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RESUMO

A privacdo do sono paradoxal (PSP) pode alterar a sensibilidade a dor ou predispor
ao desenvolvimento de condi¢cbes dolorosas. No entanto pouco € conhecido a
respeito dos mecanismos pelos quais a privacdo de sono afeta a dor. A PSP diminui
o efeito analgésico da morfina, que depende da ativacao do sistema descendente da
modulacdo da dor, compreendendo a Substancia Cinzenta Periaquedutal (PAG) e
Bulbo RostroVentro Medial (RVM). Desse modo, o objetivo desse trabalho foi avaliar
se a PSP aumenta a nocicepcéo fasica e tbnica, por meio do teste de formalina, e
diminui o efeito antinociceptivo da morfina administrada na PAG ventral (vPAG). N6s
avaliamos também se a PSP aumenta a dor por modular a atividade enddégena do
sistema descendente da modulagéo da dor. Ratos foram separados em dois grupos,
controle e submetidos a privacdo de sono paradoxal (PSP) por meio da técnica de
plataforma Unica. Primeiramente foi realizado uma curva dose resposta para o teste
de formalina (0, 0,5, 0,75 e 1%), sendo a dose de 0,75% escolhida para os
experimentos. Os animais foram submetidos a PSP por um periodo de 24 e 48
horas, e ambos aumentaram a resposta nociceptiva tanto no teste de formalina
como no teste de limiar nociceptivo mecénico. PSP diminuiu significantemente o
efeito antinociceptivo maximo da administracdo de morfina na vPAG. Uma dose de
antagonista de receptor GABAa, bicuculina (30 pmol intra-vPAG), que diminuiu a
nocicep¢ao em ratos controles, ndo diminuiu nos ratos privados de sono. Além disso,
uma dose de antagonista de CCK2, YM022, (0,5 pmol intra-RVM), que diminuiu a
nocicepcdo em animais privados de sono paradoxal, ndo diminuiu em animais
controles. Enquanto uma dose de agonista de CCK2, CCK-8 (8 pmol intra-RVM),
gue aumentou a nocicepcdo em animais controles, ndo aumentou em animais
privados de sono. A expressdo de c-Fos foi significantemente maior nos animais
privados de sono em relacdo aos animais controles. Esses resultados sao
compativeis com uma diminui¢cdo da via descendente inibitéria de modulagdo da dor
e um aumento da via descendente facilitatéria da modulacdo da dor em animais
privados de sono. Em conclusdo, n6s demonstramos que a PSP aumenta a resposta
de dor ténica inflamatéria como a resposta nociceptiva fasica, e diminui o efeito
antinociceptivo da morfina administrada na vPAG. Os mecanismos responsaveis
pelo efeito pronociceptivo da PSP parece depender de uma alteracdo da atividade
da via descendente de modulacéo da dor.

Palavras-chave: dor; modulacdo descendente da dor; morfina; nocicepc¢éo; privagao
de sono paradoxal.



ABSTRACT

Paradoxical sleep deprivation increases phasic nociceptive responses and
decreases the antinociceptive effect of systemic morphine in rats. However, the
mechanisms underlying the pronociceptive effects of paradoxical sleep deprivation
are not known. In this study we asked whether paradoxical sleep deprivation also
increases tonic nociception in the formalin test, and decrease the antinociceptive
effect of morphine administered into the periaqueductal grey matter, a key region
involved in opioid analgesia and endogenous pain modulation. We also asked
whether paradoxical sleep deprivation increases pain by modulating the activity of
the endogenous descending pain modulation system. Paradoxical sleep deprivation
for either 24 or 48 hours equally and significantly increased formalin-induced
nociception and decreased nociceptive mechanical paw withdrawn threshold.
Paradoxical sleep deprivation significantly decrease the maximal antinociceptive
effect induced by the administration of morphine into the ventral periagueductal grey
matter. A dose of the GABA, receptor antagonist, bicuculine (30 pmol in the ventral
periagueductal grey matter), that decreased nociception in control rats did not in
paradoxical sleep deprived ones. Furthermore, a dose of the CCK2 receptor
antagonist, YM022 (0.5 pmol intra-rostral ventral medulla), that decreased
nociception in paradoxical sleep deprived rats did not in control ones. While a dose of
the CCK2 receptor agonist, CCK-8 (8 pmol intra-rostral ventral medulla), that
increased nociception in control rats did not in paradoxical sleep deprived ones. c-
Fos expression in RVM was significantly higher in sleep deprived animals when
compared with control animals. These findings are compatible with a decreased
descending pain inhibitory modulation and an increased descending pain facilitatory
modulation in sleep deprived rats. In conclusion, we demonstrated that paradoxical
sleep deprivation enhances tonic inflammatory, as well as phasic nociceptive
responses and decreases the antinociceptive effect of morphine administered into
the periagueductal grey matter. The mechanisms underlying the pronociceptive effect
of paradoxical sleep deprivation appears to relies on a modulation of descending
pain modulatory activity

Keywords: Pain; sleep; nociception; paradoxical sleep deprivation; descending pain
modulation; morphine.
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1 INTRODUCAO

Disturbios no padrdo normal de sono tém se tornado um problema de grande
impacto na sociedade atual, possivelmente em virtude do estresse e do acelerado
ritmo das atividades didrias que caracterizam a vida nas grandes cidades. Dados
obtidos no Instituto do Sono da Universidade Federal de Sdo Paulo indicam que
77% da populacdo dessa cidade sofre com algum problema relacionado ao sono
(Santos-Silva et al. 2009). Estd bem determinado que alterag6es no padrdo normal
de sono estdo associadas a graves prejuizos econdmicos e de saude, inclusive
aumentando o risco de mortalidade por causas variadas (Ranjbaran et al. 2007).

Assim como os disturbios de sono, a dor tem se tornado um problema cada
vez mais comum na sociedade moderna. Ndo ha dados sobre a prevaléncia da dor
no Brasil, mas, extrapolando dados da populagdo americana (IOM 2011) para a
brasileira, chegariamos ao numero de setenta e trés milhdes de pessoas nessa
condicdo em todo o pais. Certamente este é um dos maiores problemas da saude
publica, possivelmente a nivel mundial, que além de afetar diretamente a qualidade
de vida de milhdes de pessoas, esta associado a um gigantesco impacto econémico.

Recentemente, varios estudos tém investigado a relacdo entre percepcao a
dor e disturbios de sono (Morin et al. 1998; Onen et al. 2000; Smith et al. 2000; Onen
et al. 2001b; Andersen et al. 2004; Nicholson and Verma 2004; Nascimento et al.
2007; Wei et al. 2008; Damasceno et al. 2009; Wei et al. 2010; Azevedo et al. 2011;
Skinner et al. 2011; Damasceno et al. 2013). A partir desses estudos ficou claro que
essa é uma relacdo bidirecional, uma vez que a dor pode causar distarbios no sono
(Mori et al. 1998; Smith 2000; Nicholson and Verma 2004) e distdrbios do sono
podem alterar a sensibilidade a dor ou predispor ao desenvolvimento de condi¢cdes
dolorosas (Onen et al. 2000; Wei et al. 2008; Damasceno et al. 2009; Wei et al.
2010; Damasceno et al. 2013).

O crescente numero de estudos investigando a interacéo entre sono e dor e
a unanimidade de resultados indicando que a privacdo de sono tem papel pro-
nociceptivo contrasta com o pobre entendimento a respeito dos mecanismos pelos
quais a privagao de sono afeta a dor. Os poucos estudos que investigaram oS
mecanismos envolvidos no efeito pro-nociceptivo da privacdo de sono se

concentraram em mecanismos espinhais, ou utilizaram intervencdes sistémicas. Por
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exemplo, j& foi demonstrado que a privacdo de sono paradoxal modula a atividade
serotoninérgica (Wei et al. 2008; Ohayon 2009), aumenta a glutamatérgica (Wei et
al. 2007) e diminui a GABAérgica (Wei et al. 2010) ao nivel espinhal. Além disso, a
privacdo de sono paradoxal diminui o efeito antinociceptivo induzido pela
administracdo sistémica de agonista dopaminérgico (Skinner et al. 2011), assim
como demonstrado para agonistas opidides (Nascimento et al. 2007; Skinner et al.
2011). Com relacdo a analgesia opidide, ja estd bem determinado que a privacéo do
sono paradoxal a afeta de forma importante, pois ja foi demonstrado que a analgesia
induzida pela administracéo sistémica de morfina € diminuida pela privacdo de sono
paradoxal (Nascimento et al. 2007; Skinner et al. 2011).

A administracdo sistémica de morfina induz analgesia ao ativar receptores
opidides localizados em trés diferentes niveis do neuroeixo: supra-espinhal; espinhal
e periférico. A analgesia mediada pela ativacdo de receptores opidides supra-
espinhais depende da ativacao farmacoldgica de mecanismos envolvidos no sistema
descendente de modulacdo da dor. Portanto, se a privacdo de sono diminui a
analgesia induzida pela administracdo sistémica de morfina, que € mediada, em
parte, pela ativagdo de mecanismos envolvidos no sistema descendente de
modulacdo da dor, é possivel que o efeito pr6-nociceptivo da privacdo de sono seja
mediado por alteracdes na atividade desse sistema enddégeno de modulacao da dor.

O sistema descendente da modulacdo da dor pode facilitar ou inibir a
transmissdo da informacdo nociceptiva, podendo ter acdo pré-nociceptiva ou
antinociceptiva, respectivamente. A via de facilitacdo da informacao nociceptiva pode
ser ativada por meio da estimulacdo de receptores para CCK, um neuropepitideo
gue age em receptores CCK 2 localizados no RVM, causando o aumento a
nocicepcao (Xie et al. 2005), e a via de inibicAo pode ser ativada por meio de
estimulacdo por opidide ou antagonista GABAérgico (Fields 1994; Millan 2002).
Desse modo, nesse trabalho, foi utilizada uma abordagem farmacélogica a fim de
ativar ou inibir tais vias e comparar seu efeito da resposta nociceptiva em ratos

controles e privados de sono.
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2 REVISAO DE LITERATURA

2.1. SONO

O sono pode ser dividido em dois estados: ndo-REM (do inglés, Rapid Eye
Movement) e REM (figura A) (Ranjbaran et al. 2007; Hobson 2009). Esses estagios
sdo classificados por meio de eletroencefalograma, eletromiograma e eletro-
oculograma. O sono nao-REM pode ser subdividido em quatro fases, sendo a
terceira e a quarta consideradas fases tranquilas de sono ou sono de ondas lentas.
O sono REM ou paradoxal € definido por uma diminui¢cdo do tbnus muscular, maior
ativacdo do eletroencefalograma (EEG) e movimentos rapidos dos olhos captados
pelo eletro-oculograma, sendo essas duas Ultimas caracteristicas parecidas com as
encontradas durante o ciclo de vigilia, sendo por isso também conhecido como sono
paradoxal (Ranjbaran et al. 2007), termo que sera utilizado neste trabalho.

O primeiro marco historico referente a estudos do sono teve inicio em 1929,
com a obtencéo de registros de EEG em humanos, na qual o primeiro registro das
ondas cerebrais foi obtido pelo psiquiatra alem&do Hans Berger (Berger 1929). Apos
essa descoberta, Loomis e co-autores, foram os primeiros a diferenciar as fases da
vigilia, sono e sonhos no EEG em humanos (Loomis et al. 1935). Por meio de suas
pesquisas, eles identificaram os estagios de sono e vigilia, como também a fase em
gue 0s sonhos ocorrem e que esta se encontra com ondas cerebrais em baixa
amplitude. Logo apds, o cientista alemao Rudolf Klaue, comec¢ou a estudar o EEG
em gatos, e descobriu uma sequéncia caracteristica do sono, em que ocorre um
periodo de sono leve, em que o cértex produz ondas lentas, seguido por um periodo
de sono mais profundo, ocorrendo um aumento da atividade cortical (Klaue 1937).
Essa fase de sono profundo, s6 foi denominada de paradoxal, apos pesquisas de
Aserinsky e Kleitman, que associaram essa fase com movimento ocular rapido
(Aserinsky and Kleitman 1953).
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Figura A: representacdo de um hipnograma demonstrando os diferentes estagios do sono. As linhas
azuis representam os momentos de sono paradoxal. Figura demonstrando o ciclo de trés individuos
diferentes. (Figura adaptada de HOBSON 2009, REM sleep and dreaming: towards a theory of
protoconsciousness: Nat Rev Neurosci. 2009 Nov;10(11):803-13.

Uma das funcdes do sono consiste em manter o organismo num estado em
gue se encontra em repouso para desempenhar as funcdes no restabelecimento e
manutencdo da homeostasia organica, que ocorrem principalmente enquanto o
individuo esta dormindo (Andersen et al. 2004; Nascimento et al. 2007; Landolt
2008; Son et al. 2011). Disturbios do sono podem ocasionar alteracdes organicas
resultando em disfuncées no controle homeostatico. Essa disfuncdo do controle
homeostatico interfere negativamente na qualidade de vida das pessoas (Ranjbaran
et al. 2007).
A maioria dos disturbios de sono se caracteriza por prejuizos ou diminuigdo
da fase de sono paradoxal (Carli et al. 1987), que ocorre, em geral, durante a
segunda metade da noite. Por esta razdo, a maioria dos estudos experimentais
utiliza a privacdo de sono paradoxal (PSP), pois tal procedimento € considerado
semelhante as situacdes de fragmentacdo do sono, devido aos momentos de
despertar repetidos, podendo ser considerada uma ferramenta Util para investigar os

efeitos da perda do sono (Machado et al. 2005).
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2.2. SISTEMA DESCENDENTE DA MODULACAO DA DOR

Os primeiros estudos envolvendo a analgesia produzida por estimulacdo da
PAG séo provenientes do final da década de 60. Experimentos realizados com ratos,
nos quais um teste simples de reflexo de retirada era utilizado, demonstraram que
uma regido mesencefalica, nesse caso a PAG, quando estimulada causava uma
inibicdo da resposta comportamental ao estimulo nocivo (Reynolds 1969; Mayer et
al. 1971).

A PAG consiste numa regido central pertencente ao sistema descendente da
modulacdo da dor. Esta regido emite eferéncias para o RVM, que a partir dessa
regido pode facilitar ou inibir a transmissédo da informacéo nociceptiva em nivel de
corno dorsal, tendo, portanto, papel pré ou antinociceptivo, dependendo dos
mecanismos ativados (Millan 2002; Fields 2004). Conforme ilustrado na figura B, a
PAG, ao integrar multiplas aferéncias provenientes de diversas regides centrais e da
periferia, modula a nocicep¢do por meio da conexdo com neurbnios do (RVM),
regido que inclui o nudcleo magno da rafe e formacdo reticular adjacente. Os
neurénios provenientes do RVM se projetam, através do funiculo dorsolateral, para o
corno dorsal da medula espinhal onde controlam a passagem do impulso nociceptivo
(Millan 1999; 2002; Fields 2004). Portanto, a ativacdo de neurdnios no RVM pode
facilitar ou inibir a transmisséo da informacéo nociceptiva ao nivel do corno dorsal.
Esse aparente paradoxo pode ser explicado pela ativagcdo de duas classes de
neurbnios no RVM, diferenciadas pelo inicio da atividade elétrica em resposta a um
reflexo nociceptivo (por exemplo, reflexo de retirada da pata ou cauda em resposta a
estimulo térmico ou mecénico). As células “on” iniciam e as células “off” interrompem
sua atividade elétrica imediatamente antes do reflexo nociceptivo. Ambas as células
se projetam do RVM para a medula espinhal, as células “on” exercem acgao
facilitatoria sob a transmissdo da informacao nociceptiva, o que esta de acordo com
seu padrao de disparo coincidente com o reflexo nociceptivo. As células “off” inibem
a transmissdo da informacdo nociceptiva, 0 que também estad de acordo com seu
padrdao de disparo que € interrompido antes do reflexo nociceptivo. Portanto, uma
maior ativagao das células “off” esta associada a inibicdo da transmissao nociceptiva
enquanto uma maior ativacdo das células “on” esta associada a sua facilitagdo. Os
mecanismos que determinam a ativacdo de determinada classe de células em

detrimento da outra ndo séo totalmente conhecidos, mas o tonus opioidérgico na
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PAG e RVM certamente € o mais estudado e talvez importante. As células “on”

expressam receptores opidides mu e as células “off” sdo inibidas por um mecanismo

GABAérgico que ¢€ inibido pela ativacao de receptores opidides mu (Figura C).

transmission
neuron

Figura B: Representacao
esquematica das principais
vias neuronais envolvidas na
transmissdo da informacéo
nociceptiva (vias em roxo) e
no sistema descendente de
modulacdo da dor (vias em
verde, vermelho e amarelo).
A informacdo nociceptiva €
transmitida dos nociceptores
primarios  para  neurbnios
localizados no corno dorsal da
medula espinhal (neurdnios de
segunda ordem). Os axbnios
desses neurfnios atravessam
para a regido contralateral da
medula espinhal, formando um
trato que ascendente pelo
guadrante anterolateral e
termina em distintas &reas do
tronco cerebral e talamo (T). A
partir dessas regides a
informacdo  nociceptiva  é
transmitida (por neurbnios de
terceira ordem) para diversas
areas corticais que controlam

diferentes aspectos da
experiéncia dolorosa. A
substancia cinzenta

periaquedutal (PAG) é a regido
gue controla 0os mecanismos
envolvidos no sistema
descendente de modulagéo da
dor. Para isso, integra multiplas
aferéncias provenientes
diretamente da periferia e de
areas prosencefalicas limbicas
(incluindo o cortex cingulado
anterior, ACC), outras areas
corticais frontais, hipotalamo

(H) e do nucleo central da amigdala. Ao ativar vias descendentes que partem do bulbo
rostroventromedial (RVM) e trafegam pelo funiculo dorsolateral, a PAG controla indiretamente a
transmissdo da informacdo nociceptiva no corno dorsal medula espinhal. Essas vias descendentes
podem exercer tanto controle inibitério (verde) quanto facilitatério (vermelho) da transmissdo da
informacado nociceptiva ao nivel do corno dorsal espinhal. Um canal de controle separado, através
de neurbnios serotoninérgicos no RVM (amarelo), também pode facilitar ou inibir a transmisséo da
informacao nociceptiva (Figura retirada de FIELDS, 2004, State-dependent opioid control of pain:

Nat Rev Neurosci. 2004 Jul;5(7):565-75).
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opidides nalPAG

RVM

Figura C: Distribui¢ao sinaptica de receptores opidides mu (em verde) nas células “on” e “off”
do bulbo rostro ventromedial (RVM). Receptores opidides mu estdo localizados no soma das
células “on” e nas terminagdes dos neurOnios GABAérgicos que inbem as células “off’.  (Figura
adaptada de FIELDS, 2004, State-dependent opioid control of pain: Nat Rev Neurosci. 2004
Jul;5(7):565-75).

Portanto, a liberacdo endégena de opidides ou a administracdo de agonistas
de receptores opidides mu, como a morfina, inibe diretamente as células “on” e ativa
indiretamente (por meio da desinibicio GABAérgica) as células “off’. Esse
mecanismo explica por que antagonistas de receptores GABAa, que estdo
normalmente associados a uma acgao pré-nociceptiva, quando administrados na
PAG ou RVM induzem analgesia (Heinricher et al. 1992; Fields 2004).

Os mecanismos que medeiam a atividade descendente facilitatéria sdo bem
menos conhecidos, no entanto evidéncias recentes apontam para um papel central
da Colecistocinina (CCK) (Heinricher et al. 2001; Heinricher and Neubert 2004; Xie et
al. 2005). A CCK pode ser considerada um “anti-opiéide” endégeno (Faris et al.
1983), uma vez que suas ac¢les excitatérias antagonizam 0S mecanismos
opioidérgicos e seus receptores tém distribuicdo similar aos receptores opidides
(Ghilardi et al. 1992). Dados obtidos em estudos eletrofisiolégicos demonstram que a
administragdo de CCK no RVM ativa diretamente as células “on” (Heinricher and
Neubert 2004) e inibe a ativagcado das células “off” em resposta a morfina (Fields
2004). Dados funcionais corroboram essas observacdes ao demonstrar que a
manutencdo de estados de dor persistente, classicamente associados a
mecanismos facilitatorios descendentes, depende da liberagdo endogena de CCK e
ativacédo de receptores CCK2 (figura D) (Baber et al. 1989; Kovelowski et al. 2000;
Ambriz-Tututi et al. 2011).
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Figura D: representacdo esquemdtica das interacfes de CCK, CCK antagonista,
encefalinas/endorfinas e morfina na producéo de dor e analgesia. Um estimulo nocivo ativa o
neurdnio sensorial do corno dorsal diretamente pela via encefalinas/endorfinas ou via neurdnios de
CCK. Encefalinas/endorfina liberadas nesses neurbnios estimulam receptores de opidide no corno
dorsal da medula espinhal (A); o receptor pode também ser estimulado por morfina exégena. Como
consequéncia, o disparo dos neurbnios do corno dorsal é reduzido resultando na analgesia. Além
disso, morfina ou encefalinas/endorfinas enddgenas estimulam receptor de opidide no neurénio CCK
(B). A liberagédo de CCK de seu préprio neurdnio estimula receptor de CCK no corno dorsal, que pode
ser estimulado também por CCK exdgeno (C), como consequéncia o limiar nociceptivo diminui. Os
efeitos da CCK em seu receptor sdo bloqueados por um antagonista, resultando no aumento da
analgesia induzida por opiéide enddégeno e exdgeno. (Figura BABER et al. 1989, The role of CCK,
caerulein, antagonists in nociception. Pain 1989;39(3):307-328).

Estudos ja4 demonstraram que a PSP diminui a analgesia da morfina
sisttmica (Nascimento et al. 2007; Skinner et al. 2011), e como ja citado
anteriormente, a morfina possui agao no sistema descendente da modulacao da dor.
Desse modo é possivel que o efeito pro-nociceptivo da privagdo de sono seja
mediado por altera¢des na atividade desse potente sistema enddgeno de modulagéo

da dor.
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2.3. RELACAO ENTRE SONO E DOR

Atualmente, distarbios do sono e condi¢cdes dolorosas estdo se tornando
cada vez mais comuns na sociedade moderna. Ha evidéncias indicando que esses
dois problemas de saude possuem uma relacdo bi-direcional. Em humanos,
condi¢gbes dolorosas podem alterar o padrdao normal de sono (Morin et al. 1998;
Smith et al. 2000; Nicholson and Verma 2004) e disturbios do sono podem aumentar
a dor clinica reportada pelos individuos (Gupta et al. 2007; Edwards et al. 2008;
Haack et al. 2009).

Experimentalmente, esta bem determinado que a privacdo de sono
paradoxal em animais diminui o limiar nociceptivo mecéanico (Wei et al. 2007; Wei et
al. 2008; Wei et al. 2010; Damasceno et al. 2013) e térmico (Nascimento et al. 2007,
Damasceno et al. 2009; Skinner et al. 2011). A avaliacdo de respostas nociceptivas
reflexas, como é o caso nesses modelos de retirada de pata ou cauda em resposta a
estimulos nociceptivos mecanicos ou térmicos, € uma ferramenta amplamente
utilizada e de reconhecida validade no estudo de mecanismos nociceptivos. No
entanto, esses modelos ndo séo ideais para representar experimentalmente a dor
clinica em humanos, uma vez que 0S mecanismos que medeiam respostas
nociceptivas fasicas divergem daqueles que medeiam respostas nociceptivas de
carater tonico ou persistente (Wei et al. 2007). Embora alguns poucos estudos
tenham demonstrado que a privacdo de sono paradoxal aumenta a resposta
nociceptiva a estimulos fasicos em modelos de dor neuropatica (Andersen et al.
2004; Wei et al. 2007) e artritica (Andersen et al. 2004) ndo ha dados que
demonstrem que a privacdo de sono afeta a nocicepcdo em modelos de dor ténica
ou inflamatéria.

A injecdo de formalina na pata de ratos é um modelo classico de
nocicepcdo, induz resposta nociceptiva de carater tbnico, com duracdo de
aproximadamente uma hora e numa perspectiva clinica, seu uso experimental
satisfaz os critérios para simular a dor inflamatoria em humanos (Tjolsen et al. 1992;
Morris 2003). Aparentemente um Unico estudo avaliou o efeito da privagdo de sono
na nocicepcao induzida pela formalina e o resultado encontrado sugere que a PSP
nao afeta a nocicepgédo nesse modelo (Onen et al. 2001b). No entanto, uma dose
muito alta (5%) de formalina foi utilizada, com tal dose é impossivel visualizar

qualquer aumento em sua resposta em ratos.
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3 JUSTIFICATIVA E OBJETIVOS

Diante do exposto, é possivel observar que embora alguns trabalhos ja
tenham estudado a relacdo entre distarbios do sono e dor, pouco ainda se sabe a
respeito dos mecanismos pelos quais tais distirbios aumentam a dor. Assim sendo,
0 primeiro objetivo desse estudo foi investigar e comparar o efeito da PSP em
modelo de dor ténica inflamatoria, por meio do teste de formalina, e em dor fasica,
por meio do teste de limiar mecanico em ratos. O segundo objetivo desse estudo foi
demonstrar o efeito da PSP no efeito antinociceptivo da morfina administrada na
VPAG. E finalmente, o terceiro objetivo, foi investigar se a PSP aumenta a dor por
diminuir a atividade descendente inibitéria da modulagéo da dor e/ou por aumentar a
ativacdo da via descendente facilitatoria da modulagéo da dor.

1- Para isso, inicialmente foi avaliado se a privacdo de sono paradoxal
aumenta a resposta nociceptiva induzida por estimulo ténico (inje¢do de formalina na
pata), assim como sabidamente o faz para estimulos fasicos (limiar nociceptivo
mecanico).

2- Foi avaliado se a privacdo de sono paradoxal diminui a analgesia induzida
pela administragdo de morfina na VPAG, analgesia essa que, como discutido acima,
depende da ativacdo farmacoldgica de mecanismos inibitérios e inibicdo de
mecanismos facilitatorios descentes.

3- A resposta a administracdo de antagonista GABAa na VPAG foi
comparada em ratos controle e com privacédo de sono paradoxal, e foi utilizada como
ferramenta farmacolégica para verificar se a privacdo de sono paradoxal diminui a
atividade descendente inibitoria.

4- A resposta a administracdo de antagonista ou agonista de receptores
CCK2 no RVM foi comparada em ratos controle e com privagdo de sono paradoxal,
e foi utilizada como ferramenta farmacoldgica para verificar se a privacdo de sono
paradoxal aumenta a atividade descendente facilitatéria

5- A resposta a administracéo de lidocaina no RVM foi comparada em ratos
controle e com privacdo de sono paradoxal, e foi utilizada como ferramenta
farmacoldgica adicional para verificar se a privacdo de sono paradoxal aumenta a

atividade descendente facilitatoria.
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Abstract

Paradoxical sleep deprivation increases phasic nociceptive responses and decreases
the antinociceptive effect of systemic morphine in rats. However, the mechanisms
underlying the pronociceptive effects of paradoxical sleep deprivation are not known.
In this study we asked whether paradoxical sleep deprivation also increases tonic
nociception in the formalin test, and decrease the antinociceptive effect of morphine
administered into the periaqueductal grey matter, a key region involved in opioid
analgesia and endogenous pain modulation. We also asked whether paradoxical
sleep deprivation increases pain by modulating the activity of the endogenous
descending pain modulation system. Paradoxical sleep deprivation for either 24 or 48
hours equally and significantly increased formalin-induced nociception and
decreased nociceptive mechanical paw withdrawal threshold. Paradoxical sleep
deprivation significantly decrease the maximal antinociceptive effect induced by the
administration of morphine into the ventral periaqueductal grey matter. A dose of the
GABA\ receptor antagonist, bicuculine (30 pmol intra-periaqueductal grey matter),
that decreased nociception in control rats did not decrease in paradoxical sleep
deprived ones. Furthermore, a dose of the CCK2 receptor antagonist, YM022 (0.5
pmol intra-rostral ventral medulla), that decreased nociception in paradoxical sleep
deprived rats did not in control ones. While a dose of the CCK2 receptor agonist,
CCK-8 (8 pmol intra-rostral ventral medulla), that increased nociception in control rats
did not in paradoxical sleep deprived ones. These findings are compatible with a
decreased descending pain inhibitory modulation and an increased descending pain
facilitatory modulation in sleep deprived rats. In conclusion, we demonstrated that
paradoxical sleep deprivation enhances tonic inflammatory, as well as phasic
nociceptive responses and decreases the antinociceptive effect of morphine
administered into the periaqueductal grey matter. The mechanisms underlying the
pronociceptive effect of paradoxical sleep deprivation appears to relies on a
modulation of descending pain modulatory activity

Keywords: Pain; sleep; nociception; paradoxical sleep deprivation; descending pain
modulation; morphine.
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1. Introduction

The quantity and quality of sleep is essential for healthy brain functioning and
organic homeostasis. The prevalence of sleep disturbances is increasing in the
general population, being insomnia the most common with a prevalence ranging from
12 to 20% (Wallace et al. 2012; Buysse 2013). There are evidences indicating a
reciprocal relationship between sleep disturbances and pain. Painful conditions can
alter normal sleep pattern (Morin et al. 1998; Smith et al. 2000; Nicholson and Verma
2004) and sleep disturbance can enhance self reported clinical pain (Gupta et al.
2007; Edwards et al. 2008; Haack et al. 2009) in humans. In animals, there is a body
of evidence showing that paradoxical sleep deprivation (PSD) enhances phasic
nociceptive responses (Onen et al. 2000; Wei et al. 2008; Damasceno et al. 2009;
Wei et al. 2010; Damasceno et al. 2013). However, there is no evidence that sleep
deprivation increases pain in tonic inflammatory models, considered more
representative of clinical pain conditions. In addition, the mechanisms by which sleep
deprivation increases pain are poorly understood.

It was already determined that PSD modulates the serotonergic system (Wei
et al. 2008; Ohayon 2009), increases glutamatergic (Wei et al. 2007) and reduces
GABAergic activity (Wei et al. 2010) at spinal level. Moreover, PSD decreases the
antinociceptive effect induced by systemic administration of morphine (Nascimento et
al. 2007; Skinner et al. 2011). An essential neural circuit for morphine analgesia is
the descending pain modulation system (Fields 2004), in which the Periaqueductal
Gray Matter (PAG) through its projections to the rostral ventromedial medulla (RVM),
controls nociceptive transmission at the spinal cord (Millan 2002). This system has
two kinds of descending efferences, while the pain inhibitory pathways decrease
spinal nociceptive transmission; the pain facilitatory pathways increase it (Millan
2002). The effect of PSD on the analgesia induced by morphine administered into the
PAG is not known. However, considering that PSD decreases systemic morphine
analgesia, which depends on the descending pain modulation system, it is possible
that PSD increases pain by modulating such system.

The first aim of this study was to investigate and compare the effect of PSD in
a tonic inflammatory pain model, the rat formalin test, and in a phasic pain model, the

rat mechanical paw withdrawal test. The second aim of this study was to demonstrate
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the effect of PSD in the antinociceptive effect of morphine administered into the PAG.
Finally, the third aim of this study was to investigate whether PSD increases pain by
decreasing the activation of the descending pain inhibitory pathways or/and by
increasing the activation of descending pain facilitatory pathways. To assess this
issue we used a pharmacological approach to activate or inhibit such pathways and
compared its effect on the nociceptive response in control and sleep deprived rats.
General exploratory activity was evaluated in an open-field to avoid confusing results

due to drug effects on locomotor activity,
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2. Materials and Methods

2.1. Animals

The experiments were performed in male Wistar rats (230 — 300g). The
animals were housed in cages with ad libitum access to rat chow 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
local Committee on Animal Research of the Federal University of Parana and
followed the guidelines of the Ethics Standards of the International Association for
the Study of Pain in animals (Zimmermann 1983).

2.2 Drugs

Formalin (an aqueous solution of 37% formaldehyde dissolved in 0.9% NaCl
to a concentration of 0.5, 0.75 and 1%, administered in the rat’s paw); morphine, an
opioid receptor agonist (0.9 nmol or 9 nmol, administered into the ventral PAG,
Morgan et al. 2009); bicuculline, a GABAAa receptor antagonist (30 pmol, 90 pmol or
300 pmol, administered into the ventral PAG, Morgan and Clayton 2005); YM022, a
cholecystokinin 2 (CCK 2) receptor antagonist (0.5 or 2 pmol, administered into the
RVM, Xie et al. 2005); CCK-8, a CCK 2 receptor agonist (8 or 26 pmol, administered
into the RVM, Vera-Portocarrero et al. 2011); QX-314, lidocaine—ethyl bromide (2%,
administered into the RVM, Saade et al. 2010) were purchased from Sigma St Louis
MO, except YM022 obtained from Tocris Bioscience, Avonmouth, Bristol, UK. All

drugs were dissolved in 0.9% NacCl.
2.3 Stereotaxy Surgery

The rats were anesthetized with xylazine (10 mg/kg) and ketamine (80 mg/kg)
and placed in a stereotaxic instrument. The skull was exposed and a small hole was
made for introduce a 26-gauge guide cannula into ventral PAG or RVM. For the
placement of the cannula into ventral PAG, it was utilized the following coordinates
from lambda: 0 mm from the anteroposterior, lateral -2.4 mm and dorsoventral 3.9
mm. For the placement of the cannula into RVM, the coordinates were 2.3 mm

caudal and 0.2 mm ventral from the intra-aural line. The cannula was fixed into place
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with orthodontic resin (L.D. Caulk Co., Milford, DE, USA) and a small screw was fixed
in the skull to ensure its immobility. After surgery, the animals received dipyrone
(50mg/kg) and enrofloxacin (0.5 mg/kg) and experiments were carried out 7-9 days
later. Injection sites were verified by injecting Evans blue dye (1%, 0.5 pl) and
performing 50 ym postmortem coronal sections (Paxinos and Watson 2007) to
determine the location of the dye (Gear and Levine 1995)

2.4 Paradoxical Sleep Deprivation Procedure (PSD)

The rats were submitted to PSD for a period of 24 or 48 h using the single
platform method (Lima et al. 2008). Briefly, the rats were placed on 6.5 cm diameter
circular platform located in a tank (23 x 23 x 35 cm) filled by water up to 1 cm of the
platforms’ surface. During paradoxical sleep, rats tend to fall off the platform due to
muscular atonia. Therefore, sleep deprivation induced by the platform method
involves numerous awakenings which predominantly affect the paradoxical stage of
sleep. Such procedure is considered to mimic sleep fragmentation due to repeated
awakenings being a useful tool to investigate the effects of sleep loss (Machado et al.
2005). The control groups were maintained under same conditions but there was no
water into the cages.

2.5 Behavioral testing

Nociceptive behavioral testing was performed immediately after the end of
PSD procedure, during the light phase (between 9:00 AM and 5:00 PM), in a quiet
room maintained at 23°C. Before the experiments, each animal was manipulated for
7 days to be habituated to the experimental manipulation. Rats did not have access

to food or water during the test, and each animal was used once.
2.5.1 Open field test

The open field area was divided into 16 squares and it consists if a circular
area (1 m of diameter) limited by a 40 cm-high wall and illuminated by four 60W
lamps situated 48 cm above the arena floor, providing illumination around 300 Ix
(Broadhurst, 1960). The animals were placed at the corner of the arena and allowed
to explore for 5 min. The exploratory behavior was measured by the quantification the

number of crossed squares.
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2.5.2 Nociceptive mechanical paw withdrawal test

The Randall-Selitto test (Randall and Selitto 1957) was used to assess the
nociceptive mechanical paw withdrawal threshold. In this test, a continuous pressure
is applied to the dorsal surface of the rat’s hind paw until the animal withdrew the
paw. A cutoff pressure of 280 g was set to avoid tissue damage. The nociceptive
mechanical threshold was defined as the force in grams at which the rat withdrew its
paw. The value was obtained from the mean of three readings made in intervals of 5
minutes. Data were expressed in figures as a variation before-after the key
intervention. For example, when the aim of the experiment was to determine the
effect of PSD (first figure), data were expressed as variation in nociceptive
mechanical threshold before PSD — after PSD. When the aim of the experiment was
to compare the effect of a drug in control and sleep deprived animals (subsequent
figures), data were expressed as variation in nociceptive mechanical threshold before
drug administration — after drug administration. In the last case, the evaluated
response could be matched between control and sleep deprived rats, allowing a

direct comparison of the effect of each drug between groups.
2.5.3 Formalin Test

Each animal was individually placed in a test chamber (30 x 30 x 30 cm
mirrored-wood chamber with a glass at the front side) for a 5-minute habituation
period to minimize stress. Saline or formalin was administered subcutaneously in the
right hind paw, total volume injection was 30 pl. After the injection, the rats were
immediately returned to the test chamber for counting behavioral nociceptive
responses, characterized by intense flinches of the injected paw, during a 60-minute
observation period. The total number of flinches recorded during the entire duration

of the experiment was used as a measure of nociception.

2.6 c-Fos immunohistochemistry

The rats were previously anesthetized by an intramuscular injection
ofxylazine (3 mg/kg) and ketamine (100 mg/kg) immediately after the behavioral test
and were intracardially perfused with saline followed by 4% formaldehyde in 0.1 M
phosphate buffer, pH 7.4. Brains were removed from the skulls and were immersed

for 1 week in formaldehyde at 4°C. Subsequently, th e brains were placed in 30%
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sucrose solution for 48 h before sectioning. Three 40 um sections per animal were
taken between bregma -7.92 mm and -8.40 mm coordinates to VPAG and between
interaural -2.16 mm and -2.40 mm coordinates to RVM (Paxinos and Watson 2007).
Tissue sections were incubated overnight at 4°C with rabbit anti-c-Fos
primary antibody (1:500 in PBS plus 0.3% Triton X-100; antibody catalogue #AB038,
Chemicon, USA). Sections were then incubated with a biotin-conjugated secondary
antibody (1:200, Vector Laboratories, USA) for 2h at room temperature. After several
washes with PBS, the antibody complex was localized using the ABC system
(Vectastain ABC Elite kit, catalogue #PK6101, 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 ascending

concentrations of ethanol-xylene solutions.

2.7 Quantification of c-Fos immunoreactive cells

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 immunoreactive cells were performed using ImageJ 1.37¢
(Public Domain) image analysis software. c-Fos immunoreactive (c-Fos-ir) cells In
the VPAG and RVM, were quantified manually using a reticular field. Data are
expressed in graphics as the mean number of total c-Fos-ir cells in control and sleep

deprived group of rats

2.8 Statistical analysis

One-way ANOVA was used to determine if there were significant differences
between groups in figure 1. Two-way ANOVA with two between subject factors
(control or PSD) was used to determine if there were significant differences among
the groups in the subsequent experiments. Post-hoc contrasts, using the Tukey test,
were performed to determine the basis of the significant difference. A Student’s
unpaired t-test was used to determine if there were significant differences between
the number of c-Fos immunoreactive cells in the vPAG and RVM. Data are plotted in
figures as mean * EPM. The level for statistical significance was p < 0.05.
SigmaPlot® software (SPSS, Chicago, IL, USA) was used to perform data analysis

and graphical representation.
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3. Results

3.1. PSD increases nociception

To determine the lowest dose of formalin able to induce nociception, a dose
response curve of formalin was conducted.

Formalin induced a dose dependent nociceptive behavior in control animals
and the dose of 0.75% was the lowest able to induce nociception (figure 1, One Way
Anova and Tukey test, p < 0.05). This was the dose used in the subsequent
experiments because it is easier to visualize any change (increase or decrease) in

formalin-induced nociceptive response with intermediate doses.

Figure 1. Dose response curve of
formalin Formalin induced a dose-

450 7 dependent nociceptive response.
200 The symbol “*” indicates a response
. significantly higher than that induced
350 4 * by vehicle (0% group). The symbol
T “+” indicates a response significantly
_ 300 4 higher than that of the other groups,
2 One Way Anova and Tukey test, p <
£ 250 1 * 0.05.
2 T
S 200 A
£
150 A
-
100 A
50 -
0
(5) (6) (10) (12)
0% 0.5% 0.75% 1%

To characterize the pro-nociceptive effect of PSD, the animals were submitted
to PSD for 24 h or 48 h and then immediately submitted to the nociceptive tests.

Either 24 h or 48 h of PSD equally and significantly increased nociceptive
responses demonstrated by an increase formalin-induced nociceptive behavior
(figure 2 A, One Way Anova and Tukey test, p < 0.05) and a decrease in nociceptive
mechanical paw withdrawn threshold (figure 2 B, One Way Anova and Tukey test, p

< 0.05, data are expressed in this figure as a variation before-after PSD). Taken
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together these findings show a potent pronociceptive effect of PSD in two different

pain models.

A) Figure 2. The pronociceptive effect

of PSD. (A) The nociceptive behavior
450 induced by 0.75% formalin was
significantly increased after PSD for
400 4 * either 24 or 48 hours, as indicated by
the symbols “*”, One Way Anova

3501 and Tukey test, p < 0.05.

300 A

250 A

200 A

Flinch behavior

150 A

100 ~

50 4

(10) M (7
Control 24h 48h

B) (B) The nociceptive mechanical paw

withdrawal threshold was
significantly decreased after PSD
40 - for either 24 or 48 hours, as
indicated by the symbols “*”. The
85 1 * figure shows the variation in
mechanical paw withdrawal
threshold before/after PSD, One
Way Anova and Tukey test, p <
0.05. In this and in subsequent
figures, data are expressed as
mean + EPM, numbers in
parenthesis indicate the number of
animals in each group. See
methods for additional details
regarding data presentation and
analysis.

PSD = paradoxical sleep
-5 - deprivation

®) ® (8)
Control 24h 48h

45 -

30 A

25 A

20 -

15 A

10 A

Mechanical paw withdrawn threshold (g)
Variation before/after PSD

3.2. PSD decreases the antinociception induced by the administration of

morphine into the PAG

To determine whether PSD affects the antinociceptive effect of morphine

administered into the PAG, we compared the effect of morphine in control and sleep
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deprived rats submitted to the formalin test and the mechanical paw withdrawal test.
The formalin test was used because it is a tonic pain model considered
representative of clinical pain and morphine is widespread used in different pain
conditions. Therefore it is important to determine the effect of PSD in morphine
analgesia using a such model. However, the basal response to formalin is different in
control and sleep deprived rats, precluding the direct comparison of the effect of any
drug between these groups. To solve this problem, we have used in this and in
subsequent experiments the mechanical paw withdrawal test expressing the results
as a variation before-after drug administration. With this strategy the evaluated
response was matched between the groups allowing a direct comparison of the drug
effect.

The injection of morphine into the PAG significantly decreased nociceptive
responses, demonstrated by a decrease in formalin-induced nociceptive behavior
(figure 3 A, Two Way Anova and Tukey test, p<0.05) and an increase in mechanical
paw withdrawn threshold (figure 3 B, Two Way Anova and Tukey test, p<0.05, data
are expressed in this figure as a variation before-after morphine administration) in
control and paradoxical sleep deprived rats. However, some intergroup differences
are worthy of attention. In both tests, the nociceptive response of control and
paradoxical sleep deprived rats was similar with the lowest dose of morphine.
However, the highest dose of morphine further decreased nociception in control but
not in paradoxical sleep deprived animals, suggesting that PSD may blunt the
maximal effect of morphine. Taken together, the findings of figure 3 demonstrated
that PSD significantly decreases the analgesia induced by the administration of
morphine into the VPAG.

The injection of morphine into vPAG did not change the locomotor activity in
the open-field (P > 0.05, see Table 1).
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Figure 3. The effect of PSD on
morphine-induced
antinociception.

(A) Formalin-induced nociceptive
behavior was significantly
decreased by the microinjection of
0.9 nmol or 9 nmol of morphine
into PAG either in control or in
paradoxical sleep deprived rats,
as indicated by the symbols “+”
and “&”, respectively. The symbol
e indicates a response
significantly higher than that of the
respective control group (two-way
ANOVA and Tukey test, p<0.05).

(B) The  mechanical paw
withdrawal threshold was
significantly increased by the
microinjection of 0.9 nmol or 9
nmol of morphine into PAG either
in control or in paradoxical sleep
deprived rats, as indicated by the
symbols “+” and “&”, respectively.
The symbol “” indicates a
response significantly different to
that of the respective control
group (two-way ANOVA and
Tukey test, p<0.05). In this and in
subsequent figures data are
expressed as the variation in
mechanical paw withdrawal
threshold before/after drug
administration.



TABLE 1
EFFECT (MEAN =
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E.P.M.) OF INTRA-VPAG OR INTRA-RVM DRUG INJECTIONS ON THE
LOCOMOTOR BEHAVIOR IN THE OPEN FIELD TEST

Control Animals

PSD Animals

Drug treatment

Squares crossed
(mean + EPM)

Drug treatment

Squares
crossed (mean
+ EPM)

Intra vVPAG morphine

Intra VPAG morphine

(nmol/0.5ul) (nmol/0.5ul)
0 104,83 + 5,74 0 95,25 + 9,86
0.9 89,20 + 9,05 0.9 78,25 + 9,82
9 89,40+ 7,71 9 86,40 + 7,26
Intra VPAG bicuculine Intra VPAG bicuculine
(pmol/0.5ul) (pmol/0.5ul)
0 104,83+ 5,74 0 95,25 + 9,86
30 107,00 + 11,16 30 75,33 + 10,83
90 79,33 + 5,63 a0 78,50 + 5,23
300 78,20 + 4,66 300 89,33+ 6,02
Intra-RVM YM022 Intra-RVM YM022
(pmol/0.5ul) (pmol/0.5ul)
0 115,20 + 13,27 0 89,14 + 9,05
0.5 83,75+ 9,05 0.5 110,25 +12,61
2 94,33 + 5,23 2 146,00 + 5,50
Intra-RVM CCK-8 Intra-RVM CCK-8
(pmol/0.5ul) (pmol/0.5ul)
0 115,20 + 13,27 0 89,14 + 9,05
8 86,66 + 4,91 8 102,00 + 4,91
24 91,00 + 14,64 24 77,50 + 2,46
Intra-RVM Lidocaine (%) I(g}f)r)a—RVM Lidocaine
0 115,20 + 13,27 0 89,14 + 9,05
2 92,75 + 4,58 2 86,66 + 6,93

3.3. Pharmacological evidence to suggest that PSD decreases the activity of
descending pain inhibitory pathways.

To investigate whether the pro-nociceptive effect of PSD is mediated by a
decrease in the endogenous activity of descending pain inhibitory pathways, we
injected the GABAA receptor antagonist, bicuculine, at different doses, into the PAG
and evaluated the mechanical paw withdrawal threshold in control and paradoxical
sleep deprived rats. Since the descending pain inhibitory pathways are tonically
inhibited by GABAergic mechanisms in the PAG, the injection of bicuculine is
expected to disinhibit these pathways inducing antinociception.

The microinjection of bicuculline into the PAG significantly decreased the

nociceptive response demonstrated by an increase in mechanical paw withdrawal
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threshold in control and sleep deprived rats (figure 4, Two Way Anova and Tukey
test, p<0.05, data are expressed in this figure as a variation before-after bicuculine
administration). However, this effect was significantly lower in sleep deprived rats, in
that 30 pmol of bicuculine significantly increased mechanical paw threshold in
control, but not in sleep deprived rats. This finding is compatible with a higher PAG
GABAergic activity in paradoxical sleep deprived rats, since higher doses of
bicuculine are needed to block this activity decreasing the nociceptive response in
these animals. Therefore, this data support the idea that PSD increases pain, at least
in part, by decreasing the endogenous activity of descending pain inhibitory
pathways.

Locomotor activity in the open-field was not changed by intra VPAG injection of
bicuculine (P > 0.05, see Table 1).

== Control Figure 4._ The _effect _of intra-
EEm PSD PAG bicuculline in the
nociceptive response of control

c
55 10 1 and paradoxical sleep deprived
-5 ° ‘TF rats. The mechanical paw
o c -104 withdrawal threshold in control
2E 20 3 animals was significantly and
£ 3 similarly increased by the intra-
SE 4o PAG injection of bicuculline at the
g § 50 4 + three doses, as indicated by the
£0 & symbol “+”. . In paradoxical sleep
ig 601 & deprived animals, the mechanical
gz 797 paw withdrawn threshold was
< 0 801 * significantly increased by the
-g.g -90 - intra-PAG injection of bicuculline
82 100 at the doses of 90 pmol and 300
O C
23 110+ pmol, but_ not at the dose of 30

g 120 - pmol, as indicated by the symbol

g 120 | “&”. . The symbol “*” indicates a

response significantly different to

(18) (5) ® @12 1) (9) 3c()%) (7)| that of the respective control
0 pmol 30 pmol 90 pmol pmo group (two-way ANOVA and
Bicuculline Tukey test, p<0.05).

3.4. Pharmacological evidence to suggest that PSD increases the activity of
descending pain facilitatory pathways

To investigate whether the pro-nociceptive effect of PSD is mediated by the
activity of descending pain facilitatory pathways we injected the CCK 2 receptor
antagonist (YM022) or agonist (CCK-8), at different doses, into the RVM and
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evaluated the mechanical paw withdrawal threshold in control and sleep deprived
rats. Since the endogenous levels of CCK activate descending pain facilitatory
pathways at the RVM, the injection of YM022 is expected to inhibit these pathways,
blocking eventual pronociceptive actions of endogenous CCK, and that of CCK-8 is
expected to activate them, inducing nociception.

The microinjection of YMO022 into the RVM significantly decreased the
nociceptive response demonstrated by an increase in mechanical paw withdrawal
threshold in paradoxical sleep deprived rats. At the dose of 0.5 pmol, YM022
significantly increased mechanical paw withdrawal threshold in sleep deprived, but
not in control rats, which exhibited a more discrete effect only with a dose four times
higher (figure 5 A, Two Way Anova and Tukey test, p<0.05, data are expressed in
this figure as a variation before-after YM022 administration). Moreover, the
microinjection of CCK-8 into the RVM significantly increased nociceptive response
demonstrated by a decrease in mechanical paw withdrawal threshold. However, this
effect was significantly higher in control animals, in that 8 pmol of CCK significantly
decreased mechanical paw threshold in control, but not in sleep deprived rats, which
exhibited a more discrete effect only with a dose three times higher (figure 5 B, Two
Way Anova and Tukey test, p<0.05, data are expressed in this figure as a variation
before-after CCK-8 administration).

The simplest interpretation of these data is that sleep deprived animals
present a higher activation of descending pain facilitatory pathways, which could help
to explain their enhanced nociceptive response (demonstrated in figure 2). A low
dose of YMO022 is able to block these pathways inducing antinociception in sleep
deprived but not in control animals, in which such pathways are not activated or are
less active. Similarly, a low dose of CCK-8 is able to activate facilitatory pathways
inducing a pronociceptive effect in control animals, but not in paradoxical sleep
deprived, in which such pathways are already activated.

Locomotor activity in the open-field was not changed by intra-RVM injection of
YMO022 or CCK-8 (P > 0.05, see Table 1).
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Figure 5. The effect of intra-
RVM YMO022 or CCK-8 in the
nociceptive response of control
and paradoxical sleep deprived

rats. (A) The mechanical paw
withdrawal threshold was
significantly increased in sleep

deprived rats after the intra-RVM
injection of YM022 at the two
doses, as indicated by the symbol
“&”. In control rats, the intra-RVM
injection of YM022 at 2 pmol, but
not at 0.5 pmol significantly
increased mechanical paw
withdrawal threshold, as indicated
by the symbol “+”.The symbol “*”
indicates a response significantly
different to that of the respective
control group (Two-way ANOVA
and Tukey test, p<0.05).

(B) The  mechanical paw
withdrawal threshold was
significantly decreased in control
rats after the intra-RVM injection
of CCK at the two doses, as
indicated by the symbol “+”. The
symbol “#” indicates a significantly
higher effect of CCK a. t 24 pmol
than at 8 pmol. In paradoxical
sleep deprived rats, mechanical
paw withdrawal threshold was
significantly decreased by the
intra-RVM injection of CCK at 24
pmol, but not at 8 pmol, as
indicated by the symbol “&”. The
symbol “*” indicates responses
significantly different to that of the
respective control groups (Two-
way ANOVA and Tukey test,
p<0.05).
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3.5. Effect of the blockade of RVM activity by the administration of Lidocaine

To investigate the effect of the blockade of descending activity from the RVM
in control and sleep deprived rats we administered 2% lidocaine (QX-314) into the
RVM and measured the mechanical paw withdrawal threshold.

The microinjection of Lidocaine into the RVM significantly decreased the
nociceptive response demonstrated by an increase in the mechanical paw withdrawal
threshold in sleep deprived, but not in control rats (figure 6, Two Way Anova and
Tukey test, p<0.05, data are expressed in this figure as a variation before-after
lidocaine administration). This finding supports our suggestions that PSD increases
pain, at least in part, by increasing the activity of descending pain facilitatory

pathways.

[ Control
HE PSD . .
Figure 6. The effect of intra-
RVM lidocaine in the

< 107 nociceptive response of control
5 0 - - and paradoxical sleep deprived
5 S 10 rats. The mechanical paw
22 5 withdrawal threshold was
@g significantly increased after the
£ 301 intra-RVM injection of Lidocaine in
§§0 -40 1 sleep deprived, but not in control
_‘g s 50 1 rats, as indicated by the symbol
£9 40 (’g‘L “&”.The symbol “** indicates
s e 5] responses significantly different to
§ g that of the respective control
=5 ] groups (Two-way ANOVA and
S 890 Tukey test, p<0.05).
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3.6 c-Fos expression in VPAG and RVM induced by PSD

The c-Fos protein is rapidly and transiently expressed in neurons in
response to stimulation and, therefore, has been used as a marker of neuronal

activity. Therefore, we quantified c-Fos expression in order to evaluate the effect of
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paradoxical sleep deprivation in the neuronal activity in vPAG and RVM. c-Fos
expression in VPAG was not significantly afected by PSD. However, in RVM, c-Fos
expression was significantly higher in paradoxical sleep deprived animals when
compared with control ones (figure 7, Student’s unpaired, t-test, p<0.05). The drugs

injections’ site in vPAG and RVM are demonstrated in Figure 8.

A)

Figure 7. C-fos expression in
VPAG and RVM. (A)
Photomicrograph of
representative sections for each
group of c-Fos immunoreative (c-
Fos-ir) cells in VPAG and RVM.
Arrows indicate the c-Fos-ir
neurons within vPAG and RVM.

E Sgg“' (B) Number of c-Fos-ir cells of the

control and PSD groups in VPAG

B) and RVM. In the vPAG there was
not a statistically significant

120 * interaction between PSD and

110 A control group (Student’s unpaired,
t-test, p=0,167). On the other hand,
in RVM there was a statically

significant  difference  between

100 A

90 -

80 A control and PSD groups of rats.
70 . (Student’s unpaired, t-test,
p<0,001).

60 -
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4. Discussion

This study demonstrated that PSD increases a tonic inflammatory nociceptive
response, evaluated by the rat formalin test (figure 2 A) and a phasic nociceptive
response, evaluated by the rat paw withdrawal test (figure 2 B). In addition to the
potent pro-nociceptive effect, PSD decreases the antinociceptive effect induced by
the administration of morphine into the PAG (figure 3). The mechanism by which
PSD increases nociception and decreases the antinociceptive effect of morphine may
relies on an inhibition of descending pain inhibitory pathways and an activation of
descending pain facilitatory pathways. The suggestion that PSD decreases the
activity of descending pain inhibitory pathways is based on findings showing that
intra-PAG administration of the GABA, receptor antagonist, bicuculine, at a dose that
decreased nociception in control rats did not in paradoxical sleep deprived ones
(figure 4). The suggestion that PSD increases the activity of descending pain
facilitatory pathways is based on three complementary findings. The first one
showing that intra-RVM administration of the CCK 2 receptor antagonist, YM022, at a
dose that decreased nociception in paradoxical sleep deprived rats did not in control
ones (figure 5 A). The second one showing that the intra-RVM administration of the
CCK 2 receptor agonist, CCK-8, at a dose that increased nociception in control rats
did not in paradoxical sleep deprived ones (figure 5 B). The third one showing that
the blockade of RVM activity, by the intra-RVM administration of lidocaine, decreases
nociception in paradoxical sleep deprived but not in control animals (figure 6). The
number of squares crossed in the open-field test was not affected by drug
treatments, excluding nonspecific motor interference as the main factor accounting
for the drug’s effect in the nociceptive tests (Table 1).

Although some studies have demonstrated that sleep disturbances increase
clinical pain (Gupta et al. 2007; Edwards et al. 2008; Haack et al. 2009) as well as
experimental phasic pain responses (Lentz et al. 1999; Onen et al. 2001a;
Kundermann et al. 2004; Roehrs et al. 2006; Smith et al. 2007; Kundermann et al.
2008; Haack et al. 2009) in humans, animal studies were so far restricted to phasic
pain models. For example, it was demonstrated that PSD decreases thermal
(Nascimento et al. 2007; Damasceno et al. 2009; Skinner et al. 2011) and
mechanical (Onen et al. 2000; Wei et al. 2008; Wei et al. 2010; Damasceno et al.
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2013) nociceptive threshold and increases phasic nociceptive responses in
neuropathic (Andersen et al. 2004; Wei et al. 2007) and arthritic (Andersen et al.
2004) pain models. Although a previous study have suggested that PSD does not
affect formalin-induced nociception (Onen et al. 2001b), a higher dose (5%) of
formalin was used, precluding the visualization of any increase in its response. Our
present data demonstrated that PSD increases not only phasic nociceptive
responses, as demonstrated by the paw withdrawal test (figure 2 B), but also tonic
nociceptive responses, as demonstrated by the (0.75%) formalin test (figure 2 A).
Animal models of tonic nociception are considered more representative of clinical
pain because in contrast to phasic nociception, measured by an escape or
withdrawal response, tonic nociception is a continuous pain induced by a stimulus
associated to local damage, having, therefore, a stronger affective-motivational
component. Importantly, the pro-nociceptive effect was similar for either 24 h or 48 h
of PSD, which is in accordance with previous literature data (Hicks et al. 1978; Wei et
al. 2008; Wei et al. 2010) and suggests that the magnitude of the pro-nociceptive
effect of PSD does not depend on its duration. Collectively the present data suggest
that sleep deprivation increases pain sensitivity independent on either the duration of
sleep deprivation or the characteristic of the nociceptive stimulus. Therefore, the
increased prevalence of sleep disorders may be one of the factors behind the
increased prevalence of pain conditions in the general population.

In accordance with our data, previous studies have already suggested that
PSD decreases the analgesic effect of morphine. For example, the increase in
thermal nociceptive threshold induced by systemic administration of morphine is
decreased by PSD (Nascimento et al. 2007; Skinner et al. 2011). In the present
study, we demonstrated that PSD decreases morphine analgesia in tonic as well as
in phasic pain models, since it was demonstrated by using the formalin test (figure 3
A) in addition to the paw withdrawal test (figure 3 B). PSD appears to blunt the
maximal effect of morphine, since at the lowest dose, morphine significantly
decreased nociception in both control and sleep deprived animals to a point that no
differences between them existed. However, at the highest dose, morphine further
decreased nociception in control, but not in paradoxical sleep deprived rats. The
demonstration that PSD decreases morphine analgesia in two different and classical
nociceptive tests supports the idea that patients suffering of sleep disorders and pain

may have an impaired response to opioid treatment.
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Importantly, this is the first demonstration that PSD decreases the
antinociceptive effect induced by the administration of morphine into the PAG, since
the other studies have used systemic morphine to evaluate the effect of PSD on its
analgesia (Nascimento et al. 2007; Skinner et al. 2011). The PAG is a key region
involved in opioid analgesia. By activating p-opioid receptors at the PAG, morphine
activates descending pain inhibitory pathways and inhibits descending pain
facilitatory pathways (Fields 2004). Such pathways originating from the RVM are
known to control nociceptive transmission at the spinal dorsal horn (Millan 2002).
Therefore, although not directly tested in this study, the mechanism by which PSD
decreases morphine analgesia may relies on modulating descending pain pathways.

In fact, in the present study we suggest that PSD decreases the activation of
the descending pain inhibitory pathways and increases the activation of descending
pain facilitatory pathways to induce its pronociceptive effect. This suggestion is based
in pharmacological data showing that control and sleep deprived animals respond
differently to drugs that activate or block these pathways. For example, under normal
conditions, RVM neurons exert tonic descending inhibition on the nociceptive input
(Gilbert and Franklin 2001), but the descending pain inhibitory pathways are
controlled by a GABAergic mechanism at the PAG (Millan 1999; 2002; Fields 2004).
Therefore the injection of GABA, receptor antagonists into the PAG is known to
induce antinociception by releasing these pathways (Roychowdhury and Fields 1996;
Morgan et al. 2003; Hahm et al. 2004; Morgan and Clayton 2005). In this study we
demonstrated that a low dose of the GABA, receptor antagonist, bicuculine, that
decreased nociception in control animals did not in sleep deprived ones (figure 4),
while increased doses of bicuculine induce a similar antinociceptive effect in both
groups. These findings are compatible with a higher PAG GABAergic activity in
paradoxical sleep deprived animals because a higher dose of bicuculine was needed
to inhibit the PAG GABAergic mechanisms in these animals. Therefore, an increase
in GABAergic inhibition of descending pain inhibitory pathways could contribute to
the pronociceptive effect of PSD.

On the other hand, the activation of descending pain facilitatory pathways is
suggested to be dependent on the endogenous activity of CCK at CCK2 receptors
located on the RVM (Heinricher and Neubert 2004; Xie et al. 2005; Marshall et al.
2011). Therefore the RVM injection of CCK 2 receptor antagonists blocks the pain

facilitatory mechanisms, blocking eventual pronociceptive actions of endogenous
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CCK, while that of CCK receptor agonists further activate them, inducing a pro-
nociceptive effect (Heinricher and Neubert 2004; Xie et al. 2005; Marshall et al.
2011). In this study we demonstrated that a low dose of the CCK-2 receptor
antagonist, YM022, that decreased nociception in sleep deprived animals did not in
control ones, which needed a dose four times higher to exhibited a more discrete
antinociceptive effect (figure 5 A). In addition, a low dose of the of the CCK 2 receptor
agonist, CCK-8, increased the nociceptive response in control animals, but not in
sleep deprived ones, which needed a dose three times higher to exhibited a more
discrete pro-nociceptive effect (figure 5 B). Taken together these findings support the
idea that descending pain facilitatory pathways are more active in paradoxical sleep
deprived than in control rats. Because an intervention to block these pathways, the
intra-RVM injection of a low dose of YMO022, decreased nociception in sleep
deprived, but not in control animals, in which such pathways are not activated or are
less active. At the same time, an intervention to activate these pathways, the intra-
RVM injection of a low dose of CCK-8, increased nociception in control rats, but not
in paradoxical sleep deprived rats, in which such pathways are already activated. The
idea that PSD increases the activation of descending pain facilitatory pathways is
further supported by the finding that intra-RVM injection of lidocaine (QX-314),
decreased nociception in paradoxical sleep deprived but not in control rats (figure 6).
Assuming that lidocaine can block neural transmission, it interrupts descending
activity from the RVM, decreasing nociception in paradoxical sleep deprived animals
in which nociception results from an increased facilitatory activity.

Paradoxical sleep deprivation increased c-Fos expression at RVM but not at
VPAG (Figure 7), which supports the idea that PSD by itself activates neuronal
mechanisms at RVM region. Some studies have demonstrated that PSD increases c-
Fos expression in many brain regions (Pompeiano et al. 1995; Semba et al. 2001;
Hsieh et al. 2011). However, to our knowledge this is the first study showing that PSD
increases c-Fos expression at RVM. Considering the important role of RVM in
descending pain facilitation,this result supports the suggestion that PSD enhances
pain by increasing descending pain facilitatory mechanisms.

To our knowledge this is the first evidence that PSD increases pain by
modulating the endogenous activity of descending pain modulation system. Previous
studies in humans have already suggested that sleep fragmentation is associated to

increases in clinical pain and a loss of diffuse noxious inhibitory controls (DNIC)
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(Edwards et al. 2009). However further studies are needed to determine the effects of
sleep disturbances in endogenous pain mechanisms as well possible role of such
effects for the development or maintenance of persistent pain. The increasingly
prevalence of sleep disturbances and pain conditions in the general population
highlights the importance to study and understand the bi-directional interaction
between sleep and pain.

In summary, this study demonstrated that PSD increases pain independently
of its duration or of the characteristic of the nociceptive stimulus. In addition to its
pronociceptive effect, PSD decreases the opioid response of PAG, a key region
involved in opioid analgesia and endogenous pain modulation. This study also
presented pharmacological evidences that PSD increases pain by decreasing
descending pain inhibitory activity and by increasing descending pain facilitatory
activity. Further studies are needed to determine whether patients suffering of sleep
disorders have an impaired response to opioid analgesia, as well as to better
characterize the complex effects of PSD in endogenous pain modulation
mechanisms. Overall this study contributes to better understand the reciprocal
relationship between sleep disturbances and pain conditions, presenting a neural
basis to the increased pain sensitivity (Onen et al. 2001a; Kundermann et al. 2008;
Haack et al. 2009) or increased predisposition to pain conditions (Gupta et al. 2007;

Edwards et al. 2008) in patients suffering of sleep disorders.



46

5 DISCUSSAO

Neste trabalho foi demonstrado que a Privacdo de Sono Paradoxal (PSP), por
um periodo de 24 ou 48 horas, possui efeito pro-nociceptivo. A PSP aumentou a
resposta nociceptiva em dois testes distintos, o teste da formalina na pata de ratos,
que avalia uma resposta nociceptiva inflamatoria tonica, e o teste de limiar
nociceptivo mecanico, que avalia uma resposta nociceptiva fasica. (figura 1).

Além do potente efeito pro-nociceptivo da PSP, esta diminui o efeito
antinociceptivo induzido pela administragdo de morfina na VPAG (figura 2). O
mecanismo pelo qual a PSP aumenta a dor e diminui o efeito antinociceptivo da
morfina pode depender na inibicdo das vias descendentes inibitorias da dor e
ativacao das vias descendentes facilitatorias da dor.

A proposta de que a PSP diminui a atividade das vias descentes inibitorias da
modulacao da dor esta baseada em dados que demonstraram que uma determinada
dose de antagonista de receptor GABAA, bicuculina, administrada na PAG, foi capaz
de diminuir a nocicep¢do em animais controles, no entanto, quando a mesma dose é
administrada em animais privados de sono paradoxal essa diminuicdo da
nocicepc¢ao nao ocorre (figura 3).

Além da diminuicdo da atividade das vias inibitérias da dor, a PSP pode
também aumentar a atividade da via descendente facilitatéria de modulacéo da dor.
Essa sugestdo estd baseada nos resultados que demonstraram que uma
determinada dose de antagonista de receptor CCK 2, YM022, foi capaz de diminuir a
nocicepcado em animais privados de sono paradoxal, mas ndo diminuiu em animais
controles (figura 4 A). Além disso, quando administrado uma determinada dose de
agonista de receptor de CCK 2, CCK-8, a nocicepcao foi aumentada em animais
controles, mas ndo aumentou a resposta nociceptiva em animais privados. Além
disso, o bloqueio da atividade descendente da modulacdo da dor, por meio da
administragcdo de lidocaina dentro do RVM, diminuiu a nocicepgdo em animais
privados, mas ndo em animais controles (figura 5), o que esta de acordo com a ideia
de que a PSP pode aumentar a atividade da via descendente facilitatoria de
modulacdo da dor. O numero de quadrados percorridos no teste de campo aberto

nao foi alterado por nenhum dos tratamentos farmacolégicos. Esse resultado exclui a
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ocorréncia de interferéncia motora ndo especifica como o principal fator

representando o efeito da droga nos teste nociceptivos (Tabela 1).

Caracterizacao do efeito pro-nociceptivo da PSP

Embora alguns estudos tenham demonstrado que distirbios do sono
aumentam a dor clinica (Gupta et al. 2007; Edwards et al. 2008; Haack et al. 2009)
e também aumentam a reposta a dor fasica (Lentz et al. 1999; Onen et al. 2001a;
Kundermann et al. 2004; Roehrs et al. 2006; Smith et al. 2007; Kundermann et al.
2008; Haack et al. 2009) em humanos, estudos em animais estdo restritos a
modelos de dor fasica. Por exemplo, ja foi demonstrado que a PSP diminui o limiar
nociceptivo térmico (Nascimento et al. 2007; Damasceno et al. 2009; Skinner et al.
2011), e mecanico (Onen et al. 2000; Wei et al. 2008; Wei et al. 2010; Damasceno et
al. 2013) e aumenta a resposta nociceptiva fasica em modelos de dor neuropatica
(Andersen et al. 2004; Wei et al. 2007) e de artrite (Andersen et al. 2004). Um estudo
prévio encontrou que a PSP néo afeta a nocicepcéo induzida por formalina (Onen et
al. 2001b), no entanto, uma dose elevada de formalina (5%) foi utilizada,
prejudicando a visualizacdo de qualquer aumento na resposta nociceptiva. NOSs0s
presentes resultados demonstraram que a PSP aumenta ndo somente a resposta
nociceptiva fasica, como demonstrado pelo teste de retirada de pata (figura 1 C),
mas também aumenta a resposta nociceptiva tdnica, como demonstrado por meio do
teste de formalina (0,75%).

Modelos animais de nocicepc¢ao tonica sao considerados mais representativos
das condi¢Bes de dor clinicas porque ao contrario da nocicepc¢ao fasica, mensurada
por um escape ou resposta de retirada, a nocicepc¢ao tdnica € uma reposta continua
induzida por um estimulo associado ao um dano tecidual local, possuindo entdo, um
componente afetivo motivacional mais evidente. E importante ressaltar que, o efeito
pro-nociceptivo da privacdo de sono foi semelhante quando a PSP foi induzida por
um periodo de 24 h ou 48 horas, 0 que esta de acordo com dados prévios da
literatura (Hicks et al. 1978; Wei et al. 2008; Wei et al. 2010) que sugere que a
magnitude do efeito pré-nociceptivo ndo depende de sua duracao.

Portanto, os presentes resultados sugerem que a privagcao de sono aumenta a
sensibilidade a dor independente da duracdo da privacao de sono e da caracteristica

do estimulo nociceptivo. Sendo assim, a alta prevaléncia de distarbios do sono pode
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ser um dos fatores que contribui para a alta prevaléncia de condi¢des dolorosas na

populacao geral.

O efeito pro-nociceptivo da PSP na analgesia induzida pela administracdo de

morfina na vPAG

De acordo com nossos dados, evidéncias prévias tém sugerido que a PSP
diminui o efeito analgésico da morfina. Por exemplo, o aumento do limiar nociceptivo
térmico induzido por administracdo sistémica de morfina € diminuida pela PSP
(Nascimento et al. 2007; Skinner et al. 2011). No presente estudo, nés
demonstramos que a PSP diminui o efeito analgésico da morfina em modelos de dor
tbnica e fasica, demonstrado por meio do teste de formalina (figura 2 A) e do teste
de retirada da pata (figura 2 B), respectivamente. A demonstracdo de que a PSP
diminui o efeito analgésico da morfina em dois diferentes e classicos testes de
nocicepcao, fortalece a ideia de que pacientes que sofrem de disturbios do sono e
apresentam alguma condicdo dolorosa podem apresentar uma resposta diminuida
ao tratamento com opidides. A PSP parece atenuar o efeito maximo da morfina, uma
vez que em menor dose, a morfina diminuiu significantemente a nocicepgcdo em
ambos 0s grupos, controle e privado, a ponto em que ndo ha diferencas entre eles.
No entanto, em maior dose, a morfina diminuiu ainda mais a nocicep¢ao nos animais
controles, o que ndo acontece nos animais privados.

Vale destacar que esta foi a primeira demonstracdo de que a PSP diminui o
efeito antinociceptivo induzido pela administracdo de morfina na vVPAG, uma vez que
outros estudos utilizaram morfina sistémica para avaliar o efeito da PSP na sua
analgesia. A PAG é uma regidao que desempenha fungcdo central na analgesia
opioide e nos mecanismos enddgenos de modulacdo da dor. Por meio da ativacéo
de receptores opidides na PAG, a morfina ativa vias descendentes de inibigdo da dor
e inibe vias descendentes de facilitagdo da dor (Fields 2004). Tais vias, originando
do RVM, séo conhecidas por controlar a transmissao nociceptiva no corno dorsal da
medula espinhal (Millan 2002). Portanto, considerando que a analgesia da morfina
depende do sistema descendente da modulacdo da dor, e que a PSP diminui a
analgesia da morfina e aumenta a dor, € sensato supor que a PSP aumenta a dor

por modular esse sistema.
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A PSP e sua contribuicdo na atividade endbgena das vias descendentes da

modulacéo da dor

Nossos dados sugerem que a PSP diminui a ativacdo das vias descendentes
de inibicdo da dor e aumenta a ativacéo das vias descendente de facilitagdo da dor.
Essa sugestdo é baseada em dados farmacolégicos que demonstraram que animais
controles e privados de sono paradoxal respondem de maneira diferente a drogas
gue ativam ou blogueiam essas vias.

As vias descendentes inibitérias da dor sdo tonicamente inibidas por um
mecanismo GABAérgico na PAG (Millan 1999; 2002; Fields 2004), portanto, a
injecdo de antagonistas de receptor GABAa dentro da PAG é conhecida por induzir
antinocicepcao ao ativar essas vias (Roychowdhury and Fields 1996; Morgan et al.
2003; Hahm et al. 2004; Morgan and Clayton 2005). Nesse estudo nés
demonstramos que uma baixa dose do antagonista de receptor GABAAa, bicuculina,
foi suficiente para diminuir a nocicep¢do em animais controles, mas ndo em animais
privados de sono paradoxal (figura 3). Por outro lado, doses maiores de bicuculina
induziram efeito antinociceptivo semelhante em ambos os grupos. Esses dados
sugerem que o tbnus GABAérgico estd aumentado nos animais privados, 0 que
explica porque uma dose maior de bicuculina foi necessaria para alcancar o efeito
inibitério maximo nos mecanismos GABAérgicos na PAG. Portanto, um aumento da
inibicio GABAérgica das vias descendentes inibitorias poderiam contribuir para o
efeito pronociceptivo da PSP

Por outro lado, a ativacdo da via descendente facilitatéria da modulacdo da
dor é sugerida por ter uma atividade endégena dependente de CCK em receptores
CCK 2 localizados no RVM (Heinricher and Neubert 2004; Xie et al. 2005; Marshall
et al. 2011). Entretanto, a injecdo de antagonista de CCK 2 no RVM bloqueia
mecanismos facilitatérios da dor, bloqueando eventuais a¢des pronociceptivas de
CCK enddgeno, enquanto agonista de receptor de CCK aumenta a atividade destes,
induzindo um efeito pronociceptivo (Heinricher and Neubert 2004; Xie et al. 2005;
Marshall et al. 2011). Nesse estudo, ndés demonstramos que uma baixa dose de
antagonista de CCK-2, YM022, que diminuiu a nocicepg¢ao de animais privados, nao
diminuiu em animais controles, o qual foi necessario uma dose quatro vezes maior
para exibir um efeito antinociceptivo mais discreto (figure 4A). Além disso, uma baixa

dose de agonista de CCK-2, CCK-8, aumentou a resposta nociceptiva em animais
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controles, mas ndo em animais privados, sendo necesséria uma dose trés vezes
maior para exibir um efeito pronociceptivo mais discreto (figure 4B). Todos esses
dados em conjunto sugerem que a ideia de que a vias descendentes facilitatorias da
modulacdo da dor sdo mais ativas em ratos privados de sono paradoxal a ratos
controles. Por meio de intervencdo para bloquear essa via, a injecdo de uma baixa
dose de YM022 no RVM, diminuiu a nocicep¢gdo em animais privados, mas ndo em
animais controles, demonstrando que nesses animais controles tais vias ndo estao
ativadas ou estdo menos ativadas. Nesses mesmos grupos, com uma intervencao
para ativar essas vias, a injecdo de uma baixa dose de CCK-8, aumentou a
nocicepcao em animais controles, mas ndo em animais privados de sono paradoxal,
0 que demonstra que tais vias ja estdo ativadas nesses animais privados de sono. A
ideia de que a PSP aumenta a ativacdo da via descendente facilitatéria da dor é
mais bem suportada pelo resultado de que a injecao de lidocaina (QX-314) no RVM
diminuiu a nocicepg¢éo de animais privados de sono paradoxal, mas ndao nos animais
controles (figure 5). Assumindo entdo que a lidocaina pode bloquear a transmissao
neural, interrompendo a atividade descendente do RVM, aumentando a nocicep¢ao
em animais privados de sono em que a nocicepgdo resulta de um aumento da
atividade facilitatéria da nocicepgéo.

Para o nosso conhecimento, esta é a primeira evidéncia de que a PSP
aumenta a dor por modular a atividade do sistema descendente da modulacédo da
dor. Estudos prévios em humanos ja tiveram sugerido que a fragmentacao do sono
esta associada a aumentos de dor clinica e perda de controles inibitérios nocivos
difusos (DNIC) (Edwards et al. 2009). No entanto, mais estudos sao necessarios
para determinar os efeitos de distirbios do sono em mecanismos enddgenos da dor
como também suas possiveis fungdes no desenvolvimento e manutencdo de
condicbes de dor persistente. A alta prevaléncia de distarbios do sono e de
condi¢cdes dolorosas na populacdo geral ressalta a importancia em estudar e
entender essa interacao bi-direcional entre sono e dor.

A privagéo de sono paradoxal aumentou a expresséo de c-Fos no RVM, mas
ndao na vVPAG (Figura 7), o que suporta a ideia de que a PSP sozinha ativa
mecanismos na regido do RVM. Alguns estudos demonstraram que a PSP aumenta
a expressao de c-Fos em varias regides do cérebro (Pompeiano et al. 1995; Semba
et al. 2001; Hsieh et al. 2011). No entanto, para nosso conhecimento, esta € a
primeiro estudo demonstrando que a PSP aumenta a expressao de c-Fos no RVM.
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Considerando a importante fungdo do RVM no mecanismo descendente facilitatorio,
este resultado fortalece a sugestdo de que a PSP aumenta a dor por aumentar

mecanismos da via descendente da modulacao da dor.

Consideracgdes Finais

De modo geral, distarbios do sono tem se tornado cada vez mais comum na
sociedade atual. Disturbios do sono podem contribuir para uma série de problemas
de saude que interferem nas atividades didrias normais do individuo (Alvarez and
Ayas 2004; Ranjbaran et al. 2007; Santos-Silva et al. 2009). Um desses problemas
consiste no aumento da percepcéo a dor. Ha uma interacdo bidirecional entre dor e
distarbios do sono, entretanto, 0s mecanismos que correlacionam esses problemas
ainda nao estao claros, dificultando o tratamento de pacientes que sofrem com
problemas do sono e dor. Nesse trabalho, nés demonstramos que a PSP pode
aumentar a percepcao a dor por alterar o sistema descendente de modulacdo da
dor, destacando a importancia de estudar essa via da dor relacionada com o sono,
podendo contribuir para futuros alvos farmacologicos para tratamento desses
problemas que tanto prejudicam a vida social das pessoas.
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6 CONCLUSAO

Nesse trabalho foi demonstrado que a PSP aumenta a nocicepcao em ratos
por aumentar o comportamento nociceptivo induzido pelo teste de formalina, assim
como no teste de limiar mecéanico. Além disso, a PSP reduziu o efeito antinociceptivo
da morfina supra-espinhal. N6s demonstramos também que o efeito pro-nociceptivo
da PSP pode ocorrer em parte por uma diminuicdo do mecanismo descendente
inibitério da modulacdo da dor e em parte pelo aumento da via descendente
facilitatéria da modulacdo da dor. Além disso, o efeito pré-nociceptivo da PSP foi
revertido pela injecdo de lidocaina no RVM. O presente estudo demonstrou uma
importante funcdo da PSP em alteracbes nos mecanismos descendentes da
modulacdo da dor, entdo contribuindo para um melhor entendimento da correlagéao

entre sono e dor.
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