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RESUMO

Gryllus assimilis ¢ uma espécie comumente econtrada em paises da Amércia Central e
América do Sul, popularmente conhecido como grilo Jamaicano ou grilo preto do campo.
Ao longo de todo ano € possivel encontrar essa espécie em campos abertos, assim como
em ambientes urbanos. Sua relevancia vem se mostrando cada vez maior, por se destacar
como um organismo modelo entre os insetos. Além disso, o grilo possui um sistema
nervoso relativamente simples, organizado em ganglios, o que facilita o estudo de aspectos
relacionados a comportamento e toxicologia. Sobre o aspecto toxicoldgico, o presente
trabalho buscou observar os efeitos de um nanomaterial no grilo. A nanotecnologia vem
desenvolvendo novos materiais que sao aplicados para aperfeicoar diferentes setores. Estes
materiais, caracterizados por seu tamanho em escala nanométrica e que possuem
propriedades fisico-quimicas diferenciadas, estdo frequentemente presentes em farmacos,
tecidos, baterias, produtos antimicrobianos, ferramentas de diagndéstico médico, entre
tantas outras utilizagdes. Tendo em vista o exponencial crescimento das diversas formas de
nanomateriais, cada vez mais surge a preocupagdo de conhecer as interagdes que estes
compostos tém quando entram em contato com o meio ambiente € com 0s organismos que
nele vivem. Muitos estudos trazem aspectos toxicoldgicos desta interagdo em ambientes ¢
animais aquaticos, mostrando que os nanomateriais podem interferir no desenvolvimento
das espécies estudadas, causando ma formagdo estrutural e neural. Buscando abranger o
ambiente terrestre nestes estudos, o presente trabalho verificou o efeito do nanotubo de
carbono de parede multipla funcionalizado (f- MWCNT) no sistema nervoso do grilo
Jamaicano Gryllus assimilis. Para compreender os impactos deste nanomaterial, uma
exposicao a trés concentracdes diferentes de f- MWCNT em ninfas foi realizada, avaliando
a mortalidade e efeitos deletérios através da andlise histologica de duas importantes
regides do cérebro do animal, pars intercerebralis e corpos fungiformes, verificando a
presenca de nucleos picnéticos. Nao foi observada mortalidade em nenhuma das
concentragdes testadas. Na regido de pars intercerebralis um aumento significativo de
nucleos picnoticos na concentragdo intermediaria testada foi encontrado, enquanto a menor
e maior concentragdo nao demonstraram efeito aparente. Na regido dos corpos
fungiformes, ndo houve diferenga na quantidade de nucleos picndticos em nenhuma das
concentracodes testadas. Sugere-se que estas diferentes respostas no cérebro possam ser
atribuidas a especificidades do nanomaterial, como seu grau de aglomeragdo e dispersdo e
também as caracteristicas do grilo relacionadas ao sistema circulatorio e anatomia do seu
sistema nervoso, assim como sua capacidade de realizar neurogénese na regido dos corpos
fungiformes. O objetivo inicial do presente estudo foi investigar a influéncia do
nanomaterial também no comportamento do grilo, utilizando um paradigma olfatério até
entdo inédito para esta espécie. Diante da impossibilidade de validar este novo protocolo
em tempo habil, optou-se por uma analise direcionada aos mecanismos de aprendizado e
memoria, utilizando um protocolo modificado de comportamento olfatorio associativo,
sem a presen¢a do nanomaterial, utilizando odores (menta e baunilha) pareados com
reforcos positivos (agua) e negativos (solu¢do salina e amarga), com objetivo de
aprofundar os conheciementos sobre o comportamento olfatério de G. assimilis. Foram
testados machos e fémeas no quinto instar de desenvolvimento e adultos machos e fémeas.
Foi encontrada em todos os grupos uma preferéncia natural pela baunilha. Apos
condicionamento, ndo foi constatado aprendizado nos animais adultos, no entanto, ninfas
demonstraram aprendizado ao inverter sua preferéncia inicial de baunilha por menta.
Propde-se que estas diferentes respostas estejam associadas ao tipo de condicionamento
utilizado, estimulo aversivo e a ontogenia do animal.

Palavras-chave: Gryllus assimilis, Nanomaterial, Toxicologia; Histopatologia; Aprendizado
olfatério; Comportamento.



ABSTRACT

Gryllus assimilis is a cricket species commonly found in countries from Central and
South America, also known as Jamaican field cricket or black field cricket. Throughout
the year it is possible to find this crickets in open fields as well as in urban
environments. Its relevance has been shown to be increasing, as it stands out as a model
organism among insects. In addition, the cricket has a relatively simple nervous system,
organized in ganglia, which facilitates the wide study of aspects related to toxicology
and behavior approached in this work. Nanotechnology has been developing new
materials that are applied to improve different sectors. These materials, characterized by
their size in nanometric scale and due its physical-chemical properties are frequently
present in drugs, tissues, batteries, antimicrobial products, medical diagnostic tools,
among other uses. In view of the exponential growth of different forms of
nanomaterials, increasingly concern to know the interactions that these compounds have
when they come into contact with the environment and with the organisms that live in it.
Highly studies bring toxicological aspects of this interaction, in aquatic environments
and animals, showing that nanomaterials can interfere in the development of species
studied, causing structural and neural malformation. Seeking reach the environment in
these studies, the present work verified the effect of the carbon nanotube multiple-wall
(f- MWCNT) in the nervous system of the Jamaican cricket Gryllus assimilis. To
understand the impacts of this nanomaterial, an exposure to three different
concentrations of -MWCNT in nymphs was performed, evaluating the mortality and
deleterious effects through histological analysis of two important regions of insect brain,
pars intercerebralis and mushroom bodies, checking the presence of pycnotic nuclei.
Mortality was not observed in none of the tested concentrations. In pars intercerebralis
region a significant increase in pycnotic nuclei in the tested intermediate concentration
was found, while the lowest and highest concentration showed no apparent effect. In the
region of the mushroom bodies, there was not statistical difference in the amount of
pycnotic nuclei in any of the concentrations tested. It is suggested that these different
responses in the brain can be attributed to specificities of the nanomaterial, such as
degree of agglomeration and dispersion and also the characteristics of cricket related to
the circulatory system and anatomy of nervous system, as well as ability to perform
neurogenesis in the region of the mushroom bodies. The initial objective of the present
study was to investigate the influence of nanomaterial also on the behavior of the
cricket, using an olfactory paradigm until the moment unprecedented for this species. In
view of the impossibility of validating this new protocol in a timely manner, an analysis
directed to memory and memory mechanisms was chosen, using a modified protocol of
associative olfactory behavior, without the presence of nanomaterial, using odors (mint
and vanilla) paired with positive reinforcements (water) and negative reinforcements
(saline and bitter solution), in order to deepen the knowledge about the olfactory
behavior of G. assimilis. Males and females were tested in the fifth development stage
and also adult males and females. It was found in all groups a natural preference for
vanilla. After conditioning, no learning have been found in adult animals, however,
nymphs demonstrated ability to learn by reversing your initial preference for vanilla to
mint. It’s proposed that these different responses could be associated with the type of
conditioning used, aversive stimulus and the animals ontogeny.

Keywords: Gryllus assimilis, Nanomaterial; Toxicology; Histopathology; Olfactory
learning; Behavior.
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1. INTRODUCAO

1.1. Grilo jamaicano (Gryllus assimilis)

Gryllus assimilis, também conhecido como grilo jamaicano ou grilo preto do campo
¢ uma espécie amplamente encontrada em paises da América do Sul e América Central
(Zera et al., 1998), assim como na Florida (Alexander e Walker, 1962) e regido oeste
dos Estados Unidos (Weissman et al., 1980). Podem habitar campos abertos, diferentes
tipos de vegetagdo, assim como ambientes urbanos, sendo encontrados individuos desta
espécie ao longo de todo o ano (Weissman et al., 2009). Em cultivo no Biotério de
Invertebrados Terrestres da Universidade Federal do Rio Grande - FURG foi observado
um ciclo de vida de aproximadamente cinco meses, passando por cinco estigios de
desenvolvimento (instars, ecdises ou mudas), nos quais quatro instares caracterizam seu
estdgio ninfal (juvenil), antes de sua muda final para um individuo adulto (alado e
reprodutivamente ativo) (Limberger et. al., 2017). Os grilos sdo considerados modelos
relevantes em estudos de memoria e aprendizado, por possuirem um sistema nervoso
relativamente simples (Matsumoto et al., 2018).

O grilo jamaicano, assim como os demais insetos, possui 0 sistema nervoso
dividido em ganglios segmentados, os quais estdo distribuidos ao longo de seu corpo e
unidos através de conectivos, formando um corddo nervoso ventral (Fig 1). Neste
sistema, identifica-se facilmente um ganglio supraesofagico e um ganglio subesofagico.
Este ganglio supraesofagico, conhecido também como cérebro, ¢ um sistema de
integracdo de estimulos e informagdes, possuindo trés principais divisdes: protocérebro,

deutocérebro e tritocérebro (Krishna e Weesner, 1969).
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Figura 1 - Principais estruturas do sistema nervoso de insetos, modificado de Cayre et

al., 2007.

O tritocérebro ¢ a terceira ¢ menor por¢cdo do cérebro dos insetos, estando
localizado atras do deutocérebro (Strausfeld, 2009). E um neurdpilo integrador,
constituido por neurdnios motores e interneurdnios, ligados a diferentes regides do
cérebro e ao corddo nervoso ventral, que integra as informacdes oriundas dos dois lobos
do cérebro (Aubele e Klemm, 1977). J& o deutocérebro forma a segunda por¢do do
cérebro, constituindo-se em uma neurdpila conhecida como lobo antenal e um neurdpilo
direcionado para as fungdes motoras das antenas (Homberg e Hildebrand, 1989). O lobo
antenal recebe informacgdes sensoriais das antenas, através de neurdnios receptores
olfatorios que tém seus corpos celulares em sensilas olfatorias, com dentritos contendo
as proteinas receptoras olfatorias e com axdnios projetando-se para o lobo antenal.

Estimulos de neur6nios motores sdo identificados em regides diferentes do
deutocérebro, formando o centro mecanossensorial e motor das antenas (Homberg,
1999). Por fim, a maior regido do ganglio supraesofagico dos insetos, o protocérebro,
possui diferentes regides de neurodpilos. Os lobos Opticos, importante regido que recebe
aferéncia dos olhos compostos e informagdes visuais dos mesmos, estdo localizados em
uma regido antero-lateral do protocérebro (Reichert e Boyle, 1997). Além dos lobos
opticos, encontram-se no protocérebro o corpo central, constituido de duas calotas de

massa filamentosa, sendo estas compostas de uma compacta massa de fibras e uma
5



regido conhecida como pars intracerebralis, composta de neurdnios volumosos, em que
seus neuritos sdo dirigidos para o corpo central e para os corpos fungiformes, além de
constituir uma importante regido neurossecretora de hormdnios, incluindo os
responsaveis pelo crescimento dos insetos (Krishna & Weesner, 1969).

Ainda na regido do protocérebro, encontra-se uma regido de  extrema
importancia para os insetos: os corpos fungiformes (Figura 1). Os mecanismos de
memoria associativa e preferéncia estdo ligados a esta estrutura tipica (Strausfeld,
2001), a qual constitui-se em uma 4area associativa que recebe aferéncia de neurodpilas
primarias olfatéria e visual (lobo antenal e lobo 6ptico, respectivamente) (Schildberger,
1984). Estruturalmente, o corpo fungiforme possui uma grande quantidade de
interneurdnios (aproximadamente 50 mil em grilos) (Malaterre et al., 2002),
denominados células de Kenyon. Estas células tém o corpo celular localizado nos
calices do corpo fungiforme. Os célices, por sua vez, sdo formados pelos processos
dendriticos das proprias células de Kenyon e s3o justamente estas regides que recebem
aferéncias sensoriais multimodais (Strausfeld, 2001). No caso de grilos, existe um célice
anterior e um cdlice posterior (Malaterre et al., 2002). Os axonios das células de Kenyon
projetam-se posteriormente para formar os pedinculos da estrutura, razdo pela qual os
corpos fungiformes também sdo denominados corpora pedunculata. Estes terminais
axoOnicos constituem eferéncia do corpo fungiforme com outras regides do protocérebro,
tais como o complexo central, que ¢ uma estrutura importante para a coordenagao
motora (Strausfeld, 2001).

Os insetos formam um grupo que tem a maior contribui¢do para a biodiversidade
do planeta, com variados habitats, principalmente em ambientes terrestres (Stork et al.,
2015). O sucesso de sua irradiagdo se da, entre outros fatores, por sua capacidade de
reconhecer locais seguros para se estabelecer e procurar alimentos, detectando possiveis
predadores (Barnes, 2005).Considerando a importancia da utilizagdo de modelo
terrestre, o conhecimento prévio de parametros anatomicos, histologicos e
comportamentais do grilo jamaicano, julgamos ser esse um modelo animal de grande
valia para avaliagdo de toxicidade e parametros mnemonicos frente a exposi¢ao de

nanomateriais de carbono.

1.2. Nanotubos de Carbono de Paredes Multiplas Funcionalizado (f-
MWCNT)

O aumento em potencial do uso dos nanomateriais (NMs) em novas tecnologias,



tais como em tecidos, medicamentos, equipamentos eletronicos e purificagao de agua,
pode levar, cada vez mais, a presenca destes nos ambientes terrestres e aquaticos
(Klaine et al., 2008; Zhao et al., 2020). A grande utilizagdo dos nanomateriais se da por
suas propriedades fisico-quimicas peculiares decorrentes, principalmente, de sua escala
de tamanho reduzida, onde ao menos uma de suas dimensdes externas ¢ menor que 100
nm (Lidén, 2011).

Estes materiais podem compor nanoparticulas, nanotubos, nanofilmes, nanofios,
entre outros, sendo obtidos a partir de compostos como carbono, 6xido de zinco, 6xido
de cobre e prata. Nanotubos de carbono (CNTs) formam estruturas tubulares, possuindo
um diametro nanométrico, tendo sido identificados pela primeira vez na década de 1990
(Iijima, 1991). Os CNTs podem ser descritos, esquematicamente, tendo como base o
enrolamento de folhas de grafeno e podem ser classificados quanto ao nimero de folhas
de grafeno presentes em sua estrutura. Os nanotubos de parede tnica sdo compostos por
uma unica camada de grafeno, enquanto os de paredes multiplas sdo constituidos de
duas ou mais camadas concéntricas de cilindros de grafeno (Figura 2) (Bethune et al.,
1993). Tendo em vista a utilizacao diaria de produtos contendo este material, como em
eletronicos e construgdo civil, ocorre um potencial aumento da sua entrada na natureza,

que € proporcional ao seu uso (Alshehri et al., 2016).

Single-walled CNT Multi-walled CNT

Figura 2: Estrutura dos nanotubos de carbono de parede simples e de parede multipla

Revisdes recentes tém alertado sobre as implicagdes do descarte de NMs
(nanomateriais) em sistemas aquaticos (e.g, Freixa, et al., 2018). Embora os
nanomateriais de carbono (NMC) ndo demonstram toxicidade aos organismos nas

concentragcdes atualmente encontradas no ambiente (ng /L), estudos utilizando
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concentracdes mais altas (mg /L) demonstram efeitos toxicos em organismos aquaticos
(Freixa et al., 2018). Dentre estes, Weber et al. (2014) mostraram que houve mudangas
no sistema nervoso central do peixe zebrafish (Danio rerio), quando exposto a
nanotubos de carbono funcionalizados de parede simples (Single-walled carbon
nanotubes functionalized with polyethylene glycol - SWNT-PEG). Outros estudos que
utilizaram SWNT-PEG demonstraram mortalidade significativa em larvas do peixe
zebrafish, além da redug¢do do comprimento das larvas, ma formacdo dos embrides,
danos ao DNA e aumento na produgdo das espécies reativas de oxigénio nas
concentracdes mais altas testadas (Girardi et al., 2017; Cordeiro et al., 2018). Injecdes
peritoneais (10uL de Img/mL) resultaram em aumento significativo na atividade
locomotora. Histopatologicamente, houve um aumento dose-dependente do nivel de
lesdao e inflama¢ao do tecido intestinal ¢ nervoso. Em outro estudo com a mesma
espécie (Souza et al., 2017), a exposi¢do a concentracdes subletais de 6xido de grafeno
resultou em acimulo do NMC nas branquias e no figado, gerando necrose e apoptose
celular, bem como um aumento na produgdo de espécies ativas de oxigénio em ensaios
utilizando suspensdo de células branquiais. Em relacdo ao fulereno, outro NMC, a
exposicao de zebrafish resultou em danos no desenvolvimento larval dos peixes
testados, o que levou a ma formacao da nadadeira caudal e barbatana peitoral, além de
edemas no saco vitelinico e pericardico (Usenko et al., 2007).

Em invertebrados, um estudo com bivalves (Ruditapes philippinarum) expostos
a MWCNT demonstrou um aumento concentra¢do-dependente da peroxidagao lipidica

e uma inibicdo concentragdo-dependente da enzima colinesterase (De Marchi et al.,
2017a). Outro estudo de toxicidade, empregando o microcrusticeo Daphnia magna, ao
utilizar doses subletais de MWCNT demonstrou que os nanotubos afetaram de forma
significativa a motilidade destes animais nos tratamentos de maiores concentragoes (6,9
mg/L e 22,5 mg/L), além disso, houve um aumento na taxa de alimentacdo e
subsequente aumento na taxa de particulas deste nanomaterial no intestino de Daphnia
na concentragdo de 3,9 mg/L de MWCNT (Stanley et al., 2015). Outros invertebrados
aquaticos foram investigados frente sua resposta a toxicidade de MWCNT. Mwnangi et
al. (2012) demonstraram que anfipodes, oligoquetos, mexilhdes e mosquitos (estagio
larval) apresentam taxa de mortalidade significativa quando expostos a MWCNT,
devido ao acumulo deste nanomaterial no intestino destes animais, provocando bloqueio
no trato digestorio. Além disto, metais dissolvidos na dgua, provenientes da sintese de
MWCNT, também contribuiram para a mortalidade significativa dentre os organismos
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estudados, quando comparados ao grupo controle. Poliquetas (Diopatra neapolitana e
Hediste diversicolor) apresentaram diminuicao na capacidade de regeneragdo de danos
celulares marcados por peroxidacao lipidica, aumento no estresse oxidativo e inibigdo
da enzima acetilcolinesterase, indicando neurotoxicidade proveniente da exposi¢dao a
maiores concentracdes de MWCNT com base neste biomarcador enzimatico (De
Marchi et al.,, 2017b). Com relagdo a pardmetros moleculares avaliados em larvas
aquaticas de diptera Chironomus riparius (macroinvertebrado)  expostas a
MWCNT houve diminui¢ao na atividade transcricional de genes associados aos
mecanismos de reparo do DNA (XRCC1 e ATM), com redugdo ao reparo de danos de
DNA. Outro efeito encontrado associado ao nanotubo em questdo foi a infraregulacao
de hsp27 e hsp70, proteinas de choque térmico envolvidas nos processos de ativacao da
morte celular programada, resultando no aumento da ativagcdo de genes responsaveis
pelo apoptose (Martinez-Paz et al., 2019).

Como exposto acima, os trabalhos avaliando a seguranca/toxicidade de
nanomateriais em organismos aquaticos sao mais frequentes, no entanto, had uma clara
necessidade de avaliar os efeitos desses materiais em animais do ambiente terrestre.

Para isso, o presente trabalho busca avaliar as agdes do MWCNT oxidado
(MWCNTox) em um modelo de macroinvertebrado terrestre, o grilo Jamaicano Gryllus
assimilis. Justifica-se a escolha desse material, uma vez que esse material tem sido
extensamente testado na producdo de eletroeletronicos, de plasticos, de polimeros
(policarbonatos) e de cimento Portland, com o intuito de melhorar propriedades
eletronicas e mecanicas desses compostos. (De Volder et al., 2013, Zeng et al., 2014,
Gdoutos et al., 2016). Segundo o Market Research Report, desde 2014 os MWCNTs
sdo um dos nanomateriais mais utilizados para pesquisa e desenvolvimento. Estima-se
que a producdo de nanomateriais de carbono pode chegar a 20.000 toneladas em 2022
(Carbon Nanotubes Market Size, Share & Trends Analysis Report By Product (SWNT,
MWNT), By Application (Polymers, Energy, Electrical & Electronics, And Segment
Forecasts, 2015 — 2022. Grand View Research. Abril/2015. Disponivel em

https://www.grandviewresearch.com/industry-analysis/carbon-nanotubes-cnt-market).

Devido ao uso do f-MWCNT exposto acima, torna-se cada vez mais importante buscar
conhecer a toxicidade deste nanomaterial em organismos terrestres, visto o potencial

deste material vir a entrar em contato com o meio terrestre.

1.3. Comportamento: aprendizado e memdria associativa



Sabe-se que o aprendizado associativo ¢ um processo essencial no
forrageamento dos insetos e cada vez mais estuda-se estes mecanismos para entender
sobre o comportamento e vias neurais que levam a construcdo destas memorias
(Matsumoto e Mizunami, 2002a). Assim como outros insetos, os grilos também
utilizam pontos de referéncia para encontrar seus esconderijos € locais que sejam fontes
de alimento (Wessnitzer et al., 2008). Neste caso, uma memoria associativa eficiente ¢
importante para o animal, pois considerando a dinamicidade do ambiente natural no
qual ele vive, o sucesso na busca por alimento ¢ dependente da memoria visual e
olfativa, associando locais, odores e dicas visuais com fontes seguras para obtencao de
alimento (Matsumoto et al., 2004). Os mecanismos de memoria associativa e
preferéncia estdo ligados a estrutura do cérebro do grilo conhecida como corpos
fungiformes como mencionado anteriormente.

No forrageamento, espécies com corpos fungiformes simples — ou seja, com
pequena area ¢ volume, assim como com um menor nimero de neurénios — tém uma
dieta restrita a poucos alimentos, na qual sdo necessarios poucos estimulos multimodais
para a localizagdo do alimento. Um exemplo seria o besouro rola-bosta (Farris e
Roberts, 2005). Por outro lado, maior nimero de neurénios, maior volume e maior area
estdo associados a grupos que possuem alimentacdo generalista, ou seja, necessitam
integrar mais estimulos sensoriais para encontrar o alimento. Exemplo similar pode ser
observado em formigas. H4 uma diferenga no comportamento de formigas virgens e
formigas rainhas, quanto a preferéncia por areas abertas ou fechadas e ambientes claros
ou escuros e, esta diferenca, acompanha a mudanga no tamanho dos corpos fungiformes
destes individuos — rainhas jovens de uma espécie de formiga, possuem corpos
fungiformes significativamente maiores quando comparadas a rainhas mais velhas, as
quais possuem preferéncia inata pelo escuro (Julian e Gronenberg, 2002).

Um grupo que apresenta corpos fungiformes bem desenvolvidos sdo os
Hymenoptera sociais como as abelhas e formigas. Nesses animais, o céalice do corpo
fungiforme ¢ dividido em zonas aferentes, onde pode-se observar dendritos origindrios
das células de Kenyon e também de acordo com a entrada de estimulos sensoriais. Essas
zonas do calice do corpo fungiforme sdo conhecidas por 14bio, regido de informagdes
olfativas oriundas do lobo antenal, colar, regido de informacgdes visuais do lobo Optico e
anel basal, regido de aferéncia tanto de informagdes olfativas quanto informagodes
visuais (Faris e Roberts, 2005). Em um estudo com mamangavas (Bombus terrestris),

identificou-se que uma maior densidade microglomerular (regides de conexdes neurais)
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resulta em sinapses mais funcionais na regido de entrada de informacgdes visuais dos
corpos fungiformes destes animais, ocasionando desta forma um aprendizado mais
rapido e maior retencdo de memoria visual em abelhas expostas a experimentos com
dicas visuais (Li et al., 2017). Além destes aspectos, identificou-se também em estudos
com vespas (Vespidae) a diferenga no tamanho dos corpos fungiformes em relacao a
espécies sociais, quando comparados a espécies solitarias, sendo este de tamanho
relativamente maior em espécies sociais. Também neste grupo foi observado maior
volume nesta regido em rainhas, quando comparado ao volume dos corpos fungiformes
de vespas operarias, indicando desta forma a relagdo dos corpos fungiformes com o
status social desta espécie (O’donnell e Bulova, 2017).

Conforme destacado anteriormente, sabe-se que dicas olfativas sdo importantes
para os insetos como por exemplo na procura por alimentos, parceiros sexuais,
esconderijos, fuga de predadores e que estes processos estdo intimamente ligados com
0S processos associativos que ocorrem nos corpos fungiformes. Aumento nas expansoes
em volume de regides dos corpos fungiformes, como o calice, por exemplo, estdo
intimamente ligados a agdes cognitivas dos insetos, como o aprendizado relativo a
memoria olfativa (Snell-Rood et al., 2009; Eriksson et al., 2019). Desta forma,
encontramos nos insetos um sistema olfativo que responde e constroéi esta memoria
associativa seguindo determinadas etapas. Primeiramente, O6rgdos sensoriais como
antenas e pegas bucais irdo reconhecer moléculas odorantes do ambiente, as quais
desencadeiam uma resposta em neurdnios receptores olfativos. Estes receptores
olfativos realizam aferéncias destes sinais para regides glomerulares localizadas no lobo
antenal, regides estas que, através de interneurdnios, transmitem a informagao recebida
para os corpos fungiformes, onde, por fim, ocorre o processamento da percepgao dos
odores em comportamentos aprendidos e memorias de longo prazo (Jefferis et al.,
2007). Somado a isso o mapeamento de genes expressos € envolvidos na formacao de
memoria olfativa, todos atuando na regido dos corpos fungiformes, foi estabelecido por
Davis em 2005 (Davis, 2005).

Diante do exposto, ¢ possivel concluir a importancia dos corpos fungiformes
para a formacdo de memoria olfativa e sucesso no seu forrageamento. Estudos com a
abelha europeia Apis mellifera mostram a capacidade destes insetos de reconhecer flores
por caracteristicas como formas e odores, de acordo com a recompensa que elas lhe
fornecem, como néctar e polen, por exemplo (Menzel, 1999). Pesquisas mostram que

abelhas condicionadas com estimulos aversivos associados a odores levaram estes
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insetos a desenvolver certa aversao por esses cheiros, assim como associagdes positivas
entre um odor ¢ um estimulo condicionante levaram a respostas de preferéncia da
abelha por esse odor (Vergoz et al., 2007).

Os grilos também demonstram essa capacidade de memoria associativa,
podendo reté-la por toda sua vida (Matsumoto ¢ Mizunami, 2002b). Ao associar um
odor de preferéncia do grilo a um estimulo aversivo (por exemplo, oferecimento de
solucdo de NaCl para um animal com sede) e um odor aversivo (ou com menor
preferéncia) para o animal com um estimulo positivo (oferecimento de agua para um
animal com sede) observou-se, claramente, apds sessao de condicionamento, que o grilo
Gryllus bimaculatus desenvolve repulsa ao odor associado ao estimulo aversivo
associado. Apods varias sessdes de condicionamento, verificou-se que esta memoria
associativa permaneceu por até quatro dias nesta espécie (Matsumoto et al., 2002a).

Estudos recentes de Matsumoto e colaboradores (2018) propdoem um modelo
para a formacdo da memoria olfativa em grilo. Em nivel molecular, a formagao de
memoria de longa duragdo - apds sessdes multiplas de condicionamento - estd
relacionada a neurdnios com via de sintese de neurotransmissor 0xido nitrico. Esse
neurotransmissor ¢ uma molécula que permeia a membrana plasmatica e atua como um
sinalizador intracelular. Neste modelo ¢ possivel observar que o estimulo ndo
condicionado (refor¢o) e o estimulo condicionado (odor) ativam uma cascata
bioquimica através da ativagdo da GMPc (monofosfato ciclico de guanosina) pela
molécula de 6xido nitrico. A ativagdo do 6xido nitrico modula o processo de ativagdo de
uma proteina cinase, calcio calmodulina cinase II (CaMKII), resultando assim na
ativacao da proteina de ligagdo responsiva ao AMPc (CREB), a qual transcreve e traduz
genes necessarios para a formac¢do de memoria de longo prazo. Estudos histoquimicos
demonstraram a ocorréncia de neurdnios produtores de Oxido nitrico — através de
marcacdo da enzima 6xido nitrico sintase - tanto no lobo antenal, quanto no corpo
fungiforme (Matsumoto et al., 2016). Diante dos estudos prévios e da possbilidade da
utilizagdo do modelo animal grilo jamaicano em nossa estrutura de pesquisa no Instituto
de Ciéncias Bioldgicas da FURG, consideramos importante avaliar os parametros

comportamentais de aprendizado associativo nesse modelo.
2. OBJETIVOS

2.1. Objetivo Geral

Verificar a toxicidade dos nanotubos de carbono de parede multipla oxidado (f-
12



MWCNT) nas células do corpo fungiforme e na pars intercerebralis de ninfas de grilos,
assim como avaliar o aprendizado associativo em diferentes estagios de vida dos

animais.

2.2. Objetivos especificos
- Avaliar a toxicidade aguda de -MWCNT em ninfas de quinto instar de Gryllus
assimilis.
- Analisar a presenca de nucleos picnoticos do corpo fungiforme e da pars
intercerebralis dos cérebros de ninfas expostas ao -fMWCNT.
- Testar condicionamento e reten¢ao de memoria em animais de quinto instar e em

animais adultos machos e fémeas
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Abstract

Carbon nanotubes (CNTs) have been increasingly more prevalent due to its use
in products technology owing to its physical-chemical characteristics. The potential
increase of CNTs in the environment is a concern and studies to assess toxic effects of
these nanomaterials (NM) are needed. However, so far most of the studies are focused
on aquatic species and much less is understood about the toxic effects of NM in
terrestrial organisms. This investigation used a functionalized multi-walled carbon
nanotube (f-MWCNT) and the Jamaican cricket Gryllus assimilis to assess the effects of
this NM. Cricket nymphs (4th stage) were divided in three experimental groups plus a
control group. Animals of each experimental groups were injected with 10um of f-
MWCNT suspension — at three different concentrations — and controls animals were
injected with insect saline. The insecticide Fipronil was used as a positive control. For
each group, survival was observed and histological analysis were performed in the
brains. Pyknotic cells were quantified in two brain regions, a neurosecretory called Pars
intercerebralis, and an associative region called Mushroom Body (MB) which has a cell
cluster composed by Kenyon Cells. No mortality was observed in any -MWCNT
concentration tested. A significant increase in pyknotic cells was observed for the
intermediate concentration of f-MWOCNT, at Pars intercerebralis. No significant change
was observed at the Kenyon cells of the MB. These different responses of -MWCNT
are discussed in the context of agglomeration and dispersion of the f-MWCNT at
different concentrations, and availability of the f-MWCNT dependent of the circulatory
system. Lack of effect of the positive control at MB is discussed in the context of a
natural decay of pyknotic cells with time and different patterns of adult neurogenesis
among insects. Our results showed that -MWOCNT had negative effects in the
neurosecretory region of the brain, and even no mortality was observed, further studies
are needed to assess the potential effects of this -MWCNT on growth and reproduction
of crickets.
Key-words: Carbon nanotubes, Pyknotic cells; Pars intercerebralis;, Murshroom
bodies; Fipronil; Gryllus assimilis
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1. Introduction

The diverse and increasing use of nanomaterials (NM) in new technologies such
as fabrics, medicines, electronics and water purification could represent an unavoidable
presence of NM in aquatic and terrestrial environments (Klaine et al., 2008), which
safety range is not completely known. These NM can be found as nanoparticles,
nanofilms, and nanowires, formed by silver, zinc, copper oxide or carbon.

Carbon nanotubes (CNTs) are among the most known NM, characterized by
cylinder-shaped structures, which have been brought in the spotlight in the 1990s after a
publication describing its synthesis (Iijima, 1991). These structures can be formed either
by a unique graphene sheet (single-walled) or multiple graphene sheets (multi-walled),
the last reaching diameters up to 100 nm (Balasubramanian & Burghard, 2005).
Because multi-walled tubes are cheaper to produce in large scale they are the most
common kind (Osswald et al., 2007). In addition, called “green" alternative, living
organisms have been used to synthetise NM (Athanassiou et al., 2017), as it has been
reported the capacity of living organisms to produce non-organic materials, including
plant-synthesized NM as arthropods pest controls (Benelli, 2016; Benelli et al., 2017).

Among the available carbon NM, functionalized multi-walled carbon nanotube
(f-MWCNT) has been extensively utilized in plastic, cement (Portland) and electronics,
as this NM improves electrical and mechanic properties of the materials (De Volder et
al., 2013, Zeng et al., 2014, Gdoutos et al., 2016). Research assessing the safety and
toxicity of NM typically uses aquatic model organisms (Freixa et al., 2018). For
instance, Weber et al. (2014) report deleterious effects of CNTs on the nervous systems
and development parameters of Danio rerio. For this model species a histopathological
study indicated injury and inflammation of gut and nervous tissues (Souza et al., 2017).
Conversely, there is a scarcity of studies regarding effects of CNTs on terrestrial
animals. Some studies concerning the toxicity of nanoparticles in general have shown
increased cellular death and negative effects on development and reproduction in insects
(Benelli, 2018). In crickets, it has been reported oxidative stress effects of graphene
oxide nanoparticles when injected into the hemolymph (Dziewigcka et al., 2016). In
moths, a study showed significant effect of graphene oxide on larval development time
and fecundity, but no effect of MWCNTox on any developmental parameters (Martins
et al., 2019). Regarding the control systems, no reports on potential deleterious effects

of this NM on nervous system of insects is available.
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Cricket nervous system is composed by a ganglionar nerve cord and two anterior
ganglia, the sub-oesophageal ganglion and the supra-oesophageal ganglion (brain). The
brain has some conspicuous regions, such as the Mushroom Bodies neuropile and its
associated Kenyon Cells, and a neurosecretory region called Pars intercerebralis
(Bullock & Horridge, 1965). Histological detrimental effects of CNT have not been
studied in insects, but they have been observed in a range of cell types of vertebrates, in
which an increase in pyknotic profiles (chromatin condensation) has been found, such
as in human neurons (Fraczek-Szczypta et al., 2018), lung epithelial cells (Visalli et al.,
2015), and in vitro T lymphocytes (Bottini et al., 2006).

The present investigation uses a terrestrial invertebrate, the Jamaican Field
Cricket, Gryllus assimilis. Studies in this model are important in the context of the
unknown risks of -MWCNT on terrestrials habitats and biota. In this regard, use of
crickets is relevant as these bugs have been emerging as an insect model organism
(Horch et al., 2017). Therefore, this investigation used Gryllus assimilis to assess

morphological effects of -MWCNT on two regions of the brain of this specie.

2. Material and Methods

2.1. Experimental animals

Females at the 4th and 5th nymphal instar (Jamaican Cricket, Gryllus assimilis)
were used for the experiments. Animals were kept in the laboratory, in plastic boxes
(41x29x13 cm) under controlled temperature (26 + 1°C), humidity (65+10%), and
photoperiod conditions (12D:12L). Crickets were fed with cat food (Golden®) ad

libitum. Water was provided with damp pieces of cotton.

2.2. Preparation of Multi-walled Carbon Nanotubes Dispertion

Multi-walled carbon nanotubes functionalized with carboxylic groups (f-
MWCNT) with 95% of purity, length less than 1um and average diameter of 9.5nm
(data from the supplier) produced by Nanocyl (Belgium) were provided by the
Multicomponent Polymeric Materials group of the Department of Chemistry/Institute
of Exact Science/Federal University of Minas Gerais. Briefly, an initial dispersion of f-
MWCNT was prepared according to the procedure described by Trigueiro et al. (2016),
were the nanotubes were dispersed in deionized water at a nominal concentration of 0.3

mg/mL in a bath ultrasound for 2h. Before use, the system was centrifuged at 16,000
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rpm to prepare a stable dispersion. Working dispersions were prepared in concentrations
of 30 mg / mL (stock), 3 mg / mL (10x dilution) and 0.3 mg / mL (100x dilution). All
dispersions were sonicated in a bath ultrasound for 30 min before being administered to

the animals.

2.3. Characterization of -MWCNT

The morphological characteristics of the sample was investigated by
transmission electron microscopy (TEM) (FEI Tecnai, Oregon, USA, G2Spirit at 120
kV). For TEM analysis, the {-MWCNT was dispersed in water using a low-power
ultrasonic bath and drops of the dispersion were deposited onto holey carbon-coated

copper grids.

24. f-MWCNT and Fipronil toxicity

Fifith instar crickets were used to investigate MWNCTs and fipronil toxicity.
MWNCTs toxicity was estimated by the LT50 96h for nominal concentrations of 30
mg/mL (stock), 3.0 mg/mL (10x diluted) and 0.3 mg/mL (100x diluted). Each group
was composed by 10 animals. A saline group was used as control. Exposure to f-
MWNCT was done by microinjection (10uL dose) using a Hamilton syringe in cold
anesthetized (20 min on ice) 4th instar crickets. Microinjection puncture was performed
on the anterodorsal surface of the pronotum (membrane) to allow injected solution to
reach the dorsal vessel, and subsequently the brain. For Fipronil toxicity, LT50 96h tests
were applied for eight concentrations based on the previous publication on the toxicity
of this compound (Jacob et al., 2013), as follows: 0.036 mg/L, 0.054 mg/L, 0.108 mg/L,
0.216 mg/L, 0.24 mg/L, 0.27 mg/L, 0.43 mg/L, 1.08 mg/L and 2.16 mg/L. An acetone
group was used as control. Exposure to fipronil was topic with 1uL of solution dropped
on the pronotum of each cricket. Both toxicity tests were analyzed by probitos
approach.

After three weeks, the brains of exposed animals to different concentrations of f-
MWNCT and Fipronil, and controls, were dissected on an insect saline and fixed
overnight in Paraformaldehyde (4%), and transferred to ethanol 70% until histological
processing. Standard dehydration — increasing ethanol series — and Paraplast
embedding procedures were applied. Brains were orientated to allow horizontal
sectioning on the microtome (6 um thickness). Sections on slides were stained with
hematoxylin and eosin (HE) and mounted in Entellan. Insect brain has an anterior

region (protocerebrum) which has a conspicuous cell mass (Pars intercerebralis, PI)
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and the neuropiles of the Mushroom Bodies, which contain small globuli cells called
Kenyon Cells (KC). Pyknotic cells were identified by condensation of nuclear
chromatin and shrunken eosinophilic cytoplasm. A total of 75 brains were used in
histological analysis, as follows: 15 control, 15 Fipronil, and 45 f-MWNCT (15 each
concentration). Images of these regions were acquired with an Olympus BX50
photomicroscope. For each brain analyzed, between 10 to 15 images were taken. For
each image, the total number of cells and the number of pyknotic cells were counted and
the percentage of pyknotic cells calculated. Average % of pyknotic cells by brain was

estimated and used in statistical analysis to compare groups.

2.5. Statistics
Data were transformed for analysis and either parametric ANOVA or Kruskal-
Wallis ANOVA were applied. Pos-hoc comparison were done used either Tukey or

Mann-Whitney (with Bonferoni correction).
3. Results

3.1. Characterization of -MWCNT

The sample of carbon nanotubes used in this work was previously characterized
by Trigueiro et al. (2016) and Oliveira et al. (2018). Data obtained by
thermogravimetric analysis (TG) in an atmosphere of synthetic air at 5 °© C / min in the
range of 25 ° C to 1000 ° C indicated a degree of functionalization of 5.8% due to the
loss of mass related to the thermal degradation of oxygenated groups between 100-
400°C (most carboxylic groups, according to the supplier) present on the surface of the
nanotubes (Figure 1). The residue obtained from the thermogravimetric curve (TG
curve) of only 0.5% indicates a small amount of metal oxides originating from the

particles of the catalysts, which confirms the purity reported by the supplier of 95%.
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Figure 1- TGA curve of -MWCNT. Adapted with permission from Trigueiro et al.
(2016)

Also according to Trigueiro and collaborators (2016), evaluating about 80
nanotubes from different transmission electron microscopy images, these nanotubes
have an average length of 2.6 + 0.6 um and an average diameter of 13.8 = 1.7 nm,
higher than those values informed by the supplier. TEM images typical of these
nanotubes are shown in Fig. 2. It can be seen that the nanotubes have several walls,
from 10 to more walls (Fig. 2 b) and defects, probably originating from the surface
modification process (functionalization) to generate the oxygenated functional groups.
Through the images there is no evidence of large amounts of catalyst particles (in
agreement with the TG data) nor the presence of amorphous carbon, indicating the

material high purity.
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Figure 2 - Transmission electron microcopy images (120 kV) of f-MWCNT at
different magnifications. Images provided by the Multicomponent Polymeric Materials
group of the Department of Chemistry /Institute of Exact Science/Federal University of

Minas Gerais.

3.2. Toxicity of -MWCNT and fipronil

Ninety six hours LC tests for Fipronil showed 90-100% mortality at the six
highest concentrations (from 2.16 to 0.216 mg/L). LC50% estimated was 0.123+0.04
mg/L. For -MWCNT, regardless the concentration used, no mortality was found (data

not shown).
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Figure 3- Brain of G. assimilis exposed to Fipronil 2,16 mg/L stained with HE. A:
Longitudinal section of hole brain and the main structures. MB: Mushroom body; PI:
Pars intercerebralis; CB: Central body (Magnification 10x. Scale: 200 um). B: Pars
intercerebralis and pyknotic cells (yellow setae). (Magnification 100x. Scale: 10 um).
C: Kenyon Cells (KC) of the mushroom body and pyknotic cells (yellow setae).
(Magnification 10x. Scale: 200 um).

3.3 Morphological effects

Pyknotic profiles were found in the two regions analyzed (Fig. 3). At PI
ANOVA demonstrated an effect of the treatment (Fcuc=5.73>Fuit. 005 461=2.52; p <
0.001). Pos-hoc comparison (Tukey) indicated a significant increase of these profiles for
3 mg/mL MWNCT (p < 0.001) relative to the control. The other two MWNCT
concentrations did not show difference when compared to saline (p = 0.76 and p = 0.60,
for 0.3 mg/ml and 30 mg/ml, respectively). Fipronil did also increased significantly the
percentage of pyknotic profiles (p < 0.05) (Fig. 4A).

For Kenyon cells, data did not meet normality and homogeneity of variances

assumptions. Kruskal-Wallis analysis demonstrated no significant effect of the treatment
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Figure 4- Mean percentage £ SEM of pyknotic cells at two regions of the brain of

Gryllus assimilis. (A) pars intercerebralis. Test Tukey: Fipronil (p <0.05); 100x (p =0.76); 10x (p <
0.001); -MWCNT (p = 0.60); and (B) Kenyon cells — condensed. Test Kruskal-Wallis (p = 0.30)

4. Discussion

f-MWNCT did not lead to any mortality of G. assimilis. In general, MWCNTSs
are less harmful than single-walled (Jia et al., 2005). Larvae of the harlequin fly
(Chironomus riparius) exposed for 24h to MWCNT diluted in culture medium show no
mortality during exposure. However, sublethal effects of f- MWNCT were reported
such as decrease in transcription of DNA repairing gene and an increase of mRNA
levels of a gene related to apoptosis, suggesting that MWCNT activates programmed
cell death (Martinez-Paz et al., 2019). In fruit flies larvae (Drosophila melanogaster)
injection of MWCNT did not change the hatching rate (viability) of larvae, but

intracellular presence of MWCNTs increased cell death of ectodermal stem cells, but
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not of neural stem cells (Liu et al., 2014). In moths (Spodoptera frugiperda), none of the
experiments performed showed significant effects of diet provided f-MWOCNT,
including growth rate, adult longevity, and activity of digestive enzymes (Martins et al.,
2019). Therefore, while sublethal effects of -MWNCT have been reported in insects, no
clear effect on mortality/survival has been found in the literature.

Pyknotic cells was the sublethal effect observed in the present investigations.
Pyknotic nuclei is a characteristics nuclear trait in necrotic tissues and apoptotic cells, in
which DNA condenses into a solid shrunken mass (Hou et al., 2016; Kumar et al.,
2012). Sublethal effects have been observed in brains of crickets in the present
investigation, but these effects were different among brain regions.

The pars intercerebralis has been understood for a long time as an important
neurosecretory region of insects (Bullock and Horridge, 1966). In crickets as in other
insects this structure is composed by large cells (circa 30 um of diameter) in which the
chromatin is not compact. Among the functions, cells of this structure secrete PTTH
(Agui et al., 1979), and important neuropeptide related to insect growth. It has been also
reported that some behaviours are related with this structure. For instance, PI removal
disrupted circadian and circatidal rhythms in mangrove crickets (Takekata et al., 2018).
That the PI has a role in circadian rhythms of crickets has been reported for almost 50
years ago (Sokolove and Loher, 1975). Additionally, PI has also a role regulating
diapause (Denlinger et al., 2012).

Pars intercerebralis was the region of the brain with the most conspicuous
effects of both Fipronil and MWCNT. The observed effect of MWCNT was not
concentration-dependent, but it had an inverted-U shape pattern in which only the
intermediate concentration resulted in significant increase of pyknotic cells. We argue
that this differential effects are related to the higher bioavailability of MWCNT to the
cells, as the effect of a toxicant is dependent of its physical-chemical characteristics
(Lanone et al., 2013) which also affect the way of internalization (Ursini et al., 2015).
For instance, experiments with lung cells showed that pristine MWCNT were
internalized by endocytosis and disruption of cellular membrane, while MWCNTs-OH
were found inside cells without damaging cellular membrane, and MWCNTs-COOH
entered the cell by endocytosis (Ursini et al., 2015).
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Inside the cell, the chemical nature of MWCNT also affects where this material
is preponderantly found. Pristine MWCNTs are found in free in the cytoplasm, in
cytoplasm vacuoles and even inside de nucleus. MWCNTs-OH are found in the
cytoplasm as single nanotubes and typically enter the nucleus at ease, while MWCNTs-
COOH were found only in the cytoplasm, inside large vesicles (Ursini et al. 2015).
Therefore, the main effects on the nucleus are elicited by MWCNTs-OH including
genotoxic damage seem in comet assays (Ursini et al., 2012). Pyknosis is a phenomenon
that occurs at both necrosis and apoptosis (Hou et al., 2016). It has been found in HeLa
cells that MWCNTs even present only in the cytoplasm, in association with
microtubules (Rodriguez-Fernandez et al., 2012), led to an increase in apoptosis in
MWCNT-treated cells when compared to controls.

While it is not understood which mechanism of uptake is operating for f-
MWCNT we have used, we propose that the intermediate concentration allows this
nanomaterial to be more toxic to these cells, when compared to the highest
concentration. Intermediate concentration of f-MWCNT are likely better dispersed and
less agglomerated than the highest concentration. A study with tadpoles showed a
smaller lethal rate at the highest concentration of MWCNTs, and MWCNT
characterization indicated that this concentration was more susceptible to agglomeration
resulting in a smaller intake of the MWCNT (Zhao et al., 2020). In HeLa cells, most
agglomerated MWCNT-ox did not increase cytotoxicity, such as membrane integrity,
apoptosis and necrosis (Song et al., 2016). On the other hand, it is fair to say that
contrary evidence has also been found in the literature, as more cytotoxic effects of
agglomerated-SWCNT were found in a mesothelioma cell line (Wick et al., 2007).
Regarding the smallest concentration of f-MWCNT, it seems plausible to assume that
this concentration was not high enough to stimulate a significant increase of pyknotic
cells.

The other region analysed in the present investigation was the cluster of cells
(Kenyon cells) found in the calyx of the Mushroom Bodies. Mushroom Bodies are a
very important associative region which gets inputs from the antennal lobe (olfactory)
and optic lobe (visual) (Strausfeld, 2001). The calyx is a neuropile in which the cellular
bodies of the anterior — condensed — Kenyon cells sit (Malaterre et al., 2002). As an
associative region, it was reported in crickets that MBs play a pivotal role in associative
olfactory memory (Matsumoto and Mizunami, 2002, 2004).

No significant effect of f-MWCNT was observed in condensed Kenyon cells. A
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reason to explain it is related to the contact with f-MWCNT solution. It is important to
note that -MWCNT solution was injected into the haemolymph. Considering the
circulatory system of insects, the dorsal vessel (heart) terminates anteriorly behind the
brain, and haemolymph reaches the frontal head region by a sinus between the brain and
esophagus (Wirkner et al., 2013). Brain neurosecretory cells have typically more contact
with the circulatory system as they compose the neuroendocrine system and these cells
project axons to neurohemal organs as the corpora cardiaca. While the whole brain is
bathed by haemolymph, it is important to note that this organ has a connective tissue
sheath which does not allow the direct contact between brain structures — like MBs —
and haemolymph.

Fipronil was used as a positive control, a previous study demonstrated the
formation of pyknotic cells as result of exposure to this insecticide (Jacob et al., 2015).
However, a significant increase of pyknotic cells was not observed in Kenyon cells.
Two reasons could explain this lack of a significant effects. First, the period between
exposure to fipronil and the analysis of the histological sections was three weeks. It has
been shown in stingless bees (Jacob et al., 2015) that at some concentration a significant
decrease of the number of pyknotic cells was observed after 12 hours. Second, in
crickets it has been found persistent neurogenesis in adult life (Fahrbach, 1996), and
continuous neurogenesis in MB has been reported for Gryllidae with approximately 20
new Kenyon cells added daily (Cayre et al., 1996). On the other hand, for bees it has
been reported no adult neurogenesis of Kenyon cells. Added cells during adulthood
could have “diluted” the percentage of pyknotic cells. Therefore, the lack of effect of
fipronil found in Kenyon cells of crickets could be related to both reasons listed above.

In short, this investigation has shown that f-MWCNT has not led to any
mortality in crickets, and a significant increase in pyknotic cells has been observed in
the main neurosecretory region of the brain, but it was not observed in an important
associative region. As a terrestrial species, Gryllus assimilis was not lethally affected f-
MWCNT injected in the haemolymph, which is an important piece of information to
evaluate the potential harm of this nanomaterial in the environment. However, as f-
MWCNT led to deleterious morphological effects in a neurosecretory region further
research is needed to assess whether growth and reproductive could result from the

exposure to -MWCNT.
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Abstract

Insects form an animal group with the highest biodiversity contribution on the
planet, inhabiting aquatic and terrestrial habitats. Crickets can use spatial reference
points to find hiding places and food sources and the neural and molecular
mechanisms related to this learning have been studied, as visual and olfactory
memory are the main traits for this purpose. This investigation explores the odor
preference, conditional learning and memory retention of age-groups of both genders
of Gryllus assimillis. Females and males at the 5th nymphal instar, and males and
female adults were utilized for the experiments. Olfactory preference was defined
based on the availability of two odors: vanilla and mint. For conditioning, protocol
utilized was a modification of the differential procedure using vanilla paired with an
aversive stimulus (salted or bitter solution) (V-) and mint paired with an appetitive
stimulus (water) (M+). A significant natural preference for vanilla was found. After
conditioning, 5th instar males and females showed a significant shift in odor
preference. No conditioning response was found in adults. Differences found in
conditioning response are discussed in the context of ontogeny, type of aversive
stimulus and type of conditioning procedure. These results are promising because
they indicate young individuals of this species can learn, and that further adjustments
of the methodology, such as applying absolute conditioning, can improve the
learning abilities of G. assimilis.

Key-words: Behavior,; Olfatory learning, Differential conditioning; Memory; Insects
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1. Introduction:

Insects form an animal group with the highest biodiversity contribution on the
planet, inhabiting aquatic and terrestrial habitats (Stork et al., 2015). Their irradiation
success is explained, among other reasons, by the sensorial capacity of finding safe
places to live and to seek food, and to recognize predators as well (Barnes, 2005).
Crickets can use spatial reference points to find hiding places and food sources
(Wessnitzer et al., 2008), and the neural and molecular mechanisms related to this
learning have been studied (Matsumoto & Mizunami, 2002a), as visual and olfactory
memory are the main traits for this purpose (Matsumoto et al., 2004).

The nervous system of insects is composed by a ganglionar nerve cord and two
anterior ganglia, the sub-oesophageal ganglion and the supra-oesophageal ganglion
(brain). The brain has some conspicuous regions, one of those is called Mushroom
Body (MB) neuropile, which is located at the anterior brain (protocerebrum) and it is an
associative area with olfactory and visual inputs from the antennal lobe and optic
ganglia, respectively (Bullock & Horridge, 1965; Schildberger, 1983; Strausfeld, 2001).
Structurally the MB has a large number of interneurons — circa 50,000 in crickets
(Malaterre et al., 2002) — called Kenyon Cells (KC). These are globulli cells which cell
bodies are found on the calyx of the MB, and the calyxes are the neuropiles formed by
dendrites of KC, which get the multimodal inputs (Strausfeld, 2001). Axons of the KC
project to form the stalk of the MB, and these axons are the output to other regions of
the protocerebrum (Fig. 1).

Crickets may have preference for odors. When vanilla and mint are tested,
crickets significantly prefer vanilla (Matsumoto and Mizunami, 2000). In adults of
Gryllus bimaculatus, when a preferred odor is associated to an aversive stimulus (e.g.,
NaCl solution for a thirsty animal) and an odor less preferred is paired with water, it has
been observed a shift — after a conditioning session — in the odor preference of the
animal (Matsumoto et al., 2002a). After several sessions of conditioning, this memory
could be retained up to four days. Molecular studies have shown that this memory is
related to the synthesis of the neurotransmitter nitric oxide, which ultimately activate
the pathway adenil cyclase-cAMP- PKA-CREB (Mizunami & Matsumoto, 2017) in
regions of the MB (Matsumoto et al., 20006).
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Some studies on insects point to differences in learning performance among age
in holometabolous (Mery, 2007; Miinch and Amdam, 2013; Cammaerts ¢ Gosset,
2014), while this putative difference are unknown for Gryllus assimilis, a characteristic
hemimetabolous organism. In addition, information regarding the possible effects of
sexual dimorphism and the use of different substances as aversive stimulus (salted
solution or Denantonium Benzoate) during conditioning sessions are absent for
Grylloidea, which is important in order to understand, manipulate, interpret and even
design researches on this subject.

This investigation explores the odor preference, conditional learning and
memory retention of age-groups of both genders of Gryllus assimillis. Modifications of
an available paradigm (Matsumoto et al., 2017) were employed and suggestions for

future investigations are provided.

2. Material and Methods:

2.1. Experimental animals

Females and males at the 5th nymphal instar, and males and female adults were
utilized for the experiments. Animals were kept in the laboratory, in plastic boxes
(41x29x13cm) under controlled temperature (26 = 1°C), humidity (65£10%), and
photoperiod conditions (12D:12L). Crickets were fed with cat food (Golden®) ad

libitum. Water was provided with damp pieces of cotton.

2.2. Olfactory preference and conditioning

Olfactory preference was defined based on the availability of two odors: vanilla
and mint. These two odors were obtained using a commercial essential oil (LASZLO
Aromatologia Ltda). Each oil was diluted 5x before using in trial. Pieces of filter paper
were utilized, on which a 160 pL was dropped. Only 5th instar males were utilized for
olfactory preference tests.

An arena measuring 25 cm length x 15.5 cm wide x 7.0 cm height (Matsumoto
et al., 2017) was utilized for the preference test. At one end of the arena the two filter
papers were placed and a cricket allowed to enter the arena. Each animal was allowed to
explore the arena (Fig. 2) for five minutes, and trial was filmed (.avi file) for subsequent
analysis. Video analysis was done using the software EthoVision XT. For the analysis,

and the time spent over the filter paper was recorded. To consider a valid exploration of
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an odor, the animal had to flick its antennas while over the filter paper.

With time spent (in seconds) at each odor it was calculated the preference index

(in %, Plodour) for each one, as follows:

Plvanilla = (time exploring vanilla / time exploring vanilla + time exploring mint).

PImint = 1 - Plvanilla.

PI for all trials were compared by a chi-square test, assuming equal chance
(50%) for each odor, and a p-value of 0.05.

For olfactory conditioning tests, the rationale was to train crickets in an attempt
to change their natural odor preference. Each cricket was individually placed in glass
Beaker (200 mL). A piece of filter paper was pierced on the needle of a hypodermic
syringe. Odor was presented to the cricket by dropping the essence on the filter paper.
Syringe was filled either with water (appetitive stimulus) or with an aversive solution
(aversive stimulus). Two kinds of aversive solutions were used. The first was a salted
solution at two concentrations (20 and 40%) and the second was a bitter solution of
denatonium benzoate commercially named Bitter Max. For the tests, water solution was
paired with mint odor, and the aversive solution were paired with the vanilla odor.

The protocol used was a modification of the differential procedure (Matsumoto
et al., 2017), applied to Gryllus bimaculatus. During four days before trials, crickets
were fed normally but deprived from water. After this, trials began, described as
follows. First, syringe with preferred odor was presented to the animal. Cricket was
allowed to explore and to flick antennas on the filter paper. After 5-10 seconds of
exploration, a drop of the aversive stimulus was presented to the thirsty animal, so
vanilla (V) was paired an aversive stimulus (V-). This procedure was carried out four
times for each animal, at intervals of five minutes between each. Thereafter, the less
preferred odor (mint, M) was presented to the animal and cricket was allowed to explore
it from 5-10 seconds, and a drop of water was presented to the animal (M+). Time of
exploration was not fixed because it was noted that many animals did not interact with
the odor in 3 seconds, and we want to be sure to observe cricket flicked antennas at least

once on the filter paper.
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2.3 Memory retention

Test was performed immediately post training. Similarly, to preference tests,
mint and vanilla odors were provided on the arena and cricket was allowed to explore
the arena for five minutes. For the analysis, the time spent over the filter paper was
recorded. To consider a valid exploration of an odor, the animal had to flick its
antennas while over the filter paper. Each animal was allowed to explore the arena for
five minutes, and trial was filmed (.avi file) for subsequent analysis. Video analysis
was done using the software EthoVision XT. With time spent (in seconds) at each odor
it was calculated the preference index for mint (PImint) and for vanilla (PIvanilla). PI
for all trials were compared by a chi- square test, assuming equal chance (50%) for

each odor, and a p-value of 0.05.

3. Results

3.1. Exploratory behaviour during preference tests

During tests most of the animals explored the arena between 1 and 3 minutes,
usually walking on the edges of the arena. Some crickets did not explore the arena,
standing still for the whole time. Others, after interacting with odor sources went
walking on the edges, not returning to odors. Odors sources were usually alternated
visited. First contact typically with antennae, followed by mouth parts (palps and
mandibles). Sometimes an odor was explored for long time (i.e. more than a minute).
Even bites on the filter paper were observed in some cases. In most cases, after
exploring the odors for a couple of minutes crickets lost attentiveness and remained near

to the arena entrance.

3.2. Behaviour during conditioning training

Routinely crickets avoided the syringe at the two steps of conditioning (V- and
M+) when the first time it was presented. From the 2nd presentation, most of the
crickets got used to it. However, on occasions crickets kept agitated for the whole time
of conditioning avoiding all attempts of syringe approach. When salted solution was
offered, crickets rapidly got away from it after first sip, and they never returned to try it
again. Not surprisingly, these animals did not respond during conditioning tests, maybe
they not learned the conditioned task When water was offered, after drink it usually

crickets wanted to keep interacting with the syringe, sometimes even hanging on the
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needle seeking water. In these cases, on the remaining repetitions crickets anticipated
water would be offered and they sought promptly the drop.

Fifth instar male nymphs were generally more agitated needing more time to
interact with odor source on the syringe and to drink, either water or salted solution.
Sometimes they even climbed Becker walls and escaped. Conversely, fifth instar female
nymphs were much calmer than males, usually interacting easily with odor source on
the syringe. They never escaped a Becker. Adult males and females typically behaved
similar to nymphs.

3.3. Olfactory preference
A significant preference for vanilla was found (Mann-Whitney, N=20, p <

0.001) (Fig. 3).

3.4. Conditioning experiments using denatonium benzoate

After conditioning training, Sth instar males showed a significant shift in odor
preference (Mann-Whitney, N=24, p < 0.05) (Fig. 4). However, for adult males it was
not found a shift in preference after conditioning. Actually, adult males kept preferring
vanilla even in the present of denatonium benzoate (Mann- Whitney, N=32, p < 0.01)
(Fig. 5A). On the other hand, adult females showed a higher preference for mint, but it
was not significant (Mann-Whitney, N=6, p = 0.46) (Fig. SB).

3.5. Conditioning experiments using salted solution (20%)

After conditioning training, 5th instar males did not show a significant shift to
mint preference (Mann-Whitney, N=6, p = 0.57) (Fig. 6A). For 5th instar females a
significant shift in odor preference was found (t-test, N=37, p < 0.001) (Fig. 6B). For
adult females, no significant shift was found towards mint was observed (Mann-

Whitney, N=11, p = 0.43) (Fig. 7).

4. Discussion

Our investigation confirmed the natural preference of G. assimilis on vanilla
over mint confirming earlier reports for a species of the same genus G. bimaculatus
(Matsumoto and Mizunami, 2000). It is not surprising this less preference for mint,

because mint has been reported in the literature as an insect repellent (Eisner et al.,
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2000; Erler et al., 2006). Menthol is the main compound of it (Kumar et al., 2011).
However, it is interesting to note that crickets are known as pests in eucalyptus
plantations (Masson et al., 2020), and essential oils of eucalyptus are natural insecticides
(Batish et al., 2008; Dhakad et al., 2018). Moreover, depending on the species,
composition of eucalyptus oil has some substances also found in mint oils, such as alfa-
pirene, beta-pirene and 1,8-cinole (Batish et al., 2008; Kumar et al, 2011). Therefore, it
is interesting this natural avoidance of mint shown in laboratory experiments because in
the wild crickets prey on plants containing compounds which may be also aversive.
Better understanding regarding the natural odors preferences of crickets are needed to
improve olfactory conditioning procedures, for instance, testing eucalyptus essential oil
against mint and vanilla oils.

Associative learning can be considered an important ability to increase survival,
as animals use it to find food (Das et al., 2016; Kandori and Yamaki, 2012), to keep
away from predators (Hedrick and Kortet, 2004; Tamai and Choh, 2019), and toxic
compounds (Simoes et al., 2012). Invertebrates have been very important in associative
learning and conditioning investigations, with classical studies on the marine snail
Aplysia californica (Walters et al., 1979; 1981) demonstrating learning in behaviours
such as escape locomotion, inking, and siphon withdrawal. In insects, associative
learning has been demonstrated, among others, in flies (Tomchik and Davis, 2013), ants
(D’Ettorre, 2013), bees (Sandoz, 2013), locusts (Simdes et al., 2011), and coachroaches
and crickets (Mizunami et al., 2013).

In crickets, olfactory conditioning procedures have been reported. For instance,
based on the natural preference of animals to explore a particular odor, crickets deprived
from water shifted odor preference when the less preferred odor (conditioning stimulus,
CS) is paired with water (unconditioned stimulus, US) (Mizunami and Matsumoto,
2000). Maxillary palpi extension response is enhanced when vanilla and maple odors is
presented near the antennae, and this behaviour significantly declines when this
preferred odor (CS) is paired with an aversive US (salted solution), with a significant
retention 1-day after conditioning (Matsumoto et al., 2015).

Two patterns of conditioning have been applied in crickets. The first, called
differential conditioning, is based on the training using of appetitive and aversive
stimulus paired with odors. The second, called absolute conditioning is based on the
training using only appetitive stimulus paired with the less preferred odor (Matsumoto

et al., 2018). Our investigation has followed adapted procedures of differential
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conditioning (Matsumoto et al., 2017) used in many publications elsewhere (reviewed
in Mizunami and Matsumoto, 2017). However, differently we have performed trials
using two aversive stimulus (either salted solution or bitter compound), males and
females, and nymphs and adults. Studies reviewed in Mizunami and Matsumoto (2017)
have consistently used salted solution as the aversive stimulus and used adult male
crickets.

Different from results consistently reported for G. bimaculatus (Mizunami and
Matsumoto, 2017), we did not find significant conditional response for adults males
(Fig. 5), who actually still preferred vanilla even thought it was paired with a bitter
aversive stimulus in training. One possibility is that this difference found could be
related to divergence in conditioning procedures used. We used differential conditioning
with four repetitions of V- and M+ using inter-trial intervals (ITI) of five minutes.
Significant conditioning reported elsewhere has been done using both absolute and
differential procedures, and actually a comparison between both procedures showed that
differential conditioning induced a stronger retention than absolute conditioning
(Matsumoto and Mizunami, 2002; Matsumoto et al., 2017).

Another possibility is the number of trials, as the number of trials in differential
conditioning has an effect on memory retention 2 h after training (Matsumoto and
Mizunami, 2002). However, four-trial conditioning led to a higher learning performance
than two-trial, and that six-trial did not increase this performance (Matsumoto and
Mizunami, 2002). Regarding ITI, it was reported that the interval we used (5 minutes)
resulted in significantly higher performance than 30s, 1 minutes and 10 minutes
(Matsumoto and Mizunami, 2002). In using a salted solution as aversive stimulus,
Matsumoto and Mizunami (2002) speculated that the use of other substances could
cause illness and reduce the motivation of the crickets to search for water, but authors
did not present experimental evidence to support it. Moreover, the same substance
(denatonium benzoate) was used successfully in studies on aversive learning of both
sexes of praying mantis (Carle et al., 2015, 2018), corroborating with our findings on
aversive learning in G. assimilis, at least for females from 5th instar.

Therefore, considering that all possibilities related to methodology have been
discarded, we propose that natural variability in learning related to the ontogeny is the
most plausible explanation, in which we were not able to elicit a conditioned response in
adults of G. assimilis using these procedural methodologies. Actually, it is important to

note that adult females did not show learning toward mint either using denatonium
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benzoate (Fig. 4) or salted solution (Fig. 6) as aversive stimulus. Studies with
holometabolous insect species has shown impaired learning in older animals. In fruit
flies (Mery, 2007), older animals tested 20 minutes after the training session had
significantly lower memory score than younger flies. In honeybees (reviewed in Miinch
and Amdam, 2013) it has been shown heterogeneity in age-related decline learning, with
no significant effect on gustatory learning but significant decline in olfactory learning of
foragers bees. Matsumoto and Mizunami (2000) speculated that ontogeny may affect
crickets motivation, and reported preliminary observations (data not shown) which
indicated that nymphs (no gender specified) form memory for at least six weeks. Our
investigation is one of the few studies on a hemimetabolous species in which olfactory
learning procedures have been performed in nymphs and adults.

It is important to note that these procedures of differential conditioning have
failed to produce olfactory learning in another cricket species (Acheta domesticus)
(Cayre et al.,, 2007), and even researchers who proposed these procedures have
recognised “differential conditioning may be a rather complicated learning task...we are
switching the conditioning paradigm to the simpler absolute conditioning” (Matsumoto
et al,, 2018). Nevertheless, we have found promising results using differential
conditioning in 5th instar males and females (Fig. 2 and 5), using DB and salted
solution, respectively. Due to logistical reasons we were not able to test Sth instar
females using DB as aversive stimulus, and after conditioning of 5th instar males using
a salted solution as aversive stimulus no shift in preference was found (Fig. 7). This
latter result is unfortunate to establish a pattern of responsiveness of the salted solution
for conditioning, but a higher preference for mint was found which could be not
significant due to the low number of trials performed (n=6). It is important to keep in
mind that the ability to learn can also be affected by genetic variability (Brandes, 1991).
In short, this investigation was the first to apply olfactory differential conditioning
procedures in Gryllus assimilis in both males and females, and in adults and nymphs as
well. Significant conditioning was found in nymphs of males and females, but no
significant conditioning was observed in adults. These results are promising because
they indicate individuals — at least, the youngest — of this species can learn, and that
further adjustments of the methodology, such as applying absolute conditioning, can

improve the learning abilities of G. assimilis.
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Figure 1. Longitudinal section showing a half brain of Gryllus assimilis stainved with HE.
Magnification 10x.
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Figure 2. Schematic drawing of the arena utilized for preference and memory retention
tests.
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Figure 3. Odor preference for Gryllus assimilis. Mean preference index + SE; * p <
0.01.
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Figure 4. Preference after conditioning of 5th instar males of Gryllus assimilis when
Denatonium benzoate was used as aversive stimulus. Mean preference index + SE;

* < 0.05.
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Figure 5. Preference after conditioning of (A) adult males and (B) adult females of

Gryllus assimilis when Denatonium benzoate used as aversive stimulus. Mean

preference index + SE); * p <0.01 and NS (p = 0.46).
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Figure 6. Preference after conditioning of 5th instar (A) males and (B) females of

Gryllus assimilis when salted solution was used as aversive stimulus. Mean

preference index = SE; NS (p =0.57) and * p < 0.001.
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Figure 7. Preference after conditioning of adult females of Gryllus assimilis when
salted solution was used as aversive stimulus. Mean preference index + SE; NS (p =

0.43).

3. DISCUSSAO GERAL

3.1. Efeitos do f-MWCNT no sistema nervoso

Como ja mencionado anteriormente neste trabalho, nanomateriais sdo compostos
cada vez mais utilizados em diversas tecnologias (Klaine et al., 2008). Seu potencial em
entrar em contato com meio aquatico e terrestre aumenta com o uso frequente e diversos
trabalhos relatam seus efeitos toxicos principalmente em ambientes aquaticos (e.g,
Freixa, et al., 2018). Buscando ampliar o conhecimento sobre este material também em
organismos terrestres, nos testamos um nanotubo de carbono de parede multipla
oxidado quanto a mortalidade e aos efeitos relacionados a morte celular em duas

regides do cérebro do grilo.

3.2. Mortalidade

A LC50 realizada durante trés semanas ndo demonstrou mortalidade dos animais em
nenhuma das trés concentracdes utilizadas. Ja € relatado na literatura que os nanotubos
de carbono de parede multipla, de forma geral, sdo menos prejudiciais do que os

nanotubos de parede simples (Jia et al., 2005). Estudos realizados com f-MWCNT
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também nao apontaram mortalidade em outros insetos, como na mosca arlequim, mosca
da fruta e na mariposa S. frugiperda, No entanto, estes mesmos autores relatam efeitos
subletais causados pelo f-MWCNT, como o aumento de mRNA de genes relacionados a
apoptose e morte celular de células tronco ectodérmicas nas larvas de moscas arlequim
e nas larvas de mosca da fruta (Liu et al., 2014; Martinez-Paz et al., 2019; Martins et al.,

2019).

3.3. Pars intercerebralis

Neste trabalho, avaliamos o percentual de células com a presenca de nucleos onde
foi possivel observar condensac¢ao da cromatina, indicando morte celular. Estes nucleos
sao conhecidos como nucleos picnoticos, onde o DNA se condensa e forma uma massa
solida e encurtada (Hou et al., 2016; Kumar et al., 2012). As regides analisadas na
presente investigacdo foram a pars intercerebralis, regido neurossecretora do cérebro
dos insetos (Bullock e Horridge, 1966) e os corpos fungiformes, os quais sio
amplamente conhecidos e descritos por sua fungdo de receber informagdes olfativas,
através do lobo antenas e informagdes visuais, através do lobo dptico (Strausfeld, 2001)
atuando na formacdo da memoria. A pars intercerebralis foi o local onde encontramos
o maior efeito do -MWCNT na concentragdo intermedidria testada, originando um
tracado grafico em forma de uma curva em U invertido. As propriedades fisico-
quimicas do nanomaterial podem explicar este efeito, devido a suas caracteristicas de
aglomeracdo e dispersdo (Lanone et al., 2013). Os maiores efeitos da concentragao
intermedidria podem estar relacionados a sua biodisponibilidade nas células, ja que
nesta condi¢do, seu grau de dispersdo estd maior permitindo assim sua maior
internalizacdao nas células, permanecendo no citoplasma e nucleo (Ursini et al.,2015).
Neste caso, provavelmente esta concentracdo intermediaria estaria melhor dispersa e
menos aglomerada, causando um efeito mais téxico. Em oposto, na concentracdo mais
alta utilizada, observamos o efeito contrario, onde o nanomaterial estaria mais
aglomerado e portanto menos biodisponivel para entrar em contato com os nucleos
celulares, causando assim menor efeito toxico, como demonstrado em Zhao et al (2020),
Song et al (2016) e Wick et al (2007). Em relacdo a menor concentracao utilizada de f-
MWCNT ¢ possivel supor que esta concentracao nao foi alta o suficiente para causar

um aumento significativo de nticleos picnoticos nesta regiao.
Na pars intercerebralis também foi utilizado o Fipronil (inseticida amplamente

utilizado em lavouras) como um controle positivo. Fipronil (fenil-pirazol) ¢ uma
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substancia conhecida como um potencial inseticida sistémico, apresenta a capacidade de
realizar sua entrada e deslocamento por todos os tecidos das plantas, tornando-se assim
um protetor eficiente contra danos para a mesma e de agdo toxica para insetos e demais
organismos que possam vir a preda-la. O seu efeito sistémico ocorre devido
principalmente a suas propriedades fisico-quimicas, como seu coeficiente de parti¢ao
octanol-agua (K,.) e sua constante de dissociacdo. Fipronil foi descoberto e produzido
pela primeira vez entre os anos de 1985 e 1987, pela empresa entdo denominada Rhone-
Poulenc, hoje conhecida como Bayer CropScience, sendo entdo disponibilizado ao
mercado no ano de 1993 (Tingle et al., 2003). O mecanismo de agdo do fipronil em
insetos acontece com a ligagdo de fipronil aos receptores de GABA, neurotransmissor
inibitorio do sistema nervoso, e aos receptores de glutamato acoplados aos canais de
cloreto dependentes de GABA, bloqueando a passagem de ions cloreto pelos
respectivos canais, fazendo com que ocorra uma hiperexcitacdo neuronal em funcao do
acumulo do neurotransmissor nas fendas sindpticas. Em vista disto, fipronil atua como
um inibidor do sistema nervoso, causando um efeito antagénico (El Hassani et al.,
2009). Estudos que abordam os sitios de ligagdo de GABA e sua interacdo com fipronil,
sugerem que a afinidade do fipronil com os canais de cloreto de receptores GABA de
invertebrados ¢ maior quando comparado com a afinidade com os mesmos canais de
receptores GABA de vertebrado, reforcando desta maneira a toxicidade de fipronil
relacionada mais a insetos e outros organismos invertebrados nao alvos (Kuhr &

Motoyama, 1998).

3.4. Corpos fungiformes

Avaliamos os efeitos de f-MWCNT nos corpos fungiformes. Assim como em
outros insetos, foi relatado em grilos que os corpos fungiformes desempenham um papel
central na memoria olfativa associativa (Matsumoto e Mizunami, 2002, 2004). Em
oposto aos resultados observados na regido da pars intercerebralis, nenhum efeito
significativo foi encontrado nas células desta regido em nenhuma das concentragdes
testadas. Este resultado pode ser explicado devido a anatomia do grilo. Durante a
execugao dos testes, o -MWCNT foi injetado na hemolinfa, através do vaso dorsal
(coragdo), de forma que fosse possivel que o nanotubo entrasse em contato com todas as
regides de interesse. E importante ressaltar que o vaso dorsal termina anteriormente
atras do cérebro, e a hemolinfa atinge a regido frontal da cabeca por um seio entre o

cérebro e o esdfago (Wirkner et al., 2013). As células neurossecretoras cerebrais
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normalmente tém mais contato com o sistema circulatdrio, pois elas compdem o sistema
neuroendocrino e essas células projetam axonios para Orgdos neurohemais, como o0s
corpos cardiacos. Enquanto todo o cérebro ¢ banhado por hemolinfa, ¢ importante notar
que esse 0rgao possui uma bainha de tecido conjuntivo que nao permite o contato direto
entre estruturas cerebrais - como os corpos fungiformes - € hemolinfa.

Diferente do resultado encontrado na pars intercerebralis, o Fipronil ndo causou
efeito nos corpos fungiformes, como relatado em Jacob et al. (2015), que apontou em
seu trabalho alteragdes morfologicas relacionadas ao Fipronil nas células de Kenyon dos
corpos fungiformes de Scaptotrigona postica. Exposi¢do topica ao Fipronil, na regido
do pronoto destas abelhas, utilizando doses subletais de 0,27 ng/ul, 0,54 ng/ul e 1,08
ng/ul indicaram em todas as concentragdes aumento no numero de perfis picnoticos
quando comparados ao grupo controle, sugerindo morte celular nesta regido. Duas
razdes podem explicar essa falta de efeitos significativos. Primeiramente, o tempo de
exposi¢do que utilizamos foi diferente. O autor demonstra no seu trabalho que houve
diminui¢do significativa no nimero de nucleos picnéticos apds 12 horas de exposi¢ao.
No presente estudo, nos realizamos exposi¢coes de 21 dias, tempo esse relativo ao
crescimento do animal do quarto para o quinto instar. Além disso, os grilos apresentam
um processo continuo de neurogénese na vida adulta (Fahrbach. 1996), assim como a
neurogénese continua nos corpos fungiformes para Gryllidae, sendo adicionadas
aproximadamente 20 novas células de Kenyon diariamente. Dessa forma pode-se
sugerir que a continua neurogénese pode contribuir para a “diluicdo” da porcentagem de

nucleos picnoticos.

3.5. Paradigma olfatorio

Esta pesquisa teve como objetivo inicial compreender paradmetros
comportamentais do grilo G. assimilis relacionadas a memoria e aprendizado dentro de
um paradigma olfatério e verificar a influéncia de um nanotubo de carbono na sua
capacidade de associar um odor aversivo a uma fonte de agua e seus efeitos na regido do
cérebro do animal responsavel pelos processos de aprendizagem e formacdo da
memoria. Para este fim, nds utilizamos um protocolo com resultados consistentes para
grilo G. bimaculatus, estabelecido por Matsumoto (2017) onde condicionamos ninfas de
quinto instar privadas de agua por quatro dias, pareando um estimulo de preferéncia
inata do animal (baunilha) com um refor¢o negativo (solu¢do salina) e um estimulo

aversivo (horteld) com um reforgo positivo (agua) testando posteriormente se houve
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inversdo da sua preferéncia inicial. Na busca por uma resposta efetiva de aprendizado
utilizando condicionamento diferencial olfativo, optamos por utilizar diferentes grupos
de grilos (adultos machos e fémeas e ninfas machos e fémeas) e também mais uma
substancia aversiva como refor¢o negativo, o benzoato de denaténio. Por fim, devido as
variaveis encontradas durante os testes de comportamento, nao foi possivel avaliar, no
tempo de desenvolvimento do mestrado, os efeitos do nanomaterial de carbono nos
aprendizado associativo olfatorio, porém resultados interessantes foram encontrados,
visto ser esse o primeiro trabalho que aplica este protocolo de paradigma olfatério em

G. assimilis.

3.6. Aprendizado olfatorio em adultos

Primeiramente, confirmamos a preferéncia de G. assimilis por baunilha, assim
como sua clara aversao por horteld, como relatado por Matsumoto ¢ Mizumani (2000).
A horteld funciona como um repelente natural dos insetos (Eisner et al., 2000; Erler et
al., 2006), o que corrobora com a sua repulsa por este 6leo essencial, mesmo que,
curiosamente, este grilo seja conhecido como praga em plantagdes de eucalipto (Masson
et al., 2020).

Para o paradigma olfatdrio, sdo conhecidos dois padrdes de condicionamentos,
relatados por Matsumoto (2018). O condicionamento diferencial, utilizado no presente
trabalho, baseia-se no treinamento do estimulo atrativo e aversivo, emparelhado com
odores. O condicionamento descrito ¢ chamado de condicionamento absoluto, onde sao
usado apenas estimulos atrativos associados a odores de menor preferéncia. (Matsumoto
etal., 2018)

Durante nossos testes com adultos machos e fémeas, ndo foi possivel observar
aprendizado associativo olfatério, onde a preferéncia destes animais permaneceu
favoravel a baunilha mesmo apds as oito sessdes de condicionamento da baunilha
associada a um estimulo aversivo. E consistente na literatura que a ontogenia tem
relagdo direta com o aprendizado, de forma que animais mais velhos demonstram muito
mais dificuldade ou atraso no aprendizado e na formacgdo da memoria (Mery 2007;
Munch e Amdam,2013). Formigas que foram condicionadas na busca por alimento
(4gua acgucarada) obtiveram um sucesso muito maior no aprendizado quando testadas
em idades mais jovens, as quais obtiveram um escore de aprendizado de até 90% apos
70 horas do condicionamento. Em comparagdo, as formigas mais velhas apresentaram

escore de aprendizado de no maximo 65% ap6s 43 horas do condicionamento
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(Cammaerts e Gosset, 2014). Matsumo e Mizunami (2000) também trazem aspectos
relacionados a ontogenia no aprendizado dos grilos, demonstrando formagdo de
memoria longa em ninfas.

Além disso, outro fator relacionado a falta de éxito no condicionamento de
adultos de G. assimilis pode ser atribuido aos custos associados a consolidacdo da
memoria. Pesquisas com insetos apontam a priorizacao de um aspecto em detrimento de
outro relacionando a reproducdo e formag¢do de memoria em fémeas de algumas
espécies, como na borboleta Pieris rapae, em que os animais com alta habilidade de
aprendizado produzem menos ovos que aqueles com baixa habilidade de aprendizado
(Snell-Rood et al., 2011). Em moscas, D. melanogaster, linhagens selecionadas com
alta habilidade de aprendizado também apresentam diminui¢do na taxa de postura
quando comparadas aos grupos nao selecionados (Mery & Kawecki, 2004). Os machos
adultos de grilos, possuem ainda o gasto acessorio do repertorio para a copula e
estridulagcdo (Hoback et al., 1997; Wagner, 2005), comportamentos e gastos energéticos
extras que sdo ausentes em ninfas.

E importante destacar que a reproducdo deste protocolo também foi falha no
estudo apresentado por Cayre e colaboradores (2007) utilizando o grilo comum Acheta
domesticus. Os autores atribuem que o insucesso com este paradigma olfatério esteja
associado a auséncia do comportamento aversivo para substincia salina, amarga ou
picante para estes animais, sugerindo o "paradigma de escape" como melhor ferramenta
para avaliar o aprendizado. De fato, apesar da resposta clara aos reforgos utilizados,
encontramos também em G. assimilis 0 comportamento permanente da tentativa de fuga
da arena de testes, percorrendo por longos minutos as laterais da arena em busca da
saida, podendo também responder com melhor assertividade em testes de escape.
Dentre o exposto, consideramos a sugestdo dos pesquisadores responsaveis pela
elaboragdo do protocolo utilizado, onde relatam wuma maior dificuldade no
condicionamento diferencial, visando estudos futuros mais aprofundados utilizando o

condicionamento absoluto, mais simples (Matsumoto et al., 2018).

3.7. Aprendizado olfatorio em ninfas
Em oposto aos resultados obtidos com grilos adultos, verificamos aprendizado
significativo em machos e fémeas no quinto instar, utilizando como refor¢co negativo
benzoato de denatdnio e solugdo salina, respectivamente. Nao foi possivel executar

testes utilizando fémeas de quinto instar com o benzoato de denatdnio devido a logistica
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do tempo da execucdo dos experimentos. Durante a execu¢do do condicionamento
diferencial nos grupos de animais testados, foi clara a diferenga do comportamento em
machos e fémeas. Tanto fémeas de quinto instar quanto fémeas adultas demonstraram
menor agitacio e movimentacdo em relacdo aos machos dos mesmos grupos, sendo
mais facil a realizacdo do condicionamento. Trabalhos relacionados a atividade
locomotora em insetos demonstraram maior atividade nas atividades diarias em machos,
relatando uma inclinagdo ao comportamento mais ativo nos machos de quinto instar do
que em fémeas (Edney, 1936; Demark e Bennet, 1994). Outro fator que pode ter
contribuido para que as fémeas apresentassem comportamento mais calmo esta
relacionado com seu peso corporal. E claramente relatado a presenca de dimorfismo
sexual com relacdo ao tamanho do corpo em insetos, demonstrando maior tamanho
corporal em fémeas (Stillwell et al., 2010; Chown e Gaston., 2010), o que pode implicar
que fémeas sejam mais pesadas e, portanto, mais lentas e calmas.

Além disso, estudos tém demonstrado uma eficiéncia maior no forrageamento
nas fémeas de insetos do que em machos, mostrando mais precisdo nessas atividades.
Durante atividades diérias de forrageamento, como busca por fontes de alimento e dgua,
ninfas fémeas de quinto instar da barata germanica demonstraram menor movimentacao
do que machos, apresentando movimentos mais diretos e certeiros na busca dos
recursos, enquanto machos movimentavam-se mais e tinham menor eficiéncia no seu
forrageamento (Demark et al., 1993). Em Orius sauteri foi demonstrando que fémeas
adultas permaneciam mais tempo em locais da planta onde tinham mais presas
disponiveis, além de aumentar sua taxa de oviposicao nesses locais. Em contrapartida,
machos deslocavam-se muito mais entre os ambientes da planta com maior € menor
quantidade de presas disponiveis, demonstrando maior atividade locomotora e menor
eficiéncia no forrageamento (Nakashima e Hirose, 2002). Estes autores destacam que
este comportamento pode estar associado a busca por melhores condi¢cdes e mais
recursos das fémeas em locais de oviposi¢do, enquanto machos buscam muito mais a
presenca de fémeas no local do que alimentacdo. Ne’eman e colaboradores (2006)
relataram que uma maior eficiéncia no forrageamento em abelhas solitarias € encontrada
nas fémeas. Foi observado que fémeas visitam com mais frequéncia as flores que
fornecem néctar e polen e que essa visita acontece em flores que estavam mais proximas
umas das outras, diminuindo assim seu gasto energético na procura de alimento. Neste
mesmo estudo, machos percorrem maiores distancias e alcancam voos mais altos do que

fémeas, tornando-os assim polinizadores intercruzados de maior eficiéncia, porém com
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custo energético e menor eficiéncia no seu forrageamento quando comparado ao
comportamento das fémeas. Esta maior eficiéncia nas atividades de forrageamento nas
fémeas pode corroborar com nosso estudo que indica maior facilidade no aprendizado e
maior eficiéncia em fémeas condicionadas com solu¢do salina em encontrar fonte de
agua no paradigma olfativo testado onde ha a privagao de agua por alguns dias.

Dentre todos os grupos testados, encontramos muita variabilidade nos padroes
de comportamento dos animais. Durante o condicionamento, observamos grilos que nao
interagiram com os odores e com os reforcos em nenhuma das tentativas e, da mesma
forma, ndo demonstraram curiosidade com as fontes de odores presentes na arena
durante o teste de preferéncia. Observamos também animais que, apesar de
condicionados, também nao procuravam os odores. Além disso, mesmo nos grupos que
demonstraram aprendizado ao inverter sua preferéncia inicial de baunilha para hortela,
encontramos animais que ndo obtiveram esse aprendizado. J4 é conhecido que a
variabilidade genética ¢ um fator importante que pode influenciar os resultados de
trabalhos que envolvem o condicionamento e aprendizagem em insetos. Moscas que
foram geneticamente selecionadas de linhagens que demonstravam bom desempenho no
aprendizado, obtinham igualmente excelentes resultados nos mesmos testes de retengao
de memoria (Brands, 1988, Mery et al., 2007). Neste caso ¢ possivel que a variabilidade
genética atue também nos grilos testados e explique a inconstancia do aprendizado

dentre um mesmo grupo.

4. CONSIDERACOES FINAIS

Em suma, esta investigacdo foi um dos primeiros trabalhos a aplicar um teste de
condicionamento diferencial olfatério em diferentes estagios do desenvolvimento de
Gryllus assimilis. Foi observado que individuos mais jovens desta espécie podem
aprender uma tarefa de aprendizado associativo importante para o seu forrageamento,
enquanto animais mais velhos apresentam dificuldades diantes do mesmo teste. Sdo
necessario mais estudos para compreender melhor os processos de aprendizado dentro
do paradigma olfatorios, buscando ajustes na metodologia relacionados a aumento no
numero de animais testados, principalmente em relacdo ao uso de benzoato de
denatonio, o qual também se mostrou promissor no condicionamento diferencial
juntamente com a solu¢do salina para ninfas. Além disso, ¢ interessante explorar o

condicionamento absoluto como uma forma de melhorar a capacidade de aprendizado
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dos animais adultos.

Em relacdo ao nanomaterial testado, -MWCNT, com base nos resultados
apresentadas pode-se concluir que ndo foi letal para G. assimilis quando injetado em
via hemolinfa. Considera-se relevante esse dado a fim de avaliar o potencial efeito
toxico desse nanotubo para o ambiente terrestre. Importante salientar que se uma
exposicdo invasiva e direta do nanomaterial (injecdo na hemolinfa) ndo causou efeito
letal, pode-se pressupor que uma exposicdo externa (contato do animal com o
nanomaterial no ambiente) seria ainda menos danosa. Igualmente, ndo foram
encontrados danos na regido do cérebro responsavel pelo aprendizado ¢ memoria do
animal.

Sugerimos a continuidade dos estudos para melhor compreensdo do mecanismo
pelo qual os efeitos deletérios encontrados na regido neurossecretora podem influenciar
nos pardmetros de reprodugdo e crescimento dos grilos, mediante exposi¢do ao f-

MWCNT.
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