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RESUMO

O Transtorno do Espectro Autista (TEA), segundo o DSM-5, se enquadra
nos Transtornos do Desenvolvimento e é caracterizado por uma diade
comportamental: 1) prejuizos na comunicacdo e interacdo social e 2)
comportamentos repetitivos ou estereotipados. Apesar da etiologia do TEA ser
desconhecida, tanto fatores genéticos quanto ambientais j& foram associados a
desordem, incluindo a utilizacéo de é&cido valproico (VPA) durante a gestacao.
Observando essa relacdo importante, desenvolveu-se um modelo animal de
autismo induzido pela exposi¢cdo pré-natal ao VPA, o qual ja foi amplamente
validado em aspectos comportamentais e moleculares. No primeiro capitulo
desta tese, utilizamos o modelo animal de autismo obtido através de uma Unica
injecdo intraperitoneal de VPA (600mg/kg) no dia E12,5 nas ratas Wistar
prenhes e testamos um tratamento pré-natal com resveratrol (RSV), através de
injecbes subcutaneas (3,6 mg/Kg) administradas nas ratas prenhes nos dias
E6,5-E18,5. O tratamento pré-natal com RSV demonstrou ser capaz de
prevenir alteracdes na sociabilidade reciproca, porém ndo teve impacto nos
prejuizos na memdria olfativa e comportamentos repetitivos induzidos pelo
VPA. No que se refere aos dados de microRNA (miRNA), RSV foi capaz de
prevenir a alteracdo na expressao de miR134-5p, o qual também se observou
alterado em pacientes com TEA, juntamente com o miR138-5p, ambos com
alvos associados a modulacdo do citoesqueleto na estrutura de espinhos
dendriticos. Em conjunto, esses resultados demonstram que o RSV altera vias
importantes no modelo, possivelmente através das suas caracteristicas
antioxidantes e anti-inflamatérias, as quais contrapdem o0s aspectos
inflamatorios do VPA. Este trabalho permitiu o aprimoramento e melhor
conhecimento da técnica de RT-gPCR para analise de miRNA, sendo tema do
segundo capitulo da presente tese, reunindo diferentes estratégias que
auxiliaram a superar potenciais problemas e interferentes no uso dessa técnica.
Finalmente, no terceiro capitulo, utilizamos o modelo VPA para avaliar o efeito
do tratamento pos-natal com suramina, através de uma unica injecéo
subcutanea (20 mg/kg) administrada nos filhotes machos na idade P30. Este
tratamento foi capaz de reverter alteracdes de sociabilidade, novidade social e
comportamento do tipo ansioso, enquanto 0s prejuizos na sociabilidade
reciproca, comportamento exploratorio, estereotipia e processamento sensorial
nao foram revertidos por esse tratamento. Nos dados moleculares, a suramina
nao foi capaz de reverter o aumento de expressao nos receptores purinérgicos
P2X4 (hipocampo e cortex pré-frontal medial) e P2Y2 (hipocampo), porém
reverteu o aumento de IL-6 promovido pelo VPA. Assim, possivelmente a
modulacdo comportamental associada a suramina parece ndo estar associada
a interacbes especificas nos receptores purinérgicos, mas sim com uma
modificacdo neuroimune através da interleucina pré-inflamatéria IL-6,
demonstrando a importancia do sistema imunoldgico na fisiopatologia do TEA.
De forma geral, a tese contribuiu para elucidar mecanismos envolvidos no
desenvolvimento das caracteristicas do tipo autista, demonstrando o papel
relevante das alteracdes neuroimunes e da modulacdo de alvos por miRNA, as
guais, em conjunto, podem contribuir para o desenvolvimento de métodos
diagndsticos e adequacédo de estratégias farmacolégicas voltados ao TEA.
Palavras-chave: Comportamento animal, microRNA, neuroimune, PCR,
resveratrol, sistema purinérgico, suramina, transtorno do espectro autista.



ABSTRACT

According to DSM-5, Autism Spectrum Disorder (ASD) is a
developmental disorder characterized by a behavioral dyad: 1) deficits in
communication and social interaction, and 2) repetitive and stereotyped
behaviors. Although the etiology of ASD is still unknown, both genetic and
environmental factors have been associated with the disorder, including the use
of valproic acid (VPA) during gestation. Observing this important relationship,
an animal model of autism induced by prenatal exposure to VPA was
developed, which has already been widely validated in behavioral and
molecular aspects. In the first chapter of this thesis, we used the animal model
obtained through a single intraperitoneal injection of VPA (600 mg/kg) at E12.5
in pregnant Wistar rats and tested a prenatal treatment with resveratrol (RSV)
by subcutaneous injections (3.6 mg/kg) administered in the pregnant rats at
E6.5 to E18.5. The prenatal treatment with RSV was able to prevent changes in
the reciprocal sociability, but had no impact on the deficits in olfactory memory
and repetitive behavior induced by VPA. Regarding the microRNA (miRNA)
data, RSV treatment was able to prevent the alteration in the expression of
miR134-5p, which also was altered in ASD patients along with miR138-5p, both
with targets associated with cytoskeletal modulation in the structure of dendritic
spines. Taken together, these results demonstrate that RSV alters important
pathways in the model, possibly through its antioxidant and anti-inflammatory
properties, which counteract the inflammatory aspects of VPA. This work
allowed the improvement and better knowledge of the RT-qPCR technique for
mMiRNA analysis, which was the theme of the second chapter of this thesis,
combining different strategies to overcome potential problems and interferences
in this methodology. Finally, in the third chapter we used the same animal
model to evaluate the effect of postnatal treatment with suramin after a single
subcutaneous injection (20 mg/kg) administered to male pups at P30. This
treatment was able to revert VPA-induced deficits in sociability, social novelty,
and anxiety-like behavior, whilst present no effect on impairments in reciprocal
sociability, exploratory behavior, repetitive behavior and sensory processing. In
the molecular data, suramin was not able to reverse the increase of expression
in the purinergic receptors P2X4 (hippocampus and medial prefrontal cortex)
and P2Y2 (hippocampus), but reversed the VPA-induced increase of
proinflammatory interleukin IL-6. Thus, behavioral modulation associated with
suramin appears to be related not with specific interactions in purinergic
receptors, but with a neuroimmune modification through the IL-6, indicating the
importance of the immune system in the ASD pathophysiology. In general, the
thesis contributed to elucidate the mechanisms involved in the development of
autistic-like features, demonstrating the relevant role of neuroimmune
alterations and the modulation of targets by miRNA, which, together, may
contribute to the development of diagnostic methods and improvement of
pharmacological strategies related to ASD.

Key words: animal behavior, ASD, microRNA, neuroimmune, PCR, purinergic
system, resveratrol, suramin.
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1. INTRODUCAO

1.1. Transtorno de Espectro Autista
O autismo foi primeiramente descrito por Leo Kanner em 1943 como um

distarbio complexo, definido através de parametros comportamentais
(KANNER, 1968). Desde entdo, diversas tentativas de categorizar
adequadamente as pessoas com Transtorno do Espectro Autista (TEA) foram
realizadas (AMERICAN PSYCHIATRIC ASSOCIATION (APA), 1994; APA,
2000). Os Transtornos do Neurodesenvolvimento, nos quais o TEA se encaixa,
se manifestam durante a primeira infancia e os prejuizos no desenvolvimento
resultam em alteracbes em habilidades sociais, académicas, pessoais e
ocupacionais (AMERICAN PSYCHIATRY ASSOCIATION (APA), 2013).

Segundo a quinta edicdo do Manual Estatistico e Diagndéstico dos
Transtornos Mentais (DSM-5), o TEA atualmente agrupa, em uma unica
condicdo, quatro transtornos anteriormente separados - o autismo classico, a
sindrome de Asperger, o transtorno desintegrativo da infancia e os transtornos
globais do desenvolvimento ndo especificados (AMERICAN PSYCHIATRY
ASSOCIATION (APA), 2013). Outra mudanca significativa descrita no DSM-5
em relacdo a edicbes anteriores € que a caracterizacdo do espectro,
anteriormente dividida em trés areas (prejuizo na sociabilidade, na
comunicacao e presenca de estereotipias e comportamentos repetitivos), passa
a ser agrupada em dois dominios comportamentais:

1) Prejuizo na comunicacédo e interacdo social em multiplos contextos,
incluindo déficits na reciprocidade social, na comunicacdo nao-verbal utilizada
para interacdo social e em habilidades para iniciar, manter e entender

relacionamentos;



2) Comportamentos repetitivos, atividades e interesses restritos e
estereotipados.

Mesmo que esses sintomas estejam presentes isoladamente em
diversas outras doencas psiquiatricas, apenas a presenc¢a concomitante destes
— agrupados nos dois dominios comportamentais acima citados - em um
mesmo individuo é que caracteriza o TEA. Apesar de haver um padrao restrito
para o diagnéstico, que deve incluir essas duas caracteristicas principais, o
TEA se apresenta como uma desordem heterogénea e multifatorial
(GOTTFRIED et al., 2013): enquanto alguns pacientes possuem um vasto
vocabulario e gramatica, outros utilizam somente frases padronizadas e
repetitivas e outros sequer falam. Além disso, comumente se observa na clinica
gue muitos dos movimentos estereotipados apresentados sdo em resposta a
diversos tipos de estressores, entre eles, as dificuldades de adaptacdo a
mudancas na rotina.

O transtorno pode estar presente em individuos com manifestacoes
distintas e abrangentes, de forma que dois individuos ndo compartilham o
mesmo conjunto de caracteristicas (GADIA; TUCHMAN; ROTTA, 2004; RAPIN;
TUCHMAN, 2008). Contudo, todos os individuos apresentam necessariamente
prejuizos nos dois dominios comportamentais ja citados, os quais podem variar
em intensidade, mas sdo presentes ao longo de toda vida (TUCHMAN;
MOSHE; RAPIN, 2009).

Apesar da crescente investigagcdo em torno do TEA, existem diversas
variaveis que podem dificultar a interpretacdo dos dados obtidos das
pesquisas. Primeiramente, h4 uma dificuldade na obtencdo de tecidos

encefalicos de pacientes autistas vivos e, em tecidos post-mortem, ndo se sabe



ao certo se as alteracdes se referem a causa ou a consequéncia do TEA. Além
disso, o quadro clinico de criancas e adolescentes, muitas vezes agravado,
dificulta sua participacdo em estudos, fazendo com que muitos dados se
originem de sujeitos autistas adultos. Adicionalmente, a heterogeneidade do
TEA e a presenca de outras comorbidades e sindromes em pacientes autistas
dificultam as investigacdes e levam a incertezas a respeito dos dados obtidos,
se sao decorrentes do préprio TEA, ou relacionados a outros distlrbios.
Embora diversas alteracBes moleculares e fisioldgicas possam concorrer
para o desencadeamento do TEA, o seu diagndstico somente sera possivel
apos dois ou trés anos de idade. Apesar de existirem sintomas que nao podem
ser percebidos nesta idade, muitos pais percebem problemas no progresso
social ou comunicativo das criancas. Os prejuizos sociais ndo sao
propriamente claros na infancia, porém gradualmente se tornam mais evidentes
ja que o individuo acaba, progressivamente, sendo exposto a situacdes mais
diversas de interagdo social como o ingresso na vida escolar (DOVER; LE

COUTEUR, 2007).

1.2. Comorbidades associadas ao TEA
Além da diade comportamental citada acima, que determina o seu

diagndstico, diversas outras caracteristicas e comorbidades associadas séo
frequentemente observadas em individuos com TEA, mesmo ndo sendo
necessarias no diagnéstico. Por exemplo, muitas criancas com TEA
apresentam prejuizo intelectual, sendo que boa parte precisa de apoio social e
educacional (BAUMAN, 2010; MEFFORD; BATSHAW; HOFFMAN, 2012).
Além disso, pacientes com TEA podem apresentar hiperatividade,

agressividade e automutilacdo, o que € mais comum entre aqueles que



possuem prejuizo cognitivo. Sintomas  depressivos, psicéticos e
comportamento suicida também podem ocorrer, e a frequéncia destes pode ser
maior ou menor conforme as diferentes fases da vida (NAZEER; GHAZIUDDIN,
2012). Ainda, impulsividade, déficit de atencdo/hiperatividade, transtornos de
ansiedade, problemas de conduta, depresséo, distlrbios do sono e epilepsia
também podem estar presentes (DUCHAN; PATEL, 2012; KAPLAN;
MCCRACKEN, 2012; SILVER; RAPIN, 2012).

Somado a essas comorbidades comportamentais, diversas alteracoes
moleculares e fisiolégicas podem ser observadas nesses individuos, incluindo
problemas gastrointestinais, distirbios hormonais e metabdlicos (BAUMAN,
2010), alteracbes sensoriais, tais como hipo ou hiper-responsividade a
estimulos sonoros, visuais e tateis (BEN-SASSON et al., 2009; GRANDIN,
2009; KERN et al., 2007), além de uma menor sensibilidade a dor (KLINTWALL
et al., 2011). A epilepsia € uma das comorbidades mais frequentes no TEA,
atingindo aproximadamente um terco dos individuos, com picos de ocorréncia
em diferentes fases da vida (DUCHAN; PATEL, 2012; KAPLAN; MCCRACKEN,
2012; NAZEER; GHAZIUDDIN, 2012; SILVER; RAPIN, 2012). Além disso,
doencas como Esclerose Tuberosa, Sindrome do X Fragil e Sindrome de
Angelman sao frequentemente associadas ao autismo (SILVER; RAPIN, 2012).

A identificacdo de comorbidades associadas ao TEA € importante para
melhorar a qualidade de vida desses pacientes, seja mediante tratamento
farmacoldgico seja através de apoio social e educacional. Além disso, ha um
interesse no progresso da pesquisa em relacdo aos mecanismos moleculares e

genéticos associados a esse disturbio.



1.3. O desencadeamento do TEA
O TEA tem se apresentado como um desafio para a comunidade

cientifica e para a sociedade, uma vez que a etiologia deste transtorno é
desconhecida e até o momento nenhum tratamento ou marcador clinico para
diagnéstico foi identificado. Acredita-se que o TEA seja decorrente da
associacdo entre fatores ambientais e genéticos. Pesquisas indicam que
alteracbes genéticas contribuem para o desenvolvimento do TEA, sendo que
esses componentes podem estar relacionados com sua etiologia e com o
surgimento de sintomas e comorbidades associados (ABRAHAMS;
GESCHWIND, 2008; AMEIS; SZATMARI, 2012; FREITAG et al.,, 2010;
GREENBERG et al.,, 2001; GRIGORENKO, 2009; RONALD; HOEKSTRA,
2011). Estudo com gémeos apresenta concordancia de 60% no autismo
classico em monozigdticos contra 0% em dizigoticos (MUHLE;
TRENTACOSTE; RAPIN, 2004). A alta concordancia em monozigoéticos € um
indicativo de que a heranca genética € um fator determinante no
desencadeamento do autismo. Algumas condi¢cBes genéticas, como Sindrome
do X-fragil e Esclerose Tuberosa, tem alta correlacdo com TEA (BELMONTE et
al., 1995; BROWN et al., 1982; FELICIANO et al., 2013; NUMIS et al., 2011;
TURK; GRAHAM, 1997). A idade avancada dos genitores, independentemente
do sexo, parece estar envolvida no desencadeamento do TEA (DURKIN et al.,
2008). Porém, fatores como baixa fertilidade e mudanca do estilo de vida em
pessoas com mais de 40 anos também sdo possiveis explicacdes para esse
achado (OLSEN; ZHU, 2009).

Outros componentes intimamente envolvidos com o desencadeamento
do TEA sédo as alteragcdes no sistema imunolégico durante a gestacéo

(PATTERSON, 2009). Observacdes epidemiolégicas sugerem que a exposi¢ao

9



a teratdgenos durante a gestacdo poderia estar relacionada ao
desencadeamento do TEA, destacando-se o0 acido valproico (VPA)
(CHRISTENSEN et al.,, 2013; CHRISTIANSON; CHESLER; KROMBERG,
1994; MOORE et al., 2000; SMITH; BROWN, 2014; WILLIAMS et al., 2001;
WILLIAMS; HERSH, 1997). Essas observagfes auxiliaram o estabelecimento
de um modelo animal para o estudo de autismo induzido farmacologicamente
pela exposicado pré-natal ao VPA (RODIER et al., [s.d.]; SCHNEIDER; KOCH,
2005). Posterior ao desenvolvimento do modelo, ainda foi demonstrado que o
VPA aumenta significativamente a incidéncia de autismo nos filhos de maes
gue faziam uso deste medicamento durante a gestacdo, especialmente no

primeiro trimestre (CHRISTENSEN et al., 2013; HARDEN, 2013).

1.4. Modelo animal de autismo induzido pela exposi¢cdo ao VPA
Entre modelos animais que induzem comportamentos do tipo autista, a

exposicao pré-natal ao VPA em roedores € um dos mais caracterizados. Os
filhotes machos de fémeas expostas ao VPA apresentam varias caracteristicas
semelhantes as encontradas em pacientes com autismo, assemelhando-se
tanto aos sintomas centrais quanto a algumas comorbidades observadas no
TEA (BAMBINI-JUNIOR et al., 2011; ROULLET et al., 2010; SCHNEIDER,;
KOCH, 2005; SCHNEIDER et al., 2008a). Os animais do modelo apresentam
prejuizos comportamentais correspondentes aos observados em pacientes
(BAMBINI-JUNIOR et al., 2011), fato esse de extrema importancia, visto que o
diagnostico do TEA € dado através da avaliacdo comportamental. Entre os
comportamentos alterados, destacam-se atividade exploratéria aumentada em
campo aberto (SCHNEIDER et al., 2008a; TSUJINO et al., 2007), aumento de

padrbes comportamentais estereotipados (SCHNEIDER et al., 2008a) e do tipo
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ansioso (MARKRAM et al., 2008, SCHNEIDER et al, 2008a), rigidez
comportamental (BAMBINI-JUNIOR et al., 2011), aumento da memodria de
tarefas aversivas (MARKRAM et al., 2008), menor sensibilidade a estimulos
nocivos (SCHNEIDER et al.,, 2008a; WANG et al., 2016) e prejuizos sociais
(BAMBINI-JUNIOR et al., 2011; SCHNEIDER; KOCH, 2005; YOCHUM et al.,
2008). AlteracBes no ciclo sono-vigilia e diminuicdo nas interacdes sociais e
nas respostas emocionais sdo caracteristicas predominantes no autismo e
foram também relatados no modelo animal (TSUJINO et al., 2007).

Os roedores expostos ao VPA expressam também alteracdes
moleculares semelhantes as observadas no TEA (GOTTFRIED et al., 2013),
incluindo o funcionamento alterado dos sistemas opioidérgicos (SCHNEIDER et
al., 2007), serotoninérgicos (TSUJINO et al., 2007), dopaminérgicos (TSUJINO
et al., 2007), gabaérgicos (FUKUCHI et al., 2009) e glutamatérgicos (BRISTOT
SILVESTRIN et al., 2013).

O modelo animal jA& demonstrou apresentar validade de face (fortes
semelhancas fenotipicas e fisiopatologia relacionada) e validade de construto
(um mesmo fator de risco; neste caso, exposicao ao VPA durante o periodo
embrionario). Em relacdo a validade preditiva, muitos autores divergem nessa
guestdo em relacdo ao modelo VPA, uma vez que ndo se conhecem quais
rotas biol6gicas estdo envolvidas nessa resposta (ROULLET; LAI; FOSTER,
2013); porém, héa fortes indicios que o modelo VPA também possua validade
preditiva, ou seja, uma mesma resposta a tratamentos que visam controlar
sintomas e comorbidades do TEA (MABUNGA et al.,, 2015). Portanto, esse

modelo pode ser usado para elucidar alvos com a finalidade de aperfeicoar
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intervengcBes farmacoldgicas para prevencdo, reversdo ou atenuacdo de
sintomas semelhantes ao TEA (TYZIO et al., 2014).

Uma vez que os critérios para diagnéstico do TEA s&o clinicos e
resultam de analises comportamentais, atualmente, € impossivel estudar esse
transtorno em humanos antes da manifestacdo dos sintomas. Devido as suas
peculiaridades, os modelos animais fornecem a oportunidade de andlise de
alteracbes do desenvolvimento que podem desencadear as caracteristicas do
TEA (FAVRE et al., 2013; KATAOKA et al.,, 2013). Dessa forma, surge a
possibilidade de estudo e manipulacéo de vias biol6gicas para compreensao e,
até mesmo, prevencao do surgimento das alteragcdes comportamentais tipicas
do TEA. Uma das principais metas do nosso grupo de pesquisa € a modulacéo
de gatilhos etiolégicos por moléculas que agem em alguns sistemas de
sinalizacdo como tentativa de prevenir ou atenuar o efeito do VPA apoés a

inducdo do modelo de autismo.

1.5. MicroRNA
Os microRNA (miRNA) sdo pequenos RNA nao-codificantes com 19-25

nucleotideos que atuam como reguladores da tradu¢cdo de RNA mensageiros
em suas correspondentes proteinas. Assim, eles se destacam como elementos
essenciais no controle de diversos processos celulares durante o
desenvolvimento e na fase adulta (AMBROS, 2004). Desde sua primeira
descricdo em 1993 (LEE; FEINBAUM; AMBROS, 1993), muitos estudos tém
mostrado que essas moléculas sdo capazes de controlar seus RNA
mensageiros alvos através da interacdo principalmente com suas regides
3UTR (BARTEL, 2009; FILIPOWICZ; BHATTACHARYYA; SONENBERG,

2008).
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Quanto a biogénese, os mMIRNA sdo gerados a partir de regides
especificas de diversos genes, 0s quais sao transcritos em um miRNA primario
longo (pri-miRNA) pela enzima RNA polimerase IlI (BORCHERT; LANIER;
DAVIDSON, 2006). Depois de transcrito, o pri-miRNA é clivado no nucleo por
um complexo formado pelas proteinas Dgcr8 e Drosha a uma estrutura mais
curta em forma de grampo, com 50-120 nucleotideos, a qual constitui 0 miRNA
precursor (pré-miRNA)(YANG et al., 2006). O pré-miRNA é entéo transportado
para o citoplasma pela proteina exportina 5 (Yl et al., 2005). Uma vez no
citoplasma, o pré-miRNA sofre a acdo da enzima Dicer, uma RNAase lIII,
produzindo entdo uma fita dupla (miRNA: miRNA*) de aproximadamente 22
pares de bases. Apés a separacao desse duplex, uma das fitas (miRNA*) sera
degradada e outra (miRNA) sera acoplada a um complexo silenciador induzido
por RNA (do inglés, RISC) (OKAMURA et al., 2008). O complexo RISC, por sua
vez, liga-se em sequéncias localizadas predominantemente na regidao 3’UTR do
RNA mensageiro, podendo bloguear a sua traducdo e/ou conduzi-lo a
degradacéo (DOENCH; SHARP, 2004; KEDDE et al., 2007; LIU, 2008). Além
de regular o processo de traducéo, sabe-se que os miRNA podem influenciar a
transcricdo génica, uma vez que interferem nos niveis de fatores de transcricao
(KOSIK, 2006).

Para que haja um reconhecimento especifico do RNA mensageiro alvo
pelo seu miRNA, ndo é necessaria a complementaridade total de bases entre
essas duas sequéncias. Em vez disso, uma pequena sequéncia de 6-8
nucleotideos na extremidade 5’ do miRNA, conhecida como sequéncia “seed”,
proporciona grande parte da regulacdo génica via miRNA (GRIMSON et al.,

2007). De fato, complementaridades parciais entre sequéncias de miRNA e as
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regides terminais 3 UTR dos RNA mensageiros alvos sdo suficientes para
impedir sua translacdo ou proporcionar sua desestabilizacdo. Pelo fato da
exigéncia desse pequeno numero de bases para essa regulacdo, um grande
namero de transcritos pode ser alvos de um unico miRNA. Por outro lado, um
unico RNA mensageiro pode ser negativamente regulado por diversos miRNA
(FRIEDMAN et al., 2008).

Os mIiRNA estdo possivelmente envolvidos em todos 0s processos
biolégicos, por modificar e a modular a traducdo de milhares de RNA
mensageiros (KAMAL; MUSHTAQ; GREIG, 2015). Assim, podem participar na
regulacdo de varios processos celulares fisiologicos e patoldgicos, incluindo o
desenvolvimento do embrido, proliferacdo, migracdo e diferenciacao celular,
apoptose, sobrevivéncia, tumorigénese e plasticidade sinaptica (BRODERICK;
ZAMORE, 2011). Diversas interacdes entre miRNA e seus alvos ja foram
validadas experimentalmente em diferentes espécies e diversas interacdes
entre rotas de sinalizacéo ja foram descritas (HSU et al., 2011). Assim, hd uma
crescente evidéncia que os miRNA possuem funcdes centrais nessas rotas
através da regulacdo da traducdo de seus componentes proteicos. Em
contrapartida, foi demonstrado que algumas dessas rotas de sinalizacéo
podem, por si sO, modular a expressdo de diversos MIRNA (DAVIS-
DUSENBERY; HATA, 2010), resultando em uma dependéncia funcional
bidirecional entre miRNA e rotas de sinalizacao.

Os miRNA séo particularmente abundantes no sistema nervoso central
(SNC), sendo que algumas populac¢des se encontram enriquecidas em regifes
encefalicas especificas (CAO et al.,, 2006; SAUGSTAD, 2010). Eles estéo

envolvidos no desenvolvimento do sistema nervoso, na manutencdo do
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fenotipo neuronal, bem como na diferenciagdo celular. Exemplos de miRNA
com essas funcgdes sdao miR-430, miR-9 e miR-124 (BARBATO et al., 2008).
Além disso, esses pequenos reguladores também sao expressos em dendritos,
como o miR-134, que regula negativamente o tamanho de espinhos dendriticos
e sua acdo é blogueada pelo fator neurotréfico derivado do cérebro (BDNF)
(SCHRATT et al.,, 2006) e o miR-138, que tem papel na maturacdo dessas
estruturas (SIEGEL et al., 2009). Alguns miRNA, como 0 miR-132 e 0 miR-124,
influenciam a sintese local de proteinas, estando implicados, assim, na
plasticidade sinaptica (BARBATO et al., 2008; SAUGSTAD, 2010; WAYMAN et
al., 2008).

Niveis alterados de alguns miRNA tém sido implicados em varias
desordens do SNC, como doenca de Alzheimer, doenca de Parkinson, doenca
de Huntington, atrofia lateral amiotrofica, esquizofrenia e TEA (DE SMAELE;
FERRETTI; GULINO, 2010; SAUGSTAD, 2010). No entanto, ainda ha poucos
estudos demonstrando o papel dos miRNA no contexto de TEA (KAMAL;
MUSHTAQ; GREIG, 2015). Em um estudo, 470 miRNA humanos foram
avaliados em seis pacientes com TEA e seis individuos neurotipicos e
verificou-se que nove dos 470 miRNA apresentavam niveis aumentados ou
diminuidos nos pacientes autistas, sugerindo o envolvimento dos miRNA na
fisiopatologia do TEA (TALEBIZADEH; BUTLER; THEODORO, 2008). Outros
estudos também sugerem alteracbes na regulacdo de varios mMiRNA
associados ao TEA, dentre eles miR-132, miR-146a, miR-23a, miR-23b
(TALEBIZADEH; BUTLER; THEODORO, 2008), miR-106b e miR-23a (ABU-

ELNEEL et al., 2008).
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A identificacdo sistematica e a caracterizacdo de miRNA pode auxiliar na
elucidacédo de mecanismos envolvidos no desencadeamento do TEA e também
representar uma possivel estratégia promissora como potenciais
biomarcadores que podem ser obtidos de forma néo invasiva para a deteccéo e
diagnéstico precoce do TEA, uma vez que podem ser isolados a partir de
amostras bioldgicas facilmente obtidas de pacientes, como sangue e saliva, as

quais, a priori, refletem o perfil de expressédo de miRNA no SNC.

1.6. Resveratrol
O resveratrol (3,4,5-trihidroxiestiibeno - RSV)é um composto

polifendlico de ocorréncia natural, produzido por diversas plantas para protegé-
las contra a radiacao ultravioleta, ataques de fungos e outros danos (PHILIPPE
JEANDET et al.,, 2002; SCHOUTEN et al., 2002). O RSV foi primeiramente
isolado de raizes da planta heléboro-branco (Veratrum album) na década de
40. Desde entdo, soube-se que esta molécula também esta presente em uvas,
pinhos, amendoins e no vinho tinto, possuindo diversos efeitos biologicos
(FREMONT, 2000; VANG et al., 2011).

Nas dultimas duas décadas, os polifenodis, especialmente o RSV,
receberam atencdo especial da comunidade cientifica por meio de estudos
mostrando seus papéis protetores e terapéuticos em diversas patologias,
incluindo cancer (GUPTA et al.,, 2011; JANG et al., 1997; NUTAKUL et al.,
2011) e diabetes (HUANG et al., 2010; YAO et al., 2015). Adicionalmente,
diversos estudos jA demonstraram efeitos anti-inflamatérios (LEE et al., 2015;
SANCHEZ-FIDALGO et al., 2010) e antioxidantes (MOHAMMADSHAHI;
HAIDARI; SOUFI, 2014) dessa molécula, os quais poderiam explicar o

aumento da expectativa de vida proporcionado pelo tratamento com RSV em
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algumas espécies (BAUR et al., 2006; HOWITZ et al.,, 2003; WOOD et al.,
2004). Ainda, estudos ressaltam seus efeitos neuroprotetores (QUINCOZES-
SANTOS; GOTTFRIED, 2011; TANG, 2010).

Em estudo recente de nosso grupo de pesquisa, um tratamento pré-natal
com RSV foi capaz de prevenir os prejuizos de sociabilidade na prole no
modelo animal de autismo induzido pela exposicdo pré-natal ao VPA
(BAMBINI-JUNIOR et al., 2014). Adicionado a isso, um novo estudo do nosso
grupo mostrou que essa molécula também é capaz de prevenir prejuizos
sensoriais neste mesmo modelo animal (FONTES-DUTRA et al., 2018). Esses
resultados possibilitam o uso dessa molécula como ferramenta crucial para a
compreensao da fisiopatologia do TEA, bem como no auxilio nos estudos de
rotas biologicas e estruturas envolvidas em sua etiologia, tanto em embrides
guanto em idades pos-natal.

Apesar desses diversos estudos em modelos animais e culturas
celulares, dados de testes clinicos em humanos ainda estdo em
desenvolvimento (PANGENI et al., 2014; TOME-CARNEIRO et al., 2013), de
forma que ndo se recomenda a suplementacdo de RSV em quantidades
superiores aquelas obtidas através do consumo de alimentos que contenham

essa molécula.

1.7. Sinalizacéo purinérgica e TEA
H& uma crescente evidéncia do papel das disfuncbes mitocondriais no

TEA (FILIPEK et al., 2003; TSAO; MENDELL, 2007), sendo que um estudo
mostrou que os niveis de DNA mitocondrial estavam aumentados em criancas
com TEA (PICARD et al., 2014). Além disso, um comprometimento do

metabolismo energético mitocondrial tem sido proposto para desempenhar um

17



papel no desencadeamento do TEA (LOMBARD, 1998; PASTURAL et al.,
2009; PATOWARY et al., 2017). E importante notar que o ATP extracelular de
origem mitocondrial € um sinal de alarme universal liberado pelas células sob
estresse. Esse ATP liberado pode, em células adjacentes, desencadear
processos inflamatorios (CHAN; GOLD; VON AHSEN, 2011; CORRIDEN;
INSEL, 2010; FAAS; SAEZ; DE VOS, 2017) e induzir uma intensa reacao
autoimune (THEOHARIDES; ASADI; PATEL, 2013; ZHANG et al., 2012).
Aproximadamente 50% do contetdo mitocondrial que é liberado contém ATP,
cuja acado pode ser blogueada por inibidores de receptores purinérgicos
(DUBYAK, 1991; KRISHTAL; MARCHENKO; PIDOPLICHKO, 1983).

Os receptores purinérgicos ionotropicos P2X sdo uma classe de canais
hetero e homotriméricos permeaveis a cations que se ligam ao ATP
extracelular (FREDHOLM et al., 1994; RALEVIC; BURNSTOCK, 1998). Entre
os sete receptores da familia dos P2X (P2X1 a P2X7), o receptor P2X4 é de
especial interesse como regulador do sistema nervoso e € encontrado em
grandes quantidades no encéfalo (BORTOLATO et al., 2013; RUBIO; SOTO,
2001). Além disso, parece estar envolvido na regulagdo do sistema
neuroendocrino (ZEMKOVA et al., 2010), na plasticidade hipocampal (BAXTER
et al., 2011), na modulacdo da atividade dos receptores GABA-A (JO et al.,
2011) e nos receptores N-metil-D-aspartato (NMDA) (BAXTER et al., 2011).
Outras subunidades P2X, como os subtipos P2X2 e P2X7, estdo envolvidas na
proliferacdo neural e na especificacdo do fendtipo de diferenciacdo (GLASER
et al., 2014; GLASER; RESENDE; ULRICH, 2013), bem como em respostas

sensoriais (LEWIS et al., 1995) e inflamatérias (BARICORDI et al., 1999), as
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quais foram demonstradas alteradas em pacientes com TEA (TOMCHEK;
DUNN, 2007) e no modelo VPA (SCHNEIDER et al., 2008b).

Os receptores P2Y, uma classe de receptores purinérgicos acoplados a
proteina G, sdo determinantes fundamentais em muitas respostas fisiolégicas,
incluindo neuromodulacdo (GUZMAN; GEREVICH, 2016; PUCHALOWICZ et
al., 2015; VON KUGELGEN; HOFFMANN, 2016), vasodilatagdo (RALEVIC;
DUNN, 2015), inflamacdo (GUZMAN; GEREVICH, 2016) e migragao celular
(HARDEN et al., 2010). Em mamiferos com o SNC ja desenvolvido, o receptor
P2Y2 torna-se expresso em astrdcitos corticais e neurénios, sob condi¢cfes de
lesdo cerebral, e sua ativagdo tem um papel neuroprotetor, regulando a
proliferacdo e migragéo de astrocitos e promovendo a estabilizagéo de neuritos
(BURNSTOCK, 2007; PETERSON et al., 2010; WEISMAN et al., 2012).

Publicacdes recentes demonstraram que a suramina, um antagonista
inespecifico de receptores purinérgicos, foi capaz de reverter alteracbes
comportamentais e metabdlicas em modelo de TEA induzido por ativacéo
imune materna (NAVIAUX et al., 2014, 2013), bem como em um modelo
genético de Sindrome do X Fragil (NAVIAUX et al., 2015). E importante notar
gue a andlise metaboldomica identificou vias bioquimicas associadas a
melhorias de sintomas que se sobrepdem tanto a pessoas com TEA quanto a
modelos animais, as quais foram previamente identificadas como mediadoras
funcionalmente relacionadas da resposta ao perigo celular evolutivamente
conservada (NAVIAUX et al., 2015). No entanto, os autores nao conseguiram
explicar como um efeito anti-purinérgico poderia prevenir as mudancas
comportamentais no modelo de rato poli (I:C), os quais mostraram ser

dependentes dos niveis elevados de interleucina 6 (IL-6) (SMITH et al., 2007),
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nem como os efeitos terapéuticos foram alcancados no modelo genético. No
entanto, a suramina é inespecifica e pode apresentar outros efeitos, tais como
afetar os receptores acoplados a proteinas G (BOLITHO et al., 2007), inibir a
secrecdo de mastécitos (JAFFAR; PEARCE, 1990), proliferacdo de linfécitos T
(NOVALES-LI, 1996) e atividade bactericida de leucécitos polimorfonucleares

(ROILIDES et al., 1993).

1.8. InteragcBes neuroimunitarias e TEA
Diversas alteragdes envolvendo o SNC foram observadas em modelos

de autismo em roedores pela exposicdo pré-natal ao VPA (BAUM;
STEVENSON; WALLACE, 2015; JUMAH et al., 2016; YANG et al., 2016). No
entanto, uma hipdtese existente na pesquisa sobre o autismo que pode explicar
seus mecanismos é o envolvimento de componentes do sistema imunitario no
desencadeamento deste transtorno (CHOI et al.,, 2016; GESUNDHEIT et al.,
2013; KUGELBERG, 2016). Historico familiar de doencas autoimunes
(SWEETEN et al., 2003) e niveis alterados de citocinas inflamatérias
(RATAJCZAK, 2011) séo algumas das evidéncias que sugerem a relacéo entre
sistema imunitario e TEA.

Estudos prévios demonstraram que existem alteracdes no sistema
imunoldgico durante a gestacdo que parecem estar intimamente envolvidas
com o desencadeamento do TEA (PATTERSON, 2009). Evidéncias
epidemioldgicas relacionam ativacdo do sistema imunoldgico materno durante
a gestacao e alteracdes genéticas relacionadas ao sistema imunolégico com o
desenvolvimento de TEA pela prole (ATLADOTTIR et al., 2010; CROEN et al.,
2005; KORVATSKA et al., 2002). Esses achados séo corroborados por estudos

envolvendo modelos animais (BAUMAN et al., 2014; MALKOVA et al., 2012) e,
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juntamente com as altera¢des imunoldgicas encontradas em pessoas com TEA
(ASHWOOD et al., 2011), ajudam a estabelecer a natureza imunoldgica desse
transtorno.

Além de tecidos periféricos, alteracdes imunolégicas em tecidos
encefélicos ja foram descritas em individuos com TEA (GOINES; ASHWOOD,
2013). Andlises de tecidos encefalicos post mortem revelaram indicios de
neuroinflamacédo devido ao aumento nos niveis de citocinas pro-inflamatorias,
principalmente IL-1B, IL-6, TNF-a e IFN-y, ativacdo neuroglial (ROSE;
ASHWOOD, 2014) e alteracdes génicas diretamente envolvidas com o sistema
imunolégico (LINTAS et al., 2011).

Adicionalmente, individuos diagnosticados com TEA frequentemente
apresentam anormalidades linfocitarias. Proporcdes e quantidades reduzidas
de linfocitos T CD4* foram observadas em estudo com 25 pacientes (YONK et
al., 1990). Apesar de nao haver relatos de infiltracdo linfocitaria no SNC de
pacientes com TEA, existe a possibilidade de isso ocorrer durante a gestacao
ou durante a primeira infancia (GESUNDHEIT et al., 2013). Por outro lado, ja
foi relatada infiltracdo linfocitaria no sistema gastrointestinal de pacientes com
TEA, com um numero aumentado de células CD4* e CD8* e producéo elevada
de citocinas inflamatérias por essas células (ASHWOOD et al., 2003;
ASHWOOD; WAKEFIELD, 2006).

Além dessas evidéncias encontradas diretamente em individuos com
TEA, ja foi demonstrado que existe uma relacdo entre ativacdo imune materna
(alteracBes pré-inflamatérias maternas durante a gestacdo) com o nascimento
de filhos com TEA, variando a desordem conforme o periodo de exposi¢cao

(MEYER et al., 2008). Adicionalmente, ja foi demonstrada uma correlacao
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positiva entre infeccdo materna viral ou bacteriana nos dois primeiros trimestres
de gestacdo com o desenvolvimento de TEA nos seus filhos (ATLADOTTIR et
al., 2010).

Nesse contexto, variagdes nos niveis de citocinas maternas destacam-
se como provaveis candidatos para mediar a comunicacdo entre sistema
imunitario materno e fetal. Aumentos nos niveis de IL-6 durante a gestagao é
um dos fatos correlacionados com TEA na prole (SMITH et al., 2007). Estudos
demonstram que ativacéo imune materna altera o desenvolvimento do encéfalo
do feto através de receptores de IL-6 (SMITH et al., 2007). Somado a isso, ja
foi demonstrado que o VPA causa alteracbes imunitarias (ICHIYAMA et al.,
2000; ROSSI et al., 2012) e que as citocinas maternas sédo capazes de chegar
ao feto durante o periodo critico da gestacdo frequentemente utilizado para
inducdo do modelo animal de autismo (DAHLGREN et al., 2006). Dessa forma,
o estudo do balanco entre citocinas pré- e anti-inflamatérias no modelo animal
de autismo induzido por exposicdo ao VPA pode gerar respostas que

sustentem a hipotese neuroimunoldégica.
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2. OBJETIVOS
2.1. Objetivo Geral

Avaliar parametros comportamentais e moleculares no modelo animal de
autismo induzido por exposicdo pré-natal ao 4cido valproico e o possivel efeito
preventivo de resveratrol e reversivo de suramina sobre os parametros

avaliados.

2.2. Objetivos Especificos

Parametros comportamentais:

- Avaliar possiveis alteracdes comportamentais no modelo VPA e o efeito do
tratamento pré-natal com RSV ou tratamento pds-natal com suramina, por meio
dos seguintes parametros comportamentais: sociabilidade, comportamentos
repetitivos, comportamento do tipo ansioso e parametros sensoriais;

Quantificacdo de miRNA:

- Analisar a expressao relativa de um grupo de miRNA no modelo VPA,
combinado ou ndo ao tratamento pré-natal com RSV;

Expressdo génica:

- Quantificar os niveis de RNA mensageiros de receptores purinérgicos no
modelo animal de autismo, combinado ou ndo com o tratamento pos-natal com
suramina,;
- Quantificar os niveis de RNA mensageiros de citocinas proé-inflamatoérias no
modelo animal de autismo, combinado ou ndo ao tratamento pds-natal com
suramina.

Anélise descritiva sobre a analise de miRNA:
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- Revisar algumas técnicas disponiveis para quantificacgdo de miRNA e
descrever detalhes importantes na realizacdo da técnica de RT-gPCR para

avaliacdo dessas moléculas.

PARTE Il
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ARTICLEINFO ABSTRACT

Keywords: Autism spectrum disorder (ASD) is characterized by difficulties in social interaction, communication and lan-

ASD guage, and restricted repertoire of activities and interests. The etiology of ASD remains unknown and no clinical

microRNA markers for diagnosis were identified. Environmental factors, including prenatal exposure to valproic acid

Resveratrol (VPA), may contribute to increased risk of developing ASD. MicroRNA (miRNA) are small noncoding RNA that

;m,"sll?;%"a]_ research regulate gene expression and are frequently linked to biological processes affected in neurodevelopmental dis-

V[:i:oate avior orders. In this work, we analyzed the effects of resveratrol (an antioxidant and anti-inflammatory molecule) on
behavioral alterations of the VPA model of autism, as well as the levels of circulating miRNA. We also evaluated
the same set of miRNA in autistic patients. Rats of the VPA model of autism showed reduced total reciprocal
social interaction, prevented by prenatal treatment with resveratrol (RSV). The levels of miR134-5p and
miR138-5p increased in autistic patients. Interestingly, miR134-5p is also upregulated in animals of the VPA
model, which is prevented by RSV. In conclusion, our findings revealed important preventive actions of RSV in
the VPA model, ranging from behavior to molecular alterations. Further evaluation of preventive mechanisms of
RSV can shed light in important biomarkers and etiological triggers of ASD.

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
of unknown etiology characterized by a dyad of behavioral alterations:
a) social communication and social interaction impairments and b)
restricted, repetitive and stereotyped patterns of behavior, interests and
activities (American Psychiatric Association, 2013). In addition to these
features, several other associated symptoms and comorbidities are more
prevalent in individuals with ASD, including sensorial, gastrointestinal,
and immune alterations, sleep disturbances and other neurological
disorders such as epilepsy and TDAH (Geschwind, 2009; Grandin, 2009;
Klintwall et al., 2011).

The development of complex neural circuits relies in the spatial and

temporal coordination of genetic and epigenetic processes during em-
bryogenesis. As a consequence, the neurodevelopment is especially
susceptible to the influence of environmental factors (Ameis and Catani,
2015; Perera and Herbstman, 2011). The brain of autistic individuals
present several structural and functional abnormalities (Hutsler and
Casanova, 2016), which could be caused by environmental risk factors,
including immune abnormalities during pregnancy, indicating a strong
influence of the immune system in the neurodevelopment. (Gottfried
et al., 2015).

Valproic acid (VPA) is a drug widely-used as anticonvulsant and
mood-stabilizer. Epidemiological observations demonstrated a strong
link between the prenatal exposure to VPA, and the onset of ASD in the
offspring (Christianson et al., 1994; Moore et al., 2000; Rodier et al.,
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1997; Williams et al., 2001; Williams and Hersh, 1997). Based on these
observations, a prenatal injection of VPA has been used to induce au-
tistic-like features in animal models in rodents (Bambini-Junior et al.,
2011; Schneider and Przewlocki, 2005). The VPA animal model of
autism presents face validity (strong phenomenological similarities and
related pathophysiology), construct validity (the same etiology; in this
case, exposure to VPA) and predictive validity (same response to
treatments aiming to prevent or revert symptoms) (Mabunga et al.,
2015). Therefore, this model is currently used to elucidate new path-
ways involved in ASD pathophysiology that can be pharmacologically
targeted (Tyzio et al., 2014).

Given the importance of social behavior impairments for the diag-
nosis of ASD, analysis of social behavior is critical in models of autism
in rodents. We previously demonstrated that rats of the VPA model
present impaired social behavior in a three-chambered social approach
task (Bambini-Junior et al., 2011). In addition, we showed that re-
sveratrol (RSV), an antioxidant and anti-inflammatory molecule, pre-
vents social impairments in the VPA model in this same test (Bambini-
Junior et al.,, 2014). Another key component for ASD diagnosis is the
presence of repetitive and stereotyped behaviors, which, in animal
models, are commonly manifested by excessive and incomplete self-
grooming (McFarlane et al., 2008; Schneider and Koch, 2005; Sungur
et al., 2014). Animal models of autism also frequently present irregu-
larities in sensorial processing (Dendrinos et al.,, 2011; Geschwind,
2009), which may interfere with the animals’ ability to perceive and
interact with their surroundings (Nienborg and Cumming, 2010). The
social transmission of food preference (STFP) is an ethologically re-
levant test of hippocampus-dependent non-spatial olfactory memory
(Galef-Jr and Wigmore, 1983) that is commonly used to evaluate social
communication in rodents (Bessiéres et al., 2017; Ryan et al., 2008).
Therefore, in this work we evaluated reciprocal social interaction, re-
petitive self-grooming and the STFP task in rats of the VPA model, as
well as the influence of prenatal RSV treatment.

In addition to behavioral assessments, the investigation of common
molecular targets of VPA and RSV could help to clarify pathways in-
volved in the pathophysiology of ASD. MicroRNA (miRNA) are a set of
small non-coding RNA that control protein expression by binding
mainly to the 3’'UTR of the messenger RNA (mRNA) and thereby
mediating either RNA degradation or translation inhibiton (Chandra
et al., 2017). The miRNA molecules are able to modulate several cel-
lular functions and events, including cellular proliferation and differ-
entiation, synapse formation/maturation and general metabolism in-
tegration (Wahid et al., 2010) and were recently implicated in the
pathogenesis of ASD (Wu et al., 2016). The identification of circulating
miRNA may also be potentially relevant for the development of clinical
diagnostic or prognostic tools (Hu et al., 2017). We hypothesized that
the RSV's preventive effect of the VPA-induced impairments might in-
volve modulation of miRNA levels. In addition, we anticipate that some
of these results could be conserved inter-species and would also be
relevant for patients with ASD.

Thus, the aims of the present study were to investigate possible
preventive effects of RSV against VPA-induced impairments on beha-
vior and circulating miRNA alterations in an animal model, as well as to
evaluate miRNA alterations in blood from autistic patients.

2. Material and methods
2.1. Animal model of autism induced by VPA and resveratrol treatment

The animal model of autism was induced as previously described
(Bambini-Junior et al., 2011; Schneider and Przewtocki, 2005). Briefly,
female Wistar rats (UFRGS-Biochemistry Department CREAL), with
controlled fertility cycles, were mated overnight. The first day of ge-
station was determined by the presence of spermatozoa in the vaginal
smear (embryonic day 0.5). Pregnant females received a single in-
traperitoneal injection of 600 mg/kg VPA (sodium valproate, Sigma-
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Aldrich, USA) or saline solution on embryonic day 12.5 (E12.5), and
daily subcutaneous injections of RSV (trans-resveratrol Fluxome,
Stenlose, Denmark, 3.6 mg/kg) or DMSO from E6.5 to E18.5 (Bambini-
Junior et al.,, 2014). Only males of the offspring were used in this
current study. Blood samples from these animals were obtained by
cardiac puncture 30 days after birth. The behavioral analyses were
performed in a second cohort of animals. This project was approved by
the local animal ethics committee (CEUA-UFRGS 140367/140431) and
all animals were handled in accordance with the current guidelines
(National Council for the Control of Animal Experimentation -
CONCEA).

2.2. Behavioral tests

To investigate possible preventive effect of RSV treatment on VPA
animals, we evaluated three important behavioral patterns that corre-
spond to behavioral domains frequently altered in ASD: sociability,
olfactory memory and communication, and repetitive behavior.

2.2.1. Reciprocal social behavior

The test was adapted from Schneider and Przewlocki (Schneider and
Przewlocki, 2005). Rats were tested at 46 days of age in a
50 x 50 x 50 cm arena. After a 5-min habituation period in the test
chamber, the interactions between the animal test and a novel rat
(younger male) were recorded for 15min. The following pro-social
interactions were evaluated: nose-to-nose sniffing, anogenital inspec-
tion, flank-exploration and following behavior. The number and dura-
tion of events were scored using the Anymaze software. We also cal-
culated the total number and time of reciprocal social interaction.

2.2.2. Social transmission of food preference (STFP)

The experiment was adapted from Wrenn et al. protocol (Wrenn
et al., 2004). Rats at 47 days of age were habituated for 72h to eat
pelleted food made from powdered chow. In the following day, food
was removed 3h before the test. Next, one animal from each cage
(demonstrator) was housed alone in a separate housing box and could
eat a randomly assigned flavored food for 1 h: either cinnamon (1% w/
w) or cocoa (2% w/w). Then the demonstrator rat was housed with
their littermates (the observer rats) and allowed free interaction for
30 min. After this interaction period, the demonstrator animal was re-
moved from the housing box and the observer animals were provided
with two choices of powdered food in identical pellets, one with flavor
of the cued food presented by demonstrator rat and the other with the
alternative food. Rats could eat for one and a half hours, and the
amount of cued and non-cued food eaten from each litter was weighed
and recorded. The ratio of food preference for each litter was calcu-
lated, considering the amount of cued and non-cued food and the total
food consumption.

2.2.3. Repetitive self-grooming behavior

Rats at 64 days of age were scored for spontaneous grooming be-
havior as described (Onaolapo et al., 2017). The test was performed
during 10 min in a 50 x 50 x 50 cm arena. Each rat was scored in-
dividually in two parts (0-5min and 5-10min) and the total time
(0-10 min), considering the number of body cleaning with paws and
face-washing actions. No habituation was performed.

2.3. Blood samples from autistic and control subjects

Peripheral blood samples from autistic male individuals and from
the control group (5-15 years-old range) were obtained at the Clinical
Hospital of Porto Alegre (HCPA). Inclusion criteria were age between 5
and 15 years and clinical diagnosis of ASD according to DSM-5 con-
firmed using the Autism Diagnostic Observation Schedule. Autistic in-
dividuals who presented secondary autism or autism as an associated
feature of an identified genetic condition (Fragile X Syndrome, Rett
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Syndrome, Angelman Syndrome, Prader-Willi Syndrome, Smith-Lemli-
Opitz Syndrome and Tuberous Sclerosis) were excluded from the study.
This project was approved by the local ethics committee (CEUA-UFRGS
33863).

2.4. RNA extraction and RT-qPCR procedure

After homogenization of blood samples with Trizol” reagent
(Invitrogen, USA), chloroform was added to perform phase separation,
and RNA was precipitated from the upper aqueous layer using iso-
propanol. The precipitated RNA was washed with ethanol to remove
impurities, resuspended in RNase-free water and stored at —80°C
(Chomczynski, 1993).

Mature miRNA expression was evaluated by reverse transcriptase
followed by quantitative polymerase chain reaction (RT-gPCR) (Chen
et al., 2005). Complementary DNA (cDNA) was synthesized from ma-
ture miRNA using reverse transcriptase reaction containing 2 pg of total
RNA, 1 pL of 10 mM dNTP mix (Invitrogen, USA), 3 pL of stem loop RT
primer mix, 4 uL M-MLV reverse transcriptase 5X reaction buffer (In-
vitrogen, USA), 2uL of 0.1 M DTT (Invitrogen, USA), 1pL of RNase
inhibitor (Invitrogen, USA), 1.0puL of M-MLV reverse transcriptase
(Invitrogen, USA), and sterile distilled water to a final volume of 20 pL.
The synthesis of the cDNA was completed after a sequence of three
incubations at 65 °C for 5min, 37 °C for 50 min and 70 °C for 15 min.

The quantitative PCR mix was comprised by 12 puL of ¢cDNA (1:33),
1.0 pL of specific miRNA forward and universal reverse (10 uM) pri-
mers, 0.5 puL of 10 uM dNTP mix, 2.4 uL of 10X PCR buffer (Invitrogen,
USA), 0.8 pL of 50 mM MgCl, (Invitrogen, USA), 2.4 uL of 1X SYBR™
Green (Molecular Probes, USA), 0.1pL of Platinum Taq DNA
Polymerase (Invitrogen, USA) and sterile distilled water to a final vo-
lume of 24 pL. The fluorescence of SYBR™ Green was used to detect
amplification, estimate Ct values, and to determine specificity after
melting curve analysis. PCR cycling conditions were standardized to
95°C for 5min followed by 40 cycles at 95°C for 10s, 60 °C for 10s,
and 72°C for 10s. After the main amplification, sample fluorescence
was measured from 60 °C to 95°C, with an increasing ramp of 0.3°C
each, to obtain the denaturing curve of the amplified products and Tm
estimation, to assure their homogeneity after peak detection. Data was
obtained from an Applied Biosystems StepOne System (USA). The set of
16 miRNA selected for this study incudes miRNA involved in im-
munological and/or synaptic plasticity modulation, processes altered in
ASD and includes miRNA commonly altered in many neurodevelop-
mental disorders.

2.5. Calculation of miRNA relative expression

The RT-qPCR results were imported into Microsoft Excel and the
geNorm program was used to assess the variance in expression levels of
the miRNA analyzed (Peltier and Latham, 2008; Vandesompele et al.,
2002). This program scanned the present miRNA two at a time. Then,
the expression stabilities of the set of miRNA were evaluated and
ranked accordingly to their stability. A pairwise variation analysis was
performed by geNorm to determine the number of miRNA required for
accurate normalization and to identify the most suitable miRNA to be
used as normalizers.

The average value of crossing threshold (Ct) values (in triplicate)
was converted to quantities for geNorm analysis by the difference be-
tween Ct value from two groups taken in each comparison. PCR effi-
ciency was calculated from the slope of the amplification curve by ex-
ponential amplification analysis using the LinRegPCR algorithm
(Ramakers et al., 2003). The relative expression was obtained using the
-AACt method where Ct values of a group are subtracted from the
average Ct values of the control group. The relative expression of
miRNA was calculated considering the PCR efficiency and the —~AACt
values for each miRNA (Pfaffl, 2001) and was normalized to the nor-
malizers identified by the geNorm software.
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2.6. Statistical analysis

IBM SPSS Statistics 20.0 (IBM SPSS, Armonk, NY, USA) was used to
perform the statistical analysis. Kolgomorov-Smirnov and Shapiro-Wilk
tests of normality were applied to determine data distribution. For re-
ciprocal sociability test and self-grooming behavior, we used
Generalized Estimating Equations (GEE) to weight both the interven-
tions (VPA exposure and/or RSV treatment) and the litter effect in the
behavioral outcome. After a Wald Chi-Square test, we performed pair-
wise comparisons for the parameters that presented interaction effect
between interventions (VPA-by-RSV interaction). If only main effects
were observed, the individual effect of VPA or RSV was evaluated.
Bonferroni's post hoc test was used as the final evaluation. Data is re-
ported as mean * standard error of the mean (SEM). The Poisson
distribution was used for discrete variables (number of interactions),
while gamma distribution was used for time variables. A two-way
variance analysis and Bonferroni post hoc test were used to analyze the
cued food/total food eaten percentage during the STFP test after nor-
mality tests indicated a normal distribution of this variable. The asso-
ciated data are expressed as mean = SEM and P < 0.05 was con-
sidered to indicate a statistically significant difference. On the other
hand, the absolute consumption of each food flavor presented non-
normal distribution, were compared by non-parametric Kruskal-Wallis
test and the results were expressed as median * interquartile interval.

The miRNA relative expressions of the four animal groups were
compared using non-parametric Kruskal-Wallis test followed by Dunn's
test for multiple comparisons. The results were expressed as
median + interquartile interval. For the analysis of the human sam-
ples, non-parametric Mann-Whitney U test was performed and the re-
sults were expressed as median + interquartile interval. All statistical
analyses were supervised by the Biostatistics Unit at the Clinical
Hospital of Porto Alegre.

3. Results
3.1. Behavioral tests

3.1.1. Reciprocal sociability test

Adult male rats prenatally exposed to VPA were tested in a socia-
bility paradigm considering four pro-social behaviors: nose-to-nose
sniffing, anogenital inspection, flank exploration and following (Fig. 1).
Wald chi-square test showed a significant interaction effect between
VPA exposure and prenatal RSV treatment in all parameters evaluated.
Bonferroni's test for multiple comparisons further revealed that animals
from the VPA group presented significantly decreased number and time
of nose-to-nose sniffing compared to the control group, and RSV was
not able to completely prevent these alterations (Fig. 1A). Anogenital
inspection presented no significant difference between experimental
groups (Fig. 1B). There was no difference between number and time of
flank exploration behavior between VPA and control groups, although a
significant difference in total time of this behavior was observed be-
tween VPA and RSV groups (Fig. 1C). Rats prenatally exposed to VPA
also displayed significantly reduced number and time of following be-
havior when interacting reciprocally with an unfamiliar rat, compared
to the control group (Fig. 1D). Animals exposed to VPA presented de-
creased total pro-social interactions and spent less time interacting with
an unfamiliar conspecific rat compared to the control group (Fig. 1E).
When VPA animals are treated with RSV, there was a significant in-
crease in both number and time of pro social behaviors compared to
VPA animals injected only with the vehicle. Thus, the RSV treatment
was able to prevent the combined social deficits of VPA rats, even
though analyses of individual behaviors were not statistically sig-
nificant.

3.1.2. Social transmission of food preference
Fig. 2 represents the ratio of food preference of Wistar rats
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Fig. 1. Resveratrol prevents deficits in reciprocal social interaction in the VPA model of autism. Number and time of nose-to-nose sniffing (A), anogenital
inspection (B), flank exploration (C), following (D) and total pro-social interactions (E). Plots show mean * SEM. Different letters indicate statistical differences with
p < 0.05. Statistical analysis: Generalized Estimating Equations (GEE) followed by Bonferroni. Control (n = 8), RSV (n = 9), VPA (n = 9), VPA + RSV (n = 6).
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Fig. 2. VPA exposure impairs social transmission of food preference.
Percentage of cued food consumed by observer rats. Data expressed as
mean *= SEM with *p < 0.05. Statistical analysis: Two-way ANOVA followed
by Bonferroni. Control (n = 7), RSV (n = 6), VPA (n = 8), VPA + RSV (n = 7).

prenatally exposed to VPA, compared to the control animals, after
treatment with RSV or vehicle. There was a significant effect of VPA
exposure in food preference (p = 0.026), with a decreased ratio of food
preference. However, the RSV treatment was not able to prevent this
alteration.

Regarding the absolute food consumption, animals exposed to VPA
tend to eat less food with the flavor cued by the demonstrator (Data in
Brief Fig. 1A, p = 0.080). On the other hand, animals presented no
differences in consumption of altemative (non-cued) food across in-
terventions (Data in Brief Fig. 1B, p = 0.493).

3.1.3. Repetitive self-grooming

The self-grooming behavior was evaluated across two testing per-
iods (0-5 and 5-10min). During the first period, no significant effect
was found, indicating that the time spent self-grooming was the same
for all animals tested (Fig. 3B). In the second period of test, Wald chi-
square test showed that animals exposed to VPA spent more time self-
grooming and this effect was not prevented by RSV (Fig. 3B,
p = 0.005). A similar result was observed in relation to total test period,
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Fig. 4. miR134-5p expression is increased in peripheral blood of the VPA
model of autism, which is prevented by RSV treatment. Plots presented as
medians = interquartle intervals with *p < 0.05 considered significant.
Statistical analysis: Independent-Samples Kruskal-Wallis followed by Dunn's
test. Control (n = 6), RSV (n = 6), VPA (n = 6), VPA + RSV (n = 5).

with animals exposed to VPA spending more time grooming and no
preventive effect of RSV (Fig. 3C, p = 0.008). The latency to start a self-
grooming behavior was similar across experimental groups (Fig. 3D).

3.2. Analysis of miRNA expression in animal model of autism

We determined the relative expression of miRNA in blood of 30
days-old rats prenatally exposed to VPA or vehicle (saline) and treated
with RSV or vehicle (DMSO). The GeNorm algorithm ranked miRNA
miR181a-5p and miR181b-5p as most stable and they were used as
normalizers to evaluate the relative expression of the remaining
miRNA. miR134-5p was significantly increased (p = 0.030) in total
blood of animals prenatally exposed to VPA, and RSV was able to
prevent this alteration (Fig. 4). On the other hand, there were no sig-
nificant differences in the 13-remaining miRNA (Data in Brief Fig. 2).

Fig. 3. VPA exposure increases self-
grooming behavior. Time of grooming
(sec): (A) 0-5 min of test, (B) 5-10 min of

test, (C) total time and (D) latency to start
grooming. Data expressed as mean = SEM
with *p < 0.05 and **p < 0.01 con-
sidered significant. Statistical analysis:
Generalized Estimating Equations (GEE)
followed by Bonferroni. Control (n = 14),
RSV (n 12), VPA (n 12), VPA + RSV
(n = 13).
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3.3. Analysis of miRNA expression in autistic subjects

We also determined the relative expression of miRNA in peripheral
blood of autistic subjects, comparing with controls in the same age-
range (5-15 years). The GeNorm algorithm ranked miR23a-3p,
miR146a-5p and miR181a-5p as most stable and they were used as
normalizers to evaluate the relative expression of the remaining
miRNA. There were no intra-group differences related to age on miRNA
levels. The analysis of relative expression revealed significant increases
in expression of miR134-5p (Fig. 5A, p = 0.011) and miR138-5p
(Fig. 5B, p = 0.026) in peripheral blood of autistic children, compared
to control subjects. Levels of the 11-remaining miRNA showed no dif-
ferences between groups (Data in Brief Fig. 3).

4. Discussion

The prenatal exposure to VPA has been used to mimic the ASD
pathogenesis in animals for two decades, providing important insights
about the morphological, biochemical and behavioral characteristics of
ASD (Bambini-Junior et al., 2011; Rodier et al., 1997; Schneider et al.,
2008; Schneider and Przewlocki, 2005). Nevertheless, the exact me-
chanisms by which VPA acts are still currently unknown.

Social behavior impairments are a key defining feature of ASD
(Dover and Le Couteur, 2007; Pascoe, 2014; Rapin and Tuchman, 2008)
and are also seen in many animal models of autism, including the VPA
animal model (Bambini-Junior et al, 2011; Schneider et al., 2008;
Schneider and Przewtocki, 2005). However, the mechanisms that un-
derlie these impairments are also poorly understood. Our group pre-
viously demonstrated that prenatal administration of RSV (daily sub-
cutaneous injections from E6.5 to E18.5) prevented ASD-like social
deficits induced by VPA in rats (Bambini-Junior et al., 2014). Thus, the
investigation of common targets of VPA and RSV in rodents can po-
tentially facilitate the elucidation of the mechanisms by which VPA
triggers the ASD-like social impairments. Moreover, it might contribute
to the discovery of new clinical markers and the development of novel
therapeutic approaches for ASD.

In the present study, we extended these analyses to include other
behavioral assessments: reciprocal social behavior, social transmission
of food preference and repetitive self-grooming. Here, we confirm the
preventive actions of prenatal exposure of RSV on social impairments of
the VPA model of autism. VPA rats showed reduced total reciprocal
social interaction with a conspecific (anogenital inspection, flank ex-
ploration, nose-to-nose sniffing and following behavior), which was
prevented by the RSV intervention.

Whereas the reciprocal social interaction test primarily focuses on
social behavior of a test animal with an unfamiliar conspecific
(Schneider and Przewlocki, 2005), the STFP test allows investigating of
social communication by analyzing the transmission of preferences for
specific foods between conspecifics (Bessieres et al, 2017).
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Surprisingly, RSV was not able to prevent the effects of VPA in the STFP
test. Perhaps, VPA rats might have an impaired ability to detect, process
or utilize socially transmitted information. Moreover, the fact that RSV
is not able to prevent the deficits triggered by VPA in the SFTP, while
being effective in social impairments, suggests that neural processes
independent of social interaction might be important for a normal STFP
behavior.

Rats exposed to VPA also spent more time self-grooming than the
controls, especially in the second half of this 10-min test protocol,
which was not prevented by RSV. Hence, RSV can prevent some but not
all aspects altered by VPA. The apparent specificity of RSV for social
behaviors deserves further investigation and can be used to narrow
analysis down to pathways underying the development of social im-
pairments in ASD.

In addition to these behavioral findings, we identified miR134-5p
as a miRNA altered in opposing ways by VPA and RSV. Interestingly,
this same miRNA was also elevated in autistic patients compared to
controls and we also identified a similar elevation on the circulating
levels of miR138-5p in autistic patients. Intriguingly, both miR134-5p
(Schratt et al., 2006) and miR 138-5p (Obernosterer et al., 2006) are
thought to be brain-specific. miR134-5p is localized at the synapto-
dendritic compartment of rat neurons and is able to negatively regulate
the size of dendritic spines in postsynaptic sites by inhibiting the
translation of an mRNA encoding the protein kinase Limkl, which
controls spine development (Schratt et al., 2006). On the other hand,
miR138-5p may also be implicated in changes in the development of
dendritic spines, since it favors the activation of the RhoA-Rock
pathway (Fig. 6) (Schratt, 2009; Siegel et al., 2009). Therefore, in-
vestigation of this model, especially of the molecular mechanism of
VPA action, can shed light in important biomarkers and etiological
triggers of ASD.

Overall, our study suggests that evaluation of miRNA expression
profile may be used to identify biological pathways altered in ASD.
Since miRNA can pass to bloodstream from cells, tissues and organs
(Creemers et al, 2012; Ludwig et al., 2016), changes in circulating
miRNA levels may reflect changes in other tissues, including nervous
system and lymphoid organs. Further studies are necessary to evaluate
additional miRNA and assess different developmental stages and tissues
to clarify the roles of miRNA in the etiology of ASD. Nevertheless, the
translational approach employed in this work could further support the
potential use of miRNA as biomarkers and therapeutic targets in ASD.

Future studies exploring the molecular alterations induced by VPA
during pregnancy, and how this changes lead to long-term effects in the
offspring are necessary. This is particularly important because epige-
netic modulation may mediate the onset of ASD phenotypes (Andrews
et al., 2017; Gottfried et al., 2015; Perera and Herbstman, 2011). In
addition, studies of VPA effects on mother to embryo communication
can help to clarify mechanisms involved in the etiology of ASD. The
anti-inflammatory and antioxidant properties of RSV might be
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protective for this mother-embryo relationship in animals of the VPA
model of autism.

In summary, our findings revealed important preventive actions of
RSV in the VPA model of autism. These effects ranged from behavior,
(as seen in the evaluation of reciprocal social interaction), to molecular
alterations (miR134-5p expression). We also demonstrate for the first
time that animals exposed prenatally to VPA had no preference in
consuming the food presented by the demonstrator, indicating that
social communication could be impaired in this model. This study re-
inforces the validity of the VPA model of autism and its utility to study
the ASD pathophysiology.
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Type of data Table, Figures

How data was acquired Animal behavior analysis and Reverse Transcription followed by Quan-
titative Polymerase Chain Reaction (RT-qPCR)

Data format Analyzed

Experimental factors The animal model of autism was induced by a single intraperitoneal injec-
tion of 600 mg/kg VPA or saline solution on embryonic day 12.5 (E12.5). RSV
treatments were achieved by daily subcutaneous injections of RSV (3.6 mg/
kg) or DMSO from E6.5 to E18.5. Blood samples from these animals were
obtained by cardiac puncture 30 days after birth. Peripheral blood samples
from autistic male individuals and from the control group (5-15 years-old
range) were obtained at Clinical Hospital of Porto Alegre (HCPA).

Experimental features Social Transmission of Food Preference (STFP) test was performed in male
rats after food habituation, consumption of one of flavored food by
demonstrator rat and interaction between demonstrator and observer rats.
The amount of cued and non-cued food eaten by observers from each litter
was weighed and recorded. After homogenization of blood samples, we
performed RNA extraction and the mature miRNA expression was evaluated
by reverse transcription followed by quantitative polymerase chain reaction
(RT-qPCR), using fluorescence of SYBR Green to detect amplification, esti-
mate Ct values and to determine specificity after melting curve analysis.

Data source location Department of Biochemistry, Federal University of Rio Grande do Sul -
UFRGS, Porto Alegre, RS, Brazil. Clinical Hospital of Porto Alegre, Porto
Alegre, RS, Brazil.

Data accessibility Hirsch, M. M. et al. Behavioral alterations in autism model induced by
valproic acid and translational analysis of circulating microRNA. Food
Chem. Toxicology 115 (2018): 336-343. doi: 10.1016/}.fct.2018.02.061.[1]

Value of the data

Social transmission by absolute consumption of two flavored food in VPA-induced animal model of
autism.

MicroRNA analysis in blood samples from male rats prenatally exposed to VPA and treated with
RSV, compared to control animals.

MicroRNA analysis in blood samples from 5 to 15 years old autistic subjects.

1. Data

Fig. 1 presents the absolute food consumption of Wistar rats prenatally exposed to VPA, compared
to the control animals, after treatment with RSV or vehicle. The animals exposed to VPA ?l’mve a
tendency to eat less of the flavored-food cued by demonstrator (Fig. 1A, p=0.080). On the other(?mnd.



M.M. Hirsch et al. / Data in Brief 18 (2018) 1433-1440 1435

Aao- Bzo.
p=0.080 5
§20- _I_“ §15- 1 _
g T % - %10— 777
il | 7
IEl I'PEREN

Control RSV VPA VPA+RSV Control RSV VPA VPA+RSV

Fig. 1. Absolute weights of consumed food in VPA autism model. Cued (A) and non-cued (B) food. Plots show med-
ians + interquartile intervals. Statistical analysis: Independent-Samples Kruskal-Wallis test. Control (n=8), RSV (n=9), VPA
(n=9), VPA+RSV (n=6).

animals presented no differences in consumption of alternative (non-cued) food across interventions
(Fig. 1B, p=0.493).

We evaluated the relative expression of miRNA in blood of 30 days rats prenatally exposed to VPA
or vehicle (saline) and treated with RSV or vehicle (DMSO). The GeNorm algorithm ranked miRNA
miR181a-5p and miR181b-5p as the most stable ones and they were used as normalizers to evaluate
the relative expression of the remaining miRNA. We observed no significant differences in levels of 13
miRNA (Fig. 2).

We also determined the relative expression of a set of miRNA in peripheral blood of autistic
subjects, compared with controls in the same age-range (5-15 years). The GeNorm algorithm ranked
miR23a-3p, miR146a-5p and miR181a-5p as the most stable ones and they were used as normalizers
to evaluate the relative expression of the remaining miRNA. There were no intra-group differences
related to age on miRNA levels. The analysis of relative expression revealed no significant differences
in 11 miRNA in peripheral blood of autistic children, compared to control subjects (Fig. 3).

2. Experimental design, materials and methods
2.1. Animal model of autism induced by VPA and resveratrol treatment

The animal model of autism was induced as previously described [2,3]. Briefly, female Wistar rats
(UFRGS-Biochemistry Department CREAL), with controlled fertility cycles, were mated overnight. The
first day of gestation was determined by the presence of spermatozoa in the vaginal smear
(embryonic day 0.5). Pregnant females received a single intraperitoneal injection of 600 mg/kg VPA
(sodium valproate, Sigma-Aldrich, USA) or saline solution on embryonic day 12.5 (E12.5), and daily
subcutaneous injections of RSV (trans-resveratrol, Fluxome, Stenlese, Denmark, 3.6 mg/kg) or DMSO
from EG.5 to E18.5 [4]. Only males of the offspring were used in this study. Blood samples from these
animals were obtained by cardiac puncture 30 days after birth. This project was approved by the local
animal ethics committee (CEUA-UFRGS 140367/140431) and all animals were handled in accordance
with established guidelines (National Council for the Control of Animal Experimentation (CONCEA)).

2.2. Evaluation of food consume in STFP test

This experiment was adapted from Wrenn et al. protocol [5]. Rats at 47 days of age were habi-
tuated for 72h to eat pelleted food made from powdered chow. In the following day, food was
removed three hours before the test. Next, one animal from each cage (demonstrator) was housed
alone in a separate housing box and was allowed to eat a randomly assigned flavored food for 1 h:
either cinnamon (1% w/w) or cocoa (2% w/w). Then the demonstrator rat was housed with their
littermates (the observer rats) and allowed free interaction for 30 min. After this interaction peériod,
the demonstrator animal was removed from the housing box and the observer animals were provided
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Fig. 2. Relative expressions of unchanged miRNA in peripheral blood of VPA autism model at P30. Plots presented as med-
ians + interquartile intervals. Statistical analysis: Independent-Samples Kruskal-Wallis test. Control (n=6), RSV (n=6), VPA
(n=6), VPA+RSV (n=5).

with two choices of powdered food in identical pellets, one with flavor of the cued food presented by
demonstrator rat and the other with the alternative food. Rats were allowed to eat for one andg half
hours, and the amount of cued and non-cued food eaten from each litter was weighed and recorded.
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Fig. 3. Relative expressions of uncharged miRNA in peripheral blood of autistic children compared to control group. Results
expressed as medians + interquartile intervals. Statistical analysis: Mann-Whitney U-test. Control (n=7) and autistic patients
(n=7).

2.3. Blood samples from autistic and control subjects

Peripheral blood samples from autistic male individuals and from the control group (5-15
years-old range) were obtained at the Clinical Hospital of Porto Alegre (HCPA). Inclusion criteria
were age 5-15 years, have a clinical diagnosis of ASD according to DSM-5 and confirmed using
the Autism Diagnostic Observation Schedule. Autistic individuals who presented secondary
autism or autism as an associated feature to an identified genetic condition (Fragile X Syndrome,
Rett Syndrome, Angelman Syndrome, Prader-Willi Syndrome, Smith-Lemli-Opitz Syndrome and
Tuberous Sclerosis) were excluded from the study. This project was approved by the localhethics
committee (CEUA-UFRGS 33863).



1438

Table 1
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Primer sequences for 16 miRNA evaluated. Forward and RT stem-loop primers and an universal reverse primer.

miRNA ID miRNA sequence Primer Primer sequences
type

miR132-3p uaacagucuacagccauggucg Forward TCC GGC TAA CAG TCT ACAGCC A
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC cgacca

miR138-5p agcugguguugugaaucaggccg Forward  TCC GGA AGC TGG TGT TGT GAATC
RT stem- GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC cggect

miR125a-5p ucccugagacccuuuaaccuguga Forward — GTC GCG ATC CCT GAG ACC CTT TA
RT stem-  GTC GTA TCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC tcacag

miR195-5p uagcagcacagaaauauuggc Forward GGG CGC TAG CAG CAC AGA AAT A
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC gccaat

miR199a-5p cccaguguucagacuaccuguuc  Forward — GAT GCG CCC AGT GTT CAG ACT
RT stem- GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC gaacag

miR134-5p ugugacugguugaccagagggg Forward  GGC TCT TGT GAC TGG TTG ACC A
RT stem-  GTC GTA TCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC ccccte

miR124-3p uaaggcacgeggugaaugec Forward CTA GCT TAA GGC ACG CGG TGA
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC ggcatt

miR181a-5p aacauucaacgcugucggugagu Forward  GCG CTG AAC ATT CAA CGC TGT C
RT stem- GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC actcac

miR181b-5p aacauucauugcugucggugggu Forward — GCT GCG CAA CAT TCATIG CTG TC
RT stem- GTC GTA TCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC acccac

miR25-3p cauugcacuugucucggucuga  Forward TCA GCA CAT TGC ACT TGT CTC GG
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC tcagac

miR21-5p uagcuuaucagacugauguuga Forward  CCG GCG CTA GCT TAT CAG ACT GAT
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC tcaaca

miR23a-3p aucacauugccagggauuucc Forward  GCT GTC ATC ACA TTG CCA GGG A
RT stem-  GTC GTA TCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC ggaaat

miR146a-5p ugagaacugaauuccauggguu  Forward CGT GGC GTG AGA ACT GAATTC CA
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC aaccca

miR218-5p uugugcuugaucuaaccaugu Forward  GCC GTC CTT GTG CTT GAT CTA ACC
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC acatgg

miR30c-5p uguaaacauccuacacucucagc Forward  GCG TCG CTG TAA ACA TCC TACACT C
RT stem- GTC GTA TCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC gctgag

miR191-5p caacggaaucccaaaagcagcug  Forward GGA GCG TCA ACG GAA TCC CAA AAG
RT stem-  GTC GTATCC AGT GCA GGG TCC GAG GTATTC GCA CTG GAT
loop ACG AC cagctg

Reverse Universal Reverse CCA GTG CAG GGT CCGAGG TA

Primer

2.4. RNA extraction and RT-qPCR procedure

After homogenization of blood samples with Trizol® reagent (Invitrogen, USA), chloroform was
added to perform phase separation, and RNA was precipitated from the upper aqueous layer using
isopropanol. The precipitated RNA was washed with ethanol to remove impurities, resuspended in
RNase-free water and stored at —80 °C [G].
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Mature miRNA expression was evaluated by reverse transcriptase followed by quantitative poly-
merase chain reaction (RT-qPCR) [7]. Complementary DNA (cDNA) was synthesized from mature
miRNA using reverse transcriptase reaction containing 2 pug of total RNA, 1L of 10 mM dNTP mix
(Invitrogen, USA), 3 uL of stem loop RT primer mix (Supplementary Table 1), 4ulL M-MLV reverse
transcriptase 5x reaction buffer (Invitrogen, USA), 2 uL of 0.1 M DTT (Invitrogen, USA), 1 uL of RNase
inhibitor (Invitrogen, USA), 1.0 uL of M-MLV reverse transcriptase (Invitrogen, USA), and sterile dis-
tilled water to a final volume of 20 uL. The synthesis of the cDNA was completed after a sequence of
three incubations at 65 °C for 5min, 37 °C for 50 min and 70°C for 15 min.

The quantitative PCR mix was comprised by 12 uL of cDNA (1:33), 1.0 pL of specific miRNA forward
and universal reverse (10 uM) primers (as detailed in Table 1), 0.5 uL of 10 uM dNTP mix, 2.4 uL of 10x
PCR buffer (Invitrogen, USA), 0.8 uL of 50 mM MgCl> (Invitrogen, USA), 2.4 uL of 1x SYBR™ Green
(Molecular Probes, USA), 0.1 uL of Platinum Taq DNA Polymerase (Invitrogen, USA) and sterile distilled
water to a final volume of 24 uL. The fluorescence of SYBR™ Green was used to detect amplification,
estimate Ct values, and to determine specificity after melting curve analysis. PCR cycling conditions
were standardized to 95 °C for 5 min followed by 40 cycles at 95 °C for 10 s, 60 °C for 10 s, and 72 °C for
10 s. After the main amplification, sample fluorescence was measured from 60 °C to 95°C, with an
increasing ramp of 0.3 °C each, to obtain the denaturing curve of the amplified products and Tm
estimation, to assure their homogeneity after peak detection. Data was obtained from an Applied
Biosystems StepOne System (USA). The set of 16 miRNA selected for this study includes miRNA
involved in immunological and/or synaptic plasticity modulation, both processes altered in ASD and
includes miRNA commonly altered in many neurodevelopmental disorders.

2.5. Calculation of miRNA relative expression

The RT-qPCR results were imported into Microsoft Excel and the geNorm program was used to
assess the variance in expression levels of the miRNA analyzed [8,9]. This program scanned the
present miRNA two at a time. Then, the expression stabilities of the set of miRNA were evaluated. All
miRNA were ranked accordingly to their stability. A pairwise variation analysis was performed by
geNorm to determine the number of miRNA required for accurate normalization and to identify the
most suitable miRNA to be used as normalizers.

The average value of crossing threshold (Ct) values (in triplicate) was converted to quantities for
geNorm analysis by the difference between Ct values from two groups taken in each comparison. PCR
efficiency was calculated from the slope of the amplification curve by exponential amplification
analysis using the LinRegPCR algorithm [10]. The relative expression was obtained using the —AACt
method where Ct values of a group are subtracted from the average Ct values of the control group.
The relative expression of miRNA was calculated considering the PCR efficiency and the —AACt values
for each miRNA [11] and were normalized to the normalizers identified by the geNorm software.

2.6. Statistical analysis

IBM SPSS Statistics 20.0 (IBM SPSS, Armonk, NY, USA) was used to perform the statistical analysis.
Kolgomorov-Smirnov and Shapiro-Wilk tests of normality were applied to determine data dis-
tribution. The absolute consumption of each food flavor presented non-normal distribution, so that
were compared by non-parametric Kruskal-Wallis test and the results expressed as media-
n + interquartile interval. The miRNA relative expressions of the four animal groups were compared
using non-parametric Kruskal-Wallis test and the results were expressed as median + interquartile
interval. For the analysis of the human samples, non-parametric Mann-Whitney U-test was per-
formed and the results were expressed as median + interquartile interval. All statistical analysesiwere
supervised by the Biostatistics Unit at the Clinical Hospital of Porto Alegre.
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Abstract

MicroRNA (miRNA) is a group of small non-coding RNA that control protein
expression, emerging emerge as important regulators of several biological
processes and may exert important roles in triggering and progress of several
disorders. The presence of miRNA in different cell types, tissues and even in
body fluids has implicated these small RNA as potential biomarkers of several
diseases. However, in order to explore miRNA in this feature, it is required the
use of expensive methodological sequencing. On the other hand, miRNA may
provide important clues about altered pathways and mechanisms involved in
several diseases, in addition to provide new possibilities for therapeutic
strategies. In this context, RT-gPCR emerges as a more accurate and less
expensive method able to supply the biomedical research about this field. Here,
we report several key procedural aspects of miRNA quantification in tissues and
peripheral compartments. We also highlight some cautions to be taken during
the RT-gPCR experiments, in order to obtain more accurate and reliable results

about miRNA relative expression in context of several human disorders.

44



Keywords: biological samples, biomarkers, CNS disorders, mechanistic

studies, microRNA, RT-gPCR, therapeutic strategies.

Introduction

Since the discovery of the first miRNA in 1993 [1], the knowledge about
these small molecules has been growing up year after year. Once it was
discovered that miRNA are widespread in both plant and animal kingdoms and
exhibit a complex expression profile [2—4], the study of these small molecules
has attracted much importance in the last years.

In physiological conditions, miIRNA may regulate cell differentiation, cell
proliferation and survival, and metabolism, among many other functions [5].
Once miRNA regulate thousands of genes, it is not surprising that the disruption
of their pattern of expression may be related to onset and progression of
several diseases, including neuropsychiatric diseases. Thus, since miRNA
research has made a significant impact on all aspects of biomedical research,
their potential role as prognostic and predictive biomarkers in patient
management has been described [6-11]. In addition to these prognostic
approaches, miRNA can provide a better understanding of pathway regulation
in model systems to explain coordinated gene expression changes in diseases
and create new possibilities for mechanistic studies in order to investigate new

nucleic acid—based therapies.

Biological sources of miRNA
Several studies have been supported the evidence that miRNA play a
role in central nervous system (CNS) development and homeostasis, including

neurogenesis, neuronal differentiation and survival, glial function,
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synaptogenesis an neuroplasticity [12—15]. Post mortem brain analysis has
been revealed significant alterations in miRNA levels in several CNS diseases,
including schizophrenia [16,17], bipolar diseases [18,19], Alzheimer’s disease,
Parkinson’s disease and Autism Spectrum Disorders [20].

In human CNS disorders, the research is frequently dependent of the
reliability on peripheral sources of miRNA to obtain useful data to the better
understanding of disease mechanism and therapeutics, since living brain tissue
samples are poorly accessible from human subjects, which make more difficult
the investigation of mMIRNA levels in CNS disorders.

The remarkable discovery that stable miRNA could be found in total
blood, serum and plasma was soon confirmed and extended by many
researchers [21-23]. Recent studies demonstrated that miRNA can pass to
bloodstream from cells or tissues and organs [24—26], which makes reasonable
to assume that changes in miRNA levels in blood reflect possible changes in
other tissues, including CNS. Based on this, several researchers focused on
the possibility that changes in levels of circulating miRNA could be adopted as
less invasive or even noninvasive biomarkers for a variety of pathological
conditions.

Two major sources of circulating miRNA are extracellular miRNA and
mMiRNA within peripheral mononuclear blood cells (PBMC) [27,28]. Extracellular
mMiRNA is most certainly found in conjugated forms, because naked miRNA
degraded within seconds due to high levels of nucleases in blood. Several
reports have demonstrated that extracellular miRNA obtains its stability through
several mechanisms. Serum stability can result from the formation of complexes

between circulating miRNA and specific proteins [29-31]. However, although
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the extracellular miRNA are stable in purified plasma or serum, it is
recommended that the blood be processed within 2-4 hours in EDTA tubes[32],
once citrate and heparin can interfere in PCR analysis [33]. In addition to this,
cellular components of blood can release miRNA until separation procedure, so
that miRNA from blood cells can contributes to extracellular miRNA levels found
is plasma or serum [34]. Expression of circulating miRNA may also be
determined from isolated peripheral blood mononuclear cells [28,35], which can
be very interesting when the studied disorder is associated to immune and
inflammatory impairments.

In addition to these blood-derived samples, miRNA expression may be
also obtained from other body fluids, including whole urine, saliva and
cerebrospinal fluid [36]. Other studies have found miRNA within circulating
exosomes and other microvesicles, which ensure their stability even in naked
form. However, to attend biomedical research, it is necessary to clarify if the
MiRNA levels in these compartments are able to resemble biological processes
in the brain, arguably the most unique of organs with a distinct composition and
cellular milieu. Besides, the miRNA content in these alternative samples should
be sufficient to provide accurate and satisfactory results. Unfortunately, the
most promising human samples available to biomarkers discovery (those
obtained by less invasive manners) usually have very low miRNA content,
which requires additional — and frequently more expensive — methods to

improve the miRNA quantification.

mMiRNA profiling techniques
The miRNA analysis from a sample can be accomplished in several

ways, each of which has advantages and limitations. The choice of technique to
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be used for miRNA analysis depends on its purpose. Today, the major
approaches are microarrays, RNAseq, and RT-qPCR.

Screening with microarrays requires relatively large amounts of RNA
input and is limited in both sensitivity and dynamic range. The range of miRNA
expression in a typical cell is several orders of magnitude larger than the
dynamic range of microarray, therefore a large number of expressed sequences
will be undetectable. Likewise, it is obvious that only is possible to detect
MiRNA species that have corresponding assays on the array, meaning that this
tool is not a suitable for discovery of new miRNA species. In addition to these
disadvantages, microarrays are currently a very expensive assay, due the high
costs of available platforms, which should include specific probes for every
MiRNA to be analyzed.

Next-generation sequencing (NGS) of RNA, often called RNA-seq, is a
relatively new technology that takes advantage of massively parallel sequencing
on a solid support. This technique is highly suited to discovery, enabling
characterization of SNPs, mutations, processing variants, and novel miRNA
species. RNA-seq is generally regarded as a screening technology. It
characterizes all sequences in a sample in a semi-quantitative, but exhaustively
thorough, manner. Thus, RNA-seq technique plays an essential role in search
for biomarkers for several diseases, since it is highly suited to discovery novel
mMiRNA species [10,37]. On the other hand, microarray and RT-gPCR
techniques require prior knowledge of the sequences of all the miRNA to be
investigated.

Although miRNA represent a relatively abundant class of transcripts, their

expression levels vary greatly among species, organs, tissues and cell types
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[38]. Thus, depending on nature and amount of sample, some less abundant
mMiRNA routinely escape detection with technologies such microarray analysis
[39,40].

For miRNA profiling, RT-gPCR is actually the preferred method for
accurate and sensitive detection of miRNA and other small RNA. In a single
run, miRNA ranging from 10 to 10’ copies can be accurately quantified. Sample
requirements for RT-gPCR are much lower than for RNA-seq or microarrays.
Excellent sensitivity can be achieved with less than 1 pg. From serum or
plasma, this corresponds to the miRNA content of approximately 100 pl sample.
In addition, RT-qPCR allows miRNA profiling from other body fluids that have
far less miRNA than serum, such as cerebrospinal fluid, saliva and urine. RT-
gPCR is an excellent technique for studies of molecular mechanisms involving
one or a few miRNA, whose sequences have already been described and well
known. In addition, one must have prior knowledge if this group of miRNA to be
analyzed is expressed in the species, organs and tissues or cells of interest.

On the other hand, the RT-gPCR technique alone is not able to supply
some research needs. For example, in the search for possible miRNA that
could serve as potential biomarkers (including some miRNA whose sequence is
still unknown) for certain pathological conditions, the methodology requires a
previous screening of all the possible miRNA expressed in the study species, in
general human. For this purpose, microarray and RNA-seq techniques are more

useful.

Principle of the RT-gPCR for miRNA guantification
Quantification of miRNA with RT-gPCR was first proposed by Chen.

Here, we listed the main points to be considered on the investigations of miRNA
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relative expression from various biological samples and some methodological
procedures about RT-qPCR.
RNA isolation:

The outcomes of mIRNA analysis depend on several aspects of the
overall process, beginning with the nature of the sample and the way it is
collected, preserved and processed. Generally, all procedures must be carefully
performed in order to avoid sample contamination. The collection of fresh
samples requires their preservation by different methods, such as coagulation
prevention, freezing and fixing. The preservation process must be carried out
properly in order to avoid degradation of the miRNA in the sample.

For RNA isolation, the most widely used process is based on the use of a
reagent containing phenol and guanidine thiocyanate [41]. A biological sample
is homogenized in the reagent and next properly stored at low temperatures.
The isolation of RNA can be accomplished by three procedure steps: phase
separation with chloroform, RNA precipitation using isopropanol and RNA wash
with 75% ethanol [42].

There are several studies demonstrating alternative forms of isolation of
genetic material from various biological samples. In general, analysis of miRNA
expression requires previous stages of isolation of small RNA, which require the
acquisition of commercial kits that increase the cost of the procedure.

After RNA isolation, we assessed the RNA quality by running an extract
aliquot on a Northern blot assay. Additionally, the quantity of RNA in sample
may be measured with a spectrophotometer, which also may provide RNA

quality through spectrophotometric indexes Azeo/A2s0 and Azeo/Azso. RNA
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samples with acceptable quality and sufficient amount of total RNA can be used
for reverse transcription.
Reverse Transcription:

Unlike mature messenger RNA, which have a polyadenylated tail at their
3 'end, complementary DNA (cDNA) synthesis can not be performed using
oligoDT primers. Thus, for this purpose, it is necessary to acquire specific
primers, called stem-loop primers. By using these primers, the strand cDNA
synthesis lengthens the target from its original approximately 22 nt to >60 nt.
The design of stem-loop primers combines the following 44 nt described by
Chen: 5- GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT
ACG AC -3’ with the complement of the six 3’ nt of the mature miRNA sequence
[43,44].

The amount of total RNA extract used in this step is closely dependent of
relative abundance of mIRNA on sample to be analyzed. Generally, the
synthesis of cDNA is accomplished by using 2 pg of total RNA, which can
provide sufficient amount of miRNA for our proposed PCR analysis. In order to
preserve the mMiRNA stability in the reverse transcription procedure, we
recommend the use of nuclease inhibitors. Besides, several cautions must be
taken, like the use of nuclease-free materials and sterile and distilled water.
Real time quantitative PCR:

PCR amplification utilizes a forward primer which includes extra 5’ nts to
adjust for an appropriate Tm. First, we take the first 12 to 17 nt of the 5’ end of
the mature miRNA, and 3 to 7 additional 5’ nt selected in order to get the Tm
approximately 60°C. Finally, by using the same 44 nt portion in the sequence

for all stem-loop primers, a universal primer that is complementary to this
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sequence can be designed, which is able to annealing to the cDNA during
amplification. Chen used the following 16 nt sequence of reverse universal
primer: 5- GTG CAG GGT CCG AGG T -3’ [43]. However, in order to improve
the selectivity, Kramer recommended the following 20 nt sequence 5-CCA GTG
CAG GGT CCG AGG TA-3’ [44].

Optionally, a hydrolysis probe for detection and quantification of PCR
products can be designed in conjugation to its fluorophore binder. However, in
order to reduce the costs of miRNA expression analysis, SyBr Green-based
amplification detections may be used, providing satisfactory results when the
necessary precautions are taken prior and during the analysis, including a

careful primers design and precaution against sample contaminations.

Normalization for miRNA expression analysis

The accuracy of the miRNA expression analyzes by RT-gPCR is critically
dependent on the normalization of the obtained data. The purpose of
normalization is to remove variations due to sampling, allowing real differences
in MiIRNA expression profiles as a consequence of pathological condition,
treatment or stage of development.

Several studies reported the use of small, non-coding RNAs, such as
snRNA and snoRNA, as normalization strategies to determine mMIRNA
expression levels. However, these RNA are not expressed in serum and plasma
or may present fluctuations in their expressions between experimental groups.
Thus, alternative methods of normalization are necessary in experiments
involving these sample types [45]

Some mMIRNA exhibit expression profiles that do not change under

different conditions, and may serve as reference miRNA in the quantifications of
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other miRNA that do not exhibit such stability. In our miRNA analysis, we
usually performed a scan of the miRNA selected for the study, with the aim of
finding the miRNA normalizers for our analyses. We used the geNorm and
NormFinder algorithms to investigate the variance of all selected miRNAs and

then assess the stability of miRNA expression levels [46].

Calculation of miRNA expression

The level of miR expression was measured using the average of Ct
(cycle threshold) values. Frequently, miRNA relative expression can be
accomplished by comparative 222t method, using the most stable miRNA (or
alternative non-coding small RNA) as normalizers [46,47]. However, in some
cases, lower values of PCR efficiencies require the calculation of exact value of
amplification efficiencies for each reaction.

The PCR efficiency may be calculated from the slope of the amplification
curve by exponential amplification analysis using the LinRegPCR algorithm [48].
Thus, the relative expression of miRNA may be calculated considering the exact
PCR efficiency (Eff) and the —AACt values for each sample, according to
methodology previously described [47].

In order to accurately measure the miRNA relative expression, we
recommend the use of multiple normalizers instead of only one. The number of
normalizers will depend on the distribution and stability of the data among
samples and experimental groups. Finally, for more accurate results, a

geometric mean for different normalizers was proposed [49].

Identification of downstream targets of miRNA
The identification of direct targets of altered miRNA can be accomplished

in two different ways. Firstly, there are many available target predictions
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databases which have been provided important clues about mechanisms of
action of several miRNA, although the predictive value is frequently limited.
Second, physiological miRNA targets can be identified and validated through
different current experimental strategies [50].

Regarding to predicted targets, different predictive platforms are currently
available, including TargetScan [51], MiRWalk [52], MIRDB [53] and
microRNA.org [54,55]. Some less rigorous programs present lower accurate
predictions, whilst others reach higher percentages but they are significantly
less sensitive, so failing to predict a large number of miRNA sequences that
were found active by experimental methods.

Most of experimental strategies for miRNA targeting are based on over-
expression or inhibition of a specific mIRNA in a cell line followed by assessing
the downstream effects, for example, by protein levels analysis or by assessing
a specific cellular function. Additionally, luciferase assays are commonly used in

order to validate putative miRNA targets [56,57].

Conclusion

Since miRNA are important regulators of protein expression and involved
in many cellular processes, the research on miRNA involvement in several CNS
diseases has grown up in the last years, supporting their role in molecular
mechanisms involved on triggering and progress of these conditions. Also, they
may prove to be valuable diagnostic markers for a number of diseases and play
yet promising targets to therapeutic strategies.

The potential of MIRNA as biomarkers is, at this point in time, still rather
limited, since the discovery process requires the screening for large numbers of

MiRNA with a wide range of expression levels in multiple replicates, which
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raises the costs of biomedical research in this attempt. On the other hand,
studies about molecular mechanisms and putative miRNA-based therapeutic
strategies can be accomplished by less expensive techniques, including RT-
gPCR.

However, some technical issues have to be solved and several cautions
have to be taken. In order to reach reliable and reproducible quantification of
MiRNA, is essential to compare results arising from different studies and, given
that many experimental variables can affect miRNA measurement, all the
related technical procedures should be carefully optimized and standardized.
These actions will undoubtedly help to identify the roles of these small
molecules in several diseases and facilitate the practical application of miRNA

expression profiles to diagnostics and development of new therapies.
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ABSTRACT

Autism spectrum disorder (ASD) is characterized by deficits in communication
and social interaction and restricted interests and stereotypes. It is known that
environmental factors, such as prenatal exposure to valproic acid (VPA), may
contribute to the increased risk of triggering ASD. Since the purinergic system
has been widely associated with the onset of ASD, we analyzed the effects of
suramin, a non-selective purinergic antagonist, on behavioral changes by VPA
model of autism, as well as the expression of purinergic receptors and
proinflammatory cytokines. The VPA-exposed animals showed a reduction in
sociability and social novelty in the three-chambered test, in addition to an
increase in anxiety-like behavior, which were rescued by postnatal treatment
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with suramin. We observed only effect of prenatal exposure to VPA on
reciprocal social interaction, latency and number of rearings in open field, self-
grooming behavior, whisker nuisance task score and response to withdraw the
tail after a thermal stimulus and suramin was not able to rescue these
alterations. In addition to behavioral assessments, we quantified gene
expression of some purinergic receptor and proinflammatory cytokines in neural
tissues from animal model. VPA exposure caused upregulation of P2X4 and
P2Y2 in hippocampus, while only P2X4 increased in medial prefrontal cortex.
Likewise, interleukin 6 (IL-6) levels were increased in VPA group and suramin
was able to rescue this alteration. No differences were observed in locomotor
behavior (measured by distance traveled and average speed in open field
arena), number of entries in central square in open field arena nor in number of
entries in open arm and risk assessments in plus maze test. Taken together,
our findings show an important purinergic modulation with suramin treatment
rescuing the deficits in social and anxious-like behaviors, in addition to IL-6
levels. We suggest that further studies will be necessary to understand the
mechanisms involved in purinergic pathway and to elucidate the etiology of
ASD.

Keywords: autism, animal behavior, purinergic system, suramin, valproate.

1. INTRODUCTION

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder
characterized by a behavioral dyad, which includes impairments in
communication and social interaction and repetitive or stereotyped behaviors
(American Psychiatric Association, 2013). In the last years, the incidence of

ASD had a strong elevation (1:68 live births according to the most recent data
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from USA) (Christensen et al., 2016) explained only in part by the changes in
diagnostic parameters of DSM-5, demonstrating the necessity to expand
studies in order to understand more deeply the pathways and possible risk
factors involved in this disorder. Although the etiology is still unclear, it is
already known that genetic and environmental factors are determinant for
shaping the heterogeneous phenotypes exhibited by individuals with ASD
(Chaste and Leboyer, 2012). Several studies demonstrated that the use of
valproic acid (VPA) - an anticonvulsant drug widely used in the treatment of
epilepsy, migraine and mood instabilities - during pregnancy, especially in the
first trimester, can significantly increase the risk of developing autism
(Christensen et al., 2013; Williams et al., 2001).

The animal model of autism by prenatal exposure to valproic acid is a
consolidated study method (Mabunga et al., 2015), being capable to replicate
autistic-like features as classic behavioral dyad (Schneider and Przewtocki,
2005), comorbidities as anxiety, epilepsy and morphofunctional alterations in
sensory and social related areas (Fontes-Dutra et al., 2018; Lin et al., 2013).
The studies using this model improved the understanding of many components
of ASD, including altered neuroimmune pathways (Gottfried et al., 2015),
electrophysiological impairments (Gogolla et al., 2009) and cytoarchitecture
disruptions (Casanova et al., 2002; Fontes-Dutra et al., 2018; Hutsler and
Casanova, 2016). Thus, it became necessary to understand how VPA induces
developmental alterations that lead to ASD analyzing, for example, modulation
of different components of synaptic transmission, like the purinergic system.

Several studies have demonstrated mitochondrial dysfunctions in ASD

(Filipek et al., 2003; Patowary et al., 2017). This impairment of mitochondrial
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energetic metabolism and consequent increase in extracellular ATP levels
(Faas et al., 2017) leads to the onset of inflammatory processes via purinergic
signaling, suggesting that this system may be involved in the etiology of ASD.
Previous studies demonstrated that suramin, a non-selective inhibitor of the
purinergic system, has therapeutic effects on autistic-like behaviors in the
animal model of autism through maternal immune activation (MIA) (Naviaux et
al., 2014, 2013). However, it is still unclear how an antipurinergic effect could
prevent behavioral changes in this animal model, which seem to be related with

elevated levels of interleukin 6 (IL-6) (Smith et al., 2007).

Based on these previous findings, the aim of this work was to evaluate
the therapeutic effects of suramin on several behaviors in an animal model of
autism induced by prenatal exposure to VPA and elucidate the role of purinergic
signaling on inflammatory responses in autism context.

2. METHODS
2.1. Animals and ethics

Wistar rats obtained from the local breeding colony (ICBS-Federal
University of Rio Grande do Sul) were maintained under standard laboratory
conditions. The animals were mated overnight, and when pregnancy was
established, this day was considered the zero embryonic day (EO). The
offspring was weaned at postnatal day 21 (PND 21) and only male animals
were used in this study (Bambini-Junior et al., 2011). This project was approved
by the local animal ethics committee (CEUA-UFRGS 23884) and all procedures
were approved by the Institutional Ethics Committee on Animal Use in

accordance with Brazilian Law 11794/2008 (Arouca Law) and National Institutes
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of Health guide for the care and use of Laboratory animals (NIH Publications
No. 8023).
2.2. Treatments
Valproic acid (sodium valproate, Sigma-Aldrich, USA) was dissolved in
0.9% saline for a concentration of 250 mg/mL. Pregnant females received a
single intraperitoneal injection of 600 mg/kg VPA or physiological saline on
E12.5. Male offspring received a single intraperitoneal injection of suramin
(hexasodium salt, Sigma-Aldrich, USA) 20 mg/kg or PBS 0,1M on PND 30.
Thus, four experimental groups were formed: Control, Suramin, VPA and VPA +
SUR.
2.3. Behavioral tests
Experienced researchers blinded to experimental groups performed all
behavioral experiments. In between testing trials, testing apparatuses were
entirely cleaned. Behavioral testing was performed in prepubertal phase of
offspring, between PND 32-40, two days after the injection of suramin. All
behavioral tests were performed under light conditions of 60 LUX. The following
behavioral tests were performed: Elevated Plus Maze, Open Field/Grooming,
Whisker Nuisance Task (WNT), Three-Chambered Test, Reciprocal Sociability
Test and Tail Flick.

2.3.1. Elevated Plus Maze (PND 32): the anxiety-like behavior was
assessed in an elevated plus maze apparatus with a 10 cm x 10 cm center,
connecting two opposite open arms (length: 50 cm) and two opposite arms
closed with 30 cm high walls (length: 50 cm), 1 m above the floor. Rats were

placed in the middle of apparatus and its movements were recorded for 5
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minutes using a camera connected to a laptop. The time spent in the open arms
is considered a measure of non-anxious behavior.

2.3.2. Open Field Test/Self-Grooming (PND 33): adapted from
Schneider and colleagues (Schneider and Przewtocki, 2005), the exploratory
and locomotor activity and the time and number of stereotyped movements
were assessed in an open field, which consists of an wooden box measuring
50x50x50 cm. Rats were placed in the center of the arena and recorded during
30 minutes. Using the Anymaze Software®, we performed a tracking of
locomotor activity (travelled distance and average speed) and time spent and
number of entries in central square during the 30 minutes of test.

The self-grooming behavior was evaluated considering three different time
periods (0-5, 10-15 and 20-25 minutes). We considered grooming as number of
body cleaning with paws and face-washing actions and distinguished between
complete (cleaning from snout to tail) and incomplete (fast and repetitive
movements on snout) self-grooming.

2.3.3. Whisker Nuisance Task (PND 34-35): adapted from McNamara
et al (McNamara et al., 2010) and described by Fontes-Dutra and collegues
(Fontes-Dutra et al., 2018), in this test we observed the animal response to the
vibrissae stimulation. One day prior to test, animals were set to the
experimenter for 5 minutes, in an empty housing (57.1 x 39.4 x 15.2 cm) coated
with an absorbent pad. On the day of test, the vibrissae were stimulated with a
wooden toothpick for three consecutive periods of 5 min (15 min in total) with a
30 second interval between them. McNamara et al. (2010) developed a
nonparametric scale of 0 to 2 according to the response (0 = absent/typcal, 1 =

present/light response and 2 = profound/accentuated response), distributed in 8

72



categories of behavior: freezing, stance and body position, breathing, whisker
position, whisking response, evading stimulation, response to stick presentation
and grooming (McNamara et al., 2010). The maximum test score is 16. High
scores (8-16) indicate abnormal responses to stimulation, in which the animal
freezes, shakes, or is aggressive. The low scores (0-4) indicate normal
responses, in which the mouse is calm or indifferent to stimulation.

2.3.4. Three-Chamber Test (PND 36-37): this test was performed as
previously described by Bambini-Junior and colleagues (Bambini-Junior et al.,
2011). Briefly, at the beginning, the animal was habituated in the central
chamber of the apparatus for 5 minutes. In the Sociability Test, one object was
placed in one of the side chambers and in the other an unknown interaction
animal (novel rat 1). We measured the time spent in each chamber and the time
of exploration of either the rat or the object for 10 minutes.

In the Social Novelty Test, the novel rat 1 (now known rat) remained in
this place and an unknown rat (novel rat 2) was placed in the previously empty
chamber. The time spent in each chamber and the time of exploration of both
the rat known or not was also evaluated for 10 minutes.

2.3.5. Reciprocal Social Behavior (PND 38): adapted from Schneider
et al. (Schneider and Przewtocki, 2005), the test was performed in the same
box as the open field test during 15 minutes. The test animal was placed in the
apparatus and, after an habituation period of 5 minutes, an unknown and
younger interaction animal was placed with the test animal. We evaluated the
social behavior of the test animal through some pre-established parameters:

nose to nose, anogenital inspection, flank exploration and following.
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2.3.6. Tail Flick (PND 39-40): nociceptive thresholds were evaluated
using a tail flick analgesimeter (Insight Equipments, Ribeirdo Preto, Brazil). One
day prior the test, the animals were gently restrained by hand for 5 minutes in
order to habituate to apparatus. Tail flick measurements were taken three times
at 30-seconds intervals.

2.4. Dissecation of tissue samples

The animals were deeply anesthetized on PND 41 with Ketamine (300
mg/Kg) and Xilasin (40 mg/Kg). After, the animals were decapitated and the
medial prefrontal cortex and hippocampus were dissected. The tissues were
immediately homogenized in TRIzol® reagent (Invitrogen, USA) and preserved
at ultra-freezer until posterior molecular analysis.

2.5. RNA Extraction and RT-qPCR Procedure

After homogenization of tissues samples, chloroform was added to
perform phase separation, and RNA was precipitated from the upper agueous
layer using isopropanol. The precipitated RNA was washed with ethanol to
remove impurities, resuspended in RNase-free water and stored at ultra-freezer
(Hummon et al., 2007).

The mMRNA expressions of purinergic receptors and cytokines were
evaluated by reverse transcriptase followed by quantitative polymerase chain
reaction (RT-gPCR). Complementary DNA (cDNA) was synthesized from mRNA
using reverse transcriptase reaction containing 2 ug of total RNA, 1 uL of 10 mM
dNTP mix (Invitrogen, USA), 1 uL of oligodT primer, 4 pL M-MLV reverse
transcriptase 5X reaction buffer (Invitrogen, USA), 2 uL of 0.1 M DTT
(Invitrogen, USA), 1 yL of RNase inhibitor (Invitrogen, USA), 1.0 yL of M-MLV

reverse transcriptase (Invitrogen, USA), and sterile distilled water to a final

74



volume of 20 pL. The synthesis of the cDNA was completed after a sequence of
three incubations at 65°C for 5 min, 37°C for 50 min and 70°C for 15 min.

The quantitative PCR mix was comprised by 12 yL of cDNA (1:40), 0.2
pL of specific forward and universal reverse (10 pM) primers (as detailed in
Supplementary Table 1), 0.5 pL of 10 uM dNTP mix, 2.0 pL of 10X PCR buffer
(Invitrogen, USA), 0.8 puL of 50 mM MgCI. (Invitrogen, USA), 2.0 pL of 1X
SYBR™ Green (Molecular Probes, USA), 0.1 pL of Platinum Taq DNA
Polymerase (Invitrogen, USA) and sterile distilled water to a final volume of 20
uL. The fluorescence of SYBR™ Green was used to detect amplification,
estimate Ct values, and to determine specificity after melting curve analysis.
PCR cycling conditions were standardized to 95°C for 5 min followed by 40
cycles at 95°C for 10 s, 58°C for 10 s, and 72°C for 10 s. After the main
amplification, sample fluorescence was measured from 60°C to 95°C, with an
increasing ramp of 0.3°C each, to obtain the denaturing curve of the amplified
products and Tm estimation, to assure their homogeneity after peak detection.
Data was obtained from an Applied Biosystems StepOne System (USA).

The RT-gPCR results were imported into Microsoft Excel and the geNorm
program was used to assess the variance in expression levels of the mRNA
analyzed (Vandesompele et al.,, 2002). This program scanned all mRNA
evaluated and ranked accordingly to their stability. The more stable mMRNA were
used as housekeeping control.

The average value of crossing threshold (Ct) values (in triplicate) was
converted to quantities for geNorm analysis by the difference between Ct value
from two groups taken in each comparison. PCR efficiency was calculated from

the slope of the amplification curve by exponential amplification analysis using

75



the LinRegPCR algorithm (Ramakers et al., 2003). The relative expression of
MRNA was calculated considering the 100 % PCR efficiency and the —AACt
values for each mRNA (Livak and Schmittgen, 2001) and were normalized to the
housekeeping genes identified by the geNorm software.
2.6. Statistical analysis

IBM SPSS Statistics 20.0 (IBM SPSS, Armonk, NY, USA) was used to
perform the statistical analysis. Kolgomorov-Smirnov and Shapiro-Wilk tests of
normality were applied to determine data distribution. For behavioral tests, we
used Generalized Estimating Equations (GEE) to weight both the interventions
(VPA exposure and/or suramin treatment) and the litter effect in the behavioral
outcome. After a Wald Chi-Square test, we performed pairwise comparisons for
the parameters that presented interaction effect between interventions (VPA-by-
suramin interaction). If only main effects were observed, the individual effect of
VPA or suramin was evaluated. Bonferroni’s post hoc test was used as the final
evaluation. Data is reported as mean +* standard error of the mean (SEM). The
Poisson distribution was used for discrete variables (number), while gamma
distribution was used for time variables.

The relative expressions of purinergic receptors and cytokines were
compared using one-way ANOVA followed by Bonferroni. The results were
expressed as mean + SEM. All statistical analyzes were supervised by the

Biostatistics Unit at the Clinical Hospital of Porto Alegre.

3. RESULTS
3.1. Behavioral tests

3.1.1. Social Behavior
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Three-chambered test: Rats from control and suramin group spent
significantly more time in the chamber containing a conspecific novel rat than a
novel object (CON: p< 0.001; SUR: p=0.025; Figure 1A). In contrast, VPA
animals did not present preference between spending time in the chamber with
a rat or an object (p=0.550). Interestingly, suramin treatment on VPA-exposed
rats was able to reestablish the social feature, as the VPA+SUR group showed
preference to stay in chamber with the novel rat (p<0.001). Regarding to social
interaction, rats from both control and suramin groups also spent significantly
more time exploring the cage containing the conspecific rather than the object
(CON: p<0.001 SUR: p<0.001), whilst VPA group showed no preference
between rat and object exploration (p=0.131, Figure 1A). Suramin treatment
was again able to restore this social behavior (VPA+SUR: p<0.001).

In the test for social novelty, all groups showed no significant difference
between the time spent in the novel rat chamber and the known rat chamber
(CON: p=0.562; SUR: p=0.760; VPA: p=1.000; VPA+SUR: p=0.235; Figure 2B).
However, rats from control and suramin groups spent significantly more time
exploring the novel rat than the known rat (CON: p=0.003; SUR: p=0.005,
Figure 1B), indicating an interest in social novelty. VPA rats did not show
preference in exploration time between novel and known rat (VPA: p=0.13),
whilst suramin treatment was able to prevent this social impairment in VPA-
exposed animals (VPA+SUR: p=0.016, Figure 1B).

Reciprocal social behavior. Prenatal exposure to VPA significantly
reduced every reciprocal social interaction parameter evaluated, except for
following behavior (Supplementary Figure S1). We observed only a VPA effect

on total reciprocal social behavior, since VPA-exposed animals presented a
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decrease in number (p<0.001) and time (p<0.001) of social approaches and
suramin treatment was not able to rescue these impairments (Figure 1C).
3.1.2. Anxiety-like, exploratory and locomotor behavior

Regarding to anxiety-like behavior, rats from VPA group spent
significantly less time exploring the open arm of the elevated plus-maze
apparatus, compared to animals from control (p=0.001) and suramin (p=0.003)
groups. VPA+SUR group spent more time exploring the open arm of the
apparatus compared to the VPA group (p<0.001; Figure 2A), indicating that
suramin was able to rescue the anxiety-like behaviors in rats exposed to VPA. It
is worth to note that no differences were found among experimental groups in
open arms entries (all p>0.570; Supplementary Figure S2A) and number of risk
assessments in the elevated plus-maze apparatus (all p>0.210; Supplementary
Figure S2B). In the open field arena, animals from VPA group spent significantly
less time in central square compared to animals from control (p=0.007) and
suramin (p<0.001) groups. As observed in plus maze evaluation, suramin was
able to rescue this alteration, since VPA+SUR group spent more time in central
square compared to VPA group (p=0.004, Figure 2B).

Regarding the exploratory behavior, only the VPA-exposed rats
presented lower number of rearing in an open field arena (p=0.041, Figure 2C).
Finally, when locomotor activity of those rats in the open field arena was
evaluated, no significant differences in distance traveled (all p>0.910, Figure
2D) and average speed (all p>0.960, Supplementary Figure S2D) were found
among experimental groups.

3.1.3. Self-grooming behavior
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The self-grooming behavior was evaluated across three testing periods
(0-5, 10-15 and 20-25 minutes) and distinguished between complete and
incomplete self-grooming. During the second period, VPA groups spent more
time performing complete self-grooming compared to control animals (p=0.039),
and suramin was not able to rescue this alteration. Similarly, in the third period,
the same pattern was observed in VPA animals (p=0.003, Figure 3A). Taking all
periods together, VPA-exposed animals spent more time doing complete self-
grooming with no reversion by suramin treatment in this behavior (p=0.002,
Figure 3B).

Regarding to time spent doing incomplete self-grooming, no difference
was observed among the groups (all p>0.100, Figure 3C or p>0.420, Figure
3D). Regarding the total time performing self-grooming, VPA-exposed animals
presented a trend to spend more time self-grooming in 10-15 min (p=0.065), a
significant increase in the third period (p= 0.013, Figure 3E), and considering
the three periods of test (p=0.002, Figure 3F). In all cases, postnatal treatment
with suramin was not able to rescue these alterations.

Regarding the number of self-grooming events, VPA animals presented
more events of complete self-grooming only in the third period (p=0.002,
Supplementary Figure S3A) with a trend to increased total complete self-
grooming (p=0.088, Supplementary Figure S3B). When considered the number
of incomplete self-grooming and all grooming events, no differences were
observed among groups in the three periods analyzed (all p>0.210,
Supplementary Figure S3C) or considering three periods (all p>0.553,
Supplementary Figure S3D). Finally, when considered the number of all events

of self-grooming, VPA-exposed animals presented an increase only in 20-25
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minutes (p=0.005, Supplementary Figure S3E) with no differences in the total
period of test (all p>0.130, Supplementary Figure S3F).
3.1.4. Sensorial Behavior

In the whisker nuisance task (WNT), which evaluates the behavioral
somatic response from whisker stimulation, the VPA-exposed animals
presented a significant increased score when compared to control animals
(p=0.001, Figure 4A), indicating higher levels of nuisance when whiskers are
stimulated. The postnatal treatment with suramin was not able to rescue this
alteration.

Only a VPA effect was observed in the latency to tail withdrawal in tail
flick test, so that VPA-exposed animals presented higher latencies compared to
non-exposed animals (p=0.012, Figure 4B).

3.2. Molecular analysis
3.2.1. Expression of purinergic receptors

Regarding the relative expression of mRNA in the medial prefrontal
cortex, GeNorm algorithm ranked P2Y2 and P2Y4 as most stable and they
were used as housekeeping to evaluate the relative expression of the remaining
receptors. The ionotropic receptor P2X4 was found significantly increased in the
cortex of animals prenatally exposed to VPA (p=0.003) and suramin was not
able to revert this alteration (Figure 5A). On the other hand, there were no
significant differences in levels of remaining receptors (p>0.330, Figure 5A).

When the receptors were evaluated in hippocampus of the young rats,
P2X3 and P2Y4 were used as housekeeping. Curiously, the ionotropic receptor
P2X4 was found significantly increased in animals from VPA (p=0.041) and

VPA+SUR (p=0.003) groups, compared to control group also in this region.
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Additionally, animals presented mRNA levels significantly increased of the
metabotropic receptor P2Y2 in VPA (p=0.043) and VPA+SUR (p=0.017) group
compared to control group. In both cases, suramin was not able to reverse this
alteration (Figure 6B). Nevertheless, levels of remaining purinergic receptors
showed no differences among experimental groups (p>0.200, Figure 5B).

3.2.2. Expression of cytokine mRNA levels

We also determined the relative expression of four cytokines in medial
prefrontal cortex and hippocampus of young rats. In the medial prefrontal
cortex, Gapdh and Beta3-tubulin were used as housekeeping to evaluate the
relative expression of the IL-18, IL-6, IFN-y and TNF-a. The animals from VPA
group presented an increase in relative expression of IL-6 mMRNA compared to
control group (p=0.007) and the postnatal treatment with suramin was able to
rescue the levels of IL-6 of VPA-exposed rats to control levels (Figure 6A). On
the other hand, IL-1B, IFN-y and TNF-a showed no differences between groups.
Regarding to hippocampus and considering the same housekeeping mRNA, no
differences were found in cytokine levels among all experimental groups (Figure

6B).

4. DISCUSSION
An important approaching in VPA model is the possibility of developing
therapeutic strategies to attenuate several features observed in ASD. For
instance, our group demonstrated that resveratrol (RSV), an antioxidant and
anti-inflammatory molecule, prevents VPA-induced social impairments in the
three-chamber test (Bambini-Junior et al., 2014) and in the number and time of

reciprocal social interactions (Hirsch et al.,, 2018). The present results
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corroborate with impairments in sociability and social novelty exploration in the
three-chambered test, as previously demonstrated (Bambini-Junior et al., 2014,
2011). As previously shown, the postnatal treatment with a single dose of
suramin was able to reverse social impairments (Naviaux et al., 2014, 2013).

Additionally, the decrease in total reciprocal social interaction was not
reversed by suramin. In fact, the reciprocal social behavior test involves
complex patterns of socialization between two free animals, unlike the three-
chambered test, where the conspecific animal remains trapped in a cage.
Therefore, this characteristic of the test could be forcing the analyzed animal
towards more complex social behavior actions, possibly causing additional
impairments that suramin was not able to rescue.

Another main finding of our study was that animals of the VPA model
presented a more anxious-like behavior compared to control animals as seen in
plus maze apparatus and open field arena. Anxiety behavior is one of most
common comorbidities in ASD and has been reported to be present in around
50% of autistic children and adolescents (Simonoff et al., 2008; van Steensel et
al., 2011). Our study corroborates previous studies that demonstrated increased
anxiety-like behavior in animal models of autism (Patterson, 2011).
Interestingly, the treatment with suramin was able to completely rescue this
alteration, which was seen by the higher percentage of total time spent
exploring the open arm of the apparatus compared to VPA group.

We also observed that VPA-exposed animals do not present significant
motor alterations or hyperactivity, but demonstrated a significant reduction in
vertical exploratory activity, which could be related to the reduction in social

interest of VPA animals described in sociability test. As observed in reciprocal
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sociability test, the postnatal treatment with suramin was not able to rescue the
impairments observed in this exploratory behavior.

In addition to analyzing social behavior, the present study also assessed
another core symptom of autism - the repetitive and stereotyped behavior. In
animal models of autism, this feature can be measured by analyzing the
repetitive self-grooming behavior. Our work, for the first time in literature,
assessed separately the self-grooming behavior as complete and incomplete
events. The VPA-exposed animals showed increased time of complete self-
grooming, without alteration in both number and time of incomplete groomings.
Studies have demonstrated that only complete grooming is initiated by
cerebellar midline or locus coeruleus (LC) stimulation (Strazielle et al., 2012)
and that ATP can induce depolarization and increase excitability of
norepinephrinergic system from LC, possibly mediated by specific modulators of
P2 receptors (Masaki et al., 2001; Yao and Lawrence, 2005), suggesting a
putative role of purinergic system in grooming outcomes.

Previous studies already demonstrated that grooming behavior could be
related to sensory components (Houghton et al., 2018). Corroborating a
previous work from our group (Fontes-Dutra et al., 2018), we observed that
VPA animals presented hypersensitivity to a non-harmful stimulus in WNT,
suggesting a disturbing in sensory gating which could lead to increase in self-
grooming behavior. Hyposensitivity to pain is also frequently observed in
autistic subjects, although this feature is not a consensus, since different
findings were observed depending on how the studies were conducted (Moore,
2015). In our study, VPA-exposed rats presented higher latencies to sense a

thermal stimulus, demonstrating a lower nociceptive reactivity in VPA model of
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autism, in accordance to previous work (Schneider et al., 2008). As observed in
self-grooming, postnatal treatment with suramin was not able to rescue these
sensorial impairments in VPA animals.

There are sparse studies in literature indicating the roles of purinergic
system in sensory processing. Nevertheless, it is known that purinergic system
plays important roles in sensory pathways (Irnich et al., 2002). Our data
presented increased expression of cortical heteromeric P2X4 receptor in VPA-
exposed animals. Thus, our hypothesis suggests that sensory neurons
presenting higher levels of P2X4 receptor, both in periphery and in CNS, might
be exacerbating the EPSCs from periphery to cortical areas and, since there is
a reduction in inhibitory neurons in deep cortical layers in VPA animal model
(Fontes-Dutra et al., 2018), the excitatory/inhibitory balance would be
compromised.

Our finding of purinergic receptors’ upregulation is a compelling evidence
for the involvement of purinergic signaling in the ASD pathophysiology, added
to the neuroimmunology alterations already found in patients (Gottfried et al.,
2015) and animal models of autism (Wei et al., 2012; Xu et al., 2015). Although
this drug is poorly able to across the blood brain barrier (Hawking, 1978; Roboz
et al., 1998), previous studies have demonstrated its therapeutic effects on
social deficits (Naviaux et al., 2014, 2013). Our hypothesis is that suramin could
be acting only at peripheral levels and modulates some characteristics of
autism, possibly through a crosstalk between immunological and central
nervous systems of these animals.

Our study demonstrated that animals from VPA group showed increased

levels of proinflammatory cytokine IL-6 in medial prefrontal cortex. Interestingly,

84



a remarkable finding in the present work was the restoration IL-6 levels in this
area after treatment with suramin. Since the levels of this cytokine are
commonly increased in autistic patients (Gottfried et al., 2015) and in animal
models of autism (Wei et al., 2012; Xu et al., 2015), the suramin effect on IL-6
levels could play a role on its changes on social and anxiety-like behavior (Xu et
al., 2015), which also has been rescued by suramin treatment.

In summary, our findings reinforce the idea of antipurinergic therapy as a
novel pharmacological target in disorders associated with inflammatory
dysregulation, including autism and provide new insights for the development of
effective and safe treatments. Although VPA-exposed animals seem to present
higher permeability in blood-brain barrier (Kumar et al.,, 2015; Kumar and
Sharma, 2016a, 2016b), the limited access of suramin to CNS could explain the
limitations of suramin-based therapeutic strategies. The present data provide
remarkable support for the hypothesis that a drug acting through peripheral
immune and inflammatory components can modulate some molecular and
behavioral alterations in VPA autism model. Further studies are necessary to
elucidate the mechanisms of suramin action. In addition to this, the use of some
specific and safer drugs could be more efficient to rescue autistic-related

impairments.
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Figure 1. Social behavior in VPA autism model. (A) Time spent in
chambers and interaction time in sociability (B), social novelty tests in a
three-chambered apparatus and (C) number and time of total pro-social

interactions. Data expressed as means = SEM. Asterisks indicate statistical
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differences with *p<0.05, *p<0.01, ***p<0.001. Different letters indicate
statistical differences with p<0.05 considered significant. Statistical analysis:
Generalized Estimating Equations (GEE) followed by Bonferroni. Three-
chambered test: CON (n = 15), SUR (n = 15), VPA (n = 11), VPA+SUR (n = 13).
Reciprocal interactions: CON (n = 17), SUR (n = 17), VPA (n = 15), VPA+SUR
(n=13).
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Figure 2. Anxiety, exploratory and locomotor behavior in VPA autism
model. (A) Percent of time spent in the open arms in the elevated plus-
maze; (B) Time spent in central square; (C) Number of rearings and (D)
distance travelled in a 50x50x50 open field arena. Data expressed as means
+ SEM. Different letters indicate statistical differences with p<0.05 considered
significant. Statistical analysis: Generalized Estimating Equations (GEE)
followed by Bonferroni. Plus Maze: CON (n =17), SUR (n =17), VPA (n = 16),
VPA+SUR (n = 14). Open Field: CON (n = 15), SUR (n = 15), VPA (n = 15),
VPA+SUR (n = 15).
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Figure 3. Self-grooming behavior in VPA autism model. (A) time of
complete grooming in different time ranges and (B) total time of complete
grooming; (C) time of incomplete grooming in different time ranges and
(D) total time of incomplete grooming; (E) time of total grooming in three
different time ranges and (F) total time of grooming. Data expressed as
means + SEM with *p<0.05 and **p<0.01 considered significant. Statistical
analysis: Generalized Estimating Equations (GEE) followed by Bonferroni. CON
(n =16), SUR (n = 15), VPA (n = 13), VPA+SUR (n = 13).
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Figure 4. Sensorial behavior in VPA autism model. (A) Total score in
Whisker Nuisance Task and (B) latency to respond to a thermal stimuli.
Different letters indicate statistically significant differences caused by VPA
exposure. Data expressed as means = SEM with *p<0.05. Statistical analysis:
Generalized Estimating Equations (GEE) followed by Bonferroni. WNT: CON (n
= 15), SUR (n = 14), VPA (n = 13), VPA+SUR (n = 13). Tail flick: CON (n = 17),
SUR (n =14), VPA (n = 13), VPA+SUR (n = 14).
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Figure 5. Relative expression of purinergic receptors in medial prefrontal

cortex (A) and hippocampus (B) of young rats from VPA autism model.
Plots presented as mean + SEM with *p<0.05, **p<0.01, ***p<0.001. Statistical

analysis: One-Way ANOVA followed by Tukey’s test. n = 8 for all groups in both

tissues.

97



Medial prefrontal cortex Hippocampus

. >
. 0

- IL-6 - IL-6
c
& S
n a
9 21 g 21
Q 0, o o
» >
1] 11]
D Q
S 1 _% S 1] ‘Ej £
) [+}]
« «
0 T T T r 0
CON SUR VPA  VPA+SUR CON SUR VPA  VPA+SUR
c 3 IL-1p . IL-1p
i) =}
n ]
0 34
S 24 ° g
[= % [+] o
£ >
o o w29 n%.
2 1 s
E 040 ‘a 14
@ °
4 4
0 T T T T 0
CON SUR VPA VPA+SUR VPA VPA+SUR
e ] TNF-a c TNF-a
2 S
@ a
2 24 () o 24 o
& 3 ° o
w ] °
(] @ OO
> 14 J
] 0¢° 5-5 -%— 2" % % W
8 % 5
D
& @
ol — ol — . ; :
CON SUR VPA VPA+SUR CON SUR VPA VPA+SUR
31 -
c o IFN-y e’ IFN-y
L k]
a a
g__ 1 o o o 24
o o
> >
1] 1]
1]
3 1 z g2 °§ %— S 11 %
= o = % o
=5 ©
2 ° 2 L5
[ o
ol — . . . ol — , : r
CON SUR VPA VPA+SUR CON SUR VPA VPA+SUR

Figure 6. Relative expression of proinflammatory cytokines in medial
prefrontal cortex (A) and hippocampus (B) of young rats from VPA autism
model. Results expressed as means * SEM with *p <0.05 considered
significant. Statistical analysis: One-Way ANOVA followed by Tukey’s test. nvpc

= 6-8 and nuip = 8 for all groups.
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Supplementary Figure 1. Number and time of (A) nose-to-nose sniffing, (B)
anogenital inspection, (C) flank exploration and (D) following. Plots show
means = SEM. Different letters indicate statistical differences with p<0.05.
Statistical analysis: Generalized Estimating Equations (GEE) followed by

Bonferroni. CON (n = 17), SUR (n = 17), VPA (n = 15), VPA+SUR (n = 13).

99



>

15 B 4
0
2 t
= i —+ 1 -T- [T T
STCmEE i
£ / 81 L
= ¥
a . / - 7
5 / %1 /
[=% —
9 7 ::

ol A ’ 8 %

CON  SUR  VPA VPA+SUR CON  SUR  VPA VPA+SUR
C a D
¢ 207 0,03
E | T vz b £
il [ ¥ E T vZzn —L
o T Toozq [ L e
g a
g.“’ / J_ 7] /
2 / $0.01 /
5 s g
A : /
S ol % . < 0001l % :
CON  SUR  VPA VPA+SUR CON  SUR  VPA VPA+SUR

Supplementary Figure 2. (A) Number of entries in open arms and (B) risk
assessments in elevated plus maze apparatus; (C) number of entries in
central square and (D) average speed in open field arena. Data expressed
as means = SEM. Different letters indicate statistical differences with p<0.05
considered significant. Statistical analysis: Generalized Estimating Equations
(GEE) followed by Bonferroni. Plus Maze: CON (n =17), SUR (n=17), VPA (n
= 16), VPA+SUR (n = 14). Open Field: CON (n = 15), SUR (n = 15), VPA (n =
15), VPA+SUR (n = 15).
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Supplementary Figure 3. (A) Number of complete grooming in different
time ranges and (B) total number of complete grooming; (C) number of
incomplete grooming in different time ranges and (D) total number of
incomplete grooming; (E) number of total grooming in three different time
ranges and (F) total number of grooming. Data expressed as means + SEM
with **p<0.01 considered significant. Statistical analysis: Generalized
Estimating Equations (GEE) followed by Bonferroni. CON (n = 16), SUR (n =

15), VPA (n = 13), VPA+SUR (n = 13).
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DISCUSSAO GERAL

O Grupo de Estudos Translacionais em Transtorno do Espectro Autista
(GETTEA) vem utilizando o modelo animal de autismo induzido por exposi¢céo
pré-natal ao VPA para avaliar diversos aspectos moleculares e
comportamentais do TEA, uma vez que ele apresenta diversas caracteristicas
similares aquelas encontradas em pacientes. Entre estas, se destaca a
replicacdo das duas caracteristicas centrais do diagnéstico do TEA: prejuizos
na comunicacdo e interacdo social e comportamentos repetitivos e
estereotipados (BAMBINI-JUNIOR et al.,, 2011; SCHNEIDER; KOCH, 2005;
SCHNEIDER et al., 2008a). Além disso, € comum estes animais apresentarem
diversas comorbidades frequentemente encontradas em individuos com TEA,
incluido rigidez comportamental, prejuizos sensoriais e comportamentos do tipo
ansioso (BAMBINI-JUNIOR et al.,, 2011; SCHNEIDER et al.,, 2008b;
SCHNEIDER; PRZEWLOCKI, 2005). Dessa forma, o modelo VPA ¢
extremamente Util no estudo do autismo, uma vez que proporciona importantes
descobertas relacionadas a comprometimentos metabdlicos que muitas vezes
estdo subjacentes as alteracbes comportamentais encontradas no contexto do
TEA. Entretanto, apesar das diversas descobertas ja realizadas através da
utilizacdo de modelos animais de autismo, ainda pouco se sabe sobre a
fisiopatologia deste transtorno. Os exatos mecanismos pelos quais o VPA
estaria agindo para desencadear as caracteristicas do tipo autista em roedores
ainda permanecem desconhecidos.

A utilizacdo de modelos animais de autismo em roedores possibilita, de
uma forma mais aprofundada, o estudo das caracteristicas do TEA, visando

dois objetivos principais. Primeiramente, o modelo animal possibilita o estudo
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de mecanismos moleculares que possam estar envolvidos no
desencadeamento do transtorno. Além disso, a utilizacdo de modelos animais
de autismo pode ser utilizada como potencial ferramenta para o estudo de
estratégias terapéuticas que possam prevenir, reverter ou atenuar diversas
caracteristicas comportamentais apresentadas no TEA.

Em um trabalho anterior do nosso grupo de pesquisa, foi demonstrado
gue o RSV foi capaz de prevenir prejuizos sociais no modelo animal de autismo
induzido pelo VPA através do teste Trés Camaras (BAMBINI-JUNIOR et al.,
2014). Em um dos trabalhos realizados na presente tese, noés
complementamos e corroboramos esse estudo de 2014, mostrando que o0 RSV
também foi capaz de prevenir prejuizos sociais no teste de sociabilidade
reciproca. Apesar de envolver padrées de interacdes sociais mais complexos
gue aqueles observados no teste de trés camaras, nesse teste de sociabilidade
reciproca também foi possivel observar que houve prejuizos no comportamento
sociais nos ratos cujas maes foram expostas ao VPA e, da mesma forma, o
tratamento pré-natal com RSV foi capaz de prevenir essas alteracdes.

Em outro trabalho desenvolvido, nos também analisamos o
comportamento social de ratos prenatalmente expostos ao VPA, porém
testando um tratamento pés-natal com suramina, um antagonista purinérgico
nao-seletivo (DUNN; BLAKELEY, 1988). Ratos do grupo VPA apresentaram
prejuizos na sociabilidade e na novidade social no teste de Trés Camaras,
corroborando um trabalho anterior do grupo (BAMBINI-JUNIOR et al., 2011,
2014). No presente trabalho, uma Unica injecdo de suramina em ratos de 30
dias foi capaz de reverter estes prejuizos sociais induzidos pelo VPA

observados nesse teste. Por outro lado, a suramina néo foi capaz de reverter
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0S prejuizos sociais induzidos pelo VPA, quando observamos o comportamento
pelo teste de sociabilidade reciproca.

Como ja foi dito acima, o teste de sociabilidade reciproca provavelmente
envolve padroes mais complexos de interacdes sociais entre dois animais
livres, diferente do teste de trés camaras, onde o animal de interacéo
permanece dentro de uma gaiola, de forma que a interacdo depende de um
comportamento ativo do animal testado. No teste da sociabilidade reciproca,
por sua vez, a interagdo social pode ocorrer por uma iniciativa do animal que
esta sendo testado, ou ele pode ser estimulado a interagir apés uma iniciativa
do seu companheiro de caixa. Assim, a caracteristica peculiar desse teste pode
estar envolvendo outros mecanismos de comportamento social, causando
alteracoes adicionais que foram prevenidas pelo RSV, embora nenhum efeito
tenha sido observado apoés tratamento pds-natal com suramina.

Além da analise do comportamento social, os trabalhos realizados nessa
tese também envolveram outro aspecto central do TEA: o comportamento
repetitivo e estereotipado. Em roedores, essa caracteristica pode ser
mensurada de varias formas, dependendo do contexto utilizado. Testes
utilizados para isso incluem comportamento de autolimpeza excessivo,
cambalhotas pra tras e movimentos corporais ritmicos. Estes comportamentos
compartilham caracteristicas importantes com aquelas observadas no TEA,
incluindo a pouca variacdo na forma de resposta e o fato de ndo haver nenhum
propdsito ou funcdo 6bvia nesses movimentos (LEWIS et al., 2007). Aqui,
utilizamos o comportamento de autolimpeza para avaliar comportamento
repetitivo e estereotipado no modelo animal de autismo induzido por VPA, uma

vez que esse teste é considerado padrdo-ouro para avaliacdo desse tipo de
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comportamento. Nossos resultados mostraram, em conjunto, que ratos do
modelo VPA gastam mais tempo fazendo autolimpeza do que os ratos que néo
foram expostos ao VPA, especialmente em periodos finais dos testes. Em
ambos os trabalhos, o tratamento pré-natal com RSV ou pdés-natal com
suramina nao tiveram efeito terapéutico sobre esse comportamento.

Além disso, em um dos trabalhos, nés avaliamos separadamente os
eventos de autolimpeza completo e incompleto. Um padrdo de autolimpeza
completo se caracteriza como uma sequéncia ordenada de movimentos no
sentido cefalocaudal, enquanto na autolimpeza incompleta (ou fragmentada) o
animal ndo realiza todos 0os movimentos ou os realiza de forma desordenada
(BERRIDGE, 1989; CANNON et al., 1992). Em nosso estudo, animais expostos
ao VPA apenas apresentaram um maior niumero de eventos de autolimpeza
completos, enquanto nenhuma diferenca foi encontrada na autolimpeza
incompleta. Uma explicacdo para essa diferenca pode residir no fato de que
diferentes regides encefalicas e conexfes neuronais podem estar envolvidas
nesses dois tipos de autolimpeza. Por exemplo, um estudo de 2012
demonstrou que apenas eventos de autolimpeza completos séo iniciados
através de um estimulo na linha média cerebelar (ou locus coeruleus)
(STRAZIELLE et al.,, 2012). Uma hipotese € a de que as alteracdes
moleculares e/ou morfolégicas causadas pelo VPA possam estar ocorrendo em
diferentes regifes encefalicas em graus de intensidade distintas, o que poderia
explicar tais discrepancias em diferentes parametros comportamentais.

Um aspecto importante relacionado ao comportamento de autolimpeza é
0 componente sensorial. Estudos ja demonstraram que um aumento na

sensitividade sensorial pode ser observado em individuos com héabitos de
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higiene compulsiva, como puxar o cabelo, pegar a pele e roer as unhas, os
guais sdo coletivamente conhecidos como comportamentos repetitivos focados
no corpo (do inglés body-focused repetitive behaviors, BFRB) (HOUGHTON et
al., 2018). Prejuizos sensoriais sdo uma das caracteristicas mais importantes
do TEA, afetando mais de 90% dos pacientes (GESCHWIND, 2009). Hiper-
responsividades tactil e auditiva sdo exemplos dessas alteracdes sensitivas, as
guais poderiam impactar em muitos aspectos a qualidade de vida dos
individuos com TEA (COSKUN et al., 2009; O'CONNOR, 2012; PUTS et al.,
2014). Um dos trabalhos realizados mostrou que os ratos expostos ao VPA
apresentaram altos escores no teste de estimulagdo das vibrissas (do inglés
whisker nuisance task, WNT), corroborando um trabalho recente do grupo
(FONTES-DUTRA et al., 2018). Estes resultados podem sugerir um incbmodo
ou perturbacdo no controle sensorial, podendo levar ao aumento do
comportamento de autolimpeza. Enquanto o RSV foi capaz de prevenir o
aumento dos escores no WNT nesse mesmo estudo anterior do grupo, nenhum
efeito da suramina foi observado, sugerindo mais uma vez que essas duas
moléculas agem em diferentes tecidos, regides e/ou vias de sinalizacéo.

O teste de transmissao social por preferéncia alimentar (do inglés social
transmission of food preference, STFP) é aplicado para avaliacdo indireta da
comunicacdo social entre os ratos. Isto se da pela apresentacdo de uma
comida com um novo sabor para um representante de um grupo de ratos (o
demonstrador) e pela subsequente avaliagdo da preferéncia alimentar dos
demais ratos da ninhada (os observadores) entre a comida com este sabor
apresentado e uma comida com sabor desconhecido. Quando analisamos a

porcentagem de consumo da comida apresentada, os ratos expostos ao VPA
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apresentaram uma menor porcentagem em relag&o aos ratos do grupo controle
e RSV, indicando que aqueles n&o tiveram preferéncia pelo sabor previamente
experimentado pelo seu irmdo em relacdo a estes. Dada essa menor
porcentagem de consumo do sabor apresentado, investigamos se esse efeito
poderia ser causado por um menor consumo relativo da comida com sabor
apresentado ou, alternativamente, a um maior consumo relativo da comida n&o
apresentada. Assim, ao analisarmos o consumo médio absoluto por grupo,
vimos que, de uma forma geral, os animais ndo apresentam diferenca
significativa no consumo da comida ndo apresentada. Em contrapartida, os
animais expostos ao VPA tendem a consumir menos da comida apresentada.

Uma vez que existe uma alteracdo sensorial de cunho somatico
importante mostrada pela primeira vez por nosso grupo (FONTES-DUTRA et
al., 2018), a contrapreferéncia dos ratos expostos ao VPA pode ser um
indicativo da alteracdo do processamento sensorial de cunho olfatorio,
possivelmente, nesses roedores. Assim, o0 estimulo olfatério gerado pela
apresentacdo daquele sabor poderia estar gerando uma memoria aversiva a
esses animais, fazendo com que eles tendam a comer menos daquela comida
previamente apresentada, refletindo sobre a menor porcentagem de consumo
desta.

Apesar de se saber que a informacdo sensorial € processada
primariamente por regides corticais com redes especializadas para o tipo de
modalidade, estudos vém demonstrando o papel importante de regifes
subcorticais, como a amigdala, nessa atribuicdo de cunho afetivo em diferentes
tipos de informacado, como as sensoriais. Tanto em individuos com TEA, quanto

no modelo animal VPA, alteracbes da amigdala ja4 foram observadas
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(BANERJEE et al., 2014; LIN et al., 2013; MARKRAM et al., 2008). E possivel
gue nossos resultados apontem ndo s6 para um processamento sensorial
alterado, mas também para a possibilidade de atribuicdo de valor afetivo do
tipo aversivo sobre esta informacdo por possivel hiperativacdo da amigdala,
devido a um hiperprocessamento sensorial no STFP. Apesar de estudos
prévios terem demonstrado que alteracbes de cunho somatico sao prevenidas
pela administragdo de RSV (FONTES-DUTRA et al., 2018), nenhum efeito
preventivo foi observado no STFP.

Sujeitos com TEA frequentemente apresentam hipossensitividade a dor.
No entanto, a observacéo desta caracteristica depende de como os testes sdo
conduzidos (MOORE, 2015), ndo sendo, portanto, um consenso na literatura.
Em nosso estudo, os animais expostos ao VPA apresentam maiores laténcias
para sentir um estimulo térmico, indicando uma menor reatividade nociceptiva
no modelo VPA, o que também ja foi observado em outros trabalhos utilizando
o0 mesmo modelo (SCHNEIDER et al., 2008a). Assim como observado para o
WNT, o tratamento pds-natal com suramina néo foi capaz de reverter o prejuizo
na sensitividade térmica causado pelo VPA.

Outro achado importante desta tese foi o fato de que o0s animais
expostos ao VPA apresentam comportamento do tipo ansioso mais exacerbado
gue os animais ndo expostos, o que foi verificado através do menor tempo
explorando os bracos abertos no labirinto em cruz elevado. Esse achado
corrobora estudos anteriores utilizando modelos animais de autismo
(PATTERSON, 2011), além de refletir em modelos animais uma comorbidade
frequentemente encontrada em criancas e adolescentes com TEA (SIMONOFF

et al., 2008; VAN STEENSEL; BOGELS; PERRIN, 2011). O tratamento pds-
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natal com suramina, além de ter efeito terapéutico sobre o comportamento
social em nossos dados e em trabalhos anteriores (NAVIAUX et al., 2014,
2015, 2013), foi capaz de reverter totalmente o aumento do comportamento do
tipo ansioso em animais expostos ao VPA.

Apesar de um tratamento antipurinérgico ter um efeito ansiolitico no
modelo animal de autismo induzido por VPA, um estudo anterior demonstrou
gue outro antagonista nao-especifico de receptores purinérgicos, o
piridoxalfosfato-6-azofenil-2',4'-acido  dissulfonico (PPADS) possui efeitos
ansiogénicos (KITTNER et al.,, 2003), o que vai de encontro aosS NoOSSOS
achados. Talvez os efeitos ansioliticos da suramina (0 qual também é um
antagonista ndo especifico de receptors purinérgicos do tipo P2) possa estar
envolvendo rotas alternativas que nao sejam seus efeitos sobre o sistema
purinérgico, uma vez que essa molécula é capaz de bloquear diversos outros
receptores e enzimas que ndo necessariamente estejam envolvidas na
sinalizacdo purinérgica (BUTLER et al.,, 1988; CALCATERRA; VICARIO;
ROVERI, 1988; FORTES; ELLORY; LEW, 1973; MAHONEY; AZZI; HUANG,
1990; MORIYAMA; NELSON, 1988; ONO; NAKANE; FUKUSHIMA, 1988;
WILLS; WORMALL, 1950).

As atividades locomotoras e exploratérias do modelo animal de autismo
também foram avaliadas em um dos trabalhos desenvolvidos nessa tese,
utilizando um aparato de campo aberto. Através de programa de
monitoramento automatizado da atividade (Anymaze, Stoelting, U.S.A.), nos
mensuramos a distancia percorrida e a velocidade média dos animais no
aparato durante 30 minutos. Nenhuma diferenca foi encontrada em nenhum

desses parametros entre 0s grupos experimentais, indicando que a exposi¢cao
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ao VPA nao causa alteracbes motoras a ponto de comprometer a locomocao
destes animais, conforme ja foi observado em estudos anteriores (BANERJEE
et al.,, 2014). No entanto, os animais do grupo VPA ficaram menos tempo no
guadrante central no campo aberto, corroborando o resultado de um maior
comportamento do tipo ansioso nesses animais, uma vez que 0S animais mais
ansiosos tendem a ir para os cantos do aparato. Ilgualmente ao observado no
teste no labirinto em cruz elevado, suramina foi capaz de reverter essa
alteracéo.

Em relacdo a atividade exploratéria, nés observamos uma reducao
significativa no nimero de exploragdes verticais nos animais expostos ao VPA,
comparado aos controles. Esse achado pode ser relacionado com a reducao
do interesse social, também observado nestes animais nos testes de
sociabilidade. Assim como observado em outros parametros avaliados, o
tratamento com suramina nao foi capaz de reverter essa alteracao na atividade
exploratoria desses animais.

Além de analises comportamentais, os trabalhos desenvolvidos nessa
tese também abrangeram algumas analises moleculares, com o objetivo de
tentar elucidar alguns mecanismos da acdo do VPA e dos tratamentos
realizados. Nés utilizamos a técnica de transcricdo reversa seguida da reacao
em cadeia de polimerase quantitativa (do inglés reverse transcription followed
by quantitative polymerase chain reaction, RT-gPCR) para analisar a expressao
relativa de um conjunto de miRNA em amostras de sangue de pacientes com
TEA e no modelo animal de autismo induzido pela exposicdo ao VPA. NOs
encontramos um aumento nos niveis de miR138-5p e miR134-5p no sangue de

pacientes, comparado aos controles. Curiosamente, 0 miR134-5p também
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apresentou um aumento em sangue de animais do grupo VPA. Estes achados
sugerem que a avaliacdo do perfil de expressdo de miRNA pode ser utilizada
para identificar as vias biolégicas potencialmente alteradas na TEA. Uma vez
gue miRNA podem passar para a corrente sanguinea a partir de células,
tecidos e 6rgdos (CREEMERS; TIJSEN; PINTO, 2012; LUDWIG et al., 2016),
alteracdes nos niveis de miRNA circulante podem refletir alteracdes em outros
tecidos, incluindo os sistemas nervoso e imunitério.

Esse trabalho traz novas perspectivas para a avaliagdo dos niveis de
miRNA em diferentes estagios de desenvolvimento e diferentes tecidos, para
podermos explorar as funcbes dessas pequenas moléculas na etiologia do
TEA. Para isso, muitos estudos ainda sdo necessarios e a técnica de RT-gPCR
ganha destacada importancia nesse aspecto. Diferente da analise da
expressdo de RNA mensageiros, que € comumente realizada por PCR, a
guantificacdo de miRNA €& mais frequentemente realizada pela técnica de
microarranjo. No entanto, o tamanho reduzido e as quantidades limitadas de
MiRNA extraidas de tecidos animais trazem algumas dificuldades para as
analises de miRNA utilizando essa técnica (LIN; LAI, 2013). Experimentos de
microarranjo permitem o monitoramento do perfil de expressédo simultaneo de
diversos miRNA, mas seu uso apresenta algumas desvantagens, como a baixa
sensibilidade e reprodutibilidade.

A técnica de RT-gPCR, utilizada neste trabalho para avaliagdo da
expressdo de um conjunto de miRNA, apresenta-se como uma metodologia
mais sensivel e confidvel que nos permitiu identificar ténues diferencas na
expressado relativa dessas moléculas em diferentes grupos experimentais, 0

gue provavelmente ndo seria possivel se fosse utilizada a técnica de
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microarranjo. No entanto, para que os resultados obtidos pela técnica de RT-
gPCR pudessem ser alcan¢ados, foi necessaria uma extensa padronizagédo do
protocolo, principalmente devido & caréncia de informagdes na literatura a
respeito do uso dessa técnica para avaliar expressdao de miRNA. Nesse
sentido, escrevemos um manuscrito onde informamos passo a passo 0
protocolo de andlise de miRNA por RT-gPCR, com o objetivo de facilitar
estudos posteriores do grupo e de outros pesquisadores.

Um dos principais aspectos a serem levados em conta é a utilizagdo de
uma normalizacdo adequada para as andlises de miRNA. O propésito da
normalizacdo € remover as variagcbes entre grupos devido a amostragem,
permitindo identificar reais diferencas nos perfis de expressao de miRNA como
consequéncia do estado patoldgico, tratamento ou estagio do desenvolvimento.
Alguns miRNA exibem perfis de expressao que nao se alteram sob diferentes
condicdes, podendo servir como miRNA de referéncia nas quantificacdes de
outros miRNA de interesse. Neste trabalho, nés realizamos uma varredura de
16 miRNA selecionados para este trabalho, com o objetivo de encontrar os
MiRNA normalizadores para nossas analises. NoOs utilizamos o algoritmo
geNorm para investigarmos a variancia de todos os miRNA selecionados e
entdo avaliar a estabilidade nos niveis de expressdao dos miRNA (PELTIER;
LATHAM, 2008).

A técnica de RT-gPCR é frequentemente utilizada para andlises de
expressdo de RNA mensageiros. No entanto, quando utilizada para analise de
mMiRNA, algumas diferencas devem ser destacadas. Uma delas € a
necessidade de desenhar e sintetizar iniciadores especificos para transcricao

reversa de cada um dos miRNA analisados. Isso ocorre porque, diferente dos
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RNA mensageiros maduros, que possuem uma cauda poliadenilada em sua
extremidade 3’, a sintese de DNA complementar aos miRNA nao pode ser
realizada utilizando iniciadores complementares oligoDT. Assim, para tal, €
necessaria a aquisicdo desses iniciadores especificos, chamados de
iniciadores em grampo (do inglés, stem-loop primers). Em contrapartida, para
as andlises de PCR quantitativo, apenas um iniciador reverso € necessario
para a quantificacdo de todos os miRNA analisados, uma vez que todos 0s
iniciadores em grampo utilizados para a transcricdo reversa possuem uma
porcdo comum para todos os miRNA, na qual esse iniciador reverso universal &
capaz de se ligar na etapa de anelamento ao DNA complementar durante a
amplificagéo.

Outra diferenca da analise de miRNA em relacdo as analises de RNA
mensageiros por RT-gPCR sdo as quantidades de molde utilizado. Uma vez
gue, dependendo do tecido analisado e do RNA em questéo, as quantidades
de miRNA sdo mais limitadas que as de RNA mensageiros, maiores
guantidades de material de partida sdo necessarias para sua quantificacao.
Assim, partindo de um mesmo DNA complementar (o qual foi sintetizado a
partir de um mesmo extrato de RNA), € possivel realizar diferentes diluicdes, a
fim de se encontrar as melhores condicdes para analise de diferentes miRNA
em diferentes tecidos. Atencao especial também deve ser dada a quantidade e
a qualidade dos iniciadores utilizados para as analises de miRNA por PCR.
Para isso, além de um bom desenho dos iniciadores e escolha de uma
empresa que os sintetize de forma adequada, € necessario realizar testes para
verificar a especificidade dos iniciadores em relagdo aos produtos desejados,

além de otimizar suas concentracdes. Uma vez que as amostras periféricas
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podem ser mais facilmente obtidas de pacientes em relagéo a outros tecidos, a
abordagem translacional que empregamos neste trabalho é capaz de sustentar
0 potencial uso de miRNA como biomarcadores no TEA. Nao obstante, outros
tipos de materiais bioldgicos podem futuramente ser utilizados com este
objetivo, como as amostras de saliva de pacientes. Além de potenciais
biomarcadores, a analise de miRNA pode permitir a realizacdo de diversos
estudos mecanisticos envolvendo rotas de sinalizacdo possivelmente alteradas
no TEA, bem como a investigacdo de possiveis estratégias terapéuticas
envolvendo essas moléculas.

Trabalhos do grupo demonstraram um efeito preventivo do RSV sobre a
diminuicdo do comportamento social e alteragbes sensoriais em ratos expostos
prenatalmente ao VPA (BAMBINI-JUNIOR et al., 2014; FONTES-DUTRA et al.,
2018). Além disso, ja foi demonstrado que essa molécula foi capaz de prevenir
alteracdes na organizacdo cortical na area somatossensorial primaria desses
animais (FONTES-DUTRA et al., 2018), o que poderia explicar seu efeito sobre
as alteracdes sensoriais encontradas. Aqui, nés demonstramos que o0 RSV
também foi capaz de prevenir um aumento dos niveis do miR134-5p, um
mMiRNA de grande importancia na maturacdo de espinhos dendriticos e no
desenvolvimento de sinapses (SCHRATT et al., 2006; TAI; SCHUMAN, 2006).
Dada suas propriedades anti-inflamatorias e antioxidantes e seus efeitos
preventivos em modelos animais de autismo, 0 RSV surge como uma potencial
molécula para futuras estratégias terapéuticas sobre sintomas e comorbidades
do TEA, o que ja estd sendo buscado com testes pré-clinicos desenvolvidos

pelo nosso grupo de pesquisa.
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Por outro lado, os efeitos terapéuticos da suramina sobre alguns
parametros comportamentais observados no modelo animal de autismo
induzido por exposicdo ao VPA nos levaram a investigar um possivel papel do
sistema purinérgico no desencadeamento das caracteristicas do tipo autista em
ratos. Para responder a essa questdo, nés quantificamos a expressao relativa
de RNA mensageiros de alguns receptores purinérgicos do tipo P2 nos grupos
experimentais. Nossos resultados demonstraram um aumento nos niveis
corticais do receptor ionotrépico P2X4, enquanto no hipocampo houve um
aumento de P2X4 e do receptor metabotropico P2Y2 nos animais expostos
prenatalmente ao VPA. Esses achados fortalecem a hipdtese do envolvimento
do sistema purinérgico no contexto do TEA, trazendo assim novas
possibilidades de manipula¢des farmacoldgicas que explorem essa via.

Embora nosso trabalho e outros estudos anteriores tenham
demonstrado efeitos terapéuticos da suramina sobre prejuizos sociais em
modelos animais de autismo (NAVIAUX et al., 2014, 2013), € sabido que esse
farmaco dificilmente passa pela barreira hematoencefalica (BHE) em condicdes
fisiolégicas (HAWKING, 1940; RASEROKA; ORMEROD, 1986; SANDERSON;
KHAN; THOMAS, 2007). Sendo assim, existem duas possibilidades que
poderiam explicar tais resultados apesar dessa peculiaridade dessa molécula.
Primeiramente, sabe-se que a suramina € capaz de se ligar a diversas
proteinas plasmaticas como a albumina (HAWKING, 1978; ROBOZ et al.,
1998), de forma que poderia entdo estar atravessando a BHE através de
transportadores proteicos especificos. No entanto, mesmo que isso esteja

ocorrendo, a suramina ndo € capaz de alcancar concentracdes suficientemente
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altas no SNC para que possa exercer seus efeitos (SANDERSON; KHAN;
THOMAS, 2007).

Uma segunda explicagdo pode estar relacionada com a acdo da
suramina em tecidos periféricos. Uma das hipdteses mais investigadas no
Nnosso grupo de pesquisa € que o VPA possa estar desencadeando alteracdes
no sistema imunitario de roedores prenhes, as quais poderiam causar
alteracdes imunoldgicas e inflamatérias na prole. Assim, uma vez que durante
o desenvolvimento fetal existe uma interacao entre sistema imunitario e SNC,
possivelmente as alteracdes causadas pelo VPA possam estar indiretamente
causando alteracOes relacionadas a fisiopatologia do TEA. Por consequéncia,
uma possivel acdo da suramina a nivel periférico poderia modular algumas
caracteristicas do tipo autista a nivel imunolégico, mesmo ndo agindo
diretamente sobre o SNC.

Guiados por essa segunda hipotese, quantificamos o0s niveis de RNA
mensageiro de algumas citocinas pro-inflamatoérias em duas regides
encefalicas de ratos expostos prenatalmente ao VPA e tratados ou ndo com
suramina. Corroborando estudos anteriores com tecidos post mortem de
individuos com TEA e em modelos animais (WEI et al., 2012; XU; LI; ZHONG,
2015), encontramos niveis aumentados de IL-6 no cOrtex medial pré-frontal de
animais expostos ao VPA, de forma que o tratamento com suramina foi capaz
de reverter essa alteracdo. Visto que os niveis de IL-6 podem estar
relacionados com o desencadeamento de algumas caracteristicas do tipo
autista, uma vez que ja foram demonstrados niveis aumentados dessa citocina
em pacientes e em modelos animais (WEI et al., 2012; XU; LI; ZHONG, 2015),

nos acreditamos que o efeito positivo da suramina sobre o comportamento
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social de ratos do modelo VPA possa ter alguma relagéo com essa restauracao
dos niveis de IL-6.

De uma forma geral, nossos dados reforgcam a possibilidade do uso de
moléculas com diferentes propriedades como estratégias terapéuticas para
alguns sintomas e comorbidades encontrados no TEA, apresentando para a
comunidade cientifica novas possibilidades para o desenvolvimento de
tratamentos seguros e eficazes. No entanto, muitos desafios ainda precisam
ser contornados a fim de aperfeicoar a utilizacdo dessas moléculas em estudos
clinicos. Somado a isso, nossos resultados trazem novas pistas sobre rotas de
sinalizagdo que possam ter grande importancia no contexto do TEA, trazendo
assim a possibilidade de investigacdo de novas moléculas para potenciais
intervencbes farmacolégicas que possam atenuar ou prevenir certas
alteracdes, com o objetivo de melhorar a qualidade de vida dos pacientes com

TEA e de suas familias.
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CONCLUSOES

No presente trabalho, utilizamos um modelo animal de autismo obtido
pela exposicdo pré-natal ao VPA para avaliar o comportamento social e
comportamentos repetitivos e estereotipados, que sao 0s sintomas centrais do
diagnéstico do TEA, além de alguns pardmetros comportamentais que
aparecem como sintomas associados, como comportamento do tipo ansioso e
alteracdes sensoriais.

Primeiramente, em relagcdo ao comportamento social, os animais do
modelo VPA apresentaram prejuizo social tanto no teste trés camaras quanto
no teste de sociabilidade reciproca, corroborando dados anteriores do grupo e
da literatura. O tratamento pré-natal com RSV foi capaz de prevenir as
alteracdes sociais observados no teste de sociabilidade reciproca. O
tratamento com suramina, por sua vez, foi capaz de reverter alteracbes sociais
no teste de trés camaras, mas nao no teste de sociabilidade reciproca.

Em relacdo ao comportamento repetitivo, animais expostos ao VPA
gastaram mais tempo fazendo autolimpeza quando comparados aos animais
dos grupos controle, e os tratamentos com RSV e suramina ndo foram capazes
de prevenir ou reverter essas alteracbes. Por outro lado, o tratamento com
suramina foi capaz de reverter o aumento do comportamento do tipo ansioso
apresentado pelos animais do grupo VPA.

Quando avaliamos parametros sensoriais, foi observado um prejuizo na
memoria olfativa dos animais expostos ao VPA, uma vez que estes ndo tiveram
preferéncia por consumir um alimento com um sabor previamente apresentado
por um animal da sua ninhada. O tratamento com RSV, no entanto, nao foi

capaz de prevenir essa alteracado. Adicionalmente, a exposi¢cao ao VPA causou
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uma hiper-responsividade a estimulos n&o nocivos (avaliada pelo teste WNT) e
uma hiporresponsividade a um estimulo nocivo (avaliada pelo teste de retirada
da cauda). O tratamento com suramina n&o foi capaz de reverter nenhuma
dessas alteragcfes sensoriais encontradas.

Animais do grupo VPA também apresentaram um maior comportamento
do tipo ansioso em relacdo aos animais do grupo controle, e curiosamente o
tratamento com suramina foi capaz de reverter essa alteracdo. Nenhuma
alteracdo significativa foi encontrada em relacdo a atividade locomotora e
exploratéria no modelo VPA.

Ao avaliarmos a expresséo relativa de um grupo de miRNA em sangue
pacientes com TEA, foi observado um aumento na expressao de dois deles,
mMiR138-5p e MiR134-5p, sendo que esse Ultimo também teve sua expressao
aumentada no modelo animal de autismo induzido por VPA, mas essa
alteracao foi totalmente prevenida pelo tratamento com RSV. Relacionado as
analises de expressdo de miRNA, concluimos que a técnica de RT-gPCR foi
adequada para os propositos deste estudo, apos tomadas as devidas
precaucdes e adequacdes ao longo do protocolo.

A expressao génica de dois receptores purinérgicos foi encontrada
aumentada em estruturas em regides encefalicas de animais VPA, sem
nenhum efeito do tratamento com suramina. Por fim, os niveis da citocina IL-6
foram encontrados aumentados no cértex medial pré-frontal desses animais,
mas o tratamento com suramina foi capaz de reverter totalmente essa
alteracao.

Como concluséo final, observamos que o RSV preveniu um prejuizo

social e aumento dos niveis de miRNA no modelo de autismo induzido pelo
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VPA, enquanto a suramina reverteu prejuizo no comportamento social e o
comportamento do tipo ansioso, além do aumento de moléculas pro-
inflamatérias no encéfalo de animais do modelo VPA. Os efeitos do RSV
reforcam a relevancia dessa estratégia como ferramenta para estudos voltados
para aspectos etioldgicos durante o periodo embriondrio, entre 0 momento da
inducdo e o final da gestacdo. Os efeitos da suramina colocam o sistema
purinérgico como um importante alvo de estudos na busca por estratégias
terapéuticas no TEA. A analise de miRNA traz grandes perspectivas para
analises de mecanismos moleculares envolvidos no desencadeamento e dos
sintomas e também pode ter importancia no desenvolvimento de novas
estratégias terapéuticas, de forma que a técnica de RT-gPCR aparece com

papel fundamental nesses aspectos.
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PERSPECTIVAS

Considerando os resultados obtidos na presente tese e evidéncias de
gue os comportamentos do tipo autista e alguns parametros moleculares estao
alterados no modelo animal, e que estratégias terapéuticas foram capazes de
prevenir ou reverter tais alteracdes, algumas perspectivas emergem para o
seguimento da pesquisa relacionada ao TEA no grupo, incluindo o estudo em
embrides:

e Avaliar o efeito de outros tratamentos antipurinérgicos sobre os
comportamentos alterados, através do uso de inibidores seletivos de alguns
receptores que apresentaram expressdo aumentada em animais VPA;

e Analisar os niveis de miRNA em estruturas encefalicas no modelo
animal, bem como o efeito de estratégias terapéuticas;

e Quantificar os niveis proteicos de alvos de miRNA alterados no modelo
VPA e buscar mecanismos moleculares que possam estar envolvidos no
desencadeamento de caracteristicas do tipo autistas nesses animais;

e Avaliar a influéncia dos niveis de miRNA sobre parametros especificos
no modelo VPA, como alteracbes na morfologia de espinhos dendriticos,
migracéao e diferenciacdo neuronal;

e Avaliar a influéncia de mIRNA sobre parametros imunitarios e
inflamatorios no modelo VPA,

e Utilizar dados obtidos de técnicas mais abrangentes (como RNA-seq)
para estudo de miRNA possivelmente alterados no contexto do TEA, tanto em
humanos quanto no modelo animal, a fim de se encontrar possiveis
biomarcadores que possam servir como ferramenta para diagndéstico precoce

do TEA.
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e Utilizar os conhecimentos obtidos sobre altera¢des nos niveis de miRNA
no contexto do TEA para desenvolvimento de possiveis estratégias
terapéuticas baseadas nessas pequenas moléculas, como por exemplo através

da utilizagao de antagomirs.
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Sex Differences and Estrous Cycle Changes in Synaptic
Plasticity-related microRNA in the Rat Medial Amygdala

Mauro Mozael Hirsch, *® Janaina Brusco, “ Tamara Vaccaro, * Rogerio Margis, ™ Jorge E. Moreira, ““
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® Research Group in Neuroglial Plasticity, Department of Biochemistry, Federal University of Rio Grande do Sul, Porto Alegre, RS 90035-003, Brazil
b National Institute of Science and Technology on Neuroimmunomaodulation, INCT-NIM/CNPq. Oswaldo Cruz Foundation, Rio de Janeiro, Brazil
¢ Department of Pathology and Forensic Medicine, Ribeirao Preto School of Medicine, University of Sao Paulo, Ribeirdo Preto, SP

14049-900, Brazil

d Department of Neurology, Neuroscience and Behavior, Ribeirdo Preto School of Medicine, University of Sdo Paulo, Ribeirdo Preto, SP
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Abstract—The posterodorsal medial amygdala (MePD) is a sex steroid-sensitive and sexually dimorphic subcor-
tical area that dynamically modulates social behaviors in rats. As different microRNA (miRNA) can act as post-
transcriptional regulators of synaptic processing, we addressed changes that occur in miRNA expression in
the MePD of males and females along the estrous cycle. The expression of miR25-3p, miR132-3p, miR138-5p,
miR181a-5p, miR195-5p, and miR199a-5p, involved in neuronal cytoskeleton remodeling and synaptic plasticity,
were evaluated by RT-gPCR. We found that the expression of miR138-5p was higher in males than in females
along the different phases of the estrous cycle. Males also showed higher levels of miR-181a when compared
to females in diestrus and estrus. On the other hand, when compared to females in proestrus, males presented
lower levels of miR132-3p and miR199a-5p. The expression of miR25-3p was higher in diestrus females than in
proestrus females. In addition, diestrus females showed higher values of miR25-3p, miR181a-5p, and miR195-
5p when compared to estrus females. These miRNA expression profiles indicate a variable and fine-tuned protein
regulation in the adult MePD. It is likely that these miRNA can be involved in structural and functional synaptic
features and plasticity characteristic of males and cycling females and for the MePD regulation of mammalian
reproduction. © 2018 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: extended amygdala, neural plasticity, sexual dimorphism, estrous cycle, noncoding RNA.
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