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RESUMO

Os receptores de nociceptina (NOP) sdo ativados pelo ligante nociceptina/orfanina FQ
(N/OFQ). Estes receptores acoplados a proteina G (GPCR) interagem com canais de calcio
sensiveis a voltagem (CCSVs) e canais de potassio retificadores internos acoplados a proteina
G (GIRK). Isso causa reducdo nas correntes de calcio, desencadeando alteracGes nos niveis
pré-sindpticos, como diminuicdo na liberacdo de neurotransmissores, e pos-sinapticos como
diminuigéo da excitabilidade neuronal. Embora tanto o receptor NOP quanto N/OFQ tenham
semelhanca estrutural e funcional com o0s outros receptores opioides e seus ligantes
enddgenos, o receptor NOP ndo se liga a ligantes opioides classicos, ao passo que N/OFQ néo
se liga aos outros receptores opioides, tornando o sistema receptor-ligante NOP-N/OFQ
importante em varios aspectos patofisioldgicos. Uma vez que CCSVs sdo importantes
reguladores de atividade neuronal e devido aos padrdes de expressdo generalizados de NOP e
CCSVs em multiplas regides do cérebro, corno dorsal da medula espinhal e no ganglio da raiz
dorsal, eles estdo envolvidos em processos centrais. Portanto, esta revisao se concentrard nas
descobertas atuais relacionadas ao papel do sistema NOP-N/OFQ e a regulacdo dos CCSVs
em condicBes fisiopatol6gicas como ansiedade, respostas ao estresse, depressao e humor,
sistema de recompensa, aprendizado, memoria, dor e controle motor. Por ser uma revisao
narrativa, nao é intencionado recapitular a extensa literatura sobre farmacologia do sistema
NOP-N/OFQ, para isso, o leitor é encaminhado para varias excelentes analises aprofundadas
publicadas recentemente. A ativacdo de NOP e interacdo com CCSVs mostra efeitos
benéficos no tratamento da ansiedade, respostas ao estresse agudo, e sistema de recompensa,
0 qual esta relacionado ao abuso de alimentos ou de substancias como drogas (alcool,
nicotina, opioides, estimulantes). Por outro lado, agonismo do receptor pode prejudicar
funcdes como humor (depressdo, agressividade), aprendizado, memoéria e controle motor.
Ainda, os dados sdo controversos no que diz respeito a terapéutica da dor. Em suma, pode-se
perceber inimeros pontos sem esclarecimento nas abordagens pré-clinicas dos estudos
avaliados aqui, como dados comportamentais sem aprofundamento ou papel dos CCSVs no
antagonismo do receptor. Portanto, isto representa um potencial campo de pesquisa em

direcdo a novas terapéuticas com alvo em NOP e CCSVs.

Palavras-chave: Ansiedade. Aprendizado. Comprometimento motor. ORL-1. Receptor

opioide. Receptor acoplado a proteina G.



ABSTRACT

Nociceptin receptors (NOP) are activated by the nociceptin/orphanine FQ ligand (N/OFQ).
These G protein-coupled receptors (GPCRs) interact with voltage-sensitive calcium channels
(VGCCs) and G protein-coupled internal rectifier potassium channels (GIRK). This causes a
reduction in calcium currents, triggering changes in presynaptic levels, such as decreased
neurotransmitter release, and postsynaptic, such as decreased neuronal excitability. Although
both the NOP and N/OFQ receptors have structural and functional similarity to other opioid
receptors and their endogenous ligands, the NOP receptor does not bind to classical opioid
ligands, whereas N/OFQ does not bind to other opioid receptors, making the NOP-N/OFQ
receptor-ligand system important in several pathophysiological aspects. Since VGCCs are
important regulators of neuronal activity and because of the widespread expression patterns of
NOP and VGCCs in multiple brain regions, spinal cord dorsal horn and dorsal root ganglion,
they are involved in central processes. Therefore, this review will focus on current findings
related to the role of the NOP-N/OFQ system and the regulation of VGCCs in
pathophysiological conditions such as anxiety, stress responses, depression and mood, reward
system, learning, memory, pain and motor control. As this is a narrative review, it is not
intended to recap the extensive literature on pharmacology of the NOP-N/OFQ system, for
which the reader is referred to several excellent in-depth reviews published recently.
Activation of NOP and interaction with VGCCs shows beneficial effects in the treatment of
anxiety, acute stress responses, and the reward system, which is related to food or substance
abuse such as drugs (alcohol, nicotine, opioids, stimulants). On the other hand, receptor
agonism can impair functions such as mood (depression, aggression), learning, memory and
motor control. Still, the data are controversial with regard to pain therapy. In short, it is
possible to perceive numerous points without clarification in the preclinical approaches of the
studies evaluated here, such as behavioral data without depth or role of VGCCs in receptor
antagonism. Therefore, this represents a potential field of research towards new therapies
targeting NOP and VGCCs.

Keywords: Anxiety. Learning. Motor impairment. Opioid receptor. ORL-1. G-protein-

coupled receptor.
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1 INTRODUCAO

1.1 RECEPTORES OPIOIDES

O potencial terapéutico de um medicamento se traduz de insights aprofundados desde
a descoberta até o desenvolvimento inicial no campo clinico. Os ligantes que ativam o
receptor de peptideo opioide nociceptina (NOP) constituem uma classe de drogas candidatas
para aplicacdes frente a diversas condi¢des, embora em muitas destas a base farmacoldgica
envolvida ndo esteja bem elucidada. Portanto, é valido destacar os principais mecanismos de
acdo por tras dos efeitos que este receptor induz em condic¢des estudadas e descritas até o
presente momento no intuito de compilar dados e direcionar pesquisas futuras.

Os receptores opioides pertencem a grande superfamilia de sete receptores acoplados a
proteina G transmembrana (GPCRs), conforme Waldhoer et al. (2004). Até o momento,
quatro sistemas diferentes de receptores opioides sdo conhecidos: MOR (n), DOR (5), KOR
(x), e de nociceptina (NOP) e seus genes foram caracterizados nos niveis celular, molecular e
farmacolégico (BODNAR, 2017).

No entanto, existe uma disparidade entre a existéncia de apenas quatro tipos de
receptores opioides e o fato de que muitos ligantes agem promiscuamente nos receptores
peptidicos MOP, DOP e KOP, sendo que existem ligantes seletivos para cada receptor
(WALDHOER et al., 2004).

No geral, estes receptores sdo predominantemente acoplados a proteinas Gi/Go
heterotriméricas sensiveis a toxina pertussis, segundo Crain e Shen (1990) e ap6s a ativacao
do receptor, as subunidades a e Py da proteina G interagem com varios sistemas efetores
celulares, inibindo adenilil ciclases e canais de Ca2+ dependentes de voltagem (CCSVs) e
estimulando os canais de K+ de retificacdo interna ativados pela proteina G (GIRKS) e
fosfolipase CPB (PLCP) (Figura 1:1-2) (WALDHOER et al., 2004).

Uma das vias de sinalizacdo ativada pela GPCRs acoplada aos receptores opioides é a
mitogen-activated protein kinases (MAPK), a qual inclui quinases extracelulares reguladas
por sinal 1 e 2 (ERK1/2), JNK1-3 e p38 (a, B, v, 6) quinase de estresse (Figura 1:4)
(LEFKOWITZ; SHENOY, 2005; RAMAN et al., 2005).

J& a regulacdo dos receptores opioides € rapidamente controlada por uma cascata de
eventos envolvendo a fosforilagdo do receptor por quinases acoplados a proteina G (GRKSs) e
subsequente recrutamento de [-arrestina (HASBI et al., 1998; LAW et al., 2000; GUO et al.,
2000; PEI et al., 1995).
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Assim, a fosforilagdo por GRK leva ao recrutamento de arrestina, a qual é necessaria

para internalizacdo, regulacdo e reciclagem do receptor (Figura 1: 3-5).

Figura 1- Transducdo e trafico do sinal do receptor opioide. Em geral, todos os quatro
subtipos de receptores opioides, p, 8, k € NOP compartilham essas vias comuns. As setas

referem-se as etapas de ativacdo; as linhas T referem-se ao bloqueio ou inibi¢do da funcéo.

2) Fosforilagdo do
1) Ativagado de GPCR receptor

pelo agonista opidide

5) Reciclagem do
receptor

3a) Recrutamento de
arrestina

MAPK

receptor

4) Ativacao de
sinalizagcao via MAPK

Fonte: Adaptado de Al-Hasani (2011) por Caminski (2022) (néo publicado).

Os receptores opioides sdo implicados em uma série de efeitos comportamentais,
incluindo: analgesia, recompensa, depressdo, ansiedade e dependéncia. Portanto, compreender
a diversidade de sinalizacdo nos receptores opioides e como a ativacdo do segundo
mensageiro leva a modulacdo de efeitos pode revelar novos candidatos a medicamentos uma
vez que peptideos opioides e seus receptores sdo expressos em diversas regides do sistema
nervoso central (SNC) (AL-HASANI et al., 2011).

1.2 N/OFQ: NOCICEPTINA/ORFANINA FQ

Em 1994, foi descoberto um receptor com perfil farmacoldgico Unico, agora referido
como NOP. Seu neuropeptideo ligante enddgeno, composto por 17 residuos, foi identificado
independentemente por dois grupos em 1995, e denominado nociceptina e orfanina FQ, mas
atualmente é referido como N/OFQ. O N/OFQ compartilha homologia de sequéncia com 0s

outros peptideos opioides e se origina de uma molécula precursora maior, chamada
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prepronociceptina (ppN/OFQ). A principal diferenca entre N/OFQ e ligantes opioides
classicos é a presenca de Phe no terminal N, em oposicdo a Tyr na primeira posicao de todos
0s outros peptideos opioides enddgenos e da maioria de seus analogos sintéticos. A falta de
Tyrl, considerado um importante grupo farmacofoérico necessario para a ligacdo de ligantes
aos receptores opioides cléssicos, pode ser, pelo menos em parte, responséavel pela diferente
afinidade do receptor de N/OFQ (WTOREK; JANECKA, 2021).

O NOP estad presente em muitas areas do cerebro e na medula espinhal, conforme
Berthele et al., (2003) (Figura 2), mas também em tecidos periféricos e no sistema
imunolégico, como relatam Mollereau e Mouledous (2000). No sistema nervoso central, a
ativacdo de NOP mostrou inibir a liberacdo de neurotransmissores como GABA, substancia P
e noradrenalina (SCHIKLER, MORARI, 2000).

Consistente com sua localizacdo no SNC, a desregulacdo do sistema NOP-N/OFQ ¢é
observada em vaérios estados patoldgicos, como dor neuropética e inflamatéria, doenca de
Parkinson, ansiedade e depressao, abuso de drogas (WTOREK; JANECKA, 2021).

No entanto, apesar de haver semelhancas deste receptor com 0s outros trés receptores
opioides em termos de estrutura e mecanismos de sinalizagdo, o perfil farmacol6gico do NOP
é bastante singular. A sinalizacdo via NOP medeia eventos intracelulares semelhantes aos
provocados por MOR, DOR e KOR, pois todos os receptores opioides acoplam-se as
proteinas Gi/Go e inibem a atividade da adenilato ciclase e os CCSVs (TOLL et al., 2016).
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Figura 2- Distribuicdo do peptideo N/OFQ no SNC de ratos determinado por
imunohistoquimica e hibridizacdo in situ. Os pericarios neuronais sdo mostrados como

circulos sdélidos e os terminais das fibras sdo mostrados como linhas curvas curtas e pontos.

Na MVN
V¥ atpdy N
o \coﬁ;r,

AA, amigdala anterior;

ABL, nlcleo basolateral da amygdala;
AC, comissura anterior;

ACB, ntcleo acumbens;

ACE, nucleo central da amigdala;
ACO, nucleo cortical da amigdala;
AD, ntcleo anterodorsal do tdlamo;
AL, lobo anterior da pituitaria;

AM, nicleo anteromedial do talamo;
AMB, nlcleo ambiguo;

AME, nucleo medial da amigdala;
AON, n(cleo olfatério anterior;
ARC, ntcleo arcuado

AV, nucleo anteroventral do talamo;
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CC, corpo caloso;

CGX, cortex cingulado;
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CST, trato corticospinhal;

DH, corno dorsal da medula espinhal;
DG, giro dentado;
DM,  nlcleo
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dorsomedial do

Fonte: Adaptado de Koob et al., (2014).

GP, globo palido;
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1.3 CANAIS DE CALCIO SENSIVEIS A VOLTAGEM

Os CCSVs sdo uma importante fonte de influxo de Ca2+ e tém um papel critico na
sinalizacdo em todas as células. O sistema nervoso expressa varios tipos diferentes de CCSVs,
cada um com distribuicbes celulares e subcelulares unicas e fungdes fisiologicas especificas
(BENARROCH, 2010).

Estes canais foram classificados em 2 categorias principais com base em seu limiar de
ativacdo por despolarizacdo, canais ativados por alta voltagem (HVA) e canais ativados por
baixa voltagem (LVA) (Tabela 1). Os canais HVA podem ser subdivididos, com base nas
caracteristicas farmacolodgicas e biofisicas, em tipos L-, N-, P/Q- e R (CATERRALL, 2000;
DAl et al., 2009).

Tabela 1- Principais caracteristicas dos CCSVs

Tipo Tipo do | Subunidade Distribuicéo Funcéo
fisioldgico canal al
HVA L Cavl.l Mdsculo esquelético Excitagdo-contracao
Cavl.2 Dendritos e corpos | Plasticidade
celulares no SNC
Cavl.3 Coclea Transdugdo sensorial
Neurdnios espinhosos | Disparos em resposta a sinais
médios do estriado corticais
Substéncia nigra compacta | Atividade marcapasso
Cavl.4 Retina Transdugdo sensorial
P/Q Cav2.1 Terminais pré-sinapticos Liberagdo de neurotransmissores
Células de Purkinje Despolarizagéo
Talamo Disparos tonicos
N Cav2.2 Terminais pré-sinapticos Liberagdo de neurotransmissores
Neurénios nociceptivos do | Despolarizagdo
DRG
R Cav2.3 Terminais pré-sinapticos Liberagdo de neurotransmissores
Hipocampo Despolarizagao
LVA T Cav3.1-3.3 Dendritos e corpos | Atividade marcapasso
celulares do tdlamo
Outros neurdnios do SNC | Disparos ritmicos

Fonte: Catterall (2000).
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Os canais HVA do Cavl (tipo L) e as familias Cav2 (tipos P/Q-, N- e R) sdo
heteromultimeros formados pela associagdo da subunidade la com 3 subunidades auxiliares
B, a2d e v (Figura 3). Ja os canais LVA (Cav3, tipo T) parecem ter apenas 1a subunidade, mas
isso ainda e controverso. Estudos in vitro ou em camundongos knockout forneceram
informacdes sobre a funcdo dos diferentes tipos de CCSVs, sendo que os canais do tipo L
regulam a excitabilidade neuronal e a expressao génica; os canais P/Q e N desencadeiam a
liberacdo de neurotransmissores, e 0s canais do tipo T suportam disparos de explosédo ritmica
neuronal (Benarroch, 2010).

Figura 3- Estrutura geral de CCSVs. As estruturas das subunidades dos canais séo
ilustradas como modelos de dobras transmembranares; as hélices a sdo representadas como
cilindros. As regiGes ligantes citoplasmaticas da subunidade ol contém sitios que s&o
substratos para fosforilacdo pela proteina quinase C (PKC) e outras quinases, e interacdo com
proteinas reguladoras, como a subunidade Py das proteinas de ligagdo ao nucleotideo de
guanina (G)i/o (GBy ). A regido intracelular carboxil (C)-terminal contém um sitio de ligagéo
para calmodulina (CaM), que medeia a inativacdo desencadeada por Ca2+ do canal apos

despolarizacao prolongada da membrana.

Ca,1.1 £
L J/Ca,.2
Ca,1.3
Ca,1.4
P/Q Ca,2.1
N Ca,2.2 <
R Ca,2.3
Ca,1.1
i Ca,1.2 GBy ”
Ca,1.3 L Ca?*/CaM

Fonte: Benarroch (2010).
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Evidéncias de mutantes naturais, camundongos knockout e distdrbios genéticos
humanos indicam um papel fundamental de alguns CCSVs em uma ampla variedade de
distdrbios neurolégicos (BENARROCH, 2010).

Estes canais sdo importantes reguladores das funcbes cerebrais, cardiacas e
musculares, e sua disfuncdo pode dar origem a condicOes fisiopatologicas que variam de
distdrbios cardiovasculares a condi¢cdes neuroldgicas e psiquiatricas, como epilepsia, dor e
autismo. No sistema nervoso, os bloqueadores de CCSVs tém sido usados com sucesso no
tratamento de crises de auséncia e estdo surgindo como potenciais vias terapéuticas para
patologias como dor, doenca de Parkinson, dependéncia e ansiedade (ZAMPONI et al., 2016;
ANDRADE et al., 2019).

1.4 STRESS, ANSIEDADE E DEPRESSAO

Os transtornos de ansiedade sdo marcados pelo medo excessivo (e evitagdo), muitas
vezes em resposta a objetos ou situacdes especificas e na auséncia de perigo real. Acima de
tudo, sdo um problema significativo na clinica, e pesquisas recentes sobre 0s neurocircuitos
dos transtornos de ansiedade tem suas raizes no estudo dos circuitos do medo em modelos
animais e no estudo das respostas cerebrais a estimulos emocionais em humanos saudaveis
(SHIN; LIBERZON, 2010).

Componentes-chave do circuito do medo, incluindo a amigdala (e seus subnucleos),
ndcleo acumbens (incluindo nucleo do leito da estria terminal BNST), hipocampo, hipotalamo
ventromedial, substancia cinzenta periaquedutal, varios nicleos do tronco cerebral, nlcleos
talamicos, cortex insular e alguns nudcleos pré-frontais regides (principalmente cortex
infralimbico) foram identificadas nestes estudos (DAVIS, 2006).

Especificamente, o tdlamo integra imput sensorial dos cortices sensoriais primarios e
envia output para a amigdala. A amigdala e o cortex cingulado anterior dorsal (dACC)
processam sinais aversivos e enviam saidas para o hipotalamo, ganglios da base e tronco
cerebral para produzir comportamentos defensivos. O hipocampo é responsavel por codificar
informacdes contextuais associadas a sugestdo de ameaca. Dessa forma, o hipocampo tem
sido implicado na extingdo do medo, desempenhando um papel na regulacdo negativa da
resposta da amigdala em contextos seguros.

O cortex pré-frontal medial (mPFC) fornece controle regulatério da resposta ao medo,
recebendo informacgdes do hipocampo e do tdlamo e projetando-se para a amigdala para
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modular o comportamento do medo com base em informacdes ambientais complexas, de
acordo com Maren (2001), Lee et al., (2013) e Duval et al., (2015) (Figura 4). Esses
componentes basicos do circuito do medo estdo bem preservados em todas as espécies e

provavelmente suportam fungdes semelhantes em humanos (SHIN; LIBERZON, 2010).

Figura 4- Imputs e outputs do cortex pré-frontal medial. Representacdo esquemaética das
projecdes (A) aferente e (B) eferente com seus respectivos sistemas neurotransmissores, bem
como circuitos envolvidos na expressdo de (C) respostas comportamentais ansiogénicas ou
(D) ansioliticas.

c Via ansiogénica

Th . vHIPP

— Glutamato —¥ —>  GABA

- , — Estimula¢do
—— Dopamina — Noradrenalina

Via ansiolitica — Inibiggo

mPFC 5

mPFC

Q\\‘ Th | VHIPP Th * VHIPP
NAC> NAC>

AMY

AMY, amigdala; LHb, habénula lateral; Th, tAlamo;
DRN, ndcleo dorsal da rafe; mPFC, cortex pré-frontal medial; VHIPP, hipocampo ventral;
LC, locus coeruleus; NAc, ntcleo acumbens; VTA, area tegmental ventral.

Fonte: Adaptado de Bittar e Labonté (2021).

Embora o processamento de informac6es relacionadas a ansiedade envolva uma ampla
gama de regibes cerebrais, uma estrutura-chave nessa rede é a amigdala, a qual € percebida
com hiperexcitabilidade. A neurotransmissao inibitoria desempenha um papel fundamental
nos transtornos de ansiedade, como evidenciado pelo efeito ansiolitico da classe
benzodiazepina dos agonistas dos receptores do acido y-aminobutirico (GABA).

Assim, um interesse substancial se concentrou em entender como 0s neur6nios
inibitérios e as sinapses contribuem para 0s circuitos subjacentes aos comportamentos de
ansiedade adaptativos e patoldgicos. O processamento de informacgfes dentro da amigdala é
fortemente dependente do controle inibitério, embora os mecanismos especificos pelos quais

0s neurdbnios GABAGérgicos da amigdala e as sinapses regulam 0s comportamentos
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relacionados a ansiedade estejam apenas comecando a ser descobertos (BABAEV et al.,
2018).

O transtorno de estresse pos-traumatico (TEPT) ocorre ap0s a exposi¢cdo a eventos
trauméticos e € caracterizado por medo e ansiedade avassaladores. Seus modelos de
neurocircuitos focam no papel central da amigdala em direcionar a resposta de um individuo
ao perigo percebido por meio de suas conexdes reciprocas com o hipocampo, mPFC e outras
areas corticais associadas a fungdes cognitivas superiores. Este modelo enfatiza a falta de
controle inibitério adequado sobre a amigdala pelo mPFC (especificamente, a por¢éo rostral
do cortex cingulado anterior e o hipocampo (KENT; RAUCH, 2004; DAVIU et al., 2019).

Ademais, vé-se diminuicdo da transmissdo serotonérgica e dopaminérgica e aumento
noradrenérgico de acordo com estudos desenvolvidos por Sessa (2017) e Blum et al., (2019).
Uma vez que estresse e ansiedade entrelacaram bases comportamentais e neurais, essas
semelhancgas séo criticas para a compreensdo de cada estado, bem como suas interagdes
matuas.

Os distarbios no eixo hipotadlamo-hipdfise-adrenal (HPA) estdo envolvidos na
patogénese dos transtornos de humor, incluindo ansiedade, TEPT e transtornos depressivos
maiores, 0s quais sdo apresentados também como comorbidades. Estudos demonstraram a
relacdo entre a resposta do eixo HPA e a vulnerabilidade ao estresse, indicando que o eixo
HPA regula o sistema imunoldgico, a memoria do medo e a neurotransmissdo (CAI et al.,
2022; LIN; LIU, 2022).

A resposta ao estresse inicia no hipotdlamo onde neurdnios paraventriculares secretam
0 hormonio corticotrofina (CRH). Este horménio estimula a liberacdo do hormoénio
adrenocorticotrofina (ACTH) pela pituitaria, o qual por sua vez estimula a liberacdo de
glucocorticoides pelo cortex da adrenal (por exemplo, cortisol em humanos e corticosterona
em animais). Glucocorticdides exercem um feedback negativo no controle do HPA e reduz a
resposta noradrenérgica ao stress. O hipocampo e mPFC tem um controle inibitério no efeito
do HPA, enquanto amigdala e neurdnios aminérgicos estimular o eixo (REGE, 2019).

No TEPT h& uma desregulacdo da sinalizacdo com um feedback negativo
sensibilizado do eixo HPA resultando em aumento do CRH e atenuadas respostas a ACTH o
qual resulta em reduzida secrecdo de cortisol (YEHUDA et al., 2015).

Os modelos de depressdo atuais recapitularam com sucesso estados de retraimento
social, hipofagia e perda de peso, anedonia, alteracOes circadianas e anormalidades do eixo
HPA, embora esses fendtipos sejam frequentemente transitérios e nem todos presentes

simultaneamente. A validade de construto mais desafiadora requer um modelo que honre os
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fatores etiologicos implicados na depressdo, que ndo sdo totalmente compreendidos. A
maioria dos paradigmas utiliza alguma forma de estresse (de forma fisica ou psicossocial),
dada a conhecida associacdo entre eventos estressantes independentes da vida e episédios
depressivos (KRISHNAN; NESTLER, 2010).

Apesar de décadas de pesquisa, a base neural para a depressdo ainda €
incompletamente compreendida. Embora muitas regiGes do cérebro tenham sido
repetidamente implicadas na fisiopatologia da depressdo, no entanto, a estimulacdo de uma
variedade de regiGes e circuitos cerebrais foi relatada como sendo eficaz na depressao
(PANDYA et al., 2012).

Estudos clinicos de individuos com transtornos de humor implicaram as redes
formadas pelo OMPFC (orbital e PFCm) e areas anatomicamente relacionadas do estriado,
tdlamo, cortex temporal e sistema limbico na fisiopatologia da depressdo, com base em
evidéncias convergentes de neuroimagem e neuropatologia (PRICE; DEVETS, 2010).

1.5 RECOMPENSA E MEMORIA

O sistema de recompensa dirige nosso comportamento para estimulos prazerosos e nos
afasta dos dolorosos que exigem mais energia ou esforco. O sistema de recompensa € onde
sentimos emocdes e as processamos para iniciar ou parar a a¢do. Aqui, neurdnios usam
dopamina para se comunicar e sua principal fonte no sistema é produzida na VTA, o qual se
projeta para NAc, o centro de recompensa (YAN et al., 2022).

Os neurdnios que liberam dopamina sdo ativados quando esperamos receber uma
recompensa. A sinalizacdo pelo neurotransmissor em &reas do cérebro que processam
emoc0Oes — a amigdala — e regides envolvidas no planejamento e raciocinio — o PFC — também
cria associagfes emocionais com recompensas (HALBER, 2018).

Para isso, existem duas vias que sdo particularmente relevantes: a via mesocortical e a
via mesolimbica. A via mesocortical projeta-se para multiplas areas corticais e é importante
para muitos aspectos do processamento de recompensa, incluindo a avaliacdo heddnica,
avaliacdo comparativa e avaliacdo de opcdes. Essa via se projeta principalmente para o PFC,
cingulado e entorrinal em roedores, enquanto a via mesolimbica projeta-se principalmente
para o estriado ventral, mas também para outras areas limbicas como por exemplo a amigdala,
tubérculo olfativo e septo (BJORKLUND; DUNNET, 2007).

Acredita-se que anormalidades no sistema de recompensa desempenhem um papel em

muitos transtornos psiquiatricos, como por exemplo, abuso de substancias, e aqui podemos
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incluir alimentacéo, conforme Joshi et al., (2022) e o uso de drogas viciantes, que promovem
o reforco aumentando a dopamina no sistema mesocorticolimbico, o que altera a transmissédo
excitatoria de glutamato dentro do circuito de recompensa (ALLCHION et al., 2021).

O sistema mesolimbico dopaminérgico é também ativado por todas as principais
drogas de abuso e alimentos palataveis, sendo o estriado ventral uma estrutura chave. Em
estudos com animais, a estimulacdo cerebral necessaria para recompensa (limiar de
recompensa) é reduzida pela administracdo aguda destas drogas. Desse modo, se analisa que a
ativacdo no estriado ventral seja importante no estdgio de compulsdo/intoxica¢do por
recompensa, com envolvimento do estriado dorsal para a formagdo de habito que se acredita
estar subjacente a progresséao para o uso compulsivo (TABER et al., 2012).

Taber et al., (2012) ressalta que a dopamina também melhora as memodrias
relacionadas a recompensa e fortalece as sinapses no centro de aprendizado e memoria do
cérebro, o hipocampo. No circuito de recompensa, 0 hipocampo é responsavel por memorias
contextuais e pistas associadas, 0 que sustenta o restabelecimento de comportamentos de
busca de recompensa por meio de dicas e gatilhos contextuais. A amigdala (Figura 5) a qual
recebe projecdes da VTA e envia para o NAc, também cria poderosas memorias de flashes
emocionais e provavelmente sustenta a criacdo de fortes memdrias associadas as pistas
(KUTLU; GOULD, 2016; MC GAUGH, 2014).

Figura 5- Diagrama esquematico dos principais locais cerebrais do sistema de

recompensa e suas conexdes dopaminérgicas e glutamatérgicas.

PFC - Cortex pré-frontal
Stm — Estriado
Nac — Nticleo acumbens

ey Glutamatérgico

-------- 2 Dopaminérgico AE— gl

Hpc — Hipocampo
VTA — Area tegmental ventral

Fonte: Adaptado de Bakhtazad et al., (2020).
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1.6 DOR

Quando os neuroénios sensoriais da dor, chamados nociceptores, detectam um estimulo
potencialmente prejudicial, esses neurénios enviam o sinal como potencial de acdo para
outros neurdnios utilizando os neurotransmissores excitatorios glutamato, que despolariza a
célula, e a substancia P, que promove inflamacdo e dor (YAM et al., 2018).

Uma vez que o sinal atinge a base do corno dorsal, uma coluna na medula espinhal
que transmite informacdes sensoriais, ele € entdo enviado através de uma rede de neurénios
chamada trato espinotaldmico que fornece sinais sensoriais da medula espinhal para o cortex
somatossensorial que percebe a dor (GOLDBERG, 2013) (Figura 6a).

Esse processo, desde a detecgdo e transmissdo do sinal pelo sistema nervoso periférico
até a recepc¢do e percepcao no sistema nervoso central, € a principal funcéo da via ascendente
de transmissdo da dor. Em resumo, o caminho ascendente é como sentimos a dor. Uma vez
gue um sinal de dor da via ascendente atinge o cortex somatossensorial, ele aciona o sistema
modulador de dor descendente. O objetivo é permitir que o organismo funcione o suficiente
para responder a fonte de dor.

As vias de controle descendentes se originam nas regides do mesencéfalo e do tronco
cerebral e se projetam para o corno dorsal da medula espinhal. Eles representam um
mecanismo através do qual o sinal de dor transmitido pode ser facilitado — isso aumenta a dor
que estamos sentindo, ou inibido — reduzindo assim a dor (SAADE et al., 2015).

Inicialmente, a substancia cinzenta periaquedutal (PAG), recebe informacdes de dor
através do trato espinomescencefalico e processa as informag6es nociceptivas e as retransmite
para a medula rostral ventral (RVM). Esses neurdnios no RVM entdo enviam um sinal pela
medula espinhal e ativam o sistema opiaceo enddgeno para suprimir a dor (LAU et al., 2020).

No estado naive, os interneurbnios GABAérgicos na PAG disparam tonicamente,
produzindo assim uma liberacdo constante de GABA e inibicdo dos neurdnios de saida do
PAG. Em geral, os mecanismos opioides bloqueiam a liberagcdo do neurotransmissor GABA,
suprimindo a inibigdo, aumentando a saida dos neurénios PAG que se projetam para a medula
rostral ventromedial (RVM) (LUEPTOW et al., 2018) (Figura 6b).
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Figura 6 - Vias de transmissao da dor. Via ascendente (a) e descendente (b). PAG: substancia

cinzenta periaquedutal; VTA: area tegmental ventral; RVM: medula rostral ventromedial.

A) B)
Sistema Nervoso Sistema Nervoso
Central Central
Corno dorsal Corno dorsal
da medula da medula
espinhal Trato espinhal Trato
& =3 espinotaldmico = J > espinotaldmico

Via de transmissao

ascendente da dor Sistema Nervoso

Periférico

Sistema Nervoso Via de transmissio
Periférico descendente da dor

Fonte: Yam (2018) adaptado por Caminski (2022).

Uma vez que 0s receptores opioides estdo localizados no: cérebro (as maiores
densidades encontradas no talamo, no PAG e no RVM); medula espinhal (alta densidade na
regido do corno dorsal), eles podem regular a dor em varios niveis por reduzir a liberacdo de
neurotransmissores. Esse efeito ocorre pela redugdo do disparo de potenciais de agdo no
neurdnio de segunda ordem (visto que o trato corticoespinhal comeca no cértex cerebral e

termina na medula espinhal), blogueando a transmissao de sinais de dor (Reddi et al., 2013).

1.7 CONTROLE MOTOR

As projecBes do mesencéfalo (particularmente substancia nigra compacta - SNc)
liberam dopamina (DA) no nivel do corpo estriado com efeitos mediados por duas familias
diferentes de receptores DA ligados a proteina G localizadas em neurbnios estriatais de
projecdo espinhosa. As projecdes estriadas para locais a jusante (e projecdes corticais para 0

corpo estriado) foram entendidas como operando por meio das chamadas vias diretas e



24

indiretas. De forma evolutivamente conservada Grillner et al., (2016) relata que a via direta
inibe, enquanto a via indireta desinibe os globus pallidus pars interna e a substancia negra
pars reticulata (GPi/SNr), que juntos sdo os principais nacleos de saida inibitoria dos ganglios
da base.

A saida de GPi/SNr tem efeitos distintos nos nucleos talamicos para os quais se
projetam, com consequente inibicdo (via indireta) ou desinibicdo (via direta) do impulso
talamocortical (DELONG, 1990).

Além disso, no estado normal, conforme Oswa et al., (2013) a DA facilita a atividade
da via direta e inibe a atividade da via indireta. As projecfes inibitérias do sistema
GABAEérgico predominam nessas vias. Além das projecdes excitatorias glutamatérgicas do
cortex para os ganglios da base e o retorno das projecbes talamocorticais excitatorias, as
Unicas projecBes dentro das estruturas cerebrais subcorticais profundas que sdo excitatorias
sdo as projecdes glutamatérgicas que o STN ao GPi/SNr (Figura 7).

A dopamina é um dos neurotransmissores mais poderosos influenciando este circuito e
pode ter tanto um papel excitatério ou inibitdério nos neurénios estriados, dependendo no
subtipo de receptor de dopamina: os receptores D1 estdo associados com efeito excitatorio,
enquanto os receptores D2 sdo inibitorios (REZAI et al., 2008).

Figura 7- Circuito neural cortico-estriado-palido-tdlamo-cortical em estado normal e na
doenca de Parkinson (DP). O tamanho/intensidade das setas representam o

aumento/diminuicédo da atividade de um aferente cortical especifico da sinapse.

Circuito Motor — Normal Circuito Motor — DP

«—— Excitatorio
+«—— Inibitério

SNc: substancia negra pars compacta;

GPe: globo pélido externo; . :

SNT: nicleo subtalamico; Fonte: Adaptado de Rezai et al., (2008).
GPi: globo palido interno;

SNr: substancia negra reticulata.
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O principal achado patolégico na doenca de Parkinson (DP) é a degeneracdo de
neurdnios dopaminérgicos na SNc ventrolateral, segundo estudo elaborado por Fearnley e
Lees (1991). A deficiéncia estriatal de DA fornece uma justificativa para o uso do precursor
de DA levodopa, bem como de agonistas de DA na doenga. Como foi estudado em modelos
animais (perda neuronal seletiva de SNc ap6s exposicdo a 6-hidroxidopamina — 60HDA - em
ratos ou 1-metil-4-fenil-1,2,3,6-tetrahidropiridina em primatas - MPTP), a deplecdo de DA
resulta em alteracGes consistentemente observadas, onde a via indireta entre o corpo estriado e
0s nucleos taldmicos torna-se hiperativa no contexto da degeneragdo dos neurdnios
dopaminérgicos (MIYAWAKI, 2022).

Aqui, essa hiperatividade leva a reducdo da ativacdo do cdrtex motor, que esta
envolvido no controle de movimentos voluntarios finos e no aprendizado de novas
habilidades motoras (HOSP et al., 2011).

O cértex motor integra entradas do cOrtex pré-motor e conduz saidas excitatdrias para
a medula espinhal e os ganglios da base por meio de neurbnios piramidais glutamatérgicos.
Assim, a regulacdo indireta da DA na funcdo motora através da modulacédo da atividade dos
ganglios da base tem sido amplamente descrita (DEJEAN et al., 2012).

Com base no exposto acima, é evidente que a interacdo entre NOP e CCSVs pode
contribuir como potencial alvo terapéutico no tratamento das condi¢des relacionadas a
ansiedade, estresse, recompensa, dor, controle motor, memoria e depressao. Sendo assim,
apresenta-se entdo, uma revisdo objetivando sumarizar a literatura para fornecer uma
compreensdo abrangente do atual estado de arte no que tange a interacdo supracitada. A
apresentacdo € justificada pelo fato que, esta ampla visdo pode contribuir para o
desenvolvimento da teoria e fornecer futuro direcionamento de pesquisas pré-clinicas com

aplicabilidade direta a prética clinica.
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2 OBJETIVOS

2.1 Objetivo Geral
Apresentar o papel do sistema NOP-N/OFQ e a regulacdo dos CCSVs em condigdes

fisiopatoldgicas baseadas em regides de co-localizacdo destes.

2.2 Objetivos Especificos
e Descrever o papel do agonismo do NOP e os CCSVs envolvidos na ansiedade,
resposta ao estresse, depressdo e humor, sistema de recompensa, aprendizado,
memoria, dor e controle motor;
e Relacionar os subtipos de CCSVs que estdo envolvidos em cada condicdo descrita
anteriormente;
e Compilar dados sobre a interacdo NOP-CCSVs em condi¢Ges ainda ndo bem

elucidadas pela literatura para guiar a necessidade de futuras abordagens.
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Abstract

Activation of nociceptin opioid peptide receptors (NOP, a.k.a. opioid-like receptor-1, ORL-1) by the ligand nociceptin/
orphanin FQ, leads to G protein-dependent regulation of Cav2.2 (N-type) voltage-gated calcium channels (VGCCs).
This typically causes a reduction in calcium currents, triggering changes in presynaptic calcium levels and thus neu-
rotransmission. Because of the widespread expression patterns of NOP and VGCCs across multiple brain regions, the
dorsal horn of the spinal cord, and the dorsal root ganglia, this results in the alteration of numerous neurophysiologi-
cal features. Here we review the regulation of N-type calcium channels by the NOP-nociceptin system in the context
of neurological conditions such as anxiety, addiction, and pain.

Keywords: Anxiety, Learning, ORL-1, Opioid receptor, Pain, G protein-coupled receptor

Structure and physiological roles of N-type calcium
channels

Voltage-gated calcium channels (VGCCs) mediate
calcium influx upon the membrane depolarization,
regulating many physiological processes, such as neuro-
transmitter release, hormone secretion, muscle contrac-
tion, and gene expression [1]. The dysfunction of these
channels has been linked to a wide range of pathologi-
cal conditions including pain, epilepsy, migraine, night
blindness, cardiac arrhythmias, and congenital deaf-
ness among many others [2, 3], making them important
pharmacological targets [4]. VGCCs have been classi-
fied based on their electrophysiological and pharmaco-
logical profiles. They can be separated into low-voltage
activated (LVA) calcium channels, which include the
T-type calcium channels (Cav3.1, Cav3.2, and Cav3.3),
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or high-voltage activated ones (HVA), including N-type
(Cav2.2), R-type (Cav2.3), P/Q-type (Cav2.1), and L-type
(Cavl.l, Cavl.2, Cavl.3, and Cavl.4) channels [5, 6].
With the exception of Cavl.l which is skeletal muscle-
specific, these channels are all expressed in the brain,
but show varying albeit overlapping distributions and
support specific neurophysiological roles [1]. Cav2 chan-
nels operate predominantly at presynaptic terminals
where they are responsible for fast synaptic transmis-
sion [7], whereas Cavl.3 and Cavl.4 channels can both
be expressed at ribbon synapses (where they support fea-
tures such as auditory and visual synaptic transmission
[8, 9]; with Cav1.2 and Cavl.3 being expressed as well on
cell bodies and dendrites of many types of central nerv-
ous system neurons [10]. All calcium channels contain a
pore forming Caval subunit that is obligatory to obtain
a functional channel and which are comprised of four
transmembrane domains that are connected by cytoplas-
mic linker regions and flanked by cytoplasmic N- and
C-terminal regions [1, 5]. HVA channel Cava; subunits
co-assemble with ancillary Cava,8 and Cavf subunits in
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a 1:1:1 stoichiometry [11]. These subunits help promote
plasma membrane expression and regulate the biophysi-
cal and pharmacological features of the channel [12, 13].
The mammalian genome expresses four different types of
Cavp and four types of Cava,d subunits, with the latter
being post-translationally cleaved, relinked via a disulfide
bond, and then attached to the outer leaflet of the plasma
membrane via a GPI anchor [14, 15]. In contrast, Cavf}
subunits are cytoplasmic and attach to the Cava,; subunit
at the linker between transmembrane domains I and II.
With additional diversity arising from alternative splicing
events, the existence of multiple ancillary subunits gives
rise to a wide range of different calcium channel com-
plexes [16, 17]. The cryo-EM structure of Cav2.2 (and
other) calcium channels has been solved [18-21] and has
provided insights into the structural basis of channels
function and pharmacology.

Cav2.2 calcium channels are expressed predominantly
at presynaptic nerve terminals where they (along with
Cav2.1 channels) are critically involved in the release of
neurotransmitters [22, 23]. Their expression is primarily
restricted to neurons, with wide distribution in the brain
as well as in peripheral sensory afferents. Cav2.2 channels
are potently inhibited by peptide toxins isolated from
different types of marine fish hunting cone snails such
as w-conotoxin MVIIA (Conus magus) and w-conotoxin
GVIA (Conus geographus) whose selectivity of action
on these channels has helped elucidate key roles of
these channels in neurophysiological processes [24, 25].
Intrathecal delivery of such toxins mediates potent anal-
gesic effects [26, 27], consistent with a key role of these
channels in neurotransmission between sensory afferents
and neurons in the spinal dorsal horn. Case in point, a
synthetic version of w-conotoxin MVIIA (a.k.a. Zicono-
tide or Prialt) is FDA approved for the treatment of
refractory cancer pain [28]. Additional insights into the
physiological roles of Cav2.2 channels have been gained
from genetic models such as knockout mice lacking these
channels, from small organic inhibitors of Cav2.2 channel
activity, and from molecules that modulate post-transla-
tional modification of these channels. Mice deficient in
Cav2.2 show hyposensitivity to different pain modalities
[29-31], consistent with the data obtained with pharma-
cological inhibition. These mice also show increased vigi-
lance [32], hyper-aggression [33], reduced anxiety levels
[29], and appear to exhibit a reduction in the symptoms
of alcohol withdrawal [34]. The latter is also consistent
with the action of small organic Cav2.2 inhibitors [35—
37]. A link between Cav2.2 channels and reward-seeking
was highlighted by studies that target the interaction
of Cav2.2 with collapsin mediator protein 2 (CRMP2)
which is involved in regulating Cav2.2 channel expres-
sion at the plasma membrane [38, 39]—interfering with
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this regulatory pathway alters reinstatement of cocaine
seeking [40]. Pharmacological inhibition of Cav2.2 has
been shown to have anxiolytic effects [41, 42], and this
may be related to an inhibition of GABAergic synaptic
transmission in the basolateral amygdala and prefrontal
cortex [43]. On the other hand, it was shown that alter-
native splicing of exon 37 of Cav2.2 enhances responses
to aversive stimuli via alteration of glutamatergic signal-
ing [17]. Deletion of Cav2.2 channels either directly, or by
depletion of its ancillary Cavp3 subunit has been linked
to impairment of memory [44, 45]. Finally, delivery of
the Cav2.2 inhibitor w-conotoxin GVIA directly into the
brain has been shown to cause depression-like behavior
in rodents [46], although it should be noted that depres-
sion is more commonly associated with altered L-type
calcium channel activity. Overall, these findings indicate
that Cav2.2 channels mediate important physiological
roles and that modulation of the activity of these chan-
nels is expected to have consequences that affect behav-
iors such as anxiety and pain responses.

Modulation of Cav2.2 channels by NOP receptors

Cav2.2 channels are subject to modulation by a wide
range of G protein coupled receptors (GPCRs) [47]. This
includes the nociceptin opioid receptor (NOP, previously
called the opioid receptor-like 1 receptor (ORL-1), which
was first described by Mollereau et al. [48] and added
as a fourth member of the opioid receptor family of p-,
K-, and §-opioid receptors [49, 50]. However, the NOP
receptor is not activated by any of the known endog-
enous opioids that act on classical opioid receptors, but
instead by the endogenous agonist nociceptin/orphanin
FQ [51, 52]. The crystal structure of the NOP receptor
reveals a typical 7 transmembrane helix topology with
an additional short helix contained within the proximal
C-terminus [53].

Like other G protein-coupled receptors (GPCRs), the
activation of NOP by nociceptin triggers the exchange of
GDP for GTP on the Ga subunit, causing its dissociation
from the Gy dimer. The dissociated subunits then pro-
ceed to act on different signaling pathways and effector
systems. The NOP receptor couples primarily to Go;,,
inhibiting adenylyl cyclase and thus cyclic adenosine
monophosphate (cAMP) production [54]. In addition,
activation of NOP receptors activates phospholipase C
and MAP kinase activity via coupling to Ga,, and Gog
[55]. The dissociated GPy subunits, in addition to regu-
lating various intracellular signaling cascades, activate G
protein-coupled inwardly rectifying potassium (GIRK)
channels [56], and inhibit VGCCs [47], thus reduc-
ing neuronal excitability and neurotransmitter release
(Fig. 1A).
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Fig. 1 Key aspects of NOP receptor signalling. A. NOP receptors at synaptic terminals. Activation of NOP by N/OFQ triggers several G protein

dependent signalling pathways. B. Activation of NOP receptors triggers GBy mediated voltage-dependent inhibition of Cav2.2 channels, as well
as Ga/tyrosine kinase dependent voltage independent modulation. Due to the formation of signalling complexes, prolonged agonist application
triggers the co-internalization of NOP receptor Cav2.2 channel complexes

Specifically, GPy subunits inhibit members of the
Cav2 calcium channel family (Fig. 1B) by directly
interacting with the Cava, subunit at its cytoplasmic
N-terminal and domain I-II linker regions [57-59],
with Cav2.2 channels being inhibited more potently
than Cav2.1 [60-62]. Direct GBy modulation of Cav2.2
is sensitive to the membrane potential and can be
reversed by the application of a depolarizing pre-pulse

or by trains of action potentials—it is therefore referred
to as voltage-dependent inhibition [63-65]. The extent
of G protein modulation is also dependent on the Cavf
subunit [66-68] and critically dependent on the G iso-
form [61, 69], thus allowing receptors to mediate a wide
range of inhibitory voltage-dependent processes. Many
G protein-coupled receptors also cause voltage-inde-
pendent modulation of channel activity, most likely via
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the activation of protein kinases and receptor tyrosine
kinases (Fig. 1B). This type of inhibition is insensitive to
membrane depolarizations and has also been observed
with NOP receptors [70].

Inhibition of Cav2.2 calcium channels by NOP recep-
tors has been described in both neurons and heter-
ologous expression systems [70-77]. In addition to the
classical G protein inhibition, the C-terminus of the NOP
receptor physically interacts with the Cav2.2 C-terminus,
allowing it to control channel density at the plasma mem-
brane through enhanced forward trafficking by possibly
promoting ER export, and via channel/receptor co-inter-
nalization after prolonged agonist exposure [70, 78, 79]
(Fig. 1B). This physical interaction also allows for a tonic
inhibition of Cav2.2 channels by Gy in the absence of
an agonist, presumably due to the receptor’s constitu-
tive activity. Another potential avenue by which the NOP
can modulate Cav2.2 channels is via heterodimerization
with other opioid receptor family members. NOPs form
heterodimer complexes with all of the other three opi-
oid receptors, and the prolonged activation of p-opioid
receptors triggers the internalization of Cav2.2 channels,
but only in the presence of NOP receptors [80].

A number of different ligands of NOP receptors have
been identified and they are not considered to be opi-
oids. As already noted above, the archetypal agonist of
the NOP receptor is nociception—a 17-amino acid pep-
tide that is structurally related to dynorphin A [54]. A
wide range of synthetic NOP receptor agonists have been
described (for review, see [81]) and have been exam-
ined in preclinical and clinical studies of anxiety and
pain. Conversely, a wide range of NOP receptor antago-
nists have been developed and tested in animals and
human subjects in phase I and II studies for the treat-
ment of cognitive impairment, depression, and addiction
[81, 82]. This includes LY2940094 (aka BTRX-246040)
which appears to be effective in the treatment of depres-
sion and well tolerated [83]. Mixed agonists of NOP and
opioid receptors such as AT-121 and cepranopol have
also been explored as potential systemically active pain
therapeutics including in phase III clinical testing [84,
85]. The NOP receptor is widely distributed in the cen-
tral and peripheral nervous systems [86]. In the brain,
it is expressed in regions that are involved in the pro-
cessing of pain, learning, memory, food intake, and fear
[86—88], consistent with the above pharmacological stud-
ies. Given the widespread expression of VGCCs, they are
co-expressed with these receptors in many areas of the
brain. Below, we will highlight the role of the NOP-N/
OFQ system in neuro-physiological processes that are
known to rely on Cav2.2 channels.
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NOP receptors as modulators of pain

NOP receptors are expressed in the dorsal and ventral
horns of the spinal cord which integrate sensory process-
ing [89]. NOP receptor expression is enhanced in the
spinal cord in rodent models of persistent inflammatory
and neuropathic pain [90-92] and there is an upregula-
tion of plasma concentrations of nociceptin in chronic
pain patients [93]. Intrathecal delivery of nociceptin
mediates analgesia in rodent models of pain [94-97], as
do non-peptide agonists [98—100]. In non-human pri-
mates, systemic or intrathecal injection of NOP agonists
causes antinociception [101-105]. These analgesic effects
are likely mediated by an inhibitory action on presynap-
tic Cav2.2 channels expressed in sensory afferents (note
that NOP receptors are expressed on both A and C fibers
[79, 86, 106], along with possible activation of postsyn-
aptic GIRK channels). In addition, NOP receptor activ-
ity has been shown to modulate the excitability of spinal
interneurons and superficial layer neurons projecting to
the brain [107-109].

Mice lacking the NOP receptors show normal nocic-
eptive thresholds, only slightly reduced locomotor activ-
ity, and normal immune responses, but compromised
hearing ability [110]. These mice however also show
alterations in morphine tolerance. Like NOP recep-
tors, activation of p-opioid receptors by morphine or
DAMGO also inhibits Cav2.2 channel activity [111].
While NOP receptors are intrinsically resistant to the
p-opioid specific agonist morphine, they appear to affect
morphine tolerance via crosstalk with p-opioid receptors.
It was shown that mice lacking NOP receptors exhibit
resistance to morphine tolerance without alterations in
the acute effects of morphine [112, 113], whereas mice
with morphine tolerance exhibit upregulation of NOP
receptors [113]. Along these lines, NOP receptor activa-
tion diminishes the development of morphine tolerance
in rats and blocks morphine-induced place preference
[114, 115], although this concept has been challenged
[116]. Other studies have reported an antagonistic effect
of NOP receptor activation on opioid-induced analge-
sia [117, 118]. In addition, increased NOP expression is
seen after prolonged morphine exposure [113, 119, 120].
Finally, bi-functional ligands of NOP and p-opioid recep-
tors help prevent adverse effects associated with p-opioid
receptor activation [121-123]. To what extent this cross-
talk is mediated by selective actions via Cav2.2 calcium
channels remains to be determined, but the notion that
p-opioid receptors, NOP receptors, and Cav2.2 channels
can form signaling complexes [80] hints at the possibil-
ity that converging signaling by these two receptors on
Cav2.2 as a common target may play a role.

While NOP receptors mediate antinociceptive actions
at the spinal level likely by inhibition of spinal excitatory
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neurons and synaptic transmission at peripheral afferent
terminals [124], they appear to exhibit pronociceptive
effects at the supraspinal level, as observed after injec-
tion of nociceptin into the brain [51, 52]. It is not entirely
clear how these pronociceptive effects occur at the cellu-
lar and molecular level. One possibility may be an inhibi-
tory effect on stress-induced analgesia that is known to
be modulated by NOP receptors [125-127]. Indeed,
there is evidence that NOP receptor activation contrib-
utes to the occurrence of allodynia and hyperalgesia in
post-traumatic stress disorders (PTSD) [128], with NOP
antagonists reversing this type of pain behavior [129]. It
has been suggested that at supraspinal sites, the activa-
tion of NOP receptors may inhibit neuronal activity via
activation of GIRK channels in brain loci that are relevant
for nociceptive transmission such as the periaqueductal
gray region and dorsal raphe nucleus [124], but exactly
how this modulation causes pro-nociceptive effects
remains to be worked out.

Role of NOP receptors in anxiety
Anxiety is marked by excessive fear (and avoidance) in
response to perceived threatening situations and even
in the absence of true danger [130]. NOP receptors are
highly expressed in neurons and synaptic terminals of
brain areas that are implicated in anxiety and depres-
sion [131]. This includes the amygdala, the nucleus
accumbens (NAc), the hippocampus, the hypothala-
mus, the periaqueductal gray, the ventral tegmental area
(VTA), and some of the prefrontal regions among others
[132-134]. The medial prefrontal cortex (mPFC) exerts
inhibitory control over amygdala activity, preventing an
improper expression of emotion, but in anxiety disor-
ders, this control becomes imperfect and consequently
triggers aberrant amygdala activation through dysfunc-
tion of GABAergic and glutamatergic transmission [135—
138]. NOP activation produces presynaptic inhibition of
VGCCs, and thus the release of glutamate in the lateral
amygdala [139, 140]. NOP agonists delivered orally or via
intraperitoneal injections have revealed anxiolytic effects
in rodents [141-144]. Little is known about the biochem-
ical pathways by which NOP agonists induce anxiolytic
effects but they may involve serotonin availability and
changes in firing rates in the dorsal raphe nucleus (DRN,
which projects to serotonergic axons of the amygdala),
and concomitantly, by counteracting anxiogenic CRF
actions into the bed nucleus of stria terminalis [145].
It should be noted that some studies have, however,
reported anxiogenic responses to nociceptin, and the
reason for these discordant findings is unclear [146, 147].
Prenatal ethanol exposure (PEE) induces an anxiety-like
phenotype in adult and adolescent rats [148], and this is
frequently used as an animal model to study anxiety. This
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results in the induction of neuronal hyper-excitability
by augmenting glutamatergic transmission, which does
not appear to be attenuated by GABAergic inhibition in
the basolateral amygdala [149, 150]. NOP activation via
intracerebroventricular administration of nociceptin
reportedly inhibits associated anxiety behaviors [151]. In
this model, there is an alteration of dopaminergic neuron
morphology [152], along with a reduction of NOP gene
expression [153], and an increase in the expression of the
precursor of nociceptin (ppN/OFQ) [151]. Although the
authors did not find any alterations of the NOP-nocice-
ptin pathway in the amygdala, alterations of upstream
inputs may lead to altered amygdala activity, thus per-
haps contributing to the anxiety phenotype.

Altogether, anxiolytic-like effects can be observed with
the delivery of nociceptin and synthetic agonists into the
brain. Cav2.2 channels are also known to play a role in
anxiety and are a potential pharmacological target for
anxiolytics [41, 154, 155]. Indeed, as noted earlier, inhibi-
tion or depletion of Cav2.2 channels has been shown to
mediate anxiolytic effects in mice [29, 156], and there-
fore a putative inhibition of these channels by activation
of NOP would be expected to result in similar outcomes.
It is however unclear precisely in which brain structures
and neuronal subtypes of NOP receptor regulation of
Cav2.2 channels may take place in the context of anxiety.

NOP receptors and stress

The fear/anxiety neuro-circuitry overlaps with the neuro-
circuitry that regulates stress responses [130]. The amyg-
dala integrates information from cortical and thalamic
sensory inputs, to generate fear and anxiety-related
behavioral outputs [157], with fear conditioning mod-
els demonstrating an increase in synaptic strength in
the lateral amygdala (LA) and the PFC [158-160]. PTSD
involves an over-reactivity of the HPA axis, decreased
inhibitory signaling by GABA, and increased excitatory
neurotransmission. This is associated with increased
activity in emotion-processing brain regions, such as the
limbic system (hippocampus, amygdala, PFC). Overall,
a major characteristic of PTSD is impaired fear extinc-
tion, following exposure to a traumatic event [161]. These
responses against chronic stress lead to altered NOP
receptor signaling which may contribute to an increase in
corticosterone levels [145]. In PTSD experimental mod-
els, corticosterone levels, as well as nociceptin and NOP
expression are increased in different brain regions and
the cerebrospinal fluid, and consequently, NOP antago-
nists protect against molecular and behavioral deficits
[162, 163]. Much of the underlying mechanisms appear
to involve alterations in L-type calcium channel activ-
ity [156, 164—170]. However, given that Cav2.2 channels
are present at synaptic junctions in the HPA axis, and are
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typically inhibited by NOP receptor agonists, it is pos-
sible that these channels play a detrimental role in fear
extinction during PTSD, in addition to their potential
pronociceptive effects that were discussed earlier. On the
other hand, it is interesting to note that compounds such
as topiramate which block R-type and N-type channels
appear to show some promise in treating PTSD [171].
Clearly, more work is needed to elucidate the potential
role of Cav2.2 channels in PTSD and its modulation by
the NOP receptors.

NOP receptors as targets for addiction

Dopamine participates in drug-seeking reward behavior
by modulating the activity of the mesolimbic pathway
[172]. The dopaminergic axons in the ventral tegmental
area (VTA) project to downstream regions such as the
nucleus accumbens, the nucleus of the stria terminalis,
and the lateral hypothalamus [173]. Nociceptin and NOP
receptors are densely expressed in the VTA where they
regulate dopaminergic transmission [174, 175]. This
occurs by disinhibition of GABAergic control over dopa-
minergic neurons, such that NOP agonists mediate sup-
pression of dopamine release [115, 176, 177]. Genetic
deletion or pharmacological inhibition of NOP receptors
in rats was shown to inhibit nicotine-motivated behav-
iors [178]. Along these lines, alcohol reward-seeking
behavior was shown to be inhibited upon NOP receptor
antagonism or deletion [179-184]. This fits with obser-
vations that nociceptin and NOP receptor expression are
aberrantly increased in many brain regions of Marchigian
Sardinian alcohol-preferring rats, including the central
amygdala [185]. However, as with the role of NOP recep-
tors in anxiety, there are also several studies that show
that NOP agonists may in fact inhibit reward-seeking
behavior related to alcohol and cocaine [186—188]. The
reason for this discrepancy is not entirely clear, and a
recent review article suggested the possibility of some
NOP agonists acting as functional antagonists [163].
This then makes it difficult to predict how NOP recep-
tors modulate the reward circuitry by putative actions on
calcium channels.

L-type channels have been extensively implicated
in reward-seeking behavior and are known to be dys-
regulated during states of addiction [155, 189-192].
But there is also evidence that N-type calcium channels
play a role, as Cav2.2 knockout mice exhibit reduced
ethanol consumption [34]. Along these lines, the mixed
N-type/T-type calcium channel inhibitor NP078585
reduced alcohol-induced intoxication and reinstatement,
but failed to do so in mice lacking Cav2.2. This indicates
that its primary target was indeed the N-type channel
[35] and altogether suggests that the Cav2.2 channel is
a potential target for the treatment of alcoholism [36].
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While an inhibitory action of NOP agonists on Cav2.2
channels would be consistent with some of the results
discussed above, the fact that NOP antagonists can also
attenuate reward-seeking behavior suggests that Cav2.2
channels are not the exclusive effector of NOP receptors
in the context of addiction.

Role of NOP receptors in other neuropsychiatric conditions
Khan et al. [193] suggested a potential role of the NOP
system in schizophrenia. Some indications that support
this concept are derived from experiments involving a
resident-intruder test—an animal model of aggression
that is thought to reflect certain symptoms of bipolar dis-
order, schizophrenia, or PTSD. In this model, systemic
injection of NOP antagonists had little effect, but the
aggressive behavior of mice that were treated with NOP
agonists was greatly increased [194]. The observed effects
were similar to those seen with those of para-chloro-
phenylalanine, an inhibitor of serotonin synthesis [194].
An equivalent increase in aggressive behavior was seen
in Cav2.2 null mice, or upon microinjection of a Cav2.2
channel inhibitor into the dorsal raphe nucleus of wild-
type mice [33]. Hence, it is tempting to speculate that the
aggressive behavior observed with NOP receptor ago-
nists may have involved the inhibition of Cav2.2 chan-
nels. This might fit with the idea that Cav2.2 null mice
also presented with an increase in serotonin levels in the
hypothalamus. It is important to note that a recent study
has shown that P/Q-type calcium channels may also play
a role in aggressive behavior [195]—a Cav2 channel sub-
type that is also inhibited by NOP receptors.

Modeling bipolar-like behavior through the adminis-
tration of psychostimulants affects several neurotrans-
mitter systems, and thus it is difficult to attribute precise
cellular and molecular mechanisms that underlie the
resultant behavioral phenotype [196]. In mouse mod-
els of methylphenidate-induced manic-like behavior, the
synthetic full NOP agonist Ro 65-6570 attenuated drug-
induced hyperlocomotion, but did not affect spontaneous
locomotor activity, whereas NOP receptor antagonists
had no effect [197]. Interestingly, methylphenidate medi-
ated similar effects in WT and NOP receptor null mice,
indicating that the establishment of the hyperlocomo-
tion does not per se involve a dysregulation of the NOP
receptor system [197]. It has been shown that N-type and
P/Q-type channel inhibitors prevent methylphenidate-
induced locomotion [198, 199], potentially by inhibiting
dopamine release. This is thus consistent with a mecha-
nism by which NOP receptor activation mediates stim-
ulant-induced hyperlocomotion by inhibition of Cav2.2
channels.
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NOP receptor function in movement disorders
Central vestibular neurons are important for process-
ing motion-related multisensory signals and their
transformation into motor commands [200]. Partici-
pation of NOP receptors and nociceptin in vestibu-
lar afferent excitability has been demonstrated via the
locomotor performance of rats after traumatic head
injury. Such rats exhibit motor deficits and increased
levels of nociceptin in the afferent vestibular nuclei, as
well as an increase in NOP receptor expression in brain
regions that are associated with the vestibular function
[201, 202]. The behavioral and functional deficits that
occur following a traumatic brain injury also correlate
with the elevated NOP expression in brain regions that
are associated with vestibular function, including the
motor cortex, the dorsal striatum, and the vestibular
nuclei [76]. In cultured rat vestibular afferent neurons,
nociceptin inhibits HVA calcium currents (principally,
those carried by Cav2.2), without modifying LVA chan-
nels, and this inhibitory action occurs via voltage-
dependent GBy modulation [76]. This fits with the idea
that blockers of Cav2.2 channels are neuroprotective
during traumatic brain injury [203].

In Parkinson’s disease, the degeneration of the dopa-
minergic neurons of the substantia nigra (SN) pars
compacta affects the entire basal ganglia network

[204, 205], leading to hyperactivity that is sustained by
enhanced glutamatergic inputs [206, 207]. In addition
to the basal ganglia, dopamine depletion in the cortical
and subcortical motor areas results in the upregulation
of the nociceptin-NOP system in the SN, and a down-
regulation in the striatum, and this may contribute to
associated motor dysfunction [208, 209]. 6-hydroxy-
dopamine (6-OHDA) hemilesioned rats exhibit an ele-
vated expression and release of nociceptin into the SN
[210] thereby causing motor deficits. There are conflict-
ing results from pharmacological studies in Parkinson’s
disease models. On one hand, exogenous nociceptin or
synthetic NOP agonists, when administered systemi-
cally, attenuated dyskinesias [211, 212]. However, there
was a biphasic effect on motor function, where low
doses improved Parkinson-like symptoms, and higher
doses disrupted motor coordination and global behav-
ior [212]. Conversely, NOP antagonists also produced
antiparkinsonian effects [213, 214] by ameliorating aki-
nesia, bradykinesia, and overall gait problems at low
doses, but they inhibited motor activity at intermedi-
ate concentrations. Interestingly, these different doses
differentially regulated glutamatergic and GABAergic
signaling in the SN and the ventromedial thalamus
[215]. While the precise contributions of VGCCs to this
NOP-dependent regulation of excitatory and inhibitory
neurons remain to be determined, there is evidence
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that 6-OHDA mediates a PKA-dependent upregulation
of Cav2.2 channels in the SN [216]. Hence, a putative
inhibition of Cav2.2 channels would be consistent with
a protective effect of NOP agonists.

Conclusion

The nociceptin-NOP pathway is expressed widely in
the peripheral and central nervous system and dysregu-
lated in a number of neurological and neuropsychiat-
ric conditions. A key target of NOP receptor activation
are Cav2.2 channels which are typically inhibited upon
receptor activation, but whose forward and reverse traf-
ficking is also regulated by NOP receptor association
with the channel complex. In the afferent pain path-
way, there is a tight correlation between Cav2.2 chan-
nel activity and NOP receptor activation in the context
of pain signaling (Fig. 2). In conditions such as anxiety,
reward-seeking, and motor control the importance of
Cav2.2 channels as downstream targets of NOP recep-
tors is more tenuous (Fig. 2). While actions on Cav2.2
channels are consistent with what is known about this
VGCC subtype, NOP receptors activate a plethora of
downstream signaling cascades that are expected to
have complex effects on neurons, glial cells, and neu-
ronal circuits. Future studies involving the activation of
these receptors in Cav2.2 null mice will ultimately pro-
vide deeper insights into putative linkages.
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