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RESUMO

O triclorfon é um inseticida e acaricida organofosforado utilizado na agricultura e na
pecudaria. Em concentra¢gdes normalmente encontradas no meio ambiente, como resultado da
acumulacéo de organofosfato persistente, o triclorfon inibiu significativamente a atividade da
enzima acetilcolinesterase, que resulta em um excesso de estimulacdo colinérgica. Esta
inibicdo enzimatica mostrou ser potencialmente tdxica por alterar o perfil de marcha e
comportamento de grooming do animal. As alteragdes comportamentais séo desenvolvidos
principalmente pela modulacdo da via da dopamina, que inclui a ativacdo de receptores DA-
D1 que pode causar o aumento de atividade de grooming. Os receptores muscarinicos da
subclasse M1 também foram investigados e revelaram estar estreitamente relacionados com o
aumento das alteragdes comportamentais. Interneuronios nicotinicos neuronais devem estar
envolvidos, pois como a d-tubocurarina houve uma diminui¢do do aumento da atividade de
limpeza (grooming) induzido por triclorfon. Os resultados apontam para uma interacdo entre
0s receptores colinérgicos e dopaminérgicos no sistema nervoso dos insetos. E também
reforcam que a persisténcia ambiental de inseticidas e sua influéncia sobre o sistema nervoso

dos animais é um problema que nédo precisa ser levado em consideracao.

Palavras-chave: Triclorfon, Phoetalia pallida, Acetilcolinesterase, grooming



ABSTRACT

Sublethal doses of the organophosphate trichlorfon induce behavioral alterations in
Phoetalia pallida. At concentrations normally found in the environment, as a result of
persistent  organophosphate accumulation, trichlorfon inhibited significantly the
acetylcholinesterase activity, resulting in a cholinergic over-stimulation. This enzymatic
inhibition proved to be potentially toxic to cause the reinforcement of the drive for walking
and the increasing grooming activity. The behavioral alterations are mainly developed by
changing dopamine pathway regulation, which at least include the activation of DA-D;
receptors to cause increase of grooming activity. Muscarinic receptors of M;.subclass were
also investigated and showed to be closely related to the increase of behavioral alterations.
Neuronal nicotinic interneurons must be involved as d-tubocurarine, was able to decrease the
trichlorfon-induced increase of grooming activity. The results point out to the cross-talking
between cholinergic and dopaminergic receptors at insect nervous system. They also reinforce
the environmental persistence of insecticides and their remaining and important influence on

animal nervous system.

Keywords: Trichlorfon, Phoetalia pallida, Acetylcholinesterase, Grooming
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APRESENTACAO

No item INTRODUCAO, consta uma breve revisao da literatura sobre o tema abordado
nesta dissertacdo. A metodologia realizada e os resultados obtidos que fazem parte desta
dissertagdo estdo apresentados sob a forma de manuscrito, que se encontra no item
MANUSCRITO. No mesmo constam as secOes: Materiais e Métodos, Resultados, Discussao
e Referéncias Bibliograficas. O item CONCLUSOES, encontrado no final desta dissertacéo,
apresenta interpretacdes e comentarios gerais sobre os resultados dos manuscritos presentes
neste trabalho. As REFERENCIAS referem-se somente as citagbes que aparecem nos item
INTRODUCAO desta dissertago.
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1. Introducéo

1. 1. Agrotoxicos

Segundo a lei n.° 7.802, de 12 de julho de 1989 (BRASIL 1989) e o decreto n.° 4.074 de
04 de janeiro de 2002 que regulamenta esta lei (BRASIL 2002) agrotdxicos sdo os produtos e
0s agentes de processos fisicos, quimicos ou bioldgicos, destinados ao uso nos setores de
producdo, no armazenamento e beneficiamento de produtos agricolas, nas pastagens, na
protecdo de florestas, nativas ou implantadas, e de outros ecossistemas e também de
ambientes urbanos, hidricos e industriais, cuja finalidade seja alterar a composicéao da flora ou

da fauna, a fim de preserva-las da agdo danosa de seres vivos considerados nocivos.

Nesse sentido, o Brasil tem se destacado como o maior mercado de agrotoxicos no
mundo, ultrapassando os Estados Unidos com um total aproximado de R$ 17 bilhGes de reais
comercializados, somente em 2011 (SINDAG 2011). Em termos estatisticos, 0 mercado de
agrotoxicos no Brasil cresceu na ultima década 190% (ANVISA & UFPR 2012),
consolidando ainda o nosso pais como aquele com maior expansdo no uso de agrotoxicos
(CARNEIRO et al 2012).

Em linhas gerais, a classificacdo dos agrotoxicos obedece a varios critérios — Dose letal
minima para ratos; efeitos nas espécies-alvo; componentes da férmula, toxicidade ao meio-
ambiente - um dos principais critérios € o tipo de espécie-alvo em que atuam. Dessa forma, as
quatro classes principais de pesticidas e suas pragas-alvo sdo os inseticidas (insetos),
herbicidas (ervas daninhas), fungicidas (fungos, bolores) e raticidas (roedores), dentre outras
(LINDERS et al 1994).

1. 1.1 Agentes Inseticidas

Os inseticidas sdo compostos quimicos de origem natural ou sintética usados no
controle de insetos-praga’ (Revisado por VIEGAS JR 2003). Essas substancias podem ser
enquadradas em diferentes subclasses, como produtos quimicos substancialmente diferentes e
com caracteristicas toxicoldgicas diversas. A maioria dos inseticidas afetam um dos cinco

sistemas bioldgicos em insetos. Estes incluem o sistema nervoso, a producdo de energia, a

! Por definigdo: o surto de determinados insetos nocivos ao desenvolvimento agricola ou que destroem a
propriedade humana, perturbam os ecossistemas, ou que provocam doencas no homem ou em outros animais.



16

reciclagem de cuticula, o sistema enddcrino e o balanco de agua (VALLES & KOEHLER
2011). O sistema nervoso € de longe, 0 mais importante, uma vez que pode levar a alteracbes
imprevisiveis do comportamento, tais como padrdes de alimentacdo (NICOLAUS & LEE
1999), reproducéo (DELPUECH et al 2005), forrageamento (GUEZ et al 2005), migragéo e
termorregulacdo (GRUE et al 1997), entre outros. Nesse sentido, os alvos moleculares mais
comuns dos inseticidas neurotdxicos sdo as enzimas colinesterases, 0s canais de sodio, 0s
receptores nicotinicos da acetilcolina, os receptores GABA, o0s receptores de glutamato e 0s
receptores de octapamina® (RAYMOND-DELPECH et al 2005). Residem nas colinesterases
0s principais alvos da maioria dos inseticidas encontrados no mercado atualmente.

Nesse aspecto, as carboxiesterases sdao enzimas hidrolases pertecentes a um diverso
grupo de enzimas que catalisam a hidrolise de um grande nimero de esters alifaticos e
aromaticos, esters de colina e compostos organofosforados (MOHARIL et al 2008). As
carboxiesterases estdo envolvidas no mecanismo de resisténcia dos insetos ao uso de
compostos organofosforados. Por se constituirem um alvo falso, essas enzimas previnem 0s
inseticidas de atingir as enzimas acetilcolinesterases (AChE) (SHONO et al 1979; 1985).

Dessa forma, devido a esse mecanismo de defesa dos insetos, grandes quantidades de
compostos organofosforados tem sido empregados para produzir a atividade inseticida,
causando a persisténcia dos efeitos inibitorios da colinesterase no ambiente, ndo s6 em insetos
uteis (GALLO et al 2002), como também em outros animais (MEDGELA et al 2010). Assim,
a aplicacdo desses compostos nas doses recomendadas pelos fabricantes, geralmente favorece
a permanéncia dos mesmos no meio ambiente através de doses subletais que carecem de um
estudo mais aprofundado (GUEDES 1999).

A observacdo dos efeitos subletais de pesticidas sobre 0 comportamento de insetos sdo
raros, pela dificuldade de estudo e bem como pela sua previsdo no ambiente. Dessa forma,
esses estudos tornam-se vitais para o desenvolvimento de melhores métodos de avaliacdo de
risco e/ou para a avaliacdo do impacto ecoldgico e econdémico de inseticidas e agrotoxicos em
geral. Por exemplo, evidenciou-se que doses sub-letais de pesticidas organofosforados podem
alterar o comportamento normal das abelhas por induzir maturidade precoce causando a morte
de coldnias inteiras (GUEZ et al 2005).

2 Uma amina biogénica que tem o papel de Neurotransmissor e neuromodulador de insetos. Possui funcdes
similares a adrenalina e noradrenalina em vertebrados.
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1. 1. 2. Organofosforados

O desenvolvimento de compostos sintéticos de fosforo organico como inseticidas,
ocorreu apenas no final dos anos de 1930 e 1940. O quimico alemdo Gerhard Schrader €
creditado pela descoberta da estrutura quimica geral dos compostos organofosforados (figura
1), e pela sintese do primeiro organofosforado comercializado como inseticida, o parathion,
em 1944 (CASARETT & DOULL 2008). Os compostos organofosforados reagem no sitio
esterasico da acetilcolinesterase inibindo essa enzima de maneira irreversivel (Revisado por
SANTOS et al 2007). Em geral, s&o muito menos seletivos que os carbamatos, inibindo
muitas enzimas que contém uma molécula de serina num centro ativo, por exemplo a
buritilcolinesterase e a carboxilesterase (CRAIG & STITZEL 2004).

O
|

Ri—p—X

R2

Figura 1- Estrutura quimica geral dos compostos organofosforados, onde: X
geralmente € respresentado por halogenio, alquil, aril ou heterociciclos. O R; e 0 R;
sdo geralmente os grupos alquil, SR’, OR’ ou NHR’ ou grupos alcoxi (OCHj3, ou
seja, OC,Hs). Fonte: CASARETT & DOULL 2008.

Os exemplos do grupo X que compde a estrutura quimica dos organofosforados incluem
o fldor no isoflurofato (Floropryl, que ndo é mais usado nos EUA e no Canada) e o ecotiofato
(Phospholine). O paration e 0 malation (inseticidas) sdo tiofosfatos que devem ser convertidos
em oxianalogos para se tornarem ativos (CRAIG & STITZEL 2004). Os organofosforados, a
excessdo do ecotiofato e metrifonato, sdo muito lipossollveis, assim, uma caracteristica
importante da inibicdo induzida pelos organofosforados reside na acentuada estabilidade da
ligacdo entre o fosfato e a enzima. Engquanto a regeneracdo da maioria das enzimas
carbamiladas (inibicdo por carbamatos) ocorre com meia-vida de poucos minutos ou horas, a
recuperacdo espontanea de uma enzima fosforilada (inibida por organofosforados) é muito
dificil. Por esse motivo esses agentes sdo conhecidos por serem inibidores irreversiveis da
AChE (BARTH & BIAZON 2010).

Embora a hidrolise espontanea de uma enzima fosforilada seja, em geral, muito lenta, 0s

compostos denominados oximas podem produzir a sua desfosforilagdo. A principal limitacdo
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no emprego dessa substancia como antidoto para o envenenamento por organofosforados
consiste no fato de que, em poucas horas, a enzima fosforilada sofre alteracdo quimica
(“envelhecimento”) que a torna ndo mais suscetivel a reativagdo; por essa razao a pralidoxima
precisa ser administrada o mais cedo possivel para que funcione. O cloreto de pralidoxima (2-
PAM) é uma oxima utilizada na medicina para reativar a AChE fosforilada. Como
caracteristica adicional, o seu grupo de amdnio quaternario liga-se ao sitio anidnico da enzima
promovendo a sua desfosforilacdo (EYE & BUCKLEY 2006).

1. 1. 3. Triclorfon

O triclorfon (dimetil 2,2,2 tricloro-I-hidroxi-etilfosfanato ou Metrifonato) (Figura 2) é
um inseticida e acaricida organofosforado, solivel em agua, amplamente utilizado no controle
de vérias pragas em campos, lares, plantas e contra parasitas em animais domésticos e
comerciais (LOPES et al 2006).

O
|
Cl,C (IDHP(OCH3)2
OH

Figura 2- Estrutura quimica do Triclorfon (dimetil 2,2,2 tricloro-I-hidroxi-
etilfosfanato). Formula molecular: C4HgClsO4P . Fonte: ANVISA apud LOPES et al
2006.

A hidrdlise do Triclorfon ocorre rapidamente, gerando o metabolito diclorvés, que é um
organofosforado altamente toxico, devido a sua alta atividade anticolinesterasica. O
metabolito diclorvds, e ndo o triclorfon, é o agente potencialmente toxico (HIRATA et al
2003). Segundo a Agéncia Nacional de Vigilancia Sanitaria (ANVISA) o Triclorfon é
classificado como de classe toxicoldgica Il — altamente toxico ao meio ambiente (ANVISA
apud LOPES et al 2006). Como um organofoforado classico, sua atividade inseticida esta
ligada a inibicdo da enzima AChE no sistema nervoso dos insetos, favorecendo a intoxicacao
colinérgica (SANTOS et al 2011).

A partir de 26/02/2008 o triclorfon passou por uma reavaliagdo pela ANVISA, por

apresentar neurotoxicidade, potencial carcinogénico e toxicidade reprodutiva. Conforme
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publicado no Diério Oficial em 24/02/2010 o triclorfon foi retirado do mercado brasileiro
(ANVISA 2010).

1. 2. Consideracdes sobre as espécies estudadas

1. 2. 1. O Sistema nervoso de insetos

Tipicamente, cada segmento do corpo dos insetos possui um par de ganglios ligados por
comissuras® e unidos aos ganglios dos segmentos adjacentes por conectivos (Figura 3)
(RANDALL et al 2000; GALLO et al 2002). Nenhum dos ganglios contém um centro

absolutamente vital, razdo pela qual um inseto decapitado ainda pode caminhar (Revisado por
OSBOURE 1996).

Dopamina
Serotonina
Acetilcolina
GABA

Glutamato

Octopamina

Figura 3: Sistema nervoso e distribui¢do dos neurotransmissores em baratas.
O sistema nervoso é localizado ventralmente no animal. E é composto
principalmente por cérebro, ganglio subesofégico, trés ganglios metatoracicos e seis
ganglios abbdominais. Fonte: Autoria propria.

Evidéncias experimentais demonstram que a acetilcolina, a dopamina, a octopamina, a
5-hidroxitriptamina e a histamina sdo 0s principais neurotransmissores do sistema nervoso
ganglionar e central dos insetos. Por outro lado, o glutamato € o principal neurotransmissor

excitatorio da juncdo neuromuscular de insetos, e o acido y-aminobutirico (GABA) o

® Comissuras: Regido que retine as duas metades simétricas dos centros nervosos
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neurotransmissor inibitdrio nessa sinapse periférica (TAYLOR & NEWBURGH 1979;
Revisado por OSBOURE 1996).

1. 2. 1. 1. Sistema Colinérgico

Em relacdo ao sistema colinérgico, que utiliza a acetilcolina como neurotransmissor, a
maioria dos elementos necessarios para o funcionamento das sinapses desse sistema foram
identificadas em insetos (KERKUT et al 1969). Receptores nicotinicos, muscarinicos, e
mistos nicotinicos/muscarinicos tém sido relatados no tecido nervoso de varias espécies de
insetos, inclusive no de baratas (BREER & SATTELLE 1987). Sinapses colinérgicas no
sistema nervoso central (SNC) e periférico (SNP) de insetos parecem possuir autoreceptores
muscarinicos, que estdo localizados sobre o nervo terminal pré-sinaptico, onde ocorre o
controle da liberacdo de acetilcolina (Revisado por OSBOURE 1996).

A acetilcolina esta localizada principalmente nos axoénios, dendritos dos neurdnios do
SNC e, em menor quantidade, nos ganglios ao longo do corddo nervoso. Os receptores
muscarinicos estdo localizados principalmente no SNC, SNP e Sistema estomogastrico. Os
receptores nicotinicos de acetilcolina estdo localizados no SNC e Sistema estomogastrico. Os
receptores mistos (muscarinicos e nicotinicos) estdo localizados no SNC (Revisado por
OSBOURE 1996).

1. 2. 1. 2. Sistema Dopaminérgico

A dopamina e seus receptores estdo amplamente distribuidos por todo o sistema nervoso
dos insetos (Revisado por OSBOURE 1996).

A dopamina desempenha um importante papel na regulacdo do comportamento motor
das insetos (MUSTARD et al 2010). Podendo agir em varios locais para influenciar o
comportamento locomotor, afetando a informacdo sensorial na periferia, a regulacdo de
geradores de padrdo central e/ou de processamento da informacao no cérebro (MUSTARD et
al 2010).

O grooming em insetos tem a funcdo de limpeza da superficie exterior do corpo (Figura

4) e pode ter também outras fungdes, como comportamento de corte, sinalizagcdo social,
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atividade de deslocamento e de excitacdo (SPRUIJT et al 1992). Esse padrdo de
comportamento € provavelmente provocado através da estimulacdo dos receptores da
dopamina no SNC da barata (WEISEL-EICHLER et al 1999; LIBERSAT & PFLUEGER
2004).

Figura 4. Baratas realizando o comportamento de grooming. Esse
comportamento é observado quando o animal limpa as antenas e patas varias vezes
ao dia. Fonte das fotos: Propria autoria.

1. 2.2.Baratas

As baratas s@o insetos-praga primitivos nos quais a maioria dos sistemas fisiologicos é
carente de especializacdo. Se por um lado, a falta de especializacdo pode ser um entrave para
a comparacdo com alguns sistemas biolégicos animais, do ponto de vista da neurotoxicologia,
torna-se um importante instrumento na investigacdo do mecanismo de a¢do de compostos
quimicos com atividade toxica sobre o sistema nervoso (Revisado por STANKIEWICZ et al
2012). Por exemplo, ja foram identificados mais de 200 neurotransmissores e seus respectivos
receptores no sistema nervoso de baratas, que sdo idénticos aos de outros insetos mais
evoluidos, e apresentam grande homologia em sua estrutura molecular aos de animais

vertebrados, dentre eles os seres humanos (HUBER et al 1990).

Uma grande vantagem do uso desses animais em experimentos no campo da
toxicologia é a possibilidade de se investigar varias funcdes do sistema nervoso, por meio do
estudo de unidades do sistema nervoso da barata, muitas delas sendo investigadas em modelos
naturais in vivo, in situ ou mesmo in vitro. Além disso, no caso dos inseticidas piretrdides, o

alvo principal é o sistema nervoso periférico, o que facilita, de certa forma, a descri¢do do seu
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mecanismo de acdo, bem como a evidenciagdo do grau de seletividade (Revisado por
STANKIEWICZ et al 2012). Outros, como por exemplo, as toxinas de venenos animais,
preferem a ligacdo ao sistema nervoso central do inseto, levando a um aumento na liberagdo
do neurotransmissor dopamina, induzindo efeitos como letargia e diminuicdo da locomocao
(WEISEL-EICHLER et al 1999). Além desses mecanismos celulares, também tem sido
descritos aspectos bioquimicos na intoxicacdo induzida por agentes inseticidas
(BULLANGPOTI et al 2006). Dentre os alvos bioldgicos inerentes a essa atividade,
destacam-se as enzimas colinesterases que, em baratas, perfazem mais de oito subtipos
(HAUBRUGE et al 2002). Por fim e em paralelo as interacdes com a(s) enzima(s)
colinesterase também tém sido descritos outros aspectos bioquimicos relacionados a um
aumento do estresse oxidativo, associados a atividade letal de compostos inseticidas em
insetos (JAMES & XU 2012).

Atualmente, o modelo experimental utilizando a mosca da fruta, Drosophila
melanogaster, tem sido bastante utilizado para estudos toxicolégicos (revisado por DALE
2010; HIRATA et al 2003). Cabe destacar que a mosca-da-fruta além da sua elevada
sensibilidade para detectar a presenca de substancias toxicas, € um inseto de facil criagéo,
manutencdo e manipulacdo em condi¢des de laboratdrio, apresentando, assim, vantagens

frente a outros organismos para a realizacdo de bioensaios (ALMEIDA et al 2001).
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2. OBJETIVO

e Identificar o mecanismo de acdo residual do Triclorfon por meio do uso de subdoses
desse agrotéxico em preparagGes in vivo e in vitro de baratas da espécie Phoetalia

pallida.

2. 1. Objetivos especificos

e Determinar o mecanismo de neurotoxicidade periférica induzida pelo triclorfon por
meio do teste de neurolocomogéo em baratas;

e Determinar o mecanismo de neurotoxicidade central em insetos exposto ao triclorfon
por meio da técnica de grooming;

e ldentificar quais receptores podem estar envolvidos na modulagcdo do comportamento
de grooming em baratas utilizando moduladores colinérgicos e dopaminérgico;

e Avaliar o efeito de subdoses do Triclorfon na cinética de inibicdo da enzima

colinesterase;
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3. Manuscrito: Submetido a Journal of Comparative Physiology. A: Sensory, Neural and
Behavioral. Em 01/08/2012.
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Abstract

Sublethal doses of the organophosphate trichlorfon induce behavioral alterations in
Phoetalia pallida. At concentrations normally found in the environment, as a result of
persistent  organophosphate accumulation, trichlorfon inhibited significantly the
acetylcholinesterase activity, resulting in a cholinergic over-stimulation. This enzymatic
inhibition proved to be potentially toxic to cause the reinforcement of the drive for walking
and the increasing grooming activity. The behavioral alterations are mainly developed by
changing dopamine pathway regulation, which at least include the activation of DA-D;
receptors to cause increase of grooming activity. Muscarinic receptors of Mj.subclass were
also investigated and showed to be closely related to the increase of behavioral alterations.
Neuronal nicotinic interneurons must be involved as d-tubocurarine, was able to decrease the
trichlorfon-induced increase of grooming activity. The results point out to the cross-talking
between cholinergic and dopaminergic receptors at insect nervous system. They also reinforce
the environmental persistence of insecticides and their remaining and important influence on

animal nervous system.
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1-Introduction

Organophosphate insecticides (OP), derived from phosphoric or thiophosphoric acid,
include Parathion, Malathion, Diazinon, Fenthion, Clhorpyrifos (Nishizawa 1960; Fest and
Schmidt 1982; Medegela et al. 2010) and trichlorfon among others. Trichlorfon (metrifonate),
is the dimethyl 2,2,2-thrichloro-1-hydroxyethyl phosphonate, an insect acetylcholinesterase
(AChE) inhibitor, due to its ability to phosphorylate this serine hydrolase in its esterasic
active site. Inhibition of AChE and consequent accumulation of acetylcholine at cholinergic
junction in nerve tissue and effector organs, produce acute muscarinic, nicotinic and central
nervous system (CNS) effects (Torres-Altore et al. 2011; Cummings and Ringman 1999).
Trichlorfon was first registered in the United States in 1955, and nowadays is a worldwide
diffused systemic insecticide with a variety of domestic and agricultural applications (EPA
2006). Although highly toxic to the primary target, its effects on the secondary organisms in
the surrounding environment are thought to be very limited or absent. However, sublethal
effects of pesticides on behavior are difficult to study or predict. Nevertheless, such studies
are vital to the development of improved methods of risk assessment and to the evaluation of
ecological and economical impact of insecticides and pesticides in general. It is therefore
important to study the potential effects of such molecules on behaviors that are relevant to the
organism under study. For example, there has been evidence that sublethal doses of
organophosphate pesticides can alter the normal behavior of honey bees by turn the young
prematurely older (Guez et al. 2005).

Although the role of dopamine in modulating behavior in insects has been extensively
studied, the influence of cholinergic modulators (e.g. sublethal doses of organophosphate
insecticides) in this parameter is not well understood. Furthermore, most neurons in the
nervous system appear to contain and release more than one chemical acting as
neurotransmitter or neuromodulator. Thus, such cotransmission can therefore be considered a
rule other than an exception (Trudeau and Gutiérrez 2007). Cockroaches are primitive insects,
in which most of functional systems are fairly unspecialized. The cockroach nervous system
has been used not only to understand the physiological aspects between insect and natural
compounds, but also as an important model of biomedical research (Stankiewicz et al. 2012).
The aim of this work was to investigate the whole of sublethal doses of trichlorfon in
modulating biochemical and neurophysiological parameters affecting insect behavior. For
this, we used in vitro and in vivo models of Phoetalia pallida and compared the effects of

trichlorfon in presence or absence of dopaminergic and cholinergic modulators.
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2. Materials and methods

2.1. Experimental Animals

All experiments were performed on adult male Phoetalia pallida cockroaches (3-4
month after adult molt). The animals were reared at laboratory conditions of controlled
temperature (22-25°C) on a 12 h:12 h L:D cycle. All cockroaches were provided with water
and dog food ad libitum.

2.2. Drugs and Chemicals

Trichlorfon, atropine, tyramine, methoclopramide, pyrenzepine, methoctramine, d-
tubocurarine, oxothremorine, tropicamide, nifedipine and SCH23-390 were obtained from
Sigma-Aldrich (USA), and were freshly prepared in HEPES saline of the following
composition (in mMol I™"): NaCl, 214; KCI, 3.1; CaCly, 9; sucrose, 50; HEPES buffer, 5 and
pH 7.2 (Wafford and Sattelle 1986). All drugs were administered at the third abdominal
hemocoel segment, at final volume of 20ul by means of a Hamilton syringe. Experiments
were done at controlled room temperature (22-25°C) in accordance with the guidelines of the

National Counselor to Control Animal Experimentation-CONCEA.

2.3. Assay for determining sublethal doses

The insecticidal assay against adult Phoetallia pallida, was conducted essentially as
described by Kagabu et al. (2007). Various concentrations of trichlorfon dissolved in HEPES
saline were injected into the abdomen of P. pallida. The doses were varied by every 2 times in
moles. Three insects were used to test each dose of triclorfon and were kept at 22-25°C for 24
h after injection. The minimum dose at which two of three insects were considered killed was
taken as the minimum lethal dose (MLD in moles). Paralyzed insects were also counted as

having died.

2.4. Assay for Cholinesterase Activity
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The in vitro inhibition of AChE was evaluated according to the assays described by
Ellman et al. (1961) modified by Franco et al. (2009). The whole amount of protein was
measure according to Bradford (1976). In brief, three cockroaches injected with
trichlorfon (0.25, 0.50, 1pM) six hours before the acetylcholinesterase analysis were
anesthetized by chilling at -5°C and their brains collected after cuticle removal. The material
were mixed with 750uL of Kpi buffer pH 7.0 (500rpm/5min/4°C) and 400ul of supernatant
was collected. From this sample (50ul) was added to 50ul of 50mM DTNB, 500ul Kpi (pH
8.0) and 2.5ul acetylthiocoline. The reaction was measured after 60segundos (s) at 412nm
using a UV- Visible Spectrophotometer (model Evolution 60S, Thermoscientific, New
Hampshire, USA) and analyzed by the software VISION lite (Thermoscientific).

2.5. Video-mounting apparatus for biological assays

For each specific biological assay, the activities were recorded during 30 min by using
a video-camera (Panasonic coupled to a 50mm Karl-Zeiz lens) connected or not to an
eyepiece of microscopy (Olympus, model SZ51, Germany). The camera had a frame-by-
frame (60/s) and was connected to a PC (Infoway, ItauTec, Brazil). Video movies were latter

analyzed using a HD Writer AE 2.6T system (Panasonic) with variable speed control.

2.6. Biological Assays

2.6.1 Behavioral assays

For general behavioral study, animals were placed in a demarked open-field arena

with a video camera mounted overhead.

2.6.1.2. Sustained Locomotor activity

To analyze walking maintenance, were adopted a behavior paradigm based on the
methodology described by Gal and Libersat (2008), namely the forced swimming test. For
cockroaches, which are terrestrial insects, water immersion provides a reliable and continuous
stressful stimulus that typically produces strong, stereotypic aversion responses (Cocatre-

Ziligien and Delcomyn 1990; Gal and Libersat 2008). Swimming in a modified forced
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swimming test was induced by placing a cockroach in an opaque pool (25 cm in diameter)
filled with water to a height of 10 cm, maintained at 25°C. The duration of swimming in a 1
min period was measured, and swimming behavior was recorded with a camera for later

analysis of motion duration.

2.6.1.3. Grooming activity

The grooming behavior of cockroaches was monitored in an opaque plastic box (29
cm x18cm x 13 cm) with a clear plastic cover (Weisel-Eichler et al. 1999) and was recorded
with a camera for later analysis of motion duration. The duration of continuous grooming in
seconds was measured for a 30 min period immediately following treatment. Animals had
never been in the testing box previously, and it was therefore a novel environment in all cases.
The temperature in the testing room was maintained at 25-30 °C. Testing was performed 2—8
h after the beginning of the light cycle. Control cockroaches were induced to groom by
handling (Weisel-Eichler et al. 1999).

2.7. Data Statistical Analysis

The results were expressed as the mean £ SEM and were analyzed using analysis of
variance (Two-Way ANOVA), followed by non parametric Student “t” test as a post hoc. A
p-value < 0.05 indicated significance. Statistics and graphs were made using the Software
OrigingPro 8.6 (OriginLab Corporation, MA, USA).

3. Results
3.1. Effect of sublethal doses of Triclorfon on Brain AChE activity

The analysis of AChE activity of cockroach brain homogenates before and after
injection of cockroaches with different sublethal concentrations of trichlorfon revealed a time
and dose-dependent enzyme inhibition. Thus, the control values, before injection of triclorfon
with saline was 60+14 mU/mg protein. When trichlorfon (0.25uM) was assayed the AChE
activity was decreased to 46+6n mU/mg protein (n=3; p>0.05). When trichlorfon (0.5uM)
was incubated there was a significant decrease of AChE activity (38+3 mU/mg protein; n=3;
p<0.05) compared to saline. A further increase in trichlorfon concentration (1uM), resulted in
increase of AChE inhibition (2446 mU/mg protein; n=3; p<0.05) (Fig.1).
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3.2. Effect of sublethal doses of trichlorfon on cockroach neurolocomotor activities

To analyze the influence of trichlorfon on walking maintenance we used the forced
swimming test. Control and organophosphate-injected individuals were immersed in a water-
filled tank and the duration of spontaneous active swimming was recorded during 1 min trial.
All control individuals initiated swimming upon immersion, quickly reaching the wall and
continuing to swim rigorously close to the rim. Overall, control subjects (n=30) spent 30+8s
of the 1min trial actively swimming. Swimming behavior normally stopped to end of 1min,
but it continuous to move their antennae in an exploratory manner, while floating passively in
water surface. In this state the application of tactile stimuli evoked another active swimming
state. Like control counterparts 66% of trichlorfon-treated cockroaches initiated a vigorous
wall-oriented swimming immediately upon immersion. However, there was not a dose-
dependent effect within the three concentrations of trichlorfon assayed. Nevertheless, in
marked contrast to members of the control group, swimming in trichlorfon-treated individuals
increased soon afterwards, although antennal movements, as in control, persisted. The mean
duration of active swimming at 0.25uM was 42+5s (n=10; p>0.05). The dose of 0.5uM was
not significant compared to saline controls (34+1s; n=10; p>0.05). When the concentration of

1uM was assayed there was a maximum increase of activity (46+5s; n=10; p<0.05) (Fig.2).

3.3. Effect of sublethal doses of trichlorfon on grooming activity

In saline inject cockroaches the mean time of continuous grooming was 75+ 8s (n=20).
We found that only the manipulation of the animal and the introduction of the rod of the
syringe does not significantly interfere with the animal's normal behavior (87.5£12s; n=10;
p>0.05).

All cockroaches treated with trichlorfon showed a high dose-dependent increase in
grooming activity. Thus, trichlorfon (0.25uM) induced a significant increase in grooming
activity (344+18s; n=10; p<0.05). With the highest dose (0.5uM) there was a further increase
in the grooming parameters (388+18s; n=10; p<0.05). However, at the highest dose (1uM)
there was also an increase in time spending grooming, but below the former and second
concentrations (228+12s; n=10; p<0.05) (Fig. 3).
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3. 4. Effect of cholinergic modulators on trichlorfon-induced grooming activity

When atropine (3uM), a non-selective cholinergic muscarinic receptor inhibitor, was
assayed alone (76+2s) there was no alteration compared to control grooming levels (75£14s).
The injection of atropine (3uM) combined with trichlorfon (0.5uM) significantly reduced the
grooming levels to bellow the control levels (30+3s; n=10; p<0.05). When pirenzepine
(3uM), a selective Mi-cholinergic blocker was combined with trichlorfon (0.5uM) there was
also an inhibition of the grooming pattern of trichlorfon (15+8s; n=10; p<0.05). However,
methoctramine (1uM), a selective inhibitor of M,-Mjs cholinergic receptor, added 5min earlier
to trichlorfon (0.5uM) there was no significative alteration in the grooming levels induced by
the organophosphate solely (418.5+15s; n=10; p>0.05). Tropicamide (4.5uM) a selective M-
cholinergic antagonist also induced a decrease of trichlorfon (0.5uM) -induced grooming
activity, although, to levels over the control saline (105+11s; n=10; p<0.05). d-tubocurarine
(1.5uM) , a competitive blocker of neural and muscle-type ionotropic receptors, applied
15min previously to trichlorfon (0.5uM)-also reduced the grooming levels (85+5s; n=10;
p<0.05). Nevertheless, oxotremorine (3uM), a non-selective muscarinic agonist,
administrated 10min before trichlorfon (0.5uM), inhibited the grooming increasing activity
(44£12s; n=10; p<0.05) (Fig. 4).

3. 5. Effect of dopamine modulators on trichlorfon-induced grooming activity

Since dopamine (DA) activity is mediated by dopamine receptors at pre- and
postsynaptic neuronal membrane (e.g D, and D; receptors families), the protocols described
below aimed to verify the influence of dopaminergic modulators on trichlorfon-induced
grooming activity. Thus, metoclopramide (0.4uM), a DA-D, receptor antagonist, injected
10min before trichlorfon (0.5uM) inhibited the trichlorfon-induced grooming activity
(158+12s; n=10; p<0.05). When the SCH 23390 (1.85uM), a selective DA-D; receptor
blocker was administrated 15min earlier treatment with trichlorfon (0.5uM) there was a
significative inhibition of grooming levels, even to below of saline levels (5446s; n=10;
p<0.05). Dopamine release depends on calcium entrance at nerve terminals in order to induce
exocytose (Rozov et al. 2001). The voltage-gated calcium channel blocker nifedipine was

assayed, in order to verify the influence on trichlorfon-induced grooming activity. Thus,
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nifedipine (2.6uM) alone, induced a rundown of grooming activity to values below of control
saline values (1£0.35s) (75%8s). When nifedipine (2.6uM) was applied 15min prior
trichlorfon (0.5uM) there was a significant decrease in grooming activity (1.66+0.4s; n=10;
p<0.05).

4. Discussion

This work shows the effectiveness of the organophosphate trichlorfon in changing
insect biochemistry, physiology and behavior. The aspects related to the specific mechanisms
by which trichlorfon is altering insect behavior and its consequences are discussed.

Triclorfon is known to block AChE activity and, therefore, to increase cholinergic
transmission along the nicotinic, as well the muscarinic pathways as described earlier
(Cummings and Ringman 1999). Based on biochemistry results, the dose of trichlorfon
chosen was enough to inhibit all kind of cockroach AChE. Even in sublethal concentrations,
trichlorfon injected at hemocoal, was transported by hemolymph and was active at insect
CNS. In addition, there is evidence that organophosphates lasts for more than 30 days on
environment in concentrations bearing 30ug/g (Cheke et al. 2012). This later evidence
suggests that persistent organophosphate would may improve not only the chance of inducing
insect resistance to cholinesterase inhibitors (Hemingway et al. 2004; Li and Han 2004;
Suzuki and Hama 1998) but make a convincing connection among environmental
contamination, inhibition of AChE and the insect behavioral alterations (Guez et al. 2005).

It is therefore very likely that the observed changes in cockroach behavior induced by
sublethal doses of trichlorfon can be associated to a direct influence of the organophosphate
on insect cholinergic-dopaminergic transmission (Torres-Altoro et al. 2011). One of these
changes was observed in terms of increasing of spontaneous locomotion activity.
Monoaminergic systems, and in particular, the dopaminergic systems, are known to
profoundly affect motivation and locomotion in insects (Gal and Libersat 2008). Recently, it
was shown that the monoamine pair dopamine plays an important role in cerebral circuits in
the induction of hypokinesia and/or hyperkinesias depending on the concentrations (Gal and
Libersat 2008). Such manipulation would have to affect specific pathways converging,
directly or indirectly (for example, via thoracic dorsal unpaired median neurons-Rosenberg et
al 2006), onto thoracic pattern-generating circuits to specifically increase the propensity of

walking-related behaviors. Further investigation of these pathways, which represent the link
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between decisions made in the cerebral ganglia and their execution in the thoracic ganglia,
might lead to further understanding of the neuronal basis of motivation and goal-directed
actions in insects.

The results presented here also reveal that trichlorfon affects grooming behavior in a
complex way, producing quantitative changes. Grooming in insects serve the function of
cleaning the outer body surface and may have other functions as well, such as courtship
behavior, social signaling, displacement activity and de-arousal (Spruijt et al. 1992). In
insects, a neural center involved in grooming behavior is not well identified but, it was
demonstrated, that dopamine may act as the main neurotransmitter associated with this
response (Weisler-Eicheler et al. 1999).

In our experimental conditions application of the selective D;-inhibitor SCH23390
significantly counteract the trichlorfon-induced grooming increase, clearly demonstrating the
DA-D; receptor class as the main actor in controlling this kind of behavior in insects (Libersat
2003; Mustard et al. 2010). However, the effectiveness of methoclopramide in significantly
inhibit the trichlorfon-induced increase of grooming, must indicate the poor selectivity of this
drug over insect DA-D; receptors and the concomitant blockage of insect D; receptors (Degen
et al. 2000). In addition to the above described observations, it is worthwhile to notice, the
efficiency of the nifedipine, in counteract the grooming-induced increase of trichlorfon as
would be expected. This inhibition maybe explained by the recent discovery about the link
between D;-like receptors activation and the opening of calcium channels at presynaptic
regions of dopaminergic neurons of immature rats (Momiyama and Fukazawa 2007).

There is a reasonable assumption as the insect brain is the most likely site at which
such complex behavior changes are probably being mediated (Libersat et al. 2009). To date,
the insect nervous system consists of a central nervous system (CNS) formed by a cephalic
supra, sub and circumoesophageal ganglion mass or brain and a peripheral nervous system
(PNS), which includes the stomatogastric nervous system (Osbourn 1996). Klemm (1976)
reported that the stomatogastric nervous system is made up of the frontal ganglion, which is
connected to the brain via two frontal nerves and the nervus connectivus, and to the
hypocerebral ganglion by the single recurrent nerve. The latter is linked to the corpora
cardiaca and to the two ventricular ganglia that send nerves to the gut. The frontal and
hypocerebral ganglia of the stomatogastric nervous system consist of approximately 200
neurons using a variety of different neurotransmitters (Klemm et al. 1986). Therefore, a
number of projections of this neuronal system provide acetylcholine through axons of

cholinergic neurons whose somata are located in other nuclei (Alcantara et al. 2003; Aosaki et
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al. 2010). Thus, ACh is found in very high levels within insect nervous tissue (Le Corronc
and Hue, 1993), and it appears to be the major neurotransmitter used by insect sensory
neurons (Pitman 1985). Therefore, ACh is known to be an effective target site for numerous
insecticides (Corbett et al. 1984; Lummis and Sattelle 1985).

Two major types of ACh receptors have been characterized in insects: nicotinic
acetylcholine receptors (nAChrs) and muscarinic acetylcholine receptors (mAChrs) (Le
Corronc and Hue, 1993). The distribution of nAChrs in insect nervous system is far complex
and numerous studies have revealed the pharmacological properties of these receptors on
synapse-free cell bodies of neurones as well as on the synapse—neuropile complex (Suter and
Usherwood, 1985; Breer and Sattelle, 1987; Thany and Tricoire-Leignel, 2011). It is assumed
that at synaptic level, nAChRs are associated with postsynaptic mediated excitation and
membrane depolarization (MacDermott et al., 1999; Albuquerque et al., 2009), while at
presynaptic sites nicotinic activation could produce either excitation or inhibition indirectly
through the release of endogenous transmitters or modulators (Fu and Liu, 1996; Thany and
Tricoire-Leignel, 2011). In insects it is found that the presynaptic muscarinic receptors act as
autoreceptors regulating the release of ACh (Le Corronc et al., 1991; Leitch and Pitman,
1995; Hue et al. 1989) while postsynaptic muscarinic receptors reduced the giant fiber spike
threshold (Le Corronc and Hue, 1991). In addition, release-enhancing presynaptic muscarinic
and nicotinic receptors co-exist and interact on dopaminergic nerve endings of rat CNS (Grilli
et al., 2008).

We suggest that the inactivation of AChE by trichlorfon increases insect nervous
system levels of ACh, over-stimulating both nicotinic (nAChR) and muscarinic (mMAChR)
receptors (Osbourne, 1996) increasing the number of action potentials towards the insect
brain. In this scenario, the ACh released after stimulation of the sensory neuron would
activate cholinergic muscarinic receptors (M; -M1, M3, Ms- or M, -M,, M, - classes) (Aosaki
et al., 2010; Li et al., 2009,) or nicotinic (N1-Ny) (Libersat, 2003) at somata of dopaminergic
neurons, which would in turn modulate the release of dopamine onto the sensory afferent
terminal (Torres-Altoro et al. 2011). Indeed, nicotine exhibits differential dose-dependent
actions on both insect and mammalian presynaptic nNAChRs, stimulating dopamine release
and activating dopamine D;- and D,-dependent signaling pathways in central nervous system
(Torres-Altoro et al. 2011). Activation of presynaptic muscarinic receptors at the cercal
afferent-giant interneuron synapses in the cockroach, Periplaneta americana (Le Corronc and

Hue 1993), and at the planta hair afferent-proleg motoneuron synapses in the tobacco
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hornworm, Manduca sexta (Trimmer and Weeks 1989, 1993) results in a reduction in the
spike threshold and an increase in the excitability of the postsynaptic neuron.

Results from further experiments are consistent with the hypothesis that neurons
whose release dopamine are in fact modulated by cholinergic autoreceptors (Alcantara et al.
2003; Grilli et al., 2009; Threlfell et al. 2010). Application of general muscarinic modulators
such as atropine, pirenzepine, oxotromorine and tropicamide, prior to Triclorfon, showed that
pirenzepine>atropine>oxotremorine>tropicamide were effective in reduce the groomings,
suggesting that the M;AChR receptors are prevalent for this signal modulation (Aosaki et al.
2011). Furthermore, methoctramine failed to alter Triclorfon-induced grooming activity,
excluding at least in our experimental conditions, the effectiveness of Mj;-M3;AChR
autoreceptors for the dopamine modulatory mechanisms (Osbourne 1996; Judge and Leitch
1999; Aosaki et al. 2011). The significative decrease in trichlorfon-induced grooming effect
by d-tubocurarine also suggests that nicotinic cross-talk is also prevalent in the dopaminergic
pathway at insect central nervous systems (Salvaterra and Folders 1979, Grilli et al. 2009).

Sublethal effects of organophosphate insecticides on insect behavior are important to
be determined. Most of insecticides affect one of the five biological systems in insects. These
include the nervous system, the production of energy, the recycling of cuticle, the endocrine
system and the water balance. The nervous system is far the most important, since can lead to
unpredictable changes in behavior such as feeding patterns (Nicolaus and Lee 1999),
reproduction (Delpuech et al. 2005), foraging (Guez et al. 2005), migration and
thermoregulation (Grue et al. 1997), among others. The results point that the environmental
persistence of insecticides should not be an issue ignored, and that these sub doses are
amenable to cause significant influences on the nervous system of animals (e.g. changing
behavioral patterns). Further studies on trichlorfon related sublethal effects on Phoetalia
pallida should be carry out, mostly those regarded to the influence of the acylpepitide
hydrolase in the expression of behavioral changes (Richards et al. 2000). Molecular biology
associated to electrophysiological approaches are also in mind, in order to improve the

knowledge about cholinergic/dopaminergic cross-talking in insects.
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Fig 1. Graph of acetylcholinesterase inhibition in total brain homogenate (n=3 for each dose)
after 6hours exposure to trichorfon (0.25; 0.5; 1uM). Data were expressed as mU/mg protein.
**p<0.01 in comparison to saline control with non parametric test t.
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Fig 2. Influence of different concentrations of Trichlorfon (0.25; 0.5; 1uM) on cockroach
locomotor activity. The bars show the amount of time (in seconds) of constant swimming
during 1min recordings. *p<0.05 in comparison to saline control with non parametric test t.
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Fig 3. Increase of grooming behavior by different sublethal doses of trichorfon (0.25; 0.5;
1uM). The grooming activity was recorded during 30 min and the results expressed as the
total time of grooms in seconds. **p<0.01 in comparison to saline control with non
parametric test t.
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Fig 4. Effect of different cholinergic modulators on Trichlorfon-induced grooming increase
in cockroaches. Drugs were injected in the third abdominal segment 10-15 min before
trichorfon (0.5uM). The grooming activity was recorded during 30 min and the results
expressed as the total time of grooms in seconds. **p<0.01 in comparison to trichorfon
control with non parametric test t.



44

400 -
350 |

300

Time of grooming (s)
- - N N
(=] [44] [—] [4.]

*%
T
. T **
50 - 77
1 *%
0
Saline Triclorfon  Metoclopramida SCH 23390  Njfedipine
control control 0.4uM 1.85uM 2.6uM

0.5uM

Fig 5. Inhibition of Trichlorfon-induced groomings in cockroaches by dopamine modulators.
Drugs were injected in the third abdominal segment 10-15 min before trichorfon (0.5uM).
The grooming activity was recorded during 30 min and the results expressed as the total time
of grooms in seconds. **p<0.01 in comparison to trichorfon control with non parametric test
t.
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4. Material e Métodos Complementares

4. 1. Animais

4.1. 1. Moscas

Foram utilizadas moscas-da-fruta, Drosophila melanogaster, de ambos 0s sexos.
Conservadas em estufa a 25 £ 2° C e 90 + 3% de umidade, cerca de 300 moscas Drosophila
melanogaster foram mantidas em frascos de vidro (250 mL) contendo meio nutritivo

preparado.

4. 2. Determinacéo da Dose letal minima do Triclorfon em ensaios com Drosophila
melanogaster
Realizado conforme descrito por HIRATA et al 2003. Na determinagdo da Dose letal
minima para matar 50% dos animais (DLsg) foram preparadas solugdes com diferentes
concentragdes do inseticida. Para cada concentracdo, aliquotas de 500 uL destas solug¢des
foram distribuidas em papel-filtro colocado sobre a superficie interna de frascos de vidro de
12cm de altura por 5¢cm de didmetro interno. A cada teste realizado, foi preparado um frasco
controle contendo 500ul. de sacarose. As moscas, anestesiadas com baixas temperaturas,
foram distribuidas nos frascos em namero de 50 (sexo1:1) e, em seguida mantidas em estufa a
25 + 2°C e 90 + 3% de umidade. As percentagens de mortalidade foram determinadas apds 24
e 48 horas de exposicdo para estabelecer os valores da DLsy a partir da mortalidade dos

animais.
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5. Resultados Complementares

5. 1. Determinacgéo da DI50 do Triclorfon em ensaios com Drosophila melanogaster

A dose de triclorfon que matasse 50% dos individuos seria considerada a dose letal
minima para Drosophila melanogaster (Figura 5). Na concentracdo de 5uM houve
mortalidade de 1 animal em 24 horas e de 3 animais em 48 horas. Na dose de 10uM houve
uma mortalidade de 5 animais ap6s 24 horas e de 6 animais ap6s 48 horas. Na dose de 25uM
em 24e 48 morreram somente 5 animais. Ja na dose de 50uM apds 24 horas 25 animais
morreram, considerando essa dose a DLs, para 24 horas. Em 48 horas a dose de 50pM causou
a mortalidade de 42 animais. A dose de 100uM apresentou uma mortalidade elevada ja em 24
horas com a morte de 48 animais e em 48 horas causou a mortalidade de todos os animais,
considerando a dose de 100uM a DL qo.

60 -
50 -

40 -

& ApOs 24 horas

30 A
O Ap6s 48 horas

20 -

Numero de Animais Mortos

10

Controle 5uM 10uM 25uM 50uM 100uM
Concentragao de Triclorfon

Figura 5 - Determinacdo da DL50 em moscas da fruta (Drosophila melanogaster) adiministradas com
diferentes concentracdes de Triclorfon ap6s 24 e 48 horas. Observe que a dose de 50uM induziu a morte de
50% dos individuos em 24 horas, sendo essa considerada a DL50. A dose de 100uM induziu a morte de
100% dos individuos em 48 horas, sendo considerada a DL100. * significativo para p<0,05 com teste “t”
ndo paramétrico.
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6. PROPOSTA DE MECANISMO NEUROFARMACOLOGICO DO
TRICLORFON

No mecanismo proposto para o triclorfon (Figura 6), a inibi¢cdo da AChE induziria um
aumento na concentragdo da ACh em interneurdnios colinérgicos. Essa ACh em excesso,
modularia a liberacdo do neurotransmissor dopamina ativando inicialmente autoreceptores
muscarinicos provavelmente do subtipo M;/M, presentes na membrana pré-sinaptica dos
neurbnios dopaminérgicos. A ativacdo desses receptores pela ACh ativaria as vias de
sinalizacdo da adelilato ciclase-monofosfato ciclico de adenosina-proteina quinase A e/ou a
via da fosfatidil C-Inositol trifosfato-diacilglicerol, reforgando a liberacdo de dopamina pela
modulacdo do influxo de Ca®*. Além desse efeito pré-sinaptico, a ACh ativaria em paralelo
0s receptores muscarinicos pés-sinapticos do subtipo M, presentes na membrana de neurénios
pos-sinapticos dopaminérgicos. A ativacdo desses receptores pela ACh ativariam a via de
sinalizagdo a via da fosfatidil C-Inositol trifosfato-diacilglicerol, aumentando a liberagdo do
Ca®*, facilitando a liberacéo do neurotransmissor dopamina. Nesse modelo, os receptores D1
pos-sinapticos de dopamina seriam ativados pela dopamina aumentando a sua atividade. Os
receptores D, de dopamina pré-sinapticos diminuiriam a liberacdo da dopamina pela
diminuicdo a producdo do monofosfato ciclico de adenosina. O papel dos receptores 5HT ;4 €

5HTT; é ainda desconhecido para esse modelo e em nossas condi¢fes experimentais.
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Figura 6. Diagrama esquematico da neurotransmissdo central em baratas. Figura modificada

de DATY 2012.
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7. CONSIDERACOES FINAIS

Com base nos resultados observados foi possivel delinear as seguintes consideracées:

Os resultados apontam que a persisténcia ambiental dos inseticidas organofosforados é
um importante problema a ser considerado; verificamos que essas subdoses s&o
passiveis de causar influéncias significativas sobre o sistema nervoso dos animais (por
exemplo, mudanca nos padrées comportamentais).

As alteragbes comportamentais observadas traduziram-se principalmente em
mudancas no perfil de marcha e aumento da atividade de limpeza das antenas e patas
(grooming). Essas alteragdes podem estar relacionadas a uma desregulagdo da via
dopaminérgica, que inclui em ultima analise a ativacdo do receptor DA-Dlda
dopamina, induzindo aumento na atividade de grooming.

Comprovou-se a existéncia de uma co-transmissdo em neurdnios dopaminérgicos e
que a atividade colinomimética indireta do triclorfon é capaz de ativar autoreceptores
muscarinicos do subtipo-M1 (que sdo de feedback positivo) em insetos.

Receptores nicotinicos neuronais também parecem contribuir para promover uma

modulacgéo positiva da liberacdo da dopamina.

Perspectivas

Outros estudos sobre os efeitos subletais relacionados ao triclorfon em baratas devem
ser realizados, principalmente aqueles relacionados a influéncia da Acylpeptideo
Hidrolase na expressao das mudancas de comportamento e como alvo para a acdo de
organofosforados.

Investigar o papel do triclorfon na inibicdo da Fosfatidil inositol (PI) 3- Quinase
Abordagens em biologia molecular e eletrofisiologia também serdo Uteis, a fim de
melhorar 0  conhecimento sobre 0 mecanismo de  co-transmissdo

colinérgica/dopaminérgica em insetos.
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