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RESUMO

Os estagios avangados da diabetes mellitus (DM) estdo associados a disfungdo
locomotora e cognitiva. Os déficits motores observados estdo relacionados a neuropatia
diabética envolvendo nervos periféricos, o que aumenta o risco de morbidade em pacientes
diabéticos. Além disso, as complicacdes do sistema nervoso central (SNC) durante a
progressdao do diabetes sdo relativamente mais sutis quando comparadas as alteracdes
periféricas. Até o presente momento, poucos estudos investigaram os efeitos neuroldgicos
nos estagios iniciais do diabetes, principalmente em modelos experimentais. Considerando
isto, nosso estudo teve como principal objetivo avaliar a atividade locomotora, a memoria
espacial e de curto prazo e o metabolismo da glicose no encéfalo antes e apds a indugdo do
DM em ratos wistar adultos. O DM foi induzido por injecdo intraperitoneal de 60mg/kg de
estreptozotocina (STZ), o que leva a ruptura das células beta pancredticas e consequente
inducao do DM experimental 48 horas apos a injecdo. A atividade locomotora foi avaliada
através do teste de campo aberto (OF); a memoria pelo novo teste de reconhecimento de

objetos (NOR) e o metabolismo da glicose no encéfalo pela micro tomografia por emissdo

de positrons (PET) com o uso da fluorodeoxiglucose ([ 18F]FDG). O peso corporal, a
ingestdo de alimentos e 4gua, a producdo de urina e fezes e os niveis de glicose no sangue
também foram avaliados ao longo do experimento. Os resultados da andlise
comportamental mostraram que ha um comprometimento cognitivo leve no grupo DM em
comparagao aos animais controle, sugerindo alteragdes na memdoria espacial de curto prazo.
Em relagdo a atividade locomotora, nao foram observadas altera¢des significativas entre os

grupos. A analise global do metabolismo da glicose no encéfalo medida pela captagdo de

18 o . , . .
F-FDG indicou pequenas alteragdes em areas importantes para memoria de curto prazo e

de trabalho, controle emocional e locomog¢do. Os animais com DM ndo alteraram a

~ 18 -
captagdo de "F-FDG no cerebelo, apesar de os animais controles apresentarem aumento



do metabolismo. Enquanto isso, os resultados mostraram um aumento da captagdo nos DM
observada na amigdala quando comparada aos grupos controle. Captagdo de hipocampo nao

foi significativamente alterada quando analisada globalmente. No entanto, ao segmenta-lo no

hipocampo dorsal e ventral, foi possivel observar uma captagdo aumentada de BE_FDG no
hipocampo dorsal em ratos diabéticos. Esses resultados sugerem possiveis mecanismos
compensatorios nos estagios iniciais do DM em relagdo a cogni¢do e ao metabolismo da
glicose cerebral induzido. A conclusao do nosso estudo ¢ de que as regides do encéfalo
obtiveram diferentes padroes de distribuicdo do metabolismo de glicose quando analisadas

globalmente e em sec¢des. Com esses resultados fomos avaliar a diferenca dos padrdes de

distribuicdo do metabolismo de glicose, de acordo com a sua lateralidade, usando BEFDG

como marcador de metabolismo de glicose nas regides encefalicas. Os resultados

demonstraram que a distribui¢do de BE_FDG no encéfalo antes e apo6s a indugcdo do DM em
ratos Wistar adultos ndo ¢ homogénea. As areas encefalicas que demonstraram diferenga no
metabolismo de glicose em relagdo a lateralidade entre diabéticos e controles foram as do
cortex auditivo, cortex orbitofrontal, nicleo accumbens core e hipocampo posterior. Com
esses resultados demonstramos que a avaliacdo do metabolismo de glicose analisado de forma
global deve ser substituida por analise por meio de lateralidade de cada regido encefalicas para
a utilizagdo do microPET em modelo experimental de diabetes induzido por STZ. Mais
estudos sdo necessarios para avaliar possiveis alteracdes avaliados em longo prazo apos a

indugdo de DM nesse modelo animal.

Palavras-chave: microPET, 18F—FDG, Ratos Wistar, Diabetes mellitus



ABSTRACT

Advanced stages of Diabetes Mellitus (DM) are associated to locomotor and
cognitive dysfunction. Motor deficits observed are related to diabetic neuropathy involv..g
peripheral nerves, which increases morbidity risk in diabetic patients. In addition, central
nervous system (CNS) complications during diabetes progression are relatively more subtle
compared to peripheral changes. To the present moment, few studies investigated the
neurological effects during the early stages of diabetes onset, mainly in experimental
models. Considering the above, our study evaluated the locomotor activity, short-term and
spatial memory and brain glucose metabolism before and after DM induction in adult
Wistar rats. The DM was induced by intraperironeal injection of 60mg/kg of streptozotocin
(STZ), which leads to pancreatic beta cells disruption and consequent induction of
experimental DM 48 hours after injection. Locomotor activity was evaluated through the

open field (OF) test; the memory by the novel object recognition (NOR) test and brain

glucose metabolism by [18F]ﬂu0rodeoxyglucose ([18F]F DG) positron emission tomography
(PET). Body weight, food and water intake, urine and fecal output as well as blood glucose
levels were also evaluated throughout the experiment. Behavioral analysis demonstrated in
DM group compared to control animals, alterations in short-term spacial memory observed

through NOR. Regarding locomotor activity, no significant alterations were observed

between groups. Global analysis of brain glucose metabolism measured by BE FDG uptake

indicated slight alterations in important areas for short-term and working memory,

emotional control and locomotion. Controls animals had increased ' F-FDG uptake in the
cerebellum, whereas DM animals had no alterations. DM animals had a increase was
observed in the amygdala when compared to the control groups. Hippocampus uptake was

not significantly altered when analyzed



whole. However, when segmenting it into dorsal and ventral hippocampus, it was possible
to observe increased tracer uptake in the dorsal hippocampus. These results suggest
possible intrinsic compensatory mechanisms in early stages of DM regarding cognition
and brain glucose metabolism induced. Thus, in our second part of the study, the main

objective was to assess the difference in the distribution patterns of glucose metabolism,
according to its laterality, using '8E.FDG as a marker in brain regions. The results

demonstrated that the distribution of '"F-FDG in the brain before and after the induction of
DM in adult wistar rats is not homogeneous. The brain areas that showed a difference in
glucose metabolism in relation to laterality between diabetics and controls were those of
the auditory cortex, orbitofrontal cortex, nucleus accumbens core and hippocampus
Posterior. We demonstrate with these results that the assessment of glucose metabolism
analyzed globally should be replaced by analysis using the laterality of each brain region
for the use of microPET in an experimental model of diabetes induced by STZ. Further
studies are necessary to evaluate possible long-term alterations after DM induction in this

animal model.

Keywords: microPET, 18F—FDG, Wistar Rats, Diabetes mellitus
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Figura 1 - Representagdo esquematica da via da glicose/ FDG no encéfalo
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1. INTRODUCAO

1.1 Diabetes Mellitus

A diabetes mellitus (DM) ¢ uma disfun¢ao metabolica complexa que impacta os
sistemas de saude, a economia ¢ o crescimento global. E considerada uma das doengas
mais incapacitantes em todo o mundo, com alta prevaléncia, grande mortalidade e altos
custos médicos (Aguilar, Bhuket, Torres, Liu, & Wong, 2015; Fava, 2013; GBD, 2015;
NCD-RisC, 2016; Roglic & World Health Organization, 2016). Assim, a DM ¢
caracterizada como um grupo de doencas metabolicas em que o paciente apresenta
hiperglicemia, que afetara consequentemente o metabolismo encefalico, contribuindo
para alteragdes neuropatoldgicas (Atkinson, Eisenbarth, & Michels, 2014; Sonneville et
al., 2012). Aproximadamente 90% dos casos de DM se enquadram em duas categorias
principais: DM tipo 1 (DMT1) e DM tipo 2 (DMT2) (American Diabetes Association,

2016).

No Brasil, os dados epidemiologicos de diabetes apontam que até o ano de 2019
o numero de pessoas com a doenca era de 16,8 milhdes, segundo a International
Diabetes Federation (IDF, 2019). E o quarto pais com o maior niimero de pessoas com
diabetes tipo 2 (de Almeida-Pititto et al., 2015). Na regido da América do Sul e Central,
9,43% da populagdo adulta tém diabetes, com 41,9% dos pacientes ndo- diagnosticados.
Em 2019, na América Latina, quase 243.200 adultos entre 20-79 anos morreram como
resultado do diabetes, dos quais metade das mortes ocorreu no Brasil. No Brasil, 46%
dos pacientes sao nao-diagnosticados, além disso ha 95.846 pacientes de dO até os 19

anos com DMT1 (IDF, 2019).

Os custos médicos para DMT1, que compreendem o rastreio, diagndstico e

tratamento, nos Estados Unidos, sdo em torno de U$$ 150 bilhdes de dolares ao ano,
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custando US$ 2.692 por individuo, demonstrando assim o impacto econdmico
significativo da doenca (Egede, Bishu, Walker, & Dismuke, 2016). No Brasil, em um
estudo multicéntrico, o custo médico anual direto para cada paciente ¢ de U$$ 1.319,15,
relacionados a terapia, principalmente para a aquisi¢ao de insulina e suprimentos para

monitoriza¢do da glicemia (Cobas et al., 2013).

Conforme as Diretrizes da Sociedade Brasileira de Diabetes, a classificacao atual
da diabetes esté relacionada ao mecanismo fisiopatoldgico subjacente que inclui a DM
do tipo 1 (DMT1), DM do tipo 2 (DMT2), DM gestacional e DM de outros tipos como
neonatal, secundaria a infec¢des ou a medicamentos (SBD, 2020) . Entretanto, uma
nova classificagdo proposta por pesquisadores escandinavos divide a diabetes em 5
categorias como: DM auto-imune grave, DM insulino-deficiente grave, DM insulino-
resistente grave, DM leve relacionado a obesidade, DM leve relacionado a idade. Esta
nova classificagdo tem como objetivo observar os fatores progndsticos que permitam

personalizar o tratamento desde o inicio da doenga (Ahlqvist et al., 2018).

A DMTI1 compreende 5 a 10% dos casos de DM, sendo causada principalmente
como resultado de uma destruicdo auto-imune das células beta pancreaticas, secretoras de
insulina. A destruicdo celular leva a deficiéncia total de insulina tornando os pacientes
dependentes de uma terapia insulinica durante toda a vida (Atkinson et al., 2014). A
etiologia da DMTI1 envolve variaveis genéticas e fatores relacionados a exposi¢ao
ambiental que desencadeiam uma resposta imune inata direcionada a auto-destrui¢dao das
células (Cabrera, Henschel, & Hessner, 2016). O aparecimento de DMT1 fulminante tem
sido relatado durante infec¢do aguda com papeira, parainfluenza, virus da herpes humano 6,
citomegalovirus e enterovirus (De Beeck & Eizirik, 2016). Por sua vez, a suscetibilidade
genética para o desenvolvimento da DMT1 envolve os individuos que possuem a presenga

dos alelos DR3 e DR4 correspondentes ao antigeno leucocitario
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humano (HLA) de classe DRB1 que apresentam maior risco de desenvolver a doenga
(Noble et al., 2010; Redondo, Steck, & Pugliese, 2018). Além disso, a hipotese da
higiene vem sendo postulada pelos pesquisadores que apontam uma correlagdo positiva
entre a exposi¢do a doencas infecciosas e a escassez de estimulacdo da imunidade inata
no inicio da vida. Isto explicaria a ativagdo do sistema imune adaptativo, como o fator
para o desencadeamento de uma resposta auto-imune nas células beta, uma vez que
ocorre uma relagdo inversa entre a incidéncia de DMTT1 e as taxas de mortalidade por
doengas infecciosas (Bach & Chatenoud, 2012; Fava, 2013). Os mecanismos da DMTI1
podem relacionar-se com as reagdes de hipersensibilidade do tipo tardio, falhas dos
mecanismos centrais e periféricos que permitem a expansao de células T auto-reativas,
presenca de citocinas inflamatérias como a interleucina-1 (envolvida na imunidade
inata), que altera a biossintese de insulina e acarreta morte de células beta induzida por
hiperglicemia, com redu¢dao ainda mais expressiva deste hormonio (Atkinson et al.,

2014; Cabrera et al., 2016).

Os individuos mais acometidos pela DMT1 sdo os com idade inferior a 30 anos.
A destruicdo auto-imune das células beta pancreatica em pacientes infantis ocorre de
forma réapida, enquanto que em adultos ocorre de forma lenta. Os sintomas clinicos
classicos DMT1 decorrentes da hiperglicemia aparecem em dias ou semanas, como a
presenca de poliuria com glicostUria (American Diabetes Association, 2012; Funk, 2007;
Pirot, Cardozo, & Eizirik, 2008). O diagnostico clinico da DM inclui os sintomas
classicos juntamente com o diagnostico laboratorial baseado nos critérios de dosagem
de hemoglobina glicada >6,5%, glicemia em jejum com os niveis > 126mg/dL e teste

oral de tolerancia a glicose >200 mg/dL (American Diabetes Association, 2012).

A DMT2 ¢ caracterizada pela hipo-responsividade dos receptores de insulina,

gerando resisténcia desse hormonio nos tecidos-alvo. Cerca de 90 a 95% dos casos de
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DM sdo do tipo 2. Como ha apenas uma deficiéncia relativa na producdo de insulina
pelas células beta do pancreas os pacientes ndo fazem terapia insulinica para a sua
sobrevivéncia. Como na DMT2 ha secre¢do residual de insulina, a hiperglicemia se
desenvolve gradualmente, fazendo com que muitos pacientes com DMT2 sejam
assintomaticos e, por esse motivo, acabam sendo diagnosticados tardiamente. Outros
pontos relevantes sdo que a DMT2 apresenta uma importante predisposicdo genética,
sendo fortemente correlacionado com a idade e também com a obesidade (responsavel
por cerca de 80% dos casos de DMT2), principalmente em pacientes com obesidade

abdominal central (American Diabetes Association, 2012; Funk, 2007).

A tnica terapia eficaz para DMT1 com a capacidade de controlar a hiperglicemia
é a insulina, porém esse tratamento também tem levado a resisténcia a insulina e ao
prejuizo de tecidos-alvo como o encéfalo (Blazquez, Velazquez, Hurtado-Carneiro, & Ruiz-
Albusac, 2014). Utilizando ratos que tornaram-se diabéticos em 2 semanas, tratados com
insulina em diferentes doses, foi possivel avaliar a melhor dose para terapia insulinica.
Neste estudo as doses de insulina administradas aos ratos diabéticos variaram de 1 até 9
unidades internacionais (UI), por dia, ao longo de 7 dias. A dose intermedidria de 3 Ul/dia
de insulina foi a que melhor induziu a maxima sensibilidade a insulina, embora o controle
glicémico ndo tenha sido atingido adequadamente quando comparado as dosagens de
6Ul/dia e 9UIl/dia (Okamoto et al., 2011). Também foi observado que no tecido adiposo, a
expressao da translocacdo de GLUT-4 no musculo esquelético de ratos diabéticos foi mais
efetiva com a dose intermedidria de insulina intermédia de 3UI/dia, do que com doses mais
elevadas, de 6Ul/dia e 9Ul/dia, que produziam uma diminui¢do da translocacdo do

transportador GLUT-4 (Okamoto et al., 2011).

Outros estudos verificaram a expressao e translocacdo de transportadores de

glicose no encéfalo na presenca do diabetes mellitus, demonstrando que o GLUT-4 esta

21



localizado em pequenas quantidades em dreas especificas do encéfalo, como bulbo
olfatorio, giro dentado do hipocampo e hipotdlamo, o GLUT-1 ¢é abundante em distintas
regides do encéfalo, o GLUT-2 ¢ encontrado em neurdnios especificos no hipotalamo,
como; o nucleo paraventricular, niicleo arqueado e regido lateral, enquanto o GLUT-3 ¢
o principal transportador de glicose nos neuronios do cerebelo, estriado, cortex e
hipocampo (Kang, Routh, Kuzhikandathil, Gaspers, & Levin, 2004; Levin, Routh,

Kang, Sanders, & Dunn-Meynell, 2004; Simpson et al., 1999).

1.1.1 Modelo Experimental de Diabetes Mellitus por estreptozotocina

Os modelos experimentais para indu¢ao de diabetes dependerdo principalmente
do objetivo do estudo. No caso da DMTI, a deficiéncia na producdo de insulina ¢
alcangada por uma variedade de mecanismos diferentes, desde a ablacdo quimica das
células beta até a criagdo de roedores que espontaneamente desenvolvem diabetes auto-
imune. Dentre os modelos o quimicamente induzido utiliza a estreptozotocina (STZ) ou
aloxano para indu¢do da DMT1 (Bansal, Ahmad, & Kidwai, 2017; Dufrane et al.,
2006). Em relacdo aos modelos auto-imunes espontdneos para esta patologia sdo
encontrados o camundongo diabético ndo obeso (NOD) e o rato Biobreeding (BB). O
primeiro apresentando insulite por volta de 3 a 4 semanas de idade e o ultimo
respectivamente que desenvolve diabetes entre 8 ¢ 16 semanas de idade, com fendtipo
diabético bastante grave e necessitando de insulinoterapia para sobreviver. O grau de
translacdo entre o modelo experimental de diabetes para os pacientes esta relacionado
com a similaridade da progressdo da diabetes em humanos, como visto na inducdo
quimica em primatas que contribuem para o entendimento dos mecanismos envolvidos

nesta patologia (Dufrane et al., 2006).
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O antibidtico STZ, derivado da bactéria gram positiva Streptomycetes
achromogene ¢ uma toxina paras as células B pancreaticas utilizada como indutor de
diabetes mellitus em roedores, podendo ser administrada por via intravenosa,
intraperitoneal ou lingual (Ates et al., 2007; Pamela Brambilla Bagatini et al., 2014;
Damasceno et al., 2014; De Senna et al., 2011; Do Nascimento et al., 2011; Haider,
Ahmed, Tabassum, et al., 2013; Radenkovi¢, Stojanovi¢, & Prostran, 2016; Venturini et
al., 2010a). A indug¢do da DM por meio de STZ ndo ocasiona a perda total de produgao
de insulina, que tornaria o animal dependente de terapia insulinica (Geert Jan Biessels,
2013). A agdo toxica de STZ requer a sua absorcao celular, apresentando atividade
alquilante, com a transferéncia de grupos metil para as moléculas de DNA, resultando
em quebras nas cadeias de DNA. Além disso, ha um aumento na geragdo de espécies
reativas de oxigénio (ERO) e liberagdao de 6xido nitrico (NO) ap6s a metabolizagdo da
STZ, contribuindo para a morte das células beta-pancreaticas. A STZ ¢ seletivamente
acumulada em células beta do pancreas devido a baixa afinidade do transportador de
glicose tipo 2 (GLUT2) na membrana plasmatica. Assim, as células produtoras de
insulina que nao expressam este transportador de glicose sdo resistentes a (Elsner,
Guldbakke, Tiedge, Munday, & Lenzen, 2000; Ledoux & Wilson, 1984; Schnedl,
Ferber, Johnson, & Newgard, 1994). A importancia do GLUT2 no presente processo ¢
também demonstrado pela observagdo de que STZ afeta outros 6rgdos que expressam
este transportador, particularmente nos rins e figado. Como a barreira hematoencefalica
nao expressa GLUT2, ndao ocorre efeito direto da STZ no SNC apds a administracao

sist€émica (Kumagai, 1999).

Os animais geralmente apresentam um pico hiperglicémico 72 h apds a indugdo
do DM com STZ. Apds esse periodo, eles permanecem hiperglicémicos, com niveis de

glicose sanguinea entre 350 a 450 mg/dL (o nivel considerado normal ¢ de
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aproximadamente 90- 200mg/dL). Assim como os pacientes diabéticos, os animais
desenvolvem danos micro e macrovasculares, havendo comprometimento de fungdes
visuais, renais, cardiacas, do sistema nervoso periférico e também do sistema nervoso
central (SNC) (Geert Jan Biessels, van der Heide, Kamal, Bleys, & Gispen, 2002;

Gispen & Biessels, 2000).

1.1.2 Alteracées neurologicas envolvidas com a DM

Sao observadas alteracdes neurologicas em modelos animais e em pacientes que
apresentam a DM. No inicio da década de 20, os pesquisadores Miles e Root
observaram que os pacientes diabéticos apresentavam um desempenho insatisfatorio em
tarefas de atencdo, aprendizado e memoria quando comparados a individuos saudaveis
(MILES e ROOT, 1992). Com base nisso, a avaliagdo dos mecanismos que
desencadeiam o dano neuroldgico progressivo na diabetes mellitus e nas terapias de
reversdo t€m sido o foco de muitos estudos (Bagatini et al., 2017, 2014; De Senna et al.,
2015; Do Nascimento et al., 2011; Tesfaye et al., 2010).

As evidéncias clinicas em humanos apontam que quanto mais precoce ¢ o
aparecimento dos sintomas e sinais da diabetes mellitus maior e a gravidade da
patologia, sendo que se a doenga for desenvolvida durante a infancia havera um maior
comprometimento dos processos neuroldgicos. Tanto a DMT1 quanto a DMT2 tém
efeitos adversos sobre as fungdes do SNC, incluindo a cognicao (Sima, 2010). Observa-
se que os pacientes infantis com DMTI1 possuem niveis menores de desempenhos
escolares, sendo que as alteragdes neurocomportamentais nas criangas com DMTI
incluem déficit de atengdo, da inteligéncia, da memoria e velocidade de processamento
(Northam et al., 2009; Northman E., Anderson P, Rani J, Hughes M, 2001; Schoenle,

Schoenle, Molinari, & Largo, 2002).
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Por outro lado, pacientes com DMT2 exibem prejuizos cognitivos
independentemente da idade e possuem maior chance de desenvolvimento de deméncia,
uma condicao fortemente associada ao envelhecimento (G. Biessels, Strachan, Visseren,
Kappelle, & Whitmer, 2014; G J Biessels, 2013; Koekkoek, Kappelle, Berg, Rutten, &
Biessels, 2015). A presenca de comorbidades relacionadas ao DMT2, como
dislipidemia, hipertensdo e doenga cerebrovascular exerce uma importante influéncia
para o desenvolvimento de deficiéncias na memdria desses pacientes (McCrimmon,

Ryan, & Frier, 2012; Moheet, Mangia, & Seaquist, 2015).

Criangas que apresentam DMT]1 antes dos seis anos de idade possuem uma maior
incidéncia de esclerose mesial temporal, ndo associado a episddios anteriores de
hipoglicemia. O inicio precoce de hipoglicemia grave nestes pacientes causa uma reducao
no volume de massa cinzenta, que pode ser observada por ressonancia magnética (Ho et al.,
2008). O comprometimento encefalico ¢ evidenciado também na progressdo da doenca. Na
avaliagdo cognitiva e de neuroimagem com ressonancia magnética, os pacientes com DMT]1
ha 12 anos demonstram redugdes dos volumes de massa branca nos lobos para-hipocampal,
temporal e frontal, bem como diminui¢cdo dos volumes de massa cinzenta do tilamo,

hipocampo e cortex insular (Northam et al., 2009).

Os pacientes que apresentaram DMT1 com um periodo de duragdo de 15-25
anos possuem diminui¢do da densidade da massa cinzenta nas regides do talamo, giro
temporais superior ¢ médio e giro frontal (Musen et al., 2006). Déficits cognitivos sdo
mais prevalentes em pacientes com aparecimento de diabetes em uma idade jovem.
Corroborando tal ideia, pacientes diabéticos jovens desde quatro anos de idade e que
sucumbiram a cetoacidose mostraram perda neuronal acentuada no hipocampo e no

cortex frontal e atrofia de substancia branca de regides frontal e temporal. Pacientes
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diabéticos também apresentam diminuicdo dos receptores de insulina e fator de

crescimento semelhante a insulina tipo 1 (IGF-I) (Van Duinkerken et al., 2009).

A funcionalidade da barreira hemato-encefélica, sua permeabilidade e a relagdo
desta com doengas neurodegenerativas ¢ diabetes mellitus sdo temas de diferentes estudos
(Hawkins, Lundeen, Norwood, Brooks, & Egleton, 2007; Huber, VanGilder, & Houser,
2006). A presenca de hiperglicemia ocasiona o aumento da permeabilidade da barreira
hemato-encefalica em roedores e humanos e reducdo nas expressoes de proteinas como a
claudina-5 e a aquaporina, sendo o exercicio fisico capaz de reverter parcialmente a queda
dos niveis de claudina 5 mas ndo de aquaporina (De Senna et al., 2015). O diabetes mellitus
também ¢ capaz de alterar o funcionamento de vias extrapiramidais, com a redugdo de
tirosina hidroxilase, uma enzima limitante da sintese de catecolaminas, na regido da

substancia nigra pars compacta (SNc) de ratos diabéticos (Bagatini et al., 2014).

A hiperglicemia se destaca como uma das principais € mais conhecidas causas de
complicacdes no DM. Embora o encéfalo utilize a glicose como sua principal fonte
energética, em situagdes de hiperglicemia prolongada o transporte de glicose pode ser
desequilibrado, fazendo com que a glicose seja desviada para vias metabodlicas que podem
culminar em neurotoxicidade (Mergenthaler, Lindauer, Dienel, & Meisel, 2013; Tomlinson
& Gardiner, 2008). O aumento no fluxo da via dos polidis pode comprometer o ciclo da
glutationa e a atividade da enzima glutationa peroxidase (GPx), levando a um aumento no
conteudo de EROs. Concomitantemente, ocorre um aumento na producdo de superdxido
devido a sobrecarga na cadeia transportadora de elétrons mitocondrial, e todos esses
eventos levam ao estresse oxidativo, um desequilibrio entre a produgdo de agentes
oxidantes e as defesas antioxidantes, capaz de causar danos em macromoléculas, como
lipideos, proteinas e 4acidos nucléicos. Por sua vez, o aumento no fluxo da via da

hexosamina gera uridina difosfato N-acetilglicosamina, que pode se combinar com
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residuos de serina e treonina de proteinas intracelulares e, consequentemente,
comprometer suas fung¢des bioldgicas. Por fim, o aumento no fluxo da via dos produtos
finais de glicagdo avancada (AGEs) pode promover alteragcdes bioquimicas em qualquer
macromolécula. Além disso, a ligagdo de AGEs aos seus receptores (RAGEs) promove
respostas inflamatorias via up regulation de RAGEs e via ativagao do fator nuclear
kappa B (NF-kB); a ativacao deste fator de transcricdo leva a ativagdo de cascatas de
sinalizacdo pro-inflamatorias e pré-apoptodticas, aumentando a produgdo de ERO e
contribuindo para o dano de células endoteliais vasculares, neuronios e cé€lulas gliais

(Callaghan, Cheng, Stables, Smith, & Feldman, 2012; Tomlinson & Gardiner, 2008).

Além da hiperglicemia, existem outros fatores relacionados as disfungdes
neuroldgicas no DM, incluindo diminuig¢do da secrecdo e/ou agdo da insulina, alteracdo na
atividade do eixo hipotdlamo-pituitaria-adrenal (HPA), obesidade e inflamacdo (Gaspar,
Baptista, Macedo, & Ambrosio, 2016). A insulina tem um papel importante para a
homeostase do SNC, pois se liga a receptores de insulina e também a receptores do fator de
crescimento semelhante a insulina tipo 1 (IGF-1) - ambos distribuidos em diferentes regides
encefalicas - promovendo a ativagdo de vias de sinaliza¢do relacionadas a expressdo de
genes anti-apoptoticos, a sintese de proteinas ligadas a plasticidade sinaptica
- envolvidas no estabelecimento da potencia¢do de longa duragao (LTP) e da depressdo
de longa duragdo (LTD) - e estabilizagdo dos microtiabulos. No DM, a diminui¢ao da
secre¢do e/ou a¢do da insulina pode inibir as referidas vias de sinalizacdo, prejudicando
a plasticidade neural e aumentando a vulnerabilidade neuronal (Banks, Owen, &

Erickson, 2012; Blazquez, Veldzquez, & Hurtado-carneiro, 2014; Gaspar et al., 2016).

Em relagdo as alteragdes na funcdo e atividade do eixo HPA, o consequente
aumento dos niveis basais de glicocorticoides € capaz de promover prejuizos sobretudo na

plasticidade hipocampal, incluindo inibi¢do da arboriza¢do dendritica, da plasticidade
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sinaptica e da neurogénese (Reagan, Grillo, & Piroli, 2008; Wrighten, Piroli, Grillo, &
Reagan, 2009b). Ademais, a obesidade se destaca como fator contribuinte para o
desenvolvimento de deméncia e outros prejuizos cognitivos, pois estd relacionada a um
aumento na incidéncia de patologias vasculares no SNC e atrofia cortical. Nesse
sentido, o aumento dos niveis de hormonios produzidos no tecido adiposo, como a
leptina, também pode contribuir para o déficit cognitivo no DM, impedindo vias de
sinalizacdo e prejudicando a plasticidade sinaptica no hipocampo (Bruehl, Sweat, Tirsi,
Shah, & Convit, 2011; Mueller et al., 2012). Por fim, a presenca de microglia com
fenotipo reativo e o aumento na expressdo de citocinas pro-inflamatorias no encéfalo
diabético podem promover um up regulation de RAGEs e ativagdo do NF-«kB, capazes
de gerar inflamacgdo e estresse oxidativo, culminando em eventos neurodegenerativos e

disfuncdes cognitivas (Gaspar et al., 2016; Pugazhenthi, Qin, & Reddy, 2016).

1.2 Regiodes encefalicas envolvidas com a diabetes mellitus

O DM experimental induzido por STZ esta associado ao desenvolvimento de
alteracdes neuroestruturais em roedores, demonstradas em estudos que relatam morte
neuronal no cortex frontal (Jakobsen, Sidenius, Gundersen, & Osterby, 1987) e no
hipocampo (Jing, Chen, Kuo, Pao, & Chen, 2013). Além disso, ¢ observado também
que animais apresentam desmieliniza¢do e degeneracdo axonal no estriado e no cortex
(Huang, Gao, Yang, Lin, & Lei, 2012). A presenga de alteracdes estruturais dos animais
diabéticos na barreira hematoencefalica (Mooradian, 1997), diminui¢do no tamanho das
células e nos niveis de proteinas, acidos graxos e colesterol no cortex de ratos jovens (4
a 8 semanas de vida), indicam um menor conteido cortical de mielina (Malone, Hanna,

& Saporta, 2006).
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Em humanos, o estado do diabetes esta associado a uma reducao leve, de todo
o volume do coértex, principalmente no lobo frontal, com efeitos estruturais mais
proeminentes em pacientes com consciéncia prejudicada ocasionada por hipoglicemia,
devido a exposi¢do a longo prazo a episddios recorrentes de hipoglicemia (Bednarik et
al., 2017). O encéfalo ¢ sensivel em relagdo a expressao de receptor de insulina e quanto
a distribuicdo seletiva em regides do bulbo olfatdrio, hipotalamo, hipocampo, amigdala,
cerebral cortex e cerebelo. Assim, episddios de hipoglicemia e hiperglicemia afetam o

sistema nervoso central e periférico e levam a disfungdes graves (Ozdemir, Akbas, Kotil,

& Yilmaz, 2016).

1.2.1 Amigdala e DM

A amigdala ¢ considerada o centro emocional do encéfalo e possui um papel
importante na consolidagdo da memodria em contextos emocionais, também chamados de
memorias emocionais (Janak & Tye, 2015; Roozendaal, McEwen, & Chattarji, 2009). A
conectividade da amigdala se expande para varias regides do encéfalo, como o cortex
frontal e o hipocampo que regulam os efeitos da excitagdo emocional e da exposicdo ao

estresse nessas areas do encéfalo (Roozendaal, McEwen, & Chattarji, 2009).

Sabe-se que o estresse prejudica a recuperagdo da memoria e a memoria de trabalho,
principalmente via modulagdo da amigdala da exposicdo ao estresse hipocampal a
hormdnios do estresse como noradrenalina e glicocorticéides (Roozendaal, Griffith,
Buranday, De Quervain, & McGaugh, 2003; Roozendaal, McReynolds, & McGaugh,
2004). Um estudo demonstrou que os animais diabéticos tipo 2 apresentam déficit de
memoria e reconhecimento social com alteracdo da neurotransmissdo dopaminérgica na

regido da amigdala (Parashar, Mehta, & Malairaman, 2018).
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1.2.2 Cortex Frontal e DM

Em humanos, o cortex frontal, juntamente com as outras areas corticais
associativas, executa fungdes relacionadas a cogni¢do como aprendizagem e memoria,
atenc¢do, motivacao e na memoria de trabalho. Essa regido tem um papel fundamental no
planejamento de respostas comportamentais apropriadas a estimulos externos e internos,
e funciona integrando outras areas para realizar tarefas mentais individuais (Petty &

Mitchell, 2004).

Em roedores, os sinais relacionados a decisdo sdo predominantes no cortex
frontal. Especificamente, no cortex frontal medial (incluindo o cortex agranular medial
em ratos e o cortex motor secundario em camundongos), muitos neurénios mostram
atividade de disparo diferencial para uma escolha em relagdo a outra (Atilgan & Kwan,
2018; Siniscalchi, Phoumthipphavong, Ali, Lozano, & Kwan, 2016; Sul, Jo, Lee, &
Jung, 2011).

E no cortex frontal, uma das regides mais afetadas pelo tratamento com STZ que
apos 8 semanas de hiperglicemia, as células piramidais no cortex parietal, cortex pré-
frontal medial e hipocampo de ratos diabéticos induzidos por STZ apresentam atrofia
dendritica e densidade espinhal reduzida (Malone et al., 2006; Martinez-Tellez, Gomez-

Villalobos, & Flores, 2005).

1.2.3 Cortex Motor e DM

A principal fun¢do do coértex motor ¢ de sinalizagdo para orientacdo do movimento
do corpo. Esta regido do encéfalo esta localizada na parte do lobo frontal e ¢ anterior ao
sulco central. E constituido por estruturas denominadas de cortex motor primario, cortex
pré-motor e area motora suplementar. O cortex motor primario atua como mensageiro
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enviando a maioria dos impulsos elétricos que saem do cértex motor. O cortex pré-
motor esta localizado anteriormente ao cortex motor primario na area 6. de Brodmann.
Sua funcdo € preparar o movimento, principalmente a musculatura proximal. A area
motora suplementar esta na superficie medial da fissura longitudinal, na por¢ao anterior
a representagdo da perna no coOrtex motor primario. Embora ndo totalmente
compreendidas, as fungdes propostas incluem estabilizacdo e coordenagdo postural do

corpo (Teka et al., 2017).

A relagao entre o cortex motor ¢ a DM ¢ devido a indugao de redugdes no tamanho
da area motora cortical, lesdes axonais nos neurdnios corticoespinais que projetam-se na
coluna lombar, além desses disturbios corticoespinal contribuirem para distirbios motores
em pacientes diabéticos (Muramatsu, Ikutomo, Tamaki, Shimo, & Niwa, 2018). Segundo
Emerick et al., (2005) foi demonstrado que animais diabéticos em estagio inicial possuem
reducdes de tamanho na érea cortical motora do membro anterior. Segundo Huang et al.,
(2012) avaliando histologicamente as regides do cortex motor e o estriado, os animais
diabéticos induzidos por STZ apresentam desmielinizacdo e degradagdo axonal esta

associado a lesOes estriatais/ corticais observaveis na ressonancia magnética.

1.2.4 Cerebelo e DM

O cerebelo ¢ uma regido subcortical que se conecta a outras regides do encéfalo,
como o cortex motor, envolvido na regulacdo da coordenagdo motora, cognicdo e atengao,
recebendo informagdes de varias regides do cortex cerebral (Allali et al., 2018; Koziol et

al., 2014). Estudos com seres humanos mostram que o hipermetabolismo cerebelar usando

18 18 , . ..
o marcador F-fluorodesoxyglucose (*"F-FDG) PET esta associado a uma atividade
compensatoria para manter fungdes cognitivas em doencas neurodegenerativas, como
doenca de Parkinson, doenga de Alzheimer, deméncia com corpos de Lewy entre outras

(Blum et al., 2018). Alteracdes cerebrais estruturais e ultraestruturais foram
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demonstradas em animais diabéticos e a depressdo foi relacionada com as regides do
cortex cerebral, cerebelo e hipotdlamo. Nessas regides as alteragdes incluiam aumento
de mitocondrias inchadas e vacuolizadas presentes na diabetes (Herndndez-Fonseca et

al., 2009).

1.2.5 Hipocampo e DM

O hipocampo estd associado, entre outras fungdes, a cognicdo, principalmente a
memoria, e essa area pode ser segmentada em porg¢des anterior e posterior (dorso-ventral
em roedores) que sdo estruturalmente e funcionalmente distintas (Collin, Milivojevic, &
Doeller, 2015; Dalton, Zeidman, Barry, Williams, & Maguire, 2017; Fanselow & Dong,
2010). O hipocampo dorsal tem um papel preferencial em certas formas de aprendizado e
memoria, principalmente no aprendizado espacial, mas o hipocampo ventral pode ter um
papel preferencial nos processos cerebrais associados a comportamentos relacionados
a ansiedade. O papel deste ultimo no processamento emocional também ¢ distinto da

amigdala, que esta associada especificamente ao medo (Dalton et al., 2017).

De acordo com alguns estudos, a diabetes induzida por STZ apresenta diminui¢ao
de neurogénese no hipocampo e alteragdes nas tarefas comportamentais que incluem o
aprendizado e a memoria espacial em testes no labirinto de agua de Morris e
reconhecimento de novos objetos (Piazza et al., 2011; Revsin et al., 2009). A diminui¢do da
proliferagdo celular do hipocampo em camundongos diabéticos resulta em déficits
cognitivos leves na tarefa de reconhecimento de posicionamento de objetos (Revsin et al.,
2009). Visto que os animais diabéticos submetidos ao teste de labirinto de d4gua de Morris

sO apresentam algum déficit quando h4 uma disfun¢ao hipocampal mais grave.
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1.2.6 Micro Tomografia por emissio de positrons (microPET-CT)

A micro tomografia computadorizada por emissdo de pdsitrons em
(microPET-CT) ¢ uma ferramenta importante para o estudo de doencas cerebrais,
devido a sua técnica ser considerada ndo-invasiva. Usando este método ¢ possivel medir
os niveis de consumo de glicose e quantifica-los em momentos diferentes com o animal
in vivo (Kopschina et al., 2019).

O marcador do metabolismo encefalico da glicose mais utilizado é o BE_FDG

que demonstra maior eficiéncia e precisdo para o mapeamento cerebral em tempo real.

De acordo com os estudos, o FDG ¢ uma molécula analoga de glicose que ¢ utilizada
como marcador metabolico e permite identificar a distribuicdo da sua captacdo em
diferentes areas do encéfalo. Normalmente multiplas vias metabdlicas de glicose no
encéfalo podem ser observadas por exames de imagem (Rooijackers, Wiegers, Tack,
Van Der Graaf, & De Galan, 2016).

Nesse sentido, tanto em modelos experimentais quanto em humanos apos
aaplicagdo intravenosa, o FDG ¢ transportado para as células como um analogo da
glicose (figura 1). O primeiro passo apos a entrada da glicose ou FDG na célula ¢ a
fosforilagdo em glicose-6-fosfato (Glc-6-P) pela enzima hexoquinase. A Glc-6-P pode
entrar em varias vias metabolicas no encéfalo. Esse monossacarideo pode ser
metabolizado para produzir energia via glicolise ou a Ciclo de Krebs. Os intermediarios
dos ciclos glicolitico e Krebs também sdo usados para a sintese de aminoacidos e
neurotransmissores. Além disso, Glc-6-P ¢ um precursor do glicogénio. Por fim, o
metabolismo do Glc-6-P através do via da pentose fosfato (PPP) fornece pentose para
nucleotideo sintese e NADPH, necessarios para reagdes redutivas, como lipidios sintese

e protecdo contra o estresse oxidativo.
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O exame de microPET quando utiliza o marcador ®E_FDG que fica preso no
inicio do metabolismo (por exemplo fluorodeoxiglucose-6-fosfato / FDG-6-P), para
estimar as taxas captacdo do metabolismo de glicose. Com isso quando o FDG entra
pela via glicolitica, serd feita a fosforilagdo da molécula realizada pela enzima
hexoquinase, que limita a taxa, o FDG-6-fosfato ndo ¢ mais metabolizado. Devido a sua
carga negativa, esse marcador metabdlico permanece preso nas células e seu acumulo ¢
proporcional a taxa glicolitica celular. Deste modo, quando ocorre o acimulo de FDG
no tecido consequentemente isto reflete o transporte celular de glicose e a atividade da
hexoquinase. Normalmente, a captacdo fisiologicamente aumentada de FDG ¢
observada no trato urinario, no trato intestinal, nos musculos, no encéfalo e no coragao.
Especialmente, a atividade intestinal pode mostrar padrdes imprevisiveis, o que pode ser

confuso (Rooijackers, Wiegers, Tack, Van Der Graaf, & De Galan, 2016).

CELULA DO ENCEFALO +
cucose [
FDG-PET l
Glc-6-P/ NADPH
GLICOGENIO < e P
ARMAZENAMENTO Sintese de
ENERGIA Nucleotideos
GLICOLISE
PRODUCAO DE ENERGIA
(ATP) PIRUVATO
P —

Figura 1. Desenho esquematico de uma célula do encéfalo humano mostrando a entrada do FDG

ou glicose pela via glicolitica (Modificado de Rooijackers et al., 2016 para lingua portuguesa,

sob licenca CC BY, disponivel em http://creativecommons.org/licenses/by/4.0/ )
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2. JUSTIFICATIVA

As perspectivas das pesquisas cientificas no que tangem a patogénese,
diagndstico e o tratamento da diabetes mellitus tipo I auxiliam os pacientes no desafio
de manejar a doenga, seja por meio de bombas de insulina, monitoramento da glicose ou
a administracdo da insulina. Contudo, apesar do investimento maci¢co da comunidade
cientifica ainda nao existem meios de retardar a evolugdo das disfungdes cognitivas,
motoras e neurometabolicas em pacientes diabetes mellitus tipo I que seguem o

tratamento de forma efetiva.

Dados da OMS apontam que o numero de pacientes com diabetes tem
aumentado significativamente juntamente com as complicacdes secundarias
relacionadas principalmente aos orgdos alvos que captam a glicose. Compreender e
avaliar os mecanismos envolvidos no metabolismo encefalico e quando as alteragdes
iniciam s30 passos cruciais para o mapeamento e entendimento da patogénese das

complicacdes neurodegenerativas induzidas pelo diabetes mellitus.

Acreditamos que as analises de alteragcdes comportamentais € neurometabolicas
induzidas pelo diabetes mellitus sdo partes importante para o conhecimento ¢ também
para entendermos como esta doenga comporta-se em seus estagios precoces. Assim, ¢
valido ressaltar que poderemos criar estratégias para conter o avanco das disfuncdes

cognitivas € motoras nesta patologia.
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3. OBJETIVO
3. 1 Objetivos gerais
a) Avaliar os aspectos comportamentais cognitivos e locomotores; o metabolismo

encefalico em ratos Wistar machos adultos, submetidos indu¢do de diabetes por STZ.

b) Avaliar o 8F_FDG como marcador de lateralidade em ratos Wistar machos adultos,

submetidos indugdo de diabetes por STZ.

3.2 Objetivos especificos

a) Avaliacdo das alteragdes comportamentais/locomotoras com o uso do teste do

campo aberto e o teste de reconhecimento do novo objeto.

b) Avaliagdo do metabolismo encefalico com uso da técnica de microPET-CT, com 1Bp_
FDG como marcador metabdlico nas regides do hipocampo, amigdala, cortex frontal,
cortex motor e cerebelo.

c) Avaliacdo da lateralidade do metabolismo encefalico com uso da técnica de

microPET-CT, com BE_FDG como marcador metabolico em ratos wistar machos.

d) Verificar as alteragdes metabolicas de glicose utilizando BE_FDG através da técnica de
microPET nas regides do cortex auditivo, cortex orbitofrontal e nucleo accumbens core

e hipocampo posterior entre ratos diabéticos e controles.
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Capitulo 11
“Early diabetes melittus effects on cognition, behavior and glucose brain metabolism in

wistar rats” Artigo a ser submetido ao periddico Psychoneuroendocrinology
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ABSTRACT

Advanced stages of Diabetes Mellitus are associated to locomotor and cognitive
dysfunction. Motor deficits are related to diabetic neuropathy involving peripheral nerves, which
increases morbidity risk in diabetic patients. In addition, central nervous system (CNS)
complications during diabetes progression are relatively more subtle compared to peripheral
changes. To the present moment, few studies investigated the neurological effects during the early
stages of diabetes onset, mainly in experimental models. Considering the above, the main objective
of the present study was to evaluate the locomotor activity, short-term and spatial memory and brain
glucose metabolism before and dafter DM induction in adult Wistar rats. The DM was induced by
intraperitoneal injection of 60mg / kg of streptozotocin, which leads to pancreatic beta cells
disruption and consequent induction of experimental DM 48 hours after injection. Locomotor

activity was evaluated through the open field (OF) test; memory by the novel object recognition

(NOR) test and brain glucose metabolism by [18F]ﬂuor0deoxyglucose ([lgF]FDG) positron emission
tomography (PET). Body weight, food and water intake, urine and fecal output as well as blood
glucose levels were also evaluated throughout the experiment. Behavioral analysis demonstrated in
DM group compared to control animals, suggesting alterations in both working and short term

memory. Regarding locomotor activity, no significant alterations were observed between groups.

Global analysis of brain glucose metabolism measured by [18F]FDG uptake indicated slight

alterations in important areas for short-term and working memory, emotional control and

locomotion. DM animals had increased [18F]FDG uptake in the cerebellum, whereas a reduction was
observed in the amygdala when compared to the control groups. Hippocampus uptake was not
significantly altered when analyzed as whole. However, when segmenting it into dorsal and ventral
hippocampus, it was possible to observe reduced tracer uptake in the dorsal hippocampus. These
results suggest possible alterations in early stages of DM regarding cognition and brain glucose
metabolism induced. Further studies are necessary to evaluate possible long-term alterations after

DM induction in this animal model.
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1. INTRODUCTION
Diabetes mellitus (DM) is one of the most prevalent diseases characterized by
chronic complications related to hyperglycemia, which progressive damage to the peripheral
nerves. Additionally, DM related deleterious effects on central nervous system (CNS) may
impair brain functions, such as memory and cognition (Ahtiluoto et al., 2010; Sims-Robinson,
Kim, Rosko, & Feldman, 2010). In the last decade, studies with both experimental and human
models have focused on brain alterations related to diabetes mellitus type 1, showing
morphological, electrophysiological and behavioral changes promoted by disease (P. B Bagatini
et al.,, 2017; Geert Jan Biessels, 2013; de Senna et al., 2017; Van Elderen et al., 2010).
Nonetheless, few studies investigated the early manifestations of neurological deficits induced
by DM, which raises the question of when the DM-related deleterious effects in the brain starts.
Several studies evaluated brain glucose metabolism and gross anatomical changes
produced by DM through imaging techniques such as positron emission tomography (PET),
functional magnetic resonance imaging and magnetic resonance spectroscopy (Bednarik et al.,
2017b; Perantie et al., 2011; Zhou et al., 2018). Results obtained by functional and metabolic
neuroimaging during DM demonstrate a decrease in whole brain volume in experimental
diabetic animals with or without cognitive impairment (Zhou et al., 2018). When investigating
young children with early-onset type-1 DM , a high prevalence of structural abnormalities in the
brain were observed. Alterations such as white matter volume reduction within the parietal
cortex were associated with the presence of high hyperglycemia and high variability in glucose
levels (Ho et al., 2008; Mauras et al., 2015; Perantie et al., 2011).
Although cognitive changes in the diabetic brain are subtle, diabetic rats with cognitive impairment

showed alterations primarily in the caudate putamen and hippocampus. Hippocampal
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impairment is related to potential learning and memory dysfunction observed in diabetic rats in
hypoglycemic states (Sang et al., 2005; Yamada et al., 2004; Zhou et al., 2018). However, it is
still unknown when these cognitive alterations start after DM onset. Therefore, the aim of this
study was to evaluate behavioral and glucose brain metabolism alterations during in the early

stages of a DM rat experimental model

2. MATERIALS AND METHODS

2.1 Animal procedures

Eighteen 12-weeks old male Wistar rats were obtained from the Centro de Modelos
Biologicos Experimentais (CEMBE) of the Pontificia Universidade Catolica do Rio Grande do
Sul (PUCRS). They were kept in standard laboratory conditions at the University facilities, with
food and water ad libitum and a 12 h light/dark cycle. Twelve hours prior to the small animal
PET procedure, the animals were maintained under food restriction to avoid glucose levels
fluctuations. All experiments involving animals were approved by the University’s ethical
committee (CEUA 7660/PUCRS) and were in accordance with the Guide for the Care and Use
of Laboratory Animals adopted by the National Institute of Health (USA). All efforts were

made to minimize animal suffering and the number of animals needed.

2.2 Experimental Design
The study design was divided into two parts: baseline and Diabetes period, which is
depicted in Figure 1. After basal period evaluation, animals were assigned to DM group (n=10)
or control group (n=8). All experimental procedures and analysis were performed on both
periods, i.e. baseline and after induction.
Daily food and water intake was quantified during the whole experiment, as well as
urinary output and feces values for each cage with until 3 animals. Also, body weight and

glucose levels were monitored during the experiment.
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2.3 Diabetes mellitus induction

Diabetes Mellitus (DM) was induced by streptozotocin injection(Akbarzadeh et al.,
2007). Briefly, after an overnight fasting period, animals from DM group received a single
intraperitoneal (i.p.) injection of streptozotocin (STZ - Sigma-Aldrich Brasil Ltda; 60 mg/kg of
body weight) diluted in 0.1 M sodium-citrate buffer, pH 4.5. Control animals received an
equivalent amount of sodium-citrate buffer i.p. Blood glucose levels were measured in blood
collected from the tail vein 72h after i.p. injections using a portable glucometer (On Call Plus,
ACON Laboratories, USA). A positive control was used to assess test validity. Only animals
with blood glucose levels >300 mg/dL and symptoms of polyuria and polydipsia were
considered diabetic and used in the present study (DM group, n=10). Blood glucose levels of all

animals were assessed in different moments along the experiment.

2.4 Physiological Parameters

In order to confirm DM induction, physiological parameters as urinary and feces
output and body weight were monitored along the experimental procedure. Daily food and
water intake during whole experiment were also verified.

2.4.1 Body weight

Baseline body weight was measured before DM induction. Body weight gain was
calculated 32 days after DM induction, subtracting final values from baseline body weight. For
body weight control purposes, measures on days 16, 27 and 40 after DM induction were also
performed.

2.4.2 Food Intake

Food intake was assessed through all experiment until euthanasia. Every cage until 3

animals received, daily, 500 g of food. Food intake was calculated with values obtained at each
two days. Briefly, on the first day, 500 g of food were offered and two days later the remaining
amount of food was measured. Food intake was obtained by subtracting the weight of remaining

food from initial weight of food offered.
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2.4.3 Water intake
Water intake assessment was similar to food intake. All cages received daily a total of
600 mL of water. On the first day, two bottles of 300 mL were offered to each cage, and the
next day, the remaining amount of water was measured. Water intake was obtained by
subtracting the final water volume from initial value of water offered (600 mL in total).
2.4.4 Urinary and fecal output
Urinary output as well as fecal output were measured after DM induction until the end
of the experiment, with values obtained every two days. Daily values of mean bowel
movements mixed to urine were calculated by subtracting the dry sawdust weight (150 grams)

from wet sawdust weight (sawdust plus bowel movements mixed with urine).

2.5 Behavioral Analysis

2.5.1 Open field test

Open field (OF) test was carried out on experimental days 1 and 34. The test was
performed as described in literature (Do Nascimento et al., 2011). Briefly, rats were placed in a
round wooden box with linoleum floor, measuring 30 ¢cm in radius and 40 c¢m in height. Rats
were allowed to explore the box during 5 minutes while their behavior was recorded (Sony
Handycam DCR PJ5). Locomotor parameters evaluated were: 1- Distance traveled (meters); 2-
Speed (meters/min); 3-Total time immobile (seconds or minutes); 4-Number of immobility
episodes. All parameters were evaluated using the ANY-MAZE software (Stoelting Co., Wood
Dale, U.S.A)).

2.5.2 Novel object recognition test

In order to evaluate short-term memory and spatial memory as a proxy for cognition
before and after DM induction, the novel object recognition test (NOR) was performed on
experimental days 2 and 35. For this purpose, rats were placed inside the same apparatus used in OF.
They were allowed to explore two equal (familiar) iron objects for 5 min (trial 1), then objects were
removed. After 50 min, one familiar and one new object were presented to the animal for 5
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min (trial 2), changing the location of one of the objects. The preference index (PI), which can be
used as a measured of cognitive function (Antunes 2012) was calculated as the ratio between time
spent on exploring the new object and total time spent on object exploration. The Discrimination
Index (DI), which allows to evaluate the discrimination between novel and familiar objects, was also
calculated as the ratio between the difference on exploration times (novel and familiar) and the total
amount of exploration (Di=(T~-Tr)/(Tn+Tr)) (Antunes & Biala, 2012; Silvers, Harrod, Mactutus, &
Booze, 2007). Behavioral tests were recorded on video (Sony Handycam DCR PJ5) for further

analysis using ANY-MAZE software (Stoelting Co., Wood Dale, U.S.A.)

2.6 PET imaging
2.6.1 ®*F-FDG production

The "8F-fluoride ions were produced using an on-site cyclotron (PET Trace 16 MeV;

GE Medical System) and transferred to an automated synthesis system (Fastlab GE). The 18p.
FDG synthesis was performed according to the Hamacher method, under sterile conditions, and
following the guidelines on current Good Radiopharmacy Practice (¢cGRPP) in the preparation
of radiopharmaceuticals. BE_FDG was tested for sterility, pyrogenicity, pH, radionuclidic
identity and purity, radiochemical identity and purity, residual solvents and membrane filter

integrity on each production run (Hamacher, Coenen, & Stocklin, 1986).

2.6.2 ®F-FDG PET Scan

Animals were individually anesthetized using a mixture of isoflurane and medical oxygen

(3-4%) and 1 mCi of '8F-FDG was administered through the tail vein. Afterwards, animals were

returned to their home cage for a 30-min period for conscious tracer uptake. This step was performed

to ensure best '*F-FDG uptake in freely moving rats and to avoid the problem of confounding
anesthetic effects (Lancelot & Zimmer, 2010). After the uptake period, rats were anesthetized, placed
in a headfirst prone position and scanned with the TriumphTM MicroPET (LabPET-4, TriFoil
Imaging, Northridge, CA, USA). Animals were kept under anesthesia using isoflurane (2-3%).
During the scan, animals were kept on a heating pads to avoid body temperature decrease. For

imaging acquisition, a 60-minute listmode static scan was acquired

44



with the field of vision (FOV; 3.75 cm) centered on the rat’s head (Baptista et al., 2015;
Mirrione et al., 2014).

2.6.3 Image acquisition and quantification

All data were reconstructed using a 3D ordered subsets expectation-maximization (3D-

OSEM) algorithm with 20 iterations and no attenuation correction. Each reconstructed PET

image was spatially normalized to a 8E_FDG PET template already in MNI space using the

Fusion Toolbox of PMOD v3.5 (PMOD Technologies, Zurich, Switzerland). The standard

uptake value (SUV) was calculated (Baptista et al., 2015; Mirrione et al., 2014). Changes in 18p.
FDG tracer uptake in predefined regions of interest (ROIs) were obtained using the whole brain
normalized SUV. Each ROI SUV value was divided by whole brain SUV value, being
expressed as SUV ratio (SUVr). The selected brain regions were analyzed bilaterally and were
selected due to its relation to cognition, memory and locomotor function: hippocampus, frontal
cortex, motor cortex, amygdala and cerebellum.

2.7 Statistical Analysis

All statistical analyses were performed using the SPSS 20.0 software (SPSS Inc.,
Chicago, IL, USA). The normality of the variables was tested using the Kolmogorov-Smirnov
test.

Comparisons were made between diabetic rats and normal rats regarding changes in body
weight, food and water intake, urine output throughout the experiment using 2-way repeated
measures ANOVA model. The difference in brain tracer uptake expressed as SUVr in the selected
areas between groups was also calculated using the two-way repeated measures ANOVA model. The
effects of STZ-induced type-1 diabetes laterality were analyzed using two-sample Student’s t test
and paired sample t-test. The effects of STZ-induced type-1 diabetes on ambulation (open field),
memory performance (NOR) were analyzed using two-sample Student’s t test and paired sample t-
test. Continuous variables are expressed as the mean + standard deviation or as the median (25th and

75th percentile) and a level of 5% was considered statistically significant.
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3 RESULTS
3.1 Physiological Parameters

Diabetic induction was confirmed in the DM group by the presence of characteristic
symptoms such as polydipsia, polyuria and polyphagia, observed 1 week after induction. A
percentage of disease incidence in the experimental model of approximately 80%.

At baseline, blood glucose levels did not differ between experimental groups (t ()
=1.65, p=0.302 —Fig 2A). After DM induction, glucose levels were significantly increased only
in DM group, indicating that induction was successful (t 16 = 14.30; p<0.000001 — Fig 2A).

Weight gain was also different between groups, as DM group lost weight while the
opposite occurred for control animals (t s =12,59, p<0.001 —Fig 2B). Interestingly, while
control animals constantly increased weight, DM group showed a more stable curve, losing
weight in some points (Fig 2B, insert).

Water and food intake were significantly higher in DM group compared to Control group (t
©60) =11.68; p<0.001 and t 26) =5.79; p<0.001, respectively — Fig 2C and 2D) as well as urinary and
fecal output (t oy =21.60; p<0.001 — Fig 2E). Regarding the relationship between intake and
excretion, DM group presented both parameters higher than control group (F (1,200 =462.8; p<0.001
— Fig 2F). However, DM group presented increased excretion compared to intake, while control

group presented the opposite (F (1,200 =139.5; p<0.001 — Fig 2F).

3.2 Behavior analysis

No significant differences were observed in the OF when analyzing the time versus
group interactions. All parameters evaluated showed a statistically significant effect of “time
“variable for both groups. Distance traveled was decreased for DM and control groups after
induction (F (1,16 = 136.8; p<0.01 — Fig 3A). Time spent immobile, immobile episodes and
rearing, also decreased after DM induction for both groups (F (.16 = 166.1; p<0.01; F «,16) =
240.7; p<0.01 and F 1,16 = 101.8; p<0.01- respectively; Fig 4B, 3C and 3D).

Regarding NOR, exploration time in trial 1 increased post-induction independent of
experimental group (F (1973147 = 10,87; p=0.0003 — Fig 4A), while in trial 2 no significant
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alterations were observed. Since no differences were observes for trial 2, no significant
differences were observed for time exploring novel object (Fig 4B). The total number of
investigations (for both objects) presented a time versus experimental group interaction only in
trial 2 (F @a4s) =3.71; p=0.017 — Fig 4C). While control animals increased number of
investigations after vehicle injections, DM animals presented a decrease. Percentage of novel
objects investigation presented a significant increase in trial 2 in the post- vehicle injection for
control animals (F ,16) =7.75; p=0.015 — FigdD). Discrimination index post DM induction was
significant smaller for both experimental groups (DM and controls, F 1,6 =8.7; p=0.009 —
Fig4E). The preference index reduced post DM induction in DM group (F (.16) =8.5; p=0.001 —

FigdF), while no significant differences were observed in control groups.

3.3 Brain glucose metabolism

Statistical analysis from SUVr data shows no general alterations in regions as frontal
and motor cortex as well as hippocampus (Fig 5A to C). Analyzing hippocampus into antero-
dorsal hippocampus, a time effect was observed only in DM group in dorsal hippocampus
region (F (1,169 =6.83; p<0.005; Fig 5D), while no significant alterations were observed in ventral
hippocampus (Fig 5E). A time versus group interaction could be observed in cerebellum when
analyzing as whole. While controls showed increase in SUVr, DM had no alterations (F .16
=14.26; p<0.01 ). Dividing cerebellum into grey and white areas, both areas showed a group
versus time interaction, were increased SUVr after DM induction was observed only in control
group (F 1,169 =9.14; p<0.05 and F (1.16) =9.96; p<0.05)

A time versus group interaction was also observed for SUVr in amygdala (F @,
=8.628; p<0.005). The DM group had increased SUVTr after induction while no alteration was
observed for control group (F (1,169 =30.87; p<0.01). Consequently, DM group had a significantly
higher SUVr when compared to control after induction (F 1,169 =10.63; p<0.05). No significant
differences were observed in SUVT for both frontal cortex and motor cortex.

Statistical analysis from SUVTr data shows in regions as auditory cortex, orbitofrontal cortex

nucleus accumbens core as well as hippocampus differences in laterality (p<0.05, table 47



1). Analyzing posterior hippocampus was observed in DM group significant alteration. This
area showed increased SUVTr after DM induction, while control group no alteration.

The DM group had decrease SUVr in auditory cortex in both sides after induction while
no alteration was observed for control group. Consequently, control group had a significantly
decrease SUVT in both sides in orbitofrontal cortex. No significant differences were observed in

SUVTr for both nucleus accumbes core in groups control and DM (table 2).
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FIGURE LEGENDS

Figure 1.

Experimental Design. At the beginning, animals were submitted to the open field test (OF),
novel object recognition (NOR) and MicroPET for basal period evaluation. Following, animals
were randomly assigned to Diabetes Mellitus (DM) group (n=10) or control group (n=8).
Animals assigned to DM group received an intra-peritoneal (i.p.) injection of streptozotocin (60
mg/kg) , while animals assigned to control group received vehicle i.p. injection. Twenty days
after streptozotocin injection, behavior tests and microPET analysis were repeated.

Figure 2.

Physiological parameters. To confirm Diabetes Mellitus (DM) induction, Glucose Blood levels
(A) in day 1 and day 12 experiment, weight gain (B), water and food intake (C and D,
respectively) as well as excretion and intake/excretion ratio (E) were evaluated during all time
experiment and result are depicted here.*p<0.05; **p<0.01; DM = Diabetes Mellitus. Variables
are expressed as the mean + standard deviation (A,C,D,E) and as the median (25th and 75th
percentile) (B).

Figure 3.

Open Field Test (OF). Both group showed similar behavior in the Open Field Test. Reduced
distance traveled (A); time spent immobile (B); immobile episodes (C) and rearing scores (D)
were observed for both groups (DM and control) following injections with STZ and vehicle,
respectively. No differences were observed in speed (E). **p<0.01; DM = Diabetes Mellitus;
STZ = Streptozotocin. Variables are expressed as the mean =+ standard deviation.

Figure 4.

Novel Object Recognition Test (NOR). Both experimental groups (DM and control) showed a
similar increase in exploration time in seconds after induction, in trial 1 (A) while no differences
were observed for trial 2 (A). Time exploring the novel object showed no differences between
experimental groups and times assessed (B). Regarding total investigations in trial 2, an opposite
effect could be seen, where control animals increased the investigation of both objects after DM
induction (vehicle injection) while DM animals decreased (after STZ injection - C). Control animals
demonstrated increased novel object investigation after vehicle injection, while DM animals showed
no difference (D). Variations in discrimination index were similar between groups, both reduced
after DM induction (E) and the preference index, indicating the preference for investigating the
novel object, was reduced in DM group after induction, while no differences could be observed in
control animals (F). *p<0.05; **p<0.01; DM=Diabetes
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Mellitus; STZ=Streptozotocin; Basal= before induction; Pos= after induction STZ or vehicle;
T1= trial with two equal familiar objects; T2= after 50min of the trial 1, repeated trial with
two different objects (one familiar and one new). Variables are expressed as the mean +
standard deviation.

Figure 5.

BE_.FDG SUVr microPET. Graphs depicting '*F-FDG SUVr absorption in different Regions of
Interest (ROIs) analyzed. Increased BF_-FDG SUVr absorption indicates reduced glucose
metabolism, while reduced '*F-FDG SUVr absorption indicates the opposite. Regions as
Frontal and motor cortex (A and B respectively); hippocampus and ventral hippocampus (C and
E respectively) demonstrated no differences in '*F-FDG SUVr absorption, and, consequently, in
glucose metabolism. Analysis of Dorsal hippocampus indicated increased BE_FDG SUVr
absorption in DM group after induction, with no alterations in control group (D). Cerebellum
analyzed as a whole and subdivided in grey and white areas, demonstrated increased BE_FDG
SUVr absorption only in control group, after induction, with no alterations in DM group (F, G
and H respectively). Amygdala presented increase BF_FDG SUVr absorption only in DM
group, after induction (I). DM=Diabetes Mellitus; *p<0.05; **p<0.01. MicroPET imaging. J)
Indication of Regions Of Interest (ROIs) used for BF_FDG SUVr absorption analysis in
microPET images. K) representative image of DM and control animals brains in microPET
analysis in 42 day experiment. DM=Diabetes Mellitus. All values are mean + SD.
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Figure 1.
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Figure 3.
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Figure 4.
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Figure 5.
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Tables Legends

Tables 1

Laterality microPET. Both experimental groups (DM and control) showed a increase in
glucose metabolism unequal for both sides DM=Diabetes Mellitus; Control=sodium- citrate
buffer(vehicle) injection. Values of SUVT are expressed as the mean + standard deviation. L=
left side of region brain. R = left side of region brain. p<0.05.

Table 1. Differences of laterality of the BE-FDG SUV values of the short-term follow-up for
individual brain regions of control (n 8) and diabetic (n=10) rats at day 42.

Brain regions Side Control Diabetes p
Mean+SE Mean+SE

Orbitofrontal Cortex R 1,10+0,03 1,09+0,05

0,024
Orbitofrontal Cortex L 1,14+0,04 1,12+0,04
Auditory Cortex R 0,91+0,03 0,87+0,04

0,015
Auditory Cortex L 0,94+0,03 0,90+0.04
Hipocamppus Posterior R 0,91+ 0,03 0.95+0.05

0,034
Hipocamppus Posterior L 0,91+0,04 0.94+0.04
Nucleus Accumbes R 1,04+0,03 1,04+0,02

0.005
Nucleus Accumbes L 1,02+0,05 1,03+0.02
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Table 2

Laterality microPET. In analyses after induction STZ or vehicle, groups (DM and control)
showed results different in glucose metabolism for both sides. DM=Diabetes Mellitus;
Control= vehicle injection. Values of SUVTr are expressed as the mean + standard deviation. L=
left side of region brain. R = left side of region brain. p<0.05.

Table 2. Brain regions of glucose metabolism induced by STZ or vehicle.

Analysis of regions ~ Group  Activation glucose Side p
metabolism
Auditory Cortex DM Decrease L 0,021 *
R 0,008 *
Auditory Cortex CTRL No change L 0,148
R 0,486
Orbito frontal Cortex = DM No change L 0,148
R 0,486
Orbito frontal Cortex = CTRL Decrease L 0,643
R 0,007*
Posterior DM Increase L 0.032*
Hippocampus R 0.024*
Posterior CTRL No change L 0.229
Hippocampus R 0.942
Nucleus Accumbens DM No change L 0.633
Core R 0.735
NucleAccumbens CTRL No change L 0.952
Core R 0.046*
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4. DISCUSSION

In the present study we evaluated behavioral and brain glucose metabolism through
18F-FDG PET, in order to better understand possible alterations in these parameters in early
stage DM. The data presented affects mainly brain glucose metabolism, whereas small
behavioral alterations are induced. To the best of our knowledge, this is one study assessing
possible short-term memory impairment and changes in brain glucose metabolism of STZ
diabetic rats through 18F-FDG PET. Our data predict the first changes in diabetes that in other
study found by Guan and colleagues, the long-term diabetes in elderly diabetic mice cause
cognitive disturbances, impairments in spatial memory and in the regions of the amygdala and
hippocampus (Guan et al., 2016).

The protocol used in this study successfully induced DM in animals as observed by the
presence classical DM symptoms, such as increased water intake (polydipsia), increased
excretion (polyuria and bowel movements), variation in food intake (polyphagia) and, more
important, hyperglycemia. Only 2 animals were excluded from the study because they did not
induce diabetes. These findings are in agreement with previous studies, confirming the validity
of the model (Ates et al., 2007; P. B Bagatini et al., 2017; Venturini et al., 2010b).

The effect of diabetes on ambulatory activity was evaluated by the OF test focusing on
activity levels, in order to understand how early stage diabetes can affect locomotion in rat
animal model. In our results, we found that both groups equally maintained their exploratory
capacity following DM induction (STZ or vehicle injection). This was surprising since
according to the literature a decrease in locomotor activity of diabetic rats is expected when
compared to controls (Andersen, 2012; Kalyani, Corriere, & Ferrucci, 2014; Reagan, 2012).
The wvariability of experimental protocols may be the key to the differences found in the
literature, such as different rodent strains, rodent age, protocol used for diabetes induction,
duration of disease, post-induction evaluation and types of behavioral tests.

The absence of locomotor impairment observed by us agrees with F_FDG uptake in the

motor cortex (Fig. 5B), which was not altered. When analyzing tracer uptake in the cerebellum,
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the control group showed increase in brain glucose metabolism while DM had no alterations.
Overall, brain glucose metabolism in the brain is mainly determined by two factors: the regional
complexity of functional networks and the energy efficiency of such networks for wiring
(Tomasi, Wang, & Volkow, 2013). High functional areas and areas with high connectivity will
show increased metabolism, while less active areas will show the opposite. Thus, alterations
observed by us in cerebellum glucose metabolism in control animals might be a normal
modification during development, and the absence of alterations observe in DM group can be
interpreted as an initial impairment in this region due to diabetes development, supporting the
hypothesis that the early effects of DM are first seen in the brain, leading to behavioral
alterations along with DM chronicity. Movement control is coordinated by several — motor and
cognitive - brain areas. Cerebellum is a subcortical region that connects to other brain regions,
as motor cortex, involved in regulation of motor coordination, cognition and attention, receiving
input from a variety of regions in cerebral cortex (Allali et al., 2018; Koziol et al., 2014).
Studies with humans show that cerebellar hypermetabolism is associated with a compensatory
activity to maintain cognitive functions in neurodegenerative diseases, such as Parkinson
disease, Alzheimer’s disease, Dementia with Lewy bodies and social anxiety among others

(Blum et al., 2018; Su et al., 2019; Ye et al., 2019).

Previous studies involving experimental rat models and humans are still controversial in
relation to the onset of cognitive alterations, such as memory deficit in DM (Biala, 2012; Haider,
Ahmed, & Tabassum, 2013; Nunes et al., 2017; Zhou et al., 2018). However elderly diabetic rats
were predisposed to complications with cognitive and affective disorders, caused by atrophy and
alteration of glucose metabolism of the hippocampus in long term diabetes. In this research
compared to normal-aged mice, middle-aged diabetics are likely to complicate small vessel brain
disease with affected and cognitive disorders related with Beclinl-mediated autophagy (Guan et al.,
2016) In our study, both groups, healthy control and DM animals, demonstrated a similar behavior
regarding total investigation of objects in NOR, in trial 1, either before or after DM induction. The

first trial is considered a training phase, were both objects are equal. However, in
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trial 2, where there is one familiar object and one novel object and, moreover, one object was
placed in a different location, DM animal behaved in opposite direction of control animals:
while control animals increased the number of total investigations in trial 2, DM animals
reduced (Fig. 4C). In order to recognize a new object, it is necessary that the animal: 1) identify
these two identical objects and 2) retain these two identical objects in working memory,
indicating that more cognitive skills are necessary for novelty recognition. Once the object is
replaced by a novel one, in case the animal was able to recognize the novelty, it will behave
differentially, showing more interest by the novel object. The same can be extrapolated for
spatial memory. This suggests that DM animals present an impairment on short-term memory
and spatial memory, but can also allow us to infer that working memory might also be altered

(Antunes & Biala, 2012; Silvers et al., 2007).

Hippocampus is associated, among other functions, with cognition, specially memory, and
this area can be segmented in anterior and posterior portions (dorso-ventral in rodents) which are
structurally and functionally distinct (Collin et al., 2015; Dalton et al., 2017; Fanselow & Dong,
2010). This anatomical and functional division implies a differential connectivity from hippocampus
to hypothalamic areas related to different behavior and cognitive functions (Strange, Witter, Lein, &
Moser, 2014). Despite of no differences in brain glucose metabolism of hippocampus as whole,
analysis into dorso-ventral hippocampus demonstrated a increased in glucose metabolism in dorsal
hippocampus, after DM induction, when compared to healthy control animals, where no alterations
were observed. According to the Moser theory (Moser and Moser 1998), dorsal hippocampus is
directly related to memory function while ventral area is involved in modulating emotional and
affective processes, specifically anxiety and frustration (Fanselow & Dong, 2010; Moser & Moser,
1998). In this way, the increase in brain glucose metabolism observed in DM group is in agreement
with behavior alterations observed in NOR, were DM animals present impaired short-term memory
and special memory. Since no alterations were observed regarding glucose metabolism in dorsal

hippocampus in control animals, it is
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supposed that this is the normal course of development, and the slightly increase observed in

DM suggested an effect of early stage diabetes.

One of the ways found to analyze the SUV of the regions was to correct it by means of
normalization of data using whole-brain activity SUV image analyzes, generating the SUVr. It

is a widely used analysis technique in rodents, and its was used in all our datasets. In our study,
the hyperglycemia present decreased the arterial flow of F.FDG due to a faster blood

clearance, and that there is a different '"*F-FDG flow gradient compared to arterial with the same
injected dose. In order to minimize this limitation, normalization of data to whole-brain activity
outperformed SUV or% ID / g image analyzes in all our datasets and is a widely used analysis
technique in rodents can be normalized. In this case, normalization will be based on the general
activity of the brain and not just the restricted selection of voxels (Feltes et al., 2017; Welch et
al, 2013). Differences in laterality present in diabetic animals may be related to cell losses and /
or selective changes in the blood-brain barrier induced by DM. Hippocampus anterior increase
is related with concept of neural (or cognitive) reserve, whereby plasticity and compensatory
mechanisms can maintain cognitive performance in the face of insult in the mature brain

(Barulli & Stern, 2013).

While hippocampus is considered the central brain area related to memory, amygdala is
the emotional center of our brain. However, studies show that our emotional center also plays an
important role in memory consolidation regarding emotional contexts, the also called emotional
memories (Janak & Tye, 2015; Roozendaal et al., 2009). It is important to remind that
amygdala’s connectivity expands to several brain regions, as frontal cortex and hippocampus
regulating the effects of emotional arousal and stress exposure to these brain areas (Roozendaal
et al., 2009). It is known that stress impairs memory retrieval and working memory, mainly via
amygdala modulation of hippocampal stress exposure to stress hormones as noradrenaline and
glucocorticoids (Roozendaal et al., 2003, 2004). We observed a increase in glucose metabolism

in amygdala in DM animals, while control animals did not show any alterations.
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Although animals have a greater propensity for novelty, it is important to consider that after,
prolonged exposure, a reduced preference for novelty occurs, and this means that the objects have
become familiar, which might also explain the differences observed in NOR. When we repeat NOR
and DM animals have decreased their time investigating both objects, it may suggest that animals
are habituated (Biala, 2012; Branchi, Ricceri, Cellulare, & Superiore, 2004).

On the other hand, we cannot rule out anxiety behavior, since DM animals presented
reduced exploratory behavior when facing novelty (NOR trial 2). This is also supported by
percent of time spent investigating the novel object. Even though no differences in time in
seconds spent exploring novel objects could be observed between groups and trials, percent of
time spent investigating novel object was increased in control group, while no alterations were
observed in DM group after induction (STZ or vehicle — Fig. 4D). According to the literature,
DM patients — both type 1 and 2 - presents symptoms of depression and anxiety, which was also
shown in animal models (Buchberger et al., 2016; Naicker, Johnson, et al., 2017; Naicker,
@verland, et al., 2017; Rechenberg, Whittemore, & Grey, 2017). However, more experiments
are necessary to confirm this hypothesis.

The mechanisms involved in diabetes-induced cognitive decline are related to glucose
homeostasis, hypothalamic-pituitary-adrenal axis dysregulation (HPA), and decreased insulin
activity (Wrighten, Piroli, Grillo, & Reagan, 2009a). However, brain cells are not totally
dependent on insulin for glucose supply, since they have independent means of obtaining
glucose from blood, although a small percentage of insulin crosses the blood-brain barrier and
some studies evidence the local production of insulin in the blood SNC (Blazquez, Velazquez,
& Hurtado-carneiro, 2014). Despite of glucose obtainment in the brain is insulin independent,
insulin receptors (IR) and their subtrees are present in large quantities in CNS. The IR are
present in regions such as the olfactory bulb, cerebral cortex, hippocampus, cerebellum and
choroid plexus (Ghasemi, Haeri, Dargahi, Mohamed, & Ahmadiani, 2013; Rhea, Salameh, &
Banks, 2019). Moreover, the decrease in IR activity may be a triggering factor, producing

deficits in hippocampal plasticity and, finally, in cognitive decline (Wrighten et al., 2009a).
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This study presents some caveats. Despite of several studies indicating STZ injection as
an Type-1 Diabetes induction model, we cannot affirm that the model has total insulin ablation.
We also cannot affirm that insulin receptors are hypo-responsive. Thus, it is possible that
animals present a mixed model between type 1 and type 2 Diabetes Mellitus. This might have
an important role for identifying the early impairments of DM evaluated by us. Moreover, it is
possible that the time since induction and diabetes mellitus establishment may not have had
enough to overcome the intrinsic compensatory mechanisms, maintaining intact the cerebral
glucose metabolism in brain regions as motor cortex, frontal cortex, and hippocampus when
analyzed globally. This premise is related to the well-described concept of neural (or cognitive)
reserve, whereby plasticity and compensatory mechanisms can maintain cognitive performance
in the face of insult in the mature brain (Barulli & Stern, 2013). However, in other brain areas,
as cerebellum, dorsal hippocampus and amygdala, this might not be true, being the first sign of
DM effects on brain glucose metabolism. Also, our study evaluated brain glucose metabolism in
a more generalized, globally analysis. More detailed, close analysis should be performed in
order to better understand the effects of DM on brain glucose metabolism.

5. CONCLUSION

Results presented here provide data on the variability of diabetes progression, which
may induce low-level cognitive impairment, and no alterations on locomotor activity.
Importantly, some tenuous alterations could be observed in brain glucose metabolism areas
related to both locomotion and cognition, suggesting that DM affects brain metabolism first,
without marked behavioral alterations.
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5. CONSIDERACOES

FINAIS 5.1 CONCLUSOES

Os principais resultados obtidos neste estudo foram:

1-

A inducdo diabética foi confirmada no grupo DM pela presenca de sinais
caracteristicos como polidipsia, politria e polifagia, observados 1 semana apos a
indugao.

A indugdo da diabetes mellitus com o uso de estreptozotocina, em ratos Wistar,
diminuiu o peso corpéreo dos animais e aumentou a glicemia, enquanto os
animais controles aumentaram de peso.

A ingesta de agua foi maior no grupo diabético bem como as excretas urinarias e
fecais em relacdo aos controles

Os grupos diferiram ao longo do tempo na analise do OF.

No OF, a distancia percorrida foi diminuida para os grupos DM e controle apods a
inducdo.

No OF, o tempo gasto imével, episddios imoveis e criagdo, também diminuiu

apos a indu¢do do DM nos dois grupos.
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7- No NOR, os animais diabéticos diminuiram o numero de investigagdes nos
objetos.

8- No NOR, os animais diabéticos e controles diminuiram o indice de
discriminacdo mas somente os diabéticos reduziram o indice de preferéncia.

9- O metabolismo de glicose encefalica nao apresentou alteragdes quando
analisados globalmente no cortex frontal e motor, bem como hipocampo.

10- A regido do hipocampo no hipocampo antero-dorsal, observou-se efeito no
tempo apenas no grupo DM na regiao do hipocampo dorsal

11- Os animais controles apresentam um hipometabolismo de glicose na regiao do
cerebelo, enquanto em ratos diabéticos o metabolismo nao se altera.

12- Os animais diabéticos apresentam um hipometabolismo de glicose na regido da
amigdala.

13- O metabolismo de glicose das regides do cortex frontal e regido do coértex motor
ndo sdo afetadas na diabetes inicial.

14- Nas regides encefalicas existe uma diferenca de lateralidade e de distribui¢ao
metabodlica de glicose no cortex auditivo, cortex orbitofrontal, hipocampo

posterior e niicleo accumbens core entre ratos diabéticos e controles.
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6. PERSPECTIVAS

De acordo com os resultados desta tese € possivel perceber a sua contribuicao
vital em estudos futuros que envolvam a diabetes e o efeito dela nas regides encefalicas
e suas possiveis consequéncias. Como perspectivas futuras, vislumbramos estudos que
possibilitem trazer novas informagdes cientificas sobre 0 mapeamento da diabetes em
estagios iniciais. Entretanto, novos projetos dererdo seguir o mesmo racional com a
utilizacdo de critérios especificos como a utilizacao de ratos Wistar, induzidos por STZ,
com 3 meses de idade, para corroborar com esses conhecimentos compartilhados nesta
tese. Os autores deverdo projetar um desenho experimental que mantenha os animais
diabéticos durante um periodo médio de 30 dias e de 90 dias para observacdo das
alteracdes neurometabdlitas, histologicas e comportamentais. Com isso, propdem-se a

utilizagdo das seguintes técnicas:

1. Avaliagdo das alteragdes comportamentais/locomotoras com o teste do
campo aberto e o teste de reconhecimento do novo objeto.

2. Avaliacao do metabolismo encefalico com uso da técnica de microPET-CT,
com 18F-FDG como marcador metabdlico associada a técnica de

imunoistoquimica para detec¢do de citocromo c oxidase
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a)

b)

d)

Avaliacdo da resposta imune via microglia com a detec¢do de isoquinolina
marcada com carbono 11, a 11C-(R)-PK 11195 analisada por microPET-CT.
Avaliacdo das alteragdes na morfologia e polaridade astrocitaria, com o uso
da técnica imunoistoquimica para proteina glial fibrilar 4cida (GFAP)
analisada por morfometria planar, densitometria Optica regional,
densitometria Optica celular e circulos concéntricos de Sholl.

Estimativa do volume das estruturas encefalicas, com o método de
Cavalieri, e a densidade neuronal e glial nestas diferentes regides utilizando
a técnica de Nissl associada ao dissector Optico e ao fracionador optico
Analisar a imunorreatividade para tirosina hidroxilase, por morfometria
planar, densitometria Optica regional e densitometria Optica celular no
estriado, na substancia nigra pars compacta, no campo retrorubral e na area
tegmental ventral.

Correlacionar 0s  achados  neurometabolicos, neuroimunes €
histofisioloégicos com as alteracdes comportamentais detectadas nos

diferentes grupos experimentais.
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