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RESUMO

Para um adequado suprimento sanguineo de modo a atender as diferentes demandas
metabdlicas, os vertebrados regulam a presséo arterial (PA) mantendo adequada perfusdo dos
orgdos evitando assim eventos isquémicos ou outros danos teciduais, como edema. O controle
efetivo da PA a curto prazo em anfibios anuros se dd por ajustes da frequéncia cardiaca (FC),
resisténcia vascular periférica e também por ajustes da frequéncia de pulsacido dos coragdes
linfaticos. Além disso, a ventilacdo pulmonar nos anuros estd diretamente associada a
homeostase do volume sanguineo por meio da facilitagdo do transporte de fluido linfitico de
volta ao sistema cardiovascular, que se did por meio da alteragdo de pressdo e volume dos
sacos linfaticos. Isso parece sugerir a existéncia de uma possivel interacdo entre a regulagio
barorreflexa e o controle da respiragdo nos anfibios anuros, como ji observado para os
mamiferos. No presente estudo utilizamos de um método farmacoldgico (fenilefrina e
nitroprussiato de sddio: infusdo em rampa e inje¢do in bolus) para investigar a sensibilidade
barorreflexa em diferentes temperaturas no sapo cururu Rhinella schneideri. Também
avaliamos o papel do barorreflexo arterial na modulacdo da ventilagdo pulmonar nesta mesma
espécie. A regulacdo barorreflexa no sapo R. schneideri apresentou dependéncia térmica, além
de afetar consideravelmente a ventilagdo dos sapos. A hipotensdo e hipertensdo resultaram em
aumentos e reducdes da FC, respectivamente, bem como na ventilacdo pulmonar, que se deu
prioritariamente por meio de ajustes na frequéncia respiratéria. Ao contrario dos dados da
literatura, os anfibios anuros parecem defender prioritariamente eventos de hipotensdo ao
invés da hipertensio, independente da temperatura testada. E importante salientar que os
anuros apresentam alta taxa de filtrag@o transcapilar, e que durante eventos de PA elevada, um
aumento na formagéo de fluido transcapilar pulmonar seria recrutado por um eficiente sistema
linfético, caracteristico dos anuros. Portanto, apesar da funcido da ventilacdo pulmonar em
corresponder a disponibilidade de Oz em diferentes demandas metabdlicas (e.g. temperatura),
também parece apresentar participacdo na regulacio da PA, possivelmente devido a uma

interagdo entre o barorreflexo e as dreas respiratdrias no sistema nervoso central.

Palavras-chave: barorreceptores; quimiorreceptores; ventilagdo pulmonar; hiperdxia;

bloqueio autondmico; anfibios anuros; temperatura



ABSTRACT

For adequate blood supply to match metabolic demand, vertebrates regulate blood
pressure (BP) in order to maintain adequate perfusion of target organs avoiding ischemia and
tissue damage like edema. Effective short-term BP regulation in anuran amphibians occurs
through adjustments in heart rate (HR), peripheral vascular resistance, and changing pulsatile
frequency of lymph hearts. In addition, pulmonary ventilation in anurans is directly linked to
blood volume homeostasis by facilitating lymph fluid movement back into the cardiovascular
system which takes place by changing pressure and volume within anurans' lymphatic sacs. It
is apparent that an interaction between baroreflex regulation and breathing control exists in
anuran amphibians. In the present study I used pharmacological methods (phenylephrine and
sodium nitroprusside; infusion ramp and in bolus methods) to investigate baroreflex
sensitivity at different temperatures in the cururu toad Rhinella schneideri. 1 evaluated the
degree to which arterial baroreflex plays a role in pulmonary ventilation in the cururu toad.
Baroreflex regulation in the toad R. schneideri was temperature dependent and influenced the
toad’s ventilation. Hypotension and hypertension resulted in increases and decreases in HR,
respectively, as well as increases and decreases in pulmonary ventilation mainly through
adjustments in breathing frequency. In contrast to data from the literature, anuran amphibians
seem to defend lower BP events primarily rather than hypertension independent of
temperature. Anurans exhibit higher rates of transcapillary fluid filtration which means during
hypertension fluid filtration is increased and excess interstitial fluid formation will be
reclaimed by an efficient lymphatic system. Therefore, besides pulmonary ventilation's role in
matching Oz delivery to demand (e.g. temperatures) in anurans, it also plays a role in BP
regulation possibly owing to an interaction between baroreflex control and respiratory areas in

the brain.

Keywords: baroreceptors; chemoreceptors; pulmonary ventilation; hyperoxia; full autonomic

blockade; anuran amphibians; temperature
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1 INTRODUCAO GERAL

1.1 Controle da pressdo arterial pelos barorreceptores

Os vertebrados apresentam capacidade de regulagdo da pressdo arterial sist€mica (PA)
de forma a manter adequada perfusdo tecidual, satisfazendo a liberacdo de oxigénio e
nutrientes de acordo com a demanda metabdlica. A manutencdo da PA sem grandes
oscilacdes € importante também para evitar lesdes ou edemas devido a aumentada pressdo
capilar (HAGENSEN, et al., 2010; VAN VLIET, et al., 1994). Assim, a regulagdo da PA ¢é
mediada por mecanismos neurais, cujas respostas de curto (minutos) prazo incluem em geral
as alteragdes rapidas da frequéncia cardiaca (FC) e de resisténcia vascular periférica; e os
mecanismos classificados como de longo prazo (horas a dias ou semanas), que abrangem a
regulacdo enddcrina do volume sanguineo (LOEWY e SPYER, 1990). Sendo assim, a
regulacdo reflexa da PA a curto prazo envolve predominantemente a acio de barorreceptores
que ativam respostas autondmicas de ajustes cardiovasculares de maneira que a PA média, ao
longo de 24 horas, seja estreitamente regulada apesar das variagdes que podem ocorrer com 0s
diferentes comportamentos de um organismo (GUYENET, 2006).

Os mamiferos representam o grupo em que mais se conhece a respeito da regulacdo
barorreflexa. Os componentes deste sistema incluem as aferéncias sensoriais
(mecanorreceptores), o componente eferente visceral (sistema nervoso autdnomo) e um
componente neural central que integra as informagdes advindas das aferéncias sensoriais de

modo a tamponar as alteracdes cardiovasculares por meio dos efetores (Figura 1).

= Inputs inibitdrios
(e.g. contendo GABA
e glicina)

w—[Nputs excitatorios
(e.g. contendo
glutamato)

Barorreceptores

= Neurénio
parassimpatico

Neurdnio pré-

. J ganglionar simpatico
- Neurdnio ganglionar
simpatico

\

Coragdo,

Neurdnio —>s< coragdo
parassimpatico Neurdnio pds-ganglionar arteriolas e rins
parassimpatico

Figural: Diagrama das vias centrais envolvidas na regulacido barorreflexa no rato associadas aos seus
respectivos neurotransmissores. CVLM, Bulbo ventro-lateral caudal; RVLM, Bulbo ventro-lateral rostral;
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NTS, nicleo do trato solitirio; CRV, coluna respiratéria ventral. Em repouso, a maioria das aferéncias
barorreceptoras enviam sinais tonicos e excitatérios aos neurdnios do NTS onde grande nimero de aferéncias
periféricas fazem suas sinapses iniciais. Projecdes eferentes do NTS estimulam o sistema nervoso simpético e
parassimpdtico que afetam a pressdo arterial (PA). Assim, aumentos de PA e consequentemente maior
estimulagdo dos barorreceptores, resultam em aumentada estimulaciio de projecdes do NTS para o CVLM, cujos
neurdnios inibem o RVLM reduzindo assim a influéncia simpética sobre o coragdo, vasos sanguineos, adrenais e
rins; a0 mesmo tempo em que projecdes do NTS estimulam neurdnios do nicleo ambiguo (NA) que por sua vez
apresentam influéncia parassimpdtica por meio do vago sobre o coragdo, contribuindo com a redugdo da FC.
Resposta oposta pode ser esperada quando da redugdo de PA, em que existe um aumento do tdnus simpdtico para
a vascularizagdo e aumento de FC por desinibicio do RVLM quando o CVLM deixa de ser estimulado pelo
NTS, além de reduzido ténus parassimpdatico sobre o corag@o pela reducdo da estimulagdo advinda das projecdes
do NTS para o NA (ODONAUGHY, et al., 2002; SCHREIHOFER e GUYENET, 2002). Figura adaptada de
GUYENET (2006).

Os dois ramos eferentes do sistema nervoso auténomo, simpdtico e parassimpatico,
estdo sob controle dos barorreceptores arteriais, fibras sensiveis ao estiramento encontradas
nos seios carotideos, proximos a bifurcacio das artérias cardtidas comuns e, no arco adrtico
(JACOB, et al.,, 2005). Alteracdes nos disparos nervosos das aferéncias barorreceptoras
transmitidas ao sistema nervoso central (SNC) resultam em ajustes reflexos que se opdem as
alteragcdes de PA. O controle neural da regulacdo barorreflexa se dd pela atuacdo dos
neurdnios parassimpdticos que inervam o coragdo e neurdnios simpdticos que inervam os
vasos sanguineos, o coragdo, os rins e a medula das adrenais. Assim, as eferéncias
baroreflexas sdo responsdveis pela inibi¢do das flutuagdes da PA, cujo aumento é capaz de
acentuar uma resposta parassimpdtica enquanto reduz a atividade simpdtica, resultando em
reducdes na resisténcia vascular, FC, contratilidade cardiaca e retorno venoso (PANG, 2001),
enquanto a queda da PA é capaz de ativar mecanismos opostos, inibindo a modulagdo
parassimpdtica e aumentando a atividade simpética, acarretando em aumentos de resisténcia
vascular, FC, contratilidade cardiaca, e retorno venoso (PANG, 2001). Desta forma, é
reconhecido que existe uma relacdo inversa entre as alteracdes de PA e as altera¢des de FC e
resisténcia vascular, caracterizando assim um sistema de controle por retroalimentacio
negativa.

A funcdo barorreflexa é comumente descrita construindo curvas sigmoides que
representam a relacdo funcional entre o estimulo-resposta ao longo de um intervalo de
pressoes arteriais da qual alguns parametros s@o possiveis de serem derivados. Por exemplo, a
partir da curva barorreflexa é possivel obter a amplitude de resposta reflexa (diferenca entre a
resposta maxima e minima do barorreflexo) representado pela varidvel dependente, tal como a
FC, a PA sistémica e a atividade nervosa simpdtica, frente as manipulagdes da PA, ou seja, a
amplitude de operacdo, que corresponde a varidvel independente e que pode ser estudada por

meio de métodos farmacolégicos ou mecanicos (Figura 2). O método farmacoldgico consiste
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da administracdo de drogas vasoativas, tais como a fenilefrina, um vasoconstrictor capaz de
aumentar a PA, e o nitroprussiato de sddio, um vasodilatador capaz de reduzir a PA; enquanto
os métodos mecdnicos se resumem as alteracdes posturais de um individuo, ou mesmo
durante a aplicacdo rdpida de pressdo e succdo do pescoco para avaliar a funcdo dos
barorreceptores carotideos (GOURNAY, et al., 2002).

A figura 2 € uma representacio hipotética de uma func¢do barorreflexa da FC, mas que
também pode ser representativa da PA ou da atividade nervosa simpatica (eixo Y). Podemos
observar que o ponto operante (PO) da resposta barorreflexa representa a FC e a pressao
arterial média (PAM) basais do organismo; ou seja, representam os valores antes do estimulo
de alteracdo de PA. A pressdo arterial no ponto médio (PAMso) representa o ponto médio da
curva equidistante da extremidade médxima e minima, podendo ou ndo coincidir com a
localizag¢do do PO. A PAMso da curva também ¢é representativa do valor de ganho maximo da
resposta reflexa, normalmente representado como Ganhoso, e é frequentemente utilizado como
a melhor representagio da funcio barorreflexa (sensibilidade) nos organismos. E interessante
notar que a localizagdo do PO na por¢do final baixa da curva barorreflexa (ponto operante 2;
Figura 2), posicionado em valores de PAM maiores que o valor de PAMso da curva indica que
o barorreflexo em questdo é primariamente responsivo a eventos de hipotensdo do que de
hipertensdo. Sendo assim, o inverso é verdadeiro nos casos em que o PO estd posicionado em

valores de PAM abaixo da PAMso (ponto operante 1; Figura 2).

o] A B
(&)
\(_U Ponto operante 1
o
S
@ | FC maxima - FC maxima T
o : :
®© : i
e ! Amplitude da | Amplitude da
‘g i Resposta 1 Resposta
1) : :
S 1 ]
L | FC minima - FC minima -
) ) : Ponto operante 2
' PAMz, ! r FAliz 1
Presséo arterial média Presséo arterial média

Figura 2: Graficos hipotéticos representativos da relacio entre a pressdo arterial média (PAM) e a
frequéncia cardiaca (FC) caracterizando um sistema de controle por retroalimentaciio negativa da funcio
barorreflexa. O Circulo preto é o ponto da curva equidistante das respostas mdximas e minimas de FC e
corresponde ao ganho mdximo da resposta barorreflexa (Ganhosp). O ponto operante (PO, circulos brancos)
representa os valores médios para a FC e a PAM antes do estimulo de alteracdo da pressdo arterial (PA). A
amplitude da resposta representa as variagdes mdximas e minimas de FC da curva. Um organismo que tenha o
PO hipoteticamente localizado na posi¢do 1 apresenta maior capacidade de responder a aumentos de PA (A),
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enquanto aquele que apresenta o PO localizado na posicao 2, apresenta maior capacidade de responder a quedas
de PA (B).

1.2 Controle da pressao arterial: barorreflexo nos anfibios

A regulacdo neural da PA pelo barorreflexo ja foi descrita em muitas espécies de todos
os grupos de vertebrados (ALTIMIRAS, et al., 1998; ARMELIN, et al., 2016; BAGSHAW,
1985; BIANCHI-DA-SILVA et al., 2000; CROSSLEY, et al., 2003; MUELLER et al., 2013;
SANDBLOM e AXELSSON, 2005; ZENA, et al., 2015; 2016). Anfibios anuros apresentam
trés populagdes de mecanorreceptores monitorando as alteracdes de PA estando localizados
em todas as trés grandes artérias que emergem do coracdo: as artérias pulmocutineas (APCs),
as artérias cardtidas e os arcos adrticos (BIANCHI-DA-SILVA et al., 2000; ISHII, et al.,
1985; MILLARD e MOALLI, 1980; KUSAKABE, 2002; VAN VLIET e WEST, 1987a,b). O
monitoramento das altera¢des de PA pelos barorreceptores localizados nas APCs parece estar
relacionado com a prote¢ao da delicada microvascularizagdo pulmonar de uma excessiva
pressdo hidrostética. Estes mecanorreceptores sao os mais estudados e foram considerados os
mais importantes na regulacdo da PA em anfibios anuros, estando localizados especificamente
na parede das APCs antes de sua bifurcacio em artérias pulmonar e cutinea (HOFFMANN, et
al., 1982; SMITS, et al., 1986; VAN VLIET e WEST, 1989; WEST e VAN VLIET, 1983).
Considerando que a ganho méaxima da resposta barorreflexa de FC estd posicionado em
valores de PA (~4,9 kPa = 36,7 mmHg) muito acima dos valores basais (2,7 kPa = 20,2
mmHg) para o sapo da espécie Rhinella marina, VAN VLIET e WEST (1989) sugeriram que
os barorreceptores das APCs dos anfibios apresentariam funcfo de prevenir a ocorréncia de
edema pulmonar reagindo com mais eficiéncia a eventos de hipertensdo do que hipotensao
(ver figura 3A). Isto aconteceria em razdo da auséncia de separacio anatdmica e funcional das
pressdes arteriais entre a circulagdo sistémica e pulmonar nos anfibios, expondo a
vascularizacdo pulmonar a variagdes de PA idénticas as que ocorrem no circuito sist€émico
(VAN VLIET e WEST, 1989). SMITS e colaboradores (1986), apds realizarem desnervacao
bilateral do nervo recorrente laringeo que contém as aferéncias dos barorreceptores
localizados nas APCs no sapo R. marina relataram aumento agudo e transiente da FC, PA e
do fluxo sanguineo pulmonares, além de consequente aumento na taxa de filtracdo de fluido
pulmonar, o que poderia acarretar na existéncia de edema neste tecido. E interessante notar
que apesar de todas essas alteracdes sugestivas para o acumulo de fluido extravascular durante
eventos de hipertensdo, SMITS (1994) descartou a existéncia de edema pulmonar no sapo R.
marina, sugerindo que mesmo durante estados de extremos cardiovasculares mecanismos

compensatérios devem existir para prevenir o acumulo de liquido tecidual.
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De acordo com o exposto acima, os barorreceptores das APCs parecem apresentar
fundamental contribui¢io na regulacdo barorreflexa durante eventos de hipertensdo, porém, a
exclusdo das aferéncias barorreceptoras contidas na artéria pulmocutinea no sapo Rhinella
schineideri ndo apresenta efeito significativo sobre os ajustes do reflexo cardiaco durante a
hipotensdo (BIANCHI-DA-SILVA, et al., 2000); situacdo em que o barorreflexo desempenha
critica fun¢do para manutencio da PA em valores aceitiveis de modo a evitar o
comprometimento da perfusdo dos Orgdos-alvo garantindo suficiente disponibilidade de
oxigénio e nutrientes, principalmente durante elevada demanda metabdlica em ectotérmicos.
Por outro lado, € interessante notar que a desnervagdo do arco adrtico nesta mesma espécie €
capaz de inibir a resposta taquicdrdica a hipotensdo por nitroprussiato de sodio, indicando sua
importante fun¢io no tamponamento cardiaco as quedas de PA (BIANCHI-DA-SILVA, et al,,
2000). Além disso, também foi verificado que essa taquicardia reflexa a hipotensdo ¢é atenuada
apds lesdo eletrolitica bilateral das por¢des caudal e comissural do niicleo do trato solitario, o
que sugere a convergéncia das aferéncias dos barorreceptores para esta regido (BIANCHI-
DA-SILVA, et al., 2000), semelhante ao que ocorre em mamiferos (AKEMI SATO, et al.,
2001).

Ainda ndo estd definida a real funcdo dos barorreceptores localizados nas artérias
cardtidas no controle da PA, visto que estes apresentam limiares muito acima dos valores
normais de PA in vivo, em que os potenciais de acdo sé passam a ser acionados quando a PA
atinge valores aproximados de 9,4 kPa (70 mmHg) (ISHII, et al., 1966). Desta forma, WEST
e VAN VLIET (1994) sugeriram que a atividade nervosa oriunda do ramo carotideo do nervo
glossofaringeo pode estar surgindo da ativacdo de mecanorreceptores localizados no tecido
fora do sistema cardiovascular e que estariam sendo estimulados pela distensdo do vaso
durante altas PAs. Ainda assim, durante eventos de hipotensdo, a desnervacdo dos
barorreceptores das APCs em associagdo com os das artérias cardtidas também ndo foram
capazes de atenuar a resposta taquicardica frente & hipotensdo (BIANCHI-DA-SILVA, et al,,
2000).

E interessante notar que alguns fatores podem apresentar considerdvel influéncia sobre
a regulacdo barorreflexa nos vertebrados, determinando assim diferengas ou nio na
sensibilidade desta resposta. Por exemplo, em detrimento das modificacdes na modulagio
autondmica sobre o corag@o e os vasos periféricos ao longo da ontogenia nos vertebrados, as
respostas barorreflexas nestes organismos também podem apresentar considerdvel influéncia
da fase do desenvolvimento embriondrio, como ja observado em embrides do jacaré-

americano (Alligator mississippiensis; CROSSLEY 1I, et al., 2003), embrides de galinha
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(Gallus gallus; ALTIMIRAS e CROSSLEY II, 2000), embrides de Emu (Dromiceius
novaehollandiae; CROSSLEY 1I, et al., 2003) e fetos de ovelhas (BOOTH, et al., 2009;
2011). Estes mostram alteragdes na regulacdo barorreflexa caracterizada por diferengas na
sensibilidade da resposta, bem como na capacidade de responder mais ou menos a estimulos
hipertensores e/ou hipotensores (Figura 3A). Diferentes niveis de atividade fisica (leve,
moderada e pesada) sdo capazes de estabelecer um novo nivel de ajuste da fungdo
barorreflexa em humanos (RAVEN, et al., 2006). A medida que a intensidade do exercicio
fisico aumenta, o PO move para valores mais baixos de PA e valores mais elevados de FC,
ambos em relacdo a PAMs. Isto acontece porque o PO move em dire¢@o ao limiar da resposta
reflexa de hipotensdo, em que o estimulo hipertensor passa a ser o principal responsdvel por
manter a sensibilidade da resposta barorreflexa inalterada, enquanto o estimulo hipotensor ja

ndo é capaz de causar aumentos adicionais de FC (RAVEN, et al., 2006) (Figura 3B).
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Figura 3: Fatores que podem influenciar a regulacio barorreflexa. A. Comparacio entre o barorreflexo da
frequéncia cardiaca (FC) em diferentes estdgios do desenvolvimento no jacaré-americano, A. mississippiensis. O
simbolo em cada traco representa a FC e a pressdo arterial média (PAM) basal antes do estimulo de alteracdo de
pressdo arterial (PA). O embrido aos 70, 80 e 90% de desenvolvimento apresenta o barorreflexo ativo quando a
PA ¢ aumentada (hipertensdo), enquanto o recém eclodido e o juvenil de 1 ano de idade apresentam a resposta
barorreflexa completa, respondendo a hipertensdo e hipotensdo (Modificado de CROSSLEY, II, et al., 2003). B.
Resumo esquemdtico de diferentes ajustes da relagdo entre pressdo sino-carotidea e a FC que ocorre durante
diferentes niveis de exercicio (Ex) em seres humanos: leve, moderado e pesado. Observe que o PO é deslocado
para valores de PAM mais baixos que aqueles associados a PAMs, da curva, ao passo que a sensibilidade da
resposta se mantém inalterada (Modificado de RAVEN, et al., 2006).

1.3 Controle da pressdo arterial: efeito da temperatura sobre o barorreflexo em
vertebrados
Os anfibios estdo sujeitos a uma ampla faixa de alteracdes ambientais, dentre elas a

temperatura que € um dos fatores de maior importancia, pois é capaz de afetar diretamente
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todos os processos fisiologicos e bioquimicos, entre eles as fungdes cardiovasculares
(BICEGO-NAHAS e BRANCO, 1999; BICEGO-NAHAS, et al., 2001; GLASS, et al., 1997;
SEEBACHER e FRANKLIN, 2011). Muitas taxas relacionadas a processos fisioldgicos e
bioquimicos aumentam de duas a trés vezes a cada 10°C de aumento na temperatura corporal
(Tc), um efeito chamado Q1o (ROME, et al., 1992). Dentre os anfibios, alteracdes da
temperatura apresentam substanciais efeitos sobre a FC (BICEGO-NAHAS ¢ BRANCO,
1999; GAMPERL, et al., 1999; GLASS, et al., 1997; LIU e LI, 2005; ROCHA e BRANCO,
1998). O aumento na taxa metabdlica de um ectotérmico decorrente da elevacdo da Tc é
normalmente acompanhada por um tipico aumento de FC, muito provavelmente por um efeito
direto da temperatura sobre a atividade do nddulo sinoatrial do coragio (COURTICE, 1990;
LIU e LI, 2005), atendendo assim as demandas energéticas para um estado metabdlico mais
elevado. Por outro lado, aumentos na Tc parecem afetar menos a PA, visto que a medida que
o débito cardiaco aumenta existe uma reducdo na resisténcia vascular periférica, por efeito da
temperatura que surge em decorréncia de uma vasodilatagdo generalizada dos leitos
periféricos. (GAMPERL, et al., 1999; LILLYWHITE e SEYMOUR, 1978). Posto isto, a
temperatura seria entdo um importante fator capaz de alterar a sensibilidade das respostas
barorreflexas nos vertebrados, principalmente nos ectotérmicos. No entanto, ainda existem
poucas evidéncias da influéncia desta sobre a regulacdo barorreflexa da FC.

Alguns estudos tém mostrado que a temperatura € capaz de alterar a sensibilidade
barorreflexa em mamiferos. Por exemplo, em ratos, tanto a hipotermia durante anestesia
(SABHARWAL, et al., 2004) quanto a hipertermia (MASSETT, et al., 2000) s@o capazes de
atenuar a curva de resposta reflexa da FC. E interessante notar que mamiferos e aves
apresentam a habilidade de manter a Tc relativamente constante mesmo quando a temperatura
ambiente apresenta grande variabilidade. Entretanto, algumas espécies ndo sdo
constantemente homeotérmicas e durante certos intervalos do dia ou do ano entram em estado
de torpor didrio ou prolongado (hibernacdo) (GEISER, 2010). Para o hamster-sirio
(Mesocricetus auratus) é bastante comum que a Tc se aproxime da temperatura ambiente
(~6°C) durante eventos de torpor didrio, na qual a sensibilidade da resposta barorreflexa de
FC ¢é consequentemente reduzida seguindo também o padrdo de reduzida taxa metabdlica para
a espécie durante o torpor (HORWITZ, et al., 2013).

Considerando que os vertebrados ectotérmicos tém a Tc primariamente determinada
pela troca de calor com o ar, a 4gua, e/ou o solo ou o ganho de calor proveniente do sol, dois
estudos até o momento tém mostrado como as diferencas na temperatura ambiente, e

consequentemente na Tc, podem afetar a sensibilidade barorreflexa nos animais: um
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crocodiliano, o jacaré-do-papo amarelo (Caiman latirostres, HAGENSEN et al., 2010) e um
testudineo, a tartaruga-de-orelha-vermelha (Trachemys scripta; CROSSLEY 11, et al., 2015).
Em ambos os animais, além da sensibilidade barorreflexa ser dependente da temperatura, é
possivel também verificar que os POs das respostas reflexas, representados pelos valores
basais de FC do animal para uma determinada temperatura, sio movidos para valores mais
elevados (HAGENSEN et al.,, 2010; CROSSLEY 1II, et al., 2015), mostrando um
restabelecimento da funcio barorreflexa de maneira a atender o diferenciado estado térmico

que o animal se encontra.

1.4 Controle da pressdo arterial: hipotensdo versus hipertensdo
Durante a evolugdo, a separagdo completa da circulacio pulmonar da circulagdo

sistémica € apenas possivel de ser observada nas aves e nos mamiferos. Nos crocodilianos, as
circulagdes sistémica e pulmonar ndo sdo completamente divididas, mas ainda assim estes
ndo apresentam uma comunicacdo entre o ventriculo direito e o ventriculo esquerdo do
coracdo, garantindo menor PA na circulacdo pulmonar em relacdo a sistémica (GRIGG,
1991). E interessante notar que todos esses grupos de organismos mostram uma resposta de
FC acentuada contra eventos de hipotensdo em relagdo a hipertensdo (ALTIMIRAS, et al.,
1998; HAGENSEN et al., 2010; LUCITTI e HEDRICK, 2006; MURAKAMI, et al., 1998).
Uma regulagdo barorreflexa mais acentuada para eventos de hipotensdo em mamiferos e aves
€ principalmente importante, pois evita redugcdes extremas da pressdo de perfusdo sanguinea
nos 6rgaos-alvo, prevenindo o comprometimento da disponibilidade de oxigénio e nutrientes
em funcido da aumentada demanda metabdlica existente nestes animais. Desta forma, uma
elevada demanda metabdlica é favorecida pela existéncia de capilares pulmonares com
didmetro reduzido em detrimento de uma maior taxa de difusdo entre o sangue e a superficie
de troca gasosa pulmonar. Além disso, a reduzida PA na circulacdo pulmonar minimizaria
possiveis danos sobre essa diminuta barreira de difusdo existente entre o sangue € o ar
(WEST, 2009).

Como previamente hipotetizado para o sapo Rhinella marina, a importancia do
barorreflexo na protecdo da delicada vascularizagdo pulmonar contra hipertensao por meio do
tamponamento da PA a partir de uma resposta reflexa de bradicardia mais acentuada que a
taquicardia (Figura 4A) (VAN VLIET e WEST, 1989), poderia também ser estendida para
outros grupos de vertebrados que apresentam um Gnico ventriculo cardiaco, exibindo assim

pressdes arteriais indistintas entre as circulagdes sistémica e pulmonar. No entanto, este ndo é
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o cendrio experimental verificado para a regulacdo barorreflexa da FC na tartaruga-de-orelha-
vermelha (7. scripta; CROSSLEY 1I, et al., 2015) e no lagarto teid (Salvator merianae;
ZENA, et al., 2016), ambas espécies que apresentam pressdes arteriais pulmonar e sistémica
similares (CROSSLEY II, et al., 1998; JENSEN, et al., 2014). O lagarto teid sul-americano,
assim como os crocodilianos, aves e mamiferos, apresenta uma clara resposta reflexa de
taquicardia contra a hipotensdo, enquanto uma bradicardia reflexa frente a eventos de
hipertensdo é praticamente nula. A FC de repouso nesta espécie (ponto operante antes do
estimulo de alteragio de PA) se encontra posicionada na porc¢do final baixa da curva de
sensibilidade barorreflexa (Figura 4B), e é compativel com um baixo tonus adrenérgico e um
alto tonus colinérgico sobre o corag@o. Isto é confirmado por um grande aumento de FC
induzido por ativagdo simpdtica em resposta a hipotensdo e que € bloqueado com o uso de um
antagonista de receptores (-adrenérgicos (sotalol). Assim, a minima bradicardia observada
durante a hipertensdo é coerente com uma elevada modulacdo autondmica parassimpatica
operando sobre o coracdo e que ndo é capaz de atuar reduzindo ainda mais a FC frente ao

estimulo pressor (ZENA, et al., 2016).
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Figura 4: Regulacio barorreflexa da frequéncia cardiaca no sapo Rhinella marina e no lagarto teit
Salvator merianae. A. Curvas barorreflexas para o sapo Rhinella marina, grupo controle representado pela linha
preta e grupo com os barorreceptores das artérias pulmocutineas (APCs) desnervados representados pela linha
cinza pontilhada. A frequéncia cardiaca (FC) e a pressdo arterial sist6lica (PAS) basais do animal estdo
representadas como circulo preto (controle) e cinza (APCs desnervadas). O ponto operante (valores antes do
estimulo de alterag@o de pressdo arterial, PA) se encontra na por¢do alta da curva em valores de PAS menores
que o valor de pressdo arterial no ponto médio da curva (PAMso), significando que a resposta de FC do
barorreflexo para esta espécie € responsiva primariamente a aumentos do que reducdes de PA. A desnervagdo
dos barorreceptores das APCs atenuou o barorreflexo (Adaptado de VAN VLIET e WEST, 1989). B. Curvas
barorreflexas para o lagarto teid Salvator merianae aclimatado a primavera/verdo e inverno a temperatura de
25°C. Observe que a FC e a pressdo arterial média (PAM) basais do animal estdo representadas como circulo
preto (primavera/verdo) e cinza (inverno). Estes valores se encontram na porc¢do baixa da curva em valores de
PAM maiores que o valores de PAMs, significando que o barorreflexo da FC para esta espécie € responsivo
primariamente a quedas do que a aumentos de PA, independente da aclimatag¢do (primavera/verdo ou inverno)
(Adaptado de ZENA, et al., 2016).
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Uma reduzida habilidade em diminuir a FC em resposta a hipertensdo nos teids e
mesmo na tartaruga-de-orelha-vermelha levanta a questio do porqué estes organismos,
mesmo apresentando riscos de lesdo pulmonar e edema durante eventos de elevada PA, ainda
assim apresentam regulacdo barorreflexa da FC primariamente responsiva aos eventos de
hipotensdo do que de hipertensdo. Em geral, anfibios e répteis apresentam a espessura da
barreira sangue/ar dos capilares pulmonares mais espessa em relacdo aos mamiferos e as aves
(WEST, 2009). Apesar desta caracteristica, outros fatores poderiam estar envolvidos em um
aumentado fluxo de perda de plasma através dos capilares pulmonares em comparagdo com
os mamiferos. Considerando que a taxa de filtracdo de fluido (plasma) dos vasos para o
espaco intersticial é descrita pela equacdo de fluxo de Starling (HEDRICK, et al., 2013),
cujos parametros envolvidos consideram o balango das forcas hidrostéticas que favorecem a
saida de fluido do capilar, enquanto o balango das forgas osmdticas coloidais favorece o
influxo de fluido de volta para o vaso; é possivel notar que aumentos na pressdao de fluido
intersticial, reducdes na pressdao osmotica coloidal do tecido ou da drea de superficie
microvascular para a troca, ou mesmo aumentos no fluxo linfatico podem todos atuar de
maneira a limitar o acimulo de fluido e consequentemente proteger o tecido contra a
formacgdo de edema em um organismo (SCALLAN, et al., 2010).

Comparativamente, a taxa de filtracio transcapilar pulmonar (fluxo linfatico pulmonar)
nos mamiferos pode variar de 0.0017 a 0.0055 mlLkg'.min"!' (COURTICE, 1963;
ERDMANN, et al.,, 1975; HUMPHREYS, et al., 1967), enquanto na tartaruga da espécie
Trachemys scripta, a filtragdo transcapilar através da vascularizacio pulmonar se aproxima de
valores ao redor de 10 a 20 vezes maior que nos mamiferos (BURGGREN, 1982). Isto é
possivel em virtude das alteracdes nas for¢as que regem o principio de Starling de maneira a
favorecer uma aumentada taxa de filtracdo transcapilar em comparagdo com os mamiferos: tal
como, uma elevada pressdo arterial pulmonar, fluxo sanguineo pulmonar varidvel (que
aumenta durante a ventilacdo pulmonar e reduz durante os periodos de apneia), baixa pressao
osmotica coloidal sanguinea, além da presenca de juncdes endoteliais abertas (mais
permedvel) que favorecem a perda de fluido para o tecido intersticial (BARTELS e
WELSCH, 1983; BURGGREN, 1982; ZWEIFACH e INTAGLIETTA, 1971). E importante
salientar que, além de uma inervagdo vagal para o coragdo, répteis e anfibios apresentam um
esfincter na artéria pulmonar inervado pelo vago e na qual termina em receptores do tipo
colinérgico muscarinico (LUCKHARDT e CARLSON, 1921). O aumento da atividade vagal
€ capaz de aumentar a resisténcia da artéria pulmonar por meio da contracdo do esfincter,

desviando assim grande parte do sangue da circulacdo pulmonar para a circulagio sistémica.
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Desta forma, uma reduzida bradicardia durante eventos de hipertensdo nestes organismos
pode estar acontecendo em paralelo a um aumento de resisté€ncia da artéria pulmonar por
atuacdo do vago, o que redirecionaria o sangue do sistema pulmonar para o sistema sistémico
durante eventos de hipertensao reduzindo a possibilidade de danos ao pulmao.

Estudos recentes em anfibios anuros mostram que estes apresentam taxa de filtragéo
transcapilar e consequente formacdo de linfa cerca de 10 vezes maior que os mamiferos
(DESALI et al., 2010; HEDRICK, et al., 2007; HILLMAN, et al., 2010), além de um sistema
linfatico especializado e com habilidade de retornar o excesso de fluido transcapilar gerado
de volta ao sistema cardiovascular, mantendo assim a homeostase do volume sanguineo
(HEDRICK, et al., 2013). Assim, o excesso de linfa produzida se acumula em sacos linfaticos
subcutaneos e intrapleuroperitoneais separados por paredes de tecido conectivo e conectados
entre si por valvulas de uma via (HEDRICK, et al., 2013).

Os mecanismos de retroalimentacdo negativa que determinam a regulagdo da PA de
curto prazo dependentes dos barorreceptores ndo apenas dependem de efetores que alteram a
FC e a resisténcia vascular periférica (HEDRICK, et al., 2013). O sistema linfatico dos anuros
ainda conta com a presencga de coracdes linfaticos (anterior e posterior), vasos pulsdteis que
estdo sob controle barorreceptor e responsaveis por bombear o fluido linfitico que se
encontra acumulado nos sacos linfaticos de volta ao sistema cardiovascular (CROSSLEY e
HILLMAN, 1999). A importancia dos coragdes linfaticos na homeostase da PA tem sido
revelada pelos achados de que aumentos de PA sdo capazes de reduzir reflexivamente a
frequéncia dos coragdes linfaticos posteriores e assim reduzir o retorno de linfa para o sistema
venoso, uma resposta que é modulada pelos barorreceptores da artéria pulmocutinea
(CROSSLEY e HILLMAN, 1999; YAMANE, 1990). Entretanto, a localizagdo dorsal dos
coracgdes linfaticos nos anfibios anuros implica em desafios gravitacionais decorrentes da
mobilizacdo de linfa que se acumula em regides ventrais dos sacos linfaticos. Assim, o fluido
extravascular gerado por alteragdes da pressdo hidrostitica do sangue sobre o capilar
sanguineo retorna ao sistema cardiovascular através da combinac¢do de mudangas na pressao e
volume dos sacos linfaticos. O movimento vertical de linfa nos anuros parece ser dirigido por
efetores como a ventilacdo pulmonar, cuja inflacdo e deflacio sdo capazes de causar
alteragdes de pressdo e volume principalmente no saco linfitico subvertebral localizado no
espaco dorsal entre os pulmdes e a coluna vertebral, e a contracio de vdrios musculos
esqueléticos que estdo intimamente associados aos sacos linfaticos circundantes aos membros
anteriores e posteriores (DREWES et al., 2007; HEDRICK, et al., 2007) (Figura 5). E

interessante notar que evidéncias experimentais em mamiferos, incluindo humanos, tém
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sugerido que o barorreflexo também é capaz de afetar a funcio respiratéria (MCMULLAN e
PILOWSKY, 2010) e, portanto, especulagdes a respeito da influéncia da PA sobre a
ventilagio em mamiferos poderiam ter como origem a interacdo central entre dreas de
controle cardiovascular e respiratéria nos anfibios anuros. Desta forma, uma das hipoteses
seria que a ventilacdo pulmonar e a contracdo dos miusculos linfiticos envolvidos na

homeostase da PA e do volume sanguineo seriam, portanto, efetores do barorreflexo.

Deflagao Pulmonar Inflagao Pulmonar
@ Saco subvertebral

-

Saco braquial

Figura 5: A. Modelo esquematico representando o efeito da ventilacio pulmonar e da contracio dos
miusculos esqueléticos linfaticos dos membros anteriores e posteriores no movimento linfatico vertical no
sapo Rhinella marina. A. A deflacdo pulmonar causa um aumento do volume e reducdo da pressdo do saco
linfatico subvertebral, resultando no movimento de linfa proveniente do saco linfatico braquial. B. A inflacdo
pulmonar aumenta a pressdo dentro dos sacos linfaticos subvertebral, dorsal e lateral e direciona a linfa aos
coracdes linfaticos anteriores (CL ant.) e posteriores (CL post.) que bombeiam o fluido linfatico de volta ao
sistema cardiovascular. As setas indicam a dire¢do do movimento linfitico. (Adaptado de HEDRICK, et al.,
2007).

Considerando que a temperatura € um dos principais fatores do componente climético
que pode impactar diretamente a biologia dos anfibios e que, apesar da relativa diversidade de
dados sobre o efeito desta no controle cardiorrespiratério destes animais (BICEGO-NAHAS e
BRANCO, 1999; BICEGO-NAHAS, et al., 2001; LIU e LI, 2005; ROCHA, et at., 1998;
SEEBACHER e FRANKLIN, 2011), nenhum estudo até o momento verificou o potencial
efeito das mudancas de temperatura, condicio em que esses animais estdo susceptiveis em
seu ambiente, sobre a regulacdo reflexa de FC a curto prazo da PA. Assim, baseado nas
consideracdes expostas acima, o objetivo do presente trabalho foi caracterizar os efeitos da
temperatura nas respostas barorreflexas de FC no sapo cururu, Rhinella schneideri
(anteriormente conhecido como Bufo paracnemis ou Chaunus schneideri; FROST, et al.,

2006; Figura 6), sendo estas apresentadas no Capitulo I desta tese. Embora existam dados

sugestivos da modulacdo barorreflexa sobre o sistema respiratorio em crocodilianos e
anfibios (ALTIMIRAS, et al., 1998; HEDRICK, et al., 2013; VAN VLIET e WEST, 1986),
ainda ndo existem evidencias diretas de um componente respiratério envolvido na regulagdo

da PA em vertebrados ndo-mamiferos. Assim, exploramos no Capitulo Il desta tese a
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existéncia de uma correlacdo entre o barorreflexo e a ventilagio pulmonar no sapo R.
schneideri; espécie sul americana popularmente conhecido como sapo cururu que apresenta
grande porte e € amplamente distribuida em 4reas de vegetacdo aberta desde o Cerrado
central brasileiro até o Chaco Argentino, embora possa ser encontrado em perimetros urbanos

(Figura 7): todas regides sujeitas a variacdes de temperatura de ordem didria e anual.

Figura 6: Sapo cururu. Foto de um exemplar de sapo cururu (Rhinella schneideri) utilizado no presente
trabalho. Foto: L. A. Zena.

E R. schneideri
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Figura 7: Abrangéncia geograifica do sapo cururu. Mapa mostrando a distribui¢do geogrifica das espécies
Rhinella schneideri e Rhinella marina. Podemos observar a vasta distribuicdo da espécie R. schneideri na
América do Sul (Adaptado de VALLINOTO, et al., 2010).
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Capitulo I

Efeito da temperatura sobre o controle
barorreflexo da frequéncia cardiaca no
sapo cururu, Rhinella schneideri
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RESUMO

Para um adequado suprimento sanguineo de modo a atender as diferentes demandas
metabdlicas, os vertebrados regulam a pressdo arterial mantendo adequada perfusdo dos
orgdos evitando assim eventos isquémicos ou outros danos teciduais, como edema. No
presente estudo utilizamos de um método farmacolégico (fenilefrina e nitroprussiato de sddio)
para investigar a sensibilidade barorreflexa a 15, 25, e 30°C no sapo Rhinella schneideri. A
sensibilidade barorreflexa apresentou alta dependéncia térmica (Qio = 1.9-4.1), e a curva de
FC do barorreflexo foi deslocada para cima e para a direita conforme a temperatura foi
aumentada de 15 para 30°C. As varidveis do barorreflexo, tal como a amplitude de FC, o
ganhoso (ganho médximo) e o ganho miximo normalizado aumentaram 206, 235, e 160% para
o intervalo térmico de 15 a 30°C, respectivamente. O ramo cardiaco da resposta barorreflexa
para o tratamento farmacoldgico foi significativamente atenuado apés bloqueio autondmico
total (atropina + sotalol). Adicionalmente, houve uma clara resposta da FC do barorreflexo
principalmente para eventos de hipotensdo em todas as trés temperaturas testadas. Os dados
do presente estudo indicam que os sapos da espécie R. schneideri apresentam resposta
barorreflexa de FC dependente da temperatura e que esta resposta € mais acentuada para
eventos de hipotensio ao invés da hipertensdo, similar ao que ocorre nos crocodilianos, aves e
mamiferos. Assim, ao contrdrio do proposto na literatura para a regulacdo da PA de curto
prazo nos anfibios, cuja hipertensao resultaria em bradicardia reflexa mais acentuada com o
intuito de proteger a delicada microvascularizacdo pulmonar ndo foi observada no presente
estudo, sugerindo assim a existéncia de mecanismos compensatérios adicionais, como um

sistema linfatico mais eficiente, quando da existéncia de uma elevada PA.

Palavras-chave: sensibilidade barorreflexa, anfibios, pressdo arterial, nitroprussiato de sddio,

fenilefrina
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ABSTRACT

For an adequate blood supply to support metabolic demands, vertebrates regulate
blood pressure (BP) to maintain sufficient perfusion to avoid ischemia and other tissue
damage like edema. Using a pharmacological approach (phenylephrine and sodium
nitroprusside) we investigated baroreflex sensitivity at 15, 25, and 30 °C in toads Rhinella
schneideri. Baroreflex sensitivity presented a high thermal dependence (Qio = 1.9-4.1), and
the HR-baroreflex curve was shifted up and to the right as temperature increased from 15 to
30 °C. Baroreflex variables, namely, HR range, gain50 (maximal gain) and normalized gain50
increased 206, 235, and 160% from 15 to 30 °C, respectively. The cardiac limb of the
baroreflex response to pharmacological treatments was significantly blunted after full
autonomic blockade (atropina + sotalol). In addition, there was a clear baroreflex-HR
response mainly to hypotension at all three temperatures tested. These findings indicate that
toads present temperature dependence for cardiac limb of the barostatic response and the
cardiac baroreflex response in R. schneideri is primarily hypotensive rather than hypertensive
as well as crocodilians and mammals. Thus, in contrary to previous data for short-term BP
regulation in amphibians, in which hypertension would result in a bradycardic reflex response
in order to protect a delicate pulmonary microvasculature, was not exhibited by our toads,
suggesting an additional compensatory mechanisms, like an efficient lymphatic system,

during high BP events.

Keywords: baroreflex sensitivity, amphibians, blood pressure, sodium nitroprusside,

phenylephrine
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LISTA DE ABREVIACOES

APCs

FC

FE

Ganhoso

Ganhosp normalizado

MAPso

NPS

PA

PAM

PAP

Tc:

artérias pulmocutaneas
frequéncia cardiaca

fenilefrina

ganho maximo

ganho maximo normalizado
pressdo arterial no ponto médio
nitroprussiato de sédio

pressdo arterial

pressdo arterial media

pressdo arterial pulsatil

temperatura corporal
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1 INTRODUCAO

Os vertebrados s@o capazes de regular a pressdo arterial (PA) mantendo adequada

perfusdo tecidual, satisfazendo apropriado suprimento de oxigénio e nutrientes de acordo com
a demanda metabdlica. A manuten¢do da PA sem alteracdes extremas também € importante
pois evita danos teciduais e mesmo a formacdo de edema (HAGENSEN, et al., 2010; VAN
VLIET e WEST, 1994).

A regulacdo neural da PA pelas respostas barorreflexas ja foram verificadas para
muitas espécies de vertebrados, incluindo anfibios, répteis, aves e mamiferos (ALTIMIRAS,
et al., 1998; BAGSHAW, 1985; CROSSLEY, et al., 2003; MUELLER, et al., 2013). Anfibios
anuros apresentam trés regides barorreceptoras monitorando as alteragdes de PA e que estdo
localizadas na artérias pulmocutineas (APCs), arcos adrticos e artérias carétidas (BIANCHI-
DA-SILVA, et al., 2000; ISHII, et al., 1985; KUSAKABE, 2002; MILLARD e MOALLI,
1980; VAN VLIET e WEST, 1987a,b). Evidéncias experimentais indicam que os
barorreceptores das APCs sdo essenciais para a prote¢do da vascularizacdo pulmonar contra
eventos de excessiva pressdo hidrostitica protegendo a delicada vascularizacdo pulmonar
(SMITS, et al., 1986; SMITS, 1994; VAN VLIET e WEST, 1989). Bianchi-da-Silva e
colaboradores (2000) enfatizaram a importincia dos barorreceptores do arco adrtico na
regulacdo da PA durante eventos de hipotensdo, e assim evitando redugdes na pressdo de
perfusdo tecidual.

Os anfibios est@o sujeitos a inimeras alteragdes de ordem ambiental, e a temperatura é
um dos fatores mais importantes e que diretamente afetam todos os processos fisiolégicos e
bioquimicos, dentre eles as fungdes cardiovasculares (BfCEGO—NAHAS e BRANCO, 1999;
BICEGO-NAHAS, et al., 2001; GLASS, et al., 1997; SEEBACHER e FRANKLIN, 2011).
Mudangas de temperatura parecem influenciar a frequéncia cardiaca (FC) mais do que a PA
(BICEGO-NAHAS e BRANCO, 1999; GAMPERL, et al., 1999; GLASS, et al., 1997; LIU e
LI, 2005; ROCHA e BRANCO, 1998). Aumentos na temperatura corporal (Tc) podem
aumentar a FC principalmente por um efeito direto sobre o ndédulo sinoatrial do coragéo
(COURTICE, 1990; LIU e LI, 2005). Uma PA relativamente constante durante aumentos de
temperatura pode ocorrer com um aumento do débito cardiaco em paralelo a uma reducio na
resisténcia vascular decorrente de uma vasodilatacdo dos leitos vasculares periféricos
(GAMPERL et al., 1999; LILLYWHITE e SEYMOUR, 1978).

Dentre os vertebrados, existem poucas evidéncias da influéncia térmica sobre a

sensibilidade barorreflexa. Até o presente trabalho, existem estudos em mamiferos
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(HORWITZ, et al., 2013; MASSETT, et al., 2000; SABHARWAL, et al., 2004), e em répteis
(HAGENSEN, et al., 2010). Em ratos, a hipotermia durante anestesia (SABHARWAL, et al.,
2004) e a hipertermia (MASSETT, et al., 2000) sdo capazes de atenuar a curva barorreflexa de
FC. E interessante notar que alguns mamiferos, tal como o hamster-sirio, sio bastante comuns
que a temperatura corporal se aproxime da temperatura ambiente durante os eventos de torpor,
em que a sensibilidade barorreflexa estd reduzida (HORWITZ, et al., 2013). No jacaré-do-
papo-amarelo (Caiman latirostris), a sensibilidade barorreflexa de FC ¢é dependente da
temperatura, em que mudancas de temperatura de 15 para 30°C deslocam a curva de
sensibilidade barorreflexa para cima e para a direita (HAGENSEN, et al.,, 2010). Até o
momento, nenhum estudo examinou o possivel efeito da temperatura sobre a resposta
barorreflexa de FC em anfibios anuros. Em contraste com os mamiferos, aves, e
crocodilianos, pressdes arteriais idénticas entre as circulagdes sistémicas e pulmonar podem
expor a vascularizacdo pulmonar dos anfibios a significativas alteracdes de PA, a menos que
uma resposta compensatoria exista para atenuar os possiveis efeitos deletérios dos eventos de
alta PA. Assim, esta resposta compensatéria pode ser consideravelmente afetada pelas
alterag¢des da temperatura.

Baseado no exposto acima, o objetivo do presente trabalho foi caracterizar o efeito da
temperatura nas respostas barorreflexa de FC no sapo sul-americano, Rhinella schneideri
(anteriormente conhecido como Bufo paracnemis ou Chaunus schneideri; FROST, et al.,
2006). Esta espécie € de grande porte e amplamente distribuida em édreas de vegetacdo aberta
desde o Cerrado brasileiro até regides do Chaco argentino (PRAMUK, 2006), embora sua
ocorréncia também inclui dreas urbanas abertas. Todas essas regides sujeitas a mudangas de

temperatura didria e anual.
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2 MATERIAL E METODOS

2.1 Animais
Sapos da espécie R. schneideri (Werner, 1894) de ambos os sexos e pesando entre

180-350 gramas foram coletados no entorno de areas alagadas na regido de Ribeirdo Preto,
SP, Brasil (aproximadamente 21° 10" S e 47° 48'0). Os animais foram mantidos no
Laboratério de Fisiologia do Departamento de Morfologia e Fisiologia Animal, UNESP,
Jaboticabal, Brasil. Todos os animais foram mantidos a temperatura de 25°C, com ciclo
claro/escuro de 12:12 h com livre acesso a dgua potdvel e area para descanso. Os animais
foram mantidos em caixas plasticas contendo substrato a base de fibra de coco e com tubos de
PVC para esconderijos, e foram mantidos nas condi¢des laboratoriais citadas acima por pelo
menos 3 semanas antes do inicio dos protocolos experimentais. Os animais foram alimentados
de duas a trés vezes por semana com tenébrios (Tenebrio molitor, Zophobas morio), grilos
(Gryllus sp) elou baratas (Nauphoeta cinerea), todos criados em cativeiro. Os experimentos
foram realizados de setembro a mar¢o, no qual coincide com a estacdo de atividade da
espécie, estacdo mais chuvosa do ano (BICEGO-NAHAS, et al., 2001; GLASS, et al., 1997).
A coleta dos animais foi aprovada pelo 6érgdo ambiental (SISBIOICMBio/ n. 35484-1), e o
estudo foi conduzido sob aprovacdo da Comissdo de Etica no Uso de Animais (CEUA-

FCAV-UNESP; Protocolo n. 017204/12).

2.2 Procedimentos Ciriirgicos
Os animais foram anestesiados por imersdo em solug¢do aquosa 0,25% de acido 3-

aminobenzdico etil éster (MS-222, Sigma, St. Louis, EUA), tamponado em pH 7,7 com
bicarbonato de sédio, por aproximadamente 10 minutos ou até que houvesse perda dos
reflexos da cérnea. Para as medidas de pressdo arterial pulsitil (PAP), uma céanula de
polietileno (PE-50; Clay Adams, Parsippany, NJ, EUA), preenchida com solucdo Ringer
heparinizada (100 iu. mL™' heparina) foi oclusivamente inserida na artéria ilfaca,
exteriorizada e suturada sobre a pele do animal. O mesmo procedimento foi utilizado para
canular a veia femoral (100 i.u. mL! heparina em solu¢do Ringer) para infusdo dos farmacos.
Logo apdés os procedimentos cirdrgicos, os sapos foram tratados com antibidtico
(enrofloxacina, Flotril®; Schering-Plough, 5,0 mg.kg™' s.c.) e analgésico (Flunixina
Meglumina, Banamine®; Schering-Plough, 1,0 mgkg™' s.c.) de acordo com doses
recomendadas para anfibios (GENTZ, 2007; SMITH, 2007). Ap6s a recuperagdo da anestesia,

cada animal foi individualmente colocado em uma camara com temperatura controlada a 25°C
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e mantidos nestas condi¢des por 24 h sem interferéncia externa até o inicio dos procedimentos

experimentais.

2.3 Fdrmacos
Nitroprussiato de sodio dihidratado (NPS, doador de 6xido nitrico), fenilefrina (FE,

agonista de receptores a-1 adrenérgicos), sulfato de atropina (antagonista de receptores
muscarinicos), e sotalol (antagonista de receptores P-adrenérgicos) foram adquiridos da
Sigma-Aldrich (St. Louis, MO, EUA). Todos os farmacos foram dissolvidos em solugéo
Ringer para anfibios (composi¢do em mM: 46,9 NaCl; 21,0 KClI; 2,40 CaCl; 1,29 MgCl; 3,14
NaHCO:3).

2.4 Medidas da pressdo arterial (PA)
A chnula arterial foi conectada a um transdutor de pressio (MLT1199,

ADInstruments®, Sydney, Austrdlia) cuja calibragdo foi feita por meio de uma coluna de
mercurio. O transdutor foi conectado a um sistema de aquisi¢do de dados (PowerLab System,
ADInstruments®/Chart Software, version 7.3, Sydney, Austrdlia) por meio de um
amplificador de sinais (FE221, ADInstruments®, Sydney, Austrilia). A frequéncia cardiaca
(FC) e a pressao arterial média (PAM) foram calculadas a partir do sinal de PAP e registrada

em tempo real usando a ferramenta cyclic measurements do Software LabChart.

2.5 Avaliagdo do barorreflexo
A resposta reflexa de FC foi avaliada como alteragdo na PAM induzida pela infusdo

intravenosa de FE (150 ug.mL™!' a uma taxa de 0,1 mL.min™") e do doador de 6xido nitrico
NPS (100 pg.mL™' a uma taxa de 0,1 mL.min™") utilizando uma bomba de infusio (K.D.
Scientific, Holliston, MA, EUA) (CRESTANI, et al., 2010). A ordem de infusido dos farmacos
foi randomizada e ajustada para durar 60 s, resultando em uma inje¢do de dose total de 60
ug.kg™! para a FE e 40 pug.kg™! para o NPS, causando um aumento e diminui¢do méaximos de
PAM de ~1,33 kPa (~10 mmHg) a 25°C. Os aumentos e reducdes graduais na PAM foram
associados as respectivas respostas reflexas de FC batimento-a-batimento. Os valores de PAM
e FC obtidos para cada animal em cada temperatura através das infusdes em rampa de FE e
NPS foram plotados um com o outro. Uma fun¢do logistica de quatro pardmetros foi entdao
usada para criar a relagdo de FC-PAM (veja andlise do barorreflexo cardiaco). A resposta

barorreflexa resultante da combinagdo dos dados batimento-a-batimento foram interrompidos
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quando a PA foi médxima para a FE e minima para o NPS. Todas as doses foram escolhidas
com base em dados da literatura na mesma espécie (NPS e FE; BIANCHI-DA-SILVA, et al.,

2000), bem como de experimentos pilotos.

2.6 Protocolos experimentais
Todos os experimentos foram realizados em sapos ndo anestesiados e sem estarem

contidos. Durante os experimentos, os sapos foram acondicionados em cadmaras acrilicas
mantidas a temperatura experimental de 15, 25 ou 30°C utilizando um banho de circulagdo
externa (PolyScience 9112A11B Programmable Model 9112 Refrigerated Circulator). Os
animais foram aclimatados a cada temperatura por aproximadamente 12 horas (comecando 24
h apds a realizagdo dos procedimentos cirtirgicos). A camara experimental foi continuamente
circulada com ar ambiente umidificado e a temperatura interna da cAmara foi continuamente
monitorada por meio de um sensor de temperatura (MLT415/MThermistor temperature
sensor, ADInstruments®, Sydney, Austrdlia). Apés 60 minutos do registro basal de PAP, a
solu¢do Ringer (0.4 mL.kg™!) foi infundida na veia femoral do animal com o objetivo de se
verificar qualquer influéncia do volume injetado nos pardmetros cardiovasculares. Os sapos
utilizados neste estudo receberam duas infusdes cada de FE e NPS para o estudo do
barorreflexo a 15, 25 e 30°C a qual foram infundidas nos animais de maneira randomica.
Cada temperatura foi testada randomicamente ao longo de trés dias consecutivos para permitir
as 12 horas de aclimatacdo em cada temperatura. Cinco animais do grupo experimental a
25°C foram também testados para o bloqueio autondmico total do coragdo (ALTIMIRAS, et
al., 1998; HAGENSEN, et al., 2010). Para este protocolo os animais receberam injecdes
intravenosas com antagonista B-adrenérgico, sotalol (3,0 mg kg™'), e o antagonista de
receptores muscarinicos, sulfato de atropina (3,0 mg kg™'), e na sequéncia o protocolo para a

quantificagdo da sensibilidade barorreflexa foi novamente realizado.

2.7 Andlise do barorreflexo
A funcio barorreflexa foi investigada por meio da andlise da curva sigmoide da relacdo

entre PAM e FC. Utilizando-se de ferramenta especifica do GraphPad Prism (regressdo néo-
linear), os dados de PAM (kPa) foram plotados batimento-a-batimento junto com os
correspondentes valores de FC (bpm) e analisados utilizando uma funcio logistica sigmoide

de quatro parametros como descrita previamente por Reid (1996):

(4-D)

(D FC= 1+ (PAM/C)B

+D
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Onde A ¢ a FC médxima e D é a FC minima da curva. B é o coeficiente que representa
a inclinacdo da curva (bpm.kPa~'). C é a PAM no ponto médio da amplitude de FC (PAMs).
A amplitude do barorreflexo para a FC foi calculado como a diferenca entre a FC médxima e
minima (A-D). O ganho méaximo (Ganhoso; em bpm.kPa!) da curva, na qual ocorre quando a
PAM ¢ igual a C foi determinada tomando a derivada primeira da equagdo 1 resultando no

ganho maximo por meio da equagéo abaixo:

—-B(4A-D)
4C

2) Ganhogy =
O ganho méaximo foi entdo normalizado (sem unidades) em relagdo a PAM e FC

basais para cada animal (BERGER, et al., 1980; CROSSLEY, et al., 2003) com o objetivo de

estabelecer comparagdes significativas entre as temperaturas:

() Ganhoso normalizado = Ganhosy X (%)

2.8 Anadlise dos dados e estatistica
Os dados sdo apresentados como médias + E.P.M. O efeito farmacolégico dos

tratamentos sobre a PAM e a FC nas diferentes temperaturas foram analisados por meio de
uma ANOVA de duas vias de medidas repetidas (fatores: tempo e temperatura). O efeito da
temperatura sobre os valores basais de PAM e FC assim como sobre os valores de FC
minima, FC maxima, a amplitude de FC, o coeficiente do slope, o ganho maximo, o ganho
normalizado, e a PAM no ponto médio da curva foram analisados por meio de uma ANOVA
de uma via. O efeito do bloqueio autondmico total sobre as respostas barorreflexas para
infusdes de FE e NPS foram calculadas na forma de delta (efeito do farmaco menos valores
pré-infusdo) e também analisadas por meio de uma ANOVA de uma via. Todas as andlises
estatisticas foram conduzidas utilizando o software SigmaPlot versdo 11. Em todos os casos
de andlise por meio de ANOVA, as diferengas entre as médias foram obtidas utilizando um
pos-teste de Tukey e foram consideradas significativas quando P<0,05. A variincia e a
normalidade dos dados foram testadas e quando necessdrio, foram transformados

adequadamente quando nao atendiam aos requisitos da andlise paramétrica.
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3 RESULTADOS

A Figura 1 mostra os registros representativos de PAP, PAM e FC durante infusoes

intravenosas de FE e NPS a 15, 25 e 30°C. Note que a 15°C os efeitos de ambos os farmacos

duram mais tempo em comparagdo com as temperaturas mais elevadas (25 e 30°C).
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15°C 25°C 30°C

Figura 1: Pressdo arterial pulsatil (PAP), pressido arterial média (PAM) e frequéncia cardiaca (FC) dos tracados originais representativos de um sapo cururu
Rhinella schneideri nas temperaturas de 15, 25 e 30°C. Registro representativo ilustrando as respostas reflexas de FC frente ao aumento e a reducdo da pressdo arterial
causadas pela infusdo intravenosa (as linhas prestas representam a duracdo da infusdo) de fenilefrina (FE) e nitroprussiato de sédio (NPS) em trés diferentes temperaturas (15,
25, e 30°C).
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3.1 Efeito da temperatura sobre os parametros cardiovasculares
A PAM e a FC dos sapos a 15, 25 e 30°C foram 3,01 + 0,26; 3,88 + 0,25; 4,20 + 0,44

kPa e 16,7 + 1,81; 27,7 £ 2,59; 31,7 + 2,72 bpm, respectivamente (Tabela 1 e Figura 4). Os
valores basais de PAM néo foram diferentes entre as temperaturas (F(2, 21= 3,313; P = 0,056),
e os valores basais de FC a 25 e 30°C foram mais altos que a 15°C (F2, 21n= 11,867; P <
0,001; Tabela 1).

Tabela 1: Varidveis cardiovasculares basais e do barorreflexo derivadas das curvas sigmoides do
barorreflexo da FC geradas apds infusdo de fenilefrina (FE) e nitroprussiato de sédio (NPS) (equacdo
1) a 15, 25 e 30°C no sapo cururu Rhinella schneideri

15°C 25°C 30°C
Varidveis basais
PAM (kPa) 3,01+0,26 3,88+0,25 4,20+0,44
FC (bpm) 16,7+1,81?2 27,7+2,59° 31,742,72°
Varidveis barorreflexas
FC minima (bpm) 13,2 +1,75* | 22,3+£2,49° 25,1 £1,61°
FC mdxima (bpm) 23,8 £2,63* | 49,9+397° 57,1 £4,73b
Amplitude de FC (bpm) 10,6 1,928 | 27,6 +£4,10° 32,0 £ 4,47°
R? 0,88 +0,02 0,87 +0,02 0,80 £ 0,03
Coeficiente do Slope 9,890 +£3,16 9,37 £ 1,61 12,7 £2,05
PAMso (kPa) 2,83 £0,32 3,31 £0,20 3,88 £0,40
Ganhoso (bpm.kPa’) 7,27+ 1,44% 19,6 £3,27° 24,4 £ 4,15°
Ganho normalizadoso (un) 1,33 £0,30° | 2,90+0,58% | 3,45+0,84°

Valores indicados por diferentes letras sdo significantemente diferentes entre as temperaturas
(ANOVA de uma via, pds-teste de Tukey; P < 0.05). FC, frequéncia cardiaca; PAM, pressdo arterial
média; R?, coeficiente de determinacdo; coeficiente do slope, coeficiente que representa a inclinagio da
curva; PAMsy, pressdo arterial média no ponto médio da curva; Ganhosp, ganho méaximo; ganho
normalizadoso, ganho expresso em unidade normalizada. Os dados sdo expressos como média + E.P.M.
N=7-10.

3.2 Efeito da temperatura sobre as alteracoes cardiovasculares induzidas pela
fenilefrina (FE)
A 15, 25 e 30°C, as infusdes de FE causaram aumento na PAM (F2, 21= 49,690; P <

0,001; Figura 2A), mas a FC ndo apresentou resposta reflexa apds o aumento de PAM (Figura
2B). A elevacdo da PAM pela FE ndo foi diferente entre as temperaturas de 25 e 30°C, mas
foi menos acentuada para a temperatura mais baixa, 15°C (15 vs 25°C; Fi, 21)= 4,880; P <

0,028, e 15 vs 30 °C; Fe2, 21= 4,880; P < 0,031; Figura 2A). Os valores de FC ao longo do
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tempo foram sempre menores a 15°C comparado aos valores de 25 e 30°C (Fo, 21= 13,077; P

< 0,01; Figura 2B)

3.3 Efeito da temperatura sobre as alteracdes cardiovasculares induzidas pelo
nitroprussiato de sodio (NPS)
As infusdes de NPS em diferentes temperaturas causaram efeito hipotensivo (F2, 21=

48,085; P < 0,001; Figura 2C) e taquicardia reflexa (F, 21= 47,698; P < 0,001; Figura 2D). A
reducdo da PAM ao longo do tempo a 15°C apresentou os menores valores em comparacio
com a temperatura de 30°C (F(2, 21= 6,666; P = 0,004), e a taquicardia reflexa foi menor a
15°C em comparag@o com 25°C (F2, 21= 21,822; P < 0,001) e 30°C (Fp2, 21y= 21,822; P <
0,001).
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701 701
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Figura 2: Efeito da manipulacio farmacoligica sobre a pressdo arterial média (PAM) e a frequéncia
cardiaca (FC) no sapo cururu Rhinella schneideri nas temperaturas de 15, 25 e 30°C. Efeito da infusio
intravenosa (as linhas pretas representam a duragdo da infusdo) de 60 pg.kg™' de fenilefrina (FE; A e B) ou 40
pgkg! de nitroprussiato de sédio (NPS; C e D) na pressdo arterial média (PAM; A e C) e frequéncia cardiaca
(FC; B e D) do sapo cururu Rhinella schneideri a 15 (tridangulo azul), 25 (circulo amarelo), e 30°C (quadrado
vermelho), respectivamente. N = 7-10. Os dados sdo expressos como média + E.P.M.
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3.4 Controle do barorreflexo da FC: Efeitos da temperatura
Podemos observar na figura 3 a representacio da resposta de alteracdo de PAM com FE

e NPS na curva barorreflexa de FC para as trés temperaturas, avaliadas para cada animal. Em
todos os animais, reducdes na PAM causaram taquicardia reflexa em todas as temperaturas

testadas, mas ndo houve uma resposta consistente de bradicardia para o0 mesmo aumento de

PAM.
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Figura 3: Curvas barorreflexas individuais obtidas a 15, 25 e 30°C. Curvas barorreflexas de cada animal nas temperaturas de 15, 25 e 30°C (N = 7-10) obtidas ap6s
mudancas na pressao arterial (PA) induzida farmacologicamente com fenilefrina (FE) e nitroprussiato de s6dio (NPS) no sapo cururu Rhinella schneideri.
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Na figura 4 é mostrada as curvas médias do barorreflexo da FC geradas a partir de
todas as curvas individuais que estdo representadas na figura 3 a 15, 25 e 30°C. Se tomarmos
como ponto de partida a temperatura de 25°C, para o intervalo térmico de 25 a 15°C ¢
possivel ver uma atenuacio da resposta barorreflexa de FC por meio do deslocamento da
curva para a esquerda e para baixo. Além disso, houve uma redu¢do na FC minima e maxima
em 40% (F, 2= 9,736; P = 0,005) e 52% (F, 21= 17,467; P < 0,001), respectivamente,
sendo que a amplitude de FC foi diminuida em 62% (F2, 21y= 7,862; P = 0,013; Tabela 1). O
ganho maximo foi 63% menor a 15 (F2, 21= 6,528; P = 0,035) em comparagdo com 25°C
enquanto o ganho maximo normalizado foi 54% menor a 15°C, porém, este ndo foi diferente
para o intervalo térmico de 25-15°C (Tabela 1). A PAM no ponto médio da amplitude de FC
(PAMs0) ndo foi afetada a 15°C comparado a temperatura de 25°C (Tabela 1). Nos animais
expostos a 30°C, a curva barorreflexa de FC foi movida ligeiramente para cima e para a
direita em relagdo a curva a 25°C (Figura 4). Porém, nenhuma diferenga para as varidveis
barorreflexas derivadas da curva sigmoide referente ao intervalo térmico de 25 a 30°C foi
observada (Tabela 1). Mesmo assim, se considerarmos o intervalo de temperatura entre 15 e
30°C, € possivel observar que as varidveis barorreflexas como as FCs minima e méixima
aumentaram cerca de 86% (F2, 2= 9,736; P = 0,002) e 140% (F, 2= 17,467; P < 0,001),
respectivamente. A amplitude de FC, o ganho médximo e o ganho médximo normalizado
aumentaram cerca de 206% (F, 21= 7,862; P = 0,003), 235% (F2, 21y= 6,528; P < 0,006) e
160% (F2, 21= 4,105; P = 0,034), respectivamente (Tabela 1), enquanto a PAMsp aumentou

apenas 38%, ndo apresentando diferenca entre os extremos de temperatura.
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Figura 4: Curvas barorreflexas médias no sapo cururu Rhinella schneideri obtidas a 15, 25, e 30°C. A
relacdo entre pressdo arterial média (PAM) e frequéncia cardiaca (FC) foram geradas a partir dos valores médios
das varidveis da curva para cada animal em cada temperatura (veja Tabela 1). O triangulo azul (15°C), o circulo
laranja (25°C), e o losango vermelho (35°C) de cada curva representam a FC e a PAM basais dos animais em
cada temperatura. N = 7-10. Os dados sdo expressos como média + E.P.M.

3.5 Efeito do bloqueio autonomico total sobre as respostas barorreflexas a FE e ao NPS
A figura 5 mostra os dados de efeito do bloqueio autondmico realizado com atropina e

sotalol nas respostas cardiovasculares 2 FE e ao NPS a 25°C no sapo R. schneideri. E possivel
observar que a alteracdo reflexa de taquicardia expressa como delta de FC frente a hipotensio
foi atenuada pelo bloqueio autonoémico total (Fi2, 22= 115,664; P < 0,001), assim como a
discreta bradicardia reflexa, expressa como delta de FC, induzida pela hipertensdo com FE

(Fo. 1= 22,448; P < 0,006)
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Figura 5: Efeito da manipulacio farmacoldgica sobre a pressio arterial média (PAM) e frequéncia
cardiaca (FC) no sapo cururu Rhinella schneideri antes e apos o bloqueio autondomico total. Alteracdes na
pressdo arterial média (APAM; A e C) e frequéncia cardiaca (AFC; B e D) causadas pela infusdo intravenosa de
Ringer (veiculo), fenilefrina (FE; 60 pg.kg™!) e nitroprussiato de sédio (NPS; 40 pg.kg™!) antes e apds o bloqueio
autondmico total com atropina (3,0 mg.kg') mais sotalol (3,0 mgkg!) a 25°C no sapo cururu Rhinella
schneideri. Valores indicados por letras diferentes sio significantemente diferentes entre si pelo teste de Tukey
(P <0.05); N =5-10. Os dados s@o expressos como média + E.P.M.
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4 DISCUSAO

O presente estudo descreve pela primeira vez o efeito da temperatura na regulagio
barorreflexa da FC no sapo R. schneideri. Em contraste com a literatura vigente sobre a
regulacdo barorreflexa em anfibios anuros, os dados do presente estudo sdo consistentes com
uma vigorosa resposta reflexa de FC primariamente contra eventos de hipotensdo do que de

hipertensao, independente da temperatura testada, 15, 25 ou 30°C.

4.1 Critica ao método
O uso de farmacos vasoativos para alterar a resisténcia vascular periférica ¢ um dos

métodos mais comuns utilizados para o estudo da sensibilidade barorreflexa em vertebrados.
Entretanto, esta metodologia apresenta algumas limitagdes: s6 € possivel avaliar o ramo
cardiaco da resposta barorreflexa (resposta reflexa de FC). Apesar desta desvantagem, o
método farmacolégico tem a vantagem de estimular todas as regides barorreceptoras, o que
pode ser muito importante se considerarmos que os anfibios apresentam trés regides
barorreceptoras distintas, localizadas nos arcos adrticos, nas artérias carétidas e nas artérias
pulmocutianeas (APCs) (BIANCHI-DA-SILVA, et al, 2000; ISHII, et al., 1985;
KUSAKABE, 2002; MILLARD e MOALLI, 1980; VAN VLIET e WEST, 1987a,b). O
farmaco fenilefrina ¢ amplamente utilizada no estudo do barorreflexo em mamiferos
(MASSETT, et al., 2000; SABHARWAL, et al., 2004), bem como em outros vertebrados,
como os anfibios (BIANCHI-DA-SILVA, et al., 2000; MILLARD e MOALLI, 1980) e os
répteis (ALTIMIRAS, et al., 1998; BERGER, et al, 1980; CROSSLEY, et al., 2003;
HAGENSEN, et al., 2010; MILLARD e MOALLI, 1980). No entanto, estudos anteriores tém
sugerido que a FE pode interferir com a sensibilidade barorreflexa por exercer um pequeno
efeito cronotrépico positivo no coracdo de mamiferos (WILLIAMSON, et al., 1994). Assim, a
auséncia de uma bradicardia reflexa, ou uma resposta minima, em nossos sapos (Figura 2 e 5)
pode sugerir um efeito cronotrépico positivo da FE no coragdo destes animais, mascarando
assim a resposta reflexa decorrente da hipertensdo. No caso dos anfibios anuros, alguns
estudos tem demonstrado uma pequena ou nenhuma reducdo reflexa de FC no sapo R.
schneideri (BIANCHI-DA-SILVA, et al., 2000), na rd aquética Xenopus laevis (HEDRICK, et
al., 2015) e no sapo Rhinella marina (SMITH, et al., 1981); entretanto, em outros estudos foi
possivel observar um efeito um pouco mais acentuado sobre a FC na ra-touro americana
Lithobates catesbeianus (HEDRICK, et al., 2015; HERMAN e SANDOVAL, 1983;
MILLARD e MOALLLI, 1980; ZENA, et al., 2013) e no sapo Rhinella marina (HEDRICK, et
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al., 2015). Ainda assim, os valores de bradicardia reflexa observados nesses estudos estavam
aquém dos valores de taquicardia reflexa induzida pela hipotensdo (BIANCHI-DA-SILVA, et
al., 2000; HEDRICK, et al., 2015). Em estudo anterior de nosso laboratério, foi mostrada uma
significativa bradiacardia reflexa (reducdo em 10 bpm) apds hipertensdo induzida por injecdo
intravenosa de FE (100 pg.kg™!; com aumento na PAM de ~1,33 kPa = 10 mmHg) na ra-touro
americana (ZENA, et al., 2013). Desta forma, os resultados contrastantes encontrados na
literatura podem representar diferencas especificas para cada espécie de anuro estudo. E
importante ressaltar que os dados do presente estudo foram publicados em 2015 (veja Anexo
I) e um estudo realizado por Hedrick e colaboradores (2015) veio a corroborar nossos dados,
descrevendo o estudo da funcdo barorreflexa da FC em outras trés espécies de anuros
representativos de diferentes ambientes (R. marina, L. catesbeianus e X. laevis, um terrestre,
um semiaqudtico, € um aqudtico, respectivamente). Estes dados também mostram uma
pronunciada resposta reflexa de FC frente & hipotensdo em comparacido as respostas de

bradicardia evocadas por eventos hipertensivos de similar magnitude.

4.2 Efeito da temperatura sobre a atividade barorreflexa no sapo R. schneideri
Vertebrados ectotérmicos estdo sujeitos a flutuagdes de Tc naturalmente, podendo evitar

danos potenciais decorrentes de temperaturas extremas por meio da termorregulagdo
comportamental: caracterizada pela alternincia entre ambientes mais quentes ou mais frios de
modo a ganhar ou perder calor (BfCEGO, et al., 2007; LILLYWHITE, 1970). Em um
gradiente térmico com variagdo de temperatura entre 10 e 40°C, o sapo R. schneideri
apresenta Tc de preferéncia entre 23 e 27°C (BfCEGO—NAHAS, et al., 2001; GUERRA, et
al., 2008). Os padrdes demograficos no campo para esta espécie de sapo sdo muitas vezes
dependentes de fatores climdticos, tais como a pluviosidade e a temperatura ambiente
(VASCONCELLOS e COLLI, 2009). Apesar da temperatura ambiente mdxima no sudeste
brasileiro atingir valores acima de 35°C durante o verdo (SAO PAULO, 2016), as Tcs
observadas para esta espécie de sapo mantida em cativeiro (em recinto semi-natural) podem
variar de ~13-17°C (minima) a ~27-31°C (mdxima) dependendo da estacdo do ano nesta
mesma regido (NORONHA-DE-SOUZA, et al., 2015).

No sapo R. schneideri, a curva de sensibilidade barorreflexa apresenta posi¢des distintas
para a relacio PAM-FC de acordo com a temperatura. Se partirmos da temperatura de 25°C
podemos observar um deslocamento da curva para baixo e para a esquerda para o intervalo

térmico de 25 a 15°C, enquanto uma mudanca de posicdo na curva também pode ser
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observada quando o intervalo de temperatura considerado passa a ser de 25 a 30°C,
deslocando a curva para cima e para a direita (Figura 4). Se observarmos os valores de Qio
para algumas das varidveis barorreflexas, tais como a amplitude de FC, o ganho maximo, e o
ganho méximo normalizado para o intervalo térmico de 25-15°C temos os seguintes valores:
83+£6.1,3.7+1.7,e 1.9 £ 0.9, respectivamente. Sendo que para o intervalo térmico de 25 a
30°C temos que os valores de Qio sdo: 2.3 £0.4,4.1 £ 2.1, e 2.1 + 0.8, respectivamente. Estes
valores estdo em contraste com os valores de Qio para a PAMs, a qual apresentou pequena
dependéncia térmica para ambos os intervalos de temperatura (15-25°C: Q1o = 1.1 £ 0.1; 25—
30°C: Qo = 1.5 £ 0.4). Assim, nossos dados estdo de acordo com a literatura demonstrando
uma maior dependéncia térmica para os valores de FC, e consequentemente as varidveis do
barorreflexo que apresentam a FC associada, em compara¢do com os valores de PAM
relatados para anfibios e répteis (BfCEGO—NAHAS e BRANCO, 1999; LILLYWHITE e
SEYMOUR, 1978; OVERGAARD, et al., 2012; ROCHA e BRANCO, 1998). Como ja visto
para muitos vertebrados ectotérmicos, pequena ou nenhuma alteragdo da PAM pode refletir
alteragOes de resisténcia vascular periférica a medida que a temperatura aumenta, causando
uma vasodilatagdo generalizada (GALLI, et al., 2004; LILLYWHITE e SEYMOUR, 1978;
OVERGAARD, et al., 2012; STINNER, 1987). E importante levar em consideracdo que em
nossos experimentos preliminares, alguns animais foram expostos a temperatura de 35°C, no
entanto o pico de hipertensdo induzido pelas infusdes de FE a essa temperatura acarretaram
em um padrido de FC caracterizado por um curto intervalo bradicardico intercalado por um
padrdo de PAP em que a FC era semelhante aos valores de pré-infusdo, ou seja, sem alteracao
de FC, ou mesmo situagdes em que a FC era até maior que os valores pré-infusdo (leve
taquicardia). Desta forma, o estudo do barorreflexo para a técnica de infusdo em rampa
mostrou-se invidvel para esta temperatura dificultando o ajuste da curva com os dados
obtidos. De acordo com Courtice (1990), o aumento de temperatura ao redor de 33-37°C
diminui a efetividade vagal em reduzir a FC no sapo R. marina (espécie filogeneticamente
relacionada ao sapo R. schneideri; MACIEL, et al., 2010). Assim, essa reduzida efetividade
vagal em altas temperaturas pode ser causada por um aumento da atividade da colinesterase,
enzima que degrada a acetilcolina, fazendo com que o intervalo bradicdrdico seja curto,
diminuindo a capacidade do nervo vago em agir sobre o nddulo sinoatrial por tempo
prolongado (COURTICE, 1990).

E possivel ver que a temperatura também afetou a laténcia das respostas
cardiovasculares as infusdes de FE e NPS. A 15°C, o efeito da FE levou cerca de 4 minutos

para atingir a maxima resposta hipertensiva em contraste com apenas 1 minuto para o maximo
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efeito hipertensivo ser atingido nas temperaturas de 25 e 30°C (Figura 2A). Para a hipotensao
por NPS, o méaximo efeito a 15°C foi atingido com 2,5 minutos, um minuto a mais do que o
maximo efeito hipotensivo para as temperaturas mais altas (25 e 30°C) (Figura 2C).
Alteracdes na reatividade dos vasos sanguineos a tratamentos farmacoldgicos foram
anteriormente observadas durante hipertermia em ratos (MASSETT, et al., 1998; MASSETT,
et al.,, 2000). De fato, ambas hipotermia e hipertermia podem mudar a responsividade a-
adrenérgica dos vasos sanguineos em mamiferos (IVES, et al., 2011). Apesar dos possiveis
efeitos térmicos sobre os componentes centrais e periféricos dos reflexos cardiovasculares nos
nossos sapos, a reatividade dos vasos sanguineos a FE e ao NPS também pode ser afetada pela
temperatura, o que vai de encontro com dados da literatura relativos a magnitude da acdo de
agonistas a-adrenérgicos no sistema arterial de L. catesbeianus (HERMAN e MATA, 1985).
Separacdo completa entre as circulagdes sistémicas e pulmonar é observada apenas em
mamiferos e aves, e por isso, as pressdes nos capilares pulmonares podem ser mantidas baixas
o suficiente para evitar lesdes do tecido pulmonar (WEST, 2009). Ao longo do curso
evolutivo, os crocodilianos sio considerados os tinicos ectotérmicos com separacdao anatdmica
completa dos ventriculos. Nos animais com quatro cdmaras cardiacas (dois dtrios e dois
ventriculos), tal como o rato e o coelho (CRESTANI, et al., 2010; MURAKAMI, et al., 1998),
o pombo (LUCITTI e HEDRICK, 2006), e os crocodilianos, jacaré-americano (Alligator
mississippiensis), jacaré-do-papo-amarelo (Caiman latirostris) e o crocodilo-de-dgua-salgada
(Crocodylus porosus) (ALTIMIRAS, et al., 1998; CROSSLEY, et al., 2003; HAGENSEN, et
al., 2010), a resposta reflexa de FC obtida frente a quedas de PA (taquicardia) € mais
pronunciada do que o reflexo de bradiacardia decorrente da hipertensdo. Em contraste, o
coracdo dos anfibios por apresentar ventriculo tinico e portanto ndo havendo divisdo entre as
pressdes sist€mica e pulmonar, pode apresentar alta pressdo sobre os capilares pulmonares,
resultando em lesdes capilares deste 6rgdo (VAN VLIET e WEST, 1989). Neste caso,
mudangas na resisténcia arterial pulmonar poderiam ser ajustadas por meio da inervacdo vagal
que existe nas APCs, regulando o fluxo sanguineo pulmonar e por conseguinte o shunt
cardiaco (EMILIO e SHELTON, 1972; de SAINT-AUBAIN e WINGSTRAND, 1979;
GAMPERL, et al., 1999; LANGILLE e JONES, 1977). A estimulacdo elétrica do nervo
recorrente laringeo, na qual as aferéncias barorreceptoras da APC estdo contidas, é capaz de
aumentar a resisténcia da APC por meio da contragdo da musculatura lisa presente no
esfincter deste vaso em cerca de 76%, além de causar reducdes na pressdo arterial das APCs
(VAN VLIET e WEST, 1986). Ademais, a desnervacdo dos barorreceptores das APCs leva a

um aumento transiente na PA sistémica, FC e fluxo sanguineo da artéria pulmonar sugerindo
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que estes sdo tonicamente ativos, mas ndo essenciais para a regulagdo a longo prazo da PA
(HOFFMANN e de SOUZA, 1982; SMITS, et al., 1986; SMITS, 1994; VAN VLIET e
WEST, 1989). Mesmo em condi¢des basais a taxa de filtracdo transcapilar pulmonar no sapo
R. manina é cerca de 0,74+0,41 ml.kg'.min"!, ou seja, esta € elevada em pelo menos treze
ordens de magnitude em relagdo ao fluxo linfatico pulmonar encontrado nos mamiferos
(0,0017 a 0,0055 ml.kg"!.min"! (COURTICE, 1963; ERDMANN, et al., 1975; HUMPHREYS,
et al.,, 1967). Assim, em situacdes de elevada pressdo na circulacdo pulmonar, em que a
filtracdo transcapilar pulmonar pode atingir valores extremamente elevados (7,77+2,09 ml.kg
. min") decorrentes da desnervacdo bilateral do nervo recorrente laringeo, os riscos potenciais
para a ocorréncia de um edema pulmonar poderiam ser contrabalanceados pela existéncia de
uma eficiente producdo de fator natriurético atrial nos pulmdes do sapo R. schneideri
(GLASS, et al., 1996), cuja aumentada producgio nos pulmdes de mamiferos esta relacionada a
prevengdo de edema pulmonar (GUTKOWSKA, et al., 1989). Adicionalmente, a presenga de
uma eficiente mobilizagdo linfatica pulmonar poderia estar envolvida na protecdo da delicada
microvascularizacdo do pulmdo contra alteracdes bruscas de fluxo sanguineo nos anfibios,
evitando a ocorréncia de edema pulmonar como previamente descrito por Smits (1994) para o
sapo R. marina.

Em estudo anterior, Van Vliet e West (1989) sugerem que os anfibios anuros (e.g. R.
marina) sdo capazes primariamente de regular oscilagdes da PA sistémica durante eventos de
hipertensdo em detrimento da protecdo da microvascularizacdo pulmonar. Entretanto,
Bianchi-da-Silva e colaboradores (2000) em seus estudos sobre a regulacdo barorreflexa da
FC no sapo R. schneideri mostraram uma significativa taquicardia reflexa para eventos de
queda de PA, na qual foi associada a participagdo dos barorreceptores dos arcos adrticos, visto
que a resposta de taquicardia é inibida pela desnervagdo dos mesmos, mas ndo dos
barorreceptores da APC. Nas ras L. catesbeianus e X. laevis, apesar do fato da FE induzir
hipertensdo com uma discreta bradicardia reflexa (HEDRICK, et al., 2015; ZENA, et al,,
2013), esta é de menor magnitude comparada a taquicardia reflexa induzida pela hipotensao
(causada por NPS) (HEDRICK, et al., 2015), indicando que oscilagdes de PA sdo defendidas
primariamente para a hipotensdo em ambas as espécies quando consideramos a resposta de FC
da regulacdo barorreflexa. Nossos dados sdo claramente consistentes com uma vigorosa
resposta de FC para queda de PA ao invés do aumento da PA no sapo R. schneideri, cuja
resposta de sensibilidade barorreflexa € mais pronunciada para o intervalo térmico de 25—
30°C em comparagdo com 15°C. A resposta predominante para a hipotensdo pode ser

concluida com base no posicionamento dos valores de PAM e FC basal do animal na porg¢éo
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final, acima dos valores de PAMsp da curva barorreflexa, e que também corresponde a
localiza¢do do ganho méximo da resposta (Figura 4 e Tabela 1). Nossos resultados, e as
evidéncias experimentais para uma reduzida resisténcia sistémica e especialmente pulmonar
no sapo R. marina a 30°C em comparacdo com 20 e 10°C (HEDRICK, et al., 1999) dao
suporte a ideia de que as respostas barorreflexas a hipotensdo tem maior contribuicio em
evitar redugdes adicionais na resisténcia vascular quando os anfibios anuros estdo expostos a
elevada temperatura. Adicionalmente, a auséncia de uma significativa bradicardia reflexa em
todas as temperaturas testadas (Figuras 2 e 4) poderia estar acompanhada de uma atividade
vagal consideravel sobre a musculatura lisa do esfincter das APCs contraindo a mesma o que
reduziria a PA na circulacio pulmonar (de SAINT-AUBAIN e WINGSTRAND, 1979;
EMILIO e SHELTON, 1972; GAMPERL, et al., 1999; LANGILLE e JONES, 1977). Pelo
menos no sapo R. marina mantido a 25°C, Gamperl e colaboradores (1999) mostraram um
sustentado aumento no fluxo sanguineo da APC em cerca de 100% em relagdo aos valores
basais (de 30,3+3,8 para 63,8+7,4ml min~' kg™') e apenas um discreto aumento de FC (de
49,3+6,5 para 53,4+5,8 min~') decorrentes do bloqueio muscarinico com atropina. Um
reduzido aumento de FC apds bloqueio dos receptores muscarinicos cardiacos observado por
esses autores pode sugerir um reduzido tdnus parassimpatico sobre o coragdo, visto que a FC
de repouso nesses animais ja se encontrava relativamente alta. Em todo caso, estes autores
mostraram reducdo no shunt intracardiaco (fracdo de sangue venoso que é recirculada na
circulagdo sist€émica) apds injecdo com atropina, o que acarretou em aumento de fluxo
sanguineo para o circuito pulmonar em relacio ao sistémico, indicando assim a existéncia de
um forte tonus colinérgico sobre as APCs de seus sapos antes do bloqueio com atropina. A
existéncia de um controle vagal diferenciado para o coraco e paras as APCs durante eventos
de hipertensdo ainda é desconhecida, necessitando de estudos complementares para maiores
esclarecimentos.

Como conclusdo, o presente estudo mostra evidencias de que a sensibilidade
barorreflexa no sapo R. schneideri é dependente da temperatura, deslocando a curva
barorreflexa de FC para cima e para a direita considerando o intervalo térmico de 15 a 30°C.
Estas respostas compensatdrias de FC podem ser muito importantes para uma espécie de
bufonideo que é encontrada em vdrios habitats como o Chaco, Cerrado e regides de Mata
Atlantica na América do Sul, além de ser encontrada facilmente em dreas abertas e urbanas;
todos ambientes com variacdo de temperatura de ordem didria e anual. Adicionalmente,
nossos dados estdo de acordo com a literatura anterior para o sapo R. schneideri (BIANCHI-

DA-SILVA, et al., 2000) e que indicam uma compensagdo reflexa de FC mais pronunciada
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contra eventos de hipotensdo em relagdo a eventos de hipertensdo, como acontece com 0s
crocodilianos, aves e mamiferos. Esta resposta parece proporcionar uma adequada
disponibilizagdo de oxigénio as demandas metabdlicas do animal, principalmente em
condi¢des de elevada temperatura. Em contraste, uma acentuada resposta barorreflexa de FC
para situacdes de hipertens@o previamente sugerida por Van Vliet e West (1989) no sapo R.
marina parece estar em desacordo com dados da literatura recente: que mostram que o0 sapo
cururu (presente estudo; R. schneideri), o sapo-da-cana (R. marina), a ra-touro-americana (L.
catesbeianus) e a ra-de-unha-africana (X. laevis) (HEDRICK, et al., 2015), todos apresentam
resposta reflexa de FC muito acentuada contra eventos de hipotensdo. Desta forma, a protecio
da delicada microvascularizagdo pulmonar frente aos aumentos de PA e a formacfo de edema
pulmonar sugeridas por Van Vliet e West (1989) parecem ser compensadas pela existéncia de
um eficiente sistema linfatico e pela producdo de fator natriurético atrial no tecido pulmonar,
cuja concentracdo € aproximadamente duas vezes maior que no tecido pulmonar de um

mamifero de tamanho similar (GUTKOWSKA, et al., 1989).
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Capitulo 11

A regulacao barorreflexa afeta a
ventilacao no sapo cururu, Rhinella
schneideri



50

RESUMO

O controle efetivo da pressao arterial (PA) a curto prazo em anfibios anuros se da por
ajustes da frequéncia cardiaca (FC), resisténcia vascular periférica e frequéncia dos coracoes
linfaticos. A ventilagdo pulmonar nos anuros estd diretamente associada a homeostase do
volume sanguineo por meio da facilitacdo do transporte de linfa para o sistema cardiovascular.
No presente estudo nos hipotetizamos que o barorreflexo arterial modula a ventilagao
pulmonar no sapo cururu Rhinella schneideri e que esta relacio é dependente da temperatura.
Hipotensao (nitroprussiato de s6dio) e hipertensdo (fenilefrina) induzidas farmacologicamente
aumentaram a ventilagio (25°C: 248,7+25,7; 35°C: 351,5+50,2 ml kg~! min~') e diminuiram a
ventilagdo (25°C: 9,046,6; 35°C: 50,7+15,6 ml kg~! min~'), respectivamente, relativo aos
valores controle de injecdo de Ringer (25°C: 78,1+17,0; 35°C: 137,7+15,5 ml kg~! min™")
principalmente por ajustes na frequéncia respiratéria. A sensibilidade da resposta ventilatéria
a alterac@o de PA foi maior durante a hipotensio em relacdo a hipertensdo (25°C: -97,6 + 17,1
vs. 23,6 + 6,0 rpm kPa™!; 35°C: -141,0 + 29,5 vs. -28,7 + 6,4 rpm kPa~!, respectivamente),
enquanto a temperatura ndo apresentou efeito sobre a sensibilidade ventilatéria. A hiperéxia
(30%; 25°C) diminuiu a ventilagdo, mas ndo atenuou a resposta ventilatéria a hipotensao,
indicando uma resposta independente dos quimiorreceptores periféricos. Embora existem
dados prévios mostrando um aumento na sensibilidade barorreflexa de 15 a 30°C nesta
espécie, aumentos adicionais na temperatura (35°C) diminuiram o ganho da resposta
barorreflexa de FC (3,99 + 0,73 vs. 2,31 £ 0,60 unidades normalizadas). Portanto, apesar da
funcdo da ventilacdo pulmonar em corresponder a disponibilidade de O; a demanda
metabdlica em altas temperaturas em anuros, também apresenta participacdo na regulacio da
PA, independente da temperatura, possivelmente devido a uma interagdo entre o barorreflexo
e as dreas respiratérias no sistema nervosa central, como previamente sugerido para os

mamiferos.

Palavras-chave: barorreceptores; quimiorreceptores; ventilagdo pulmonar; hiperdxia;

bloqueio autondmico; anfibios anuros
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ABSTRACT

Anurans regulate short-term oscillations in blood pressure (BP) through changes in
heart rate (fz), vascular resistance and lymph hearts frequency. Lung ventilation in anurans is
linked to blood volume homeostasis by facilitating lymph movement back into the
cardiovascular system. We hypothesized that the arterial baroreflex modulates pulmonary
ventilation in the cururu toad Rhinella schneideri and that this relationship is temperature-
dependent. Pharmacologically induced hypotension (sodium nitroprusside) and hypertension
(phenylephrine) evoked increases in ventilation (25°C: 248.7+25.7; 35°C: 351.5+£50.2 ml kg™!
min~') and decreases in ventilation (25°C: 9.0%6.6; 35°C: 50.7+15.6 ml kg=! min™!),
respectively, relative to control values from Ringer injection (25°C: 78.1+17.0; 35°C:
137.7+15.5 ml kg~! min~') mainly by adjusting breathing frequency. The sensitivity of the
ventilatory response to blood pressure changes was higher during hypotension than
hypertension (25°C: -97.6 £ 17.1 vs. -23.6 % 6.0 breaths min~! kPa™'; 35°C: -141.0 £ 29.5 vs. -
28.7 + 6.4 breaths min~! kPa~!, respectively), while temperature had no effect on those
sensitivities. Hyperoxia (30%; 25°C) diminished ventilation, but did not abolish the
ventilatory response to hypotension, indicating a response independent of peripheral
chemoreceptors. Although there are previous data showing increased f baroreflex sensitivity
from 15 to 30°C in this species, further increases in temperature (35°C) diminished fy
baroreflex gain (3,99 + 0,73 vs. 2,31 £ 0,60 units normalized). Therefore, besides a pulmonary
ventilation role in matching O delivery to demand at higher temperatures in anurans, it also
plays a role in BP regulation, independent of temperature, possibly owing to an interaction

between baroreflex and respiratory areas in the brain, as previously suggested for mammals.

Keywords: baroreceptors; chemoreceptors; lung ventilation; hyperoxia; autonomic blockade;

anuran amphibians
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LISTA DE ABREVIACOES

FC

FiO»

NPS
PA
PAM
P,O>
PAP
Qo
SNC

Ve

frequéncia cardiaca

fenilefrina

fragdo de oxigénio no ar inspirado
frequéncia respiratéria
nitroprussiato de sédio

pressdo arterial

pressdo arterial media

pressdo parcial arterial de oxigénio
pressdo arterial pulsatil

efeito da temperatura

sistema nervosa central

volume corrente

ventilagdo total
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1 INTRODUCAO

Dentre os vertebrados, os mecanismos de retroalimentagdo negativa que determinam a
regulacdo da pressdo arterial (PA) de curto-prazo sdo dependentes de macanorreceptores
(barorreceptores) localizados na parede do sistema arterial e que detectam flutuagdes na PA.
A informagdo barorreceptora aferente € transmitida e integrada no sistema nervoso central
(SNC), em que a capacidade de ajuste pelo barorreflexo é alcancada alterando-se
reflexivamente a frequéncia cardiaca (FC) e a resisténcia vascular (ALTIMIRAS, et al., 1998;
BIANCHI-DA-SILVA, et al., 2000; SANDBLOM e AXELSSON, 2005; HEDRICK, et al.,
2015; ZENA, et al., 2015; ZENA, et al., 2016). Além das respostas cardiovasculares, o
barorreflexo também influencia a funcdo respiratéria nos mamiferos (MCMULLAN e
PILOWSKY, 2010). Embora existam dados sugestivos para a modulacio barorreflexa sobre o
sistema respiratério em crocodilianos e anfibios (ALTIMIRAS, et al., 1998; HEDRICK et al.,
2013; VAN VLIET e WEST, 1986), ainda ndo existem evidéncias diretas do componente
respiratdrio na regulacdo reflexa da PA em vertebrados ndo mamiferos.

Os mecanismos envolvidos na homeostase cardiorrespiratdria para 0 monitoramento
da PA e dos gases sanguineos envolvem informacdes sensoriais dos barorreceptores e
quimiorreceptores, respectivamente, localizados nos grandes vasos que emergem do coragao:
as artérias pulmocutineas (APCs), os arcos adrticos, e as artérias carotideas (BIANCHI-DA-
SILVA, et al., 2000; REYES, et al., 2014). Enquanto a identidade destes receptores ja foi
descrita anteriormente na literatura, a relativa contribuicdo destes para o controle
cardiorrespiratério ainda se encontra em estudo. A homeostase da pressdo arterial parcial de
oxigénio ¢ mantida pela regulacio da respiracdo pelos quimiorreceptores periféricos
(BRANCO e GLASS, 1995; WANG, et al., 1994), enquanto a regulacdo da PA pelos
barorreceptores € ajustada por alteracdes na resisténcia vascular periférica e FC.
Adicionalmente, anuros apresentam coracdes linfaticos (6rglos pulsiteis) que estdo sob
controle barorreceptor e que bombeiam linfa de volta ao sistema venoso (CROSSLEY e
HILLMAN, 1999).

Apesar de sua significativa fun¢@o nas trocas gasosas, os pulmdes dos anfibios estdo
também associados a algumas fun¢des ecofisioldgicas, incluindo vocalizagdo, flutuabilidade e
comportamento defensivo (HILLMAN, et al., 2010; JARED, et al., 2009). Adicionalmente, a
ventilacdo pulmonar, tem sido diretamente associada ao movimento linfitico vertical, e
consequentemente a homeostase do volume sanguineo nos anuros (HEDRICK, et al., 2007;

HILLMAN, et al., 2010). Por meio da alteracdo de pressdo e volume dos sacos linfaticos
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subcutaneos, a ventilacdo pulmonar nos anfibios anuros facilita o movimento linfatico por
atuar contra as forgas gravitacionais, direcionando a linfa para os corac¢des linfaticos dorsais, e
assim prevenindo o acumulo de linfa em regides ventrais do corpo (HEDRICK, et al., 2013).
Como componentes do sistema linfatico nos anuros, os coragdes linfaticos dorsais anteriores e
posteriores participam na regulacdo do volume sanguineo bombeando o fluido linfatico
gerado por meio de uma aumentada taxa de filtracdo transcapilar de volta ao sistema venoso
(CROSSLEY e HILLMAN, 1999). Isto é evidente se considerarmos a extraordindria
habilidade do sapo Rhinella marina em compensar perdas agudas de sangue (78% do volume
sanguineo inicial), enquanto a destruicdo de ambos coragdes linféticos, anterior e posterior,
criticamente prejudica a habilidade de compensar eventos hemorragicos, levando a uma
hemoconcentracio e morde dos individuos em poucos dias (BAUSTIAN, 1988).

O sapo cururu Rhinella schneideri é uma espécie de bufonideo amplamente distribuido
por habitats naturais na América do Sul (Chaco, Cerrado, e Mata Atlantica), e é também
encontrado em dreas urbanas. Apesar da temperatura didria mdxima do ar atingir valores
acima de 35°C durante o verdo no sudeste do Brasil (SAO PAULO, 2016), evidéncias
experimentais t€m mostrado que a temperatura corporal de preferéncia da espécie € ao redor
de 23 a 27°C (BICEGO-NAHAS, et al., 2001; GUERRA, et al., 2008; NORONHA-DE-
SOUZA, et al.,, 2015). Assim, com o objetivo de evitar danos potenciais devido a
temperaturas ambientais extremas, os anfibios tendem a procurar locais que mantém umidade
e temperatura apropriadas (MOREIRA, et al., 2009; NORONHA-DE-SOUZA, et al., 2015).

Baseado na funcio desempenhada pelos pulmdes na homeostase do volume sanguineo
em anuros (CROSSLEY e HILLMAN, 1999; HEDRICK, et al., 2007; HEDRICK, et al.,
2013; HILLMAN, et al., 2010) e na distribuicdo de oxigénio de acordo com a demanda
metabdlica do animal, nds testamos a hipétese de que a ventilacdo pulmonar contribui na
resposta barorreflexa das alteracdes de PA no sapo cururu R. schneideri, e que este efeito é
modulado pelas alteracdes de temperatura. Para isto, a fungdo barorreflexa foi estudada por
meio de intervencdes farmacoldgicas na PA (método de Oxford) a 25 e 35°C. A resposta de
FC reflexa foi avaliada em associa¢do com a ventilacdo, a frequéncia respiratéria € o volume
corrente. Considerando que os quimiorreceptores periféricos principalmente ajustam a
ventilagdo em resposta as alteragdes na pressdo parcial arterial de oxigénio (BRANCO e
GLASS, 1995; WANG, et al., 1994), os sapos foram expostos a hiperdxia [fragdo de oxigénio
no ar inspirado (FiO2)] em consideragdo a possivel influéncia dos quimiorreceptores
periféricos nas respostas ventilatérias durante a hipotensdo a 25°C. Além disso, as respostas

ventilatdrias a hipotensdo foram também avaliadas ap6s o bloqueio autondmico total.
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2 MATERIAL E METODOS

2.1 Animais
Sapos da espécie Rhinella schneideri (WERNER, 1894), de ambos os sexos (159,5+7,7

gramas) foram coletados em areas alagadas na regido de Ribeirdo Preto, estado de Sao Paulo,
Brasil (aproximadamente 21° 10" S e 47° 48'0) e transportados para o Laboratério de
Fisiologia do Departamento de Morfologia e Fisiologia Animal da UNESP, Jaboticabal,
Brasil. Todos os animais foram mantidos a temperatura de 25°C e ciclo claro/escuro de
12h:12h com livre acesso a dgua potdvel e drea para descanso. Os animais foram mantidos em
baias contendo substrato a base de fibra de coco e com tubos de PVC para esconderijos, e
foram mantidos nas condic¢des laboratoriais citadas acima por pelo menos 3 semanas antes do
inicio dos protocolos experimentais. Os animais foram alimentados de duas a trés vezes por
semana com tenébrios (Tenebrio molitor, Zophobas morio), grilos (Gryllus sp) e/ou baratas
(Nauphoeta cinerea) criados em cativeiro. Os experimentos foram realizados de setembro a
mar¢o, no qual coincide com a esta¢do de atividade da espécie, estacdo mais chuvosa do ano
(GLASS, et al., 1997; BICEGO-NAHAS, et al., 2001). A coleta dos animais foi aprovada
pelo 6rgdo ambiental (SISBIOICMBio/ n. 35484-1), e o estudo foi conduzido sob aprovagdo
da Comissio de Etica no Uso de Animais (CEUA-FCAV-UNESP; Protocolo n. 017204/12).

2.2 Procedimentos cirtirgicos
Todos os procedimentos cirurgicos foram realizados como previamente descrito

(ZENA, et al., 2015). Resumidamente, a anestesia foi realizada por meio de imersdo em
solucdo aquosa 0,25% de dcido 3-aminobenzdico etil éster (MS-222, Sigma, St. Louis, EUA),
tamponado em pH 7,7 com bicarbonato de sédio, por aproximadamente 10 minutos ou até que
houvesse perda dos reflexos da cérnea. Para as medidas de pressdo arterial pulsatil (PAP),
uma canula de polietileno (PE-50; Clay Adams, Parsippany, NJ, EUA), preenchida com
solu¢do Ringer heparinizada (100 i.u. mL~! heparina) foi oclusivamente inserida na artéria
iliaca, exteriorizada e suturada sobre a pele do animal. O mesmo procedimento foi utilizado
para canular a veia femoral (100 i.u. mL™' heparina em solu¢do Ringer) para inje¢do dos
farmacos. Logo apds os procedimentos cirdrgicos, os sapos foram tratados com antibidtico
(enrofloxacina, Flotril®; Schering-Plough, 5,0 mg.kg™' s.c.) e analgésico (Flunixina
Meglumina, Banamine®; Schering-Plough, 1,0 mgkg™' s.c.) de acordo com doses
recomendadas para anfibios (GENTZ, 2007; SMITH, 2007). Ap6s a recuperagdo da anestesia,

cada animal foi individualmente colocado em uma camara com temperatura controlada a 25°C
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e mantidos nestas condi¢des por 48 h sem interferéncia externa até o inicio dos procedimentos

experimentais.

2.3 Fdrmacos
Nitroprussiato de sédio dihidratado (NPS, doador de dxido nitrico), fenilefrina (FE,

agonista de receptores a-1 adrenérgicos), sulfato de atropina (antagonista de receptores
muscarinicos), e sotalol (antagonista de receptores P-adrenérgicos) foram adquiridos da
Sigma-Aldrich (St. Louis, MO, EUA). Todos os farmacos foram dissolvidos em solugéo
Ringer para anfibios (composi¢do em mM: 46,9 NaCl; 21,0 KClI; 2,40 CaCl; 1,29 MgCl; 3,14
NaHCO:3).

2.4 Medidas da pressio arterial (PA) e da ventilacio (Vi)
A ventilagio pulmonar (Vg), o volume corrente (Vc) e a frequéncia respiratéria (FR)

foram calculadas a partir do registro de respiracdo de cada animal utilizando o método de
pneumotacografia descrito por GLASS et al. (1978). Uma madscara foi construida para cada
animal a partir de uma placa de silicone (Bio-Art Equipamentos Odontoldgicos, Sdo Carlos,
Brazil) aquecida sobre um molde da face do animal feito de gesso. O pneumotacdgrafo foi
acoplado a méascara e posteriormente fixo a face do animal de maneira a permitir as medidas
do fluxo de ar pelo pneumotacégrafo continuamente. Existe uma relacdo direta entre o fluxo
laminar e as diferentes pressdes através do pneumotacégrafo, a qual foi monitorada por meio
de um transdutor diferencial de pressio (MLTI141Spirometer, PowerLab System,
ADInstruments, Sydney, Austrdlia) conectado a um sistema de aquisicio que inclui um
software especifico (PowerLab System, ADInstruments®/Chart Software, version 7.3,
Sydney, Australia). A calibracdo foi realizada para cada mdscara injetando-se volumes de ar
de 1, 3 e 5 ml através do pneumotacégrafo utilizando uma seringa graduada. Em todos os
casos, a relacdo entre o sinal elétrico gerado e o volume injetado pode ser descrita por uma
regressdo linear cujo coeficiente de determinacdo (%) foi sempre maior que 0,99 para todos os
animais (Figura 2). A ventilacio foi obtida a partir do produto entre 0 Vc e a FR (V5 = Vc x

FR).
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Figura 2: Regressdes lineares obtidas a partir da geracdo do sinal elétrico associado aos volumes conhecidos (1,
3 e 5 mL) utilizados para calibrar individualmente as méscaras acopladas ao pnemotacégrafo (2 > 0.99; para
todas as mascaras).

A chnula arterial foi conectada a um transdutor de pressio (MLT1199,
ADInstruments®, Sydney, Austrdlia) cuja calibragdo foi feita por meio de uma coluna de
mercurio. O transdutor foi conectado a um sistema de aquisi¢do de dados (PowerLab System,
ADInstruments®/Chart Software, version 7.3, Sydney, Austrdlia) por meio de um
amplificador de sinais (FE221, ADInstruments®, Sydney, Austrdlia). A frequéncia cardiaca
(FC) e a pressdo arterial média (PAM) foram calculadas a partir do sinal de pressdo arterial
pulsatil (PAP) e registradas em tempo real usando a ferramenta cyclic measurements do

Software LabChart.

2.5 Protocolo experimental
Todos os experimentos foram realizados em sapos ndo anestesiados e sem estarem

contidos. Durante os experimentos, os sapos foram acondicionados em cdmaras acrilicas
mantidas a temperatura experimental de 25 ou 35°C utilizando um banho de circulagdo
externa (PolyScience 9112A11B Programmable Model 9112 Refrigerated Circulator). A
madscara contendo o pneumotacdgrafo foi fixada a face do animal utilizando um material de
impressdo em poliéter (Impregum Soft, 3M) 24 h apds a cirurgia. Os experimentos foram
iniciados 48 h apds os procedimentos cirdrgicos e 24 h ap0s a fixagdo da mdscara facial. Para
0s experimentos na temperatura mais alta, os sapos foram aclimatados a 35°C por pelo menos

6 h, comecando em 48 h apds a cirurgia. A camara experimental foi continuamente circulada
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com ar ambiente umidificado e a temperatura interna da camara foi continuamente monitorada
por meio de um sensor de temperatura (MLT415/MThermistor temperature sensor,
ADInstruments®, Sydney, Austrdlia). Apds 60 minutos do registro basal de FC, PA e fluxo
ventilatério, solugdo Ringer (0.4 mL.kg™!) foi injetada na veia femoral do animal com o
objetivo de se verificar qualquer influéncia do volume injetado nos pardmetros
cardiorrespiratérios. Injecoes intravenosas seriais de doses crescentes de FE e NPS foram
realizadas (veja doses na proxima secdo). Todos os pardmetros cardiorrespiratérios foram
registrados ao longo de todo o protocolo experimental. Entre cada injecdo de farmacos, os
parametros cardiorrespiratorios foram sempre permitidos retornar a valores similares aos de
pré-injecao.

Cinco animais do grupo experimental principal descrito acima foram submetidos ao
bloqueio autondmico total na temperatura de 25°C e que foi realizado um dia apds os
experimentos do barorreflexo. Este protocolo consistiu em inje¢des intravenosas de um
antagonista de receptores B-adrenérgicos, o sotalol (3,0 ug kg™') e de antagonista de receptores
muscarinicos, a atropina (3,0 pug kg'). As varidveis cardiorrespiratérias foram registradas
continuamente nos animais tratados com NPS (100 pg kg™') antes e depois do bloqueio
autondmico total.

Outros cinco animais foram submetidos a hiperdxia [fragdo de oxigé€nio no ar
inspirado (FiO2) = 0.30] para identificar qualquer possivel envolvimento dos
quimiorreceptores periféricos nas respostas ventilatorias aos ajustes de PA. Assim, apés
aplicar o protocolo de estudo do barorreflexo, os animais foram expostos a mistura gasosa de
30% de Ox por pelo menos 30 minutos. Apds este intervalo, inje¢do de NPS (100 pg kg™) foi
repetida com o objetivo de identificar as respostas respiratérias a hipotensdo em condigdes

hiperéxicas.

2.6 Analise do barorreflexo
As respostas reflexas de FC foram avaliadas alterando a PA por meio de injecdes

crescentes e seriadas de FE (5, 10, 25, 50 e 100 ug kg''; causando aumentos de PA) e NPS (5,
10, 25, 50 € 100 pg kg''; causando redugdes de PA) em ambas temperaturas de 25 e 35°C. Os
dados de FC foram plotados correspondendo aos respectivos valores de PA obtidos para cada
animal em cada temperatura e analisados utilizando de uma funcdo logistica sigmoide de

quatro pardmetros como descrita previamente por REID (1996):
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___4-D
) FC= 1+ (PAM/C)B +D

Onde A ¢é a FC méaxima e D é a FC minima da curva. B é o coeficiente que representa a
inclinagdo da curva (bpm.kPa™'). C é a PAM no ponto médio da amplitude de FC (PAMso). A
amplitude do barorreflexo para a FC foi calculado como a diferenca entre a FC méxima e
minima (A-D). O ganho méximo (Ganhoso; em bpm.kPa!) da curva, na qual ocorre quando a
PAM ¢ igual a C foi determinado tomando a derivada primeira da equacdo 1 resultando no

ganho maximo por meio da equagdo abaixo:

—-B(A-D)
4C

) Ganhogy =

O ganho méximo foi entdo normalizado (unidade normalizada) em relacdo a PAM e
FC basais para cada animal (BERGER, et al., 1980; CROSSLEY, et al., 2003) com o objetivo

de estabelecer comparagdes significativas entre as temperaturas:

PAM

6) Ganhogy normalizado = Ganhogy X (7)

2.7 Anadlise dos dados e estatistica
Os dados sdo apresentados como média + E.P.M. O efeito da temperatura sobre as

varidveis cardiorrespiratdrias e barorreflexas foi analisado por meio de um teste ¢ de Student e
o teste U de Mann-Whitney para os dados paramétricos e ndo-paramétricos, respectivamente.
O efeito das injecdes de solucao Ringer e dos farmacos FE e NPS sobre a PAM, a FC, a FR, o
Vc e a Vg a 25 e 35°C foram analisados utilizando-se uma ANOVA de duas vias de medidas
repetidas (fatores: drogas e temperatura). Diferentes FiO2 (0.21 and 0.30) antes e depois da
hipotensio induzida por NPS para a Vz e o efeito do bloqueio autondmico total sobre a
hipotensdo induzida por NPS foram analisados por meio de uma ANOVA de duas vias de
medidas repetidas. Andlises de regressao foram utilizadas para avaliar o efeito da temperatura
sobre as relagdes de PAM/FR e PAM/Vy, durante o estimulo de hipotensio e hipertensio e uma
ANOVA de duas vias foi utilizada para comparar as inclinacdes da curva (pressio e
temperatura). Adicionalmente, a relacio entre PAM e as respostas ventilatérias (FR, Vc e V)
foram agrupadas em categorias de PAM com o objetivo de avaliar a influéncia da temperatura

nestas relagdes (ANOVA de duas vias; pressdo e temperatura). Em todos os casos de andlise
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por meio de ANOVA, as diferencas entre as médias foram obtidas utilizando um pds-teste de
Holm-Sidak e foram consideradas significativas quando P<0,05. A varidncia e a normalidade
dos dados foram testadas e quando necessario foram transformados adequadamente quando

ndo atendiam aos requisitos da andlise paramétrica.
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3 RESULTADOS

Pode-se observar na tabela 1 as varidveis cardiorrespiratorias basais médias para os
sapos expostos a temperatura de 25 e 35°C. Nenhuma diferencga significativa foi observada em
relacdo ao efeito da temperatura sobre a PAM (P = 0,73), enquanto a FC foi
significativamente elevada a 35°C (P < 0,001). A temperatura acentuou significantemente os
valores basais de Vi (P = 0,001) principalmente por um aumento nos valores basais de V¢ dos

sapos (P = 0,037).

Tabela 1: Varidveis cardiorrespiratorias basais e do barorreflexo derivadas da curva sigmoide do
barorreflexo de FC apés injecdo serial em bolus de fenilefrina e nitroprussiato de sédio (Equagdo 4) a
25 e 35°C no sapo cururu Rhinella schneideri

25°C 35°C Valor de P
Varidveis basais
PAM (kPa) 3,95 +£0,31 3,83+£0,15 0,73
FC (bpm) 322+1,83 64,3 £3,69* <0,001
Vi (mlkg™ .min™!) 62,0+ 11,5 143,3 + 15,9% 0,001
Vr (ml.kg™') 3,80 +£0,53 5,79 £ 0,68* 0,037
FR (rpm!) 18,3 +3,95 25,2+ 1,96 0,14
Varidveis do barorreflexo
FC minima (bpm) 27,0 £ 1,61 54,5 +3,47* <0,001
FC mdxima (bpm) 62,3 + 1,45 96,1 +4,94%* <0,001
Amplitude de FC (bpm) 353+£2,74 41,6 + 3,48 0,17
R? 0,93+ 0,01 0,94+ 0,02 0,48
Coeficiente do slope 10,9 1,62 11,3+2,02 0,93
PAMso (kPa) 3,10 £ 0,21 3,32 £0,09 0,38
Ganhoso (bpm.kPa™") 30,8 £4,49 38,3+£9,80 1,00
Ganho normalizado (un) 3,99 £0,73 2,31 £0,60% 0,04

*indica diferenca significativa entre as temperaturas. PAM, pressdo arterial media; FC, frequéncia
cardiaca; VE, ventilagio; V¢, volume corrente; FR, frequéncia respiratéria; R?, coeficiente de
determinacdo; coeficiente do slope, coeficiente que representa a inclinacdo da curva; PAMso, pressao
arterial no ponto médio da curva; Ganhosp, ganho maximo; e o ganhoso expresso em unidade
normalizada. Os dados sdo expressos como média + E.P.M. Parametros cardiovasculares e do
barorreflexo (N = 9); pardmetros ventilatérios (N = 8).
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Um tracado original de PAP de um sapo a 25°C exibindo uma tipica resposta reflexa
taquicardica para a reducio da PAM ap6s inje¢do de NPS (50 ug kg™!') é mostrado na Figura 1.
Adicionalmente, um aumento paralelo no registro de fluxo ventilatério foi observado durante
a hipotensdo. Em contraste, o aumento da PAM ap0s a inje¢do em bolus de FE (50 ug kg™)
teve um pequeno efeito sobre a FC, mas foi capaz de causar reducdo consistente do fluxo

ventilatorio.
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Figura 1: Fluxo ventilatério, pressido arterial pulsatil (PAP) e frequéncia cardiaca (FC) dos tracados
originais representativos de um sapo cururu Rhinella schneideri a 25°C. As setas indicam o momento das
injecdes intravenosas de fenilefrina (FE; 50 ug.kg!) e nitroprussiato de sédio (NPS; 50 ug.kg!). O tracado em
preto no sinal de PAP representa a pressao arterial média.

3.1 Efeito da temperatura sobre as influéncias da pressdo arterial (PA) nas varidveis
cardiorrespiratorias
As doses seriadas e crescentes de FE elevaram a PAM (efeito do tratamento: P < 0,001;

Fs, 1020 = 90,141; Figura 2A) e provocaram uma pequena redugdo na FC (efeito do tratamento:
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P < 0,001; Fs, 102 = 20,049; Figura 2B) nas duas temperaturas testadas, enquanto a temperatura
teve efeito significativo apenas sobre a FC (efeito da temperatura: P < 0,001; F1, 106 = 59,548;
Figura 2B). O efeito da FE sobre a PAM ndo foi afetado pela temperatura (P = 0,96; Figura
2A) e, juntamente com as alteragdes reflexas de FC, a hipertensdo induzida pela FE causou
uma significativa reducio da FR independentemente da temperatura (efeito do tratamento: P <
0,001; F(s,90) = 21,137; Figura 2C). Em contraste, o V¢ foi significantemente diminuido pelas
injegdes de 25, 50 e 100 ug kg™ de FE apenas a 25°C (efeito do tratamento: P < 0,001; Fs, 90
= 5,951; Figura 2D). Quando a temperatura foi aumentada para 35°C, o V¢ permaneceu
inalterado para todas as doses de FE que induziram hipertensdo mas que se mantiveram
sempre elevados em relacdo aos valores para a temperatura mais baixa (25°C) (efeito da
temperatura: P < 0,001; F1, 04 = 19,565; Figura 2D). De uma maneira geral, aumentada PAM
induziu reducdes paralelas da Vj independente da temperatura (efeito do tratamento: P <
0,001; Fs 90 = 17,783; Figura 2E) principalmente devido as redugdes da FR. Visto que o V¢
nio foi afetado pela hipertensio a 35°C, os valores de V; foram mantidos elevados relativos a
menor temperatura (efeito da temperatura: P = 0,002; Fi, 4= 13,858; Figura 2E).

Em contraste aos efeitos da FE, as doses seriais e crescentes de NPS reduziram a PAM
(interacdo da temperatura x tratamento: P = 0,028; Fs, 102)= 2,671; Figura 2F) causando uma
pronunciada resposta reflexa de taquicardia (interacdo da temperatura X tratamento: P =
0,049; Fs, 102) = 2,343; Figura 2G). Adicionalmente, considerando que a alta temperatura
significativamente deslocou os valores de FC basais para valores mais elevados (veja Tabela
1), a taquicardia reflexa também foi mantida em valores elevados para todas as doses de NPS
indutoras de hipotensao relativos a 25°C (efeito da temperatura: P < 0,001; F, 106= 73,105;
Figura 2G). Redugdes na PAM induziram aumentos da FR (efeito do tratamento: P < 0,001;
Fs, 90= 16,858; Figura 2H) que foram seguidos por aumentos no Vc apenas para as doses
mais altas de NPS na temperatura mais baixa, enquanto a hipotensdo induzida pelo NPS
provocou um aumento no V¢ apenas na dose mais baixa de NPS a 35°C (efeito do tratamento:
P =0,002; F(s,90=4,398; Figura 2I). Assim, independentemente da temperatura, os efeitos da
hipotensdo induzida pelo NPS sobre o Vc e a FR no sapo R. schneideri resultou em um
significativo aumento da ventilacdo total (efeito do tratamento: P < 0,001; F(s, o0)= 24,656;

Figura 2J).
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Figura 2: Efeito da manipulacdo farmacolégica sobre a pressao arterial média (PAM), frequéncia
cardiaca (FC), frequéncia respiratéria (FR), volume corrente (Vc) e ventilacio (V) no sapo cururu
Rhinella schneideri a 25 e 35°C. Injegdes intravenosa de solugdo Ringer e de doses seriais e crescentes em
bolus de fenilefrina (FE, A, B, C, D e E) e nitroprussiato de sédio (NPS, F, G, H, I e J) a 25°C (azul) e 35°C
(vermelho). Asteriscos azuis representam diferenga significativa do efeito das drogas relativo ao efeito da
solucdo Ringer a 25°C. Asteriscos vermelhos representam diferenca significativa do efeito das drogas relativo ao
efeito da solugdo Ringer a 35°C (ANOVA two-way de medidas repetidas; P<0.05; pés-teste de Holm-Sidak).
Parametros cardiovasculares (N = 9); parametros ventilatérios (N = 8). Os dados sdo expressos como média +

E.P.M.
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3.2 Efeito da temperatura sobre as relacdes entre pressao arterial (PA), frequéncia
cardiaca (FC) e ventilacéo (V)
Aumentando a temperatura de 25 para 35°C resultou em um deslocamento para cima na

relacdo entre PAM e FC (Figura 3). O ponto operante (representado pelos valores basais de
PAM e FC) nesta relacdo foi movido para cima principalmente devido ao efeito da
temperatura sobre os valores basais de FC (P < 0,001; Tabela 1 e Figura 3). Apesar de um
aumento de 10°C na temperatura, a sensibilidade do barorreflexo da FC néo foi elevada como
pode ser observado pelas similaridades entre o ganho absoluto a 25 e 35°C (P = 1,0; Tabela
1). Em funcdo de um substancial efeito da temperatura sobre os valores de repouso de FC no
sapo R. schneideri, o ganho absoluto foi entdo normalizado com base na PAM e FC basais
para cada animal, o que resultou na reducdo significativa do ganho normalizado (P = 0.04;
Tabela 1) na temperatura mais elevada. Em adi¢@o aos efeitos da temperatura sobre a FC de
repouso, as FCs minima e mdxima também foram afetadas significativamente pela

temperatura (P < 0,001; Tabela 1 e Figura 3).
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Figura 3: Curvas barorreflexas médias no sapo cururu Rhinella schneideri obtidas a 25 (linha azul
continua), e 35°C (linha pontilhada vermelha). A relagdo entre pressdo arterial média (PAM) e frequéncia
cardiaca (FC) foram geradas a partir dos valores médios das varidveis da curva para cada animal (veja Tabela 1).
A PAM e a FC basais sdo representadas pelos tridngulos em azul a 25°C (N = 9) e vermelho a 35°C (N = 9).
Para as diferencas estatisticas, veja as varidveis do barorreflexo derivadas da curva sigmoide do barorreflexo da
FC na Tabela 1. Os dados sdo expressos como média + E.P.M.
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O efeito das alteracdes de PAM sobre as respostas ventilatérias (FR, Vc e Vi) estdo
representados pelas relacdes apresentadas nas figuras 4, 5 e 6. A distribuic@o da variabilidade
dos dados para ambas as temperaturas mostrando as relagdes entre a PAM e a FR, o Vcou a

V;; estdo representadas na figura 4.
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Figura 4: O efeito das alteracées na pressao arterial media (PAM) sobre a frequéncia respiratéria (FR; A
e B), sobre o volume corrente (Vc; C e D) e sobre a ventilacio (V;; E e F) no sapo cururu Rhinella
schneideri a 25 e 35°C. Os valores basais de FR, V¢, VE e PAM sido representados pelos circulos azul a 25°C (N
= 8) e vermelho a 35°C (N = 8). Os diferentes simbolos representam diferentes animais. Os dados sdo expressos
como média = E.P.M.
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Dados para um animal representativo estd ilustrado na figura 5 mostrando as
inclinagdes das curvas para a hipotensao induzida pelo NPS e a hipertensdo induzida pela FE
a 25 e 35°C para a FR e a V. Os dados de regressio linear nio foram apresentados para a
relacio PAM/Vc porque houve baixos coeficientes de determinacdo para a maioria dos
animais, como pode ser visto na figura 4C e 4D. A sensibilidade da resposta (inclinacdo da
curva) devido a hipotensdo ou hipertensdo nio foram afetadas pelas alteracdes térmicas para
ambas as relacdes PAM/FR (P = 0,84) ou PAM/V; (P = 0,18) mas a hipotensdo exibiu
maiores valores médios para as relacdes PAM/FR (P < 0,001; F,90= 40,369) e PAM/VE (P<

0,001; F(,30=52,764) do que a hipertensdo em ambas as temperaturas (Tabela 2).

10014 - 25°C 70018
90- o
R - 35°C 600, .
80-
70- o 500
= 60 £
g 5 . E 400
~ 1 o
04 o = 2004
301 : ->U"200-
20+ e @~
° RN, 100
10+ o ~._ "o
0- ° %o 0-
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
PAM (kPa) PAM (kPa)

Figura 5: Sapo cururu Rhinella schneideri representativo para as relacoes entre pressao arterial média
(PAM) e frequéncia respiratoria (FR) ou ventilacio (VE) a 25 e 35°C. A. Efeito da alteracdo da PAM sobre a
FR com nitroprussiato de sédio (linha azul continua, 25°C: r* = 0.70; P = 0.04; linha vermelha continua, 35°C:
2 = 0.60; P = 0.07) e fenilefrina (linha azul pontilhada), 25°C: * = 0.42; P = 0.16; linha vermelha pontilhada,
35°C: 2 = 0.72; P = 0.03). B. Efeito da alteraciio da PAM sobre a V; com nitroprussiato de sédio (linha azul
continua, 25°C: > = 0.77; P = 0.02; linha vermelha continua, 35°C: 7> = 0.72; P = 0.03) e fenilefrina (linha azul
pontilhada, 25°C: 72 = 0.47; P = 0.13; linha vermelha pontilhada, 35°C: > = 0.72; P = 0.03).
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Tabela 2: Slopes da anélise de regressio para as relacdes entre a pressio arterial média (PAM), a frequéncia respiratéria (FR), e a ventilacdo (V)
geradas apos injegdes seriais crescentes e em bolus de fenilefrina (hipertensio) e nitroprussiato de sédio (hipotensdo) a 25 e 35°C no sapo cururu
Rhinella schneideri

FR-slope V-slope
Temperatura (°C) valor de P valor de P
Hipotensdo | Hipertensdo Hipotensdo | Hipertensdo
25 -16.8+4.8 | -7.1 £2.1%* <0.001 -97.6+17.1 | -23.6 £ 6.0* <0.001
35 -19.8+£3.0 | -4.8+£0.7* <0.001 _lgé'g * -28.7 £ 6.4%* <0.001

*indica diferenca significativa entre os slopes para hipotensdo e hipertensio (teste ¢t de Student; P < 0.05) dentro de cada temperatura. FR-slope
(rpm.kPa™"), slope para a relagio entre PAM e FR; Vg-slope (ml kg' min

1

kPa™'), slope para a relagio entre PAM e V;. N = 8.
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Para testar as respostas especificas das varidveis ventilatorias as alteracdes de PAM
nas duas diferentes temperaturas, as relacdes entre a PAM e FR, V¢ ou VE, foram examinadas
para os valores de PAM agrupados em intervalos de 1,0 kPa (Figura 6). A frequéncia
respiratéria foi significativamente elevada a 35°C para as pressdes arteriais maiores que 4.0
kPa apenas (hipertensdo) (efeito da temperatura: P < 0,001; Fi175 = 20,174; Figura 6A),
enquanto a Vg foi mantida em valores elevados a 35°C para todo o intervalo de pressdes
arteriais, abrangendo da hipotensdo a hipertensio (efeito da temperatura: P < 0,001; Fi, 175 =
61,694; Figura 6C) principalmente devido as alteragdes no Vc (efeito da temperatura: P <
0,001; F1,175=49,823; Figura 6B).
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Figura 6: Relacdes entre os dados binados de pressao arterial média (PAM) e frequéncia respiratoria
(FR; A), volume corrente (Vc; B) ou ventilacio (V; C) no sapo cururu Rhinella schneideri a 25 e 35°C. Os
valores de PAM estdo agrupados em seis categorias abrangendo pressdes arteriais menores que 2,0 kPa até
maiores que 6,0 kPa. Note que as pressdes arteriais entre 2,0 e 6,0 kPa estdo binadas em intervalos de 1,0 kPa.
*efeito significativo da temperatura (ANOVA two-way; P<0.05; pés-teste de Holm-Siddk). Os dados sdo
expressos como média + E.P.M.
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3.3 Efeitos do bloqueio colinérgico e adrenérgico nos parametros cardiorrespiratorios
Esté representado na figura 7 o efeito do bloqueio autondmico total com atropina mais

sotalol sobre a PAM, a FC e a Vj antes e depois da hipotensdo induzida por NPS no sapo
cururu R. schneideri. O bloqueio autondmico total atenuou a taquicardia reflexa induzida pela
hipotensdo (interagdo do bloqueio autondmico total x tratamento: P < 0,001; F, 22 = 48,265;
Figura 7B); em contraste, os aumentos de Vy causados pela hipotensdo nio foram afetados

pelo bloqueio autonémico total (P = 0,74; Figura 7C).
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Figura 7: Efeito do nitroprussiato de sédio (NPS) na pressao arterial média (PAM), frequéncia cardiaca
(FC) e ventilacio (V) no sapo cururu Rhinella schneideri antes e apés o bloqueio autondmico total com
atropina e sotalol. Alteracdes na PAM (A), FC (B) e V; (C) induzidas pelo NPS (100 pg.kg!) antes (N=7) e
ap6s (N = 5) o bloqueio autondmico total com atropina (3,0 mg.kg™!) mais sotalol (3,0 mg.kg!) a 25°C. Letras
diferentes mindsculas representam efeito significativo da injecdo de NPS; e letras diferentes maitsculas
representam efeito do bloqueio autondmico total dentro de antes e apés NPS (ANOVA two-way de medidas
repetidas; P<0.05; pés-teste de Holm-Sidak). Os dados sdo expressos como média + E.P.M.
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3.4 Efeitos da hipotensdo induzida pelo nitroprussiato de sédio sobre a ventilacdo em
condi¢des de normoxia e hiperoxia
Nos sapos expostos a hiperdxia (FiO» = 0,30) a ventilacdo foi significativamente

reduzida (P = 0,032; F1,28 = 3,177; Figura 8). Similar aos animais sob condi¢des normoxicas,
os animais que foram expostos a 30% de O> também expressaram um aumento nas respostas
ventilatdrias (P < 0,001; F1, 28 = 96,581; Figura 8) apds hipotensdo induzida pelo NPS, esta
resposta nao foi estatisticamente diferente dos valores obtidos para o grupo de animais que foi

exposto ao ar normoxico (P = 0,6).
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Figure 8. Efeito da induciio de hipotensio pelo nitroprussiato de sédio (NPS) sobre a ventilacio (V) no
sapo cururu Rhinella schneideri exposto a condi¢io gasosa norméxica e hiperéxica. Letras diferentes
mindsculas representam diferenca significativa entre norméxia e hiperdxia; e letras diferentes maitdsculas
representam diferenca significativa entre controle e NPS dentro de cada condi¢do gasosa (ANOVA two-way de
medidas repetidas; P<0.05; pds-teste de Holm-Siddk). Norméxia (N = 10); hiperéxia (N = 5). Os dados sdo
expressos como média + E.P.M.
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4 DISCUSSAO

O presente estudo mostra que as alteracdes na ventilagdo pulmonar ocasionadas pelo

aumento e reducdo da PA no sapo cururu R. schneideri proporciona uma interessante
evidencia para a intera¢do entre o reflexo barorreceptor, a ventilagio pulmonar, e o sistema
linfatico nos anfibios anuros. Ademais, em contraste com dados prévios relativos ao aumento
da sensibilidade barorreflexa para o intervalo térmico entre 15 e 30°C (veja Capitulo I), uma
temperatura elevada de 35°C foi incapaz de acentuar a sensibilidade barorreflexa da FC,
causando reducdo da mesma, enquanto as respostas ventilatérias a hipotensdo e hipertensao

foram independentes da temperatura.

4.1 Homeostase da pressdo arterial (PA) em anfibios anuros
Como parte da homeostase cardiovascular em anfibios anuros, os barorreceptores

localizados no sistema arterial atenuam as flutuacdes de curto prazo da PA reflexivamente por
meio de efetores que ajustam a FC e a resisténcia vascular periférica. Os anuros apresentam
uma alta taxa de formacgdo de linfa, cerca de 10 vezes os valores para mamiferos, além de
exibir um sistema linfitico altamente eficiente para manter a homeostase do volume
sanguineo (DESAI et al., 2010; HILMAN, et al., 2010). E como parte do sistema linfatico
dos anuros, os coragdes linfdticos localizados na regido dorsal anterior e posterior do corpo
participam na regulagcdo do volume sanguineo bombeando o excesso de fluido linfitico gerado
pela aumentada filtracdo transcapilar de volta ao sistema venoso (CROSSLEY e HILLMAN,
1999). Os anuros geralmente apresentam dois pares de coragdes linféaticos capazes de gerar
pressdes de ~1,0 a 1,5 kPa com frequéncia de ~40 a 60 batimentos por minuto. Sua
importancia também tem sido revelada no ambito do controle da PA pela existéncia de
inervacdo proveniente dos nervos espinhais (revisado por HEDRICK, et al., 2013), pela
presenca de vesiculas do tipo granular sugerindo uma inervagdo adrenérgica (SCHIPP e
FLINDT, 1968), e pela resposta reflexa de diminui¢ao da frequéncia de pulsacdo dos coracdes
linfaticos quando do aumento de PA, ou mesmo pela estimulacido do nervo recorrente laringeo
que inerva os barorreceptores das artérias pulmocutaneas (CROSSLEY e HILLMAN, 1999;
YAMANE, 1990).

E importante salientar que experimentos conduzidos a partir da destruicio dos
coragdes linfaticos resultam em um marcante aumento no volume de hemécias, aumento de
edema intersticial, e consequente 6bito do animal dentro de poucos dias (BAUSTIAN, 1988;

ZWEMER e FOGLIA, 1943), mostrando assim a importancia destes para a manutengdo do
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volume sanguineo do animal. O fluido linfético extravascular gerado por alteragdes na PA nos
anuros enfrenta problemas gravitacionais para ser devolvido ao sistema cardiovascular por
meio dos coragdes linfaticos, tendendo a se acumular nos sacos linfaticos ventrais do animal.
Assim, a presenca de efetores capazes de superar a agdo da gravidade e deslocar o fluido
linfatico verticalmente até os coracdes linfiticos é fundamental para a manutencdo da
homeostase cardiovascular dos anfibios anuros. Dentre os efetores envolvidos no
deslocamento de linfa esta a contracio de varios miisculos esqueléticos das quais muitos deles
estdo inseridos na pele. A contracdo desta musculatura esquelética, muitas vezes associada
com os sacos linfaticos dos membros anteriores e posteriores alteram a complacéncia e o
volume dos sacos linfaticos ao redor, assim causando o movimento de linfa (DREWES, et al.,
2007; 2013). Outro efetor muito importante no movimento linfitico, sendo o principal
responsavel por direcionar o fluido linféatico verticalmente de regides mais ventrais dos sacos
linfaticos até os coracdes linfaticos dorsais, € a ventilagdo pulmonar. A inflacdo e deflagdo
pulmonar alteram a pressdo e o volume dos sacos linfaticos ao redor, principalmente o grande
seio linfatico subvertebral que se encontra no espaco dorsal entre os pulmdes e a coluna
vertebral, além de apresentar comunicacdo direta com os coragdes linfaticos nos anuros
(HEDRICK et al., 2007; 2013). Assim, a partir de uma perspectiva evoluciondria, as respostas
ventilatdrias possivelmente moduladas pela estimulacido dos barorreceptores no sapo cururu R.
schneideri obtidas no presente trabalho podem contribuir para nosso entendimento com
relacdo as indmeras evidéncias da influéncia do sistema cardiovascular diretamente sobre as
respostas respiratérias existentes para os mamiferos (BAEKEY, et al., 2010; BRUNNER, et
al., 1982; STEWART, et al., 2011; WALKER e JENNINGS, 1998). Ainda mais interessante,
nossos dados apresentam relagdo com estudos da literatura que mostram o papel da ventilagdo
pulmonar na homeostase da pressao/volume nos anfibios anuros (HEDRICK, et al., 2013). E
importante salientar que os ajustes ventilatorios decorrentes da queda e aumento de PA no
sapo R. schneideri sdo meramente correlativos e estudos mecanisticos sd0 necessarios para
elucidar a real contribui¢do da ventilacdo no retorno linfatico.

O ntcleo do trato solitirio € a maior regidio do tronco encefdlico recebendo e
integrando aferéncias provenientes do sistema cardiovascular e respiratério nos mamiferos
(LOWEY e SPYER, 1990). As aferéncias barorreceptoras também convergem para o nicleo
do trato solitdrio no sapo R. schineideri (BIANCHI-DA-SILVA, et al., 2000), mas qualquer
outra transmissdo sindptica no SNC dos anfibios relacionada ao controle barorreflexo ainda é
desconhecida. Estimulacdo elétrica de alta intensidade do nervo recorrente laringeo provoca

ajustes cardiovasculares tal como bradicardia e hipotensdo, além de aumentar o periodo de
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apneia em sapos R. marina nao anestesiados (VAN VLIET e WEST, 1986). Esta observacao
corrobora a reduzida ventilacdo durante hipertensdo vista em nossos sapos. Existe uma
extensiva sobreposi¢@o entre as dreas de controle cardiovascular e respiratério em mamiferos;
além disso, um aumento dose-dependente na pressao de pulso € capaz de estender o tempo de
expiracdo em experimentos com ratos na preparacdo in situ indicando a presenca de uma
interagc@o neural entre o barorreflexo e o padrdo respiratdrio nestes animais (BAEKEY, et al.,
2008; BAEKEY, et al., 2010). E possivel que inputs barorreceptores para o nicleo do trato
solitdrio nos anfibios anuros poderiam causar a supressdo ou a liberagdo do drive central
respiratério contribuindo para a existéncia de hipopnéia ou hiperpnéia, respectivamente. Desta
forma, as relacdes entre PA, ventilacdo e sistema linfatico podem depender da integragcdo
central destas informagdes no SNC; entretanto, a existéncia deste circuito e/ou a intera¢do
destes entre si permanecem desconhecidos e demanda investigacdo adicional nos anfibios.
Pode-se argumentar que a resposta respiratoria a hipotensdo resultaria de uma ativagao
do quimiorreflexo periférico, mas algumas evidéncias ndo suportam esta hipdtese. Sabemos
que nos sapos a resposta ventilatéria a hipoxia é mediada por reducdes na pressdo parcial
arterial de oxigénio (P.O2; BRANCO e GLASS, 1995; WANG, et al., 1994). Ainda neste
contexto, a frequéncia de disparos dos quimiorreceptores carotideos no sapo R. marina nao
aumenta até que a P,O> caia entre 5,3-8,0kPa (40-60mmHg), e permanecem silenciados em
condicdes gasosas hiperdxicas (30%; VAN VLIET e WEST, 1992). Assim, uma aumentada
F102 (0.30) no ar reduziu a ventilacdo basal dos nossos sapos e ndo foi capaz de abolir a
resposta ventilatéria a hipotensdo (Figura 8), sugerindo um pequeno ou mesmo nenhum
envolvimento destes quimiorreceptores. Adicionalmente, as respostas ventilatérias a hipoxia
no sapo R. schneideri, a fim de melhorar as trocas gasosas pulmonares, sio mediadas
primariamente alterando o V¢ ao invés da FR (BfCEGO—NAHAS, et al.,, 2001;
GARGAGLIONI e BRANCO, 2001; 2003), enquanto aumentos na ventilagdo induzidos pela
hipotensdo no presente estudo foram ajustados primariamente por meio do aumento na FR do
que no V¢ (Figura 2). N6s também sabemos que, pelo menos no sapo R. marina, os
quimiorreceptores do labirinto carotideo ndo sdo sensiveis as variagdes de fluxo sanguineo,
pois a atividade nervosa aferente proveniente destes receptores nao € afetada pela interrupcéo
no suprimento sanguineo do labirinto carotideo e a hipdxia passa a ndo ser mais efetiva em
estimular os quimiorreceptores nestas condi¢des (VAN VLIET e WEST, 1992). Portanto,
nossos dados sugerem que as respostas ventilatorias durante a hipotensdo aguda podem ser

potencialmente relacionadas a influéncia dos barorreceptores sobre as dreas respiratérias. Em
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favor desta hipdtese temos os resultados com a hipertensdo induzindo respostas opostas a

hipotensdo (reduzida ventilagao).

4.2 Efeitos da temperatura nas respostas reflexas cardiorrespiratorias
O aumento da temperatura em 10°C (de 25 para 35°C) promoveu ajustes

cardiorrespiratérios, dentre eles aumentos nos valores basais de FC e Vg. A ventilagio foi
afetada pela temperatura (127% de aumento, Q1o = 2,27) principalmente em decorréncia do
aumento no Vc (Qio = 1,57). Assim, elevada V; em altas temperaturas é coerente com o
aumento da taxa metabdlica de até 105% para o mesmo intervalo térmico relatado no sapo R.
marina, espécie proxima filogeneticamente (OVERGAARD, et al., 2012). A exposi¢do a
elevada temperatura (35°C) no sapo R. schneideri também aumentou a FC, acompanhando
assim a elevada demanda metabdlica do animal, e que ocorreu por meio de um aumento de
100% relativo aos valores da temperatura mais baixa enquanto a PA manteve-se constante. A
sustentacdo da PA em valores relativamente constantes para o intervalo térmico entre 25 e
35°C, ao passo que os valores basais de FC sdo ajustados em conformidade com a alta
temperatura, provavelmente reflete a ocorréncia de uma vasodilatagcdo generalizada (ZENA, et
al., 2015), visto que o volume sistdlico ndo apresenta alteracdes significativas para o intervalo
térmico de 10 a 30°C no sapo R. marina (HEDRICK, et al., 1999).

As alteragcdes de PA induzidas farmacologicamente ndo apenas desencadearam
respostas barorreflexas de FC, mas também afetaram a Vg no sapo R. schneideri, similar ao
que ja foi visto para mamiferos (BRUNNER, et al., 1982; MCMULLAN e PILOWSKY,
2010; STEWART, et al., 2011; WALKER e JENNINGS, 1998). Primariamente alterando a
FR e em menor extensdo o V¢, aumentos na PA nos sapos foram seguidos por redugdes na Vg
enquanto, reciprocamente, a Vy foi significativamente elevada apés a hipotensio.
Contrastando com a reducdo no Vc durante a hipertensdo a 25°C (doses mais altas de FE), a
hipertensio na temperatura elevada de 35°C ndo foi capaz de reduzir o V¢, apesar de diminuir
a FR. Adicionalmente, a relacdo entre a PA e as respostas ventilatdrias (dados binados de PA;
Figura 6) revelaram que em altas temperaturas, os sapos exibiram aumentada ventilacdo ao
longo de todos os intervalos de PA (<2 a >6 kPa), principalmente em funcdo do aumento no
Vc. Isto permitiu aos sapos manter um fluxo ventilatério suficientemente alto em seus
pulmdes garantindo adequada trocas gasosas através do 6rgdo durante elevada demanda
metabdlica enquanto sua habilidade em alterar a ventilagdo em resposta a hipertensdo e

hipotensdo foi mantida (tabela 2 e figura 5). De acordo com a habilidade dos anfibios anuros
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em responder primariamente a hipotensdo aumentando a FC (ver capitulo I; HEDRICK, et al.,
2015; ZENA, et al., 2015), o sapo cururu também exibiu uma resposta ventilatéria mais
proeminente a reducdes do que aumentos de PA. Assim, nossos dados parecem ser
correlativos a habilidade dos anfibios anuros em utilizar seus pulmdes para a regulacdo da
homeostase do volume sanguineo (HEDRICK, et al., 2013), além de contribuir com a
hipétese prevalente de regulacdo da PA primariamente contra eventos de hipotensao
(HEDRICK, et al., 2015; ZENA, et al., 2015).

Além das respostas reflexas ventilatérias, que foram independentes da temperatura, o
barorreflexo da FC nos nossos sapos na realidade apresentou-se reduzido a 35°C, como pode
ser observado pelo ganho normalizado na Tabela 1. Isto sugere que o ramo cardiaco da
resposta barostitica possivelmente aproximou-se do limite térmico para esta espécie. Como
visto no capitulo I desta tese, € possivel observar que a sensibilidade barorreflexa é acentuada
pela temperatura para o intervalo térmico entre 15 e 30°C. Entretanto, nossos dados parecem
indicar que aumentos adicionais da temperatura (> 30°C) ao invés de aumentar a sensibilidade
barorreflexa da FC no sapo cururu R. schneideri, na realidade foi responsédvel por reduzi-la.
Uma possivel explicacdo para este fendmeno pode envolver um prejuizo térmico da resposta
taquicardica durante a hipotensdo. Isto € indicado por um baixo Qo (1,5) para a resposta
maxima de FC alcancada para a dose mais alta de NPS para o intervalo térmico de 25 a 35°C.
A FC basal foi consideravelmente afetada pela temperatura, alterando o ponto operante do
barorreflexo para valores mais altos de FC (100% de aumento) com um Qo de
aproximadamente 2,0. Por isso, em um cendrio ideal em que a sensibilidade barorreflexa da
FC de 25 para 35°C fosse sustentada, era esperado que a temperatura influenciasse a resposta
de FC maxima e minima por meio de um mesmo Qio como aconteceu para a FC basal do
sapo; entretanto, esta ndo foi a real resposta observada para a FC maxima.

A capacidade dos anfibios anuros em aumentar a FC frente & hipotensdo conta com a
maior contribui¢cdo de alteracdo de FC durantes alteracdes da PA (HEDRICK, et al., 2015;
ZENA, et al., 2015) e que pode ser fortemente afetada pela inabilidade de aumentar
adicionalmente a FC quando o animal ja apresenta valores elevados de FC basal. Tal condi¢ao
pode ser vista quando o animal € exposto a altas temperaturas (>35°C; OVERGAARD et al.,
2012) ou durante atividade fisica forcada (WAHLQVIST e CAMPBELL, 1988); esta ultima
jé conhecida por causar um ajuste do barorreflexo em humanos, onde a FC e a PA do ponto
operante durante o repouso sdo deslocadas para valores mais elevados (NORTON, et al.,
1999).
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Em geral, parece que os anfibios anuros dependem de uma combinacido de
mecanismos para manter a homeostase cardiovascular. O barorreflexo nos anuros ¢é
claramente relacionado ao seu eficiente sistema linfatico, visto que os coracdes linfaticos
nesses animais estdo sob controle dos barorreceptores arteriais (CROSSLEY e HILLMAN,
1999) e a ventilacdo pulmonar funciona como um eficiente efetor para a mobilizacao linfatica
(HEDRICK, et al., 2007). Baseado nos nossos dados, oscilacdes de curto prazo da PA sdo
defendidas por mecanismos que envolvem ajustes reflexos de FC juntamente com alteracdes
de ventilagdo pulmonar (principalmente FR) que podem essencialmente surgir da integragao
das aferéncias barorreceptoras no SNC, modulando areas de controle da respiragdo, como
previamente proposto para os mamiferos. Adicionalmente, temperaturas ambientais elevadas
podem reduzir o barorreflexo por prejudicar a resposta méxima de FC (baixo Q1) quando os
valores de FC basais ja s@o elevados, enquanto o componente ventilatorio desta resposta é
preservado. Embora a conexdo entre a ventilagcdo e o fluxo linfitico baseada na regulacdo
barorreflexa merece investigacdo adicional, nossos dados no sapo R. schneideri claramente
proporcionam uma ligacdo correlativa entre o barorreflexo, a ventilagdo pulmonar e o sistema
linfatico nos anuros, além de fornecer uma compreensdo evolutiva para melhor entendimento
da interacdo entre PA e ventilagdo nos mamiferos. Entre os anfibios, ainda € desconhecido se
a funcdo da ventilagdo pulmonar é uma caracteristica conservada contribuindo com a
homeostase da PA, visto que anfibios desprovidos de pulmio, como algumas salamandras
(HUTCHISON, 2008) e a ra-de-Bornéu, Barbourula kalmantanensis (BICKFORD, et al.,
2008) poderiam depender de outros efetores para o movimento vertical de linfa (e.g. contracio
da musculatura esquelética) e que poderiam estar sob controle dos barorreceptores. Sendo
assim, a suposta regulacdo da PA/volume dependente da ventilagdo certamente ndo existiria

nesses animais.
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For an adequate blood supply to support metabolic demands, vertebrates regulate blood pressure to maintain
sufficient perfusion to avoid ischemia and other tissue damage like edema. Using a pharmacological approach
(phenylephrine and sodium nitroprusside) we investigated baroreflex sensitivity at 15, 25, and 30 °C in toads
Rhinella schneideri. Baroreflex sensitivity presented a high thermal dependence (Q;o = 1.9-4.1), and the HR-
baroreflex curve was shifted up and to the right as temperature increased from 15 to 30 °C. Baroreflex variables,
namely, HR range, gains, (maximal gain) and normalized gains, increased 206, 235, and 160% from 15 to 30 °C,
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Baroreflex sensitivity respectively. The cardiac limb of the baroreflex response to pharmacological treatments was significantly blunted
Amphibians after full autonomic blockade. In addition, there was a clear baroreflex-HR response mainly to hypotension at all

three temperatures tested. These findings indicate that toads present temperature dependence for cardiac limb of
the barostatic response and the cardiac baroreflex response in R. schneideri is primarily hypotensive rather than
hypertensive as well as crocodilians and mammals. Thus, the cardiac baroreflex compensation to changes in ar-
terial pressure might present different patterns among amphibian species, since the previously reported
bradycardic compensation to hypertension in some anurans was not observed in the toad used in the present
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study.
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1. Introduction

Vertebrates are capable of regulating arterial blood pressure (AP) in
order to maintain an adequate tissue blood perfusion, satisfying oxygen
and nutrient delivery according to their metabolic demands. The main-
tenance of AP without extreme changes is also important to avoid tissue
damage or edema due to high capillary pressures (Van Vliet and West,
1994; Hagensen et al., 2010).

Neural regulation of AP by baroreflex responses is reported to
occur in many species of vertebrates including amphibians, reptiles,
birds and mammals (Bagshaw, 1985; Altimiras et al., 1998; Crossley
et al., 2003; Mueller et al., 2013). Anurans are known to have three
populations of mechanoreceptors monitoring changes in AP that are
located in the pulmocutaneous artery, carotid labyrinth, and aortic
arch (Millard and Moalli, 1980; Ishii et al., 1985; Van Vliet and West,
1987a,b; Bianchi-da-Silva et al., 2000; Kusakabe, 2002). There is evi-
dence that the pulmocutaneous baroreceptors are essential for moni-
toring imbalances in blood pressure during excessive hydrostatic

* Corresponding author at: Via de acesso Paulo Donato Castellane s/n, 14884-900,
Departamento de Morfologia e Fisiologia Animal, Faculdade de Ciéncias Agrarias e
Veterinarias, Universidade Estadual Paulista Jalio de Mesquita Filho, Jaboticabal, SP,
Brazil. Tel.: +55 16 32092656; fax: +55 16 32024275.

E-mail addresses: keniacb@yahoo.com.br, keniacb@fcav.unesp.br (K.C. Bicego).

http://dx.doi.org/10.1016/j.cbpa.2014.09.027
1095-6433/© 2014 Elsevier Inc. All rights reserved.

pressure in order to protect the delicate pulmonary microvasculature
(Smits et al., 1986; Van Vliet and West, 1989; Smits, 1994). Bianchi-
da-Silva et al. (2000) have addressed the importance of the contribu-
tion of aortic arch baroreceptors to cardiac buffer during lower
pressure events, thereby avoiding decreases in tissue perfusion.

Amphibians are subjected to a wide range of environmental chang-
es, and temperature is one of the most important factors that directly af-
fect all physiological and biochemical processes; among them,
cardiovascular functions (Glass et al., 1997; Bicego-Nahas and Branco,
1999; Bicego-Nahas et al., 2001; Seebacher and Franklin, 2011). Tem-
perature changes seem to influence heart rate (HR) more than AP
(Glass et al., 1997; Rocha and Branco, 1998; Bicego-Nahas and Branco,
1999; Gamperl et al., 1999; Liu and Li, 2005). Elevations in body temper-
ature can increase HR mainly by direct effects on the sinoatrial node of
the heart (Courtice, 1990; Liu and Li, 2005). A relatively unchanged AP
during temperature elevation may occur as cardiac output increases
with accompanying reductions in vascular resistance arising from vaso-
dilation in the peripheral vascular beds (Lillywhite, and Seymour, 1978;
Gamperl et al,, 1999).

Across vertebrates there is little evidence of thermal influences on
baroreflex sensitivity. As far as we know, there are studies in mammals
(Massett et al., 2000; Sabharwal et al., 2004; Horwitz et al.,, 2013), and in
the broad-nosed caiman Caiman latirostres (Hagensen et al., 2010); both
are animals with two completely separated ventricles. In rats, both
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hypothermia during anesthesia (Sabharwal et al., 2004) and hyperther-
mia (Massett et al., 2000) attenuate the baroreflex-HR curve. It is inter-
esting to note that for some mammals such as the Syrian Hamster it is
quite normal for core temperature to approach environmental temper-
ature during torpor events, during which baroreflex-HR sensitivity is
reduced (Horwitz et al.,, 2013). In the broad-nosed caiman the cardiac
limb of the baroreflex is temperature-dependent whereby changes in
temperature from 15 to 30 °C shift the baroreflex-HR curve up and to
the right (Hagensen et al., 2010). No studies have examined the effect
of temperature on the cardiac baroreflex in anuran amphibians. In con-
trast to mammals, birds, and crocodilians, an incomplete separation in
amphibians' ventricle may expose the pulmonary vasculature to imbal-
ances in blood pressure unless an effective compensatory response
blunts those changes. This compensation could be strongly affected by
changes in temperature.

Based on the considerations presented above, the aim of this study
was to characterize the effect of temperature on baroreflex responses
in the South American toad Rhinella schneideri (formerly known as
Bufo paracnemis or Chaunus schneideri; Frost et al., 2006). This species
is a large toad widely distributed in open vegetation areas throughout
the Brazilian central savanna region to the Argentine Chaco (Pramulk,
2006) although it occurs mainly in open and urban areas. All of these re-
gions are subject to temperature changes on a daily and annual basis.

2. Material and methods
2.1. Animals

We used toads, R. schneideri (Werner, 1894), of both sexes, weighing
180-350 g. Toads were collected in swampy areas in the Ribeirdo Preto
region of Sdo Paulo, Brazil (aproximately 21° 10’ Sand 47° 48’ W). In our
laboratory at the Department of Animal Morphology and Physiology,
UNESP, Jaboticabal, Brazil, all animals were maintained at 25 °Cin a
light/dark cycle of 12:12 h with free access to tap water from an artesian
well and a basking area. They were housed in containers containing co-
conut fibers as a substrate with PVC tubes for hiding and were held
under laboratory conditions at least three weeks before experimenta-
tion. Animals were fed with Darkling beetle larvae (Tenebrio molitor,
Zophobas morio) and captive bred crickets (Gryllus sp) two to three
times a week.

All the experiments were performed from September to March,
which matches the activity season of this species characterized by the
rainy season (Glass et al., 1997; Bicego-Nahas et al., 2001). Animal col-
lection was approved by the Brazilian environmental agency (SISBIO-
ICMBio/n. 35484-1), and the study was conducted with the approval
of the local Animal Care and Use Committee (CEUA-FCAV-UNESP; Pro-
tocol n. 017204/12).

2.2. Surgical procedures

Animals were anesthetized by immersion in an aqueous 0.25% so-
lution of 3-aminobenzoic acid ethyl ester (MS-222, Sigma, St. Louis,
USA), buffered to pH 7.7 with sodium bicarbonate, for approximately
10 min until loss of the eye reflex. To measure pulsatile arterial pres-
sure (PAP), a polyethylene cannula (PE-50; Clay Adams, Parsippany,
NJ, USA), filled with heparinized Ringer's solution (100 i.u. mL™'
heparin) was occlusively inserted into the iliac artery and sutured
in place. The same procedure was used to cannulate the femoral
vein (100 i.u. mL™" heparin in Ringer's solution) for infusion of
drugs. After surgery, toads were treated with a prophylactic antibiot-
ic (enrofloxacin, Flotril®; Schering-Plough, 5.0 mg kg~ ! s.c.) and an
analgesic (Flunixina Meglumina, Banamine®; Schering-Plough,
1.0 mg kg~ ! s.c.), according to recommended dosages for amphib-
ians (Gentz, 2007; Smith, 2007). After recovery from anesthesia,
each animal was individually placed in a temperature controlled
chamber at 25 °C in the experimental room where it was kept for a

minimum of 24 h without disturbance, until the beginning of the
experimental procedure.

2.3. Drugs

Sodium nitroprusside dihydrate (SNP, nitric oxide donor), phenyl-
ephrine hydrochloride (PE, agonist of a-1 adrenergic receptors), atro-
pine sulfate (antagonist of muscarinic receptors), and sotalol
hydrochloride (antagonist of 3-adrenergic receptors) were purchased
from Sigma (St. Louis, MO, USA). All drugs were dissolved in amphibian
Ringer's solution.

2.4. Measurements of arterial blood pressure (AP)

Arterial cannulae were connected to a pressure transducer
(MLT1199, ADInstruments®, Sydney, Australia), calibrated against a
mercury column. The transducer was connected to a data acquisition
system (PowerLab System, ADInstruments®/Chart Software, version
7.3, Sydney, Australia) via a bridge amplifier (FE221, ADInstruments®,
Sydney, Australia). Heart rate was calculated from the PAP recording
in real-time using the cyclic measurements tool from the Chart Soft-
ware. Mean arterial pressure was automatically calculated from the
PAP recording in real-time using the same tool from Chart Software.

2.5. Baroreflex assessment

The reflex response was evaluated as changes in MAP induced by in-
travenous infusion of PE (150 pg mL™" at 0.1 mL min~') and the nitric
oxide donor SNP (100 pg mL™! at 0.1 mL min~!) using an infusion
pump (K.D. Scientific, Holliston, MA, USA) (Crestani et al., 2010). The
drug infusions were randomized and adjusted to last 60 s, resulting in
the injection of a total dose of 60 ug kg~ for PE and 40 ug kg~ for
SNP, which caused maximal increase and decrease, respectively, of
~1.33 kPa (~10 mm Hg) at 25 °C. Gradual increases and decreases in
MAP were matched with reflex HR changes beat-by-beat (see Fig. 2).
The MAP and HR values obtained for each animal at each temperature
across SNP and PE ramp infusions were plotted against each other and
the four variable logistic function was fitted to the changes in MAP
and HR (see Analysis of cardiac baroreflex). The baroreflex response re-
sulted of combining the beat-by-beat data from both drug infusions
stopped when pressure was maximal for PE and minimum for SNP. All
doses were chosen based on a previous report using the same species
(SNP and PE; Bianchi-da-Silva et al., 2000).

2.6. Experimental protocols

Experiments were conducted in unanesthetized, unrestrained and
undisturbed toads. During the experiments, the toads were housed in
an acrylic water-jacketed chamber kept at the experimental tempera-
ture of 15, 25 or 30 °C using a constant-temperature circulator bath
(PolyScience 9112A11B Programmable Model 9112 Refrigerated Circu-
lator). The toads were acclimated to each temperature for 12 h (starting
at 24 h after surgery). The experimental chamber was continuously
flushed with humidified room air and the temperature inside was con-
tinuously measured using a temperature sensor (MLT415/M Thermistor
temperature sensor, ADInstruments®, Sydney, Australia).

After 60 min of basal recording of PAP, Ringer's solution
(0.4 mL kg~ ') was infused into the femoral vein in order to verify any
possible influence of the volume injection in MAP and HR. Toads used
in this study received two sets of PE and SNP infusion to determine
values of baroreflex activity at 15, 25, and 30 °C randomly. Each temper-
ature was randomly tested over three consecutive days to allow the
12 h of acclimation to each one. Five animals from the experimental
group at 25 °C were also tested for the full autonomic blockade of the
heart (Altimiras et al., 1998; Hagensen et al., 2010). To this end the
toads were pretreated intravenously with the 3-adrenergic antagonist
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sotalol (3.0 mg kg~ ') and the antagonist of muscarinic receptors atro-
pine sulfate (3.0 mg kg~ '), and, following the full blockade, the protocol
to quantify baroreflex sensitivity was again performed.

2.7. Analysis of cardiac baroreflex

Cardiac baroreflex function was investigated by analysis of the sig-
moidal baroreflex curve. Using GraphPad Prism, MAP (kPa) plotted
against HR (bpm) data were fitted to a four-variable sigmoidal logistic
function as described previously (Reid, 1996):

_ (A—=D)

1+ (MAP/C)B+D

)

where A is the maximum HR of the curve, and D is the minimum HR. Bis
the slope coefficient (a coefficient describing the distribution of gain
along the curve). C is the MAP at the midpoint of the HR range
(MAPsp), which represents the set-point of the baroreflex. The range
of the baroreflex was calculated as the difference between the maxi-
mum and minimum HR (A — D). The maximum gain (Gainso; in beats
min~ ! kPa™ ') of the curve, which occurs when MAP equals C, was cal-
culated by the equation below:

—B(A—D)

Gaingy = —ac

)

The maximal gain was then normalized (unitless) for control MAP
and HR (Berger et al., 1980; Crossley et al., 2003) in order to establish
meaningful comparisons between treatments:

Gaingy porm = Gainsy (MAP/HR) 3)

2.8. Data analysis and statistics

Data are shown as means + S.E.M. The effect of the pharmacological
treatments on MAP and HR in different temperatures was analyzed
through repeated measures two-way ANOVA (factors: time and tem-
perature). The effect of temperature on basal MAP and HR as well as
on maximal HR, minimal HR, HR range, slope coefficient, maximum
gain, normalized gain, and MAP at the midpoint in the HR range was an-
alyzed through one way-ANOVA. The effect of full autonomic blockade

15°C

83

on baroreflex responses to PE and SNP was also analyzed through one
way-ANOVA. All statistical analyses were carried out using SigmaPlot
version 11. In all cases of ANOVA analyses, the differences among
means were further assessed by Tukey's post-hoc test and were consid-
ered to be significant where P < 0.05.

3. Results
3.1. Baroreflex recordings

Fig. 1 shows representative recordings of PAP, MAP and HR during
phenylephrine and sodium nitroprusside infusions at 15, 25, and
30 °C. Notice that at 15 °C the whole effect of both drugs lasted longer
than at higher temperatures (25 and 30 °C).

3.2. Effects of temperature on basal cardiovascular variables

Mean systemic arterial pressure and HR of toads at 15, 25, and 30 °C
were 3.01 4 0.26; 3.88 & 0.25; 4.20 + 0.44 kPa and 16.7 + 1.81;
27.7 + 2.59; 31.7 + 2.72 beats min~ !, respectively (Table 1 and
Fig. 4). Resting MAP was not significantly different among tempera-
tures, and resting HR at 25 and 30 °C were statistically higher from
15 °C (P < 0.01; Table 1).

3.3. Effects of temperature on cardiovascular changes induced by phenyl-
ephrine (PE)

At 15, 25 and 30 °C, PE infusion caused a significant increase in MAP
(15 °C: P< 0.001; 25 °C: P< 0.001; 30 °C: P< 0.001; Fig. 2A). Heart rate
did not fall significantly after PE infusion (Fig. 2B). The increase in MAP
by PE was not significantly different between 25 and 30 °C, but it was
lower at 15 °C (15 vs 25 °C; P < 0.05, and 15 vs 30 °C; P < 0.05;
Fig. 2A). HR values over time were lower at 15 °C compared to 25 and
30 °C (P< 0.01; Fig. 2B).

3.4. Effects of temperature on cardiovascular changes induced by sodium
nitroprusside (SNP)

SNP infusions at different temperatures (15, 25, and 30 °C) caused a
significant hypotensive effect (15 °C: P< 0.001; 25 °C: P< 0.001; 30 °C:
P < 0.001; Fig. 2C) and tachycardia (15 °C: P < 0.001; 25 °C: P < 0.001;
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Fig. 1. Representative recordings of pulsatile arterial pressure (PAP), mean arterial pressure (MAP) and heart rate (HR) of a toad illustrating reflex responses to the blood pressure increase
and decrease caused by intravenous infusion (black lines represent the duration of infusion) of phenylephrine (PE) and sodium nitroprusside (SNP) at three different temperatures (15, 25,

and 30 °C).
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Resting cardiovascular variables and baroreflex variables derived from sigmoidal baroreflex-HR curves generated after infusions of phenylephrine and sodium nitroprusside (Eq. (1)) at

15, 25, and 30 °C in toads Rhinella schneideri.

15 °C 25 °C 30 °C
Resting variables
MAP (kPa) 3.01 + 0.26 3.88 + 0.25 420 + 044
HR (bpm) 16.7 + 1.81° 27.7 + 2.59° 31.7 £ 2.72°
Baroreflex variables
Minimum HR (bpm) 13.2 + 1.75° 22.3 4 2.49° 251 4+ 1.61°
Maximum HR (bpm) 23.8 + 2.63% 49.9 + 3.97° 57.1 + 4.73°
HR range (bpm) 10.6 + 1.92% 27.6 + 4.10° 32.0 + 447°
R? 0.88 & 0.02 0.87 & 0.02 0.80 & 0.03
Slope coefficient 9.89 + 3.16 9.37 + 1.61 12.7 £+ 2.05
MAPs5, (kPa) 2.83 + 0.32 3.31 + 0.20 3.88 + 040
Gainsg (beats min~! kPa™!) —727+ 1442 —196 £ 327° —24.4 £ 4.15°
Normalized gains (no units) —1.33 + 0.30% —2.90 £ 058 —3.45 £ 0.84°

Values indicated by different letters are significantly different among temperatures (one-way ANOVA, Tukey's test; P < 0.05). HR, heart rate; MAP, mean arterial pressure; R?, correlation
coefficient; slope coefficient, maximum slope of the linear portion of the curve; MAPs,, mean arterial pressure at the midpoint of the curve; gainsp, maximum gain. Data are expressed as

mean + SEM.N = 7-10.

30 °C: P < 0.001; Fig. 2D). The decrease in MAP over time was signifi-
cantly reduced at 15 °C compared to 30 °C (P < 0.01), and the reflex
tachycardia was statistically lower at 15 °C than 25 °C (P < 0.001) and
30 °C(P< 0.001).

3.5. Baroreflex control of HR: effects of temperature

Fig. 3 depicts the response to change in MAP with PE and SNP in
baroreflex-HR curves at the three temperatures and measured for
each animal. In all animals, decreases in MAP caused reflex tachycar-
dia at all temperatures, but did not evoke a consistent bradycardic
response with the increase of MAP.

Fig. 4 shows mean baroreflex-HR curves generated from all curves
that are represented in Fig. 3 at 15, 25 and 30 °C. Decreases in temper-
ature from 25 to 15 °C attenuated the baroreflex response, and
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thereby shifted the curve to the left and down. Moreover, it caused a
reduction of minimum and maximum HR by 40% (P < 0.01) and 52%
(P <0.001), respectively, and the HR range decreased by 62%
(P < 0.05; Table 1). Maximum gain was 63% lower at 15 °C versus
25 °C(P< 0.05), while normalized gain was 54% lower at 15 °C; how-
ever it was not significantly different over this temperature range
(Table 1). The MAP at the midpoint of the HR range (MAP5) did not
change at 15 °C compared to 25 °C (Table 1).

In animals exposed to 30 °C, a baroreflex-HR curve slightly
shifted up and to the right was observed (Fig. 4); however, there
were no significant changes in all variables derived from sigmoidal
baroreflex curves between 25 and 30 °C (Table 1). Nevertheless,
changes from 15 to 30 °C influenced the baroreflex variables: mini-
mum and maximum HR increased by 86% (P <0.01) and 140%
(P <0.001), respectively. The HR range, maximal gain and
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Fig. 2. Effects of intravenous infusion (black lines represent the duration of infusion) of 60 pg kg~ ' of phenylephrine (PE; A and B) or 40 ug kg~ of sodium nitroprusside (SNP; Cand D) on
mean arterial blood pressure (MAP; A and C) and heart rate (HR; B and D) in the toad Rhinella schneideri at 15 (blue triangle), 25 (yellow circles), and 30 °C (red square), respectively. N =
7-10. Data are expressed as means =+ S.E.M. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Baroreflex curves of each animal at 15, 25 and 30 °C (N = 7-10) after pharmacologically induced changes in blood pressure in the toad Rhinella schneideri.

normalized gain increased by 206% (P < 0.01), 235% (P < 0.01) and
160% (P < 0.05), respectively (Table 1), while the MAP5, increased
by 38%, which was not significantly different.

3.6. Effect of full autonomic blockade on baroreflex responses to PE and SNP

Fig. 5 depicts the effects of the full autonomic blockade of the heart
with sotalol and atropine on the cardiovascular responses to PE and
SNP at 25 °C. The reflex changes in HR were blunted by the full auto-
nomic blockade (P < 0.01).

4. Discussion

The present study describes for the first time the effects of tempera-
ture on baroreflex regulation in the toad R. schneideri. Our results are
consistent with a clear baroreflex-HR response primarily to hypoten-
sion at 15, 25 and 30 °C.

4.1. Critique of the method

The use of vasoactive drugs to change vascular resistance is the most
common approach used to study baroreflex sensitivity in vertebrates;
however, the method has some limitations: it is only possible to
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Fig. 4. Average baroreflex curves in the toad Rhinella schneideri obtained at 15, 25, and
30 °C. The relationship between mean arterial pressure (MAP) and heart rate (HR) was
generated from the mean values of the curve fit variables for each animal (see Table 1).
Each symbol is resting HR and MAP. N = 7-10. Data are expressed as means =+ S.E.M.

evaluate the cardiac limb of the baroreflex (HR reflex response). Despite
this, the pharmacological approach has the advantage of assessing the
combined effect of all baroreceptor regions, which can be important be-
cause three distinct baroreceptive areas are described in amphibians,
namely the aortic arch, carotid arch and pulmocutaneous artery (PCA)
(Millard and Moalli, 1980; Ishii et al., 1985; Van Vliet and West,
1987a,b; Bianchi-da-Silva et al., 2000; Kusakabe, 2002).

Phenylephrine is widely used in baroreflex studies in mammals
(Massett et al., 2000; Sabharwal et al., 2004) as well as in other verte-
brates such as amphibians (Millard and Moalli, 1980; Bianchi-da-Silva
etal., 2000) and reptiles (Berger et al., 1980; Millard and Moalli, 1980;
Altimiras et al.,, 1998; Crossley et al.,, 2003; Hagensen et al., 2010). It
was previously suggested that PE interferes with the assessment of
baroreflex sensitivity by exerting a small direct positive chronotropic
effect on the heart of mammals (Williamson et al., 1994). The absence
of the reflex bradycardia, or minimum response, in our toads (Fig. 2)
might suggest a positive chronotropic effect of PE in the heart which
could mask the reflex response during vascular loading. In the case
of anuran amphibians, some studies demonstrate small or no reflex
reduction in HR by PE in R. schneideri (Bianchi-da-Silva et al., 2000)
and Rhinella marina (Smith et al., 1981) but others show significant
effects on HR in Lithobates catesbeianus (Millard and Moalli, 1980;
Herman and Sandoval, 1983; Zena et al., 2013). We previously found
a significant reflex bradycardia (decrease in HR of 10 bpm) after an
intravenous bolus injection of 100 ug kg~' PE (increase in AP of
10 mmHg) in L. catesbeianus (Zena et al., 2013). Thus, contrasting re-
sults among studies may underlie differences in the reflex responses
among the anuran species.

4.2. Effects of temperature on baroreflex activity in the toad R. schneideri

Ectothermic vertebrates experience fluctuations in body tempera-
ture naturally, and they can avoid potential damage to the body from
extreme temperatures by employing behavioral thermoregulation:
shuttling between environments to lose or gain heat (Lillywhite,
1970; Bicego et al., 2007). It has been shown that the toad
R. schneideri has a preferred body temperature around 23 to 27 °C in
a thermal gradient ranging from 10 to 40 °C (Bicego-Nahas et al.,
2001; Guerra et al., 2008). In the field demographic patterns for
toads are mostly dependent on climatic factors such as rainfall and
ambient temperature (Vasconcellos and Colli, 2009). Depending on
the season in Sdo Paulo State, Brazil, body temperatures are observed
ranging from ~13-17 °C (minimum) to ~27-31 °C (maximum) of
R. schneideri maintained in semi-natural, outdoor captivity (unpub-
lished results).

In R. schneideri, temperature decrease from 25 to 15 °C caused a
shift of the HR-baroreflex curve down and to the left while warming
from 25 to 30 °C shifted the curve up and to the right (Fig. 4). Q¢ ef-
fects of some baroreflex variables, such as HR range, gainsy, and
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Fig. 5. Mean arterial blood pressure (AMAP; A and C) and heart rate (AHR; B and D) changes caused by intravenous infusion of Ringer's (vehicle), phenylephrine (PE; 60 ug kg~ ') and
sodium nitroprusside (SNP; 40 pg kg~ ") before and after full autonomic blockade with atropine (3.0 mg kg ") plus sotalol (3.0 mg kg~ ') at 25 °C in the toad Rhinella schneideri. Values
indicated by different letters are significantly different from each other by Tukey's test (P < 0.05); N = 5-10. Data are expressed as means + S.E.M.

normalized gainsy, at 25-15 °C (8.3 £ 6.1,3.7 £ 1.7,and 1.9 & 0.9,
respectively) and 25-30 °C (2.3 & 0.4, 4.1 & 2.1, and 2.1 £ 0.8, re-
spectively) were higher than Q;q values for MAPs,, which presented
a smaller thermal dependence for both temperature ranges (15-
25 °C: Q0= 1.1 £0.1; 25-30 °C: Q;9 = 1.5 & 0.4). This is in agree-
ment with small effects of temperature on MAP compared to HR pre-
viously reported in amphibians and reptiles (Lillywhite and
Seymour, 1978; Rocha and Branco, 1998; Bicego-Nahas and Branco,
1999; Overgaard et al., 2012). As previously demonstrated in ecto-
therms, small or no changes in MAP may reflect alterations in vascu-
lar peripheral resistance in the opposite direction of the temperature
changes (Lillywhite and Seymour, 1978; Stinner, 1987; Galli et al.,
2004; Overgaard et al., 2012). It is important to mention that in our
preliminary experiments a few animals were subjected to 35 °C for
baroreflex-HR sensitivity assessment (data not shown). PE infusions
at this temperature changed the PAP pattern, which made baroreflex
curve fitting difficult. The PE hypertensive peack was followed by
few sparse beats interspersed with higher heart rate intervals,
which may indicate an excess of vagal firing rate; however, accord-
ing to Courtice (1990), increasing temperature causes a lower vagal
effectiveness in reducing heart rate in pithed R. marina (a species
phylogenetically close to R. schneideri; Maciel et al., 2010). Further
studies are needed to clarify heart rate control at higher
temperatures.

Temperature affected the latency of cardiovascular responses to PE
and SNP. At 15 °C PE took 4 min to reach maximum hypertensive effect
in comparison with 1 min for 25 and 30 °C (Fig. 2A). A maximum hypo-
tensive effect of SNP at 15 °C was reached in 2.5 min, 1 min longer than
the maximum effect at 25 and 30 °C (Fig. 2C). Changes in blood vessel
reactivity to pharmacological treatments have previously been demon-
strated during hyperthermia in rats (Massett et al., 1998; Massett et al.,

2000). In fact, both hypothermia and hyperthermia can change o-
adrenergic responsiveness of blood vessels in mammals (cf. Ives et al.,
2011). Besides thermal effects on central and peripheral components
of the cardiovascular reflex in our toads, blood vessel reactivity to PE
and SNP is also affected by temperature; this fits with the short and
long-term effects of a-adrenergic agonists in the arterial system report-
ed to be temperature dependent (5 and 22 °C) in bullfrogs (Herman and
Mata, 1985).

Complete separation between pulmonary and systemic circulations
is only observed in mammals and birds; thus, pulmonary capillary pres-
sures can be maintained low enough to avoid lesions in pulmonary tis-
sue (West, 2009). In the evolutionary progression, crocodilians are the
only ectotherms with complete anatomical separation of ventricles. In
animals with four-chambered heart such as rats (Crestani et al., 2010)
and crocodilians (Altimiras et al., 1998; Hagensen et al., 2010) cardiac
reflex to decreases in AP is more pronounced than with hypertension.
In contrast, the amphibian heart has an undivided ventricle which
might expose pulmonary capillaries to a relatively high blood pressure
resulting in pulmonary lesions (Van Vliet and West, 1989). In this
case, changes in pulmonary arterial resistance can be adjusted by cho-
linergic vagal innervation of the PCA regulating pulmonary blood flow
and changes in the net shunt flow (Emilio and Shelton, 1972; Langille
and Jones, 1977; de Saint-Aubain and Wingstrand, 1979; Gamperl
et al,, 1999). Electrical stimulation of the recurrent laryngeal nerve, in
which PCA baroreceptor afferents are contained, is capable of increasing
pulmocutaneous resistance by 76% in parallel with a fall in
pulmocutaneous blood pressure (Van Vliet and West, 1986). Moreover,
denervation of PCA baroreceptors leads to transient increases in system-
ic AP, HR and pulmonary arterial blood flow which means they are ton-
ically active, but not essential, for long-term regulation in AP (Hoffmann
and de Souza, 1982; Smits et al., 1986; Van Vliet and West, 1989; Smits,
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1994). In this scenario, potential risks for pulmonary edema might be
avoided with an efficient lung atrial natriuretic factor (ANF) system
(Glass et al., 1996), which together with other mechanisms, like an ef-
fective pulmonary lymph mobilization, may protect the lungs against
changes in pulmonary blood flow (Smits, 1994).

It was previously suggested that anurans are capable of regulating
systemic AP oscillations primarily under hypertension (Van Vliet and
West, 1989); however, Bianchi-da-Silva et al. (2000) showed a signifi-
cant tachycardic reflex to systemic AP falling by SNP in the toad
R. schneideri which was reported to be regulated by the aortic arch baro-
receptors since this response is inhibited by aortic arch, but not PCA,
baroreceptor denervation. In Lithobates catesbeianus, despite the fact
PE induces reflex bradychardia (Zena et al., 2013), SNP induced a prom-
inent reflex tachycardia (Zena, unpublished data), indicating a strong
cardiac compensation to hypotension in this species. Our results are
clearly consistent with a vigorous response to systemic hypotension
rather than hypertension in R. schneideri that is more pronounced at
25-30 °C than 15 °C (resting MAP lies above MAPs, value on the
curve, corresponding to the maximum gain) (Fig. 4 and Table 1). Our re-
sults and the evidence for reduced systemic and especially pulmonary
resistances in resting R. marina at 30 °C compared to 20 and 10 °C
(Hedrick et al., 1999) give support to the idea that baroreflex responses
to hypotension play a major role in avoiding further reductions in resis-
tance in anurans during warm conditions. Moreover, the minimum
non-significant reflex bradycardia observed at all temperatures tested
(Figs. 2 and 4) might be accompained by vagal activity contracting
smooth muscle on the PCA (de Saint-Aubain and Wingstrand, 1979;
Emilio and Shelton, 1972; Gamperl et al., 1999; Langille and Jones,
1977). At least in resting R. marina at 25 °C, Gamperl, et al. (1999) re-
ported a sustained two-fold increase of pulmocutaneous blood flow
(from30.3 & 3.8t063.8 + 7.4mlmin~ ' kg~ ') and just a slight increase
in HR (from 49.3 + 6.5 to 53.4 + 5.8 min~ ') following arterial injection
of atropine. They also demonstrated a greatly reduced pulmonary-to-
systemic shunt after atropine injection that the authors interpreted as
a strong vagal tone on the pulmocutaneous artery in their animals.
Whether there is differential vagal control of heart and PCA resistance
during hypertension in different temperatures remains to be
investigated.

In conclusion, the present study provides evidence that baroreflex
sensitivity in toads R. schneideri is temperature dependent, shifting the
HR-baroreflex curve up and to the right from 15 to 30 °C. These cardiac
compensatory responses can be very important for a species of
Bufonidae that is widespread and found in various habitats like the
Chaco, Cerrado, and Atlantic Forest regions in South America besides
being easily found in open and urban areas. All of these environments
have variable circadian and circannual temperatures. Furthermore, our
data is in agreement with previously baroreflex closed-loop data in
R. schneideri (Bianchi-da-Silva et al., 2000), in which indicate a more
prominent cardiac reflex compensation to AP unloading than to load-
ing—like crocodilians and mammals—in order to match oxygen delivery
and metabolic demands mainly in warm conditions. In contrast, the car-
diac baroreflex response to AP loading previously suggested for am-
phibians might be different among anuran species.
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Winter metabolic depression does not change arterial baroreflex
control of heart rate in the tegu lizard Salvator merianae
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ABSTRACT

Baroreflex regulation of blood pressure is important for maintaining
appropriate tissue perfusion. Although temperature affects heart rate
(fy) reflex regulation in some reptiles and toads, no data are available
on the influence of temperature-independent metabolic states on
baroreflex. The South American tegu lizard Salvator merianae exhibits
a clear seasonal cycle of activity decreasing fiy along with winter
metabolic downregulation, independent of body temperature. Through
pharmacological interventions (phenylephrine and sodium
nitroprusside), the baroreflex control of f; was studied at ~25°C in
spring—summer- and winter-acclimated tegus. In winter lizards, resting
and minimum fy were lower than in spring—summer animals
(respectively, 13.3£0.82 versus 10.3+0.81 and 11.2+0.65 versus
7.97+0.88 beats min‘1), while no acclimation differences occurred in
resting blood pressure (5.14+0.38 versus 5.06+0.56 kPa), baroreflex
gain (94.3£10.7 versus 138.7+30.3% kPa~") or rate-pressure product
(anindex of myocardial activity). Vagal tone exceeded the sympathetic
tone of fy, especially in the winter group. Therefore, despite the lower
fu, winter acclimation does not diminish the f; baroreflex responses or
rate-pressure product, possibly because of increased stroke volume
that may arise because of heart hypertrophy. Independent of
acclimation, f, responded more to hypotension than to hypertension.
This should imply that tegus, which have no pressure separation within
the single heart ventricle, must have other protection mechanisms
against pulmonary hypertension or oedema, presumably through
lymphatic drainage and/or vagal vasoconstriction of pulmonary artery.
Such a predominant f reflex response to hypotension, previously
observed in anurans, crocodilians and mammals, may be a common
feature of tetrapods.

KEY WORDS: Adrenergic receptors, Baroreceptor, Blood pressure,
Cholinergic tone, Hibernation, Seasonal changes

INTRODUCTION

Baroreflex regulation of arterial blood pressure is important to the
maintenance of adequate tissue perfusion and thus matching oxygen
and nutrient delivery to metabolic demands (Bagshaw, 1985;
Hagensen et al., 2010; Zena et al., 2015). With respect to
ectothermic reptiles, there is evidence of baroreceptors that
monitor blood pressure in turtles (Millard and Moalli, 1980;
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Stephens et al., 1983; Crossley et al., 2015), snakes (Lillywhite and
Seymour, 1978; Lillywhite and Gallagher, 1985), the lizard Tiliqua
rugosa (formerly known as Trachydosaurus rugosus; Berger et al.,
1980) and crocodilians (Altimiras et al., 1998; Crossley et al., 2003;
Hagensen et al., 2010).

Baroreflex regulation in crocodilians is characterized by a
pronounced heart rate (fi;) reflex response to hypotension, as has
been reported for the saltwater crocodile, Crocodylus porosus, and
the broad-snouted caiman, Caiman latirostris (Altimiras et al.,
1998; Hagensen et al., 2010). It is interesting to note that baroreflex
sensitivity is enhanced at a high temperature (30°C) in C. latirostris
(Hagensen et al., 2010), and also in the toad Rhinella schneideri
(Zena et al., 2015), but the ability to respond mainly to hypotension
is preserved regardless of temperature in both species. Temperature
is known to directly influence metabolic rate and the cardiovascular
adjustments to the new metabolic demands seem to be a
proportional response (Piercy et al., 2015). In contrast, there are
situations when metabolic rate can be downregulated independent
of temperature in ectotherms; for example, when they are seasonally
exposed to adverse environmental conditions and enter the
physiological/behavioural state of hibernation or aestivation (Abe,
1995; Glass et al., 1997; Bicego-Nahas et al., 2001; Andrade et al.,
2004; Milsom et al., 2008; Navas and Carvalho, 2010). Seasonal
reductions in metabolic rate of ectotherms is marked by profound
temperature-independent suppression of many physiological and
biochemical processes (Navas and Carvalho, 2010), including
reduction in fi; (Delaney et al., 1974; Glass et al., 1997; Bicego-
Nahas et al., 2001; da Silva et al., 2008; Sanders et al., 2015).

The South American tegu lizard Salvator merianae (Harvey
et al., 2012), formerly known as Tupinambis merianae (Duméril
and Bibron 1938), exhibits a pronounced seasonal cycle of activity/
inactivity. During spring and summer, tegus are diurnally active
(Klein et al., 2006). As winter approaches, animals retreat to
underground burrows and actively suppress metabolism (Lopes and
Abe, 1999; Sanders et al., 2015) even though ambient temperatures
in winter in southeastern Brazil are relatively benign (tegu burrows
can reach ~17°C; Abe, 1995; Andrade et al., 2004; Sanders et al.,
2015). Investigations of seasonal energy metabolism, ventilation
and cardiac morphology in tegus have focused on the underlying
mechanism(s) of metabolic suppression (Abe, 1983; Andrade and
Abe, 1999; de Souza et al., 2004; Milsom et al., 2008; Toledo et al.,
2008; da Silveira et al., 2013) and have elucidated reduced thermal
sensitivity of metabolic rate in dormant tegus (Abe, 1995; Milsom
et al., 2008; Sanders et al., 2015). Therefore, this species is
especially important as a model for investigating fi; baroreflex
responses independent of temperature because it may undergo
changes in cardiovascular autonomic balance across seasons.

In the present study, we hypothesize that the metabolic reduction
of winter-acclimated S. merianae decreases fi; baroreflex sensitivity
along with the suppression of other cardiovascular variables in
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List of symbols and abbreviations

fy heart rate

PAP pulsatile arterial pressure

Pp diastolic pressure

PE phenylephrine

Pua mean arterial blood pressure
Ps systolic pressure

RPP rate-pressure product

SNP sodium nitroprusside

comparison to the spring—summer-acclimated animals at the same
ambient temperature (~25°C). To this end, peripheral injections of
sodium nitroprusside (SNP), a vasodilator, and the o1-adrenergic
agonist phenylephrine (PE), a vasoconstrictor, were performed to
evaluate the reflex responses of fy against changes in blood
pressure. In addition, adrenergic and cholinergic tones on the heart
were determined, and a full autonomic blockade was performed to
test the relative role of sympathetic and parasympathetic modulation
on the tegu f;; response to hypotension and hypertension. In
addition, the underlying influences of o- and B-adrenergic receptors
in the tegu cardiovascular system were measured.

MATERIALS AND METHODS

Animals

Experiments were conducted on unanaesthetized tegu lizards
S. merianae. Tegus of both sexes had been captive bred at the
Jacarezario, Sao Paulo State University, in Rio Claro, Sao Paulo state
(IBAMA permit no. 02001-000412/94-28 and SISBIO-ICMBio/n.
26677-1). Different young animals, during their second year cycle,
were used for the spring—summer (from October to February;
586.2+72.2 ¢ body mass) versus the winter (July; 392+30.67 g)
experiments, which were performed in two consecutive years. At least
3 weeks before the experiments were initiated, animals were group-
housed indoors in plastic boxes (70x70x100 cm) lined with wood
shavings and containing PVC tubes for sheltering. During the spring—
summer season, tegus were maintained under a natural photoperiod and
fed with chicken eggs and fruits three times per week until 7 days
before surgery. Water was available ad libitum. A source of heat for
thermoregulation was provided by a heating lamp programmed to turn
onat09:00 h and turn off at 17:00 h, except for the week before surgery.
Temperatures varied from 23-25°C (lamp off) to 33-35°C (lamp on).
During winter months, tegus were maintained in darkness at 23-25°C
with no source of heat and no food. These animals, even in captivity,
voluntarily stop eating at the beginning of winter (K.C.B., personal
observations; Andrade and Abe, 1999; de Souza et al., 2004). This
study was conducted with the approval of the local ethical committee of
Sao Paulo State University (CEUA; protocol no. 021802-07).

Drugs

SNP (nitric oxide donor), PE (agonist of a-1 adrenergic receptors),
atropine (antagonist of muscarinic receptors), sotalol (antagonist of
B-adrenergic receptors), prazosin (antagonist of ol-adrenergic
receptors) and isoproterenol (agonist of B-adrenergic receptors)
were purchased from Sigma (St Louis, MO, USA). All drugs were
dissolved in sterile saline.

Surgery

Lizards were anaesthetized with 5% isoflurane in 100% oxygen, via
face mask, in an open circuit. After induction, the trachea was intubated
with an endotracheal tube inserted through the mouth; the endotracheal
tube was fitted for the animal’s trachea. Isoflurane (~1 Vol%) was
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Table 1. Resting cardiovascular and baroreflex variables derived from
sigmoidal baroreflex—heart rate (f;) curves generated after bolus
injections of phenylephrine and sodium nitroprusside (Eqn 1) for
spring—summer- and winter-acclimated tegus, Salvator merianae

Spring—
summer Winter
Resting variables
Pua (kPa) 5.14+0.38 5.06+0.56
f, (beats min~") 13.3£0.82 10.3+0.81*
RPP (kPa min™") 86.0+10.5 70.6+x12.4
Baroreflex variables
Minimum f,, (beats min~") 11.2+0.65 7.97+0.88*
Maximum f (beats min~") 35.9+2.10 33.5£5.43
f., range (beats min~") 24.7+1.97 25.5+4.67
R? 0.92+0.02 0.86+0.06
Slope coefficient 10.7+1.21 10.2£1.63
(beats min~" kPa™")
Puaso (kPa) 3.38+0.17 3.86+0.29
Gso (beats min~" kPa™") 20.1+3.21 17.4+4.56
Normalized gain (% kPa™") 94.3+10.7 138.7+30.3

*Indicates a significant difference between seasons (Student’s t-test; P<0.05).
Pya, mean arterial blood pressure; RPP, rate-pressure product; R?, coefficient
of determination; slope coefficient, slope of the linear portion of the curve;
Pwua s0. mean arterial blood pressure at the midpoint of the curve; Gs,
maximum gain. Winter (N=5); spring—summer (N=11).

delivered with 0.51min~! oxygen flow from an agent-specific
vaporizer (VetCase, Brasmed, S3o Paulo, Brazil). The depth of
anaesthesia was monitored during the surgical procedure by
maintaining  breathing  frequency at 1-2 breaths min=!. A
polyethylene cannula (Clay Adams, Parsippany, NJ, USA) made
from a connection between a PE-10 cannula and a PE-50 cannula filled
with heparinized 0.9% NaCl solution (100 iu. ml~' heparin) was
occlusively inserted into the femoral artery for the measurement of
pulsatile arterial pressure (PAP). The same procedure was followed to
cannulate the femoral vein for drug injections. After surgery, animals
received intramuscular injections of an analgesic (flunixin meglumine;
I mgkg™") and an antibiotic (enrofloxacin; 5mgkg™") agent
according to recommended dosages for reptiles (Martinez-Jimenez
and Hernandez-Divers, 2007; Mosley, 2011). After recovery from
anaesthesia, each animal was individually placed in an experimental
chamber, where it was kept for a minimum of 24 h without disturbance
until the beginning of the experimental procedure.

Measurements of blood pressure and heart rate

The arterial cannula was connected to a pressure transducer (TSD
104A, Biopac Systems, Santa Barbara, CA, USA) calibrated against
a mercury column. The signal from the pressure transducer was
collected by an acquisition system (Biopac Systems model MP
100A-CE). Heart rate was derived from the PAP signal and mean
arterial blood pressure (Py;a) was calculated as Pyja=Pp+1/3(Ps—
Pp), where Pp is the diastolic pressure and Pg is the systolic
pressure. Rate-pressure product (RPP), as a measure of myocardial
activity, was calculated as f;;xPgs (kPa min™").

Experimental protocols

All experiments were conducted in tegus at an ambient temperature
0f25.5°C+£1.5°C, measured by a temperature sensor connected to an
acquisition system (Biopac Systems model MP 100A-CE). After a
30-40 min basal recording of PAP, 0.5 mlkg™' of saline was
injected into the femoral vein to verify the possibility that the
injection per se may influence Py;5 and fy. Serial increasing doses
of SNP (2.5, 5.0, 10.0 and 25.0 ug kg~') and PE (5.0, 10.0, 25.0 and
50.0 ug kg™!) were then injected (0.25 mlkg=! followed by
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0.25 ml kg™! of saline during 1 min). Each dose was injected only
after the recorded cardiovascular variables had returned to the pre-
injection values. This baroreflex protocol was performed in both
spring—summer- and winter-acclimated animals. Because no
difference in baroreflex sensitivity was observed between groups
(Table 1), the pharmacological autonomic blockade of the fi; reflex
responses was only performed in spring—summer tegus. To this end,
atropine (1.5 mgkg™!; muscarinic antagonist) plus sotalol
(6.0 mg kg™'; B-adrenergic antagonist) were injected before PE
(25.0 pg kg™!) or SNP (10.0 ug kg™'). Spring—summer animals
were further tested to verify the influence of al- and B-adrenergic
receptors on P4 and fi; (the mechanism that underlies the
hypertensive response to PE, the tachycardic response to
isoproterenol, as well as the effectiveness of drugs): (1) injection
of prazosin (0.2 mgkg™'; ol-adrenergic antagonist) alone or
combined with PE (25.0 pg kg™!) and (2) injection of sotalol
(6.0 mg kg~!) alone or combined with isoproterenol (2.5 pg kg~!;
B-adrenergic antagonist). All doses were chosen on the basis of
preliminary experiments and previous reports on reptiles (Altimiras
et al., 1998; Skovgaard et al., 2005; Hagensen et al., 2010).

Analysis of the baroreflex

fu1 (beats min~!) was plotted against Py (kPa) data for each serial
increasing dose of SNP and PE for each individual animal. The
relationship between Py and fi; for each tegu was analyzed using
a four-variable sigmoidal logistic function as described previously
by Reid (1996):

(4 -D)

=17 (Pan/C)°

+ D, (1)

where A4 is the maximum f; (beats min~"), D is the minimum f;; of
the curve, B is the slope coefficient (beats min~! kPa™"), and C'is the
P14 at the midpoint of the fi; range (Pya_so; kPa), which represents
the set-point of the baroreflex. The range of the baroreflex was
calculated as the difference between the maximum and minimum fi
(A=D). The maximum gain (Gso; in beats min~' kPa~!) of the
curve, which occurs when Py5 equals C, was determined by taking

A B
SNP
v

PAP (kPa)

Pua (kPa)

fy (beats min-1)

i ST PP ot

[eo)
1
E

PE
v

the first derivative of the Eqn 1 resulting in the gain equation below:

—B(A4—-D
GSOZ%'

)
In addition, to establish meaningful comparisons between groups
(spring—summer versus winter), gain was normalized by
recalculating it as the percentage change in fy per unit change in
Pya relative to the minimum heart rate (D) (Berger et al., 1980;
Altimiras et al., 1998):

3)

Calculation of adrenergic and cholinergic tones

The adrenergic and cholinergic tones on the heart were calculated
based on the cardiac interval (1/fi; in s) derived from the Pg pulse.
For this, changes in the cardiac interval induced by atropine
(1.5 mg kg™") or sotalol (6.0 mg kg™") were expressed relative to
the intrinsic cardiac interval obtained after full autonomic blockade
(atropine+sotalol) of the heart (Altimiras et al., 1997).

Statistical analysis

Data are shown as means=s.e.m. The effect of the pharmacological
treatments on Pygs and fy between winter and spring—summer
animals was analyzed through two-way repeated-measures ANOVA
(factors: PE or SNP serial doses and season), and the differences
among means were assessed by Tukey’s post hoc test. A two-way
ANOVA was used to compare adrenergic and cholinergic tonus
between seasons. The effect of season on resting Py and fi; as well
as on all baroreflex parameters derived from sigmoidal baroreflex—
fu curves was analyzed through a Student’s r-test. The full
autonomic blockade on baroreflex responses and the influence of
ol- and B-adrenergic receptors on Pys and fi; were analyzed
through one-way ANOVA or one-way repeated-measures ANOVA
(factor: treatment), respectively, and the differences among means
were assessed by Tukey’s post hoc test. Means were considered to
be different at P<0.05.

Fig. 1. Pulsatile arterial blood pressure
(PAP), mean arterial blood pressure
(Pma) and heart rate ( f) of original traces
from a spring—summer-acclimated tegu,
Salvator merianae. Intravenous injections
of phenylephrine (PE; 25.0 ug kg"1) and
sodium nitroprusside (SNP; 10.0 ug kg™ ")
before (A) and after (B) full autonomic
blockade with atropine (1.5 mg kg™") and
sotalol (6.0 mg kg™"). Arrowheads indicate
the moment of injections.

SNP
v

S

5 min
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RESULTS

Mean resting cardiovascular parameters for spring—summer and
winter tegus are shown in Table 1. No significant seasonal
difference in Py was observed (P=0.91), whereas fy was
significantly lower during winter (P=0.039).

Fig. 1A depicts original traces of PAP of a tegu exhibiting a
typical tachycardic reflex response to reduction in Py after
injection of SNP (10.0 ug kg™"), and an increase in Py5 after a
bolus injection of PE (25.0 pg kg™!). In contrast to a prominent
tachycardia induced by hypotension, hypertension caused a very
small bradycardia. In Fig. 1B, an abolition of reflex changes of fy; is
shown after animals’ pre-treatment with atropine and sotalol (full
autonomic blockade).

PE caused significant increases in Py in both winter and spring—
summer animals (effect of treatment: P<0.001; Fig. 2A). The

50 A 50 B
A
A
40 40
- AA
|
£
£ 30 30
@
8 20 20
S
I
* 10 10 2
0 0

I Spring—summer
Il Winter

2.5

2.5

Fig. 2. Haemodynamic effects of
pharmacological manipulation of Py,
in spring—-summer- and winter-
acclimated tegus, S. merianae, by
injections of SNP and PE. Effect of
different doses of (A,B) PE and

(C,D) SNP on Py and f in winter (N=5;
blue) and spring—summer tegus (N=11;
red). Different uppercase (lowercase)
letters indicate a significant effect of
drugs in winter (spring—summer) tegus
(P<0.05; Tukey’s test). Data are means+

s.e.m.

5.0 10.0 25.0

50 100
SNP (ug kg™)

25.0

hypertensive effect of PE did not differ between groups (P=0.38).
Additionally, PE caused a small reflex bradycardia for all doses
tested in spring—summer (P<0.001; Fig. 2B), and for the two higher
doses (10.0 and 25.0 pug kg™!) in winter animals (P<0.05; Fig. 2B);
winter animals reached significantly lower values for reflex
bradycardia compared with spring—summer (P<0.01).

SNP induced a significant decrease in Py, at all doses tested in
spring—summer animals (effect of treatment: P<0.001; Fig. 2C).
During winter, only the two higher doses of SNP (10.0 and
25.0 ug kg~!) decreased Pyx (P<0.001). The hypotensive effects of
SNP were always followed by tachycardia in both groups (P<0.001;
Fig. 2D), although spring—summer animals showed higher values
(effect of season: P=0.026).

Fig. 3 depicts the responses to changes in Py with PE and SNP
in baroreflex—fi; curves at the two groups for each animal and the

10 12 0o 2 4

C
50 -@ Spring—summer
-4 Winter
40
30
20
4 10
0
6 8 10 12 0 2 4 6 8 10 12
Pua (kPa)

Fig. 3. Individual and mean baroreflex curves of spring-summer- and winter-acclimated tegus, S. merianae. Shown are curves of each animal for

(A) spring—summer and (B) winter groups, and (C) mean (+s.e.m.) baroreflex curves for both groups at ~25°C. Blue triangles and red circles represent winter
(N=5) and spring—summer (N=11) groups, respectively. In C, the relationship between P\, and f; was generated from the mean values of the curve-fit parameters
for each animal (see Table 1). Resting f,; and Py, are represented by an open triangle (winter) and an open circle (spring—summer).
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Fig. 4. Calculated autonomic tones on the heart of resting spring—
summer- and winter-acclimated tegus, S. merianae. Regardless of
acclimation, the cholinergic tone was always higher than the adrenergic tone;
however, winter tegus (N=3) exhibited higher cholinergic tone than spring—
summer tegus (N=5). Different uppercase letters indicate a significant
difference between cholinergic and adrenergic tone, and different lowercase
letters indicate a significant difference between winter and spring—summer
groups (P<0.05; Tukey'’s test). Data are meansts.e.m.

mean Pyy4/fi relationships. The coefficients of determination (R?)
of'the mean curves were 0.92+0.02 (spring—summer) and 0.86+0.06
(winter), indicating that 92% and 86% of the f}; variations in the
respective seasons are explained by Py changes. In addition,
resting f}; values were at the low end of the reflex curves. As for the
baroreflex parameters derived from sigmoidal baroreflex—y curves,
the maximal fy, the slope of the linear part of the curve, the Py;4 at
the midpoint in the fi; range, the maximal gain and the normalized
gain were not different between groups (Table 1). In contrast,

minimum fi; was significantly higher during spring—summer
compared with winter tegus (P=0.013; Table 1).

Cholinergic and adrenergic tones on the heart in winter and
spring—summer tegus are shown in Fig. 4. Resting and undisturbed
tegus from both groups were characterized by a large cholinergic
tone (winter: 122+9.2%; spring—summer: 62.3+11.9%) in
comparison to a low adrenergic tone (winter: 31.5+14.1%;
spring—summer: 31.3£4.6%; P<0.001). Winter animals had the
highest parasympathetic modulation of fi; (P=0.015).

Pharmacological autonomic blockade attenuated the reflex
bradycardia (P<0.05; Fig. 5B) and further increased Py
(P<0.01; Fig. 5A) after PE injection. Reflex tachycardia induced
by hypotension was completely inhibited in those animals
pretreated with atropine plus sotalol (P<0.001; Fig. 5D); in
contrast, there was no change in hypotensive effect evoked by
SNP (P=0.06; Fig. 5C).

The antagonism of ol-adrenergic receptors with prazosin alone
(0.2 ug kg™!) did not decrease Pya (P=0.16), but inhibited the
hypertensive effect induced by PE (25.0 ug kg~', P<0.001;
Fig. 6A); prazosin did not change fi; (P=0.56; Fig. 6B).
Antagonism of B-adrenergic receptors with sotalol had no effect
on resting Py or fiy (P=0.36; Fig. 6C,D); however, it was able to
inhibit the great B-adrenergic stimulation on the heart induced by
isoproterenol (P<0.001; Fig. 6D).

DISCUSSION

The main findings of the present study are that resting winter tegu
lizards, even exhibiting lower f;; and higher cardiac parasympathetic
tone, maintain unchanged f;; baroreflex sensitivity in comparison
with spring—summer animals at the same temperature (~25°C);
moreover, both winter and spring—summer tegus have higher vagal
over sympathetic tone on the heart, allowing them to mount a
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30 0 c
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5 ”
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Fig. 5. Changes in Py and fi, of spring—summer-acclimated tegus, Salvator merianae before and after full autonomic blockade effect in hypotension

and hypertension. Shown are changes in (A,C) Py and (B,D) f, after i.v. injections of saline (vehicle), PE (25.0 ug kg™") and SNP (10.0 ug kg~") before and after
full autonomic blockade with atropine (1.5 mg kg~") and sotalol (6.0 mg kg™ ") (N=7). Values indicated by different letters are significantly different from each other

as determined by Tukey’s test. Data are meansts.e.m.
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pronounced reflex tachycardia against hypotension over a negligible
bradycardia against hypertension.

Resting cardiovascular variables and seasonal variation

In winter tegus, fi; was ~23% lower than in spring—summer tegus at
the same temperature (Table 1), which is in agreement with a higher
parasympathetic drive on the heart (Fig. 4). Interestingly, it was
recently reported that tegus implanted with a telemetry ECG device
and kept under semi-natural conditions anticipate the winter season
through a gradual monthly decrease in fi; at constant body
temperatures (Sanders et al., 2015). Collectively, these results
indicate a certain degree of metabolic depression, which is
supported by observations in reptiles, including tegu lizards, of a
linear correlation between fi; and metabolic rate under steady-state
conditions (Butler et al., 2002; Piercy et al., 2015). Therefore, gas
exchange and fy; are seasonally adjusted to match the differing
steady-state metabolic demands (Andrade et al., 2004; Clark et al.,
2005; Piercy et al., 2015). In fact, hibernation in S. merianae is
characterized by an active metabolic reduction during the winter
season (Abe, 1983, 1995; Andrade and Abe, 1999; Lopes and Abe,
1999; de Souza et al., 2004; Sanders et al., 2015), which, in
southeastern Brazil, is synchronized with the driest phase of the
year. The rate of oxygen consumption reported for winter tegus can
be 32% lower than values reported for resting animals during the
active season at the same temperature (Abe, 1995).

Besides significant decrease in fi; in winter tegus, RPP (Table 1),
as a measure of myocardial activity (Glass et al., 1997; da Silva
et al., 2008), remained unchanged between spring—summer and
winter groups. Juvenile tegu lizards undergo cardiac hypertrophy
in anticipation of winter hibernation (da Silveira et al., 2013),
which could be a compensatory mechanism to maintain blood
pressure at low fy by sustaining stroke volume; however, the
maintenance of blood pressure during dormancy in tegu lizards
does not exclude a possible contribution from increased peripheral
vascular resistance. It is interesting to note that hibernating golden-
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Fig. 6. Influence of a1- and
p-adrenergic receptors on Py, and
a fy of spring—summer-acclimated
a tegus, S. merianae. (A,B) Intravenous
injections of saline (vehicle), prazosin
b (Praz; 0.2 mg kg™ "), PE (25 ugkg™") or
Praz+PE (N=7) on Py and f.
(C,D) Intravenous injections of saline
(vehicle), sotalol (Sot; 6.0 mg kg™"),
isoproterenol (Iso; 2.5 ug kg™") or
Sot+lso (N=4—7) on Py and f.
Values indicated by different letters are
significantly different from each other

T as determined by Tukey’s test. Data
are meansts.e.m.
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mantled ground squirrels (Callospermophilus lateralis) undergo an
~30% increase in the left ventricular chamber mass maintaining
extremely low fy, while stroke volume is significantly increased
(Nelson and Rourke, 2013). Heart hypertrophy has also been
reported in the Andean lizard, Liolaemus nigroviridis, during
hibernation (Naya et al., 2009). Therefore, adjustments in cardiac
function that allow lower f; and sustained blood pressure in winter
tegus remain to be explored in the context of heart hypertrophy in
anticipation of the winter season. Furthermore, a reduction in fy
without changes in blood pressure is also observed in aestivating
toads and lungfish at constant body temperature (Glass et al., 1997;
Bicego-Nahas et al., 2001; da Silva et al., 2008), which might
indicate a pattern of cardiovascular regulation in ectotherms that
face seasonal metabolic reductions such as hibernation and
aestivation.

Baroreflex control of f; and seasonal variation

The reflex responses of f}; against changes in blood pressure in tegus
were accessed by pharmacological manipulation of arterial pressure,
which is a common method of studying baroreflex in vertebrates
(Bagshaw, 1985; Altimiras et al., 1998; Crossley et al., 2003;
Hagensen et al., 2010). Although this ‘closed-loop study’ tends to
overestimate the reflex sensitivity, it offers the advantages of both
being performed with minimal instrumentation on unanaesthetized
animals and providing an integrated response caused by activation
of all relevant receptors (Altimiras et al., 1998; Crossley et al., 2003;
Hagensen et al., 2010). This was an appropriate study to be
performed in tegus because the baroreceptor locations as well as
their characterization have not previously been demonstrated in
these animals.

Even at reduced metabolic rate, suggested by smaller resting fi; in
our winter tegus, fi; baroreflex sensitivity appeared to be preserved.
In semi-natural conditions, the abandonment of thermoregulatory
behaviour and the commitment to dormancy during winter in tegus
allow body temperature to decline to an ambient temperature of
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approximately 17°C (Abe, 1995; Andrade et al., 2004; Sanders
etal., 2015). At that point, lower body temperatures could affect the
central nervous system’s capacity for regulating the cardiovascular
system, thereby preventing tegus from responding to hypotension,
as is seen in other ectotherms such as caimans (Hagensen et al.,
2010), turtles (Crossley et al., 2015) and toads (Zena et al., 2015),
where low temperature decreases fi; baroreflex sensitivity. Overall,
these data indicate that seasonal variations in baroreflex sensitivity
of S. merianae in the field, should they exist, are likely explained by
differences in body temperature during the different seasons rather
than an endogenous seasonal cycle of cardiovascular control.

Salvator merianae showed a clear tachycardic response to
decreases in blood pressure with SNP, whereas PE-induced
hypertension caused a negligible bradycardia in both winter and
spring—summer tegus. The observed low resting f; positioned at the
low end of the baroreflex curves is compatible with the presence of
low sympathetic and high parasympathetic drives on the heart. This
is supported by a great increase in fi; induced by sympathetic
activation in response to hypotension, which was confirmed by
abolition of the reflex tachycardia after B-adrenergic blockade.
Accordingly, the minimal bradycardia induced by PE hypertension
is compatible with an already high parasympathetic drive operating
on the heart (Fig. 4) that prevents these animals from further fy
reductions in response to increases in blood pressure. In fact, many
species of undisturbed and resting reptiles are normally
characterized by high vagal tone on the heart (Taylor et al., 2014).

The reduced ability of tegus to decrease fy; in response to high
pressures raises the question of why some ectotherms defend
hypotension more than hypertension. Studies on anurans have
recently demonstrated the presence of a specialized lymphatic
system that has the ability to return excessive transcapillary fluids
back to the venous system and thereby maintain blood volume
homeostasis; these animals are capable of lymph fluid formation 10
times higher than mammals (Hedrick et al., 2007; Hillman et al.,
2010). Therefore, the importance of baroreceptors for defending
against increases in blood pressure seems not to be the case for
anurans (Hedrick et al., 2015; Zena et al., 2015). Like anurans, tegus
have cardiac ventricles that are anatomically and functionally
undivided, and hence there is no pressure separation within the
ventricle (Jensen et al., 2014). At least in the turtle Chrysemys picta,
which also has a three-chambered heart, the net loss of plasma
through the lung capillaries accounts for 10 to 20 times greater flow
than in mammals because of a high pulmonary arterial blood
pressure, a variable pulmonary blood flow and/or low plasma
colloid osmotic pressure (Zweifach and Intaglietta, 1971; Burggren,
1982). In tegus, the absence of a meaningful bradycardic response
against hypertension may expose their pulmonary capillaries to a
relatively higher pressure, increasing the rate of fluid formation,
which might be avoided by a protective mechanism, such as the
lymphatic system. Among ectothermic reptiles, besides the presence
of lymphatic vessels and lymph heart structure, which have been
identified in some snakes, lizards, turtles and crocodilians, there is
not sufficient information available regarding the function of this
system in fluid volume homeostasis (for a review, see Hedrick et al.,
2013). More studies are necessary to clarify the effect of lymph
mobilization capacity on blood pressure homeostasis in reptiles.
Besides this mechanism, one cannot rule out the possibility of vagal
activity increasing pulmonary vascular resistance (Burggren, 1977;
Milsom et al., 1977; Taylor et al., 2009), which could shunt blood
away from the lungs during hypertensive episodes.

The normalized baroreflex gain in tegus (spring—summer:
94% kPa~!; winter: 139% kPa~!; Table 1) is similar to that of

another squamate, the lizard 7. rugosa (98% kPa~'; Berger et al.,

1980), at the same temperature (~25°C), but is higher than that
observed in anurans (ranging from 33.6 to 46% kPa~!; temperature
range: 21-25°C; Hedrick et al., 2015; Zena et al., 2015). Thus, in
comparison with the anurans, the higher fj; baroreflex sensitivity of
these lizards may be related to their higher Py, and lower fy
(Crossley et al., 2003).

The presence of al-adrenoreceptors in the vasculature of tegus
with a vasoconstrictor function as described for mammals and other
reptiles (Overgaard et al., 2002; Breno et al., 2007) was revealed by
the blockade of the hypertensive effect of PE by the al-adrenergic
antagonist prazosin (0.2 mg kg™! i.v.). We also tested two other
doses of prazosin (0.5 and 1 mgkg™!; data not shown) in a few
animals, and similar results on Py were observed, in addition to a
long-lasting inhibition of the PE effect up to 4 h. Thus, resting S.
merianae seems not to have a net ol-adrenergic tone in its
vasculature, at least under our experimental conditions. Regarding
B-adrenergic receptors, the pharmacological stimulation with
isoproterenol increased fi; more than threefold from saline values
(~227% increase), which was almost completely blunted by
previous injection of sotalol, a response mediated by B-adrenergic
receptors on the heart. In resting tegus with low f, B-adrenergic
blockade did not further reduce it; a result similar to that observed in
awake and fully recovered rattlesnakes, which have a high
parasympathetic tone on the heart (Campbell et al., 2006).

In summary, contrary to our initial hypothesis, the South
American tegu S. merianae, known to have an annual cycle of
metabolic change, seems to maintain relatively unchanged fy
baroreflex sensitivity at a temperature-independent low metabolic
state. Even with lower resting fi; and higher vagal tone on the heart,
the preserved baroreflex response of fi; in winter tegus may be
related to a cardiac hypertrophy (da Silveira et al., 2013) and, thus,
the maintenance of cardiac activity. Independent of acclimation, the
predominant tachycardic response against hypotension, similar to
what happens in anurans (Zena et al., 2015), crocodilians (Altimiras
et al., 1998; Hagensen et al., 2010) and mammals (Crestani et al.,
2010), indicates a possible pattern of baroreflex regulation in
tetrapods. Finally, the absence of a meaningful bradycardic
response to hypertension might account for the presence of an
efficient lymphatic system that pulls back transcapillary fluid loss
into the venous system, avoiding lung oedema, a mechanism that
remains to be explored in reptiles.
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ABSTRACT

Savannah monitor lizards (Varanus exanthematicus) are unusual
among ectothermic vertebrates in maintaining arterial pH nearly
constant during changes in body temperature in contrast to the
typical o-stat regulating strategy of most other ectotherms. Given the
importance of pH in the control of ventilation, we examined the CO,/H*
sensitivity of neurons from the locus coeruleus (LC) region of monitor
lizard brainstems. Whole-cell patch-clamp electrophysiology was used
to record membrane voltage in LC neurons in brainstem slices. Artificial
cerebral spinal fluid equilibrated with 80% O, 0.0—10.0% CO,, balance
N,, was superfused across brainstem slices. Changes in firing rate of
LC neurons were calculated from action potential recordings to quantify
the chemosensitive response to hypercapnic acidosis. Our results
demonstrate that the LC brainstem region contains neurons that can
be excited or inhibited by, and/or are not sensitive to CO, in
V. exanthematicus. While few LC neurons were activated by
hypercapnic acidosis (15%), a higher proportion of the LC neurons
responded by decreasing their firing rate during exposure to high CO,
at 20°C (37%); this chemosensitive response was no longer exhibited
when the temperature was increased to 30°C. Further, the proportion of
chemosensitive LC neurons changed at 35°C with a reduction in CO,-
inhibited (11%) neurons and an increase in CO,-activated (35%)
neurons. Expressing a high proportion of inhibited neurons at low
temperature may provide insights into mechanisms underlying the
temperature-dependent pH-stat regulatory strategy of savannah
monitor lizards.

KEY WORDS: Chemosensitivity, Brainstem, CO, inhibition,
Ventilation, Ectothermic vertebrates, pH regulation

INTRODUCTION

Regulation of intracellular and extracellular pH is a fundamental
homeostatic requirement for vertebrates. Animals primarily
compensate for perturbations to acid—base status of metabolic
origin by adjusting the depth and rhythm of breathing through a
negative feedback loop where O,, CO, and pH are the main signals
for ventilatory adjustments (Sundin et al., 2007). The negative
feedback system that drives ventilation has been mainly elucidated in
mammals that tightly regulate arterial pH. Specifically, chemosensory
structures are well defined and the cellular mechanisms underlying
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chemosensitivity have been extensively studied in mammals
(Guyenet and Bayliss, 2015; Hartzler and Putnam, 2009,
Huckstepp and Dale, 2011), where the CO,/pH-sensitive
brainstem areas involved in respiratory chemosensing are located
in regions surrounding the fourth ventricle (Coates et al., 1993;
Huckstepp and Dale, 2011).

Chemosensitive regions contributing to the control of breathing
have not been identified in reptiles. Nevertheless, at least one
chemosensitive region, the locus coeruleus (LC), has been
described in amphibians (toads and bullfrogs: Noronha-de-Souza
et al., 2006; Santin and Hartzler, 2013) and mammals (reviewed in
Hartzler and Putnam, 2009 and Gargaglioni et al., 2010), suggesting
that CO,/pH chemosensitivity of the LC may be conserved across
air-breathing vertebrates. Anatomical studies have identified
noradrenergic cells of the LC in a variety of reptiles (Kiehn et al.,
1992; Lopez et al., 1992; Smeets and Gonzalez, 2000; Wolters
etal., 1984), including savannah monitor lizard brainstems (Wolters
et al., 1984), showing tyrosine hydroxylase-containing cell bodies
in the LC neurons as observed in anurans and rats (Biancardi et al.,
2008; Noronha-de-Souza et al., 2006).

Temperature is an important variable affecting nearly all
physiological processes, including neuronal activity, ventilation,
cardiovascular function, metabolic rate and central chemoreception,
among others, in ectothermic vertebrates (Bicego-Nahas and
Branco, 1999; Branco et al.,, 1993; Branco and Wood, 1993;
Santin et al., 2013; Stinner et al., 1998; Wood et al., 1977; Zena
et al., 2015). In order to deal with environmental fluctuations of
temperature, many vertebrates have developed autonomic,
biochemical and behavioral strategies to handle changes in
temperature. Despite these strategies, ectotherms can face large
fluctuations in body temperature (7},) that can introduce metabolic
acid—base regulatory challenges for ectotherms (Stinner et al.,
1998), and given the fundamental importance of pH regulation, we
expect that ectothermic vertebrates would have a well-defined set of
mechanisms to compensate for the effects of temperature on acid—
base balance (da Silva et al., 2013). Therefore, regulation of pH
requires an ability to sense pH perturbations within the brain and
peripheral sites and to adjust the depth and rhythm of breathing to
appropriately regulate temperature-dependent pH. For example,
ventilatory requirements for acid-base balance in anuran
amphibians vary proportionally with temperature (Branco et al.,
1993; Gottlieb and Jackson, 1976; Mackenzie and Jacson, 1978;
Santin et al., 2013; Tattersall and Boutilier, 1999a,b). Bullfrogs
exhibit large ventilatory, central and cellular responses to CO, at
high temperatures (>25°C), but no ventilatory, central or cellular
chemosensitivity at low temperatures (10°C; Bicego-Nahas and
Branco, 1999; Morales and Hedrick, 2002; Santin et al., 2013).
Thus, the cellular basis for central chemoreception matches the
ventilatory requirements of acid—base regulation of bullfrogs across
its temperature range.
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List of symbols and abbreviations
aCSF artificial cerebral spinal fluid
Cl chemosensitivity index

HA hypercapnic acidosis

LC locus coeruleus

Q1o effect of temperature

Ty body temperature

v/ membrane voltage

Central chemoreceptors that induce changes in ventilation
represent the principal sensory elements in the negative feedback
loop that regulates pH, and, at least in bullfrogs, those
chemosensitive neurons are known to be sensitive to temperature
(Santin et al., 2013). Arterial pH is inversely related to temperature,
so an increase in 7}, decreases pH and, conversely, a decrease in T},
increases pH. For reptiles and amphibians, therefore, changes in T;,
entail regulated, inversely proportional acid—base balance through
adjusting ventilation; however, the temperature dependence of
arterial pH regulatory strategies varies more than an order of
magnitude between species of ectotherms (Scaphiopus couchii:
ApH/AT,=—0.03 U °C~! to Varanus exanthematicus: ApH/AT,=
—0.001 U °C~'; Withers, 1978 and Wood et al., 1977, respectively).
The o-stat regulatory strategy is assumed to be the normal acid—base
regulating mechanism among amphibians and reptiles, and posits
that pH is adjusted with temperature to achieve a constant
protonation state of critical histidine residues to maintain tertiary
protein conformation, thus maintaining cell function (Reeves,
1972); therefore, savannah monitor lizards, V. exanthematicus, are
unusual among air-breathing ectothermic vertebrates in maintaining
arterial pH nearly constant during changes in T}, (from —0.001 to
—0.003 U°C~!; Wood et al., 1977; Wood et al,, 1981). We
hypothesized that LC neurons from V. exanthematicus exhibit
depressed sensitivity to CO,/pH changes at cooler temperatures
because they retain CO, when cooled (Stinner et al., 1998). To test
this hypothesis, we used the whole-cell patch-clamp technique to
measure membrane voltage (V) and changes in action potential
firing frequency of LC neurons in brainstem slices from
V. exanthematicus upon exposure to hypercapnic acidosis (HA)
across a physiological range of temperatures.

MATERIALS AND METHODS

Brainstem slice preparation

Juvenile savannah monitor lizards, Varanus exanthematicus (Bosc
1792) (N=46; 62.8+6.09 g) of both sexes were housed in tanks with
access to basking areas for thermoregulation (temperature range:
25-48°C), exposed to 12 h:12 h light:dark cycles, and fed with
crickets and rat pups twice weekly to satiety, with water available
ad libitum. Experiments were approved by Wright State
University’s Institutional Animal Care and Use Committee.
Methods were similar to those previously described (Santin et al.,
2013). Lizards were anesthetized with isoflurane and, after the loss
of the toe and tail withdrawal reflex, animals were rapidly
decapitated. The head was submerged in 4°C artificial cerebral
spinal fluid (aCSF; see ‘aCSF preparation’, below, for composition)
equilibrated with 97.5% O, and 2.5% CO, and the brainstem was
dissected. Following dissection, the brainstem was adhered to an
agar block using cyanoacrylate glue then sectioned into ~400 um
transverse slices using a Vibratome tissue slicer (Leica
Microsystems Inc., Buffalo Grove, IL, USA). Slices containing
the LC were identified using topographical distribution as
previously described for V. exanthematicus (ten Donkelaar et al.,

1987). Brainstem slices containing the LC were given 1 h to recover
at room temperature in control aCSF equilibrated with 80% O,,
2.5% CO,, balance N, (pH ~7.6). Following recovery, a transverse
slice containing the LC was transferred to a polyethylene recording
chamber with a glass coverslip base, immobilized with a nylon grid,
and superfused with aCSF at a rate of ~2.5 ml min~".

Temperature control

The temperature of the chamber was controlled with a Warner
Instruments bipolar temperature controller (model CL-100,
Hamden, CT, USA). The measured temperature of the bath varied
+1°C depending on the location of the thermocouple. To ensure
precise temperature measurements at the exact location of the slice,
the thermocouple was placed where the slice would be positioned
during the experiments, and the objective was kept in touch with the
bath to ensure that experimental temperatures were determined
under identical conditions prior to experiments.

aCSF preparation

aCSF was composed of (in mmol 17!): 134.0 NaCl, 5.0 KCI, 1.3
MgSO,, 10.0 p-glucose, 26.0 NaHCO;, 2.4 CaCl, and 1.24
KH,PO, (Liu et al., 2006). Gases were mixed using an MFC-4 mass
flow controller and gas mixer (Sable Systems International, Las
Vegas, NV, USA) and continuously diffused in aCSF. Control aCSF
at 20°C (pH 7.61), 30°C (pH 7.66) and 35°C (pH 7.68) was
equilibrated with 80% O,, 2.5% CO,, balance N,. The solubility of
gases is inversely related to temperature, so the expected increase in
pH of aCSF with cooling was countered by a decrease in pH due to
an increase in dissolved CO,. Hypercapnic aCSF was identical to
control aCSF except that CO, was elevated to 7% or 10%,
displacing N,, depending on the experimental protocol. The pH
changes during HA with 7% CO, were similar at all temperatures
(ApH from control aCSF at 20, 30 and 35°C was 0.29, 0.29 and 0.28
pH units, respectively). The ApH from control aCSF solution at
20°C during HA with 10% CO, and during hypocapnia (0% CO,)
was 0.44 and 1.02 pH units, respectively.

Electrophysiological recordings

Whole-cell patch-clamp recordings were obtained as previously
described (Santin et al, 2013). Briefly, micropipettes with
resistances of 4-7 MQ were back-filled with mock-intracellular
solution (composition in mmol 17!: 110 potassium gluconate, 2
MgCl,, 10 Hepes, 1 Na,-ATP, 0.1 Na,-GTP, 2.5 EGTA; pH 7.2)
and placed over a AgCl,-coated Ag wire connected to an Axon
Instruments CV 203BU headstage (Molecular Devices, Sunnyvale,
CA, USA). The slice was visualized at 4x magnification with a
Nikon FNI1 fixed stage microscope (Nikon, Elgin, IL, USA) using
NIS-Elements imaging software (Nikon). The LC was identified by
its bilateral location adjacent to the fourth ventricle (for anatomy,
see references in ‘Brainstem slice preparation’, below). Individual
neurons of interest were visualized at 60% magnification prior to
recording. A 10 ml syringe was connected to the headstage and was
used to apply positive pressure through the pipette tip in order to
keep the tip free of debris. A micromanipulator (Burleigh PCS 5000,
Thorlabs, Newton, NJ, USA) was used to position the pipette
adjacent to the neuron of interest and the pipette offset was zeroed
prior to entering the on-cell configuration to ensure accurate Vi,
measurements. Positive pressure was removed and suction was
applied until a >1 GS seal was obtained between the pipette tip and
cell membrane in the on-cell configuration. Further gentle negative
pressure was applied to rupture the seal and obtain whole-cell
electrochemical access to the neuron. Changes in V,,, were recorded
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in current-clamp mode (Axopatch 200 B integrating patch-clamp
amplifier, Molecular Devices) and collected using Molecular
Devices P10 Clampex software. Current-clamp recordings were
analyzed off-line using pCLAMP software (Molecular Devices).

Experimental procedures

Determination of LC chemosensitivity

As a general procedure, LC neurons were exposed to hypercapnic
aCSF to determine CO,/pH sensitivity. Upon entering the whole-
cell current-clamp mode, V;,, was recorded for 2—5 min under
control conditions, where aCSF was equilibrated with control gas
mixture (80% O, 2.5% CO,, balance N,) to establish baseline firing
rate. Neurons were then exposed to 7% CO, or 10% CO, for 5 min
to elicit changes in firing rate in response to HA and then returned to
control aCSF solution. Only neurons returning to near-control firing
rates following HA were included in the analysis. aCSF equilibrated
with control gas mixture was used to determine the baseline firing
rate and the CO, composition of the hypercapnic gas mixture was
increased to 7.0% and/or 10.0%, and/or decreased to 0%. Neurons
unresponsive after 5min of HA exposure in all described
experiments were considered non-chemosensitive. Neurons were
considered activated or inhibited by HA if their chemosensitivity
index (CI) was >120% or <80% than control firing rate,
respectively (Wang et al., 1998).

Effect of temperature on firing rate and chemosensitivity of LC
neurons

The preferred T, of V. exanthematicus is about 35°C based on their
behavioral preference in a thermal gradient (Hallman et al., 1990),
so to investigate the effect of temperature (35°C) on lizard
LC neurons, the chamber was heated to 35°C and maintained at
this temperature for the duration of the experiment. Using a
whole-cell current-clamp configuration, baseline firing rate was
recorded for 2-5min from LC neurons (N=26; N=12
chemosensitive, N=14 non-chemosensitive) in aCSF equilibrated
with control gas mixture (80% O, 2.5% CO,, balance N,), at 35°
C. Once control firing rates and V,, were established, the LC
neurons were exposed to 7% CO, for 3—5 min. Only neurons that
recovered firing rate and V7, after the return to control aCSF were
included in this dataset.

To determine the effect of both warming and HA on firing rate
and V., of LC, we varied the chamber solution from 20 to 30°C
(N=14). Well-sealed patches last longer at cooler temperatures, so
for these longer experiments we decreased the temperature at which
we held our slices. In whole-cell current-clamp mode, baseline
firing rate was recorded for 2—5 min from LC neurons in aCSF
equilibrated with control gas mixture (80% O,, 2.5% CO,, balance
N») at a lower temperature, 20°C. Once control firing rate and V,,,
were established, LC neurons were exposed to 7% CO, for 3—5 min.
Neurons that recovered firing rate and V7, after the return to control
aCSF were used in subsequent experiments and included in this
dataset.

The influence of warming on both firing rate and
chemosensitivity was investigated in a subset of LC neurons
(N=10 chemosensitive, N=4 non-chemosensitive). Once stable
firing rates of LC neurons at 30°C were recorded, temperature was
returned to 20°C and firing rate was allowed to return to near-initial
values at 20°C for at least 3 min; after this, a slow warm ramp to
30°C was again applied. Once the chamber temperature reached
30°C (in ~2 min), a new baseline firing rate at the new temperature
was established for ~2 min, and the neuron was exposed to 7% CO,
for 3-5 min at the higher temperature (N=7). Only neurons that
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recovered firing rate and V,,, after the return to control aCSF at 20°C
were included in this dataset.

Data analysis

All values are reported as means+s.e.m. Nine LC slices at 35°C
yielded nine neurons excited by HA, three inhibited by HA and 14
non-chemosensitive neurons. Fourteen additional slices recorded at
20°C had four excited, 20 inhibited and 13 non-chemosensitive
neurons. The mean firing rate in control, 7% or 10% CO,, and the
return to control (washout) are reported for 20°C; mean firing rate
during control, 7% CO, and washout are also reported for 30 and
35°C. A repeated measures analysis of variance (RM-ANOVA) was
used to determine differences among control, 7% or 10% CO,, and
washout neuronal firing rates at 20, 30 and 35°C. Percentage
changes in chemosensitivity (excited and inhibited LC neurons)
between 20 and 35°C were accessed by a Fisher’s exact test. The
magnitude of the response to HA was quantified as the CI, which
expresses the percentage change in firing rate due to HA normalized
for a pH change of 0.2 pH units. The effect of temperature on firing
rate during normocapnia was assessed by comparing the average
firing rate 1 min before warming with the first minute of average
firing rate once the new temperature was achieved. One-way
ANOVA followed by Tukey’s post hoc test were used to determine
firing rate differences among 0% (hypocapnia), 2.5% (control),
7.0% and 10.0% CO, (hypercapnia) values. A two-way RM-
ANOVA followed by Tukey’s post hoc test was used for evaluating
temperature effects on firing rate in chemosensitive and non-
chemosensitive LC neurons. A Student’s #-test was applied to
compare the effect of temperature (0, effect) on basal firing rate
between chemosensitive and non-chemosensitive LC neurons and
between recovery time from HA for excited and inhibited LC
neurons at 20 and 35°C. All graphics were made using GraphPad
Prism (GraphPad Software, San Diego, CA, USA) and statistical
analysis was carried out using SigmaPlot version 11. Significance
was accepted with P<0.05. Data were tested for unequal variance
and normality, and, when necessary, log transformation was
performed.

RESULTS
Chemosensitivity in savannah monitor lizard LC neurons
LC neurons in savannah monitor lizards exhibit chemosensitivity to
changes in CO,/H" (Fig. 1). Fig. 1A depicts the CI that was used to
categorize LC neurons as excited, inhibited or non-chemosensitive
in the savannah monitor lizards, while Fig. 1B shows the percentage
of each response type at 35°C. On exposure to HA (7% CO,) at
35°C, 35% (9/26) of the LC neurons increased their firing rate
(2.2240.57 versus 4.06+0.92 Hz; RM-ANOVA, P<0.01; Fig. 1C),
11% of'the LC neurons (3/26) showed an inhibitory response (1.24+
0.05 versus 0.09£0.09 Hz; RM-ANOVA, P<0.05; Fig. 1D) and
54% (14/26) were non-chemosensitive when exposed to HA (2.53+
0.27 versus 2.49+0.25 Hz; RM-ANOVA, P=0.38; Fig. 1E). HA
caused a significant depolarization in the cell membrane of excited
LC neurons at 35°C (—46.6+1.7 versus —41.4+2.0 mV; paired
t-test, P<0.05), while CO,-inhibited LC neurons had no significant
change in V,, (=47.1£4.1 versus —51.7+7.4 mV; paired r-test,
P=0.3). While there was a significant depolarization in the cell
membrane of non-chemosensitive neurons (—46.4£1.3 versus
—45.141.4 mV; paired #-test, P<0.01), the absolute change in V,,
was less in comparison to CO,-excited cells.

Although there was no apparent effect of a lower temperature
(20°C) on the magnitude of the chemosensitive response (two-way
ANOVA, P=0.3; Fig. 2A), LC neurons had a different distribution of
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v [

=== Excited
== Inhibited
== Non-chemosensitive

Fig. 1. Varanus exanthematicus locus coeruleus
(LC) neurons show three types of firing rate
response to hypercapnic acidosis (HA) at 35°C.
(A) Neurons were considered activated (or
excited), inhibited and non-chemosensitive
based on their chemosensitivity index (Cl).
Dotted lines delineate the Cl above and below
which neurons are classified as excited

(Cl >120% of baseline firing rate) or inhibited
(Cl <80% of baseline firing rate) by HA,
respectively. (B) The three types of
chemosensitive responses to HA are shown as a
percentage of chemosensitive and non-
chemosensitive LC neurons. (C) Firing rate
significantly increases upon exposure to 7%
CO, (N=9) in excited neurons (RM-ANOVA,
P<0.05). (D) In inhibited LC neurons, firing rate
significantly decreases upon exposure to 7%
CO, (N=3; RM-ANOVA, P<0.05). (E) Non-
chemosensitive LC neurons do not change their
firing rate upon 7% CO, exposure (N=14;
P=0.38). Different lowercase letters indicate
significant differences between treatments. Data
are means+s.e.m.
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responses to CO, (Fig. 2B). Most of the chemosensitive LC neurons
were inhibited by HA (10/27, 37% of total population; Fisher’s exact
test; P=0.047). Only 15% (4/27) of LC neurons were excited by HA,
but because baseline firing rate was so variable, a statistically
significant change was not observed during HA (RM-ANOVA,
P=0.13; Fig. 2C). If we normalize frequency, these excited neurons
expressed a significant increase of 116.8+15.5% in firing frequency
relative to baseline values (P=0.005, paired #-test; data not shown),
while inhibited neurons at 20°C had a control firing rate of 1.35+
0.38 Hz and HA decreased the firing rate to 0.33+0.20 Hz (RM-
ANOVA, P=0.013; Fig. 2D), returning (on washout) to a firing rate
near control values (1.09+0.41 Hz). Even when LC neurons to a
greater HA, induced with 10% CO, (N=7), firing rate still decreased
from 0.93+0.31 to 0.13+0.09 Hz, with washout firing rate
increasing to 0.51+0.11 Hz (RM-ANOVA, P=0.02; Fig. 2E).
Most (48%, 13/27) of the LC neurons in the savannah monitor
lizard at 20°C were unresponsive to HA (RM-ANOVA, P=0.08;
Fig. 2F). Additionally, the effect of hypocapnic exposure (0% CO,;
N=3) was not significantly different from that of HA with 2.5% CO,
(control CO,; N=10); however, firing rate during both hypocapnia
and control CO, was significantly different from that during
hypercapnia (7% and 10% CO,; one-way ANOVA, P<0.001;
Fig. 3). Furthermore, HA caused no change in ¥, of excited LC
neurons at 20°C (=51.6+9.1 versus —45.8+ 10.2 mV; paired #-test,
P=0.08) and a significant hyperpolarization in the V', of inhibited LC
neurons (—53.0+2.8 versus —58.6+£3.6 mV; paired #-test, P=0.007),
while non-chemosensitive neurons did not change V;, during

7% CO,

—

Washout

exposure to 7% CO, (—47.1£2.3 versus —46.6+ 2.7 mV; paired
t-test, P=0.5).

Influence of temperature on chemosensitive and non-
chemosensitive lizard LC neurons

In a separate set of LC neurons, we investigated the effects of
changing temperature while recording V;,,. Neurons inhibited by CO,
at 20°C were thermosensitive (N=10). Increasing the temperature
from 20 to 30°C caused an increase in firing rate from 0.79+0.23 to
3.66+0.63 Hz (RM-ANOVA, P<0.001; Fig. 4), and decreasing the
temperature back to 20°C slowed firing rate back down to 1.15
+0.45 Hz. Elevation in temperature from 20 to 30°C caused a
significant increase in ¥}, in those neurons that were chemosensitive
(CO, inhibited) at 20°C (—47.2+1.9 versus —40.5+1.8 mV; paired
t-test, P=0.001). Non-chemosensitive LC neurons (N=4) also
increased their firing rate from 0.90+0.23 Hz at 20°C to 3.0+
0.76 Hz at 30°C (RM-ANOVA, P<0.05; Fig. 4); firing rate slowed
down to 0.38+0.12 Hz after the return to 20°C with no significant
change in V,, (—47.4+2.5 versus —43.2+£3.8 mV; paired t-test,
P=0.08).

Chemosensitive (inhibited) LC neurons were returned to 30°C and
then exposed to HA (7% CO,) for 3—5 min (Fig. 5). The inhibited
pattern observed in chemosensitive LC neurons when exposed to
HA at 20°C (1.47+0.43 versus 0.33+0.12 Hz; N=10; RM-ANOVA,
P<0.01) was no longer observed at 30°C (2.88+0.59 versus 2.77+
0.67 Hz; N=7; RM-ANOVA, P=0.40) (Fig. 5A), and a diminished
membrane potential exhibited at 20°C during HA (—48.9+1.5 versus
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== Excited Fig. 2. Varanus exanthematicus LC neurons
2001 A B — ',GQ,',‘Z:}ﬁgmosensmve show three types of firing rate response to HA
at 20°C. (A) Neurons were considered activated
(or excited), inhibited and non-chemosensitive
based on their Cl. Dotted lines delineate the ClI
.................................... above and below which neurons are classified as
. excited (Cl >120% of baseline firing rate) or
.................................... inhibited (Cl <80% of baseline firing rate) by HA,
respectively. (B) The three types of
chemosensitive responses to HA are shown as
’—_'_—‘ proportions of chemosensitive and non-
. . chemosensitive LC neurons. Fewer excited
Excited Inhibited Non- neurons and more inhibited neurons were found at
chemosensitive 20°C compared with 35°C. (C) Firing rate of
excited LC neurons tends to increase upon
4 C 4D exposure to 7% CO, (N=4). (D,E) Exposure to 7%
CO, (D, N=10) and 10% CO, (E, N=7) induced
significant decreases in firing rate in inhibited LC
31 31 neurons (RM-ANOVA, P<0.05). (F) Non-
chemosensitive LC neurons do not respond to 7%
24 T 2 a CO, exposure (N=13). Different lowercase letters
T ab indicate significant differences between
1 1 treatments. Data are means+s.e.m.
b
N l__l__l
1:/ 0' T T 0 - T T
9 Control 7% CO, Washout Control 7% CO, Washout
©
2 41E 41F
=
3 31
21 2; N
a
14 ab 14
b ,__l__|
0' '__:__| T 0 - T T
Control 10% CO,  Washout Control 7% CO, Washout

—53.7£2.0 mV; paired #-test, P=0.001) was also no longer observed
during exposure to HA at 30°C (—41.442.5 versus —40.7£2.2 mV;,
paired #-test, P=0.7). An example of this pattern in integrated firing

4+

w
1
W)

Firing rate (Hz)
N
1

0 2 4 6 8 10 12
CO; (%)

Fig. 3. LC neurons inhibited by HA have an increased integrated firing
rate response to hypocapnic alkalosis (0% CO,). Most chemosensitive LC
neurons were inhibited by CO,, at 20°C (see Fig. 2B). Control CO, was 2.5%
(N=10), with two levels of HA (7.0%, N=10; and 10.0%, N=7), and hypocapnia
at 0% CO, (N=3). There was no further decrease in firing rate with 10% CO,
compared with 7% CO,. Different lowercase letters indicate significant
differences between treatments. Data are means+s.e.m.
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rate and V7, for one representative LC neuron inhibited by HA at
20°C and unresponsive to HA when exposed to 30°C is shown in
Fig. 5B,C. Reversal of the response to HA took 3.6+0.6 and 5.6+
2.4 min for excited and inhibited neurons at 35°C (#-test, P=0.562),
respectively, while at 20°C, excited and inhibited neurons took
2.8+0.4 and 9.4+1.9 min for recovery (z-test, P=0.004), respectively.

54 = Chemosensitive
A ——= Non-chemosensitive
4 a
N
=5
o 37
©
227 B
o b
1 B
N ;
0_ T T T Ill
20°C 30°C 20°C

Fig. 4. Increasing the temperature increases the basal firing rate of

V. exanthematicus LC neurons. A 10°C increase in temperature (from 20 to
30°C) induced the same magnitude rise in basal firing rate in chemosensitive
(N=10; Q0=12.6£6.2) and non-chemosensitive LC neurons (N=4; Q,=3.4+
0.5). Different lowercase letters indicate significant differences among
treatments within non-chemosensitive LC neurons; and different uppercase
letters indicate significant differences among treatments within
chemosensitive LC neurons. Data are means+s.e.m.
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1
Fig. 5. The hypercapnic response of inhibited LC neurons in
V. exanthematicus is temperature dependent within single neurons.
(A) The firing rate of LC neurons significantly decreased upon exposure to 7%
CO, (N=10) in inhibited neurons at 20°C (RM-ANOVA, P<0.01), but no longer
responded to HA (became non-chemosensitive) when temperature was
increased to 30°C (N=7). Different lowercase letters indicate significant
differences between treatments. Data are means+s.e.m. (B) Example
integrated firing rate (top) and action potential trace (bottom) from an inhibited
chemosensitive LC neuron showing the decrease in firing rate during HA at
20°C. (C) When temperature was increased to 30°C, previously inhibited LC
neurons no longer changed firing rate upon exposure to 7% CO,. The
corresponding action potential trace (numbers 1-5) is shown below.
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DISCUSSION

In the present study, we describe chemosensitive LC neurons in
the lizard V. exanthematicus, a pH-stat regulating ectothermic
vertebrate. We quantified how temperature affects LC neuron firing

rate activity under HA exposure. Relatively few lizard LC neurons
were excited by HA (Figs 1 and 2), in marked contrast to a previous
study from our laboratory (Santin et al., 2013) where we reported
that LC neurons from bullfrogs, a classically a-stat regulating
animal, have a high percentage of CO,-activated LC neurons
(>80%), and the percentage of chemosensitive neurons is not
temperature dependent. In addition, in bullfrogs, increases and
decreases in temperature influence the magnitude of the
chemosensitive response; however, the CI in monitor lizards was
not temperature dependent. Therefore, our study shows that in
V. exanthematicus, despite fewer LC neurons being activated by
HA, a higher proportion of the LC neurons responded by decreasing
their firing rates during exposure to high CO, (7-10% CO,) at 20°C
(37%) — a response that was no longer exhibited at a higher
temperature (30°C). Interestingly, further increases in temperature
(35°C) again changed chemosensitive LC neurons in the monitor
lizards: a reduction in the percentage of CO,-inhibited LC neurons
at 35°C (11%) and an increase in the percentage of LC neurons
stimulated by HA (35%).

CO, chemosensitivity in vertebrates

Adjustments of ventilation are initiated via negative feedback
where O,, CO, and pH are the primary stimuli to which peripheral
and central chemoreceptors are capable of responding through
activation of O,- and CO,/pH-sensitive neurons. Central
chemoreceptors are widely distributed in the brains of mammals,
contributing to control of breathing and maintenance of systemic
pH/CO, homeostasis (Guyenet and Bayliss, 2015; Huckstepp and
Dale, 2011; Nattie, 1999). Studies investigating central respiratory
chemoreceptors have focused mainly on neurons that are excited by
HA, because some of the most studied chemosensitive areas like the
nucleus tractus solitarius (NTS), retrotrapezoid nucleus (RTN) and
the LC have a high percentage of HA-responsive neurons that are
activated by CO, (Conrad et al., 2009; Mulkey et al., 2004; Nichols
et al., 2009; Ritucci et al., 2005); however, CO,-inhibited neurons
also possibly play a role in the ventilatory control network in
mammals (Iceman et al., 2014; Wang et al., 1998; Wang and
Richerson, 1999). Extracellular recordings in the rat in situ
preparation identified CO,-inhibited GABAergic neurons in the
medullary raphe (Iceman et al., 2014). CO,-inhibited neurons of the
raphe may be involved in central CO,/pH chemoreception in
mammals, providing a tonic inhibitory drive on respiratory output
that is diminished as CO, is increased (Wang et al., 2001). Other
chemosensitive regions contributing to the control of breathing also
contain CO,-inhibited neurons. The solitary complex [NTS and
dorsal motor nucleus of the vagus (DVN); Conrad et al., 2009;
Nichols et al., 2009] in adult rats seems to exhibit a significant
plasticity when exposed to chronic hypoxia, increasing the
percentage of CO,-inhibited neurons from about 10% up to about
30% without any change in the proportion of CO,-activated neurons
(Nichols et al., 2009).

A significant gap in our knowledge of ventilatory control in
vertebrates is that we know little of the fundamental cellular
mechanisms of individual chemosensitive neurons in ectothermic
vertebrates and how changes in their 7, would affect central cellular
chemosensitivity. In mammals, LC neurons are of particular interest
for CO, challenges as >80% of these neurons respond to HA by
increasing their firing rate (Filosa et al., 2002; Oyamada et al., 1998;
Pineda and Aghajanian, 1997). A CO,-chemosensitive LC region
may be conserved across vertebrates as it has been described in
bullfrogs, toads and rats (Gargaglioni et al., 2010; Hartzler et al.,
2008; Nichols et al., 2008; Noronha-de-Souza et al., 2006; Santin
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and Hartzler, 2013). As in mammals, more than 80% of LC neurons
in bullfrogs are CO, activated (Santin and Hartzler, 2013; Santin
et al., 2013), reinforcing its importance as a site for central
chemoreception in anurans (Noronha-de-Souza et al., 2006).
Furthermore, given the similarities between LC responses in
anurans and mammals in which focal acidification of the LC
region stimulates ventilation and ablation reduces CO;-induced
increases in ventilation in in vivo experiments (Biancardi et al.,
2008; Noronha-de-Souza et al., 2006), it is clear that the LC has an
analogous role, and possibly a homologous role, in respiratory
control in terrestrial vertebrates. The present study provides data
showing that the LC in the savannah monitor lizard is also
chemosensitive within a normal, physiological range of pH/Pco,,
containing excited, inhibited and non-chemosensitive neurons,
albeit in different proportions from those in rats and bullfrogs. In
order to establish the function of the LC in respiratory control across
air-breathing vertebrates, it is imperative that future in vivo studies
show that the LC contributes to ventilatory control during CO,
stimulation in reptiles.

The most striking finding in our study is how temperature is able
to alter the proportion of LC neurons excited or inhibited by, or not
sensitive to HA. The percentage of inhibited neurons was relatively
high at 20°C (37%; Fig. 2B,C) compared with published data from
bullfrogs and rats, none of which reported CO,-inhibited LC
neurons (Filosa et al., 2002; Santin and Hartzler, 2013; Santin et al.,
2013), although we have observed some inhibited LC neurons
in rats (L.K.H., J. B. Dean and R. W. Putnam, unpublished data).
In addition, at 20°C, we found relatively few CO,-activated LC
neurons (15%; Fig. 2B,D), which is distinctly different from studies
in bullfrogs at the same temperature (>80% activated by HA; Santin
et al., 2013). The decrease in firing rate on exposure to 7% or 10%
CO; is striking where the magnitude of the chemosensitive response
is very low (CI <40%; Fig. 2A). Further, following washout (return
to control CO,), CO,-inhibited LC neurons in aCSF solution
equilibrated with 0% CO, (pH 8.6 at 20°C) increased their firing
rate slightly higher than those neurons exposed only to control
solution (2.5% CO,; pH 7.6 at 20°C; L.A.Z., personal observation;
combined data are shown in Fig. 3, but individual data are not
shown). Surprisingly, inhibited neurons recorded at 20°C became
unresponsive to HA at 30°C (Fig. 5). This pattern suggests that
temperature has a differential modulatory effect on how CO, affects
in vitro chemosensitive LC neurons in savannah monitor lizards
at the cellular level. It is possible that the differences in the
chemosensitive response to CO, could be due to whether that
particular LC neuron is noradrenergic; however, given the
temperature dependence of CO, chemosensitivity within the same
neuron, it is unlikely that whether a neuron is noradrenergic is
the only factor that determines whether a neuron will respond to
CO; in savannah monitor lizards. It will be important to identify
morphological characteristics and the ion channel/neurotransmitter
phenotype of LC neurons in conjunction with electrophysiological
recordings to address this point.

Maintaining the temperature at 35°C during the entire experiment
resulted in a different scenario for chemosensitive LC neurons. The
number of CO,-inhibited neurons was lower (11%) compared with
that at 20°C, but, still, the presence of inhibited LC neurons at even
this higher temperature is in marked contrast to the absence of CO,-
inhibited neurons in mammals at a similar temperature (Filosa et al.,
2002). Even the effect of temperature on basal firing rate (Q,¢) was
different between savannah monitor lizards (Figs 4 and 6) and
bullfrogs (Santin and Hartzler, 2015; Santin et al., 2013). In lizards,
warming increased basal firing rate in both chemosensitive and non-
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V. exanthematicus L. catesbeianus

Fig. 6. The effect of temperature (Q,, effect) on the basal firing rate

of chemosensitive LC neurons is completely different between

V. exanthematicus and Lithobates catesbeianus. In lizards, warming
increased the basal firing rate in both chemosensitive (N=10) and non-
chemosensitive (N=4) LC neurons (shown in Fig. 4); in bullfrogs,
chemosensitive LC neurons (N=33) were cold activated and warm inhibited,
whereas non-chemosensitive LC neurons (N=5) increased firing rate with
increases in temperature (data from Santin et al., 2013). *Significant difference
between chemosensitive and non-chemosensitive LC neurons. Data are
means+s.e.m.

chemosensitive LC neurons. In contrast, LC chemosensitive
neurons in bullfrogs were cold activated and warm inhibited,
allowing a very small Q; effect, while non-chemosensitive LC
neurons increased firing rate with increases in temperature,
exhibiting a higher Qo effect (Fig. 6). At present, it is unclear
how these temperature responses, per se, affect the activity of the
respiratory network.

Temperature effects on CO, chemosensitivity and pH
regulation in savannah monitor lizards

Based on our data for LC chemosensitivity, temperature is of
considerable importance as a modulatory factor of how LC neurons
respond to hypercapnic stimuli in savannah monitor lizards. These
animals exhibit a different modulatory pattern not previously
reported in any of the putative chemosensitive areas that contribute
to the respiratory network in vertebrates. Temperature influences on
central chemosensitivity in ectothermic vertebrates have drawn
attention to how chemosensitive areas respond to increases in
environmental CO, across temperatures (Branco et al., 1993;
Branco and Wood, 1993). For instance, in bullfrogs, a decrease or
increase in the magnitude of the chemosensitive response (Santin
et al., 2013) is the main effect of temperature and hypercapnic
stimuli, which corroborates temperature effects in the whole-animal
ventilatory response to general chemoreceptor stimulation by
hypercapnia in amphibians (Bicego-Nahas and Branco, 1999;
Branco et al., 1993). In contrast, there is a different chemosensitivity
ratio between LC neurons activated or inhibited by CO, across
temperatures in savannah monitor lizards; therefore, we emphasize
the need to consider temperature when interpreting data of CO,
stimuli on putative brainstem areas related to control of breathing,
especially in ectothermic vertebrates. Experiments on some
chemosensitive brainstem areas, such as the LC, NTS and RTN,
in neonatal rats used physiological T;, for understanding how the
respiratory network is modulated by CO, stimuli (Filosa et al.,
2002; Filosa and Putnam, 2003; Nichols et al., 2008; Ritucci et al.,
2005), while in others, recordings were obtained at room
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temperature (Huang et al., 1997; Mulkey et al., 2004). Although no
differences were found in the percentage of CO,-activated neurons
in the RTN between experiments performed at room temperature
and 37°C in neonatal rats (46% and 42%, respectively; Mulkey
et al., 2004; Ritucci et al., 2005), it is not clear whether those
neurons were responding to a change in pH or CO,, as both pH and
the solubility of CO, are temperature dependent (the effects are
opposite and may cancel each other out). Therefore, an appropriate
temperature should be used, or at least considered, while studying
CO, chemosensitivity within brainstem areas that may be involved
in the control of breathing, especially in studies with ectothermic
vertebrates that have the additional challenge of acid-base
regulation during changes in T, (Stinner et al., 1998).

The response to temperature-induced metabolic acid—base
disturbances requires an ability to sense those perturbations and
appropriately adjust the depth and rhythm of breathing.
Mechanisms underlying the diverse acid-base regulating
strategies of ectothermic vertebrates may be related to differences
in the temperature dependence of central chemosensitivity at the
cellular level. Uncovering differences in central respiratory
chemoreception during changes in temperature in reptiles with
distinct acid—base regulatory strategies has the potential to define a
comprehensive, mechanistic explanation for a fundamental, but
poorly understood, aspect of vertebrate homeostasis. Although we
found strikingly different temperature-dependent mechanisms of
chemosensitivity in the LC of monitor lizards compared with
bullfrogs and rats, we cannot rule out possible contributions from
other pH/CO,-sensitive areas in the central nervous system. There
are multiple CO,/pH-sensitive areas in the brainstems of mammals
(Nattie and Li, 2009), so it is likely there are also multiple CO,/pH-
sensitive areas in the brainstems of reptiles. Motor output to the
breathing muscles would be modified by the networked
chemosensory responses to CO,/pH of all of the regions
contributing to ventilatory control.

These are among the many remaining questions that need to be
addressed, especially in closely related species that, despite
phylogenetic proximity, differ from each other in pH-regulatory
strategy. In addition, studies are necessary to determine the
temperature dependence of hypercarbic stimuli and the
contribution of the LC as a chemosensing brainstem region in the
total ventilation of savannah monitor lizards in order to
contextualize the neuronal CO, chemosensitivity found in our
study within the functioning of the whole animal.

Contrary to our initial hypothesis, savannah monitor lizards do
not exhibit a depressed LC chemosensitivity to pH/CO, changes at
cooler temperatures. Instead, we found a more complex
chemosensitivity pattern where LC neural sensory responses
(activated/excited by HA versus inhibited by HA) in V.
exanthematicus change with temperature, while in bullfrogs it is
the magnitude of the chemosensitive response that is temperature
dependent (Santin et al., 2013). Expressing a relatively high
proportion of CO,-inhibited LC neurons at low temperature may
provide insight into mechanisms underlying the temperature-
dependent pH-regulatory strategy of V. exanthematicus (Wood
etal., 1977, 1981). Our findings on the chemosensory mechanisms
affected by temperature are only the beginning of studies that should
address whether differences in central CO, chemosensitivity are key
mechanisms underlying differences in pH-regulatory strategies
among ectothermic vertebrates. It is possible that the differences we
see in chemosensitivity in lizard LC neurons are because they are
pH-stat regulators while bullfrogs are o-stat regulators.
Alternatively, it is possible that there are other chemosensitive

sites in lizard brainstem that have a greater influence in the total
chemosensitive response to HA. We do not have sufficient
information at this early stage to differentiate the reason for
variable chemosensitivity, and further studies are necessary to
address this question.
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ABSTRACT

Anurans regulate short-term oscillations in blood pressure through
changes in heart rate ( i), vascular resistance and lymphatic f. Lung
ventilation in anurans is linked to blood volume homeostasis by
facilitating lymph return to the cardiovascular system. We
hypothesized that the arterial baroreflex modulates pulmonary
ventilation in the cururu toad Rhinella schneideri, and that this
relationship is temperature dependent. Pharmacologically induced
hypotension (sodium nitroprusside) and hypertension (phenylephrine)
increased ventilation (25°C: 248.7+25.7 ml kg~" min~"; 35°C: 351.5+
50.2mlkg~" min~") and decreased ventilation (25°C: 9.0
6.6 ml kg~' min~"; 35°C: 50.7£15.6 mikg~! min~"), respectively,
relative to control values from Ringer solution injection (25°C: 78.1+
17.0 ml kg~" min~"; 35°C: 137.7+15.5 ml kg~ min~"). The sensitivity
of the ventilatory response to blood pressure changes was higher
during hypotension than during hypertension [25°C: —97.6+£17.1
versus —23.6+6.0 breaths min~" kPa~"; 35°C: —141.0+29.5 versus
—28.7+6.4 breaths min—' kPa~", respectively; negative values indicate
an inverse relationship between blood pressure and ventilation (or
breathing frequency), i.e. as blood pressure increases, ventilation
decreases, and vice versal, while temperature had no effect on these
sensitivities. Hyperoxia (30%; 25°C) diminished ventilation, but did not
abolish the ventilatory response to hypotension, indicating a response
independent of peripheral chemoreceptors. Although there are
previous data showing increased f; baroreflex sensitivity from 15 to
30°C in this species, further increases in temperature (35°C)
diminished f; baroreflex gain (40.5+5.62 versus 21.6+4.64% kPa™").
Therefore, besides an involvement of pulmonary ventilation in
matching O, delivery to demand at higher temperatures in anurans,
it also plays a role in blood pressure regulation, independent of
temperature, possibly owing to an interaction between baroreflex and
respiratory areas in the brain, as previously suggested for mammals.

KEY WORDS: Baroreceptors, Chemoreceptors, Lung ventilation,
Hyperoxia, Autonomic blockade, Anuran amphibians

INTRODUCTION

Across vertebrates, the negative feedback mechanisms that drive
short-term blood pressure regulation rely on mechanoreceptors
(baroreceptors) located on the wall of the arterial system that detect
fluctuations in blood pressure. The afferent baroreceptor
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information is then relayed to and integrated in the central
nervous system (CNS), where baroreflex buffering capacity is
achieved by reflexively altering heart rate (fy) and vascular
resistance (Altimiras et al., 1998; Bianchi-da-Silva et al., 2000;
Sandblom and Axelsson, 2005; Hedrick et al., 2015; Zena et al.,
2015, 2016). Besides cardiovascular responses, the baroreflex also
influences respiratory function in mammals (for a review, see
McMullan and Pilowsky, 2010). Although there are some
suggestive data for baroreflex modulation of the respiratory
system in crocodilians and amphibians (Van Vliet and West,
1986; Altimiras et al., 1998; Hedrick et al., 2013), there is still no
direct evidence of a respiratory component in the reflex regulation of
blood pressure in non-mammalian vertebrates.

Amphibians’ cardiorespiratory homeostatic mechanisms for
monitoring blood pressure and blood gases involve sensory
information from baroreceptors and chemoreceptors, respectively,
located in their major arterial vessels: the pulmocutaneous artery,
the carotid artery and the aortic arch (Bianchi-da-Silva et al., 2000;
Reyes et al., 2014). While the identity of these receptors has already
been described, their relative contributions to cardiorespiratory
control remain under investigation. Arterial partial pressure of
oxygen homeostasis is maintained by peripheral chemoreceptor
regulation of breathing (Wang et al., 1994; Branco and Glass, 1995),
whereas regulation of blood pressure by arterial baroreceptors is
adjusted by changing vascular resistance and cardiac frequency.
Furthermore, anurans possess lymph hearts (pulsatile organs),
which are under baroreflex control, that function to pump lymph
into the venous system (Crossley and Hillman, 1999).

Besides their role in gas exchange, amphibian lungs are
associated with some ecophysiological functions including
vocalization, buoyancy and defensive behavior (Hillman et al.,
2009; Jared et al., 2009). In addition, lung ventilation has been
directly linked to vertical lymph mobilization and, hence, blood
volume homeostasis (Hedrick et al., 2007; Hillman et al., 2010). By
transmitting pressure and volume changes to the surrounding lymph
sacs, pulmonary ventilation in anuran amphibians facilitates lymph
movement against gravitational forces towards dorsally located
lymph hearts, thereby preventing lymph accumulation (Hedrick
et al., 2013). As a component of the lymphatic system in anurans,
dorsally located anterior and posterior lymphatic hearts participate
in blood volume regulation by pumping lymphatic fluid generated
by an increased net transcapillary flux back into the venous system
(Crossley and Hillman, 1999). This is evident from the cane toad
(Rhinella marina), which has an extraordinary ability to acutely
compensate for high blood losses (78% of their initial blood
volume), but destruction of both anterior and posterior lymph hearts
critically impairs this ability, leading to hemoconcentration and
death in few days (Baustian, 1988).

The cururu toad Rhinella schneideri is a widespread bufonid with a
broad distribution in natural habitats in South America (Chaco,
savanna-like Cerrado, and Atlantic Forest), and is also found in open
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List of symbols and abbreviations

CNS central nervous system

fu heart rate

Fio, fraction of oxygen in the inspired air
fr breathing frequency

Pag, arterial partial pressure of oxygen
PAP pulsatile arterial pressure

PE phenylephrine

Pua mean arterial blood pressure
SNP sodium nitroprusside

Ve total ventilation

Vr tidal volume

and urban areas. Despite daily maximum air temperatures reaching over
35°C during the summer season in southeastern Brazil (CIIAGRO:
http:/www.ciiagro.sp.gov.br/ciiagroonline/), experiments have shown
a preferred body temperature of around 23-27°C for this species
(Bicego-Nahas et al., 2001; Guerra et al., 2008; Noronha-de-Souza
et al., 2015). Therefore, in order to avoid potential damage due to
extreme ambient temperatures, amphibians would seek places that
maintain a more moderate humidity and temperature (Moreira et al.,
2009; Noronha-de-Souza et al., 2015).

Based on the roles played by lung ventilation in blood volume
homeostasis in anurans (Crossley and Hillman, 1999; Hedrick et al.,
2007; Hillman et al., 2010, 2013) and in O, delivery to match
metabolic demands, we tested the hypothesis that pulmonary
ventilation contributes to the baroreflex responses to blood pressure
imbalances in R. schneideri, and that this effect is modulated by
changes in temperature. To this end, baroreflex function was
assessed through pharmacological interventions on arterial blood
pressure, i.e. the Oxford method, at 25 and 35°C. Heart rate
buffering reflex responses were evaluated along with ventilation,
breathing frequency and tidal volume. Considering that anuran
peripheral chemoreceptors mainly adjust ventilation in response to
changes in the partial pressure of arterial oxygen (Branco and Glass,
1995; Wang et al., 1994), toads were exposed to hyperoxia [ fraction
of oxygen in the inspired air (Flp,)=0.30] to account for possible
influences of peripheral chemoreceptors on the ventilatory response
during hypotension at 25°C. Furthermore, ventilatory responses to
hypotension were also tested after total autonomic blockade.

MATERIALS AND METHODS

Animals

Cururu toads Rhinella schneideri (Werner 1894), of both sexes
(159.5+7.7 g body mass), were collected in swampy areas in the
Ribeirdo Preto region of Sdo Paulo State, Brazil (approximately
21°10’S and 47°48'W), and transported to our laboratory at the
Department of Animal Morphology and Physiology, UNESP,
Jaboticabal, Brazil (approximately 21°14’S and 48°17'W). All
animals were maintained at 25°C on a 12 h:12 h light:dark cycle
with free access to water from an artesian well and a basking area.
They were housed in containers with coconut fiber as a substrate and
tubes for hiding in, and were held under laboratory conditions for at
least 3 weeks before experimentation. Animals were fed 2—-3 times a
week with captive-bred speckled cockroaches (Nauphoeta cinerea),
which were dusted with calcium and vitamin D;. All experiments
were performed from September to March, which matches the
activity season of this species (Bicego-Nahas et al., 2001; Glass
et al., 1997). Animal collection was approved by the Brazilian
environmental agency (SISBIO-ICMBio/no. 35484-1), and the
study was conducted with the approval of our Institutional Animal
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Care and Use Committee (CEUA-FCAV-UNESP; protocol no.
017204/12).

Surgical procedures

Procedures were performed as previously described (Zena et al.,
2015). Briefly, anesthesia was performed through immersion in an
aqueous 0.25% solution of 3-aminobenzoic acid ethyl ester (MS-
222; Sigma, St Louis, MO, USA), buffered to pH 7.7 with sodium
bicarbonate, for 10 min or more until animals lost the palpebral
reflex. A polyethylene cannula (PE-50; Clay Adams, Parsippany,
NJ, USA), filled with heparinized Ringer solution (100 i.u. ml~!
heparin) was occlusively inserted into the iliac artery and sutured in
place. The same procedure was used to cannulate the femoral vein
(100 i.u. mI~! heparin in Ringer solution) for drug injections. Just
after surgery, toads were treated with a prophylactic antibiotic
(enrofloxacin, Flotril®, 5.0 mg kg~! s.c.; Schering-Plough) and an
analgesic (flunixina meglumina, Banamine®, 1.0 mgkg™! s.c;
Schering-Plough) (Gentz, 2007; Smith, 2007). Each animal was
then individually placed in a temperature-controlled chamber at
25°C in the experimental room, where it was allowed to recover for a
minimum of 48 h without disturbance before the experimental
procedure was begun.

Drugs

Phenylephrine hydrochloride (PE, agonist of ol-adrenergic
receptors), sodium nitroprusside dihydrate (SNP, nitric oxide
donor), atropine sulfate (antagonist of muscarinic receptors) and
sotalol hydrochloride (antagonist of B-adrenergic receptors) were
purchased from Sigma. All drugs were dissolved in amphibian
Ringer solution (mmol 17!: 46.9 NaCl, 21.0 KCI, 2.40 CaCl, 1.29
MgCl, 3.14 NaHCO3).

Ventilation and arterial blood pressure measurements
Pulmonary ventilation (V), tidal volume (Vy) and breathing
frequency (fr) were calculated from the recordings of breathing
using the pneumotachography method described by Glass et al.
(1978). A facemask was built for each toad from 1.0 mm-thick
silicon sheets (Bio-Art Equipamentos Odontoldgicos, Sao Carlos,
Brazil) heat-molded on a plaster cast of the toad’s head. The
pneumotachograph was attached to the mask and subsequently
fixed to the animal’s snout (see below), allowing airflow to be
measured continuously. A direct relationship exists between
laminar airflow and the pressure difference across this tube,
which was monitored with a differential pressure transducer
(MLT141Spirometer, = PowerLab  System,  ADInstruments)
connected to a data acquisition system that included specific
application software (PowerLab System, ADInstruments/Chart
Software, v7.3, Sydney, Australia). Calibrations were performed
for each mask by injecting 1, 3 and 5 ml volumes of air through the
pneumotachograph using a graduated syringe. The arterial cannulae
were connected to a physiological pressure transducer (MLT844,
ADInstruments), calibrated against a mercury column. The
transducer was connected to a data acquisition system (PowerLab
System, ADInstruments/Chart Software, v7.3) via a bridge
amplifier (FE221, ADInstruments). fi; and mean arterial blood
pressure (Pya) were calculated from the pulsatile arterial pressure
(PAP) recorded in real-time using the cyclic measurements tool
from the Chart Software.

Experimental protocol
Toads were housed in an acrylic water-jacketed chamber kept at the
experimental temperature of 25°C using a constant-temperature
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circulating water bath (PolyScience 9112A11B programmable
model 9112 refrigerated circulator). A facemask attached to the
pneumotachograph was glued to the animal’s snout using a
polyether impression material (Impregum Soft, 3M ESPE, St Paul,
MN, USA) 24 h after surgery. Experiments began 48 h after surgery
and 24 h after facemask attachment. For experiments at high
temperature, the toads were acclimated to 35°C for at least 6 h,
beginning 48 h after surgery. The experimental chamber was
continuously flushed with humidified room air, and the temperature
inside was continuously measured using a temperature sensor
(MLT415/M thermistor temperature sensor, ADInstruments). After
60 min of basal recordings of fy, blood pressure and ventilation
airflow, Ringer solution (0.4 ml kg~") was injected into the femoral
vein in order to verify any influence of volume injection on all
variables subsequently evaluated. Serial intravenous injections of
increasing doses of PE and SNP were then performed (doses are
given in ‘Analysis and assessment of the baroreflex’, below). All
cardiorespiratory parameters were recorded throughout the
experimental protocol. Between drug injections, cardiorespiratory
parameters were always allowed to return to similar pre-injection
values.

Five animals from the main experimental group described above
had full autonomic blockade at 25°C, which was performed on the
day after the baroreflex experiment. It consisted of injections of the
B-adrenergic receptor antagonist sotalol (3.0 pg kg™') and of the
muscarinic  receptor  antagonist atropine (3.0 ug kg').
Cardiorespiratory variables were recorded continuously in animals
injected with SNP (100 pg kg™') before and after full autonomic
blockade.

Five additional animals were subjected to hyperoxia (F15,=0.30)
to identify any possible involvement of the peripheral
chemoreceptors in the respiratory responses to blood pressure

adjustments. For hyperoxia experiments, following the baroreflex
protocol, animals were exposed to 30% O, for at least 30 min. After
this interval, 100 pg kg=' SNP injection was repeated in order to
identify respiratory responses under hypotension in the hyperoxic
condition.

Analysis and assessment of the baroreflex

Reflex responses of fi; were evaluated by altering blood pressure
through serial injections of increasing doses of PE (5, 10, 25, 50
and 100 ug kg~'; eliciting blood pressure increases) and SNP (5,
10, 25, 50 and 100 ug kg™'; eliciting blood pressure decreases) at
both 25 and 35°C. fi; was plotted against Py (kPa) data obtained
for each animal at each temperature and fitted to a four-variable
sigmoidal logistic function as described previously by Reid
(1996):

(4 -D)

=17 (Paia/C)P

D, )

where A is maximum fj; and D is minimum f;; (beats min~') of the
curve, B is the slope coefficient (beats min~! kPa~!) and C is the
P14 at the midpoint of the fi; range (Pya so; kPa). The range of the
baroreflex was calculated as the difference between 4 and D. The
maximum gain of the curve (Gso; beats min~! kPa™"), which occurs
when Py equals C, was determined by taking the first derivative of
Eqn 1, resulting in the gain equation:

—B(A—-D
G50:%.

)
To allow meaningful comparisons between temperatures, the
maximal gain was normalized as a percentage change in fi per unit

Fig. 1. Ventilatory airflow, pulsatile arterial blood
pressure (PAP) and heart rate ( f;) of the cururu toad
Rhinella schneideri at 25°C. Original traces from one toad.
The arrows indicate the time of intravenous injection of
phenylephrine (PE; 50.0 ug kg~') and sodium nitroprusside
(SNP; 50.0 ug kg~"). The black line in the PAP signal
represents mean arterial blood pressure (Pya).
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PMA (kPa)

Fig. 2. Effect of pharmacological manipulations
on Pya, fy, breathing frequency (fr), tidal
volume (V5) and ventilation (Vg) in R. schneideri
at 25 and 35°C. Data are for intravenous injection of
Ringer solution and serially increasing doses of PE
(A-E) and SNP (F-J) at 25 and 35°C. Blue asterisks
indicate a significant effect of drugs relative to
Ringer solution at 25°C; red asterisks indicate a
significant effect of drugs relative to Ringer solution
at 35°C (two-way repeated measures ANOVA;

-@ 35°C
-@- 25°C

P<0.05; Holm-Sidak’s post hoc test).
Cardiovascular parameters, N=9; ventilatory
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change in Pyga (% kPa™!) relative to the minimum heart rate (D), as
described by Altimiras et al. (1998):

1008
G=—-. (3)

Data analysis and statistics

Data are shown as meansts.e.m. The effect of temperature on
baseline cardiorespiratory and baroreflex variables was analyzed
through a Student #-test and Mann—Whitney U-test for parametric
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25 50

SNP (ug kg~")

and non-parametric data, respectively. The effects of Ringer
solution and serial bolus injection of PE and SNP on Pya, fi1, fr,
Vrand Vg at 25 and 35°C were analyzed using a two-way repeated-
measures ANOVA (factors: drugs and temperature). Different
Fl1p, (0.21 and 0.30) before and after SNP-induced hypotension for
Vg and the effect of full autonomic blockade on hypotension
induced by SNP were analyzed through two-way repeated-measures
ANOVA. Regression analyses were used to evaluate temperature
influences on fr/Pya and Ve/Pyia relationships during hypotension
and hypertension stimuli and a two-way ANOVA was used to
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Table 1. Baseline cardiorespiratory and baroreflex variables derived
from sigmoidal baroreflex—heart rate curves generated after serial
bolus injections of phenylephrine and sodium nitroprusside (Eqn 1) at
25 and 35°C in the toad Rhinella schneideri

25°C 35°C P
Baseline variables
Pua (kPa) 3.95+0.31 3.83+0.15 0.73
fu (beats min~") 32.2+1.83 64.3+3.69 <0.001*
Ve (ml kg=" min=") 62.0£11.5 143.3+15.9 0.001*
Vr (mlkg™") 3.80+0.53 5.79+0.68 0.037*
fx (breaths min=") 18.3+3.95 25.2+1.96 0.14
Baroreflex variables
Minimum f,; (beats min~") 27.0+1.61 54.5+3.47 <0.001*
Maximum fy (beats min~") 62.3+1.45 96.1+4.94 <0.001*
fy range (beats min~") 35.3+2.74 41.6+3.48 0.17
R? 0.93+0.01 0.94+0.02 0.48
Slope coefficient 10.9+1.62 11.3+2.02 0.93
Pua.so0 (kPa) 3.10+0.21 3.32+0.09 0.38
Gso (beats min~"! kPa~") 30.8+4.49 38.3+£9.80 1.00
Normalized gain (% kPa~") 40.5+5.62 21.6+4.64 0.017*

Puma, mean arterial blood pressure; fy, heart rate; VE, ventilation; V7, tidal
volume; fz, breathing frequency; R?, coefficient of determination; slope
coefficient, slope of the linear portion of the curve; Py 50, mean arterial blood
pressure at the midpoint of the curve; Gso, maximum gain.

Data are expressed as meansts.e.m. Cardiovascular and baroreflex
parameters, N=9; ventilatory parameters, N=8.

*Significant difference between temperatures.

compare slopes (pressure and temperature). In addition, the
relationship between Py;5 and ventilatory responses (fr, V't and
VE) was binned into Py;s categories in order to evaluate the
influence of temperature in those relationships (two-way ANOVA;
pressure and temperature). In all ANOVA analyses, the differences
among means were further assessed by Holm-Sidak post hoc tests
and were considered significant when P<0.05. Data were tested for
unequal variance and normality, and when necessary appropriate
transformations were performed.

RESULTS

Mean baseline cardiorespiratory variables for toads at 25 and 35°C
are shown in Table 1. No significant temperature effect on Py;5 was
observed (P=0.73), whereas fi; was significantly elevated at 35°C
(P<0.001). Temperature significantly augmented resting Vg
(P=0.001) in toads, mainly by increases in V1 (P=0.037).

An original PAP trace of one toad at 25°C exhibiting a typical
tachycardic reflex response to a reduction in Py after injection of
SNP (50 pg kg™") is shown in Fig. 1. In addition, a parallel increase
in ventilatory airflow was observed during hypotension. In contrast,
the increase in Py, after a bolus injection of PE (50 ug kg~!) had a
very small effect on fi; (small bradycardia) besides the diminished
ventilatory airflow.

Effect of temperature on the blood pressure influence on
cardiorespiratory variables

Serial injections of increasing doses of PE elevated Pya (effect of
treatment: P<0.001; Fs,0,=90.141; Fig. 2A) and evoked a small
decrease in fi; (effect of treatment: P<0.001; Fs 0,=20.049;
Fig. 2B) at both temperatures tested, while temperature had
significant effects on fi; (effect of temperature: P<0.001;
F1.106=59.548; Fig. 2B), but not on Py (Fig. 2A). Along with
reflexive effects on fy, PE-induced hypertension caused a
significant decrease in fz independent of temperature (effect of
treatment: P<0.001; Fs90=21.137; Fig. 2C). In contrast, Vp was
significantly reduced by injections of 25, 50 and 100 ug kg~! PE at

25°C only (effect of treatment: P<0.001; Fs99=5.951; Fig. 2D).
When temperature was increased to 35°C, V't remained unchanged
for all doses of PE that induced hypertension, but was elevated
relative to values at 25°C (effect of temperature: P<0.001;
F1.04=19.565; Fig. 2D). Overall, increasing Pya evoked parallel
reductions in V' independent of temperature (effect of treatment:
P<0.001; F540=17.783; Fig. 2E), mainly due to decreases in f.
Because V't was unaffected by hypertension at 35°C, Vgvalues were
maintained elevated at 35°C relative to those at 25°C (effect of
temperature: P=0.002; F; 94=13.858; Fig. 2E).

In contrast to PE effects, serial injections of increasing doses of SNP
decreased Py;n (interaction of temperaturextreatment: P=0.028;
Fs5102=2.671; Fig. 2F), causing a pronounced reflex increase in fi
(interaction of temperaturextreatment: P=0.049; Fs 0,=2.343;
Fig. 2G). In addition, because high temperature significantly shifted
baseline fy; to higher values (see Table 1), reflex tachycardia was also
maintained elevated across all SNP-induced hypotension doses
relative to 25°C (effect of temperature: P<0.001; F 106=73.105;
Fig. 2G). Reductions of Py, induced increases in fr (effect of
treatment: P<0.001; F59=16.858; Fig. 2H) that were followed by
increases in V1 at higher doses of SNP at 25°C, while SNP-induced
hypotension evoked an increase in V7 at the lowest SNP dose at 35°C
only (effect of treatment: P=0.002; Fs90=4.398; Fig. 2I). Thus,
regardless of temperature, SNP-induced hypotension effects on Vy
and fr in R. schneideri resulted in a significant increase in total
ventilation (effect of treatment: P<0.001; F’s 99=24.656; Fig. 2J).

Effect of temperature on the relationship between Py, fy
and Vg

Increasing the temperature from 25 to 35°C resulted in an upward
shift in the relationship between Pya and fi (Fig. 3). The
operating point (represented by baseline Py and fyy values) in
this relationship was moved up mainly because of temperature
effects on baseline fi; (P<0.001; Table 1 and Fig. 3). Despite a
10°C increment in temperature, the f;; baroreflex was not
enhanced, as can be observed by similarities between absolute
gain at 25 and 35°C (P=1.0; Table 1). Because of the significant
effect of temperature on resting fy, absolute gain was then

120
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Fig. 3. Mean baroreflex relationship between Py, and fi in R. schneideri
at 25 and 35°C. Curves were generated from the mean values of the curve-
fitted variables for each animal (see Table 1). Baseline fy and Pya are
represented by the blue triangle at 25°C (N=9) and the red triangle at 35°C
(N=9). For statistical values, see baroreflex variables derived from sigmoidal
baroreflex—fy curves in Table 1.
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100 - A - B Eig. 4. The effect of changing Pya on fg, Vr and
90- 25°C | ¢ 35°C Ve in R. schneideri at 25 and 35°C. (A,B) fx;
O (C,D) Vq; (E,F) Ve. Baseline fR, V1, Ve and Pya
804 k are represented by blue circles at 25°C (N=8) and
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normalized as a percentage change from minimum f; per unit
change in P4 (kPa), which resulted in a significant reduction of
the normalized gain (P=0.017; Table 1) at the higher temperature.
In addition to temperature effects on resting f;, minimum and
maximum fi; were also significantly affected by temperature
(P<0.001; Table 1 and Fig. 3).

The effect of changing Py on ventilatory responses ( f, VYt and
V) is represented by the relationships presented in Figs 4-6. The
overall variability dataset for both temperatures, showing the
relationship between Pya and fr, Vr or Ve, is depicted in Fig. 4.
Breathing data from one representative toad are illustrated in Fig. 5,
showing the slopes in fx/Pya and Vg/Pya during SNP-induced
hypotension and PE-induced hypertension at 25 and 35°C; slopes
were not presented for V1/Pya because there was a poor relationship
for most animals, as can be observed in Fig. 4C,D. The sensitivity of
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the response (slope) due to hypotension or hypertension was not
affected by thermal changes for either fr/Ppa (P=0.84) or Ve/Paia
(P=0.18) but hypotension exhibited higher average slopes for
fi/Pua  (P<0.001; F)5=40.369) and Vg/Pys (P<0.001;
F130=52.764) relationships than hypertension at both
temperatures (Table 2).

To test the specific responses of ventilatory variables to blood
pressure changes under the two thermal conditions, the
relationships between Pya and fr, V1 or Vg were examined for
P\ data binned into 1.0 kPa intervals (Fig. 6). fg was significantly
elevated at 35°C for pressures higher than 4.0kPa only
(hypertension; effect of temperature: P<0.001; F; 75=20.174;
Fig. 6A), while ' was maintained at higher values at 35°C across
all Py binned ranges from hypotension to hypertension (effect of
temperature: P<0.001; F 175=61.694; Fig. 6C), mainly because of
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Fig. 5. Representative data from one toad for
the relationship between Py and fg or Vg at
25 and 35°C. (A) The effect of changing Py on
fr in the presence of SNP (continuous blue line,
25°C: r?=0.70; P=0.04; continuous red line,
35°C: r?=0.60; P=0.07) and PE (dotted blue line,
25°C: r?=0.42; P=0.16; dotted red line, 35°C:
r?=0.72; P=0.03). (B) The effect of changing Pya
on Vg in the presence of SNP (continuous blue
line, 25°C: r2=0.77; P=0.02; continuous red line,
35°C: r?=0.72; P=0.03) and PE (dotted blue line,
25°C: r’=0.47; P=0.13; dotted red line, 35°C:
r?=0.72; P=0.03).
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changes in Vy (effect of temperature: P<0.001; F; 175=49.823;
Fig. 6B).

Effects of cholinergic and adrenergic receptor blockade on
cardiorespiratory parameters

The effect of full autonomic blockade with atropine plus sotalol on
Pya, fr and V& before and after SNP-induced hypotension in R.
schneideri is shown in Fig. 7. Full autonomic blockade blunted the
tachycardic reflex induced by hypotension (interaction of full
autonomic blockadextreatment: P<0.001; F', ,,=48.265; Fig. 7B);
in contrast, hypotension-induced increases in Vgwere not affected
by full autonomic blockade (P=0.74; Fig. 7C).

SNP-induced hypotension effects on ventilation under
normoxia and hyperoxia

In toads exposed to hyperoxia (Fip,=0.30), ventilation was
significantly reduced (P=0.032; F,5=3.177; Fig. 8). Similar to
animals under normoxic conditions, animals breathing 30% O, also
expressed an increased ventilatory response (P<0.001;
F,4=96.581; Fig. 8) after SNP-induced hypotension that did not
differ from those values obtained from the group breathing
normoxic gas (P=0.6).

DISCUSSION

Our finding that changes in lung ventilation are driven by pressure
loading and unloading in the cururu toad R. schneideri provides
evidence of an interesting interaction among baroreceptor reflexes,
pulmonary ventilation and the lymphatic system in anuran
amphibians (Burggren et al, 2013; Hedrick et al., 2013).
Furthermore, in contrast to previous data showing increases in
baroreflex sensitivity for the thermal interval between 15 and 30°C,
an elevation in temperature to 35°C diminished fi; baroreflex
sensitivity, but ventilatory responses to hypotension and
hypertension were temperature independent.

Blood pressure homeostasis in anuran amphibians

As part of cardiovascular homeostasis in anuran amphibians,
baroreceptors located in the arterial system buffer short-term blood
pressure fluctuations reflexively via effectors that modulate fi; and
peripheral vascular resistance. Given their high rate of lymph
formation, approximately 10 times that of mammals (Desai, et al.,
2010; Hillman et al., 2010), anurans have a highly efficient
lymphatic system to maintain cardiovascular homeostasis. The
importance of the two pairs of dorsally located lymph hearts in
blood pressure homeostasis has been revealed by findings that

arterial baroreceptor loading is able to reflexively decrease
lymphatic fy, thereby decreasing lymph fluid return into the
venous system (Yamane, 1990; Crossley and Hillman, 1999). In
addition, lymph heart destruction results in a marked increase in red
cell volume, interstitial edema and also death (Zwemer and Foglia,
1943; Baustian, 1988). Generated extravascular fluid in anuran
amphibians returns to the cardiovascular system through a
combination of changes in pressure and volume of the lymph sacs
that is driven by effectors such as lung ventilation (inflation and
deflation) and skeletal muscle contraction (Drewes et al., 2007,
Hedrick et al., 2007). Therefore, from an evolutionary perspective,
ventilatory responses that may be modulated by baroreceptor
loading and unloading in R. schneideri can contribute to our
understanding of a number of pieces of evidence for the influence of
the cardiovascular system on the respiratory system in mammals
(Brunner et al., 1982; Walker and Jennings, 1998; Baekey et al.,
2010; McMullan and Pilowsky, 2010; Stewart et al., 2011). More
interestingly, our findings add further support to a role for lung
ventilation in blood pressure/volume homeostasis in anuran
amphibians (Hedrick et al., 2013), although the relationship
between pulmonary ventilation, baroreflex and lymphatic system
in our toads is still correlational rather than mechanistic. Therefore,
further studies are needed to clarify the real contribution of
ventilation-driven pressure changes in lymph return.

The nucleus of the solitary tract is the major brainstem region
receiving and integrating peripheral cardiovascular and respiratory
afferent inputs in mammals (Lowey and Spyer, 1990). Baroreceptor
afferents also converge towards the nucleus of the solitary tract in R.
schineideri (Bianchi-da-Silva et al., 2000), but any other synaptic
transmission in the CNS of amphibians related to baroreflex control
is still unknown. High intensity stimulation of the recurrent laryngeal
nerve, which innervates the pulmocutaneous baroreceptors, elicits
cardiovascular adjustments such as bradycardia and hypotension in
addition to an increased apnea period in awake R. marina toads (Van
Vliet and West, 1986). This observation corroborates the
hypertension-induced reduction in ventilation we see in our toads.
Extensive overlap between respiratory and cardiovascular areas and
the dose-dependent increase in pulse pressure gradually extending
expiratory time in rats (in situ preparation) indicates the presence of a
neural interaction between the baroreflex and respiratory patterns
(Baekey et al., 2008, 2010). It is possible that anuran amphibian
baroreceptor inputs into the nucleus of the solitary tract could cause
suppression or release of the central respiratory drive, contributing to
hypopnea and hyperpnea, respectively. Thus, relationships between
blood pressure, ventilation and the lymphatic system may depend on
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Fig. 6. Relationships between binned Py and fg, Vyor VE in R. schneideri
at 25 and 35°C. (A) fx; (B) Vr; (C) Ve. Pya Was grouped into six categories
covering pressures from lower than 2.0 kPa to higher than 6.0 kPa; note that
pressures between 2.0 and 6.0 kPa were binned into 1.0 kPa intervals.
*Significant effect of temperature within binned Py, interval (two-way ANOVA;
P<0.05; Holm-Sidak’s post hoc test).

integrated information in the CNS; however, whether these circuits
exist and/or are interacting with each other remains to be further
investigated in amphibians.

3612

One may argue that the respiratory response to hypotension
results from peripheral chemoreflex activation, but evidence does
not support this hypothesis. In toads, we know that the hypoxic
ventilatory response is mediated by reductions in arterial partial
pressure of oxygen (Pap,) (Wang et al., 1994; Branco and Glass,
1995). In this context, the discharge frequency of the carotid
chemoreceptors in R. marina did not increase until Pag, fell
between 5.3 and 8.0 kPa (40—60 mm Hg), and remained silenced in
hyperoxic gas conditions (30% O, in inspired air; Van Vliet and
West, 1992). In our animals, an increased Flp, (0.30) in the air
decreased baseline 7 and did not abolish the ventilatory response
to hypotension (Fig. 8), suggesting little to no involvement of these
chemoreceptors. In addition, hypoxic ventilatory responses in
R. schneideri, in order to improve lung gas exchange, are mediated
by altering V' rather than fr (Bicego-Nahas et al., 2001; Gargaglioni
and Branco, 2001, 2003), while increases in ventilation elicited by
hypotension in the present study were achieved through increases in
/r rather than V7 (Fig. 2). We also know that, at least in R. marina,
carotid labyrinth chemoreceptors are not flow sensitive; afferent
nerve activity is not affected by carotid labyrinth blood supply
cessation, and the hypoxia stimulus is no longer effective in
stimulating chemoreceptors in these conditions (Van Vliet and
West, 1992). Thus, our data suggest that ventilatory responses
during acute hypotension may instead be a consequence of
baroreceptors influencing respiratory areas. Further support for
this view comes from our results with hypertension, which induced
the opposite response, i.e. ventilation decrease.

Temperature effects on cardiorespiratory reflex responses

In the present study, increasing the temperature to 35°C promoted
cardiovascular and respiratory adjustments such as increases in
baseline fi; and Vg. Vg was affected by temperature from 25 to 35°C
(127% increase, Q10=2.27), mainly as a result of increases in V't
(Q10=1.57). Thus, increased Ve at high temperature matches an
elevated metabolic rate up to 105% (thermal interval range from 25
to 35°C) reported in a closely related species, R. marina (Overgaard
et al., 2012). High temperature exposure (35°C) in R. schneideri
elicited cardiovascular adjustments to support an increased
metabolic demand in which baseline fi; rose 100% relative to that
at 25°C, while blood pressure remained unchanged. Sustaining
blood pressure relatively constant, for the thermal interval between
25 and 35°C, while resting fiy increased accordingly, likely reflects a
general peripheral vasodilation (Zena et al., 2015), as stroke volume
remains fairly constant (Hedrick et al., 1999).

Pharmacologically induced changes in blood pressure not only
triggered baroreflex responses in fj; but also affected ¥y in
R. schneideri, similar to what has been reported for mammals
(Brunner et al., 1982; Walker and Jennings, 1998; McMullan and
Pilowsky, 2010; Stewart et al., 2011). Increases in blood pressure in
the toads were followed by reductions in Vg, primarily through
modification of fz and to a lesser extent Vr; conversely, Ve was
significantly increased during hypotension. In contrast to decreases
in Vr during hypertension at 25°C (higher doses of PE),
hypertension at 35°C was unable to decrease Fr, despite
diminished fz. In addition, the relationship between Py;s and the
ventilatory responses (binned Pyi4 data; Fig. 6) revealed that at high
temperature, toads exhibit elevated ventilation throughout the entire
Py range (<2 to >6 kPa), mainly because of increased V. This
permits the toads to keep an elevated ventilatory airflow in their
lungs, ensuring sufficient gas exchange at the organ level during
high metabolic demand, while their ability to change ventilation in
response to baroreceptor loading and unloading is preserved
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Table 2. Regression analysis slopes for the relationships between Py, and fz or Vg generated after serial bolus injections of phenylephrine
(hypertension) and sodium nitroprusside (hypotension) at 25 and 35°C in the toad R. schneideri

fx slope (breaths min~" kPa~")

VE slope (ml kg~! min~" kPa~")

Temperature (°C) Hypotension Hypertension P Hypotension Hypertension P
25 -16.814.8 —7.1+2.1 <0.001* -97.6+17.1 —23.616.0 <0.001*
35 —19.84£3.0 -4.8+£0.7 <0.001* —141.0£29.5 —28.7+6.4 <0.001*

*Significant difference between hypotension and hypertension slopes (Student’s t-test) within each temperature. fz slope, slope relationship between fz and Pya;

Ve slope, slope relationship between Ve and Pya. N=8.

(Table 2 and Fig. 5). In agreement with the ability of anurans to
respond to hypotension primarily by increasing fi; (Hedrick et al.,
2015; Zena et al., 2015), R. schneideri also exhibited a prominent
ventilatory response to reductions rather than increases in blood
pressure. This provides correlational data for the ability of anurans to
use their lungs to regulate blood volume (Hedrick et al., 2013); in
addition, it contributes to a prevailing view that amphibians strongly

Il Before SNP

A

[ After SNP

PMA (kPa)
w
o
o

80
704
601
504
401
304
201
101

a,A A

fy (beats min-1)

400
350 b b
300
2501
200
150 -
100+ a
50 -

Ve (ml kg=! min-1)

Before blockade After blockade

Fig. 7. Effect of SNP on Py, fi and VE in R. schneideri before and after full
autonomic blockade with atropine and sotalol. Changes in Py (A), fy (B)
and Ve (C) induced by SNP (100 pg kg=") before (N=7) and after (N=5) full
autonomic blockade with atropine (3.0 mg kg~") plus sotalol (3.0 mg kg™") at
25°C. Different lowercase letters indicate a significant effect of SNP injections;
different uppercase letters indicate a significant effect of full autonomic
blockade before or after SNP (two-way repeated measures ANOVA; P<0.05;
Holm-Sidak’s post hoc test).

defend short-term blood pressure imbalances against low pressure
events (Hedrick et al., 2015; Zena et al., 2015).

Beyond temperature-independent sensitivity of the ventilatory
reflex response, the baroreflex of f; in our toads in fact diminished at
35°C, as seen by the normalized gain (Table 1). This suggests that
the cardiac limb of the baroreflex response is possibly approaching
its thermal limit. In a previous study (Zena et al., 2015), we showed
that f; baroreflex sensitivity is enhanced by temperature for a
thermal interval between 15 and 30°C. Nevertheless, our data seem
to indicate that further increases in temperature (above 30°C),
instead of improving fi; baroreflex sensitivity, actually reduce it in
our toads. A possible explanation for this may involve a thermal
impairment of the tachycardic response to hypotension. This is
indicated by a lower O effect (1.5) for the maximum fi; response
achieved for the highest dose of SNP. Baseline fi; was profoundly
affected by temperature, shifting the operating point of the
baroreflex upward (100% increase) with a Qo effect of 2.0.
Hence, in order to sustain fi; baroreflex sensitivity from 25 to 35°C,
we expected that temperature would affect maximum and minimum
Ju responses through the same O, effect as baseline fi;; however,
this was not the case for maximum fy;.

The ability to mount reflex fi; responses mainly to hypotension in
anurans accounts for most of the fj; reflex responses due to changes
in blood pressure (Hedrick et al., 2015; Zena et al., 2015) and can be
strongly affected by the inability to further increase fi; when the
animal has an already elevated baseline value. Such a situation can
be encountered by the animal at very high temperatures (>35°C;
Overgaard et al., 2012) or during enforced activity (Wahlqvist and
Campbell, 1988); the latter is already known to reset the baroreflex
to higher fi; and Pya values in humans (Norton et al., 1999).

Overall it seems that anurans rely on a combination of mechanisms
to maintain cardiovascular homeostasis. The baroreflex in anurans is
clearly linked to the lymphatic system because lymph hearts are

400+
350+
300+
250+
200+
1504
100+
501 b,A

0 | —

Control

Il Normoxia
[ Hyperoxia B

Ve (ml kg-! min—1)

a,A

T
SNP
Fig. 8. Effect of SNP-induced hypotension on Vg in R. schneideri under
normoxia and hyperoxia. Different lowercase letters indicate a significant
difference between normoxia and 30% hyperoxia; different uppercase letters
indicate a significant difference between control and SNP injection within each
gas condition (two-way repeated measures ANOVA; P<0.05; Holm-Sidak’s
post hoc test). Normoxia, N=10; hyperoxia, N=5.
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under feedback control of arterial baroreceptors (Crossley and
Hillman, 1999) and pulmonary ventilation works as an efficient
effector for lymph mobilization (Hedrick et al., 2007). Based on our
data, short-term imbalances in blood pressure are defended by
mechanisms that involve reflex fi; adjustments along with changes in
pulmonary ventilation (mainly breathing frequency) that may
essentially arise from afferent integration of baroreceptors in the
CNS, modulating respiratory areas, as proposed for mammals
(McMullan and Pilowsky, 2010). Furthermore, high environmental
temperatures decrease the fi; baroreflex by impairing maximum fi
response effectiveness (lower Q;¢) when baseline fi; is already
elevated, while the ventilatory component of this response is
preserved. Although the loop between ventilation and lymph flow
based on baroreflex regulation deserves further experimentation, our
present findings in R. schneideri clearly provide a correlational link
among the baroreflex, lung ventilation and the lymphatic system in
anurans, in addition to providing evolutionary insights for better
understanding of the links between blood pressure and ventilation in
mammals. Among amphibians, however, whether the role of lung
ventilation is a conserved feature contributing to blood pressure
homeostasis is still unknown, as some lungless amphibians like
salamanders (Hutchison, 2008) and the Bornean flat-headed frog,
Barbourula kalmantanensis (Bickford et al., 2008), may rely on
other effectors for vertical lymph movement (i.e. skeletal muscle
contraction; Drewes et al., 2007), and thus blood pressure/volume
regulation dependent on ventilation certainly does not exist.
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