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RESUMO

Introducdo: A Cilcio-Calmodulina quinase II (CaMKII) atua tanto na regulacdo da
secrecdo de insulina com de neurotransmissores pela mesma via de sinaliza¢do. Além disso,
a CaMKII ¢ conhecida por ser a “molécula da memoria”, pois sua atividade ¢ fundamental
em sua formacdo. Portanto, hipotetizamos que células B pancredtica tem a capacidade de
adquirir e estocar informacdes contidas em pulsos de célcio, formando uma memdria
metabolica. Métodos: Para comprovar nossa hipétese, desenvolvemos um novo paradigma
de exposi¢do de células f a pulsos de 30 mM de glicose, seguido de uma periodo de
consolidacdo (24 hrs) para excluir qualquer efeito agudo do metabolismo da glicose. Apds
esse periodo analizamos a secrecdo de insulina (RIA), expressdo proteica (Western blot), a
resposta secretoria frente a uma “rampa de glicose” e o Ca?* citoplasmético induzido por
glicose. Resultados: Células B expostas a pulsos de glicose (30 mM) mostraram maior
secrecdo de insulina estimulada por glucose, evidenciando a memoria metabdlica a qual foi
totalmente dependente a CaMKII. Esse fenomeno foi refletido na expressido proteica de
proteinas importantes na sinalizacdo do cdlcio e na secrecdo de insulina. Além disso,
células expostas ao regime de pulsos de glucose apresentaram maior expressao do MAFA,
um fator de transcricao chave para a funcao da célula . Conclusao: Em suma, assim como
neuronios, células B tumorais (MING6), ilhotas de camundongos e de humanos sao capazes

de adquirir, estocar e evocar informagdes.
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ABSTRACT

Backgroun: Ca**/calmodulin-dependent protein kinase Il (CaMKII) functions both in regulation of
insulin secretion and neurotransmitter release through common downstream mediators. Memory
is the ability to acquire, to store and to evocate any kind of information. In CNS, the process
behind this phenomenon in the Long-Term Potentiation (LTP) and is known that it requires Ca%* to
occur. In additional, CaMKII is necessary to store information during LTP. In pancreatic B-cells,
CaMKIl plays pivotal role during GSIS process. Therefore, we hypothesized that pancreatic RB-cells
acquire and store the information contained in Ca?* pulses as a form of “metabolic memory”, just
as neurons store cognitive information. Methods: To test this hypothesis, we developed a novel
paradigm of pulsed exposure of mice and human B-cells to intervals of high glucose, followed by a
24-hour consolidation period to eliminate any acute metabolic effects. After this period, we
analyzed insulin secretion (by RIA), protein expression (by Western blot), response to a glucose-
ramp and the glucose-induced Ca?* influx. Results: Strikingly, B-cells exposed to this high-glucose
pulse paradigm exhibited significantly stronger insulin secretion. This metabolic memory was
entirely dependent on CaMKIl. We also observed, in pulse group, an increase in Ca%" influx
induced by glucose. In additional, metabolic memory was reflected on the protein level by
increased expression of proteins involved in GSIS and Ca*-dependent vesicle secretion, such as
GCK, Cav1.2, SNAP25, pCaMKIl and pSynapsin. Finally, we observed in human islet elevated levels
of the key R cell transcription factor MAFA. Discussion: Based on or findings we conclude that
pancreatic 8 cells, either from mice or humans, have the ability to acquire, store and retrieve
information. This process is CaMKIll-dependent and is due to modifications in the glucose-sensing
machinery of the cell, since we observed an increase in GSIS and Ca?* influx together with an
increase in several proteins involved in this process. Our findings suggests that MAFA is the key
effector in this memory, since (a) it is a potent activator of insulin gene, (b)is activated by CaMKII
and (c) its expression is increased even 24 hours after the last pulse. Conclusion: In summary, like

neurons, human and mouse R-cells are able to acquire and retrieve information.
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INTRODUCAO

O fon célcio (Ca®*) atua como mediador da sinaliza¢do celular em todas as células
eucaridticas [1], regulando diversas fung¢des como proliferacdo [2], expressdo génica [3, 4] e
exocitose [5]. Normalmente, a concentragdo intracelular de Ca**; é cerca de 10* vezes menor que a
concentracdo extracelular [6]. A via de sinalizag¢do do cdlcio deve estar extremamente afinada para
que a célula responda de maneira eficiente as rdpidas e transientes variacdes das concentracdes
intracelulares de Ca®*. O papel central na transmissdo e amplificagio do sinal desse fon é
desempenhado pelas protefnas da familia Ca** Binding Proteins (CaBPs). Como resposta as
variagdes de Ca”*, essas proteinas sofrem mudangas conformacionais, alterando sua atividade e
permitindo a transmiss@o do sinal. A calmodulina (CaM) € a principal proteina representante das
CaBPs [7].

A calmodulina € uma proteina de baixo peso molecular (16Kd) altamente conservada nos
eucariotos que amplifica o sinal do Ca®* para toda célula [8]. Quando ligada ao Ca** tem sua
estrutura modificada, formando o complexo Ca**/CaM, podendo assim desempenhar sua fungio de
ativar/desativar proteinas alvos [8-10]. Para amplificar o sinal gerado pelo calcio, o complexo
Ca**/CaM ativa/desativa vias de fosforilagdo, e seu principal alvo sdo proteinas quinase
dependentes de Ca**/Calmodulina (CaMK) [8].

Muitas das respostas celulares ao sinal do célcio sdo induzidas ou moduladas pelas por
proteinas da familia das CaMK, sendo as principais a CaMKI, a CaMKII e a CaMKIV. Esses
efetores transmitem e coordenam a dinAmica do segundo mensageiro Ca®* e fosforilam proteinas
dowstream. Essa resposta, por sua vez, é conhecida por ser rdpida, especifica e reversivel [11].

As proteinas da familia CaMK apresentam, além de estruturas semelhantes, a capacidade de
auto inibir sua atividade na auséncia do complexo Ca*/calmodulina [10, 12], fato que &
extremamente importante para a compreensdo do funcionamento dessas quinases. A CaMKII é
ativada pela simples presenca do complexo Ca?*/Calmodulina, enquanto a CaMKI e a CaMKIV
precisam ser fosforiladas por uma CaMK quinase upstream [10, 11, 13].

A CaMKII é uma proteina quinase multifuncional que desempenha um papel essencial na
transducdo do sinal gerado pelo célcio [14], e na coordenagdo de fungdes celulares essenciais, que
vao desde ativacdo/desativacdo de canais idnicos a modula¢do de fatores de transcri¢cdo [15]. A
CaMKII foi identificada inicialmente no Sistema Nervoso Central (SNC), onde representa 2% do

total de proteina [6, 11]. Mais tarde foi descoberto que essa enzima estd presente em diversos
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tecidos, inclusive no pancreas enddcrino, onde desempenha importante papel na secre¢do de

insulina.

1.1 - A CaMKII

A CaMKII é uma holoenzima formada por aproximadamente 10 subunidades [16-18]. Em
eucariotos podemos encontrar quatro isoformas diferentes (a, f, y, 8), sendo que a subunidade o ¢ a
subunidade  sdo mais expressas, principalmente no SNC [11, 17]. Em células B pancreaticas, tanto
a subunidade 3 quanto a d estdo presentes [19].

Todas as subunidades da holoenzima possuem um dominio catalitico, um dominio regulatério e
um dominio de associagdo com as outras subunidades [17].

O dominio catalitico possui sitio de ligacdo a ATP e ao substrato, sendo assim responsavel pela
funcdo quinase da proteina. No dominio regulatério encontram-se os sitios de autofosforilacdo que
inibem, ativam ou mantém ativada a proteina. Além disso, o sitio de ligacdo com o complexo
Ca**/calmodulina também estd localizado no dominio regulatério, enquanto o dominio de
associacdo tem a fungdo de manter as subunidades unidas em uma conformacgdo espacial que

propiciard uma atividade enzimadtica efetiva [11, 17, 18, 20, 21].

1.2 — Mecanismos de ativacao e inativacido da CaMKII

Em concentra¢des basais de Ca®* a atividade da CaMKII estd inibida gragas a habilidade de
autoinibi¢do da proteina na auséncia do complexo Ca?*/CaM, visto que quando esse complexo nio
estd presente a conformacdo espacial faz com que o sitio de ativagdo da enzima fique inacessivel.
No momento em que os niveis intracelulares de célcio s@o elevados ocorre a formacio do complexo
Ca**/CaM, e esse complexo, num sistema de dobradiga, expde o sitio catalitico [6, 16, 22]. Além
disso, esse mecanismo proporciona a exposi¢do de um residuo de treonina comum a todas as
isoformas (na isoformas o Thr286) que, quando exposto, ¢ autofosforilado por uma subunidade
adjacente localizado na mesma holoenzima. Essa autofosforilagio mantém a conformacio ativa da

proteina, proporcionando uma atividade independente do complexo Ca®*/CaM e prolongando o
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sinal gerado pelo Ca** [23, 24]. Esse processo ¢ chamado de “CaM trapping”, ¢ é a base para o
mecanismo de aprendizado e memoria [25-27].

Quando o influxo de Ca** é elevado ou mantido por longos periodos a chance de duas
subunidades vizinhas estarem em condicdes de autofosforilacdo € maior, e, consequentemente, a
taxa de ativacdo (fosforilacdo) € maior que a taxa de inativagcdo (desfosforilagdo). Esse processo é
denominado Ativacdo Persistente por Potenciacdo de Longa Duracdo, e é responsivel pela
manutencao, em longo prazo, do sinal gerado pelo célcio. [16, 18, 28]

Quando os niveis de cdlcio comegam a decair o complexo Ca’>*/CaM se dissocia da quinase.
Essa dissociagdo expde outros sitios de autofosforilagdo (Thr 305/306), que quando ativados
mantém a conformagio ativa e impedem a ligagdo da enzima com outros complexos Ca?*/CaM.
Nesse ponto, o sinal gerado pela CamKII é mantido (80% max.), até que fosfatases, facam com que

a enzima volte a sua conformacao basal [29].

1.3 — CaMKII e a formacdo da memoria

Entende-se por memoria a capacidade de um individuo em adquirir (aquisi¢do) armazenar
(consolidacdo) e recuperar (evocar) informagdes [30]. Um dos maiores desafios da Neurociéncia é
descrever como o SNC consegue adquirir, consolidar e evocar informag¢des. Por muito tempo os
cientistas ficaram presos a aspectos anatdmicos para explicar os mecanismos de aprendizado e
memoria, observando pacientes com lesdes e traumas em regides especificas do cérebro. Com o
advento das novas técnicas moleculares e genéticas a Neurociéncia estd mudando, se libertando das
explicacdes estritamente anatdomicas para a Memoria Molecular [31].

Os mecanismos moleculares responsdveis pela formacdo da memdria ainda ndo sdo totalmente
conhecidos, porém muito se progrediu nessa drea nos ultimos 20 anos, gracas a descoberta de um
fendmeno fisiolégico que ocorre no neurdnio péds-sindptico denominado Potenciacdo de Longa
Duracdo (Long-Term Potentiation ou LTP) [31, 32].

O LTP ¢ definido como um aumento duradouro na eficicia da sinapse entre dois neurdnios,
decorrente de uma breve estimulacio de alta freqiiéncia [33]. A LTP foi descrita primeiramente em
1966 por Tim Bliss e Terje Lomo em um estudo [34] sobre a capacidade do hipocampo em
armazenar informagdes. Durante suas pesquisas, os cientistas descobriram que uma atividade
elétrica de alta frequéncia aplicada artificialmente por um pequeno periodo em uma via hipocampal

era capaz de aumentar a efetividade sindptica.
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Muitas caracteristicas fazem da LTP uma candidata a assumir a responsabilidade pelo processo
de cognicdo e formagdo da memdria, entre essas caracteristicas destaca-se o fato do LTP ocorrer nas
trés principais vias de captacdo de informac@o no hipocampo, (a) a via perforante, (b) a via das
fibras musgosas e (c) a via das colaterais de Schaffer; o LTP € induzido rapidamente e, depois de
induzido, o LTP € estdvel e duradouro. Contudo, é necessdrio lembrar que mesmo o LTP tendo
todas as caracteristicas ideais de um processo de cognicdo ndo se consegue provar que este
fendmeno € responsdvel pela formacdo da memdria, apesar desse ainda ser o modelo mais aceito
(31, 33].

Para que ocorra LTP, € necessdrio o influxo de cdlcio no neurdnio pds-sindptico e esse, por sua
vez, requer que ocorram, de maneira sincronizada, dois processos: (1) a despolarizacdo da
membrana pds-sindptica e (2) a ligacdo do glutamato nos receptores NMDA (N-metil-D-aspartato)
[35, 36].

Quando ocorre essa combinacdo de processos os receptores NMDA, que sdo receptores-canal
iOnico, se abrem e permitem a entrada de Ca®* na célula. O aumento na concentragdo intracelular de
Ca** em neurOnios promove a ativagdo da CaMKII, conhecida por ser a “molécula da memoria”
[28, 37].

Como descrito previamente neste projeto, a propriedade da CaMKII em se autorregular faz dela
um excelente sensor nas concentracdes e oscilacio intracelulares de cilcio, e € essa propriedade que
faz com que essa proteina seja tao estudada na formagdo da memoria [17, 31, 37].

A autofosforilagdo da CaMKII requer a ligacio concomitante de complexos Ca**/ CaM em duas
subunidades adjacentes. Com oscilacdes de pequena frequéncia esse complexo nao fica disponivel
por muito tempo, diminuindo a probabilidade de autofosforilagdo [17], mas com o aumento da
frequéncia das oscilagdes de Ca®* intracelular a probabilidade de ocorrer autofosforilagdo é
aumentada, aumentando o nimero de subunidades ativas. Sucessivas oscilagdes de Ca** irdo
promover diferentes niveis de ativacdo da proteina CaMKII e esse fendmeno € o considerado o
responsavel pelo processo de formagdo da meméria [31, 35, 37].

Corroboram com a hipétese de que a CaMKII ¢ fundamental para a existéncia da LTP e,
consequentemente da formacdo da memoria, o fato de que animais knock-out para a enzima
CaMKII tem déficit na aquisicdo de informacdo e prejuizo no aprendizado e na formacgdo da

memoria [38].
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1.4 — Secrecao de insulina e CamKII

A secrecdo de insulina pelas células p é controlada continuamente de acordo com as
flutuagdes da concentracdo de nutrientes circulantes, em especial, a glicose [39, 40].

Os mecanismos responsdveis pela secrecdo de insulina estimulada pela glicose iniciam-se
com o transporte deste acticar pelas células f pancreaticas, através do transportador de gicose tipo 2
(GLUT 2); a glicose entdo € fosforilada a glicose-6-fosfato pela enzima glicoquinase (GCK) e
metabolizada gerando ATP. O resultado é o aumento da relacio ATP/ADP, que provoca o
fechamento de um canal de K* sensivel ao ATP (Karp), presente na membrana da célula . A
reducdo do efluxo de K* das células leva a despolarizacdo da membrana que, por sua vez, provoca a
abertura de canais de Ca** sensiveis a voltagem, e influxo deste cétion [40, 41].

A metabolizagdo da glicose nas células e a subsequente elevacdo da concentragdo intracelular
de Ca** ([Ca*']i) podem ativar enzimas que produzirdo outros mensageiros intracelulares que
contribuem para a amplificacdo do sinal iniciado pela glicose. Uma destas enzimas é a
adenilatociclase (AC) que, ao clivar o ATP, produz adenosina monofosfato ciclico (AMPc) que, por
sua vez, ativa a proteina quinase A (PKA) [42, 43]. Além disso, a metabolizacdo da glicose e o
aumento da [Ca*"]i também estimulam a hidrélise de fosfoinositideos através da ativa¢io da
fosfolipase C (PLC) [44], resultando na formacdo do inositol-1,4,5-trifosfato (IP3) e diacilglicerol
(DAG), que induz a libera¢do de Ca?* de estoques intracelulares e ativa a PKC, respectivamente.
Portanto, aumento da [Ca®*]i e ativacdo da PKA, PLC e PKC culminam com a potencia¢do dos
mecanismos de exocitose dos granulos de insulina [45-47].

Desde 1979, com a descoberta da calmodulina como a principal CaBPS atuante na célula 3
pancredtica, existem hipdteses de que a CaMKII é a principal responsdvel pela transducdo do sinal
modulado por Ca* na secre¢@o de insulina [48]. Outras descobertas vieram a corroborar a hipStese
de que a CaMKII € essencial para a secrecdo de insulina, como: (a) secretagogos da insulina
aumentam a atividade da CaMKII, (b) a atividade de CaMKII espelha a secrecdo de insulina, (c) a
ativacdo da CaMKII estd relacionada temporalmente com a secrec¢do de insulina em ilhotas de ratos
perfundidoscom glicose e (d) a ativacdo chega a niveis que tornam a enzima ativa independente de
Ca’* [48-50].

Além de regular processos metabdlicos relacionados com a secre¢do de insulina, a CaMKII
também atua na regulacdo da expressdo génica da insulina e de proteinas responsdveis pela sua

secrec¢do, como a glicoquinase e o GLUT-2 [48].
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Apesar de células enddcrinas e neurdnios apresentarem origem embriondria diferente (51),
existem muitas caracteristicas em comum entre esses dois tipos celulares. Dentre as vérias células
enddcrinas que se assemelham a neurdnios, podemos destacar as células B pancreéticas (52).

As células produtoras de insulina expressam diversas proteinas com funcdo secretdria
presente nos neurdnios, como as SNARES, sinaptofisina, sinaptobrevina, SV2 e rab3A. Além disso,
células B expressam receptores para diversos fatores de crescimento nervosos (NGFs) e apresentam
resposta neurotipica a diversos fatores de diferenciacdo neuronais (48; 52).

A fungdo da CaMKII na extrusio de granulos, tanto de insulina quando de
neurotransmissores (NT), j4 estd bem estabelecida. Essa fun¢do pode ser exemplificada pelo fato da
CaMKII fosforilar e ativar a proteina Sinapsina 1, responsdvel pela secrecdo de insulina e NT,
sendo mais uma caracteristica comum entre as células B e as células nervosas (48).

Como dito anteriormente, a CaMKII é fundamental para a secre¢do de insulina,
desempenhando diversas fungdes, como formacdo dos granulos de insulina, modulac¢do do conteido
de ATP via AMPK e ativacdo de proteinas SNARES. Além disso, em neur6nios pds-sindpticos, a
CaMKII desempenha papel fundamental na génese e manutencdo da LTP, mecanismo bdsico para a
cognicdo e formacdo da memoria. Acredita-se que a principal caracteristica que permite que a
CaMKII tenha essa multifungdo é o fato de que ela pode se autofosforilar, em diversos “estagios”,
podendo até manter-se ativa com a queda dos niveis intracelular de Ca?*. E devido a capacidade de
detectar variagdes nos niveis de Ca** e, dependendo da intensidade e duragiio desse sinal, manter-se
ativa ao longo do tempo, que a CaMKII tem o poder de desempenhar diversas func¢des celulares,
incluindo estocar informagdes.

Baseado no exposto, acreditamos que a CaMKII possa, em células B, desempenhar fungdes
semelhantes aquelas da formacdo das LTP em neurdnios. Em outras palavras, o objetivo deste
trabalho foi investigar se células  pancreaticas (MIN6, murinas ¢ humanas), a exemplo do que
ocorre em neurdnios, apresentam mecanismos moleculares de memoria, decorrentes de exposicio a

alta glicose e, se esses processos eram dependentes de CaMKII.
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CULTURA CELULAR

Foram utilizadas células B produtoras de insulina da linhagem MING6. Essas células foram
mantidas em placas de cultura estéril (TPP, Trasadingen, Switzerland) contendo meio RPMI 1640
(Sigma, St. Louis, USA), acrescido de 11 mM de glicose, 10% de soro fetal bovino (SFB)
(Nutricell, Campinas, Brasil), 100 U/ml de Penicilina (Sigma, St Louis, USA) e 100 ug/ml de
Estreptomicina (Sigma, St. Louis, USA), em atmosfera umedecida contendo 5% CO., a temperatura

constante de 37°C.

ISOLAMENTO DE ILHOTAS PANCREATICAS

Os animais foram mortos por decapita¢do e, apds incisdo abdominal, o ducto pancredtico
foi exposto e obstruido para evitar a saida de solu¢do de colagenase para o duodeno. Na porgao
distal do conduto biliar comum realizamos uma pequena incisdo para introduzir uma agulha de
insulina pela qual foi injetado no pancreas 2 a 3 ml de solu¢do de Hanks com colagenase tipo V (0,8
mg/ml; Sigma). Apds o completo enchimento, o pancreas foi retirado da cavidade abdominal por
dissecacdo e transferido para um tubo de 15 ml o qual foi submergido em banho a 37°C durante 17
min. Ao final deste periodo realizamos uma pequena agitacdo de 30 segundos para facilitar a
desagregacdo do tecido pancredtico. A digestdo do tecido foi interrompida mediante a adicdo de
Hanks a 4°C. O material foi entdo centrifugado com solu¢do de Hanks quatro vezes para a remocdo
da colagenase e enzimas digestivas liberadas durante a incubacdo. As ilhotas, completamente
separadas do tecido acinar, foram coletadas uma a uma, sob lupa, por aspiracdo com o auxilio de

pipeta Pasteur, previamente estirada e siliconizada.

GRUPOS EXPERIMENTAIS

Células MIN6 funcionais ou Ilhotas pancredticas isoladas de camundongos Swiss foram
mantidas em placas de cultura estéril (TPP, Trasadingen, Switzerland) em meio RPMI
suplementado com 5% de SFB e 5.6 mM de glicose por 18-24 horas. Apds esse periodo foram
separadas em trés Grupos experimentais: (1) Controle (2) Pulso e (3) Pulso+KN93. O Grupo
Controle foi incubado por 24 horas com meio RPMI suplementado com 5% de SFB e 3mM de
Glicose. J4 o Grupo Pulso recebeu 4 pulsos de 30mM de glicose (em meio RPMI contendo 5% de
SFB) com duragdo de 1 hora e frequéncia de 7 horas, entre os Pulsos foi utilizado meio contendo
3mM de glicose. O Grupo Pulso+KN93 foi expostos aos 4 pulsos juntamente com 10 uM de KN93,
um inibidor especifico da atividade de CaMKII. Os protocolos experimentais estdo esquematizados

na Figura M1.
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Figura M1 — Desenho experimental realizado em células MIN6 e ilhotas pancredticas de

Camundongos Swiss.

SECRECAO ESTATICA DE INSULINA EM CELULAS MING6

Células MING tratadas com 3mM ou com pulsos de 30mM de glicose foram pré-incubadas
com meio RMPI sem adi¢do de SFB e glicose por 1 h. A seguir, o meio de pré-incubacio foi
descartado e as células foram incubadas por periodo complementar de 1 hora em tampao Krebs-
bicarbonato (KRBB) com diferentes concentracdes de glicose (2.8, 5.6, 8.4, 11.2 ou 16.7mM). Apds

incubag¢do, uma parte do meio foi coletado e a insulina medida por RIA.

SECRECAO ESTATICA DE INSULINA EM ILHOTAS PANCREATICAS
Ilhotas pancredticas Isoladas de camundongos Swiss com 50 a70 dias de vida dos diferentes
Grupos foram incubadas por 1 hora em KRBB com diferentes concentragdes de glicose (2.8, ou

16.7 mM). Apds incubacdo, uma porcéo do meio foi coletado e a insulina medida por RIA.
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ILHOTAS PANCREATICA HUMANA

Experimentos com ilhota humana foram realizados nos Laboratorio de Genética
Funcional no Departamento de Diabetes, Obesidade e Metabolismo da University of
Pennsylvania. As ilhotas humanas utilizadas nessa Tese foi fornecida pelos programas
“National Institutes of Health Integrated Islet Distribution Program” e “Islet
transplantation Program of the University of Pennsylvania”. Informacdes clinica dos
doadores estdo listadas no Anexo 01, Tabela 1. Apds 70 a 100 minutos de cold ischemia as
ilhotas humanas foram colocadas em cultura em meio CRML1066 por 6-48 horas. Apos
esse periodo, as ilhotas foram coletadas e divididas em 5 diferentes Grupos. O desenho

experimental esta esquematizado na Figura M2.
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Figura M2 — Desenho experimental realizado em ilhotas pancreaticas Humanas.
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PERFUSAO DE ILHOTAS HUMANAS (GLUCOSE-RAMP)

Um total de 150 ilhotas pancreaticas humanas dos diferentes Grupos foram coletadas e
transferidas para uma camara (Millipore, Billerica, MA, USA). Durante 80 minutos essas
ilhotas foram expostas a um fluxo continuo de KRBB com uma rampa de glucose de 0 até
30 mM com um aumento de 0.75 mM/min. Esse fluxo foi produzido por um Sistema de
alta performace de HPLC, controlado por computador, (625 LC System, Waters
Corporation, Huntingdon Valley, PA, USA) No final de cada experimento, a concnetracao
de glicose no meio foi reduzida para 2.8 mM de glicose e, a seguir as ilhotas foram
estimuladas com solucdo contendo 30mM de KCI. As amostras foram coletadas a uma taxa
de 2 mL/min, e a insulina contida no meio medida por Rradioimunoenssaio (RIA) pelo

nucleo TCL (Translational Core Laboratories) da University of Pennsylvania.

OSCILACAO DE CALCIO CITOPLASMATICO INDUZIDO POR GLICOSE

IThotas de camundongos dos diferentes Grupos foram incubados em tampio KRBB
contendo 5.6 mM de glucose e 5uM de Fura-2/AM a 37 °C por uma hora. Apds esse
periodo, as ilhotas foram transferidas para uma camara aberta, com temperatura controlada
(37 °C), localizada sobre microscépio invertido (Nikon UK, Kingston, UK) e, perfundidas
com KRBB na razdo de 1.5 ml/min. As ilhotas foram perfundidas com KRBB contendo 2.8
(por 5 minutos) ou 16.8 mM (por 20 minutos) de glucose. As imagens foram capturadas a
cada 3 segundos com camera ORCA-100 CCD (Hammamatsu Photonics Iberica,
Barcelona, Espanha), em conjunto com um Lambda-10-CS (Sutter Instrument Company,
CA, USA), equipado com filtro de emissao em 340, 380 nm (Omega Opticals, Stanmore,
UK). Os resultados foram obtidos com o programa ImageMaster3 (Photon Technology

International, NJ, USA).

ANALISE DA EXPRESSAO GENICA - REAL TIME RT-PCR
O RNA total foi extraido de células MING dos diferentes Grupos através da adi¢do de 1 ml
de Trizol® (GIBCO BRL - Life Technologies). As células foram homogeneizadas e

incubadas por 5 min a temperatura ambiente. Em cada amostra, 300 uL de cloroférmio
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foram adicionados e as amostras vigorosamente homogeneizadas durante 15 segundos.
Apo6s incubacdo de 3 min a temperatura ambiente, as amostras foram centrifugadas a
12.000g x 15 min a 4°C. O volume correspondente a fase aquosa foi transferido para outro
tubo e o RNA precipitado pela adi¢do de 500 uL de isopropanol, seguido de incubagdo por
10 min a temperatura ambiente. Nova centrifugacdo a 12.000 g x 15 min a 4°C foi realizada
e os pellets obtidos foram lavados com 1 mL de etanol 75% e centrifugados a 7500g x 10
min a 4°C e, posteriormente, lavados com 1 mL de etanol 100%. O etanol foi descartado e o
pellet parcialmente seco em estufa a 37°C. As amostras foram ressuspensas em 15 uL de
dgua previamente tratada com DEPC. A integridade do RNA obtido foi verificada por
eletroforese em gel de agarose denaturante, para visualizacdo das unidades ribossomais 28S
e 18S apds coloracdo com brometo-de-etideo, e a quantificacdo realizada através de leituras
de absorbancias a 260 e 280 nm em aparelho Genequant (Pharmacia Biotech). A obten¢do
do cDNA foi realizado através de uma reacdo da transcriptase reversa realizada a 42° C
durante 50 min, em 20 pL de uma mistura contendo 2 ug de RNA total + 10 mM de dNTP
mix + 40 U/ul de inibidor de Rnase + 0,1 M de DTT + 5X first-strand buffer + 0,5 pg/ml
de oligo dT + 200 U da enzima Super Script II RNase H Reverse Transcriptase (GIBCO
BRL — Life Technologies). Para a andlise da expressio do RNAm dos genes alvos
realizamos uma reacdo de RT-PCR em tempo real, pelo método Syber Green Master Mix
(Applied Biosystem), usando um fluoréforo que se liga somente a DNA dupla-fita. As
reacOes foram realizadas usando o sistema de deteccio DNA (StepOne — Real Time PCR
Systens, Applied Biosystem). O volume total utilizado nas reagdes foi de 15 pl
Primeiramente, as amostras foram desnaturadas a 94°C por 2 min e em seguida passaram
por 45 ciclos de PCR. Cada ciclo compreendeu as seguintes etapas em sequencia: Melting a
94°C por 30 segundos, annealing 62-65°C por 30 segundos, e extensdao a 72°C por 30
segundos. Cada amplificacdo por PCR foi feita em duplicata. Os pardmetros ideais para
cada reacdo foram definidos empiricamente, e a pureza dos produtos de amplificacdo foi
determinada pelas melting curves. Foi utilizado o gene B-actina como controle interno. Os

primers utilizados na amplificacdo dos genes alvos estdo descritos no Anexo 02, tabela 2.
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DOSAGEM DE INSULINA
A insulina contida nos meios de incubagdo (secrecdo estdtica) foi mensurada por
RIA e, a curva padrio confeccionada com insulina de rato, de acordo com método ja

estabelecido em nosso laboratério.

ANALISE DA EXPRESSAO PROTEICA - WESTERN BLOT

Para a expressdo proteica células/ilhotas dos diferentes Grupos estudados foram
homogeneizadas em solucdo-coquetel anti-protease, contendo: 100 mM de Tris pH 7.5; 10
mM de pirofosfato de s6dio; 100 mM de fluoreto de sédio, 10 mM de EDTA; 10 mM de
Ortovanadato de sédio; 2 mM de PMSF; e 1% de Triton-X 100. Em seguida as amostras
foram sonicadas, centrifugadas a 11000 rpm por 10 min. A quantificagdo protéica foi
realizada por Bradford.

As amostras foram entdo incubadas a 100°C por 5 min em 30% do volume de
Tampao de Laemmli 5x (Azul de bromofenol 0.1%, fosfato de sédio 1M, glicerol 50%,
SDS 10%) contendo DTT. Para corrida eletroforética foi utilizado gel bifédsico: gel de
empilhamento (EDTA 4 mM, SDS 2%, Trisma base 750 mM, pH 6.7) e gel de resolucdo
(EDTA 4 mM, SDS 2%, Trisma base 50 mM, pH 8.9). A corrida foi efetuada a 90V por
aproximadamente 180min com Tampao de Corrida (Trisma base 200 mM, glicina 1,52 M,
EDTA 7,18mM e SDS 0.4%), diluido 1:4. Apds a corrida, as amostras foram transferidas
para uma membrana de Nitrocelulose (BioRad), processo realizado durante 120 min a
120V em gelo, banhada com  Tampdo de Transferéncia (Trisma base 25mM, glicina
192mM). Apés transferéncia, a membrana foi bloqueada com 5% de BSA em solugdo de
TBS por 5h a 4°C. As proteinas Calmodulina, CaMKII total, pCaMKII e GAPDH foram
detectadas na membrana de nitrocelulose por incubacdo por Sh, a temperatura ambiente,
com anticorpo especifico. Apds a exposi¢do ao anticorpo especifico, a membrana foi
incubada por 2h com o anticorpo policlonal anti-IgG (dilui¢do 1:10000 em TBS com 2% de
BSA). Passado este periodo, as membranas foram lavadas com TBS, incubadas por 2 min
com reagentes de quimioluminescéncia (Pierce Biotechnology, USA), e revelada por
quimioluminescéncia no equipamento ImageQuant LAS 4000 (General Electric, USA). A

intensidade e quantificacdo das bandas foi avaliada por densitometria (Scion, Image,
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Frederick, MD, USA), sendo os valores de densitometria das bandas normalizados pelos
valores de densitometria da proteina GAPDH; em caso de andlise de fosforilagdo proteica,

os valores foram normalizados pela expressdo total da respectiva proteina.

ENSAIO DE FOSFORILACAO E IMUNOPRECIPITACAO

Células MIN6 do Grupo 3 mM ou do Grupo Pulso foram expostas por 1 hora ao
meio RMPI sem a presenca de SFB ou glicose. Apds esse periodo, o meio foi trocado por
outro similar, contendo diferentes concentracdes de glicose (2.8, 5.6, 8.4, 11.2 16.8 mM).
Esse meio de estimulo ficou em contato com as células por 5, 15, 30, 60 ou 90 minutos. As
proteinas foram entdo extraidas com tampao de 8 M de ureia e com coquetel anti-protease
contendo inibidores de fosfatases: Tris 100 mM, pH 7.5; Pirosfosfato de s6diol0 mM;
Fluoreto de s6dio100 mM; EDTA 10 mM; Ortovanadato de s6diol0 mM; PMSF 2 mM e
Triton-X100 1%. As amostras foram sonicadas e centrifugadas a 11000 g por 15 min e a
fosforilagdo das proteinas-alvo avaliada por Western blot.

Para avaliar associacdo entre a CaMKII fosforilada e a Calmodulina, as proteinas
das células foram extraidas com tampao de extragdo para imunoprecipitados (EDTA 10
mM; Tris 100 mM pH 7.4; Pirofosfato de sédio 10 mM; Fluoreto de sédio 100 mM;
Ortovanadato de s6dio 10 mM; PMSF 2 mM; Aprotinina 0,1 mg/ml e Triton-X100 1%),
sonicadas e centrifugadas a 11000 g por 15 min. Ap6s a quantifica¢do por Bradford, 500 ng
de extrato protéico foi incubado com 1ug de anticorpo anti-phospho-CaMKII por 16-18 h
(4°C) sob agitacdo. Os imuno-complexos foram recuperados pela incuba¢do com solucio
de 50% proteina sefarose A por 2 h sob agitacdo (4°C), seguida de 3 lavagens em tampao
contendo: Ortovanadato de sédio 2 mM; Tris 100 mM, pH 7.5; Triton-X100 0.5% para

remocgao das ligacdes inespecificas. As associacdes foram analisadas por Western blot.

ANALISE DOS RESULTADOS E TRATAMENTO ESTATISTICO
Os dados estdo expressos como média = EPM, ou, quando adequado os resultados

estdo apresentados como % do controle. O programa Prism (GraphPad Inc., San Diego,
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CA, USA) foi utilizado como software para auxilio dos célculos estatisticos. Utilizamos os

teste estatisticos t-Student ou ANOVA de duas vias com pos-teste de Bonferroni.
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ABSTRACT

Calcium-Calmodulin  kinase 1II (CaMKII) is an enzyme activated by
Ca2+/calmodulin complex. CaMKII is known to transmit the Ca2+ signal into the cell and
to regulate important cellular process. In neurons, it is crucial for the generation of a
process named Long-Term Potentiation (LTP), responsible for memory formation. This
enzyme is also important for the process of neurotransmitters and hormones release. In this
regard, it is already known that CaMKII play critical role in glucose-induced insulin
secretion (GSIS). Moreover, CaMKII controls important transcriptional factors in pancreas,
such as CREB and MAFA. Since CaMKII acts in both neuron and B-cell and these two cell
types share many characteristic we investigated if insulin-secreting cells, are able to
generate memory. For this propose we create a paradigm where memory where evident and
we observed that human islet, as well as mice islet and MIN6 cells present memory, a
process like LTP. In addition we observed that this process might occur through MAFA
pathway.

INTRODUCTION

Ionic Calcium (Ca*") controls multiple cellular signaling processes in all eukaryotic
cells, such as proliferation, gene expression, and exocytosis. Ca**-binding proteins
(CaBPs), such as calmodulin (CaM), play a pivotal role in Ca** signal transmission and
amplification. Increases in the concentration of intracellular Ca** activate specific CaBPs
targets among which the Ca®*/CaM-dependent protein kinase II (CaMKII) is a critical
signal mediator (1).

CaMKII is a holoenzyme composed by 10-12 subunits and present in four different
isoforms (o, B, v, 8) (2). Catalytic and regulatory domains are critical to CaMKII function
(3). Catalytic domain contains the ATP binding-site, essential for the kinase activity. The
regulatory domain possesses an autophosphorylation site that can inhibit, active or maintain
kinase activity. In addition, the Ca?*/CaM-complex binding site is located in the catalytic
domain, directly controlling kinase activity.

In response to an increase in intracellular Ca** concentrations, a Thr-286 of CaMKII

becomes exposed and phosphorylated in a intraholoenzyme reaction (3). The coupling of
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the Ca?*-calmodulin complex to one CaMKII subunit allows for the autophosphorylation of
an adjacent subunit at Thr?®®. This process, known as "CaM trapping", confers a Ca>*-
calmodulin-independent kinase activity to the complex and thus prolongs the Ca>* signal.
This CaM trapping therefore represents a molecular mechanism of memory (4; 5), which is
defined as the capacity to acquire, store (consolidate), and retrieve (evocate) information
(6).

Detailed mechanism behind cognitive is unclear; however, a process termed Long-Term
Potentiation (LTP) that occurs in postsynaptic neurons contributes to memory formation (5;
7). The "CaM trapping" process allows CaMKII to remain activated long after the initial
Ca’* signaling has been dissipated, suggesting that CaMKII is a memory molecule crucial
for the LTP process (5; 6). Consistent with this notion CaMKII knockout mice present
impaired cognition and memory formation (3). In postsynaptic neurons, CaMKII plays an
essential role in the genesis and maintenance of the LTP process. Following presynaptic
stimulation, CaMKII is activated in the postsynaptic neuron which creates a physiological
imprint of the initial Ca** signal, and increases the translocation of the N-methyl-D-
aspartate receptor (NMDA) to the plasma membrane (2). Because of its capacity to remain
activated long after the initial pulse of Ca’* signaling, CaMKII perpetuates the Ca** effects
and modulates the gene expression and the epigenetic profile of the postsynaptic neuron
(8).

Insulin-producing cells and neurons express many genes in common that encodes
proteins controlling granule formation and secretion, such as SNARE, synaptophysin, and
synaptobrevin, and even many transcriptional regulators are expressed in common in this
two cell-types. In fact, CaMKII functions both in regulation of insulin secretion and
neurotransmitter release presents several common downstream mediator points, such as the
activation of Synapsin I (9).

CaMKII also participates in glucose-stimulated insulin secretion (GSIS) (10). The role
of CaMKII in this process is substantiated by the ability of multiple insulin secretagogues
to increase CaMKII activity. In the perfused rat pancreas, the dynamics of the CaMKII
activity reflect the GSIS, and the CaMKII activation is temporally associated with insulin
secretion (10). CaMKII is essential for appropriate GSIS and is involved in several steps of

this process, including the synthesis of insulin granules, the modulation of cytoplasmic
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content of ATP, and the activation of AMP-activated protein kinase (AMPK), Soluble NSF
Attachments Receptor (SNARESs), Synapsin and Ryonodine Receptor 2 (10). Importantly,
CaMKII also regulates transcription factors central for B-cell function: cAMP Responsive
Element-Binding protein (CREB) — important genetic profile in both pancreatic B-cells and
neurons (11) — and v-maf musculoponeurotic fibrosarcoma oncogene homologue A (mafA)
— important for the insulin gene transcription and maturation of B3-cell (12; 13).

The present study investigated whether pancreatic B-cells, like neurons, acquire and
store the information contained in calcium pulses in a form of “metabolic memory”.
Indeed, we discovered that B-cells retain memory of prior activation, and investigate the

molecular mechanism through which this occurs.

METHODS

Reagents. RPMI-1640 medium and the specific CaMKII-inhibitor KN93 were purchased
from Sigma Aldrich (St Louis, MO, USA). CRML 1066 medium was purchased from
Fisher Scientific. Primary antibodies anti-phospho CaMKII™2% (#3361), anti-CaMKII
(#4430), and anti-SNAP25 (#5308) were purchased from Cell Signaling Technology
(Boston, MA, USA), anti-GLK (ab88056) was purchased from Abcam (Cambridge, MA,
USA), anti-Ca**y2.1 from Milipore (Billerica, MA, USA), and anti-GAPDH from Santa
Cruz Biotechnology (Dallas, TE, USA). Secondary anti-rabbit and anti-mouse IgG-

antibodies were acquired from Cell Signaling Technology.

Cell Culture. MING insulin-producing cells were cultured (14) plated and distributed in to
three groups: Control, Pulse, and Pulse+KNO93. Initially, all groups were maintained in the
same medium with 5.6 mM of glucose for 24 h. After this acclimation period, the control
group was exposed to 3 mM glucose for 24 h, while the Pulse and Pulse+KN93 groups
were exposed to 30 mM of glucose for four one-hour periods intercalated with seven-hour
periods of 3 mM glucose. KN93 was only present during the 30 mM glucose pulses. All
groups were then maintained at 3 mM glucose for a 24-h consolidation period. Then,

insulin secretion was determined and cells harvested for Western blots analysis (Fig. S1).
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Mouse islet isolation: Mice were obtained from the central animal handling facility at the
State University of Campinas, Brazil, and kept in individual cages with ad libitum access to
food and water in a 12/12-h light/dark cycle. When the mice were 55-65 days old, they
were euthanized in a COs-saturated atmosphere, and pancreatic islets isolated by
collagenase method and maintained in culture for 24 hours in a RPMI medium with 10%
FBS, penicillin, and streptomycin under humidified atmosphere at 37°C and 5% CO.. The
experimental design for pancreatic islet was performed as described for MING cells above

(Fig. S1).

Human Islet: the National Institutes of Health Integrated Islet Distribution Program and the
Islet transplantation Program of the University of Pennsylvania provided human islets from
normal donors. Clinical information regarding these samples is listed in the electronic
supplementary material (ESM) Table 1. Islets were collected after 100 to 700 minutes of
cold ischemia and cultured in CRML1066 medium for 6 to 48 hours prior to overnight
shipment. Then, the islets were divided into 5 different groups, as described in Fig. S2.

Cytoplasmic Ca’* oscillations. Cultured mouse pancreatic islets were incubated in Krebs
buffer plus 5.6 mmol/l of glucose and 5 pmol/l Fura-2/AM at 37 °C for one hour. After,
islets were then transferred to a thermostatically regulated open chamber (37 °C), placed on
the stage of an inverted microscope (Nikon UK, Kingston, UK), and perfused with KRBB
at a flow rate of 1.5 ml/min. Islets were then perfused with Krebs buffer containing 2.8 mM
or 16.7 mM of glucose. A ratio image was acquired at approximately every 3 seconds with
an ORCA-100 CCD camera (Hammamatsu Photonics Iberica, Barcelona, Spain), in
conjunction with a Lambda-10-CS dual-filter wheel (Sutter Instrument Company, CA,
USA), equipped with 340, 380 nm bandpass filters and a range of neutral-density filters
(Omega Opticals, Stanmore, UK). Data were obtained using the ImageMaster3 software

(Photon Technology International, NJ, USA).

Insulin secretion assays. Insulin secretion of MING6 cells (15) and mice pancreatic islet (16)
experiments were conducted following standard procedures, and insulin was measured by
RIA. A bunch of 10-15 human islets each were handpicked under a light microscope and
pre-incubated for 1 hour in Krebs-ring bicarbonate buffer solution (KRBB) containing 0.3
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g/l BSA and 2.8 mM glucose. The media was discarded and the islets were incubated for an
additional hour in 500 ul KRBB containing 2.8 or 16.8 mM glucose. The supernatant was
subsequently collected to evaluate insulin secretion. Translational Core Laboratories
(TCL), a core of Perlman Medicine School of University of Pennsylvania, measured

secreted insulin by RIA.

Human Islet perfusion. A total of 150 treated human islets were handpicked under a light
microscope and placed into a perifusion chamber (Millipore, Billerica, MA, USA). A
computer-controlled fast-performance HPLC system (625 LC System, Waters Corporation,
Huntingdon Valley, PA, USA) allowed programmable rates of flow and concentrations of
the appropriate solutions held in a 37°C water bath. Islets were perfused for 80 minutes
with Krebs bicarbonate buffer (2.2 mmol/l Ca*", 0.25%, wt/vol., BSA, 10 mmol/l HEPES
and 95% 02/5% CO; equilibration [pH 7.35]) in the abstance of glucose followed by the
Krebs buffer with increasing concentration of glucose ramp from 0 to 30 mm at 0.75
mM/min. At the end of each experiment, islets were tested for the maximum insulin
secretion by adding 30 mM KCI in the perifusate (17; 18). Samples were collected at
2ml/min. Insulin content was determined using RIA by Translational Core Laboratories

(TCL), a core of Perlman Medicine School of University of Pennsylvania.

Immunoprecipitation. The immunoprecipitation assay was performed following standard

procedures (19).

Western Blot. Protein concentration was determined by the Bradford method using bovine
serum albumin (BSA) as standard. For MING cells and mouse islets the Western blots were
conducted following standard procedures (14). For Human Islets, 50-70 pg of the lysate
was boiled in LDS Sample Buffer (NuPAGE®, Life Technologies), applied to NuPAGE®
4-12% Bis-Tris Gel, and transferred to nitrocellulose membranes using the iBLOT®
system. Membranes were blocked in TBS 0.1% Tween-20, containing 50% (vol./vol.) of
BSA 10% for one hour at room temperature. Membranes were then incubated with primary
antibodies overnight at 4 °C. Detection was performed using the Amersham-ECL Prime

Western Blotting detection reagente (GE Healthcare) after incubation with a horseradish
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peroxidase-linked secondary antibody (GE Healthcare). Band intensities were quantified by

optical densitometry (Image J) of the developed autoradiogram.

Pathway graphs, the panels in the Figure 5 were designed using the on line Pathway

Builder in http://www.proteinlounge.com.

Statistics: Data expressed as mean+SEM. Statistical analyses were performed using
Student’s t-test or a two-way ANOVA with a Bonferroni's posttest, as required. Statistical

significance was set at p<0.05.

RESULTS
1. Insulin-secreting cells acquire, store and retrieve information

In order to be able to address the issue of metabolic memory of insulin-producing B-cell, we
first had to develop a robust paradigm in which such memory was evident. We found that
exposure of cultured B-cell to four one hour pulses of high glucose, interspersed with 7-
hour intervals of low glucose and thus mimicking postprandial glucose spikes in vivo, were

able to elicit metabolic memory. The detailed experimental paradigm is outlined in Fig. S1.

A shown in figure 1A, B-cells exposed to the glucose pulse regime, showed higher insulin
secretion both when exposed to low (2.8 mM) or higher (16.8 mM) glucose than B-cells
which had been cultured continuously at low glucose. This increase in insulin secretion was
accompanied by a significant rise in the levels of phosphorylated CaMKII, consistent with
the notion that CaMKII might be a molecular mediator of this metabolic memory (Fig.
1B/C). Importantly, both the increase in basal and stimulated insulin secretion in the
glucose pulse group were abolished by KN93 (Fig. 1A), a specific inhibitor of CaMKII
activity. Next, we evaluated the kinetics of the MIN6 B-cell response to acute glucose
exposure, and observed that the pulse group secreted more insulin at basal (time zero) and
stimulatory concentrations of glucose (16.7 mM) between 5 and 60 min. This effect even
persisted after glucose concentrations were returned to 2.8 mM at 90 min (Fig. 1D). In

parallel (0, 60 and 90 mim), the phosphorylation of CaMKII was higher in the glucose
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pulse group at both glucose concentrations, and remained elevated even after glucose

concentrations was reduced to 2.8 mM (Fig. 1E).
2. Pancreatic islets of mice acquire, store, and retrieve information

Next, we evaluated if metabolic memory was confirmed to MING6 insulinoma cells, or if it
is also a property of primary mouse B-cells. In Isolated pancreatic islets from Swiss mice,
glucose pulse treatment also increased insulin secretion (Fig. 2A) and CaMKII
phosphorylation (Fig. 2B) in basal and stimulatory glucose concentrations, and these effects
were again abolished by the CaMKII inhibitor KN93 (Fig. 2A/B). Moreover, the glucose-
induced increase in cytoplasmic Ca** was significantly higher and achieved more rapidly in
islets of the glucose pulse group, compared to controls (Fig. 2C-E). This increased Ca**

response was partially reduced by the presence of KN93 (Fig. 2C-E).
3. Human pancreatic f3-cells exhibits metabolic memory

Next, we extended our findings to primary human B-cells. Human islets from healthy
donors were cultured and exposed to pulses of 30 mM of glucose, in the same paradigm as
described above. Pulse treatment increased insulin secretion at basal (2.8 mM) and
stimulatory (16.8 mM) glucose concentrations (Fig. 3A). As in mouse islet, the pulse group
showed increased CaMKII phosphorylation at both basal and stimulatory glucose
concentrations (Fig. 3B). Next, we determined the human islet response to a glucose
challenge in the perfused islet assay. Islets from the glucose pulse group showed both
increased first and second phase insulin secretion comparing with islets from the group
control (Fig. 3C-E). As before, these effects were abolished by KN93 the CaMKII
inhibitor. (Fig. 3A-E)

4. Metabolic memory is related in expression changes of key players in insulin secretion.

To evaluate the molecular mechanism by which glucose pulse paradigm induces memory in
insulin-secreting cells, we evaluated the expression of essential mediators of the insulin
secretory response. The glucose pulse paradigm induced expression of Glicokinase (GCK),
the glucose sensor of B-cell (Fig. 4A), voltage-gated Ca®" channel (Ca,1.2) (Fig. 4B),
SNAP25, an essential component of exocytose machinery (Fig. 4C) and mafA, a key
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transcription factor of the insulin gene and mature B-cell phenotype in general (Fig. 4D).

All these effects on protein levels were abolished by treatment with KN93.

Next, we addressed the question to what extent the metabolic memory of B-cells exposed to
the glucose pulse paradigm was dependent on glucose metabolism itself, or if this memory
could be produced by membrane depolarization alone. To this end we treated human islet
with pulses of 30 mM of KCl, which causes membrane depolarization, opening of voltage-
gated Ca?* channels, and insulin secretion without a prior increase in intracellular ATP
levels. As shown in Figure 4E and F, potassium chloride produced similar, if somewhat
lower, increase in pCaMKII and pSynapsin levels. Moreover, we evaluated if the memory
is due to the glucose pulse or due to the depolarization induced by glucose. Since the
increase in the expression of the proteins analyzed on Figure 4E was higher in glucose
pulse than in potassium group we suggest that in addition to depolarization, the glucose

metabolism is crucial for the memory generation.
5. Graph of the LTP in pancreatic f3-cell induced by Pulse of glucose

Graphical representation of the proposed mechanism of CaMKII-dependent memory

formation in pancreatic islets and MIN6-cells.

DISCUSSION

Glucose-stimulated insulin secretion is a complex process that translates glycolytic flux and
elevated ATP production to increased cytoplasmic Ca** levels and finally fusion of insulin
granules with the plasma membrane. This process is accompanied by increased
phosphorylation of CaMKII (Fig. S3), a process now showed to be part of the

establishment of metabolic memory in B-cells.

Cerasi and colleagues have already shown that exposing perfused rat pancreas to a high
concentration of glucose gives rise to a biphasic pattern of insulin release. They
demonstrated that this insulin response is influenced by a “memory for glucose” that first

pulse of glucose enhances the insulin response to a second one (20; 21). Differently, here



52

we assessed the memory of B-cells 24 hours after the last glucose pulse and we drive our

attention to the molecular mechanism that could be involved in the memory generation.

It is well established that CaMKII is fundamental for memory and learning in neurons.
Memory is defined as the capacity to acquire, store (consolidate) and retrieve (evocate)
information (22). In the nervous system, this process occurs after a marked influx of Ca>* in
the postsynaptic neuron, which converts CaMKII to its constitutively active form and
allows the information to be maintained (3). The information is stored by Ca®*-dependent
modifications of several cellular processes that ultimately imprint the information (23).
Pancreatic B-cells and neurons, despite their divergent embryonic origins, share many
characteristic, from stimulus-secretion coupling to epigenetic marks (24). In fact, even in
mature B-cells simple removal of two transcriptional factors, FOXA1 and FOXA2, is
sufficient to reactivate a whole set of neuronal genes (25). Here, we demonstrate that
human pancreatic B-cell are able to acquire, consolidate and retrieve information, induced

by glucose, and determined that this ability is dependent on CaMKII and MAFA.

Neuronal memory is dependent of Long-Term Potentiation (LTP), a process caused by the
brief increase in intracellular Ca®* that induces an autonomous active state of CaMKII (6).
To test if pancreatic B-cells store metabolic memory in analogous fashion to the way
neurons stores information, we exposed B-cells to pulses of high glucose, which induce
rapid increases in cytoplasmic Ca?*. To determine whether the information from the
glucose pulses was maintained, and whether the cells could retrieve the information after a
new glucose challenge, experiments were performed after a 24 hours consolidation period

during which B-cells were exposed only to low glucose.

B-cells exposed to pulse treatment consistently presented with a striking increase in insulin
secretion, both in basal and in stimulatory glucose conditions. This increased secretory
response indicates that, like neurons, B-cells can generate and retrieve memory of priory
activation. This process was dependent on CaMKII activity, since the inhibitor KN93
abolished it. In addition, the pulse treatment increased CaMKII Thr 2% phosphorylation and
correlated with higher insulin secretion compared to the control cells. The effect of the
pulse was caused by this increase in constitutive CaMKII activity rather than by an increase

in calmodulin/P-CaMKII interactions, since calmodulin/P-CaMKII complex formation did
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not differ between the control and pulse group (data not showed). Furthermore, when the
cells were exposed to 16.7 mM glucose, there was a significant increase in this interaction
in the control cells, while there was only a marginal further increase in the pulse Groups
(data not showed), indicating that in pulse group the CaMKII was already maximally

activated.

During memory generation in neurons, there is a period during which the postsynaptic
neurons become more sensitive and responsive to a new stimulus (3; 6). Similarly, we
observed that pulse treatments of B-cells increased GSIS for a prolonged period (5-60 min),
and even when the stimulus was removed B-cells continued to secrete more insulin than
control cells (Fig. 1D). In addition, pCaMKII was elevated in B-cells of the treatment group
in both basal conditions and after 60 min of glucose exposure, remaining higher even after

glucose was removed (Fig. 1E).

We confirmed the capacity of memory formation and the role of CaMKII in this
phenomenon in both mouse and human islets. In addition, we showed that human islets
from the pulse group exhibited increased insulin release in the glucose perfusion assay (Fig.
3C-E), confirming that human pancreatic -cells from the glucose pulse group secrets more

insulin, even with the removal of the stimulus (Fig. 3C).

One of the characteristics observed during neuronal LTP is an increase in the expression of
NMDA receptors and Ca®* channels (22), which augment calcium influx into the
postsynaptic neuron (16). Likewise, pancreatic islets of the pulse group presented with
earlier and higher influx of Ca** when stimulated with high glucose concentration (16.8
mM), and again this effect was dependent of CaMKII activity (Figs. 2 C-E). These results
are consistent with the observed increase in GSIS (Figs. 1C/2B) and elevated insulin

secretion after the removal of the stimulus (Fig. 1D)

Pulse treatment increased expression of several proteins important in B-cell function and
glucose metabolism, such as GCK, Cavl.2, SNAP25, GLUT2, insulin and PDX-1 (Fig. 4),
and this effect was dependent on CaMKII activation. What is the molecular mechanism by
which CaMKII mediates metabolic memory induced by glucose pulses? We found

increased expression of MAFA (Fig. 4E), a critical effector of mature B-cells phenotype
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and the phosphorylation of CREB (Fig. 4D) induced by pulsed glucose and dependent on
CaMKII activation. CREB activity is controlled by CaMKII phosphorylation in neurons
and acts in in neuronal memory formation (22; 26). MAFA is a major activator of insulin
transcription and multiple proteins involved in B-cell function, such as the glucose

transporter GLUT2, glucokinase and others (12; 27; 28).

Our finds suggest that CREB and MAFA are involved in memory generation, but MAFA is
more important in metabolic memory of B-cells than CREB. This is because CREB does
not bind directly to regulatory elements in GCK and voltage-dependent Calcium channels
(data not shown), In contrast, MAFA was shown to increase expression of GCK and

GLUT?2 (28), which together with calcium channel, are crucial in GSIS.

To investigate the contribution of glucose metabolism itself as opposed to membrane
depolarization for memory formation, we exposed human islet to a pulses of 30 mM of
potassium chloride, which depolarizes B-cells while bypassing glucose metabolism
completely, or to a pulses of glucose in the presence of nifidipin, which blocks calcium

channels and prevents glucose-induced Ca** entrance.

In this scenario, we observed that pulses of glucose were more efficient in activating
expression of pivotal mediator of B-cell function such as GCK, Cay1.2 and MAFA (Fig. 4E)
and in increase the phosphorylation of CaMKII and Synapsin (Fig. 4F). These results
indicates that, together with Ca®* influx, glucose metabolism is necessary for the memory
generation, since the activation of GCK and MAFA expression as well as the increase in
CaMKII and Synapsin phosphorylation were higher in glucose pulse than in the potassium
or glucose pulse + nifidipin groups. Therefore, sustained activation of MAFA expression
by glucose pulses that persist at least 24 hours after the last glucose pulse is a molecular

mediator of the metabolic memory of B-cell.

In conclusion, we have shown here that, like neurons, human and mice B-cells are able to
acquire, store and retrieve information in a process similar to neuronal LTP. This process,
presented schematically in figure 5, is dependent on the activation of CaMKII, just as is the

case of neuronal memory.
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These finds provide further evidence that the similarity of neurons and B-cells on the
transcriptome epigenome levels is not accidental, but an important aspect of the biology of

these embryologically so distinct cell types.

Evidently, the discovery of a metabolic memory in B-cells might have greater implication,
and raises questions concerning the impact of this memory for physiological and
pathological control of insulin secretion and glucose homeostasis. Given the pivotal role of
insulin secretion changes in most metabolic disorders, it is conceivable to suppose that
pancreatic B-cells memory might play a relevant role in many of those pathophysiological

conditions such as: obesity, malnutrition and disorders involving intrauterine alterations.
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LEGENDS

Figure 1: MING cells acquire, store, and recall metabolic information. MING cells were
exposed to four pulses of high (30 mM) glucose, interspersed with three intervals of low (3
mM) glucose, followed by a 24 hours consolidation period before analysis of insulin
secretion. Parallel dishes were cultured in low glucose continuously, or exposed to the
glucose pulses in the presence of the CaMKII inhibitor KN93. 24 hours after the last pulse
of glucose (A) Insulin secr etion of MING6 cells exposed to KRBB with 2.8 or 16.8 mM
glucose for 1 hour was measured. Letters indicates significant differences at p<0.05
between groups. Data represent 6 independent experiments. (B/C) MIN6 cell of control
(white triangle) and pulse group (black circle) were exposed to 16.7mM of glucose.
Phosphorylation of CaMKII (pCaMKII/GAPDH) was assessed at 0, 5, 15, 30, 45 and 60
minutes of exposure. Values presented as fold increase of time zero and *p<0.05 Vs control
group. (D) Insulin secretion during stimulus of 16.7 mM glucose over time (0, 5, 15, 30 and
60 minutes), and after the removal of the stimulus (65, 75 and 90 minutes). *p<0.05 Vs
control group (E) CaMKII phosphorylation in basal condition, after 60 minutes of glucose
stimulus and 30 minutes after the removal of the glucose stimulus — 90 minutes. Different
letters means significant differences, p<0.05. Data are means + SEM of 4 independent

experiments.

Figure 2: Mouse pancreatic islets acquire, store and evoke information. Following the
glucose paradigm and the consolidation period, pancreatic islet from Swiss mice were
exposed to KRBB with 5.6 mM of glucose for 1 hour, and then exposed to KRBB with 2.8
or 16.8 mM of glucose for additional 1 hour. After this period, we determined the (A) the
insulin secretion and (B) phosphorylation of CaMKIl (pCaMKII/GAPDH). (C)
Representative curves of changes in intracellular Ca®* concentrations in response to 16.7
mM of glucose for mouse islets pretreated with the various glucose exposure paradigms.
Values are the ratios of F340/F380 of FURA2-AM fluorescence are presented as fold
increase over the initial ratio. (D) The total rise in intracellular calcium was determined as
‘area under the curve’ (AUC) was during the stimulatory period. (E) The time delay from

glucose exposure to initial rise in intracellular Ca2+ depends on prior glucose. Values are
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represented in minutes. Different letters means significant differences at p<0.05. Data are

means + SEM of 3—4 independent experiments.

Figure 3: Human pancreatic Islets display metabolic memory of prior glucose
exposure. 24 hours after the last pulse of glucose we determined, (A) insulin secretion and
(B) phosphorylation of CaMKII in human islets from non-diabetic deceased organ exposed
to KRBB with 2.8 or 16.8 mM glucose for 1 hour. (C) Representative lines of insulin
secretion from perfusate islets. After the consolidation period 150 human islet per group
were handpicked under a light microscope and placed into a perifusion chamber and
exposed to KRBB without glucose for 30 minutes followed by the KRBB with increasing
concentration of glucose from 0 to 30 Mm at 0.75 mM/min. Samples were collected at
2ml/min and insulin leves determined by RIA. The area under the curve (AUC) was
calculated (D) during glucose exposure. Different letters means significant differences. In
panel C: # p<0.05 Vs Control, @ p<0.001 Vs Control, **p<0.05 Vs Pulse+KN93, $p<0.01
Vs Control. In panel A, B, D and E: *p<0.05, **p<0.01. Data are means + SEM of 3-5

independent experiments.

Figure 4: Metabolic memory is related in expression changes of key players in insulin
secretion. 24 hours after the last pulse of glucose human islets were harvested and the
protein were extracted to quantify expression of the following proteins: (A) Glucokinase
(GCK normalized to expression of GAPDH), (B) Voltage-dependent Ca’* channel
(Cay1.2/GAPDH), (C) Synaptosomal-associated protein 25 (SNAP-25/GAPDH) and (D) the
transcriptional factor MAFA (mafA/GAPDH). Data are means + SEM of 3-5 independent
experiments. *p<0.05 (F) Expression of GCK, Cay1.2, SNAP25, mafA, pCREB, MAP2
and GAPDH of human islet from the groups Control, Pulse, Pulse+KN93, Potassium and
Pulse+Nifidipin. (G) Expression of pCaMKII, pSynapsin and GAPDH of human islet from
the groups Control, Pulse, Pulse+KNO93, Potassium and Pulse+Nifidipin exposed for 1 hour
to KRBB with 2.8 or 16.8 mM of glucose.

Figure 5: Graphical representation of the proposed mechanism of CaMKII-dependent

memory formation in pancreatic islets and B-cells. In low glucose concentration (2.8 mM)
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Control islets have basal insulin secretion, since Glucokinase (GCK) is the master glucose
sensor in B-cell and presents low affinity for glucose it is expected that when exposed to 2.8
mM of glucose normal islets will not have a flux in glucose metabolism and will not show
insulin secretion. Islets from pulse group presents, after 24 hours of the last glucose pulse,
an increase in glucose-induced insulin secretion compared with the control group after 1
hour of basal glucose exposure. This is due to the fact that pulse group presents increase in
GLUT2 mRNA expression (in MIN6 cells — data not showed), as well as, an increase in the
expression of GCK, calcium channel and phosphorylation of CaMKII. Increase in GCK
itself could explain the increase in the basal insulin secretion, however, increase in CaMKII
phosphorylation provides to the B-cell more efficiency in transduce the calcium signal,
resulting in more secretion of insulin. When exposed to high glucose concentration, islets
from group control, as expected, presented an increase in GSIS process, since the glucose
metabolism was activated by glucose through GCK activation. Our paradigm that generated
the memory imprinted in islet of the pulse group a new way to respond to the glucose.
These islets have more GLUT2, GCK, calcium channel, Calcium influx, CaMKII
phosphorylation and Insulin secretion. As mentioned, increase in GCK promotes increase
in glucose metabolism and ATP production. This fact, together with increase in the calcium
influx to the cell accompanied with elevated levels of CaMKII phosphorylated provides

explanation to the higher insulin secreted by islets that was submitted to the pulse regime.

Figure S1: Experimental Design for MING6 cells and mice pancreatic islets. This figure
is related with the meth design.

Figure S2: Experimental Design for human islets. This figure is related with the meth
design.

Figure S3: Primers utilized in the Real-time RT-PCR. This figure is related with the
Real-Time RT-PCR methods and with the Figure 5.

Figure S4: MING6 insulin secretion correlates with acute CaMKII phosphorylation.
This figure is related to Figures 1. MING cells were maintained in RPMI medium without
glucose for 1 hour, and then exposed to Krebs-buffer with increasing glucose
concentrations for 1 hour. At the end of the 1 hour exposure, we assessed insulin secretion,

P-CaMKII and Calmodulin/P-CaMKII interaction was assessed. (A) Glucose-induced
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Insulin Secretion (GSIS). (B) CaMKII phosphorylation (P-CaMKII/GAPDH) following
acute glucose stimulation. (C) Calmodulin associated with pCaMKII. Protein extract were
immunopreciptated with a pCaMKII antibody followed by immunoblot for Calmodulin.
(D) Insulin and P-CaMKII correlation following acute glucose exposure. (E) Insulin and
Calmodulin/P-CaMKII association correlation following acute glucose exposure. Values

expressed as fold increase. Data are means + SEM of 4 independent experiments.
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A insulina é fundamental no controle da homeostasia energética, atuando no
metabolismo da glicose, dos 4cidos graxos e das proteinas. Sua secrecdo € controlada de
maneira multifatorial, envolvendo disponibilidade de nutrientes, fatores neuronais e
hormonais, sendo a glicose seu maior estimulador. O processo de secrecdo de insulina é
extremamente complexo e converte o sinal gerado pela glicose (fluxo glicolitico) no
aumento de Ca** citoplasmadtico e, finalmente, na fusdo dos granulos de insulina com a
membrana plasmadtica. Esse processo ¢ acompanhado por um aumento na fosforilagdo de
CaMKII (Figura S3), importante para a formacao de memoria pelas células B-pancredticas.

Memoria € a capacidade de adquirir, estocar e evocar qualquer tipo de informacao.
Sabe-se que, em neuronios, a CaMKII € fundamental para a formacdo da memoria que
ocorre ap6és um influxo de Ca** no neurdnio pés-sindptico, convertendo a CaMKII para
uma forma constitutivamente ativa, permitindo que a informacao seja estocada ao longo do
tempo, através de modificacOes em diversos processos celulares.

Como dito anteriormente, apesar de possuirem origens embriondrias diferentes,
neurdnios e células B pancreaticas apresentam diversas caracteristicas em comum, desde
mecanismos de acoplamento de estimulo-secre¢io até marcadores epigenéticos. E fato que,
mesmo em células B pancreaticas maduras, a simples delecdo dos fatores de transcri¢ao
FOXAT1 e FOXA2 ¢ suficiente para reativar todos os genes caracteristicos de um neuronio.
Neste trabalho, demonstramos que células B pancredticas tem a capacidade de adquirir,
estocar e evocar informagdes, em um processo dependente de CaMKII e MAFA.

Sobre memoria e células B pancreaticas Erol Cerasi e seus colaboradores mostraram
em diversos trabalhos publicados nos anos 70 que ilhotas possuem “memoria a glicose”,
pois ilhotas de ratos pré-expostas a altas concentracdes de glicose apresentam maior
secrecdo de insulina em relacdo aquelas ilhotas ndo expostas previamente a glicose.
Diferentemente dos trabalhos de Cerasi, aqui nds avaliamos a memodria metabdlica de
células B pancreatica formada apods 24 horas da ultima exposicao a 30 mM de glicose, além
disso, avaliamos os possiveis mecanismos moleculares envolvidos nesse processo.

Primeiramente, para poder investigar a memoria metabolica em células
pancredticas, desenvolvemos um paradigma no qual tal memodria se mostrasse evidente.
Entdo, estabelecemos que a exposi¢ao de células [ pancredticas a pulsos de 30 mM de

glicose com duragdo de 1 hora, intercalado por 7 horas de exposi¢ao a baixas concentragdes
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de glicose era um paradigma que evidenciava a formacdo de memdria metabdlica. Os
detalhes do paradigma experimental realizado em células MING6 e ilhotas de camundongos
e humanos estao representados nas Figuras 1 e 2.

Mostramos aqui que, apés um periodo de 24 horas de consolidagdo da informacao
adquirida, células B MING6 expostas ao paradigma de pulsos de glicose apresentaram
aumento na secrecdo de insulina tanto em concentragdes basais (2.8 mM) como
estimulatéria (16.8 mM) de glicose. Esse aumento na GSIS indica que, assim como
neurdnio, células B pancreaticas podem adquirir, estocar e evocar informagao, neste caso,
proveniente dos pulso de altas concentragdes de glicose. Mostramos também que esse
processo de geracdo de memoria foi dependente de CaMKII, uma vez que o aumento
observado na GSIS foi bloqueado pelo KN93, um inibidor eficiente e especifico da
atividade da CaMKII (Anexo 3).

No processo de formagdo de memoria, neurdnios pds-sindpticos se tornam mais
sensiveis e responsivos a um novo estimulo. Da mesma forma nds observamos que células
MING6, submetidas ao paradigma, mostraram maior secre¢ao de insulina ao longo do tempo,
e mesmo com a remocao do estimulo essas células continuaram a secretar mais insulina que
as do Grupo controle.

Ap6s a confirmagdo de nossa hipétese que células produtoras de insulina tinham a
capacidade de memorizar informacdes, nds estendemos essa pergunta a ilhotas pancredticas
de camundongos e de humanos. Com o mesmo paradigma de pulso de glicose,
confirmamos que tanto células B pancredticas de camundongos quanto de humanos
possuem a habilidade em adquirir memdria, em um processo dependente de CaMKII.

Uma caracteristica marcante observada durante a formacdo do LTP neuronal é o
aumento da expressdo de receptores NMDA e de canais de célcio que, jutos, aumentam o
influxo de Ca®* para o neurdnio pés-sindptico. Por isso, voltamos nossas atengdes para a
dinamica da concentracdo do fon Ca®* frente a um novo estimulo de glicose e, observamos
que ilhotas de camundongos do Grupo pulso apresentaram maior influxo de Ca?*. Essas
ilhotas responderam mais rapidamente quando estimulado com 16.8 mM de glicose e, mais
uma vez esse efeito foi abolido pelo KN93. Esses resultados estdo de acordo e sustentam o

aumento de secrecdo de insulina induzida pelo paradigma do pulso.
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Para entender os mecanismos envolvidos na formac¢do de memoria, avaliamos em
ilhotas de camundongos a expressdo de genes envolvidos na fungdo secretora das células 3
pancredticas (Anexo 4) e, observamos que ilhotas de camundongos expostas a pulsos de
glicose mostraram aumento na expressdo génica de GLUT2, Cay1.2, CaMKII, SNAP2S5,
Insulina e PDX-1. Ainda, observamos que o KN93 reverteu o aumento da expressdo de
CaMKII e SNAP25, induzido pelos pulsos de glicose. Em ilhotas de humanos observamos
que o pulso de glicose aumentou a expressdao de GCK, Cay1.2, SNAP25 e MAFA, efeito
esse dependente de CaMKII.

Por fim, investigamos se a memdria metabdlica observada foi, de fato, induzida pela
glicose ou decorrente da despolarizacdo gerada pelo seu metabolismo. Para isso, ilhotas
humanas foram expostas a (a) 30 mM de potdssio, a fim de despolarizar a membrana
independentemente do metabolismo da glicose, ou (b) a 30 mM de glicose na presenca de
nifidipina, que bloqueia canais de cdlcio. Assim como anteriormente, a exposi¢do ao
potdssio ou a glicose mais nifidipina foi executada em regime de pulsos, conforme esta
descrito de maneira detalhada na Figura 2.

Diante deste cendrio, observamos que o metabolismo de glicose e o influxo de
calcio sdo necessarios para o processo de formacao de memoria em células B pancreaticas,
uma vez que o regime de pulsos de glicose foi mais eficiente no aumento da expressio de
GCK, Cay1.2 e MAFA e da fosforilacdo de CaMKII e Synapsina, comparado aos Grupo
potassio e glicose+nifidipina.

Devido: (a) sua importancia na manutencdo do fendtipo de células B pancreaticas
maduras, (b) ser um ativador potente do gene da insulina e de proteinas importantes para a
GSIS, (c) ser ativado pela CaMKII e, (d) por ter expressdo aumentada 24 horas apds o
ultimo pulso, acreditamos que o MAFA seja o mediador molecular da formacdo da
memoria metabolica, induzida pela glicose.

E provével que a existéncia de uma memdria metabdlica em células p pancreaticas
tenha implicacdes fisioldgicas importantes e ainda desconhecidas. Devido ao papel
fundamental da insulina em diversas desordens metabdlicas, acreditamos que essa memoria
tenha alguma fun¢cdo em doencas como obesidade, desnutricdo e, principalmente, em
patologia associada a vida adulta de pessoas expostas a um ambiente intrauterino com

alteracdes nutricionais.
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Diante do exposto, concluimos que, da mesma forma que neur6nio, células B
pancredticas de camundongos e de humanos tem a capacidade de adquirir, estocar e evocar
informacdo, em um processo similar ao LTP. Esse processo, esquematizado na Figura 5, se mostrou

dependente de CaMKII, bem como do metabolismo da glicose e do influxo de célcio.
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Isollg';on Gender|Age H?r':)th W(f('gg)th BMI |Diabetes
HP2105A M 27 | 1,77 64 [20,2| Nao
Hu885 M 44 | 1,7 75 25,8 Nao
HP- “
13131-01 F 36 | 1,62 92 |34.8| Nao
ICRH50 M 46 | ???? | ??7? [28.8| Nao
AAGW388, M 43 | 1,95 | 117 |30,6| Nao
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Gene Sense Anti-sense
GLUT-2 @ 5 -cattgctggaagaagcgtatcag-3’ 5’ -gagaccttctgctcagtcgacg-3’
Cavl.2 | 5 -cctttgttcagecatccacacce-3 5’ -ttgccagcactgcccatgag-3’
CaMKIl | 5 -aagatgtgcgaccctggaatg-3° 5’ -ctggcctggtecttcaatgg-3’
Insulin 5’ -ttgcagtagttctccagtt-3’ 5’ -attgttccaacatggcectgt-3
SNAP25 5’ -gaattcaatggccgaggacgcaga-3’ 5’ -gtcgacttaaccacttcccagcatctttgt-3’
PDX1 5’ -aaccggaggagaataagagg-3’ 5’ -gttgtcccgctactactgtt-3
B-Actin | 5 -2gagggaaatcgtgcgtgaca-3’ 5’ -cgatagtgatgacctgaccgtca-3’
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pCaMKI/GAPDH

KN93  uM SuM | 10uMm

Figura 6 — Teste da Eficiéncia do Inibidor KN93. Células MIN6 foram expostas por 24h a diferentes
concentragdes do Inibidor farmacoldgico especifico para a CaMKIl. Apds esse periodo a fosforilagdo da
CaMKIl (pCaMKII/GAPDH) foi avaliada por Western Blot. Valores mostrados em % do Controle. *P < 0,05
Vs Controle. # P < 0,05 Vs 1um. % P < 0,05 Vs 5um. N=3
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ANEXO 04
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Figura 7. Anédlise da expressao génica em ilhotas de camundongos. After the Consolidation Period mRNA of MING cells were
extract and the gene expression of (D) Glucose transporter 2 (GLUT-2/B-Actin) (E) Voltage-dependent Ca2+ channel (Cay1.2/B-
Actin) (F) Ca2+/Calmodulin-dependent protein kinase II (CaMKII/B-Actin) (G) Synaptosomal-associated protein 25 (SNAP-25/B-
Actin) (H) Insulin (Insulin/B-Actin) and (I) Pancreatic and duodenal homeobox 1 (PDX-1/B-Actin) were analyzed by Real-time

RT-PCR. Different letters means significant differences, p<0.05. Data are means + SEM of 4 independent experiments.
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