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RESUMO

A dor musculoesquelética é um importante problema de saude mundial. Dentre todos
os tipos de dor, aquela induzida pela contragdo isométrica sustentada esta relacionada
com 0s movimentos corporais nas atividades da vida diarias e apresenta um alto
impacto socioecondmico. Apesar da sua relevancia clinica, os mecanismos moleculares
envolvidos no desenvolvimento da dor muscular induzida pela contracdo isométrica
sustentada s&o pouco conhecidos. Portanto, o objetivo deste estudo foi avaliar o
envolvimento dos receptores TRPV1 e TRPA1 na hiperalgesia muscular mecanica
induzida pela contracao isométrica sustentada no musculo gastrocnémio de ratos
machos, da linhagem wistar. O antagonista seletivo do receptor TRPV1, AMG9810,
reduziu significativamente a hiperalgesia muscular mecénica induzida pela contragéo
isométrica sustentada quando administrado no musculo gastrocnémio ipsilateral, mas
ndao no contralateral. A administracao intratecal de AMG9810 apresentou a mesma
resposta. Similar ao TRPV1, a administracao intramuscular e intratecal do antagonista
seletivo do receptor TRPA1, HC030031, reduziu significativamente a hiperalgesia
muscular induzida pela contragdo isométrica sustentada. No entanto, ndo foi observado
modificagdo da expressao proteica dos receptores TRPV1 e TRPA1 no tecido muscular
apos a contracao isométrica sustentada. Os dados sugerem que os receptores TRPV1
e TRPA1 expressos no musculo gastrocnémio e corno dorsal da medula espinhal estao
envolvidos na hiperalgesia muscular mecéanica induzida pela contracdo isométrica
sustentada em ratos. Sugerimos, portanto, que os receptores TRPV1 e TRPA1 co-
expressos nas fibras aferentes primarias trabalhem juntos para ativar os nociceptores
das fibras aferentes durante a contracdo isométrica sustentada. Além disso, nés
sugerimos que os receptores TRPV1 e TRPA1 sejam potenciais alvos para o controle

da dor muscular inflamatéria.

Palavras-chave: Dor muscular, contragdo isométrica sustentada, receptores TRPV1 e
TRPA1.
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ABSTRACT

Musculoskeletal pain is an important health issue in the world. Among the kinds
of muscle pain, the one induced by sustained isometric contraction is associated with
body movements of the daily life and has a high socio-economic impact. Despite its
clinical relevance, the molecular mechanisms involved in the development of muscle
pain induced by sustained isometric contraction are poorly understood. Therefore, the
aim of this study was to evaluate the involvement of TRPV1 and TRPA1 receptors in the
mechanical muscle hyperalgesia induced by sustained isometric contraction of the
gastrocnemius muscle of rats. The selective TRPV1 receptor antagonist AMG 9810
reduced the mechanical muscle hyperalgesia induced by sustained isometric contraction
when administered in the ipsilateral but not in the contralateral gastrocnemius muscle.
Also, the intratecal administration of AMG9810 reduced the same response. Similar to
TRPV1, intramuscular and intrathecal administration of selective TRPA1 receptor
antagonist HC030031 reduced the mechanical muscle hyperalgesia induced by
sustained isometric contraction. Finally, the sustained isometric contraction did not
modify the protein expression of TRPV1 and TRPA1 receptors in muscle tissue. We
concluded that TRPV1 and TRPA1 receptors expressed in gastrocnemius muscle and
spinal cord dorsal horn are involved with the mechanical muscle hyperalgesia induced
by sustained isometric contraction in rats. We suggest that TRPV1 and TRPAf1
receptors co-expressed in primary afferent fibers work together to activate nociceptive
afferent fibers during sustained isometric contraction. Also, we suggest that TRPV1 and

TRPAT1 receptors are potential target to control inflammatory muscle pain.

Keywords: Muscle pain, sustained isometric contraction, TRPV1 and TRPA1 receptors
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EPIGRAFE
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1. INTRODUGCAO

Define-se dor como sendo uma “experiéncia sensorial e emocional desagradavel
associada a dano tecidual real ou potencial, ou descrita em termos desse potencial
dano” (Associagdo Internacional para a o Estudo da Dor — IASP). E uma experiéncia
multidimensional, na qual estdo envolvidos varios componentes: motivacional,
emocional, sensério-discriminativo, afetivo e cognitivo (Mersky, 1986). Contém ainda
influéncias de fatores como a idade (Riley et al. 2013), sexo (Amandusson e Blomqyvist,
2013) e etnia (Palit et al. 2013; Matsudaira et al. 2013). Além disso, apesar do seu
carater desagradavel, a dor € uma alerta de prote¢do ao individuo quando pensamos

em estimulos danosos externos ou provenientes do préprio organismo.

A definicdo de dor abrange dois conceitos: 0 de percepcéo e o de nocicepgcao. A
percepgao € uma fungao integrativa do estimulo realizada a nivel central e resultante de
componentes cognitivo-motivacionais (Mersky, 1986) e a nocicepcao € resultante da
ativacado de uma populacdo de neurdnios especificos que fazem a transmissao de um
estimulo nocivo para as areas centrais (Millan, 1999; Julius e Bausbaum, 2001).
Partindo do principio de que um estimulo nocivo € doloroso, ocorre a ativacado de
receptores especificos denominados nociceptores, ou seja, terminagdes nervosas livres
presentes na maioria dos tecidos corporais, ativadas por estimulos de alto limiar, de

natureza térmica, quimica ou mecanica (Mense, 2009).

A dor é um importante problema de saude mundial. Em todo o mundo, estima-se
que 1 em cada 5 adultos sofram de dor; além disso, 1 em cada 10 adultos é
diagnosticado com dor cronica todo ano (Gureje et al., 1998; Breivik et al., 2006; Reid et
al., 2011). Anualmente, os problemas decorrentes de condicbes dolorosas, custam aos
Estados Unidos meio trilhdo de dblares, medido em termos de utilizagdo de cuidados de
saude, custo de um trabalhador afastado por motivos de salude e o impacto sobre a
qualidade de vida (Gaskin and Richard, 2012).

Especificamente, a dor muscular é o tipo de dor mais prevalente na populacao
mundial (Andersen et al. 2007; Murray et al. 2013), afetando em torno de 13,5% e 47%
da populacao geral e sendo responsavel por 29% de abstinéncia em dias de trabalho e
frequentes resultados no comprometimento das atividades de vida diarias (Cimmino et



al., 2011). Além disso, ela apresenta elevados indices de incapacidade fisica e laboral
(Minson, 2009), perdendo apenas para doengas cardiovasculares em relagdo aos
prejuizos socioecondmicos (Murray et al. 2013; Coogan et al. 2013, Nahit et al. 2013). A
dor muscular apresenta ainda uma série de particularidades em relacdo as estruturas
envolvidas no processamento do estimulo doloroso muscular, como 0s nociceptores,
vias de conducado, areas cerebrais envolvidas com a percepgdo da dor (Mense e
Gerwin, 2010), a liberagéao de citocinas pro-inflamatérias (Loram et al. 2007), formagao
de campos receptivos (Hoheisel et al. 1993; Mense, 1993; Yu et al. 1993) e a
percepcao de estimulos de natureza dolorosa (Dubner, 1991).

Sabe-se que fibras musculares nao apresentam nociceptores, 0s quais estao
distribuidos no perimisio, camada adventicia das arteriolas e no tecido peritendineo.
Ainda que pouco compreendida, a estrutura dos nociceptores em imagens de
microscopia eletrobnica demonstra a presenca de células de Schwann, com uma
pequena area nao recoberta, local onde ha a ativacdo dos mesmos (Mense e Gerwin,
2010).

As vias aferentes conduzem a informacdo até o SNC apés a ativagcdo dos
nociceptores e séo classificadas no musculo de forma semelhante as dos érgaos
viscerais. A dor aguda é conduzida por fibras tipo lll, semelhantes as fibras Ad e a dor
cronica por fibras tipo IV, que se assemelham as fibras C. As informagbdes sao
conduzidas até o cortex cingulado anterior, cértex somatossensorial primario e
secundario, cértex insular, talamo e cértex pré-frontal, onde serdo interpretadas
(Apkarian et al. 2005; Lorenz e Casey, 2005; Henderson et al. 2007).

Existem varios mecanismos lesivos que levam a dor muscular, bem como,
trauma, alongamento excessivo e contracées extenuantes ou sustentadas. A contracéo
isométrica sustentada, ou seja, atividade muscular na auséncia de movimentacao
articular por um tempo prolongado, é um padrao de contracdo muscular altamente
associada com a dor muscular. Tem sido descrito que dores nos ombros/pescoco e
parte superior do corpo associadas ao trabalho, pelo menos em parte, estdo
relacionadas a contracao isométrica desses musculos de modo a estabilizar a cabeca e
assegurar um campo visual estavel (Dutia, 1991). A dor nas costas associada com
trabalhadores que mantém uma posicéao fletida por longos periodos de tempo resulta da
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contracdo sustentada e prolongada desses musculos (McGill et al., 2000). Além disso,
tem sido sugerido que a contragdo muscular do tipo isométrica de baixa intensidade é a
principal causa de dores nas costas apds periodos de descanso (Baum and Essfeld,
1999). Diferentes modelos experimentais desenvolvidos com humanos tém
demonstrado que a contracdo isométrica sustentada do musculo masseter, trapézio ou
quadriceps, em diferentes posi¢des, induz dor muscular intensa (Kosek et al., 1996;
Boix et al., 2005; Hedenberg-Magnusson et al., 2006). No entanto, apesar de sua
relevancia clinica, os mecanismos pelos quais a contragdo isométrica sustentada gera a

dor ndo estao estabelecidos.

Recentemente nosso grupo de pesquisa desenvolveu um novo modelo de
hiperalgesia muscular induzida pela contracdo isométrica sustentada em ratos. Noés
demonstramos que a estimulacdo elétrica do musculo gastrocnémio para indugéo da
contracdo isométrica sustentada resulta em hiperalgesia muscular mecanica.
Demonstramos também que este modelo esta associado a um processo inflamatorio,
aumento dos niveis de creatina-quinase e ndao que ha evidéncias histolégicas de dano

estrutural nas fibras musculares (dados ndo publicados).

Estudos indicam que varios membros da familia do receptor de potencial
transitorio (TRP), denominados TRPV1 e TRPA1, funcionam tanto como transdutores
sensoriais para estimulos mecanicos nocivos quanto desempenham um papel essencial
no desenvolvimento da hipersensibilidade mecéanica sob varias condigdes de dor
(Levine and Alessandri-Haber, 2007). O receptor TRPV1 é um canal permeavel ao
célcio, sendo ativado ou modulado por diversos estimulo nocivos exdgenos e pela
liberacado de moléculas especificas durante um dano tecidual e processo inflamatério.
Receptores TRPV1 sao expressos em ambos os ramos periféricos e centrais de
pequenos e médios (C e Ad) neurbnios do ganglio da raiz dorsal (GRD) (Caterina et
al. 1997; Ji et al., 2002; Toth et al. 2005; Cristino et al. 2006; Fernandes et al. 2012; Vay
et al. 2012). Tem sido descrito 0 envolvimento dos receptores TRPV1 em diferentes
condicoes dolorosas (Caterina et al., 2000; Davis et al., 2000; Gavva et al., 2005;
Honore et al.,, 2005; Rami et al., 2006; Walker et al., 2003; Ghilardi et al., 2005).
Especificamente na dor muscular, os receptores TRPV1 modulam a dor muscular
generalizada induzida pela acidez tecidual (Chen et al., 2014), hiperalgesia muscular
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mecanica e térmica (Walder et al., 2012; Lee et al., 2012; Ro et al. 2009) e hiperalgesia
visceral (Jones et al., 2005; Ravnefjord et al., 2009). Além disso, foi descrito que o
antagonista seletivo do receptor TRPV1 reduz a hiperalgesia muscular mecéanica
induzida pela contracao excéntrica (Fuijii et al., 2008); e a administragdo de capsaicina,
um agonista de TRPV1, no musculo masseter reduz o limiar nociceptivo mecéanico em
humanos e ratos (Arendt-Nielsen et al., 2008; Ro et al., 2009). O receptor TRPA1
(receptor ionotrépico de potencial transitério A1) é expresso seletivamente por um grupo
ndao mielinizado de nociceptores peptidérgicos (Bautista et al., 2006 e Story et al.,
2003), além de serem expressos em células ndo neuronais, como as queratinécitos,
fibroblastos e mastocitos (Atoyan et al.,2009; Jain et al., 2001; Prasad et al., 2008).
Recentemente, estudos demonstraram o envolvimento do receptor TRPA1 na
hiperalgesia mecéanica induzida pela carragenina (Bonet et al., 2013; Perin-Martins et
al., 2013) e CFA (Petrus et al. 2007; Eid et al. 2008) no tecido subcutaneo e na dor
neuropatica (da Costa et al.,2010). Especificamente no tecido muscular, foi descrito que
os receptores TRPA1 contribuem para a nocicep¢do muscular e hiperalgesia do
musculo masseter de ratos (Ro et al.,2009).

Considerando as evidéncias do envolvimento dos receptores TRPV1 e TRPAT
na dor muscular e as relevancias clinicas da dor muscular induzida pela contracédo
isométrica sustentada, o objetivo deste estudo foi investigar como os receptores TRPV1
e TRPA1 periféricos e centrais contribuem para a hiperalgesia muscular mecanica

induzida pela contragao isométrica sustentada em ratos.



2. OBJETIVOS

Apesar da relevancia clinica das dores musculares, 0s mecanismos moleculares
envolvidos no desenvolvimento da dor muscular induzida pela contracdo isométrica
sustentada ndo foram totalmente esclarecidos. Portanto, o objetivo desse estudo foi
verificar o envolvimento dos receptores TRPV1 e TRPA1 na hiperalgesia muscular

induzida pela contracao isométrica sustentada no musculo gastrocnémio de ratos.

Os objetivos especificos foram:

1. Estudar o envolvimento dos receptores TRPV1 e TRPA1 expressos nos nociceptores
aferentes primarios na hiperalgesia muscular induzida pela contracdo isométrica
sustentada no musculo gastrocnémio de ratos. Para isso, testamos a habilidade dos
antagonistas seletivos desses receptores em reduzir a hiperalgesia muscular
induzida por contragédo isomeétrica sustentada.

2. Estudar o envolvimento dos receptores TRPV1 e TRPA1 expressos no ganglio da
raiz dorsal na hiperalgesia muscular induzida pela contragdo isométrica sustentada
do musculo gastrocnémio de ratos. Para isso, testamos a habilidade dos
antagonistas seletivos desses receptores em reduzir a hiperalgesia muscular

induzida por contragao isométrica sustentada quando administrados via intratecal.

3. Estudar a expressao dos receptores TRPV1 e TRPA1 no musculo gastrocnémio de

ratos.



3. CAPITULO

Versao do artigo “Mechanical muscle hyperalgesia induced by sustained isometric
contraction is modulated by TRPV1 and TRPA1 receptors” que foi submetido ao
periddico “Life Sciences” (ANEXO 1)
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ABSTRACT

Musculoskeletal pain is an important health issue in the world. Among the kinds
of muscle pain, the one induced by sustained isometric contraction is associated with
body movements of the daily life and has a high socio-economic impact. Despite its
clinical relevance, the molecular mechanisms involved in the development of muscle
pain induced by sustained isometric contraction are poorly understood. Therefore, the
aim of this study was to evaluate the involvement of TRPV1 and TRPA1 receptors in the
mechanical muscle hyperalgesia induced by sustained isometric contraction of the
gastrocnemius muscle of rats. The selective TRPV1 receptor antagonist AMG 9810
reduced the mechanical muscle hyperalgesia induced by sustained isometric contraction
when administered in the ipsilateral but not in the contralateral gastrocnemius muscle.
Also, the intratecal administration of AMG9810 reduced the same response. Similar to
TRPV1, intramuscular and intrathecal administration of selective TRPA1 receptor
antagonist HC030031 reduced the mechanical muscle hyperalgesia induced by
sustained isometric contraction. Finally, the sustained isometric contraction did not
modify the protein expression of TRPV1 and TRPA1 receptors in muscle tissue. We
concluded that TRPV1 and TRPAT1 receptors expressed in gastrocnemius muscle and
spinal cord dorsal horn are involved with the mechanical muscle hyperalgesia induced
by sustained isometric contraction in rats. We suggest that TRPV1 and TRPAf1
receptors co-expressed in primary afferent fibers work together to activate nociceptive
afferent fibers during sustained isometric contraction. Also, we suggest that TRPV1 and

TRPAT1 receptors are potential target to control inflammatory muscle pain.

Keywords: Muscle pain, sustained isometric contraction, TRPV1 and TRPA1 receptors.



INTRODUCTION

The sustained isometric contraction is a pattern of muscle contraction highly
associated with muscle pain. It has been described that work-related pain on the
shoulders/neck and upper body results from the sustained isometric contraction of these
muscles in order to stabilize the head and to ensure a stable visual field (Dutia, 1991).
The low back pain associated with workers who sit in a slightly flexed forward position
for hours results from the sustained and prolonged isometric contractions of the low
back muscles (McGill et al., 2000). Isometric low intensity muscle contractions are a
primary course of back pain during bed rest (Baum and Essfeld, 1999). Also, human
studies demonstrated that sustained isometric contraction of the masseter, trapezius or
quadriceps muscle induces intense muscle pain (Kosek et al., 1996; Boix et al., 2005;
Hedenberg-Magnusson et al., 2006).

Studies indicate that members of the transient receptor potential (TRP) family,
namely TRPV1 and TRPA1, function as either sensory transducers for noxious
mechanical stimuli or play an essential role in the development of mechanical
hypersensitivity (Levine and Alessandri-Haber, 2007). The TRP vanilloid 1 (TRPV1) is a
calcium-permeable channel which are activated by diverse exogenous noxious stimuli
and by selected molecules released during tissue damage and inflammatory processes.
TRPV1 receptors are expressed in both the peripheral and central branches of small
and medium sized (C and Ad) dorsal root ganglia (DRG) neurons (Fernandes et
al. 2012; Vay et al. 2012). It has been described the involvement of TRPV1 receptors in
different painful conditions. Specifically on muscle pain, TRPV1 receptors modulate the
acid-induced widespread muscle pain (Chen et al., 2014), the mechanical and heat

muscle hyperalgesia (Walder et al., 2012; Lee et al., 2012; Ro et al. 2009) and visceral
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hyperalgesia (Jones et al., 2005). Also, TRPV1 receptor antagonists reduce the
mechanical muscle hyperalgesia induced by eccentric contraction (Fujii et al., 2008);
and the administration of an agonist of TRPV1, into masseter muscle decrease the
mechanical nociceptive threshold of humans and rats (Arendt-Nielsen et al., 2008; Ro et
al., 2009). TRPA1 (formerly ANKTM1) is selectively expressed by a subset of
unmyelinated, peptidergic nociceptors that also express TRPV1 (Bautista et al.,
2006 and Story et al., 2003) and is also expressed in non neuronal cells (Atoyan et al.,
2009; Jain etal,, 2011;Prasad etal.,, 2008). Recently studies demonstrate the
involvement of TRPA1 in mechanical hyperalgesia induced by carrageenan (Bonet et
al., 2013; Perin-Martins et al., 2013) and CFA (Petrus et al. 2007; Eid et al. 2008) in
subcutaneous tissue and by neuropathic injury (da Costa et al., 2010). In muscle tissue,
TRPA1 receptors contributes to muscle nociception and hyperalgesia of masseter
muscle of rats (Ro et al., 2009).

Considering the evidences of involvement of TRPV1 and TRPA1 in muscle pain
and the clinical relevance of muscle pain induced by sustained isometric contraction, the
aim of this study was to investigate whether peripheral and central TRPV1 and TRPA1
receptors contribute to mechanical muscle hyperalgesia induced by sustained isometric

contraction in rats.
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EXPERIMENTAL PROCEDURES

Animals

Male albino Wistar rats weighing 200-250g were used. Experiments were
conducted in accordance with the guidelines of the IASP guidelines on using laboratory
animals (Zimmermann, 1983). All animal experimental procedures and protocols were
approved by the Committee on Animal Research of the State of University of Campinas
— UNICAMP, protocol number 3277-1. Animal suffering and number of animals per
group were kept at a minimum (5 animals/group). The animals were housed in plastic
cages with soft bedding (five/cage) on a 12-hour light/dark cycle (lights on at 06:00 AM)
with food and water available ad libitum. They were maintained on a temperature-

controlled room test (+ 23-C) for one hour habituation period prior to the test.

Model of Induction of Sustained Isometric Contraction

In order to induce the sustained isometric contraction, mice were deeply
anesthetized with 3—4% isoflurane. The sustained isometric contractions were produced
by applying electrical pulses through two sterile needle electrodes inserted into the belly
of the gastrocnemius muscle. The electrical pulses were generated by a Grass S88X
stimulator (Grass Technologies, West Warwick, Rl, USA). The modulation of electrical
current was adjusted as follow: monophasic current, repeated pulse, 19 ms of pulse

duration, frequency of 50Hz, voltage of 1.6 volts for 1 hour.
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Drug injections
Intramuscular injections
Drugs or their vehicles were injected into the belly of the gastrocnemius muscle of
rats with a 30-gauge needle, as previously described (Gautam and Benson, 2013). The
needle was connected to a polyethylene catheter as well as to a Hamilton syringe (50ul).
The animals were briefly restrained, for a period no longer than one minute, by wrapping
them in a towel so that gastrocnemius muscle of both paws were available for injection
procedures. There was no evidence of stress and the total volume administered was

50l.

Intrathecal injections

The method for intrathecal injection was based on the technique of Papir-Kricheli
and colleagues (1987). Briefly, for each injection rats were anesthetized with 1/3 O, — 2/3
N2O and halothane at 5 and 1.5%, respectively (Le Bars et al. 1979). A 26-gauge needle
was inserted in the subarachnoid space on the midline between L4 and L5 vertebrae.
Drugs were injected at 1 pl/s in a volume of 10 pl. The animals regained consciousness

approximately 1 min after discontinuing the anesthetic.

Drugs and Doses

The following drugs were used: the selective TRPV1 receptor antagonist
AMG9810 (35, 70 and 105ug/muscle or 0.038, 0.3 and 3.0ug, i.t.) and the selective
TRPAT1 receptor antagonist HC030031 (30, 100 and 300ug/muscle or 1.0, 4.0 and 16

ug, i.t.). AMG9810 and HC030031 were obtained from Sigma-Aldrich (Brazil). The stock
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solution of these drugs was diluted in DMSO and after, to work concentration, they were

diluted in 0.9% NacCl.

Mechanical Nociceptive Threshold Test

Testing session took place during light phase (between 9:00 a.m. and 5:00 p.m.)
in a quiet room maintained at 23°C (Rosland, 1991). The Randall-Selitto nociceptive
paw-withdrawal flexion reflex test (Randall and Selitto, 1957) was performed using a
Ugo-Basile analgesymeter (Stoelting, Chicago, IL, USA), which applies a linear
mechanical force to the belly of the gastrocnemius muscle of rats (Fujii et al., 2008). The
probe tip that touches the skin over the gastrocnemius muscle had 2.0 mm of diameter.
This size has been described to reflect the pain threshold of deep tissues, such as
muscles (Takahashi et al., 2006). The baseline muscle-withdrawal threshold was
defined as the mean of three tests performed at five-minute intervals 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 1 hour after the end of sustained
isometric contraction. Therefore, an increase in y-axis represents an increased
behavioral response. All experiments were performed with the tester blinded to

treatment.

Western blot analysis of TRPV1 and TRPA1 receptor expression
Four animals in each group were used for immunoblot study. Gastrocnemius
muscles were extract 1 hour after the end of sustained isometric contraction and

homogenized in cold RIPA buffer (1 % lgepal CA-630, 0.5 % sodium deoxycholate, 0.1%
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SDS, 1 mM PMSF, 10 mg/ml aprotinin, 1 mM sodium orthovanadate in PBS buffer, pH
7.4) and stored at -70°C (Oliveira et al., 2009). The protein concentration was measured
by BCA assay (Pierce, Rockford, IL, USA). Protein extracts were separated in a 10%
sodium dodecylsulfate—polyacrylamide gels, transferred onto polyvinylidene difluoride
membranes (Hybond; Amersham Biosciences, Piscataway, NJ, USA), and probed for 1
hour with the primary antibodies anti-TRPA1 (Abcam, USA) (1:2000) and anti-TRPV1
(Santa Cruz, USA) (1:1000) diluted in TBST + 5% of low fat milk. After incubation with
mouse or rabbit monoclonal secondary antibody (Invitrogen, USA, 1:2000), the reaction
was revealed with Bio-Rad Laboratories (Hercules, CA, USA) Western blotting
chemiluminescent detection reagents (Opti-4CN) into x-ray films (GE Healthcare,
Fairfield, CT, USA). OD measurements were made with NIH Image 1.37 (National
Institutes of Health, Bethesda, MD) for scanned membranes. To compensate any
differences in the amount of loaded protein, the intensity of the TRPV1 or TRPA1 receptor
band was divided by the intensity of alpha tubulin (Sigma, USA) band for each sample.
After stripping, each membrane was incubated with antibody against alpha tubulin

antibody that was used as an internal assay control.

Statistical Analysis

For the time course of the withdrawal threshold change, a two-way repeated
measure ANOVA, with one between-subject factor (i.e., treatment) and one within-
subject factor (i.e., time) were used to determine whether there were significant (p <
0.05) differences among the groups. If there was a significant difference between-
subjects main effect of treatment group, post hoc contrasts using the Bonferroni test

were performed to determine the basis of the significant difference. For data of other
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figures, a one-way ANOVA or t-test was performed to determine whether there were
significant differences (p < 0.05) between the groups. If there was a significant between-
subject main effect of treatment group following one-way ANOVA, post hoc contrasts,
using the Tukey test, were performed to determine the basis of the significant difference.
Data are expressed in the figures by the decrease in paw-withdrawal threshold and are

presented as means = SEM.
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RESULTS

Involvement of TRPV1 receptors in mechanical muscle hyperalgesia induced by
sustained isometric contraction

To verify whether the mechanical muscle hyperalgesia induced by sustained
isometric contraction was modulated by peripheral TRPV1 receptor, the selective
antagonist, AMG9810, was administered into the belly of gastrocnemius muscle 5
minutes before the sustained isometric contraction. AMG9810 (70 and 105ug/muscle,
but not 35ug) prevented (p<0,05, ANOVA, Tukey test, Fig.1A) the mechanical muscle
hyperalgesia when administered in the ipsilateral but not in the contralateral
gastrocnemius muscle, confirming its local peripheral action. The administration of
AMG9810 (105ug/muscle) in sham group (needles inserted into muscle without
electrical current) did not affect the mechanical withdrawal threshold (p>0,05, Tukey
test, Fig.1A).

To verify whether the mechanical muscle hyperalgesia induced by sustained
isometric contraction was modulated by TRPV1 receptors expressed in spinal cord,
AMG9810 was administered by intrathecal injection, between L4-L5 level, 5 minutes
before the sustained isometric contraction. AMG9810 (3.0, but not 0.3ug and 0,03ug)

prevented (p<0,05, Tukey test, Fig.1B) the mechanical muscle hyperalgesia.

Involvement of TRPA1 receptors in mechanical muscle hyperalgesia induced by
sustained isometric contraction
To verify whether the mechanical muscle hyperalgesia induced by sustained

isometric contraction was modulated by peripheral TRPA1 receptor, the selective
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antagonist, HC030031, was administered into the belly of gastrocnemius muscle 5
minutes before the sustained isometric contraction. HC030031 (100 and 300ug/muscle,
but not 30ug) prevented (p<0,05, ANOVA, Tukey test, Fig.2A) the mechanical muscle
hyperalgesia when administered in the ipsilateral but not in the contralateral
gastrocnemius muscle, confirming its local peripheral action. The administration of
HC030031 (300ug/muscle) in sham group (needles inserted into muscle without
electrical current) did not affect the mechanical withdrawal threshold (p>0,05, Tukey
test, Fig.2A).

To verify whether the mechanical muscle hyperalgesia induced by sustained
isometric contraction was modulated by TRPA1 receptors expressed in spinal cord,
HC030031 was administered by intrathecal injection, between L4-L5 level, 5 minutes
before the sustained isometric contraction. HC030031 (1, 4 and 16ug) prevented

(p<0,05, Tukey test, Fig.2B) the mechanical muscle hyperalgesia.

Protein expression of TRPV1 and TRPAT1 in gastrochemius muscle after sustained
isometric contraction

To verify whether the sustained isometric contraction of gastrocnemius muscle
modified the local protein expression of TRPV1 and TRPA1, muscle tissues were
removed 1 hour after the end of sustained isometric contraction. The sustained isometric
contraction did not modify the protein expression of both receptors when compared to

sham group (Fig. 3A and 3B, p>0.05, t-test).
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DISCUSSION

The present study demonstrated, for the first time, that TRPV1 and TRPA1
receptors expressed in gastrocnemius muscle and spinal cord dorsal horn, L4-L5 level,
are involved with the mechanical muscle hyperalgesia induced by sustained isometric
contraction in rats.

The mechanical muscle hyperalgesia induced by sustained isometric contraction
is a model of muscle pain recently developed by our research group. We demonstrated
that the sustained isometric contraction of submaximal intensity is able to induce
mechanical muscle hyperalgesia %2 and 1 hour after the end of stimulation. Also, it was
demonstrated that this mechanical muscle hyperalgesia is associated with an
inflammatory process, increased levels of creatine kinase and no histological evidence
of structural damage in muscle fibers (data not published). Specifically the involvement
of an inflammatory process was demonstrated by the findings that the mechanical
muscle hyperalgesia was reduced by pre-treatment with the anti-inflammatory steroidal
dexamethasone and by the cyclooxygenase inhibitor indomethacin (data not published).
Therefore, the blockade of mechanical muscle hyperalgesia by intramuscular or
intrathecal administration of the selective TRPV1 receptor antagonist AMG 9810
suggest that activation of TRPV1 expressed on gastrocnemius muscle and spinal cord
dorsal horn is essential to sensitization induced by final inflammatory mediators in
primary afferent fibers. Several studies support our data that TRPV1 contributes to
mechanical muscle hyperalgesia (Chen et al., 2014; Walder et al., 2012; Lee et al.,
2012; Ro et al., 2009; Fuijii et al., 2008). The mechanism by which TRPV1 contributes to
this response is unknown. It is well know that inflammation is associated with a decrease

in tissue pH, and a pH below 6.0 can directly activate the TRPV1 channel (Breese et al.,
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2005; Caterina et al., 2000). Also, it has been described that the activity of TRPV1
receptors can by upregulated by lipid metabolites at mild/moderated acidic pH (Habler,
1929; Goldie and Nashemson, 1969; Huang et al., 2006) and that inflammatory
mediators such as prostaglandins, bradykinin and ATP can sensitize TRPV1 channels
through activation of a variety of G-coupled protein receptors and downstream activation
of a number of protein kinases (Vellani et al., 2001; Crandall et al., 2002; Zhang et al.,
2005; Huang et al., 2006), including protein kinases C and A. Therefore, considering
that the mechanical muscle hyperalgesia induced by sustained isometric contraction is
associated with an inflammatory process, it is possible to suggest that sustained
isometric contraction induced release of inflammatory mediators associated with a
decrease of pH, which in turn induced sensitization of TRPV1 receptors of primary
afferent nociceptors and subsequent increasing of the nociceptive input to the spinal
cord. It seems clear that substantial majority of TRPV1 receptors in the spinal cord
dorsal horn is present presynaptically, on the central branches of primary afferents
(Spicarova et al., 2014) and their activation increases glutamate release (Jeffry et al.,
2009, Spicarova and Palecek, 2009), which in turn, increases the neural activity of the
spinothalamic tract neurons (Kim et al., 2009). Based on these evidences, we suggest
that the involvement of TRPV1 receptors expressed on spinal cord dorsal horn in
mechanical muscle hyperalgesia induced by sustained isometric contraction is
modulated by central release of glutamate.
The present study also demonstrated that, similar to antagonist of TRPV1
receptors, intramuscular or intrathecal administration of selective TRPA1 receptor
antagonist HC030031 reduced the mechanical muscle hyperalgesia induced by

sustained isometric contraction. The mechanism by which TRPA1 contributes to this
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response is unknown. It has been described that TRPA1-deficient mice exhibit important
deficits in bradykinin-evoked nociceptor excitation and pain hypersensitivity (Cesare and
McNaughton, 1996; Chaplan et al., 1994). Also, recent studies showed that bradykinin
as well as other G-protein coupled receptors enhance inflammatory pain responses by
sensitizing TRPA1 via phospholipase C and PKA mediated intracellular signaling
pathways (Day et al., 2007; Wang et al., 2008). Taken together, it is possible to suggest
that some of the inflammatory mediators released by the sustained isometric contraction
have activated both TRPV1 and TRPA1 channels by intracellular pathways and
sensitized the primary afferent fibers to contribute to mechanical muscle hiperalgesia
(Ro et al., 2009). The evidences that intrathecal administration of antagonist of TRPA1
reduced the mechanical muscle hyperalgesia induced by sustained isometric contraction
suggest that central TRPA1 is also involved in this response. It is well known that,
similar do TRPV1, TRPA1 is expressed not only on peripheral but also on central
terminals of nociceptive primary afferent nerve fibres. On central terminals that are
located within the spinal dorsal horn, TRPA1 amplifies glutamate release and thereby
transmission of nociceptive signals to spinal interneurons and projection neurons (Arima
et al., 2000). Based on these evidences, we also suggest that the involvement of TRPA1
receptors expressed on spinal cord dorsal horn in mechanical muscle hyperalgesia
induced by sustained isometric contraction is modulated by central release of glutamate.

Both TRPV1 and TRPA1 play an integral role in pain (Bevan and Andersson,
2009; Fernandes et al., 2011) via sensory nerve activation. In fact, 97% of TRPA1-
expressing sensory neurons express TRPV1, while 30% of TRPV1-expressing neurons
express TRPA1 (Story et al., 2003). Both TRPV1 and TRPA1 channels are calcium-

permeable, and, although their subunits have not been shown to form a heterotetramer
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channel, they may form a complex on the plasma membrane of sensory neurons. This
enables TRPV1 to influence intrinsic characteristics of the TRPA1 channel, including
voltage—current relationships and its open probability at negative holding potentials
(Staruschenko et al., 2010). Moreover, both TRPV1 and TRPA1 are integrators of a
range of noxious stimuli, and TRPV1 and TRPA1 agonists are able, at least in part, to
heterologously desensitize TRPV1 and TRPA1 pathways (Ruparel et al., 2008). Overall,
based on evidence such as that described above, it may be suggested that TRPV1 and
TRPA1 work together to activate nociceptive afferent fibers during sustained isometric
contraction.

Although sensitization of TRPV1 and TRPA1 is one potential mechanism for the
enhanced mechanical muscle hyperalgesia, there could also be an increased
expression of both receptors after inflammation in muscle tissue. In the present study,
we demonstrated that sustained isometric contraction did not modify the local protein
expression of both receptors at the same time point of mechanical muscle hyperalgesia.
These results are supported by a study that demonstrated that after muscle
inflammation induced by eccentric contraction the TRPV1 expression was not changed

(Fuijii et al., 2008).
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CONCLUSION

The present study demonstrated that TRPV1 and TRPA1 receptors expressed in
gastrocnemius muscle and spinal cord dorsal horn are involved with the mechanical
muscle hyperalgesia induced by sustained isometric contraction in rats. We suggest that
TRPV1 and TRPA1 receptors co-expressed in primary afferent fibers work together to
activate nociceptive afferent fibers during sustained isometric contraction. Also, we
suggest that TRPV1 and TRPA1 receptors are potential target to control inflammatory

muscle pain.
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Figure 1. Involvement of TRPV1 receptors in mechanical muscle hyperalgesia
induced by sustained isometric contraction

A) Intramuscular administration of AMG9810 (70ug and 105ug, but not 35ug), reduced
the mechanical muscle hyperalgesia induced by sustained isometric contraction when
administered in the ipsilateral but not in the contralateral gastrocnemius muscle. The
administration of AMG9810 in sham group did not affect the mechanical muscle
withdrawal threshold. B) Intrathecal administration of AMG9810 (3.0ug, but not 0,03 and
0,3ug) reduced the mechanical muscle hyperalgesia induced by sustained isometric
contraction. The symbol “*” indicates responses significantly lower than that induced by
sustained isometric contraction (p<0.05; ANOVA, Tukey test). Abbreviations: ct —

contralateral.
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Figure 2. Involvement of TRPA1 receptors in mechanical muscle hyperalgesia
induced by sustained isometric contraction

A) Intramuscular administration of HC030031 (100 and 300ug, but not 30ug) reduced
the mechanical muscle hyperalgesia induced by sustained isometric contraction when
administered in the ipsilateral but not in the contralateral gastrocnemius muscle. The
administration of HC030031 in sham group did not affect the mechanical muscle
withdrawal threshold. B) Intrathecal administration of HC030031 (1, 4 and 16ug)
reduced the mechanical muscle hyperalgesia induced by sustained isometric
contraction. The symbol “*” indicates responses significantly lower than that induced by
sustained isometric contraction (p<0.05; ANOVA, Tukey test). Abbreviations: ct —

contralateral.
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Figure 3. Protein expression of TRPV1 and TRPA1 in gastrocnemius muscle after

sustained isometric contraction

A/B) The sustained isometric contraction did not modify the protein expression of both

receptors when compared to sham group (Fig. 3, p>0.05; t-test).
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4. DISCUSSAO

O presente estudo demonstrou, pela primeira vez, que os receptores TRPV1 e
TRPA1 expressos no musculo gastrocnémio e no corno dorsal da medula espinhal, no
nivel entre L4-L5, estdo envolvidos com a hiperalgesia mecanica induzida pela

contracdo isométrica sustentada em ratos.

A hiperalgesia mecéanica induzida pela contracdo isométrica sustentada é um
modelo de dor muscular desenvolvido recentemente pelo nosso grupo de pesquisa.
Nés demonstramos que a contracdo isométrica sustentada a uma intensidade
submaxima é capaz de induzir hiperalgesia muscular mecanica 2 e 1 hora ap6s o
término do estimulo. Além disso, foi demonstrado que esta hiperalgesia muscular
mecanica esta associada a um processo inflamatério, aumento dos niveis de creatina-
quinase e ndao ha evidencias histoldégicas de dano estrutural nas fibras musculares
(dados néo publicados). Especificamente, o envolvimento de um processo inflamatério
foi demonstrado pelos achados de que a hiperalgesia muscular mecanica foi reduzida
pelo pré-tratamento com o anti-inflamatério esteroidal dexametasona e pelo inibidor de
ciclooxigenase, a indometacina (dados n&o publicados). Portanto, o bloqueio da
hiperalgesia muscular mecénica pela administragdo intramuscular ou intratecal do
antagonista seletivo do receptor TRPV1, AMG9810, sugere que a ativacao do receptor
TRPV1 expresso no musculo gastrocnémio e no corno dorsal da medula espinhal é
essencial para sensibilizagdo induzida pelos mediadores inflamatérios finais nas fibras
aferentes primarias. Varios estudos sustentam a nossa hipotese de que o receptor
TRPV1 contribui para a hiperalgesia muscular mecanica (Chen et al., 2014; Walder et
al., 2012; Lee et al., 2012; Ro et al., 2009; Fuijii et al., 2008). O mecanismo pelo qual o
receptor TRPV1 contribui para esta resposta ainda é desconhecido. Sabe-se que a
inflamacgéo esta associada a diminuicdo do pH, e que o pH abaixo de 6.0 pode ativar
diretamente o canal do TRPV1 (Breese et al., 2005; Caterina et al., 2000). Também ja
esta descrito que a ativagcéo do receptor TRPV1 pode ser regulada pelo metabolismo de
lipidios em um meio com pH suavemente acidificado (Habler, 1929; Goldie and
Nashemson, 1969; Huang et al., 2006) e que mediadores inflamatérios como a
prostaglandina, bradicinina e ATP podem sensibilizar os canais TRPV1 através da
ativacdo de uma variedade de receptores acoplados a proteina G e de um numero de
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proteinas-quinases (Vellani et al., 2001; Crandall et al., 2002; Zhang et al., 2005; Huang
et al., 2006), incluindo proteina quinase C e A. Sendo assim, considerando-se que a
hiperalgesia muscular mecéanica induzida pela contracao isométrica sustentada esta
associada a um processo inflamatério, é possivel sugerirmos que a contracédo
isométrica sustentada induz a liberacdo de mediadores inflamat6rios associados a
diminuicdo do pH, que por sua vez sensibiliza os receptores TRPV1 nos nociceptores
aferentes primarios e aumenta, de forma subsequente, a sinalizagdo nociceptiva para a
medula espinhal. Parece estar claro que a grande maioria dos receptores TRPV1 no
corso dorsal da medula espinal estdo presentes no terminal pré-sinaptico dos ramos
centrais das aferéncias primarias (Spicarova et al., 2014) e sua ativagdo aumenta a
liberacédo de glutamato (Jeffry et al., 2009, Spicarova and Palecek, 2009), que por sua
vez, aumenta a atividade neural do trato espinotalamico (Kim et al., 2009). Baseado
nessas evidéncias, nos sugerimos que o envolvimento dos receptores TRPV1
expressos no corno dorsal da medula espinhal na hiperalgesia muscular mecanica
induzida pela contracédo isométrica sustentada seja modulada pela liberacao central de
glutamato.

O presente estudo também demonstrou que, de forma semelhante ao
antagonista do receptor TRPV1, o antagonista seletivo do receptor TRPA1, HC030031,
administrado via intramuscular ou intratecal, reduziu a hiperalgesia muscular mecanica
induzida pela contracdo isométrica sustentada. O mecanismo pelo qual o receptor
TRPA1 contribui para esta resposta € desconhecido. Tem sido descrito que
camundongos deficientes para o receptor TRPA1 apresentam importante déficit na
excitacao do nociceptor pela bradicinina e na hipersensibilidade dolorosa (Cesare and
McNaughton, 1996; Chaplan et al., 1994). Aléem disso, recentes estudos demonstraram
que a bradicinina bem como a ativagdo de outros receptores acoplados a proteina G
aumentam a sua resposta inflamatéria através da sensibilizacdo do receptor TRPA1, via
fosfolipase C e PKA, mediadas por vias de sinalizagé@o intracelular (Dai et al., 2007;
Wang et al.,, 2008). Em conjunto, € possivel sugerir que alguns mediadores
inflamatorios liberados ap6s a contracao isométrica sustentada ativem ambos os canais
de TRPV1 e TRPA1 pelas vias intracelulares e sensibilizem as fibras aferentes
primarias para contribuir com a hiperalgesia muscular mecénica (Ro et al., 2009). As
evidéncias de que a administracao intratecal do antagonista do receptor TRPA1 reduz a
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hiperalgesia muscular mecéanica induzida pela contracdo isométrica sustentada
sugerem que o receptor TRPA1 central também est envolvido nesta resposta. Ja esta
estabelecido que, semelhante ao receptor TRPV1, o receptor TRPA1 é expresso nao
somente nos tecidos periféricos, mas também nos terminais centrais das fibras
nervosas dos nociceptores aferentes primarios. Nos terminais centrais, que estado
localizados no corno dorsal da medula espinhal, o receptor TRPA1 amplifica a liberagéo
de glutamato e, desse modo, potencializa a transmiss&o dos sinais nociceptivos para o0s
interneurdnios medulares e neurénios de projecao (Arima et al., 2000). Baseando-nos
nessas evidéncias, também podemos sugerir que o envolvimento dos receptores
TRPA1 expressos no corno dorsal da medula espinhal na hiperalgesia muscular
mecanica induzida pela contracado isomeétrica sustentada seja também modulada pela
liberac&o central de glutamato.

Ambos os receptores TRPV1 e TRPA1 desempenham papel fundamental na dor
(Bevan and Andersson, 2009; Fernandes et al.,, 2011) via ativagdo dos neurdnios
sensoriais. De fato, 97% dos neurbnios sensoriais que expressam o receptor TRPA1
co-expressam o receptor TRPV1. Enquanto que 30% dos neurdnios que expressam o
receptor TRPV1, co-expressam o receptor TRPA1 (Story et al., 2003). Tanto os canais
TRPV1 quanto os TRPA1 sao calcio-permeaveis, e, embora ndo tenha sido descrito
que suas subunidades formem um canal heterotetrdmero, elas podem formar um
complexo na membrana plasmatica dos neurbnios sensoriais. Isso possibilita que o
receptor TRPV1 influencie nas caracteristicas intrinsecas do canal TRPA1, incluindo a
relacao entre voltagem e corrente e sua probabilidade de abrir com potenciais de acao
negativos (Staruschenko et al., 2010). Além disso, tanto o receptor TRPV1 quanto o
TRPA1 s&o integradores de uma variedade de estimulos nocivos e seus agonistas
podem, pelo menos em parte, dessensibilizar de forma diferente as vias dos receptores
TRPV1 e TRPA1 (Ruparel et al., 2008). Em geral, baseado nas evidéncias
apresentadas acima, pode ser sugerido que os receptores TRPV1 e TRPA1 trabalhem
juntos para ativar as fibras nociceptivas aferentes durante a contracdo isométrica

sustentada.

Embora a sensibilizacao dos receptors TRPV1 e TRPA1 seja um mecanismo
potencial para o reforco da hiperalgesia muscular, pode ser também um aumento da
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expressdao de ambos receptores apoés inflamacédo no tecido muscular. No presente
estudo, n6s demonstramos que a contragdo isométrica sustentada ndo modifica a
expressao local de ambos receptores no mesmo momento do pico da hiperalgesia
muscular mecanica. Esses resultados estao de acordo com um estudo que demonstrou
que apobs a inflamacdo muscular induzida pela contragdo excéntrica nao houve

alteracao na expresséao do receptor TRPV1 (Fuijii et al., 2008).



38

CONCLUSAO

Em resumo, o presente estudo sugere que os receptores TRPV1 e TRPA1
expressos no musculo gastrocnémio e no corno dorsal da medula espinhal estdo
envolvidos com a hiperalgesia muscular mecéanica induzida pela contracdo isométrica
sustentada em ratos. Noés sugerimos que os receptores TRPV1 e TRPA1 co-expressos
nas fibras aferentes primarias trabalhem juntos para ativar as fibras nociceptivas
aferentes durante a contracdo isométrica sustentada. Além disso, sugerimos que 0s
receptores TRPV1 e TRPA1 sao potenciais alvos para o controle da dor muscular
inflamatéria.
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Comisséo de Etica no Uso de Animais
CEUA/Unicamp

CERTIFICADO

Certificamos que o projeto "Envolvimento dos receptores TRPV1,
TRPA1 e ASIC3 na hiperalgesia muscular induzida pela contracdo isométrica
sustentada no musculo gastrocnémio de ratos" (protocolo n° 3277-1), sob a

responsabilidade de Profa. Dra. Maria Claudia Goncalves de Oliveira-Fusaro /
Carolina Ocanha Jorge, estd de acordo com os Principios Eticos na

Experimentagdo Animal adotados pela Sociedade Brasileira de Ciéncia em
Animais de Laboratério (SBCAL) e com a legislagéo vigente, LEI N° 11.794, DE
8 DE OUTUBRO DE 2008, que estabelece procedimentos para o uso cientifico de
animais, e o DECRETO N° 6.899, DE 15 DE JULHO DE 2009.

A aprovagéo pela CEUA/UNICAMP n&o dispensa autorizagdo prévia junto
ao IBAMA, SISBIO ou CIBio.

O projeto foi aprovado pela Comissdo de Etica no Uso de Animais da
Universidade Estadual de Campinas - CEUA/UNICAMP - em 17 de fevereiro de
2014

Campinas, ; de fevereiro de 2014.
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Presidente Secretaria Executiva
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