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RESUMO

O transtorno do espectro autista (TEA) ¢ uma desordem do neurodesenvolvimento que possui
etiologia desconhecida, caracterizada por déficits de comunicacdo e de interagdo social, bem
como padrdoes de comportamento, atividades ou interesses restritos e/ou repetitivos. Um
conhecido fator de risco para o desencadeamento do TEA ¢ a exposi¢ao pré-natal ao acido
valproico (VPA), o qual ¢ utilizado para gerar caracteristicas do tipo-autista em modelos
animais quando administrado durante a prenhez. O desequilibrio excitatorio/inibitorio (E/I) esta
relacionado com os prejuizos cognitivos, sociais e sensoriais encontrados no TEA, sendo que
ha evidéncias importantes da contribuicdo de sinalizagdo inibitdria alterada. Devido ao papel-
chave dos interneur6nios GABAérgicos para a manutencdo do balango E/I e a importancia do
cortex pré-frontal medial (CPFm) para comportamentos sociais nos roedores, os objetivos deste
trabalho foram analisar a quantidade e a propor¢cdo dos interneuronios GABAérgicos
calbindina-positivos (CB") e parvalbumina-positivos (PV*) em relagdo aos neurdnios totais
NeuN" nas camadas superficiais e profundas das trés regides do CPFm: cortex cingulado
anterior (aCC) e areas pré-limbica (PrL) e infralimbica (IL). Ratas Wistar prenhes foram
aleatoriamente divididas em dois grupos experimentais: Controle e VPA. No dia embrionério
12,5, salina ou VPA (600 mg/kg, i.p.) foram administrados para os grupos Controle ¢ VPA,
respectivamente. No dia pds-natal 30, o encéfalo de ratos machos da prole (n= 3-5 em ninhadas)
foi removido para realizagdo da técnica de imunofluorescéncia e posterior andlise em
microscopio confocal (CEUA-UFRGS #140367). No CPFm como um todo, o grupo VPA
apresentou um aumento no nimero de neurdnios totais NeuN" (p=0,0086). Ja na anélise das
sub-regides, observou-se diminui¢do do niimero de CB" (p=0,0278) nas camadas profundas do
aCC e na propor¢ao destes interneurdnios (p=0,0255) em relagdo aos neurdnios totais nas
camadas superficiais de PrL e de IL (p=0,0173). Ja em relagdo aos PV', houve aumento do
numero (p=0,0369) e na proporg¢do (p=0,0044) destas células nas camadas superficiais de PrL
e aumento do nimero nas camadas profundas (p=0,0245) de PrL. Interessantemente, houve
diminuigdo da propor¢do de PV' nas camadas superficiais (p=0,0003) e profundas (p=0,0460)
do aCC e nas camadas superficiais de IL (p=0,0169). Os achados sugerem que a exposi¢ao pré-
natal ao VPA possa estar relacionada com alteragdes no processo de migracdo dos
interneurdnios em direcdo a areas corticais, uma vez que a composi¢ao de todos os resultados
nos permitiu observar diferentes padroes de alteragdes especificas nas sub-regides. Além disso,
a alteragdo em neurdnios totais NeuN" - os quais sdo majoritariamente representados por
neurdnios piramidais - poderia demonstrar o papel do componente excitatorio nesse contexto.
A exposicao pré-natal ao VPA conduziu a alteragdes pos-natais importantes no CPFm, tanto no
nimero quanto na distribuicdo de interneurdnios, sugerindo uma possivel relacdo com os
prejuizos sociais ja observados no modelo. Estes dados contribuem para elucidar elementos-
chave relacionados com alteracdes neurais observadas no TEA, bem como na compreensao de
vias envolvidas no desequilibrio E/I.

Palavras-chave: Transtorno do espectro autista. Acido valproico. Desequilibrio
excitatorio/inibitorio. Interneurdnios GABAérgicos. Cortex pré-frontal medial.



ABSTRACT

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with unknown etiology,
characterized by deficits in social interaction and social communication, as well as patterns of
restricted and/or repetitive behaviors, activities or interests. An established environmental risk
factor for ASD is the prenatal exposure to valproic acid (VPA). Based on this observation, VPA
in commonly used to generate autistic-like behaviors in animal models when administered
during pregnancy. Excitatory/inhibitory (E/I) imbalance is related to social, cognitive and
sensory impairments found in ASD and there are strong evidences of an altered inhibitory
signaling contribution. Given the key role of GABAergic interneurons for the maintenance of
E/I balance and, since medial prefrontal cortex (mPFC) is pivotal to social behaviors in rodents,
we aimed to evaluate quantity and proportion of calbindin-positive (CB") and parvalbumin-
positive (PV") interneurons (both GABAergic ones) on upper and deeper layers of anterior
cingulate cortex (aCC) and prelimbic (PrL) and infralimbic (IL) areas, all three mPFC
subregions. Pregnant Wistar rats were randomly divided into two experimental groups: Control
and VPA. At embryonic day 12.5, saline or VPA (600 mg/kg, i.p.) were administered to Control
and VPA group, respectively. At postnatal day 30, brain of offspring male rats (n=3-5 in litters)
was removed in order to perform imunofluorescence technique and subsequent confocal
microscopy analysis (CEUA-UFRGS #140367). When analyzing the whole mPFC, VPA group
presented an increase in the number of total neurons NeuN" (p= 0.0086). In subregion analysis,
it was observed a decrease in the number of CB" (p= 0.0278) at deeper layers of aCC and also
in the proportion of these interneurons (p=0.0255) into total neurons scenario at upper layers of
PrL and IL areas (p= 0.0173). PV" analysis revealed an increase in number (p= 0.0369) and
proportion (p= 0.0044) of these cells at upper layers of PrL, as well as an increase in the number
at deeper layers of PrL (p= 0.0245). Interestingly, there was a decrease in PV" proportion within
total neurons scenario at upper (p=0.0003) and deeper layers (p= 0.0460) of aCC, as well as
upper layers of IL (p= 0.0169). Taken together, these results suggest that prenatal exposure to
VPA may be related to alterations of interneuron migratory process towards cortical areas, once
the composition of all results allowed us to observe different patterns of specific alterations in
the subregions. Besides, the alteration in the number of total neurons NeuN", which are mostly
represented by pyramidal ones, could also demonstrate the role of excitatory component in this
context. Prenatal exposure to VPA led to important postnatal changes in mPFC, in both
neuronal number and distribution, suggesting possible correlation with the social impairments
observed in the model. These data contribute to elucidate key elements related to neural changes
observed in ASD, as well as to the understanding of pathways involved in E/I imbalance.

Keywords: Autism Spectrum Disorder. Valproic Acid. Excitatory/Inhibitory Imbalance.
GABAergic interneurons. Medial Prefrontal Cortex.
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1 INTRODUCAO

1.1 TRANSTORNO DO ESPECTRO AUTISTA

O transtorno do espectro autista (TEA) ¢ uma desordem do neurodesenvolvimento
heterogénea e multifatorial, sem etiologia conhecida. Ao longo das ultimas décadas, diversos
estudos t€m contribuido para tentar elucidar a fisiopatologia do TEA; entretanto, apesar dos
grandes esfor¢os, muito pouco ainda ¢ compreendido.
1.1.1 Historico

O termo “autismo” foi primeiramente introduzido em 1908 pelo psiquiatra suico Paul

Eugen Bleuler para descrever o afastamento social e distanciamento da realidade
frequentemente apresentados por criancas com diagndstico de esquizofrenia na época
(BLEULER, 1908, 1912; ISLER, 2018). Décadas mais tarde, em 1943, o psiquiatra austriaco
Leo Kanner publicou a obra “Distirbios Autisticos do Contato Afetivo”, onde descreveu um
grupo de criangas que apresentavam caracteristicas em comum, tais como dificuldades severas
de integragcdo social, “extrema soliddo”, ecolalia e “desejo ansiosamente obsessivo pela
manuten¢do da mesmice”, formando uma sindrome unica, até entdo ndo descrita; para esse
transtorno, utilizou o termo “autismo infantil precoce” (KANNER, 1943). Um ano depois,
quase ao mesmo tempo que Leo Kanner, o psiquiatra e pesquisador austriaco Hans Asperger
escreveu o artigo “A Psicopatia Autista na Infancia” (ASPERGER, 1944, 1991) onde descreve,
assim como Kanner, criangas com déficits em habilidades sociais e de comunica¢do (PEARCE,
2005). Ele nomeou esse conjunto de sintomas como sindrome de Asperger, uma vez que essas

criangas apresentavam alta inteligéncia ndo-verbal, diferente do observado por Kanner.

Essas descri¢des clinicas do autismo na década de 1940 por Leo Kanner e Hans
Asperger foram, por muito tempo, consideradas as primeiras caracterizagdes do transtorno.
Entretanto, cerca de duas décadas antes, em 1926, a psiquiatra russa Grunya Ssucharewa ja
havia definido o autismo de maneira semelhante aos critérios comportamentais utilizados
atualmente para o diagnostico, sendo, portanto, a verdadeira pioneira na caracterizagdo do

autismo (SSUCHAREWA, 1926a, 1926b).

Interessantemente, o autismo foi caracterizado por trés pesquisadores distintos (Grunya,
Kanner e Asperger), em trés locais do mundo diferentes (Russia, Estados Unidos da América
(EUA) e Alemanha, respectivamente) de maneira independente, visto que Kanner e Asperger
publicaram seus achados quase concomitantemente, possivelmente sem ter nenhum

conhecimento das observacdes um do outro e, a principio, sem saberem da descri¢ao ja



realizada anos antes por Grunya. De qualquer modo, todas essas descri¢des do autismo sdo
relativamente muito recentes se formos comparé-las com o histérico de descri¢do de outras
condigdes, como a epilepsia - cujo relato mais antigo data de 2000 a.C (MOREIRA, 2004),
doenca de Parkinson - descrita em 1817 (GOETZ, 2011), doenga de Alzheimer - descrita por
Alois Alzheimer em 1906 (HIPPIUS; NEUNDORFER, 2003), dentre outras.

1.1.2 Critérios diagnosticos

A 5% edicao do Manual Diagnoéstico e Estatistico de Transtornos Mentais (DSM-5)
(AMERICAN PSYCHIATRIC ASSOCIATION, 2013) definiu que o autismo deveria ter um
diagnostico unificado, com o espectro variando de leve a severo. Assim, o autismo passou a ser
nomeado TEA, nomenclatura utilizada atualmente. Os critérios diagnosticos — os quais devem
apresentar-se no inicio da primeira infancia - sdo agrupados em dois grandes dominios

comportamentais:

a) déficits persistentes de comunicagdo e interacdo social através de multiplos
contextos, como, por exemplo: déficits de comunica¢dao nio-verbal e prejuizos no
desenvolvimento, manutencdo e entendimento de relacionamentos com outros
individuos;

b) padroes de comportamento, interesses ou atividades restritos e repetitivos, como,
por exemplo: movimentos ou fala estereotipados e inflexibilidade em aderir a novas
rotinas.

Tipicamente, esta diade comportamental ¢ identificada em torno dos trés anos de idade

(alguns estudos apontam idades mais precoces, como 6 a 18 meses), embora possa nao se

manifestar completamente até a idade escolar (SZATMARI et al., 2016).

O TEA ¢ um transtorno do neurodesenvolvimento marcadamente caracterizado por
alteragdes sociais. Além dos prejuizos centrais citados acima, uma observacdo comum em
criangas com autismo — antes de serem diagnosticadas — € o processamento alterado de pistas
sociais durante o primeiro ano de vida, o que as coloca em uma situacao de habilidade social
cada vez mais prejudicada (OSTERLING; DAWSON, 1994; WELSH; ESTES, 2018).
Ademais, indiferenca a vozes (SPERDIN; SCHAER, 2016) e¢ a faces (GRELOTTI;
GAUTHIER; SCHULTZ, 2002) no TEA conduzem a déficits no desenvolvimento de uma
adaptagdo na interagdo social com os outros e dificuldades no entendimento de
comportamentos. Talvez por este motivo criancas com TEA prefiram ocasides que nao exijam

extenso contato social (KLIN et al., 2009). Nao se sabe porque criangas com autiSmo
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apresentam esta alteracdo em estdgios precoces do desenvolvimento, mas esta aparente
indiferenca a pistas sociais em ultima analise dificulta o desenvolvimento normal da rede do
chamado “encéfalo social” ou pelo menos partes dessa rede (GOTTS et al., 2012; PELPHREY
et al., 2011). Além disso, sugere-se que individuos com TEA apresentem alteragdes em
parametros associados a empatia, ainda que existam controvérsias nesse ponto (BARON-

COHEN; WHEELWRIGHT, 2004; JONES et al., 2010).

Uma vez que ainda ndo ha biomarcadores para o TEA, o diagndstico ¢ somente clinico
e baseado apenas na detec¢ao dos dois dominios comportamentais mencionados anteriormente.
Desse modo, embora possa haver casos de diagndstico em torno dos 2 anos de idade, a maior
parte das criancas com autismo ¢ diagnosticada tardiamente, apos os 4 anos de vida
(CHRISTENSEN et al., 2018) — quando ha um contexto de acompanhamento multiprofissional
adequado. Além disso, apesar da especificacdo dos critérios diagnosticos no DSM-5, ainda ha
certa dificuldade em sua determinag¢ao adequada por profissionais da saude devido a grande
heterogeneidade do transtorno, visto que o TEA se apresenta como um amplo espectro. Como
consequéncia disso, as interven¢des normalmente também sdo tardias, situagdo potencialmente

critica no contexto de um transtorno do neurodesenvolvimento como o TEA.

1.1.3 Impacto e custos

O TEA ¢ uma desordem que tem grande impacto na qualidade de vida dos individuos
afetados, seus familiares, cuidadores e comunidade, uma vez que ¢ um transtorno de inicio
precoce, e, como ainda ndo ha cura, acompanha o individuo durante toda a vida. Os pacientes
necessitam de cuidado médico e parental, educacdo especial, medicamentos para o tratamento
dos sintomas, dentre outros; assim, o TEA apresenta tanto custo emocional quanto financeiro.
Estima-se que os custos totais por ano com criangas com TEA nos EUA sejam de 11,5 a 60,9

bilhdes de dolares (BUESCHER et al., 2014; LAVELLE et al., 2014).

1.1.4 Comorbidades

Evidéncias epidemioldgicas indicam que algumas comorbidades sdo mais prevalentes
em criancas com TEA quando comparadas as criangas da populagdo em geral (KOHANE et al.,
2012); apesar da alta prevaléncia dessas comorbidades, muitas ndo sdo acompanhadas

rotineiramente (BUIE et al., 2010; MALOW et al., 2012).

O TEA apresenta diversas comorbidades; as mais frequentes estdo apresentadas na

tabela abaixo:
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Tabela 1 — Algumas das comorbidades mais frequentes do TEA

Prevaléncia em

Comorbidade individuos com Referéncia
TEA
Epilepsia ~25-30% (TUCHMAN; CUCCARO, 2011)
' _ (KRAKOWIAK et al., 2008; WIGGS;
Disturbios de sono 50-80%
STORES, 2004)
Disfungoes 9.70%, (BUIE et al., 2010; COURY et al., 2012;

gastrointestinais ’ HOLINGUE et al., 2018)

Transtorno do Déficit de
(MATSON; RIESKE; WILLIAMS, 2013;

Ateng¢do com 22-83%
SOKOLOVA et al., 2017)
Hiperatividade (TDAH)
Deficiéncia intelectual ~30% (CHRISTENSEN et al., 2018)

Fonte: elaborada pela autora

Além disso, também pode-se citar outras condigdes associadas ao TEA, como
disfungdes imunes (alergias alimentares, rinite alérgica, eczema) (CHEN et al., 2013;
MIYAZAKI et al., 2015), psoriase (ZERBO et al., 2015a), asma (GURNEY; MCPHEETERS;
DAVIS, 2006) ansiedade e depressao (CROEN ez al., 2015; MATSON; CERVANTES, 2014),
além de reduzido contato visual (ZWAIGENBAUM et al., 2005), déficits motores (PAN;
TSAI CHU, 2009), desordens de humor e retardo mental (CASANOVA, 2007; GESCHWIND,
2009). Estudos indicam elevadas taxas de mortalidade em pacientes com TEA (HIRVIKOSKI
et al., 2016; SCHENDEL et al., 2016), fato que pode estar associado as complicagdes que

surgem das comorbidades e das condigdes associadas.

1.1.5 Epidemiologia

Um dos primeiros estudos epidemioldgicos sobre o TEA foi realizado em 1966 na
Inglaterra (LOTTER, 1966). Neste estudo, toda a populagdo de criangas de 8 a 10 anos do
Condado de Middlesex foi analisada e observou-se uma prevaléncia de 4,5 criancas com
autismo a cada 10.000 (1:2.222). A partir de entdo, alguns outros estudos foram realizados no

Canada, no Brasil e nos EUA:

No Canada, um estudo realizado em 2015 mostrou uma prevaléncia de 1:66 em criangas
e adolescentes de 5 a 17 anos de idade, sendo o TEA identificado 4 vezes mais em meninos do

que em meninas (OFNER; COLES; DECOU, 2018). No Brasil, existe apenas um estudo



12

epidemioldgico, realizado em 2011 com criangas de Atibaia, S3o Paulo, no qual encontraram

uma frequéncia de 0,3% (1:333) (PAULA et al., 2011).

Nos EUA, pesquisas epidemioldgicas do Centro de Controle e Prevencdo de Doengas
(CDC) com criangas tendo em torno de 8 anos de idade mostraram que a incidéncia do TEA
vem crescendo, visto que podemos observar um aumento da prevaléncia ao longo dos anos

(CHRISTENSEN et al., 2018):

Figura 1 - Prevaléncia do TEA nos EUA ao longo dos anos

l1em 59+

lem
68*
lem
88*
lem
110*
lem
1em 125*
lem 150*
166* I

2004 2006 2008 2010 2012 2014 2016 2018

ADAPTADO DE (CHRISTENSEN et al., 2018). Arte: ADAPTADO DE Portal Tismoo.

Os dados mais atuais do CDC a respeito da prevaléncia (1:59) foram obtidos em 2014 ¢
publicados em 2018, sendo, atualmente, os oficialmente utilizados (CHRISTENSEN et al.,
2018). Este dado ¢ semelhante aos resultados obtidos no Canada (1:63 se consideradas somente
as criangas com 8 anos de idade). Ainda, nota-se que esta prevaléncia ¢ extremamente alta por
si s6 e também maior do que as apresentadas por outras desordens de grande impacto social,
emocional e econdmico, como esquizofrenia (1:100) (WORLD HEALTH ORGANIZATION.,
2000) e epilepsia (1:250 — 1:66) (WORLD HEALTH ORGANIZATION, 2019).

O TEA ocorre em todos 0s grupos sociais, ragas € etnias € ¢ em torno de 4 vezes mais
prevalente em meninos do que em meninas (CHRISTENSEN et al., 2018), embora esta razao

diminua com o aumento da severidade do transtorno (WERLING; GESCHWIND, 2013).

Apesar do aumento da incidéncia, ¢ importante levar em consideracdo diversos fatores
que podem influenciar nesse crescente numero de novos casos. Cabe ressaltar que, ao longo
dos diferentes estudos (desde 1966 até 2014), houve modificagdes nos critérios diagnosticos e
inclusdo e exclusdo de outras desordens na categoria de TEA. Alguns outros fatores também
devem ser considerados: grande complexidade e heterogeneidade do transtorno, melhoria no
diagnostico e conscientizagdo da comunidade a respeito do TEA, além da exposi¢cdo mais

recorrente dos pais a fatores de risco para o TEA associados a vida moderna, como obesidade
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materna (LI et al., 2016) e adiamento da maternidade (GUINCHAT et al., 2012; IDRING et
al.,2014; SANDIN et al., 2012). Todos esses aspectos representam um desafio na investigagao
do aumento da incidéncia decorrente de uma verdadeira elevagao no nimero de novos casos ou
consequéncia dos diversos fatores citados acima (HERTZ-PICCIOTTO; DELWICHE, 2009;
KING; BEARMAN, 2011; LIU; KING; BEARMAN, 2010). Além disso, deve-se ressaltar que
as estimativas de prevaléncia ap6s 2014 ainda ndo estdo disponiveis e, portanto, o impacto das
mudancas na classificacdo do TEA no DSM-5 em 2013 somente sera melhor observado ao

longo dos proximos anos (LYALL et al., 2017).

1.1.6 Desencadeamento

Apesar do progresso alcancado no entendimento da fisiopatologia do TEA e na
identificacdo de fatores de risco implicados com o desencadeamento do transtorno ao longo das
ultimas décadas, sua etiologia permanece desconhecida. Ao invés de uma tUnica causa, o
consenso nos ultimos anos ¢ o de que o TEA ¢ uma desordem de etiologia heterogénea e
multifatorial (BEVERSDOREF, 2016). Evidéncias epidemiologicas mostram o forte papel de
fatores de risco genéticos (CAGLAYAN, 2010; EL-FISHAWY; STATE, 2010;
GESCHWIND, 2011) e ambientais (RISCH et al., 2014; SEALEY et al., 2016) implicados no
desencadeamento do TEA. Ademais, pode haver a interagdo entre fatores genéticos e
ambientais, além de contribuicdes epigenéticas (LYALL et al., 2017).

A contribui¢@o genética na etiologia do transtorno ¢ fortemente sustentada por estudos
historicos com irmaos gémeos e familias; estima-se que a herdabilidade do TEA nos EUA e na
Europa seja de 50 a 95% (COLVERT et al., 2015; HALLMAYER et al., 2011; SANDIN et al.,
2014). Ao longo da ultima década, diversos estudos tém identificado variagdes genéticas
relacionadas ao transtorno, incluindo mutagdes herdadas e de novo, além de variagdes no
nimero de copias (BOURGERON, 2015). Diversos genes tém sido identificados (LI; ZOU;
BROWN, 2012), como NLGN3, NLGN4 (JAMAIN et al., 2003) e SHANK3 (ZHOU et al.,
2019). Além disso, até 15% dos casos de TEA podem ser relacionados a uma causa genética
conhecida via sindromes monogénicas, tais como a sindrome do X fragil e esclerose tuberosa
(DEVLIN; SCHERER, 2012).

Além dos fatores de risco genéticos, a exposi¢do a fatores ambientais especificos pode
estar associada com o desencadeamento de TEA. Os fatores de risco ambientais mais

comumente identificados sdo:

Quadro 1 - Exemplos de fatores de risco ambientais

Fator de risco ambiental Referéncias
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(GUINCHAT et al., 2012; IDRING et al.,

Idade parental avangada 2014; SANDIN et al., 2012)

~ (GUNNES et al., 2013; ZERBO et al., 2015b)
Intervalo pequeno entre gestacdes

Fatores imunologicos, como infecgdes (ATLADOTTIR et al., 2009; KEIL et al.,
maternas durante a gestacao e histdrico 2010; LEE et al., 2015; ZERBO et al., 2015c¢)
familiar de doencas autoimunes

(GARDENER; SPIEGELMAN; BUKA,

Diabetes gestacional 2009)
(BROMLEY et al., 2008; CHRISTENSEN et
Uso materno de determinados medicamentos al.,2013; GIDAYA et al., 2016;
durante a gestagcao MEZZACAPPA et al.,2017; STROMLAND

et al., 1994; STROMLAND; MILLER, 1993)

Fonte: elaborado pela autora

A respeito do uso materno de determinados medicamentos durante a gestacao, pode-se
citar a talidomida (STROMLAND et al., 1994; STROMLAND; MILLER, 1993), alguns
antidepressivos (MEZZACAPPA et al., 2017), antiasmaticos (GIDAYA et al., 2016) e
antiepilépticos, como o &cido valproico (VPA) (BROMLEY et al., 2008; CHRISTENSEN et
al.,2013).

1.2 ACIDO VALPROICO

O VPA ¢ um é&cido graxo sintetizado em 1882 (BURTON, 1882) como um solvente
organico que atravessa a barreira hematoencefalica e a placenta (BRUNI; WILDER, 1979).
Descoberto como farmaco da classe dos anticonvulsivantes na década de 60 (MEUNIER; H.,
1963), passou a ser entdo utilizado para tratar certos tipos de crises epilépticas (crises de
auséncia e crises tonico-clonicas) (LOSCHER, 2002). Ademais, ¢ prescrito para o tratamento
de mania em individuos com transtorno bipolar (FOUNTOULAKIS et al., 2005) e para prevenir
enxaquecas (CHRONICLE; MULLENERS, 2004). Em alguns casos, ¢ utilizado como
estabilizador de humor para o tratamento de episddios de agressdo em criangcas com TDAH

(REYNOLDS; SISK; RASGON, 2007).

Mesmo apds mais de 50 anos de uso, os mecanismos pelos quais o VPA exerce seus
efeitos ainda nao sdo bem entendidos. Sabe-se que este firmaco ¢ um inibidor de varios subtipos

das desacetilases de histonas (HDAC) (Quadro 2) e pode atuar aumentando os niveis do acido
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gama-aminobutirico (GABA) no encéfalo (BALDINO; GELLER, 1981; GODIN et al., 1969;
HARITON et al., 1984, KUKINO; DEGUCHI, 1978). Esse aumento nos niveis de GABA
provavelmente acontece através da inibicdo da enzima succinico-semialdeido desidrogenase,
que oxida succinil semialdeido. A inibi¢ao dessa enzima consequentemente resulta em aumento
dos niveis encefélicos de succinil semialdeido, o que por sua vez inibe a enzima GABA
transaminase, o que impede o catabolismo de GABA (JOHANNESSEN, 2000). Ainda, o VPA
afeta diversas enzimas que estdo integradas a sintese e degradagao do GABA. Assim, suas
propriedades anticonvulsivantes podem estar relacionadas ao consequente aumento na
concentragdo de GABA no encéfalo, justamente por inibir a enzima que cataboliza 0 GABA,
ou por estimular a sua sintese, além de provavelmente bloquear a recaptagdo de GABA na fenda
sindptica ¢ na glia. Além disso, o VPA também pode estar atuando por suprimir disparos
neuronais de alta-frequéncia e por alterar as propriedades de canais de sodio dependentes de
voltagem, inibindo-os (MCLEAN; MACDONALD, 1986). Por fim, alguns estudos tém
sugerido que o VPA causa uma diminui¢do na transmissdo excitatoria no encéfalo (ZEISE;
KASPAROW; ZIEGLGANSBERGER, 1991): em estudos com roedores, foi observado que o
VPA diminui os niveis de aspartato — aminoacido localizado em neur6nios glutamatérgicos
excitatorios — em todo o encéfalo, através de mecanismos ndo muito bem esclarecidos
(CHAPMAN et al., 1982; LOSCHER; HOSTERMANN, 1994; SCHECHTER; TRANIER;
GROVE, 1978).

Quadro 2 — Alguns alvos do VPA

Alvos Mecanismo Referéncias
HDAC9 Inibig¢ao (KANAI et al., 2004; ROSENBERG,
2007; STOCKHAUSEN et al., 2005)

HDAC 2 Inibi¢ao (GOTTLICHER, 2004; KRAMER et al.,
2003)
4-aminobutirato Inibicao (BRUNI; WILDER, 1979; LOSCHER,
aminotransferase 1982; ROSENBERG, 2007)
Desidrogenase acil-CoA Inibigao (BAZINET et al., 2006; ITO et al., 1990)
mitocondrial

(importante para a [-oxidagao de

acidos graxos)
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a-cetoglutarato desidrogenase Inibicao (JOHANNESSEN; JOHANNESSEN,
mitocondrial 2003)
(converte a-cetoglutarato a

succinil-CoA)

Succinato-semialdeido Inibigao (JOHANNESSEN; JOHANNESSEN,
desidrogenase mitocondrial 2003)
Canal de sodio dependente de Inibigao (FARBER et al., 2002)
voltagem

Fonte: elaborado pela autora

Embora amplamente utilizado na clinica, diversos estudos na literatura descrevem os
riscos associados a exposi¢cdo ao VPA durante o periodo gestacional, principalmente durante o
primeiro trimestre: malformacdes congénitas, atraso no desenvolvimento e func¢do cognitiva
reduzida. Além disso, h4 alertas de seguranga do farmaco para pacientes mulheres a respeito do
risco do tratamento com este medicamento, incluindo também defeitos no fechamento do tubo
neural (US FOOD AND DRUG ADMINISTRATION, 2009), bem como risco de prejuizos no
desenvolvimento cognitivo (US FOOD AND DRUG ADMINISTRATION, 2011). O VPA ¢
um dos farmacos antiepilépticos administrados durante a gravidez, entretanto, ele ja foi
identificado como sendo um dos farmacos antiepilépticos mais teratogénicos (MEADOR, 2008;
WERLER et al.,2011). Os efeitos teratogénicos do VPA podem estar relacionados a deficiéncia
de acido folico, indugdo de estresse oxidativo e inibi¢do da HDAC (ORNOY, 2009). Devido
ao fato de o VPA poder causar defeitos de nascimento em humanos, ele ¢ classificado como
um farmaco categoria D para gestantes pelo American Food and Drug Administration

(DUFOUR-RAINFRAY et al., 2011).

Por fim, a exposicao pré-natal ao VPA durante o primeiro trimestre de gravidez esta
associada a um maior risco de desencadeamento de TEA nos filhos dessas gestantes. Essa
associacdo foi originalmente baseada no aumento da frequéncia de sintomas de autismo em
criancas diagnosticadas com a sindrome fetal do valproato (CHRISTIANSON; CHESTER;
KROMBERG, 1994; WILLIAMS et al., 2001; WILLIAMS; HERSH, 1997). Em um estudo
realizado na Dinamarca com todos os nascidos vivos do pais entre os anos de 1996 e 2006,
observou-se que o uso materno de valproato durante a gestacdo estava associado com um risco
significativamente aumentado de desencadeamento de TEA nos filhos (CHRISTENSEN et al.,
2013).
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1.2.1 Modelo animal de autismo induzido por exposi¢io pré-natal ao VPA

Na década de 90, estudos com a talidomida e TEA levantaram a hipotese de que o TEA
poderia estar associado com alteracdes promovidas por esse farmaco, como prejuizos no
fechamento do tubo neural. Porém, para replicar tal situacdo em roedores, a talidomida nao
seria adequada, pois ja era sabido que seus efeitos teratogénicos observados em primatas nao
se replicavam em roedores (SCHUMACHER et al., 1972). Portanto, Rodier e colegas, em 1996,
(RODIER et al., 1996) expuseram ratas prenhes ao VPA, teratdgeno que, na época, surgia como
um novo possivel fator de risco ambiental para o desencadeamento de TEA. A dose de 350
mg/kg de VPA foi administrada no dia embrionario (E) 11,5 (E11,5) — o qual corresponde ao
dia do fechamento do tubo neural em roedores - E12 ou E12,5 e observou-se alteragdes em
alguns pares de nervos cranianos nos animais do grupo VPA quando comparados com o
controle (RODIER et al., 1996). Este foi o primeiro estudo utilizando o VPA pré-natalmente
para mimetizar defeitos encefalicos observados em pacientes com TEA; entretanto, nenhum
aspecto comportamental foi avaliado. Somente em 2005, Schneider e Przewlocki
(SCHNEIDER; PRZEWLOCKI, 2005a) investigaram possiveis alteragdes comportamentais
em animais do modelo VPA (600 mg/kg, E12,5). No estudo, viu-se que estes animais
apresentavam comportamentos repetitivos e estereotipados e déficits de interagdo social,
prejuizos comportamentais centrais utilizados para o diagndstico de TEA. Ainda, os animais do
modelo VPA apresentaram diminuic¢ao da sensibilidade a estimulos nociceptivos e aumento da
sensibilidade a estimulos ndo dolorosos, outro sintoma importante do TEA (AMERICAN
PSYCHIATRIC ASSOCIATION, 2013). Em outro estudo, a exposi¢ao pré-natal ao VPA
resultou em alteragdes comportamentais e moleculares que diferem entre o sexo, sendo estas
muito mais marcantes em machos do que em fémeas do modelo VPA (SCHNEIDER et al.,
2008). Este dado tem grande relevancia clinica, uma vez que o TEA ¢ 4 vezes mais prevalente
em individuos do sexo masculino (CHRISTENSEN et al., 2018). A partir de entdo, diversos
testes comportamentais que avaliaram ndo somente os sintomas centrais do TEA como também
as comorbidades e¢ condi¢des associadas ao transtorno (CRAWLEY, 2007) foram realizados
em varios trabalhos, evidenciando prejuizos como aumento no comportamento do tipo
depressivo (NAKASATO et al., 2008), do tipo ansioso (MEHTA; GANDAL; SIEGEL, 2011),
desregulacdo do ritmo circadiano (TSUJINO et al., 2007), aspectos observados também em
pacientes com TEA (CROEN et al., 2015; KRAKOWIAK et al., 2008; MATSON;
CERVANTES, 2014). Além de modificacdes a nivel comportamental (BAMBINI-JUNIOR et
al., 2014; HIRSCH et al., 2018a, 2018b; SCHNEIDER; PRZEWLOCKI, 2005b), o modelo
VPA também apresenta alteracdes a nivel molecular (GOTTFRIED et al., 2013; ROULLET et
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al., 2010), morfolégico (DENDRINOS; HEMELT; KELLER, 2011; FAVRE et al., 2013;
GOTTFRIED et al., 2013; RODIER et al., 1997) e eletrofisiologico (DAWSON et al., 2005;
MARKRAM et al., 2008; RINALDI; SILBERBERG; MARKRAM, 2008) similares aquelas
encontradas em individuos com TEA. Ressalta-se também que os animais do modelo VPA
apresentam alteragdes no comportamento do tipo-empatia (FONTES-DUTRA et al., 2019), de
modo similar ao observado em pacientes (BARON-COHEN; WHEELWRIGHT, 2004; JONES
etal., 2010).

Atualmente, o modelo animal de autismo induzido por exposi¢do pré-natal ao VPA ¢
um dos modelos mais amplamente utilizados para o entendimento da fisiopatologia do TEA
e ja esta bem consolidado e validado na literatura, pois encaixa-se em diversos critérios
usualmente descritos como validades de construto, de face e preditiva. A validade de
construto caracteriza-se pela similaridade de etiologia da doenca apresentada pelos seres
humanos e o modelo animal que mimetiza tal condicdo. Esta validade ¢ encontrada no
modelo VPA: a utilizagdo de VPA durante a gestacao ¢ um fator de risco para o TEA e, em
modelos animais, induz a prole a ter caracteristicas do tipo-autista quando administrado
durante a prenhez. A validade de face caracteriza-se pela presenca de alteracdes
comportamentais, bioquimicas e fisiologicas no modelo animal semelhantes aquelas
encontradas em pacientes com a doenga. Como ja mencionado, o modelo VPA apresenta tais
caracteristicas, tendo, portanto, validade de face (ROULLET; LAI; FOSTER, 2013). E, por
fim, a validade preditiva avalia a resposta do modelo animal a um tratamento, tanto para
analisar a similaridade de resposta observada em pacientes ou para a identificacdo de
farmacos benéficos para uso em seres humanos. Apesar desta Gltima validade ndo ser tao
bem caracterizada no modelo VPA, algumas moléculas promissoras e intervengdes
ambientais sdo utilizadas no modelo tanto para a busca de potenciais tratamentos como
também como ferramenta de estudo dos mecanismos envolvidos no transtorno (BAMBINI-
JUNIOR et al.,2014; MABUNGA et al.,2015; SCHNEIDER; TURCZAK; PRZEWLOCKI,
2000).

Devido a todas essas questdes, 0 modelo animal de autismo induzido por exposi¢ao pré-
natal ao VPA apresenta translacionalidade para o fenotipo, fatores de risco e possiveis
intervengdes que sdo observadas no TEA, sendo, portanto, uma 6tima ferramenta de estudo.
Além disso, devido a dificuldade de obtencao de amostras encefalicas post-mortem de pacientes

com TEA e a diversidade de anélises comportamentais, bioquimicas e moleculares que podem
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ser realizadas em modelos animais, 0 modelo VPA mostra-se fundamental ¢ de extrema

importancia.

1.3 DESEQUILIBRIO EXCITATORIO/INIBITORIO E TEA

Acredita-se que as redes neurais in vivo funcionem de maneira balanceada, onde
neurdnios excitatorios e inibitoérios e outras células neurais mantém niveis de atividade
finamente regulados (CARLSON, 2012). Desse modo, o chamado balango
excitatdrio/inibitorio (E/I) refere-se as contribuigdes relativas de inputs sinapticos excitatorios
e inibitorios direcionadas a um circuito ou evento neural (MEGIAS et al., 2001). O balango E/I
auxilia na manutencao da atividade neuronal dentro de uma faixa segura e estreita e ¢ uma
caracteristica fundamental para a atividade das redes neurais, bem como sua computagdo
(EICHLER, SABRINA A.; MEIER, 2008); ¢ essencial para controlar a cognicao, aprendizado,
memoria e comportamentos emocionais (TURRIGIANO; NELSON, 2004). Para que haja a
manutengao do equilibrio E/I, € preciso a regulagdo adequada do desenvolvimento de sinapses
excitatorias e inibitorias e de transmissdo sinaptica, da plasticidade sinéptica homeostatica e

excitabilidade intrinseca neuronal.

Existem diversas teorias acerca da fisiopatologia do TEA (YENKOYAN et al., 2017),
sendo a hipdtese de desequilibrio E/I uma delas (GOGOLLA et al., 2009; NELSON;
VALAKH, 2015; RUBENSTEIN, J.L.R & MERZENICH, 2003), ou seja, uma das possiveis
explicacdes para a complexidade do TEA pode estar na desregulagdo do balango entre excitagao
e inibi¢ao durante periodos criticos de desenvolvimento, e isto pode estar relacionado com os
déficits cognitivos, sociais, comportamentais, sensoriais € motores observados no transtorno
(MARKRAM; MARKRAM, 2010; RUBENSTEIN, J.L.R & MERZENICH, 2003;
RUBENSTEIN, 2010). Além disso, muitos estudos apresentam a ideia de que o desequilibrio
E/I pode estar presente também em transtornos como sindrome de Down, neurofibromatose e
esquizofrenia (RAMAMOORTHI; LIN, 2011), as quais compartilham alguns sintomas e
caracteristicas com o0 TEA (CHANNELL et al., 2015; EVANS et al., 2014).

Entretanto, ainda existem divergéncias se essas alteragdes sao causadas devido a um

aumento ou a uma diminui¢do da razao excitacao/inibi¢do (razao E/I).

1.3.1 Aumento na raziao E/I
Em 2001, Hussman e colaboradores publicaram o primeiro estudo a respeito deste tema
no TEA, sugerindo que houvesse uma diminui¢do na sinalizagdo GABAérgica (CELLOT;

CHERUBINI, 2014; HUSSMAN, 2001; NELSON; VALAKH, 2015; SUDHOF, 2008). Dois
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anos mais tarde, Rubenstein e Merzenich propuseram a ideia de aumento na razao E/I no TEA,
0o que conduziria a uma hiperexcitabilidade dos circuitos corticais (RUBENSTEIN;
MERZENICH, 2003). Esta teoria reforcava a hipotese de Hussman e era uma possivel
explicacdo para a sua observagdo de sinalizagdo GABA¢rgica reduzida no TEA; ainda, tal
desequilibrio poderia também explicar a propensdo destes individuos a desenvolverem
epilepsia, conhecida como resultado de hiperexcitabilidade neural. Individuos com TEA
desenvolvem epilepsia a uma taxa 25x maior do que a populacao em geral (BOLTON et al.,
2011) — interessantemente, a epilepsia ¢ uma das comorbidades mais comumente associadas
com o TEA, ocorrendo em até¢ 1/3 destes individuos (R. MUHLE, S. V. TRENTACOSTE,
2004; TUCHMAN; RAPIN, 2002).

1.3.2 Diminui¢ao na razao E/I

Alguns individuos com TEA apresentam uma redugdo na razdo E/I, o que vai de
encontro com a hipdtese inicial. Estudos sugerem que o TEA possa ser um transtorno
hipoglutamatérgico (CARLSSON, 1998) ou que haja um excesso de inibicdo. Essas
observagdes também estdo presentes na sindrome de Down (BELICHENKO et al., 2009),
condicdo que compartilha varios sintomas com o TEA (CHANNELL et al., 2015), como
interesses restritos e comportamentos repetitivos (EVANS et al., 2014). Ainda, tanto inibigao
aumentada como excitacao reduzida t€ém sido observadas em modelo animal da sindrome de
Rett com alelo de MeCP2 mutado (DANI et al., 2005) e em camundongos que expressam
muta¢do no alelo humano da Neuroliguina 3, ambos genes cuja alteracdo esta associada com

alguns casos de TEA (FUKUDA et al., 2005; TABUCHI et al., 2007).

O desequilibrio E/I também ¢ frequentemente observado em modelos animais de
autismo (LEE; LEE; KIM, 2017a), inclusive no modelo VPA, no qual ha relatos de aumento
na razao E/I (KANG; KIM, 2015; LIN et al., 2013; RINALDI et al., 2007).

Com base nestas duas grandes linhas de raciocinio, o consenso atual ¢ que tanto a
sinalizacdo excitatéria quanto a inibitéria estdo alteradas no TEA. Uma explicacdo para isso €
que alteragdes primarias na excitagdo ou na inibicdo modificam a rede neuronal e esta mudanga
pode, por si s0, levar a alteragdes secundarias em uma tentativa de ajustar a fungao sinaptica e
neuronal para retomar a homeostase da circuitaria. Por isso, € dificil separar os efeitos primarios
resultantes de alteragdes causadas pelo TEA dos mecanismos compensatorios (efeitos
secundarios) que o organismo apresenta em uma tentativa de manter a circuitaria funcional e

normal. Ainda, a medida que o TEA se desenvolve, os mecanismos homeostaticos tornam-se
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insuficientes e ndo conseguem mais restaurar a atividade normal, o que acaba prejudicando toda

a circuitaria (NELSON; VALAKH, 2015).

1.4 INTERNEURONIOS GABAERGICOS CALBINDINA-POSITIVOS E
PARVALBUMINA-POSITIVOS

Circuitos encefalicos complexos compreendem redes hierarquicas de neurdnios
excitatdrios e inibitorios. Dentro do cortex cerebral, hd dois tipos principais de neurdnios: os
piramidais glutamatérgicos, os quais sdo excitatorios, e os interneuronios, inibitorios. As células
piramidais corticais transmitem informacgdo entre diferentes camadas no cortex e para outras
regides encefalicas; ja os interneuronios GABAérgicos corticais - compreendendo apenas 10-
15% da populacdo total de neurdnios (MARKRAM et al., 2004) - contribuem fortemente para
a inibi¢do a nivel local, exercendo papel fundamental. Ademais, estas células conferem
flexibilidade a circuitaria neural, modulando de forma dinamica as respostas excitatorias dos
neurdnios piramidais (ISAACSON; SCANZIANI, 2011; KLAUSBERGER et al., 2003).
Através da inibi¢ao dos neurdnios piramidais vizinhos, os interneuronios GABAérgicos atuam
como importantes moduladores da sinalizagdo excitatoria, controlando a geracdo e o momento

de disparo dos neurdnios piramidais (POUILLE; SCANZIANI, 2001).

Os interneurdnios GABA¢érgicos corticais sdo uma ampla familia que pode ser

classificada (ASCOLI et al., 2008) através de:

a) caracteristicas morfologicas (MARKRAM et al., 2004; TAMAS; SOMOGYT;
BUHL, 1998);

b) propriedades eletrofisiologicas (CONNORS; GUTNICK, 1990; MARKRAM et al.,
2004; MCCORMICK et al., 1985);

¢) marcadores histologicos (DEFELIPE, 1993; KAWAGUCHI; KUBOTA, 1997;
MARKRAM et al., 2004).

Essas diferentes classificacdes sdo feitas na tentativa de categorizar as subpopulacdes

de interneuronios sem que haja sobreposi¢do de uma classe em outra. Entretanto, cabe ressaltar

que alguns subtipos de interneurdnios podem fazer parte de mais de uma classificagao.

Aqui, serd dado enfoque para a classificacao de acordo com os marcadores histologicos,
a qual ¢ baseada, dentre outros, na imunorreatividade dos interneurdnios as proteinas ligadoras
de calcio calbindina (CB), calretinina (CR) e parvalbumina (PV). Essas proteinas tendem a ser
expressas em trés subpopulagdes de interneuronios separadamente; entretanto, ja foi encontrado

um pequeno grau de sobreposicao (co-localizacdo) na expressdao de CB e CR em interneurdnios
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de algumas regides encefalicas em modelos animais (ROGERS; RESIBOIS, 1992) e de CB ¢
PV no nucleo geniculado lateral dorsal (DEMEULEMEESTER et al., 1989), na amigdala
basolateral (MCDONALD; BETETTE, 2001) ¢ no hipocampo (GULYAS et al., 1991) de
modelos animais, assim como no cortex temporal de seres humanos (DEL RiO; DEFELIPE,
1997). Entretanto, esses achados ndo sdo um consenso, visto que muitos estudos também
mostram que ndo ha co-localizagdo, principalmente em se tratando dos interneuronios positivos
para parvalbumina (PV™). Portanto, apesar de existirem algumas divergéncias e problemas em
relagdo a classificagdo, a categorizagdo com base nas proteinas ligadoras de calcio ¢ umas das
mais utilizadas, pois hd suporte na literatura de que estes trés marcadores identificam trés

subpopulagdes distintas de interneuroénios (DEFELIPE et al., 2013).

Neste trabalho, foram estudados os interneurénios GABAérgicos corticais positivos

para calbindina (CB") e os PV".

1.4.1 Interneurdnios CB*

A maioria dos interneurénios CB" (Figura 2) ¢ classificada morfologicamente como
double-bouquet cells; as quais (1) inervam os espinhos dendriticos e os dendritos dos neurdnios
piramidais (DEFELIPE et al., 1990; DEFELIPE; HENDRY; JONES, 1989; DEL RiO;
DEFELIPE, 1995), (2) sdo encontradas principalmente na camada II/III do cortex cerebral
(DEL RiO; DEFELIPE, 1995), (3) caracterizam-se por apresentarem um padrio de arranjo
vertical de seus axonios (SOMOGYI; COWEY, 1984), além de (4) fazerem parte da estrutura
de minicolunas no cortex cerebral de macacos (DEFELIPE et al., 1990). Uma pequena parcela
dos neurdnios CB" ¢ caracterizada morfologicamente como células neurogliaformes (um tipo
de interneuronio GABAérgico) e células Martinotti (camada IV/V) (CONDE et al., 1994;
DEFELIPE, 1997).

1.4.2 Interneurodnios PV*

Os interneurdnios PV" representam aproximadamente 40% da populagdo total de
interneurdnios GABAérgicos corticais em roedores (RUDY et al., 2011) e 25% em primatas
(CONDE et al., 1994). Estas células sdo caracterizadas por (1) apresentarem um padrio de
disparo caracteristico, conhecido como “fast-spiking”, (2) baixa resisténcia de input e (3) rapida
alta amplitude apos hiperpolarizacio (KAWAGUCHI et al., 1987; KAWAGUCHI; KUBOTA,
1997). Por apresentarem essas diferentes propriedades, t€ém a habilidade de disparar um rapido
trem de potenciais de acdo como nenhum outro neurdnio no cortex cerebral. Ha indicios de que

um unico interneurdnio PV™ faz sinapse com quase todos os neurdnios piramidais adjacentes
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(PACKER; YUSTE, 2011), o que permite a estas células um alto nivel de inibi¢do feedback e
feedforward (HU; GAN; JONAS, 2014). A subpopulagio de interneurdnios PV ¢ subdividida,
de acordo com as suas caracteristicas morfoldgicas (Figura 2), em chandelier cells e basket

cells:

As chandelier cells podem ser multipolares ou bitufted cells e t€ém sido encontradas na
camada cortical IV/V (MARIN, 2012), além de fazerem sinapse no segmento inicial do axonio
de células piramidais (ASCOLI et al., 2008; KAWAGUCHI; KUBOTA, 1997). Ja as basket
cells fazem sinapse no soma e nos dendritos proximais dos neuronios alvo (ASCOLI et al.,
2008; KAWAGUCHI; KUBOTA, 1997), t€ém dendritos grandes, multipolares e sem espinhos,
além de grande arborizacdo axonal, o que permite a estas células inibirem neur6nios nas
camadas superiores e mais profundas do cortex, tanto de neuronios vizinhos como os

localizados em minicolunas distantes (MARKRAM et al., 2004).

Figura 2 - Exemplos de subtipos de interneurdnios do neocértex de roedores.
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1.4.3 Origem e migracio dos interneurdnios CB* e PV*

A maioria dos interneur6nios GABA¢rgicos origina-se primariamente na eminéncia
ganglionica (GE) (CORBIN; BUTT, 2011), uma estrutura encefalica transitoria localizada na
area ventral do telencéfalo, presente somente durante o desenvolvimento embrionario
(KELSOM; LU, 2013). A GE ¢ dividida em medial (MGE), lateral (LGE) e caudal (CGE). A
MGE ¢ o local de origem de 50 a 60% da populacdo de interneurénios corticais em
camundongos (BUTT et al., 2005; PLEASURE et al., 2000; WONDERS; ANDERSON, 2006),
principalmente os PV" (WONDERS; ANDERSON, 2006) ¢ CB" (KELSOM; LU, 2013). O
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segundo local ¢ a CGE, produzindo 30 a 40% dos interneuronios corticais (ANDERSON et al.,
2001; NERY; FISHELL; CORBIN, 2002), dando origem as double bouquet cells (principal
tipo de CB") (BUTT et al., 2005; PLEASURE et al., 2000). Cabe ressaltar que existem
diferencas entre roedores e primatas em relacdo as origens e vias de migragcdo dos
interneurénios GABAérgicos (KELSOM; LU, 2013): nos primatas, a maioria destes ndo se
origina somente das GE (LETINIC; ZONCU; RAKIC, 2002), como também de zonas
proliferativas do telencéfalo dorsal.

Nos roedores, apos serem gerados ¢ se especificarem em seus subtipos (CB*, PV* e
outros), os interneuroénios GABAérgicos iniciam sua migracao em dire¢do as areas corticais no
E12,5 (KELSOM; LU, 2013), momento importante do desenvolvimento embriondrio. A
migracao se completa, em sua maior parte, somente ao nascimento, ¢ envolve a atividade de
varios fatores quimiotaticos, de transcricdo, neurotransmissores ¢ motogenes (FAUX et al.,

2009; MARSH et al., 2008).

1.4.4 Equilibrio E/I e interneurdnios CB* ¢ PV*

Para que o balango E/I seja mantido, a sinalizagdo inibitéria precisa responder as
flutuacdes que ocorrem neste equilibrio devido aos inputs excitatérios que chegam até o cortex
cerebral (ATALLAH; SCANZIANI, 2009; GALARRETA; HESTRIN, 1998; SHU;
HASENSTAUB; MCCORMICK, 2003; XUE; ATALLAH; SCANZIANI, 2014). Uma vez que
se acredita que a inibi¢do contribua para aumentar a seletividade de respostas excitatorias em
diversas areas encefalicas, a perda de inibicdo pode conduzir a um aumento no ruido e
imprecisdo no aprendizado e cognicdo. Por isso, ¢ de extrema importancia que se mantenha um
nivel correto de inibi¢do, visto que isso mantém de forma adequada a razao sinal/ruido, ou seja,
faz com que o individuo consiga filtrar mais adequadamente uma informagao, se concentrando
melhor nos pontos importantes (FERGUSON; GAO, 2018). Muitos genes associados ao TEA
sd0 expressos nos interneurdnios e ja foram encontrados alterados (GAD1, RELN, VIP, entre
outros) (WANG et al., 2018). Mutacdes nestes genes prejudicam o desenvolvimento dos
interneurdnios, bem como o input/output, além de excitabilidade e disparo, sintese e liberagao

de GABA e formacao de sinapses inibitorias com os neurdnios-alvo (LEE; LEE; KIM, 2017a).

Desordens neuropsiquiatricas, como a esquizofrenia, e do neurodesenvolvimento, como
o TEA, apresentam alteracdes no balango E/I. Devido a extrema importancia dos interneuronios
PV" para o balango E/I, alteragdes nestas células podem perturbar toda a fina regulagio que

mantém o equilibrio entre excitacao e inibigdo (CLINE, 2005; POLLEUX; LAUDER, 2004;
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RUBENSTEIN, J.L.R & MERZENICH, 2003). Ja se observou diminuicdo no numero de
interneurdnios PV no cortex pré-frontal medial (CPFm) (HASHEMI et al., 2016) e no cortex
pré-frontal dorsolateral (CPFdl) de pacientes com TEA (ZIKOPOULOS; BARBAS, 2013).
Estas evidéncias podem ajudar a explicar a dessincronizacao de atividade oscilatoria observada
no transtorno (DEFELIPE, 1999) e estdo de acordo com achados de neurotransmissao inibitéria
comprometida, refletida por reduzida oscilagdo gama (WILSON et al., 2007). Em modelos
animais de autismo, também existe uma grande quantidade de estudos evidenciando déficits de
interneurdénios PV™: no cortex de camundongos com dele¢do do gene MeCP2, cuja muta¢do
esta relacionada com comportamentos observados no TEA na sindrome de Rett e de Angelman
(FUKUDA et al., 2005); no cortex cingulado anterior (aCC) e no coértex parietal de
camundongos #PAR”", um modelo animal de autismo ja bem caracterizado (POWELL et al.,
2003); no cortex parietal de animais do modelo VPA (GOGOLLA et al., 2009); no CPFm de
animais do modelo de autismo por ativacao imune materna (MEYER et al., 2008), dentre varios
outros. Ainda, cabe ressaltar que camundongos knockout para PV (camundongos PV™)
apresentam diversas caracteristicas do tipo-autista (prejuizos de comunicacao e de interagao
social e padrdes de comportamento repetitivos e estereotipados, bem como reduzida
sensibilidade a estimulos dolorosos e maior susceptibilidade a desenvolver crises epilépticas).
Neste mesmo estudo, camundongos heterozigotos (PV*") também apresentaram prejuizos de
comunica¢do e interacdo social, indicando que uma simples redu¢do no numero de
interneurdnios PV™ possa ser suficiente para desencadear caracteristicas do tipo-autista nesses
animais (WOHR et al., 2015). Além disso, alteragdes nas oscilagdes gama no CPFm foram
observadas em camundongos com knock in de Neuroliguina 3 — um dos diversos genes
associados a0 TEA (JAMAIN et al., 2003) — e isto conduziu a déficits sociais nestes animais
(CAO et al., 2018), o que também ¢ observado em pacientes com TEA e em modelos animais
de autismo (AMERICAN PSYCHIATRIC ASSOCIATION, 2013; SCHNEIDER;
PRZEWLOCKI, 2005). Também existem alteragdes em interneurénios PV" descritas na
esquizofrenia; um dos achados mais comuns neste transtorno em relacdo a estas células ¢ a
reducdo do RNA mensageiro ou do conteudo proteico de PV nos interneurdnios PV'. Estudos
na literatura mostram esta alteragdo, por exemplo, no CPFdl de pacientes com esquizofrenia
(FUNG et al., 2010; HASHIMOTO et al., 2003, 2008; MELLIOS et al., 2009; VOLK et al.,
2012). Modelos animais de esquizofrenia também apresentam alteragdes em interneurdnios
PV" em algumas regides encefalicas, como déficits no hipocampo (ABDUL-MONIM; NEILL;
REYNOLDS, 2007; PENSCHUCK et al., 2006), além de aumento destes no cortex cingulado
(ABDUL-MONIM; NEILL; REYNOLDS, 2007).
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Como os interneurdnios sdo uma pega chave para a manutengdo correta do equilibrio
E/I, os interneur6nios CB* surgem como uma possivel fonte de respostas para o desequilibrio
E/l observado no TEA. Entretanto, a quantidade de estudos na literatura a respeito destas células
em pacientes com TEA ¢é escassa: sabe-se que ha aumento na densidade de interneurénios CB*
no giro denteado, uma importante regido do hipocampo (LAWRENCE et al., 2010); ja no
cortex cingulado posterior e no giro fusiforme, (OBLAK ef al., 2011), bem como no CPFdl
(ZIKOPOULOS; BARBAS, 2013) nao ha diferengas significativas na densidade quando
comparados com individuos controle. Além disso, ha uma redu¢do no niumero de células de
Purkinje cerebelares imunorreativas para CB d28k em uma subpopulacido de pacientes com
TEA (WHITNEY et al., 2008). Em modelos animais, de nosso conhecimento, hd um unico
estudo: camundongos #PAR™, um modelo animal de autismo ja bem caracterizado, tém 50%
menos interneurénios CB™ no cortex frontoparietal (LEVITT; EAGLESON; POWELL, 2004;
POWELL et al., 2003). Ja na esquizofrenia, ha mais estudos sobre os interneurdnios CB*: em
pacientes, ha evidéncias de reducdao na densidade destas células no cortex pré-frontal (CPF)
(BEASLEY et al., 2002; REYNOLDS et al., 2000), no planum temporale (4rea cortical
posterior ao cortex auditivo, centro da area de Wernicke) (CHANCE; WALKER; CROW,
2005) e na regido CA2 do hipocampo (IRITANI ef al., 1999), além de aumento na densidade
destas células no CPFdl (DAVISS; LEWIS, 1995) ¢ no aCC (WOO et al., 2008).

O funcionamento alterado de diversas areas encefalicas ¢ uma caracteristica marcante
do TEA. Além disso, as alteragdes sociais - tanto as presentes na diade comportamental de
diagnostico, quanto outras que se manifestam ainda no primeiro ano de vida ou mais
tardiamente - resultam em prejuizos de comunicacao social € de interagdo com os individuos.
Como diversos comportamentos e fungdes sociais sao dependentes do CPF, o funcionamento
alterado desta regido encefalica pode estar relacionado com o fendtipo social e cognitivo

encontrado no TEA. Desse modo, o CPF surge como uma potencial area de investigacao.

1.5 CORTEX PRE-FRONTAL E TEA

No encéfalo de mamiferos, o CPF corresponde ao cortex cerebral que recobre a parte
frontal do lobo frontal (MURRAY; WISE; GRAHAM, 2017). O CPF localiza-se anteriormente
ao cortex pré-motor e a area motora suplementar (STUSS; BENSON, 1984); em humanos, ¢
dividido funcionalmente em cortex orbitofrontal, CPF lateral (subdividido em CPFdl e CPF
ventrolateral) e CPFm (subdividido em aCC, CPF dorsomedial ¢ CPF ventromedial) (Figura
3).
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J& em roedores, existem algumas diferencas: o CPF ¢ constituido pela drea motora
secundaria, CPFm [subdividido em aCC, area pré-limbica (PrL) e area infralimbica (IL)], cortex

orbitofrontal e area insular agranular (Figura 3).

Figura 3 - Divisao funcional do cortex pré-frontal (CPF) em humanos (A) e roedores (B)
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(A) dmPFC - CPF dorsomedial; ACC - cortex cingulado anterior; dIPFC - CPF dorsolateral; vIPFC - CPF
ventrolateral; vimPFC - CPF ventromedial; OFC - cortex orbitofrontal; (B) AM - area motora secundaria; PL - area
pré-limbica; IL - 4rea infralimbica e AIA - 4rea insular agranular. ADAPTADO DE (CARLEN, 2017).

Ha certa inconsisténcia a respeito da nomenclatura e limites anatdmicos das sub-regides
do CPF nas diferentes espécies (LAUBACH et al., 2018), bem como dificuldade na obtengao
de um consenso sobre a homologia das diferentes areas deste cortex entre humanos e roedores.
Muitos estudos chegaram a conclusao de que a area pré-limbica do CPFm dos roedores € a que
mais tem homologia funcional ao CPFdl e ao aCC dos humanos e primatas nao-humanos
(SEAMANS; LAPISH; DURSTEWITZ, 2008; UYLINGS; GROENEWEGEN; KOLB, 2003);
por isso, a partir daqui, quando CPFdl e CPFm forem citados, estes corresponderdo,

respectivamente, a area cortical homologa em humanos e roedores.

O CPFdI esta associado com fungdes cognitivas e executivas, como a memoria de
trabalho (QIN et al., 2009), goal-directed action (intengao de realizar uma a¢do ja com um
proposito determinado), abstract reasoning (capacidade de analisar a informacdo, detectar
padrdes e solucionar o problema) e concentragdo (MILLER; COHEN, 2001), bem como
modula¢do da dor (LORENZ; MINOSHIMA; CASEY, 2003). Estudos de imagem ja
relacionaram o CPFdl e o aCC dos humanos com o controle cognitivo (MACDONALD, 2000).

O aCC esta relacionado com diversas fungdes: deteccao de erros e problemas de 16gica, tomada
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de decisdo e concentragdo, bem como capacidade de decisdo e de agdo de acordo com

experiéncias anteriores (SEAMANS; LAPISH; DURSTEWITZ, 2008).

Em relagdo aos inputs e outputs do CPFdl e do CPFm, o CPFdl tem conexdes reciprocas
com regides encefalicas que estdo implicadas com o controle motor (ganglios basais, cortex
pré-motor, area motora suplementar) (GROSSMANN, 2013). A maior fonte de aferéncias se
origina do tdlamo, mas também ha inputs de estruturas limbicas, como a amigdala e hipocampo,
os quais ddo informag¢do emocional. Também recebe inputs de regides neuromodulatorias,
como a area tegmental ventral, locus coeruleus, rafe dorsal e do prosencéfalo basal, o que pode
influenciar no nivel de atencdo (HOOVER; VERTES, 2007; KURODA et al., 1996). J4 0 CPFm
(Figuras 4 e 5) estd fortemente interconectado com areas insulares anteriores, conhecidas por
estarem envolvidas na interocep¢do (ALLEN et al., 1991) e percep¢do de dor (JASMIN;
GRANATO; OHARA, 2004). Outra conexdao importante ¢ com a substancia cinzenta
periaquedutal, regido envolvida com a agressao, comportamento de defesa e modulagao da dor
(NELSON; TRAINOR, 2007) (SEWARDS; SEWARDS, 2002). O CPFm processa esses inputs
tao heterogéneos para, finalmente, guiar a execugdo de um comportamento adequado para tal

estimulo.

Figura 4 - Principais conexdes anatomicas do cértex pré-frontal ventromedial (CPFvm)
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ACC, cortex cingulado anterior; SN, substancia nigra; LC, locus coeruleus; RB, regido de Broca; RD, rafe dorsal;
B9, células serotoninérgicas B9; SNc, substancia nigra pars compacta; ATV, area tegmental ventral. ADAPTADO
DE (EUSTON, 2012).

Figura 5 - Visido esquematica dos inputs e outputs de diferentes regides para o CPFm

Contexto
Acoes adaptativas

Motor

esquelético Respostas autondmicas e

emocionais adaptativas

Motor autonémico
visceral

Sinais de resposta
(dor, recompensa)

ACC, cortex cingulado anterior; PL, area pré-limbica; IL, 4rea infralimbica. ADAPTADO DE (EUSTON, 2012).

O CPF ¢ subdividido em 6 camadas (I-VI), definidas assim pelo tipo morfologico celular
que as compdem, além da conectividade, origens de desenvolvimento e padrdes de expressao
génica das células em cada camada (GUY; STAIGER, 2017). Um padrao de organizacio
neuronal tipico dos cdrtices sdo as minicolunas, em humanos, € as colunas, em roedores. Uma
minicoluna ¢ uma unidade funcional basica do encéfalo que organiza os neurdnios no espago
cortical (FAVOROV; KELLY, 1994a, 1994b; MOUNTCASTLE, 1997; TOMMERDAHL et
al., 1993); essa coluna vertical atravessa as diversas camadas corticais (camada VI até a II).
Neurdnios dentro da minicoluna recebem inputs que sdo comuns para todos, t€m outputs
também comuns, estdo interconectados e provavelmente constituem uma unidade
computacional fundamental do cortex cerebral (CASANOVA et al., 2002). Nestas minicolunas
estao os interneuronios GABA¢rgicos, os quais fazem a inibicao lateral e acredita-se que isso €
o que delineia uma minicoluna da outra (DEFELIPE et al., 1990; FAVOROV; KELLY, 1994a,
1994b). No encéfalo de primatas, vias cortico-corticais e cortico-subcorticais ocorrem através
de neurdnios excitatorios. Quando essas vias alcangam seus alvos no cortex, ha a formagao de
sinapses excitatorias com neuronios excitatorios locais e inibitdrios locais, participando de
microcircuitos locais dentro de minicolunas ou minicolunas vizinhas no coértex

(ZIKOPOULOS; BARBAS, 2013).
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1.5.1 Equilibrio E/I e CPF

O balanco E/I é essencial para a execugdo apropriada de diversos comportamentos
dependentes do CPF (FERGUSON; GAO, 2018). Estudos evidenciam que, ao aumentar de
forma exagerada a excitabilidade dos interneurénios PV"™ no CPFm (diminui¢do da razdo E/I)
ha um prejuizo significativo na memoria de trabalho, flexibilidade cognitiva e interagdo social
(FERGUSON; GAO, 2018), comportamentos dependentes do CPF. Ainda, estudos mostram
que um aumento na razao E/I também ¢ prejudicial: a manipulacao optogenética de neuronios
piramidais e de interneurdnios PV" no CPFm de camundongos prejudicou o comportamento
social (YIZHAR et al., 2011) e os déficits sociais puderam ser reduzidos ao aumentar o tom
inibitério dos interneurdénios. A manuten¢do do equilibrio E/I no CPFm tem uma participacao
fundamental do tdlamo: os inputs vindos desta regido encefalica garantem forte ativacao dos
interneurdnios PV" (SCHMITT et al., 2017), enquanto que uma atenuacgdo da atividade do
talamo aumenta a razdo E/I por reduzir a inibi¢do dos interneurdnios nas células piramidais

corticais (FERGUSON; GAO, 2018).

Recentemente, descobriu-se que as basket cells sdo necessarias e suficientes para a
geracdo e manutencao das oscilagdes gama (30-80 Hz) (BUZSAKI et al., 2004; CARDIN et
al., 2009; SOHAL et al., 2009), uma faixa de oscilagdo relacionada com a cogni¢do, memoria
de trabalho, processamento e integra¢ao da informacao (GAETZ et al., 2011; HOWARD et al.,
2003; LUNDQVIST et al., 2016) - todos comportamentos dependentes do CPF. Em individuos
neurotipicos, essa oscilagao ¢ modulada por uma variedade de processos integrativos, incluindo
feature binding (capacidade de integragcdo de todas as caracteristicas de um mesmo objeto)
(TALLON-BAUDRY et al., 1998), top-down feature selection (capacidade de discernir as
caracteristicas de um objeto, como seu tamanho, por exemplo) (HERRMANN;
MECKLINGER, 2001), atengdo (MULLER; GRUBER; KEIL, 2000), processamento de face
(KEIL et al., 2001b; RODRIGUEZ et al., 1999) e emotional arousal (capacidade de sentir
emocgdes) (KEIL et al., 2001a). Prejuizos comportamentais tanto no TEA como na
esquizofrenia tém sido associados com a elevagdo basal (ou seja, ndo evocada) de oscilagdes
de alta frequéncia (na faixa dos 30-80Hz), faixa caracteristica das oscilagdes gama
(OREKHOVA et al., 2007; ROJAS et al., 2008; WILSON et al., 2007). De fato, ja existem
evidéncias de que oscilagdes gama anormais conduzem ao desequilibrio E/I e déficits sociais
em pacientes com TEA (ROJAS; WILSON, 2014; YIZHAR et al., 2011). A elevacdo na razao
E/I é acompanhada por elevagdo nas oscilagdes gama (SOHAL et al., 2009). Esses resultados

sugerem que uma razao E/I aumentada, causada por mau funcionamento dos interneuronios
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PV, induz a oscilagdes gama excessivas e comportamentos do tipo-autista (LEE; LEE; KIM,

2017b).

Ainda, ha alta conectividade local e baixa conectividade entre regides distantes (Figura
6), o que ¢ evidenciado principalmente por estudos de ressonancia magnética funcional
(DICHTER, 2012; MINSHEW; KELLER, 2010). Essa falta de conectividade entre regides
encefalicas no TEA pode estar refletida em uma falta de sincronia nas oscilagdes gama no
eletroencefalograma (BROCK et al., 2002). Irmdos ndo autistas de pessoas com TEA parecem
compartilhar a hipoativagdo dos cortices pré-frontal e medial temporal, mas nao a hiperativagdo
do cortex parietal, sugerindo que esta baixa atividade nessas duas regides possa ser um
endofenotipo, que reflete padrdes familiares de organizagao encefalica que coloca os individuos

em um alto risco para 0 TEA (BELMONTE; BARON-COHEN, 2004).

Figura 6 - Hiperconectividade local e hipoconectividade entre regides distantes no TEA

o O o o Q o

A esquerda, observa-se uma representagio da conectividade no encéfalo tipico (estimulos sio processados
localmente e ha integragio entre diferentes regides). A direita, observa-se a representacio do encéfalo no TEA
(estimulos sdo hiperprocessados localmente e ha pouca integracdo entre diferentes regides) ADAPTADO DE
(BELMONTE, 2004).

Uma mudancga frequentemente observada na estrutura cortical da substancia cinzenta
em criangas ¢ adultos com TEA ¢ a minicolunopatia (BUXHOEVEDEN et al., 2006;
CASANOVA, 2006; CASANOVA et al., 2002, 2010; CASANOVA; BUXHOEVEDEN;
GOMEZ, 2003; CASANOVA; BUXHOEVEDEN; BROWN, 2002). Casanova e colaboradores
realizaram diversos estudos a respeito das minicolunas em individuos com TEA e a observagao
foi a de que o CPFdl tem mais minicolunas, porém estas sdo mais estreitas do que a de
individuos neurotipicos. Entretanto, ainda ndo foram elucidados os mecanismos pelos quais
este fenomeno ocorre. O que se sabe ¢ que as double bouquet cells definem a organizagao
minicolunar (MOUNTCASTLE, 1997). Alteracdes na densidade e morfologia neuronal, bem

como na distribuicdo laminar e colunar, podem afetar as conexdes excitatdrias e inibitdrias e os
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circuitos. Por exemplo, isso pode afetar o neurdpilo (ZIKOPOULOS; BARBAS, 2013), que ¢
0 espago que circunda as minicolunas e ¢ o canal para as proje¢des dos circuitos locais de
excitacdo e inibicado (PETERS; SETHARES, 1996) ¢ isso pode prejudicar o balanco E/I no
TEA. Ja foi observado que o neurdpilo no CPFdl de pacientes com TEA ¢ mais estreito e ha

uma menor compactacao - ou seja, as células sdo mais esparsas (CASANOVA et al., 2002).

Algumas outras alteragdes no CPF de individuos com TEA também ja foram descritas
na literatura, como aumento no volume da substancia cinzenta em criangas, o que pode ser, em
alguns casos, devido a um aumento no nimero de neurdnios, pelo menos em alguns cortices
pré-frontais (COURCHESNE et al., 2011); de fato, j& foi observado que ha 79% mais neurdnios
no CPFdl e 29% mais neur6nios no cortex mesial pré-frontal (CPFm sem o aCC) de criancas
com TEA - embora esta alteracdo ja ndo seja mais observada no encéfalo de adultos
(ZIKOPOULOS; BARBAS, 2010) - e aumento relativo de 67% no numero total de neurdnios
no CPF (COURCHESNE et al., 2011). Embora nao se saiba a causa disto, tal anormalidade
parece ser de origem pré-natal e, consequentemente, estas alteracdes influenciam todo o
equilibrio E/I. Ainda, foi identificado em pacientes com TEA partes de cortex que estdo
desorganizadas, incluindo o CPF (STONER et al., 2014). Provavelmente isso resulta de
desregulagdo da formacao das camadas e diferenciagdo neuronal especifica de cada camada em
estagios pré-natais de desenvolvimento, o que também contribui de maneira critica para as
alteracdes E/I encontradas no transtorno. Por fim, dados sugerem forte ativagdo anormal no
cortex parietal, ao mesmo tempo em que regides integrativas nos cortices pré-frontal e medial
temporal estdo anormalmente quiescentes (BELMONTE; BARON-COHEN, 2004). Todos
esses achados evidenciam o grande papel do CPF para o E/I e as alteracdes encontradas
suportam o papel chave dos interneurdnios e da correta organizagao cortical para a manutengao

de estados adequados de excitagdo e inibi¢do corticais.

1.6 JUSTIFICATIVA
Este presente trabalho justifica-se devido ao fato de o TEA:

a) ser um transtorno heterogé€neo e multifatorial sem etiologia conhecida;

b) ter uma prevaléncia elevada;

¢) causar déficits de comunica¢do e de interacdo social que prejudicam a inser¢ao € o
convivio dos individuos na comunidade;

d) apresentar diversas comorbidades, como, por exemplo, epilepsia, o que prejudica a

qualidade de vida dos pacientes;
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e) gerar um extenso custo econdmico, social e emocional (tanto para os pacientes como

para os familiares e a sociedade).

Devido a isso, o entendimento acerca da fisiopatologia do TEA mostra-se crucial e, por
causa da limitacdo de estudos em seres humanos e dificuldade de obtencao de tecidos post-
mortem de pacientes com TEA, a pesquisa basica utilizando modelos animais faz-se necessaria
e mostra-se de extrema importancia e relevancia.

Devido ao papel chave dos interneurdnios CB* e PV" para a manutengio do equilibrio
E/I no CPFm, justifica-se a necessidade de investigacao destas células nesta regido encefalica
crucial e bastante afetada no TEA. A partir da realizagdo deste trabalho, espera-se obter
resultados que auxiliem a elucidar alguns parametros no ambito de desequilibrio E/I, CPFm e

TEA e contribuam para avangos no entendimento da fisiopatologia do TEA.

1.7 OBJETIVOS

1.7.1 Objetivo geral

Analisar a distribui¢do laminar cortical e entre sub-regides dos interneurdnios
GABA¢érgicos CB e PV* e neurdnios totais NeuN" nas camadas superficiais (II/I1I) e profundas
(IV/V) no CPFm em ratos Wistar de 30 dias do modelo animal de autismo induzido por

exposi¢ao pré-natal ao VPA.

1.7.2 Objetivos especificos:

a) quantificar os interneurénios CB" ¢ PV" e os neurdnios totais NeuN" no CPFm,
dividindo-o em suas sub-regides aCC, PrL e IL e camadas superficiais (II/III) e
profundas (IV/V);

b) calcular a propor¢do de interneurénios CB™ ¢ PV em relagdo aos neurdnios totais
NeuN"no CPFm, dividindo-o em suas sub-regides aCC, PrL e IL e camadas superficiais

(II/IIT) e profundas (IV/V).
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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with unknown etiology.
Excitatory/inhibitory (E/I) imbalance is related to social, cognitive and sensory impairments found in
ASD and may have a strong contribution of altered inhibitory signaling. Given the key role of
GABAergic interneurons for the maintenance of E/I balance and, since medial prefrontal cortex
(mPFC) is pivotal to social behaviors in rodents, we aimed to evaluate in valproic acid (VPA) autism
model quantity and proportion of calbindin-positive (CB*) and parvalbumin-positive (PV™)
interneurons (both GABAergic ones) on upper and deeper layers of anterior cingulate cortex (aCC)
and prelimbic (PrL) and infralimbic (IL) areas, all three mPFC subregions. When analyzing the whole
mPFC, VPA group displayed increased number of total neurons NeuN*. In subregion analysis, the
composition of all results allowed us to observe different patterns of specific alterations both in number
and proportion of CB* and PV" interneurons within total neurons scenario, as well as altered pattern of
cortical lamination. Taken together, the results suggest that prenatal exposure to VPA may be related
to alterations of interneuron composition in mPFC possibly due to impairments in migratory process
and influences in other neuronal subpopulations. Prenatal exposure to VPA led to alterations in mPFC

neuronal scenario, which may be possibly related to the social impairments observed in VPA model.
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The understanding about the mechanisms by which E/I imbalance occurs in ASD still remains with
many questionings. Data showed here contribute to the attempt to elucidate possible key moments in

which some of the alterations observed in ASD concerning E/I imbalance can be originated.

1 Introduction

Autism spectrum disorder (ASD) is characterized by deficits in social interaction and social
communication, as well as patterns of restricted and repetitive behaviors, activities or interests
(American Psychiatric Association, 2013). In addition to the core symptoms, ASD patients can exhibit
a set of associated conditions, for example, epilepsy - one of the most prevalent comorbidities in ASD,
which affects approximately one third of the patients (R. Muhle, S. V. Trentacoste, 2004; Tuchman
and Cuccaro, 2011; Tuchman and Rapin, 2002). Furthermore, toddlers with ASD process social cues
in an atypical way during their first year of life (Osterling and Dawson, 1994; Welsh and Estes, 2018),
which impairs subsequent social behaviors. Moreover, they orient preferentially to non-social
contingencies (Klin et al., 2009) and apparently have potential impairments on empathy-behaviors
(Baron-Cohen and Wheelwright, 2004; Jones et al., 2010).

ASD has an elevated prevalence (1:59) (Christensen et al., 2018) and, despite the progress
achieved on the understanding of ASD’s pathophysiology, its etiology remains unknown. Besides that,
ASD is a heterogeneous and multifactorial disorder (Beversdorf, 2016) with an intricate interaction
among epigenetic (Lyall et al., 2017), genetic (Caglayan, 2010; El-Fishawy and State, 2010;
Geschwind, 2011) and environmental (Risch et al., 2014; Sealey et al., 2016) risk factors strongly
associated with its triggering. Regarding the environmental ones, here we highlight the prenatal
exposure to valproic acid (VPA) (Christensen et al., 2013; Roullet et al., 2013) — which findings
conducted to the well-stablished VPA animal model of autism (Bambini-Junior et al., 2011, 2014;
Fontes-Dutra et al., 2018; Gottfried et al., 2013; Hirsch et al., 2018; Rodier et al., 1996; Schneider and
Przewtocki, 2005).

The complexity of ASD’s pathophysiology has been targeted for theories in an attempt to
explain the basis of this disorder (Yenkoyan et al., 2017). The excitatory/inhibitory (E/I) imbalance
hypothesis during critical periods of embryonic development (Gogolla et al., 2009; Nelson and Valakh,
2015; Rubenstein, J.L.R & Merzenich, 2003) addresses mechanisms by which impaired neuronal
connectivity affects brain circuitry; however, it still remains with many questions. E/I imbalance may
alters the functioning of several brain regions, such as prefrontal cortex (PFC). This region can be

divided, among other areas, into dorsolateral PFC (dIPFC) in humans and medial PFC (mPFC) in
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rodents. The rodent mPFC is divided into anterior cingulate cortex (aCC) and prelimbic (PrL) and
infralimbic (IL) areas (Carlén, 2017) and is the functional homologous region to the human dIPFC
(Seamans et al., 2008; Uylings et al., 2003). As the E/I balance is pivotal for appropriated achievement
of PFC-dependent behaviors, alterations on this circuitry are related to impairments on PFC functions,
including working memory, cognitive flexibility and social interaction (Ferguson and Gao, 2018;
Yizhar et al., 2011) and also related to social, behavioral, sensorial, motor and cognitive phenotypes
found in ASD (Markram and Markram, 2010; Rubenstein, J.L.R & Merzenich, 2003; Rubenstein,
2010).

GABAEergic interneurons display a pivotal role in the maintenance of E/I balance in PFC. They
strongly contribute to local inhibition within cortical circuitry and modulate excitatory responses in a
dynamic way (Isaacson and Scanziani, 2011; Klausberger et al., 2003), controlling pyramidal cells
generation and time of firing (Pouille and Scanziani, 2001) and preventing the excess of excitation
(Dichter and Ayala, 1987). Calbindin-positive and parvalbumin-positive GABAergic interneurons
(CB* and PV™, respectively) represent a huge percentage of total GABAergic cortical interneuron
population. Whereas not much is known about CB" interneurons, the PV* population is characterized
by having a unique pattern of firing, known as fast-spiking (Kawaguchi et al., 1987; Kawaguchi and
Kubota, 1997), generating a rapid train of action potentials like any other neuron. Also, they are
necessary and sufficient to generate and maintain gamma oscillations (30-80Hz) (Buzsaki et al., 2004;
Cardin et al., 2009; Sohal et al., 2009), a range of oscillation related to cognition, working memory,
and processing and integration of information in PFC (Gaetz et al., 2011; Howard et al., 2003;
Lundgvist et al., 2016). Alterations in these oscillations are present in ASD (McNally and McCarley,
2016; Rojas and Wilson, 2014), leading to E/l imbalance (Rojas and Wilson, 2014) and to PFC-related
social deficits in animal models of autism (Cao et al., 2018) and patients (Rojas and Wilson, 2014). A
minor dysregulation of GABAergic interneurons can affect thousands of excitatory cells and may
imbalance the entire delicate regulation between excitation and inhibition (Cline, 2005; Polleux and
Lauder, 2004; Rubenstein, J.L.R & Merzenich, 2003).

Given the key role of GABAergic interneurons for the maintenance of E/I balance in PFC and,
since PFC is pivotal to social behaviors, the altered E/I balance and social impairments seen in ASD
can have a strong contribution of altered inhibitory signaling. Due the fact that there is not much
understanding about ASD’s pathophysiology yet, here we asked how the general neuronal organization
was structured and whether CB* and PV" interneurons had impaired pattern of distribution across

layers in aCC and prelimbic and infralimbic areas in the VPA model.
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2 Materials and Methods
2.1  VPA Model

Wistar rats were obtained from Center of Reproduction and Experimentation of Laboratory
Animals (CREAL) of Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, Brazil, and
maintained in Hospital de Clinicas de Porto Alegre (HCPA) and Department of Biochemistry from
Institute of Health’s Basics Science (ICBS) facilities under a standard 12/12h light/dark cycle (light
cycle starting at 7am and ending at 7pm) at a constant temperature of 22 + 1°C. The animals had ad
libitum access to food and water and were handled in accordance with the guidelines established by
the National Council for the Control of Animal Experimentation (CONCEA) of Brazil. This project
was approved by UFRGS ethics committee (CEUA-UFRGS #140367).

As shown in Panel 1, animals were mated overnight and pregnancy was verified by next
morning through presence of spermatozoa in the vaginal smear. This was considered the embryonic
day 0.5 (EQ.5). Pregnant females were then divided randomly into two experimental groups: Control
and VPA. On E12.5, VPA model was induced, as first described by Schneider and Przewlocki
(Schneider and Przewlocki, 2005): rats of VPA group received a single intraperitoneal injection of
VPA at 600 mg/kg (Acros Organics, NJ, USA) while control group received saline solution 0.9%. At

postnatal day 21 (P21), the offspring was weaned and only the male ones were kept.

2.2 Tissue Preparation and Immunofluorescence Technique

P30 male rats (n=3-5, in litters) were euthanized by anesthetic overdose and subjected to
transcardiac perfusion with 0.9%-NaCl solution followed by 1.5%- and 4%-paraformaldehyde (PFA)
solutions before brain removal. After dissection, the tissue was post-fixed for 4h in a 4%-PFA solution
and subsequently cryoprotected by sequential immersions in 15%- and 30%-sucrose phosphate-
buffered saline (PBS) solutions (the tissue was kept in each solution until complete submersion). Brains
were embedded in Tissue-Tek® and kept in -80°C ultra-freezer until immunofluorescence procedures.

The 7™ edition of Paxinos rat brain atlas (Paxinos and Watson, 2013) was utilized to identify
mPFC region according to the following parameters: Bregma 3.24 mm; interaural: 12.24 mm (Figure
10 of Paxinos). Coronal brain slices (25 um) were made utilizing cryostat (Leica Microsystems
GmbH). The immunostaining procedure was performed as it follows: (1) 4%-PFA exposure (10 min);
(2) three washes (5 min each) with PBS 0.1M; (3) permeabilization with PBS-Triton 0.1% (10 min);
(4) three washes (5 min each) with PBS 0.1M; (5) citrate buffer antigen retrieval (60°C for 1h); (6) two
washes (5 min each) with PBS-Triton 0.1%; (7) blockade with bovine serum albumin (BSA) 5% in
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PBS-Triton 0.1% (1h); (8) incubation with primary antibodies Anti-Parvalbumin (Abcam ab64555),
Anti-Calbindin (Abcam ab82812) and Anti-NeuN (Abcam ab17748) — each one diluted 1:500 in
blocking solution (BSA 5% in PBS-Triton 0.1%) — for 48h at 4°C; (9) five washes (3 min each) with
PBS 0.1M; (10) incubation with both secondary antibodies Alexa Fluor 488 Goat Anti-Mouse 1gG
(Molecular Probes, A11029) and Alexa Fluor 546 Goat Anti-Rabbit IgG (Molecular Probes, A11036)
— both diluted 1:2,000 in blocking solution for 2h at room temperature; (11) five washes (3 min each)
with PBS 0.1M; (12) incubation with DAPI Nucleic Acid Stain solution (Invitrogen, MP01306,
1:10000) (10 min); (13) five washes (3 min each) with PBS 0.1M; (14) addition of Mounting Medium
Fluorshield (Sigma-Aldrich, F6182) followed by coverslip.

2.3 Confocal Microscopy and Image Analysis

The division of mPFC in three subregions (aCC, PrL and IL) was visually made in a confocal
microscope (Olympus FluoView FV1000 confocal laser scanning) of UFRGS Microscopy and
Microanalysis Center from one hemi-slice per glass slide. Each mPFC subregion was yet visually
subdivided in upper (I1/111) and deeper (IV/V) layers. As a result, each animal had six images. Each
image was obtained at least eight times (eight tomes) (20x magnification) and the analysis was made
from merged tomes. The neuronal quantification results are shown in absolute number of NeuN”*
labeled cells (here used as a marker for total neurons), PV* labeled cells (PV* neurons) and CB* labeled
cells (CB™ neurons) (Panel 2). NeuN™ quantification was performed for each assay: 1) CB*, NeuN" and
DAPI and 2) PV*, NeuN" and DAPI. Total neurons NeuN™ quantification results had few differences
between the assays — as we can see in Figure 1Ab and 1Bb. These small differences seem to be related
to a higher background in CB*, NeuN*" and DAPI assay, which slightly impairs the visualization.
Because of that, the results of total neurons NeuN™ quantification shown in Table 1, 2 and 3 are only
from PV+, NeuN™ and DAPI assay. Analyses were performed using ImageJ software Cell Counter
plug-in by two independent researchers. The ratio of interneurons was performed as it follows: absolute

number of PV* or CB* / absolute number of Total Neurons NeuN™.

2.4  Statistical Analysis

Student’s T Test followed by Welch’s correction was performed using Graph Pad Prism 6
software. Data are reported as mean * standard deviation (SD). Statistically significant p values:
*p<0.05, **<0.01, ***<0.001.
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3 Results
3.1 VPA group displays increased number of total neurons NeuN* on mPFC

When analyzing the whole mPFC, VPA group presented a significant increase in the number
of total neurons NeuN™ when compared to control group (Control: 2598 + 122.5, VPA: 3482 + 183.4,
p= 0.0086) — data shown from PV"* experiments (Figure 1Ab). Neither the number of CB* and PV*
neurons nor their proportions within mPFC total neurons scenario were affected by prenatal exposure
to VPA: number of PV* neurons (Figure 1Aa): Control: 228.0 £+ 15.45, VPA: 224.8 + 35.90, p=0.9377;
number of CB* neurons (Figure 1Ba): Control: 136.2 + 12.19, VPA: 122.0 + 27.71, p=0.6626; PV*
ratio (Figure 1Ac): Control: 0.08431 + 0.005051, VPA: 0.06358 + 0.007179, p= 0.0610; CB" ratio
(Figure 1Bc): Control: 0.04949 + 0.005505, VPA: 0.03848 + 0.006202, p= 0.2331.

3.2 VPA group presents proportion and distribution impairments of PV* and CB™ interneurons
across aCC layers

Then, we went through the subregions of mPFC (aCC, PrL and IL) and their upper and deeper
layers. As shown in Table 1, at upper layers of aCC, VPA group presented diminished PV™ ratio
(Control: 0.08400 + 0.003180; VPA: 0.05513 + 0.002124; p= 0.0003). At deeper layers of aCC, VPA
group presented diminished PV* ratio (Control: 0.09694 + 0.01337; VPA: 0.05653 + 0.009855; p=
0.0460), as well as diminished number of CB* neurons (Control: 47.20 + 7.172; VPA: 22.75 + 5.006;
p= 0.0278). When analyzing the whole aCC (upper layers + deeper layers), VPA group presented
diminished PV* ratio when compared to control (Control: 0.09678 + 0.005418; VPA: 0.06008 +
0.005611; p= 0.0061). There were no differences statistically significant among the other analyses in
the aCC: upper layers, number of total neurons NeuN* (Control: 350.8 + 29.06; VPA: 435.5 + 64.43;
p=0.2938), number of PV* neurons (Control: 29.20 + 1.934; VPA: 26.00 *+ 4.041; p= 0.5275), number
of CB™ neurons (Control: 15.20 £+ 4.128; VPA: 16.00 + 4.899; p= 0.9045), CB* ratio (Control: 0.05189
+ 0.005582; VPA: 0.04192 + 0.008916; p= 0.7866); deeper layers, number of total neurons NeuN*
(Control: 484.6 + 31.66; VPA: 655.0 £ 57.99; p= 0.0521), number of PV* neurons (Control: 47.20 +
7.172; VPA: 44.33 + 8.452; p= 0.8069), CB" ratio (Control: 0.06139 + 0.009970, VPA: 0.03932 +
0.005643; p= 0.1152); whole aCC (upper layers + deeper layers), number of total neurons NeuN*
(Control: 872.5 £ 51.32; VPA: 1161 + 137.3; p= 0.1587), number of PV* neurons (Control: 84.25 +
5.808; VPA: 70.33 + 12.47; p= 0.3891), number of CB* neurons (Control: 37.20 + 6.224, VPA: 38.75
+ 9.886; p= 0.8994), CB" ratio (Control: 0.04965 + 0.007097, VPA: 0.04026 + 0.006774; p= 0.3710).
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3.3 VPA group presents abnormal proportion and distribution impairments of PV* and CB*
interneurons across prelimbic layers

As shown in Table 2, at upper layers of prelimbic area, VPA group presented an increase in the
number of PV* neurons (Control: 28.80 + 3.625; VPA: 40.00 + 2.000; p= 0.0369) and PV" ratio
(Control: 0.07180 + 0.0008816; VPA: 0.08789 + 0.001814; p= 0.0044), a decrease in CB* ratio
(Control: 0.08041 + 0.01349; VPA: 0.03512 + 0.007272; p= 0.0255), as well as an increase in the
number of total neurons NeuN* (Control: 337.6 + 21.97; VPA: 448.3 + 19.92; p= 0.0074). At deeper
layers, VPA group presented an increase in the number of PV* neurons (Control: 32.00 + 1.225; VPA:
50.00 + 3.464; p= 0.0245) and in the number of total neurons NeuN* (Control: 515.4 + 24.84; VPA:
744.0 + 48.38; p= 0.0104). When analyzing the whole prelimbic area (upper layers + deeper layers),
there was an increase in the number of total neurons NeuN™ (Control: 853.0 + 35.50; VPA: 1192 +
57.98; p= 0.0039). There were no differences statistically significant among the other analysis in
prelimbic area: at upper layers, number of CB* neurons (Control: 25.20 + 3.929; VPA: 16.00 + 4.882;
p=0.1909); at deeper layers, PV* ratio (Control: 0.06239 + 0.003016; VVPA: 0.05584 + 0.008117; p=
0.4933), number of CB™ neurons (Control: 23.20 + 1.934; VPA: 26.75 £ 7.040; p= 0.6560); whole
prelimbic area (upper layers + deeper layers), number of PV* neurons (Control: 64.40 + 6.765; VPA:
78.25 + 12.09; p= 0.3648), PV* ratio (Control: 0.07533 + 0.006955; VPA: 0.06472 + 0.008034; p=
0.3538), number of CB* neurons (Control: 48.40 + 3.614; VPA: 42.75 + 11.76; p= 0.6725), CB" ratio
(Control: 0.06348 + 0.009881; VVPA: 0.03856 + 0.007843; p=0.0891).

3.4 VPA group presents abnormal proportion and distribution impairments of PV* and CB*
interneurons across infralimbic layers

As shown in Table 3, at upper layers of infralimbic area, VPA group presented a decrease in
both PV* ratio (Control: 0.08257 + 0.004630; VPA: 0.06520 + 0.001922; p= 0.0169) and CB" ratio
(Control: 0.06557 + 0.009221; VPA: 0.03151 + 0.003986; p= 0.0173), as well as an increase in the
number of total neurons NeuN™ (Control: 349.0 + 25.03; VPA: 481.0 £ 9.443; p= 0.0042). When
analyzing the whole infralimbic area (upper layers + deeper layers), we can observe an increase in the
number of total neurons NeuN* (Control: 909.6 + 59.50; VPA: 1199 + 50.58; p= 0.0076). There were
no differences statistically significant among the other analyses in infralimbic area: upper layers,
number of PV* neurons (Control: 28.80 *+ 2.634; VPA: 36.25 + 4.990; p= 0.2481), number of CB”*
neurons (Control: 20.80 £ 2.458; VPA: 14.25 * 3.326; p= 0.1655), at deeper layers, number of total
neurons NeuN* (Control: 560.6 + 38.84; VPA: 718.0 *+ 56.31; p= 0.0642), number of PV* neurons
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(Control: 44.40 + 4.179; VPA: 44.00 *+ 6.658; p=0.9621), PV" ratio (Control: 0.08066 + 0.009038;
VPA: 0.06124 £ 0.007621; p= 0.1530), number of CB* neurons (Control: 29.80 + 4.893; VPA: 26.25
+ 3.092; p= 0.5606), CB" ratio (Control: 0.05739 + 0.01566; VPA: 0.04003 + 0.004933; p=0.3411),
whole infralimbic area (upper layers + deeper layers): number of PV* neurons (Control: 73.20 + 4.903;
VPA: 75.33 £ 5.783; p= 0.7904), PV* ratio (Control: 0.08161 + 0.006711; VPA: 0.06278 + 0.004230;
p= 0.0556), number of CB* neurons (Control: 50.60 + 7.264; VPA: 40.50 + 6.397; p= 0.3314), CB*
ratio (Control: 0.05982 + 0.01294; VPA: 0.03655 * 0.004274; p= 0.1503).

4 Discussion

When analyzing mPFC, the number of total neurons NeuN™ in VPA group was increased when
compared to control (Figure 1Ab), while neither the number of CB* or PV* neurons nor their
proportions were altered (Figures 1Aa, 1Ac, 1Ba and 1Bc). When analyzing the subregions of mPFC
(aCC, PrL and IL), as well as their upper and deeper layers, the same pattern concerning the number
of total neurons NeuN™ repeated: in VPA group, there was an increase of total neurons NeuN* when
comparing to control group, with the exception of aCC (whole region) and IL (only deeper layers).
This subregion analysis enabled us to investigate specific changes in cortical laminar organization
through analysis of number and proportion of CB* and PV™ interneurons across the layers. The number
of PV* neurons in VVPA group was increased in PrL when compared to control group (both in upper
and deeper layers — Table 2); interestingly, the number of CB* neurons was decreased on aCC (deeper
layers — Table 1). Then, we decided to normalize the number of interneurons (CB* or PV") by the
number of total neurons NeuN™ in order to obtain a ratio. By utilizing this approach, we can have an
interesting insight about the E/I balance in the different regions (alterations on the proportion of
inhibitory neurons related to total neurons NeuN* — mostly pyramidal excitatory — may cause
significant impairments in the local neural circuits). Indeed, then we could see that prenatal exposure
to VPA impaired the proportion of PV* and CB* interneurons within the total neurons scenario in many
regions and layers. PV ratio was decreased in aCC (both in the upper and deeper layers — Table 1),
PrL (upper layers — Table 2) and IL (upper layers — Table 3). VPA affected in a more discreet way
CB™ proportion, once the same pattern of decreased ratio was observed only in PrL (upper layers —
Table 2) and IL (upper layers — Table 3), while other sites had the same ratio of control group.

The increased number of total neurons NeuN™ exhibited by VVPA group in our work corroborates
with data from literature: there is 79% more neurons on dIPFC and 29% more neurons on mesial
prefrontal cortex (mPFC without aCC) in children with ASD (Zikopoulos and Barbas, 2010), as well
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as a relative increase of 67% of them in PFC (Courchesne et al., 2011). Regardless of PV* interneuron
analysis, it was already seen a decrease on the number of PV* interneurons on mPFC (Hashemi et al.,
2016) and dIPFC (Zikopoulos and Barbas, 2013) both from ASD post mortem analysis, besides many
findings about this interneurons in animal models of autism (Gogolla et al., 2009; Meyer et al., 2008;
Powell et al., 2003); in contrast, little is known about CB* ones: a study suggest that, in ASD patients,
there are no significant differences in the density of CB™ neurons on dIPFC when compared to
neurotypical individuals (Zikopoulos and Barbas, 2013) and, in animal models, there is a decrease of
50% of CB* neurons on frontoparietal cortex of uPAR™ mice (Levitt et al., 2004). Here we show, for
the first time to our knowledge, data from CB* analysis on mPFC of VPA model, as well as a deeper
and thinner analysis both of CB* and PV interneurons, once our data are from three different regions
of mPFC and also from their upper and deeper layers. In this way, we could observe different patterns
of impaired number and proportion of interneurons across regions and impaired lamination across
mPFC layers (Figure 2).

Once there are no statistically significant differences between both groups concerning the
absolute number of interneurons (PV* or CB*) when analyzing the whole mPFC, we started to
hypothesize that the prenatal exposure to VPA may not be affecting interneuron quantity per se. It
might implicate more in route interneuron alterations to reach the cortex and intracortical areas than in
cell loss during cellular generation - nonetheless, more studies investigating cell loss in different
embryonic stages are needed. Since interneuron migration starts at E12.5 (Kelsom and Lu, 2013) and
VPA insult is made also at E12.5, our hypothesis was that the prenatal exposure to VPA could be
affecting interneuron migration.

Interneurons generation and specification occur in a transitory brain structure in the
telencephalon called ganglionic eminence (GE), which is divided in medial (MGE), lateral (LGE) and
caudal (CGE). It only exists anatomically during embryonic development (Corbin and Butt, 2011) and
becomes evident approximately at E11.5 in rodents (O’Rahilly and Gardner, 1979). After proliferation
and specification end in GE, interneurons start a tangential route of migration at E12.5 towards
corticoestriatal junction and into the cortical wall. Then, they start the intracortical migration — which
is completed only by birth — into the laminated cortex that was generated by pyramidal neurons (Faux
et al., 2012). Many molecules have a pivotal role toward interneuron migration to cortical areas and
adequate lamination in the cortex (Guo and Anton, 2014), as motogens, transcription factors,

chemotactic factors and neurotransmitters.
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Transcription factors of homeobox family such Sox6 and Lhx6 — which are expressed by MGE-
derived interneurons - are crucial for specification (Azim et al., 2009; Batista-Brito et al., 2009; Butt
et al., 2008; Liodis et al., 2007), migration to cortex (Gong et al., 2003; Lavdas et al., 1999), properly
integration of interneurons into cortical layers (Zhao et al., 2008) and have already presented significant
alterations in disorders related to ASD. Loss of Sox6 in MGE-derived interneurons results in
accumulation of them out cortical areas (Azim et al., 2009; Batista-Brito et al., 2009). The mechanism
by which Lhx6 promotes migration may be through promoting the expression of ErbB4 - a receptor
for neuregulin 1 that is also involved in interneuron migration (Zhao et al., 2008). Once Sox6 and Lhx6
are necessary for migration, alterations in their gene expression probably affect interneuron migration.
On our work, once we observed decreased number of CB™ interneurons in aCC of VPA group - which
may be due to migratory deficits - we hypothesized that VPA could be affecting the gene expression
of Sox6 and Lhx6. Analyses in progress at our research group of Sox6 and Lhx6 will clarify the
expression pattern of these two transcription factors in VPA model.

Also, the neurotransmitter GABA plays a critical role (Faux et al., 2012): GABA elicits a
depolarizing response in GABAA receptors — which are expressed by migrating interneurons (Cuzon
etal., 2006; Cuzon Carlson and Yeh, 2011; Lopez-Bendito et al., 2003). Impairments in GABA activity
result in an accumulation of interneurons at the corticoestriatal region and prevent their entry into the
cortical wall. On the other hand, the addition of GABA increases migration (Cuzon et al., 2006). Here
we showed that VPA group had an increase in absolute number of PV* interneurons at PrL. One
mechanism of action of VPA is by increasing the level of GABA on the brain (Baldino and Geller,
1981; Godin et al., 1969; Johannessen, 2000; Kukino and Deguchi, 1978). Thus, we can hypothesize
that our result may be related indirectly to VPA mechanisms of action.

The fact that only some subregions and layers presented impairments on the absolute number
and/or proportion of interneurons, while others did not, is intriguing. Also, in some subregions both
CB™" and PV* neurons presented impairments, whereas in others only PV* were affected. So, what can
possibly explain that in some subregions migration has worked and in others it did not? Also, why in
some subregions migration of CB™ and PV* was different? In order to explain, we must consider the
site where each interneuron is generated and the embryonic period of migratory onset specific to each
interneuron subtype. Regarding site of origin, it is known that MGE originates PV* (Butt et al., 2005;
Wonders and Anderson, 2006; Xu et al., 2004) and CB* (Kelsom and Lu, 2013), whilst CGE originates
double bouguet cells (the majority class of CB™ interneurons) (Butth et al., 2005; Pleasure et al., 2000).
Thus, PV* and double bouquet cells are generated in different sites, MGE and CGE, respectively. Also,
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we have to consider that within CB* population, there are two different sites of origin (CGE for double
bouquet cells and MGE for the non-double bouqguet ones). Concerning time of migratory onset,
neurogenesis of MGE-derived interneurons in rodents starts around E9 and finishes around E16, while
of CGE-derived ones starts around E12 (Miyoshi et al., 2007, 2010). Based on this, a subset of MGE-
derived interneurons has already started migration process at E9, before VPA insult, and thus maybe
this population is not too much affected by prenatal exposure to VPA. Also, at E16, there are still
interneurons migrating to cortex; by this time, days after VPA insult, maybe this set of interneurons
can reach the cortex in a more adequate cellular and molecular environment than the ones that try to
migrate around E12.5, the day of VPA insult. Altogether, this observations and statements may shed
some light why some regions presented specific interneuron subtype impairments. Also intriguing is
the fact that the same pattern of damage that occurred in interneurons was not observed in the number
of total neurons. Once the majority of total neurons are excitatory, it may be explained due to
interneuron generation and origin site be independent from the excitatory ones (Mione et al., 1994;
Parnavelas et al., 1991). This way, other molecules and time of migratory onset are involved in
pyramidal excitatory neuronal migration.

Also, the same subtype of interneuron presented different patterns of alterations across
subregions. So we asked if VPA exposure could be affecting the correct interneuron subregion
localization. Albeit the molecular mechanisms regulating intracortical migration are largely unknown,
potassium-chloride cotransporter 2 (KCC2) — which is localized at interneuron membrane - has a
crucial role (Bortone and Polleux, 2009). The stop signal that ends migration is the upregulation of
KCC2, resulting in interneuron hyperpolarization — the called shift between excitatory to inhibitory
GABAA receptor (Bortone and Polleux, 2009). Rat cortical neurons exposed to VPA in cell culture
resulted in downregulation of KCC2 messenger RNA (MRNA) expression. Interestingly, in the same
study, mRNA expression of a4 GABAa subunit was upregulated by VPA, whilst its Ry2 subunit was
downregulated (Fukuchi et al., 2009). Altogether, VPA impairments on KCC2 and in a4 and Ry2
GABAA subunits mMRNA expression, besides the action of VPA in GABA metabolism itself, may be
related to the interneuron subtype region-specific impairments seen in mPFC.

Cortical lamination is the final step on migratory process. In rodents, it starts around E11 and
completes approximately at P14 (Faux et al., 2012). In our work, some impairments were present only
on upper or deeper layers, not on both, indicative of impaired interneuron lamination. Nevertheless,
how interneurons determine their very final position in the cortex is not known, but at least MGE-

derived ones follow cues generated by cortical pyramidal cells (Hevner et al., 2004; Lodato et al., 2011;
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Pla et al., 2006), which influence interneuron adequate lamination (Faux et al., 2012). Thus, we
hypothesized that impairments in laminar distribution of PV* and CB* interneurons seen in this work
may have an influence of excitatory cells (probably increased as already discussed).

Finally, the altered number of interneurons and impaired proportion of them within cortical
neurons scenario probably have deep consequences on E/I balance, which is essential to properly
execution of a set of PFC-dependent behaviors (Ferguson and Gao, 2018), as cognition, learning,
memory, emotional behaviors (Turrigiano and Nelson, 2004) and social parameters. Disruptions on
PFC E/I balance, as seen in ASD, during critical periods of embryonic development may be related to
cognitive, social, behavioral and sensorial deficits found in ASD patients (Markram and Markram,
2010; Rubenstein, J.L.R & Merzenich, 2003; Rubenstein, 2010).

5 Conclusion

Prenatal exposure to VPA led to significant postnatal changes in mPFC, in both neuronal number
and proportion, suggesting possible correlation with the social impairments observed in VPA model.
Prenatal exposure to VPA may be related to alterations in interneuron migratory process towards
cortical areas, once the composition of all results allowed us to observe different patterns of specific
alterations in mPFC subregions. Besides, the alteration in the number of total neurons NeuN*, which
are mostly represented by pyramidal neurons, could demonstrate also the role of the excitatory
component in this context. Our results contribute to demonstrate a general pattern of cortical
disorganization, which, in final view, may have impact in E/I balance and lead to several outcomes.
Also, these data contribute to elucidate key elements related to neural changes observed in ASD, as
well as to the understanding of pathways involved in E/I imbalance. The complexity of results
demonstrates the necessity to expand studies focusing on neuronal ontogeny in ASD context in order
to clarify possible breaking points during development.
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Legends of Figures

Panel 1. Timeline of experiments. Single dose of VPA (600 mg/kg, i.p.). Only offspring male rats
were utilized for histological analysis. E: embryonic day. P: postnatal day. (CEUA-UFRGS#140367).
n=3-5 (in litters).

Panel 2. Representative image of immunofluorescence assays. (A) Merge image of PV* (green),
NeuN* (red) and DAPI (blue) in Control and VPA groups. (B) Merge image of CB™ (green), NeuN"
(red) and DAPI (blue) in Control and VVPA groups. These images, specifically, were chosen in an

illustrative purpose.

Figure 1. Increased number of total neurons NeuN* on mPFC of VPA group when compared to
control group. Analysis of PV* neurons (A) and CB™ neurons (B). Values are plotted as mean *
standard deviation. n= 4-5 (in litters). Statistical analysis: Student’s t Test followed by Welch’s

correction. *p<0.05. **p<0,01.

Figure 2. Schematic representation of the results obtained in this work. Illustrative picture of a
brain hemisphere, highlighting mPFC (gray area) and with ampliation of its subregions (aCC, PrL and
IL).
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Figure 1
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722  Table 1. VPA group displays abnormal proportion and distribution impairments of PV*and CB*

‘723 interneurons across aCC layers

Region Parameter Control VPA p
total neurons 350.8 +29.06 435.5+64.43 0.2938
PV+ neurons 29.20+1.934 26.00 = 4.041 0.5275
Ratio (PV+/total 0.05513
U . + 0. . Hsksk
Le]f;pef;rs neurons) 0.08400 + 0.003180 0.002124 0.0003
CB+ neurons 15.20 £ 4.128 16.00 + 4.899 0.9045
Ratio (CB+/total 0.04192 +
. = 0. .
neurons) 0.05189 £+ 0.005582 0.008916 0.7866
total neurons 484.6 £ 31.66 655.0 £ 57.99 0.0521
PV+ neurons 4720+ 7.172 44.33 + 8.452 0.8069
i + +
Deeper Ratlo (PVHotal y hoc0, 001337 003633 0.0460"
Layers neurons) 0.009855
CB+ neurons 4720+ 7.172 22.75 £ 5.006 0.0278*
Ratio (CB+/total 0.03932 +
+
neurons) 0.06139 + 0.009970 0.005643 0.1152
total neurons 872.5+51.32 1161 +137.3 0.1587
PV+ neurons 84.25 + 5.808 70.33 £ 12.47 0.3891
i + . +
Whole  Ratio (PV+itotal 55006 4 0.005415  0-06008 0.0061**
aCC neurons) 0.005611
CB+ neurons 37.20 £ 6.224 38.75 £ 9.886 0.8994
Ratio (CB+/total 0.04026 +
neurons) 0.04965 = 0.007097 0.006774 0.3710

724

725  Values are plotted as mean * standard deviation. n=3-5 (in litters). Statistical analysis: Student’s t
726  Test followed by Welch’s correction. *p<0.05. **p<0.01 ***p<0.001.

727
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Table 2. VPA group presents abnormal proportion and distribution impairments of PV* and

CB™ interneurons across prelimbic layers

Region Parameter Control VPA p
total neurons 337.6 £21.97 448.3 £19.92 0.0074**
PV+ neurons 28.80 + 3.625 40.00 + 2.000 0.0369*
Ratio (PV+/total 0.07180 + 0.08789 =
U *ok
y f }}’e irs neurons) 0.0008816 0.001814 0.0044
CB+ neurons 25.20 +3.929 16.00 + 4.882 0.1909
Ratio (CB+/total 0.03512 + N
neurons) 0.08041 +0.01349 0.007272 0.0255
total neurons 515.4+24.84 744.0 + 48.38 0.0104*
PV+ neurons 32.00 £ 1.225 50.00 + 3.464 0.0245*
Decper  Ratio (PVHotal 0009 0003016 00384+ 0.4933
Layers neurons) 0.008117
CB+ neurons 23.20+1.934 26.75 +7.040 0.6560
Ratio (CB+/total 0.04130 =
. = 0. .
neurons) 0.05155 £ 0.009063 0.008741 0.4430
total neurons 853.0 +35.50 1192 +57.98 0.0039**
PV+ neurons 64.40 £ 6.765 78.25 +12.09 0.3648
i + +
Whole Ratlo PVHtotal g o735 1 0006055 006472 0.3538
PrL neurons) 0.008034
CB+ neurons 48.40 £ 3.614 4275 £ 11.76 0.6725
Ratio (CB+/total 0.03856 +
. = 0. .
neurons) 0.06348 +0.009881 0.007843 0.0891

Values are plotted as mean + standard deviation. n=3-5 (in litters). Statistical analysis: Student’s t Test

followed by Welch’s correction. *p<0.05. **p<0.01.
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Table 3. VPA group presents abnormal proportion and distribution impairments of PV* and

CB™ interneurons across infralimbic layers

Region Parameter Control VPA p
total neurons 349.0 £25.03 481.0 +£9.443 0.0042%*
PV+ neurons 28.80 +2.634 36.25 £4.990 0.2481
Ratio (PV+/total 0.06520 +
U . + 0. . *
L;);)eerrs neurons) 0.08257 = 0.004630 0.001922 0.0169
CB+ neurons 20.80 +2.458 14.25 +3.326 0.1655
Ratio (CB+/total 0.03151 +
+ *
neurons) 0.06557 = 0.009221 0.003986 0.0173
total neurons 560.6 + 38.84 718.0 £56.31 0.0642
PV+ neurons 44.40 £ 4.179 44.00 + 6.658 0.9621
Deeper 2t (PVHotal — honce 0. 00003g 000124+ 0.1530
Layers neurons) 0.007621
CB+ neurons 29.80 + 4.893 26.25+3.092 0.5606
Ratio (CB+/total 0.04003 +
neurons) 0.05739 + 0.01566 0.004933 0.3411
total neurons 909.6 £+ 59.50 1199 + 50.58 0.0076**
PV+ neurons 73.20 £ 4.903 75.33 £5.783 0.7904
i + . +
Whole  Ratio (PVHotal o161 4 0006711 0:06278 0.0556
L neurons) 0.004230
CB+ neurons 50.60 + 7.264 40.50 + 6.397 0.3314
Ratio (CB+/total 0.03655 +
neurons) 0.05982 +0.01294 0.004274 0.1503

Values are plotted as mean + standard deviation. n=3-5 (in litters). Statistical analysis: Student’s t Test

followed by Welch’s correction. *p<0.05. **p<0.01.
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Supplementary Figures

Legends of Figures

Figure S1 | VPA group presents abnormal proportion and distribution impairments of PV* (A)
and CB™ (B) interneurons across aCC layers. Values are plotted as mean + standard deviation. n=
3-5 (in litters). Statistical analysis: Student’s t Test followed by Welch’s correction. *p<0.05.
*x#n<0,001.

Figure S2 | VPA group presents abnormal proportion and distribution impairments of PV* (A)
and CB* (B) interneurons across prelimbic layers. Values are plotted as mean * standard deviation.
n= 3-5 (in litters). Statistical analysis: Student’s t Test followed by Welch’s correction. *p<0.05.
**p<0.01.

Figure S3 | VPA group presents abnormal proportion and distribution impairments of PV* (A)
and CB* (B) interneurons across infralimbic layers. Values are plotted as mean + standard
deviation. n= 3-5 (in litters). Statistical analysis: Student’s t Test followed by Welch’s correction.
*p<0.05. **p<0.01.
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<

< < L
rs ¢ &
* *
3 B
L2 . ] r
8 8
€ 3 £ I § ¢ e 2 5 e 2 2 3
=] e © e e o =] =1 =] =1 o o =) =)
suounap [ejo1/Ad Jo oney SUOINaN [eJ0L/Ad JO oney suoJnap [ejoL/Ad Jo oney
TT & g TT i
g s
o
&
(=]
L
] T
LI P . E I
3 S
S T S T S 8 8 8 8 - A T
§ 8§ § § § 8 8 § 8 g 8 8
SuoINaN [B)01 JO JagquinN N [B10L JO Jaquiny SUCINBN [2101 JO Jaquiny
ll‘ B g TT |
i g
L FE . € -
3 3
¢ 3 8 8 ] 2 g8 8 § & ° g 8 =&

SUOINAN Ad JO Jaquiny

SUOINaN Ad JO Jaquiny

suoInsN Ad 40 JequinN

VPA

VPA

Control

VPA

Control

776

S e ——
g &8 3 §
=] =

[=] =] =)

suoinap [ejoL/gd

8
Rl

2
=]
@

400

=]
=]
&

SUOINaN [E}OL JO JaqINN

._ _
' Li
—r—T T
-] Q -] =]

- L] ~ -
SuoJNaN g9 Jo Jaquiny

T
VPA

T
Control

T
VPA

Control

VPA

Control

s 8 g 3
s © © ?
S © © o

suonaN [ejo1/a9

]
e o
s o

VPA

Control

VPA

VPA

.
T
Control

@ @0 o~
& 8 & § ¢
o o o

suolna [e101/g9

T +

T
Control

E
€
o
o
2 ) ) ) - ) ) )
3 ] 8 8 8 g ]
2 2 s & 2 3
< 2
SuUoJNaN [BJOL JO JaquINy suoinay [e}o] Jo Jaquinpy
< . Tv'fA L&
o e g
*
. m .
S
5]

€ 8 ¢ ®” °

suoinaN g9 Jo Jaquiny

suoinaN g9 Jo Jsquiny

7

778



65

Figure S2
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Figure S3
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3 CONCLUSOES E PERSPECTIVAS

Os resultados deste estudo mostraram que a exposicdo pré-natal ao VPA conduziu a
alteragdes pos-natais importantes no CPFm tanto em nimero como em distribuicdo de
interneurénios CB* ¢ PV* ¢ neurdnios totais NeuN". Os dados sugerem que a exposi¢do pré-
natal ao VPA possa estar relacionada com alteragdes no processo de migracdo dos
interneuronios em dire¢do ao cortex cerebral e intracortical, uma vez que os animais do grupo
VPA apresentaram alteracdes quantitativas dos interneurdnios CB*, PV" e neur6nios totais
NeuN" no CPFm, bem como alteragdes na propor¢do desses interneurdnios em relagdo aos
neurdnios totais NeuN" (Figura 7). A composi¢do de todos os resultados nos permitiu observar

diferentes padroes de alteracdes nas sub-regides, além de laminagao cortical também alterada.

A complexidade dos resultados encontrados mostra a necessidade de expansdo das
analises, com um foco maior na ontogenia dos interneurdnios no contexto do TEA, na tentativa
de elucidar possiveis mecanismos envolvidos com os prejuizos quantitativos e de distribuicdo
de interneurdnios evidenciados neste estudo. Os esforgos a partir de agora serdo centrados na
analise das moléculas cruciais para o processo de migragdo dos interneurénios, com especial
atengdo para os fatores de transcri¢do Sox6 e Lhx6 e os receptores GABAA ¢ GABAg. Assim,
serd possivel observar se a exposi¢ao pré-natal ao VPA contribui para possiveis prejuizos nestes
componentes tdo fundamentais para uma migragao adequada. Ainda, os outros subtipos de
interneurdnios também serdo estudados, uma vez que as analises acerca dos PV ¢ CB" fazem

parte de uma varredura da populacdo GABAérgica inibitoria total.

O entendimento acerca dos mecanismos pelos quais ocorre um desequilibrio E/Ino TEA
ainda permanece com muitos questionamentos. Alteragdes neste balangco no CPF durante
periodos criticos de desenvolvimento embrionario podem estar relacionadas com o fenotipo
cognitivo, social e sensorial encontrado no TEA. Os resultados do presente trabalho contribuem
para a tentativa de elucidar possiveis elementos-chave relacionados a alteragdes neurais

observadas no TEA, bem como o entendimento de vias envolvidas no desequilibrio E/I.
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Figura 7 — Representagio esquematica dos resultados obtidos neste trabalho

aCC

CPFm
P I.'L t n° nt(;lgfsnios

IL

Imagem ilustrativa de um hemisfério encefalico, com destaque para o CPFm (érea cinza) e com ampliagéo se

suas sub-regides (aCC, PrL e IL). Fonte: elaborada pela autora.
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2.6. Materials and DataPolicies
2.6.1. Availability of Materials
26.2. Availability of Data
2.6.3. Data Citation Guidelines
2.6.4. Data Availability Statements
2.6.5. Recommended and Required Repositories
2.6.6. Inclusion of Zoological Nomenclature
2.6.7. Inclusion of RNAseqData
2.6.8 Inclusion of Proteomics Data
2.7. Statistics

3. Editorial Policies and Publication Ethics

3.1. Authorship and Author Responsibilities
3.2. Research Integrity

3.3. Translations

3.4. Plagiarism and Duplication

3.5. Image Manipulation

3.6. Conflictsof Interest

3.7. Bioethics
3.7.1. Studies involving animalsubjects
3.7.2. Studies involving humansubjects
3.7.3. Inclusion of identifiable human data

3.7.4. Clinical Trials
3.8. Corrections
3.9. Retractions

3.10. Support and Ethicalconcerns

1. Summary Table

Please view the table below for a summary on currently accepted article types and general manuscript
style guidelines. Article types may vary depending on journal.
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Systfamatic 350 v 15 12'000 v > v
Reviews words words
Technolog 350 v 15 12'000 2 i v
y Report words words

(1) Tier 2 article - field level article reserved to authors of selected Tier 1 articles.

* Editorials for Research Topics with 5 to 10 published articles have a maximum of 1'000 words, for
Research Topics with more than 10 published articles the following applies: 1'100 words for 11 articles,
1'200 for 12 articles, 1'300 for 13 articles etc. up to maximum 5'000 words, for 50 or more papers.

Appendicesandfootnoteswill be considered inthetotal lengthandword count of the article.

2, Manuscript Guidelines

2.1. Open access and copyright

All Frontiers articles from July 2012 onwards are published with open access under the CC-BY
Creative Commons attribution license (the current version is CC-BY, version 4.0
http://creativecommons.org/licenses/by/4.0/  (https://creativecommons.org/licenses/by/4.0/)). This
means that the author(s) retain copyright, but the content is free to download, distribute and adapt for
commercial or non-commercial purposes, given appropriate attribution to the original article.

Upon submission, author(s) grant Frontiers an exclusive license to publish, including to display,
store, copy and reuse the content. The CC-BY Creative Commons attribution license enables
anyone to use the publication freely, given appropriate attribution to the author(s) and citing
Frontiers as the original publisher. The CC-BY Creative Commons attribution license does not
apply to third-party materials that display a copyright notice to prohibit copying. Unless the third-
party content is also subject to a CC-BY Creative Commons attribution license, or an equally
permissivelicense, theauthor(s) must comply with any third-party copyright notices.

Preprint Policy

Frontiers’ supportive preprint policy encourages full open access at all stages of a research paper, to
share and generate the knowledge researchers need to support their work. Authors publishing in
Frontiers journals may share their work ahead of submission to a peer-reviewed journal, as well as
during the Frontiers review process, on repositories or pre-print servers (such as ArXiv, Peer]
Preprints, OSF and others), provided that the server imposes no restrictions upon the author's full
copyright and re-use rights. Also note that any manuscript files shared after submission to Frontiers
journals, during the review process, must not contain the Frontiers logo or branding.

Correct attribution of the original source in repositories or pre-print servers must be included on
submission, or added at re-submission if the deposition is done during the review process.

If the article is published, authors are then strongly encouraged to link from the preprint server to
the Frontiers publication to enable readers to find, access and cite the final peer-reviewed version.
Please note that we cannot consider for publication content that has been previously published, or is
already under review, within a scientific journal, book or similar entity.

2.2. Registration with Frontiers

Please note that the corresponding and all submitting authors MUST  register
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(https://www.frontiersin.org/Registration/Register.aspx) with Frontiers before submitting an article.

You must be logged in to your personal Frontiers Account to submit an article.

For any co-author who would like his/her name on the article abstract page and PDF to be linked to
a Frontiers profile on the Loop network (http://loop.frontiersin.org/about), please ensure to register
(https://www.frontiersin.org/Registration/Register.aspx) before the final publication of the paper.

2.3. Manuscript Requirements and Style Guide

2.3.1. General standards
Word Files
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If working with Word please use Frontiers Word templates.

(http://www.frontiersin.org/Design/zip/Frontiers_Word_Templates.zip)

LaTeX Files

If you wish to submit your article as LaTeX, we recommend our Frontiers LaTeX templates
(http://www.frontiersin.org/design/zip/Frontiers_LaTeX_Templates.zip).

These templates are meant as a guide, you are of course welcome to use any style or formatting and
Frontiers journal style will be applied during typesetting.
Experiments

Authors are required to specifically state in their legends how many times experiments were
performed (in general we require n=3 as a minimum) and what specific statistical analysis was
performed.

2.3.1.1. Article Type

Frontiers requires authors to carefully select the appropriate article type for their manuscript, and to

comply with the article-type descriptions defined in the journal’s "Article Types", which can be seen

from the "For Authors” menu on any Frontiers journal page. Please note that not all articles types are

available for all journals/specialties. Please contact us if you have any questions. Please pay close

attentiontothewordcountlimits.

Focused Reviews, Frontiers Commentaries and Grand Challenge articles are invited by the chief
editor and cannot be part of any Frontiers Research Topic. Unless you were contacted by the chief
editor or the editorial oxce regarding the submission of a paper selected for tier 2 promotion, do not
submit a Focused Review or a Frontiers Commentary - instead, submit a Review or a General
Commentary.

Please see Additional Requirements for specific article types including Focused Reviews, General
Commentaries, Protocols and Data Reports.

2.3.1.2. Manuscript Length

Frontiers encourages its authors to closely follow the article word count lengths given in the
Summary Table. The manuscript length includes only the main body of the text, footnotes and all
citations within it, and excludes abstract, section titles, figure and table captions, funding
statements, acknowledgments and references in the bibliography. Please indicate the number of
words and the number of figures included in your manuscript on the first page.

2.3.1.3. Language Editing
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Frontiers requires manuscripts submitted to meet international standards for English language to be
considered for publication.

For authors who would like their manuscript to receive language editing or proofing to improve the
clarity of the manuscript and help highlight their research, Frontiers recommends the language-
editingservicesprovided by the following external partners:

Editage

Frontiers is pleased to recommend language-editing service provided by our external partner
Editage to authors who believe their manuscripts would benefit from professional editing. These
services may be particularly useful for researchers for whom English is not the primary
language. They can help to improve the grammar, syntax and flow of your manuscripts prior to
submission. Frontiers authors will receive a 10% discount by visiting the following link:
http://editage.com/frontiers/ (http://editage.com/frontiers/)

The Charlesworth Group

Frontiers recommends the Charlesworth Group Author Services, who has a long standing track
record in language editing and proofing. This is a third-party service for which Frontiers
authors will receive a discount by visiting the following link:
http://www.charlesworthauthorservices.com/~Frontiers
(http://www.charlesworthauthorservices.com/~Frontiers).

Note that sending your manuscript for language editing does not imply or guarantee that it will be accepted
for publication by a Frontiers journal.

Editorial decisions on the scientific content of a manuscript are independent of whether it has
received language editing or proofing by the partner services, or other services.

2.3.1.4. Language Style

The default language style at Frontiers is American English. If you prefer your article to be formatted
in British English, please specify this on your manuscript first page. For any questions regarding style
Frontiers recommends authors to consult the Chicago Manual of Style.

2.3.1.5. Search Engine Optimization (SEO)

There are a few simple ways to maximize your article’s discoverability. Follow the steps below to
improve search results of your article:

+ Include a few of your article's keywords in the title of the article; Do not use long
article titles;
+ Pick 5 to 8 keywords using a mix of generic and more specific terms on the article subject(s);
+ Use the maximum amount of keywords in the first 2 sentences of the abstract;
+ Use some of the keywords in level 1 headings.

2.3.1.6. Title
The title is written in title case, centred, and in 16 point bold Times New Roman font at the top

of page.

The title should be concise, omitting terms that are implicit and, where possible, be a statement
of the main result or conclusion presented in the manuscript. Abbreviations should be avoided
within the title.

Witty or creative titles are welcome, but only if relevant and within measure. Consider if a title meant
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to be thought-provoking might be misinterpreted as ouensive or alarming. In extreme cases, the
editorial oxce may veto a title and propose an alternative.

Authors should try to avoid, if possible:

+ Titles that are a mere question without giving the answer.

+« Unambitious titles, for example starting with "Towards", "A description of", "A characterization
of", "Preliminary study on".

+ Vague titles, for example starting with "Role of...", "Link between...", "Euect of..." that do not
specify the role, link, or euect.

+ Include terms that are out of place, for example the taxonomic azxliation apart from species
name.

For Corrigenda, Book Reviews, General Commentaries and Editorials, the title of your manuscript should have
the following format:

o "Corrigendum: Title of original article” "Book
Review: Title of book"

*

o General Commentaries

"Commentary: Title of original article" (This does not apply to Frontiers Commentaries)
o "Response: Commentary: Title of original article” "Editorial:

Title of Research Topic"
*

For article types requiring it, the running title should be a maximum of 5 words in length. (see
Summary Table)

2.3.1.7. Authors and AFilliations

All names are listed together and separated by commas. Provide exact and correct author names as
these will be indexed in ozcial archives. Azliations should be keyed to the author's name with
superscript numbers and be listed as follows: Laboratory, Institute, Department, Organization, City,
State abbreviation (USA, Canada, Australia), and Country (without detailed address information such
as city zip codes or street hames).

Example: Max Maximus, Department of Excellence, International University of Science, New York,
NY, USA.

The Corresponding Author(s) should be marked with an asterisk. Provide the exact contact email
address of the corresponding author(s) in a separate section.

Correspondence:

Dr. Max Maximus maximus@gmail.com

If any authors wish to include a change of address, list the present address(es) below the
correspondence details using a unique superscript symbol keyed to the author(s) in the author list.

2.3.1.8. Consortium/Group and Collaborative Authors

Consortium/group authorship should be listed in the manuscript with the other author(s). In cases
where authorship is retained by the consortium/group, the consortium/group should be listed as an

author separated by “,” or “and”. Consortium/group members can be listed in a separate section at
the end of the manuscript.

Example: John Smith, Barbara Smith and The Collaborative Working Group.
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In cases where work is presented by the author(s) on behalf of a consortium/group, it should be
included in the manuscript author list separated with the wording “for” or “on behalf of”. The
consortium/group will not retain authorship.

Example: John Smith and Barbara Smith on behalf of The Collaborative Working Group.

2.3.1.9. Headings and Sub-headings

Except for special names (e.g. GABAergic), capitalize only the first letter of headings and
subheadings. Headings and subheadings need to be defined in Times New Roman, 12, bold. You
may insert up to 5 heading levels into your manuscript (not more than for example: 3.2.2.1.2
Heading title).

2.3.1.10. Abstract

As a primary goal, the abstract should render the general significance and conceptual advance of
the work clearly accessible to a broad readership. In the abstract, minimize the use of abbreviations
and do not cite references. The text of the abstract section should be in 12 point normal Times
New Roman. See Summary Table for abstract requirement and length according to article type.

For Clinical Trial article types, please include the Unique Identifier and the URL of the publicly
accessible website on which the trial is registered.

2.3.1.11. Keywords

All article types: you may provide up to 8 keywords; at least 5 are mandatory.

2.3.1.12. Text

The entire document should be single-spaced and must contain page and line numbers in order
to facilitate the review process. Your manuscript should be written using either LaTeX or MS-
Word.

Templates are available (see above)

2.3.1.13. Nomenclature

+ The use of abbreviations should be kept to a minimum. Non-standard abbreviations should be
avoided unless they appear at least four times, and defined upon first use in the main text.
Consider also giving a list of non-standard abbreviations at the end, immediately before the
Acknowledgments.

+ Equations should be inserted in editable format from the equation editor. Italicize Gene symbols
and use the approved gene nomenclature where it is available. For human genes, please refer to
the HUGO Gene Nomenclature Committee (HGNC (https://www.genenames.org/)). New gene
symbols should be submitted here (https://www.genenames.org/cgi-bin/request). Common
Alternative gene aliases may also be reported, but should not be used alone in place of the
HGNC symbol. Nomenclature committees for other species are listed here
(https://www.genenames.org/about/fag#otherspecies).

Protein products are not italicized.

+ We encourage the use of Standard International Units in all manuscripts. Chemical compounds
and biomolecules should be referred to using systematic nomenclature, preferably using the
recommendations by IUPAC.

+ Astronomical objects should be referred to using the nomenclature given by the International
Astronomical Union provided here
(http://cdsweb.u-strasbg.fr/Dic/how.htx).


https://www.genenames.org/
https://www.genenames.org/cgi-bin/request
https://www.genenames.org/cgi-bin/request
https://www.genenames.org/about/faq#otherspecies
https://www.genenames.org/about/faq#otherspecies
http://cdsweb.u-strasbg.fr/Dic/how.htx
http://cdsweb.u-strasbg.fr/Dic/how.htx
http://cdsweb.u-strasbg.fr/Dic/how.htx

101
Life Science ldentifiers (LSIDs) for ZOOBANK registered names or nomenclatural acts
should be listed in the manuscript before the keywords. An LSID is represented as a uniform
resource name (URN) with the following format:
urn:lsid:::[:]
For more information on LSIDs please see Inclusion of Zoological Nomenclature
section.

2.3.1.14. Sections

Your manuscript is organized by headings and subheadings. For Original Research Articles, Clinical
Trial Articles, and Technology Reports the section headings should be those appropriate for your
field and the research itself.

For Original Research Articles, it is recommended to organize your manuscript in the following
sections or their equivalents for your field:

Introduction

Succinct, with no subheadings.

Materials and Methods

This section may be divided by subheadings. This section should contain suzxcient detail so that
when read in conjunction with cited references, all procedures can be repeated. For experiments
reporting results on animal or human subject research, an ethics approval statement should be
included in this section (for further information, see section Materials and Data Policies)

Results

This section may be divided by subheadings. Footnotes should not be used and have to be
transferred into the main text.

Discussion

This section may be divided by subheadings. Discussions should cover the key findings of the
study: discuss any prior art related to the subject so to place the novelty of the discovery in the
appropriate context; discuss the potential short-comings and limitations on their interpretations;
discuss their integration into the current understanding of the problem and how this advances
the current views; speculate on the future direction of the research and freely postulate theories
that could be tested in the future.

For further information, please see Additional Requirements for specific article types including
Focused Reviews, General Commentaries, Case Reports and Data Reports amongst others or
you can check the descriptions defined in the journal’s "Article Types", which can be seen
from the "For Authors" menu on any Frontiers journal page.

2.3.1.15. Acknowledgments

This is a short text to acknowledge the contributions of specific colleagues, institutions, or agencies that aided
the euorts of the authors.

2.3.1.16. Author Contributions Statement

The Author Contributions Statement is mandatory and should represent all the authors. It can be up to
several sentences long and should briefly describe the tasks of individual authors. Please list only 2
initials for each author, without full stops, but separated by commas (e.g. JC, JS). In the case of two
authors with the same initials, please use their middle initial to diuerentiate between them (e.g. REW,



RSW). The Author Contributions Statement should be included at the end of the manuscript before the
References.

2.3.1.17. Confiict of Interest Statement

A Conflict of Interest Statement needs to be included at the end of the manuscript before the
references. Here, the authors need to declare whether or not the submitted work was carried out in the
presence of any personal, professional or financial relationships that could potentially be construed as
a conflict of interest. For more information on conflicts of interest, see our Editorial Policies.

2.3.1.18. Contribution to the Field Statement

When you submit your manuscript, you will be required to briefly summarize in 200 words your
manuscript’s contribution to, and position in, the existing literature of your field. This should be
written avoiding any technical language or non-standard acronyms. The aim should be to convey the
meaning and importance of this research to a non-expert. While Frontiers evaluates articles using
objective criteria, rather than impact or novelty, your statement should frame the question(s) you have
addressed in your work in the context of the current body of knowledge, providing evidence that the
findings - whether positive or negative - contribute to progress in your research discipline. This will
assist the Chief Editors to determine whether your manuscript fits within the scope of a specialty as
defined in its mission statement; a detailed statement will also facilitate the identification of the
Editors and Reviewers most appropriate to evaluate your work, ultimately expediting your
manuscript's initial consideration.

Example Statement on: Markram K and Markram H (2010) The Intense World Theory — a unifying
theory of the neurobiology of autism. Front. Hum.
Neurosci. 4:224. doi: 10.3389/fnhum.2010.00224

Autism spectrum disorders are a group of neurodevelopmental disorders that auect up to 1 in 100
individuals. People with autism display an array of symptoms encompassing emotional processing,
sociability, perception and memory, and present as uniquely as the individual. No theory has suggested
a single underlying neuropathology to account for these diverse symptoms. The Intense World Theory,
proposed here, describes a unifying pathology producing the wide spectrum of manifestations observed
in autists. This theory focuses on the neocortex, fundamental for higher cognitive functions, and the
limbic system, key for processing emotions and social signals. Drawing on discoveries in animal
models and neuroimaging studies in individuals with autism, we propose how a combination of
genetics, toxin exposure and/or environmental stress could produce hyper-reactivity and hyper-
plasticity in the microcircuits involved with perception, attention, memory and emotionality. These
hyper-functioning circuits will eventually come to dominate their neighbors, leading to hyper-
sensitivity to incoming stimuli, over-specialization in tasks and a hyper-preference syndrome. We
make the case that this theory of enhanced brain function in autism explains many of the varied past
results and resolves conflicting findings and views and makes some testable experimental predictions.

2.3.2. References

All citations in the text, figures or tables must be in the reference list and vice-versa. The references
should only include articles that are published or accepted. Data sets that have been deposited to an
online repository should be included in the reference list, include the version and unique identifier
when available. For accepted but unpublished works use "in press" instead of page numbers.
Unpublished data, submitted manuscripts, or personal communications should be cited within the
text only, for the article types

that allow such inclusions. Personal communications should be documented by a letter of permission.
Website urls should be included as footnotes. Any inclusion of verbatim text must be contained in
quotation marks and clearly reference the original source. Preprints can be cited as long as a DOI or
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archive URL is available, and the citation clearly mentions that the contribution is a preprint. If a peer-

reviewed journal publication for the same preprint exists, the ozcial journal publication is the
preferred source.

The following formatting styles are meant as a guide, as long as the full citation is complete
and clear, Frontiers referencing style will be applied during typesetting.

+ SCIENCE, ENGINEERING, and HUMANITIES: For articles
submitted in the domains of SCIENCE, ENGINEERING and HUMANITIES please
apply Author-Yearsystemforin-text citations.

Reference list: provide the names of the first six authors followed by et al. and doi
(https://www.crossref.org/guestquery/#textsearch) when available.

In-text citations should be called according to the surname of the first author, followed by the
year. For works by 2 authors include both surnames, followed by the year. For works by more
than 2 authors include only the surname of the first author, followed by et al., followed by the
year. For Humanities and Social Sciences articles please include page numbers in the in-text
citations.

Article in a print journal:

Sondheimer, N., and Lindquist, S. (2000). Rngl: an epigenetic modifier of protein function in yeast.
Mol. Cell. 5, 163-172.

Article in an online journal:

Tahimic, C.G.T., Wang, Y., Bikle, D.D. (2013). Anabolic euects of IGF-1 signaling on the
skeleton. Front. Endocrinol. 4:6. doi: 10.3389/fendo.2013.00006

Article or chapter in a book:

Sorenson, P. W., and Caprio, J. C. (1998). "Chemoreception," in The Physiology of Fishes,
ed. D. H. Evans (Boca Raton, FL: CRC Press), 375- 405.

Book:

Cowan, W. M., Jessell, T. M., and Zipursky, S. L. (1997). Molecular and Cellular
Approaches to Neural Development. New York: Oxford University Press.

Abstract:

Hendricks, J., Applebaum, R., and Kunkel, S. (2010). A world apart? Bridging the gap
between theory and applied social gerontology. Gerontologist 50, 284-293. Abstract
retrieved from Abstracts in Social Gerontology database. (Accession No. 50360869)

Patent:

Marshall, S. P. (2000). Method and apparatus for eye tracking and monitoring pupil dilation
to evaluate cognitive activity. U.S. Patent No 6,090,051. Washington, DC: U.S. Patent and
Trademark O=ce.

Data:

Perdiguero P, Venturas M, Cervera MT, Gil L, Collada C. Data from: Massive
sequencing of Ulms minor's transcriptome provides new molecular tools for a genus
under the constant threat of Dutchelm
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disease. Dryad Digital Repository. (2015) http://dx.doi.org/10.5061/dryad.ps837

Theses and Dissertations:

Smith, J. (2008) Post-structuralist discourse relative to phenomological pursuits in the
deconstructivist arena. [dissertation/master’s thesis]. [Chicago (IL)]: University of Chicago

Preprint:

Smith, J. (2008). Title of the document. Preprint repository name [Preprint]. Available at:
https://persistent-url (Accessed March 15,2018).

For examples of citing other documents and general questions regarding reference style, please refer to
the Chicago Manual of Style. (http://www.chicagomanualofstyle.org/home.html)

Frontiers Science Endnote Style (http://www.frontiersin.org/Design/ens/Frontiers-
Science.ens)

Frontiers Science, Engineering and Humanities Bibstyle
(http://www.frontiersin.org/Design/bst/frontiersinSCNS_ENG_HUMS.bst)

o« HEALTH, PHYSICS AND MATHEMATICS: For articles submitted in the domain of HEALTH
or the journal Frontiers in Physics and Frontiers in Applied Mathematics and Statistics please
applythe Vancouver system for in-text citations.

Reference list: provide the names of the first six authors followed by et al. and doi
(https://www.crossref.org/guestquery/#textsearch) when available.

In-text citations should be numbered consecutively in order of appearance in the text —
identified by Arabic numerals in the parenthesis for Health articles, and in square brackets for
Physics and Mathematics articles.

Reference examples:

Article in a print journal:

Sondheimer N, Lindquist S. Rnql: an epigenetic modifier of protein function in yeast. Mol
Cell (2000) 5:163-72.

Article in an online journal:

Tahimic CGT, Wang Y, Bikle DD. Anabolic euects of IGF-1 signaling on the skeleton. Front
Endocrinol (2013) 4:6.doi: 10.3389/fendo.2013.00006

Article or chapter in a book:

Sorenson PW, Caprio JC. "Chemoreception,”. In: Evans DH, editor. The Physiology of Fishes. Boca
Raton, FL: CRC Press (1998). p. 375-405.

Book:

Cowan WM, Jessell TM, Zipursky SL. Molecular and Cellular Approaches to Neural
Development. New York: Oxford University Press (1997). 345 p.

Abstract:

Christensen S, Oppacher F. An analysis of Koza's computational euort statistic for genetic
programming. In: Foster JA, editor. Genetic Programming. EuroGP 2002: Proceedings of the
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5th European Conference on Genetic Programming; 2002 Apr 3-5; Kinsdale, Ireland. Berlin:

Springer (2002). p. 182-91.
Patent:

Pagedas AC, inventor; Ancel Surgical R&D Inc., assignee. Flexible Endoscopic Grasping
and Cutting Device and Positioning Tool Assembly. United States patent US 20020103498
(2002).

Data:

Perdiguero P, Venturas M, Cervera MT, Gil L, Collada C. Data from: Massive sequencing of
Ulms minor's transcriptome provides new molecular tools for a genus under the constant
threat of Dutch elm disease. Dryad Digital Repository. (2015)
http://dx.doi.org/10.5061/dryad.ps837 (https://dx.doi.org/10.5061/dryad.ps837)

Theses and Dissertations:

Smith, J. (2008) Post-structuralist discourse relative to phenomological pursuits in the

deconstructivist arena. [dissertation/master’s thesis]. [Chicago (IL)]: University of Chicago
Preprint:

Smith, J. Title of the document. Preprint repository name [Preprint] (2008). Available at:
https://persistent-url (Accessed March 15,2018).

For examples of citing other documents and general questions regarding reference style, please refer to
Citing Medicine (https://www.ncbi.nlm.nih.gov/books/NBK7256/).

Frontiers Health Endnote Style (http://www.frontiersin.org/Design/ens/Frontiers-
Health.ens)

Frontiers Health and Physics Bibstyle
(http://www.frontiersin.org/Design/bst/frontiersinHLTH%26FPHY .bst)

2.3.3. Disclaimer

Any necessary disclaimers which must be included in the published article should be clearly
indicated in the manuscript.

2.3.4. Supplementary Material

Frontiers journals do not support pushing important results and information into supplementary
sections. However, data that are not of primary importance to the text, or which cannot be included
in the article because it is too large or the current format does not permit it (such as movies, raw data
traces, power point presentations, etc.) can be uploaded during the submission procedure and will be
displayed along with the published article. All supplementary files are deposited to FigShare for
permanent storage, during the publication stage of the article, and receive a DOI.

The Supplementary Material can be uploaded as Data Sheet (word, excel, csv, cdx, fasta, pdf or zip
files), Presentation (power point, pdf or zip files), Supplementary Image (cdx, eps, jpeg, pdf, png or
tif), Supplementary Table (word, excel, csv or pdf), Audio (mp3, wav or wma) or Video (avi, divx,
flv, mov, mp4, mpeg, mpg or wmv).

Supplementary material is not typeset so please ensure that all information is clearly presented, the
appropriate caption is included in the file and not in the manuscript, and that the style conforms to the


https://dx.doi.org/10.5061/dryad.ps837
https://www.ncbi.nlm.nih.gov/books/NBK7256/
https://www.ncbi.nlm.nih.gov/books/NBK7256/
http://www.frontiersin.org/Design/ens/Frontiers-Health.ens
http://www.frontiersin.org/Design/ens/Frontiers-Health.ens
http://www.frontiersin.org/Design/bst/frontiersinHLTH%26FPHY.bst
http://www.frontiersin.org/Design/bst/frontiersinHLTH%26FPHY.bst

rest of the article. To avoid discrepancies between the published article and the supplementary
material, please do not add the title, author list, atliations or correspondence in the supplementary
files. For Supplementary Material templates (LaTex and Word) see Supplementary Material for
Frontiers.

(http://www.frontiersin.org/design/zip/Frontiers_Supplementary Material.zip)

Suggested Fonts

The title is written in title case, centred, and in 16 point bold Times New Roman font at the top
of page.

Headings and subheadings need to be defined in Times New Roman, 12, bold.
The text of the abstract section should be in 12 point normal Times New Roman.

The body text is in 12 point normal Times New Roman.

2.3.5. File Requirements

For Latex Files, when submitting your article please ensure to upload all relevant manuscript
files including:

+ texfile PDF
+ .bib file (if the bibliography is not already included in the .tex file)
*

Figures should be included in the provided pdf. In case of acceptance, our Production Oxce might
require high resolution files of the figures included in the manuscript in eps, jpg or tif format. In
order to be able to upload more than one figure at a time, save the figures (labeled in order of
appearance in the manuscript) in a zip file, and upload them as ‘Supplementary Material

Presentation’.

To facilitate the review process, please include a Word Count at the beginning of your manuscript,
one option is teXcount which also has an online interface.

During the Interactive Review, authors are encouraged to upload versions using ‘Track Changes’.
Editors and Reviewers can only download the PDF file of the submitted manuscript.

2.3.6. Additional Requirements per article types
2.3.6.1. CrossMark Policy

CrossMark (https://www.crossref.org/crossmark/index.html) is a multi- publisher initiative to provide
a standard way for readers to locate the current version of a piece of content. By applying the
CrossMark logo Frontiers is committing to maintaining the content it publishes and to alerting
readers to changes if and when they occur. Clicking on the CrossMark logo will tell you the current
status of a document and may also give you additional publication record information about the
document.

2.3.6.2. Commentaries on Articles

For General Commentaries, the title of your manuscript must have the following format:
"Commentary: Title of the original article”. At the beginning of your Commentary, please provide the
complete citation of the article commented on. Authors commenting on a Frontiers article must
submit their commentary for consideration to the same Journal and Specialty as the original article.

Rebuttals may be submitted in response to Commentaries; our limit in place is one commentary and
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one response. Rebuttals should be submitted as General Commentary articles and the title should
have the following format: "Response: Commentary: Title of original article".

2.3.6.3. Book Reviews

The title of a book review needs to follow the format "Book Review: Title of book". For book
Reviews, you must also provide the full book details at the beginning of the article in this format:
"Book Review: Full book reference"

2.3.6.4. Focused Reviews

For Tier 2 invited Focused Reviews, to shape the paper on the importance of the research to the field, we
recommend structuring the Review to discuss the paper's Introduction, Materials and Methods,
Results and Discussion. In addition the authors must submit a short biography of the corresponding
author(s). This short biography has a maximum of 600 characters, including spaces

A picture (5 x5 cm, in *.tif or *.jpg, min 300 dpi) must be submitted along with the biography in
the manuscriptand separately during figure upload.

Focused Reviews highlight and explain key concepts of your work. Please highlight a minimum of
four and a maximum of ten key concepts in bold in your manuscript and provide the
definitions/explanations at the end of your manuscript under “Key Concepts”. Each definition has a
maximum of 400 characters, including spaces.

2.3.6.5 Systematic Reviews

For Systematic Reviews, the following article structure applies.

o Title: include systematic review/meta-synthesis/meta-analysis as appropriate in the title

Each of the sections should include specific sub-sections as follows
o Abstract

a Background
Methods
Results

® Conclusions

o Ingoduction

s Rationale

Objectves

a Research question
o Methods

s Study design
a Participants, interventions, comparators Systematic review
protocol
: Search strategy
m Data sources, studies sections and data extraction Data analysis
o Reisults

= Provide a flow diagram of the studies retrieved for the review Study selection
and characteristics

]

s Synthesized findings Risk of
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bias
o Discussion
s Summary of main findings
Limitations
u
s Conclusions

2.3.6.6. Data Reports

For Data Reports, please make sure to follow these additional specific guidelines.

1. The data sets (defined as a collection of data that contains individual data units organized in a
standardized reusable format, including pre-processed or raw data) must be deposited in a public
repository for long-term data preservation prior to submission of the Data Report. The data set(s) is
to be fixed and made publicly available upon publication of the Data Report.

2. Our data sharing policy also requires that the dataset be made available to the Frontiers editors and
reviewers during the review process of the manuscript. Prior to submission of your Data Report
manuscript, please ensure that the repository you have selected supports confidential peer- review. If
it does not, we recommend that the authors deposit the datasets to figshare or Dryad Digital
Repository for the peer-review process. The data set(s) can then be transferred to another relevant
repository before final publication, should the article be accepted for publication at Frontiers.

Note that it is the authors’ responsibility to maintain the data sets after publication of the Data
Report. Any published Frontiers Data Report article will be considered for retraction should the data
be removed fromthe final selected repository after publication or the access become restricted.

3. The submitted manuscript must include the following details:

+ Detailed statement of contribution of the data report to the field Name of the data set

Name of the database/repository where the data set has been submitted Link to the data set for
confidential peer-review (which can be updated after acceptance, prior to publication once the
data is made public) Description of how the data was acquired, data collectionperiod

« Filters applied to the data

L X4

¢ Overview of the data files and their formats

+ Reference to and/or description of the protocols or methods used to collect the data
+ Information on how readers may interpret the data set and reuse the data

All these elements will be peer-reviewed and are required for the publication of the Data Report.

Any future updates to the data set(s) should be deposited as independent versions in a repository
and the relevant information may be published as General Commentaries linked on the Frontiers
website to the initial Data Report.

Any detailed analyses or new scientific insights relating to the Data Report can be submitted as
independent research articles which can also be linked on the Frontiers website to the Data Report
article. The protocols and methodology used to collect the data can also be submitted as Methods
articles.

2.3.6.7. Case Reports

Case Reports should include the following:

+ Background
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« Case Presentation

For human patients: age, sex and occupation of the patient, presenting symptoms, the patient’s
historyandany relevantfamily orsocial history, and relevant clinical findings

+ For animal patients: age, sex, and breed of the animal, presenting problems, the
animal's history, and relevant clinical findings.

Description of laboratory investigations and diagnostic tests.

+ Discussion of the underlying pathophysiology and the novelty or significance of the case.
Authors are required to obtain written informed consent from the patients (or their legal
representatives) for the publication.

2.3.6.8. Policy & Practice Reviews

For Policy and Practice Reviews, the following article structure applies:

« Abstract Introduction
+ Sections on assessment of policy/guidelines options and implications Actionable
*

Recommendations and Conclusions
*

2.3.6.9. Policy Briefs

For Policy Briefs, the following article structure applies:

o Abstract (bullet point format)
Introduction
*
+ Sections on Policy Options and Implications Section on

Actionable Recommendations Conclusions
*

2.3..6.10. Protocols

For Protocols articles, please make sure to follow these additional specific guidelines.
1. The submitted manuscript must include the following sections:
o An Abstract.

o An Introduction outlining the protocol and summarizing its possible applications.

o A Materials and Equipment section providing a list of reagents or other materials and/or
equipment required to carry out the protocol. For basic-science protocols, the formulation
of any solutions, e.g. buuers, should be clearly indicated in the Materials and Equipment
section.

o A Stepwise Procedures section listing, stepwise, the stages of the protocol. The timing of
each step or related series of steps should be indicated, as should points at which it is
possible to pause or halt the procedure without adversely influencing the outcome. For
steps requiring repeated measurements, details of precision and accuracy should be
presented. Limits of detection or quantification should also be stipulated where
appropriate.



110

o An Anticipated Results section describing, and illustrating with figures, where possible,
the expected outcome of the protocol. Any analytical software or methods should be
presented in detail in this section, as should possible pitfalls and artifacts of the procedure
and any troubleshooting measures to counteract them. These last may also be described in
an optional Notes section.

o Code or training data sets referenced by the protocol and useful in its execution should be
hosted in an online repository; their accession numbers or other stable identifiers should be
referenced in the Anticipated Results.

2. The significance of the protocol and any advance represented by the method compared with
other, similar methods should be presented in the contribution to the field statement
accompanying your manuscript.

2.3.6.11. Code

The code should be novel and presented in human-readable format, adhere to the standard
conventions of the language used (variable names, indentation, style and grammar), be well
documented (comments in source), be provided with an example data set to show excacy, be
compilable or executable free of errors (stating configuration of system used).

The code should only call standard (freely accessible) libraries or include required libraries, and
include a detailed description of the use-scenarios, expected outcomes from the code and known
limitations of the code.

Pleasetherefore makesuretoprovideaccesstothefollowingupon submission:

1. Abstract explicitly including the language of code

2. Keywords including the language of the code in the following
format:"code:language"” e.g.: "code:matlab"

3. Contribution to the field statement including the utility of the code and its language

4. Main Textincluding:

o code description

o application and utility of the code

o link to an accessible online code repository where the most recent source code version
is stored and curated (with an associated DOI for retrieval after review)

o access to test data and readme files methods
used

o example of use
known issues

o . - . .
o licensing information (Open Source licenses recommended)

5. Compressed Archive (.zip) of the reviewed version of the code as supplementary material
(.zip archives are currently available under the “Presentation” dropdown menu).

2.3.6.12. Registered Report

Registered Reports are empirical research articles outlining a proposed methodology and analyses
which are peer-reviewed and pre-registered before data collection. Registered Reports should include
an Introduction, Methods and preliminary results from any pilot experiments (if applicable). If the



Registered Report is endorsed following peer-review and the research is conducted according to the
approved methodology, the manuscript will be given In Principle Acceptance. Following data
collection, the authors should submit a complete manuscript containing the peer-reviewed sections
included in the Registered Report, as well as the Results and Discussion sections. If the Results
include unregistered analysis, these should be indicated separately as ‘Exploratory Analysis’. Authors
have 1 year after their registered report is accepted to submit a full manuscript. The format is
appropriate for any hypothesis-driven research, including both original studies and replications.

Registered Reports have a maximum word count of 3,000 and may include 2 Figures/Tables.
Following data collection, the completed version of the manuscript should follow the guidelines for
an Original Research article with a maximum word count of 12,000. Registered Reports incur a A-
type article fee, charged after the acceptance of the completed manuscript.

2.4. Figure and Table Guidelines

2.4.1. CC-BY Licence

All figures, tables, and images will be published under a Creative Commons CC-BY licence
(https://creativecommons.org/licenses/by/4.0/) and permission must be obtained for use of
copyrighted material from other sources (including re-published/adapted/modified/partial figures and
images from the internet). It is the responsibility of the authors to acquire the licenses, to follow any
citation instructions requested by third-party rights holders, and cover any supplementary charges.

2.4.2. General Style Guidelines for Figures

The maximum number of figures and tables for all article types are shown in the Summary Table.
Frontiers requires figures to be submitted individually, in the same order as they are referred to in
the manuscript, the figures will then be automatically embedded at the end of the submitted
manuscript.

Kindly ensure that each table and figure is mentioned in the text and in numerical order.

For graphs, there must be a self-explanatory label (including units) along each axis. For figures with
more than one panel, panels should be clearly indicated using labels (A), (B), (C), (D), etc. However,
do not embed the part labels over any part of the image, these labels will be added during typesetting
according to Frontiers journal style. Please note that figures which are not according to the
guidelines will cause substantial delay during the production process.

Permissions may be necessary in the following scenarios:

+ Republishing
Modifying/adapting Partial
Figures

*
It is the responsibility of the authors to acquire the licenses, to follow any citation instructions
requested by third-party rights holders, and cover any supplementary charges.

2.4.3. General Style Guidelines for Tables

Tables should be inserted at the end of the manuscript. If you use a word processor, build your table
in word. If you use a LaTeX processor, build your table in LaTeX. An empty line should be left
before and after the table.

Please note that large tables covering several pages cannot be included in the final PDF for formatting
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reasons. These tables will be published as supplementary material on the online article abstract page at
the time of acceptance. The author will notified during the typesetting of the final article if this is the
case. A link in the final PDF will direct to the online material.

For additional information, please see our Editorial Policies: 3.5 Image Manipulation.

2.4.4. Figure and TableRequirements
Legends

Legends should be preceded by the appropriate label, for example "Figure 1" or "Table 4". Figure
legends should be placed at the end of the manuscript (for supplementary images you must include the
caption with the figure, uploaded as a separate file). Table legends must be placed immediately before
the table. Please use only a single paragraph for the legend. Figure panels are referred to by bold capital
letters in brackets: (A), (B), (C), (D), etc.

Image Size

Figure images should be prepared with the PDF layout in mind, individual figures should not be
longer than one page and with a width that corresponds to 1 column or 2 columns.

+ Allarticles are prepared using the 2 column layout: 2 column articles can contain images 85 mm or
180 mm wide.

2.4.5. Format

The following formats are accepted:

TIFF (.tif) TIFF files should be saved using LZW compression or any other non-lossy
compression method.

JPEG (.jpg)

EPS (.eps) EPS files can be uploaded upon acceptance
Color Image Mode

Images must be submitted in the color mode RGB.

Resolution Requirements

All images must be uploaded separately in the submission procedure and have a resolution of 300 dpi
at final size. Check the resolution of your figure by enlarging it to 150%. If the resolution is too low,
the image will appear blurry, jagged or have a stair-stepped euect.

Please note saving a figure directly as an image file (JPEG, TIF) can greatly auect the resolution of
your image. To avoid this, one option is to export the file as PDF, then convert into TIFF or EPS
using a graphics software. EPS files can be uploaded upon acceptance.

Chemical Structures

Chemical structures should be prepared using ChemDraw or a similar program. If working with
ChemDraw please use Frontiers ChemDraw Template
(https://www.frontiersin.org/files/zip/FrontChemTemplate.zip), if working with another program
please follow the guidelines given below:

Drawing settings: chain angle, 120° bond spacing, 18% of width; fixed length,
14.4 pt; bold width, 2.0 pt; line width, 0.6 pt; margin width 1.6 pt; hash spacing 2.5 pt. Scale 100%
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Atom Label settings: font, Arial; size, 8 pt.

Assign all chemical compounds a bold, Arabic numeral in the order in which the compounds are
presented in the manuscript text. Figures containing chemical structures should be submitted in a
size appropriate for incorporation into the manuscript.

Legibility

Figures must be legible. Check the following:

+ The smallest visible text is no less than 8 points in height, when viewed at actual size.
+ Solid lines are not broken up.
+ Imageareasare notpixilated or stair stepped. Text is legible
and of high quality.
+ Any lines in the graphic are no smaller than 2 points width.

2.5. Funding disclosure

Details of all funding sources must be provided in the funding section of the manuscript including
grant numbers, if applicable. All Frontiers articles are published with open access under the CC-BY
Creative Commons attribution license. Articles published with Frontiers automatically fulfil or
exceed the requirements for open access mandated by many institutions and funding bodies,
including the National Institutes of Health, the Medical Research Council, Research Councils
UK, and the Wellcome Trust. Frontiers submits funding data to the Open Funder Registry which
is a funder identification service from CrossRef resulting from collaboration between scholarly
publishers and funding agencies.

2.6. Materials and Data Policies

Frontiers is committed to open science and open data, and we strongly encourage authors to
maximize the availability of data included in their articles by making generated data publicly
available where possible, and ensuring that published data sets are cited in accordance with our
data citation guidelines. We aim to achieve the best community standards regarding data
availability, ensuring increased levels of transparency and reproducibility in our published articles.

Our policies on data availability are informed by community-driven standards, which
Frontiers endorses, such as the Transparency and Openness (https://cos.io/our-services/top-
guidelines/) (TOP) guidelines, and the joint declaration of data citation principles produced by
FORCE 11 (https://www.forcell.org/group/joint-declaration-data-citation- principles-final).

2.6.1. Auvailability of Materials

Authors are strongly encouraged to make all materials used to conduct their research available to other
researchers. Research materials necessary to enable the reproduction of an experiment should be
clearly indicated in the Materials and Methods section. Relevant materials such as protocols, analytic
methods, and study material should preferably be uploaded to an online repository providing a global
persistent link/identifier. If this is not possible, authors are strongly encouraged to make this material
available upon request to interested researchers, and this should be stated in the manuscript.

Resource ldentification Initiative

Authors wishing to participate in the Resource Identification Initiative
(https://www.forcell.org/group/resource-identification-initiative) should cite antibodies,
genetically modified organisms, software tools, data, databases, and services using the
corresponding catalog number and RRID in your current manuscript. For more information about
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the project and for steps on how to search for an RRID, please click here

(https://www.frontiersin.org/files/pdf/letter_to_author.pdf).

2.6.2. Availability of Data

Frontiers requires that authors make all data relevant to the conclusions of the manuscript available
to editors and reviewers during peer-review to enable complete and objective evaluation of the
work described.

We strongly encourage authors to make the raw data supporting the conclusions of the manuscript
available in publicly accessible repositories. To comply with best practice in their field of research,
authors are required to make certain types of data available to readers at time of publication in
specific stable, community-supported repositories such as those listed below. Authors are
encouraged to contact our data availability oxce at datapolicy@frontiersin.org
(mailto:datapolicy@frontiersin.org) prior to submission with any queries concerning data
reporting.

2.6.3. Data Citation Guidelines

Authors are encouraged to cite all datasets generated or analyzed in the study. Where datasets are
cited, they should be included in the references list to maximize future usability. The following format
should be used:

[Dataset] Author names. (year) Data Title. Repository name. Version. Persistant identifier

2.6.4. Data Availability Statements

Data availability statements are required for all manuscripts published with Frontiers. During the
submission process, authors will be asked to detail the location of the raw data underlying the
conclusions made in the manuscript, and whether it will be made available to other researchers
following publication. Authors will also be asked for the details of any existing datasets that have
been analysed in the manuscript. These datasets should be cited in accordance with our data citation
guidelines.

A statement will be automatically generated using the information provided in the submission form;
however, manuscripts containing incomplete or incorrect statements will be prevented from entering
the review process.

Examples of acceptable statements
1. Datasets are in a publicly accessible repository:

The datasets [GENERATED/ANALYZED] for this study can be found in the [NAME OF
REPOSITORY] [LINK]

2. Datasets are available onrequest:

The raw data supporting the conclusions of this manuscript will be made available by the authors,
without undue reservation, to any qualified researcher.

3. Allrelevant datais contained within the manuscript:

All datasets [GENERATED/ANALY ZED] for this study are included in the manuscript and
the supplementaryfiles.
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4. Restrictions apply to thedatasets:

The datasets for this manuscript are not publicly available because: [VALID REASON].
Requests to access the datasets should be directed to [NAME, EMAIL].

5. Data has been obtained from a third party:

The data analyzed in this study was obtained from [SOURCE], the following
licenses/restrictions apply [RESTRICTIONS]. Requests to access these datasets should be
directed to [NAME, EMAIL].

6. No datasets were generated for this study

2.6.5. Recommended and RequiredRepositories

Authors are required to deposit the following data-types in public, community-supported
repositories, such as those listed below, prior to publication of an associated Frontiers
manuscript:

Data-type Recommended Repositories Metadata Standard
Genetic and genomic sequence GenBank MiXS
(DNA/ RNA DNA Data Bank of

Japan (DDBJ)
European Nucleotide Archive

(ENA)
Metagenomic sequence EBI Metagenomics MiXS
DNA and RNA trace or short- NCBI Trace Archive MiXS
read sequencing data NCBI Sequence Read

Archive
Genetic polymorphism data, dbSN MiXS
including SNP and CNV data P

dbVar

European Variation

Archive DGVa

Gene expression data; ArrayExpress MIAME / MINSEQE
chromatin Gene Expression Omnibus

immunoprecipitation data (GEO)

(deep- seguencing or

microarray)

Data linking genotype to dbGaP

phenotype
Protein sequence data UniProt
Proteome profiling data PRIDE MIAPE

PeptideAtlas
ProteomeXchange
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Small molecule, protein, protein Crystallography Open Database CIF

complex data structural data Cambridge Structural Database
wwPDB (Protein DataBank)
Electron Microscopy Databank

Taxonomy data Zoobank

N Genetic sequence variants should be annotated according to the guidelines established by the
Human Variome Project (http://www.humanvariomeproject.org/resources/genetics-and-
genomics-journals.html).

Authors are encouraged to consider deposition in public, community- supported repositories of
the data-types listed below:

Data-type Recommended Repositories Metadata Standard

Protein-protein interaction data Database of Interacting Proteins MIMIx

(DIP)
Metabolite and metabolome MetaboLights MSI
profiling data Human Metabolome Database
Small-molecule screening data, PubChem CIF
chemical compound data
Flow cytometry data Flow Repository
Brain Imaging data / OpenNeur BIDS
Neuroimaging data o] INDI

NITRC

NeuroVault [Statistical maps]

Trait data TRY database
Phenology data National Phenology Network
Any data FigShare None

Dryad Digital Repository

2.6.6. Inclusion of Zoological Nomenclature

The International Code of Zoological Nomenclature, in a recent 2012 amendment to the

1999 Zoological Code (http://iczn.org/content/electronic-publication-made-available-
amendment-code), allows all electronic-only papers, such as those published by the Frontiers journals,
to have valid new taxon names and nomenclatural acts. However, these new names or nomenclatural
acts must be registered in ZOOBANK (http://zoobank.org/) and have associated Life Science
Identifiers (LSIDs). Registration must be done by the authors before publication. Should your
manuscript include any zoological new taxon names and/or nomenclatural acts, please ensure that they
are registered prior to final publication.

2.6.7. Inclusion of RNAseqData

Studies employing RNASeq for comparative transcriptomic analyses must contain at least 3


http://www.humanvariomeproject.org/resources/genetics-and-genomics-journals.html
http://www.humanvariomeproject.org/resources/genetics-and-genomics-journals.html
http://www.humanvariomeproject.org/resources/genetics-and-genomics-journals.html
http://iczn.org/content/electronic-publication-made-available-amendment-code
http://iczn.org/content/electronic-publication-made-available-amendment-code
http://iczn.org/content/electronic-publication-made-available-amendment-code
http://zoobank.org/

biological replicates (unless otherwise justified). Each biological replicate should be represented
in an independent library, each with a unique barcode if libraries are multiplexed for sequencing.
Validation on a number of key transcripts highlighted in the study is also highly recommended.

Full data accompanying these experiments must be made available to reviewers at the time of
submission in a freely accessible resource e.g the sequence read archive (SRA)
(https://www.ncbi.nlm.nih.gov/sra) or European Nucleotide Archive (ENA)
(https://www.ebi.ac.uk/ena).

Depending on the question addressed in a manuscript, de novo assemblies of transcriptomes may
also require multiple replicates and assembled sequences together with sequence annotation must be
made freely available

e.g figshare (https://figshare.com/) or dryad (https://datadryad.org/).

2.6.8 Inclusion of Proteomics Data

Authors should provide relevant information relating to how peptide/protein matches were
undertaken, including methods used to process and analyse data, false discovery rates (FDR) for large-
scale studies and threshold or cut- ou rates for peptide and protein matches. Further information
should include software used, mass spectrometer type, sequence database and version, number of
sequences in database, processing methods, mass tolerances used for matching, variable/fixed
modifications, allowable missed cleavages, etc.

Authors should provide as supplementary material information used to identify proteins and/or
peptides. This should include information such as accession numbers, observed mass (m/z), charge,
delta mass, matched mass, peptide/protein scores, peptide modification, miscleavages, peptide
sequence, match rank, matched species (for cross-species matching), number of peptide matches, etc.
Ambiguous protein/peptide matches should be indicated.

For quantitative proteomics analyses, authors should provide information to justify the statistical
significance, including biological replicates, statistical methods, estimates of uncertainty, and the
methods used for calculating error.

For peptide matches with biologically relevant post-translational modifications (PTMs) and for any
protein match that has occurred using a single mass spectrum, authors should include this information
as raw data or annotated spectra, or submit data to an online repository (recommended option; see
table below).

Raw or matched data and 2-DE images should be submitted to public proteomics repositories such
as those participating in ProteomeXchange. Submission codes and/or links to data should be
provided within the manuscript.

2.7. Statistics

Frontiers requires that all statements concerning quantitative diuerences should be based on
quantitative data and statistical testing. For example, if a quantitative statement is made regarding the
abundance of a certain protein based on a western blot, we request that the blot be scanned and the
abundance assessed quantitatively using the correct analytic software (e.g.

ImageJ) and statistics in order to support that statement.

Statistics should/must be applied for independent experiments. The number of independent samples
and the deviation parameters (e.g. Standard Error of the Mean, Standard Deviation, Confidence
Intervals) should be clearly stated in the Methods or the Figure legends. In general, technical
replicates within a single experiment are not considered to be independent samples. Where multiple
comparisons are employed (e.g. microarray data or Genome-wide association studies), any analysis
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should correct for false positive results.

Descriptions of statistical procedures should include the software and analysis used, and
must be suzciently detailed to be reproduced.

3. Editorial Policies and Publication Ethics

Frontiers’ ethical policies are a fundamental element of our commitment to the scholarly
community. These policies apply to all the Frontiers in journal series. Frontiers has been a member
of the Committee of Publication Ethics since January 2015 and follows COPE guidelines where
applicable.

3.1. Authorship and Author Responsibilities

Frontiers follows the International Committee of Medical Journal Editors
(http://www.icmje.org/recommendations/browse/roles-and- responsibilities/defining-the-role-of-
authors-and-contributors.html) guidelines which state that, in order to qualify for authorship of a
manuscript, the following criteria should be observed:

e« Substantial contributions to the conception or design of the work; or the acquisition, analysis or
interpretation of data for the work;

+ Drafting the work or revising it critically for important intellectual content;

o Provide approval for publication of the content;

o Agree to be accountable for all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately investigated and resolved.

Contributors, who do not meet these criteria, but nonetheless provided important contributions to
the final manuscript should be included in the acknowledgements section. It is the authors
responsibility to get written approval by persons named in the acknowledgement section. In order
to provide appropriate credit to all authors, as well as assighing responsibility and accountability
for published work, individual contributions should be specified as an Author Contributions
statement. This should be included at the end of the manuscript, before the References. The
statement should specify the contributions of all authors. You may consult the Frontiers manuscript
guidelines for formatting instructions. Please see an example here:

AB, CDE and FG contributed conception and design of the study; AB organized the database; CDE
performed the statistical analysis; FG wrote the first draft of the manuscript; HIJ, KL, AB, CDE and
FG wrote sections of the manuscript. All authors contributed to manuscript revision, read and
approved the submitted version.

The corresponding author takes primary responsibility for communication with the journal and
editorial oxce during the submission process, throughout peer review and during publication. The
corresponding author is also responsible for ensuring that the submission adheres to all journal
requirements including, but not exclusive to, details of authorship, study ethics and ethics approval,
clinical trial registration documents and conflict of interest declaration. The corresponding author
should also be available post-publication to respond to any queries or critiques.

Requests to modify the authors list after submission should be made to the editorial o+ce using the

authorship changes form (http://www.frontiersin.org/files/pdf/Authorship_change_form.pdf).

3.2. Research Integrity

Material submitted to Frontiers must comply with the following policies to ensure ethical
publication of academic work:
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i. Original content and duplicate publication: Frontiers only publishes original content.
Authors confirm the submission of original content in the Terms & Conditions upon
submission. Manuscripts submitted to Frontiers must not have been previously published or
be under consideration for publication elsewhere, either in whole or in part. If an article has been
previously submitted for publication elsewhere, Frontiers will only consider publication if the
article has been definitively rejected by the other publisher(s) at the point of submission to
Frontiers.

ii. Redundant publication: Frontiers considers the submission and publication of very
similar articles based on the same experiment or study to be unethical.

iii. Fabrication and falsification: Frontiers opposes both the fabrication of data or images (i.e. fake
or made up data) and the falsification of data or images (i.e. the intentional misrepresentation
or deceptive manipulation of data).

iv. Plagiarism: Plagiarism occurs when an author attempts to present previously published work
as original content. Every manuscript submitted to Frontiers is screened for textual overlap by
the software CrossCheck, powered by iThenticate. Manuscripts found to contain textual
overlap are not considered for publication by Frontiers. For more details on what constitutes
plagiarism, please seehere.

We reserve the right to contact the axliated institutions of authors, who have not acted according to
good research and publication practices.

3.3. Translations

Frontiers accepts manuscript submissions that are exact translations of previously published work.
This should be clearly stated in the manuscript upon submission. Permission from the original
publisher and authors needs to be sought and also stated in the manuscript, and the relevant
documents should be provided as supplementary data for verification by the Editor and the editorial
o=xce. The original work from which the manuscript has been translated should be clearly
referenced.

"This is a (‘language’) language translation/reprint of (‘insert title here’) originally published in
(‘insert name here’). (‘Insert name here’) prepared this translation with support from (insert name
of funding source, if any). Permission was granted by (‘Insert name here’).”

Please note that Frontiers may request copies of related publications if there are any concerns about
overlap or possible redundancy.

3.4. Plagiarism and Duplication

Frontiers checks all submitted manuscripts for plagiarism and duplication, and publishes only
original content. Those manuscripts where plagiarism or duplication is shown to have occurred will
not be considered for publication in a Frontiers journal. Itis required that all submissions must consist
as far as possible of content that has not been published previously. In accordance with COPE
guidelines (http://publicationethics.org/files/International standards_authors_for
website_11_Nov_2011.pdf), we expect that “original wording taken directly from publications by
other researchers should appear in quotation marks with the appropriate citations.” This condition also
applies to an author’s ownwork.
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the only form in which it has appeared, is in line with the author’s university policy, and can be
accessed online. If the thesis is not archived online, it is considered as original unpublished data and
thus is subject to the unpublished data restrictions of some of our article types. This inclusion should
be noted in the Acknowledgements section of the manuscript and the thesis should be cited and
referenced accordingly in the Reference list. For some examples, please check our in Manuscript
Requirements and Style Guide at 2.3.1

Conferences, Proceedings and Abstracts

Manuscripts that first appeared as conference papers must be expanded upon if they are to be
considered as original work. You are required to add a substantial amount of original content in the
form of new raw material (experiments, data) or new treatment of old data sets which lead to original
discussion and/or conclusions, providing value that significantly exceeds the original conference
version. As a rule of thumb, at least 30% of content must be original. Authors submitting such work
are required to:

- Seek permission for reuse of the published conference paper if the author does not hold the
copyright (proof of permission should be submitted as supplementary material or sent to
editorial.oZ=ce@frontiersin.org with the manuscript ID upon submission).

- Cite the conference in the Acknowledgements section, or the references section if applicable.

Blogs

Although permissible, extended manuscript content which previously appeared online in non-
academic media, e.g. blogs, should be declared at the time of submission in the acknowledgements
section of the manuscript.

3.5. Image Manipulation

Frontiers takes concerns regarding image manipulation seriously. We request that no individual
features within an image are modified (eg. enhanced, obscured, moved, recycled, removed or added).
Image processing methods (e.g. changes to the brightness, contrast or color balance) must be applied
to every pixel in the image and the changes should not alter the information illustrated in the figure.
Where cropped images of blots are shown in figures, a full scan of the entire original gel(s) must be
submitted as part of the supplementary material. Where control images are re-used for illustrative
purposes, this must be clearly declared in the figure legend. If any form of image processing is
legitimately required for the interpretation of the data, the software and the enhancement technique
must be declared in the methods section of the manuscript. Image grouping and splicing must be
clearly stated in the manuscript and the figure text. Any concerns raised over undeclared image
modifications will be investigated and the authors will be asked to provide the originalimages.

3.6. Conflicts of Interest

A conflict of interest can be anything potentially interfering with, or that could reasonably be
perceived as interfering with, full and objective peer review, decision-making or publication of
articles submitted to Frontiers. Personal, financial and professional azxliations or relationships can
be perceived as conflicts of interest.

All authors and members of Frontiers Editorial Boards are required to disclose any actual and potential
conflicts of interest at submission or upon accepting an editorial or review assignment.

The Frontiers review system is designed to guarantee the most transparent and objective editorial
and review process, and because handling editor and reviewers' names are made public upon the

120


mailto:ce@frontiersin.org

121
publication of articles, conflicts of interest will be widely apparent.

Failure to declare competing interests can result in the rejection of a manuscript. If an undisclosed
competing interest comes to light after publication, Frontiers will take action in accordance with
internal policies and Committee on Publication Ethics guidelines.

What Should I Disclose?

As an author, disclosure of any potential conflicts of interest should be done during the submission
process. Consider the following questions and make sure you disclose any positive answers:

1. Did you or your institution at any time receive payment or services from a third party for any
aspect of the submitted work?

2. Do you have financial relationships with entities that could be perceived to influence, or that
give the appearance of potentially influencing, what you wrote in the submitted work?

3. Do you have any patents and copyrights, whether pending, issued, licensed and/or
receiving royalties related to the research?

4. Do you have other relationships or activities that readers could perceive to have influenced, or
that give the appearance of potentially influencing, what you wrote in the submitted work?

If you failed to disclose any of the potential conflicts of interest above during submission, or in case
of doubt, please contact as soon as possible the Frontiers Editorial Oz=ce at
editorial.o=ce@frontiersin.org with the details of the potential conflicts.

Example statement: “Author xxx was employed by company xxxx. All other authors declare no
competing interests.”

The handling editors and reviewers will be asked to consider the following potential conflicts of
interest before accepting any editing or review assignment:

FAMILY 1. Are any of the authors a spouse or significant other, a member of the same
family or a very close personal friend? Review Editors should also not be a
member of the same family as the handling editor.

COLLABORATION 2. Are you currently hosting or have hosted a Frontiers Research Topic with

S any of the authors within the past 2 years? Are you currently hosting a
Frontiers Research Topic with the Editor?
3. Are you currently collaborating or have you collaborated on a research
project or a publication with any of the authors within the past 2 years?
4. Are you currently collaborating or have you collaborated with any of the
authors as an advisor or in any other direct supervisory capacity in the past
five years?
5. Are you currently collaborating or have you collaborated with any of the
authors as a student or in any other direct subordinate capacity in the past
five years?
Note: Review Editors should not accept assignments if they have a close
professional relationship with the handling editor, which in their view could
auect the objectivity of the review.
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AFFILIATION 6. Are you azxliated with the same institution as the editor? Are you azliated
with the same institution as any of the authors? If so, has this resulted in
interactions, collaborations, or mutual interests with the authors that would
compromise your impartiality in conducting this review?

7. Are you a current member of a committee or department that coincides
with an axliation with the editor or any of the authors?

FINANCIAL 8. Do you have a business or professional partnership with any author?
9. Do you have financial interests or business relations with any
organization involved in this research or in the preparation of the
manuscript?
10. Do you have any financial interest or competing interests in the
content of the manuscript that might auect your ability to perform an
objective review?

3.7. Bioethics

All research submitted to Frontiers for consideration must have been conducted in accordance
with Frontiers guidelines on study ethics. In accordance with COPE guidelines, Frontiers reserves
the right to reject any manuscript that editors believe does not uphold high ethical standards, even if
authorshave obtained ethicalapproval orifethical approval isnotrequired.

3.7.1. Studiesinvolving animal subjects

All research involving regulated animals (i.e. all live vertebrates and higher invertebrates) must be
performed in accordance with relevant institutional and national guidelines and regulations.
Frontiers follows International Association of Veterinary Editors guidelines
(http://www.veteditors.org/consensus-author-guidelines-on-animal- ethics-and-welfare-for-
editors/) for publication of studies including animal research. Approval of research involving
regulated animals must be obtained from the relevant institutional review board or ethics
committee prior to commencing the study. Confirmation of this approval is required upon
submission of a manuscript to Frontiers; authors must provide a statement identifying the full name
of the ethics committee that approved the study.

For most article types, this statement should appear in the Materials and Methods section. An
example ethics statement:

This study was carried out in accordance with the principles of the Basel Declaration and
recommendations of [name of guidelines], [name of committee]. The protocol was approved by
the [name of committee].

Should the study be exempt from ethics approval, authors need to clearly state the reasons in the
declaration statement and in the manuscript. Studies involving privately owned animals should
demonstrate the best practice veterinary care and confirm that informed consent has been granted by
the owner/s, or the legal representative of the owner/s. Frontiers supports and encourages authors to
follow the ARRIVE guidelines for the design, analysis and reporting of scientific research.

Humane Endpoints

All manuscripts describing studies where death is an endpoint will be subject to additional ethical
considerations. Frontiers reserves the right to reject any manuscripts lacking in appropriate
justification.

3.7.2. Studies involving human subjects

Research involving human subjects is expected to have been conducted in accordance with the
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World Medical Association’s Declaration of Helsinki (https://www.wma.net/policies-post/wma-
declaration-of-helsinki-ethical- principles-for-medical-research-involving-human-subjects/).
Studies involving human participants must be performed in accordance with relevant institutional
and national guidelines, with the appropriate institutional ethics committee's prior approval and
informed written consent from all human subjects involved in the study including for publication
of the results. Conformation of this approval is required upon submission of a manuscript to
Frontiers; authors must provide a statement identifying the full name of the ethics committee that
approved the work and confirm that study subjects (or when appropriate, parent or guardian) have
given written informed consent. For most article types, this statement should appear in the Materials
and Methods section. An example ethics statement:

This study was carried out in accordance with the recommendations of [name of guidelines], [name of
committee]. The protocol was approved by the [name of committee]. All subjects gave written informed
consentin accordance with the Declaration of Helsinki.

Should the study be exempt from ethics approval, authors need to clearly state the reasons in the
declaration statement and in the manuscript. In order to protect subject anonymity, identifying
information should not be included in the manuscript unless such information is absolutely necessary
for scientific purposes AND explicit approval has been granted by the subjects.

3.7.3. Inclusion of identifiable human data

Frontiers follows the ICMJE recommendations
(http://www.icmje.org/recommendations/browse/roles-and- responsibilities/protection-of-
research-participants.html) on the protection of research participants, which state that patients have
a right to privacy that should not be violated without informed consent. We require non-essential
identifiable details to be omitted from all manuscripts, and written informed consent will be
required if there is any doubt that anonymity can be maintained.

It is the responsibility of the researchers and authors to ensure that these principles are complied
with, including the obtaining of written, informed consent.

Written informed consent can be documented on a form provided by an institution or ethics
committee, and it must clearly state how the identifiable data will be used. Frontiers also makes
available its own form (https://www.frontiersin.org/files/pdf/FrontiersConsentForm.pdf) , which may
be used for this purpose, but use of the Frontiers form is not required if a suitable alternative form of
consent, meeting the ICMJE recommendations
(http://www.icmje.org/recommendations/browse/roles-and- responsibilities/protection-of-research-
participants.html), is used. We consider it to be the author' duty to encourage participants or patients
whose consent for publication is required to read and understand the ICMJE guidelines, for their
information prior to completing the consent form.

Participants should also be encouraged to ask any questions and to ensure they are comfortable
before they sign the consent form.

The completed consent forms should be stored by authors or their respective institutions, in
accordance with institutional policies. Frontiers does not need to view the completed form, and this
should not be included with the submission. The completed form should be made available on request
from the editor or editorial oxce, both during the review process and post- publication.

The determination of what constitutes identifiable data lies with our editors and editorial oxce stau,
and manuscripts may be rejected if the required consent documents cannot be provided. Please note
that written informed consent for publication is required for all case report articles where the patient
or subject is identified or identifiable.
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3.74. Clinical Trials

The World Health Organization (http://www.who.int/ictrp/en) defines a clinical trial as "any research
study that prospectively assigns human participants or groups of humans to one or more health-
related interventions to evaluate the euects on health outcomes." In accordance with the Clinical Trial
Registration Statement from the International Committee of Medical Journal Editors (ICMEJ)
(http://www.icmje.org/), all clinical trials must be registered in a public trials registry at or before the
onset of participant enrolment. This requirement applies to all clinical trials that begin enrolment after
July 1, 2005. To meet the requirements of the ICMJE, and Frontiers’, clinical trials can be registered
with any Primary Registry in the WHO Registry Network
(http://www.who.int/ictrp/network/primary/en/index.ntml) or an [ICMJE approved registry
(http://www.icmje.org/about-icmje/fags/clinical-trials- registration/).

Clinical trial reports should be compliant with the Consolidated Standards of Reporting Trials
(CONSORT) (http://www.consort-statement.org/?0=1011) both in terms of including a flow diagram
presenting the enrolment, intervention allocation, follow-up, and data analysis with number of
subjects for each and taking into account the CONSORT Checklist of items to include when reporting
a randomized clinical trial.

The information on the clinical trial registration (Unique Identifier and URL) must be included in the
abstract.

3.8. Corrections

Frontiers recognizes our responsibility to correct errors in previously published articles. If it is

necessary to communicate important, scientifically relevant errors or missing information, and

compelling evidence can be shown that a major claim of the original article was incorrect, a

Correction should be submitted detailing the reason(s) for and location(s) of the change(s)

needed using the below template. Corrections can be submitted if a small portion of an otherwise

reliable publication provestobe misleading,

e.g. an error in a figure that does not alter conclusions OR an error in statistical data not altering
conclusions OR mislabeled figures OR wrong slide of microscopy provided, or if the author /
contributor list is incorrect when a deserving author has been omitted or somebody who does not
meet authorship criteria has been included. The contribution to the field statement should be used to
clearly state the reason for the Correction. Please note, a correction is not intended to replace the
original manuscript.

The title of the submission should have the following format: "Corrigendum: Title of original
article™. It is advised to use the corrigendum Word and LaTeX templates
(https://www.frontiersin.org/design/zip/Frontiers_Corrigendum_Templates.zip)

If the error was introduced during the publishing process, the Frontiers Production O72ce
(mailto:production.o?ce@frontiersin.org) should be contacted.

3.9. Retractions
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As a member of the Committee on Publication Ethics (COPE) (http://publicationethics.org/), Frontiers abides

by their guidelines and recommendations in cases of potential retraction.

Frontiers also abides by two other key principles, as recommended by COPE:

+ Retractions are not about punishing authors.
« Retraction statements should be public and linked to the original, retracted article.
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While all potential retractions are subject to an internal investigation and will be judged on their own
merits, Frontiers considers the following reasons as giving cause for concern and potential
retraction:

+ Clear evidence that findings are unreliable, either as a result of misconduct (e.g. data
fabrication) or honest error (e.g. miscalculation or experimental error)

e Findings have previously been published elsewhere without proper attribution,
permission or justification (i.e. cases of redundant publication)

+« Major plagiarism

+ The reporting of unethical research, the publication of an article that did not have the required
ethics committee approval

o Legal issues pertaining to the content of the article e.g. libellous content

o Major authorship issues i.e. proven or strongly suspected cases of ghostwriting or sold
(“gift’) authorship

+ Politically-motivated articles where objectivity is a serious concern The singling out of
individuals or organizations for attack

o Faith issues (e.g. intelligent design)

+ Papers that have made extraordinary claims without concomitant scientific or
statistical evidence (e.g. pseudoscience)

Readers who would like to draw the editors' attention to published work that might require retraction
should contact the authors of the article and write to the journal, making sure to include copies of all
correspondence with authors.

Please find more details on our comments and complaints policy here
(https://www.frontiersin.org/about/publishing-model)

3.10. Support and Ethical concerns

In our commitment to continuously improve our website, we welcome your feedback, questions and
suggestions. Please visit our Help Center to find guidance on our platform or contact us at
support@frontiersin.org (mailto:support@frontiersin.org).
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