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RESUMO

Os disturbios neurodesenvolvimentais possuem como principais constituintes o
Transtorno do Espectro do Autismo (TEA) e o Transtorno do Déficit de Atencéao
Hiperatividade (TDAH). O imidacloprida é um inseticida pertencente a familia
neonicotindides, os quais atuam como potentes agonistas dos receptores de acetilcolina,
possuindo a capacidade de promover alteracbes comportamentais em Drosophila
melanogaster, que apresentam semelhancas aos fen6tipos humanos TEA e TDAH. O objetivo
do presente estudo foi corroborar a acdo do imidacloprida como modelo quimico de disturbios
do desenvolvimento neurolégico, no nivel comportamental, juntamente com a investigacao de
alteracbes neuroquimicas induzidas pela exposicdo ao imidacloprida, as quais estdo
relacionadas aos sintomas desses transtornos no modelo de Drosophila melanogaster. Foram
utilizadas moscas virgens e machos de 3 dias de idade, divididos em quatro grupos e expostas
a dieta padrdo (controle) ou dieta contendo imidacloprida (200, 400 ou 600 pM) durante 7
dias. Apos a eclosdo da progénie, as moscas foram submetidas a atividades in vivo (geotaxia
negativa, campo aberto, interacdo social, agressividade, claro/escuro e grooming) e ex vivo
(consumo de alimentos, niveis de dopamina, atividade da acetilcolinesterase (AChE),
indicadores de estresse oxidativo (superoxido dismutase, SOD; catalase, CAT; glutationa S-
transferase, GST; espécies reativas de oxigénio, ROS; substancias reativas ao &cido
tiobarbitirico, TBARS; e ensaios proteicos e ndo proteicos, PSH e NPSH) e ensaios de
viabilidade celular (resazurina)). A progénie de moscas expostas ao imidacloprida
demonstraram aumento da hiperatividade (geotaxia e tarefa de campo aberto), agressividade,
ansiedade e movimentos repetitivos, juntamente com uma diminuicdo da interacdo social.
Além disso, a progénie das moscas expostas ao imidacloprida apresentaram diminui¢do nos
niveis de dopamina e viabilidade celular e aumentaram o estresse oxidativo (ROS e TBARS),
no entanto, a atividade de AChE, CAT e GST e PSH e NPSH permaneceram inalterados.
Nossos resultados sugerem o envolvimento da dopamina e do estresse oxidativo como um
possivel mecanismo de acdo para danos comportamentais semelhantes ao TEA e TDAH

induzido pelo imidacloprida em Drosophila melanogaster.

Palavras-chave: Pesticidas, Neonicotindides, Transtorno do Espectro do Autismo,
Transtorno do Déficit de Atencéo e Hiperatividade, Dopamina, Acetilcolinesterase.



ABSTRACT

Neurodevelopmental disorders have as main constituents Autism Spectrum Disorder
(ASD) and Attention Deficit Hyperactivity Disorder (ADHD). Imidacloprid is an insecticide
belonging to the neonicotinoid family, which act as potent acetylcholine receptor agonists,
having the ability to promote behavioral changes in Drosophila melanogaster, which are
similar to the human phenotypes TEA and ADHD. The aim of the present study was to
corroborate the action of imidacloprid as a chemical model of neurological development
disorders at the behavioral level, together with the investigation of neurochemical changes
induced by exposure to imidacloprid, which are related to the symptoms of these disorders in
the Drosophila melanogaster model. Virgin flies and 3-day-old cheeks were used, divided into
four groups and exposed to a standard diet (control) or diet containing imidacloprid (200, 400
or 600 pM) for 7 days. After the progeny hatched, the flies were subjected to in vivo activities
(negative geotaxis, open field, social interaction, aggression, light/dark and grooming) and ex
vivo [food consumption, dopamine levels, acetylcholinesterase activity (AChE), oxidative
stress indicators (superoxide dismutase, SOD; catalase, CAT; glutathione S-transferase, GST;
reactive oxygen species, ROS; substances reactive to thiobarbituric acid, TBARS; and protein
and non-protein assays, PSH and NPSH) and assays cell viability (resazurin)]. The progeny of
flies exposed to imidacloprid showed increased hyperactivity (geotaxis and open field task),
aggressiveness, anxiety and repetitive movements, together with a decrease in social
interaction. In addition, the progeny of flies exposed to imidacloprid showed decreased levels
of dopamine and cell viability and increased oxidative stress (ROS and TBARS), however,
the activity of AChE, CAT and GST and PSH and NPSH remained unchanged. Our results
suggest the involvement of dopamine and oxidative stress as a possible mechanism of action
for behavioral damage similar to TEA and ADHD induced by imidacloprid in Drosophila

melanogaster.

Keywords: Pesticides, Neonicotinoid, Autism Spectrum Disorder, Attention Deficit

Hyperactivity Disorder, Dopamine, Acetylcholinesterase.
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APRESENTACAO

No item INTRODUGAO e REVISAO BIBLIOGRAFICA esta descrita uma breve
revisao de literatura sobre os temas abordados nesta dissertacdo seguida pelo item
OBJETIVOS.

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a forma de
artigo cientifico, os quais sdo apresentados no item MANUSCRITO CIENTIFICO. As
secdes: Introducdo, Materiais e Métodos, Resultados, Discussdo, Conclusédo e Referéncias
Bibliograficas, encontra-se no proprio artigo e representa a integra deste estudo. O manuscrito
esta estruturado de acordo com as normas da revista cientifica “Food and Chemical
Toxicology” para a qual sera submetido.

Os itens CONSIDERACOES FINAIS E PERSPECTIVAS encontram-se no final
desta dissertacao e apresentam interpretacdes e comentarios gerais sobre o artigo contido neste
trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citagbes que

aparecem nos itens introducdo e revisao bibliografica.



1. INTRODUCAO

Os disturbios do neurodesenvolvimento sdo condi¢es neuroldgicas que ocorrem
precocemente na infancia, frequentemente antes da idade escolar, afetando o desenvolvimento
do funcionamento pessoal, social e profissional. Sendo o Transtorno do Espectro do Autismo e
o Transtorno do Déficit de Atencdo com Hiperatividade os principais constituintes desses
distdrbios (JONES; KLIN, 2013; LUKE et al., 2012).

Estima-se que a prevaléncia para esses disturbios é de aproximadamente 16,8 em 1.000,
e que essas taxas de prevaléncia do TEA e TDAH parecem estar crescendo em todo 0 mundo
(BAIO et al., 2018; LANDRIGAN; LAMBERTINI; BIRNBAUM, 2012; CHRISTENSEN et
al., 2019). Esses transtornos normalmente envolvem distarbios de hiperatividade, atencéo,
memoria, linguagem, solucdo de problemas ou interacdo social, no qual essas caracteristicas
acompanham o individuo ao longo da vida (KOLOZSI et al., 2009).

A etiologia do TEA e do TDAH permanecem desconhecidas, todavia estudos apontam
apara o envolvimento de variados genes e de fatores ambientais, 0 que contribui para que sua
etiologia ndo seja completamente compreendida (HALLMAYER, 2011; SANDIN et al., 2014).
Supbe-se que a exposicdo a produtos quimicos como pesticidas pode contribuir
significativamente para a prevaléncia desses transtornos neurodesenvolvimentais (QUIROS-
ALCALA; MEHTA; ESKENAZI, 2015; ROBERTS; KARR, 2012).

O imidacloprida é um inseticida neonicotindide o qual provoca a morte de insetos via
ingestdo ou contato, atuando no sistema nervoso central como potente agonista dos receptores
nicotinicos de acetilcolina (TOMIZAWA; CASIDA, 2005). E largamente empregado em
lavouras para o controle de pragas no solo, em sementes revertidas, controle de pulgas, baratas
e insetos (KARAHAN et al., 2015; MENGONI; FARINA, 2015).

A Drosophila melanogaster vem sendo amplamente utilizada como modelo alternativo
para diversos estudos, devido ao fato de apresentar vantagens importantes, tais como estrutura
gendmica simples, ciclo de vida curto, baixo custo de manutencéo, apresentar comportamentos
semelhantes aos humanos, e principalmente homologia de aproximadamente 75% de genes
relevantes com organismos superiores, além da facilidade de obtencdo de fendtipos mutantes
(ROBERTS; DAWLEY; REIGART, 2019; TAUBER; VANLANDINGHAM; ZHANG, 2011).

Tém sido proposto um modelo de transtorno neurodesenvolvimental por KIM et al.,
(2017), avaliando os efeitos do imidacloprida, entretanto faz-se necessario uma maior
compreensdo de sua acdo como modelo quimico para distarbios do desenvolvimento

neuroldgico em Drosophila melanogaster. Desta forma no presente estudo avaliou-se o efeito



da exposicdo ao imidacloprida em diferentes concentragdes sobre o comportamento e
principalmente marcadores bioguimicos, sugerindo um possivel mecanismo de acéo, a fim de
gerar conhecimento sobre o imidacloprida como um modelo experimental de transtorno
neurodesenvolvimental com sintomas semelhantes ao TEA e TDAH em Drosophila
melanogaster. Assim a realizacdo desse estudo possui como hipdtese o fato de que o
imidacloprida pode vir a ser uma ferramenta Gtil para o desenvolvimento de um modelo
quimico, o qual permitird avaliar fatores ambientais relacionados ao TEA e ao TDAH em
Drosophila melanogaster, e principalmente investigar as alteracfes neurogquimicas induzidas

pela exposicao ao imidacloprida, as quais sdo relacionadas aos sintomas de TEA e TDAH.



2. REVISAO BIBLIOGRAFICA

2.1.1 Transtornos Neurodesenvolvimentais

Os disturbios mentais assim como do desenvolvimento infantil envolvem distarbios do
desenvolvimento neurolégico, emocionais e comportamentais que tém amplos e graves
impactos adversos no bem-estar, tanto psicolégico quanto social (AMERICAN
PSYCHIATRIC ASSOCIATION, 2013).

O Transtorno do Espectro do Autismo juntamente com o Transtorno do Déficit de
Atencdo com Hiperatividade sdo denominados como 0s transtornos mais representativos dos
disturbios neurodesenvolvimentais, possuindo como principais caracteristicas padrdes de
interesse restritos, falha nas interagcdes sociais, assim como falta de atencédo e hiperatividade
(LUKE et al., 2012).

O TEA sendo um transtorno neurodesenvolvimental é reconhecido por seu inicio
precoce, antes dos trés anos de idade, e é definido através de uma avaliagéo clinica apresentando
como principais caracteristicas comportamentais 0 comprometimento sdcio-comunicativo e de
interacdo social, exibindo sinais como agressividade, hiperatividade, comportamentos
repetitivos e estereotipados entre outros conforme ilustrados na Figura 1, onde o nivel de
alteracdo nessas caracteristicas € distinto entre os individuos autistas (GESCHWIND; LEVITT,
2007; ROULLET; CRAWLEY, 2011).



T R ¥ 4 {

SISTE A : ,
USA AS PESSOAS mféf;;, s NAO SE MISTURA COM
N ANCAS Ut “
COMO FERRAMENTAS > RPT,,_,” OUTRAS CRIANCAS
U 1ENA

NAD MANTEM AGE COMO SE FOSS R
g 5 GE COMO SEFOSSE pecicE A0 APRENDIZADO

CONTATO VISUAL SURDO
RISOS E MOVIMENTOS RESISTE AO ACENTUADA

NAO APROPRIADOS  CONTATO FISICO  HIPERATIVIDADE FISICA

= 4y

AS VEZES E
AGRESSIVO E
DESTRUTIVO

MODO E COMPORTAMENTO
INDIFERENTE E ARREDIO

)

APEGO NAO APROPRIADO
A OBJETOS

=t

NAO DEMONSTRA MEDO DE
PERIGOS

&%

GIRA OBJETOS DE
MANEIRA BIZARRA E
PECULIAR

Figura 1: Sintomas caracteristicos do TEA.

Fonte: adaptado de autismoinfantil.com.br.

Ja o Transtorno do Déficit de Atencdo com Hiperatividade é caracterizado por um
padréo persistente de desatengé@o e/ou hiperatividade mais frequente do que o observado em
criancas da mesma faixa etaria (AMERICAN PSYCHIATRIC ASSOCIATION, 2013). Assim
como para 0 TEA o diagndstico para o TDAH é clinico, ndo havendo exames laboratoriais para

0 seu diagnostico, sendo levados em consideracdo as seguintes caracteristicas comportamentais

descritos na Figura 2 abaixo.




Desatencio Hiperatividade/impulsividade

Prestar pouca atencio a detalhes e Mover de modo incessantes pés e mios

cometer erros por falta de aten¢do quando sentado

Dificuldade em se concentrar Dificuldade de permanecer sentado em situagdes

(em deveres ou brincadeiras) em que isto ¢ esperado (sala de aula, mesa de jantar, etc.)
Parecer estar prestando atenciio Correr ou trepar em objetos freqiientemente,

em outras coisas numa conversa em situacdes nas quais isto € iapropriado

Dificuldade em seguir as instrugdes Dificuldades para se manter em atividades de lazer

até o fim ou deixar atividades sem termind-las em siléncio

Dificuldade de se organizar ou planejar com antecedéncia Parecer ser movido por um “motor” sempre “ligado™
Relutdncia ou antipatia para fazer deveres de casa ou Falar demais

iniciar tarefas que exijam esfor¢o mental por muito tempo

Perder objetos ou esquecer compromissos Responder as perguntas antes das mesmas serem concluidas
Distrair-se com muita facilidade com coisas a sua volta Nio conseguir aguardar a vez

Ou com seus pensamentos

Esquecer coisas do dia-a-dia Interromper freqilentemente 0s outros em suas atividades ou conversas

Figura 2: Sintomas para o diagndstico do TDAH.

Fonte: Araujo, A.P.Q.C (2002).

2.1.2 Epidemiologia e Etiologia

O primeiro estudo epidemioldgico sobre o TEA realizou-se por Victor Lotter, em 1966,
sendo relatado um indice de prevaléncia de 4,5 em 10.000 criangas, em toda a populacdo de
criancas de 8 a 10 anos de Middlesex, um condado ao noroeste de Londres (KLIN, 2006). Desde
a década de 1960 inimeras pesquisas sobre a prevaléncia do TEA baseadas na populacao foram
conduzidas, juntamente com uma série de revisdes recentes resumindo essas pesquisas e
avaliando mudangas nas estimativas mencionadas ao longo do tempo (NEWSCHAFFER, 2005;
WING; POTTER, 2002).

O aumento alarmante no numero de individuos que recebem auxilio de agéncias de
servicos relacionados a deficiéncia educacional e de desenvolvimento sob classificacdo do
TEA, juntamente com os dados epidemioldgicos nos ultimos 15 anos chamaram a atengédo para
a propensdo secular na prevaléncia do TEA e suas subjacentes (NEWSCHAFFER, 2005;
SHATTUCK, 2006).

Nos Estados Unidos um estudo realizado em 2016 relatou que a prevaléncia do TEA é
de aproximadamente 1 em cada 40 criancas (SCHMIDT et al., 2017). Com relagdo ao sexo o
TEA apresenta prevaléncia desigual, sendo cerca de quatro vezes mais frequente em meninos

do que em meninas (CALABRESEC et al., 2016), no entanto, quando afetadas, as meninas



tendem a desenvolver a forma mais severa de TEA, associada a grave comprometimento
cognitivo (SADOCK; SADOCK, 2017).

Estima-se que a prevaléncia mundial para o TDAH é em torno de 5% a 15%, e 0s
sintomas iniciam-se na infancia e persistem na adolescéncia e na idade adulta na grande maioria
dos casos sendo a ocorréncia desse transtorno trés vezes maior em individuos do sexo masculino
(BIEDERMAN, 2005; POLANCZYK et al., 2007).

Com relacéo a etiologia, no geral o TEA é pouco compreendido, sendo que, a hipotese
mais aceita no presente, é a de que o transtorno resulte de uma interacdo entre caracteristicas
genéticas e fatores ambientais, com envolvimento de multiplos fatores de risco e prote¢éo nos
niveis bioldgico, psicologico e social (MANDY; LAI, 2016; SANDIN et al., 2014).

Nenhuma variante genética especifica é identificada como necessaria ou suficiente para
causar 0 TEA, sugerindo que exista uma heterogeneidade genética, em que essas alteracoes
genéticas incluem mutacbes novas e herdadas, variantes no ndmero de copias (CNV) e
polimorfismos (BOURGERON, 2015).

Tais alteracOes epigenéticas podem resultar em um excesso de espécies reativas de
oxigénio (ROS), os quais podem levar ao comprometimento da metilacdo do DNA, levando a
um mecanismo de feedback positivo, logo individuos com TEA possuem uma maior
vulnerabilidade ao estresse oxidativo e a neurotoxicidade conforme demonstrado na Figura 3
(ESSA, 2020).
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Figura 3. Diagrama de ilustracdo complexa de ambiente, genética e epigenética no desenvolvimento do
TEA.
Fonte: Adaptado de ESSA & QORONFLEH, (2020).

Foram identificados varios genes como fortes candidatos, envolvendo genes de
andaimes pdés-sinapticos como por exemplo SHANKS3, genes de contato como CNTN4, genes
de remodelacdo da cromatina tendo como exemplo CHD2. Estas evidéncias servem para sugerir
que variantes genéticas de risco identificadas entre pessoas com TEA convergem em vias
genéticas comuns, onde resultado cumulativo de mdltiplas variantes genéticas, ou seja um risco
poligénico apresenta-se como um importante indicador de risco para outros transtornos
psiquiatricos bem como para o TEA (DE LA TORREUBIETA et al., 2016).

O primeiro trabalho sobre o TDAH foi realizado pelo médico escocés Alexander
Crichton em 1798, onde 0 mesmo descreveu aspectos de desatengdo encontrados em jovens, 0s
quais sdo muito semelhantes aos critérios propostos pelo DSM-IV para o tipo desatento do
TDAH (PALMER; FINGER, 2001).

Com relacdo a etiologia das particularidades neurobioldgicas do TDAH também néo

estdo completamente esclarecidas, em que estudos demonstram que € um transtorno complexo



e multifatorial, causado pela influéncia de inimeros fatores de risco, onde cada um possui um
pequeno efeito auxiliando para o aumento da vulnerabilidade atraves de seus efeitos aditivos e
interativos (BIEDERMAN; FARAONE, 2005; GENRO et al., 2010; NEALE et al., 2008).

A partir de um estudo realizado com gémeos, estima-se uma herdabilidade de
aproximadamente 76%, sugerindo assim um forte componente genético no TDAH
(FARAONE; MICK, 2010). Genes de distintos sistemas de neurotransmissores que codificam
transportadores, receptores ou enzimas sdo extremamente investigados no TDAH, tendo-se
como exemplo, o DAT1 (gene do transportador de dopamina), genes dos receptores
adrenérgicos a2A (ADRA2A) e 0a2C (ADRA2C), a COMT (gene que codifica a enzima catecol-
O-metiltransferase), entre outros (GENRO et al., 2012; GIZER; FICKS; WALDMAN, 2009;
NEALE et al., 2010).

2.1.3 Tratamentos

Em relacdo ao tratamento, ndo ha cura, havendo somente intervengdes psicoldgicas e
educacionais precoces as quais constituem a base do tratamento, que tem por objetivo
intensificar comportamentos socialmente apropriados, reduzir comportamentos indesejaveis e
facilitar o desenvolvimento cognitivo, social e afetivo. O tratamento farmacologico é utilizado
em alguns casos como adjuvante das estratégias psicopedagdgicas. Medicacdo antipsicética tém
se mostrado eficaz em casos de agressividade severa e automutilacdo, inibidores seletivos e ndo
seletivos de serotonina sdo utilizados para auxiliar a redugdo de comportamentos perturbadores
e 0 4cido valproico vem sendo utilizado para reducdo da agressividade (MACHADO-VIEIRA
et al., 2003).

2.1.4 Modelos experimentais

Devido a complexibilidade do TEA e do TDAH juntamente com a frequente associa¢ao
a comorbidades, surgem barreiras que dificultam extremamente a pesquisa desses disturbios,
tornando-se necessario o desenvolvimento de modelos animais (SCHLICKMANN;
FORTUNATO, 2013).

O surgimento dos modelos experimentais permitem a investigacdo de inimeros fatores
de risco, tanto ambientais quanto genéticos, assim como a pesquisa de vias moleculares e

mecanismos neurofisioldgicos envolvidos no transtorno, uma vez que a compreensao desses



aspectos € essencial para o desenvolvimento de métodos de prevencdo bem como terapias
eficazes (KIM et al., 2016).

Entretanto, os modelos experimentais utilizando animais apresentam suas limitacdes,
ndo podendo simular integralmente uma doenca humana (BERNARDI; KIRSTEN;
TRINDADE, 2012; MARKRAM, 2007). Assim a validagdo de um modelo experimental de
TEA e TDAH se da por meio da observacao de caracteristicas também vistas em pacientes com
esses transtornos, ou seja, prejuizos comportamentais na comunicagdo (verbal e nao verbal),
interacéo social e comportamentos estereotipados (WOHR; SCATTONI, 2013).

Em roedores as substancias mais utilizadas para mimetizar o modelo de TEA se baseiam
através da administracao de acido valproico (VPA), ou lipopolissacarideo (LPS) podendo ser
administrados por via intraperitoneal (i.p) e subcutanea (KIM et al., 2011, 2016).

A Drosophila melanogaster (mosca da fruta) tem se tornado um modelo alternativo para
utilizacdo em diversos métodos, devido a sua versatilidade. Dessa forma inimeras pesquisas
sobre as funcdes dos diferentes genes e comportamentos associados ao TEA e TDAH tem sido
realizados nesse organismo modelo, entretanto a realizacdo de modelos com exposicdes a
produtos quimicos, como por exemplo o imidacloprida ndo estdo totalmente consolidados,
havendo assim uma ampla utilizacdo de modelos genéticos para esses transtornos (DOLL;
BROADIE, 2014; KIM; LEE; PARK, 2017; LEE et al., 2014; YAMAMOTO et al., 2014).

Em modelos para o FMR1 é um gene humano cuja funcdo é codificar uma proteina
chamada proteina de retardo mental X fragil, observou-se que a desregulacao do ortélogo de
Drosophila melanogaster, 0 dFMR1, é capaz de provocar defeitos da extensdo/projecao de
neuritos (MORALES et al., 2002), alterac6es do ciclo celular e apoptose (WAN et al., 2000),
anormalidades no ciclo circadiano e déficit de interacdo social, tais como auséncia de interesse
em manter o comportamento de corte e dificuldades em desempenhar gestos motores que levam
a interacdo social (BOLDUC et al., 2010; DOCKENDORFF et al., 2002). Modelos de TEA e
TDAH knockdown em Drosophila melanogaster vem sendo amplamente utilizados,
observando altera¢Ges nos niveis dopaminérgicos além de um aumento da atividade locomotora
e reducdo do sono nesses modelos, corroborando estudos experimentais relacionadas a esses
transtornos (HARICH et al.,2019; KLEIN et al., 2020).
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2.1.5 Estresse oxidativo, Neurotransmissores e transtornos neurodesenvolvimentais
(TEA e TDAH).

O desequilibrio entre pré-oxidantes e antioxidantes € denominado como estresse
oxidativo, no qual as espécies reativas de oxigénio (ROS) ou espécies reativas de nitrogénio
(RNS) causam danos prejudiciais a célula (CHIRUMBOLO; BJJRKLUND, 2017).

O desenvolvimento do estresse oxidativo no TEA atribui-se a geracao de radicais livres,
0S quais sdo responsaveis pela disfuncdo mitocondrial (ESSA, 2020). As principais
consequéncias da disfungdo mitocondrial séo: a) redugédo da producdo de ATP, b) producdo
elevada de espécies reativas de oxigénio (ROS) e consequentemente danos oxidativos e c)
indugdo da apoptose (ROSSIGNOL; FRYE, 2012), sendo tais alteragdes comumente
implicadas no TEA e TDAH, podendo ser induzidas principalmente pela exposicéo a pesticidas
(FRANCO et al., 2009b; ROHLMAN; ANGER; LEIN, 2011). O mecanismo do estresse
oxidativo no TEA esté ilustrado na Figura 4 abaixo.
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Aumento da oxidagdo de lipidios, proteinas e DNA

Estresse oxidativo no autismo

Figura 4. Mecanismos de estresse oxidativo no Transtorno do Espectro Autismo Fonte:

Adaptado de ESSA & QORONFLEH, (2020).

Inimeros estudos realizados apontam o estresse oxidativo como um importante
contribuinte do TEA e TDAH (AL-AMIN et al., 2015; PARKER et al., 2017; ROSE et al.,
2012), no qual a utilizacdo de modelos com alteracBes genéticas e modelos com exposicdo a
produtos quimicos, demonstram alteracfes em marcadores como substancias reativas ao acido
tiobarbitirico (TBARS), ROS, os quais promovem alteragdes nos niveis de dopamina e na
atividade de enzimas como: AChE, GST SOD e CAT.

(HAMILTON et al., 2013; KARVAT; KIMCHI, 2014; SHARMA; RAHI; MEHAN, 2019;
WANG et al., 2019).

O dano oxidativo causado atraves da disfungdo mitocondrial e auto-oxidagdo de dopamina,
assim como a agregacao de a-sinucleina, juntamente com a neuroinflamagéo e com a ativagéao
de oxidases dependentes de NADPH, possuem importante contribuicdo para a morte celular
dopaminérgica (JUAREZ OLGUIN et al., 2016; LABANDEIRAGARCIA et al., 2014). A
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dopamina vem sendo largamente associada ao TEA e TDAH, na qual muta¢des nos genes da
sinalizacdo deste neurotransmissor, bem como o desequilibrio dopaminérgico, foram
associados a esses transtornos (NAKAMURA et al., 2010; PAVAL, 2017).

2.1.6 Imidacloprida

Os neonicotindides atuam como agonistas seletivos de receptores de acetilcolina de
insetos, onde a ativacdo persistente ocasiona uma hiperexcitagdo do sistema nervoso,
culminando em convulsdes, paralisia e morte (FFRENCH-CONSTANT et al., 2016) .

A estrutura quimica dos neonicotindides é composta por quatro componentes estruturais
distintos: (a) um grupo heteroarilmetil ou heterociclilmetil, (b) um ligante flexivel, (c) um anel
de cinco/seis membros ou um sistema de cadeia aberta e (d) um farmacéforo nitro/ciano (Figura
5). O anel cloro-piridina do imidacloprida é essencial para fornecer fotoestabilidade
(YAMAMOTO & CASIDA, 1999).

b
a
(a) A fracdo 6 -cloropiridin-3-ilo, (b)
ponte de metileno, (c) anel de
imidazolidina,e (d) o nitro -imino
Cl eletronegativo.

Figura 5: Componentes estruturais dos neonicotindides (exemplo Imidacloprida).

Fonte: Adaptado de Fusetto, R. (2017).

Desta forma devido a sua agdo neurotdxica, 0s neonicotinoides atuam sobre a
neurofisiologia dos insetos, podendo atuar juntamente aos organismos ndo alvos, como por
exemplo, os insetos benéficos, tais como as abelhas (DESNEUX; DECOURTYE; DELPUECH,
2007).

Essa classe de inseticida/pesticida possui como principal representante o imidacloprida,
devido ao fato de ter sido o primeiro neonicotinoide introduzido no Japéo e na Europa em 1990
e comercializado nos EUA no ano de 1992 (OBANA, et al., 2003). O imidacloprida 1 (6-cloro-
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3-piridinil) metil) -N-nitro-2-imidazolidinimina (Figura 6), vem sendo amplamente utilizado
mundialmente para protecao de culturas devido a sua baixa persisténcia no solo, alta atividade
inseticida e baixa taxa de aplicacdo (LEE CHAO; CASIDA, 1997).

C

Figura 6: Estrutura molecular do imidacloprida.

Fonte: AMARAL, P.O (2017).

Devido a sua toxicidade seletiva para insetos, a utilizacdo deste inseticida vem
aumentando globalmente, sendo amplamente utilizado para o controle de insetos sugadores nas
agriculturas, bem como injec6es de solo e arvores, além do tratamento de sementes revestidas
com pesticidas, apresentando assim alta afinidade aos receptores nicotinicos de acetilcolina dos
insetos conforme ilustrado na Figura 7, entretanto para humanos aparentemente é considerado
seguro (CROSBY et al., 2015; FFRENCHCONSTANT et al., 2016; TOMIZAWA; CASIDA,
2005).
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1. Vesiculas de acetilcolina 3. Receptores nicotinicos abertos
2. Imidacloprida 4. Estimulagao neuromuscular constante

Figura 7: Mecanismo de acdo do imidacloprida.

Fonte: https://blogparapet.wordpress.com/endectoparasitarios/imidacloprida

Os neonicotinodides atuam no sistema nervoso central, com exposic¢do pré-natal e pos-
natal levando a déficits neurocomportamentais em modelos de peixe-zebras. Entretanto os
efeitos dos neonicotindides no desenvolvimento neurocomportamental em vertebrados nao
foram bem caracterizados, e suposi¢des sobre sua seguranca foram feitas na auséncia de uma
investigacdo completa (CROSBY et al., 2015).

Com relacdo ao imidacloprida, as evidéncias toxicoldgicas revelam claramente que a
genotoxicidade, as quebras diretas do filamento &cido desoxirribonucleico e a mutacao
cromossomo/genoma podem ser ocasionadas por esse produto quimico, bem como induzir
mutagenecidade, estresse oxidativo, imunotoxicidade desenvolvimental e inflamacdo no
sistema nervoso central em organismo ndo-alvo (FENG et al., 2005; GAWADE et al., 2013;
KAPOOR; SRIVASTAVA; SRIVASTAVA, 2011).


https://blogparapet.wordpress.com/endectoparasitarios/imidacloprida/
https://blogparapet.wordpress.com/endectoparasitarios/imidacloprida/
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Um estudo realizado demonstra que a exposi¢cdo prolongada a doses baixas de
imidacloprida podem causar alteracbes no figado, reducdo do peso corporal, toxicidade
reprodutiva além de retardo desenvolvimental e déficits neurocomportamentais em ratos
(DUZGUNER; ERDOGAN, 2012).

Uma vez que o imidacloprida é rapidamente absorvido pelo trato gastrointestinal, e
uniformemente disseminado nos Orgdos e tecidos, sendo as maiores concentracfes de
imidacloprida encontradas no figado e rins, sendo estes 6rgaos responsaveis pela eliminacédo de
substancias (SHEETS, 2010).

2.1.7 Relacdo entre pesticidas e doencas neurodegenerativas

Os disturbios neurodegenerativos sao definidos a partir de doencas que possuem a perda
de células neuronais em inlmeras areas do cortex, entre elas os ganglios basais, cerebelo, tronco
cerebral e sistemas locomotores, acarretando em disfungdo do sistema nervoso (BROWN;
LOCKWOOD; SONAWANE, 2005). Danos causados a membranas de organelas, bem como
disfungdo mitocondrial e o estresse oxidativo podem contribuir consideravelmente para a
manifestacdo de doencas neurodegenerativas (KHANAM et al., 2016). A origem da maior parte
dos distarbios neurodegenerativos é multifatorial, consistindo em uma interagdo entre fatores
ambientais e genéticos (KIM; LEE; PARK, 2017). Logo o papel da exposicao a pesticidas na
ocorréncia de disturbios neurodegenerativos tem sido pressuposta ha muito tempo, entretanto
0s agentes causadores especificos, assim como 0s mecanismos moleculares até este momento
ndo sio completamente compreendidos (PARRON et al., 2011).

A exposicdo a concentracfes baixas de pesticidas pode danificar células cerebrais
gerando uma perda de neurdnios em regibes especificas do cérebro resultando em prejuizos
cognitivos e de memdria, assim como atencdo e funcdo motora (HAYDEN et al., 2010). Os
pesticidas possuem mecanismos de neurotoxicidade como processos inflamatorios, estresse
oxidativo resultando em apoptose celular (ABDOLLAHI et al., 2004; FRANCO et al., 2009a).

Tem surgido um crescente aumento em estudos relacionados a exposi¢do ambiental a
pesticidas durante a gravidez e os primeiros anos de vida, sugerindo essa exposi¢do como um
fator de risco ambiental para o desenvolvimento do TEA e TDAH (ROBERTS et al., 2007,
SHELTON et al., 2014; VON EHRENSTEIN et al., 2019).

Inimeros estudos experimentais utilizando exposi¢Ges a certos pesticidas sugerem
alteracdes em neuroproteinas, alteragdo na expressdo de genes além de anormalidades

comportamentais, em diferentes modelos experimentais como ratos, camundongos e
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recentemente Drosophila melanogaster (DE FELICE et al., 2016; KIM; LEE; PARK, 2017;
LEE et al., 2015).

Dois estudos realizados em ratos através da exposi¢do pré natal a pesticidas como
dieldrin demonstraram que essa exposi¢cdo promoveu alteracbes como redugdo na capacidade
de ligacéo ao receptor GABAA, além de alteracbes da composicdo das subunidades dos seus
receptores (BRANNEN et al., 1998; LIU et al., 1998). Outro estudo, utilizando culturas
neuronais in vitro mostraram que pesticidas como dieldrin e endosulfan produziram aumento
da fosforilagcdo da Akt (uma proteina quinase responsavel por diversos processos celulares como
apoptose, proliferacao, entre outras), sendo esse efeito mediado pela ativacdo do ERpB (um dos
dois principais tipos de receptor de estrogénio), os quais ativam o ERK1/2 (quinase 1 e 2
regulada extracelularmente), através de um mecanismo que envolve GABAA e receptores de
glutamato (BRIZ et al., 2011), onde a diminuicao de ligaces ao GABA em humanos contribui
para o tdnus muscular improprio, o qual é observado em uma grande parte de individuos com
TEA (MING; BRIMACOMBE; WAGNER, 2007).

Com relagéo a exposigdes ao imidacloprida existem dados limitados, devido ao fato
desse pesticida ser relativamente novo em comparagdo a outros quimicos utilizados, ha na
literatura uma pesquisa realizada por Keil; Daniels; Hertz-Picciotto (2014), no qual propde que
essa exposicdo pode contribuir para o desenvolvimento desses transtornos, e deve ser estudada
mais a fundo, outro estudo recentemente realizado com a Drosophila melanogaster demonstrou
alteracdes nas interacgdes sociais, aumento da velocidade e distancia de véo e mobilidade quando
comparadas as moscas controle, sendo esses indicativos de mudancas comportamentais na
mosca semelhantes as mudancas comportamentais observadas em criancas com TEA e TDAH
(KEIL; DANIELS; HERTZ-PICCIOTTO, 2014; KIM; LEE; PARK, 2017).

2.1.8 Drosophila melanogaster

A Drosophila melanogaster, popularmente conhecida como mosca da fruta, pertence a
subespécie Diptera da familia Drosophilidade, sendo encontrada em diversas partes do mundo.
Estudos relacionados a analises genéticas, moleculares e comportamentais realizadas ao longo
de um século mostram que a Drosophila melanogaster possui uma elevada similaridade com
os mamiferos (HIRTH, 2010).

A mosca da fruta dispde de ferramentas genéticas potentes as quais muitas vezes séo
impraticaveis em mamiferos, também apresenta um ciclo de reproducéo e crescimento rapido

conforme demonstrado na Figura 8, e apresenta facilidade de manutencdo em laboratério e
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baixo custo. Além disto, as moscas sdo capazes de exercer comportamentos motores complexos,
tal como caminhar, escalar e voar, memoria e agressividade, apresentando uma complexidade
em seu cérebro o suficiente para tornar esses comportamentos relevantes para os seres humanos
(MUNOZ-SORIANO; PARICIO, 2011).
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Figura 8: Ciclo de vida da Drosophila melanogaster.

Fonte: https://dendroterra.jimdofree.com/art%C3%ADculos/droshophila-alimento-vivo

Drosophila melanogaster ¢ uma espécie dimdrfica, em que machos e fémeas sdo
distinguidos com base em caracteristicas morfoldgicas. O corpo da mosca adulta é dividido em
trés partes principais: cabeca, torax e abdémen (Figura 9A). As fémeas sdo frequentemente
maiores que os machos. Nos machos os segmentos finais do abdémen sdo completamente
escuros, a genitalia do macho, conhecida como epandrium, é maior, mais complexa e mais
escura do que a da fémea e em ambos 0s sexos possuem listras transversais no lado dorsal de
cada segmento abdominal. As fémeas apresentam um abddémen pontiagudo enquanto que o
abdémen do macho é arredondado. (Figura 9B) (CHYB e GOMPEL, 2013).


https://dendroterra.jimdofree.com/art%C3%ADculos/droshophila-alimento-vivo
https://dendroterra.jimdofree.com/art%C3%ADculos/droshophila-alimento-vivo
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Cabeca

Térax

Abdémen

Figura 9: Drosophila melanogaster. A) Estrutura do corpo da mosca dividido em trés partes principais,
cabeca, tdrax e abddmen. B) Diferencas morfoldgicas entre machos e fémeas.

Fonte: Adaptado de Chyb e Gompel (2013).

O sequenciamento do genoma das moscas demonstra que a Drosophila melanogaster
possui 75% de genes similares relacionados a doencas em humanos, além disso apresenta
resposta para muitas drogas que atuam no sistema nervoso, demonstrando efeitos semelhante
aos observados em sistemas de mamiferos, tendo assim grande potencial para ser utilizada como
modelo de doenga humana (PANCHAL; TIWARI, 2017; PANDEY; NICHOLS, 2011). Neste
contexto, nos Gltimos anos a Drosophila melanogaster vem sendo utilizada como modelo
experimental no estudo de diversas doencas neurodegenerativas, como a doenca de Parkinson,
Alzheimer, Depressdo entre outras (HIRTH, 2010; PANCHAL; TIWARI, 2017).

Estudos envolvendo a exposicdo de farmacos em Drosophila melanogaster sao
realizados principalmente através da adicdo ao alimento das moscas. Outras vias como a
exposicao da mosca a produtos quimicos vaporizados, bem como a administracdo do farmaco
através de injecdo ou no pescoco de uma mosca decapitada sdo menos utilizadas (MANEV;
DIMITRIEVIC; DZITOYEVA, 2003; PANDEY; NICHOLS, 2011).

O uso da Drosophila melanogaster como modelo experimental ressalta a importancia
da utilizagdo de modelos alternativos, uma vez que por se tratar de insetos também contribuem
para o0 ensino, onde o estudo dos insetos € abordado em disciplinas presentes na matriz
curricular de muitos cursos do ensino fundamental, médio e superior, outra vantagem
consideravel é o fato de nfo ser necesséario a aprovacio pelo Comité de Etica no Uso de
Animais, substituindo assim o uso de camundongos e ratos para estudos experimentais, dessa

forma o conjunto de vantagens exemplificam as raz6es pelas quais a Drosophila melanogaster



tem gerado contribuigdes relevantes para a pesquisa,
BERSON; BONINI, 2015).
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(MATOQOS, et al., 2009; MCGURK;
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3. JUSTIFICATIVA

O TEA e o TDAH séo transtornos neurodesenvolvimentais que afetam criancas e
adolescentes, trazendo inimeros impactos a vida desses individuos, como prejuizos escolar,
familiar e social. Tendo-se o conhecimento de que ainda existe pouco entendimento sobre as
reais causas desses transtornos e que, os estudos relacionados em sua grande maioria se dédo
basicamente através da utilizacdo de camundongos ou ratos onde, a maioria dispde da utilizacdo
de animais com alteracBes genéticas, e que, tem-se relatado a possivel contribuicdo de
contaminantes quimicos como pesticidas, faz-se necessario a utilizacdo de modelos alternativos
para estudar os mecanismos envolvidos nesses transtornos. Assim a utilizacdo da Drosophila
melanogaster juntamente com a exposicdo ao imidacloprida podem fornecer dados sobre 0s
mecanismos de acdo do imidacloprida, mas principalmente 0os mecanismos envolvidos nesses
disturbios, além corroborar a utilizagdo da Drosophila melanogaster como modelo
experimental de TEA e TDAH.
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4. OBJETIVOS

4.1.1 Objetivo geral

O presente estudo tem por objetivo corroborar a acdo do imidacloprida como modelo
quimico de disturbios neurodesenvolvimentais, no nivel comportamental, mas principalmente
investigar alteragdes neuroquimicas induzidas pela exposicdo ao imidacloprida, que estdo

relacionadas aos sintomas de TEA e TDAH em Drosophila melanogaster.

4.1.2 Objetivos especificos

. Avaliar o efeito da exposicdo ao imidacloprida em analises in vivo sobre o
comportamento locomotor, exploratério, agressividade, interacdo social, grooming e ansiedade
na progénie de Drosophila melanogaster;

. Avaliar a atividade ex vivo da AChE na progénie de Drosophila melanogaster
exposta ao imidacloprida;

. Avaliar os niveis de dopamina ex vivo na progénie de Drosophila melanogaster
exposta ao imidacloprida;

. Avaliar indicadores de estresse oxidativo ex vivo na progénie de Drosophila
melanogaster exposta ao imidacloprida;

. Avaliar a viabilidade celular ex vivo na progénie de Drosophila melanogaster
exposta ao imidacloprida.
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Abstract

Neurodevelopmental disorders such as Autism Spectrum Disorder (ASD) and
Attention Deficit Hyperactivity Disorder (ADHD) are considered the main constituents of
neurological disorders, in which the child exhibits behavior deficits. Imidacloprid is an
insecticide that belongs to the neonicotinoid family, it is a nicotinic acetylcholine receptor
agonist and it is capable of causing behavioral changes in Drosophila melanogaster, which are
similar to the ASD and ADHD human phenotypes. Thus, the aim of the present study is to
corroborate the action of imidacloprid as a chemical model of neurodevelopmental disorders,
at the behavioral level, but mainly to investigate neurochemical changes induced by exposure
to imidacloprid, which are related to ASD and ADHD symptoms in Drosophila melanogaster.
Virgin and male fruit flies of 3 days old were divided into four groups and exposed to either a
standard diet (control) or a diet containing imidacloprid (200, 400 or 600 pM) for 7 days.
After progeny hatching, the flies were submitted to in vivo (hegative geotaxis, open-field,
social interaction, aggressiveness, light/dark and grooming) and ex vivo [food consumption,
dopamine levels, acetylcholinesterase (AChE) activity, oxidative stress indicators (superoxide
dismutase, SOD; catalase, CAT; glutathione S-transferase, GST; reactive oxygen species, ROS;
thiobarbituric acid reactive substances, TBARS; and Protein and non-protein thiols, PSH and
NPSH) and cell viability (resazurin)] assays. The ones exposed to imidacloprid showed an
increase in hyperactivity (geotaxis and open-field task), aggressiveness, anxiety and
repetitive movements, as well as, a decrease in social interaction in the flies’ progeny.
Furthermore, the flies exposed to imidacloprid decreased dopamine levels and cell
viability and increased oxidative stress (ROS and TBARS), however, AChE, CAT and

GST activity and PSH and NPSH remained unchanged. These results suggest the involvement
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of dopamine and oxidative stress as a possible mechanism of action for behavioral damage

similar to ASD ADHD induced by imidacloprid in Drosophila melanogaster.

Keywords: Pesticides, Neonicotinoid, Autism Spectrum Disorder, Attention Deficit

Hyperactivity Disorder, Dopamine, Acetylcholinesterase.
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1. Introduction

Neurodevelopmental disorder refers to a group of disorders that affect the development
of the central nervous system, which provoke brain dysfunction with early onset and the most
common are Autism Spectrum Disorder (ASD) and Attention Deficit Hyperactivity Disorder
(ADHD) (Luke et al., 2012). The ASD is a clinical condition determined by persistent deficits
in communication and social interaction, such as the presence of repetitive patterns and
restrictions on use, interests and/or activities (American Psychiatric Association, 2013). While
the main feature of ADHD is a persistent pattern of inattention and/or hyperactivity-impulsivity,
which is more frequent and severe than the usual in individuals with a comparable level of
development (Polanczyk et al., 2007). In both disorders, these symptoms are already present in
the early childhood and limit daily functioning (American Psychiatric Association, 2013;
Faraone and Mick, 2010). In the last 40 years, the rate of individuals diagnosed with ASD has
increased significantly. According to a survey carried out in 2016 in the United States, the
prevalence of ASD is approximately 1 in 40 children (Schmidt et al., 2017).

The causes of ASD and ADHD remain unknown, however, several studies consider the
involvement of multiple genes (heritability) and environmental factors, making their etiology
complex and not yet fully understood (Hallmayer, 2011; Sandin et al., 2014). Increased
oxidative stress, as well as changes in dopamine levels are known to be strongly associated with
ASD and ADHD (Campbell et al., 2019; Hoyer et al., 2008). Regarding environmental factors,
possible culprits include environmental pollutants such as pesticides, heavy metals, particulate
materials, among others (Lee et al., 2015; Richardson et al., 2015). Evidence demonstrates that
prenatal or early childhood exposure to low doses of different types of pesticides has been
associated with brain dysfunction and increases in neurocognitive and behavioral deficits, such

as ASD and ADHD (Abou-Donia et al., 2008; Keil et al., 2014; Philippat et al., 2018; Saez et
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al., 2018; Schmidt et al., 2017). In line with this view, the offspring from pregnant rats after a
single intraperitoneal dose of imidacloprid produces neurobehavioral deficits and an increased
expression of GFAP in several brain regions (Abou-Donia et al., 2008), furthermore,
neonicotinoid pesticides have been detected in human urine (Taira et al., 2013; Ueyama et al.,
2014).

Imidacloprid is an insecticide that belongs to the neonicotinoid family, which is widely
used for crop protection due to its low soil persistence, high insecticide activity and low
application rate (Lee Chao and Casida, 1997). Imidacloprid is capable of causing
neurobehavioral deficits due to the fact that it belongs to the family of neonicotinoids, which
acts on the central nervous system as a potent nicotinic acetylcholine receptor agonist (Mengoni
and Farina, 2015). In this sense, interestingly, the exposure to imidacloprid causes behavioral
changes in Drosophila melanogaster similar to the ASD and ADHD human phenotypes (Kim
etal., 2017).

The use of Drosophila melanogaster as a study model has increased over the past few
years due to some important points. Firstly, the fly's genome has been fully sequenced,
presenting a genetic similarity of approximately 75% related to diseases in humans. Secondly,
it presents a response to various drugs that act on the nervous system, showing effects similar
to those observed in mammalian systems. Thirdly, researchers were able to demonstrate
innumerable human behaviors in Drosophila melanogaster, such as repetitive behavior,
learning, memory, aggressiveness and others (Roberts et al., 2019; Tauber et al., 2011; Tully et
al., 1994). Due to the complexibility of ASD and ADHD, as well as, the neurochemical dosing
considered unethical, it has been difficult to carry out mechanistic studies in humans (Roberts
et al.,, 2019). This makes the search for alternative models for ASD and ADHD,such as

Drosophila melanogaster, even more important..
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Thus, Imidacloprid can be a useful tool for a chemical model that allows the assessment
of environmental factors on ASD and ADHD in Drosophila melanogaster, beyond the
evaluations with genetic models already described. However, there is only the study by Kim et
al., (2017), about the effects of imidacloprid, requiring a greater understanding of its action as
a chemical model for neurodevelopmental disorders in Drosophila melanogaster. Thus, the aim
of the present study is to corroborate the action of imidacloprid as a chemical model of
neurodevelopmental disorders, at the behavioral level, but mainly to investigate neurochemical
changes induced by exposure to imidacloprid, which are related to ASD and ADHD symptoms
in Drosophila melanogaster. Thus, throughout the present study, the effect of imidacloprid
exposure at different concentrations on behavior and biochemical markers was evaluated, in
order to generate knowledge about the action of imidacloprid to consolidate an experimental

model of ASD and ADHD in Drosophila melanogaster in the future.

2. Materials and Methods

2.1 Materials

The imidacloprid was obtained from Sigma-Aldrich (St. Louis, MO, USA) and diluted

in 0.0001% dimethyl sulfoxide (DMSQO). All the other reagents used were of analytical grade.

2.2 Drosophila melanogaster Stock and Culture

The fruit flies (Drosophila melanogaster - wild-type - Harwich strain) of both sexes (1

to 3 days old) used were obtained from the National Species Center (Bowling Green, Ohio,

USA), maintained under controlled light conditions (12 hours light / dark cycle), temperature
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(25 £ 1°C) and 60% humidity and fed with a standard diet (76.59% cornmeal, 8.51% wheat

germ, 7.53% sugar, 7.23% milk powder, 0.43% salt and 0.08% methylparaben).

2.3 Exposure treatment with Imidacloprid

A response-concentration curve of imidacloprida was performed from the lowest effect
concentration observed (LOEC) by (Charpentier et al., 2014), to evaluate the effect and to
define the concentration that causes behavioral and neurochemical changes similar to ASD and
ADHD human symptoms. To obtain progeny (F1), virgin and male flies up to 3 days old were
used, in the proportion of 5: 1, kept in a standard diet as described by (Kaur et al., 2015) with
modifications. The flies were divided into four groups (50 flies each) exposed to: (1) control
(standard diet only); (2) Imidacloprid 200 pM; (3) Imidacloprid 400 pM; (4) Imidacloprid 600
pM for 7 days. After the exposure, the progenitors (FO) were discarded and the vials were kept
under observation at controlled temperature until the progeny hatched. The progeny of both
sexes up to 3 days of age was submitted to in vivo (negative geotaxis, open-field, social
interaction, aggressiveness, light/dark and grooming) and ex vivo [food consumption,
dopamine levels, AChE activity, oxidative stress indicators (superoxide dismutase, SOD;
catalase, CAT; glutathione S-transferase, GST; reactive oxygen species, ROS; thiobarbituric
acid reactive substances, TBARS; and Protein and non-protein thiols, PSH and NPSH) and cell

viability (resazurin)] assays. The treatment scheme is shown in Figure 1.
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2.4 In vivo assays

24.1 Negative geotaxis assay

The negative geotaxis test was performed to evaluate the fly's ability to climb, as
described by (Bland et al., 2014), with minor modifications. Briefly, for each assay, 5 flies from
each group were individually immobilized on ice and placed separately in a vertical glass test
tube with a diameter of 1.5 cm. After 10 minutes, the flies were gently tapped to the bottom of
the tube and the time required to climb up to the mark of 8 cm of the tube wall was recorded.
The test was repeated five times each during 120 seconds and a 1 minute interval. Data were

analyzed according to the average time of each fly.

2.4.2 Open field test

To evaluate locomotor and exploratory activity the open field test was performed as
described by Connolly, (1966), with modifications by (Musachio et al., 2020). Fifteen flies per
group were used in five independent experiments, totaling 75 flies per group for the test. Each
fly was immobilized on ice and transferred to a Petri dish divided by squares measuring 1x1
cm, after 5 minutes of recovery, the number of crossing of each fly was determined during 60

seconds. The test was performed in duplicate and the average values were calculated.
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24.3 Grooming

The repetitive behavior test was determined by Drosophila melanogaster’s cleaning
activity, as described by Tauber et al. (2011), with modifications. Five individual flies of both
sexes were used to perform the test. The time each individual fly performed "self-cleaning"
movements was recorded for 2 minutes. The test was performed in duplicate, and the data were

analyzed according to the average "self-cleaning” movement time.

24.4 Social interaction

To assess the sociability of the flies, the social interaction test was performed using
vertical triangular chambers as described by Simon et al., (2012), with some modifications. Ten
female flies per group were immobilized on ice, transferred to the triangular chambers and after
30 minutes of adaptation an image was recorded with a digital camera. Digital images were
imported into ImageJ software (NIH, rsbweb.nih.gov/ij) and analyzed for distances (cm) from

the nearest neighbors (Burg et al., 2013).

2.4.5 Aggressiveness test

The aggressiveness test was performed with a pair of male flies from each group, with
ten flies per group evaluated, totaling 50 flies representing four independent experiments. The
flies were left in test tubes for 90 minutes without food before the start of the test. They were
then transferred to a circular combat chamber with a radius of 45 mm and a height of 12 mm
containing a drop of food. The flies were allowed to acclimate for 2 minutes and afterwards,

they were observed during 5 minutes. The following behaviors were considered aggressive
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encounters: leg extension from one fly to another resulting in physical contact, stalking, rapid
loading approach leading to direct orientation, wing raising in response to the
proximity/approach of both flies. Data were recorded according to the number of encounters
that exhibited aggressive behavior among the observed flies (Edwards et al., 2006; Machado et

al., 2018).

2.4.6  Light/Dark test

This experiment was conducted as described by (Edwards et al., 2018; Neckameyer e
R. Nieto-Romero, 2015), with some adaptations. To observe the anxiety behavior in the flies,
the light/dark test was performed using a box, which consisted of a dark compartment made of
black material and a light compartment made of white material. The box was 12 cm length, 8.2
cm wide and 42 cm high and the two compartments were connected by an opening. The light
intensity in the light compartment was 16 W. Five flies from each group were used for the test.
At the beginning of the experiment, each fly was placed in the center of the lighted box facing
the opening. During the 3 minutes test, a fly was considered to have entered the lighted or dark
compartment when both front legs were within the compartment. The amount of time spent in

the dark compartment was recorded.

2.5 Ex vivo assays

2.5.1  Homogenate preparation

Sample preparation was performed immediately after the behavioral tests, where flies

from each experimental group were separated and immobilized by freezing on ice. Thereafter,
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the head and body regions were carefully separated, homogenized in a HEPES buffer (20 mM,
pH 7.0), 10:1 (flies/volume pL) for 2 minutes and centrifuged according to each analysis
protocol. After the centrifugation, the supernatant was removed and used for biochemical
assays. The protein content was verified colorimetrically using the method by Bradford, (1976),
with bovine serum albumin (1 mg/mL) as standard. All experiments were performed in

duplicate.

2.5.2 Food consumption

Food consumption was assessed according to Lushchak, Rovenko, Gospodaryov, &
Lushchak, (2011), with adaptations. Groups of 15 flies were fasted for 30 minutes prior to the
test, and afterwards they were exposed to the aforementioned media with the addition of 0.5%
FD & C Blue N°1 (FCF Brilliant Blue) dye and allowed to feed on this medium for 2 hours.
After the feeding period, each group of flies was immediately frozen in ice. The 15 headless
flies were homogenized in 200 puLL of 20 mM HEPES, pH 7.5, centrifuged at 14,288-x g for 15
minutes, and the supernatant was measured in a 96-well microplate reader at 629 nm. The
optical density of the flies” homogenates that consumed the corresponding diets without the dye
was used as a blank. A total of 480 flies were used, with 120 flies for each treatment group. The
consumption test is performed to eliminate the bias that the flies may not be consuming the diet
containing the damage causing agent.

25.3 Determination of Dopamine levels by HPLC-DAD

To determine dopamine levels using high performance liquid chromatography (HPLC),
30 head of flies per treatment group were homogenized in 0.9% NaCl (288 uL) and 0.5 M HCI

(12 pL), the homogenates were centrifuged at 7840-x g for 10 minutes at 4°C. In 0.22-um PTFE
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filters the supernatant was filtered and then stored at 80°C until it was used. The supernatant of
the samples (20 pL) was injected into the HPLC system by an auto sampler device. The YL9100
HPLC system consisted of a vacuum degasser and a quaternary pump connected to a reverse
phase column (Synergi 4 pm Fusion-RP 80 A 4.6 x 250 mm; Phenomenex) coupled to a diode
array detector (DAD). The mobile phase consisted of methanol and water (12:88 v/v) adjusted
to pH 3.0 with phosphoric acid and the flow rate was maintained at 0.8 mL min * (Bianchini et
al., 2019). The detection was performed at 198 nm, and the results of the dopamine levels were

expressed as pug/mg protein.

25.4 Acetylcholinesterase (AChE) activity

AChE activity was measured according to the method described by (Courtney and
Francisco, 1961), using acetylthiocholine iodide as substrate. The head and body samples were
centrifuged at 78-x g for 5 minutes. The reaction was monitored and carried out for 2 minutes
at 412 nm by the release of thiol compounds, which reacted with 5,5'-dithiobis- (2-nitrobenzoic
acid) (DTNB), producing the thionitrobenzoic acid colored product. Enzyme activity was

expressed in nmol protein/mg/min.

255 Determination of Superoxide Dismutase (SOD) Activity

The determination of SOD activity was performed as described by (Kostyuk &
Potapovich, 1989), by homogenizing ten flies from each group that had their heads and bodies

separated and adding 100 pL and 400 pL of 20 mM HEPES buffer (pH 7.0) on the head and
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body respectively. Then, the samples were centrifuged at 15,366-x g for 10 minutes at 4°C. The
reaction mixture contained sodium phosphate buffer (0.025M/0.1mM EDTA, pH 10.0), N, N,
N, Ntetramethylethylenediamine (TEMED) and 10 pL of sample and it was started by adding
0.15% quercetin dissolved in dimethylformamide. At the moment of sample reading quercetin
was added and monitored for 2 minutes at 406 nm. SOD activity was measured by monitoring
quercetin auto-oxidation inhibition, as described by Franco et al. (2009), with modifications.
Results were expressed in terms of the amount of protein required for 50% of quercetin
oxidation inhibition. Four independent experiments were performed (10 flies per group).

Enzyme activity was expressed in mU/mg protein.

2.5.6 Determination of Catalase (CAT) Activity

Catalase activity was measured following the method described by (Aebi, 1984), with
modifications. Ten flies from each group had their heads and bodies separated, homogenized
in 100 pL and 400 uL 20 mM HEPES buffer (pH 7.0) respectively, and centrifuged at 15,366-
x g for 10 minutes at 4°C. Subsequently, a potassium phosphate buffer solution (0.25M/2.5mM
EDTA, pH 7.0), 30% hydrogen peroxide (H202) and Triton X-100 were prepared. This solution
was added to the supernatant and the samples were monitored at 240 nm for 2 minutes. Four
independent experiments (10 flies per group) were performed. Enzyme activity was expressed

in mU/mg protein.

2.5.7 Determination of Glutathione S-Transferase (GST) Activity

For the evaluation of GST activity ten flies from each group had their heads and bodies

separated and homogenized in 100 pL and 400 uL 20 mM HEPES buffer (pH 7.0) respectively.
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They were then centrifuged at 15,366-x g for 10 minutes at 4°C. After the centrifugation, the
supernatant removal was performed, samples were prepared containing 0.25 M Kpi/EDTA
buffer (2.5 mM, pH 7.0), distilled water and 100 mM GSH, and 1-chloro-2-4-dinitrobenzene
(50 mM CDNB) was added as substrate and monitored at 340 nm for 2 minutes. The GST
activity assay was performed as described by (Habig, W. H., Pabst, M. J., Jakoby, 1974). Four
independent experiments were performed (10 flies per group). Enzyme activity was expressed

as GST activity (nmol/mg protein).

2.5.8 Levels of Reactive Oxygen Species (ROS)

Fifteen flies per group were used and homogenized in 1000 pL10 mM Tris buffer, pH
7.0 and centrifuged at 999-x g for 5 minutes at 4°C. The quantification of the DCF-DA
oxidation assay was monitored as a general index of oxidative stress according to the protocol
proposed by Pérez-severiano et al., (2004). After one hour, the fluorescence emission resulting
from DCF-DA oxidation was monitored, the reading was performed in excitation at 485 nm
and 530 nm emission in the spectrophotometer using an EnsPireR multimode microplate reader
(Perkin Elmer, USA). The rate of DCF formation was calculated as a percentage of fluorescence

treatment relative to the control group. Three independent experiments were performed (20 flies

per group).

2.5.9 Determination of thiobarbituric acid reactive substances (TBARS)

Lipid peroxidation was assessed by measuring thiobarbituric acid reactive substances

(TBARS) according to the method described by (Ohkawa et al., 1979) with minor

modifications. Twenty flies from each group had their heads and bodies separated and
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homogenized in 120 pL 20 mM HEPES buffer (pH 7.0) and the 20 bodies in 400 pL 20 mM
HEPES buffer (pH 7.0) were subsequently centrifuged at 78-x g for 10 minutes at 4°C. The
supernatant was removed and then thiobarbituric acid (TBA 0.8%, pH 3.2), acetic acid/HCI
(20%, pH 3.4) and sodium sulfate (SDS 8.1%) were added. Then the samples were incubated
for two hours at 95°C and the absorbance was measured in a 532 nm microplate reader. TBARS

values were normalized by protein concentration and expressed in nmol MDA/mg protein.

2.5.10 Content of Protein (PSH) and non-protein (NPSH) thiols

The determination of non-protein (NPSH) and protein (PSH) thiol was estimated as
described by (Ellman, 1959). Briefly, 35 flies’ heads were homogenized in 350 pL Tris buffer
(pH 8.0) and 35 flies” bodies were homogenized in 1400 pL Tris buffer (pH 8.0) and centrifuged
at 7,840-x g. For protein thiol measurements, the supernatant was used (the pellet was reserved
for later use) and 5'M 5.5 'dithiobis-2-nitrobenzoic acid (DTNB) was added for 15 minutes at
room temperature protected from light and the reading was performed by a spectrophotometer
at 412 nm. For non-protein thiol measurements from previous samples, the pellet was
resuspended in 0.5 M Tris/HCI pH 8.0 buffer, the supernatant was removed and added to the 5
mM DTNB, and leftl5 minutes at room temperature protected from light and reading was

performed by spectrophotometry at 412 nm.

2.5.11 Cell viability

Cell viability was measured using a method based on the ability of viable cells to reduce

rezasurin to resorufin, a fluorescent molecule (Franco et al., 2009). Twenty flies per group had

their heads and bodies separated and homogenized in 100 pL 20 mM Tris buffer (pH 7.0), and
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400 puL 20 mM Tris buffer (pH 7.0) respectively. Afterwards, they were centrifuged at 999-x g
for 10 minutes at 4°C. Subsequently, the samples were incubated in ELISA plates with 180 pL
20 mM Tris buffer (pH 7.0) and 10 pL rezasurine for 1 hour. The absorbance was recorded
using a microplate reader at a wavelength of 573 nm. Four independent experiments were

performed (20 flies per group). Data were expressed as resazurin reduction (% control).

2.6 Statistical Analysis

GraphPad Prism 6 software was used for statistical analysis and plotting graphs. The
statistical analyzes were performed by a one-way analysis of variance (ANOVA), followed by
Tukey's post hoc test, depending on the experiment. In addition, the Kruskal-Wallis test was
used, followed by the Post-Hoc Dunnet test for nonparametric data that did not follow a normal
distribution. All data were expressed as mean + S.E.M. or median and interquartile range. We

considered statistically significant values P <0.05.

3. Results

3.1 Behavioural tests and food consumption

Figure 2 (A-G) shows the progeny effect of the flies exposed to imidacloprid (200, 400
or 600 pM) for 7 days on climbing time, crossing number, social interaction, light/dark,
aggressiveness, grooming and food consumption respectively. Statistical analysis (one-way
ANOVA) revealed that exposure to imidacloprid significantly decreased the climbing time [F
(3,16) =5.26; P < 0.05] and increased the crossing number [F (3,16) = 7.35; P < 0.05], the distance

from the nearest fly neighbour (P < 0.05), the time spent in the dark compartment [F (3,16) =
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14.77; P < 0.05], the aggressiveness [F (316) = 40.92; P < 0.05], and time for self-cleaning
movements [F (316) = 7.91; P < 0.05]. However, the statistical analysis did not show a
significant difference between groups for food consumption. Post hoc comparisons showed that
the progeny of the flies exposed to imidacloprid at the concentration of 400 pM, increased
locomotor and exploratory activity in the geotaxis (Fig. 2A) and open field task (Fig. 2B) and
increased the time of self-cleaning movements(Fig. 2F). Furthermore, the progeny of the flies
exposed to imidacloprid at the concentration of 200 and 400 pM, decreased the social
interaction (the distance from the nearest fly neighbour ) (Fig. 2C), compared to the control
group. Likewise, an increase in anxiety was observed, since the flies stayed longer in the dark
compartment (Fig. 2D), as well as an increase in aggressive behaviour (Fig. 2E) in the progeny
of the flies exposed to imidacloprid at the concentrations of 200, 400 and 600 pM, compared to

the control group.

3.2 Dopamine levels

Figure 3 shows the effect of the progeny of the flies exposed to imidacloprid (200, 400
or 600 pM) for 7 days on the dopamine levels of Drosophila melanogaster. Statistical analysis
(one-way ANOVA), followed by Post hoc comparisons, revealed that exposure to imidacloprid,
at concentrations of 200 and 400 pM, significantly decreased the dopamine levels [F (s.12) =

5.39; P < 0.05], compared to the control group.

3.3 AChE activity

Figure 4 shows the progeny effect of the flies exposed to imidacloprid (200, 400 or 600

pM) for 7 days on AChE activity in the head and body of Drosophila melanogaster. Statistical
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analysis (one-way ANOVA) did not show a significant difference between groups for AChE

activity in the head and body, compared to the control group.

3.6 Oxidative stress indicators

Figures 5 (A-J) and 6 (A-D) show the progeny effect of the flies exposed to imidacloprid
(200, 400 or 600 pM) for 7 days on oxidative stress indicators (SOD, CAT, GST, PSH, NPSH,
ROS and TBARS) in the head and body of Drosophila melanogaster. Statistical analysis (one-
way ANOVA) revealed that exposure to imidacloprid significantly decreased SOD activity in
the head [F (3,12) = 10.23; P < 0.05] and body [F (3,12) = 23.92; P < 0.05]. Post hoc comparisons
showed that the progeny of the imidacloprid exposed flies, at 200 and 600 pM concentrations,
decreased SOD activity in the head (Fig. 5A), and body at all the imidacloprid concentrations
(200, 400 and 600 pM) (Fig. 5B), compared to the control group. Imidacloprid did not induce
any alterations for CAT, GST, PSH and NPSH in the head and body (Fig. 5C-J).

Statistical analysis (one-way ANOVA) also revealed that exposure to imidacloprid
significantly increased the ROS levels in the head [F (312) = 11.50; P < 0.05] and body [F (3,12)
=9.68; P < 0.05], as well as, increased the TBARS levels in the head [F (324) =5,78; P < 0.05].
Post hoc comparisons demonstrated that the progeny of the flies exposed to imidacloprid, at
200 and 400 pM concentrations, increased the ROS levels in the head (Fig. 6A) and body (Fig.
6B) and, at the 400 pM concentration, it increased the TBARS levels only in the head (Fig. 6C),
compared to the control group. Imidacloprid did not induce any alterations for TBARS levels

in the flies” body (Fig. 6D).

3.8 Cell Viability
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Figure 7 shows the progeny effect of the flies exposed to imidacloprid (200, 400 and
600 pM) for 7 days on cell viability by the reduction of rezasurin in the head and body of
Drosophila melanogaster. Statistical analysis (one-way ANOVA) revealed that exposure to
imidacloprid significantly decreased rezasurin levels in the head [F (312) = 10.52; P < 0.05],
however, it did not show a significant difference in the body. Post hoc comparisons
demonstrated that the progeny of the flies exposed to imidacloprid, at the concentrations of 400

and 600 pM, decreased the rezasurin levels in the head (Fig. 7A), compared to the group control.

4, Discussion

In the present study we evaluated the progeny effect of imidacloprid exposure on
possible neurochemical mechanisms involved in a developmental disorder model in Drosophila
melanogaster. Exposure to imidacloprid (400 pM) showed to increase locomotor and
exploratory activity and grooming in Drosophila melanogaster (Fig 2A, B and F), which
suggests it causes hyperactivity and stimulates repetitive movements in the flies. It was also
observed that exposure to imidacloprid was capable of causing behavioral changes, such as a
decrease in social interaction (Fig. 2C) and an increase in aggressiveness and anxiety (Fig. 2D
and E). As expected, our results corroborate with the important previous report by Kim et al.
(2017), in which they also observed behavioral changes, which are similar to the human
symptoms of ASD and ADHD in the progeny of the flies exposed to imidacloprid. Thus, as it
has already been demonstrated, a prenatal exposures to several types of pesticides has been
associated with impaired neurodevelopment of ASD and ADHD types in different species such
as, humans, rats and mice (Abou-Donia et al., 2008; De Felice et al., 2016; Roberts et al., 2007).
The present results contribute to the consolidation of such disorders as a neurodevelopmental

disorder model in Drosophila melanogaster.
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However, the most important finding is that this study provides evidence for the
alterations in the dopamine levels (Fig. 3) and oxidative stress (Fig. 5 and 6) in a
neurodevelopmental disorder model induced by imidacloprid in Drosophila melanogaster.
Interestingly, it has been shown that decreased dopamine levels, increased AChE activity along
with oxidative stress and antioxidant enzymes are strongly associated with the ASD and ADH
neurodevelopmental disorders (Al-Amin et al., 2015; Campbell et al., 2019; Gadow et al., 2008;
Karvat and Kimchi, 2014a). This is the first report to describe that behavioral alterations in
Drosophila melanogaster, similar to the symptoms of ASD and ADHD in humans, are
associated with changes in dopamine levels and oxidative stress, after exposure to imidacloprid.

Dopamine is a monoaminergic neurotransmitter that plays a very important role in the
central nervous system, as it is responsible for the regulation of numerous functions such as
cognition, emotion, motor activity and motivation. Changes in dopaminergic signaling are
linked to several neurological disorders, including ASD and ADHD (Hamilton et al., 2013).
Our findings corroborate with previous studies that found lower levels of dopamine in both
patients and rodents with ASD, suggesting that this decrease in neurotransmitters may
contribute to behavioral abnormalities (Gadow et al., 2008; Hara et al., 2015; Lake, 1977
Nguyen et al., 2018). Furthermore, it has been shown that mutations in the genes of the
dopamine transporter, receptors and enzymes involved in dopamine metabolism are associated
with ASD (Anderson et al., 2008; DiCarlo et al., 2019; Gadow et al., 2008; Hansen et al., 2014).
Regarding this point, mutation in the dopamine transporter gene associates dopamine
dysfunction with hyperlocomotion and ASD in Drosophila melanogaster (Bowton et al., 2014;
Campbell et al., 2019; Cartier et al., 2015; Hamilton et al., 2013).

The oxidative stress is considered responsible for the dopamine production system
dysfunction, consequently it decreased the dopamine levels and dopaminergic system

activation, contributing significantly to the development of a series of disorders (Arel-Dubeau
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et al., 2014; Ortiz et al., 2016). The present results showed that a neurodevelopmental disorder
model induced by the exposure to imidacloprid was able to promote an increase in oxidative
stress and lipid peroxidation on ROS and TBARS indicators, as shown in previous studies with
others neurodevelopmental disorders models that simulates ASD and ADHD in humans and
rodents (Mirza and Sharma, 2019; Pamies et al., 2018; Wang et al., 2019). Furthermore,
evidence has shown that exposure to or administration of imidacloprid induces oxidative stress
in different species (Chang et al., 2020; Li et al., 2020, 2019; Mohany, 2011). In this sense, oral
administration of imidacloprid causes oxidative stress and lipid peroxidation in pregnant female
rats and their offspring (Ndonwi et al., 2019). Oxidative stress is an imbalance between the
production of free radicals and antioxidant defenses (Birben et al., 2012). Although most studies
show changes in the activity of the antioxidant enzymes, such as SOD, CAT and GST, after
imidacloprid exposure (EL-Gendy et al., 2010; Emam et al., 2018; Lafi et al., 2018; Wang et
al., 2016), we did not find any changes in the activity of these enzymes or in the non-enzymatic
antioxidant, with the exception of SOD. In line with this view, SOD, GST and CAT activities
are notably increased during initial imidacloprid exposure, however, SOD and GST activities
are inhibited, whereas CAT returns to the control level towards the final period of the exposure
(Ge et al., 2015). Similarly, Christen et al. (2016) recently showed that honey bees exposed to
imidacloprid did not exhibit alterations in the expression of catalase.

We believe that imidacloprid, under the conditions used, such as concentration, form
and time of administration, has an effect on oxidative stress through the generation of reactive
oxygen species and not through the inhibition of endogenous antioxidant defenses. Moreover,
it is necessary to take into account that the antioxidant barriers were not able to express an effect
that compensates for this oxidative imbalance, showing no changes in its activity.
Acetylcholine is a neurotransmitter involved in locomotor activity because it acts on the

neuromuscular junction between the motor nerve and the skeletal muscle in the central nervous
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system by AChE action (Colovic et al., 2013). Once this enzyme is deregulated together with
the cholinergic receptors (muscarinic and nicotinic acetylcholine receptors), numerous
neurological disorders occur, such as Alzheimer's disease, Parkinson's disease, schizophrenia
and, recently, this was expanded to ASD (Kim et al., 2014). Surprisingly, our results showed
that the progeny of the flies exposed to imidacloprid did not alter AChE activity. Studies carried
out with experimental models of neurodevelopmental disorders in mice and rats have shown
that AChE activity is increased in offspring exposed to valproic acid (VPA) (Karvat and
Kimchi, 2014b; Sharma et al., 2019), however, a post-mortem study conducted in humans
revealed that AChE activity had not been altered in the cerebral cortex tissues (Perry et al.,
2001). Furthermore, regarding imidacloprid action on AChE activity there are some conflicting
results. Imidacloprid exposure can significantly increase (Miao et al., 2016), decrease (Topal et
al., 2017) or even have no effect (Gauthier et al., 2018; Rios et al., 2017) on AChE activity.
However, this evidence makes comparing challenging due to the differences in species,
exposure period and concentrations of imidacloprid. Although exposure to imidacloprid did not
alter AChE activity, we cannot rule out that the neonicotinoid had bound continuously to the
receptor, since it is an agonist nicotinic acetylcholine receptor, causing central nervous system
hyperexcitability consequently causing neurological toxicity (Gibbons et al., 2015). Thus, these
events, together with the change in dopamine levels and oxidative stress, may be responsible
for the behavioral damage found.

As expected, our data of food consumption (Fig. 2G) showed that the intake of the
standard diet containing imidacloprid at different concentrations (200, 400 or 600 pM) did not
differ significantly, suggesting that the flies did not have aversion to imidacloprid and fed
normally during the exposure period. This also demonstrated that any effect found does not

occur due to a higher or lower consumption of imidacloprid.
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In summary our results suggest that exposure to imidacloprid may contribute to the
emergence of a progeny with characteristics similar to those observed in neurodevelopmental
disorders, demonstrating that imidacloprid triggers a series of locomotor and behavioral
alterations that are mainly associated with a decrease in dopamine levels and an increase in
oxidative stress. The data above support the hypothesis that exposure to imidacloprid is a useful
tool for a chemical model that allows the assessment of behavioral alterations similar to ASD
and ADHD in Drosophila melanogaster. But, mainly, the evidence from the present study
demonstrated the involvement of dopamine and oxidative stress as possible mechanisms of
action for behavioral damages similar to ASD and ADHD induced by imidacloprid in
Drosophila melanogaster. However, further studies are needed to clarify the mechanisms of
action involved in the changes caused by imidacloprid, as well as the behavioral changes

observed in neurodevelopmental disorders in Drosophila melanogaster.
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Figures caption:

Figure 1. Experimental design of imidacloprid exposure at the concentrations of 200,

400 and 600 pM in Drosophila melanogaster.

Figure 2. Effect of the exposure to imidacloprid (200, 400 or 600 pM) for 7 days on the
behavioral activities of Drosophila melanogaster’s progeny. (A) Negative geotaxis test; (B)
Open field test; (C) Social interaction test; (D) Light / dark test; (E) Agressiveness test; (F)
Grooming test; (G) Food consumption in the progeny of Drosophila melanogaster. Data are
mean = SEM, median and interquartile range, for n = 5-6 in each group. *Indicates a significant

difference (P < 0.05) compared to the control group.

Figure 3. Effect of exposure to imidacloprid (200, 400 or 600 pM) for 7 days on the
dopamine levels in the progeny of Drosophila melanogaster. Data are mean £ SEM, forn =6

in each group. *Indicates a significant difference (P < 0.05) compared to the control group.

Figure 4. Effect of exposure to imidacloprid (200, 400 or 600 pM) for 7 days on AChE
activity in the (A) head and (B) body in the progeny of Drosophila melanogaster. Data are

mean £ SEM, for n = 11 in each group.

Figure 5. Effect of exposure to imidacloprid (200, 400 or 600 pM) for 7 days on SOD
activity in the (A) head and (B) body; CAT in the (C) head and (D) body; GST in the (E) head
and (F) body; PSH in the (G) head and (H) body; NPSH in the (I) head and (J) body in the
progeny of Drosophila melanogaster. Data are mean £ SEM, for n = 4-5 in each group.

*Indicates a significant difference (P < 0.05) compared to the control group.
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Figure 6. Effect of exposure to imidacloprid (200, 400 or 600 pM) for 7 days on ROS
levels in the (A) head and (B) body; TBARS levels in the (C) head and (D) body in the progeny
of Drosophila melanogaster. Data are mean £ SEM for n = 4-7 in each group. *Indicates a

significant difference (P < 0.05) compared to the control group.

Figure 7. Effect of exposure to imidacloprid (200, 400 or 600 pM) for 7 days on cell
viability in the (A) head and (B) body in the progeny of Drosophila melanogaster. Data are
mean = SEM for n = 4 in each group. *Indicates a significant difference (P < 0.05) compared

to the control group.
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6. CONSIDERACOES FINAIS

Baseando-se nos resultados apresentados nesta dissertacéo, pode-se concluir que:

o A progénie de Drosophila melanogaster exposta ao imidacloprida
apresentou alteragdes comportamentais nos testes de geotaxia, open-field, grooming,
agressividade, claro/escuro e interacgdo social, semelhantes as observadas nos transtornos

TEA e TDAH em modelos experimentais.

. Inesperadamente a progénie de moscas expostas ao imidacloprida nédo
apresentou alteracdo significativa sobre a atividade da enzima AChE, diferentemente do

gue se observa nos transtornos TEA e TDAH.

. A progénie de moscas expostas ao imidacloprida também apresentou
alteragBes nos niveis de dopamina havendo uma diminuig&o significativa, assim como se

observa nos transtornos TEA e TDAH.

o A progénie de moscas expostas ao imidacloprida apresentou aumento dos
niveis de ROS e TBARS indicando que gerou-se estresse oxidativo, sem alterar as defesas

antioxidantes.

. Também foi possivel observar que a progénie de moscas expostas ao
imidacloprida apresentou uma diminuicdo da viabilidade celular assim como ocorre nos
transtornos TEA e TDAH.

Assim nossos resultados sugerem que a exposicdo ao imidacloprida pode vir a ser
utilizada como modelo experimental quimico para transtornos neurodesenvolvimentais
como TEA e TDAH em Drosophila melanogaster, demonstrando que o imidacloprida
desencadeia uma série de alteracBes locomotoras e comportamentais que podem estar
associadas a diminuicao dos niveis de dopamina e um aumento no estresse oxidativo. No

entanto faz-se necessarios mais estudos para esclarecer os mecanismos de acgdo
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envolvidos nas alteracdes causadas pelo imidacloprida, bem como o comportamento

observado nos disturbios do desenvolvimento neuroldgico em Drosophila melanogaster.
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7. PERSPECTIVAS

A partir dos resultados apresentados nessa dissertacdo, poderiamos realizar

estudos com o seguinte proposito:

Avaliar a atividade antioxidante de moléculas bioativas na progénie de Drosophila
melanogaster, sobre aos danos causados pela exposicao ao imidacloprida.

Avaliar mecanismos genéticos envolvidos nos transtornos
neurodesenvolvimentais como TEA e TDAH, sendo um exemplo o gene da familia
SHANK.

Avaliar o possivel envolvimento da via do BDNF relacionada ao TEA e TDAH

na progénie da Drosophila melanogaster exposta ao imidacloprida.
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