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RESUMO

A via de modulacdo da dor mais importante e amplamente conhecida € o sistema
descendente PAG-RVM (substancia cinzenta periaquedutal — bulbo rostro
ventromedial). Neste estudo, nds hipotetizamos que este sistema esta
funcionalmente ligado ao controle nociceptivo ascendente, uma forma de analgesia
induzida por dor, dependente de mecanismos mesolimbicos. Para testar esta
hipétese, usamos uma abordagem farmacoldgica, na qual a antinocicepcao induzida
por estimulagcdo nociceptiva (injecdo de capsaicina na pata dianteira) foi detectada
em um modelo de dor inflamatéria (injecdo de carragenina na pata traseira). Esta
antinocicepcao foi bloqueada por intervengbes reconhecidas por bloquearem a
analgesia mediada pelo controle nociceptivo ascendente: o bloqueio dos receptores
p-opioide (CTOP, 0,5 pg) ou dos receptores D1 e D2 de dopamina (SCH23390, 1,8
Mg e raclopride, 5 pg) intra-NAc (nucleo accumbens) bem como o bloqueio dos
receptores nicotinicos de acetilcolina (mecamilamina, 0,6 pg) intra-RVM. Esta
antinocicepcdo também foi blogqueada por intervencdes reconhecidas por
bloquearem os mecanismos descendentes inibitérios tanto intra-PAG quanto intra-
RVM: bloqueio neuronal local agudo (lidocaina, 2%); bloqueio dos receptores p-
opioide (CTOP, 0,5 ug) ou ativacdo dos receptores GABAa (muscimol, 10 ng). De
forma consistente, a antinocicepcdo foi bloqueada de forma semelhante por
intervencdes reconhecidas pelo bloqueio de mecanismos espinhais de inibicdo
descendente: lesdo do funiculo dorsolateral e bloqueio espinhal dos receptores
serotonérgicos 5HTia (WAY100135, 46 ug) e 5HTs (tropisetron, 10 ug); ou de
receptores a2-adrenérgicos (idazoxan, 50 pg). A atividade neuronal, indiretamente
estimada pela expressao de c-Fos, no NAc, PAG e RVM dé suporte as observacdes
comportamentais. Portanto, este estudo fornece evidéncias funcionais para propor
que a estimulacdo nociceptiva ativa uma via de modulacdo da dor ascendente-
descendente que liga o sistema mesolimbico ao sistema descendente PAG-RVM.

Palavras-chave: modulacdo da dor; controle nociceptivo ascendente; sistema
descendente substancia cinzenta periaquedutal-bulbo rostro ventromedial; sistema
mesolimbico; nacleo accumbens; PAG; RVM; medula espinhal; opioide; dopamina;
estimulacao nociceptiva; comportamento; rato.



ABSTRACT

The most powerful known pain modulation pathway is the PAG-RVM
(periaqueductal gray-rostral ventromedial medulla) descending system. In this study
we hypothesized that it is functionally linked to the ascending nociceptive control, a
form of pain-induced analgesia dependent on mesolimbic mechanisms. To test this
hypothesis we used a pharmacological approach, in which the antinociception
induced by noxious stimulation (forepaw injection of capsaicin) was detected in rat
standard model of inflammatory pain (hindpaw injection of carrageenan). This
antinociception was blocked by interventions recognized for blocking ascending
nociceptive control-mediated analgesia: the blockade of p-opioid receptors (CTOP,
0.5 pug) or of dopamine D1 and D2 receptors (SCH23390, 1.8 ug and raclopride, 5
png) within the NAc (nucleus accumbens) as well as the blockade of nicotinic
acetylcholine receptors (mecamylamine, 0.6 pg) within the RVM. This antinociception
was also blocked by standard interventions recognized for blocking mechanisms of
descending inhibition within either the PAG or the RVM: local acute neuronal
blockade (lidocaine, 2%); blockade of p-opioid receptors (CTOP, 0.5 ug) or activation
of GABAA receptors (muscimol, 10 ng). Consistently, antinociception was similarly
blocked by interventions recognized for blocking spinal mechanisms of descending
inhibition: lesion of dorsolateral funiculus and the spinal blockade of serotonergic
5HT1a receptors (WAY100135, 46 pg); S5HTs receptors (tropisetron, 10 pg) or o2
adrenergic receptors (idazoxan, 50 pg). Neuronal activity indirectly estimated by c-
Fos expression within the NAc, PAG and RVM supports behavioral observations.
Therefore, this study provides functional evidences to argue that noxious stimulation
triggers an ascending-descending pain modulation pathway linking the mesolimbic
system to the PAG-RVM descending system.

Keywords: pain modulation; ascending nociceptive control; periaqueductal
gray-rostral ventromedial medulla descending system; mesolimbic system; nucleus
accumbens; PAG; RVM; spinal cord; opioid; dopamine; noxious stimulation;
behavior; rat.
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APRESENTACAO

Esta tese esta apresentada em modelo misto, no qual os resultados estéo
apresentados sob a forma de artigo cientifico. Apds a Introdugdo, Objetivos e
Métodos h&d uma secdo contendo o Artigo em lingua inglesa. Em sequéncia h as

secdes de Discussao e de Conclusao, seguidas de todas as referéncias utilizadas.
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1 INTRODUCAO

A sobrevivéncia das espécies envolve trés desafios criticos: obter recursos
(alimento e 4gua) para si, obter sucesso na reproducdo e evitar danos ao proprio
corpo (Burrell, 2017). De fato, a capacidade de detectar estimulos que causem lesdo
real ou potencial é parte da definicdo de dor da Associacdo Internacional para o
Estudo da Dor (IASP), que leva também em consideracdo o componente emocional
associado a este estimulo (Merskey & Bogduk, 1994).

Podemos diferenciar nocicepc¢ao de dor, sendo que nocicepcao refere-se
aos mecanismos neurofisioldgicos gerados pelo estimulo nocivo, isto €, o produto da
estimulacdo das fibras nociceptivas aferentes primarias através de estimulos
térmicos, mecanicos ou quimicos nocivos (Basbaum et al., 2009). Enquanto dor
envolve a percepcao destes componentes fisioldégicos (sensoriais) e da integracédo
com componentes emocionais (Basbaum et al., 2009). A estimulacdo das fibras
nociceptivas aferentes primarias leva a liberacdo de glutamato e peptideos
neuromodulatérios no corno dorsal da medula espinhal, acarretando na transmissao
nociceptiva para os neurénios de segunda ordem, localizados nas laminas | e Il do
corno dorsal. Os axbnios dos neurbnios de segunda ordem cruzam
anterolateralmente e formam um trato ascendente (trato espinotalamico,
representado pelas linhas vermelhas na Figura 1), que termina no tronco cerebral e
varias areas distintas do tadlamo, que contém neurbnios de ordem superiores 0s
quais projetam para varias regides corticais e medeiam os diferentes aspectos da
experiéncia dolorosa (Fields, 2004).

A dor aguda, possui natureza aversiva inerente, tem a capacidade de
prender a atencao e dominar o comportamento do individuo, apresentando entao,
um carater essencial a sobrevivéncia. Por conta disso, a habilidade em suprimir a
percepcdo da dor também pode ser fundamental para a sobrevivéncia durante
situacOes de ameaca. Cabe aos mecanismos neurais modular tais respostas, o que,
ao longo da evolucao das espécies, vem sendo feito com grande sucesso (Burrell,
2017). Com efeito, mecanismos endoégenos de modulacdo da dor favorecem o
individuo a se envolver em respostas ambientais de sobrevivéncia ou em
comportamentos curativos, de acordo com que for mais vantajoso. Isto €, se escapar

de uma situacdo de perigo for mais interessante, a dor € suprimida, mas néo sera se
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a extensao da lesédo exigir comportamento recuperativos, por exemplo (Porreca &
Navratilova, 2017).

A compreensdo dos mecanismos pelos quais o0 cérebro controla a
percepcdo da dor aguda pode permitir sua manipulacdo para controlar a dor
persistente e crénica. De fato, alteragdes no funcionamento de tais mecanismos é
uma das causas de dor crbnica - o tipo patoldgico de dor que causa sofrimento e é
desprovido de propdésito biologico. Varias drogas para o controle da dor agem em
mecanismos enddégenos de modulacdo da dor (Ossipov et al., 2010), no entanto,
ainda estamos longe de tratar eficientemente a dor. Além do mais, o manejo
inapropriado da dor pelos sistemas de salde envolve um enorme custo aos
governos e aos proprios pacientes, e prejuizos a qualidade de vida destes individuos
(Gaskin & Richard, 2012; Katz, 2002; McCarberg et al., 2008).



2 MECANISMOS ENDOGENOS DE MODULACAO DA DOR

O estudo de mecanismos enddgenos de modulacdo da dor é muito amplo,
desde que Melzack e Wall publicaram sua notavel teoria sobre o portdo da dor
(Melzack & Wall, 1965), a ciéncia observou enormes avang¢os sobre o conhecimento
dos mecanismos enddégenos de modulacdo da dor. Nas décadas de 1970 e 1980,
uma série de estudos culminou na descricdo do que hoje € o mais conhecido
sistema enddégeno de modulacdo da dor: o sistema descendente PAG-RVM-medula
espinhal (PAG, substancia cinzenta periaquedutal; RVM, bulbo rostro ventromedial).
Nele, multiplas aferéncias provenientes da periferia e de diversas regibes do
encéfalo, especialmente hipotalamo e sistema limbico convergem para PAG e entéao
para o RVM, que controla a transmiss&o nociceptiva no corno dorsal através de vias
descendentes que trafegam pelo funiculo dorsolateral (DLF, do inglés, dorsolateral
funiculus) da medula espinhal (Fields, 2004; Millan, 2002) (Figura | e 1I). A
modulacdo da informacdo nociceptiva no corno dorsal depende especialmente de
vias serotoninérgicas (provenientes do préprio RVM), noradrenérgicas (provenientes
de projecdes do locus coeruleus) e dopaminérgicas (provenientes da regido
hipotalamica A11l). Lesbes das estruturas supracitadas ou bloqueio destes
neurotransmissores ao nivel espinhal afetam a analgesia da ativacdo desta via de
modulacao (Millan, 2002).

O RVM possui a capacidade de modular de forma inibitoria ou facilitatoria a
informacdo nociceptiva no corno dorsal, isto é, pode ter papel anti-nociceptivo ou
pré-nociceptivo de acordo com o balanco final das eferéncias . De fato, a excitacao
ou a administracédo de opioides nestes nucleos promove antinocicepcéo, enquanto a
administrac@o de agonista GABAAa (acido y-aminobutirico) tem papel pré-nociceptivo.
Embora paradoxal, isto ocorre devido um complexo mecanismo celular de
interneurdnios na PAG e no RVM, no qual interneurdnios GABAérgicos tonicamente
ativos localizados na PAG, inibem neurbnios de projecdo no RVM (células “Off” —
inibitérias ou antinociceptivas), enquanto outro grupo de células no RVM (células
“‘On” — facilitatorias ou pro-nociceptivas) mantém sua atividade (Fields, 2004).
Acredita-se que 0s opioides ajam em receptores localizados nos interneurénios

GABA e nas células “On”, assim ao inibir tais interneurdnios ocorre desinibicdo das
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células “Off’ e ao mesmo tempo inibicdo das células “On”, o que resulta em

analgesia (Fields, 2004). Este circuito est4 ilustrado na Figura |l.
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Figura | - Representacdo esquematica dos circuitos de modulacdo da dor. As entradas
nociceptivas (em vermelho) entram no corno dorsal da medula espinhal (circulo pontilhado em roxo) e
ascendem anterolateral através do trato espinotalamico. Tais proje¢cdes chegam ao tdlamo, enquanto
as colaterais visam o DRt (subnucleo reticular dorsal), o RVM (bulbo rostro ventromedial) e a PAG
(substancia cinzenta periaquedutal) - projecbes descendentes a partir do DRt sdo essenciais a
analgesia do DNIC. O talamo por sua vez projeta para regifes corticais e para a amidala. A
modulacdo descendente (em verde) se d4 através de projecBes a PAG que projeta ao RVM de onde
partem as projecBes para a medula espinhal (através do funiculo dorsolateral, representado em azul).
Além disso, o locus coeruleus (LC) recebe projecdes da PAG, se comunica com o RVM e envia
proje¢8es noradrenérgicas inibitérias ao corno dorsal. Figura adaptada de Ossipov et al. (2010).

Mais recente, a partir da década de 90, é o estudo de um sistema
ascendente de modulacao da dor. Observacdes iniciais demonstraram que o efeito
antinociceptivo de agonistas opioides administrados na regido lombar da medula
espinhal, pode ser antagonizado, pelo menos em parte, por infusédo

intracerebroventricular de antagonista opioide (Holmes & Fujimoto, 1992; Lux et al.,
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1988; Miaskowski & Levine, 1992; Welch et al., 1992). Estes estudos sugerem que a
inibicdo de uma atividade tonica espinhal promove a liberagdo supraespinhal de
opioides enddgenos, o que contribuiria para o efeito antinociceptivo observado
(Miaskowski & Levine, 1992). Desde entéo, varios estudos culminaram na descricao

do que chamamos de Controle Nociceptivo Ascendente (Gear et al., 1999).

PAG

RVM

Medula Espinhal
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+ -
- . 4 2
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Neurdnio de projecdo ascendente Neurdnio aferente primério (nociceptor)

Cornodorsal

“ Receptor p-opioide
Receptor x-opioide

Figura Il - Representacdo esquemética da distribuicdo sinaptica de receptores opioides nas
células “On” e “Off” do RVM e suas projecOes para a medula espinhal. Receptores p-opioide
estdo localizados no soma das células “On” (facilitatérias) e nas terminagfes dos neurdnios
GABAérgicos - que inibem as células “Off’ (inibitérias). Quando ativados, os receptores p-opioide
inibem as células “On” e desinibem as células “Off’ e com isto produzem efeito antinociceptivo.
Receptores k-opioide estdo localizados nas termina¢gBes de neurbnios glutamatérgicos que excitam
tanto células “On” como células “Off”, isto € podem exercer efeito pré ou antinociceptivo dependendo
de onde forem ativados. No corno dorsal as células “On” podem aumentar (facilitar) a entrada
nociceptiva enquanto as células “Off” podem inibir o neurénio de projecédo ascendente. GABA = 4cido
y-aminobutirico. Figura adaptada de Fields (2004).

O controle nociceptivo ascendente medeia uma forma de analgesia induzida
por estimulagcdo nociceptiva que pode ser evidenciada em uma regido distante
daquela onde o estimulo foi aplicado (antinocicepcdo heterosegmental) e é
semelhante a desencadeada por uma alta dose de morfina (10 mg/kg) (Gear et al.,
1999). Por exemplo, a imersdo da pata traseira em agua quente, ou a injecao
subdérmica de capsaicina induz antinocicep¢cdo demonstrada pela atenuacédo do

reflexo de abertura bucal (resposta reflexa dos musculos mastigatérios a
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estimulacdo nociceptiva do dente incisivo) (Gear et al., 1999) ou pela diminuicdo do
comportamento nociceptivo na resposta da formalina orofacial (Tobaldini et al.,
2014).

Assim sendo, foi proposto que a estimulacdo nociceptiva periférica (causada
pela injecdo de capasaicina ou pela dgua quente) é o estimulo que desencadeia um
complexo mecanismo espinhal, que através de sinapses inibitorias e excitatorias,
culmina na inibicdo de uma atividade tbnica ascendente e induz antinocicepcédo
(para detalhes sobre os mecanismos espinhais envolvidos no ANC ver, Tambeli et
al., 2002; Tambeli et al., 2003a; Tambeli et al., 2003b). Em contrapartida, pouco se
sabe sobre os mecanismos supraespinhais envolvidos no controle nociceptivo
ascendente. Todavia, 0 nucleo accumbens (NAc) - uma estrutura mesolimbica
prosencefélica localizada no estriado ventral - apresenta participacdo proeminente
nesta circuitaria (ver localizacdo na Figura 1). Isto porque a administracdo de
antagonista opioide pu, & ou ndo seletivo blogueia a analgesia induzida pelo controle
nociceptivo ascendente, assim como a administracdo de antagonista colinérgico
nicotinico ou dopaminérgico no NAc também (Gear et al., 1999; Schmidt et al.,
2002a; Schmidt et al., 2001; Schmidt et al., 2002b). Além disso, a administracdo de
antagonista de receptores colinérgicos nicotinicos no RVM (Gear & Levine, 2009)
também é capaz de bloquear a analgesia induzida por estimulacdo nociceptiva. O
envolvimento de outras regides supraespinhais ndo é conhecido. Dados em analise
por nosso laboratério indicam um possivel envolvimento de areas como a area
tegmental ventral, da substancia negra e da amidala na analgesia induzida pelo
controle nociceptivo ascendente.

Embora a analgesia induzida pela ativacdo do controle nociceptivo
ascendente pareca, em alguns aspectos, aquela induzida pela ativacdo do DNIC (do
inglés Diffuse Noxious Inhibitory Control) ou a analgesia do CPM (do inglés,
Conditioned Pain Modulation) - termos utilizados para referir a analgesia causada
por dor em animais e em humanos respectivamente (Nir & Yarnitsky, 2015) — estas
diferem do controle nociceptivo ascendente em alguns aspectos. Os efeitos do
DNIC/CPM séao de curta-duracdao e dependem da manutencdo da estimulagao
nociva, desaparecendo rapidamente apos cessar o estimulo (para revisdo, Pud et al.
(2009). Em contraste, a analgesia do controle nociceptivo ascendente perdura por
mais de uma hora e uma vez iniciada se torna independente de nova estimulacao
(Tambeli et al., 2009). Além disso, a analgesia do DNIC/CPM é dependente de
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mecanismos caudais ao RVM, mais especificamente na regido do subnudcleo
reticular dorsal (ver localizacdo na Figura I) (Le Bars, 2002; Ossipov et al., 2010).
Enquanto o controle nociceptivo ascendente € a Unica forma de analgesia induzida

por dor que depende de mecanismos no prosencéfalo (Gear et al., 1999).



3 RELACAO ENTRE O CONTROLE NOCICEPTIVO ASCENDENTE E O SISTEMA
DESCENDENTE PAG-RVM

Estudos prévios tentaram demonstrar alguma comunicagdo entre este
sistema ascendente de modulacdo da dor com o sistema descendente PAG-RVM,
porém todos falharam neste propdsito. Isto porque a administracdo de naloxona
(antagonista ndo seletivo de receptor opioide) intra-PAG ou intra-RVM néo afeta a
analgesia induzida pelo controle nociceptivo ascendente (Gear et al., 1999; Gear &
Levine, 1995). Além disso, até onde sabemos, ndo h& evidéncias que demonstrem
uma ligacdo entre o sistema mesolimbico (e consequentemente o NAc) e o
descendente de modulacdo da dor; ou entre PAG-RVM e 0s mecanismos de
analgesia induzidos por dor.

Dados obtidos recentemente por nosso grupo em relagdo ao controle
nociceptivo ascendente nos conduziram de volta a este tema. Entre eles esta o
estudo de que o controle nociceptivo ascendente facilita comportamentos defensivos
em ratos (Tambeli et al., 2012), provavelmente por deixar o animal com analgesia
suficiente para se envolver em respostas defensivas. Outro estudo demonstra que o
controle nociceptivo ascendente medeia o efeito analgésico da acupuntura
(Tobaldini et al., 2014), isto é, o agulhamento em ponto de acupuntura ativa fibras
nociceptivas do tipo-C que por sua vez culminam na ativacdo de mecanismos
centrais relacionados ao controle nociceptivo ascendente levando a analgesia. O
fato € que ambas as expressdes de comportamentos, defensivos e de analgesia
induzida por acupuntura, sdo conhecidos por serem dependentes do sistema
descendente PAG-RVM (Harris, 1996; Zhao, 2008). Isto nos leva a hipotese de que
o controle nociceptivo ascendente serve de link entre a estimulacdo nociceptiva e o
recrutamento do mais potente sistema enddgeno de modulagcédo da dor, o sistema
descendente PAG-RVM. Portanto, o objetivo deste trabalho é fornecer suporte

funcional para esta hipotese.



4 OBJETIVOS

4.1 OBJETIVO GERAL

Investigar a possivel relacdo entre o controle nociceptivo ascendente com o
sistema descendente PAG-RVM.

4.2 OBJETIVOS ESPECIFICOS

» Testar se a ativacdo do controle nociceptivo ascendente, através da
injecdo de capsaicina, € capaz de induzir analgesia no modelo de hiperalgesia
inflamatdria causado por injecdo de carragenina na pata.

> Realizar o bloqueio especifico do controle nociceptivo ascendente e
verificar se 0 mesmo é capaz de bloquear a analgesia da injecdo da capsaicina
neste modelo de dor inflamatoria.

> Investigar o envolvimento do mecanismo dopaminérgico mesolimbico ao
nivel do NAc na analgesia induzida pela injecao de capsaicina.

» Verificar se o blogueio com lidocaina na PAG e no RVM afeta a analgesia
induzida pela injecédo de capsaicina.

» Verificar se o blogueio especifico dos receptores envolvidos com a via
descendente ao nivel da PAG e do RVM afeta a analgesia induzida pela injecao de
capsaicina

» Verificar a importdncia da integridade da via descendente para a
modulacdo da analgesia mediada pelo controle nociceptivo ascendente.

» Verificar se o bloqueio da atividade da via descendente ao nivel espinhal
afeta a analgesia mediada pelo controle nociceptivo ascendente.

» Mensurar a atividade neuronal no NAc, PAG e RVM quando o controle

nociceptivo ascendente esta ativado ou nao.



5 METODOS

ANIMAIS UTILIZADOS

Os experimentos foram realizados em ratos Wistar machos (270-300 g),
alojados cinco por gaiola com acesso livre ao alimento e a agua. Eles foram
mantidos em uma sala com ciclo claro:escuro de 12h cada, com temperatura
controlada (x 23 °C). Todos os procedimentos e protocolos experimentais foram
aprovados pela Comisséo de Etica no Uso de Animais da Universidade Federal do
Parana (protocolo n° 782) e seguiram as diretrizes dos Padrdes de Etica em
experimentacdo animal da Associacdo Internacional para o Estudo da Dor e do

CONCEA (Conselho Nacional de Controle de Experimentacdo Animal).

DROGAS UTILIZADAS

Capsaicina (250 pg), agonista do receptor TRPV1 (receptor de potencial
transitorio vaniloide-1) inicialmente diluida em tween-80 (50%) e etanol (50%) para
uma concentracdo de 50 pg/ul e entdo diluida em salina (NaCl 0,9%) até a
concentracéo para uso em experimento (Gear et al., 1999); carragenina-A (20 ou 100
Hg) (Bonet et al., 2013); morfina (5 mg/kg), agonista de receptor opioide (Ozdemir et
al., 2012); [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin (DAMGO, 0,3 pg), agonista de
receptor p-opioide (Schmidt et al., 2002b); Cys2,Tyr3,0rn5,Pen7amide (CTOP, 0,5
Mg), antagonista de receptor p-opioide (Tobaldini et al., 2014); mecamilamina (0,6
Kg), antagonista de receptor nicotinico colinérgico (Gear & Levine, 2009); lidocaina
N-ethyl bromide salt (QX-314, 2%), derivado quaternario da lidocaina (Song et al.,
2013); muscimol (10 ng), agonista de receptor GABAaA (Gear et al., 1999);
WAY100135 (46 ug), antagonista seletivo de receptor 5-HT1a de serotonina (Holden
et al., 2005); tropisetron (10 pg), antagonista seletivo de receptor 5-HTs de
serotonina (Alloui et al., 2002); idazoxan (50 ug), antagonista seletivo de receptor
a2- adrenérgico (Silva et al., 2011); raclopride (1 ou 10 pg para injecao intra-NAc; ou
5 pg para injecao intratecal), antagonista seletivo de receptor D2 dopaminérgico
(Millan, 2002; Viisanen et al., 2012); SCH23390 (SCH, 1,8 pg), antagonista seletivo
de receptor D1 dopaminérgico (Schmidt et al., 2002a).
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Todas as drogas foram dissolvidas em salina e obtidas da Sigma-Aldrich (St
Louis, MO) exceto WAY100135 o qual foi obtido da Tocris Bioscience (Bristol, UK).

PROCEDIMENTOS PRE-EXPERIMENTAIS

Os procedimentos cirurgicos descritos abaixo foram realizados nos animais
previamente anestesiados (solugcdo de xilazina 10 mg/Kg e cetamina 60 mg/kg,
intraperitoneal). ApOs a cirurgia todos os animais receberam dipirona (30 mg/Kg,
intramuscular) e enrofloxacino (0,5 mg/Kg, subcutaneo). Animais que exibissem

algum prejuizo motor apds a cirurgia foram excluidos dos experimentos adicionais.

CIRURGIA ESTEREOTAXICA

Os ratos foram posicionados em um instrumento estereotaxico, o cranio foi
exposto e um pequeno orificio foi feito para introduzir uma canula guia de calibre
26G dentro do NAc core; PAG ventrolateral ou RVM. Para o NAc core, as
coordenadas foram a partir de bregma: 1,3 mm rostral, 7,2 mm dorsoventral e + 1,8
mm lateral, com a barra de incisivo a 3,3 mm (Tobaldini et al., 2014). Para a PAG
ventrolateral, as coordenadas foram de lambda: 0 mm anteroposterior, -2 mm lateral
e 5,4 mm dorsoventral com um &angulo de 1,8° e a barra do incisivo a 2,5 mm
(Tomim et al., 2016). Para o RVM, as coordenadas foram da linha inter-aural: 2,3
mm caudal e 0,2 mm ventral (Tobaldini et al., 2014). A canula foi entédo fixada no
cranio com um parafuso e cimento dental. Os experimentos foram realizados 7-9

dias apos as cirurgias.

LESAO DO FUNICULO DORSOLATERAL

A lesdo do funiculo dorsolateral (DLF) foi realizada como descrito
anteriormente (Tomim et al., 2016). Resumidamente, uma laminectomia foi realizada
no nivel toracico de T1-T3 para expor a medula espinhal usando uma broca de 0sso
sob um microscopio cirargico. A leséo foi feita cortando uma porcdo do quadrante
dorsolateral da medula espinhal com uma agulha curvada de calibre 26G. Apés a
hemostasia, as incisbes cirurgicas foram fechadas e os animais ficaram em
recuperacao cirargica durante 28 dias antes do experimento. A lesdo falsa (sham
DLF) foi realizada expondo as vértebras sem seccionar nenhum tecido neural.

O local da lesédo e a extensdo foram avaliados histologicamente em cada

animal apds os experimentos. Os ratos foram perfundidos transcardiacamente com
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solucdo salina seguida de 4% de formaldeido. As medulas espinhais foram
removidas ao nivel das lesGes e processadas histologicamente (sec¢fes de 50 um,
coradas com vermelho neutro 1%) para permitir a verificacdo microscopica da

extensao e localizacdo da leséo.

MODELO COMPORTAMENTAL - PARA ESTUDAR A ANALGESIA MEDIADA PELO
CONTROLE NOCICEPTIVO ASCENDENTE

O controle nociceptivo ascendente foi estudado em animais anestesiados
(Gear & Levine, 1995) e acordados (Gear et al., 1999) usando diferentes estratégias
experimentais, sempre caracterizadas pela aplicacdo do estimulo nociceptivo (para
induzir analgesia) em uma regiao do corpo longe de onde € aplicado o estimulo teste
(para detectar analgesia). Isso garante que o teste nociceptivo seja realizado em um
segmento remoto do local da estimulagdo nociceptiva, eliminando efeitos
intrasegmentais que possam influenciar os ensaios. Por exemplo, o estimulo
nociceptivo, comumente uma injecdo de capsaicina, pode ser aplicado na pata
traseira e a analgesia ser observada no teste de formalina orofacial (Tobaldini et al.,
2014).

No presente estudo, avaliou-se o efeito antinociceptivo induzido por uma
injecdo da capsaicina na pata dianteira no modelo de dor inflamatéria induzida por
injecdo de carragenina na pata traseira (Araldi et al., 2013) (ver Figure 1 para o
detalhes do delineamento experimental). Com este objetivo, a carragenina (100 ug)
ou o0 seu veiculo foram injetados na pata traseira esquerda. Trés horas depois,
quando a hiperalgesia induzida por carragenina é maxima (Bonet et al., 2013), a
capsaicina (250 pg) ou seu veiculo foi injetada na pata dianteira para ativar o
controle nociceptivo ascendente (Gear et al.,, 1999). A capacidade da injecdo de
capsaicina na pata dianteira em diminuir a hiperalgesia induzida por carragenina na
pata traseira foi testada ao longo do tempo até o efeito antinociceptivo desaparecer.
As microinjecdes cerebrais ou injegoes intratecal lombar (para bloquear mecanismos
de modulacdo da dor endogena), quando necessarias, foram realizadas

imediatamente antes da injecao da capsaicina na pata dianteira.

INJECOES DE DROGAS
InjecOes na pata
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Seguindo o protocolo detalhado acima, os animais foram gentilmente
contidos para receber uma injecdo na pata traseira (30 pL) de carragenina ou seu
veiculo, seguida, 3 horas depois, por uma segunda injecdo desta vez na pata
dianteira (30 pL) de capsaicina ou seu veiculo. As injecbes foram realizadas na
superficie dorsal das patas usando uma agulha de calibre 26G conectada a uma
canula de polietileno PE-50 e também a uma microseringa Hamilton de 50 pL.

Microinjecdes intracérebro

As microinje¢fes foram realizadas inserindo uma canula de injecao de aco
inoxidavel de calibre 30G através das canulas guia implantadas estereotaxicamente.
A canula de injecao foi conectada a um tubo de polietileno PE-10 e também a uma
seringa Hamilton de 2 ul. O volume de injecéo foi de 0,3 L realizado ao longo de um
periodo de 60 segundos, e deixada no local por mais 30 segundos apdés a injecao,
para minimizar o refluxo ao longo do trato da canula.

Os locais de injecdo foram verificados histologicamente em cada animal
apOs os experimentos. Sob anestesia, o corante azul de Evans (1%, 0,5 pl) foi
microinjetado e os ratos foram perfundidos transcardiacamente com solu¢do salina
seguida de 4% de formaldeido. Seccbes coronais (50 um) foram realizadas para
permitir a verificacdo microscépica da localizacdo e a distribuicdo do corante
(Paxinos & Watson, 2007). Apenas 0s animais nos quais o corante foi restrito ao
nacleo selecionado foram incluidos nas figuras e na analise de dados, os demais

foram excluidos.

Injecéo intratecal

A administracdo de drogas no espaco intratecal foi realizada como descrito
anteriormente (Bonet et al.,, 2013; Dall'Acqua et al.,, 2014). Brevemente, 0s ratos
foram anestesiados por inalacdo de isoflurano e uma pequena area que recobre a
regido lombar foi tricotomizada. Para a injecdo, os ratos foram posicionados em
decubito ventral com a regido iliaca descansando em um tubo falcon. Uma agulha
de calibre 26G foi inserida no espacgo subaracnoideo na linha média entre vértebras
L5 e L6 e um movimento da cauda foi usado como indicador do posicionamento
preciso da agulha. As injecdes foram realizadas em um volume de 5 pL (1 pL/s). Os
animais recuperaram a consciéncia aproximadamente 1 minuto ap0s a interrupcéo

do anestésico.
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TESTES COMPORTAMENTAIS

Os testes comportamentais foram realizados durante ciclo claro (entre 9:00
da manha e 5:00h da tarde), em uma sala silenciosa mantida a 23°C e cada animal
foi utiizado uma Unica vez. Os animais foram habituados as condicbes

experimentais previamente.

Teste mecanico de retirada de pata

O limiar nociceptivo mecéanico foi avaliado pelo teste Randall-Selitto (Randall
& Selitto, 1957) (aparelho Randall-Selitto, Insight, Ribeirdo Preto, Brasil), a sua
diminuicao foi utilizada como medida de hiperalgesia (nocicep¢ao), enquanto seu
aumento como medida de analgesia (antinocicep¢do). Neste teste, uma pressao
crescente (peso em gramas) € aplicada na superficie dorsal da pata traseira do rato
até o animal retirar a sua pata. Os valores em gramas obtidos a partir da média de
trés leituras (realizada em intervalos de dois minutos) representam o limiar
nociceptivo mecanico. Para evitar lesdes teciduais ao atingirem o valor de 240g o0s
animais eram retirados do teste. Os dados foram expressos em figuras como
variacao (apoés - antes) do valor basal (pré-experimento) ao longo do tempo apés as

intervencgoes.

Teste do campo aberto

O teste do campo aberto foi usado para fornecer uma indicagéo geral da
atividade locomotora, descartando a possibilidade de que as microinjecdes ou que
0s procedimentos cirdrgicos afetassem o comportamento motor dos animais e sua
resposta aos testes nociceptivos.

A arena de campo aberto consiste em uma area circular (90 cm de
diametro), dividida em 12 quadrantes, limitada por uma parede externa de 50 cm de
altura. O comportamento exploratério foi quantificado pelo nimero de quadrantes
cruzados durante 1 minuto. O teste foi realizado entre 30 e 60 minutos do tempo

experimental (ver Figure 1).

IMUNOHISTOQUIMICA PARA C-FOS
Os ratos foram perfundidos transcardiacamente, sob anestesia geral, com

salina seguido de formaldeido a 4% em tampao de fosfato 0,1 M, pH 7,4. Os
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encéfalos foram removidos e posteriormente imersos durante 1 semana em
formaldeido a 4%. Os encéfalos foram entdo colocados em 30% de solucdo de
sacarose por 48h antes da seccdo. Foram realizadas seis sec¢des de 30 um por
animal entre as coordenadas de bregma 1.44 e 1.20 mm para NAcC core; entre as
coordenadas de bregma -8,04 e -8,28 mm para a PAG ventrolateral; e entre as
coordenadas inter-aural -2,16 e -2,40 mm para o RVM (Paxinos & Watson, 2007). As
seccOes de tecido foram incubadas de modo free-floating a 4°C durante toda a noite
com anticorpo primario anti-c-Fos de coelho (1: 500 em solucdo salina tampao
fosfato (PBS) mais 0,3% Triton X-100, Chemicon, EUA). As seccdes foram entéo
incubadas com um anticorpo secundéario conjugado com biotina (1: 500, Vector
Laboratories, EUA) durante 2h em temperatura ambiente. Apos varias lavagens com
PBS, o complexo de anticorpos foi localizado utilizando o sistema ABC (kit
Vectastain ABC Elite, Vector Laboratories), seguido de reagdo com 3,3-
diaminobenzidina com realce por niquel. As secc¢des foram entdo montadas sobre
laminas revestidas com gelatina e cobertas por laminula depois da desidratacdo por
concentracfes ascendentes de solucdes de etanol-xilol (Tobaldini et al., 2014). As
laminas foram digitalizadas em um scanner de microscéopio (Axio Imager Z2, Carl
Zeiss, Jena, DE) acoplado a um sistema de imagem (Metasystems, Altlussheim,
DE). A quantificacdo de células imunorreativas de c-Fos (c-Fos-ir) foi realizada
automaticamente por densidade 6ptica numa area delimitada utilizando o software
de analise de imagem ImageJ 1.37c (ImageJ, U.S. National Institutes of Health,

Bethesda, Maryland, USA - de dominio publico).

ANALISE ESTATISTICA

Os dados do limiar nociceptivo mecanico foram analisados por analise de
variancia (ANOVA) de duas vias com medidas repetidas com 1 fator ‘within’ (tempo)
e 1 fator ‘between’ (tratamento). Os dados da expressao de c-Fos foram analisados
por ANOVA de duas vias com 2 fatores ‘between’ (injecdo na pata traseira e pata
dianteira). Os dados da locomoc¢&o no campo aberto foram analisados por ANOVA
de uma via. Se houvessem diferencas significativas entre os grupos, as diferencas
eram testadas utilizando o pds teste de Student-Newman-Keuls para determinar a
base da diferenca significativa em cada caso. O nivel de significancia estatistica foi p

<0,05. Os dados estdo plotados em figuras como média + erro padrdo da média. O
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software SigmaPlot® (Systat Software, San Jose, CA, EUA) foi utilizado para realizar
andlise de dados e a representacgéo grafica.
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Abstract

The most powerful known pain modulation pathway is the PAG-RVM
(periaqueductal gray-rostral ventromedial medulla) descending system. In this
study we hypothesized that it is functionally linked to the ascending nociceptive
control, a form of pain-induced analgesia dependent on mesolimbic
mechanisms. To test this hypothesis we used a pharmacological approach, in
which the antinociception induced by noxious stimulation (forepaw injection of
capsaicin) was detected in rat standard model of inflammatory pain (hindpaw
injection of carrageenan). This antinociception was blocked by interventions
recognized for blocking ascending nociceptive control-mediated analgesia: the
blockade of p-opioid receptors (CTOP, 0.5ug) or of dopamine D1 and D2
receptors (SCH23390, 1.8ug and raclopride, 5upg) within the NAc (nucleus
accumbens) as well as the blockade of nicotinic acetylcholine receptors
(mecamylamine, 0.6ug) within the RVM. This antinociception was also blocked
by standard interventions recognized for blocking mechanisms of descending
inhibition within either the PAG or the RVM: local acute neuronal blockade
(lidocaine, 2%); blockade of p-opioid receptors (CTOP, 0.5ug) or activation of
GABAAa receptors (muscimol, 10ng). Consistently, antinociception was similarly
blocked by interventions recognized for blocking spinal mechanisms of
descending inhibition: lesion of dorsolateral funiculus and the spinal blockade of
serotonergic 5HT1a receptors (WAY100135, 46ug); 5HTs receptors (tropisetron,
10ug) or a2 adrenergic receptors (idazoxan, 50ug). Neuronal activity indirectly
estimated by c-Fos expression within the NAc, PAG and RVM supports
behavioral observations. Therefore, this study provides functional evidences to
argue that noxious stimulation triggers an ascending-descending pain
modulation pathway linking the mesolimbic system to the PAG-RVM

descending system.

Keywords: pain  modulation; ascending nociceptive control;
periaqueductal gray-rostral ventromedial medulla descending system;
mesolimbic system; nucleus accumbens; PAG; RVM; spinal cord; opioid,;

dopamine; noxious stimulation; behavior; rat
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Summary

An ascending-descending pain modulation pathway triggered by pain
and dependent on nucleus accumbens mesolimbic mechanisms and on the
PAG-RVM descending system.
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Introduction

Acute pain is essential to life; intended to signal potential danger, it draws
attention and dominates the behavior. Precisely because of this, the ability to
suppress pain perception may be critical to survival as well, and the brain
knows how to accomplish this task with admirable perfection. The
understanding of the mechanisms by which the brain controls acute pain
perception may allow its manipulation to control persistent and chronic pain, the
pathological kind of pain that causes suffering and is devoid of biological
purpose. In fact, several drugs for pain management act in such mechanisms
(Ossipov et al., 2010), however we are still far from efficiently treating pain.

Ever since Melzack & Wall published their remarkable gate control theory
of pain (Melzack & Wall, 1965), we have seen great advances in our knowledge
about pain modulation mechanisms. In the 1970s and 80s, a series of studies
advanced our knowledge about the most well-known circuitry engaged in
endogenous pain modulation: the PAG-RVM-descending system. In this
system, inputs from multiple forebrain regions are integrated within the
periagueductal gray (PAG), which projects to the rostral ventromedial medulla
(RVM), from where descending pathways target the dorsal horn to control
nociceptive transmission (reviewed by (Fields, 2004; Millan, 2002)).

More recently, from the 1990s, initial observations that analgesia induced
by spinally administered opioids was decreased by opioid receptor antagonists
intracerebroventricularly administered (Holmes & Fujimoto, 1992; Miaskowski &
Levine, 1992), culminate with the description of an ascending pain modulation
pathway (Gear et al., 1999; Gear & Levine, 1995, 2009). Named Ascending
Nociceptive Control (Gear et al., 1999), it mediates a form of pain-induced
analgesia, in which potent and long-lasting antinociception is induced by opioid-
and dopamine-dependent mechanisms within the NAc (nucleus accumbens),
the target of the mesolimbic system in the ventral striatum.

Previous attempts have failed to link the ascending nociceptive control
to the PAG-RVM descending system, since the administration of the opioid
receptor antagonist naloxone into either the PAG or the RVM did not affect the
antinociception mediated by ascending nociceptive control activation. In fact, to

our knowledge there is no direct evidence linking either mesolimbic and
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descending pain modulation mechanisms or the PAG-RVM descending system
with pain-induced analgesia. However, some of our recent data obtained on
ascending nociceptive control lead us back to this issue. One of them
demonstrated that the ascending nociceptive control facilitates defensive
behaviors (Tambeli et al., 2012), probably by leaving the subject free from pain
and, consequently, free for engaging in defensive responses. The other finding
demonstrated that it mediates the analgesic effect of acupuncture (Tobaldini et
al., 2014), that is, acupuncture needling activates nociceptive C-fibers and,
subsequently, central ascending nociceptive control mechanisms to induce
analgesia. The heart of the matter is that both facilitation of defensive behaviors
and acupuncture-induce analgesia are mediated by the PAG-RVM descending
system (Harris, 1996; Zhao, 2008). Therefore, taking the above data together
we hypothesized that the ascending nociceptive control serves as a link
between noxious stimulation and the recruitment of the most powerful known
mechanism for endogenous pain modulation, the PAG-RVM descending
system. The aim of this study is to provide functional support to this hypothesis.
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Material and Methods

Animals

The experiments were performed in male Wistar rats (270-300 g),
housed five per cages with free access to food and water. They were
maintained in a room with controlled 12:12-h light/dark cycle and temperature
(23 °C). All animal experimental procedures and protocols were approved by
the Committee on Animal Research of the Federal University of Parana
(protocol no 782) and followed the guidelines of the Ethics Standards of the

International Association for the Study of Pain in animals.

Drugs

Capsaicin (250 ug), a transient receptor potential vanilloid 1 (TRPV1)
agonist, was initially dissolved in Tween-80 (50%) and ethanol (50%) to a
concentration of 50 pg/pl and then diluted in 0.9% saline (Gear et al., 1999);
carrageenan-A (20 or 100 pg) (Bonet et al.,, 2013); morphine (5 mg/kg), an
opioid receptor agonist (Ozdemir et al.,, 2012); [D-Ala2,N-Me-Phe4,Gly5-ol]-
enkephalin (DAMGO, 0.3 pug), a p-opioid receptor agonist (Schmidt et al.,
2002b); Cys?,Tyr3,0rn® Pen’amide (CTOP, 0.5 pug), a p-opioid receptor
antagonist (Tobaldini et al.,, 2014); mecamylamine (0.6 pg), a nicotinic
acetylcholine receptor antagonist (Gear & Levine, 2009); lidocaine N-ethyl
bromide salt (QX-314, 2%), a quaternary derivative of lidocaine (Song et al.,
2013); muscimol (10 ng), a GABAAa receptor agonist (Gear et al., 1999);
WAY100135 (46 pg), a selective serotonin 5-HT1a receptor antagonist (Holden
et al., 2005); tropisetron (10 ug), a selective serotonin 5-HT3 receptor antagonist
(Alloui et al., 2002); idazoxan (50 ug), a selective a2-adrenoceptor antagonist
(Silva et al., 2011); raclopride (1 or 10 pg for intra-NAc injection; or 5 ug for
intrathecal injection), a selective dopamine-D2 receptor antagonist (Millan,
2002; Viisanen et al., 2012); SCH23390 (SCH, 1.8 pg), a selective dopamine-
D1 receptor antagonist (Schmidt et al., 2002a). All drugs were dissolved in 0.9%
NaCl and obtained from Sigma-Aldrich (St Louis, MO) except WAY100135
obtained from Tocris Bioscience (Bristol, UK).

Pre-Experimental procedures
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Surgical procedures described below were performed in anesthetized
rats (xylazine; 10 mg/kg, i.p. and ketamine; 60 mg/kg, i.p.). Dipyrone (30 mg/kg
i.m.) and enrofloxacin (0.5 mg/kg s.c.) were administered post-surgically. Rats
exhibiting any signal of motor impairment in the open-field test were excluded

from additional testing.

Stereotaxic Surgery

The rats were placed in a stereotaxic instrument, the skull was exposed
and a small hole was made to introduce a 26-gauge guide cannula within the
NAc core; ventrolateral PAG or RVM. For the NAc core the coordinates were
from bregma: 1.3 mm rostral, 7.2 mm dorsoventral, and £1.8 mm lateral with
incisor bar at 3.3 mm (Tobaldini et al., 2014). For the ventrolateral PAG, the
coordinates were from lambda: 0 mm anteroposterior, =2 mm lateral, and 5.4
mm dorsoventral, with a 1.8° angle and the incisor bar at 2.5 mm (Tomim et al.,
2016). For the RVM, the coordinates were from the intra-aural line: 2.3 mm
caudal and 0.2 mm ventral (Tobaldini et al., 2014). The cannula was then fixed
to the skull with a screw and dental cement. Experiments were performed 7-9

days later.

Lesion of the dorsolateral funiculus

Lesion of the dorsolateral funiculus (DLF) was performed as previously
described (Tomim et al., 2016). Briefly, a laminectomy was performed at the
T1-T3 level to expose the spinal cord using a bone drill under a surgical
microscope. The lesion was made by cutting a portion of the dorsolateral
quadrant of the spinal cord with a 26-gauge curved needle. After hemostasis,
the wounds were closed and the animals were allowed to recover for 28 days
before the experiment. Sham DLF was performed by exposing the vertebrae
without cutting any neuronal tissue.

Lesion location and extension was histologically assessed in each animal
after experiments. The rats were transcardially perfused with saline followed by
4% formaldehyde. The spinal cords were removed, at the level of the lesions,
and histologically processed (50 pm sections stained with 1% neutral red) to

allow the microscopic verification of lesion extension and location.
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Behavioral model to study Ascending nociceptive control-mediated
analgesia

The ascending nociceptive control has been studied in anesthetized
(Gear & Levine, 1995) and awake (Gear et al., 1999) animals by using different
experimental strategies, always characterized by applying the noxious stimulus
(to induce analgesia) in a body region far from where the test stimulus (to detect
analgesia) is applied. This ensures that nociceptive testing is performed
segmentally remote from the site of noxious stimulation, eliminating
intrasegmental effects that might influence assays. For example, the noxious
stimulus, commonly a capsaicin injection, can be applied into the hindpaw and
analgesia detected in the orofacial formalin test (Tobaldini et al., 2014).

In the present study, the antinociceptive effect induced by a forepaw
injection of capsaicin was evaluated in the carrageenan model (Araldi et al.,
2013) of hindpaw inflammatory pain (see Figure 1 for experimental design).
With this purpose, carrageenan (100 pg) or its vehicle was injected in the
hindpaw. Three hours later, when carrageenan-induced hyperalgesia is
maximal (Bonet et al., 2013), capsaicin (250 ug) or its vehicle was injected in
the forepaw to activate the ascending nociceptive control (Gear et al., 1999).
The ability of the forepaw injection of capsaicin to decrease carrageenan-
induced hyperalgesia in the hindpaw was tested over time until the
antinociceptive effect wore off. Whenever brain microinjections or lumbar
intrathecal injections were necessary (to block endogenous pain modulation
mechanisms), they were performed immediately before the forepaw injection of

capsaicin.



35

cT

O 2

o

[

g° Brain microinjection or Intrathecal injection (drugs)

©

% § Forepaw injection (capsaicinor vehicle)

58

£ 5

T

L, | - |

7 / : > Time (min)

180 -15 0 30 60 90 120 180

—
—
 —

basal hyperalgesia antinociception

H/—/

Nociceptive measures

Figure 1. Experimental design. The total duration of the experiments was 360 minutes (6
hours). Negative values in the experimental timeline represent experimental interventions
performed before forepaw injection. Positive values represent interventions performed after
forepaw injection. Down arrows along the timelines indicate the sequence of nociceptive
measurements. Up arrows indicate injection procedures. The symbol “*” indicates when the
open field test was performed. The boxes at the bottom describe the expected effect of key
interventions: carrageenan-induced hyperalgesia and capsaicin-induced antinociception

Drugs Injections

Paw Injections

Following the protocol detailed above, animals were gently held to
receive a hindpaw injection (30 pL) of carrageenan or its vehicle, followed 3
hours later by a forepaw injection (30 pL) of capsaicin or its vehicle. The
injections were performed into the dorsal surface of the paws using a 26-gauge
needle connected to a PE-50 cannula and also to a 50-puL Hamilton syringe.

Brain Microinjections

Microinjections were performed by inserting a 30-gauge stainless steel
injection cannula through the guide cannulas stereotaxically implanted. The
injection cannula was connected to a PE-10 polyethylene tube and also to a 2-
puL Hamilton syringe. Injection volume was 0.3 L carried out over a period of 60
seconds, after which injection cannula was left in place for 30 more seconds to

minimize backflow along the cannula tract. Injection sites were histologically
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verified in each animal after experiments. Under anesthesia, Evans blue dye
(1%, 0.5 pl) was microinjected and the rats were transcardially perfused with
saline followed by 4% formaldehyde. Coronal sections (50 um) were performed
to allow the microscopic verification of dye location and spread (Paxinos &
Watson, 2007). Only animals in which the dye was restricted to the selected

nucleus were included in the figures and data analysis.

Intrathecal Drug Administration

Intrathecal drug administration was performed as previously described
(Bonet et al., 2013; Dall'Acqua et al., 2014). Briefly, rats were anesthetized by
inhalation of isoflurane and a small skin area overlying the lumbar region was
shaved with an electric razor. For injection, rats were positioned in dorsal
recumbency with the iliac region resting on a falcon tube. A 26-gauge needle
was inserted in the subarachnoid space on the midline between L5 and L6
vertebrae and a flick of the tail was used as indicator of the precise positioning.
The injections were performed at a volume of 5 pL (1 pL/s). The animals
regained consciousness approximately 1 minute after discontinuing the

anesthetic.

Behavioral Testing
Behavioral testing was performed during the light phase (between 9:00
a.m. and 5:00 p.m.), in a quiet room maintained at 23°C and each animal was

used once. The animals were habituated to the experimental conditions.

Mechanical paw withdrawal test

The mechanical nociceptive threshold was assessed by the Randall-
Selitto test (Randall & Selitto, 1957) (Randall-Selitto apparatus, Insight, Ribeir&o
Preto, Brazil), its decrease was used as a measure of hyperalgesia
(nociception), while its increase as a measure of analgesia (antinociception). In
this test, an increasing pressure (weight in grams) is applied to the dorsal
surface of the rat's hindpaw until the animal withdrew its paw. The value in
grams obtained from the mean of three readings (performed in intervals of two

minutes in a blinded fashion) represents the mechanical nociceptive threshold.
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Data were expressed in figures as variation (after — before) from the basal (pre-

experiment) value over time following interventions.

Open-Field Test

The open-field test was used to provide an overall indication of locomotor
activity, discarding the possibility that microinjections or surgery procedures
affected animals’ motor behavior and their response to the nociceptive tests.
The open-field arena consists of a circular area (90 cm of diameter), divided into
12 squares, limited by a 50-cm-high wall. The exploratory behavior was
quantified by the number of crossed squares during 1 minute. The test was
performed between 30 and 60 minutes of the experimental time-course (see
Figure 1).

c-Fos Immunohistochemistry

The rats were transcardially perfused, under general anesthesia, with
0.9% NacCl followed by 4% formaldehyde in 0.1 M phosphate buffer, pH 7.4.
Brains were removed and subsequently immersed for 1 week in formaldehyde
at 4%. The brains were then placed in 30% sucrose solution for 48 h before
sectioning. Six sections of 30 um per animal were taken between bregma 1.44
and 1.20-mm coordinates to NAc; between bregma -8.04 and -8.28-mm
coordinates to ventrolateral PAG; and between interaural =2.16 and -2.40-mm
coordinates to RVM (Paxinos & Watson, 2007). Tissue sections were incubated
overnight at 4 °C with rabbit anti-c-Fos primary antibody (1:500 in phosphate
buffer saline (PBS) plus 0.3% Triton X-100; Chemicon, USA). Sections were
then incubated with a biotin-conjugated secondary antibody (1:500, Vector
Laboratories, USA) for 2 h at room temperature. After several washes with PBS,
the antibody complex was localized using the ABC system (Vectastain ABC
Elite kit, Vector Laboratories) followed by reaction with 3,3'-diaminobenzidine
with nickel enhancement. The sections were then mounted onto gelatin-coated
slides and coverslipped after dehydration by ascending concentrations of
ethanol—xylene solutions (Tobaldini et al., 2014). The slides were digitized with
a microscope scanner (Axio Imager Z2, Carl Zeiss, Jena, DE) coupled to an

imaging system (Metasystems, Altlussheim, DE). Quantification of c-Fos
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immunoreactive (c-Fos-ir) cells was performed automatically by optical density
in an area delimitated using ImageJ 1.37c (Public Domain) image analysis

software.

Statistical Analysis

Data from mechanical nociceptive threshold were analyzed by repeated-
measures analysis of variance (ANOVA) with 1 within-subjects factor (time) and
1 between-subjects factor (treatment). Data from c-Fos expression were
analyzed by ANOVA with 2 (hindpaw and forepaw injections) between-subjects
factor. Data from locomotion in the open field were analyzed by one-way
ANOVA. If there were significant differences between groups, post-hoc
contrasts, using the Student-Newman-Keuls test were performed to determine
the basis of the significant difference in each case. The level for statistical
significance was p< 0.05. Data are plotted in figures as mean + S.E.M.
SigmaPlot® software (Systat Software, San Jose, CA, USA) was used to

perform data analysis and graphical representation.
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Results

Activation of ascending nociceptive control blocks carrageenan-induced
inflammatory hyperalgesia.

The subcutaneous administration of carrageenan into the hindpaw
significantly decreased the mechanical nociceptive threshold, which is referred
as hyperalgesia (Figure 2A, p = 0.003, shown in figures as the decrease in paw
withdrawal threshold from the basal (pre-injection) value). The effect of noxious
stimulation on carrageenan-induced hyperalgesia was tested by injecting
capsaicin, at a dose known to activate the ascending nociceptive control, into
the forepaw. Capsaicin not only reversed the hyperalgesia induced by
carrageenan (p< 0.001), but also induced a potent antinociceptive effect, which
can also be seen in animals receiving vehicle (0.9% NaCl, p = 0.02) instead of
carrageenan into the hindpaw (repeated-measures ANOVA and Student-
Newman-Keuls post hoc test; Figure 2A: F treatment (3,20) = 17.397, p< 0.001; F
treatment x time (12,80) = 4.463, p< 0.001). The effect of capsaicin in carrageenan-
induced hyperalgesia was similar in magnitude and time-course to that induced
by a standard systemic dose of morphine (5 mg/Kg, repeated-measures
ANOVA and Student-Newman-Keuls post hoc test; Supplementary Figure S1: F
treatment (2,16) = 16.370, p< 0.001; F treatment xtime (8,64) = 7.350, p< 0.001).

To make sure that the antinociceptive effect of noxious stimulation with
capsaicin depends on ascending nociceptive control activation, we blocked its
mechanisms within the NAc and the RVM. The administration of a p-opioid
receptor antagonist (CTOP) into the NAc, at a dose known to block the
ascending nociceptive control, prevented (p = 0.002) the antinociceptive effect
induced by capsaicin (repeated-measures ANOVA and Student-Newman-Keuls
post hoc test; Figure 2B: F treatment (2,18) = 13.715, p< 0.001; F treatment x time
(8,66) = 14.728, p< 0.001). Similarly, the co-administration of a dopamine D1
(SCH23390) and D2 (raclopride) receptor antagonists into the NAc prevented (p
= 0.013) capsaicin-induced antinociception, while each antagonist alone had an
intermediate effect (repeated-measures ANOVA and Student-Newman-Keuls
post hoc test; Figure 2C: F treatment (4,31) = 4.753, p< 0.004; F treatment x time
(16,119) = 6.505, p< 0.001).
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Figure 2. Capsaicin-induced antinociception on carrageenan-induced hyperalgesia
depends on p-opioid and dopamine receptors within NAc and nicotinic acetylcholine
receptors within RVM. (A) The hindpaw injection of carrageenan (100pg) significantly
decreased the mechanical nociceptive threshold (indicated by the symbol “+”). The forepaw
injection of capsaicin (250ug) significantly increased mechanical nociceptive threshold either in
animals that have received carrageenan or saline into the hindpaw (indicated by the symbol “*”).
(B) Capsaicin-induced antinociception in animals that have received the hindpaw injection of
carrageenan (indicated by the symbol “*”) was prevented by the administration of CTOP (p-
opioid receptor antagonist) or by the (C) co-administration of SCH23390 and raclopride (D1 and
D2 dopamine receptor antagonists, respectively. The symbol “+” in this panel indicates the
intermediate effect of each antagonist alone) into the NAc as well as by (D) mecamylamine
(nicotinic acetylcholine receptor antagonist) into the RVM (repeated-measures ANOVA and
Student-Newman-Keuls post hoc test, p< 0.05). See Supplementary Figure S2 and results
section for details regarding the effect of the antagonists by themselves on carrageenan-
induced hyperalgesia. In this and in subsequent figures data represent the change in
mechanical nociceptive threshold (g) as a variation from basal value (after-before). Numbers in
parenthesis indicate the number of animals in each group. See methods for additional details
regarding data presentation and analysis. iINAc = intra-nucleus accumbens; iPAG = intra-
periaqueductal gray; iRVM = intra-rostral ventromedial medulla.

Although the standard dose of carrageenan (100 pg) induces an intense
hyperalgesic response, optimal to evaluate the efficacy of antinociceptive
strategies in inflammatory pain, the decrease in paw withdrawal threshold is
close to the test limit. For this reason, the effect of each drug by itself on
carrageenan-induced hyperalgesia was evaluated using a lower dose of
carrageenan (20 pg). This dose induces an intermediate decrease in paw
withdrawal threshold, optimal to observe any tendency of drugs to further
decrease (or increase) mechanical nociceptive threshold (repeated-measures
ANOVA and Student-Newman-Keuls post hoc test; Supplementary Figure S2 A:
F treatment (2,18) = 11.219, p< 0.001; F treatment x time (8,72) = 1.025, p = 0.426). By
themselves, neither CTOP nor the combination of raclopride and SCH23390
(repeated-measures ANOVA and Student-Newman-Keuls post hoc test;
Supplementary Figure S2 B: F treament (2,10) = 0.679, p = 0.529; F treatment x time
(8,39) = 1.091, p = 0.390) affected carrageenan-induced hyperalgesia.

The administration of a nicotinic acetylcholine receptor antagonist
(mecamylamine) into the RVM, at a dose known to block the ascending
nociceptive control, prevented (p = 0.003) capsaicin-induced antinociception
(repeated-measures ANOVA and Student-Newman-Keuls post hoc test; Figure
2D: F treatment (2,18) = 8.784, p = 0.002; F treatment x time (8,68) = 12.956, p< 0.001).
By itself, the administration of mecamylamine into the RVM, did not change
carrageenan-induced hyperalgesia (repeated-measures ANOVA and Student-
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Newman-Keuls post hoc test; Supplementary Figure S2 C: F treatment (4,15) =
0.067, p = 0.991; F treatment xtime (12,45) = 1.069, p = 0.407).

The antinociceptive effect mediated by the activation of ascending
nociceptive control depends on PAG and RVM.

To evaluate the contribution of the PAG and RVM to the ascending
nociceptive control-mediated antinociception, we used pharmacological
approaches classically known to block the descending pain inhibitory system
within either the PAG or the RVM level.

The blockade of PAG neural activity by the local administration of a
quaternary derivative of lidocaine (QX-314) prevented capsaicin-induced
antinociception (p< 0.001), showing that neural activity within the PAG is
essential to such effect. The selective pharmacological blockade of p-opioid
receptors (by CTOP, p< 0.001), as well as activation of GABAa receptors (by
muscimol, p< 0.001) within the PAG prevented capsaicin-induced
antinociception (repeated-measures ANOVA and Student-Newman-Keuls post
hoc test; Figure 3A: F treatment (4,19) = 12.219, p< 0.001; F treatment x time (12,57) =
24.295, p< 0.001). By themselves, neither QX-314, nor CTOP or muscimol
within the PAG change carrageenan-induced hyperalgesia (repeated-measures
ANOVA and Student-Newman-Keuls post hoc test; Supplementary Figure S2 D:
F treatment (3,12) = 0.273, p = 0.844; F teatment x time (9,36) = 0.926, p = 0.514).
Noteworthy, the administration of a p-opioid receptor agonist (DAMGO) into the
PAG of pain free animals (hindpaw injection of saline instead of carrageenan)
induced an antinociceptive effect similar in magnitude and time-course to that
induced by capsaicin (repeated-measures ANOVA and Student-Newman-Keuls
post hoc test; Supplementary Figure S3: F treatment (2,14) = 3.563, p< 0.050; F
treatment x time (4,28) = 1.594, p = 0.204). Since u-opioid receptor agonists within
the PAG are classically known to activate the descending inhibitory system, this
finding demonstrates a strong similarity between the antinociceptive effect

induced by capsaicin and by the descending system.
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Figure 3. Capsaicin-induced antinociception on carrageenan-induced hyperalgesia
depends on activation of p-opioid receptors and inhibition of GABAa receptors located
on PAG and RVM. Capsaicin-induced antinociception in animals that have received the
hindpaw injection of carrageenan (indicated by the symbol “*”) was prevented by the
administration of QX-314 (a quaternary derivative of lidocaine); CTOP (u-opioid receptor
antagonist) or muscimol (GABAa receptors agonist) either within the PAG (A) or the RVM (B)
(repeated-measures ANOVA and Student-Newman-Keuls post hoc test, p< 0.05). See
Supplementary Figure S2 and results section for details regarding the effect of the drugs by
themselves on carrageenan-induced hyperalgesia.

Consistently, the blockade of RVM neural activity by the local
administration of QX-314 also prevented capsaicin-induced antinociception (p<
0.001), showing that neural activity within the RVM is essential to such effect.
The selective pharmacological blockade of p-opioid receptors (p< 0.001), as
well as activation of GABAAa receptors (p< 0.001) within the RVM prevented
capsaicin-induced antinociception (repeated-measures ANOVA and Student-
Newman-Keuls post hoc test; Figure 3B: F treament (4,24) = 31.970, p< 0.001; F
treatment x time (12,68) = 11.021, p< 0.001). By themselves, neither QX-314, nor
CTOP or muscimol within the RVM change carrageenan-induced hyperalgesia
(repeated-measures ANOVA and Student-Newman-Keuls post hoc test;
Supplementary Figure S2 C: F treatment (4,15) = 0.067, p = 0.991; F treatment x time
(12,45) = 1.069, p = 0.407). Since activation of p-opioid receptors and inhibition
of GABAA receptors within the PAG and RVM are key mechanisms underlying
inhibitory descending activity, these findings provide the first piece of evidence
that the ascending nociceptive control-mediated analgesia depends on the
descending pain modulation system.

The antinociceptive effect mediated by the activation of ascending
nociceptive control depends on descending projections through the dorsolateral
funiculus.

To evaluate whether descending projections through the DLF contribute
to the ascending nociceptive control-mediated antinociception, we sectioned
this funiculus at the thoracic level, a procedure known to abolish descending
influences on spinal nociceptive transmission.

The DLF section prevented capsaicin-induced antinociception (p< 0.001),
demonstrating that its integrity is essential to the ascending nociceptive control-

mediated antinociception (repeated-measures ANOVA and Student-Newman-
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Keuls post hoc test; Figure 4A: F treatment (2,17) = 70.168, p< 0.001; F treatment x time
(6,51) = 30.438, p< 0.001). By itself, DLF section did not change carrageenan-
induced hyperalgesia (repeated-measures ANOVA and Student-Newman-Keuls
post hoc test; Supplementary Figure S2 E: F treament (5,19) = 0.557, p = 0.732; F
treatment x time (15,57) = 1.285, p = 0.242). The extension of the lesion are shown in
Figures 4B (sham lesion) and 4C (DLF lesion), and are limited to the
determined region shown in Figure 4D.

Since descending pathways from PAG and RVM reach the dorsal horn to
modulate nociceptive transmission by traveling through the DFL, this finding
provides the second piece of evidence that the ascending nociceptive control-

mediated analgesia depends on the descending pain modulation system.
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Figure 4. Capsaicin-induced antinociception on carrageenan-induced hyperalgesia
depends on the integrity of the dorsolateral funiculus. (A) Capsaicin-induced
antinociception in animals that have received the hindpaw injection of carrageenan (indicated by
the symbol “*”) was prevented by the lesion of the DLF at thoracic level (repeated-measures
ANOVA and Student-Newman-Keuls post hoc test, p< 0.05). See Supplementary Figure S2 and
results section for details regarding the effect of DLF lesion by itself on carrageenan-induced
hyperalgesia. (B) Representative photographs from spinal cord sections (50 um, neutral red) of
the sham DLF-lesion and (C) DLF-lesion. (D) The extent of the DLF lesion is shown in the
diagram adapted from the atlas of Paxinos and Watson. DLF = dorsolateral funiculus.
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The antinociceptive effect mediated by the activation of ascending
nociceptive control depends on spinal noradrenergic and serotonergic activity.

To evaluate whether spinal noradrenergic, serotonergic or dopaminergic
activity contribute to the ascending nociceptive control-mediated
antinociception, selective antagonists were spinally administered at doses
known to block spinal pain modulation mechanisms.

The administration of either a serotonergic 5SHT1a receptor antagonist
(WAY100135, p< 0.001) or a 5HT3 receptor antagonist (tropisetron, p< 0.001)
prevented capsaicin-induced antinociception (repeated-measures ANOVA and
Student-Newman-Keuls post hoc test; Figure 5A: F treament (3,17) = 45.833, p<
0.001; F treatment x time (9,51) = 13.218, p< 0.001). Similarly, the administration of a
selective o2-adrenoceptor antagonist (idazoxan, p< 0.001) also prevented
capsaicin-induced antinociception (repeated-measures ANOVA and Student-
Newman-Keuls post hoc test; Figure 5B: F treament (2,13) = 60.755, p< 0.001; F
treatment x time (6,39) = 10.871, p< 0.001). In contrast, the administration of a
selective dopamine D2-like receptor antagonist did not significantly affect
capsaicin-induced antinociception (repeated-measures ANOVA and Student-
Newman-Keuls post hoc test; Figure 5C: F treament (3,19) = 24.652, p< 0.001; F
treatment x time (9,57) = 10.089, p< 0.001). By themselves, none of the antagonists
changed carrageenan-induced hyperalgesia (repeated-measures ANOVA and
Student-Newman-Keuls post hoc test; Supplementary Figure S2 E: F treatment
(5,19) = 0.557, p = 0.732; F treatment x ime (15,57) = 1.285, p = 0.242). Since the
descending pathways involved in pain modulation are mostly serotonergic and
noradrenergic, these findings provide the third piece of evidence that the
ascending nociceptive control-mediated analgesia depends on the descending

pain modulation system.
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Figure 5. Capsaicin-induced antinociception on carrageenan-induced hyperalgesia
depends on spinal serotonergic and adrenergic but not dopamine receptors. (A)
Capsaicin-induced antinociception in animals that have received the hindpaw injection of
carrageenan (indicated by the symbol “*”) was prevented by the intrathecal administration of
WAY100135 (a 5HT1a serotonin receptor antagonist); tropisetron (a 5HT3z serotonin receptor
antagonist) or (B) idazoxan (a a2 adrenergic receptor antagonist) but not that of (C) raclopride
(a D2 dopamine receptor antagonist) (repeated-measures ANOVA and Student-Newman-Keuls
post hoc test, p< 0.05). See Supplementary Figure S2 and results section for details regarding
the effect of the antagonists by themselves on carrageenan-induced hyperalgesia. The groups
0.9% NacCl i.t.+0.9% NacCl s.c. forepaw and 0.9% NacCl i.t.+250ug capsaicin s.c. forepaw in
figures B e C were replotted from Figure A.

c-Fos expression in NAc, PAG and RVM.

To indirectly estimate neural activity within the NAc, PAG and RVM we
quantified local c-Fos protein expression, which rapidly and transiently
increases in response to neuronal firing.

Within the NAc, c-Fos expression significantly increased with the
hindpaw injection of carrageenan (p = 0.006), an effect prevented by the
forepaw injection of capsaicin (p = 0.168). The forepaw injection of capsaicin (p
= 0.393) by itself had no effect (two-way ANOVA and Student-Newman-Keuls
post hoc test Figure 6A: F hindpaw x forepaw (1,12) = 2.774, p = 0.122).
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Within the PAG, c-Fos expression significantly increased with the
injection of either carrageenan (p< 0.001) or capsaicin (p< 0.001) and
carrageenan plus capsaicin (p< 0.001) (two-way ANOVA and Student-Newman-
Keuls post hoc test Figure 6C: F hindpaw x forepaw (1,12) = 28.230, p< 0.001).

Within the RVM, a non-significant tendency of c-Fos expression to
increase with the different treatments was detected (two-way ANOVA and
Student-Newman-Keuls post hoc test Figure 6D: F nindpaw x forepaw (1,12) = 2.373,
p = 0.149).

Representative photomicrographs of c-Fos-ir cells within the NAc, PAG

and RVM are shown in figures 6B, 6D and 6F respectively.
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Figure 6. c-Fos expression in the NAc, PAG and RVM. (A) The hindpaw injection of
carrageenan significantly increased c-Fos-immunoreactive (c-Fos-ir) optical density within the
NAc (indicated by the symbol “*”); the forepaw injection of capsaicin reversed this effect and did
not affect c-Fos-ir optical density by itself. (C) All three experimental interventions significantly
increased c-Fos-ir optical density within the PAG (E) c-Fos-ir optical density within the RVM was
not significantly changed (two-way ANOVA and Student-Newman-Keuls post hoc test, p< 0.05).
The brains were collected 30 minutes after forepaw injection. Representative photomicrographs
of c-Fos-ir cells (10x magnification) within the (B) NAc, (D) PAG and (F) RVM. Scale bar are
represented in the figures.

Locomotor activity

Locomotion in the open field test did not significantly change with
different treatments and experimental manipulations (Supplementary Table S1).

The anatomical reconstruction of the injection sites into the NAc core;
ventrolateral PAG; RVM and off sites is shown in supplementary material

(Supplementary Figure S4).
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Supplementary Figure S1. Capsaicin-induced antinociception is similar to systemic
morphine-induced antinociception. The forepaw injection of capsaicin or the systemic
morphine administration significantly increased (indicated by the symbol “*”) mechanical
nociceptive threshold in animals that have received carrageenan into the hindpaw (repeated-
measures ANOVA and Student-Newman-Keuls post hoc test, p< 0.05). The groups 100ug
carrageenan s.c. hindpaw+0.9% NaCl s.c. forepaw and 100ug carrageenan s.c. hindpaw
+250ug capsaicin s.c. forepaw were replotted from Figure 2A.
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Supplementary Figure S2. Control groups - by themselves the experimental
manipulations did not affect carrageenan-induced hyperalgesia. (A) The hindpaw injection
of carrageenan dose dependently decreased the mechanical nociceptive threshold.
Carrageenan at 20 g induced an intermediate response which facilitates the observation of any
tendency of drugs to further decrease (or increase) mechanical nociceptive threshold (the
symbol “#” indicates mechanical nociceptive threshold significantly different from the other
groups; the symbol “+” indicates a significant decrease in mechanical nociceptive threshold
compared with the saline group,). The administration of the drugs used in this study within the
(B) NAc (nucleus accumbens), (C) PAG (periaqueductal gray), (D) RVM (rostral ventromedial
medulla) or (E) spinal cord (including DLF lesion) did not affect carrageenan-induced
hyperalgesia (repeated-measures ANOVA and Student-Newman-Keuls post hoc test, p< 0.05).
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Supplementary Figure S3. Capsaicin-induced antinociception is similar to intra-PAG
DAMGO-induced antinociception. The forepaw injection of capsaicin or the intra-PAG
administration of DAMGO (a p-opioid receptor agonist) significantly increased (indicated by the
symbol “*”) mechanical nociceptive threshold in animals that have received saline into the
hindpaw (repeated-measures ANOVA and Student-Newman-Keuls post hoc test, p< 0.05). The
groups 0.9% NacCl s.c. hindpaw+0.9% NaCl s.c. forepaw and 0.9% NaCl s.c. hindpaw+250ug
capsaicin s.c. forepaw were replotted from Figure 2A.
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+1.4 mm

-8.1 mm

-11.3 mm

Supplementary Figure S4. Microinjection sites. (A) Reconstruction adapted from the atlas of
Paxinos and Watson showing microinjections within the NAc core, (B) ventrolateral PAG and
(C) RVM. Some symbols overlap others and represent injection sites in two representative
groups: “e” on-site injections (animals included in the study); “A” off-site injections (animals
excluded from the study). Numbers represent distance caudal to bregma in millimeters.
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Inje_c tion Group Mean SEM F p
site

Vehicle+vehicle 24.80 3.43
100pg carrageenan+vehicle 18.71 2.14

N/A  |100ug carrageenan+250ug capsaicin 16.38 2.21 1.184 | 0.341
Vehicle+250pg capsaicin 19.60 1.69
100pg carrageenan+5mg/Kg morphine 22.20 5.75
Vehicle+100pg carrageenan+vehicle 25.83 3.35
Vehicle+100pg carrageenan+250pg capsaicin 18.00 2.47

NAc |0.5ug CTOP+100ug carrageenan+250pg capsaicin 16.33 3.13 2.253 | 0.078
1.8pg SCH23390+100pg carrageenan+250pg capsaicin 20.00 2.87
5ug raclopride+100pg carrageenan+250pg capsaicin 29.00 7.31
1.8ug SCH23390/51g raclopride+100pg carrageenan+250pg capsaicin 11.75 1.19
Vehicle+100pg carrageenan+vehicle 19.00 2.04
Vehicle+100pg carrageenan+250pg capsaicin 20.50 1.32

PAG |2% lidocaine+100ug carrageenan+250pug capsaicin 10.40 2.29 2.688 | 0.065
0.5pg CTOP+100pg carrageenan+250pg capsaicin 17.40 1.47
10ng muscimol+100pg carrageenan+250pg capsaicin 22.20 4.80
Vehicle+100pg carrageenan+vehicle 17.25 3.59
Vehicle+100pg carrageenan+250pg capsaicin 20.63 2.07

RVM  0.6pg mecamylamine+100pg carrageenan+250pg capsaicin 25.40 3.83 1.697 | 0.167
2% lidocaine+100ug carrageenan+250pg capsaicin 13.43 3.48
10ng muscimok+100pg carrageenan+250ug capsaicin 17.00 2.63
0.5pg CTOP+100pg carrageenan+250ug capsaicin 14.00 4.62
Vehicle+100pg carrageenan+vehicle 19.00 2.24
Vehicle+100pg carrageenan+250pg capsaicin 23.80 3.97
46pg way100.135+100pg carrageenan+250pg capsaicin 18.50 2.53
Spinal cord 10pg tropisetron+100pg carrageenan+250pg capsaicin 14.40 3.61

50pg idazoxan+100pg carrageenan+250pg capsaicin 15.25 3.45 1.226 | 0.308
1pg raclopride+100pg carrageenan+250pg capsaicin 21.80 2.94
10pg raclopride+100pg carrageenan+250ug capsaicin 15.17 3.65
Sham DLF lesion+100pg carrageenan+vehicle 16.75 1.60
Sham DLF lesion+100pg carrageenan+250pg capsaicin 14.00 2.07
DLF lesion+100pg carrageenan+250pg capsaicin 19.00 2.39

Supplementary Table 1. Effect (mean + S.E.M.) of experimental manipulations on
locomotor activity in the open field test. None of the treatments significantly affected
locomotion (p > 0.05, one-way ANOVA). N/A = not applicable; vehicle = 0.9% NaCl; NAc
nucleus accumbens; PAG = periaqueductal gray; RVM = rostral ventromedial medulla; DLF
dorsolateral funiculus.
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Discussion

This study describes an ascending-descending pain modulation pathway
triggered by pain and dependent on the NAc and on the PAG-RVM descending
system. The ascending component, named ascending nociceptive control is triggered
by noxious stimulation and induces potent and long lasting remote antinociception
dependent on opioidergic and dopaminergic mechanisms within the NAc (Gear et al.,
1999; Schmidt et al., 2002a). The descending component is the most powerful known
pain modulation mechanism, the PAG-RVM descending system (Fields, 2004; Millan,
2002). The functional link between the two components was demonstrated using a
pharmacological approach, in which the antinociception induced by noxious
stimulation was prevented either by all the already known supraspinal interventions
that block the ascending component or by standard interventions known to block the
descending one. To our knowledge, this is the first description of a spinal-forebrain-
midbrain-spinal pathway for pain modulation.

The mechanisms underlying the antinociception induced by noxious
stimulation in this study differ from other forms of pain-induced analgesia, such as
Diffuse Noxious Inhibitory Control (DNIC) or Conditioned Pain Modulation (CPM), the
most used terms in animal and human studies, respectively (Nir & Yarnitsky, 2015).
DNIC-like effects are characteristically short-term and dependent on the maintenance
of the noxious stimulation, disappearing soon after it has ceased (for review see (Pud
et al., 2009)). In contrast, ascending nociceptive control-mediated analgesia lasts
more than an hour and once initiated it becomes independent on the eliciting
stimulus (Tambeli et al., 2009). In addition, DNIC-like effects are mediated by
mechanisms restricted to the lower brainstem (Le Bars, 2002; Ossipov et al., 2010).
Therefore, the ascending nociceptive control is the only known form of pain-induced
analgesia dependent on forebrain mechanisms (Gear et al., 1999).

In fact, ascending nociceptive control-mediated analgesia has been shown to
be dependent on opioidergic and dopaminergic mesolimbic mechanisms within the
NAc (Gear et al., 1999; Schmidt et al., 2002a). This was further demonstrated in the
present study, since capsaicin-induced antinociception was prevented by the intra-
accumbal administration of either a p-opioid receptor antagonist (Figure 2B) or a
combination of dopamine D1 and D2 receptor antagonists (Figure 2C). When
administered alone, each dopaminergic antagonist induced an intermediate effect,

suggesting that endogenous dopamine act on both D1 and D2 receptors to induce
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antinociception. This data extends previous findings that have demonstrated the
ability of a non-selective dopamine receptor antagonist to prevent ascending
nociceptive control-mediated antinociception (Gear et al., 1999). Subsequent
attempts to identify additional supraspinal nuclei involved in ascending nociceptive
control-mediated analgesia have identified a cholinergic nicotinic mechanism within
the RVM (Gear & Levine, 2009). This was confirmed by our finding that capsaicin-
induced antinociception was prevented by the intra-RVM administration of a nicotinic
receptor antagonist (Figure 2D).

The involvement of the PAG-RVM descending system in ascending
nociceptive control-mediated antinociception has been already investigated and ruled
out, since the administration of naloxone either within the PAG or the RVM did not
affect antinociception (Gear et al., 1999; Gear & Levine, 1995). These findings were
interpreted as evidence that both system are independent because opioid
mechanisms within the PAG and the RVM are the neural basis of the descending
system (Fields, 2004). However, in this study we have revisited this interpretation
providing a bundle of data to argue that both systems are functionally linked. The
initial evidence is that neuronal inactivation of either the PAG (Figure 3A) or the RVM
(Figure 3B) by the local injection of lidocaine prevented capsaicin-induced
antinociception. These findings demonstrate that both the PAG and the RVM are
essential to the ascending nociceptive control-mediated antinociception. In addition,
the blockade of p-opioid receptors, as well as the activation of GABAAa receptors
within either the PAG (Figure 3A) or the RVM (Figure 3B) prevented capsaicin-
induced antinociception. These procedures block descending inhibitory activity (Lane
et al.,, 2005; Lau & Vaughan, 2014; Vaughan et al., 1997; Yaksh et al., 1976)
because neurons responsible by its control are under tonic GABAergic inhibition that
can be suppressed by p-opioid mechanisms (Fields, 2004; Millan, 2002). Therefore,
the blockade of mechanisms of descending inhibition within either the PAG or the
RVM blocks ascending nociceptive control-mediated antinociception. In the next step
we have shown that either the DLF lesion (Figure 4A) or the spinal administration of
serotonergic (5HT1a and 5HT3, Figure 5A) or noradrenergic (a2, Figure 5B) but not
dopaminergic (D2, Figure 5C) receptor antagonists prevented capsaicin-induced
antinociception. These strategies were used because the descending pathways

reach the dorsal horn via the DLF (Millan, 2002) and release serotonin and
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norepinephrine. In contrast, dopaminergic descending projections originate mainly in
the hypothalamic A1l region (Millan, 2002), which explains the lack of effect of the
dopamine antagonist. Therefore, once again, but now at the spinal level, procedures
classically known to block the antinociception mediated by the descending system,
also block that mediated by the ascending nociceptive control.

The inability of naloxone administered into the PAG or RVM to block
ascending nociceptive control-mediated antinociception in previous studies (Gear et
al., 1999; Gear & Levine, 1995) may result from its non-selectivity. Naloxone could
eventually block k-, in addition to u-opioid receptor mediated effects, this may be
critical since opposite effects on nociception have been attributed to each receptor
subtype expressed within these regions (Meng et al., 2005). In fact, selective p-opioid
receptor antagonists are more effective than equipotent doses of non-selective
antagonists in blocking the antinociceptive effects mediated by the descending
system (Budai & Fields, 1998; Kiefel et al., 1993).

Neuronal activity indirectly estimated by c-Fos expression within the NAc, PAG
and RVM supports behavioral observations. Within the NAc, c-Fos expression
increased with carrageenan-induced hyperalgesia, an effect not observed when
capsaicin was injected in the forepaw of animals receiving either carrageenan or
vehicle into the hindpaw (Figure 6A). Since NAc activity is pronociceptive and
analgesia mediated by the ascending nociceptive control depends on its inhibition
(Gear & Levine, 2011), increased c-Fos expression with carrageenan may reflect
increased NAc activity during hyperalgesia. Complementarily, the decrease in c-Fos
expression with capsaicin may reflect inhibition of NAc to induce antinociception.
Within the PAG, c-Fos expression significantly increased in response to peripheral
stimulation, no matter if it was with carrageenan, capsaicin or both together (Figure
6C). The same effect was observed within the RVM (Figure 6E), but failed
significance. This may reflect increased PAG and RVM activity during either
inflammatory hyperalgesia or endogenous analgesia, something expected
considering their role on pain processing and modulation. In fact, previous studies
have demonstrated increased c-Fos expression within the PAG and the RVM in
response to either nociceptive activity (Han et al., 2003; Keay & Bandler, 1993) or
endogenous analgesia (Loyd et al., 2007).

Nucleus accumbens is the critical target of the dopaminergic mesolimbic

system which, along with its well-known role in reward and motivation (Berridge &
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Kringelbach, 2015), has been shown to have an important role in pain modulation (for
excellent reviews see (Baliki & Apkarian, 2015; Navratilova et al., 2015)). However, in
the current literature panorama, the mesolimbic and the descending system appear
to modulate pain through totally independent mechanisms, to such an extent that
important revisions in each system, barely mention the other one (Baliki & Apkarian,
2015; De Felice & Ossipov, 2016). In fact, although the PAG is anatomically
connected with the ventral tegmental area and the NAc (Kirouac et al., 2004; Suckow
et al., 2013) and evidences dating from the early 1990s suggest a bidirectional opioid
loop between them (Ma & Han, 1991; Ma et al.,, 1992; Yu & Han, 1990), to our
knowledge this is the first evidence linking the descending and mesolimbic systems
in an endogenous pain modulation mechanism. Recently Baliki and Apkarian have
proposed that acute pain experience depends on peripheral nociceptive drive and on
a threshold phenomenon, responsible to determine when nociception turns to pain
perception (Baliki & Apkarian, 2015). This nociception-pain threshold is supposed to
be dependent on mesolimbic activity, however the underlying mechanistic basis is
unclear. The findings from the present study fit well as a possible mechanism in this
scenario, because the descending system has a powerful ability to decrease
nociceptive transmission, which consequently increases the pain perception
threshold. Evidently, further studies are needed to support this idea as well as to
determine whether the mesolimbic system connects with the descending system
through cortical or subcortical circuitry.

Although previous human brain image studies have indirectly correlated PAG
activity with analgesia in response to some kinds of noxious stimulation (Derbyshire
& Osborn, 2009; Sprenger et al., 2011; Yelle et al., 2009), to our knowledge this is
the first functional evidence showing that the PAG-RVM descending system
mediates pain-induced analgesia. During threatening situations, pain modulation
mechanisms are activate in a preventive way, ensuring that the subject will be free
for engaging in defensive responses. But if intense noxious stimulation takes place,
additional mechanisms may be necessary to suppress pain perception and the
ascending nociceptive control may be recruited to perform this task. We propose
that the ascending nociceptive control enhances the activation of the descending
system, ensuring that the most potent pain modulation mechanism will work in an
optimal way when most necessary, during threatening situations accompanied by

intense acute pain.
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In summary, this study demonstrates that noxious stimulation triggers an
ascending-descending pain modulation pathway linking the mesolimbic system to the
PAG-RVM descending system. The mesolimbic system is believed to codify the
value, salience and expectation related to pain experience (Baliki & Apkarian, 2015;
Porreca & Navratilova, 2017) and to select the most advantageous behavioral action.
Pain perception can disturb the expression of the selected behavioral action. An
excellent way to prevent this from happening is to increase the pain perception
threshold by activating the most powerful pain modulation system. The present study
presents a possible mechanism to achieve this goal and adds important pieces to the
endogenous pain modulation puzzle. The understanding of the endogenous pain
modulation mechanisms has proved to be of great value for the development of new
strategies for pain control (Ossipov et al., 2010). This study contributes to advance

our understanding in this fascinating field.
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7 DISCUSSAO

Este estudo descreve uma via de modulacdo da dor ascendente-descendente
ativada por dor e que é dependente do NAc e do sistema descendente PAG-RVM. O
componente ascendente, denominado controle nociceptivo ascendente, é ativado
por estimulacdo nociceptiva e induz potente e duradoura antinocicepcao
heterosegmental a qual € dependente de mecanismos opioidérgicos e
dopaminérgicos no NAc (Gear et al., 1999; Schmidt et al., 2002a). O componente
descendente é 0 mecanismo mais poderoso de modulacdo da dor conhecido, o
sistema descendente PAG-RVM (Fields, 2004; Millan, 2002). A ligacdo funcional
entre os dois componentes foi demonstrada através de uma abordagem
farmacoldgica, na qual a antinocicepcao induzida por estimulagdo nociceptiva foi
prevenida por todas as interven¢des supraespinhais ja conhecidas que bloqueiam o
componente ascendente ou por intervencdes padrbes conhecidas por bloquear o
descendente. Ao nosso conhecimento, esta € a primeira descricdo de uma via
espinhal-prosencéfalo-mesencéfalo-espinhal envolvida na modulacéo da dor.

O controle nociceptivo ascendente € a Unica forma conhecida de analgesia
induzida pela dor dependente de mecanismos na regido anterior do cérebro
(prosencéfalo) (Gear et al., 1999). De fato, a analgesia mediada pelo controle
nociceptivo ascendente mostrou-se dependente de mecanismos mesolimbicos
opioidérgicos e dopaminérgicos no NAc (Gear et al., 1999; Schmidt et al., 2002a).
Isto foi demonstrado no presente estudo, uma vez que a antinocicep¢ao induzida por
capsaicina foi prevenida pela administracao intra-NAc de antagonista do receptor p-
opioide (Figure 2B) ou pela combinacdo de antagonistas dos receptores D1 e D2 de
dopamina (Figure 2C). Quando administrado sozinho, cada antagonista
dopaminérgico induziu um efeito intermediario, sugerindo que a dopamina endégena
atua nos receptores D1 e D2 para induzir antinocicep¢ao. Estes dados estendem as
descobertas anteriores que demonstraram a capacidade de um antagonista nao
seletivo de receptor de dopamina em prevenir a antinocicep¢do mediada pelo
controle nociceptivo ascendente (Gear et al., 1999).

As tentativas subsequentes de identificar nucleos supraespinhais adicionais
envolvidos na analgesia mediada pelo controle nociceptivo ascendente identificaram

um mecanismo nicotinico colinérgico no RVM (Gear & Levine, 2009). Isto foi
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confirmado pelos nossos dados de que a antinocicepc¢éao induzida por capsaicina foi
prevenida pela administracdo intra-RVM de um antagonista do receptor nicotinico
(Figure 2D).

O envolvimento do sistema descendente PAG-RVM na antinocicepcao
mediada pelo controle nociceptivo ascendente ja foi investigado anteriormente e
descartado, uma vez que a administracdo de naloxona na PAG ou no RVM né&o
afetou a antinocicepcdo (Gear et al.,, 1999; Gear & Levine, 1995). Esses achados
foram interpretados como evidéncias de que ambos os sistemas séo independentes
porque os mecanismos opioides intra-PAG e -RVM sédo a base neural do sistema
descendente (Fields, 2004). No entanto, neste estudo revisamos essa interpretacao
fornecendo dados substanciais para argumentar que ambos 0s sistemas estédo
funcionalmente vinculados. A evidéncia inicial é que a inativacdo neuronal da PAG
(Figure 3A) ou do RVM (Figure 3B) pela injecdo local de lidocaina impediu a
antinocicepc¢ao induzida por capsaicina. Esses achados demonstram que tanto a
PAG como o RVM sdo essenciais para a antinocicepcdo mediada pelo controle
nociceptivo ascendente. Além disso, o bloqueio dos receptores u-opioide, bem como
a ativacdo dos receptores GABAa intra-PAG (Figure 3A) ou -RVM (Figure 3B)
impediram a antinocicepcdo induzida por capsaicina. Estes procedimentos
blogueiam a atividade descendente inibitéria (Lane et al., 2005; Lau & Vaughan,
2014; Vaughan et al., 1997; Yaksh et al., 1976) porque 0s neurfnios responsaveis
pelo seu controle estdo sob tbnica inibicAo GABAérgica que pode ser suprimida
pelos mecanismos p-opioide (Fields, 2004; Millan, 2002). Portanto, o bloqueio de
mecanismos descendentes inibitérios intra-PAG ou intra-RVM bloqueia a
antinocicepcdo mediada pelo controle nociceptivo ascendente.

No proximo passo, mostramos que a lesdo do DLF (Figure 4A) ou a
administracdo espinhal de antagonistas de receptores serotonérgicos (5HT1a € 5HTs3,
Figure 5A) ou adrenérgicos (a2, Figure 5B) mas ndo dopaminérgicos (D2, Figure 5C)
impediram a antinocicepc¢do induzida pela injecdo de capsaicina. Essas estratégias
foram usadas porque as vias descendentes atingem o corno dorsal através do DLF
(Millan, 2002) e liberam serotonina e noradrenalina. Em contrapartida, as projecoes
descendentes dopaminérgicas se originam principalmente na regido All do
hipotalamo (Millan, 2002), ndo sendo um mecanismo classico descendente, o0 que

explica a falta de efeito pelo antagonista da dopamina. Portanto, mais uma vez, mas
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agora ao nivel da medula espinhal, os procedimentos classicamente conhecidos por
bloguear a antinocicepcdo mediada pelo sistema descendente, também bloqueiam a
mediada pelo controle nociceptivo ascendente.

A incapacidade da naloxona administrada intra-PAG ou -RVM em bloquear a
antinocicepgéo mediada pelo controle nociceptivo ascendente em estudos anteriores
(Gear et al., 1999; Gear & Levine, 1995) pode ser resultado de sua nao seletividade.
A naloxona pode, eventualmente, bloquear receptores do tipo k-, além dos efeitos
mediados por receptores p-opioide, isso pode ser critico, uma vez que efeitos
opostos na nocicepc¢do foram atribuidos a estes subtipos de receptores expressos
nessas regibes (Meng et al., 2005). De fato, os antagonistas seletivos dos
receptores p-opioide sdo mais eficazes do que doses equipotentes de antagonistas
nao seletivos no bloqueio dos efeitos antinociceptivos mediados pelo sistema
descendente (Budai & Fields, 1998; Kiefel et al., 1993) (uma descricdo da possivel
localizacdo destes dois subtipos de receptores opioides na PAG e no RVM esta
apresentada na Figura Il, secao de Introducao).

A atividade neuronal, indiretamente estimada pela expressao de c-Fos, no
NAc, PAG e RVM da suporte as observacfes comportamentais. No NAc, houve um
aumento na expressao de c-Fos com a hiperalgesia induzida por carragenina, um
efeito ndo observado quando a capsaicina foi injetada na pata dianteira de animais
gue receberam carragenina ou veiculo na pata traseira (Figure 6A). Sabe-se que a
atividade do NAc é pré-nociceptiva e que a analgesia mediada pelo controle
nociceptivo ascendente depende da inibicdo do NAc (Gear & Levine, 2011),
portanto, o aumento da expressdo de c-Fos nos animais que receberam apenas
injecdo de carragenina pode refletir o aumento da atividade do NAc durante a
hiperalgesia. Adicionalmente, a diminuicdo da expressdo de c-Fos nos animais que
receberam injecdo de capsaicina pode refletir a inibicAo do NAc para induzir
antinocicepgao.

Na PAG, a expressdo de c-Fos aumentou significativamente em resposta a
estimulacdo periférica, ndo importando se fosse com carragenina, capsaicina ou
ambas juntas (Figure 6C). O mesmo efeito foi observado dentro do RVM (Figure 6E),
mas neste nao houve diferenca estatistica. Isso pode refletir o aumento da atividade
da PAG e do RVM durante a hiperalgesia inflamatéria ou da analgesia endogena,

algo esperado considerando o importante papel desses nlcleos no processamento e
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modulacgdo da dor. De fato, estudos anteriores demonstraram aumento da expressao
de c-Fos dentro do PAG e RVM em resposta a atividade nociceptiva (Han et al.,
2003; Keay & Bandler, 1993) ou analgesia enddgena (Loyd et al., 2007).

O NAc é um alvo critico do sistema mesolimbico dopaminérgico que,
juntamente com seu papel bem conhecido em recompensa e motivacéo (Berridge &
Kringelbach, 2015), mostrou ter um papel importante na modulagédo da dor (para
excelentes revisbes, veja (Baliki & Apkarian, 2015; Navratilova et al., 2015)). No
entanto, no panorama atual da literatura, o sistema descendente e 0 mesolimbico
parecem modular a dor através de mecanismos totalmente independentes, até o
ponto que revisbes importantes em cada sistema, mal mencionam um ao outro
(Baliki & Apkarian, 2015; De Felice & Ossipov, 2016). De fato, embora a PAG esteja
anatomicamente conectada com a area tegmental ventral e ao NAc (Kirouac et al.,
2004; Suckow et al., 2013) e evidéncias da década de 90 que sugerem um loop
bidirecional opioide entre estes nucleos (Ma & Han, 1991; Ma et al., 1992; Yu & Han,
1990), até onde sabemos, esta € a primeira evidéncia que liga os sistemas
descendente e mesolimbico em um mecanismo enddégeno de modulacdo da dor.
Recentemente, Baliki e Apkarian (Baliki & Apkarian, 2015) propuseram que a
experiéncia de dor aguda depende da transmissdo nociceptiva periférica e de um
fenbmeno de limiar, responsavel por determinar quando a nocicepcdo se torna
perceptivel como dor (Baliki & Apkarian, 2015). Este limiar entre dor e nocicepcao
acredita-se ser dependente da atividade mesolimbica, porém a base mecanicista
subjacente ndo esta clara. Os achados do presente estudo se encaixam bem como
um possivel mecanismo neste cenario, porque o sistema descendente possui uma
poderosa capacidade de diminuir a transmissdo nociceptiva, 0 que
consequentemente aumenta o limiar de percepcao da dor. Evidentemente, estudos
adicionais sao necessarios para suportar essa ideia, bem como para determinar se o
sistema mesolimbico se conecta com o sistema descendente através de circuitos
corticais ou subcorticais.

Embora estudos prévios de imagem em cérebro humano tenham
correlacionado indiretamente a atividade da PAG com a analgesia em resposta a
alguns tipos de estimulagcéo nociceptiva (Derbyshire & Osborn, 2009; Sprenger et al.,
2011; Yelle et al., 2009), até onde sabemos, este estudo é a é a primeira evidéncia
funcional que mostra que o sistema descendente PAG-RVM medeia a analgesia

induzida pela dor. Durante situacdes de ameaca a sobrevivéncia, 0s mecanismos de
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modulacdo da dor séo ativados de forma preventiva, garantindo que o sujeito fique
livre para se envolver em respostas defensivas. Mas se ocorrer uma intensa
estimulacdo nociceptiva, podem ser necessarios mecanismos adicionais para
reprimir a percepcdo da dor e o controle nociceptivo ascendente pode ser o
mecanismo recrutado para realizar essa tarefa. NOs sugerimos que o controle
nociceptivo ascendente aumenta a ativagdo do sistema descendente inibitorio,
assegurando que o mecanismo de modulacdo da dor mais potente funcionara de
forma oOtima quando mais necessario, durante situacdes ameacadoras
acompanhadas de intensa dor aguda.

Em resumo, este estudo demonstra que a estimulacdo nociceptiva ativa uma
via de modulacdo da dor ascendente-descendente que liga o sistema mesolimbico
ao sistema descendente PAG-RVM. Acredita-se que o0 sistema mesolimbico
codifigue o valor, a relevancia e a expectativa relacionados a experiéncia da dor
(Baliki & Apkarian, 2015; Porreca & Navratilova, 2017) e selecione a agao
comportamental mais vantajosa. A percepcao da dor pode perturbar a expresséo da
acdo comportamental selecionada. Uma excelente maneira de evitar que isso
aconteca é aumentar o limiar de percepc¢ao da dor ativando o sistema de modulacao
da dor mais poderoso. O presente estudo apresenta um possivel mecanismo para
alcancar esse objetivo e adiciona pecas importantes ao quebra-cabeca dos
mecanismos enddgenos de modulacdo da dor. A compreensdo dos mecanismos
enddgenos de modulacéo da dor provou ser de grande valor para o desenvolvimento
de novas estratégias de controle da dor (Ossipov et al., 2010). Este estudo contribui

para avancar nossa compreensio neste campo fascinante.



8 CONCLUSAO

O controle nociceptivo ascendente esta funcionalmente interligado ao
sistema descendente PAG-RVM. Através de uma abordagem farmacoldgica, este
estudo demonstrou que a antinocicepcdo induzida pela injecdo de capsaicina
(ferramenta utilizada para ativar o controle nociceptivo ascendente) foi prevenida por
todas as intervencbes supraespinhais conhecidas por bloguear o componente
ascendente ou por intervencdes padroes conhecidas por bloguear o descendente
(PAG-RVM e medula espinhal). Isto nos permite afirmar que ambos mecanismos
estdo funcionalmente interligados. Esta é a primeira descricdo de uma via espinhal-

prosencéfalo-mesencéfalo-espinhal envolvida na modulagéo da dor.
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