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RESUMO

Situagdes de estresse causam respostas cardiovasculares e
neuroenddcrinas centralmente mediadas. Entretanto, as causas potenciais da
variabilidade interindividual nas amplitudes dessas respostas ainda
permanecem pobremente compreendidas. Desta forma, torna-se importante a
investigacdo da contribuicdo das areas centrais que organizam as respostas
cardiovasculares de diferentes magnitudes. Através da desinibigao unilateral do
hipotdlamo dorsomedial (DMH) pela nanoinjegdo do antagonista GABAa,
bicuculina metiodida (BMI), n6s previamente demonstramos que ha assimetria
no controle cronotropico cardiaco pelo DMH (com predominéncia do DMH
direito) e lateralizagcdo no controle da atividade simpatica renal. No presente
trabalho, objetivando estender este estudo anterior, avaliamos a existéncia de
lateralizacdo e assimetria anatomo-funcional nas vias descendentes
cardiovasculares oriundas do DMH. Trés diferentes focos foram dados no
presente trabalho: i) Na busca da implicagao funcional de assimetria do DMH
sobre a fungdo cardiaca, observamos que a ativagdo do DMH direito pela
nanoinjegcdo de BMI provoca maiores respostas cronotropicas e inotropicas
comparadas aquelas evocadas pelo DMH esquerdo. Tais respostas contrateis
foram independentes das influéncias cronotrépica e de pods-carga que
sabidamente modificam o inotropismo cardiaco. Também foi visto que a
ativacdo do DMH provoca batimentos ectépicos cardiacos, novamente em
maior numero apods desinibicdo do DMH direito; ii) Sabendo que apos a
remogao do tbnus Gabaérgico pelo antagonismo farmacoldgico causado pela
BMI ha predominancia da liberagdo de aminoacidos excitatorios (EAA), o

segundo foco foi avaliar a contribuicdo dos receptores EAA para as respostas



assimétricas e lateralizadas evocadas pelo DMH unilateral. Também

investigamos se estas respostas sdo mediadas pela substancia cinzenta
periaquedutal (PAG). Em animais anestesiados, a estimulagdo do DMH e da
PAG provocou respostas lateralizadas para o nervo renal. Entretanto, as
respostas cronotropicas evocadas pelo DMH direito foram mais amplas do que
aquelas observadas para o DMH esquerdo ou PAG unilateral. Experimentos
anatbmicos revelaram uma projecédo bidirecional entre o DMH e a PAG. A
inibicdo dos receptores EAA em animais n&o-anestesiados atenuou as
respostas taquicardicas evocadas por exposigdo ao estresse agudo.
Novamente, os receptores EAA do DMH direito foram determinantes de
respostas cronotropicas mais amplas provocadas pelo estresse; iii) Os
neurbnios da Raphe Pallidus (RP) recebem densas projecbes do DMH e
abrigam os neurbnios pré-motores simpaticos cardiacos. Assim, buscamos
entender a contribuicdo dos neurbnios da RP para a assimetria nas respostas
cardiacas causadas pela estimulagdo do DMH unilateral. A estimulagédo da RP
provocou respostas cronotropicas e inotrépicas cardiacas semelhantes aquelas
evocadas pelo DMH direito. A inibicdo dos neurdnios da RP aboliu as
diferencas na amplitude das respostas cronotrépicas e inotropicas causadas
pela estimulagdo do DMH unilateral. N6s concluimos que: i) a assimetria no
controle cardiaco pelo DMH depende de receptores EAA e dos neurbnios da
RP; ii) as respostas lateralizadas evocadas pelo DMH dependem de uma via
descendente lateralizada até a PAG. Estudos complementares sao necessarios
para elucidar os mecanismos envolvidos nessas respostas assimétricas e

lateralizadas.



ABSTRACT

Stress exposure causes centrally mediated cardiovascular and
neuroendocrine responses. However, the mechanisms underlying the
interindividual variability in the amplitude of these responses remain to be
further investigated. Then, it is worth attempting efforts to investigate the central
areas that organize these differential cardiovascular responses. Previous
studies using disinhibition of unilateral dorsomedial hypothalamus (DMH) by
nanoinjecting the GABAa antagonist, bicuculline methiodide (BMI), revealed
asymmetry in the cardiac control by DMH (with right-sided predominance) and
lateralization in the control of the renal sympathetic activity. Aiming to extend
these previous data, we next evaluated anatomic and functional asymmetry in
the descending cardiovascular pathways from DMH. There were three different
focuses: i) Seeking to reveal whether the DMH asymmetry implicates in the
cardiac performance, we observed that injection of BMI into right DMH provokes
greater cardiac positive chronotropy and inotropy. Such inotropic responses
were likely independent on chronotropy and afterload influences, likely known to
modify the cardiac contractility. It was also detected cardiac ectopic beats,
again greatly numerous following right DMH activation; ii) Assuming that the
removal of the Gabaergic tone acts over DMH by injecting BMI allows an
excitatory input, our second aim was to assess the contribution of EAA
receptors (EAA) to the asymmetry and lateralization evoked from unilateral
DMH. We also evaluated whether these responses would be mediated by
periaqueductal gray. In anesthetized animals, injection of NMDA into unilateral
DMH or periaqueductal gray (PAG) caused lateralized renal sympathetic

responses. However, the tachycardia evoked from right DMH was greater that



left DMH or left and right PAG. Anatomic experiments unraveled a bidirectional

pathway between DMH and PAG. In non-anesthetized rats, inhibition of EAA
receptors attenuated the stress-evoked tachycardia, but EAA receptors in the
right DMH seem to govern the full tachycardia caused by stress; iii) Neurons in
Raphe Pallidus (RP) receive dense inputs from DMH and rule pre-sympathetic
cardiac neurons. In this regard, we shall to investigate the contribution of RP
neurons to the asymmetry in the cardiac responses evoked from unilateral
DMH. Stimulation of RP neurons caused positive chronotropism and inotropism
similar to that observed after stimulation of right DMH. Inhibition of RP
abolished the differences in the cardiac responses evoked from right and left
DMH. We conclude that the asymmetry in the cardiac control by DMH depends
on the EAA receptors and on the recruitment of RP neurons. Furthermore, the
lateralized responses evoked from unilateral DMH depend on a descending
lateralized synapse between from DMH to PAG. Complimentary analyses are
required to better elucidate the mechanisms involved in these asymmetric and

lateralized responses.
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1 - INTRODUGAO

Diferencas nas propriedades do funcionamento dos lados direito e
esquerdo do sistema nervoso central sdo conhecidas como lateralizagdo da
funcdo. Este fenbmeno tem sido observado em diferentes estruturas cerebrais,
incluindo o hipotalamo de diferentes espécies (Toga and Thompson, 2003,
Stephan et al., 2007). Estudos tém mostrado que, em algumas condicdes, a
atividade assimétrica de regides do cérebro podem resultar em lateralizagéo e
desequilibrio do controle autonémico cardiaco, implicando em arritmias
cardiacas (Harris et al., 1996, Critchley et al., 2005), e isso inclui condi¢des de
estresse mental (Lane et al., 1992a, Lane et al., 1992b).

Foi observado em humanos que ha uma divisdo de fungdes entre os
hemisférios. O hemisfério esquerdo governa a geragdo da atividade
parassimpatica para o coragdo, enquanto o hemisfério direito controla a
performance contratil cardiaca (Wittling et al., 1998a, Wittling et al., 1998b).
Através de exames de imagem foi visto que o estresse mental e a assimetria
central podem ser um mecanismo de morte subita em humanos. Curiosamente,
a ativacdo mesencefalica unilateral foi relacionada a predisposi¢cédo a arritmias
cardiacas (Critchley et al., 2005).

Estudos tém demonstrado que a assimetria de fungdes centrais pode
resultar em desequilibrio autonbmico com implicagdes para o sistema
cardiovascular. Anatomicamente, as proje¢cées de nucleos que participam do
controle autondmico para a coluna intermédio lateral sdo predominantemente
lateralizadas (Amendt et al., 1979, Loewy, 1981, Taylor and Weaver, 1992,

Jansen et al., 1995, Huang et al., 2002). Adicionalmente, segmentos medulares
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toracicos que comportam neurdnios pré-ganglionares do nervo simpatico
renal também apresentam distribuicdo anatdbmica e funcional ipsilateral
(Amendt et al., 1979, Blessing et al., 1981, Zagon and Smith, 1993). Ha
também evidéncias de que a inervagdo cardiaca apresenta distribuicdo
diferencial (Randall et al., 1972, Kamosinska et al., 1989). Os nervos
simpaticos originarios de ganglios superiores (cervicais) e localizados do lado
direito da cadeia paravertebral inervam predominantemente os atrios cardiacos
e exercem maior influéncia sobre o cronotropismo. Por sua vez, os nervos
simpaticos provenientes de ganglios inferiores (toracicos) e localizados do lado
esquerdo da cadeia paravertebral adentram predominantemente o sincicio
ventricular, e consequentemente controlam o inotropismo cardiaco (Yanowitz et
al., 1966, Randall et al., 1972, Kamosinska et al., 1989, Furukawa et al., 1990).
E possivel especular que, durante situacdes de maior demanda energética
como estresse emocional, para alcancar o desempenho cardiaco maximo,
deve haver o recrutamento de um maior numero de neurdnios pré-motores,
pré-ganglionares medulares e nervos simpaticos cardiacos.

Situagdes de estresse psicologico induzem simpatoexcitagdo (Julius,
1993) com consequente alteragdo na fungdo cardiaca, na resisténcia vascular
e no fluxo sanguineo (Halliwill et al., 1997, Harris, 2000, Carter et al., 2005,
Hayashi et al., 2006) que em conjunto com outras alteragdes fisioldgicas,
resultam na conhecida sindrome de emergéncia ou reagdo de luta ou fuga
(Cannon, 1929) . No entanto, em situagdes extremas o estresse psicoldgico
pode ter consequéncias cardiovasculares como: arritmias cardiacas (Lathers
and Schraeder, 2006, Oppenheimer, 2006); hipertensao arterial (Leor et al.,

1996); infarto do miocardio (Folkow, 1982, Davies et al., 1999, Gerin et al.,
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2005) e até morte subita (Parati et al., 2001, Gerin et al., 2005). Embora
existam dados sobre variabilidade individual nas respostas cardiovasculares a
evento aversivos (Smith, 2004, Critchley et al., 2005, Gerin et al., 2005), as
causas potenciais e as areas centrais envolvidas na elaboracido dessas
respostas diferenciais permanecem pouco compreendidas.

O papel do sistema nervoso central na elaboragcdo de respostas ao
estresse foi inicialmente considerado ao observar que um hipotalamo intacto
seria essencial para a geracao de respostas adequadas de luta ou fuga (Bard,
1928). Posteriormente, utilizando técnicas e metodologia mais precisas e
refinadas, foram descritas subregides diencefalicas que organizam estas
repostas (Schmidt and DiMicco, 1984, Smith, 1990, Diamant, 1992, Lovallo and
Gerin, 2003), dentre elas, o hipotalamo dorsomedial (DMH) (Fontes et al.,
2011). Um crescente numero de trabalhos tem avaliado o papel do DMH e de
suas vias descendentes na organizagao de respostas fisiologicas a eventos
aversivos, além de sugerir sua participagdo em processos fisiopatologicos [para

revisao, ver (DiMicco et al., 2002, Xavier et al., 2008, Fontes et al., 2011)].

1.1- O HIPOTALAMO DORSOMEDIAL

O hipotalamo dorsomedial (DMH) localiza-se adjacentemente ao terceiro
ventriculo, e além de conexdes intrahipotalamicas, conecta-se com telencéfalo
e com outros nucleos diencéfalicos e bulbares (Paxinos and Watson, 1986,
Thompson et al., 1996, DiMicco et al., 2002, Xavier et al., 2008).
Anatomicamente, as vias intrahipotalamicas e descendentes a partir do DMH
parecem ser predominantemente ipsilaterais. Assim, uma por¢ao unilateral do

DMH parece ndo se comunicar diretamente com seu correspondente
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contralateral. Da mesma forma, as vias descendentes do DMH tém aspecto

de espelhos ipsilaterais (ter Horst and Luiten, 1986, Thompson et al., 1996).

Bregma-3.1 mm Bregma-3.4 mm

Figura 1. Desenho esquematico demonstrando a regiao hipotalamica
dorsomedial (DMH — demarcada em cinza). Indicadas pelas setas estédo as
estruturas e referéncias anatdbmicas que compdem e cercam o hipotalamo
dorsomedial. DA: aréa hipotalamica dorsal; mt: trato mamilar; f. fornix; LH:
hipotalamo lateral; ARC: nucleo arqueado; lll: terceiro ventriculo; VMH:
hipotalamo ventromedial; PH: hipotalamo posterior; DMN: nucleo hipotaléamico
dorsomedial — por¢gbes compacta (DMC) e difusa (DMD). Extraido do artigo de
revisdo - The dorsomedial hypothalamus and the central pathways involved in
the cardiovascular response to emotional stress. Fontes MA, Xavier CH,
Menezes RCA and DiMicco J. — Neuroscience 184 (2011) 64-74.

Existem numerosas evidéncias da participacdo do DMH nas respostas
ao estresse. Algumas manobras farmacoldgicas tém sido utilizadas no estudo
do papel do DMH na organizagdo de respostas cardiovasculares,
comportamentais e neuroenddcrinas ao estresse. Dados da literatura
evidenciam que os neurdnios do DMH estdo sob constante inibicdo pela acao
de projegdes gabaérgicas (DiMicco and Abshire, 1987). Nesse sentido, a

injecdo do antagonista dos receptores GABA subtipo A, bicuculina metiodida
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(BMI), tem sido uma das intervengdes mais usadas para provocar
desinibicdo / ativacdo dos neurbnios do DMH [para revisdo, ver anexo 2
(Fontes et al., 2011)]. O bloqueio dos receptores GABAs no DMH produz
respostas simpatoexcitatdrias tipicamente observadas em estresse emocional
experimental, como aumentos de frequéncia cardiaca (FC), de atividade
simpatica para o nervo renal (RSNA) e presséo arterial (PA) (DiMicco et al.,
1996, Fontes et al., 2001, Cao et al., 2004, Horiuchi et al., 2004, Xavier et al.,
2009). Tem sido proposto que a exposicédo ao estresse emocional reduz a agéo
deste tdnus inibitério que age sobre neurénios do DMH, permitindo assim sua
ativacdo. Assim, no intuito de confirmar o papel da inibicdo GABA no controle
da atividade de neurdnios do DMH e suas respostas, a injegdo do agonista de
receptores GABAa, muscimol, tem sido a estratégia comumente empregada. A
injecdo de muscimol no DMH reduz a taquicardia e a hipertensdo em ratos
submetidos ao estresse (Lisa et al., 1989a, Lisa et al., 1989b, Stotz-Potter et
al., 1996a, Stotz-Potter et al., 1996b, Xavier et al., 2009).

A despeito das substanciais evidéncias da existéncia de projecoes
inibitérias sobre os neurdnios do DMH, é importante salientar que essas células
nao possuem atividade tbnica e para serem estimuladas, necessitam de um
“input’ excitatorio. Na busca do melhor entendimento sobre os mecanismos
neuroquimicos envolvidos no controle da atividade de neurénios do DMH, foi
relatada a participagdo dos receptores de aminoacido excitatorio (EAA) na
estimulacdo desses neurbnios, que ocorre concomitantemente a remocéo do
tbnus GABA. Estudos descrevem que a remocédo do tbnus GABA permite a
acao de uma sinapse excitatéria sobre o DMH, permitindo que estes neurbnios

sejam estimulados / excitados. Injecbes de agonistas de EAA provocaram
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respostas  cardiovasculares, neuroenddcrinas e  comportamentais
semelhantes aquelas obtidas apos o bloqueio dos receptores GABAa pela BMI
(Soltis and DiMicco, 1991a, b, 1992, De Novellis et al., 1995, Soltis et al.,
1998). Por outro lado, a inje¢do de drogas como o acido quinurénico (Kyn), que
bloqueia os receptores EAA, atenua as respostas provocadas por diferentes
estimulos aversivos, inclusive estresse emocional (Soltis and DiMicco, 1991b,
1992, Queiroz et al., 2011).

A acédo de dois tipos de sinapses diferentes (inibitoria — GABA e
excitatoria — EAA) no controle do DMH sugere que este nucleo recebe
projecdes de diferentes areas, que de maneira coordenada ativa os neurdnios
provocando assim as respostas acima descritas. Nesse sentido, as projeg¢des
oriundas da area predptica medial (mMPOA) foram descritas como uma
importante fonte gabaérgica que controle o DMH (Hunt et al., 2010). De
maneira diferente, um estudo prévio relatou que a amigdala (Amg), uma
estrutura central limbica, € uma das responsaveis pela excitacdo dos neurbnios
do DMH (Soltis et al., 1998). Mais recentemente foi descrito que neurdnios da
substancia cinzenta periaquedutal (PAG) também fornecem os “inputs”
excitatérios necessarios para o recrutamento dos neurénios do DMH (de
Menezes et al., 2009, Horiuchi et al., 2009). Embora estudos anatémicos
fomentem hipdteses sobre a participacdo de outras estruturas no controle do
DMH, como as regides pré-frontal medial (mPFC) (Hurley et al., 1991, Vertes,
2004) e insular (IC) (Cechetto and Chen, 1990) do cortex, estudos fisiologicos /
funcionais complementares sdo necessarios para avaliar se essas areas

exercem algum controle sobre o DMH.
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1.2- VIAS DESCENDENTES LATERALIZADAS ORIUNDAS DO DMH

Ha evidéncias anatdbmicas de que um lado do DMH parece nao se
comunicar diretamente com seu correspondente hipotalamico contralateral.
Adicionalmente, as vias anatémicas descendentes oriundas do DMH parecem
ser lateralizadas, como espelhos ipsilaterais (ter Horst and Luiten, 1986,
Thompson et al., 1996). Estes dados despertaram nosso interesse, levando a
formulacdo de hipoteses acerca das possiveis implicagdes funcionais destas
particularidades anatémicas do DMH. Os estudos funcionais anteriores
utilizaram abordagens unilaterais randomicas e/ou bilaterais, e assim, n&o
forneciam dados consistentes sobre a possivel existéncia de lateralizacédo e
assimetria nas vias oriundas do DMH. Ainda n&o existiam estudos comparando
as respostas evocadas pelos lados direito e esquerdo deste nucleo. Entéo,
realizamos uma avaliacdo criteriosa, comparando a amplitude de respostas
cardiovasculares evocadas pelos lados direito e esquerdo do DMH. Nossos
dados recentes (anexo 1) demonstram assimetria e lateralizagdo nas respostas
funcionais causadas pela ativacdo unilateral do DMH. Através da injegcao de
agonistas e antagonistas dos receptores GABAa, concluimos que o DMH
unilateral conduz o controle autonémico no hemicorpo ipsilateral. Além disso, a
participacdo do DMH direito parece ser critica para atingir a taquicardia maxima
durante o estresse emocional (Xavier et al., 2009). A partir destes dados, os
questionamentos levantados foram: i) quais seriam os mecanismos de controle
hemodinamico e cardiaco existentes durante os efeitos causados pela ativacao
do DMH (bloqueio GABA,); ii) os receptores de EAA contribuem para as

respostas assimeétricas e lateralizadas previamente descritas? Estas perguntas
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embasaram, respectivamente, o primeiro e parte do segundo objetivos
especificos da presente tese (ver segao 2 — objetivos).

Apesar de todas as evidéncias do envolvimento do DMH na integragéao
das respostas simpatoexcitatorias ao estresse, este nucleo nao envia projegdes
diretas para a coluna intermediolateral (ter Horst and Luiten, 1986, Thompson
et al., 1996), e por isto necessita conectar-se a outros nucleos para produzir
seus efeitos. Estudos demonstram densas proje¢cbes do DMH para nucleos
como a substancia cinzenta periaquedutal (PAG), o bulbo ventrolateral rostral
(RVLM) e a Raphe Pallidus (RP), localizada no bulbo ventromedial rostral
(RVMM) (ter Horst and Luiten, 1986, Hosoya et al., 1987, Thompson et al.,
1996, Farkas et al., 1998). Algumas das regides envolvidas na circuitaria que
organiza as respostas cardiovasculares ao estresse emocional e as projeg¢des

oriundas do DMH est&o resumidas na Figura 2.
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Figura 2. Desenho esquematico demonstrando as vias centrais que
participam da organizagao de respostas cardiovasculares ao estresse. O
hipotalamo dorsomedial € evidenciado como um nucleo chave na integragao de
regides topograficamente superiores (prosenceéfalo) e inferiores (mesencéfalo e
bulbo). Em consonancia ao demonstrado no esquema acima, ha evidéncias de
lateralizagcdo nas proje¢des do DMH para nucleos bilaterais como a PAG e
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RVLM. Todavia, o DMH se conecta com a RP, um nucleo central localizado
exatamente na regido medial do tronco encefalico. Através de uma sinapse
excitatéria com a RP, o DMH produz respostas cardiacas e termogénicas.
Sinais positivos (+), negativos (-) e interrogagcdo (?) indicam sinapses
excitatorias, inibitorias e desconhecidas, respectivamente. Marcagoes L- e R-
indicam localizagcdo a esquerda e a direita de nucleos Dbilaterais,
respectivamente. Amg: amigdala; IC: cortex insular; mPFC: cortex pré-frontal
medial; mPOA: area pré-optica medial; DMH: hipotalamo dorsomedial; PAG:
substancia cinzenta periaquedutal; RVLM: bulbo ventrolateral rostral; RP: raphe
pallidus; IML: coluna intermédio-lateral espinhal. Extraido do artigo de reviséo -
The dorsomedial hypothalamus and the central pathways involved in the
cardiovascular response to emotional stress. Fontes MA, Xavier CH, Menezes
RCA and DiMicco J. — Neuroscience 184 (2011) 64-74.

A PAG é considerada uma regido chave na organizagao de respostas
comportamentais e autonémicas a eventos aversivos (Lovick, 1993, Farkas et
al., 1998, Vianna and Brandao, 2003, de Menezes et al.,, 2008),
anatomicamente organizada em um sistema colunar lateralizado (Farkas et al.,
1998). Foi visto que as alteragdes de PA e principalmente de FC evocadas por
estresse e pela ativagdo do DMH foram revertidas e/ou atenuadas pela inibigdo
da PAG (da Silva et al., 2003, da Silva et al., 2006, de Menezes et al., 2006, de
Menezes et al., 2008, de Menezes et al., 2009). Além disso, somente a inibicao
da PAG ipsilateral atenuou as respostas pressora e cronotropica evocadas pela
estimulagdo unilateral do DMH (da Silva et al., 2003). Isto sugere a existéncia
de uma via funcionalmente lateralizada do DMH até a PAG. De maneira
inversa, dois estudos recentes observaram que é necessaria a atividade de
neurénios no DMH, para que se alcancem as respostas evocadas pela
estimulacdo da PAG (de Menezes et al., 2009, Horiuchi et al., 2009).
Entretanto, ainda nao foi avaliado se a estimulacédo unilateral da PAG causa

respostas semelhantes aquelas observadas para o DMH. Assim, a pergunta
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que remete a parte restante do segundo objetivo especifico da presente tese
€. existe assimetria e lateralizagdo nas respostas evocadas pela PAG
mediadas pelo DMH?

Estudos que avaliaram a participagao de areas bulbares nas respostas
evocadas pelo DMH demonstraram que as elevagbes de PA e RSNA
produzidas pela ativagdo do DMH foram atenuadas mediante inibicdo dos
neurénios do bulbo ventrolateral rostral (RVLM) (Fontes et al., 2001, Cao et al.,
2004). Vale ressaltar que a inibigao ipsilateral da RVLM reduz de maneira
significativa os aumentos de RSNA evocadas pela ativagcdo do DMH ipsilateral.
Entretanto, a taquicardia parece n&o ser mediada pela RVLM (Fontes et al.,
2001).

Como citado anteriormente, a auséncia de influéncia dos neurdnios pré-
motores simpaticos da RVLM sobre a resposta taquicardica causada pela
ativacdo do DMH (Fontes et al., 2001) revelou que: i) a RVLM governa
predominantemente os efeitos vasomotores e simpatoexcitatorios renais
causados pela ativacdo do DMH; ii) a reatividade cardiaca / taquicardia
evocada pelo DMH é controlada por um outro grupo de neurdnios pré-motores
simpaticos, possivelmente com maior influéncia cardiaca. Estudos anatdbmicos
mostraram que a regido do bulbo ventromedial rostral (RVMM), que
compreende a Raphe Pallidus (RP), Raphe Magnus (RM) e neurbnios
parapiramidais (PPy), contém neurdnios pré-motores simpaticos cardiacos e
para o tecido adiposo marrom interescapular (Loewy, 1981, Ter Horst et al.,
1996, Nakamura et al., 2004). Funcionalmente, foi avaliada a participacéo da
RVMM nas repostas cronotropicas e inotropicas cardiacas. A inibicdo da RP

suprimiu a taquicardia gerada pela ativagdo do DMH (Samuels et al., 2002,
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Zaretsky et al., 2003, Cao et al., 2004, Samuels et al., 2004). Aléem disso, foi
observado que a estimulagdo da RP produziu amplas respostas cronotrépicas
e inotrépicas positivas (Salo et al., 2009) e que a amplitude dessas respostas
taquicardicas foi similar aquelas observadas para o DMH (Samuels et al., 2002,
Cao and Morrison, 2003). No entanto, ainda ndo se sabe se ha assimetria e
lateralizagdo nas respostas controladas pela RP, um nucleo central e unico.
Sabendo que a RP é o nucleo que controla as respostas cronotrépicas
evocadas pelo DMH, as perguntas a seguir relacionam-se ao terceiro e ultimo
objetivo especifico da presente tese: i) os neurdnios da RP contribuem para a
assimetria que determina diferencas nas respostas cardiovasculares evocadas
pelo DMH unilateral (Xavier et al., 2009)]?; ii) os neurdnios da RP controlam as
respostas assimeétricas de contratilidade cardiaca evocadas pelo DMH (obtidas
a partir do cumprimento do primeiro objetivo especifico)?

Considerando as diferengcas na amplitude das respostas evocadas pelos
lados direito e esquerdo do DMH (Xavier et al., 2009), as densas proje¢des do
DMH para PAG e RP (ter Horst and Luiten, 1986, Thompson et al., 1996) e seu
papel na organizagdo da resposta cardiovascular ao estresse (Fontes et al.,
2011), pode-se especular que o recrutamento diferencial desses nucleos
causaria diferentes respostas funcionais. Uma vez que esse recrutamento
diferencial e assimetria de fungdes cerebrais pode resultar em alteragdes
autondmicas, torna-se importante avaliar o envolvimento do eixo DMH — PAG —

RP na elaboracao destas respostas diferenciais.
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2 - OBJETIVO GERAL

Comparar as respostas cardiovasculares provocadas pela ativagao /
estimulagdo unilateral do hipotalamo dorsomedial (lado direito vs. lado
esquerdo) e a participagdo dos centros integradores inferiores, substancia

cinzenta periaquedutal (PAG) e Raphe Pallidus (RP).

2.1- OBJETIVOS ESPECIFICOS

Sempre objetivando avaliar a possivel assimetria funcional envolvendo o

DMH, os objetivos especificos desta tese sao:

211 - Comparar as respostas eletrocardiograficas, cronotropicas e
inotrépicas cardiacas provocadas pela desinibicdo dos lados direito e

esquerdo do hipotalamo dorsomedial;

2.1.2 - Avaliar a contribuigcdo de receptores de aminoacidos excitatérios nos
lados direito e esquerdo do hipotalamo dorsomedial e colunas lateral e
dorsolateral da substancia cinzenta periaquedutal para as respostas

simpatoexcitatoria, pressorica e cronotropica cardiaca;

2.1.3 - Avaliar o envolvimento da Raphe Pallidus nas respostas assimétricas
cronotrépicas e inotrépicas cardiacas provocadas pela estimulagao dos

lados direito e esquerdo do hipotalamo dorsomedial.
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3 - MATERIAL
3.1- DROGAS

As drogas utilizadas foram: i) antagonista GABAAa: bicuculina metiodida
(BMI 40pmol/100nL); ii) o agonista de receptores GABAa: muscimol
(12mM/60nL); iii) o agonista de receptores de aminoacidos excitatorios (EAA)
N-metil D-aspartato (NMDA) (0,2mM/60nL e 100pmol/100nL); iv) o antagonista
de EAA: acido quinurénico (Kyn) 1nmol/100nL; adquiridas da Sigma e diluidas
em salina estéril (NaCl — 0,9%); v) o bloqueador da corrente marcapasso
cardiaca (corrente ativada por hiperporlarizagdo - If ou corrente funny):
zatebradina (ou UL-FS 49) (1mg/Kg); vi) o antagonista de receptores beta
adrenérgicos cardiacos: atenolol (2mg/Kg); vii) os anestésicos: isofluorano;
tribromoetanol (250mg/Kg — i.p.); uretana (1,2 a 1,4g/Kg i.p.); cloralose
(120mg/kg i.p.); lidocaina (2%) + epinefrina (1:50.000) s.c.; viii) o bloqueador
neuromuscular tubocurarina (0,6mgq); ix) o agonista adrenérgico fenilefrina (10
Mg/kg i.v.).

Para experimentos em animais n&o-anestesiados, apdés os
procedimentos cirurgicos, os animais receberam antibidtico (pentabiotico 0,2mL

i.m.) analgésico e anti-inflamatério Banamine® (1,1-2,2mg/Kg i.m.).

3.2- ANIMAIS

Foram utilizados ratos Wistar, com peso entre 250 e 3509, fornecidos
pelo Centro de Bioterismo das respectivas instituicdes nas quais este trabalho
foi desenvolvido: i) Instituto de Ciéncias Bioldgicas (ICB) da Universidade
Federal de Minas Gerais (MG - Brasil); ii) School of Biomedical Sciences and

Pharmacy da University of Newcastle (NSW - Australia); iii) Department of
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Neurological Surgery da Oregon Health and Sciences University (OR —

Estados Unidos). Os procedimentos estiveram de acordo com as regras
estabelecidas pelo CETEA, pelo U.S. National Institutes of Health Guide for the
Care and Use of Laboratory Animals e como recomendado pelas diretrizes de
cada instituicdo envolvida. Todos os esforgos foram feitos para minimizar o

numero de animais necessarios para a conclusao dos experimentos.
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4 - METODOS

4.1- PROCEDIMENTOS CIRURGICOS

4.1.1- TRAQUEOSTOMIA

Na superficie ventral do pescogo, proximo ao manubrio esternal, foi
realizada uma pequena incisdo na pele do animal. Foram divulsionadas e
rebatidas as estruturas musculares, e apos a localizacdo da traquéia foi feito
um pequeno orificio entre dois anéis cartilaginosos para a insergdo de uma
canula de diametro compativel (JELCO Plus - n° 14G 7068 — Johnson &
Johnson MEDICAL). Dessa forma, possibilitou-se aspiracdo endotraqueal (se
necessario) e a manutengao da perviedade das vias aéreas. A porcéo externa
da canula traqueal, foi posicionado um tubo em “Y” conectado a um transdutor

de pressao respiratoria que permitiu o calculo da frequéncia respiratéria.

4.1.2- CANULACAO DE ARTERIA E VEIA FEMORAIS

Os ratos foram posicionados em decubito dorsal e receberam uma
incisdo na regido inguinal unilateral para dissecagdo do feixe vasculo-nervoso
femoral. Canulas de polietileno PE-50 (15cm) soldados a PE-10 (2cm para veia
e 4cm para artéria) foram implantadas e fixadas por amarraduras. A canula
venosa foi utilizada para injegdo de drogas e a extremidade livre da canula
inserida na artéria foi acoplada a um transdutor de pressao (strain-Gauge — DT-
XX Viggo-spectramed) ligado a um amplificador e a um sistema de conversao

analdgico-digital para aquisigao dos valores de PA e FC.
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4.1.3- CRANIOTOMIA E LOCALIZAGAO DOS NUCLEOS CENTRAIS

As coordenadas utilizadas foram baseadas no Atlas de Paxinos e
Watson (Paxinos and Watson, 1986). Os animais foram posicionados em um
aparelho estereotaxico (STOELTING, IL, USA) com a cabega posicionada
3,3mm acima da linha interaural. As coordenadas de localizacdo de nucleos a
partir do bregma foram: i) DMH - &ntero-posterior (AP): -3,1mm, dorso-ventral
(DV): -8,5mm e latero-lateral (LL): £0,6mm; ii) I/dIPAG — AP: -6,8mm, DV: -
4,8mm e LL: £0,6mm. As coordenadas para localizacdo da RP/RVMM a partir
do lambda foram: -3,0mm do lambda e movidas caudalmente (-0,5mm) de
forma gradual até que se identificasse o local de injegcdo que produzisse maior
resposta taquicardica e termogénica; DV: -10,6mm e LL: Omm. Apos a
realizagdo de uma craniotomia local, uma micropipeta de vidro de ponta
ultrafina foi posicionada para nanoinje¢ao de drogas.

Nos protocolos que utilizam animais acordados, canulas-guia medindo
16mm foram posicionadas bilateralmente préximas ao DMH e I/dIPAG através
do uso de resina acrilica que fixou tais canulas a parafusos previamente
colocados no cranio dos animais marginalmente a craniotomia de acesso ao

DMH.

4.1.4- LOCALIZACAO E ISOLAMENTO DO NERVO RENAL

Os animais tiveram o flanco lateral esquerdo tricotomizado. Uma area
delimitada entre a ultima costela e a pata traseira foi demarcada com caneta
dermatografica e exposta pela retirada da pele. Em seguida, foi divulsionada a
musculatura paravertebral da regido retroperitoneal até a localizagdo do rim.

Foram fixadas a um campo operatério as extremidades da abertura cirurgica
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para visualizagao e acesso a aorta abdominal, nervo e artéria renais. Com o
auxilio de uma lupa (aumento de 20x) (Opto SM 2002), o nervo renal foi
cuidadosamente localizado e dissecado. O nervo renal foi posicionado sobre
um par de eletrodos de prata acoplados a um micromanipulador. Os bursts de
atividade simpatica do nervo renal captados pelo eletrodo foram filtrados (100 a
1000Hz), amplificados e enviados simultaneamente a um amplificador de som
e a um osciloscopio (Tektronix 546B) para visualizagcdo e identificacdo da
frequéncia de descarga que caracterizam a atividade simpatica. Além disso, a
atividade simpatica captada foi conduzida a uma placa analogico-digital e a um
sistema de aquisicdo de dados (Power Lab 4/20 — ADInstruments). Através de
um software (Chart 7.2 for Windows), o sinal captado foi registrado como sinal
bruto, medido por unidades arbitrarias e simultaneamente convertido em sinal
integrado para serem avaliados a variagao da RSNA (%).

Dentro do campo cirurgico foi adicionado, durante todo o experimento,
oleo mineral (Nujol — Schering-Plough) previamente aquecido (+ 37,5° C) para
evitar ressecamento dos tecidos expostos e isolar a captagao do sinal do nervo
renal de ruidos externos. Toda essa preparagao permaneceu em observagao
por cerca de 30 minutos ou até estabilizacdo dessas medidas para que se

iniciassem os procedimentos experimentais.

4.1.5- POSICIONAMENTO DE ELETRODOS PARA ELETROCARDIOGRAFIA

Ap0s tricotomia na regido anterior do pescogo, incisao na porgao anterior
do pescogo e exposicdo do apéndice xiféide, eletrodos para registro
eletrocardiografico foram posicionados no porgdo superior do mediastino e

posteriormente ao xifoide e em seguida fixados a musculatura préxima com
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suturas cirurgicas. Todo este procedimento ocorreu como previamente

descrito (Sgoifo et al., 1996).

4.1.6- CATETERIZAGCAO DO VENTRICULO ESQUERDO CARDIACO

Sob efeito de anestesia, a artéria carotida direita do animal foi localizada
e dissecada. Um cateter Millar (SPR-249, Millar Instruments) foi inserido na
artéria e dirigido ao interior da ventriculo esquerdo cardiaco. O registro de
pressao foi acompanhado e o posicionamento do catéter no interior da camara
cardiaca foi confirmado quando o valor da pressao diastolica atingia valores
proximos a zero. Este catéter permitiu aferir pressdo ventricular esquerda
(LVP) e sua derivativa (LVdp/dt).

A confirmag&o do posicionamento do cateter no interior do ventriculo
esquerdo cardiaco se deu como exemplificado abaixo (Figura 3). A seta indica
o0 momento em que o cateter adentra a camara cardiaca, a partir do qual o sinal
de pressao se diferencia. Valores aproximados de pressao arterial sistémica
sistdlica e diastdlica variam de 120 a 80mmHg, respectivamente. Nota-se que,
no registro de pressao ventricular, o valor de pressao sistolica é similar ao
achado da pressao arterial sistémica. Entretanto, a pressdo diastdlica é

proxima a OmmHg.
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Figura 3. Sinal de pressao sanguinea evidenciando as diferengas entre os
registros de pressao arterial periférica e pressao ventricular. A seta indica

o momento em que o cateter adentra o ventriculo esquerdo cardiaco.

4.1.7- POSICIONAMENTO DE SENSORES DE TEMPERATURA NO TECIDO

ADIPOSO MARROM INTERESCAPULAR E RETAL

Ap0os tricotomia na regido interescapular, foi identificado o tecido adiposo
marrom (BAT). Uma céanula de 0,5cm foi inserida no BAT de maneira
cuidadosa, para que se preservasse a rica vascularizagdo deste tecido,
composta por vasos que confluem ventralmente e sao responsaveis por
conduzir o sangue que capta e dissipa o calor gerado. No interior desta canula
foi posicionada a ponta de um probe de temperatura. Além disso, outros dois
sensores de temperatura foram posicionados no célon do animal, a 1,5cm do
esfincter anal e na cauda dos animais, para medida de temperatura corporal e

caudal, respectivamente. O sistema de aquisicdo de dados térmicos utilizado
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foi o TC 1000 Thermocouple Meter (Sable Systems), que fornece precisao

de 0,2° C.

4.2- PROCEDIMENTOS EXPERIMENTAIS

Devido ao numero de protocolos e grupos experimentais, esta sub-sec¢ao
foi dividida de acordo com cada objetivo especifico, visando facilitar o

entendimento do leitor.

421 - OBJETIVO ESPECIFICO 1: COMPARAR AS RESPOSTAS
ELETROCARDIOGRAFICAS, CRONOTROPICAS E INOTROPICAS
CARDIACAS PROVOCADAS PELA DESINIBICAO DOS LADOS DIREITO E

ESQUERDO DO HIPOTALAMO DORSOMEDIAL

Todos os procedimentos experimentais realizados para atingir o objetivo
especifico 1 estiveram de acordo com o recomendado pela instituicdo
envolvida: University of Newcastle (Callagham/NSW - Australia). Esta série
experimental foi realizada no Neurocardiology Laboratory, School of Biomedical
Sciences and Pharmacy, University of Newcastle, como parte do doutorado
sanduiche (CNPq — 143005/2008-1) de janeiro a abril de 2009. Orientador:

Prof. Eugene Nalivaiko, MD, PhD.

4.2.1.1- ANESTESIA

Os animais foram anestesiados com isofluorano. Apds terem sua artéria
e veia femorais canuladas (para medida de PAM e FC), receberam lentamente

a injecdo endovenosa da solugao uretana 500mg + cloralose 40mg/mL (aprox.
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3mL/Kg) e concomitantemente a inalagdo de isofluorano foi gradativamente
reduzida. Suplementa¢cdes de uretana foram dadas por via intravenosa (i.v.)

guando necessario.

4.2.1.2- DESENHO EXPERIMENTAL - Grupo 1

Apoés anestesia, os animais (n=7) foram submetidos aos procedimentos
cirurgicos de traqueostomia (item 4.1.1), canulacdo de artéria e veia femorais
(tem 4.1.2), cateterizagdo do ventriculo esquerdo cardiaco (item 4.1.6),
posicionamento de eletrodos para registro de ECG (item 4.1.5) e craniotomia
para acesso ao DMH (item 4.1.3). As coordenadas utilizadas (AP: -3,1; LL:
10,6; DV: -8,5mm) seguiram os dados de mapeamento do DMH realizados por
Tanaka and McAllen, que observaram que a regido superior e anterior do DMH
produz respostas cardiacas mais proeminentes (Tanaka and McAllen, 2008).
Durante os procedimentos cirurgicos e experimentais, a temperatura corporal
foi mantida em torno de 37° C por uma placa aquecedora e uma lampada
incandescente.

Para obter os registro controle das respostas cardiovasculares, inje¢cao
de bicuculina metiodida (BMI - 40pmol/100nL) foi feita no DMH unilateral. O
lado escolhido para primeira injegdo central foi feito aleatoriamente. Apos
40min ou até as variaveis retornarem a valores proximos ao basal, uma
segunda injecdo de BMI foi feita no DMH contralateral.

No intuito de reduzir o efeito da frequéncia cardiaca sobre a
contratilidade (DiFrancesco, 1994) permitindo assim avaliar o efeito direto do
DMH sobre a contratilidade cardiaca, foi injetado endovenosamente

zatebradina (1mg/Kg), um bloqueador da corrente de marcapasso cardiaco (If).
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Apos um periodo de aproximadamente 15 minutos para a estabilizacdo do
efeito da zatebradina, as inje¢cdes de BMI no DMH unilateral foram entdo
repetidas como descrito anteriormente.

Para determinar se as respostas cronotrépicas e inotrépicas observadas
envolviam ativagado de receptores B-adrenérgicos cardiacos foi feita a injecéo
i.v. do bloqueador adrenérgico atenolol (2mg/Kg). Apés um periodo de
estabilizacdo de aproximadamente 15 minutos, as injecbées de BMI no DMH
unilateral foram entdo repetidas, respeitando os intervalos previamente
descritos. Ao final, com o intuito de conhecer a contribuicdo da pds-carga para
o aumento na contratilidade, injecées i.v. do agonista adrenérgico fenilefrina
(10pg/Kg) foram realizadas e seus efeitos sobre a relagdo PAM / LVdp/dt foram
comparados com aqueles causados pela ativacdo do DMH unilateral. Ao final
dos experimentos, 0os animais receberam nanoinjecdo do corante alcian blue e
foram perfundidos com paraformaldeido (PFA) a 4%. Os cérebros foram
retirados, mantidos em PFA 4% por 24 horas, e em seguida transferidos para
solugdo de sacarose 30% por 48 horas para posterior corte (40um) em
criostato. Para analise histolégica, os cortes foram montados em lédminas

previamente gelatinizadas e corados com vermelho neutro.

A sequéncia experimental do grupo 1 esta esquematizada na Figura 4.
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Zatebradine Atenolol Atenolol Bilateral dye
0.5mg/Kg 2 mg/kg 2 mg/kg into DMH
Anesthesia

T 11 1 11

Surgicals R R R L PERFUSION

. . L 250ml saline
Microinjections of Bicuculine into DMH 250m! PFA 4%

40pmol/100nL

Figura 4. Sequéncia experimental do grupo 1 — objetivo especifico 1.

4.2.1.3- DESENHO EXPERIMENTAL - Grupo 2

Outro grupo de animais (n=4), foi submetido a experimentos de “pacing
cardiaco”. Através de estimulos elétricos diretamente no coragédo a frequéncia
cardiaca era controlada, predominando somente os efeitos da ativacao
unilateral do DMH sobre a contratilidade cardiaca. Apds anestesia (como
descrito no item 4.2.1.1), os animais foram submetidos aos procedimentos
cirurgicos de canulagdo de artéria e veia femorais (item 4.1.2), craniotomia
(item 4.1.3), traqueostomia (item 4.1.1) e cateterizacdo do ventriculo esquerdo
cardiaco (item 4.1.6).

Os animais receberam injegcdes de zatebradina (1mg/Kg), um inibidor do
marcapasso cardiaco, com o objetivo de reduzir a frequéncia cardiaca a
valores proximos a 270bpm. Em seguida, os animais foram conectados a
ventilagao artificial e sofreram toracotomia para o posicionamento de eletrodos
no atrio direito. A estimulagdo elétrica cardiaca foi ajustada para que a FC
fosse mantida em aproximadamente 360bpm (pulsos retangulares de 1ms;
voltagem entre 1 e 2V, frequéncia de 8,5Hz), como descrito anteriormente
(Salo et al., 2009). As nanoinjecdes unilaterais de BMI no DMH foram

realizadas enquanto o “pacing” foi mantido durante 15 minutos.
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A sequéncia experimental e de injegbes centrais estdo apresentadas

na Figura 15 (painel A).

4.2.2- OBJETIVO ESPECIFICO 2: AVALIAR A CONTRIBUICAO DE
RECEPTORES DE AMINOACIDOS EXCITATORIOS NOS LADOS DIREITO E
ESQUERDO DO HIPOTALAMO DORSOMEDIAL E COLUNAS LATERAL E
DORSOLATERAL DA SUBSTANCIA CINZENTA PERIAQUEDUTAL PARA AS
RESPOSTAS SIMPATOEXCITATORIA, PRESSORICA E CRONOTROPICA

CARDIACA.

Todos os procedimentos experimentais realizados para alcangar o
objetivo especifico 2 estiveram de acordo com o recomendado pelo comité de
ética da Universidade Federal de Minas Gerais (UFMG), Brasil (protocolo
CETEA n°136/2006). Esta série experimental foi realizada no Departamento de
Fisiologia e Biofisica da Instituto de Ciéncias Biolégicas da UFMG. Orientador:
Prof. Dr. Marco Anténio Peliky Fontes.

Nestes experimentos que avaliaram a contribuicdo dos receptores de
aminoacido excitatério do DMH e da I/dl PAG para a assimetria e lateralizacao
nas respostas cardiovasculares, duas diferentes abordagens foram feitas: i)
estimulacao unilateral dos receptores de EAA do DMH e I/dl PAG em animais

em animais acordados expostos a estresse agudo.

4.2.2.1 — ANESTESIA - EXPERIMENTOS EM ANIMAIS ANESTESIADOS

Os animais receberam injec&o intraperitoneal de uretana (1,4g/Kg). A

eficacia da anestesia foi verificada pela auséncia de reflexo de retirada ao
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estimulo nociceptivo em um dos membros inferiores do animal.

Adicionalmente, os animais receberam injegcdes subcutédneas de anestésico
local com vasoconstritor (0,2mL de lidocaina 2% + epinefrina 1:50.000) na
regido em que posteriormente seria realizada craniotomia. Durante todos os
procedimentos experimentais a temperatura dos animais foi mantida em torno

de 37,5° C por uma placa aquecedora e uma lampada incandescente.

4.2.2.2- DESENHO EXPERIMENTAL — Grupos 1, 2 e 3

Para os grupos experimentais foram utilizados: i) animais que receberam
injecdo de NMDA no DMH direito e esquerdo (grupo 1); ii) animais que
receberam injecdo de NMDA nos lados direito e esquerdo da I/dl PAG (grupo
2); iii) animais que receberam injecdo de NMDA nos lados direto e esquerdo da
PAG ap0s injegao de antagonista de receptores de EAA no DMH (grupo 3).

Os procedimentos experimentais foram semelhantes para os grupos 1 e
2 que receberam injecdo de NMDA nos lados direito e esquerdo do DMH (n=5)
ou da PAG (n=5), respectivamente. Subsequente a anestesia (item 4.2.2.1),
foram realizados os procedimentos cirurgicos de traqueostomia (item 4.1.1),
canulagdo de artéria e veia femorais (item 4.1.2), localizagdo do nervo renal
(item 4.1.4) e craniotomia (item 4.1.3) para acesso de micropipetas de vidro ao
DMH ou PAG. Depois de um periodo de estabilizacdo minimo de 20 minutos,
injecbes de NMDA (100pmol/100nl) foram realizadas unilateralmente.
Subsequente a um periodo de 20 minutos ou até os parametros
cardiovasculares retornarem ao basal, NMDA foi injetado no lado contralateral
a primeira injegdo. Apos um periodo minimo de 20 minutos, os animais

receberam overdose de anestésico (i.v.) para extracdo do ruido da RSNA. A
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amplitude das respostas a nanoinjegdo de NMDA unilateral foram
comparadas com aquelas vistas contralateralmente.

No terceiro grupo experimental (n=5), o antagonista de receptores de
EAA, acido quinurénico (Kyn) foi injetado no DMH esquerdo para avaliar se
uma sinapse ascendente oriunda da PAG se conecta ipsilateralmente ao DMH.
Subsequente a anestesia (item 4.2.2.1), foram realizados os procedimentos
cirargicos de traqueostomia (item 4.1.1), canulacdo de artéria e veia femorais
(item 4.1.2), localizagdo do nervo renal (item 4.1.4) e craniotomia (item 4.1.3)
para acesso de micropipetas de vidro ao DMH e a PAG. Apds um periodo de
estabilizacdo minimo de 20 minutos, inje¢cbes de Kyn (1nmol/100nl) foram
realizadas no DMH esquerdo. Um periodo de 20 minutos ou até a estabilizacao
dos parametros cardiovasculares, foi aguardado para que injegdes de NMDA
(100pmol/100nl) foram realizadas na PAG unilateralmente. Apés os mesmos 20
minutos, NMDA foi injetado no lado contralateral. Apés um periodo minimo de
20 minutos, os animais receberam overdose de anestésico (i.v.) para extracéo
do ruido da RSNA. A amplitude das respostas a nanoinjegdo de NMDA
unilateral foi comparada com aquela vista contralateralmente. Além disso, a
amplitude das respostas evocadas pela estimulacdo unilateral e contralateral
da PAG foram comparadas entre os grupos de animais que receberam Kyn no
DMH esquerdo e o grupo que recebeu somente estimulagao unilateral da PAG.

Apoés eutanasia, os animais dos trés grupos experimentais receberam
nanoinjegdo do corante alcian blue, foram perfundidos com PFA 4%. Os
cérebros foram retirados, mantidos em PFA 4% por 24 horas e em seguida

transferidos para solugcdo de sacarose 30% por 48 horas para posterior corte
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(40um) em criostato. Para analise histologica, os cortes foram montados em

l&minas previamente gelatinizadas e corados com vermelho neutro.

4.2.2.3 — ANESTESIA - EXPERIMENTOS EM ANIMAIS NAO ANESTESIADOS

Os animais receberam injecdo intraperitoneal de tribromoetanol
(250mg/Kg) para procedimento cirurgico de craniotomia (item 4.1.3),
posicionamento das canulas-guia bilaterais no DMH ou na I/dl PAG e fixag&o
com acrilico odontolégico. No intuito de aliviar a dor e evitar processos
infecciosos advindos do procedimento cirurgico, os animais receberam injegdes
intramusculares de antibidticos (Pentabiotico — 0,2mL) e analgésico /
antiinflamatorio (Banamine Pet® — 1,1mg/Kg) apos a cirurgia.

Apés 5 dias, os animais foram novamente anestesiados com
tribromoetanol (250mg/Kg, i.p.) para realizagdo do procedimento cirurgico de

canulacao de artéria e veia femorais (item 4.1.2).

4.2.2.4- DESENHO EXPERIMENTAL — Grupos 4 e 5

Apods 24 horas de recuperagao do procedimento cirurgico de canulagao,
iniciou-se os registros. Para as nanoinje¢des no sistema nervoso central nestes
grupos de animais nao-anestesiados, utilizaram-se agulhas odontologicas
gengivais (30G curta — Becton Dickson Ind.). Em seguida a céanula foi
conectada a uma das extremidades de um polietileno PE 10, preenchido com a
droga a ser injetada. A outra extremidade do PE 10 conectou-se uma seringa
Hamilton (5uL — Reno, Nevada, USA) preenchida com agua deionizada e
posicionada a um suporte para administragdo exata de um volume fixo de

100nL. As injegbes foram realizadas unilateralmente.
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Os animais foram expostos ao estresse por jato de ar em 3 dias
consecutivos, como descrito a seguir. No primeiro dia, depois de um periodo de
estabilizacdo minimo de 30 minutos, os animais receberam nanoinjecdo de
acido quinurénico (Kyn - 1nmol/100nl) no DMH (Grupo 4) ou I/dl PAG (Grupo 5)
unilateral e em seguida foram colocados em um contensor de acrilico. Apos 10
minutos, os animais foram submetidos ao estresse por jato de ar (10L/min)
durante 10 minutos. Em seguida, o contensor foi aberto e foi aguardado um
periodo minimo (20min) de observacéo/estabilizacdo dos parametros
cardiovasculares. No segundo dia experimental, os animais receberam
nanoinjecdo de Kyn no lado contralateral aquele do primeiro dia experimental
DMH (Grupo 4) ou I/dl PAG (Grupo 5) e entdo repetiram-se os procedimentos
experimentais de exposigao ao estresse por jato de ar acima descritos. No
terceiro e ultimo dia experimental, todos os animais receberam injecao bilateral
de veiculo (NaCl 0,9% - 100nL) e foram também submetidos ao mesmo
estresse por jato de ar. Ao final de todos os experimentos os animais foram
anestesiados (tribromoetanol 250mg/Kg), receberam nanoinjecdo do corante
alcian blue. Em seguida, os animais foram perfundidos (PFA 4%) e tiveram
seus cérebros retirados, mantidos em PFA 4% por 24 horas, e transferidos
para solugdo de sacarose 30% por 48 horas para posterior corte (40um) em
criostato. Para analise histolégica, os cortes foram montados em laminas
previamente gelatinizadas e corados com vermelho neutro.

A sequéncia experimental realizada nos grupos de animais nao-

anestesiados esta representada Figura 5.
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Figura 5. Sequéncia experimental realizada nos grupos de animais nao-

anestesiados (Grupos 4 e 5 — objetivo especifico 2).

4.2.2.5- DESENHO EXPERIMENTAL — Grupo 6

Para verificar as projegdes anatdémicas entre o DMH e PAG, os animais

foram anestesiados com tribromoetanol conforme descrito no item 4.2.2.3 e

submetidos a pequenas craniotomias (item 4.1.3) para posicionamento de

micropipetas de vidro no DMH direito e na I/dl PAG esquerda em aparelho

estereotaxico. As coordenadas utilizadas foram: DMH (3,2 mm posterior,

+0,6 mm lateral, 8,5 mm ventral);

I/dl PAG (6,8mm posterior, -0,6mm lateral,

4,8mm ventral). Os procedimentos foram realizados de acordo com o descrito

previamente por Apps e Ruigork (Apps and Ruigrok, 2007). Em um animal foi

injetado 100nL de microesferas verdes e vermelhas [Retrobeads™ (Luma

Fluor)] n&o diluidas no DMH direito e na I/dl PAG esquerda, respectivamente.
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Tais esferas séo tragadores neuronais retrogrados monossinapticos, ou seja,

viajam do terminal sinaptico onde foram injetadas até o corpo celular dos
neurénios que se projetam diretamente ao sitio de injecdo. Ao contrario da
projecdo anatdbmica PAG-DMH, a projecdo DMH-PAG é extensivamente
descrita. Assim, para assegurar se havia mesmo uma proje¢cdo anatdbmica
ascendente que parte da PAG até o DMH, em outro animal, microesferas
verdes foram injetadas somente no DMH direito. Um periodo de 7 dias,
suficiente para visualizar as Retrobeads nos corpos celulares de neurdnios, foi
aguardado até que se realizassem os procedimentos de perfusdo e histologia
descritos adiante. Os animais foram novamente anestesiados (item 4.2.2.3) e
submetidos a perfusdo transcardiaca com 250mL de salina (NaCl 0,9%)
heparinizada (5000U.1.) seguida de 250mL de PFA 4%. Os cérebros foram
removidos, mantidos em PFA 4% por 24 horas e entdo transferidos para uma
solugéo de sacarose 30%, onde permaneceram durante as 48 horas seguintes.
Antes de serem cortados (40um) em criostato, durante o congelamento os
cérebros receberam uma marca (orificio — “fiducial mark”) produzida pela
insercao da ponta de uma agulha em uma regiao distante do DMH e da PAG,
no intuito de identificar um dos lados dos hemisférios. Os cortes foram
montados em laminas previamente silanizadas e foi aguardado um periodo de
24 horas para secagem. As laminas foram entdo cobertas pelo meio de
montagem “anti-sombra” ProLong Gold® (Invitrogen). Analises em microscopio
de fluorescéncia foram feitas utilizando excitacdo de 460 e 530nm / emissao de
505 e 590nm para as esferas verde e vermelha (fluoresceina e rodamina),

respectivamente.
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A Figura 6 esquematiza a sequéncia experimental descrita acima.
Estdo demonstradas, com suas respectivas cores, os sitios (pequenos circulos
preenchidos em verde ou vermelho) onde as Retrobeads foram injetadas e os
locais (quadrados com borda verde ou vermelha) onde foi analisada a possivel

marcagao retrograda.
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Figura 6. Esquema demonstrando os sitios de injecao e locais onde foram
analisadas as marcagoes retrogradas (quadrados). Adaptado do Atlas
(Paxinos and Watson, 2005).
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4.2.3- OBJETIVO ESPECIFICO 3: AVALIAR O ENVOLVIMENTO DA RAPHE
PALLIDUS NAS RESPOSTAS CRONOTROPICAS E INOTROPICAS
CARDIACAS PROVOCADAS PELA ESTIMULAGCAO DOS LADOS DIREITO E

ESQUERDO DO HIPOTALAMO DORSOMEDIAL

Todos os procedimentos experimentais realizados estiveram de acordo
com o recomendado pela instituicdo envolvida: Oregon Health and Sciences
University - OHSU (Portland/OR - USA). Esta série experimental foi realizada
no Department of Neurological Surgery da Oregon Health and Sciences
University. Doutorado sanduiche (CNPq — 201351/2010-2) de janeiro a julho de

2011. Orientador: Prof. Shaun F. Morrison, PhD.

4.2.3.1- ANESTESIA

Os animais foram anestesiados com isofluorano. Apds terem sua artéria
e veia femorais canuladas (para medida de PAM e FC), receberam lentamente
a injecdo endovenosa da solugdo uretana 500mg + cloralose 40mg / mL
(aproximadamente 3mL/Kg), na medida em que a inalagdo de isofluorano foi
gradativamente reduzida. Suplementa¢des de uretana foram dadas por via

intravenosa (i.v.) quando necessarias.

4.2.3.2- DESENHO EXPERIMENTAL — Grupo 1

Apoés anestesia, os animais (n=8) foram submetidos aos procedimentos
cirargicos de traqueostomia (item 4.1.1), canulacdo de artéria e veia femorais
(tem 4.1.2), cateterizagdo do ventriculo esquerdo cardiaco (item 4.1.6),

posicionamento de eletrodos para registro de ECG (item 4.1.5), posicionamento
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de sensores de temperatura corporal (TC), caudal e no tecido adiposo
marrom (BAT) (item 4.1.7) e craniotomia para acesso ao DMH e a RP (item
4.1.3).

Os animais receberam injegdo endovenosa do bloqueador muscular
tubocurarina (inicialmente 0,6mg; suplementagdes de 0,2mg/h). Os parametros
ventilatorios foram de acordo com o descrito anteriormente (Cao and Morrison,
2003): 100% de O a um volume/minuto de 140 a 180mL; frequéncia
respiratoria foi ajustada para que o CO, expirado fosse mantido entre 3,5% e
4%). O analisador de gases utilizado foi o CapStar 100 — Carbon Dioxide
Analyzer.

Foram feitas nanoinje¢des de NMDA (0,2mM — 60nL) na RP iniciadas a -
3,0mm do lambda e movidas caudalmente (-0,5mm) de forma gradual até que
se identificasse o local de inje¢do que produzisse maior resposta taquicardica e
termogeénica. E importante salientar que a dose de NMDA escolhida ndo causa
neurotoxicidade apods repetidas inje¢des, como demonstrado anteriormente
(Nakamura and Morrison, 2008). Entre cada nanoinje¢do foi aguardado um
periodo minimo de 15min ou até que as varaveis retornassem a niveis basais.

NMDA (0,2mM — 60nL) foi nanoinjetado no DMH unilateral para que se
obtivesse um padrdo de respostas cardiovasculares. O lado para primeira
estimulacdo do DMH foi escolhido aleatoriamente e a segunda injecéo foi
realizada no lado contralateral a primeira. Em seguida, o agonista GABAa
muscimol (12mM — 60nL) foi injetado no local mais responsivo da RP, seguido
por repetidas estimulagcbes do DMH unilateral com NMDA (0,2mM — 60nL).
Para determinar se as respostas cronotropicas e inotropicas observadas

envolviam ativagdo de receptores [-adrenérgicos cardiacos, o bloqueador
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adrenérgico atenolol (2mg/Kg) foi administrado endovensamente. Apos um
periodo de aproximadamente 15 minutos para a estabilizacdo do efeito do
atenolol, as injecbes de BMI no DMH unilateral foram entdo repetidas,
respeitando os intervalos previamente descritos. Ao final dos experimentos, os
animais receberam nanoinjecdo microesferas fluorescentes de Poliestireno
(Fluo-Spheres, models F8797, F8801, or F8803; Molecular Probes, Eugene
OR) de diferentes cores na RP e no DMH. Os animais foram perfundidos
utilizando 200mL de PFA 4%. Os cérebros foram retirados, mantidos em PFA
4% por 24 horas, e em seguida transferidos para solugéo de sacarose 30% por
48 horas para posterior corte (40um) em criostato. Para analise histoldgica, os
cortes foram montados em laminas previamente gelatinizadas e analisados em
microscopio de fluorescéncia.

A figura 7 apresenta a sequéncia experimental deste protocolo.

Stabilization Muscimol into RPa

(30 min)

1

Atenolol i.v.

e

(8uiddew)
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HINQ-1 01Ul YQNN —>
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HING-1 01Ul YANN ——>
HING-Y 01Ul VQWNN ———>
HING-Y 03Ul YGAN ——>

HIANQ-1 01Ul VAN

Figura 7. Sequéncia experimental usada para avaliar a influéncia da RP

nas assimetria no controle cardiaco pelo DMH unilateral.
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4.3- ANALISE DOS DADOS

Esta sub-segdo também foi dividida de acordo com cada objetivo
especifico, seguindo os procedimentos experimentais descritos na sub-secéo
anterior. Em geral, os dados estdo apresentados como valores absolutos
basais e maximos, e como a variagdo da resposta (A), obtida pela subtracéo
entre os valores basais de um animal e a resposta maxima vista no mesmo

animal.

431 — OBJETIVO ESPECIFICO 1: COMPARAR AS RESPOSTAS
ELETROCARDIOGRAFICAS, CRONOTROPICAS E INOTROPICAS
CARDIACAS PROVOCADAS PELA DESINIBICAO DOS LADOS DIREITO E

ESQUERDO DO HIPOTALAMO DORSOMEDIAL

Os valores basais foram obtidos a partir de médias extraidas dos 5
minutos anteriores as injegdes de BMI. Em seguida os valores médios maximos
de resposta em cada parametro foram extraidos do periodo compreendido
entre o momento da injecdo no DMH e o 15° minuto pds-injegdo. Apos
detectado um periodo onde as respostas cardiorrespiratorias evocadas pelo
DMH atingiam e mantinham valores maximos, foi selecionado um periodo de 1
minuto, considerado como uma média do pico de resposta. O numero de
batimentos ectdpicos e suspiros foram contados por 10 minutos imediatamente
apos injegdéo no DMH. Para avaliar os efeitos da pds-carga sobre a
contratilidade cardiaca, nds estabelecemos um indice, produto da divisdo entre

a variagdo (max-min) nas respostas de LVdP/dtpeak e MAP [AP dependence
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contractility index = (max-min LVPdp/dtpeak) / (max-min MAP)] — ver figura

13 da secéao de resultados.

4.3.2 — OBJETIVO ESPECIFICO 2: AVALIAR A CONTRIBUICAO DE
RECEPTORES DE AMINOACIDOS EXCITATORIOS NO HIPOTALAMO
DORSOMEDIAL E COLUNAS LATERAL E DORSOLATERAL DA
SUBSTANCIA CINZENTA PERIAQUEDUTAL PARA AS RESPOSTAS

SIMPATOEXCITATORIA, PRESSORICA E CRONOTROPICA CARDIACA.

Nos experimentos com animais anestesiados (grupos 1 e 2), os valores
basais foram obtidos através de médias extraidas dos 5 minutos anteriores ao
inicio dos procedimentos experimentais. Apds injegdes centrais de NMDA, o
periodo compreendido entre o momento da injegdo e o 5° minuto pds-injecdo
foi considerado para amostragem das respostas maximas.

No grupo de animais ndo-anestesiados, os valores de FC e PAM basais
(anteriores a entrada do animal no contensor), apos a entrada no contensor,
durante o estresse por jato de ar, subsequente ao fim do jato de ar e ao fim do
experimento foram avaliados considerando os valores maximos das respostas
cronotropicas de cada periodo. Os valores basais foram obtidos através de
meédias extraidas dos 5 minutos anteriores ao inicio dos procedimentos

experimentais. Periodos de 30 segundos foram amostrados a cada 2 minutos.

4.3.3 — OBJETIVO ESPECIFICO 3: AVALIAR O ENVOLVIMENTO DA RAPHE
PALLIDUS NAS RESPOSTAS ASSIMETRICAS CRONOTROPICAS E
INOTROPICAS CARDIACAS PROVOCADAS PELA ESTIMULAGAO DOS

LADOS DIREITO E ESQUERDO DO HIPOTALAMO DORSOMEDIAL.
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Os valores basais foram obtidos através de médias extraidas dos 5
minutos anteriores ao inicio dos procedimentos experimentais. Para avaliar o
curso temporal das respostas, periodos de 10 segundos foram amostrados a
cada 30 segundos durante todo o experimento. O periodo compreendido entre
o momento da injecdo e o 5° minuto pds-injegdo foi considerado para
amostragem das respostas maximas causadas pelas inje¢cdes de NMDA. Apos
injecdo central de muscimol na RP e endovenosa de atenolol, o periodo
compreendido entre o momento da injecdo e o 10° minuto pds-injegdo foi

considerado para amostragem das respostas maximas.

4.4 — ANALISE ESTATISTICA

Os testes estatisticos utilizados foram, Student t test, e as analises de
variancia One-way e Two-way ANOVA (fatores droga e tempo) seguidas de
pos-testes de Newman-Keuls e Bonferroni, respectivamente. Os testes
aplicados em cada grupo de resultados estdo descritos nas respectivas
legendas. O nivel de significancia considerado foi P<0,05 e todos os valores

estdo apresentados como média * erro padrdo da média (EPM).
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5 - RESULTADOS

5.1- RESPOSTAS CRONOTROPICAS E INOTROPICAS CARDIACAS
PROVOCADAS PELA ATIVACAO DOS LADOS DIREITO E ESQUERDO DO

HIPOTALAMO DORSOMEDIAL ( ver anexo 3)

A Figura 8 exemplifica um corte de cérebro ao nivel do DMH onde as

nanoinjecdes foram feitas.

Bregma -3.1mm

Figura 8. Representacao esquematica de corte histolégico ao nivel do
DMH, onde as inje¢goes de BMI foram realizadas. Setas negras indicam sitios
de injecdo, com deposicdo do corante alcian blue. DMH: hipotalamo
dorsomedial; VMH: hipotalamo ventromedial; mt: trato mamilar; f: fornix; ot:
trato dptico.
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Nanoinjecbes unilaterais de BMI no DMH causaram aumentos
transientes na FC, PAM, LVP, LVdp/dt e na frequéncia respiratéria. Foi
observado também que durante a taquipnéia, houveram eventos respiratérios,
interpretados como suspiros ou “ciclos respiratorios” aumentados (ver exemplo
da Figura 9 e discusséo). As respostas evocadas pelo DMH foram, de maneira
geral, evidentes a partir do primeiro minuto apos injegdo de BMI no DMH,
alcancando valores maximos entre 5 e 7 minutos e entdo retornando
gradualmente ao nivel basal dentro de 25 a 30 minutos. Respostas
cronotropicas (FC) e inotropicas positivas (LVPpeak e LVdp/dt peak)
provocadas pela estimulagdo do DMH direito foram significativamente maiores
comparadas aquelas causadas pela injecdo de BMI no DMH esquerdo (Figura
9, graficos de barras). A ativagdo do DMH unilateral n&o foi capaz de alterar os
valores de pressao diastdlica final no ventriculo esquerdo. De maneira diferente
ao observado para os outros parametros cardiovasculares, a magnitude das
respostas pressora e taquipnéica nao diferiu entre os lados do DMH. Além
disso, ndo houve diferenca entre 0 numero de suspiros avaliados durante 10

minutos apos injecdo de BMI no lados direito e esquerdo do DMH.
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Figura 9. Valores basais e respostas cardiorrespiratérias maximas
evocadas pela nanoinjecao de BMI no lados direito e esquerdo do DMH
(L- e R-DMH, respectivamente). HR: frequéncia cardiaca (A,B,C); MAP:
pressado arterial média (D,E,F); LVP: pressdo no ventriculo esquerdo (G,H);
LVP peak: valores de pico de presséo ventricular esquerda (l); LVdP/dt peak:
valores de pico da derivativa da pressao ventricular esquerda (J,K,L); LVEDP:
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valores de pressao ventricular ao fim da diastole (M,N,O); Respiratory rate:
frequéncia respiratéria (P,Q,R); Expired CO,: didxido de carbono expirado
(S,T); Sighs: suspiros ou ciclos respiratérios aumentados (U). Time (min):
tempo em minutos. ¥ P<0,05 vs. Basal; * P<0,05 (R- vs. L-DMH). ANOVA two-
way e Student t test.

A Figura 10 apresenta o numero de batimentos ectopicos ventriculares e

supraventriculares medidos durante 10 minutos apds a administracdo de BMI

no DMH.
A B 20
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Figura 10. Numero de batimentos ectépicos ventriculares (VEB -
ventricular ectopic beats) e supraventriculares (SVEB — supraventricular
ectopic beats) contados em um periodo de 10 minutos subsequente a
nanoinjecao de BMI nos lados direito e esquerdo do DMH. As setas
indicam os sinais tipicos eletrocardiograficos dos VEBs e dos SVEBs e suas
consequéncias nos sinais de pressao arterial periférica (AP), presséo
ventricular esquerda (LVP) e sua derivativa (LVdP/dt). *P<0,05 (R- vs. L-DMH).
ANOVA two-way.
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De acordo com os dados de taquicardia obtidos, a estimulagcdo do DMH
causou redugdo dos intervalos RR do ECG, com uma diferengca mais
pronunciada apds nanoinjegdo no DMH direito (DMH-D: -2819 vs. DMH-E: -
15+4 msec; P<0,05). Interessantemente, a desinibicdo do DMH causou
batimentos  ectopicos ventriculares (Figura 10), com incidéncia
significativamente maior apds desinibicdo do DMH direito (D= 1615 vs. E= 83
batimentos ectopicos/10min, P<0,05). Tais batimentos ectopicos foram
ausentes no periodo basal pré-injegdo. Os batimentos ectdpicos foram
diferenciados entre  batimentos ectopicos ventriculares (VEB) e
supraventriculares (SVEB). A ativagdo do DMH direito provocou um numero

maior de ambos, VEBs e SVEBs (Figura 10).



58

A B
Zatebradine Atenolol
__ 500[ l [ l
#
%EE; ""T-«N —_L 2T 270110
100 L 38610 | 302413
0 Ia 140
<€ 94412
E é VIV A e W - ‘
L 10547 10016 L 86+12%
80
S 180
[0 .
> E
E 125+4 120+4 128+7 113+5*
0
X
éé@ 18000
5T 8548975
o g M — B
gv 5000102034712 9380+768 T 61164629

T I I 1 1 T 1 1

0 2 4 6 8 0 2 4 6 8
Time (min) Time (min)

Figura 11. Respostas cardiovasculares provocadas pela injegao
endovenosa de zatebradina (coluna A) e atenolol (coluna B). HR:
frequéncia cardiaca; MAP: pressao arterial média; LVP: pressao ventricular
esquerda; LVdP/dt peak: valores de pico da derivada da pressao ventricular
esquerda; Time: tempo em minutos. * P<0,05 vs. Basal. Student t test.

O bloqueio farmacolégico do marcapasso cardiaco, pela administracdo
endovenosa de zatebradina, reduziu a FC (AFC = -104t4bpm, P<0,05 vs.
basal) sem alterar os outros pardmetros medidos. Entretanto, durante a fase
inicial da queda de FC foi observado um aumento transiente na medida de
contratilidade cardiaca (ALVdP/dtpeax = 1293+496mmHg/s vs. basal; P<0,05).
Este efeito durou menos de 3 minutos e apds o 5° minuto, os parametros se

mostraram novamente estaveis (Figura 11, painel A).
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A Figura 12 apresenta as respostas cardiovasculares causadas pela
ativagcédo dos lados direito e esquerdo do DMH durante bloqueio farmacolégico

do marcapasso cardiaco com zatebradina.
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Figura 12. Valores absolutos basais e respostas cardiovasculares
maximas provocadas pela nanoinje¢ao de BMI no DMH direito (coluna A;
R-DMH) e esquerdo (coluna B; L-DMH) durante efeito de zatebradina. A
coluna (C) apresenta as mudancas maximas evocadas pelo DMH. HR:
frequéncia cardiaca; MAP: pressao arterial média; LVP: pressao ventricular
esquerda; LVdP/dt peak: valores de pico da derivada da pressao ventricular
esquerda; Time: tempo em minutos. * P<0,05 vs. Basal; * P<0,05 (R- vs. L-
DMH). ANOVA two-way e Student t test.
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A ativacdo do DMH unilateral durante os efeitos da zatebradina causou
aumentos de FC e contratilidade cardiaca, novamente com predominancia do
lado direto do DMH (Figura 12). A amplitude das alteragdes de PAM, LVP e
LVdP/dt,eak N80 diferiram daquelas obtidas antes do efeito da zatebradina
[((APAM E = 1714 vs. 2115 e D= 213 vs. 24+5mmHg); (ALVP E = 2114 vs.
1813 e D = 3948 vs. 29+5mmHg); (ALVdP/dtpeak E = 41884730 vs. 31431706 e
D = 776914672 vs. 6745+1816mmHg/s); antes vs. depois da zatebradina,
respectivamente]. A magnitude das respostas taquipnéicas n&o diferiu da
condigao pré-zatebradina e foi similar para ambos os lados da injegdo no DMH
(ARR E= 4748 vs. 4319 e D= 5449 vs. 47+8cpm; antes vs. apds zatebradina,
respectivamente). Também n&o houve diferenga na incidéncia de suspiros
(“sighs”) provocado pela estimulagdo dos lados direito e esquerdo do DMH (A =
16+2 vs. 172 sighs/10min, E vs. D respectivamente).

Por outro lado, quando comparada a amplitude das respostas controle, a
FC maxima alcangada apds ativagédo unilateral do DMH foi menor durante o
efeito da zatebradina (E= 43719 vs. 333+16 e D= 472+8 vs. 355+17bpm;
P<0,05 antes vs. apos zatebradina, respectivamente). O bloqueio do
marcapasso cardiaco também reduziu a incidéncia de batimentos ectopicos
supraventriculares desencadeados pela ativagdo do DMH direito (D=7+2 vs.
2+1 SVEB/10min; P<0,05); em contraste, a incidéncia de batimento ectopicos
ventriculares ndo foi afetada (E= 3+2 vs. 2+1 e D= 944 vs. 612 VEB/10min;
antes vs. apos zatebradina, respectivamente). Nenhuma diferenga foi
observada na amplitude das alteracbes de frequéncia cardiaca causada pela

ativacado dos lados direito e esquerdo do DMH comparando antes e apds o



61

efeito da zatebradina (AFC E = 586 vs. 62114 e D= 99+10 vs. 90£18bpm;
antes vs. ap0s zatebradina, respectivamente).
A Figura 13 apresenta as respostas cardiovasculares causadas pela

nanoinjegdo de BMI dos lados direito e esquerdo do DMH durante efeito do

atenolol.
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Figura 13. Valores absolutos basais e respostas cardiovasculares
maximas provocadas pela nanoinje¢ao de BMI no DMH direito (coluna A;
R-DMH) e esquerdo (coluna B; L-DMH) durante efeito do atenolol. A
coluna (C) apresenta as mudancas maximas causadas evocadas pelo
DMH. HR: frequéncia cardiaca; MAP: pressédo arterial média; LVP: pressao
ventricular esquerda; LVdP/dt peak: valores de pico da derivada da pressao
ventricular esquerda; Time: tempo em minutos. * P<0,05 vs. Basal. ANOVA
two-way e Student t test.
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O bloqueio dos receptores beta-adrenérgicos cardiacos com atenolol
causou queda na LVP e LVdP/dt (Figura 11B). O atenolol bloqueou
completamente as respostas cronotrépicas cardiacas causadas pela
nanoinjecdo de BMI em ambos os lados do DMH. Porém, a ativagcdo do DMH
ainda causou um significativo efeito pressor associado com um efeito menor,
mas também significativo, sobre a contratilidade cardiaca. Novamente,
nenhuma assimetria foi observada na amplitude destas respostas pressoras
(Figura 13). O atenolol aboliu completamente os batimentos ectdpicos
supraventriculares causados pela estimulagcdo dos lados direito e esquerdo do
DMH. Entretanto, um numero pequeno de batimentos ectopicos ventriculares

ainda persistiu em 3 dos 7 animais (L-DMH = 3+1 e R- DMH = 6+4 VEB/10min).

Para determinar se os aumentos de contratilidade ventricular foram
secundarios aos aumentos na pdés-carga, ou seja, devido a aumentos na
resisténcia vascular periférica, foram comparadas as variagcbes de
contratilidade (ALVdP/dt peak) e presséao arterial média (AMAP) causadas pela
ativacado dos lados direito e esquerdo do DMH com aquelas provocadas pela

administragdo endovenosa de fenilefrina (Figura 14).
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Figura 14. Painel A - Variagées na pressao arterial média (MAP) e na
medida de contratilidade (valor de pico da derivada da pressao ventricular
esquerda - LVdp/dt peak) causadas pelas ativagcao dos lados direito e
esquerdo do DMH (R- e L-DMH) e injecao endovenosa do agonista
adrenérgico fenilefrina. Painel B — indice que mede a influéncia da pés-
carga sobre a contratilidade calculado em cada uma das situagoes
experimentais citadas anteriormente (para detalhes, ver métodos). One-
way ANOVA.

Como demonstrado pela Figura 14, a ativacdo de ambos DMH direito e
esquerdo provocaram aumentos pronunciados de contratilidade como aumento
discreto de PAM. Em contraste, a injecdo de fenilefrina causou aumento
substancial de PAM concomitante a aumentos moderados de contratilidade
(LVdp/dt peak). A partir desta analise € evidente que a resposta contratil
provocada pelo DMH poderia ser pobremente associada a discreta resposta
pressora que ocorre durante esta intervengao (x15mmHg). A Figura 14 também
mostra que, para um pequeno e similar efeito pressor, a ativacdo do DMH

provocou maiores respostas inotropicas.



64

As respostas cardiacas observadas nos animais submetidos ao

“pacing” cardiaco estdo demonstradas na Figura 15.
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Figura 15. Respostas cardiacas a injecao endovenosa de zatebradina, ao
pacing e a ativagao unilateral do DMH (painel A). Variagées maximas nos
valores de pico pressao ventricular esquerda (LVP peak) e sua derivada
(LVdp/dt peak) (painel B). Time: tempo em minutos. *P<0,05 R- vs. L-DMH.
ANOVA two-way e Student t test.

Ainda sem iniciar o "pacing”, o bloqueio farmacolégico da corrente
marcapasso cardiaco provocou mudancas similares aquelas descritas
anteriormente (Figura 11A). A desinibicdo unilateral do DMH durante "pacing”
cardiaco evocou aumentos nos valores de pico da pressao ventricular
esquerda e sua derivada (LVPpeak e LVdP/dt peak, respectivamente) (Figura

15, painel A). De maneira similar ao observado em experimentos anteriores,
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efeitos inotropicos evocados pelo DMH direito foram significativamente

maiores do que o DMH esquerdo (Figura 15, painel B).

5.2- CONTRIBUIGAO DE RECEPTORES DE AMINOACIDOS EXCITATORIOS
NO HIPOTALAMO DORSOMEDIAL E COLUNAS LATERAL E
DORSOLATERAL DA SUBSTANCIA CINZENTA PERIAQUEDUTAL PARA AS
RESPOSTAS SIMPATOEXCITATORIA, PRESSORICA E CRONOTROPICA

CARDIACA (ver anexo 4)

5.2.1 EXPERIMENTOS EM ANIMAIS ANESTESIADOS

As Figuras 16 e 17 apresentam as respostas cardiovasculares
causadas pela nanoinjecdo unilateral de NMDA no DMH (Figura 16) e PAG

(Figura 17).
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Figura 16. Registros representativos e mudangas maximas na atividade
simpatica para o nervo renal esquerdo (RSNA - linha A), pressao arterial
media (MAP - linha B) e frequéncia cardiaca (HR - linha C) causadas pela
nanoinjecao de NMDA (100pmol/100nL) nos lados direito (barras brancas)
e esquerdo (barras negras) do DMH. Na figura estdo indicados os periodos
de aproximadamente um minuto dentro dos quais as respostas maximas foram
marcadas *P<0,05 R- vs. L-DMH - valores exatos de P estdo indicados nos
graficos (paired Student ¢ test).
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Figura 17. Registros representativos e mudangas maximas na atividade
simpatica para o nervo renal esquerdo (RSNA - linha A), pressao arterial
media (MAP - linha B) e frequéncia cardiaca (HR - linha C) causadas pela
nanoinjecao de NMDA (100pmol/100nL) nos lados direito (barras brancas)
e esquerdo (barras negras) da PAG. Na figura estdo indicados os periodos
de aproximadamente um minuto dentro dos quais as respostas maximas foram
marcadas *P<0,05 R- vs. L-DMH — valor exato de P esta indicado no grafico

(paired Student ¢ test).
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Estas respostas foram evidentes a partir do primeiro minutos apos
injecdo e duraram por aproximadamente 5 minutos, com os parametros
cardiovasculares retornando a valores basais em torno do décimo minuto apos
injecdo. Foram observados aumentos equipotentes de pressao arterial apos
inje¢cdo unilateral de NMDA no DMH ou PAG (AMAP DMH-D = 13+2 vs. E =
14+3; PAG-D = 16+3 vs. E = 18+4mmHg; P<0,05 vs. basal), mas nenhuma
diferenca foi detectada na comparacao dos lados direito e esquerdo dentro do
mesmo grupo experimental.

A estimulago do DMH e PAG com NMDA também causou
aumentos na RSNA para o nervo renal esquerdo (P<0,05 vs. basal), mas as
nanoinjegcdbes no lado ipsilateral ao nervo registrado, ou seja, esquerdo,
causaram maiores respostas simpatoexcitatorios para este leito (ARSNA DMH-
D = 3047 vs. E = 66+13; PAG-D = 26+3 vs. E = 92+14%; P<0,05). Foi também
observado aumento de FC apds estimulagao unilateral do DMH ou PAG, mas a
nanoinjegdes no lado direito do DMH causaram maiores repostas cronotropicas
cardiacas comparadas ao DMH esquerdo (AHR DMH-D = 5945 vs. E =
28+4bpm; P<0,05) (Figura 16). A taquicardia observada apos estimulagcéo
unilateral da PAG foi similar aos lados direito e esquerdo da PAG (AHR PAG-D
= 3916 vs. E = 45+6 bpm) (Figura 17).

De maneira intrigante, uma diferenga de padrdo no curso temporal
das respostas causadas pela estimulagao unilateral da PAG foi detectada nos
experimentos (ver “peak change” na Figura 17). Em geral, as alteragdes
maximas na PAM e RSNA foram préximas, em torno de 30-60 segundos apos
estimulagcdo de ambos os lados da PAG (Figura 17, painéis A e B). Entretanto,

as respostas maximas na FC se mostraram discretamente atrasadas (90-120s
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apos injegao) (Figura 17C). Nenhuma diferenga no curso temporal das
respostas evocadas pela estimulagdo unilateral do DMH foram vistas (Figura
16).

A Figura 18 apresenta a variagdo nos parametros cardiovasculares e
a amplitude das respostas causadas pela injecdo unilateral de NMDA na PAG

apo6s bloqueio dos receptores EAA no DMH esquerdo.

Kyn into L-DMH
A NMDA into L - PAG NMDA into R - PAG 10+ Il L-PAG
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Figura 18. Registros representativos e mudangas maximas na atividade
simpatica para o nervo renal esquerdo (RSNA - linha A), pressao arterial
media (MAP - linha B) e frequéncia cardiaca (HR - linha C) causadas pela
nanoinjecao de NMDA (100pmol/100nL) nos lados direito (barras brancas)
e esquerdo (barras negras) da PAG apoés inje¢cao de Kyn (1nmol/100nL) no
DMH esquerdo (Kyn into L-DMH).
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O bloqueio farmacoloégico dos receptores de EAA no DMH
esquerdo pela injecdo de acido quinurénico causou discreta redugcado nos
parametros cardiovasculares. Apds este bloqueio, injegdes de NMDA na PAG
ipsilateral ou contralateral ndo causaram respostas com amplitude similar
aquelas observadas sem o bloqueio dos EAA no DMH. As respostas de
pressao arterial (AMAP: D = 1+2 vs. E = 2+1mmHg), frequéncia cardiaca (AHR:
D = 315 vs. E = 4+1bpm) e atividade simpatica para o nervo renal esquerdo
(ARSNA: D = -1£2 vs. E = 3+5%) foram drasticamente atenuadas. Além disso,
a lateralizagado no controle da atividade simpatica para o nervo renal esquerdo
foi abolida. As diferencas no tempo de curso das respostas previamente
observadas apoés injegao unilateral de NMDA na PAG antes do bloqueio de

EAA no DMH também foram ausentes.

5.2.2 - EXPERIMENTOS EM ANIMAIS NAO-ANESTESIADOS
A Figura 19 apresenta os parédmetros cardiovasculares durante todo
o experimento e as variagdes maximas na FC e PAM de animais submetidos

ao estresse agudo.
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Figura 19. Resultados obtidos em animais n&o-anestesiados
submetidos ao estresse por jato de ar. Painéis A e C: curso temporal das
alteragdoes na frequéncia cardiaca (HR) e pressao arterial (MAP) antes e
apos a injecao de acido quinurénico (1nmol/100 nl) nos lados direito (R-
simbolos vazios) e esquerdo (L- simbolos preenchidos) do DMH (circulos)
e I/dl PAG (quadrados); ou injecao bilateral de veiculo (tridngulos cinzas
*P<0.05 R- vs. L-DMH; #*P<0.05 veiculo vs. R- ou L-DMH e R- ou L-PAG
(Two-way ANOVA seguido de Bonferroni post hoc test). Painéis B e D:
mudancas maximas na HR e MAP durante os experimentos de estresse
por jato de ar em animais que receberam injegcao prévia de acido
quinurénico (1 nmol/100 nl) nos lados direito (barras brancas) e esquerdo
(barras negras) do DMH ou l/dl PAG; ou injecao bilateral de veiculo
(barras cinzas). *P<0.05 R vs. L; *P<0.05 vs. Veiculo bilateral (One-way
ANOVA Newman-Keuls post hoc test).

Comparado a amplitude das respostas controle (nanoinjecéo bilateral
de veiculo), a administracdo de Kyn no lados direito e esquerdo do DMH
atenuaram a taquicardia evocada pelo estresse. Entretanto, a taquicardia
causada pelo estresse foi praticamente abolida quando os receptores de
aminoacidos excitatorios foram inibidos no DMH direito (AFC DMH-D = 12+18
vs. E = 87+17; PAG-D = 73+15 vs. E = 74+12; veiculo: 132+9bpm; P<0,05)
(Figura 22, painéis A e B). O bloqueio destes receptores nos lados direito e
esquerdo do DMH ou PAG nao alterou a amplitude das respostas pressoras
causadas pelo estresse por jato de ar (APAM DMH-D = 12+4 vs. E = 1713;

PAG-D = 1844 vs. E = 1815; veiculo: 193 mmHg) (Figura 19 C e D).

5.2.3 — VIAS ANATOMICAS ENTRE O DMH E A PAG

Fotomicrografias demonstrando os sitios de injec&do das Retrobeads e a
regidao do DMH e PAG, alvos das inje¢cdes centrais realizadas neste estudo,

estdo demonstradas na Figura 20, painéis A e C.
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Figura 20. Painéis A e C: Fotomicrografias exemplificam os sitios de
injecao pretendidos em todos os experimentos desta série (aumento 5x).
As injecdes acima evidenciadas sao de animais que receberam
Retrobeads verdes e vermelhas no DMH (A) e PAG (C), respectivamente.
Painéis B e D: Maior aumento (20x) exemplificando neurénios
retrogradamente marcados com Retrobeads verdes e vermelhas na PAG
(B) e DMH (D), respectivamente. Referéncias anatémicas: DMH — hipotalamo
dorsomedial; ME — eminéncia mediana; mt — trato mamilotalamico; f- forniz;
VMH - hipotalamo ventromedial; Il — terceiro ventriculo; I/dl PAG — colunas
lateral e dorsolateral da substancia cinzenta periaquedutal; Aq — aqueduto.

Como proposto, injegdes centrais de microesferas verdes e vermelhas
alcangaram o DMH e as colunas lateral/dorsolateral da PAG, respectivamente.
No DMH esquerdo, contralateral ao lado onde as esferas verdes foram
injetadas, foi possivel observar em vermelho neurbnios que enviam projegdes
diretas a PAG. De maneira semelhante, na PAG direita foi possivel observar
neurbnios marcados em verde, que enviam proje¢cdes diretas ao DMH. No
animal que recebeu apenas injecdo de esferas verdes no DMH direito, foi
possivel observar marcagao bilateral, onde poucas células marcadas foram
identificadas na regido ventral da PAG. Entretanto, a marcagcdo na coluna
dorsolateral da PAG ipsilateral pareceu estar ligeiramente mais densa.
Conjuntamente estes dados reforcam a existéncia de uma via bilateral e
anatomicamente lateralizada entre o DMH e PAG (Figura 20).

A Figura 21 demonstra corpos celulares neurénios da PAG marcados

por esferas fluorescentes oriundas do DMH.
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Figura 21. Fotomicrografia em maior aumento (100x) de lamina de cérebro
demonstrando neurénios marcados com Retrobeads verdes injetadas no
DMH.

5.3- ENVOLVIMENTO DA RAPHE PALLIDUS NAS RESPOSTAS
ASSIMETRICAS CRONOTROPICAS E INOTROPICAS CARDIACAS
PROVOCADAS PELA ESTIMULAGCAO UNILATERAL DO HIPOTALAMO

DORSOMEDIAL.

Os sitios de injecdo nas areas alvo, hipotalamo dorsomedial e raphe

pallidus estdo demonstrados na Figura 22.
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Bregma -11.4m

Figura 22: Fotomicrografias demonstrando os sitios de injegao e os niveis
dos cortes histolégicos do hipotdlamo dorsomedial (A — microesferas
vermelhas) e raphe pallidus (B e C, rostro-caudais. Fotografias de laminas
em campo claro e filtro para fluorescéncia especifica de cada cor das
microesferas. Fatias frescas de cérebro “molhado” posicionadas sobre laminas
de vidros, sem cobertura com laminula. Referéncias anatémicas: Atlas
(Paxinos and Watson, 1986).

Os painéis B e C da Figura 22 exemplificam sitios de injegdo na RP em
diferentes niveis rostro-caudais. O painel B exemplifica um sitio de injecao mais

rostral.

A Figura 23 é um exemplo de experimento que demonstra as diferengas
nas amplitudes das respostas cronotropicas e inotropicas cardiacas evocadas

pela estimulacdo da RP nos diferentes niveis rostro-caudais.
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Figura 23. Exemplos de registros demonstrando a amplitude nas
respostas cardiovasculares evocaas pela injegdo de NMDA na RP em
diferentes niveis.



A Figura 24 demonstra os dados coletados em menor escala

temporal, detalhando os parametros cardiovasculares.
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A Figura 25 apresenta as respostas cardiovasculares e térmicas

evocadas pela nanoinjecdo de NMDA na RP e nos lados direito e esquerdo do

DMH.
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Figura 25. Curso temporal das variacoes na frequéncia cardiaca (HR),
pressao arterial média (MAP), pressdao ventricular esquerda maxima
(LVPpeak) e sua derivada (LVdp/dt peak), e temperatura no tecido adiposo
marrom (BAT) evocadas pela nanoinjecao de NMDA na raphe pallidus
(RP) e hipotalamo dorsomedial direito (R-DMH) e esquerdo (L-DMH).
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A injecdo de NMDA em ambos RP, e DMH, lados direito e esquerdo (R-
e L-DMH) causou respostas pressora (APAM D-DMH = 104£3; E-DMH = 12+5;
RP = 11£3mmHg; P<0,05 vs. basal), taquicardica (AFC D-DMH = 62+11; E-
DMH = 40+6; RP = 67+16bpm; P<0,05 vs. basal), aumento da pressao
ventricular cardiaca (ALVP D-DMH = 26+4; E-DMH = 1616; RP = 26:4mmHg;
P<0,05 vs. basal), contratil (ALVdp/dt peak D-DMH = 2089+346; E-DMH =
1355+333; RP = 1964+111mmHg/sec; P<0,05 vs. basal) e termogénica. A
nanoinjecdo de NMDA na RP provocou maior aumento na BAT comparado aos
lados direito e esquerdo do DMH (ABAT D-DMH = 0,5+0,1; E-DMH = 0,410,2
vs. RP =0,910,2 °C; P<0,05 vs. Basal; P<0,05 RP vs. D- e E-DMH). N&o houve
diferenca na amplitude das respostas pressoras causadas pela estimulacédo da
RP e DMH direito e esquerdo. A magnitude dos aumentos de FC, LVP e
LVdp/dt evocadas pelo DMH direito e RP foi similar, e de maneira geral, maior
que aquela evocada pelo DMH esquerdo (Figura 25).

As Figuras 26 e 27 apresentam, respectivamente, as respostas
cardiovasculares e térmicas causadas pela inibicdo de neurdnios da RP e pela

subsequente injecdo de NMDA nos lados direito e esquerdo do DMH.
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Figura 26. Curso temporal das variagcoes na frequéncia cardiaca (HR),

pressao arterial média (MAP), pressdao ventricular esquerda maxima

(LVPpeak) e sua derivada (LVdp/dt peak) evocadas pela injegdo de

muscimol na raphe pallidus (RP).
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Figura 27. Curso temporal das variacoes na frequéncia cardiaca (HR),

pressao arterial média (MAP), pressao ventricular esquerda maxima
(LVPpeak) e sua derivada (LVdp/dt peak), e temperatura no tecido adiposo
marrom (BAT) evocadas pela nanoinjecado de NMDA no hipotalamo
dorsomedial direito (R-DMH) e esquerdo (L-DMH) apés inibicao de

neurodnios da raphe pallidus (RP) pela nanoinjecao de muscimol.
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A inibicdo dos neurdnios da RP causou respostas cronotropica e
inotrépica negativas (Figura 26). Na auséncia de atividade neuronal destes
neurdnios do bulbo ventromedial rostral, a nanoinjecdo de NMDA no DMH
unilateral ndo foi capaz de causar respostas cronotropicas cardiacas e

termogénicas (Figura 27). Assim, a inibicdo da RP aboliu as diferencas na

amplitude das respostas cronotrépicas (AHR: R-DMH = 2+1 vs. L-DMH

1+3bpm) e inotropicas (ALVdp/dt peak R-DMH = 757+435 vs. L-DMH
699+460mmHg/sec) cardiacas causadas pela estimulagdo dos lados direito e
esquerdo do DMH. Contudo, foram observadas respostas pressoras menores
(AMAP: R-DMH = 8£2; L-DMH = 7+1mmHg; P<0,05 vs. basal) acompanhadas
por um discreto e equipotente inotropismo positivo (ALVdp/dt peak: R-DMH =
757+435; L-DMH = 699+460mmHg/sec; P<0,05 vs. basal), ndo dependentes do
lado do DMH que recebeu injegcdo de NMDA.

Com o intuito de avaliar se este inotropismo residual era devido a
simpatoexcitagdo miocardica ou se era somente consequéncia do aumento de
poOs-carga, foi realizada a injecdo endovenosa do antagonista beta-adrenérgico,
atenolol. A Figura 28 mostra os efeitos cardiovasculares causados pelo injecéo
endovenosa de atenolol. A Figura 29 apresenta as mudangas nos parametros
cardiovasculares causadas pela injecdo de NMDA nos lados direito e esquerdo

do DMH apds administragao endovenosa de atenolol.
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Figura 28. Curso temporal das variagcoes na frequéncia cardiaca (HR),
pressao arterial média (MAP), pressdao ventricular esquerda maxima
(LVPpeak) e sua derivada (LVdp/dt peak) evocadas pela injecao

endovenosa de atenolol.
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Figura 29. Curso temporal das variagcoes na frequéncia cardiaca (HR),
pressao arterial média (MAP), pressao ventricular esquerda maxima
(LVPpeak) e sua derivada (LVdp/dt peak), evocadas pela nanoinjecao de
NMDA no hipotalamo dorsomedial direito (R-DMH) e esquerdo (L-DMH)

apo6s administragao endovenosa de atenolol.
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O bloqueio dos receptores adrenérgicos cardiacos causou queda
acentuada nos parametros cardiovasculares (FC, LVP e LVdp/dt) (Figura 28).
Interessantemente, na auséncia de atividade de neurbnios da RP, o
antagonismo beta-adrenérgico cardiaco nao alterou a amplitude das respostas
pressoras residuais (APAM DMH-D = 7+2; DMH-E = 8+2 mmHg; P<0,05 vs.
basal) e das discretas respostas inotropicas cardiacas (ALVdp/dt peak DMH-D
= 676+276; DMH-E = 640+23mmHg/sec; P<0,05 vs. basal) provocadas pela

estimulacdo do DMH unilateral (Figura 29).
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6 — DISCUSSAO

Os principais achados deste estudo sao: i) existe assimetria no controle
cardiaco pelo DMH; ii) a ativagdo do DMH provoca resposta inotropica positiva
independente das respostas cronotropicas e de pds-carga que ocorrem
simultaneamente; iii) o recrutamento do DMH direito determina respostas
cardiacas mais amplas; iv) existe lateralizagdo no controle de atividade
simpatica renal pelo DMH e PAG; v) os receptores de aminoacido excitatorio
contribuem para assimetria no DMH e para lateralizacdo em ambos DMH e
PAG; vi) ndo ha assimetria nas respostas termogénicas evocadas pelo DMH
unilateral; vii) o recrutamento de neurdnios da RP sdo determinantes da
assimetria no controle cardiaco, mas n&o do controle vasomotor pelo DMH.

Estudos em humanos e modelos experimentais suportam nossos dados,
demonstrando estreita correlacdo entre assimetria no funcionamento de areas
do sistema nervoso central e respostas cardiovasculares diferenciadas, como
arritmias cardiacas (Wittling, 1997, Wittling et al., 1998a, Wittling et al., 1998b,
Critchley et al.,, 2005, Cechetto and Shoemaker, 2009). Adicionalmente,
estudos anatdmicos relatam que as vias centrais relacionadas ao controle
cardiovascular apresentam projecdes predominantemente ipsilaterais (Huang
et al., 2002), o que corrobora com os achados funcionais de lateralizagdo no
controle do leito simpatico renal.

Recentemente, foi demonstrado que a ativagdo unilateral do DMH
provoca aumento na expressao da proteina de ativacdo neuronal recente, Fos,
predominantemente ipsilateral em relés sinapticos bilaterais relacionados ao
controle cardiovascular (Zaretskaia et al., 2008). Regides que recebem

projecdes do DMH, como os nucleos pré-motores simpaticos PVH e RVLM
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apresentaram expressido de Fos ipsilateralmente ao lado do DMH que
recebeu injecdo de BMI. Especificamente com relagdo as projegdes oriundas
do DMH e PAG (ter Horst and Luiten, 1986, Thompson et al., 1996, Farkas et
al., 1998), ndés acreditamos que o recrutamento de eferéncias
predominantemente lateralizados estaria controlando o lado ipsilateral de leitos
simpaticos bilaterais, como o leito renal.

Embora existam dados anatdomicos e funcionais que suportem nossos
achados sobre lateralizacdo no controle de leitos vasculares, nossos resultados
funcionais recentes sao sistematicos e pioneiros, fornecendo dados
consistentes sobre o envolvimento de possivel lateralizagdo e assimetria na
variabilidade das respostas cardiovasculares evocadas por nucleos
diencefalicos, mesencefalicos e bulbares, como DMH, PAG e RP,
respectivamente. Inicialmente, demonstramos que a desinibicdo unilateral do
DMH, pela nanoinjegdo do antagonista GABAa, provoca respostas
cardiovasculares lateralizadas e assimétricas. A injegdo de BMI no DMH
unilteral provoca respostas simpatoexcitatérias lateralizadas para o nervo
renal. Além disso, o recrutamento de neurdnios do DMH direito parece ser
essencial na geragcdo de respostas cronotropicas mais amplas [ver anexo 1
(Xavier et al., 2009)]. Contudo, os mecanismos envolvidos na assimetria no
controle cardiaco ainda necessitavam ser melhor investigados.

Nés observamos que a inibicdo da RP abole as diferengcas na amplitude
das respostas cronotrépicas e inotropicas entre os lados direito e esquerdo do
DMH. Tomando como base resultados anteriores (Xavier et al., 2009, Xavier et
al., 2010) e atuais, acreditamos que a estimulagdo do DMH direito recruta mais

neurbnios pré-motores simpaticos cardiacos, atingindo assim maiores
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amplitudes nas respostas inotropicas e cronotropicas cardiacas.
Considerando que grupos de neurbnios pré-motores simpaticos e nervos
cardiacos diferem em termos de fungdo (Randall et al., 1972, Schwartz et al.,
1976, Kamosinska et al., 1989, Furukawa et al., 1990, Campos and McAllen,
1999), é plausivel considerar que seu recrutamento diferencial poderia ser
determinante da variabilidade individual nas respostas cardiovasculares.
Nossos resultados pioneiros também demonstram que as respostas inotropicas
evocadas pela estimulacdo do DMH sado independentes das simultaneas
influéncias cronotropicas e de pos-carga, como visto nos experimentos
realizados sob bloqueio do marcapasso e dos receptores beta-adrenérgicos
cardiacos. Eles permitem concluir que o DMH provoca alteragdes diretamente
na fungado contratil cardiaca, sendo o DMH direito responsavel pela geragao de
respostas inotrépicas de maior magnitude, relacionadas a maior incidéncia de
batimentos ectdpicos (ver anexo 3).

A inibicdo de neurbnios da RP, um nucleo central e unico que recebe
projecdes do DMH, atenuou as respostas cardiacas e termogénicas, mas n&o
as respostas pressoras causadas pela estimulagdo do DMH unilateral. Ja havia
sido previamente relatado que as respostas pressora e simpatoexcitatoria renal
sdo predominantemente governadas pelos neurdnios pré-motores da RVLM
(Fontes et al.,, 2001). Adicionalmente, foi visto que a resposta taquicardica
evocada pelo DMH nao é alterada pela inibicdo da RVLM, mas sim pela
inibicdo de neurbnios da RP. Nossos resultados estendem estes achados
prévios (Cao and Morrison, 2003, Cao et al., 2004), demonstrando que a
inibicdo da RP abole as diferencas nas respostas cronotrépicas e inotropicas

cardiacas evocadas pelos lados direito e esquerdo do DMH. Isto pode estar
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relacionado a diferencas anatdmicas e funcionais na via DMH unilateral-RP.
Apesar de claramente demonstrarem que o recrutamento de neurénios da RP é
determinante das respostas assimétricas do DMH, estudos complementares
ainda s&o necessarios para melhor elucidar os mecanismos envolvidos nas
respostas controladas pela via DMH-RP.

No presente estudo, um dos objetivos foi também avaliar a contribuicdo
dos receptores EAA que existem no DMH e PAG para as respostas
assimétricas e lateralizadas ja descritas. NO0s observamos que os receptores
EAA estdo envolvidos nestas respostas (ver anexo 4). Entretanto, somadas a
dados anteriores (Soltis and DiMicco, 1992, da Silva et al., 2006, de Menezes
et al.,, 2009), a nanoinjecdo de NMDA e Kyn no DMH e PAG unilateral
revelaram que os EAA no DMH direito sdo essenciais para atingir a
performance cardiaca maxima durante estresse. Além disso, é possivel sugerir
que as respostas lateralizadas, mas nao as assimétricas, evocadas pelo DMH
poderiam passar pela PAG, uma vez que a estimulacdo unilateral da PAG
revelou lateralidade semelhante ao DMH, mas ndo mostrou diferengas entre
seus lados direito e esquerdo. E importante considerar que as respostas
lateralizadas geradas tanto pelo DMH quanto pela PAG unilaterais poderiam
ser controladas pelos pré-motores simpaticos PVH e RVLM, sabidamente
recrutados para que se alcancem especialmente respostas vasomotoras
(Lovick, 1993, Ter Horst et al., 1996, Farkas et al., 1998, Fontes et al., 2001,
Vianna and Brandao, 2003, Zaretskaia et al., 2008).

Em uma revisao recente (Fontes et al., 2011), baseamos a redagéo da
sessdo que trata de assimetria cerebral e DMH em publicagdes de artigos e

resumos com dados da presente tese (ver anexo 2), sumarizando nosso
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entendimento sobre tais resultados. Nela, nés propomos que as respostas
lateralizadas que partem do DMH sdo determinadas pelas projegdes
lateralizadas para nucleos integradores bilaterais (DMH-PAG-RVL e outros),
seguindo também uma via lateralizada para o sistema de condugdo das
eferéncias simpaticas. Por outro lado, a assimetria no controle cardiaco é
governada pela via DMH-RP (ver figura 2 do paper Fontes et al., 2011 — Anexo
2).

E possivel afirmar que a via DMH-PAG-RP estd envolvida na
organizagédo de respostas cardiovasculares assimétricas e lateralizadas. Além
disso, as diferencas na amplitude das respostas cardiacas evocadas pelo DMH
unilateral é controlada pelos neurénios da RP. E possivel sugerir que a
abordagem utilizada pode auxiliar na compreenséo da variabilidade individual
das respostas cardiovasculares ao estresse e nos mecanismos centrais que

participam de processos fisiopatolégicos cardiovasculares.
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7 — CONCLUSAO

Nossos dados permitem concluir que: i) ha assimetria no controle da
performance miocardica pelo hipotalamo dorsomedial; ii) a assimetria no
controle cronotropico cardiaco e lateralizagdo no controle da atividade
simpatica pelo dorsomedial dependem dos receptores de aminoacido
excitatério; iii) existe lateralizagado no controle da atividade simpatica renal pelo
hipotalamo dorsomedial e pela substancia cinzenta periaquedutal; iv) a
lateralizagao controle simpatico renal pelo hipotalamo dorsomedial passa pela
substancia cinzenta periaquedutal; v) o recrutamento os neurdnios da raphe
pallidus é determinante de respostas cardiacas mais amplas evocadas pelo
lado direito do hipotalamo dorsomedial. Estudos complementares s&o
necessarios para o melhor entendimento dos mecanismos neuroquimicos e
anatdmicos envolvidos na elaboragéo de respostas assimétricas e lateralizadas

de diferentes amplitude.
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9 — ANEXOS

Artigos publicados ou submetidos para publicagdo contendo resultados

da presente tese.
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Abstract—Neurons in the dorsomedial hypothalamus (DMH)
play a key role in mediating tachycardia elicited by emotional
stress. DMH activation by microinjections of the GABA, an-
tagonist evokes tachycardia and physiological changes typ-
ically seen in experimental stress. DMH inhibition abolishes
the tachycardia evoked by stress. Based on anatomic evi-
dences for lateralization in the pathways from DMH, we in-
vestigated a possible inter-hemispheric difference in DMH-
evoked cardiovascular responses. In anesthetized rats we
compared changes in heart rate (HR), renal sympathetic ac-
tivity (RSNA), mesenteric blood flow (MBF) and tail vascular
conductance produced by activation of right (R) and left (L)
sides of the DMH. We also evaluated the tachycardia pro-
duced by air jet stress after inhibition of R or L DMH. There
were always greater increases in RSNA when bicuculline was
injected ipsilaterally to the side where these parameters were
recorded (average ARSNA: L=+50% and R=+26%; P<0.05).
Compared to pre-injection values, right DMH activation
caused pronounced decrease (0.87+0.1% vs. 0.4+0.11%/mm
Hg; P<0.05), whereas bicuculline methiodide (BMI) into left
DMH produced no significant changes (0.95+0.09% vs.
1.04+0.25%/mm Hg) in tail vascular conductance. R or L DMH
disinhibition produced decreases in MBF, but no differences
in the range of these changes were observed. Activation of
the right DMH caused greater tachycardia compared to the
left DMH activation (average AHR: R=+92 bpm; L=+48 bpm;
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partamento de Fisiologia e Biofisica-ICB, Universidade Federal de Minas
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All experimental procedures were performed by Xavier C. H. All au-
thors were involved in, conception and design, drafting the article or
revising it critically for important intellectual content, final approval of
the version to be published.

Abbreviations: ACTH, adrenocorticotropic hormone; AV, atrioventric-
ular; BMI, bicuculline methiodide; BP, blood pressure; DHA, dorsal
hypothalamic area; DMH, dorsomedial hypothalamus; GABA,, y-ami-
nobutyric acid receptor subtype A; HR, heart rate; L, left; MAP, mean
arterial pressure; MBF, mesenteric blood flow; PAG, periaqueductal
gray; PVN, paraventricular nucleus; R, right; RSNA, renal sympathetic
nerve activity; SA, sinoatrial.

P<0.05). Tachycardia evoked by air jet stress was smallest
after right DMH inhibition (average AHR: R=+57 bpm and
L=+134 bpm; P<0.05). These results indicate that the de-
scending cardiovascular pathways from DMH are predomi-
nantly lateralized and the right DMH might exert a prominent
control on heart rate changes during emotional stress.
© 2009 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: asymmetry, dorsomedial hypothalamus, emo-
tional stress, laterality, tachycardia.

Stress is thought to contribute to the development of car-
diovascular diseases such as hypertension (Esler et al.,
2008) and cardiac arrhythmias (Rozanski et al., 1999), and
revealing the relevant central mechanisms is a critical step
to understand the pathogenesis of stress-related cardio-
vascular diseases.

The dorsomedial hypothalamus (DMH) coordinates neu-
roendocrine, autonomic and behavioral responses to emo-
tional stress (DiMicco et al., 2002; Chou et al., 2003). Inhibi-
tion of DMH neurons abolishes the tachycardia evoked by
experimental emotional stress (Stotz-Potter et al., 1996b;
McDougall et al., 2004). In anesthetized rats, removal of the
tonic inhibitory input to DMH neurons evokes increases in
heart rate (HR), blood pressure (BP), renal (Fontes et al.,
2001) and cardiac sympathetic nerve activity (Cao et al.,
2004). In conscious rats, activation of DMH neurons in-
creases HR, BP (da Silva et al., 2006) and plasma adreno-
corticotropic hormone (ACTH) (Bailey and Dimicco, 2001), a
hallmark neuroendocrine response to stress. In addition,
DMH activation also elicits panic-like behavioral responses
(Johnson and Shekhar, 2006). Given the striking similarity
between the response to acute emotional stress in rats and
the response evoked by chemical activation of DMH (DiMicco
et al., 2002), this procedure has been used to investigate the
descending cardiovascular pathways from DMH and there-
fore those mediating the cardiovascular response to stress
(Fontes et al., 2001; Samuels et al., 2002; Cao et al., 2004;
Horiuchi et al., 2004).

Left—right differences in the functional properties of bilat-
eral nervous system regions are known as lateralization of
function. This phenomenon has been observed in different
brain structures and at different levels of neuraxis (Schwartz
et al., 1976; Harris et al., 1996; Toga and Thompson, 2003).
In some conditions, asymmetric function of brain regions
might result in lateralized imbalance of autonomic input to the
heart, possibly leading to cardiac arrhythmias (Lane and
Schwartz, 1987), and this includes mental stress conditions
(Critchley et al., 2005).

Considering the critical role of DMH in mediating the
autonomic cardiovascular responses to emotional stress,

0306-4522/09 $ - see front matter © 2009 IBRO. Published by Elsevier Ltd. All rights reserved.
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the question then arises as to whether the functional car-
diovascular responses evoked by left or right DMH might
be different. The present study was undertaken to system-
atically compare cardiovascular responses mediated by
the right and left sides of DMH. The general strategy in
these experiments was to test whether pharmacological
activation or inhibition of the left or right sides of DMH
differentially affect functional properties (sympathetic ac-
tivity, heart rate, hemodynamic) in different target organs.
Parts of these results have been published in abstract form
(Fontes et al., 2008; Xavier et al., 2008).

EXPERIMENTAL PROCEDURES

All experiments were performed on male Wistar rats (250-320 g)
bred at the animal facilities of the Biological Sciences Institute
(CEBIO, UFMG, Belo Horizonte, MG, Brazil) and conducted in
accordance with the guidelines established by our local institu-
tional animal welfare committee (CETEA/UFMG protocol number
137/2006), and in accordance with the U.S. National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize the number of animals used. Ani-
mals were housed in individual home cages (47 cm X31 cmXx16
cm) and had free access to food and water.

Experiments in anesthetized rats

Rats were anesthetized with urethane (Sigma, USA) (1.2-1.4 g/kg
i.p.), and the trachea was cannulated to maintain the airways
opened. The adequacy of anesthesia was verified by the absence of
a withdrawal response to nociceptive stimulation of a hindpaw. Sup-
plemental doses of urethane (0.1 g/kg i.v.) were given when neces-
sary. Body temperature was maintained in the range of 36.5-37.0 °C
with a heating lamp. The head was placed in a stereotaxic frame
(Stoelting, IL, USA) with the tooth bar fixed at —3.3 mm below the
interaural line. A small craniotomy was made near the bregma to
allow for later insertion of an injection needle into the DMH (3.2 mm
posterior, 0.6 mm lateral, 8.5 mm ventral). These initial surgical
procedures were performed in all rats before the specific surgery for
recording of different cardiovascular variables as described below.

Experiment 1. Effects of DMH activation on heart rate (HR),
mean arterial pressure (MAP), renal sympathetic nerve activity
(RSNA) and tail pulse pressure. Catheters were placed in a
femoral artery and vein (to record AP/HR and for supplementary
anesthesia, respectively). Using a retroperitoneal approach, the
left renal nerve was isolated and covered with mineral oil, and put
in contact with a silver bipolar electrode. RSNA signal was ampli-
fied by 10K, filtered (100—-1000 Hz), displayed on an oscilloscope
and monitored by means of an audio amplifier. The filtered nerve
activity signal was rectified; integrated (resetting every 2 s), dis-
played online and acquired using Powerlab 4/20—Chart 5.0 (AD-
Instruments, Sydney, Australia). All data were digitized at 1 kHz.
The noise level of the RSNA recording system was determined
postmortem and subtracted from initial RSNA values.

Aiming to compare the changes on HR, MAP and RSNA
evoked by activation of the left DMH and the right DMH, we
divided these experiments in two protocols. In protocol 1 (n=5),
microinjection of bicuculline methiodide (BMI) (a GABA, receptor
antagonist; 40 pmol/100 nl) was made into left DMH and 40 min
later, after variables returned to the baseline, a second injection of
BMI was made into the right DMH. In protocol 2 (n=5), using the
same procedures, the sequence of microinjections into DMH was
reverse, that is first into right DMH and 40 min later, into left DMH.
This strategy was adopted in order to avoid misinterpretation of
data caused by a possible spreading of BMI from one side to
another and consequently interfering with the effect produced by
the second microinjection.

In some animals used in protocols 1 and 2 (n=6), instead of
RSNA, we assessed tail vascular conductance through the tail
pulse pressure amplitude (a surrogate of tail blood flow), by plac-
ing a piezo-electric pulse transducer (MLT1010, ADInstruments,
Sydney, Australia) around the proximal portion of the tail, as
reported previously in rabbits (Nalivaiko and Blessing, 1999). The
temperature of the animals was rigorously controlled and main-
tained as close as possible to 36.5 °C with a heating pad.

Experiment 2. Effects of DMH activation on the mesenteric
blood flow (MBF).  This study was conducted in a separate group
of rats (n=>5). A segment of jejunum was exteriorized through the
abdominal incision, and the mesentery was draped over an optically
clear viewing pedestal that allows for transillumination of tissue as
previously described (Baker and Wayland, 1974; House and Lip-
owsky, 1987; Gaboury et al., 1995; Kubes et al., 1995, 2003). All
exposed tissue was covered with saline-soaked gauze to minimize
tissue dehydration. The temperature of the pedestal and mesentery
were maintained at 37 °C. The exposed mesentery was suffused
using a warmed bicarbonate-buffered saline (pH=7.4). The mesen-
teric preparation was then observed by using a microscope (Olym-
pus BX-40) with a X10 objective lens and a X 10 eyepiece. A video-
camera (Sony, Japan) mounted on the microscope projected the
image onto a color monitor, and the images were recorded for
playback analysis using a color DVD recorder (LG, Brazil). To eval-
uate the flow velocity, unbranched mesenteric vennules (diameter
25-40 micrometers) were chosen. Red cells velocity (Vrbc) was
measured on-line using an optical Doppler velocimeter (Microcircu-
lation Research Institute, TX, USA) connected to a light microscope
(Olympus BX-40). Venular blood flow (Vmean) was calculated from
the product of cross-sectional area and mean Vrbc (Vmean=Vrbc/
1.6), assuming cylindrical geometry. Baseline flow values were ob-
tained before BMI injection into DMH.

As above described technique required supine position of ani-
mals, intra-DMH microinjections were made using guide cannulas
implanted during the preliminary surgery performed 1 week prior to
the experiment. In these experiments, which were performed in
another laboratory without measuring arterial pressure, the proce-
dures for microinjections were the same as in experiment 1, but only
one sequence was made. The side for the first DMH injection chosen
randomly. The second injection was made in the contralateral side.

Experiments in conscious rats

Experiment 3. Effects of unilateral DMH inhibition on stress-
induced pressor and tachycardic responses. Under tribromoeth-
anol (Sigma, USA) anesthesia (250 mg/kg i.p.), rats were placed in a
stereotaxic frame (Stoelting, Wood Dale, IL, USA) and instrumented
with bilateral stainless steel guide cannulas (22 gauge, 16 mm
length) targeted to the DMH. The guide cannulas were fixed to the
skull by dental acrylic cement anchored with stainless steel screws.
After surgical procedures, animals were allowed to recover in their
home cages for at least 3 days. Subsequently, they were anesthe-
tized again with tribromoethanol (250 mg/kg i.p.), and polyethylene
catheter (0.011 ID, Clay Adams, Parsippany, NJ, USA) filled with
heparinized saline and sealed with a stylet was inserted in the ab-
dominal aorta through the femoral artery for recording of BP and HR.
The catheter was routed s.c. to the nape of the neck where it was
exteriorized and secured. Rats were then allowed to recover in their
home cages for at least 24 h before experiments began. All animals
remained in good health conditions throughout the course of surgical
procedures and experimental protocol as assessed by appearance,
behavior, and maintenance of body weight.

On the day of experiment, after 20 min of baseline heart rate and
blood pressure monitoring, a GABA, agonist muscimol (1 nmol/100
nl) was injected unilaterally into either left or right DMH. Rats were
then placed into a plastic restrainer (60-mm inner diameter) and
subjected to a 10-min air jet stress—a stream of air (10 I/min) di-
rected to the head. After the air jet, the animals remained in the
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restrainer for additional 10 min. Air jet stress was repeated on three
consecutive days. In five animals, the right DMH was inhibited prior
to the first stress exposure, and the left DMH was inhibited prior to
the second one (protocol 1); in five other rats the sequence was
reverse (protocol 2). On the third day, in all rats used in protocols 1
and 2, the air jet stress was repeated after bilateral microinjection of
vehicle (NaCl 0.9%, 100 nl) into the DMH.

Microinjections and drugs

The drugs employed were the GABA, receptor antagonist, BMI
(Sigma; 40 pmol/100 nl), the GABA, agonist, muscimol (Sigma; 1
nmol/100 nl), or vehicle (NaCl 0.9%, 100 nl). Microinjections were
made into DMH with a 30-gauge injection needle connected to a
Hamilton syringe (5 nl) as described previously (da Silva et al.,
2003). The coordinates for injections were —3.2 mm posterior
and *£0.6 mm lateral to the bregma and at a depth of —8.6 mm
below the dura, as determined by the atlas of Paxinos and Watson
(Paxinos and Watson, 1986).

Histology

At the end of experiments, all rats were euthanized by an over-
dose of anesthetic, and a microinjection of Alcian Blue dye 2%
(100 nl) was made into injection sites for subsequent histological
confirmation according to the methodology described previously
(da Silva et al., 2003). The atlas of Paxinos and Watson (Paxinos
and Watson, 1986) was used as a reference for histological con-
firmation of the injection sites in the DMH.

Analysis

Comparisons between responses evoked by the first and second
microinjections of BMI into DMH were determined by a paired t-test.
In air jet stress experiments, comparisons between groups were
performed with two-way analysis of variance (factors drug and time)
followed by Bonferroni’s post hoc test. For computing a surrogate for
tail vascular conductance, we divided normalized pulse pressure
amplitude by corresponding value of the MAP. Significance was
taken at P<0.05. Data are expressed as mean+=SEM.

RESULTS

Comparison of the cardiovascular effects evoked by
disinhibition of left or right sides of DMH in
anesthetized animals

There were no differences in the basal values of HR and
MAP, recorded in different groups of rats (Table 1). Fig. 1
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shows the effect on HR, MAP, RSNA and tail vascular con-
ductance produced by microinjection of BMI into the left or
right sides of DMH. Unilateral disinhibition of the DMH pro-
duced marked increases in HR and RSNA accompanied by
increases in MAP (Fig. 1) as has been reported previously
(Fontes et al., 2001). These responses began within 30 s
after microinjection of BMI into DMH, reached peak levels
within 5—10 min and were sustained for at least 10 min before
returning to control levels. Pressor responses produced
by right- and left-side hypothalamic activation did not
differ (Fig. 2A). No significant differences in the magni-
tude of the increases in MAP was observed between
groups (mean maximum changes: +12+3 mm Hg; av-
eraged for all groups). In contrast, activation of the right
DMH always caused a greater tachycardia when com-
pared with left side (protocol 1: L=+46+8 bpm vs.
R=+102x16 bpm,; protocol 2: R=+81*9 bpm vs.
L=+50=6 bpm; P<0.05; Fig. 2B). In both protocols, there
were always greater increases in RSNA when BMI was
injected into the left DMH, that is, ipsilateral to the side
where RSNA was recorded (average RSNA: L=+50% and
R=+26.5%; P<0.05; Fig. 2C).

Compared to the pre-injection values, administration of
BMI into left DMH caused no significant changes in the tail
vascular conductance (0.95+0.09 vs. 1.04+0.25%/mm Hg),
whereas BMI into right DMH produced pronounced decrease
(0.87=0.1 vs. 0.4%=0.11%/mm Hg; P<0.05) (Fig. 2D).

Effect of microinjection of BMI into DMH on the mes-
enteric blood flow was assessed in five rats. Disinhibition
of left or right DMH induced pronounced falls in the mes-
enteric blood flow (Fig. 3, see supplementary data). Ap-
proximately 50% reduction of the blood flow occurred in the
first 2 min, and the response reached minimum (25-30% of
basal level) at 8—10 min post-injection. This effect was re-
versible, returning to the baseline approximately 20 min after
microinjection BMI into DMH. There were no differences be-
tween effects evoked from left and right DMH.

Effects of DMH inhibition on cardiovascular effects
produced by air jet stress.  Fig. 4. shows results of exper-
iments conducted in conscious animals. Baseline HR and
MAP were not significantly different between two groups of

Table 1. Basal and maximal values of mean arterial pressure (MAP) and heart rate (HR) from anesthetized and non-anesthetized rats before and after
microinjections into right and left DMH on both protocols (1 and 2); or vehicle bilaterally into DMH of non-anesthetized rats

Protocols Anesthetized Non-anesthetized

Mean arterial Heart rate Mean arterial pressure Heart rate

pressure (mm Hg) (bpm) (mm Hg) (bpm)

Basal Maximal Basal Maximal Basal Maximal Basal Maximal
1 - Left 90+3 104+31 345+8 396+5" 103+2 11537 335+2 461+26"
1 - Right 89+4 10251 336+6 441+18%* 107+4 120+37 342+4 404+211*
2 - Right 95+3 106+4" 339+12 423+41# 107+3 116+5" 344+6 406+15"#
2 - Left 95+2 106+3" 355+10 398+6" 107+5 120+41 348+4 462+21%
Bilateral vehicle — — — — 105+4 11637 369+9 485+12%

Results showed as mean *SE.
* P<0.05 — protocol 1 (L vs. R).
T P<0.05 (baseline vs. maximal changes).
# P<0.05 — protocol 2 (R vs. L).
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Fig. 1. Effects on HR, MAP, RSNA and tail pulse pressure amplitude produced by microinjection of BMI into the right (A) or left (B) sides of DMH.
(C) tail pulse pressure amplitude in a fast time scale (1 s) showing the pulse shape before and after microinjection into DMH.

rats studied. After microinjection of saline into DMH, air jet Microinjection of muscimol into right DMH caused a
stress evoked marked tachycardia and variable pressor re- marked attenuation in the tachycardia evoked by the airjet
sponses as reported previously (Stotz-Potter et al., 1996a,b). stress whereas microinjection into the left DMH was without
Heart rate rose at the onset of air stress to a plateau that was effect (AHR: protocol 1 L=+143%=17 bpm vs. R=+58+20
maintained for the duration of the stress period and returned bpm; protocol 2 R=+56+13 bpm vs. L=+124+11 bpm;

gradually to baseline after its termination. P<0.05 for both protocols). This attenuation was observed
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Fig. 2. Maximal changes in cardiovascular parameters (+=SEM) from baseline evoked by unilateral microinjection of BMI into right (white bars) and left DMH
(black bars) on both protocols at the first series of experiments. (A) mean arterial pressure (MAP); (B) heart rate (HR); (C) renal sympathetic nerve activity
(RSNA) sampled from left renal nerve and (D) tail vascular conductance. * P<<0.05—protocol 1 (L vs. R); # P<0.05—protocol 2 (R vs. L).

throughout the air stress trial. Also, there were no changes
when comparing the range of responses evoked by air stress
after microinjection of bilateral vehicle and muscimol into left
DMH (P>0.05 for both protocols).

After inhibition of the right DMH, the HR during much of
the post stress (recovery) period was also lower than that
seen after treatment with saline or with muscimol injection
into the left DMH side (Fig. 4).

The air jet stress evoked significant increases in mean
arterial pressure (Fig. 4, Table 1). The DMH inhibition with
muscimol caused no significant changes in the range of
the hypertensive response provoked by the stress, when
compared to the responses after microinjection of saline
into DMH (mean maximum changes in MAP: protocol 1
L=115+=3 mm Hg and R=+120x3 mm Hg; protocol 2

BMI
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c
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Fig. 3. Changes in mesenteric blood flow (MBF) evoked by unilateral
microinjection of BMI into right (R — dashed line and open symbol) and
left DMH (L — solid line and filled symbol) sampled from the end portion
of jejunum at the second series of experiments.

R=116x5 mm Hg and L=120t4 mm Hg; bilateral sa-
line=116+3 mm Hg; Table 1).

Post-mortem histology confirmed that injection sites in
all microinjection experiments for which data were ana-
lyzed were located in the DMH, extending from 2.8 to 3.6
mm caudal to bregma. Fig. 5 illustrates examples of typical
injection sites in the DMH.

DISCUSSION

Our two major findings are: (i) right-side dominance of the
DMH in controlling cardiac cycle and tail (cutaneous) vas-
cular bed; and (ii) predominantly ipsilateral effects of DMH
on the renal sympathetic nerve activity.

DMH asymmetry in cardiac control

We observed, in anesthetized animals, that the right DMH
activation causes greater tachycardia compared to the in-
creases in HR produced by the left DMH activation. This is in
good accord with our finding that the right DMH inhibition in
conscious animals virtually abolished stress-induced tachy-
cardia. Taken together, these results strongly suggest that
the right DMH dominates over the left one in the control of the
heart rate/cardiac cycle.

The idea of brain functional asymmetry in cardiovas-
cular control is not new. In their pioneering study, Fang
and Wang (Fang and Wang, 1962) found that electrical
stimulation of the right side of hypothalamus induced
greater chronotropic effect compared to the left side.
Speaking more generally, there is an evidence that most
components of the stress response are influenced
asymmetrically by the cerebral hemispheres (Wittling,
1997), and lateralization of the function during emotional
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solid line) or bilateral vehicle into DMH (gray symbol) on protocols of non-anesthetized rats submitted to air jet stress at the third series of experiments.

arousal is described as component in the induction of
these responses in sympathetic input to heart (Lane and
Schwartz, 1987).

Tachycardia evoked from the DMH results from an
increase in cardiac sympathetic nerve activity (Cao et
al., 2004) that is completely abolished by beta adrener-
gic blockade (Fontes et al., 2001). Considering this, it is
possible that activation of right DMH neurons could,
through its descending pathways and respective synap-
tic relays, mostly drive right-sided cardiac preganglionic
neurons in the spinal cord. This would increase the
activity of right-side cardiac sympathetic nerve. As the
left and right cardiac sympathetic nerves differ in their
actions on the heart, with the sinoatrial node driven
principally by the right sympathetic nerve (Yanowitz et
al., 1966; Randall et al., 1972; Kamosinska et al., 1989;
Furukawa et al., 1990), this would result in pronounced
tachycardia. Thus, ipsilateral projection from the DMH to
the spinal sympathetic neurons could alone explain the
asymmetry in cardiac control described above. There is
currently lack of neuroanatomical data for either proving
or disproving this hypothesis. The DMH contains very
few neurons that project directly to the spinal cord (ter
Horst and Luiten, 1986; Hosoya et al., 1987; Thompson
et al., 1996), and recent studies have shown that the

cardiovascular responses evoked from DMH depend on
different synaptic relay nuclei, such as the rostral ven-
trolateral medulla (Fontes et al., 2001; Cao et al., 2004),
raphe pallidus (Samuels et al., 2002; Cao et al., 2004;
Horiuchi et al., 2004) and periaqueductal gray (PAG) (da
Silva et al., 2003; de Menezes et al., 2006, 2008, 2009).
Descending cardiovascular pathways from the DMH re-
lay in the medulla in a differential manner: those for
controlling vascular tone in different beds (except cuta-
neous one) pass via rostral ventrolateral medulla
(RVLM) (Dampney et al., 2002) whereas those control-
ling cardiac chronotropic function and cutaneous vascu-
lature descend via raphe/parapyramidal area (Nalivaiko
and Blessing, 2001; Samuels et al., 2002). Retrograde
viral tracing from the heart demonstrated that location of
cardiac presympathetic neurons in the ventral medulla is
not limited to the midline raphe zone but rather spread
across the ventral surface (Ter Horst et al., 1996). In-
terestingly, retrograde tracing with viral injections into
the right stellate ganglion did reveal more infected neu-
rons in the ipsilateral part of the raphe/parapyramidal
region (Farkas et al., 1998). This suggests that medul-
lary presympathetic neurons controlling stress-induced
tachycardia may have right-side prevalence, similar to
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Fig. 5. Schematic coronal sections of rat brain at level of DMH eliciting
approximate sites of microinjection of BMI (40 pmol/100 nl) from all
series of experiments. First series (®-circles); second series (A-trian-
gles); third series (¢-diamonds).

medullary presympathetic neurons involved in homeo-
static cardiac control (Campos and McAllen, 1999).

DMH asymmetry in the control of cutaneous
vascular bed

Falls in tail pulse pressure amplitude reflect vasoconstric-
tion in the tail vascular bed (that is predominantly cutane-
ous). The method used here was previously described and
used in rabbits (Nalivaiko and Blessing, 1999), and corre-
lated well with direct measurements of the blood flow.
Cutaneous vasoconstriction is an integral part of arousing/
defense response; it also plays a critical role in thermoreg-
ulation (Dimicco and Zaretsky, 2007; Morrison et al.,
2008). Cutaneous blood flow could be readily measured in
rabbit ear and rat tail; in both species potent vasoconstric-
tor responses may be elicited from the DMH (Nalivaiko and
Blessing, 2001; Tanaka and McAllen, 2008), as was also
found in the current study. Our new observation is that the
right-side DMH dominates in eliciting this reaction. As ev-
idenced by our data, left-side stimulation caused much
smaller responses, or even sometimes increases rather
than decreases in pulse amplitude. The latter was likely the
consequence of elevated systemic arterial pressure. We
do not have any potential mechanistic explanations of
lateralized control of tail blood flow. In two studies that
examined sympathetic innervation of rat tail with retro-
grade viral tracing, no lateralization in distribution of in-
fected neurons was described in the medulla, but higher
brain levels were not studied (Nakamura et al., 2004; Toth
et al., 2006). It is worth noting, however, that future exper-
iments using a direct measurement of tail blood flow or tail
temperature, are necessary to further strength our current
observations regarding this lateralized vasoconstrictor re-
sponse elicited from right-side DMH.

DMH and renal sympathetic outflow

Unilateral (left-side) DMH activation caused greater in-
creases in ipsilateral RSNA. This indicates that in contrast
to right-side DMH dominance in controlling sympathetic
outflow to the heart and the tail vasculature, there is no
such dominance in the control of renal sympathetic out-
flow—at least left-side one. This, in turn, is in a good
accord with reported here lack of right-DMH dominance in
provoking generalized pressor responses, as descending
pathways to spinal sympathetic neurons relay in the RVLM
(see also Conclusion). Our results suggest that unilateral
DMH neurons exert predominant autonomic control over
ipsilateral preganglionic spinal sympathetic neurons that
target kidneys. These functional findings are in agreement
with previous neuroanatomical tracing studies that showed
that the descending pathways from DMH are predomi-
nantly ipsilateral (ter Horst and Luiten, 1986; Thompson et
al., 1996). The descending contralateral pathways appear
to mirror the ipsilateral pathway but are far less dense
(Thompson et al., 1996). In addition, a recent report by
Zaretskaia and colleagues (Zaretskaia et al., 2008)
showed that disinhibition of the DMH neurons resulted in
greater increases in Fos expression in brain regions ipsi-
lateral to the injection site in the DMH. Therefore, the
pronounced physiological changes in the renal nerve ipsi-
lateral to the injection side observed in our current study
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are likely due to a greater ipsilateral activation of the de-
scending pathways from DMH. In this regard, it is known
that air-jet stress causes marked increases in renal sym-
pathetic nerve activity (Burke and Head, 2003; Head and
Burke, 2004). Future experiments in conscious rats are
necessary in order to investigate the functional implica-
tions of these findings during acute stress.

In contrast to substantial right/left side differences in
cardiac, cutaneous and renal sympathetic outflows, both
sides of the DMH were equipotent in elevating systemic
arterial pressure and in provoking mesenteric vasocon-
striction.

CONCLUSION

Our most intriguing finding is that sympathetic tone in
some target end-organs (heart, tail) is controlled predom-
inantly by the right DMH whereas for others (mesentery),
both sides of the DMH are equipotent. It is of major interest
in this regard that descending pathways from the DMH
controlling HR and tail vascular bed relay in the medullary
raphe, whereas descending pressor pathways relay in the
RVLM. Our data thus indicates that activation of the right
DMH is critical for the expression of full cardiac response
observed during acute stress. In contrast, bilateral DMH
activation might be necessary for full expression of pressor
responses.
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Abstract—Psychological stress elicits increases in sympa-
thetic activity accompanied by a marked cardiovascular re-
sponse. Revealing the relevant central mechanisms involved
in this phenomenon could contribute significantly to our un-
derstanding of the pathogenesis of stress-related cardiovas-
cular diseases, and the key to this understanding is the
identification of the nuclei, pathways and neurotransmitters
involved in the organization of the cardiovascular response
to stress. The present review will focus specifically on the
dorsomedial hypothalamus, a brain region now known to
play a primary role in the synaptic integration underlying the
cardiovascular response to emotional stress. © 2011 IBRO.
Published by Elsevier Ltd. All rights reserved.
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STRESS: IMPACT ON THE
CARDIOVASCULAR SYSTEM

Psychological stress elicits increases in sympathetic
activity that result in changes in the level of cardiac
function and vascular resistance with consequent redis-
tribution of blood flow. This physiological strategy en-
hanced the probability of survival for mammals faced
with a physical threat in nature. However, with one-half
of the world’s population living in the cities (Ginkel,
2008), the impact of psychosocial stress has undoubt-
edly been a challenge for the cardiovascular system and
body homeostasis. Indeed, psychological stress is con-
sidered a component of the so called cardiovascular risk
(Lloyd-Jones et al., 2009), and examples of such stres-
sors in modern society are numerous. Mittleman and
colleagues reported that the relative risk of acute myo-
cardial infarction in the 2 h after an episode of anger was
more than double compared with no anger (Mittleman et
al., 1995). The number of sudden deaths resulting from
cardiac causes sharply increased on the day of the
Northridge earthquake that struck the Los Angeles area
in 1994 (Leor et al., 1996). Signs of elevated sympa-
thetic activity are commonly observed in patients with
white coat hypertension (Smith et al., 2004), a phenom-
enon in which patients exhibit elevated blood pressure
(BP) that is likely a consequence of increased anxiety in
a clinical setting. These examples illustrate the potential
contribution of emotional stress in precipitating adverse
cardiovascular events.

According to the reactivity hypothesis, persistently ex-
aggerated psychological stress responses might be a
marker of individuals or subgroups with increased risk of
cardiovascular disease (Lovallo and Gerin, 2003). Al-
though the potential causes of the individual differences in
reactivity remain poorly understood, the possibility that
prolonged stress might cause perpetuated changes in crit-
ical groups of neurons in the CNS, resulting in sympathetic
overreactivity, overactivity or autonomic imbalance is plau-
sible. Thus, to understand how psychological stress af-
fects the cardiovascular system, it is necessary first to
identify the nuclei involved and the central pathways that
control the cardiac and vascular sympathetic outflows.
The present brief review summarizes our current under-
standing of a central circuit that integrates the cardio-
vascular response to acute stress. The focus is the
region of dorsomedial hypothalamus (DMH), which
plays a key role within this circuit.

0306-4522/11 $ - see front matter © 2011 IBRO. Published by Elsevier Ltd. All rights reserved.
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DMH: ANATOMICAL ORGANIZATION

As functional studies involving the human hypothalamus
are rare, comparison of the structural organization of the
human hypothalamus with the hypothalamus of other spe-
cies could provide a meaningful reference for extrapolating
physiological findings obtained in studies involving hypo-
thalamus of experimental animals to humans. In this re-
gard, the human hypothalamus is now known to be signif-
icantly more homologous to the hypothalamus of the rat
than was previously thought, and this seems to be partic-
ularly true regarding the DMH (Koutcherov et al., 2003,
2004). In this review, we refer to DMH to indicate a region
of the hypothalamus that includes the dorsomedial hypo-
thalamic nucleus (DMN) but also adjoining areas, particu-
larly dorsal and posterior to the nucleus itself as well as
laterally including the medial part of the perifornical area. In
the rat, the DMH lies adjacent to the third ventricle, caudal
and ventral to the hypothalamic paraventricular nucleus
(PVN), dorsal to the ventromedial hypothalamic nucleus
(VMH) and ventral to the mamillothalamic tract. Laterally,
the DMH is bounded by the fornix and the lateral hypotha-
lamic area (Fig. 1). Its caudal border is far less distinct and

is loosely delimited with the posterior hypothalamic area.
The DMN itself is subdivided in two distinct portions, a
poorly defined diffuse portion and a cell dense compact
portion or zona compacta (Paxinos and Watson, 1986), the
latter being clearly delimited in the posterior part of the
DMH. Since this subcompartmental organization is homol-
ogous to that found in monkeys and humans (Koutcherov
et al., 2004), the DMH seems to be highly conserved
during the course of the mammalian evolution. This obser-
vation fuels speculation that the same may be true for its
functional role in the cardiovascular response to emotional
stress.

DMH: A KEY REGION IN THE CARDIOVASCULAR
RESPONSE TO STRESS

The DMH plays a key role in coordinating the neuroendo-
crine, autonomic and behavioral responses to emotional
stress (DiMicco et al., 2002). Similarly, the DMH has also
been implicated as a key component of the “panic circuit”.
Chronic disruption of GABAergic inhibition in the DMH
leads to panic-like responses in rats (Johnson and Shek-
har, 2006; Shekhar et al., 2006). In the pioneering exper-
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Fig. 1. Upper panel: Gray shading indicates the dorsomedial hypothalamus as referred in this review (3.1-3.4 mm posterior to Bregma according to
atlas of Paxinos and Watson, 1986). Bottom panel: Example of the cardiovascular response evoked by microinjection of bicuculline methiodide into
a site in the dorsomedial hypothalamic nucleus before (A) and after (B) unilateral microinjection of muscimol (1 nmol) into the rostral ventrolateral
medulla pressor region (Fontes et al., 2001). Phenylephrine was infused continuously after the bilateral injections of muscimol to maintain baseline
arterial pressure close to the control level. Note that after bilateral inhibition of the RVLM, bicuculline injection into the dorsomedial hypothalamic
nucleus still evokes a tachycardic response, whereas the renal sympathetic and vasomotor responses are completely abolished. 3V, third ventricle;
DMN, dorsomedial hypothalamic nucleus; DMC, compact portion of dorsomedial hypothalamic nucleus; DMD, diffuse portion of the dorsomedial
hypothalamic nucleus; PH, posterior hypothalamic area; VMH, ventromedial hypothalamic nucleus; f, fornix; mt, mamillothalamic tract; LH, lateral
hypothalamus; DA, dorsal hypothalamic area; ARC, arcuate hypothalamic nucleus. Bottom panel taken from Fontes et al., 2001, Am J Physiol Heart

Circ Physiol. Am Physiol Soc, used with permission.
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iments demonstrating a crucial role of DMH neurons in the
cardiovascular response to acute stress, Lisa and col-
leagues (Lisa et al., 1989a) demonstrated that inhibition of
DMH neurons with the GABA, agonist, muscimol, failed to
influence baroreflex-induced tachycardia but abolished the
increases in heart rate (HR) normally seen in an air stress
paradigm (Lisa et al., 1989a). The site of action for mus-
cimol was demonstrated to be specifically the DMH and
not the paraventricular nucleus, another region potentially
involved in the physiological responses to stress (Stotz-
Potter et al., 1996b).

Conversely, DiMicco and colleagues demonstrated that
microinjection of bicuculline methiodide (BMI), a GABA, re-
ceptor antagonist, into the DMH of conscious rats evokes
marked increases in heart rate and pressor responses in
conscious rats in a pattern that mimics the cardiovascular
response to emotional stress (DiMicco et al., 2002). Thus,
DMH neurons are under powerful GABAergic inhibition.
Injections of BMI at doses ranging from 0.1 to 40 pmol that
targeted the region of DMH evoke dose-related increases
in mean arterial pressure (MAP), HR and renal sympa-
thetic nerve activity (Horiuchi et al., 2004b). Moreover,
injections of excitatory aminoacids (EEA) into the DMH
also produce increases in HR and blood pressure (Soltis
and DiMicco, 1991a, 1992; De Novellis et al., 1995). In
addition, blockade of EEA receptors in the DMH sup-
presses the cardiovascular response evoked by BMI injec-
tions into the same region (Soltis and DiMicco, 1991b).
These findings suggest that the response caused by block-
ade of GABAergic inhibition in the DMH of the rat is de-
pendent on activation of local EAA receptors.

Although several studies have reported that disinhibi-
tion or excitation of DMH neurons can produce changes in
blood pressure or heart rate similar to the ones seen during
emotional stress, the precise location of these sites were
not well characterized. Nonetheless, Samuels and col-
leagues (2004) have shown that injections (2 pmol/5 nl) of
BMI into a specific area, dorsal to the DMN, called dorsal
hypothalamic area (DA, Fig. 1) evoke increases in HR that
are significantly greater than the increases observed after
injection into the DMN itself (Samuels et al., 2004). They
have also observed that the site of these injections corre-
sponded to the location of neurons which project directly to
the RP, which has been shown to be fundamental to the
tachycardia evoked during stress (Zaretsky et al., 2003b).
These data were later confirmed by Tanaka and McAllen
(2008), who demonstrated that injections of b,.-homocys-
teic acid (50 mM in 15 nl) in the DA and dorsal parts of the
DMN produced increases in heart rate, however, injections
in the ventral parts of the DMN did not change it (Tanaka
and McAllen, 2008). On the other hand, increases in blood
pressure could be achieved by activating different areas of
the DMH. Hence, even with high spatial resolution data, it
is still not possible to determine the exact sites responsible
for the changes in specific physiological variables evoked
by DMH (or DA) activation.

It could be speculated that during acute psychological
stress, the sensory input from the environment overcomes
or reduces the tonic inhibition of neurons in the DMH,

resulting in a characteristic cardiovascular response. Al-
though the DMH receives inputs from several forebrain
regions including amygdala (Soltis et al., 1998), that play
roles in the physiological responses to stress (Fig. 2), the
origin of the GABAergic input to neurons in the DMH
remains unknown. The medial preoptic area (mPOA) may
represent a significant source of inhibitory tone to key
neurons in the DMH (Hunt et al., 2010). Another possibility
is the medial prefrontal cortex (mPFC) which is a limbic
structure involved in the regulation of cognitive and emo-
tional information (Bush et al., 2000) and in the regulation
of stress-induced neural activity (Amat et al., 2005). The
DMH also receives projections from neurons in the mPFC,
specifically in the infralimbic division (Hurley et al., 1991;
Vertes, 2004). However, the only two functional studies
offering a clue about a possible mPFC-DMH inhibitory
projection contain divergent findings (McDougall et al.,
2004; Radley et al., 2009).

ROSTRAL VENTROLATERAL MEDULLA AND
THE VASOMOTOR COMPONENT OF THE
RESPONSE TO ACTIVATION OF THE DMH

In the past decade, much has been learned about the
descending pathways that mediate the sympathoexcitatory
response evoked from the DMH. Previous anatomic stud-
ies indicated that the DMH contains no or very few neurons
that project directly to the spinal cord (ter Horst and Luiten,
1986; Hosoya et al., 1987; Thompson et al., 1996). There-
fore, the descending sympathoexcitatory pathway from the
DMH should include one or more synaptic connections in
supraspinal regions, such as the rostral ventrolateral me-
dulla (Fontes et al., 2001), since this brainstem region
contains sympathetic premotor neurons involved in the
maintenance of vasomotor sympathetic activity and blood
pressure (Dampney et al., 2000). The pressor and sympa-
thoexcitatory responses, but not the tachycardic response
evoked by activation of neurons in the DMH with BMI were
greatly reduced after bilateral microinjection of muscimol
into the rostral ventrolateral medulla (Fig. 1B). Thus, as
shown in Fig. 2 (pathway 7), the vasomotor component of
the response evoked from DMH is dependent on neuronal
activity in the rostral ventrolateral medulla (RVLM) (Fontes
et al., 2001). Indeed, in response to activation of the DMH,
the firing rate of RVLM neurons could be increased by as
much as 400% (Horiuchi et al., 2004b).

RAPHE PALLIDUS AND THE CARDIAC
COMPONENT OF THE RESPONSE TO
ACTIVATION OF THE DMH

The findings discussed above suggested that the pathway
mediating the cardiac stimulation evoked by activation of
the DMH was independent of the RVLM (Fontes et al.,
2001). A search for the synaptic relay mediating the in-
crease in heart rate caused by activation of DMH led to the
raphe pallidus (RPa) as a potential candidate. Neurons in
the RPa send direct projections to the upper thoracic in-
termediolateral cell column at those levels containing car-



M. A. Peliky Fontes et al. / Neuroscience 184 (2011) 64-74 67

ACUTE STRE> [ Amg] [ IC ] [mF’FC
®

3 4
1

(| vLowH R-DMH )—5-\\

=
o
©
£
o
@
o
c
o
]
o
| =
o

1 2

[
j[ L-IML .,_ R-IML ] 10
N

Left kidney Heart and tail Right kidney
and blood vessels (skin vascular bed) and blood vessels

—
: O B
a

=

© .

0

)

<

=

Fig. 2. Schematic diagram based on functional and anatomic studies showing descending pathways involved in the organization of the cardiovascular
response to emotional stress at different levels of the neuraxis. The DMH is showed as a key integrative region in this response (Lumb, 1990;
Thompson and Swanson, 1998; DiMicco et al., 2002), which also involves higher and lower brain regions (Kober et al., 2008; Cechetto and
Shoemaker, 2009). From the DMH, descending pathways are represented bilaterally to better illustrate our recent functional findings and hypothesis
(see text for details). 1—Amygdala/DMH (Nalivaiko and Blessing, 2001; Quirk and Gehlert, 2003; Quirk et al., 2003); 2—Insular cortex’DMH (Cechetto
and Chen, 1990; Oppenheimer and Cechetto, 1990; Yasui et al., 1991; Butcher and Cechetto, 1998); 3—Medial prefrontal cortex/DMH (Vertes, 2004,
2006; Hoover and Vertes, 2007); 4 —Medial preoptic area/DMH (Okamura et al., 1990; Zaretskaia et al., 2003; Yoshida et al., 2009; Hunt et al., 2010);
5 and 6—Periaqueductal gray/DMH and vice-versa (da Silva et al., 2003, 2006; de Menezes et al., 2006, 2008, 2009; Horiuchi et al., 2009; Villela et
al., 2009); 7—DMH/rostral ventrolateral medulla (Fontes et al., 2001; Cao et al., 2004); 8—Periaqueductal gray/rostral ventrolateral medulla (Hudson
and Lumb, 1996; Farkas et al., 1998); 9—DMH/raphe pallidus (Hosoya et al., 1987; Nalivaiko and Blessing, 2001; Zaretsky et al., 2003b; Horiuchi et
al., 2004b; Samuels et al., 2004); 10—Rostral ventrolateral medulla and raphe pallidus/spinal cord/target organs (Loewy, 1981; Taylor and Weaver,
1992; Jansen et al., 1995; McAllen et al., 1995; Campos and McAllen, 1999; Morrison et al., 1999; Huang et al., 2002; Blessing, 2003; Cao and
Morrison, 2003; Dampney et al., 2003; Zaretsky et al., 2003a,b; Horiuchi et al., 2004a,b; Nalivaiko et al., 2005). Dashed lines represent unknown
and/or indirect projections. Thick line from DMH to RP, and from RP to target organs illustrates a hypothetical descending pathway illustrating the
asymmetric functional responses evoked from DMH (see text for details).
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Fig. 3. Raphe neurons are a crucial relay in the pathway responsible for stress-induced tachycardia. (A) Inhibition of raphe neurons, through
microinjection of the GABA, receptor agonist muscimol, reduces the increase in HR, but not in BP, evoked by disinhibition of the DMH (by
microinjection of the GABA, receptor antagonist bicuculline). Left: Example of an original tracing from a representative experiment. Right: Grouped
data depicting the changes in HR and BP induced by disinhibition of the DMH after microinjection of muscimol or saline into the RP. * P<0.05. (B)
Inhibition of raphe neurons, by microinjection of muscimol, reduces the increase in HR, but not in BP, evoked by air-jet stress. Injections were
performed a t=0 min (arrows), and rats were subjected to air-jet stress during stress trial between t=+5 min and t=+15 min (shaded bars). Horizontal
lines (top) indicate significant differences from corresponding values after treatment with saline: dashes, 80 pmol; dots, 20 pmol; continuous,10 pmol.
BMI, bicuculline methiodide; DMH, dorsomedial hypothalamus; Mus, muscimol; RP, raphe pallidus. Data presented at this figure taken from Samuels
et al., J Physiol 538:941-946, 2002 (Panel A) and Zaretsky et al., J Physiol 546:243-250, 2003 (Panel B).

diac sympathetic preganglionic neurons (Amendt et al.,
1979; Loewy, 1981; Ter Horst et al., 1996). As demon-
strated by Samuels and colleagues (2002), the tachy-
cardia evoked by activation of neurons in the DMH with
BMI was markedly suppressed after inhibition of neu-
rons in the RPa with muscimol (Fig. 3A). Subsequent
experiments in conscious rats demonstrated that inhibi-
tion of the RPa virtually abolished the tachycardia
evoked by acute stress (Fig. 3B) but failed to influence
the tachycardia produced by baroreceptor unloading
(Zaretsky et al., 2003b). Further support for the involve-
ment of neurons in the RPa in the tachycardia evoked by
stress comes from experiments showing that direct in-
jection of BMI into RPa neurons evokes tachycardia of
similar magnitude as that evoked by activation of neu-
rons in the DMH (Samuels et al., 2002; Cao and Morri-

son, 2003). Interestingly, inhibition of the RPa in con-
scious rats has no effect on baseline HR (Zaretsky et al.,
2003b), but blockade of GABA, receptors in the RPa
produces sustained increases in cardiac sympathetic
activity and in HR even after complete suppression of
activity in sympathoexcitatory neurons in the RVLM with
muscimol (Cao and Morrison, 2003). Therefore, the car-
diac sympathoexcitation and tachycardia evoked by ac-
tivation of neurons in the RPa can occur independently
of excitation of sympathetic premotor neurons in the
RVLM that normally provide the excitatory drive to sup-
port basal cardiac sympathetic activity and HR. As pro-
posed by Cao and Morrison (2003), dorsomedial hypo-
thalamic neurons apparently act to reduce or overcome
the tonic inhibition of these RPa neurons, which in turn
provide an excitatory drive to spinal cardiac sympathetic
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preganglionic neurons to augment cardiac sympathetic
activity and HR (Fig. 2, pathway 9).

PERIAQUEDUCTAL GRAY: A SOURCE OF
EXCITATORY INPUT TO NEURONS
IN THE DMH?

Ultimately, a model that relies on the regulation of neuronal
activity through disinhibition must include a mechanism
responsible for excitation of the neuronal population being
studied (Morrison, 2004). As is seen after acute stress or
disinhibition of neurons in the DMH with BMI, a tachycardic
response can also be induced by stimulating neurons in
the DMH with agonists of EAA receptors (Soltis and
DiMicco, 1991a, 1992; Tanaka and McAllen, 2008). The
first structure evaluated as a source of excitatory input to
DMH neurons was the amygdala, a structure well-known to
be involved in stress and anxiety (LeDoux, 2007). Chem-
ical stimulation of the amygdala results in cardiovascular
changes that are abolished after blockade of glutamatergic
receptors in the DMH (Soltis et al., 1998). However, recent
attempts to reveal the descending cardiovascular connec-
tions from DMH led us also to consider the periaqueductal
gray region (PAG) (da Silva et al., 2003, 2006) (Fig. 2
pathway 6).

Our findings that increases in HR and MAP seen in air
jet stress were reduced by microinjection of muscimol into
the lateral/dorsolateral region of PAG (I/dIPAG) (de Me-
nezes et al., 2008), in the same manner that the inhibition
of DMH neurons alters the cardiovascular response to air
jet stress (Stotz-Potter et al., 1996b), suggested that neu-
rons in the I/dIPAG constitute downstream effectors for
cardiovascular changes evoked from the DMH. Surpris-
ingly, however, we also observed that microinjection of
muscimol into the I/dIPAG reduced the increases in plasma
adrenocorticotropic hormone (ACTH) evoked by air jet
stress. Increases in plasma ACTH seen in this paradigm
represent activation of the hypothalamic-pituitary-adrenal
axis, a hallmark of the response to stress, and have been
proposed to be mediated in large part through a direct
projection from neurons in the DMH to the hypothalamic
paraventricular nucleus [PVN; for review, see (DiMicco et
al., 2002)]. On the other hand, neurons in the I/dIPAG do
not project to the PVN (Cameron et al., 1995).

This hypothesis that the PAG is a source of excitatory
input to neurons in the DMH during stress was validated by
demonstrating that the increases in HR, BP and core body
temperature produced by microinjection of the excitatory
amino acid (NMDA) into I/dIPAG in conscious rats were
markedly attenuated either by neuronal inhibition (micro-
injection of muscimol) or by blockade of glutamate trans-
mission (microinjection of NBQX+Ap5) within the DMH,
but not within the PVN (de Menezes et al., 2009). Likewise,
microinjection of muscimol into the DMH of anaesthetized
rats reduced the increases in BP as well as the increases
in phrenic and renal sympathetic nerve activity produced
by the activation of the dIPAG (Horiuchi et al., 2009).

Taken together, these data demonstrated that the
physiological responses produced by activation of the I/dI-

PAG depend on neuronal activity in the DMH. Thus, the
I/dIPAG may represent one of several regions that provide
glutamatergic excitation to neurons in the DMH (Fig. 2,
pathway 5) whose activation is ultimately responsible for
physiological changes seen in experimental stress. Previ-
ous data from anatomical studies are consistent with this
notion. For instance, it is known that neurons in the I/dIPAG
send axonal projections to neurons located in the region of
the DMH (Shaikh et al., 1987; Cameron et al., 1995; Siegel
et al., 1997). Also, chemical or electrical stimulation of the
I/dIPAG increases the expression of c-fos, a marker for
neuronal activation (Dragunow and Faull, 1989), in the
DMH, where the terminals of projections from the I/dIPAG
can also be found (de Oliveira et al., 2000; Borelli et al.,
2006). It important to observe that, in the study of de
Oliveira, the increase in c-fos expression was restricted to
the dorsomedial nucleus and occurred mainly on the side
ipsilateral to the stimulation site in the dIPAG. This fact
suggests that the increase in c-fos expression within the
DMH was due to the specific activation of the neurons in
the PAG and not to the generalized behavioral arousal that
was also produced. Thus, during stress, afferents from
neurons in the I/dIPAG, perhaps along with those from
other regions, might act to excite neurons in the DMH. On
the other hand, the tonic inhibitory drive that is present
under resting conditions might at the same time be with-
drawn, thus changing the balance between GABAergic
and glutamatergic transmission that occurs in the DMH
[see (DiMicco et al., 2002)]. These shifts would then lead to
activation of (1) CRH-containing neurons in the PVN to
stimulate the secretion of ACTH, and (2) autonomic cen-
ters in the brainstem to increase HR, MAP, temperature
and respiratory rate. It is important to consider that the
projections through which the I/dIPAG influences the DMH
do not necessarily have to be direct. For example, the
dIPAG has major projections to the cuneiform nucleus and
to the superior lateral parabrachial nucleus in the pons
(Lisa et al., 1989b; Carrive, 1993; Krout et al., 1998), and
these in turn have projections to the hypothalamus, includ-
ing the DMH (Bester et al., 1997; Lam et al., 1997).

The results of the studies showing that the physiolog-
ical changes produced by the activation of the I/dIPAG
neurons depend on neuronal activity in the DMH (de Me-
nezes et al., 2009; Horiuchi et al., 2009), combined with
data from the earlier studies showing that the changes
evoked by disinhibition of the DMH are, also, dependent on
the activation of I/dIPAG neurons (da Silva et al., 2003,
2006; de Menezes et al., 2006), requires alternative expla-
nations to the hypothesis presented above. In this regard,
de Menezes and colleagues (2009) proposed two distinct
hypotheses that are consistent with the data concerning
the relationship between the DMH and the I/dIPAG. One
possibility is that these regions are reciprocally connected
to form a functional network involved in the stress re-
sponse. In this case, the stimulation of either region would
facilitate the activation of the neurons in the other region.
Another possibility is that this critical facilitation from neu-
rons in the DMH and in the PAG converges on common
medullary targets related to the physiological responses
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evoked from either region. Once again, loss of either
source of background facilitation may effectively weaken
responses evoked from the other.

NUCLEUS TRACTUS SOLITARIUS: STRESS,
DMH AND BAROREFLEX MODULATION

Acute psychological stress and stimulation of the DMH can
both generate physiological and behavioral responses, as
described above, with the main cardiovascular effect being
increases in HR and BP (Stotz-Potter et al., 1996a,b;
Fontes et al., 2001; DiMicco et al., 2002; da Silva et al.,
2003; de Menezes et al.,, 2006). In addition to these
changes, it is known that both stress and stimulation of the
DMH can modulate the baroreceptor reflex (Kunos and
Varga, 1995; Hatton et al., 1997; Schadt and Hasser,
1998; Sevoz-Couche et al., 2003; McDowall et al., 2006).
This modulation during the defense reaction is necessary
to ensure that the changes in HR and BP can occur simul-
taneously, without compromise of either response (i.e.
increases in HR or BP). Studies in conscious animals
indicate that during stress the increases in HR and BP are
accompanied by resetting of the baroreceptor reflex (Hat-
ton et al., 1997; Schadt and Hasser, 1998). In these stud-
ies, the reflex control of HR was reset to higher levels of
arterial pressure without any changes in the gain. In addi-
tion, recent evidence by Kanbar and colleagues (2007)
demonstrated that the baroreflex control of sympathetic
activity is reset and sensitized during emotional stress
(Kanbar et al., 2007).

The exact nature of DMH influence in the baroreceptor
reflex remains to be determined. An early report by Kunos
and Varga showed that ipsilateral intra-nucleus tractus
solitarius (NTS) injection of BMI or 2-OH-saclofen (GABAg
antagonist), attenuated the tachycardia elicited by BMI
injection into the DMH. The tachycardia was also inhibited
by intra-NTS administration of EEA receptor channel
blockers. Authors concluded that the descending input
from the DMH to the NTS releases GABA via glutamate
acting on ionotropic glutamate receptors located on
GABAergic interneurons (Kunos and Varga, 1995). This
mechanism would inhibit baroreflex bradycardia during ac-
tivation of DMH. Similarly, a study by Sevoz-Couche and
colleagues (2003) demonstrated that electrical stimulation
of the DMH in anaesthetized rats also inhibits baroreflex
bradycardia. However, a recent report by McDowal and
colleagues showed that chemical disinhibition of DMH
neurons resets the baroreflex to higher levels of arterial
pressure, in the same way stress does (Hatton et al., 1997;
Schadt and Hasser, 2001; Kanbar et al., 2007), with the
baroreflex remaining effective and without losing sensitivity
(McDowall et al., 2006).

BRAIN FUNCTIONAL ASYMMETRY AND DMH

Left-right differences in the functional properties of bilateral
nervous system regions are known as lateralization of
function. This phenomenon has been observed at different
levels of the neuraxis (Toga and Thompson, 2003;
Stephan et al., 2007), including the hypothalamus from

several species (Harris et al., 1996). Studies revealed that,
under some conditions, stress may generate lateralized
and imbalanced autonomic outflow (Critchley, 2005). This
asymmetric autonomic activity may cause cardiac arrhyth-
mias, (Lane et al., 1992a,b). Wittling et al. found a functional
division between the cerebral hemispheres with the left dom-
inant in generating parasympathetic activity to the heart while
the right plays a greater role in generating the sympathetic
activity to the myocardium (Wittling et al., 1998a,b). If this
division is physiological, it may provide a substrate for
described cardiac arrhythmias. Pathways from the DMH
are predominantly lateralized such that most neurons on
one side do not project contralaterally, but rather they are
organized as ipsilateral “mirrors” (ter Horst and Luiten,
1986; Thompson et al., 1996). Additionally, anatomic pro-
jections from other nuclei involved in autonomic control to
sympathetic preganglionic neurons in the intermediolateral
column are also lateralized (Amendt et al., 1979; Blessing
et al., 1981; Zagon and Smith, 1993).

In the hypothalamus, the hypothesis of functional
asymmetry was first reported based upon the observation
that electrical stimulation of the right hypothalamus evokes
greater tachycardia than that evoked by identical stimula-
tion of the left (Fang and Wang, 1962). Recently, we
demonstrated that unilateral disinhibition of neurons in the
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Fig. 4. Maximal changes in cardiovascular parameters from baseline
evoked by unilateral microinjection of BMI into right (white bars) and
left DMH (black bars) on two experimental protocols. Sequence for
injections into unilateral (R or L) DMH followed two different orderli-
ness: Protocol 1—First microinjection was done into L-DMH and the
second was into R-DMH; Protocol 2—Sequence for injections was
reverse of that used in protocol 1, for example, first into R-DMH and
second into L-DMH. (A) Heart rate (HR) and (B) renal sympathetic
nerve activity (RSNA) sampled from left renal nerve. * P<0.05—
protocol 1 (L vs. R); # P<0.05—protocol 2 (R vs. L). (A) shows
asymmetry with clear predominance of R-DMH in provoking greater
positive chronotropy. (B) shows lateralization in the pathways from
unilateral DMH which controls ipsilateral RSNA. Data taken from
Xavier et al., Neuroscience 164:1360-1368, 2009.
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DMH with BMI evokes Fos expression in different nuclei,
including the DMH itself, the midline rostral RP, and the
lateral septal nucleus, the parvocellular and magnocellular
subdivisions of the PVN, the NTS, and the ventrolateral
medulla. In the latter bilateral regions, labeling was in-
creased on both sides but was markedly greater ipsilateral
to the site of DMH stimulation (Zaretskaia et al., 2008). In
determining if cardiac sympathoexcitation evoked by acti-
vation of neurons on one side of the DMH is transmitted
preferentially through ipsilateral relays, we found that dis-
inhibition of the right DMH evokes a greater tachycardia
than that evoked from the left DMH (Xavier et al., 2009)
(Fig. 4). Additionally, disinhibition of the right DMH evokes
substantially larger changes in cardiac contractility com-
pared to those evoked from left DMH. This effect is inde-
pendent of the simultaneous changes in heart rate and
afterload and so might be interpreted as a direct positive
inotropic effect. Interestingly, in the same study we de-
tected a greater number of ectopic beats during the 10 min
following injections of BMI into the right DMH (Xavier et al.,
2010). This finding prompted us to speculate that recruiting
the right DMH during stress exposure might improve the
range of cardiac responses and increase the risk of ar-
rhythmic episodes.

The possibility that descending input to the DMH from
brain structures, such as the insular cortex, may be asym-
metric should also be considered (see Fig. 2). First, there
is anatomical and functional evidence for connections be-
tween the insular cortex and the hypothalamus (Cechetto
and Chen, 1990). Second, neural activity in the insular
cortex may have an arrythmogenic role according to past
findings. In rats, the cardiac effects of stimulation of the
insular cortex mimic the repolarization and structural
changes that occur with catecholamine-induced cardiomy-
opathy seen under certain clinical circumstances, including
death following extreme and prolonged stress, and these
effects are likely associated with sympathetic neural acti-
vation of the ventricular myocardium (Oppenheimer,
2007). Similarly, in humans, insular damage may produce
effects on cardiac repolarization (Sander and Klingelhofer,
1994). Third, there is evidence suggesting lateralization
and specialization of cardioregulatory function within the
insular cortex. The right insular cortex has been primarily
implicated with modulation of cardiac sympathetic nerve
activity and the left with effects primarily on cardiac vagal
activity. Interestingly, patients with stroke lateralized to the
left insular cortex reportedly exhibit impaired sympathova-
gal balance, with one third of the stroke patients develop-
ing sinus tachycardia even in the absence of significant
coronary disease (Oppenheimer, 2007). Whether or not
insular cortical imbalance might result in consequent
asymmetric activity of DMH neurons for triggering adverse
cardiac outcomes remains to be determined.

CONCLUSION AND PERSPECTIVES

In conclusion, although many of the details regarding the
role of the dorsomedial hypothalamus in the cardiovascu-
lar response to emotional stress remain to be determined,

considerable progress has been made in the past few
years in determining the central pathways involved. Un-
doubtedly, a critical step is to further investigate the impli-
cations of the lateralization observed in the descending
pathways from the DMH. The role of the DMH in adverse
cardiac events observed after cortical stimulation or dam-
age deserves extensive investigation. Elucidating the func-
tional organization of this network could provide a frame-
work for understanding how, in some conditions, stress
results in autonomic imbalance resulting in cardiovascular
risk.
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ABSTRACT:

Dorsomedial hypothalamus (DMH) plays a key role in integrating cardiovascular responses
to stress. We have recently reported greater heart rate responses following disinhibition of
the right side of the DMH (R-DMH) in anesthetized rats and greater suppression of stress-
induced tachycardia following inhibition of the R-DMH in conscious rats (both compared to
similar intervention in the left DMH), suggesting existence of right/left side asymmetry in
controlling cardiac chronotropic responses by the DMH. The aim of the present study was to
determine whether similar asymmetry is present for controlling cardiac contractility. In
anesthetized rats, microinjections of the GABA4 antagonist bicuculline methiodide (BMI,
40pmol/100nl) into the DMH evoked increases in heart rate (HR), left ventricular pressure
(LVP), myocardial contractility (LVdP/dt), arterial pressure and respiratory rate. DMH
disinhibition also precipitated multiple ventricular and supraventricular ectopic beats. DMH-
induced increases in HR, LVP, LVdP/dt and in the number of ectopic beats depended on the
side of stimulation, with R-DMH provoking larger responses. In contrast, pressor and
respiratory responses did not depend on the side of stimulation. Newly described DMH-
induced inotropic responses were rate-, preload- and (largely) afterload-independent; they
were mediated by sympathetic cardiac pathway as revealed by their sensitivity to beta-
adrenergic blockade. We conclude that recruitment of DMH neurons causes sympathetically-
mediated positive chronotropic and inotropic effects, and that there is an asymmetry, at the

level of the DMH, in the potency to elicit these effects, with R-DMH>L-DMH.

KEYWORDS: cardiac  contractility;  dorsomedial  hypothalamus;  asymmetry.



INTRODUCTION

Psychological stress may cause cardiovascular disturbances, including potentially
fatal cardiac arrhythmias (29). The end-organ (cardiac) mechanisms precipitating stress-
induced arrhythmias are relatively well understood; they comprise excessive release of
noradrenaline from the cardiac sympathetic terminals (20, 22, 28). Meanwhile, mechanistic
link between mental events and activation of cardiac sympathetic neurons still remains
unclear, and many details of central pathways that lead to their activation during stress are
unknown. Animal experiments conducted during the two last decades provided the basis for
understanding these pathways, and it is now firmly established that the dorsomedial
hypothalamus (DMH) is a key region in orchestrating neurally-mediated cardiovascular
responses to stress. Indeed, integrity of synaptic transmission in the DMH is essential for the
expression of stress-induced tachycardic and pressor responses (15). These functional studies
are well supported by neuroanatomical data: the DMH receives synaptic inputs from many
cortical and subcortical areas that are activated during stress and are involved in emotional
processing, including the amygdala, the medial prefrontal cortex and the insular cortex (7,
18, 34, 41). DMH descending projections, after relaying in the medullary raphe, can excite
cardiomotor spinal sympathetic neurons and thus enhance cardiac sympathetic outflow [for
review, see (15)]. It must be acknowledged here that with the exception of two earlier works
employing electrical stimulation of the hypothalamic area (11, 21), the knowledge about
DMH involvement in the heart control was accumulated using just heart rate as an index of
an effect. Changes in heart rate however are not sufficient for making conclusion about
autonomic influences on the myocardial performance as there are examples of dissociation
between neurally-induced inotropic and chronotropic effects [eg. (25)]. Consequently, it
remains entirely unknown whether DMH activation could lead to changes in myocardial

contractility and/or to cardiac arrhythmias.



In 2005 Critchley at al. (8) have provided the first human brain imaging data showing
robust positive relationship between midbrain activity and potentially pro-arrhythmic
abnormalities in ventricular repolarization during psychological and physical stresses. These
cardiac effects were attributed to the increase of sympathetic outflow to the ventricular
myocardium, suggesting that relevant cardiac sympathetic neurons were activated
concurrently with, and maybe from the midbrain. While authors carefully avoided using
more specific anatomical terms, from their Figs. 2&3 it is evident that their midbrain region
included the DMH. Of particular interest in this work was also the finding that the
brain/heart correlation was observed exclusively for the right hemisphere. Based on previous
evidence for right-side cortical dominance in cardiac control (43, 44), authors made a
suggestion that “right-lateralized shift in midbrain activity reflects dysfunction, during stress,
of a system that translates cortical activity into bilateral autonomic responses in the
periphery”. This human study triggered our interest towards the lateralization of cardiac
control in the brain, and in our recent work we attempted to determine whether this
phenomena is present in experimental animals. We found that pharmacological inhibition of
the right DMH (R-DMH) performed in rats prior to air-jet stress nearly completely abolished
tachycardia caused by this stress whereas inhibition of the left DMH (L-DMH) was without
effect (47). In anesthetized rats, disinhibition of the R-DMH provoked more potent
tachycardic responses compared to the L-DMH. In contrast, pressor responses elicited from
right or left DMH did not differ (13, 46, 47). In this previous work we did not assess DMH-
induced effects on myocardial contractility, and the principal aim of our current work was to
determine whether such effects exist, and if so — whether there is an inter-hemispheric
asymmetry in their origin. To this end, in anesthetized rats we recorded ECG and measured
changes in the left ventricular pressure (LVP) and contractility (LVdP/dt) elicited by
unilateral (right and left) disinhibition of the DMH with GABA, antagonist bicuculline. Our

additional aims were to determine whether DMH activation could provoke cardiac



arrhythmias, and whether, if present, DMH-induced inotropic and pro-arrhythmic effects are

sympathetically mediated. Part of our results have been published in abstract form (45).

METHODS
Animals and surgery

Experiments were performed on adult male Hooded Wistar rats (300-350 g) bred at
the animal facilities at the School of Biomedical Sciences and Pharmacy, University of
Newcastle. All experimental procedures were approved by the Animal Ethics and Care
Committee of the University of Newcastle, and conformed to the National Health and
Medical Research Council guidelines. Experiments were conducted under combined o-
chloralose (60 mg/kg, i.p.) and urethane (600 mg/kg, i.p.) anesthesia. Its adequacy was
verified by the absence of a withdrawal response to a nociceptive stimulation of a hindpaw.
Supplemental doses of urethane were given when necessary. Following anesthesia induction,
an endotracheal tube was inserted and connected to a line supplying humidified 100%
oxygen. Animals were breathing spontaneously throughout the experiment. End-tidal CO;
was monitored using Normocap CO, monitor (Datex, Helsinki, Finland). Polyethylene
catheters were placed into the femoral artery and vein for recordings arterial pressure (AP)
and for drug injections, respectively. Left ventricular pressure (LVP) was measured using a
microtip pressure transducer (SPR-249, Millar Instruments, Houston, TX, USA) inserted into
the left ventricle through the right common carotid artery. LVdP/dt (a measure of
contractility) was computed online as a first derivative of LVP. Left ventricular end-diastolic
pressure (LVEDP) was also calculated from LVP traces. Three-lead electrocardiagram
(ECG) was recorded using subcutaneous stainless steel electrodes connected a BioAmp
(ADInstruments, Sydney, Australia). Subsequently, the animals were positioned on a heating
pad in a prone position, and their head was placed in a stereotaxic frame (Stoelting, IL,
USA), with the tooth bar fixed at -3.3 mm below the interaural line. A small craniotomy was
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made bilaterally near the Bregma level to allow later insertion of a glass micropipette into
the DMH. Body temperature was monitored using rectal thermometer and maintained in the

range of 37-37.5° C with a heating pad.

Experimental design
Experiment 1: Effects of DMH disinhibition on cardiovascular and respiratory parameters
in unpaced preparation.

This experiment conducted in seven rats consisted of four steps. We initially
performed the first microinjection of bicuculline methiodide (BMI; a GABAA receptor
antagonist; 40 pmol/100 nl) into the right or left side DMH, randomly chosen. After
physiological variables returned to the baseline, a second injection of BMI was made into the
contralateral side of the DMH. In the second step, the rats underwent i.v. administration of
zatebradine (1 mg/kg), a blocker of Na pacemaker current (I) (10). We then repeated
injections of BMI into right and left DMH. The purpose of using zatebradine was two-fold:
1) to reduce, as much as possible, rate-dependent effects on cardiac contractility, and ii) to
prolong vulnerable diastolic period, in anticipation that this may facilitate occurrence of
ventricular arrhythmic events during DMH activation (26). In the third step we evaluated
whether DMH-elicited cardiac responses were due to sympatho-excitation. For this purpose,
B-adrenergic receptor blocker atenolol was administered i.v. (2 mg/kg) prior to repeating
microinjections of bicuculline into the left and right DMH. Finally, the aim of the fourth step
was to determine the contribution of afterload-dependent contractility rise in the DMH-
induced responses; for this purpose, a bolus i.v. injection of the o-adrenergic agonist

phenylephrine (10 pg/kg) was performed (see below for details).

Experiment 2 - Effects of unilateral DMH disinhibition on cardiovascular parameters during

cardiac pacing.



In this series of experiments (n=4), our objective was to completely eliminate rate-
dependent effects on contractility when studying DMH-elicited cardiac effects. For this
purpose, after placing tracheal tube, arterial and venous lines, LVP catheter and ECG
electrodes (as described above), a midline thoracotomy was performed, and animals were
artificially ventilated using Dual-Mode TOPO ventilator (Kent Scientific, Torrington, CT,
USA). Two stainless-still pacing electrodes were attached to the atria, and connected to a
constant-current stimulator triggered from the PowerLab (ADInstruments, Sydney,
Australia) output. The animals were placed in the stereotaxic apparatus and prepared for the
injections into the DMH as described above. After stabilization of all parameters,
zatebradine (1 mg/kg) was administered i.v. to decrease the heart rate to about 270 bpm. The
heart was then paced at 360 bpm (the peak value achieved in zatebradine-treated rats without
pacing). Pacing was started before the brain microinjections and lasted for the next 15
minutes past injection. The first microinjection of bicuculline methiodide was made in either
right or left DMH, randomly selected; 30 min later the second microinjection was made into

the contralateral DMH.

Microinjections and drugs

Microinjections of bicuculline were made into the DMH (100 nl/side) with a fine-tip
(50 um) glass micropipette. Injected volume was controlled by observing meniscus in a
calibrated glass capillary. The coordinates were 3.2 mm posterior and 0.6 mm lateral to the
bregma, at a depth of 8.5 mm below the dura (27). Bicuculline methiodide, atenolol and
phenylephrine were from Sigma (USA); zatebradine [1,3,4,5-tetrahydro-7,8-dimethoxy-3-[3-
1[2-(3,4-dimethoxyphenyl)ethyl] methylimino]propyl]-2H-3-benzazepin-2-on
hydrochloride], a blocker of I pacemaker (10) was a gift from Otsuka Pharmaceuticals

(Tokyo, Japan).



Data acquisition and analysis.

All analog signals except ECG were sampled at 100 Hz; ECG was digitized at 1 kHz.
Data were acquired using PowerLab 8/20 and LabChart 7.0 (ADInstruments, Sydney,
Australia) and displayed online. Online computations were performed for the heart rate
(from the ECQ), respiratory rate (from the CO, signal) and LVdP/dT (by differentiating the
LVP signal).

In order to control for the afterload-induced contractility changes, we compared the
AP-independency contractility index computed from values obtained during DMH activation
to that from values obtained during phenyleprine administration. The index was calculated
according to the following equation: I = (AdP/dt)/(AMAP) where AMAP and AdP/dt
represent difference between the basal level and the maximal values for each variable
obtained after either DMH activation or after phenylephrine.

Comparisons between responses evoked by the first and second microinjections of
BMI into DMH were determined by a paired ¢ test. For multiple comparisons, we used one-
way ANOVA followed by Newman Keuls’s post hoc test. Comparisons between the ranges
of the responses following left or right DMH disinhibition were performed with two-way
ANOVA (factors drug and time) followed by Bonferroni’s post hoc test. Significance was

taken at P<0.05. Data are expressed as mean £ SEM.

Histological verification of injection sites.

At the end of experiments rats were euthanized by an overdose of Lethabarb, and a
microinjection of alcian blue dye 2% (100 nl) was made into the DMH injection sites for
subsequent histological confirmation. Rats were then perfused transcardially with 50 ml of
saline followed by 50 ml of phosphate-buffered paraformaldehyde (4%). The brains were
removed, stored in paraformaldehyde (4%) for 24 hours and immersed in a sucrose solution

(30%) for at least 48 hours. Brain slices (50 um) were then cut in a freezing microtome. The



atlas of Paxinos & Watson (27) was used as a reference for histological confirmation of the

injection sites in the DMH.

RESULTS
Effects of unilateral DMH disinhibition on cardiovascular and respiratory parameters and
on the ECG.

Fig. 1 is an example of a coronal brain section depicting microinjection sites in the
DMH. Unilateral microinjections of bicuculline into the DMH increased heart rate, arterial
blood pressure, LVP, LVdP/dt and respiratory rate. We also noted that DMH activation
raised the frequency of respiratory events that we interpreted as sighs or “augmented
breaths” (see Discussion). Representative traces and data values for all parameters are
presented in Fig. 2. Changes became noticeable within 1 min post-injection, peaked at 5-7
min and then gradually returned to the basal level within the next 25-30 min. Tachycardic
and contractile (LVP and LVdP/dt) responses evoked from the right-side DMH were
significantly higher compared to those evoked from the left side (Fig. 2, bar graphs). In
contrast, the magnitude of pressor and tachypnoeic responses did not depend on the side of
injection. There was also no difference in the incidence of sigh-like events evoked from the
left and right sides.

In accord with presented above effects on the heart rate, DMH activation caused
shortening of the ECG RR intervals, with more potent effect provoked from right side (R: -
28+9 vs. L: -15+4 msec; P<0.05). No further differences were observed in other ECG
parameters between right and left DMH (data not shown). Importantly, DMH activation
consistently provoked supraventricular and ventricular ectopic beats (Fig. 3), with
significantly higher incidence for both subtypes after disinhibition of R-DMH. Such ectopic

beats were never observed at baseline.



Effects of Iy blockade on basal cardiovascular and respiratory parameters, and on the DMH-
elicited responses.

Pharmacological blockade of the cardiac pacemaker current caused marked and
sustained fall in HR (A HR -104+4 bpm, P<0.05 vs. baseline), without enduring effects on
other parameters. During the initial phase of this fall we observed slight transient increases in
LVdP/dtpea (A LVAP/dtyea = +1293+496 mmHg/s vs. baseline, P<0.05). This effect lasted
less than 3 minutes, and at the 5™ minute following injection the parameters stabilized at the
levels not different from the pre-injection values (Fig. 4A).

Unilateral DMH activation performed under zatebradine blockade caused increases in
MAP, HR and ventricular contractility indices (Fig. 5; mean data values shown near
corresponding traces). Right-side dominance of the DMH influences on the cardiac
performance was preserved after zatebradine (Fig. 5). The drug also substantially reduced
the incidence of supraventricular ectopic beats triggered by the activation of right DMH (742
vs. 241 SVEB/10min; P<0.05); in contrast, the incidence of ventricular ectopics was not
affected (L=3%2 vs. 2£1 and R= 944 vs. 62 VEB/10min; before vs. after zatebradine,
respectively).

The magnitude of tachypnoeic responses did not differ from pre-zatebradine
condition, and was similar for both sides of injection (ARespRate L= 47+8 vs. 43+9 and R=
54+9 vs. 47£8cpm; before vs. after zatebradine, respectively). There was also no difference
in the incidence of sighs evoked from the left and right sides (Asighs = 16+2 vs. 17+2

sighs/10min, L vs. R respectively).

Effects of atenolol on basal cardiovascular and respiratory parameters and on DMH-
induced responses
Beta-adrenergic blockade with atenolol caused falls in MAP (-6+2mmHg), HR (-

33+5bpm), LVP (-15#4mmHg) and LVdP/dt (-4324+517mmHg/s) (Fig. 4B). Atenolol
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completely blocked cardiac chronotropic responses evoked by microinjection of bicuculline
into either side of the DMH (Fig. 6). However, DMH activation after atenolol still caused
significant pressor responses associated with small but significant rises in the ventricular
contractility; there was no lateral asymmetry in eliciting these responses (Fig.6). Atenolol
completely abolished supraventricular ectopic beats during activation of either side of the
DMH; a small number of ventricular ectopics (3+1 and 6+4 VEB/10min; L and R

respectively) was however still present in 3 of 7 animals.

Effect of afterload on ventricular contractility

In order to determine whether DMH-elicited increases in ventricular contractility
were secondary to increases in afterload (i.e. due to rises in the peripheral vascular
resistance), we compared the (ALVdP/dt)/(AMAP) ratio determined during DMH activation
to that determined during administration of phenylephrine. Result of this analysis is
presented in Fig. 7. Both left and right DMH activation provoked pronounced increases
LVdP/dt, with similar slope. In contrast, responses caused by phenylephrine elicited quite
substantial increases in MAP, moderately affecting contractility. It is evident from this
analysis that pressure rises provoked from the DMH (+15-20 mmHg) could account for only
minor fraction of associated positive inotropic effect. Fig. 7 also illustrates our presented
above finding that activation of the DMH provoked similar pressor effect but side-dependent
(R>L) inotropic effect. The values of (ALVdP/dt)/(AMAP) ratios for DMH-induced
responses obtained under beta-adrenergic blockade (L=84+16 and R=79+16 s™) did not

differ from the phenylephrine-induced effect (61+9 s™).

Effects of unilateral DMH disinhibition on cardiovascular parameters during cardiac

pacing.
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Changes in HR, LVP and LVdp/dt during this experimental series are exemplified in
Fig. 8. In unpaced preparations, pharmacological blockade of cardiac pacemaker current by
zatebradine provoked enduring bradycardia and transient contractility changes similarly to
those described above. Unilateral disinhibition of the DMH during cardiac pacing caused
rises in LVP and LVdp/dt; as observed in the other experiments of this study, inotropic
effects elicited from R-DMH were significantly larger compared to those triggered from L-

DMH (mean data values are shown near corresponding traced in Fig. 8).

DISCUSSION

Our principal findings are: i) evidence that the DMH activation causes positive
inotropic effects and alters myocardial excitability in a pro-arrhythmic manner; and ii) right-
side dominance of the DMH to evoke these effects. These findings confirm and extend
previous reports showing that right side of the hypothalamus dominates in controlling

cardiac function (12, 47).

Methodological issues.

Maximal rate of LVP raise (LVdP/dt) is a well-accepted index of myocardial
contractility, and we used it here to measure sympathetically-induced inotropic effects in
anesthetized rats. In addition of being under autonomic control, LVdP/dt depends on several
intrinsic parameters, including heart rate (Bowditch effect, treppe or frequency-dependent
inotropy), preload (Frank-Starling mechanisms) and afterload (von Anrep effect) (1, 16, 42).
We thus employed different approaches to exclude potential confounding effects of these
influences. Firstly, we used zatebradine (a blocker of Na pacemaker current) to
prevent/attenuate  sympathetically-induced tachycardia. Indeed, after zatebradine
administration, the maximal HR values following DMH activation were not greater than the

pre-drug baseline. However, post-zatebradine DMH-induced tachycardic responses were still

12



quite substantial, and this strategy alone was not enough to exclude the rate-dependent
effects. We have resolved this problem by reproducing DMH-induced inotropic effect in the
situation when the heart was paced at a fixed rate. Secondly, in our experiments we assessed
preload by measuring LVEDP. Lack of changes of this index during DMH-induced rises in
LVP and LVdP/dt suggests that contractility changes were not preload-induced. It must be
acknowledged that LVEDP is an indirect estimate of the left ventricular volume and could be
used as an index of preload only if the ventricular compliance remains constant. Finally, as
LVdP/dt in the rat heart is strongly affected by afterload (24, 42), we have controlled for this
confound by comparing A(LVdP/dt)/AMAP ratio for DMH-induced responses to that
provoked by administration of o-adrenergic agonist phenylephrine (30). As expected,
phenylephrine provoked both pressor and contractile effect, but the magnitude of this
afterload-induced contractile response was substantially smaller compared to DMH-induced
inotropic effect. An additional argument in favor of afterload-independence of DMH-
induced inotropic effects is that they did depend on the side of activation whereas pressor
effects did not.

Analysis of our data from phenylephrine experiment clearly indicates that afterload
could contribute to the DMH-induced inotropic response, but this contribution was relatively
small. Indeed, as could be seen in Fig. 7A, rise of MAP by about 20 mmHg evoked by
phenylephrine (a usual range of DMH-induced pressor effect) could account for not more
than 25% of contractility rise evoked from the L-DMH and even less for the R-DMH-
induced response. Thus, while a fraction of DMH-induced rise in cardiac contractility
certainly was a consequence of increased afterload, we are confident that cardiac
sympathetic nerves mediated the major part of this response. This suggestion was fully
confirmed by its sensitivity to beta-blockade. Small rises in contractility that were still
present post-atenonlol could be most likely attributed to the described above effect of

afterload. This suggestion is supported by the fact that A(LVdP/dt)/AMAP ratios computed
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for DMH-induced responses elicited under beta-blockade were identical to those computed
for responses evoked by phenylephrine.
Stable physiological state of our preparation is evidenced by stability of pressor

responses (control/post-zarebradine/post-atenolol) in the course of experiment.

DMH-induced chronotropic and inotropic responses are sympathetically-mediated.

Our data showing right-side DMH dominance for controlling HR confirms our recent
findings where we have demonstrated such dominance in both anesthetized and conscious
animals (46, 47). Current data also extends these findings to cardiac contractile function,
showing that myocardial contractility is affected by removal tonic Gabaergic input on DMH
neurons. Indirectly, our findings indicate that DMH neurons controlling heart rate and
myocardial contractility are under tonic inhibitory influences.

We present evidence suggesting that presympathetic cardiomotor neurons controlling
HR and contractility are predominantly segregated in the R-DMH. This appears to be quite a
robust observation as in none of experiments reported here did we encounter L-DMH
dominance in cardiac responses. Likewise, no cases of left-side dominance were observed in
our previous study (46, 47).

Substantial reduction of basal HR by zatebradine is in full accord with the view that
sympathetic influences in the pacemaker cell are mediated via activation of I, a Na
pacemaker current (10, 39). Zatebradine had no effect on basal contractile indices (with the
exception of brief transitional periods where HR was changing) or contractile responses, in
agreement with established pharmacological profile of this drug (2, 9, 40).

Beta-adrenergic blockade resulted in the reductions of basal cardiac contractile
indices and HR. As in rat heart force-frequency relation is negative (24), it is likely that the
magnitude of the negative inotropic effects was underestimated. Our results thus indicate that

in anesthetized rats, there is a substantial basal sympathetic outflow to the ventricular
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myocardium. Suppresion by atenolol of DMH-induced tachycardic resposes confirms our
previous finding that they are sympathetically mediated (15). Finally, the fact that atenolol
suppressed afterload-independent component (see below) of DMH-induced contractile
response is a solid proof that it was also mediated via cardiac sympathetic outflow.

Small contractile responses that persisted following beta-adrenergic blockade were
no more depended on the side of DMH stimulation, and thus were likely elicited by different
mechanisms. Two arguments support the idea that these responses were the consequence of
increased afterload (Anrep effect): firstly, the slope of contractility/MAP ratio (or AP-
independence index) was substantially less steep compared to the control condition but did
not differ from that computed following phenylephrine test. Secondly, the time course of
these contractile responses closely resembled time course of pressor changes whereas in

control condition temporal differences between the two were quite obvious.

DMH activation affects cardiac excitability.

Activation of the DMH consistently elicited supraventricular and ventricular ectopic
beats. While these cardiac arrhythmic events are not considered malignant clinically, it must
be acknowledged that our study was performed in animals with normal (not predisposed)
myocardium. Thus ectopic beats found in our study indicate that DMH activation resulted in
observable changes in the excitability of cardiac tissues. This finding is new and relevant for
elucidation of mechanisms of cardiac arrhythmias precipitated by psychological stresses
(26). Excessive release of noradrenaline from cardiac sympathetic terminals is a well-
established peripheral mechanism of these arrhythmias (22, 23). Providing a documented
involvement of DMH into the sympathetically mediated responses to stressors (15) and its
central role in generating vascular and cardiac sympathetic activity (including our current
contractility data), DMH-induced cardiac arrhythmias are not an unexpected finding. Of

interest is the fact that supraventricular, but not the ventricular ectopic beats evoked from
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DMH were prevented by zatebradine, a blocker of the pacemaker sodium current. This
suggests that supraventricular ectopics were originating in atrial conducting system that, in
contrast to the myocardium, does express relevant sodium channels (33). Their sensitivity to
beta-adrenergic stimulation is well established, and our data suggests that excessive release
of noradrenaline in atria, in addition to physiological positive chronotropic effects, may
provoke arrhythmic events by activating Iy.

Zatebradine had no effect on the number of ventricular ectopic beats; the incidence of
the latter was reduced, but not totally eliminated, by beta-blocker atenolol. This residual
ectopy could persist either due to activation of alpha-adrenoreceptors, or due to incomplete

beta-blockade.

DMH-induced respiratory effects.

In contrast to human studies, where close association between respiratory indices and
affective states is firmly established, studies in conscious animals are mainly limited to
homeostatic (rthythm-generating and chemoreflex-related) ponto-medullary mechanisms. We
have recently presented the first documented evidence that in rats, psychological stressors
cause rise in the respiratory rate associated with elevated incidence of sighs (augmented
breaths) (19). DMH-induced tachypnoea observed in the current and several previous studies
(17, 35) could well be the principal mechanism underlying these stress-related respiratory
effects. We also present preliminary evidence that DMH activation could lead to an increase
of sighing frequency. We acknowledge that we did not measure tidal volume (an essential
condition for identifying sigh); we made this serendipitous finding when reviewing the end-
tidal CO, signal that was used for computing respiratory rate. We believe that discrete
respiratory events that we observed could be classified as sighs based on the following: 1)
their fairly regular occurrence; ii) a delay of the “sigh”-related peak of CO, signal (compared

to pre-sigh regular respiratory rate) was likely due to the fact that sigh-related inspiration
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normally occurs at the end of a previous inspiratory phase, so that the expiratory phase is

delayed; and iii) post-sigh apnea that is a distinctive feature of sighs (19).

Neural pathways mediating DMH-induced effects.

Beta-adrenergic blockade completely prevented tachycardia evoked from the DMH,
indicating that it was sympathetically mediated. This is in full accord with a number of
studies in conscious and anesthetized animals where stress- and/or DMH-induced
tachycardia could be prevented by beta-blockade or inhibition of the medullary raphe that
relays descending projections from the DMH to the spinal cardiac sympathetic neurons (5,
14, 31, 32). Beta-blockade dramatically reduced DMH-elicited inotropic responses,
suggesting that they are also largely mediated by sympathetic pathways. To the best of our
knowledge, this is the first description of functional cardiac inotropic responses induced
from the supra-medullary level, and it is currently unknown whether signals generated in the
DMH for controlling heart rate and myocardial contractility share the same descending
pathway (5, 14). In discussing this possibility, we would like to consider two medullary
regions: the rostral ventro-lateral medulla (RVLM) and the medullary raphe/parapyramidal
area. In rats, chemical activation of either of these areas causes sympathetically mediated
tachycardia and rise in cardiac contractility (3, 4, 6, 30). Furthermore, anatomical tracing
studies have demonstrated that both regions receive direct projections from the DMH (14,
37), and that both of them in turn project to the heart, including to the ventricular
myocardium (36, 38, 48). Current consensus regarding medullary control of HR is that the
RVLM mediates homeostatic (baroreflex) control and that DMH-RVLM projection carries
signals for vascular but nor cardiac presympathetic neurons (14). In contrast, raphe region is
involved in cardiac responses to environmental stressors (see above). Whether
presymapthetic pathways for the control of cardiac inotropic function are arranged in a

similar way remains an open question. Lack of changes in cardiac sympathetic activity, HR
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or contractile responses to microinjection of GABA into the raphe area indicates that raphe-
spinal cardiomotor neurons are not tonically active (5, 30), at least in anesthetized animals.
For elaborated discussion of functional specialization of neurons controlling cardiac function

(see 30).

Perspectives and conclusion

One intriguing question that now remains open is how right-side dominance for
controlling both HR and contractility at the midbrain level gets converted into preferentially
left-side control of contractility and preferentially right-side control of HR by cardiac
sympathetic nerves. In addition, it would be most interesting to test whether DMH
stimulation can trigger malignant ventricular tachyarrhythmias in animals with predisposed
myocardium (eg. ischemic or post-infarction).

In conclusion, activation of R-DMH provokes larger positive inotropic and
chronotropic effects compared to L-DMH. In conjunction with earlier cortical data, this may
mean that there exists right-hemispheric dominance in controlling cardiac sympatho-
excitatory effects. Our findings are relevant for identifying mechanisms of stress-induced

cardiac diseases.
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ABSTRACT

The dorsomedial hypothalamus (DMH) and lateral / dorsolateral periaqueductal gray
(PAG) are anatomically and functionally connected. Both DMH and PAG depend on
glutamatergic inputs to be activated. We recently reported that removal of gabaergic tone in
unilateral DMH produces: asymmetry — right-sided predominance in cardiac chronotropism,;
lateralization — greater increases in ipsilateral renal sympathetic activity. We next
investigated whether excitatory amino acids (EAA) receptors in the DMH - PAG pathway
contribute to the functional interhemispheric difference reported previously. In urethane
(1.4g/kg) anesthetized rats we found that: i) injections of N-methyl D-aspartate (NMDA
100pmol/100nl) into unilateral DMH revealed the same right (R-) side predominance in the
control of cardiac chronotropys; ii) injections of NMDA into ipsilateral DMH or PAG showed
lateralization in the control renal sympathetic activity; iii) blockade of EAA receptors in the
left (L-) DMH attenuated cardiovascular responses evoked by injection of NMDA into either
R- or L-PAG. In awake animals, injection of kynurenic acid (1nmol/100nl) into L- DMH or
R- and L- PAG attenuated tachycardia evoked by air stress. However, the magnitude of the
stress-evoked tachycardia was smallest only when blocking EAA receptors in the R-DMH.
We conclude that activation of EAA receptors contribute to the right-sided predominance in
the cardiac chronotropism. This interhemispheric difference / asymmetry involving EAA

receptors is observed in the DMH, but not in PAG.

KEY WORDS: Asymmetry, lateralization, heart rate, stress, dorsomedial hypothalamus,

periaqueductal gray, excitatory amino acid.



1 - INTRODUCTION

Asymmetries are known as the left-right differences in the properties of the central
nervous system, found at different levels of the neuraxis (Harris et al., 1996; Schwartz et al.,
1976; Toga and Thompson, 2003). We have previously reported functional asymmetry and
lateralization in the cardiovascular responses evoked by nanoinjection of GABA, antagonist
into unilateral DMH; right DMH predominantly drives cardiac performance and tail
vasoconstriction, whereas unilateral DMH seems to exert prominent autonomic control over
the ipsilateral hemibody (Xavier et al., 2008; Xavier et al., 2009; Xavier et al., 2010a).

Studies have highlighted the involvement of diencephalic and mesencephalic regions
in the organization of physiological responses to stress [for review, see (Carrive, 2009)].
Anatomic tracings revealed dense connections between these two encephalic levels (Carrive
and Gorissen, 2008; Farkas et al., 1998; ter Horst and Luiten, 1986). In addition, specific
functional assessments have been done in the connections between hypothalamus and lateral /
dorsolateral regions of periaqueductal gray (PAG) (da Silva et al., 2003; da Silva et al., 2006;
de Menezes et al., 2009; Vianna and Brandao, 2003; Villela et al., 2009).

Aversive reactions are mediated by periaqueductal gray (Carrive, 1993; Carrive,
2009), known to be responsive to efferent excitatory inputs (Albin et al., 1990) from upper
regions, as hypothalamus (Beart et al., 1990; da Silva et al., 2006). PAG is considered an exit
synaptic relay for defensive responses (Bandler and Carrive, 1988; Carrive, 1993). Activation
of the PAG with the excitatory amino acids (EAA) agonist N-methyl D-aspartate (NMDA)
evokes sympathetically mediated increases in body temperature, heart rate and arterial
pressure (da Silva et al., 2006; de Menezes et al., 2006; de Menezes et al., 2008; de Menezes
et al., 2009).

Dorsomedial hypothalamus (DMH) is responsive to nanoinjections of both GABA

antagonists and EAA agonists. Inhibition of DMH neurons attenuates the responses provoked



by stress exposure (Rusyniak et al., 2008; Stotz-Potter et al., 1996a; Stotz-Potter et al.,
1996b). Inversely, DMH disinhibition by blocking the GABA4 receptors in this nucleus,
produce a series of effects that mimics stress-related physiological responses, such as
behavioral changes, thermogenesis, tachycardia and increases in blood pressure [for review,
see (DiMicco et al., 2002; Fontes et al., 2011)]. Previous studies demonstrated that this
selective gabaergic blockade activates DMH neurons allows a predominant local excitatory
input (Soltis and DiMicco, 1991a; Soltis and DiMicco, 1991b; Soltis and DiMicco, 1992),
which suggest that both phenomena should happen together to achieve the responses
described.

Recent studies have revealed a functional projection between DMH and PAG (da
Silva et al., 2003; da Silva et al., 2006; de Menezes et al., 2008; de Menezes et al., 2009;
Horiuchi et al., 2009). Interestingly, attenuation of the tachycardia evoked by unilateral DMH
activation was detected only following ipsilateral inhibition of the lateral/dorsolateral
columns of PAG (da Silva et al., 2003). Indeed, it was also described that this connection
depends of EAA receptors, particularly NMDA receptors (da Silva et al., 2006).

In this study, we evaluated the contribution of the excitatory input to the asymmetry
and lateralization in the descending cardiovascular pathways to emotional stress at the level
of DMH and PAG. For that, we compared the cardiovascular responses evoked by activation
and blockade of EAA receptors between right and left sides of DMH and PAG. Part of our

results was presented in abstract form (Xavier et al., 2010b; Xavier et al., 2011).



2 - RESULTS

Figure 1 presents a microphotograph of coronal section exemplifying nuclei targeted
on experimental groups. DMH and PAG are showed in panels A and B, respectively.
Baseline values sampled before starting experimental procedures are showed in table 1. There
were no differences between basal values found before central injections within each

experimental series.

Experiment 1. Effects of unilateral activation of DMH and PAG on heart rate, blood pressure
and renal sympathetic activity in anesthetized rats.

Results and chart records obtained in this experimental series are grouped in
figures 2 and 3. Nanoinjection of NMDA into unilateral DMH (Fig. 2) and PAG (Fig. 3)
positively changed cardiovascular parameters. These effects were evident by one minute
following nanoinjections and lasted for about 5 minutes. We observed marked and equipotent
increases in arterial pressure after unilateral injections of NMDA into DMH or PAG, (AMAP
DMH: R = 1342 vs. L = 1443; PAG: R = 1643 vs. L = 18+4 mmHg; P<0.05 vs. baseline),
but no differences were found in the range of the responses when comparing right and left
sided nanoinjections within same experimental group.

Unilateral nanoinjections of NMDA into the unilateral DMH or PAG increased
RSNA sampled in the left renal nerve (P<0.05 vs. baseline). However, compared to the
changes found after injecting into R- side, the greater responses were from activation of left
DMH and PAG, i.e. ipsilateral to the side where renal sympathetic activity was sampled
(ARSNA DMH: R = 3047 vs. L = 66+13; PAG: R = 26+3 vs. L = 92+14 %; P<0.05).
Nanoinjections into DMH and PAG also increased heart rate (P<0.05 vs. baseline), but those
reaching R-DMH provoked greater positive chronotropy compared to L-DMH (AHR DMH:

R = 5945 vs. L = 28+4 bpm; P<0.05) (Fig. 2). Tachycardia evoked by nanoinjection of



NMDA into unilateral PAG was similar to that found in the contralateral side (AHR PAG: R
= 39+6 vs. L = 4546 bpm) (Fig. 3).

Intriguingly, a difference in the pattern of the time course responses evoked from
unilateral PAG was detected during our recordings (see “peak change” highlights in the
Fig.3). Peak changes in MAP and RSNA were likely close, about 30-60s after stimulation of
both R- and L- PAG (Fig. 3A and B). However, the maximal HR responses followed a
different time course, delayed about 90-120s past injection (Fig. 3C). No differential pattern

in the time course of the responses evoked from unilateral DMH was detected (Fig. 2).

Experiment 2. Contribution of unilateral EAA receptors of the DMH to the heart rate, blood
pressure and renal sympathetic activity responses evoked by stimulation of PAG in
anesthetized rats.

The pharmacological blockade of EAA receptors in the left DMH caused slight
reduction in cardiovascular parameters. After this blockade, injections of NMDA reaching
either ipsilateral or contralateral PAG did not cause responses with similar amplitudes
observed in Experiment 1. MAP (AMAP: R = 1+2 vs. L = 241 mmHg), HR (AHR: R =
3+5 vs. L = 4+1 bpm) and RSNA (ARSNA: R = -1+2 vs. L = 3+5 %) responses were
dramatically attenuated. Asymmetry and lateralization in the control of HR and RSNA,
respectively, were not found. Also, the differential timing previously observed was not
evident when blocking EAA in the unilateral DMH prior to the injections of NMDA into

unilateral PAG (Fig. 4).

Experiment 3. Contribution of EAA receptors of the unilateral DMH and PAG to the stress-

induced tachycardic and pressor responses.



Figure 5 (panels A and C) shows the time course of the responses during entire
experiments. Panels B and D show the peak changes in HR and MAP sampled during stress
exposure. Compared to the amplitude of the control responses (vehicle), nanoinjections of
kynurenic acid into either R- or L- sides of DMH and PAG attenuated tachycardia evoked
from airjet stress. However, the range of the stress-evoked tachycardia was dramatically
reduced when inhibiting EAA receptors in the R- DMH (AHR DMH: R = 12+18 vs. L =
87+17; PAG: R = 73+15 vs. L = 74+12; bilateral vehicle: 132+9 bpm; P<0.05; Fig. SA and
B). Blockade of EAA receptors into either R- or L- sides of DMH and PAG did not change
the amplitude of the stress-induced pressor responses (AMAP DMH: R = 1244 vs. L = 17+£3;

PAG: R = 18+4 vs. L = 1845; bilateral vehicle: 19+3 mmHg) (Fig. 5C and D).

Experiment 4. Anatomic pathways between DMH and PAG

Photomicrographs depicting injection sites of retrobeads into right DMH and left
PAG and labeled neurons are showed in Figure 1 A and B. As proposed, nanoinjections of
green and red beads reached DMH and the lateral/dorsolateral columns of PAG,
respectively. In the left DMH, contralaterally to the side where green beads were injected,
there were neurons labeled with red beads from left PAG. Similarly, in the right PAG
there were green-labeled neurons with beads injected into right DMH. The PAG of the
animal that only received green beads into right DMH showed bilateral labeling, which
included sparse cells in ventral portions of PAG. However, the ipsilateral dI/PAG appeared
to show a little denser labeling. This evidences a prominently lateralized pathway.
Altogether, these data reinforce the collateral two-way connection between DMH and

PAG.



3 - DISCUSSION

The major findings of this study are: i) the nanoinjection of NMDA into the right
DMH evoked greater cardiac chronotropic changes compared to those observed in the left
DMH; ii) blockade of EAA receptors in the right DMH almost abolished the stress-evoked
tachycardia, whereas same blockade at L-DMH only showed an attenuation of the
tachycardic response.

Current data supports previous findings showing that stimulation of the right
hypothalamus evokes more prominent chronotropic changes (Fang and Wang, 1962; Xavier
et al., 2009). We recently demonstrated that disinhibition of R-DMH produces greater
tachycardia when compared to the L-DMH. In addition, compared to L-DMH, inhibition of
the neuronal activity in R-DMH greatly attenuates the stress-evoked tachycardia (Xavier et
al., 2009). The removal of the gabaergic tone implicates in predominant excitatory input to
the DMH (Soltis and DiMicco, 1991a; Soltis and DiMicco, 1991b; Soltis and DiMicco,
1992), that changes the sympathetic output (Cao et al., 2004; Fontes et al., 2011; Horiuchi et
al., 2004) and regional blood flow to different target organs (Dimicco et al., 1992; Xavier et
al., 2009). In this regard, it is important to highlight the amygdala as one of the sources of
excitatory input to the DMH (Soltis et al., 1998). Therefore, the current data demonstrates
that the functional asymmetry observed for the control of cardiac chronotropism by DMH is
also present after stimulation of EAA receptors in this region.

Altogether, these data allow us to conclude that the grater chronotropic response
evoked by removal of GABA tone in the R-DMH (Xavier et al., 2009) may involve a
differential response from right side DMH neurons to the glutamatergic input. Several
mechanisms could account for this difference. One possibility is that this functional

asymmetry could be due to particular characteristics of right or left DMH neurons such as



electrophysiological properties or density of glutamatergic receptors, but this remains to be
investigated. It is also important to consider other possible functional and neuroanatomical
differences between right and left descending pathways from DMH, including synaptic relays
other than the PAG, and the organization of sympathetic projections to the heart. The DMH
projects to other nuclei involved in the control cardiovascular responses such as RVLM
(Fontes et al., 2001) and RP (Cao et al., 2004; Horiuchi et al., 2004). In addition, right and
left cardiac sympathetic neurons and nerves differ in terms of function (Campos and
McAllen, 1999; Furukawa et al., 1990; Kamosinska et al., 1989; Randall and Rohse, 1956;
Randall et al., 1968; Randall et al., 1972; Schwartz et al., 1976; Ter Horst et al., 1993;
Yanowitz et al., 1966), where, in general, stimulation of right sided components is more
likely to evoke positive chronotropic responses (Campos and McAllen, 1999; Furnival et al.,
1968; Furukawa et al., 1990; Rogers et al., 1978; Winter et al.). Undoubtedly, further studies
are necessary to unravel the areas and mechanisms underlying this functional
interhemispheric difference.

We also showed that stimulation of unilateral DMH and PAG with NMDA evokes
greater RSNA responses in the ipsilateral renal nerve. Due to technical reasons, we recorded
only one renal nerve (left) in all experiments. Although we recognize that future experiments
recording both nerves simultaneously would be extremely important for confirming this data,
previous evidence allows concluding that there is a certain degree of hypothalamic
lateralization for controlling RSNA. At least for the DMH, a similar pattern was recently
reported after injections of bicuculline (Xavier et al., 2009). Previous anatomical studies shall
support these functional data as if the lateralization and asymmetry result from a lack of
communication between the two sides of these descending pathways, likely organized as
ipsilateral mirrors (ter Horst and Luiten, 1986; Thompson et al., 1996). In addition, other

anatomical and functional studies further support the lateralization for the control of the



RSNA (Huang et al., 2002; Moon et al., 2002; Shafton et al., 1998; Taylor and Weaver,
1992). Using Fos-immunoreactivity, Zaretskaia and colleagues clearly demonstrated that
activation of unilateral DMH neurons with bicuculline recruits mainly ipsilateral synaptic
relays (Zaretskaia et al., 2008), including nuclei involved in the cardiovascular control.
Therefore, not only the descending pathways from the DMH provide evidences for
lateralization. Unilateral nanoinjection of a nitric oxide donor into PAG was reported to
recruit ipsilateral neurons in the DMH, suggesting that the specific PAG-DMH ascending
pathway underlies organized responses that may not be consequence of the generalized
arousal (de Menezes et al., 2009; de Oliveira et al., 2000). Together with these data, our
anatomic findings extend the previous idea of a lateralized DMH — PAG bidirectional
connection (Cameron et al., 1995a; Cameron et al., 1995b; ter Horst and Luiten, 1986;
Thompson et al., 1996). Because the PAG is a synaptic relay in the descending
cardiovascular pathways from the DMH (Fontes et al., 2011) and the activity of DMH
neurons is required for PAG-evoked responses (de Menezes et al., 2009; Horiuchi et al.,
2009), all these evidences support the hypothesis of functional lateralization from and to both
DMH and PAG, which comprise a collateral background facilitation system for controlling
RSNA.

We found a different timing for peak changes for the tachycardia during the course of
the cardiovascular response observed after PAG stimulation. This pattern was different from
that observed after DMH stimulation (current data) or from that observed after the
exteroceptive stimulus in conscious rats (Bandler and Carrive, 1988). Despite not having an
exact explanation that might help us understanding these findings, the response evoked from
PAG is recruiting the ascending functional projection via DMH, recently reported (de
Menezes et al., 2009; Horiuchi et al., 2009) and confirmed by current data. This would then

cause a delayed HR response when compared to that evoked by direct stimulation of the



DMH, likely governed by cardiac premotor neurons of the ventromedial medulla (Cao and
Morrison, 2003; Cao et al., 2004; Samuels et al., 2002; Samuels et al., 2004). However,
inhibition of left DMH attenuated the lateralized responses in RSNA and abolished the
delayed tachycardia evoked by unilateral PAG stimulation. Given that right DMH would be
working after inhibition of its contralateral side, it is worth suggesting that the PAG-DMH
ascending pathway may be involved in the organization of lateralized but not asymmetric
responses. We also confirmed that PAG indeed acts via DMH, as R-PAG stimulation failed
in revealing any cardiac dominance. Then, two important questions still require further
addressing: 1) the reason for the delayed tachycardia and; ii) whether or not the descending

pathways from DMH are the same governing those PAG-evoked responses.

Conclusion

A growing body of research has described a functional interaction between DMH
and PAG in the descending autonomic pathways mediating the cardiovascular response to
emotional stress. Our recent results add the asymmetry and lateralization as a novelty to this
idea and this could strength the neural substrate for understanding cardiovascular autonomic
control during emotions (Fontes et al., 2011). In this regard, there is substantial evidence for
interhemispheric specialization for autonomic control in humans (Lane et al., in press;
Oppenheimer, 2006; Oppenheimer, 2007). During stress and emotional arousal, most central
components may be influenced asymmetrically, unbalancing sympathetic outflow to the heart
improving the chances of cardiac arrhythmic events (Critchley et al., 2005; Lane and
Schwartz, 1987; Lane et al., 2005; Wittling, 1997) and even so, causing sudden death (Lane
and Schwartz, 1987; Ozdemir and Hachinski, 2008). Together with these studies, current data
reinforces the necessity for further experiments addressing autonomic interhemispheric

differences and their functional implications for the cardiovascular control. Studying the



differential autonomic responses organized by each brain side helps to pave the way to the
understanding of the interindividual variability in the stress-induced cardiovascular

responsces.



4 - EXPERIMENTAL PROCEDURES

General procedures

All experiments were performed on male Wistar rats (250-320 g) bred at the animal
facilities of the Biological Sciences Institute (CEBIO, UFMG, Belo Horizonte, MG, Brazil)
and conducted in accordance with the guidelines established by our local institutional animal
welfare committee (CETEA/UFMG protocol number 137/2006), and in accordance with the
U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize the number of animals used. Animals were housed in
individual home cages (47 cm x 31 cm x 16 cm) and had free access to food and water.

In this study we recorded the following cardiovascular parameters in two different
experimental conditions: i) anesthetized - heart rate (HR), mean arterial pressure (MAP) and

renal sympathetic nerve activity (RSNA); ii) non-anesthetized — HR and MAP.

4.1 - Experiments in anesthetized animals
General procedures

Rats were anesthetized with urethane (1.2 to 1.4 g/kg i.p.), and the trachea was
cannulated to maintain the airways opened. The adequacy of anesthesia was verified by the
absence of a withdrawal response to nociceptive stimulation of a hindpaw. Supplemental
doses of urethane (0.1 g/kg i.v.) were given when necessary. Body temperature was kept in
the range of 36.5 to 37.0° C with a heating lamp. The head was positioned in a stereotaxic
frame (Stoelting, IL, USA) with the tooth bar fixed at —3.3 mm below the interaural line.
Small craniotomies were made to allow for later insertion of thin tip graduated glass pipettes
into: DMH (3.2 mm posterior, 0.6 mm lateral, 8.5 mm ventral); PAG (6.8mm posterior,

0.6mm lateral, 4.8mm ventral).



Catheters were placed into a femoral artery and vein to record AP and HR and for
supplementary anesthesia, respectively. Using a retroperitoneal approach, the left renal nerve
and left renal artery were isolated and covered with mineral oil. Following, the renal nerve
was put on a silver bipolar electrode. RSNA signal was amplified by 10K, filtered (100-1000
Hz), displayed on an oscilloscope and monitored by means of an audio amplifier. The filtered
nerve activity signal was rectified; integrated (resetting every second), displayed online and
acquired using Powerlab 4/20 - LabChart 7.1 (ADInstruments, Sydney, Australia). All data
were digitized at 1 kHz. The noise level of the RSNA recording system was determined post
mortem and subtracted from RSNA values obtained during the experiment. After 20 minutes

of stabilization period, experiments were performed as described ahead.

Experiment 1. Effects of unilateral activation of DMH and PAG on heart rate, blood pressure
and renal sympathetic activity in anesthetized rats.

In the first series of experiments, we compared the changes in HR, MAP and RSNA
evoked by nanoinjection of NMDA (100 pmol/100 nl) into the left (L-) and right (R-) DMH
and PAG. It has been described that activation of DMH and PAG require integrity in their
neuronal activity due to a two-way connection between these nuclei (da Silva et al., 2006; de
Menezes et al., 2009; Vianna and Brandao, 2003). Thus, these experiments were performed
in two separated groups of animals (n=5 each), one with nanoinjections into DMH and other
into PAG. The side for the first injection into unilateral DMH or PAG was chosen randomly.
For example, if nanoinjection of NMDA was made first into R-DMH, the second one was
into L-DMH. The same rationale was adopted for the group microinjected into unilateral
PAG. Between nanoinjections, we waited minimum intervals of 15 minutes or until the

variables returned to the baseline.



Experiment 2. Contribution of unilateral EAA receptors of the DMH to the heart rate, blood
pressure and renal sympathetic activity responses evoked by stimulation of PAG in
anesthetized rats.

Based on previous reports that tracked the influence of DMH neurons in the
responses evoked from PAG (de Menezes et al., 2009; Horiuchi et al., 2009), in this series
we aimed to reveal whether inhibition of EAA receptors of unilateral DMH is able to
modify the range of the responses evoked by stimulation of either unilateral or
contralateral PAG (n=5). Following 20 minutes of stabilization period, we injected Kyn
(1nmol/100nl) into left DMH. After 15 minutes, we performed the first injection of
NMDA (100pmol/100nl) into unilateral PAG. 15 minutes later or until the variables
returned to baseline, the second nanoinjection of NMDA was done into contralateral PAG.
The side for the first injection into unilateral PAG was chosen randomly, and the second

injection was always contralateral to that previously performed.

4.2 - Experiments in non-anesthetized animals
General procedures

Under tribromoethanol anesthesia (250 mg/kg i.p.), rats were placed in a stereotaxic
frame (Stoelting, Wood Dale, IL, USA) and instrumented with bilateral stainless steel guide
cannulas (22 gauge, 16 mm length) targeted to DMH or PAG. The guide cannulas were
fixed to the skull by dental acrylic cement anchored with stainless steel screws. After
surgical procedures, animals were allowed to recover in their home cages for at least three
days. Subsequently, they were anesthetized again with tribromoethanol (250 mg/kg i.p.), and
polyethylene catheter (0.011 ID, Clay Adams, Parsippany, NJ, USA) filled with heparinized
saline and sealed with a stylet was inserted in the abdominal aorta through the femoral artery

for recording of blood pressure and HR. The catheter was routed subcutaneously to the nape



of the neck where it was exteriorized and secured. Rats were then allowed to recover in their
home cages for at least 24 h before experiments began. All animals remained in good health
conditions throughout surgical procedures and experimental protocol as assessed by

appearance, behavior, and maintenance of body weight.

Experiment 3. Contribution of EAA receptors of the unilateral DMH and PAG to the stress-
induced tachycardic and pressor responses.

In this experimental series our aim was to know the contribution of EAA receptors in
the unilateral DMH or PAG to the cardiovascular responses evoked by acute stress exposure.
In one group (n=5), bilateral guide cannulas were targeted only to DMH. In another group
(n=5), guide cannulas were targeted only to bilateral PAG, following coordinates mentioned
below. Both DMH and PAG groups were submitted to the same experimental procedures, as
following. After 20 min of baseline heart rate and blood pressure monitoring, the EAA
antagonist kynurenic acid (Kyn, 1 nmol/100 nl) was injected unilaterally into DMH or PAG.
Rats were then placed into a plastic restrainer (60-mm inner diameter) and subjected to a 10-
min air jet stress — a stream of air (10 1/min) directed to the head. After the air jet, the animals
remained in the restrainer for additional 10 min. Air jet stress was repeated on 3 consecutive
days. In the day one, the side for first nanoinjection was chosen randomly. In the second day,
nanoinjection was contralateral to that targeted in the first day. In the third day, air jet stress
was repeated after bilateral nanoinjection of vehicle (NaCl 0.9%, 100nl) in all animals,

aiming to evaluate the control responses provoked by stress.

4.3 - Anatomic tracings

Experiment 4. Anatomic pathways between DMH and PAG



Animals were anesthetized as described in Experiment 2. Craniotomy procedures to
reach DMH and PAG were the same used in Experiment 1. Small craniotomies were made to
allow for later insertion of thin tip graduated glass pipettes into: right DMH (3.2 mm
posterior, +0.6 mm lateral, 8.5 mm ventral); left PAG (6.8mm posterior, -0.6mm lateral,
4.8mm ventral). Procedures for neuronal tracings were as previously described (Apps and
Ruigrok, 2007). In one animal, undiluted green and red Retrobeads™ (Luma Fluor) were
nanoinjected (100nl) into right DMH and left PAG, respectively. Because the descending
DMH-PAG pathway is extensively described, in other animal, green retrobeads were injected
only into right DMH to double-check the ascending PAG-DMH anatomic pathway. After
surgeries, animals received injections (i.m.) of antibiotics (Pentabiotic — 0.2ml) and analgesic
(Banamine Pet — 1.1 mg/kg). Seven days later, animals were again anesthetized and
underwent transcardial perfusion with 250ml of heparinized (5000 U.I.) saline followed by
250ml of PFA 4%. Brains were removed, kept in PFA 4% for 24h and then transferred to
30% sucrose solution for 48h. Before cutting the brains, left-sided fiducial mark was
performed in regions far from those surrounding DMH and PAG, as superior thalamus. Brain
slices (40pum) of DMH and PAG regions were taken and mounted in silanized glass slides.
Coverslip used was ProLong Gold® antifade (Invitrogen). Microscopic analyses of the
fluorescence were performed using excitation max of 460 and 530 nm / emission max of 505

and 590 nm for green and red beads, (fluorescein and rhodamine) respectively.

4.4 - Injections and drugs

The drugs employed in physiology experiments were: i) NMDA (100 pmol/100 nl);
i1) the antagonist of EAA receptors, kynurenic acid (1 nmol/100 nl); iii) vehicle (NaCl 0.9%,
100nl). Drugs were purchased from Sigma. Nanoinjections in awake animals were made with

a 30-gauge injection needle connected to a Hamilton syringe (5 pl) as described before (da



Silva et al., 2003), using a dual manipulator stereotaxic instrument. The coordinates for
injections into DMH were: -3.2 mm posterior and = 0.6 mm lateral to the bregma and at a
depth of -8.5 mm. For PAG, coordinates were: -6.8mm posterior, £0.6mm lateral and -4.8mm

ventral (Paxinos and Watson, 1986).

4.5 - Histology

At the end of experiments (1-3), rats were euthanized by an overdose of anesthetic,
and a nanoinjection of alcian blue dye 2% (100 nl) was made into injection sites for
subsequent histological confirmation according to the methodology described previously (da
Silva et al., 2003; Menezes and Fontes, 2007). The atlas of Paxinos & Watson (Paxinos and
Watson, 1986) was used as a reference for confirmation of the injection sites in the DMH and

PAG.

4.6 - Statistical Analysis
We used student ¢ fest and ANOVA, when appropriated (see figure legends for

details). Significance was taken at P<0.05. Data are expressed as mean + SEM.
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Anesthetized Non-Anesthetized

NMDA DMH NMDA PAG Kyn DMH Kyn PAG

Left Right Left Right Left Right Left Right
MAP (mmHg) 9343 94+2 96+6 98+7 10243 105+5 106+4 108+8
HR (bpm) 319+13  325+4 35319  357+10 32148 33449  346+13 33349

Table 1. Baseline values of mean arterial pressure (MAP) and heart rate (HR) collected
immediately before microinjections into unilateral DMH or PAG in the following
experimental series where we used anesthetized and non-anesthetized animals. There were no
differences between basal values found before microinjections between L- and R- within

each experimental series (see experimental protocols for details).
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Figure 1. A and C: Photomicrographs of rat brain slices depicting injection sites into
the nuclei we targeted in all experimental series. Spots are from animals injected with
green and red retrobeads at level of (A) DMH and (C) PAG, respectively. C and D:
Zoom view in (B) PAG and (D) DMH neurons retrogradely labeled with green and red
retrobeads, respectively. DMH — dorsomedial hypothalamus; ME — median eminence;
mt — mammillothalamic tract; f — fornix; VMH — ventromedial hypothalamus; III — third

ventricle; 1/dIPAG — lateral/dorsolateral periaqueductal gray; Aq — aqueduct.

Figure 2. Representative charts records and peak changes in RSNA (A) recorded in the
left renal nerve, MAP (B) and HR (C) evoked by microinjections of NMDA (100
pmol/100 nl) into right (white bars) and left (black bars) DMH in the first experimental
series. *P<(0.05 R- vs. L-DMH (paired Student ¢ test). Results are shown as mean +

SEM.

Figure 3. Representative charts records and peak changes in RSNA (A) recorded in the
left renal nerve, MAP (B) and HR (C) evoked by microinjections of NMDA (100
pmol/100 nl) into right (white bars) and left (black bars) PAG in the first experimental
series. *P<0.05 R- vs. L- PAG (paired Student ¢ test). Results are shown as mean +

SEM.

Figure 4. Representative charts records and peak changes in RSNA (A) recorded in the
left renal nerve, MAP (B) and HR (C) evoked by microinjections of NMDA (100
pmol/100 nl) into right (white bars) and left (black bars) PAG after inhibition of EAA
receptors of left DMH in the second experimental series. Results are shown as mean +

SEM.
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Figure 5. Results of non-anesthetized rats submitted to air jet stress at the second
experimental series. Panels A and C: time course of HR and MAP before and after
injection of Kynurenic acid (1 nmol/100 nl) into right (open symbols) and left (black
symbols) DMH (circles) or 1/dl PAG (squares); or bilateral vehicle (gray triangles).
*P<0.05 R- vs. L-DMH:; “P<0.05 vehicle vs. R- or L-DMH and R- or L-PAG (Two-way
ANOVA followed by Bonferroni post hoc test). Panels B and D: peak changes in HR
and MAP during stress trial in animals previously microinjected with Kynurenic acid (1
nmol/100 nl) into right (open bars) and left (black bars) DMH or 1/dl PAG; or bilateral
vehicle (gray bars). *P<0.05 R vs. L and "P<0.05 vs. bilateral vehicle (One-way

ANOVA followed by Newman-Keuls post hoc test). Results are shown as mean + SEM.
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