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RESUMO
O peptideo liberador de gastrina (GRP) e seu receptor (GRPR) foram recentemente
identificados como componentes especificos do prurido, com importante potencial
farmacoldgico; no entanto, os mecanismos intracelulares que medeiam a atividade do
sistema GRP/GRPR permanecem desconhecidos. O presente estudo avaliou a
localizacdo do GRPR e as vias de sinalizacdo downstream ativadas por este receptor. Os
dados obtidos mostram que o GRP ativa diretamente neurdnios de pequeno didmetro
do DRG, sensiveis a capsaicina, um efeito demonstrado pelo fluxo transitério de calcio
e pela despolarizacdo da membrana. O perfil de expressdo observado sugere que a
P13Ky é ativada downstream ao sistema GRP/GRPR, como indicado pela fosforilagdo de
Akt (marcador de atividade de PI3Ky) induzida por GRP, em medulas de camundongos
ex vivo e, em células HEK293 transfectadas com GRPR. Contudo, a aplicacdo de GRP
em medulas de camundongos, ex vivo, ndo parece depender da ativagdo das MAP-
quinases, ERK1/2 ou p38. A injec¢do intratecal de GRP leva a um comportamento de
cogar intenso, que é significativamente reduzido por antagonistas de GRPR ou pela
inibicdo farmacoldgica de PI3Ky. Para avaliar se o sistema GRP/GRPR estaria envolvido
no prurido crénico, foi empregado o modelo de pele seca em camundongos. Neste
paradigma experimental, o bloqueio de GRPR ou de PI3Ky reverteu o comportamento
de cogar. Os dados obtidos também mostram que p-Akt e GRPR estdao co-localizados
na medula espinhal e em neurdnios do DRG de animais com pele seca e, que 0s niveis
de p-Akt estdo aumentados nesses animais, um efeito que foi prevenido pelo bloqueio
de GRPR. A injecdo intradérmica de GRP também induziu o comportamento de cocar,
que foi significativamente reduzido apds o tratamento com inibidor de PI3Ky.

Finalmente, foi demonstrado que a injecdo intratecal de um ativador de Akt foi capaz



de induzir coceira em camundongos. O conjunto de resultados obtidos sugere que o
GRPR é expresso por terminais periféricos e centrais de neurdnios nociceptivos do
DRG, transmitindo o prurido através da ativacdo da via PI3Ky/Akt.

Palavras-chave: AS605240; GRPR; medula espinhal; pele seca; PI3Ky; prurido.



ABSTRACT

The gastrin-releasing peptide (GRP) and its receptor (GRPR) were recently identified as
specific components of pruritus, suggesting an important pharmacological potential for
this system; however, the mechanisms underlying GRP/GRPR activity remain
undefined. Herein, we evaluated GRPR localization and downstream signaling
pathways. Our data show that GRP directly activates small-size capsaicin-sensitive DRG
neurons, an effect that translates into transient calcium flux and membrane
depolarization. Expression profile revealed that PI3Ky is downstream of the GRP/GRPR
axis, observed by GRP-induced Akt phosphorylation in ex vivo naive mouse spinal cords
and in GRPR transiently expressing HEK293 cells. However, ex vivo mouse spinal cord
stimulation by GRP failed to induce the activation of MAP-kinases, namely ERK 1/2 and
p38. Intrathecal GRP administration led to intense scratching behavior, an effect
significantly reduced by either GRPR antagonism or the PI3Ky inhibition. We assessed
whether the GRP/GRPR system is involved in chronic itching using the dry skin model
and found that GRPR blockade or PI3Ky inhibition reversed the scratching. We also
found that p-Akt and GRPR are co-expressed in the spinal cord and in DRG neurons
from dry skin mice, and that p-Akt levels are increased in these animals, an effect
prevented by GRPR blockade. The intradermal injection of GRP also triggers scratching
behavior, which was significantly decreased after treatment with PI3Ky inhibitor. The
itching response was also induced by the intrathecal injection of an Akt activator.
Altogether, these findings are highly suggestive that GRPR is expressed by the
peripheral and central terminals of DRG nociceptive afferents, which transmit itch via
the P13Ky/Akt pathway.

Key words: AS605240; dry skin; GRPR; itch; PI13Ky; spinal cord.
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1. INTRODUCAO

1.1. O Prurido

O prurido, também conhecido como coceira, tem sido objeto de curiosidade,
sendo mencionado em diversos documentos no decorrer da histéria da humanidade. O
registro mais antigo é da época do Antigo Egito e se encontra no Papyrus Ebers, datado
aproximadamente de 1550 a.C. As primeiras tentativas de entender o prurido foram
descritas no Corpus Hippocraticum, por volta do século V a.C. Todavia, foi apenas em
1660, que o médico alemdo Samuel Haffenreffer definiu pela primeira vez o prurido
como “uma sensacao desagradavel que leva ao desejo ou reflexo de cogar”, uma
definicdo ainda valida atualmente (lkoma et al., 2006, Binder et al., 2008, Weisshaar et
al., 2009). O paciente mais famoso na histéria do prurido foi Jean-Paul Marat (1743-
1793), criador do famoso jornal L” Ami du Peuple (O Amigo do Povo) e um dos lideres
intelectuais da Revolucdo Francesa. Ele sofria de uma doenca de pele cronica, severa,
incapacitante, bolhosa e intensamente pruriginosa. Alguns historiadores sugerem que
a pele desfigurada pela doenca e o prurido fizeram com que Marat fosse tratado como
um leproso, sendo rejeitado pela classe educada e pela classe média, se aproximando
das camadas inferiores da sociedade francesa. O prurido insuportavel haveria afetado
a personalidade de Marat, tornando-o mais agressivo e favorecendo seus
pensamentos e atos radicais. Assim, o prurido cronico teria influenciado o curso da
revolucdo e feito histdria (Weisshaar et al., 2009). Durante muito tempo, o prurido foi
considerado uma modalidade ou um subtipo de dor, devido a muitas similaridades

relativas a sua transmissdo (Sun et al., 2009). Atualmente, sabe-se que dor e prurido
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sdo duas experiéncias sensoriais distintas e provocam respostas comportamentais

diferentes: o reflexo de retirada e o ato de cogar, respectivamente (Ross, 2011).

O prurido ndo é uma doenca per se, mas serve como um mecanismo de alerta e
autoprotecdo, com o objetivo de defender o organismo contra agentes externos,
potencialmente nocivos. E uma sensac¢do conservada em humanos e animais. Sabe-se
gue varios mamiferos, aves e répteis sentem coceira e, o ato de cocar pode remover
da pele possiveis ameacas como insetos, acaros e plantas (Stander et al., 2003, Metz et
al.,, 2011, Liu e Ji, 2012). No entanto, as vantagens bioldgicas e evolutivas de cocar o
local que esteja cocando ainda ndo sdao entendidas (LaMotte et al., 2014). Além de
exercer um papel protetor, é um sintoma comum que acompanha muitas doengas
inflamatdrias da pele, incluindo dermatite atépica, psoriase e infecgdes. Também é um
sintoma de algumas condi¢Ges sistémicas, como doenga renal cronica, colestase,
diabetes, infeccdo por HIV e certos tipos de tumores (Miyamoto et al., 2002,
Weisshaar e Dalgard, 2009, Chiang et al., 2011). Pode ser ainda, um efeito adverso
bastante comum de muitos medicamentos, como por exemplo: antibidticos,
antifungicos, analgésicos opioides, antimaldricos, quimioterdpicos e terapias anti-
receptor de fator de crescimento epidermal (anti-EGFR) (Weisshaar e Dalgard, 2009,

Chiang et al., 2011, Miyamoto e Patapoutian, 2011).

Embora o prurido possa ser aliviado pelo ato de cocar, que geralmente estd
associado a uma sensagdo prazerosa, quando este se torna frequente ou intenso,
comumente leva ao surgimento de lesGes na pele e a liberacdo de mediadores que
reforcam o processo inflamatério, induzindo ou agravando o prurido. Assim, um

circulo vicioso é criado entre o prurido e o ato de cocar, conhecido como “itch-scratch
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cycle”. Como consequéncia, as regides da pele afetadas pelo prurido podem
apresentar sangramento, escoriagdes, ulceragdes e crostas; todos, fatores que elevam
o risco de infec¢des cutaneas. Ademais, a pele pode se tornar liquenificada (espessa),
com desenvolvimento de hiperpigmentacdo, despigmentacdo ou formacdo de

cicatrizes (Steinhoff et al., 2006, Metz et al., 2011, Liu e Ji, 2012).

O prurido pode ser localizado ou generalizado e sua intensidade pode variar de
leve a severa. Também pode ser classificado de acordo com a sua duragdo, como
agudo ou crénico. Este ultimo, quando ocorre durante um periodo maior ou igual a
seis semanas, segundo as recomendacdes do International Forum for the Study of Itch
(IFSI) (Stander et al. 2007). O prurido cronico afeta negativamente os pacientes, na
maioria das vezes perturbando o sono dos mesmos, contribuindo para o surgimento
de disturbios psicolégicos como ansiedade, medo, dificuldade de concentracdo e
depressdo (Sheehan-Dare et al., 1990, Hashiro e Okumura, 1997, Patel et al., 2007,
Chiang et al., 2011, Yosipovitch, 2011). Além disso, perturba a capacidade de trabalhar
e afeta o relacionamento com a familia e com a sociedade, podendo levar ao suicidio
em casos extremos. O impacto do prurido cronico na qualidade de vida dos pacientes é
compardavel ao da dor crénica e tem sido sugerido que o primeiro seja reconhecido

como uma doenca por si so (Kini et al., 2011, Yosipovitch, 2011).

Em 2003, Twycross e colaboradores propuseram uma classificacdo da coceira
de acordo com a sua origem, como: cutanea (pruriceptiva), neuropatica, neurogénica
ou psicogénica. No prurido pruriceptivo, a sensacdo é originada na pele, devido a
inflamacdo, falta de hidratacdo ou outro dano, sendo que os terminais nervosos

cutaneos sao ativados por substancias pruritogénicas. Sdo exemplos, os pruridos
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causados por urticaria e as reacGes a picadas de insetos. O prurido neuropatico é
causado por lesdo localizada em algum ponto ao longo da via aferente, podendo afetar
tanto os nervos periféricos, quanto o sistema nervoso central (SNC). Esclerose
multipla, herpes zoster, prurido braquiorradial e tumores cerebrais sdao alguns
exemplos de condicdes que tém como sintoma o prurido neuropatico. Jd4 o prurido
neurogénico, é induzido por mediadores que possuem acdo central, embora nao haja
evidéncias de lesdo neuronal como, por exemplo, no prurido da colestase, onde ocorre
a liberacdo de neuropeptideos opioides que atuam nos receptores do tipo u (MOP).
Por ultimo, o prurido psicogénico ndo raramente acompanha disturbios psiquiatricos,
tais como, transtorno obsessivo compulsivo, mania, psicose e delirio de parasitose
(Twycross et al., 2003, Yosipovitch et al., 2003, Stander et al., 2007, Stander et al.,

2008, Yosipovitch e Samuel, 2008).

Uma segunda classificacao foi proposta por Stander e colaboradores, em 2007,
considerando os sintomas clinicos associados ao prurido. O grupo | é chamado de
prurido na pele primeiramente inflamada, que ocorre em doengas cutdneas como
dermatite atdpica, psoriase, linfomas cutdneos, infeccbes e reacGes adversas a
medicamentos. O grupo Il é chamado de prurido na pele inicialmente ndo inflamada e,
se manifesta sem a ocorréncia de alteracdes visiveis na derme. Comumente,
acompanha doencas sistémicas, neuroldgicas ou psiquiatricas. Neste grupo, enquadra-
se o prurido causado pela colestase, insuficiéncia renal cronica, diabetes, linfomas e
tumores sdlidos. O grupo Ill compreende pacientes com prurido cronico, que
apresentam lesdes cutaneas severas, secundarias ao ato de cogar, também crénico,
como o que acontece no prurigo nodularis. A origem do prurido pode residir em

doencas sistémicas ou cutaneas, sendo que os pacientes podem apresentar prurido
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cronico por anos (Stander et al., 2007, Metz et al., 2011). Existe ainda outro tipo de
prurido que ndo se encaixa em nenhuma classificacdo aqui descrita. Popularmente,
sempre se soube que as pessoas podem apresentar prurido quando veem imagens
sugestivas, outras pessoas se cocando ou, quando falam sobre coceira. Mas foi apenas
em 2000, que Niemeier e colaboradores publicaram o primeiro estudo demonstrando
gue o prurido pode ser induzido por estimulos visuais. Este fen6meno é chamado de
“prurido contagioso” (Niemeier et al., 2000, Schut et al., 2015). Desde entdo, tém
aumentado o interesse nessa drea de estudo, mas ainda se sabe pouco sobre os
mecanismos pelos quais o prurido pode ser “transmitido”. O que alguns pesquisadores
sugerem é que este fend6meno ocorreria em estruturas superiores do SNC envolvendo

o sistema de neurdnios espelho no coértex pré-frontal (Papoiu et al., 2011).

A dermatite atépica e a psoriase sdo duas das doencas inflamatdrias de pele
mais comuns. Em paises desenvolvidos, a dermatite atdpica afeta 10-20% e a psoriase
cerca de 2% da populagdao. Ambas as condi¢des sao principalmente caracterizadas pela
presenca de prurido e geram, apenas nos EUA, um custo anual de 5 bilhdes e 135
bilhdes de ddlares, respectivamente. (Guttman-Yassky et al., 2011, O'Neill et al., 2011,
Boehncke e Schon, 2015, Brezinski et al., 2015). Ademais, o prurido cronico é uma
desordem bastante comum, embora frequentemente menosprezada por profissionais
da saude, que afeta até 25% da populacdo mundial durante algum periodo da sua vida.
E mais comumente diagnosticado em mulheres e pacientes asiaticos e, encontra-se
entre as 50 sequelas mais comuns de desfechos n3o fatais devido a doencas ou lesdes,

com uma prevaléncia de 4% da populacdo global (~ 280 milhdes de pessoas) (Vos et

al., 2012, Matterne et al., 2013, Yosipovitch e Bernhard, 2013).
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Diversas teorias tém sido apresentadas para explicar como a sensacdo de
prurido é codificada. Com base em trabalhos do inicio do século 20, realizados por Von
Frey (1922) e Lewis (1927), foi proposta a teoria da intensidade, onde se acreditava
que os mesmos neurdnios eram ativados tanto por estimulos pruriginosos, quanto por
estimulos dolorosos. Assim, o prurido e a dor seriam diferenciados dependendo da
intensidade do estimulo provocado. Ou seja, quando fracamente ativados, os
neurdnios gerariam sensacao de prurido e, quando fortemente ativados produziriam
dor. No entanto, evidéncias contra esta teoria tém-se acumulado e fazem com que ela
tenha se tornado insustentdvel, uma vez que, aumentando a intensidade de estimulos
pruriginosos, ndo ha transicdo para a percep¢dao de dor. O mesmo ocorre quando
intensidade de estimulos dolorosos é diminuida, uma vez que a dor ndo da lugar ao

prurido (McMahon e Koltzenburg, 1992, Patel e Dong, 2011).

Nas ultimas décadas, muitos esforcos foram realizados para tentar elucidar as
bases neuronais da coceira. Apenas em 1997, Schmelz e colaboradores identificaram,
em humanos, uma nova classe de fibras C com axbnios particularmente finos e
excessivas ramificacoes terminais, ativadas seletivamente por histamina e, condizentes
com a sensacao de prurido referida pelos pacientes. Estas fibras ndo-mielinizadas,
insensiveis a estimulos mecanicos, com amplo territério de inervacao, alto limiar de
ativacdo e baixa velocidade de condugdo (0,5 m/s), demonstraram propriedades
distintas daquelas de nociceptores, sendo que compreendem 5% das fibras C aferentes
na pele humana (Schmelz et al., 1997, Patel e Dong, 2010). Estes resultados sugeriram
a existéncia de uma via especifica para a transmissdao do prurido, dando suporte a
teoria da especificidade, que postula a ocorréncia de um conjunto de fibras dedicadas

exclusivamente a transmissdo de prurido, denominadas pruriceptores (Patel e Dong,
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2010). Além disso, ha evidéncias para a existéncia de uma via de transmissdo de

prurido, independente de histamina.

A mucunaina, uma proteinase presente na planta tropical conhecida
popularmente como mucuna ou po-de-mico (Mucuna pruriens; em inglés cowhage), é
capaz de gerar a sensacao de prurido na auséncia de eritema, um sintoma tipico dos
efeitos da histamina. Ademais, foi observado que ha falha por parte dos anti-
histaminicos em bloquear essa resposta, indicando que o cowhage induz prurido
através de mecanismos ndo histaminérgicos (Johanek et al., 2007). Entretanto,
trabalhos posteriores demonstraram que as fibras ativadas por histamina também
respondem a estimulos nociceptivos, mesmo que com menor intensidade, como por
exemplo, apds a aplicacdo de agentes algogénicos, como capsaicina e bradicinina (BK)
(Schmelz et al., 2003). Também foi visto que quando ha inativacdo dos nociceptores
que expressam o receptor de potencial transitério vaniloide tipo 1 (TRPV1), os
camundongos tém uma reduc¢do importante em varias respostas pruriceptivas. Porém,
as mesmas respostas ndao foram reproduzidas em animais com dele¢dao génica para
este receptor. Com isso, este estudo propGe que as fibras que expressam TRPV1 sdo
necessarias para a deteccdo do prurido, mas que o receptor em si ndo seria essencial
(Imamachi et al., 2009). Esses e outros dados argumentam contra a teoria da
especificidade, pelo menos ao nivel periférico, pois indicam que os pruriceptores
também detectam estimulos nociceptivos. Entretanto, ainda existe a possibilidade de
gue esta teoria seja aplicavel ao nivel central, especialmente no ganglio da raiz dorsal

(DRG) (Patel e Dong, 2010).
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A teoria da oclusdo propde que os pruriceptores, dentro do grupo dos
neurdnios nociceptivos, podem constituir um subconjunto seletivo para a transmissao
pruriginosa. Este subconjunto poderia gerar a sensacdo de prurido quando ativado;
porém, se um grande grupo de nociceptores é recrutado por um estimulo nocivo, isso
levaria ao blogueio (ou oclusdo; Figura 1) da resposta pruriceptiva, para produzir dor.
Esta teoria explicaria as similaridades entre prurido e dor, bem como a sua relagdo

antagonica (Patel e Dong, 2011).

A _||I|,.'I'.a||',ll|,||lu'l'.r DRG ¢ spinal Cord Pain
O . . Itch
A b_h'_ Itch & Pain

Intensity

B .——x—) Pain
Pain only

.——‘—-» Itch
Itch only

Labeled Line

c Pain
Pain only

.—-——) Itch
Itch & Pain

Occlusion

Figura 1. Modelos propostos para a transmissdo de prurido. (A) A teoria da intensidade propde que
neurénios transmitem prurido ou dor, dependendo, se o estimulo é de baixa ou de alta intensidade,
respectivamente. (B) A teoria da especificidade propde fibras e circuitos completamente separados para
a deteccdo de dor e prurido. (C) A teoria da oclusdo propde que um grupo de neurdnios dentro dos
nociceptores transmite prurido quando seletivamente ativado por estimulos pruriginosos. Os estimulos
nocivos levariam a ativagdo do grande grupo de fibras e isso inibiria a sensagdo do prurido. Retirada de
Patel e Dong, 2011 (Patel e Dong, 2011)
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A informacdo pruriginosa é transmitida pelos pruriceptores via ganglio da raiz
dorsal (DRG) até a medula espinhal. Ali, essas fibras fazem sinapse com neurénios
localizados na lamina | do corno dorsal. Estes neurbnios atravessam para o lado
contralateral da medula espinhal, se projetam para o tdlamo e, de |4 para o cértex
sensoriomotor ou, para o cértex cingulado. O envolvimento do cortex motor explica o
impulso de cogar, dependente da percepcdo desagradavel de prurido. J3, a ativacdo do
cortex cingulado anterior, uma estrutura relacionada ao processamento emocional,
explica o componente afetivo da sensacdo de prurido (Wallengren, 2005, Steinhoff et

al., 2006).

Dois mecanismos envolvidos durante os processos pruriceptivos sdao a
sensibilizacdo periférica e a sensibilizacdo central. A sensibilizacdo periférica é
caracterizada pelo surgimento de hipersensibilidade, devido a liberagdo de mediadores
inflamatdrios que facilitam a reducdo do limiar de ativacao e, aumentam a capacidade
de resposta dos nociceptores. Estes aspectos estdao mais frequentemente relacionados
a condi¢Bes agudas ou “sub-crbénicas”. Ja, a sensibilizacao central esta envolvida no
desenvolvimento de prurido cronico, onde ocorrem mudancas nas propriedades dos
neurdénios no SNC (plasticidade), aumento no estado funcional de neurdnios e
circuitos, aumento na excitabilidade de membrana e eficacia sinaptica e/ou,
diminuicdo de controles inibitérios. Dois fen6menos s3ao caracteristicos da
sensibilizacdo central no prurido: a alocinesia (do grego antigo “allos”- outro; “kinesis”-
movimento) e a hipercinesia (do grego antigo “hupér”- sobre, acima, excesso;
“kinesis”- movimento). A alocinesia é um prurido que resulta de um estimulo indcuo,
gue normalmente ndo provoca prurido. A hipercinesia é observada quando um

estimulo pruriginoso causa uma sensacdo de coceira muito mais intensa. Assim, a
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alocinesia e a hipercinesia seriam equivalentes aos fenGmenos nociceptivos
conhecidos como alodinia e hiperalgesia, respectivamente (Ji et al., 2003, Akiyama et

al., 2012).

Acredita-se que substadncias pruritogénicas ativam neurOnios sensoriais
primarios, gerando a sensacdo de prurido de modo direto, isto é, por ativacdo de
receptores expressos nas fibras aferentes ou, de modo indireto, via ativacdo de tipos
celulares secundarios, como por exemplo, mastdcitos ou queratindcitos que liberam

substancias que ativam essas fibras (Patel e Dong, 2011).

Uma grande variedade de mediadores e receptores que induzem o prurido tem
sido identificada nas ultimas décadas. No entanto, os seus mecanismos na
patofisiologia do prurido ainda nao sao muito bem entendidos. Atualmente, a
histamina ainda é a substancia pruritogénica mais conhecida e estudada. Ela se liga ao
seu receptor H1 (H1R) e sensibiliza TRPV1 via fosfolipase C (PLC) (Han et al., 2006,
Jeffry et al., 2011, Metz et al., 2011). Existem ainda evidéncias acerca da relevancia dos
receptores de histamina H4 (H4R), nos processos pruriginosos (Potenzieri e Undem,
2012). Diversas substancias indutoras de prurido e seus receptores tém sido estudados
com maior intensidade, como por exemplo, a endotelina-1 (ET-1) e o receptor ETa,
cloroquina (CQ) e o MrgprA3, triptase e o PAR-2 e, IL-31 e o IL-31R. Além disso,
receptores, como o BiR e B;R para cininas, parecem desempenhar um papel
importante na sinalizacdo da resposta pruriceptiva envolvendo ativacdo de PAR-2. O
PAR-4 é outro receptor responsavel por mediar a sensacdo de prurido. Recentemente,
foi demonstrado que a ativacdo de PAR-4 em neur6nios sensoriais cutaneos, e talvez

em células ndo neuronais da pele, pode levar a ativacdo TRPV1 e do receptor de
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potencial transitorio anquirina tipo 1 (TRPA1l), com a possivel liberacdo dos
neuropeptideos substancia P (SP) e do peptideo liberador de gastrina (GRP) (Costa et
al.,, 2010, Patel e Dong, 2011, Han et al., 2012, Potenzieri e Undem, 2012, Patricio et

al., 2015).

O receptor para o peptideo liberador de gastrina (GRPR) foi descoberto como
sendo crucial na detecc¢do do prurido, o que poderia sugerir a possibilidade de que este
receptor e, os neurdnios que o expressam, sejam apontados como uma via especifica
para a transmissao da informacao pruriceptiva (Davidson e Giesler, 2010). Ademais, Liu
e Ji (2012) demonstraram que o estresse oxidativo, presente em diversas condi¢des
como doenca renal crénica, psoriase, dermatite atdpica, diabetes e colestase, é capaz
de induzir o comportamento de cocar através da ativacdo de TRPA1, por mecanismos
independentes da histamina. Estes achados sugerem que o estresse oxidativo pode ser
um mecanismo alternativo para a transmissdo de prurido (Liu e lJi, 2012). A
linfopoetina estromal timica (TSLP) é uma citocina predominantemente expressa em
células epiteliais cutaneas (queratindcitos), pulmonares e intestinais, altamente
associada a diversas doencas inflamatdrias, como dermatite atépica e asma. Wilson e
colaboradores (Wilson et al, 2013) descreveram que a TSLP liberada por
gueratindcitos, liga-se ao seu receptor (TSLPR) expresso nos terminais livres e ativa
diretamente os neurdnios sensoriais que inervam a pele, induzindo prurido (Wilson et
al., 2013). Outros receptores como o 5-HT1A e o HTR; para serotonina (5-HT), o Toll-
like do tipo 3 (TLR3) e o Toll-like do tipo 7 (TLR7) para reconhecimento de patdgenos
também tém sido apontados como importantes componentes na transmissdo do
prurido (Liu et al., 2010, Liu et al., 2012, Zhao et al., 2014a, Morita et al., 2015). Além

da descoberta de diversos tipos de mediadores e receptores que induzem a sensagao
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de prurido, interneurbnios e peptideos enddgenos inibitdrios também tém sido
apontados como relevantes na modulacdo das respostas pruriginosas (Ross et al.,

2010, Kardon et al., 2014).

O manejo do prurido agudo severo, bem como do prurido crbnico, representa
um processo bastante complexo, sendo que as sensac¢des relacionadas causam um
sofrimento que ndo pode ser aliviado facilmente. Apesar dos avangos realizados
recentemente, ainda ndo existem farmacos antipruriginosos especificos. O tratamento
padrdo disponivel atualmente é composto por anti-histaminicos de uso sistémico ou
corticoides de uso tdépico. Infelizmente, o tratamento com esses agentes é limitado e,
quase sempre, ineficaz (Chiang et al., 2011, Patel e Dong, 2011, Tey e Yosipovitch,
2011, LaMotte et al., 2014). Assim, um melhor entendimento sobre a patofisiologia do
prurido e seus mecanismos de transmissao é ainda necessario para o desenvolvimento

de novas terapias para este antigo problema.

1.2. O Peptideo Liberador de Gastrina e seu Receptor

O peptideo liberador de gastrina (GRP) foi o primeiro peptideo similar a
bombesina (Bn, peptideo isolado da pele do sapo Bombina bombina) identificado em
mamiferos (Jensen et al., 2008). Foi originalmente isolado a partir do estobmago de
suinos por McDonald e colaboradores em 1979, sendo formado por 27 aminoacidos.
Compartilha os mesmos sete aminodacidos C-terminais com a Bn, o que explica suas
atividades bioldgicas similares (McDonald et al., 1979, Jensen et al., 2008). O gene
humano para o GRP encontra-se no cromossomo 18g21. Este peptideo é sintetizado

na forma de uma molécula precursora, o pré-pré6-GRP. O mesmo é clivado por uma
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peptidase sinalizadora, dando origem ao pré-GRP, que é processado por clivagem
proteolitica e forma o GRP (Merali et al., 1999, Gonzalez et al., 2008). O GRP e seu
RNAm s3ao amplamente distribuidos no SNC e nos tecidos periféricos, principalmente
no trato gastrintestinal (TGI) de mamiferos (Jensen et al., 2008). Seus efeitos bioldgicos
estao relacionados a uma série de fungdes, tanto de eventos fisioldgicos, quanto
patoldgicos (Weber, 2009, Majumdar e Weber, 2011). Este peptideo exerce seus
efeitos através da ligacdo ao seu receptor, o GRPR (também conhecido como BB3), um
tipico receptor acoplado a proteina G (GPCR), com sete dominios transmembrana,
constituido de 384 aminoacidos (Gonzalez et al, 2008). O GRPR sinaliza,
principalmente, através de vias intracelulares relacionadas com a ativacdo da
fosfolipase C (PLC), levando a mobilizacdo de calcio intracelular e ativa¢do de proteina
quinase C (PKC) (Gonzalez et al., 2008, Weber, 2009). Sua dessensibilizacdo ocorre por
internalizacdo mediada por arrestinas e clatrinas, sendo posteriormente reciclado de

volta para a membrana celular (Jensen et al., 2008).

A ativacdo do GRPR é responsavel por efeitos fisiolédgicos como liberacao de
hormonios gastrintestinais, contracdo de muscultura lisa, regulacdo do ritmo
circadiano, controle da saciedade, termo-regulacdo, ansiedade, modulacdo de
memoria e crescimento celular. O GRPR também participa de processos patolégicos
incluindo doencas pulmonares e condi¢des inflamatdrias. Tem sido descrito que a
estimulacdo de GRPR promove o crescimento e a diferenciacdo celular em varios tipos
de tumores e parece colaborar para a capacidade invasiva dos mesmos (Patel et al.,
2006, Jensen et al., 2008, Weber, 2009, Czepielewski et al., 2012). Recentemente, o
GRP tem sido associado com a sensacdo de prurido (Majumdar e Weber, 2011). Um

estudo realizado por Sun e Chen (2007) demonstrou que o GRP é co-expresso com o
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peptideo relacionado ao gene da calcitonina (CGRP) e com a substancia P (SP) em um
subconjunto de fibras de pequeno e médio calibre do DGR de camundongos, e, o GRPR
é expresso na lamina | do corno dorsal da medula espinhal (Sun e Chen, 2007). Estes
autores utilizaram animais knockout (KO) para GRPR a fim de investigar se este
receptor seria necessario para a transmissdo de prurido. Foi avaliado o
comportamento de cocar apds a injecdo inradérmica (i.d.) de agentes pruritogénicos
em animais selvagens e knockouts. Os animais com dele¢gao génica do GRPR
demonstraram uma diminuicdo significativa do comportamento de cocar apds a
injecdo de composto 48/80 (degranulador de mastdcitos para liberacdo de histamina),
do agonista seletivo de PAR-2 ou de cloroquina, em relagdo aos animais selvagens.
Ademais, os autores observaram que a injecdo intratecal (i.t.) de GRP foi capaz de
induzir um intenso comportamento de cogar em animais selvagens. De forma
interessante, a injecdo i.t. do antagonista de GRPR, o (D-Phe-6-Bn(6-13)OMe, reduziu
significativamente os acessos de coceira, tanto apds a administracdo de GRP i.t.,
guanto apds a administragdo i.d. dos agentes pruritogénicos anteriormente citados
(Sun e Chen, 2007). Mais tarde, Sun e colaboradores (2009) depletaram neurdnios
GRPR* da medula espinhal de camundongos e viram que o comportamento de cocar
foi praticamente abolido apds a injecdo i.d. de substancias como histamina, composto
48/80, serotonina, endotelina-1, agonista de PAR-2 e cloroquina (Sun et al., 2009).
Ambos os estudos foram decisivos para uma melhor compreensdo dos mecanismos
relacionados ao prurido e, mostraram, pela primeira vez, que a delecdo do GRPR ou o
bloqueio farmacoldgico de sua atividade ndo interferiram na transmissdo nociceptiva,
fornecendo evidéncias para uma via de sinalizacdo especifica para o prurido. Sabe-se

também que o GRPR e a isoforma 1D do receptor opioide u (MOR1D) formam



32

heterodimeros na ldmina | da medula espinhal e sdo responsaveis por mediar o prurido
induzido por opioides, sem efeito sobre seus efeitos analgésicos (Liu et al., 2011). Mais

uma vez, estes dados apontam o GRPR como uma molécula “prurido-especifica”.

Cresce cada vez mais a busca pela identificacdo das vias de sinalizacdo
intracelulares ativadas pelo sistema GRP/GRPR em diversos sistemas e condigdes
patoldgicas. Foi demonstrado que o GRP é capaz de ativar a via da fosfatidilinositol-3-
quinase (PI3K) em células de neuroblastoma humano, o que estaria associado com a
progressdao do ciclo celular. Um estudo recente mostrou que o GRP tem efeitos
quimioatrativos sobre neutrdfilos, por mecanismos dependentes da ativacdo de
fosfolipase CB2 (PLC-B2), PI3K e das proteinas quinases ativadas por mitégenos
(MAPKs): quinase regulada por sinal extracelular (ERK) e p38 (Ishola et al., 2007,
Czepielewski et al.,, 2012). No entanto, ainda faltam estudos acerca das vias de

sinalizacdo responsdveis pela transmissdo pruriceptiva mediada pelo GRP.

1.3. A fosfatidilinositol-3-quinase y

As fosfatidilinositol-3-quinases (PI3Ks) sdo um grupo de enzimas
evolutivamente conservadas (Engelman et al., 2006). Elas fosforilam (adicionam um
grupo fosfato) o fosfatidilinositol-4,5-bifosfato (PIP2) na porg¢do 3-OH do anel inositol
do fosfatidilinositol e fosfoinositideos, produzindo o segundo mensageiro
fosfatidilinositol-3,4,5- trifosfato (PIP3), um processo necessario para a que ocorra a
translocacdo da serina/treonina quinase Akt (também conhecida como PKB) do citosol
para a membrana plasmatica. Uma vez que Akt se liga ao PIPs na camada interior da

membrana, ela precisa ser fosforilada em dois sitios para sua completa ativacao,



33

primeiro no residuo treonina 308 pela proteina quinase dependente de
fosfoinositideos 1 (PDK1) e depois no residuo serina 473 pela mTORC2. Quando
ativada, a Akt medeia respostas celulares como proliferacao, sobrevivéncia, motilidade
e metabolismo (Zhuang et al., 2004, Ohashi e Woodgett, 2005, Kong e Yamori, 2007,
Rommel et al., 2007, Marone et al., 2008, Roy et al., 2009).

A familia das PI3Ks é dividida em trés classes (1,1l e lll). A classe | é formada por
heterodimeros constituidos de uma subunidade regulatdria e uma subunidade
catalitica. Por sua vez, a classe | é subdividida em duas: IA e IB. A subclasse IA é
composta pelas isoformas PI3Ka, PI3KB e PI3K§, e sinalizam via receptores tirosina-
quinase pela ligacdo de hormoénios, fatores de crescimento, citocinas, integrinas e
outros estimulos extracelulares. A subclasse IB apresenta apenas um membro, a
isoforma PI13Ky, um complexo formado por uma subunidade regulatéria p101 ou p84 e
uma subunidade catalitica p110y (Hawkins e Stephens, 2015). A PI3Ky, é ativada por
receptores acoplados a proteina G. Inicialmente localizada no citosol, a PI3Ky é
recrutada até a membrana pela subunidade By das proteinas G, 13 ocorre a ligagdo da
mesma com uma das subunidades regulatdrias (Figura 2). A GBy também interage
diretamente com subunidade catalitica, promovendo uma mudanca conformacional e
consequente ativagao da PI3Ky (Brock et al., 2003). A ativacao pela GBy e a interagdo
com esta é mais pronunciada para o complexo p110y-p101 do que p110y-p84 (Vadas

et al.,, 2011).
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Figura 2. Mecanismos de ativacdo da classe | de PI3Ks, responsdveis por uma série de respostas
celulares. Ptdins(4,5)P2 (PIP2), PtdIns(3,4,5)P2 (PIP3), GPCR (receptor acoplado a proteina G). Retirada de
Rommel et al., 2007 (Rommel et al., 2007).

As isoformas a e B de PI3K sdo expressas em todas as células e regulam varias
fungdes, incluindo sobrevivéncia e proliferagao celular. Assim como a PI3K§, a PI3Ky é
expressa em leucdcitos e regula respostas imunoldgicas (quimiotaxia de leucdcitos e
degranulacao de mastdcitos). No entanto, esta ultima também pode ser encontrada no
endotélio, coracdo, cérebro e em neurdnios nociceptivos do DRG (Ohashi e Woodgett,
2005, Pomel et al., 2006, Ruckle et al., 2006, Ferrandi et al., 2007, Frojdo et al., 2007,
Rommel et al., 2007, Ito et al., 2007, Leinders et al., 2014). O aumento constitutivo da
sinalizacdo das PI3Ks pode ter efeito deletério nas células, levando ao descontrole da
proliferacdo, migracao facilitada e adesao independente de crescimento. Estes eventos
favorecem ndo apenas a formacdao de tumores malignos, mas também o
desenvolvimento de inflamagdo crbnica, alergias, diabetes, problemas
cardiovasculares e doencas autoimunes (Ito et al., 2007 , Marone et al., 2008, Gharbi
et al., 2007).

A inibigdo da PI3Ky constitui um novo conceito para o controle de doengas

como artrite reumatoide, lUpus eritematoso sistémico, psoriase, esclerose multipla,
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Alzheimer, aterosclerose e alergias; condi¢cdes estas onde se sabe que a enzima esta
desregulada. Anteriormente, o nosso grupo demonstrou que a PI3Ky, além de
participar de processos inflamatérios, também estd evolvida em respostas
pruriceptivas. Assim, farmacos que tem como mecanismo de acdo o bloqueio da PI3Ky
apresentam grande potencial terapéutico (Wymann et al., 2003, Barber et al., 2005,
Camps et al.,, 2005, Ruckle et al., 2006, Ferrandi et al., 2007, Fougerat et al., 2008,
Passos et al., 2010, Rodrigues et al., 2010, Pereira et al., 2011, Roller et al., 2012).

No inicio da década de 90, comecaram a ser desenvolvidos os inibidores
sintéticos da PI3K de primeira geracgdo. O primeiro a ser sintetizado foi o LY294002 (2-
(4-morfolinil)-8-fenil-4H-1-benzopiran-4-ona hidrocloreto), um inibidor reversivel
derivado da quercetina, um flavonol encontrado em frutas e vegetais como magas,
cerejas, uvas vermelhas e cebolas. As propriedades biofarmacéuticas desfavoraveis
destes inibidores de primeira geragdao e, a falta de seletividade para as diferentes
isoformas, estimularam a procura de moléculas mais seletivas, principalmente para a
isoforma PI3Ky, que representa um alvo farmacolégico importante e promissor para o
tratamento de doencas inflamatdrias (Pomel et al., 2006, Ferrandi et al., 2007, Ito et
al., 2007 , Marone et al., 2008, Gharbi et al., 2007). Como inibidores da PI3K de
segunda geracdo, diversos compostos tém sido identificados, sendo ativos de forma
seletiva contra varias PI3Ks e fundamentais para explorar a importancia destas
enzimas (Marone et al., 2008).

0O AS605240 (5-(6-quinoxalinilmetileno)-2,4-tiazolidina-2,4-diona) é um inibidor
do sitio de ligacdo da adenosina trifosfato (ATP), de baixo peso molecular, seletivo para
PI3Ky, ativo por via oral, bastante potente, que tem Otimas propriedades de

permeabilidade celular (Camps et al., 2005). Foi demonstrado que a inibicdo da PI3Ky,
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através da utilizacdo do AS605240, bloqueia a progressdo de dano e inflamacgdo nas
articulagdes, em modelos de artrite reumatoide em camundongos e, aumenta a
sobrevivéncia de camundongos num modelo de lupus eritematoso sistémico,
diminuindo a deposicdo de imunocomplexos, proteindria e niveis de auto-anticorpos
(Barber et al., 2005, Camps et al., 2005). Em ambos os estudos, efeitos adversos ao
tratamento ndao foram observados. Outros dados da literatura mostram dados
relevantes sobre os efeitos benéficos do AS605240 em diversos modelos
experimentais. Dentre os mais recentes, cabe destacar a reducdo de inflamacdo
neutrofilica e eosinofilica, respectivamente, em modelos de asma e fibrose cistica,
reducao da hiperplasia da camada intima vascular, reducdo da pressdo sanguinea e
inducdo de vaso relaxamento, reducao da desmielinizacdo e alteragdes celulares no
SNC em um modelo de esclerose multipla e, diminuicdo e reversdao de complicacdes
associadas ao diabetes (Azzi et al., 2012, Carnevale et al., 2012, Comerford et al., 2012,
Saito et al., 2014, Smirnova et al., 2014, Galluzzo et al., 2015). De forma interessante,
foi descrito previamente por nosso grupo de pesquisa, que a inibigao seletiva de PI3Ky
é capaz de reduzir significativamente o comportamento de cocar induzido por tripsina
e, de forma menos intensa, o prurido causado por composto 48/80 (Pereira et al.,
2011).

Como a PI3Ky é ativada downstream GPCRs e esta envolvida em respostas
pruriceptivas, o desenvolvimento do presente estudo foi baseado na hipdtese de que,
ao menos no contexto do prurido, o GRPR sinaliza através da via da PI3Ky/Akt, apds ser

ativado.
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2. OBJETIVOS

2.1. Objetivo Geral

Investigar o envolvimento da enzima PI3Ky nas respostas pruriceptivas

mediadas pelo sistema GRP/GRPR, a nivel espinhal, assim como a possivel interagdo

destas vias com outros mecanismos envolvidos no prurido.

2.2 Objetivos Especificos

Investigar os efeitos do GRP sobre a ativagdo direta de neur6nios aferentes e
caracterizar as células responsivas através de imagem de calcio em cultura de
células do ganglio da raiz dorsal (DRGs), avaliando os efeitos do bloqueio
farmacoldgico do GRPR.

Determinar a capacidade do GRP em induzir a despolarizagdao e o disparo de
potencial de agdo em nociceptores utilizando a técnica de patch-clamp.

Avaliar a especificidade do GRPR em mediar respostas pruriceptivas, em
relacdo a respostas nociceptivas em camundongos.

Analisar ex vivo, as vias de sinalizacdo ativadas pelo GRP, com especial foco na
via PI3Ky/Akt, em medulas de camundongos, através de citometria de fluxo.
Determinar a ativagdo da via PI3Ky/Akt em células HEK293 transfectadas ou
ndo com o GRPR apés a incubagdao com GRP por meio de Westen Blotting.
Avaliar o efeito do bloqueio farmacolégico de PI3Ky ou GRPR, sobre o
comportamento de cocar causado pela ativacdo do receptor GRPR em modelos

de prurido agudo e crénico em camundongos.
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Avaliar o efeito do bloqueio farmacolégico para GRPR, sobre o comportamento
de cocar causado por outras substancias pruritogénicas em camundongos.
Investigar a expressdao de Akt fosforilada e a sua co-localizagdo com o GRPR na
medula espinhal, por imunofluorescéncia, apds a inducao de prurido cronico
em camundongos.

Investigar os niveis de expressao do receptor GRPR na medula espinhal apds a
inducdo do comportamento de cocar agudo e cronico, por meio de PCR em
tempo real.

Analisar a expressdo de Akt fosforilada em DRGs de camundongos com prurido
cronico e determinar a populagao celular envolvida: inflamatéria ou neuronal,
utilizando citometria de fluxo.

Investigar a capacidade da ativacdao espinhal de Akt em induzir o

comportamento de cogar em camundongos.
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GRPR/PI3Ky: Partners in Central Transmission of Itch

Paula J.S. Pereira,"->¢ Gustavo D.B. Machado,>** Giuliano M. Danesi,>** Francesca F. Canevese,>* Vemuri B. Reddy,’
Talita C.B. Pereira,* Mauricio R. Bogo,"* Yung-Chih Cheng,” Cedric Laedermann,” ©“Sébastien Talbot,”

Ethan A. Lerner,° and Maria M. Campos>*°
'Programa de Pés-graduagao em Biologia Celular e Molecular, 2Faculdade de Medicina e Ciéncias da Satde, *Instituto de Toxicologia e Farmacologia,
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The gastrin-releasing peptide (GRP) and its receptor (GRPR) are important components of itch transmission. Upstream, but not down-
stream, aspects of GRPR signaling have been investigated extensively. We hypothesize that GRPR signals in part through the PI3Ky/Akt
pathway. We used pharmacological, electrophysiological, and behavioral approaches to further evaluate GRPR downstream signaling
pathways. Our data show that GRP directly activates small-size capsaicin-sensitive DRG neurons, an effect that translates into transient
calcium flux and membrane depolarization (~20 mV). GRPR activation also induces Akt phosphorylation, a proxy for PI3K+y activity, in
ex vivo naive mouse spinal cords and in GRPR transiently expressing HEK293 cells. The intrathecal injection of GRP led to intense
scratching, an effect largely reduced by either GRPR antagonists or PI3Kvy inhibitor. Scratching behavior was also induced by the
intrathecal injection of an Akt activator. In a dry skin model of itch, we show that GRPR blockade or PI3K+y inhibition reversed
the scratching behavior. Altogether, these findings are highly suggestive that GRPR is expressed by the central terminals of DRG nocice-

ptive afferents, which transmit itch via the PI3K-y/Akt pathway.
Key words: AS605240; dry skin; GRPR; itch; PI3Ky; spinal cord
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ignificance Statement

Itch is the most common symptom of the skin and is related to noncutaneous diseases. It severely impairs patients’ quality of life
when it becomes chronic and there is no specific or effective available therapy, mainly because itch pathophysiology is not
completely elucidated. Our findings indicate that the enzyme PI3K'y is a key central mediator of itch transmission. Therefore, we
suggest PI3Kyas an attractive target for the development of new anti-pruritic drugs. With this study, we take a step forward in our
understanding of the mechanisms underlying the central transmission of itch sensation.

~

J

Introduction

Itch is defined as an unpleasant sensation and emotional experience
that leads to the desire or reflex to scratch (Ikoma et al., 2006). Itis a
recurring symptom and is a feature of both skin and systemic disor-
ders, including chronic kidney and liver diseases, viral infections,
diabetes, neurologic conditions, and certain cancers (Weisshaar and
Dalgard, 2009; Davidson and Giesler, 2010). Chronic itch is a major
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burden that significantly affects the quality of life of patients to an
extent comparable to that of chronic pain (Kini et al., 2011). Al-
though itch and pain share nerve fibers and mechanistic and molec-
ular overlap, their respective sensation differs (Ross, 2011). Like
pain, itch remains poorly controlled and largely unresponsive to
currently available pharmacotherapies (LaMotte et al., 2014). A bet-
ter understanding of the pathophysiology of itch and its mechanisms
of transmission is essential for the development of new therapies for
this old problem.

Gastrin-releasing peptide (GRP) is a 27 aa neuropeptide
widely distributed in the CNS and peripheral tissues (Majumdar
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and Weber, 2011). The effects of GRP are known to be mediated
by the GRP receptor (GRPR), a G,,-protein-coupled receptor
that classically signals via phospholipase C (PLC), leading to cal-
cium mobilization and activation of the protein kinase C (Jensen
etal., 2008). GRPR activation is implicated in several physiolog-
ical responses, including smooth muscle contraction, hormone
secretion, circadian rhythm regulation, satiety control, memory
modulation, and cell growth (Gonzalez et al., 2008). This recep-
tor is also involved in pathological states including pulmonary
diseases, inflammatory conditions, and tumor growth (Jensen et
al., 2008; Czepielewski et al., 2012). Sun and Chen (2007) re-
ported that intrathecal injection of GRP induces robust and tran-
sient scratching behavior in mice, an effect absent in GRPR
knock-out mice. The authors also showed that, when pruritogens
were injected intradermally, GRPR mutant mice scratched signif-
icantly less compared with wild-type animals. Pain sensitivity was
not compromised in GRPR mutant mice, suggesting that GRPR
was an itch-specific signaling molecule in the spinal cord. GRPR
continues to be the focus of numerous itch-related studies, most
of which focus on upstream mechanisms and mediators, whereas
the intracellular events and downstream signaling pathways have
largely been overlooked, a topic that we address here.

PI3Ky belongs to a group of highly conserved lipid kinases
that participate in the intracellular signaling cascade by phos-
phorylating the 3'-hydroxyl ring of phosphatidylinositol and
phosphoinositides, generating the second messenger PIP5, an es-
sential step for the serine/threonine kinase Akt activation (Engel-
man et al., 2006). PI3K+y has been shown to be deregulated in
many disease models, including arthritis, systemic lupus ery-
thematosus, psoriasis, multiple sclerosis, Alzheimer’s disease,
atherosclerosis, and allergy (Wymann et al., 2003; Barber et al.,
2005; Camps et al., 2005; Fougerat et al., 2008; Passos et al., 2010;
Rodrigues et al., 2010; Roller et al., 2012). We have previously
reported that PI3Ky inhibition reduces trypsin-induced scratch-
ing behavior in mice, indicating that this enzyme is involved in
itch transmission (Pereira et al., 2011). Because PI3KYy is acti-
vated downstream of GPCRs and is related to itch, we hypothe-
sized that, in the context of pruritus, PI3K-y would be activated
after GRPR stimulation.

Here, we used a combination of electrophysiological, pharma-
cological, behavioral, and molecular studies to demonstrate that
central GRPR is a mediator of acute and chronic itch, signaling
through the PI3Ky/Akt pathway, and that PI3K+y can be targeted
pharmacologically to relieve GRPR-mediated itch.

Materials and Methods

Animals. Male Swiss and CD-1 mice were purchased from the Central
Animal House of the Federal University of Pelotas and Charles River
Laboratories, respectively. Mice were 25-30 g, 4—8 per group, according
to the experimental protocol. They were housed under standard environ-
mental conditions of temperature (22 = 2°C), light (12 h light-dark
cycle), and humidity (50-70%), with food and water provided ad libi-
tum. Procedures performed followed the ethical guidelines for investiga-
tions of experimental pain in conscious animals (Zimmermann, 1983)
and were approved by the Institutional Animal Ethics Committee for the
Pontifical Catholic University of Rio Grande do Sul and by the Institu-
tional Animal Care and Use Committee for the Massachusetts General
Hospital (13/00338 and 2012N000037, respectively). Mice were habitu-
ated to the laboratory for at least 1 h before experiments.

DRG culture and calcium imaging. Cervical to lumbar dorsal root
ganglia (DRG) from mice were dissected and maintained in DMEM
(Invitrogen) containing 200 mm L-glutamine (Fisher Scientific), 10%
heat-inactivated FBS (Invitrogen), and 5000 U/ml penicillin and 5000
pg/ml streptomycin (Fisher Scientific). Enzymatic digestion was per-
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formed with 1 mg of collagenase in 1 ml of dispase (Roche) at 37°C for 70
min. The collagenase/dispase solution was removed and DRG were
washed and resuspended in DMEM containing 125 U DNase (Sigma-
Aldrich) within which the ganglia were mechanically triturated using
fire-polished glass pipettes. Cells were centrifuged over a 10% BSA solu-
tion (Sigma-Aldrich) gradient, pelleted, and resuspended in neurobasal
medium (Invitrogen) supplemented with B27 (Invitrogen), nerve
growth factor (Invitrogen), glial cell-derived neurotrophic factor
(Sigma-Aldrich), and arabinocytidine (Sigma-Aldrich). Cells were
plated onto glass-bottom 35 mm dishes coated with 10 ug/ml laminin
(Sigma-Aldrich) and cultured for 24 h.

For calcium imaging experiments, neurons were loaded for 30 min
with 10 um Fura-2 AM (Invitrogen) in neurobasal medium, washed with
standard extracellular solution containing the following (in mm): 145
NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 glucose, and 10 HEPES, pH 7.5, and
imaged at room temperature. Cells were evaluated using a Nikon Eclipse
Ti inverted microscope equipped with an Exi Aqua CCD camera
(QImaging). Ca** flux fluorescence was measured as an absorbance
ratio at 340 and 380 nm (F340/380) (Lambda DG4; Sutter Instruments).
The 340/380 ratiometric images were analyzed using Nikon Elements AR
software. Serotonin (5-HT, 3-300 um), chloroquine (CQ, 0.1-100 um),
SLIGRL-NH, (SLIGRL, 0.1-100 um), gastrin-releasing peptide (GRP,
0.001-1 um) were all from Sigma-Aldrich. GRPR antagonists (RC-3095
and PD176252, 1 um) were from Adooq Bioscience and Tocris Biosci-
ence, respectively. The solutions were delivered directly onto neurons at
a flow rate at 2 ml/min for 20 s using perfusion barrels followed by buffer
washout and further application. After applications of ligands, 1 um
capsaicin (Tocris Bioscience) and/or 40 mm KCI (Sigma-Aldrich) were
applied at the end of each experiment. The criteria to determine a positive
response to each compound was a raise in fluorescence (F340/F380) of 20
percent above baseline (average fluorescence recorded during the first
60 s of each dish).

Current-clamp recordings. At 48/72 h after plating, only small cells
(<25 um) that responded to GRP in calcium imaging experiment were
recorded in whole-cell mode. A multiclamp 700B amplifier, digidata
1440a digitizer and Clampex software (Molecular Devices) were used for
recordings. Data were sampled at 10 kHz. Pipettes were pulled from
thick-walled borosilicate glass capillaries on a Sutter Instruments P-97
and had a resistance < 3 M{) when filled with the pipette solution.
Capacity transients were canceled and series resistance was compensated
at ~80%. After obtaining whole-cell configuration, cells were held at
—60 mV for 3 min to allow equilibrium and only cells that had stable and
low-access (generally 5 M{), always <10 M(}) resistance throughout the
whole protocol were analyzed. Membrane potential was corrected for
liquid junction potential (—15 mV). Pipette solution contained the fol-
lowing (in mm): 135 K gluconate, 10 KCl, 1 MgCl,, 5 EGTA, and 10
HEPES, 300 mOsm and pH 7.3. Standard external solution was obtained
from Boston BioProducts and contained the following (in mm): 145
NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 1 glucose, and 10 HEPES, pH 7.4.

Pain assessment. Mouse thermal latency threshold was assessed using
the Hargreaves’ test (Plantar Test Apparatus; Ugo Basile) 10 min after an
acute capsaicin (100 um; prepared in DMSO) injection into their left
hindpaw (Caterina et al., 2000). Separate groups of mice were coinjected
with capsaicin (100 um) and RC-3095 (1 nmol/paw) or PD176252 (1
nmol/paw). The control group received the respective vehicle (DMSO).

Flow cytometry analysis. Lumbar spinal cords from mice were har-
vested and digested using 2 ml of RPMI medium with 2% FBS and
collagenase. Cells were stimulated with GRP (0.001-0.1 um) or saline
solution for 5 and 30 min at 37°C. In some cases, the cells were preincu-
bated with the GRPR antagonist PD176252 (10, 30, and 100 um) or the
selective PI3Ky inhibitor AS605240 (0.003, 0.01, and 0.03 M) for 15 min
before adding GRP. The cells were then fixed in Phosflow Buffer I for 10
min at 37°C, washed, and permeabilized with Phosflow Perm Buffer II
for 30 min on ice. Cells were then either stained with A488 anti-phospho-
p38 (catalog #612594; BD Biosciences), PE anti-phospho-Akt (catalog
#560378; BD Biosciences), and APC anti-phospho-ERK 1/2 (catalog #17-
9109-41; eBioscience). Experiments were processed on a FACSC
anto II Flow Cytometer (BD Biosciences) and analyzed using FlowJo
software (TreeStar).
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Western blot analysis for GRPR, p-Akt, and total-Akt. For this set of
experiments, mouse GRPR cDNA was cloned as a XhoI-HindIII frag-
ment into the pcDNA3.1 (—)hygro plasmid vector. Human embryonic
kidney cells (HEK293; ATCC CRL-1573) were transfected with the
GRPR plasmid DNA. HEK293 cells transfected with pcDNA3.1 (—) vec-
tor only were used as a control. Forty-eight hours after transfection, the
cells were rinsed with PBS three times. Transfected HEK293 cells were
incubated with either GRP (10 and 100 nm) or PBS at 37°C for 10 and 30
min. Control HEK293 cells were treated with GRP (10 and 100 nm) or
PBS in a similar manner. A subset of transfected HEK293 cells remained
untreated and served as a negative control. After incubation, the cells
were harvested and lysed by protein immunoprecipitation lysis buffer
(Thermo Fisher Scientific) with proteinase inhibitor and phosphatase
inhibitor (Roche Diagnostics). Cell lysates were centrifuged at 4°C for 20
min. The supernatants were collected and protein concentrations were
determined by BCA assay. Equal amounts of cell lysates were loaded onto
NuPAGE Novex 4—12% Bis-Tris mini gels, electrophoresed, and trans-
ferred to PVDF using standard protocols. The blot was first probed with
anti-GRPR (catalog #ab39883; Abcam), anti-Akt antibody (catalog
#9272S; Cell Signaling Technology), anti-phospho-Akt (catalog #05-
1003; Millipore), and HRP-conjugated anti-GAPDH (catalog #3683; Cell
Signaling Technology) antibody to identify the control GAPDH band at
37kDa, 24 h at 4°C. Then, the blots were incubated with HRP-conjugated
goat anti-rabbit antibody, followed by detection of the ECL substrate.

Scratching behavior. To assess acute and chronic itch, the behavioral
tests were performed as described previously with minor modifications
(Sun and Chen, 2007; Akiyama et al., 2010; Maciel et al., 2014). One day
before the experimental sessions, either the lumbar region or nape of the
neck was shaved. On the day of experiments, mice were placed individ-
ually into acrylic chambers for at least 30 min to adapt to the new envi-
ronment. Thereafter, mice were removed and injected intrathecally
with 5 ul of gastrin-releasing peptide (GRP, 1 nmol/site). Immedi-
ately after the injection, mice were returned to the chambers and
recorded for 60 min.

In a different set of experiments, separate groups of mice were injected
intradermally with 50 ul of compound 48/80 (10 ug/site), CQ (200 ug/
site), trypsin (200 ug/site), or H,0, (0.3%) into the nape of the neck. The
scratching behavior was recorded for 40 min after the injections.

For the dry skin model, chronic itch was induced by application of a
gauze soaked with a mixture of acetone and diethylether (1:1) on the
nape of the mouse neck for 15 s, immediately followed by the application
of distilled water for 30 s (AEW treatment), twice daily for 5 d. A different
group of animals received distilled water application only, for a 45 s
period (DW group). On the fifth day, the scratching behavior was re-
corded for 30 min after the last application.

Wealso investigated whether the direct activation of Akt would be able
to induce scratching behavior. Mice received an intrathecal injection of 5
wl containing the Akt activator SC79 (20 ug /site; Sigma-Aldrich). Im-
mediately after the injection, mice were returned to the chambers and the
scratching bouts were recorded for 40 min.

For all the experimental models, the scratching behavior was measured
as the number of scratches with hindpaws close to the treated site or at the
mouse dorsum. Scratching behind the ears, but not on the face, was also
taken into account.

All of the intrathecal injections in this study were performed in con-
scious animals according to the method described previously (Quintéo et
al., 2008) with some modifications. A 30-gauge needle connected to a
Hamilton microsyringe was introduced through the skin and a volume of
5 ul was injected between the L5 and L6 vertebral spaces.

Pharmacological treatments for itch studies. Mice were treated with the
pseudopeptide GRPR antagonist, RC-3095 (1 nmol/site), administered
intrathecally 10 min before the injection of GRP or the last application of
AEW on the fifth day to investigate a possible role of GRPR in chronic
itch. We also tested the nonpeptide GRPR/neuromedin B receptor
(NMBR) antagonist PD176252 given intraperitoneally (1 and 5 mg/kg)
30 min before the injection of GRP or 5 mg/kg intraperitoneally 30 min
before the last application of AEW on the fifth day. Previous data indi-
cated the relevance of PI3Ky in trypsin-evoked itch. Therefore, to assess
whether PI3K'y could be involved in GRPR signaling, the selective PI3Ky
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inhibitor AS605240 (0.01-10 mg/kg) was given by gavage 30 min before
GRP (1 nmol/site) injection or 30 min before the last application of AEW
protocol.

To further evaluate the site of action of AS605240 (1 and 3 ug/site), the
compound was intrathecally coinjected with GRP. PD176252 (8.5 nmol/
site) and AS605240 (3 pg/site) were also injected intrathecally 10 min
before the last application of AEW.

The doses of the pharmacological modulators were selected based on
the literature and on pilot experiments (Camps et al., 2005; Merali et al.,
2006; Pereira et al., 2011; Su and Ko, 2011). PD176252 and AS605240
(both purchased from Tocris Bioscience) were prepared daily and dis-
solved in their vehicles, 1% Tween 20 in saline solution or 0.5% car-
boxymethylcellulose/0.25% Tween 20, respectively. RC-3095 (Adooq
Bioscience) was prepared on the day of the experiments in DMSO 0.1%
in saline solution. Control groups received the respective vehicles by the
same route of administration. The final concentrations of solvents did
not display any significant effect per se. PD176252 is a competitive an-
tagonist with a high affinity for NMBR (K; = 0.17 nm) and GRPR (K; =
1.0 nm) receptors (Ashwood et al., 1998). However, it has been shown
that PD176252 specifically inhibited GRP binding to GRPR (IC,, = 30
nM) on lung cancer cells and has the same effects that the selective pseu-
dopeptide antagonist RC-3095 on myometrium contractility, where the
GRP/GRPR system is involved (Moody et al., 2003; Tattersall et al.,
2012). AS605240 is classified as a selective inhibitor of PI3Ky (IC5, = 8
nm), with 30-fold selectivity over PI3K8 and PI3KB and 7.5-fold selectiv-
ity over PI3Ka, as indicated by the supplier (Camps et al., 2005).

Statistical analysis. Data are presented as the mean * SEM of 6-8
animals per group for behavior experiments. In the case of flow cytom-
etry analysis, an experimental n of 4 per group was used. For Western blot
analysis and Ca** imaging, an experimental 7 of 3 independent experi-
ments was used. Statistical comparison of the results was performed by
paired or unpaired Student’s t test or by one-way ANOVA followed by
Tukey’s test or Student’s ¢ test. Statistical significance was defined as p <
0.05. GraphPad Prism software version 5.0 was used for statistical
analysis.

Results

GRP activates capsaicin-sensitive DRG neurons

GRP has long been known to control circadian rhythm, satiety,
memory modulation centrally and it has been shown recently to
be involved in itch transmission. It is as yet unclear where and
how GRP induces scratching behavior when injected intrathe-
cally. Because pruritogens including 5-HT, CQ, and SLIGRL-
NH2 were shown to induce calcium flux directly in DRG neurons
(Liuetal., 2009; Akiyama et al., 2010), we hypothesized that some
of GRP actions could be, at least in part, mediated by DRG affer-
ent neurons. Here, we confirm previous findings showing that
5-HT (Fig. 1A), CQ (Fig. 1B), and SLIGRL (Fig. 1C) induced a
transient and concentration-dependent calcium flux in cultured
DRG neurons. Our data also highlight that GRP (0.001-1 um)
induced calcium flux in DRG neurons, an effect relatively stron-
ger (higher amplitude) and broader (higher number of cells acti-
vated) than the other agents (Fig. 1D). GRP-responsive cells were
mostly small-diameter (soma of <300 wm?; Fig. 1E), capsaicin-
sensitive neurons (Fig. 1F). These data are consistent with the
presence of functional GRPR on TRPV1 * DRG neurons. Next,
we performed whole-cell patch-clamp on calcium imaging and
identified GRP-responsive cells. When exposed to GRP (0.1 um),
nociceptors (diameter <25 wm) showed significant depolariza-
tion of the resting membrane potential (RMP) of ~20 mV, which
led to action potential firing (n = 5, p = 0.001). Neurons pre-
screened with calcium imaging that were non-GRP responsive
showed no difference in RMP (—73.0 = 3.5 mV vs —72.0 = 4.5
mV, n = 3; p = 0.47) when reexposed to GRP (data not shown).
The specificity of GRP responses for GRPR was assessed and
showed that GRP-induced Ca*™ flux was reversed by the cotreat-
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Figure1. GRPactivates capsaicin-sensitive DRG neurons from naive mice. Data show the average calcium fluxin responsive neurons exposed to increasing concentration of (4) 5-HT (3—300 m),
(B) €Q (0.1-100 um), (€) SLIGRL (0.1-100 yum), and (D) GRP (0.1-100 pum). E, Size of GRP responsive cells. F, Venn diagram showing overlapping populations of KCI TGRP* and capsaicin
responsive neurons. G, H, Current-clamp recordings of GRP-responsive cells (<<25 m) prescreened with calcium imaging and retreated with GRP (0.1 M) showed a transient depolarization of the
RMP (53.5 % 3.5mVvs32.5 = 4.5mV, n = 5) and action potential firing. Significant depolarization of the RMP before and after GRP treatment was calculated by paired Student’s ¢ test (p = 0.001).
Respectively, a total of 524 (4), 369 (B), 375 (C), 533 (D), 302 (E), 533 (F), 5 (G), and 5 (H) cells were analyzed.
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Figure 2.

The GRPR antagonists did not affect capsaicin- or KC(l-induced calcium response in DRG neurons nor capsaicin-induced thermal hyperalgesia. Effects of the cotreatment with the GRPR

antagonists (A, , E) RC-3095 (1 um) or (B, D, F) PD176252 (1 um) on Ca** fluxinduced by (A, B) GRP (1 um), (C, D) capsaicin (1 um), or (E, F) KCI (40 mw). G, Effects of the GRPR antagonists on
capsaicin-induced thermal hyperalgesia. Data are expressed as mean = SEM. One-way ANOVA followed by Tukey's test (n = 8 mice per group). Significant differences from saline injection are
indicated by #p << 0.05. Respectively, a total of 132 (4), 196 (B), 59 (C), 14 (D), 24 (E), and 137 (F) cells were analyzed.

ment with the GRPR antagonists RC-3095 (1 um; Fig. 2A) and
PD176252 (1 uMm; Fig. 2B), whereas the response to capsaicin
and KCI was preserved (Fig. 2C—F). We also showed that the
GRPR antagonists did not affect capsaicin-induced thermal
hyperalgesia (Fig. 2G), suggesting selectivity only for GRP-
mediated effects.

GRPR signals through the PI3Ky/Akt pathway

Sun and colleagues (Sun and Chen, 2007; Sun et al., 2009)
reported that GRPR is expressed in naive mouse spinal cord.
To gain further insight into the potential signaling pathways
downstream of GRPR, we treated ex vivo mouse spinal cords
with GRP (0.01-0.1 uwM) and assessed the activation of differ-
ent MAP kinases by flow cytometry of dissociated spinal neu-
rons. GRP (0.001 and 0.1 uMm, 5 and 30 min) did not affect p38
and ERK1/2 activation (Fig. 3A, B), but significantly increased
Akt phosphorylation after a 5 min (0.003—0.1 uM) or 30 min
(0.1 wm) (Fig. 3C,D) exposure. Pretreatment with the nonpep-
tide GRPR antagonist PD176252 (30 and 100 um; Fig. 3E) or
the PI3K+y-selective inhibitor AS605240 (0.01 and 0.03 uwm;
Fig. 3F) prevented, in a concentration-dependent manner,
GRP-induced Akt phosphorylation. These data indicate that
centrally expressed GRPR signals at least partly via the PI3Ky/
Akt pathway. To refine evidence on the intracellular signaling
cascade downstream of GRPR, we also performed Western
blots from HEK293 cells transiently expressing GRPR and ex-
posed to GRP (0, 10, or 100 nMm) for 10 or 30 min. The expres-
sion levels of GRPR, p-Akt, and total Akt were quantified and
ratioed over GAPDH (Fig. 4A,B). Compared with PBS, GRP
significantly increased the p-Akt/Akt protein levels, an effect
limited to the GRPR-transfected cells. These data are consis-
tent with the hypothesis that GRPR stimulation leads to acti-
vation of the PI3Ky/Akt pathway.

GRP- and dry-skin-induced itch are reversed by GRPR and
PI3Ky blockade

The intrathecal delivery of GRP induces scratching behavior in
mice (Sun and Chen, 2007; Sun et al., 2009), an effect that we
reproduced here (GRP, 1 nmol/site, i.t.; Fig. 5). Such scratch-
ing behavior was prevented by local treatment with RC-3095
(1 nmol/site, i.t.) and systemic treatment with PD176252 (1

and 5 mg/kg, i.p.) (Fig. 5A). PD176252 also reduced the
scratching induced by other pruritogens, namely compound
48/80, CQ, trypsin, and H,0,, while displaying different pro-
files of inhibition (Table 1).

Although there is literature focusing on the role of GRPR
and its upstream mediators, in itch, a careful look into the
downstream signaling pathways activated by this receptor is
missing. Here, we assessed the effects of the selective PI3Ky
inhibitor AS605240 on the scratching behavior induced by
GRP. A significant decrease in the total number of scratches
was observed when mice were treated orally with AS605240
(0.01-3 mg/kg; Fig. 5B). To further assess whether the PI3Ky
inhibitor had any effect at the spinal level, AS605240 (1 and 3
ung/site) was coinjected intrathecally with GRP (1 nmol/site)
in conscious animals. Intrathecal treatment with AS605240
resulted in significantly diminished GRP-evoked scratching
behavior compared with mice that received GRP and vehicle
treatment (Fig. 5C).

Next, we used the dry skin model (AEW) to investigate the
implication of GRPR in chronicitch. As depicted in Figure 5D,
AEW triggered significant scratching behavior compared with
distilled water (control) and the intrathecal administration of
either GRPR antagonists RC-3095 (1 nmol/site) or PD176252
(8.5 nmol/site) significantly affected this behavior. In addi-
tion, systemic treatment with PD176252 (5 mg/kg, i.p.) signif-
icantly reduced the scratch bouts in AEW mice to values
similar to those seen in water-treated controls. These data
highlight the relevance of GRPR in this chronic model of itch-
ing. We next investigated whether PI3K+y might be relevant in
the AEW model. AS605240 administered orally (0.3-10 mg/
kg; Fig. 5E) significantly diminished dry-skin-induced itch.
The spinal effects of AS605240 (3 ug/site) were also evaluated
in the dry skin model and significantly reduced the scratching
behavior caused by AEW (Fig. 5F). These results demonstr-
ate that GRPR is involved in dry skin itch, along with PI3Ky,
the latter acting as a key downstream signaling molecule in the
GRP/GRPR system. The selectivity of the PI3Ky inhibitor for
itch sensation over nociception was also assessed and
AS605240 did not affect formalin-induced orofacial pain (data
not shown). Altogether, our findings indicate that the gamma
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isoform of PI3K is important in the spinal transmission of
GRP/GRPR-mediated itch.

Spinal Akt activation induces scratching behavior in mice
Given that the PI3Ky signals through Akt, we assessed the impact of
direct spinal Akt activation on mouse scratching behavior. The intra-
thecal injection of the Akt activator SC79 (20 ug/site) induced signifi-
cant itching compared with vehicle-injected animals (Fig. 6). These data
reveal that the spinal activation of Akt can trigger itch directly.

Discussion

The study of itch has blossomed and significant progress has
been made in the past 10 years. Sun and colleagues (Sun and

Chen, 2007; Sun et al., 2009) reported that GRPR mediates
itch sensation, but not pain, in the spinal cord, suggesting that
this receptor is part of an itch-specific pathway. Since then,
GRP and GRPR have been the subjects of several studies, some
of which challenge the results of others, but always indicate
their relevance in pruritus (Sun and Chen, 2007; Mishra and
Hoon, 2013; Liu et al., 2014; Solorzano et al., 2015). The pres-
ent study brings additional insights to this field.

Pruritogens, including 5-HT, CQ, and SLIGRL-NH,, evoke
Ca** response in DRGs (Liu et al., 2009; Akiyama et al., 2010)
and our data confirmed these findings. We also investigated the
functionality of GRPR in DRG sensory neurons by stimulating
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Figure 5.

GRPR blockade or PI3K-y inhibition reversed GRP- and dry-skin-induced itch. A, Effects of the GRPR antagonists RC-3095 (1 nmol/site, i.t.) and PD176252 (1 and 5 mg/kg) on

GRP-induced itch. B, Effects of the oral treatment with the selective PI3K-y inhibitor AS605240 (0.01-3 mg/kg) on scratching behavior evoked by GRP. €, Intrathecal coinjection of GRP (1 nmol/site)
and AS605240 (1and 3 g/site). Dry skin itch (AEW) is alleviated after treatment with (D) RC-3095 (1 nmol/site, i.t.) or PD176252 (8.5 nmol/site, i.t. or 5 mg/kg, i.p.) before the last application of
AEW, (E) AS605240 (0.03—10 mg/kg; p.0.), 30 min before the last application of AEW, or (F) AS605240 (3 wg/site, i.t.) injected 10 min before the last application of AEW. Data are expressed as
mean == SEM. One-way ANOVA followed by Tukey's test (n = 8 mice per group). Significant different from saline injection or distilled water treatment, GRP injection, or AEW treatment are indicated

by ##tp << 0.01; ###,***p < 0.001; and t1tp < 0.001.

Table 1. Effects of treatment with the selective and non-peptide GRPR antagonist
PD176252 on the scratching behavior elicited by different pruritogens in mice

No. of scratching bouts

Pruritogen Vehicle  PD176252 (1mg/kg) ~ PD176252 (5 mg/kg)
Compound 48/80 (10 wg/site) 67 =5 23 = 10** 29 & 4**
Chloroquine (200 pg/site) 75+8 294 13 £ 3%
Trypsin (200 wg/site) 68+3 546" 16 + 2**
H,0, (0.3%/site) 4 +7 4 g 06 + 2%

Shown are the total number of scratches after intradermal injection of different pruritogens. Data represent
mean * SEM.

*p<<0.05,**p << 0.01, one-way ANOVA followed by Tukey's test (n = 6 — 8 mice per group), statistically significant
when comparing PD176252-treated groups with control vehicle-treated animals. NS, Nonsignificant when compar-
ing PD176252-treated groups with control vehicle-treated animals.

isolated culture DRG neurons with GRP. The present data
show that GRP can excite small-size, capsaicin-sensitive DRG
neurons and two types of GRPR antagonists blocked these
responses. Conversely, GRPR antagonism did not affect cap-
saicin and KCl-induced Ca** flux or capsaicin-induced ther-
mal hyperalgesia.

Intrathecal GRP acts via GRPR to induce scratching behavior;
however, the mechanisms downstream of GRPR activation re-
main unclear (Sun and Chen, 2007; Liu et al., 2011; Mishra and
Hoon, 2013; Kardon et al., 2014). Czepielewski et al. (2012) dem-
onstrated that GRP induces neutrophil chemotaxis through
GRPR via p38, ERK 1/2, and PI3K activation. Here, we did not
observe p38 or ERK 1/2 activation when spinal cords were treated
with GRP, but did show that GRP induces Akt phosphorylation,
a marker of PI3K activation. Using the potent selective PI3K+y-
isoform inhibitor AS605240 instead of a pan-inhibitor of PI3K,
we demonstrated that PI3Ky is activated downstream of GRP/
GRPR. We confirmed that p-Akt is significantly increased after
GRP incubation by performing Western blots on HEK293 cells
transiently expressing GRPR. Again, these findings indicate that
PI3K'y is a major downstream effector of the GRP/GRPR system.

Recent studies demonstrated that the pseudopeptide GRPR
antagonist RC-3095 reduces GRP-evoked itch (Inan et al., 2011;
Sukhtankar and Ko, 2013; Akiyama et al., 2014). Here, we show
that RC-3095 and the nonpeptide antagonist PD176252 mark-
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edly reversed GRP-induced itch. As demonstrated before (Sun
and Chen, 2007), GRPR deletion or antagonism prevents the
scratching behavior elicited by the intradermal application of
compound 48/80 and CQ), an effect that we replicated herein with
PD176252 and extended to H,O, and trypsin, reinforcing the
central role of GRPR in itch transmission.

Considering the lack of data on the signaling pathways down-
stream of the GRP/GRPR system in the context of central itch
transmission, we tested the effects of the potent and selective
PI3Ky inhibitor AS605240 on GRP-induced itch. Oral treatment
with AS605240 significantly reduced the GRP-induced scratch-
ing behavior. Accordingly, a previous study from our group
showed that AS605240 relieves trypsin-mediated scratching be-
havior in mice (Pereira et al., 2011). We further assessed whether
AS605240 displays local spinal effect when coinjected with GRP
and observed that the itching response was significantly dimin-
ished. This clearly suggests that PI3Kvy plays a key role in acute
itch spinal transmission involving GRP/GRPR. PI3Kvy acts via
Akt phosphorylation and, to support PI3Ky as an important itch
transducer, we showed that the direct activation of spinal Akt
after the intrathecal administration of SC79 induced scratching
behavior in mice.

The GRPR/PI3Ky pathway could also be involved in chronic
itching, a more clinically relevant condition. We addressed this
using the dry skin model (AEW) of itch and tested the local effects
of RC-3095 and the systemic and local effects of PD176252 and
AS605240. GRPR blockade, as well as PI3K+y inhibition, signifi-
cantly reduced the scratching behavior induced by skin dryness.
Mice treated with RC-3095, PD176252, and AS605240 behaved
normally and did not exhibit apparent adverse effects, sedation or
impaired motor functions.

PD176252 is a competitive antagonist of the two bombesin
receptor subtypes. We confirmed our findings with PD176252
using a second and selective GRPR antagonist (RC-3095) and are
therefore confident that the responses that we observed can be
ascribed to GRPR. In the case of AS605240, it has been classified
as a potent inhibitor of PI3Ky (IC5, = 8 nm), with a 30-fold
selectivity over PI3K8 and PI3KB and a 7.5-fold selectivity over
PI3Ka (Camps et al., 2005). The initial study that presented the
AS605240 compound showed that treatment with AS605240 or
PI3Ky knock-out mice equally reversed inflammation in two
models of collagen-induced arthritis (Camps et al., 2005). The
authors also tested the specificity of AS605240 against a panel of
50 kinases and only found inhibitory activity against PI3Kvy.
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Given this body of literature, we are confident that our data with
AS605240 can be ascribed to PI3Ky.

Our findings that AS605240 reduces acute and chronic itch
are consistent with several other studies showing that PI3Kvy in-
hibition or PI3K"y knock-out decreases inflammation in a series
of rodent models of inflammation (Barber et al., 2005; Camps et
al., 2005; Fougerat et al., 2008; Passos et al., 2010; Peng et al.,
2010; Roller et al., 2012). However, our findings contrast with a
study published by Lee et al. (2011) showing that scratching be-
havior induced by intradermal injection of histamine or SLIGRL-
NH,, but not CQ, is increased in PI3K'y knock-out mice, an effect
not reproduced pharmacologically. Explanations for these
discrepant results are numerous and include differences in prur-
itogens (histamine vs GRP) and routes of administration (intra-
dermal vs intrathecal) tested. It is also plausible that PI3K<y
knock-out mice develop compensatory mechanisms. For exam-
ple, both PLC and PI3K'y signal using PIP,, which, in the absence
of the PI3Ky input, might lead to higher PIP, availability and
consequent increase in PLC-dependent pathways. Theefore, the
histamine/H1R complex, which typically leads to TRPV1 sensiti-
zation via PLC, might be increased in PI3Ky knock-out mice.
Given that TRPV1 knock-out animals have reduced histaminer-
gic itch (Shim et al., 2007), compensatory pathways might ex-
plain the unexpected findings of Lee et al. (2011).

A previous study demonstrated that PI3K6 and PI3Ky inhibi-
tion ameliorated imiquimod (IMQ)-induced psoriasis-like der-
matitis, correlating with a diminution of skin IL-17 ¥ y8 T cells.
Interfering with the PI3K6 and PI3K+y pathways also inhibited the
production of IL-17 and IFN-vy by T cells from healthy donors
and psoriatic patients, indicating that PI3KYy, together with the
d-isoform, is required for IMQ-induced dermatitis and is a po-
tential target for psoriasis treatment (Roller et al., 2012). Unlike
several studies looking into the immunological roles of PI3K~y
(Barber et al., 2005; Camps et al., 2005; Peng et al., 2010; Ro-
drigues et al., 2010; Roller et al., 2012), we observed that PI3K~y
activation in the spinal cord plays an important role during
chronic itch.

Sun and Chen (2007) highlighted that GRPR transcript ex-
pression is restricted to the laminae I of the mouse spinal cord
dorsal horn. Here, we showed that GRP can activate directly (cal-
cium flux) small-size, capsaicin-sensitive DRG neurons via
GRPR, an effect that often translates into action potential firing.
Our electrophysiological data suggest that GRP injected intrathe-
cally and the consequent scratching behavior might be mediated
by central terminals of DRG nociceptive afferent neurons. Such a
hypothesis could provide an explanation for the pruritogenic ef-
fects of GRP when delivered spinally (Sun and Chen, 2007) and
for the recent report of Solorzano et al. (2015) suggesting that
spinal interneurons are one of the main sources of GRP in the
spinal cord. It is conceivable that interneuron-released GRP
could act presynaptically on these DRG afferents. This hypothesis
also aligns with a recent report showing that PI3K'y is selectively
expressed by nociceptive DRG neurons (Leinders et al., 2014).
The PI3Ky inhibitor that we used here is highly lipophilic and
expected to cross the blood—brain barrier (Camps et al., 2005)
and has been demonstrated to delay experimental cerebral ma-
laria when given orally (Lacerda-Queiroz etal., 2015). To support
a neuronal activity for PI3K+y, we administered AS605240 sys-
temically and intrathecally and found an equally potent reduc-
tion of dry-skin-induced scratching behavior.

Our findings strongly suggest that GRPR is expressed by cen-
tral terminals of DRG nociceptive afferents, which transmit itch
via the PI3K+y/Akt pathway. The exact role of PI3Ky in these
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fibers has yet to be unraveled, but appears to be instrumental for
GRPR itch transmission. It is tempting to propose PI3K+y as an
attractive target with which to control GRPR-mediated pruritus.
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4. CONSIDERAGOES FINAIS

O estudo do prurido ganhou forcas nos ultimos 20 anos, mas foi durante a
ultima década que grandes avancos foram alcancados. Duas das mais importantes
descobertas sdo: (i) o GRPR como mediador de prurido na medula espinhal e, (ii) os
neurdnios que expressam GRPR como uma subpopulagdo de fibras na lamina |
necessarias para a transmissdo da sensac¢do de prurido, sem afetar a nocicepg¢do (Sun e
Chen, 2007, Sun et al., 2009). Esses achados sdo sugestivos da existéncia de uma via
dedicada para a transmissdao de prurido, dando suporte a teoria da especificidade.
Desde entdo, o sistema GRP/GRPR tem sido avaliado em diversos trabalhos sobre a
transmissdao pruriceptiva, sobretudo ndo histaminérgica, com especial interesse nos
mecanismos upstream a sua ativagdo. Existem estudos que mostram resultados
conflitantes, principalmente em relagdo a localizagdo do GRP e GRPR no circuito de
transmissdo, o que tem levado a certos atritos nesta area de pesquisa. Alguns autores
sugerem que o GRP esteja presente em uma populacdo de neurdnios do corno dorsal,
ao invés do DRG; outros, que o GRP esteja expresso em interneurénios no corno
dorsal. Existem trabalhos que demonstram o GRPR presente em um subgrupo de
neurdnios na lamina | do corno dorsal; ja, outros autores afirmam que estas células
sejam parte de uma populacdo de interneurbnios, enquanto que alguns autores
sugerem que as fibras que expressam GRPR sejam neurdnios tercidrios chamados de
“pruriceptores tercidrios”. No entanto, todos os trabalhos concordam que o sistema
GRP/GRPR é importante para a propagacdo da mensagem pruriceptiva (Sun e Chen,
2007, Sun et al., 2009, Mishra e Hoon, 2013, Zhao et al., 2013, Liu et al., 2014, Zhao et

al., 2014a, Zhao et al., 2014b, Solorzano et al., 2015).
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O GRPR tem sido apontado como um alvo relevante e eficaz para o
desenvolvimento de farmacos antipruriginosos. Porém, o GRPR é responsavel por
importantes respostas fisioldgicas como liberacdo de hormonios gastrintestinais,
contracdo de muscultura lisa, controle da saciedade, regulacdo do ritmo circadiano e
termo-regulacdo (Weber, 2009). Desta forma, o seu bloqueio farmacoldgico poderia
causar efeitos adversos significativos. Assim, utilizar outras moléculas relacionadas ao
sistema GRP/GRPR como alvo para o tratamento do prurido seria uma alternativa
bastante promissora.

O que chama a atencdo na area de pesquisa sobre o prurido é a falta de
estudos com foco nas vias de sinalizagdo intracelular ativadas pelos mediadores e
receptores identificados, principalmente o GRP e o GRPR. Talvez isso ocorra por se
acreditar que os receptores sempre irdo ativar as vias classicas ja conhecidas.

Mas, e se o prurido for resultado da ativacdo de vias de sinalizagao
alternativas? Assim, como o GRPR parece ser uma molécula “prurido-especifica”,
poderia ser hipotetizada a existéncia de vias de sinalizacdo intracelulares que também
facam parte desse circuito especifico e, transmitam, com preferéncia, a sensacdo de
prurido. A PI3Ky é expressa principalmente em células do sistema imune e endotélio e,
estd intimamente relacionada com a resposta inflamatdria (Hawkins e Stephens,
2007). Ao contrdrio de outras vias mais estudadas, em condi¢cbes normais, a via
PI3Ky/Akt ndo estd continuamente ativada. Possivelmente, durante respostas
pruriceptivas, por algum mecanismo desconhecido, deve ocorrer uma mudanga no
perfil de ativacdo de vias de sinalizacdo; havendo preferéncia por outras que nem
sempre sdo acionadas, como por exemplo, a via PI3Ky/Akt. Sun e colaboradores foram

os primeiros a mostrar que o GRPR ndo tem nenhum efeito sobre a nocicepgdo (Sun e
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Chen, 2007, Sun et al., 2009) e diversos outros trabalhos confirmam esses resultados,
inclusive os dados do presente estudo (Pereira et al., 2015). Seguindo o mesmo perfil
de resposta, o bloqueio farmacoldégico da PI3Ky por via oral ndo teve efeito sobre a
nocicep¢do induzida por capsaicina (Pereira et al.,, 2011), nem sobre a dor orofacial
induzida por formalina (Figura suplementar 1), mas foi capaz de reduzir o prurido
induzido por tripsina, composto 48/80 e GRP (Pereira et al., 2011, Pereira et al., 2015).
Estes dados sugere, que a ativagao de PI3Ky apresenta certa especificidade para a

transmissao de prurido.
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Figura suplementar 1. Efeito do inibidor seletivo de PI3Ky, AS605240, sobre a dor orofacial induzida por
formalina (inje¢do s.c. de 20 pL de formalina 4% no labio superior direito). Cada ponto da curva
representa a media de 8 animais e as linhas verticais o erro padrdo da média.

Sabe-se que o GRPR é uma molécula-chave para a transmissdo pruriceptiva e
tem sido implicado no prurido crénico, ndo apenas em roedores, mas também em
macacos (Sun et al., 2009, Nattkemper et al., 2013). Com o objetivo de investigar se a

expressao de GRPR na medula espinhal estaria aumentada durante o prurido crénico,
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foi utilizado o RT-gPCR para analisar a expressdo do RNAm apds a administracdo
intratecal de GRP (prurido agudo) ou, apds a inducdo de pele seca (AEW, prurido
cronico). Como esperado, ndo houve diferenca na expressdao do RNAm para GRPR apds
a injecdo solucdo salina ou de GRP (Figura suplementar 2A). No entanto, quando o
prurido cronico foi induzidom houve um aumento da expressdo, embora ndo

significativo p = 0.09, comparado com os animais controle (DW) (Figura suplementar

2B).
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Figura suplementar 2. Expressdo do RNAm para GRPR na medula espinhal de (A) animais que
receberam injecdo intratecal de 5 pL contendo solugdo salina ou GRP (1 nmol/sitio) e, (B) animais
controle (DW = 4gua destilada) ou com pele seca (AEW). Cada coluna representa a media de 6-7 animais
e as barras verticais representam o erro padrdo da média.

Foi empregada a imunofluorescéncia para avaliar se o prurido cronico (pele
seca; AEW) tem algum impacto sobre a fosforilacdo de Akt, produto da atividade da
PI3Ky, na medula espinhal. A expressao de p-Akt aumentou significativamente apds a

inducdo de pele seca e, esse efeito foi reduzido de forma significativa apds o
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tratamento com o antagonista de GRPR, PD176252 (5 mg/kg; i.p.). Além disso, nossos
resultados mostram que o GRPR estd co-expresso com p-Akt na lamina | e V do corno
dorsal da medula espinhal, mas ndo com o marcador especifico para lamina I, PKCy

(Figura suplementar 3A-3C).
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Figura suplementar 3. Efeito do prurido cronico sobre a fosforilagdo de Akt. (A) Quantificagdo da média
de intensidade de fluorescéncia (MFI) para p-Akt espinhal de animais controle (DW) e com pele seca
(AEW) tratados com veiculo ou o antagonista de GRPR, PD176252 (5 mg/kg; i.p.). (B) Imagem
representativa da medula espinhal de um camundongo com pele seca, demonstrando a co-expressdo de
GRPR (vermelho) e p-Akt (verde) nas laminas | e V do corno dorsal da medula espinhal. Os ntcleos foram
marcados com DAPI (azul). Aumentos originais: 40x (esquerda) e 100x (direita). Escala = 100 um. (C)
Células que expressam GRPR (vermelho) sdo encontradas nas laminas | e V, e ndo se sobrepde com o
marcador de lamina Il PKCY (verde). Os nucleos foram marcados com DAPI (azul). Aumentos originais:
40x (esquerda) e 100x (direita). Escala = 100 um. Cada coluna representa a media de 6-7 animais e as

barras verticais representam o erro padrio da média. Significativo em comparacio com *DW e com
TAEW tratado com veiculo. #P<0.05; p<0.01.
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Com base no conjunto de dados obtidos, é possivel sugerir, fortemente, que o
GRPR e a p-Akt sdo expressos pelas terminag¢des centrais dos neurdnios aferentes do
DRG. Para confirmar essa ideia, foram caracterizados os neurdnios do DRG de animais
tratados com dgua destilada ou que tiveram inducdo de pele seca. A andlise utilizando
citometria de fluxo demonstrou um aumento significativo das células que expressam
p-Akt no DRG de camundongos com pele seca (% da populacdo total), um efeito que
foi revertido pelo bloqueio espinhal de GRPR (Figura suplementar 4A). A média de
intensidade de fluorescéncia (MFI) para p-Akt aumentou significativamente em
neurdnios do DRG que expressam GRPR (células p-Akt* GRPR* Tuj1* GFAP-CD45"), o que
também teve reducdo significativa apds o tratamento com antagonista de GRPR
(Figura suplementar 4B). E interessante ressaltar que as células GRPR*p-Akt* também
sdo Tujl* (pan marcador neuronal) e ndo expressam CD45 (pan marcador de células
imune) nem GFAP (marcador de astrécitos) (Figura suplementar 4C). Estes resultados
destacam a importancia da PI3Ky como mediadora downstream GRPR. Tais achados
também apontam que as células da medula espinhal GRPR* sdo, ao menos em parte,
neurdnios aferentes do DRG. Foi demonstrado que a injecdo intradérmica de GRP é
capaz de induzir o comportamento de cogar em camundongos e que os niveis séricos
de GRP estdo diretamente relacionados ao prurido sentido por pacientes com
dermatite atdpica (Andoh et al., 2011, Kagami et al., 2013). Nés confirmamos os
achados de que a injecdo intradérmica de GRP induz comportamento de cogar e,
adicionalmente, demonstramos que o tratamento com o inibidor seletivo de PI3Ky,

AS605240, diminui significativamente os acessos de coceira (Figura suplementar 5).
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Figura suplementar 4. (A) Células que expressam p-Akt no DRG (% da populagdo total) de camundongos
controle ou que tiveram indugdo de pele seca tratados com veiculo ou o antagonista de GRPR, RC-3095
(1nmol/sitio; i.t.). (B) Quantificacdo de MFI para p-Akt em neurénios do DRG que expressam GRPR de
animais controle ou que tiveram inducdo de pele seca tratados com veiculo ou RC-3095 (1nmol/sitio;
i.t.). (C) Os neurdnios do DRG foram caracterizados como células vivas (FSC e SSC), p-Akt* GRPR* CD45
GFAP e Tujl*. As colunas representam a média de 4 animais por grupo e as barras verticais representam

o erro padrio da média. Significancia em relacdo a "DW e com TAEW tratado com veiculo. ##p<0.001;

t

p<0.01; ""P< 0.001.
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Figura suplementar 5. Efeito do inibidor seletivo de PI3Ky, AS605240, sobre o comportamento de cogar
induzido por GRP (10 nmol/50 uL; i.d.). Cada coluna representa a media de 6-8 animais e as barras

verticais representam o erro padrdo da média. Significancia em relagdo a injecdo de #solucdo salina e
*GRP tratado com veiculo. ###P<0.001; p< 0.001.

Este trabalho confirma a hipdtese inicial e demonstra que 1) o GRPR é um
mediador importante para o prurido agudo e cronico, 2) muito provavelmente o GRPR
é expresso pelos terminais periféricos e centrais de aferentes nociceptivos do DRG, 3)
o prurido induzido pela ativagdo de GRPR é dependente da via da PI3Ky/Akt e 4) a

PI3Ky pode ser um alvo farmacoldgico atrativo para aliviar o prurido mediado por

GRPR.
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5. PERSPECTIVAS

* Avaliar a expressao de GRPR e p-Akt nos nervos da pele.

* Investigar o papel do GRPR em outros modelos crénicos, como o prurido
induzido por dermatite atdpica ou dermatite de contato.

e Estudar a ativacdo da via PI3Ky/Akt em outros modelos crénicos, como o
prurido induzido por dermatite atépica ou dermatite de contato.

® Dosar GRP e tentar identificar sua fonte de liberagao.
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PRURICEPTIVAS MEDIADAS PELA ATIVACAC DO RECEPTOR DO PEPTIDEO
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Sua investigacao, respeitando com detalhe as descrigdes contidas no projeto e
formularios avaliados pela CEUA, esta autorizada a partir da presente data.
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procedimentos para o uso cientifico de animais, é funcdo da CEUA zelar pelo
cumprimento dos procedimentos informados, realizando inspegdes periddicas nos
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Cutaneous Biology Research Center Associate Professor
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Charlestown, Massachusetts 02129
Tel: 617.726.4439, Fax: 617.726.4453

Email: ethan.lerner@cbrc2.mgh.harvard.edu

February 10, 2015

Letter of Evaluation
To: CAPES
Re: Mrs. Paula Juliana Seadi Pereira

Dear CAPES,

| am delighted to report that Mrs. Paula Juliana Seadi Pereira has been an actively
contributing member of my laboratory at Massachusetts General Hospital/Harvard
Medical School for the past year. She has been working on her Ph.D. thesis in

conjunction with me, and her mentor at PUCRS, Professor Maria Martha Campos.

We study the basic mechanisms of itch. We seek to decipher the signaling pathways
that underlie this sensation. Itch is an important and common problem. It is a
component of many inflammatory skin diseases and systemic ones including cancer,
chronic kidney disease and liver disease. It is now understood that the effect of itch on
quality of life is equivalent to that for pain. There are few effective therapies for itch.
Understanding how itch works will lead to targeted therapies to alleviate this symptom
that can ruin people's lives.

Mrs. Pereira project is titled: “The role of PI3Ky activation in GRP-elicited scratching
behavior”. We have the tools to address this area and Mrs. Pereira has been making
excellent progress. She has already co-authored a commentary in Neuron. In addition
to progress on her Ph.D. work, she has been an excellent collaborator with other
laboratory members. She is thus poised to be a co-author on manuscripts beyond the
focus of her specific project.

Sincerely,

Dr. Ethan A Lerner, MD, PhD
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may be developed to effectively treat
neurological diseases, particularly those
caused by cellular dysfunction or tissue
injury.
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Itch is immensely frustrating. Most studies focus on the cause of itch. In this issue of Neuron, Kardon et al.
(2014) find that itch can be modulated by inhibitory neurons that produce dynorphin, an endogenous agonist

of k-opioid receptors.

Scientific investigations can be likened to
scratch tickets. While individual experi-
ments that we perform may not pan out,
the study by Kardon et al. (2014) in this
issue of Neuron is a winner. These inves-
tigators characterize a population of
spinal inhibitory neurons and demon-
strate that dynorphin, released from these
neurons, is a backscratcher responsible
for modulating itch (Figure 1).

ltch, also referred to as pruritus, may
have evolved as a protective mechanism
against threats from arthropods, but it is
a prominent feature of inflammatory skin
disease and ruins the lives of patients
with chronic renal failure, liver disease,
and certain malignancies. Its impact on
quality of life is comparable to that of

P

@ CrossMark

pain (Kini et al., 2011). It has been sug-
gested that itch be considered a disease
(Yosipovitch, 2011). Drugs with itch as
an approved indication are limited to
antihistamines and topical steroids and
have limited effectiveness. It is recog-
nized that neuromodulators can be re-
markably effective in treating some itches
and that scratching may provide tem-
porary relief and feel pleasurable, sug-
gesting that complex neurocircuitry
and neuromodulatory mechanisms are
involved. Accordingly, endogenous mole-
cules may have the potential to reduce the
sensation of itch.

Understanding the underlying mecha-
nisms of itch is an intense focus of inves-
tigation. Recent advances include the

identification of a series of itch-related
ligands and receptors as well as peri-
pheral neurons and spinal afferents
specialized in transmitting this sensation
and distinguishing it from pain (Han
et al.,, 2013; Mishra and Hoon, 2013). It
is recognized that itch and pain are part
of a complex family dynamic. A few exam-
ples are scratching, which alleviates itch
but is a noxious stimulus, p-opioids,
which relieve pain but induce itch, and
the inhibition of glutaminergic transmis-
sion from nociceptors, which reduces
pain but increases scratching (Lager-
strom et al., 2010; Liu et al., 2010).

A key role in sensory processes has
been suggested for inhibitory circuits in
the spinal cord, consistent with the

Neuron 82, May 7, 2014 ©2014 Elsevier Inc. 503
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Figure 1. Interneurons that Release Dynorphin Modulate ltch

Neurons that respond to itch, cold, and noxious stimuli innervate and are modulated by B5-I interneurons
that produce dynorphin. Capsaicin, mustard oil, and menthol activate TRPV1, TRPA1, and TRPM8,
respectively. B5-I, inhibitory neurons that are a focus of the report to which this Preview is directed.
GRPR, gastrin-releasing peptide receptor. Npra, natriuretic peptide receptor A is the receptor for the
B-type natriuretic peptide BNP, also known as Nppb. Image modified and reproduced under CC-BY
license: http://creativecommons.org/licenses/by/3.0/us/legalcode.

relationship between itch and pain. Dele-
tion of the neuronal-specific transcription
factor basic helix-loop-helix protein 5
(Bhihbb) resulted in the loss of a subset
of inhibitory interneurons, termed B5-I
neurons, within the dorsal horn (Ross
et al.,, 2010). These mice scratched
without provocation and developed skin
lesions as a result. They were additionally
sensitive to pruritic agents, whereas
nociceptive responses to mechanical,
thermal, or chemical stimuli remained
unaffected.

A hallmark of itch is that it may be
alleviated by counterstimuli, consistent
with the existence of inhibitory control
pathways. The neural mechanisms and
neuromodulators underlying this phe-
nomenon have not been identified defini-
tively. The report from Kardon et al.
(2014) represents an important step in
addressing this knowledge gap. Dy-
norphin is a «k-opioid neuropeptide
expressed in the CNS. Its precursor is
preprodynorphin. Dynorphin is stored in
large dense-core vesicles and is released
from nerve terminals, selectively acting on
k-opioid receptors (KORs) present in the

peripheral nervous system and CNS. Acti-
vation of KORs, which couple to Gi/Go,
leads to a decrease in synaptic transmis-
sion (Knoll and Carlezon, 2010). It was re-
ported previously that galanin-expressing
inhibitory interneurons coexpress dynor-
phin while also being a source of KORs
in the dorsal horn (Sardella et al., 2011).

Kardon et al. (2014) find that B5-I
neurons comprise a specific neurochem-
ical population of inhibitory interneurons
in the dorsal horn that inhibits itch. Using
immunostaining, they found that B5-I
neurons coexpress dynorphin and the
inhibitory neuropeptide galanin. These
mice also express another hallmark of
inhibitory neurons, the somatostatin re-
ceptor SST,a. Mice in which Bhlhb5 had
been knocked out showed almost a
complete loss of galanin- and dynor-
phin-expressing inhibitory interneurons,
a marked decrease in SSToa-expressing
neurons, but no change in SSTya-nega-
tive neurons.

The antipruritic effect of «-opioid
agonists was first identified in the early
1980s (reviewed by Cowan and Gmerek,
1986). These observations from almost

504 Neuron 82, May 7, 2014 ©2014 Elsevier Inc.
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three decades ago continue to be sup-
ported by the current finding that scratch-
ing behavior, induced by a variety of
pruritogens, was inhibited after the
administration of k-opioid agonists, espe-
cially to Bhlhb5~~ mice. Kardon et al.
(2014) hypothesized that the extensive
scratching in these knockout mice was
due to reduced «-opioid signaling asso-
ciated with the loss of dynorphin-pro-
ducing cells in the spinal cord. A critical
question then arises: is the elevated itch
in Bhihb5~/~ mice due to the loss of
dynorphin, the lack of fast synaptic inhibi-
tion, or both? To address this question,
Kardon et al. (2014) examined mice in
which the dynorphin precursor had been
knocked out (PPD™7). PPD™'~ mice
have not been reported to scratch spon-
taneously. It might be expected that
PPD~~ mice would scratch more than
wild-type controls when itch is induced
by pruritogens, indicating an essential
role for dynorphin in pruritic inhibitory
circuits. However, PPD~/~ mice show
normal levels or scratching when
compared to wild-type animals. This
result suggests that the abnormal itch
phenotype observed in Bhlhb5~'~ ani-
mals is not completely dependent on
dynorphin. This finding suggests that
there is a degree of compensation for
the loss of dynorphin in PPD™'~ mice,
but not the loss of spinal neurons that
produce dynorphin. Together, these re-
sults suggest a role for dynorphin in
quelling acute and chronic itch but that
fast inhibitory neurotransmitters, such as
GABA and/or glycine, participate in the
relief of acute itch by scratching.
Neuropathic itch, a type of chronic itch
in people, is a particularly frustrating con-
dition. Shingles, caused by reactivation of
varicella in dorsal root ganglia, can cause
long-lasting and intense neuropathic pain.
It is less well-recognized that some vic-
tims suffer from an intense itch rather
than pain. The treatment of neuropathic
pain, and itch, is yielding somewhat to
neuromodulators. As Bhlhb5~'~ mice
scratch chronically, they may provide a
model of neuropathic itch. Kardon et al.
(2014) examined the capacity of k-opioid
agonists to relieve scratching in these
mice. Two structurally unrelated k-ago-
nists, nalfurafine and U-50,488, were
evaluated. Nalfurafine is approved in
Japan for the treatment of itch associated
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with chronic kidney disease and is
currently being evaluated in the U.S.
Nalfurafine and U-50,488 were delivered
by intraperitoneal injection and reduced
the time mice spent biting and/or licking
skin lesions. Histamine and nonhistamine
scratching, such as that evoked by chlo-
roquine, is mediated by distinct primary
afferents. Nalfurafine was known to
reduce scratching evoked by histamine,
a finding confirmed here. Nalfurafine and
U-50,488 also reduced scratching from
chloroquine. These results are consistent
with a merging of histamine and nonhist-
amine neural responses. To confirm that
the sensation of itch, and not nociceptive
pain, was being evaluated, Kardon et al.
(2014) employed the cheek model estab-
lished by Shimada and LaMotte (2008).
Capsaicin, which activates TrpV1 chan-
nels and is the active ingredient in hot
peppers, generates pain and itch re-
sponses that can be distinguished in this
model. Low doses of nalfurafine inhibited
only the scratching response, implying a
degree of selectivity with respect to the
treatment of itch versus pain.

Intrathecal injection of k-agonists or
antagonists was used by Kardon et al.
(2014) to delve into two additional ques-
tions. One question relates to the sequen-
tial path in which itch information is
relayed. Such information is relayed from
the periphery to the spinal cord by
upstream Nppb-expressing neurons that
communicate with downstream GRPR-
expressing neurons in the spinal cord.
The intrathecal injection of GRP is known
to evoke scratching. When Kardon et al.
(2014) coinjected GRP and nalfurafine,
scratching was reduced. This result
places the action of k-agonists and, by
inference, B5-I interneurons, downstream
of GRPR neurons. A second question is
whether blockade of KOR signaling would
increase an itch-associated response.
Intrathecal administration of k-antago-

nists was used to answer this question
in the affirmative as such compounds
resulted in an increased behavioral
response to chloroquine. These findings
demonstrate the capacity of KOR
signaling in the spinal cord to modulate
itch up or down.

It is recognized that counterstimuli,
including noxious stimuli, scratching,
and cold, suppress itch. This suppression
occurs through the activation of inhibitory
pathways within the spinal cord (Bautista
et al., 2014). B5-I interneurons are well
positioned to be part of this milieu.
To examine this issue further, Kardon
et al. (2014) asked whether B5-I neurons
receive input from primary afferents
expressing TRPV1, TRPA1, and TRPMS,
channels that are activated by the
itch-inhibiting compounds capsaicin,
mustard oil, and menthol, respectively.
The answer, as tested using neurophysio-
logic techniques, was in the affirmative,
and a behavioral model was used as a
complementary approach. Specifically,
the topical application of menthol
decreased chloroquine-induced scratch-
ing behavior in wild-type mice but not in
Bhlhb5~~ mice. These findings are
consistent with the concept that chemical
counterstimuli that ameliorate scratching
require B5-1 neurons.

The findings in this paper provide a
lead for additional directions. k-opioid
agonists have been reported to be
helpful for certain itches. Why isn’t their
effect more general? What is the bal-
ance between KOR in the periphery
and the spinal cord with respect to
ameliorating itch? Might there be endog-
enous inhibitory mediators in addition to
dynorphin that are yet not identified?
And what is the role of fast synaptic
transmission in modulating itch, as sug-
gested by the observation that mice
lacking dynorphin still scratch? Address-
ing these questions will hopefully pave

the way to new therapeutics for people
suffering from itch.
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