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RESUMO

O Diabetes Mellitus (DM) éuma doenga cronica que atinge cerca de 387
milhdes de pessoas no mundo, sendo caracterizado como um grupo
heterogéneo de disturbios metabdlicos que apresentam em comum o
sintoma de hiperglicemia.O peixe-zebra (Danio rerio) tem sido muito
utilizadona pesquisapara compreender diferentes doencgas, devido as
caracteristicas apresentadas por esta espécie, como 0 genoma e a
descrigdo da organizagao geral e de circuitos neuronais muito semelhantes
aos observados em mamiferos e a presengca dos principais
neurotransmissores, horménios e receptores. Alguns modelos de doengas
metabdlicas ja foram desenvolvidos em peixe-zebra, demonstrando que
este é capaz de reproduzir sintomas importantes das disfungdes
encontradas em humanos. Neste estudo, nds caracterizamos um modelo
de hiperglicemia em peixe-zebra e avaliamosparametros comportamentais
e os efeitos sobre os sistemas purinérgico e colinérgico sob esta condig¢ao.
O modelo de hiperglicemia foi desenvolvido através da imersdo do peixe-
zebra em 111 mM de glicose por 14 dias e 7 dias de washout. A glicagéao
de proteinas, a sensibilidade a insulina, a resposta a drogas anti-diabéticas
e a expressdo génica de receptores de insulina e transportadores de
glicose foram avaliadas. Nossos resultados demonstraram que este modelo
provocou um aumento dos niveis de glicose sanguinea, sendo capaz de
diminuir a resposta a insulina, aumentar a glicagao de proteinas da retina e
a expressao dos niveis de RNAm dos receptores de insulina no musculo
esquelético, tanto no grupo de 111 mM de glicose como apos 7 dias de
washout. Os tratamentos com glimepirida e metformina foram capazes de
reverter a hiperglicemia. Estudos tém demonstrado que ossistemas
colinérgico e purinérgico estdo envolvidos nos mecanismos de declinio
cognitivos relacionados ao DM. A capacidade mnemédnica dos animais foi
avaliada através de esquiva inibitoria. Nossos resultados demonstraram
quea hiperglicemia foi capaz de promover prejuizos na memoéria dos
animais, o qual pode estar relacionadocomo aumento da atividade da
AChE registrada em encéfalo de animais hiperglicémicos. O tratamento
com galantamina, um inibidor da AChE, foi capaz de reverter os efeitos
sobre a memoria causados pela hiperglicemia. Nossos dados também
demonstraram que a hiperglicemia reduziu a atividade de hidrolise de
nucleotideos da adenina (ATP, ADP e AMP)e aumentou a atividade da
adenosina desaminase (ADA), sugerindo que as modificagbes causadas
podem estar contribuindo para a piora cognitiva induzida pelo DM.Estes
achados podem contribuir para um melhor entendimento das vias de
sinalizagao envolvidas nos mecanismos de agcdo do DM e apresentarem
alvosalternativos para a utilizacido de farmacos que minimizem os efeitos
da hiperglicemia sob o SNC.



Palavras-chave: acetilcolina, adenosina, diabetes mellitus, hiperglicemia,
memoria, peixe-zebra.

ABSTRACT

Diabetes Mellitus (DM) is a chronic disease that affects about 387 million
people worldwide, being characterized as a heterogeneous group of
metabolic disorders that have in common the symptom of hyperglycemia.
The zebrafish (Danio rerio) has long been used in research to understand
different diseases, due to characteristics shown by this species, as the
genome and the description of the general organization and neuronal
circuitry very similar to those observed in mammals and the presence of the
main neurotransmitters, hormones, and receptors in this animal. Some
metabolic disease models have already been developed using zebrafish,
demonstrating that it is capable to reproduce important symptoms of human
disorders. In this study, we characterized a hyperglycemia model in
zebrafish and evaluated behavioral parameters and the effects on the
purinergic and cholinergic systems under this condition. The hyperglycemia
model was developed by immersion of adult zebrafish in 111 mM glucose
for 14 days followed by 7 days of glucose washout. The protein glycation,
the insulin sensitivity, the response to anti-diabetic drugs and the gene
expression of insulin receptors and glucose transporters were evaluated.
Our results showed that this model caused a rise in blood glucose levels,
being able to reduce the response to insulin, increasing retinal protein
glycation and the expression of mMRNA levels of insulin receptors on skeletal
muscle, in both groups of 111 mM glucose and after 7 days of glucose
washout. Treatments with Glimepiride and Metformin were able to revert
hyperglycemia. Studies have demonstrated that the cholinergic and
purinergic systems are involved in the cognitive decrease mechanisms
related to DM. The mnemonic capacity of the animals was assessed by
inhibitory avoidance. Our results demonstrated that hyperglycemia was able
to promote memory loss of the animals, which can be related to the
increase of AChE activity. The therapy with galantamine, a AChE inhibitor,
was able to reverse hiperglycemia-induced memory deficits. Our data also
showed that hyperglycemia reduced the activity of hydrolysis of purine
nucleotides (ATP, ADP and AMP) and increased the activity of adenosine
deaminase (ADA), suggesting that these changes may be contributing to
cognitive deterioration induced by DM. These findings may contribute to a
better understanding of the signaling pathways involved in the cognitive
impairment in DM and presenting alternative targets to the utilization of
drugs that minimize the effects of hyperglycemia in the CNS.



Keywords: acetylcholine, adenosine, diabetes mellitus, hyperglycemia,
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1 INTRODUGAO

1.1 Diabetes Mellitus

O diabetes mellitus (DM) ndo é uma unica doenga, mas um grupo
heterogéneo de disturbios metabdlicos que apresenta em comum o
sintoma de hiperglicemia, a qual é o resultado de defeitos na ac&do da
insulina, na secregao de insulina ou ambos (American Diabetes, 2014b).
Segundo a Federagao Internacional de Diabetes (IDF), a prevaléncia de
DM é de 8,3% da populacdo mundial, afetando 387 milhdes de
pessoas(IDF, 2014) (Figura 1). Projegdes demonstram que esse numero
tende a ser ainda maior, afetando até 10,1% da populagéo, ou seja, 592
milhdes de adultos diabéticos até 2035 (Aguiree et al., 2013).

O DM é um dos problemas de saude mais desafiadores do século
XXI, levando ao crescente numero de casos anuais da doencga. O Atlas de
Diabetes publicado anualmente pelo IDF revela a prevaléncia e as
projecdes da doenca no mundo todo. O Atlas aponta que mais de 80% das
pessoas com DM vivem em paises de baixa e média renda (Artola et al.,
2002; Nam Han Cho et al., 2013).

O Brasil é o quarto pais no ranking mundial com maior niumero de
pessoas com diabetes entre 20 e 79 anos de idade, possuindo 8,7% da
populagao nacional diabética(Artola et al., 2002). As diretrizes publicadas
pela Sociedade Brasileira de Diabetes (SDB) estimamque hoje existam

11.623 pessoas diabéticas no Brasil(Milech et al.,, 2015). Numeros
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alarmantes tém sido divulgados pela IDF em relagcdo a mortalidade
causada pela doenga no mundo, chegando a 116.382,56 milhdes de

mortes em 2014.

AMERICA CENTRAL
E DO SUL

Figura 1: Numero de pessoas com DM por regidao, segundo a Federagao
Internacional de Diabetes no ano de 2014. M: indica milhoes.Fonte: IDF, 2014.

A classificagdo atual do DM baseia-se na etiologia, sendo proposta
em 1999, pela Organizagdo Mundial de Saude (OMS) e em 2013 pela
Associagcdo Americana de Diabetes (ADA)como: DM tipo 1 (DM1), DM tipo
2 (DM2), DM gestacional e outros tipos especificos de DM. Entende-se o
pré-diabetes e a tolerancia a glicose diminuida como fatores de risco para o
desenvolvimento de DM e de doengas cardiovasculares(Schwartz et al.,
2010; Hirshberg e Raz, 2011).

O DM do tipo 1, presente em 5% dos casos, € causado por uma

reacdo autoimune contra as célulasf pancreaticas, que sido as
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responsaveis pela produgao de insulina, gerando uma deficiéncia absoluta
de insulina (Richardson et al., 2014). Na maioria dos casos, Os
marcadoresde autoimunidade utilizados s&o os autoanticorposanti-
insulina(Palmer et al., 1983), antidescarboxilasedo acido glutamico (GAD
65)(Gorus et al., 1997),antitirosina-fosfatases (IA2 e |1A2B)(Rabin et al.,
1994) eantitransportador de zinco (Znt) (Baekkeskov et al., 1990). Existem
casos em quenao ha evidéncias de processo autoimune,sendo, portanto,
referidos como forma idiopatica de DM1. Esse tipo de DM normalmente é
diagnosticado em criangas ou adultos jovens com menos de 30 anos de
idade, mas pode ocorrer em qualquer idade (Szablewski, 2014).

O DM do tipo 2 é o tipo mais comum da doenga, presente em 90 a
95% dos casos de diabetes, sendo caracterizada pela redugdo da
sensibilidade da insulina nas células-alvo, seguida por uma compensagao
do aumento dasecregédo desse hormdnio pelo pancreas(Artola et al., 2002).
Esse tipo de DM é causado pela combinacdo de diferentes fatores,
incluindo susceptibilidade genética, obesidade esedentarismo (Artola et al.,
2002). O DM tipo 2 ocorre em qualquer idade, mas é geralmente
diagnosticado apds os 40 anos de idade (Artola et al., 2002).

O DM gestacional € definido por qualquer nivel de intoleréncia a
carboidratos resultando em hiperglicemia de intensidade variada, com inicio
ou diagndstico na gestagao (Bellamy et al., 2009). Esse tipo de DM ocorre
em torno da 24° semana de gravidez, provavelmente devido aos hormdnios

produzidos na placenta bloquearem a agao da insulina (Artola et al., 2002).
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O DM gestacional associa-se tanto a resisténcia a insulina quanto a
diminuicdo da funcdo das células Bpancreaticas (Kautzky-Willer et al.,
1997; Kuhl, 1998). Evidéncias sugerem quemulheres que desenvolveram
DM gestacional, apresentam uma forte tendéncia em desenvolver DM tipo
2 tardiamente (Bellamy et al., 2009; Veeraswamy et al., 2012).

Existem alguns tipos mais especificos de DM, como os defeitos
genéticos na ativagao da producado de insulinanas células B pancreaticas,
mais conhecidos como Maturity Onset Diabetes of the Young(MODY),
doengas do pancreas exocrino, endocrinopatias, alguns tipos induzidos por
drogas e agentes quimicos, infecgdes e, por fim,defeitos associados a
sindromes genéticas(Nicole Campagnolo, Pablo Folha Dallapicola, Nadia
Murussi, Luis Henrique Canani, Jorge Luiz Gross, 2004; Milech et al.,
2015).

O termo pré-diabetes € utilizado para as pessoas que possuem uma
menor toleréncia a glicose e apresentam a glicemia de jejum alterada, ou
seja, acima do nivel de normoglicemia de jejum. Em 2009, chegou-se a um
consenso sobre o uso da hemoglobina glicada (HbA1c) para diagnosticar o
DM (WHO, 2011), sendo o pré-diabetes diagnosticado através dos niveis
de HbA1c entre 5,7% até 6,4% (American Diabetes, 2014a).

A diminuigdo dos niveis de glicose no sangue & dependente de
insulina e da sinalizagao dosreceptores de insulina (Rl)no tecido adiposo e
muscular. Sob condi¢gdes ndo-patoldgicas, o excesso de glicose no sangue

€ depurado pelo figado e depois armazenado como glicogénio ou acidos
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graxos. Sob condigbes patoldgicas, como obesidade e/ou DM, ocorre uma
incapacidade de corrigir a glicemia de forma eficaz. A ineficiéncia da
insulina em diminuir os niveis de glicose sanguinea é definida como
resisténcia a insulina (McGarry, 2002). A resisténcia a insulina € a condi¢ao
na qual, quantidades normais de insulina sdo insuficientes para produzir as
respostas necessarias nos tecidos-alvo (Sesti, 2006; Bloomgarden, 2008).
Pacientes com DM tipo 2, possuem hiperinsulinemia, ou seja, niveis de
producao de insulina aumentados, enquanto a diminuicdo da sensibilidade
a insulina esta mais relacionada com a obesidade e a hiperlipidemia

(Muntoni e Muntoni, 2011).

A resisténcia a insulina afeta todas as acgdes metabdlicas da
insulina, que estdo associadas ao sistema de transporte de glicose e ao
proprio sistema de transducgao de sinal da insulina, que é responsavel por
desencadear a translocacdo do transportador de glicose 4 (GLUT
4)(Richardson et al., 1991). A resisténcia a insulina afeta o metabolismo da
glicose, através dos defeitos na sinalizagao dos Rl (Mandarino et al., 1987;
Saltiel e Kahn, 2001; Pirola et al., 2004). A insulina se liga ao seu receptor
e promove a autofosforilagdo dos residuos da tirosina quinase (Tyr) da sua
subunidade B (Kim e Feldman, 2012). Apds a autofosforilagdo do receptor
de insulina Tyr e a fosforilagdo dos substratos de Rl 1 a 4, ocorre a
transducao do sinal de trés diferentes vias de sinalizagdo: via dependente
da enzima fosfatidilinositol 3-quinase (PI3K), a qual medeia as respostas

metabdlicas, incluindo o metabolismo da glicose, dos lipideos e de
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proteinas (Kanai et al., 1993); o CAP / via Cbl é adicionalmente necessario
para transportar a translocacdo do GLUT 4 e por ultimo a via ativada pela
proteina ativada por mitégeno (MAP quinase) que resulta na proliferacéo e

diferenciagao celular (Pirola et al., 2004).

1.2 Diabetes e Disfungdes neurolégicas

Estudos tém demonstrado que o DM afeta negativamente o Sistema
Nervoso Central (SNC), revelando consequéncias neurolégicas tanto em
individuos com DM1 quanto com DM2 (McCall, 1992; Biessels et al., 1994,
2008; Cole et al., 2007; Lee et al., 2014; Tonoli et al., 2014). Diversas
pesquisas revelam que pacientes com DM apresentam déficits cognitivos
associados com o desempenho reduzido em diferentes dominios da fungao
cognitiva(Kodl e Seaquist, 2008; Cholerton et al., 2013; Mayeda et al.,
2015).A fisiopatologia dessas alteragdes causadas no cérebro de pacientes
diabéticos ainda nao esta completamente esclarecida, mas é provavel que
a hiperglicemia e a resisténcia a insulina tenham significativa participagcao

nesses processos (Kodl e Seaquist, 2008).

A hiperglicemia cronica é capaz de alterar os niveis de insulina
cerebral e a atividade de seus receptores no cérebro, assim como é capaz
de promover o aumento da oligomerizacdo B-amildide e induzir a
hiperfosforilagdo da proteina Tau(Gasparini e Xu, 2003; Watson e Craft,
2004). A resisténcia a insulina também ¢é capaz de acelerar o

envelhecimento bioldgico, gerando a formacdo de produtos finais de
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glicagdo avangada (AGE) e, consequentemente, espécies reativas de
oxigénio(ROS)(Smith et al., 2003). Esses mecanismos podem contribuir
para a disfungdo no SNC, causando assim, mudangas na fungéo cognitiva

de pacientes diabéticos (Reagan, 2012).

A nocdo de que a insulina poderia cruzar a barreira
hematoencefalica foi sugerida pela primeira vez por Margolis e Altszuler em
1967. Estes autores demonstraram que os niveis de insulina do fluido
cérebro espinhal de ratos foram elevados apds a infusao periférica desse
horménio, sugerindo que a insulina havia passado pela barreira
hematoencefalica, possivelmente através do sistema de transporte
saturavel (Margolis RU, 1967).

A detecgado de insulina no cérebro foi realizada por Havrankova e
colaboradores em 1978 pelo uso da técnica de radioimunoensaio para
determinar os niveis de insulina em extratos cerebrais. Os autores
revelaram um aumento significativo de insulina no sangue e um pequeno
aumento no fluido cerebroespinhal (Havrankova et al.,, 1978).Esses
resultados confirmaram a correlagdo nao linear entre os niveis de insulina
no plasma e no fluido cerebroespinhal, proporcionando a primeira
evidéncia concreta do sistema de transporte saturavel de insulina a partir
da circulagao sistémicapara o cérebro.Esses estudos tambémconfirmam a
hipétese de que, pelo menos em parte, a insulina é produzida no

SNC(Havrankova et al., 1978). No entanto, a insulina proveniente do
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sistema periférico que atravessa a barreira hematoencefalica deve ser
considerada.

A insulina presente no SNC de adultos é proveniente das células [3-
pancreaticas e é transportada pelo fluido cérebro-espinhal (Banks, 2004;
Burns et al., 2007; Salkovic-Petrisic e Hoyer, 2007; Erol, 2008; Laron,
2009). Essa insulina atravessa a barreira hematoencefalica e, através de
um transportador regulavel, mediado por saturacdo e sensivel a
temperatura, é transportada para o encéfalo (Banks, 2004; Burns et al.,
2007; Salkovic-Petrisic e Hoyer, 2007; Erol, 2008). Esse processo €
limitado por um sistema de barreiras formado pelas jungbes de oclusao
entre as células endoteliais (Schulingkamp et al., 2000). Alternativamente,
a insulina periférica pode acessar diretamente o SNC, através da area
postrema e da regido circumventricular como uma “fuga” da barreira
hematoencefalica que permite a livre difusdo de plasma nessa area
(Schechter et al., 1992; Pardridge, 1993).

O efeito mais conhecido da insulina € a regulagédo do transporte de
glicose e do metabolismo periférico, no entanto, demais efeitos ja foram
descritos, demonstrando que a insulina esta envolvida na importante
integracao dos sinais periféricos hormonais e nutricionais mediados por um
grupo de neurdnios especializados do nucleo arqueado do hipotalamo, os
chamados neurdnios glicosensiveis (Porte et al.,, 2005). Esses neurdnios
respondem aos sinais periféricos que controlam o comportamento de

ingesta alimentar e a energia basal (Porte et al., 2005). Essas evidéncias
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demonstram que a insulina provoca uma resposta do eixo hipotalamo-
figado para regular a produgdo de glicose hepatica (Girard, 2006). A
insulina possui outras importantes fungdes no cérebro, como suporte a
funcdo neuronal, incluindo o processo de sinaptogénese, remodelagao
sinaptica, e participacao na modulagdo dos niveis de neurotransmissores
(Craft et al., 2012).

A disfungdo cognitiva em pacientes com DM foi descrita pela
primeira vez em 1922, quando um estudo revelou que pacientes diabéticos
demonstravam um comprometimento na memoria e na atencéo (Miles, W.
R. & Root, 1922). O desenvolvimento da disfungéo cognitiva em pacientes
com DM ainda ndo é claro. Muitas hipéteses evidenciam essa interacao
citando como potenciais causadores a hiperglicemia, as doengas
vasculares, a hipoglicemia, a resisténcia a insulina e a deposi¢céo de placas
B-amildide(McCrimmon et al., 2012). A causa da disfungdo cognitiva em
pacientes diabéticos pode ser a combinagao desses fatores, dependendo
do tipo de DM do paciente, das comorbidades, da terapia eda idade (Kodl e
Seaquist, 2008).

O DM1 tem efeitos especificos sob um subconjunto de dominios
cognitivos em adultos, como inteligéncia, atencéo, velocidade psicomotora,
flexibilidade cognitiva e percepgao visual(McCrimmon et al., 2012; Cato et
al., 2014). Estudos revelam que as disfungdes cognitivas no DM1 sdo mais
associadas com a velocidade psicomotora e com a eficiéncia mental

(Brands et al., 2005; McCrimmon et al., 2012). As disfungdes cognitivas no
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DM1 surgem no inicio da doenga (dentro de 2 anos do diagndstico)
(McCrimmon et al., 2012; Cato et al., 2014). Oencéfalo de criangas pode
ser mais susceptivel aos efeitos do DM do que o encéfalo de adultos,
embora esse fato possa ocorrer devido a dificuldade de manter o controle
glicémico nessa idade(Ryan et al., 1985). Individuos que desenvolvem
DM1 antes dos 7 anos de idade tem um risco maior de desenvolver déficits
cognitivos severos do que os que desenvolvem a doenga em idades mais
tardias (Ryan, 2006). A aprendizagem e a memoria, que pareciam ser 0s
dominios cognitivos mais suscetiveis a doengas cerebrais precoces, néao
sdo afetadas mesmo quando os pacientes tem um longo histérico de mau
controle glicémico (Ryan, 2006).

O encéfalo é um érgéo alvo tardio do DM2 e do pré-diabetes, porém
as causas das disfungdes cognitivas relacionadas com DM2 s&o dificeis de
serem estabelecidas, devido a prevaléncia de comorbidades severas que
podem estar afetando de forma conjunta a disfun¢ao cognitiva (McCrimmon
et al., 2012). Alguns mecanismos que corroboram para o declinio cognitivo
tém sido propostos, como a desregulagdo dos niveis de insulina
(Schulingkamp et al., 2000; Umegaki et al., 2008) e a hiperglicemia crénica
(Bree et al., 2009; Cukierman-Yaffe et al., 2009), levando a disfungéo
neuronal (Baker et al., 2011), inflamacéo (Galasko e Montine, 2010),
formacgao de AGEs (Yaffe et al., 2011), estresse oxidativo (Whitmer, 2007;
Allan Butterfield et al., 2014), entre outros. Estudos demonstram déficits

cognitivos especificos em pacientes com DM2, caracterizados pela
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diminuicdo da velocidade psicomotora (Reaven et al., 1990; Kodl e
Seaquist, 2008), da atencédo (Fontbonne et al., 2001), da memoria
(Messier, 2005; Munshi et al., 2006; Caletti et al., 2015), da fluéncia verbal
(Kanaya et al., 2004; Vincent e Hall, 2014), das fungbes executivas e o
desenvolvimento de depresséo (Bruce et al., 2003; Stuart e Baune, 2012;
Haider et al., 2013; Gupta et al., 2014).

A hiperglicemia,a principal caracteristica patolégica do DM, pode ter
efeitos toxicos sob os neurbénios no encéfalo através de insultos osmoticos
e estresse oxidativo (Umegaki, 2012; Butterfield et al., 2014). As doencgas
neurodegenerativas sao caracterizadas pela perda de neurdnios que ocorre
em uma regido especifica do SNC aliado a perda das fungdes normais
apresentadas pelas células neuronais remanescentes (Doherty, 2011).
Assim como as causas da neurodegeneragao por si s6 sdo complexas, as
causas do aumento do risco de neurodegeneracdo induzido pela
hiperglicemia também podem ser multiplas e de dificil compreenséao.
Existem estudos apontando que alguns fatores como a atrofia da
vasculatura cerebral, o decréscimo na atividade de transporte de glicose e
a piora na sinalizagcao de insulina podem ter uma funcéo crucial na redugao
do metabolismo cerebral em pacientes comDoenga de Alzheimer
(DA)(Moreira et al., 2009; Cholerton et al., 2013; Kleinridders et al., 2014).

Alguns estudos tem demonstrado a relagdo entre o DM e as

disfungbes em sistemas de neurotransmisséo, tais como: dopaminérgico,
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glutamatérgico, purinérgico e colinérgico (Artola et al., 2002; Rivera et al.,

2005; Sherin et al., 2012; Elsherbiny e Al-Gayyar, 2013; Aung et al., 2014).

1.3 Sistema colinérgico

A acetilcolina (ACh) foi descrita em meados de 1920 e representa o
primeiro neurotransmissor descoberto na historia da neurociéncia (Brown,
2006). O sistema colinérgico participa de varias fungdes vitais (Mesulam et
al., 2002), sendo a ACh o neurotransmissor mais importante desse sistema
(Descarries et al., 1997). A ACh desempenha uma funcdo fundamental no
SNC e esta relacionada a modulagado da resposta neuronal por estimulos
sensoriais (Murphy e Sillito, 1991), ao comportamento, a participagdo em
circuitos neurais do controle do sono, ao aprendizado e memdéria (Shaked
et al., 2008), a organizacéo cortical do movimento e ao controle do fluxo
sanguineo cerebral(Moretto et al., 2004).Além de sua acao
neurotransmissora, a ACh possui funcdo neuromoduladora, pois seus
niveis podem regular a concentracdo de outros neurotransmissores no
encéfalo, como glutamato e ATP entre outros(Cooper e Roth, 1991).

A ACh é sintetizada nas extremidades dos axbnios deneurdnios
colinérgicospreé-sinapticos, a partir da acetilcoenzima A (acetil-CoA), e da
colina, pela colina acetiltransferase (ChAT), enzima responsavel por
transferir um grupamento acetil da acetil-CoA para a colina (Oda, 1999;

Clemente et al., 2004 )(Figura 2).
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A colina é captada do meio extracelular pela acao de
transportadores especificos.Outraimportante fonte de ACh é a quebra de
fosfatidilcolina. O passo limitante naformacdo de ACh é o transporte de
acetil coenzima A, oriunda da membranainterna da mitocondria apds a via
metabdlica de transformacgao da glicose em piruvato.Apds a sintese, a ACh
€ transportada dentro de vesiculas para os terminais dos
axbnioscolinérgicos, onde é armazenada (Ferguson e Blakely, 2004;

Amenta e Tayebati, 2008).

Choline acetylz
o (ransferase
7 N\® '
( ... )

Vesicular
acetyicholine (®ge)

transporter  \__ ®
N,
e}
> ACh
@)
Nicotinic 2 Acetylcholinesterase
acetylcholine ~ acetylcholine
receptors receptors

Figura 2:Representagao esquematica de um neurénio colinérgico, demonstrando a
sintese intracelular e degradagao extracelular de acetilcolina. Fonte: Zimmermann
(2007).

A liberacdo de ACh depende das variagbes no potencial elétrico da
membrana plasmatica do terminal nervosos e este processo € dependente
da concentracdo de Ca*" intracelular (Picciotto et al., 1998; Oda,

1999).Apés um estimulo elétrico, a ACh é liberada na fenda sinaptica e
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exerce seus efeitos através da ativagcdo de receptores nicotinicos e
muscarinicos (Soreq e Seidman, 2001; Edwards et al., 2007; Park et al.,
2008; Richetti et al., 2011).

Os receptores nicotinicos (hAAChRs) consistem de cinco subunidades
designadas a, B, y e 0, sendo que a subunidade a é expressa em duas
formas(Olivera-Bravo et al., 2006). A ACh se liga a subunidade a,
produzindo mudancas conformacionais no receptor nicotinico que permitem
a passagem de cations, principalmente sodio (Na®), potassio(K') e
Ca**(Dani e Bertrand, 2007). A dessensibilizagdo do receptor nicotinico
aumenta quando o mesmo é fosforilado por proteina quinase dependente
de AMP ciclico ou tirosina quinase (Diaz-Hernandez et al., 2002). Os
receptores nicotinicos estdo envolvidos em mecanismos de recompensa no
SNC, isto explica em grande parte a dependéncia do uso de tabaco e de
nicotina (Picciotto et al., 1998).

Os receptores muscarinicos (MAChRs) se associam a proteinas G e
consistem em cinco tipos diferentes de receptores (M1-M5)(Bymaster et al.,
2003; Wess, 2004). Assim como os nAChRs, um unico neurénio colinérgico
pode expressar mais de um tipo de subtipo de mAChR (Anagnostaras et
al., 2003). Os mAChRs estdo envolvidos na neurotransmissao e
neuromodulagao (Castillo et al., 1999; Ghatpande et al., 2006), memoria
olfatéria (Ravel et al., 1994), aquisicdo de tarefas de discriminagdo de
odores em roedores(De Rosa et al., 2001; Prediger et al., 2005; Edwards et

al., 2007). Muitas evidéncias também os relacionam a processos de
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aprendizado e memoaria, entre elas a observacao de déficits cognitivos em
ratos knockout para o gene do receptor muscarinico M1 (Anagnostaras et
al., 2003).

Aacetilcolinesterase (AChE), enzima responsavel pela degradagéao
da Ach, pode ser usada como um marcador da funcdo colinérgica, e
mudancas na atividade da enzima podem indicar alteragcdes na
disponibilidade de ACh e do nivel de seus receptores (Soreq e Seidman,
2001). Esta enzima possui uma triade catalitica composta por um acido
glutdmico, uma histidina e um residuo de serina. O grupo carboxilico do
acido glutamico ativa o grupamento hidroxila da serina que entédo hidrolisa
as funcdes éster da ACh por ataque nucleofilico (Shafferman et al., 1992).
Duas formas moleculares desta enzima s&o descritas: uma com forma
assimétrica e outra com forma globular. A forma globular € encontrada
preferencialmente em encéfalos de mamiferos com multiplas subunidades,
ficando algumas livres no citosol e outras ligadas a membrana (Heller e
Hanahan, 1972; Taylor e Radi¢, 1994). Aléem disso, € também conhecida a
importante funcdo da AChE em doencgas cuja incidéncia eleva com o

aumento da idade, como aDA (Park et al., 2008; Casey et al., 2010).

1.4 Diabetes e Sistema colinérgico

Por ser uma das mais eficientes e conhecidas catélises bioldgicas, a
acao da AChE tem sido investigada como um importante alvo terapéutico

em varias doengas neurodegenerativas, sendo considerada uma
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importante enzima regulatéria e um bom indicador da atividade colinérgica
(Appleyard, 1994; Szegletes et al., 1999; Das et al., 2001).Disfungdes
cognitivas observadas em pacientes humanos e modelos experimentais de
DM tem sido relacionadas com alteragdes na atividade da AChE, o que
pode indicar modificagbes na neurotransmissdo colinérgica (Sanchez-
Chavez e Salceda, 2000). Schmatzet al. (2009)demonstraram que ratos
submetidos a um modelo de DM apresentam um aumento da atividade da
AChE em diferentes regides cerebrais, como: cortex cerebral, hipocampo,
estriado, cerebelo e hipotdlamo. Por esse motivo, agentes inibidores da
atividade da AChE tém sido estudados com o objetivo de diminuir os
efeitos hipocolinérgicos, observados quando a atividade da enzima
aumenta (Das et al., 2001).

Alguns estudos também revelaram que anormalidades na
manutengdo da glicemia e resisténcia a insulina podem causar efeitos na
sintese de ACh(Rivera et al., 2005; Sherin et al, 2012). Além
disso,Gireeshet al. (2009) demonstraram que a expressao do receptor M1
foi diminuida no encéfalo de ratos em um modelo de DM induzido por
estreptozotocina (STZ). Neste estudo, o tratamento com insulina foi capaz
de reverter as alteragbes encontradas, demonstrando que o receptor
muscarinico M1 pode ser afetado quando ocorre uma diminuigdo da
concentracao de insulina como, por exemplo, no DM.

Sherin et al.(2012)demonstraram que a hiperglicemia e a

hipoglicemia, foi capaz de causar uma diminuigdo na neurotransmissao
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colinérgica hipocampal em fungdo de um aumento nos niveis de RNAm da
AChE e uma redugéo nos niveis de RNAm dos receptores colinérgicos M1
e M3em modelo animal de ratos diabéticos, demonstrando assim, uma
baixa estimulagdo dos receptores colinérgicos e portanto, uma piora
cognitiva progressiva e outras disfungbes neurolégicas ja vistas em

pacientes diabéticos (Sherin et al., 2012).

1.5 Sistema purinérgico

A adenosina e o ATP sdo os principais agonistas enddégenos do
sistema purinérgico. A adenosina atua como neuromodulador endégeno da
atividade neuronal, preservando e reestabelecendo a homeostase do SNC
(Boison e Shen, 2010; Antonioli et al., 2013). O ATP atua como um rapido
neurotransmissor excitatorio e como neuromodulador, apresentando efeitos
troficosna proliferagcdo, diferenciacdo e morte celular durante
odesenvolvimento e a regeneragdo, assim como em condigdes
patolégicas(Burnstock e Verkhratsky, 2010; Burnstock e Novak, 2012).

A sinalizagdo purinérgica no SNC atua através da regulagdo do
balanco entre os efeitos do ATP, adenosina e das ectonucleotidases sobre
a transmissdo sinaptica (Kato et al., 2004; Matsuoka e Ohkubo, 2004)
(Figura 3). O ATP é presente em altas concentracbes no encéfalo, variando
de aproximadamente 2 mmol/kg no cortex a 4 mmol/kg no hipocampo
(Kogure e Furones Alonso, 1978). O ATP exerce seus efeitos através da
ativagdo de receptores purinérgicos do tipo P2, classificados em dois

grupos, P2X e P2Y, de acordo com o mecanismo de ag¢do, farmacologia e
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clonagem molecular (Ralevic e Burnstock, 1998; Surprenant e North, 2009;
Skaper et al., 2010). A familia P2X consiste em receptores ionotrépicos que
apresentam permeabilidade rapida e seletiva para cations (Na*, K* e Ca®")
e estd dividida em sete membros (P2X1-7), distribuidos em neurdnios,
células gliais e no musculo liso, os quais sao ativados principalmente por
ATP (Burnstock e Novak, 2012).

A familia P2Y consiste em oito membros de receptores
metabotropicos funcionalmente descritos (P2Y1, P2Y2, P2Y4, P2YG6,
P2Y11, P2Y12, P2Y13 e P2Y14), que apresentam uma ampla distribuigao
nos tecidos e sistemas, tais como: vascular, nervoso, imune, cardiaco e
epitelial (Abbracchio et al., 2006; Erb et al., 2006; Burnstock, 2007).

As ectonucleotidases sdo enzimas que controlam a disponibilidade e
os niveis de nucleotideos e nucleosideos no meio extracelular,
promovendo a ativagédo dos receptores P2 e P1, respectivamente (Robson
et al., 2006; Miron et al., 2007; Zimmermann et al., 2012). As
ectonucleotidases se encontram ancoradas em membrana celular,
possuindo seu sitio ativo voltado para o meio extracelular ou presentes na
forma soluvel no meio intersticial. Dentre elas, pode-se destacar a familia
das ectonucleosideo trifosfato difosfohidrolase (E-NTPDases), que sao
responsaveis pela hidrolise extracelular de nucleotideos trifosfatados e
difosfatados, produzindo nucleotideos monofostafatose fosfato inorgénico.
As NTPDasessao compostas por oito membros (NTPDases 1-8) (Knowles,

2011) e sao codificadas por oito genes diferentes chamados entpd. Quatro
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destas enzimas estdo localizadas na membrana celular com o sitio ativo
voltado para o meio extracelular(NTPDases 1, 2, 3 e 8); duas estédo
localizadas intracelularmente em membranas de organelas(NTPDases 4 e
7) e duas sdo secretadas para o meio extracelular apos expresséo
heteréloga (NTPDases 5 e 6) (Robson et al., 2006).

Outra familia de ecto-enzimas envolvidas na hidrdlise de
nucleotideos extracelulares é a da ectonucleotideo
pirofosfatase/fosfodiesterase (E-NPP) que € capaz de hidrolisar 3°,5 -
AMPc, ATP, ADP, o NAD e a diadenosina polifosfato (Ap,A) (Zimmermann,
2001).

A familia da ecto-5"-nucleotidase, também pertence a este grupo de
ecto-enzimas, sendo responsavel pela hidrdlise de nucleotideos
monofosfatados aos seus respectivos nucleosideos(Zimmermann, 2001;
Robson et al., 2006; Yegutkin, 2008; Zimmermann et al., 2012). A ecto-5-
nucleotidase ¢é responsavel pela desfosforilacdo do nucleotideo
monofosfatado, AMP, gerando fosfato livre e adenosina.A ecto-5-
nucleotidase consiste em duas subunidades glicoproteicas, que
estdoancoradas a membrana plasmatica por uma molécula de
glicosilfosfatidilinositol (GPI)(Zimmermann, 1996).Geralmente, o AMP € um
nucleotideo hidrolisado com maior eficiéncia, sendo que os valores de Ky
para esta substancia estdo na faixa de micromolar (Zimmermann, 1992). A
hidrolise de AMP pela ecto-5"-nucleotidaserepresenta um mecanismo

extremamente importante no controledos niveis extracelulares de
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adenosina (Knapp et al., 2012), sendo essa enzima marca-passo da
cascata enzimatica de degradacdo de nucleotideos(Zimmermann, 1996;

Cunha, 2001). Essa ecto-enzima também é conhecida como CD73 e

E-NTPDase- 2 E-NTPDase- 1 Ecto-5’- Ectoadenosine
(ATPase) (Apyrase) -nucleotidase deaminase
: v
| + : i
v v v v l.lri c

ATP —— ADP —— AMP —— Adenosine — Inosine ‘@—@— .4

R

Adenosine
P, receptors receptors P,
[ | | | | |
P2X P2Y A, A, Ay A

representa um marcador de maturacédo de linfécitos B e T (Hunsucker et
al., 2005), podendo assim exercer uma variedade de fungdes, dependendo

de sua expressao celular e tecidual (Zimmermann, 2001).

Figura 3- Representagdo esquematica do metabolismo dos ecto-nucleotideos e ecto-
nucleosideos e os tipos de receptores purinérgicos. Fonte: Cieslak e Roszek, 2014.

A adenosina é um metabdlito constituinte de todas as células,
desenvolvendo diversas fungdes no organismo, tais como doadora de
elementos para a sintese de acidos nucléicos e aminoacidos e como
molécula moduladora do estado metabdlico da célula. No SNC, ela atua
como neuromodulador, ndo sendo descrita como neurotransmissor por nao
ser armazenada em granulos sinapticos ou liberada de forma

quantica(Fredholm et al., 2005).
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Além de ser formada a partir da hidrélise do ATP através da acao
das ectonucleotidases, a adenosina pode ser produzida no meio
intracelular e transportada para o meio extracelular através de
transportadores especificos bidirecionais (ENTs), que mantém os niveis
intracelulares e extracelulares de adenosina(King et al., 2006; Bonan,
2012). Os transportadores de nucleosideos sao divididos em duas
categorias: os equilibrativose os concentrativos. Os transportadores
equilibrativos transportam adenosina de acordo com seu gradiente de
concentragcdo (Bonan, 2012). Os transportadores concentrativos
transportam a adenosina contra o seu gradiente de concentracéo de forma
dependente de Na*(Anderson et al., 1999; Sinclair et al., 2001; Visser et al.,
2005).

Otransporte denucleosideos afeta profundamente a
neurotransmissao e tébnus vascular. O sistema detransportadores € de
suma importancia para a regulagdo dos niveis enddgenos de adenosina
etambém para a regulacdo da estimulagcdo de seus receptores (Cass et al.,
1998; Anderson et al., 1999; Baldwin et al., 1999).

O nucleosideo adenosina € uma molécula de sinalizagdo que se
acumula no meio intra e extracelular em resposta ao estresse metabdlico,
lesdo tecidual ou inflamagao (Antonioli et al., 2013). Esse nucleosideo
exerce seus efeitos através da ativacdo de receptores de membrana
especificos do tipo P1 (Trincavelli et al., 2010), subdivididos em quatro

subtipos: A4, Aa(de maiorafinidade pela adenosina), Az e As(de
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menorafinidade pela adenosina), acoplados a proteina G e exibindo sete
dominios transmembrana (Fredholm et al., 2005; Abbracchio et al., 2009).

A acgao direta de agonistas de receptores adenosinérgicos é
conhecida por oferecer neuroprotecdo, especialmente pelo bloqueio do
influxo de Ca®*, o qual resulta na inibicdo da liberagdo de glutamato e
reducao dos efeitos excitatorios deste aminoacido na pos-sinapse(Wardas,
2002). Outro mecanismo para promover neuroprotecdo mediada pela
adenosina é relacionado a ativacdo dos receptores pos-sinapticos de
adenosina, os quais atenuam a despolarizacido excessiva da membrana
plasmatica neuronal ao ativar canais de K* e aumentar o influxo deste ion
levando a hiperpolarizagado (De Mendonga et al., 2000).

A concentracdo de adenosina pode ser controlada a partir de
suahidrdlise pela adenosina desaminase (ADA), responsavel por catalisar a
conversdo da adenosina e da deoxiadenosina a inosina e deoxiinosina,
respectivamente(Franco et al., 1998, Romanowska et al., 2007). Esta
enzima possui uma fungdo importante no sistema imune durante processos
inflamatorios (Zavialov e Engstrom, 2005). Estudos tém sugerido que a
inosina ndo € apenas um metabdlito inativo, mas que pode ter acéo
neuroprotetora sob danos cerebrais (Tsuda, 2005).

A ADA pode ser encontrada como uma enzima citosdélica e também
pode ser expressa na superficie celular como uma ecto-enzima. Dois
membros desta familia ja foram descritos, sendo eles denominados como

ADA1 e ADA2 (Hirschhorn e Ratech, 1980; Zavialov e Engstrom, 2005;
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Boison, 2012), além de um grupo similar desta familia de proteinas
denominado ADAL (adenosine deaminase-like)(Maier et al., 2005). Todos
estes membros foram classificados como subfamilias pertencentes ao
grupo das adenil-desaminases. Estudos tem demonstrado que a ecto-ADA
pode estar co-localizada com receptores de adenosina do tipo P1 (A4 e
Azg), contribuindo com a sinalizagdo adenosinérgica (Ciruela et al., 1996;
Ruiz et al., 2000; Herrera et al., 2001). A ADA1 esta localizada tanto no
citosol como na membrana celular (Franco et al., 1997). Este membro da
ADA tem importante fungdo no sistema imunolégico, controlando a inibigao
da proliferagdo das células T mediada pela adenosina (Gorrell et al., 2001).

A ADA2 ¢é abundante no plasma humano, e possui diferentes
caracteriticas cinéticas quando comparada a ADA1 (lwaki-Egawa e
Watanabe, 2002). Esse membro possui a habilidade de regular a
proliferacdo celular, sendo considerado um fator de crescimento,
denominando uma nova familia de fatores de crescimento, os chamados
fatores de crescimento relacionados a adenosina desaminase
(ADGFs)(Zavialov e Engstrom, 2005; Zhang e Takeda, 2007).

Os aspectos funcionais da ADAL ainda n&o estdo bem descritos na
literatura, mas sabe-se quepor apresentar dominios cataliticos importantes
relacionados a desaminacédo de adenosina e motivos conservados entre as
subfamilias da ADA, €& possivel que a ADAL também realize a
desaminagao hidrolitica de adenosina a inosina (Maier et al., 2005; Sauer

etal.,, 2012).
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O peixe-zebra é um importante modelo para estudos neurolégicos e
comportamentais, sendo a sinalizagdo adenosinérgica muito estudadaneste
modelo. Estudos realizados em nosso laboratério identificaram e
caracterizaram a atividade e expressao génica das enzimas NTPDase e 5°-
nucleotidase (Rico et al., 2003; Senger et al., 2004). Rosemberg et al.
(2010)verificaram a presenca de diferentes membros da familia das
NTPDases edemonstraram a expressao destas enzimas (NTPDases 1, 2,
3, 4, 5, 6 e 8) emamostras de encéfalo, coracéo e figado. As NTPDase1 e
NTPDase2 tambémforam encontradas em fotorreceptores, células
horizontais e célulasganglionares em retina de peixe-zebra (Ricatti et al.,
2009; Rosemberg et al., 2010). Outro estudo clonou e caracterizou o
padrdo de expressdo da NTPDase 3 em peixe-zebra (Appelbaum et al.,
2007), indicando a conservagao e a expressao destes genes nos neurdnios
sensoriais.

Estudos ja demonstraram a presencga dos receptores de adenosina,
em peixe-zebra, indicando a presenca de duas formas de receptores Azade
embrides de peixe-zebra e uma forma de A,s, bem como a presenca de
RNAmM de receptores Aie sua expressao desde 24 horas apdsa
fertilizacdo(Boehmler et al., 2009; Capiotti et al., 2011). Estesestudos
também demonstraram que a exposi¢cdo a cafeina € capaz de alterar a
expressao desses receptores nas fases iniciais do desenvolvimento, bem
como, das proteinas DARPP-32 e BDNF, além de promover protecéo a

exposicdo ao MPTP (1-metil-4-fenil-1,2,3,6-tetrahidropiridina), em um
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modelo de lesdo dopaminérgica(Boehmler et al., 2009; Capiotti et al.,
2011).

Nosso laboratoério realizou a identificagdo molecular e avaliou o
padrdo de expressado de diferentes genes relacionados a familia da ADA
em peixe-zebra (Rosemberg et al., 2007). Neste estudo, foi realizado um
mapeamento dos diferentes genes da ADA no genoma no peixe-zebra,
realizando um estudo filogenético e confirmando a presenga dos diferentes
genes relacionados a ADA (ADA1, ADAL e duas isoformas da ADA2).0s
resultados demonstraram ainda que diferentes membros da familia da ADA
sdo expressos em diferentes tecidos, como encéfalo, branquias, coracéao,
figado, musculo esquelético e rinsde peixe-zebra.

Nosso grupo também realizou acaracterizagao cinética da atividade
da ADA, nas fragbes soluveis e de membrana em encéfalo de peixe-zebra
indicando as condicbes oOtimas para a atividade desta enzima
edemonstrando uma inibigdo significativa na presenca de 0,1 mM de

EHNA, um inibidor classico da ADA(Rosemberg et al., 2008).

1.6 Diabetes e Sistema purinérgico

O DM esta associado com alteragbes cognitivas, estruturais e
fisiolégicas do SNC. Alteragdes nervosas resultantes da degeneragao
cerebral tém sido descritas no estadodiabético, possivelmente em
decorréncia de modificacdes na plasticidade sinaptica,0 que compromete o

mecanismo de regulagcdo da homeostase celular, e tem comoconsequéncia
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a disfuncdo na atividade dos neurotransmissores na fenda
sinaptica(Biessels et al., 2002).

Um aumento crescente de evidéncias tem destacado o papel do
sistema purinérgico como um fator importante na regulagdo da homeostase
da glicose e da fisiopatologia do DM(Burnstock e Novak, 2012; Johnston-
Cox et al., 2012; Csoka et al., 2014). Alteragcdes nos niveis intracelulares de
ATP/ADP podem gerarconsequéncias na sinalizagdo e na sobrevivéncia
celular de individuos diabéticos(Burnstock e Novak, 2012). Alguns autores
sugerem que o DM é capaz dealterar o tbnus purinérgico, através da
inducdo de mudancas adaptativas na sensibilidade dos receptores de
adenosina no encéfalo(Morrison et al., 1992; Duarte et al,
2006).Consequentemente, pode-se presumir que os niveis extracelulares
de nucleotideo/nucleosideo da adenina poderiam também ser afetados
(Burnstock e Novak, 2012). A disfuncdo da plasticidade sinaptica em
individuos diabéticos pode ser relacionada com a ineficiéncia da liberacéo
de neurotransmissores, como dopamina, serotonina, glutamatoe
acetilcolina (Guyot et al., 2001; Yamato et al., 2004; Sherin et al., 2012).
Duarte et al. (2006) revelaram que ratos submetidos a um modelo de DM
apresentaram uma reducdo na liberagdo de neurotransmissores e
diferentes alteracbes nas proteinas pré-sinapticas associadas com a
liberacao vesicular de neurotransmissores.

Lunkes et al.(2004)demonstraram em um modelo animal deDM2uma

alteragdo na hidrélise dos nucleotideos ATP/ADP em sinaptossomas e
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plaquetas, sendo estes resultados relacionados a expressdo da NTPDase |
aumentada. Donget al. (2001)demonstraram que a ativacéo de receptores
de adenosina do tipo A; desenvolve uma fungdo protetora contra a

resisténcia a insulina.

1.7 Peixe-zebra

O peixe-zebra, Danio rerio, € um pequeno teleésteo de agua doce
pertencente a familia Cyprinidae. O género Danio possui 44 espécies
descritas que fazem parte da subfamilia Raborinae e apresenta um padrao
de coloracao com listras horizontais claras e escuras alternadas (Spence et
al., 2008). A distribuicao natural do peixe-zebra é ao sul e sudeste da Asia,
principalmente india, Bangladesh e Nepal.

O peixe-zebra se tornou um modelo experimental amplamente
utilizado nas mais diversas areas devido a diversas caracteristicas
favoraveis, tais como: baixo custo, pouco espago para manutengao, rapido
desenvolvimento e ciclo biolégico, facilmanipulacao e
comportamentofacilmenteobservado em um ambiente controlado (Shin e
Fishman, 2002; Lieschke e Currie, 2007).

O peixe-zebra apresentagrande sensibilidade a drogas, um rapido
metabolismo (Goldsmith, 2004) e genes evolutivamente conservados que
apresentam um alto grau de similaridade com os genes de humanos e de
camundongos (Barbazuk et al., 2000).Recentemente, seu genoma foi
completamentesequenciado, demonstrando que 70% dos genes deste

teledsteo tém um ortélogo humanoidentificavel (Howe et al., 2013).
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O peixe-zebra é um importante modelo para estudos neurolégicos e
comportamentais (Egan et al., 2009; Piato et al., 2011; Jones e Norton,
2014; Stewart et al., 2014). O SNC do peixe-zebra apresenta organizagao
geral, células neuronais especializadas, células gliais, mielina e circuitos
neuronais semelhantes ao que € observado em mamiferos (Bandmann e
Burton, 2010; Stewart et al., 2014). A ocorréncia dos principais
neurotransmissores encontrados em mamiferos, incluindo aminoacidos
(glutamato, GABA, (glicina), monoaminas (histamina, dopamina,
norepinefrina, epinefrina, serotonina, melatonina) e acetilcolina, entre
outros, bem como seus mecanismos de agao ja foram descritos em peixe-
zebra (Rinkwitz et al., 2011). Além disso, o peixe-zebra vem destacando-se
como um importante modelo animal para estudos de numerosas doencas
humanas, tais como obesidade, DM e neuropatias(Best e Alderton, 2008;
Craig e Moon, 2011) e para a triagem e descoberta de novos farmacos
(Chakrabarti e Freedman, 2008).

Este modelo animal tem sido cada vez mais utilizado para a analise
de aprendizado e de memoria(Colwill et al., 2005; Gerlai, 2011; Cognato et
al., 2012), demonstrando que o peixe-zebra tem a capacidade deassociar
uma variedade de estimulos condicionados e ndo condicionados(Sison e
Gerlai, 2011; Zala e Maattanen, 2013; Fernandes et al., 2014), possui
memoria espacial (Spence et al., 2011; Cognato et al., 2012), memoria
aversiva (Blank et al., 2009) e visual (Avdesh et al., 2012). Nesse contexto,

0 peixe-zebra tem se tornado uma excelente ferramenta de pesquisa

37



damemoria e da cognigédo, com possibilidade de realizar triagens genéticas
e farmacoldgicas(Hicks et al., 2006; Gerlai, 2010).

Atualmente, muitos estudos sio realizados em peixe-zebra para
compreender as bases moleculares da neurobiologia, identificando genes
envolvidos na formagao de circuitos neuronais, no comportamento € nos
mecanismos envolvidos na neuropatogénese (Guo, 2004). Modelos
transgénicos ja foram desenvolvidos nessa espécie expressando genes
humanos mutados e modelos knockout que reproduzem patologias
humanas, bem como técnicas para controle da expressdo génica
(Bandmann e Burton, 2010) e inducdo de sintomas caracteristicos de
doencas metabdlicas. Tais estudos evidenciam que o peixe-zebra € um
modelo para compreender os mecanismos relacionados com algumas
doengas humanas como, por exemplo, hiperargininemia (Capiotti et al.,
2013), estresse (Siebel et al., 2010), obesidade (Oka et al., 2010; Craig e
Moon, 2011) e DM(Gleeson et al., 2007; Jorgens et al., 2012).

Alguns estudos vém sendo realizados utilizando o peixe-zebra como
modelo para compreender os mecanismos pelos quais o DM atua. Glesson
et al.(2007) e Alvarez et al.(2010), demonstraram um modelo de
hiperglicemia através da imersdo dos animais em diferentes concentragdes
de glicose. O modelo foi capaz de gerar sintomas de retinopatia,
reproduzindo as fases iniciais da doenca em humanos. Elo et al.(2007)
demonstraram que a exposigao transdermal de glicose em larvas de peixe-

zebra é capaz de alterar a atividade da enzima fosfoenolpiruvato
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carboxilase(PEPCK), sugerindo o peixe-zebra como um modelo para
investigar o metabolismo da glicose, utilizando a enzima PEPCK como um

marcador dos disturbios da homeostasia da glicemia.

Olsen et al.(2010) também descreveram um modelo de DM em
peixe-zebra adulto via utilizagdo de STZ, a qual induz a morte das células
pancreaticas, promovendo complicacbes diabéticas como niveis
aumentados de glicose no sangue, glicagdo de proteinas séricas,
retinopatia, diminuigdo dos niveis de insulina e piora da regeneragao de
areas lesionadas. Oka et al. (2010) descreveram o modelo de obesidade
em peixe-zebra adulto através do aumento da ingesta de alimentos ricos
em gordura. O estudo revelou que a indugdo da obesidade é capaz de
promover hiperglicemia e hipertrigliceridemia, como vias patofisiolégicas
semelhantes as encontradas em mamiferos (Oka et al., 2010). Powers et
al.(2010) demonstraram um modelo de hiperglicemia por estresse em
peixe-zebra, demonstrando a correlagcdo dos altos niveis de glicose
sanguinea com os niveis de cortisol. Nesse contexto, acreditamos que o
modelo de hiperglicemia desenvolvido em peixe-zebra nesta tese, seja uma
ferramenta muito importante para investigar os mecanismos que operam no

SNC durante o estado de hiperglicemia.
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2 OBJETIVOS

2.1 Objetivo geral

Avaliar parametros bioquimicos e moleculares dos sistemas
colinérgico e purinérgico e parametros comportamentais de peixe-zebra

submetido a um modelo de hiperglicemia.

2.1.1 Objetivos especificos

- Caracterizar o modelo de hiperglicemia em peixe-zebra adulto através do
registro da glicemia, do peso corporal, da glicagcdo de proteinas, da
sensibilidade a insulina e da expressao génica de receptores de insulina em
musculo esquelético e de transportadores de glicose em encéfalo;

- Avaliar o indice de retengcdo de memoria através do teste de esquiva
inibitéria em peixe-zebra adulto submetido ao modelo de hiperglicemia;

- Avaliar a atividade enzimatica e expressao génica da acetilcolinesterase
em encéfalo de peixe-zebra adulto submetido ao modelo dehiperglicemia;

- Avaliar a atividade enzimatica e expressdo génica de ectonucleotidases e
adenosina deaminase em encéfalo de peixe-zebra submetido ao modelo

dehiperglicemia;
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- Avaliar a expresséo génica de receptores adenosinérgicos em encéfalo de
peixe-zebra submetido ao modelo de hiperglicemia.

3 RESULTADOS

3.1 CAPITULOI
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Diabetes mellitus (DM) affects over 10% of the world's population. Hyperglycemia is the main feature for the
diagnosis of this disease. The zebrafish (Danio rerio) is an established model organism for the study of various
metabolic diseases. In this paper, hyperglycemic zebrafish, when immersed in a 111 mM glucose solution for
14 days, developed increased glycation of proteins from the eyes, decreased mRNA levels of insulin receptors
in the muscle, and a reversion of high blood glucose level after treatment with anti-diabetic drugs (glimepiride
and metformin) even after 7 days of glucose withdrawal. Additionally, hyperglycemic zebrafish developed an im-

ggl‘:/ei;ﬁnellitus paired response to exogenous insulin, which was recovered after 7 days of glucose withdrawal. These data sug-
Glucose gest that the exposure of adult zebrafish to high glucose concentration is able to induce persistent metabolic
Insulin receptor changes probably underlined by a hyperinsulinemic state and impaired peripheral glucose metabolism.
Metabolism © 2014 Elsevier Inc. All rights reserved.
Zebrafish

1. Introduction Zebrafish has been established as a good animal model to understand

Diabetes mellitus (DM) is a heterogeneous group of metabolic disor-
ders characterized by high levels of blood sugar, termed hyperglycemia
(SBD, 2009). According to the International Diabetes Federation (IDF),
in the year 2012, the estimated number of adults living with diabetes
had soared to 371 million or 8.5% of the global adult population (IDF,
2012). New projected data suggest that until 2030 there will be
552 million people with diabetes; this means for that every 10 s
approximately three more people will be diagnosed with diabetes
(IDF, 2012).

Chronic blood sugar elevation is the major biochemical diagnostic
parameter that is seen in the two major forms of diabetes: Type 1 diabe-
tes or insulin-dependent, caused by autoimmune destruction of insulin
producing pancreatic 3-cells, and Type 2 diabetes or non-insulin depen-
dent characterized by insulin insensitivity (Harris and Zimmet, 1997).
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physiological and pathological conditions in vertebrates (Maddison and
Chen, 2012; Asaoka et al., 2013; Stewart et al., 2014). Olsen et al.
(2010) described the diabetes model in adult zebrafish via streptozocin
which induces pancreactic cell death, promoting diabetic complications
such as fasting elevated blood glucose values, increased glycation of
serum protein, retinopathy, decreased serum insulin levels and impaired
regeneration in damaged areas (Oka et al., 2010; Olsen et al., 2010).
Other studies described an obesity model in adult zebrafish, revealing
that the induction of obesity is able to promote hypertriglyceridemia
and hyperglycemia, as common pathophysiological pathways similar
with those found in mammalians (Gleeson et al., 2007; Oka et al.,
2010). Adult zebrafish easily absorb molecules from water, due to an
ability to regulate their internal water and total solute concentrations
(Moyle and Cech, 2000). They operate hyperosmotically, a strategy of os-
moregulation that involves the continuous gain of water as a result of a
higher internal concentration of salt compared to their freshwater envi-
ronment. The constant influx of water results in the uptake of molecules
from their environment. In this way, an easy model of hyperglycemia
was proposed by immersing zebrafish in a glucose solution, being capa-
ble of generating diabetic retinopathy similar to humans (Ferraris and
Ahearn, 1984; Bogé and Péres, 1990; Gleeson et al., 2007; Tseng et al.,
2009; Alvarez et al., 2010). In zebrafish, the glucose absorption/uptake
occurs through a glucose transporter, called GLUT, expressed in the
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gills (GLUT 1-3, 6, 8, and 10-13) and intestine (GLUT 5 and 9) (Tseng
et al., 2009). Here we described that glucose overload in living water of
fish is able to induce symptoms related to the pathophysiology of DM,
which are persistent after a glucose withdrawal period and sensitive to
anti-diabetic drugs.

2. Material and methods
2.1. Animals

Zebrafish (Danio rerio) adult wild type (Tiibingen background;
3-5 cm) of both sexes were acclimated for at least 14 days in the exper-
imental room. Animals were housed in groups of 15 fish in 5-L
thermostated (28 4 2 °C) tanks, kept under constant chemical, biolog-
ical and mechanical water filtration and aeration (7.20 mg O,/L). Fish
were maintained under a 14 h/10 h day/night photoperiod cycle, fed
three times a day with commercial flakes containing 48% protein, 8%
fat, and 2% fiber (TetraMin™, NC, USA) (Siccardi et al., 2009) and sup-
plemented with live brine shrimp. All fish used in these experiments
were randomly chosen from different clusters. The animals were sub-
mitted to hypothermia by exposure to ice water, flocked, and followed
by decapitation as the endpoint. Anesthesia with Tricaine MS-222 was
done only in experiments using intraperitoneal injection as described
below. All protocols were approved by the Institutional Animal Care
Committee (12/00310 — CEUA PUCRS) and followed Brazilian legisla-
tion, the guidelines of the Federal Council of Veterinary Medicine
(CFMV), and the Canadian Council for Animal Care (CCAC) “Guide on
the Care and Use of Fish in Research, Teaching, and Testing”.

2.2. Drugs

Treatment concentrations were as follows: Tricaine MS-222
(0.1 g/mL; ethyl 3-aminobenzoate methanesulfonate salt, Fluka™); glu-
cose in three concentrations: 55.5, 111 and 166 mM (w/v) (Nuclear™);
human insulin (0.01, 0.1 and 1 U/kg; Novolin™); metformin chloridate
(10 uM; Merck™) and glimepiride (100 pM; Merck™).

2.3. Induction of hyperglycemia

Groups of 15 adult animals were placed in 5-L aquaria containing
different glucose solutions (55.5, 111 and 166 mM), which were diluted
in water and maintained during 14 days at room temperature. The
feeding schedule and general maintenance procedures were as already
described in the previous section. The solutions of glucose were ex-
changed three times per week to avoid contamination with opportunis-
tic microorganisms. The animals were placed in each solution and were
monitored for signs of stress such as difficulty of swimming or excessive
gill movement (Pedroso et al., 2012). Control and 55.5 and 111 mM
glucose-treated groups showed no signs of stress during all treatment
with low mortality (30% and 20%, respectively), while 166 mM
glucose-treated animals appeared to be more affected by the treatment,
demonstrating 40% mortality. Control group animals were maintained
in 5-L aquariums with normal water for the same period and conditions
as the glucose-treated groups. For the following experiments, we chose
the 111 mM glucose solution since the survival was the highest and the
profile of blood glucose levels was similar to those published by Gleeson
et al. (2007).

2.4. Withdrawal of glucose

In order to verify whether the effects caused by 111 mM glucose so-
lution treatment would be persistent, we kept a group of 15 fish in
glucose-free water for an additional 7 days (washout group, no glucose
added). During this period the animals were maintained at the same
conditions of welfare described in the previous section. Control group

44

animals were maintained in 5-L aquariums with water for the same pe-
riod and were handled as a washout group.

2.5. Determination of blood glucose levels

For all tests with determination of blood glucose levels, before the
beginning of blood collection procedures, fish were fasted for 12 h and
placed for 15 min in an aquarium with water without glucose to avoid
contamination of the glucometer strip (Gleeson et al., 2007). The proce-
dure of euthanasia occurred after hypothermia induction, which con-
tributes to reduce the variability of blood glucose analyses (Eames
et al., 2010). Immediately, the tail was cut and blood-glucose readings
were taken by placing a glucometer test strip (One-Touch Ultra, Accu
Check) directly on the docked tail. The blood glucose levels were mea-
sured throughout the treatment for 14 days at all concentrations tested
(55.5, 111 and 166 mM glucose-treated groups) and after 7 days of
glucose withdrawal (washout group) (Gleeson et al., 2007).

2.6. Determination of glycated proteins from zebrafish eyes

One of the methods to monitor glycemic control in humans is through
the levels of non-enzymatic glycation of proteins, such as the determina-
tion of fructosamine levels (Armbruster, 1987). We utilized the enzyme
based fructosamine quantification assay (Biotechnical™, RS, Brazil),
with minor adaptation, to document the presence of non-enzymatic
glycation products from zebrafish eyes from all groups. Zebrafish eyes
were removed and washed in water and afterwards placed in 500 pL
of saline and homogenized. Following the manufacturer's instructions,
50 pL samples were added to the 1 mL of reagent containing
200 nmol/L carbonate buffer, and 0.25 nmol/L Blue nitrotetrazol
which were incubated for 10-15 min at 37 °C. The quantification of
fructosamine was determined spectrophotometrically at 520 nm and
the concentration was expressed as pmol/L.

2.7. Treatment with anti-diabetic metformin and glimepiride drugs

Glucose-treated and washout animals were submitted to the anti-
diabetic metformin or glimepiride. We dissolved metformin chloridate
in water of fish to a final concentration of 10 uM. The collection of
blood samples was performed after 4 days of treatment (Elo et al.,
2007; Polakof et al., 2011; Polakof and Comte, 2012). For treatment
with glimepiride, we dissolved glimepiride in DMSO (final concentra-
tion 0.0005%) and added to water to a final concentration of 100 pM.
The collection of blood samples was performed after 24 h of treatment,
due to the results found by Elo et al. (2007). Blood glucose levels were
measured with a blood glucometer as described. Saline was used as con-
trol for the metformin group and 0.0005% (v/v) DMSO solution was
used as control for the glimepiride group. Metformin, glimepiride,
DMSO and saline were freshly prepared on the experimental day.

2.8. Gene expression analysis by quantitative real time RT-PCR (RT-qPCR)

The expression of isoforms of insulin receptor genes (insra-1, insra-2,
insrb-1 and insrb-2) was analyzed by a quantitative real time reverse
transcription polymerase chain reaction (RT-qPCR) assay. TRIzol™ re-
agent (Invitrogen, Carlsbad, CA, USA) was employed to isolate total
RNA from zebrafish skeletal muscle in accordance with the
manufacturer's instructions. The total RNA was quantified by spectro-
photometry and the cDNA was synthesized with ImProm-II™ Reverse
Transcription System (Promega) from 1 pg of total RNA, following the
manufacturer's instructions. Quantitative PCR was performed using
SYBR® Green I (Invitrogen) to detect double-strand cDNA synthesis. Re-
actions were done in a volume of 25 pL using 12.5 L of diluted cDNA
(1:50 for reference genes EFlcy, Rpl13a and insra-1 and 1:100 for
insra-2, insrb-1, insrb-2), containing SYBR® Green I 0.2 times diluted
(Invitrogen), 100 uM dNTP, 1 x PCR buffer, 3 mM MgCl,, 0.25 U
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Platinum® Taq DNA polymerase (Invitrogen) and 200 nM of each
reverse and forward primers (Table 1). The PCR cycling conditions
were: an initial polymerase activation step for 5 min at 95 °C, 40 cycles
of 15 s at 95 °C for denaturation, 35 s at 60 °C for annealing, and 15 s at
72 °C for elongation. At the end of the cycling protocol, a melting-curve
analysis was included and fluorescence measured from 60 to 99 °C.
Relative expression levels were determined with 7500 Fast Real-Time
System sequence detection software v.2.0.5 (Applied Biosystems). The
efficiency per sample was calculated using LinRegPCR version 2012.3
software (http://LinRegPCR.nl) and the stability of the references
genes, EF1a, and Rpl13a (M-value) and the optimal number of reference
genes according to the pairwise variation (V) were analyzed by GeNorm
3.5 software (http://medgen.ugent.be/genorm/). Relative RNA expres-
sion levels were determined using the 222" method (Oggier et al.,
2010; Nery et al., 2011).

2.9. Response to insulin

Glucose and washout groups were checked for the responsiveness to
insulin. Fifteen animals of each group (control, 111 mM glucose-treated
and washout) were placed in water without glucose for 24 h before the
beginning of the experiment, in order to prevent interference on the
fasting regimen. After that, fish were anesthetized in 0.1 mg/mL of
Tricaine MS-222 prior the collection of blood. Fish were considered to
be anesthetized when they presented lack of motor coordination, re-
duced respiration rate and no response to external stimuli (Phelps
et al., 2009). We utilized Novolin™ Insulin Human 100 U/mL in three
different doses: 0.01 U, 0.1 U and 1 U with volume adjusted to the fish
body weight (injection volume was 10 pL) in a 20 mL/kg regimen.
Intraperitonial injections were conducted using a 3/10-mL U-100 BD
Ultra-Fine™ Short Insulin Syringe 8 mm (5/16”) x 31 G short needles
(Becton Dickinson and Company, New Jersey, USA) according to the
protocol established by Phelps et al. (2009). The needle was inserted
parallel to the spine into the midline of the abdomen, posterior to the
pectoral fins. The injection procedure was conducted to guarantee that
the animals did not spend more than 10 s out of the water. After the in-
jection, the animals were placed in a separate tank with highly aerated
unchlorinated tap water (28 4 2 °C) to facilitate animal recovery from
anesthesia. Saline was used as control. Both insulin and saline were
freshly prepared on the experimental day. All the animals had recovered
after 2-3 min following the injection. The glycemia was accessed 4 h
after insulin injection as suggested by previous studies using zebrafish
(Olsen et al., 2010). The insulin-treated animals and controls had its
tail cut and the blood collected (Pedroso et al., 2012). Animals were
gently placed in a water-soaked gauze-wrapped hemostat with the ab-
domen facing up and the head of the fish positioned at the hinge of the
hemostat (the pectoral fins were used as a landmark on the abdomen)
(Phelps et al., 2009).

Table 1
Primer sequences for RT-qPCR experiments included in the study.

2.10. Statistical analysis

Data were expressed as mean + standard error of mean. The data
from insulin response experiments were analyzed by student's t-test.
All other data were analyzed by one-way analysis of variance
(ANOVA) followed by post hoc Tukey's considering P < 0.05 as statisti-
cally different for biochemical and mRNA expression experiments in
adult zebrafish.

3. Results
3.1. Chronic treatment with glucose induces persistent hyperglycemia

Our results demonstrated that the immersion in all glucose solution
tested (Fig. 1) provoked up to a 4-5 times increase in blood glucose levels
until the 14th day of treatment in relation to control animals (2.99 &
0.18 lTlM) [555 mM — F(G; 100) = 2539,111 mM — F(G; 100) = 25.57,
166 mM — F6; 101) = 34.72]. We observed that 20% of the animals treated
with 166 mM glucose died during the treatment, and the next analyses
were made with only the 111 mM glucose treated animals, which is in ac-
cordance to the zebrafish model of hyperglycemia described by Gleeson
et al. (2007). In order to verify if the effects caused by treatment of
14 days of immersion in 111 mM glucose solution would be persistent,
we performed a glucose withdrawal. Our results demonstrated that
after 7 days of glucose withdrawal, there was a strong reduction (68%)
on blood glucose levels (from 13.52 4 1.29 mM to 4.26 + 0.31 mM)
when compared to the 111 mM glucose group, but still almost 2 times
higher than the control group (2.48 + 0.17 mM) [F(2, 43) = 69.03,
p < 0.001] (Fig. 2). These data show that hyperglycemia can be induced
and maintained in zebrafish.

3.2. Hyperglycemia increases glycation of proteins from zebrafish eyes

In order to demonstrate that treatment with glucose for 14 days was
causing persistent glycation of proteins, we analyzed the levels of
fructosamine from zebrafish eyes during glucose treatment and after
glucose withdrawal. Our results demonstrated that the treatment with
111 mM glucose for 14 days was able to increase (41%) fructosamine
levels from zebrafish eyes and also demonstrated that this effect was
prolonged up to 7 days of glucose withdrawal, demonstrating an
increase (40%) in the fructosamine levels from zebrafish eyes in com-
parison to the control group (80.78 & 8.54 umol/L) [F,; 17y = 6.369,
p < 0.05] (Fig. 3).

3.3. Anti-diabetic drugs reduce blood glucose levels from hyperglycemic
zebrafish

To evaluate if hyperglycemic zebrafish would be responsive to
the anti-diabetic drugs, we treated the animals with glimepiride

Sequence Forward

Reverse

Accession number Amplicon size (bp)

(mRNA)
EFla 5'-CTGGAGGCCAGCTCAAACAT-3 5'-ATCAAGAAGAGTAGTACCGCTAGCATTAC-3' ENSDART00000023156 86
Rpl130. 5'-TCTGGAGGACTGTAAGAGGTATGC-3' 5'-AGACGCACAATCTTGAGAGCAG-3' NM_212784.1 147
insra-1" 5'-CAACATGCCCCCTCACCACT-3 5'-CGACACACATGTTGTTGTG-3’ NM_001142672 215
insra-2" 5'-GGAGCCCCACTCGTCTAACAAA-3' 5'-CGCCGTTGTGAATGACGTATTC-3' - 193
insrb-1" 5'-GACTGATTACTATCGCAAGGG-3’ 5'-TCCAGGTATCCTCCGTCCAT-3' NM_001123229 190
insrb-2" 5'-CCACCGCCAACCCTAAAGGA-3’ 5'-TTGCGATAGTAATCAGTC TCGTAAAT-3' - 170

" Tang et al., (2007).
“ Toyoshima et al., (2008).
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Fig. 1. Effects of glucose treatment up to 14 days on blood glucose levels. (A) 55.5 mM glu-
cose, (B) 111 mM glucose and (C) 166 mM glucose. At least nine zebrafish were used for
each group. Data are expressed as mean + SEM of nine independent experiments. Data
were analyzed by one-way ANOVA followed by Tukey post-hoc test. The * represents a sig-
nificant difference from the control group. ***p < 0.001 and **p < 0.01.

and metformin. Our results demonstrated that the treatment with
100 pM glimepiride was able to reduce 64% of the blood glucose levels
provoked by 111 mM glucose treatment (from 8.71 4+ 2.22 mM to
4.43 &+ 0.56 mM) [Fs, 13y = 63.68; p < 0.001] (Fig. 4A), and 63% in
the glucose washout group (from 5.23 4+ 0.32 mM to 1.94 £
0.16 mM) [F(3.20) = 53.48; p <0.001] (Fig. 4B). The treatment
with 10 uM of metformin was able to reduce 51% of the blood glucose
levels provoked by 111 mM glucose treatment (from 9.21 + 1.12 mM
t0 4.69 + 1.77 mM) [F(349) = 99.72; p < 0.0001], and 45% in the glucose
washout group (from 5.20 + 0.55 mM to 2.36 mM =+ 0.66 mM) [F(339) =
47.77; p < 0.0001] (Fig. 4C and D, respectively). The anti-diabetic drugs
alone did not affect the control glycemia (Fig. 4).

3.4. Effect of hyperglycemia on insulin receptors expression in skeletal
muscles of zebrafish

To evaluate if the hyperglycemia could alter the relative gene ex-
pression of insulin receptors in skeletal muscles, real-time quantitative
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Fig. 2. Effect of glucose washout on hyperglycemic zebrafish. At least thirteen zebrafish
were used for each group. Data are expressed as mean + SEM of ten independent
experiments. Data were analyzed by one-way ANOVA followed by Tukey post-hoc test.
The * represents a significant difference from the control group. The # represents a signif-
icant difference from the 111 mM glucose group. *p<0.05 and ***p< 0.001 and #p < 0.001.

PCR analyses were performed. Our results demonstrated that the ex-
pression levels of insulin receptor subunit genes (insra-1, insrb-1 and
insrb-2) were increased (insra-1 (97.5%) [F2; 17y = 8.040; p < 0.05],
insrb-1 (48%) [F(2:16) = 6.288; p < 0.01] and insrb-2 (44.5%) [F(2:.16) =
5.92; p < 0.05]) in the washout group when compared to the control
group (Fig. 5 A, C and D). However, there were no statistical relevant
changes in insra-2 gene (Fig. 5B).

3.5. Impaired response to insulin

As the above analyses assemble possible information on insulin re-
sponse impairment, we submitted glucose-treated animals to an injec-
tion of insulin in three different doses: 0.01 U/kg, 0.1 U/kg and 1 U/kg.
Our results demonstrated that 0.01 U/kg and 0.1 U/kg doses were un-
able to reverse the hyperglycemic effect caused by the treatment with
111 mM glucose solution or to reduce glucose blood level of the control
group (data not shown). However, the 1 U/kg dose was able to decrease
20-32% of the basal blood glucose levels of the control group (Fig. 6A:
from 2.80 £ 0.18 mM to 2.27 4 0.09 mM and Fig. 6B: from 2.01 +
0.14 mM to 1.36 & 0.1 mM) [p < 0.05 and p < 0.01, respectively],
while the same dose was unable to decrease the hyperglycemia from
111 mM glucose treated animals (Fig. 6A). In the washout group
(Fig. 6B), the 1 U/kg dose was able to decrease 39% of the blood glucose
levels (from 4.01 4 0.32 mM to 2.58 4 0.32 mM) [p < 0.01]. This proto-
col requires a prior anesthesia with tricaine, which could be the reason
for the variability of the blood glucose levels from 111 mM glucose-
treated animals (4.53 £ 0.68 mM) as discussed by Eames et al. (2010).

[ Control
200 111 mM Glucose
B Washout
*
150
——

4

Frutosamine Levels (umol/L)
o 8
AL

Fig. 3. Effect of 111 mM glucose treatment for 14 days and glucose washout of 7 days on
fructosamine levels in zebrafish's eyes. A pool of three zebrafish's eyes were used for
each group. Data are expressed as mean + SEM of five independent experiments. Data
were analyzed by one-way ANOVA followed by Tukey post-hoc test. The * represents a sig-
nificant difference from the control group. *p < 0.05.
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Fig. 4. Effect of anti-diabetic drug administration on 2% glucose treated and washout groups. Effect of glimepiride (100 pM) (A) and metformin (10 pM) (C) on blood glucose levels of
zebrafish exposed to 111 mM glucose. Effect of glimepiride (100 uM) (B) and metformin (10 uM) (D) on blood glucose levels of zebrafish after a glucose washout period. At least ten
zebrafish were used for each group. Data were analyzed by one-way ANOVA followed by Tukey post-hoc test. The * represents a significant difference from the control group. The #
represents a significant difference from the 2% glucose group. *p < 0.05, **p < 0.01; **p < 0.001 and *p < 0.01.

4. Discussion

In the present study, we described persistent features of impaired
glucose metabolism in adult zebrafish exposed to a solution of
111 mM glucose during 14 days. The lowest mortality was seemed in
animals treated with 111 mM of glucose (20%). However, the high mor-
tality observed in 55.5 and 166 mM glucose-treated animals can be re-
lated to reduced oxygenation and/or osmotic stress.

In this work we reached similar high blood glucose levels as the for-
mer work designed by Gleeson et al. (2007). Here, all glucose solutions
promoted high blood glucose levels after 48-72 h after exposure. After
the glucose withdrawal by 7 days, the blood glucose levels were still
elevated, but lower than the 111 mM glucose group. However, as the
blood glucose levels of the washout group remained significantly higher
than the control group, a long time course observation should be inter-
esting to observe wheny/if levels return to normal.

In order to verify if persistent hyperglycemia could change a classical
parameter of DM diagnostic, as glycosylation of proteins, we evaluated
the fructosamine levels from zebrafish eyes. Our results demonstrated
that there is an increase of fructosamine levels from zebrafish eyes
treated with 111 mM glucose, which persists in the washout group. Al-
though, traditionally glycosylated hemoglobin (HbA1c) has been used
to monitor glycemic control in DM, unfortunately we could not analyze
the HbA1c levels in blood zebrafish considering the needed volume of
blood for this procedure. However, several studies have demonstrated
that fructosamine and HbA1c levels have been shown as an appropriate
index of glycemic control in DM patients (Juraschek et al., 2012; Lee
et al., 2013).
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To assist in defining the mechanisms involved in persistent hyper-
glycemia developed for this model, we used two normoglycemic
drugs with different mechanisms: metformin chloridate (biguanide)
and glimepiride (sulphonylurea). Our results demonstrated that the
metformin treatment by 4 days was able to decrease the blood glucose
levels in hyperglycemic zebrafish. Metformin is often recommended as
the first line drug in patients with type 2 diabetes (Nathan et al., 2009;
ADA, 2013), because this oral medication has an effect on the regulation
of glucose uptake, gluconeogenesis, glycolysis and glycogen synthesis
(MclIntyre et al., 1991; Shaw et al., 2005). Metformin increases the
activity of the insulin receptor and enhances glucose uptake via in-
creased translocation of glucose transporters, such as GLUT-1 and
GLUT-4 to the plasma membrane (Gunton et al., 2003; Yang and
Holman, 2006). As a result, metformin enhances the insulin-mediated
suppression of gluconeogenesis (Bailey and Turner, 1996). However
the progressive nature of type 2 diabetes, leads to a decline in endoge-
nous insulin secretion, thus the use of a second drug, such as glimepiride,
is suggested.

The glimepiride treatment, proved to be effective for lowering blood
glucose levels in zebrafish after 24 h of exposure. The main mechanism
of action of glimepiride is on the activation of ATPase-dependent potas-
sium channels in 3 cells of the pancreas which stimulates insulin release
(Campbell, 1998), leading to a decrease in hexokinase binding to porin
proteins and an increase in the expression of hexokinase mRNA
(Hallsten et al., 2002). Several studies demonstrated that glimepiride
is able to stimulate insulin secretion, but these studies also demonstrat-
ed important extrapancreatic effects, such as activation of glucose trans-
port and glucose-metabolizing enzymes leading to stimulation of
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glycogen and lipid synthesis, downregulation of the cAMP regulatory
cascade, and inhibition of lipolysis (Briscoe et al., 2010). According to
Muller et al. (1995), glimepiride seems to exert pleiotropic effects via
two independent mechanisms: the stimulation of specific protein phos-
phatases responsible for the regulation of GLUT-4 translocation and gly-
cogen synthase/glycerol3-phosphate acyltransferase activity; and the
stimulation of cAMP-specific phosphodiesterase (Muller and Wied,
1994; Muller et al., 1995; Muller and Geisen, 1996).

If the successful effects of glimepiride were related to increased
insulin secretion, this lowering of blood glucose levels should be
mimicked by exogenous insulin. We injected insulin in the control,
111 mM glucose-treated and washout animals. Exogenous insulin
was able to reduce blood glucose levels in all groups except in
those from the glucose-treated group. The insulin resistance
state is related to an impaired insulin action and it is believed that
this resistance leads to hyperinsulinemia when B-islets produce a
large amount of insulin in an effort to control the blood glucose
level (Pessin and Saltiel, 2000; Ye, 2013). Even though an insulin
level measurement should be mandatory in this approach, we
failed in the collection of the required blood sample using an
immunoenzymatic assay for quantitative determination of insulin
from serum (Insulin SYM Kit, Symbiosis Diagnostica LTDA, Sdo
Paulo, Brazil). Gathering such information, the glimepiride effects
observed could be more related to extrapancreatic effects than its
well-known effect of stimulating insulin secretion.

The insulin responsive tissues express insulin receptors (IRs) at the
cell surface plasma membrane. After the IR has been activated, they
generate second messengers that activate a cascade of phosphorylation-
dephosphorylation reactions resulting in the stimulation of intracellular
glucose metabolism (Kahn et al.,, 1993; Whitehead et al., 2000). Dysfunc-
tions of the IR and components of signaling cascade result in insulin re-
sistance that leads to type 2 diabetes mellitus (Tseng et al., 2009). The
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IRs of zebrafish were identified and characterized by Toyoshima et al.,
who demonstrated two isoforms of the IRs in zebrafish, Insra and
Insrb, which are homologous to human IRs (Toyoshima et al., 2008).
Several proteins have been identified in zebrafish as components of glu-
cose metabolism, as glucose transports (GLUTs) and phosphoenolpyr-
uvate carboxykinase (PEPCK), which have similar regulation patterns
and activity as seen in mammalian counterparts (Taniguchi et al.,
2006; Elo et al., 2007).

Interestingly, our results demonstrated that the mRNA expression
levels of insra-1, insrb-1 and insrb-2 were significantly increased in the
washout group, promoting a classical mechanism known as up-
regulation, which could explain the partial reduction of glycemia in
the washout group and the rescue of response to exogenous insulin.
Other studies demonstrated that the kinetics of the insulin signaling
via insra is similar to the mammalian insulin signaling cascades, sug-
gesting that the signaling pathways downstream of the zebrafish IR
are the same as found in other vertebrates (Stumvoll et al., 1995;
Toyoshima et al., 2008). During early development of zebrafish the
two IRs appear to play differently, whereas insra is critical for brain
development and for general growth, insrb is essential for proper
heart development (Stumvoll et al., 1995; Toyoshima et al., 2008).

5. Conclusions

In summary, our data demonstrated that the exposure of zebrafish
to glucose diluted in water during 14 days promoted persistent high
blood glucose levels, glycation of proteins of the eyes and impaired re-
sponse to exogenous insulin. The hyperglycemic state was counteracted
by biguanide and sulphonylurea drugs, probably by the increase of pe-
ripheral tissue response to insulin and not by pancreatic secretion of in-
sulin, since exogenous insulin was ineffective. The glucose withdrawal
of 7 days was able to partially recover some consequences of glucose
exposure, probably by the recovery of insulin response, through an in-
crease of insulin receptors in muscle. This study attempts to establish
zebrafish as a valuable model for the study of targets applicable to
diabetes. Zebrafish may be an ideal model to study the different mech-
anisms affected by hyperglycemia, as well as to understand the link
between the central nervous system function and the alterations in
the endocrine system, such as in DM.
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HIGHLIGHTS

® The hyperglycemia promoted memory deficit in adult zebrafish.
e Memory deficit is linked to increased acetylcholinesterase activity.
® Galantamine reverses memory deficit caused by hyperglycemia.

ARTICLE INFO ABSTRACT

Article history: Diabetes mellitus, which causes hyperglycemia, affects the central nervous system and can impairs cog-
Received 11 July 2014 nitive functions, such as memory. The aim of this study was to investigate the effects of hyperglycemia
Received in revised form 12 August 2014 on memory as well as on the activity of acethylcholinesterase. Hyperglycemia was induced in adult
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Available online 23 August 2014 zebrafish by immersion in glucose 111 mM by 14 days. The animals were divided in 4 groups: control,

glucose-treated, glucose-washout 7-days and glucose-washout 14-days. We evaluated the performance
in inhibitory avoidance task and locomotor activity. We also determined acethylcholinesterase activity
and gene expression from whole brain. In order to counteract the effect of hyperglycemia underlined
by effects on acethylcholinesterase activity, we treated the animals with galantamine (0.05 ng/g), an
inhibitor of this enzyme. Also we evaluated the gene expression of insulin receptor and glucose trans-

Keywords:
Cholinergic system
Diabetes mellitus

Glucose
Hyperglycemia porter from zebrafish brain. The hyperglycemia promoted memory deficit in adult zebrafish, which can
Memory be explained by increased AChE activity. The ache mRNA levels from zebrafish brain were decrease in
Locomotor activity 111 mM glucose group and returned to normal levels after 7 days of glucose withdrawal. Insulin receptors
(insra-1, insra-2, insrb-1 and insrb-2) and glut-3 mRNA levels were not significantly changed. Our results
also demonstrated that galantamine was able to reverse the memory deficit caused by hyperglycemia,
demonstrating that these effects involve modulation of AChE activity. These data suggest that the mem-
ory impairment induced by hyperglycemia is underlined by the cholinergic dysfunction caused by the
mechanisms involving the control of acetylcholinesterase function and gene expression.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Diabetes mellitus (DM) is a complex disorder that can cause
damage to multiple organs in the body, due to changes caused
by dysfunctional glucose metabolism, as hyperglycemia and hypo-
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rosane.silva@pucrs.br (R.S. Da Silva). glycemia [4,5]. Kodl and Seaquist [1] also addressed the causes
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of cognitive dysfunction in diabetic patients as a combination of
different factors such as the type of DM, comorbidities, age, and
effectiveness of therapy utilized.

Some studies have demonstrated the relationship between DM
and dysfunction on neurotransmission systems, such as dopami-
nergic [6], glutamatergic [7], purinergic [8] and cholinergic [9,10].
The cholinergic system is very important and modulates many
vital functions in the CNS, as sleep control, learning and mem-
ory [11]. In diabetic rats, Sherin and collaborators [10] showed an
increase in acethycholinesterase (AChE) mRNA levels and a reduc-
tion on mRNA levels of cholinergic receptors M1 and M3. These
results demonstrated a low stimulation of cholinergic receptors,
and hence a progressive worsening of cognition and other neuro-
logical dysfunction as those already seen in diabetic patients [10].
In addition, some studies using animal models of diabetes have
found an increase in AChE activity which may indicate alterations
in cholinergic neurotransmission and consequently be associated
to cognitive impairments observed in DM [12,13].

The zebrafish is an animal model that has been used to mimic
symptoms of human disease, as DM. DM type 1 can be modeled in
zebrafish by streptozocin (STZ) injection [ 14]. Similar symptoms of
DM type 2, such as protein glycation, persistent hyperglycemia and
impaired insulin response can be reached by immersion of animals
in solution of glucose [15,16].

Memory assessment in zebrafish has been receiving strongly
contributions from avoidance task paradigm as a way to reveal
robust and stable memory traces evolutionary conserved [17,18].
Therefore, the aim of this study is evaluate the effect of persistent
hyperglycemia on memory using an inhibitory avoidance task and
correlates to AChE activity and gene expression in zebrafish model
of hyperglycemia.

2. Materials and methods
2.1. Animals

Adult zebrafish (Danio rerio) wild type (Tiibingen background;
3-5cm) of both sexes were obtained from a specialized commer-
cial supplier (Redfish, RS, Brazil). The fish were acclimatized for
at least 14 days in the experimental room. Animals were housed
in groups of 15 fish in 5-L thermostated (28 +2°C) tanks, kept
under constant chemical, biological and mechanical water filtra-
tion and aeration (7.20mg O,/L). Fish were maintained under a
14-10h day/night photoperiod cycle, fed three times a day with
commercial flakes (TetraMin™, NC, USA) and supplemented with
live brine shrimp. All fish used in these experiments were randomly
chosen from different clusters. Briefly, anesthesia of the animals
prior to the injection to galantamine experiments was obtained
by its immersion in a tricaine MS-222 solution 100 mg/L until the
animal shows lack of motor coordination and reduced respiration
rate. The animals were submitted to hypothermia by exposure to
ice water flocked followed by decapitation as endpoint. All proto-
cols were approved by the Institutional Animal Care Committee
(12/00310-CEUA PUCRS) and followed Brazilian legislation, the
guidelines Federal Council of Veterinary Medicine (CFMV), and the
Canadian Council for Animal Care (CCAC) “Guide on the Care and
Use of Fish in Research, Teaching, and Testing”.

2.2. Drugs

Ethyl 3-aminobenzoate methanesulfonate salt (Tricaine MS-
222) was purchased from Fluka Analytical (St Louis, USA). Glucose
was purchased from Nuclear™ (S3o Paulo, Brazil). Galantamine
hydrobromide (Reminyl®) was purchased from Janssen Ortho LLC
(Gurabo, Porto Rico-EUA). All other reagents were of analytical
grade.
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2.3. Induction of hyperglycemia

Groups of 15 adult animals were placed in 5-L aquariums con-
taining 111 mM glucose solution, which were diluted in water and
maintained during 14 days at room temperature as described in
previous section according to [16].

2.4. Withdrawal of glucose

In order to verify if the effects caused by 111 mM glucose solu-
tion treatment would be persistent, we kept a group of 15 fish in
glucose-free water by additional 7 or 14 days (washout group, no
glucose added) [16]. During this period the animals were main-
tained at the same conditions of welfare describe in previous
section. Control group animals were maintained in aquariums with
water for the same period and were handled as washout group.

2.5. Treatment with Galantamine

The AChE inhibitor, Galantamine hydrobromide (Reminyl®),
was dissolved in 0.9% saline in three doses (0.5 mg/g, 0.05mg/g
and 0.05ng/g) adjusted to the fish body weight (mean injection
volume was 10 pL) in a 20 mL/kg regimen in order to determine
the dose to be used in the following experiments. The animals
injected with 0.5 mg/g of galantamine did not survive after five
minutes of treatment and animals treated with 0.05 mg/g of galan-
tamine showed difficulties in swimming, precluding evaluation
of locomotor activity, because this we choose the dose 0.05 ng/g.
Galantamine hydrobromide was injected (0.05ng/g) in all tested
groups (glucose-free, glucose-treated, and 7 and 14 days glucose
washout group). A control group injected with 0.9% saline was per-
formed. In the glucose group, all animals were placed in water
without glucose 24 h before the start of experiment. The animals
were anesthetized as described and gently put in a water-soaked
gauze-wrapped hemostat with the abdomen facing up and the head
of the fish positioned at the hinge of the hemostat (the pectoral
fins were used as a landmark on the abdomen). Intraperitoneal
injections were conducted using a 3/10-ml U-100 BD Ultra-Fine™
Short Insulin Syringe 8 mm (5/16”) x 31G Short Needles (Becton
Dickinson and Company, NJ, USA) according to the protocol previ-
ously established [19]. The needle was inserted parallel to the spine
into the midline of the abdomen posterior to the pectoral fins. The
injection procedure was conducted to guarantee that the animal do
not spend more than 10s out of the water. After the injection the
animals were placed in a separate tank with highly aerated unchlo-
rinated tap water (28 &2 °C) to facilitate the animal recovery from
the anesthesia. Saline was used as control. Both galantamine and
saline were prepared freshly in the experimental day. All the ani-
mals have recovered after 2-3 min following the injection. Animals
were tested on activity locomotor and inhibitory avoidance after 2 h
of galantamine injection.

2.6. Behavioral analysis

2.6.1. Inhibitory avoidance task

After treatments adult zebrafish were individually trained and
tested for long-term memory in the inhibitory avoidance paradigm
as previously described in detail [20,18]. Briefly, an 18cm L x 9cm
W x7cm H glass tank divided in two equally sized compart-
ments, designated hereon as dark and white, separated by a sliding
guillotine-type partition (9cm x 7cm) was used. The tank water
level was 3 cm and the partition raised 1 cm above the tank floor
to allow zebrafish to swim freely from one side of the tank to
the other. Two electrodes extending through the wall height and
placed on each end side of the dark walls attached to an 8 V stim-
ulator administered a final 3+0.2V AC shock, when manually
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Table 1
Primer sequences for RT-qPCR experiments included in the study.

Sequence Forward Reverse Accession number (mRNA) Amplicon size (bp)
EFlo? 5'-CTGGAGGCCAGCTCAAACAT-3' 5-ATCAAGAAGAGTAGTACCGCTAGCATTAC-3' ENSDART00000023156 86
Rpl13c? 5'-TCTGGAGGACTGTAAGAGGTATGC-3' 5'-AGACGCACAATCTTGAGAGCAG-3' NM_212784 147
insra-1° 5'-CAACATGCCCCCTCACCACT-3 5'-CGACACACATGTTGTTGTG-3’ NM_001142672 215
insra-2" 5'-GGAGCCCCACTCGTCTAACAAA-3' 5'-CGCCGTTGTGAATGACGTATTC-3’ - 193
insrb-1° 5'-GACTGATTACTATCGCAAGGG-3' 5'-TCCAGGTATCCTCCGTCCAT-3 NM_001123229 190
insrb-2° 5_-CCACCGCCAACCCTAAAGGA-3' 5'-TTGCGATAGTAATCAGTC TCGTAAAT-3’ - 170
Glut3¢© 5'-TCGTCAATGTCTTGGCTCTG-3’ 5'-CAACATACATTGGCGTGAGG-3’ ENSDART00000016197 141
ached 5'-GCTAATGAGCAAAAGCATGTGGGCTTG-3' 5'-TATCTGTGATGTTAAGCAGACGAGGCAGG-3' NP_571921 121

According to [234], [24¢], [25P], [26°].

activated. On training session, animals were placed in the white
side of the tank while the partition between compartments was
closed. After 1 min of familiarization with the new environment,
the partition was raised, allowing fish to cross to the dark side
of the tank. When animals entered the dark side with their entire
body, the sliding partition was closed and a pulsed electric shock
administered for 5s. Fish were then removed from the apparatus
and placed in the dedicated temporary tank. Animals were tested
24 h after training. The test session repeated the training protocol
except that no shock was administered and animals immediately
removed from the dark compartment. The latency to completely
enter the dark compartment was measured on both sessions and
the test latencies used as an index of memory retention. The ani-
mals treated with galantamine were injected 2 h before training
session.

2.6.2. Locomotor activity assessment

After treatment all animals of groups (control, glucose-treated
and 7 and 14 days washout) were individually placed in the exper-
imental tank (30cm Lx 15cm Hx 10cm W) where were first
habituated to the tank for 30s, as previously described [21]. There
was no drug exposure during locomotor activity assessment exper-
iments. The animals’ locomotor activity was recorded on video for
5min after the habituation period and simultaneously analyzed
using the ANY-Maze recording software (Stoelting Co., Wood Dale,
IL, USA). The tank was virtually divided into equal sections with four
vertical lines and one horizontal line, and the following locomotion
parameters were measured: distance traveled (m) and mean speed

(m/s).

2.7. Determination of acetylcholinesterase (AChE) activity

Zebrafish were euthanized as already described and their whole
brains were removed by dissection. The brains (five whole brains
for each sample) were homogenized on ice in 60vol. (v/iw) of
50mM Tris-HCl, pH 8.0, in a glass-Teflon homogenizer. Acetyl-
cholinesterase activity was measured as the method described
previously [22] determining the rate of hydrolysis of acetylth-
iocholine (ACSCh, 0.8 mM) in 2ml assay solutions with 100 mM
phosphate buffer, pH 7.5, and 1.0 mM DTNB. Samples containing
protein (10 wg) and the reaction medium described above were
preincubated during 10 min at 25°C followed by starting of reac-
tion with addition of substrate. The hydrolysis of substrate was
monitored by the formation of thiolate dianion of DTNB at 412 nm
every 30s for 2.5 min. The linearity of absorbance toward time and
protein concentration was previously determined [23]. AChE activ-
ity was expressed as micromoles of thiocholine (SCh) released per
hour per milligram of protein. All enzyme assays were performed
in at least four different experiments, each one performed in trip-
licate. Protein was measured by the Coomassie blue method [24]
and bovine serum albumin was used as standard.
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2.8. Gene expression analysis by quantitative real time RT-PCR
(RT-qPCR)

The expression of ache, glut-3 and isoforms of insulin receptor
gene (insra-1, insra-2, insrb-1 and insrb-2) was analyzed by a quan-
titative real time reverse transcription polymerase chain reaction
(RT-qPCR) assay. TRIzol® reagent (Invitrogen, Carlsbad, CA, USA)
was employed to isolate total zebrafish brain RNA in accordance
with manufacturer’s instructions. The total RNA was quantified
by spectrophotometer (A260/280 nm) and the cDNA was synthe-
sized with ImProm-II™ Reverse Transcription System (Promega)
from 1 g of total RNA, following the manufacturer’s instructions.
Quantitative PCR was performed using SYBR® Green I (Invitrogen)
to detect double-strand cDNA synthesis. Reactions were done in
a volume of 25 wL using 12.5 pL of diluted cDNA (1:50 for EFlc,
Rpl13« and 1:100 for glut-3, insra-1, insra-2, insrb-1, insrb-2 and
ache), containing SYBR® Green I 0.2 times diluted (Invitrogen,
Carlsbad, CA, USA), 100 uM dNTP, 1 x PCR Buffer, 3mM MgCl,,
0.25U Platinum® Taq DNA Polymerase (Invitrogen) and 200 nM
of each reverse and forward primers [25-28] (Table 1). The PCR
cycling conditions were: an initial polymerase activation step for
5 minutes at 95 °C, 40 cycles of 15s at 95 °C for denaturation, 35s
at 60°C for annealing and 15s at 72 °C for elongation. At the end
of the cycling protocol, a melting-curve analysis was included and
fluorescence measured from 60 to 99 °C. Relative expression lev-
els were determined with 7500 Fast Real-Time System Sequence
Detection Software v.2.0.5 (Applied Biosystems). The efficiency
per sample was calculated using LinRegPCR version 2012.3 Soft-
ware (http://LinRegPCR.nl) and the stability of the references genes,
EF1a and Rpl13a (M-value) and the optimal number of reference
genes according to the pairwise variation (V) were analyzed by
GeNorm 3.5 Software (http://medgen.ugent.be/genorm/). Relative
RNA expression levels were determined using the 2-2ACT method
[29,30].

2.9. Statistical analysis

All data were expressed as mean +standard error of mean
(S.E.M). Inhibitory avoidance data were analyzed by Kruskal-Wallis
non-parametric analysis of variance followed by Dunn’s for com-
parisons among groups. Data of the locomotion, biochemical and
molecular assessment were analyzed by one-way ANOVA test fol-
lowed by Tukey post hoc test, considering treatment as a factor.
Significance was set at p<0.05.

3. Results

As confirmed before by Capiotti et al. [16], the treatment with
111 mM glucose increased the blood glucose concentration after 14
days of treatment (control: 4.015+0.3158 mM; Glucose-treated:
8.83+0.663 mM; p<0.0001).
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3.1. Inhibitory avoidance task

In order to evaluate if hyperglycemia could be causing a deficit
on memory, we submitted the animalsto the inhibitory avoidance
paradigm. All animals groups had their memory tested 24 h after
training. Importantly, no differences were found between train-
ing latencies for all groups. Our results demonstrated that animals
exposed to 111 mM glucose had a decrease on the latency on the
test session (p<0.0001) (Fig. 1). Therefore, to ascertain that hyper-
glycemia continues to affect the memory even after 7 or 14 days of
glucose washout, we performed the same experiment of inhibitory
avoidance with washout groups. Our results demonstrated that
washout groups (7 and 14 days) also demonstrated a decrease of
latency on test session (p <0.0001 and p<0.05, respectively) (Fig. 1).
However, these 14 days of glucose withdrawal seem to promote
an improvement in memory compared to the 7 days of glucose
withdrawal (Fig. 1).

3.2. Locomotor activity assessment

To evaluate if hyperglycemia could alter locomotor parame-
ters, we firstly observed the locomotor activity of animals treated
in 111 mM glucose and washout group (7 days). Our results
demonstrated that there are no differences in distance trav-
eled [F339)=0.2772; p=0.7594] and mean speed [F 39) =0.1729;
p=0.8418] between control, 111 mM glucose-treated and w ashout
group (data not showed).

3.3. Effect of hyperglycemia on acetylcholinesterase (AChE)
activity

After verify that hyperglycemia modifies memory parameters
in zebrafish, we observed if the glucose treatment was able to
induce changes on AChE activity in brain from adult zebrafish. Our
resultsdemonstrated that AChEactivity wassignificantly increased
in 111 mM glucose group (15% [F(2 25 =16.35; p=0.0001] when
compared to control group (Fig. 2). There are no changes on AChE
activity in glucose-washout 7 days group when compared to con-
trol group, but when compared to 111 mM Glucose group therew as
areduction of AChE activity (25%), [F(225) =16.35 p=0.0001].
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Fig. 1. 111mM glucose and washout (7 and 14 days) treatment induces long-
term memory deficits in inhibitory avoidance task. C: control-treated animals, Glu:
111 mM glucose-treated animals, W 7: Washout 7 days — treated animals, W 14:
Washout 14 days — treated animals. Control animals were manipulated similarly
but exposed to water only. Bars indicate animals’ mean latencies + SEM to cross
compartment (in seconds) in training (TR) and test (TT) sessions. At least eleven
zebrafish were used for each group. *p<0.05, **p<0.01 and ***p<0.0001 indicate
statistically significant difference between latencies test sessions for control group
animals.

55

c 250~ **

] 3 Control

£ 200 111 mM Glucose
s Bl Washout - 7 days
—'ﬂ 150

E

& 1004

]

o

@ 50

-]

E

Fig. 2. Effect of 111 mM glucose and glucose-washout (7 days) treatment on acetyl-
choline hydrolysis. ** indicates significantly difference when compared to the
control group. # indicates significantly difference when compared to the 111 mM
glucose group. Data represent means+ SEM of four different experiments, each
one performed in triplicate. Data were analyzed statistically by one-way ANOVA
followed by Tukey test as post hoc test, considering a p <0.05 significant. The spe-
cific enzyme activity is reported as micromole of thiocholine released per hour per
milligram of protein.

3.4. Effect of galantamine treatment on hyperglycemic zebrafish

3.4.1. Inhibitor avoidance task

In order to evaluate if galantamine could reverse the deficit on
memory caused by hyperglycemia, we submitted the animals to
theinhibitory avoidance paradigm 2 h after galantamine treatment.
Our resultsdemonstrated that galantamine was able to reverse the
memory deficit caused by hyperglycemia (p<0.001) (Fig. 3).Impor-
tantly, no differences were found between training latencies for all
groups.

3.4.2. Locomotor activity assessment

To evaluate if galantamine could alter locomotor parame-
ters, we observed the locomotor activity of animals treated
in control, galantamine 0.05ng/g, 111 mM glucose and 111 mM
glucose +galantamine group. Our results demonstrated that the
treatment with galantamine decreased the distance traveled
[F3,28) =7.145; p=0.0013] (Fig. 4A) and mean speed [F3 30) =4.693;
p=0.0072] (Fig.4B)in comparison to 111 mM glucose group. Galan-
tamine by itself showed no statistical difference from the saline
group.

3.5. Effect of hyperglycemia on ache, insulin receptors, and glut-3
expression in brain of zebrafish

To evaluate whether the treatment with 111 mM glucose and 7
days of washout could alter the gene expression of AChE, real-time
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Fig. 3. Hyperglycemia caused by 111 mM glucose treatment by 14 days caused
cognitive deficits that were reversed by galantamine (0.05ng/g). S: saline-treated
animals, Gal: Galantamine-treated animals, Glu: 111 mM glucose-treated animals,
Glu+Gal: 111 mM Glucose + Galantamine-treated animals. At least nine zebrafish
were used for each group. Animals received single intraperitoneal injection galan-
tamine (0.05 ng/g) 2 h before the training session. ***p<0.001 and *p <0.05 indicate
statistically significant difference betw een latencies on test sessionsto control group
animals and #p<0.001 indicates difference between latencies on test session to
glucose group.
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Fig. 4. Effect of 111 mM glucose, galantamine (Gal - 0.05ng/g), 111 mM glu-
cose + galantamine (Gal - 0.05ng/g) on distance traveled (A) and mean speed (B),
during 5 min of video recording. Data were expressed as mean & S.E.M. At least seven
zebrafish were used for each group and analyzed by one-way ANOVA followed by
Tukey post hoc test. #p <0.001 denotes a significant difference from 111 mM glucose
group.
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Fig.5. Effect of 111 mM glucose treatment by 14 days and washout of 7 on ache gene
expression in zebrafish brain. At least four zebrafish were used for each group. Data
are expressed as mean +S.E.M of experiments performed in quadruplicate. Data
were analyzed by one-way ANOVA followed by Tukey post hoc test. The *p <0.05
represents a significant difference from the control group. #p<0.05 represents a
significant difference from the 111 mM glucose group.

quantitative PCR analyses were performed when kinetic alterations
were observed. We also evaluate if hyperglycemia was able to alter
the gene expression of insulin receptors and glut-3 in zebrafish
brain. The results demonstrated that the AChE expression levels
were significantly decreased after treatment with 111 mM glu-
cose [Fp1y)=10.93; p=0.0006] (Fig. 5). However, there were no
changes in washout group (7 days) when compared to control
group. There were no changes in insulin receptors (insra-1, insra-2,
insrb-1 and insrb-2) and glut-3 genes expression of animals treated
with 111 mM glucose or from washout group when compared to
control group (Data not show).

4. Discussion

In the present study, we demonstrated that hyperglycemia was
able to induce deficit memory linked to AChE activity increase in
brain of adult zebrafish. We induced hyperglycemia by immersing
zebrafish in a 111 mM glucose solution for 14 days, and evaluated
the acquisition of memory and locomotion parameters. We also
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evaluated the same parameters after glucose withdrawal. After, we
performed the evaluation of AChE activity and molecular analysis
of insulin receptors, glut-3 and ache in the brain of adult zebrafish.
Furthermore, we used an inhibitor of AChE, galantamine, in order
to understand whether the effects on memory acquisition of hyper-
glycemic animals could be dependent on AChE activity.

The present study demonstrated that the hyperglycemia is able
to induce memory impairment. This result corroborates with the
data found in literature, which demonstrate that DM is a risk
factor for cognitive impairment and dementia [4,31]. The hyper-
glycemia has been proposed as a mechanism that may contribute
to the association between DM and reduced cognitive function [32].
Kanaya et al. [33], demonstrated that chronic hyperglycemia may
mediate the relationship between DM and cognitive decline, and
that improved glycemic control may prevent cognitive decline,
as well as data found by [34] and [35]. In a prior study, Capi-
otti et al. [16] showed that the chronic treatment with glucose
in adult zebrafish induced persistent hyperglycemia, insulin resis-
tance and an increase of glycation of proteins from zebrafish eyes,
demonstrating that high glucose concentration is able to induce
persistent metabolic changes. In this paper, our results showed
that animals treated with 111 mM glucose by 14 days had mem-
ory impairment in inhibitory avoidance task, demonstrating that
this effect seems to be persistent as blood glucose levels are still
high. As glucose metabolism can affect several cellular functions,
the memory impairment seems after 7 days of glucose withdrawal,
which was exactly in the same magnitude of glucose-treated ani-
mals, and the partially impaired memory after 14 days of glucose
withdrawal could be a response of changes in synaptic plastic-
ity and transmission [36,37], as a consequence of synthesis and
degradation of neurotransmitters and neuromodulators, such as
acetylcholine. However, in this study acetylcholine degradation
returned to control levels after glucose withdrawal, suggesting that
another persistent mechanism are playing some role in the mem-
ory dysfunction. In fact, the use of scavenger to recover cognitive
effects of diabetes have being suggested the role of reactive oxygen
species in this context [38].

The control of acetylcholine (Ach) levels executed by AChE
enzyme plays a crucial role in learning and memory process
[39-42]. Anincreased level of Ach in the synaptic cleft are observed
in several brain areas during a performance in behavioral task,
demonstrating the involvement of this system in learning pro-
cesses and memory [42]. Some authors suggested that alterations
in the lipid membrane observed during the diabetic state could be
a decisive factor in the modification of the conformational state of
the AChE molecule and would explain changes in the activity of
this enzyme [43,44]. According to Schmatz et al. [45] and Mushtaq
et al. [46], AChE activation found in diabetic rats may be medi-
ated by free radical production and consequent oxidative stress in
the different brain regions. Our results showed that AChE activity
was increased in animals treated with 111 mM glucose, suggest-
ing a minor amount of Ach in the synaptic cleft, which could be
associated with the cognitive worsening observed.

The alterations promoted by 111 mM glucose in AChE activ-
ity could be a consequence of transcriptional control. Our results
demonstrated that the mRNA expression levels of AChE were
decreased in 111 mM glucose group probably as a consequence of
the continuous control of transcription machinery to adjust gene
expression profile of the cell, a phenomenon known as negative
feedbackloop [47,48]. This complex kind of control of signaling sys-
tem is situated at the interface of genetic and metabolic networks,
and could explain the concomitant increase of Ach hydrolysis and
the decrease of AChE mRNA levels in zebrafish brain treated with
111 mM glucose.

Our results also demonstrated that AChE activity was decreased
in washout (7 days) group while the AChE mRNA levels increased
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after glucose withdrawal. However, this rearrangement was not
able to reverberate in memory rescue, at least after 7 days of glu-
cose withdrawal, but after additional 7 days of glucose withdrawal
the index of memory retention increased, but not enough to reach
similar results as the control.

Some studies have found an increased AChE activity in brain
associated to cognitive impairments in diabetics [45,46] which is
supported by observation in the present study that galantamine, an
AChE enzyme inhibitor, reverted the memory dysfunction induced
by hyperglycemia. Galantamine has a unique dual mode of action,
combining the reversible, competitive inhibition of AChE with pos-
itive allosteric modulation of nicotinic receptors [49-51]. At low
doses, galantamine binds allosterically to nicotinic receptors and,
at high dose, the main effect of galantamine is mediated through
its inhibitory action on nicotinic receptors [52]. Our results showed
that galantamine was able to recover the memory deficit caused
by hyperglycemia, demonstrating that AChE enzyme is highly
involved in the worsening of memory caused by hyperglycemia.
Meanwhile, we cannot rule out the possible unspecific effects of
galantamine, such as a scavenger of reactive oxygen species, which
was already demonstrated by in vitro and in vivo investigations
[53].

5. Conclusions

In summary, our data demonstrated that the exposure of
zebrafish to glucose diluted in water during 14 days induced a
prolonged memory impairment linked to increased AChE activ-
ity increase. The galantamine treatment, reverted the effect caused
by hyperglycemia on memory, demonstrating that cognitive wors-
ening observed is directly related with AChE activity. Different
mechanisms may be operating in the CNS and induce changes in
cognitive function in diabetic patients beyond the cholinergic dys-
function, in this way more studies on the level of basic cellular
mechanism are needed to understand the CNS dysfunction caused
by hyperglycemia.
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Abstract

Hyperglycemia is the main feature for the diagnosis of Diabetes Mellitus (DM). The DM has
been recognized as an independent risk factor for development of cognitive impairment. Some studies
have demonstrated the relationship between DM and dysfunction on neurotransmission systems. such
as the purinergic system. In this study. we evaluated the extracellular nucleotide hydrolysis and
adenosine deamination acfivities from encephalic membranes of hyperglycemic zebrafish. A
significant decrease in ATP. ADP. and AMP hydrolysis was observed at 111 mM glucose-treated
group. which returned to normal levels after 7 days of glucose withdrawal. A significant increase in
ecto-adenosine deaminase (ecto-ADA) activity was observed in 111 mM glucose group. which remain
elevated after 7 days of glucose withdrawal. The soluble-adenosine deaminase (soluble-ADA) activity
was significantly increased just after 7 days of glucose withdrawal. We also evaluated the gene
expression of E-NTPDases. ecto-5"-nucleotidase, ADA and adenosine receptors from encephala of
adult zebrafish. The enipd 2a.1. entpd 2a.2. entpd 3 and entpd 8 mRNA levels from encephala of adult
zebrafish were decreased in 111 mM glucose-treated and glucose withdrawal group. The gene
expression of adenosine receptors (adora;, adoras,;, adoras,> and adoray,) was decreased in 111 mM
glucose-treated and glucose withdrawal group. The gene expression of ADA (ada 2a.1) was decreased
in glucose withdrawal group. These findings demonstrated that hyperglycemia might affect the
ectonucleotidase and adenosine deaminase activities and gene expression in zebrafish, suggesting that
the modifications caused on purinergic system may also contribute to the diabetes-induced progressive

cognitive impairment.
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Introduction

The incidence of Diabetes Mellitus (DM) is increasing rapidly worldwide, reaching
approximately 382 nullion people [1]. According to International Diabetes Federation (2013) [1], there
1s an alarming estimate that this number will raise to 582 mullion people by 2035. DM is a chronic
disease, characterized by hyperglycemia, resulting from defects in insulin secretion, msulin action or
both [2, 3]. The effects of this disease are bemg strongly associated with neuwrophysiological,
neurochenucal and behavioral modifications mn brain of patients, that are also observed in animal
model of DM [4-8].

Several studies have shown that dysfunction of synaptic plasticity in diabetic subjects may be
related to the inefficiency of neurofransmutter release [9, 10]. One possible strategy to correct the
changes m synaptic efficiencies caused by DM can be through of analysis of the presynaptic
neuromodulation systems, as purinergic system [9, 10]. Ademine nucleotides represent an important
class of extracellular molecules involved m modulation of signaling pathways that are essential to the
normal functioning of the central nervous system (CNS) [11].

Purine nucleotides, ATP and ADP, and the nucleoside. adenosine, act as extracellular
messengers and their levels are controlled by a cascade of ecto-enzymes, mcluding ecto-nucleoside
triphosphate diphosphohydrolases (ENTPDases), ecto-nucleotide
pyvrophosphohydrolases/phosphodiesterases (ecto-NPPs), ecto-alkaline phosphatases (APs), and ecto-
5'nucleotidase [12]. The hydrolysis of ATP to AMP 1s catalyzed mainly by a fanuly of ENTPDases.
The nucleotide AMP 15 hydrolyzed to adenosine, an important neuromodulator. by the action of an
ecto-5"-nucleotidase (CD73, EC 3.1.3.5) [13-15]. Extracellular concentrations of adenosine are also
regulated by the interplay of equilibrative and concentrative nucleoside transporter with enzymes of
adenosine metabolism, as adenosine deaminase [16].

Some authors have suggested that diabetic conditions may alter the purinergic tonus by
mducing adaptive changes of the sensibility of adenosine receptors in the brain [17, 18]. Also, Schmatz
et al.(2009)[19] demonstrated that ATP, ADP, and AMP hydrolysis were imcreased in synaptosomes
from STZ-induced diabetic rats, as well as, Lunkes et al. (2004)[20], demonstrated that diabetic rats
show an increase in NTPDase and 5°-nucleotidase activities.

Considering the importance to control nucleotides and nucleosides levels to the properly

neurotransmission in CNS functioning and that cognitive impairment is a long-term consequence of

64



Diabetes Mellitus, the aim of the present study was to evaluate the activity and expression of these

enzymes and adenosine receptors in adult zebrafish submutted to a hyperglycenua model.

Material and Merhods

Animals

Adult zebrafish (Danio rerio) wild type (Tiibingen background; 3 — 5 cm) of both sexes were
purchased from commercial suppliers and acclimated for at least 14 days in the experimental room.
Animals were housed in groups of 15 fish in 5-L thermostated (28 £ 2 °C) tanks, kept under constant
chemical, biclogical and mechanical water filtration and aeration (7.20 mg O»/L). Fish were maintained
under a 14-10 h day/might photoperiod cycle, fed three times a day with commercial flakes
(TetraMin™, NC, USA) and supplemented with live brine shrimp. All fish used in these experiments
were randomly chosen from different clusters. The animals were submitted to hypothermia by exposure
to ice water flocked followed by decapitation as endpomt. All protocols were approved by the
Institutional Animal Care Committee (12/00310—-CEUA PUCRS) and followed Brazilian legislation,
the guidelines Federal Council of Veterinary Medicine (CFMV), and the Canadian Council for Animal
Care (CCAC) “Guide on the Care and Use of Fish 1n Research, Teaching, and Testing™.
Drugs

Glucose was purchased from Nuclear™ (Sdo Paulo, Brazil). Trizma Base, EDTA, EGTA,
sodium cifrate, Coomassie blue, bovine serum albumin, malachite green, ammonium molybdate,
polyvinyl alcohol, nucleotides, calcium, and magnesium chloride were purchased from Sigma

Chemical Co. (St. Louis, MO, USA). Magnesium chloride, phenol, and sodium nitroprusside were

purchased from Merck (Darmstadt, Germany). All other reagents used were from analytical grade.

Hyperglycemia model
Groups of 15 adult animals were placed in 5-L aquariums containing 111 mM glucose

solution, which were diluted in water and maintained during 14 days at room temperature as described
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m previous section according to Capiotti et al. (2014a)[8]. The solutions of glucose were exchanged
three times per week to avoid contamination with opportunistic microorganisms. Control group
animals were maintained 1n 5-L aquarrums with normal water for the same period and conditions as the
glucose-treated groups. The amimals were placed m 111 mM glucose and were monitored for signs of

stress as such as difficulty for swimming or excessive gill movement [21].

Withdrawal of glhicose

In order to venfy if the effects caused by 111 mM glucose solution treatment would be
persistent, a group of 15 fish was kept in glucose-free water by additional 7 days (washout group, no
glucose added) [8]. Durning this period, the animals were maintained at the same conditions of welfare
described 1in previous section. Control group amimals were maintained mn aquarrums with water for the

same period and were handled as washout group.

Preparation of soluble and membrane fractions from zebrafish encephalon

The animals were cryoanesthetized, euthamized by decapitation, and encephalon were
dissected [22]. Encephalic samples were prepared as previously described and each independent
experiment was performed using biological preparations consisting of a “pool” of five encephalon [23-
25]. Following the dissection, the whole zebrafish encephalon were homogenized 1n a glass-Teflon
homogenizer according to the protocol for each enzyme assay. For E-NTPDase and ecto-5'-
nucleotidase assays, zebrafish encephalon were homogenized in 60 vol. (v/w) of chilled Tris—citrate
buffer (50 mM Trns—citrate, 2 mM EDTA. 2 mM EGTA, pH 7.4). For ecto-ADA experiments,
encephalon were homogenized in 20 vol. (v/w) of chilled phosphate buffered saline (PBS), with 2 mM
EDTA, 2 mM EGTA, pH 7.4. The encephalic membranes were obtamned as previously described [26].
The homogenates were centrifuged at 800 =g for 10 nun and the supernatant fraction was subsequently
centrifuged for 25 nun at 40.000 xg_ The resultant supernatant and the pellet obtained corresponded to
the soluble and membrane fractions, respectively. For soluble ADA activity experiments, the
supernatant was collected and kept on ice for enzyme assays. The pellets of membrane preparations
were frozen 1n liquid nitrogen, thawed, resuspended 1in the respective buffers (to ensure the lysis of the
encephalic vesicle membranes) and centrifuged for 20 min at 40.000 *g. The final pellets were

resuspended and used for assays to ectonucleotidases and ecto-ADA . All samples were maintained at
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2—4 =C throughout preparations. Protein was measured by the Coomassie blue method [27] using

bovine serum albumin as a standard.
Ectonucleotidase assays

E-NTPDase and ecto-5"-nucleotidase assays were performed following previous described
methods [23, 25]. Zebrafish encephalic membranes (3—5 pg protein) were added to the reaction
medium contamming 50 mM Tris—HCI (pH 8.0) and 5 mM CaCl; (for the E-NTPDase activity) or 50
mM Tris—HCI (pH 7.2) and 5 mM MgCl, (for the ecto-5"-nucleotidase activity) at a total volume of 200
pL. The samples were preincubated for 10 min at 37 °C and the reaction was started by the addition of
the substrate (ATP, ADP or AMP) to a final concentration of 1 mM. The reaction was terminated after
30 nun by the addition of 200 pL trichloroacetic acid at a final concentration of 5%, and then the
samples were chilled on 1ce for 10 mun. The colorimetric reagent composed by 2.3% polyvinyl alcohol,
5.7% ammonium molybdate, and 0.08% malachite green was added (1 mL) in order to determune the
morganic phosphate released (P1) [28]. The quantification of Pi released was determined
spectrophotometrically at 630 nm and the specific activity was expressed as nmol of Pi min~ mg™ of
protein. Controls with the addition of the enzyme preparation after the addition of trichloroacetic acid
were used to correct non-enzymatic hydrolysis of the substrates. All enzyme reactions were performed

with triplicate samples. At least seven mdependent experiments were performed.
Adenosine deaminase assays

Ecto- and soluble-ADA activities were determined as previously described [24]. The
encephalic fractions (5-10 pg protein) were added to the reaction mixfure containing 50 mM sodium
phosphate buffer (pH 7.0) and 50 mM sodium acetate buffer (pH 5.0) for soluble and membrane
fractions, respectively. The samples were preincubated for 10 nun at 37 °C and the reaction was started
by the addition of substrate (adenosine) to a final concentration of 1.5 mM, in a final volume of 200
pL. The reaction was stopped by the addition of 500 pL phenol-nitroprusside reagent (50.4 mg of
phenol and 0.4 mg of sodium nitroprusside/ml) after 75 nun (soluble fraction) and 120 min (membrane
fraction). ADA activity was determuned spectrophotometrically by measuring the ammonia produced
over a fixed time interval using a Berthelot reaction according to [29]. The reaction mixtures were

muxed to 500 pL of alkaline-hypochlorite reagent (sodium hypechlorite to 0.125% available chlorine,
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in 0.6 M NaOH) and vortexed. Samples were incubated at 37 °C for 15 min and the colorimetric assay
was carried out at 635 nm. The ADA activity was expressed as nmol of NH; min™ mg™' of protein.
Controls with the addition of the enzyme preparation after mixing with phenol-mtroprusside reagent
were used to correct the substrates’ non-enzymatic hydrolysis. All enzyme reactions were performed

with triplicate samples. At least five independent experiments were performed.

Gene expression analysis by quantitative real time RT-PCR (RT-gPCR)

The gene expression of ADA subfamilies (adal, adaZ.il, ada2.2) mcluding an alternative
splicing 1soform (adaasi) and, an adenosine deamunase like related gene (adal), adenosmne receptor
subtypes (adora;, adora,,;, adora,,; and adoras), ectonucleotidases (enipdl, entpd2a.l, entpd2a.2,
entpd2-like, entpd3 and entpd8) and ecto-5"-nucleotidase (nf3e) were determuned. Total RNA was
isolated with Trizol® reagent (Invifrogen, Carlsbad, Califormia, USA) in accordance with the
manufacturer’s mstructions. The total RNA was quantified by spectrophotometry and the cDNA was
synthesized with ImProm-II™ Reverse Transcription System (Promega, Madison, WI, USA) from 1 pg
of total RNA, following the manufacturer’s instructions. Quantitative PCR was performed using
SYBR® Green I (Invitrogen) to detect double-strand cDNA synthesis. Reactions were done in a volume
of 25 pL using 12.5 pL of diluted ¢cDNA, containing SYBR® Green I 0.2 times diluted (Invitrogen),
100 pM dNTP, 1 x PCR Buffer, 3 mM MgCl,, 025 U Platinum® Taq DNA Polymerase (Invitrogen)
and 200 nM of each reverse and forward primers (Table 1) [30-33]. The PCR cycling condifions were:
an imitial polymerase activation step for 5 min at 95°C, 40 cycles of 15 s at 95°C for denaturation, 35 s
at 60 °C for annealing and 15 s at 72°C for elongation. At the end of cycling protocol, a melting-curve
analysis was included and fluorescence measured from 60 to 99 °C and showed in all cases one single
peak. efla and rpll3a were used as reference genes for normalization Relative expression levels were
determined with 7500 and 7500 Fast Real-Time PCR Systemis Software v.2.0.6 (Applied Biosystems,
California, USA). The efficiency per sample was calculated wsing LinRegPCR version 20123

Software (http://LinRegPCR nl). Relative mRNA expression levels were determined using the FAACT

method[34, 35].
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Staristical Analysis

The data are shown as mean+SEM. of at least seven (Ectonucleofidase assays), five
(Adenosine deaminase assays) and four (molecular analysis) independent experiments. Data were
analyzed by one-way ANOVA followed by Tukey post-hoc test or Student T Test when appropriated.

p < 0.05 were considered as significant.

Results
Blood glucose levels and mortality

As confirmed before by Capiotti et al. (2014b) [36] the profile of blood glucose levels from
the experimental groups showed an increase of 117% i the 111 mM glucose-treated amimals in
relation to control group [p<0.0001] (control: 4015 = 0.3158 mM; Glucose-treated: 8.83 £ 0.663 mM;
p<0.0001), while after 7 days of glucose withdrawal the animals kept 50% of increase of blood glucose
levels in relation to the specific control [p=0.02]. The 111 mM de glucose-treated groups showed

mortality of 20%.

Nucleotide hydrolysis from encephalic membrane of zebrafish after hyperglycemia

We evaluated the influence of hyperglycenua on ATP, ADP and AMP hydrolysis activities
from encephalic membrane of adult zebrafish The figures 1A-C show that adult zebrafish exposed to
111 mM glucose significantly decreased the ATP (29%) [F pag = 7.212; p = 0.003], ADP (58%) [F
a4 = 11.59; p = 0.0003] and AMP (32%) [F a7 =4.991; p=0.0143] hydrolysis when compared to
control groups. After 7 days of glucose withdrawal, the nucleotide hydrolysis returned to levels sinular

to confrol group (Figure 1A-C).

Nucleoside hydrolysis from encephalic membrane of zebrafish after hyperglycemia

After verifying that hyperglycemia modifies the ATP, ADP and AMP hydrolysis from
encephala of zebrafish, we observed whether the hyperglycenua was able to promote changes on ecto-
ADA and soluble-ADA activities from encephalic membrane of adult zebrafish Our results
demonstrated that ecto-ADA activity was increased (61%) in 111 mM glucose-treated animals (Figure
2A) [F 17y =5.594; p=0.0136], when compared to control group. After 7 days of glucose withdrawal,
the ecto-ADA activity remained mcreased (62%) [F g7y = 5.594; p = 0.0136] (Figure 2A). We also

evaluated soluble-ADA activity. Our results demonstrated that glucose-treated animals had their
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soluble-ADA activity unaltered while, after 7 days of glucose withdrawal, the soluble-ADA activity
was significantly increased (38%) [F .19y = 53.87; p < 0.0001], when compared to control group

(Figure 2B).

Effect of hyperglvcemia on entpdases, ntie, ada and adora gene expression from encephala of adult
zebrafish

Quantitative RT-PCR experiments were performed to verify whether the hyperglycemia could
alter the expression of ectonucleotidases, ADA related genes (adal, ada2.l, ada2.2, adaasi and adal)
and adenosine receptors (adora;, adora,, ;. adora,, ; and adoras). Our results showed a decrease of the
entpd 2a.1, entpd 2a.2 and entpd 3 and entpd & genes expression in both groups analyzed: 111 mM
glucose and washout group. Nevertheless, the enipd I, entpd 2-like and nt5e genes expression did not
change (Figure 3). Regarding ADA-related genes expression, we observed a decrease of the adaZ.l
gene expression. while no changes were observed 1n the other 1soforms of ada (Figure 4). Furthermore,
the evaluation of adenosine receptors in encephala of zebrafish demonstrated that adoral, adoraZa.l,
adora2a.2 and adora2b were decreased in 111 mM glucose group. After 7 days of glucose withdrawal,

only adora; adenosine receptor, returned to levels similar to control group (Figure 5).

Discussion

In the present study, we evaluated the E-NTPDases, ecto-5"-nucleotidase and ADA activifies
from encephala in a model of hyperglycenua vsing zebrafish. We also evaluated the same biochenucal
parameters after 7 days of glucose withdrawal After, we performed the evaluation of the enipdases,
ada-related and adora gene expression from encephala of adult zebrafish. The blood glucose levels
from glucose-treated and washout amimals demonstrated the same profile already developed m

previous works [8, 36].

Nucleotides are important extracellular messengers in both physiological and pathological
conditions [9]. Affer its release in the synaptic cleft, ATP can be catabolized to ADP, AMP, and
adenosine. E-NTPDases and ecto-5'-nucleotidase action regulates the concentrations of ATP, ADP, and
AMP by increasing/decreasing their hydrolysis with a consequent increase/decrease in adenosine levels

[13]. Extracellular concentrations of adenosine mught be regulated by adenosme uptake wvia bi-
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directional transporters [37]. Adenosine uptake followed by its phosphorylation to AMP by adenosine
kinase or deamination to inosine by ecto-adenosine deaminase are two possible mechanisms able to
promote the inactivation of adenosme signaling [38—40].

Previous studies demonstrated that purmergic signaling was altered in rats subnutted fo
diabetes mellitus. Schmatz et al.(2009) [19] showed that extracellular nucleotide hydrolysis was
mereased in synaptosomes from the cerebral cortex of rats submitted to streptozotocin-induced
diabetes. Lunkes et al. (2004) and Miron et al. (2007) [20. 41] also demonstrated an increase on the
activities of the enzymes E-NTPDase and ecto-5"-nucleotidase m platelets and synaptosomes from the
cerebral cortex of rats with alloxan-induced diabetes. In contrast fo these results, our findings showed
that hyperglycemuia reduces significantly ATP, ADP, and AMP hydrolysis promoted by E-NTPDases
and ecto-3'-nucleotidase m zebrafish encephalic membranes. Likewise, Duarte et al. (2007)[42]
demonstrated that ATP catabolism was decreased in diabetic rats, possibly due to decreased activity of
ectonucleotidases.

The effect observed in ATP hydrolysis in encephalic membranes of zebrafish suggests that
specific exfracellular nucleotide-hydrolyzing enzymes may be mvolved in the effects observed. While
we don’t have specific information about the catalytic properties of ectonucleotidase isoforms
expressed in zebrafish assuming data from mamals and amplubian such as Xenopus laevis, the
decrease in ATP hydrolysis seems here could involve NTPDase 2. due to hydrolysis ratio 30:1
(ATP:ADP) that contributes more effectively to ATP hydrolysis when compared with other NTPDases
[13, 43]. In fact, the expression of E-NTPDase 2 isoforms (enfpd2a.l and entpd2a) was significantly
decreased 1n glucose-treated zebrafish. In this same way, the decrease in ADP hydrolysis could indicate
a response to enpid3 and entpd$ reduced expression m glucose-treated anumals. Inferestingly, the gene
expression levels of nrie have not changed, suggesting that the decrease of AMP hydrolysis observed
i1s probably not directly related to nrie gene expression control but possible by stoichiometric
mechanism, since ADP and ATP are strong inhibitors of ecto-5"-nuleotidase [44]. Nucleotides
hydrolyzes were fully recovered after 7 days of glucose withdrawal, probably in function of the partial
recovery of glycemie control.

ADA 1s located both 1n the cytosol and in the cell membrane and the regulation of bram
adenosine levels might be promoted by distinet ada members (adal, ada? and adal) [24, 45, 46].

Evidences suggest that ecto-ADA (ADA1) can be anchored to the cell membrane by the A R adenosine
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receptor as well, in order to down regulate the signal produced by adenosine [47]. Our results
demonstrated that ecto-ADA activity was significantly increased in 111 mM glucose group, suggesting
a decrease 1n adenosine levels i synaptic cleft. There is some consensus that a decrease of adenosine
levels could be related with cognitive impairment observed mn diabetic rats [8, 48, 49], which also
could be suggested be occwrring in the zebrafish hyperglycemic model.

At least in human plasma, the soluble-ADA has a lugh K,; value for the reaction of
deamination suggesting that this enzyme requires a high adenosine concentration for its activity [50].
Previous studies have reported that the regulation of adenosine levels in mtracellular and extracellular
fractions in the zebrafish encephala might be promoted by distinct ada members (adal, ada? and
adal), which have diverse gene expression patterns and activity properties [24, 46] and might
contribute for the regulation of adenosine levels in different manners.

The results demonstrated that the relative gene expression levels of ada (adal.l) was
sipnificantly decreased m 111 mM glucose, suggesting that the increase of adenosine hydrolysis
promoted by soluble-ADA is probably not directly related to a reduced ada gene expression. The
transcription machinery is continuously controlled by a complex signaling system, creating a set of
signals able to adjust gene expression profile of the cell. The signal transduction can be exerted by
proteins, products of enzyme reactions or even toxins able to regulate transcription factors [51]. The
phenomenon known as negative feedback loop [51, 52], which is situated at the interface of genetic and
metabolic networks, could explain, at least in part, the sunultaneous increase of adenosine hydrolysis
and the decrease of ada2.] franscripts in zebrafish encephala.

Regarding the relative pene expression of adenosine receptors, we verified a decrease in
mRNA transcripts of adoray, adora,,;, adera,, ; and adora,, receptors in encephala of hyperglycemic
zebrafish. Previous studies reported a change of adenosine sensitivity in the hippocampus of diabetic
rats [17, 18, 53], suggesting that diabetic conditions may also mduce an adaptive change of the density
of adenosine receptors in the bramn. Faulhaber-Walter et al. (2001)[54], demonstrated that the decrease
of adora; adenosine receptor signaling is strongly linked to impaired glucose tolerance and insulin
resistance.

Previous studies from our group demonstrated that hyperglycemic zebrafish has mmpaired
memory, probably by the mecapacity to keep proper cholinergic signaling as a result of increased

acetylcholinesterase activity [36]. As cholinergic system is closely related to purinergic system, based
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on the co-release of acetylcholine and ATP, and in the adenosine control of acetylcholine release [55],
the alteration on nucleotide and nucleoside metabolism detected after the hyperglycemue status could
contribute to the neurophysiological disturbance that could implicate in the development of cognitive

unpairment.

Conclusions

The present study provides evidences that the purinergic signaling system 1s compromised in
the central nervous system of zebrafish treated with 111 mM glucose. Molecular changes are observed
even after 7 days glucose free. The modifications could lead to alterations in the modulation of
neurotransmission, which may also contribute to the diabetes-induced progressive cognitive

unpairment.
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LEGEND OF FIGURES

Figure 1: Effect of hyperglycemia model on ATP (A), ADP (B), and AMP (C) hydrolysis in
zebrafish brain membranes. Bars represent the mean = S.E.M. of at least seven independent
experiments performed in triplicate. The symbol (*) represents a significant difference from control
group (one-way ANOVA, followed by Tukey test as post hoc, P < 0.05). The specific enzyme

activity is reported as nmol of Pi .min"' .mg ' of protein.

Figure 2: Effect of hyperglycemia model on membrane-bound (A) and soluble (B) ADA activity
from zebrafish brain. Bars represent the mean = S.E.M. of at least five independent experiments
performed in triplicate. The symbol (*) represents a significant difference from control group (one-
way ANOVA, followed by Tukey test as post hoc, P < 0.05). The specific enzyme activity is

reported as nmol of NH; .min"' .mg ' of protein.

Figure 3: Effect of hyperglycemia on entpdl, entpd2a.l, entpd 2a.2, entpd2-like, entpd3, entpd8
and nt5e gene expression in 111 mM glucose and glucose washout. Data are expressed as mean =+

SEM of four independent experiments performed in quadruplicate.

Figure 4: Effect of hyperglycemia on ada gene expression pattern in 111 mM glucose and glucose
washout group. Data are expressed as mean + S.E.M. of four independent experiments performed in

quadruplicate.

Figure 5: Effect of hyperglycemia on adoragene expression pattern in 111 mM glucose and glucose

washout group. Data are expressed as mean + S.E.M. of four independent experiments performed in

quadruplicate.
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4 DISCUSSAO E CONCLUSAO

Os resultados apresentados nessa tese demonstram a
caracterizagdo de um modelo de hiperglicemia induzido por exposi¢ao a
glicose por 14 dias em peixe-zebra adulto. Tal modelo é capaz de causar
alteracbes mnemaodnicas que podem ser correlacionaveis com efeitos sobre
ossistemascolinérgicoe purinérgico.

O DM ¢é considerado uma epidemia mundial, atingindo em torno de
8,3% da populagao, ou seja, 387 milhdes de pessoas (Mena et al., 2014).0
mesmo levantamento realizado pela IDF (2014) demonstrou que no Brasil
8,7% da populagdo mundial apresenta DM, chegando a propor¢éo de 1 a
cada 12 pessoas com a doenca.Os pacientes com DM apresentam
hiperglicemia croénica como o principal sintoma das duas formas de
diabetes mais comuns, DM1e DM2 (Sociedade Brasileira de Diabetes,
2014).

No DM1, ocorre a destruicdo crénica das células B pancreaticas, por
meio de mecanismos autoimunes, mediados por células como linfécitos T e
macréfagos(Richardson et al.,, 2014). O processo de autodestruicdo se
inicia meses a anos antes do diagndstico clinico da doenga e, dependendo
da idade do diagnéstico, cerca de 70 a 90% das células B ja foram
destruidas apds os primeiros sintomas de hiperglicemia (Lebastchi e
Herold, 2012; Levetan et al., 2013; Atkinson et al., 2014).

No DM2, o principal fendbmeno fisiopatologico é a resisténcia a agao

da insulina, diminuindo a captacdo de (glicose nos tecidos
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insulinodependente(Bergman et al.,, 1981; Saisho, 2015). No inicio da
doenca, em resposta aresisténcia a insulina, ocorre a hiperinsulinemia
compensatoria, evitandoque ocorra a hiperglicemia. A fungdo das células
pancreaticas também é diminuida em DM2 (Jensen et al., 2002; Defronzo,
2009; DeFronzo et al., 2013), chegando a 80%de perda da funcionalidade
das células. Esses estudos demonstram que a sintese e a secrecédo de
insulina ficam comprometidas desde as fases iniciais do DM(Jensen et al.,
2002; Defronzo, 2009;DeFronzo et al., 2013).

Em nosso modelo de hiperglicemia, a exposi¢gao dos animais a 111
mM de glicose por 14 dias, provocou um aumento de 117% nos niveis de
glicose sanguinea dos animais tratados, assim comoelevou em 41% os
niveis de glicacdo da proteina frutosamina nos olhos dos animais. A
hiperglicemia e o0 aumento da glicagdo de proteinas sdo consequéncias da
disfungdo do metabolismo da glicose e s&o utilizados como principais
indicadores para o diagndstico de intolerancia a glicose e DM (American
Diabetes, 2014Db).

O modelo de hiperglicemia tambémrevelou que os efeitos da
exposi¢cao a glicose por 14 dias foram prolongados, demonstrando que
mesmo apods 7 dias de washout, os niveis de glicose sanguinea e de
glicagdo de proteinas ainda permaneciam elevados. Portanto, podemos
sugerir que o modelo de hiperglicemia foi capaz de causar alteragbes

significativas e duradouras no metabolismo da glicose dos animais, sendo

84



capaz de reproduzir sintomas semelhantes aqueles apresentados pelos
individuos diabéticos.

Os medicamentos constituem a principal opg¢ao no tratamento do
DM, ndo levando a cura da doenga, mas evitando o agravamento de suas
consequéncias. Alguns medicamentos reduzem a produgédo hepatica de
glicose e aumentam a sensibilidade periférica a insulina, outros estimulam
a secregao de insulina (Tripathi e Srivastava, 2006). A fim de compreender
as vias pelos quais a hiperglicemia induzida estava atuando, utilizamos
dois medicamentos muito comuns no tratamento do DM em humanos, os
quais possuem diferentes mecanismos de acdo: a metformina e a

glimepirida.

A metformina € um farmaco oral de primeira escolha para o
tratamento do DM2 (Krentz e Bailey, 2005), que promove a oxidagao dos
acidos graxos, o aumento da fosforilagdo dosreceptores de insulina (RI) no
figado e no musculo esquelético, assim como a diminuicdo da produgao
hepatica de glicose (Tripathi e Srivastava, 2006). Alguns estudos
demonstram que o0 uso da monoterapia desse farmaco em pacientes
diabéticos reduz em torno de 1,5% os niveis de HbA1C (DeFronzo e
Goodman, 1995; Bailey e Turner, 1996; Viollet et al., 2011; Sumitani et al.,

2014).

A glimepirida por sua vez é uma sulfoniluréia que promove a

estimulagdo da secregao de insulina, a ativagdo do transporte de glicose e
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das enzimas que metabolizam a glicose, levando a estimulagédo da sintese
de glicogénio e lipideos (Briscoe et al., 2010). De acordo com Mulleret al.
(1995), a glimepirida parece exercer efeitos pleiotrépicos através de dois
mecanismos independentes: a estimulagdo de proteinas fosfatases
especificas responsaveis pela regulacdo da translocagdo deGLUT4; a
estimulagcdo da glicogénio sintase/ acetiltransferase glicerol-3-fosfato e a
estimulacdo da fosfodiesterase especifica do AMPc (Muller e Wied, 1993;

Muller et al., 1995; Muller e Geisen, 1996).

Nossos estudos indicaram que tanto a metformina quanto a
glimepirida, foram capazes de reduzir a glicemia em animais submetidos ao
modelo de hiperglicemia, sendo a glimepirida, o farmaco com o maior
percentual de reducado da glicemia. O tratamento com metformina é capaz
de melhorar a supresséo da gliconeogénese mediada por insulina (Bailey e
Turner, 1996; Nathan, 2007), porém com o passar do tempo o controle
glicémico provocado pela utilizaggo de metformina deteriora-se,
requerendo a adigdo de outro farmaco (Ferreira et al., 2014).A progressao
do DM leva a diminuigdo da secrec¢do de insulina enddgena, na qual passa

a ser mais adequada a utilizag&o da glimepirida.

Hipoteses correntes sugeremque as monoterapias com metformina
e glimepirida, reduzem os niveis de glicose sanguinea de forma muito
eficiente, principalmente através do aumento da secreg¢ao de insulina, da

translocagdo de GLUT 4 e da fosforilagdo de importantes enzimas do
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metabolismo da glicose, como a PEPCK.Elo et al. (2007) demonstraram
que a metformina é capaz de reduzir a expressdo da PEPCK em peixe-
zebra, demonstrando que a monoterapia € capaz de diminuir a
hiperglicemia e a gliconeogénese. Requist et al.(2013)também
demonstraram que o tratamento com metformina foi capaz de aumentar a
sensibilidade a insulina em larvas de peixe-zebra. Maddison et al.(2015),
descreveram um modelo de intoleréncia a glicose, utilizando um inibidor de
IGF-1 e insulina em peixe-zebra. O estudo demonstrou que a captagcao da
glicose no musculo esquelético é estimulada pela insulina, mas de forma
menos eficiente que em roedores. Inicialmente ocorreu um aumento
compensatorio de células 3 e o controle da glicemia. Ao longo do tempo, o
numero de células B diminuiu e os primeiros sinais de intolerancia a glicose

surgiram através do aumento dos niveis de glicose em jejum.

O modelo de hiperglicemia caracterizadonessa tese foi capaz de
gerar resisténcia a insulina nos animais expostos a 111 mM glicose, uma
vez que quando tratados com 1U/kg de insulina n&o demonstraram
reducao significativa nos niveis de glicose sanguinea quando comparados
ao controle. Apos 7 dias de washout, a expressdo de RNAm paraRI| no
musculofoi aumentada, demonstrando um efeito tardio de recuperagao dos
danos causados pela hiperglicemia, a fim de buscar a homeostase da
glicemia.Considerando os resultados de resposta a insulina exdgena e aos
farmacos hipoglicemiantes, as alteragbes metabdlicas vistas no modelo

aqui caracterizado, provavelmente sdo um reflexo ao comprometimento da
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resposta periférica a insulina e ndo por alterara secre¢cao pancreatica de

insulina.

Os neurotransmissores do SNC tem um papel crucial na regulagéo
da homeostase da glicose (Sherin et al., 2012), revelando que oSNC & um
alvo da DM, gerando consequéncias neurolégicas tanto no DM1 como no
DM2 (McCall, 1992; Biessels et al., 1994). Embora océrebro seja um 6rgao
alvo tardio do DM e do pré-diabetes, as causas das disfungdes cognitivas
relacionadas com DM s&o dificeis de serem estabelecidas, devido a
prevaléncia de comorbidades severas que podem estar afetando a
disfuncdo cognitiva (McCrimmon et al., 2012).0s mecanismos exatos pelos
quais a disfuncdo neuronal ocorre ainda permanecem desconhecidos,
porémalgumas pesquisas sugerem que os altos niveis de glicose podem
ter efeitos toxicos sobre os neurdnios, através de danososmaticos, estresse
oxidativo e desregulacdo dos niveis de neurotransmissores (Umegaki,

2012; Yamagishi, 2012; Butterfield et al., 2014; Rochette et al., 2014).

Alguns investigadores tem revelado que a Doenga de
Alzheimerpoderia ser um “Estado cerebral resistente a insulina”, ou entao
um diabetes tipo 3 (Steen et al., 2005; De La Monte et al., 2006; Moreira et
al., 2009), devido a integracdo de diferentes fatores como idade, a
diminui¢cao dos niveis de proteina e de RNAm de insulina e dos RI. Estudos
demonstraram que a sinalizagdo regular da insulina no SNC previne a

formagao de oligbmeros de B-amildide, ou seja, a sinalizagdo inadequada
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da insulina, como na patologia do DM, poderia contribuir para a

DA(Umegaki, 2012).

Estudos ja demonstraram que o DM é um fator de risco
independente para o desenvolvimento de déficits cognitivos (Luchsinger,
2012; Cato et al., 2014), sendo sugerido por varios autores como uma
consequéncia de mudancas no SNC secundarias aos efeitos da
hiperglicemia cronica (McCall, 2004; Biessels et al., 2006). Nossos estudos
demonstraram que a hiperglicemia foi capaz de causaruma redugé&o na
retencdo da memoria dos animais hiperglicémicos. Esses resultados
corroboram com os dados encontrados na literatura, que demonstram que
o DM ¢é fator de risco para disfungédo cognitiva e deméncia (Biessels et al.,
2006; Exalto et al.,, 2012). Kanaya et al.(2004) demonstraram que a
hiperglicemia crénica é capaz de mediar a relagéo entre o DM e o declinio
cognitivo, e que a melhora do controle da glicemia pode prevenir o declinio
cognitivo, assim como dados encontrados por Launeret al.(2011)e Yaffe et

al.(2012).

Nossos dados demonstraram que o tratamento com galantamina,
reverteu o efeito causado pela hiperglicemia na memoria, demonstrando
que a piora cognitiva observada esta diretamente relacionada com a
atividade da enzima AChE. A galantamina é um alcal6ide que atua como
inibidor seletivo da AChE, melhorando a transmissé&o colinérgica atraves da

modulacgdo alostérica dos receptores nicotinicos (Wilkinson et al., 2004,
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Maelicke et al., 2010). Existem muitos dados controversos entre pacientes
que apresentam déficits cognitivos, DA e DM, e ainda mais estudos
precisam ser realizados a fim que se conhegam os mecanismos pelos

quais possa ocorrer essa interacdo mais especificamente.

Nossos resultados demonstraram que houve um aumento da
atividade da AChE causada pelo modelo dehiperglicemia em peixe-zebra,
sugerindo uma redugdo na eficiéncia da neurotransmissédo colinérgica,
devido a uma diminuicdo dos niveis de AChna fenda sinaptica. Os dados
apresentados nesse trabalho corroboram com os demais achados da
literatura que demonstram uma deterioragdo cognitiva progressiva e outras
disfungdes neuroldgicas em pacientes diabéticos (Pepeu et al., 2013).

O aumento dos niveis de ACh na fenda sinaptica éobservado nas
areas cerebrais durante a realizagcdodas tarefas comportamentais,
demonstrando o envolvimento desse sistema nos processos de
aprendizagem e memoria (Pepeu et al.,, 2013). Outros estudos tem
demonstrado o aumento da atividade da AChE no cérebro de roedores e
pacientes diabéticos que apresentam déficits cognitivos (Schmatz et al.,
2009b; Mushtaq et al., 2014). Sanchez-Chavez e Salceda (2000) também
observaram o aumento significativo na atividade da AChE em diferentes
estruturais cerebrais de ratos diabéticos induzidos por STZ,como: cértex
cerebral, estriado e hipocampo.Esses resultadossugerem que a ativagao
da AChE leva a uma degradacdo rapida da ACh e uma baixa

estimulacdosubsequente dos receptores de ACh, causando efeitos
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deletérios sobre as fungdes cognitivas (Mushtag et al., 2014), o que
possivelmente esteja ocorrendo em nosso modelo.

A adenosina  desempenhaum papel importante  como
neuromodulador,controlando a excitabilidade neuronal e,
consequentemente, modulando condicl1des fisioldgicas e patolégicas no
SNC (Boison, 2012; Chen e Zhong, 2013; Dias et al., 2013). No DM ja se
tem dados revelando que ha um aumento da incidéncia de complicacdes
neuroldogicas (Gispen e Biessels, 2000; Cox et al.,, 2005; Burnstock e
Novak, 2013) que envolvem alteragdes do sistema purinérgico (Robson et
al., 2006; Duarte et al., 2007).Estudos anteriores tém demonstrado que a
eficiéncia dos receptores P2 esta diminuida em condigbes de DM (Ralevic
e Burnstock, 1998; Sugiyama et al., 2004, 2006; Cieslak & Roszek, 2014).
Assim, surge a hipotese de que o DM pode causar modificagbes no
sistema purinérgico no cérebro, bem como, pode levar a um prejuizo das
funcdes fisioldgicas exercidas pelo ATP.

Durante nossos estudos, verificamos que a indugao de hiperglicemia
em peixe-zebra provoca uma diminui¢gao na hidrolise de ATP, ADP e AMP
pelas ectonucleotidases. Esses dados corroboram com a hipétese de que
uma deficiéncia na sinalizagdo pode contribuir para as disfuncdes da
memoria observadas no DM. Estudos anteriores ja indicaram mudangas na
eficiéncia dos receptores do tipo P2 no DM (Ralevic et al., 1993; Sugiyama
et al., 2006). O ATP extracelular desempenha importante fungédo no

desenvolvimento do potencial de longa duragao (LTP), através da ativagao
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dos receptores do tipo P2(Duarte et al., 2007), assim,a reduc¢ao da hidrélise
de ATP, ADP e AMP observados em nossos resultados, corroboram com a
hipétese de que uma alteracdo na sinalizacdo desse sistema esta
ocorrendo e que possivelmente esteja contribuindo para as disfungdes
observadas.

Alguns estudos ja demonstram os efeitos do DM sobre a atividade
da ADA (Hoshino et al., 1994; Kurtul et al., 2004). A ADA é uma enzima
que desamina irreversivelmente o nucleosideo adenosina até inosina,
contribuindo para a regulagdo da concentracédo intra e extracelular de
adenosina(Latini e  Pedata, 2001; Bonan, 2012). Nossos
dadosdemonstraram que a atividade da ADA esta significativamente
aumentada nos animais expostos a 111 mM de glicose, sugerindo uma
reducao dos niveis de adenosina na fenda sinaptica.

A insulina esta envolvida na regulagdo da atividade da ADA em
modelos animais de DM utilizando STZ (Rutkiewicz and Go’'rski, 1990;
Kurtul et al., 2004;Bopp et al., 2009; Lee et al., 2011). Calgaroto et al.
(2015) tambémdemonstraramque a atividade da ADA foi aumentada em
modelo animal com STZ, revelando que a administracdo de insulina é
capaz de reduzir a atividade dessa enzima nos tecidos. Estes dados
corroboram com a hipétese que a administragdo de insulina parece regular
a atividade da ADA(Hoshino et al., 1994; Bottini e Gloria-Bottini, 1999;
Kurtul et al., 2004; Vanitha Gowda et al., 2012). Nesse contexto, nds

sugerimos que o aumento da atividade da ADA observado em nosso
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estudo, pode ser explicado pela diminuicdo da atividade das NTPDases e
pela resisténcia a insulina observada no modelo de hiperglicemia desta
tese.

Nossos resultados ainda demonstraram que os receptores de
adenosina tem a expressdo génica alterada quandoos animais foram
expostos a altos niveis de glicose.Diversos estudos sugerem que
condicbes de DM podem induzir mudangas adaptativas na densidade
desses receptores no cérebro (Morrison et al., 1992; Dong et al., 2001;
Artola et al., 2002; Duarte et al., 2006). Em roedores, a hiperglicemia foi
atenuada pelo agonismo dos receptores A; e Asz(Németh et al,
2007).Donget al. (2001) demonstraram que a ativacado de receptores de
adenosina A desenvolve uma fungdo protetora contra a resisténcia a
insulina, concordando com os achados de Faulhaber-Walter et al. (2011)
que revelaram que a auséncia do receptor A; prejudica o controle da
glicemia em roedores.

De forma conjunta, os resultados apresentados nos trel s capitulos
desta tese demonstram que as vias de sinalizag&o colinérgica e purinérgica
estdo relacionadas com as alteragdes da hiperglicemia em peixe-zebra.
Nossos resultados mostraram que a hiperglicemia é capaz de gerar déficits
cognitivos significativos associados a redugdo dos niveis de ACh, assim
como alteragdes na atividade das ectonucleotidases cerebrais, diminuindo

a hidrolisede ATP, ADP e AMP.
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A alteragdo demonstrada na atividade da ADA indica uma redugéao
dos niveis de adenosina na fenda sinaptica, sugerindo que a hiperglicemia
diminui os niveis deste nucleosideo, contribuindo assim para os déficits
cognitivos apresentados no modelo.

Estes achados indicam o potencial do modelo de hiperglicemia em
peixe-zebra para o estudo dos mecanismos envolvidos no DM e sua
aplicabilidade para a avaliagdo de medicamentos para esta patologia.
Adicionalmente, podemos contribuir para um maior entendimento das vias
de sinalizagao cerebral envolvidas no declinio cognitivo desenvolvido nesta
patologia, bem como, evidenciaro potencial farmacoldgico dos sistemas

colinérgico e purinérgico nesta condicl13o0.
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