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RESUMO 
 

BROGNARA, F. Papel do sistema nervoso autônomo na modulação da resposta 
inflamatória sistêmica em ratos não anestesiados. 2021. Tese (Doutorado) - Faculdade 

de Medicina de Ribeirão Preto, Universidade de São Paulo, Ribeirão Preto, 2021. 
 

Ambos os ramos do sistema nervoso autônomo (parassimpático e simpático) têm sido 

associados à regulação da inflamação. No entanto, há muito a ser investigado. A fim de 

explorar o papel do sistema nervoso autônomo na modulação da resposta inflamatória 

sistêmica, o presente estudo avaliou: (i) os efeitos da ativação parassimpática em ratos 

endotoxêmicos não anestesiados usando a estimulação elétrica do nervo depressor 

aórtico; (ii) os efeitos da ativação simpática reflexa  por meio da oclusão bilateral 

carotídea (OBC), uma abordagem fisiológica que envolve os mecanismos barorreflexo e 

quimiorreflexo; (iii) a influência dos barorreceptores e quimiorreceptores periféricos na 

resposta inflamatória, por meio da denervação cirúrgica seletiva. Ratos Wistar Hannover 

foram utilizados em todos os protocolos e a inflamação sistêmica foi induzida pela 

administração de lipopolissacarídeo (LPS). Antes de iniciar os protocolos principais, foi 

realizado um estudo das doses de LPS. Quatro doses diferentes foram testadas por via 

intravenosa: 0,06 mg/kg; 20 mg/kg; 30 mg/kg; e 40 mg/kg. Todas as doses examinadas 

induziram taquicardia ao longo do tempo, mas apenas a dose mais baixa (0,06 mg/kg) 

reduziu a pressão arterial, como geralmente visto na inflamação sistêmica. Além disso, o 

LPS diminuiu a sensibilidade barorreflexa e alterou o equilíbrio autonômico, 

independentemente da dose usada. Portanto, os protocolos seguintes foram conduzidos 

com 0,06 mg/kg (i.v.) de LPS a fim de mimetizar melhor as respostas hemodinâmicas 

clássicas observadas durante a inflamação. Em ambos os protocolos, amostras de sangue 

foram coletadas ao longo de 360 min após a administração de LPS para análise dos níveis 

de citocinas em diferentes momentos, e todos os experimentos foram realizados com ratos 

não anestesiados. No protocolo de ativação parassimpática, o barorreflexo foi estimulado 

com sucesso, mas não foi capaz de atenuar o aumento das citocinas plasmáticas induzidas 

por LPS em nenhum dos momentos avaliados. Além disso, o desequilíbrio autonômico e 

a diminuição da sensibilidade barorreflexa induzidos pelo LPS não foram evitados pela 

ativação barorreflexa. No protocolo com ativação simpática, a OBC induziu ativação 

reflexa do sistema nervoso simpático, reduziu os níveis de citocinas inflamatórias no 

plasma, incluindo o fator de necrose tumoral (TNF) e a interleucina (IL)-1β, e aumentou 



 

 

a citocina anti-inflamatória IL-10, 90 min após a administração de LPS. Além disso, a 

denervação dos barorreceptores ou quimiorreceptores, por si só, diminuiu a liberação de 

citocinas induzida por LPS, destacando o papel desses receptores periféricos como 

imunossensores durante um desafio imunológico. Além disso, a desnervação dos 

barorreceptores aumentou o nível de IL-10 no plasma. No entanto, a OBC também não 

preveniu alterações no equilíbrio autonômico e na sensibilidade barorreflexa decorrentes 

da administração de LPS. Em conclusão, esses achados indicam que a ativação 

parassimpática associada à inibição simpática não tem efeito anti-inflamatório sistêmico 

em ratos endotoxêmicos não anestesiados. Por outro lado, a ativação reflexa global do 

sistema simpático é capaz de modular a resposta inflamatória sistêmica. Finalmente, este 

estudo também sugere uma nova função para os barorreceptores como imunossensores 

durante um desafio imunológico. 

 

Palavras-chave: Barorreflexo. Quimiorreflexo. Estimulação elétrica. Oclusão da 

carótida. Inflamação sistêmica. Sistema nervoso autônomo. 



 

 

ABSTRACT 
 

BROGNARA, F. Role of the autonomic nervous system in the systemic inflammatory 
response modulation in unanesthetized rats. 2021. Thesis (Ph.D.) - Ribeirão Preto 

Medical School. University of São Paulo, Ribeirão Preto, 2021. 
 

Both branches of the autonomic nervous system (parasympathetic and sympathetic) have 

been associated with the regulation of inflammation. However, there is much to be 

investigated. In order to explore the role of the autonomic nervous system in the systemic 

inflammatory response modulation, the present study evaluated: (i) the effects of 

parasympathetic activation in unanesthetized endotoxemic rats using the aortic depressor 

nerve electrical stimulation; (ii) the effects of reflex sympathetic activation using the 

bilateral carotid occlusion (BCO), a physiological approach which involves the baroreflex 

and chemoreflex mechanisms; (iii) the influence of the baroreceptors and peripheral 

chemoreceptors, in the systemic inflammatory response, through selective surgical 

denervation. Male Wistar Hannover rats were used in all protocols, and the systemic 

inflammation was induced by lipopolysaccharide (LPS) administration. Before start the 

main protocols, a study of the LPS doses was conducted. Four different doses were tested 

intravenously: 0.06 mg/kg; 20 mg/kg; 30 mg/kg; and 40 mg/kg. All doses examined 

induced tachycardia over time, but only the lowest dose (0.06 mg/kg) reduced the arterial 

pressure, as generally seen in systemic inflammation. In addition, LPS decreased 

baroreflex sensitivity and changed the autonomic balance regardless of the dose used. 

Therefore, the next protocols were conducted using 0.06 mg/kg (i.v.) of LPS in order to 

mimic better the classic hemodynamic responses observed during inflammation. In both 

protocols, blood samples were collected over 360 min after LPS administration to analyze 

the cytokines levels in different moments, and all the experiments were performed in 

unanesthetized rats. In the protocol comprising the parasympathetic activation, the 

baroreflex was successfully stimulated but was unable to attenuate the increase in plasma 

cytokines induced by LPS at any of the evaluated moments. Moreover, the autonomic 

imbalance and the baroreflex sensitivity reduction induced by LPS were not prevented by 

the baroreflex activation. In the protocol involving the sympathetic activation, the BCO 

elicited reflex activation of the sympathetic nervous system, reduced the levels of 

inflammatory cytokines in plasma, including the tumoral necrosis factor (TNF) and the 

interleukin (IL)-1β, and increased the anti-inflammatory cytokine IL-10, 90 min after LPS 



 

 

administration. In addition, either baroreceptor or chemoreceptor denervation, by itself, 

decreased the LPS-induced cytokine release, highlighting the role of these peripheral 

receptors as immunosensors during an immune challenge. Moreover, baroreceptor 

denervation increased the level of IL-10 in the plasma. Nevertheless, the BCO also did 

not avoid changes in the autonomic balance and baroreflex sensitivity over time, resulting 

from the LPS administration. In conclusion, these findings indicate that the 

parasympathetic activation associated with sympathetic inhibition has no systemic anti-

inflammatory effects in unanesthetized endotoxemic rats. On the other hand, global reflex 

activation of the sympathetic system is able to modulate the systemic inflammatory 

response. Finally, this study also suggests a novel function for the baroreceptors as 

immunosensors during an immune challenge. 

 

Keywords: Baroreflex. Chemoreflex. Electrical stimulation. Carotid occlusion. Systemic 

inflammation. Autonomic nervous system.
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1. INTRODUÇÃO 
 

 No final do século XIX e início do século XX, muitos estudos foram conduzidos, 

principalmente na Europa, para compreender a relação entre o sistema nervoso e o sistema 

imune (BERCZI; SZENTIVANYI, 2008). As primeiras investigações datam de 1898 

quando os médicos e bacteriologistas dinamarqueses Carl Julius Salomonsen, 

considerado o pai da bacteriologia dinamarquesa, e Thorvald Madsen, pesquisavam sobre 

alergias (SALOMONSEN; MADSEN, 1898, apud BERCZI; SZENTIVANYI, 2008). 

Pouco mais de dez anos depois, em 1910, Eppinger e Hess publicaram o livro “Die 

Vagotonie” (em português “A Vagotonia”), propondo que doenças alérgicas e o 

fenômeno da anafilaxia ocorriam devido ao aumento anormal na taxa de disparo do nervo 

vago (EPPINGER; HESS, 1910, apud BERCZI; SZENTIVANYI, 2008). Entretanto, até 

então (1910), nenhum estudo havia sido realizado para identificar áreas específicas no 

cérebro que pudessem contribuir com a interação desses dois sistemas (neural e imune). 

Assim, o médico húngaro, Andor Szentivanyi, identificou a ausência dessas informações 

na literatura, e na década de 50 passou a se dedicar ao estudo de áreas cerebrais, como a 

região anterior do hipotálamo, que poderiam estar relacionadas ao efeito anafilático e a 

produção de anticorpos (FILIPP; SZENTIVANYI, 1958; FILIPP; SZENTIVANYI; 

MESS, 1952; SZENTIVANYI; FILIPP, 1958; SZENTIVANYI; SZEKELY, 1956). 

Esses e outros estudos mostraram que lesões hipotalâmicas inibem o desenvolvimento do 

choque anafilático em animais pré-imunizados (KORNEVA; KHAI, 1964), sugerindo a 

participação do hipotálamo na resposta imune. Além disso, o tratamento prévio com 

capsaicina (composto que causa dessensibilização dos nervos sensoriais) preveniu a 

resposta inflamatória, indicando que a estimulação de fibras sensoriais responsáveis pela 

dor pode induzir a resposta inflamatória (JANCSO, 1960, 1968). 

 Em 1949, o endocrinologista húngaro, Hans Selye, responsável por introduzir o 

conceito de estresse na medicina, sugeriu que os corticoides poderiam regular a resposta 

inflamatória (SELYE, 1949). Como Selye estudava a fisiopatologia do estresse, ele 

propôs uma associação entre este e o sistema imune, na qual o hormônio 

adrenocorticotrófico (induzido pelo estresse) por si só, ou em cooperação com outros 

hormônios, estimularia o córtex adrenal a liberar corticoides, o qual, por sua vez, reduziria 

a inflamação (SELYE, 1955). Entretanto, segundo ele, por esse mesmo motivo os 

corticoides abririam caminho para a disseminação da infecção (SELYE, 1955). 

Posteriormente, com o avanço da ciência, inúmeros estudos comprovaram que, de fato, 



1. Introdução |  
 

 

28 

cronicamente, o estresse promove imunossupressão favorecendo o desenvolvimento e 

progressão de diversas doenças (COHEN et al., 2012; DHABHAR, 2014; REICHE; 

NUNES; MORIMOTO, 2004; SOUNG; KIM, 2015; STERNBERG et al., 1989; 

THAKER et al., 2006). No mesmo ano (1949), o fisiologista americano, Philip Showalter 

Hench, o bioquímico, também americano, Edward Calvin Kendall, e outros dois 

pesquisadores demostraram, pela primeira vez, os efeitos imunossupressores dos 

glicocorticoides, assim como do hormônio adrenocorticotrófico em um paciente com 

artrite reumatoide (HENCH et al., 1949). Esta descoberta resultou a Hench e Kendall o 

prêmio Nobel em Fisiologia ou Medicina de 1950. A partir desses estudos, a comunicação 

bidirecional entre o sistema nervoso central e o sistema imune foi consolidada por meio 

do eixo hipotálamo-hipófise-adrenal e seus hormônios (Fig. 1).  

 

 

 

 

Figura 1. Diagrama ilustrando as interações entre as células imunes e o eixo hipotálamo-hipófise-
adrenal. As setas sólidas indicam estimulação e as tracejadas indicam inibição. CRH: hormônio liberador 

de corticotrofina; ACTH: hormônio adrenocorticotrófico. Figura adaptada e retirada do Computers in 

Biology and Medicine (MALEK et al., 2015).  
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 Posteriormente, em 1975, Robert Ader e Nicholas Cohen também mostraram 

interação do sistema nervoso central com o sistema imune, mas dessa vez associada ao 

comportamento (ADER; COHEN, 1975). Eles utilizaram uma técnica parecida com a que 

o fisiologista russo, Ivan Petrovich Pavlov, havia utilizado para estudar o comportamento 

condicionado de cães, os quais salivavam ao ouvir o som de um sininho. Ader e Cohen 

demonstraram que o sistema imune possui aprendizado condicionado, assim como outros 

sistemas do organismo, ao combinar a ingestão de sacarina com a administração de 

ciclofosfamida, um imunossupressor (ADER; COHEN, 1975). Os ratos passaram a 

associar o sabor da água com sacarina aos efeitos da ciclofosfamida, que se manifestavam 

nos animais mesmo sem sua administração. Ou seja, os ratos apresentavam 

imunossupressão, apenas, com a ingestão de sacarina. Desde então, ficou claro que o 

sistema nervoso havia sido “selecionado” para controlar a homeostase fisiológica, e que 

este processo também envolve a habilidade de regular a imunidade inata e modular a 

inflamação. 

 Nas décadas de 80 e 90, diversos trabalhos comprovaram, e destacaram, a eficácia 

do eixo hipotálamo-hipófise-adrenal em regular o processo inflamatório em doenças 

como artrite reumatoide, síndrome de Cushing, doença autoimune da tireoide, e a 

encefalomielite alérgica, tanto em humanos quanto em modelos animais (BECK et al., 

1993; HARBUZ; REES; LIGHTMAN, 1993; MASON; MACPHEE; ANTONI, 1990; 

PANAYI, 1992; STERNBERG et al., 1989; TAKASU et al., 1990; YAKUSHIJI et al., 

1995). O uso de corticoides é utilizado, até hoje, no tratamento de diversas doenças 

inflamatórias e autoimunes, apesar dos seus efeitos colaterais (DUBOIS-CAMACHO et 

al., 2017; JÄGER et al., 2019; WALJEE et al., 2016; ZHANG et al., 2019). Entretanto, 

novos alvos terapêuticos passaram a ser investigados para melhorar o tratamento das 

doenças inflamatórias. Ainda na década de 90, começaram a surgir evidências de que o 

nervo vago poderia estar envolvido na comunicação entre o cérebro e o sistema imune 

(WATKINS et al., 1995). Entretanto, foi somente no início do século XXI que a interação 

do sistema nervoso autônomo com o sistema imune foi, de fato, enfatizada.  O estudo de 

Borovikova et al. (2000), liderado pelo neurocirurgião Kevin J. Tracey, demonstrou que 

a estimulação elétrica do nervo vago eferente inibe a síntese do fator de necrose tumoral 

(TNF) no fígado e no baço, além de atenuar as concentrações dessa citocina no soro de 

animais com endotoxemia. Foi então que surgiu a nova via neural de controle da resposta 

inflamatória denominada de “via colinérgica anti-inflamatória”, descrita em 2002 por 

Kevin Tracey (TRACEY, 2002; Fig. 2A). Este nome foi escolhido uma vez que a 
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modulação das reações inflamatórias nessa nova via é dependente da ação da acetilcolina, 

o principal neurotransmissor do sistema nervoso parassimpático, por meio da ativação do 

nervo vago. A grande vantagem apresentada pela nova via de interação do sistema 

nervoso com o sistema imune é que esta apresenta uma resposta muito mais rápida do que 

as vias anti-inflamatórias humorais, até então conhecidas. A partir deste estudo, iniciou-

se uma nova linha de pesquisa envolvendo a ativação colinérgica neural como ferramenta 

para atenuar a resposta inflamatória sistêmica. 

 Ao longo dos anos, com o crescimento dos estudos na área, a via proposta por 

Kevin J. Tracey foi revisada em relação ao seu ramo eferente (Fig. 2B), o qual 

inicialmente era constituído, apenas, pelo nervo vago. Atualmente, essa eferência é 

descrita com o nervo vago eferente ativando primeiro o nervo esplênico, o qual, por sua 

vez, estimula os linfócitos T sintetizadores de acetilcolina no baço, por meio da liberação 

de noradrenalina; assim, a acetilcolina inibe a liberação de novas citocinas ao se ligar ao 

receptor nicotínico de acetilcolina do tipo alfa-7 nos macrófagos, inibindo a inflamação 

(DANTZER, 2018; ROSAS-BALLINA et al., 2011; TRACEY, 2010; WANG et al., 

2003). 

 

 
 
Figura 2. Diagrama resumido do reflexo inflamatório. A: representação do reflexo inflamatório 

inicialmente proposto por Tracey (TRACEY, 2002). Citocinas pró-inflamatórias liberadas pelo macrófago 

ativam o nervo vago aferente, resultando em ativação reflexa vagal eferente, regulando a inflamação ao 

inibir a liberação de novas citocinas pelos macrófagos por meio da acetilcolina. B: representação do modelo 

revisado do reflexo inflamatório. A via aferente continua a mesma, porém o ramo eferente do nervo vago 

ativa os nervos esplênicos, os quais, por sua vez, estimulam os linfócitos T sintetizadores de acetilcolina, e 

esta acetilcolina inibe a liberação de novas citocinas, atenuando o processo inflamatório. Figura retirada do 

Physiological Reviews (DANTZER, 2018).  
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 Assim como o nervo vago, o nervo depressor aórtico (NDA) é um potente ativador 

do sistema nervoso parassimpático. Ele atua no barorreflexo arterial (Fig. 3) contribuindo 

com a manutenção da pressão arterial em uma faixa estreita de variação (CHAPLEAU; 

HAJDUCZOK; ABBOUD, 1988; KRIEGER; SALGADO; MICHELINI, 1982). Os 

impulsos aferentes provenientes da estimulação dos mecanorreceptores localizados no 

seio carotídeo trafegam pelo nervo de Hering (ramo do glossofaríngeo), enquanto que os 

do arco aórtico o fazem por meio do NDA, junto ao vago, dirigindo-se para o bulbo, 

localizado no tronco cerebral, fazendo a primeira sinapse no núcleo do trato solitário 

(NTS) (DAMPNEY, 1994). Assim, a partir do núcleo do trato solitário, neurônios se 

projetam para outras estruturas bulbares, onde ocorre a segunda sinapse, tais como a 

região caudal ventrolateral bulbar (CVLM) e o núcleo ambíguo (NA); e, em seguida, a 

partir da CVLM, ocorre a terceira sinapse com a região rostral ventrolateral bulbar 

(RVLM), a qual apresenta neurônios com atividade espontânea e responsáveis pela 

geração da atividade eferente simpática (STUESSE; FISH, 1984; URBANSKI; SAPRU, 

1988). Quando os barorreceptores são ativados, uma projeção excitatória do NTS é 

enviada para CVLM, a qual, quando ativada, promove a inibição dos neurônios da 

RVLM. Simultaneamente, uma projeção excitatória é enviada do NTS para o NA, no qual 

estão localizados os neurônios pré-ganglionares parassimpáticos, os quais inervam as 

células do marca-passo cardíaco. Sendo assim, a ativação dos barorreceptores provoca 

uma resposta neural, a qual compreende a inibição da atividade simpática e concomitante 

ativação parassimpática (CHAPLEAU; HAJDUCZOK; ABBOUD, 1988; KRIEGER; 

SALGADO; MICHELINI, 1982). 

 Levando-se em consideração os achados na literatura destacando o potencial anti-

inflamatório do nervo vago, a ativação do NDA também poderia ter papel significativo 

na ativação do reflexo inflamatório inibindo a resposta imune. Nosso laboratório tem 

ampla experiência no estudo do barorreflexo, por meio da estimulação elétrica do NDA, 

em ratos não anestesiados. Sendo assim, em 2015, nós testamos esta hipótese em um 

modelo experimental de artrite reumatoide (BASSI et al., 2015). Esse trabalho mostrou 

que a ativação do barorreflexo, por meio da estimulação elétrica do NDA, reduziu o 

recrutamento de neutrófilos, o edema articular, e os níveis de citocinas inflamatórias 

sinoviais na articulação femorotibial de ratos não anestesiados (BASSI et al., 2015). Deste 

modo, foi demonstrado pela primeira vez na literatura que o barorreflexo, até então visto 

como importante regulador da pressão arterial, também é capaz de modular a resposta 

inflamatória local (BASSI et al., 2015). Assim, esses resultados sugerem um novo 
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mecanismo fisiológico de neuromodulação do sistema imune inato por meio da 

estimulação do barorreflexo.  

 

 

 

 
 
 
Figura 3. Esquema representativo do barorreflexo. A regulação da pressão arterial pelo barorreflexo é 

realizada por meio dos mecanorreceptores que detectam distensões nos respectivos vasos, resultando na 

ativação, ou desativação, dos ramos do sistema nervoso autônomo. NTS: núcleo do trato solitário; NA: 

núcleo ambíguo; CVLM: região caudal ventrolateral bulbar; RVLM: região rostral ventrolateral bulbar. 

Figura criada a partir de imagens disponibilizadas na plataforma online Smart Servier Medical Art 

(disponível em: https://smart.servier.com). 
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 Apesar dos dados promissores destacando o papel anti-inflamatório do 

barorreflexo, até então, ainda não se sabia se o mesmo era capaz de atenuar, também, a 

inflamação sistêmica em modelos endotoxêmicos. Assim, em 2018, um estudo do nosso 

laboratório mostrou que a ativação barorreflexa, por meio da estimulação elétrica do 

NDA, não alterou a liberação de citocinas plasmáticas de ratos com endotoxemia induzida 

pela administração de lipopolissacarídeo (LPS) (BROGNARA et al., 2018). Por outro 

lado, a estimulação elétrica reduziu as citocinas encontradas no hipotálamo, evidenciando 

um papel anti-inflamatório central do barorreflexo, até então desconhecido 

(BROGNARA et al., 2018). Entretanto, no estudo de Brognara et al. (2018) a avaliação 

dos mediadores inflamatórios foi feita somente 90 min após a indução do desafio 

imunológico com LPS. É possível que o efeito anti-inflamatório da ativação do 

barorreflexo atue mais tardiamente na atenuação sistêmica da resposta inflamatória, 

sendo pertinente explorar melhor esses efeitos em outros momentos que sucedem o início 

da resposta inflamatória. Além disso, há evidências de que a resposta do organismo ao 

LPS pode variar, em alguns aspectos, de acordo com a via de administração utilizada 

(COPELAND et al., 2005). Sendo assim, seria pertinente realizar o estudo do papel da 

ativação barorreflexa na resposta inflamatória sistêmica utilizando-se uma via de 

administração de LPS diferente da já utilizada no estudo de Brognara et al. (2018). Vale 

destacar que há uma diversidade muito grande de doses de LPS utilizadas na literatura, e 

a escolha da mesma também poderia interferir na resposta anti-inflamatória decorrente da 

ativação do barorreflexo. 

 Embora vários estudos demonstrem a importância da ativação do sistema 

parassimpático no controle da função imune, o papel do sistema nervoso simpático 

também foi colocado em foco. Em 2014, Martelli et al. (2014a) propuseram outra via 

neural de regulação do sistema imune, desta vez, envolvendo o sistema nervoso 

simpático. Nesse trabalho, os autores demonstraram que os níveis plasmáticos de TNF, 

em ratos anestesiados que receberam LPS, não foram afetados pela vagotomia cervical 

bilateral. Entretanto, os níveis de TNF no plasma aumentaram quando o nervo simpático 

esplâncnico maior foi cortado. Assim, os autores sugeriram que o braço eferente desse 

reflexo seria, na verdade, o nervo simpático esplâncnico, e não o nervo vago como 

proposto anteriormente (HUSTON et al., 2006; ROSAS-BALLINA; TRACEY, 2009; 

TRACEY, 2002). Uma vez que a nova via proposta envolve a participação dos nervos 

simpáticos esplâncnicos, a mesma foi nomeada de “via esplâncnica anti-inflamatória” 

(MARTELLI et al., 2014a; Fig. 4). Outros estudos também destacaram as propriedades 
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anti-inflamatórias do sistema nervoso simpático (KEES et al., 2003; STRAUB et al., 

2011; VIDA et al., 2011). Entretanto, até o momento, nenhum trabalho avaliou se esses 

efeitos também ocorrem ao se realizar uma ativação simpática reflexa, e não uma ativação 

direta. 

 A oclusão bilateral da carótida (OBC) é uma técnica usada, também, para 

promover ativação reflexa global do sistema nervoso simpático, tanto em animais não 

anestesiados (DICARLO et al., 1989; LATARO et al., 2010; PARRA et al., 2005; 

SALGADO; SALGADO; KRIEGER, 1986) quanto anestesiados (REISON et al., 1983; 

WANG et al., 1970). Durante a OBC há importante redução da pressão arterial e do fluxo 

sanguíneo na região do seio carotídeo, culminando com a desativação dos barorreceptores 

carotídeos. A inativação dos barorreceptores carotídeos induz aumento da atividade 

simpática para o coração e para os vasos (aumento da resistência periférica global) com 

concomitante redução da atividade parassimpática para o coração, resultando, assim, no 

aumento da pressão arterial (BEDRAN-DE-CASTRO; MOREIRA; KRIEGER, 1986; 

KRIEGER, 1963). É importante destacar que com o aumento da pressão arterial, 

decorrente da OBC, há ativação dos barorreceptores aórticos, os quais, por sua vez, 

promovem aumento da atividade parassimpática para o coração e redução da atividade 

simpática para o coração e vasos, buscando restaurar a pressão arterial para o seu nível 

basal. Portanto, existem ações antagônicas dos barorreceptores arteriais e carotídeos 

durante a OBC. Entretanto, apesar da ativação dos barorreceptores aórticos, a redução da 

pressão arterial no seio carotídeo promovida pela OBC também promove maior liberação 

de adrenalina e noradrenalina nas terminações nervosas simpáticas do coração e dos rins 

(REISON et al., 1983), contribuindo com o aumento significativo da pressão arterial e 

evidenciando, de fato, o aumento predominante da atividade simpática. Além disso, 

simultaneamente, há ativação dos quimiorreceptores carotídeos decorrente da hipóxia 

ocasionada pela redução do fluxo sanguíneo no seio carotídeo, contribuindo com o 

aumento da atividade simpática durante a OBC (BEDRAN-DE-CASTRO; MOREIRA; 

KRIEGER, 1986; KRIEGER, 1963). Assim, como a OBC é uma técnica que promove 

ativação simpática generalizada, e passível de ser utilizada em animais não anestesiados, 

esta é uma ferramenta que pode auxiliar no estudo da influência do sistema nervoso 

autônomo, particularmente do seu ramo simpático, no controle da inflamação sistêmica. 
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Figura 4. Diferentes propostas da via do reflexo inflamatório. A: Via colinérgica anti-inflamatória, na 

qual os ramos aferente e eferente do nervo vago possuem participação na inibição da liberação de citocinas 

no baço. B: Via esplâncnica anti-inflamatória, na qual o nervo esplâncnico é o ramo eferente da via, inibindo 

a liberação excessiva de citocinas inflamatórias no baço e em outros órgãos que são inervados pelos 

neurônios pós-ganglionares simpáticos. Figura retirada do Experimental Physiology (MARTELLI; 

FARMER; YAO, 2016). 

 

 Para explorar a imunidade inata do hospedeiro envolvida na resposta inflamatória, 

e buscar abordagens terapêuticas para o tratamento de doenças inflamatórias, modelos 

experimentais de endotoxemia têm sido amplamente utilizados. O modelo de 

endotoxemia induzida pela administração de LPS é bem conhecido e tem sido vastamente 

usado em estudos recentes (ÁVILA et al., 2020; BROGNARA et al., 2018, 2019; CHEN 

et al., 2019; XIE et al., 2017). Esse modelo contribui para uma melhor compreensão das 

manifestações fisiopatológicas encontradas em infecções e doenças inflamatórias, 

simulando sinais clínicos como hipo ou hipertermia, taquicardia, hipotensão e taquipneia 

(CAFÉ-MENDES et al., 2017; CAI; DEITCH; ULLOA, 2010a; KOMEGAE et al., 2018; 

WASILCZUK et al., 2019). Além disso, é um modelo prático e reproduzível em várias 

espécies, como camundongos (HUANG et al., 2018), ratos (ÁVILA et al., 2020), coelhos 

(HE et al., 2018), cães (EASLEY et al., 2020) e ovelhas (PÉREZ-FERNÁNDEZ et al., 



1. Introdução |  
 

 

36 

2017). O LPS é um componente da membrana externa das bactérias Gram-negativas, o 

qual, após ser reconhecido pelo receptor Toll-like 4 (AKIRA; TAKEDA; KAISHO, 

2001), se configura como potente ativador da imunidade inata (BEUTLER; RIETSCHEL, 

2003; RAETZ; WHITFIELD, 2002). Esse receptor é responsável pela ativação da via do 

fator de transcrição nuclear-kB (NF-kB) o qual leva à síntese e liberação, pelas células 

imunes, de mediadores inflamatórios, como as citocinas (BEUTLER; RIETSCHEL, 

2003; CAFÉ-MENDES et al., 2017).  

 A síntese e liberação de citocinas é uma característica fundamental do sistema 

imune inato. Sabe-se que as citocinas são moduladores do processo inflamatório e estão 

associadas à patogênese de doenças agudas e crônicas como a sepse, bem como doenças 

autoimunes e neurodegenerativas (AKIYAMA et al., 2000; ALLAN; ROTHWELL, 

2001). Elas medeiam a comunicação das células imunes com outras células de diferentes 

tecidos evocando atividade biológica específica, após se ligarem ao receptor da célula 

alvo (WYSS-CORAY; MUCKE, 2002). Sabe-se que neurônios possuem receptores para 

citocinas, sugerindo, novamente, a interação dos sistemas imune e nervoso (WYSS-

CORAY; MUCKE, 2002). Além disso, as citocinas apresentam diferentes funções no 

sistema nervoso central, que podem ser importantes nas doenças neurodegenerativas, 

apresentando um caráter neurotóxico (citocinas pró-inflamatórias) ou neuroprotetor 

(citocinas anti-inflamatórias) (ALLAN; ROTHWELL, 2001; CORSI-ZUELLI et al., 

2017; DANTZER et al., 2008). Em 1975 foi descoberta a primeira molécula derivada do 

sistema imune, capaz de promover interação com o sistema nervoso, ou seja, a 

interleucina-1 (IL-1), a qual foi, inicialmente, descrita como mediador endógeno de 

leucócitos (WANNEMACHER et al., 1975). Em 1986, o professor Kevin J. Tracey e seu 

grupo de pesquisa mostraram que o TNF, anteriormente conhecido em inglês como 

“cachectin”, era capaz de induzir, por si só, muitos dos efeitos deletérios causados por 

uma endotoxina durante uma inflamação sistêmica (TRACEY et al., 1986), sugerindo um 

possível alvo terapêutico nas doenças inflamatórias (MCCANN et al., 1994). 

Posteriormente, citocinas como a interleucina-6 (IL-6), interferon-gama (IFN-γ), IL-1 e 

TNF foram associadas à regulação da secreção de hormônios hipofisários diante de uma 

inflamação sistêmica (BERKENBOSCH et al., 1987; MCCANN et al., 1994; 

SAPOLSKY, 1998). 

 De um modo geral, as citocinas podem ser divididas entre aquelas com ações, 

predominantemente, pró-inflamatórias, a saber, IL-6, TNF-α, IL-1β, interleucina-8 (IL-

8), e aquelas com ações anti-inflamatórias, as quais incluem interleucina-4 (IL-4), 
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interleucina-10 (IL-10), interleucina-13 (IL-13) e fator de transformação do crescimento-

β (TGF-β) (BLACKWELL; CHRISTMAN, 1996; CHACHKHIANI et al., 2005). Sabe-

se que 1 h após a indução do processo inflamatório, em ratos, inicia-se um aumento das 

concentrações plasmáticas de citocinas pró-inflamatórias (IL-1β, IL-6 e TNF-α) com 

retorno aos níveis normais 5 h após a sua indução (GIVALOIS et al., 1994). Por esse 

motivo, vários estudos têm avaliado os níveis de citocinas plasmáticas 90 min após a 

administração de LPS (BROGNARA et al., 2018; NARDOCCI et al., 2015), com a 

finalidade de mensurá-las durante o pico do processo inflamatório. Assim, fica claro que 

a dosagem de citocinas em estudos envolvendo o reflexo inflamatório é uma excelente 

ferramenta para avaliar a inflamação local, e sistêmica, e se os estímulos aplicados são 

eficazes, ou não, em atenuar a resposta inflamatória. 

 Além da avaliação de mediadores do sistema imune, como citado acima, a 

avaliação do equilíbrio autonômico também tem se mostrado um importante instrumento 

de análise em diferentes condições clínicas, incluindo doenças inflamatórias e 

autoimunes. Estudos clínicos e experimentais mostraram alterações do sistema nervoso 

autônomo em afecções inflamatórias periféricas e crônicas (PONGRATZ; STRAUB, 

2013; ZUBCEVIC et al., 2014). Pacientes com artrite reumatoide crônica, por exemplo, 

apresentam redução da modulação parassimpática e aumento da simpática (KOOPMAN; 

STOOF, 2011; PONGRATZ; STRAUB, 2014), mostrando uma relação entre o 

desequilíbrio autonômico e a doença inflamatória. Assim como ocorre na artrite 

reumatoide, muitas doenças apresentam um aumento da atividade simpática a qual, 

frequentemente, está associada à gravidade e progressão da doença (AYDEMIR et al., 

2010; BORMAN et al., 2008; SHARMA et al., 2009). Além disso, esse desequilíbrio 

autonômico presente nas doenças inflamatórias, resulta em redução da variabilidade da 

frequência cardíaca e da sensibilidade barorreflexa, apresentando uma relação inversa 

com os níveis de citocinas pró-inflamatórias (ARONSON; MITTLEMAN; BURGER, 

2001; HAMAAD et al., 2005; HELWIG et al., 2008; JANSZKY et al., 2004; LANZA et 

al., 2006; NIIJIMA et al., 1991). Ou seja, quanto maior o nível de citocinas pró-

inflamatórias, menor a variabilidade da frequência cardíaca e a sensibilidade barorreflexa 

(FAIRCHILD et al., 2009; TAKAGISHI et al., 2010). Vale destacar que a variabilidade 

da frequência cardíaca e da pressão arterial são facilmente mensuradas por meio análise 

no domínio da frequência (análise espectral), na qual as oscilações de alta frequência (HF) 

do intervalo cardíaco correspondem à modulação vagal sobre o coração (AKSELROD et 

al., 1981; JAPUNDZIC et al., 1990; JULIEN et al., 1995) e as oscilações de baixa 
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frequência (LF), tanto do intervalo cardíaco quanto da pressão arterial sistólica, refletem 

a modulação simpática sobre o coração e os vasos, respectivamente (AKSELROD et al., 

1981; CERUTTI et al., 1991; ELGHOZI; JULIEN, 2007; JULIEN, 2006).  

Destaca-se, ainda, a importância da condução de experimentos utilizando animais 

não anestesiados, uma vez que a anestesia pode interferir, tanto do ponto de vista neural 

quanto imunológico, sub ou superestimando o real efeito da estimulação neural na 

resposta inflamatória (PICQ et al., 2013). Vários estudos têm demonstrado que a 

Ketamina e o isoflurano, por exemplo, possuem potente propriedade anti-inflamatória 

(CRUZ; ROCCO; PELOSI, 2017; FLONDOR et al., 2008; QIN et al., 2015; 

TANIGUCHI; YAMAMOTO, 2005). Além disso, Vatner et al. (1971) mostraram que a 

anestesia afeta, apreciavelmente, grande parte do controle do sistema nervoso central 

sobre o sistema cardiovascular.  
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2. HIPÓTESE 
 

 Com o objetivo de caracterizar a participação, individual ou conjunta, dos 

sistemas nervoso simpático e parassimpático no controle da resposta inflamatória, o 

presente estudo teve duas hipóteses principais: 

a) A ativação parassimpática, por meio da estimulação elétrica do barorreflexo, 

reduz a inflamação sistêmica em ratos não anestesiados. 

b) A ativação simpática reflexa, por um mecanismo fisiológico, reduz a inflamação 

sistêmica em ratos não anestesiados. 

 

 Em atenção aos protocolos utilizados optou-se em dividir a tese em três seções: 

a) “Respostas Hemodinâmicas a diferentes doses de LPS”; 

b) “Ativação Barorreflexa e a Resposta Inflamatória Sistêmica”; 

c) “Ativação Simpática Reflexa e a Resposta Inflamatória Sistêmica”. 

  

 Desta forma, os objetivos, material e métodos, bem como os resultados de cada 

seção são apresentados separadamente; e, em seguida, há uma discussão em comum para 

os dados obtidos. 
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3. RESPOSTAS HEMODINÂMICAS A DIFERENTES DOSES DE LPS 
 

3.1. Objetivos 
 
3.1.1. Gerais  

A literatura indica que diferentes doses de LPS têm sido utilizadas em diversos 

estudos, mas a resposta hemodinâmica decorrente da administração de LPS nem sempre 

é mostrada, ou mesmo considerada, especialmente em animais não anestesiados. 

Considerando que, no presente estudo, é desejável que a administração de LPS mimetize 

os efeitos hemodinâmicos comumente descritos na inflamação sistêmica (hipotensão e 

taquicardia), o objetivo do presente estudo foi avaliar a pressão arterial, a frequência 

cardíaca, a variabilidade do intervalo cardíaco e da pressão arterial sistólica, bem como a 

sensibilidade barorreflexa de ratos não anestesiados, ao longo do tempo, submetidos a 

diferentes doses de LPS com a finalidade de obter-se a dose ideal para os protocolos a 

serem estudados. Ressalta-se que os dados descritos nesta seção foram publicados na 

revista Frontiers in Physiology (BROGNARA et al., 2019). 

 

3.1.2. Específicos 

 Os objetivos específicos deste estudo foram:  

a) Analisar a pressão arterial, a frequência cardíaca, a variabilidade do intervalo 

cardíaco, a variabilidade da pressão arterial sistólica, e a sensibilidade 

barorreflexa ao longo do tempo, em diferentes momentos após a administração de 

diversas doses de LPS em ratos não anestesiados; 

b) Verificar se existe relação entre as alterações na pressão arterial e na frequência 

cardíaca, associadas a modificações na sensibilidade barorreflexa, e na 

variabilidade do intervalo cardíaco e da pressão arterial sistólica decorrentes da 

administração de LPS. 
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3.2. Material e Métodos 
 

3.2.1. Animais de experimentação 

 Foram utilizados ratos Wistar Hannover pesando 210-280 g provenientes do 

Biotério Central do Campus da Universidade de São Paulo de Ribeirão Preto (Campus de 

Ribeirão Preto; Ribeirão Preto, SP, Brasil), acondicionados em caixas individuais e 

mantidos sob temperatura controlada (22º C), ciclo claro-escuro constante de 12 h, com 

livre acesso a água e ração. Todos os procedimentos foram revisados e aprovados pelo 

Comitê de Ética no Uso de Animais de Experimentação da Faculdade de Medicina de 

Ribeirão Preto - Universidade de São Paulo. 

 

3.2.2. Procedimentos cirúrgicos 

 Os animais foram anestesiados com uma mistura de Ketamina e Xilazina (50 

mg/kg e 10 mg/kg, i.p.) e, então, submetidos ao procedimento cirúrgico de canulação da 

artéria e veia femorais, para registro da pressão arterial pulsátil e administração de LPS 

(ou salina), respectivamente. Resumidamente, foi realizada uma pequena incisão 

cirúrgica na região da artéria femoral esquerda para então realizar a canulação da mesma 

com um tubo de polietileno (PE-50 soldado ao PE-10; Intramedic, Clay Adams, 

Parsippany, NJ, EUA). No mesmo local, outra cânula (PE-50 soldado ao PE-10; 

Intramedic, Clay Adams, Parsippany, NJ, EUA) foi inserida na veia femoral esquerda 

para administração de LPS, derivado de Escherichia coli (0111: B4), purificado pela 

extração de fenol (Sigma-Aldrich, St. Louis, MO, EUA). A cânula implantada na artéria 

femoral foi preenchida com 100 UI/mL de heparina em salina. As cânulas foram 

conduzidas, subcutaneamente, até o pescoço do animal e exteriorizadas na parte posterior 

do mesmo, e, em seguida, as incisões cirúrgicas foram suturadas. Imediatamente após o 

final da cirurgia foi realizada a injeção de analgésico (cloridrato de tramadol 2 mg/kg, 

s.c.). 

 

3.2.3. Registro da pressão arterial 

 Para o registro da pressão arterial, o cateter da artéria femoral foi conectado ao 

transdutor de pressão (MLT844; ADInstruments, Bella Vista, Austrália), o sinal 

amplificado (ML224; ADInstruments, Bella Vista, Austrália), e amostrado a 2 kHz por 

um computador (Core 2 Duo, 2.2 GHz, 4 GB RAM) interligado a uma interface analógico-

digital (PowerLab, ADInstruments, Bella Vista, Austrália). Os experimentos foram 
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conduzidos com os animais se movimentando livremente em suas próprias caixas (um 

animal por caixa) e silêncio foi mantido para se evitar o estresse ambiental. O registro da 

pressão arterial pulsátil foi processado por um software computacional (LabChart 7.0, 

ADInstruments, Bella Vista, Austrália) capaz de detectar os pontos de inflexão, e gerar 

séries temporais com valores de pressão arterial média e de frequência cardíaca, 

batimento a batimento. 

 

3.2.4. Grupos e procedimentos experimentais 

 Vinte e quatro horas após os procedimentos cirúrgicos os ratos foram divididos 

em quatro grupos com diferentes doses de LPS, e um grupo com administração de salina:  

I) 0,06 mg/kg (n = 7): administração de LPS (i.v) na dose de 0,06 mg/kg; 

II) 20 mg/kg (n = 4): administração de LPS (i.v) na dose de 20 mg/kg; 

III) 30 mg/kg (n = 3): administração de LPS (i.v) na dose de 30 mg/kg; 

IV) 40 mg/kg (n = 5): administração de LPS (i.v) na dose de 40 mg/kg; 

V) Salina (n = 5): administração de Salina (i.v.). 

 

 Com os animais não anestesiados e se movimentando livremente, o protocolo 

experimental consistiu do registro basal da pressão arterial pulsátil, seguido da 

administração de LPS ou salina. A pressão arterial foi registrada 90, 180 e 360 min após 

a injeção de LPS, ou salina, para avaliação temporal dos parâmetros hemodinâmicos.  

 

3.2.5. Análise da variabilidade da pressão arterial sistólica e do intervalo cardíaco 

 Séries temporais, batimento-a-batimento, com valores de pressão arterial sistólica 

e intervalo cardíaco foram extraídas de períodos de aproximadamente 10 min, a partir dos 

traçados de pressão arterial pulsátil. As séries foram analisadas no domínio da frequência 

por meio da análise espectral (Transformada Rápida de Fourier), utilizando-se um 

software computacional, personalizado, de livre acesso (CardioSeries v2.7, 

www.danielpenteado.com). Resumidamente, as séries temporais, batimento-a-batimento, 

foram re-amostradas em 10 Hz por meio de interpolação cúbica do tipo spline. As séries 

interpoladas foram divididas em segmentos sequenciais de 512 pontos, sobrepostos em 

50%. Após inspeção visual criteriosa, todos os segmentos com transientes que pudessem 

afetar o cálculo dos espectros foram excluídos da análise final. Em seguida, um 

janelamento do tipo Hanning foi aplicado aos segmentos e seus espectros foram 

calculados, inspecionados visualmente e integrados em bandas de LF (0,20–0,75 Hz) e 
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HF (0,75–3,00 Hz). Os resultados são expressos em unidades absolutas (ms2 e mmHg2) 

ou normalizadas (nu). A razão LF/HF também foi calculada. 

 

3.2.6. Análise da sensibilidade barorreflexa 

As mesmas séries temporais batimento-a-batimento, selecionadas para a análise 

da variabilidade da pressão arterial sistólica e do intervalo cardíaco, foram utilizadas para 

avaliação da sensibilidade espontânea do barorreflexo. As análises foram realizadas 

utilizando-se o método da sequência (BERTINIERI et al., 1985; DI RIENZO et al., 1985). 

Séries temporais foram examinadas pelo software CardioSeries, procurando-se 

sequências de valores com, no mínimo, quatro batimentos consecutivos, nos quais 

aumentos da pressão arterial sistólica foram seguidos por prolongamentos do intervalo 

cardíaco; assim como reduções da pressão arterial sistólica foram seguidas por 

encurtamento do intervalo cardíaco. Uma sequência barorreflexa foi considerada quando 

o coeficiente de correlação (r) entre os valores de pressão arterial sistólica e intervalo 

cardíaco foi maior ou igual a 0,80. A média da inclinação da reta da regressão linear entre 

os valores de pressão arterial sistólica e intervalo cardíaco, de cada sequência 

barorreflexa, foi tomada como a sensibilidade do barorreflexo.  

 

3.2.7. Análise estatística 

Os dados foram submetidos à análise de variância (ANOVA) de uma via, e à 

ANOVA de uma via para medidas repetidas seguidas do pós-teste Student-Newman-

Keuls, quando indicado. Diferenças foram consideradas estatisticamente significativas se 

p < 0,05. Os resultados são apresentados como média ± erro padrão da média. A análise 

estatística foi realizada utilizando-se o software SigmaPlot 12.0 (Systat Software, San 

Jose, CA, EUA). 
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3.3. Resultados 
 

3.3.1. Resposta temporal da pressão arterial à administração de LPS 

Não foram observadas alterações na pressão arterial média ao longo do tempo no 

grupo salina (Fig. 5A e Tabela 1). Em comparação ao basal, a dose de 0,06 mg/kg de LPS 

diminuiu a pressão arterial média aos 360 min após a sua administração (116 ± 3 vs. 109 

± 2 mmHg; Fig. 5B e Tabela 1). Por outro lado, as doses de 20, 30 e 40 mg/kg aumentaram 

a pressão arterial média ao longo do tempo (Fig. 5C – E e Tabela 1). As doses de 20 e 30 

mg/kg atingiram o pico da resposta pressora aos 360 min, enquanto a dose de 40 mg/kg 

atingiu aos 180 min (Fig. 5C – E e Tabela 1). Além disso, a dose de 20 mg/kg foi capaz 

de aumentar a pressão arterial média já nos primeiros 90 min após o LPS, enquanto as 

doses de 40 e 30 mg/kg só foram capazes de aumentar a pressão arterial aos 180 e 360 

min, respectivamente (Fig. 5C – E e Tabela 1). 

 

3.3.2. Evolução temporal da frequência cardíaca após a administração de LPS 

Não foram observadas alterações na frequência cardíaca ao longo do tempo no 

grupo salina (Fig. 5F e Tabela 1). Todas as doses de LPS testadas aumentaram a 

frequência cardíaca ao longo do tempo, em comparação com os valores basais, atingindo 

o pico aos 360 min após administração do LPS (Fig. 5G – J e Tabela 1). No entanto, a 

dose de 0,06 mg/kg promoveu menor taquicardia em comparação com as outras doses 

avaliadas (0,06 mg/kg: Δ 84 ± 23 bpm vs. 20 mg/kg: Δ 200 ± 26 bpm; 30 mg/kg: Δ 202 

± 29 bpm; 40 mg/kg: Δ 180 ± 29 bpm). Além disso, todas as doses de LPS testadas foram 

capazes de aumentar a frequência cardíaca, já nos primeiros 90 min após a sua 

administração (Fig. 5G – J e Tabela 1). 
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Figura 5. Evolução temporal da pressão arterial média (PAM) e da frequência cardíaca (FC) em 
resposta a diferentes doses de lipopolissacarídeo em ratos não anestesiados. Salina: painéis (A, F); 0,06 

mg/kg de LPS: painéis (B, G); 20 mg/kg de LPS: painéis (C, H); 30 mg/kg de LPS: painéis (D, I); 40 mg/kg 

de LPS: painéis (E, J). Salina: n = 5; 0,06 mg/kg: n = 7; 20 mg/kg: n = 4; 30 mg/kg: n = 3. 40 mg/kg: n = 

5. Os dados são expressos como média ± erro padrão da média. * p < 0,05 vs. basal; † p < 0,05 vs. 90 min; 

# p < 0,05 vs. 180 min. ANOVA de uma via para medidas repetidas seguida do pós-teste de Student-

Newman-Keuls. 

 

 

 

 

 



3. Respostas Hemodinâmicas a Diferentes Doses de LPS | 

 

48 

Tabela 1. Evolução temporal da pressão arterial média (PAM) e frequência cardíaca (FC) 
em resposta a diferentes doses de lipopolissacarídeo.  

 Salina 
(n = 5) 

0,06 mg/kg 
(n = 7) 

20 mg/kg 
(n = 4) 

30 mg/kg 
(n = 3) 

40 mg/kg 
(n = 5) 

PAM (mmHg)           

Basal 115 ± 4 116 ± 3 101 ± 2 112 ± 7 92 ± 2 

90 min 114 ± 2 116 ± 3 113 ± 1* 120 ± 5 100 ± 4 

180 min 112 ± 3 118 ± 4 114 ± 5* 126 ± 6 108 ± 5* 

360 min 108 ± 4 109 ± 2*#† 121 ± 4*#† 130 ± 0.4* 107 ± 3* 

FC (bpm)           

Basal 328 ± 5 344 ± 22 388 ± 6 367 ± 21 426 ± 27 

90 min 339 ± 10 387 ± 27* 566 ± 13* 520 ± 6* 540 ± 34* 

180 min 340 ± 8 413 ± 16*  572 ± 31* 516 ± 18* 574 ± 33*† 

360 min 333 ± 12 428 ± 17* 588 ± 24* 569 ± 9* 606 ± 24*† 

Dados expressos como média ± erro padrão da média. * p < 0,05 vs. basal; † p < 0,05 vs. 90 min; # 

p < 0,05 vs. 180 min. ANOVA de uma via para medidas repetidas seguido do pós-teste de Student-

Newman-Keuls. 
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3.3.3. Resposta temporal da variabilidade cardiocirculatória à administração de LPS 

A análise realizada em vários momentos (basal, 90, 180 e 360 min) após a 

administração de LPS, ou salina, não revelou diferença na potência da banda de LF no 

espectro do intervalo cardíaco nos grupos salina, 0,06, 20 ou 30 mg/kg de LPS, apesar de 

forte tendência em aumentar a potência de LF nos grupos com 20 ou 30 mg/kg (Fig. 6A 

– D). No entanto, os ratos que receberam 40 mg/kg mostraram um aumento na potência 

da banda de LF no espectro do intervalo cardíaco aos 180 e 360 min após a administração 

do LPS (Fig. 6E). A análise da potência de HF não mostrou alterações no grupo salina 

(Fig. 6F); mas, a injeção de LPS reduziu, drasticamente, a potência de HF ao longo do 

tempo, iniciando aos 90 min após sua administração (Fig. 6G – J). Em todos os grupos 

não foram encontradas diferenças na relação LF/HF ao longo do tempo (Fig. 6K – O). No 

entanto, a dose de 40 mg/kg apresentou grande tendência ao aumento aos 180 e 360 min 

após o LPS (Fig. 6O). A potência da banda de LF do espectro da pressão arterial sistólica 

aumentou ao longo do tempo em ambos os grupos, tratados com salina ou LPS (Fig. 6P 

– T).  
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Figura 6. Efeitos das diferentes doses de lipopolissacarídeo sobre a variabilidade do intervalo 
cardíaco e da pressão arterial sistólica de ratos não anestesiados. Os parâmetros avaliados foram: banda 

de LF (LF), banda de HF (HF), razão LF/HF, e LF da pressão arterial sistólica (LF-PAS). Salina: painéis 

(A, F, K, P); 0,06 mg/kg de LPS: painéis (B, G, L, Q); 20 mg/kg de LPS: painéis (C, H, M, R); 30 mg/kg 

de LPS: painéis (D, I, N, S); 40 mg/kg de LPS: painéis (E, J, O, T). Salina: n = 5; 0,06 mg/kg: n = 7; 20 

mg/kg: n = 3; 30 mg/kg: n = 3. 40 mg/kg: n = 5. Barras são expressas como média ± erro padrão da média. 

* p < 0,05 vs. basal; # p < 0,05 vs. 90 min. LF: baixa frequência; HF: alta frequência. ANOVA de uma via 

para medidas repetidas seguido do pós-teste de Student-Newman-Keuls. 

 

 

 

 

 

 

 

 

 



3. Respostas Hemodinâmicas a Diferentes Doses de LPS | 

 

51 

3.3.4. Resposta temporal da sensibilidade barorreflexa à administração de LPS 

A análise da sensibilidade barorreflexa revelou que a administração de salina não 

alterou a sensibilidade barorreflexa ao longo do tempo (Fig. 7A). Por outro lado, todas as 

doses de LPS promoveram diminuição da sensibilidade barorreflexa, ao longo do tempo 

(Fig. 7B – E). Vale destacar que essa alteração foi observada já no primeiro momento 

avaliado (90 min) após a administração de LPS, e foi mantida até o final do protocolo 

(360 min).  

 

 
 
Figura 7. Efeitos das diferentes doses de lipopolissacarídeo na sensibilidade barorreflexa de ratos não 
anestesiados. Sensibilidade barorreflexa após a administração de salina ou LPS. Salina (A); 0,06 mg/kg de 

LPS (B); 20 mg/kg (C); 30 mg/kg de LPS (D); 40 mg/kg de LPS (E). Salina: n = 5; 0,06 mg/kg: n = 7; 20 

mg/kg: n = 3; 30 mg/kg: n = 3. 40 mg/kg: n = 5. Barras são expressas como média ± erro padrão da média. 

* p < 0,05 vs. basal; # p < 0,05 vs. 90 min. ANOVA de uma via para medidas repetidas, seguida do pós-

teste de Student-Newman-Keuls. 
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3.4. Conclusões   
  

 Os dados apresentados neste protocolo indicam que altas doses de LPS promovem 

aumento da pressão arterial ao longo do tempo, enquanto que uma dose baixa reduz a 

pressão arterial. Ainda, tanto doses altas quanto baixas provocam taquicardia nos animais 

ao longo do tempo. Além disso, alterações na variabilidade do intervalo cardíaco e na 

sensibilidade barorreflexa, causadas pela administração de LPS, talvez não estejam 

associadas com a resposta de pressão arterial apresentada na endotoxemia. Por outro lado, 

as diferenças observadas na resposta da pressão arterial entre os grupos com doses altas 

e baixas de LPS, podem ser atribuídas ao aumento exacerbado da potência da banda de 

LF no espectro da pressão arterial sistólica, ao longo do tempo, nos grupos que receberam 

doses altas de LPS. 
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4. ATIVAÇÃO BARORREFLEXA E A RESPOSTA INFLAMATÓRIA 
SISTÊMICA 

 
4.1. Objetivos 

 

4.1.1. Gerais 

Após o estudo das alterações cardiovasculares decorrentes da administração de 

diferentes doses de LPS, optou-se por utilizar a dose de 0,06 mg/kg (i.v.) nos próximos 

protocolos, uma vez que esta foi a dose, dentre as avaliadas, que mimetizou melhor as 

alterações hemodinâmicas classicamente observadas na inflamação sistêmica. Além 

disso, doses muito altas poderiam mascarar a possível resposta anti-inflamatória da 

ativação do barorreflexo e comprometer as análises por induzirem, também, danos 

sistêmicos maiores. Sendo assim, optou-se por uma dose de LPS considerada baixa, mas 

capaz de ativar o sistema imune de ratos, como já demonstrado em trabalhos também 

envolvendo o controle neural da resposta inflamatória (MARTELLI et al., 2014a, 2014b).  

 Uma vez que a ativação barorreflexa atenua a inflamação local em um modelo 

experimental de artrite reumatoide (BASSI et al., 2015) e os níveis hipotalâmicos de 

citocinas em um modelo de endotoxemia (BROGNARA et al., 2018), para expandir o 

conhecimento sobre o potencial anti-inflamatório da ativação elétrica do barorreflexo, o 

presente protocolo teve como objetivo avaliar, ao longo de um período maior de tempo, 

se a estimulação elétrica do NDA reduz a inflamação sistêmica em ratos endotoxêmicos 

não anestesiados.  

 

4.1.2. Específicos 

  Os objetivos específicos deste estudo foram:  

a) Analisar a pressão arterial, a frequência cardíaca, a variabilidade do intervalo 

cardíaco, a variabilidade da pressão arterial sistólica, e a sensibilidade do 

barorreflexo em diferentes momentos ao longo de 360 min após a administração 

de LPS, ou salina, nos diferentes grupos; 

b) Quantificar os níveis plasmáticos das citocinas pró-inflamatórias (TNF-α, IL-1β 

e IL-6) e anti-inflamatória (IL-10), em diferentes momentos ao longo de 360 min 

após a administração de LPS, ou salina, afim de examinar se a ativação 

parassimpática e inibição simpática, por meio da estimulação do NDA, previne o 

aumento das citocinas induzido pelo LPS. 
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4.2. Material e Métodos 
 

4.2.1. Animais de experimentação 

 Foram utilizados ratos Wistar Hannover pesando 230-300 g, provenientes do 

Biotério Central do Campus da Universidade de São Paulo de Ribeirão Preto (Campus de 

Ribeirão Preto; Ribeirão Preto, SP, Brasil), acondicionados em caixas individuais e 

mantidos sob temperatura controlada (22º C), ciclo claro-escuro constante de 12h, com 

livre acesso a água e ração. Todos os procedimentos foram revisados e aprovados pelo 

Comitê de Ética no Uso de Animais de Experimentação da Faculdade de Medicina de 

Ribeirão Preto - Universidade de São Paulo (Protocolo n. 194/2016). 

 

4.2.2. Grupos experimentais 

 Antes de serem submetidos aos procedimentos cirúrgicos, os animais foram 

divididos em quatro grupos experimentais: 

 
I) Salina (n = 9): cirurgia fictícia e administração de salina; 

II) LPS (n = 8): implante do eletrodo com os fios encapados no NDA sem 

estimulação elétrica, porém com administração de LPS. 

III) LPS + ENDA (-) (n = 11): implante do eletrodo no NDA associado à 

estimulação elétrica sem efeito hemodinâmico, porém com administração de LPS; 

IV) LPS + ENDA (+) (n = 7): implante do eletrodo no NDA associado à estimulação 

elétrica com efeito hemodinâmico, porém com administração de LPS. 

 

4.2.3. Procedimentos cirúrgicos 

 Os animais foram anestesiados com uma mistura de Ketamina e Xilazina (50 

mg/kg e 10 mg/kg, i.p.), e submetidos aos procedimentos cirúrgicos para isolar o NDA 

esquerdo para implante do eletrodo, e canulação da artéria e veia femorais para registro 

da pressão arterial e administração de LPS (ou salina), respectivamente. Para o implante 

do eletrodo foi realizada uma cervicotomia mediana anterior, para, cuidadosamente, com 

o auxílio do microscópio, isolar o NDA esquerdo, abaixo da sua junção com o nervo 

laríngeo superior, e colocá-lo sobre o par de eletrodos bipolares. O eletrodo utilizado era 

bipolar de aço inoxidável confeccionado com dois fios de 40 mm de comprimento, e uma 

distância entre os fios de 2 mm (diâmetro: 127 µm descoberto e 203,2 µm coberto com 

Teflon; modelo 791400; A-M Systems, Sequim, WA, EUA) associados a um pequeno 
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conector (GF-6; Microtech, Boothwyn, PA, EUA). As pontas descobertas do eletrodo 

consistiam em comprimentos de 2 mm, em formato de gancho ao redor do NDA. 

Primeiramente, o eletrodo foi posicionado através do músculo esternocleidomastoideo e 

o pequeno conector foi exteriorizado na região posterior do pescoço do animal. Em 

seguida, o segmento isolado do NDA foi posicionado sobre o eletrodo de aço inoxidável 

(Fig. 8) e cuidadosamente coberto com um material siliconado para isolar a região (Kwik-

Sil silicone elastomer; World Precision Instruments, Sarasota, FL, EUA). Após alguns 

min para completa polimerização do silicone, a região foi suturada. Os animais do grupo 

II passaram pelos mesmos procedimentos, mas o eletrodo no NDA tinha os seus fios 

encapados (Fig. 9). Já nos animais do grupo I foi realizado apenas a cervicotomia, ou seja, 

os animais não tiveram o NDA isolado e o eletrodo não foi implantado ao seu redor. Na 

mesma cirurgia, a artéria e veia femorais esquerdas foram canuladas com tubo de 

polietileno (tubo de polietileno PE-50 soldado ao PE-10; Intramedic, Clay Adams, 

Parsippany, NJ, EUA). Tanto o conector do eletrodo, quanto os cateteres vasculares, 

foram exteriorizados na parte posterior do pescoço dos ratos, e as incisões cirúrgicas 

foram devidamente suturadas. Imediatamente após o término da cirurgia foi feita a 

administração de analgésico (cloridrato de tramadol 2 mg/kg, s.c.). 

 

4.2.4. Registro da pressão arterial 

Após o período de recuperação cirúrgica de 24 h, os animais se movimentando 

livremente (não anestesiados) foram conectados ao sistema de registro, o qual consistiu 

de um transdutor de pressão (MLT844; ADInstruments, Sydney, Austrália) ligado ao 

amplificador (ML224; ADInstruments, Bella Vista, Austrália) conectado a um 

computador (Core 2 Duo, 2.2 GHz, 4 GB RAM) e a uma interface analógico-digital 

(PowerLab, ADInstruments, Bella Vista, Austrália) para registrar o sinal da pressão 

arterial pulsátil, e, a partir dele, obter a pressão arterial média, sistólica, diastólica e a 

frequência cardíaca. Os experimentos foram conduzidos com os animais se 

movimentando livremente em sua própria caixa (um animal por caixa), e silêncio foi 

mantido na sala para minimizar o estresse ambiental. No caso dos grupos III e IV, o 

conector do eletrodo foi ligado a um estimulador elétrico, o qual foi, também, interligado 

ao sistema de registro digital para monitoramento. O estimulador gerava um estímulo 

elétrico com onda quadrada em regime de pulso contínuo seguindo os seguintes 

parâmetros de estimulação: frequência de 15 Hz, largura do pulso de 0,25 ms, intensidade 

de 0,5 mA.  
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Para todos os animais, o protocolo experimental inicial consistiu na coleta de 

amostra de sangue em condições basais e registro da pressão arterial pulsátil por 30 min. 

Em seguida, para os grupos I e II foi realizada a administração de salina, ou LPS, 

imediatamente após término do período basal. Então, a pressão arterial foi registrada 

continuamente durante 360 min após a administração de LPS ou salina. Para os grupos 

III e IV, após o período basal, o estimulador elétrico foi ligado e a estimulação elétrica 

do NDA foi realizada por 10 min, antes e 10 min depois da administração de LPS [0,06 

mg/kg (i.v.); Escherichia coli - 0111: B4; Sigma-Aldrich, St. Louis, MO, EUA], 

totalizando 20 min de estímulo elétrico. Em seguida, a pressão arterial também foi 

registrada continuamente durante 360 min após a administração de LPS. Nesse período 

foram feitas coletas de sangue seriadas (250 µL por amostra) aos 90, 180, 270 e 360 min 

após a administração de LPS, ou salina, através da cânula na artéria femoral esquerda em 

todos os grupos experimentais. As amostras de sangue foram coletadas com heparina e 

mantidas no gelo até serem centrifugadas a 4° C, durante 15 min, utilizando-se 5000 rpm. 

Logo após, o plasma foi coletado e armazenado a -80° C até o dia do processamento da 

amostra. 

 
Figura 8. Nervo depressor aórtico posicionado no eletrodo. A seta amarela mostra o segmento do nervo 

depressor aórtico de um rato, o qual foi isolado e posicionado sobre o eletrodo para realizar a estimulação 

elétrica. Figura criada utilizando a plataforma online Mind the Graph (disponível em: 

www.mindthegraph.com). 
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Figura 9. Fotografia dos eletrodos utilizados no protocolo. A: fios do eletrodo encapados. B: fios do 

eletrodo decapados. A seta amarela destaca o material que mantem os fios encapados. Na foto à direita (B) 

é possível notar a ausência do material envolvendo os fios.  

 

 

4.2.5. Análise da variabilidade da pressão arterial sistólica e do intervalo cardíaco 

 A análise da variabilidade da pressão arterial sistólica e do intervalo cardíaco foi 

realizada como descrito na subseção 3.2.5.  

 

4.2.6. Análise da sensibilidade barorreflexa 

 A análise da sensibilidade barorreflexa foi realizada como descrito na subseção 

3.2.6. 

  

4.2.7. Análise de citocinas 

 Os níveis plasmáticos das citocinas (TNF-α, IL-1β, IL-6 e IL-10) foram 

determinados por meio do método imunoenzimático Enzyme Linked ImmunonoSorbent 

Assay (ELISA) utilizando kits (Duo set R&D Systems, Minneapolis, MN, EUA), seguindo 

as instruções do fabricante.  

 

4.2.8. Análise estatística 

Os parâmetros hemodinâmicos foram analisados pela ANOVA de duas vias para 

medidas repetidas, seguida do pós-teste Tukey, quando indicado. As análises da 

variabilidade cardiocirculatória e da sensibilidade barorreflexa foram feitas pela ANOVA 
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de uma via, seguida do pós-teste de Tukey. Os dados obtidos a partir do plasma foram 

analisados pela ANOVA de uma via, seguida do pós-teste de Student-Newman-Keuls e 

Kruskal-Wallis, seguido do pós-teste Dunn, quando indicado, e, também pela ANOVA 

de duas vias para medidas repetidas seguida do pós-teste Tukey. Diferenças foram 

consideradas estatisticamente significativas se p < 0,05. Os resultados são apresentados 

como média ± erro padrão da média. A análise estatística foi realizada utilizando-se o 

software SigmaPlot 12.0 (Systat Software, San Jose, CA, EUA). 
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4.3. Resultados 
 

4.3.1. Respostas hemodinâmicas à estimulação elétrica do nervo depressor aórtico 

Logo após o seu início (primeiros 5 segundos), a estimulação do NDA (ENDA) 

reduziu a pressão arterial e a frequência cardíaca dos animais [Fig. 10 e Fig. 11; grupo 

ENDA (+)], resposta esperada quando o barorreflexo é ativado. Entretanto, a ENDA não 

alterou a pressão arterial em 11 dos 18 animais que receberam a estimulação elétrica [Fig. 

11; grupo ENDA (-)]. Ou seja, com o mesmo estímulo, alguns animais não apresentaram 

a resposta hemodinâmica clássica decorrente da ativação barorreflexa, por isso, o 

conjunto dos animais foi separado em dois grupos: um com resposta hemodinâmica (+), 

e o outro sem a resposta (-). 

 

 

 

 
Figura 10. Registro representativo das respostas hemodinâmicas de um rato não anestesiado durante 
a estimulação elétrica do nervo depressor aórtico. Barra horizontal representa o período de 20 minutos 

referente à estimulação elétrica do nervo depressor aórtico e a linha branca representa a pressão arterial 

média. Registro de um animal do grupo LPS+ENDA (+). PAP: pressão arterial pulsátil; FC: frequência 

cardíaca. 
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Figura 11. Respostas hemodinâmicas à estimulação do nervo depressor aórtico (ENDA) em ratos não 
anestesiados. PAS: pressão arterial sistólica; PAD: pressão arterial diastólica; PAM: pressão arterial média; 

FC: frequência cardíaca. Períodos: basal (barras brancas) e 5 segundos após o início da estimulação (barras 

cinzas). ENDA (-): sem queda de pressão arterial; ENDA (+): com queda de pressão arterial. LPS+ENDA 

(-): n = 11; LPS+ENDA (+): n = 7. As barras representam média ± erro padrão * p < 0,05. ANOVA de duas 

vias para medidas repetidas, seguida do pós-teste Tukey. 
 
 

4.3.2. Análise temporal das respostas hemodinâmicas 

A análise temporal mostrou que todos os grupos apresentaram valores similares 

no período basal (0 min), tanto para pressão arterial quanto para a frequência cardíaca 

(Tabela 2). Ao longo do tempo, a pressão arterial não diferiu entre os grupos avaliados 

(Tabela 2). Por outro lado, houve um aumento expressivo da frequência cardíaca ao longo 

do tempo, em todos os grupos que receberam LPS, já a partir do primeiro momento 

avaliado após sua administração (Tabela 2). Entretanto, não houve diferença nos valores 

de frequência cardíaca entre esses grupos em nenhum dos momentos que sucederam a 

administração de LPS (Tabela 2). O grupo controle (salina) não apresentou alterações na 

frequência cardíaca durante o período estudado (Tabela 2). 
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Tabela 2. Análise temporal das respostas hemodinâmicas no protocolo com estimulação do 
nervo depressor aórtico. 

 Salina 
(n=9) 

LPS 
(n=8) 

LPS+ENDA (-) 
(n=11) 

LPS+ENDA (+) 
(n=7) 

 
PAS (mmHg)       

  

0 min 137 ± 3 136 ± 3 139 ± 4 140  ± 4 

90 min 133 ± 3 148 ± 3 142 ± 3 144  ± 3 

180 min 132 ± 2 142 ± 3 135 ± 3 132  ± 3 

270 min 130 ± 2 146 ± 4* 138 ± 4 133  ± 7 

360 min 126 ± 3 140 ± 7 134 ± 4 133  ± 8 

 
PAD (mmHg)       

  

0 min 97 ± 3 97 ± 3 94 ± 4 99    ± 4 

90 min 94 ± 2 105 ± 3 96 ± 4 99  ± 4 

180 min 92 ± 2 104 ± 3 93 ± 4 92  ± 5 

270 min 87 ± 3 119 ± 3 90 ± 4 91  ± 8 

360 min 83 ± 4 113 ± 6 88 ± 5 91  ± 8 

 
PAM (mmHg)       

  

0 min 115 ± 3 114 ± 3 114 ± 4 117  ± 4 

90 min 112 ± 2  123 ± 2 115 ± 4 117  ± 4 

180 min 110 ± 2 120 ± 3 110 ± 3 108  ± 4 

270 min 107 ± 2 119 ± 3 110 ± 4 108  ± 7 

360 min 103 ± 3 113 ± 6 107 ± 4 109  ± 8 

 
FC (bpm)       

  

0 min 336 ± 8 333 ± 12 353 ± 12 382  ± 20 

90 min 344 ± 8 415 ± 22* 421 ± 22* 463  ± 14* 

180 min 357 ± 11  445 ± 24* 465 ± 19* 498  ± 7* 

270 min 361 ± 14 456 ± 19* 474 ± 14* 492  ± 14* 

360 min 351 ± 12  432 ± 20* 447 ± 17* 484  ± 18* 

Dados expressos como média ± erro padrão da média. PAS: pressão arterial sistólica; PAD: 

pressão arterial diastólica; PAM: pressão arterial média; FC: frequência cardíaca; ENDA: 

estimulação do nervo depressor aórtico sem (-) e com (+) alteração hemodinâmica. * p < 0,05 vs. 

Salina no mesmo momento. ANOVA de duas vias para medidas repetidas, seguida do pós-teste 

Tukey. 
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4.3.3. Ativação barorreflexa e a variabilidade cardiocirculatória em ratos 

endotoxêmicos 

A análise da variabilidade do intervalo cardíaco revelou que no período basal, o 

grupo LPS+ENDA (+) apresentou maior potência na banda de LF e menor potência na 

banda de HF no espectro do intervalo cardíaco comparado com os grupos Salina e LPS 

(Fig. 12A e F, respectivamente). Esses achados também refletiram em uma maior razão 

LF/HF no período basal no grupo LPS+ENDA (+) (Fig. 12K). Entretanto, essas 

diferenças deixaram de existir ao longo do tempo. Com relação à potência da banda de 

LF ao longo do tempo, aos 360 min foi observado aumento da banda de LF no grupo 

LPS+ENDA (-) comparado aos outros grupos avaliados (Fig. 12E). Já os dados referentes 

à potência da banda de HF mostraram que a partir do momento 90 min, todos os grupos 

que receberam LPS apresentaram redução da potência da banda de HF comparado ao 

grupo salina (Fig. 12G – J). Em decorrência do aumento da potência da banda de LF e 

redução da banda de HF aos 360 min, o grupo LPS+ENDA (-) apresentou aumento na 

razão LF/HF (Fig. 12O).  

 A análise da variabilidade da pressão arterial sistólica mostrou que 90 min após 

a administração de LPS houve um aumento na banda de LF e que a estimulação elétrica 

do NDA, (com ou sem efeito hemodinâmico), reduziu esse aumento (Fig. 12Q). 

Entretanto, ao final do protocolo (momento 360 min) não foram observadas diferenças 

entre os grupos estudados (Fig. 12T).  
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Figura 12. Efeitos da ativação barorreflexa sobre a variabilidade do intervalo cardíaco e da pressão 
arterial sistólica de ratos endotoxêmicos não anestesiados ao longo do tempo. Os parâmetros avaliados 

foram: banda de baixa frequência (LF; painéis A, B, C D e E), banda de alta frequência (HF; painéis F, G, 

H, I e J), razão LF/HF (painéis K, L, M, N e O), e LF da pressão arterial sistólica (LF-PAS; painéis P, Q, 

R, S e T), em diferentes momentos: basal, 90 min, 180 min, 270 min e 360 min após LPS ou salina.  Salina: 

n = 6-9; LPS: n = 6-8; LPS+ENDA (-): n = 8-11; LPS+ENDA (+): n = 5-7. As barras representam média ± 

erro padrão, * p < 0,05 vs. salina; # p < 0,05 vs. LPS; † p < 0,05 vs. LPS+ENDA (-). ANOVA de uma via, 

seguida do pós-teste de Tukey. 
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4.3.4. Ativação barorreflexa e a sensibilidade barorreflexa em ratos endotoxêmicos 

No período basal, todos os grupos apresentaram valores similares de ganho 

barorreflexo (Fig. 13A). Entretanto, a partir do momento 180 min (Fig. 13C), assim como 

visto no primeiro protocolo descrito nesta tese, que avaliou as diferentes doses de LPS, a 

sensibilidade barorreflexa diminuiu ao longo do tempo, após a indução do desafio imune 

(Fig. 13). Além disso, a ativação barorreflexa (com ou sem efeito hemodinâmico) não 

preveniu essa redução (Fig. 13C – E).  

 

 

 

 
Figura 13. Efeito da estimulação do nervo depressor aórtico na sensibilidade barorreflexa de ratos 
não anestesiados. Sensibilidade barorreflexa em diferentes momentos [basal (A), 90 min (B), 180 min (C), 

270 min (D) e 360 min (E)] após a administração de LPS ou salina. Salina: n = 6-9; LPS: n = 7-8; 

LPS+ENDA (-): n = 10-11; LPS+ENDA (+): n = 7. As barras representam média ± erro padrão, * p < 0,05 

vs. salina. ANOVA de uma via, seguida do pós-teste de Tukey. 
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4.3.5. A estimulação do nervo depressor aórtico não modula a inflamação sistêmica 

 A estimulação do NDA não reduziu os níveis das citocinas avaliadas neste estudo 

(TNF, IL-6, IL-1β e IL-10), tanto 90 min após a administração de LPS (Fig. 14), quanto 

nos outros momentos analisados (Tabela 3). O grupo com estimulação elétrica do NDA 

sem efeito hemodinâmico [LPS+ENDA (-)] aumentou os níveis de IL-10 aos 90 min, 

quando comparado aos outros dois grupos que receberam LPS (Fig. 14D; Tabela 3). A 

estimulação do NDA com efeito hemodinâmico [(LPS+ENDA (+)] aumentou os níveis 

de IL-1β aos 360 min quando comparado ao grupo LPS (Tabela 3). De uma maneira geral, 

os níveis de citocinas aumentaram logo após a administração de LPS, enquanto que a 

partir dos 90 min os mesmos tenderam a se reduzir (Tabela 3).   

 

 

 

 

Figura 14. Níveis plasmáticos de citocinas 90 min após LPS. Níveis plasmáticos de TNF (A), IL-6 (B), 

IL-1β (C) e IL-10 (D) 90 min após a administração de LPS ou salina. LPS: lipopolissacarídeo; ENDA: 

estimulação do nervo depressor aórtico sem (-) e com (+) alteração hemodinâmica. Salina: n = 9; LPS: n = 

8; LPS+ENDA (-): n = 11; LPS+ENDA (+): n = 7. As barras representam média ± erro padrão, * p < 0,05 

vs. Salina; # p < 0,05 vs. LPS; † p < 0,05 vs. LPS+ENDA (-). ANOVA de uma via, seguida do pós-teste 

Student-Newman-Keuls ou Kruskal-Wallis seguido do pós-teste Dunn. 
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Tabela 3. Análise temporal das citocinas plasmáticas no protocolo com estimulação do nervo 
depressor aórtico. 

 Salina 
(n=9) 

LPS 
(n=8) 

LPS+ENDA (-) 
(n=12) 

LPS+ENDA (+) 
(n=8) 

 
TNF (pg/mL)       

  

0 min 503 ± 89 259 ± 55* 303 ± 65* 190  ± 47* 

90 min 207 ± 66 574 ± 64* 536 ± 67* 412  ± 42* 

180 min 117 ± 36 117 ± 7 141 ± 30 88  ± 16 

270 min 105 ± 25 50 ± 7 54 ± 9 43  ± 10 

360 min 89 ± 20 52 ± 6 42 ± 8 40  ± 10 

 
IL-6 (pg/mL)       

  

0 min 0 ± 0 0 ± 0 0 ± 0 0    ± 0 

90 min 0 ± 0 5384 ± 703* 5144 ± 430* 4727  ± 856* 

180 min 0 ± 0 637 ± 229 657 ± 213 92  ± 67 

270 min 0 ± 0 0 ± 0 0 ± 0 0  ± 0 

360 min 0 ± 0 0 ± 0 0 ± 0 0  ± 0 

 
IL-1β (pg/mL)       

  

0 min 0 ± 0 5 ± 4 2 ± 2 24  ± 17 

90 min 0 ± 0 53 ± 13 86 ± 28* 112  ± 53* 

180 min 2 ± 1 43 ± 20 56 ± 14 74  ± 29 

270 min 0 ± 0 17 ± 6 58 ± 36 86  ± 35* 

360 min 0 ± 0 6 ± 2 34 ± 13 114  ± 43*# 

 
IL-10 (pg/mL)       

  

0 min 543 ± 29 549 ± 188 513 ± 120 386  ± 132* 

90 min 287 ± 34 530 ± 93 930 ± 75*# 504  ± 67† 

180 min 198 ± 18 586 ± 147* 594 ± 96* 347  ± 55 

270 min 105 ± 12 136 ± 50 381 ± 76 117  ± 41 

360 min 43 ± 11  14 ± 9 87 ± 44 96  ± 44 

Dados expressos como média ± erro padrão da média. TNF: fator de necrose tumoral; IL-6: 

interleucina 6; IL-1β: interleucina 1β; IL-10: interleucina 10; LPS: lipopolissacarídeo; ENDA: 

estimulação do nervo depressor aórtico sem (-) e com (+) alteração hemodinâmica. * p < 0,05 vs. 

Salina dentro do mesmo momento; # p < 0,05 vs. LPS dentro do mesmo momento; † p < 0,05 vs. 

LPS+ENDA (-) dentro do mesmo momento. ANOVA de duas vias para medidas repetidas, 

seguida do pós-teste Tukey. 
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4.4. Conclusões  
  

 Os dados apresentados neste protocolo sugerem que a ativação do barorreflexo, 

por meio da estimulação elétrica do NDA, não possui efeito anti-inflamatório sistêmico, 

uma vez que os níveis de citocinas pró-inflamatórias não foram reduzidos com o estímulo 

elétrico deste nervo. Além disso, essa resposta é independente da alteração cardiovascular 

causada pela estimulação elétrica do NDA (com e sem efeito hemodinâmico), bem como 

do momento avaliado após a indução do processo inflamatório. Por outro lado, a 

estimulação elétrica do NDA (com e sem efeito hemodinâmico) atenuou o aumento da 

banda de LF no espectro da pressão arterial sistólica induzido pela administração de LPS 

em curto prazo (90 min), mas não preveniu a redução na sensibilidade barorreflexa 

observada ao longo do tempo. 
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5. ATIVAÇÃO SIMPÁTICA REFLEXA E A RESPOSTA INFLAMATÓRIA 
SISTÊMICA 

 

5.1. Objetivos 
 

5.1.1. Gerais 

Após avaliar se a ativação do barorreflexo possuía efeito anti-inflamatório 

sistêmico, o próximo passo foi investigar o papel, ao longo do tempo, da ativação reflexa 

do sistema nervoso simpático, por meio da OBC, na modulação da inflamação sistêmica 

induzida por LPS em ratos não anestesiados. 

 

5.1.2. Específicos 

 Os objetivos específicos deste estudo foram: 

a) Analisar a pressão arterial, a frequência cardíaca, a variabilidade do intervalo 

cardíaco, a variabilidade da pressão arterial sistólica, e a sensibilidade do 

barorreflexo, ao longo do tempo, em diferentes momentos após a administração 

de LPS, ou salina, em diversos grupos experimentais; 

b) Quantificar os níveis plasmáticos das citocinas pró-inflamatórias (TNF-α, IL-1β 

e IL-6) e anti-inflamatória (IL-10), em diferentes momentos ao longo de 360 min 

após a administração de LPS, ou salina, a fim de examinar se a ativação simpática 

por meio da OBC previne o aumento das citocinas induzido por LPS; 

c) Avaliar o papel dos barorreceptores (aórticos e carotídeos) e dos 

quimiorreceptores periféricos na resposta inflamatória sistêmica induzida por 

LPS, associada ou não à OBC, em ratos não anestesiados. 
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5.2. Material e Métodos 
 

5.2.1. Animais de experimentação 

 Foram utilizados ratos Wistar Hannover pesando 250-320 g provenientes do 

Biotério Central do Campus da Universidade de São Paulo de Ribeirão Preto (Campus de 

Ribeirão Preto; Ribeirão Preto, SP, Brasil), acondicionados em caixas individuais, e 

mantidos sob temperatura controlada (22º C), ciclo claro-escuro constante de 12 h, com 

livre acesso a água e ração. Todos os procedimentos foram revisados, e aprovados, pelo 

Comitê de Ética no Uso de Animais de Experimentação da Faculdade de Medicina de 

Ribeirão Preto - Universidade de São Paulo (Protocolo n. 194/2016). 

 

5.2.2. Grupos experimentais 

 Antes de serem submetidos aos procedimentos cirúrgicos, os animais foram 

divididos em sete grupos experimentais: 

 
I) Salina (n = 9): cirurgia fictícia e administração de salina; 
II) LPS (n = 8): implante dos oclusores, sem OBC, e administração de LPS; 
III) OBC + LPS (n = 8): implante dos oclusores, OBC por 20s, e administração de 

LPS; 
IV) BARO-X + LPS (n = 7): desnervação seletiva dos barorreceptores aórticos e 

carotídeos, implante dos oclusores, sem OBC, e administração de LPS; 
V) BARO-X + OBC + LPS (n = 9): desnervação seletiva dos barorreceptores 

aórticos e carotídeos, com OBC por 20s, e administração de LPS; 
VI) QUIMIO-X + LPS (n = 7): desnervação seletiva dos quimiorreceptores 

carotídeos, implante dos oclusores, sem OBC, e administração de LPS; 

VII) QUIMIO-X + OBC + LPS (n = 9): desnervação seletiva dos quimiorreceptores 

carotídeos, com OBC por 20s, e administração de LPS. 

 
5.2.3. Confecção dos oclusores pneumáticos 

 Os oclusores pneumáticos foram confeccionados seguindo a técnica descrita por 

Maio et al. (1981). Resumidamente, as duas bordas externas do tubo de polietileno (PE-

320) com 0,5 cm de comprimento foram dilatadas por aquecimento, e em seguida o tubo 

foi cortado ao longo do seu eixo longitudinal. Utilizando-se uma agulha hipodérmica 

16G1 ½ (40x16 mm), fez-se um orifício no centro da parede oposta ao corte anterior. Um 
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outro tubo de polietileno de menor calibre (PE-50) com 10 cm de comprimento também 

teve uma de suas extremidades dilatada por meio de aquecimento, e em seguida, com o 

auxílio de um mandril dentro do tubo PE-50, recebeu uma membrana de látex, a qual foi 

amarrada por um fio de algodão. Ao ser inflada com ar ou água, esta membrana se torna 

um balão. O tubo com a membrana em sua extremidade foi introduzido no orifício do 

tubo PE-320, concluindo-se, então, a confecção do oclusor (Fig. 15). 

 

 
 
Figura 15. Fotografia do oclusor pneumático utilizado nos experimentos. A: vista lateral do oclusor; 

B: detalhes do balão no oclusor com o balão em repouso; C: detalhe do balão no oclusor durante a injeção 

de água.  

 

5.2.4. Procedimentos cirúrgicos 

Os animais foram anestesiados com uma mistura de Ketamina e Xilazina (50 

mg/kg e 10 mg/kg, i.p.), e, então, submetidos ao procedimento cirúrgico de canulação da 

artéria e veia femorais para registro da pressão arterial e administração de LPS (ou salina), 

respectivamente, como descrito na seção anterior. Na mesma cirurgia, com exceção do 

grupo salina, todos os outros animais tiveram oclusores implantados ao redor das 

carótidas comuns (bilateralmente). Para tanto, por meio de uma cervicotomia mediana 

anterior, os músculos esternoioideo e esternocleidomastoideo foram identificados e 

afastados, expondo a carótida comum e o seio carotídeo. Para implantar os oclusores 

pneumáticos, as carótidas comuns foram cuidadosamente isoladas, e os oclusores fixados 

ao redor das mesmas com fios de algodão. Os cateteres para enchimento dos balões foram 

A 

B 

C 
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exteriorizados, e fixados no dorso do animal, bem como os cateteres vasculares. As 

incisões cirúrgicas foram devidamente suturadas e, imediatamente após o término da 

cirurgia, foi feita a administração de analgésico (cloridrato de tramadol 2 mg/kg, s.c.).  

Para os grupos IV e V, antes do implante dos oclusores, na mesma cirurgia, foi 

realizado um procedimento para desnervação das aferências barorreceptoras com o 

objetivo de prevenir a atenuação da atividade simpática pelos barorreceptores, durante a 

elevação da pressão arterial decorrente da OBC; e, também, eliminar a possível influência 

do barorreflexo na resposta anti-inflamatória causada pela ativação simpática. Para tanto, 

foi realizada, bilateralmente, a desnervação dos barorreceptores aórticos e carotídeos. A 

desnervação das aferências barorreceptoras carotídeas foi realizada segundo a técnica 

descrita por Castania et al. (2019). Resumidamente, os ratos foram submetidos a uma 

incisão na região cervical anterior, permitindo a exposição da região da carótida comum 

e da bifurcação da carótida. Com o auxílio de uma lupa, a área da bifurcação da carótida 

foi cuidadosamente isolada. Próximo ao nervo glossofaríngeo é possível identificar duas 

ramificações, geralmente separadas por uma pequena artéria. Um desses ramos, o qual 

possui as fibras aferentes dos barorreceptores carotídeos, foi cuidadosamente seccionado 

(Fig. 16). Já a desnervação dos barorreceptores aórticos foi realizada seguindo a técnica 

descrita por Krieger (1964), na qual o nervo laríngeo superior e o gânglio cervical superior 

foram isolados e seccionados. O tronco simpático cervical também foi seccionado em sua 

porção caudal ao gânglio cervical superior, o qual foi dissecado e removido. O 

procedimento foi realizado em ambos os lados. Por outro lado, os grupos VI e VII foram 

submetidos à desnervação dos quimiorreceptores carotídeos para estudar sua influência 

na resposta inflamatória sistêmica durante a OBC. O procedimento também foi realizado 

bilateralmente e seguindo a técnica descrita por Franchini e Krieger (1992). Para isso, foi 

realizada uma cervicotomia mediana anterior, seguida pela exposição da carótida comum 

e da bifurcação da mesma. A artéria do corpúsculo carotídeo foi cuidadosamente isolada 

com auxílio de uma lupa, ligada com fio de sutura, e seccionada distalmente à ligadura.  
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Figura 16. Desnervação seletiva dos barorreceptores. A: Diagrama ilustrativo do método de desnervação 

seletiva dos barorreceptores. B: Fotografia da bifurcação da carótida de um rato, com destaque para a região 

onde os barorreceptores carotídeos são cortados (círculo branco). BA: aferências barorreceptoras; CB: 

corpo carotídeo; CBA: artéria do corpo carotídeo; CCA: artéria carótida comum; CS: seio carotídeo; CNS: 

nervo do seio carotídeo; ECA: artéria carótida externa; GPN: nervo glossofaríngeo; ICA: artéria carótida 

interna; OA: artéria occipital. Figura retirada do Experimental Physiology (CASTANIA et al., 2019). 

 

5.2.5. Registro da pressão arterial 

Após o período de recuperação da cirurgia, o qual que foi de 24 h, os animais não 

anestesiados e se movimentando livremente, foram conectados ao sistema de registro da 

pressão arterial já descrito nas seções 3 e 4. No caso dos grupos com OBC os dois 

cateteres para enchimento dos balões foram conectados a uma seringa com água, através 

de uma cânula em Y, personalizada para que a oclusão acontecesse simultaneamente dos 

dois lados, reduzindo o fluxo sanguíneo no seio carotídeo (Fig. 17). Posteriormente, a 

coleta de sangue basal e ao registro basal da pressão arterial pulsátil durante 30 min, as 

carótidas foram ocluídas durante 20 s, injetando-se água nos balões dos oclusores, 

bilateralmente, para insuflá-los e promover a OBC com consequente ativação simpática. 

Após esse período, para a desoclusão, os balões foram desinsuflados para reestabelecer o 

fluxo de sangue nas bifurcações das carótidas. Imediatamente após o término da oclusão, 

foi feita a administração de LPS [0,06 mg/kg (i.v.); Escherichia coli - 0111: B4; Sigma-

Aldrich, St. Louis, MO, EUA]. Para os outros grupos, sem OBC, a administração de salina 
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ou LPS foi feita imediatamente após término do período basal.  

A pressão arterial foi registrada continuamente durante 360 min após a 

administração de LPS, ou salina, em todos os grupos. Nesse período foram feitas coletas 

de sangue seriadas (250 µL por amostra) aos 90, 180, 270 e 360 min após a administração 

de LPS, ou salina, através da cânula introduzida na artéria femoral esquerda. As amostras 

de sangue (foram coletadas com heparina e mantidas no gelo até serem centrifugadas a 

4° C, por 15 min, utilizando-se 5000 rpm. Em seguida, o plasma foi coletado e 

armazenado a -80°C até o seu processamento. Nos grupos com desnervação, ao final da 

última coleta de sangue, foram realizados testes com Fenilefrina (2 !g em 0,1 mL, i.v.) e 

Cianeto de Potássio (40 !g em 0,1 mL, i.v.), para confirmar a correta desnervação de cada 

animal. Os animais que não estavam corretamente desnervados, foram excluídos do 

trabalho.  

 

 

 

 

Figura 17. Representação esquemática do método utilizado para realizar a oclusão da carótida 
bilateralmente. A: período basal, no qual não há oclusão da carótida comum. O fluxo sanguíneo flui 

normalmente. B: período durante a manobra para promover a oclusão da carótida comum. O balão dentro 

do oclusor foi inflado com água utilizando-se uma seringa com agulha sem ponta conectada à cânula de 

polietileno. Note que o fluxo de sangue, bem como o diâmetro das carótidas, está reduzido na região acima 

do local da oclusão, desativando os barorreceptores carotídeos.  
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5.2.6. Análise da variabilidade da pressão arterial sistólica e do intervalo cardíaco 

 A análise da variabilidade da pressão arterial sistólica e do intervalo cardíaco foi 

realizada como descrito anteriormente na subseção 3.2.5. Para a análise da variabilidade 

da pressão arterial sistólica durante o período da OBC foi utilizado somente o primeiro 

minuto após o início da OBC.  

 

5.2.7. Análise da sensibilidade do barorreflexo 

 A análise da sensibilidade do barorreflexo foi realizada como descrito 

anteriormente na subseção 3.2.6. 

 

5.2.8. Análise de citocinas 

 A análise das citocinas plasmáticas foi realizada como descrito anteriormente na 

subseção 4.2.7. 

 

5.2.9. Análise estatística 

Os parâmetros hemodinâmicos foram analisados pela ANOVA de duas vias para 

medidas repetidas, seguida do pós-teste Tukey, quando indicado. As análises da 

variabilidade cardiocirculatória e da sensibilidade barorreflexa foram feitas pela ANOVA 

de uma via ou ANOVA de duas vias para medidas repetidas, seguida do pós-teste de 

Tukey. Os dados obtidos a partir do plasma foram analisados pela ANOVA de uma via, 

seguida do pós-teste Student-Newman-Keuls, quando indicado, e, também, pela ANOVA 

de duas vias para medidas repetidas, seguida do pós-teste Student-Newman-Keuls. 

Diferenças foram consideradas estatisticamente significativas se p < 0,05. Os resultados 

são apresentados como média ± erro padrão da média. A análise estatística foi realizada 

utilizando-se o software SigmaPlot 12.0 (Systat Software, San Jose, CA, EUA). 
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5.3. Resultados 
 

5.3.1. Respostas hemodinâmicas e autonômicas à oclusão bilateral da carótida 

Como esperado, a OBC promoveu aumento da pressão arterial pulsátil nos 

animais intactos (Fig. 18). Assim, houve aumento da pressão arterial sistólica, diastólica 

e média (Fig. 19A – C), tanto nos animais intactos quanto nos animais que tiveram os 

barorreceptores (BARO-X) ou os quimiorreceptores (QUIMIO-X) desnervados durante 

a manobra de OBC, indicando um aumento da resistência periférica decorrente do 

aumento da atividade simpática. Entretanto, a resposta pressora decorrente da OBC foi 

menor nos animais QUIMIO-X comparado com os animais intactos e BARO-X (PAM: 

Intacto Δ 61 ± 3 mmHg; BARO-X Δ 61 ± 3 mmHg; QUIMIO-X Δ 47 ± 3 mmHg; p < 

0,05), destacando a importância da integridade dos quimiorreceptores periféricos no pico 

da resposta pressora durante a OBC, como previamente descrito (BEDRAN-DE-

CASTRO; MOREIRA; KRIEGER, 1986). Além disso, enquanto a OBC não promoveu 

alteração na frequência cardíaca dos animais intactos e BARO-X, nos animais QUIMIO-

X promoveu bradicardia (Fig. 19D), sugerindo uma resposta reflexa da ativação dos 

barorreceptores aórticos, durante a OBC, para o coração.  

Vale ressaltar que aumento da potência da banda de LF da pressão arterial sistólica 

durante o período da OBC (Fig. 20) confirmou o aumento da modulação simpática para 

os vasos decorrente da manobra de oclusão, tanto nos animais intactos quanto nos 

desnervados (BARO-X e QUIMIO-X). 

 

5.3.2. Análise temporal das respostas hemodinâmicas 

A análise dos parâmetros hemodinâmicos mostrou que os grupos em estudo 

apresentaram valores similares de pressão arterial no período basal (0 min), apesar da 

tendência observada, nos grupos com desnervação dos barorreceptores, em apresentar a 

pressão arterial mais elevada (Tabela 4). Com relação à avaliação temporal da pressão 

arterial, novamente, não foram observadas diferenças na pressão arterial entre os grupos 

em nenhum dos momentos avaliado (Tabela 4). Com relação à frequência cardíaca no 

período basal, como esperado e já relatado na literatura (FAZAN JÚNIOR; MACHADO; 

SALGADO, 1997; VASQUES; KRIEGER, 1980), os grupos com desnervação dos 

barorreceptores apresentaram valores maiores de frequência cardíaca do que a maioria 

dos grupos (Tabela 4). Ao longo do tempo, todos os grupos que receberam LPS 

apresentaram taquicardia quando comparado ao grupo Salina (Tabela 4). Essa taquicardia 
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foi acentuada aos 180 min, mas se manteve até o final do protocolo (aos 360 min) em 

todos os grupos com endotoxemia (Tabela 4). Além disso, aos 180 e 270 min os valores 

de frequência cardíaca eram similares entre os grupos com LPS, mas aos 360 min o grupo 

BARO-X+LPS apresentou taquicardia comparado a todos os outros grupos, com exceção 

do grupo BARO-X+OBC+LPS - que apresentou valores ainda maiores do que os animais 

do grupo BARO-X+LPS (Tabela 4).  

 

 

 

 

 

Figura 18. Registro representativo das respostas hemodinâmicas de um rato intacto não anestesiado 
durante a manobra de oclusão bilateral da carótida (OBC). Barra horizontal representa o período de 20 

segundos referente à OBC e a linha branca representa a pressão arterial média. PAP: pressão arterial 

pulsátil; FC: frequência cardíaca. 
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Figura 19. Respostas hemodinâmicas à oclusão bilateral da carótida (OBC) em animais intactos, ou 
com desnervação dos barorreceptores (BARO-X) ou dos quimiorreceptores (QUIMIO-X). PAS: 

pressão arterial sistólica (A); PAD: pressão arterial diastólica (B); PAM: pressão arterial média (C); FC: 

frequência cardíaca (D). Períodos: basal (barras brancas) e no pico da resposta à OBC (barras cinzas). 

Intacto (OBC+LPS): n = 8; BARO-X: n = 9; QUIMIO-X: n =9. As barras representam média ± erro padrão 

* p < 0,05. ANOVA de duas vias para medidas repetidas seguida do pós-teste Tukey. 
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Figura 20. Resposta autonômica à oclusão bilateral da carótida (OBC) em animais intactos e com 
desnervação dos barorreceptores (BARO-X) ou dos quimiorreceptores (QUIMIO-X). Períodos: basal 

(barras brancas) e no período da OBC (barras cinzas). LF-PAS: banda de alta frequência da pressão arterial 

sistólica. Intacto (OBC+LPS): n = 8; BARO-X: n = 8; QUIMIO-X: n = 9. As barras representam média ± 

erro padrão * p < 0,05. ANOVA de duas vias para medidas repetidas seguida do pós-teste Tukey. 
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Tabela 4. Análise temporal das respostas hemodinâmicas no protocolo com oclusão bilateral 
da carótida (OBC). 

 Salina 
(n=9) 

LPS 
(n=8) 

OBC+LPS 
(n=8) 

BARO-X 
+LPS 
(n=7) 

BARO-X+ 
OBC+LPS 

(n=9) 

QUIMIO-X 
+LPS 
 (n=7) 

QUIMIO-X 
+OBC+LPS 

(n=9) 

 
PAS (mmHg)         

      

0 min 137 ± 3 138 ± 4  133 ± 5 157 ± 11 155 ± 4 137 ± 7 140 ± 3 

90 min 133 ± 3 136 ± 5 136 ± 4 145 ± 10 141 ± 5 140 ± 5 143 ± 6 

180 min 132 ± 2 134 ± 6 128 ± 4 135 ± 8 122 ± 8 132 ± 7 139 ± 6 

270 min 130 ± 2 129 ± 6  130 ± 5 130 ± 9 140 ± 4 129 ± 8 137 ± 7 

360 min 126 ± 3 128 ± 6 125 ± 6 141 ± 8 137 ± 9 123 ± 9 130 ± 7 

 
PAD (mmHg)       

  
 

 
 

 
  

0 min 97 ± 3 93 ± 4  91 ± 5 113 ± 8 118 ± 5#† 97 ± 5 98 ± 3 

90 min 94 ± 2 92 ± 5 92 ± 5 101 ± 7 107 ± 5 102 ± 3 101 ± 4 

180 min 92 ± 2 97 ± 6 96 ± 6 102 ± 7 95 ± 7 99 ± 4 102 ± 5 

270 min 87 ± 3 87 ± 7 90 ± 6 93 ± 8 106 ± 4 95 ± 5 94 ± 5 

360 min 83 ± 4 83 ± 8 85 ± 7 100 ± 7 100 ± 7 89 ± 7 86 ± 6 

 
PAM (mmHg)       

  
 

 
 

 
  

0 min 115 ± 3 113 ± 4 110 ± 5 132 ± 9 134 ± 4† 114 ± 6 118 ± 3 

90 min 112 ± 2  111 ± 5 112 ± 4 119 ± 7 120 ± 5 118 ± 3 119 ± 5 

180 min 110 ± 2 112 ± 6 110 ± 5 115 ± 7 106 ± 7 113 ± 5 117 ± 5 

270 min 107 ± 2 105 ± 7 107 ± 6 108 ± 8 119 ± 3 109 ± 5 112 ± 5 

360 min 103 ± 3 103 ± 7 106 ± 6 117 ± 7 115 ± 7 104 ± 7 105 ± 6 

 
FC (bpm)       

  
 

 
 

 
  

0 min 336 ± 8 342 ± 19 325 ± 9 402 ± 27 432 ± 25*#† 373 ± 23 352 ± 6§ 

90 min 344 ± 8 382 ± 24 370 ± 17 413 ± 28 457 ± 26*† 401 ± 23 380 ± 10§ 

180 min 357 ± 11  416 ± 15 427 ± 17 447 ± 20* 475 ± 25* 449 ± 23* 478 ± 17* 

270 min 361 ± 14 447 ± 15* 462 ± 15* 448 ± 26* 493 ± 21* 427 ± 26 464 ± 13* 

360 min 351 ± 12  435 ± 16* 432 ± 11* 443 ± 33*#† 479 ± 23*$ 426 ± 17$ 430 ± 16*$ 

Dados expressos como média ± erro padrão da média. PAS: pressão arterial sistólica; PAD: 

pressão arterial diastólica; PAM: pressão arterial média; FC: frequência cardíaca; QUIMIO-X: 

desnervação dos quimiorreceptores; BARO-X: desnervação dos barorreceptores. * p < 0,05 vs. 

Salina; # p < 0,05 vs. LPS; † p < 0,05 vs. OBC+LPS; $ p < 0,05 vs. BARO-X+LPS; § p < 0,05 

vs. BARO-X+OBC+LPS. Todas as comparações são referentes entre os grupos dentro do mesmo 

momento. ANOVA de duas vias para medidas repetidas seguida do pós-teste Tukey. 
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5.3.3. Variabilidade cardiocirculatória em ratos endotoxêmicos intactos e desnervados 

ao longo do tempo 

A análise da variabilidade do intervalo cardíaco não revelou diferença na potência 

da banda de LF no espectro do intervalo cardíaco entre os grupos avaliados ao longo do 

tempo (Fig. 21A – E). O mesmo foi observado para a relação LF/HF ao longo do tempo 

(Fig. 21K – O). Com relação à potência da banda de HF, já no período basal foi observado 

redução desse parâmetro nos animais com desenervação seletiva dos barorreceptores 

comparado aos ratos controles intactos (Fig. 21F). O grupo com desnervação seletiva dos 

quimiorreceptores também apresentou valores menores da potência da banda de HF já no 

momento basal (Fig. 21F). Entretanto, o grupo com desnervação seletiva dos 

quimiorreceptores associada à OBC, apresentou um aumento da banda de HF comparado 

ao grupo BARO-X+OBC+LPS nos momentos basal e 90 min (Fig. 21F e G). Ao longo 

do tempo, todos os grupos que receberam LPS apresentaram redução da potência da 

banda de HF comparado ao grupo salina, como visto nos momentos 270 min e 360 min 

(Fig. 21I e J).  

Já a análise da variabilidade da pressão arterial sistólica mostrou que a OBC 

reduziu a potência na banda de LF do espectro da pressão arterial sistólica, comparado ao 

grupo LPS, aos 180 min (Fig. 21R). Além disso, a partir do momento 180 min, os animais 

com desnervação seletiva dos barorreceptores apresentaram menor potência da banda de 

LF da pressão arterial (Fig. 21R – T). Ainda, aos 270 min, o grupo QUIMIO-

X+OBC+LPS apresentou maior potência na banda de LF da pressão arterial que a maioria 

dos grupos avaliados (Fig. 21S). 
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Figura 21. Variabilidade do intervalo cardíaco e da pressão arterial sistólica de ratos endotoxêmicos, 
intactos e desnervados, ao longo do tempo. Os parâmetros avaliados foram: banda de baixa frequência 

(LF; painéis A, B, C D e E), banda de alta frequência (HF; painéis F, G, H, I e J), razão LF/HF (painéis K, 

L, M, N e O), e LF da pressão arterial sistólica (LF-PAS; painéis P, Q, R, S e T), em diferentes momentos: 

basal, 90 min, 180 min, 270 min e 360 min após LPS ou salina.  Salina: n = 6-9; LPS: n = 6-8; OBC+LPS: 

n = 6-8; BARO-X+LPS: n = 6-7; BARO-X+OBC+LPS: n = 6-8; QUIMIO-X+LPS: n = 4-6; QUIMIO-

X+OBC+LPS: n = 7-9. As barras representam média ± erro padrão, * p < 0,05 vs. Salina; # p < 0,05 vs. 

LPS; † p < 0,05 vs. OBC+LPS; $ p < 0,05 vs. BARO-X+LPS; § p < 0,05 vs. BARO-X+OBC+LPS; ‡ p < 

0,05 vs. QUIMIO-X+LPS. ANOVA de uma via, seguida do pós-teste de Tukey. 
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5.3.4. Efeito da oclusão bilateral da carótida na sensibilidade barorreflexa em ratos 

endotoxêmicos 

No período basal, todos os grupos apresentaram valores similares de ganho 

barorreflexo (Fig. 22A). Entretanto, a partir do momento 180 min (Fig. 22C), assim como 

descrito no protocolo anterior desta tese, a sensibilidade barorreflexa diminuiu ao longo 

do tempo, após a administração de LPS (Fig. 22). Do mesmo modo, a OBC não preveniu 

essa alteração (Fig. 22C – E).  

 
 

 
 
Figura 22.  Efeito da oclusão bilateral da carótida na sensibilidade barorreflexa de ratos não 
anestesiados. Sensibilidade barorreflexa em diferentes momentos [basal (A), 90 min (B), 180 min (C), 270 

min (D) e 360 min (E)] após a administração de LPS ou salina. Salina: n = 6-9; LPS: n = 7-8; OBC+LPS: 

n = 8. As barras representam média ± erro padrão, * p < 0,05 vs. salina. ANOVA de uma via, seguida do 

pós-teste de Tukey. 
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5.3.5. A oclusão bilateral da carótida reduz a inflamação sistêmica 

 A OBC reduziu os níveis plasmáticos de TNF e IL-1β, tanto nos animais intactos 

quanto naqueles com desnervação seletiva dos barorreceptores e quimiorreceptores, aos 

90 min após a administração do LPS (Fig. 23A e C). Para a IL-1β esse efeito foi mantido 

até os 180 min depois da administração do LPS nos animais intactos, e até 270 min nos 

animais desnervados (Tabela 5). Além disso, a OBC aumentou os níveis de IL-10 no 

plasma dos animais intactos, assim como dos animais com desnervação dos 

quimiorreceptores, aos 90 min e aos 180 min, respectivamente (Fig. 23D; Tabela 5). Em 

outras palavras, os níveis plasmáticos da citocina anti-inflamatória aumentam quando os 

barorreceptores carotídeos são desativados. Além disso, a OBC não promoveu alteração 

nos níveis de IL-10, aos 90 min, nos animais com desnervação dos barorreceptores (Fig. 

23D), mas aumentou aos 180 min comparado com o grupo LPS (Tabela 5), sugerindo 

uma possível interferência transitória da ativação dos quimiorreceptores na liberação de 

IL-10. Além disso, a OBC reduziu os níveis de IL-6 apenas nos animais com desnervação 

dos quimiorreceptores, aos 90 e 180 min após a administração do LPS (Fig. 23B; Tabela 

5). Entretanto, a OBC não foi eficaz em reduzir a IL-6 nos animais intactos, assim como 

naqueles com desnervação dos barorreceptores (Fig. 23B; Tabela 5).  

 

5.3.6. Desnervação seletiva dos barorreceptores e quimiorreceptores modula a resposta 

inflamatória sistêmica 

 A desnervação dos barorreceptores aórticos e carotídeos, por si só, atenuou a 

liberação de TNF, IL-6 e IL-1β, no plasma, 90 min após a administração de LPS (Fig. 

23A – C). Esse efeito permaneceu até 180 min após o desafio imune para os níveis de IL-

6, e até 270 min após para os níveis de IL-1β (Tabela 5). O mesmo foi observado nos 

animais que passaram pela desnervação seletiva dos quimiorreceptores (Fig. 23A – C; 

Tabela 5), sugerindo uma possível comunicação entre ambos, barorreceptores e 

quimiorreceptores, e o sistema imune. Já com relação aos níveis de IL-10, em comparação 

ao grupo LPS, a desnervação seletiva dos barorreceptores estimulou a sua liberação, já 

no período basal (Tabela 5); e a mesma resposta foi mantida 90 min após a administração 

de LPS (Fig. 23D), e durante todo o período avaliado (Tabela 5). Por outro lado, nenhuma 

diferença foi observada nos valores de IL-10, em nenhum dos momentos avaliados, entre 

o grupo com desnervação seletiva dos quimiorreceptores e o grupo LPS (Tabela 5). 
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Figura 23. Níveis plasmáticos de citocinas 90 min após a administração de LPS. Níveis plasmáticos de 

TNF (A), IL-6 (B), IL-1β (C) e IL-10 (D) 90 min após a administração de LPS ou salina. LPS: 

lipopolissacarídeo; OBC: oclusão bilateral da carótida; BARO-X: desnervação dos barorreceptores; 

QUIMIO-X: desnervação dos quimiorreceptores. Salina: n = 9; LPS: n = 8; OBC+LPS: n = 8; BARO-

X+LPS: n = 8; BARO-X+OBC+LPS: n = 9; QUIMIO-X+LPS: n = 7; QUIMIO-X+OBC+LPS: n = 9. As 

barras representam média ± erro padrão, * p < 0,05 vs. LPS. ANOVA de uma via seguida do pós-teste 

Student-Newman-Keuls. 
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Tabela 5. Análise temporal das citocinas plasmáticas no protocolo com oclusão bilateral da 
carótida (OBC). 

 Salina 
(n=9) 

LPS 
(n=8) 

OBC+LPS 
(n=8) 

BARO-X 
+LPS 
 (n=8) 

BARO-X+ 
OBC+LPS 

(n=9) 

QUIMIO-X 
+LPS 
 (n=7) 

QUIMIO-X+ 
OBC+LPS 

(n=9) 

 
TNF 

(pg/mL) 
        

      

0 min 503 ± 89 183 ± 60*  145 ± 32* 290 ± 60 359 ± 63 160 ± 41* 177 ± 32* 

90 min 207 ± 66 1831 ± 290* 1326 ± 180*# 671 ± 72*#† 873 ± 96*#† 442 ± 75*#†$§ 889 ± 146*#†‡ 

180 min 117 ± 36 275 ± 40 206 ± 19 222 ± 15 299 ± 21 69 ± 9 213 ± 22 

270 min 105 ± 25 120 ± 18  100 ± 8 114 ± 18 226 ± 18 30 ± 7 121 ± 8 

360 min 89 ± 20 99 ± 12 76 ± 5 92 ± 14 181 ± 12 24 ± 8 97 ± 9 

 
IL-6 

(pg/mL) 
         

 
 

 
 

 

0 min 0 ± 0 0 ± 0  0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

90 min 0 ± 0 8389 ± 1480* 8546 ± 1560* 2684 ± 225*#† 10120 ± 502*#†$ 3398 ± 533*#†§ 4810 ± 587*#†$§‡ 

180 min 0 ± 0 2977 ± 588* 3048 ± 1191* 252 ± 92#† 3888 ± 695*$ 0 ± 0#†§ 398 ± 49#†§ 

270 min 0 ± 0 14 ± 12 22 ± 19 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

360 min 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

 
IL-1β 

(pg/mL) 
         

 
 

 
 

 

0 min 0 ± 0 10 ± 9 3 ± 3 0 ± 0 12 ± 11 21 ± 18 0 ± 0 

90 min 0 ± 0 212 ± 35* 104 ± 39*# 0 ± 0#† 12 ± 11#† 7 ± 3#† 19 ± 11#† 

180 min 2 ± 1 178 ± 26* 116 ± 50*# 18 ± 12#† 0 ± 0#† 4 ± 2#† 19 ± 11#† 

270 min 0 ± 0 82 ± 18* 47 ± 20 0 ± 0# 23 ± 14# 0 ± 0# 8 ± 5# 

360 min 0 ± 0 39 ± 35 11 ± 7 0 ± 0 2 ± 1 0 ± 0 3 ± 2 

 
IL-10 

(pg/mL) 
         

 
 

 
 

 

0 min 543 ± 29 181 ± 31* 286 ± 70* 505 ± 78# 440 ± 82# 245 ± 65* 513 ± 75#†‡ 

90 min 287 ± 34 410 ± 55 730 ± 66*# 819 ± 33*# 546 ± 63*†$ 245 ± 86†$§ 1057 ± 88*#†$§‡ 

180 min 198 ± 18  474 ± 51* 523 ± 56* 989 ± 173*#† 730 ± 70*#† 307 ± 94$§ 900 ± 108*#†‡ 

270 min 105 ± 12 229 ± 38 295 ± 39 539 ± 49*#† 328 ± 40*$‡ 14 ± 13†$ 349 ± 48*$‡ 

360 min 43 ± 11  122 ± 31 137 ± 13 415 ± 50*#† 222 ± 42$ 0 ± 0$ 188 ± 29$ 

Dados expressos como média ± erro padrão da média. TNF: fator de necrose tumoral; IL-6: 

interleucina 6; IL-1β: interleucina 1β; IL-10: interleucina 10. * p < 0,05 vs. Salina; # p < 0,05 vs. 

LPS; † p < 0,05 vs. OBC+LPS; $ p < 0,05 vs. BARO-X+LPS; § p < 0,05 vs. BARO-

X+OBC+LPS; ‡ p < 0,05 vs. QUIMIO-X+LPS. Todas as comparações são referentes entre os 

grupos dentro do mesmo momento. ANOVA de duas vias para medidas repetidas seguida do pós-

teste Student-Newman-Keuls. 
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5.4. Conclusões  
  

 Os dados apresentados neste protocolo indicam que os barorreceptores (aórticos e 

carotídeos) e os quimiorreceptores periféricos contribuem para o desenvolvimento da 

resposta inflamatória sistêmica, induzida por LPS, uma vez que na ausência dos mesmos 

a liberação de citocinas pró-inflamatórias, no plasma, é atenuada. Além disso, os dados 

decorrentes da OBC mostram que a ativação simpática reflexa diminui a resposta 

inflamatória induzida por LPS. Ou seja, a ativação do sistema nervoso simpático promove 

efeitos anti-inflamatórios sistêmicos em um modelo de endotoxemia em ratos. E por fim, 

que a administração de LPS reduz a potência da banda de HF no espectro do intervalo 

cardíaco ao longo do tempo, mas que a OBC ou as desnervações seletivas de 

barorreceptores e quimiorreceptores não modificam esse efeito. A OBC também não foi 

capaz de prevenir a diminuição da sensibilidade barorreflexa induzida pelo LPS ao longo 

do tempo.  
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6. DISCUSSÃO 
 

Nas últimas duas décadas, diversos grupos de pesquisa, incluindo o nosso, 

contribuíram para o entendimento do papel individual dos ramos do sistema nervoso 

autônomo (simpático e parassimpático) na resposta inflamatória (ABE et al., 2017; 

BASSI et al., 2015; BOROVIKOVA et al., 2000; BROGNARA et al., 2018; KOOPMAN 

et al., 2016; MARTELLI et al., 2014a; VIDA et al., 2011). No entanto, há muito ainda a 

ser investigado nesse contexto. Assim, o presente estudo teve como objetivo explorar os 

efeitos da estimulação elétrica do barorreflexo, da ativação simpática reflexa (OBC), bem 

como dos barorreceptores e quimiorreceptores periféricos em ratos não anestesiados com 

inflamação sistêmica. Para tanto, o modelo escolhido para induzir a inflamação sistêmica 

nos animais nos diferentes protocolos, foi a administração de LPS. 

O modelo de endotoxemia tem sido amplamente utilizado para explorar a 

imunidade inata do hospedeiro, envolvida na resposta inflamatória, e buscar abordagens 

terapêuticas para o tratamento de diversas doenças. O modelo de endotoxemia induzida 

pela administração de LPS é bem conhecido, e tem sido vastamente usado em estudos 

recentes (BROGNARA et al., 2019; CHEN et al., 2019; EL-LAKANY et al., 2020; 

ZHAO et al., 2020). Por ser um modelo muito utilizado, diferentes doses de LPS são 

encontradas na literatura; mas as respostas hemodinâmicas ao LPS nem sempre são 

destacadas, ou mesmo consideradas pertinentes nos estudos. Classicamente, a 

administração de LPS promove hipotensão e taquicardia (CAFÉ-MENDES et al., 2017; 

CAI; DEITCH; ULLOA, 2010b; KOMEGAE et al., 2018; WASILCZUK et al., 2019); 

porém, na literatura essas respostas não são descritas com precisão em relação às 

diferentes doses empregadas, principalmente ao se tratar de estudos em animais não 

anestesiados.  

Assim, antes de iniciar os protocolos com ativação parassimpática ou simpática, 

foi feito um estudo avaliando o efeito promovido por diferentes doses de LPS na pressão 

arterial, na frequência cardíaca, na variabilidade cardiocirculatória e na sensibilidade 

barorreflexa. Foram escolhidas quatro doses para realização deste estudo: 0,06 mg/kg, 20 

mg/kg, 30 mg/kg e 40 mg/kg, todas administradas via intravenosa em ratos não 

anestesiados. A dose de 0,06 mg/kg tem sido amplamente utilizada em ratos para 

investigar os mecanismos envolvidos no reflexo inflamatório (KOMEGAE et al., 2018; 

MARTELLI et al., 2014b, 2019), bem como para avaliar a regulação barorreflexa durante 

a inflamação sistêmica (TOHYAMA et al., 2018). Com relação à pressão arterial, assim 



6. Discussão | 

 

91 

como em estudos anteriores (MARTELLI et al., 2019), os resultados do presente estudo, 

os quais estão publicados na revista científica Frontiers in Physiology (BROGNARA et 

al., 2019), demonstraram que esta dose reduz a pressão arterial média ao longo do tempo. 

Entretanto, no estudo de Martelli et al. (2014b) a mesma dose promoveu um aumento 

transitório da pressão arterial média, 2 e 3 h após a administração de LPS, com retorno 

para o nível basal 4 a 6 h após. 

Estudos anteriores usando uma dose mais alta de LPS (ex.: 20 mg/kg) para 

desencadear o processo inflamatório, demonstraram que essa abordagem promoveu 

hipotensão (ALTAVILLA et al., 2002; DOURSOUT et al., 2013, 2016). Doursout et al. 

(2016), por exemplo, observaram diminuição na pressão arterial média 1 h após a 

administração de 20 mg/kg de LPS em ratos não anestesiados, seguida de recuperação 

para os níveis basais 2 e 3 h depois. Um outro estudo (ALTAVILLA et al., 2002) avaliou 

a pressão arterial média por 360 min após a administração de LPS. Os resultados obtidos 

mostraram redução sustentada desse parâmetro hemodinâmico em ratos anestesiados, ao 

longo do tempo, iniciando 30 min após a administração de LPS (ALTAVILLA et al., 

2002). No entanto, o presente estudo não provê suporte para esse achado, uma vez que a 

administração intravenosa de doses mais altas de LPS (20, 30 e 40 mg/kg) não reduziu a 

pressão arterial média em ratos não anestesiados;  a qual aumentou com o passar do 

tempo, algumas vezes já se apresentando aumentada 90 min após a injeção de LPS (como 

foi o caso da dose de 20 mg/kg). Muitos fatores como o sexo dos animais, a qualidade do 

LPS (pureza, fonte e via de administração), e as cepas dos ratos podem influenciar as 

alterações cardiovasculares induzidas pela inflamação (FERGUSON et al., 2013; 

MARRIOTT; BOST; HUET-HUDSON, 2006; SIMONS et al., 1998; STERNBERG et 

al., 1989), e poderiam explicar essas discrepância entre os estudos, justificando novas 

investigações no futuro.  

Vale ressaltar que alguns estudos relatam alterações na pressão arterial após a 

administração de doses intermediárias de LPS (isto é, 5 e 10 mg/kg, i.v.) em ratos não 

anestesiados. Mehanna et al. (2007) descreveram três fases para a resposta da pressão 

arterial na primeira hora após a administração de LPS (5 mg/kg, i.v.): diminuição inicial 

(fase 1); recuperação rebote (fase 2); e diminuição duradoura (fase 3). Outros estudos 

também mostraram que a dose de 10 mg/kg (i.v.) promove redução na pressão arterial ao 

longo do tempo, ou seja, até 180 min (SALLAM et al., 2017, 2018). No entanto, Lee et 

al. (2005), em uma análise mais ampla em ratos não anestesiados, ou seja, até 24 h após 

a administração de LPS, observaram que as alterações da pressão arterial consistiam em 
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uma resposta hipotensora inicial, entre 30 e 60 min, seguida de redução da pressão 

arterial, de 1 a 9 h, e, finalmente, por um aumento da pressão arterial, de 9 a 24 h após a 

administração de 5 mg/kg de LPS (i.v.). Assim, parece que a resposta da pressão arterial 

ao LPS é bastante variável, ao longo do tempo, e vários elementos podem influenciar esse 

resultado, como mencionado anteriormente. Com relação às alterações na frequência 

cardíaca, todas as doses avaliadas no presente estudo promoveram taquicardia ao longo 

do tempo, como usualmente observado na literatura (ALTAVILLA et al., 2002; 

MARTELLI et al., 2014b). 

A análise da variabilidade do intervalo cardíaco mostrou claramente que doses 

mais altas de LPS aumentaram a potência do espectro da banda LF e diminuíram a 

potência do espectro da banda HF ao longo do tempo. Em outras palavras, o LPS 

aumentou a modulação simpática e reduziu a modulação vagal para o coração em ratos 

não anestesiados. É sabido que a administração de LPS influencia a variabilidade da 

frequência cardíaca de ratos (HUANG et al., 2010; ZILA et al., 2015). No entanto, ao que 

se sabe, nenhum estudo anterior descreveu os efeitos de diferentes doses de LPS na 

variabilidade da frequência cardíaca, ao longo do tempo, em ratos não anestesiados. Uma 

vez que todos os grupos tratados com LPS (doses baixas e altas) apresentaram diminuição 

da potência de HF (redução da modulação vagal), e apenas a dose mais baixa diminuiu a 

pressão arterial ao longo do tempo, enquanto as demais promoveram a resposta oposta, 

parece que a hipotensão provocada pela dose mais baixa de LPS não depende de aumento, 

ou manutenção, da modulação vagal ao longo do tempo. Entretanto, as diferenças 

observadas na resposta da pressão arterial entre os grupos com doses altas e baixas de 

LPS, podem ser atribuídas ao aumento exacerbado da potência da banda de LF no 

espectro da pressão arterial sistólica, ao longo do tempo, nos grupos que receberam doses 

altas de LPS. Vale ressaltar que a banda de LF da pressão arterial sistólica está relacionada 

à resistência periférica dos vasos sanguíneos (JULIEN, 2006). Assim, a resistência 

periférica aumentada pode ter contribuído para o aumento da pressão arterial nos animais 

que receberam altas doses de LPS. 

A função barorreflexa também tem sido examinada após a administração de LPS 

(RADAELLI et al., 2013; SHEN et al., 2004; TOHYAMA et al., 2018). No presente 

estudo, a análise da função barorreflexa revelou diminuição na sensibilidade barorreflexa 

em todos os grupos tratados com LPS, ao longo do tempo, independentemente da dose 

utilizada. Esse comprometimento foi observado já no primeiro momento avaliado, ou 

seja, 90 min depois do LPS, e foi mantido até o final do protocolo, ou seja, 360 min 
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depois. Corroborando com os resultados do presente estudo, Radaelli et al. (2013) 

mostraram sustentada redução na sensibilidade barorreflexa, a qual começou logo após o 

início (10 min depois) da infusão de LPS em ratos. Além disso, Shen et al. (2004) 

concluíram que um barorreflexo arterial eficiente é essencial para determinar a sobrevida 

durante o choque letal induzido por LPS. O comprometimento do barorreflexo tem 

consequências significativas em relação à pressão arterial, pois na ausência do controle 

reflexo da mesma, o sistema cardiovascular perde o seu controle adequado, podendo 

culminar em aumento ou redução da pressão arterial durante a endotoxemia. Como todos 

os grupos que receberam LPS apresentaram comprometimento da função barorreflexa ao 

longo do tempo, não podem ser feitas correlações entre comprometimento do barorreflexo 

e alterações da pressão arterial, uma vez que ratos que receberam uma dose baixa de LPS 

exibiram uma diminuição na pressão arterial, enquanto os ratos que receberam doses altas 

de LPS apresentaram aumento na pressão arterial. 

Portanto, esses dados mostram que que nem sempre a administração de LPS 

promove as alterações hemodinâmicas clássicas esperadas em um modelo de 

endotoxemia. Levando em consideração os achados desse estudo inicial das doses de 

LPS, a dose escolhida para os estudos seguintes foi a dose de 0,06 mg/kg uma vez que 

foi a dose que melhor mimetizou as respostas de pressão arterial e frequência cardíaca 

esperadas durante a inflamação sistêmica em ratos. 

 Com a dose de LPS definida e dando sequência aos estudos, o presente trabalho 

avaliou se o efeito anti-inflamatório da ativação barorreflexa observado no modelo de 

artrite reumatoide (BASSI et al., 2015) também seria observado, ao longo do tempo, em 

um modelo de inflamação sistêmica em ratos não anestesiados. Vale destacar que o estudo 

prévio de Brognara et al. (2018), mostrou que a estimulação elétrica do NDA, um nervo 

aferente responsável pelo controle da homeostase cardiovascular, promove efeitos anti-

inflamatórios centrais em ratos endotoxêmicos 90 min após a administração de LPS, 

inibindo os níveis hipotalâmicos de todas as citocinas analisadas (TNF, IL-6, IL-1β e IL-

10). Outros estudos já relataram que a estimulação elétrica de nervos periféricos e a 

estimulação direta do cérebro, induzem efeitos protetores na isquemia cerebral, na lesão 

traumática do cérebro, bem como, na isquemia e reperfusão cerebral (JIANG et al., 2014; 

MENESES et al., 2016; SCHWEIGHÖFER et al., 2016). Meneses et al. (2016), 

mostraram que a estimulação elétrica do vago reduziu os níveis de citocinas pró-

inflamatórias (TNF, IL-6 e IL-1β), centrais, em camundongos com inflamação sistêmica 

induzida por LPS.  
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 Entretanto, embora a estimulação barorreflexa tenha atenuado os níveis de 

citocinas centralmente (hipotálamo), as citocinas periféricas (coração, baço e plasma) não 

foram afetadas nos animais endotoxêmicos não anestesiados (BROGNARA et al., 2018). 

De fato, como apresentado na presente tese, mesmo alterando a via de administração de 

LPS (de intraperitoneal para intravenoso), a dose (de 5 mg/kg para 0,06 mg/kg) e até 

mesmo a cepa dos ratos (Wistar para Wistar Hannover) em comparação ao estudo de 

Brognara et al. (2018), a ativação do barorreflexo, por meio da estimulação elétrica do 

NDA, não promoveu efeitos anti-inflamatórios sistêmicos (plasma) em curto (90 min 

após o LPS) ou longo prazo (até 360 min após o LPS). Uma vez que o baço é a principal 

fonte de TNF, o qual é liberado na corrente sanguínea durante a endotoxemia, e é o órgão 

alvo do reflexo inflamatório (HUSTON et al., 2006), é surpreendente que a estimulação 

barorreflexa não tenha afetado os níveis de citocinas plasmáticas. No entanto, os achados 

do presente estudo corroboram dados anteriores, os quais mostraram que a ativação do 

barorreflexo - via estimulação elétrica do NDA - inibe os níveis de citocinas no líquido 

sinovial na artrite experimental, por meio de um mecanismo independente do baço 

(BASSI et al., 2015).  

 Vale destacar que, neste protocolo, a administração de LPS também reduziu a 

potência da banda HF no espectro do intervalo cardíaco ao longo do tempo, refletindo 

uma diminuição na modulação vagal mesmo nos animais que receberam a ativação 

elétrica do barorreflexo. Além disso, a função barorreflexa também reduziu ao longo do 

tempo em todos os grupos que receberam LPS. Ou seja, a alteração causada pelo processo 

inflamatório sistêmico na função barorreflexa não foi prevenido ou atenuado pela 

ativação elétrica do NDA. Sendo assim, é possível que sistemicamente, o potencial anti-

inflamatório da ativação barorreflexa esteja comprometido, uma vez que tanto a função 

barorreflexa quanto a modulação parassimpática estão drasticamente afetadas. Portanto, 

ainda não está claro quais são os mecanismos por trás dos efeitos anti-inflamatórios da 

ativação barorreflexa e qual o seu alcance em modelos de inflamação sistêmica, mas 

parece que seus efeitos se restringem a locais específicos.  

Os dados apresentados nesta tese destacam que alguns animais não respondem à 

ativação barorreflexa com alterações hemodinâmicas frente aos mesmos parâmetros de 

estimulação. Isso pode ser explicado pelo fato de que alguns nervos podem necessitar de 

um estímulo elétrico mais intenso para apresentar respostas hemodinâmicas. Alguns 

estudos utilizando estimulação elétrica do nervo vago, e do seio carotídeo, são conduzidos 

com parâmetros especificamente ajustados para cada animal; justamente com a finalidade 
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de padronizar a alteração hemodinâmica decorrente da estimulação elétrica (KAWADA 

et al., 2014; LI et al., 2004; LOHMEIER et al., 2010). Como no presente estudo os 

parâmetros de estimulação elétrica do NDA foram fixados para todos os animais, pode 

ser que aqueles que não responderam com alterações hemodinâmicas, apenas precisassem 

de estímulos mais intensos para desencadear esses efeitos. Entretanto, como observado 

no estudo de Brognara et al. (2018), o mecanismo anti-inflamatório central do 

barorreflexo parece ser independente de alterações cardiovasculares (BROGNARA et al., 

2018). Ou seja, mesmo que não ocorra alteração na pressão arterial durante a estimulação 

barorreflexa, é possível que, mesmo assim, a via de resposta anti-inflamatória seja 

ativada.  

O diagrama apresentado na figura 24 sintetiza os achados provenientes da 

estimulação elétrica do NDA apresentados nesta tese em conjunto com dados obtidos 

previamente em nosso laboratório com o mesmo grupo de pesquisa (BROGNARA et al., 

2018). Em suma, a estimulação elétrica do NDA promove ativação do barorreflexo 

resultando em aumento da atividade parassimpática, e inibição da atividade simpática. 

Essa resposta promove inibição da liberação de citocinas no hipotálamo, mas não altera 

os níveis de citocinas encontrados no baço, no coração, e no plasma, decorrentes do 

processo inflamatório sistêmico induzido pela administração de LPS em ratos não 

anestesiados.  

Apesar da ativação dos barorreceptores, pela estimulação elétrica do NDA, não 

ter apresentado efeito anti-inflamatório periférico, a desnervação seletiva dos 

barorreceptores aórticos e carotídeos, por si só, reduziu os níveis das citocinas pró-

inflamatórias no plasma de ratos com inflamação sistêmica induzida por LPS. Mais 

especificamente, nos ratos sem os barorreceptores, os níveis de TNF e IL-6 estavam 

significativamente mais baixos do que nos animais intactos (somente LPS), e a liberação 

de IL-1β induzida pelo LPS foi abolida nos animais sem os barorreceptores. A mesma 

resposta foi observada nos animais que tiveram apenas os seus quimiorreceptores 

carotídeos removidos. Ou seja, esses dados sugerem que tanto os barorreceptores quanto 

os quimiorreceptores contribuem com a sinalização da resposta inflamatória, favorecendo 

a liberação de citocinas durante o desafio imune.  

Com relação ao papel dos quimiorreceptores na resposta inflamatória, vários 

estudos demonstraram que as células glomus do corpo carotídeo de ratos possuem 

receptores para citocinas pró-inflamatórias, como TNF, IL-6 e IL-1 (FERNANDEZ et al., 

2014; FERNÁNDEZ et al., 2011; FUNG, 2014; LAM et al., 2008; WANG et al., 2002, 
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2006). O estudo de Fernández et al. (2011), conduzido em ratos Sprague–Dawley, 

mostrou que o tratamento com LPS aumentou a expressão de TNF e de seu receptor no 

corpo carotídeo, e que além de apresentar receptores para citocinas, o mesmo possui o 

receptor Toll-like 4, responsável por reconhecer o LPS. Assim, durante a resposta 

inflamatória, as citocinas liberadas pelo próprio corpo carotídeo podem atuar de maneira 

periférica (aumentando a resposta imune), parácrina ou autócrina diretamente nas células 

do corpo carotídeo, alterando, também, a sua sensibilidade (FERNÁNDEZ et al., 2011). 

Sendo assim, os autores sugerem que o quimiorreceptor carotídeo pode servir como 

sensor periférico para a presença de agentes imunogênicos no sangue, contribuindo para 

a comunicação entre o sistema imune e o cérebro durante a endotoxemia (FERNANDEZ 

et al., 2014; FERNÁNDEZ et al., 2011; Fig. 25). É importante destacar que outros estudos 

já demonstraram que o corpo carotídeo de humanos também possui receptores para 

citocinas (TNF, IL-6, IL-1β e IL-10) e o receptor Toll-like (KAHLIN et al., 2015; 

MKRTCHIAN et al., 2012), sugerindo uma função imunossensora do corpo carotídeo 

(FUNG, 2014).  

Pouco se sabe sobre o papel dos barorreceptores influenciando a sinalização da 

resposta inflamatória. Um estudo recente mostrou que a desnervação sino-aórtica atenuou 

a liberação de IL-6 e IL-10 no plasma de ratos endotoxêmicos (AMORIM et al., 2020). 

Entretanto, levando-se em consideração que a desnervação sino-aórtica inclui a remoção 

dos quimiorreceptores carotídeos (FRANCHINI; KRIEGER, 1992; KRIEGER, 1964; 

SILVA et al., 2015; ZHANG; BARRÈS; JULIEN, 1995), pode ser que a resposta 

observada no estudo citado tenha ocorrido pela ausência dos quimiorreceptores e não, 

necessariamente, dos barorreceptores. Sabe-se que tanto os receptores Toll-like 4, quanto 

os receptores para citocinas são expressos em neurônios (CHAVAN; PAVLOV; 

TRACEY, 2017; DE LARTIGUE et al., 2011; HOSOI et al., 2005; LI et al., 2005; MA; 

ZHANG; WESTLUND, 2009). Além disso, o estudo de Hosoi et al. (2005) concluiu que 

o gânglio nodoso (responsável por enviar as projeções do nervo vago ao sistema nervoso 

central) expressa o receptor Toll-like 4; e, portanto, o LPS poderia ativar esses neurônios 

e desencadear o processo inflamatório também por meio desta via. Juntos, esses dados 

sugerem que, assim como outros neurônios, as terminações nervosas dos barorreceptores 

também podem possuir receptores Toll-like 4 e/ou receptores para citocinas, contribuindo 

com a comunicação entre o sistema imune e o cérebro durante a endotoxemia (Fig. 25). 

Vale ressaltar que além de reduzir as citocinas pró-inflamatórias, o presente estudo 

também mostrou que a ausência dos barorreceptores aumentou a liberação de IL-10 
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(citocina anti-inflamatória) durante o desafio imune induzido por LPS. Esse resultado 

pode indicar que além de sinalizar para o sistema nervoso central, os barorreceptores 

podem possuir papel na atividade dos macrófagos do tipo II, que estão associados com a 

liberação de marcadores como a IL-10, dentre outros (LAWRENCE; NATOLI, 2011). 

Na ausência dos barorreceptores, os macrófagos do tipo II poderiam atuar, livremente, na 

liberação de citocinas pró-inflamatórias (como a IL-10), auxiliando no controle da 

resposta inflamatória. Entretanto, estudos futuros são necessários para confirmar essas 

hipóteses.  

 
Figura 24. A ativação barorreflexa atenua apenas a inflamação central em ratos com endotoxemia. 
A estimulação elétrica do nervo depressor aórtico promove ativação do barorreflexo culminando com um 

aumento da atividade parassimpática e inibição da atividade simpática. Essa resposta promove inibição da 

liberação de citocinas no hipotálamo, mas não altera os níveis de citocinas encontrados no baço, no coração 

e no plasma decorrentes do processo inflamatório sistêmico induzido pela administração de LPS em ratos 

não anestesiados. RVLM: região ventrolateral rostral bulbar. A linha tracejada indica inibição. Linhas em 

azul indicam inervação parassimpática e linhas em vermelho indicam inervação simpática. Figura criada a 

partir de imagens disponibilizadas na plataforma online Smart Servier Medical Art (disponível em: 

https://smart.servier.com). 
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Figura 25. Mecanismo molecular proposto para a interação imune-sensorial-neural envolvendo os 
quimiorreceptores periféricos e os barorreceptores aórticos e carotídeos. A infecção decorrente da 

administração de LPS, por exemplo, resulta na liberação de mediadores inflamatórios (ex.: IL-6, TNF e IL-

1β) pelas células do sistema imune. Os terminais axonais periféricos de neurônios sensoriais, neste caso 

representado pelo nervo depressor aórtico, expressam receptores para citocinas e o receptor Toll-like 4 

(TLR-4), responsável pelo reconhecimento do LPS. Assim, tanto o LPS quanto as citocinas interagem no 

terminal axonal do nervo depressor aórtico levando à geração de segundos-mensageiros como o cálcio 

(Ca2+) e a adenosina monofosfato cíclico (AMPc) ativando a cascata que leva à geração do potencial de 

ação no nervo resultando na sinalização da região do núcleo do trato solitário (NTS). Da mesma forma, as 

células glomus presentes no corpo carotídeo também expressam receptores para citocinas e o TLR-4, e 

culminam com a geração de potencial de ação quando ativados. Além disso, a interação do LPS com seu 

receptor ativa MyD88 o qual induz a translocação do NF-kB para o núcleo das células glomus resultando 

na síntese e liberação de citocinas, como o TNF. Assim, as células do próprio corpo carotídeo secretam 

citocinas que vão atuar de maneira parácrina e autócrina alterando a sensibilidade dos quimiorreceptores e 

enviando sinais ao NTS de forma a contribuir com a comunicação neuro-imune. Figura criada a partir de 

imagens disponibilizadas na plataforma online Smart Servier Medical Art (disponível em: 

https://smart.servier.com). 
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Após estudar a ativação do ramo parassimpático com concomitante inibição do 

ramo simpático do sistema nervoso autônomo, por meio da estimulação elétrica do NDA, 

o próximo passo foi avaliar o papel da ativação reflexa generalizada do sistema nervoso 

simpático. Como apresentado anteriormente, a OBC tem sido utilizada como manobra 

para promover ativação reflexa, global, do sistema nervoso simpático (BEDRAN-DE-

CASTRO; MOREIRA; KRIEGER, 1986; KRIEGER, 1963; WANG et al., 1970). 

Resumidamente, a inativação dos barorreceptores carotídeos durante a OBC induz 

aumento da atividade simpática para o coração e para os vasos (aumento da resistência 

periférica global) com concomitante redução da atividade parassimpática para o coração, 

resultando, assim, no aumento da pressão arterial (BEDRAN-DE-CASTRO; MOREIRA; 

KRIEGER, 1986; KRIEGER, 1963). Os dados obtidos no presente estudo estão de acordo 

com a literatura, uma vez que todos os animais submetidos à OBC apresentaram aumento 

expressivo da pressão arterial e da potência da banda de LF da pressão arterial sistólica 

durante o período da OBC, confirmando o aumento da modulação simpática para os vasos 

e da resistência periférica. Assim, o aumento da pressão arterial observado durante a 

OBC, tanto nos ratos intactos quanto nos desnervados (BARO-X e QUIMIO-X), sugere 

que a OBC, de fato, promoveu aumento da resistência periférica decorrente da ativação 

simpática. No caso dos animais intactos, a ativação simpática pode ter sido decorrente da 

inibição dos barorreceptores carotídeos e ativação dos quimiorreceptores periféricos. Já 

nos animais com desnervação dos barorreceptores, pode-se atribuir o aumento da 

atividade simpática à ativação dos quimiorreceptores, enquanto que nos ratos com 

desnervação dos quimiorreceptores, esse aumento se deve, provavelmente, pela 

inativação dos barorreceptores carotídeos.  

Com relação à resposta da frequência cardíaca à OBC, a literatura apresenta 

divergência de resultados dependendo da espécie avaliada. Cães podem apresentar 

taquicardia ou inalteração da frequência cardíaca (KIRBY; VATNER, 1987; VATNER; 

MANDERS, 1979), enquanto que coelhos apresentam um leve aumento da frequência 

cardíaca (KUMAGAI; REID, 1994). Já em camundongos, há redução da frequência 

cardíaca durante a OBC (LATARO et al., 2010). No presente estudo, ratos intactos, e 

também aqueles que tiveram os barorreceptores desnervados, não apresentaram alteração 

na frequência cardíaca, enquanto que os animais que tiveram os quimiorreceptores 

desnervados exibiram bradicardia durante a OBC. Essa redução da frequência cardíaca 

nos animais sem quimiorreceptores pode ser explicada pela ativação dos barorreceptores 

aórticos durante a OBC, contribuindo para o aumento da atividade parassimpática para o 



6. Discussão | 

 

100 

coração. Já no estudo de Lataro et al. (2010), nenhuma alteração na frequência cardíaca 

foi observada em camundongos com desnervação do seio carotídeo. Portanto, esses dados 

indicam que ainda não há consenso quanto aos efeitos da OBC na frequência cardíaca, 

em diferentes espécies. 

A avaliação das citocinas plasmáticas mostrou que a ativação simpática 

(promovida pela OBC), nos ratos intactos, resultou em redução das citocinas pró-

inflamatórias (TNF e IL-1β) e aumento da citocina anti-inflamatória avaliada (IL-10) 90 

min após a administração de LPS, contribuindo para o controle e redução da resposta 

inflamatória sistêmica em ratos não anestesiados. O possível mecanismo pelo qual a OBC 

reduziu a liberação de citocinas pró-inflamatórias pode estar relacionado com a ativação 

dos quimiorreceptores carotídeos e inativação dos barorreceptores carotídeos, que 

resultam em aumento da atividade simpática eferente. Quando as carótidas comuns são 

ocluídas, os quimiorreceptores carotídeos são ativados e, ao mesmo tempo, os 

barorreceptores carotídeos são desativados. Assim, a influência inibitória dos 

barorreceptores no sistema nervoso simpático é prejudicada, e simultaneamente, 

neurônios da RVLM são estimulados pela ativação dos quimiorreceptores, determinando 

o aumento significativo da atividade simpática. Consequentemente, a inervação simpática 

do baço é estimulada, inibindo a produção de citocinas pelas células imunes do baço pela 

via já descrita na literatura que envolve a participação de linfócitos T sintetizadores de 

acetilcolina, acetilcolina e receptores nicotínicos de acetilcolina do tipo alfa-7 

(DANTZER, 2018; TRACEY, 2010; WANG et al., 2003). Vale ressaltar que o efeito 

anti-inflamatório decorrente da OBC, observado no presente estudo, não é dependente da 

integridade da função barorreflexa, uma vez que a OBC não preveniu ou atenuou a 

diminuição da sensibilidade barorreflexa induzida pela administração de LPS ao longo 

do tempo.  

Outros estudos já mostraram que o sistema nervoso simpático possui propriedades 

anti-inflamatórias (KEES et al., 2003; MARTELLI et al., 2014a; STRAUB et al., 2011; 

VIDA et al., 2011), corroborando com os dados apresentados no presente trabalho. 

Entretanto, este é o primeiro estudo que mostra esses efeitos por meio de uma ativação 

simpática reflexa. A figura 26 resume os possíveis mecanismos pelos quais a ativação 

simpática reflexa atenua a resposta inflamatória sistêmica, destacando os achados do 

presente estudo. 

Nos animais com desnervação dos barorreceptores, ou dos quimiorreceptores, a 

OBC não alterou o efeito já promovido pela própria desnervação, por si só, nas citocinas 



6. Discussão | 

 

101 

pró-inflamatórias, com exceção da IL-6 nos animais com desnervação dos 

barorreceptores, a qual aumentou com a OBC. Este último dado sugere que a ativação 

quimiorreflexa decorrente da OBC, nos animais sem barorreceptores, aumenta a liberação 

de IL-6 no plasma, contribuindo com o aumento da resposta inflamatória. Ao observar os 

níveis da citocina anti-inflamatória, IL-10, a resposta foi ligeiramente diferente entre os 

grupos desnervados com, e sem, OBC. Nos animais com desnervação dos barorreceptores 

a OBC elevou os níveis de IL-10, apenas, 180 min após a administração de LPS, 

retornando aos níveis basais logo em seguida. Já nos animais com desnervação de 

quimiorreceptores, a OBC aumentou os níveis de IL-10, no plasma, 90, 180 e 270 min 

após a administração de LPS. Ou seja, a desativação dos barorreceptores carotídeos 

promovida pela OBC, nos animais sem quimiorreceptores, contribuiu com uma maior 

liberação de IL-10 no plasma, em longo prazo, corroborando os dados discutidos 

anteriormente nesta tese, sobre a possível relação entre os barorreceptores e os 

macrófagos do tipo II. Juntos, esses dados sugerem que a ativação simpática reflexa 

atenua a resposta inflamatória sistêmica, e que ambos, barorreceptores e 

quimiorreceptores, apresentam papel importante na comunicação neuroimune.  

 Assim como demonstrado nos estudos das doses de LPS (BROGNARA et al., 

2019) e da estimulação barorreflexa, apresentados no presente trabalho, o protocolo com 

OBC também evidenciou redução na potência da banda de HF no espectro do intervalo 

cardíaco, ao longo do tempo, em todos os grupos que receberam LPS. Além disso, os 

grupos com desnervação de barorreceptores já apresentava diminuição da potência da 

banda de HF no período basal. Esses achados demonstram que a inflamação sistêmica e 

a ausência dos barorreceptores aórticos e carotídeos diminuem a modulação vagal para o 

coração. Além disso, como também exposto no estudo das doses (BROGNARA et al., 

2019), a dose de LPS 0,06 mg/kg utilizada no protocolo com OBC não alterou a potência 

da banda de LF no espectro do intervalo cardíaco. Da mesma forma, nenhuma das 

manobras utilizadas neste protocolo (OBC, BARO-X ou QUIMIO-X) alterou a potência 

da banda de LF no espectro do intervalo cardíaco ao longo do tempo. Esses dados indicam 

que durante a inflamação sistêmica, a remoção dos barorreceptores aórticos e carotídeos 

ou quimiorreceptores periféricos não afeta significativamente a modulação simpática para 

o coração no período avaliado neste estudo. Corroborando com esses resultados, estudos 

prévios também demonstraram que a inflamação sistêmica induzida por LPS em ratos 

não anestesiados reduziu a modulação vagal sem alterar a modulação simpática para o 

coração (AMORIM et al., 2019, 2020).  
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 É importante ressaltar que a avaliação temporal das citocinas permitiu analisar o 

efeito de cada tratamento, não apenas no pico da resposta inflamatória (90 min), mas 

também em outros três momentos ao longo de 360 min, revelando possíveis respostas 

tardias ou prolongadas. Outro aspecto importante do presente estudo é o fato de que todos 

os experimentos foram conduzidos em animais não anestesiados, simulando situações 

clínicas e condições fisiológicas. É sabido que os anestésicos interferem particularmente 

nos mecanismos neurais que modulam o sistema imunológico (PICQ et al., 2013). Vários 

estudos mostraram que a Ketamina e o isoflurano, bem como outros anestésicos 

amplamente utilizados, exibem potentes propriedades anti-inflamatórias (CRUZ; 

ROCCO; PELOSI, 2017; FLONDOR et al., 2008; QIN et al., 2015; TANIGUCHI; 

YAMAMOTO, 2005). Estudos anteriores investigando a estimulação elétrica neural em 

modelos de inflamação foram conduzidos, principalmente, em roedores anestesiados. 

Uma exceção significativa pode ser atribuída ao estudo de Martelli et al. (2014b), os quais 

demonstraram, em ratos não anestesiados, que a via esplâncnica anti-inflamatória tem 

influência inibidora expressiva, e sustentada, nos processos inflamatórios. Sendo assim, 

os dados apresentados nesta tese se destacam por fornecer informações significativas 

sobre a regulação autonômica do processo inflamatório, sem os efeitos indesejados da 

anestesia.  
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Figura 26. Ativação simpática reflexa atenua a resposta inflamatória sistêmica. Diagrama mostrando 

como os barorreceptores e quimiorreceptores atuam para reduzir a liberação de citocinas pró-inflamatórias 

decorrente da oclusão bilateral da carótida (OBC) em um desafio imune induzido por LPS. Quando as 

carótidas comuns são ocluídas, os quimiorreceptores carotídeos são ativados e, ao mesmo tempo, os 

barorreceptores carotídeos são desativados. Assim, a influência inibitória dos barorreceptores no sistema 

nervoso simpático é prejudicada, e simultaneamente, neurônios da região ventrolateral rostral bulbar 

(RVLM) são estimulados pela ativação dos quimiorreceptores, determinando o aumento significativo da 

atividade simpática. Consequentemente, a inervação simpática do baço é estimulada, inibindo a produção 

de citocinas pelas células imunes do baço. O diagrama também destaca que os barorreceptores e 

quimiorreceptores poderiam ser ativados por citocinas pró-inflamatórias liberadas pelas células imunes.     

CVLM: região caudal ventrolateral bulbar; GC: gânglio celíaco; GN: gânglio nodoso; GP: gânglio petroso; 

GS: gânglio simpático; IML: coluna intermédio lateral; LPS: lipopolissacarídeo; NA: núcleo ambíguo; 

NTS: núcleo do trato solitário. 
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7. CONCLUSÕES 
 

O conjunto de resultados apresentados nesta tese mostrou que a caracterização da 

dose de LPS escolhida para o estudo da interação do sistema nervoso autônomo com o 

sistema imune é muito importante, uma vez que nem sempre a administração de LPS 

promove as alterações hemodinâmicas clássicas esperadas em um modelo de 

endotoxemia. Em ratos não anestesiados, altas doses de LPS podem promover aumento 

da pressão arterial ao longo do tempo, enquanto que uma dose mais baixa pode reduzir a 

pressão arterial, também ao longo do tempo. Por outro lado, tanto doses altas quanto 

baixas de LPS produzem aumento da frequência cardíaca ao longo do tempo. Assim, é 

preciso identificar quais parâmetros são importantes para cada estudo, e buscar a dose de 

LPS mais adequada. 

Adicionalmente, os dados obtidos neste trabalho fornecem evidências de que a 

ativação parassimpática associada a inibição simpática (por meio da estimulação elétrica 

do NDA) não possui efeitos anti-inflamatórios sistêmicos (plasma) em ratos 

endotoxêmicos não anestesiados. Por outro lado, apesar da ativação barorreflexa não ter 

se mostrado efetiva no controle da resposta inflamatória sistêmica, a ativação reflexa do 

sistema nervoso simpático, por meio da OBC, atenuou a liberação de citocinas 

plasmáticas pró-inflamatórias em ratos não anestesiados. Esses dados sugerem que a 

ativação reflexa global do sistema simpático é capaz de modular a resposta inflamatória 

sistêmica.  

Por fim, o presente estudo também sugere que, assim como os quimiorreceptores 

periféricos, os barorreceptores aórticos e carotídeos, também possuem importante papel 

na sinalização da resposta inflamatória, possivelmente desempenhando uma função 

imunossensora e contribuindo com a comunicação neuroimune frente ao desafio imune 

induzido por LPS em ratos não anestesiados.  
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Lipopolysaccharide (LPS) administration is a well-known method to induce systemic 
inflammation widely used for investigating new therapeutic strategies for sepsis treatment, 
which is characterized by clinical manifestations such as tachycardia and hypotension. 
However, there are different doses of LPS used in several studies, and the hemodynamic 
responses were not always well characterized. Thus, the present study aimed to evaluate 
the arterial pressure, heart rate, heart rate variability, and baroreflex function from rats, 
over time, to different doses of LPS. Femoral artery and vein catheters were inserted into 
anesthetized Wistar-Hannover male rats for arterial pressure recording and LPS 
administration, respectively. On the next day, the arterial pressure was recorded before 
and after (90, 180, and 360 min) LPS injection (0.06, 20, 30, and 40 mg/kg). All doses of 
LPS tested increased the heart rate and decreased baroreflex sensitivity over time. In 
addition, while LPS administration of 20, 30, and 40 mg/kg increased the mean arterial 
pressure over time, 0.06 mg/kg decreased the mean arterial pressure at 360 min, as 
compared to baseline values. Furthermore, high doses of LPS decreased the power of 
the HF band of the cardiac interval spectrum over time, and the higher dose increased 
the power of the LF band. Our data indicate that high doses of LPS promote hypertensive 
response over time, while a low dose decreases arterial pressure. Moreover, the changes 
in heart rate variability and baroreflex function elicited by LPS may be not associated with 
arterial pressure response produced by the endotoxemia.

Keywords: lipopolysaccharide, arterial pressure, heart rate, heart rate variability, baroreflex sensitivity, 
unanesthetized rats

INTRODUCTION

Models of endotoxemia have been used to explore the host innate immunity involved in the 
inflammatory response and searching therapeutic approaches for the treatment of inflammatory 
diseases (Borovikova et  al., 2000; Bassi et  al., 2015; Halbach et  al., 2017). The well-known 
experimental model of endotoxemia elicited by lipopolysaccharide (LPS) administration has 
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been widely used (Brognara et  al., 2018; Chen et  al., 2019). 
LPS is a component of the outer membrane of Gram-negative 
bacteria, which is a potent activator of the innate immunity, 
after being recognized by toll-like receptor 4 (Raetz and 
Whitfield, 2002; Beutler and Rietschel, 2003). This receptor is 
responsible for the activation of the nuclear factor-κB pathway 
that leads the synthesis and release of some pro-inflammatory 
mediators such as cytokines by macrophages (Beutler and 
Rietschel, 2003; Café-Mendes et  al., 2017). Furthermore, this 
model of inflammation contributes for better understanding 
of the pathophysiological manifestations found in infection 
and inflammatory diseases, such as sepsis, mimicking clinical 
signs including hypo or hyperthermia, tachycardia, hypotension, 
and tachypnea (Cai et  al., 2010; Café-Mendes et  al., 2017; 
Komegae et  al., 2018; Wasilczuk et  al., 2019).

The literature indicates that different doses of LPS have 
been used in several studies, but the hemodynamic responses 
involved are not always shown or even considered. Usually, 
LPS administration promotes hypotension and tachycardia; but, 
in the literature, these responses are not precisely described 
concerning the different doses employed, especially in 
unanesthetized animals. Therefore, the present study aimed to 
evaluate the arterial pressure, heart rate, and the heart rate 
variability responses from unanesthetized rats, over time, to 
different doses of LPS.

MATERIALS AND METHODS

Experimental Animals
The experiments were performed on male Wistar-Hannover 
rats weighing 210–280  g obtained from the Main Animal 
Facility of the University of São Paulo (Campus of Ribeirão 
Preto; Ribeirão Preto, SP, Brazil), maintained under controlled 
temperature (22°C) and constant 12  h light-dark cycle, and 
provided with food and water ad libitum. All procedures were 
reviewed and approved by the Committee of Ethics in Animal 
Research of the Ribeirão Preto Medical School – University 
of São Paulo (protocol number 194/2016).

Surgical Procedures
Animals were anesthetized with a cocktail of ketamine and 
xylazine (50  mg/kg and 10  mg/kg, i.p.) and then subjected 
to surgical procedures to catheterization of the femoral artery 
and vein for arterial pressure recording and LPS administration, 
respectively. Briefly, the left femoral artery was catheterized 
with polyethylene tubing (PE-50 soldered to PE-10 polyethylene 
tube; Intramedic, Clay Adams, Parsippany, NJ, USA) for arterial 
pressure recording. The catheter implanted into the femoral 
artery was filled with 100 IU/ml heparin in saline. Additionally, 
a catheter (PE-50 polyethylene tube; Intramedic, Clay Adams, 
Parsippany, NJ, USA) was inserted into the left femoral  
vein for the administration of LPS from Escherichia coli 
0111: B4 purified by phenol extraction (Sigma-Aldrich, St. Louis, 
MO, USA). The catheters were pulled up through a  
subcutaneous track to the animal’s neck and exteriorized in 
the back of the nape, and the surgical incisions were sutured.  

Analgesic (tramadol hydrochloride: 2  mg/kg, s.c.) was injected 
immediately after the end of surgery.

Arterial Pressure Recording
To record the pulsatile arterial pressure, the arterial catheter 
was connected to a pressure transducer (MLT844; ADInstruments, 
Bella Vista, Australia) and the signal was amplified (ML224; 
ADInstruments, Bella Vista, Australia) and sampled at 2  kHz 
by an IBM/PC computer (Core 2 Duo, 2.2  GHz, 4  GB RAM) 
attached to an analog-to-digital interface (PowerLab, 
ADInstruments, Bella Vista, Australia). The experiment was 
conducted with the animals moving freely in their own cage 
(one rat per cage) and silence was maintained to minimize 
environment stress. Arterial pressure recordings were processed 
with computer software (LabChart 7.0, ADInstruments, Bella 
Vista, Australia) capable of detecting inflection points and generate 
mean arterial pressure and heart rate beat-by-beat time series.

Experimental Procedures
Twenty-four hours after the surgical procedures, the rats were 
assigned into five groups with different doses of LPS:  
(1) 0.06  mg/kg (n  =  7), (2) 20  mg/kg (n  =  4), (3) 30  mg/kg 
(n = 3), (4) 40 mg/kg (n = 5), and (5) with saline administration 
(control, n  =  5). With the unanesthetized animals moving 
freely, the experimental protocol consisted of basal recordings 
of pulsatile arterial pressure, followed by administration of 
LPS or saline. The arterial pressure was also recorded 90, 180, 
and 360  min after LPS or saline injection to evaluate the time 
course of the hemodynamic parameters.

Heart Rate and Systolic Arterial Pressure 
Variability Analysis
Beat-by-beat time series with systolic arterial pressure and 
cardiac interval values were extracted from periods of 
approximately 10  min from each moment (basal, 90, 180, and 
360  min after LPS or saline) from pulsatile arterial pressure 
tracings. The series were analyzed in the frequency domain 
by means of spectral analysis using open access custom computer 
software (CardioSeries v2.7, www.danielpenteado.com). Briefly, 
the beat-by-beat time series were resampled using cubic spline 
interpolation (10  Hz) and the interpolated series were split in 
half-overlapping sequential segments of 512 data points. All 
segments were visually inspected looking for transients that 
could affect the calculation of the power spectral density (Fast 
Fourier Transform), and the spectra were integrated in low- 
(LF: 0.20–0.75  Hz) and high-frequency (HF: 0.75–3.0  Hz) 
bands. Results are expressed in absolute (ms2) and normalized 
(nu) units. LF/HF ratio was also calculated.

Baroreflex Sensitivity Analysis
The same beat-by-beat time series selected for heart rate and 
systolic arterial pressure variability analysis were used for 
assessment of spontaneous baroreflex sensitivity. In the time 
domain, analysis was carried out using the sequence method 
(Bertinieri et  al., 1985; Di Rienzo et  al., 1985). Time series 
were scanned by the CardioSeries software, searching for 
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sequences of data values with at least four consecutive beats 
in which rises in systolic arterial pressure were followed by 
cardiac interval lengthening and decreases in systolic arterial 
pressure were followed by cardiac interval shortening, with a 
calculated linear correlation higher than 0.85. The average of 
the slopes of the linear regression lines between systolic arterial 
pressure and cardiac interval values was taken as the baroreflex 
sensitivity. In addition, spontaneous baroreflex sensitivity was 
assessed into the frequency domain using cross-spectral analysis 
through the Fast Fourier Transform. In brief, beat-by-beat time 
series were interpolated (10  Hz), split into half-overlapping 
sequential sets of 512 points, and had cross-spectra calculated. 
When a coherence function returned values greater than 0.5, 
the average gain of the transfer function into the LF band 
(0.20–0.75  Hz) was taken as a measure of the baroreflex gain.

Statistical Analysis
The data were analyzed by one-way analysis of variance and 
one-way analysis of variance for repeated measures followed 
by a Student-Newman-Keuls’s or Dunn’s post hoc test when 
indicated. Differences were considered statistically significant 
if p  <  0.05. The results are shown as the mean  ±  standard 
error of the mean. Statistical analysis was performed using 
SigmaPlot 12.0 software (Systat Software, San Jose, CA, USA).

RESULTS

Time Course of the Arterial Pressure to 
Lipopolysaccharide Administration
No changes in mean arterial pressure were observed over time 
in the saline group (Figure 1A and Table 1). As compared 
to baseline, the dose of 0.06  mg/kg of LPS decreased the 
mean arterial pressure at 360  min after its administration 
(116  ±  3 vs. 109  ±  2  mmHg, p  =  0.025; Figure 1B and 
Table 1). In contrast, the doses of 20, 30 and 40 mg/kg increased 
the mean arterial pressure over time (Figures 1C–E and Table 1). 
The doses of 20 and 30  mg/kg reached the hypertensive peak 
at 360 min and the dose of 40 mg/kg at 180 min (Figures 1C–E 
and Table 1). In addition, the dose of 20  mg/kg was able to 
increase the mean arterial pressure already in the first 90  min 
after LPS, while the doses of 40 and 30  mg/kg were only able 
to increase the arterial pressure 180 and 360  min, respectively 
(Figures 1C–E and Table 1).

Time Course of the Heart Rate to 
Lipopolysaccharide Administration
No changes in heart rate were observed over time in the 
saline group (Figure 1F and Table 1). All doses of LPS 
tested in this study increased the heart rate over time, 
compared to baseline values and reached a peak at 360  min 
after LPS administration Figures 1G–J and Table 1). 
Nevertheless, the dose of 0.06  mg/kg promoted a smaller 
tachycardia as compared to the other doses evaluated  
(0.06  mg/kg: Δ 84  ±  23  bpm vs. 20  mg/kg: Δ 200  ±  26  bpm, 
p  =  0.007; 30  mg/kg: Δ 202  ±  29  bpm, p  =  0.023; 40  mg/kg: 

Δ 180  ±  29  bpm, p  =  0.007). Moreover, all doses of LPS 
tested were able to increase the heart rate already in the first 
90  min after their administration (Figures 1G–J and Table 1).

Time Course of the Heart Rate Variability 
to Lipopolysaccharide Administration
The analysis performed over several time points (basal, 90, 
180, and 360  min) following LPS administration, revealed no 
differences in the power of the LF band of the cardiac interval 
spectrum in saline, 0.06, 20, or 30  mg/kg LPS groups, despite 
a strong trend toward enhanced LF power in 20 or 30  mg/kg 
groups (Figures 2A–D). However, the rats that received 40 mg/kg 
showed an increased LF power of the cardiac interval spectrum 
at 180 and 360  min following LPS administration (Figure 2E). 
The analysis of HF power depicted no changes in the saline 
group (Figure 2F); but LPS injection drastically reduced the 
HF power over time, starting at 90 min after its administration 
(Figures 2G–J). In all groups, no differences were found in 
the LF/HF ratio over time (Figures 2K–O). Nevertheless, the 
dose of 40  mg/kg presented a great trend toward an increase 
at 180 and 360  min after LPS (Figure 2O). The power of the 
LF band of systolic arterial pressure spectra increased over 
time in either, saline and LPS treated groups (Figures 2P–T).

Time Course of the Baroreflex Sensitivity 
to Lipopolysaccharide Administration
In general, both methods of analysis (i.e., cross-spectral analysis 
and the sequence method) revealed a decrease in baroreflex 
sensitivity in all LPS groups over time (Figures 3B–E,G–J). 
This change was observed early in the first moment evaluated 
(90 min) and was kept until the end of the protocol (360 min). 
In the saline group, no changes were observed over time, 
when baroreflex sensitivity was evaluated by the sequence 
method (Figure 3F); while a slight reduction was shown by 
the cross-spectral analysis approach (Figure 3A).

DISCUSSION

In the current study, we described the changes in arterial pressure 
and heart rate as well as the heart rate variability, over time, 
elicited by different doses of LPS administration. Concerning 
the heart rate, we  observed that all doses tested increased this 
hemodynamic parameter, over time, supporting previous 
observation (Altavilla et al., 2002). Moreover, in agreement with 
previous studies (Martelli et al., 2019), our findings demonstrated 
that the lowest dose tested (0.06  mg/kg) reduces the mean 
arterial pressure over time. However, it has been described a 
transient increase in mean arterial pressure, 2 and 3 h after 
LPS administration, with the return of this hemodynamic 
parameter to baseline, 4–6 h later, using the same dose (0.06 mg/
kg) (Martelli et  al., 2014). Apropos, this dose of LPS has been 
extensively used in rats for investigating the mechanisms involved 
in the inflammatory reflex pathway (Martelli et  al., 2014, 2019; 
Komegae et  al., 2018), as well as for evaluating the baroreflex 
regulation during systemic inflammation (Tohyama et al., 2018).
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Previous studies using higher doses of LPS, for eliciting 
the inflammatory process, demonstrated that this approach 
promoted a hypotensive response (Altavilla et al., 2002; Doursout 
et al., 2016). For instance, Dourtsout and coworkers (Doursout 
et  al., 2016) observed a decrease in mean arterial pressure, 
1 h after the administration of a high dose of LPS, in conscious 
rats, followed by the recover to baseline levels 2 and 3 h later. 
Another study evaluated the time course of the mean arterial 

pressure for 360  min, after LPS administration, displaying a 
sustained reduction of this hemodynamic parameter in 
anesthetized rats, over time, initiating 30 min after the injection 
(Altavilla et  al., 2002). However, the current study did not 
provide support to this finding, since the intravenous 
administration of higher doses of LPS (20, 30, and 40  mg/kg) 
did not reduce the mean arterial pressure in unanesthetized 
rats, but increased over time, starting sometimes 90  min after 
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FIGURE 1 | Time course of mean arterial pressure (MAP) and heart rate (HR) response to different doses of lipopolysaccharide in unanesthetized rats.  
Saline: panels (A,F); 0.06 mg/kg of LPS: panels (B,G); 20 mg/kg of LPS: panels (C,H); 30 mg/kg of LPS: panels (D,I); 40 mg/kg of LPS: panels (E,J). Data are 
expressed as mean ± standard error of the mean. *p < 0.05 vs. baseline counterpart; †p < 0.05 vs. 90 min counterpart; #p < 0.05 vs. 180 min counterpart.
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their administration (as was the case of the dose of 20 mg/kg). 
Many factors can influence the inflammation-induced 

cardiovascular alterations that could explain these discrepancies 
between the studies, deserving an investigation in the future, 
including the gender of the subjects, quality of the LPS (i.e., 
purity, source, and route of administration) and rat strains 
(Sternberg et al., 1989; Simons et al., 1998; Marriott et al., 2006; 
Ferguson et  al., 2013).

It is noteworthy to mention that some studies report 
changes in the arterial pressure after administration of 
intermediate (i.e., 5 and 10  mg/kg) doses of LPS in 
unanesthetized rats. Mehanna and coworkers (Mehanna et al., 
2007) described three phases for the arterial pressure response 
within the first hour after LPS (5  mg/kg) which consisted 
of an initial decrease (phase 1), rebound recovery (phase 2), 
and a long-lasting decrease (phase 3). Other studies also 
showed that the dose of 10  mg/kg promoted a reduction in 
arterial pressure over time (i.e., up to 180 min) (Sallam et al., 
2017, 2018). Nevertheless, Lee et  al. (2005) in an extended 
analysis (i.e., up to 24  h after LPS administration), observed 
that the arterial pressure changes consisted of an initial 
hypotensive response (i.e., at 30–60  min), followed by a 

TABLE 1 | Time course of mean arterial pressure (MAP) and heart rate (HR) 
response to different doses of lipopolysaccharide.

Saline 
(n = 5)

0.06 mg/kg 
(n = 7)

20 mg/kg 
(n = 4)

30 mg/kg 
(n = 3)

40 mg/kg 
(n = 5)

MAP (mmHg)

Baseline 115±4 116±3 101±2 112±7 92±2
90 min 114±2 116±3 113±1* 120±5 100±4
180 min 112±3 118±4 114±5* 126±6 108±5*
360 min 108±4 109±2*,†,# 121±4*,†,# 130±0.4* 107±3*

HR (bpm)

Baseline 328±5 344±22 388±6 367±21 426±27
90 min 339±10 387±27* 566±13* 520±6* 540±34*
180 min 340±8 413±16* 572±31* 516±18* 574±33*,†

360 min 333±12 428±17* 588±24* 569±9* 606±24*,†

Data are expressed as mean ± standard error of the mean.*p < 0.05 vs. baseline 
counterpart; †p < 0.05 vs. 90 min counterpart; #p < 0.05 vs. 180 min counterpart.

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

P

Q

R

S

T

FIGURE 2 | Effects of different doses of lipopolysaccharide in the heart rate variability from unanesthetized rats. The heart rate variability parameters are the 
following: LF band (LF), HF band (HF), LF/HF ratio, and LF from the systolic arterial pressure (LF-SAP). Saline: panels (A,F,K,P); 0.06 mg/kg of LPS:  
panels (B,G,L,Q); 20 mg/kg of LPS: panels (C,H,M,R); 30 mg/kg of LPS: panels (D,I,N,S); 40 mg/kg of LPS: panels (E,J,O,T). Data are expressed as 
mean ± standard error of the mean. *p < 0.05 vs. baseline counterpart; #p < 0.05 vs. 90 min counterpart. LF, low frequency; HF, high frequency.
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hypertensive response (i.e., from 1 to 9  h), and finally by a 
second hypotensive response (i.e., from 9 to 24  h) after the 
administration of 5  mg/kg of LPS in unanesthetized rats. 
Thus, it seems that the response of the arterial pressure to 
LPS is quite variable over time, and several elements may 
influence this outcome, as mentioned previously.

In addition, the results of the present study clearly showed 
that higher doses of LPS increased the power of the LF band 
and decreased the power of the HF band spectra over time 
(i.e., following LPS administration). In other words, LPS enhanced 
the sympathetic tone and reduced the vagal tone in unanesthetized 
rats. It is well known that LPS administration influences the 
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FIGURE 3 | Effects of different doses of lipopolysaccharide in the baroreflex sensitivity in unanesthetized rats. Baroreflex sensitivity analysis by cross-spectral 
(panels (A–E)) and the sequence method (panels (F–J)), after saline or LPS administration. Saline: panels (A,F); 0.06 mg/kg of LPS: panels (B,G); 20 mg/kg of LPS: 
panels (C,H); 30 mg/kg of LPS: panels (D,I); 40 mg/kg of LPS: panels (E,J). Data are expressed as mean ± standard error of the mean. *p < 0.05 vs. baseline 
counterpart; #p < 0.05 vs. 90 min counterpart.
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heart rate variability of rats (Huang et al., 2010; Zila et al., 2015). 
Nevertheless, to the best of our knowledge, no previous study 
has described the effects of different doses of LPS on heart 
rate variability, over time, in unanesthetized rats. Since all 
LPS-treated groups (i.e., low and higher doses) showed a 
decrease in the HF power (i.e., reduction of the vagal tone), 
and only the lower dose diminished the arterial pressure over 
time, while the others promoted the opposite response, it seems 
that the hypotensive response elicited by the lower dose of 
LPS is not dependent of an increase, or maintenance, of the 
vagal tone over time. However, differences observed in the 
arterial pressure response among groups injected with high 
and low doses of LPS could be  attributed to the exacerbated 
increase in the power of the LF band of the systolic arterial 
pressure over time in the groups received high doses of LPS, 
since this parameter is related to peripheral resistance of blood 
vessels (Julien, 2006). Thus, the enhanced peripheral resistance 
may have contributed to the hypertensive response from the 
high LPS dose groups.

The baroreflex function has been explored after LPS 
administration (Shen et al., 2004; Radaelli et al., 2013; Tohyama 
et al., 2018). In the present study, the analysis of the baroreflex 
function revealed a decrease in baroreflex sensitivity in all 
LPS-treated groups, over time, regardless of the dose used. 
This impairment was observed early in the first moment and 
was sustained until the end of the protocol. In agreement 
with our results, Radaelli et  al. (2013) showed a sustained 
reduction in baroreflex sensitivity, which starting right after 
the beginning of the infusion of LPS in rats (i.e., 10  min 
later). Furthermore, Shen et  al., (2004) concluded that an 
efficient arterial baroreflex is essential to determine survival 
during the LPS-induced lethal shock. Baroreflex impairment 
has meaningful consequences in arterial pressure because, under 
the absence of the reflex control of arterial pressure, the 
cardiovascular system loses the ability to control appropriately 
the arterial pressure, leading to hypotensive or hypertensive 
responses during endotoxemia. Since all groups receiving LPS 
showed impairment of baroreflex function over time, correlations 
between baroreflex impairment and arterial pressure changes 
cannot be  made, since rats receiving a low dose of LPS had 
a decrease in arterial pressure, while the rats receiving high 
doses of LPS had an increase in arterial pressure.

In conclusion, our data show that while opposite changes 
of the arterial pressure responses are dependent on the dose 
of LPS administrated, the tachycardic response seems to 
be  independent of the dose. We  suggest that changes in the 
heart rate variability and baroreflex function elicited by LPS 
may not be  associated with the arterial pressure response 
produced by the endotoxemia.
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Abstract
Studies have demonstrated that the traditional surgical approach for sino-aortic denervation in

rats leads to simultaneous carotid baroreceptor and chemoreceptor deactivation. The present

study reports a new surgical approach to denervate the aortic and the carotid baroreceptors

selectively, keeping the carotid bodies (peripheral chemoreceptors) intact. Wistar rats were

subjected to specific aortic and carotid baroreceptor denervation (BAROS-X) or sham surgery

(SHAM). Baroreflex activation was achieved by I.V. administration of phenylephrine, whereas

peripheral chemoreflex activation was produced by I.V. administration of potassium cyanide.

The SHAM and BAROS-X rats displayed significant hypertensive responses to phenylephrine

administration. However, the reflex bradycardia following the hypertensive response caused by

phenylephrine was remarkable in SHAM, but not significant in the BAROS-X animals, confirming

the efficacy of the surgical procedure to abolish the baroreflex. In addition, the baroreflex

activation elicited by phenylephrine increased carotid sinus nerve activity only in SHAM, but not

in the BAROS-X animals, providing support to the notion that the baroreceptor afferents were

absent. Instead, the classical peripheral chemoreflex hypertensive and bradycardic responses to

potassium cyanide were similar in both groups, suggesting that the carotid body chemoreceptors

were preserved after BAROS-X. In summary, we describe a new surgical approach in which only

the baroreceptors are eliminated, while the carotid chemoreceptors are preserved. Therefore, it

is understood that this procedure is potentially a useful tool for examining the relative roles of

the arterial baroreceptors versus the chemoreceptors in several pathophysiological conditions, for

instance, arterial hypertension and heart failure.

K EYWORD S

autonomic nervous system, baroreflex, haemodynamics, phenylephrine

1 INTRODUCTION

The arterial baroreflex is the main regulatory system responsible

for the maintenance of arterial pressure within a relatively narrow

range of oscillation (Chapleau, Hajduczock, & Abboud, 1988; Krieger,

Salgado,&Michelini, 1982). Basically, the arterial baroreflex comprises

the baroreceptors (sensory neurons located within the aortic arch

and carotid sinuses), central components situated particularly in

the brainstem, and autonomic sympathetic and parasympathetic

efferents. Activation of the baroreceptors, i.e. the afferent arm of the

c⃝ 2019 The Authors. Experimental Physiology c⃝ 2019 The Physiological Society

baroreflex, determines a neural response characterized by inhibition

of sympathetic nerves and concomitant activation of parasympathetic

efferents innervating key organs involved in cardiovascular regulation

(Chapleau et al., 1988; Krieger et al., 1982). In contrast, the activation

of afferents from the peripheral chemoreceptors, located especially

in the carotid sinus, causes increased activity of sympathetic and

parasympathetic efferents, characterizing the chemoreflex function

(Franchini & Krieger 1993; Guyenet, 2006).

Krieger (1964) first described sino-aortic denervation (SAD) in

rats. Since then, several studies have examined the effects of the

Experimental Physiology. 2019;104:1335–1342. wileyonlinelibrary.com/journal/eph 1335
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absence of aortic and carotid baroreceptors in experimental models

in physiological and pathological conditions (Ceroni, Chaar, Bombein,

& Michelini, 2009; Flues et al., 2012; Miao & Su, 2002; Miao, Xie,

Zhan, & Su, 2006; Miao, Yuan, & Su, 2003; Potts, Polson, Hirooka, &

Dampney, 1997; Sirvente et al., 2014; Van Vliet, Chafe, & Montani,

1999). Some studies attributed their findings only to unloading of the

baroreceptors, showing the importance of the baroreflex mechanism

in cardiovascular neural regulation. However, besides the disruption of

the carotid and aortic baroreceptor afferents, resulting in baroreflex

dysfunction, the traditional SAD model also includes denervation

of the carotid body chemoreceptors (Krieger, 1964). Although, in

physiological conditions, the carotid body chemoreceptors do not

contribute significantly to the arterial pressure regulation, recent

studies have proposed that these receptors are involved not only in

the pathophysiology of a number of cardiovascular diseases, but also

in respiratory and metabolic disturbances (Abdala et al., 2012; Del

Rio, Marcus, & Schultz, 2013; Marcus, Del Rio, Schultz, Xia, & Schultz,

2014; Paton et al., 2013; Prabhakar, 2016; Ribeiro et al., 2013; Schultz,

Marcus, & Del Rio, 2013).

Thus, to allow a better understanding of the relative role played by

the baroreceptors or by the chemoreceptors in several experimental

situations, the objective of the present study was to describe a new

surgical technique in which only the baroreceptors are knocked out,

whilst the carotid chemoreceptors are preserved.

2 METHODS

2.1 Ethical approval

All experimental procedures were approved by the Ethical

Committee on Animal Experimentation of the Ribeirão Preto

Medical School, University of São Paulo (protocol no. 143/2013).

The authors are in agreement with the Experimental Physiology

ethical principles and guidelines; hence, the present study was

performed in accordance with the animal ethics checklist reported by

Grundy (2015).

2.2 Animals

Experimentswere conducted inmaleWistar rats (270–310g) provided

by the Animal Care Facility of the University of São Paulo at Ribeirão

Preto, São Paulo, Brazil. All animals were maintained in a room with

controlled temperature (22◦C) and constant 12 h–12 h light–dark

cycle, receiving food andwater ad libitum.

2.3 Surgical procedures

Rats were anaesthetized with a mixture of ketamine (50 mg kg−1) and

xylazine (10 mg kg−1) given I.P. and separated into two experimental

groups, as follows: (a) baroreceptor-denervated group (BAROS-X;

carotid and aortic baroreceptor denervation); and (b) control group

(SHAM; sham surgery).

NewFindings

• What is the central question of this study?

The traditional surgical approach for sino-aortic

denervation in rats leads to simultaneous carotid

baroreceptor and chemoreceptor deactivation, which

does not permit their individual study in different

situations.

• What is themain finding and its importance?

We have described a new surgical approach capable of

selective denervation of the arterial (aortic and carotid)

baroreceptors, keeping the carotid bodies (chemo-

receptors) intact. It is understood that this technique

might be a useful tool for investigating the relative role of

the baro- and chemoreceptors in several physiological and

pathophysiological conditions.

In the BAROS-X group, the rats were subjected to amid-line ventral

neck incision, allowing exposure of the right common carotid artery

and right carotid bifurcation. Under microscope magnification, the

area of the carotid bifurcation was carefully isolated and exposed.

Close to the pterygopalatine and internal carotid arteries, the carotid

sinus nerve projects towards the glossopharyngeal nerve. At this point,

it was possible to identify two different branches, usually separated

by a tiny artery. One of these branches, which carries the carotid

baroreceptor afferent fibres, was carefully cut (Figure 1). An identical

procedure was performed on the left side of the neck. For the

aortic baroreceptor denervation, the technique described by Krieger

(1964) was used. Briefly, the superior laryngeal nerve and the super-

ior cervical ganglion were isolated and resected bilaterally (Amorim,

Bonagamba, Souza, Moraes, & Machado, 2017; Krieger, 1964). The

SHAManimals were subjected to the samemanipulation of the carotid

sinus bifurcation and aortic regions, but all structureswere kept intact.

Under the same anaesthesia, the femoral artery and vein were

catheterized with polyethylene tubing (PE-50 attached to a PE-10;

Becton Dickinson, Sparks, MD, USA) for recording pulsatile arterial

pressure (PAP) and for I.V. drug administration. Catheters were

exteriorized on the back of the nape, and the surgical incision was

closed by sutures. Postoperatively, the animals received a single dose

of flunixin meglumine (2.5 mg kg−1, I.M.; Schering-Plough, Cotia, SP,

Brazil).

2.4 Experimental protocols

2.4.1 Haemodynamicmeasurements

These protocols were carried out 24 h after the surgical procedures

and recovery from anaesthesia, following the same time frame

reported by previous studies using the traditional SAD (Krieger

et al., 2006, Silva et al., 2015, Zhang, Barrès, & Julien, 1995).

Freely moving rats from both SHAM (n = 9) and BAROS-X

(n = 8) groups had the arterial catheter connected to a pressure
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F IGURE 1 (a) Drawing illustrating the
baroreceptor selective denervationmethod. (b)
Photograph of the carotid bifurcation of the rat.
The white circle showswhere the carotid
baroreceptor afferents were cut. Abbreviations:
BA, baroreceptor afferents; CB, carotid body;
CBA, carotid body artery; CCA, common carotid
artery; CS, carotid sinus; CSN, carotid sinus
nerve; ECA, external carotid artery; GPN,
glossopharyngeal nerve; ICA, internal carotid
artery; andOA, occipital artery

transducer (MLT844; ADInstruments, Bella Vista, NSW, Australia).

The PAP signal was amplified (ML224; ADInstruments) and sampled

by an IBM/PC computer (Core 2 duo, 2.2 GHz, 4 GB ram) equipped

with an analog-to-digital interface (2 kHz, ML866; ADInstruments).

Recordings of PAPwere processed with computer software (LabChart

v.7.0; ADInstruments) capable of detecting inflection points and

generating systolic, diastolic and mean arterial pressure (MAP) and

heart rate (HR) time series.

The experimental protocol consisted of a basal recording of

the cardiovascular parameters for 15 min, followed by baroreflex

activation by means of phenylephrine administration (2 µg in 0.1 ml,

I.V.). Ten minutes after phenylephrine administration, the peripheral

chemoreflex was stimulated by the injection of potassium cyanide

(KCN; 40 µg in 0.1 ml, I.V.), in order to confirm the integrity of the peri-

pheral chemoreceptors. All protocols were carried out between 1.00

and 14.00 h, during the inactive phase.

2.4.1 Carotid sinus nerve recordings

Animals were anaesthetized with a mixture of ketamine (50 mg kg−1)

and xylazine (10 mg kg−1) I.P., placed in the supine position in a

heating pad (ALB 200 RA; Bonther, Ribeirão Preto, Brazil), and core

body temperature was monitored and maintained at a minimum of

37◦C via a thermocouple (MLT1403; Harvard Apparatus, Holliston,

MA, USA). Polyethelene catheters were inserted into the femoral

artery and vein for recording PAP and for I.V. administration of

fluids and drugs, as previously described. The neck was opened

through the mid-line and the carotid bifurcation exposed. The carotid

sinus nerve was separated from surrounding tissue, close to its

origin in the glossopharyngeal nerve, placed in a bipolar electrode,

connected in turn to an amplifier (1700 amplifier; A-M Systems,

Sequim, WA, USA) and covered with warm mineral oil. The recorded

signal was bandpass filtered (10 Hz–5 kHz), amplified and acquired by

a data acquisition system (5 kHz; ML866; ADInstruments) controlled

by a computer running LabChart software (v.7.0; ADInstruments).

Animals breathed spontaneously throughout the experiments and

were submitted to baroreflex activation by means of phenylephrine

administration, whereas the peripheral chemoreflexwas stimulated by

KCN. The recorded signal was fed to a spike amplitude discriminator

and counter, which digitally counted in 1 s intervals to assess the

discharge frequency of carotid sinus nerve (in spikes per second). At

the end of the experiments, the animals were killed by an overdose of

ketamine and xylazine given I.V.

2.5 Statistical analysis

Data are expressed as means ± SD. The Kolmogorov–Smirnov test

was applied to verify the normal distribution of the variables involved.

The haemodynamic parameters at baseline were compared between

SHAM and BAROS-X groups using Student’s unpaired t test or

the Mann–Whitney U test when required. Comparisons of MAP,

HR and carotid sinus nerve activity between SHAM and BAROS-

X groups, before and after phenylephrine or KCN administration,

were performed with two-way ANOVA followed by Tukey’s multiple

comparison test. The significance level was set at P < 0.05. Statistical

analyses were performed using SigmaStat v.3.5 software (Systat

Software Inc., San Jose, CA, USA).

3 RESULTS

3.1 Baseline haemodynamics

The selective denervation of arterial baroreceptors caused a

significant increase in baseline arterial pressure, as shown by the

higher values of systolic, diastolic and mean arterial pressure in the

BAROS-X comparedwith the SHAMgroup (P< 0.001); theHRwas not

significantly affected by the surgical procedure (Table 1).

3.2 Haemodynamic responses to baroreflex
and peripheral chemoreflex activation

Baroreflex activation elicited by I.V. administration of phenylephrine

significantly increased arterial pressure in both SHAM and BAROS-X
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TABLE 1 Baseline haemodynamics

Parameter SHAM (n= 9) BAROS-X (n= 8)

SAP (mmHg) 121 ± 6 146± 17***

DAP (mmHg) 90 ± 3 114± 20***

MAP (mmHg) 105 ± 3 129± 17***

HR (beats min−1) 384 ± 36 423± 62

Data are expressed as the mean ± SD systolic arterial pressure (SAP),
diastolic arterial pressure (DAP), mean arterial pressure (MAP) and heart
rate (HR). Abbreviations: BAROS-X, aortic and carotid baroreceptor-
denervated group; and SHAM, sham surgery group.
***P< 0.001 comparedwith SHAMgroup.

groups, as shown by the representative traces of PAP and MAP

(Figure 2a) and by the individual and grouped data ofMAP (Figure 2b).

In the SHAM group, phenylephrine increased MAP from 108 ± 6 to

154 ± 9 mmHg (P < 0.001), and in the BAROS-X group the increase in

MAP was from 131 ± 18 to 169 ± 16 mmHg (P < 0.001). The MAP at

the peak response to phenylephrine was also higher in the BAROS-X

group than in the SHAMgroup (P= 0.032).

Regarding the HR, baroreflex activation by phenylephrine caused

a marked reflex bradycardia in the SHAM group but did not affect

the HR in the BAROS-X group, as demonstrated by Figure 2a,b. In the

SHAM group, HR decreased from 397 ± 54 beats min−1 at baseline to

338±49beatsmin−1 in response to phenylephrine (P=0.04), whereas

in the BAROS-X group HR remained unchanged (419 ± 67 versus

414 ± 68 beats min−1, P = 0.87), confirming the efficacy of the

procedure for baroreceptor denervation.

To test whether the surgical procedure was selective for

baroreceptor denervation and preserved the integrity of the carotid

body chemoreceptors, activation of the peripheral chemoreflex

F IGURE 2 Cardiovascular responses to phenylephrine and potassium cyanide (KCN) in conscious baroreceptor-denervated (BARO-X) and
sham-operated (SHAM) rats. (a, c) Representative traces of the arterial pressure [pulsatile arterial pressure (PAP); white line indicates mean
arterial pressure] and heart rate (HR), showing the responses to I.V. administration of phenylephrine (a) or KCN (c) in SHAM and BAROS-X rats.
(b, d) Individual and grouped data showing themean arterial pressure (MAP) andHR during baseline conditions and the peak responses to I.V.
administration of phenylephrine (b) or KCN (d) in SHAMand BAROS-X groups. *P< 0.05, ***P< 0.001
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was elicited by I.V. administration of KCN. As illustrated by the

representative traces in Figure 2c, KCN caused typical peripheral

chemoreflex activation, determining hypertensive and bradycardic

responses in both the SHAM and the BAROS-X group. In the SHAM

group, the MAP increased from 109 ± 11 to 153 ± 16 mmHg

(P < 0.001), and in the BAROS-X group it increased from 133 ± 23 to

171 ± 22 mmHg (P < 0.001), as illustrated in Figure 2d. In addition,

in the SHAM group KCN caused a remarkable decrease in HR from

386 ± 50 to 299 ± 57 beats min−1 (P = 0.003), and in the BAROS-X

group a decrease from 434 ± 64 to 332 ± 55 beats min−1 (P = 0.001),

as illustrated in Figure 2d.

3.3 Carotid sinus nerve responses to baroreflex
and peripheral chemoreflex activation

To demonstrate the selectivity of removal of the carotid baroreceptor

fibres and the integrity of the fibres arising from the carotid peri-

pheral chemoreceptors, we also evaluated responses of the carotid

sinus nerve (close to its origin in the glossopharyngeal nerve) to either

baroreflex or chemoreflex activation in anaesthetized rats. Intra-

venous administration of phenylephrine produced similar increases

in arterial pressure in SHAM (147 ± 5 versus 97 ± 7 mmHg;

n = 6; P < 0.001) and BAROS-X (159 ± 9 versus 112 ± 4 mmHg;

n = 5; P < 0.0001) anaesthetized rats (Figure 3a). The reflex

bradycardic responsewas present in the SHAMgroup (322± 46 versus

380 ± 27 beats min−1; P = 0.02), but not in the BAROS-X group

(361 ± 38 versus 369 ± 49 beats min−1). Likewise, the carotid

sinus nerve activity increased from 26 ± 5 spikes s−1 at baseline

to 69 ± 12 spikes s−1 in response to phenylephrine in SHAM rats

(Figure 3a,b), whereas its activity in the BAROS-X group remained

unchanged (27 ± 7 versus 27 ± 9 spikes s−1; Figure 3a,b), confirming

the effectiveness of the baroreceptor denervation.

To demonstrate the integrity of carotid body chemoreceptors, peri-

pheral chemoreflex activation was elicited by I.V. administration of

KCN in the same group of anaesthetized rats. Peripheral chemoreflex

activation produced similar increases in MAP (SHAM, 158 ± 17 versus

96 ± 12 mmHg; n = 6; P < 0.0001; and BAROS-X, 170 ± 16 versus

115 ± 13 mmHg; n = 5; P = 0.0001) and reductions in HR (SHAM,

177 ± 66 versus 376 ± 54 beats min−1; P = 0.0002; and BARO-X,

185 ± 56 versus 390 ± 42 beats min−1; P < 0.0001) in anaesthetized

rats from both SHAM and BAROS-X groups (Figure 3c). Likewise,

KCN caused similar and significant increases in carotid sinus nerve

activity from both SHAM and BAROS-X groups (SHAM, 26 ± 5 versus

106 ± 7 spikes s−1; and BAROS-X, 28 ± 7 versus 110 ± 11 spikes s−1;

Figure 3c,d).

4 DISCUSSION

In the present study, a new technique is described for selective

denervation of the aortic and carotid baroreceptors, while keeping the

carotid bodies, i.e. the chemoreceptor afferents, intact. To the best of

our knowledge, this is the first study to describe and test the efficacy

of such a technique dealing with haemodynamic (arterial pressure and

heart rate) responses in unanaesthetized and anaesthetized rats. This

new surgical approach will allow characterization of the relative role

playedby the baro- and chemoreceptors in rats in several experimental

situations.

The validation of this technique was accomplished through

pharmacological activation of the baroreflex and the chemo-

reflex. Baroreflex activation was induced by I.V. administration

of phenylephrine, a selective !1-adrenergic receptor agonist.

Phenylephrine administration caused a hypertensive response

associated with baroreflex-mediated bradycardia in SHAM rats.

However, in the absence of the arterial baroreceptors, i.e. in the

BAROS-X group, the phenylephrine-induced hypertension did not

produce reflex bradycardia, providing support to the notion that

the arterial baroreceptors (aortic and carotid) were absent in these

circumstances. Next, chemoreflex activation was obtained by I.V.

administration of KCN. In normal conditions, the haemodynamic

responses to KCN administration are characterized by hyper-

tension combined with bradycardia (Barros et al., 2002; Franchini

& Krieger 1993). Thus, in both groups, i.e. SHAM and BAROS-X,

KCN elicited these classical haemodynamic responses (hypertension

and bradycardia), indicating that the carotid chemoreceptors were

intact. Therefore, the aforementioned protocols demonstrated

that the BAROS-X group exhibited denervated aortic and carotid

baroreceptors combined with intact carotid chemoreceptors,

providing functional support to the efficacy of the new surgical

approach described.

As is widely known, the traditional approach for SAD results

not only in denervation of the aortic and carotid baroreceptors,

but also in elimination of the carotid chemoreceptors (Franchini

& Krieger, 1992; Krieger, 1964; Silva et al., 2015; Zhang et al.,

1995). For instance, Silva et al. (2015) verified that traditional SAD

abolished the reflex bradycardia in response to I.V. administration

of phenylephrine, indicating successful denervation of the aortic and

carotid baroreceptors. As expected, the I.V. administration of KCN, to

activate the chemoreflex, did not produce any cardiovascular response

in these animals, confirming the concomitant denervation of carotid

chemoreceptors resulting from SAD.

In the present study, besides the haemodynamicmeasurements, we

evaluated the carotid sinus nerve activity in response to baro- and

chemoreflex activation. It is well known that the carotid sinus nerve

contains activity from the carotid chemoreceptors and baroreceptors

(Seagard et al., 1990; Porzionato et al., 2019). Therefore,weperformed

recordings from the whole carotid sinus nerve, close to its origin in

the glossopharyngeal nerve, in anaesthetized rats to provide further

support to the efficacy of denervation of the aortic and carotid

baroreceptors at the neural level. In this regard, carotid sinus nerve

discharges increased when arterial pressure increased in response to

phenylephrine in the SHAM group. In contrast, a similar increase in

arterial pressure did not change the carotid sinus nerve discharges in

the BARO-X group. Furthermore, activation of the peripheral chemo-

receptors produced increases in carotid sinus nerve discharges in both

SHAM and BARO-X groups. Thus, the hypertensive and bradycardic
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F IGURE 3 Carotid sinus nerve responses to phenylephrine and potassium cyanide (KCN) in baroreceptor-denervated (BARO-X) and
sham-operated (SHAM) rats. (a) Typical traces of pulsatile arterial pressure (PAP), mean arterial pressure (MAP), heart rate (HR) and carotid sinus
nerve (CSN) activity recordings from SHAMand BAROS-X groups during baseline conditions and after I.V. administration of phenylephrine.
(b) Individual and grouped data showing the CSN activity during baseline and in response to phenylephrine. (c) Representative traces of PAP,MAP,
HR and CSN activity recordings from SHAMand BAROS-X groups during baseline conditions and in response to I.V. administration of KCN.
(d) Individual and grouped data showing the CSN activity during baseline and after I.V. administration of KCN. ***P< 0.001

responses toKCN in SHAMandBARO-X groups are likely to be related

to activation of the carotid body peripheral chemoreceptors.

Studies have already highlighted that traditional SAD leads to

concomitant carotid chemoreceptor denervation. Ceroni et al. (2009)

investigated the role of the baroreceptors on the physical training-

induced reduction in arterial pressure and resting bradycardia in

spontaneously hypertensive rats and normotensive Wistar–Kyoto

rats. These authors concluded that the beneficial physical training-

induced cardiovascular effects were dependent on baroreceptor

integrity. Additionally, these authors emphasized that because SAD

also leads to carotid chemoreceptor removal, it does not allow a

distinction to be made between the effects caused by baroreceptor

resection and those caused by chemoreceptor removal. Moreover,

aiming to study the relative role of the baroreceptors and chemo-

receptors in ventricular hypertrophy caused by SAD in rats, Van Vliet

et al. (1999) developed a modified SAD technique aiming to keep the

carotid body chemoreceptors and their innervations intact. However,

these authors did not test the efficacy of the method by confirming

the absence of baroreceptors and the integrity of carotid body chemo-

receptors.

Using the technique described in the present study, our group

demonstrated the role played by the carotid chemoreceptors in

the haemodynamic (arterial pressure and heart rate) responses to

electrical stimulation of the left carotid sinus in conscious rats

(Katayama et al., 2015). These authors assessed the relative role of

the carotid chemoreceptors by means of selective denervation of the

left carotid baroreceptors, maintaining the integrity of the carotid

chemoreceptors. However, in the study by Katayama et al. (2015),

because the right carotid baroreceptors and aortic baroreceptors on

both sides were kept intact, the efficacy of the selective baroreceptor

denervation was based on the lack of haemodynamic responses to

progressive changes in pressure of the isolated left carotid sinus.

Importantly, recent studies have proposed that the carotid body

chemoreceptors are involved in the pathophysiology of cardiovascular,
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respiratory and metabolic diseases (Abdala et al., 2012; Del Rio et al.,

2013;Marcus et al., 2014; Paton et al., 2013; Prabhakar, 2016; Ribeiro

et al., 2013; Schultz et al., 2013) showing, from the translational

point of view, the importance of studying the individual roles of these

receptors.

In summary, we have described a new surgical approach capable of

selectively denervating the arterial (aortic and carotid) baroreceptors,

while keeping the carotid bodies (chemoreceptors) intact. It is under-

stood that this technique might be a useful tool for investigating the

relative role of the baro- and chemoreceptors in several physiological

and pathophysiological conditions.

ACKNOWLEDGEMENTS

The authors are grateful to Ludmila Lima Silveira for the design of

Figure 1a.

COMPETING INTERESTS

None declared.

AUTHOR CONTRIBUTIONS

Conception of the work: J.A.C and H.C.S. Acquisition, analysis and

interpretation of data: J.A.C., P.L.K., F.B., D.J.A.M. and J.P.J.S. Drafting

the manuscript: P.L.K., F.B. and D.J.A.M. Revising the manuscript

critically for intellectual comment: J.P.J.S. and H.C.S. All authors

approved the final version of the manuscript and agree to be

accountable for all aspects of the work in ensuring that questions

related to the accuracy or integrity of any part of the work are

appropriately investigated and resolved. All persons designated as

authors qualify for authorship, and all thosewho qualify for authorship

are listed.

ORCID

Pedro L. Katayama https://orcid.org/0000-0001-5641-7305

Fernanda Brognara https://orcid.org/0000-0002-5042-1319

REFERENCES

Abdala, A. P., McBryde, F. D., Marina, N., Hendy, E. B., Engelman, Z. J., Fudim,
M., & Paton, J. F. R. (2012). Hypertension is critically dependent on the
carotid body input in the spontaneously hypertensive rat. The Journal of
Physiology, 590, 4269–4277.

Amorim, M. R., Bonagamba, L. G. H., Souza, G. M. P. R., Moraes, D. J. A., &
Machado, B. H. (2017). Changes in the inspiratory pattern contribute
to modulate the sympathetic activity in sino-aortic denervated rats.
Experimental Physiology, 102, 1100–1117

Barros, R. C., Bonagamba, L. G., Okamoto-Canesin, R., de Oliveira, M.,
Branco, L. G., & Machado, B. H. (2002). Cardiovascular responses to
chemoreflex activation with potassium cyanide or hypoxic hypoxia in
awake rats. Autonomic Neuroscience, 97, 110–115.

Ceroni, A., Chaar, L. J., Bombein, R. L., & Michelini, L. C. (2009). Chronic
absence of baroreceptor inputs prevents training-induced cardio-
vascular adjustments in normotensive and spontaneously hypertensive
rats. Experimental Physiology, 94, 630–640.

Chapleau, M. W., Hajduczock, G., & Abboud, F. M. (1988). Mechanism of
resetting of arterial baroreceptors: An overview.American Journal of the
Medical Sciences, 295, 327–334.

Del Rio, R., Marcus, N. J., & Schultz, H. D. (2013). Carotid chemoreceptor
ablation improves survival in heart failure: Rescuing autonomic control
of cardiorespiratory function. Journal of the American College of Cardio-
logy, 62, 2422–2430.

Flues, K., Moraes-Silva, I. C., Mostarda, C., Souza, P. R., Diniz, G. P., Moreira,
E.D.,…Caldini, E. G. (2012). Cardiac andpulmonary arterial remodeling
after sinoaortic denervation in normotensive rats. Autonomic Neuro-
science, 166, 47–53.

Franchini, K. G., & Krieger, E. M. (1992). Carotid chemoreceptors influence
arterial pressure in intact and aortic-denervated rats. American Journal
of Physiology-Regulatory, Integrative and Comparative Physiology, 262,
R677–R683.

Franchini, K. G., & Krieger, E. M. (1993). Cardiovascular responses of
conscious rats to carotid body chemoreceptor stimulation by intra-
venous KCN. Journal of the Autonomic Nervous System, 42, 63–69.

Grundy, D. (2015). Principles and standards for reporting animal
experiments in The Journal of Physiology and Experimental Physiology. The
Journal of Physiology, 593, 2547–2549.

Guyenet, P. G. (2006). The sympathetic control of blood pressure. Nature
Reviews Neuroscience, 7, 335–346.

Katayama, P. L., Castania, J. A., Dias, D. P.M., Patel, K. P., Fazan, R., & Salgado,
H. C. (2015). Role of chemoreceptor activation in hemodynamic
responses to electrical stimulation of the carotid sinus in conscious rats.
Hypertension, 66, 598–603.

Krieger, E. M. (1964). Neurogenic hypertension in the rat. Circulation
Research, 15, 511–521.

Krieger, E. M., Salgado, H. C., & Michelini, L. C. (1982). Resetting of the
baroreceptors. International Review of Physiology, 26, 119–146.

Krieger, M. H., Moreira, E. D., Oliveira, E. M., Oliveira, V. L. L., Krieger, E. M.,
& Krieger, J. E. (2006). Dissociaton of blood pressure and sympathetic
activation of renin release in sinoaortic-denervated rats. Clinical and
Experimental Pharmacology and Physiology, 33, 471–476.

Marcus, N. J., Del Rio, R., Schultz, E. P., Xia, X.-H., & Schultz, H. D. (2014).
Carotidbodydenervation improves autonomic andcardiac functionand
attenuates disordered breathing in congestive heart failure. The Journal
of Physiology, 592, 391–408.

Miao, C.-Y., & Su, D.-F. (2002). The importance of blood pressure variability
in rat aortic and left ventricular hypertrophy produced by sinoaortic
denervation.Hypertension, 20, 1865–1872.

Miao, C.-Y., Xie, H.-H., Zhan, L.-S., & Su, D.-F. (2006). Blood pressure
variability ismore important than blood pressure level in determination
of end-organ damage in rats. Journal of Hypertension, 24, 1125–1135.

Miao, C.-Y., Yuan, W.-J., & Su, D.-F. (2003). Comparative study of sinoaortic
denervated rats and spontaneously hypertensive rats. American Journal
of Hypertension, 16, 585–591.

Paton, J. F. R., Ratcliffe, L., Hering, D., Wolf, J., Sobotka, P. A., &
Narkiewicz, K. (2013). Revelations about carotid body function through
its pathological role in resistant hypertension. Current Hypertension
Reports, 15, 273–280.

Porzionato, A.,Macchi, V., Stecco, C., &DeCaro, R. (2019). The carotid sinus
nerve—structure, function, and clinical implications. Anatomical Record,
302, 575–587.

Potts, P. D., Polson, J. W., Hirooka, Y., & Dampney, R. A. L. (1997). Effects of
sinoaortic denervation on Fos expression in the brain evoked by hyper-
tension and hypotension in conscious rabbits. Neuroscience, 77, 503–
520.

Prabhakar, N. R. (2016). Carotid body chemoreflex: A driver of autonomic
abnormalities in sleep apnoea. Experimental Physiology, 101, 975–985.

Ribeiro, M. J., Sacramento, J. F., Gonzalez, C., Guarino, M. P., Monteiro,
E. C., & Conde, S. V. (2013). Carotid body denervation prevents the
development of insulin resistance and hypertension induced by hyper-
caloric diets.Diabetes, 62, 2905–2916.



1342 CASTANIA ET AL.

Schultz, H. D., Marcus, N. J., & Del Rio, R. (2013). Role of the carotid body
in the pathophysiology of heart failure.Current Hypertension Reports, 15,
356–362.

Seagard, J. L., van Brederode, J. F., Dean, C., Hopp, F. A., Gallenberg, L. A., &
Kampine, J. P. (1990). Firing characteristics of single-fiber carotid sinus
baroreceptors. Circulation Research, 66, 1499–1509.

Silva, E. F., Sera, C. T. N., Mourão, A. A., Lopes, P. R., Moreira, M. C. S.,
Ferreira-Neto, M. L.,… Pedrino, G. R. (2015). Involvement of sinoaortic
afferents in renal sympathoinhibition and vasodilation induced by acute
hypernatremia. Clinical and Experimental Pharmacology and Physiology,
42, 1135–1141.

Sirvente, R. A., Irigoyen, M. C., Souza, L. E., Mostarda, C., La Fuente, R.
N., Candido, G. O., … Salemi, V. M. C. (2014). Cardiac impairment
evaluated by transesophageal echocardiography and invasive
measurements in rats undergoing sinoaortic denervation. PLoS ONE, 9,
e87935.

Van Vliet, B. N., Chafe, L. L., & Montani, J. P. (1999). Contribution
of baroreceptors and chemoreceptors to ventricular hypertrophy
produced by sino-aortic denervation in rats. The Journal of Physiology,
516, 885–895.

Zhang, Z. Q., Barrès, C., & Julien, C. (1995). Involvement of vasodilator
mechanisms in arterial pressure lability after sino-aortic baroreceptor
denervation in rat. The Journal of Physiology, 482, 435–448.

How to cite this article: Castania JA, Katayama PL, Brognara

F, Moraes DJA, Sabino JPJ, Salgado HC. Selective denervation

of the aortic and carotid baroreceptors in rats. Experimental

Physiology. 2019;104:1335–1342. https://doi.org/10.1113/

EP087764



Research report

Baroreflex stimulation attenuates central but not peripheral
inflammation in conscious endotoxemic rats

Fernanda Brognara a, Jaci A. Castania a, Daniel P.M. Dias a, Alexandre H. Lopes b, Rubens Fazan Jr. a,
Alexandre Kanashiro c, Luis Ulloa d,⇑, Helio C. Salgado a,⇑
aDepartment of Physiology, Ribeirão Preto Medical School, University of São Paulo, Ribeirão Preto, SP, Brazil
bDepartment of Pharmacology, Ribeirão Preto Medical School, University of São Paulo, Ribeirão Preto, SP, Brazil
cDepartment of Physiological Sciences, Federal University of São Carlos, São Carlos, SP, Brazil
dDepartment of Surgery, Center for Immunology and Inflammation, Rutgers University – New Jersey Medical School, Newark, NJ 07103, USA

a r t i c l e i n f o

Article history:
Received 8 September 2017
Received in revised form 16 December 2017
Accepted 2 January 2018
Available online 6 January 2018

Keywords:
Baroreflex
Aortic depressor nerve
Neuroimmunomodulation
Inflammation
Lipopolysaccharide
Hypothalamus

a b s t r a c t

We previously reported that activation of the baroreflex, a critical physiological mechanism controlling
cardiovascular homeostasis, through electrical stimulation of the aortic depressor nerve attenuates joint
inflammation in experimental arthritis. However, it is unknown whether baroreflex activation can con-
trol systemic inflammation. Here, we investigate whether baroreflex activation controls systemic inflam-
mation in conscious endotoxemic rats. Animals underwent sham or electrical aortic depressor nerve
stimulation initiated 10 min prior to a lipopolysaccharide (LPS) challenge, while inflammatory cytokine
levels were measured in the blood, spleen, heart and hypothalamus 90 min after LPS treatment.
Baroreflex activation did not affect LPS-induced levels of pro-inflammatory (tumor necrosis factor, inter-
leukin 1b and interleukin 6) or anti-inflammatory (interleukin 10) cytokines in the periphery (heart,
spleen and blood). However, baroreflex stimulation attenuated LPS-induced levels of all these cytokines
in the hypothalamus. Notably, these results indicate that the central anti-inflammatory mechanism
induced by baroreflex stimulation is independent of cardiovascular alterations, since aortic depressor
nerve stimulation that failed to induce hemodynamic changes was also efficient at inhibiting inflamma-
tory cytokines in the hypothalamus. Thus, aortic depressor nerve stimulation might represent a novel
therapeutic strategy for neuroprotection, modulating inflammation in the central nervous system.

! 2018 Elsevier B.V. All rights reserved.

1. Introduction

The nervous system has been selected through evolution to
control physiological homeostasis. One of the most critical pro-
cesses of neuromodulation is the ability of the nervous system to
regulate innate immunity and modulate inflammation. There are
three major pathways of neuromodulation: the hypothalamic–pit
uitaryadrenal axis (Sternberg et al., 1989), the cholinergic vagal
anti-inflammatory pathway (Tracey, 2002; Ulloa, 2005), and the
sympathetic splanchnic anti-inflammatory pathway (Martelli
et al., 2014b). We recently reported that baroreflex activation
through electrical stimulation of the aortic depressor nerve
(ADN) attenuates, via sympathetic innervation, joint inflammation

in a rat model of arthritis. Our results depicted the baroreflex anti-
inflammatory pathway as a new physiological mechanism of neu-
romodulation of inflammation and the innate immune system
(Bassi et al., 2015).

Baroreceptors are sensory neurons monitoring the arterial pres-
sure in the aortic arch, carotid sinuses and major blood vessels
(Chapleau et al., 1988; Krieger et al., 1982). These mechanorecep-
tors induce reflex responses increasing parasympathetic and
decreasing sympathetic drive to maintain the blood pressure at
nearly constant levels (Chapleau et al., 1988; Krieger et al.,
1982). Baroreflex activation is considered a promising therapeutic
approach for patients with resistant hypertension (Alnima et al.,
2014; Bisognano et al., 2011; Halbach et al., 2015; Hoppe et al.,
2012). Clinical studies showed that hypertensive patients have
attenuated baroreflex function (Ding et al., 2011; Huang et al.,
2017; Subha et al., 2016) associated with a high inflammatory pro-
file (Harrison et al., 2011; Mattace-Raso et al., 2010; Sesso et al.,
2007; Solak et al., 2016). These results suggest that baroreflex dys-
function may facilitate inflammation in hypertensive subjects.

https://doi.org/10.1016/j.brainres.2018.01.003
0006-8993/! 2018 Elsevier B.V. All rights reserved.
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We recently reported that baroreflex activation attenuates local
inflammation in arthritic knee joints (Bassi et al., 2015). This mech-
anism significantly inhibits neutrophil recruitment, articular
edema and inflammatory cytokine levels in the synovial fluid
(Bassi et al., 2015). This anti-inflammatory mechanism involves
sympathetic modulation (Bassi et al., 2015); however, it is
unknown whether baroreflex activation can control systemic
inflammation. To expand knowledge about the anti-inflammatory
potential of electrical stimulation of the baroreflex, we analyze, in
the present study, whether baroreflex activation by electrical ADN
stimulation controls systemic inflammation in endotoxemic rats.

2. Results

2.1. Time course of cardiovascular responses to bacterial endotoxin

Intraperitoneal administration of either saline or lipopolysac-
charide (LPS) did not affect the mean arterial pressure (MAP)
(Fig. 1). However, LPS induced tachycardia 45 min after its admin-
istration, which lasted up to 90 min compared to the saline treat-
ment (Fig. 1).

2.2. Baroreflex activation and hemodynamic responses

Electrical ADN stimulation quickly (within the first 5 s)
decreased MAP and heart rate (HR) (Fig. 2A and B). These effects
were transient because the hemodynamic parameters had
returned to baseline levels at the 20th min of electrical ADN stim-
ulation. However, electrical ADN stimulation did not affect cardio-
circulatory hemodynamics in 12 of 25 animals. Even with electrical
stimulation, these animals did not present a decrease in MAP and
HR (Fig. 2C and D). Moreover, the animals in the LPS + ADNs (!)

group showed a statistical increase of 9% in HR at the 20th min
of electrical ADN stimulation (10 min after LPS injection) without
affecting MAP (Fig. 2D). Nevertheless, all endotoxemic animals
exhibited an increased HR by the end of the experimental protocol
at the 90th min after the LPS challenge (Fig. 3).

2.3. Baroreflex stimulation did not affect peripheral cytokine levels in
endotoxemic rats

Intraperitoneal injection of bacterial LPS increased the plasma
levels of all cytokines analyzed, including pro-inflammatory
cytokines [tumor necrosis factor (TNF), interleukin 1b (IL-1b) and
interleukin 6 (IL-6)] and anti-inflammatory cytokine [interleukin
10 (IL-10)] (Fig. 4A–D). Baroreflex stimulation did not affect the
levels of any of these cytokines in the blood (Fig. 4A–D). LPS also
increased the levels of TNF and IL-6 in the heart and spleen
(Fig. 4E, G, I and K). In addition, LPS specifically increased IL-1b
levels in the heart but not in the spleen (Fig. 4F and J). LPS also
induced anti-inflammatory cytokine IL-10 in the blood, but not in
the heart or the spleen (Fig. 4D, H, L). Thus, ADN stimulation did
not change the peripheral levels of any of these cytokines in the
blood, spleen or heart. These results indicate that baroreflex stim-
ulation did not regulate peripheral cytokine levels in endotoxemia.
It is important to highlight that despite the short recovery time
from surgery, the subjects did not exhibit any sign of sickness
behavior until the beginning of the experiment.

2.4. Baroreflex stimulation attenuated central cytokine levels in the
hypothalamus

Intraperitoneal LPS administration also increased the levels of
all the cytokines in the hypothalamus, including inflammatory
(TNF, IL-1b, IL-6) and anti-inflammatory (IL-10) cytokines
(Fig. 5A–D). Baroreflex activation attenuated the LPS-induced
levels of all the cytokines in the hypothalamus (Fig. 5A–D) inde-
pendent of the cardiovascular effects.

3. Discussion

The present results show that electrical stimulation of the ADN,
a known afferent nerve responsible for controlling cardiovascular
homeostasis, induced central anti-inflammatory effects inhibiting
LPS-induced hypothalamic levels of all cytokines analyzed. This
effect is due to a direct central, but not peripheral, mechanism
because ADN stimulation did not affect the levels of any of these
cytokines in the peripheral blood or organs. In the present study,
we injected LPS intraperitoneally and studied whether baroreflex
stimulation can control systemic inflammation. This experimental
model of systemic inflammation has been widely used in the liter-
ature to investigate new therapeutic strategies for sepsis (Cai et al.,
2010).

It is well-established that cytokines control inflammation and
induce cellular damage and organ failure contributing to the
pathogenesis of multiple acute and chronic disorders such as sepsis
and autoimmune diseases (Akiyama et al., 2000; Allan and
Rothwell, 2001; Mennicken et al., 1999). Inflammatory cytokines
mediate communication between the immune and other systems
inducing particular biological activities after binding to the recep-
tors of the targeted cells (Wyss-Coray and Mucke, 2002). Neurons
also have cytokine receptors, suggesting an active bidirectional
crosstalk between the immune and nervous systems (Wyss-
Coray and Mucke, 2002). Additionally, cytokines have different
functions in the central nervous system and can induce neurotox-
icity, which appears to contribute to the physiopathology of psy-
chiatric [depression, schizophrenia] and neurodegenerative

Fig. 1. LPS increased heart rate but did not affect the mean arterial pressure. Time
course of mean arterial pressure (MAP) and heart rate (HR) at baseline (time zero),
45 and 90 min after the administration of LPS (n = 13) or saline (n = 12). *P < .05 vs.
Saline.
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diseases [Parkinson’s and Alzheimer’s diseases] (Allan and
Rothwell, 2003; Corsi-Zuelli et al., 2017; Dantzer et al., 2008).
Moreover, since inflammation in the central nervous system, par-
ticularly in the hypothalamus, has recently been shown to be intri-
cately involved in the development and maintenance of
hypertension (Khor and Cai, 2017), we suggest that the selective
and central anti-inflammatory potential of ADN stimulation could
be an additional mechanism involved in the baroreflex anti-
hypertensive effects.

Current studies highlight the need to develop innovative thera-
pies based on electrical neural stimulation for treating diseases

with non-pharmacological approaches (De Ferrari et al., 2011;
Famm et al., 2013; Schwartz, 2013). ‘‘Electroceuticals” have been
considered a promising future for treating a number of diseases
including central inflammatory and neurological disorders
(Famm et al., 2013). Recent studies showed that electrical stimula-
tion of peripheral nerves (including vagus) or direct brain stimula-
tion, induces protective effects in ischemic stroke, traumatic brain
injury, as well as in experimental cerebral ischemia and reperfu-
sion (Jiang et al., 2014; Meneses et al., 2016; Notturno et al.,
2014; Schweighöfer et al., 2016).

Our study shows that baroreflex stimulation inhibits LPS-
induced inflammatory cytokines in the brain (hypothalamus). Sur-
prisingly, electrical ADN stimulation that failed to induce hemody-
namic changes was also efficient at inhibiting inflammatory
cytokines in the hypothalamus. These findings suggest that the
central baroreflex anti-inflammatory mechanism is independent
of cardiovascular alterations. In line with our results, vagal stimu-
lation at high intensity produces hemodynamic alterations but not
anti-inflammatory effects, while low intensity vagal stimulation
induces immunomodulatory properties without promoting hemo-
dynamic alterations (Bassi et al., 2017). Thus, our results indicate
that during parasympathetic activation, it is not essential for
changes in the hemodynamic parameters to occur in order for an
anti-inflammatory effect to occur.

Although baroreflex stimulation attenuated central cytokine
levels, it did not affect peripheral cytokines in endotoxemic ani-
mals. In fact, electrical ADN stimulation did not change the levels
of inflammatory cytokines (TNF, IL-1b and IL-6) and anti-
inflammatory cytokine IL-10 in the plasma, spleen or heart. Of
note, the baroreflex acts by reducing sympathetic and increasing
parasympathetic drive (Chapleau et al., 1988; Krieger et al.,

Fig. 2. Hemodynamic responses to electrical stimulation of the aortic depressor nerve. Bar graphs represent the mean arterial pressure (MAP; A and C) and heart rate (HR; B
and D) at baseline; at 5 s after initiating electrical stimulation of the aortic depressor nerve (ADNs), with (LPS + ADNs) or without [LPS + ADNs (!)] hemodynamic changes;
and at the end of electrical stimulation (5 s). LPS + ADNs: n = 13; LPS + ADNs (!): n = 12. Bars represent mean ± standard error. *P < .05 vs. baseline; #P < .05 vs. baseline and
first 5 s of ADNs.

Fig. 3. Ninety minutes after the LPS injection, aortic depressor nerve stimulation
did not attenuate the increase in heart rate induced by LPS. Bar graphs show the
changes in heart rate (DHR) 90 min after the administration of saline or LPS, or LPS
combined or not combined with previous aortic depressor nerve stimulation
(ADNs), with or without hemodynamic changes. Bars represent mean ± standard
error, n = 12 to 13. *P < .05 vs. saline.
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1982), a well-known autonomic network controlling inflammation
(Huston et al., 2006; Martelli et al., 2016; Tracey, 2002). It is well-
established that the spleen is the main source of peripheral TNF,
which is released into the bloodstream during endotoxemia
(Huston et al., 2006). However, taking into account that the spleen
is also the targeted organ of the ‘‘inflammatory reflex” (Huston
et al., 2006) and that the sympathetic splanchnic nerve inhibits

the inflammatory response in the spleen (Martelli et al., 2016), it
is surprising that baroreflex stimulation did not affect systemic
cytokine levels. However, it is possible that simultaneous activa-
tion of the parasympathetic nervous system (anti-inflammatory)
and inhibition of the sympathetic nervous system (pro-
inflammatory) following electrical activation of the baroreflex
accounted for the lack of effect on systemic inflammation. Never-

Fig. 4. Aortic depressor nerve stimulation did not affect plasma and peripheral organ (heart and spleen) levels of cytokines in response to LPS administration. Plasma (A, B, C
and D) and tissue (heart: E, F, G, H and spleen: I, J, K and L) levels of pro-inflammatory and anti-inflammatory cytokines 90 min after the administration of saline or LPS, or LPS
combined or not combined with electrical stimulation of the aortic depressor nerve (ADNs), with or without hemodynamic changes. Tumor necrosis factor (TNF): plasma (A),
heart (E) and spleen (I); interleukin 1b (IL-1b): plasma (B), heart (F) and spleen (J); interleukin 6 (IL-6): plasma (C), heart (G) and spleen (K); interleukin 10 (IL-10): plasma (D),
heart (H) and spleen (L). Bars represent mean ± standard error, n = 6–15. *P < .05.

F. Brognara et al. / Brain Research 1682 (2018) 54–60 57



theless, our present results concur with previous studies of our
group showing that baroreflex activation via ADN stimulation inhi-
bits joint cytokine levels in experimental arthritis by sympathetic
modulation, but, again, through a mechanism independent of the
spleen (Bassi et al., 2015).

An important aspect of our study is that the experiments were
performed in unanesthetized animals, mimicking clinical settings
and physiological conditions (De Paula et al., 1999; Salgado et al.,
2006). Previous studies investigating neural electrical stimulation
were conducted primarily in anesthetized rodents. A significant
exception can be attributed to Martelli and colleagues (Martelli
et al., 2014a) who demonstrated, in conscious rats, that the
splanchnic anti-inflammatory pathway has a powerful and sus-
tained inhibitory influence on inflammatory processes. It is well
known that anesthetics interfere particularly with the neural
mechanisms modulating the immune system (Picq et al., 2013).
For instance, several studies showed that ketamine and isoflurane
exhibit potent anti-inflammatory properties (Flondor et al., 2008;
Hofstetter et al., 2005; Qin et al., 2015). Notably, our laboratory
studies of neural cardiocirculatory control in conscious rodents
has provided significant information concerning the neural regula-
tion of inflammation (Bassi et al., 2015), particularly under physi-
ological conditions without the interference of anesthesia, as
conducted in the present study.

4. Conclusions

Baroreflex activation could be used as a novel therapeutic strat-
egy for treating inflammatory diseases involving the central ner-

vous system, such as stroke, brain trauma, amyotrophic lateral
sclerosis, Parkinson’s and Alzheimer’s disease and even hyperten-
sion. However, future studies are required to investigate the neural
pathways and molecular mechanisms mediating these neuropro-
tective properties, as well as the optimal parameters for activating
the ADN under different inflammatory conditions.

5. Experimental procedure

5.1. Experimental animals

The experiments were performed on male Wistar rats weighing
250–300 g obtained from the Main Animal Facility of the Univer-
sity of São Paulo (Campus of Ribeirão Preto; Ribeirão Preto, SP, Bra-
zil), maintained under controlled temperature (22 "C) and constant
12 h light–dark cycle and provided with food and water ad libitum.
All procedures were reviewed and approved by the Committee of
Ethics in Animal Research of the Ribeirão Preto Medical School –
University of São Paulo (Protocol number 161/2016).

5.2. Surgical procedures

Animals were anesthetized with a cocktail of ketamine and
xylazine (50 mg/kg and 10 mg/kg, i.p.) and then subjected to surgi-
cal procedures to isolate the left ADN for the implantation of elec-
trodes, catheterization of the femoral artery and insertion of a
peritoneal catheter. The catheter implanted into the femoral artery
was filled with 100 IU/ml heparin in saline. The ADN group was
implanted with a bipolar stainless-steel electrode with an inter-

Fig. 5. Aortic depressor nerve stimulation decreases the LPS-induced production of cytokines in the hypothalamus. Hypothalamic levels of tumor necrosis factor (TNF, A),
interleukin 1b (IL-1b, B), interleukin 6 (IL-6, C) and interleukin 10 (IL-10, D) 90 min after the administration of saline or LPS, or LPS combined or not combined with
stimulation of the aortic depressor nerve (ADNs), with or without hemodynamic changes. Bars represent mean ± standard error, n = 12 to 19. *P < .05.
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leads distance of 2 mm. The electrodes were constructed by attach-
ing two 40 mm long stainless-steel wires (0.008 in. bare, 0.011 in.
Teflon coated; model 791,400; A-M Systems, Sequim, WA, USA)
to a small plug (GF-6; Microtech, Boothwyn, PA, USA). The bared
tips of the electrodes consisted of 2 mm lengths, forming hooks
that were implanted around the ADN. First, the electrode was tun-
neled through the sternocleidomastoid muscle and the small plug
was exteriorized in the nape of the neck. Next, the short segment of
the ADN that was implanted with the bipolar stainless-steel elec-
trodes was carefully covered with silicone impression material
(Kwik-Sil silicone elastomer; World Precision Instruments, Sara-
sota, FL, USA). A few minutes were allowed for complete polymer-
ization of the silicone impression material. In the ‘‘sham surgery”
groups, the animals were subjected to the same surgical proce-
dures, but the electrodes were not implanted around the nerve.

Under the same anesthesia, the left femoral artery was
catheterized with polyethylene tubing (PE-50 soldered to PE-10
polyethylene tube; Intramedic, Clay Adams, Parsippany, NJ, USA)
for arterial pressure recording. Additionally, a catheter (PE-50
polyethylene tube; Intramedic, Clay Adams, Parsippany, NJ, USA)
was inserted into the abdominal cavity for the administration of
LPS from Escherichia coli 0111: B4 (Sigma-Aldrich, St. Louis, MO,
USA) or sterile saline (vehicle). The catheters were pulled up
through a subcutaneous track to the animal’s neck and exteriorized
in the back of the nape; next, the surgical incisions were sutured.
Flunixin meglumine (Banamine, 2.5 mg/kg, i.m.; Schering-Plough,
Cotia, SP, Brazil) was injected immediately after the end of surgery.

5.3. Assessment of the hemodynamic parameters and electrical
stimulation of the aortic depressor nerve

Twenty-four hours after the surgical procedures, arterial pres-
sure and HR from conscious rats were recorded. Briefly, the arterial
catheter was connected to a pressure transducer (MLT844;
ADInstruments, Bella Vista, Australia) and the signal was amplified
(ML224; ADInstruments, Bella Vista, Australia) and sampled by an
IBM/PC computer (Core 2 Duo, 2.2 GHz, 4 GB RAM) attached to an
analog-to-digital interface (PowerLab, ADInstruments, Bella Vista,
Australia). The experiment was conducted with the animals mov-
ing freely in their own cage (one rat per cage) and silence was
maintained to minimize environment stress. Only rats that showed
no signs of distress during electrical stimulation of the ADN were
assigned to the study. The electrodes were connected to an exter-
nal square pulse generator to activate the ADN (0.5 mA, 0.25 ms,
15 Hz). Arterial pressure recordings were processed with computer
software (LabChart 7.0, ADInstruments, Bella Vista, Australia) cap-
able of detecting inflection points and systolic, diastolic and mean
arterial pressure, as well as HR beat-by-beat time series.

5.4. Experimental procedures

The rats were assigned into four groups:

1) Saline: Sham surgery of electrode implantation around the
ADN and vehicle administration;

2) LPS: Sham surgery of electrode implantation around the
ADN and LPS administration;

3) LPS + ADNs (!): Electrode implantation around the ADN,
electrical stimulation combined with failure to promote
hemodynamic effects and LPS administration;

4) LPS + ADNs: Electrode implantation around the ADN, electri-
cal stimulation showing hemodynamic effects and LPS
administration.

The experimental protocol consisted of basal recordings of arte-
rial pressure and HR for 30 min, followed by electrical stimulation

of the ADN for 10 min before and 10 min after intraperitoneal
administration of LPS (5 mg/kg, i.p.) or vehicle (5 mL/kg, i.p.). LPS
was sonicated for 30 min before the injection. The hemodynamic
parameters were recorded throughout 90 min after LPS injection,
and then the blood samples were collected through the catheter
from the femoral artery before the rats were killed by decapitation
for rapid collection of the spleen, heart and hypothalamus. The
entire hypothalamus was dissected from the brain taking into
account the following limits: the anterior border of the optic chi-
asma, the anterior border of the mammillary bodies, and the lateral
hypothalamic sulci with a depth of 2 mm. The samples of spleen,
heart and hypothalamus were immediately frozen in liquid nitro-
gen. Blood samples were maintained on ice until centrifugation
at 3500 rpm for 15 min at 4 "C. The plasma was then collected,
and all biological material was frozen at !80 "C and stored until
analysis.

5.5. Cytokine measurements

On the day of the assay, the samples were thawed and main-
tained on ice. The hypothalamus, spleen, and heart were homoge-
nized in 0.5 mL of PBS using a Politron-PT-3100 (Evisa; Kinematica,
Luzern, Switzerland) and then centrifuged at 1.000 rpm for 10 min
at 4 "C. The plasma and tissue supernatant samples were used to
measure the cytokine (TNF, IL-1b, IL-6, and IL-10) levels by an
immune-enzymatic ELISA method using Duo set kits from R&D
Systems (Minneapolis, MN, USA) according to the manufacturer’s
instructions. Plasma and tissue cytokine levels are expressed as
percentages compared to the control group (LPS).

5.6. Statistical analysis

The hemodynamic parameters were analyzed by one-way anal-
ysis of variance (ANOVA) for repeated measures followed by
Student-Newman-Keuls post hoc test when indicated, two-way
ANOVA for repeated measures followed by Student-Newman-
Keuls post hoc test, or one-way ANOVA followed by Dunn’s post
hoc test. The data obtained from the tissues and plasma were ana-
lyzed either by one-way ANOVA with Student-Newman-Keuls post
hoc test or by Kruskal-Wallis – a nonparametric statistical test –
followed by Dunn’s post hoc test when the data did not pass the
Shapiro-Wilk test of normality. Differences were considered statis-
tically significant if P < .05. The results are shown as the mean ± s
tandard error of the mean.
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Abstract: Quantifying complexity from heart rate variability (HRV) series is a challenging task, and
multiscale entropy (MSE), along with its variants, has been demonstrated to be one of the most
robust approaches to achieve this goal. Although physical training is known to be beneficial, there
is little information about the long-term complexity changes induced by the physical conditioning.
The present study aimed to quantify the changes in physiological complexity elicited by physical
training through multiscale entropy-based complexity measurements. Rats were subject to a protocol
of medium intensity training (n = 13) or a sedentary protocol (n = 12). One-hour HRV series
were obtained from all conscious rats five days after the experimental protocol. We estimated MSE,
multiscale dispersion entropy (MDE) and multiscale SDiffq from HRV series. Multiscale SDiffq is
a recent approach that accounts for entropy differences between a given time series and its shuffled
dynamics. From SDiffq, three attributes (q-attributes) were derived, namely SDiffqmax , qmax and qzero.
MSE, MDE and multiscale q-attributes presented similar profiles, except for SDiffqmax . qmax showed
significant differences between trained and sedentary groups on Time Scales 6 to 20. Results suggest
that physical training increases the system complexity and that multiscale q-attributes provide
valuable information about the physiological complexity.

Keywords: sample entropy; dispersion entropy; multiscale entropy; complexity; heart rate variability;
rat; exercise; physical training; conditioning

1. Introduction

The study of system complexity is very challenging and has attracted much attention in the
past few years [1–3]. Physiological complexity reflects the interoperability and correct functioning of
regulatory processes as a whole, so the higher the complexity, the higher the system ability to adapt to
different situations in daily life [4].

Heart rate variability (HRV) series, derived from the electrocardiogram (ECG) or arterial pressure
signals, is one of the most important sources of information about system physiological status.
Heart rate is actively controlled by the autonomic nervous system and can respond to many situations
when the organism is challenged. A number of studies demonstrated that many indices extracted from
HRV are powerful risk predictors of morbidity and death, for cardiac and non-cardiac diseases [5–7].

One of the most substantial challenges in the quantification of complexity from HRV time
series is the difficulty in finding out a single measurement capable of doing this task consistently.
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In other words, most of the complexity measurements are capable of extracting some properties
that regard complexity itself, but none of them are enough to characterize all the complex traits of
a system. Mono- and multi-fractal measurements [8,9], irreversibility estimations [10,11], symbolic
methods [12,13], network analysis [14,15], as well as entropy-based approaches [16,17] have been
proposed to infer the system complexity.

Multiscale entropy (MSE) is an important example of an approach that has been shown to be quite
robust and consistent to characterize the system complexity from HRV time series. Like many other
approaches, it has some limitations depending on the situation, and improvements or refinements have
been proposed since MSE has emerged [18]. For example, the entropy estimator used in MSE (sample
entropy) can be replaced by other estimators, such as permutation entropy [19], fuzzy entropy [20],
distribution entropy [21], dispersion entropy [22], Rényi entropy [23] and bubble entropy [24],
among others. Some other entropy-based proposals, such as entropy of entropy [25] and multiscale
SDiffq (a measure of entropic differences) [26], are markedly different from the MSE original framework,
although notably inspired by MSE.

Mild intensity aerobic exercise has been shown to improve several systemic functions and
prepare the organism for sudden changes in the body. Experimental models using physical training
have demonstrated that gaining physical conditioning, before an induced pathology, can reduce the
disturbances caused by the disease [27,28]. In other words, physical conditioning seems to increase
the system physiological complexity level. However, controversial findings have been reported about
complexity and exercise, and scarce studies applied multiscale complexity approaches to identify how
the aerobic training can increase the complexity in healthy subjects [29–33].

In the present study, we applied MSE and two other complexity measurements derived from MSE,
namely multiscale dispersion entropy and multiscale SDiffq, to quantify the increase of complexity
with physical training in experimental models of healthy rats. Results show that all measurements
point to the same direction, but significant findings were obtained only with multiscale SDiffq.

2. Materials and Methods

2.1. Experimental Protocol

Male Wistar rats (210 g on average) were obtained from the Animal Care Facility at the Campus of
Ribeirão Preto of the University of São Paulo. The animals’ usage was according to the Ethical Principles
in Animal Research adopted by the National Council for the Control of Animal Experimentation,
approved by the Local Animal Ethical Committee from the School of Medicine of Ribeirão Preto of the
University of São Paulo.

The study divided animals into trained (n = 13) and sedentary groups (n = 12). Since animals
could have distinct initial physical conditioning, they were individually tested for maximum velocity
(Vmax). For the Vmax test, the animals were placed on a treadmill, with no inclination, and the speed
was increased in steps of 3 m/s every 3 min. The stage where the animal fatigued, as well as the time
spent on the incomplete stage were noted to calculate the Vmax of each rat [34].

The trained group underwent a physical training protocol on the treadmill with no inclination
for 9 consecutive weeks, 5 days per week. The training protocol consisted of a medium intensity
training that initiated at 50% of Vmax for 20 min and ended, at the ninth week, at 70% of Vmax for 60 min
(Adapted from [35]). At the fifth week, the trained group underwent a new Vmax test to adjust the
training protocol as some animals acquire physical conditioning quicker than others. The sedentary
group followed the same protocol, but the treadmill was kept off.

2.2. Data Acquisition and Processing

Two to three days after the end of the physical training protocol, rats were anesthetized with
a mixture of ketamine and xylazine (50 and 10 mg/kg, ip) and implanted with subcutaneous
electrodes for ECG recordings. Two days after surgery, with the animals conscious and under free
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movement conditions, the electrodes were connected to a bioelectric amplifier (Animal BioAmp
FE136, ADInstruments, Bella Vista, Australia), and ECG recordings were acquired (2 kHz) by
an IBM/PC coupled to an analog-to-digital interface (ML866 PowerLab 4/30, ADInstruments,
Bella Vista, Australia).

ECG was recorded during one hour, so that multiscale measurements could be confidently
estimated from HRV series. ECG recordings were processed using computer software (LabChart Pro,
ADInstruments, Bella Vista, Australia) that creates HRV series as the sequence of R-R intervals,
i.e., the time interval between adjacent R waves. All ECG recordings were carefully inspected,
and missing beat detections and artifacts were manually corrected. HRV series are 20,000 beats
in length, on average.

2.3. Multiscale Sample Entropy

Multiscale sample entropy (MSE) is a widely-known procedure to quantify the irregularity of time
series within a time-scale range [36,37]. The MSE algorithm consists of creating multiple scaled versions
of the original time series and calculating sample entropy (SampEn) from each scaled time series.

Consider a time series given by u(1), u(2), . . . , u(N). Let xm(i) be the set of consecutive samples
in u from i to i + m � 1, i.e., xm(i) = [u(i), u(i + 1), u(i + 2), . . . , u(i + m � 1)]. Thus, SampEn is
defined as [38]:

SampEn(m, r, N) = � ln
Um+1(r)

Um(r)
(1)

where:

Um(r) =
1

N � m

N�m

Â
i=1

Um
i (2)

Um
i =

[# of xm | d[xm(i), xm(j)]  r]
N � m � 1

(3)

and:

Um+1(r) =
1

N � m

N�m

Â
i=1

Um+1
i (4)

Um+1
i =

[# of xm+1 | d[xm+1(i), xm+1(j)]  r]
N � m � 1

. (5)

The distance function d is given by:

d[xm(i), xm(j)] = max
k=1,...,m

(|u(i + k � 1)� u(j + k � 1)|). (6)

In Equations (3) and (5), 1  j  N � m, j 6= i. In SampEn equations, m is the pattern length or
embedding dimension and r is the tolerance factor assumed for similarity between samples.

To estimate MSE, multiple scaled versions of u are created by a coarse-graining procedure, where
each element j in a t-scaled series is defined by:

ut(j) =
1
t

jt

Â
i=(j�1)t+1

u(i), 1  j  N/t. (7)

Next, SampEn is calculated from each scaled time series ut , resulting in a curve of entropy versus
scale. It is worth noting that the higher the time scale (t), the slower the dynamics that the scaled time
series is representing. Importantly, the tolerance factor (r) of SampEn is kept fixed for all time scales
(t) in MSE.

In the present study, we calculated MSE with the most widely-used parameter setting, i.e., m = 2
and r = 15% of the original time series standard deviation. The maximum scale calculated was t = 20.
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2.4. Multiscale Dispersion Entropy

Multiscale dispersion entropy (MDE) is similar to MSE and also quantifies the complexity of time
series [39]. However, instead of calculating SampEn for each scaled time series, dispersion entropy
(DispEn) is used to estimate irregularity.

Consider the same time series given before (u). First, u is filtered by a normal cumulative
distribution function (NCDF) with mean µ and standard deviation s, resulting in a filtered time series
u f , which ranges from 0 to 1. This procedure is intended to better treat outliers. Next, u f is mapped
into c classes (1 to c), according to zc(j) = round(c ⇤ u f (j) + 0.5), a function that linearly maps the
range [0, 1] to [1, c].

Now, let ym(i) be the set of consecutive samples in zc from i to i + m � 1, i.e., ym(i) =
[zc(i), zc(i + 1), zc(i + 2), . . . , zc(i + m � 1)], i = 1, 2, . . . , N � m + 1. Each vector ym(i) represents
a dispersion pattern. Considering that each value in ym can assume one of the c possible classes, there
will be cm potential dispersion patterns.

The probability of occurrence of each dispersion pattern ym(i) in zc can be calculated as the
number of times the pattern ym(i) appears on zc, divided by the total number of patterns in zc (i.e.,
N � m + 1). This procedure will result in a probability distribution for all possible dispersion patterns,
p[ym(i)]. Finally, the DispEn is defined as the Shannon entropy of p[ym(i)] [22]:

DispEn(m, c) = �
cm

Â
i=1

p[ym(i)] log(p[ym(i)]) (8)

MDE uses the same coarse-graining procedure of MSE. Thus, MDE estimation consists of the
creation of scaled versions of the original time series using Equation (7) and the calculation of DispEn
from each scaled time series. However, the NCDF function applied to each scaled version is the same
as that applied to the first scale, i.e., the original time series. This procedure has a similar effect of
keeping r fixed at all time scales in MSE and can be achieved choosing the same µ and s of the NCDF
function at all scales.

Parameters of MDE were set as m = 2, c = 6 and maximum time scale t = 20. NCDF was
generated with µ and s as the mean and standard deviation of the original time series, respectively.

2.5. Multiscale SDiffq

An alternative proposal for multiscale complexity measurement is the multiscale SDiffq
analysis [26]. Although still inspired by MSE in the sense of multiscale analysis, multiscale SDiffq
do not use the entropy values over scales directly to characterize complexity. Instead, differences of
entropy between the time series and its uncorrelated version, i.e., surrogate data, are used to represent
the complexity. The difference of entropy is evaluated for a range of q-values, which is a parameter
derived from nonadditive mechanical statistics [40,41]. The so-called nonadditive q-entropy has three
regimes, namely classic additive when q = 1, sub-additive when q > 1 and super-additive when q < 1.

SDiffq accounts for the difference between the SampEnq of a given time series and the mean
SampEnq of a set of surrogate series. SampEnq is a generalization of SampEn inspired by nonadditive
statistics, which introduces the nonadditive parameter q to SampEn. Its equation is given by [42]:

SampEnq(m, r, N) = logq Um(r)� logq Um+1(r) (9)

where logq is defined as [43]:

logq(x) =
x1�q � 1

1 � q
, [x 2 R⇤

+; q 2 R; log1(x) = log(x)] (10)

and [Z]+ = max{Z, 0}. The definitions of Um(r) and Um+1(r) are the same as presented in
Equations (2) and (4) for SampEn.



Entropy 2018, 20, 47 5 of 10

To calculate SDiffq, one has to follow the steps:

• From a given time series u, S surrogate series are generated from u. The surrogate series is
obtained by simply shuffling u [44];

• Next, values A = Um(r) and B = Um+1(r) are calculated from u;
• Values of Um(r) and Um+1(r) are also calculated from each surrogate instance, obtaining their

mean values C = Um(r) and D = Um+1(r);
• Finally, SDiffq is defined by Equation (11) below:

SDiff q = logq(A)� logq(B)� [logq(C)� logq(D)]

= logq(A) + logq(D)� logq(B)� logq(C). (11)

Both SampEnq and SDiffq are parametrized in q so that they represent a curve of entropy,
or entropy difference, as a function of q. From SDiffq curves, three attributes (q-attributes) are obtained
to characterize the time series dynamics, namely SDiffqmax , qmax and qzero. The SDiffqmax represents the
maximum value for SDiffq in the range of q. The qmax and qzero represent the q-value where SDiffq
finds its maximum and zero values, respectively. qmax is the q parameter that gives the largest entropic
separation between the actual time series and its surrogate versions, whereas qzero is the q parameter
where original and shuffled dynamics have the same entropy. For more details on the calculation of
q-attributes, please refer to [26,42].

The extension of SDiffq to a multiscale measurement is straightforward. Scaled versions of the
original time series are created using the same coarse-graining procedure of MSE, given by Equation (7).
Then, for each scaled time series, the SDiffq curve is calculated and q-attributes are obtained, so that it
ends up with multiscale q-attributes.

Multiscale SDiffq parameters were set with the same values chosen for MSE, i.e., m = 2, r = 0.15
and maximum time scale t = 20. The number of surrogate instances generated for each time scale was
S = 20, and the nonadditive q parameter ranged from �2 to 2 to estimate the q-attributes.

It is worth emphasizing the fact that q-attributes represent the SDiffq behavior. Furthermore, the
q parameter comes with the power law equation proposed for nonadditive entropy (q-entropy) [40,43].
Therefore, one can say that qmax and qzero indicate where this power law results in maximum entropy
differences regarding surrogates and where this difference is null (zero-crossing), respectively.

2.6. Statistical Analysis

We assessed mean MSE, MDE and multiscale q-attributes values in two range segments: short
(1 to 5) and long (6 to 20) time scales. Those variables were checked for normality by the Shapiro–Wilk
test. Differences between trained and sedentary groups were verified by Student’s t-test or the
Mann–Whitney rank sum test when required. Significance was assumed when p < 0.05.

3. Results

The curve profiles of MSE and MDE were very similar for both trained and sedentary rats
(Figure 1A,B). Likewise, no difference was found between the groups in the mean values of MSE and
MDE grouped by short (1 to 5) and long (6 to 20) time scales (Figure 1C,D), although for higher scales,
there was a tendency of increasing differences among groups (Figure 1A,B).

The curve profiles of qmax and qzero were very similar to each other (Figure 2B,C), which in turn
were also very similar to MSE and MDE (Figure 1A,B), regardless of the experimental group. On the
other hand, those curves are entirely different from the profile of SDiffqmax (Figure 2A). For qmax
and qzero, the curve values decrease for the first two or three scales; after that, they start to increase
(Figure 2B,C). However, in the case of SDiffqmax , values increase for, approximately, the first six scales,
and then, the values are virtually stable (Figure 2A). A significant difference was found between
trained and sedentary rats in the mean qmax at long time scales (6–20) (Figure 2E). No difference was
observed among groups in the mean SDiffqmax (Figure 2D) or mean qzero (Figure 2F).
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Figure 1. MSE or MDE did not detect differences between HRV complexity from trained and sedentary
rats. Curve profiles are presented for MSE (A) and MDE (B), obtained from trained and sedentary
groups. Bar graphs show mean entropy values obtained from MSE (C) and MDE (D) curves, grouped
by short (1 to 5) and long (6 to 20) time scales. MSE: multiscale sample entropy; MDE: multiscale
dispersion entropy; SampEn: sample entropy; DispEn: dispersion entropy; HRV: heart rate variability.
Bars represent the mean ± standard error.

Figure 2. Multiscale q-attributes calculated from HRV series of trained and sedentary rats. Curve
profiles are presented for SDiffqmax (A), qmax (B) and qzero (C), obtained from trained and sedentary rats.
Bar graphs show mean q-attributes values, obtained from SDiffqmax (D), qmax (E) and qzero (F), grouped
by short (1 to 5) and long (6 to 20) time scales. SDiffqmax : maximal SDiffq; qmax: q value where SDiffq is
maximal; qzero: q value where SDiffq is zero; HRV: heart rate variability. Bars represent the mean ±
standard error. * p < 0.05 when compared to the trained group.
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4. Discussion

The characterization of system physiological complexity from a univariate variable, such as HRV,
is a hard task. Previous studies have reported on MSE as a powerful tool to assess the complexity of
HRV [37,45–48]. Many studies have proposed and evaluated modifications in MSE, given its success
in characterizing complex dynamics. Some of them are based on the replacement of sample entropy by
another entropy measurement, such as MDE, attempting to improve the accuracy of MSE in specific
situations. In the present study, we applied MSE and MDE to account for the complexity changes
due to physical training in rats. However, neither MSE nor MDE were able to detect any difference
between HRV complexity from trained and sedentary rats.

On the other hand, multiscale SDiffq is a recent proposal of complexity measurements
(q-attributes), inspired by MSE, but with a different theoretical background. It relies on nonadditive
statistics and uses the difference of q-entropy between the actual and surrogate HRV time series to
characterize the complexity. Interestingly, from all the multiscale measurements studied, only qmax
was able to distinguish the complexity of HRV between trained and sedentary animals. Moreover,
the difference was found only at long time scales (6 to 20). Recent studies have pointed out that
short time scales of MSE are more associated with the vagal control of HRV, whereas long time
scales seem to be more related (although not exclusively) to the sympathetic control of HRV [46,49],
reinforcing the existence of long-term memory in the components of the autonomic nervous system.
Extending this interpretation to SDiffq, one could say that the difference between sedentary and trained
HRV is more related to differences in the sympathetic control. This seems a reasonable assumption,
given that (1) q-attributes use the same coarse-graining procedure of MSE to create the scaled time
series and (2) physical training promotes, among other benefits, a lower sympathetic activity and
modulation [50,51].

Even though there is a significant difference in qmax between trained and sedentary groups,
the difference is not huge. An interesting question to ask is: how much is changed in the physiological
complexity with physical training? Another question would be: how do the interactions between
physiological systems change in a physically trained animal? One has to bear in mind that all those
multiscale measurements represent a general view of the system function. In other words, those
complexity measurements extract the overall complexity of the system, which is the result of several
mechanisms contributing to the homeostasis. Considering that the sedentary animals are healthy,
a tremendous increase would not be expected in the complexity after physical training, given that
most of the regulatory mechanisms are supposed to be already working at a high complexity level.
Therefore, results suggest that systemic changes induced by physical training increase the system
complexity to a slightly higher level.

The ability of those multiscale measurements to quantify the overall system complexity of HRV
is a distinguishing feature. Many classical HRV indices seek to extract information related to the
sympathetic or vagal autonomic modulation, not to mention that they are all linear models. Those
indices are usually very sensitive to the environment and behavioral conditions and cannot represent
the physiological complexity [4]. For example, during one hour of ECG recording, the rat may explore,
sleep, groom, dig and other typical rat behaviors. All those situations will change the autonomic
balance, and it is difficult to say what is the real sympathetic and vagal modulation of the rat during
the whole one-hour period. On the other hand, applying the multiscale complexity measurements
during the whole period, it was possible to identify that the dynamics of HRV has higher complexity
in the trained rat compared to the sedentary one, even though the rat can change its physiological
state several times during the recording. It is worth noting that all multiscale approaches were also
applied to differential HRV series, but no difference was found between trained and sedentary animals,
for any measurement [52].

The classical concept of entropy, e.g., SampEn and DispEn, relies on the quantification of the
irregularity of a given series. The more irregular (unpredictable) the series, the higher the entropy.
Thus, the entropy of any series is supposed to be lower than the entropy of its shuffled version
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(surrogate), even though the correlation properties of the dynamics were broken when samples are
shuffled. However, with q-entropy, it is possible to achieve the same entropy values for both situations
(qzero). Therefore, if we consider the classical entropy (q = 1), surrogate data will always be assigned
to a higher entropy value, but if we consider q near 0.5 (super-additive), the two dynamics will be
assigned the same q-sample entropy. More interestingly, there are some values of q where the actual
dynamics is assigned higher entropy regarding its surrogate (also for super-additive q). Hence, qmax
can be interpreted as the nonadditive parameter that maximizes the complex properties present in the
actual dynamics.

In summary, results with multiscale SDiffq confirmed previous findings that qmax and qzero provide
similar, although not equivalent information, which is quite different from SDiffqmax . Furthermore, MSE,
MDE, qmax and qzero presented very similar curve profiles, despite their different theoretical definitions,
and qmax was the only measurement that detected differences in the physiological complexity after
physical training. There is no doubt that MSE represents a relevant tool for complexity analysis.
This study reinforces that multiscale SDiffq is an alternative tool for characterizing the complexity of
HRV time series, which can add information in some situations where MSE is not accurate enough.
Multiscale SDiffq could also be used to help to characterize the complexity of HRV time series in
different pathophysiological conditions, as well as in situations where the signal source is other
than HRV.
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Schizophrenia is one of the most debilitating mental disorders and is aggravated by the 
lack of efficacious treatment. Although its etiology is unclear, epidemiological studies 
indicate that infection and inflammation during development induces behavioral, mor-
phological, neurochemical, and cognitive impairments, increasing the risk of developing 
schizophrenia. The inflammatory hypothesis of schizophrenia is also supported by 
clinical studies demonstrating systemic inflammation and microglia activation in schizo-
phrenic patients. Although elucidating the mechanism that induces this inflammatory 
profile remains a challenge, mounting evidence suggests that neuroimmune interactions 
may provide therapeutic advantages to control inflammation and hence schizophrenia. 
Recent studies have indicated that vagus nerve stimulation controls both peripheral 
and central inflammation via alpha-7 nicotinic acetylcholine receptor (α7nAChR). Other 
findings have indicated that vagal stimulation and α7nAChR-agonists can provide ther-
apeutic advantages for neuropsychiatric disorders, such as depression and epilepsy. 
This review analyzes the latest results regarding: (I) the immune-to-brain pathogenesis 
of schizophrenia; (II) the regulation of inflammation by the autonomic nervous system in 
psychiatric disorders; and (III) the role of the vagus nerve and α7nAChR in schizophrenia.

Keywords: schizophrenia, immune system, cytokines, inflammation, microglia, vagus nerve stimulation, alpha-7 
nicotinic acetylcholine receptor, cholinergic anti-inflammatory pathway

Abbreviations: ACh, acetylcholine; BBB, blood–brain barrier; CNS, central nervous system; GABA, gamma-aminobutyric 
acid; HRV, heart rate variability; IL, interleukin; IFN, interferon; KYNA, kynurenic acid; NMDAR, N-methyl-d-aspartate 
receptor; M1, microglia type 1; M2, microglia type 2; TGF, transforming growth factor; Th1, T helper cells type 1; Th2, T 
helper cells type 2; TNF, tumor necrosis factor; VNS, vagus nerve stimulation; tVNS, transcutaneous vagus nerve stimulation; 
α7nAChR, alpha-7 nicotinic acetylcholine receptor.
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INTRODUCTION

Mental disorders are a major clinical and scientific challenge 
in modern medicine with an estimated prevalence of approxi-
mately 17% of the population (1, 2). Schizophrenia is one of the 
most debilitating psychotic disorders due to the lack of effective 
treatment (3, 4). Schizophrenia is a chronic psychiatric disorder 
characterized by faulty perception and withdrawal from reality. 
Schizophrenia symptomatology comprises positive (delusions, 
hallucinations), negative symptoms (social withdrawal, apathy) 
cognitive alterations, disorganized thinking, and psychomotor 
disturbances (2). The average life expectancy of schizophrenia 
patients is 10–25  years less than the normal population due 
to health problems and a higher suicide rate (5–7). Despite its 
significant social implications, schizophrenia is neglected world-
wide (3, 4, 8).

Current treatments for schizophrenia are inefficacious, and 
there is an unmet clinical need for new and safe therapeutic strate-
gies (9–12). Schizophrenia is usually treated with typical or atypi-
cal antipsychotics. Typical antipsychotics often induce significant 
psychomotor side effects. Atypical antipsychotics are the usual 
first-line treatment, although they are associated with metabolic 
syndrome and an increased cardiovascular risk of death (11, 12). 
An explanation for the inefficacious treatments is the insufficient 
knowledge about the etiology of schizophrenia. Both groups of 
antipsychotics are believed to be antagonists for dopamine recep-
tors in the brain, and thus, previous studies mostly focused on the 
dopaminergic system (13). Although dopaminergic dysfunction 
contributes to schizophrenia, the mechanisms leading to this dys-
function are unknown. Recent studies demonstrate an abnormal 
inflammatory profile that can cause neurotransmission dysfunc-
tion in schizophrenia (14, 15). Early infections and other immune 
alterations during pregnancy and development can contribute to 
schizophrenia and other neurological disorders (16–19). These 
studies are contemporary with recent investigations demonstrat-
ing that vagal stimulation controls both central and peripheral 
inflammation (20–24) and that vagal stimulation can provide 
therapeutic advantages for neuropsychiatric disorders, such as 
depression and epilepsy (25, 26). However, little is known about 
the potential of this mechanism for treating schizophrenia (27). 
We reasoned that vagal stimulation may control inflammation 
and provide novel therapeutic advantages for schizophrenia. In 
this article, we evaluate this hypothesis by reviewing autonomic 
vagal dysfunction in psychiatric disorders and discussing the 
potential of vagal stimulation and alpha-7 cholinergic receptor 
(α7nAChR) agonists for treating schizophrenia.

IMMUNE-TO-BRAIN PATHOGENESIS: 
FROM HOMEOSTASIS TO INFLAMMATION

Unregulated inflammation induced by infection or trauma results 
in excessive production of inflammatory cytokines, such as tumor 
necrosis factor (TNF), interferon-γ (IFN-γ), and interleukins 
(IL-1β, IL-6, etc.). These cytokines influence the homeostasis of 
several organs, as well as the central nervous system (CNS) (28).

Despite the traditional view of the brain as an immunologi-
cally privileged site, multiple studies have demonstrated that the 

CNS interacts with peripheral inflammatory cytokines through 
several pathways, described as follows (29). First, the humoral 
pathway: peripheral cytokines diffuse into the CNS through 
circumventricular organs and structures lacking the blood–brain 
barrier (BBB). Second, the cellular pathway: peripheral immune 
cells enter the CNS due to alterations in the BBB permeability 
and through the actions of chemoattractant mediators. Third, 
the microbiota–gut–brain axis: the microbiota–gut can transmit 
signals to the brain via the vagus nerve, immune mediators, and 
microbial metabolites, thereby altering neurotransmission in the 
CNS (30, 31). Fourth, the recently discovered central lymphatic 
pathway or the glymphatic system: mediated by functional lym-
phatic vessels in the CNS (32). In this pathway, extracellular fluids 
(the cerebrospinal fluid and interstitial fluid) draining from the 
brain parenchyma to the cervical and lumbar lymph nodes facili-
tate the traffic of antigens and immune cells affecting peripheral 
and central inflammation (33). Finally, the neural pathway: the 
afferent vagus nerve detects peripheral inflammatory cytokines 
(TNF, IL-1β, IL-6) and transmits signals to the nucleus tractus 
solitarius, and thereby to the hypothalamus (29, 34). All these 
pathways serve as immune-to-brain cross talk that facilitate 
central inflammation and behavioral changes.

THE INFLAMMATORY HYPOTHESES  
OF SCHIZOPHRENIA

A balance between the pro- and anti-inflammatory cytokines is 
critical for proper brain development (35). Epidemiological stud-
ies indicate that infections during development increase the risk 
of schizophrenia in adulthood (36–39). These studies report an 
association between elevated maternal inflammatory cytokines 
levels (especially IL-8 and TNF) and risk of schizophrenia in adult 
offspring (16, 37). It has been observed in preclinical studies that 
maternal immune activation in rodents induces inflammatory 
cytokines (IL-1β, IL-6, TNF) and reduces anti-inflammatory 
cytokines (IL-10) in both the maternal fluids and in the fetal 
brain, inducing schizophrenia-like behaviors in the offspring 
(35, 40). Likewise, direct IL-6 inoculation into pregnant rodents 
also induces schizophrenia-like abnormalities in the offspring. 
This effect is prevented by neutralizing IL-6 antibodies, genetic 
depletion of the IL-6 gene (IL-6 knockout) (35), or overexpres-
sion of anti-inflammatory cytokines (IL-10) in the macrophages 
of pregnant dams (41).

Genetic studies have demonstrated the implications of 
immune-related genes in schizophrenia (42). A Danish cohort 
study reported a significant relationship between severe infections 
and the risk of schizophrenia. A previous history of autoimmune 
disorders increases the risk of schizophrenia by 36%. This risk of 
schizophrenia increases up to 60% in patients with a previous his-
tory of infection and hospitalization (19). Several clinical studies 
demonstrate a chronic low-grade inflammation in schizophrenia 
(43–46). Early studies suggested that this chronic low-grade 
inflammation may be due to chronically activated macrophages 
that fail to properly control T-lymphocytes in the so called “mac-
rophage-T-lymphocyte hypothesis” (47). Thereafter, Schwarz 
et al. (48) suggested that psychotic patients have a T helper cells 
type 2-profile (Th2) characterized by increased Th2-produced 



TABLE 1 | Cytokine profile in schizophrenia.

Meta-analyses 
(reference)

Number 
of studies 
included in 
the meta-
analyses

Patients 
(status)

Peripheral blood cytokines

Miller et al. (43)

33

AR ↑
IL-6, IL-8, TNF, IFN-γ, TGF-β, 

IL-1RA
↓

IL-10

FEP 
(drug-näive)

↑
IL-1β, IL-6, IL-12, IFN-γ, TNF, 

TGF-β, sIL-2R

Upthegrove et al. (45) 14 FEP 
(drug-näive)

↑
IL-1β, sIL-2R, IL-6, TNF

Goldsmith et al. (46) 40 AR/FEP ↑
IFN-γ, IL-1β, IL-6, IL-8, IL-10a, 

IL-12, TNF, TGF-β, IL-1RA, 
sIL-2R

↓
IL-4, IL-10a

18 Chronic ↑
IL-1β, IL-6, TNF, sIL-2R

↓
IFN-γ

Enhanced (↑) or decreased (↓) cytokines levels in the peripheral blood of patients with 
schizophrenia; AR, acutely relapsed; FEP, first episode psychosis; IL, interleukin; TNF, 
tumor necrosis factor, IFN-γ, interferon-γ; TGF-β, transforming growth factor-β; sIL-2R, 
soluble IL-2 receptor; IL-1RA, IL-1 receptor antagonist.
aIL-10, increased in FEP but decreased in AR.

3

Corsi-Zuelli et al. Cholinergic Anti-inflammatory Pathway in Schizophrenia

Frontiers in Immunology | www.frontiersin.org May 2017 | Volume 8 | Article 618

IL-4 and decreased T helper cells type 1 (Th1)-produced IFN-
γ (48). In contrast, a shift away from Th2-produced IL-4 and 
toward Th1-produced IFN-γ was later highlighted, suggesting the 
involvement of transforming growth factor (TGF)-β in the Th1/
Th2 regulation of schizophrenia. Although contradictory, these 
hypotheses concur that an inflammatory imbalance is involved 
in schizophrenia (49).

Recent meta-analyses indicate that acute and chronically ill 
patients demonstrate a low-grade inflammatory profile that 
correlates with the clinical symptoms of schizophrenia (43, 45, 
46) (Table  1). This inflammatory profile was also reported in 
drug-naïve patients in the first episode of psychosis (45). Since 
these patients were drug-naïve and in the first manifestation of 
the disease, it is unlikely that inflammation was related to antip-
sychotics or duration of illness. Thus, inflammatory cytokines 
in the peripheral blood were suggested to be either state or trait 
biomarkers. State biomarkers refer to specific cytokines elevated 
in schizophrenia and normalized with antipsychotics. Trait bio-
markers are cytokines that are elevated in schizophrenia and are 
not normalized following antipsychotic treatment (43).

The association between biological and environmental factors 
can have significant implications in schizophrenia (50). In this 
respect, Monji et al. (51) shed light on the microglia hypothesis 
of schizophrenia (51). Microglia are the resident macrophages in 
the CNS (52), and similar to peripheral macrophages, they show 
different activation states. Basal state microglia (M0) perform 

phagocytosis and promote neurite outgrowth (53–55). However, 
both physical (infections) (56) or psychological (early life stress) 
stressors induce microglial activation (57–62). In response to 
these events, microglial polarization is triggered, resulting in an 
inflammatory state (microglia type 1; M1) (63, 64). M1 micro-
glia produce large amounts of inflammatory cytokines (TNF, 
IL-1, IL-6, IL-12) inducing neuronal cytotoxicity  (57, 61, 62). 
In contrast, anti-inflammatory cytokines (IL-4, IL-10) induce 
microglial polarization toward an anti-inflammatory state 
(microglia type 2; M2), critical for homeostasis. The imbalance 
between these factors affects neurite outgrowth, neuronal con-
nections, and neurotransmitter formation and induces neuronal 
cytotoxicity, contributing to neuropsychiatric disorders (57, 
65–67). Indeed, increased microglial density and microglial 
activation have been demonstrated in the hippocampus and 
gray matter of schizophrenic patients, as demonstrated by 
postmortem and in vivo studies (68–73), and microglial activa-
tion has been linked to the pre-suicidal stress associated with 
schizophrenia (74).

Microglia-produced TNF induces neurotoxicity and neuro-
degeneration as demonstrated both in vitro (54, 75) and in vivo 
(76, 77). A typical example is that abnormal microglia activation 
alters tryptophan metabolism along the kynurenine pathway, 
producing metabolites that act as N-methyl-d-aspartate recep-
tor (NMDAR)-agonists (quinolinic acid) or -antagonists, such 
as kynurenic acid (KYNA) (29, 78, 79). NMDAR dysfunction 
is associated with schizophrenia (80) and NMDAR-antagonists 
induce positive, negative, and cognitive symptoms in healthy 
volunteers, similar to those observed in schizophrenia (81, 82). 
Delusions and hallucinations related to autoantibodies blocking 
NMDARs were reported in schizophrenic and healthy controls 
(83, 84). The kynurenine pathway is also linked to oxidative stress. 
Neuronal apoptosis and structural changes in specific areas of the 
brain, such as the amygdala, hippocampus, and prefrontal cortex, 
are related to several psychiatric disorders, including schizophre-
nia (78). Together these studies demonstrate that inflammation of 
the CNS can contribute to schizophrenia (43, 45, 46).

The efficacy of antipsychotics may be due to microglial sup-
pression and subsequent neuroprotection (85–87). Atypical 
antipsychotics inhibit TNF production by the IFN-γ-stimulated 
microglia (86, 87). Minocycline, a non-psychotic medication 
with potent effects in inhibiting microglia, has been suggested 
as an adjuvant in the treatment of schizophrenia (86). However, 
atypical antipsychotics induce metabolic and cardiovascular 
dysfunctions (11, 12). Thus, there is an unmet clinical need for  
new therapeutic strategies to control inflammation and the pro-
gression of schizophrenia.

DOES AUTONOMIC 
IMMUNOMODULATION CONTRIBUTE  
TO THE INFLAMMATORY COMPONENT 
OF SCHIZOPHRENIA?

The Autonomic Nervous System
The autonomic nervous system regulates the immune system 
through both the sympathetic and parasympathetic networks 
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(21, 88, 89). This regulation is not only critical for physiological 
homeostasis, such as that in the gastrointestinal tract (90, 91), 
but also in pathological conditions that range from infection to 
trauma (22, 92–94). Briefly, sympathetic preganglionic neurons 
that originate from the thoracic and lumbar spinal segments syn-
apse with postganglionic neurons in pre- or paravertebral ganglia. 
Parasympathetic preganglionic neurons originate from the brain-
stem and the sacral spinal cord and synapse with postganglionic 
neurons in terminal ganglia located near target organs. Both 
preganglionic sympathetic and parasympathetic neurons release 
acetylcholine (ACh). While all parasympathetic postganglionic 
neurons release ACh, most sympathetic postganglionic neurons 
release norepinephrine. Overall, sympathetic activity predomi-
nates during the “fight-or-flight” reactions, while parasympathetic 
activity predominates during “quiet” resting conditions (95). 
The vagus nerve—the major component of the parasympathetic  
system—plays a critical role in the communication between  
the brain and peripheral organs, such as the heart, lungs, and 
intestine (96).

The Autonomic Nervous System 
Regulation of Inflammation in 
Schizophrenia
Dysfunction of the autonomic nervous system may contribute 
to the inflammatory profile reported in schizophrenia. The 
balance between the sympathetic and parasympathetic systems 
can be determined by the heart rate variability (HRV), which 
represents the variation of the intervals between heartbeats 
(97). Parasympathetic nerves slow heart rate and increase HRV 
by releasing ACh. Sympathetic nerves accelerate heart rate and 
decrease HRV by releasing epinephrine and norepinephrine  
(98, 99). Lower HRV is a predictor of cardiac morbidity and mor-
tality (100–102). Psychiatric patients tend to have an autonomic 
imbalance with low HRV suggesting a reduced parasympathetic 
and increased sympathetic tone (103–105). Low HRV has also 
been related to psychotic symptoms and depression (106–108); 
and thus, the vagal tone could serve as an index of the treatment 
response (109).

The polyvagal theory associates the autonomic neuronal 
system with affective experiences and contingent social behavior 
(110). Low vagal activity is associated with reduced social involve-
ment and a less flexible behavioral response to environmental 
conditions (110). In agreement with this theory, Bylsma and 
coworkers suggested that “the cardiac autonomic balance may be 
a useful index that reflects the balance of the autonomic nervous 
system to respond to aspects of the environment that may be sensi-
tive to psychophysiological abnormalities” (111). Thus, autonomic 
neuronal dysfunction and low vagal activity could contribute to 
schizophrenia.

Electrical vagus nerve stimulation (VNS) was approved by 
the food and drug administration for treating several neuropsy-
chiatric disorders including refractory epilepsy and depression 
(25, 112–114). However, few studies have explored VNS in 
schizophrenia (27). The only study that addresses VNS in schizo-
phrenia examined the effects of transcutaneous vagal stimula-
tion (tVNS) (115). tVNS is a non-invasive electrical stimulation 

of the external ear allowing stimulation of the auricular vagal 
branch (116). tVNS of the cymba conche results in the strong-
est activation of the vagal afferent pathway in the brainstem, 
as observed through functional magnetic resonance imaging 
(117). A bicentric, randomized, sham-controlled and double-
blind clinical investigation was performed in 20 schizophrenic 
patients, who were randomly assigned to two groups: one 
received daily active stimulation of the left auricle for 26 weeks; 
the other group received sham stimulation daily. Regarding 
efficacy, there was no difference between the sham and tVNS 
groups (115). However, only half of the patients adhered to the 
protocol. Given that the vagal stimulation treatment depends on 
patient adherence, it was not possible to conclude a result due 
to non-adherence to the protocol and methodological limita-
tions. In contrast, experimental studies demonstrated that VNS 
significantly reversed hippocampal hyperactivity, mesolimbic 
dopaminergic dysfunction, and schizophrenia-like symptoms, 
including cognitive deficits (118, 119).

Autonomic dysfunction facilitates immune alterations and 
increases the susceptibility to infectious and immunological dis-
orders. The vagus nerve directs the “cholinergic anti-inflammatory 
pathway” modulating inflammation, as reported in preclinical 
and clinical studies (21, 23, 24, 26, 93, 118–124). In clinical 
studies, VNS inhibited cytokine production, improved HRV, and 
ameliorated low moods and emotional symptoms in depressive 
patients resistant to pharmacological treatment (26, 124). Recent 
studies demonstrated brain inflammation reduction with VNS 
applied at a low frequency, a protocol that favors the activation of 
efferent vagus nerve fibers (23, 24). Inhibition of CNS inflamma-
tion can be a consequence of peripheral inflammation inhibition 
(22, 24). The vagal anti-inflammatory signals are mediated by 
α7nAChR, suggesting that nicotinic agonists mimic vagal anti-
inflammatory potential (22, 125, 126). α7nAChR were detected 
in several cell types, including neurons and immune cells. In 
the CNS, α7nAChR are expressed by pyramidal interneurons 
(127, 128), immature granule cells (129), astrocytes (130), and 
microglia (131, 132). In the periphery, this receptor is expressed 
in monocytes (133, 134), dendritic cells (135), macrophages 
(120, 136), T-cells (137), and B-cells (138). In this regard, the use 
of selective α7nAChR-agonists in the treatment of psychiatric 
and neurological patients has been reported (139). Remarkably, 
activation of α7nAChR in cultured microglia cells inhibits LPS-
induced release of cytokines and promotes conversion of M1 
microglia to M2 (132, 140).

Genetic studies demonstrated that α7nAChR activity is 
reduced, especially in the hippocampus, thalamus, frontal cor-
tex, brainstem, ventral tegmental area, nucleus accumbens, and 
the cingulate cortex of schizophrenic patients (141–146). This 
reduced activity is more remarkable in gamma-aminobutyric 
acid (GABA) interneurons (142) that are key players in schizo-
phrenia, especially in the cognitive domain (147). In addition, 
α7nAChR participate in NMDA and GABAA receptors activity, 
and similar to NMDAR, they modulate calcium influx facilitat-
ing neurotransmission (148–150). Accordingly, α7nAChR has 
been involved in a myriad of brain functions, including learning, 
memory, neuroprotection, and synaptic plasticity (151–153). 
Conversely, α7nAChR dysfunction leads to abnormal NMDAR/



FIGURE 1 | The autonomic hypothesis of schizophrenia. (A1,A2) Psychological or physical stressors contribute to enhanced production of inflammatory 
cytokines by both peripheral and brain immune cells. (B) The afferent vagus nerve facilitates immune-to-brain communication, by transmitting signals from the 
periphery to the brain. (C) Patients with schizophrenia have an intense autonomic imbalance characterized by α7nAChR dysfunction and reduced vagal tone.  
(D) The efferent vagus nerve plays a key role in the “cholinergic anti-inflammatory pathway,” a mechanism dependent on (E) acetylcholine binding to the α7nAChR, 
a pathway that is dysfunctional in schizophrenia patients. This impairment in the inflammatory reflex may contribute to (F) neuroinflammation and disrupted synthesis 
of neurotransmitters in schizophrenia. Note: the vagus nerve is constituted by both efferent and afferent fibers. The division shown in this figure is merely illustrative 
to explain the afferent and efferent neuroimmune routes.
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GABAA function and perturbation of glutamatergic and GABAe-
rgic neurotransmission (154).

Kynurenic acid, besides acting as an NMDAR inhibitor, 
is also a potent non-competitive α7nAChR-antagonist (155) 
and is associated with hypoglutamatergic and hypocholinergic 
neurotransmission, facilitating cognitive deficits and sensory 
gating disturbances in schizophrenia (155). α7nAChR-agonists 
restore dopamine signaling in the brain (156) and improve 
negative symptoms and cognitive function in schizophrenia 
(139, 157–161). Variation in brain KYNA may be related to the 
nicotinic cholinergic system. It has been observed that nicotine 
reduces levels of KYNA in clinical trials (162). In rodents, this 
effect was clear during a 5-day nicotine treatment; however, 
prolonged treatment enhanced central levels of KYNA (155). 
Notably, increased brain levels of KYNA are reported in schizo-
phrenia (14); this concurs with data demonstrating a high rate of 
cigarette smokers with schizophrenia (163). For instance, over 
80% of schizophrenic patients were smokers compared to 20% of 
the general population of the USA in 2006 (164). Accordingly, a 
recent meta-analysis reported that people who smoke are three 

times more likely to suffer psychosis (165); thus, high cigarette 
smoking in schizophrenia is suggested as a physiological basis 
on which patients try to correct cognitive deficits caused by 
α7nAChR dysfunction (155). In a recent study, chronic nicotine 
reversed hypofrontality in an animal model of addiction and 
schizophrenia (166). α7nAChR represents a potential therapeu-
tic target for cognitive deficits and sensory gating disturbances; 
nevertheless, cigarette smoking is toxic and unspecific with 
deleterious side effects, and it is critical to find specific and safer 
therapeutic strategies for schizophrenia (163).

Essentially, the development of schizophrenia is more 
complex. This condition is influenced by genetic vulnerability 
interacting synergistically with multiple environmental risk fac-
tors, such as infections or stress in early life, drug abuse, besides 
other environmental adversities occurring at critical periods of 
neurodevelopment (167–169). This gene–environmental interac-
tion could produce a latent immune vulnerability. Thus, when 
this vulnerability is manifested, the individuals become more 
susceptible to immune dysfunctions, increasing their risk of 
developing schizophrenia (170).
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Resumo
A interação entre o sistema nervoso autônomo 
e o sistema imune na patogênese de diferentes 
doenças tem sido amplamente estudada. 
Alterações na variabilidade da frequência cardíaca 
refletem um desequilíbrio autonômico, que, quando 
caracterizado por hiperatividade simpática e/ou 
diminuição da atividade parassimpática, leva ao 
aumento das respostas inflamatórias mediadas pelo 
sistema imune inato e adaptativo, desencadeando, 
ou acelerando, processos patológicos. Diversos 
estudos têm demonstrado uma relação inversa 
entre a variabilidade da frequência cardíaca e os 
níveis plasmáticos de marcadores inflamatórios em 
doenças como hipertensão, insuficiência cardíaca, 
aterosclerose, lúpus eritematoso sistêmico, artrite 
reumatoide, sepse, choque séptico e endotoxemia. 
Esses dados indicam uma forte relação entre o 
aumento das citocinas inflamatórias e a redução 
da variabilidade da frequência cardíaca nesses 
indivíduos. Além de atuarem como preditores de 
morbidade e mortalidade, os índices de variabilidade 
da frequência cardíaca também podem auxiliar no 
diagnóstico e no monitoramento de pacientes com 
sepse, facilitando o tratamento e aumentando a 
sobrevida. Portanto, a inflamação associada, ou não, 

Abstract
The crosstalk between the autonomic nervous 
system and the immune system in the 
pathogenesis of different diseases has been 
widely studied. Changes in heart rate variability 
reflect in an autonomic imbalance, which, when 
characterized by sympathetic overactivity and/
or decreased parasympathetic activity, leads 
to an increase in the inflammatory responses 
mediated by the innate and adaptive immune 
system, triggering, or accelerating, pathological 
processes. Studies have demonstrated an 
inverse relationship between heart rate variability 
and the plasma levels of inflammatory markers 
in several diseases, such as hypertension, 
heart failure, atherosclerosis, systemic lupus 
erythematosus, rheumatoid arthritis, sepsis, 
septic shock and endotoxemia. These data 
indicate a strong relationship between the 
increase in the levels of inflammatory cytokines 
and the reduced heart rate variability. Besides 
acting as predictors of morbidity and mortality, 
the heart rate variability indexes can also 
help in the diagnosis and monitoring of 
sepsis patients, facilitating the treatment and 
increasing survival. Therefore, inflammation 

Endereço para correspondência: Fernanda Luciano Rodrigues – Departamento de Fisiologia, Faculdade de 
Medicina de Ribeirão Preto, Universidade de São Paulo – Avenida Bandeirantes, 3.900 – CEP: 14049-900 – 
Ribeirão Preto (SP), Brasil – E-mail: flrodrigues@usp.br
Fonte de financiamento: Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), 
processos n. 2015/21976-1 e 2017/05163-6.



60

A interação entre o sistema imune e o 
sistema nervoso autônomo já está bem 
estabelecida, sendo o sistema imune ca-
paz de modular o controle autonômico 
cardiovascular em situações fisiológicas 
e fisiopatológicas1,2. O conceito de que 
o sistema nervoso autônomo pode mo-
dular o sistema imune e contribuir para 
a patogênese de diferentes doenças tem 
sido exaustivamente estudado. O sis-
tema imune inato é o maior ativador da 
resposta imune adaptativa e seus efei-
tos resultam em respostas imunológicas 
sustentadas e prolongadas3. O dese-
quilíbrio do sistema nervoso autônomo, 
com hiperatividade simpática e/ou dimi-
nuição da atividade parassimpática, leva 
ao aumento das respostas inflamatórias 
do sistema imune inato e adaptativo, de-
sencadeando, ou acelerando, proces-
sos patológicos. Além disso, o aumento 
das respostas inflamatórias em diferen-
tes doenças também pode ser atribuído 
ao próprio sistema imune, que se torna 
anormalmente sensível às influências do 
sistema nervoso autônomo4. 

O estudo da variabilidade da frequência 
cardíaca é uma ferramenta muito útil para 
avaliação da modulação autonômica car-
diovascular. Alterações na variabilidade 
da frequência cardíaca são preditoras de 
morbidade e mortalidade em diferentes 
situações. Visto que o sistema nervoso 
autônomo e o sistema imune estão inti-

mamente relacionados e que alterações 
na variabilidade da frequência cardíaca 
refletem uma disfunção autonômica, a 
inflamação pode ser um possível media-
dor das alterações na variabilidade da 
frequência cardíaca observadas em di-
ferentes situações patológicas. De fato, 
estudos distintos sugerem uma relação 
inversa entre a variabilidade da frequên-
cia cardíaca e os níveis plasmáticos de 
marcadores inflamatórios5-8. 

Estudos clínicos e experimentais têm 
demonstrado evidências de que os as-
pectos inflamatórios e autoimunes são 
essenciais para o desenvolvimento da 
hipertensão. A contribuição do sistema 
imune, particularmente dos linfócitos T, já 
é bem aceita, porém os mecanismos que 
precedem a ativação das células imunes, 
dando início à hipertensão, ainda não são 
completamente conhecidos. O estres-
se oxidativo e a infiltração inflamatória 
no interstício renal e na parede vascular 
arteriolar podem levar ao aumento da 
pressão arterial. Entretanto, como o es-
tresse oxidativo e a inflamação estão in-
timamente relacionados, podendo iniciar 
e amplificar a resposta um do outro, é di-
fícil determinar quem aparece primeiro9. 
O aumento nos níveis de citocinas pró-in-
flamatórias circulantes está intimamente 
relacionado com o aumento da atividade 
simpática10,11, com a diminuição da sen-
sibilidade barorreflexa12 e com a redução 

a agentes infecciosos parece contribuir para o 
desbalanço autonômico e, consequentemente, 
para a redução da variabilidade da frequência 
cardíaca. Da mesma forma, o inverso 
também parece ser verdadeiro: alterações na 
variabilidade da frequência cardíaca contribuem 
para um aumento da resposta inflamatória. 

Palavras chave:
frequência cardíaca; doenças 
cardiovasculares; inflamação.

associated or not with infectious agents 
seems to contribute to autonomic imbalance 
and, consequently, to a reduction in heart 
rate variability. Likewise, the reverse 
also seems to be true: changes in heart 
rate variability contribute to an increased 
inflammatory response.

Keywords:
heart rate; cardiovascular diseases; 
inflammation.



61

da variabilidade da frequência cardíaca13. 
Na hipertensão induzida pela gravidez, a 
redução na sensibilidade do barorreflexo 
está relacionada com a disfunção auto-
nômica, o estresse oxidativo e a inflama-
ção14. A hipertensão é associada com o 
aumento da atividade simpática, que per-
petua e exacerba essa doença. Assim, uma 
vez que o sistema imune é modulado 
pelo sistema nervoso autônomo, é pos-
sível sugerir que a inflamação participe, 
pelo menos em parte, das alterações na 
variabilidade da frequência cardíaca em 
indivíduos hipertensos, já que estes apre-
sentam um desbalanço autonômico ca-
racterizado pela redução da variabilidade 
da frequência cardíaca15,16.

Além da hipertensão, os índices de va-
riabilidade da frequência cardíaca tam-
bém estão reduzidos na insuficiência 
cardíaca, e essa redução é proporcio-
nal à extensão da doença17,18. A insufi-
ciência cardíaca também apresenta um 
processo inflamatório associado e estu-
dos mostraram que há uma correlação 
inversa entre os níveis aumentados de 
interleucina 6 (citocina pró-inflamatória) 
e os valores reduzidos de desvio padrão 
dos intervalos RR normais (SDNN) em 
pacientes com insuficiência cardíaca5. 
Da mesma forma, os níveis aumentados 
de fator de necrose tumoral (TNF) foram 
inversamente correlacionados com a re-
dução dos índices de variabilidade no 
domínio do tempo e da frequência nes-
ses pacientes19,20, sugerindo uma forte 
relação entre o aumento das citocinas 
inflamatórias e a redução da variabilida-
de da frequência cardíaca em indivíduos 
com insuficiência cardíaca.

A aterosclerose é uma doença na qual 
o acúmulo de lipídeos na parede das 
principais artérias resulta em uma este-
nose ou trombose, causando lesões is-
quêmicas ou oclusões de artérias para 
o coração, cérebro, membros inferiores 

e outros órgãos21. A inflamação é um 
mediador importante na patogênese da 
aterosclerose, envolvendo tanto o siste-
ma imune inato quanto o sistema imu-
ne adaptativo22. A área das placas ate-
roscleróticas carotídeas, por exemplo, 
apresenta uma correlação positiva com 
a contagem de células brancas e com os 
níveis de proteína C reativa circulantes, 
enquanto que a sensibilidade barorre-
flexa está inversamente correlaciona-
da com a área de placas na carótida23. 
Ou seja, quanto maior a área das placas, 
maiores os níveis circulantes de marca-
dores inflamatórios e menor a sensibili-
dade do barorreflexo em pacientes com 
aterosclerose. A contagem de células 
brancas em indivíduos com ateroscle-
rose está inversamente correlacionada 
com a sensibilidade do barorreflexo e a 
variabilidade da frequência cardíaca23. 
Além disso, a severidade e a extensão 
da aterosclerose coronariana estão re-
lacionadas com alterações na regula-
ção autonômica cardíaca, com prejuízo 
da atividade parassimpática, já que uma 
correlação negativa entre a severidade 
global da estenose da coronária e os 
índices de variabilidade no domínio do 
tempo e da frequência (porcentagem 
de sucessivos intervalos RR que dife-
rem mais de 50 ms - pNN50 - e arritmia 
respiratória, respectivamente) foi obser-
vada em pacientes com aterosclerose24. 
Sendo assim, a função autonômica está 
associada com a aterosclerose e a infla-
mação apresenta um papel importante 
mediando essa relação. 

O desbalanço autonômico também tem 
sido demonstrado nas doenças autoimu-
nes como artrite reumatoide, lúpus eri-
tematoso sistêmico, espondilite anqui-
losante e doença inflamatória intestinal, 
onde essa alteração autonômica tem 
sido associada à inflamação crônica25-27. 
Na artrite reumatoide, por exemplo, al-
guns estudos demonstraram uma redu-
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ção na atividade parassimpática cardía-
ca, enquanto outros observaram uma 
hiperatividade simpática nesses pacien-
tes28,29. O indivíduo com artrite reuma-
toide apresenta redução na potência da 
banda de high frequency (HF) e aumen-
to na potência de low frequency (LF) no 
espectro da variabilidade da frequência 
cardíaca. Como resultado, a razão LF/HF 
está aumentada, sugerindo uma hipera-
tividade simpática nos pacientes com 
artrite reumatoide30. Da mesma forma, a 
disfunção autonômica observada no lú-
pus eritematoso sistêmico também é ca-
racterizada por um aumento da atividade 
simpática e uma redução da atividade 
parassimpática25,31. Essas alterações au-
tonômicas poderiam modular a resposta 
inflamatória central e periférica, exercen-
do um papel patogênico. Recentemen-
te foi demonstrado que, em pacientes 
com lúpus eritematoso sistêmico, existe 
uma correlação inversa da atividade da 
doença com os índices de variabilidade 
da frequência cardíaca no domínio do 
tempo (pNN50) e da frequência (arritmia 
respiratória e razão LF/HF)32. Além dis-
so, existe uma correlação negativa entre 
os níveis de citocinas pró-inflamatórias 
plasmáticas e os índices de variabilidade 
da frequência cardíaca (raiz quadrada da 
média da soma dos quadrados das dife-
renças entre sucessivos valores de in-
tervalo RR – RMSSD –, pNN50, arritmia 
respiratória e razão LF/HF)32. Ou seja, 
pacientes com lúpus eritematoso sistê-
mico apresentam reduções nos índices 
de variabilidade da frequência cardíaca 
que estão relacionadas com a progres-
são da doença e parecem estar associa-
das ao aumento dos níveis plasmáticos 
de citocinas inflamatórias.

A resposta inflamatória exacerbada ob-
servada nas doenças infecciosas como 
a sepse, o choque e a endotoxemia 
também está associada com uma redu-
ção da variabilidade da frequência car-

díaca e o aumento da regularidade do 
ciclo cardíaco33-37. A sepse é definida 
como uma resposta inflamatória severa 
à infecção, caracterizada por um estado 
de inflamação sistêmica e pela lesão de 
múltiplos órgãos38,39. O choque séptico é 
marcado por uma hipotensão irreversível 
com falência progressiva de múltiplos 
órgãos. No choque séptico, o sistema 
cardiovascular é incapaz de compensar 
a hipotensão, uma vez que a resposta 
compensatória normal inclui a ação dos 
barorreceptores, que, nesse caso, es-
tão comprometidos40. Estudos clínicos 
mostraram que existe uma alteração no 
balanço autonômico tanto em pacientes 
com sepse quanto em pacientes em cho-
que séptico, e que a interação entre a ati-
vidade simpática e vagal já está alterada 
no início da sepse grave, com destaque 
para um aumento da atividade simpáti-
ca36,37,40. A variabilidade da frequência 
cardíaca estimada pelo SDNN está redu-
zida durante o desenvolvimento do cho-
que séptico e há uma correlação inversa 
entre o SDNN e os níveis de proteína C 
reativa, e o escore de lesão de órgãos. 
Já os níveis de interleucina 10 (citocina 
anti-inflamatória) apresentam uma cor-
relação positiva com a potência da ban-
da de HF da variabilidade da frequência 
cardíaca (tono vagal)41. 

Além do comprometimento da variabilida-
de da frequência cardíaca, a sensibilida-
de barorreflexa também está alterada nas 
doenças infecciosas. Estudos utilizan-
do o método da sequência em modelos 
animais de endotoxemia mostraram uma 
redução da sensibilidade do barorreflexo 
logo no início da resposta inflamatória. 

Essa diminuição rápida da sensibilidade 
barorreflexa ocorre independentemente 
dos níveis da pressão arterial, uma vez 
que os animais apresentaram prejuízo da 
função barorreflexa mesmo na ausência 
de hipotensão42. Outros estudos mostra-
ram uma relação direta entre a sensibi-
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lidade do barorreflexo e o tempo de so-
brevivência no choque séptico, ou seja, o 
tempo de sobrevivência é menor quando 
a função barorreflexa está reduzida43,44. 

Além de serem utilizados como marca-
dores de severidade, os índices de varia-
bilidade da frequência cardíaca também 
são usados para diagnóstico e monito-
ramento de pacientes com sepse45-47. 
Atualmente, a hemocultura é considera-
da padrão ouro para o diagnóstico da 
sepse. Entretanto, esse exame leva cer-
ca de 48 horas e, em geral, está asso-
ciado com resultados falso-positivos ou 
falso-negativos48. Assim, muitas vezes a 
sepse é diagnosticada tardiamente, difi-
cultando o tratamento e aumentando a 
mortalidade desses pacientes. Pesqui-
sas mostraram que a redução da varia-
bilidade da frequência cardíaca precede 

o diagnóstico da sepse47. Sendo assim, 
a avaliação da variabilidade da frequên-
cia cardíaca nos pacientes ambulato-
riais poderia auxiliar no monitoramento 
do indivíduo antes mesmo da instala-
ção da sepse ou em estágios iniciais 
da doença, facilitando o tratamento, au-
mentando a sobrevida e auxiliando nas 
decisões sobre o início e a interrupção 
do uso de antibióticos.

Por fim, fica claro que a inflamação as-
sociada, ou não, a agentes infeccio-
sos parece influenciar negativamente 
a variabilidade da frequência cardíaca. 
Sendo assim, o controle da resposta 
inflamatória sistêmica poderia contri-
buir para a normalização dos índices de 
variabilidade da frequência cardíaca e, 
consequentemente, para a melhora do 
quadro clínico de diversas doenças. 
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Carotid sinus nerve stimulation 
attenuates alveolar bone loss 
and inflammation in experimental 
periodontitis
Aline Barbosa Ribeiro1, Fernanda Brognara1, Josiane Fernandes da Silva2, 
Jaci Airton Castania1, Patrícia Garani Fernandes3, Rita C. Tostes2 & Helio Cesar Salgado1*

Baroreceptor and chemoreceptor reflexes modulate inflammatory responses. However, whether 
these reflexes attenuate periodontal diseases has been poorly examined. Thus, the present 
study determined the effects of electrical activation of the carotid sinus nerve (CSN) in rats with 
periodontitis. We hypothesized that activation of the baro and chemoreflexes attenuates alveolar 
bone loss and the associated inflammatory processes. Electrodes were implanted around the CSN, and 
bilateral ligation of the first mandibular molar was performed to, respectively, stimulate the CNS and 
induce periodontitis. The CSN was stimulated daily for 10 min, during nine days, in unanesthetized 
animals. On the eighth day, a catheter was inserted into the left femoral artery and, in the next day, 
the arterial pressure was recorded. Effectiveness of the CNS electrical stimulation was confirmed by 
hypotensive responses, which was followed by the collection of a blood sample, gingival tissue, and 
jaw. Long-term (9 days) electrical stimulation of the CSN attenuated bone loss and the histological 
damage around the first molar. In addition, the CSN stimulation also reduced the gingival and plasma 
pro-inflammatory cytokines induced by periodontitis. Thus, CSN stimulation has a protective effect on 
the development of periodontal disease mitigating alveolar bone loss and inflammatory processes.

Periodontitis is a chronic inflammatory disease with high prevalence rates, representing a major public health 
 problem1. It is associated with the progressive destruction of the supporting structures of the teeth (alveolar 
bone, periodontal ligament, and cementum) by overactivity of host immune-inflammatory agents in response 
to dysbiosis  biofilm2,3. The host responds to microbial challenge activating components of innate and adaptative 
immunity, followed by the production of inflammatory mediators and generation of an overwhelming pro-
inflammatory  response4. Pro-inflammatory cytokines are produced by resident cells (epithelial cells, gingival and 
periodontal ligament fibroblasts, osteoblast, and dendritic cells), phagocytes (neutrophils and macrophages) and 
lymphocytes. Tumor necrosis factor-alpha (TNFα), one of these pro-inflammatory cytokines, induces inflamma-
tory cells migration to tissue  destruction5, upregulates the release of interleukin-1 beta (IL-1β) and interleukin-6 
(IL-6)6,7, and increases  osteoclastogenesis8,9. The osteoclastogenesis is also controlled by the autonomic nervous 
 system10,11. The sympathetic nervous system acts as a negative bone mass regulator, inhibits the proliferation of 
osteoblasts and promotes  osteoclastogenesis12. In contrast, the parasympathetic nervous system acts positively 
in the control of bone mass, promoting apoptosis of  osteoclasts11,13.

Experimental and clinical evidence indicates an association between the autonomic nervous system and the 
immune  response14,15. The brain inhibits inflammation through three pathways: the activation of the hypotha-
lamic–pituitary–adrenal axis releasing  glucocorticoids16; the cholinergic vagal anti-inflammatory  pathway17; 
and the sympathetic splanchnic anti-inflammatory  pathway18. Over the past twenty years, many studies were 
performed to better understand the relationship between the immune system and both branches (parasympa-
thetic and sympathetic) of the autonomic  system17,19–21. Our research group reported that baroreflex activation, 
through electrical stimulation of the aortic depressor nerve, attenuates the joint (femorotibial)22 and neural 
(hypothalamus) inflammation in conscious endotoxemic  rats23. The simultaneous activation of both the carotid 
baroreflex and peripheral chemoreflex, by electrical stimulation of the carotid sinus nerve (CSN) and carotid 
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sinus, was very effective controlling the innate immune response induced by  lipopolysaccharide24. It is important 
to highlight that the carotid sinus electrical activation has been used to treat hypertensive patients resistant to 
pharmacological  therapy25,26 and also patients with heart  failure27. Activation of the carotid baroreflex elicits 
sympathetic activity inhibition and parasympathetic drive activation to the  heart28. On the other hand, periph-
eral chemoreflex activation leads to concomitant sympathetic and parasympathetic  activation29. Therefore, it 
is reasonable to expect that simultaneous baroreflex and chemoreflex activation produces a significant anti-
inflammatory response, inhibiting innate immune system, attenuating the release of pro-inflammatory cytokines 
and decreasing osteoclastogenesis in other inflammatory diseases, such as periodontitis.

Our laboratory developed a technique to simultaneously stimulate the carotid baroreflex and chemoreflex in 
unanesthetized  rats30. This electroceutical approach allows the investigation of autonomic modulation without the 
undesirable effects of anesthesia under different protocols, particularly those involving inflammatory  models24. 
Although the effectiveness of this approach in controlling systemic inflammation has already been  described24, 
the influence of simultaneous electrical stimulation of the chemo- and baroreflex, through the CSN stimulation, 
on periodontitis-associated inflammatory response has not previously been investigated. It is worth to highlight 
that the impact of periodontal disease (PD) is not restricted to the oral cavity. PD also affects the overall health of 
 individuals31 being associated with cardiovascular diseases, such as arterial hypertension, myocardial infarction, 
stroke, and  atherosclerosis32–35. The present study determined the modulatory effects of long-term (9 days) carotid 
baroreflex and chemoreflex activation on bone resorption, histological damage and inflammatory mediators in 
rats submitted to ligature-induced periodontitis.

Material and methods
Animals. Adult male Wistar Hannover rats weighing about 250 g were obtained from the breeding facil-
ity of the University of São Paulo at Ribeirão Preto. The animals were maintained under controlled tempera-
ture (24 °C), constant 12 hours (h) light–dark cycle, while food and water were provided ad libitum. The rats 
were divided into four groups: I: SHAM + Control (fictitious surgery for ligation around the right and left first 
molars associated with placement of the electrodes around the CSN, but without electrical stimulation); II: 
SHAM + CSN (fictitious surgery for ligation around the right and left first molars associated with placement of 
the electrodes plus electrical stimulation of the CSN); III: PD + Control (surgery for ligation around the right 
and left first molars associated with placement of the electrodes around the CSN, but without electrical stimu-
lation); IV: PD + CSN (surgery for ligation around the right and left first molars associated with placement of 
the electrodes plus electrical stimulation of the CSN). All experimental procedures were performed following 
the “Guide for the Care and Use of Laboratory Animals” prepared by the National Academy of Sciences and 
published by the National Institutes of  Health36. This study was also approved by the Ethics Committee of the 
Ribeirão Preto Medical School, University of São Paulo, São Paulo, Brazil (protocol number 252/2017).

Surgical procedures. Rats were anesthetized with a mixture of Ketamine (50 mg/kg, i.p.) and Xylazine 
(10 mg/kg, i.p.) and then submitted to surgical procedures to isolate the left CSN for implantation of electrodes 
as previously  described30. Briefly, the rats were subjected to ventral neck surgery, and the left CSN was care-
fully isolated. The CSN received a bipolar stainless-steel electrode positioned around the left carotid sinus and 
CSN. The electrode was covered with silicone impression material (Kwik-Sil silicone elastomer; World Precision 
Instruments, Sarasota, Florida, USA). The ends of the electrode wires were conveyed subcutaneously to the 
interscapular region of the rats and welded to small outlets. Then, the incision in the cervical area was sutured. 
Control rats underwent surgery with procedures similar to those described above, but electrodes were not placed 
on the CSN and carotid sinus.

In the same surgery, a 4–0 sterile silk ligature was placed around the right and left first molars to induce the 
PD or not (SHAM). At the end of the surgery, all animals received a polyvalent veterinary antibiotic (Penta-
biótico, 0.2 mL, i.m., Fort Dodge, Campinas, SP, Brazil) and analgesic (tramadol hydrochloride: 2 mg/kg, s.c., 
during 3 consecutive days). After 8 days, under anesthesia [Ketamine (50 mg/kg, i.p.) and Xylazine (10 mg/kg, 
i.p.)], the left femoral artery was catheterized with polyethene tubing (PE-50 soldered to PE-10 polyethene tube; 
Intramedic, Clay Adams, Parsippany, NJ, USA) for arterial pressure recording.

Assessment of the hemodynamic parameters and electrical stimulation of the carotid sinus 
nerve. Twenty-four hours after the femoral artery catheterization, the pulsatile arterial pressure was recorded 
in unanesthetized freely moving animals placed in individual cage. The arterial catheter was connected to a pres-
sure transducer (MLT844; ADInstruments, Bella Vista, Australia), and the arterial pressure signal was amplified 
(ML224; ADInstruments, Bella Vista, Australia). The signal was sent to an IBM/ PC computer (Core 2 Duo, 
2.2 GHz, 4 GB RAM) attached to an analogue-to-digital interface (PowerLab, ADInstruments, Bella Vista, Aus-
tralia). The electrodes were connected to an external square pulse generator to stimulate the CNS [1.5–3 V; 1 ms; 
30 Hz; for 10 minutes (min)]. Pulsatile arterial pressure recordings were processed with a computer software 
(LabChart 8.0, ADInstruments, Bella Vista, Australia) capable of detecting inflexion points, systolic, diastolic 
and mean arterial pressure (MAP); as well as heart rate (HR) beat-by-beat time series.

Experimental procedures. After the surgical procedures, electrical stimulation of the CSN was performed 
daily during nine consecutive days in unanesthetized rats, starting the first day of dental ligation (Fig. 1). On 
the ninth day, the pulsatile arterial pressure was recorded for 30 min, followed by the CSN electrical stimulation 
to confirm the effectiveness of the electrical stimulation. This effectiveness was confirmed by the hypotensive 
response caused by the CSN electrical stimulation. Then, a blood sample (1 mL), gingival tissue (right and left) 
and the jaw (separated on the right and left) were collected. The blood samples were maintained at 4 °C and 
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centrifuged for 20 min at 3,500 rpm. Then, the plasma was frozen at -80 °C for further analysis of inflamma-
tory cytokines. The gingival tissue was transferred to a microtube with RNALater reagent (Ambion, Austin, TX, 
USA) and stored at 4 °C during 24 h and then stored at -80 ºC.

Micro-computed tomography analysis. Non-demineralized specimens were scanned by a cone-beam 
micro-CT system (Skyscan 1176; Bruker, Belgium). The X-ray generator was operated at 50 kV with a source 
current of 500 µA and a 0.5 mm aluminum filter. A volume of interest from the apexes of all roots of the man-
dibular first molar (M1) up to the roof of the furcation of M1, touching the roots surfaces (CT-Analyzer; Bruker, 
Belgium) was selected for bone volume measurement, as previously  described37,38. The bone volume/tissue 
volume (BV/TV), porosity, trabecular number (Tb.N) and trabecular separation (Tb.Sp) were analyzed in the 
volume of interested area with CtAn (Bruker, Belgium). The data sets were reconstructed with CTVox (Bruker, 
Belgium). All micro-CT analyses were performed by one masked and calibrated examiner.

Histological analysis. The jaws were adequately fixed in 10% buffered formaldehyde, and after decalci-
fied in 4% ethylenediaminetetraacetic acid solution, buffered with sodium phosphate, pH 7.4. After complete 
decalcification, the specimens were immersed into 30% sucrose solution in PBS, until tissue saturation. Serial 
Sects. (10 µm thick) were cut, using a cryostat, from the buccal toward the lingual direction. These sections were 
stained with hematoxylin and eosin for analysis by light microscopy (DM 5500B; Leica Microsystems, Wetzlar, 
Germany). Two sections, from each sample, representing the central buccal–lingual portion in the furcation 
area of the first molar, were selected for histopathologic and histometric analysis. The histopathological scores in 
interdental (between the first and the second molar) region were analyzed under light microscopy, as described 
 previously39. The scores were assigned as follows: score 0, absence or sparse inflammatory cell infiltration, pre-
served alveolar process and cementum; score 1, moderate inflammatory cell infiltration in the insert gingival 
with intact cementum and minor alveolar process resorption; score 2, accentuated cellular infiltration of the 
gingival and periodontal ligament, and marked degradation of the alveolar process and part of the cementum; 
and score 3, accentuated cellular infiltrate in both gingival and periodontal ligament, complete alveolar process 
resorption and severe cementum destruction.

For the histometric alveolar bone analysis, the images of the histologic sections were analyzed using appro-
priate software (ImageJ 1.50i, a version of Wayne Rasband, National Institutes of Health, USA; https ://image 
j.nih.gov/ij). The furcation region not filled with bone was measured by the linear distance between the area 
surrounded to the roof of the furcation to alveolar crest in the furcation.

Plasma cytokine measurement. The plasma concentrations of IL-6, TNFα, IL-1β and IL-10 were deter-
mined using enzyme-linked immunosorbent assay (ELISA) kits from R&D Systems (Minneapolis, MN, USA) 
according to the manufacturer’s instructions. The results were expressed as pg/mL, based on standard curves.

Analysis of gene expression in gingival tissue. Briefly, the total RNA from gingival tissue was extracted 
using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), and 500 ng of total RNA was reverse-transcribed 
using the QuantiNova Reverse TraNSCription kit (Qiagen, Hilden, Germany) according to the manufacturer’s 
kit instructions. The reactions were performed using TaqMan Gene Expression Assays (Thermo Fischer Scien-
tific, Waltham, MA, USA), according to the manufacturer’s recommendations and TaqMan Universal Master 
Mix II (Thermo Fischer Scientific, Waltham, MA, USA). Undetermined values in SHAM groups were set to a 
maximum Ct (e.g. 40), because the majority were non-detects, as previously  suggested40. Data were analyzed by 

Figure 1.  The experimental protocol. On the first day, the electrodes were implanted around the carotid sinus 
nerve (CSN) combined with the mandibular ligation, around the first lower molars, to induce periodontitis. 
Electrical stimulation of the CSN was performed for nine days, starting on the first day of dental ligation. On the 
eighth day, a catheter was inserted into the left femoral artery, while in the next day the arterial pressure (AP) 
was recorded to confirm the effectiveness of the electrical stimulation of the CSN. Next, a blood sample, the 
gingival tissue and the jaw were collected for further analysis. SHAM, fictitious ligation.
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the  2-ΔΔCt  method41, and the results expressed in relation to the relatively to control. The data were represented 
as the difference  (2-ΔΔCt) in TNFα, IL-β, IL-6 and IL-10 genes expression, which were normalized by GAPDH.

Statistical analysis. The statistical analysis was performed using two-way analysis of variance (ANOVA) 
for repeated measures, followed by the Tukey’s multiple comparisons post-hoc test. The data obtained from the 
plasma, gingival tissues and histopathological score were statistically analyzed using the non-parametric Kruskal–
Wallis test followed by the Dunn post-test to compare medians. Values are expressed as the mean ± standard 
error of the mean (SEM). Differences were considered significant at P < 0.05.

Results
Hemodynamic responses to CSN electrical stimulation. The CSN electrical stimulation reduced 
MAP in both SHAM and PD rats (Fig. 2A). Moreover, this hypotensive response was similar between the groups 
(Fig. 2A). Electrical stimulation of the CSN did not change HR in SHAM or PD rats (Fig. 2B).

Micro-computed tomography analysis of alveolar bone. The bi-dimensional (coronal and sagit-
tal) and three-dimensional (lingual) views from the micro-computed tomography of the jaw revealed a typical 
alveolar bone architecture, characterized by the absence of alveolar bone resorption in groups SHAM control 
and SHAM plus CSN stimulation (Fig. 3A). Likewise, the same analysis showed a higher bone loss in the PD 
control group, classically observed in PD (Fig. 3A). However, in rats with PD plus CSN stimulation, decreased 
alveolar bone resorption was observed compared to the PD control group (Fig. 3A).

Quantification of bone in the furcation area showed no changes in the SHAM groups (stimulated or not) 
(Fig. 3B–E). However, the PD control rats exhibited a decrease in bone volume/tissue volume (BV/TV; Fig. 3B), 
an increase in porosity (Fig. 3C), and trabecular separation (Tb.Sp; Fig. 3D), compared to all the other groups. 
On the other hand, CSN stimulation attenuated the bone loss induced by PD (Fig. 3B–D). There was no differ-
ence in Th.N (Fig. 3E) among the groups.

Histological analysis of the effects of CSN stimulation. The histological analysis of the excised jaw 
showed no differences in the alveolar bone level or histological score between the SHAM groups (Fig. 4). Never-
theless, PD control rats exhibited severe inflammatory cellular infiltration, process resorption and severe cemen-
tum destruction (Fig. 4A), which was reflected by increased alveolar bone loss levels (Fig. 4B) and histological 
scores (Fig. 4C) compared to other animals. However, the periodontium of the rats with PD plus CSN stimula-
tion showed considerable preserved alveolar process, well-preserved cementum, and reduced cellular influx 
(Fig. 4A–B), resulting in lower histological scores (Fig. 4C).

Effects of CSN stimulation on plasma cytokines concentration. In the PD control group, high 
levels of the proinflammatory cytokine IL-6 were detected in plasma (Fig. 5A). Nevertheless, CSN stimulation 
reduced the levels of IL-6 induced by PD in the plasma (Fig. 5A). Plasma levels of IL-6 and IL-1β were not 
detected in SHAM plus CSN stimulated or SHAM control groups (Fig. 5A,C). Moreover, no differences were 
observed in plasma levels of TNFα, IL-1β or IL-10 among groups (Fig. 5B–D).

Effects of CSN stimulation on gingival cytokines expression. No changes were found in the expres-
sion of IL-6 and IL-10 in the gingival tissue among the groups (Fig. 6A,D). However, in addition to alveolar 
bone loss and histological damage, the ligature induced in the control rats a higher expression of TNFα and 
IL-1β in the gingival tissue, compared to the SHAM groups (Fig. 6B,C). Importantly, mRNA expressions of gin-
gival TNFα decreased in the PD rats submitted to CSN stimulation when compared to the PD plus control rats 
(Fig. 6B). Nevertheless, the same was not observed with respect the IL-1β levels (Fig. 6C).

Figure 2.  CSN stimulation elicits a hypotensive response. Mean arterial pressure (MAP; A) and heart rate (HR; 
B) at baseline and during electrical stimulation (ES) of the carotid sinus nerve in SHAM (n = 5) and periodontal 
disease (PD) rats (n = 8). Bars represent the mean ± standard error. *P < 0.05 versus basal. CSN, carotid sinus 
nerve; SHAM, fictitious ligation.
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Discussion
The present study demonstrates, for the first time, that long-term (9 days) CSN electrical stimulation (nine 
days) in unanesthetized rats attenuates bone loss, histological damage between the first and the second molar, 
local (gingival) and systemic (plasma) pro-inflammatory cytokines induced by periodontitis. Thus, these results 
indicate that sympathetic and parasympathetic activation, through the CSN stimulation, can prevent the damage 
of the ligature-induced periodontitis in rats.

Figure 3.  Stimulation of the CSN attenuates the bone loss induced by periodontitis, Evaluation trough 2D 
and 3D image analysis. Micro-CT images of the jaw (A) from SHAM rats with (n = 5) and without (n = 5) CSN 
stimulation and jaw from PD rats with (n = 8) and without (n = 6) CSN stimulation. Bar graphs represent bone 
volume/tissue volume (B; BV/TV), total bone porosity (C), separation of the trabeculae (D; Tb.Sp) and the 
trabecular number (E; Tb.N) in all evaluated groups. In Panel A, the red color arrow in the image from PD 
control group highlights the accentuated bone loss in the first molar (M1); the red color arrow in the image from 
PD plus CSN stimulation highlights the attenuation of the bone loss due to the CSN activation. In contrast, the 
area highlighted in dark red color indicates the bone volume of interest, where the bone volumetric analysis 
was performed. Bars represent the mean ± standard error. *P < 0.05 versus SHAM + Control; #P < 0.05 versus 
PD + Control. ES, electrical stimulation; M2, lower second molar; M3, lower third molar; SHAM, fictitious 
ligation.
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The autonomic nervous system influences the periodontal  tissue42. Autonomic nerve fibers were found in the 
cortical bone, endosteum, and periosteum, suggesting a direct effect on bone cell  function43,44. Moreover, the 
sympathetic activity inhibits the proliferation of osteoblasts and promotes bone loss trough the norepinephrine 
 release45,46. In contrast, parasympathetic activity has anti-inflammatory properties and decreases bone resorp-
tion by suppressing the sympathetic activity and increasing the apoptosis of  osteoclasts13,47. Acetylcholine, the 
principal neurotransmitter released by the parasympathetic nervous  system48, is synthesized by periodontium 
cells, as well as cells of the immune system, such as monocytes/macrophages, B and T  cells49–51. Previous studies 
showed that acetylcholine has anti-inflammatory activity through the activation of the alpha 7 nicotinic receptor, 
acting on immune-competent cells regulating inflammatory  processes20,21. The cholinergic anti-inflammatory 
pathway has been extensively investigated with therapeutic purposes to treat chronic inflammatory diseases, 
such as rheumatoid arthritis, asthma, sepsis, diabetes and  psoriasis52. However, the effect of this pathway in the 
treatment of PD is currently unknown. It is possible that the beneficial effects observed in bone loss and inflam-
mation in PD, caused by the simultaneous stimulation of the carotid baroreflex and chemoreflex described in 
the present study, maybe due to parasympathetic activation. This mechanism may protect the alveolar bone loss 
by decreasing the inflammation, the osteoclastogenesis and the sympathetic activity induced by PD.

Placement of a ligature around the posterior teeth mimics the development of the human periodontal dis-
ease, leading to local cellular inflammatory accumulation, apical migration of junctional epithelium, and bone 
 loss9,53. The development of periodontitis is associated with dysbiotic plaque biofilms and inflammatory response 
mediated by the  host54. The inflammatory response results in progressive destruction of the supporting struc-
tures of the teeth and loss of periodontal  attachment4. Therefore, the primary outcome of periodontitis includes 

Figure 4.  Stimulation of the CSN reduces bone loss and histological damage induced by periodontitis. 
Histological images of the jaw (A) from SHAM rats with (n = 5) and without (n = 5) CSN stimulation and from 
PD rats with (n = 8) and without (n = 6) CSN stimulation. The horizontal interrupted lines in the furcation area 
indicate the linear measurements of bone loss; the asterisk (*) indicates infiltration of inflammatory cells, and 
arrow indicates the loss of cementum. Bar graphs represent linear alveolar bone loss (B), and histological score 
(C) represented by bone loss, infiltration of inflammatory cells, and loss of cementum. Quantifications were 
performed using ImageJ 1.50i software, a version of Wayne Rasband, National Institutes of Health, USA (https ://
image j.nih.gov/ij). Bars represent the mean ± standard error. *P < 0.05 versus SHAM + Control; #P < 0.05 versus 
PD + Control. CSN, carotid sinus nerve; ES, electrical stimulation; PD, periodontal disease; SHAM, fictitious 
ligation; ct, connective tissue; ab, alveolar bone; M1, lower first molar; and M2, second lower molar.
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alveolar bone  loss4. Beyond alveolar bone loss and gingival inflammation, the literature documents that the 
production of cytokines in PD can act systemically through oral bacteria and immune cells translocation in the 
bloodstream reaching distant organs; eliciting, therefore, a generalized inflammatory  response55. Nevertheless, 
systemic inflammatory disease impacts the periodontal tissues, such as diabetes and  hypertension56,57. This 
notion might explain why the physiopathogenesis of PD is similar, in nature, to other inflammatory diseases. 
Thus, the ligature experimental periodontal disease model has been widely used in the literature to investigate 
the pathophysiology and new potential therapeutic strategies for  periodontitis9.

In the current study, rats with PD submitted to CSN activation showed lower plasma concentrations of 
IL-6 compared to the PD control group. IL-6 is a pro-inflammatory cytokine usually increased in periodon-
titis patients, and it has been likewise associated with the augmented incidence of myocardial infarction and 
 mortality58. Also, PD is associated with cardiovascular  diseases32–35, and inflammation seems to be the most 
likely outcome that correlates PD with cardiovascular  diseases59. Thus, there is a connection between these three 
conditions: inflammation, cardiovascular diseases and PD. It has been shown that electrical stimulation of the 
baroreflex is an effective therapeutic approach for cardiovascular diseases, for instance, arterial hypertension and 
heart  failure25–27; nevertheless, this electroceutical approach has also attenuated the inflammation in experimen-
tal PD, as demonstrated in the present study. Thus, the activation of the carotid baroreflex and chemoreflex in 
those clinical situations (hypertension and heart failure) would be helpful to counteract the undesirable effects of 
periodontitis themselves, eventually associated with those morbidities. For this reason, the results of the current 
study must be cautiously interpreted and carefully extrapolated to a clinical context.

In addition, in the current study, the PD control group exhibited an increase in inflammatory cell infiltration 
between the first and the second molar and augmentation of pro-inflammatory mediators (IL-1β and TNFα) 
along with the alveolar bone loss (volume and linear level). However, the levels of anti-inflammatory cytokine 
IL-10 and pro-inflammatory IL-6 were closer to the normal range. The increased levels of inflammatory cell infil-
tration and pro-inflammatory cytokines, and the alveolar bone loss are, in fact, a hallmark of  periodontitis2–4,60. 
Nevertheless, the CSN stimulation in the PD reduced the alveolar bone loss and histological damage, combined 
with a decrease in inflammatory cells in the interproximal area between the first molar and the second molar; 
nevertheless, with preservation of the cementum covering the dentin.

The TNFα is one of the essential pro-inflammatory cytokines involved in the development of PD. It elicits 
the migration of inflammatory cells, increasing the production of IL-1β6,7. The increase of gingival IL-1β lev-
els is in line with the study of Aral and co-workers (2015), that showed higher IL-1β in the ligature model of 
 PD60. The over-expression of TNFα and IL-1β increases the damage of the periodontal tissue and alveolar bone 
loss by stimulating osteoclastogenesis and inhibiting the osteoblasts  function6,7. The CSN electrical stimulation 
decreased the TNFα expression in the gingival tissue of rats, as well. It is possible that the lower expression of 

Figure 5.  CSN activation decreases plasma levels of IL-6. Plasma concentrations of IL-6 (A), TNFα (B), IL-1β 
(C) and IL-10 (D) of SHAM rats with (n = 5) and without (n = 5) CSN stimulation and of PD rats with (n = 8) 
and without (n = 6) CSN stimulation. Bars graphs represent the mean ± standard error. *P < 0.05 versus SHAM + 
Control; #P < 0.05 versus DP + Control. CSN, carotid sinus nerve; ES, electrical stimulation; ND, not detected; 
PD, periodontal disease; SHAM, fictitious ligation.
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TNFα contributed to the reduction of bone loss in PD rats under CSN activation. In fact, previous studies showed 
that TNFα antagonist inhibits osteoclast formation, inflammatory response, and bone loss in experimental 
 periodontitis61–63.

Baroreceptors are mechanoreceptors that monitor the arterial pressure and heart rate from the aortic arch, 
carotid sinuses and major blood  vessels28. In the periodontal ligament, there is also mechanoreceptors which 
respond to strength  application64. Besides, it has been suggested that the periodontal sensory innervation may 
interact with immunocompetent cells to assist their migration to inflamed areas of the periodontal  ligament65. 
Periodontal mechanoreception is similar to baroreceptor function, and can be considered an important reflex 
 mechanism66. The therapeutic method of electric activation of the baroreflex is described in the literature as 
Baroreflex Activation Therapy and has been used to treat some cardiovascular diseases, i.e. resistant hypertension 
and heart  failure25–27. Our laboratory developed a technique to electrically stimulate the CSN in unanesthetized 
rats, providing simultaneous carotid baroreflex and chemoreflex activation without the undesirable effects of 
 anesthesia30. In addition, both chemoreflex and baroreflex activation, through the CSN electrical stimulation, 
can also be used as an electroceutical approach to control the  inflammation24. Despite that, little is known 
about the possible influence of the baroreflex and chemoreflex mechanisms, particularly their activation, on the 
hemodynamic parameters (MAP and HR) in PD. The findings in the present study indicated that CSN electrical 
stimulation promotes similar hypotensive responses in SHAM and PD rats. However, no changes were observed 
in HR due to the CSN stimulation in the SHAM or PD groups. Moreover, there was no difference between base-
line arterial pressure or HR between rats with and without periodontitis. Therefore, these data are in line with 
previous studies that demonstrated that ligature-induced periodontitis did not affect arterial pressure in  mice67, 
and also that the CSN electrical stimulation did not change HR in unanesthetized  rats30.

Nevertheless, it is important to highlight that further studies are needed to elucidate: (1st) the mechanism 
involved in the baroreflex activation attenuating the PD development; (2nd) whether the chemoreflex stimula-
tion decreased PD progress by the sympathetic or parasympathetic activation; (3rd) whether both baroreflex and 
chemoreflex are needed to control the PD progression; and (4th) whether the CSN stimulation would attenuate 
the PD development after its installation.

The current study had the limitation that concerns the use of antibiotics after periodontitis induction, that 
was administered to protect the animal of undesirable infection caused by the surgical procedure for implanta-
tion of the electrodes. Periodontitis was induced concomitantly with implant surgery to avoid another surgical 
stress. Moreover, the most important aspect of this particular protocol is that the development of periodontitis 

Figure 6.  CSN stimulation decreases the expression of TNFα mRNA expression in gingival tissues. Expression 
of IL-6 (A), TNFα (B), IL-1β (C) and IL-10 (D) mRNA in gingival tissue of SHAM rats with (n = 3) and without 
(n = 3) CSN stimulation and of PD rats with (n = 4) and without (n = 3) CSN stimulation. Gene expression 
values are in relation to the SHAM group without stimulation of the CSN  (2−ΔΔCt), which was normalized by 
GAPDH. Bars graphs represent the mean ± standard error. *P < 0.05 versus SHAM + Control; #P < 0.05, versus 
DP + Control. CSN, carotid sinus nerve; ES, electrical stimulation; PD, periodontal disease; SHAM, fictitious 
ligation.
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after the implantation of the electrodes and performance of the ligature combined with the antibiotic—without 
the electrical stimulation (control protocol)—was remarkable. In this sense, it was observed consistent results of 
alveolar bone loss, an increase of cytokines expression in the gingival tissue and plasma levels, and histopatho-
logical scores in the interdental (between the first and the second molar) region. Apropos, these results were 
similar to previous  studies60,68,69 indicating that the protocol used in the current manuscript is straightforward, 
demonstrating the efficacy of the electrical stimulation of the carotid sinus nerve upon the physiopathological 
responses of periodontitis.

In conclusion, the present study demonstrated that the electrical stimulation of the CSN promotes a protective 
effect on PD development in unanesthetized rats. Moreover, the current findings provide new insights to under-
standing the link between baroreflex and chemoreflex activation on the modulation of periodontal bone loss.
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Abstract The motivation for this review comes from the emerging complexity of the autonomic innervation of the carotid
body (CB) and its putative role in regulating chemoreceptor sensitivity. With the carotid bodies as a potential ther-
apeutic target for numerous cardiorespiratory and metabolic diseases, an understanding of the neural control of its
circulation is most relevant. Since nerve fibres track blood vessels and receive autonomic innervation, we initiate
our review by describing the origins of arterial feed to the CB and its unique vascular architecture and blood flow.
Arterial feed(s) vary amongst species and, unequivocally, the arterial blood supply is relatively high to this organ.
The vasculature appears to form separate circuits inside the CB with one having arterial venous anastomoses. Both
sympathetic and parasympathetic nerves are present with postganglionic neurons located within the CB or close to
it in the form of paraganglia. Their role in arterial vascular resistance control is described as is how CB blood flow
relates to carotid sinus afferent activity. We discuss non-vascular targets of autonomic nerves, their possible role in
controlling glomus cell activity, and how certain transmitters may relate to function. We propose that the auto-
nomic nerves sub-serving the CB provide a rapid mechanism to tune the gain of peripheral chemoreflex sensitivity
based on alterations in blood flow and oxygen delivery, and might provide future therapeutic targets. However,
there remain a number of unknowns regarding these mechanisms that require further research that is discussed.

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

Keywords Carotid body • Glomus cell • Vasculature • Autonomic innervation • Chemoreflex sensitivity

1. Introduction

The carotid body (CB) has been highlighted as a potential therapeutic
target for the treatment of cardiovascular diseases, including hyperten-
sion, heart failure, and breathing disturbances.1–7 Recent studies have
suggested that in some cardiovascular disorders, the carotid bodies gen-
erate aberrant hyperreflexia and tonicity. Via reflex circuitry this tone
powers the generation of excessive sympathetic activity, which is associ-
ated with the development and maintenance of disease, and contributes
to end-organ damage.2,5,7,8 The mechanisms by which hyperreflexia and
aberrant tone are generated are not fully understood but include: up-
regulated expression of P2X3 purinoceptor,2 reduced carbon monoxide
levels,9,10 high levels of hydrogen sulfide and reactive oxygen

species,9,10up-regulated proinflammatory cytokines (inflammatory medi-
ators), and cytokine receptors in the CB.11 There may also be
changes in the expression of ion channels or activity of intracellular
calcium and second messenger systems within glomus cells that regu-
late their excitability.12–14

Experimentally, one way to ascertain the role of carotid bodies in car-
diorespiratory disease is to denervate or remove them. These manoeu-
vres reduce arterial pressure and sympathetic tone in spontaneously
hypertensive rats and hypertensive patients.15–17 In addition, in animals
with heart failure, removal of carotid bodies improved autonomic imbal-
ance and cardiac pump function as well as resolving the breathing distur-
bances.18,19 In chronic heart failure, it has been proposed that the
reduced cardiac output decreases blood supply to the CB that causes

* Corresponding author. Tel: þ64 9 923 2052, E-mail: j.paton@auckland.ac.nz

† The first two authors contributed equally to the study.
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.
their sensitization and tonicity.7,20,21 In addition, hypoperfusion of the CB
in heart failure may be related to changes in the activity of a mechano-
activated transcription factor, called Kruppel-like factor 2.7,21,22 Studies
in humans and rats have highlighted the regulatory role of the CB for glu-
cose homeostasis. Indeed, hypoglycaemia has been shown to: (i) increase
ventilation23–27 and (ii) increase CO2 sensitivity through adrenaline re-
lease.28,29 Together, these effects may avert acidosis in diseases like
diabetes.

Removal of carotid bodies in patients with cardiovascular and respira-
tory disease, as a therapeutic approach, may have deleterious conse-
quences. This is based on the facts that many patients have
comorbidities and that the CB is a multi-modal receptor with at least 20
known physiological functions including: respiratory,30,31 cardiac/vascu-
lar,32,33 neurohumoral regulation,25,34,35 and behavioural.6 Thus, its re-
moval will likely disrupt numerous homeostatic functions thereby
increasing susceptibility to side-effects. This outcome was exemplified in
a recent study where nocturnal oxygen desaturations worsened in
patients with heart failure and sleep apnoea.36 Thus, understanding the
changes that occur within the CB in pathological states and the emerging
mechanisms underpinning aberrant hyperreflexia and tonicity become
essential if one is to attempt to pharmacologically antagonize these path-
ological conditions in humans. Given that, the CB is sensitive to blood
flow and that reductions in cardiac output appear to trigger sensitization
in heart failure,20 we have considered the mechanisms controlling blood
flow to the CB and whether this knowledge might provide novel targets
that allow therapeutic manipulation of its sensitivity and tonicity.

Between the 1930s and 1980s, studies on CB vascularization and its
autonomic innervation were described in numerous non-rodent species.
Since then, few studies have been performed confirming these findings
or adding additional information about the functional control of the cir-
culation within the CB. This may reflect the relatively small size of the
CB when transitioning from dogs and cats to rats and mice; notably,
there is a dearth of data in the mouse. Therefore, the aim of the current
review is to understand the role of the autonomic innervation of the CB
and how it might affect its sensitivity through. We survey much of the
existing historical literature as well as more recent findings about the CB
vasculature and its neural innervation emphasizing its neurohumoral
control in different species, including human in health and disease
conditions.

2. The origin of arterial blood
supply to the CB in different species

The CB is considered to be one of the most densely vascularized organs
in the body.37 The origin of the arterial blood supply to the CB varies be-
tween species, and within the same species (Table 1 and Figure 1). The
pioneering study from Schaper38 did not find a common arterial blood
supply to the CB in human, cat, sheep, rabbit, and calf. He described that
the CB in humans received its supply from a small artery with its origin at
the bifurcation of the common carotid artery.38 In contrast, in other spe-
cies (cat, sheep, rabbit, and calf) he described that the arterial feed origi-
nated from several distinct branches from the carotid arteries (see
below for details). In the next sections, the CB blood supply will be de-
scribed for each species.

2.1 Human
In humans, the origin of CB blood supply was found to come from a small
artery called the ‘glomic artery’ which was found to have numerous

origins across individuals (Table 1 and Figure 1A). These included the bi-
furcation of the common carotid artery,39 the external carotid, internal
carotid, ascending pharyngeal or vertebral arteries, or even the thyrocer-
vical trunk—a branch of the subclavian artery.40–42 Studies have shown
that the origin of these arteries may be associated with ethnicity.42,44

Muthoka et al.42 compared the source of arterial blood supply to the CB
in Kenyan vs. British cohorts and observed that the arterial blood supply
was sourced from the carotid bifurcation in 88% of the British and 51.4%
of the Kenyan population. In addition, while arterial origins from ascend-
ing pharyngeal, external, and internal carotid arteries made up only 12%
of the cases in the British population, almost 50% of the Kenyan’s dem-
onstrated these feeds.39,42 Thus, it is clear that there is a huge variety in
the origin of the CB blood supply in humans, and this difference might be
related to ethnicity. However, to the best of our knowledge, it is un-
known whether this anatomical divergence would be associated with dif-
ferent physiological and/or pathophysiological functions.

2.2 Monkey
In monkeys (Macaca fascicularis), the CB is situated between the occipital
artery and the medial portion of the internal carotid artery.46 The mor-
phometric study of the CB from two female cynomologus monkeys con-
ducted by Hansen46 did not describe where the blood supply of the CB
originated. However, considering the position of the CB in the monkey,
it is reasoned that the blood supply originates from one or more of the
following arteries: occipital, external carotid, and/or internal carotid
(Table 1 and Figure 1B).

2.3 Sheep and goat
In these species, glomus tissue is not found in a single compact ‘body’ but
scattered along the main arteries in the neck.48 However, main clumps
of glomus tissue are supplied by a branch of the occipital artery48,49 as
the internal carotid artery is small, becoming non-patent in these species
(Table 1 and Figure 1C).64

2.4 Dog, cat, and rabbit
The blood supply of the canine CB originates from a small artery branch-
ing off either the proximal part of the occipital artery or the external ca-
rotid artery50,65,66 or ascending pharyngeal artery (Table 1 and
Figure 1D).50 In cats, Davis and Story51 indicated that its blood supply
originated from the root of either the occipital or pharyngeal arteries;
this was confirmed by Chungcharoen et al.50 and Seidl52 who also de-
scribed the external carotid artery as an additional possibility (Table 1
and Figure 1E). In the rabbit, Chungcharoen et al.50 found the CB feeder
artery arose from either the external or internal carotid arteries, or
from the bifurcation of the common carotid artery (Table 1 and
Figure 1F).

2.5 Guinea pig
Kondo67 revealed that the CB of guinea pig was located close to the ori-
gin of ascending pharyngeal artery, but its blood supply was not de-
scribed. Despite this, it is probable that the blood supply to the CB
comes from the ascending pharyngeal artery in guinea pig (Table 1 and
Figure 1G). This species does not have internal carotid arteries.67

2.6 Rat
In the rat, McDonald and Larue58 described that the blood supply to the
CB arises from a single artery called the ‘CB artery’, which originates

2 F. Brognara et al.
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..from either the external carotid artery or the occipital artery (Table 1
and Figure 1H); this was confirmed subsequently.59,60

2.7 Mouse
To the best of our knowledge, the vascularization of the mouse CB has not
been fully described. However, since the CB of mouse is located very close to
the superior cervical ganglion (SCG) lying between external and internal ca-
rotid arteries,68,69 we suggest its blood supply comes from either the external
carotid artery or occipital artery as described in rats (Table 1 and Figure 1I

3. Specializations of the intra-CB
vascularization and
microvascularization

Of all species, vascularization of the CB was studied comprehensively in
the rat. Based on this and the density of current studies on CB carried

out in the rat, our discussion in this specific section, will be based exclu-
sively on this species.

McDonald and Larue58 thoroughly described the ultrastructure and
connections of blood vessels of the rat CB. According to their work, the
CB artery enters the CB, immediately divides into three or four first-
order branches, and then, into at least five second-order branches.58 Of
these secondary branches, about three branches—which are composed
of continuous non-fenestrated endothelium with one or two layers of
smooth muscle and a thin adventitial layer—supply the CB while the
others go to adjacent structures, such as the carotid sinus nerve (CSN),
vagus nerve, SCG, and nodose ganglion.58 The arterioles supplying the
glomus cells originate from the third- and fourth-order branches of the
CB artery, have a diameter <15mm, and at their distal end generate a
capillary network.58,70 Clarke et al.,47 described the small vessels (i.e.
capillaries) comprised "50–60% of all vascular component of the CB. In
Long-Evans rats, the microvascularization of the CB is composed of

..............................................................................................................................................................................................................................

Table 1 Possible origins of carotid body blood supply in different species

Species Origin Carotid body: size/weight Reference (s)

Human Carotid bifurcation

External carotid artery

Internal carotid artery

Ascending pharyngeal artery

Vertebral artery

Thyrocervical trunk

1.5–7 mm/12–18 mg Heath et al.39

Sarrat-Torres et al.40

Ozay et al.41

Muthoka et al.42

Heath et al.43

Khan et al.44

Nguyen et al.45

Monkey Not known 0.8–1.3 mm/not known Hansen46

Clarke et al.47

Sheep and goat Occipital artery 1.1 mm/10 mg Sadik et al.48

Najafi et al.49

Dog Occipital artery

Ascending pharyngeal artery

External carotid artery

A muscle branch of the external ca-

rotid artery

1–3 mm/not known Chungcharoen et al.50

Cat Occipito-ascending pharyngeal trunk

Occipital artery

Ascending pharyngeal artery

External carotid artery

0.45–1.2 mm/2 mg Davis and Story51

Chungcharoen et al.50

Seidl52

Clarke et al.53

Jones54

Rabbit External carotid artery

Internal carotid artery or carotid

bifurcation

0.8–1.9 mm/not known Chungcharoen et al.50

Clarke and de Burgh Daly55

Eken et al.56

Guinea pig Not known 0.5 mm/0.08 mg Clarke and de Burgh Daly55

Docio et al.57

Rat External carotid artery

Occipital artery

0.4–0.8 mm/0.06 mg McDonald and Larue58

Habeck et al.59

Unur and Aycan60

Hess61

Clarke and de Burgh Daly55

Clarke et al.62

McDonald63

Mouse Not known 0.4 mm/not known Clarke and de Burgh Daly55

Carotid body innervation and cardiovascular physiopathology 3
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..distinct capillaries classified as Types I and II (Figure 2).58,70 Type I capillar-
ies are large (14–20mm of diameter) and supply clusters of glomus cells
forming intimate curved contacts around single glomus cells. They are
connected to many collecting venules by channels, which are narrower
than the capillaries themselves, and have numerous fenestrations, few cav-
eolae and are only partially covered by pericytes. In contrast, Type II
capillaries are smaller ("7mm of diameter), do not supply glomus cell
clusters, have both straight and curved segments and are covered by peri-
cytes at their arterial end and endothelial fenestrations at their venous
end.58,70 They provide an alternate route for blood flow through the
CB.58 Both types of capillaries are preceded by precapillary sphincters,
which in are composed of a complete layer of smooth muscle cells or
pericytes, that contribute to controlling the blood flow from arterioles
into capillary branches within the CB. Numerous arteriovenous anasto-

moses in the interior of the CB were found where arterioles connect di-
rectly to venules,58 but their function remains unknown.

The capillaries are connected to venules at both the outer surface of
the CB and within its interior. Some venules from the CB connect to ei-
ther the internal or external jugular vein forming a CB venous plexus that
contributes to its drainage. In addition, caudal and rostral projecting veins
from the CB connect to the pharyngeal vein that drains into the external
jugular vein via the pharyngeal plexus and the posterior facial vein. Finally,
ventral veins join the internal jugular vein.58 Therefore, arterioles and ven-
ules are the most important compartments for regulating total blood flow.
This occurs via the presence of the aforementioned precapillary sphincters
in terminal arterioles and narrowing channels at connecting points of arte-
rial vessels with venules. Altogether, total blood flow through the CB is
regulated by sphincters at the arterial and venous vessels.

Figure 1 Species variation of the origin of CB blood supply. Schematic representation of the origin of CB blood supply in human (A), monkey (B), sheep
and goat (C), dog (D), cat (E), rabbit (F), guinea pig (G), rat (H), and mouse (I). APA, ascending pharyngeal artery; CB, carotid body; CCA, common carotid
artery; ECA, external carotid artery; ICA, internal carotid artery; OA, occipital artery. Data from Refs.39–42,48–52,58–60,67
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D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

v
r/c

v
a
a
2
5
0
/5

8
9
6
5
2
1
 b

y
 F

M
R

P
/B

IB
L
IO

T
E

C
A

 C
E

N
T

R
A

L
 u

s
e
r o

n
 2

7
 N

o
v
e
m

b
e
r 2

0
2
0



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..4. The remarkable blood flow of the
CB

In addition to the precapillary sphincters, another structure contributes
to the control of blood flow within the CB known as the ‘intimal cushion’
(Figure 2). The intimal cushion is formed by circumferential smooth mus-
cle cells, collagenous fibres, basal and elastic laminae, and also by compo-
nents of the extracellular matrix.58 It is found at the origin of the CB
artery and can reduce the diameter of this artery by >50%, and this is
most likely mediated through its autonomic innervation.58,71

Nevertheless, despite this structure being found in rats, studies in
humans do not report its presence.72

Relative to human brain ("50 mL/min/100 g)73,74 and heart ("80 mL/
min/100 g),75–77 the CB has a relatively large blood flow compared to
other highly metabolically active organs in the body, and the same is ob-
served in other species, for instance, in cats.37 In cats, the total CB blood
flow (venous outflow) was reported to be 1417–2000 mL/min/
100 g,37,78 while in rabbits it is 700–1203 mL/min/100 g.20,79 Clarke
et al.47 reported that in rats and non-human primates, the CB tissue-
specific blood flow (blood flow measurement based on the wet weight
of the dissected organ) is 104 mL/min/100 g and 31 mL/min/100 g,
respectively.

In disease states, there is evidence that blood flow to the CB is dimin-
ished. With impaired cardiac output in heart failure, blood flow to the
CB is reduced, and this diminution is associated with an increase in pe-
ripheral chemoreflex sensitivity and a hyperreflexic sympathetic re-
sponse.7,20,21 Ding et al.20 showed that, in addition to the reduction in
the carotid blood flow, chronic heart failure and carotid artery occlusion

similarly decreased neural nitric oxide synthase (NOS) expression and
nitric oxide (NO) levels in the CB, which might explain the raised reflex
sensitivity, given the inhibitory role of NO in the CB.9,10 In addition, an-
giotensin II type 1 receptor protein expression and angiotensin II con-
centration were both elevated in the CB of heart failure rabbits,20 which
may induce vasoconstriction. Furthermore, it has been suggested that
the decrease in CB blood flow is associated with a reduction in expres-
sion of Kruppel-like Factor 2, which is induced by endothelial cell shear
stress and associated with reduced NO bioavailability, elevated inflam-
mation, and angiotensin metabolism.7,21,22,80Kruppel-like Factor 2 ex-
pression was decreased in chronic heart failure and sensitized CB
function by: (i) decreasing endothelial NOS expression thereby reducing
NO bioavailability; (ii) increasing angiotensin-converting enzyme 1 ex-
pression, which increases angiotensin II levels, consequently enhancing
the renin–angiotensin system activity within the CB; and (iii) triggers in-
flammation since the Kruppel-like Factor 2 has anti-inflammatory func-
tion and inflammation has been associated with CB sensitization.7,21,81–83

Whether there is also expression of adherence molecules by the CB en-
dothelium trapping leukocytes, as was seen in the brainstem microvascu-
lature of spontaneously hypertensive rats,84,85 remains a possibility to be
confirmed.

It is known that the bifurcation of the common carotid arteries is
prone to developing atherosclerosis due to several factors which include
the turbulence, the flow velocity changes and the artery wall stress
among others.86–88 The pioneering study of Lowe et al.89 suggested that
the progressive carotid atherosclerosis compresses the CB blood supply
through the glomic arteries.89 These authors89 showed a progressive
loss of glomic tissue in the CB as the carotid bifurcation arteries

Figure 2 Schematic representation of the blood vessels within the rat carotid body. The carotid body artery enters the carotid body and its branches
forming third- and fourth-order arterioles before arterioles form leading to capillaries, which are composed of two types: Type I penetrate a cluster of
glomus cells and Type II that do not penetrate glomus cell clusters. The capillaries are connected to venules that drain into the internal and external jugu-
lar vein to compose the carotid body venous plexus. Figure adapted from Ref.,58 permissions received.
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(external, internal, and common) became increasingly stenosed with age.
More recent studies also demonstrated damage to the CB damage with
carotid artery stenosis.90,91 Matturri et al.,90 studied elderly patients who
died from cerebral vascular disorders and had carotid artery obstruction;
these patients presented atrophy and fibrosis of the CB associated with
a focal decrease of CB vascularization.90 Thus, severe damage of the CB
and a reduction of the CB blood supply are characters of carotid artery
stenosis. It is known that the ischemia of the CB increases peripheral
chemoreflex sensitivity,20 which causes significant mortality and morbid-
ity in several diseases.92,93 In addition, patients with asymptomatic ca-
rotid artery stenosis have increased chemoreflex sensitivity.94 Further,
carotid artery revascularization following endarterectomy reduced che-
moreflex sensitivity in patients with arteriosclerotic carotid stenosis.95

Compared with stenting, endarterectomy was more effective in revers-
ing chemoreceptor function in these patients.95

Of note, given that in humans common carotid artery blood flow is re-
duced on standing compared with the supine position96–98 this may pro-
vide a stimulus to the CB to increase its activity. Thus, changes in blood
flow to the CB clearly affect its sensitization. This prompts the question
regarding autonomic innervation of CB vasculature and whether changes
in autonomic vasomotor nerve discharge can alter CB reflex sensitivity
and tonicity.

5. Autonomic innervation of the CB
and control of blood flow

Given the increased sympathetic vasomotor tone in hypertension, the
question arises whether this is also increased in the sympathetic nerves
innervating the CB arterioles and, if so, does this decrease its blood flow
to a level sufficient to activate glomus cells. If so, this could trigger a sys-
temic increase in sympathetically mediated vasoconstriction and hyper-
tension, and possibly further vasoconstriction in the CB via a positive
amplification feedback loop. To understand better this possibility, it is
crucial to comprehend the autonomic innervation of CB vasculature and
whether this is altered in disease states.

Autonomic innervation of the CB includes innervation of three struc-
tures: (i) all segments of the vascular bed—arterioles, capillaries, preca-
pillary sphincters, intimal cushion, arteriovenous anastomoses, venules,
and small venules—(Figure 2); (ii) type A glomus cells; and (iii) sympa-
thetic and parasympathetic ganglion neurones located circumferentially
within the CB.71,99 It is well described that within the CB, one or two glo-
mus cells are located alongside glial-like cells commonly adjacent to a
capillary.100 Furthermore, electron microscopy studies have identified
two subpopulations of glomus cells (Type A and Type B) based on the
diameter of their dense-core vesicles: Type A glomus cells contain larger
dense-core vesicles than Type B. Type A glomus cells are the only cells
that receive either afferent or efferent nervous innervation and are more
abundant than Type B cells (Figure 3).101

Autonomic innervation of the capillaries is not completely under-
stood. However, McDonald71 discusses that they could be involved with
vasomotor changes via direct effects on the extensive pericytes that exist
on CB capillaries, or indirectly via actions on glomus cells. Nevertheless,
according to the author,71 they could also take up amines inflowing into
the CB via the circulation.

5.1 Sympathetic innervation
The CB receives sympathetic postganglionic fibres from the SCG via the
ganglioglomerular nerve (GGN).100 The postganglionic sympathetic neu-
rons exclusively innervate blood vessels.71 Some of these sympathetic
postganglionic cells are located outside the SCG either along the GGN
or within the CB itself.100 They receive inputs from preganglionic neu-
rons ascending via the cervical sympathetic trunk (CST).99 Similar to
chromaffin cells within the adrenal medulla, the CB also receives pregan-
glionic sympathetic innervation from the CST that directly innervates
some glomus cells (Figure 4A).99

In cats, Eyzaguirre and Uchizono108 reported that some sympathetic
fibres originating from the SCG course within the CSN to innervate the
CB. The authors described a thick nerve dividing into two branches, in
which one of them pierced the glomerular capsule that surrounds the
CB, whereas the other branch bypassed the CB and joined the CSN cau-
dally. In rats, a similar description was conveyed by McDonald.102 He de-
scribed that a small branch of the CSN joined the sympathetic nerve that
emerges from the SCG and alongside the GGN comprises the external
carotid nerve. According to McDonald,102 this nerve emerged from the
lateral aspect of the superior cervical ganglion, wrapped around the carotid si-
nus in a dorsal to ventral trajectory, passed just dorsal to the sinus nerve
[where they connected], and then joined the sympathetic nerves on the ex-
ternal carotid artery (Supplementary material online, Figure S1A). The au-
thor emphasized that at the convergence between the CSN and the
sympathetic nerve was used as a thoroughfare for baroreceptor termi-
nals to innervate the carotid sinus region. However, this anatomical de-
scription does not rule out the idea that postganglionic sympathetic
neurons course to the rostral pole of the CB via the CSN as described
by Eyzaguirre and Uchizono.108 Whether the function of these nerves
relative to the sympathetic fibres originating from the SCG differs,
remains to be elucidated.

In cats, Biscoe and Sampson103 reported two extra-cranial postgangli-
onic branches from the SCG connecting the internal carotid nerve with
the glossopharyngeal nerve (GPN). From these branches, postganglionic
sympathetic neurons make a loop and return to the CB via the CSN
(Supplementary material online, Figure S1). The authors recorded from
the central end of fibres peeled from the CSN cut close to the CB that
demonstrated rhythmic activity modulated by respiration. The spontane-
ous rhythmic activity of these postganglionic sympathetic fibres was
abolished when the extra-cranial postganglionic branches from the SCG
were cut. Therefore, in cats, postganglionic sympathetic fibres from the
SCG join the CSN at two locations: caudal portion of the CSN and the
GPN (Figure 4Aand Supplementary material online, Figure S1B).

5.2 Parasympathetic innervation
This occurs via the CSN and a branch of the vagus nerve. The pregangli-
onic neurons synapse with autonomic ganglion cells either just outside
or inside the CB. Some authors refer to the set of these ganglionic cells
as the carotid ganglion109 and argue that they innervate blood vessels ex-
clusively (for review see Daly,100 p37 and McDonald and Mitchell99),
whereas other authors do not accept this assumption and suggest they
could also innervate glomus cells.110 Biscoe et al.111 reported that nerve
endings found to synapse with some glomus cells are efferent neurons
with soma located in the brainstem; this suggests a direct preganglionic
parasympathetic innervation. Retrograde labelling revealed preganglionic
parasympathetic cell bodies at two nuclei: the nucleus parvocellularis
reticularis and the retro nucleus ambiguus (Figure 4B).104 However,
lately, the importance of preganglionic parasympathetic innervation has

6 F. Brognara et al.
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.
been questioned, especially with the report of putative innervation of
paraganglia neurons present within both the GPN and CSN.115 A sum-
mary of the parasympathetic innervation of the CB is depicted in
Figure 3.

6. Autonomic influences on CB
chemoreceptors: vascular,
non-vascular, or both?

The function of sympathetic and parasympathetic innervation on CB af-
ferent discharge has been studied in non-rodent species100,106,114,115 (for
review see de Burgh Daly,100 p85–88) and is described next for each
limb of the autonomic nervous system.

6.1 Sympathetic responses
McDonald and Mitchell99 reported that preganglionic sympathetic con-
nections of glomus cells represented only 1% of all connections; there-
fore, we can speculate that not all glomus cells are innervated and the
bulk of effect of sympathetic activation to the CB is most likely mediated
via a vascular effect. Floyd and Neil116 were the first authors to evaluate
the effects of sympathetic innervation on peripheral arterial chemore-
ceptor afferent activity. They electrically stimulated the CST in anaesthe-
tized cats and reported an increase in chemoreceptor afferent discharge.
Thereafter, Daly et al.78 reproduced this finding and also showed an asso-
ciated reduced CB blood flow and vasoconstriction with cervical sympa-
thetic stimulation. Two decades later, McDonald and Mitchell99

demonstrated preganglionic sympathetic innervation to some glomus
cells and proposed that sympathetic innervation might have two distinct
effects: (i) an excitatory effect on CB afferent discharge caused by vaso-
constriction and reduced blood flow; and (ii) an inhibitory response

Figure 3 Superimposition of the autonomic innervation and circulations of the carotid body. The CB receives afferent (black), efferent—sympathetic
(red) and parasympathetic (blue)—innervation. Within the CB, connections are made with two main structures: Type A glomus cells and vasculature
(arterioles, capillaries, and venules). Type A glomus cells receive inputs from afferent neurons [tyrosine hydroxylase-positive (dashed line) and nitric oxide
synthase-positive (continuous line)], NO-producing (green) paraganglia cells, and preganglionic sympathetic neurons (dashed line). In contrast, the vascu-
lature is innervated by postganglionic sympathetic neurons (continuous line) traversing via nerve branches from the SCG and sympathetic ganglionic cells
located at the peripheral surface and within the CB. Furthermore, parasympathetic innervation to the vasculature also originates from ganglionic cells and
NO-producing ganglionic cells (dark green), which are positive to ChAT. The sympathetic fibres reach the CB via two nerves: the GGN and the CSN.
The CSN receives sympathetic fibres via: (i) a branch originating from the GGN that bypass the CB joining the CSN at its caudal portion, and (ii) an extra-
cranial branch that connects the ICN to the GPN (to date, shown only in cats). Preganglionic parasympathetic neurons (dashed line) reach the CB via the
CSN and a branch from the cervical vagus nerve. AVAN, arteriovenous anastomosis; CB, carotid body; CBA, carotid body artery; CCA, common carotid
artery; ChAT, choline acetyltransferase; CSN, carotid sinus nerve; ECA, external carotid artery; ECN, external carotid nerve; GGN, ganglioglomerular
nerve; GPN, glossopharyngeal nerve; ICA, internal carotid artery; ICN, internal carotid nerve; NO, nitric oxide; SCG, superior cervical ganglion. Data
from Refs.58,71,99,102–107
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.mediated by an evoked release of dopamine via the innervation of glo-
mus cells. Dopamine acting on D2 receptors is well known to exert an
inhibitory effect upon both chemoreceptors discharge and the hypoxic
ventilatory response.117,118 Pharmacological studies have shown that
injecting cholinergic nicotinic agonists increase the release of norepi-
nephrine (NE) in the CB.119 It was suggested that nicotinic receptors

(nAChR) are located in specific NE-containing glomus cells.119 However,
according to the study of McDonald and Mitchell,99 the only chemore-
ceptors which are immunoreactive for dopamine beta-hydroxylase (i.e.
able to produce NE) are the Type B glomus cells, and these receive nei-
ther afferent nor efferent innervation. One possibility is that Type A glo-
mus cells are excited via preganglionic sympathetic fibres and

Figure 4 Intra-CB connections of sympathetic (A) and parasympathetic (B) nerves. (A) Within the CB preganglionic sympathetic neurons traversing via
nerve branches from the SCG synapse with both Type A glomus cells and ganglionic cells located within and at the peripheral surface of the CB; the latter
innervates the vasculature. In contrast, postganglionic sympathetic neurons located within the SCG project via the CSN and the GGN to the CB inner-
vate the vasculature only (arterioles, capillaries, and venules). Data from Refs.71,99,103 (B) Preganglionic parasympathetic neurons innervating CB are lo-
cated within the brainstem at the PCRt and the RNA. These neurons project via the GPN and CSN as well as a branch from the cervical vagus nerve to
the CB. They synapse with parasympathetic ganglion cells (blue) at the surface of the CB that are located adjacent to the entry/exit points of the CSN and
cervical vagus nerves innervating the CB. These parasympathetic ganglion cells innervate CB arterioles and capillaries that are either adjacent to, or distant
from, glomus cell clusters. NO-producing paraganglia (green) cells that are located within the CB (dark green) and along the CSN/GPN innervate the
Type-A glomus cells and blood vessels; they are known to have an inhibitory function on CB afferent activity. 5 SP, nuclei of the spinal tract of V; 5 ST, spi-
nal tract of V; AVAN, arteriovenous anastomosis; CB, carotid body; CBA, carotid body artery; CNS, carotid sinus nerve; GGN, ganglioglomerular nerve;
GPN, glossopharyngeal nerve; P, pyramidal tract; PCRt, parvocellularis reticulares nucleus; PH, nucleus praepositus hypoglossi; RB, restiform body; RNA,
retro nucleus ambiguus; SCG, superior cervical ganglion; VIN, inferior vestibular nucleus; VMN, medial vestibular nucleus. Data from Refs.71,102,104,105,112
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..simultaneously depolarize Type B cells via gap junction connections.99

Another source of NE via nAChR activation is released from sympa-
thetic postganglionic cells located within the CB (Figure 5).99

Regarding the excitatory effect of the sympathetic innervation of the
CB, O’Regan120 suggested two mechanisms: the first mediated by the re-
lease of NE acting on vascular a1-adrenergic receptors and the second
produced by co-release of neuropeptides. In fact, postganglionic sympa-
thetic neurons in the CB are known to co-release neuropeptide Y
(NPY) with NE, and this one is able to produce vasoconstriction in other
vascular beds.119,121,122 In cats, intra-carotid injection of NPY was able to

produce activation of hyperpnoea proving its ability to stimulate chemo-
receptors123; however, whether or not glomus cells express NPY recep-
tors is yet to be determined. Additionally, non-adrenergic neurons of
sympathetic origin release vasoactive intestinal peptide (VIP).109 VIP was
demonstrated to activate afferent sensory fibres in the CB of cats and
are known to produce vasodilation.119,124 In the CB, NE causes vasocon-
striction via a1-adrenoreceptors located on vascular smooth muscle.125

Acting via a2-adrenoreceptors located on glomus cells, NE inhibits che-
moreceptors decreasing their sensitivity.119,126,127 The a2-adrenorecep-
tors were also found on sympathetic endings where they modulate the

Figure 5 Proposed vascular and non-vascular effects for sympathetic efferents to the CB. Few glomus cells ("1%) receive direct preganglionic sympa-
thetic innervation. CB blood vessels receive postganglionic sympathetic innervation from ganglionic cells whose soma are located either in the superior
cervical ganglion, or throughout the ganglioglomerular nerve, or within the CB itself. It was suggested that nAChRs are located in specific NE-containing
glomus cells (i.e. Type B glomus cells). However, these receive neither afferent nor efferent innervation. Another source of NE via nAChR activation is re-
leased from sympathetic postganglionic cells located within the CB. Postganglionic sympathetic cells in the CB co-release NPY, whereas non-adrenergic
neurons of sympathetic origin release VIP. VIP was demonstrated to directly activate afferent sensory fibres in the CB and are known to produce vasodila-
tion; conversely, NPY is known to produce vasoconstriction in other vascular beds; however, whether glomus cells express NPY receptors is yet to be
determined. In the CB, NE causes vasoconstriction via a1-adrenoreceptors located on vascular smooth muscle. Acting via a2-adrenoreceptors located
on glomus cells, NE inhibits chemoreceptors decreasing their sensitivity. The a2-adrenoreceptors were also found on sympathetic endings where they
modulate the release of NE. b1-adrenoreceptors exert an excitatory effect on the CB, but whether these receptors are located in glomus cells, nerve
endings of sensory fibres or vessels remains to be determined. Electrical stimulation of sympathetic innervation to the CB produces excitation, inhibition
or no effect. These inconsistent responses might be explained by the ability of NE to bind to these different adrenoceptors. Note, NE is able to bind to in-
hibitory dopaminergic receptors (i.e. D2 receptors) located on glomus cells and afferent sensory fibres. Furthermore, vasodilatatory b2-adrenoreceptors
might also play a role in the inhibitory effects of its sympathetic innervation. CB, carotid body; nAChR, cholinergic nicotinic receptor; NE, norepinephrine;
NPY, neuropeptide Y; VIP, vasoactive intestinal peptide. Data from Refs.99,109,119–122,124–130
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.
release of NE.126 Folgering et al.128 demonstrated excitatory effect on
CSN discharge mediated via b1-adrenoreceptors, but whether these
receptors are located in glomus cells, nerve endings of sensory fibres or
vessels are still to be determined. O’Regan120 demonstrated that electri-
cal stimulation of sympathetic innervation to the CB is able to produce
excitation, inhibition, or no effect. These inconsistent responses might
be explained by the ability of NE to bind to these different adrenocep-
tors. It is worth note that NE is able to bind, in some degree, D2 recep-
tors located in glomus cells and afferent sensory fibres.129,130

Furthermore, vasodilatatory b2-adrenoreceptors might also play a role
in inhibitory effects of sympathetic (Figure 5).

6.2 Parasympathetic responses
The influence of the CSN innervation, which contains parasympathetic
pre-ganglionic and paraganglia neurons, on CB chemoreceptor activity
was investigated in vivo.104,105,113,131 Measuring CB blood flow in cats,
Neil and O’Regan131 showed that stimulation of the CSN decreased
chemoreceptor discharge and produced a concomitant increase in CB
blood flow. Following intra-arterial injection of atropine close to the CB,
the effect on the blood flow was abolished, but the inhibitory effect on
chemoreceptor activity persisted. The authors came to the conclusion
that the CSN-mediated inhibitory effect was due to a non-vascular effect.
Later, McCloskey132 criticized these findings due to lack of precautions
to avoid pseudo-inhibition by antidromic depression of afferent dis-
charge. Moreover, in contrast to Neil and O’Regan,131 Goodman133

found an inhibitory effect of CSN stimulation on chemoreceptors dis-
charge that was abolished by close intra-arterial injection of atropine
concluding that the CSN inhibitory effect was vasomotor in origin. Using
different techniques, the same conclusion was reached by Belmonte and
Eyzaguirre134 and McCloskey.132 The latter study tested two hypothe-
ses: stimulating the efferent nerves to the CB will change chemorecep-
tors discharge via either (i) changes in blood flow or (ii) direct effects on
glomus cells. The author used stagnant asphyxia to stimulate the chemo-
receptors, which arrests blood flow. It was argued that if the effect of ef-
ferent innervation was mediated via glomus cells, then stimulating the
CSN during stagnant asphyxia (when there is no blood flow) would con-
tinue to reduce chemoreceptor discharge. On the other hand, if the ef-
fect of CSN activity was mediated through changes in blood flow, then
stimulating the CSN would generate no effect with the stagnant asphyxia
protocol. The latter was the case. Therefore, the author claimed to
prove that when there is no flow, there are no efferent effects; said dif-
ferently, CSN-mediated modulation of CB afferent discharge is mediated
via changes of its vascular resistance. An important caveat of this study,
though, is the fact that McCloskey did not measure the CB blood flow it-
self. Furthermore, as thoroughly described by Jones54 in his review of
O’Regan’s legacy, O’Regan135 elegantly eradicated any concerns with an-
tidromic pseudo-inhibition and proved the existence of non-vascular
effects via activation of CSN efferent without electricity, demonstrating
its inhibitory effect in the complete absence of blood flow.

Acker and O’Regan136 electrically stimulated the CST and CSN and
measured the CB total blood flow, local tissue blood flow, and PO2 from
within the CB in cats. The CB total blood flow was quantified via collec-
tion of the venous outflow from the transverse pharyngeal vein; the
authors weighed the blood over periods of time to calculate the flow
rates in mL/min. On the other hand, local tissue blood flow within the CB
was measured in an indirect qualitative manner (hydrogen washout tech-
nique). The authors pierced the CB with two electrodes: with one elec-
trode a small quantity of hydrogen gas was generated via electrolysis
using constant current; the second electrode measured the hydrogen

concentration in its immediate vicinity. Thus, changes of blood flow in the
vicinity of the tip of the hydrogen-sensing electrode caused a greater or lesser
dissipation of hydrogen. After confirming the chemoreceptor stimulatory
(via sympathetic CST stimulation) and inhibitory (via parasympathetic
CSN stimulation) effects on chemosensory afferent discharge, the
authors administrated phentolamine (an a1-adrenoreceptor antagonist)
via close intra-arterial injection to block the effects of sympathetic stimu-
lation. They observed that electrical stimulation of CST and CSN
changed the chemoreceptors discharge with alterations of total blood
flow; however, no variations on local tissue blood flow and glomeral
PO2 were seen. After phentolamine, changes in total blood flow follow-
ing CST stimulation were abolished, but the effects on chemoreceptors
discharge were attenuated only. The authors concluded that a possible
non-vascular mechanism was involved. Of course, these findings do not
rule out the possibility that other vasoactive neurotransmitters are being
co-released with NE from sympathetic fibres, in which phentolamine
would not antagonize. Modern imaging approaches could be useful to
improve this information. Therefore, the evidence is inconsistent as to
whether changes in blood flow consequent of autonomic nerve stimula-
tion can affect CB afferent activity. Notably, there is a dearth of data re-
garding whether the sensitivity of chemoreflex evoked end-organ
responses are affected by activation of autonomic nerves destined for
the CB.

6.2.1 New players in the CSN efferent
McDonald and Mitchell99,137 believe that electrical stimulation of the
CSN leads to inhibition of CB chemoreceptors due to antidromic stimu-
lation of afferent neurons forming ‘reciprocal synapses’ with glomus cells
and release dopamine to depress their activity. This opposes the idea
that stimulation of the CSN activates parasympathetic efferent fibres to
enhance sensitivity. It is argued that "95% of the afferent neurons that
innervate the CB are located in the petrosal ganglion; 4% of petrosal gan-
glion neurons are immunoreactive for tyrosine hydroxylase; and 90% of
these tyrosine hydroxylase positive neurons originate from the
CB.109,138 These neurons could be the source of the dopaminergic ‘re-
ciprocal synapses’ proposed by McDonald and Mitchell.99,137 We antici-
pate that CB afferents would operate in a similar way to that described
for other sensory afferent fibres.139 Peripheral afferents display significant
arborization which could lead to depolarization at branch points where
these peripheral afferent collaterals would send antidromic spikes back
towards glomus cells. A second possibility is that the after-depolarization
in petrosal ganglion neurones might generate an antidromic action po-
tential. Both mechanisms would affect the sensitivity of the afferent end-
ing as well as trigger transmitter release from the afferent terminal
ending as has been described for muscle afferents which act to modulate
their own excitability.140 However, no functional data for such a mecha-
nism exists for the CB, but that does not rule out that it may exist. On
the other hand, an antidromic mechanism may not be the only way to
achieve afferent sensitivity control. If dopamine is released from afferent
terminals, this could be mediated by intracellular events triggered once
the terminals are depolarized rather than orthodromic spikes generating
antidromic ones. Also, if dopamine is released from afferent terminals,
we do not know whether they will act on auto-receptors or will travel
towards glomus cells (i.e. retrograde synaptic signalling).141,142 If we con-
sider that both blood flow and reciprocal afferent synaptic connections
play a role in modulating CB sensitivity, it is possible that both authors
are correct. For example, in Neil and O’Regan work,131 atropine would
block the effect on blood flow but not the release of dopamine from

10 F. Brognara et al.
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..reciprocal afferent connections. However, dopamine is not the only
modulatory neurotransmitters proposed to be released from CSN effer-
ent and sensory connections.

Wang et al.143 demonstrated nitrergic fibres within the CSN and
nitrergic varicosities juxtaposed to both blood vessels and glomus cells.
Thus, stimulation of the CSN might also activate these nitrergic fibres
and inhibit the CB; such an effect would not be blocked by atropine and
may explain Neil and O’Regan113,131 findings. Indeed, NO-mediated inhi-
bition of CB could be explained by either an action on glomus cells or
the vasculature causing vasodilatation and increasing blood flow
(Figure 6). Wang et al.143 addressed that most of the NOS-positive fibres
that connect with glomus cells are sensory from the petrosal ganglion,
whereas the ones innervating the vessels are autonomic. Additionally,
they also reported that these cells are positive for choline acetyltransfer-
ase (ChAT); however, whether or not all cholinergic fibres are nitrergic

is not known. All told, there is evidence suggesting that CSN innervation
of the CB depresses chemoreception and improves blood flow, and can
neuromodulate glomus cell activity (Figure 6).136 However, to what ex-
tent and under what conditions NO and acetylcholine acts on the CB
and whether the reductions in chemoreceptor afferent discharge are
mediated by increases in blood flow to the CB is unclear.

An additional complexity is that paraganglia neurons residing in close
proximity to blood vessels within the CSN/GPN are O2 sensitive and ac-
tivated by hypoxia.145,146 With P2X2 and P2X3 purinoceptors
present on these cells107 one possibility is that adenosine triphosphate
(ATP) released from erythrocytes within the CB during hypoxia
could activate these NO producing paraganglia neurons providing a neg-
ative feedback loop to CB.105,107 Whether this has a functional effect
on afferent discharge or reflex response magnitudes remains to be
investigated.

Figure 6 Proposed vascular and non-vascular effects for parasympathetic efferents to the CB. NOS-IR fibres from paraganglia cells located along the
glossopharyngeal nerve and within the CB make contact with glomus cells and blood vessels in the CB. Some of these cells were reported to be positive
for ChAT-IR; however, whether or not all cholinergic fibres are nitrergic is not clear. Putative NO released from NOS-IR fibres is involved with both vas-
cular and non-vascular inhibitory effects of the parasympathetic system. Petrosal ganglion NOS-IR afferent fibres may be the main source of NO to glo-
mus cells causing hyperpolarization. Conversely, the vascular effect of the parasympathetic innervation to the CB is not solely mediated by NO, but
rather in association with ACh via mAChR. This was demonstrated via intra-arterial injection of atropine, close to the CB, to abolish the increase in CB to-
tal blood flow seen after electrical stimulation of the carotid sinus nerve. ACh, acetylcholine; CB, carotid body; NO, nitric oxide; NOS, nitric oxide syn-
thase; mAChR, cholinergic muscarinic receptor. Data from Refs.105,131,144
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..7. Clinical implications of
dysfunctional CB autonomic
innervation

As discussed above, emerging evidence supports a causal relationship
between CB dysfunction and cardiovascular diseases such as heart failure
and hypertension (Table 2).18,150–155 Current data also suggest that this
multi-modal receptor plays a role in the control of metabolism and glu-
cose regulation, making it a potential target for diabetes.156,157 In such
diseases, the CB leads to augmented sympathetic outflow that will con-
tribute to target organ damage (heart failure), total peripheral resistance
(hypertension), enhanced chemical loop gain (apnoea), and glucose intol-
erance (diabetes). Studies have demonstrated that targeting the CB (de-
nervation/resection) has beneficial effects in heart failure, hypertension
and for improving glucose regulation in both humans and animal mod-
els.2,17,18,27,34,156,160–163 CB hyperexcitability, which includes increased
tonicity and hyperreflexia, is the apparent underlying mechanisms of dys-
function for the mentioned disease as demonstrated in spontaneously
hypertensive rats, for instance.2 Thus, hereafter, we will discuss how
such hyperexcitability might be developed.

Accordingly, in some diseases, the CB leads to augmented sympa-
thetic outflow that will contribute to target organ damage (heart failure),
total peripheral resistance (hypertension), enhanced chemical loop gain
(apnoea), and glucose intolerance (diabetes). The mechanisms behind
CB dysfunction and its apparent hyperexcitability include increased to-
nicity and hyperreflexia as demonstrated in spontaneously hypertensive
rats, for example.2

As recently proposed, hypoperfusion of peripheral organs will stimu-
late intrinsic afferent nerves (e.g. small diameter and unmyelinated) to
cause reflex changes resulting in an imbalance in autonomic activity and
elevated arterial pressure in an attempt to improve tissue blood flow.164

As discussed above, in healthy animals autonomic innervation of the CB
modulates chemoreceptors discharge: the sympathetic nervous sys-
tem increased, whereas the parasympathetic nervous system de-
creased chemo-afferent discharge.106,136 This might provide a rapid,
dynamic, and reversible way to adjust chemo-afferent sensitivity un-
der different physiological conditions. Although controversial, the
modulatory effects of the autonomic system upon the CB may be di-
rectly related to changes in its blood flow.20,165 Given this together
with persistently elevated sympathetic activity in cardiovascular dis-
ease, the question is raised as to whether hyperexcitability of the CB
results from an intense bombardment of sympathetic activity. This
might also promote inflammation and vascular remodelling that fur-
ther sensitizes the afferent output.

In pre-hypertensive spontaneously hypertensive rats, sympathetic
overactivity is already present just after birth and takes the form of in-
creased sympathetic-respiratory coupling.166 Consequently, it is con-
ceivable to assume that a reduction of CB blood flow via sympathetically
mediated vasoconstriction within the body will lead to hypoperfusion
and localized ischaemia, which could be responsible for the increased to-
nicity and sensitivity of these peripheral chemoreceptors (Figure 7). The
underlying mechanism involved with this increased tonicity and sensitiv-
ity is not completely known. However, we can speculate on some possi-
bilities based on previous comparable studies in Wistar and
spontaneously hypertensive rats.

..............................................................................................................................................................................................................................

Table 2 Molecular pathways involved in the different functions of the carotid body

Molecular

pathway

Physiological

functionality

Where? Physiological

effect on
excitability

What happens

in disease
state?

Associated

disease (s)

Reference (s)

NOS/NO Inhibits glomus cells Varicosities fibres in-

nervating glomus

cells

# Down-regulation Hypertension and

heart failure

Ding et al.20

Atanasova et al.148

Ang II and

AT1R

Vasoconstriction and

#carotid body

blood flow

Vessels " Up-regulation Heart failure Ding et al.20

KLF-2 "NO and

#inflammation

Endothelial cells # Down-regulation Hypertension Fledderus et al.83;

Iturriaga et al.82;

Li et al.81; Marcus

et al.21; Schultz et

al.7

CO Inhibits glomus cells Red blood cells or

glomus cells?

# Reduced To be determined

the importance in

disease model

Prabhakar and

Peers10;

Prabhakar et al.9

H2S Inhibits Potassium

channels and

"[Ca2þ]i

Glomus cells " Increased To be determined

the importance in

disease model

Prabhakar and

Peers10;

Prabhakar et

al.149

P2X3 Convey glomus cells

sensory input to

brainstem nuclei

Sensory fibres " Up-regulation Hypertension Pijacka et al.2

" Increase.
# Decrease.
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..7.1 Mechanisms of excitability in organs
cells that share similarities with the SCG
and CB glomus cells
Consideration is given to understanding mechanisms accounting for the
elevated postganglionic sympathetic activity impinging on the CB and
whether this might offer a plausible strategy to therapeutically (and indi-
rectly) modulate CB sensitivity. In cultured rat adrenal chromaffin cells,
signalling via brain-derived neurotrophic factor (BDNF) and its receptor
tropomycin receptor kinase B (TrkB) were up-regulated during chronic
hypoxia and this is dependent on hypoxia-inducible factor (HIF)-2a.167

Pharmacological activation of TrkB receptors from hypoxic cells com-
pared to non-hypoxic ones led to greater membrane excitability, in-
creased Ca2þ-transients, and greater catecholamine secretion. Not only

were more cells recruited for catecholamine release but also the quantal
amount and frequency were increased.167 This is most likely mediated
by a greater entry of extracellular Ca2þ via the up-regulation of the a1H

T-type Ca2þ channels during hypoxia that are activated at potentials
close to resting membrane potential.169 Therefore, they will contribute
to a low-threshold catecholamine discharge in response to mild depola-
rizations.167 It is interesting that Arias et al.170 demonstrated that neuro-
trophins, such as BDNF and nerve growth factor (NGF), are involved
with the maintenance of ganglionic long-term potentiation (gLTP) in the
SCG of rats. Such mechanisms may apply to the CB in cardiovascular dis-
ease and or to the SCG modulating effect; being therefore good targets
to explore.

In the CB, the neurotrophins Ki-67, NGF, NT-3, and BDNF alongside
their receptors (e.g. TrkB) were demonstrated to be up-regulated in

Figure 7 Schematic summary of some pathways associated with increased tonicity and sensitivity of the peripheral chemoreceptors. Congenital and/
or neurogenic remodelling of the vertebrobasilar arteries might lead to brainstem hypoperfusion, increasing sympathetic activity. A reduction of carotid
body (CB) blood flow via sympathetically mediated vasoconstriction within the body will lead to hypoperfusion and localized ischemia, which could be re-
sponsible for the increased tonicity and sensitivity of these peripheral chemoreceptors and contribute to the development and maintenance of disease as
heart failure, hypertension, apnoea, and diabetes. The mechanisms by which hyperreflexia and aberrant tone of the CB are generated include: reduced
carbon monoxide levels (CO), decreased neural nitric oxide synthase (NOS) expression and nitric oxide (NO), increased angiotensin II type 1 receptor
(AT1-R) protein expression and angiotensin II (Ang II) concentration, enhanced HIF-2a, high levels of hydrogen sulfide (H2S), up-regulation of the a1H T-
type Ca2þ channels, up-regulated expression of P2X3 purinoceptor, reduced Kruppel-like factor 2 (KLF-2) expression, up-regulated proinflamma-
tory cytokines. The increased sympathetic drive also produces non-vascular effects which are involved with downstream molecular pathways. Data
from Refs.7,9,10,14,20–22,80–83,167,168
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glomus cells of spontaneously hypertensive rats relative to Wistar
rats.171 Although speculative, we hypothesize that sympathetically medi-
ated ischemia and chronic hypoxia within the CB would favour the for-
mation of the HIF-2a and downstream signalling. One outcome would
be up-regulation of neurotrophins and their receptors such as BDNF
and TrkB together with T-type Ca2þ channels such as observed in chro-
maffin cells.167 This would increase the membrane excitability of the glo-
mus cells to low-intensity stimuli, therefore, increasing tonicity. In
addition, the number of responding glomus cells recruited by stimuli, as
well as the increased quantal amount and frequency of neurotransmitter
(e.g. ATP) secreted during strong stimuli could also account for the
hyperreflexia. Indeed, ATP, a major glomus cell transmitter, has been
shown to play a major role in both CB tonicity and hyperreflexia.2

7.2 CB mechanisms of hyperexcitability
Long-term synaptic plasticity via neurotrophins is not the only possible
molecular mechanism involved. In pre-hypertensive spontaneously hy-
pertensive rats, overexpression of other receptors and channels have
been demonstrated, for instance, the P2X3 purinoceptor and the ionic
channels: amiloride-sensitive acid-sensing sodium channel (ASIC3) and
2-pore domain acid-sensing Kþ channel (TASK1) that might be or not in-
volved with a hypoxia-induced molecular transduction in glomus
cells.2,8,172 CB sensitivity has also been shown to be elevated by inflam-
mation and oxidative stress generation82,173,174 as well as reduced NO-
mediated efferent inhibition.148

As previously mentioned, the increased sympathetic-respiratory cou-
pling is already present in young and pre-hypertensive spontaneously hy-
pertensive rats (as is chemoreflex sensitivity and tonicity).2 We propose
that an initiating step is sympathetic over activity that sensitizes the CB,
which via a positive feedback loop based on CB hyperexcitability ampli-
fies sympathetic outflow further. Previous studies have demonstrated
remodelling of vertebrobasilar arteries, that supply blood flow to cardio-
respiratory brainstem nuclei of pre-hypertensive spontaneously hyper-
tensive rats.175 These changes lead to brainstem hypoperfusion, which in
turn activated the Cushing response that may contribute to the develop-
ment of hypertension via increased sympathetic activity.176,177

Remodelling of vertebrobasilar arteries might be congenital and/or neu-
rogenic in origin. However, a more recent study does not support sym-
pathetic activity as responsible for this vertebrobasilar artery
remodelling178 but rather an immune response.179 Whether or not
there is a congenital remodelling of CB vasculature in hypertension or
whether this is due to sympathetic hyperactivity or inflammation or their
combination remains unknown.

In summary, unbalanced autonomic activity innervating the CB may be
involved with its hyperexcitability due to a reduction in blood flow, lead-
ing to downstream genomic variation. Through sensitization of the CB,
these changes will further enforce the development of hypertension, in-
cluding elevations of sympathetic tone furthering the problem of CB
hypoperfusion. There appear to be a host of possible new therapeutic
targets that include reducing the sympathetic drive to the CB via auto-
nomic denervation, pharmacological targets (e.g. P2X3, TrkB, ASIC3,
TASK1), or sophisticated approaches, such as Optogenetics to control
CB hyperreflexia in conditions of hypertension and heart failure.
Selective targeting of the CB is one of the main issues. Endothelial glyco-
calyx is composed by proteoglycans and glycoproteins connected to dif-
ferent carbohydrate chains.180 It is possible that the glycocalyx protein
content of different vascular beds in different organs is unique, therefore,
making it targetable via systemic delivery of drug/s. Whether the vascula-
ture of the CB has a unique expression of recognition proteins within its

glycocalyx is unknown but if it did it would allow targeted immunomodu-
latory therapy. Although this is horizontal speculation, it does deserve
exploration especially given the unique nature of the circulation of this
organ.

7.3 Chemoreceptors and COVID-19
Hyperexcitability of CB chemoreceptors is not the only clinical dysfunc-
tion we should consider. The inability of this organ to properly tackle
hypoxaemia might generate severe consequences for patients. During
the current pandemic outbreak of the novel 2019 coronavirus (COVID-
19) caused by the virus SARS-CoV-2, some patients were reported to
present what is called ‘silent hypoxia’.181 In this condition, oxygen satura-
tion (SpO2) as low as 60% were described but, remarkably, without loss
of consciousness or any classical signs of hypoxia which are anxiety, con-
fusion, and restlessness; instead, the patients remain calm.182 We cur-
rently discussed112 that coronavirus neurotoxicity—evidenced by the
loss of taste- could also be interfering with the ability of CB chemorecep-
tors to sense hypoxaemia since both afferent modalities are mediated by
the petrosal ganglia.

8. Conclusions

This review summarizes current information about CB vascularization in
different species, its autonomic innervation, and clinical implications of its
dysfunction. We provide insights into how autonomic mechanisms may
control CB sensitivity and conclude that there is no consistent origin of
the arterial feed to the CB, either between or within a species. It is clear
that many questions remain to be answered about the function of both
the sympathetic and parasympathetic innervation of the CB. For exam-
ple: is the sympathetic innervation to the glomus cells preganglionic and/
or postganglionic? Does the same fibre innervate arterioles and glomus
cells or are there distinct fibres? Are the NO-producing paraganglia cells
and the parasympathetic ganglion cells the same or distinct populations,
and do they all receive inputs from the brainstem preganglionic neurons?
Finally, can an autonomically mediated change in blood flow within the
CB alter glomus cell-petrosal ganglion excitability? We believe resolving
these questions will further our understanding of the physiological func-
tion of the CB and, consequently, help reveal pathological mechanisms
that may be therapeutically targeted to treat numerous diseases.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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69. López-Barneo J, Pardal R, Ortega-Sáenz P, Durán R, Villadiego J, Toledo-Aral JJ. The
neurogenic niche in the carotid body and its applicability to antiparkinsonian cell
therapy. J Neural Transm 2009;116:975–982.

70. McDonald DM, Haskell A. Morphology of connections between arterioles and
capillaries in the rat carotid body analysed by reconstructing serial sections. In: DJ
Pallot, ed. Peripheral Arterial Chemoreceptors: Proceedings of the VII International
Meeting. London: Croom Helm Limited; 1983. p195-206.

71. McDonald DM. A morphometric analysis of blood vessels and perivascular nerves
in the rat carotid body. J Neurocytol 1983;12:155–199.

72. Heath D, Edwards C. The glomic arteries. Cardiovasc Res 1971;5:303–312.
73. Kety SS, Schmidt CF. The nitrous oxide method for the quantitative determination

of cerebral blood ow in man: theory, procedure and normal values. J Clin Invest
1948;27:476–483.

74. Lassen NA. Normal average value of cerebral blood flow in younger adults is 50
ml/100 g/min. J Cereb Blood Flow Metab 1985;5:347–349.

75. White CW, Wilson RF, Marcus ML. Methods of measuring myocardial blood flow
in humans. Prog Cardiovasc Dis 1988;31:79–94.

76. Wyss CA, Koepfli P, Fretz G, Seebauer M, Schirlo C, Kaufmann PA. Influence of alti-
tude exposure on coronary flow reserve. Circulation 2003;108:1202–1207.

77. Duncker DJ, Bache RJ. Regulation of coronary blood flow during exercise. Physiol
Rev 2008;88:1009–1086

78. Daly M de B, Lambertsen CJ, Schweitzer A. Observations on the volume of blood
flow and oxygen utilization of the carotid body in the cat. J Physiol 1954;125:67–89.

79. McCloskey DI, Torrance RW. Autoregulation of blood flow in the carotid body.
Respir Physiol 1971;13:23–35.

80. Dekker RJ, van Thienen JV, Rohlena J, de Jager SC, Elderkamp YW, Seppen J, de
Vries CJM, Biessen EAL, van Berkel TJC, Pannekoek H, Horrevoets AJG. Endothelial
KLF2 links local arterial shear stress levels to the expression of vascular tone-
regulating genes. Am J Pathol 2005;167:609–618.

81. Li Y-L, Xia X-H, Zheng H, Gao L, Li Y-F, Liu D, Patel KP, Wang W, Schultz HD.
Angiotensin II enhances carotid body chemoreflex control of sympathetic outflow
in chronic heart failure rabbits. Cardiovasc Res 2006;71:129–138.

82. Iturriaga R, Moya EA, Del Rio R. Inflammation and oxidative stress during intermit-
tent hypoxia: the impact on chemoreception. Exp Physiol 2015;100:149–155.

83. Fledderus JO, Boon RA, Volger OL, Hurttila H, Ylä-Herttuala S, Pannekoek H,
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Abstract 

Aim: Baroreflex and chemoreflex act through the autonomic nervous system, which is 

involved with the neural regulation of inflammation. The present study reports the effects of 

physiological sympathetic activation in unanesthetized endotoxemic rats; as well the 

influence of the baroreceptors and peripheral chemoreceptors, in the cardiovascular and 

systemic inflammatory responses. Methods: Systemic inflammation was induced by 

lipopolysaccharide (LPS) administration in male Wistar Hannover rats. Bilateral carotid 

occlusion (BCO), a physiological approach involving the baroreflex and chemoreflex 

mechanisms, was applied to activate the sympathetic nervous system reflexively; while 

selective surgical denervation of the baroreceptors or chemoreceptors was performed, in 

some animals, to deactivate these important mechanosensitive and chemical sensors, 

respectively. The arterial pressure was recorded under 360 min, in unanesthetized rats, and 

serial blood samples were collected to analyze the plasma cytokines levels. Results: BCO 

elicited the reflex activation of the sympathetic nervous system, providing the following 

outcomes: (I) increased the power of the low-frequency band in the spectrum of the systolic 

arterial pressure during the BCO period; (II) reduced the levels of pro-inflammatory 

cytokines in plasma, including the tumoral necrosis factor (TNF) and the interleukin (IL)-1β; 

(III) increased the plasma levels of anti-inflammatory cytokine IL-10, 90 min after LPS 

administration. Moreover, either baroreceptor or chemoreceptor denervation, by itself, 

decreased the LPS-induced cytokines release. Conclusions: These results show, for the first 

time, that physiological reflex activation of the sympathetic circuit decreases the 

inflammatory response in endotoxemic rats, and suggest a novel function for the 

baroreceptors as immunosensors during the systemic inflammation.  

Keywords: baroreceptors; bilateral carotid occlusion; chemoreceptors; inflammation; 

neuroimmune interactions; sympathetic activation. 



 

1. Introduction 

 The interaction between the central nervous system and the immune system has been 

studied since the 19th century 1. Of note, this interaction plays a fundamental role in the 

regulation of inflammation, via activation of neuroendocrine circuits including hypothalamic-

pituitary-adrenal axis 2,3, “cholinergic anti-inflammatory pathway” 4,5, and “splanchnic anti-

inflammatory pathway” 6. Most of these studies have emphasized the regulatory role of the 

autonomic nervous system (sympathetic and parasympathetic branches) in the inflammatory 

response applying some procedures that did not trigger a real physiological reflex activation 

(for instance, electrical stimulation or surgical denervation) 6–9. Nevertheless, the body has 

physiological reflex mechanisms to activate, or deactivate, either systems (sympathetic 

and/or parasympathetic). Among these mechanisms are: (I) the baroreflex, which provides 

the moment-to-moment control of arterial pressure mediated primarily by the arterial 

baroreceptors; and (II) the chemoreflex, which keeps the cardiorespiratory homeostasis in 

response to changes in blood gases concentrations (such as oxygen or carbon dioxide) due to 

the presence of the peripheral chemoreceptors. Therefore, a methodological approach that 

activates the autonomic nervous system reflexively, under a reliable physiological context, 

would be more appropriate for investigating the importance of the nervous system during an 

immune challenge.  

 Thus, the bilateral carotid occlusion (BCO) is one of the techniques used to elicit 

global reflex activation of the sympathetic nervous system in both, unanesthetized 10–13 and 

anesthetized animals 14,15. Of note, when the common carotids arteries are occluded 

temporarily, there is a significant reduction in the arterial pressure and blood flow inside the 

carotid sinus region, culminating with the deactivation of the carotid baroreceptors. This 

inactivation of the carotid baroreceptors induces an increase in sympathetic activity to the 

blood vessels (increasing the global peripheral resistance), combined with a concomitant 



 

reduction in cardiac parasympathetic activity, determining the increase in arterial pressure 

16,17. In addition, there is the activation of the carotid chemoreceptors, due to the hypoxia 

caused by the reduction of blood flow into the carotid sinus, contributing to the increase in 

sympathetic activity 16,17. 

 Because the BCO is a methodological approach that promotes reflex sympathetic 

activation and has been used successfully in unanesthetized animals; this approach is 

considered a very special tool that would assist the study of the influence of the autonomic 

nervous system, particularly of its sympathetic branch, in the control of systemic 

inflammation. Furthermore, taking into account that the baroreceptors and the 

chemoreceptors are involved in the pressor response to BCO, it is also necessary to examine 

the individual participation of these receptors during an inflammatory process. Thus, the 

present study aimed to investigate in unanesthetized endotoxemic rats: (I) the effect of BCO-

induced sympathetic reflex activation; (II) the importance of either, the baroreflex and the 

chemoreflex in this procedure; and (III) the influence of the baroreceptors and the peripheral 

chemoreceptors, through their surgical denervation, in the systemic inflammatory response 

induced by lipopolysaccharide (LPS) administration. 

 

2. Results 

 

2.1. Hemodynamic and Autonomic Responses to Bilateral Carotid Occlusion 

 BCO promoted an increase in systolic, diastolic and mean arterial pressure (Fig. 1A-

C), in intact animals and those with the chemoreceptors (CHEMO-X) or the baroreceptors 

(BARO-X) surgically removed, indicating an increase in peripheral resistance due to the 

augmented sympathetic activity. However, the hypertensive response to BCO was smaller in 

the CHEMO-X than the intact and BARO-X animals (mean arterial pressure: Intact, Δ 61 ± 3 



 

mmHg; BARO-X, Δ 61 ± 3 mmHg; CHEMO-X, Δ 47 ± 3 mmHg), indicating the importance 

of the integrity of the chemoreceptors for the peak of hypertensive response during BCO, as 

previously described 16. In addition, while BCO did not change the heart rate of intact and 

BARO-X animals, it did promote bradycardia in the CHEMO-X subjects (Fig. 1D), 

indicating a reflex response involving the aortic baroreceptors activating the parasympathetic 

function upon the heart. 

 It is worth mentioning that the increase in sympathetic activity for the vessels, 

resulting from the BCO maneuver, was in line with the increase of the power of the low-

frequency (LF) band in the spectrum of the systolic arterial pressure during the BCO period 

(Fig. 2), in both intact and denervated animals (BARO-X and CHEMO-X). 

 

2.2. Time Course of Hemodynamic and Autonomic Responses 

 The analysis of the hemodynamic parameters from animals with baroreceptor 

denervation showed higher mean arterial pressure higher than the intact rats under basal 

conditions (Fig. 3A). Regarding the other periods evaluated over time, no difference was 

observed in the mean arterial pressure among groups at each time frame evaluated (Fig. 3B-

E). Concerning the heart rate under basal conditions, the subjects with baroreceptor 

denervation exhibited higher levels of heart rate than intact - an outcome already described in 

the literature 18,19 - and chemoreceptor denervated animals (Fig. 3F). Over time, the rats that 

received LPS showed an increase in heart rate compared to the animals that received saline, 

starting from 180 min after LPS administration (Fig. 3H). Moreover, this response was 

similar at 180, 270 and 360 min after LPS injection (Fig. 3H-J). In addition, this tachycardia 

was maintained until the end of the protocol (360 min) in the animals exhibiting endotoxemia 

(Fig. 3J).  



 

 The analysis of heart rate variability did not reveal any difference in the power of the 

LF band in the spectrum of the cardiac interval between the groups evaluated over time (Fig. 

4A-E). The same was observed for the LF/HF ratio over time (Fig. 4K-O). Regarding the 

power of the high-frequency (HF) band, a reduction in this parameter was observed in the 

basal period in the animals with selective denervation of baroreceptors compared to the intact 

control rats (Fig. 4F). The group with selective denervation of the chemoreceptors also 

showed already lower values of the power of the HF band under the basal period (Fig. 4F). 

However, the group with selective denervation of the chemoreceptors associated with BCO 

showed an increase in the HF band compared to the BARO-X+BCO+LPS group under basal 

and 90 min (Fig. 4F and G). Over time, all groups that received LPS showed a reduction of 

the power of the HF band compared to the saline group, as displayed at 270 min and 360 min 

(Fig. 4I and J). 

 

2.3. Bilateral Carotid Occlusion Reduced Systemic Inflammation 

 BCO reduced the plasma levels of TNF and IL-1β in both, the intact and those 

animals with selective denervation of the baroreceptors or the chemoreceptors, 90 min after 

LPS administration (Fig. 5A and C and Table 1). For IL-1β, this effect was maintained until 

180 min after LPS administration in intact, and up to 270 min in denervated (BARO-X and 

CHEMO-X) rats (Table 1). In addition, BCO increased the levels of IL-10 in the plasma of 

intact animals and those with surgical denervation of the chemoreceptors 90 min and up to 

180 min, respectively (Fig. 5D and Table 1). In other words, the anti-inflammatory cytokine 

levels increased in plasma when the carotid baroreceptors were deactivated. In addition, the 

BCO did not change the plasma levels of IL-10 at 90 min in the BARO-X animals (Fig. 5D 

and Table 1), but increased them at 180 min compared to the LPS group (Table 1). BCO 

reduced IL-6 plasma levels only in the CHEMO-X subjects 90 and 180 min after LPS 



 

administration (Fig. 5B and Table 1). However, BCO was not effective in reducing the 

plasma IL-6 in intact animals and those with BARO-X at any of the evaluated time frames 

(Fig. 5B and Table 1). 

 

2.4. Denervation of the Baroreceptors or Chemoreceptors Modulates Systemic 

Inflammatory Response 

 Surprisingly, the surgical denervation of the aortic and carotid baroreceptors, by itself, 

attenuated the release of TNF, IL-6, and IL-1β into the plasma 90 min after LPS 

administration (Fig. 5A-C and Table 1). This effect remained until 180 min after triggering 

the immune challenge for IL-6, and until 270 min for IL-1β (Table 1). The same outcome 

was observed in animals that underwent selective denervation of the chemoreceptors (Fig. 

5A-C and Table 1), suggesting a possible communication among both baroreceptors and 

chemoreceptors modulating the immune system. Considering the plasma levels of IL-10, 

compared to the LPS group, the selective denervation of the baroreceptors stimulated its 

release already under the basal period (Table 1); and maintained the same response 90 min 

after the administration of LPS (Fig. 5D; Table 1), and also in the other periods evaluated 

(Table 1). On the other hand, no difference was observed in IL-10 plasma levels in any time 

frame periods in the CHEMO-X+LPS group compared to the LPS group (Table 1).  

 

2.5. Correlation of Sympathetic Modulation and Cytokines Levels Release 

 Negative correlations between the sympathetic modulation and TNF (Fig. 6A), IL-1β 

(Fig. 6B) and IL-10 (Fig. 6D) plasma levels were found. These results can be interpreted as 

follows, i.e., the higher the reflex sympathetic modulation, the lower is the cytokine release in 

unanesthetized endotoxemic rats. By contrast, no correlation was found between the 

sympathetic modulation and IL-6 plasma level (Fig. 6C).  



 

 

3. Discussion 

 The present study shows for the first time that a reflex physiological activation of the 

sympathetic nervous system reduces the systemic LPS-induced inflammatory response. In 

addition, we also demonstrated that surgical denervation of the aortic and carotid 

baroreceptors, as well as of the peripheral chemoreceptors, by themselves, decreases the 

plasma cytokines levels in endotoxemic rats.  

 Previous studies involving the role of the individual sympathetic and parasympathetic 

branches controlling the inflammatory response displayed questionable procedures, i.e., they 

did not trigger a real physiological reflex activation, because they used a less physiological 

approach (for instance, electrical stimulation or surgical denervation) 6–9,20–22. Therefore, 

taking into account that the body uses mechanisms fine regulatory mechanisms to preserve 

the homeostasis, it is understood that a method that activates or deactivates, the sympathetic 

or the parasympathetic branch, such as the bilateral carotid occlusion in the conscious state, 

would be more appropriate for investigating the role of physiological reflex controlling the 

inflammatory responses. 

 The BCO technique promotes a reduction of the arterial pressure and the blood 

flowing into the carotid sinus region; culminating, therefore, in the deactivation of the carotid 

baroreceptors and activation of the peripheral chemoreceptors. These responses determinate 

the increase in sympathetic activity, particularly upon the arterioles (increasing the global 

peripheral resistance), with a concomitant reduction in parasympathetic activity to the heart, 

increasing the arterial pressure 16,17. The data obtained in the present study are in line with the 

literature because all animals submitted to BCO showed a significant increase in the arterial 

pressure and the power of the LF band of the systolic arterial pressure variability during the 

BCO period. Because the power of the LF band of the systolic arterial pressure variability is 



 

related to the peripheral resistance from blood vessels 23, this data confirms that this 

methodological approach - BCO - in fact, promoted an increase in peripheral resistance due 

to increased sympathetic activity to the resistance vessels, in both intact and denervated 

(baroreceptor or chemoreceptor) rats. Overall, concerning the intact animals, this sympathetic 

activation could be attributed to the deactivation of the carotid baroreceptors combined with 

the activation of the peripheral chemoreceptors. With respect to the baroreceptor denervated 

animals, the increase in sympathetic activity is attributed to the activation of the 

chemoreceptors. In contrast, in rats with denervation of these sensors - chemoreceptors - this 

increase is probably due to the inactivation of the carotid baroreceptors. Of note, the increase 

in arterial pressure combined with tachycardia observed in animals with baroreceptor 

denervation, under basal condition, is in line with previous reports from the literature 18,19. 

 In the present study, rats with intact or denervated baroreceptors did not show a 

change in heart rate; however, those animals with denervated chemoreceptors exhibited 

bradycardia during BCO. In fact, the increase in arterial pressure due to the BCO triggers the 

activation of the aortic baroreceptors, promoting an increase of parasympathetic activity to 

the heart, and attenuation of the sympathetic activity to the resistance vessels and heart as 

well, in order to restore the arterial pressure to basal levels. Thus, the reduction in heart rate 

in the animals without the chemoreceptors could be explained by the activation of the aortic 

baroreceptors during the increase in arterial pressure following the BCO, contributing to the 

increase in parasympathetic activity to the heart. It is also essential to highlight that the heart 

rate response to BCO depends on the species involved. While dogs showed tachycardia or no 

change in heart rate 24,25, rabbits exhibited a slight tachycardia 26, and mice, a reduction in 

heart rate 11.  

 Plasma cytokines evaluation showed that the sympathetic activation elicited by BCO 

decreased pro-inflammatory plasma cytokines (TNF and IL-1β) and increased the anti-



 

inflammatory cytokine (IL-10); contributing to the control of the systemic inflammatory 

response. Moreover, a negative correlation was found between the sympathetic modulation 

(assessed by the power of the LF band of SAP variability) and cytokine production; 

suggesting that the higher sympathetic modulation to the resistance vessels during the BCO, 

determined a lower cytokine release induced by LPS. Thus, considering that BCO results in a 

significant increase of global sympathetic activity 16,17, and given that the spleen (known as 

the main source of cytokines) is innervated by the sympathetic system, we suggest that BCO 

can stimulate the celiac ganglion inhibiting the release of pro-inflammatory cytokines by the 

splenic macrophages (Fig. 7) 4,22. This hypothesis is in line with the proposed “splanchnic 

anti-inflammatory pathway” as well as the “cholinergic anti-inflammatory pathway” 6,27.  

 As observed in the current study, the absence of the carotid chemoreceptors decreased 

the cytokine release into the plasma. Regarding the role of the chemoreceptors in the 

inflammatory response, several studies have shown that glomus cells of the carotid body have 

receptors for pro-inflammatory cytokines (TNF, IL-6, and IL-1), expressing Toll-like 

receptor 4, responsible for the LPS recognition 28–34. Moreover, the administration of LPS 

increased the expression of TNF and TNF receptor in the carotid body, increasing the 

immune response 29,30. Thus, these findings in the literature suggest an immunosensory 

function of the carotid body as a peripheral sensor for the presence of immunogenic agents 

from the blood 30. 

 Additionally, the present study showed that baroreceptor absence decreased anti-

inflammatory cytokines release in endotoxemic rats. A recent study showed that sinoaortic 

denervation attenuated the release of plasma IL-6 and IL-10 in endotoxemic rats 35. However, 

since sinoaortic denervation includes the removal of the carotid chemoreceptors 36–39, it is 

possible that the response observed in the aforementioned study occurred due to the absence 

of the chemoreceptors, but not due to the absence of the baroreceptors. It is known that both 



 

Toll-like receptor 4 and cytokine receptors are expressed in neurons and the nodose ganglion 

40–44. Therefore, it is conceivable that LPS and peripheral cytokines could also inform the 

brain about a peripheral inflammatory response via baroreceptor nerve endings.  

 The BCO increased the release of IL-6 in rats with baroreceptors denervation 

particularly. Of note, when the BCO was carried out in the absence of the baroreceptors, only 

the chemoreceptors were activated. Thus, this finding suggests that chemoreflex activation 

increases the release of IL-6. This notion is in line with a previous study conducted in healthy 

volunteers who presented an increase in the IL-6 release from the carotid bodies, due to their 

activation by hypoxia 33.   

 Over time, the administration of LPS decreased the power of the HF band, but not LF 

band, in the cardiac interval spectrum. Likewise, none of the maneuvers used in the present 

study (BCO, BARO-X or CHEMO-X) changed the power of the LF band in the spectrum of 

the cardiac interval over time. Of note, the groups with baroreceptor denervation already 

showed a decrease in the power of the HF band of the cardiac interval spectrum in the 

baseline period, confirming a reduction in the vagal modulation when the aortic and carotid 

baroreceptors are absent. Corroborating previous studies 35,45,46, our data indicate that during 

systemic inflammation, the absence of the aortic and carotid baroreceptors, or the peripheral 

chemoreceptors, does not significantly affect the sympathetic modulation to the heart, but 

decreases the vagal modulation.  

 It is essential to highlight that the heart rate variability and the systolic arterial 

pressure variability analysis are useful tools for understanding the autonomic modulation to 

the heart and vessels in a number of situations 23,47,48. Moreover, the assessment of the 

autonomic balance under clinical and experimental studies is an important analytical tool in 

different clinical conditions, including infectious and autoimmune diseases 49,50. Furthermore, 

the heart rate variability parameters are used for the diagnosis and monitoring of patients with 



 

sepsis 51,52. Of note, this non-invasive approach does not promote additional stress and 

hemodynamic alterations in the animals. 

 In conclusion, these results show, for the first time in the literature, that the reflex 

physiological activation of the sympathetic circuit decreases the inflammatory response in 

endotoxemic rats. In addition, the data indicate that baroreceptors (aortic and carotid) and 

peripheral chemoreceptors contribute to the development of the systemic inflammatory 

response induced by LPS since their absence attenuates the release of pro-inflammatory 

cytokines.  

 

4. Material and Methods 

 

4.1. Experimental Animals  

 Male Wistar-Hannover rats (250-320 g) obtained from the Main Animal Facility of 

the University of São Paulo (Campus of Ribeirão Preto; Ribeirão Preto, SP, Brazil) were 

used. The animals were maintained in individual cages under controlled temperature (22 ºC), 

constant 12 hours light-dark cycle, with free access to water and food. All procedures were 

reviewed and approved by the Committee of Ethics in Animal Research of the Ribeirão Preto 

Medical School - University of São Paulo (Protocol # 194/2016). 

 

4.2. Manufacturing of the Pneumatic Cuffs  

 Pneumatic cuffs were made following the technique described by Maio et al. 53. 

Briefly, both tips of the 0.5 cm long polyethylene tube (PE-320) were dilated by heating and 

then cut along its longitudinal axis. A hole was made in the center of the opposite wall of the 

previous PE-320, using a 16G 1½ hypodermic needle (40x16 mm). Another 10 cm long 

polyethylene (PE-50) tube also has one of its ends dilated by heating, and then, with the aid 



 

of a mandrel inside the PE-50 tube, it receives a latex membrane that was tied by a cotton 

thread. When inflated with air or water, this membrane becomes a balloon. The membrane 

attached to the PE-50 tube was inserted into the hole in the PE-320 tube, completing the 

construction of the pneumatic cuff (Fig. 8A-C). 

 

4.3. Experimental Groups 

 Before submitting to surgical procedures, the rats were divided into seven 

experimental groups: 

I) Saline (n = 9): fictitious surgery and saline administration. 

II) LPS (n = 8): bilateral implantation of the pneumatic cuffs, without BCO, with the 

administration of LPS. 

III) BCO + LPS (n = 8): bilateral implantation of the pneumatic cuffs and, BCO during 20s, 

with the administration of LPS. 

IV) BARO-X + LPS (n = 7): selective denervation of the aortic and carotid baroreceptors, 

bilateral implantation of the pneumatic cuffs, without BCO, with the administration of LPS. 

V) BARO-X + BCO + LPS (n = 9): selective denervation of the aortic and carotid 

baroreceptors, bilateral implantation of the pneumatic cuffs and BCO during 20s, with the 

administration of LPS. 

VI) CHEMO-X + LPS (n = 7): selective denervation of the carotid chemoreceptors, bilateral 

implantation of the pneumatic cuffs, without BCO, with the administration of LPS. 

VII) CHEMO-X + BCO + LPS (n = 9): selective denervation of the carotid 

chemoreceptors, bilateral implantation of the pneumatic cuffs and BCO during 20s, with the 

administration of LPS. 

 

4.4. Surgical Procedures 



 

 The animals were anesthetized with a mixture of Ketamine and Xylazine (50 mg/kg 

and 10 mg/kg, i.p.) and then submitted to the surgical procedure for cannulation of the left 

femoral artery and vein for arterial pressure recording and LPS (or saline) administration, 

respectively. Briefly, polyethylene tubes (PE-50 soldered to PE-10 polyethylene tube; 

Intramedic, Clay Adams, Parsippany, NJ, USA) were implanted into the femoral artery and 

vein and pulled up through a subcutaneous track to the rat’s neck and exteriorized in the 

nape. The catheter inserted into the femoral artery was filled with 100 IU/mL heparin in 

saline. In the same surgery, except for the saline group, all other animals had pneumatic cuffs 

implanted, bilaterally, around the common carotid arteries. For this prodecure, it was carried 

out an anterior median cervicotomy, while the sternohyoid and sternocleidomastoid muscles 

were identified and retracted, exposing the common carotid artery and the carotid sinus. To 

implant the pneumatic cuffs, the common carotid arteries were carefully isolated, and the 

pneumatic cuffs fixed around them with cotton threads. The catheters for filling the balloons 

were exteriorized and fixed on the back of the neck, as well as the vascular catheters. The 

surgical incisions were properly sutured and, immediately after the surgery, an analgesic was 

administered (tramadol hydrochloride, 2 mg/kg, s.c.). 

 Concerning the groups IV and V, in the same surgery for the pneumatic cuff 

implantation, the rats were submitted to procedures for baroreceptor denervation. This 

approach was undertaken to prevent the attenuation of the sympathetic activity by the 

baroreceptors, during the elevation of the arterial pressure resulting from the BCO; and also, 

to eliminate a possible influence of the baroreflex in the anti-inflammatory response caused 

by sympathetic activation. For this purpose, the denervation of the aortic and carotid 

baroreceptors was performed bilaterally. The carotid baroreceptor denervation was performed 

according to the technique described by Castania et al. 54. Briefly, the common carotid region 

and the carotid bifurcation were exposed. Next to the glossopharyngeal nerve, two branches 



 

were identified, usually separated by a small artery. With the aid of a magnifying glass, one 

of these branches, which carries the afferent fibers of the carotid baroreceptors, was carefully 

sectioned. The aortic baroreceptors denervation, on the other hand, was carried out following 

the technique described by Krieger 37, in which the superior laryngeal nerve and the superior 

cervical ganglion were isolated and sectioned. The cervical sympathetic trunk was also 

sectioned caudally to the superior cervical ganglion, which was dissected and removed. The 

procedure was performed on both sides. On the other hand, groups VI and VII were 

submitted to the denervation of the carotid chemoreceptors to study their influences in the 

inflammatory response during the BCO. The technique was also performed bilaterally, 

following the method described by Franchini and Krieger 36. For this procedure, the common 

carotid artery and its bifurcation were exposed. With the aid of a magnifying glass, the 

carotid body was identified, and the carotid body artery was carefully isolated and sectioned 

distally to the ligature.  

 

4.5. Arterial Pressure Recording 

 After recovering from the surgery, which took 24 h, the unanesthetized rats were 

connected to the arterial pressure recording system. Briefly, the arterial catheter was 

connected to a pressure transducer (MLT844; ADInstruments, Bella Vista, Australia) and the 

signal was amplified (ML224; ADInstruments, Bella Vista, Australia) and sampled at 2 kHz 

by an IBM/PC computer (Core 2 Duo, 2.2 GHz, 4 GB RAM) attached to an analog-to-digital 

interface (PowerLab, ADInstruments, Bella Vista, Australia). The experiment was conducted 

with the animals moving freely in their own cage, and the silence was maintained to 

minimize environmental stress. Arterial pressure recordings were processed with computer 

software (LabChart 7.0, ADInstruments, Bella Vista, Australia) capable of detecting 

inflection points and generate mean arterial pressure, systolic arterial pressure, diastolic 



 

arterial pressure, and heart rate beat-by-beat time series. In the case of groups with BCO, the 

two catheters for filling the balloons were connected to a syringe with water through a 

personalized Y-shaped polyethylene tubing to perform the occlusion simultaneously on both 

sides. A blood sample was collected with heparin under basal conditions from all subjects. 

 Following the basal recording of pulsatile arterial pressure during 30 min, both 

common carotid arteries were occluded during 20 s decreasing the blood flow above the 

carotid region (Fig. 8E-F). Next, the balloons were deflated to re-establish the blood flow. 

Immediately after the end of the occlusion, LPS [0.06 mg/kg (i.v.); Escherichia coli - 0111: 

B4 purified by phenol extraction; Sigma-Aldrich, St. Louis, MO, USA] was administered 

(Fig. 8F). For the other groups, not submitted to BCO, saline or LPS was administered 

immediately after the end of the basal recordings. Arterial pressure was recorded 

continuously during 360 min after the administration of LPS, or saline, in all groups (Fig. 

8F). During this period, serial blood samples (250 µL per sample) were taken at 90, 180, 270, 

and 360 min after the administration of LPS, or saline, through the catheter placed into the 

left femoral artery (Fig. 8F). Blood samples were collected with heparin and kept on ice until 

centrifuged at 4 °C during 15 min at 5000 rpm. Then, the plasma was collected and stored at -

80 °C until processing. In the groups with denervation (baroreceptor or chemoreceptor), at 

the end of the last blood collection, tests were performed with phenylephrine (2 µg in 0.1 mL, 

i.v.) and potassium cyanide (40 µg in 0.1 mL, i.v.) to confirm the correct denervation of each 

animal. Subjects that were not adequately denervated were not included in the work. 

 

4.6. Heart Rate and Systolic Arterial Pressure Variability Analysis 

 Beat-by-beat time series with systolic arterial pressure and cardiac interval values 

were extracted from periods of approximately 10 min for each moment (basal, 90, 180, 270 

and 360 min after LPS or saline) from pulsatile arterial pressure tracings. For the analysis 



 

during the BCO period, data points from the first 60 seconds, after BCO was initiated, were 

used. The time series were analyzed in the frequency domain by means of spectral analysis 

using an open-access custom computer software (CardioSeries v2.7, 

www.danielpenteado.com). Briefly, the beat-by-beat time series were resampled using cubic 

spline interpolation (10 Hz), and the interpolated series were split into half-overlapping 

sequential segments of 512 data points. All segments were visually inspected by a well-

experienced researcher looking for transients that could affect the calculation of the power 

spectral density. To ensure that visual inspection of the time series was properly performed, a 

Hanning window was used to diminish side effects and the spectrum was calculated for all 

segments using a direct Fast Fourier Transform (FFT) algorithm for discrete time series. 

Finally, all spectra were visually inspected for abnormalities and were integrated into low- 

(LF: 0.20–0.75 Hz) and high-frequency (HF: 0.75–3.00 Hz) bands. Results are expressed in 

absolute (ms2 and mmHg2) and normalized (nu) units. LF/HF ratio was also calculated. 

 

4.7. Cytokine Measurements 

 Plasma levels of cytokines (TNF, IL-1β, IL-6, and IL-10) were measured by the 

immune-enzymatic ELISA method using Duo set kits from R&D Systems (Minneapolis, 

MN, USA) according to the manufacturer’s instructions. 

 

4.8. Statistical Analysis 

 The results are presented as mean ± standard error of the mean (SEM). The 

hemodynamic and cardiocirculatory variability parameters were analyzed by two-way 

analysis of variance (ANOVA) for repeated measurements followed by the Tukey post-test 

when indicated, and by one-way ANOVA followed by the Tukey post-test when indicated. 

The data obtained from plasma were analyzed by one-way ANOVA, followed by the 



 

Student-Newman-Keuls post-test, when indicated, and also by the two-way ANOVA for 

repeated measures followed by the Student-Newman-Keuls post-test. Interrelations between 

systolic arterial pressure variability and cytokines levels were examined by Pearson’s 

correlation. Differences were considered statistically significant if P < 0.05. Statistical 

analysis was performed using SigmaPlot 12.0 software (Systat Software, San Jose, CA, USA) 

and GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA, USA). 
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Table 1. Time course of plasma cytokines. 

 Saline 
(n=9) 

LPS 
(n=8) 

BCO+LPS 
(n=8) 

BARO-X+ 
LPS 

 (n=7) 

BARO-X+ 
BCO+LPS 

(n=9) 

CHEMO-X+ 
LPS 

 (n=7) 

CHEMO-X+ 
BCO+LPS 

(n=9) 

TNF 
(pg/mL) 

        
      

0 min 503 ± 89 183 ± 60*  145 ± 32* 290 ± 60 359 ± 63 160 ± 41* 177 ± 32* 

90 min 207 ± 66 1831 ± 290* 1326 ± 180*# 671 ± 72*#† 873 ± 96*#† 442 ± 75*#†$§ 889 ± 146*#†‡ 

180 min 117 ± 36 275 ± 40 206 ± 19 222 ± 15 299 ± 21 69 ± 9 213 ± 22 

270 min 105 ± 25 120 ± 18  100 ± 8 114 ± 18 226 ± 18 30 ± 7 121 ± 8 

360 min 89 ± 20 99 ± 12 76 ± 5 92 ± 14 181 ± 12 24 ± 8 97 ± 9 

IL-6 
(pg/mL) 

         
 

 
 

 
 

0 min 0 ± 0 0 ± 0  0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

90 min 0 ± 0 8389 ± 1480* 8546 ± 1560* 2684 ± 225*#† 10120 ± 502*#†$ 3398 ± 533*#†§ 4810 ± 587*#†$§‡ 

180 min 0 ± 0 2977 ± 588* 3048 ± 1191* 252 ± 92#† 3888 ± 695*$ 0 ± 0#†§ 398 ± 49#†§ 

270 min 0 ± 0 14 ± 12 22 ± 19 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

360 min 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

IL-1β 
(pg/mL) 

         
 

 
 

 
 

0 min 0 ± 0 10 ± 9 3 ± 3 0 ± 0 12 ± 11 21 ± 18 0 ± 0 

90 min 0 ± 0 212 ± 35* 104 ± 39*# 0 ± 0#† 12 ± 11#† 7 ± 3#† 19 ± 11#† 

180 min 2 ± 1 178 ± 26* 116 ± 50*# 18 ± 12#† 0 ± 0#† 4 ± 2#† 19 ± 11#† 

270 min 0 ± 0 82 ± 18* 47 ± 20 0 ± 0# 23 ± 14# 0 ± 0# 8 ± 5# 

360 min 0 ± 0 39 ± 35 11 ± 7 0 ± 0 2 ± 1 0 ± 0 3 ± 2 

IL-10 
(pg/mL) 

         
 

 
 

 
 

0 min 543 ± 29 181 ± 31* 286 ± 70* 505 ± 78# 440 ± 82# 245 ± 65* 513 ± 75#†‡ 

90 min 287 ± 34 410 ± 55 730 ± 66*# 819 ± 33*# 546 ± 63*†$ 245 ± 86†$§ 1057 ± 88*#†$§‡ 

180 min 198 ± 18  474 ± 51* 523 ± 56* 989 ± 173*#† 730 ± 70*#† 307 ± 94$§ 900 ± 108*#†‡ 

270 min 105 ± 12 229 ± 38 295 ± 39 539 ± 49*#† 328 ± 40*$‡ 14 ± 13†$ 349 ± 48*$‡ 

360 min 43 ± 11  122 ± 31 137 ± 13 415 ± 50*#† 222 ± 42$ 0 ± 0$ 188 ± 29$ 

Data are expressed as mean ± SEM. TNF: tumor necrosis factor; IL-6: interleukin 6; IL-1β: 

interleukin 1β; IL-10: interleukin 10. * p <0.05 vs. Saline at the same moment; # p <0.05 vs. LPS at 

the same moment; † p <0.05 vs. BCO + LPS at the same moment; $ p <0.05 vs. BARO-X+LPS at the 

same moment; § p <0.05 vs. BARO-X+BCO+LPS at the same moment; ‡ p <0.05 vs. CHEMO-



 

X+LPS at the moment. BARO-X: denervation of baroreceptors; BCO: bilateral carotid occlusion; 

CHEMO-X: denervation of chemoreceptors; LPS: lipopolysaccharide.  

 

Legends to Figures 

 

Figure 1. Hemodynamic responses from intact, and surgically denervated animals 

under basal and during the peak response to bilateral carotid occlusion (BCO). SAP: 

systolic arterial pressure (A); DAP: diastolic arterial pressure (B); MAP: mean arterial 

pressure (C); HR: heart rate (D). Periods: basal (white bars) and BCO peak response (gray 

bars). Bars represent mean ± SEM. * p <0.05.  

 

Figure 2. Autonomic response to bilateral carotid occlusion (BCO) in intact animals and 

with denervation of baroreceptors (BARO-X) or chemoreceptors (CHEMO-X). Periods: 

basal (white bars) and BCO period (gray bars). LF-SAP: low-frequency band of the systolic 

arterial pressure. Bars represent mean ± SEM. * p <0.05.  

 

Figure 3. Time course of hemodynamic responses. Mean arterial pressure (MAP) at basal 

(A), 90 min (B), 180 min (C), 270 min (D) and 360 min (E); and heart rate (HR) at basal (F), 

90 min (G), 180 min (H), 270 min (I) and 360 min (J). BARO-X: denervation of 

baroreceptors; BCO: bilateral carotid occlusion; CHEMO-X: denervation of chemoreceptors; 

LPS: lipopolysaccharide. Bars represent mean ± SEM. * p <0.05.  

 

Figure 4. Time course of heart rate variability. The parameters evaluated were: low-

frequency band (LF; panels A, B, C, D and E), high-frequency band (HF; panels F, G, H, I 

and J), and LF/HF ratio (panels K, L, M, N and O) the spectrum of the cardiac interval at 



 

different times: baseline, 90 min, 180 min, 270 min and 360 min after LPS or saline. BARO-

X: denervation of baroreceptors; BCO: bilateral carotid occlusion; CHEMO-X: denervation 

of chemoreceptors; LPS: lipopolysaccharide. Bars represent mean ± SEM. * p <0.05. 

 

Figure 5. Plasma cytokine levels 90 minutes after saline or LPS administration. Plasma 

levels of TNF (A), IL-6 (B), IL-1β (C) and IL-10 (D) 90 min after administration of LPS or 

saline. BARO-X: denervation of baroreceptors; BCO: bilateral carotid occlusion; CHEMO-

X: denervation of chemoreceptors; LPS: lipopolysaccharide; n.d.: not detected. Bars 

represent mean ± SEM. * p <0.05.  

 

Figure 6. Correlation of systolic arterial pressure variability and cytokines levels 

release. Pearson’s correlation between the power of the low-frequency band of the systolic 

arterial pressure (LF-SAP) during the BCO period and the cytokines plasma levels [TNF (A), 

IL-1 (B), IL-6 (C), and IL-10 (D)] at 90 min after the administration of LPS. BARO-X: 

denervation of baroreceptors; BCO: bilateral carotid occlusion; CHEMO-X: denervation of 

chemoreceptors; LPS: lipopolysaccharide.    

 

Figure 7. Reflex sympathetic activation decreases pro-inflammatory cytokine release. 

The diagram shows how the baroreceptors and chemoreceptors act to reduce pro-

inflammatory cytokine release during bilateral carotid occlusion (BCO) following an immune 

challenge induced by LPS. During BCO, the carotid chemoreceptors are activated and, at the 

same time, the carotid baroreceptors are deactivated. Thus, the inhibitory influence of the 

baroreceptors on the sympathetic nervous system is impaired, and simultaneously, neurons 

from the rostral ventrolateral medulla (RVLM) are stimulated by the chemoreceptors 

activation, determining a significant increase of sympathetic activity. Accordingly, the 



 

sympathetic innervation of the spleen is stimulated inhibiting the cytokine production by the 

splenic macrophages. The diagram also highlights that baroreceptors and chemoreceptors 

would be activated by pro-inflammatory cytokines released from immune cells. CG: celiac 

ganglion; CVLM: caudal ventrolateral medulla; DMN: Dorsal motor nucleus of the vagus; 

IML: intermediolateral cell column; LPS: lipopolysaccharide; NA: nucleus ambiguous; NG: 

nodose ganglion; NTS: nucleus tractus solitarius; PG: petrosal ganglion; SG: sympathetic 

ganglion. 

 

Figure 8. The pneumatic cuff, a schematic representation of the method used, and the 

experimental protocol. A: lateral view of the pneumatic cuff; B: pneumatic cuff with the 

balloon without inflation; C: pneumatic cuff filled with water inflating the balloon. D: 

schematic representation at the basal period, when there was no occlusion of the common 

carotid artery (normal blood flow). E: schematic representation during the carotid occlusion. 

The balloon inside the pneumatic cuff was inflated with water using a syringe with an 

unsharpened needle connected to the polyethylene tube. Note that the blood flow, as well as 

the diameter of the internal and external carotid arteries, are reduced in the region above the 

occlusion site, deactivating the carotid baroreceptors. F: the timeline of the experimental 

protocol used in the present study. 
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Abstract  
 
We have described that the baroreflex activation displays anti-inflammatory 

proprieties. Analogously to the baroreflex, the Bezold-Jarisch reflex also promotes 

parasympathetic activation with simultaneous inhibition of the sympathetic nervous 

system. Thus, the present study aimed to evaluate whether the Bezold-Jarisch reflex 

activation would also have the ability to reduce inflammation. We used 

lipopolysaccharide injection to induce the systemic inflammation in Wistar Hannover 

rats, and phenylbiguanide administration to activate the Bezold-Jarisch reflex. The 

spleen, heart, hypothalamus, and a blood sample were collected to determine the 

levels of cytokines. Phenylbiguanide reduced arterial pressure and heart rate, 

immediately after its administration, confirming the activation of the Bezold-Jarisch 

reflex. Moreover, phenylbiguanide decreased TNF-α levels in the plasma and IL-6 

levels in the spleen. However, phenylbiguanide did not change the cytokines 

evaluated in the heart or hypothalamus. These findings indicate, for the first time, that 

although limited, the Bezold-Jarisch reflex exhibits an anti-inflammatory modulation. 
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1. Introduction  

 Several studies highlighted the role of the parasympathetic system to control 

the inflammation in numerous inflammatory diseases [1]. More recently, the baroreflex 

was identified as a modulator of the inflammatory response [2,3], in addition to its 

typical function of regulating the arterial pressure [4]. When activated, the baroreflex 

results in a neural response that comprises parasympathetic activation and 

sympathetic activity inhibition contributing to arterial pressure homeostasis [4]. Thus, 

the anti-inflammatory role played by the baroreflex activation is probably associated 

with its influence in both branches - sympathetic and parasympathetic - of the 

autonomic nervous system. 

 The Bezold-Jarisch reflex is a cardiopulmonary reflex in which the 

parasympathetic innervation of the cardiopulmonary region is crucial to regulate heart 

rate, systemic vasomotor tone, and respiration - when activated promotes 

bradycardia, hypotension, and apnea [5]. In experimental studies, the Bezold-Jarisch 

reflex is activated by some pharmacological agents, including a selective serotonergic 

5-HT3 receptor agonist, the phenylbiguanide (PBG) [6,7]. Analogously to the 

baroreflex, the Bezold-Jarisch reflex also promotes parasympathetic activation with 

concomitant inhibition of the sympathetic nervous system. In addition, the baroreflex 

and the Bezold-Jarisch reflex share a common central pathway in the brainstem [8–

10]. 

 Taking into account that the baroreflex activation has anti-inflammatory 

proprieties, it is reasonable to expect that the Bezold-Jarisch reflex would also have 

the similar ability since both reflexes share the same central pathway and analogous 

efferent autonomic response. Therefore, this study aimed to evaluate if the Bezold-

Jarisch reflex activation can control the systemic inflammatory response in rats. 

 

2. Materials and methods 

2.1. Experimental animals 

 Male Wistar Hannover rats (250 - 300 g) from the Main Animal Facility of the 

University of São Paulo (Campus of Ribeirão Preto; Ribeirão Preto, SP, Brazil) were 

used to perform the study. The animals were kept under constant light-dark cycle (12 

h), and controlled temperature (23 ºC) with free access to water and food. The 



 

experimental protocol of the present study was evaluated and approved by the 

Committee of Ethics in Animal Research from the Ribeirão Preto Medical School – 

University of São Paulo (protocol # 161/2016). 

 

2.2. Surgical procedures 

 A cocktail of ketamine and xylazine (50 mg/kg and 10 mg/kg, i.p.) was used to 

anesthetize the animals to perform the surgical procedures of catheterization. The left 

femoral artery and vein were catheterized with polyethylene tubing (PE-50 soldered to 

PE-10 polyethylene tube; Intramedic, Clay Adams, Parsippany, NJ, USA) for arterial 

pressure recording and PBG or saline (vehicle) administration, respectively. 

Furthermore, a catheter (PE-50 polyethylene tube; Intramedic, Clay Adams, 

Parsippany, NJ, USA) was inserted into the abdominal cavity for the administration of 

LPS from Escherichia coli 0111:B4 (Sigma-Aldrich, St. Louis, MO, USA) or saline 

(vehicle). The catheters were pulled up through a subcutaneous track to the animal’s 

neck and exteriorized on the nape, and surgical incisions were sutured. Analgesic 

(tramadol hydrochloride: 2 mg/kg, s.c.) was administered to avoid pain. 

 

2.3. Experimental protocol 

 Forty-eight hours after the surgical procedures, the rats were assigned into four 

groups:  

I) Sal + Sal: saline administration (i.v.) followed by saline injection (i.p.).  

II) PBG + Sal: phenylbiguanide administration (i.v.) followed by saline injection (i.p.).  

III) Sal + LPS: saline administration (i.v.) followed by LPS injection (i.p.).  

IV) PBG + LPS: phenylbiguanide administration (i.v.) followed by LPS injection (i.p.).  

 With the animal unanesthetized, the experimental protocol consisted of basal 

recordings of pulsatile arterial pressure, followed by the administration of PBG (5 

μg/kg, i.v.) - to promote the Bezold-Jarisch reflex activation - or saline (control). Five 

minutes later, the LPS (5 mg/kg, i.p.) was administered - to induce systemic 

inflammation - or saline (as control) was injected. The arterial pressure was recorded 



 

until completing 90 min after LPS or saline injection. Next, the arterial pressure 

recording was suspended, and a blood sample was collected through the catheter 

from the femoral artery with heparin. Then, the rats were killed by decapitation for 

quick collection of samples from the spleen, the heart and the whole hypothalamus, 

that were immediately frozen in liquid nitrogen. Blood samples were kept on ice until 

centrifugation at 3500 rpm for 15 min at 4 ºC. The plasma was then collected, and all 

biological material was stored at -80 ºC. 

 

2.4. Arterial pressure recording and analysis 

 The pulsatile arterial pressure was recorded using a pressure transducer 

(MLT844; ADInstruments, Bella Vista, Australia), an amplifier (ML224; ADInstruments, 

Bella Vista, Australia), and an analog-to-digital interface (PowerLab, ADInstruments, 

Bella Vista, Australia). The experiment was conducted with the animals moving freely 

in their cage. The analysis of the mean arterial pressure and heart rate was carried 

out using computer software (LabChart 7.0, ADInstruments, Bella Vista, Australia). 

 

2.5. Cytokine measurements  

 On the day of the assay, the tissue samples were homogenized in 0.5 mL of 

PBS using a homogenizer (Polytron-PT-3100, Evisa, Kinematica, Luzern, 

Switzerland) and then centrifuged at 1000 rpm for 10 min at 4 ºC. The plasma and 

tissue supernatant samples were used to measure the cytokine (TNF-α, IL-1β, IL-6, 

and IL-10) levels by an immunoenzymatic method (ELISA) using Duo set kits from 

R&D Systems (Minneapolis, MN, USA) according to the manufacturer’s instructions. 

 

2.6. Statistical analysis  

 The analysis of the hemodynamic data was carried out using two-way analysis 

of variance (ANOVA) for repeated measures, followed by Student-Newman- Keuls 

post hoc test. The analysis of inflammatory mediators was carried out using one-way 

ANOVA, followed by the same post hoc test mentioned. Differences were considered 

statistically significant if P < 0.05. Statistical analysis was performed using the 



 

SigmaPlot 12.0 software (Systat Software, San Jose, CA, USA), and the results are 

presented as mean ± standard error of the mean. 

 

3. Results and discussion 

3.1. Hemodynamic response to phenylbiguanide 

 Saline administration did not change arterial pressure or heart rate (Fig. 1A and 

B). However, immediately after PBG administration, a reduction in arterial pressure 

(Fig. 1A) and abrupt bradycardia (Fig. 1B) were observed. Classically, the Bezold-

Jarisch reflex activation promotes hypotension and bradycardia [5]. The reflex 

vasodilation of the Bezold-Jarisch reflex is, in fact, because of the inhibition of the 

sympathetic vasoconstrictor tone [6], which is considered to be comprehensive [11]. 

This sympathetic inhibition due to the Bezold-Jarisch reflex activation was 

demonstrated in the lumbar [9,12], splanchnic [12], splenic [13] and renal nerves 

[6,13]. On the other hand, the bradycardia in Bezold-Jarisch reflex is predominantly 

due to parasympathetic activation [9]. Both responses were clearly observed in the 

present study, indicated that the administration of PBG promoted conspicuous 

parasympathetic activation and sympathetic inhibition, validating the activation of the 

Bezold-Jarisch reflex in the chosen model. 

 

3.2. Time course of arterial pressure and heart rate 

 No changes in arterial pressure were observed over time in any of the groups 

studied (Fig. 1C). That is, the injection of LPS or PBG did not promote alterations in 

arterial pressure over 90 min. However, the administration of LPS increased the heart 

rate 60 and 90 min later, compared to baseline and also compared to control groups, 

which received saline (Fig. 1D). In addition, PBG did not reduce the mean arterial 

pressure and heart rate over time (Fig. 1C and D).  

 The tachycardia observed after LPS administration in the present study is in 

line with the literature [14]. Regarding the arterial pressure response, some studies 

reported that, over time, LPS reduced the arterial pressure [15]. On the other hand, 

other reports described a hypertensive response [14], or even no changes in the 



 

arterial pressure [3]. Thus, the effects of LPS in the arterial pressure are quite variable 

in rats, definitely involving many factors, such as gender, strain, quality and dose of 

the LPS, level of anesthesia, among others. 

 

3.3. Phenylbiguanide reduced the TNF level in plasma and the IL-6 level in 
spleen 

 The administration of saline associated, or not, with PBG did not modify the 

plasma cytokine levels (Fig. 2A-D). Instead, the administration of LPS increased all 

the cytokines evaluated in plasma, 90 min after its injection (Fig. 2A-D). The 

administration of PBG associated with LPS reduced the release of TNF-α in plasma 

(Fig. 2A). However, PBG administration did not prevent the increase of the other 

cytokines induced by LPS (Fig. 2B-D). The analysis of tissue cytokines showed that 

LPS administration increased most of the cytokines analyzed in the spleen (Fig. 2E-

H), heart (Fig. 2I-L) and hypothalamus (Fig. 2N-P). Moreover, in the spleen, the 

administration of PBG attenuated the IL-6 release induced by LPS (Fig. 2F) but did 

not decrease the levels of the other cytokines induced by LPS (Fig. 2E, G and H). In 

the heart and hypothalamus, the administration of PBG, associated with LPS, did not 

reduce the release of any cytokine evaluated in the present study (Fig. 2I-P). 

Undetected levels of TNF-α were observed in the hypothalamus (Fig. 2M). 

 The central activation pathways for the Bezold-Jarisch reflex consists of the 

same paths as the baroreflex [8–10]. Taking into account that previous reports from 

our laboratory demonstrated that the stimulation of the baroreflex promoted anti-

inflammatory effects in rats [2,3], it was expected that the activation of the Bezold-

Jarisch reflex would also produce the same result. Our findings showed that the 

activation of the Bezold-Jarisch reflex attenuated the cytokine release induced by 

systemic inflammation in unanesthetized rats. However, the anti-inflammatory effects 

of the activation of the Bezold-Jarisch reflex were not the same as those shown for 

the baroreflex activation. Brognara et al. [3] demonstrated that baroreflex activation 

reduced the levels of TNF, IL-6, IL1β and IL-10 in the hypothalamus of endotoxemic 

rats, without changing the levels of the same cytokines in plasma, spleen or heart. In 

the current study, the Bezold-Jarisch reflex did not decrease the inflammation in the 

hypothalamus or the heart but reduced the concentrations of TNF-α in the plasma and 



 

IL-6 in the spleen. These data indicate that: (I) although limited to some cytokines and 

territories, the Bezold-Jarisch reflex exhibited systemic anti-inflammatory modulation; 

and (II) that parasympathetic activation and sympathetic inhibition promoted by the 

Bezold-Jarisch reflex, have different anti-inflammatory properties than those resulting 

from baroreflex stimulation. 

 It is noteworthy that the study by Brognara et al. [3] was also conducted in 

unanesthetized rats submitted to the induction of systemic inflammation through the 

administration of LPS, as in the present study. However, an important factor may 

justify the differences observed in the anti-inflammatory effect promoted by each 

reflex: the method chosen to activate the parasympathetic and inhibit the sympathetic 

nervous system. In the experiments from Brognara et al. [3], the baroreflex was 

activated through electrical stimulation of the aortic depressor nerve, that is, a 

neurostimulation approach was used. In the current study, a pharmacological method 

was chosen to trigger the Bezold-Jarisch reflex. Thus, although the efferent autonomic 

response was practically the same for both reflexes, resulting in parasympathetic 

activation and concomitant sympathetic inhibition, the different afferent approaches 

used to activate these reflexes appeared to interfere with the effector inflammatory 

response. 

 In the current study, the anti-inflammatory effect of the Bezold-Jarisch reflex 

was selective for TNF-α in plasma and IL-6 in the spleen. It is possible that the action 

of the Bezold-Jarisch reflex on the other cytokines in plasma (IL-6, IL-1β, and IL-10) 

and the spleen (TNF-α, IL-1β and IL-10) may have a different time course, occurring 

later, or even earlier. That is, the anti-inflammatory effect produced by the 

parasympathetic activation and sympathetic inhibition due to the Bezold-Jarisch reflex 

stimulation would require more, or less, than ninety minutes to be effective. Thus, it 

would be interesting to further study the time course of cytokines in different tissues, 

during the development of the systemic inflammatory response in unanesthetized rats. 

  

4. Conclusions 

 In conclusion, this is the first study describing that the Bezold-Jarisch reflex 

possesses an anti-inflammatory role in rats. In other words, like the baroreflex, the 

Bezold-Jarisch reflex can also control the release of TNF-α in plasma and IL-6 in the 



 

spleen in unanesthetized rats, when systemic inflammation was elicited by LPS. Thus, 

the study of the Bezold-Jarisch reflex activation, in different inflammatory diseases, 

would be useful for proposing new therapeutic strategies to treat the inflammation 

under diverse conditions.  
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9. Figure legends 
 

Figure 1. Hemodynamic response to phenylbiguanide and LPS. Bar graphs show 

the mean arterial pressure (MAP, A) and heart rate (HR, B) at baseline (white bars) 

and after administration (gray bars) of phenylbiguanide (PBG) or saline. Interrupted 

lines show the MAP (C) and HR (D) at baseline (time zero), 30, 60 and 90 min after 

the administration of LPS or saline from the different groups. LPS: lipopolysaccharide; 

PBG: phenylbiguanide; Sal: saline. Panels A and B: * P < 0.05. Panel D: * P < 0.05 

vs. 0 min; # P < 0.05 vs. 30 min. Two-way ANOVA with Student-Newman-Keuls post 

hoc test.  

 



 

Figure 2. The administration of phenylbiguanide decreased the release of TNF-
α induced by LPS in plasma and IL-6 in the spleen. Bar graphs show the levels of 

TNF-α, IL-6, IL-1β and IL-10 in plasma (A, B, C and D), spleen (E, F, G and H), heart 

(I, J, K and L) and hypothalamus (M, N, O and P) 90 min after the administration of 

LPS or saline in the different groups. IL-6: interleukin 6; IL-1β: interleukin 1β; IL-10: 

interleukin 10; LPS: lipopolysaccharide; n.d.: not detected; PBG: phenylbiguanide; 

Sal: saline; TNF-α: tumor necrosis factor alpha. * P < 0.05 vs. Sal + Sal group; # P < 

0.05 vs. Sal + LPS group. One-way ANOVA with Student-Newman-Keuls post hoc 

test. The number in parentheses represents the n of each group. 
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Abstract 

Systemic arterial hypertension and heart failure are cardiovascular diseases that affect 

millions of individuals worldwide. They are characterized by a change in the autonomic 

nervous system balance, highlighted by an increase in sympathetic activity associated with a 

decrease in parasympathetic activity. Most therapeutic approaches seek to treat these 

diseases by medications that attenuate sympathetic activity. However, there is a growing 

number of studies demonstrating that the improvement of parasympathetic function, by means 

of pharmacological or electrical stimulation, can be an effective tool for the treatment of these 

cardiovascular diseases. Therefore, this review aims to describe the advances reported by 

experimental and clinical studies that addressed the potential of cholinergic stimulation to 

prevent autonomic and cardiovascular imbalance in hypertension and heart failure. Overall, 

the published data reviewed demonstrate that the use of central or peripheral 

acetylcholinesterase inhibitors is efficient to improve the autonomic imbalance and 

hemodynamic changes observed in heart failure and hypertension. Of note, the baroreflex and 

the vagus nerve activation have been shown to be safe and effective approaches to be used 

as an alternative treatment for these cardiovascular diseases. In conclusion, pharmacological 

and electrical stimulation of the parasympathetic nervous system has the potential to be used 

as a therapeutic tool for the treatment of hypertension and heart failure, deserving to be more 

explored in the clinical setting. 

 

Keywords: Anticholinesterases; Cholinergic Stimulation; Electrical Stimulation; 

Parasympathetic Nervous System; Sympathetic Nervous System. 
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1. INTRODUCTION 

Systemic arterial hypertension (SAH) has a high prevalence and is associated with 

high morbidity and mortality in the global population. According to the latest World Health 

Organization data from 2015, the incidence of SAH in adults (18 years of age or older) was 

24% and 20% in men and women, respectively 1. In 1975, a total of 594 million people were 

diagnosed with SAH in the low and middle-income countries, while in 2015 this number 

increased to 1.13 billion of people, indicating a dramatic increase of SAH in the last four 

decades 2. In 2035, it is expected that more than 130 million adults in the US population 

(45.1%) will have some form of cardiovascular disease 3. This outcome represents an 

approximate cost of $1.1 trillion, with direct medical costs reaching $748.7 billion, and 

estimated indirect costs of $368 billion 3. Furthermore, SAH is a significant risk factor for the 

onset of other serious cardiovascular diseases, such as acute myocardial infarction (MI), 

coronary disease, coronary artery aneurysms, heart failure (HF) and chronic kidney disease 

4,5. Besides, at least 45% of heart disease deaths and 51% of stroke deaths were related to 

SAH 6,7. Therefore, SAH is considered a major public health problem. 

In addition to the high arterial pressure, other physiological alterations are also 

observed in SAH, such as autonomic dysfunction, which is characterized by an increase in 

the sympathetic and a decrease in the parasympathetic activity. This autonomic imbalance 

contributes to the increase in arterial pressure and the derangement of other physiological 

functions 8,9. SAH also promotes several changes in the cardiac structure and function, for 

example, left ventricular (LV) hypertrophy, and left atrial hypertrophy, LV systolic and diastolic 

dysfunction 10, as well as reduction of LV ejection fraction 5. An increase in the levels of 

circulating catecholamines 8,9,11, heart rate (HR), peripheral resistance 12,13, reduction of the 

total HR variability, and baroreflex dysfunction are also observed in patients with SAH 14. 

HF is another severe cardiovascular disease very prevalent worldwide, and it is 

associated with the progression of SAH. A previous study has shown that SAH induces HF in 

59% of female and 39% of male patients15. Besides that, the risk of developing HF is greater 

when the patient with SAH presents MI, diabetes, LV hypertrophy, or valvular heart disease 
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15. It is estimated that the HF affects about 23 million people worldwide, with incidence and 

prevalence rates reaching epidemic proportions. This outcome is demonstrated by the 

considerable increase in the number of hospitalizations and deaths attributed to HF, besides 

the growing expenditure on the care of these patients 16. The prevalence is approximately 1-

2% of the adult population in developed countries, which is above 10% in individuals over 70 

years of age, and also HF has a mortality rate close to 12% amongst African-American 

individuals 17. HF is cardiovascular morbidity in which the heart cannot pump enough blood to 

all organs of the body 18 and, in addition to hemodynamic dysfunction, is also characterized 

by activation of the immune system and autonomic system dysfunction 19,20. In HF, both innate 

and adaptative immune systems are activated, resulting in the recruitment of several immune 

cells and an increase in the circulating levels of pro-inflammatory cytokines and myocardial 

inflammation 20. Similarly to SAH, the autonomic dysfunction observed in HF is due to increase 

of the sympathetic and reduction of the parasympathetic activities 21 related to changes in the 

cardiorespiratory reflexes 22. The sympathetic hyperactivity in HF also results in greater 

activation of the efferent renal sympathetic nerves, which causes an increase on renal renin 

release and, consequently, sodium retention, hypervolemia, and reduced renal blood flow 6. 

Moreover, renal sympathetic activation rises the levels of circulating angiotensin II, which 

reaches the central nervous system and leads to an increase in the sympathetic tone 23. 

Besides, there is an additional increase in norepinephrine release by the sympathetic nerve 

terminals due to activation of AT1 angiotensin II receptors in the pre-synaptic terminal of 

sympathetic neurons, harming the cardiovascular homeostasis 24. 

Before 1950, there were no effective medications for the treatment of SAH, so most of 

the hypertensive patients progressed to secondary complications, mainly HF 25. At that time, 

the only effective treatment was broad bilateral sympathectomy, indicated for patients with 

malignant SAH or HF; however, the approach had limited effectiveness, since hypertension 

returned within a few years after surgery 25. In 1952, based on the results from surgical 

sympathectomy, hexamethonium, and other drugs that performed an efficient 

pharmacological sympathectomy came up, but they exhibited a number of adverse effects 25. 
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Since then, studies involving pharmacological treatments of SAH progressed enormously, 

allowing the development of thiazide diuretics (1958), potassium-sparing diuretics (1957), 

beta-blockers (propranolol, 1973), alpha-2 adrenergic receptor agonists acting centrally 

(clonidine, the 1970s), alpha-1 adrenergic receptor blocker (prazosin, 1975), angiotensin-

converting enzyme inhibitors (captopril, 1977), calcium channel blockers (verapamil, 1977), 

angiotensin II receptor blocker (losartan, 1982), renin inhibitors (aliskiren, 2000) 26. After the 

development of these antihypertensive drugs, the appropriate treatment of SAH reduced the 

risk of MI by 15 to 25%, the risk of stroke by 35-40%, and HF by 64% 18. Nevertheless, some 

patients are still resistant to these medications, and the antihypertensive effects are not 

achieved.  

On the other hand, it was also proposed that parasympathetic stimulation is able to 

inhibit the sympathetic impulse, since the release of acetylcholine acts on muscarinic 

receptors situated in the sympathetic pre-synaptic nerve endings, inhibiting the release of 

norepinephrine 27. Accordingly, based on the possible cardioprotective role played by the 

parasympathetic nervous system, studies have explored the beneficial effects of cholinergic 

activation in cardiovascular diseases. Therefore, this review aims to highlight the advances in 

experimental and clinical studies of cholinergic stimulation (pharmacological and electrical) as 

a promising tool for the treatment of SAH and HF. 

 

2. PHARMACOLOGICAL STIMULATION OF THE PARASYMPATHETIC NERVOUS 

SYSTEM 

 

2.1. Acetylcholinesterase Inhibitors in Systemic Arterial Hypertension 

In the heart, the parasympathetic neurotransmission is mediated through the release 

of acetylcholine (ACh), which binds to type 2 muscarinic receptors in the sinoatrial and 

atrioventricular node, causing reduction of the HR and atrial contractility 28. Activation of type 

2 muscarinic receptors stimulates the inhibitory G proteins, which reduce the cardiac 

pacemaker activity by hindering calcium channels opening and increasing potassium 
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membrane permeability 29,30.  The main reason for using the acetylcholinesterase inhibitors is 

to prevent the hydrolysis of ACh at the cholinergic nerve endings, prolonging its availability; 

and, consequently, increasing the efficiency of cholinergic transmission 31.  

Previous studies that stimulated the cholinergic system by means of the administration 

of acetylcholinesterase inhibitors, e.g. pyridostigmine and donepezil, have shown promising 

results with a significant improvement in the autonomic and cardiovascular parameters in 

experimental models of cardiovascular diseases 32–35. Pyridostigmine bromide is an 

anticholinesterase agent, consisting of a quaternary amine that does not cross the blood-brain 

barrier; therefore, it does act, specifically in the peripheral synaptic clefts, increasing the 

bioavailability of ACh in these synaptic clefts 31. Donepezil, which consists of a tertiary amine, 

is also an anticholinesterase agent, but with the capacity of crossing the blood-brain barrier 31. 

This drug is particularly known as the most commonly used member of the class of 

acetylcholinesterase inhibitors for the treatment of Alzheimer’s disease 36. Interestingly, 

studies from patients with Alzheimer’s disease have demonstrated that those using the 

acetylcholinesterase inhibitors had a lower risk of MI and cardiovascular mortality when 

compared to non-users of this class of drugs 37,38. 

Experimental studies using spontaneously hypertensive rats (SHR) have 

demonstrated that pharmacological chronic cholinergic stimulation by means of 

pyridostigmine administration (25 mg/kg/day, during 14 days) in drinking water attenuated the 

increase of HR, arterial pressure and the reduction of the parasympathetic tone 66. Lataro and 

colleagues 67 also showed that long-term administration of pyridostigmine (1.5 mg/kg/day, 

during 16 weeks) to SHR attenuated the vascular reactivity dysfunction, by reducing reactive 

oxygen species generation and increasing nitric oxide (NO) bioavailability. Accordingly, the 

use of pyridostigmine can act by means of several different mechanisms, reducing the 

cardiovascular alterations observed in the SHR. 

In order to explore both peripheral and central effects of an anticholinesterase in SAH, 

Lataro and colleagues also compared the effects of pyridostigmine (1.5 mg/kg/day) versus 

donepezil (1.4 mg/kg/day) in SHR, both given during 16 weeks 68. It was observed an 
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improvement in the cardiac vagal tone and prevention of cardiac remodeling under both 

treatments 68. Of note, only donepezil attenuated the development of SAH in SHR, suggesting 

that this antihypertensive effect cannot be attributed solely to a direct improvement of the 

cardiac parasympathetic tone. Recently, Cavalcante and colleagues investigated the role of 

these anticholinesterase agents in L-NAME hypertensive rats 69. Oral treatment of either 

donepezil (1.4 mg/kg/day) or pyridostigmine (22 mg/kg/day), during 12 days, were effective in 

preventing the increase in arterial pressure, cardiac sympathetic tone and chemoreflex 

sensitivity, as well as the attenuation of the baroreflex, parasympathetic tone and gastric 

motility 69. However, only donepezil administration prevented the increase in the sympathetic 

tone to blood vessels 69. The differences of the results observed in the study of Cavalcante 

and colleagues  69 versus Lataro and colleagues 68 could be related to the experimental model 

investigated (L-NAME vs SHR), method of drug administration (gavage vs osmotic 

minipumps), and the dose of pyridostigmine (22 vs 1.5  mg/kg/day). Thus, higher doses of 

pyridostigmine may have blocked the action of non-neuronal acetylcholinesterase produced 

in other locations, such as the endothelium or lymphocytes, which may have potentiated the 

hemodynamic changes 70. Therefore, these data reinforce that acetylcholinesterase inhibition 

could be used as a pharmacological tool to increase parasympathetic function and, 

consequently, prevent the adverse effects on the cardiovascular, digestive and autonomic 

systems, observed in SAH. 

From the inflammatory point of view, it is essential to highlight that donepezil treatment 

also promoted an anti-inflammatory effect in SHR 68, which may have influenced the 

attenuation of the SAH.  Since the central inflammatory process is involved in the development 

of SAH and is correlated with alterations in the cardiovascular autonomic modulation, it is likely 

that the reduction of this process is a potential mechanism involved in cholinergic activation  

71. Thus, these data suggest that anticholinesterase agents can reduce inflammation, being a 

preventive approach for patients at increased cardiovascular risk. 

 Clinical studies about the effects of acetylcholinesterase inhibitors in hypertensive 

patients are quite limited in the literature, compared to the experimental studies. Arad and 
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colleagues 72 evaluated eight hypertensive patients under regular treatment with beta-blockers 

combined with pyridostigmine (30 mg, 3 times per day, during 2 days). No differences were 

found between the pyridostigmine and placebo groups concerning HR, arterial pressure, PR 

interval or plasma catecholamines during regular daily activity 72. However, during the bicycle 

ergometer exercise pyridostigmine reduced diastolic arterial pressure, indicating a reduction 

in peripheral vascular resistance due to parasympathetic stimulation 72. Sandroni and 

colleagues  73 examined the effects of pyridostigmine [30-60 mg, 2-3 times (gradual increase) 

during around 19 months] in subjects with neurogenic orthostatic hypertension. These authors 

described that 17 of 20 patients related moderate to marked improvement of the orthostatic 

symptoms with pyridostigmine treatment 73. Therefore, these preliminary clinical data 

demonstrated that pyridostigmine might have promising results for the treatment of SAH. 

Nevertheless, further studies in hypertensive subjects are needed to better explore the 

benefits of acetylcholinesterase inhibitors treatment. 

 

2.2. Acetylcholinesterase Inhibitors in Heart Failure 

Similarly to the studies in animals and patients with SAH, pharmacological cholinergic 

stimulation has shown promising results in HF subjects. A recent review has thoroughtly 

explored this issue from cell to patients reports, discussing the potential mechanisms involved 

in the effects of acetylcholinesterase inhibitors. Here, we are going to retrospectively examine 

the studies which performed pharmacological cholinergic stimulation in animals and patients 

with MI or HF. 

Earlier studies in healthy volunteers demonstrated that a single dose of 30 mg or 45 

mg of pyridostigmine bromide promoted 28% reduction in serum cholinesterase activity, 

decreased resting HR and the QTc dispersion and improved ventricular function 39-41. These 

data have encouraged further researches on pharmacological cholinergic stimulation in order 

to elucidate the benefits of parasympathetic activation in coronary artery disease and HF. In 

this sense, Castro and colleagues 42 studied the effects of pyridostigmine on 

electrocardiographic variables and during cardiopulmonary treadmill exercise test in patients 
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with stable coronary artery disease. The findings indicated that pyridostigmine caused 

bradycardia, improved exercise peak tolerance, inhibited the chronotropic response to 

submaximal exercise, protected against exercise-induced myocardial ischemia and reduced 

the QT interval in the first minute of active recovery, without causing significant side effects in 

those patients 42,44,45. In addition, Nóbrega and colleagues 46 demonstrated that cholinergic 

stimulation with pyridostigmine (45 mg) two hours before a standard mental stress task 

prevented impaired myocardial function during mental stress in patients with coronary artery 

disease 46. 

In elderly patients with chronic HF, Androne and colleagues 43 demonstrated that 

pyridostigmine improved the recovery of HR within one minute after physical exercise, 

suggesting that pyridostigmine increased the parasympathetic function of chronic HF patients. 

Subsequently, Serra and colleagues 47 conducted a study with 32 patients with chronic HF 

who underwent 3 cardiopulmonary treadmill exercise test on different days. These authors 

observed that pyridostigmine led to an improvement in the hemodynamic profile during 

dynamic exercise in patients with HF 47. Thus, these sets of studies in patients who have 

coronary artery disease and HF indicated that pyridostigmine is efficient in improving heart 

performance during situations of physical exercise and mental stress. 

Experimental studies have also evaluated the benefits of donepezil and pyridostigmine 

in different heart failure models. Handa and colleagues 32 observed that donepezil (5 

mg/kg/day, for 4 weeks), prevented cardiac dysfunction and remodeling in mice with HF 32. 

Okazaki and colleagues 34 also demonstrated that donepezil (5 mg/kg/day) reduced 

biventricular weight, improved ventricular function and ameliorated parasympathetic function 

at night time of HF rats. Recently, Li and colleagues  48 showed that central microinfusion of 

donepezil for 6 weeks in HF rats markedly improved the survival rate, prevented cardiac 

remodeling, and reduced plasma catecholamines, cerebral natriuretic peptide and angiotensin 

II 48.  

Similar to donepezil, pyridostigmine has also shown promising effects in experimental 

models of cardiac pumping failure. In myocardial infarcted rats, pyridostigmine administration 
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(dissolved in drinking water 0.14 mg/mL, during 11 days) improved cardiac contractility and 

attenuated the size of myocardial infarcted area, as well reestablished the mean arterial 

pressure, baroreflex sensitivity and autonomic control 49. Additionally, Lataro and colleagues  

33 observed that pyridostigmine administration (21 mg/kg/day, dissolved in drinking water 0.14 

mg/ml, during 4 weeks) decreased plasma acetylcholinesterase activity in 42% and 

simultaneously prevented the autonomic imbalance commonly observed in HF, improved 

cardiac function (systolic volume, ejection fraction, cardiac output and LV contractility), 

attenuated cardiomyocyte hypertrophy and reduced collagen deposition in the non-infarcted 

ventricle of HF rats 33. These findings indicated that pyridostigmine administration to rats 

improved not only the cardiac structure but also the autonomic cardiovascular function in the 

early stage of MI (11 days) 49, as well as in established HF (4 weeks) 33.  

The benefits of pyridostigmine in HF rats were also evaluated in the later stage of HF 

35. Sabino and colleagues 35 demonstrated that pyridostigmine improved baroreflex sensitivity, 

cardiac parasympathetic tone, intrinsic pacemaker frequency and autonomic cardiovascular 

variability in HF rats after 6 to 7 weeks of MI. Nevertheless, in this study, pyridostigmine was 

unable to prevent the arterial pressure reduction and to improve the cardiac function 

(measured by contractility indices and LV relaxation) 35. Since the dose of pyridostigmine was 

the same in the aformetionated studies, the difference reported between the findings can be 

explained by the advanced stage of the disease in the animals with 7-weeks of HF. 

Sabino and colleagues  50 also investigated the effect of pyridostigmine involving the 

central and peripheral chemoreflex sensitivity of HF rats. Both stimuli, hypoxia (10% O2) and 

hypercapnia (5% or 10% CO2) induced greater pulmonary ventilation and respiratory rate in 

HF rats, indicating that the sensitivity of peripheral and central chemoreceptors was increased 

in HF rats 50. However, the cholinergic stimulation, by means of pyridostigmine administration, 

was effective in reducing the increase in pulmonary ventilation during hypoxia; but its effect 

was negligible during hypercapnia since it did prevent only the increase of the respiratory rate 

in HF subjects. To explain these results, the authors suggested that pyridostigmine was able 

to increase the parasympathetic drive to the carotid body; and, consequently, attenuated the 



11 

ventilatory response to hypoxia 50. This hypothesis is based on the study by Fidone and Sato 

51, which demonstrated that parasympathetic stimulation of nerve fibers from the carotid body 

caused an attenuation of the sensitivity of the chemoreflex. Besides, it has already been 

demonstrated that the dose of pyridostigmine used in the study of the chemoreflex sensitivity 

evaluation 50 is efficient for promoting an increase of the parasympathetic tone in rats with HF 

33,35. Therefore, these findings indicate that part of the improvement of the autonomic control, 

after pyridostigmine administration, could be due to the attenuation of chemoreflex sensitivity, 

which is increased during HF 50. 

Later on, Santos-Almeida and colleagues evaluated the effect of pyridostigmine 

administration (0.25 mg/kg; i.v.) during the first 4 hours after acute MI in rats 52. Pyridostigmine 

did not reverse the arterial pressure decrease caused by the MI, but it was effective in 

preventing the associated tachycardia 52. In addition, pyridostigmine reduced arrhythmias in 

infarcted rats and prevented QT prolongation and connexin 43 reduction in the LV 52. The 

maintenance of connexin 43 levels and, consequently, the stability of cardiomyocyte 

components promoted by pyridostigmine administration in HF rats, could be related to the 

reduction of the arrhythmias observed in the treated animals 52. Besides that, the 

antiarrhythmic function of anticholinesterase does not appear to require the bradycardic effect 

induced by pyridostigmine. This statement is based on the observation that significant 

bradycardia occurs only in the first 2 hours after MI, while the antiarrhythmic effect persisted 

during the 4 hours of the experimental protocol 52. 

The effects of pyridostigmine were also examined by Durand and colleagues in mice 

submitted to small MI 56. The administration of 3 mg/kg/day of pyridostigmine, during 4 weeks 

(mini osmotic pump), prevented the tachycardia and autonomic changes caused by MI in mice. 

Moreover, the cholinergic approach counteracted the decrease in vagal tone and the 

sympathetic overactivity one week after MI and produced a greater increase in the vagal tone 

in the fourth week compared to before MI 56. Another study 57 in mice investigated the effect 

of pyridostigmine (3 mg/kg/day) on the hemodynamic responses and nychthemeral 

oscillations of mean arterial pressure and HR  before and one week after the induction of MI. 
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Infarcted animals showed a decrease in arterial pressure and an increase in HR, whereas the 

administration of pyridostigmine prevented these alterations 57. Moreover, the nychthemeral 

oscillations of mean arterial pressure and HR were not affected by pyridostigmine after the MI 

57, suggesting that the use of pyridostigmine may be a safe pharmacological therapy capable 

of improving hemodynamic and autonomic variables in experimental models of MI and HF 57. 

It is essential to highlight that the number of reports showing the relationship between 

cardiovascular diseases and inflammation 58–60 is increasing in the literature, leading the 

researchers to evaluate whether the improvement in cardiac and autonomic function, after 

cholinergic stimulation, was accompanied by attenuation of inflammatory processes. Thus, 

Bezerra and colleagues 61 analyzed the anti-inflammatory effects of the pharmacological 

cholinergic stimulation by pyridostigmine during the proliferative phase of cardiac repair. It was 

observed that pyridostigmine administration after MI increased parasympathetic modulation, 

reduced the oxidation of proteins (carbonyl) and the concentration of anti-inflammatory 

markers (IL-1β, IL-6, TNF-α and IL-10), preventing oxidative stress 61. Also, there is evidence 

that administration of pyridostigmine reduced the heart inflammation in MI, attenuating the 

heart dysfunction 64,65. Rats treated with pyridostigmine showed higher anti-inflammatory cell 

recruitment (activated fibroblasts, monocytes/macrophages and cardiomyocytes) and 

reduced inflammatory cytokines expression (IFN-γ, IL-6, and IL-1β) 64. These results indicated 

that increased ACh availability might activate the alpha-7 nicotinic receptor of the cholinergic 

anti-inflammatory reflex arc 64. Additionally, Feriani and colleagues 62,63 reported that the 

association of physical exercise with pyridostigmine might promote an additional benefit on 

autonomic cardiovascular modulation, systemic inflammatory profile 62 and skeletal muscle 

function 63. 

 

2.3. Perspectives of Clinical Application 

To the best of our knowledge, no clinical study evaluated the chronic effects of 

anticholinesterase treatment in HF or SAH patients. This is probably because of some side 

effects associated with the acute use of high doses of pyridostigmine (> 180 mg) 74. The 
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currently available data suggest that adverse reactions are related to muscarinic and/or 

nicotinic receptor activation, due to the increase in acetylcholine concentration in the synaptic 

cleft after administration of high doses of anticholinesterases 74. The side effects induced by 

muscarinic receptors activation included nausea, vomiting, diarrhea, abdominal cramps, 

miosis, severe sweating, increased digestive sounds, peristalsis, salivation, and bronchial 

secretions; while the activation of the nicotinic receptors may cause muscle cramps, 

fasciculations, and weakness as adverse effects 74.  

On the other hand, low doses of pyridostigmine (30 - 180 mg) may cause mild, transient 

and tolerable cholinergic symptoms. Preliminary data showed that 25% of patients presented 

abdominal symptoms, and 10% reported muscle symptoms that usually lasted 1 to 2 hours 75. 

In addition, reactions were uncommon and not accompanied by symptoms on the central 

nervous system, dismissing any medical intervention 75. Therefore, altogether, there is 

reasonable evidence that the treatment with anticholinesterases drugs is safe for patients and 

may represent an effective pharmacological alternative for the treatment of HF and SAH soon. 

 

3. ELECTRICAL STIMULATION OF THE PARASYMPATHETIC NERVOUS SYSTEM 

 

3.1. Baroreflex Activation in Systemic Arterial Hypertension 

Despite the pharmacological treatment, some hypertensive patients are classified as 

resistant hypertensive. According to a Scientific Statement from the American Heart 

Association, “resistant hypertension is defined as the blood pressure of a hypertensive patient 

that remains elevated above goal despite the concurrent use of 3 antihypertensive agents of 

different classes, commonly including a long-acting calcium channel blocker, a blocker of the 

renin-angiotensin system (angiotensin-converting enzyme inhibitor or angiotensin receptor 

blocker), and a diuretic” 76. Of note, patients with white-coat effect, antihypertensive 

medication nonadherence, and with imprecision arterial pressure measurement are excluded 

from the resistant hypertension diagnosis 76. A recent meta-analysis, including data from more 

than 3 million hypertensive patients, showed that the prevalence of resistant hypertension, in 
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this population, is around 10% 77. In addition, resistant hypertensive individuals have 25% 

more risk to develop the end-stage renal disease, 23% more chance to have a 

cerebrovascular accident, and an increase in 6% of the risk of mortality than patients with 

arterial pressure controlled by medicines 78. Therefore, taking into account the high prevalence 

of SAH in the world population, the elevated number of resistant hypertensive patients, and 

the increased risk to present other diseases, it was reasonable to search for new treatments 

to reduce the clinical impact of the uncontrolled arterial pressure. 

 One alternative treatment proposed to control resistant hypertension was the carotid 

sinus nerve electrical stimulation. In the late 1950s, Warner 79 showed that the electrical 

stimulation of the carotid sinus nerve reduced the arterial pressure in normotensive dogs. Later 

on, Griffith and Schwartz 80 demonstrated the hypotensive effect of the carotid sinus nerve 

stimulation in hypertensive dogs. After that, in 1967, this approach was used in hypertensive 

patients; and a platinum bipolar electrode was implanted on the carotid sinus nerve in eleven 

subjects, but only eight of them were available for follow-up 81. The carotid sinus nerve 

stimulation period ranged from five to thirty months, and six patients had a decrease in arterial 

pressure without the use of medication 81. Thus, the electrical stimulation of the carotid sinus 

nerve started to be considered as a new treatment for clinical SAH 82 and also for other 

cardiovascular diseases, for instance, angina pectoris 83. 

 The electrical stimulation of the baroreceptors was also in focus in the 1960s as an 

alternative treatment for resistant hypertension. In 1964, Bilgutay and colleagues 84 

demonstrated that the electrical stimulation of the baroreceptors, using an implantable device 

called “Baropacer”, was efficient to reduce the arterial pressure in different models of 

hypertension in dogs. The “Baropacer” was triggered by the R-waves collected by an electrode 

from the heart, and their impulses were intermittent with each systole, mimicking the natural 

discharge of the heart 84. Two years later, Bilgutay and Lillehei tested the “Baropacer” in 

humans 85, but with an improved version of the device. At this time, the electrodes were 

implanted around the walls of both carotid sinuses, and it was turned on or off by a magnetic 

switch just approaching to the region of the skin where the pulse generator had been implanted 
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85. A white hypertensive man (40 years old) received the “Baropacer”, and in association with 

the antihypertensive drugs, his arterial pressure was kept lower 85. 

 However, despite the emergence of this promising electrical stimulation technique for 

the treatment of resistant hypertension, many side effects were reported in patients who have 

used this procedure (for instance, local discomfort due to the electrical current to adjacent 

structures and loss of nerve responsiveness after long-term stimulation) 86. It was clear that 

the device needed technical improvement, but, due to the lack of available technology at that 

time, this approach was abandoned. Of note, in the 1980s, this electroceutical approach 

regained interest, and few studies were performed using the carotid sinus nerve stimulation in 

patients with SAH and angina 87,88. Nevertheless, after that, these studies were not advanced 

clinically until the early 2000s. 

  Although clinical studies using the electrical stimulation of the baroreflex to treat SAH 

have been discontinued at that time, experimental studies persisted in exploring these 

techniques in experimental hypertensive models. The electrical stimulation of the carotid sinus 

nerve and the electrical stimulation of the aortic depressor nerve were able to reduce the 

arterial pressure in anesthetized SHR and DOCA-salt hypertensive rats 89,90. In addition, the 

hypotensive response due to electrical stimulation of the aortic depressor nerve was also 

described in unanesthetized SHR and L-NAME hypertensive rats 91–93. In hypertensive dogs, 

it is essential to highlight the remarkable contribution of the experimental research conducted 

by Thomas E. Lohmeier and his research group 94–102. After describing the effectiveness of the 

chronic baroreflex activation (electrodes implanted around the carotid sinus) to reduce the 

arterial pressure in normotensive dogs, Lohmeier and colleagues applied the same technique 

in hypertensive dogs induced by obesity 101 and chronic infusion of angiotensin II 103. The 

chronic baroreflex activation produced an antihypertensive response in both models of 

hypertension, but with less intensity in hypertensive dogs induced by angiotensin II 101,103. 

These findings suggested that the activation of the renin-angiotensin-aldosterone system 

could attenuate the significant reduction of the arterial pressure during the baroreflex activation 

(see more details in the recent review 104).  
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 Therefore, over time, several experimental studies emphasized the antihypertensive 

potential of electrical baroreflex stimulation as an alternative treatment for SAH. Taking this 

notion into account, studies in hypertensive humans, using the baroreflex activation, were 

restarted in the last two decades. A new implantable device was created to solve some of the 

initial problems related to the 1960s device. The Rheos system (CVRx Inc., Minnesota, US) 

was the first-generation of the implantable devices developed for the treatment of resistant 

hypertension in humans. The new equipment was applied to several subjects and proved to 

be effective in controlling the arterial pressure in patients with resistant hypertension 105–109. 

Moreover, evidence indicated that the decrease in arterial pressure, caused by the baroreflex 

electrical stimulation was, in fact, due to the inhibition of the sympathetic activity and, 

concomitantly, stimulation of the parasympathetic activity 110,111. Between 2007 and 2009, a 

double-blind, randomized, placebo-controlled trial with 265 patients was conducted to 

evaluate the effect of baroreflex activation therapy on systolic arterial pressure in patients with 

resistant hypertension 112. This study demonstrated that, in addition to reducing the arterial 

pressure, almost 5% of the patients had surgical complications and more than 9% had nerve 

injury, compromising the procedural safety 112. Based on these findings, the Food and Drug 

Administration (FDA) did not approve the Rheos system to treat resistant hypertensive 

patients. Thus, the device to perform the electrical stimulation of the baroreflex in humans was 

improved once more; and the second-generation, the Barostim neo system, was presented in 

2011 113 and has been under investigation until nowadays 114–118. In resistant hypertensive 

patients, this new device proved to be effective in reducing arterial pressure and keeping it 

low during three and six months. Besides, this new device is less invasive, reducing surgical 

complications, and the battery life was extended by using a unilateral electrode 113. Several 

recent reviews have already compared and discussed the use of these devices, highlighting 

their advantages and limitations in the treatment of resistant hypertension 104,118–124. 

 

3.1.1. Systemic Arterial Hypertension as an Inflammatory Disease and the Treatment 

with Baroreflex Stimulation 
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 Since the 1960s, studies have been conducted to demonstrate the role of the immune 

system in hypertension 125–127. However, it was only in the last two decades that the study of 

this issue has substantially increased. Several experimental and clinical findings support the 

involvement of the innate and adaptative immune system in the development of hypertension 

and were already reported in some reviews 128–131. As comprehensively approached and 

addressed in the review by Rodriguez-Iturbe and colleagues 130, the increase in arterial 

pressure results from combined effects induced by inflammation, for instance, dysfunctional 

vascular relaxation, overactivity of the sympathetic nervous system, and impairment of 

pressure natriuresis response. Moreover, the hypothalamus inflammation is also related to the 

development and maintenance of hypertension 132. Thus, it seems clear that some aspects 

involved in the genesis of SAH could be treated if the inflammation is controlled or prevented. 

However, the use of anti-inflammatory drugs in hypertensive patients must be viewed with 

caution, although it has been already tested 133. Sympathetic hyperactivity in hypertensive 

subjects could cause immunosuppression by inhibiting naive T-lymphocytes in the spleen and 

lymph nodes 134. Thus, the administration of anti-inflammatories, to treat SAH, can worsen the 

patient's immunosuppression and favor the onset of other diseases. 

 Recently, Brognara and colleagues have described that, in addition to the 

antihypertensive effects, the baroreflex activation also exhibits anti-inflammatory proprieties 

135,136. In endotoxemic rats, the electrical stimulation of the aortic depressor nerve reduced the 

levels of inflammatory cytokines in the hypothalamus, indicating a central anti-inflammatory 

effect of the baroreflex activation 136. Taking into account that the inflammation of the 

hypothalamus is related to the development of SAH, it is reasonable to suggest that baroreflex 

stimulation could treat SAH not only by its hypotensive effect but also by decreasing central 

inflammation. Nevertheless, further studies are needed to support this hypothesis in 

experimental models of SAH and even in clinical studies. 

 

3.2. Baroreflex Activation in Heart Failure 
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  In addition to the treatment of SAH, the use of the baroreflex electrical stimulation has 

also focused on the treatment of HF, clinically and experimentally. Zucker and colleagues 137 

demonstrated that chronic electrical stimulation of the carotid sinus, using the Rheos system, 

increased survival and inhibited neurohormonal activation in chronic HF dogs. Moreover, 

Sabbah and colleagues 138,139 showed that chronic electrical stimulation of the carotid sinus 

improved the LV systolic and diastolic function and LV remodeling in dogs with advanced HF. 

In unanesthetized HF rats, the electrical stimulation of the aortic depressor nerve was able to 

cause hypotension and bradycardia similar to control rats, indicating that this approach would 

also be useful to attenuate the HF 140. Clinically, Gronda and colleagues 141 reported the first 

study using the baroreflex activation therapy in eleven HF patients. Three and six months after 

starting the baroreflex electrical stimulation, the subjects had an improvement in the baroreflex 

sensitivity, quality of life, LV ejection fraction, and NYHA class 141. Later on, other studies 

confirmed these benefits in severe HF patients with reduced ejection fraction 142,143; and in the 

last year, the FDA approved the use of the Barostim neo system in HF patients 144. Recent 

reviews have reported the safety and efficacy of the use of the baroreflex activation therapy 

in HF with reduced ejection fraction; however, in general, its also highlighted the relevance to 

perform more high-quality randomized clinical trials with long-term follow-up 145,146. 

 

3.3. Vagus Nerve Stimulation in Heart Failure 

 The vagus nerve electrical stimulation (VNS) has also been explored as a tool for the 

treatment of HF in experimental and clinical studies 147. In 1991, the study conducted by Vanoli 

and colleagues 148, in unanesthetized dogs, showed that VNS prevents ventricular fibrillation 

induced by the MI when performed very early, i.e., 15 s after the onset of coronary artery 

occlusion. Moreover, other studies from Sabbah's research group provided a significant 

contribution to the study of the VNS in HF dogs. In his studies, the VNS in HF dogs improved 

the LV function, LV remodeling, decreased pro-inflammatory cytokines in the plasma and LV 

tissue, normalized the expression of NO synthase (endothelial, inducible and neuronal) in LV 

tissue, and increased connexin 43 levels in LV tissue 149–151. Later on, Zang and colleagues 
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152 described that the treatment with VNS increased the baroreflex sensitivity, HR variability, 

and decreased norepinephrine, angiotensin II and C-reactive protein levels in the plasma of 

HR dogs. These findings demonstrated an improvement of the cardiac autonomic control and 

attenuation of the development of HF. 

 The benefits of VNS in HF was also reported in rats. Li and colleagues 153 showed that 

chronic VNS (6 weeks) in HF rats improved the survival rate (from 86% to 50%) and promoted 

a reduction of 73% in the relative risk ratio of death. Besides, these authors demonstrated 

prevention of the cardiac remodeling, reduction of the LV end-diastolic pressure, and decrease 

of the plasma levels of norepinephrine and brain natriuretic peptide 153. More recently, Zhou 

and colleagues  154 reported that the transcutaneous VNS improved the diastolic cardiac 

dysfunction and attenuated the cardiac inflammation and fibrosis in HF rats with preserved 

ejection fraction, suggesting a novel non-invasive therapy to treat HF. 

 In humans, the first study evaluating the effects of the VNS in HF was conducted by 

Schwartz and colleagues in 2008 155. In this study 155, eight male patients with severe HF 

received the electrode around the cervical vagus near to the carotid artery bifurcation, and the 

follow-up was conducted one, three and six months after started the electrical stimulation 

therapy. The chronic VNS reduced the NYHA class, improved the quality of life, the 6-minute 

walk test distance, decreased the pro-inflammatory plasma cytokine, and reduced the LV end-

systolic volume in HF patients 155. De Ferrari and colleagues 156 also observed some of these 

benefits in HF subjects treated with chronic VNS, but some side-effects as pain in the implant 

region, voice alteration and cough were reported. Later on, in 2014 and 2015, two trials 

involving the VNS in HF patients were published 157,158. These studies highlighted the safety, 

feasibility, and tolerability of this approach, and also showed an improvement in the NYHA 

class and the quality of life of HF subjects 157,158. However, the increase in cardiac function 

was observed only in Premchand's study 157. These divergent responses could be related to 

the patient demographic condition, the method used to perform the VNS, and the magnitude 

of the electrical stimulation response 159. Therefore, the data obtained in HF patients using 
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VNS therapy should be interpreted with caution, and randomized controlled trials are still 

needed to confirm the effectiveness of this technique in humans. 

 

3.4. Vagus Nerve Stimulation in Systemic Arterial Hypertension 

 The VNS was also studied in experimental SAH. In salt-sensitive hypertensive rats, 

chronic VNS reduced the arterial pressure and the number of arrhythmic events, increased 

the conduction velocity of impulse propagation, and decreased the action potential duration 

160. Moreover, Annoni and Tolkacheva 161 evaluated the effects of low-level intermittent VNS 

in unanesthetized hypertensive rats. Although VNS did not show acute changes in arterial 

pressure, HR, or heart contractility, it did show an increase in HR and arterial pressure 

variabilities during the stimulation period, suggesting an improvement in the autonomic control 

in hypertensive rats treated with VNS 161. Recently, long-term effects of VNS were investigated 

in hypertensive rats, especially involving the arterial pressure. For this, Dahl salt-sensitive rats 

were subjected to high salt diet and implanted with a vagus nerve stimulator to perform the 

electrical stimulation during eight weeks 162. The findings showed that chronic VNS during 

eight weeks improved in 78% the hypertensive rat's survival, attenuated arterial pressure, 

increased HR variability and heart weight without increase the fibrosis, and preserved 

autonomic balance 162. Altogether, these data highlight the benefits of the VNS therapy in 

hypertensive rats, encouraging further studies in this issue to better understand the 

mechanisms behind these effects, contributing to the development of new therapeutic 

strategies for SAH. 

 

4. CONCLUSIONS 

In summary, experimental and clinical studies support that both pharmacological and 

electrical stimulation of the parasympathetic nervous system has the potential to be used as 

a new therapeutic strategy for the treatment of SAH and HF. The pharmacological approach 

mediated by cholinergic activation (use of anticholinesterases agents) has the advantage of 

not being invasive and seems to be quite efficient. In addition, the electrical stimulation has 
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also been proven to be a safe and effective strategy, particularly in hypertensive patients who 

do not respond to the pharmacological therapy, and in advanced HF. Nevertheless, further 

studies are necessary to explore this potent therapeutic approach deeply, through 

experimental protocols that start the treatment when the disease is already established and 

even in clinical trials. 
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