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RESUMO

De todas as dores que acometem o ser humano ao longo da sua existéncia, a
dor muscular, especialmente a induzida por contracao isométrica sustentada, € uma
das mais prevalentes e possui um importante impacto sécio-econémico. Entretanto,
apesar da sua relevancia clinica, os mecanismos moleculares envolvidos no
desenvolvimento da dor muscular induzida pela contracao isométrica sustentada séao
pouco conhecidos. Isto se deve, principalmente, a auséncia de um modelo experimental
mais realistico e com bom grau de predicdo do controle farmacolégico desta dor.
Portanto, o objetivo deste trabalho foi desenvolver um novo modelo de hiperalgesia
muscular induzido por contracdo isométrica sustentada em ratos. A contragcédo
isométrica sustentada foi realizada por estimulacées elétricas aplicadas diretamente no
ventre do musculo gastrocnémio de ratos wistar e os parametros foram de 19
milissegundos de duracao de pulso, frequéncia em 50 Hertz, intensidade de 1,6 Volts
(V) por um periodo de 1 hora. A hiperalgesia muscular mecanica foi avaliada com o
método Randall Selitto nos tempos de meia hora até 48 horas apds o término da
contragdo isomeétrica sustentada. A contragdo isométrica sustentada, obedecendo o
parametros supracitados, induziu hiperalgesia muscular mecanica por 1 hora,
regredindo com valores préximos ao basal 2 horas apds o término da contracdo. As
respostas com 1,6V por 1 hora, foram significativamente maiores do que as induzidas
por estimulacées de 1,6V por 15 e 30 minutos; 0,5 e 1,0V por 1h ou sham.
Demonstramos ainda que a hiperalgesia muscular mecanica induzida pela contracédo

isométrica sustentada foi bloqueada pela dexametasona, evidenciando o carater
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inflamatorio desse novo modelo, respaldado pela presenca de células inflamatérias no
tecido muscular, confirmadas pela analise histoldgica. Juntos, estes dados sugerem
que esse novo modelo de hiperalgesia muscular se aproxima de uma condicao mais
proxima da real encontrada nas dores musculares decorrentes das atividades diarias,
além de possuir um grande potencial cientifico para os estudos dos mecanismos
fisiopatologicos envolvidos na dor muscular relacionada a contragdo isomeétrica
sustentada.

Palavras-chaves: contragdo isométrica; hiperalgesia; estimulacao elétrica
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ABSTRACT

Among the types of pain that affect people throughout their lives, muscle pain,
specially the one induced by sustained isometric contraction, is one of the most
prevalent and has an important socio-economic impact. However, despite their clinical
relevance, the molecular mechanisms involved in the development of muscle pain
induced by sustained isometric contraction are unknown. This is mainly due to the
absence of a more realistic experimental model that has a good degree of prediction of
pharmacological control of pain. Therefore, the aim of this study was to develop a new
model of muscle hyperalgesia induced by sustained isometric contraction in Wistar rats.
The sustained isometric contraction was performed by the electrical stimulation directly
to the belly of the gastrocnemius muscle of rats and the parameters were 19 millisecond
of pulse duration, frequency of 50Hz, and intensity of 1.6 volts (V) for a period of 1 hour.
Randall Selitto method was used to measure muscular hyperalgesia 30 minutes until 48
hours after the finish of sustained isometric contraction. This protocol induced
mechanical muscle hyperalgesia for one hour and, after two hours, the responses were
similar to the baseline. These responses were significantly higher than those induced by
stimulation 1.6V for 15 and 30 minutes, 0.5 and 1.0 V for 1Th or sham. We also
demonstrated that the mechanical muscle hyperalgesia induced by sustained isometric
contraction was blocked by dexamethasone, indicating the inflammatory nature of this
new model, supported by the presence of inflammatory cells in muscle tissue, confirmed
by histological analysis. Together, these data suggest that this new model of muscle
hyperalgesia approaching a condition closest to the actual found in muscle pain
resulting from daily activities, besides having a great scientific potential for the study of
pathophysiological mechanisms involved in muscle pain related to contraction sustained

isometric.

Key-Words: Isometric contraction; hyperalgesia; electrical stimulation
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1. Introducao

1.1.  Dor e vias de conducéo

A dor é crucial a sobrevivéncia, servindo como funcao protetora por sinalizar a
presencga de condi¢gdes nocivas e lesivas aos tecidos. No entanto, apesar da palavra
“dor” ser comumente utilizada, ela nao possui uma defini¢gao ideal. Segundo o comité
de taxionomia da Associacéo Internacional para o Estudo da Dor (IASP, 1986), dor
pode ser conceituada como uma “experiéncia sensorial e emocional desagradavel
associada a um dano tecidual real ou potencial ou descrita nesses termos” (1).
Sendo assim, devemos entender a dor como uma sensacao nociceptiva, levando
também em consideragéo a percepgao da dor (experiéncia emocional).

A nocicepcgao corresponde a ativacao neuronal dos aferentes primarios, que
encaminham a informacéao dolorosa para ser interpretada no sistema nervoso central
que, em ultima instancia, determina a percep¢ao da dor (2, 3). A percepcao leva em
consideracao as caracteristicas emocionais, psicoldégicos, motivacionais e ainda, a
historia pregressa do individuo (1). Portanto, devemos entender a dor como uma
percepcao desagradavel de uma sensacao nociceptiva.

Ha mais de 100 anos, Sherrington propbés a existéncia do nociceptor, um
neurdnio sensorial primario ativado por estimulos capazes de gerar lesbes teciduais
(4). Estudos eletrofisiologicos seguiram-se demonstrando que esses neurbnios
(terminacbes nervosas livres de neurdnios pseudo-unipolares) podem ser excitados
por calor nocivo, pressao intensa, e produtos quimicos irritantes, mas nao por
estimulos inécuos como o toque suave (5). Considerando esses achados, a dor
aguda pode ser caracterizada como uma modalidade sensorial, assim como a Vvisao
ou o olfato, onde estimulos especificos sdo captados por células receptoras
especializadas devidamente sintonizadas com o sistema nervoso central (3).

A primeira compreensdo a respeito da morfologia das terminacées nervosas
livres no musculo esquelético foi publicada por Stacey em 1969 (6), no qual foi
identificado que a maioria das terminacbes nervosas nociceptivas ficam na camada
adventicia das arteriolas e vénulas. Surpreendentemente, em 1998, Reiner, A.,
Kaske, A. e Mense, S. descobriram que as préprias fibras musculares sao
desprovidas de terminagdes nociceptivas, fato que se correlaciona com doencas

degenerativas como a distrofia muscular, onde lentamente ha morte das fibras



musculares, sem haver dor a cada morte celular, diferente de quando ha um
rompimento de um feixe de fibras musculares. Nessa situagdo, muitas fibras
musculares sdo destruidas simultaneamente e liberam o seu conteudo, como por
exemplo, K* e ATP, no meio intersticial e se difundem para as terminagdes nervosas
proximas (7).

No musculo gastrocnémio de ratos, ha menor densidade das fibras nervosas
quando comparado ao tecido peritendinoso. Em contraste, os feixes de fibras de
colageno do tecido, sdo quase livres de terminacdes nociceptivas. A alta densidade
no tecido peritendineo pode explicar a alta prevaléncia de sensibilidade ou dor nesse
tecido ou no local da insercdo muscular. A escassez de terminacbes nervosas no
centro do tendado pode relacionar-se com a observacado clinica de que rupturas
parciais do tenddao podem ocorrer sem dor (7).

Com a microscopia ndo € possivel relacionar caracteristicas morfolégicas das
terminacbes nervosas livres com a funcdo eletrofisiolégica. Como ja dito,
nociceptores musculares sao terminacdées nervosas livres, porém nao existem
critérios por microscopia eletrbnica que os diferenciem dos termorreceptores e
mecanorreceptores. A diferenciacdo entre eles se da entdo, pela combinagdo das
moléculas receptoras na membrana da terminacao nervosa (7). Fibras nociceptivas
apresentam uma caracteristica prépria, elas possuem um tipo especial de canais
denominados canais de sodio resistentes a tetrodotoxina (TTX) ou canais de sddio
TTX-r (7).

As fibras que conduzem os estimulos nociceptivos sdo de dois tipos: fibras A-
delta (Ad), de médio didametro, finamente mielinizadas, com velocidade de condugao
média, entre 12 e 30 m/s (correspondentes a 20% das fibras de dor e responsaveis
pela dor rgpida, aguda e lancinante), e fibras C n&o-mielinizadas, de pequeno
didametro, com velocidade de conducao menor (0,5 a 2 m/s) (responsaveis pela dor
lenta e difusa) (3).

Estimulos térmicos, mecéanicos e quimicos intensos, ativam as fibras C e A9,
sendo que fibras Ad respondem mais comumente a estimulagdes mecanicas e
térmicas, enquanto as fibras do tipo C respondem a estimulos térmicos, mecéanicos e
quimicos (por este motivo, denominadas de nociceptores polimodais) (3). Em
relacdo ao processo nociceptivo, esses neurbnios de primeira ordem possuem trés
fungdes: 1) deteccao do estimulo nocivo ou potencialmente injuriante (transducéao),
2) passagem dessa informacdo sensorial da periferia para a medula espinhal



(conducao) e 3) transferéncia sinaptica dessa mesma informagao aos neur6nios
localizados em laminas especificas do corno dorsal da medula espinhal
(transmissao) (8).

Ativacéo dessas fibras por estimulos nociceptivos no tronco ou membros gera
potenciais de agdo que sao conduzidos para o corno dorsal da medula espinhal
pelas raizes dorsais dos nervos espinhais. Ja no caso da dor proveniente da regiao
orofacial, a informacdo nociceptiva € direcionada para o subnudcleo caudal, do
complexo nuclear sensorial trigeminal do tronco cerebral (9).

Constituintes do sistema nervoso periférico, essas fibras possuem seus
corpos celulares localizados nos ganglios das raizes dorsais (GRDs) ou nos ganglios
trigeminais, no caso dos neurdnios sensoriais que inervam a regiao orofacial. Destes
ganglios saem prolongamentos em direcdo a medula espinal (ou tronco encefalico,
no caso dos neurénios orofaciais), onde estdo localizados os neurdnios secundarios.

Apo6s ativacdo do neurbnio secundario, a transmissao das informacoes
nociceptivas da medula espinhal sdo encaminhadas para as estruturas encefalicas
por meio de tratos neuronais especificos: espinotalamico, espinoreticular,
espinomesencefalico, espinocervicotalamico, espinoparabraquial, espinoparabraquio
(trigémio) hipotalamico, via pds-sinaptica da coluna dorsal (2, 9, 10). No encéfalo,
esses tratos convergem para o nucleo posterior ventral do talamo (ndcleo
ventrobasal) (11) e a informacdo segue para as areas regides corticais envolvidas
com o aspecto afetivo-motivacional, onde uma série de caracteristicas sera
analisada, tais como qualidade, intensidade, localizacdo, duracdo e também

componentes psicossociais (12).

1.2.  Hiperalgesia

Em certas condigdes dolorosas, a dor é acompanhada da hiperalgesia, um
sinal classico da inflamacao que, pelo menos em parte, resulta da sensibilizacao
periférica dos nociceptores aferentes primarios (13, 14). Esta sensibilizacdo é
caracterizada por um aumento na excitabilidade da membrana neuronal, devido a
liberacado de mediadores inflamatérios no local da lesao (14, 15),fazendo com que
estimulos de intensidade menores se tornam capazes de disparar o potencial de

acao (16).



A sensibilizagdo dos nociceptores pode ser mediada por substancias
liberadas no ambiente tecidual, tais como, mastocitos, leucocitos e células
lesionadas (17, 18) e por aminas simpatomiméticas (19). Entre essas substancias
estdo a bradicinina, acetilcolina, histamina, serotonina, leucotrieno, tromboxano, fator
de ativacao plaquetario, radicais acidos, ions potassio, citocinas pro-inflamatorias e
as prostaglandinas. Ainda, a atividade do sistema neurovegetativo simpatico pode
colaborar com a sensibilizagdo neuronal por meio da liberagao de noradrenalina e
prostaglandinas. Os neurdnios nociceptivos podem sofrer ainda, alteracdes
fenotipicas, contribuindo também, para o desenvolvimento da hiperalgesia. Essas
alteracbes incluem o aumento da expressdo de canais de so6dio voltagem-
dependentes (Nav 1.6) (20, 21).

Um exemplo de sensibilizacdo é mostrada na figura 1, onde a sensibilizagéo
corresponde ao desvio a esquerda, na curva estimulo/resposta, que diz respeito a
magnitude da resposta neural em relagdo a intensidade do estimulo (calor) (22).

Podemos entender, portanto, a hiperalgesia como um evento diferente da
nocicepcao (considerado um fendmeno puramente iGnico), pois envolve também
fenbmenos metabdlicos, através da liberagcdo de mediadores inflamatérios que
modificam metabolicamente as condi¢ées normais de uma célula neuronal (3, 23).
De forma semelhante a hiperalgesia, ha um outro termo denominado “alodinia”, onde
a dor pode ser gerada através de estimulos que normalmente ndo causariam dor,
como por exemplo um toque suave. Por essa definigdo ser muito semelhante a
hiperalgesia, a IASP propds que o termo “hiperalgesia” fosse usado como um “termo
guarda-chuva”, abrangendo todos os casos onde ha aumento da sensibilidade
dolorosa(24)
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Fig.1. Sensibilizagao do nociceptor térmico. A figura mostra a sensibilizagdo do nociceptor térmico ao
estimulo, em uma area da pele aquecida a temperatura indicada.

Fonte: Fein, A. Nociceptores: as células que sentem dor. Ribeirdo Preto-SP: Dor On Line; 2011.

1.3.  Dor muscular e modelos de estudos

O termo "dor muscular" é usado para dores de origem no musculo estriado
esquelético, incluindo a sua fascia e inser¢cées tendinosas (25). Desordens do
sistema musculo-esquelético sdo as principais causas de incapacidade nas
sociedades ocidentais (7), sendo essas desordens divididas em duas categorias: 1)
mialgias, que incluem as dores miofasciais e miosites inflamatérias e, 2) as
desordens articulares, que incluem todas as artrites.

Em uma pesquisa realizada pelo instituto Pfizer em parceria com o Ibope foi
analisado o perfil da dor no Brasil em 2008. Foram entrevistadas 1400 pessoas com
mais de 16 anos, em 9 cidades metropolitanas. Entre os resultados, destacam-se as
dores na regiado da coluna vertebral. Segundo a pesquisa, quando o brasileiro pensa
nas dores que sentiu ao longo da vida, a frequéncia nas indicacbes das dores na
regiao da coluna so6 fica atras das dores de cabeca.



O componente periférico da hiperalgesia mecanica muscular também ocorre
devido a sensibilizacdo dos nociceptores por mediadores enddégenos (26). Os
nociceptores musculares podem ser excitados e/ou sensibilizados por diversos
mediadores, entre eles a bradicinina (BK), prostaglandina E2 (PGE2), serotonina (5-
HT), ions potassio e histamina (25, 27). Além disso, a molécula de ATP também tem
sido envolvida na dor muscular do musculo masseter de ratos (28-30). Um estudo
recente do nosso grupo de pesquisa demonstrou o envolvimento da molécula de
ATP, via ativacdo de receptores P2X3, na hiperalgesia muscular (dados nao
publicados).

Desde o século XIX, modelos animais de dor sao utilizados para a
compreensao dos processos dolorosos (31). A partir de entdo, muitos modelos de
dor, tanto agudos quanto crénicos, tem sido desenvolvidos para que haja um melhor
entendimento sobre o processo da dor em diversas condi¢cdes de inflamacao (32-
37). As pesquisas com dor muscular envolvem uma ativagdo padronizada do
sistema nociceptivo e uma avaliacao quantitativa das respostas motoras e sensoriais
e tentam elucidar os mecanismos causa-efeito (7), no entanto, até o presente
momento, 0s mecanismos que participam da dor musculoesquelética ndo estdo bem
esclarecidos.

Na tentativa de melhor compreender essa dor, foram desenvolvidos, nas
ultimas décadas, alguns modelos para se estudar a dor muscular em animais
experimentais. Os modelos mais comuns sdo caracterizados pela dor muscular
induzida por administracéo local de agentes quimicos e pela dor muscular induzida
por contracdo muscular desenvolvida através de exercicios fisicos ou estimulagao
elétrica do ventre muscular. Nos modelos experimentais de dor muscular induzida
por agentes quimicos, a administracdo intramuscular de A-carragenina (38-40) ou
salina hiperténica (41, 42) sdo as mais utilizadas. O modelo da dor inflamatéria
induzida pela A-carragenina é amplamente utilizado, ja que, de forma semelhante ao
processo inflamatério em humanos, ela é reduzida com o uso de antiinflamatérios
nao esteroidais (NSAIDs) (43, 44). Ela induz hiperalgesia mediada pela liberacédo de
dois mediadores inflamatérios finais, as prostaglandinas e as aminas
simpatomiméticas, que sensibilizam diretamente as fibras aferentes primarias (21,
45). A producao desses mediadores depende da liberacdo prévia de uma cascata de
citocinas, que envolve inicialmente a formacao da bradicinina, que por sua vez, induz

a liberagdo da citocina proé-inflamatéria TNFa (46). Esta citocina desencadeia a



liberacdo de duas vias distintas de mediadores, uma mediada pelas IL-1B e IL-6 que
estimulam a sintese da cicloxigenase-2 (COX-2), convertendo o acido araquidénico
em prostaglandinas e outra mediada pela IL-8 (em humanos) ou CINC-1 (em ratos)
que estimula a producao das aminas simpatomiméticas (47-49). Esse é um modelo
classico e amplamente utilizado, entretanto, foi demonstrado que a A-carragenina
ativa a imunidade inata via receptores toll like 4/MyD88, de forma semelhante a
endotoxina bacteriana Lipopolissacarideo (LPS) (50), o que sugere que esse modelo
néo seja exclusivamente inflamatério e talvez envolva um componente caracteristico
de patologias infecciosas. Ja a administragdo intramuscular de salina hiperténica,
embora induza dor com intensidade semelhante a mialgia postural (Knardahl, 2002),
nao estd acompanhada de um processo inflamatério (39). Em geral, nesse modelo,
utiliza-se repetidas injecées de salinas hipertbnicas (pH 4.0) afim de obter a
diminuicédo do limiar nociceptivo e tem sido muito utilizado para reproduzir situagdes
que nao estdo associadas com inflamacgéao, como a fibromialgia, dores crbnicas na
regido da coluna vertebral ou dor miofascial. Os modelos de dor muscular induzida
por contracdo muscular através de exercicios fisicos ou estimulagdo elétrica
amplamente utilizados simulam a dor muscular tardia (DOMS - delayed-onset
muscle soreness), que é a dor referida em musculos apos contragdes musculares
excéntricas extenuantes. No modelo caracterizado por exercicios fisicos, os animais
sdo induzidos a caminhar em uma esteira com inclinacdo em descida por longos
periodos de tempo (39). J& no modelo caracterizado pela estimulacao elétrica,
eletrodos transcutaneos sao inseridos nos musculos e estimulacdées sincronizadas
com um servomotor induzem 500 ciclos de repeticdes, de forma que, durante a
estimulacao da contracao, o masculo esteja na posicao alongada (51-53).

Outras estratégias sao usadas para tentar reproduzir a dor muscular através
da injecao de substancias exégenas, além da salina hiperténica, como por exemplo,
a capsaicina, 6leo de mostarda e o CFA (complete Freud’'s adjuvant)(54). A
capsaicina € amplamente utilizada nos estudos da dor cutdanea, mas ao ser
empregada no musculo da pata de ratos, ela produz hiperalgesia mecénica bilateral
com simultanea hipoalgesia ao calor unilateral, tendo um pico em 24 horas, mas com
duracao de até 4 semanas (55). De forma semelhante, hiperalgesia também pode
ser observada apés a administracao do 6leo de mostarda e do CFA (56, 57).



1.4. Dores decorrentes da contracao isométrica sustentada

As acdes musculares podem ser estaticas ou dinamicas. Nos exercicios
estaticos ou isométricos, ocorre a contracdo muscular mantendo um angulo fixo na
articulacao, enquanto que nos exercicios dinamicos, hd um movimento do membro
em torno da articulagdo, chamado de arco de movimento, com variagao positiva
(atividade concéntrica) ou negativa (atividade excéntrica) (58). Sendo assim, durante
0 exercicio dindmico o comprimento muscular se modifica, ao contrario do estatico,
que permanece constante. Sabe-se que as contra¢des isométricas produzem maior
tensdo do que as contracdes concéntricas, sendo a tensdo maxima, desenvolvida
quando as fibras musculares estdo aproximadamente no seu comprimento de
repouso. Isso se deve ao fato dos elementos contrateis e elasticos do musculo,
estarem em perfeita distribuicdo (59).

As dores referidas durante e apés as atividades de vida diarias, entre todos os
outros tipos de dores, sdo as mais comuns e tém origem na contracdo muscular
isométrica (60). Sabe-se que as atividades funcionais, realizadas por longos
periodos de tempo e potencialmente dolorosas, como a sustentacdo do peso
corporal na postura em pé e permanecer sentado em atividade de digitacdo, sao
mantidas principalmente por contragdo isométrica sustentada (61). Por exemplo: a
sustentacdo de peso corporal na postura em pé é realizada pela contragao
isométrica sustentada dos musculos de cadeia posterior; ja na digitagdo, existe
contracao isométrica sustentada dos musculos posteriores da coluna cervical para
alinhamento do campo de visdo, dos musculos da cintura escapular para
sustentacao dos bragos, e dos musculos toracicos e lombares para sustentacédo da
postura sentada e ereta. Além disso, foi sugerido que a dor referida nas costas apds
os periodos de sono na posicao deitada é causada por contracdo isométrica dos
musculos lombares (62).

Diferentes modelos experimentais realizados em humanos também
demonstram que a contragdo isométrica sustentada induz dor. Ha relatos de dores
musculares ap0s contracbes isométricas sustentadas do muasculo masseter ou
trapézio, realizadas repetidamente por um determinado periodo de tempo (63); do
musculo quadriceps, na posicao de flexdo de joelho a 90°, realizada uma Unica vez
até a exaustéo, tanto em mulheres saudaveis como nas portadoras de fibromialgia

(64). Além disso, foi descrito que a dor no musculo trapézio induzida pela



manutencdo do ombro em abducdo a 90° esta associada ao aumento da
concentracao local de bradicinina e calidina (60). Entretanto, apesar da sua
relevancia clinica, os mecanismos moleculares envolvidos no desenvolvimento da
dor muscular induzida pela contragéo isométrica sustentada sdo pouco conhecidos
e, portanto, objetivamos desenvolver um novo modelo de hiperalgesia muscular

mais realistico e com um bom grau de predicao e controle farmacolégico da dor.
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Abstract

Among the types of pain that affect people throughout their lives, muscle pain,
specially the one induced by sustained isometric contraction, is one of the most
prevalent and has an important socio-economic impact. However, despite their
clinical relevance, the molecular mechanisms involved in the development of muscle
pain induced by sustained isometric contraction are unknown. This is mainly due to
the absence of a more realistic experimental model that has a good degree of
prediction of pharmacological control of pain. Therefore, the aim of this study was to
develop a new model of muscle hyperalgesia induced by sustained isometric
contraction. The sustained isometric contraction was performed by the electrical
stimulation directly to the belly of the gastrocnemius muscle of rats and the
parameters were 19 millisecond of pulse duration, frequency of 50Hz, and intensity of
1.6 volts (V) for a period of 1 hour. This protocol induced mechanical muscle
hyperalgesia for one hour and, after two hours, the responses were similar to the
baseline. These responses were significantly higher than those induced by
stimulation 1.6V for 15 and 30 minutes, 0.5 and 1.0 V for 1h or sham. We also
demonstrated that the mechanical muscle hyperalgesia induced by sustained
isometric contraction was prevented by dexamethasone and that it involves the
presence of cells inflammatory. Taken together, these results suggest the potential of
this model to the studies of inflammatory muscle pain related to sustained isometric

contraction.
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Introduction

Since the 19th century, animal models of acute and chronic pain have been
developed to understand the mechanisms involved in pain process (1), such as
inflammatory (2-7), neuropathic (8-10), cancer (11-15), arthritic (16-20) and muscle
(21-30) pain, among others (31). Among all kinds of pain that afflict humans
throughout their lives, muscle pain is one of the most prevalent. It affects more than
40% of the population, account for 29% of missing work and, frequently, it limits the
movement for functional activities of daily living (32).

Currently, there are several models to study muscle pain in experimental
animals. The most common models are characterized by muscle pain induced by
local administration of chemical agents and by muscle contraction induced by
exercise or electrical stimulation of the muscle. The intramuscular administration of A
carrageenan (33-35) and of hypertonic saline (36, 37) are the most used models of
muscle pain induced by chemical agents, since, similar to the inflammatory process
in human, it is prevented by nonsteroidal anti-inflammatory drugs (NSAIDs) (38, 39).
However, it was demonstrated that the A carrageenan activates innate immunity via
toll like receptors 4/MyD88, similar to bacterial endotoxin lipopolysaccharide (LPS)
(40), suggesting that this model may involve an inflammatory component similar to
infections. In addition, the intramuscular administration of hypertonic saline is a
widely model used to study chronic muscle pain (41), that induces pain with similar
intensity of postural myalgia (Knardahl, 2002), however, it doesn’t involve an
inflammatory process (34).

Models of muscle pain induced by muscle contraction through exercise or

electrical stimulation are widely used to study DOMS (delayed onset muscle
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soreness), which is referred as pain in muscles after strenuous eccentric muscle
contractions. It is interesting to point out that the eccentric muscle contraction
induces muscle injuries significantly greater than that induced by concentric and
isometric contractions (42-46), however, this kind of muscle pain is not associated
with the daily functional activities, therefore, it doesn’t has important socioeconomic
impact.

Sustained isometric contraction is related to muscle pain during and after the
activities of daily life (47). It has been described that to stay standing up or typing,
positions that are supported by sustained isometric contraction, for long periods
induce muscle pain (48). Also, the muscle pain reported after to sleep in the supine
position is caused by isometric contraction of lumbar muscles (49). Different
experimental models performed in humans also demonstrate that sustained isometric
contraction induces muscle pain. It was demonstrated that the sustained isometric
contractions of the masseter, trapezius and quadriceps muscle in different positions
induce intense muscle pain (50, 51). It is interesting to point out that the pain in
trapezius muscle induced by the maintenance of shoulder in 90° of abduction is
associated with increased local concentration of bradykinin and kallidin (47).

Considering the clinical relevance of muscle pain induced by sustained
isometric contraction and the scientific and clinical importance of understanding the
mechanisms involved in this kind of pain, the aim of this study was to develop a new

model of muscle hyperalgesia induced by sustained isometric contraction in rats.
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Methods

Subjects

Male albino Wistar rats weighing 200-350g were used. Experiments were
conducted in accordance with the guidelines of the Committee for Research and
Ethical Issues of IASP on using laboratory animals (52). All animal experimental
procedures and protocols were approved by the Committee on Animal Research of
the State University of Campinas — Unicamp. Animals were housed in plastic cages
with soft bedding (five/cage) on a 12:12 light cycle (lights on at 06:00 A.M.) with food
and water available ad libitum. They were maintained in a temperature-controlled

room (£23 °C) for a 1-h habituation period prior to the test.

Model of muscle hyperalgesia induced by sustained isometric contraction associated
with electrical stimulation

To develop this model it was used the equipment Grass®, S88X Estimulator
Model. The animals remained in a supine position were anesthetized by inhalation of
a 2% - 4% of isoflurane. The right hind paw was shaved and the skin was cleaned
with Polvidine. The electrodes were inserted into the belly of the gastrocnemius
muscle and throughout the procedure of electrical stimulation, the animals remained
in the prone position, held on thermal blanket to prevent hypothermia caused by
anesthesia.

The initial parameters used were pulse width of 1 ms, intensity of 3V and
frequency of 30Hz (63). These parameters were adapted to allow the observation

good visual degree of muscle contraction able to maintain of sustained plantar flexion
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without any appearance of obvious macroscopic lesions such as burns or
inflammatory exudate. Stimulation was performed during 15, 30 and 60 minutes.

For a adequate standardization of the pattern current, we analyze the
variables of current through an oscilloscope GW Instek brand, model GDS-1022 and

a voltmeter.

Quantification of muscle hyperalgesia

Two classical models of hyperalgesia were used to quantify the behavior
responses. The purpose of using two models was to confirm the responses and to
evaluate in which model the hyperalgesia would be more evident. We use the paw
elevation test (TEP) and Randall Selitto.

Paw elevation test: We evaluated the inability of the rat to walk normally (due
to muscle pain) after being subjected to sustained isometric contraction (53). The
variable quantified in this test is the Paw Elevation Time (TEP), which is defined as
the time, at which, the animal walk without touching the cylinder with the injured
muscle hind paw for a period of 60 seconds. TEP is directly proportional to the
disability, which is accepted as reflecting hyperalgesia (54). Briefly, prior to
contraction of the right gastrocnemius muscle, the animals were placed to walk on a
rotating steel drum (30 wide x 50 cm diameter) covered with a mesh stainless wire,
which rotates at a speed of 3 rpm. Metal sneakers were placed around the animal's
hind paw and the right hind paw was connected to a simple circuit computerized data
acquisition in order to obtain control measurements over a period of 60 seconds.
Typically, animals show a baseline TEP of about 10 seconds. Obtained control
measures, animals should be subjected to muscle contraction procedure and were

subsequently submitted to TEP test again for 60 seconds. Evaluations were
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performed immediately after full recovery from anesthesia and followed by 1/2, 1, 2, 3
and 6h after the contraction procedure. To minimize variations in estimates of TEP,
all animals were introduced to the experimental environment and trained on the
machine to get used to the equipment. The test allows obtaining records from three
animals per session and gives automatic measurements, which are independent of
the subjectivity of the observer (53).

The RandallSelitto test: The Randall Selitto nociceptive paw-withdrawal flexion
reflex test (55) was performed using an analgesimeter (Insight, Ribeirdo Preto, SP,
Brasil), which applies a linearly increasing mechanical force to the gastrocnemius
muscle of the rats. The nociceptive threshold was defined as the force in grams, with
which the rat withdrew its paw. The baseline paw-withdrawal threshold was defined
as the mean of three tests performed at 5 min intervals before test agents were
injected or before sustained isometric contraction. Mechanical hyperalgesia was
quantified as the change in mechanical nociceptive threshold calculated by
subtracting the mean of three mechanical nociceptive threshold measurements taken
after injection of the test agent from the mean of the three baseline measurements.
The animals were subjected to the TEP, which lasts only one minute, and then to the

Randall Selitto.

Drugs
It was used the following drugs: QX-314 2% (68), diluted in saline and
dexamethasone 1mg/kg (69), dissolved in ethanol. The drugs were obtained from

Sigma-Aldrich (Brazil).
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Intramuscular and subcutaneous administration of drugs
Rats were briefly anesthetized by inhalation of isoflurane and the drugs were
administered in the belly or in the subcutaneous tissue of the gastrocnemius muscle

through a Hamilton syringe and a 30 gauge needle. The final volumes were 50pl.

Histology of muscle tissue

Samples of the gastrocnemius muscle of the sham and experimental groups
were collected 1 hour after the end of sustained isometric contraction and 1 hour
after removal of invasive electrodes the group sham. Samples were stored in 10%
formaldeyde for subsequent immersion in paraffin. Sections were 5um and the slides

were stained with hematoxylin and eosin.

Statistical analysis

For data shown in Figures 1, 2A and 2B, two-way ANOVA with Bonferroni post
test were used to determine the basis of the significant difference (p < 0.05). T-test
was used on data of figure 4 and for data of other figures, one-way ANOVA, post hoc
contrasts, using the Tukey test, were performed to determine the basis of the
significant difference. Data are expressed in figures by the decrease in paw-

withdrawal threshold and are presented as means + SEM.
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Results

Standardization of the model of mechanical muscle hyperalgesia induced by
sustained isometric contraction

The standardization of the parameter of modulation of the electrical stimulation
demonstrated that the repeated pulse, monophasic current, pulse duration of 19 ms,
frequency of 50Hz frequency and intensity of 1.6V for 1h induced behavior responses
in Randall Selitto and TEP significantly greater that that induced by Sham (needle-
type electrode insertion in the muscle belly with current off) (p <0.05 , Two Way
ANOVA, Bonferroni Fig. 3A and 3B) These behavioral responses were significantly
increased after 30 minutes and 1 hour from the end of the isometric contraction; after
this time point the behavioral responses decreased and between 2 and 6 h the
responses were similar to baseline (p <0.05, Two Way ANOVA, Bonferroni, Fig. 1A
and 1B). Importantly, the animals showed no spontaneous nociceptive behavioral

responses in any period of measurements of muscle hyperalgesia (data not shown).
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Figure 1
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Fig.1. Analysis of muscle hyperalgesia by Randall Selitto (A) and TEP (B). These
behavioral responses were significantly increased after 30 minutes and 1 hour from
the end of the isometric contraction; after this time point the behavioral responses
decreased and between 2 and 6 h the responses were similar to baseline. The
symbol "*" indicates behavioral responses significantly greater than those induced

Sham groups (p <0.05, two-way ANOVA, Bonferroni)
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To determine the voltage able to induce the greatest behavioral responses, we
evaluated the behavioral responses induced by 0.5, 1.0 and 1.6V for 1h. The results
demonstrated that the sustained isometric contraction performed by currents of 1.6V
induced behavioral responses significantly greater than that induced by 0.5 and 1.0V

(p <0.05, Two Way ANOVA, Fig 2A and 2B).

Figura 2
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Fig.2. Analysis of voltage. Sustained isometric contraction performed by currents of
1.6V induced behavioral responses significantly greater than that induced by 0.5 and
1.0V. The symbol "*" indicates responses significantly greater than those induced by
other groups (p <0.05, two-way ANOVA, Bonferroni). The symbol "#" indicates
behavioral responses significantly greater than that induced by 0.5V group (p <0.05,

two-way ANOVA, Bonferroni).
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To determine the period of time of contraction able to induce the greatest
behavioral responses, we evaluated the behavioral responses induced by currents of
1.6V for 15, 30 minutes or 1h. The results demonstrated that the sustained isometric
contraction performed by 1h induced behavioral responses significantly greater that

that induced by 15 or 30 min. (p <0.05, Two Way ANOVA, Fig 3A and 3B).

Figure 3
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Fig.3. Time course. The symbol sustained isometric contraction performed by 1h
induced behavioral responses significantly greater that that induced by 15 or 30 min.
"*" indicates responses significantly greater than those induced by other groups (p

<0.05, two-way ANOVA, Bonferroni).
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To confirm the involvement of muscle tissue and the nociceptive character of
behavioral responses induced by sustained isometric contraction, we injected the
QX314, a quaternary lidocaine derivate, into the subcutaneous tissue or into the
gastrocnemius muscle 5 minutes before analysis of the behavioral responses. The
results demonstrated that intramuscular but not subcutaneous (p > 0.05, t-test, figure
4) injection of QX314 (2%) blocked the behavioral responses induced by sustained
isometric contraction. These data confirmed the involvement of muscle tissue and
excluded the involvement of the subcutaneous tissue in these responses. They also

demonstrated the nociceptive character of these responses.

Figure 4
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Fig.4. Analysis of the involvement of the subcutaneous and muscle tissues in the
hyperalgesic responses analized by Randall Selitto test. intramuscular but not
subcutaneous injection of QX314 (2%) blocked the behavioral responses induced by
sustained isometric contraction. These data confirmed the involvement of muscle
tissue and excluded the involvement of the subcutaneous tissue in these responses.
The symbol "*" indicates nociceptive behavioral responses significantly lower than

that showed by control group (white bar) (p <0.05, t-test).
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Involvement of inflammation in the mechanical muscle hyperalgesia induced by

sustained isometric contraction.

To evaluate whether the mechanical muscle hyperalgesia induced by
isometric contraction was mediated by inflammatory mediators, we used the steroid
anti-inflammatory drug, dexamethasone. Pre-treatment with dexamethasone
(Img/kg, but not 0.1 mg/kg, sc) 30 minutes before the isometric contractions
prevented the mechanical muscle hyperalgesia induced by sustained isometric
contraction (p <0.05, Tukey's test, 6A and 6B). Pretreatment with dexamethasone in

the sham group did not alter the behavioral responses (p > 0.05, Tukey test).

Figure 5
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Fig.5. Effect of dexamethasone in mechanical muscle hyperalgesia induced by
sustained isometric contraction. Pre-treatment with dexamethasone (1mg/kg, but not
0.1 mg/kg, sc) 30 minutes before the isometric contractions prevented the

mechanical muscle hyperalgesia induced by sustained isometric contraction.
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Pretreatment with dexamethasone in the sham group did not alter the behavioral
responses. The symbol "*" indicates behavioral responses significantly lower than

those induced by control groups (p <0.05, Tukey test).
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Histology of muscle tissue after sustained isometric contraction

Histological analysis of the samples of gastrocnemius muscle demonstrated
that the sustained isometric contraction (Fig. 6B) induced inflammation with a
considerable presence of cells inflammatory when compared to the sham group (Fig.

BA).
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Fig.6A. Histology of the gastrocnemius muscle of sham group.
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Fig.6B. Histology of the gastrocnemius muscle stained with hematoxylin and eosin of
rats submitted to the sustained isometric contraction. The figure shows a significant
inflammation with a presence massive of inflammatory cells. The red arrows indicate
inflammatory cells.
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Discussion

In the present study we have developed a new model of mechanical muscle
hyperalgesia induced by sustained isometric contraction. We also demonstrated that
this process is associated with inflammation.

The data that the sustained isometric contraction induced muscle hyperalgesia
in two different experimental protocols used for quantification of inflammatory pain,
such as Randall Selitto and TEP, confirm the development of the muscle
hyperalgesia. The temporal evolution of this response is fast, since 30 minutes after
the end of the muscular contraction we were able to quantify a significant muscle
hyperalgesia by both protocols; the peak of this response was at one hour, with an
evident decline after this. It is interesting to point out that postural myalgia are
characterized by a chronic painful process and, although our model have induced
only one hour of muscle pain, it was performed only one episode of sustained
isometric contraction.

Some variables of the parameters used in our study are similar to other
studies (56-58) that induced muscle contraction by electrical stimulation to study
DOMS. In these studies, it was used 50Hz of frequency, the same used in our study.
However, the pulse duration was of 1ms, whereas in our study, it was used 19ms.
This difference may be explained by the fact that our model aimed to induce
sustained isometric contraction for 1 hour (without relaxation), whereas in the other
studies, the contraction was performed by a cycle of contraction and relaxation, with
3 second of contraction and 1 second of relaxation.

We realized the electrical stimulation with direct current that has no interval
between pulses, however, not been possible to obtain muscle contraction for a long

period of time. We believe that a short interval between pulses is necessary so that
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the muscle fibers can maintain cellular homeostasis. Beyond 1.6V, other voltages
were tested, but higher voltage than 1.6V induced very strong muscular contractions
and promoted macroscopic lesions. Have voltages below 1.6V generated very weak
muscle contractions, not approaching the muscular contractions of daily life.

The Randall Selitto method is performed by applying a gradual linear force
directly on the skin overlying the gastrocnemius muscle; therefore, to exclude the
involvement of the subcutaneous tissue and confirm the involvement of muscle tissue
in the behavioral responses evaluated by this method, we used the QX314. Also,
considering that QX314 is a quaternary lidocaine derivate, it doesn’t cross the blood
brain barrier, therefore, confirming the peripheral nociceptive character of these
responses.

It has been demonstrated that muscle pain is associated with an inflammatory
process, since anti-inflammatory drugs reduce muscle pain (59) and that the
concentration of proinflammatory cytokines is increased in muscle tissue of patients
with muscle pain (60, 61) It has been well described that glucocorticoid drugs, such
as dexamethasone inhibit both the early and late changes that contribute to the
inflammatory process (62). Therefore, our results that pretreatment with
dexamethasone prevented the mechanical muscle hyperalgesia induced by
sustained isometric contraction confirm the involvement of inflammatory mechanisms
in this response. Also, our histological analysis of the muscle tissue 1 hour after the
sustained isometric contractions demonstrated the involvement of inflammatory cells
in this process. This data is supported by studies that demonstrated the presence of
inflammatory cells in the muscle tissue of humans post strenuous contractions (63,

64).
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It has been shown that some inflammatory cells such as macrophages and
neutrophils mediate the release of pro-inflammatory cytokines (65, 66), which induce
the release of mediators responsible for the late inflammatory pain. These final
mediators, such as prostanoids or sympathetic amines, act directly on the
nociceptors to cause hyperalgesia (21, 43). Taken together, these data suggest that
the muscle hyperalgesia induced by sustained isometric contraction and prevented
by pretreatment with dexamethasone and QX 314 has inflammatory and nociceptive
character with the presence of inflammatory cells in the muscle tissue.

In summary, the data of the present study demonstrated the development of a
new model of muscle hyperalgesia induced by sustained isometric contraction.
These data also, suggest the scientific potential of this model to the studies of muscle

pain related to sustained isometric contraction.
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3. Discussao Geral

No presente estudo, desenvolvemos um novo modelo de hiperalgesia muscular
mecanica induzida pela contragdo isométrica sustentada e também demonstramos
que este processo esta relacionado com a inflamacéo.

Os dados de que a contracdo isométrica sustentada induziu hiperalgesia
muscular em dois diferentes protocolos experimentais, utilizados para a quantificagao
da dor inflamatéria, tais como Randall Selitto e TEP, confirmam o desenvolvimento da
hiperalgesia muscular. A evolucao temporal desta resposta € rapida, uma vez que 30
minutos apds o fim da contracdo muscular, fomos capazes de quantificar uma
hiperalgesia muscular significativa em ambos os protocolos; o pico da resposta foi de
uma hora, e seguido de uma reducéo evidente logo apés esse tempo. E interessante
salientar que as mialgias posturais sao caracterizadas por um processo doloroso
crénico e, embora o nosso modelo tenha induzido apenas uma hora de dor muscular,
no presente estudo apenas um episodio de contracdo isométrica sustentada foi
realizado.

Algumas variaveis dos parametros utilizados em nosso estudo séo similares a
variaveis de outros estudos (51-53), que induziram contracdo muscular por
estimulacao elétrica para investigar a dor muscular tardia. Nestes estudos, foi utilizado
50Hz de frequéncia, o mesmo utilizado em nosso estudo. No entanto, a duragéo do
pulso foi de 1 ms, enquanto que, em nosso estudo foi utilizado 19ms. Essa diferenca
pode ser explicada pelo fato de que o nosso modelo teve como objetivo induzir a
contragdo isométrica sustentada por 1 hora (sem relaxamento), enquanto que nos
outros estudos, a contracao foi realizada por um ciclo de contracao e relaxamento,
com trés segundos de contragédo e 1 segundo de relaxamento.

Testamos também a corrente continua (sem intervalos entre os pulsos) a fim
de obtermos a contracdo isométrica sustentada. Esse tipo de corrente € a mesma
utilizada em protocolos fisioterapéuticos para gerar contragdo muscular involuntéria,
no entanto, ao ser aplicada no musculo gastrocnémio de ratos, ela ndo se mostrou
efetiva em manter o musculo em contracdo por um longo periodo de tempo.
Acreditamos que essa um pequeno intervalo de tempo entre os pulsos, assim como
estipulado em nosso protocolo, seja necessario para manter a homeostase das fibras

celular.
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Além de 1,6V, outras voltagens foram testadas e percebemos que voltagens
maiores que 1,6 induziam uma contragdo muscular muito vigorosa e que por vezes
acabava gerando lesbes macroscopicas. Ja voltagens menores que 1,6V, induziam
uma contracdo muscular mais fraca, distante das contracées musculares decorrentes
das atividades de vida diaria, por isso entdo, optamos por 1,6V, uma vez que ela é
capaz de produzir uma contracdo muscular mais proxima da realidade sem que haja
lesbes macroscopicas.

O método de Randall Selitto é realizado através da aplicacdo de uma forca
linear gradual diretamente sobre a pele que recobre o musculo gastrocnémio,
portanto, para excluir o envolvimento do tecido subcutaneo e confirmar o
envolvimento do tecido muscular nas respostas comportamentais avaliadas por este
método, utilizamos o QX314. Vale salientar que o QX314 é um derivado quaternario
de lidocaina que n&o atravessa a barreira hematoencefalica, confirmando, portanto, o
caracter nociceptivo e periférico dessas respostas.

Foi demonstrado que a dor muscular estd associada a um processo
inflamatorio, uma vez que as drogas anti-inflamatorias reduzem a dor muscular (65) e
que a concentracao de citocinas pro-inflamatérias € aumentada no tecido muscular de
pacientes com dor muscular (66, 67). Estd bem descrito na literatura que os
glicocorticéides, tal como a dexametasona, inibem tanto as alteracées precoces,
quanto tardias, que contribuem para o processo inflamatério (68). Portanto, os nossos
resultados de que o pré-tratamento com a dexametasona previne a hiperalgesia
muscular mecanica induzida pela contracdo isométrica sustentada, confirmam o
envolvimento de mecanismos inflamatérios nesta resposta. Além disso, a analise
histoldégica do tecido muscular 1 hora apds as contragdes isométricas sustentadas
demonstraram o envolvimento de células inflamatérias neste processo. Esses dados
sao confirmados por estudos que demonstraram a presenca de células inflamatérias
no tecido muscular de pessoas apo6s contragdes musculares extenuantes (69, 70).
Tem sido demonstrado que algumas células inflamatérias, como os macréfagos e os
neutroéfilos, medeiam a liberacao de citocinas pré-inflamatérias (71, 72), que acabam
por induzir a liberagdo de mediadores finais responsaveis pela dor inflamatéria. Estes
mediadores finais, tais como os prostandides ou aminas simpatomiméticas, agem
diretamente sobre os nociceptores, provocando hiperalgesia (73, 74). Juntos, estes
dados sugerem que a hiperalgesia induzida pela contracdo muscular isométrica

sustentada e prevenida pelo pré-tratamento com dexametasona e QX 314, possui
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carater inflamatério e nociceptivo, com a presenca de células inflamatérias no tecido

muscular.

4. CONCLUSAO GERAL

Juntos, estes dados sugerem que esse novo modelo de hiperalgesia muscular
se aproxima de uma condicdo mais proxima da real encontrada nas dores
musculares decorrentes das atividades diarias, além de possuir um grande potencial
cientifico para os estudos dos mecanismos fisiopatolégicos envolvidos na dor

muscular relacionada a contracéo isométrica sustentada.
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