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RESUMO 

Desde sua identificação em 1909, muitos esforços foram dedicados à caracterização dos 

mecanismos de infecção, controle do vetor e tratamento dos sintomas da doença de 

Chagas (DC). Entretanto, após mais de 100 anos, ainda não existe um tratamento 

antiparasitário eficaz, especialmente na fase crônica da doença. Além disso, a 

amenização dos sintomas é feita de maneira não específica de acordo com as diretrizes 

de outras cardiopatias, o que torna ambas as abordagens ineficientes. Considerando a 

complexidade da DC, estudos envolvendo aspectos isolados da infecção proporcionam 

pistas importantes para o entendimento da etiologia da DC e seus mecanismos. 

Entretanto, abordagens integrativas são necessárias para a determinação de estratégias 

terapêuticas novas e mais acuradas ao tratamento da DC. Nesse trabalho, nós abordamos 

esses assuntos de acordo com os seguintes objetivos: caracterização da correlação entre 

remodelamento tecidual e elétrico na DC e a persistência parasitária no tecido. Além 

disso, estudamos as propriedades funcionais de junções GAP cardíacas, apontando-as 

como possíveis determinantes na progressão da DC. Finalmente, descrevemos os efeitos 

diretos da hipercolesterolemia no coração e em cardiomiócitos isolados, com o intuito 

de se estabelecer uma nova estratégia se investigar os efeitos de dislipidemias na 

progressão da DC. De maneira conjunta, os resultados apresentados nesse trabalho irão 

contribuir para a elucidação das propriedades funcionais das junções GAP e dos efeitos 

diretos da hipercolesterolemia no coração e em cardiomiócitos isolados. Além disso, 

apontamos novas estratégias que irão contribuir para o entendimento dos mecanismos 

envolvidos no desenvolvimento da sintomatologia típica da DC, bem como a influência 

de aspectos nutricionais na progressão dessa doença.   
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ABSTRACT 

Since identification of Chagas Disease (CD) in 1909, a lot of effort was invested into 

the characterization of DC infection mechanisms, control of parasite vector and 

treatment of symptoms. However, after more than 100 years, there is still no effective 

antiparasytic treatment, especially in the chronic phase, and management of symptoms 

is done unespecifically for cardiomyopathies, which makes both approaches 

unnefective. Given the complexity of CD, investigating isolated aspects of the infection 

provides important cues in terms of disease etiology and mechanisms, however, 

integrated approaches are also necessary in order to evaluate new and more specific 

therapeutic strategies. In this study, we have attempted to address these issues, 

according to the following goals: characterization of whether changes in electrical 

properties of the isolated ventricular myocytes are correlated with tissue remodeling and 

T. cruzi persistence in CD. Besides, we studied functional properties of cardiac and 

vascular GAP junctions, pointing them as potential target impacting CD output. Finally, 

we described direct effect of hypercholesterolemia in a murine model, as a new strategy 

to evaluate effects of dyslipidemias in the development of CD. All together, we the data 

reported here will contribute to the elucidation of GAP junction functional properties 

and the direct role of hypercholesterolemia in heart and isolated cardiomyocytes 

properties. Furthermore, we have pointed new approaches that will contribute to the 

elucidation of CD symptoms development as well as to the influence of nutritional 

aspects to this disease in a more comprehensive manner. 

 

 

 

 

 

 

 



8 

 

INTRODUÇÃO 

 

Propriedades macroscópicas do coração de mamíferos: bomba cardíaca e mecanismos 

regulatórios do fluxo 

O coração de mamíferos é um músculo tetracavitário o qual representa o 

principal mecanismo gerador do trabalho mecânico envolvido no fluxo da massa de 

sangue através dos vasos do sistema circulatório 1, 2. O processo cíclico associado ao 

status mecânico de cada câmara do coração desde a contração atrial até o relaxamento 

ventricular durante cada batimento é denominado ciclo cardíaco. Além disso, a 

frequência de ciclos cardíacos no intervalo de 1 minuto é denominada frequência 

cardíaca 3.  

Por ser um ciclo, o a dinâmica cardíaca pode ser separada em fases de cunho 

puramente didáticos para melhor apreciação de suas etapas. Como representado na 

Figura 1, o ciclo cardíaco inicia-se pelo relaxamento dos átrios e ventrículos, 

causando sua expansão (diástole), que ocorre de maneira concomitante à abertura das 

valvas atrioventriculares e fechamento das valvas semilunares (A para B). A 

expansão das câmaras cardíacas leva ao preenchimento com sangue venoso 

proveniente da circulação sistêmica para o átrio direito e com sangue arterial 

proveniente da microcirculação pulmonar para o átrio esquerdo. O preenchimento das 

câmaras ventriculares ocorre predominantemente de maneira passiva pelo fluxo 

atrioventricular. Entretanto, a contração atrial a seguir (C) provoca aumento na 

pressão nessa câmara, forçando a ejeção parcial do sangue remanescente, o que 

permite uma complementação do volume ventricular 3, 4, 5. 

A contração atrial é sucedida por um período de contração isovolumétrica (de 

C pra D), na qual ambas as valvas atrioventriculares e semilunares são resistentes ao 

fluxo sanguíneo, o que impede o refluxo para os átrios. A abertura das valas 

semilunares ocorre ao se atingir uma pressão isovolumétrica crítica (D), momento em 

que se inicia a ejeção da massa de sangue ventricular para a microcirculação (pelo 

ventrículo direito, através do tronco pulmonar) e para a circulação sistêmica 

(ventrículo esquerdo, através da aorta). A ejeção do sangue para a circulação é 

caracterizada por duas fases: uma fase rápida inicial (E), na qual ainda ocorre 

aumento da pressão intraventricular em função do prosseguimento de sua contração e 
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redução do volume da câmara. Ocorre em seguia a fase lenta final (F), que se observa 

relativa redução da pressão intracavitária, em função da redução da massa de sague 

que não é compensada pela redução da área interna da câmara. Observem que a 

definição de pressão é uma força que atua em uma área. 

O relaxamento isovolumétrico caracteriza a início da diástole ventricular, no 

qual o fechamento das valvas atrioventriculares e semilunares (F para A) 

concomitante à expansão das câmaras cardíacas promove abrupta queda da pressão 

intracavitária. Com a progressão da diástole, ocorre novamente a abertura das valvas 

atrioventriculares e preenchimento das câmaras ventriculares 3, 5 completando um 

ciclo cardíaco. É importante, nesse ponto, ressaltar o papel primordial das 4 válvulas 

cardíacas, denominadas semilunares (valva pulmonar e aórtica) e válvulas 

atrioventriculares (tricúspide e mitral). Essas válvulas regulam a passagem 

unidirecional do sangue, evitando refluxo para os átrios durante a contração 

ventricular e dos vasos para os ventrículos durante o período diastólico 3, 4. 

Diante da explicação acerca do ciclo cardíaco, segue-se a descrição do 

controle hemodinâmico do fluxo sanguíneo e sua relação com as propriedades 

contrateis da bomba cardíaca. A esse, ponto, vale ressaltar que a circulação em 

mamíferos ocorre em sistema fechado, ou seja, com volume circulatório constante, e 

em regime estacionário com fluxo constante. Esse fluxo é determinado pelo débito 

cardíaco, definido como o volume de sangue sendo bombeado pelo coração em 1 

minuto, e medido como o produto da frequência cardíaca pelo volume sistólico, DC= 

VS x FC, no qual DC é o débito cardíaco, VS é o volume sistólico e FC, a frequência 

cardíaca 6. Tipicamente, o DC se encontra próximo a 5 l/min de sangue, mas em uma 

situação de aumento de demanda para trocas gasosas e metabólicas, como no caso de 

exercício físico, processos inflamatórios e infecciosos, trauma, dentre outros, ocorre 

significativo aumento do DC. Esse aumento inicialmente se deve através da regulação 

da frequência cardíaca, que pode ocorrer por influência de diversos fatores, sendo os 

principais moduladores a alteração do tônus adrenérgico/colinérgico pelo sistema 

nervoso autonômico, bem como do controle da frequência intrínseca sinusal 3, 5. 

Além do controle do débito cardíaco pela FC, a alteração do volume sistólico 

é também determinante para o controle do fluxo sanguíneo. O controle do VS, por sua 

vez, baseia-se em 3 variáveis principais:  

 1- Pré-carga: Caracterizada pelo volume sanguíneo que preenche o 

ventrículo ao final da contração isovolumétrica. A expansão da câmara cardíaca 
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ventricular guarda uma relação diretamente proporcional com a força exercida 

durante a contração, fenômeno que é conhecido como mecanismo (ou lei) de Frank-

Starling. A explicação para essa relação baseia-se na melhor orientação dos 

filamentos contrateis de actina e miosina em função da distensão dos sarcômeros, o 

que possibilita uma otimização do recrutamento das fibras e consequentemente, maior 

força de contração 7. A pré-carga é controlada, por sua vez por mecanismos que 

interfiram com o retorno venoso para o coração, incluindo alteração da frequência 

respiratória e volume respiratório, bem como da atividade acessória da musculatura 

esquelética, com destaque para a musculatura do tríceps sural 3, 5, 8, 9. 

2- Pós-carga: A pós-carga é caracterizada como o volume diastólico final, o 

volume ventricular sanguíneo remanescente após a sístole. É controlada 

principalmente pela resistência ao fluxo sanguíneo, com participação fisiológica 

importante da resistência periférica, mas também pode se encontrar alterada em 

quadros patológicos em que se observa oclusão parcial de vasos principais, como 

estenose ou aterosclerose 3, 5, 8, 9. 

3- Contratilidade celular: A regulação da capacidade contrátil dos 

cardiomiócitos é complexa e depende da interação entre a excitabilidade e a contração 

celular, mediada pela sinalização do Ca2+ através do acoplamento excitação-contração 

9, 10, 11. Diversos fatores contribuem para a regulação desse sistema, dentre os quais 

podemos citar as condutâncias iônicas que determinam o formato de onda do 

potencial de ação cardíaco; o conteúdo de Ca2+ presente nos estoques celulares do 

retículo sarcoplasmático e mitocôndria; a regulação da liberação do cálcio desses 

estoques e a capacidade de interação do Ca2+ com os miofilamentos. Todos esses 

fatores citados são, por sua vez, estritamente regulados por vias de sinalização celular 

através de modificações pós traducionais que incluem: fosforilação, sumoilação, 

palmitoilação, ubiquitinação, além de regulação de caráter oxidativo como nitração e 

oxidação de resíduos 8, 9, 10, 11, 12. 
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Figura 1: Representação esquemática do ciclo cardíaco, mostrando as alterações de 

pressão e volume do ventrículo esquerdo durante um único ciclo. Adaptado de Berne 

et al (2009). 
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Condução do impulso elétrico no coração 

Até o momento foi realizado uma breve introdução sobre a regulação dos 

aspectos contráteis do coração. O próximo tópico a ser abordado envolve uma 

descrição da regulação elétrica do coração. 

O início do processo de condução do impulso elétrico no coração tem origem 

através da atividade marca passo de um grupamento de células presentes no nó sino-

atrial (NSA). As denominadas células nodais possuem propriedade auto 

estimulatórias e são capazes de desencadear potenciais de ação de forma rítmica sem 

a necessidade de estimulação externa, de modo que a frequência de auto-estimulação 

dessa região é denominada frequência intrínseca do coração 13. O estímulo gerado no 

NSA é propagado de maneira interatrial até o átrio esquerdo, por meio de um feixe de 

fibras de condução atrial denominado feixe de Bachman.  

Simultaneamente, o estímulo despolarizante é propagado até o nó átrio 

ventricular (NAV) por meio das vias intermodais, lenta e rápida. O NAV também 

possui células capacidade auto-estimulatória, com frequência reduzida quando 

comparada à frequência intrínseca proveniente do NSA, mas que pode servir como 

marca-passo acessório em caso de falha da capacidade auto-estimulatória sinusal. Em 

situações fisiológicas, entretanto, a atividade auto-estimulatória atrioventricular é 

rendida à estimulação atrial 13. De maneira importante, ao passar pelo NAV o impulso 

elétrico sofre um atraso de condução, um importante componente para a 

sincronização do ciclo cardíaco, pois impede que as contrações atrial e ventricular 

ocorram simultaneamente, e sim de forma sincronizada 4, 13, 14. O atraso AV é 

atribuído a diversos fatores: 1- arquitetura geométrica do NAV, com tecidos não 

condutores que atuam como isolantes da propagação 15, 16, 2- com células de menor 

tamanho e com estruturação complexa, que aumenta o caminho de condução e o 

número de junções comunicantes entre as células 17, 3- redução da expressão de 

canais para sódio 18, 19, 4- menor acoplamento por meio da natureza e magnitude das 

junções GAP expressas nessa região 20. 

Após atravessar a região AV, o estimulo elétrico é conduzido através do feixe 

de His, em sua bifurcação esquerda e direita. O feixe de His, por sua vez, também se 

ramifica formando as fibras de Purkinje, penetrando as paredes do miocárdio, 

transversalmente do endocárdio ao epicárdio. Nos tecidos adjacentes ao sistema de 

condução, a propagação do estímulo elétrico é feita célula a célula, a uma velocidade 

relativamente acelerada (60-80 cm/s), por meio das junções GAP, que serão 
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discutidas detalhadamente nos próximos tópicos. A magnitude do acoplamento 

elétrico-metabólico via junções GAP é tal, que se pode afirmar com segurança que, 

pelo menos sobre o ponto de vista elétrico, o tecido cardíaco funciona com um 

sincício 21. 

 

Aspectos celulares: Excitabilidade, contração e acoplamento elétrico-

metabólico intercelular dos cardiomiócitos 

A contração do miócito cardíaco e do coração como um todo depende de uma 

sinalização específica mobilizada pelo íon Ca2+, a qual, a priori, é engatilhada pela 

excitação elétrica do cardiomiócito, uma variação transitória de seu potencial de 

membrana. Esse transiente de voltagem que precede a contração celular é 

denominado potencial de ação (PA). 

O PA cardíaco possui um caráter transitório em função do aparecimento de 

condutâncias iônicas que ocorrem de maneira também transitória. Nesse contexto, os 

canais iônicos sensíveis à voltagem assumem um papel principal, e mudança de 

estados para cada isoforma de canais, entre condutor e não condutor da corrente 

iônica determinam as diferentes fases do PA cardíaco (exceto para células nodais que 

apresentam particularidades). A Figura 2 mostra as diferentes fases do PA de um 

cardiomiócito ventricular, e a contribuição dos principais canais iônicos envolvidos 

nessa etapa.  

O PA pode ser didaticamente separado em 4 fases 22. Durante a despolarização 

da membrana (fase 0) ocorre a ativação dos canais para sódio, Nav1.5, que possuem 

um sensor de voltagem composto por resíduos de aminoácidos com carga formal 

positiva (tipicamente argininas) em seus segmentos transmembrana S4. Diante dessa 

assertiva, fica evidente que para que ocorra a ativação desses canais, deve ocorrer 

uma alteração da voltagem de repouso da célula, a qual, na ausência de estímulo 

externo, se mantém estacionária. Esse estímulo pode ser externo, como no caso de 

miócitos ventriculares, por meio da comunicação através das junções GAP, ou 

intrínseco da própria célula, como no caso das células marca-passo, pela função de 

um grupo de canais iônicos específicos, denominados HCN 23. O PA só é gerado caso 

a estimulação da célula excitável modifique a voltagem da membrana até um valor 

crítico, denominado limiar de excitação, que é a voltagem no qual a condutância 

despolarizante pela ativação dos canais Nav1.5 (para células não nodais) supera a 

resistência da membrana em retornar ao estado estacionário. Nesse ponto, diz-se que 
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há um ciclo de retroalimentação positiva para a ativação de Nav1.5, e o PA irá 

prosseguir sem a necessidade de mais nenhuma perturbação externa da membrana. 

A despolarização da célula cardíaca estimula concomitantemente a ativação 

dos canais para Ca2+ e K+, porém com cinética mais lenta de ativação. A ativação das 

correntes de K+ transientes rápidas (Ito) promove o início da repolarização da 

membrana (fase 1). Entretanto, a abertura dos canais para cálcio tipo-L (ICa-L) oferece 

uma resistência à repolarização pelo aparecimento de uma condutância 

despolarizante, que é observado como uma fase de platô do potencial de membrana 

(fase 2). A inativação de ICa em conjunto com a ativação de outros tipos de canais 

para K+, com destaque para a corrente de K+ retificadora de entrada (IK1), determina 

finalmente o prosseguimento da repolarização celular (fase 3). A restituição do 

potencial de repouso do cardiomiócito caracteriza a fase 4, que também tem 

predominantemente a participação de IK1 
5

, 
22

. Ao contrário das condutâncias 

transitórias em função dos mecanismos de abertura e fechamento (denominados 

propriedades de gating) dos canais iônicos, o potencial de repouso da célula é 

estacionário e sustentado pela presença dos canais de vazamento, que conduzem Na+ 

e K+ de modo a estabelecer um potencial elétrico da membrana em função do 

gradiente eletroquímico de ambos os íons. A perpetuação da capacidade excitatória 

dos cardiomiócitos é garantida ainda pela ação da Na
+

/K
+ 

ATPase, uma proteína 

transportadora que acopla energia gerada pela quebra de uma molécula de ATP ao 

transporte de íons Na
+ 

e K
+ 

para fora e dentro da célula, respectivamente, contra seu 

gradiente de concentração, e dessa forma, garantindo a manutenção do gradiente 

eletroquímico. 
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Figura 2: Participação dos diferentes tipos de correntes iônicas na gênese do 

potencial de ação cardíaco ventricular de humanos. Extraído de Nerbonne & Kass, 

2005. 

 

O Ca2+ proveniente dos canais tipo-L ativados durante o PA leva por sua vez à 

ativação de canais presentes na membrana do retículo sarcoplasmático (RS), 

denominados receptores de rianodina (do inglês ryanodine receptor, RyR). Esses 

canais são seletivos ao Ca2+ e também ativados por esse íon, agrupam-se em 

microrregiões próximas ao fundo das cisternas dos túbulos T, em uma estrutura 

conhecida como díade 8, 9, 10. A ativação dos RyR leva a liberação dos estoques de 

Ca2+ do RS para o citosol de maneira rápida e relativamente sincronizada, garantindo 

uma rápida difusão para a maquinaria contrátil dessas células. Essa liberação de 

cálcio induzida pelo cálcio medeia o acoplamento entre a excitabilidade celular e a 

sua contração, processo denominado acoplamento excitação contração (ECC, do 

inglês, excitation contractin coupling), como representado esquematicamente na 
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Figura 3. 

 

Figura 3: Esquema demonstrando a participação dos principais componentes 

envolvidos no acoplamento excitação contração, bem como a participação e 

dinâmica do cálcio nesse processo. Na figura, o componente “ATP” transportando 

cálcio para fora da célula representa a bomba de cálcio do sarcolema; NCX: 

trocador Na+/Ca2+; ATP/PLB: SERCA associada ao eu peptídeo regulatório, 

fosfolambam (PLB). Extraído de Bers, 2002. 

 

 

Após um evento de contração celular ativado pelo Ca2+, os níveis basais desse 

sinalizador devem ser restaurados, processo que depende dos seguintes sistemas: 1) 

bomba de Ca2+ ATPase do SR (SERCA, do inglês Sarco-Endoplasmic reticulum 

calcium), responsável pela recaptação de Ca2+ para o RS; 2) trocador sódio-cálcio 

presente no sarcolema (NCX, do inglês sodium clacium exchanger), 3) bomba de 

Ca2+ ATPase do sarcolema e 4) uniporte de cálcio mitocondrial, como representado 

na Figura 3. Como descrito anteriormente, a propagação do estímulo elétrico no 
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coração ocorre através das junções GAP 24, 25, canais intercelulares que permitem a 

passagem de íons e moléculas menores que 1 KDa, normalmente de maneira não 

seletiva 26, 27, 28. Junções GAP são formadas pela associação de dois hemicanais 

(conexons) presentes, cada um na membrana de uma das células comunicantes. Com 

representado na Figura 4A, cada um desses canais é formado por um hexâmero de 

conexinas, proteínas formadas por 4 segmentos transmembrana (M1-M4), dois loops 

extracelulares (E1-E2), um loop citoplasmático (CL) além das porções N-terminal e 

C-terminal. Em termos de nomenclatura, conexinas não denominadas pela espécie de 

origem, bem como pelo peso molecular. Dessa forma, hCx43 determina a conexina 

(Cx) com 43 KDa humana (h), ou mCx50 representa a conexina com 50 KDa de 

camundongos (do inglês mouse). No genoma humano existem 21 genes para 

conexinas 29, 30, e todas elas apresentam elevado grau de homologia estrutural (70-

99% de homologia), tanto entre diferentes conexinas de uma mesma espécie (por 

exemplo, hCx40 e hCx43) quanto de conexinas análogas de espécies diferentes (como 

hCx43 e mCx43) 31. 

Cada tipo de conexina é designado pela espécie E1-E2 que forma ligações de 

hidrogênio com conexinas presentes no conexon adjacente, fornecendo a plataforma 

de ancoragem das junções GAP 26, 31, 32. A estrutura primária desses loops estabelece 

a compatibilidade entre configurações de conexons capazes ou não de formar junções 

GAP funcionais 7. Em termos estruturais (Figura 4B), os conexons podem ser 

formados por um único tipo de conexina ou por mais de um tipo, formando 

homômeros ou heterômeros. Quando as junções GAP são formadas por dois 

conexons homoméricos idênticos, são denominadas homoméricas homotípicas. Como 

exemplo as junções GAP formadas por miócitos ventriculares, que expressam 

majoritariamente Cx43 33, 34, ou do NAV que expressam tipicamente Cx45 25, 33.  

Junções GAP formadas por conexons homoméricos, mas com diferentes 

conexinas entre si são denominados homoméricos heterotípicos. Essa configuração é 

muito provável entre a comunicação do endotélio que expressam tipicamente Cx40 e 

Cx37, com células do musculo liso, as quais tipicamente expressam Cx43 e Cx45 35.  

Finalmente as junções formadas por pelo menos um conexon contendo mais de um 

tipo de conexina são denominadas heteroméricas heterotípicas 28, 30. Em termos de 

organização, junções GAP se organizam em grupamentos contendo vários canais 

funcionais concentrados em micro domínios da membrana, normalmente associados a 
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cavéolas ou à domínios ricos em colesterol, ainda que canais isolados, já tenham sido 

descritos 36, 37, 38. 

 

 

 

Figura 4: Composição e topologia generalizada das junções GAP (JG), exemplificada 

por Cx37. (A) Estrutura hierárquica da formação das JG por conexinas (B) 

Configurações possíveis de JG na membrana. M1-M4- domínios transmembrana; 

E1/E2- alças extracelulares; CL- alça citoplasmática; NT- domínio N-terminal; CT- 

domínio C-terminal. 

  

 Devido ao seu papel fundamental para a comunicação elétrica e metabólica 

intercelular, e por serem expressas ubiquamente, alterações na estrutura primária das 

conexinas são associados a diversas patologias, em sistemas variados. Dentre as 

principais doenças estudadas, encontra-se catarata, perda de audição congênita, displasia 

oculodentodigital e fibrilação atrial 39, 40, 41, 42. Além disso, conexinas apresentam 

regulação de sua função em diversos níveis: 1- regulação por voltagem, que provoca a 

transição do canal de um estado condutor para não condutor, de maneira reversível 43, 
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44, 2- regulação por íon divalentes, principalmente Ca2+ e Mg2+, normalmente associado 

à redução transitória da condutância unitária, de maneira dependente de concentração 45, 

46 3- modificações pós traducionais, principalmente fosforilação 47.  

 

Estruturação de microdomínios de membrana: participação do colesterol  

Desde a criação do modelo do mosaico fluido por Singer e Nocolson, em 1972 

48, já se considerava a assimetria da membrana em termos da composição lipídica e 

proteica entre as faces interna e externa, propriedades elásticas, capacidade auto-

selante e principalmente, a importância da interação com proteínas integrais e 

acessórias. Entretanto, o modelo original não foi capaz de prever interações lipídeo-

lipídeo específicas como geradores de subdomínios dentro da membrana, tampouco a 

capacidade dessas regiões de interagir e concentrar proteínas, glicoconjugadas de 

maneira preferencial 49. A apreciação da capacidade da membrana em estruturar 

micro domínios de membrana veio posteriormente 50, com a criação das balsas 

lipídicas 51, na qual a associação preferencial entre esfingolipídios e colesterol 

conferia microrregiões com maior resistência à difusão lateral de seus componentes, 

de modo que proteínas, lipídeos, e glicoconjugados fossem preferencialmente 

direcionadas a essas regiões.  

Balsas lipídicas são pequenos clusters (de 10 a 200 nm) constituídos de 

esfingolipídios (incluindo esfingomielina e glicoesfingolipídeos), colesterol e 

proteínas especificamente endereçadas a essas regiões 52, 53, seja por modificações 

pós traducionais como acilação ou prenilação, ou por sequências consenso de ligação 

ao colesterol 53. A presença de esfingolipídios e colesterol confere um elevado caráter 

apolar a esses microdomínios, de modo que fosfolipídios saturados são 

preferencialmente associados a essas regiões. Existem diversos tipos de balsas 

baseado em diferenças de composição lipídica e proteica 54, e na capacidade dessas 

estruturas em agregar-se seletivamente a moléculas sinalizadoras e consequentemente 

determinar uma organização e orientação espacial dos componentes celulares, o que 

alavancou o estudo das balsas lipídicas nos últimos anos 55, 56. Particularmente 

destacam-se as cavéolas como representado na Figura 5. 
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Figura 5: Representação de micro domínios na membrana. Na Figura pode ser 

observado dois tipos de balsas lipídicas, com a presença ou ausência de interação 

com caveolinas. É possível observar que balsas lipídicas concentram componentes 

proteicos e lipídios de maneira seletiva.  Extraído de Dart C, 2010. 

 

 

 

Diversos canais iônicos, transportadores e outras proteínas envolvidas em vias 

de sinalização celular foram encontrados concentrados em balsas lipídicas, 

particularmente em cavéolas, as quais são mais facilmente estudadas. Evidências de 

diversos componentes envolvidos na morfologia do PA, incluindo o canal para sódio 

Nav1.5, canal para cálcio Cav1.2, canais para potássio retificadores de entrada Kir2.1, 
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bem como  componentes  envolvidos  na  condução  célula  a  célula  cardíaca  como 

conexina-43  já  foram  encontrados  concentrados  em  cavéolas 56, 57, 58. Não 

obstante, receptores beta-adrenérgicos responsáveis pela modulação da resposta 

autonômica simpática no coração também são concentrados nessas estruturas. 

Finalmente, além da modulação direta dos componentes citados, diversas vias de 

sinalização celular importantes na regulação dos aspectos eletromecânicos dos 

cardiomiócitos e do status oxidativo dessas células possuem seus receptores/enzimas 

incorporados em cavéolas, incluindo a via da proteína cinase A (PKA), proteína 

cinase C (PKC), fosfatidil-inositol-3- cinase (PI3K)/proteína cinase B (Akt), assim 

como óxido nítrico sintases (NOS) 59. 

 

Doença de Chagas: Disfunções eletro-contráteis em paciente e modelos experimentais 

 A Doença de Chagas (DC) é uma zoonose transmitida por vetores triatomíneos 

hematófagos, popularmente conhecidos como barbeiros. Dentre os barbeiros 

transmissores da doença encontram-se as espécies pertencentes aos gêneros Triatoma, 

Panstrogylus e Rhodinus (classe Insecta, ordem Hemiptera, família Reduviidae) 60. A 

transmissão do protozoário flagelado T. cruzi, agente etiológico da DC, ocorre através 

da inoculação do parasita pelo contato com fezes infectadas do vetor, principalmente 

durante seu período de forrageio no hospedeiro. No hospedeiro vertebrado, os parasitas 

diferenciam-se na forma tripomastigota, capaz de parasitar diferentes células, inclusive 

cardiomiócitos. No interior das células, eles se diferenciam em amastigotas, iniciando o 

processo de replicação. Uma nova etapa de diferenciação das formas amastigotas em 

tripomastigotas conclui o ciclo de parasitismo celular, e as formas tripomastigotas 

alcançam novamente a corrente sanguínea e/ou interstício através da lise da célula 

infectada 61. 

 A relevância epidemiológica da DC é elevada, principalmente em países nos 

quais são encontrados os vetores triatomíneos. A DC acomete aproximadamente 8 

milhões de pessoas no mundo (OMS factsheets, 2018) 62, e é um dos maiores 

contribuintes pelos casos de insuficiência cardíaca na América Latina 62, 63, 64. Além 

disso, representa uma das patologias mais onerosas dentre as chamadas doenças 

tropicais negligenciadas 63. Clinicamente, a DC é classificada em duas fases, aguda e 

crônica, e pode possuir, em ambas as etapas, manifestações de caráter cardíaca, 
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indeterminada ou do trato digestivo, sendo a forma cardíaca da doença, sua 

manifestação mais prevalente e severa 65. Na fase aguda em geral, a rápida proliferação 

dos parasitas é acompanhada por uma inflamação sistêmica 66, 67, com infiltrado 

inflamatório mononuclear, congestão aguda e edema. 68. No coração, manifesta-se como 

uma miocardite aguda, a qual é acompanhada por alterações da função elétrica e 

contrátil de cardiomiócitos, como reportado em infecções experimentais utilizando 

modelos murinos da doença 69, 70. O remodelamento celular de cardiomiócitos é 

tipicamente caracterizado pelo prolongamento do PA, redução na densidade e 

propriedades de gating de canais iônicos, principalmente seletivos para as correntes de 

potássio e de cálcio 71.  Além disso, a redução das correntes de Ca2+ 
também está 

relacionada às alterações do manejo intracelular desse íon, bem como disfunções da 

capacidade contrátil dos cardiomiócitos isolados 70, 71, 72. 

 Considerando o sistema cardiovascular e seus reguladores, na fase aguda ainda é 

possível observar uma desenervação do sistema autonômico do coração 73. As 

disfunções elétricas celulares e alteração do tônus autonômico podem determinar o 

aparecimento de taquicardia e arritmias diversas como alternância de onda P 

(dissociação atrioventricular), distúrbios de repolarização 74, além de marcadores para 

hipertrofia cardíaca terem sido identificados 72. Apesar da diversidade de sintomas 

explicitados, de forma geral a fase aguda resolve-se após algumas semanas, em função 

do controle da proliferação do parasita e da resposta imunológica em si pelo hospedeiro. 

Sabe-se que 30% desses pacientes irão, após um período de 10-30 anos, apresentar 

novamente os sintomas, agora associados à fase crônica 63. O período entre a fase 

sintomática aguda e crônica é denominado fase indeterminada, e apesar de sinais 

clínicos não serem identificados, a presença do parasita pode ser confirmada por 

métodos sorológicos ou parasitológicos 75. 

Na fase crônica uma baixa carga parasitária é observada nos pacientes. 

Entretanto, a sintomatologia é mais severa e limitante para a qualidade de vida dos 

pacientes. Observa-se a presença de áreas de fibrose no miocárdio e no sistema 

condutor 71, 72, 76, 77. Nessa fase também ocorrem diversos tipos de arritmias severas e 

bloqueios de condução 78, 79. Ainda, a cardiopatia dilatada é acompanhada por 

disfunções sistólicas e diastólicas que finalmente progridem insuficiência cardíaca 63, 

66. Em termos celulares, os cardiomiócitos também experimentam distúrbios em sua 
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função elétrica e contrátil, nas quais alterações na forma de onda do PA, redução da 

densidade das correntes de Ca2+ e K+, e redução na capacidade contrátil do 

cardiomiócito 70 são observadas. Não obstante, usando um sistema de infecção in 

vitro em células isoladas, já foi demonstrado uma redução na expressão de Conexina-

43, provocando mau funcionamento das junções GAP entre pares de cardiomiócitos, e 

com isso, gerando os problemas de condução 80.  

Um aspecto importante da infecção pelo T. cruzi é o estresse oxidativo 

associado ao processo inflamatório durante a infecção. Esse processo determina 

aumento na taxa de produção de espécies reativas de oxigênio (ROS, do inglês 

reactive oxygen species) e óxido nítrico (NO, do inglês Nitric Oxide), como estratégia 

para se combater a propagação de parasitas 81, 82, 83, 84, 85. Entretanto, tanto ROS 

quanto NO possuem um caráter sinalizatório importante em cardiomiócitos, 

regulando a atividade de diversos sistemas da maquinaria celular envolvidas com o 

controle de suas propriedades elétricas e contráteis 12, 86, 87, 88. Não obstante, o papel 

de ROS e NO na DC ainda não é bem estabelecido, de modo que sua produção pode 

ser inclusive importante para a propagação do parasita como reportado anteriormente 

89. 

Finalmente, é importante ressaltar que a forma da DC (cardíaca ou do trato 

gastrointestinal), bem como a severidade e progressão dos sintomas está intimamente 

associada à cepa de parasitas infectantes. Diferentes cepas de T. cruzi possuem 

afinidades específicas para determinados órgãos, bem como virulência e taxa de 

multiplicação características. Além disso, a resposta inflamatória do hospedeiro ainda 

participa de maneira crucial, tanto para a resolução da doença quanto como potencial 

amplificador dos danos celulares e estruturais observáveis 60. 
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JUSTIFICATIVA 

Desde sua descrição, a Doença de Chagas se tornou foco de esforços coletivos 

com objetivo de prevenir a infecção, no entendimento da biologia e controle dos 

vetores invertebrados e no desenvolvimento de estratégias para o tratamento dos 

sintomas dos pacientes. Essa empreitada coletiva é justificada pelo conjunto de 

diversos fatores: 1- Alta incidência e prevalência da doença em regiões que hospedam 

os vetores, como na América Latina, onde constitui uma das principais causas 

responsáveis pelos casos de insuficiência cardíaca 62, 64. 2- Elevado custo com saúde 

para o tratamento de pacientes acometidos pela fase crônica e sintomática da doença. 

De fato, estima-se que a DC tenha custo mundial estimado em 7.19 bilhões de 

dólares, ~90% desse custo concentrado em regiões endêmicas da doença 90. A DC é, 

portanto, considerada uma as patologias mais onerosas dentre as chamadas doenças 

tropicais negligenciadas 63. Além disso, pode-se citar: 3- Baixa eficácia dos 

tratamentos antiparasitários disponíveis, principalmente na fase crônica, pela presença 

de efeitos colaterais severos 91. 4- Complexidade do prognóstico e diversidade dos 

sintomas, principalmente da forma cardíaca da doença. O aparecimento simultâneo de 

arritmias, disfunções contráteis em um ambiente de alterações metabólicas e 

inflamatórias dificultam a escolha de um tratamento acurado para a amenização do 

quadro geral do paciente. Nesse sentido, a caracterização da doença em modelos 

murinos é uma estratégia importante uma vez que possibilita a avaliação de novas 

abordagens terapêuticas (considerando o perfil mais acelerado das fases aguda e 

crônica), bem como amplia o entendimento dos mecanismos associados com a 

progressão da sintomatologia cardíaca da DC. 

Nosso grupo de pesquisa ao longo das décadas de 2000 e 2010 se dedicou à 

caracterização de modelos murinos para a DC quanto às alterações elétricas, 

contráteis e do status oxidativo de cardiomiócitos infectados com T. cruzi, tanto nas 

fases aguda quanto crônica da DC 70, 71, 72, 92. Parte dos esforços desse trabalho de 

doutorado, em alinhamento com o descrito anteriormente, concentraram-se na 

investigação das disfunções elétricas que acometem o ventrículo direito na progressão 

entre fase aguda e crônica da DC em modelo murino. Esses trabalhos irão contribuir 

para o entendimento da correlação entre alterações nas propriedades elétricas de 

cardiomiócitos com a progressão de alterações estruturais, inflamatórias e da 

persistência parasitária na DC.  
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Ainda que os esforços combinados tenham alavancado a caracterização de 

modelos murinos de infecção experimental com T. cruzi e ampliado de maneira geral 

o entendimento da sintomatologia associada à DC, um aspecto importante da infecção 

foi negligenciado até o momento, em função da limitação técnica disponível: O 

estudo do papel das junções GAP na infecção pelo T. cruzi. De fato, outros trabalhos 

reportaram alteração na expressão e distribuição de conexinas no coração durante a 

DC 80, 93. Entretanto, estudos de imageamento e avaliação da expressão por Western 

Blot subestimam as alterações da função das conexinas por desconsiderar a regulação 

das junções GAP por voltagem e Ca2+, e a influência da atividade desses canais em 

resposta à modificações pós-traducionais. Nesse sentido, o segundo capítulo desse 

trabalho de doutorado foi concentrado no aprimoramento técnico para o estudo de 

junções GAP expressas no coração e no sistema cardiovascular utilizando a técnica de 

double patch clamp. O conjunto de dados dessa seção irão contribuir para a descrição 

do funcionamento das junções GAP cardiovasculares, em termos de compatibilidade 

de formação e da regulação desses canais por voltagem. Espera-se que os resultados e 

experiência obtidos contribuam para a implementação dessa abordagem técnica para 

o estudo da regulação funcional das junções GAP em modelos de infecção 

experimental para a DC. 

Outra limitação dos modelos experimentais para DC investigados até o 

momento em nosso grupo de pesquisa negligencia a influência de aspectos ambientais 

no prognóstico da DC. Particularmente nessa área, desenvolvemos um interesse 

específico na influência do perfil alimentar como fator crucial para a progressão / 

resolução dessa patologia. De fato, T. cruzi é capaz de invadir diversos tecidos 94, 95, 

96, 97 e sua infecção parecem ser mediadas pelo receptor de LDL 98. Além disso, já foi 

reportado que o T. cruzi possui elevada afinidade por lipoproteínas 98, 99, e que sua 

infecção está associada ao aumento do conteúdo de colesterol celular 100.  Diante do 

exposto acima, no terceiro capítulo dessa tese, nos dedicamos a estudar a influência 

da hipercolesterolemia induzida por diet rica em colesterol no conteúdo de colesterol 

celular e nas propriedades elétricas e contrateis do coração de camundongos e de seus 

cardiomiócitos isolados. Esses resultados irão contribuir para o entendimento dos 

efeitos diretos da hipercolesterolemia na função do coração e de cardiomiócitos. 

Esperamos que esse modelo possa posteriormente ser utilizado em nosso laboratório 

para o estudo do papel da hipercolesterolemia na infecção experimental pelo T. cruzi. 
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Em conjunto, esperamos que as informações construídas com o estudo de 

modelos murinos em infecção experimental com T. cruzi forneçam pistas importantes 

para o desenvolvimento de abordagens terapêuticas acuradas para o tratamento da 

sintomatologia da DC. Essas estratégias poderão, ainda, ser avaliadas nos próprios 

modelos caracterizados, contribuindo de maneira significativa para o avanço do 

entendimento da DC. 
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OBJETIVOS 

1-GERAL 

 O objetivo geral desse trabalho de doutorado foi o desenvolvimento de novas 

estratégias para o estudo da Doença de Chagas em modelo murino, com ênfase em 

metodologias para o estudo funcional das junções GAP expressas no sistema 

cardiovascular e caracterização de um modelo de hipercolesterolemia e seus efeitos 

diretos na função cardíaca e de cardiomiócitos isolados. Além disso, avaliamos em um 

modelo de infecção experimental crônica do T. cruzi, alterações elétricas de 

cardiomiócitos isolados e sua relação com alterações adaptativas do ventrículo direito e 

com a persistência do parasita no coração. 

2- ESPECÍFICOS:  

 Os objetivos específicos serão divididos em 3 capítulos, cada qual, contendo o 

manuscrito ou artigo publicado referente ao objetivo proposto: 

 (Capítulo 1): DISFUNÇÕES ELÉTRICAS, ADAPTAÇÕES MORFOLÓGICAS 

E PERSISTÊNCIA PARASITÁRIA NO VENTRICULO DIREITO DURANTE 

INFECÇÃO EXPERIMENTAL COM T. CRUZI 

Objetivo: O objetivo desse trabalho foi avaliar se alterações estruturais 

progressivas do ventrículo direito entre as fases aguda e crônica se relaciona 

com a modulação das propriedades elétricas dos cardiomiócitos isolados entre 

essas duas fases da doença. Além disso, estudar como essas alterações estão 

relacionadas à persistência do parasita no tecido cardíaco. 

 

 (Capítulo 2): JUNÇÕES GAP E METODOLOGIAS PARA SEU ESTUDO 

Objetivo 1: Caracterizar a compatibilidade de formação de junções GAP 

heterotípicas utilizando conexinas expressas no endotélio e célula muscular lisa. 

Além disso, caracterizar as propriedades biofísicas de regulação por voltagem 

dos canais funcionais formados. 
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Objetivo 2: Investigar a influência da temperatura nas propriedades biofísicas de 

Junções GAP homotípicas cardíacas, formadas por Cx40 e Cx45: modulação das 

propriedades cinéticas de desativação e recobro da desativação dos canais e 

desacoplamento dinâmico.  

 

 (Capítulo 3): EFEITOS DIRETOS DA HIPERCOLESTEROLEMIA NA 

FUNÇÃO CARDÍACA E DE CARDIOMIÓCITOS  

Objetivo: Investigar os efeitos diretos da hipercolesterolemia na modulação no 

conteúdo de colesterol de cardiomiócitos, bem como da modulação das 

propriedades contráteis e elétricas do coração e de cardiomiócitos isolados em 

modelo murino.  
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Capítulo 1: 

DISFUNÇÕES ELÉTRICAS, 

ADAPTAÇÕES MORFOLÓGICAS 

E PERSISTÊNCIA PARASITÁRIA 

NO VENTRICULO DIREITO 

DURANTE INFECÇÃO 

EXPERIMENTAL COM T. CRUZI 
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Altered Cardiomyocyte Function and Trypanosoma cruzi Persistence in Chagas Disease
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Abstract. Chagas disease, caused by the triatominae Trypanosoma cruzi, is one of the leading causes of heart mal-
functioning in Latin America. The cardiac phenotype is observed in 20–30% of infected people 10–40 years after
their primary infection. The cardiac complications during Chagas disease range from cardiac arrhythmias to heart
failure, with important involvement of the right ventricle. Interestingly, no studies have evaluated the electrical
properties of right ventricle myocytes during Chagas disease and correlated them to parasite persistence. Taking
advantage of a murine model of Chagas disease, we studied the histological and electrical properties of right ventricle in
acute (30 days postinfection [dpi]) and chronic phases (90 dpi) of infected mice with the Colombian strain of T. cruzi and
their correlation to parasite persistence. We observed an increase in collagen deposition and inflammatory infiltrate
at both 30 and 90 dpi. Furthermore, using reverse transcriptase polymerase chain reaction, we detected parasites at
90 dpi in right and left ventricles. In addition, we observed action potential prolongation and reduced transient outward
K+ current and L-type Ca2+ current at 30 and 90 dpi. Taking together, our results demonstrate that T. cruzi infection
leads to important modifications in electrical properties associated with inflammatory infiltrate and parasite persis-
tence in mice right ventricle, suggesting a causal role between inflammation, parasite persistence, and altered
cardiomyocyte function in Chagas disease. Thus, arrhythmias observed in Chagas disease may be partially related to
altered electrical function in right ventricle.

INTRODUCTION

Trypanosoma cruzi, the etiologic agent of Chagas disease,
is an important cause of cardiac diseases in Latin America.1

The onset of Chagas disease is divided in two stages: an
acute phase, with high levels of T. cruzi in the bloodstream,
and a chronic phase, in which the symptoms are observed
10–40 years after the infection, and approximately 20–30% of
patients manifest heart conditions including, but not restricted
to, heart hypertrophy, heart failure, and cardiac arrhythmias.2,3

Changes in heart function is connected to a set of cellular and
molecular changes in cardiac tissue such as disrupted myo-
fibrils, increased myocyte apoptosis,4 collagen deposition,5

oxidative stress,6 altered cellular metabolism,7 reduced cel-
lular contractility,8 and disturbance of electrical properties
of the heart.9,10 There are distinct hypotheses to explain the
molecular mechanisms of altered electrical and contractility
properties of the heart during Chagas disease. One of the
most accepted explanations claims that chronic cytokine pro-
duction in the heart is responsible for most of the observed
cardiac alterations.2,11

Clinical studies and animal models have shown that right
and left ventricles are compromised during the time course of
Chagas disease.3,8–10,12–15 It is already known that right ventri-
cle function is dysregulated during Chagas disease, however,
few studies have pointed out which molecular mechanisms are
responsible for right ventricular myocyte dysfunction.16,17

Herein, using a murine model of Chagas disease, we studied
whether the changes in electrical properties of the isolated
right ventricular myocyte in acute and chronic phases of the
disease are correlated with tissue fibrosis, inflammatory infil-
trate, and parasite persistence in the heart.

MATERIALS AND METHODS

Mice. Mice were maintained at the Federal University of
Minas Gerais (UFMG), Brazil, in accordance with National
Institutes of Health guidelines for the care and use of animals.
Experiments were performed according to approved proto-
cols from the Institutional Animal Care and Use Committee
at UFMG and Federal University of São Paulo.
Mice and parasites. Eight-week-old male C57BL/6 mice were

intraperitoneally infected with 50 bloodstream trypomastigote
forms of Colombian T. cruzi strain,18 which was maintained
by serial passages in mice at the Centro de Pesquisas René
Rachou/Fundação Oswaldo Cruz (Belo Horizonte, Brazil).
Histomorphometric analyses. The mice were killed, and

hearts were carefully removed and fixed in formalin (10% w/v
in isotonic saline). Sections (5 μm thick) were stained and
processed for light microscopic studies and morphometric anal-
ysis. Hematoxylin and eosin (HE) was used to count the num-
ber of parasite nests/field and quantify inflammatory infiltrates.
Picrosirius staining followed by polarized-light microscopy was
used to visualize and analyze collagen.19 Thickness of the right
ventricle wall was measured using a magnifier in three different
points per ventricular wall from each mouse. All staining was
performed in paraffin-embedded heart sections mounted on
glass slides. The images were digitized through a JVC TK-1270/
JGB microcamera to perform the analysis and transferred to
an analyzer (Kontron Eletroniks, Munchen, Germany).
Reverse transcriptase polymerase chain reaction. Total RNA

was isolated from 50 mg of dissociated left and right ventricu-
lar myocytes (see below) from T. cruzi infected and control
mice, and homogenized in 500 μL of Trizol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. For
the reverse transcriptase polymerase chain reaction (RT-PCR),
purified RNA (2 μg) was used to synthesize complementary
DNA (cDNA) using a Superscript III (Invitrogen) following the
manufacturer’s instructions. cDNAwas amplified in a PCR using
GoTaqGreen Master Mix (Promega, Madison, WI) and 18S ribo-
somal primers (forward: 5′-TTGTTTGGTTGATTCCGTCA-3′;
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de Biofisica, Escola Paulista de Medicina, Universidade Federal
de São Paulo, Rua Botucatu 862, Vila Clementino, São Paulo,
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reverse: 5′-CCCAGAACATTGAGGAGCAT-3′). The amplifi-
cation program was performed in a Eppendorf Mastercycler®

Nexus (Eppendorf AG, Hamburg, Germany), which included
an initial denaturation at 95°C for 2 minutes, followed by
30 cycles of 95°C for 1 minute, 58°C for 1 minute, and 72°C
for 30 seconds, with a final extension step at 72°C for 5 min-
utes. Amplification products were analyzed by electrophoresis
in a 2% agarose gel and visualized after staining with GelRed
(Biotium Inc., Hayward, CA). A positive result for PCR was
the presence of a 200-bp band specific for T. cruzi.
Ventricular myocyte isolation. Right and left ventricular

cardiomyocytes from age-matched mice were enzymatically
isolated as previously described with few modifications.8 In brief,
the heart was mounted on a homemade Langendorff system,
perfused for 5 minutes with calcium-free solution containing
(in mM) 130 NaCl, 5.4 KCl, 0.5 MgCl2, 0.33 NaH2PO4, 3 pyru-
vate, 22 glucose, and 25 4-(2-hydroxyethyl)-1-piperazineethane
sulfonic acid (HEPES) (pH set at 7.4). Afterward, the heart
was perfused for 10–15 minutes with a solution containing
1 mg/mL collagenase type II (Worthington Biochemical Corp.,
Lakewood, NJ). The digested heart was then removed from
the cannula, and the right and left ventricles was separated and
cut into small pieces. Single cells were isolated by mechanical
titration and stored in Dulbecco’s modified Eagle’s medium
(Sigma Chemicals Co., St. Louis, MO). Only calcium-tolerant,
quiescent, rod-shaped myocytes showing clear cross striations
were studied. The isolated cardiac myocytes were used within
4–6 h after enzymatic dispersion.
Electrophysiology. Whole-cell voltage- and current-clamp

recordings were obtained using an EPC-9.2 patch-clamp ampli-
fier (HEKA Electronics, Lambrecht [Pfalz], Germany).20 After
attaining the whole-cell configuration, 2–5 minutes were allowed
to the pipette solution to equilibrate with cellular interior. The
experiments were carried out at room temperature (24–27°C).
The recording electrodes had resistances of 1–2 MΩ. Current
recordings were low-pass filtered (2.9 kHz) and digitized at
5–10 kHz before being stored in a computer. Myocytes showing
series resistance (Rs) larger than 10 MΩ were not used in the
analysis. Rs compensation was used at 40–70%.
To record action potentials (APs), inwardly rectifying K+

current (IK1) and transient outward K+ current (Ito), the pipette
solution was filled with (in mM) 130 K-aspartate, 20 KCl,
10 HEPES, 2 MgCl2, 5 NaCl, and 5 EGTA, pH set to 7.2 with
KOH. We used Tyrode’s as bath solution containing (in mM)
140 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES, and 10 glu-
cose (pH set at 7.4). After measuring AP and IK1, cardiac
myocytes were bathed with recording solution containing
100 μM of Cd2+ to block L-type Ca2+ current (ICa,L).

We recorded AP until steady-state conditions were achieved.
After that 30–50 APs were measured (paced at 1 Hz), and we
used the last recorded AP to perform the analysis. We mea-
sured the overshoot amplitude, maximal rate of depolarization,
and duration at 10%, 50%, and 90% of AP repolarization.
IK1 was recorded from a holding potential of −40 mV, and
then stepped to a set of membrane test potentials (1.5 sec-
onds duration) every 15 seconds between −130 and −40 mV
with increments of 10 mV. Ito was elicited by depolarization
steps from −40 to 70 mV (3 seconds duration) from a hold-
ing potential of −80 mV every 15 seconds. We used a 50 ms
pre-pulse from −80 to −40 mV to inactivate Na+ channels
but still were able to record Ito.

21 For measurements of
ICa,L, recording pipettes were filled with internal solution
containing (in mM) 120 CsCl, 20 tetraethylammonium chlo-
ride (TEA-Cl), 5 NaCl, 10 HEPES, 5 Ethylene glycol-bis
(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), pH set
to 7.2 with CsOH. ICa,L was recorded in the presence of 1.8 mM
extracellular Ca2+. Membrane potential was first stepped from a
holding potential of −80 mV to −40 mV for 50 milliseconds
(to inactivate Na+ channels), and then stepped to different
membrane voltages between −40 and 50 mV (300 milliseconds
duration). We corrected for junction potential errors (∼−10 mV)
when measuring IK1 and Ito.
Current–density relationships were fitted using the follow-

ing equation:

IV ¼ Gmax � Vm � Exð Þ
1þ exp Vm � V0:5ð Þ

S

ð1Þ

where Gmax is the maximal conductance; Vm the membrane
potential; Ex the electrochemical potential equilibrium for
ion x; V0.5 the potential in which channels are half activated;
S the slope factor.
Statistical analysis. In all experiments, we used 3–5 differ-

ent hearts. All results are expressed as mean ± standard
error of the means, and the number of cells is given as n.
Differences between groups were determined using one-way
analysis of variance, followed by Bonferroni post hoc test.
Differences were considered significant when P < 0.05.

RESULTS

Chagas disease causes an increased progression in collagen
deposition in both right and left ventricles.9,22,23 In a previ-
ous study, we have shown that Colombian strain of T. cruzi
causes marked collagen accumulation in the mice left ventricle.9

FIGURE 1. Typical histological sections (10 μm, Picrosirius staining) of right ventricular tissue. (A) Representative images in (i) control,
(ii) 30, and (iii) 90 days postinfection (dpi). (B) Progressive collagen deposition during the time course of Chagas disease. *Control × 30 dpi and
#control × 90 dpi, P < 0.05.
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As shown in Figure 1A, using Picrosirius staining technique,
we detected progressive collagen deposition in right ventricle
of infected mice. As depicted in Figure 1B at 30 and 90 days
postinfection (dpi), we observed increased collagen deposi-
tion ∼120% and ∼198%, respectively. Next, we examined
the presence of inflammatory cells in the right ventricle using
HE staining. Figure 2A shows typical images of inflamma-
tory cell infiltration in right ventricle. At 30 dpi, an intense
inflammatory infiltrate in the right ventricle is noticed when
compared with control (Figure 2A and B), which was still
observed at 90 dpi indicating a set of chronic inflammation.
In addition, we investigated the T. cruzi persistence at 90 dpi
in the chagasic heart. Using microscopic techniques it was
not possible to detect T. cruzi nests or isolated parasites in
right ventricle (Figure 3A). However, using RT-PCR, we
detected ribosomal T. cruzi mRNA in both right and left iso-
lated cardiomyocytes at 90 dpi (Figure 4). Interestingly, in
this later condition, we verified 23% reduction in the ventricu-
lar wall thickness (Figure 3B) in agreement with other study.24

There is compelling evidence in the literature that during
the chronic phase of Chagas disease the cardiac tissue pre-
sents significant changes in electromechanical properties.2,3

However, there is no study correlating inflammation, para-
site persistence, and electrical properties of isolated right
ventricular myocytes during chagasic cardiomyopathy.9 Thus,
we used isolated right ventricular myocytes and patch-clamp
technique to study the impact of Chagas disease on plasmatic
membrane electrical properties.
First, we studied the AP waveform. Figure 5A shows typi-

cal AP recordings from isolated cardiac myocytes in con-
trol, at 30 dpi, and at 90 dpi. Figure 5B summarizes the
results. Trypanosoma cruzi infection increased time to action
potential repolarization (APR) at both, 30 and 90 dpi. AP
duration was increased at 10%, 50%, and 90% of repo-
larization. Interestingly, as seen in Table 1, no significant

changes in the maximal rate of AP depolarization and over-
shoot were observed, suggesting no important changes in
transient Na+ current.
The APR is a complex interplay between distinct ionic

currents, notably the diversity of voltage-dependent K+ cur-
rents.9,25 To investigate the ionic basis to account for AP
lengthening, we measured macroscopic outward and inward
K+ currents. Figure 6 shows the results for peak outward K+

currents, which represent transient outward K+ current com-
ponent in cardiomyocytes (Ito).

26 Figure 6A depicts typical
tracings for the outward K+ current recorded in control, at
30 dpi, and at 90 dpi, respectively. Figure 6B summarizes
the results. Trypanosoma cruzi infection provoked Ito reduc-
tion (about 50%) in membrane potentials from 0 to +70 mV.
For example, current density (in pA/pF) at +50 mV was
31.9 ± 2.6 (control, n = 17), 15.1 ± 1.5 (at 30 dpi, n = 15,
P < 0.05), and 16.9 ± 1.4 (at 90 dpi, n = 12, P < 0.05). To
further investigate the participation of inwardly rectifying
K+ current (IK1), we performed a series of experiments in
isolated right ventricle cardiac myocytes during Chagas dis-
ease. The results are summarized in Figure 7. Figure 7A
shows examples of IK1 recordings from control, at 30 dpi,
and at 90 dpi. Figure 7B shows the result for sustained com-
ponent of IK1. Chagasic cardiomyopathy did not change IK1

in right ventricular myocytes.
It is well known that during the chronic phase of Chagas

disease, electrical and mechanical remodeling of cardiac
myocytes occurs.3,8–10 In ventricular cardiomyocytes, ICa,L is a
key player, integrating electrical with mechanical properties.27

Thus, we evaluated whether ICa,L was modified in right

FIGURE 2. Typical histological sections (50 μm, stained with hematoxylin and eosin) of right ventricular tissue. (A) Representative images in
(i) control, (ii) 30, and (iii) 90 days postinfection (dpi). (B) Sustained inflammatory infiltrate during Trypanosoma cruzi infection during the time
course of Chagas disease. *Control × 30 dpi and #control × 90 dpi, P < 0.05.

FIGURE 3. Right ventricular parameters during Trypanosoma cruzi
infection. (A) Number of T. cruzi nest/field in right ventricle in the
acute phase. (B) Right ventricular thickness.

FIGURE 4. Reverse transcriptase polymerase chain reaction (RT-PCR)
detection of Trypanosoma cruzi in mice cardiac tissue. PCR amplifica-
tion of a 200-bp fragment represents a positive assay. LV = left ven-
tricle; M = molecular weight marker (100 bp DNA ladder); NC =
negative control (without sample); RV = right ventricle.
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ventricular myocytes during Chagas disease. Figure 8A repre-
sents recordings for ICa,L measured in isolated right ventric-
ular myocytes in control, at 30 dpi, and at 90 dpi. As shown
in Figure 8B, T. cruzi infection significantly reduced ICa,L.

DISCUSSION

Chagas disease is a serious health problem, especially
in Latin American countries. Despite of great efforts in the
last century, many aspects of Chagas disease are still unknown.2

Clinical studies have described impaired electromechanical
properties in chagasic hearts.3,28,29 A number of hypotheses
were proposed to better explain the clinical phenotype observed
in chagasic patients. Two of them are generally accepted
based on the relationship between parasite and host. The first
puts forward a pivotal role of parasite’s persistence to drive
chronic inflammation in heart tissue as the major cause of car-
diovascular pathology. The second accepted hypothesis pos-
tulates that an autoimmune response against self-antigens is
responsible for the tissue damage observed in affected organs
of chagasic individuals.
In our model, we observed the presence of T. cruzi nests

in the right ventricular wall of the heart at 30 dpi. More
important, at 90 dpi, using RT-PCR, we were able to detect
the presence of T. cruzi in isolated cardiomyocyte in both
right and left ventricles. These results firmly suggest that, in
our model, parasite persistence is responsible for chronic
inflammation. It is interesting to note, however, that most
of the previous studies detected T. cruzi in cardiac tissue
and not in isolated cardiomyocytes.30,31 Here, we detected
the presence of T. cruzi in isolated cardiomyocytes, which

strongly indicates that parasites are present in cardiomyocyte
cells. However, we cannot completely rule out the presence
of infected cells isolated along with cardiomyocytes during
the enzymatic dissociation of the heart.
In the context of cellular and molecular mechanisms involved

in the cardiovascular physiopathology of Chagas disease, most
studies have been focused on the left side of the heart. How-
ever, many reports in the literature, in both humans and
animal models, observed changes in the physiology of the
right side of the heart, implying right ventricle as an important
player in the development of chagasic cardiomyopathy.13,14,24

Various studies demonstrated right branch block, dilated right
ventricular chamber, compromised right ventricular myocyte
contractility, and thinning of the right ventricular wall even in
the absence of left ventricle remodeling, indicating a primary
involvement of right ventricle in chagasic cardiomyopathy.
However, there is no clear consensus in the literature.15 Thus,
apparently the initial and/or later involvement of right ventric-
ular chamber in chagasic cardiomyopathy progression may
depend on the genetic background of the host and/or strain
of T. cruzi causing the infection.32 Clearly, more studies are
necessary to draw a more conclusive opinion about this issue.

FIGURE 5. Prolonged action potential (AP) from right ventricular
myocytes in Chagas disease. (A) Typical AP traces for (i) control,
(ii) 30, and (iii) 90 days postinfection (dpi). Marks represent 0 mV.
(B) Bar graphs comparing AP repolarization time at different repo-
larization levels. Control is marked with white bars, 30 dpi with light
gray bars, and 90 dpi with dark gray bars. n = number of cells.
*Control × 30 dpi and #control × 90 dpi, P < 0.05.

TABLE 1
AP parameters

dV/dt (mV/ms) Overshoot (mV) Capacitance (pF)

Control 238.1 ± 14.6
(n = 20)

49.17 ± 1.52
(n = 20)

127.1 ± 7.5
(n = 29)

30 dpi 225.9 ± 17.2
(n = 20)

55.21 ± 2.24
(n = 20)

120.8 ± 6.4
(n = 30)

90 dpi 202.3 ± 11.8
(n = 19)

43.63 ± 1.72
(n = 19)

142.0 ± 7.8
(n = 24)

AP = action potential; dpi = days postinfection.

FIGURE 6. Reduced outward K+ current (Ito) in right ventricular
myocytes. (A) Representative outward K+ current recordings from
(i) control, (ii) 30, and (iii) 90 days postinfection (dpi). (B) Voltage
dependence of Ito is plotted as current density (pA/pF) from −40 to
+70 mV. Control is marked with white circle, 30 dpi with light gray
circles, and 90 with dpi dark gray circles. Lines were fitted according
to equation 1. n = number of cells. *Control × 30 dpi and #control ×
90 dpi, P < 0.05.

FIGURE 7. Inward K+ current (IK1) is not altered in right ventricu-
lar myocytes. (A) Representative IK1 recordings from (i) control,
(ii) 30, and (iii) 90 days postinfection (dpi). (B) Voltage dependence
of IK1 is plotted as current density (pA/pF) from −130 to +40 mV.
n = number of cells. Control is marked with white circle, 30 dpi with
light gray circles, and 90 dpi with dark gray circles.
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Our results show that T. cruzi leads to significant alter-
ations in AP waveform of right ventricular myocytes in acute
and chronic phases. Put in perspective, we may suggest that
analogous mechanisms cause AP changes in both right and
left ventricle myocytes.9,10 We previously found increased
levels of transforming growth factor beta (TGF-β) and tumor
necrosis factor alpha (TNF-α) in the myocardium and blood-
stream of infected mice during acute and chronic phases.8,9

TNF-α and TGF-β were previously demonstrated as modu-
lators of ionic currents in cardiomyocytes. It is known that
TNF-α downregulates Ito in cardiomyocytes, through a mech-
anism dependent on nitric oxide and/or superoxide pro-
duction.33 Thus, TNF-α could be responsible for Ito current
density attenuation in right ventricular myocytes, which might
explain the delay in the APR. Hence, reducing TNF-α in
the myocardial tissue would restore AP profile in the right
ventricular myocytes. However, this hypothesis still needs to
be evaluated.
In this model, robust attenuation of ICa,L was observed. In

the context of right ventricular myocytes physiology, ICa,L is
critical to link electrical and mechanical functions. Thus,
reduction of ICa,L could be responsible for the uncoupling of
electromechanical function in right ventricular myocytes, con-
tributing to arrhythmogenesis, a common cause of death in
chagasic patients. Indeed, an attractive mechanism, one would
argue, is that by recovering ICa,L current density would
reduce cardiac arrhythmias propensity contributing, there-
fore, to a better prognosis in the chronic phase of chagasic
cardiomyophathy.8 It is important to point out that there are
other possible factors involved in altered electrical proper-
ties of right ventricular myocytes. Accordingly, T. cruzi infec-
tion increases expression of β-adrenergic16 and muscarinic
receptors,34 which are known to modulate ionic currents in
ventricular myocytes.
Taking together, to our knowledge this study is the first to

directly associate parasite persistence, inflammation, and elec-
trical disturbances in the right ventricle of T. cruzi-infected
mice. Thus, targeting key cytokines (e.g., TNF-α, TGF-β)
may have clinical and therapeutic implications during the
development of heart malfunction in Chagas disease.
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A B S T R A C T

Human vascular connexins (Cx37, Cx40, Cx43, and Cx45) can form various types of gap junction channels to
synchronize vasodilation/constriction to control local circulation. Most of our knowledge on heterotypic gap
junctions of these vascular connexins was from studies on rodent connexins. In human vasculature, the same four
homolog connexins exist, but whether these human connexins can form heterotypic GJs as those of rodents have
not been fully studied. Here we used in vitro expression system to study the coupling status and GJ channel
properties of human heterotypic Cx37/Cx40, Cx37/Cx43, and Cx37/Cx45 GJs. Our results showed that Cx37/
Cx43 and Cx37/Cx45 GJs, but not Cx37/Cx40 GJs, were functional and each with unique rectifying channel
properties. The failure of docking between Cx37 and Cx40 could be rescued by designed Cx40 variants.
Characterization of the heterotypic Cx37/Cx43 and Cx37/Cx45 GJs may help us in understanding the inter-
cellular communication at the myoendothelial junction.

1. Introduction

Gap junction (GJ) channels provide direct passages for ions, meta-
bolites, and small signaling molecules< 1 kDa in size between two
adjacent cells [1–3]. GJ channels are formed from two properly docked
hemichannels (or connexons), each of which is a hexamer of connexins
[4,5]. There are 21 connexin genes in the human genome (20 connexin
genes in the mouse genome) encoding different connexins which are
commonly expressed in tissue-specific manner [4,6]. All connexins are
predicted to have a similar topological structure with four transmem-
brane domains (M1–4), two extracellular loops (E1 and E2), a cyto-
plasmic loop (CL), and with both amino and carboxyl terminus (NT and
CT, respectively) in the cytosol [1,3,7]. Most connexins have been
shown to be able to form functional GJs to mediate intercellular com-
munications between cells from the same tissue (most commonly in the
form of homotypic GJs) as well as between cells from different tissues
(commonly via heterotypic GJs if these cells express different set of
connexins) [5]. The functional consequence of GJs is to synchronize
physiological activities in a variety of tissues and organs [1,3,8,9].

Within the vasculature, GJ channels are found at the cell junctions
between endothelial cells, the junctions between vascular smooth

muscle cells, and also at the myoendothelial junctions between these
two cells [10–13]. In large arteries, an internal elastic lamina is found
to fully separate endothelial cells from vascular smooth muscle cells,
but in small arteries and arterioles, the internal elastic lamina shows
fenestrations, where endothelial cells often project out to make direct
contact with the smooth muscle cells forming myoendothelial gap
junctions [10,14,15]. Four connexins, Cx37, Cx40, Cx43, and Cx45,
have been identified in the vasculature with Cx37 and Cx40 pre-
ferentially expressed in the endothelial cells [16,17] and Cx43 and
Cx45 were found in the smooth muscle cells [9,18–20]. Lower level of
expression of Cx43 in the endothelial cells and Cx37 in the smooth
muscle cells were also reported [16–18,20,21]. Cell type specific ex-
pression of different connexins in the small arteries predicted formation
of homomeric homotypic, homomeric heterotypic, and heteromeric
heterotypic GJs in endothelial cells, smooth muscle cells, and at the
myoendothelial junctions. Previous studies on heterotypic docking
compatibility of these vascular connexins were almost exclusively on
rodent connexins [9,22–26]. Limited information is available on the
functional status of heterotypic GJs and their channel properties of
human vascular connexins, especially on the heterotypic docking
compatibility of human Cx37 with other vascular connexins (Cx40,
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Cx43, and Cx45), leaving an important knowledge gap.
Studies on rodent connexins revealed that Cx37, Cx40, Cx43, and

Cx45 belong to the same group of docking-compatible connexins and
each of them was able to form functional heterotypic GJs with the
others in the group [22–24,27–29]. For example, mouse Cx37 was re-
ported to be able to form homomeric heterotypic GJs channels with
mouse Cx40, Cx43, or Cx45, to allow successful intercellular transfer of
Lucifer yellow in transfected HeLa cells [22]. Correspondingly electrical
coupling in transfected N2A cells or oocyte expression system indicated
that Cx37 can form heterotypic GJ channels with Cx40 or Cx43 re-
spectively [9,23,24,29,30]. However, studies on human vascular con-
nexins revealed that Cx40 showed virtually no coupling when docked
with Cx43 or Cx45, distinct from those observed in rodent connexins
[31,32], indicating the requirement for a more systematic study on
heterotypic docking of human connexins.

It is hypothesized that human Cx37 is able to form homomeric
heterotypic GJs with Cx40, Cx43, or Cx45 to mediate GJ coupling be-
tween endothelial cells and at myoendothelial junctions. Our in vitro
study showed that cells expressing human Cx37 was able to form
functional heterotypic GJs with cells expressing Cx43 or Cx45, but not
Cx40. Designed docking variants in Cx40 E1 or E2 domains successfully
established heterotypic docking with Cx37. Both Cx37/Cx43 and Cx37/
Cx45 GJs showed prominent inward rectifications in the junctional
current (Ij) - transjunctional voltage (Vj) relationship for the initial Ijs,
but an outward rectification at the steady state Ijs. The coupling con-
ductance of Cx37/Cx45 could be up/down regulated by small changes
in transjunctional voltage (Vj, 5–10mV). Characterizing the properties
of these heterotypic GJs will help to understand how vascular GJ
function could be dynamically regulated by Vj.

2. Methods

2.1. Plasmid construction

Human Cx37 was purchased from R&D Systems Inc. (Cat.#
RDC0562, Minneapolis, MN, USA) and PCR was used to subclone Cx37
into pIRES2-EGFP vector to have Cx37-IRES-GFP with following pri-
mers: forward: 5′ G GCA CTC GAG ATG GGT GAC TGG GGC 3′ and
reverse: 5′ G ACC GGA TCC TTA TAC ATA CTG CTT CTT AGA AGC 3′.

Human Cx40-IRES-DsRed and Cx45-IRES-DsRed were generated as
previously described [31,32]. Cx40-IRES-DsRed were used as templates
to generate untagged individual point mutants (D55N and P193Q) si-
milar to those described earlier [31]. Cx43-IRES-DsRed was generated
from cutting of Cx43 from Cx43-IRES-GFP and ligation into a pIRES2-
DsRed2 vector between the restriction sties, EcoRI and BgllI.

Tagged human Cx37-GFP was generated by PCR cloning of Cx37
into pEGFP vector at the restriction sites of XhoI and BamHI with the
following primers: Forward: 5′ G GCA CTC GAG ATG GGT GAC TGG
GGC 3’Reverse: 5′ G ACC GGA TCC TAC ATA CTG CTT CTT AGA AGC
3′. To ensure in-frame insertion we did another mutagenesis and the
resultant Cx37-GFP contained a short peptide linker, GSPVAT, between
Cx37 V333 and the start codon of GFP. All of the RFP-tagged expression
vectors, Cx40-RFP, Cx40 D55N-RFP, Cx40 P193Q-RFP, Cx43-RFP, or
Cx45-RFP were in pTag-RFP vector as described previously [31,32].

2.2. Cell culture and transient transfections

Gap junction (GJ) deficient mouse neuroblastoma (N2A) cells or
human cervical carcinoma (HeLa) cells (American Type Culture
Collection, Manassas, VA, USA) were grown in Dulbecco's Modified
Eagle's Medium (DMEM) (Life Technologies Corporation, Grand Island,
NY, USA) containing 4.5 g/L D-(+)-glucose, 584mg/L L-glutamine,
110mg/L sodium pyruvate, 10% fetal bovine serum (FBS), 1% peni-
cillin, and 1% streptomycin, in an incubator with 5% CO2 at 37 °C [31].
Prior to transfection, N2A or HeLa cells were replated into a 35mm dish
at ~70% confluency. Cells were transfected with 1.0 μg of a cDNA

construct and 2 μL of X-tremeGENE HP DNA transfection reagent
(Roche Diagnostics GmbH, Indianapolis, IN, USA) in Opti-
MEM+GlutaMAX-I medium for 5 h. At the end of transfection, the
medium was changed back to FBS-containing DMEM and incubated
overnight.

On next day transfected N2A cells were replated on glass coverslips
for an hour prior to transfer to patch clamp recording chamber. N2A
cell pairs expressing Cx37-IRES-GFP (or Cx40, Cx43, Cx45, each of
them in IRES-DsRed vector) were selected for homotypic GJ functional
studies. For heterotypic GJ studies, Cx37-IRES-GFP transfected cells
were mixed with cells transfected with Cx40-IRES-DsRed (or its mutant-
IRES-DsRed), Cx43-IRES-DsRed, or Cx45-IRES-DsRed and replated on
glass coverslips for one hour to allow formation of heterotypic cell pairs
with one expressing GFP and the other expressing DsRed.

Localizations of fluorescent protein tagged connexins, Cx37-GFP,
Cx40-RFP, Cx40 D55N-RFP, Cx40 P193Q-RFP, Cx43-RFP, or Cx45-RFP,
were studied by expressing these constructs individually in gap junction
deficient HeLa cells. Cx37-GFP expressing cells were mixed with cells
expressing RFP-tagged Cx40 (or one of its mutants), Cx43, or Cx45 and
then replated onto glass bottomed dishes for 3–6 h to allow formation of
heterotypic GJs. To show co-localization of GFP and RFP at cell-cell
interfaces, these fluorescent images were taken individually on Zeiss
LSM800 with Airyscan confocal microscope and then superimposed
together. Punctate yellow color signals indicated colocalization of two
different connexins, i.e. Cx37-GFP and one of the RFP-tagged Cx40 (or
its variant), Cx43, or Cx45. DIC images were also taken to show cell
morphology.

2.3. Electrophysiological recording

Glass coverslips containing transfected cells were transferred to a
recording chamber on an inverted microscope (Leica DM IRB, Ontario,
Canada) containing extracellular solution (ECS) at room temperature
(22-24 °C). The ECS contained (in mM): 135 NaCl, 2 CsCl, 2 CaCl2, 1
MgCl2, 1 BaCl2, 10 HEPES, 5 KCl, 5 D-(+)-glucose, 2 Sodium pyruvate,
pH 7.4 with 1M NaOH, and osmolarity of 310–320mOsm. Whole cell
voltage clamp was performed on each of the cell pair with Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Patch pip-
ettes were pulled with a PC-10 puller (Narishige International USA Inc.,
Amityville, NY, USA) and were filled with intracellular solution (ICS)
containing (in mM): 130 CsCl, 10 EGTA, 0.5 CaCl2, 5 Na2ATP, 10
HEPES, pH 7.2 with 1M CsOH, and osmolarity of 290–300mOsm. Each
of the cell pair was voltage clamped at 0mV. In one cell, a series of
voltage pulses was applied for 7 s. The other cell of the pair was con-
stantly held at 0mV to record gap junctional current (Ij). Currents were
low-pass filtered (Bessel filter at 1 kHz) and recorded using pClamp9.2
in a computer at a sampling rate of 10 kHz via an AD/DA converter
(Digidata 1322A, Molecular Devices, Sunnyvale, CA, USA).

2.4. Transjunctional voltage dependent gating

Transjunctional voltage (Vj) dependent gating (Vj-gating) was stu-
died in homotypic and heterotypic cell pairs. Voltage pulses of± 5,
± 20 to±100mV with 20mV increments were delivered in one of the
cell pair to establish Vjs and transjunctional currents (Ijs) were recorded
in the other cell. In most cases, Ijs peaked at the beginning and then
deactivated (especially with high Vjs,± 40 to±100mV) to a steady-
state near the end of a 7 s Vj pulse. Gap junctional conductance (Gj) was
calculated (Gj= Ij/Vj). The steady state Gj was normalized to the peak
Gj to obtain a normalized steady-state junctional conductance (Gj,ss) for
each tested Vj. The Gj,ss was then plotted with Vj to obtain a Gj,ss–Vj plot,
which could normally fit well with a two-state Boltzmann equation for
each Vj polarity [31]. Boltzmann parameters, V0, Gmin, Gmax, A, were
determined for each GJ where possible. V0 is the voltage when the
conductance is reduced by half [(Gmax - Gmin)/2], Gmin is the normal-
ized voltage-insensitive residual conductance, while Gmax represents
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the maximum normalized conductance, and A is the slope of the curve
which reflects Vj-gating sensitivity [33].

=
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2.5. Statistical analysis

Data are expressed as mean ± SEM (standard error of mean).
Kruskal Wallis followed by a Dunn's post-hoc test were used to compare
multiple groups of non-parametric data as specified. One-way ANOVA
was used to compare multiple groups of data with Gaussian distribu-
tion. One sample t-test was used to test if the normalize Gj,ss was dif-
ferent from a theoretical value of 1 for the long Vj pulse (25 s) experi-
ment. Statistical significance is indicated with the asterisks on the
graphs only for biologically meaningful group comparisons
(*P < 0.05; **P < 0.01; or ***P < 0.001).

3. Results

3.1. Human Cx37, Cx40, Cx43, and Cx45 formed functional homotypic
gap junction channels

N2A cells were transfected with expression vectors containing one
of the human vascular connexins and each with an untagged fluorescent
protein (e.g. Cx37-IRES-GFP, Cx40-IRES-DsRed, Cx43-IRES-DsRed, or
Cx45-IRES-DsRed). Cell pairs with positive expression of GFP (or
DsRed) were voltage clamped using dual whole cell patch clamp tech-
nique. The majority of cell pairs expressing Cx37 showed transjunc-
tional currents (Ijs) in response to a Vj pulse (+20mV, Fig. 1A), in-
dicating successful formation of Cx37 GJs. Coupling percentage for cell
pairs expressing Cx37 was calculated for each transfection and the

average coupling% of ten transfections was plotted as a bar graph
(Fig. 1B). The average coupling conductance (Gj) of Cx37 expressing
cell pairs was obtained and plotted (Fig. 1C). Cell pairs expressing
Cx40, Cx43, or Cx45 showed similar coupling% and Gj as those of Cx37,
except the average of Cx45 Gj was significantly lower than that of Cx37
(Fig. 1C, P<0.01). Ijs of Cx37, Cx40, or Cx43 were typically stable
during a 20mV Vj pulse, except Ij of Cx45, where a time-dependent
deactivation was routinely observed (Fig. 1A). The averaged Cx45 Gj is
the lowest and that of Cx43 is the highest in the tested GJs.

3.2. Cx37 formed functional heterotypic GJs with Cx43 or Cx45 but not
with Cx40

To test if human Cx37 can form functional heterotypic GJs with
other vascular connexins, cells expressing Cx37 (with untagged GFP)
were mixed with cells expressing Cx40, Cx43, or Cx45 (all with un-
tagged DsRed). Heterotypic cell pairs (one GFP+ and the other DsRed
+) were selected to test their coupling status (for calculating coupling
%) and coupling conductance (Gj). Most of heterotypic Cx37/Cx43 or
Cx37/Cx45 cell pairs formed functional GJs similar to the levels of their
respective homotypic GJs (Fig. 2B). Only 19 ± 10% of heterotypic
Cx37/Cx40 cell pairs was able to form functional GJs, which was sig-
nificantly lower than that of Cx40 GJ (Fig. 2B, P<0.01), but not sta-
tistically different from that of Cx37. The Gj of the heterotypic GJs was
measured and plotted with their respective homotypic GJs (Fig. 2C).
Heterotypic Cx37/Cx43 and Cx37/Cx45 GJs showed a similar level of
Gj as those of their respective homotypic GJs. However, Cx37/Cx40 GJs
displayed a significantly lower Gj than those of homotypic Cx37 or
Cx40 GJs (Fig. 2C, P<0.01 or P < 0.001, respectively). Combined
lower coupling% and Gj of Cx37/Cx40 GJs indicate that Cx37 is un-
likely to form heterotypic GJs with Cx40.

GFP-tagged Cx37 (Cx37-GFP) was used to study if Cx37 could co-
localize with Cx40, Cx43, or Cx45 (each was tagged with RFP) at cell-
cell interfaces forming GJ plaque-like structures. HeLa cell pairs ex-
pressing Cx37-GFP in one and Cx43-RFP or Cx45-RFP in the other
showed punctate colocalization at the cell-cell interface (Fig. 2D).
However, Cx37-GFP was not colocalized with Cx40-RFP at the cell pairs
expressing these constructs (Fig. 2D), indicating that Cx37 unlikely
forms GJs with Cx40.

3.3. Vj-gating properties of homotypic vascular GJs

To investigate the transjunctional voltage dependent Ij deactivation
(Vj-gating) of cell pairs forming homotypic Cx37, Cx40, or Cx45 GJs,
the Ijs were measured in response to a series of Vj pulses (as shown in
Fig. 3A). The Ijs of cell pairs expressing each of these connexins showed
symmetrical Vj-dependent deactivation with different Vj-gating prop-
erties. For Cx37 GJs, when Vj absolute value was ≤20mV, Ijs showed
no deactivation. Ijs, in response to Vjs in the range of± 40 to±100
mV, showed strong deactivation. The normalized steady state con-
ductance (Gj,ss) was plotted as a function of Vj (open grey circles in
Fig. 3B), which could be well fitted by a Boltzmann equation for each Vj
polarity (smooth dashed grey lines in Fig. 3B). Vj-gating of Cx40 (black
filled circles in the middle panel of Fig. 3B) or Cx45 (black filled circles
in the bottom panel of Fig. 3B) were also studied using identical Vj
protocol. As shown in Fig. 3B, Gj,ss–Vj plots could be well fitted with
Boltzmann equations for both Cx40 and Cx45 GJs. Comparing with the
Boltzmann fitting parameters of Cx37 GJs, the Cx40 GJ showed a larger
V0, with similar Gmin and A, while Cx45 GJs showed lower Gmin, and V0
but similar A (Table 1). The Cx37 GJ Boltzmann fitting curves (smooth
dashed grey lines) were plotted onto the Gj,ss–Vj plots of Cx40 and Cx45
GJs for easy comparison (Fig. 3B). Under the same experimental con-
ditions, the Vj-gating analysis of Cx43 expressing cell pairs was not
possible due to Gj level was too high to maintain proper voltage clamp.

Fig. 1. Coupling percentage and conductance of human homotypic vascular
gap junction (GJ) channels.
(A) Dual whole cell patch clamp technique was used to measure transjunctional
current (Ij) from N2A cell pairs expressing Cx37, Cx40, Cx43, or Cx45 in re-
sponse to a+20mV Vj pulse. Expression of each of these connexins in cell pairs
were typically formed functional GJ channels as shown. The green Cx37 and
red Cx40, Cx43, or Cx45 text indicate untagged reporters (GFP or DsRed) were
expressed with these connexins. (B) Bar graph summarizes the average coupling
percentage (coupling%) of cell pairs expressing homotypic Cx37, Cx40, Cx43,
or Cx45 from several independent transfections (as shown on each bar). Cx37
cell pairs showed similar coupling% as that of each tested connexin. (C) Bar
graph illustrates the average transjunctional conductance (Gj) of all cell pairs
expressing the connexins. The Gj was calculated from the initial peak Ijs of cell
pairs showing time-dependent changes. A Kruskal-Wallis test followed by
Dunn's multiple comparison test showed the Gj of Cx37 was similar to those of
Cx40 and Cx43, but significantly greater than Cx45 Gj (P < 0.05). The total
number of recorded cell pairs is indicated on each bar. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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Fig. 2. Coupling percentage and conductance of human heterotypic Cx37/Cx40, Cx37/Cx43, and Cx37/Cx45 gap junctions.
(A) A 20mV Vj-induced Ijs are illustrated from N2A cell pairs expressing Cx37 in one and Cx43, Cx45, or Cx40, in the other. Functional heterotypic Cx37/Cx43, or
Cx37/Cx45 GJs could be formed, but most of the Cx37/Cx40 cell pairs failed to show Ij. (B) Bar graph summarizes the coupling% of heterotypic Cx37/Cx40, Cx37/
Cx43, or Cx37/Cx45 GJs. A significantly lower coupling% was observed for Cx37/Cx40 cell pairs than that of homotypic Cx40 (P < 0.01). The total number of
independent transfections is indicated. (C) Bar graph illustrates the coupling conductance (Gj) of heterotypic cell pairs as indicated. Cx37/Cx40 showed a sig-
nificantly decreased Gj compared to each of the homotypic GJs (P < 0.01 vs Cx37 and P < 0.001 vs Cx40). The total number of recorded cell pairs is indicated on
each bar. Data for homotypic Cx37, Cx40, and Cx43 GJs were identical as those presented in Fig. 1 (with grey outlines) for easy comparison. (D) Confocal fluorescent
images (top row) and corresponding DIC images (bottom row) to show localizations of fluorescent protein tagged Cx37, Cx40, Cx43, or Cx45 expressed in HeLa cells.
Co-localization of Cx37-GFP and Cx43-RFP (or Cx45-RFP, top middle and right panels) could be observed at the cell-cell interfaces forming GJ plaque-like structures
(arrows), but no colocalizations could be observed between Cx37-GFP and Cx40-RFP (top left panel). Scale bar= 10 μm.
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3.4. Vj-gating properties of heterotypic Cx37/Cx43 and Cx37/Cx45 GJs

The same twelve voltage pulses were delivered to heterotypic Cx37/
Cx43 or Cx37/Cx45 cell pairs, typical induced junctional currents (Ijs)
showed strong Vj-gating when Cx37 cell with +Vjs (or when Cx43 or
Cx45 with -Vjs), but at the opposite Vjs (i.e. Cx37 with -Vjs or Cx43, or

Cx45 with +Vjs), little Vj-gating was observed for Cx37/Cx43 GJ or
even reverse Vj-gating for Cx37/Cx45 GJ (Fig. 4A). The Vj levels suf-
ficient to induce Vj-gating appeared to be different for these two het-
erotypic GJs with Cx37/Cx43 GJ in the range of +40 to +100mV (on
Cx37 or− 40 to −100mV on Cx43) and Cx37/Cx45 GJ in the range of
+20 to +100mV (on Cx37 or− 20 to −100mV on Cx45). Gj,ss – Vj
plots were generated for Cx37/Cx43 and Cx37/Cx45 GJs and in both
cases the data were fitted well with Boltzmann equations when Cx37
with +Vj (or when Cx43 or Cx45 with -Vj) (Fig. 4B), but not the op-
posite Vj. The Boltzmann fitting parameters are listed in Table 1. The V0
of Cx37/Cx43 GJ was significantly higher than that of Cx37 GJ and the
Gmin and V0 of Cx37/Cx45 GJ were significantly lower than those of
Cx37 GJ. The Boltzmann fitting parameters of Cx37/Cx45 were similar
to those of homotypic Cx45 GJ (Fig. 4B, Table 1).

The Ijs of these two heterotypic GJs displayed some interesting
features. For example, the amplitude of the initial apparent inward
(defined by the Cx43 or Cx45 cell) junctional currents, Ij,ini, induced by
a Vj appeared to be larger than the corresponding outward Ij,ini for both
heterotypic GJs (Fig. 5A, B, open triangles). However, the amplitude of
the end of inward junctional currents, Ij,end, were much lower than the
corresponding outward Ij,end (Fig. 5A, B, filled triangles). To quantita-
tively describe this, we calculated the ratio of junctional conductance
Gj(−)/Gj(+) for both the Ij,ini and Ij,end and plotted with the absolute
Vjs (Fig. 5C). It is very interesting to observe that the ratio Gj(−)/Gj(+)
for Cx37/Cx43 GJs were Vj dependent (P < 0.01 for both the initial
and the end currents). But the ratio Gj(−)/Gj(+) for Cx37/Cx45 GJs
failed to show any Vj dependence for both the initial and the end of the
Ijs (P > 0.05 for both cases).

Cx37/Cx43 cell pairs sometimes showed one functional GJ channel
to allow us to study single channel currents (ijs) at different Vjs
(Fig. 6A). All point histograms and Gaussian fits were used to measure
the amplitudes of ijs for the main conducting state (the main open state)
(Fig. 6B). Various levels of subconductance states were also observed
(Fig. 6A open arrows) for this cell pair. The plot of ij (main conducting
state) – Vj from 4 cell pairs showed inward rectification (Fig. 6C) similar
to that of macroscopic Ij – Vj plot for Cx37/Cx43 GJs (Fig. 5B). The γj of
the main open state showed some interesting features. First, when Cx43
with -Vj (or Cx37 with +Vj) the γj(−) is larger than the γj of opposite Vj
polarity, γj(+). Second, both γj(−) and γj(+) were not constant at
different Vj levels. The γj(−) increased with the increase of Vj values,
while the γj(+) decreased with the increase of Vj values. Third, the

Fig. 3. Vj-gating of homotypic Cx37, Cx40, and Cx45 GJs.
(A) Superimposed junctional currents (Ijs) were recorded from cell pairs ex-
pressing homotypic Cx37, Cx40, or Cx45 GJs in response to a series of Vj pulses
(± 5,± 20 to±100mV with 20mV increment, as indicated). (B) Normalized
steady state junctional conductance, Gj,ss, (a ratio of steady state Gj to the initial
Gj) of Cx37 (open grey circles), Cx40, and Cx45 (middle and bottom panels
respectively, black filled circles) were plotted as a function of Vjs. Boltzmann
equations were used to fit Gj,ss – Vj plots for each of these homotypic GJs. The
Boltzmann fitting of Cx37 GJ (dashed grey lines were superimposed on every
plot for comparison). Number of cell pairs for each plot is indicated.

Table 1
Boltzmann Fitting parameters for homotypic and heterotypic gap junctions
(GJs).

GJs Vj polaritya Gmin V0 A

Cx37 (n=5) + 0.33 ± 0.03 36.1 ± 2.6 0.14 ± 0.05
− 0.35 ± 0.03 33.9 ± 3.2 0.18 ± 0.08

Cx40 (n= 7) + 0.26 ± 0.03 46.7 ± 1.9* 0.17 ± 0.04
− 0.28 ± 0.02 46.6 ± 1.7** 0.18 ± 0.04

Cx45 (n=4) + 0.12 ± 0.03*** 24.6 ± 2.2* 0.12 ± 0.03
− 0.13 ± 0.03*** 29.9 ± 2.2 0.13 ± 0.02

Cx37/Cx43
(n= 4)

+ 0.18 ± 0.13 55.8 ± 7.3* 0.06 ± 0.03

Cx37/Cx45
(n= 5)

+ 0.06 ± 0.02***
(w/Cx37)

24.5 ± 1.3**
(w/Cx37)

0.12 ± 0.01

Cx37/D55N
(n=7)

+ 0.31 ± 0.03 36.3 ± 4.3 0.24 ± 0.26
− 0.27 ± 0.02 35.4 ± 2.7*

(w/Cx40)
0.21 ± 0.11

Cx37/P193Q
(n= 5)

+ 0.19 ± 0.02* (w/
Cx37)

43.6 ± 1.5 0.11 ± 0.02

− 0.28 ± 0.03 36.7 ± 2.0**
(w/Cx40)

0.16 ± 0.06

Data are presented as mean ± SEM and V0 are absolute values. One-way
ANOVA followed by Tukey post-hoc test was used to compare Boltzmann fitting
parameters of the homotypic and heterotypic GJs against the respective con-
trols (or as indicated) with the same Vj polarity. Student t-test was used to
compare Boltzmann fitting parameters of Cx37/Cx43 GJ with those of Cx37.
The number of asterisks indicate the statistical difference level (* P < 0.05, **
P < 0.01, *** P < 0.001).
a Vj polarity of heterotypic GJs is defined by the relative voltage level of

Cx37-expressing cell.

Fig. 4. Vj-gating of heterotypic Cx37/Cx43 and Cx37/Cx45 GJs.
(A) Superimposed Ijs from heterotypic Cx37/Cx43 or Cx37/Cx45 cell pairs in
response to a series of Vj pulses as indicated. (B) Normalized steady state
junctional conductance, Gj,ss, of Cx37/Cx43 or Cx37/Cx45 were plotted with
tested Vjs. The data of Gj,ss – Vj plot when Cx37 cell with +Vj (or when Cx43 or
Cx45 with -Vj) could be well fitted with a Boltzmann equation for each of Cx37/
Cx43 or Cx37/Cx45 GJs. Boltzmann fitting curves of Vj-gating of homotypic
Cx37 (smooth grey dashed lines) or Cx45 (smooth black dashed lines) GJ were
superimposed on the plots for easy comparison.
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ratio of γj(−)/γj(+) was increased with Vj values in a linear fashion
and showed Vj-dependence (P < 0.05, Fig. 6C right panel), again si-
milar to what observed for the macroscopic initial Gj(−)/Gj (+) ratio
changes with Vj.

3.5. Characterization of Vj-gating of heterotypic Cx37/Cx43 and Cx37/
Cx45 GJs with prolonged Vj pulses

Both heterotypic Cx37/Cx43 and Cx37/Cx45 GJs showed a promi-
nent Vj-gating when positive voltages were administered to the Cx37
cell (or Cx43 or Cx45 cell with -Vj) and an apparent reverse Vj-gating on
the opposite Vj polarity for Cx37/Cx45 GJ. As the Vj-gating kinetics was
slow in low level of Vjs, longer Vj pulses (duration= 25 s) are needed to
allow better estimation of steady state of Ijs and longer inter pulse in-
tervals (25 s) are also necessary to allow recovery of deactivated GJs
(Fig. 7A). We focused on very low Vj levels from±2 to±20mV as it is
possible for vascular cells to have transient membrane potential dif-
ferences especially at the myoendothelial cell junctions [34,35]. As
shown in Fig. 7, the normalized steady state conductance (Gj,ss) of
Cx37/Cx43 GJs were consistently around one, except −20mV where a
significant drop was observed (open circles, Fig. 7B). Distinct from the
Cx37/Cx43 GJs, the Gj,ss of Cx37/Cx45 GJs showed a significant re-
duction when Vjs were equal or lower than −5mV (filled black circles,
Fig. 7) and a significant increase (reverse Vj-gating) when Vjs were
equal or higher than +10mV (filled grey circles, Fig. 7), indicating that
Gj of Cx37/Cx45 could be down/up regulated by a Vj of only 5–10mV.

3.6. Establish gap junction coupling of Cx37/Cx40 by designed docking
variants

To explore the structural mechanisms of why Cx37 hemichannel is
unable to dock with Cx40 hemichannels to form functional heterotypic
GJs, we aligned key portions of docking domains (part of E1 and E2
domains) of the human vascular connexins with those of Cx26 (Fig. 8A).
Similar to previously described [31,32], these connexins aligned very
well with Cx26 in these domains, especially on those equivalent
docking hydrogen bond (HB) forming residues (Fig. 8A). E1 and E2 of
Cx40 showed several unique key residues at the docking interface (for
example, D55 on the E1 and P193 on the E2 domain) could restrict its
ability to form docking interactions with docked connexin due to an
electrostatic repulsion (D55, Supplemental Fig. 1A) or a very different
docking interface structure of Cx40 E2 due to existence of P193. Our
homology model of Cx40 P193Q showed that this variant can take a
similar main chain structure as that of Cx26 and could form hydrogen
bonds and hydrophobic interactions at the docking interface in het-
erotypic Cx37/Cx40 P193Q GJ (Supplemental Fig. 1B).

Fig. 5. Heterotypic Cx37/Cx43 and Cx37/Cx45 GJs showed similar and dif-
ferent rectifying properties.
(A) Same Ijs as shown in Fig. 4A are shown here to illustrate measurement at the
initial (open triangle) and the end (grey filled triangle) of each Ij and the de-
finition of positive conductance Gj(+) when Cx43 or Cx45 with +Vjs and ne-
gative conductance Gj(−) when Cx43 or Cx45 with -Vjs. (B) Ij – Vj plots were
constructed for Cx37/Cx43 and Cx37/Cx45 GJs for both the initial (black open
triangles) and the end (filled grey triangles) of the Ijs. (C) The ratios of Gj(−)/
Gj(+) for the initial (black open triangles) and the end (filled grey triangles)
were plotted with Vjs. The ratio was nearly constant for Cx37/Cx45 GJs at
different Vjs. It was not the case for Cx37/Cx43 GJ, which showed an increase
with Vj for the initial conductance ratio, but a decrease for the end conductance
ratio.

Fig. 6. Unitary channel properties of heterotypic Cx37/Cx43 GJ.
(A) Single channel currents (ijs) were recorded from a heterotypic Cx37/Cx43
cell pair at the indicated Vjs. Grey and black traces are ijs in response to -Vjs
and+Vjs, respectively. (B) All point histograms were generated at the boxed
areas shown in panel A. Gaussian fits were used to determine the ij amplitudes
of main open state and the subconductance state (as indicated on each plot).
Note the single channel conductances with inward current, γj(−), were larger
than those of outward current, γj(+). (C) ij – Vj relationship of heterotypic
Cx37/Cx43 GJ at the main open state was constructed and showed inward
rectification. Right panel is the average ratio of γj(−)/γj(+) – Vj relationship
for Cx37/Cx43 GJ. The ratio was increased with Vj in a linear fashion and was
significantly deviated from horizontal (dashed grey line).
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Our homology model predicted that designed Cx40 variants, D55N
or P193Q, eliminated the electrostatic repulsion at the E1 or the E2
main chain structure issue near P193, respectively. Our experimental
tests on heterotypic Cx37/Cx40 D55N (or Cx37/Cx40 P193Q) cell pairs
demonstrated that each of these Cx40 variants successfully formed
heterotypic GJs with Cx37. As shown in Fig. 8B,C, majority of hetero-
typic Cx37/D55N or Cx37/P193Q cell pairs formed functional GJs. The
coupling percentages of both Cx37/D55N and Cx37/P193Q were si-
milar to those of homotypic Cx37 or Cx40 but were significantly higher
than that of Cx37/Cx40 cell pair (Fig. 8C, P< 0.05 for both variants).
Similarly, the Gj of heterotypic Cx37/D55N (or Cx37/P193Q) GJs was
significantly higher than that of Cx37/Cx40 and was similar to those of
homotypic Cx37 or Cx40 GJs (Fig. 8D). Significantly increased coupling
% and Gj of Cx37/D55N or Cx37/P193Q than those of Cx37/Cx40
demonstrated that these Cx40 variants were fully capable of docking
with Cx37 to form functional heterotypic GJs.

Mixing HeLa cells expressing Cx37-GFP with cells expressing Cx40
D55N-RFP (or P193Q-RFP), we were able to find colocalized GJ plaque-
like structures at the cell-cell interface in heterotypic cell pairs for both
Cx40 variants (Fig. 8E), different from the heterotypic cell pairs with
wildtype Cx40 (Fig. 2D).

The Vj-gating of Cx37/D55N or Cx37/P193Q GJs was largely sym-
metrical similar to those of homotypic Cx37 and Cx40 GJs
(Supplemental Fig. 2A). Gj,ss – Vj plots were constructed and the data
were fitted well with Boltzmann equations for both Vj polarities
(Supplemental Fig. 2B). The Boltzmann fitting parameters (Table 1)
were similar to those of Cx37 or Cx40 GJs with only one consistent
change for both variants, a lower V0 values than those of Cx40 GJ when
Cx37 cell with -Vjs (or Cx40 variants with +Vjs).

4. Discussion

The present study is the first to investigate functional status and
channel properties of human heterotypic Cx37/Cx40, Cx37/Cx43, and
Cx37/Cx45 GJs. Our results showed that the coupling status and con-
ductance (Gj) of both heterotypic Cx37/Cx43 and Cx37/Cx45 GJs were
comparable to the respective homotypic GJs, indicating that these
heterotypic GJs were functional. However, significantly lower coupling
% and Gj were observed for heterotypic Cx37/Cx40 cell pairs, in-
dicating that Cx37 was unable to form heterotypic GJs with Cx40.
Previously designed Cx40 variants [31], removing electrostatic or
structural issues at the extracellular domains rescued the heterotypic
docking and both formed functional heterotypic GJs with Cx37. De-
tailed characterization of Cx37/Cx43 and Cx37/Cx45 GJs revealed that
both GJs showed asymmetric Vj-gating and rectifications in current-
voltage (Ij – Vj) relationship. However, the rectification of Cx37/Cx45
GJs (peak Ijs) appeared to be near 0mV, while the rectification of
Cx37/Cx43 GJs (peak Ijs) was continuous throughout the full range of
tested Vjs (−100 to +100mV). Similar continuous rectification was
also observed at the Cx37/Cx43 single GJ channel level at the main
conductance state. Long duration Vj pulses (25 s and within±20mV)
produced a strong Vj-gating (threshold of −5mV on Cx45 cell) or re-
verse Vj-gating (threshold of +10mV on Cx45 cell) for Cx37/Cx45 GJs,
but only a minor Vj-gating (threshold of −20mV) and no reverse gating
for Cx37/Cx43 GJs. The knowledge of coupling status and detailed
channel properties of these vascular heterotypic GJs is very useful for
understanding the roles of GJ in modulating vasomotor response.

4.1. Physiological role of vascular connexins

Blood circulation in tissues and organs is highly regulated by well-
coordinated dilation or constriction of small arteries and arterioles.
These vasomotor responses, especially vasodilation, can propagate back
into larger arteries to meet the local demand for blood supply [36,37].
Direct GJ intercellular communications have been shown to play a
critical role in the conduction of vasomotor responses from arterioles to
larger arteries [35–38]. Both endothelial cells and smooth muscle cells
in small arteries or arterioles express two or more connexins and they
often found to be colocalized at cell-cell junctions between endothelial
cells, smooth muscle cells, and myoendothelial junctions likely forming
homomeric or heteromeric as well as homotypic and heterotypic GJs
[12,13,17]. Knockout mouse models have been generated for each of
the vascular connexins and collectively argue strongly that these con-
nexins play important role in vasculature development and animal
survival [39–42]. These in vivo animal models and many pharmaco-
logical experiments showed an important role for GJs in vasomotor
control [35–37]. Our in vitro characterization of different types of
human homotypic and heterotypic GJs will help to delineate the pos-
sible interactions among these vascular connexins. Demonstration at in
vivo or in situ for the existence of these heterotypic GJs is needed to
fully understand their roles in vasomotor control.

4.2. Docking and formation of heterotypic gap junctions among human
vascular connexins

Vascular endothelial cells mainly express Cx37 and Cx40, while
smooth muscle cells abundantly express Cx43 and Cx45 with some
exceptions [12,13]. This expression pattern argues that heterotypic GJs
likely play an important role in the myoendothelial junctions. If we only
consider simple homomeric heterotypic GJs, they could be Cx37/Cx43
(or Cx45) and Cx40/Cx43 (or Cx45) GJs and it is also theoretically
possible to have heterotypic GJs within endothelial (Cx37/Cx40) or
smooth muscle cells (Cx43/Cx45). Previous functional studies on ro-
dent connexins indicate that homomeric heterotypic Cx37/Cx43, Cx37/
Cx45, and Cx43/Cx45 GJs were functional [22,30,50] and displayed
connexin-specific asymmetric Vj-gating [9,23,28,29,51,52]. Our

Fig. 7. Long voltage pulse protocol revealed the threshold of heterotypic Cx37/
Cx43 and Cx37/Cx45 GJ Vj-gating.
(A) Ijs were recorded in response to a 25 s Vj-protocol at± 2,± 5,± 10,
and ± 20mV (as indicated) for heterotypic Cx37/Cx43 (top row) and Cx37/
Cx45 (bottom row) cell pairs. The grey colored Ijs correspond to +Vj on Cx43 or
Cx45 cell (or −Vj on Cx37 cell). While black colored Ijs correspond to -Vj on
Cx43 or Cx45 cell (or+Vj on Cx37 cell). (B) Normalized steady state con-
ductance, Gj,ss, of Cx37/Cx43 (open circles) or Cx37/Cx45 (filled circles) GJ
were plotted to the respective Vjs (defined by Cx43 or Cx45 cells). The Gj,ss of
Cx37/Cx43 GJs showed no change at the tested Vjs, except −20mV where a
significant reduction in Gj,ss was observed (P < 0.01, one-sample t-test).
However, the Gj,ss of Cx37/Cx45 GJs displayed significant Vj-gating starting at
−5mV (P < 0.001) and reverse Vj-gating (an increase in steady-state con-
ductance) starting at +10mV (*P < 0.05).
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current and previous studies showed that the corresponding human
connexins were also able to form functional heterotypic Cx37/Cx43,
Cx37/Cx45, and Cx43/Cx45 GJs with similar Vj-gating properties
(present study and [32]). However, different from those observed in
rodent heterotypic GJs [9,22,24,25,29,51,53,54], we found that human
Cx40 was unable to dock and form functional heterotypic GJs with

human Cx37 (present study), Cx43 [31], or Cx45 [32]. Docking in-
compatible in Cx37/Cx40 GJ was based on significantly lower coupling
percentage and coupling conductance of Cx37/Cx40 cell pairs and no
co-localization at the cell-cell interfaces with the two different fluor-
escent protein tagged connexins. Incompatible docking of human Cx40
with any of the other human vascular connexins indicate that GJ

Fig. 8. Sequence alignment, coupling percentage and Gj of heterotypic GJs of Cx37 with Cx40 variants.
(A) Part of the E1 and E2 domains of Cx40, Cx37, Cx43, and Cx45 are aligned with those of Cx26. The docking hydrogen bond (HB)-forming residues in Cx26
structure (2ZW3) and their equivalent residues are indicated with arrows. Sequence logos were generated with WebLogo for all human connexins capable of making
functional GJ channels. Out of the seven putative docking residues, Cx40 D55 and P193 are uniquely different from Cx37, Cx43 and Cx45 and many other human
connexins and are chosen to generate the variants, D55N and P193Q. The residue numbering follows those of Cx40. (B) Representative Ijs were recorded from
heterotypic Cx37/Cx40 D55N (Cx37/D55N) or Cx37/P193Q cell pairs in response to +20mV Vj pulse. Ij of Cx37/Cx40 is shown for comparison, which is the same as
that in Fig. 2A. (C) Bar graph summarizes the coupling% of heterotypic Cx37/Cx40, Cx37/D55N, and Cx37/P193Q GJs. Both Cx37/D55N and Cx37/P193Q showed a
significant increase in the coupling% compared to that of Cx37/Cx40 (P < 0.05). The total number of independent transfections is indicated. (D) Bar graph
illustrates the averaged Gj of different cell pairs as indicated. A significant increase in Gj was observed for both Cx37/D55N and Cx37/P193Q cell pairs compared to
that of Cx37/Cx40. The total number of recorded cell pairs is indicated. Data for Cx37/Cx37, Cx40/Cx40, and Cx37/Cx40 GJs were identical as those presented in
Figs. 1 and 2 (with grey outlines) for easy comparison. (E) Confocal fluorescent images and the corresponding DIC images to show localizations of fluorescent protein
tagged Cx37, Cx40 variants D55N or P193Q expressed in HeLa cells. Unlike those observed for Cx37 and Cx40 cell pairs (Fig. 2D), co-localization of Cx37-GFP and
Cx40 D55N-RFP or P193Q-RFP could be observed at the cell-cell interfaces forming GJ plaque-like structures (arrows). Scale bar= 10 μm.
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intercellular communications at the myoendothelial junctions likely
rely on Cx37/Cx43 or Cx37/Cx45 GJs and the GJs within endothelial
cells are probably dependent on homotypic Cx37 or Cx40 GJs.

Sequence alignment of E1 and E2 domains of all human vascular
connexins with those of Cx26 (see Fig. 8A) revealed that most of the
amino acid residues are highly conserved and most likely take a similar
structure as the crystal structure of Cx26 GJ [55]. Based on this hy-
pothesis, we developed homology structure models of heterotypic GJs,
including Cx40/Cx43, Cx40/Cx45, and Cx40/Cx37. Our models predict
that Cx40 is unique at the docking interface with an aspartate at the
55th position (D55) carrying a negative charge and a proline residue at
the 193rd position constraining the local main chain structure. Inter-
estingly, our designed Cx40 variants, D55N or P193Q (exchanging with
the corresponding residues in Cx43), eliminated the electrostatic re-
pulsion or the main chain structure issue, respectively. Each variant not
only successfully rescued their docking with Cx43 or Cx45 [31,32], but
also with Cx37, indicating that the docking interface structure of Cx37
GJ is also very similar to that of Cx26 GJ and likely using similar
noncovalent interactions for heterotypic or homotypic docking.

4.3. Similarity and differences between Cx37/Cx43 and Cx37/Cx45 GJs

As discussed above, Cx37/Cx43 and Cx37/Cx45 GJs are the most
likely candidates for intercellular communication at the myoendothelial
junction in small arteries. Detailed characterization of these GJs found
that both GJs showed asymmetric Vj-gating and inward rectifications
for their Ij – Vj relationship at the initial peak Ij, but both with outward
rectification near the end of the Ijs (see Fig. 5). This means that the
coupling conductance (Gj) is high when Cx37 expressing cell is tran-
siently depolarized in the Cx37/Cx43 or Cx37/Cx45 cell pairs (or the
Cx43 or Cx45 cell transiently hyperpolarized). However, if the depo-
larization of Cx37 cell is sustained in these heterotypic cell pairs, then
the Gj is quickly diminished to a much lower level for both Cx37/Cx43
and Cx37/Cx45 GJs. On the opposite Vj polarity, i.e. membrane depo-
larization in Cx43 or Cx45 cells (or hyperpolarization of Cx37 cell), the
Gj was either not changed or increased for Cx37/Cx43 or Cx37/Cx45
GJs (Figs. 4, 7). Due to that vascular smooth muscle cells and en-
dothelial cells do not fire any action potentials, it is unlikely to have
large Vjs between these two types of cells. Thus, we investigated the Gj
changes with small likely physiological relevant changes in the Vj (± 2
to± 20mV) for each of Cx37/Cx43 or Cx37/Cx45 cell pair and ob-
served similar Vj-dependent Gj modulation. As a slower Vj-gating ki-
netics was observed at these low Vjs, we used a much longer Vj pulse
(25 s) to have a better estimate for steady state properties for these
heterotypic GJs (Fig. 7).

Several Vj-gating properties for Cx37/Cx45 GJs were distinct from
those of Cx37/Cx43 GJs. First, much lower threshold of Vj (−5mV on
Cx45 cell) showed Vj-gating in Cx37/Cx45 GJs than that of Cx37/Cx43
(−20mV on Cx43 cell). While at the opposite Vj polarity, a+ 10mV or
larger Vj (on Cx45 cell) produced reverse Vj-gating (or increased Ij with
time during the Vj pulse) in Cx37/Cx45 GJ, but no reverse Vj-gating was
observed for Cx37/Cx43 GJs at any tested Vjs. Second, half deactivation
voltage (or V0 of Boltzmann fit) of Cx37/Cx45 GJs was estimated to be
24.5 ± 1.3mV, which was much lower than that of Cx37/Cx43 GJs
(V0=55.8 ± 7.3mV). Third, the Vj-gating sensitivity (slope in the
Boltzmann fitting curves) of Cx37/Cx45 GJs (A=0.12 ± 0.01) was
higher than that of Cx37/Cx43 (A=0.06 ± 0.03). Fourth, the esti-
mated residue conductance level (or the Boltzmann fitting parameter
Gmin) of Cx37/Cx45 GJs (0.06 ± 0.02) was much lower than that of
Cx37/Cx43 (Gmin= 0.18 ± 0.13). Finally, the Gj (−)/Gj (+) plot of
Cx37/Cx45 GJs showed little Vj-dependence for both initial and end
(steady-state) conductance, while the same plot of Cx37/Cx43 GJs
displayed Vj-dependent changes for both initial and end conductance
(Fig. 5C). These unique properties of Cx37/Cx45 GJs offered some very
interesting ways to dynamically regulate the electrical coupling of the
myoendothelial junction.

4.4. Mechanisms of Vj-gating in heterotypic gap junctions

Homotypic GJ channels are normally gated by Vj in a mirror sym-
metrical way with connexin-specific gating properties (e.g. Fig. 3). The
underline mechanism of Vj-gating is believed to be gating one of the
two docked connexin hemichannels either at −Vj side (when a con-
nexin with negative gating polarity) or+Vj side (when a connexin with
positive gating polarity) [56]. Studying heterotypic GJ channel greatly
facilitated the assignment of gating polarity of many connexins as the
component hemichannel often retain its Vj-gating characteristics. For
example, Cx45 was consistently assigned to have a negative gating
polarity, retained its Vj-gating signatures in our studied heterotypic
Cx37/Cx45 GJs (Fig. 4). As Cx45 GJ displayed one of the smallest single
channel conductance, when its hemichannel is docked with another
higher conductance (low resistance) hemichannel like Cx37, large
portion of the Vj is predicted to drop on the Cx45 hemichannel and
showed a Vj-gating profile (when Cx45 side with -Vjs) very much si-
milar to that of homotypic Cx45 GJs. It is very interesting that when
Cx45 side with +Vjs in Cx37/Cx45 GJs, the Ijs were not deactivated,
but were significantly increased with time (reverse Vj-gating). One
possible explanation of the Ij increase was due to an incomplete re-
covery of previously deactivated GJs (Fig. 4). However, with a much
longer inter pulse interval (25 s) we still observed an increase in Ijs in
Cx37/Cx45 GJ (when +Vj on Cx45 cell, see data in Fig. 7). Therefore,
we believe that this reverse Vj-gating of Cx37/Cx45 GJ is an intrinsic
property of this heterotypic GJ, most likely due to properties of Cx45
hemichannel. Supporting such idea, several previous studies on het-
erotypic GJs containing Cx45 also observed reverse Vj-gating when
Cx45 side with +Vjs [29,32,51,52]. In contrast to that of Cx37/Cx45
GJs, the Cx37/Cx43 GJs showed Vj-gating when Cx37 with +Vjs and no
reverse Vj-gating on the opposite Vjs. The Vj-gating profile is also
somewhat different from those of Cx37 GJs (with a larger A and V0 of
Boltzmann fitting parameters). It is very interesting for Cx37/Cx43 GJs
showing a continuous inward rectification through-out the tested Vjs for
both macroscopic Ijs and microscopic ijs (main conductance state),
which was reflected by both the Ij – Vj (or ij – Vj) plot and Gj(−)/Gj(+)
– Vj (or γj(−)/γj(+) – Vj) plot, indicating that the Vj-dependent recti-
fication was at least in part due to the rectification at individual
channels. The molecular mechanisms of GJ channel rectification is not
clear. But it may be related to pore lining residues changing their or-
ientations under different Vjs to facilitate or hinder ion permeation.

5. Conclusion

We provided experimental evidence that Cx37 hemichannel can
dock with Cx43 or Cx45 hemichannels to form functional heterotypic
GJs but not with Cx40 hemichannels. Cx40 variants, D55N or P193Q,
rescued heterotypic docking with Cx37. Heterotypic Cx37/Cx43 and
Cx37/Cx45 GJs exhibited distinct rectifying properties and the Gj of
Cx37/Cx45 can be reduced or elevated by small difference in mem-
brane potentials (5–10mV). Vj-dependent rectifying properties of
Cx37/Cx43 GJs were retained at individual channel level.
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A B S T R A C T

Gap junctions (GJs) are intercellular channels directly linking neighbouring cells and are dodecamers of con-
nexins. In the human heart, connexin40 (Cx40), Cx43, and Cx45 are expressed in different regions of the heart
forming GJs ensuring rapid propagation of action potentials in the myocardium. Two of these connexins, Cx40
and Cx45, formed functional GJs with prominent transjunctional voltage-dependent gating (Vj-gating), which
can be a mechanism to down regulate coupling conductance (Gj). It is not clear the effects of temperature on Vj-
gating properties. We expressed Cx40 or Cx45 in N2A cells to study the Vj-gating extent, the kinetics of deac-
tivation, and the recovery time course from deactivation at 22 °C, 28 °C, and 32 °C. Dynamic uncoupling between
cell pairs were evaluated at different temperatures, junctional delays, and/or repeating frequencies. Cx40 or
Cx45 GJs showed little changes in the extent of Vj-gating, but in both cases with a faster deactivation kinetics at
high temperatures. The recovery from deactivation was faster at higher temperatures for Cx45 GJs, but not for
Cx40 GJs. Cx45 GJs, but not Cx40 GJs, were dynamically uncoupled when sufficient junctional delays and/or
repeating frequency in all tested temperatures. Gap junction specific dynamic uncoupling could play an im-
portant role in regulating action potential propagation speed in Cx45 enriched nodal cells in the heart.

1. Introduction

Gap junctions (GJs) are intercellular channels composed of two
properly docked connexons (also known as hemichannels), allowing
direct exchange of ions and small molecules to synchronize cells/tissues
electrically and metabolically. Each connexon (hemichannel) is a hex-
amer of transmembrane proteins named connexins. In the human
genome there are 21 genes encoding different connexins [1,2]. All
connexins show similar topological structures with four transmembrane
domains linked by two extracellular loops and one cytoplasmic loop
with cytosolic amino terminus and carboxyl terminus. Different tissue
cells commonly express different connexins. In the human heart, three
connexins, Cx40, Cx43, and Cx45, are abundantly expressed in different
regions of the myocardium [3–5]. Cx45 is the main connexin in the
sinoatrial (SA) and atrioventricular (AV) nodal cells and is also ex-
pressed at a lower level in the atria and ventricles [3,6]. Both Cx40 and
Cx43 are expressed in the atrial myocytes and Cx43 is the main con-
nexin type in the ventricles [4]. In the ventricular conduction system all
three connexins are expressed [3,4,7]. This regional specific expression
pattern of connexins in the heart predicts a variety of cardiac gap

junctions being formed. These gap junctions are critical for rapid pro-
pagation of action potentials in different regions of the heart leading to
a highly synchronized rhythmic beating.

It is well known that cardiac action potentials conduct at different
velocity in different regions of the heart with the slowest propagation
speed observed at the nodal regions [8,9], including AV node to cause
an AV delay, which is important for effective sequential contractions of
the atria and ventricles [8,10]. Many factors including sodium chan-
nels, calcium channels, potassium channels, cell geometry, passage
length, and abundance and function of gap junction channels could
contribute to the regional differences in conduction velocity [8,10].
Focusing on gap junctions, the GJ function can be quantitatively mea-
sured by coupling conductance (Gj). The Gj level could depend on the
abundance and GJ type expressed in the cardiomyocytes. In addition,
GJs in the heart could be dynamically modulated by a variety of phy-
siological/pathological factors, including changes in intracellular ion
concentrations (including protons/pH and divalent cations), chemicals,
and transjunctional voltage (Vj). Transjunctional voltage-dependent
gating (also known as Vj-gating) is a ubiquitous property for all GJs.
Among the three cardiac connexins, Cx45 and Cx40 GJs have been
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shown to have prominent Vj-gating with rapid deactivation kinetics
[11–17]. Vj-gating of Cx45 (or Cx40) GJs could reduce Gj to a much
lower level (over 80% of original Gj) during large sustained Vjs
[13,15–18]. Previous functional characterizations of Vj-gating of GJs
were carried out at room temperatures (20–25 °C). The effects of higher
temperature near human body temperature on the Vj-gating of these
connexins have not been studied, leaving an important knowledge gap.
Previous studies demonstrated that the Gj could be dynamically regu-
lated when sufficient junctional delay and repeating frequency (heart
rate) provided [19] or during a simulated cardiac action potential
protocol at the junction [20–22]. Here we investigated the extent of Vj-
gating, the deactivation kinetics, and the recovery kinetics from deac-
tivation of Cx45 and Cx40 GJs. Our results showed that temperature-
dependent modulations were GJ (or connexin)-specific. The GJs most
vulnerable to dynamic uncoupling was Cx45 GJs with retained dynamic
uncoupling during the elevated temperatures tested. This unique dy-
namic uncoupling of Cx45 GJs might play a role in the delay of action
potential propagation in the nodal cells of the heart.

2. Methods

2.1. Plasmid construction

Human Cx45-IRES-GFP and Cx40-IRES-GFP constructs were created
as described [19,23]. The human Cx40 and Cx45 cDNA sequence were
compared with human reference genome to confirm the accuracy of the
sequence with no additional variations being introduced.

2.2. Cell culture and transfection

Connexin deficient mouse neuroblastoma cells (N2A, obtained from
American Type Culture Collection, Manassas, VA, USA) were grown in
Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Burlington,
ON, Canada) containing 10% fetal bovine serum and 1% penicillin and
streptomycin, in an incubator maintained at 37 °C and 5% CO2 atmo-
sphere [24,25]. During transfection, N2A cells were kept for 5 h in Opti-
MEMI + GlutaMAX-I medium supplemented with HEPES and 2.4 g/L
NaHCO3 added with 2 μL of X-tremeGENE HP DNA transfection reagent
(Roche, Mississauga, ON) and 1.0 μg of Cx45 or Cx40 cDNA construct.
After transfection, the medium was switched back to serum containing
DMEM and cells were cultured overnight. Transfected N2A cells were
then replated on glass coverslips for 40min for Cx40 or 75–90min for
Cx45 prior to patch clamp recording. Shorter replating time for Cx40
was used to increase the yield of getting more cell pairs with Gj in the
range of 3–9 nS with good gating kinetics.

2.3. Dual patch clamp recording

A glass coverslip with transfected cells was transferred into a re-
cording chamber filled with extracellular solution (ECS) on the stage of
an upright microscope (BX51, Olympus). A heated chamber (QE-1
coupled with a temperature control unit TC-344B, Warner Instrument,
Hamden, CT, USA) was used to control the ECS temperature at 22 °C,
28 °C or 32 °C. The composition of ECS is (in mM): 140 NaCl, 2 CsCl, 2
CaCl2, 1 MgCl2, 5 HEPES, 4 KCl, 5 D-(+)-glucose, 2 Pyruvate, pH 7.4.
Cell pairs displaying GFP fluorescence were selected for dual patch
clamp recording. Each patch pipette was filled with intracellular solu-
tion (ICS) containing (in mM): 130 CsCl, 10 EGTA, 0.5 CaCl2, 3 MgATP,
2 Na2ATP, 10 HEPES, pH 7.2. Patch pipettes resistance was typically in
the range of 2–3MΩ. After establishing a whole cell configuration in
each of the cell pair, both cells were voltage clamped at 0mV for a few
minutes to allow ICS dialysis into cells. A short (10ms) transjunctional
voltage pulse (Vj= 10mV) was applied to one cell of the pair and the
transjunctional current (Ij) was measured in the other cell of the pair.
The electrical coupling conductance (Gj) between the cell pair was
calculated according to: Gj= Ij/Vj. Transjunctional voltage-dependent

gating (Vj-gating) was studied by delivering a series of voltage pulses
(7 s in duration) from±20mV to±100mV, with 20mV increments in
one cell of the pair and recording Ijs in another cell of the pair.
Sometimes, we also included Vj pulses of± 5mV (for Cx45 GJs). Dual
patch clamp was achieved via Axopatch 700A amplifier (Molecular
Devices, Sunnyvale, CA) with a low-pass filter (cut-off frequency 1 kHz)
and digitalized at a 10 kHz sampling rate using an AD/DA converter
(Digidata 1322A, Molecular Devices, Sunnyvale, CA). The steady-state
conductance was normalized to the respective peak conductance to
obtain normalized steady-state conductance (Gj,ss), which was plotted
as a function of tested Vjs. The Gj,ss – Vj plot was fitted by a Boltzmann
equation for each Vj polarity [26]:

= + +AG (G –G )/(1 exp.[ (V–V )]) Gj,ss max min j 0 min

V0 is the voltage at which the conductance is reduced by half
[(Gmax−Gmin)/2]. Gmax and Gmin are the maximum and minimum
normalized conductance, respectively. A is the slope of the fitted curve,
which reflects the Vj sensitivity of the GJ channels.

2.4. Statistical analysis

GraphPad Prism (Graph Pad Software, USA) was used to generate
bar graphs, plots, and statistical analysis. Data are expressed as
mean ± standard error of the mean (SEM). For data groups fit
Gaussian distribution, we used one way ANOVA followed by Newman-
Keuls post hoc test for comparison. For non-parametric data, we used
Kruskal-Wallis test followed by Dunn's post-hoc test to compare groups
of data. Statistical significance is indicated with asterisks (* P < 0.05,
** P < 0.01, *** P < 0.001).

3. Results

3.1. Coupling percentage and conductance in cell pairs expressing Cx45 or
Cx40 were similar at tested temperatures

N2A cell pairs expressing Cx45 or Cx40 with an untagged reporter
(GFP) were selected for dual whole-cell patch clamp analysis. Cell pairs
expressing Cx45 showed an averaged GJ coupling percentage of
60–70% at the tested temperatures (Fig. 1A). Moreover, cell pairs ex-
pressing Cx40 displayed similar level of GJ coupling percentages at the
tested temperatures (Fig. 1A). Gap junction coupling conductance was
measured using a Vj pulse delivered in one of the cell pair and trans-
junctional current (Ij) was recorded in the other (Fig. 1B). Summarized
GJ coupling conductance (Gj) for coupled cell pairs was plotted and no
statistical difference was observed for cells pairs expressing Cx45 or
Cx40 at the three tested temperatures (Fig. 1C). Arrhenius plots of Cx45
(or Cx40) GJ showed no statistically significant Gj changes at the tested
temperatures (Supplemental Fig. 1).

3.2. Vj-gating extent of Cx45 or Cx40 GJs at different temperatures

A series of transjunctional voltage (Vj) pulses was applied to one of
Cx45-expressing cell pair and transjunctional currents (Ijs) were re-
corded in the other cell. As shown in Fig. 2A, cell pairs expressing Cx45
at room temperature (22 °C) showed prominent Ij deactivation when
the absolute values of Vj= 20mV or higher. This Vj-dependent Ij de-
activation is known as Vj-gating. Normalized steady-state junctional
conductance, Gj,ss, was calculated for each tested Vjs to generate Gj,ss –
Vj plot (Fig. 2B open circles). The Gj,ss – Vj plot could be well fitted with
the Boltzmann equation for each Vj polarity (Fig. 2B, smooth dashed
lines). Repeating the same experiments at increased temperatures, 28 °C
or 32 °C, showed a similar Gj,ss – Vj plots (Fig. 2B grey circles or black
circles, respectively) and the respective Boltzmann fitting curves were
similar to those obtained at 22 °C (Fig. 2B). The Boltzmann fitting
parameters were similar at these tested temperatures with an exception
of V0 at positive Vjs (Table 1).
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Different from Cx45 GJs, cell pairs expressing Cx40 showed no Vj-
gating at± 20mV. Higher Vjs (± 40 to±100mV) produced Ij deac-
tivation at room temperature (22 °C, Fig. 3A). Gj,ss – Vj plot was gen-
erated and could be well fitted with the Boltzmann equation for each Vj

polarity (Fig. 3B). Similar Vj-gating was observed at elevated tem-
peratures (28 °C and 32 °C) and the Boltzmann fittings were near
identical to those obtained at room temperature (Fig. 3) without sig-
nificant change in any of the fitting parameters (Table 1).

3.3. Vj-gating kinetics of Cx45 or Cx40 GJs at different temperatures

As shown in Fig. 2, the Vj-gating extent (steady-state to peak ratios)
for Cx45 GJs were similar at different temperatures, but the Ijs ap-
peared to have an accelerated kinetics. To investigate the detailed ki-
netics of Ij deactivations at the same Vj under different temperatures,
the Ij deactivations were fitted to a single exponential process (with a
time constant τ) at the initial part of Ijs. As shown in Fig. 4A, a single
exponential process fitted well for each Ijs and higher temperatures
showed faster kinetics with a lower τ values. The averaged time con-
stants (τs) for each tested Vj under different temperatures are plotted
(Fig. 4B). A significant decrease in the time constants (τs) when tem-
perature was elevated from 22 °C to 28 °C (P < 0.01 for each tested
Vjs), but no further decrease in the τs was observed from 28 °C to 32 °C
(Fig. 4B).

Vj-gating of Cx40 GJs was also investigated at different tempera-
tures. Similar to those observed for Cx45 GJs, single exponential pro-
cess fitted well for the Ij deactivation (Fig. 5A) and the time constants
(τs) were significantly decreased at each tested Vjs when temperature
was increased from 22 °C to 28 °C, but no further decrease of the τs were

observed between 28 °C and 32 °C (Fig. 5B).
The rate of deactivation (1/τ) was calculated at different Vjs and the

1/τ – Vj plot could be well fitted by an exponential process for both
Cx45 and Cx40 GJs under each of the tested temperatures
(Supplemental Fig. 2). There is no statistically significant difference in
the fitted exponential processes.

3.4. Faster recovery of Cx45 Vj-gating, but not that of Cx40, was observed
with increased temperature

Large Vj (100mV) induced a rapid Ij deactivation in Cx45 GJs.
Removal of Vj was required to allow deactivated Cx45 GJs to recover
back to an open state. To examine the recovery time course from Cx45

Fig. 1. Coupling percentage and conductance (Gj) were not affected by tem-
peratures. (A) Coupling percentages of cell pairs expressing Cx45 or Cx40 are
shown at 22 °C (white bars), 28 °C (grey bars), and 32 °C (black bars). The
number of transfections is indicated. (B) Typical junctional currents (Ijs) are
shown in response to Vj (10mV) for Cx45 GJs and Cx40 GJs at the indicated
temperatures. (C) Averaged coupling conductance (Gj) of coupled cell pairs
expressing Cx45 or Cx40. The number of cell pairs is indicated.

Fig. 2. Vj-gating of Cx45 gap junctions showed little change in the extent at
tested temperatures. (A) Superimposed representative Cx45 junctional currents
(Ijs) were displayed in response to the indicated Vj pulses (± 5mV and ± 20
to± 100mV at 20mV increment) at the indicated temperatures. (B)
Normalized steady state junctional conductance, Gj,ss, of Cx45 GJs were plotted
at different Vjs. The Gj,ss – Vj plot was fitted with a two-state Boltzmann
equation at each Vj polarity under different temperatures. The Boltzmann fit-
ting curves at 22 °C (smooth dashed lines) were also plotted on those of 28 °C
(smooth grey lines) and 32 °C (smooth black lines) for comparison. Number of
cell pairs is indicated.

Table 1
Boltzmann fitting parameters for the Vj-gating of Cx45 and Cx40 gap junctions
(GJs) at different temperatures.

GJ Temp. (°C) Gmin V0 (mV) A

Cx45 22 0.10 ± 0.03 24.2 ± 1.7 0.10 ± 0.01
28 0.11 ± 0.02 16.6 ± 0.7⁎,1 0.10 ± 0.01
32 0.08 ± 0.02 18.4 ± 1.8⁎ 0.13 ± 0.03

Cx40 22 0.21 ± 0.03 38.9 ± 1.5 0.18 ± 0.09
28 0.18 ± 0.02 40.7 ± 1.0 0.16 ± 0.04
32 0.19 ± 0.02 41.8 ± 1.4 0.15 ± 0.04

Data in this table were the Boltzmann fitting at the positive Vj polarity. The
Boltzmann fitting parameters for negative Vj were similar for each GJ and
therefore are not shown.

1 One-way ANOVA was used to compare the corresponding parameters ob-
tained at 22 °C.

⁎ P < 0.05.
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GJ deactivation, a series of test Vj pulses were designed at different
intervals after a pre-conditional Vj pulse at 22 °C. As shown in 6A, with
the increase in the inter-pulse interval, the peak amplitude of Ijs to the
test Vj pulses was recovered to a level near the pre-conditional Vj pulse
induced Ij. The recovery percentage was plotted as a function of inter-
pulse interval (Fig. 6B) and could be fitted well with a single ex-
ponential process with a time constant, τ=3.7 ± 0.9 s, (Fig. 6B da-
shed line in the top panel). Increase temperature to 28 °C, the recovery
from deactivation was faster with a significantly shorter time constant,
τ=2.0 ± 0.4 s, for the recovery plot (Fig. 6B middle panel). Further
increase temperature to 32 °C, the time course of the recovery was si-
milar to that at 28 °C with a time constant, τ=2.0 ± 0.1 s (Fig. 6B
bottom panel). The averaged peak recovery percentages were similar at
all tested temperatures (~90%).

Different from those observed for Cx45 GJs, the recovery from de-
activation of Cx40 GJs was very rapid, which prompt us to design a
shorter double Vj pulse protocol to test the recovery time course. As
shown in Fig. 7A, the amplitude of test pulse-induced Ijs was recovered
quickly with the increase in the inter pulse interval. The recovery
percentage – interval time plot was constructed and could be fitted well
with a single exponential process (τ=36 ± 6ms, Fig. 7B). Increase
temperature to 28 °C or 32 °C failed to change the recovery time con-
stants (τ=27 ± 11ms and τ=23 ± 8ms, respectively, P > 0.05,
Fig. 7B). The averaged peak recovery percentages were similar at all
tested temperatures (~80–85%) for Cx40 GJs.

3.5. Dynamic modulation of Cx45 or Cx40 GJs at different temperatures

Cardiac action potentials (APs) show a variety of wave forms,

typically with a rapid membrane depolarization, a sustained plateau
phase with different durations, followed by a much slower repolariza-
tion phase. The onset depolarization phase of a cardiac AP is much
faster than that of repolarization [27]. These AP properties together
with transjunctional delay at the cell-cell junctions impose a large
transient transjunctional voltage (Vj, near the full amplitude of an AP,
~100mV) at the onset of AP followed by a moderate amplitude and
prolonged Vj during the repolarization phase. If we assume the junc-
tional delay is Δt and the repolarization takes ~70ms, then a predicted
Vj profile could be derived as shown in Fig. 8A (black dashed line under
the AP). We simulated this temporal junctional voltage change with a Vj

protocol (solid grey line) and applied such protocol for 50 times at a
repeating frequency of one Hertz (1 Hz) to mimic regular heart rate (60
beats/min) or 3 Hz to mimic tachycardia (180 beats/min).

When such a Vj-protocol (Δt = 10ms, 3 Hz for 50 times) applied
onto a cell pair expressing Cx45, the Gj was gradually decreased to a
much lower level (Fig. 8A,B). However, when the same Vj-protocol was
applied onto cell pairs expressing Cx40, the Gj was not significantly
changed during the entire time course (Fig. 8A,B). Reduce the repeating
frequency of the Vj protocol from 3Hz to 1 Hz, the Cx45 GJs showed
less reduction in the Gj at the end of 50 cycles, while the Gj of Cx40 GJs
remained unchanged during the entire 50 cycles. To quantitatively
evaluate this Vj-protocol to reduce the Gjs of Cx45 or Cx40 GJs, the
averaged conductance ratios (Gj/Gj,ini) were calculated from the last ten
points (grey areas in Fig. 8B) and plotted as bar graph under different
Vj-protocols, e.g. 3 Hz (Fig. 8C left panels) or 1 Hz (Fig. 8C right panels),
different junctional delays (1, 3, 10ms as indicated under each group of
bars), as well as different temperatures (22 °C white bars, 28 °C grey
bars, and 32 °C black bars). A significantly reduced Gj of Cx45 GJs was
observed when Δt = 10ms at 1 Hz, Δt= 3ms at 3 Hz, or Δt = 10ms at

Fig. 3. Vj-gating of Cx40 gap junctions showed little change in the extent at
tested temperatures. (A) Superimposed representative Cx40 junctional currents
(Ijs) were displayed in response to the indicated Vj pulses (± 20 to± 100mV)
at the indicated temperatures. (B) Normalized steady state junctional con-
ductance, Gj,ss, of Cx40 GJs were plotted at different Vjs. The Gj,ss – Vj plot was
fitted with a two-state Boltzmann equation at each Vj polarity under different
temperatures. The Boltzmann fitting curves at 22 °C (smooth dashed lines) were
also plotted on those of 28 °C (smooth grey lines) and 32 °C (smooth black lines)
for comparison. Number of cell pairs is indicated.

Fig. 4. Junctional current deactivation kinetics of Cx45 GJ changed under
different temperatures. (A) Cx45 GJ junctional currents (Ijs) at different tem-
peratures are normalized to the same amplitude for easy comparison of deac-
tivation kinetics at each tested Vj (60, 80, or 100mV). Smooth black line on
each Ij was a single exponential fit of the deactivation process. (B) The averaged
time constants (τs) of the exponential fit for each tested Vj at different tem-
peratures are plotted. Number of cell pairs is indicated for each temperature.
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3 Hz (Fig. 8C top panels). The Cx45 Gj reduction was consistent at all
tested temperatures, indicating this dynamic uncoupling is tempera-
ture-independent at our tested temperatures. Other Vj-protocols
(Δt = 1ms at 1 or 3 Hz, Δt = 3ms at 1 Hz) failed to cause a significant
reduction of Cx45 Gj (Fig. 8C top panels). Distinct from Cx45 GJs, the Gj

of Cx40 GJs showed no change at any of our tested Vj-protocols and any
tested temperatures (Fig. 8C bottom panels).

4. Discussion

In this study, we investigated temperature effects on Vj-gating
properties of two cardiac GJs. In the case of Cx45 GJs, increased tem-
perature from 22 °C to 28 °C (or 32 °C) led to an accelerated Vj-depen-
dent deactivation with little change in the extent of Vj-gating (a
minimum change in Boltzmann parameter, Gmin) at the tested Vj range.
The rate of recovery from deactivation of Cx45 GJs was also accelerated
at higher temperatures. The dynamic uncoupling with our designed
protocol was evident in Cx45 GJs when sufficient junctional delay and/
or repeating frequency provided. However, in the same tested tem-
peratures Cx40 GJs showed no change in the rate of recovery from
deactivation, no change in the Boltzmann fitting parameters for the Vj-
gating, and no dynamic uncoupling in any of our tested junctional
delays and/or repeating frequencies. The only temperature-dependent
effect of Cx40 GJs was an accelerated Vj-dependent deactivation ki-
netics. The time constants of the recovery time course from deactivation
of Cx40 GJs were much shorter (~70–100 fold shorter) than those of
Cx45 GJs. The unique dynamic uncoupling of Cx45 GJs may play a role
in a slower AV node conduction and preventing high rate of ventricular
beating from fibrillating atria in atrial fibrillation patients.

4.1. Effects of temperature on the Vj-gating kinetics of Cx40 and Cx45 GJs
and dynamic uncoupling

We found that the Vj-gating of both Cx40 and Cx45 GJs could be
fitted well by a single exponential process in the range of Vj values
between 60 and 100mV (Figs. 4 and 5). A faster kinetics (or smaller
time constants, τs) was observed when temperature was elevated from
22 °C to 28 °C for both GJs. However, further elevation of temperature
from 28 °C to 32 °C, we did not observe any significant further increase
in the kinetics of Vj-gating. The following two factors could play a role
in this observation. 1) The effects of temperature on the gating kinetics
are not linear for both GJs and might have been saturated in the range
of temperatures 28–32 °C. This hypothesis is qualitatively consistent
with the observations on several other voltage-gated ion channels with
a non-linear change in the gating kinetics [28,29]. 2) Some fluctuations
in measured Vj-gating kinetics are unavoidable for dual whole cell
voltage clamp (e.g. stability of whole cell access, and/or coupling level)
[24,30,31]. This system error together with a relatively lower tem-
perature gap (4 degrees from 28 to 32 °C) might have prevented us from
observing some small kinetic changes. We did try to perform dual patch
clamp at 34 °C or higher and unfortunately dual patch clamp at these
high temperatures were too unstable to yield enough meaningful data.
With this technical limitation, we chose to rely on extrapolation of ki-
netic changes in 22–28 °C to estimate Q10. Our estimated Q10 for de-
activation and recovery from deactivation of Cx45 GJ at Vj= 100mV
were 3.1 and 2.9, respectively. For Cx40 GJ at the same Vj, the Q10 of
deactivation and recovery from deactivation were 4.0 and 1.6, re-
spectively. These Q10 values of these GJs fall into the commonly

Fig. 5. Junctional current deactivation kinetics of Cx40 GJ changed under
different temperatures. (A) Cx40 GJ junctional currents (Ijs) at different tem-
peratures are normalized to the same amplitude for easy comparison of deac-
tivation kinetics at each tested Vj (60, 80, or 100mV). Smooth black line on
each Ij was a single exponential fit of the deactivation process. (B) The averaged
time constants (τs) of the exponential fit for each tested Vj at different tem-
peratures are plotted. Number of cell pairs is indicated for each temperature.

Fig. 6. Recovery from Cx45 Ij deactivation was faster at higher temperatures.
(A) A double voltage pulse protocol as shown at the top was used to study the
recovery time course of Cx45 Ij deactivation. The initial conditional Vj pulse
(100mV for 200ms) was used to deactivate Cx45 GJs, which was followed by a
test Vj pulse (100mV for 100ms) at different inter pulse intervals (0.1, 0.3, 1, 3,
10 s). The test Vj-induced Ijs were gradually recovered with the increase in the
inter pulse interval. Increase temperature from 22 °C to 28 °C or 32 °C, the re-
covery appeared to be faster. (B) The recovery percentage from deactivation
was calculated and was plotted as a function of inter pulse interval. The data on
each plot can be fitted well with a single exponential time course with a time
constant, τ=3.7 ± 0.9 s at 22 °C (smooth dashed lines on each plot),
τ=2.0 ± 0.4 s at 28 °C (smooth grey line), or τ=2.0 ± 0.1 s at 32 °C
(smooth black line).
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observed range 2–4 for many other ion channels [32].
We speculate that increasing temperature to human body tem-

perature (37 °C) is likely to accelerate the gating kinetics of Cx45 or
Cx40 GJs, which could lead to more dynamic uncoupling (or accumu-
lation of deactivated GJs) with our designed Vj protocols. Currently
experimental evidence for the deactivation kinetics of Vj-gating of these
GJs at 37 °C remains to be determined. In addition to the deactivation
kinetics, we have recognized that the recovery kinetics from deactiva-
tion of these GJs also played a key role in the dynamic uncoupling, e.g.
a faster recovery kinetic with higher temperatures could play an op-
posite role, i.e. decreasing dynamic uncoupling. Our experimental re-
sults showed that for Cx45 GJs, the recovery time course at 22 °C
(τ=3.7 s) was accelerated when temperature was increased to 28 °C or
32 °C (both cases, the τ=2 s). Interestingly, the dynamic uncoupling
with our designed Vj protocols was sustained and not changed sig-
nificantly at any of these temperatures, indicating that the temperature
dependent increase in deactivation kinetics was balanced by a tem-
perature dependent increase in the recovery kinetics of Cx45 GJs re-
sulting in similar accumulation of deactivated GJs in these Vj protocols.
In the case of Cx40 GJs, the recovery kinetics from deactivation was
(τ=0.036 s) about two orders faster than that of Cx45 GJs and we
observed a slightly lower, but not statistically different, time constants
(τ=0.027 s for 28 °C and 0.023 s for 32 °C) for the recovery kinetics.
We believe that these much faster recovery kinetics of Cx40 GJs are
responsible for our failure to observe any dynamic uncoupling with
tested junctional delays (1–10ms) and repeating frequencies (1–3 Hz).

Consistent with our results, an early study using dual patch clamp
on chick ventricular myocytes also reported a temperature dependent
increase in the GJ Vj-gating kinetics, including a faster deactivation
kinetics and a faster recovery kinetics for the recovery from deactiva-
tion [33]. The authors did not do any quantitative analysis of Q10 for

Fig. 7. Recovery from Cx40 Ij deactivation was not different at the tested
temperatures. (A) A double voltage pulse protocol as shown at the top was used
to study the recovery time course of Cx40 Ij deactivation. The initial conditional
Vj pulse (100mV for 600ms) was used to deactivate Cx40 GJs, which was
followed by a test Vj pulse (100mV for 100ms) at different inter pulse intervals
(5, 10, 50, 100, 300ms). The test Vj-induced Ijs were gradually recovered with
the increase in the inter pulse interval for all tested temperatures. (B) The re-
covery percentage from deactivation was plotted as a function of inter pulse
interval. The data on each plot can be fitted well with a single exponential time
course with a time constant, τ=36 ± 6ms at 22 °C (smooth dashed lines on
each plot), τ=27 ± 11ms at 28 °C (smooth grey line), or τ=23 ± 8ms at
32 °C (smooth black line). These τs are not statistically different.

Fig. 8. Dynamic uncoupling was observed in Cx45 GJs, but not in Cx40 GJs, at
the tested temperatures. (A) A generic cardiac action potential (AP) propagates
from Cell 1 (black) to Cell 2 (grey) with a junctional delay of Δt. Due to that
cardiac AP possesses a fast depolarization and a slower repolarization, the
voltage imposed on the GJs (dashed lines) was predicted to have a large tran-
sient Vj (~100mV with a duration of Δt) followed by a lower Vj during the
entire repolarization phase. A Vj-protocol was designed to simulate the voltage
changes on the GJs assuming the repolarization phase is ~70ms (grey line).
When a Vj-protocol with junctional delay, Δt= 10ms, was applied to a cell pair
expressing Cx45 at a repeating frequency of 3 Hz for 50 cycles, a reduction in
the Gj was observed reaching a steady state level of coupling after ~15 Vj

protocols (see enlarged inset). In contrast, the same Vj protocol failed to reduce
Gj in Cx40 GJs. Note that we only displayed all odd numbered records for both
Cx45 and Cx40 GJs. (B) The coupling conductance was normalized to the initial
coupling conductance (Gj/Gj,ini) and plotted with time during the 50 cycles at
3 Hz (left panel) or at 1 Hz (right panel). Note that Cx45 GJs (black circles)
showed frequency and junctional delay time dependent uncoupling during the
50 cycles, while Cx40 GJs (white circles) showed no change in Gj under the
same conditions. The average of last 10 points in the light grey zone was used to
generate the bar graph below. (C) The average of last 10 normalized Gj ratio
(Gj/Gj,ini) from experiments described above was plotted as bar graph to show
the coupling level change under different experimental conditions. The Cx45
GJs showed a significant Gj reduction at Δt= 3, or 10ms at 3 Hz, or Δt= 10ms
at 1 Hz in every tested temperature (top panels). The dynamic uncoupling of
Cx45 GJs were sustained at similar levels at all three tested temperatures. While
Cx40 GJs showed no change in Gj in any of our tested conditions (bottom pa-
nels).
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these gating kinetics, but observed a Q10 of coupling conductance
changes to be 2.2 in the temperature range of 21–26 °C and a higher
Q10 of 6.5 in the temperature range of 14–21 °C [33]. We did not ob-
serve any statistically significant temperature-dependent conductance
change in either Cx45 or Cx40 GJs (see Fig. 1 and Supplemental Fig. 1),
which might be due to the follow reasons: 1) the human Cx45 or Cx40
GJs may have little temperature-dependent conductance (Gj) changes
from those GJs in the young chick ventricular myocytes; 2) perhaps that
there could be a temperature-dependent change in the Gj of Cx45 or
Cx40 GJs, but in our tested temperature range (22–32 °C) the Gj

changes could be too small to be detected with our way of measuring Gj,
i.e. non-paired data at different temperatures due to limited time
window to perform stable dual patch clamp in combination with large
variations in the Gj of different cell pairs. Future systematic study on
same cell pairs at different temperatures may help to resolve this issue.

Dynamic down regulation of Gj have been observed in vitro on ex-
pressed rat Cx43 and Cx40 GJs using a simulated cardiac action po-
tential as Vj [21,22]. Similar GJ uncoupling was also demonstrated in
cultured mouse ventricular myocytes using the same Vj protocols [20].
Rotigaptide, an anti-arrhythmia agent, was able to dose-dependently
decrease the GJ deactivation extent and kinetics, which could be par-
tially responsible for the reduction in the dynamic uncoupling in mouse
ventricular myocytes [34]. It is important to note that the peak re-
duction in the Gj in these studies was during the plateau phase (~50%)
of a cardiac action potential [20–22], unlike the present study the Gj

was reduced at the resting level (not during a Vj-protocol) due to an
accumulation of deactivated GJs. It would be very interesting to see if
rotigaptide is able to modify the dynamic uncoupling of Cx45 GJs.

Our results were obtained using in vitro expression in GJ-deficient
model cells, where we are able to have a good control over expressed
connexin type. Whether the endogenously expressed Cx40 or Cx45 GJs
in various regions of the heart also possess similar temperature de-
pendent Vj-gating kinetic changes remains to be determined.

4.2. Cardiac action potential propagation in different regions of the heart

A cardiac cycle can be described as a sequence of electrical (action
potentials, APs) followed by mechanical (contractions) events in dif-
ferent regions of the heart to ensure a rhythmic well-coordinated con-
tractions to pump blood into the circulation system [35]. The APs
generated in the SA node propagate rapidly throughout the atria and
converge at the AV node, where a much slower propagation velocity is
observed forming an apparent delay at the AV node (known as AV
delay). After going through the AV node, the AP propagation velocity
accelerates into a much faster speed in the ventricular conduction
system (his bundle, bundle branches, and Purkinje fibers) to reach
ventricular myocardium leading to synchronized activation of ven-
tricles [10,36,37]. There are several factors responsible for different
propagation velocity in different regions of the heart, including the cell
types and their size and shape, the cell excitability largely determined
by the abundance and distribution of ion channels (e.g. Na+, Ca2+, and
K+ channels) and transporters, and the effectiveness of gap junctional
intercellular communication between cardiomyocytes. Gap junctional
intercellular communication is measured quantitatively by coupling
conductance (Gj). The higher the Gj, the faster the current spreads from
one cell to another resulting faster propagation velocity [38,39]. The Gj

is determined by the total number of GJ channels between cells, the
single channel conductance of each GJ channel, and their functional
states (fully open, subconductance, or closed states). The GJ functional
states can be dynamically modulated by chemicals and transjunctional
voltage (Vj). Transjunctional voltage-dependent gating (Vj-gating) is an
intrinsic property in all characterized GJs. Among the three cardiac
connexins, Cx43 GJs showed the lowest Vj-gating extent (reflected by a
higher Gmin, 0.2–0.6, a Boltzmann fitting parameter for Gj,ss – Vj re-
lationship), a higher level of Vj to deactivate half GJ channels (the
Boltzmann parameter V0), and much slower deactivation kinetics

comparing to those of Cx40 or Cx45 GJs [40–43]. The recovery from
deactivation of Cx43 GJ was also very rapid with 82% recovery ob-
served with only 30ms interval with a simulated cardiac AP as Vj [22].
These properties make the Cx43 GJ the most robust GJ in the heart in
terms of Vj modulation and interestingly the Cx43 is the most abundant
connexin subtype in all regions of the heart except in the nodal cells. At
individual channel level, Cx43 GJ showed a moderate level of single
channel conductance of ~100 pS with multiple levels of sub-
conductance states [12]. The second abundant connexin subtypes in the
heart is Cx40. Cx40 is expressed together with Cx43 and Cx45 in the
atria and the ventricular conduction system [3,5,6]. The GJs formed by
Cx40 showed the largest single channel conductance (~160 pS) among
cardiac connexins and therefore require a smaller number of GJs to
achieve the same level of coupling. Cx40 GJ showed a strong Vj-gating
(with Gmin ~ 0.2 and V0 ~40mV) when studied at room temperature
[23]. Here we showed for the first time that elevation of temperatures
from 22 °C to 28 °C or 32 °C, had no effect on the coupling conductance
(Gj) in our model cells expressing Cx40 (Fig. 1 and Supplemental
Fig. 1). The only significant temperature-dependent change was an
increased deactivation kinetics of the GJ. However, the recovery from
deactivation of Cx40 GJ appear to be very rapid and temperature-in-
sensitive. The least abundant cardiac connexin in the human heart is
Cx45, whose distribution is mostly restricted to the nodal cells in SA
and AV nodes. The single channel conductance of Cx45 GJ (~35 pS) is
the lowest among cardiac connexins [12,44], which means that a much
higher number of Cx45 GJs is required to reach the same level of Gj.
Interestingly, Cx45 GJs displayed the strongest Vj-gating defined by the
following parameters: 1) a very low level of Gmin (~0.1), which means
that about 90% GJs can be closed when sufficient Vjs are provided; 2)
lowest level of Vjs required to have 50% Vj-gating (~20mV for V0); 3)
Vj-dependent deactivation kinetics was the fastest among cardiac con-
nexins and higher temperature accelerated this kinetic process even
more (Fig. 4). 4) A much slower recovery from deactivated GJs than
that of Cx40 GJ (Fig. 6). These unique properties of Cx45 GJ make it the
most vulnerable for Vj-dependent dynamic modulation of the coupling
conductance (Gj). Our designed junctional delay derived Vj protocol
demonstrated that indeed Cx45 GJs could be dynamically uncoupled
when sufficient junctional delays and repeating frequency are provided.

4.3. GJ coupling level is an important contributing factor to alter AV delay

Many structural and functional factors contribute to AV nodal delay,
including 1) smaller cell size in the node which increases the number of
cell junctions, where the AP propagation is much slower [45]; 2)
complex cell architecture and the presence of non-excitable tissues
(working as insulators) that increase the passage length for the propa-
gation in the AV node [10,46]; 3) intrinsic electrical properties of AV
nodal cells [47,48], including a relative low expression of the Na+

channels [49,50] responsible for the onset of AP depolarization which
would slow the rate of AP depolarization and reduce AP amplitude
[51], different set of K+ channels from those in atrial/ventricular
myocytes which resulted in a more depolarized resting membrane po-
tential and different shape of the APs [10,27,50,52]; 4) a lower GJ
coupling in the AV node [37].

Human AV node GJs are mostly composed of Cx45 without Cx31.9,
unlike the mouse nodal cells where both Cx45 and a homolog of human
Cx31.9, Cx30.2, are expressed and appeared to be redundant [53]. Most
of the human AV nodal GJs are predicted to be homotypic Cx45 GJs
with possible involvement of heterotypic GJs at the borders linking to
atria or His bundle (both tissues expressing Cx43 and Cx40) [3–5,37].
According to a previous study that human Cx40 was unable to form
heterotypic GJs with human Cx45 [19], which make two main func-
tional AV nodal GJs being either homotypic Cx45 or heterotypic Cx45/
Cx43 GJs. As discussed above, Cx45 GJs showed the lowest level of
single channel conductance (γj), the most prominent Vj-gating, and the
fastest Vj-gating kinetics among the cardiac connexins. In addition,
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immunolabeling study showed that Cx45 commonly formed much
smaller GJ plaques at the cell junctions, which indicated a lower
number of GJs at the nodal junctions [3,8]. For heterotypic cell junc-
tions of expressing Cx45 in one and Cx43 in the other, we have ex-
perimental evidence that heterotypic Cx43/Cx45 GJs are functional and
displayed asymmetric Vj-gating with gating observed when Cx45 cell
was with -Vj. The Boltzmann Vj-gating parameters of this heterotypic
Cx43/Cx45 GJ were very much similar to those observed with homo-
typic Cx45 GJs indicating that the gating of the heterotypic GJs was
likely due to Cx45 connexon gating not the Cx43 connexon [19]. It is
not clear that if heterotypic Cx43/Cx45 GJs are also temperature de-
pendent similar to those observed for Cx45 GJs, this would be an in-
teresting topic for future studies.

In conclusion, increasing in temperature increased deactivation
gating kinetics of Cx40 and Cx45 GJs, increased the recovery kinetics of
Cx45 GJs from deactivation. However, the extent of Vj-gating of both
GJs and the recovery kinetics of Cx40 GJs showed little temperature
dependence in the tested temperature range. Sufficiently long junc-
tional delays at regular or elevated heart beating frequency could cause
uncoupling of Cx45 GJs, but not Cx40 GJs.
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ABSTRACT  

Hypercholesterolemia is a hyperlipidemia disorder characterized by elevated circulating 

levels of total cholesterol. Hypercholesterolemia-linked increase in the risk to develop 

cardiovascular diseases has long been investigated, however mostly associated with 

vascular dysfunction and atherosclerotic lesions, while evidence of direct effects of 

hypercholesterolemia on heart function is still incomplete and controversial. 

Manipulation of cell cholesterol content through the use of cyclodextrins and exposure 

to lipoproteins suggests that cholesterol-enriched domains plays an important role in the 

function of ion channels and secondary messengers, and therefore could significantly 

affect cardiomyocytes function. In this study, we accessed the direct effects of 

hypercholesterolemia in the heart and in isolated cardiomyocytes electrical and 

contractile functions. After 5 weeks male Swiss mice fed with AIN-93 diet added with 

1.25% cholesterol develop an increase in total serum cholesterol levels and in cellular 

cholesterol content. Isolated cardiomyocytes displayed modulation of action potential 

waveform, followed by increasing IK, reducing ICa and alterations in Ca2+ handling. 

Contractile function was comparable to control mice, fed with AIN-93 without 

cholesterol supplementation. Ischemia and reperfusion had similar effects on contractile 

properties of isolated hearts from hypercholesterolemic mice, however, with partial 

protection against arrhythmias. Electrocardiographic records were similar between 

experimental groups, apart from a slight shortening of QT interval. Our findings 

contribute to elucidate the role of high circulating cholesterol in the modulation of 

cardiac electro-mechanical properties, providing substantial insights to understand 

hypercholesterolemia-related cardiovascular dysfunctions. 

 

 

 

 

 

 



 INTRODUCTION 

Hypercholesterolemia is a type of hyperlipidemia disorder in which there is elevated 

circulating levels of total cholesterol. Hypercholesterolemia may arise as a consequence 

defect in the gene encoding the LDL receptor ( for familial hypercholesterolemia), or 

due to metabolic disorders associated with an unbalanced diet, including obesity and 

diabetes [1]. Association between hypercholesterolemia and cardiovascular diseases 

(CVD) has long been investigated [2], [3]. Over the subsequent years, epidemiological 

data stretched the role of dyslipidemias, particularly hypercholesterolemia playing a 

crucial role in the establishment and progression of CVD [4], [5], [6], [7], [8] and 

several trials have demonstrated that lowering cholesterol levels, primarily LDL-

containing cholesterol, are effective in ameliorating vascular dysfunction and mortality 

[9]. 

The accumulation of LDL-cholesterol over time driving the formation of foam cells 

with a consecutive proliferation of atherosclerotic lesions is well understood as 

increasing the risk of CVD [10], [11]. However, apart from vascular-dependent cardiac 

overload and malfunction, direct effects of hypercholesterolemia on heart mechanic and 

electrical properties are less abundant and not conclusive. It seems to be a consensus 

that hypercholesterolemia induces additional myocardial damage and dysfunction 

during  Ischemia/Reperfusion (IR) injury [12], [13] and, turns the heart insensitive to 

ischemic preconditioning and postconditioning effects [14], [15]. Nonetheless, 

hypercholesterolemia was also reported to improve myocardial function [16]. In 

addition, there is evidence suggesting that hypercholesterolemia might protect against 

ischemia-induced arrhythmias [17].  

Cholesterol direct effects on cardiomyocytes function have becoming a target for many 

studies. Those efforts are substantiated in the evidence that cholesterol-enriched lipid 

domains can concentrate, through direct interactions with lipids or in association with 

proteins for example caveolins, signaling molecules [18], [19], [20], [21], [22] and ion 

channels [23], [24]. However, the majority of experimental design attempting to 

elucidate cellular cholesterol content modulation direct effects on cardiomyocytes 

excitation, contraction and signaling pathways, is based o the use of cyclodextrins, 

liposomes or exposure to isolated lipoproteins. Such approach imposes important 

limitations, as it excludes the contribution of cell communication with other systems 



like the immune system, vasculature, and endocrine system in an environment of 

hypercholesterolemia. Furthermore, a longitudinal potential is limited since those 

methodologies promote abrupt depletion/input of cell cholesterol. Therefore, 

experimental models of hypercholesterolemia with modification on cell cholesterol 

content would significantly contribute to the elucidation of hypercholesterolemia direct 

effects on cardiomyocytes function.  

It is hypothesized that hypercholesterolemia directly affects cardiomyocytes and heart 

function. In our study, we accessed the effects of early-stage hypercholesterolemia on 

cardiomyocytes excitability, contraction, and remodeling of Ca2+ handling as well as in 

in vivo/ex vivo hearts using a murine model fed with a cholesterol-enriched diet. After 5 

weeks, cholesterol-enriched diet promoted an increase in the total serum cholesterol 

levels and also increases in cellular cholesterol content. The isolated cardiomyocytes 

from hypercholesterolemic mice displayed altered action potential (AP) depolarization 

and repolarization phases, followed by increasing IK and reducing ICa and alterations in 

Ca2+ handling. Contractile function, on the contrary, was preserved. Isolated hearts from 

hypercholesterolemic mice presented similar contraction properties compared to the 

control group during IR, although hypercholesterolemia was found to partially protect 

the hearts against arrhythmias. Finally, hypercholesterolemia induced little changes in 

the electrocardiogram (ECG), particularly a slight shortening of QT interval. Our 

findings will help to understand direct effects of cholesterol in the modulation of cardiac 

electromechanical properties and in hypercholesterolemia-related cardiovascular 

dysfunctions. 

METHODS 

1- Experimental Models  

Male Swiss mice at 6-week age were fed at libitum with AIN-93 [25] diet, in the 

absence (CTR) or added with 1.25% cholesterol (CHO). AIN-93 diet was maintained 

for 5 consecutive weeks, from which blood samples were collected to evaluate 

circulating levels of total cholesterol and mice were then euthanatized for use in 

experiments.  Experiments were performed in accordance with guidelines provided by 

Animal Research: Reporting In Vivo Experiments (ARRIVE). All surgical and 



management procedures were previously approved by the Institutional Animal Care and 

Use Committee at Federal University of Minas Gerais (UFMG).  

2- Cardimyocytes isolation 

Left ventricle cardiomyocytes were isolated according to a previously described method 

[26], with minor modifications. Freshly isolated cells were kept in Tyrode solution 

(containing, in mM: 140 NaCl, 5.4 KCl, 0.5 MgCl2, 0.33 NaH2PO4, 11.0 glucose, 5.0 

HEPES, and 1.8 CaCl2, pH 7.2) at room temperature (22 - 25 °C). Experiments were 

conducted for at most 3 h after each cell preparation. 

3- Gas Chromatography (GC) 

Lipid fraction of freshly isolated left ventricle cardiomyocytes pellet extracted following 

folch method [27], in which a separation solution consisting of chloroform/methanol in 

a ratio of 2:1 (v/v) was used. Cell sample was sonicated (10 min) and lipid phase 

(dense) was separated from the water-soluble phase after 30 s centrifugation (2000 

rpm). Lipid extracted phase was dried out and submitted to saponification reaction with 

25 ml ethanolic sodium hydroxide (1 M) under heating. The unsaponifiable phase 

(enriched in cholesterol) was extracted with ethyl acetate and dried out overnight. The 

unsaponifiable matter was treated with N,O-Bis(trimethylsilyl)trifluoroacetamide 

(BSTFA) to obtain trimethyl-silyl (TMS) derivatives. The GC analyses were run using a 

gas chromatograph HP7820A (Agilent) equipped with a flame ionization detector at 300 

°C. To access cholesterol separation from contaminants, sample was submitted to a 

ramp protocol starting from 250 °C at a rate of 10 °C/min for 5 min, with an injector 

(split 1:30) at 300 °C, using an HP5 column (Agilent; 30 m x 0.32 mm x 0.25 um), with  

hydrogen was used as the carrier gas (3 ml/min). An injection volume of 3 μl was 

applied to the column. Cholesterol peak identification and concentration were calculated 

comparing peak areas with a standard curve using known concentration of cholesterol 

(Sigma Aldrich) analyzed under same conditions as samples. The final content of 

cholesterol was presented normalized by total protein concentration taken from particle 

free supernatant obtained before lipid extraction using bovine serum albumin as 

standard. 

4- Patch-Clamp technique 



Whole-cell patch clamp was performed using an EPC-10 patch clamp amplifier (HEKA, 

Holliston, Massachusetts) at room temperature (22 - 25 °C), in voltage-clamp mode for 

current measurements and in current-clamp mode for AP recordings [28]. Glass pipettes 

were set with 1-2 MΩ tip resistance. Current measurements were low-pass filtered 

(Bessel active filter with cutoff frequency of 2.9 kHz) and electronically compensated 

for series resistance (60 - 80%). After achieving the whole-cell configuration, a 2 - 3 

min resting period was waited before any recording takes place, to allow proper dialysis 

between pipette solution and intracellular media. In addition, cell in which total series 

resistance reached a value equal or higher than 8 MΩ were excluded from analysis, to 

prevent exacerbated voltage-clamp errors.  In the AP recordings, after achieving the 

whole-cell configuration, amplifier was immediately switched to current-clamp mode 

and resting membrane potential was measured before the pipette solution equilibration. 

Pipettes were filled with an internal solution composed by, in mM: 20 KCl; 130 K-

aspartate; 130 KOH; 10 HEPES; 2 MgCl2; 5 NaCl, pH 7.2, and bathed with Tyrode 

solution. AP recordings were sampled at 10 kHz. For calcium current (ICa-L) recordings, 

pipettes were filled with a solution composed by, in mM: CsCl 140; MgCl2.6H2O 1; 

HEPES 10; EGTA 10; Na2ATP 5, pH 7.2, and cells were bathed in a solution 

containing, in mM: TEA-Cl 150; MgCl2.6H2O 0.5; Glucose 11; HEPES 10; 

CaCl2.2H2O 1.8. During outward potassium current (IK) measurements, pipettes were 

filled with a solution containing, in mM: 140 KCl, 1 MgCl2, 10 EGTA, 10 HEPES, 5 

Glucose, pH 7.2 and cells were bathed in a solution containing, in mM: NMDG 140 

KCl 5.6; MgCl2.6H2O 0.5; CdCl2.H2O 0.1; HEPES 10; Glucose 11; CaCl2.2H2O 1.8. 

Current records were sampled at 10 kHz and 5 kHz, respectively, for ICa-L and IK. ICa-L 

was fitted with a Boltzmann equation in the form: 𝐼(𝑉𝑚) = 𝐺𝑚𝑎𝑥 ∗
(𝑉𝑚−𝐸𝑖)

1+ 𝑒
(𝑉𝑚−𝑉50)

𝑠

, where 

Gmax is the maximal conductance; Vm is the tested membrane potential; Ei, is the 

calculated electrochemical equilibrium potential for ion i; V50 is the membrane potential 

where 50% of the channels are activated and S is the slope factor. G/GMAX and I/IMAX 

plots were fitted using the Boltzmann equation in the form: X/XMAX= 𝐺𝑚𝑎𝑥 ∗

1

1+ 𝑒
(𝑉50−𝑉𝑚)

𝑠

, where X/XMAX represents I/IMAX or G/GMAX; V50 is the membrane potential 

to reach 50% of the maximum conductance (for G/GMAX) or of the maximum current 

(for I/IMAX) inactivated and S is the slope factor. 

 



5- Sarcomere dynamics measurements 

Sarcomere contraction was recorded using a high-speed NTSC camera 

(MyoCamCCD100V, IonOptix, Milton, MA, USA, 250 Hz) and analyzed based on 

sarcomere deconvolution through a fast Fourier transform (IonWizard, IonOptix, 

Milton, MA, USA). Freshly isolated left ventricle cardiomyocytes were left sit in a 

coverslip assembled into a chamber containing a pair of platinum electrodes. Field 

stimulation (MyoPacer, IonOptix, Milton, MA, USA) set with 4 ms duration and 60 V 

biphasic pulses were imposed to cardiomyocytes, bathed in Tyrode solution at a 

stimulation frequency of 1 Hz. Five consecutive events of sarcomere shortening and re-

lengthening were averaged for each cell analysis. Sarcomere sizes were measured using 

a fast Fourier transform algorithm (IonWizard, IonOptix, Milton, MA, USA), in a 

relaxed state, without stimulation. All experiments were performed at room temperature 

(22 - 25 °C). 

6- Fluorescence measurements of intracellular Ca2+ transients 

Cardiomyocytes were loaded with 1 µM of the dual-excitation fluorescence probe 

Fura2-AM (Santa Cruz, USA) at room temperature for 20 min under gentle agitation 

and protected from light exposure. Intracellular Ca2+ transients were elicited 

simultaneously with sarcomere contraction experiments, using the same stimulation 

protocol. A 340/380 nm dual excitation light source was used through a high-speed 

shutter (Hyper-Switch, IonOptix, Milton, MA, USA) with a fluorescent bulb and 

appropriate light cube filter. Fluorescence emission was detected using a 

photomultiplier tube (PMT), controlled and digitized by a fluorescence system interface 

(FSI700, IonOptix, Milton, MA, USA). The fluorescence obtained from both excitation 

light sources was used to calculate Ca2+ concentration following the equation:[𝐶𝑎2+] =

𝐾𝑑 ∗
𝑅−𝑅𝑚𝑖𝑛

𝑅𝑚𝑎𝑥−𝑅
∗

𝑆𝑓2

𝑆𝑏2
  [29], in which Rmax and Rmin are the ratio of fluorescence in depleted 

and saturated Ca2+ condition, obtained during in vivo calibration, Sf2 and Sb2 are the 

fluorescence arbitrary values for 380 nm excitation wavelength in depleted and 

saturated Ca2+ condition, and Kd is the Ca2+-Fura-2 dissociation constant (assumed as 

225 nM). In vivo calibration was performed according to manufacturer instructions, 

using 5 µM ionomycin to modulate cell calcium concentration. Calibration was 

performed on each cell pool load, averaging the values from a sample of 3-5 cells, and 



used to calculate Ca2+ concentration of cells from the same load. Five consecutive 

events of global calcium transient were averaged for each cell analysis.  

7- Protein quantification: Western-Blot 

Tissue samples were homogenized in Rippa Lysis Buffer (Millipore, USA) and 

centrifuged at 10,000 g for 15 min at 4 °C. The protein samples were mixed with 

denaturing SDS-PAGE buffer, heated at 95 °C for 3 min, fractionated in a 10% 

polyacrylamide gel, and transferred to a pvdf-transfer membrane. Protein bands on the 

membrane were stained with Ponceau to check for equal loading. The membranes were 

incubated with the anti-Cav1.2 primary antibodies (Santa Cruz Biotechnology, USA). 

The signal was detected using Luminata Western blotting detection system (Millipore, 

USA) followed by densitometric analyzes with the software ImageQuantTL. GAPDH 

was used as a control for variations in the protein loading. 

8- Ischemia-Reperfusion experiments  

Langendorff perfusion system was used to evaluate the effects of hypercholesterolemic 

diet in heart function. Mice were decapitated 10 min after i.p. injection of 400 IU 

heparin. Thorax was opened and the heart was rapidly excised and mounted onto the 

aortic cannula by the Langendorff apparatus (AD Instruments) at a constant pressure of 

60 mmHg with oxygenate (95% O2, 5% CO2) and warm (37 oC) Krebs-Ringer buffer 

(118.4 mmoL/L NaCl, 4.7 mmoL/L KCl, 1.2 mmoL/L KH2PO4, 1.2 mmoL/L 

MgSO4·7H2O, 2.5 mmoL/L CaCl2·2H2O, 11.7 mmoL/L Glucose e 26.5 mmoL/L 

NaHCO3). After 30-min stabilization period, the left anterior descending coronary artery 

was tied to block solution flow as described [30] together with the adjacent veins, under 

the left auricular appendage. After 30 min, vascular occlusion was released and 

reperfusion took place for over 90’ with Krebs-Ringer solutions. All hemodynamic 

parameters were measured by using an elastic water-filled balloon placed in left 

ventricle that was connected to a pressure transducer to record the left ventricular 

systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), rates of 

pressure development (dP/dt) and heart rate (HR). In order to obtain a quantitative 

measurement, arrhythmias were graded arbitrarily according to their duration. 

Therefore, the occurrence of cardiac arrhythmias for up to 5 min was assigned the factor 

1, 10 min was assigned the factor 2, 15 min was assigned the factor 3, 20 min was 

assigned the factor 6, 25 min was assigned the factor 9, and 30 or more min was 



assigned the factor 12. A value of 0-12 was thus obtained in each experiment and was 

denoted “arrhythmia severity index” (ASI) as previously described [31]. All data were 

acquired by acquisition data system PowerLab, LabChart 7 (ADInstruments, São Paulo, 

Brazil). Hearts were maintained in stabilization for 30 min period, 15 min of ischemia 

and 90 min of reperfusion. 

9- Electrocardiography 

We used a six-channel non-invasive electrocardiograph (ECG-PC version 2.07, 

Brazilian Electronic Technology - TEB, Belo Horizonte, MG, Brazil). After sedation 

(1.5% Isoflurane, vaporized on moisturized compressed air), electrodes were attached 

on mice limbs skin, and the periphery 6 derivation were simultaneously recorded for 10 

min on each animal. Mean wave parameters were obtained from DII, at 50 mm/s, and 2 

N, and all 6 derivations were monitored for arrhythmias prospection. 

10- Statistical analysis  

Data are presented as means ± standard error (SE), unless when indicated. Statistical 

significance between groups was determined by the appropriate statistical test according 

to sample distribution, as indicated for each experiment. Significance was set at p<0.05, 

while confidence level of significance for rejection of null hypothesis is indicated in 

each test (p<0.05; p<0.01; p<0.001). Data were analyzed using GraphPad Prism 6.0. 

RESULTS 

1- High cholesterol-fed mice display increased serum and cellular cholesterol content 

Male 8-12 week aged Swiss mice were randomly split into two groups and fed at 

libitum with AIN-93 diet or AIN-93 added with 1.25% cholesterol. After 5 weeks of 

treatment, no differences were observed in mean body weight (Fig 1A), nor in the heart 

weight over tibia length. However, high-cholesterol diet fed mice (denoted as CHO) 

displayed increased total serum cholesterol levels (Fig 1C, *p<0.05). Cellular 

cholesterol content was evaluated through gas-chromatography using freshly isolated 

cardiomyocytes from experimental groups. As demonstrated in Fig 1D, CHO mice had 

higher cellular cholesterol content (*p<0.001) when compared to regular AIN-93 fed 

mice (denoted as CTR) In addition, mean cardiomyocyte capacitance was ound 

increased in the high cholesterol fed experimental group. All data described above was 



tested with unpaired student’s T-test after D'Agostino & Pearson omnibus normality 

test. 

2- High cholesterol-fed mice display increased rates of action potential depolarization 

and reduced repolarization time 

To investigate the effects of a high cholesterol diet on the electrical properties of freshly 

isolated cardiomyocytes, we elicited left ventricle cells APs through a 1 nA amplitude 

and 3-5 ms duration depolarization pulses with 1 Hz frequency, and tracked membrane 

voltage using whole-cell patch-clamp technique in current clamp mode, leaving 

membrane potential unclamped (i.e. without input of constant current). Representative 

APs from CTR and CHO isolated cardiomyocytes are shown in Fig 2A. CHO 

cardiomyocytes had comparable AP amplitude and resting membrane potential to CTR 

(Fig 2B and Fig 2D, respectively). CHO cardiomyocytes displayed increased maximum 

rate of AP depolarization (Fig 1C, *p<0.05). Regarding the repolarization phase, CHO 

isolated cardiomyocytes displayed reduced time to reach 90% of repolarization when 

compared to CTR (Fig 1G, *p<0.05). Although there is a trend to a lower mean time to 

reach 10% (Fig 1E) and 50% (Fig 2F) of repolarization, such mean difference was not 

considered to be significant. The data described above was tested with Mann Whitney 

test to compare medians after a Gaussian approximation. Normality was tested with 

D'Agostino & Pearson omnibus test.      

3- Characterization of macroscopic K+ currents in high cholesterol-fed mice 

Evaluation of AP waveform demonstrated modulation of repolarization in CHO isolated 

cardiomyocytes. In order to evaluate macroscopic K+ currents, isolated cardiomyocytes 

were stimulated through a series of voltage steps (4 s long, every 15 s) ranging from -60 

mV to +60 mV, from a holding potential of -70 mV. Representative traces of K+ 

currents are shown in Fig 3A. Peak outward current was normalized by cell capacitance 

and plotted against membrane voltage (Fig 3B). CHO cardiomyocytes displayed an 

increased current density when compared to CTR (p<0.001). Peak current at each 

potential was normalized by the maximum current at +60 mV and plotted against 

membrane voltage (Fig 3C), in order to evaluate the fractional current to be activated 

depending on membrane voltage, as a means to reflect the stationary voltage-dependent 

activation of K+ channels. As demonstrated, V1/2, the voltage at which half of 

maximum current is achieved, is comparable between CHO and CTR cardiomyocytes. 



To evaluate individual contributions of outward K+ currents, +50 mV stimulation pulse 

was fitted with an exponential function (refer to methods) and the peak contributions 

(Ito, Ikur and Iss) were discriminated based on the time constants for current inactivation. 

One K+ current identity that cannot be properly appreciated in the stimulation protocol 

described above is the inward rectifying K+ current (IK1), due to inward rectification. An 

adapted protocol was used, with a series of voltage steps (3 s long, every 15 s) ranging 

from -140 mV to -60 mV, from a holding potential of -70 mV.  Representative traces 

are presented in Fig 3E. Peak IK1 current was normalized by cell capacitance and plotted 

against membrane voltage (Fig 3B). CHO cardiomyocytes displayed an increased 

current density when compared to CTR (p<0.001). Fig 3B and Fig 3F were tested with 

2-way ANOVA followed by Bonferroni post hoc test. Fig 3C was fitted with a 

Boltzmann equation and calculated V1/2 was tested with unpaired students T-test. Fig 

3D was tested with unpaired students T-test. Normality was tested with D'Agostino & 

Pearson omnibus test. 

4- Characterization of L-Type Ca2+ currents in high cholesterol-fed mice 

Other component highly involved in the progression of AP repolarization in ventricular 

myocytes is the L-type Ca2+ current, as it imposes a resistance to the repolarization. In 

order to evaluate the L-type Ca2+ current, isolated cardiomyocytes were stimulated with 

a series of voltage steps (500 ms long, every 10 s) ranging from -80 mV to +50mV, 

from a holding potential of -80 mV. Representative traces of Ca2+ currents are shown in 

Fig 4A. Peak current was normalized by cell capacitance and plotted against membrane 

voltage (Fig 4B). CHO cardiomyocytes displayed reduced Ca2+ current density when 

compared to CTR (p<0.001). Conductance (G) at each potential was normalized by 

maximum conductance (GMAX) obtained after fitting the I-V plot from Fig 4B with a 

Boltzmann equation. G/GMAX plot represents the stationary voltage-dependent 

activation of Ca2+ channels (Fig 4C), in which CHO and CTR cardiomyocytes behave 

similarly, as indicated by the comparable V50 for G/GMAX, the voltage at which half of 

maximum conductance is achieved (Fig 4E). A second protocol was applied to evaluate 

the voltage-dependent inactivation of L-type Ca2+ current (Fig 4D, H∞). In these 

experiments, a 0 mV 300 ms testing pulse was applied after each voltage step described 

before. Peak current of testing pulse after each voltage step was normalized by 

maximum current that occurs at -80 mV conditioning pulse (from the voltage step 

protocol) and plotted against membrane voltage from conditioning pulse. CHO and 



CTR cardiomyocytes have comparable stationary voltage-dependent inactivation, as 

indicated by the V50 for H∞ (Fig 4F). Finally, expression of Cav1.2 is reduced in CHO 

left ventricle compared to CTR mice left ventricle (Fig 4G) arguing in favor of the 

reduced current density in isolated cardiomyocytes. Fig 4B was tested with 2-way 

ANOVA followed by Bonferroni post hoc test. Fig 4C and Fig 4D were fitted with a 

Boltzmann equation and calculated V50 in Fig 4E and Fig 4F were tested with unpaired 

students T-test. Fig 4G was tested with Mann Whitney test. Normality was tested with 

D'Agostino & Pearson omnibus test.  

5- Ca2+ handling properties in high cholesterol-fed mice 

Changes in L-type Ca2+ current might trigger alterations in cardiomyocytes Ca2+  

handling as a consequence of the intrinsic association between Ca2+-induced RyR 

activation with further Ca2+ release from SR stores [32], [33], [34]. Global Ca2+ 

transients were elicited through field stimulation (at 1 Hz, 4 ms duration and 60 V bi-

phasic pulses) in cardiomyocytes loaded with Fura2-AM probe. Representative Ca2+ 

transients are presented in Fig 5A. Ca2+ concentration during peak transient and after 

full cell relaxation is plotted in Fig 5B and Fig 5C, respectively. CHO cardiomyocytes 

have lower diastolic Ca2+ concentration when compared to CTR (*p<0.01), while peak 

transient reached similar Ca2+ concentrations. When cardiomyocytes were stimulated 

with the beta-agonist isoproterenol, both diastolic and peak transient Ca2+ concentration 

was increased (*p<0.05 and #p<0.001). In addition, diastolic Ca2+ concentration in CHO 

cardiomyocytes stimulated with isoproterenol was lower compared to isoproterenol-

stimulated CTR cells (&p<0.05). The time required to reach peak transient concentration 

was also evaluated (Fig 5D). CHO cardiomyocytes displayed reduced time to reach 

peak transient compared to CTR (*p<0.05) and isoproterenol stimulation had no effects 

on this variable, compared to the respective non-stimulated groups. The decay of Ca2+ 

transients was comparable between CHO and CTR cardiomyocytes, demonstrated by 

the similar time constant for fluorescence decay (Fig 5E). Exposure to isoproterenol 

increased the transient decay speed, as evidenced by reduced time constant compared to 

non-stimulated groups. However, both isoproterenol-stimulated CHO and CTR cells 

had comparable time constants for Ca2+ transient decay. Statistics were performed using 

Kruskal-Wallis test for Gaussian approximation followed by Dunn's multiple 

comparison post hoc test. Normality was tested with D'Agostino & Pearson omnibus 

test. 



6- Evaluation of cardiomyocytes’ contractile properties of high cholesterol-fed mice 

Considering the central role of Ca2+ to the proper functioning of the contractile 

machinery, changes in Ca2+ handling might implicate in alterations of cardiomyocytes’ 

contractile properties. We accessed cardiomyocytes contraction through field 

stimulations (at 1Hz, 4 ms duration and 60 V biphasic pulses) and analyzed sarcomere 

and cell edges shortening and re-lengthening as a measure of cardiomyocytes contractile 

function. Fig 6A presents representative traces of CHO and CTR cardiomyocytes 

contraction, in the absence or presence of isoproterenol stimulation. Sarcomere length 

during diastole had comparable values in all experimental groups, as demonstrated in 

Fig 6B. CHO and CTR cells had similar fractional shortening in both non-stimulated 

and isoproterenol-stimulated groups. However, isoproterenol induced an increase in cell 

fractional shortening (*p<0.001; #p<0.001). CHO and CTR had similar kinetics for 

cardiomyocytes’ contraction (Fig 6D, Fig 6E) and relaxation (Fig 6F). Isoproterenol 

promoted a reduction in the time to reach 50% of peak contraction (Fig 6D) in both 

groups compared to their respective non-stimulated controls (*p<0.05; #p<0.001), but 

no effect could be observed at 90% of peak contraction. Relaxation speed is also 

accelerated after isoproterenol administration in both CHO and CTR (*p<0.001; 

#p<0.001). Statistics were performed using Kruskal-Wallis test for Gaussian 

approximation followed by Dunn's multiple comparison post hoc test. Normality was 

tested with D'Agostino & Pearson omnibus test. Overall, the contractile properties of 

cardiomyocytes are preserved in high cholesterol-fed mice. 

7- Evaluation heart electro-mechanical function after Ischemia-Reperfusion in high 

cholesterol-fed mice 

Hypercholesterolaemia imposes a principal risk factor for coronary artery disease 

(CAD) [3], which could lead to an elevated risk of ischemic events in patients with high 

end levels of cholesterol, regardless of their genotype [35]. A protocol of 30 min 

ischemia was induced through occlusion of coronary artery in CHO and CTR isolated 

hearts mounted in a Langendorff system. CHO and CTR hearts demonstrated similar 

contractile function, exemplified by the maximum (Fig 7A) rate of pressure (dP/dt), the 

developed pressure (difference between LVSP and EDP) (Fig 7B) and end diastolic 

pressure (EDP) (Fig 7C) pressure and intrinsic heart rate (Fig 7D). After 30 min 

ischemia, CHO and CTR hearts displayed a similar reduction in all parameters 

described above, without differing among themselves. During reperfusion, CHO heart 



tended to recover a little better than CTR hearts in regarding maximum dP/dt, 

developed pressure and minimum pressure, however, such difference was not 

considered to be significant from CTR hearts. Overall CHO hearts have slightly better 

or at least preserved mechanical function compared to CTR hearts. Arrhythmic 

contractions were quantified and ascribed in an arrhythmic score, as described before 

[31]. CHO hearts displayed reduced arrhythmogenic profile after reperfusion compared 

to CTR hearts (*p<0.05). Figs 7A-D were tested with Two-way ANOVA followed by 

Bonferroni post hoc test. Fig 7E was tested with unpaired students T-test. Normality 

was tested with D'Agostino & Pearson omnibus test. 

8- Evaluation of electrocardiographic profile in the hearts of high cholesterol-fed mice 

As described above, modulation of cardiomyocytes’ Ca2+ handling as well as electrical 

properties was associated with a reduced arrhythmogenic profile in ex vivo experiments. 

ECG was performed in anesthetized mice in order to investigate the effects of high 

cholesterol diet on conduction/propagation of electrical stimuli in vivo. Fig 8A display 

representative traces from CTR and CHO mice. Overall, both groups have a similar 

electrocardiographic profile, with comparable duration of P wave (Fig 8B), PR interval 

(Fig 8C), QRS interval (Fig 8D) and heart rate (Fig 8F). CHO hearts have a sight 

shorter QT interval (Fig 8E) when compared to CTR hearts. No arrhythmias were 

detected in any of the experimental groups. All data were tested with unpaired students 

T-test. Normality was tested with D'Agostino & Pearson omnibus test. 

DISCUSSION 

The present study was the first to investigate the effects of early hypercholesterolemic 

diet on the electro-contractile properties of cardiomyocytes and in vivo/ex vivo hearts 

from Swiss mice. Our results showed that after 5 weeks, Swiss mice fed at libitum with 

the balanced AIN-93 diet added with 1.25% free cholesterol had increased serum total 

cholesterol levels that were accompanied by increased cellular cholesterol content. Such 

dyslipidemic profile was associated with modulation of cardiomyocytes electrical 

properties, notably by increasing IK and reducing ICa, which reflected in the waveform of 

the AP. In addition, cardiomyocytes isolated from hypercholesterolemic mice displayed 

alterations in Ca2+ handling, although contractile function was preserved. Isolated hearts 

from hypercholesterolemic mice behave similarly to the control ones during IR, 

although hearts from hypercholesterolemic mice were less prone to develop arrhythmias 



during reperfusion. ECG readings were similar, apart from a slight shortening of QT 

interval on hypercholesterolemic mice. Understanding the role of cholesterol in the 

modulation of cardiac electro-mechanical properties is very useful for the complete 

elucidation of hypercholesterolemia-related cardiovascular dysfunctions. 

1- Cholesterol modulation of myocytes electro-mechanical properties 

Cholesterol and sphingolipids enriched domains in  the plasma membrane are well 

recognized as lipid rafts [36]. Besides specific lipids, rafts also concentrate several 

signaling proteins, playing a key role in signaling transduction [37], [24]. Those 

proteins can be either trapped in the lipid milieu or bound to associated proteins like 

caveolin [24], which can bring downstream effectors in close proximity with signaling 

molecules [38], [39], [40]. Among several proteins found to be concentrated in 

caveolae/raft domains, modulation of endothelial nitric oxide sinthase (eNOS) [18], 

[19], adenilate cyclase [20], PI3K/AKt axis [22], and beta-adrenergic receptors [41] are 

described, all of which having important roles in cardiomyocyte’ electro-mechanical 

properties. Particularly, several ion channels were found to be selectively target to 

caveolae/raft domains in the heart, including Nav1.5 [42]; Cav1.2 [43], [44], [45]; 

HCN4 [46], [47]; Kir6.1 [48], [49] and Kv4.2 as well as the regulatory subunit KChIP2 

[50].  

In our results, an increase in peak outward K+ as well as in inward rectifier K+ (IK1) 

currents was observed in cardiomyocytes isolated from hypercholesterolemic mice. 

These findings line up with the evidence of migration of Kv4.2 and KChIP2 towards 

high density cell fraction with subsequent reduction of outward K+ current [50]. IK1 

increase could be assigned to increased K+ reversal potential as a consequence of K+ 

accumulation in T-tubule structure, as already described [51], especially taking in 

account the observed increase in outward K+ currents in our model. In addition, we 

observed reduction in Cav1.2 protein levels and in Ica current density without 

modulation of stationary voltage-dependence for activation and inactivation of LCC. 

Previous evidences have demonstrated that targeting LCC to caveolae was essential for 

appropriate Ca2+-induced Ca2+ release (CICR), and disruption of caveolae with metyl-

B-cyclodextrin (B-CD) interferes with CICR without changing Ica current density and 

gating properties [52].  

The sum of contributions provided by increased IK and decreased Ica reflected in a 

shorter AP repolarization time in CHO cardiomyocytes compared to CTR ones. The 



maximum rate of depolarization was increased in CHO ventricular cardiomyocytes. 

Because Nav1.5 is the primary determinant to AP upstroke phase in ventricular 

myocytes, this evidence points toward a possible modulation of Na+ current in the 

hypercholesterolemic mice. Indeed other studies have demonstrated targeting of Nav1.5 

to caveolae, and that is important for beta-adrenergic modulation of Na+ current [42], 

[45]. Cholesterol was shown to be important to t-tubule structuration, and treatment 

with B-CD promoted reduced normalized cell capacitance over area, as well as 

disturbances in Ca2+ handling [51], [53]. Cardiomyocytes isolated from our 

hypercholesterolemic mice that have increased cell cholesterol content displayed 

increased cell capacitance, which might suggest a higher degree structuration of t-

tubule. Strengthening this rationale, despite reduced ICa, Ca2+ transients were found to 

be comparable to control cardiomyocytes, while time to reach peak Ca2+ concentration 

during intracellular transients pointing to a more synchronic Ca-induced Ca2+ release. 

As previously demonstrated, dyssynchrony of SR Ca2+ release contribute to the slowing 

of SR Ca2+ release in congestive heart failure and catecholaminergic polymorphic 

ventricular tachycardia [54]. In addition, the lower diastolic Ca2+ concentration would 

further prevent SR leakage through Ca2+ quarks and Ca2+ sub-sparks events [55], 

rendering a higher fraction of RyR to a more likely synchronic Ca2+ release through 

sparks during an AP. Apart from Ca2+ handling, beta-adrenergic signaling is preserved 

in cardiomyocytes from CHO mice, as evidenced by increase in both diastolic and 

systolic Ca2+ concentration as also in Ca2+ transient decay time constant (and therefore 

SERCA activity). Contrary to our findings, in cholesterol depletion models, beta-

adrenergic function is impaired in cardiomyocytes [41] evidence that is supported since 

several components of beta-adrenergic pathway, including PKA, beta-adrenergic 

receptors and adelinate cyclase can be targeted to caveolae [20], [21]. Moreover, in a 

rabbit model, feeding 0.5% cholesterol suppressed SERCA-2 mRNA levels, associated 

with enrichment of cholesterol content in PM [56]. In cultured rat neonatal 

cardiomyocytes, increased PM cholesterol levels through liposomes promoted an 

increased in intracellular Ca2+ concentration, while cholesterol depletion resulted in an 

intracellular Ca2+ concentration [57]. Regarding contractile function, it was 

demonstrated that depletion of cholesterol by B-CD increases the rate of cell contraction 

and generates defects in cell relaxation in rat’s neonatal cardiomyocytes. Moreover, 

membrane tension, Ca2+ spikes frequency and intracellular Ca2+ concentration was 

found increased under B-CD treatment [58]. In our model, increased concentration of 



cell cholesterol content revealed opposite effects, characterized by preserved contractile 

function, with comparable cell fractional shortening, contraction and relaxation kinetics, 

as well as preserved beta-adrenergic response. Besides, intracellular Ca2+ concentrations 

was found decreased in CHO cardiomyocytes, as discussed above.  

The literature on the effects of cholesterol modulation of cardiomyocytes 

electromechanical properties as well as in Ca2+ handling is still vague and scarce. Most 

of these studies are conducted through manipulation of PM cholesterol using B-CD 

saturated or not with cholesterol [53], [41], [43] [59], [58], [60], with abrupt removal 

and restoration of cholesterol from PM. Use of  B-CDs, however, imposes some 

limitations, since B-CDs may remove cholesterol from both raft and non-raft domains; 

may alter cholesterol distribution between different cellular membranes. In addition, 

other hydrophobic molecules such as phospholipids and proteins may also be extracted 

[61]. Other studies investigated the role of lipoproteins in modulating properties of 

cardiomyocytes [62], [63], providing a more physiological approach. However, cell 

exposure to isolated lipoprotein might not provide a reliable estimation of their 

contribution in an environment of several lipoprotein interactions, as well as the 

longitudinal experimental design limitation that prevents signaling remodeling 

dependent of gene expression in freshly isolated primary cells. Our results are evaluated 

based on a model of hypercholesterolemia with modulation of PM cholesterol content 

that allows investigation of cholesterol modulation of cardiomyocytes properties in 

freshly isolated cells with high reliability. That information might contribute to the 

complete elucidation of cholesterol involvement with heart remodeling during CVDs 

progression. . 

2- Hypercholesterolemia-related role in cardiovascular disease (CVD) and heart 

function  

Hypercholesterolemia is more deeply investigated in the context of CVDs. The 

relationship between hypercholesterolemia and cardiovascular diseases has long been 

recognized [2], [3], and hypercholesterolemia, particularly when associated to high LDL 

cholesterol content, is a major risk factor for the development of atherosclerosis and 

further ischemic heart disease [64]. Apart from proatherogenic effects on the vascular 

system, direct effects of hypercholesterolemia in heart mechanical and electrical 

function, on the other hand, is less understood. Most of evidence agree that 

hypercholesterolemia aggravates IR injury [12], [13] and abrogates preconditioning and 



postconditioning attenuation of IR injury [14], [15], [65]. Besides, 

hypercholesterolemia-driven heart contractile dysfunction has also been reported [66]. 

On the other hand, hypercholesterolemia could be protective against ventricular 

arrhythmias during ischemia [17], [67]. The literature on this subject is still 

controversial, and other studies reported no additional harm after reperfusion [68] or 

even a cardioprotective improvement in myocardial function [16] in 

hypercholesterolemic hearts. 

From our results, early stage hypercholesterolemia after 5 weeks of treatment does not 

impair contractile function in isolated hearts, nor aggravates IR dependent heart 

dysfunction, as demonstrated by comparable developed pressure, maximum rate of 

pressure development and end diastolic pressure. In addition, no changes in intrinsic 

heart frequency were observed. However, stage hypercholesterolemic hearts were less 

prone to arrhythmias after IR injury, in accordance with previous studies. In 

anesthetized mice, ECG profile was also similar between control and stage 

hypercholesterolemic mice, although QT interval was found reduced in stage 

hypercholesterolemic ones. Reduction in QT interval could be attributed to the observed 

shortening of AP, as consequence of simultaneous increase in IK together with decrease 

in ICa.  

Overall our results demonstrate that early hypercholesterolemia-driven increase in 

cellular cholesterol content is associated with direct modulation of cardiomyocytes 

excitability and Ca2+ handling, while contractile function is preserved. Heart 

dysfunction during IR was not modulated by hypercholesterolemia, although 

hypercholesterolemic hearts were more protected against arrhythmias. These results will 

contribute to the elucidation of the direct effects of hypercholesterolemia and cell 

cholesterol content on the progression of CVD.  
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Figure subtitles: 

Figure 1: 5-week treatment with high cholesterol diet effects on lipid profile and heart 

size. A) Mean mice bodyweight B) Heart weight normalized by tibia size C) Total serum 

cholesterol D) Total cellular cholesterol content E) Left ventricle isolated 

cardiomyocytes capacitance. *P<0.05, compared to control (CTR). N: number of mice 

analyzed; n: number of cells. 

Figure 2: Early stage hypercholesterolemia effects on cardiomyocytes Action Potential 

(AP). A) Representative traces of control (left panel-CTR) and a cardiomyocyte isolated 

from hypercholesterolemic mice (Right panel-CHO). B) AP amplitude, measured from 

resting potential to peak AP voltage. C) Maximum rate of AP depolarization during the 

upstroke phase. D) Resting membrane potential, measured at no current being clamped. 

E) Time required to reach 10%; 50% (F) and 90% (G) of AP full repolarization. 

*P<0.05, compared to control (CTR). n: number of cells. 

Figure 3: Early stage hypercholesterolemia effects on cardiomyocytes K+ currents. A) 

Representative traces of outward K+ currents (IK) from a control (left panel-CTR) and 

from a high cholesterol-fed mice isolated cardiomyocyte (Right panel-CHO). B) I-V 

relationship from peak IK current density against tested membrane potentials. C) 

Fraction of maximum current (I/IMAX) reached on each tested potential. D) Contribution 

of kinetically isolated IK from total outward current at +50 mV. Numbers above bars 

indicate current components time constant, in (ms).E)  Representative traces of inward 

rectifier K+ currents (IK1) from a control (left panel-CTR) and from a high cholesterol-

fed mice isolated cardiomyocyte (Right panel-CHO). F)  I-V relationship from peak IK1 

current density against tested membrane potentials. *P<0.05, compared to control 

(CTR). n: number of cells. 

Figure 4: Early stage hypercholesterolemia effects on cardiomyocytes L-type Ca2+ 

currents (ICa-L. A) Representative traces of outward ICa-L from control (left panel-CTR) 

and a cardiomyocyte isolated from a high cholesterol-fed mice (Right panel-CHO). B) 

I-V relationship from peak ICa-L current density against tested membrane potentials. C) 

Fraction of maximum conductance (G/GMAX) reached on each tested potential. GMAX 

was calculated from I-V curve fitting with a Boltzmann equation. D) Steady-state 

inactivation of ICa-L. E) Voltage at which half of GMAX is achieved in steady state 

activation of channels. F) Voltage at which half of ICa-L current is blocked by a 



depolarizing preconditioning pulse in steady state inactivation of channels. G) Cav1.2 

protein levels. *P<0.05, compared to control (CTR). n: number of cells.  

Figure 5: Early stage hypercholesterolemia effects on cardiomyocytes intracellular 

Ca2+handling. A) Representative records of Ca2+ transients using dual excitation probe 

Fura2-AM, from a control (left panel-CTR) and a cardiomyocyte isolated from a high 

cholesterol-fed mice (Right panel-CHO). Transients under beta-adrenergic stimulation 

with 100 nM isoproterenol (ISO) is also displayed from both CTR and CHO 

cardiomyocytes. B) Diastolic intracellular Ca2+ concentration in the absence or under 

beta-adrenergic stimulation. C) Peak systolic intracellular Ca2+ concentration in the 

absence or under beta-adrenergic stimulation. D) Time to reach peak intracellular Ca2+ 

transient in the absence or under beta-adrenergic stimulation. E) Time constant for 

intracellular Ca2+ transient decay in the absence or under beta-adrenergic stimulation. 

*P<0.05, compared to control (CTR); #P<0.05, compared to CHO; &P<0.05, 

compared to CTR+ISO. n: number of cells. 

Figure 6: Early stage hypercholesterolemia effects on cardiomyocytes contractility. A) 

Representative records of sarcomere contraction, from control (left panel-CTR) and a 

cardiomyocyte isolated from a high cholesterol-fed mice (Right panel-CHO). 

Contractions under beta-adrenergic stimulation with 100 nM isoproterenol (ISO) is 

also displayed from both CTR and CHO cardiomyocytes. B) Sarcomere length in 

resting cells C) Sarcomere fractional shortening (FS) as a fractional of resting 

sarcomere size in peak contraction. D) Time to reach 50% and 905 (E) of peak 

sarcomere contraction. F) Time to reach 90% of full-relaxed sarcomere size from peak 

contraction. *P<0.05, compared to control (CTR); #P<0.05, compared to CHO. n: 

number of cells. 

Figure 7: Early stage hypercholesterolemia effects on isolated hearts during ischemia-

reperfusion. After 30’ to allow stabilization of hearts contraction (CTR indicated in the 

plots), a 30’ ischemia was induced by occlusion of the left anterior descending coronary 

artery. A) Maximum rate of developed pressure (dP/dt) B) developed pressure, 

measured as the difference between left ventricular systolic pressure and end-diastolic 

pressure (EDP). C)  Left Ventricle end-diastolic pressure (EDP) D) Heart rate. 

*P<0.05, compared to control (CTR). N: number of mice used in the experiments. 

 



Figure 8: Early stage hypercholesterolemia effects on mice Electrocardiogram (ECG) 

A) Representative ECG records from control (left panel-CTR) and a high cholesterol-

fed mice (Right panel-CHO). B) P wave duration. C) PR interval duration D) QRS 

interval duration E) T wave duration F) Heart rate.  *P<0.05, compared to control 

(CTR) N: number of mice used in the experiments. 
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DISCUSSÃO 

 Durante a execução desse trabalho de doutorado investigamos a associação entre 

a progressão das alterações teciduais, do perfil inflamatório e da persistência de parasitas 

no coração durante a transição entre as fases aguda e crônica com as alterações elétricas 

de cardiomiócitos isolados do ventrículo direito em modelo murino. Além disso, 

voltamos nossos esforços para o estabelecimento de novas abordagens que 

complementem o campo de estudo da forma cardíaca da DC, sendo elas: 1- Avaliação 

funcional das junções GAP expressas no sistema cardiovascular acerca de seus 

mecanismos regulatórios, dependentes de voltagem, ligantes ou modificações pós-

traducionais e como essas alterações interferem com o acoplamento intercelular e 2- 

Caracterização dos efeitos da hipercolesterolemia na alteração do conteúdo colestérico 

celular e em nas propriedades elétricas, contráteis e do manejo de Ca2+ no coração e em 

cardiomiócitos isolados. Esperamos que os esforços combinados desse trabalho 

contribuam significativamente para a ampliação das estratégias para o estudo da forma 

cardíaca da DC, fornecendo evidências importantes para a consolidação do conhecimento 

sobre os mecanismos determinantes para a progressão das disfunções cardiovasculares. 

Finalmente, esperamos que as estratégias propostas possam fornecer ferramentas para a 

avaliação de novos alvos terapêuticos mais acurados e efetivos no tratamento dessa 

enfermidade.    

 

Status da pesquisa em alterações eletromecânicas e de mecanismos celulares na fase 

cardíaca da DC 

 A DC possui uma progressão complexa, em função da presença de duas fases 

sintomáticas distintas, aguda e crônica 65. Além disso, o prognóstico da doença é regido 

por uma combinação de fatores que envolvem a cepa do parasita, com seus tropismos 

tecido-específico e virulência característica, o que está correlacionado com a diferença 

nas manifestações da doença em diferentes regiões endêmicas 101, 102. A resposta imune 

característica do hospedeiro também é fator determinante na progressão da DC. 

Finalmente, o resultado da doença é influenciado por fatores ambientais, como estado 

nutricional dos pacientes, de modo que deficiências nutricionais já foram descritas como 
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determinando prejuízo na progressão de doenças infecciosas 103 e particularmente em 

modelos experimentais de infecção com T. cruzi 104, 105, 106, 107.  

 Em humanos, as manifestações cardíacas observáveis são muito variadas, e 

depende, além dos fatores citados acima, da forma de infecção 66.  De maneira 

simplificada, a progressão da DC entre as fases aguda e crônica é acompanhada por uma 

piora na fase cardíaca. Na fase aguda, observa-se sintomas não específicos como febre, 

miocardite e meningocefalite, sendo esses dois últimos sintomas, os principais 

responsáveis pela mortalidade de 5% associada à fase aguda 66. A fase crônica, por outro 

lado, possui uma variabilidade de sintomas mais acentuados, e pode envolver formas 

cardíaca, digestiva ou uma combinação dos dois 108, 109, 110.  Na fase cardíaca, diversas 

formas de arritmias são observadas, mas a presença de bloqueio de ramo direito 

combinado com bloqueio fascicular anterior esquerdo é muito comum, bem como 

taquicardias ventriculares sustentadas 66. Entretanto, outras formas complexas de 

arritmias, incluindo bloqueios atrioventriculares, batimentos prematuros, em combinação 

com alteração da duração da onda T e amplitude elevada da onda R, e desnivelamento do 

intervalo ST são também observáveis 111, 109, 110, 112. A diversidade de disfunções elétricas 

está correlacionada com alterações estruturais severas no tecido cardíaco, que incluem 

aneurisma apical, fibrose tecidual, tromboembolismo, regurgitação das valvas cardíacas 

112, finalmente culminando para a insuficiência cardíaca nos estágios mais avançados da 

doença.  

 Apesar da diversidade dos sintomas apresentados acima, os tratamentos para a DC 

se concentram na utilização de drogas antiparasitárias 113 em associação com drogas para 

a amenização dos sintomas cardíacos 63. Entretanto, os tratamentos não são muito 

eficazes, principalmente na fase crônica (50-80% na fase aguda e 8-20% na fase crônica) 

114, 115. Notoriamente para quadros mais avançados da fase crônica da DC, distúrbios 

elétricos e contráteis frequentemente aparecem de maneira simultânea, dificultado o 

tratamento dos sintomas, uma vez que fármacos que beneficiam o desempenho contrátil 

do coração muitas vezes aumentam o risco de arritmias cardíacas 116. 

 O uso de modelos animais como estratégia para se recapitular a DC determinou 

grande avanço no entendimento dos mecanismos celulares e moleculares associados à 

infecção pelo T. cruzi. Diferentes grupos de pesquisa voltaram seus esforços para a 

caracterização do perfil inflamatório 89, 117, 118, das alterações oxidativas no hospedeiro 

89, 117, da variabilidade genética do parasita e hospedeiro como resultante da infecção 119 
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e de estratégias para o controle do vetor triatomíneo. Particularmente, nosso grupo de 

pesquisa contribuiu de maneira principal para a caracterização das disfunções elétricas e 

contráteis do coração e de cardiomiócitos isolados que acompanham as fases aguda e 

crônica da DC 70, 71, 72, 92. Nesse contexto, os experimentos apresentados no capítulo 1 

desse trabalho contribuíram para o entendimento da associação entre alterações elétricas 

de cardiomiócitos ventriculares com a progressão entre a fase aguda e crônica da doença, 

no ventrículo direito. Disfunções do ventrículo direito já eram conhecidas na DC 120, 121, 

entretanto, os mecanismos celulares e moleculares ainda não são bem elucidados. Em 

nosso trabalho, reportamos uma alteração inflamatória sustentada, com depósito de 

colágeno no tecido cardíaco, que é acompanhada por alteração nas correntes de K+ e Ca2+ 

em cardiomiócitos isolados, as quais também são comparáveis entre as fases aguda e 

crônica. Essas alterações ocorrem na presença de marcadores para a presença do T. cruzi 

no tecido cardíaco, mesmo na fase crônica. 

 Naturalmente o avanço em cada uma das esferas descritas acima para o controle 

da infecção pelo T. cruzi culmina para a sobreposição dos mecanismos estudados em 

outras áreas. O estresse oxidativo associado à DC já foi reportado em diversos estudos, 

associado a diferentes componentes celulares, incluindo disfunção mitocondrial 81, 82, 83, 

122, falha nos sistemas antioxidantes 81, 82; atividade de NADPH oxidases 123. Além disso, 

tratamentos com antioxidantes foram capazes de prevenir 124 e até reverter a doença 85. 

Entretanto, espécies reativas são moduladores importantes da função elétrica e contrátil 

de cardiomiócitos, alterando diretamente sua função pela oxidação / nitração de resíduos 

de aminoácidos, ou indiretamente, pela modulação de vias de sinalização intracelular que 

interfiram com a atividade desses canais 12, 86, 87, 125. Além disso, a magnitude de 

alterações oxidativas e das propriedades eletrocontráteis cardíacas são ainda moduladas 

pela resposta inflamatória à infecção, particular a cada paciente.  

 O status atual da pesquisa para avanços no entendimento dos mecanismos 

determinantes para a progressão da DC enfrenta um paradoxo inerente da especialização 

dos grupos de pesquisa nas esferas de atuação descritas acima. Muitos avanços foram 

realizados para o entendimento dos mecanismos associados ao prognóstico da DC. 

Entretanto, as contribuições desses estudos ocorrem de maneira isolada, e após mais de 

100 anos da identificação da DC por Carlos Chagas, o tratamento dessa patologia é 

impreciso e ineficiente 114. É necessário, pois que estudos incorporando o conhecimento 

reportado nas diferentes subáreas de estudo sejam conduzidos com o intuito de se propor 



35 
 

novos estratégias de tratamento, que conciliem a amenização dos sintomas progressivos 

dessa patologia com o controle da carga parasitária nos pacientes. Além disso, os estudos 

investigando a participação de componentes isolados da maquinaria e vias de sinalização 

celular devem ser continuados, enriquecendo o conhecimento da etiologia, da infecção 

nos modelos experimentais e atribuindo valores relativos das contribuições de cada um 

desses componentes para o resultado da doença. A soma dessas duas estratégias otimizam 

as perspectivas para o desenvolvimento de uma abordagem nova e efetiva para o 

tratamento da DC. 

 

Junções GAP e a DC 

 Como discutido na seção anteriormente, muitas das manifestações clínicas da DC 

são derivadas de alterações das propriedades elétricas do coração, bem como de distúrbios 

de condução 66. A nível celular, o principal sistema de comunicação intercelular, que 

garante a propagação elétrica no miocárdio é formado pelas junções GAP 33. No coração 

de mamíferos, tipicamente as junções GAP são formadas por Cx40, Cx43 e Cx45, sendo 

que Cx40 e Cx43 são preferencialmente expressas nos átrios, Cx43 é dominante nos 

ventrículos, Cx45 é dominante nas células nodais e as 3 isoformas são encontradas no 

sistema de condução ventricular 25, 34, 126. Apesar da diversidade de distúrbios de 

condução comuns na DC, os estudos envolvendo a avaliação das junções GAP nessa 

patologia são muito limitados. Alteração na distribuição das placas de junções GAP em 

cardiomiócitos infectados com T. cruzi 80, 127, estudada pela marcação de Cx43 e 

imageamento celular em modelo experimental. Além disso, a magnitude do acoplamento 

juncional entre pares de células foi encontrado reduzida após 72h de infecção 80. A 

redução de Cx43 e alteração de sua distribuição foi também encontrada em pacientes 

acometidos pela DC 93. A redução na expressão de Cx43, entretanto, parece estar 

relacionada majoritariamente às células infectadas, enquanto células vizinhas não 

infectadas presentam expressão e distribuição regular de Cx43 127.  

 Os estudos envolvendo o papel das junções GAP na DC até o momento, no 

entanto, são limitados em 2 aspectos principais: 1- a maioria deles aborda a expressão e 

localização das junções GAP, mas desprezam a investigação das propriedades biofísicas 

do acoplamento juncional intercelular. 2- Os estudos são limitados à Cx43, desprezando 

a contribuição das outras isoforma cardíacas, Cx40 e Cx45. Entretanto, Cx45 é a isoforma 
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dominante nas células nodais 25, bem como Cx40 e Cx45 contribuem de maneira 

importante para as conexinas expressas no sistema de condução ventricular 25.  Como 

descrito anteriormente, a DC apresenta comumente distúrbios de condução como 

bloqueios de condução do feixe de His e bloqueio atrioventricular 66, 109, 110, 111, 112. É 

seguro dizer que o papel das junções GAP no estabelecimento das disfunções elétricas da 

forma cardíaca da DC é, no mínimo, ainda pouco compreendido.  

Com o objetivo de nos aprofundarmos no estudo do papel desses canais intercelulares nos 

distúrbios cardíacos que acometem pacientes com DC, buscamos um aprimoramento 

técnico para a execução de experimentos e delineamento de estratégias experimentias 

para o estudo do acoplamento funcional das junções GAP cardíacas. Caracterizamos a 

capacidade das conexinas expressas no sistema vascular em se agrupar de maneira 

funcional, bem como investigamos as propriedades funcionais de seu acoplamento. Além 

disso, investigamos a influência do aumento da temperatura nas propriedades funcionais 

de junções GAP cardíacas formadas por Cx40 e Cx45. Mostramos que os canais 

heterotípicos formados por conexinas expressas no sistema vascular são funcionais e 

possuem um acoplamento juncional muito sensível à voltagem, de modo que alterações 

muito pequenas de voltagem (da ordem de 5-10mV) promovem significativo 

desacoplamento intercelular. Esses resultados assumem um papel importante, 

principalmente considerando a capacidade do T. cruzi em infectar células do músculo liso 

vascular 95, e aponta para a importância desses canais na regulação da função vascular 

durante a DC.  

 Em um segundo grupo de resultados do capítulo 2 desse trabalho, mostramos que 

o aumento da temperatura não tem efeito significativo da desativação estacionária e 

recobro estacionário da desativação de Cx45 e Cx40, ainda que a cinética desses 

processos seja acelerado pelo aumento da temperatura. A soma da contribuição cinética 

desses processos antagônicos determina um desacoplamento dinâmico similar para as 

temperaturas testadas no caso de Cx45, enquanto para Cx40, não ocorre desacoplamento 

dinâmico para os intervalos testados. Esses resultados apontam para a independência da 

temperatura para o desacoplamento dinâmico de Cx45. Esse dado é relevante para o 

estudo da DC por dois fatores principais: 1- o desacoplamento entre células nodais pode 

ser um fator determinante para bloqueios de condução, uma vez que a presença de tecido 

não excitável ao redor do NAV converge o impulso elétrico do coração para essa região 

15, 17 e 2- a DC é uma patologia de caráter inflamatório crônico 89, 92, e o aumento da 
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temperatura corporal é sintoma inespecífico dessa doença 110 esse sintoma em si não 

parece ser suficiente para engatilhar o desacoplamento dinâmico funcional em células 

nodais. 

 

Hipercolesterolemia e a DC 

 Na primeira seção foi discutido os aspectos clínicos da DC, os avanços obtidos no 

entendimento da etiologia da doença e as limitações atuais da aplicação desses avanços 

para a melhora da condição dos pacientes acometidos. Na segunda seção, discutimos o 

conhecimento atual das junções GAP na DC, bem como as novas estratégias para se 

abordar a participação desses canais intercelulares no estabelecimento e progressão dessa 

patologia. Nessa ultima seção será abordado uma estratégia para se investigar de maneira 

mais compreensiva os efeitos de desbalanços nutricionais no resultado da DC. 

 Como descrito anteriormente, deficiências nutricionais afetam de maneira 

importante a progressão de doenças infecciosas e particularmente a DC 104, 105, 106, 107, 

106. Nesse sentido, dislipidemias assumem um papel importante, tanto pelo alta 

prevalência do consumo de dietas ricas em gorduras no continente americano e europeu, 

que compreendem a maioria dos casos de DC (WHO observatory data 2018) quanto 

capacidade do T. cruzi em infectar adipócitos 128 bem como interagir com lipoproteínas 

98, 99 e seus receptores celulares 98. 

 Dietas ricas em gordura reduziram mortalidade, parasitemia e carga parasitária no 

coração, ainda que a carga de T. cruzi no tecido adiposo tenha aumentado 129. Além disso, 

a infecção pelo T. cruzi em associação com dieta hiperlipidêmica e rica em colesterol 

determina um elevado potencial para o desenvolvimento de aterosclerose. Finalmente, a 

infecção de células por esse parasita está associada com o aumento do conteúdo de 

colesterol intracelular. A soma dessas evidências aponta para a importância de 

dislipidemias na infecção pelo T. cruzi. O último capítulo desse trabalho foi baseado na 

caracterização dos efeitos diretos da hipercolesterolemia no coração e em cardiomiócitos 

isolados m modelo murino. Observamos que mesmo em estágios inicias da 

hipercolesterolemia é possível observar aumento no conteúdo de colesterol dos 

cardiomiócitos. Esse aumento é acompanhado por alterações nas correntes de K+ e Ca2+ 

dos cardiomiócitos, o que reflete encurtamento do PA e uma redução do intervalo QT 

desses animais. As alterações elétricas parecem estar correlacionadas com uma proteção 
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parcial para o desenvolvimento de arritmias cardíacas durante a isquemia / reperfusão de 

corações isolados desses animais. Finalmente, ao contrário da excitabilidade cardíaca, 

aspectos contráteis do coração e de cardiomiócitos isolados encontram-se preservados 

após tratamento com dieta rica em colesterol. De porte desses resultados, espera-se 

contribuir com a literatura da DC através do delineamento de infecções experimentais em 

conjunto com a administração de dieta rica em colesterol, de modo a esclarecer a 

participação dessa dislipidemia no resultado da DC.   

 

 

 

CONCLUSÕES 

 

 Diante dos resultados apresentados nesse trabalho, conclui-se que a investigação 

do papel das junções GAP e de dislipidemias como determinantes da progressão da DC 

são perspectivas importantes para estudos posteriores, e nesse trabalho apresentamos um 

embasamento teórico e prático que nortearão esses estudos. Além disso, esforços 

coletivos em diferentes esferas do estudo dos determinantes para o resultado da DC 

devem ser continuados, enriquecendo o volume de informação disponível acerca dessa 

complexa patologia. Entretanto, deve-se buscar uma associação entre essas esferas de 

estudo com o propósito de desenvolver estratégias mais efetivas para o tratamento da DC, 

tanto no controle parasitário quando para a melhora da qualidade de vida dos pacientes 

acometidos.  
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