using ImageJ software (NIH). The corrected total
cellular fluorescence [CTCF = Integrated Density — (Area of selected tissue areaxMean
fluorescence of background readings)] of the RmPFC was measured by subtracting the
background fluorescence from the integrated intensity and performed as described previously

(Burgess et al., 2010; McCloy et al., 2014; Baptista-de-Souza et al., 2020).

2.8 General procedure

2.8.1- Experiment 1 and 2: Behavioral effects of chronic SDS in mice
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Forty-one mice were subjected to ten sessions of SDS (n = 25) or non-aggressive
interaction (n = 16) (see section 2.4 for details), and 24h later, some of them were exposed to
the social interaction test for defensive behavior assessment (n = 24; Experiment 1), while

another group (n = 17) was exposed to the EPM.

2.8.2- Experiment 3: Effects of chronic SDS on AFosB, CaMKII, and AFosB + CaMKII

labeling in the mPFC bilaterally

Nineteen mice were subjected to ten sessions of SDS (n =7) or non-aggressive
interaction (n = 6) (see section 2.4 for details), and 24 hours later, they were euthanized, and
their brains were removed to immunofluorescence assay to identify AFosB, CaMKII, and
AFosB + CaMKII labeled neurons bilaterally in the mPFC. An experimentally naive group (n

= 6) was also added to this experiment to record the basal levels of immunofluorescence.

2.8.3- Experiment 4: Evidence of projections from the LmPFC (prelimbic area) to the

RmPFC (Cgl, prelimbic, and infralimbic areas)

Five mice received neurotracer microinfusion within the left prelimbic area (see section
2.3 for details), and, three weeks later, they were euthanized, and their brains removed and

histologically processed to verification of projection analyses.

2.8.4- Experiment 5: Effects of intra-LmPFC injection of CoCl2 on anxiety, cFos,

CaMKIl, and cFos + CaMKI I labeling in the RmPFC
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Six days after surgery, twenty-five mice were transported to the experimental room and
left undisturbed for at least 30 min before testing. Saline or CoCl> (1.0 mM/0.2 pL) were
injected into the prelimbic (PrL) area of the left mPFC and, 10 minutes later, each animal was
placed on the EPM to record the anxiety (%OE and %OT) and locomotion (CE) indices for a
5-min period. Ninety minutes later, the animals were euthanized, and their brains were removed
to immunofluorescence assay to identify cFos, CaMKII, and cFos + CaMKII labeled neurons

in the RmPFC.

2.8.5- Experiment 6: Effects of AP7 and CoCl: injected into the RmPFC and LmPFC,

respectively, on the anxiety of mice exposed to the EPM

Six days after surgery, seventy-eight mice were transported to the experimental room
and left undisturbed for at least 30 min before testing. Then, saline or AP7 (0.05 nmol/0.2 pL)
were injected into the RmPFC followed by saline or CoCl; (1.0 mM/0.2 pL) injection into the
LmPFC and, ten minutes later, each mouse was exposed to the EPM to record the anxiety

indices (%OE and %0OT) and locomotion (CE) for a 5-min period.

2.8 Statistical analysis

All results were initially subjected to Levene's test for homogeneity of variance. The
data of experiments 2 and 5 were submitted to the Student t-test for independent samples. Two-
way analysis of variance (ANOVA) was used to evaluate the data from experiment 1 [factor 1.
condition (NA or Stress); factor 2: target (no target or target)], experiment 3 [factor 1: condition

(Naive, NA or Stress); factor 2: side (left or right)] and experiment 6 [factor 1: treatment in the
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LmPFC (saline or CoCly); factor 2: treatment in the RmPFC (saline or AP7)]. When significant,
data were further analyzed using post hoc Duncan’s multiple comparisons test. Values of p <

0.05 were considered significant.

3. Results

3.1- Experiment 1: Chronic SDS increases defensive behavior

Figure 1A-B represents the time spent in the (A) interaction zone (1Z) or (B) corner zone
(CZ) exhibited by non-aggressive (NA; n=9) and chronic SDS mice (SDS; n=15) in the absence
(no target) and presence (target) of a resident conspecific. A two-way ANOVA for repeated
measures indicated significative effects for the exploration time in the IZ for condition [F(1,22)
= 89.63; p < 0.05] and target [F(1,22) = 5.98; p < 0.05] factors as well as for between-factor
interaction [F(1,22) = 68.43; p < 0.05]. Post hoc test revealed that the NA mice explored more
the 1Z in the presence than in the absence of the target. In contrast, SDS mice spent less time in
the 1Z in the presence than in the absence of the target (Fig.1A). A two-way ANOVA for
repeated measures also indicated significant changes in the CZ for condition [F(1,22) = 8.97; p
< 0.05] and target [F(1,22) = 3.11; p < 0.05] factors as well as for between-factors interaction
[F(1,22) = 8.66; p < 0.05]. Post hoc test revealed that the SDS group also spent more time in
the CZ with the target compared to the situation wherein the target is not present (Fig.1B).

Figure 1C represents the social interaction ratio in the 1Z and CZ of NA and SDS mice.
Student’s t-test indicated a decrease in the 1Z [t22) = 9.36, p < 0.05] and increase in the CZ [t
=-3.53, p < 0.05]. These results demonstrate an increase in the social avoidance behavior in the

SDS group compared to the NA group (Fig.1C).
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Figure 1. Chronic social defeat stress induces social avoidance-like behavior in mice. (A) SDS
mice (n=15) spend less time in the interaction zone (1Z) with a non-familiar target compared to
the NA mice (n=9). (B) Time spent in the corner zone (CZ) in the absence and presence of the
target. (C) Social interaction ratio in the IZ and CZ. Bars represent mean (+ SEM). *p < 0.05
compared to the No target of the respective group or to the NA group. NA, non-aggressive;

SDS, social defeat stress.
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3.2 - Experiment 2: Anxiety-like behavior induced by chronic SDS

Figure 2 represents the percentage of entries and time in the open arm (A), and the
frequency of closed arm entries (B) of mice subjected to non-aggressive or chronic SDS
interaction and exposed to in the EPM. Student’s t-test indicated that SDS animals (n= 10)
reduced percentage of open arm exploration (entries and time) compared to NA animals (n=7)
[entries (tus= 3.58; p < 0.05) and time (tas)= 2.14; p < 0.05)] (Fig. 2A). No significant
differences were recorded were found for the number of closed arm entries (tqus= 2.06; p >
0.05) (Fig. 2B). These results demonstrate an increase in anxiety-like behavior in the SDS group

compared to the NA group.
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Figure 2. Chronic social defeat stress (SDS) induces anxiety-like behavior in mice. (A)
percentage of open arm entries and percentage of open arm time in the EPM. (B) Frequency of

closed arm entries in the EPM. Bars represent mean (+SEM). *p < 0.05 compared to the NA

group. NA, non-aggressive; SDS, social defeat stress.
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3.3 - Experiment 3: Chronic SDS promotes differential activation pattern in AFosB,

CaMKIl, and AFosB + CaMKII labeling in the mPFC subareas (Cgl, PrL, and IL)

Figure 3 represents the activation pattern in AFosB, CaMKII, and AFosB + CaMKII
(merge) labeling in Cgl, PrL, and IL subareas of the left and right mPFC. The brain of
experimentally naive (n = 6) mice and those exposed to non-aggressive (n = 7) or SDS (n = 6)
interaction were subjected to the immunofluorescence assay.

Cgl: Two-way ANOVA of the cingulate cortex (Cgl area) indicated significant differences
on AFosB labeling for stress condition factor [F(2,32) = 28.23; p < 0.05], and for stress versus
side interaction [F(2,32) = 8.16; p < 0.05], but not differences for side factor [F(1,32) = 0.59; p
> 0.05]. Post hoc test showed that the right side of naive mice has lower AFosB labeling
compared to the left side, and higher AFosB expression in both sides of SDS group compared
to their respective naive mice. Moreover, the AFosB labeling of stressed animals was higher in
the right side than in the left side. For CaMKII labeling, two-way ANOVA did not indicate any
significant effect [Stress condition: F(2,32) = 1.35; p > 0.05; Side: F(2,32) = 0.67; p > 0.05;
Stress x Side interaction: F(2,32) = 0.28; p > 0.05]. For double-labeling (AFosB + CaMKII)
analysis, two-way ANOVA indicated significant differences only for Stress condition factor
[F(2,32) = 28.36; p < 0.05; Side: F(1,32) = 0.02; p > 0.05; Stress condition x side interaction:
F(2,32) =0.57; p > 0.05]. Post hoc test revealed higher levels of AFosB + CaMKII labeling in

both sides of stressed animals compared to their respective naive and NA groups (Fig. 3D).

PrL: Two-way ANOVA for AFosB labeling indicated significant effects for stress condition
[F(2,32) = 1.36; p < 0.05], and hemispheric [F(1,32) = 5.22; p < 0.05] factors, as well as for

stress x side interaction [F(2,32) = 19.80; p < 0.05]. Post hoc test revealed lower AFosB labeling
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in the right compared to the left hemisphere of naive mice. AFosB labeling in stressed animals
was lower in the left side and higher in the right side than in naive and NA groups. Two-way
ANOVA did not reveal any significant main factor effect for CaMKII labeling [stress: F(2,32)
= 0.13; p > 0.05; Side: F(2,32) = 2.53; p > 0.05; stress x side interaction: F(2,32) = 2.64; p >
0.05]. For double-labeling (AFosB + CaMKII) analysis, two-way ANOVA indicated
significative main effect for all factors [stress: F(2,32) = 14.56; p < 0.05; side: F(1,32) = 11.04;
p < 0.05; stress x side interaction: F(2,32) = 8.25; p < 0.05]. Post hoc test revealed an increase
of the AFosB + CaMKII labeling only in the right side of the SDS group compared to the

respective naive and NA groups (Fig. 3F).

IL: Two-way ANOVA indicated significant differences of AFosB labeling only for stress
condition factor [F(2,32) = 19.10; p <0.05; side: F(1,32) =0.91; p > 0.05; stress x side: F(2,32)
= 2.23; p < 0.05]. A post hoc test revealed that SDS animals presented higher AFosB labeling
in both hemispheres than naive and NA groups. Two-way ANOVA did no reveal any significant
main factor effect for CaMKII labeling [stress: F(2,32) = 0.38; p > 0.05; side: F(2,32) = 0.45;
p > 0.05; stress x side interaction: F(2,32) = 0.69; p > 0.05]. For AFosB + CaMKII double
labeling, two-way ANOVA indicated significant effects for all three factors [stress: F(2,32) =
7.65; p <0.05; side: F(1,32) = 4.90; p < 0.05; stress x side interaction: F(2,32) = 5.90; p < 0.05].
Post hoc test revealed a reduction of double-labeling in the right compared to the left side in
naive animals. An increase of double-labeling was recorded in right side of SDS mice compared
to the respective naive and NA groups (Fig. 3H).

Photomicrographs illustrating immunofluorescence slices of AFosB, CaMKII, and

AFosB + CaMKII labeling are shown in Fig. 3 (A, B, C, E, and G).
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Figure 3. Representative 10X (scale bar = 100 pum) (A) and 40X (scale bar =20 um) (B) images
showing AFosB, CaMKII immunoreactivity, and double-labeling merge for AFosB (labeled in
green) and CaMKII (labeled in red) in the mPFC. Representative 20X images showing AFosB,
CaMKIl, and double-labeling for AFosB + CaMKII on the Cgl (C), PrL (E) and IL (G) (scale
bar = 100 pm). Corrected total cell fluorescence (CTCF) for AFosB, CaMKII, and AFosB +
CaMKII positive neurons in the Cgl (D), PrL (F) and IL (H). (E) Representative 20X images
showing AFosB, CaMKII, and double-labeling for AFosB+ CaMKII on the PrL. (F) Corrected
total cell fluorescence (CTCF) for AFosB, CaMKII, and AFosB + CaMKII positive neurons in
the PrL. (G) Representative 20X images showing AFosB, CaMKII, and double-labeling for
AFosB+ CaMKII on the IL. (H). Sample sizes: Naive (n=6), NA (n=7) SDS (n=6). Bars
represent mean (+SEM). *p < 0.05 compared to the same group on the opposite hemisphere. #p
< 0.05 compared to the naive group. L, left; R, right; NA, non-aggressive; SDS, social defeat

stress; Cgl, cingulate cortex, area 1; PrL, prelimbic cortex; IL, infralimbic cortex.
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3.4 - Experiment 4: The left PrL projects to the right mPFC

To identify potential direct neuronal projections from the left PrL to the right mPFC, we
injected the fluorescent BDA marker, an anterograde tracer, into the left PrL (Fig. 4A) of five
mice. Figure 4B shows anterogradely labeled axons in the right mPFC visualized three weeks

after BDA injection.
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Figure 4. Photomicrographs depicting the anterogradely labeled neurons in the mPFC. (A) BDA
microinjection site in the left PrL (scale bar = 100 um). (B) White arrows show the presence of

labeled neurons in the right PrL (scale bar = 50 pm).
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3.5 - The anxiogenic effect produced by CoCl: injected into the left PrL increases cFos

and cFos + CaMKII labeling in neurons of the right PrL and IL subregions

Histology

Figure 1 (supplement) shows a schematic diagram (left) and a representative
photomicrograph (right) of the microinfusion sites within the mPFC of the mouse. Further, the
mPFC can be subdivided into cingulate (Cgl), prelimbic (PrL), and infralimbic (IL) cortices
(Paxinos and Franklin, 2001). Reaches outside these portions were excluded from the study.

Student’s t-test indicated that mice treated with CoCl> (n= 9) reduced the open arm
exploration compared to saline-treated animals (n= 10) [%entries (tu7)= 1.93; p=0.07) and
%time (tu7)=2.18; p<0.05)] (Fig. 5A). No significant between-group differences were indicated
in the number of closed arm entries (t17)= 0.48; p>0.05) (Fig. 5B).

For immunofluorescence assay analysis, data from the right mPFC of seven mice from
CoCl2 group and six animals from saline group were evaluated. Student’s t-test indicated no
significant between-group differences in the right Cg1 for cFos (t11= 1.061; p > 0.05), CaMKI|I
(tan=0.97; p>0.05) and for cFos+CaMKII colocalization (t11)=-1.97; p > 0.05) (Fig. 5D). For
PrL subregion, Student’s t-test indicated that the injection of CoCl. in the left-PrL increased
cFos (tay= - 5.39; p<0.05), and cFos+CaMKI| labeling in neurons of right PrL portion (twy= -
6.32; p < 0.05). The analysis for CaMKII-positive neurons did not indicate significant
differences between groups (t11) =-0.23; p > 0.05). (Fig. 5F). Finally, Student’s t-test indicated
that the injection of CoCl. into the left-PrL also increased cFos (tay= - 4.06; p<0.05) and

cFos+CaMKII (tay= -7.63; p<0.05), without changing CaMKII (t1)= -1.10; p>0.05) labeling
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in the IL portion of the RmPFC (Fig. 5H). Photomicrographs illustrating immunofluorescence

slices of AFosB, CaMKII, and AFosB + CaMKII labeling are shown in Fig. 5 (C, E and G).
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Figure 5. Anxiogenesis induced by left PrL inhibition (with local injection of CoCl.) increases
cFos and cFos + CaMKII labeling in the right PrL and IL (but not Cgl) subareas. (A) Effects
of CoCl: injection into the left-PrL on the percentage of open arm entries and percentage of
open arm time, and (B) frequency of closed arm entries in the EPM of Saline (n=10) and CoCl>
(n=8) groups. Bars represent mean (+SEM). *p < 0.05. Representative 20X images showing
cFos, CaMKII, and double-labeling for cFos (labeled in green) and CaMKII (labeled in red) on
the right-Cgl (C), PrL (E), and IL (G) (scale bar = 100 um). Corrected total cell fluorescence
(CTCEF) for cFos, CaMKII, and cFos + CaMKII positive neurons in the right-Cgl (D), PrL (F),
and IL (H). Saline (n=7) and CoCl> (n=6). Bars represent mean (+SEM). *p < 0.05. Cg1l,

cingulate cortex, area 1; PrL, prelimbic cortex; IL, infralimbic cortex.
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3.5.1 - Experiment 6: Blockade of NMDA receptor in the RmPFC impairs the anxiogenic-

like effects produced by injection of CoCl2 into the LmPFC: role of PrL (but not Cgl)

Mixed Cgl and PrL injections: Figure 6A represents the effects of AP7 and CoCl: injected
into the RmPFC and LmPFC, respectively, on the anxiety-like behavior of mice exposed to the
EPM. Thus, in this scenario, data were analyzed considering both Cgl and PrL subareas. A
two-way ANOVA indicated significant changes in the percentage of open arm entries for
LmPFC injection (saline or CoCl>) [F(1,56)= 7.99; p< 0.05] and for between factors interaction
[F(1,56)=9.74; p< 0.05] but not for injection in the RmPFC (saline or AP7)] [F(1,56)= 0.07; p
> 0.05]. A post hoc analysis revealed a reduction of open arm entries of Sal+AP7, CoCl»+Sal
and CoCl>+AP7 groups compared to Sal+Sal group. For percentage of open arm time, statistical
analysis indicated no significant differences for LmPFC [F(1,56)= 1.87; p > 0.05] and RmPFC
[F(1,56)= 0.46; p > 0.05] injections, and for between factors interaction [F(1,56)= 3.16; p >
0.05]. Two-way ANOVA did not indicate any main effect for all factors in the number of closed
arm entries [drugs injected into the left side: F(1,56)= 0.26; p > 0.05; drugs injected into the
right side: F(1,56)=1.24; p > 0.05; drugs injected into the left x right side interactions: F(1,56)=

0.89; p > 0.05].

Only injections into the Cgl: Figure 6B represents the lack of effects of CoCl, (saline or
CoCly; factor 1) and AP7 (saline or AP7; factor 2) injected into the left Cgl and right Cgl
subregion, respectively, on the anxiety-like behavior of mice exposed to the EPM. Two-way
ANOVA indicated no significant changes in open-arm exploration [% Entries: factor 1 F(1,23)
= 1.51; p > 0.05, factor 2 F(1,23) = 1.14 ; p > 0.05, and factor 1 x factor 2 factor interaction

F(1,23) =1.42; p > 0.05; %Time: factor 1 F(1,23) = 0.32; p > 0.05, factor 2 F(1,23) = 1.03; p >
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0.05; factor 1 x factor 2 interaction F(1,23) = 1.44; p > 0.05] and closed-arm entries [factor 1
F(1,23) = 2.92; p > 0.05, factor 2 F(1,23) = 0.60 ; p > 0.05, and factor 1 x factor 2 factor

interaction F(1,23) = 1.44; p > 0.05].

Only injections into the PrL: Figure 6C represents the effects of CoCl2 (saline or CoCly; factor
1) and AP7 (saline or AP7; factor 2) injected into the left PrL and right PrL subregion,
respectively, on the anxiety-like behavior of mice exposed to the EPM. Two-way ANOVA
indicated significant changes in the exploration of the open arms of mice treated with saline or
CoClz into the left PrL and saline or AP7 into the right PrL [%Entries: factor 1: F(1,29) = 6.52;
p < 0.05; factor 2: F(1,29) = 0.42; p > 0.05; factor 1 x factor 2 interaction F(1,29) =9.72; p <
0.05; %Time: factor 1 F(1,29) =1.21; p > 0.05, factor 2: F(1,29) = 2.79; p > 0.05; and factor 1
x factor 2 interaction: F(1,29) = 4.08; p = 0.05]. Post hoc test revealed that CoCl, injection
reduced both percentage of entries and percentage of time in open arms only in those animals
that had received saline into the right PrL. In other words, the injection of AP7 into the right
PrL subregion of the mPFC impaired the anxiogenic-like effects produced by the left PrL
inhibition. Two-way ANOVA for frequency of closed-arm entries did not reveal significant
effects for factor 1 [F(1,29) =0.62; p > 0.05] and factor 2 [F(1,29) =1.45; p >0.05], but showed
significant effects for factor 1 x factor 2 interaction [F(1,29) =6.21; p < 0.05]. Post hoc test
revealed that saline + AP7 and CoCl, + saline explored more the closed arms than the saline +

saline group.
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Figure 6. Effects of AP7 injected into the RmPFC [AP7 (R)] subsequently to CoCl. injection
into the LmPFC [CoCl2 (L)] on behavior of mice exposed to the EPM. (A) Grouped Cgl and
PrL analysis on the percentage of open arm entries and percentage of open arm time, and
frequency of closed arm entries [Sal (L) + Sal (R) (n=20); Sal (L) + AP7 (R) (n=19); CoCl> (L)
+ Sal (R) (n=21); CoCl. (L) + AP7 (R) (n=15)]. (B) Cg1 analysis on the percentage of open
arm entries and time, and frequency of closed arm entries [Sal (L) + Sal (R) (n=9); Sal (L) +
AP7 (R) (n=7); CoCl; (L) + Sal (R) (n=6); CoCl. (L) + AP7 (R) (n=7)]. (C) PrL analysis of
the percentage of open arm entries and percentage of open arm time, and frequency of closed
arm entries [Sal (L) + Sal (R) (n=7); Sal (L) + AP7 (R) (n=8); CoCl2 (L) + Sal (R) (n=10);
CoCl; (L) + AP7 (R) (n=7)]. *p < 0.05 compared to the Sal (L) + sal (R) group; #p < 0.05
compared to the CoCl> (L) + Sal (R) group. L, left; R, right; Sal, saline; Cgl, cingulate cortex,

area 1; PrL, prelimbic cortex.



79

Discussion

The behavioral results have demonstrated that chronic SDS increases
defensive/anxiogenic-like behaviors in mice. In the social interaction test, chronic SDS induced
social avoidance behavior. Furthermore, the results indicated that this protocol promoted an
expressive decrease of open arms exploration in the EPM, suggesting the anxiogenic-like
profile in stressed animals.

The SDS procedure was based on the protocol described by Golden and colleagues
(2011), wherein the authors have demonstrated that 10 repeated agonist social confrontations
provoke a decrease of the social interaction in the defeated animal. The results from the social
interaction and EPM tests corroborate previous studies demonstrating the emotional-like
consequence induced by SDS (Warren et al., 2013, 2014; Carnevali et al., 2020). It is important
to highlight that these emotional chains of reactions can be attenuated by anxiolytics and
antidepressant drugs (Santarelli et al., 2003; Surget et al., 2011; McAllister et al., 2020).

Previous findings have demonstrated the distinct modulation of the mPFC hemispheres
in the sustained stress animal models (Sullivan and Gratton, 1999; Radley et al., 2006;
Cerqueira et al., 2008). Specifically, Victoriano and colleagues (2020) showed that dorsal but
not ventral mPFC plays an important role in the modulation of chronic SDS. Marked functional
lateralization of the mPFC in the modulation of defensive-like responses induced by stress has
been demonstrated by several investigators (Sullivan and Gratton, 1999; Radley et al., 2006;
Cerqueira et al., 2008; Costa et al., 2016; Faria et al., 2020). Here, the immunofluorescence
results demonstrated differential changes in the AFosB expression (a sustained neuronal activity
marker) (Perrotti et al., 2004; Nestler, 2013) and AFosB/CaMKII (the downstream factor

following NMDA receptor activation) double-labeling, depending on the mPFC subarea and
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hemispheric side. For instance, in the Cgl area, chronic SDS induced a bilateral rise in the
AFosB expression and AFosB/CaMKII double labeling, whereas in the PrL stressed animals
presented a decrease in the left and an increase in the right hemisphere of AFosB. Similar
lateralization was observed for AFosB+CaMKII neurons wherein the increase was detected
only on the right side. In the IL, chronic SDS promoted a higher AFosB expression bilaterally,
but the double labeling was accentuated only on the right side.

Interestingly, in naive mice, the dorsal portions of mPFC (Cgl and PrL) (Uylings et al.,
2003) analyses pointed out a lower expression of AFosB in the right hemisphere than in the left.
These findings corroborate previous studies indicating that, in basal conditions, the left mPFC
acts inhibiting tonically the right mPFC (Sullivan, 2004; Cerqueira et al., 2008). If so, present
results suggest that this modulation could occur only in the Cgl and PrL subareas. Furthermore,
these reductions were not present in the CaMKII and double-labeled neurons located in the
RmPFC, suggesting that the potential tonic inhibition exerted by the LmPFC over the RmPFC
would not depend on the glutamatergic neurons.

On the other hand, in those cases where the immunofluorescence analyses were carried
out specifically in the PrL, chronic SDS produced opposite effects on AFosB expression in the
left and right hemisphere, i.e., while a decrease of AFosB labeling was observed in the left PrL,
an increase of this neuronal marker was detected in the right PrL in SDS mice. This effect
indicates that chronic SDS events lead to a loss of the tonic control of the left side over the right
side, which in turn, becomes more active and recruits glutamatergic neurotransmission as
shown by the increase of AFosB + CaMKII double labeling in this hemisphere. Present results
corroborate previous studies demonstrating the predominant role of the right mPFC on
sustained SDS (Faria et al., 2020; Victoriano et al., 2020), and suggest that the right PrL (but

not the Cgl and IL) subarea is particularly sensitive to the reduction of the left PrL AFosB
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labeling induced by chronic SDS. In this context, previous studies have demonstrated that
impairments in the neuronal excitability of mPFC provoked by chronic stress may cause
morphological alteration in this area (Radley et al., 2004, 2006, 2008; Gilabert-Juan et al., 2013;
McKlveen et al., 2016). Considering that the present results have mostly indicated that the
increase of neuronal activity (i.e., raised AFosB) was followed by the accentuation of AFosB +
CaMKII double labeling, we suggest that the glutamatergic neurons located in the mPFC play
an important role in the modulation of the emotional consequences induced by chronic SDS.

Previous studies have demonstrated that the mPFC projects to several limbic areas (e.g.,
amygdala, hippocampus, hypothalamus, and BNST) that modulate emotional responses
(Gabbott et al., 2005; Cerqueira et al., 2008; Kim and Cho, 2017; Ko, 2017; Giannotti et al.,
2019). In addition, there is dense intracortical connectivity, indicating subregion integration
(McKlveen et al., 2019). On this wise, Marek and colleagues (2018) have demonstrated, using
retro-beads and Fos expression techniques, a unidirectional excitatory connection from the PrL
to the IL on a fear extinction model. Although in that elegant study the authors did not specify
or discuss their results concerning functional laterality, it is reasonable to suggest, considering
the findings from our research group (Faria et al., 2020; Victoriano et al., 2020) and the results
shown in the present study (Exp. 4), that the left PrL projects to the right side. If so, we suggest
that the PrL neurons located in the left mPFC play a direct role in the right mPFC in the
modultation of the defensive behavior provoked a stressful situation.

To investigate this functional lateralization of PrL we demonstrated that synaptic
inactivation of the left PrL through local injection of CoCl, an unspecific synaptic inhibitor
(Kretz, 1984), produces anxiogenesis (experiments 5 and 6), which is abolished when the
NMDA receptors located in the right PrL are blocked with local injection of AP7 (experiment

6). Interestingly, CoCl; injection into the left PrL also increases cFos + CaMKII double labeling
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in the contralateral PrL and IL portions, suggesting that the anxiogenesis induced by the
inhibition of the left PrL leads to glutamate NMDA receptor activation in the right PrL and IL
subareas. These results suggest that the left PrL inactivation triggers glutamate releasing in the
RmPFC, which, in turn, provokes anxiogenesis via NMDA receptors activation. Besides the
anxiogenic-like effect, left PrL inhibition induces an increase in the cFos expression in neurons
of the PrL and IL (but not in the Cgl) of the RmPFC. Taken together, these results show an
important interaction between mPFC hemispheres in the modulation of anxiety, wherein the
left activity seems to modulate the level of activation of the RmPFC, notably via NMDA
glutamate receptors.

While the anxiogenic-like effect induced by intra-LmPFC injection of CoCl., had
already been demonstrated in mice exposed to the EPM (Costa et al., 2016; Victoriano et al.,
2020), the present work brings more accurate data regarding mPFC subareas. Here, we
investigated the role of the Cgl and PrL subregions separately, whereas Costa et al. (2016)
considered the effects of CoCl> in both Cgl and PrL subregions (dorsal mPFC). Furthermore,
the grouped data (i.e., with CoCl: injections into both Cgl and PrL; Fig. 6A) did not indicate a
quite clear effect of the LmPFC chemical inhibition on the anxiety indices. However, when the
data were analyzed separately, a clear anxiogenic-like effect was observed with CoClz injection
into the left PrL, but not into the Cg1, suggesting a marked role of this subarea in the modulation
of anxiety. Interestingly, such an effect disappeared when the contralateral PrL received the
NMDA receptor blocker AP7. In such conditions, these animals (CoCl, + AP7) explored the
aversive area of the EPM similarly to those treated with saline (saline + saline or saline + AP7).
It is important to notice that the used dose of AP7 (0.05 nmol) did not change per se the anxiety-
like measures. Moreover, synaptic inhibition of the left PrL or NMDA blockade of the right

PrL changed the frequency of closed arm entries, a widely used measure of general activity
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(Cruz et al., 1994; Rodgers and Johnson, 1995). Although we do not have a clear explanation
for this effect in the animals that received AP7, it is reasonable to suggest that the increase of
closed arm exploration in left PrL inhibited animals may be causally related to the drop off in
the open arms exploration provoked by CoClz injection. Taken together, the present results
indicate that mPFC subareas do not play a similar role in the modulation of the anxiety of mice
exposed to the EPM. Thus, grouping mPFC subregions as one may lead to misinterpretation of
an acquired data.

The mPFC is composed of 80-90% of glutamatergic neurons, which are under inhibitory
regulation by interneurons, being most of them GABAergic neurons (Harris and Shepherd,
2015; McKlveen et al., 2015). Through an intricate pathway, the flow of local information
within the mPFC (that is sent to subcortical structures afterward) is under a complex functional
control. In this sense, Cerqueira et al. (2008) have postulated that, in basal conditions, the
RmMPFC would be under tonic inhibition from its left counterpart; and, after chronic stress
situations, there would be a disruption on this control, notably by left dendritic arborization loss
(Czéh et al., 2007) (leading to a reduction of the neuronal excitability and synaptic plasticity).
The reduced function of the LmPFC would lead to augmented activity of the right side,
facilitating hormonal stress response, through HPA (hypothalamic-pituitary-adrenal) axis
stimulation. Also, in this scenario, mPFC-amygdala inhibition is decreased, whereas the BNST,
as well as the sympathetic tonus, are increased (Cerqueira et al., 2008). Our results strengthen
this view about the functional lateralization of the mPFC since chronic social defeat stress
altered the pattern of AFosB and AFosB+CaMKII double-labeling expression according to the
mPFC subarea. Moreover, the left-side inhibition increased the right-side activation, assessed
through cFos+CaMKII protein investigation and NMDA receptor blockade. Thus, the

attenuation of the left PrL inhibition-induced anxiogenesis produced by injection of AP7 into
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the right PrL suggests that the NMDA glutamate receptor located in the RmPFC plays an
important role in the mediation of anxiety responses.

Sanacora et al. (2012) suggested that various types of stress promote the release of
glutamate in cortical and limbic areas in humans and animals, an effect that has been related to
mood and anxiety disorders. Taken present results together, we suggest that left PrL inhibition
leads to right PrL disinhibition, (i.e., activation), via NMDA receptor modulation. Thus, the left
PrL would project to the RmPFC activating interneurons, which would inhibit PrL, preventing
exacerbated responses to aversive stimuli. If so, when the left PrL is inactivated (e.g., through
CoCl; injection) the following steps might occur: 1) right inhibitory interneurons of the mPFC
lose their tonus, 2) glutamate releasing is increased in the RmPFC, and 3) NMDA receptor
activation leads to an increase of Fos and CaMKII expression, and, as a consequence, mice
exhibit anxiogenic-like behavior.

Finally, our study highlights that (i) the inhibition of left PrL might be used as the tool
for inducing behavioral and functional alterations quite similar to those caused by chronic SDS,
and (ii) the importance of not considering the functional role of the mPFC as a unitary structure,

whether it is related to the dorsoventral division or even to the hemispheric location.
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5. Conclusion

The present study demonstrates that (i) chronic SDS can induce defensive/anxiogenic-
like behaviors and distinct neuronal activation/inhibition of the left and right mPFC subregions,
and (ii) left mPFC chemical inhibition also induces anxiety, an effect that is strongest related
to the PrL subarea of the mPFC of mice. These findings and the evidence showing that the left
mPFC projects directly to the right mPFC suggest that the left PrL modulates the neuronal
activity of the right PrL and IL, whose stimulation elicits anxiety in mice exposed to the EPM.
The left mPFC seems to play a tonic role in the modulation of anxiety, since its functional
inhibition, particularly in the PrL subarea, led mice to avoid the open arms of the EPM.
Together, the pharmacological manipulation (injection of AP7) added to the
immunofluorescence analyses (Fos + CaMKII double labeling) show the crucial role of the
glutamatergic system (through NMDA receptors) in the right PrL and IL subareas in the

mediation of anxiogenesis in male mice.
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Figure 1. Schematic diagram (left) and a photomicrograph (right) of a representative
microinfusion site (shadow area or black arrow) within the mPFC of the mouse. Section
corresponds to 1.94 mm anterior to bregma (Paxinos and Franklin, 2001). Abbreviations: Cg1,
cingulate cortex, area 1; PrL, prelimbic cortex; IL, infralimbic cortex; fmi, forceps minor of the

corpus callosum.
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