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RESUMO

A FREQUENCIA E O PERIODO DA ESTIMULACAO ELETRICA
NERVOSA TRANSCUTANEA (TENS) E DETERMINANTE PARA O
SEU EFEITO REGENERATIVO

Resumo Objetivo: investigar o efeito de diferentes frequéncias de estimulagéo
elétrica nervosa transcutdnea (TENS) na regenerac¢do do nervo periférico aplicado
apenas depois de uma lesdo por esmagamento do nervo isquidtico em
camundongos. Métodos: Estudo experimental com 30 camundongos. Os animais
foram anestesiados e submetidos ao esmagamento do nervo isquiatico direito, e
entdo separados em trés grupos: controle (n = 10), Low-TENS (100 Hz, n = 10), e
High-TENS (4 Hz, n = 10). Os animais dos grupos Low e High TENS foram
estimuladas durante 2 horas, imediatamente ap0s a cirurgia, enquanto que 0 grupo
controlo so foi posicionada durante 0 mesmo periodo. A avaliacdo funcional foi feita
semanalmente desde antes da cirurgia, e durante o periodo experimental de cinco
semanas através da aquisicdo de fotos, seguindo o modelo para obter o indice
estatico ciatico para os camundongos (SSIm). Apos a avaliacdo funcional final, os
animais foram sacrificados, e o0s nervos dissecados bilateralmente para analise
histoldgica e histomorfométrica por microscopia Optica e eletrbnica. Resultados: Low-
TENS acelerou a recuperacdo funcional em uma semana, em comparagcao com 0s
outros grupos. O grupo de controle apresentou axoplasma frequentemente escura,
um dos sinais de degeneragdo. O grupo Low-TENS tinham menos fibras
mielinizadas, em comparagdo com o grupo de High-TENS. A densidade de fibras
nao mielinizadas foi maior que no grupo Low-TENS, embora nédo estatisticamente
significativo. Conclusdo: A Low-TENS acelera a regeneracdo do nervo periférico
ap0s uma lesdo por esmagamento, e conduz a uma melhor aparéncia histoldgica.

High-TENS é prejudicial na mesma condicao patolégica.
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ABSTRACT

THE FREQUENCY AND DURATION OF TRANSCUTANEOUS ELECTRICAL
NERVE STIMULATION (TENS) IS DETERMINANT TO ITS REGENERATIVE
EFFECT

Abstract Objective: To investigate the effect of different frequencies of
transcutaneous electrical nerve stimulation (TENS) in peripheral nerve regeneration
applied just after a crush injury to the ischiatic nerve in mice. Methods: An
experimental study with 30 mice. The animals were anesthetized and subjected to
crushing of the right ischiatic nerve, and then separated into three groups: control
(n=10), High TENS (100Hz, n=10), and Low TENS (4Hz, n=10). The animals of the
groups High and Low TENS were stimulated for 2h immediately after the surgical
procedure, while the control group was only positioned for the same period.
Functional assessment was done weekly since before the surgery, and during the
five week experimental period by acquiring photos following the model to obtain the
Static Sciatic Index for the Mice (SSIm). After the final functional assessment, the
animals were euthanized, and the nerves dissected bilaterally for histological and
histomorphometric analysis by light and electron microscopy. Results: Low TENS
accelerated functional recovery in a week as compared to the other groups. The
control group showed frequently dark axoplasm, one of the signs of degeneration.
The High TENS group had fewer myelinated fibers as compared to the Low TENS
group. The density of unmyelinated fibers was higher in Low TENS, than High TENS
group, although not statistically significant. Conclusion: Low TENS accelerates
peripheral nerve regeneration after a crush lesion, and leads to a better histological
appearance. High TENS is deleterious in the same pathological condition.
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1 INTRODUCAO

Apesar da capacidade de se regenerar, a recuperacao funcional do sistema
nervoso periférico € muitas vezes deficiente. O retorno da atividade elétrica dos
neurbnios envolvidos na lesdo é determinado por processos morfoldgicos e
fisiologicos, e estes por sua vez, SA0 necessarios para a recuperacao completa da
funcdo motora apés a lesdo do nervo. Traumas, blogueando o transporte axonal ou
toxicidade quimica sé@o alguns dos insultos que podem levar ao comprometimento da

funcdo neuronal normal.

Existem varias estratégias experimentais utilizadas para superar as limitacdes
secundéarias a perda progressiva da capacidade de regeneragcdo e apoio ao
crescimento, incluindo a estimulagéo elétrica, o que pode modular a atividade celular
e molecular envolvida no processo regenerativo. No entanto, os parametros de
estimulacdo parecem ser criticos para o0 resultado. Numerosos estudos tém
mostrado que a baixa frequéncia de estimulacdo elétrica, aplicada através de
eletrodos em contato direto com o nervo apés a lesdo e reparacdo cirargica, pode
melhorar a regeneracao nervosa e acelerar a reinervacao dos orgaos-alvo, aumentar
a densidade e diametro de fibras nervosas, melhorar a mielinizacéo, e a formacéao de
vasos sanguineos e levar a liberacdo do fator de crescimento nervoso (NGF) e

expressao do fator de crescimento derivado do cérebro (BDNF).

A utilizacéo de eletrodos de superficie pode também ser uma alternativa para a
estimulacao direta do nervo, considerando que envolve menos riscos e metodologia
de aplicacdo mais simples, podendo ser utilizado por um periodo mais longo,
especialmente quando combinado com correntes bifasicas. No entanto, os
resultados anteriores demonstraram que a Estimulacdo Elétrica Nervosa
Transcutanea (TENS) aplicada durante um longo periodo de cinco semanas, levou a
inibicdo da regeneracdo do nervo periférico em camundongos. Entretanto,
demonstrou-se que a melhoria da regeneracdo do nervo periférico esta relacionada
com a aplicacdo de estimulacéo elétrica de baixa frequéncia imediatamente apds a
lesdo e que o numero de sessdes ndo € determinante quando a estimulagdo é

efetuada precocemente.
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2 OBJETIVOS

Verificar a influéncia da aplicacdo precoce de Estimulacdo Elétrica Nervosa
Transcutanea (TENS) de alta e baixa frequéncia na regeneracdo nervosa periférica

apos lesao por esmagamento do nervo isquiatico de camundongos.
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3 RESULTADOS

Artigo n° 1

The frequency and duration of Transcutaneous Electrical Nerve
Stimulation (TENS) is determinant to its regenerative effect

Journal of the Peripheral Nervous System

Submetido
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1. INTRODUCAO

O Sistema Nervoso Periférico (SNP) pode ser lesado por traumas, disturbios
metabdlicos, inflamatdrios e muitos outros. Apds uma lesdo axonal ocorre extensa
degeneracdo do segmento distal a lesdo, conhecida por Degeneracdo Walleriana
(DW). O coto proximal, que continua ligado ao corpo celular, pode se regenerar e
crescer em dire¢éo ao 6rgédo-alvo (STOLL e MULLER, 1999).

As extremidades distais dos neurénios lesionados se dilatam pelo acumulo
de organelas citoplasmaticas e formam os “cones de crescimento”. A partir desses
cones sdo gerados brotos regenerativos, que crescem em dire¢do ao 6rgdo-alvo. O
uso de correntes elétricas externas a lesdo tem a finalidade de restabelecer o fluxo
elétrico normal, aumentar a circulacdo local, aumentar o metabolismo celular e
estimular a producéo de fatores troficos (WATSON, 1998; PANAGOPOULOS et al.,
2000; PANAGOPOULOS et al., 2002).

O uso de eletrodos transcutaneos (de superficie) € uma opcdo néo-invasiva e
que pode ser utilizada por um periodo maior, especialmente quando associada a
correntes bifasicas. Seu manejo € pratico e simples, evitando a solucdo de
continuidade e as reagdes provocadas por uma cirurgia de implante ou mesmo
estimulacdo percutédnea. Estudos prévios avaliaram a influéncia da Estimulacao
Elétrica Nervosa Transcutanea (TENS) na regeneracdo de tecidos como tenddes
(BURSSENS et al., 2003, 2005), pele (KAADA e EMRU, 1988; KJARTANSSON et
al., 1988; KHALIL E MERHI, 2000; LIEBANO et al., 2003) e osso (KAHN, 1982), com
efeitos variados. Resultados anteriores do nosso laboratorio mostraram que a TENS
aplicada por um periodo de cinco semanas levou a inibicdo da regeneragao nervosa

periférica em camundongos (BAPTISTA et al., 2008).

Os efeitos analgésicos da TENS estdo relacionados a liberacdo de opidides
endogenos (SLUKA e WALSH, 2003) e a exposi¢cdo cronica normalmente esti
associada com o desenvolvimento de tolerancia farmacoldgica. Este fenbmeno esta
associado a inibicdo de varios estagios da restauracdo do nervo periférico apos
lesdo (SMITH e HUI, 1973; SINATRA et al., 1979; SINATRA e FORD, 1979; ZENG
et al., 2007). Entretanto, a TENS pode aumentar o fluxo sanguineo (de VRIES et al.,

2007; SANDBERG et al., 2007) e sintese de colageno (BURSSENS et al., 2005),
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que poderiam incentivar a regeneracado nervosa periférica se ela fosse aplicada de

maneira a evitar o desenvolvimento de tolerancia farmacol6gica

2 . LESAO E REGENERACAO NERVOSA PERIFERICA

Seddon em 1943 e 1972 propds uma classificacdo que descreve trés estagios
diferentes da lesdo dos nervos. No primeiro grau de lesdo ha continuidade dos
axénios, com bloqueio de conducéo local, e esta lesdo corresponde as lesdes por
compresséo, sendo a Neuropraxia o termo mais adequado para este tipo (RINALDO
SIQUEIRA, 2007).

O préximo grau de lesdo, conhecido por Axoniotme, implica na perda da
continuidade axonal no nivel da lesdo, porém com preservacdo dos tubos
endoneurais. Corresponde ao avanco da lesdo por compressao ou tracdo, quando
sao suficientes para interromper a continuidade axonal, resultando em DW do coto
distal do nervo, causando paralisia motora, sensitiva e autondmica. E por fim, a
lesdo por Neurotmese que inclui a perda da continuidade de alguns ou todos os
elementos do tronco nervoso, incluindo tubos endoneurais, perineuro e epineuro
(RINALDO SIQUEIRA, 2007).

Sunderland reclassificou as lesbes em cinco graus: lesdo de primeiro grau,
que se assemelha a lesdo Neuropraxia de Seddon, assim como a de segundo grau,
gue corresponde a Axoniotmese de Seddon. Na lesdo de terceiro grau apenas o
endoneuro é interrompido; na de quarto grau apenas 0 epineuro permanece intacto,
nesse tipo de lesdo a recuperacao geralmente é espontanea. A lesdo de quinto grau
se assemelha a transeccao de Seddon (MATTHEW D. WOOD, 2011). Um sexto
grau de classificacdo foi proposto por MacKinnon e Dellon, referente as lesdes
nervosas complexas, baseadas na ocorréncia de uma combinacdo de diferentes
graus de lesdo (STEFANIA RAIMONDO, 2011).

Apds uma lesdo tecidual, um influxo de calcio para dentro da célula provoca
“correntes elétricas de lesao” através do aumento dos potenciais elétricos locais
(WATSON, 1998; McCAIG et al., 2002). As correntes de lesdo modulam o processo
de reparo e sua existéncia justifica o uso de correntes elétricas exdgenas, com o fim

de incentivar este processo e assim a recuperacao tecidual precoce.
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A regeneracao axonal pode ser influenciada por pistas quimiotaxicas e elétricas
(STOLL e MULLER, 1999; SONG et al., 2004), de forma que se estas ndo forem
adequadas ou a distancia a ser percorrida pelos brotos axonais for muito grande, a
regeneracao pode nao ser funcional. Isto acontece em lesées muito proximais, perto
dos corpos celulares no SNP, como as lesdes traumaticas no plexo braquial, lesées
de raizes nervosas no forame de conjugacdo e outras (GORDON et al., 2003).
Também em situacbes onde o metabolismo ou o fornecimento de nutrientes esta
acometido, como na Diabete Melito (DM) ha a dificuldade de se desenvolver uma
regeneracao funcional (KENNEDY e ZOCHODNE, 2005). Nestas situagbes o
incentivo a regeneracdo se torna uma nhecessidade, para que 0O organismo

acometido volte a desempenhar as funcdes normais, perdidas apos a leséo.

Para incentivar a regeneracao no nervo periférico, pode-se recorrer a diversos
recursos, com o uso de fatores neurotroéficos, células-tronco (TOHILL e TERENGHI,
2004; LOPES et al., 2006), aplicacdo de ultra-som (CRISCI e FERREIRA, 2002),
LASER de baixa intensidade (BAE et al., 2004), exercicios fisicos (MOLTENI et al.,
2004; SEO et al., 2006) e outros. Dentro deste rol de opc¢des o uso de campos
eletromagnéticos constitui uma das possibilidades, que se justifica pelo fato de que
apos uma lesdo tecidual em um organismo biologico se formam correntes elétricas
enddgenas, que estdo intimamente relacionadas com o processo de recuperacao.
Estas correntes, conhecidas como Correntes de Lesao (CL), sdo formadas atraves
de gradientes elétricos entre a area acometida e as regifes vizinhas e permanecem

ativas durante todo o processo regenerativo (LOW e REED, 2001).

3. CAMPOS ELETRICOS E REGENERACAO NERVOSA PERIFERICA

A manipulacdo da regeneracdo nervosa periférica no sentido de facilitar a
reinervacao inclui a aplicacdo de campos elétricos constantes ou com frequéncias
variadas. A efetividade das condutas que visam aumentar a taxa e a velocidade de
regeneracdo tem sido demonstrada em varios trabalhos, eminentemente com

animais de experimentacao.

Sado utilizadas normalmente correntes elétricas monofasicas (pulsadas ou

ndo) ou bifasicas, administradas atraves de eletrodos implantados no proprio nervo,
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estimulacdo intraoperatoria ou percutanea, usando agulhas semelhantes as de
acupuntura ligadas a um gerador de corrente. As correntes monofasicas possuem a
vantagem da unidirecionalidade, que pode gerar efeitos eletroforéticos nas proteinas
de membrana e, desta forma, orientar o crescimento do neurito em direcdo ao
catodo (McCAIG et al., 2002). Entretanto, se forem usadas em altas intensidades ou
longos periodos podem causar efeitos lesivos devido a propria eletroforese (LOW e
REED, 2001). Apesar das correntes bifasicas ndo oferecerem o risco dos efeitos
decorrentes da eletrélise, elas sdo menos utilizadas, pois hdo possuem poder de

gerar o direcionamento do neurito para o érgao-alvo.

As formas de aplicacdo das correntes elétricas com objetivo de estimular a
regeneracao nervosa incluem diferentes tipos de eletrodos, com algumas formas
predominando sobre outras. Em geral, quanto mais perto o eletrodo estiver do
nervo, a corrente tende a ser menor em amplitude, pois ndo ha necessidade de

vencer a impedancia exercida pelos tecidos circundantes do nervo.

3.1. Eletrodos implantados

A estimulacdo com eletrodos implantados e diferentes tipos de correntes
elétricas tem sido a forma mais utilizada desde a década de 80 em modelos
experimentais usando lesdes nos nervos soleo (NIX e HOPF, 1983) e isquiatico
(BEVERIDGE e POLITIS, 1988; POLITIS et al., 1988; KERNS et al.,, 1991;
POMERANZ e CAMPBELL, 1993; MENDONCGCA et al., 2003). Todos esses trabalhos
apresentaram resultados positivos, com melhora na fungdo e/ou parametros

morfolégicos.

Dois estudos, realizados pelo mesmo grupo, utilizando como modelo a leséo
do nervo fibular comum (McGINNIS e MURPHY, 1992) e do isquiatico (HANSON e
McGINNIS, 1994) encontraram resultados negativos, com menor nimero de fibras
em regeneracao, formacdo de neuromas e taxa mais baixa de mielinizagdo nos
grupos estimulados. Entretanto, em seus experimentos um dos eletrodos foi
colocado dentro do pequeno tubo de silicone que unia os dois cotos seccionados,

levando a interacdo da corrente elétrica monofasica com o material do tubo,

formacdo de efeitos deletérios pela falta de alterndncia da corrente e
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consequentemente destruicdo de parte do tubo, com impedimento fisico a passagem

dos neuritos.

As correntes elétricas utilizadas em todos estes estudos foram monofésicas e
as amplitudes de corrente sempre muito baixas, abaixo do limiar sensitivo (na faixa
dos pA), para que ndo houvesse destruicdo tecidual. A estimulacdo era feita
geralmente de forma continua, por periodos de algumas semanas, antes que 0S

animais fossem sacrificados e as andlises realizadas.

3.2. Eletroestimulacao percutanea

Os eletrodos percutaneos normalmente s&o agulhas de acupuntura
introduzidas na pele e ligadas a um gerador de corrente elétrica. O uso de correntes
elétricas através de eletrodos percutaneos tem sido pesquisado em modelos
experimentais e talvez seja dos métodos estudados até o momento, o mais simples
de se aplicar na prética clinica. Este tipo de estimulagdo foi estudado em modelos
de lesdo do nervo isquiatico (POMERANZ et al., 1984; McDEVITT et al., 1987 e
CHENG et al., 2001; INOUE et al., 2003), com os melhores resultados sendo
atingidos quando o catodo foi colocado distal e 0o dnodo proximal a lesdo. Nestes
experimentos foram sempre utilizadas correntes monofasicas, com amplitudes
também abaixo do limiar sensitivo, entretanto tendo chegado a intensidade de um
miliampére, bem maior do que aquela utilizada nas técnicas com eletrodos

implantados.

3.3. Eletroestimulacao intra-operatéria

Nestes modelos, o nervo é estimulado logo apés a lesdo, por periodos
variaveis. Os nervos mais utilizados nos estudos sdo o isquiatico (SCOTT, 1991) e o
femoral (AL-MAJED et al., 2000a,b; BRUSHART et al., 2002; AL-MAJED et al.,
2004). Os primeiros estudos utilizaram correntes monofasicas e 0s mais recentes,
correntes alternadas com frequéncias de pulso de 20 Hz (AL-MAJED et al., 2000a,b;
BRUSHART et al., 2002; AL-MAJED et al., 2004). Com esse ultimo modelo, os

autores encontraram uma reinervagdo mais precisa e mais rapida de érgéos-alvo,
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aumento na expressao do BDNF, TrKB, das proteinas Ta1-tubulina e GAP-43 e de
genes associados a regeneracdo, além de reducdo na expressdo de
neurofilamentos (fenbmeno também associado a regeneracao). Este modelo foi o
anico até o momento a ser extrapolado para seres humanos. Gordon et al (2010)
avaliaram o mesmo protocolo de estimulacdo elétrica em pacientes que possuiam
denervacao dos musculos da regido tenar consequente a Sindrome do Tunel do
Carpo e encontraram que o tratamento acelerou a regeneracéo axonal sem afetar a
funcdo manual. Foecking et al realizaram um estudo recente com estimulacao intra-
operatoéria e demonstraram que o fator mais importante para a regeneracdo nervosa
periférica € o inicio precoce da estimulagdo e ndo o quanto ela é repetida através
dos dias de regeneracdo (FOECKING et al., 2012). A eletroestimulacdo intra-
operatoria se diferencia das outras, além da forma de estimulacéo, pelo tempo breve

que é empregado, em torno de uma a duas horas de estimulacéo apds a leséo.

3.4. Eletrodos de superficie

O uso de eletrodos de superficie (transcutdneos) é uma opc¢éo ndo-invasiva e
que pode ser utilizada por um periodo maior, especialmente quando associados a
corrente bifasica. Seu manejo é pratico e simples, evitando a solucao de
continuidade e as reacdes provocadas por uma cirurgia de implante ou mesmo

estimulacdo percutanea.

Estudos prévios avaliaram a influéncia da Estimulacdo Elétrica Nervosa
Transcutanea (TENS) na regeneracédo de tecidos como tenddes (BURSSENS et al.,
2003, 2005), pele (KAADA e EMRU, 1988; KJARTANSSON et al., 1988; KHALIL E
MERHI, 2000; LIEBANO et al.,, 2003) e osso (KAHN, 1982), com resultados
variados. Esta modalidade tem sido associada com efeitos como o aumento no
fluxo sanguineo (de VRIES et al., 2007; SANDBERG et al., 2007) ou aumento na
sintese de colageno (BURSSENS et al., 2005), mas é necessario usar correntes
elétricas com amplitudes acima de 1mA, que podem ser relacionadas a diminui¢cao
nas concentracdes de adenosinatrifosfato (ATP) (CHENG et al., 1982) e

consequentemente inibigdo na regeneragéo.
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Os efeitos dos campos elétricos na circulagdo de sangue promovem aumento
do brotamento axonal e regeneracdo nervosa (McCAIG et al., 2005). Correntes
elétricas de baixa frequéncia podem ativar seletivamente fibras sensoriais C e
aumentar a expressao de neuropeptideos tais como Substancia P, que entdo geram
vasodilatacado (KASHIBA e UEDA, 1991; KJARTANSSON et al., 1988; BURSSENS
et al., 2005). A TENS de baixa frequéncia (2 a 10 Hz) é usualmente associada com
contracdo muscular ritmica, que também pode ter efeitos circulatérios (DOBSAK et
al., 2006). Entretanto, evidéncias recentes indicam que a TENS de alta frequéncia,
que é usada sem producao de contracdo muscular, também tem efeito de aumento
na circulagdo. De Vries e colaboradores (2007) demonstraram um aumento na
circulacdo coronaria consequente a TENS de alta frequéncia. Por outro lado, deve
ser considerado que a exposicdo a campos eletromagnéticos e consequente
aumento na irrigacdo associado ou ndo a angiogénese ndo € sempre positiva, pois
pode estar relacionada ao aumento na concentragcéo local de espécies reativas de
oxigénio (ROSENSPIRE et al.,, 2001; SAUER et al., 2005) e lesdo no DNA
(DELIMARIS et al., 2006).

Os efeitos mais estudados da TENS s&o em relacdo ao controle da dor. A
analgesia provocada pela TENS de alta frequéncia estd ligada a ativacdo de
receptores 3-opidides, enquanto que a TENS de baixa frequéncia ativa receptores p-
opidides (KALRA et al., 2001; SLUKA e WALSH, 2003). Sinatra e Ford (1979)
demonstraram que o uso crénico de morfina por 14 dias levou a um atraso na
regeneracdo nervosa periférica, expressa por uma menor quantidade de perfis
axonais, diminuicdo na remoc¢ao de restos de mielina, hipertrofia e proliferacdo de
células de Schwann. Zeng e colaboradores (2007) também demonstraram que a
exposicao a morfina, agindo via receptores p-opioides, aumentou a regeneracéao de
fiboras ndo mielinizadas, mas inibiu a de fibras mielinizadas ap6s lesdo por
esmagamento do nervo isquiatico. Isto esta de acordo com resultados prévios de
nosso laboratorio (BAPTISTA et al., 2008), nos quais as fibras em regeneracdo nao
mielinizadas ndo foram afetadas pela TENS, mas as mielinizadas de grosso calibre
estiveram presentes em menor quantidade e apresentando menos contetdo

mielinico.

A diferenca fundamental entre os estudos que mostraram efeitos estimulantes

ou inibitérios na regeneracdo do SNP com a ativagdo de receptores opidides foi o
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tempo prolongado de utlizacdo, que pode ter levado ao desenvolvimento de
tolerancia farmacoldgica. Chandran e Sluka (2003) demonstraram que a
administracdo repetida de TENS de alta e baixa frequéncia, 20 minutos por dia,
levou a tolerancia a opidides no quarto dia de estimulacdo. Mao e colaboradores
(2002) demonstraram que ela é mediada pela via NMDA-caspase e leva a apoptose
de células neuronais na medula espinhal. Portanto, o uso prolongado da TENS
pode levar ao desenvolvimento de tolerancia a opidides e consequéncias
neurotdxicas para as células envolvidas na regeneracdo. Entretanto um uso breve,
que ndo levasse a tolerancia opidide, poderia ser um importante fator de incentivo a

regeneracao.

Um trabalho recente do nosso laboratério (CAVALCANTE et al., submetido)
demonstrou que a TENS aplicada por duas horas apds uma leséo por esmagamento
do nervo isquiatico de camundongos foi capaz de antecipar a recuperacao funcional
dos animais em uma semana, além de levar a um melhor aspecto histolégico dos
nervos tratados com baixas frequéncias (10Hz). Estudo recente tem demonstrado
qgue o periodo breve de aplicacdo da estimulacéo elétrica, realmente é determinante
para a regeneracao nervosa periférica, no entanto neste estudo a estimulacéo foi
intraoperatoria. (FOECKING et al., 2012).
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Abstract Objective: To investigate the effect of different frequencies of
transcutaneous electrical nerve stimulation (TENS) in peripheral nerve regeneration
applied just after a crush injury to the ischiatic nerve in mice. Methods: An
experimental study with 30 mice. The animals were anesthetized and subjected to
crushing of the right ischiatic nerve, and then separated into three groups: control
(n=10), High TENS (100Hz, n=10), and Low TENS (4Hz, n=10). The animals of the
groups High and Low TENS were stimulated for 2h immediately after the surgical
procedure, while the control group was only positioned for the same period.
Functional assessment was done weekly since before the surgery, and during the
five week experimental period by acquiring photos following the model to obtain the
Static Sciatic Index for the Mice (SSIm). After the final functional assessment, the
animals were euthanized, and the nerves dissected bilaterally for histological and
histomorphometric analysis by light and electron microscopy. Results: Low TENS
accelerated functional recovery in a week as compared to the other groups. The
control group showed frequently dark axoplasm, one of the signs of degeneration.
The High TENS group had fewer myelinated fibers as compared to the Low TENS
group. The density of unmyelinated fibers was higher in Low TENS, than High TENS
group, although not statistically significant. Conclusion: Low TENS accelerates
peripheral nerve regeneration after a crush lesion, and leads to a better histological
appearance. High TENS is deleterious in the same pathological condition.

Key words: transcutaneous electrical nerve electrostimulation, mice, ischiatic, nerve

regeneration, functional recovery.
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Introduction

Despite the ability to regenerate, the peripheral nervous system functional
recovery is often poor. The return of the electrical activity of neurons involved in the
injury is determined by morphological and physiological processes, and these in turn
are required for the complete recovery of motor function after nerve injury (Teodori et
al., 2011) Traumas, blocking axonal transport or chemical toxicity are some of the
insults that may lead to impairment of normal neuronal function (Jack et al., 2012).

There are several experimental strategies used to overcome the limitations
secondary to progressive loss of regenerative capacity and support growth, including
electrical stimulation, which can modulate the molecular and cellular activity involved
in the regenerative process (Gordon et al., 2003). However, the parameters of
stimulation appear to be critical for the results. Numerous studies have shown that
low-frequency electrical stimulation applied through electrodes in direct contact with
the nerve after injury and surgical repair may improve nerve regeneration and
accelerate reinnervation of the target organs (Gordon et al., 2010), increase nerve
fibers density and diameter (Haastert-Talini et al., 2011), improve myelination and
agiogenesis (Ming-Chin et al., 2008), and lead to nerve growth factor (NGF) release
(Huang et al., 2010), and brain-derived growth factor (BDNF) expression (Geremia
et al., 2007).

The use of surface electrodes can also be an alternative to direct stimulation
of the nerve, considering it involves lower risks and simpler methodology of
application, and can be used for a longer period, especially when combined with
biphasic electric currents. However, previous results have shown that

Transcutaneous Electrical Nerve Stimulation (TENS) applied for an extended period
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of five weeks after an experimental crush lesion to the ischiatic nerve, led to inhibition
of regeneration in mice (Baptista et al., 2008). Nevertheless, it has been
demonstrated that the improvement in peripheral nerve regeneration is related to the
application of low frequency electrical stimulation immediately after injury, and that
the number of sessions is not determinant when stimulation is performed earlier
(Foecking et al., 2012).

As TENS may be a simple and useful method to apply electrical currents to
influence peripheral nerve regeneration, it is mandatory to elucidate which are the
most effective procedures for stimulation. Therefore, the objective of this study was
to assess the influence of early application of High and Low-frequency TENS in

peripheral nerve regeneration after crush injury to the murine ischiatic nerve.
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Materials and Methods

The study involved 30 Swiss mice (Mus musculus), weighing 35-48g. The
sample size was defined based on the study of Baptista et al., 2008, using the
difference between the control group and the group of High-frequency electrical
stimulation on the 7" day of functional testing. This difference was used due to the
lower sensitivity of the test in differentiating between functional groups. All
procedures were approved by the Committee for Animal Experimentation Ethics of
the Bahian School of Medicine and Public Health, under the protocol 003/2009. The
animals were housed in individual cages with food and water ad libitum and a 12:12h

light/dark cycle.

Surgery

The animals were anesthetized with ketamine (10 mg/kg) and xylazine (100
mg/kg), and then subjected to asepsis and trichotomy of the right side rear. After a
longitudinal incision, the right ischiatic nerve was exposed, isolated from adjacent
tissues, and crushed with a needle holder forceps maintained for 30 seconds. Muscle
and skin were sutured using 4.0 absorbable suture and non-absorbable, respectively.
During the period of experiments, signs of distress due to nerve injury were observed

such as autotomy, weight loss and general hypomobility.

Electrical stimulation

The animals were stimulated for two hours after the surgical procedure. During
stimulation they were anesthetized by a mixture of halothane and oxygen (1 L/min),
administered through a vaporizer (Takaoka, USA). Electrical stimulation was

delivered through clinical biphasic pulse generator (TENS vif 962, QUARK Medical,
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Brazil), previously calibrated for the study. Electrical current was transmitted by two
silicon-carbon electrodes (1.5 cm? area), associated with carbopol gel. The
electrodes were placed along the incision, and the distance between them was 2 cm.
The electrical parameters were based on our previous study (Baptista et al., 2008).
The animals were divided into three groups:
1. Control: animals subjected to the ischiatic injury, standard protocol for anesthesia
and positioning, but no electrical stimulation (n=10);
2. High TENS: 100 Hz frequency, 80 us pulse width, with amplitude just below the
motor threshold (n=10);
3. Low TENS: 4 Hz frequency, 100 ps pulse width, modulated in 2 Hz bursts, with
amplitude just in the motor threshold (n=10).
For histomorphometric analysis, the left nerves (uninjured and unstimulated)
were considered as normal. The nerves on the right side (injured) were grouped into

control, High and Low-TENS.

Functional assessment

The parameters of the animals footprints were evaluated using images taken
one day prior to surgery and on the 7", 14™, 21% 28™ and 35" post-operative days,
following the methodology to obtain the Sciatic Static Index for the mice (SSIm)
(Baptista et al., 2007). Briefly, the animals were positioned on a transparent
platform, and parameters of the footprint photographed using a video camera (Sony
Camcorder HDR-CX350 Full HD). The parameters analyzed were: the distance
between the tip of the 1% and 5" finger, or toe spread (TS), and the distance between
the tip of the 3" finger and the most posterior portion of the footprint in contact with

the surface, or print length (PL). The TS and PL generated the TS factor (TSF) and
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the PL factor (PLF) (factor = experimental value - normal / normal), and were used in
the formula to estimate the SSIm:
SSIm =101.3 x TSF - 54.03 x PFL - 9.5.

In the SSIm, zero corresponds to normal function, and -100 to a complete
unilateral functional loss. The amount of the SSIM was added 100 then done log 10.
The averages of the parameters from three images for each condition/animal were

evaluated by means of an image analysis program (Image J, NIH, USA).

Histological and histomorphometric assessment

One day after the last functional analysis, on the 35" day post-lesion, the
animals were deeply anesthetized and euthanized by transcardiac perfusion with
fixative solution (4% paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4, 50 mL/animal). The ischiatic nerves ipsilateral to the lesion
were harvested, and a 2 mm segment, 3 mm distal from the lesion site was
dissected. Contralateral nerves were also dissected, and a 2 mm segment collected
from the equivalent portion of the lesioned nerve. The segments were post-fixed,
osmicated, dehydrated in increasing concentrations of acetone (30-100%),
infiltrated, and plastic embedded. Transverse sections 0.5 pm- (semithin) and 70 nm-
thick (ultrathin) were obtained using an ultramicrotome (Reichert Jung, USA). The
semithin sections were stained with a mix of toluidine blue and azur 2 in a 1:1 ratio.
Images were acquired on a light microscope (Olympus BX 51) connected to a digital
camera (Olympus Q color 5). A 1,000x magnification was used to assess the general
morphological condition of the nerves.

For the ultrastructural analysis, 70-nm sections were contrasted with 1%

uranyl acetate and lead citrate Pb and observed through a transmission electron
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microscope (Zeiss EM 109) equipped with an image acquisition system (MegaView
II, Analysis-Imaging-System). For qualitative assessment of the overall condition of
the nerve we used 1,000x (light microscopy), and 7,000x (electron microscopy)
magnification images of the four groups of nerves.

The 3,000x magnification was used to measure the density and diameter of
myelinated fibers, myelinated axon diameter, area of myelin and G ratio. A
magnification of 7,000x was used for morphological assessment and measurement
of the densities and diameters of non-myelinated fibers, and the number of Schwann
cell (SC) nuclei. Densities were calculated by dividing the number of cells by the total
area of 10 systematically chosen fields. Using these measurements, G ratios (axon
diameter/fiber diameter) were also obtained.

The independent variable for all groups was the use of TENS. The dependent
variables were derived from functional analysis, and histomorphometry. Descriptive
analysis was performed using the median and 25-75 quartiles. For functional analysis
using the SSIm we performed paired (intra group) comparisons, analyzed through
the Repeated Measures ANOVA (parametric) or Friedman test (nonparametric). The
non-paired inferences were performed by ANOVA One-way test (parametric) or
Kruskal-Wallis test (nonparametric) associated with the Student-Newman-Keuls Post-
hoc analysis. Both measures of the variables of each study and the statistical
analysis were performed blindly. We considered as significant an alpha value of 1%
(p < 0.01). The analyses were carried out using the statistical package Graph Pad

Prism 5.0.
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Results

Functional assessment

In the first week after lesion, the locomotor function was compromised,
followed by a gradual recovery in the three groups. However the animals in groups
High-TENS and control only returned to normal values in the third week after injury,
whereas animals from the Low-TENS group had an early recovery in the second
week (Fig. 1). Since the values of locomotor function were not comparable at

baseline, there were no unpaired comparisons.
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Figure 1: Static Sciatic Index for mouse (SSIm). Graph shows a decrease in locomotor function after
the first week of a crush lesion to the right ischiatic nerve in the three groups (Control, High and Low-
TENS). Low-TENS animals recovered to normal values on the second week after lesion, while High-
TENS and control animals only did on the third week. Data expressed as Log10 of the mean + SD.

Histological assessment

Morphological changes were observed in images acquired by light and
electron microscopy. In light microscopy, the histological appearance of the nerves of
the High and Low-TENS groups were generally better than the nerves of the control
group (Fig 2B, 2C, 2D). The control group showed more frequently axons with dark
axoplasm, one of the signs of degeneration. The nerves of the High-TENS and Low-

TENS groups showed similar myelinated fibers with diameters similar to the normal
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nerves (Fig 2A, 2C, 2D). When comparing the High and Low-TENS groups, the first
presented a worst aspect, with more frequent dark axoplasm axons and fewer
myelinated fibers (Fig 2C).

Regarding nerve morphology at 7,000x magnification electromicrographs, it
was observed that the nerves in the control group showed signs of axonopathy,
characterized by the presence of non-specific laminar membrane structure, many
macrophages, intra-axonal compaction, axoplasm dissolution, degeneration of
regenerative clusters, and denervated Schwann cell bands. Myelin sheaths showed
characteristic fragmentation (Fig 3B). In High TENS nerves it was possible to observe
signs of extensive hypomyelination with complete lack of myelination, and many
unmyelinated/remyelinated fibers (Fig 3C). The Low-TENS nerves showed a better
aspect, with continuity of the basal lamina, a higher density of myelinated fibers, and
several grouped bands of unmyelinated fibers. In both groups we were able to find

denervated SC (Fig 3C, 3D).

Figure 2: Semithin transverse ischiatic nerve section (1,000x magnification). (A) normal group (without
stimulation or nerve injury) showing little space and endoneural distribution with compact fibers; (B)
control group (unstimulated injured nerve) showing lower fiber density than normal group, and many
axons with dark axoplasm (circles); (C) High-TENS group (damaged nerve with high frequency
stimulation) showing markedly increased endoneurial space (black arrow), which may represent
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edema; (D) Low-TENS group (damaged nerve with low frequency electrical stimulation) with fiber
diameter, density and distribution similar to the normal group. Calibration bar: 10pum.

Figure 3: Ultrathin transverse ischiatic nerve section (7,000x magnification). (A) normal group (without
stimulation or nerve injury) showing larger myelinated fibers; (B) control group (unstimulated injured
nerve) showing dissolution of the axoplasm (asterisk), nonspecific membranolaminar structure
(dashed, black arrow) and myelin fragmentation (dashed, white arrow). (C) High TENS group
(damaged nerve with high frequency stimulation), with complete lack of myelination (black arrow) or
weakly myelinated fibers; (D) Low TENS group (damaged nerve with low frequency electrical
stimulation), where myelinated fibers were well preserved, showing a normal aspect. Calibration bar:
2um.

Morphometric assessment

The morphometric analysis was performed using the images obtained by an
electron microscope. All groups had the highest density of myelinated fibers in the
range of 2-6 mm diameter. The density of unmyelinated fibers was higher in Low-
TENS, then High-TENS group (Table 1), although not statistically significant. The
density of Schwann cells was higher in normal and Low, then High-TENS group,

followed by the control group. There was no difference between the median fiber
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diameters (myelinated and unmyelinated) of the groups compared in the three

different ranges studied (0-2, 2-6 and 6-12 um diameter) (Table 2). No differences

were found when analyzing the diameter myelinated axon and myelin area (Table 3,

Table 4)

Table 1: Density of myelinated fibers, non-myelinated fibers and Scwhann cell nuclei

Density (cells / mm®)

GROUP

Normal

Control

High TENS

Low TENS

NMF

2.057 (2.000-2.685)

1.942 (1.771-4.380)

2.857 (2.285-4.342)

2.914 (1.942-3.200)

MF(0-2um)

40,1 (40,1-44,5)

13,3 (13,3-66,8)

26,7 (13,3-240,6)

133,6 (106,9-47,0)

MF(2-6um) MF(6-12pm)
828,8 (788,7-1086,2) 360,9 (267,3-
arb* 374,3)

387,7 (245,0-1189,8) 80,2 (66,8-106,9)

200,5 (133,6-855,6) 44,5 (26,7-187,1)

1443,8 (1002,6-1483,9)  120,3 (66,8-307,4)

SCN

53,4 (0-74,2)

26,7 (22,2-187,1)

50,1 (22,2-53,4)

53,4 (26,7-120,3)

Data expressed as median and 25-75 quatrtiles.
Normal x control (a) normal x High-TENS (b)

* P < 0.05 (Kruskal-Wallis + Student-Newman-Keuls).

NMF, non-myelinated fibers; MF, myelinated fibers; SCN, Schwann cell nuclei

Table 2: Measurements of fiber diameter

Diameter of fiber

GROUP
Normal
Control
High TENS

Low TENS

5

5

NMF
0,57 (0,41-0,75)
0,57 (0,41-0,83)
0,47 (0,32-0,70)

0,49 (0,37-0,69)

MF (0-2pm)

1,73 (1,40-1,82)
1,64 (1,37-1,83)
0,96 (0,72-1,18)

1,62 (0,00-1,80)

MF (2-6pum)

4,70 (3,28-4,96)
3,85 (3,02-4,58)
3,68 (2,73-4,45)

4,11 (3,03-4,73)

MF (6-12pm)

7,21 (6,64-8,14)
7,10 (6,36-9,09)
7,09 (6,48-7,74)

6,98 (6,44-7,52)

Data expressed as median and 25-75 quatrtiles.
NMF, non-myelinated fibers; MF, myelinated fibers



Table 3: Measurements of myelinated axon diameters

Diameter myelinated axon

GROUP N MF (0-2um) MF (2-6um) MF (6-12pm)

Normal 5 1,53 (1,22-1,73) 3,15 (2,51-3,91) 6,63 (6,24-7,05)
Control 5 1,50 (1,13-1,77) 2,81 (2,35-3,36) 6,81 (6,81-6,81)
High TENS 5 1,53 (074-1,59) 2,81 (2,37-3,39) 6,68 (6,68-6,68)
Low TENS 5 1,42 (1,14-1,73) 3,07 (2,50-3,88) 7,20 (6,97-7,42)

Data expressed as median and 25-75 quatrtiles.

MF, myelinated fibers

Table 4: Determination of myelin areas

Area of myelin

GROUP N MF (0-2pm) MF (2-6pm) MF (6-12pm)
Normal 5 1,38(1,03-1,74) 2,58(2,27-3,06) 0 (0-0)
Control 5 1,13(0,93-1,37) 2,54(2,14-3,62) 7,53(7,53-7,53)
High TENS 5 1,02(0,39-1,51) 2,49(2,21-3,15) 0 (0-0)
Low TENS 5 1,25(0,95-1,57) 2,49(2,22-3,01) 0 (0-0)

Data expressed as median and 25-75 quatrtiles.
MF, myelinated fibers

The G ratio was evaluated in the following stratifications: 0.1 to 0.4, 0.4 to 0.5,
0.51t0 0.6, 0.6 t0 0.7, from 0.7 to 0.9 um. There were no differences between the
groups compared in each stratum, although it was possible to observe that the
control group had a very small amount of fibers in the range of 0.5-0.6, with a higher
concentration in the 0.6-0.7 range. Although Low-TENS fibers also had a peak of
concentration in this last range, this group showed the greater amount of fibers, when
compared to the others. Normal and High-TENS groups showed the same behavior,

with more fibers in the range of 0.5-0.6 (Fig 4).
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Figure 4:.. G ratio stratified by ranges. G coefficient was obtained by dividing the axon by fiber
diameter. Note that the nerves in the control and Low-TENS groups showed a peak fiber density in the
range of 0.6-0.7. The other nerves showed a peak in the range of 0.5-0.6. Data are presented as
median and 25-75 quartiles.
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Discussion

The present study showed that Low-TENS applied early in an axonotmesis
lesion accelerated functional recovery, and lead to a better histological appearance in
the nerve ultrastructural analysis. Although High-TENS and control animals showed a
similar pattern of locomotor recovery, High-TENS nerves showed extensive signs of
degeneration, suggesting that this modality may be harmful just after peripheral
nerve lesions.

The early recovery of locomotor function is consistent with other studies that
evaluated the effect of electrical stimulation on peripheral nerve regeneration
(Gordon et al.,, 2003). It is possible that the low-frequency electrical stimulation
applied early can antecipate muscle reinervation (Al-Majed et al., 2000). In the
present study the morphological aspect of the nerves showed a direct relationship to
locomotor function, since its return depends on the orientation of the stumps towards
the target organ, axonal regeneration, and also the interaction between the central
nervous system and spinal circuits (Vivo et al., 2011).

We observed that on the 35" day after lesion, all injured nerves showed signs
of axonal regeneration, and the nerves of the group treated with Low-TENS nearly
reached the appearance of the nerves on the normal group. Our findings are in
agreement with other studies showing that electrical stimulation applied just after an
experimental lesion can lead to increased fiber density and diameter, resulting in
increased functionality (Haastert-Talini et al., 2011), higher speed and accuracy of
motor regeneration (Al-Majed et al., 2000), and increased expression of
regeneration-associated genes (Sharma et al., 2010), BDNF and its receptor

Tyrosine Kinase B (TrKB) (Geremia et al., 2007).
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The use of electrical currents for a short period immediately after injury
appears to be a critical factor, since previous results using the same characteristics
of electrical stimulation with different temporal patterns (five times/week for five
consecutive weeks) led to inhibition of nerve regeneration (Baptista et al., 2008).
Although it is possible that this has happened due to the number of sessions of
electrical stimulation, a recent study has shown that the early onset of stimulation is
the most important factor, and not how it is repeated through the days of
regeneration (Foecking et al., 2012).

Frequency may also be another key factor to improve peripheral nerve
regeneration. In our study, the High-TENS nerves (100 Hz) showed histological signs
of decreased regeneration in the electromicrographs. Ming-Chin et al (2008) found
that the higher the frequency of electrical stimulation, the greater the suppression of
regeneration. This behavior was also found by Huang et al (2010), who observed an
inverse correlation between electric frequency and NGF release by SC in culture.
Another important finding of their study was that electrical stimulation of 1 Hz, 5 V/cm
led to a rapid increase in calcium, which seems to play a positive role in the
regulation of NGF production in SC in culture.

Unlike what happens with high frequencies, many studies have previously
shown that low frequencies applied for 1h after lesion may be the best option to
improve nerve regeneration (Al-Majed et al., 2000; Gordon et al., 2003; Haastert-
Talini et al., 2011), and this may be potentially translated to the clinical practice, as
TENS has been used for years to treat many conditions associated with peripheral
nerve lesions, as diabetic neuropathy and carpal tunnel syndrome. However, more
experimental studies and clinical trials are needed to investigate the influence of low

and high frequency TENS, as well as the optimal period for use on peripheral nerve
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regeneration, elucidating the different mechanisms caused by these frequencies,
leading to different responses in nerve.

In summary, our study showed that Low-TENS accelerates peripheral nerve
regeneration, expressed by a functional improvement and a better histological nerve
appearance than the control or High-TENS nerves. High-TENS may be harmful for
this condition. The findings of this study guide the application of this therapeutic

modality in clinical practice since its implementation is simple and affordable.
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4 CONCLUSAO

Low TENS acelera a regeneracdo do nervo periférico, expressa por uma
melhora funcional e uma melhor aparéncia histolégica quando comparado com 0s
grupos controle e High TENS. A High TENS pode ser prejudicial para as lesbes
nervosas periféricas.
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5 CONSIDERACOES FINAIS

Este estudo possibilitou uma compreensao dos pontos de vista funcional e
histomorfométrico da influéncia da TENS na regeneragdo nervosa periférica apés
uma lesdo compressiva experimental em camundongos. Seus resultados sugerem

gue este recurso pode ser Util para incentivar a regeneracao nervosa periférica.

Entretanto, ndo foram avaliadas a influéncia da circulacdo local de forma
dindmica, nem a expressdo de marcadores bioquimicos ou moleculares da
regeneracao nervosa periférica; a avaliacdo qualitativa foi realizada por apenas uma
avaliadora cega e o poder do estudo ndo possibilitou a observacédo das diferencas

estatisticas ali presentes.
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6 PERSPECTIVAS DE ESTUDOS

Os achados deste estudo nos orientam a aplicacao desta modalidade terapéutica
na prética clinica, uma vez que sua aplicagcdo é mais simples e acessivel. Porém,
mais estudos experimentais e ensaios clinicos sdo necessarios para investigar a
influéncia da baixa e alta frequéncia, assim como o periodo ideal para a sua
utilizacdo sobre a regeneracdo nervosa periférica, elucidando os diferentes
mecanismos associados a tais frequéncias, que levam a diferentes respostas no

nervo.



7 ANEXOS

Anexo A - Parecer do Comité de Etica

Anexo C - Resumos publicados em anais de congressos
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