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PREFACIO

Este volume refere-se a tese de doutorado apresentada como requisito para a defesa de
doutorado perante a Banca Examinadora no Programa de Pés-Graduacdo em Patologia
Ambiental e Experimental da Universidade Paulista.

Segundo as normas do Programa, este trabalho é apresentado na forma de artigo
cientifico de autoria do aluno e organizado de acordo com as exigéncias do veiculo de
publicacdo cientifica escolhido.

O periddico escolhido para a submissdo foi o Brain Research, Elsevier, ISSN:
0006-8993, sendo o titulo do manuscrito: “Therapeutical doses of ivermectin and its
association with stress disrupt motor and social behaviors of juvenile rats via serotonergic

and dopaminergic pathways ”.



Os filhos séo as maiores riquezas que podemos ter na vida. A partir do momento que
Deus me deu o privilégio de ser sua mée, aprendi o que € ter um pedago meu vivendo

em outro corpo. Dedico este trabalho ao meu bem maior, meu filho Eduardo.



AGRADECIMENTOS

Agradeco ao meu orientador e amigo, Prof. Dr. Thiago Berti Kirsten, pela dedicacéo,
orientacdo, paciéncia e enorme colaboracgéo durante todas as etapas do doutorado.

Ao Satiro Alves Ribeiro, estudante de IC, e a Danilo Cabral, mestrando, pela
colaboracéo durante os protocolos experimentais.

A Universidade Paulista, que disponibilizou suas instalaces, laboratdrios e estrutura
geral, onde os experimentos foram realizados. Também aos funcionarios da Universidade, em
especial aos técnicos Wilton e Anderson.

A Dra. Nicolle Queiroz-Hazarbassanov, do Departamento de Patologia da Faculdade
de Medicina Veterindria e Zootecnia da Universidade de Sdo Paulo (FMVZ-USP), pelo
auxilio nas analises por ELISA das amostras de plasma.

Ao Professor Dr. Jorge Camilo Flério, da FMVZ-USP, pelo auxilio nas analises
neuroquimicas.

A Profa. Dra. Claudia Mori, da FMVZ-USP, pela colaboragdo com os animais de
laboratério.

A Profa. Dra. Maria Martha Bernardi do Programa de P6s-Graduacdo em Patologia
Ambiental e Experimental da Universidade Paulista, pelas ideias na construgéo e execugédo do
projeto.

Agradeco a Deus, por tudo que faz e tem feito na minha vida.

A meu marido Leonardo, por sua dedicagédo, pela espera paciente nos momentos de
auséncia, por toda a sua capacidade de compreensdo, por sua confianca em mim, enfim, pela

sua presenca em minha vida.



Aos meus amados pais, Maria José e Bruno, por sempre terem me apoiado,
acreditando no meu potencial. Obrigada por me ensinarem a ndo desistir dos meus sonhos,
por acreditarem em mim e por compartilharem de muitas das minhas angustias e conquistas.

Aos meus irmédos Adriana e Guilherme, parceiros de vida.

Aos meus sogros Maria de Lourdes e Sergio por me apoiarem e auxiliarem sempre.

Aos amigos queridos, que, com palavras de amor e incentivo, renovaram as minhas
energias me encorajando a seguir em frente, especialmente aos queridos amigos desta jornada,
Thais Bandouk Ogassawara e Flavio Buratti.

Aos ratos, por meio dos quais se puderam obter os dados deste trabalho. Eles

permitiram o avan¢o de mais um degrau no conhecimento da ciéncia.



RESUMO

A ivermectina é um dos antiparasitarios mais utilizados no mundo. Nosso grupo tem
revelado diversos prejuizos comportamentais e neuroquimicos induzidos pelo tratamento de
ratos adultos com doses terapéuticas de ivermectina. Os efeitos nos jovens sdo desconhecidos,
embora ela venha sendo prescrita para jovens humanos, pets e animais de criacdo, 0s quais
ainda apresentam notavel desenvolvimento e podem ser mais susceptiveis a intervencdes
medicamentosas. Foram estudados os efeitos comportamentais e neuroquimicos de duas doses
terapéuticas (0,2 e 1,0 mg/kg) de ivermectina em ratos jovens. O fator estresse também foi
estudado, ja que ele é subestimado nas prescricdes médicas. As duas doses de ivermectina
induziram hiperatividade nos ratos, sendo o efeito da dose maior mais marcante. A associacao
de 1,0 mg/kg de ivermectina com o estresse induziu hipolocomoc¢édo nos ratos. A dose de 1,0
mg/kg de ivermectina associada ou ndo ao estresse exacerbou a socializacdo dos ratos jovens.
A ivermectina ndo afetou nem os niveis de ansiedade, nem os niveis de corticosterona dos
ratos. Os achados comportamentais motores e exploratérios induzidos ap6s a associacdo da
ivermectina com o estresse parecem ter sidos desencadeados pelo aumento na atividade do
sistema serotoninérgico estriatal. A associa¢do da ivermectina com o estresse aumentou 0s
niveis de dopamina estriatal, 0 que aumentou o comportamento (excessivo) de brincar social.
Os resultados sugerem uma revisdo no uso da ivermectina ou de sua dose prescrita durante a
juventude de humanos e pets. O fator estresse deve ser considerado para as prescri¢des
médicas, pois ele pode exacerbar 0s prejuizos comportamentais e neuroquimicos induzidos

pelas doses terapéuticas de ivermectina.

Palavras-chave: Avermectinas; periodo pré-plbere; ansiedade; comportamento de brincar;

corticosterona; monoaminas.
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1. INTRODUCAO

As avermectinas e milbemicinas, muitas vezes também referidas como lactonas
macrociclicas, descobertas em 1975, sdo os medicamentos antiparasitarios mais vendidos no
mundo (Merola and Eubig, 2012). S&o produtos de fermentacdo natural do actinomicete
Streptomyces avermitilis, encontrados no solo, sendo altamente lipofilicos, pouco solGveis em
agua, mas facilmente soltveis em solventes organicos (Campbell, 2012). A partir da década
de 1980, as avermectinas comecaram a ser utilizadas como anti-helminticos. Em 1985, a
abamectina foi langada como antiparasitario e inseticida (Taylor, 2001).

Eficientes parasiticidas, as avermectinas sdo capazes de matar ampla variedade de
artropodes ectoparasitas e nematoides endoparasitas, e ainda assim considerado com alta
margem de seguranca (Campbell, 2012; Merola and Eubig, 2012). Sdo amplamente utilizados
para salde animal, na medicina veterindria tanto para animais domésticos, como para
selvagens, na agricultura, por exemplo, para o controle de infestacbes por pragas, e na
medicina humana, em infeccGes, ou, por exemplo, para os tratamentos de filariose linfatica,
da oncocercose e da sarna (Omura, 2008; Yoon et al., 2004).

As avermectinas atuam como agonistas de alta afinidade sobre a subunidade alfa de
canais ionicos seletivos ao cloro presentes no parasito (2005). Nos invertebrados o ligante a
estes canais i0nicos é o glutamato, sendo os receptores denominados GIuCl. Estes receptores
estdo localizados em células musculares somaticas. O canal de cloro € aberto, aumentando a
conducgdo intracelular do neurotransmissor, alterando a membrana do neurdnio,
hiperpolarizando-a, resultando na paralisia motora do tipo flacida e eliminacdo do parasito.
Nos nematddeos, a interferéncia na transmissdo dos impulsos nervosos ocorre entre células
nervosas, enguanto nos artropodes acontece entre células nervosas e musculares. Nos

invertebrados, os sitios de ligacdo para as avermectinas estdo localizados no tecido periférico,
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enquanto nos mamiferos estes sitios estdo confinados no sistema nervoso central
(Wolstenholme and Rogers, 2005).

Em mamiferos, as avermectinas se ligam aos receptores GABAA (canais cloro-
mediados pelo &cido gama-aminobutirico tipo A) (Sieghart, 2006). O GABA € um
neurotransmissor inibitério que atua na regulacdo da excitabilidade dos neurénios do encéfalo
(Watanabe et al., 2002). Olsen e Snowman (1985) sugerem gue as avermectinas atuam em um
sitio receptor separado no complexo GABA receptor. Em estudo comparativo entre a
avermectina Bla e moduladores de receptores GABAérgicos em membranas neuronais, Pong
et al. (Pong et al., 1982) sugerem que 0s sitios para a avermectina Bla, benzodiazepinicos,
pentobarbital e picrotoxina estdo acoplados alostericamente ao receptor GABAérgico/canal de
cloro e que os sitios ligantes para a avermectina Bla podem ser compartilhados parcialmente
com os daqueles da picrotoxina e barbituratos. Além destes estudos envolvendo as
avermectinas com a ativacdo do receptor GABAEérgico, outras evidéncias mostram que estes
medicamentos além de interagir diretamente com sitios receptores do GABA, podem causar
aumento na liberagdo de GABA (Pong et al., 1980).

Atualmente, tem-se disponivel no comércio as seguintes ivermectinas: lvermectina,
22,23-diidroavermectina Bla (>80%) e 22,23-diiforavermectina B1b (<20%); Doramectina,
25-ciclohexil-5-0-dimetil-25-de(1-metilpropril) avermectina Ala; Eprionmectina, 4”-epi-
acetilamino-4”-deoxi-avermectina B1; e Selamectina, -ciclohexil-525-de(1-metilpropril)-
5deoxi-22,23-diidro-5(hidroximino)-avermectina B1 (Shoop et al., 1995).

A utilizacdo da ivermectina é aprovada para o controle parasitario em muitas espécies
animais como cavalos, gatos e cdes, e, inclusive, para humanos, com poucas restricdes, como
é 0 caso das lactantes (Campbell, 2012; Omura and Crump, 2014). Embora 0 envenenamento
por ivermectina tenha sido relatado em algumas espécies animais devido ao uso inadvertido

ou abusivo do produto, 0 maior consenso em relacdo a toxicidade ocorre em cdes da racga
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Collie, que sdo mais sensiveis a esta droga e em animais jovens, uma vez que nestes animais a
barreira hematoencefalica ainda € muito permeavel (Paul et al., 1987).

Porém, ao contrario do que vem sendo veiculado como as avermectinas sendo um
grupo de medicamento com alta margem de seguranca, estudos de nosso grupo tém revelado
qgue mesmo doses terapéuticas podem acarretar diversos prejuizos, incluindo a esfera
comportamental, sexual e reprodutiva. Por exemplo, os tratamentos com moxidectina,
doramectina ou ivermectina reduzem o comportamento sexual de ratos machos, sua ere¢do
peniana e 0s niveis hipotalamicos de GABA (Bernardi et al., 2011; Ferri et al., 2013;
Rodrigues-Alves et al., 2008). Nas ratas fémeas, a ivermectina também reduziu o
comportamento sexual (Moreira et al., 2014). Além dos prejuizos sexuais, mostramos também
gue a ivermectina induz efeitos ansioliticos e sedativos no labirinto em cruz elevado e no teste
do conflito, de modo similar ao diazepam (Spinosa et al., 2002). Verificou-se que a
doramectina apresenta tanto propriedades ansioliticas como anticonvulsivantes (Spinosa et al.,
2000). Deste modo, temos revelado que o uso das avermectinas esta longe de ser considerado
seguro, mesmo em administracdes de doses terapéuticas.

Além disso, em um estudo experimental com ratas gestantes e lactantes, foi
demonstrado que a exposicdo de doses altas de ivermectina, como 4 mg/kg diariamente
durante quase toda a gestacdo e lactagdo causou 100% de letalidade de seus filhotes (Poul,
1988). Neste mesmo trabalho, os autores mostraram que doses inferiores, como 2 mg/kg, e/ou
abreviacdo dos tratamentos diminuiu a mortalidade, porém, afetando também o
desenvolvimento e o comportamento da prole. Por exemplo, revelou-se prejuizo do
desenvolvimento comportamental e atividade geral (motora) nos recém-nascidos cujas méaes
foram tratadas com 1 mg/kg de ivermectina durante a gestacao e a lactagcdo (Poul, 1988).

Roedores recém-nascidos podem ser particularmente sensiveis a neurotoxicidade de

ivermectina, pois suas barreiras hematoencefalicas ainda ndo estdo totalmente formadas ao
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nascimento e, portanto, a toxicidade exacerbada causada pela ivermectina pode nao s6 ocorrer
no periodo intrauterino, mas também no periodo da lactagdo (Campbell, 2012). Por exemplo,
existe um estudo que demonstra que camundongos jovens desenvolveram convulsdes e
tremores e morreram ap6s a administracdo de ivermectina (Lankas et al., 1989). Porem, é
preciso destacar que o citado trabalho avaliou roedores bem mais jovens do que foi 0 objeto
do presente estudo, bem como com administracbes repetidas. Alids, a barreira
hematoencefalica em ratos s6 se desenvolve completamente apds o dia de vida pos-natal
(PND) 24 (Schulze and Firth, 1992).

Por todos estes estudos realizados pelo nosso e outros grupos, fica claro que as
avermectinas podem ser prejudiciais ao individuo medicado, mesmo em doses terapéuticas, ao
contrario do que se acreditava. Nossos estudos, com doses terapéuticas, até agora focaram nos
individuos adultos, porém, ndo se sabe os efeitos em jovens, ainda em desenvolvimento. O
organismo do paciente jovem ainda apresenta notavel desenvolvimento e maturacdo p6s-natal,
incluindo os sistemas nervoso, reprodutivo, pulmonar, esquelético, imune, renal e metabdlico
(Bruckner, 2000; Dourson et al., 2002; Ginsberg et al., 2002; Scheuplein et al., 2002). Por
exemplo, o sistema nervoso comeca a se formar cedo na gestacao e continua a se desenvolver
por toda a adolescéncia. J& o sistema imune s se desenvolve substancialmente apds o parto.
As diferencas cinéticas entre neonatos/jovens para adultos incluem diferencas na absorcéo,
distribuicdo, metabolismo e eliminacdo, bem como reduzida capacidade de ligacdo das
proteinas plasmaticas (Baldrick, 2004). As consequéncias destas diferengas sdo que 0s jovens
podem biotransformar drogas em taxas diferentes em comparacdo com os adultos, inclusive
com potencial de sobredosagem e eventos adversos (Baldrick, 2004; Dourson et al., 2002).
Exemplos "bem estabelecidos” do efeito toxicos de drogas em jovens que nao ocorrem
geralmente em adultos devido as diferencas de metabolismo incluem a sindrome do bebé

cinzento pelo uso do antibiotico cloranfenicol, e ictericia pelo uso do diazepam (Bruckner,
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2000; Scheuplein et al., 2002). Portanto, o individuo jovem que ainda esta em fase de
desenvolvimento e maturacdo, pode ser mais susceptivel a intervencdes medicamentosas.

Por falar nisso, hd muitos anos a ivermectina vem sendo receitada tanto para jovens
humanos, como para jovens pets e animais de criacdo, sem relatarem-se efeitos adversos
relevantes (Campbell and Benz, 1984; Gilmore, 2011; Omura and Crump, 2014; Pacque et al.,
1990). Por exemplo, a administracdo oral de uma Unica dose de ivermectina é considerada
eficaz contra a sarna em humanos, inclusive para jovens, sendo também utilizada anualmente
no tratamento em massa de milhdes de pessoas com oncocercose e filariose (Gilmore, 2011;
Lawrence et al., 2005). Inclusive, historicos de seguranga sugerem que criancas podem ser
medicadas, sendo indicado o uso de um comprimido de 3 mg cortado ao meio em criancas
com peso corporal abaixo de 7,5 kg (Lawrence et al., 2005). Portanto, no geral, a comunidade
cientifica considera que os dados clinicos séo insuficientes para determinar efeitos adversos
relevantes em criangas.

Além do fato de a ivermectina estar sendo usada aparentemente de modo inadvertido e
pouco criterioso nos jovens, soma-se a isso o fator estresse. A ivermectina tem sido receitada
sem preocupacdes com contextos estressores, que podem interferir, inclusive potencializando
os efeitos de drogas. Por exemplo, o estresse pré-natal potencializa o comportamento epilético
induzido por pilocarpina em ratos jovens (Sadaghiani and Saboory, 2010). Neste sentido, a
interagdo com variaveis ambientais pode exacerbar a toxicidade as avermectinas, dentre as
quais se destaca o estresse.

Estudos comportamentais em animais de laboratorio tém sido amplamente utilizados
na pesquisa como ferramenta para os mais diversos fins, incluindo busca por tratamento para
doencas e de transtornos mentais e o entendimento dos mecanismos centrais (Sistema nervoso
central) envolvidos com essas condi¢fes (Hanell and Marklund, 2014; McGonigle, 2014). A

partir da famosa viagem com o Beagle na década de 1830, Charles Darwin é considerado

14



como sendo o fundador da pesquisa comportamental (Thierry, 2010). Desde entdo, diversos
cientistas proeminentes como Ivan Pavlov, Karl von Frisch, Konrad Lorenz, Nikolaas
Tinbergen e Burrhus Frederic Skinner vém trazendo contribui¢des inquestionaveis, passando
da ciéncia bésica até a clinica (Hanell and Marklund, 2014).

O teste comportamental da avaliacdo da atividade geral em campo aberto possui
diversas extrapolacdes, mas sem duvida se destaca pelo estudo de comportamentos motores e
exploratdrios a partir da exposi¢do do animal a um ambiente novo inescapavel (Patti et al.,
2005; Walsh and Cummins, 1976). O teste foi criado por Calvin Hall em 1934 (Walsh and
Cummins, 1976).

O teste de transicdo claro-escuro é utilizado comumente em roedores para avaliar o
comportamento ndo condicionado tipo-ansioso, 0 qual se baseia em uma situacao de conflito,
ou seja, o conflito entre explorar novos ambientes, e, a0 mesmo tempo, esquivar-se de
espacos abertos e iluminados (Arrant et al., 2013). O teste foi desenvolvido por Crawley, em
que se observou que drogas ansioliticas aumentavam o nimero de vezes que 0 animal cruzava
os dois compartimentos (Crawley, 1985).

Para animais que vivem em grupos, tais como os ratos, a interacdo social adequada
requer um repertorio complexo e bem organizado de comportamentos sociais. A maioria das
espécies passa por um periodo cronoldgico no qual uma estimulacdo social especifica é
necessaria para um desenvolvimento social subsequente adequado (Lore and Flannelly, 1977;
Scott, 1962). A primeira interagdo social de ratos ndo direcionada a mae é o comportamento
de brincar, que se inicia no decimo oitavo dia pos-natal, com picos na quarta e quinta semana
de vida, e diminui sem se extinguir durante a idade de maturidade sexual (Vanderschuren et
al., 1997). O comportamento de brincar tem como funcédo facilitar o desenvolvimento de um
repertorio social rico e flexivel, podendo também ser considerado o desencadeador para o

desenvolvimento social (Vanderschuren et al.,, 2016). O comportamento de brincar €
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generalizado no reino animal; ainda que pareca nao ter uma funcéo direta dbvia, experimentos
em laboratério tém mostrado evidéncias de que eles facilitam o desenvolvimento social,
habilidades cognitivas, emocionais e motoras, em particular a habilidade de usar esta
flexibilidade em um ambiente instavel e imprevisivel (Vanderschuren et al., 2016). Portanto,
0 estudo do comportamento de brincar denota o desenvolvimento social.

O objetivo deste trabalho foi estudar os efeitos da ivermectina no comportamento de
ratos jovens, pois este medicamento vem sendo receitado para humanos e no meio veterinario
mesmo durante o periodo pré-pubere. Foram avaliados a atividade geral em campo aberto,
para estudos relacionados ao comportamento motor e exploratério, o teste de transicdo
claro/escuro para avaliar o0 comportamento tipo-ansioso, uma vez que a ivermectina pode
induzir efeito ansiolitico (Spinosa et al., 2002), e o comportamento de brincar, que denota o
desenvolvimento social. Além disso, realizaram-se estudos neuroquimicos a fim de identificar
0S mecanismos centrais relacionados as alteracbes comportamentais encontradas. Por fim,
foram estudados o0s niveis plasmaticos de corticosterona nesses ratos jovens, como
biomarcador da atividade do eixo hipotdlamo-pituitaria-adrenal (HPA) (McEwen, 2000)
(niveis de estresse), uma vez que, além dos estudos dos efeitos diretos da ivermectina em
jovens, verificaram-se também seus efeitos em jovens expostos a uma situacdo de estresse.

E importante destacar que até o momento ndo foram encontrados estudos
comportamentais e bioquimicos dos efeitos da ivermectina e do estresse em jovens. Os
resultados deste estudo tem o potencial de sugerir uma revisdo no uso desta substancia

durante o desenvolvimento do individuo, ou revisdo de dose prescrita.
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Title: Therapeutical doses of ivermectin and its association with stress disrupt motor

and social behaviors of juvenile rats via serotonergic and dopaminergic pathways
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We studied therapeutical doses of ivermectin and restraint stress in juvenile rats.
Ivermectin induced hyperlocomotion.

Ivermectin associated or not with stress facilitated socialization of rats.
Association of ivermectin and stress increased striatal serotonergic system activity.

Association of ivermectin with stress increased striatal dopamine levels.
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Abstract

Ivermectin is one of the most widely used antiparasitic agents in the world. Studies
from our group have revealed several behavioral and neurochemical impairments induced by
therapeutic doses of ivermectin in adult rats. However, the effects on juveniles remain
unknown. lvermectin has been prescribed for juvenile humans, pets and farm animals, which
still show remarkable development and postnatal maturation and may be more susceptible to
drug interventions. Hence, we studied the behavioral and neurochemical effects of two
therapeutical doses (0.2 and 1.0 mg/kg) of ivermectin in juvenile rats. As it is underestimated
in prescriptions, the stress factor was also studied. Both therapeutic doses of ivermectin
induced hyperlocomotion in juvenile rats; with a more pronounced effect from the higher
dose. Association of 1.0 mg/kg ivermectin with stress induced hypolocomotion in rats.
Ivermectin 1.0 mg/kg whether or not associated with stress exacerbated socialization of rats.
Ivermectin did not affect anxiety or corticosterone levels of juvenile rats. The
motor/exploratory behavioral findings induced by association of ivermectin and stress seem to
be triggered after the increase in the striatal serotonergic system activity. Association of
ivermectin with stress increased striatal dopamine levels, which increased (excessive) social
play behavior. Our results suggest a review of the use of ivermectin or its prescribed dose for
juvenile humans and pets. Moreover, it has been found that the stress factor should be
considered for medical prescriptions, since it may exacerbate behavioral and neurochemical

impairments induced by therapeutical doses of ivermectin.

Keywords: Avermectins; Prepubertal period; Anxiety; Play Behavior; Corticosterone;

Monoamines.
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1. Introduction

Avermectins and milbemycins, also known as macrocyclic lactone, are the most
widely used antiparasitic agents in the world (Merola and Eubig, 2012). They are produced
through fermentation by soil-dwelling actinomyces from the genus Streptomyces (Campbell,
2012). They are considered efficient parasiticides, including for a wide variety of arthropod
ectoparasites and nematode endoparasites, but still safe for human and veterinary use
(Campbell, 2012; Merola and Eubig, 2012). In human clinical practice, avermectins are used
to treat, lymphatic filariasis, onchocerciases, scabies, and other infections (Gonzalez et al.,
2012). Likewise, they are used in veterinary medicine and agriculture, for example for the
control of pest infestations (Omura, 2008; Yoon et al., 2004).

Avermectins exert their anthelmintic effects by binding to glutamate-gated chloride
channels that are expressed on nematode neurons and pharyngeal muscle cells. Ivermectin,
the first synthesized avermectin, is able to activate channel opening very slowly, but however,
the opening is essentially irreversibly, leading to a very long-lasting hyperpolarization or
depolarization of the neuron or muscle cell and blocking further function (Wolstenholme and
Rogers, 2005). In vertebrates, avermectins can produce y-aminobutyric acid (GABA)-mimetic
effects by acting as agonists at GABAA receptors and stimulating GABA release (Campbell,
2012; Dawson et al., 2000). Mammals are considered less susceptible to the toxic effects of
avermectins because GABA-mediated nerves occur only in the central nervous system, and
avermectins do not readily cross the blood-brain barrier (Campbell, 2012). However, the most
common side effects of avermectins in mammals are linked to their effects on GABAergic
activation (Campbell, 2012).

The use of ivermectin is approved for parasitic control for humans and many other

species, such as horses, cats, and dogs. There are few restrictions, among which for the dogs
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Collie breed and during lactation (Campbell, 2012; Omura and Crump, 2014), due to the
higher permeability of the blood-brain barrier (Paul et al., 1987). Studies from our group have
revealed, though, that even therapeutic doses administered to health adult animals can lead to
several behavioral, sexual, and reproductive impairments. For example, moxidectin,
doramectin or ivermectin treatments reduce the sexual behavior of male rats, their penile
erection, as well as their hypothalamic GABA levels (Bernardi et al., 2011; Ferri et al., 2013;
Rodrigues-Alves et al., 2008). In female rats, ivermectin also reduce sexual behavior (Moreira
et al., 2014). Moreover, ivermectin and doramectin induces anxiolytic and sedative effects
(Spinosa et al., 2000; Spinosa et al., 2002). We have thus shown that the use therapeutic doses
of avermectins is not safe for animals.

Our studies with therapeutic doses of avermectins have focused on adults; with the
effects on juveniles unknown. Juvenile mammalian species still show remarkable
development and postnatal maturation, including in the nervous, reproductive, pulmonary,
skeletal, immune, renal and metabolic systems (Bruckner, 2000; Dourson et al., 2002;
Ginsberg et al., 2002; Scheuplein et al., 2002). These peculiarities result in different rates of
metabolization of drugs in organs, which may facilitate adverse effects (Baldrick, 2004;
Dourson et al., 2002). Therefore, juveniles may be more susceptible to drug interventions.
Incidentally, ivermectin has been prescribed for juvenile humans, pets, and farm animals
(Campbell and Benz, 1984; Gilmore, 2011; Omura and Crump, 2014; Pacque et al., 1990).

The stress factor also seems to be underestimated. Ivermectin has been prescribed
without concern for stressful contexts, which may interfere and enhance the effects of drugs.
For example, prenatal stress increases pilocarpine-induced epilepsy behavior in juvenile rats
(Sadaghiani and Saboory, 2010). In this sense, the interaction with environmental variables

may exacerbate the toxicity of avermectins.
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We aimed to study the effects of ivermectin on the behavior of juvenile rats. We
evaluated the open-field behavior, for motor/exploratory studies (Patti et al., 2005; Walsh and
Cummins, 1976). Light-dark test was used to study anxiety-like behavior (Campos et al.,
2013), because ivermectin may induce anxiolytic effect (Spinosa et al., 2002). Play behavior
test was performed to study social development and social interactions (Vanderschuren et al.,
2016). Neurochemical studies (monoamine and turnover in the striatum) were performed in
order to identify the central mechanisms related to the behavioral changes. Finally, we
evaluated plasma levels of corticosterone, since it is considered as a biomarker of the
hypothalamic-pituitary-adrenal (HPA) axis activity, i.e., for stress levels (McEwen, 2000).
We also exposed these rats to a stress event (restraint) to verify whether this variable may

exacerbate the impairments of ivermectin in juvenile rats.

2. Results

Both therapeutic doses of ivermectin induced hyperlocomotion in juvenile rats; with a
more pronounced effect from the higher dose. Association of 1.0 mg/kg ivermectin with stress
induced hypolocomotion in rats. lvermectin 1.0 mg/kg whether or not associated with stress
exacerbated socialization of rats. Ivermectin did not affect anxiety or corticosterone levels of
juvenile rats. The motor/exploratory behavioral findings induced by association of ivermectin
and stress seem to be triggered after the increase in the striatal serotonergic system activity.
Association of ivermectin with stress increased striatal dopamine levels, which increased
(excessive) social play behavior. Our results suggest a review of the use of ivermectin or its
prescribed dose for juvenile humans and pets. Moreover, it has been found that the stress
factor should be considered for medical prescriptions, since it may exacerbate behavioral and

neurochemical impairments induced by therapeutical doses of ivermectin.
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Este volume de tese de doutorado apresenta somente o resumo dos principais
resultados obtidos com este estudo. Para maiores detalhes, consultar a publicacdo em artigo
cientifico, ou contatar o orientador deste estudo via e-mail: Prof. Dr. Thiago B. Kirsten,

thiago.kirsten@docente.unip.br ou thik@outlook.com

3. Discussion

Este volume de tese de doutorado apresenta somente as conclusées do trabalho, sem
sua discussdo. Para maiores detalhes, consultar a publicacdo em artigo cientifico, ou
contatar o orientador deste estudo via e-mail: Prof. Dr. Thiago B. Kirsten,

thiago.kirsten@docente.unip.br ou thik@outlook.com

4. Conclusion

In conclusion, both therapeutical doses of ivermectin (0.2 and 1.0 mg/kg) induced
hyperlocomotion in juvenile rats; with a more pronounced effect from the higher dose.
Association of 1.0 mg/kg of ivermectin with stress induced hypolocomotion in rats.
Ivermectin 1.0 mg/kg associated or not with stress exacerbated socialization of rats.
Ivermectin did not affect anxiety or corticosterone levels in juvenile rats. The
motor/exploratory behavioral findings induced by association of ivermectin and stress seem to
be triggered after the increase in the striatal serotonergic system activity. Association of
ivermectin with stress increased striatal dopamine levels, which increased (excessive) social
play behavior. Our results suggest a review of the use of ivermectin or its prescribed dose for

juvenile humans and pets. Moreover, we showed that the stress factor should be considered
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for medical prescriptions, because it may exacerbate behavioral and neurochemical

impairments induced by therapeutical doses of ivermectin.

5. Experimental Procedure

5.1 Ethics statement

The present study was carried out in strict accordance with the recommendations of
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
(NCR, 2011). The protocol was approved by the Committee on the Ethics of Animal
Experiments of the Paulista University, Brazil (Permit Number: 346/15). All efforts were
made to minimize suffering, reduce the number of animals used and utilize alternatives to in
vivo techniques when available. The experiments were also performed in accordance with

good laboratory practice protocols and quality assurance methods.

5.2 Animals

A total of 42 Wistar juvenile male rats (Rattus norvegicus) of 28-31 days of age and
weighing 46-83g at the beginning of the experiment from the School of Veterinary Medicine
(University of S&o Paulo, S&o Paulo, Brazil) were used. They were housed in polypropylene
cages (45.5 X 34.5 X 20 cm; maximum of 5 rats per cage) with microisolator system
(Tecniplast, Buguggiate, Italy), controlled temperature (23°C £ 2°C) and humidity (55-65%)
with artificial lighting (12-hr light/12-hr dark cycle, lights on at 7:00 AM). The animals had
free access to irradiated rodent chow (BioBase, Aguas Frias, Brazil) and filtered water.

Sterilized and residue-free wood shavings were used for animal bedding.
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5.3 Treatments and groups

Ivermectin (22,23-dihydroavermectin Bla [>80%] and B1b [<20%], Ivomec, Merck,
Sharp & Dohme Farmacéutica e Veterinaria do Brasil, Campinas, Brazil) were studied in two
different subcutaneous (sc) therapeutical doses: 0.2 and 1.0 mg/kg (Dadarkar et al., 2007;
Soll, 1989). Both doses had been previously studied by our group in adult rats, which induced
sexual impairments (Bernardi et al., 2011; Moreira et al., 2014). Ivermectin solutions were
prepared in a 0.9% saline (NaCl) solution plus a drop of Tween-80. Saline solution plus a
drop of Tween-80 was also used as control solution (vehicle; sc). Each rat was treated with a
1 mL/kg solution. Each rat from all groups received a single saline or ivermectin injection on
post-natal day (PND)28-29.

These rats were submitted or not to a restraint stress session 48h after the treatments,
i.e., on PND30-31. Thus, we evaluated six groups (n = 7 rats per group): (1) Sal, rats that
received saline solution; (2) Iver0.2, rats that received 0.2 mg/kg ivermectin; (3) Iverl.0, rats
that received 1.0 mg/kg ivermectin; (4) Stress, rats that received saline solution and restraint
stress; (5) lver0.2+Str, rats that received 0.2 mg/kg ivermectin and restraint stress; (6)
Iverl.0+Str, rats that received 1.0 mg/kg ivermectin and restraint stress.

Ivermectin treatments, stress session, and behavioral evaluations were all performed
during, prepubertal period (PND28-29, PND30-31, and PND30-31, respectively), also known
as juvenile rats (Horovitz et al., 2012; Quinn, 2005). At this age the blood-brain barrier in rats
is considered completely developed (Schulze and Firth, 1992). All of the experiments were

performed between 9:00 and 11:00 AM to minimize the effects of circadian rhythms.

5.4 Restraint stress
Restraint stress is considered a simple and painless model of stress that does not cause

any lasting impairment (Buynitsky and Mostofsky, 2009). It is considered a model of
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psychological stress due to its similarity to the natural experience of confinement (Dhabhar
and McEwen, 1996). The restraint stress apparatus consisted of plastic cylindrical restraint
tubes (3.5 cm diameter, 10 cm length) for individual restraints that were fixed on a table with
both ends closed and holes for the tail and ventilation. The tubes were designed in such a way
as to prevent pain and compression. The rats were subjected to a single restraint session of 2
hours. A 2-hour session is considered sufficient to activate the HPA axis, and increase

circulating corticosterone levels (Buynitsky and Mostofsky, 2009; Echeverry et al., 2004).

5.5 Open-field behavior

Immediately after the end of the restraint stress session (PND30-31), rats were
removed from the restraint tube and observed in an open-field arena to evaluate
motor/exploratory behaviors (Patti et al., 2005; Walsh and Cummins, 1976). It consisted of a
round arena (96 cm diameter, 29 cm high walls) that was painted gray with an acrylic
washable cover and subdivided into 25 parts. Each rat was individually placed in the center of
the apparatus, and the following parameters were evaluated over a period of 5 min:
locomotion frequency (number of floor units entered with all four paws), rearing frequency
(number of times the rodents stood on their hind legs), and fecal boli number. The testing
room, which was isolated from the experimenter, was a small room with dim lighting. A
video camera was placed above the arena to collect the data. The apparatus was washed with a
5% alcohol/water solution before placement of the animals to obviate possible biasing effects

from odor cues left by a previous rat.

5.6 Light-dark behavior
Immediately after the open-field test (PND30-31), rats were observed in a light-dark

apparatus to evaluate anxiety-like behavior (Campos et al., 2013). This model is based on the
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innate aversion of rodents to bright places, generating an inherent conflict between their
exploratory drive to a novel place and their avoidance of the lit compartment (Campos et al.,
2013; Crawley and Goodwin, 1980). The apparatus consisted of an acrylic box (80 cm length,
40 cm width, 30 cm high) containing two compartments (separated by a door measuring 13 X
8 cm): dark room with black walls and floor (34 cm length), and light room, with white walls
and floor (44 cm length) and lit by a white fluorescent lamp (15W, 4100K). Each rat was
individually placed in the center of the light room, facing the wall opposite the door. The
following parameters were evaluated over a period of 5 min: dark side entry latency (s), total
time (s) spent in the dark side, total time (s) spent in the light side, rearing frequency in the
dark side, and rearing frequency in the light side. The testing room, which was isolated from
experimenter, was a small room with dim lighting. A video camera was placed above the
arena to collect the data. The apparatus was washed with a 5% alcohol/water solution before
placement of the animals to obviate possible biasing effects from odor cues left by previous

rat.

5.7 Play behavior

Immediately after the light-dark test (PND30-31), rats were observed for their play
behavior. The play behavior test was based on our previous studies (Kirsten et al., 2010;
Kirsten et al., 2012; Kirsten et al., 2015). Briefly, on PND21, the rat pups from the six groups
were weaned from their litters and kept isolated, i.e., maintaining one rat per polypropylene
cages in the same conditions as explained above until PND30-31. The rationale behind the
social isolation was to increase the motivation to initiate play behavior (Panksepp and Beatty,
1980). Play behavior was evaluated on PND30-31 because it has been shown to peak during
this time (Pletnikov et al., 1999). For the evaluation, each isolated rat in the six groups was

paired with a naive male rat (i.e., without any treatment) that had previously been housed in a
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group environment. The weight difference of the two rats (isolated and naive-grouped) was up
to 10 g. Each naive rat was only used for one pairing. The testing room, which was isolated
from experimenter, was a small room with dim lighting. A video camera placed above the
cage was used to collect the data. A 5 min period was allowed for the animals to adapt to the
testing room prior to matching. The naive-grouped rat was always placed into the cage of the
isolated rat, where the test was conducted; therefore, the isolates are also referred to as the
residents, and the grouped rats are referred to as the intruders. Their behaviors were recorded
for 10 min. The following parameters were measured only for the isolated rats: total time (s)
with social interactions (including the time spent sniffing the intruder, the time spent
following the intruder, the time spent crawling over/under the intruder, and the time spent
pinning); pinning frequency (the number of times the resident rat laid on its back and showed
its belly to the intruder, which mounted the resident from above to complete the social
interaction); darting frequency (the number of times the resident moved rapidly towards, in
parallel, or away from the intruder); and rearing frequency (the number of times the resident
rat stood on its hind legs without interacting with the intruder). Social interaction considers
both social investigations and play solicitations. Pinning is considered social play. Darts are
considered play solicitations. Rearing is considered a non-social exploratory behavior

(Pletnikov et al., 1999).

5.8 Corticosterone levels

Immediately after the play behavior test (PND30-31), rats were decapitated, and trunk
blood was collected in conical tubes that contained 10% ethylenediaminetetraacetic acid
(EDTA). The samples were centrifuged (3.500 RPM, 15 min), and plasma was obtained.
Corticosterone analysis was performed using enzyme-linked immunosorbent (ELISA)

commercial kits in duplicate and according to the manufacturer’s instructions. Corticosterone
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levels were determined using an Arbor Assays kit (cat. no. KO14-H, Ann Arbor, MI, USA).
The results are expressed in ng/ml. Corticosterone is the most abundant circulating steroid
secreted by rodents and is considered to be a good indicator of HPA axis activity in these

species (McEwen, 2000).

5.9 Monoamine and turnover in the striatum

Together with the blood, brain from these rats was also collected. Monoamine and
monoamine metabolite levels in the striatum (Paxinos and Watson, 1998) were measured
using high-performance liquid chromatography (HPLC, Shimadzu, model Prominence,
Kyoto, Japan). Tissue collection and preparation were previously described by our group
(Soto et al., 2013). Serotonin (5-HT) and its metabolite 5-hydroxyindolacetic acid (5SHIAA),
dopamine (DA) and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) were measured. The HPLC system consisted of a C-18 column
(Supelco, Sigma, St. Louis, MO, USA), an electrochemical detector (Decade, Antec Leyden,
The Netherlands), and an integrator (Chromatopac, Shimatzu, Kyoto, Japan). DA and 5-HT
turnovers (metabolite/neurotransmitter ratio) were also calculated. The detection limit was 10
ng/g. The coefficients of variation were less than 15%, and standard linear regression curve

values were greater than 0.98.

5.10 Statistical analysis

Homogeneity and normality were verified using a Bartlett’s or F test. One-way
analysis of variance (ANOVA) followed by Newman-Keuls’s multiple comparison test was
used to compare the parametric data among the six groups. Student’s t-tests (unpaired, one-
tailed) were used to compare the parametric data between the two groups. The results are

expressed as the mean £ SEM. In all cases, the results were considered significant if p < 0.05.
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Figure Legends

Figure 1. Open-field behavior. Effects of ivermectin (0.2 and 1.0 mg/kg) associated with
stress on the open-field behaviors in juvenile male rats. Rats were treated with a single
injection of ivermectin (lver) or its vehicle (Sal) on PND28-29; 48h later they were submitted
or not to a single restraint stress (Str) session (2h) and immediately observed for behaviors (n
= 7 per group). * p < 0.05; ** p < 0.01; *** p < 0.001 (one-way ANOVA followed by the

Newman-Keuls test). The data are expressed as the mean + SEM.

Figure 2. Light-dark behavior. Effects of ivermectin (0.2 and 1.0 mg/kg) associated with
stress on the light-dark behaviors in juvenile male rats. Rats were treated with a single
injection of ivermectin (lver) or its vehicle (Sal) on PND28-29; 48h later they were submitted
or not to a single restraint stress (Str) session (2h) and immediately observed for behaviors (n
= 7 per group). ** p < 0.01; *** p < 0.001 (one-way ANOVA followed by the Newman-

Keuls test). The data are expressed as the mean + SEM.

Figure 3. Play behavior. Effects of ivermectin (0.2 and 1.0 mg/kg) associated with stress on
the play behavior of juvenile male rats. Rats were treated with a single injection of ivermectin
(Iver) or its vehicle (Sal) on PND28-29; 48h later they were submitted or not to a single
restraint stress (Str) session (2h) and immediately observed for behaviors (n = 7 per group). *
p <0.05; ** p <0.01; *** p <0.001 (one-way ANOVA followed by the Newman-Keuls test).

The data are expressed as the mean + SEM.

Figure 4. Serotonergic system. Effects of ivermectin (0.2 and 1.0 mg/kg) associated with

stress on striatal serotonergic neurotransmitter and metabolite levels (ng/g/wet tissue) and
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turnover rates in juvenile male rats. Rats were treated with a single injection of ivermectin
(Iver) or its vehicle (Sal) on PND28-29; 48h later they were submitted or not to a single
restraint stress (Str) session (2h) and immediately observed for behaviors (n = 7 per group). *
p <0.05; ** p <0.01; *** p <0.001 (one-way ANOVA followed by the Newman-Keuls test).

The data are expressed as the mean + SEM.

Figure 5. Dopaminergic system. Effects of ivermectin (0.2 and 1.0 mg/kg) associated with
stress on striatal dopaminergic neurotransmitter and metabolite levels (ng/g/wet tissue) and
turnover rates in juvenile male rats. Rats were treated with a single injection of ivermectin
(Iver) or its vehicle (Sal) on PND28-29; 48h later they were submitted or not to a single
restraint stress (Str) session (2h) and immediately observed for behaviors (n = 7 per group). *
p <0.05; ** p <0.01; *** p <0.001 (one-way ANOVA followed by the Newman-Keuls test).

The data are expressed as the mean + SEM.
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Supplementary material

S1 Table. Values of one-way analysis of variance of behaviors. Effects of ivermectin (0.2

and 1.0 mg/kg) associated with stress on the statistical values of F and p of one-way analysis

of variance of open-field, light-dark, and play behaviors in juvenile male rats. Rats were

treated with a single injection of ivermectin (lver) or its vehicle (Sal) on PND28-29; 48h later

they were submitted or not to a single restraint stress (Str) session (2h) and immediately

observed for behaviors (n = 7 per group).

F p
locomotion frequency 9.96 < 0.0001 ***=*
rearing frequency 1.24 0.3113
fecal boli number 1.39 0.2502
dark side entry latency (s) 6.01 0.0004 ***
dark side total time (s) 1.42 0.2396
light side total time () 1.01 0.4251
rearing frequency in the dark side 1.42 0.2396
rearing frequency in the light side 2.36 0.0596
social interaction (s) 4.04 0.0052 **
pinning frequency 1.37 0.2602
darts frequency 7.71 < 0.0001 ****
rearing frequency 4.79 0.0019 **

** p < 0.01; *** p <0.001; **** p < 0.0001 (one-way ANOVA followed by the Newman-

Keuls test).
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S2 Table. Values of one-way analysis of variance of biochemical parameters. Effects of

ivermectin (0.2 and 1.0 mg/kg) associated with stress on the statistical values of F and p of

one-way analysis of variance of plasma corticosterone levels and striatal monoamine and

metabolite levels (ng/g/wet tissue) and turnover rates in juvenile male rats. Rats were treated

with a single injection of ivermectin (Iver) or its vehicle (Sal) on PND28-29; 48h later they

were submitted or not to a single restraint stress (Str) session (2h) and immediately observed

(n =7 per group).

F p
corticosterone 2.27 0.0645
SHT 7.01 < 0.0001 ****
SHIAA 8.01 < 0.0001 ****
S5HIAA/SHT 3.56 0.0095 **
DA 21.87 < 0.0001 ****
DOPAC 5.84 0.0003 ***
HVA 5.17 0.0009 ***
DOPAC/DA 2.61 0.0387 *
HVA/DA 3.39 0.0120 *

*p <0,05; ** p <0.01; *** p <0.001; **** p < 0.0001 (one-way ANOVA followed by the

Newman-Keuls test).
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3. CONSIDERACOES FINAIS

» As duas doses terapéuticas de ivermectina (0,2 e 1,0 mg/kg) induziram hiperatividade nos
ratos jovens, sendo o efeito da dose maior mais marcante.

» A dose de 1,0 mg/kg de ivermectina associada ao estresse induziu hipolocomogao nos
ratos.

» A dose de 1,0 mg/kg de ivermectina associada ou ndo ao estresse exacerbou a socializacao
dos ratos jovens.

» A ivermectina ndo afetou nem os niveis de ansiedade, nem os niveis de corticosterona dos
ratos jovens.

» Os achados comportamentais motores e exploratérios induzidos apds a associacdo da
ivermectina com o estresse parecem ter sidos desencadeados apds 0 aumento na atividade
do sistema serotoninérgico estriatal.

» A associagdo da ivermectina com o estresse aumentou os niveis de dopamina estriatal, o
qual aumentou o comportamento (excessivo) de brincar social.

» Nossos resultados sugerem uma revisdo no uso da ivermectina ou de sua dose prescrita
durante a juventude de humanos e pets.

» O fator estresse deve ser considerado para as prescri¢des médicas, pois ele pode exacerbar
0S prejuizos comportamentais e neurogquimicos induzidos pelas doses terapéuticas de

ivermectina.
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