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RESUMO

Evidéncias sugerem que as técnicas de terapia manual sdo efetivas no
tratamento de problemas musculo-esqueléticos incluindo dor lombar,
sindrome do tunel do carpo, osteoartrite de joelho e quadril. No entanto,
apesar dos seus resultados positivos e da sua eficacia, os mecanismos
neurofisiolégicos destas técnicas foram pouco estudados. Assim, o
objetivo deste estudo foi de verificar o efeito da mobilizagéo articular do
tornozelo (MAT) na dor aguda e cronica de origem pds-operatéria e
neuropética, respectivamente, além de investigar os mecanismos de a¢&o
envolvidos neste efeito. Para tal, foram utilizados camundongos Swiss
machos (25-35g) submetidos ao modelo de dor p6s-operatoria através da
incisdo plantar (IP) e ao tratamento com a MAT por 3 ou 9 minutos. A
avaliacdo da dor (nocicepcao) foi realizada atraveés da mensuracdo da
hiperalgesia mecanica, utilizando-se o filamento de von Frey (0,4 g)
pelo método de freqiiéncia de resposta, antes e ap6s a incisdo e 30
minutos ap6s a MAT, diariamente. Além disto, os animais também
receberam tratamento diario com MAT durante 9 minutos por 6 dias. No
estudo do mecanismo de acdo, as andlises foram realizadas 24 horas
apos a IP e o envolvimento dos sistemas opioidérgico, adenosinérgico,
monoaminérgico e endocanabinoidérgico no efeito da MAT foram
investigados. Para avaliar a influéncia da MAT sobre a dor neuropatica,
utilizou-se 0 modelo do esmagamento do nervo isquiatico em ratos
Wistar machos (250-280 g), sendo que o0s animais receberam 15
tratamentos (9 minutos de MAT) em dias alternados. A hiperalgesia
mecanica foi avaliada antes e ao longo do tratamento por 5 semanas.

Trinta e cinco dias apos a lesdo, a medula espinal (L4-L5) foi coletada



para determinacdo da imunoreatividade de CD11b/c (microglia) e de
GFAP (astrocito). Os resultados demonstram que 9 minutos de MAT
reduz a hiperalgesia mecanica induzida pela IP, efeito mediado pelos
sistemas  opioidérgico,  adenosinérgico, = monoaminérgico e
endocanabinoidérgico. Além disso, a MAT produz efeito
antihiperalgésico e neuroregenerativo na lesdo do nervo isquiatico,
ocorrendo estes efeitos em paralelo com a reducdo da imunoreatividade
para microglia e astrdcito na medula espinal. Assim, conclui-se que: i) a
MAT apresenta grande potencial terapéutico na reducdo da dor pos-
operatoria e neuropatica, bem como em acelerar a regeneracdo nervosa
periférica; ii) os sistemas opioidérgico, adenosinérgico, monoaminérgico
e endocanabinoidérgico estdo envolvidos no efeito antihiperalgésico da
MAT e; iii) a reducdo da ativacdo de células microgliais e astrocitarias
na medula espinal contribui para o efeito antihiperalgésico da MAT.
Neste sentido, estes dados fornecem & literatura substanciais subsidios
neurofisioldgicos do efeito terapéutico da MAT para o direcionamento

de futuros ensaios clinicos.

Palavras-chave: Fisioterapia. Terapia manual. Reabilitagdo. Dor aguda.

Dor neuropatica.



ABSTRACT

Manual therapy techniques are effective in the treatment of
musculoskeletal problems including low back pain, carpal tunnel
syndrome, osteoarthritis of the knee and hip. However, despite their
positive results and its effectiveness, the neurophysiological
mechanisms of these techniques are not thoroughly known. This study
investigates the effect of ankle joint mobilization (AJM) in acute and
chronic pain of postoperative and neuropathic origin, respectively, and
the possible mechanisms involved in this effect. To this end, male Swiss
mice (25-35g) were subjected to a plantar incision procedure (PI), a
model of postoperative pain, and treated with AJM for 3 or 9 minutes.
Pain levels (nociception) were assessed by measuring mechanical
hyperalgesia to a von Frey filament (0.4g) by the method of frequency
response before and after Pl and 30 minutes after daily AJM. In
addition, the animals also received daily 9 minutes sessions with AJM
for 6 days. For the investigation of the mechanisms of action, the tests
were performed 24 hours after Pl and opioid, adenosinergic,
monoaminergic and endocannabinoid systems were analyzed at different
sites (central, peripheral and local). In order to evaluate the influence of
AJM on neuropathic pain the model of sciatic nerve crush was used in
male Wistar rats (250-280 g). These animals received 15 treatments (9
minutes AJM) on alternate days. The mechanical hyperalgesia was
assessed before and during treatment for 5 weeks. Thirty-five days after
injury, the spinal cord (L4-L5) was collected for determination of
immunoreactivity to CD11b / ¢ (microglia) and GFAP (astrocytes). The

results show that 9 minutes AJM reduces the mechanical hyperalgesia



induced by PI, an effect that is mediated by opioid, adenosinergic,
monoaminergic and endocannabinoid systems. Finally, we showed that
AJM produces antihyperalgesic and regenerative effects, and these
effects occur in parallel to the reduction in immunoreactivity to GFAP
CD11b/c in the spinal cord. In conclusion, we demonstrated that: i) AJM
has great therapeutic potential in reducing postoperative and neuropathic
pain as well as accelerates peripheral nerve regeneration; ii) opioid,
adenosinergic, monoaminergic and endocannabinoid systems are
involved in the antihyperalgesic effect of AJM and iii) reducing the
activation of microglial cells and astrocytes in the spinal cord
contributes to the antihyperalgesic effect of AJM. Thus, these data
provide substantial input to the neurophysiological literature of the
therapeutic effect of AJM that will help to guide future clinical trials.

Keys words: Physiotherapy. Manual Therapy. Rehabilitation. Acute

pain. Neuropathic pain.
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1 APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob
a forma de artigos, os quais encontram-se no item ARTIGOS
CIENTIFICOS. As secOes Materiais ¢ Métodos, Resultados, Discussao
dos Resultados e Referéncias Bibliograficas, encontram-se nos proprios
artigos e representam a integra deste estudo.

Os itens, DISCUSSAO E CONCLUSOES, encontrados no
final desta tese, apresentam interpretacdes € comentarios gerais sobre os
artigos cientificos contidos neste trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente
a citacdes que aparecem nos itens INTRODUCAO ¢ DISCUSSAO

desta tese.
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2 DESENVOLVIMENTO

2.1 PROCESSAMENTO DA DOR

Tem sido descrito que a dor, diferentemente da audi¢do, visao,
propriocepcao, ou olfagdo, ndo € um sentido primdrio, mas ao invés
disso ¢ mais do que uma experiéncia emocional. Muitos especialistas
envolvidos no tratamento da dor a consideram como uma percep¢ao
complexa evocada por um estimulo nocivo. Talvez seja a mais
complexa entre as modalidades perceptuais do nosso corpo. Por
exemplo, num quadro de lesdo nervosa, onde a dor € persistente, o
estimulo que evoca dor pode mudar, nestas condi¢des estimulos indcuos
prontamente evocam a percepcdo da dor (alodinia) (BASBAUM;
BUSHNELL, 2009).

No entanto, mesmo esta percep¢do incomum (alodinia) nao
descreve claramente as caracteristicas que fazem da dor uma das mais
complexas percepcdes. A Associagdo Internacional para o Estudo da
Dor (IASP) define a dor como "Uma experiéncia sensorial € emocional
desagradavel associada a dano tecidual real ou potencial, ou descrita em
termos de tal dano" (LOESER; TREEDE, 2008). Em outras palavras,
apesar de existir uma base anatdmica e fisiologica especifica para a
detec¢do e transmissdo das mensagens que sdao interpretadas como
dolorosas, o que torna a experiéncia de dor tdo especial € que ha sempre
uma qualidade emocional a esta experiéncia (BASBAUM, BUSHNELL,
2009). A dor, no sentido fisioldgico, envolve um sistema sensorial que
transmite uma importante informacao adaptativa sobre o ambiente para

o organismo. Este tipo de sinalizacdo ¢ conhecida como nocicepgdo. A
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sinalizagdo da dor geralmente inicia pela ativagao de fibras do tipo d ¢ C
(Figura 1). Neuronios aferentes nociceptivos do tipo C podem ser
divididos em dois principais grupos neuroquimicos: aqueles que contém
neuropeptideos, como a substincia P (LAWSON; CREPPS; PERL,
1997), e aqueles que ndo contém (SNIDER; MCMAHON, 1998). Estes
dois grupos possuem distintas zonas de terminagdo dentro da lamina
superficial. Fibras ndo-peptidérgicas do tipo C estdo principalmente
associadas com a pele, que fazem parte da inervacdo da epiderme
(TAYLOR; PELESHOK; RIBEIRO-DA-SILVA, 2009), enquanto as
fibras peptidérgicas inervam varios outros tecidos, bem como regides
mais profundas da pele (BENNETT et al., 1996; PERRY; LAWSON,
1998; PLENDERLEITH; SNOW, 1993).

As fibras aferentes primarias do tipo Ad e C entram na medula
espinal via divisdo lateral da zona de entrada da raiz posterior. As fibras
penetram no corno posterior e se bifurcam em ramos ascendentes e
descendentes. Alguns colaterais terminam em interneurénios da
substancia cinzenta medular. Estas conexdes participam de circuitos que
medeiam reflexos espinhais tais como o reflexo flexor de retirada. Os
neurdnios do corno posterior da medula espinal exibem numerosos
receptores de membrana. Estes incluem receptores da neurocinina 1
(NK1, receptor para substancia P), receptores para o acido gama-
aminobutirico (GABA), serotonina, peptideos opiodides, glicina e
receptor do tipo a-amino-3-hidroxi-5-metil-4-isoxazolepropionato
(AMPA) para o glutamato. As propriedades dos neur6nios do corno
posterior da medula espinal refletem o tipo de informagdao da fibra
aferente primaria recebida. Estes neurdnios sdo classificados como de

baixo limiar (ndo-nociceptivos), nociceptivos-especificos (nociceptivos),
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de ampla variagdo dinamica (nao-nociceptivos € nociceptivos), ou
profundo com base em suas respostas a diferentes modalidades de
estimulos. Em geral, o alvo central das fibras aferentes primarias
nociceptivas incluem as laminas I, IT e V do corno posterior. Fibras
aferentes do tipo Ad tém como alvo as ldminas I e V (PURVES et al.,
2010).

O sistema antero-lateral (SAL) ¢ um feixe composto que inclui
fibras  espinotalamicas, espinomesencefalicas, espinorreticulares,
espinobulbares e espino-hipotalamicas. As fibras espinotalamicas
projetam-se da medula espinal para o nucleo postero-lateral ventral
(NPLV), o grupo nuclear posterior e os nucleos intralaminares (ntcleos
central lateral e parafasciculares centromedianos) do tdlamo. Colaterais
para a formagao reticular emergem de alguns destes axonios. Os axonios
espinomesencefalicos se projetam para a substdncia cinzenta
periaquedutal (PAG) e para o tectum; as Ultimas fibras sdo espinotectais.
Embora as fibras espinorreticulares se projetem para a formagao
reticular do bulbo, ponte e mesencéfalo, as colaterais podem ascender
para outros alvos como o tdlamo (PURVES et al., 2010).

No encéfalo existem maultiplos sitios e vias que estdo
envolvidos na modulagao descendente da dor, desde o cértex cerebral
até a regido caudal do bulbo (BASBAUM; BUSHNELL, 2009). Até o
presente momento, a via modulatoria enddgena da dor mais bem
caracterizada envolve um circuito que liga a PAG mesencefalica, o
bulbo rostral ventral (RVM), e a medula espinal (BASBAUM,;
BUSHNELL, 2009).
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Figura 1 - Processamento da dor.
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A figura demonstra o processamento da dor envolvendo vérios componentes,
incluindo a ativagdo nervosa sensorial, transmissdo aferente a medula espinal,
integracao e modulagdo espinal, sinalizagdo supra-espinal, e regulagdo descendente
(passos 1-6).

2.2 DOR POS-OPERATORIA

Raros sdo os individuos que tem a sorte de viver uma vida livre
de qualquer dor, mas, felizmente para a maioria, tais experiéncias nao
sdo graves. Para muitas pessoas, no entanto, a dor ¢ duradoura,
debilitante e devastadora e surge apds procedimentos cirargicos,
ferimentos ou inicio de doenca. Pesquisadores estimam que apenas um

em cada quatro pacientes submetidos a procedimentos cirurgicos nos



26

EUA recebe tratamento adequado para a dor pods-operatéria. O
reconhecimento da natureza generalizada da dor pos-operatoria levou ao
desenvolvimento de muitas diretrizes médicas e sociais e mais
notadamente de novas normas regulamentadoras (por exemplo, Joint
Commission on Accreditation of Healthcare Organizations) para a
avaliacdo e tratamento da dor aguda. Uma das principais énfases dessas
novas normas tem sido a avaliagcdo de rotina da dor como o chamado
quinto sinal vital (PHILLIP, 2000).

Neste sentido, apesar da introdu¢do de novas normas, diretrizes
e esfor¢os educacionais, dados em escala mundial sugerem que o
tratamento da dor pos-operatoria continua sendo insatisfatéorio. Uma
avaliacdo de 1.490 pacientes submetidos a procedimentos cirirgicos na
Holanda revelou que, apesar da presenga de um protocolo de controle da
dor aguda, 41% dos pacientes apresentaram dor moderada a severa no
dia da cirurgia, com quase 15% dos pacientes sofrendo de dor moderada
a severa no quarto dia pds-operatoério (SOMMER et al., 2008). Em um
estudo randomizado com 250 pacientes adultos norte-americanos
submetidos a procedimentos cirurgicos, mostrou-se que 80% deles
tiveram dor pés-operatoria e, destes, 86% tiveram dor moderada a grave,
com a maioria dos pacientes relatando dor com intensidade maior do
que antes da internacao hospitalar (APFELBAUM et al., 2003). Mais de
40 milhoes de procedimentos cirurgicos sao realizados anualmente nos
Estados Unidos (CULLEN; HALL; GOLOSINSKIY, 2009), e a dor
pos-operatoria de intensidade moderada a severa tem sido relatada em
mais da metade destes pacientes seguido a cirurgia (KEHLET; DAHL,
2003; SOMMER et al., 2008). Isso explica o gasto de uma significativa

parte dos recursos do pais com cuidados relacionados a saude.
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2.2.1 Patofisiologia da dor pos-operatoria

Na ultima década, foi reconhecido que a etiologia ¢ o
tratamento da dor pds-operatéria causada por cirurgia ¢ diferente de
outras condi¢des de dores clinicas tais como: artrite reumatoide,
fibromialgia ou Herpes Zoster aguda (BRENNAN; ZAHN;
POGATZKI-ZAHN, 2005; MEYER et al., 2006). Até entdo, muitos
modelos animais de dor eram utilizados para o estudo dos mecanismos
patofisiologicos da dor pds-operatoria, mas menos adequados para o
desenvolvimento de novos alvos no tratamento de particulares condigdes
de dores clinicas, pois 0os mesmos ndo mimetizavam tais condi¢des. Para
avancar no tratamento da dor pos-operatoria, foi necessario reconhecer
que muitos modelos pré-clinicos de dor, como por exemplo: inflamagao
especifica-antigénica ou estimulo quimico receptor-especifico (ex.
formalina ou capsaicina), ndo necessariamente traduzem adequadamente
os mecanismos da dor incisional (HONORE et al., 2006; ZAHN;
BRENNAN, 1998). Além disso, pelo fato de que efetiva analgesia pos-
operatoria reduz a morbidade seguida de procedimento cirirgico, novos
tratamentos devem ser continuamente investigados. Assim, quando a dor
¢ estudada através de uma abordagem pré-clinica (basica) e clinica,
surgem novas teorias, varios tratamentos e estratégias preventivas para o
manejo da dor, em especial da dor pos-operatoria.

Estudos farmacologicos e neurofisiologicos utilizando um
modelo animal de dor pos-operatéria aguda, que mimetizam esta
condigdo dolorosa, aumentaram nosso conhecimento sobre os
mecanismos de dor resultante de incisdo cirtrgica e lesdo tecidual

associada (BRENNAN; VANDERMEULEN; GEBHART, 1996;
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POGATZKI-ZAHN; ZAHN; BRENNAN, 2007). Estes estudos sugerem
que os mecanismos da dor pds-operatoria sdo diferentes dos estados de
dor inflamatoria e neuropatica, bem como dos modelos quimicos citados
anteriormente (formalina ou capsaicina). Tem sido demonstrado que a
hiperalgesia na regido da incisdo ¢ mediada pela sensibilizacdo de fibras
aferentes primarias do tipo Ad e do tipo C e pela ativacdo de
nociceptores mecanicos silenciosos de fibras aferentes primarias do tipo
Ad apo6s a incisdao (POGATZKI; GEBHART; BRENNAN, 2002). Outro
estudo demonstrou uma importante contribuigdo dos receptores
ionotropicos para aminoacido excitatorio AMPA e cainato na dor,
hiperalgesia e sensibilizacdo central induzidas pela incisdo (ZAHN;
UMALI; BRENNAN, 1998). O aumentado nas concentragdes de lactato
e a reducao do pH foram observados na pele e musculo lesionados apos
a incisao, sugerindo que um mecanismo de dor isquémica poderia
contribuir para dor pos-operatoria (KIM et al., 2007). Sensibilizacdo
neuronal central provavelmente contribui para a dor pos-operatoria e
hiperalgesia. Estudos neurofisioldégicos em animais tém mostrado um
aumento na prevaléncia e da taxa de atividade espontdnea de neurdnios
do corno posterior da medula espinal apos incisdo da pele e musculos
profundos (BRENNAN, 2011). No entanto, o papel preciso da
sensibilizacdo central no desenvolvimento da dor pos-operatoria
persistente ainda nao ¢ totalmente compreendido (LAVAND’HOMME,
2011; BRENNAN; KEHLET, 2005).

Apos um procedimento cirurgico envolvendo a incisao da pele e
de estruturas profundas, ocorre dor durante o repouso € em resposta a
estimulos como pressao e toque, os quais geralmente nao sdo dorolosos

(RICHMOND; BROMLEY; WOOLF, 1993; MOINICHE et al., 1997).
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Estas respostas exageradas podem ser mensuradas usando pressdo, por
exemplo: algometria de pressao apds histerectomia (MOINICHE et al.,
1997) e toracotomia (KAVANAGH et al.,, 1994); ou toque, por
exemplo: dor induzida pelo filamento de von Frey apds nefrectomia
(STUBHAUG et al.,, 1997). Com o intuito de compreender os
mecanismos da dor causada por incisdes Kawamata et al. (2002)
realizaram uma pequena incisdo na face anterior do antebrago (area
frequentemente utilizada para testes sensoriais em humanos) de
voluntarios sadios, € observaram que a dor ao repouso desapareceu 2
horas ap6s a incisdo experimental. No entanto, a resposta a estimulos
mecanicos foi evidenciada por 7 dias. Os mesmos autores ainda
encontraram a presenca de areas hiperalgésicas, causadas pela incisao
em regides ndo lesionadas, o que foi similar a pacientes no pos-
operatorio. Assim, pela analise de aspectos basicos fundamentais da dor
poOs-operatoria, pode ser possivel desenvolver uma ligacdo entre
modelos clinicos e pré-clinicos de dor pos-operatoria.

Recentes estudos sobre resultados cirurgicos tém focado em
melhorar a recuperacdo poés-operatoria, determinada pelo tempo de
estadia no hospital, morbidade, mortalidade, tempo para o retorno as
atividades de vida diaria (AVDs) e a satisfacdo do paciente. Muitas
dessas medidas tém melhorado, atualmente, pelo aumento da atengdo
prestada a muitos fatores envolvidos na qualidade de realizacdo da
cirurgia e aos cuidados com o paciente no periodo pos-operatorio (WU,
RAJA, 2011).

Tradicionalmente, a analgesia pos-operatdria seguida por alguns
procedimentos cirurgicos como, por exemplo, uma artroplastia total de

uma articulacdo, tem focado na analgesia controlada pelo paciente



30

(ACP), analgesia epidural ou narcoticos parenterais. No entanto, estas
modalidades frequentemente resultam no pobre controle da dor e na
insatisfacao do paciente (ETHGEN et al., 2004). O controle inadequado
da dor consequentemente pode gerar complicacdes e prejuizos
psicologicos (SINATRA; TORRES; BUSTOS 2002). Além disso, o uso
da ACP com altas doses de opidides resulta em sedagao, constipagao,
confusdo mental, reten¢do urinaria, ndusea, vomito, prurido, além de
induzir tolerancia. Embora, as infusdes epidurais possam fornecer uma
analgesia superior, elas estdo associadas com hipotensdo, retengdo
urinaria, bloqueio motor que limita a mobilizacdo, e o potencial para
hematomas espinais secundarios a anti-coagulagdo (CHOI et al., 2003).

Nos ultimos anos, o conceito de cirurgia de via rapida baseada
em evidéncia tem incluido a mobilizagdo precoce do paciente como um
fator importante para aumentar a recuperacao e reduzir complicacoes,
tais como: trombose venosa profunda, hipotrofia muscular, pneumonia,
ansiedade, depressdao e dor cronica (KEHLET; WILMORE, 2002).
Além disso, recentes estudos t€ém demonstrados que para evitar doses
altas de medicamentos, efeitos adversos e potencial toxicidade associada
com dependéncia de um agente ou técnica, esquemas analgésicos
multidisciplinares tém sido defendidos. Geralmente, um programa de
recuperacdo multidisciplinar consiste em trés componentes principais:
(1) mobilizagao precoce, (2) completa analgesia perioperatoria, e (3)
nutricdo oral precoce. Com objetivo de acelerar a reabilitacdo do
paciente e reduzir o tempo das hospitalizacoes (DAVY; SHARP;
LYNCH, 2003).
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2.3 DOR NEUROPATICA

A dor neuropatica ¢ a condigdo mais debilitante entre as
diferentes condi¢des de dor cronica, podendo ser intensa, ininterrupta e
muitas vezes resistente a todos os tratamentos atualmente disponiveis
(JENSEN et al., 2001). Ela pode ser causada por lesdes traumaticas,
inflamatoérias, ou metabodlicas do sistema nervoso central (SNC) ou
periférico (SNP). Além disso, a dor neuropatica ocorre na auséncia de
qualquer estimulo, devido a reducao do limiar de ativagao e estimulagao
dos nociceptores. A dor torna-se autonoma e perde sua funcao
adaptativa associada com a recuperacdo tecidual. A dor neuropatica ¢
relativamente comum, ocorrendo em cerca de 1% da populacao
(JENSEN et al., 2001) e ¢ definida pela IASP como "dor originada como
conseqiiéncia direta de uma lesdo ou doenca que afeta o sistema
somatossensorial" (LOESER; TREEDE, 2008). Esta lesao no tecido
neural produz alteragdes da funcdo neuronal que sdo percebidas pelo
paciente como os sinais e sintomas de dor neuropdtica. Ao exame
clinico, tanto sintomas negativos quanto positivos podem ser
evidenciados. Sintomas positivos incluem dor, parestesia, disestesia,
hiperalgesia e alodinia. Sinais e sintomas negativos envolvem déficits
sensoriais (hipoestesia e hipoalgesia), fraqueza e mudancas nos reflexos.
Clinicamente, os pacientes podem se queixar de dor espontanea (na
auséncia de estimulos), sensagdes lancinante do tipo choque elétrico ou
queimacgoes intermitentes e/ou por hipersensibilidade dolorosa evocada
em resposta a estimulos (na presenca de estimulos), sendo estes
considerados hiperalgesia e alodinia (JENSEN et al., 2001).

Apdés uma lesdo nervosa periférica, a parte distal,
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transeccionada, da fibra neuronal desconectada do corpo neuronal sofre
degeneracdo Walleriana, assim, deixando os Orgdos periféricos
denervados. Em paralelo, uma série de alteragdes moleculares e
celulares conhecidas como reacao retrograda e cromatolise ocorrem no
corpo dos neurdnios seccionados (ALLODI; UDINA; NAVARRO,
2012). A degeneracdao Walleriana cria um microambiente distal ao sitio
da lesdo que favorece o recrescimento axonal, enquanto que a reagao
retrograda conduz a alteracdes metabolicas necessarias para a
regeneracdo e alongamento axonal. O significado funcional da
regeneracdo axonal € a substituicdo do segmento distal do axonio
perdido durante a degeneracdo, permitindo a reinervacao dos Orgaos-
alvo e da restituicio das suas correspondentes funcoes (ALLODI,
UDINA; NAVARRO, 2012). Através desta sequéncia de eventos, os
axonios lesionados do sistema nervoso periférico sdo capazes de
regenerar € reinervar os Orgdos-alvo. Apds uma axoniotmese, onde as
bainhas de tecidos conjuntivos do nervo (endoneuro, perineuro e
epineuro) sdo preservadas e somente os axdnios sdo lesionados, a
recuperacao funcional ¢ geralmente boa. No entanto, apds neurotmese
(corte transversal do nervo), quando os tubos endoneurais perdem a
continuidade, os axonios sdao frequentemente mal direcionados ¢
geralmente reinervam orgaos-alvo incorretos, mesmo quando realizado
reparo cirurgico (BODINE-FOWLER et al.,, 1997; MOLANDER;
ALDSKOGIUS, 1992; VALERO-CABRE; NAVARRO, 2002).

Uma lesdo traumatica de nervos expde as proteinas nervosas
periféricas PO e P2, que ativam o sistema imunoldgico, iniciando uma
resposta auto-imune semelhante a provocada por patdgenos

(WATKINS; MAIER, 2002). A lesio do nervo também leva a
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degeneracdo  Walleriana caracterizada por desmielinizacdo ¢
remielinizagdo seguida por denervagdo e reinervacdo (STOLL;
JANDER; MYERS, 2002). Neste processo, varios tipos celulares sao
ativados ¢ recrutados para o sitio da lesdo, incluindo mastocitos,
macrofagos, fibroblastos, neutrofilos e células de Schwann, estas células
liberam trifosfato de adenosina (ATP), citocinas pro-inflamatorias,
prostaglandinas (PGs), ¢ o fator de crescimento do nervo (NGF), que
contribuem para hipersensibilidade na periferia (MARCHAND;
PERRETTI; MCMAHON, 2005).

2.3.1 Dor neuropatica e células gliais

A ativacdo de nociceptores periféricos resulta também em
plasticidade do SNC. Esta plasticidade modifica o funcionamento da via
nociceptiva, aumentando e prolongando as respostas a subsequentes
estimulos periféricos. Estas mudancas ocorrem na medula espinal, bem
como no encéfalo, e sao referidas como sensibilizacao central (CAO;
ZHANG, 2008). Nas ulimas décadas, tornou-se evidente o papel das
c¢lulas gliais espinais, especialmente, microglias e astrocitos no
desenvolvimento e manutencao da sensibilizagdo central nos estados de
dor cronica (MARCHAND; PERRETTI; MCMAHON, 2005).

A glia, refere-se a um diverso conjunto de tipos celulares
especializados encontrados tanto no SNP (células de Schwann, glia
satélite, glia perineural), quanto no SNC (astrécitos, oligodendrocitos,
microglia e c€lulas da glia perivascular) (KRIEGSTEIN; ALVAREZ-
BUYLLA, 2009). As cé¢lulas da glia constituem 70% da populacao total
de células no encéfalo e medula espinal. Elas podem ser subdivididas

em duas categorias principais: microglia, que compreende 5% a 10% da
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populacdo glial, e macroglia, que incluem os astrocitos e os
oligodendrocitos (MOALEM; TRACEY, 2006) (Figura 2).

As células da glia ndo conduzem impulsos nervosos, no entanto,
fornecem suporte estrutural para o encéfalo (Figura 2), auxiliando no
reparo, desenvolvimento e manutencdo do sistema nervoso,
fornecimento de nutrientes ¢ substratos neuronais, fun¢gdes metabolicas
para os neurdnios, destruindo e removendo neurdnios lesionados ou
mortos contribuindo na patofisiologia de doencas neurodegenerativas e,
finalmente, na regulacio do microambiente neuronal. As células
microgliais podem proteger ou prejudicar os neurdnios dependendo de
onde e como elas sdo ativadas (JHA; JEON; SUK, 2012).

As células microgliais totalmente ativadas sdo prejudiciais para
os neurdnios, mas, em outros estagios na sequéncia do estado reativo
elas podem melhorar a sobrevivéncia neuronal, liberando fatores
neurotréficos ou removendo o excesso de glutamato do espago
extracelular (AAMODT, 2007). As células da glia, incluindo
oligodendrocitos, astrocitos e microglia desempenham papéis
importantes na dor neuropatica. Tendo em vista o pouco conhecimento
do envolvimento dos oligodendrodcitos na dor, este trabalho concentrou-
se principalmente no envolvimento da microglia e astrécito na dor

neuropatica.
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Figura 2 - Transmissao neuronal nociceptiva em condigdes normais.
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Fonte: Adaptado de Gosselin, 2010.

A figura ilustra a transmissdo neuronal nociceptiva em condigdes normais
mostrando a importancia dos astrocitos na transmissdo sinaptica e destacando a
microglia em estado de repouso.

*GFAP: proteina glial fibrilar acidica; CX3CL1: CX3C ligand 1. GABA: acido
gama-aminobutirico; GLU: glutamato.

2.3.1.1 Microglia

As células microgliais sdo células imunes residentes do SNC.

No seu estado normal, a microglia estd quiescente (Figura 2) e quando
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apresentada a proteinas ou estimulos especificos promove uma resposta
imunologica (Figura 3). Evidéncias sugerem um papel importante da
resposta imune no desenvolvimento da dor neuropatica, em particular
através da atividade da microglia na medula espinal (CAO; ZHANG,
2008). A ativagdo de células gliais tem sido observada em vdrios
modelos animais de dor cronica, incluindo lesdo do nervo espinal
(RAGHAVENDRA; TANGA; DELEO, 2003), inflamagdo periférica
(BAO et al., 2001), lesao tecidual periférica (OBATA et al., 2006),
inflamag¢ao de nervos periféricos (MILLIGAN et al., 2003), lesao
medular (HAINS; WAXMAN, 2006), e cancer 6sseo (ZHANG et al.,
2005). A microglia quando ativada contribui para os estados de
hipersensibilidade a dor, através da liberacdo de citocinas pro-
inflamatérias e de moléculas efetoras que estimulam ainda mais as
cé¢lulas microglias vizinhas aumentando a produg¢ao de mais mediadores
pré-inflamatorios no corno posterior da medula espinal. Este ciclo de
feedback positivo pode significativamente agravar o desenvolvimento de
sindromes neuropaticas (HAINS; WAXMAN, 2006). Uma vez que uma
resposta imune € iniciada, varios agentes sdo liberados pela microglia,
tais como proteases, 0xido nitrico (NO), cininas, e outras moléculas
imuno-moduladoras, as quais medeiam os danos secundarios € sao
conhecidas por estarem envolvidas no desenvolvimento da dor
neuropatica (Figura 3). A ativacdo microglial também ¢é caracterizada
pelo aumento da expressao de moléculas como o complexo principal de
histocompatibilidade (MHC), o receptor para o complemento-3 (CR3),
as integrinas B2 (CD11b e CDI11c) e uma variedade de receptores para
citocinas, quimiocinas € outras substancias liberadas no sistema nervoso

central (CAO; ZHANG, 2008).
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Figura 3 - Eventos microgliais e astrocitarios na medula espinal na dor

neuropatica.
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Fonte: Adaptado de Gosselin, 2010.

A figura mostra o envolvimento de células microgliais e astrocitarias ativadas e as
suas consequentes liberagdes de mediadores pro-inflamatodrios, contribuindo assim
para a dor neuropatica.

*GFAP: proteina glial fibrilar acidica; CX3CL1: CX3C ligand 1. GABA: acido
gama-aminobutirico; GLU: glutamato; SP: substancia P; CGRP: peptideo
relacionado ao gene da calcitonina; JNK: quinase terminal C-jun-N.

2.3.1.2 Astrocito

As células da glia (principalmente astrécito e microglia)
atrairam a aten¢do de pesquisadores da dor no inicio dos anos 90. Em

seu pioneiro trabalho Garrison et al. (1991) demonstraram, pela primeira
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vez, que uma lesdo neuropatica periférica pode levar a ativacao de
astrocitos na medula espinal. Usando a técnica de imunoistoquimica,
avaliando a expressdo de GFAP (proteina glial fibrilar acidica), eles
mostraram que: 1) a constricdo do nervo isquidtico que induz dor
neuropatica, também promove ativagdo astrocitaria, e 2) drogas que
bloqueiam a dor neuropatica também bloqueiam a ativagdo dos
astrocitos. Desde entdo, a ativagdo glial (ambos, astrocito ¢ microglia)
tem sido observada na regido lombar da medula espinal em varios
modelos animais de lesdo nervosa periférica (COLBURN et al., 1997,
GARRISON et al., 1991; SWEITZER et al., 2001; WINKELSTEIN et
al., 2001; ALDSKOGIUS et al., 2011).

Os astrécitos apresentam processos longos € numerosos € em
formato estrelar. Normalmente estdo ativos ¢ desempenham diferentes
fung¢des tais como nutrigdo, suporte da funcdo neuronal através da
manutencdo da concentracdo local de ions, estocagem de glicogénio,
limpeza de residuos neuronais e recaptacdo de neurotransmissores
(NAIR; FREDERICK; MILLER, 2008). Tornam-se ativados em
resposta ao mesmo estimulo capaz de ativar a microglia ou por produtos
liberados pela microglia ativada (DONG; BENVENISTE, 2001).
Quando ativados apresentam corpo celular com processos espessos,
aumentada expressao de GFAP, ¢ aumento na produc¢ao e liberagdao de
uma variedade de substancias pro-inflamatérias (WATKINS; MAIER,
2003).

Astrocitos e células microgliais expressam varios receptores
para neurotransmissores € sdao ativados por neurotransmissores €
neuromoduladores classicos, assim, podem receber ¢ responder a sinais

durante a transmissao sinaptica. Os astrocitos sao mais conhecidos por
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seu papel ativo durante a transmissdao sinaptica, e ambos, microglia e
astrocito estdo em contato fisico com os neurdnios, assim como com
outros astrocitos e células microgliais, realizando fun¢des modulatorias
(POCOCK; KETTENMANN, 2007; HAYDON, 2001). Quando os
neurdnios liberam ATP, glutamato e SP, estes mediadores excitatorios
agem como fontes de estimulos para astrocitos e microglia. Por sua vez,
astrocitos e células microgliais liberam glutamato e/ou ATP, levando a
uma maior ativacdo neuronal e glial. Em tais condi¢des, ambas,
subseqiiente resposta glial a neurotransmissores classicos e interagdes
neurdnio-glia sdo alteradas (MILLIGAN; WATKINS, 2009). Em
condi¢des neuropdticas, a glia ativada libera as mesmas substancias que
sdo liberadas nas condi¢des imunogénicas, tais como interleucina - 1
beta (IL-1p), Fator de necrose tumoral - alfa (TNF-a) e interleucina - 6
(IL-6), na inducdo e manutengdao da dor neuropatica em modelos
animais (WATKINS; MILLIGAN; MAIER, 2001). Além disso, toda a
sinalizagdo neuroexcitatoria e neuromodulatoria que a glia libera (como,
glutamato, NO, ATP e SP) ou receptores expressos na superficie de
c¢lulas gliais sao elementos fundamentais para o estado de dor cronica
de origem neuropatica.

Na dor cronica de origem neuropatica, sob a influéncia de
fatores neuronais (tais como: CX3CL1, ATP ou neuromediadores), a
microglia sofre alteragdes no seu fendtipo, incluindo a ativacao da via
quinases ativadas por mitdgenos (MAPK) p38. Os fatores liberados pela
microglia (citocinas) reforgam a nocicepg¢do, reduzindo a poténcia da
inibicdo GABAZ¢rgica, sensibilizando neur6nios espinais e ativando os
astrocitos (Figura 3A). A ativagdo dos astrocitos € caracterizada por uma

ativagdo da quinase terminal C-jun-N (JNK) e ocorre,
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consequentemente, pela liberagdo neuronal de altas quantidades de
neuromediadores e/ou producdo microglial de citocinas tais como TNF-
a. Como resultado da reacdo astrocitaria, uma redugdo na capacidade de
eliminacdo de glutamato associada com um aumento na absor¢do de
GABA, reforca também a sinalizacdo da dor. Além disso, astrocitos
reativos liberam citocinas, tais como CCL2, ajudando na perda da
inibicdo GABA¢rgica (Figura 3B).

Interessantemente, foi demonstrado que nas lesdes do SNC
ocorre uma ativagdo precoce de células microglias seguida por uma
ativacao tardia de células astrocitarias (COLBURN et al., 1997). Além
disso, varias evidéncias fortemente indicam que a microglia pode ser
responsavel por iniciar a hipersensibilidade dolorosa induzida por lesao
nervosa periférica, e os astrocitos podem estar envolvidos na
manutencdo da mesma (PARKITNA et al.,, 2006; ZHUANG et al.,
2005).

2.4 SISTEMAS ENDOGENOS DE CONTROLE DA DOR

A modulagdo enddégena da dor pode ser definida como as
adaptacdes do corpo a informagdes nociceptivas momentaneas, bem
como a longo prazo. Esta defini¢do se aproxima muito da definicao de
homeostase proposta por William Cannon em 1900, “como a capacidade
de um sistema vivo em regular o seu ambiente interno mantendo uma
condicdo constante estavel” (CANNON, 1929). A modulagdo da dor
pode ocorrer em todos os niveis do sistema nervoso, tais como periférico
(Figura 4), espinal (Figura 5) ou supra-espinal (Figura 1) e ¢ dependente

do contexto da lesdo, bem como de fatores enddgenos.
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Figura 4 - Forgas facilitatorias e inibitorias da nocicep¢ao na periferia.
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Fonte: adaptado de Ringkamp e Meyer, 2009.
A figura ilustra um terminal neuronal periférico com a expressdao de receptores
membranares pré- e anti-nociceptivos que sdo ativados por substancias liberadas por
varios tipos celulares ap6s uma lesao tecidual.

*PAF: Fator de ativagdo plaquetéria; PGE;: prostaglandina E,: IL-1f: interleucina -
1 beta; TNF-a: Fator de necrose tumoral - alfa; IL-6: interleucina - 6; SHT: receptor
para serotonina; PK: proteina quinase; TRPV1: receptor vanildéide de potencial
transiente do tipo 1; Na, 1.8/1.9 TTRr: canal de célcio voltagem dependente 1.8/1.9
tetradotoxina resistente; SP: substancia P; SSRT2a: receptores para somatostatina
periférico do tipo 2a; M2: receptor muscarinico do tipo 2; GIRK: canais de potassio
retificadores de influxo; mGlul,5: receptores glutamatérgicos metabotropicos do
tipo 1,5. iGluR: receptores glutamatérgicos ionotrdpicos; ASIC: canal id6nico
sensivel ao acido; A2: P2Xj: receptor purinergico do tipo 2X3; TrKA: receptor
tirosina quinase A; IL1-R: receptor para IL1; B2/B1: receptor para bradicinina; EP:
receptor para prostaglandinas; H1: receptor para histamina do tipo 1.

Estudos sugerem que a resposta individual a dor ¢ dependente
do balango dindmico entre a facilitagdo ¢ a inibigdo da mesma, o que

explica, em parte, as diferentes respostas dos individuos ao mesmo
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estimulo nocivo (EDWARDS, 2005). Este balanco entre a facilitagdo ¢ a
inibicdo da dor ¢ controlado por uma rede modulatoria neuronal
originada em regides do tronco encefadlico e encefalicas intimamente
ligadas a medula espinal (Figura 5) (BENARROCH, 2008). Os efeitos
do sistema modulatério descendente sobre o processo nociceptivo no
corno posterior da medula espinal ¢ complexo (BENARROCH, 2008).
Por exemplo: noradrenalina, serotonina ¢ dopamina podem exercer
papéis duais na nocicepcao, dependendo do tipo de receptor envolvido,
do sitio de agdao no corno posterior e/ou do cross talk entre a sinalizagao
neuroquimica local e as vias descendentes, incluindo adenosina,
opidides endogenos e NO (Figura 5) (MILLAN, 2002; PERTOVAARA,
2006).
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Figura 5 - Forgas facilitatorias e inibitorias da nocicep¢ao na medula
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Fonte: adaptado de Benarroch, 2008.

A figura demonstra o processamento nociceptivo espinal e as forgas inibitorias da
dor através do controle decendente (vias monoaminérgicas) e interneurdnios locais
inibitorios.

*5-HT: receptor para serotonina; D: receptor para dopamina; o: receptor
adrenérgico.

2.4.1 Sistema opioidérgico

Os peptideos opidides sdo agonistas enddgenos para receptores
opioides. Trés familias de peptideos opidides estdo bem caracterizadas
nos sistemas nervoso e neuroenddcrino. Cada familia deriva de uma das

trés  proteinas  precursoras:  proopiomelanocortina  (POMC),
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proencefalina (PENK), e prodinorfina. O processamento apropriado
produz os respectivos peptideos opioides: as endorfinas, encefalinas ¢
dinorfinas. Estes peptideos exibem diferentes afinidade e selectividade
para os trés receptores opioides, p (endorfinas, encefalinas), 0
(encefalinas, endorfinas) e ¥ (dinorfinas). Além disso, foram
identificados em 1997 a endomorfina-1 e a endomorfina-2, dois
peptideos opidides adicionais que sdo seletivos para receptores p. No
entanto, seus precursores ainda ndao foram identificados (AKIL et al.,
1998).

Os opiodides, cujo o protdtipo ¢ a morfina, estdo entre os
medicamentos mais eficazes no alivio da dor. Eles atuam em sitios
periféricos, espinais, e supra-espinais através de uma variedade de
receptores para opioides (|, k e 0). Estes receptores sao considerados
alvos para o sistema opioidérgico enddgeno que foi extensivamente
revisado (YAKSH, 1997). A ativagdo dos receptores opidides causam
muitos efeitos secundarios no SNC, incluindo sedacao, disforia,
depressao respiratdria e constipacdo. Assim, ha uma tentativa vigorosa
de explorar as a¢des antinociceptivas periféricas dos opidides, como um
meio de se evitar efeitos colaterais no SNC. Neste sentido, sabe-se que
os neurdnios aferentes primarios expressam e transportam os receptores
opidides para seus terminais centrais e periféricos. Nos terminais
centrais, os opiodides reduzem a liberagdo do neurotransmissor das fibras
aferentes primarias nociceptivas, bloqueando assim a transmissao
sindptica, enquanto que, na periferia a ativacao dos receptores opioides
hiperpolariza diretamente os neurdnios sensoriais e atenua a
sensibilizacdo neuronal ou a hiperexcitabilidade induzida por

inflamagao ou lesio (HURLEY; HAMMOND, 2000).
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2.4.1.1 Receptores opioidérgicos

Os primeiros estudos de ligacdo e bioensaios definiram trés
principais tipos de receptores opiodides (OR) no sistema nervoso central:
mu (MOR), delta-(DOR) e kappa-(KOR) (KIEFFER et al., 1992). A
clonagem molecular resultou na identificacdo de trés genes de
receptores opidides e permitiu o estudo dos tipos individuais de
receptores opidides em relagdo aos seus perfis farmacoldgicos,
mecanismos bioquimicos intracelulares, distribui¢do anatomica e
regulacdo de expressdo. Os receptores opidides pertencem a familia de
receptores acoplados a proteina G (GPCRs) de sete dominios
transmembranares e apresentam 50-70% de homologia entre os seus
genes (EVANS et al., 1992; KIEFFER et al.,, 1992). Os receptores
opiodides sdo expressos por neurdnios periféricos e centrais, por células
neuroenddcrinas (hipofise e glandulas supra-renais), imunoldgicas e
ectodérmicas (ZOLLNER; STEIN, 2007). Além disto, os receptores
opidides sdo expressos no ganglio da raiz dorsal (DRG) em neurdnios de
pequeno, médio e grande didmetro (BUZAS; COX, 1997; CHEN;
DYMSHITZ; VASKO, 1997, GENDRON et al.,, 2006); e sao
transportados para os terminais dos nervos periféricos, sendo acoplados
a proteinas Gi/o que inibem a ciclase de adenilil e modulam canais
ionicos (ZOLLNER et al., 2003). A diminuicdo das correntes de Ca*"
parece ser um mecanismo importante para a inibigdo das fungdes
neuronais sensoriais (AKINS; MCCLESKEY, 1993). Recentemente, foi
observado que canais de K retificadores acoplados a proteina G e MOR
estdo colocalizados em terminagdes nervosas sensoriais na epiderme

(Figura 6) (KHODOROVA et al.,, 2003). A ativacdo de receptores
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opidides também suprime a modulagdo pronociceptiva de canais i6nicos
de Na' tetrodotoxina-resistentes e correntes catidnicas ndo-seletivas
(INGRAM; WILLIAMS, 1994), correntes mediadas pelo receptor P2X
(CHIZHMAKOV et al.,, 2005), bem como as correntes dos canais
TRPV1 mediadas pela proteina Gi/o e por reduzir os niveis de AMPc
(CHIZHMAKOV et al., 2005). Como resultado, os agonistas opioides
podem atenuar o aumento da excitabilidade de neurdnios aferentes
primarios, aumento este induzido pela inflamag¢ao e liberacdo de
neuropeptideos pro-inflamatoérios, tais como, a SP ¢ o CGRP, a partir
dos terminais nervosos periféricos e centrais (STEIN; SCHAFER;
MACHELSKA, 2003). Em particular, dentro do tecido lesionado, estes

eventos levam a antinocicepc¢ao e reduzem a inflamacao.
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Figura 6 - Receptores opiodides periféricos.
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Fonte: adaptado de Kapitzke, Vetter e Cabot, 2005.
A figura ilustra a expressdo de receptores Opioides periféricos e sua sinalizagao
intracelular que contribui para a analgesia.

*PL: fosfolipase; AC: ciclase de adenilil.

2.4.2 Sistema adenosinérgico

Ainda ¢ uma questao de conjectura porque o ATP, o principal
combustivel celular e elemento essencial de todas as células vivas, € o
seu metabolito, a adenosina, estdo diretamente envolvidos na
comunicac¢do das células nervosas. A adenosina ¢ ‘onipresente’, isto €,
sendo produzida e liberada de aparentemente todas as cé¢lulas, incluindo

neurdnios ¢ c€lulas neurogliais. A adenosina ¢ reconhecida como uma
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substancia muito importante na homeostasia das células do sistema
nervoso, nomeada como 'um sinal de vida’ (ENGLER, 1991).

Enquanto o ATP pode funcionar como um neurotransmissor em
algumas dareas encefilicas (MORI et al.,, 2002), a adenosina nao ¢
armazenada nem liberada como um neurotransmissor classico, uma vez
que ndo ¢ armazenda em vesiculas sinapticas, sendo liberada do
citoplasma para o espaco extracelular através de um transportador de
nucleosideo. Os transportadores de adenosina também medeiam a
recaptacdo de adenosina, e a direcao do transporte depende do gradiente
de concentracdo de ambos os lados da membrana (GU et al., 1995).

A adenosina intracelular ¢ fosforilada em AMP pela adenosina
quinase (AQ), ou desaminada em inosina pela adenosina desaminase
(AD). A AQ ¢ uma enzima citosolica que esta amplamente distribuida
no encéfalo, enquanto AD ¢ citosolica e extracelular, e se encontra em
certas regides do encéfalo e medula espinal (GEIGER; PARKINSON;
KOWALUK, 1997). No interior da célula a AD exerce funcoes
metabdlicas, mas do lado de fora da célula, ela também tem efeitos
extra-enzimaticos envolvendo a modulagdo da ligacdo do ligante ao
receptor adenosinérgico A; e regulacdo da ativacdo do receptor e
endocitose (SAURA et al., 1998).

Uma vez que a adenosina estd no espaco extracelular, ela ¢
removida por captagdo através da membrana celular por moléculas
transportadoras especificas de nucleosideos. A neuromodulagdo pela
adenosina ¢ exercida através da ativagao dos receptores de alta afinidade
(A1 e Aza), que sdo, provavelmente, de importancia fisiologica, e de
receptores de baixa afinidade (A;g), 0os quais podem ser relevantes em

condi¢oes patologicas (Figura 7). O receptor de adenosina A; ¢ um
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receptor de alta afinidade em seres humanos, mas tém uma baixa
densidade na maioria dos tecidos. Estes quatro receptores de adenosina
sdo também conhecidos como receptores P1, da nomenclatura P1
(seletivo a adenosina) / P2 (seletivo ao ATP) (BURNSTOCK, 1978).
Eles pertencem a familia dos GPCRs, e todos tém sido clonados e
caracterizados a partir de varias espécies de mamiferos, incluindo seres
humanos (revisar em FREDHOLM et al., 2001).

O receptor adenosinérgico A; ¢ altamente expresso no cortex
cerebral, cerebelo, hipocampo, € no corno posterior da medula espinal.
O receptor de adenosina A, € altamente expresso em neurdnios
GABA¢rgicos estriato-palidais e do bulbo olfatério, e expresso em
niveis inferiores em outras regides do encéfalo (revisar em
SEBASTIAO; RIBEIRO, 1996). Os receptores para adenosina estdo
presentes também no sistema nervoso periférico autondmico e somatico.
Além disso, estudos mostrando acdes inibitorias pré-sinapticas mediadas
por receptores A; em terminais de neurdnios motores (GINSBORG;
HIRST, 1972) e acdes excitatorias pré-sindpticas mediadas por
receptores para adenosina A,y (CORREIA-DE-SA; SEBASTIAO;
RIBEIRO, 1991) inspiraram varios estudos sobre as agoes
neuromodulatdrias da adenosina no sistema nervoso central.

Embora o mesmo receptor para adenosina possa se acoplar a
diferentes proteinas G, o par de receptores A; e Az geralmente estdo
associados a proteinas G "inibitorias" (Gi e Go), enquanto que o par de
receptores Apa € App estdo associados proteinas G "estimulatorias" (Gs)
(ver LINDEN, 2001). Os receptores A4 estimulam a ciclase de adenilil,
enquanto que os receptores A; podem levar a inibicdo desta enzima. A

modificagdo da atividade da fosfolipase C foi descrita apos a ativacao de
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receptores A; (Figura 7) (CASCALHEIRA; SEBASTIAO; RIBEIRO,
2002). Os canais idnicos, incluindo diferentes tipos de canais de K e de
Ca”" também estdo sob controle direto ou indireto (através de segundos
mensageiros) de receptores para adenosina. Por exemplo, os receptores
A, inibem as correntes de Ca>" do tipo N através de uma via dependente
de voltagem e sensivel a toxina pertussis (PARK et al., 2001).

Na medula espinal, a ativagdo do receptor A; produz
antinocicep¢ao em modelos de nocicep¢ao aguda, dor inflamatoria e
neuropatica (revisar em SAWYNOK, 1998). Portanto, verificou-se um
interesse crescente no desenvolvimento de drogas que, ao influenciar os
niveis de adenosina extracelular, possam desempenhar agdes
analgésicas. Exemplos bem sucedidos foram os inibidores da quinase de
adenosina cujas propriedades antinociceptivas mediadas espinalmente
foram observadas ha uma década (KEIL; DELANDER, 1992).
Provavelmente devido as agdes anti-inflamatérias da adenosina,
inibidores da quinase de adenosina administrados por via oral sdo ainda
mais eficazes em reduzir a dor inflamatoria do que a dor aguda ou
neuropatica (JARVIS et al., 2002). Ao comparar as propriedades
antinociceptivas e anti-inflamatorias dos inibidores da quinase de
adenosina administrados ipsilateral e contralateral a lesao, concluiu-se
que grande parte da acdo anti-inflamatoria ¢ mediada localmente,
enquanto que o efeito antinociceptivo € mediado sistemicamente,
exercido predominantemente a nivel do corno posterior da medula
espinal (POON; SAWYNOK, 1999). De fato, os inibidores da quinase
de adenosina sdo capazes de reduzir o aumento da expressao de c-fos no
corno posterior da medula espinal, induzida pela injecdo periférica de

uma substancia inflamatoria (carragenina) (POON; SAWYNOK, 1999).
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A modulagao da dor na medula espinal mediada por receptores A;
provavelmente estd relacionada com a sua capacidade de inibir pré-
sinapticamente a transmissdo excitatdria para neuronios da substancia
gelatinosa na medula espinal (LAO et al., 2001).

Na periferia, a adenosina exerce efeitos complexos sobre a
sinalizagdo da dor por suas ag¢des em diferentes receptores e alvos
celulares. Assim, ela pode inibir ou aumentar a dor por agir sobre os
aferentes nociceptivos via receptores A; € Ajs, € isto resulta em
diminui¢cdes ¢ aumentos nos niveis intracelulares de AMPc,

respectivamente (TAIWO; LEVINE, 1990).
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Figura 7 - Receptores adenosinérgicos.
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Fonte: adaptado de Jacobson e Gao 2006.
A figura demonstra os quatro tipos de receptores adenosinérgicos e suas diferentes
sinalizagdes intracelulares.

*Ado: adenosina; Ino: inosine; CREB: proteina ligante ao elemento de resposta do
AMPc; DAG: diacil glycerol; IP3, inositol 1,4,5-trifosfato; PI3K: fosfatidil inositol 3
quinase; PIP2: fosfatidil inositol-4,5 bifosfato; PK: proteina quinase; PL:
fosfolipase; NF-kB: fator nuclear - kB; RhoA: Ras homologous gene A.

2.4.3 Sistema endocanabindide

A planta Cannabis sativa, a fonte de cannabis (ou seja,
maconha), é nativa da Asia Central. Varias culturas e povos (por
exemplo, a medicina ayurvédica, tibetana e tradicional chinesa)
evoluiram em sua "medicina tradicional" fazendo uso desta substancia

(MECHOULAM, 1986). Em 1830, um médico servindo a coroa
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britdnica na India realizou uma série de experimentos de laboratério,
incluindo estudos com animais e testes clinicos, para determinar a
seguranga ¢ a eficacia da Cannabis. Ele posteriormente introduziu a
Cannabis na Inglaterra e foi nomeado cavaleiro pela rainha Victoria
(ROBSON, 2005). A maconha foi amplamente utilizada para fins
medicinais, incluindo analgesia, nos Estados Unidos da America, antes
de ser classificada como entorpecente e psicotropica. Como
psicotropica, a maconha esta sujeita a lei das substancias controladas; e
como entorpecente, a aprovagao da maconha passou a ser utilizada com
fins medicinais por diversos estados da América do Norte (FEIN, 2011).
Pesquisas em animais tém indicado que os canabinodides (CB) produzem
efeitos analgésicos em sitio periférico, bem como espinhal e supra-
espinal. No entanto, o uso de CB como analgésico em seres humanos ¢
prejudicado por seus efeitos adversos, tais como: alucinagoes, euforia ou
disforia. Seria necessario, antes disso, obter um agonista CB com

eficacia analgésica, porém com efeitos adversos minimos (FEIN, 2011).
2.4.3.1 Endocanabinoides, sintese e degradacao

Os endocanabindides sdo moléculas de sinalizacao lipidicas
endogenas, geradas na membrana celular a partir de precursores de
fosfolipidios e possuem propriedades canabiméticas porque se ligam e
ativam um ou mais subtipos de receptores canabinoides (DI MARZO,
1998; PIOMELLI, 2005). O sistema de sinalizagdo endocanabinoide foi
somente recentemente foco de pesquisas médicas e considerado um
potencial alvo terapéutico. Os endocanabindides mimetizam as agdes

, . . ;. . . 9
farmacologicas do  principio  psicoativo da  maconha, A’-
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tetrahidrocanabinol (A9-THC), ¢ estdo envolvidos em diferentes fungdes
fisioldégicas e patologicas (regulagcdo da ingestdo alimentar,
imunomodulagao, inflamagdo, analgesia, cancer, comportamento
aditivo, epilepsia e outras) (DI MARZO; DE PETROCELLIS, 2006;
PACHER; BATKAI; KUNOS, 2006).

A descoberta da etanolamida do 4cido araquidonico,
anandamida (AEA) (DEVANE et al, 1992), o primeiro
endocanabindide isolado no encéfalo, foi seguida alguns anos mais
tarde, pela identificacdo do 2 araquidonil glicerol (2-AQG)
(MECHOULAM et al., 1995; SUGIURA et al., 1995). Desde entao,
varios endocanabindides derivados do &cido araquidonico como a
oleamida (LEGGETT et al., 2004), a O-araquidonil etanolamina
(virodamina) (PORTER et al., 2002), o 2-araquidonil gliceril éter
(noladina) (HANUS et al., 2001) e a N-araquidonil dopamina (NADA)
(HUANG et al, 2002) foram isolados. Ao contrario dos
neurotransmissores classicos, os endocanabinoides nao sdo pré-
formados e armazenados em vesiculas, em vez disso, sdo produzidos
"sobre demanda", em resposta a um estimulo externo. Uma similaridade
estrutural entre os endocanabindides ¢ a sua natureza lipidica, sendo
constituidos por uma cadeia de acido graxo poliinsaturado derivado do
acido araquidonico e um grupamento polar, que pode ser a etanolamina
no caso da AEA ou glicerol no caso do 2-AG (DI MARZO; DEUTSCH,
1998). Apesar de estruturalmente e algumas vezes funcionalmente
similares, os dois endocanabinoides melhor caracterizados até hoje sdo
produzidos por rotas biosintéticas distintas, ainda que nao totalmente

independentes (DI MARZO; DEUTSCH, 1998).



55

A AEA ¢ formada por uma fosfalipase D (PLD) seletiva para a
N-araquidonil fosfatidil etanolamina (NAPE), mas com baixa afinidade
para outros fosfolipideos de membrana, sendo conhecida como NAPE-
PLD (Figura 8) (DI MARZO et al., 1994). Os niveis de AMPc ¢ de Ca*"
modulam a atividade da enzima N-acil transferase, e por consequéncia,
os niveis de substrato disponiveis para a sintese de AEA (CADAS et al.,
1996). Alternativamente, a NAPE pode ser clivada pela a,B-hidrolase 4
(ABHD4) e fosfolipase C (NAPE-PLC) para produzir anandamida
glicerofosfato (GP-AEA) e anandamida fosfato (P-AEA) intermediérios,
respectivamente. GP-AEA ¢ entao hidrolisada por
glicerofosfodiesterase-1 (GDE-1) produzindo anandamida, enquanto que
a P-AEA ¢ hidrolisada pela fosfatase (P-ase) produzindo anandamida.
Seguindo a sinalizagdo através de receptores canabindides, a
anandamida sofre ativa recaptacdo pela célula sendo transportada
intracelularmente por um transportador de membrana para anandamida
(AMT). Uma vez dentro da célula, a anandamida é quebrada por uma
amido hidrolase de acidos graxos (FAAH) produzindo etanolamina e

acido araquidonico (Figura 8).



56

Figura 8 - Sintese ¢ degradacao da AEA.

Anandamida
1 Receptor CB

l—.[Anandamidan—l ‘M

GDE1 P-ase

Intracelula

| Etanolamina + acido araquidonico |

Fonte: adaptado de Mcdougall, 2009.
A figura apresenta uma visdo geral da via biossintese e inativacdo da anandamida.

*NAPE- N-araquidonil fosfatidil etanolamina; PLD: fosfalipase D; ABHD4: a,f-
hidrolase 4; PLC: fosfolipase C; GP-AEA: anandamida glicerofosfato; P-AEA:
anandamida fosfato; GDE-1: glicerofosfodiesterase - 1; P-ase: fosfatase; AMT:
transportador de membrana para anandamida; FAAH: amido hidrolase de acidos
graxos.

O 2-AG ¢é produzido também pela hidrélise de precursores
derivados do metabolismo fosfolipidico (snl-acil-2-araquidonil glicerol)
(Figura 9). As enzimas chave sdo duas diacil glicerol lipases

recentemente clonadas swn-1-seletivas (DAGL-a ¢ DAGL-PB), que
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pertencem a familia das serinas lipases. Estas enzimas, assim como a
NAPE-PLD, sao sensiveis ao calcio, de forma consistente com a
atividade do Ca®" intracelular como estimulo fisioldgico para a sintese
dos endocanabindides. As DAGLs estdo localizadas em axo6nios e
terminagdes axoOnicas preé-sindpticas durante o desenvolvimento, mas
localizam-se poés-sinapticamente em dendritos e corpos celulares de
neurénios adultos, em conformidade com o papel do 2-AG no
crescimento neuronal ¢ de um mediador retrogrado no encéfalo adulto.
Seguindo a sinalizacdo do receptor canabinoide o 2-AG ¢ transportado
para dentro da célula por um transportador de 2-AG (2-AGT) e ¢
degradado pela mono acil glicerol lipase (MAGL) produzindo entdo

acido araquidonico e glicerol (Figura 9).
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Figura 9 - Sintese e degradacao do 2-AG.

|Extracelu lar

Intracelular \/

i Glicerol + acido araquidonico |

Fonte: adaptado de Mcdougall, 2009.
A figura apresenta uma visdo geral da via biossintese e inativacio do 2-AG.

*snl-acil-2-AG: snl-acil-2-araquidonil glicerol; DAGL: diacil glicerol lipase; 2-AG:
2-araquidonil glicerol; MAGL: mono acil glicerol lipase.

A anandamida ¢ o 2-AG sdo sintetizados em resposta ao

24+ . .
aumento de Ca” intracelular, o que pode ocorrer por uma
despolarizacdo da membrana ou através da mobilizacdo dos estoques
. 24 - . ~ hY
intracelulares de Ca” , seguido pela ativagdo do receptor acoplado a

proteina Gg11. A meia vida dos endocanabinoides € relativamente curta.
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Uma visdo geral da via biossintese e inativagdo da anandamida ¢ 2-AG

estao ilustradas nas Figuras 8 € 9.

2.4.3.2 Receptores CBs

A familia dos receptores canabidides (RsCBs) no momento
inclui dois receptores farmacologicamente distintos: o receptor CB;
(RCB)) predominantemente encontrado no encéfalo e em outros tecidos
do sistema nervoso, ¢ o0 RCB,, principalmente encontrado no sistema
imunologico, mas também expressado em menor densidade no encéfalo.
Outra adicdo recente a familia dos receptores para canabinodides € o
GPCR, GPRS55, o qual esta acoplado a proteinas Gg;;-13 (Figura 10)
(BEGG et al., 2005). Coerente com sua ampla distribui¢ao, os receptores
canabinoides regulam uma variedade de funcdes fisioldgicas centrais e
periféricas, incluindo o desenvolvimento neuronal, processos
neuromoduladores, metabolismo energético, bem como fungdes
cardiovasculares, respiratorias e reprodutivas. Além disso, estes
receptores também modulam a proliferacdo, motilidade, adesdo e a

apoptose de células (BOSIER et al., 2010).
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Figura 10 - Receptores canabinoides.

Canabinoides enddgenos ou exogenos

Canal de potassio [

C 24
Canal de calcio +

Fonte: adaptado de Spigelman, 2010.
A figura ilustra os trés tipos de receptores canabinoides descritos na literatura e suas
diferentes sinalizagdes intracelulares.

*AC: ciclase de adenilil; Akt: proteina quinase serina/treonina; ERK: quinase
regulada por sinal extracelular; MAPK: proteina quinase ativada por mitogenos; c-
JNK: quinase c-Jun N-terminal; NFAT: fator nuclear ativado por células T; PI3K:
fosfatidil inositol 3 quinase; PKA: proteina quinase A; PLC: Fosfolipase C; RhoA:
Ras homologous gene A; ROCK, proteina quinase associada a Rho.

Como membros da superfamilia de GPCR ambos RsCB; e
RsCB; exercem seus efeitos bioldgicos através da ativagdo de proteinas
heterotriméricas do tipo Gj, (HOWLETT et al.,, 2002). Como
consequéncia deste acoplamento preferencial, a ativacdo destes
receptores essencialmente leva a inibicdo da ciclase de adenilil e
reducdes nos niveis intracelulares de AMPc na maioria dos tecidos.

Além disso, ambos RsCB; e RsCB, regulam a fosforilagao e ativacao de
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diferentes membros da familia de MAPKs, incluindo quinase regulada
por sinais extracelulares-1 ¢ -2 (ERK,;), MAPK p38 e¢ JNK. Além
disso, os RsCB; podem regular negativamente canais de Ca>" regulados
por voltagem do tipo L, N, P, ¢ ativar canais de K' do tipo A (BOSIER
etal., 2010).

2.4.3.1.1 Receptor CB;

O RCB,;, ¢ na verdade, o GPCR mais abundante no SNC,
expresso em niveis elevados no hipocampo, cortex, cerebelo e ntcleos
da base (HERKENHAM et al., 1990; MACKIE, 2005; MATSUDA et
al., 1990; TSOU et al., 1998). A ativacdo de RsCB; leva a inibi¢dao da
ciclase de adenilil (HOWLETT, 1984), bloqueio de varios canais de
Ca** dependentes de voltagem (BROWN; SAFO; REGEHR, 2004), ¢
ativacio de varios canais de K' (STUMPEF et al., 2005). (Figura 5.1).
Os RsCB; centrais também estdo localizados em regides envolvidas na
transmissao € modulagdo da dor, especificamente no corno posterior da
medula espinal e substancia cinzenta periaquedutal (PAG) (TSOU et al.,
1998).

No sistema nervoso periférico, os RsCB; foram encontrados no
DRG de neurdnios de tamanhos heterogéneos (SANUDO-PENA et al.,
1999), com graus varidveis de RNAm do RCB; e de proteinas em
diferente subtipos de neurénios sensoriais. Assim, Varios grupos
relataram uma predominante localizacdo de RsCB; em neurdnios de
grande diametro (HOHMANN; HERKENHAM 1999b; PRICE et al.,
2003), e outros demonstraram a expressao de RCB; principalmente em

neurdnios nociceptivos de pequeno didmetro (AHLUWALIA et al.,
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2002; BINZEN et al., 2006). Um fluxo axoplasmatico de RsCB; tém
sido demonstrado em axdnios sensoriais periféricos, implicando em um
transporte para os terminais onde se presume que os canabindides
produzem seus efeitos antinociceptivos (HOHMANN; HERKENHAM
1999a).

Estudos imunoistoquimicos também revelaram
imunorreatividade para o RCB; em ambos, pequenos ¢ grandes feixes de
fibras nervosas ndo-mielinizadas e mielinizadas na pele humana
(STANDER et al., 2005). Estes estudos demonstraram também RsCB;
em macréfagos, mastocitos, células sebaceas, e queratindcitos
(STANDER et al., 2005). A localizacdo dos RsCB; nos terminais
centrais de aferentes primarios foi controversa por muitos anos, em
parte, porque os estudos anteriores ultra-estruturais ndo conseguiram
detectar RsCB; nestes terminais em ratos e primatas (FARQUHAR-
SMITH et al., 2000; ONG; MACKIE, 1999). No entanto, apds a
detec¢do de RsCB; nos terminais glutamatérgicos no hipocampo e
cerebelo (KATONA et al.,, 1999, KAWAMURA et al.,, 2006), um
"reavaliagdo" dos terminais de fibras aferentes primarias do tipo Ad e C
excitatorias (glutamatérgicos) na medula espinal revelou a presenga de
RsCB; nestes terminais (NYILAS et al., 2009). Estes RsCB; pré-
sindpticos sdo a provavel explicacdo para a capacidade dos agonistas
canabindides de diminuirem a frequéncia das correntes excitatorias
registradas pos-sinapticamente em neurdénios da medula espinal,
contribuindo assim para a modulagdao da neurotransmissdo nociceptiva

espinal (MORISSET et al., 2001).
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2.4.3.2.2 Receptor CB,

Do mesmo modo que o RCB,, o RCB; ¢ capaz de modular a
atividade da ciclase de adenilil ¢ MAPK, por meio da ativagdo de
proteinas Gj, (FELDER et al., 1995). No entanto, em contraste com o0s
RsCB4y, a ativagao de RsCB; nao modula a fun¢ao de canais i0nicos, tal
como demonstrado em células transfectadas AtT-20 com RCB,
(FELDER et al., 1995) e o6citos de Xenopus transfectados com RCB; ¢
com canais de K” (MCALLISTER et al., 1999).

Os RsCB, estdo presentes principalmente no sistema
imunolégico, um nivel de expressdo muito mais elevado do que os
RsCB; (GALIEGUE et al., 2005). Até recentemente, pensava-se que 0s
RsCB; nao estavam constitutivamente presentes no encéfalo, no entanto,
foi demonstrada a presenga de RsCB; em cé¢lulas da microglia encefalica
(NUNES et al., 2004) e em neurdnios em diversas regides do encéfalo,
incluindo o cerebelo (ASHTON et al., 2006), tronco encefalico (VAN
SICKLE et al.,, 2005), PAG, tidlamo, striatum, cortex, amigdala e
hipocampo (GONG et AL., 2006). Os RCB, estdo presentes também na
pele (IBRAHIM et al., 2005) e na medula espinal (BELTRAMO et al.,
2006). A presenca de RsCB; em neurdnios do DRG ¢ mais controversa,
existem evidéncias tanto de sua presenca (BELTRAMO et al., 2006)
quanto de sua auséncia (HOHMANN; HERKENHAM, 1999a). A base
para estas diferengas ndo esta clara, mas pode surgir como resultado de
condi¢oes de culturas que influenciam a expressao do receptor ou pela
baixa especificidade dos anticorpos utilizados. Foi hipotetizado que apods
uma lesdo nervosa, os RsCB, sao sintetizados no DRG de neur6nios

sensoriais e rapidamente transportado para os terminais nervosos in vivo,
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(WOTHERSPOON et al., 2005) semelhante ao processo previamente
demonstrado para os RsCB; (HOHMANN; HERKENHAM, 1999a).
Além disso, foi observada a presenca de proteinas do RCB, em DRGs
1solados de ratos com lesdio do nervo isquiatico, o aumento da
imunorreatividade para o RCB; na parte proximal, mas ndo distal, de
axonios do nervo isquidtico de animais submetidos a ligadura do nervo

suportam a expressaio de RsCB, em neurdnios sensoriais

(WOTHERSPOON et al., 2005).

2.8 FISIOTERAPIA NO TRATAMENTO DA DOR

2.8.1 Movimento passivo

O movimento passivo significa movimento de qualquer parte do
corpo, realizado por outra pessoa ou equipamento. Pode referir-se a
movimentos articulares, acessoérios de seus movimentos fisioldgicos.
Estes ultimos sdo aqueles que o paciente pode realizar ativamente, sem
auxilio; no entanto, movimentos acessorios sdo os de articulagdes, que
ndo podem ser realizados ativamente, mas que podem ser feitos sobre
elas por outras pessoas. Qualquer um destes movimentos podem ser
feitos vagarosamente ou com certa velocidade, gentil ou vigorosamente
e através de pequenas ou grandes amplitudes e, assim, serem chamados

de movimentos passivos (MAITLAND, 1991).
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2.8.2 Mobilizacao articular

As técnicas de mobilizagdo sdo procedimentos realizados para
aumentar a amplitude de movimento e promover analgesia em uma
articulacao. Estes procedimentos envolvem posicionamentos especificos
e manobras oscilatorias, tanto na amplitude média, como no limite
disponivel da amplitude articular de movimento. O movimento pode
incluir tanto um deslizamento acessorio ou um movimento fisioldgico
da articulacdo. A determinacdo da dosagem envolve ambos, alteragdo da
posicdo na amplitude de movimento ou modificacdo do tempo de
duracdo da mobilizagdo. Tipicamente, a duracdo do tratamento pode
variar de 30 segundos a varios minutos (WRIGHT; SLUKA, 2001).

A mobilizagdo ¢ um movimento passivo, realizado de tal
maneira (particularmente em relagdo a velocidade do movimento) que
esta sempre relacionada com a habilidade do paciente em prevenir o
movimento, se ele assim desejar. Ha 2 tipos de mobilizagdo: 1)
movimentos passivos, realizados com o proposito de aliviar a dor e
restaurar o arco de movimento livre e funcional, sendo esta modalidade
ainda subdividida em a) movimentos passivos oscilatérios e b)
movimentos passivos em estiramento sustentado; € 2) movimentos
passivos, realizados com o propdsito de manter um arco de movimento
funcional, em pacientes que estdo conscientes ou que tenham doenga
articular inflamatéria, como, por exemplo, artrite reumatdide
(MAITLAND, 1991). Como mencionado acima, estas técnicas podem
ser realizadas em diferentes posi¢des, assim como podem ser usados
movimentos de pequena ou grande amplitude. Os tipos de movimentos

usados na aplicacdo das técnicas empregadas na reabilitacdo de
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pacientes, sejam para reduzir a dor ou aumentar a amplitude de
movimento, geralmente sdo divididos em quatro graus: Grau I - Uma
pequena amplitude de movimento proximal a posicao inicial do arco;
Grau II - Uma grande amplitude de movimento, na amplitude do arco.
Ela pode ocupar qualquer parte do percurso que esteja livre de tensdes
ou espasmos; Grau III - Uma grande amplitude também, porém dentro
de seu arco de tensao ou espasmo muscular ¢ Grau IV - Movimento de
pequena amplitude executado, de forma forgada, com espasmo muscular

ou tensao.

2.8.2.1 Mecanismo de acao da mobilizacao articular

A aplicagdo de movimentos passivos nas articulagdes no
tratamento da dor ¢ uma pratica muito antiga de terapia manual.
Embora, a mobiliza¢do espinal e periférica continue sendo amplamente
aplicada na pratica clinica, ha poucos dados experimentais
fundamentando sua eficacia na reducdao da dor ou melhora da funcao.
Evidéncias sobre a eficacia da mobilizacdo do membro inferior sao
particularmente escassas, pois a maioria dos estudos de articulagdes
periféricas utilizam o membro superior como modelo experimental
(VICENZINO; COLLINS; WRIGHT, 1996; PAUNGMALI et al.,
2003). Até o presente momento, poucos estudos investigaram o efeito
hipoalgésico da mobilizacdo articular dos membros inferiores,
principalmente com foco sobre articulacio do tornozelo (COLLINS;
TEYES; VICENZINO, 2004;. YEO; WRIGHT, 2004). Embora a
literatura cientifica tenha comegado a caracterizar os efeitos da terapia

manual da coluna vertebral (WRIGHT; SLUKA, 2001), existem poucos
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estudos que investigam os efeitos hipoalgésico de técnicas de
mobilizagdes articulares periféricas (YEO; WRIGHT, 2004).

Tem sido habitualmente considerado que movimentos passivos
manuais produzem efeitos tanto por mecanismos “neuroldgicos” como
"mecanicos" (BIALOSKY et al.,, 2009). No entanto, em termos de
consequéncias clinicas a separagdo ¢ artificial. Todos os parametros de
movimentos passivos sdo uma forma mecanica de estimulacdo de
células excitaveis, tais como nervos € musculos. Por isso, foi proposto
que o movimento passivo ativa vias enddgenas inibitorias da dor,
através da estimulagdo e/ou placebo (ROCHE, 2002; ZUSMAN, 1994).
Este parece ser um dos mecanismos mais plausiveis para o alivio
(temporario) da dor evidenciado clinicamente, e ganhou algum apoio
dos estudos realizados em animais ¢ humanos (SKYBA et al., 2003;
VICENZINO; COLLINS; WRIGHT, 1996).

Neste sentido, modelos multifatoriais foram descritos tentando
explicar o efeito da terapia manual no tratamento da dor (WRIGHT,
1995). Acredita-se que essas técnicas podem ter efeitos benéficos sobre
os tecidos locais e que podem suprimir a dor pela ativacdo de
mecanismos neurofisioldogicos a niveis espinais ou supra-espinais.
Evidéncias emergentes sugerem que técnicas de terapia manual (TTM)
aplicadas a coluna cervical provocam alteragdes simultdneas na
percepgao da dor, no sistema nervoso autondmico e na funcdo motora
em padrdes que sdo semelhantes a mudangas induzidas por estimulagdo
direta da PAG (WRIGHT, 2001; VICENZINO et al, 199%8).
Curiosamente, os tratamentos com terapia manual parecem exercer uma
influéncia predominante sobre a nocicep¢do mecanica, mais do que

sobre a nocicepcdo térmica (VICENZINO et al., 1998) (para revisar os
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efeitos neurofisioloégicos da MA, ver WRIGHT, 2001; BIALOSKY et
al., 2009). Estas evidéncias emergentes apoiam o conceito de que as
TTM exercem importantes efeitos neurofisioldogicos que podem

contribuir para a reducao da dor.

2.9 JUSTIFICATIVA

Varias terapias fisicas sao utilizadas no tratamento da dor aguda
e cronica. Estas podem ser categorizadas como modalidades de
eletroterapia (por exemplo, a estimulacdo elétrica nervosa transcutanea
[TENS]) (KOCYIGIT et al., 2012), acupuntura (VAS et al., 2012),
térmicas (por exemplo, calor e frio) (SECO et al.,, 2011), terapias
manuais (por exemplo, manipulagdo) (RUBINSTEIN et al., 2012) ou
mobilizagdo articular (MOSS; SLUKA; WRIGHT, 2003), ou ainda
exercicios fisicos (NIJS et al., 2012). Na clinica, os fisioterapeutas usam
uma combinacdo dessas modalidades para as necessidades de cada
paciente, com base nas conclusdes do exame fisico.

No passado, algumas terapias foram particularmente adotadas
em diferentes paises ou por diferentes grupos de fisioterapeutas. No
entanto, cada vez mais, fisioterapeutas estdo adotando uma abordagem
baseada em evidéncias cientificas para o tratamento do paciente. Cada
uma das categorias terapéuticas acima mencionadas foram objetos de
estudos nas ultimas décadas (WRIGHT; SLUKA, 2001). Existem ainda
muitas terapias especificas ou regimes especificos de dosagens que nao
foram submetidos a investigagdo cientifica. Dada a variedade de terapias
fisicas existentes, as diferentes maneiras pelas quais elas podem ser

aplicadas, bem como a falta de uma fonte de investimento em pesquisas,
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pode-se levar algumas décadas para que todas as terapias fisicas sejam
exaustivamente investigadas.

Neste sentido, evidéncias sugerem que as técnicas de terapia
manual (TTMs) sdo efetivas no tratamento de problemas musculo-
esqueléticos incluindo dor lombar (LICCIARDONE et al.,, 2003),
sindrome do tanel do carpo (AKALIN et al.,, 2002), osteoartrite de
joelho (DEYLE et al., 2000) e quadril (MACDONALD et al., 2006). No
entanto, apesar do apoio literdrio em sua eficicia, os mecanismos de
acao das TTM nao estdo bem estabelecidos. Isso levou o National
Institutes of Health (NIH) a realizar uma chamada para projetos de
pesquisa especificamente para suprir esta deficiéncia (KHALSA et al.,
2006).

A importancia de identificar os mecanismos de acao das TTMs
se da pelo fato de que isso proporcionaria uma maior aceitacdo de tais
técnicas pelos profissionais de satde. Apesar de varios estudos na
literatura apoiarem a eficdcia da terapia manual (TM) em determinadas
condi¢cdoes musculo-esqueléticas, os clinicos ainda sdo resistentes a
encaminhar os pacientes para a TM, ou encaminham uma parcela menor
do que a esperada (BISHOP; WING, 2003). A falta de um mecanismo
de acao definido das TTMs limita a sua aceitabilidade. Desta forma, o
conhecimento do mecanismo de acao associado aos efeitos das TTMs
pode promover o uso mais adequado destas técnicas pelos profissionais

da are a da saude.
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2.10 OBJETIVOS

2.10.1 Objetivo geral

O objetivo geral deste trabalho foi verificar o efeito da
mobilizacao articular do tornozelo (MAT) na dor aguda pos-operatodria e
na dor crénica de origem neuropatica, além de investigar os mecanismos

neurofisiologicos envolvidos neste efeito.

2.10.2 Objetivos especificos

1) Avaliar em camundongos submetidos a incisdo plantar (dor pos-
operatoria):

- o efeito de diferentes tempos (regimes de tratamento) e do
tratamento diario com MAT sobre a hiperalgesia mecanica;

- a participagdo dos sistemas enddgenos: opioidérgico,
adenosinérgico, endocanabindide e monoaminérgico sobre o efeito

antihiperalgésico da MAT;

11) Avaliar em ratos submetidos ao esmagamento do nervo isquiatico
(dor neuropatica):

- o efeito do tratamento didrio com MAT na hiperalgesia
mecanica e regeneracao nervosa periférica;

- o papel das células gliais no efeito antihiperalgésico da MAT.
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3 ARTIGOS CIENTIFICOS

Os resultados que fazem parte desta tese estdo apresentados sob
a forma de artigos cientificos, os quais encontram-se aqui organizados.
Os artigos 1, 2 e 4 estdo dispostos da mesma forma que foram
publicados nas edi¢des das revistas cientificas PAIN MEDICINE,
PHYSICAL THERAPY ¢ PAIN respectivamente, ou submetido, que ¢ o
caso do Artigo 3, o qual foi encaminhado para a revista

NEUROSCIENCE.
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3.1 Mobilizacao Articular do Tornozelo Diminui Hipersensibilidade
pela Ativaciao de Receptores Opioides Periféricos em um Modelo de

Dor Pos-operatoria em Camundongos

Artigo 1

ANKLE JOINT MOBILIZATION DECREASES
HYPERSENSITIVITY BY ACTIVATION OF PERIPHERAL
OPIOID RECEPTORS IN A MOUSE MODEL OF
POSTOPERATIVE PAIN

Martins DF, Bobinski F, Mazzardo-Martins L, Cidral-Filho FJ,
Nascimento FP, Gadotti VM, Santos ARS.
Pain Med. 2012;13(8):1049-58.
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Abstract

Objective. Investigate whether ankle joint mabiliza-
tion {AJM) decreases hypersensitivity in the mouse
plantar incision (Pl) model of postoperative pain as
well as to analyze the possible mechanisms
involved in this effect.

Design. Experiment 1: Pl male Swiss mice (25—
35 g, N =eight animals per group) were subjected
ta five sessions of AJM, each lasting either 9 or 3
minutes. AJM movement was applied at a grade lll
as defined by Maitland. Paw withdrawal frequency
to mechanical stimuli was assessed before realiza-
tion of Pl and befaore and after daily AJM sessicns.
Mechanical hypersensitivity was also assessed fol-
lowing systemic (intraperitoneal [i.p.]) and local
(intraplantar) injection of naloxone (a nonselective
opieid receptor antagonist; 1 mg/kg, i.p.; 5 pg/paw,
respectively, experiment 2); and systemic injection
of fucoidin (100 pg/mouse, i.p., an inhibitor of leu-
kocyte rolling, experiment 3) in different groups
of mice.

Results. Nine but not 3 minutes of AJM reduced
mechanical hypersensitivity caused by Pl, an effect
that was prevented by systemic and local adminis-
trations of naloxane but not by fucoidin.

Conclusions. Qur results indicate that joint mobi-
lization reduces postoperative pain by activation of
the peripheral opioid pathway. However, antihyper-
sensitivity induced by AJM Is apparently not
limited by the number of opioid-containing leuka-
cytes but by opioid receptors availability in
sensary neurons. A better understanding of the
peripheral mechanisms of AJM could stimulate
therapists to integrate joint mobilization with strat-
egies also known to influence endogenous
pain contral, such as exercise. acupuncture, and
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transcutaneous electrical nerve stimulation to
potentiate endogenous analgesia.

Key Words. Incisional Pain; Manual
Opioid, Passive; Rehabilitation

Therapy;

Introduction

It i estimatad that mors than 73 millon surgeriss are
nerformad annually in the United States, and up to 78% of
the patients exparience pain after surgery (1.2, Economic
surden of Trealing chronic pair that cevelops from acule
zain in a 30-year-o/d individual over & lifetime could bo as
much as 81 millen. The prevention and effsctive reliel of
acute pain may improve clincal oircomes, avoid clinical
complcations, save heath cars resources, and imorove
qualty of life [1,2]. Jont mebilzation is a treatment
approach commonly used by physical therapists for the
management of a wvarsty of painful conditions [3].
Moblization-incuzed anagasia has been demonstrated in
a numker of clinical [3,4] and praclinical studies [5.6].
Sluka and Wright [€] have recerled thal unilaizral knee
Jeint mobillization reducss secondary machanical hyperal-
gesia induced oy caosaicin injgction into the ankle joint
of rats.

It has also been suggestad that spinal manipulation may
rgleve pain oF spingl origin by arousing, to clinically eftac-
tve levels, a pain control system that is encoded oy cpioid
ceptdes encarphin system) [7]. Ward 8] suggestad that
cain relief through spinal manipuation therapy (3MT) is
argely an opioid-medaled clacsbo rasponse. However,
Zuzrman, Edwards and Danaghy [9] unpublished matarial)
nyoelhesizad that the information produced with passive
oint movemean, theoretically unsuitatle for releving pain
n lerms of the gale contro theory, may be capable of
arnusing the opioid systerm. The opioic hypothesis was
creliminarily investigatad by attempting to reverse the
raduction in pain reported follawing treatment with the
apoid antagenist naloxoneg [10]. Despte emerging evi-
dence for marual physiotherapy n the treatment of mus-
culoskeletal  discrders, Ittle i krown  about  the
mechanisms  through  which  marual  physictharapy
achieves ils clinically cereficial eects.

I the late 1980s, slucies bagan to show thal opicics co
not only actvate opoid receptors in tha brain and spina
cord but alss on perichsaral sensory neurons. Since then,
a detailed maodel of opioic pathways outside of the central
nervaus system has bean developed, and applications
such as intra-articular morpninz ineclicn have been
ntracducad into routre clinical practice [11,12].

Several studies indicate that a large proportion {about
S0-60%) of the analgssc effects produced by systemi-
cally acministerec opiods can be mediated by poriphoral
opoid receptars [13-15]. Periphamaly acting opioid ago-
niste wouls ba most attractive tor thair lack of central
side offects respirafory depression, nausaa, dysphoria,
addiction, and tolerance] and due to the tyoical adverse
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effzcls of ronsteroical anti-inlammatory drogs (gas-
traintastinal bleading, ulcers, and thromboamoolic com-
plicatons) [12].

To calg, lew studies have reporlad lhe effzcls of parph-
eral joint mobilizaton fechnicues on pain responsas. In
this context, the prosant stucy was designed o investi-
gale the sliect ol passive ankle joint mobilization (AJM) in
a model of incision-induced postoperative pain, cifferant
from those previously describad. In addition, we verified
the role of peripheral opioid recaptars and tha meacha-
nism underlying peripharal osicid analgesic etest, suen
as the relzase of cpiod paolides from inflamimatory
caolle, n a passive peripheral joint mokilization-incuced
antihyparsensitivity.

Materials and Methods

Experimental Animais

All arimal care and axperdmental procedures wara carried
out in accerdance with the Natonal Institutes of Healtn
Anima Care Gudelines (NIH putlications numier 80-23)
and wers approved by the Ethics Cornmittes of the Uni-
versidade Federal de Santa Calarina (pretoce number
FPOOS27). All expenments wore conductad using male
Swiss mice (25-35g, N=eight animals per group),
housed at 22 = 2°C under a 12 hours light/12 hours dark
cycle (ights on at 8:00 av) and with free access to food
anc watar, Mice were acclimated to the labaoratary for at
least 7 hour before testing that was carriec out between
8:00 anc "2:00 hows. Anmals werz usad only once
throughout tho cxporimente. A numbar of oxporiments
ware conducled (o lesl anagesic eflectls of AJM ang (s
mechanisms [16].

Plantar incision (Pl) Surgery

The Pl surgery was performer as previously descrined
[17]. Briefly, mica were anesthatized with 1-2% iscflurana
delivered via a nose cone. After sterile preparation of the
rght hird paw, a S-mm longitudina incision was mads
through skin and fasca of tne plantar surtace using a
number 11 scalpe blade. The incision started 2 mm from
the proxmal edge of the heel ang extended toward the
toes. After wounc homeossiass, the skin was apposed
with an 8.0 nvlon mattress suture. and the wound was
covered with 10% oovidone-ioding solution.  Control
animals undenvent a sham procedure. That s, they
ware subjected to anasthasia but not to Pl Anima's were
allowed w0 recover in Lheir cages, and sulues were
removed on the sccond postoperative day.

Experiment 1: AJM Treatment

The freatment orocadure invoved an AJM a7 grade [l
movement as defined by Maitland [18]. The knee joint was
stablized, and the ankle jort was rhythmicaly flexaed and
aextended to the end of tha range of movament. according
to a previously reported dosags regime [B]. The treat-



menrts with AJM were carried out in animals lighty anes-
thetized with 1-2% isoflurans, prior to and during joint
mobilizatior. The twe treated groups ware as folows: 1)
hree repctitions of 1-mnute mobilizations with 30-second
rest oercos in betweer mekllizations; anc 2) threes repeti-
dons of 3-mnute mobilzations with 30-second rest
pariods in betwean mohilizations. Tha joint maklization
procedurs cescribad Is a standard treatment technigue,
and he treatment intervals are according to a praviously
reported dosage recime [B]. For thiz experiment, the
mllowing groups (N = 8) wera used 1) sham, 2) incision
fcontrol); 3) ircision + AcM & minutes. anc 4
incision + AJM 2 minutes.

Control

Mice were lightly anesthetized with 1-2% isoflurare, and
the ankle was maintained in a naulral postion using the
same hanad contact and gositoning as the treatment tech-
nigue. Thiree repeliticns of 3-mnule nand contact with
3C0-second ntervals were ullized. Thig procecure con-
fralled for the sffects of halding the Imb and applying
pressure to the muscu awure of the paw as well as for the
influence of anesthesia.

Mechanical Hypsrssnsitivity

Mechanical hypersensitivity was measured as praviously
dezcribed (19, Mice were acclimaled ir indivdual clear
baxas (3 % 7 x 11 o) on an elavated wire mean platfarm
0 allow access to the ventral sudace of the hind paws.
The right hind paw was stimulated with a constant pres-
aure of 0.4 g von Fray filamants (VFF) (Stoelting, Chicago,
I, USA) Tha wthdrawal frequency to 10 anplcat ons was
considerec as representative o7 nociceptve behavior. The
resultz are axpressed as the percentage of withdrawal
requensy. In anzlyses monitoring time course sffect
caused by AdM. animals received 9-minure or 3-mnute
AJM, and repeated measures were obtained. Machanical
hypersens livity was assessed belore (baseling), 24 hours
sfter Planc at 15, 30, 45, 60, and 120 minutes after AJM.
In a separate series of expedments, we ovaluated
mechanical hypersensitivity before (bascing), 24 hours
after Pl and 30 minutes afler AJM al each day after P, for
G days.

Experiment 2: Involvement of the Opioid Systermn
Experiment 2.1

To asssss e perlicipation of the opioid system n tha
antihyparsensitivity produced by 9-minute AJM, mice
wera submitted 1o PL Mechanical hyporsensitvity was
tosted 24 hours after Pl. Mice ware orctreated with an
intraperitcneal (.p.) injection o saline (10 mL/Akg) cr nalox-
ong (a nonseeclve opioid receplor antagonist, 1 mgdkg).
Atter 200 minutes, animals receivad canfral or AN for 9
minules. Mechaniczal hypersensilivily was svalualed using
& von Frey monoflament (C.4 g} 30 minutes atter AJM.
Caontral animals wore subjoctedd to 9 minutes of anesthe
sia and werz assesscd over the same time ntervals. For
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this sxperment, the following groups (N = 8) were used:
1) incision salne (10 mlyke, ip.) + contrel; 2) incision
raloxone (1 mg/kg. ip.) +contrel; 3) incision salins
10 mlkg, ip) + AM 9 minces; and 4) incison nalax-
one {1 mgfkg, ip.) + A 8 minutes.

Ancther group of mice was prafreated with saline (10 mLy
kg, i.p.) or raloxons (1 mg/kg, i.p.) and, afier 20 mnutas,
receved subculareous (s.c.) saline (10 ml/kg) o mor-
phine (5 me/dg). These grouns were assessed 30 minutas
after salne or marphing treatment. For this experiment,
the following groups (N =48] were used: 1) incisicn
saline (10 mL/kyg, i.p.) + saline (10 mL/kg, s.¢.); 2) incision
raloxone (1 mgske, ip)+ salne (10 mL/kg, s.cl; 3) Incl-
sion saline (10 ml/kg, i.p.)—+marphing (5 modkg, s.c.);
and 4] incision naloxong (1 mg/kg. i.p.)+ moerphing
5 mgikg, s.c.).

Experiment 2.2

lo evaluste the involvemeant of peripheral opaid receptors
in the antinypersensitvity induced by AJM, arimals
receved an intraplantar injgction (.pl) of 20 ul of naoxonz
5 po/site) or 2alne solution (20 ul/site) in the ipsilateral (IL;
incisioned) or contralateral (CL; nonincisorad] hind paw.
After 165 mnutes, animals received control or AJN “ar 8
minutes. Mechanical hypersensitivity was evaluated using
the VFF 30 minutes after AJM. Control animals recsived 2
rrinutes of anesthesia ard wers assessad over the sams
fima intarvals. For this experdment, the following groups
N =8) wers used: 1) incisicn salne (20 plfipl) + control;
2) incision naoxore (5 pgd.pl) - control: 3) incisicn saling
PO plipl) + AM 8 mnutes; and 4) incision naioxonz
5 pgdpl) =AM 2 minutes.

Ancther group of mice was pretreated with an i.pl. of
saling (20 plpaw) ¢ nalaxone (5 pg/paw) and, after 20
minutes, received saline (10 mL'kg, s.c.) or morphing
5 mgikag, =.c.). Thase groups ware assessed 30 minutas
after salne or morphing treatment. For this experiment,
the following groups (M = 8) were uzed: 7) incison saling
{20 pifi.pl) 1 saline (10 mbdkg, s.c.); 2) incision naoxonc
5 ugdipl) +saling (10 mb/kg, s.c0; 3) incision saling
20 plipl) + morphine (5 mgskg, s.o.); and 4) incisicn
raloxore (5 ped.pl) — morphine (3 mg/kg, s.c.).

Experiment 3. Invalvement of the Recruitment of
Opioid-Containing Leukocytes to inflamed Tissue in
Peripheral Opioid Analgesic Effect Induced by AJM

o examing the machanisms underlying peripheral opioid
anagesic effects such as leukocytas irfitrating to inflamed
lissue, 2 s2t of animals was pretreaed with saline (10 mLy
kg, i.p.) or fucoidin (100 pg/mouse, .o, an inhibitar ol
leuxocyte rolling) 20 minutes before the S-minute AJM.
Mecnanical hypersensilivity was svelualed using the VFF
20 minutes aftter AJM. For this experiment, the “cllowing
groups (N =38) were used: 1) incision saling (10 mLskyg,
iLpJ)tcontrol; 2 incision fuccidn (100 pg/mouse,
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i.p.)+contrel 3) incision salire (70 mUkg, ip) +AIM @
minuies; and 4] incision fucoicin (100 ug/mouse,
i AWM 9 minures.

Drugs

Morghine sulfatz (Uniao Quimica, Brazil) and naloxone
hydrochloride from Tocris Gooksan Inc. (Elisville, MO,
LUSA). fucaicin (Sigma Cnerricals Co., St Louis, MO, USA)
wera dissolved in saling salufion (0.8%).

Data Analysis and Statistics

Iheresuksars orasented as thamean — starcard arrors of
the mear for each groun. The analyses weara peformed
using a wo-way repeated measuras analysis of variance
(ANCVAL A mull-comparison post hoc test was performed
using Bonfenroni lest. Dala ware convearled (o Ine area
under tha curve (AUC) using one-way ANOVA followes by
Student Newman-Keuls test whan agprogriate. Differ-
ences with avalue of P < 0.05 ware considared sion ficant.

Results
AJV Reduces Mechanical Hypersensitivity

Ta evaluate the aoffects of AJM on postooerative pain, we
parformad a Plin mice. The results prasentac in Sigure 14
show that acute freatment wirh S-minuie ANV
(neision 1AM 9 minutes group) redusee machanical
hypersensitivty induced by Pl Significant dfferences
between groups (incision va incision + AJM 9 minires)
wara observed at 15 minutes (P < CQ.001). 30 minutes
(P <0001}, and 45 minutes [F<0.001) ater AJM.
Howevar, 3 minutes of monlization (&AM 3 minutes) had
na eftect on withdrawal responss fraquency and was not
significanty different from cantrol ircision animals. AUC
analysis showad that mecnanical nyoersenstivity in the
AJM 9 minutes groun was significantly lower than inzision
group (15-120 minutes) (P < 0.05; see Figure 1B). In addi-
lion, the caly tr=zalment of animals with @-minute AJN
decreased lhe machanical hypersensilivity incuced by P
gvaluated 30 minutes atter treatment. This effect was
eviden: until the ffth day of AJM reatmert (see Figure 1C).
ALC analysis shaws that mechancal hypersensilivily was
significantly reduced by daily treatment of animals with
AdM G minutes (D1-D8) [P < 0.001, see Figure 10).

Invcivement of the Opioid System in the
Adi-Induced Antihypersensitivity

Naloxone Administrated Systemically

The results depicted in Figure 24 show that the pretreat-
mant of mice with naloxane ( mg/kg, 1.p.) significantly
prevented the antinyoersansitivity caused by AJM in the
van Frey test, comaoarec with tha salire plus AJM group.
Ihe results obtained r this exparimant waore analyzed by
a two-way ANOVA. There were significant effects of AJN
(F[1,26] =50.77; P<0.001), naloxone (F[1,26] = 4.76;
P <038, and AN xnaloxore (1,28 = £2.36;
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F = 0.021). Post hoc analyses indicated that the pretreat-
ment oF mice with systamic naloxore preventec the anti-
hypersensitivity produced by AdM 8 minutes (P < C.O01).
The results presentad in Figure 23 show that the protrear-
mant of mice with naloxone (1 mg/kg, i.p), gven 20
minutes aefaranand, completely revarsed tha antihyper
sensitivity effect causec oy morching (5 mgrkg, s.¢., used
as a positive cantro)) (F[1,28) = 33.11: P<0.001) com-
pared with The saline plus morphing group.

Naloxone Administrated Locally

Figure 2C shows the effect of naloxone (5 ug/paw, i.pl) I,
administrated locally, on the antinyparsansitivity promotead
by 2 minutes AJM as asvaluasted by the wvon Frey test
compared with tha saling (5 ul/paw, .pl.) nus AJM group.
Tweo-way ANOVA revealed significant iman affecis of local
naloxone pretraatment in the 20 minutes (F[1,24] = 28.29;
FP<0.021) and AJM B minutes group at 30 minutes
(FI7.24]=55.50;, P<Q.001) and a loca naloxons
pretreatmant = ACM 9 minutes interaction at 30 minules
(F[7,24] = 32.58; F < 0.001}. Post hoe analyses indicated
that the prairsalment of mice wih local naloxons pra-
ventad (P < 0.0C1) the antihypersensitivity elicited by AJM
9 mirutes (ses Figure 2C). However, CL (nonincisicned
paw) naloxone (5 ugfcaw. i.pl) administraticn did not
prevent the antihypersenstivity clicted by AJM 9 minutes
compared with the salina & pl/naw, pl, CGU) plus AdN
grouo (see Figure 20).

Furtharmare, the pratreatment of mics with [2cal naloxons
(5 pgdpaw, 1.pl), gven 20 mnures heforehard, produced
partial but significant reversal of the amihyporsansitivity
caused by morphine (s.c., &§mghkg) (F[1,22]=274
F < (.001) camparas with tha saline plus marphine group
(e ~igure 2E).

Migration of opicid-contairing sukocytas fo infamead
tissue did not mediate peripheral opioid analgesic sffect
incuced by Adh.

Finally, 1o examing the functional involvemant of lsuko-
cyles, animals weare pretrealed wih an injecticn of ucoi-
din. The results depicied in Figure 3 show 1nhat the
treatment of mice with fucoidin (100 pg/mouse, L.o., an
inhilzizor of lzukocylz relling) 20 minules cefore AJN did
not reverse lhe anthyparsensitivity causaed by AJM com-
pared wilh the saline plus AJM group.

Imterestingly, the migraton of opio/d-containing inflamima-
tory cells into njured fissue does not appear to be the
machanism underlying paripheral opicid analgesic offocts
incuced by Adh.

Discussion

Joint mobllization i3 & treament approach commoaonly
used oy ohysical therapists for the managemant of a
variety of paintul concitions [4,20]. Despita ts clinical
ettectiveness, 18 periohera machanisms of action ara not
fully known [3.20]. Becauss opicids do not orly activats
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AdM = anx<le joirt maobilization.

opicid recaptars in the brain and spinal cord but a'so on
perigharal sensory neurons [11], and in acdition to the
demonstration that the opicid systom is involved exercise
induced analgesa 21_. We raised the question of whether
perinheara opioid could be involved in AdM-induced anal-
gesia. The expariments reporled here igated,
through tha use of a mause modal of postoparative pain,
the role of parinharal opioid receptors in e antihypersan-
sitivity induced by AJM. Furtharmore. tha machanism
unciertying peripheral opioid analgesic effect such a8 the
release of opioid peplides from inflammatory cals was
invastigated.

rves]

AJdM Reduces Hypersensitivity in a Mouse Model of
Fastoperative Pain

EBszcausge of ils relevance o posloperalive pain manags-
ment, tha hind paw incision modal has been used to study
pain mechaniams and analgasic efficacy [22,23]. The
modeal has been dascrinad for both rats and mice [77,24].
In general, both thermal and mechanical nociceplve
thresholds drop immed ately after the incisions are made,
anc thess changes resalve alter 4-7 days. The analgasic
ellects of endogenous opoids have been studied using
this model, althzugh little work has focused on the
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Figure 2 Feripheral opioid receptors mediate AJM-irduced anthypersensitivity. Systamic pretreatment with
naloxone (1 mg/ky, i.p.) panel A or 5 ug/oaw, panel C (ipsilatera) and D (contralatera’) on the antihypersan:
sitivity inducso by AJM n mica. Black bars show tnhz saline or antincciceptive effiect of morghine (5 mg/kg
s.C., panal). Cpenr bars show the effects of naloxone (1 mgrky, i.p., nane B, b ug/haw, ipsilateral panel C arc
5 ng/paw, contralateral, panel O) antagonist injected at iosilateral location 20 minutas oefore the marphine
injecton (panel E). Each point represents the mean of eignt animals, and vertica ines show the standard erro
of the mean. The symocls denots a significart differance of P < 0.001 when compared with control groug
or P < 0.05 and **P < 0.001 whan comparad with AJM or morphire group. AJM = ankle joint makbilization
IL = ipsilateral, CL = contralateral.
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Figure 3 Svystermic pretreatmernr with fucoidin do
not reverse antinypersensitivity induced by AJM.
Black bars show the contral saline or AdM. Opan
bars show the effects of Fuccidin (100 pg/mouss,
i.p.) injected intraperiioneally 20 minutes before the
AJM or control. Zach point represents the mean of
sght anmals, and vertcal lines show the standard
=rror of the maan. The symbols denote a significant
difference of *"FP < 0.001 when comparsd with
control group. AJM = ankle joint mobilization.

neripheral effects of opinids specifically [23]). The prasent
stucly demonstrates that 9 but not 3 minutas of AJM
affectively reduced mechanical hypersensitwviny. In surgeny,
after tssue nury ard irfammation. nociceptors are
sensitized in such a way that & slight stimulat an becomas
zainful [28]. In posloperalive pain, the sersilzaton of
A and C fibers occurs at tne same mechanical
stimuli intens ty.

As shown in the present study, mechanical hypersensitiv-
ty was markedly reducad by AJRM treatment for at least &
daye. Previcusly, it has bzen demonstraled that jocint
mobilzaticn produces a speciic hycoelgesic efect to
mecnanical stmulus. Cur group found that AJM reduced
mechanical hypersensitivity (neurapathic pain) for at least
30 days of treatment in rats [26].

Systernic Administration of Naloxone Prevents
Antihyoersensitivity Induced by AJM

A consicleracle number of mechanisms have keen oro-
aosed to explain now the analgasic effects of passive joint
mobilzaton may bse madiated [£.5]. Movamens might
trigger segmental inhibitory macnansms of pain [27].
Thus, recanlly, it has been suggesled that spinal relzase of
coth serotonin and noradrenalineg from  descending
neurons might play important moduatory effzct of joint
mobilzaten [4,5]. Sluka and Wright (6] reportad that «nee
Jmint mobilization produces a signifcant reversal of sao
andary meacnanical hypersensitivity induced by intra-
articular injection of capsaicin n rats. Our data exiend
tnese findings by demonstratng that AJM reduces
mecnanical hyparsansitvity n 2 posloparalive pan modsl
n mice, which is different from these previously described
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for joint mokilization. Thus, these data favor a possibie
therapeutic usa of cint mabilization for the relief of post-
operative ppain.

Much of the research on the mechanisms cof action of
manual therapias have focused on spiral and Muligan's
maobilization with movement techniques (application of
active movement across & perpheral jaint). However, tha
role of peripheral cgioids in passive joint moolization-
induced analgesia has not been investigated. Opioids are
involved in both segmental inhikition and descending inhi-
bition [7]. although the role of the opicid systerm in passive
joint mobilization-induced aralgesia is cortroversia in tha
lterature. In humans, systamic blockage of opicid recep-
tors with naloxone has no effect on tha analgesia pro-
ducec by manipulation [28]. However, the authors
acknowladge the limitations of this stucy in relation To tha
dose of naloxone administrated and the tming of the
naloxone injzctan.

Tha resuts reportec here indicate, o our knowledge for
the first time, that the antihypersensitivity effect of AJM is
mediatec by the opioid systam once the pratreatment of
mice with systamic admin stration o7 naloxons was able (o
prevent the docrease in withdrawal response frecuency
elicited by AJM (s=e Figure 2A). Under the same condi-
tions, naloxane significantly moditiad the antibypersensai-
fivity caused by maorphine in the von Frey test (ses
Figure 2B). This resulz strongly suggests that the activation
of the apioid systemn is responsibla for The antinrocicaptive
effect of jcirt mobilization.

Local (Paw) Administration of Naloxone Reverses
Antihypersensitivity Induced by AJM

Recently, opiod receptors have oeen identified on
peripheral processes of sensory neurons. Thase indings
provide new insights into the intrnsic mechanisms of
pain cortrol and suggest innovalive slralegies for aller-
natve asoroaches to pain treatment. Another interasting
resull of the present study is the demonstration, Tor tha
firet tima, that the antihypersarsitivity elicited by peripk-
aral jaint mchilization s meciated by paripheral opioid
peptices release. This conclusion is cerived from the fact
that the pretreatment o mice with raloxone, adminis-
trated ccally (paw) [29], praventad the aftect of AJM (ses
Figure 2A). Under the same conditans, raloxone signifi-
cantly biockad the artihypersensitivity of morphing (ses
Figure 2B).

Many sfudies showed that an apicic could produce
polent anzlgesia by aclivaling oooid receplors on
peripheral sensory neurons [12,30). Opioid receptors ars
expressed n small-, medium- and large-ciemeler dorsal
root ganglion (DRG) neurorns [12], which are coex-

pressed with prototyoical sensary neuropaptides sucn
as substance P and calcitonin-gsne-related peptics

'30-32]. Furtharmore, lhey arz transported o the periph-
era rerve terminals [23,34] and are coupled o Gifo pro-
leing that inhibit adenylyl cyclase and modulae icn
channels [35). The dacrease of Ca® currents, but not ths
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modulation of < charnels, appears to be a majer
mechansm for the inhkition of s3ansory reuren functions
[36]. Thus, it is plaushble fo hypothesize that AdM could
nduce an increesed synthesis of opicic receptors DRG
neurong, leading to an anhanced analgesic efflicacy of
oeripherally active opicids afer injury and inflammation of
neriphoral tissues.

Systemic Adrministration of Fucoidin Doss Not Affect
Antihypersensitivity Induced by AJM

It is accepted that intammatory madistars released from
cukocytes canfribute to the generation of pain [37).
However, it s less known that immune ce's also produce
mediators that can effaclivey counteract pain [37]. Pain
can be sffectively controlled by various endagenous
mechansms. In perphsral inflamed tssue, an irtaraction
oetween immuns cell-cderivec opinids and opioid recen-
lors localizec on sensory nerve larminals can resull in
strong, clinically measurable analgssia [38-40].

Opioid-containing immune cells migrate prefersrtialy to
niamed sitas, where thay release f-endarphin that acti
vates perpneral cpoid receptors to nhibit cain [32]. The
major source o local endogenous  opioid  igands
B-endorphin, enkephalins, endomorphing, and dynorghing
are leukocytes [47]. Fucoidin (a povmer of L-fuccse and
[ -fucnse-4-sulphate) beangs to & group of sugar analags
that ara theraneutically interesting because of thelr ralative
ack of antigenicity and case of handling [4Z]. Fuccidin
ootently binds to selecting and blocks leukocytz “roling,”
gacing to a reduction of sukocyte accumulation at inflam-
matory sites [39).

It has been demonstratec that pretreatment of rats with a
gslectin blocker (fucciding decreases the number of
B-arndorphin-containing  immunocytes  infilrating — the
nflamed tigsus [9]. The fact that fucoidin dic net signif-
cantly change antihyparaansitivty caused by AJM sug-
gests that AJM cffect does not rely upon recruitment of
opicid-containing leukccytes into the injured tissue, Thus,
antihypersensitivity induced oy AJM s apparently not
im tad by the number of opicid-contaning leukocytas but
oy cpioid receptars avaiability in sensory neurons.

Undouk:tedly, studies on the possible tiochemical mecha-
nizmg involved in AJM-induced  antinypersensitivily are
rmescied. Further rasearch is requirad to provide a detsiled
understanding of this mochanism

Study Limitation

Our fincings represent data from a small number of
animals, and therefore any gensralizeton to acute hurman
oain msponsa is speculative.

Clinical Implications and Conclusions
Faysiotherapists ofter employ lower limb joint mobilizasion

to reduce pain anc increase function. Howaver, there are
few experimenta data confirming its efficacy [£,5].
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Hewsaver, there is evicence showing that thess oroce-
dures may have beneficial effects or local tissues anc that
thay can suporess pain oy activafing neurophysiologic
mechaniams at peripheral, soingl, or supraspinal levels
[8.20]. In summary, the present -esulls demenstrated that
joint mokbilization reduces nypersensitivity induced by Pl
surgary ‘n mica. Moreover, the systemic and local admin-
istrations of naloxonz, but not the systemic pretreatment
wilh an inhibitor of leukoeyle rolling fucoidin, weare able 1o
prevent the antinypersersitivity slicited by AJM. The
recruitment of cpoid-containing leukecytes nto injured
fissues cdoes not appear o he the mecharism underying
tha perpharal opica ana gesic effects induced by AdM

These dala, ta<en togsher, alow us o nypolhasize that
joint mobilization produces ar oopioid orm of analgesia,
madistad by local oeripheral opicid receptors. A hetter
understancing of the peripneral mechanisms of AJM
could stimulata therapsts to infegrate jont mohilization
wilh siralegies also known to influence endogenous nain
cantral such as exercise, acupuncture, and transcutane-
ous slectrical nerve stimulation, to maxmiza the andog-
cnous ana gesic effect praducad.
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Research Report

Ankle Joint Mobilization Affects
Postoperative Pain Through
Peripheral and Central Adenosine A,
Receptors

Daniel F. Martins, Leidiane Mazzardo-Martins, Francisco ). Cidral-Filho,
Adair R.S. Santos, Juliana Stramosk

Backg round. Physical therapists frequently use joint mobilization therapy tech-
niques to treat people with musculoskeletal dysfunction and pain. Several studies
suggest that endogenous adenosine may act in an analgesic fashion in various pain
states.

Objective. The purpose of this study was to investigate the contribution of the
adenosinergic system on the antihyperalgesic effect of ankle joint mobilization (AJM).

Design. This was a experimental study.

Methods. To test this hypothesis, mice (25-35 g) submitted to plantar incision
surgery were used as a model of acute postoperative pain. The mice were subjected
to AJM for 9 minutes. Withdrawal frequency to mechanical stimuli was assessed 24
hours after plantar incision surgery and 30 minutes after AJM, adenosine, clonidine,
or morphine treatments. The adenosinergic system was assessed by systemic (intra-
peritoneal), central (intrathecal), and peripheral (intraplantar) administration of caf-
feine. The participation of the A, receptor was investigated using a selective aden-
osine A, receptor subtype antagonist. In addition, previous data on the involvement
of the serotonergic and noradrenergic systems in the antihyperalgesic effect of AJM
were confirmed.

Results. Ankle joint mobilization decreased mechanical hyperalgesia, and this
effect was reversed by pretreatment of the animals with caffeine given by intraperi-
toneal, intraplantar, and intrathecal routes. In addition, intraplanar and intrathecal
administrations of 1,3-dipropyl-8-cyclopentylxanthine (DPCPX, a selective adenosine
A, subtype receptor antagonist) or systemic administration of vohimbine or
p-chlorophenylalanine methyl ester hydrochloride (PCPA) blocked the antihyperal-
gesia induced by AJM.

Limitations. The results are limited to animal models and cannot be generalized
to acute pain in humans.

Conclusions. This study demonstrated the involvement of the adenosinergic
system in the antihyperalgesic effect of AIM in a rodent model of pain and provides
a possible mechanism basis for AJM-induced relief of acute pain.
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Ankle Joint Mobilization Affects Postoperative Pain

hysical therapists frequently use

manual physical therapy tech-

niques to trcat people with
musculoskeletal  dyvsfunction and
pain. Evidence for the efficacy of
lower-imb mobilization is particu-
larly scarce, as the majority of the
studies of peripheral joints have used
an upper-limb model.'* Although
the scientilic litcrature has begun o
characterize the effecrs of spinal
manual physical therapy,® 7 there are
only a few studics that have investi-
gated  the hypoalgesic
peripheral joint mobilization tech-
niques. There is consequently an
urgent need for further lowerlimhb
ankle joint mobilization (AJM) stud-
ies. In the last decade. clinical and
cxperimental studics on joint maobi-
lizarion therapy have indicared rhe
possible neurophvsiological effects
lor analgesia induccd by
mobilization.’-7

effects of

A svnopsis of current evidence for
the initial
joint mobilization therapy indicares,
in part, a neurophysiological basis.”
A clinical study on paticnes with
osreoarrhriris shaowed thar knee joint
mobilization induces an increased
threshold for mechanical pressurc,
hoth locally and distant from the
treated joint.” Sluka and Wright?
reported that knce joint mobilization
reversed hypuralgesia
induced bv intra-articular injection
of capsaicin in the ankle joint. Mar-
tins ¢t alt® have shown that AJM sup-
pressed pain behavior caused by a
neuropathic pain model and attenu-
daled astroglial activation in the spinal
cord of rats. In addition, Martins et
al'' recently demonstrated that 9
minutes of AJM, administered onee 4
day over 5 days, reduced postopera-
tive pain; this effect was prevenred
by systemic and local administra-
tons  of naloxong,
fucoidin.

muchanism of action of

mechanical

hut not by

A recent animal study showed that
the analgesia produced by joint

2 W Physical Therapy

mobilization involves serotonin amd
norepinephrine receptors in the spi-
nal cord, thereby supporting a role
for descending pain modulatory sys-
tems.” The descending pain inhibi-
tory pathway in rodents and humans
is activated by the pereeption of pain
in the brain. Endorphins, endocan-
nabinoids, serotonin, norepineph-
rine, and adenosine play important
roles in this pathway.'2 Adenosine
regulares pain transmission in the
spinal cord and in the periphery, and
4 number of agents can alter the
extracellular availability of adenosine
and subsequently modulate pain
transmission, particularly by activa-
tion of adenosine A, receptors
(A,Rs).'%17 Of note, adenine nucleo-
tides are frequently released follow-
ing tissue stimularion and have pain-
related functions in animals.'”

Goldman and coauthors!® uncovered
a role for peripheral adenosine
receptor activation in the antinocice-
plve effeets of acupuncture. Tt has
been hypothesized that nonallo-
pathic treatments of pain (eg, chiro-
practic manipulations,  massage),
modalities thar involve the mechani-
cal manipulation of joints and mus-
cles, also might be associated with
an efflux of cyrosolic ATP that is suf-
ficient to  elevate extracellular
adcnosine. '*

Based on this evidence, we asked
whether AIM could increase endog-
cnous adenosine levels and produce
antihvperalgesia through signaling
via A Rs. The present study investi-
galed the relative contributions of
cenrral (spinal) and peripheral (paw)
A;Rs subtype on the antihyperalge-
sic cffect of AJM. In additdon, wc
confirmed and  extended  previous
data from the literature by demon-
strating that AJM activates the
descending  inhibitory pathways
(serotonin and noradrenaline) in a
model of postoperative pain in mice.

Valume 93 Number 3

Materials and Method
Animals

All cxperiments were conducted
using male Swiss mice (25-35 @),
housed at 22+ 2%, under a 12 hours
light/12 hours dark cycle (lights on
at 6:00 AM) and with free access (o
food and water. Animals were accli-
matized to the laboratory for at least
1 hour before wsting and were used
anly once throughour the experi-
ments. The experiments were per-
formed atter approval of the proto-
col (PPODG22) by the Institutional
Ethics Committee (blinded) and
were carried out in accordance with
the current guidelines for the care of
laboratory animals and the ethical

guidelines for investipations of
cxporimoental  pain N conscious
animals.

Postoperative Pain Model

The postoperative pain model was
carried out according to the proce-
dure described for rats'e and adapted
for Mice
rized wirth 2% isoflurane via a nose
cone. Atter antiseptic preparation of
the  right paw 10%
povidone-iodine solution, a 5-mm
longitudinal incision was made with
a number 11 blade through the skin
and fascia of the planrar side of the
foot. The incision was started 2 mm
from the proximal cdge of the heel
and extended toward the woes, The
underlying muscle was elevated with
a curved forceps, leaving the muscle
arigin and inscrtion intact. The skin
was apposed with a single mattress
suture of 6.0 nylon.

mige, 1711 wore  ancsthe-

hind with

Intrathecal Injections

Intrathecal injections were given to
fully conscious mice using  the
method  previously  described by
Hvlden and Wilcox.'® Briefly, the ani-
mals were manually restrained, the
dorsal fur of cach mouse wias shaved,
the spinal column was arched, and a
A-gauge needle was inserted into
the subarachnoid space between the
14 and L5 vertebrae. Correct intra-
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theeal positioning ol the necdle Hp
was confirmed hy a characteristic
tail-flick response in the animal. A
5-uL volume containing the test
agent was slowly injected with a
25-p L Hamilton microsyringe (Ham-
ilton, Birmingham, United King-
dom). In addition, a constant volume
of 5 pL of saline or vehicle (saline +
5% dimcethyl sulfoxide [DMSO]) was
injected simultancously, Intrathoecal
injecrions were given aver a period
of 5 seconds.'®

AJM Treatment

The AIM treatment was carricd out
according o the  procedure
described for humans and adapted
for mice."' The knee joint was stabi-
lized, and the ankle joint was chyth-
mically flexed and extended o the
end of the range of movement, as
previously described.'" The mice
were anesthetized with 1% to 2% iso-
flurune prior w and for the duration
af the joint mobilization procedure
viaa nose cone. The treatment group
received 3 applications of mobiliza-
tion, each of 3 minutes’ duration,
and were separated by 30 sceonds of
rost, deseribed here as 9 minutes of
AIM. Recently, our group has dem-
onstrated thar this time frame is opti-
mal for producing antihvperalgesia
in this model.t

Placebo AJM

Mice were lightlv anesthetized with
2% isotlurane, and the ankle was
mainlained in 4 neulral  position
using the same hand contact and
positioning as in the acmal trearment
technique. !

Behavioral Measurement:

Mechanical Hyperalgesia

Animals were tested for wirthdrawal
thresholds  to  mechanical  stimuli
(von Frey filaments) applied to the
plantar aspect of the hind paw, 1929
The mice woere acclimated in individ-
ual clear hoxes (9 X 7 ¥ 11 cm™) on
an elevated wire mesh platform to
allow access to the ventral surface of

the hind paws. The right hind paw
was stimulared wirh a constant pres-
sure of a 0.4-p von Frev filament
(Stoelting.,  Chicago, Illinois). The
withdrawal Irequency was moasurcd
as the number of tmes (out of 100
thar the animal withdrew the paw
after the application of the 0.4-g fil-
ament. The results were expressed
as the pereentage ol withdrawal
frequency .20

In all experiments below, the ani-
mals were submitted to plantar inci-
sion surgery (operated), and the wsts
wore performed  before (haseling,
dara nor shown), 30 minures after
placebo AIM or 9 minutes of AJM,
agonists or antagonists + 9 minutes
ol AIM treatments (sce experiments
1. 2, and 3). Tho
response hefore surgery procedure
was 20% to 30%, as observed in our
previous study.'' The plantar inci-
sivn procedure inducced hyperalge-
sin, a5 noted by the high pereentage
(H0%-100%) of withdrawral
responses, 24 hours®' after surgery.

withdraweal

Experiment 1: Involvement of
the Adenosinergic Receptors in
the Antihyperalgesic Effect of
AJM

Systemic administration of caf-
feine. The rule of the adenuvsiner-
gic receptors on the antihyperalgesic
action of AJM was investigated by
reating the mice with saline (10
ml/kg. intraperitoneal) or catfeine (a
nonsclective  adenosine  reeeplors
antagaonist, 10 mg/kg, intraperilo-
neal)22 20 minutes before placebo
AJM or 9 minures of AJM. Mechanical
hyperalgesia was evaluated 30 min-
utes alter placebo AJM or 9 minultes
ot APML Placcho AJTM animals werc
subjecred ro 9 minutes of anesthesia
and were assessed over the same
time intervals. For this experiment,
the following groups (n==#) wcre
(1) operated  (eontrol) |
saline + placebho AIM, (2) oper-
ated + caffeine + placebo AIM, (3)
operated + saline + 9 minutes of

uscd:

AJM, and (4) operated | ocaffeine
9 minutes of ATM.

In the positive control experiment.
mice were pretreated with an intra-
pueritoneal  injection of saline (10
ml/kg) or caffeine (10 mg/kg), and
after 20 minutes they received an
intraperitoneal injection of saline (10
mL/kg) or adenosine (30 mg/ke, a
nonsclective  adenosine receptor
agonist).'¥ For this experiment, the
following groups (n==8) were used:
(1) operated + saline + saline. (2)

operated callvine + saline, (3)
operated |+ osaline | oadenosing, and
(%) operared + caffeine -
adenosine.

Peripheral (paw) administration
of caffeine. Tnan attempt o inves-
tigare the involvement of peripheral
adenosine receptors on the antihy-
peralgesia induced by 9 minutes of
AJM, the animals reccived an intra-
plantar injection of saline (20 pl) or
caffeine (150 nmol22 in the right
hind paw. After 15 minutes, they
received placebo AJM or 9 minutes
ol AIM. Mcchanical hyperalgesia was
evaluated 30 minutes after placebo
AJM or 9 minutes of AJM. In this
experiment, the following groups
(n=8) were used: (1) operated —
saline placcbo AIM, (2) opuer
ated | oeaffeine | placebo AJM, (3D
operared + saline + 9 minures of
AJM, and (4) operated + caftfeine —
9 minutes of AJM.

In the positive control experiment.,
mice were pretreared wirh an intra-
plantar  injection of saline (20
ul/paw) or catfeine (150 nmol/
paw).  Alter 15 minutes,  they
reccived an intraperitoneal injection
of saline (10 ml/kg) or adenaosine
(30 mg/kg). In this experiment, the
tollowing groups (n=48) were used:
(1) vperated |+ osaline | osaline, (2)
operated caffcine 1+ saline, (3)
operated + saline + adenosine, and
(4) operated + caffeine —
adenosine.
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Central (spinal) administration of
caffeine. In anothcr sct of cxperi-
ments, Lo evaluate the involvement
of spinal adenosine receptors on the
antihvperalgesia induced by 9 min-
utes of AJM, the animals reccived an
intrathecal injection of saline (5
uLssite) or caffeine (150 nmol/site).
After 15 minutes, the  animals
received placebo AJM or 9 minutes
of AJM. Mechanical hyperalgesia was
evaluated 30 minutes after placebo
ATM or 9 minutes of AJM. In this
experiment, the following groups
(n=48) were used: (1) operated +
saline | placcbo AIM, (2) opur-
ared + caffeine — placebo AJM. (3)
operated + saline + 9 minutes of
AIM, and (<) operated | caffcine |
9 minutes of AJM.

In the positive control experiment,
mice woere protreated with an intra-
thecal injecrion of saline (20 jLl./site)
or caffeine (150 nmuol/site). After 15
mrinutes, the animals reccived an
intraperitoneal injection of saline (10
ml/ke) or adenosine (30 mg/kg). n

this experiment, the following
groups (n=8/) were used: (1) oper-
ated + saline — saline, (2) oper-

ated + catteine + saline. (3) oper-
daled saline 1 adenosine, and (4)
operated + caffeine + adenosine.

Experiment 2: Involvement of
Adenasine A, Subtype Receptor
in the Antihyperalgesic Effect of
AIM

Peripheral (paw) administration
of 1,3-dipropyl-8-cyclopentyl-
xanthine (DPCPX). We investi-
wited the involvement of peripheral
ARs on the  antihyperalgesia
induced by 9 minutes of AJM. The
animals received an intraplantar
injection of vehicle (saline solution
with 5% DMSO) or DPCPX (10 nmaol,
a selective adenosine A, receptor
antagonist)?* in the right hind paw.
After 15 minures, rhe animals
received placebo AJM or 9 minutes
of AIM. Mcchanical hyperalgesia was
cvaluated 30 minutes after placebo

AJM or 9 minutes of AJM. In this
cxperiment, the following groups
(n=8) were used: (1) opoerated

vehicle + placebo AJM, (2) oper-
ated + DPCPX + placebo AJM. (3)

operated | ovehicle |9 minutes of

AIM, and (4) operated + DPCPX + 9
minutes of AJM.

In the positive contral experiment.,
mice were prerreated with an intra-
plantar  injection of vehicle (20
pl/paw) or DPCPX (10 nmol/paw).
After 15 minutes, the animals
received an intraperitoneal injection
ol vehicle (10 mL/ke) or adenosine
(30 mg/kg). In this experiment, the
following groups (n==8) were used:
(1) opcrated — vchicle | saline. (2)
operated |+ DPCPYX |+ suline, (3)
operated + vehicle + adenosine,
and (4) operated + DPCPX -
adenosing.

Central (spinal) administration of
DPCPX. To dewermine the involve-
ment of spinal A Rs on the antihy-
peralgesia induced by AIM. the ani-
mals received an  intrathecal
injection of vehicle (5 pl/sile) or
DPCPX (10 nmol/site) 24 After 15
minutes, the animals received pla-
cebo AJM or 9 minutes of AJM.
Mechanical hyperalgesia was evalu-
ated 30 minutes after placebo AJM or
9 minutes of AJM. In this cxperi-
ment, the following groups (n=8)
were used: (1) operated + vehicle —
placebo  AIM, (2) operated -
DPCPX | placebo ATM, (3) oper-
ated — vehicle — 9 minutes of AJM,
and (4) operated + DPCPX + 9 min-
utes of AIM.

In the positive control experiment,
mice were pretreated with an intra-
theeal injection of - vehicle (20
pl/sited or DPCPX (10 nmol/site).
After 15 minutes, the animals
reccived an intraperitoncal injection
of saline (10 ml/kg) or adennsine
(30 mg/ke). In this experimenr, the
tollowing groups (n1==8) were uscd:

(1D operated — vehicle | osaline, (2)

operated + DPCPX —+— saline, (3)

operated | wehicle adcnosing,
and  (4)  operated DPCPX |
adenosine,

Experiment 3: Involvement of
Descending Monoaminergic
Systems in the Antihyperalgesic
Effect of AJM

Some studies indicate that the anti-
nociception induced by adenosine
depends on the spinal cord norad-
renergic system. 25722 Thus, o con-
firm and extend previous dara from
the literature, we verified whether 9
minutes  of  AJM  activales  the
descending  inhibition  parhways
(serotonin and noradrenaline)® to
produce analgesia in the postopera-
tive pain model. For this purposc,
mice were pretreated with yohim-
bine (an eo-2-adrenoceptor antago-
nist) ar pchlorophenylalanine
merhyl ester (PCPA, an inhibitor of
serotonin svithesis), as described
below.

Involvement of the noradrener-
gic pathways: systemic adminis-
tration of yohimbine.
the possible contriburion of the acti-
vation of a-Z-adrenergic receptors,
the mice reccived an intraperitoncal
injecrion of saline (10 ml/kg) or
vohimbine (0.15 mg/kg).>® After 20
minutes, the animals received pla-
AIM or 9 minutes o AJM.
Mechanical hyperalgesia was evalu-
ated 30 minutes atter placebo AIM or
9 minutes of AJM. In this cxperi-
ment, the following groups (n==H)
were used: (1) operated —+ saline +
placebo AJM. (2) operated © yohim-
hine + placeho AJM, (3) operated +
saline + 9 minutes of AJM, and (4)
operated + yohimbine + ¢ minutes
af” ATM.

T assess

cebo

In the positive control experiment,
mice were pretreated with an intra-
peritoneal injection of saline (10
mL/kg) or yohimbine (0.15 mg/kg).
Afrer 20 minutes, they reccived an
intraperitoneal injection of saline (10

4 B Physical Therapy Volume 93 NMumber 3
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mlL/kg) or clonidine (0.1 mg/kg). In
this experiment. the following
groups (n=8) were used: (1) oper-
ated + saline + saline, (2) oper-
ated + yohimbine + saline, (3) oper-
ated + saline + clonidine, and (4)
operated + yohimbine + clonidine.

Involvement of the serotoniner-
gic pathways: systemic adminis-
tration of PCPA. To assess the
possible contribution of endogenous
serotonin on the antihyperalgesic
effect of 9 minutes of AJM, the ani-
mals were pretreated with an intra-
peritoneal injection of saline (10
mL/kg) or PCPA (100 mg/kg, an
inhibitor of serotonin synthesis)
once a day, for 4 consecutive days, 3
days before and 24 hours after plan-
tar incision surgery.?® Twenty min-
utes after the last administration, pla-
cebo AJIM or 9 minutes of AJM were
performed, and after 30 minutes,
mechanical hyperalgesia wis
assessed, In this experiment, the fol-
lowing groups (n=8) were used: (1)
operated + saline + placebo AJM,
(2) operated + PCPA + placebo
AJM, (3) operated + saline + 9 min-
utes of AJM, and (4) operated +
PCPA + 9 minutes of AJM.

In the positive control experiment,
mice were pretreated with an intra-
peritoneal injection of saline (10
mL/kg) or PCPA (100 mg/kg). After
20 minutes, they received saline (10
mL/kg, s.c.) or morphine (5 mg/kg,
s.c.). In this experiment, the follow-
ing groups (n=8) were used: (1)
operated + saline + saline, (2) oper-
ated + PCPA + saline, (3) oper-
ated + saline + morphine, and (4)
aperated + PCPA + morphine.?®

Drugs

The following substances were used:
DMSO  (solvent used to dissolve
DPCPX, experiment 2), morphine
hydrochloride (a nonselective opioid
receptor agonist, experiment  3)
(Merck, Darmstadt, Germany), caf-
feine (a nonselective adenosine

receptors antagonist, experiment 1),
clonidine hydrochloride (a selective
a-2-adrenergic  receptors  agonist,
experiment 3), yvohimbine hydro-
chloride (a selective a-2-adrenergic
receptors antagonist, experiment 3),
PCPA (experiment 3) (Sigma Chem-
ical Co, St Louis, Missouri), adeno-
sine (an agonist with higher affinity
for adenosine A; and A,, adenosine
receptors, experiments 1 and 2), and
DPCPX (experiment 2) (Tocris Bio-
science, Ellisville, Missouri). The
DPCPX was dissolved in saline with
5% DMSO. The final concentration of
DMSO did not exceed 5% and did not
cause any effect. Other substances
were dissolved in saline. When drugs
were delivered by intraperitoneal
route, a constant volume of 10
mL/kg body weight was injected.
When drugs were administered by
intrathecal or intraplantar routes, a
volume of 5 pl or 20 ul was
injected, respectively. Appropriate
control-treated groups also  were
assessed simultaneously. The doses
of all substances used were chosen
based on data in the litera-
ture!422-24.26 or were selected from
preliminary experiments conducted
in our laboratory.

Data Analysis

Behavioral tests were analyzed using
one-way analysis of variance follow-
ing the Student Newman-Keuls test.
Results were presented as  the
mean = SEM for each group. P<.05
wias considered significant.

Role of the Funding Source

This work was supported by grants
from Conselho Nacional de Desen-
volvimento Cientifico e Tecnologico
(CNPq), Fundaciao de Apoio a Pes-
quisa Cientiffica Tecnologica do
Estado de Santa Catarina (FAPESC),
Coordenacio de Aperfeicoamento
de Pessoal de Niivel Superior
(CAPES), and Universidade do Sul de
Santa Catarina (UNISUL), Brazil.

Results

The Adenosinergic System
Mediates the Antihyperalgesic
Effect of A|M

The fact that adenine nucleotides are
frequently released following tissue
stimulation3® and have pain-related
functions in animals, and that Gold-
man and coauthors'® discovered that
peripheral adenosine receptor acti-
vation mediates the antinociceptive
effects of acupuncture, raises the
question of whether the antihyperal-
gesic effect of AJM can be mediated
via activation of adenosine recep-
tors. To our knowledge, the adenos-
inergic system has not previously
been implicated in mobilization-
induced antihyperalgesia. Caffeine
administration without 9 minutes of
AJM had no effect on the withdrawal
frequency, and the thresholds were
similar to those of the intraperito-
neal, intrathecal, and intraplantar
injections of saline without 9 min-
utes of AJM groups (Figs. 1A, 1C, and
1E) and operated + saline + saline
groups (Figs. 1B, 1D, and 1F). The
pretreatment  intraperitoneal, intra-
thecal, and intraplantar of mice with
caffeine prevented the decrease in
withdrawal frequency resulting from
the 9 minutes of AJM (P<.05) or
adenosine treatment (P<.05) (Figs.
1A, 1C and 1E). Thus, these results
suggest that central and peripheral
activation of A,Rs contributes to the
antihyperalgesic effect of 9-minutes
AJM in the postoperative pain
model.

Peripheral and Central A;Rs
Mediate the Antihyperalgesic
Effect of AIM

We determined the role of A;Rs on
the antihyperalgesic effect of 9 min-
utes of AIM in the postoperative pain
model. We administrated the selec-
tive A;Rs antagonist DPCPX in 2 dif-
ferent sites: intrathecal and intra-
plantar (Figs. 2A-D).

The pretreatment with DPCPX had
no effect on withdrawal frequency,
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Intraperitoneal (panels A and B), intrathecal (panels C and D), and intraplantar (panels E and F) pretreatment with caffeine and t
antihyperalgesic effect of 9 minutes of ankle joint mobilization (AJM) or adenosine (30 mg/kg, i.p.) in mice. White bars show t
operated (control) + saline (10 mL/kg, i.p.) group or the antihyperalgesic effect of 9 minutes of AJM or adenosine (30 mg/kg, i.f
Gray bars show the effects of caffeine (10 mg/kg, i.p.; 150 nmol/site, i.t.; or 150 nmaol/paw, i.pl.) antagonist injected before 9 minu
of AJM or adenosine (30 mg/kg, i.p.) treatment. Each point represents the mean of 8 animals, and vertical lines show the stande
error of the mean. *Significant difference (P<.05) compared with operated + saline + placebo AJM groups (panels A, C, and E)
operated -+ saline + saline groups (panels B, D, and F). "Significant difference (P<..05) compared with operated + saline + 9 minu
of AJM groups (panels A, C, and E) or operated + saline + adenosine groups (panels B, D, and F). Abbreviations: i.p.=intraperitone
i.t.=intrathecal, i.pl.=intraplanar.
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Figure 2.

Intrathecal (panels A and B) and intraplantar (panels C and D) pretreatment with 1,3-dipropyl-B-cyclopentylxanthine (DPCPX) and
the antihyperalgesic effect of 9 minutes of ankle joint mobilization (A|M) or adenosine (30 mg/kg, i.p.) in mice. White bars show the
operated (control) + saline (10 mL/kg, i.p.) group or antihyperalgesic effect of 9 minutes of A]JM or adenosine (30 mg/kg, i.p.). Gray
bars show the effects of DPCPX (150 nmol/site, i.t.; 150 nmol/paw, i.pl.) antagonist injected before 9 minutes of AJM or adenosine
(30 mg/kg, i.p.) treatment. Each point represents the mean of 8 animals, and vertical lines show the standard error of the mean.
*Significant difference (P<.05) compared with operated -+ vehicle + placebo AJM groups (panels A and C) or operated + vehicle +
saline (panels B and D) groups. *Significant difference (P<.05) compared with operated + vehicle + 9 minutes of AJM groups (panels
A and C) or operated + vehicle + adenosine groups (panels B and D). Abbreviations: i.t.=intrathecal, i.pl.=intraplanar.

and the thresholds were similar to
those of intrathecal and intraplantar
injections of vehicle without AJM for
9 minutes (Figs. 2A and 2C). In addi-
tion, the withdrawal frequency val-
ues for the groups pretreated with
DPCPX via intrathecal and intraplan-
tar routes were significantly higher
compared with those of the vehi-
cle + 9 minutes of AJM group 30
minutes after treatment (Figs. 2A and
2C). Spinal and plantar administra-
tion of DPCPX, 15 minutes before
AIM for 9 minutes, prevented the

decrease in the withdrawal fre-
quency resulting from the treatment
(P<.05) (Figs. 2A and 2C). These
findings suggest that central and
peripheral activation of A, Rs contrib-
utes to the antihyperalgesic effect of
9 minutes of AJM in the postopera-
tive pain model.

Although the doses of caffeine and
DPCPX were chosen based on previ-
ously published studies,?*23  we
tested them against adenosine (an
agonist with higher affinity for A,

and A,, receptors)'* in this model to
confirm that they were adequate to
block systemic, spinal, and periph-
eral adenosine receptors, respec-
tively (Figs. 1B, 1D, and 1F). Admin-
istration of adenosine decreased
withdrawal frequency 30 minutes
after treatment (Figs. 1B, 1D, and
1F). In addition, pretreatment in dif-
ferent sites with caffeine (intraperi-
toneal, intrathecal, or intraplantar)
or with DPCPX (intrathecal or intra-
plantar) completely blocked the
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Intraperitoneal pretreatment with yohimbine (0.15 mg/kg, i.p., panels A and B) or p-chlorophenylalanine methyl ester hydrochlorid
(PCPA) (100 mg/kg, i.p., panels C and D) and the antihyperalgesic effect of 9 minutes of ankle joint mobilization (AJM) (panels .
and B, respectively), clonidine (0.1 mg/kg, i.p., panel B), or morphine (5 mg/kg, i.p., panel D) in mice. White bars show the operate:
(control) + saline (10 mL/kg, i.p.) group or the antihyperalgesic effect of 9 minutes of AJM (panels A-C), clonidine (0.1 mg/kg, i.p.
panel B), or morphine (5 mg/kg, s.c., panel D). Gray bars show the effects of yohimbine (panels A and B) or PCPA (panels C and D
antagonist injected before 9 minutes of AJM, clonidine, or morphine (5 mg/kg, s.c.) treatments. Each point represents the mean ¢
8 animals, and vertical lines show the standard error of the mean. *Significant difference (P<.05) compared with operated + saline -
placebo AJM group (panels A and C) or operated + saline + saline groups (panels C and D). “Significant difference (P<.05) compare:
with operated + saline + 9 minutes of A|M groups (panels A and C), operated + saline + clonidine groups (panel B), or operated -
saline + morphine groups (panel D). Abbreviations: i.p.=intraperitoneal, s.c.=7.

effect of adenosine (Figs. 1B, 1D, 1F,
2B, and 2D, respectively).

The Descending Monoaminergic
System Mediates the
Antihyperalgesic Effect of A]JM
Here we investigated whether the
descending monoaminergic syvstem
was activated by 9 minutes of AJM.
The pretreatment with yohimbine or
PCPA without AJM had no effect on
the withdrawal frequency, and the

thresholds were similar to those of
the saline without AJM group
(Fig. 3A and 3C). The withdrawal
frequency values for the group pre-
treated with yohimbine or PCPA
were significantly higher compared
with the vehicle + 9 minutes of AJM
group 30 minutes after treatment
(Figs. 3A and 3C). The intraperito-
neal administrations of yohimbine or
PCPA 20 minutes before of 9 min-
utes of AJM prevented the decreased

in withdrawal frequency resultin
from the treatment (P<<.05, Figs. 3:
and 3C). The results presented in Fig
ures 3B and 3D showed that the pre
treatment of animals with yohimbin
or PCPA completely reversed thi
antihyperalgesia caused by clonidin
(P<.05, Fig. 3B) or morphin
(P<.05, Fig. 3D), used as a positivi
control. Thus, we confirmed an
largely extended previous data fron
the literature® by demonstrating tha
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9 minutes of AJM acrivates seroronin
and noradrenaline descending inhib-
itory pathways Lo produce analgesia.

Discussion

This study represents the first direct
demonstration of the role of the
adenosinergic system in supporting
the antihyperalgesic effect of AIM.
Our findings indicate that the activa-
tion of adenosine receprors is central
to the mechanistic actions of ATM.
Hercin, we have reported that the
antihvperalgesic effect of AIM is
directly related to its ability to acrive
central and peripheral adennsine
A Rs.

Clinical Significance of the
Postoperative Pain Model

Acure postoperative pain remains a
significant medical  problem.  For
those paticnts undergoing nujor sur-
gical procedures, ongoing pain or
pain at rest and pain during activities
are important  clinical  symproms.
Pain al rest is usually moderate dur-
ing the first 2 1o 3 days alter sur-
gerv.?! These pain scores ocour even
when parenteral  treatments  are
administered. Usunally, pain ar resr
resolves within the Grst week afler
surgery. Pain with activitics, such as
coughing or walking, is severe dur-
ing rhe first 2 to 3 days. Pain with
activities is maoderare or severe for
many days and cven weeks Lawer.
Functional capability is limited dur-
ing this period as well. Thus, pain
can be maderate, and rhe patient’s
ahility to cough or the walking dis-
tunce o cvoke  this  pain s
reduced.#+ 32

Several studies have indicated thar
effective  postoperative  analgesia
reduces morbidity following surgery,
thereby improving patient outcome
and reducing clinical expenses. Ade-
quare knowledge regarding trear-
ment of postoperative pain is impor-
tunit o reduce the morbidity and
mortality  of patients after sur-
gerv.?3% However, recent surveys

Ankle Joint Mobilization Affects Postoperative Pain

have demonstrared rhat about S0% ro
70% of paticnts expericnce moder-
ale Lo severe pain alter surgery, indi-
cating that despite the development
of new therapies and improved anal-
gesic techniques, postoperative pain
remains underevaluwted and poorly
treated. s There is now plenty of evi-
dence that postoperative pain is
based on distinct pathophysiologic
and pharmacologic  mechanisms
compared  with  other pain - mod-
¢ls.337 Therclore, it is extremely
important to investigate new treat-
ments that are efficient to reduce
postaperarive pain.

Analgesic Effect Induced by
Activation of A;Rs

Prior studies characterize adenosine
as an important modulator of rhe
nociceplive processes. It can acl as
cither 4 pronociceptive or an antino-
ciceptive agent, depending on the
level of the nociceptive system (cen-
tral or peripheral) and on the recep-
tor subtype activated. There is a
great body ol cvidenee indicating
that the activation of A,Rs produces
antinociception in models of postop-
erative,*  neuropathic,’-#  and
inflaminatory pain.#24 In addition,
mice  lacking A Rs  cxhibited
increased nociceptive responses and
failed to show the antinociceptive
effects of an AR agonist, confirming
the importance of A(Rs in anlinoci-
ception.*®35 Recently, it has been
demonstrated that spinal A Rs but
not A, receptors play an important
role in the maintenance of non-
cvoked and cvoked pain behaviors
atter an incision. In addition. A R-
induced spinal antinociception is
mediated by interactions with per-
mssis toxin-sensitive G proreins,

Antihyperalgesia Induced by
A]M: Interaction Between the
Descending Monoaminergic
System and A, Rs

The clifeets of the descending mono-
aminergic svstem on nociceptive
processing in the dorsal horn are

complex.# Serotonin, norepineph-
rine, and dopamine may exert cither
antinociceptive  or - pronociceptive
effects according to the type of
receptor involved, site of action in
the dorsal horn, and ralk
between descending and local neu-
rochemical signuls. including adeno-
sine, endagenous opioids, and nitric
oxide. 7" Recent studies indicate a
dependence  of  antinaciceprion
mediated by adenosine on the spinal
cord nouradrenergic  system. For
example. the antinociceptive effect
of adenosine was blocked by coad-
ministration  of the a-2-recepror
antagonist  dazoxan.?®  Adenosing
receptor agonists??27 enhanced a-2-
adrenergic antinociception. Finally,
the destruction of spinal noradrener-
gic terminals with neurotoxins abol-
ishies the antihypersensitivity cffects
of  adcnosine  and  adenosine
modulators.*¥

Cross

Skyha and coauthors® demonstrared
that descending pain inhibitory sys-
tems could be activated by mobiliza-
tion, being this analgesia produced
hy activarion of serotonin and adren-
ergic receptars in the spinal cord.
Here, we largely extend previous
data from the literature demonstrat-
ing in a postoperative pain model in
mice that 9 minutes of AJM activares
descending  inhibitory  pathways
using scrotonin and norepinephrine
o producce analgesia. Another rele-
vant finding of our study is that cen-
tral (spinal) administration of caf-
feine ar DPCPX hefore 9 minutes of
AJM prevented the decrease in the
withdrawal frequency resulting from
the treatment. Our results sugpest
thart central activarion of adenosine
A Rs conrribures to the antihyperal-
gusic effcet of AJM on postoperative
pain. These previous findings and
the present results have led to the
hypothesis that activation of A Rs
might be the first step by which AJM
aclivates descending pain inhibitory
systems (ie, the descending seroto-
nergic and noradrenergic pathways
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that act upon spinal serotonin and
adrenorgic receptors).

Peripheral A,Rs Mediate the
Antihyperalgesic Effect of AJM
Adenine nucleotides are frequently
released following tissue stimulation
and have pain-related functions in
animals.'>3" Recently. it has been
demonstrated that adenosine medi-
ates acupuncrure analgesia via acti-
vation of A Rs.' Vibratory stimula-
tion applied to the skin depressed
the activity of nociceprive neurons
in the lower lumbar segments of cats
by release of adenosine #° It has been
hypothesized!® that other nonallo-
pathic treatments of pain, such as
chiropractic mumipulitions and meas-
EATE that
muechanical manipulation ol joints

modalities involve  the
and museles, also might be associ-
aled with an efflux of cytosolic ATP
that is sufficicnt w clevae extracel-
lular adenosinge. !> As in acupunciure,
Tdy  did
joint mobilization and dampen pain,
in part,
A Rs on scnsory afferents of ascend-
ing nerve tracks.'s Our results con-
firm this hypothesis, once peripheral
(paw) administration of catfeine or
DPCPX before 9 minutes of AJM pre-
vented the decrease in the with-
drawal frequency resulting from the
rreatment. These findings suggest
that peripheral activation of ARs
contributes to the antihvperalgesic
effect of AJM on postoperative pain.

adenosing wilate during

through the activation of

Limitations

Further studies are necessarv to
more  dircctly  investigate  the
supraspinal - involvement  of  the

adenosinergic system on the antiby-
peralgesia induced by AJM in ather
pain models. Additionally, it will be
other
mobilization wechniques that involve
joint
vate the adenosinergic system.
lack of biochemical analysis may be a

relevant o assess whether

minimel movernent o will acti-

The

limiration of this study and should be
considered in future stdics.

Clinical Significance

Clinical rrials and meta-analyscs pro-
vide increasing cvidence to support
the use of manual physical therapy in
the management of painful spinal
conditions,™ 32 As evidence
increases to support the use of man-
ual physical therapy, it is becoming
increasingly important to establish
the mechanism of action of manual
physical therapy techniques. The
present study investigated the phar-
macological properties  of  AJM
because of the possibility thar it rep-
resents the neural basis at the central
and peripheral levels for the antihy-
peralgesic effect of AJM in humans.
The implication of adenosine in the
antihvperalgesia  induced by AJM
necessitales some new perspectives
in evaluating the efficacy of AJM in
clinical hlock
adenosine A Rs in modest doses and
can inhibit antihvperalges
by AJM. 2 T is important o note that
calfeine (200 mg) has been reported
to inhibit the efficacy of transcutanc-
clectrical

trials, Caflcine  can

ainduced

oS stimulation
when given prior to the stimulation
in a small experimental pain trial in
humans.?* Future studies should
determine whether daily caffeine
intake alters the effectiveness of AJM

in animals and humans.

norve

Conclusion

The results of this smdy demon-
strated that AJM decreased injury-
induced mechanical hyperalgesia,
and this effect was prevented by the
pretreatment with caffeine piven via

intraperitoneal,  intrathecal, and
intraplantar routes. We also showed
that  intrathecal and  intraplantar

administrations of DPCPX blocked
the antihyperalgesic cffcet o AJM.
To our knowlodge,
ircet demomstration of
the adenasinergic svstem in maoediat-
ing the antihyporalgesic
AJIM. In addition,
largely extended previous data by
demonstrating thar AJM activates the
descending control of pain using

this is the lirst

we confirmued and

the role ol

clfcer ol

serotonin . and  norepinephrine

produce analgesia.
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Abstract: The present study was undertaken ©to investigate the relatiwve
contribution of cannabinoid receptors (CBRs) subtypes and analyze
cannabimimetic mechanisms involved on the inhibition of RER and 2-AG
degradation on the antihyperalgesic effect of ankle joint mobilization
[(BJM) . Mice (25—-35g) were submitted to plantar incision (PI} and 24 hours
after surgery animals received the following treatments, AJM for 5
minutes, anandamide (10 mg/kg, intraperitomeal [i.p.1), WIW 55, ,212-2 {1.5
mg/kg, i.p.), TRBS3T7 (0.01-1 mg/kg, i.p.; a fatty acid amide hydrolase
[FARH] inhibitor) or JEZL184 (0.0l6-1l¢ mg/kg, i.p.; & monoacylglycerocl
lipase [MRAEL] inhibkitor). Withdrawal freguency to mechanical stimuli was
assessed Z4 hours after PI and at different times after treatments.
Receptor specificity was investigated using selective CB1R (AMZ281) and
CEZR (AMe30) antagonists. In addition, the effect of the FARAH and MAGL
inhibhitors om the antihyperalgesic action of AJM was investigated. AJM,
anandamide, WIN 55,212-2, URBS%37 and JIL184 decreased mechanical
hyperalgesia induced by PI. The antihyperalgesic effect of AJM was
reversed by pretreatment with AMZ8] given by intraperitoneal and
intrathecal routes, but not intraplantarly. Additionally, intraperitoneal
and intraplantar, but not intrathecal adminiscration of AMEdD blocked
antihyperalgesia AJM-induced. Interestingly, mice pretreated with FARH or
MAZL inmhibkitor exhibited a significant prolongation of antihyperalgesic
effect of BJM. This article presents data addressing the cannabinoid
receptor mechanisms underlying the antcihyperalgesic effects actions of
joint mobilization and endocannabinoid catabolic engyme inhibitors in the
mouse postoperative pain model. Joint mobilization and these enzymes
offer potential targets to treat postoperative pain.
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Abstract

The present study was undertaken to investigate the relative contribution
of cannabinoid receptors (CBRs) subtypes and analyze cannabimimetic
mechanisms involved on the inhibition of AEA and 2-AG degradation
on the antihyperalgesic effect of ankle joint mobilization (AJM). Mice
(25-35g) were submitted to plantar incision (PI) and 24 hours after
surgery animals received the following treatments, AJM for 9 minutes,
anandamide (10 mg/kg, intraperitoneal [i.p.]), WIN 55,212-2 (1.5
mg/kg, 1.p.), URB937 (0.01-1 mg/kg, i.p.; a fatty acid amide hydrolase

[FAAH] inhibitor) or JZL184 (0.016-16 mg/kg, i.p.; a monoacylglycerol
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lipase [MAGL] inhibitor). Withdrawal frequency to mechanical stimuli
was assessed 24 hours after PI and at different times after treatments.
Receptor specificity was investigated using selective CB;R (AM281)
and CB;R (AM630) antagonists. In addition, the effect of the FAAH and
MAGL inhibitors on the antihyperalgesic action of AJM was
investigated. AJM, anandamide, WIN 55,212-2, URB937 and JZL184
decreased mechanical hyperalgesia induced by PI. The antihyperalgesic
effect of AJM was reversed by pretreatment with AM281 given by
intraperitoneal and intrathecal routes, but not intraplantarly.
Additionally, intraperitoneal and intraplantar, but not intrathecal
administration of AM®630 blocked antihyperalgesia AJM-induced.
Interestingly, mice pretreated with FAAH or MAGL inhibitor exhibited
a significant prolongation of antihyperalgesic effect of AJM. This article
presents data addressing the cannabinoid receptor mechanisms
underlying the antihyperalgesic effects actions of joint mobilization and
endocannabinoid catabolic enzyme inhibitors in the mouse postoperative
pain model. Joint mobilization and these enzymes offer potential targets
to treat postoperative pain.

Key words: Acute pain; Cannabinoid receptors; Passive mobilization;

Rehabilitation; Mice.
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Introduction

Endocannabinoid system (ES) has emerged as an attractive
therapeutic target for pain management in recent years (Pacher et al.,
2006; Vicenzino et al., 1998). It is consists of 2 known cannabinoid
receptors (CBRs) subtypes CB|R and CB,R (Matsuda et al., 1990); a
number of endogenous ligands including anandamide (AEA) and 2-
arachidonoyl glycerol (2-AG) (Mechoulam et al., 1998); a high-affinity
reuptake transport system; and endocannabinoid synthesizing and
metabolizing enzymes (Beltramo et al., 1997). AEA is hydrolyzed by
fatty acid amide hydrolase (FAAH) (Facci et al., 1995), and 2-AG is
primarily metabolized by monoacylglycerol lipase (MAGL) (Hanus et
al., 1999). Whereas exogenously administered endocannabinoids are
rapidly degraded by FAAH and MAGL, pharmacological inhibition of
these enzymes result in elevated levels of endocannabinoids in the brain
and spinal cord tissues (Facci et al., 1995; Malan et al., 2002), which
might represent an alternative approach that can be used to harness the
potential therapeutic effects of cannabinoids. Prevention of

endocannabinoids metabolism produces behavioural analgesia in models
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of acute pain (Roques et al., 2012). Targeting FAAH and/or MAGL
activity, therefore, presents a promising new therapeutic strategy for the
treatment of pain.

Health practitioners commonly use joint mobilization to treat
musculoskeletal pain and dysfunction (Vicenzino et al., 1998).
Mobilization-induced analgesia has been demonstrated in several studies
in humans Vicenzino et al., 1998; Zusman et al., 1989) and laboratory
animals (Martins et al., 2011; Sbyba et al., 2003; Sluka et al., 2001).
However, the mechanisms through which joint mobilization (JM) acts
are not fully known. McPartland et al. (2005) had demonstrated that
manual therapy (MT), including JM increases AEA blood levels in
humans.

Studies have been demonstrated that patients can develop
persistent or chronic pain following surgical procedures, in addition,
nearly half of all surgical patients still have inadequate pain relief;
therefore, it is becoming more important to understand the mechanisms
involved in postoperative pain in order to better treat it (Brennan, 2011).
A recent report show that endocannabinoid signaling via CB;R and
CB3R is necessary for the resolution of paw incision-induced behavioral
hypersensitivity and for the limitation of pro-inflammatory signaling in

astrocytes following surgical insult (Alkaitis et al., 2010). Additionally,
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we have recently reported that AJM suppressed pain behavior and
attenuated astroglial activation in rats (Martins et al., 2011). Here, we
used a pre-clinical model of postoperative pain described for rats
(Brennan et al., 1996) and adapted for mice (Pogatzki and Raja, 2003).
The model consists of a small incision made on the plantar surface of
one hind paw. Paw incision in rodents induces a variety of nocifensive
behaviors that is parallel the time course of postoperative pain in
humans (Brennan et al., 1996).

The present study was undertaken to explore the relative
contributions of central (spinal) and peripheral (paw) CBRs subtypes
that mediate the antihyperalgesic effect of AJM. Additionally, we
analyzed cannabimimetic mechanisms involved on the inhibition of
AEA and 2-AG degradation through evaluation of effects of the JZL184
(MAGL inhibitor) and URB937 (FAAH inhibitor) on the

antihyperalgesic effect of AJM.

EXPERIMENTAL PROCEDURES
2.1 Animals
All animal care and experimental procedures were carried out in
accordance with the National Institutes of Health Animal Care

Guidelines (NIH publications No. 80-23), and conducted following the
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protocol approved by the Institutional Animal Care and Use Committee.
All experiments were conducted using male Swiss mice (25-35 g),
housed at 22 + 2°C under a 12 hours light/12 hours dark cycle (lights on
at 6:00 a.m.) and with free access to food and water. All manipulations
were carried out between 11:00 am and 3:00 pm. The number of animals
and intensity of noxious stimuli used were the minimum necessary to
demonstrate the consistent effects of treatments. Control animals
received the same vehicle used to dilute the compounds. When drugs
were delivered by intraperitoneal (i.p.) route, a constant volume of 10
mL/kg body weight was injected. When drugs were administered by
intrathecal (i.t.) or intraplantar (i.pl.) routes, volumes of 5 uL or 20 pL
were injected, respectively. Appropriate vehicle-treated groups were

also assessed simultaneously.

2.2 Plantar incision surgery

The postoperative pain model was carried out according to the
procedure described for rats (Roques et al., 2012) and adapted for mice
(Pogatzki and Raja, 2003). Briefly, mice were anesthetized with 1-2%
isoflurane delivered via a nose cone. After sterile preparation of the right
hind paw, a 5-mm longitudinal incision was made through skin and

fascia of the plantar surface using a number 11 scalpel blade. The
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incision was started 2 mm from the proximal edge of the heel and
extended toward the toes. The underlying muscle was elevated with
curved forceps, leaving the muscle origin and insertion intact. After
wound homeostasis, the skin was apposed with an 8.0 nylon mattress
suture, and the wound was covered with 10% povidone-iodine solution.
Control animals underwent a sham procedure, remaining anesthetized

only.

2.3 Intrathecal injections

Intrathecal (i.t.) injections were given to fully conscious mice using the
method previously described by Hylden and Wilcox (1980). Briefly, the
animals were manually restrained, the dorsal fur of each mouse was
shaved, the spinal column was arched, and a 30-gauge needle was
inserted into the subarachnoid space between the L4 and L5 vertebrae.
Correct 1.t. positioning of the needle tip was confirmed by a
characteristic tail-flick response in the animal. A 5 pL volume of
solution containing the test agent was slowly injected with a 25 uL
Hamilton microsyringe (Hamilton, Birmingham, UK). Intrathecal

injections were given over a period of 5 seconds.

2.4 Ankle joint mobilization
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The knee joint was stabilized, and the ankle joint was rhythmically
flexed and extended to the end of the range of movement, according to a
previously reported dosage regime (Martins et al., 2011; Skyba et al.,
2003). The treatment with AJM was carried out in animals lightly
anesthetized with 1-2% isoflurane prior to and for the duration of joint
mobilization. The treatment group received three applications of
mobilization, each 3 minutes in duration separated by 30 seconds of rest.
Our group has previously shown this time frame to be optimal for
producing antihyperalgesia in this model. Placebo AJM mice were
lightly anaesthetized with 1-2% isoflurane and the ankle was maintained
in a neutral position using the same hand contact and positioning as the

treatment technique (Martins et al., 2012).

2.5 Behavioral measurement: mechanical hyperalgesia

Animals were tested for withdrawal thresholds to mechanical stimuli
(von Frey filaments) applied to the plantar aspect of the hindpaw
(Bobinski et al., 2011; Bortalanza et al., 2002). Mice were acclimated in
individual clear boxes (9 x 7 x 11 cm’) on an elevated wire mesh
platform to allow access to the ventral surface of the hind paws. The
right hind paw was stimulated with a constant pressure of 0.4 g von Frey

filament (VFF) (Stoelting, Chicago, USA). The response frequency to
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10 applications was taken as the nociceptive behavior. The results are
expressed as the percentage of withdrawal frequency (Martins et al.,
2012). Tests were performed before and 24 hours after plantar incision
surgery and in different times after treatments (see sections 2.6.1-3; 2.7;

2.8;2.9 and 2.10).

2.6 Investigation of the endocannabinoid signaling via CB;R and
CB;R

1.6.1 Systemic administration of CB;R and CB,R antagonists

The role of cannabinoid receptors in the antihyperalgesic action of AJM
was investigated by treating mice with the selective CB;R antagonist
AM281 (0.5 mg/kg, intraperitoneally [i.p.]) (Robinson et al., 2010) or
the selective CB,R antagonist AM630 (3 mg/kg, 1.p.) (Rousseaux et al.,
2007) 20 minutes before AJM. Each receptor antagonist exhibits more
than a 100-fold difference in affinity for CB;R and CB;R, respectively
(Lan et al., 1999; Ross et al., 1999). These treatments were performed
24 hours after plantar incision surgery. The positive controls
experiments were performed using the CB;R agonist anandamide (AEA)
(10 mg/kg, i.p.) (Calignano et al., 2001) or the CB,R agonist WIN
55,212-2 (1.5 mg/kg, 1.p.) (Cano et al., 2007). Mechanical hyperalgesia

was evaluated using the von Frey filament (0.4 g) 30 minutes after AJM.
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Placebo AJM animals were subjected to 9 minutes of anesthesia and

were assessed over the same time intervals in all experiments.

2.6.2 Spinal administration of CB{R and CB;R antagonists

In another set of experiments, to evaluate the involvement of spinal
cannabinoid receptors in the antihyperalgesia induced by AJM, the
animals received an intrathecal (i.t.) injection with 5 pL of vehicle (10
mL/kg, site), AM281 (2 pg/site) or AM630 (2 pg/site) (Gu et al., 2011).
After 15 minutes, the animals received AJM for 9 minutes. Mechanical
hyperalgesia was evaluated using the von Frey filament 30 minutes after
AJM. In parallel experiments, mice were pre-treated with an intrathecal
injection of vehicle (5 pL/site) or AM281 (2 pg/site) and after 15
minutes, received vehicle (10 mL/kg, i.p.) or AEA (10 mL/kg, i.p.)
(Calignano et al., 2001). Mechanical hyperalgesia of these groups were
assessed 30 minutes after vehicle or AEA treatments. Another group of
mice was pre-treated with an intrathecal injection of vehicle (5 uL/site)
or AM630 (2 pg/site) (Gu et al., 2011) and after 15 minutes, received
vehicle (10 mL/kg, i.p.) or WIN 55,212-2 (1.5 mg/kg i.p.) (Cano et al.,
2007). Mechanical hyperalgesia of these groups was assessed 30

minutes after vehicle or WIN 55,212-2 treatments.
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2.6.3 Peripheral administration of CB;R and CB;R antagonists

In an attempt to investigate the involvement of peripheral cannabinoid
receptors in the antihyperalgesia induced by AJM, animals received an
intraplantar injection (i.pl.) with 20 pL of vehicle, AM281 (10 pg/paw)
(Khasabova et al., 2011) or AM630 (4 ng/paw) (Khasabova et al., 2011)
in the right hind paw. After 15 minutes, the animals received AJM for 9
minutes. Mechanical hyperalgesia was evaluated using the von Frey
filament 30 minutes after AJM.

In positive control experiments, mice were pre-treated with an
intraplantar injection of vehicle (20 pL/paw) or AM281 (10 pg/paw)
(Khasabova et al., 2011) and after 15 minutes, received vehicle (10
mL/kg, 1.p.) or AEA (10 mg/kg, i.p. [Calignano et al., 2001]). Another
groups of mice were pre-treated with an intraplantar injection of vehicle
(20 uL/paw) or AM630 (4 ng/paw) (Khasabova et al., 2011) and after
15 minutes, received vehicle (10 mL/kg, i.p.) or WIN 55,212-2 (1.5
mg/kg, 1.p.) (Cano et al., 2007). The mechanical hyperalgesia of these
groups was assessed 30 minutes after AEA or WIN 55,212-2 or vehicle

treatments.

2.7 Effect of fatty acid amide hydrolase (FAAH) inhibition
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To evaluate the effect of inhibition, of the catabolic endocannabinoid
enzyme, fatty acid amide hydrolase on postoperative pain, the animals
received an i.p. injection of vehicle (10 mL/kg) or URB937 (0.01-
Img/kg a peripherally restricted FAAH inhibitor) (Clapper et al., 2010).
Mechanical hyperalgesia was evaluated using the von Frey filament in

0.5,1,2,4, 6, 8 and 24 hours after vehicle or URB937 treatments.

2.8 Effect of monoacylglycerol lipase (MAGL) inhibition

In order to determine whether inhibition of the MAGL reduces
hyperalgesia-induced by plantar incision surgery, the animals received
an 1.p. injection of vehicle (10 mL/kg) or JZL184 (0.016-16 mg/kg, an
irreversible MAGL inhibitor) (Clapper et al., 2010). Mechanical
hyperalgesia was evaluated using the von Frey filament in 0.5, 1, 2, 4, 6,

8 and 24 hours after vehicle or JZL184 treatments.

2.9 Effects of combined administration of subeffective dose of
FAAH inhibitor and AJM

To test the hypothesis that the antihyperalgesic effect of AJM is
mediated through of inhibition of the FAAH, animals were pretreated
with vehicle (10 mL/kg, i.p.) or a subeffective dose of URB937 (0.1

mg/kg, 1.p.), 1.5 hour later they received AJM treatment for 9 minutes.
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Mechanical hyperalgesia was evaluated using the von Frey filament in

0.5, 1, 1.5 and 2 hours after AJM treatment.

2.10 Effects of combined administration of subeffective dose of
MAGL inhibitor and AJM

To test the hypothesis that the antihyperalgesic effect of AJM is
mediated through of inhibition of the MAGL, animals were pretreated
with vehicle (10 mL/kg, i.p.) or a subeffective dose of JZL184 (1.6
mg/kg, i.p.), 1.5 hour later they received AJM treatment for 9 minutes.
Mechanical hyperalgesia was evaluated using the von Frey filament test

in 0.5, 1, 1.5, 2 and 2.5 hours after AJM treatment.

2.11 Chemicals

AM281, AM630, Anandamide, WIN 55,212-2, JZL184 and URB937
were obtained from Cayman (Michigan, U.S.A.). Dimethyl sulfoxide,
NaCl and ethanol were obtained from Sigma (St Louis, MO, U.S.A.).
All drugs were dissolved, just before use, in DMSO and ethanol, in
amount that did not exceed a final concentration of 1 and 2.5%

respectively.
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2.12 Data Analysis

Results are presented as the mean + standard errors of the mean (SEM)
for each group. Behavioral testing was analyzed using both one-way
analysis of variance following Student Newman-Keuls test and two-way
repeated measures analysis of variance (ANOVA). A multi-comparison
post hoc test was performed using Bonferroni’s test. Data were
converted to the area under the curve (AUC) using one-way ANOVA
followed by Student Newman-Keuls test when appropriate. Differences

with a value of P < 0.05 were considered significant.

RESULTS

3.1 Antihyperalgesic effect of joint mobilization requires activation
CB;R and CB;R

To verify whether the antihyperalgesic effect of AJM can be mediated
via activation CB;R and CB;R we administrated selective CB;R
antagonist, AM281 in different sites. Systemic and spinal administration
of AM281, 20 and 15 minutes before mobilization of the ankle joint,
respectively, prevented the decreased in percentage of withdrawal
frequency resulting from the treatment. Percentage of withdrawal
frequency values for the group pretreated with AM281 via 1.p. or i.t.

routes was significantly higher when compared to vehicle plus
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mobilization group, 30 minutes after mobilization (Figs. 1A and 1C).
AM281 without joint mobilization had no effect on withdrawal
frequency, and thresholds were similar to intraperitoneal and intrathecal
injection of vehicle without joint mobilization. However, intraplantar
administration of AM281 prior to mobilization of the ankle joint had no
effect on the resultant decrease in mechanical withdrawal frequency
when compared to vehicle plus mobilization group (Fig. 1E).

We next determined the role of CB,R in AJM-produced
antihyperalgesic effect in postoperative pain. We administrated selective
CB,R antagonist AM630 in different sites. Systemic and intraplantar
administration of AM630, 20 and 15 minutes before mobilization of the
ankle joint, respectively, prevented the decreased in percentage of
withdrawal frequency resulting from the treatment. Percentage of
withdrawal frequency values for the group pretreated with AM630 via
1.p. or i.pl. routes were significantly higher when compared to vehicle
plus mobilization group, 30 minutes after mobilization (Figs. 2A and
2E). AM630 without joint mobilization had no effect on the increased
withdrawal frequency, and thresholds were similar to intraperitoneal and
intrathecal injection of vehicle without joint mobilization. However,
intrathecal administration of AM630 prior to mobilization of the ankle

joint had no effect on the resultant decrease in mechanical withdrawal
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frequency when compared to vehicle plus mobilization group (Fig. 2C).
These findings suggest that activation of CB;R central (spinal) and
CB;R peripheral (paw) contribute to the antihyperalgesic effect of AJM
on postoperative pain.

Further, neither drugs without joint mobilization affected the
increased mechanical withdrawal frequency produced by plantar
incision (PI) surgery, and thresholds were similar to vehicle without
joint mobilization (Figs. 1A-F and 2A-F). This suggests that the changes
in withdrawal thresholds noted in treatment groups result from joint
mobilization and not from administration of the receptor antagonists.

While the doses of AM281 and AM630 were chosen based on
previously published studies (Gu et al., 2011; Khasabova et al., 2011;
Robinson et al., 2010; Rousseaux et al., 2007) we tested them against
their agonists in this model to confirm that they were adequate to block
systemic, central and peripheral CB;R and CBj,R, respectively.
Administration of either anandamide or WIN 55,212-2 in vehicle groups
decreased percentage of withdrawal frequency 30 minutes after
intraperitoneal administration (Figs. 1B, 1D, 1F, 2B, 2D and 2F).
However, pretreatment in different sites (i.p., i.t. or i.pl.) with AM281
completely blocked the effect of anandamide (Figs. 1B, 1D and 1F) and

pretreatment in different sites (1.p., 1.t. or i.pl.) with AM630 completely
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blocked the effect of WIN 55,212-2 on mechanical withdrawal
frequency (Figs. 2B, 2D, 2F). Thus, the inability of peripheral (paw)
AM281 (Fig. 1E) and central (spinal) AM630 (Fig. 2C) to prevent or
attenuate mobilization-induced changes in mechanical withdrawal
frequency i1s not due to ineffective blockade of peripheral CBR or

spinal CB;R, respectively.

3.3 Inhibition of endocannabinoid catabolic enzymes prolongs AJM
effect

The endocannabinoids anandamide and 2-arachidonoylglycerol are
predominantly regulated by the respective catabolic enzymes fatty acid
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL). Since
that the inhibition of these enzymes elevates endocannabinoid levels and
attenuates neuropathic pain (Kinsey et al. 2010) and manual therapy
(MT) techniques, including JM, increases serum levels of
endocannabinoids in humans (McPartland et al., 2005; McPartland,
2008a) raises the question of whether URB937 or JZL184 could
increase or prolong the antihyperalgesic effect of AJM. We first
characterized the effect of URB937 and JZL184 on postoperative pain.
The results, presented in Fig. 3A, show that the treatment with URB937

reduced hyperalgesia induced by PI. A significant difference between
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groups (PI + vehicle vs. PI + URB937 [1 mg/kg, i.p.]) for withdrawal
response frequency occurred at 1 hour (P < 0.05), 2 hours (P < 0.001)
and 4 hours (P < 0.01) after URB937 (1 mg/kg, i.p.) treatment. Area
under curve (AUC) analysis showed that mechanical hyperalgesia on PI
+ URB937 (1 mg/kg, i.p.) group was significantly lower than PI +
vehicle group (P < 0.001, see Fig. 3B). Fig. 4A shows that the
pretreatment of mice with JZL184 decreased hyperalgesia induced by
PI. A significant difference between groups (PI + vehicle vs. PI +
JZ1.184 [16 mg/kg, i.p.]) for withdrawal response frequency occurred at
2 hours (P < 0.001) after JZL184 treatment. AUC analysis showed that
mechanical hyperalgesia on PI + JZL184 (16 mg/kg, 1.p.) group was
significantly lower than PI + vehicle group (P < 0.001, see Fig. 4B). To
test our second hypothesis animals were pretreated with a subeffective
dose of endocannabinoid catabolic enzymes inhibitors and submitted to
AJM. We compared the antihyperalgesic effect of AJM alone to the
response of mice that received a subeffective dose of URB937 (0.1
mg/kg, 1.p.) or a subeffective dose of JZLL184 (1.6 mg/kg, 1.p.) or vehicle
plus AJM. The 9-minutes joint mobilization treatment reduced
hyperalgesia for a duration of ~30 minutes in mice that received vehicle
(Figs. 3C and 4C). Notably, mice mobilized pretreated with a

subeffective of URB937 (0.1 mg/kg, i.p.) exhibited a significant
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prolongation (P < 0.001) of antihyperalgesic effect caused by AJM, the
hyperalgesia was suppressed for ~1.5 hour (P < 0.001). AUC analysis
showed that mechanical hyperalgesia on PI + URB937 (0.1 mg/kg, 1.p.)
+ AJM group was significantly lower than PI + vehicle + Placebo AJIM
group (P < 0.001, see Fig. 3D). Interestingly, mice mobilized pretreated
with a subeffective dose of JLZ184 (1.6 mg/kg, i.p.) exhibited a
significant prolongation (P < 0.001) of antihyperalgesic effect produced
by AJM, the hyperalgesia was suppressed for ~2.5 hours (P < 0.001)
(Fig. 4C). AUC analysis showed that mechanical hyperalgesia on PI +
JZ1.184 (1.6 mg/kg, i.p.) + AIM group was significantly lower than PI +

vehicle + Placebo AJM group (P <0.001, see Fig. 4D).

DISCUSSION
This study represents the first direct demonstration of the role of
endocannabinoid system on the antihyperalgesic effect of ankle joint
mobilization (AJM). The most relevant findings of the present work are
the following: 1) the antihyperalgesic effect of AJM was reversed by
pretreatment with AM281 given by intraperitoneal and intrathecal
routes, but not intraplantarly; i1) intraperitoneal and intraplantar, but not

intrathecal administration of AM630 blocked antihyperalgesia AJM-
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induced; ii1) mice pretreated with FAAH or MAGL inhibitor exhibited a
significant prolongation of antihyperalgesic effect of AJM.

Health practitioners commonly use joint mobilization to treat
musculoskeletal pain and dysfunction (Vicenzino et al., 1998).
However, the mechanisms through which JM acts are not fully known.
A clinical study has reported that manual therapy (MT) techniques,
including JM, induces anxiolysis, eases suffering, increases sense of
well-being, and even induces euphoria-psychotropic changes that can be
described as cannabimimetic. The authors suggest that manipulative
treatment may induce such effects by boosting endocannabinoid levels
(McPartland et al., 2005). A blinded, randomized controlled trial of 31
healthy subjects measured anandamide (AEA) levels pre- and post-
manipulative treatment. The manipulative treatment (MT) consisted
manual therapy techniques, including JM. In subjects receiving MT,
serum levels of AEA obtained after MT more than doubled the pre-MT
levels. No change was seen in control subjects. In another study a
smaller MT trial reported little change in AEA levels pre- and post-MT
but showed  significant  post-MT  augmentation of  N-
palmitoylethanolamine (Degenhardt et al., 2007).

It 1s now well known that, CB|Rs are expressed in pain

transmission and modulation pathways such as amygdale, cerebellum,
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periaqueductal gray, rostral ventromedial medulla, spinal cord and
primary afferent fibers (Agarwal et al., 2007; Hohmann et al., 2005;
Svizenska et al., 2008). CBRs are located pre-synaptically on axons and
terminals of neurons and negatively coupled to adenylate cyclase, block
voltage-dependent calcium channels, and activate potassium channels
and mitogen-activated protein kinase at the cellular level, the overall
effect being cellular inhibition Hohmann et al., 2005; Ameri, 2008;
Childers et al., 1992). On the other hand, in addition to peripheral
tissues, several studies reported that CB,R might also exist in the central
nervous system, and exert an antinociceptive effect in some chronic pain
models (Malan et al., 2002; Whiteside et al., 2005). To explore the
specific contribution of CB;R subtypes at different levels of the
nociceptive pathways in mobilization-induced antihyperalgesia on
postoperative pain model, the selective CB|R antagonist AM281 was
systemically or locally applied prior to AJM treatment or i.p. AEA
administration. The pretreatment with the CB;R antagonist AM281 by
1.p., and i.t., but not i.pl., routes of administration prevented systemic
AJM- or anandamide-induced antihyperalgesia, supporting the
hypothesis that AJM-induced antihyperalgesic effect is produced via

activation CB;R centrally.
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The descending pain inhibitory pathway in rodents and humans
is activated by the perception of pain in the brain. Endorphins,
endocannabinoids, serotonin, norepinephrine, and adenosine play
important roles in this pathway (Walker and Hohmann, 2005). Spinally
projecting descending serotonergic and noradrenergic pathways
modulate pain transmission utilizing endogenous 5-HT and NA through
activation of serotonergic and noradrenergic receptors at the spinal cord
level (Millan, 2002). A large body of evidence shows the involvement
of descending serotonergic and noradrenergic pathways in CB;R-
mediated antinociception. First, surgical lesion of dorsolateral funiculus,
which is the main route of descending projections that runs from
supraspinal sites through spinal dorsal horn, totally inhibits systemically
administered WIN 55,212-2 and arachidonyl-2’-chloroethylamide
(ACEA)-induced antinociceptive effects on tail-flick test (Seyrek et al.,
2010). Second, CB;R and endocannabinoid degrading enzyme FAAH
were expressed on the serotonergic cells of dorsal raphe nucleus (DRN)
(Mendiguren and Pineda, 2009; Bambico et al., 2007). Third, local
administration of WIN 55,212-2 into the DRN clicited an acute
antinociceptive effect and enhanced the firing activity of serotonergic
neurons and 5-HT release through CB;R dependent mechanism

(Bambico et al., 2007; Martin et al., 1995). In another study, the
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antinociception induced by WIN 55,212-2 was attenuated in spinal NA
depleted rats by i.t. 6-hydroxydopamine (6-OHDA) on tail flick test
(Gutierrez et al., 2003). Taken together, these results provide strong
evidence that cannabinoids reinforce the descending serotonergic and
noradrenergic pathways to produce acute antinociceptive effects. It has
been demonstrated that joint mobilization might activate descending
pain inhibitory systems, mediated supraspinally. Recent animal studies
show that the analgesia produced by joint mobilization involves
serotonin and norepinephrine receptors in the spinal cord, thereby
supporting a role for descending pain modulatory systems (Skyba et al.,
2003). These previous findings and the present results have led to the
hypothesis that joint mobilization might produce antihyperalgesia via
CB|R mediated mechanism through activation of descending
serotonergic and noradrenergic pathways that act upon on spinal 5-HT
and NA receptors.

Emerging evidence suggests that CB, agonists are analgesic in a
number of neuropathic, inflammatory pain and postoperative pain
models (Hohmann et al., 2004; Ibrahim et al., 2003; LaBuda et al., 2005;
Nackley et al., 2003). However, there is little evidence for CB;R
expression in normal spinal cord (Buckley et al., 1998). CB;R

expression is induced in the spinal cord, likely in microglial cells,
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following nerve injury and the development of a neuropathic state and
postoperative pain (LaBuda et al., 2005; Zhang et al., 2003). In order to
provide a functional evidence of the role of CB,R in antihyperalgesia
AJM-produced, we investigated the specific contribution of CB;R
subtype at different levels of the nociceptive pathways in mobilization-
induced antihyperalgesia in the postoperative pain. The selective CB,R
antagonist AM630 was systemically or locally applied prior to AJM
application or i.p. WIN 55,212-2 administration. The pretreatment with
the CB,R antagonist AM630 by i.p., or i.pl., but not i.t., routes of
administration prevented systemic antihyperalgesia AJM- or WIN
55,121-2-induced, suggested that antihyperalgesic effect AJM-induced
might be mediated via activation peripheral CB;R.

Keratinocytes are one type of cells that may mediate the
analgesic actions of the AEA, WIN 55,212-2 and AJM treatment, which
are abundantly present in the skin and express CB,R and contain
endogenous opioid peptides. It has been reported that the CB;R-
selective agonist AM1241 may result in the release of the endogenous
opioid peptide B-EP, which then acts on primary afferent terminals to
inhibit inflammatory pain (Ibrahim et al., 2005). However, others have

shown that the antihyperalgesic effects of the CB,R-selective agonists
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are not dependent upon the release of endogenous opioids (Whiteside et
al., 2005).

The endocannabinoid system alters fibroblast “focal adhesions,”
by which fibroblasts link the extracellular collagen matrix to their
intracellular cytoskeleton-the mechanism of fascial remodeling. In
addition, it has been demonstrated that many connective tissue-related
cells express CB|R, CB;R, and endocannabinoid-metabolizing enzymes
such as fibroblasts, myofibroblasts, chondrocytes, and synoviocytes
(McPartland, 2008b). Based on these studies and since ankle joint
mobilization treatment stimulates all these cells, we suggested that the
effect produced by AJM might be mediated via increase expression
CBR; mobilization-induced on these cells. However, other studies are
necessary to further substantiate this assertion.

The fact that manual therapy (MT) techniques, including JM,
increases serum levels of anandamide and N-palmitoylethanolamine in
human raises the hypothesis that the JM treatment could increase the
endocannabinoids (AEA or 2-AG) levels, acting by mechanisms
involving the inhibition of endocannabinoids degradation. To test this
hypothesis, mice were pretreated with a subeffective dose of URB937 or
JZ1L184, 1.5 hour later they received AJM treatment for 9 minutes.

Herein, we provide evidence that the antihyperalgesic effect of AJM can
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be mediated by inhibition of degradation of the endocannabinoids, since
subeffective dose of URB937, a fatty acid amide hydrolase inhibitor,
combined with AJM prolonged for until 1.5 hour the antihyperalgesic
mobilization-induced on postoperative pain model. Additionally, to
confirm our hypothesis, the combination of subeffective dose the
monoacylglycerol lipase inhibitor with AJM also prolonged (2.5 hours)
the antihyperalgesia caused by AJM. Considering that endocannabinoid
(ECB) enzyme inhibitors partially increase the AEA and 2-AG levels in
tissue by inhibition of degradation of what is synthesized endogenously
(Roques et al., 2012), it is possible that the prolonged effect
antihyperalgesic of AJM by endocannabinoid (ECB) enzyme inhibitors
is dependent on the increase of the AEA or 2-AG levels induced by
AJM. Thus, we can speculate that prolonged effect observed might be
the result of the increase in the ECB levels induced by both ECB
enzyme inhibitors plus AJM treatment. While our approach cannot rule
out the involvement of other systems, these findings strongly suggest
that endocannabinoid are required for the antihyperalgesia induced by
AJM. Thus, we also could suggest that ECB enzyme inhibitors can be
used as an adjuvant to AJM treatment. The data from human subjects

are consistent with the current findings in this animal model. Taken



124

together, we hypothesize that joint mobilization produces a form of
analgesia mediated by endocannabinoid.
CONCLUSION

In summary, the present study suggests that activation of CBR central
(spinal) and CB;R peripheral (paw) appear contribute to the
antihyperalgesic effect of AJM on postoperative pain model.
Additionally, we suggested that AJM could exert its antihyperalgesic
effect via cannabimimetic mechanisms involving inhibition of
endocannabinoid degradation. Also, it would be relevant to assess via
biochemical analysis if AJM increases the endocannabinoid levels. The
lack of biochemical analysis may be a limitation of this study and should

be considered in future studies.

CONFLICT OF INTEREST STATEMENT

The authors declare that they have no conflict of interests.

ACKNOWLEDGMENTS
This work was supported by grants from Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq), Fundagdao de Apoio

a Pesquisa Cientifica Tecnologica do Estado de Santa Catarina



125

(FAPESC), and Coordenagao de Aperfeigoamento de Pessoal de Nivel

Superior (CAPES), Brazil.

REFERENCES

Agarwal N, Pacher P, Tegeder I, Amaya F, Constantin CE, Brenner GJ,
Rubino T, Michalski CW, Marsicano G, Monory K, Mackie K,
Marian C, Batkai S, Parolaro D, Fischer MJ, Reeh P, Kunos G,
Kress M, Lutz B, Woolf CJ, Kuner R (2007) Cannabinoids
mediate analgesia largely via peripheral type 1 cannabinoid
receptors in nociceptors. Nat Neurosci 10:870-879.

Alkaitis MS, Solorzano C, Landry RP, Piomelli D, DeLeo JA, Romero-
Sandoval EA (2010) Evidence for a role of endocannabinoids,
astrocytes and p38 phosphorylation in the resolution of
postoperative pain: PLoS One 28:5:¢10891.

Ameri A (1999) The effects of cannabinoids on the brain. Prog
Neurobiol 58:315-348.

Bambico FR, Katz N, Debonnel G, Gobbi G (2007) Cannabinoids elicit
antidepressant-like behavior and activate serotonergic neurons
through the medial prefrontal cortex. J Neurosci 27:11700-11711.

Beltramo M, Stella N, Calignano A, Lin SY, Makriyannis A, Piomelli D



126

(1997) Functional role of high-affinity anandamide transport, as
revealed by selective inhibition. Science 277:1094-1097.

Bobinski F, Martins DF, Bratti T, Mazzardo-Martins L, Winkelmann-
Duarte EC, Guglielmo LG, Santos AR (2011) Neuroprotective
and neuroregenerative effects of low-intensity aerobic exercise on
sciatic nerve crush injury in mice. Neuroscience 194:337-348.

Bortalanza LB, Ferreira J, Hess SC, Delle Monache F, Yunes RA,
Calixto JB (2002) Anti-allodynic action of the tormentic acid, a
triterpene isolated from plant, against neuropathic and
inflammatory persistent pain in mice. Eur J Pharmacol 25:203-
208.

Brennan TJ (2011) Pathophysiology of postoperative pain. Pain
152:S33-40.

Brennan TJ, Vandermeulen EP, Gebhart GF (1996) Characterization of
a rat model of incisional pain. Pain 64:493-501.

Buckley NE, Hansson S, Harta G, Mezey E (1998) Expression of the
CB1 and CB2 receptor messenger RNAs during embryonic
development in the rat. Neuroscience 82:1131-1149.

Calignano A, La Rana G, Piomelli D (2001) Antinociceptive activity of
the endogenous fatty acid amide, palmitylethanolamide. Eur J

Pharmacol 419:191-198.



127

Cano C, Goya P, Paez JA, Giron R, Sanchez E, Martin MI (2007)
Discovery of 1,1-dioxo-1,2,6-thiadiazine-5-carboxamide
derivatives as cannabinoid-like molecules with agonist and
antagonist activity. Bioorg Med Chem 15:7480-7493.

Childers SR, Fleming L, Konkoy C, Marckel D, Pacheco M, Sexton T,
Ward S (1992) Opioid and cannabinoid receptor inhibition of
adenylyl cyclase in brain. Ann N 'Y Acad Sci 654:33-51.

Clapper JR, Moreno-Sanz G, Russo R, Guijarro A, Vacondio F, Duranti
A, Tontini A, Sanchini S, Sciolino NR, Spradley JM, Hohmann
AG, Calignano A, Mor M, Tarzia G, Piomelli D (2010)
Anandamide suppresses pain initiation through a peripheral
endocannabinoid mechanism. Nat Neurosci 13:1265-1270.

Degenhardt BF, Darmani NA, Johnson JC, Towns LC, Rhodes DC,
Trinh C, McClanahan B, DiMarzo V (2007) Role of osteopathic
manipulative treatment in altering pain biomarkers: a pilot study.
J Am Osteopath Assoc. 107:387-400.

Facci L, Dal Toso R, Romanello S, Buriani A, Skaper SD, Leon A
(1995) Mast cells express a peripheral cannabinoid receptor with
differential sensitivity to anandamide and palmitoylethanolamide.

Proc Natl Acad Sci U S A 92:3376-3380.



128

Gu X, Mei F, Liu Y, Zhang R, Zhang J, Ma Z (2011) Intrathecal
administration of the cannabinoid 2 receptor agonist JWHO15 can
attenuate cancer pain and decrease mRNA expression of the 2B
subunit of N-methyl-D-aspartic acid. Anesth Analg 113:405-411.

Gutierrez T, Nackley AG, Neely MH, Freeman KG, Edwards GL,
Hohmann AG (2003) Effects of neurotoxic destruction of
descending  noradrenergic = pathways on  cannabinoid
antinociception in models of acute and tonic nociception. Brain
Res 987:176-185.

Hanus L, Breuer A, Tchilibon S, Shiloah S, Goldenberg D, Horowitz M,
Pertwee RG, Ross RA, Mechoulam R, Fride E (1999) HU-308: A
specific agonist for CB(2), a peripheral cannabinoid receptor.
Proc Natl Acad Sci U S A 96:14228-14233.

Hohmann AG, Farthing JN, Zvonok AM, Makriyannis A (2004)
Selective activation of cannabinoid CB2 receptors suppresses
hyperalgesia evoked by intradermal capsaicin. J Pharmacol Exp
Ther 308:446-453.

Hohmann AG, Suplita RL, Bolton NM, Neely MH, Fegley D, Mangieri
R, Krey JF, Walker JM, Holmes PV, Crystal JD, Duranti A,

Tontini A, Mor M, Tarzia G, Piomelli D (2005) An



129

endocannabinoid mechanism for stress-induced analgesia. Nature
435:1108-1112.

Hylden JL, Wilcox GL (1980) Intrathecal morphine in mice: a new
technique. Eur J Pharmacol 67:313-316.

Ibrahim MM, Deng H, Zvonok A, Cockayne DA, Kwan J, Mata HP,
Vanderah TW, Lai J, Porreca F, Makriyannis A, Malan TP (2003)
Activation of CB2 cannabinoid receptors by AM1241 inhibits
experimental neuropathic pain: pain inhibition by receptors not
present in the CNS. Proc Natl Acad Sci USA 100:10529-10533.

Ibrahim MM, Porreca F, Lai J, Albrecht PJ, Rice FL, Khodorova A,
Davar G, Makriyannis A, Vanderah TW, Mata HP, Malan TP Jr
(2005) CB2 cannabinoid receptor activation produces
antinociception by stimulating peripheral release of endogenous
opioids. Proc Natl Acad Sci U S A 102:3093-3098.

Khasabova A, Chandiramani A, Harding-Rose C, Simone DA, Seybold
VS (2011) Increasing 2-arachidonoyl glycerol signaling in the
periphery attenuates mechanical hyperalgesia in a model of bone
cancer pain. Pharmacol Res 64:60-67.

Kinsey SG, Long JZ, Cravatt BF, Lichtman AH (2010) Fatty acid

amide hydrolase and monoacylglycerol lipase inhibitors produce



130

anti-allodynic effects in mice through distinct cannabinoid
receptor mechanisms. J Pain 11:1420-1428.

LaBuda CJ, Koblish M, Little PJ (2005) Cannabinoid CB2 receptor
agonist activity in the hindpaw incision model of postoperative
pain. Eur J Pharmacol 19:172-174.

Lan R, Gatley J, Lu Q, Fan P, Fernando SR, Volkow ND, Pertwee R,
Makriyannis A (1999) Design and synthesis of the CB1 selective
cannabinoid antagonist AM281: a potential human SPECT
ligand. AAPS Pharm Sci 1:E4.

Malan TP Jr, Ibrahim MM, Vanderah TW, Makriyannis A, Porreca F
(2002) Inhibition of pain responses by activation of CB(2)
cannabinoid receptors. Chem Phys Lipids 121:191-200.

Martin WJ, Patrick SL, Coffin PO, Tsou K, Walker JM (1995) An
examination of the central sites of action of cannabinoid-induced
antinociception in the rat. Life Sci 56:2103-2109.

Martins DF, Mazzardo-Martins L, Gadotti VM, Nascimento FP, Lima
DA, Speckhann B, Favretto GA, Bobinski F, Cargnin-Ferreira E,
Bressan E, Dutra RC, Calixto JB, Santos AR (2011) Ankle joint
mobilization reduces axonotmesis-induced neuropathic pain and
glial activation in the spinal cord and enhances nerve regeneration

1n rats. Pain 152:2653-2661.



131

Martins DF, Bobinski F, Mazzardo-Martins L, Cidral-Filho FJ,
Nascimento FP, Gadotti VM, Santos AR (2012) Ankle Joint
Mobilization Decreases Hypersensitivity by Activation of
Peripheral Opioid Receptors in a Mouse Model of Postoperative
Pain. Pain Med 3:1049-1058.

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI (1990)
Structure of a cannabinoid receptor and functional expression of
the cloned cDNA. Nature 346:561-564.

McPartland JM (2008a) The endocannabinoid system: an osteopathic
perspective. ] Am Osteopath Assoc 108:586-600.

McPartland JM (2008b) Expression of the endocannabinoid system in
fibroblasts and myofascial tissues. J Bodywork Movement Ther
12:169-182.

McPartland JM, Giuffrida A, King J, Skinner E, Scotter J, Musty RE
(2005) Cannabimimetic effects of osteopathic manipulative
treatment. J] Am Osteopath Assoc 105:283-291.

Mechoulam R, Fride E, Di Marzo V (1998) Endocannabinoids. Eur J
Pharmacol 359:1-18.

Mendiguren A, Pineda J (2009) Effect of the CB(1) receptor antagonists
rimonabant and AM251 on the firing rate of dorsal raphe nucleus

neurons 1n rat brain slices. Br J Pharmacol 158:1579-1587.



132

Millan MJ (2002) Descending control of pain. Prog Neurobiol 66:355-
474.

Nackley AG, Makriyannis A, Hohmann AG (2003) Selective activation
of cannabinoid CB(2) receptors suppresses spinal fos protein
expression and pain behavior in a rat model of inflammation.
Neuroscience 119:747-757.

Pacher P, Batkai S, Kunos G (2006) The endocannabinoid system as an
emerging target of pharmacotherapy. Pharmacol Rev 58:389-462.

Pogatzki EM, Raja SN (2003) A mouse model of incisional pain.
Anesthesiology 99:1023-1027.

Robinson L, Goonawardena AV, Pertwee R, Hampson RE, Platt B,
Riedel G (2010) WIN 55,212-2 induced deficits in spatial
learning are mediated by cholinergic hypofunction. Behav Brain
Res 208:584-592.

Roques BP, Fournié-Zaluski MC, Wurm M (2012) Inhibiting the
breakdown of endogenous opioids and cannabinoids to alleviate
pain. Nat Rev Drug Discov 11:292-310.

Ross RA, Brockie HC, Stevenson LA, Murphy VL, Templeton F,
Makriyannis A, Pertwee RG (1999) Agonist-inverse agonist
characterization at CB1 and CB2 cannabinoid receptors of

L759633, L759656, and AM630. Br J Pharmacol 126:665-672.



133

Rousseaux C, Thuru X, Gelot A, Barnich N, Neut C, Dubuquoy L,
Dubuquoy C, Merour E, Geboes K, Chamaillard M, Ouwehand
A, Leyer G, Carcano D, Colombel JF, Ardid D, Desreumawx P
(2007) Lactobacillus acidophilus modulates intestinal pain and
induces opioid and cannabinoid receptors. Nat Med 13:35-37.

Seyrek M, Kahraman S, Deveci MS, Yesilyurt O, Dogrul A (2010)
Systemic cannabinoids produce CB1-mediated antinociception by
activation of descending serotonergic pathways that act upon
spinal 5-HT7 and 5-HT2A receptors. Eur J Pharmacol 649:183-
194.

Skyba DA, Radhakrishnan R, Rohlwing JJ, Wright A, Sluka KA (2003)
Joint manipulation reduces hyperalgesia by activation of
monoamine receptors but not opioid or GABA receptors in the
spinal cord. Pain 106:159-168.

Sluka KA, Wright A (2001) Knee joint mobilization reduces secondary
mechanical hyperalgesia induced by capsaicin injection into the
ankle joint. Eur J Pain 5:81-87.

Svizenska I, Dubovy P, Sulcova A (2008) Cannabinoid receptors 1 and
2 (CBI1 and CB2), their distribution, ligands and functional
involvement in nervous system structure-a short review.

Pharmacol Biochem Behav 90:501-511.



134

Vicenzino B, Collins D, Benson H, Wright A (1998) An investigation of
the interrelationship between manipulative therapy-induced
hypoalgesia and sympathoexcitation. J Manipulative Physiol Ther
21:448-453.

Walker JM and Hohmann AG (2005) Cannabinoid mechanisms of pain
suppression. In: Cannabinoids Handbook of Experimental
Pharmacology (Pertwee, RG, eds), pp 509-554. Berlin: Springer-
Verlag.

Whiteside GT, Gottshall SL, Boulet JM, Chaffer SM, Harrison JE,
Pearson MS, Turchin PI, Mark L, Garrison AE, Valenzano KJ
(2005) A role for cannabinoid receptors, but not endogenous
opioids, in the antinociceptive activity of the CB2- selective
agonist, GW405833. Eur J Pharmacol 528:65-72.

Zhang J, Hoffert C, Vu HK, Groblewski T, Ahmad S, O’Donnell D
(2003) Induction of CB2 receptor expression in the rat spinal cord
of neuropathic but not inflammatory chronic pain models. Eur J
Neurosci 17:2750-2754.

Zusman M, Edwards BC, Donaghy A (1989) Investigation of a proposed
mechanism for the relief of spinal pain with passive joint

movement. J Man Med 4:58-61.



135

Figures to Legends

A B
[] Vehicle (10 mL/kg, i.p.)
Hl AM281 (0.5 mg/kg, i.p.)

-{_U r 4
o g 80- i 80 -
@ ]
QO S
T 60 1 60 -
2 ﬁ 40' 40
gg
£ & 20- 20 -
2 ]
€ 9 0
Sham AJM AJM Vehicle AEA
(10 mL/kg, i.p.) (10 mg/kg, i.p.)
C D
[ Vehicle (5 pLl/i.t.)
B AM281 (2 uglit.)
2 100 100 1
“'; 4
= 2 801 80 -
& 2 el
2 T 60 60 -
B =]
5 9 40 40 -
£ s 1
2 20 20 -
2 ]
X 9 0
Sham AJM Vehicle AEA
(10 mL/kg, i.p.) (10 mg/kg, i.p.)
E F
[] Vehicle (20 uL/i.pl.)
B AM281 (10 ugli.pl.)
S 100+ 100 -
L & 80 80 -
O o
e 2 60 -
S g 60
& g 4o0- 40 -
o | o
= % 20- 20 A
13}
Sham AJM AJM Vehicle AEA

(10 mL/kg, i.p.) (10 mg/kg, i.p.)

Figure 1



136

Figure. 1. Evidence for the involvement of CB;R in the antihyperalgesia
caused by AJM or AEA treatments on mechanical hyperalgesia induced
by plantar incision (PI). Intratraperitoneal (A-B), intrathecal (panel, C-
D) and intraplantar (panel, E-F) pre-treatment with AM281 (CB;R
selective antagonist) on the antihyperalgesic effect of AJM and AEA (10
mg/kg, 1.p.) in mice. Black bars show the effects of AM281 antagonist
injected at ipsilateral location before the AJM or AEA treatments. Each
point represents the mean of 8§ animals and vertical lines show the
S.E.M. Statistical analyses were performed by one-way ANOVA
followed by Student-Newman-Keuls test. The symbols denote a
significant difference of ***P < 0.001 when compared with Sham AJM
+ vehicle (control) group or "p < 0.001 when compared with AJM +
vehicle or AEA + vehicle group. CB1: cannabinoid receptor 1; AJM:

ankle joint mobilization; AEA: anandamide.
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Figure. 2. Involvement of CB;,R in the antihyperalgesia caused by AJM
or WIN 55,212-2 treatments on mechanical hyperalgesia induced by
plantar incision (PI). Intratraperitoneal (panel A-B), intrathecal (panel,
C-D) and intraplantar (panel, E-F) pre-treatment with AM630 (CB;R
selective antagonist) on the antihyperalgesic effect of AJM or WIN
55,212-2 (1.5 mg/kg, i.p.) in mice. Black bars show the effects of
AMG630 antagonist injected at ipsilateral location before the AJM or
WIN 55,212-2 treatments. Each point represents the mean of 8 animals
and vertical lines show the S.E.M. Statistical analyses were performed
by one-way ANOVA followed by Student-Newman-Keuls test. The
symbols denote a significant difference of ***P < 0.001 when compared
with Sham AJM + vehicle (control) group or P <0.05 and ™P < 0.001
when compared with AJM + vehicle or WIN 55,212-2+ vehicle group.

AJM: ankle joint mobilization.
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Figure. 3. The URB937 attenuated plantar incision-induced mechanical
hyperalgesia (panel A) and prolongated the antihyperalgesia caused by
AIM (panel C). Panels C and D represent the areas under the curve of
panels A and B, respectively. Each point represents the mean of 8
animals and vertical lines show the S.E.M. Statistical analyses were
performed by two-way ANOVA followed by Bonferroni test (panel A
and C) and one-way ANOVA followed by Student Newman-Keuls test
(panel B and D). The symbols denote a significant difference of P <
0.001 when compared with Sham + vehicle group or *P < 0.05, **P <
0.01 and ***P < 0.001 when compared with PI + vehicle group. PI:
plantar incision; AJM: ankle joint mobilization; FAAH: fatty acid amide

hydrolase.
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Figure. 4. The JZL184 reduced plantar incision-induced mechanical
hyperalgesia (panel A) and prolongated the antihyperalgesia caused by
AIM (panel C). Panels C and D represent the areas under the curve of
panels A and B, respectively. Each point represents the mean of 8
animals and vertical lines show the S.E.M. Statistical analyses were
performed by two-way ANOVA followed by Bonferroni test (panel A
and C) and one-way ANOVA followed by Student Newman-Keuls test
(panel B and D). The symbols denote a significant difference of P <
0.001 when compared with Sham + vehicle group or ***P < (0.001 when
compared with PI + vehicle group. PI: plantar incision; AJM: ankle joint

mobilization; MAGL: monoacylglycerol lipase.
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algesia and motor perfurmance deficit were measured for 5weeks, After 5 weeks, we performed
morphalegical analysis and guantified the immuenmeactvity for (D1 0je and glal filbellary acidic
protein (GEAMY, markers of glial activation, in the lumbar spinal cord, Mechanical and thermal Lyperal-
gesia and wotor performance deficit were found in the Crush +Anesthesia (Anes) group (P < 0.001),
which was significantly decreased after AJM (P= 0.001). In the meorphological analysis, the Crush = Anes
group presented reduced myelin sheath thickness (P<0.05), but the AIM zroup presented enhanced
myelin sheath thickness [P<003). Peripheral nerve injury increased the immunoreactivity for
CD11b/c and CFAP in the spinal card (P 0.05), and A/M markedly reduced CD11b/c and GFAP immu-
noreactivity (PF<0.01). These results show that AJM in rats producas an antihyperalgesic effect and
peripheral nerve regeneration through the inhibition of glial activation in the dorsal horn of the spinal
cord. These findings sumgest new approaches for physical rehabilitation to protect from or reduce the
eftects of nerve injury.

@ 2011 International Association for the Study of Pain. Published by Lis

vier B.V. All rights reserved.

1. Introduction

113,31]. Additionally, changes in descending pain modulation con-
tribute to neuropathic symptoms [18,19). Joint mobilization has

Peripheral nerves are often exposed to physical injuries, includ-
ing nerve crush, entrapment with nerve compression, and trau-
matic ar iatrogenic neuratmesis [9,20], These injuries produce
long-lasting nauropathic pain and hypersensitivity that is particu-
larly prominent with mechanical and cold stimulation of the skin
|21]. These effecrs have been shown to invalve ghial activarion in
the spinal cord [13.31]. The nerve injury affects neuronal excitabil-
ity in the dorsal horn of the spinal cord partly by activation of glial
cells, which release neuratraphins and preinflammatory cytokines

+ (orresponcing auther at: Departamente de Ciéncias [isiclogicas, Universidade
Tederal de Santa Catarina, Marianfpalis, 3C ARN40-900, Grazil Tel: £35 48 3721
935220 +15% 48 3721 6A72.

Fomail nadress: aresanros@icrhufacqr (A RS Santos),

16/.pan.2011.08.014

long been used for pain relief [23-25], and the mechanism for
mobilization-related pain relief appears to involve descending
inhibitory mechanisms, an event thar is dependent on serotonin
and norepinephrine [23].

In addition, poor muscle and nerve functional recovery is siill a
serious clinical prohlem. Nerve crushing resulrs in muscle spindle
denervation and intrafusal fiber atrophy [2]. Following peripheral
nerve injury, the target muscle loses its weight and strength, the
number of fibrils is reduced, and intrafascicular fibrosis occurs
[17]. However, brain-derived neurotrophic factor [7], glial cell
line-derived neurotrophic factor [11], neurotrophin 3 [10], and
nerve growth factor [22] have heen shown to he synthesized in
skeletal muscle. Therefore, denervated target muscle tissue may

(SIE.00 2 2011 International Associarion for the Ssudy of Pain. Putlished by Flsevier LY, All rights reserved.
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be an important source for neurotrophic factors during sciatic
nerve regeneration [10].

Evidence shows that physical forces, such as passive stretching
or active contraction, may counteract various kinds of skeletal
muscle atrophy due to, for instance, muscle immobilization, path-
ophysiology, or denervation. Accordingly, active muscle contrac-
tion induced by functional electric stimulation helps reduce the
atrophic state of denervated muscle [26].

Based on the above evidence, we hypothesized that the ankle
joint mobilization would reduce neuropathic pain and enhance
motor functional recovery after peripheral nerve injury. In the cur-
rent study, we investigated the effects of joint mobilization after
sciatic nerve crush injury in an axonotmesis rat model, using
behavioral, morphological, and biochemical tests.

2. Materials and methods
2.1. Animals

Adult male Wistar rats (250-280 g) obtained from the Univer-
sidade Federal de Santa Catarina (Floriandpolis, SC, Brazil) were
used in this study. Animals were housed under a 12-hour light/
12-hour dark cycle (lights on at 6 am) in a room with controlled
temperature (22 = 2 *C), and given food and water ad libitum. Ani-
mals were habituated to the laboratory conditions for at least
1 hour before testing. Experiments were performed between
8 am and 6 pm. All experiments were approved by the Ethics Com-
mittee for Animal Research of the Universidade Federal de Santa
Catarina (Protocol No, PP00621) and were performed in accor-
dance with the current guidelines for the care of laboratory ani-
mals and the ethical guidelines for investigations of experimental
pain on conscious animals [34].

2.2, Sciatic nerve crush injury in rats

Surgical procedures were performed under deep anesthesia in-
duced by a premixed solution containing ketamine (80 mg/kg,
intraperitoneally [i.p.]) and xylazine (5 mg/kg, i.p.). After shaving
and preparing the skin with 10% povidone iodine, the right sciatic
nerve was exposed through a skin incision extending from the
greater trochanter to the mid thigh, distally followed by a muscle
divulsion, The sciatic nerve was exposed in the right thigh and
crushed 1 cm above its trifurcation to ensure good reproducibility
of the axonotmesis lesion. The sciatic nerve was crushed once for
30 seconds with 2-mm-wide forceps, as described in a previous re-
port, with minor modifications (smooth forceps) [2|. The sham-
operated group was subjected to the surgical procedures, although
the sciatic nerve was not crushed.

2.3. Ankle joint mobilization

After a 24-hours recovery period, ankle joint mobilization was
performed in lightly anesthetized rats. Anesthesia was induced
using 2% isoflurane in 100% oxygen; anesthesia was subsequently
maintained using 1% isoflurane. The rats were placed in the lat-
eral recumbent position and subjected to manual ankle joint
mobilization. Dorsal flexion and plantar flexion were realized un-
til the end range of motion. Three treatment sessions of 3 minutes
were performed with rest intervals of 30 seconds, according to a
previously reported dosage regime [25]. Ankle joint mobilization
was performed every other day, with 48 hours of rest between
each session. Treatment comprised 15 sessions. The control group
received the same duration of anesthesia but without mobiliza-
tion. The following groups were used: sham-operated group
(Sham group, n=8); sham-operated + anesthesia group (Sha-

m + Anes group, n = 8); sham-operated + ankle joint mobiliza
group (Sham+AJM group, n=8); crush-operated group (C
group, n=8); crush-operated + anesthesia group (Crush+/
group, n=8); crush-operated +ankle joint mobilization g1
(Crush + AJM group, n=8).

2.4. Behavioral tests

All behavioral testing was performed blinded with respec
group assignment, Mechanical and thermal hyperalgesia v
examined using the von Frey and acetone tests, respectively. M
functional recovery was performed using the sciatic functiona
dex and static sciatic index before surgery (0)and at 1,3, 7, 10
17, 21, 28, and 35 days after surgery (see Section 2.4.3.1).
assessments were made 24 hours after treatment.

2.4.1. Mechanical hyperalgesia

Mechanical thresholds of the right hind paw were asse
using von Frey filament. The withdrawal response frequenc
10 applications of 4-g von Frey filament, each 1 seconds in d
tion (VFH, Stoelting; Chicago, IL, USA), was measured as descr
previously [4]. This test was carried out with the rats confine
glass cylinders (20 cm diameter) and atop an elevated wire n
platform to allow access to the ventral surface of the hind p
The response to mechanical stimulation (the number of paw w
drawals) was recorded and expressed as a percentage of the w
drawal response [4].

2.4.2. Cold hyperalgesia

To assess hyperalgesia to cold stimulus, the acetone drop m
od with minor modifications was used. Briefly, a 50-uL dropl
acetone was applied to the ventral mid-plantar hind paw usi
micropipette. Behavioral responses within the first 20 secc
were scored as follows: (0) no response; (1) one rapid hind
flick/stamp; (2) 2 or more hind paw flicks/stamps; and (3) per
of flicking/stamping with licking of plantar hind paw. If no
sponse was observed within the initial 20 seconds, scoring
continued in the same way for another 20 seconds (if normal
respond at all, the response is of short latency, but hypersens
animals display a prolonged period of response episodes) [8]..
tone application was repeated 3 times for each hind paw, with
minutes interval between each application. For each rat, the sw
the 3 scores was then used for data analysis.

2.4.3. Walking track analysis using video recordings

To assess motor recovery, we used the mirror method ir
duced by Westerga and Gramsbergen [33]. Briefly, animals v
tested in a confined glass walkway with a length of 42 cm, w
of 8.2 cm, and height of 15 cm. A mirror was placed at an a
of 45° below the apparatus, and a darkened cage was conne
at the end of the corridor to attract the animals. The walking
tern was recorded with a video camera (Panasonic Camcorder
ital PV-GS19; Panasonic, Secaucus, NJ, USA) while the rat wa
through the glass runway. For analyzing the foot placings, 10 si
frames were used, 5 of each foot. This image was loaded in
computer using a frame grabber, as described previously [6]
evaluations of the motor functional recovery were made via di;
images, which were captured and analyzed using the image an
sis software Image Pro Plus software 6.0 (Media Cyberne
Bethesda, MD, USA).

24.3.1. Sciatic functional index (SFI) and static sciatic i
(S51). From the footprints, the following parameters were obtai
distance from the heel to the third toe, or print length (PL); dist:
from the first to the fifth toe, or toe spread (TS); and distance f
the second to the fourth toe, or intermediary toe spread (ITS).



146

D.F. Martins et al./ PAIN" 152 (2011) 2653-2661 2655

both dynamic (sciatic functional index [SFI]) and static assessment
(static sciatic index [SS1]), all measurements were taken from the
experimental (E) and normal (N) sides. The mean distances of 3
measurements were used to calculate the following factors
(dynamic and static), as described previously [5]: toe spread factor
(TSF) = (ETS—NTS)/NTS; intermediate toe spread factor (ITS-
F)=(EITS—NITS)/NITS: print length factor (PLF)=(EPL—-NPL)/NPL.
SF1 was calculated, as described previously [1], according to the fol-
lowing equation:

SFI = —38.3(JEPL — NPL]/NPL) - 109.5([ETS — NTS]/NTS)
+ 13.3([EIT - NIT]/NIT) - 8.8
= (~38.3 x PLF) + (109.5 x TSF) + (13.3 x ITSF) — 8.8.

Static foot placings were obtained during at least 4 occasional
rest periods. For the 551, only the parameters TS and ITS were mea-
sured, as described previously [1]:

SSI = (108.44 x TSF) + (31.85 x ITSF) — 5.49.

SF1 and S5l are standard methods for evaluating crush periphe-
ral nerve injury. The 5Fl is a tool that evaluates the degree of func-
tional loss (or recovery). It compares parameters from the normal
and experimental footprints by a mathematical formula. SF1 shows
a high correlation with functional recovery [1,5]. The S5l is another
way of assessing recovery of function after sciatic injury in animal
models. It uses the footprints, acquired when the animal is in a po-
sition and related to gait velocity.

Motor functional assessment by means of the SFl and 551 was con-
ducted as previously described [1,5]. Avalue of 0 corresponds to nor-
mal function (ie, both sides with the same functional status), and
—100 corresponds to a total functional impairment of one side [1,5].

2.5. Histology

On the 35th day post injury, after functional assessment, the
rats were deeply anesthetized with 15% chloral hydrate (0.5 g/kg,
i.p.). The distal portion of the right sciatic nerve was excised and
immediately immersed in a buffered fixative solution of zinc-for-
malin (1.6% zinc chloride, 4% formaldehyde, 20% calcium acetate)
for 24 hours. After fixation, the samples were placed in 5% potas-
sium dichromate for 5 days. Then they were put in running tap
water overnight to wash out all the dichromate before dehydrating
in graded concentrations of ethanol. All samples were embedded in
paraffin wax. Sections 5-pum thick were obtained, and the slides
were stained with Cason [28].

2.6. Morphological analysis

All morphological analysis was performed blinded with respect
to group assignment. Once stained, the slices were observed and
photographed under light microscopy. Five parameters were quan-
tified: (1) Degeneration debris (%). To reach this parameter, we
took a photo at 100= magnification. First, we calculated the total
area of the nerve; then we recognized areas of debris, connective
tissue, and myelinated fibers. The other parameters, (2) area of
connective tissue (%), (3) area of myelinated fibers (%), (4) density
of myelinated fibers/mm?, and (5) myelin sheath thickness {pum),
were measured in photographs at 1000= magnification. For myelin
sheath thickness, we chose a representative area where we could
count 10 whole myelinated axons. The histological examination
was restricted to endoneuro and the myelin sheath area. Fields
with folds or poorly preserved tissue components in histological
sections were excluded. Digital images were acquired using a light
microscope (Olympus, BX-41; Olympus America, Central Valley,
PA, USA) a digital camera (3.3 Mpixel QCOLOR3C, Qlmaging,
Surrey, BC, Canada) and image acquisition software (Qcapture

Pro 5.1, Qlmaging). Afterward, images were digitized (initially
1000= and further amplified 200 for analysis). The images were
captured by Image Pro Plus Software 6.0 (Media Cybernetics). In
each case, photomicrographs of 1600 = 1200 pixels were obtained
from noncoincident and consecutive fields.

2.7. Immunohistochemistry

We aimed to evaluate the immunoreactivity of specific markers,
glial fibrillary acidic protein (GFAP) and CD11b/c, as indicators of
astroglial and microglial activation, respectively. In this experi-
ment, a naive group was added. Thirty-five days after surgery, rats
were deeply anesthetized with 15% chloral hydrate (0.5 g/kg, i.p.)
(Vetec Quimica Fina LTDA, Rio de Janeiro, Brazil) and perfused
transcardially with cold phosphate-buffered saline (PBS: 0.1 M;
pH 7.4; 300 mL) followed by cold buffered paraformaldehyde
(4%; pH 7.4; 500 mL, Vetec Quimica Fina LTDA). The lumbar spinal
cord segments (L4-L5) were resected and cut into 12-pum cryosec-
tions with a cryostat (8 sections/animal). The sections were
washed with PBS (3 = 5 minutes) and incubated at room tempera-
ture in PBS containing 0.1% Triton X-100 for 30 minutes. To avoid
nonspecific labeling, slides were incubated at room temperature
for 1 hour in PBS containing 5% normal bovine serum and 1% bo-
vine serum albumin. Subsequently, sections were incubated over-
night at 4 *C with the primary antibodies: polyclonal rabbit anti-
GFAP (1:500; Dako Cytomation, Carpinteria, CA, USA) and mono-
clonal mouse anti-rat CD11b/c (1:200; lnvitrogen, Grand Island,
NY, USA). After incubation, the slides were washed with PBS
(3 = 5 minutes) and incubated at room temperature with second-
ary antibodies: Alexa Fluor 488 chicken anti-rabbit immunoglobu-
lin G (1:500; Invitrogen) and Alexa Fluor 546 goat anti-mouse
immunoglobulin G (1:500; Invitrogen), respectively. The antibod-
ies were diluted in PBS containing 2% normal bovine serum. Fol-
lowing the incubation, the slides were washed with PBS
(3 = 5 minutes). Coverslips were mounted in buffered glycerin
(pH 9) and visualized under fluorescence microscopy. To minimize
variability in staining, tissues from all treatment groups were run
in the same immunohistochemical session. A negative control
omitting the primary antibody was performed for all experiments.

2.7.1. Glial activation analysis

To quantify positive glial cells immunoreactivity in the ipsilat-
eral side of dorsal horn of the spinal cord, 3 sections per animal
were randomly selected and analyzed by experimenters blinded
as to the treatment groups. Three to five rats were included in each
group. ldentification of laminae areas was visualized by Hoechst
staining of cell nuclei. Images were captured with an epifluorescent
light microscope (Olympus, BX-41) equipped with adequate filters
for Fluorescein isothiocyanate (FITC) and Alexa Fluor 546 (U-
MWG2 and U-MWB2, Olympus), a digital camera (3.3 Mpixel
QCOLOR3C, QIlmaging), and image acquisition software (Qcapture
Pro 5.1, QImaging). From each sample, photomicrographs of
1600 = 1200 pixels of resolution were obtained from each animal.
The images were visualized under 10= magnification, captured in
a predefined region of interest in the lumbar dorsal horn {L4-15),
including laminae | and Il (superficial laminae). Image processing
and analysis were performed with the CHPTool 5.0 program as pre-
viously described [26]. The mean fluorescence intensity occupied
by the immunoreactive tissue was used as a descriptor for the mag-
nitude of astrocytes and microglial activation in immunolabeled
sections. [26]. We use a semiautomatic method for the identifica-
tion of immunohistochemical (IHC) staining in digitized samples.
Briefly, some typical positive stained regions on a sample image
were stained and used as a reference for the construction of a dis-
tance metric. In this analysis, the global optimum is obtained by
induction employing higher polynomial terms of the Mahalanobis
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distance, extracting nonlinear features of the IHC pattern distribu-
tions. A nonlinear color distance metric was used for the identifica-
tinn of spinal cord immunehistochemical staining [26]. This
method showed a high carrelation to a pathalogist's manual analy-
sis |26]). Measurements were performed by an experimenter who
was blind to the experimental group. The proposed appreach has
an accurate discrimination between stained and nonstained arcas
of the IHC patterns, avoiding the needing of threshold color plug-
ging commonly used on related approaches. Data are presented as
the mean + SEM of the GFAP- and CD11h/c-immunnoreactive mean
fluorescence intensities in arbitrary units.

2.8, Statistical analysis

Behavioral testing was compared using 2-way analysis of
variance for repeated measures, with Bonferroni multiple compar-
ison as the post hoc test. Histological and immunahistochemical
analysis were performed vsing one-way analysis of variance fol-
lowing Student-Newman-Keuls test. Results are presented as the
mean = SEM for each group. P < (L05 was considered significant.

3. Results

3.1. Effect of ankle joint mobilization on mechanical and cold
hyperaigesia in rats after sciatic nerve injury

Sciatic nerve crushi produced marked and long-lasting
mechanical and cold hyperalgesia. with behavioral abnormalities
still evident 17 and 45 days, respectively, after the injury com-
pared with baseline response (P< 00011 Relevantly, we found
that ankle joint mobilization treatment produced a significant
mechanical  antihyperalgesic effect on days 3 (P=<0.001), 7
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the Crush and Crush + Anes group (Fig. 1A). The results pres:
in Fig. 1C show thar the Crush + AJM group exhibited a dec
in cald hyperalgesia at day 3 (P<0.01) compared to the (
and Crush + Anes groups. Sham, Sham +Anes, and Sham
groups did not change mechanical or cold thresholds (Fi:
and D).

(P<0.001) 10 {P<0.001}, and 17 (P <0.05) when compared

3.2. Effect of ankle joint mobilization on motor functional recow
rats after sciatic nerve injury

There were no signs of functional impairment on the last ¢
the assessment period. The Crush and Crush + Anes groups
played an accelerated pattern during the entire assessment
as demonstrated by the SFIand 551 (Fig, 24 and C). In the {irst
post lesion, the animals with nerve injury showed the most
naunced loss of function, but recavered gradually after this
[n marked contrast, the Crush + AJM group showed a significa:
crease in motor performance when observed on days 7 (P<1
10 (P=<0.05), 14 (P<0.001), and 17 (P<0.01), measured
and on days 7 (P<0.05] and 17 (P < (.05, measured hy SSI,
pared with the Crush and Crush + Anes sroups (Fig. 2A an
Sham, Sham + Anes, and Sham + AJM groups did not change r
functional recovery [Fig. 2B and D).

3.3. Effect of ankle joint mobilization on morphological recovery
sciatic nerve in rars after sciatic nerve injury

The Crush and Crush + Anes groups showed a lower aw
myelin sheath thickness and percentage of myelinated fiber
campared to Sham group (P < .05, Figs. 3A, B and D and 4/
B. respectively). However, there was an increase in the percel
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Fig. 2. Effect of ankle joint mobilization on motor functional recovery. Sciatic functional index (SFI, A and B) and static sciatic index (5SI, C and D). Values represent the mean
of B animals; vertical lines indicate SEM. *P<0.05, **P<001, **P<0.001. Sham, sham-operated; Sham +Anes, sham-operated + anesthesia: Sham + AJM, sham-
operated + ankle joint mobilization; Crush, Crush-operated; Crush + Anes, Crush-operated + anesthesia; Crush + AJM, Crush-operated + ankle joint mobilization.

Fig. 3. ng:ht mlcrographs obtamed from regenerating sciatic nerves 5 weeks after nerve crush. Sections stained with Mason’s trichrome. Crush and Crush + anesthesia groups

(A and B), 1g the i e of l-di

thin myelin sheath fibers, increased endoneural connective tissue between the nerve fibers and the presence of

degeneration dEbTIS Erush +ankle joint mobilization group (C), showing the distal portion of regenerating nerves, and myelinated fibers appear similar to the Sham-

operated. Sham-operated, sham-operated + anesthesia and sham-operated + ankle joint mobilization (D, E and F, respectively ). Dd, d

Ct, connective tissue. Scale bar = 5 um.

of endoneural connective tissue area and the percentage of degen-
eration debris area when compared with the Sham group (P < 0.05,
Figs. 3A and B and 4C and D). Only the average myelin sheath
thickness of the Crush + AJM group was larger than in the Crush
and Crush + Anes groups (P < 0.05, Figs. 3A-C and 4A). Sham, Sha-
m+ Anes, and Sham + AJM groups did not change morphological
recovery (Fig. 3D, E, and F).

ion debris; Mf, myeli

d fiber:

3.4. Effect of ankle joint mobilization on GFAP and CD11b/c
immunoreactivity in the spinal cord of rats after sciatic nerve injury

Analyses of glial markers in spinal cord sections postsciatic
nerve crush demonstrate glial activation. Compared to naive rats,
at day 35 postsciatic nerve crush, in Crush (P<0.01) and Crush + -
Anes (P<0.001) groups, we observed an increased expression of
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Fig. 4. Effect of ankle joint mobilization on the morphological recovery of the sciatic nerve in rats after sciatic nerve injury. Morphometric quantitative assessment of my
sheath thickness (A}, area of myelinated fibers (B}, connective tissue {C), and degeneration debris (D) of regenerated sciatic nerve fibers at week 5 after axonotmesis, V:
represent the mean of 8 animals; vertical lines indicate SEM. "P < 0.05 vs Sham; "P <0.05 vs Crush-operated (determined by one-way analysis of variance followe
Student-Newman-Keuls test). §, sham-operated; S+ Anes, sham-operated + anesthesia; S + AJM, sham-operated + ankle joint mobilization; C, Crush-operated; C+ £
Crush-operated + anesthesia; C + AJM, Crush-operated + ankle joint mobilization.
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Fig. 5. Ankle joint mobilization inhibited the CD11b/c expression in the spinal cord of rats after sciatic nerve injury, The spinal lumbar cords (L4-L5) obtained ar the 35tF
after surgery from different experimental groups was processed for immunohistochemistry assays. Representative images of microglial activation (CD1
immunoreactivity in the spinal cord from naive, sham-operated (Sham), sham + anesthesia (Sham + Anes}, sham + ankle joint mobilization {Sham + AJM), crush (Cr
operated), crush + anesthesia (Crush + Anes), crush + ankle joint mobilization (Crush + AJM) were captured. Specifically, 8 alternate 12-um sections of dorsal horn of lw
spinal cord {3-5 mice per group) with an individual distance of 150 pm were obtained between L4 and L5 regions. Representative sections from 2 independent experim
are shown. Scale bar corresponds to 25 um and applies throughout.
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Fig. 6. Ankle joint maobilization suppressed the astrocytes acrivation in the spinal cord of rars after sciatic nerve injury. The spinal lumbar cords (14-15) obtained at the 35th
day after surgery from different experimental groups was processed for immunohistochemistry assays. Representative images of astroglial marker (glial fibrillary acidic
protein [GFAP]) y in the spinal cord from naive, sham-operated (Sham), sham + anesthesia {Sham + Anes), sham + ankle joint maobilization (Sham + A[M],
crush (Crush-oper dlUJ crush + anesthesia (Crush + Anes), crush + ankle joint mobilization {Crush + AJM) were obtained. Specifically, 8 alternate 12-um sections of dorsal
horn of lumbar spinal cord (3-5 e per group) with an individual distance of 15 1 were obtained between L4 and L5 regions. Representative sections from 2 independent
experiments are shown. Scale bar corresponds to 25 pm and applies throug
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Fig. 7. Effect of ankle joint mobilization on microglial and astroglial activation markers in the ¢ I
CD11bje (A} and glial fibrillary acidic protein (GFAP) (B) immunostaining in the spinal cord. Thirty-five days after surgery, specifically, 8 alternate 12-pum sections of the dorsa
horn of lumbar spinal cord were obtained b en L4 and L5 from naive group, naive, sham-operated (Sham), sham + anesthesia {Sham + Anes), sham + ankle joint
mobilization (Sham + AJM), crush [Crush-operated), crush + anesthesia {Crush + Anes), crush + ankle joint mobilizat: {Crush + AJM), and were analyzed for immunore-
activity of CD11b/c (A), and GFAP (B). Data are presented as mean + SEM of 3-5 mice/group and are representative of 2 independent experiments. The symt
levels of significance: "P < 0,05 and *"P < 0,001 vs naive and sham group; "P< 0,05 and =P < 0.01; 'P < 0,053 and "P < 0.01vs Crush-operated group and nons
way analysis of variance followed by Student-Newman-Keuls test),
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microglia {representative examples in Fig. 5} and of astrocytes
markers Crush (P <0.01) and Crush + Anes (P <0.01) [representa-
tive example in Fig. &) In comparing Crush=Anes groups to
Crush + AJM, we detected a significantly decreasad expression of
microglia and astrocytes markers. Quantified dara showed signifi-
cant differences in the expression of microglia and astrocytes
markers hetween Sham, Crush, Crush+Anes, and Crush + AJM
groups [P < 0.05; P<001; Fig. 7A and B, respectively). Sham, Sha-
m + Anes, and Sham + AJM groups did not change expression glial
cells markers (Fig, 7A and B).

4. Discussion

Stretch-related injuries sustained in motor vehicla accidents ac-
count for the most cormmon nerve trauma. Severa narve injury has
a shocking impact on patients’ quality of life [21]. Typical symp-
toms are sensory and motor function defects that could result in
complete paralysis of an affected limb or development of intracta-
ble neuropathic pain. Here, we examined the effect of ankle joint
maohilization on sciatic nerve injury, focusing on maror and sensory
{neuropathic pain) functional deficits induced by injury. A recent
report suggests that joint mobilization reduces hyperalgesia asso-
ciated with chronic muscle and joinr inflammation in rars [24].
However, whether joint mobilization can suppress neuropathic
pain and enhance nerve regeneration remains unknown.

The main results emerging from the present study are, to the
best of aur knowledge, the first evidence showing thar in vive sci-
atic nerve crush produced neuropathic pain (mechanical and cold
hyperalgesia), and ankle joint mobilization caused proncunced
and long-lasting analgesic effects. Furthermore, we found that
nerve injury induced activation of glial cells in dorsal horn neu-
rons. Qur data also show that the mechanisms responsible for an-
kle joint mobilization-mediated analgesic actions are primarily
associated with their ahility to prevent the acrivation of micraglial
and astroglial cells in dorsal horn of spinal cord of rats after sciatic
nerve crush-induced neuropathic persistent pain.

Astracytes and microglia (collectively referved o as glia) have
well-documentad roles in pain facilitation: they can modulate neu-
ronal synaptic function and neuronal excitability [14]. Altered
activity of primary sensory nociceprors is relevant ra rhe pain path-
way, leading to persistent neuropathic pain, The first pain-relevant
chemical signals to be identified at first-order synapses include glu-
tamate and substance P. In addition, chronic astrocytes activation
after nerve injury has been shawn to involve downregulation of
excitatory amine acid transporters, glutamace transporter 1 and
glutarnate-aspartate transporter, leading to a decrease in glutamate
uptake and an increase in excitatory synaptic rransmission [ 14].

It has been hypothesized that mobilization may activate
descending pain inhibitory systems, mediated supraspinally. Re-
cent animal studies shaw rhat the analgesia produced by joint
mohilization involves serotnnin and norepinephrine receptars in
the spinal cord, thereby supporting a role for descending pain
modulatory systems [23]. The spinal cord mechanisms by which
the descending norepinephrine and serotanin systems relieve pain
appear to involve the following: (1] direct hyperpolarization of
gelatinous substance neurons, (2) inhibition of glutamate release
fram the A& and C-afferent fihers, and {3) increase af -aminobu-
tyric acid and glycine release from interneurons [30]. Thus, points
1 and 2 seem to form a commeon underlying mechanism that leads
to decreased glutamate release in the spinal cord and therefore re-
duced glial activarion.

As shown in the present study (Fig. 1A], mechanical hyperalge-
sia was reduced by ankle joint mobilization treatment markedly
for ar least 17 days, whereas cold hyperalgesia was reduced anly
during the first 3 days (Fig. 1C), Our data confirm and largely

extend previous data, which demonstrated that joint mobilizatior
produces a specific hypoalgesic effect to mechanical but not tc
thermal pain stimuli [29]. Interestingly, these studies have showr
that mechanical hyperalgesia uses noradrenergic neurons, whereas
thermal antinociception occurs through serotonergic pathways
[12]. These pravious findings and the present results have lad tc
the hyporhesis that joint moehilization might selectively stimulare
a specific activation of endogenous descending pain inhibitory
systam.

Another interesting finding demonstrated in the present study
was that sciatic nerve crush caused motor performance deficit. The
most pronounced loss of motor function occurrad in the first day
post lesion and recovered gradually after this time. Moreover, the
present study is the first to demonstrate thar the ankle joint mabili-
zation accelerated nerve regeneration in rats after axonotmesis,

Available data indicate that the detrimental consequencas o
muscle disuse can he ameliorated by passive range of motion phys-
iotherapy [15]. Passive mobilization or stretches may increase
muscle protein synthesis, slow protein degradation in innervatec
muscle, stimulate reinnervation, refard denervation atrophy, in-
crease muscle tensian, and influence the pracess of healing in hone
cartilage, tendons, ligaments, and skin [15,16]. These findings wers
extended and confirmed by other authors, who demonstrated that
passive mobilization influences skeletal muscle and therefore func-
tional recovery. Additionally, rats with denervated soleus muscle
submitted to repetitive stretches [every 5seconds for 15 min-
utes/day) for 2 weeks exhihit reduced denervation-induced muscle
atrophy, as assessed by histochemical analysis (cross-sectiona
area of denervated soleus muscle fibers) [20]. Furthermore, Wat-
snn and coauthors demonstrated thar ankle passive range of mo-
tion physiotherapy for 2.5-minutes sessions each day conducrec
in rats with denervation of the ankle plantar flexors improves force
production in these muscles after 14 days of treatment [32].

A direct comparison of our study with others examining func-
tional recovery is not easy, mainly because previous reports quan-
tified the passive mobilization effect in other models. It it
important to note that these studies also demanstrated that ankle
joint mobilization reversed muscle atrophy and increased strength
but due to the limitations of the axperimental model, they did not
show the influence that passive mobilization exerts on nerve
regeneration. In this vegard, the present study markedly demon-
strates that passive joint mobilization (Crush + Anes vs Crush - -
AJM] accelerates the processes of sciatic nerve regeneration. as
assessed hy SF1, S81, and morphological analysis (enhanced myelir
sheath thickness).

Studies have shown that forces such as passive stretching anc
active cantraction may counteract various kinds of skeletal muscle
atraphy [27]. Moreover, there is evidence thar passive mechanica
stimulation of the sarcolemmic membrane may reduce muscle
atrophy. Stretch-activated channels (SACs) of the sarcolemm:
and the eytaskeleton permit a Ca®* inflaw rthar activates Ca®*
dependent signaling, SACs are exprassed in normal soleus muscle
and SAC currents are potentiated by muscle stretching [27]. These
facrs suggest that the effects reparted here are in agreement witl
the hypertrophy-inducing effects of exercise and with the effacts
of functional electrical stimulation in denervated humans [27). Ir
addition, hrain-derived neurotraphic factor [10], glial cell line-de-
rived neurntrophic factor [11], neuratrophin 3 [10], and nerve
growth factor [22] are synthesized in skeletal muscle. Therefore
denarvated target muscle tissue may be an important source fo
neurotraphic factors during sciatic nerve regeneration | 10]. Thus
these previous findings and the present results suggest that passive
joint mobilization stimulates skeletal muscle similarly to electrica
stimulation or active exercise that results in release of neurotio-
phie factors, which enhance functional recovery nerve recenera-
tion. Other studies should address the same question by
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analyzing neurotrophic factor expression in nerve and muscle
clarify the mechanism af the passive mohilization action. Further-
more, the precise mechanism for the enhanced nerve regencration
and reduction of neuropathic pain induced by axonotmesis after
pralonged periods of joint mabilization treatment needs further
elucidation.

In the present study, no difference in sensory and motor func-
tional recovery, morphalogical and immunehistochemical analysis
was found hetween Crush and Sham group, regardless of whether
or not it received isoflurane administration. Such results discard
the possible confoundad effect induced by anesthesia that could
be an interaction between anesthesia and ankle joint mobilization.

In summary, the prasent study demonstrates that sciatic nerve
crush produced mechanical and cold hyperalgesia, a motor perfor-
mance deficit, and ghial activation in the dorsal horn of the spinal
cord. Furthermore, we found that ankle joint mobilization sup-
prassed pain behavior and attenuated astroglial activation, as well
as accelerared motor functional recovery, This experimental study
an nerve regeneration suggests that joint mehilization can restare
motor and nerve function to a substantial degree when initiated at
the earliest possible postinjury stage, These findings could have di-
rect therapeutic applications for preserving function after periphe-
ral nerve injury and could provide a basis for new approaches to
treating nerve Liyjury.
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4 DISCUSSAO

A dor pos-operatéria aguda permanece como um significativo
problema médico. O paciente pos cirurgico apresenta dor pds-operatoria
clinicamente significativa, mesmo quando ¢ realizada a combina¢do da
administracdo de drogas opidides e nado-opidides ou administracao de
narcoticos parenterais (APFELBAUM et al., 2003). A dor ao repouso ¢
geralmente de moderada a média e no escore da escala de dor andloga
visual (VAS) ¢ de 3 a 4 nos primeiros 3 dias apos a cirurgia, sendo 10
pontos o maximo desta escala (MOINICHE et al., 1997). Geralmente, a
dor no repouso persiste somente na primeira semana apos a cirurgia. A
dor durante as atividades tais como: andar ou tossir, ¢ mais severa
durante os primeiros 3 dias, apresentando escore entre 7 a 8 na VAS
(SINGELYN et al., 1998).

A aplicacao de movimentos passivos nas articulagdes para o
tratamento da dor ¢ uma pratica muito antiga de terapia manual. Embora
a mobilizacdo vertebral e periférica continua sendo amplamente aplicada
na pratica clinica, ha poucos dados experimentais fundamentando sua
eficacia na redugcdo da dor ou na melhora da fungdo. Varios ensaios
clinicos randomizados sobre manipulacdo da coluna vertebral e técnicas
de MA foram documentados, permitindo a realizacdo de revisdes
sistematicas ¢ meta-andlises (AKER et al., 1996; HURWITZ et al.,
1996). Os primeiros estudos sugerem efeitos benéficos da manipulagao
da coluna vertebral ou MA na dor, flexibilidade, ¢ melhora da aptidao
fisica, no entanto, esses efeitos perduram por curto periodo de tempo
(OTTENBACHER et al., 1985). O uso da manipulagio ¢ MA no

tratamento da dor cervical também foi investigado através de revisoes
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sistematicas ¢ meta-analises (AKER et al., 1996; HURWITZ ¢t al.,
1996). De acordo com uma destas revisoes, Hurwitz et al. (1996)
concluiram que os efeitos de ambas, tanto da manipulagdo quanto da
MA, apresentam curta duragdo no tratamento da dor aguda e subaguda
na regido cervical. Eles também concluiram que estas técnicas de terapia

manual sdo benéficas no tratamento de cefaléia tensional.

4.1 MAT REDUZ DOR POS-OPERATORIA

Os resultados do presente estudo corroboram com os achados
clinicos supra citados, pois, verificou-se que o tratamento com a MAT
nos camundongos apresenta efetividade por um curto periodo de tempo,
muito similar ao que ¢ encontrado nos estudos clinicos. Deste modo,
enfatiza-se que o modelo de MAT experimental utilizado apresenta
grande relevancia, traduzindo na bancada experimental os eventos que
sdo observados na pratica clinica, validando o presente modelo.

De acordo com nosso conhecimento, o primeiro estudo pré-
clinico a reportar o uso da MA no tratamento da dor foi realizado por
Sluka e Wright (2001). Os pesquisadores utilizaram a MA do joelho no
tratamento da dor causada por inje¢do intra-articular de capsaicina no
tornozelo de ratos. Os autores observaram que somente as mobilizagdes
realizadas por 9 ou 15 minutos, mas nao 3 minutos, aumentam o limiar
de resposta (mecanico) por até 30 minutos apds o tratamento. Assim os
autores concluiram que a MA do joelho (9 ou 15 minutos de duracdo)
produz uma significativa redugdo da hiperalgesia mecanica. O segundo
trabalho do mesmo grupo foi um pouco mais além, pois analisou os

mecanismos neurofisiologicos espinais da MA. Utilizando os mesmos
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modelos de dor (capsaicina intra-articular) ¢ MA (joelho) os autores
demonstraram que o bloqueio dos receptores (a)2-adrenérgico ou 5-
HT,;, com metisergida ou com NAN-190, previnem o efeito
antithiperalgésico da MA. Com base nestes resultados os autores
sugerem que a antihiperalgesia produzida pela MA envolve mecanismos
inibitérios da dor descendentes que utilizam serotonina e noradrenalina
(SKYBA et al., 2003). Na publicacdo mais recente deste mesmo grupo
sobre o tema, os autores avaliaram o efeito da MA do joelho na
hiperalgesia associada com inflamagdo articular e muscular cronica em
ratos. Em animais com inflamacao cronica, a MA do joelho reduziu a
hiperalgesia bilateral quando realizada na 1°, 2° e 4° semanas apos a
indu¢ao da inflamacdo. No entanto, nos animais com inflamacao
articular, a MA do joelho diminuiu a hiperalgesia somente na 4° semana
ap6s a indug¢do da inflamagdo articular. Portanto, os autores
demonstraram que a MA do joelho reduz a hiperalgesia bilateral
induzida pela inflama¢do muscular e articular cronica (SLUKA et al.,
2006).

Os estudos citados acima serviram como base para os
parametros utilizados no presente estudo. Semelhante aos tempos
adotados pelo estudo de Sluka e Wright (2001), no presente estudo
observou-se que a MAT também reduziu a hiperalgesia mecénica
quando realizada por 9 minutos, mas nao quando realizada por 3
minutos. Além disso, estes resultados estendem os dados da literatura
por demonstrar que a MAT também produz efeito antihiperalgésico no

modelo de dor pds-operatoria.
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4.2 MECANISMOS NEUROFISIOLOGICOS DA MAT

4.2.1 Envolvimento do sistema opioidérgico

Estudos foram realizados para avaliar uma variedade de
tratamentos manuais sobre os niveis de beta-endorfinas (BE), um tipo de
opidide enddgeno. Assim, os trabalhos de Kaada e Torsteinbo (1989) e
Vernon et al. (1986) demonstraram uma correlagdo positiva entre
tratamentos manuais ¢ aumento nos niveis de BE (massagem do tecido
conectivo e manipulagdo espinal). No entanto, outros pesquisadores nao
encontraram tal correlacio (SANDERS et al., 1990; SOUVLIS;
WRIGHT, 1997). Isto pode ocorrer em relacdo as varidveis
metodoldgicas, pequeno nimero amostral, que levaram aos resultados
inconsistentes destes estudos. Assim, conclusoes soélidas sobre a
elevacdo dos niveis de BE pelos tratamentos manuais, ndo podem ser
tiradas destes estudos e devem ser investigada adequedamente
(DEGENHARDT et al., 2007). Por outro lado, foi descrito que o efeito
produzido com o movimento articular passivo, ¢ inadequadamente
explicado pela teoria da comporta da dor e pode ser capaz de ativar o
sistema opioidérgico (ZUSMAN; EDWARDS; DONAGHY, 1989).

Primeiramente ¢ preciso ter em mente que as TTMs englobam
procedimentos, tais como: manipulacdes ou mobilizagdes da coluna
vertebral, mobilizacdes do sistema nervoso ou muscular, conceito
Mulligan (mobilizagdo com movimento ativo), mobilizagdes das
articulagdes periféricas (tema do presente estudo), dentre outras. A
maioria das pesquisas que procuram demonstrar os efeitos

neurofisioldgicos da terapia manual se concentram em técnicas na
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coluna vertebral, sugerindo que a analgesia induzida pela mobilizagao
ndo envolve a liberagdo de opidides endogenos (WRIGHT, 1995). Esta
afirmacao surgiu de estudos em humanos que mostraram que a analgesia
induzida por TTM (manipulacio da coluna vertebral) nao foi
antagonizada pela administracio de naloxona (VICENZINO et al.,
2000), nao produziu tolerancia (SOUVLIS; WRIGHT, 1997) e ocorreu
sem mudancas nos niveis plasmaticos de endorfinas (SANDERS et al.,
1990). E importante ressaltar que, até o presente momento, nio ha
estudos na literatura realizados com técnicas de mobilizagdo articular
periférica passiva, sendo todos os estudos supracitados realizados com
técnicas de mobilizacdo ou manipulacdo da coluna vertebral ou técnicas
de mobilizagdo com movimento, sendo assim impossivel compara-los
com o presente estudo.

No entanto, o trabalho de Skyba et al. (2003), mencionado
anteriormente, analisou o efeito da administragdo de naloxona espinal
para verificar a contribuicdo dos receptores opidides espinais na
antihiperalgesia produzida pela MA do joelho. Os autores ndo
observaram diferenca no limiar mecanico destes animais sugerindo que
os receptores opidides ndo participam deste efeito. Com base neste
estudo e na literatura que apodia a hipotese opioidérgica como
mecanismo neurofisioldgico da TM, a primeira tentativa foi de verificar
um possivel papel do sistema opioidérgico no efeito antihiperalgésico da
MAT através da administracao sist€émica de naloxona, antagonista nao
seletivo dos receptores opidides. Assim, foi observado que a naloxona
previne completamente o efeito antihiperalgésico da MAT em
camundongos submetidos a dor pds-operatoria aguda, corroborando a

hipotese de que opiodides endogenos podem mediar o efeito
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antihiperalgésico da MAT. No entanto, ¢ importante salientar que a
resposta contrastante entre os resultados demonstrados por Skyba et al.
(2003) e os obtidos no presente estudo poderia ser resultante do sitio de
acdo. Para sanar esta duavida, a naloxona foi administrada
perifericamente (local) na pata dos animais como uma forma de verificar
especificamente o papel dos receptores opiodides periféricos sobre o
efeito antihiperalgésico da MAT. Nota-se que o efeito antihiperalgésico
da MAT foi completamente prevenido pela injecao de naloxona na pata.
Assim, os resultados do presente estudo sugerem que o efeito observado
pela administracao sistémica de naloxona ¢ devido a sua agao periférica.
A figura 11 apresenta um resumo esquematico dos mecanismos de acao
neurofisiologicos da MA, e seus respectivos sitios de acdo, com a

compilagao de trabalhos prévios e os resultados do presente estudo.
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Figura 11 - Compilagdo dos mecanismos neurofisioldogicos da MA

estudados até o momento.
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Fonte: Elaboracao dos autores, 2013.

A figura demonstra que de acordo trabalhos prévios e os dados do presente estudo
(publicados ou submetidos para publicacdo) a MA pode ativar os receptores CB,
(azul), opidides (preto) e/ou A; (verde) perifericamente (pata) ou os recepores CB;
e/ou A; centralmente (espinal). Além disso, mostra que a MA pode ativar vias
inibitorias da dor descendentes (flechas vermelhas).

Com base na constatacdo do envolvimento dos receptores
opidides periféricos no efeito antihiperalgésico da MAT, a pergunta
seguinte foi pautada na origem deste efeito, ou melhor, destes opidides
periféricos. Examinados os alvos farmacologicos tradicionais, tentou-se
elaborar uma hipodtese de trabalho que fosse plausivel o suficiente para
ser testada. Encontrou-se na literatura que células imunes contendo

opidides migram preferencialmente para locais inflamados, onde
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liberam B-endorfinas que ativam receptores opiodides periféricos inibindo
a dor (STEIN, 1995), sendo assim, os leucocitos sdo importante fonte
de opidides endogenos locais (MACHELSKA et al., 1998). Neste
sentido, foi demonstrado que o polissacarideo fucoidina possui a
capacidade de ligar-se potentemente as selectinas bloqueando o
rolamento dos leucocitos, levando a uma reducdo no actimulo dos
mesmos no sitio inflamatério (STEIN, 1995). No entanto, os resultados
dos experimentos desenhados para testar esta hipdtese demonstraram
que a fucoidina ndo altera o efeito antihiperalgésico da MAT, refutando
a hipotese de que a MAT poderia de alguma forma aumentar os niveis
locais de opioides através dos leucdcitos. Desta forma, outras
explicagdes para o efeito periférico da MAT seriam: 1) outras células
inflamatérias como fontes de opidides enddégenos locais; ou 2) a
disponibilidade de receptores opidides nas terminagdes periféricas das
fibras aferentes primdarias. No entanto, estas hipdteses ainda precisam

ser investigadas em estudos futuros.

4.2.2 Envolvimento do sistema adenosinérgico

A adenosina regula a transmissdo da dor na periferia e na
medula espinal, e varios agentes podem alterar a disponibilidade
extracelular de adenosina e subsequentemente modular a transmissao da
dor, particularmente pela ativacdo dos receptores adenosinérgicos do
tipo A; (SAWYNOK, 1998; SAWYNOK; LIU, 2003).

Goldman et al. (2010) recentemente demonstraram o papel da
ativacdo dos receptores adenosinérgicos periféricos no efeito

antinociceptivo da acupuntura. Os autores hipotetizaram que tratamentos
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ndo alopaticos da dor, tais como: quiropraxia e/ou massagem,
modalidades que envolvem mobilizagdes das articulagdes ou musculos,
poderiam também ter seus efeitos associados com um efluxo de ATP
citosolico suficiente para elevar os niveis de adenosina extracelular. A
adenosina, assim, seria outro candidato a mediador endogeno dos efeitos
antihiperalgésico da MAT. Para testar a hipotese de que a adenosina
poderia mediar os efeitos da MAT, inicialmente verificamos o efeito da
cafeina nos trés principais sitios de modula¢ao adenosinérgica (i.p., 1.t. €
1.pl.), com o intuito de analisar o possivel envolvimento dos receptores
A1 e Apa neste efeito. Os resultados do presente estudo demonstraram
que a cafeina previne o efeito antihiperalgésico da MAT em todos os
sitios testados. Do ponto de vista de importancia clinica, a interpretagao
destes resultados sugere que o consumo de cafeina deve ser evitado para
nao comprometer a eficicia da MAT. A partir desta informacao,
voltaram-se as atengdes aos receptores Aj, os quais sao os subtipos de
receptores com agao antinociceptiva mais bem caracterizados, tanto na
periféria quanto na medula espinal (SAWYNOK; LUI, 2003). Desta
forma, ¢ importante verificar diretamente o papel especifico dos
receptores Aj, tanto em sitio periférico, quanto espinais, nesta
antihiperalgesia produzida pela MAT. Por isso testou-se os efeitos da
administracdo de DPCPX na pata ou na medula espinal. Observa-se que
o pré-tratamento dos animais com DPCPX previne o efeito
antihiperalgésico da MAT. Seguindo esta linha de raciocinio e com estes
experimentos sugere-se que a prevencdo do efeito antihiperalgésico da
MAT pela cafeina ¢ resultante do bloqueio periférico e espinal dos

receptores Aj.
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4.2.3 Envolvimento do sistema endocanabinodide

Tem sido demonstrado que endocanabindides como a AEA ¢ o
2-AG produzem acdo antinociceptiva em modelos pré-clinicos de dor,
incluindo dores agudas, inflamatérias e neuropaticas (DOGRUL et al.,
2002 GUNDUZ et al., 2011; HOHMANN; SUPLITA, 2006). Além
disso, os efeitos analgésicos dos canabindides também foram
observados em humanos saudaveis e pacientes com dores (HOSKING;
ZAJICEK, 2008). No presente estudo, foi verificado também a
relevancia do sistema endocanabinodide no controle da dor pods-
operatoria, uma vez os agonistas AEA e WIN (agonistas dos RsCB; e
RsCB,) inibem significativamente a hiperalgesia mecanica induzida pela
incisao plantar.

Recentemente foram encontradas mudangas nos niveis
sanguineos de endocanabindides em pacientes submetidos a terapia
manual (MCPARTLAND et al., 2005). Para explorar a contribui¢ao
especifica dos subtipos de RsCB; em diferentes sitios de modulacdo da
dor, o antagonista seletivo para o RCB; (AM281) foi administrado pelas
vias 1.p., i.t. ou i.pl. Os resultados do presente estudo suportam a
hipotese de que o efeito antihiperalgésico da MAT ¢ mediado por RCB,
e ocorre predominantemente a nivel central. Assim, especula-se que a
ativagdo do RCB; no SNC possa contribuir para os efeitos observados
no trabalho de McPartland et al. (2005).

A demonstracido de que o efeito antihiperalgésico da
administracdo sistémica de canabindides ¢ significativamente diminuido
seguido a lesdo cirurgica do funiculo dorsolateral fornece evidéncias que

sitios supra-espinais e vias modulatorias da dor descendentes
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desempenham papéis cruciais na analgesia dependente de canabindide
(LICHTMAN; MARTIN, 1991; SEYREK et al.,, 2010). O principal
papel da PAG na analgesia induzida por canabidides ¢ também
suportada pelo aumento na liberagdo de AEA e 2-AG na PAG apds
estimulos nocivos tais como: injecdo intraplantar de formalina ou
modelos de lesdo nervosa periférica (FIELDS; BASBAUM,;
HEINRICHER, 2006). Além disso, foi observado um aumento nos
niveis de AEA e 2-AG no bulbo ventrorostral (RVM) na constricdao
cronica do nervo isquidtico de ratos sugerindo que o sistema
endocanabindide pode ser cronicamente ativado como um mecanismo
adaptativo, cujo objetivo, seria se contrapor a transmissdo da dor
neuropatica (PALAZZO et al., 2006). A PAG ¢ uma estrutura chave da
via descendente inibitoria da dor, a qual estabelece um circuito principal
e importante com o RVM (WILDER-SMITH, 2011). O RVM ¢
considerado a principal estagdo relay de muitas regidoes encefélicas
envolvidas na modula¢ao da dor descendente (GEBHART, 2004).

Por outro lado, LaBuda et al. (2005) demonstraram que
agonistas seletivos para o RCB; produzem efeito antihiperalgésico no
modelo da dor pos-operatéria em ratos. Em 2007, Romero-Sandoval e
Eisenach mostraram que ativacido de RCB; leva a reducdo da
hiperalgesia mecanica e que este efeito ¢ mediado pela reducdo da
ativacdo de células microgliais localizadas na medula espinal de ratos.
Com o intuito de investigar a hipdtese de que o RCB; pudesse também
mediar o efeito da MAT em diferentes sitios de modulacao da dor, o
seletivo antagonista para o RCB,; (AM630) foi também administrado
pelas vias 1.p., i.t. ou 1.pl. Os resultados destes experimentos revelam

que a administragdo do AM630 previne o efeito antihiperalgésico da
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MAT quando administrado por via i.p. ou i.pl., mas ndo por via i.t.,
suportando a hipotese de que o efeito antihiperalgésico da MAT ¢
mediado por RCB; e que tal mediagdo ¢ predominantemente periférica.
Estes achados corroboram com varios trabalhos na literatura que
sugerem uma maior expressao dos RCB; na periferia e com seu
importante papel na antinocicep¢do (IBRAHIM et al., 2005; ZHU et al.,
2009; KHASABOVA et al., 2011).

Apos a caracterizagdo do envolvimento dos RsCBs no efeito
antihiperalgésico da MAT e seus respectivos sitios de a¢do, a proxima
questdo a ser respondida estava pautada nos ligantes endogenos dos
RsCBs. Assim direcionaram-se as atencdes aos 2 principais
endocanabindides: a AEA e o 2-AG. O endocanabindide AEA ¢
considerado um agonista parcial RCB{/RCB,, enquanto que o 2-AG ¢
agonista total do RCB/RCB; induzindo resposta maxima (ABOOD, et
al., 1997; BISOGNO, et al., 2006). Primeiramente, encontrou-se que 0s
inibidores das enzimas FAAH e MAGL, que degradam a AEA e o 2-
AG, respectivamente, apresentam significantivo efeito antihiperalgésico
no modelo de dor pds-operatoria. Assim, o passo seguinte foi utilizar
uma dose subefetiva de cada um dos inibidores associadas a MAT.
Encontrou-se que tanto o inibidor da FAAH quanto o inibidor da MAGL
potencializam o efeito da MAT, sugerindo que a MAT provavelmente
libera AEA e 2-AG e consequentemente ativa os RCBs.

Um esquema final dos sistemas enddgenos de controle da dor
que contribuem para o efeito antihiperalgésico da MAT demonstrados

no presente estudo ¢ ilustrado na figura 12.
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Figura 12 - Sistemas endogenos de controle da dor que

contribuem para o efeito antihiperalgésico da MAT.

Mobilizacao Articular

‘Sistema Nervo!

SNC (medula)

SNP (pata)

Microglia e

oo istem vali
Aebocito Sistemas avaliac

Canabindide Opioidérgico Adenosinérgico

Fonte: Elaboracao dos autores, 2013.
A figura apresenta um esquema final dos sistemas endogenos de controle da dor que
contribuem para o efeito antihiperalgésico da MAT, verificados no presente estudo.

4.3 INTERACOES ENTRE OS SISTEMAS ENDOGENOS QUE
MEDEIAM O EFEITO DA MAT

Um fendmeno que nos chamou a atencao foi o fato de que a
realizacdo da MAT ou a administracdo sist€émica de morfina (agonista
opidide-n), adenosina (agonista A; e Ajs), ou clonidina (agonista-ay)
produziram consistente efeito antihiperalgésico. Além disso, encontrou-
se que estes efeitos antihiperalgésicos sdo completamente prevenido

pela pré-administragao por via i.pl. de naloxona (antagonista opidide-w),
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DPCPX (antagonista-A) ou por via i.p. de ioimbina (antagonista-c,),
respectivamente. Intrigantemente, a pré-administragdao i.pl. e i.p. de
naloxona ou cafeina (antagonista A; e Aza), 1.pl. de DPCPX ou 1.p. de
1oimbina preveniram completamente o efeito antihiperalgésico da MAT.
Uma das explicagdes para o fato que tais antagonistas tenham prevenido
completamente este efeito pode estar no trabalho de Aley e Levine
(1997).

O trabalho publicado pelo grupo do professor Jon Levine
propds a existéncia de um complexo de trés receptores envolvidos na
antinocicep¢do periférica (ALEY; LEVINE, 1997). Os autores
encontraram  que  agonistas  (opidide-u, adrenérgico-o;  ou
adenosinérgico-A;) podem ndo agir independentemente para produzir
antinocicep¢ao, mas podem requerer a presen¢a fisica de outros
receptores para levar a antinocicep¢ao por qualquer agonista. Esta
afirmacao foi sugerida pelos achados de que a antinocicep¢do induzida
pela clonidina foi bloqueada nao somente pela ioimbina (antagonista-
o), mas também pelo PACPX (antagonista-A;) e pela naloxona
(antagonista opidide-u), e que a antinocicep¢do do DAMGO (agonista
opidide-u) e do CPA (agonista adenosinérgico-A;) foram bloqueadas
nao somente pela naloxona e PACPX (antagonista-A ), respectivamente,
mas também pela ioimbina (antagonista-o;). Para testar a hipotese de
que a presenca fisica do receptor opioide-u € requerida ndo somente
para antinocicep¢ao w mas também oy, antisenses
oligodeoxinucleotideos para o receptor opidide-u (AS-ODN opidide-u)
e receptor adrenérgico apc (AS-ODN adrenérgico opc) foram
administrados intratecalmente para reduzir a expressao destes receptores

nos neurdnios aferentes primarios, neste estudo de Aley e Levine
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(1999). Estes experimentos demonstraram que a administracdo de AS-
ODN opidide-u ndo somente diminui a antinocicep¢do opidide-u mas
também o,; mas ndo afeta a antinocicep¢cdo A;. Ao contrario, o AS-
ODN adrenérgico a,c diminuiu a antinocicepc¢do induzida por todos as
trés classes de agonistas.

Assim, acredita-se que cada vez que um antagonista destes
receptores ¢ administrado a formagao deste complexo de receptores fica
prejudicada, refletindo diretamente na redugdo da antinocicepcao
induzida pelo mesmo. Estes dados também fornecem evidéncias para
sugerir que a MAT pode induzir a liberacao de opidides e adenosina na
periferia, conforme ilustrado na figura 11.

Skyba et al. (2003) demonstraram que a MA ativa vias
inibitorias da dor descendentes que ativam receptores serotonérgicos ¢
noradrenérgicos na medula espinal. Corroborando com estes resultados
e estendendo a outro modelo pré-clinico de dor, o presente trabalho
mostra que o pré-tratamento i1.p. dos animais com PCPA (um inibidor da
sintese de serotonina) ou com ioimbina (como j4 mencionado acima)
também previnem o efeito antihiperalgésico da MAT. Interessante ¢ o
fato que também evidencia-se no presente estudo, de que a pré-
administracdo 1i.t. de cafeina ou DPCPX previnem o efeito
antihiperalgésico da MAT. Neste sentido, tem sido demonstrado que a
serotonina (5-HT) pode liberar adenosina de sinaptossomas da medula
espinal in vitro e in vivo, esta liberacao ¢ dependente de Ca™", originada
de nucleotideo (AMPc), e de neurdnios sensiveis a capsaicina
(SWEENEY; WHITE; SAWYNOK, 1990, SAWINOK; LIU, 2003).
Além disso, esta liberacdo ¢ mediada por receptor, pois € bloqueada pela

administracdo de metilsergida (antagonista dos receptores 5-HT; e 5-
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HT;). Em estudos comportamentais a administragao i.t. de metilxantinas
(antagonista adenosinérgico) inibe a analgesia induzida pela
administracao i.t. de 5-HT (DELANDER; HOPKINS, 1987).

Sweeney et al. (1989) mostraram que a norepinefrina (NE)
também induz a liberagdo de adenosina de ambas partes anterior e
posterior da medula espinal em iguais proporgoes, e esta liberacdo difere
da liberagdo induzida pela morfina ou 5-HT. Tal liberacdo ¢ mediada
pelo receptor o, e € dependente de Ca®. A proeminente liberacdo na
medula espinal anterior e posterior indica que a NE pode liberar
adenosina de multiplos sitios, talvez refletindo agdes sobre estruturas
profundas dentro da medula espinal regulando atividade motora e
simpatica (SAWINOK; LIU, 2003). Corroborando com estes achados, o
estudo de Gomes et al. (1999) mostrou que o efeito antihiperalgésico da
adenosina administrada i.t. € bloqueado pelo antagonista do receptor a,
e pela destruigdo dos terminais nervosos espinais noradrenérgicos. Além
disso, no mesmo estudo os autores constataram que a perfusdo das fatias
da medula espinal com um agonista adenosinérgico aumenta de maneira
dose dependente a liberagdo espinal de noradrenalina.

Os dados do presente estudo demonstram que a naloxona e a
cafeina, ambas administradas sistémica ou perifericamente, previnem o
efeito antihiperalgésico da MAT e fortemente sugerem que este efeito
pode ser observado em fun¢do da interacdo entre estes dois sistemas
endogenos de controle da dor. Varias evidéncias tém demonstrado que a
a morfina induz a liberacdo enddgena de adenosina em sinaptossomas
obtidas da medula espinal posterior, e esta liberacdo origina
primariamente adenosina (SWEENEY; WHITE; SAWYNOK, 1987). A

liberacdo de adenosina induzida pela morfina ¢ dependente de Ca™",
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principalmente pela ativacdo do canal de calcio do tipo N, e ocorre
através de um transportador bidirecional que estd presente em neurdnios
sensiveis a capsaicina (SWEENEY; WHITE; SAWYNOK, 1989).
Estudos comportamentais fornecem evidéncias corroborativas da
liberagdo espinal de adenosina por opidides. Assim, a administra¢ao
espinal de metilxantinas inibe a analgesia espinal induzida pela morfina
(DELANDER; HOPKINS, 1986, SWEENEY; WHITE; SAWYNOK,
1987). A liberagdo de adenosina induzida por opidide pode resultar na
ativacdo da proteina quinase C (PKC). Nas células do musculo cardiaco,
a fosforilacio induzida pela PKC resulta na estimulacdo da 5°-
nucleotidase a qual leva a um aumento da formacgdo intracelular de
adenosina (KITAKAZE et al, 1995; OBATA; KUBOTA;
YAMANAKA, 2001: OBATA, 2002). Alternativamente, a PKC poderia
inibir a adenosina quinase (enzima responsavel pela conversdo da
adenosina em AMP) (SINCLAIR et al.,, 2000), levando assim ao
aumento intracelular de adenosina e ao conseqiiente efluxo da mesma.
Nos neurdnios sensoriais, a ativacdo da PKC aumenta a liberacao de
neuropeptideos (BARBER; VASKO, 1996), e ha evidéncia de que a
morfina possa ativar a PKC nestes neuronios (INOUE; UEDA, 2000).
Uma vez que os opidides estimulam a PKC regulando a produgdo de
adenosina, este ¢ um plausivel mecanismo da liberacdo de adenosina
induzida por opioide.

Quando uma substancia ¢ administrada por via i.p., logo a
mesma alcanca o SNC, uma vez que a mesma seja uma molécula capaz
de atravessar a barreira hemato-encefélica. Assim, quando a naloxona ¢
administrada sistemicamente e previne o efeito antihiperalgésico da

MAT parte deste efeito se deve a interacdo da mesma com receptores
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opidides localizados em regides supra-espinais, sugerindo que a MAT
possa liberar peptideos opidides endogenos centralmente (Figura 11).
Interessantemente, tem sido demonstrado que a administragdo de
morfina supra-espinal por injecdo intracerebroventricular resulta na
liberagdo espinal de adenosina (SWEENEY; WHITE; SAWYNOK,
1991). Esta liberagdo ocorre secundariamente a liberacdo de 5-HT
seguida da ativagdo de vias inibitorias da dor descendentes, originadas
no tronco encefalico (SWEENEY; WHITE; SAWYNOK, 1991).
Corroborando com a hipotese de que a MA pode ativar regides supra-
espinais, o estudo de Malisza et al. (2003) utilizando ressonancia
magnética funcional mostrou que a MA foi capaz de reduzir a ativacao
de areas encefalicas relacionadas com o processamento nociceptivo tais
como os cortices cingulado anterior, frontal e sensério-motor em um
modelo animal de dor inflamato6ria em ratos.

Os canabinodides sao historicamente usados em combinagao
com opidides no tratamento de varias condi¢des dolorosas em humanos,
devido as suas interacdes sinérgicas na modulagdo do estimulo nocivo
(CICHEWICZ, 2004). Opioides e canabinoides ligam-se em diferentes
receptores (MOR, DOR, KOR, RsCB; ou RsCB;), os quais estdo
acoplados a proteina Gi/Go (WANG; VAN BOCKSTAELE; LIU-
CHEN, 2008; MACKIE, 2008). A ativacdo de receptores opidides ¢
canabinoides inibem a ciclase de adenilil, bloqueiam canais de Ca®™*
dependentes de voltagem, ativam canais de K" e estimulam a cascata das
MAPKs (CHILDERS et al., 1992). Devido as suas localizagdes pré-
sindpticas, o principal efeito da ativagdo dos receptores canabinoides e

opidides ¢ a inibigdo da liberagdo de varios neurotransmissores como
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por exemplo: noradrenalina, dopamina, glutamato e GABA
(SCHLICKER; KATHMANN, 2000).

Evidéncias acumuladas nos ultimos anos sugerem a existéncia
de interacdo entre os mecanismos analgésicos dos canabindides e
opidides (PAROLARO et al., 2010). Embora numerosos estudos
sugerem que opidides possam também estar envolvidos na regulacdo da
dor por canabinoides. Esta hipdtese ¢ suportada por varios estudos os
quais indicam que antagonistas para receptores opidides podem bloquear
a antinocicep¢do induzida por canabindides (MANZANARES et al.,
1999).

Os resultados do presente estudo também mostram que as
administracdes sistémica ou i.t. do antagonista do RCB; (AMZ251)
previnem o efeito antihiperalgésico da MAT, sugerindo a participagao
central de RCB; (Figura 11). O trabalho de Wilson-Poe et al. (2012)
demonstrou pela primeira vez, o auto grau de co-localizacao dos RsCB;
e opidides-u em areas encefalicas que sdao criticamente envolvidas na
modulacdo descendente da nocicepgdo. Os resultados do estudo de
Wilson-Poe et al. (2012) sdo consistentes com observagdes prévias de
que os receptores RsCB; e opiodides-u estdo co-localizados em perfis
somatodendriticos no corno posterior da medula espinal (PUGH et al.,
1996; SALIO et al., 2001). O recente trabalho de Wilson-Poe et al.
(2013) demonstrou que a interagdo canabinoide/opioide ¢ bidirecional.
Os autores observaram que a micro-injecdo de morfina duas vezes ao
dia, por dois dias, dentro da PAG ventrolateral, aumenta a
antinocicep¢ao induzida por agonista canabindide (HU-210) avaliado

um dia apdés a administragdo. Do mesmo modo, administragdes
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sistémicas, duas vezes ao dia de THC aumenta o efeito antinociceptivo
da morfina administrada um dia apds a administracao de THC em ratos.

No presente estudo também foi encontrado que a administracao
sistémica e i.pl. do antagonista do RsCB, (AM630) previne o efeito
antihiperalgésico da MAT, sugerindo participacao periférica dos RsCB,
neste efeito. Um recente estudo de Ibrahim et al. (2004) investigou os
mecanismos pelos quais agonistas seletivos para os RsCB, induzem a
liberacdo de opidides enddgenos. Os autores demonstraram que a
ativagdo do RsCB; no queratinocito, um tipo de célula que tem sido
reportado expressar RsCB, (CASANOVA et al.,, 2003) e conter
peptideos opioides endogenos (KAUSER et al.,, 2003) libera p-
endorfinas produzindo antinocicep¢ao periférica por agir em receptores
opiodides-u nos neurdnios aferentes primdarios. Estes mecanismos
permitem a liberacdo local de opidides enddgenos limitada ao sitio onde
o0s receptores estdo presentes, assim levando a especificidade anatomica
dos efeitos opioides (IBRAHIM et al., 2005). Além disso, foi mostrado
que o THC modula opidides enddgenos diferencialmente em ratos
normais vs artriticos dependendo dos niveis basais de dinorfina (COX;
WELCH, 2004), sugerindo que os RsCBs podem servir como
moduladores homeostaticos da liberagdo tonica de opidides na via
nociceptiva espinal.

Outra interessante  interagdo ¢ entre os  sistemas
endocanabindide e adenosinérgico. Na literatura encontram-se poucos
estudos que analisam esta relagdo. No entanto, foi observado que ambos,
anandamida e adenosina, interagem produzindo analgesia (TUBOLY et
al., 2009). O estudo de Tuboly et al. (2009) sugere que os receptores

adenosinérgicos podem mediar o efeito antihiperalgésico da
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anandamida, uma vez que, a pré-administragdo espinal de cafeina
previne o efeito antihiperalgésico da anadamida. Além disso, Hohmann
et al. (2010) investigaram o papel da adenosina e do receptor A; na
inibi¢do da transmissao glutamatérgica mediada pela ativagdo do RCB;
em neurOnios piramidais do hipocampo em camundongos. Nos
resultados do estudo os autores encontraram que a ativacao de A; pelo
aumento nos niveis de adenosina, reduz ou elimina a inibi¢ado mediada
por CB; na liberagdo de glutamato, ¢ o bloqueio dos receptores
adenosinérgicos pela cafeina reverte este efeito. Assim receptores CB; e
A1 em neurdnios piramidais do hipocampo exercem controle inibitorio
diminuindo a liberacao de glutamato.

Outra consistente evidéncia desta interacdo foi o estudo que
mostrou que o metabolismo da adenosina pela adenosina deaminase
aumentou a liga¢ao estimulada por agonista canabindide de [358]-GTPyS
a proteina G ativada no hipocampo de ratos, demonstrando uma
potencial base molecular para a modulagdo negativa dos RCB; pela
adenosina (MOORE et al. 2000).

No entanto, ndo encontrou-se estudos que analisaram a relacao
funcional entre os RsCB; e receptores A; em regides espinais ou supra-
espinais responsaveis pela modulagao da dor.

Considerando o conjunto de resultados deste estudo a hipotese
mais provavel de mecanismo de agdo para explicar os efeitos da MAT
pelos sistemas enddgenos de controle da dor ¢ a de que a MAT ¢ capaz
de liberar endocanabindides ou opiodides enddgenos sistémica e
perifericamente que, por sua vez, apds ativarem seus respectivos
receptores podem diretamente inibir a atividade neuronal e promover a

liberagao de adenosina. Uma vez liberada, a adenosina endogena pode
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mediar a antihiperalgesia induzida pela MAT por ativar receptores para
adenosina A, consequentemente por reduzir a atividade neuronal dos
neurdnios aferentes primarios e de projecdo, modulando o processo

nociceptivo periférico e centralmente.

4.4 MAT REDUZ DOR NEUROPATICA ATRAVES DA REDUCAO
DA ATIVIDADE DE CELULAS GLIAIS

Os principais mecanismos responsaveis pela dor neuropatica
incluem a geragao de impulsos ectopicos (que podem ocorrer no local de
axonios danificados ou em corpos celulares de neurdnios lesionados ou
neurdnios vizinhos intactos), degeneragdo de fibras sensoriais,
brotamento de fibras sensoriais para areas que elas normalmente nao
inervam, brotamentos de nervos simpaticos, desinibicao (atividade
diminuida ou perda de neurdnios inibitérios), aumento da atividade
facilitatoria descendente ou atividade prejudicada da transmissao
inibitoria descendente, ativacdo de células gliais e neuroinflamacao.
Esses eventos estdo associados a alteragdes nos niveis de
neurotransmissores, expressao e sinalizagdo de receptores ¢ de canais
16nicos levando a sensibilizacdo periférica e central (ou seja, reduzem o
limiar de ativagdo e produzem respostas exageradas nos neurénios
periféricos e centrais) (MACHELSKA, 2011).

ApoOs a caracterizagao do efeito antihiperalgésico da MAT e seu
mecanismo de agdo em um modelo de dor aguda. O passo seguinte, foi
avaliar o efeito da MAT em um modelo de dor crénica ainda nao
explorado. O modelo de dor neuropatica foi entdo escolhido por sua

grande relevancia clinica. No passado, a visdo classica da dor apontava
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para os neurénios como o principal responsavel pela iniciagdo e
manutencdo da dor neuropatica. Naquela visdo, o papel da glia
(microglias e astrécitos) era negligenciado (WATKINS; MILLIGAN;
MAIER, 2001). No entanto, nas ultimas décadas varias evidéncias
confirmaram o importante papel das células gliais localizadas no corno
posterior da medula espinal na iniciagao e manuten¢ao do estado de dor
cronica (MILLIGAN; WATKINS, 2009, MILLIGAN et al., 2003).
Assim, utilizando um modelo de neuropatia traumatica induzida pelo
esmagamento do nervo isquidtico de ratos, analisou-se o efeito
antihiperalgésico da MAT na dor cronica. Verificou-se que o
esmagamento do nervo isquidtico produz significativa hiperalgesia
mecanica a partir do 3° dia, que perdura até o 17° dia. Observa-se que a
MAT reduz a hiperalgesia em todos os dias avaliados evidenciando
assim que a MAT tem potencial terapéutico para o tratamento da dor
cronica de origem neuropatica. Interessantemente, analisou-se o papel
das células microgliais e astrocitarias no modelo de esmagamento do
nervo esquidtico. Nota-se que a lesdo nervosa periférica ativa células
microgliais e astrocitarias na medula espinal e que o tratamento em dias
alternados com a MAT reduz significativamente esta ativagdao. Estes
achados sdo os primeiros na literatura a demonstrar a efetividade da
MAT na dor neuropatica ¢ a mostrar o envolvimento do sistema
imunologico neste efeito, através da avaliacdo da atividade das células
gliais.

A primeira questdo do presente achado a ser discutida é: como
uma lesdo nervosa periférica pode ativar células gliais no corno

posterior da medula espinal?
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Dados sobre ativacdo de cé¢lulas gliais induzidas por
esmagamento de nervos periféricos ndo sao encontrados na literatura, no
entanto, observa-se uma rapida ativagdo microglial e astroglial proxima
a neurdbnios axonotomizados (transeccdo). E interessante lembrar que
ambos, esmagamento e transec¢do de nervos periféricos, causam um
fendmeno conhecido como degeneracdo Walleriana, a qual envolve uma
grande participacdo do sistema imunoldégico (ROTSHENKER, 2011).
Seguida a lesdo do neurdnio motor, os astrocitos aumentam a expressao
da proteina de jun¢do comunicante conexina-43 dentro de horas, e de
GFAP em um dia. Concomitante, células microgliais proliferam e
migram para o corpo celular de neur6nios axonotomizados. Resposta
semelhante ocorre no territério central (corno posterior da medula
espinal) das fibras sensoriais lesionadas (ALDSKOGIUS; KOZLOVA,
1998).

Quando o nervo periférico ¢ submetido a uma lesdo de qualquer
natureza, seja ela quimica, térmica ou traumatica, como o esmagamento,
1sso leva a um intenso aumento da expressao de proteinas CD11b/c no
corno posterior da medula espinal na 4rea onde terminam as fibras
nociceptivas, evidenciando a ativa¢ao de células microgliais (WILLIS;
COGGESHALL, 1991). Assim, quando lesionadas, fibras nociceptivas
periféricas liberam em seus terminais centrais aminoacidos excitatorios,
SP, ATP, NO e prostaglandinas que excitam o0s neurOnios espinais e
também ativam as células gliais (MILLIGAN, et al., 2003; MILLIGAN;
WATKINS, 2009). Neste sentido, a ativacdo microglial ¢ induzida por
neurdnios responsaveis pela transmissdao dolorosa. Esta comunicdo
neurdnio-glia ¢ mediada pela fractalcina expressa na superficie

extracelular do neurdonio (VERGE et al., 2004). Além disso, tem sido
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demonstrado que lesdes nervosas periféricas ativam vdarias vias de
sinalizagdo intracelular (por ex: PKA, PKC e proteina quinase
dependente de calcio/calmodulina) em neurdnios sensoriais primarios e
secundarios que entdo ativam MAPKSs incluindo MAPK p38, ERK ¢
JNK no corno posterior da medula espinal em neurdnios, microglias e
astrocitos. Esta ativagdo induz a producdo glial de mediadores
inflamatorios (TNF-a e IL1-8) que sensibilizam os neurénios do corno
posterior induzindo hiperalgesia e alodinia (CHIANG; SESSLE;
DOSTROVSKY, 2012). A ativagdo astrocitaria de JNK mediada pela
subunidade NR2B do receptor NMDA no corno posterior libera IL1-
que através de um mecanismo de feedback positivo aumenta e prolonga

a dor neuropatica (WANG, et al., 2011).

4.4.1 Provaveis mecanismos neurofisiologicos da MAT envolvidos

na reducio da atividade das células gliais

A segunda questao a ser discutida no presente estudo é: como a
MAT pode reduzir a ativagdo de células gliais e consequentemente a dor
neuropatica?

Interessantemente, o estudo de Malisza et al. (2003) utilizando
ressonancia magnética funcional mostrou que a MA reduz a ativacao de
areas medulares (corno posterior) relacionadas ao processamento
nociceptivo em um modelo animal de dor inflamatoria em ratos.

O presente estudo e o trabalho Malisza et al. (2003) corroboram
a hipotese de que a MA ¢ capaz de reduzir a dor por reduzir a atividade
de neuronios espinais, no entanto, qual ¢ o mecanismo neurofisiolégico

plausivel para explicar tal fendmeno?
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Uma evidéncia interessante a ser mencionada ¢ a de que uma
pequena incisdo na superficie plantar de ratos ¢ capaz de ativar células
microgliais (¢ a MAPK p38) na medula espinal de ratos (WEN et al.,
2009). Além disso, a ativacdo dual de RsCB;/RsCB, ¢ capaz de reduzir
a hiperalgesia mecanica bem como, a ativacio de MAPK p38 e
astrocitos na medula espinal (ALKAITIS et al., 2010). Estes estudos
demonstram que a ativagao glial na medula espinal ¢ um mecanismo
comum entre os modelos animais estudados no presente estudo (dor pds-
operatoria e dor neuropatica).

Com base nas evidéncias observadas no presente estudo de que
os sistemas opioidérgico, adenosinérgico e endocanabioidérgico estdo
envolvidos na antihiperalgesia induzida pela MAT no modelo de dor pos
operatoria, algumas hipdteses sdo levantadas na tentativa de explicar o
efeito observado no modelo cronico de dor neuropatica para o
direcionamento de futuras pesquisas.

O mecanismo neurofisiologico inicialmente aceito para explicar
o efeito antihiperalgésico da MA ¢ o de que a MA ativa vias inibitorias
da dor descendentes que envolvem a ativacdao espinal de receptores para
serotonina ¢ noradrenalina. Esta hipdtese foi inicialmente levantada por
Wright (2001), corroborada por Skyba et al. (2003) e confirmada pelo
presente trabalho. Assim, a ativacdo espinal dos receptores para
serotonina e noradrenalina produzem uma hiperpolarizacdo direta dos
neurdnios da substancia gelatinosa, reduzem a liberacdo de glutamato
liberado pelas fibras do tipo Ad e do tipo C e aumentam a liberagdo de
GABA ¢ glicina dos interneurdnios inibitorios (MILLAN, 2002).

Reduzindo a liberagdo de glutamato na medula espinal e
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consequentemente a ativacdo das células gliais (MITHILESH;

SANGMIN; KYOUNGHO, 2012).

4.4.2 Pode o sistema opioidérgico ser ativado pela MAT em células
gliais e em neurdonios na dor neuropatica e produzir

antihiperalgesia?

As endomorfinas sdo agonistas dos receptores opidides e
apresentam maior afinidade e seletividade para os MOR (MIZOGUCHI
et al., 2002). Elas estdo distribuidas por todo o encéfalo, tronco
encefalico e medula espinal (FINCHA et al., 2007). Os MOR estao
presentes em astrocitos onde desempenham um papel no controle da
atividade neuroinflamatoria (HANSSON et al., 2008). Em condigdes
inflamatorias, h& um aumento na producdo de endomorfinas, uma
resposta que foi mostrada ter significados funcionais no controle da dor,
produzindo potente analgesia na dor inflamatéria e neuropatica em
roedores (HORVATH; KEKESI, 2006). Além disso, das trés classes de
receptores opidides p, K e O até agora identificados, a microglia expressa
os receptores opioides -u e -k. Quando ativados, na microglia, os MOR
promovem mudangas morfologicas, expressio de BDNF (DOBRENIS
et al., 1995) e inibem a quimiotaxia e a migra¢do microglial, indicando
um papel antiinflamatoério destes receptores na microglia (CHAO et al.,
1997).

No neurdnio, a inibi¢io dos canais de Ca®" parece ser o
principal mecanismo de acdo da ativagdo dos receptores opidides
periféricos. Além disso, a ativagdo de receptores opidides também

. . + . .
suprime os canais de Na tetrodotoxina-resistentes e as correntes
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catidnicas nao-seletivas (INGRAM; WILLIAMS, 1994), correntes
mediadas pelo receptor P2X (CHIZHMAKOYV et al., 2005), bem como
pelos canais TRPV1 que envolve a inibi¢do da ciclase de adenilil
(CHIZHMAKOV et al., 2005). Assim, opidides podem atenuar o
aumento da excitabilidade de neurdnios aferentes primarios, aumento
este induzido pela liberacdo de neuropeptideos pro-inflamatorios, tais
como: a SP ¢ o CGRP, a partir dos terminais nervosos periféricos e
centrais (STEIN; SCHAFER; MACHELSKA, 2003). Como no modelo
da dor pos-operatoria, ¢ plausivel sugerir que a MAT poderia reduzir a
dor neuropatica através da ativacdo de receptores opidides expressos em

células gliais e neuronios.

4.4.3 Pode o sistema adenosinérgico ser ativado pela MAT em
células gliais e em neurdonios na dor neuropatica e produzir

antihiperalgesia?

Também acredita-se que a MAT possa reduzir a dor neuropatica
(hiperalgesia mecanica) e a ativacao de células gliais na medula espinal
através da ativagdo do sistema adenosinérgico. Estd bem estabelecido
que o ATP pode ser liberado por astrocitos € neurénios. No entanto, sob
condigodes fisioldgicas, a liberacao vesicular de ATP, ndo neuronal, mas
astrocitaria, tem sido identificada como uma das principais fontes de
adenosina sinaptica (PASCUAL et al., 2005). Uma vez que os astrocitos
contactam milhares de sinapses e coordenam redes sinapticas,
(VENTURA; HARRIS, 1999), ¢ concebivel que a liberacdo de ATP
astrocitario e sua subsequente degradacdo em adenosina tem uma fungao

reguladora importante no tonus inibitorio mediado pela adenosina dentro
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de uma rede neuronal. Além disso, todos os quatro receptores para
adenosina sao encontrados nos astrocitos (BJORKLUND et al., 2008), ¢
foi reportado que todos estdo expressos em células microgliais ou em
linhagens das mesmas (DARE et al., 2007). Os receptores A; ajudam a
proteger os astrocitos de dano ou morte celular (BJORKLUND et al.,
2008; CICCARELLI et al., 2007), particularmente através da ativacao
da via PI3K e fosforilagdo de ERK1/2. Na microglia os receptores A
reduzem a sua excessiva ativagdo. Assim acredita-se que a MAT por
ativar os receptores A; na medula espinal, possa reduzir diretamente
atividade das células gliais, inibindo a liberacdo de medidores pro-
inflamatérios liberados pelas mesmas e consequentemente a
hiperatividade neuronal.

Nos neuronios, os receptores A; (especialmente nos terminais
nervosos) sao criticamente importantes na mediagdo do efeito inibitorio
sobre a atividade neuronal mediada pela adenosina, gerada a partir do
ATP liberado pelo astrocito (MARTIN et al., 2007). Os receptores A;
sdo altamente expressos nas terminagdes nervosas e sinalizam
preferencialmente via proteina G, inibindo os canais de calcio
transientes, enquanto que os mesmos receptores no DRG e dendritos
regulam preferencialmente a condutidncia dos canais de potassio via
proteinas G; (BOISON; CHEN; FREDHOLM, 2010).

De acordo com esta literatura e com os resultados do presente
estudo, especula-se que a MAT possa diminuir diretamente a atividade
neuronal e indiretamente a atividade glial através da ativacdo dos
receptores A nos neurdnios € nas c€lulas gliais da medula espinal, ou

mesmo produzir a inibicdo de ambos simultaneamente.
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4.4.4 Pode o sistema endocanabinodide ser ativado pela MAT em
células gliais e em neurdonios na dor neuropatica e produzir

antihiperalgesia?

Os dados do presente estudo claramente demonstram que a
ativagdo dos RsCB; espinais e periféricos pelo provavel aumento dos
endocananbindides AEA e 2-AG, medeiam o efeito da MAT. Ao mesmo
tempo, tem sido demonstrado que os RsCB;/RsCB; sao expressos na
microglia e astrécito (STELLA, 2010). Os RsCBj, uma vez ativados no
astrécito reduzem a ativacdo da MAPK p38 levando consequentemente
a reducdo da producdo de mediadores inflamatorios (IL1-f3) reduzindo
hiperalgesia e alodinia (CHIANG; SESSLE; DOSTROVSKY, 2012).
Além disso, ativagdo neuronal de RsCB; na medula espinal leva a
reducdo dos niveis de AMPc, inibindo canais de Ca*" dependentes de
voltagem e ativando canais de K" retificadores de influxo, reduzindo a
excitabilidade neuronal e inibindo a liberacdo de neurotransmissores
pré-sinapticos, diminuindo consequentemente a ativagdo glial
(PACHER; BATKAI; KUNOS, 2006).

As questoes levantadas nos itens 5.4.2, 5.4.3 ¢ 5.4.4 apesar de
estarem apoiadas na literatura, elas sdo apenas especulativas. Assim,
para responder definitivamentes estas questdes sdo necessarias a
realizacdo de futuras pesquisas as quais investiguem o papel dos
sistemas opioidérgico, adenosinérgico e endocanabinoidérgico na
reducdo da ativagao de células gliais espinais induzida pela MAT.

A dor cronica, incluindo a dor neuropatica, ndo envolve apenas
as alteracdes bioldgicas descritas acima, mas também ¢ influenciada por

fatores cognitivos (expectativa, memoria), emocionais (ansiedade,
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depressdo) e ambientais (condicionamento, refor¢o). Muitos pacientes
com dor crdénica sofrem de depressdo, ansiedade, raiva, limitada
mobilidade e falta de motivacdo. O conceito biopsicossocial da dor
cronica d4 uma base para gestdo interdisciplinar, que inclui terapia
psicologica, terapia fisica e ocupacional, combinadas com o tratamento
farmacologico (STEIN; KOPF, et al., 2009). Neste sentido, torna-se
imprescindivel o conhecimento dos mecanismos de acdo ndo apenas de
medicamentos, mas também das terapias fisicas as quais serdo
combinadas com o tratamento farmacologico para que o clinico possa

escolher o melhor tratamento para seu paciente.

4.5 MAT ACELERA A RECUPERACAO FUNCIONAL MOTORA
DO NERVO ISQUIATICO DE RATOS

Estrategicamente, o modelo animal de esmagamento do nervo
isquiatico foi escolhido pela possibilidade de avaliar além de dor
neuropatica, a recuperagdo funcional motora que ¢ um dos principais
objetivos da fisioterapia. Na clinica em geral, muitas estratégias sao
tragadas com o objetivo de reduzir a dor do paciente ¢ aumentar a
funcdo motora apds uma lesdo traumatica nervosa. O tratamento mais
utilizado no alivio da dor neuropatica ¢ a gabapentina, no entanto, ¢
ineficaz na regeneracdo nervosa (WHITLOCK et al., 2007). Ao
contrario, varios fatores neurotroficos como NGF, BDNF, neurotrofina
3 (NT-3) e NT-4 induzem hiperalgesia (DENG et al., 2000). Assim, a
busca por um tratamento capaz de agregar efeitos analgésicos a
atividade neuroregenerativa ¢ um desafio de muitos pesquisadores. Na

fisioterapia, o exercicio fisico ¢ um dos recursos mais utilizados e
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estudados até o presente momento, ¢ esta entre as ferramentas mais
utilizadas atualmente para promover regeneragdo nervosa (BOBINSKI
et al., 2011; UDINA et al.,, 2011). Assim, foi demonstrado que a
atividade muscular mantida artificialmente durante a
denervacao/paralisia pode melhorar a reabilitagio neuromuscular
(UDINA et al., 2011). A eletroestimulagdo do musculo denervado,
exercicios passivos (MA) e treinamento da marcha sdo estratégias
efetivas no retardo da atrofia muscular e na melhora da resposta contratil
ap6s reinervagdo em modelos animais de denervagdo (EBERSTEIN;
PACHTER, 1986; MARQUESTE et al., 2004; SOUCY; SEBURN;
GARDINER, 1996). A atividade muscular induzida pela estimulagdo
pode resultar na liberagdo autocrina de fatores troficos e assim evitar os
efeitos deletérios do desuso seguido de lesdes nervosas periféricas ou
centrais (GOLDSPINK; YANG, 2001). As fibras musculares sao
capazes de ajustar suas propriedades fenotipicas em resposta a
estimulacdo nervosa ou muscular (MARQUESTE et al., 2006), ao
alongamento estatico (SAKAKIMA; YOSHIDA, 2003) e também ao
exercicio fisico (BOOTH; THOMASON, 1991). A este respeito, foi
sugerido que as atividades induzidas que mimetizam os movimentos
fisioldgicos poderiam produzir melhor preservacao/recuperacdo das
propriedades funcionais musculares do que a estimulacdo elétrica
convenional (MARQUESTE et al., 2004; 2006).

Neste sentido, os resultados do presente estudo corroboram com
os achados da literatura por demonstrar que a MAT acelera a
regeneragdo nervosa periférica (analises funcionais e morfoldgicas). Um
interessante aspecto que deve ser salientado, do presente estudo, ¢ o de

que pouco ¢ conhecido sobre os possiveis efeitos isolados da
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mobilizacdo passiva, do exercicio fisico voluntario ou forgado,
diferencas que podem afetar a interpretacdo dos resultados. A natacao
ou corrida na esteira melhora a regeneracdo, mas pode nao
necessariamente ser a sobrecarga fisica ou as mudancas relacionadas ao
estresse o que influencia nos resultados dos experimentos com
treinamento fisico (VAN MEETEREN et al., 1997). Alguns estudos tém
demonstrado que a mobilizagdo passiva do musculo denervado antes da
reinervacdo preserva a estrutura da placa motora € aumenta a
reinervacdo (PACHTER; EBERSTEIN, 1989). Além disso,
recentemente foi demonstrado que a estimulagdo manual (5 minutos/dia
por 2 meses) das vibrissas de ratos apoOs a transeccao e reparo do nervo
facial resulta na melhora da restauracdo dos movimentos faciais ¢ na
reducdo de poli-inervagdes (ANGELOV et al.,, 2007; GUNTINAS-
LICHIUS et al., 2007). Em contraste aos resultados do presente estudo e
da literatura, foi demonstrado que a mobilizacdo passiva continua do
membro posterior de ratos apds uma sec¢do nervosa nao influencia na
regeneracdo, quando este tratamento ¢ realizado somente durante os
primeiros 14 dias apods a lesao (KIM et al., 1998).

Intessantemente, demonstra-se no presente estudo que a MAT
reduz a atividade de células microgliais e astrocitos na medula espinal
(dados mencionados acima) em paralelo com a observacdo de que a
MAT melhora a regeneracdo nervosa periférica. Estes resultados
sugerem que a inibicdo destas células na medula espinal possam
contribuir para regeneragdo nervosa periférica.

Apesar de estabecido que existe uma resposta rapida glial
imediata a lesdo periférica de nervos (axoniotomia) e que tal resposta

estd integrada a sobrevivéncia neuronal, regeneracdo dos axonios €
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restauracdo do contato no alvo dos neurdnios lesionados
(ALDSKOGIUS, 2011), o papel das células gliais na medula espinal foi
pouco estudado. No entanto, uma séric de experimentos foram
realizados objetivando analisar os efeitos da inibicdo microglial na
recuperacdo neuronal e regeneracdo axonal (ALDSKOGIUS;
KOZLOVA, et al., 1998). Assim, a infusao intraventricular de um
inibidor mitotico, citosina arabinosideo, erradicou a populagao local de
células microgliais nos nucleos de neurdénios axoniotomizados. Os
resultados deste experimento mostram que a resposta neuronal, a taxa de
crescimento axonal, bem como a extensao da substituicdo sinaptica nao
foram afetadas pela eliminacdo das células microgliais, indicando que
estas células ndo participam deste processo (SVENSSON;
ALDSKOGIUS, 1993).

No entanto, a microglia ¢ uma potencial fonte de fatores de
crescimento e pode expressar em sua superficie moléculas que
promovem o remodelamento de processos neuronais. Em cultura, a
microglia libera moléculas que promovem o prolongamento de neuritos
(NAKAJIMA; KOHSAKA, 1993). Além disso, microglias que foram
ativadas pelo fator neurotréfico ciliar (CNTF) expressam o receptor para
o fator de crescimento do nervo de baixa afinidade p75 (HAGG;
VARON; LOUIS, 1993). Estes achados sugerem que a microglia reativa
parece nao fornecer significante influéncia na regeneragdo dos axonios
dos neurénios motores. Contudo, a microglia pode contribuir para o
subseqiiente remodelamento estrutural nas conexdes dos neurdnios
motores lesionados. Assim, o papel geral desempenhado pelas células

gliais apds uma lesdo nervosa periférica ¢ ainda pouco compreendido.
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Neste sentido, o presente trabalho compartilha a hipotese de que
existe um papel importante das cé¢lulas gliais na regeneracdo nervosa
periférica e que isso possa contribuir para os efeitos regenerativos da
MAT, além disso, especula-se que este mecanismo possa ocorrer
inclusive nos efeitos regenerativos induzidos pelo exercicio fisico. Mais

estudos sdo necessarios para corroborarem ou refutarem esta hipotese.
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5 CONCLUSOES

De acordo com os resultados apresentados no presente estudo,

conclui-se que:

1) O melhor regime de tratamento com MAT para reduzir a dor

pos-operatoria ¢ quando realizada por 9 minutos;

i1) O tratamento diario com a MAT apresenta grande potencial

terapéutico na redugdo da dor pos-operatoria e neuropatica;

1i1) O efeito antihiperalgésico da MAT depende da ativagdo de

receptores opidides periféricos;

iv) Corrobora-se os dados prévios de que a MA ativa vias
inbitorias da dor descendentes que envolvem o0s sistemas

serotoninérgico e noradrenérgico;

v) O sistema adenosinérgico contribui para o efeito
antihiperalgésico da MAT através da ativacdo de receptores

adenosinérgicos A periféricos (pata) e centrais (espinais);

vi) O sistema endocanabindide estd envolvido no efeito
antihiperalgésico da MAT através da ativagdo de RsCB; centrais

(espinal) e RsCB; periféricos (pata) ¢;
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vii) A redugdo da ativacao de células microgliais e astrocitarias

na medula espinal contribui para o efeito antihiperalgésico da MAT.

viil) O tratamento didrio com MAT também apresenta grande
potencial terapéutico na regeneracdo morfologica e funcional do nervo

1squidtico;

Assim, esta tese demostra alguns mecanismos neurofisiologicos
envolvidos no efeito terapéutico da MAT no controle de dores agudas e
cronicas, como pode ser observado na Figura 12. Além disso, estes
resultados fornecem substanciais subsidio a literatura para os

direcionamentos de futuros estudos clinicos.
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APENDICE - Experimentos realizados durante o periodo de
doutorado sanduiche no exterior.

Durante o doutorado fui contemplado com uma bolsa do
Programa de Doutorado Sanduiche no Exterior (PDSE) da CAPES, onde
tive o privilégio de estagiar no Laboratério do Pesquisador Gerald W.
Zamponi na Univesity of Calgary, localizado no Hotchkiss Brain
Institute, Edificio HRIC 1A25A, na cidade de Calgary, Alberta, Canada,
no periodo de marco a julho de 2012. Neste instituto tive a oportunidade
de utilizar camundongos knockout (Ca, 3.2) para os canais de célcio do
tipo T, podendo assim acrescentar uma importante informacdo a
literatura sobre os efeito da mobilizacdo articular do tornozelo (tema de
minha tese). Além disso, trabalhei com inibidores dos receptores
canabindides CB; e CB, ¢ inibidores das enzimas que degradam os
mesmos, além de avaliar o envolvimento dos canais de calcio no efeito
analgésico dos canabindides. Aproveitando a oportunidade, realizei
cursos no Hotchkiss Brain Institute, os quais foram: 1) Biological Safety
- Introduction to Biosafety - Module 1 (Biosafety 1); 2) Workplace
Hazardous Materials Information System (WHMIS); 3) animals care for
mice and Rats e 4) Biohazards orientation, que foram muito importantes
para minha carreira como professor ¢ pesquisador. Assim, este estdgio
permitiu ndo s6 a realizacdo de experimentos com a utilizacdo de
animais geneticamente modificados, mas foi de grande valia para minha
trajetoria académica, pois possibilitou conhecer um laboratério de
pesquisa de reconhecida qualidade internacional e trabalhar com um
pesquisador que ¢ referéncia na area da dor. Certamente, os resultados

obtidos resultardo em um artigo que possivelmente sera publicado em
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colaboracdo com o referido laboratorio canadense em uma revista
Internacional de referéncia na area da dor.
Os experimentos realizados no Canadé estdo apresentados nas

figuras A-1, a seguir.
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Legenda: Efeito do mibefradil sobre a hiperalgesia mecéanica induzida pela constri¢do cronica
do nervo isquiatico. Em A esta representado o efeito temporal (time course) do mibefradil e em
B a area sob a curva (AUC). Os dados representam a média + E.P.M (n=8 camundongos). Os
dados representam a média + E.P.M (n=8 camundongos). Os simbolos denotam os niveis de
significancia **P < 0,01 e ***P < 0,001 quando comparados com seus respectivos controles
(ANOVA de duas (A) e uma via (B), seguido do teste de Bonferroni ou Student Newman-
Keuls, respetivamente).
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Legenda: Efeito sinérgico entre a MAT e uma dose subefetiva de mibefradil sobre a
hiperalgesia mecénica induzida pela constrigdo cronica do nervo isquidtico. Em A estd
representado o efeito temporal (time course) ¢ em B a area sob a curva (AUC). Os dados
representam a média + E.P.M (n=8 camundongos). Os simbolos denotam os niveis de
significancia **P < 0,01 e ***P < 0,001 quando comparados com seus respectivos controles
(ANOVA de duas (A) e uma via (B), seguido do teste de Bonferroni ou Student Newman-
Keuls, respetivamente).
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Legenda: Efeito sinérgico entre a MAT (realizada por 3 min, um tempo que ndo possue efeito)
e uma dose subefetiva de mibefradil sobre a hiperalgesia mecéanica induzida pela constri¢do
cronica do nervo isquidtico. Em A estd representado o efeito temporal (time course) ¢ em B a
area sob a curva (AUC). Os dados representam a média + E.P.M (n=8 camundongos). Os
simbolos denotam os niveis de significancia *P < 0,05 e ***P < 0,001 quando comparados
com seus respectivos controles (ANOVA de duas (A) ¢ uma via (B), seguido do teste de
Bonferroni ou Student Newman-Keuls, respetivamente).
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Legenda: Observacdo do efeito da MAT, URB 597 (inibidor da degradagdo da anandamida) e
do mibefradil em animais selvagens e nocautes (Cav 3.2) sobre a hiperalgesia mecénica
induzida pela constri¢do cronica do nervo isquiatico. Os dados representam a média + E.P.M
(n=8 camundongos). Os simbolos denotam os niveis de significincia **P < 0,01 e ***P <
0,001 quando comparados com seus respectivos controles (ANOVA de uma via seguido do
teste de Student Newman-Keuls).
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