&
UFRGS
UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL

INSTITUTO DE CIENCIAS BASICAS DA SAUDE
PROGRAMA DE POS-GRADUACAO EM NEUROCIENCIAS

ANALISE MORFOLOGICA DOS COTOS NEURAIS DE RATOS
WISTAR APOS SEGMENTECTOMIA DO FASCICULO LATERAL DO

PLEXO BRAQUIAL DIREITO E TREINO AEROBICO

FERNANDO SOARES CAMELIER
Porto Alegre
2011



&
UFRGS

UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE CIENCIAS BASICAS DA SAUDE
PROGRAMA DE POS-GRADUACAO EM NEUROCIENCIAS

ANALISE MORFOLOGICA DOS COTOS NEURAIS DE RATOS
WISTAR APOS SEGMENTECTOMIA DO FASCICULO LATERAL

DO PLEXO BRAQUIAL DIREITO E TREINO AEROBICO

FERNANDO SOARES CAMELIER

Orientadora : Prof?. Dr? . Maria Cristina Faccioni-Heuser

Dissertacdo de mestrado apresentada ao Programa de Péds-Graduagdo em Neurociéncias da
Universidade Federal do Rio Grande do Sul como requisito parcial para obtengéo do titulo

de Mestre em Neurociéncias



AGRADECIMENTOS

Agradeco a Prof®. Dr®. Maria Cristina Faccioni-Heuser por me proporcionar meios
que aumentaram o meu conhecimento cientifico, por toda confianga, estimulo, por

acreditar no meu potencial e incentivar-me a atingir meus objetivos .

Ao Prof. Dr. Leder Xavier pela paciéncia, dedicacdo e grande conhecimento

cientifico e estereoldgico para a elaboracdo deste trabalho.

Aos demais Professores do Curso de Pos-graduacdo em Neurociéncias que
proporcionaram momentos de pleno conhecimento nas suas disciplinas e por serem fonte de

continuo aprendizado.

Aos meus colegas Professores e aos Funcionarios do Departamento de Ciéncias
Morfologicas do Instituto de Ciéncias Béasicas da Saude da Universidade Federal do Rio
Grande do Sul e em especial ao Prof. Dr. Geraldo Pereira Jotz por me incentivar na

realizacdo do curso de pds-graduacao em neurociéncias.

Aos meus colegas do curso de P6s-Graduacdo em Neurociéncias da turma de 2009 e
aos funcionarios do laboratério de Histofisiologia Comparada, do Instituto de Ciéncias

Bésicas da Salde .



Agradeco aos meus colegas Juliana Dalibor Neves e Sandro Antunes da Silva, pelo
auxilio na fase de experimentos deste trabalho.

Agradeco aos académicos Alexandre da Silva Costa e Nigia Ramalho Arsego , meus
monitores da disciplina de Anatomia Humana, pelo auxilio na realizac&o deste projeto.

Agradeco em especial a Prof®.Dr® Denise Zancan e ao Prof. Dr. Rui Campos que nas
suas disciplinas, Neurobiologia dos Invertebrados e Neuroanatomia Comparada
respectivamente, ajudaram-me a ampliar meu conhecimento em anatomia do reino animal,
enriquecendo assim a disciplina de Anatomia Humana na qual eu leciono.

Agradeco a meus pais, Maria Beatriz e Emilio, que foram meus exemplos de vida e
s80 0s principais responsaveis por isto tudo.

A Marli, minha querida esposa e eterna namorada, por ter transformado minha vida

com seu amor, carinho, ternura e tornar-me mais feliz a cada dia.



RESUMO

A lesdo isolada do plexo braquial ndo apresenta alta mortalidade, porém séo
marcantes as limitacGes funcionais nesta patologia traumatica.

As sequelas graves da lesdo estdo associadas a diversos fatores, tais como, o
padrdo anatdmico das raizes nervosas, seus ramos difusamente distribuidos, o intenso
desenvolvimento de tecido fibroso ao redor dos cotos neurais lesados e o tratamento
cirurgico, que promove a formacéo de fibrose e prejudica a regeneracao neural.

Neste trabalho, provocamos a lesdo nervosa do fasciculo lateral do plexo braquial,
a segmentectomia, e iniciamos o treinamento aerdbico precoce em esteira ergométrica ao
longo de seis semanas.

Foram randomizados vinte e oito ratos Wistar machos adultos distribuidos nos
grupos controle (animais que nao foram submetidos a cirurgia e que ndo foram treinados),
sham sedentario (animais que foram submetidos a cirurgia de manipulacdo do fasciculo
lateral do plexo braquial, sem segmentectomia, e que ndo foram treinados), sham
treinamento (animais que foram submetidos a manipulacdo do fasciculo lateral do plexo
braquial, sem segmentectomia, e que foram treinados), lesdo treinamento (animais que
foram submetidos a segmentectomia do fasciculo lateral do plexo braquial e que foram
treinados em esteira ergométrica) e lesdo sedentario (animais que foram submetidos a
segmentectomia do fasciculo lateral do plexo braquial e que ndo foram treinados).

Os testes funcionais utilizados foram o Narrow Beam (teste da barra estreita),
Foot-fault (teste da passagem pela trilha), Cylinder (teste do cilindro) e Hanging Wire (teste

de apreenséo no arame).



Nos estudos morfoldgicos dos cotos neurais proximal e distal do fasciculo lateral
do plexo braquial empregamos técnicas estereoldgicas para analisar a densidade axonal
(nGmero dos axdnios por pm? da seccéo transversal), a area da fibra (calculo da area da
seccdo transversal com contagem de pontos) e a espessura da bainha de mielina dos axdnios
(medida em pm).

Os resultados dos testes funcionais realizados antes do inicio do treinamento
demonstraram que os animais dos grupos lesdo sedentario e lesdo treinamento apresentaram
aumento do numero de erros na realizacdo das tarefas do Narrow beam, Foot-fault,
Cylinder e Hanging Wire em comparagdo com 0s animais dos grupos controle, sham
sedentério e sham treinamento, para um nivel de significancia de p<0,05. Durante o
periodo de treinamento, os resultados dos testes funcionais demonstraram que os animais
do grupo lesdo sedentario apresentaram aumento do numero de erros na realizacdo das
tarefas em comparacdo com os animais dos grupos controle, sham sedentario, sham
treinamento e lesdo treinamento, para um nivel de significancia de p<0,05. Além disto, os
animais do grupo lesdo treinamento apresentaram diminuicdo do numero de erros na
realizacdo das tarefas em comparacdo com os animais do grupo lesdo sedentario, para um
nivel de significancia de p<0,05.

Os resultados da andlise morfoldgica dos cotos neurais, proximal e distal,
demonstraram que os animais do grupo leséo sedentério tiveram diminuicdo do nimero de
axonios por pm? (densidade axonal), diminuicdo da &rea dos axdnios (area da fibra) e
diminuicdo da espessura da bainha de mielina em comparagdo com 0s animais dos grupos

controle, sham sedentario e sham treinamento para um nivel de significancia de p<0,05.



Os animais do grupo lesdo treinamento tiveram aumento do numero de ax6nios
por pum? (densidade axonal), aumento da &rea axonal (4rea da fibra) e aumento da espessura
da bainha de mielina em comparagdo com os animais do grupo lesdo sedentério.

Concluimos que o treinamento aerébico precoce em esteira ergométrica
promoveu o desenvolvimento axonal nos cotos neurais proximal e distal dos animais do
grupo leséo treinamento em comparagdo com 0s cotos neurais proximal e distal dos animais

do grupo lesdo sedentério.
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APRESENTACAO

A dissertacdo estd organizada em tdpicos: Introdugdo, Hipotese do trabalho,
Objetivos, Métodos, Resultados, Discusséo e Perspectivas.
A Introducdo apresenta 0 embasamento tedrico para a formulacdo da proposta da
dissertacdo. O objetivo geral e 0s objetivos especificos estdo dispostos na parte central do
corpo da dissertacao.

Todos os experimentos foram realizados e desenvolvidos no Laboratério de
Histofisiologia Comparada do Departamento de Ciéncias Morfoldgicas da Universidade
Federal do Rio Grande do Sul.

A lei n° 6638 datada de 08/05/79 que regulamenta o uso de animais para
pratica didatico-cientifica foi 0 embasamento legal do presente estudo.

Os animais foram originarios do C.R.E.A.L. do Instituto de Ciéncias Basicas
da Saude da Universidade Federal do Rio Grande do Sul.

Os métodos, os resultados e a discussao estdo incluidos no artigo cientifico que
brevemente sera submetido a revista “Nerve and Muscle Journal”.

As Perspectivas abordam as possibilidades de futuros trabalhos a partir dos
resultados descritos.
O item bibliografia lista as referéncias citadas na Introdugdo. As referéncias

utilizadas no artigo estéo listadas no corpo do mesmo.
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1. INTRODUCAO

Os nervos periféricos sdo estruturas fundamentais para o funcionamento de

sistemas organicos e suas patologias abrangem uma gama de lesdes que podem ser:



traumaticas, congénitas, neoplasicas, adquiridas, imunoldgicas, metabdlicas, hereditarias e
obstétricas .

A incidéncia anual mundial das lesdes trauméticas do plexo braquial, que resultam
em perda parcial ou total das fungdes neuroldgicas motoras, sensoriais ou autondmicas é
superior a 500.000 novos casos (Rodriguez et al., 2004).

O Plexo braquial € um conjunto de raizes nervosas que se originam dos segmentos
da medula espinhal cervical e torécica, e promove a inervagdo sensitivo-motora da cintura
escapular, do membro superior, da regido peitoral e da regido toracodorsal (Keith-Moore,
2006; Gray, 2008).

As plexopatias braquiais mais comuns sdo de origem traumaticas por acidentes de
transito, seguidas por lesdes de origem obstétrica. No Brasil, a incidéncia das plexopatias
braquiais de origem traumatica é de 1,75 para cada 100.000 habitantes (Flores et al.,
2006).

Nas lesdes dos nervos periféricos em geral verifica-se que 14% dos casos
acometem o membro superior e, 10% destes casos que atingem o membro superior,
provocam lesdo do plexo braquial (Mumenthaler et al., 1969).

As lesbes do plexo braquial costumam afetar apenas um membro que, na maioria
das vezes, € 0 membro dominante (Ferreira, 1999).

Dentre todas as plexopatias braquiais, 80% a 90% destas sdo decorrentes de
traumatismos por acidentes de transito, em que os mecanismos fisiopatoldgicos das lesdes
variam entre tracdo, avulsdo, esmagamento, ruptura parcial ou total das raizes nervosas e

contusdo seguida de edema traumatico secundario ao trauma (Dubuisson et al., 2002).

1.1 Anatomia do Plexo Braquial Humano



O plexo braquial humano é formado a partir de raizes nervosas ventrais e
dorsais pré-ganglionares que formam raizes nervosas pos-ganglionares. Estas raizes pds-
ganglionares emergem das quatro ultimas raizes dos segmentos cervicais (C5, C6, C7, C8)
e da primeira raiz toracica (T1) da medula espinhal, formando o plexo braquial tipico.
As raizes nervosas de C5 e C6 formam o tronco superior. A raiz nervosa de C7 forma o
tronco médio e as raizes nervosas de C8 e T1 formam o tronco inferior.

Cada um dos troncos, superior, médio e inferior, possuem divisdes anteriores e
posteriores. As divisGes anteriores do tronco superior e do tronco médio formam o
Fasciculo Lateral. A divisdo anterior do tronco inferior forma o Fasciculo Medial e as
divisdes posteriores dos troncos superior, médio e inferior formam o Fasciculo Posterior
(Figura 1) (Netter, 2008).

Os nervos peitoral lateral e musculocutaneo, e a raiz nervosa lateral do nervo
mediano originam-se do Fasciculo Lateral; os nervos axilar, nervo radial, nervo
toracodorsal e o subescapular originam-se do Fasciculo Posterior; os nervos peitoral
medial, ulnar, cutdneo medial do braco, cutdneo medial do antebraco e a raiz nervosa

medial do nervo mediano originam-se do Fasciculo Medial (Gray, 2006).
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Figura 1- Esquema do plexo braquial humano, mostrando a origem das raizes dos
segmentos medulares, a formacdo dos tronco e a formacdo das divisdes seguidas pelos
fasciculos e as origens dos nervos periféricos (Netter, 2008).



1.2 Anatomia do Plexo Braquial do Rato Wistar

O plexo braquial é formado por divisdes primarias das ultimas quatro raizes nervosas
cervicais e pela primeira raiz nervosa toracica, com uma contribuicéo acessoria da segunda
raiz nervosa toracica (Bertelli, 2005).

Os nervos periféericos do plexo braquial emergem entre os mdsculos escalenos
anterior, médio e posterior, e a formacdo do plexo braquial ocorre na regido axilar.

Em roedores, 0 plexo braquial apresenta maior dispersdo de seus ramos que o0 plexo
braquial de humanos. As divisdes ventral e dorsal da quarta raiz nervosa cervical
contribuem para formar o plexo cervical. O ramo da divisdo ventral da quarta raiz cervical
pode formar com o ramo da quinta raiz nervosa cervical o nervo frénico, que inerva o
diafragma (Heber et al., 1986).

A quinta raiz nervosa cervical bifurca-se em raiz dorsal e ventral. A primeira
contribui para formar o plexo cervical, apds originar o nervo escapular dorsal para os
musculos levantador da escapula e romboides, enquanto que a divisdo ventral forma com a
divisdo ventral da sexta raiz cervical uma parte do nervo frénico (Bertelli, 2006).

A sexta raiz nervosa cervical divide-se em ramo posterior dorsal e ramos da sétima e
da oitava raizes cervicais formam o nervo toracico longo, para inervar musculo serrétil
anterior. A sexta raiz cervical também origina 0 nervo para a inervacdo do musculo
subclavio (Green, 1953). A divisao inferior da sexta raiz cervical forma um ramo ventral e
trés ramos dorsais. Dentre 0s ramos dorsais, 0 primeiro é o nervo supraescapular que inerva
0s mausculos supraespinhal e infraespinhal; o segundo é o nervo que inerva o musculo

subescapular; o terceiro € a primeira raiz do nervo axilar. O ramo ventral deste nervo ¢ a



alca que formard a diviséo ventral do sétimo nervo e originard 0 nervo musculocutaneo
(Figura 2) (Bertelli et al., 1995).

O sétimo nervo cervical se bifurca em porcdes dorsal e ventral. A porgdo ventral
subdivide-se em ramo anterior e posterior.O ramo anterior forma uma alga com a parte
ventral do sexto nervo, esta alca origina dois finos nervos para o musculo peitoral maior.

O nervo musculocutdneo cruza a margem lateral do muasculo redondo maior e
penetra no brago, entre 0 musculo céracobraquial e a cabeca curta do musculo biceps
braquial, originando ramos que irdo inervar o masculo braquial. O nervo musculocutaneo
sera, no antebraco, o nervo cutaneo lateral do antebrago (Heber et al., 1986).

Um ramo nervoso muscular acompanha a artéria braquial e inerva os musculos
pronador redondo e flexor radial do carpo. Este ramo, abaixo do cotovelo, junta-se com
ramos nervosos radiais e fornece a inervagdo cutnea da base do polegar e da regiédo
interdigital dorsal.

O ramo posterior da divisdo ventral da sétima raiz cervical forma a primeira raiz do
nervo mediano.A divisdo dorsal contribui na formacdo do nervo toréacico longo. Unindo-se
a porcao dorsal o ramo anterior da divisdo ventral forma a segunda raiz do nervo axilar
(Green,1953).

O nervo axilar forma-se a partir da sexta e sétima raizes cervicais dividindo-se em
ramos anterior e posterior; o ramo anterior € muscular e ira inervar o musculo deltoide, a
articulacdo do ombro e uma regido cutanea lateral do braco; o ramo posterior ira inervar o
musculo redondo maior e redondo menor (Figura 2) (Bertelli et al.,1997).

O nervo mediano transita paralelamente a artéria braquial e o nervo radial, no
braco. Nesta regido, o nervo mediano ndo se ramifica, porém na regido do cotovelo

origina dois ramos; um ramo muscular que passa entre as cabecas do musculo flexor



dos dedos e o musculo palmar longo, inervando-o0s; e 0 ramo muscular profundo que
ird inervar os muasculos interdsseos e flexores profundos e pronador quadrado (Green,
1953).

O nervo ulnar é menor que o nervo mediano e, por de trds do nervo mediano, penetra
no braco acompanhado do nervo radial e da artéria braquial; ao atingir o cotovelo, o nervo
ulnar cruza a artéria colateral ulnar e passa abaixo do mdsculo anconeu, seguindo
para o antebraco, onde se-bifurcaem um ramo profundo e outro superficial que irdo
inervar os musculos flexores ulnar do carpo e flexor profundo dos dedos, respectivamente.

O oitavo nervo cervical divide-se em ramos dorsal e ventral. Este Gltimo é maior e
formado por duas partes; uma formard a porcdo do nervo mediano enquanto a outra
originaré o primeiro nervo toracico e a primeira raiz do nervo torécico anterior medial.

A pequena porg¢do dorsal do oitavo nervo contribui na formagdo do nervo torécico
longo e forma uma segunda porcéo para a formacdo do nervo radial. Entdo esse nervo é
derivado das porcOes dorsais da sétima e da oitava raizes cervicais (Green, 1953).

Os nervos radial, ulnar e mediano e a artéria braquial saem da regido axilar e
seguem para o0 braco passando entre 0 musculo grande dorsal e 0 misculo méaximo cutaneo
do braco. Neste local, o nervo radial emite ramos musculares para as cabecas longa e
medial do masculo triceps braquial e para a cabeca curta do musculo biceps braquial. Apds
este trajeto, contorna Umero e atinge a regido lateral do braco emergindo entre a cabeca
longa do musculo triceps braquial e 0 musculo braquial (Figura 2) (Heber, 1986).

O nervo radial deixa o musculo triceps braquial ja inervando este musculo e ainda
emitindo ramos que inervam o musculo coracobraquial. Apds isto, o nervo radial inerva a
regido dorsal do antebraco. No cotovelo, o nervo radial ira se bifurcar em ramo superficial e

profundo. O ramo superficial acompanha a artéria colateral radial e no meio do trajeto



forma os nervos digitais dorsais e, ao penetrar entre os espacos interdigitais, forma o0s
nervos interdigitais para o segundo, terceiro e quarto dedos.

A porcdo lateral de um destes ramos digitais comunica-se com 0 nhervo
musculocutaneo, o que resulta no ramo digital do primeiro espaco interdigital.

O primeiro nervo toracico divide-se em um ramo calibroso, que se une a por¢édo
ventral da oitava raiz cervical, e que forma o nervo toracico anterior medial, este nervo
apresenta uma distribuicdo cutanea na regido peitoral; a seguir forma a terceira raiz do
nervo mediano que é formado pela unido das divisdes ventrais do sétimo e oitavo nervos
cervicais, sendo o maior nervo do plexo braquial (Figura 2).

O primeiro nervo torécico é um tronco calibroso que corresponde ao fasciculo
medial do plexo braquial de humanos. O segundo nervo toracico pode contribuir para

formar um pequeno ramo do primeiro nervo toracico (Bertelli, 2006).



Figura 2 — Fotografia mostrando o plexo braquial de rato Wistar adulto:

(M) Nervo Mediano;(MC) Nervo Musculocutaneo(fasciculo lateral); (U) Nervo Ulnar;

(R) Nervo Radial: (SE) Nervo Supraescapular; (A) Nervo Axilar; (P) Nervo Peitoral
Medial; (S) Artéria Subclavia; (CL) Clavivula;( C5 & C6) — Quinta e sexta raizes cervicais;
(C7) Sétima raiz cervical, (C8) Oitava raiz cervical; (T1) Primeira raiz toracica;

(CA)Artéria Carotida (Bertelli, 2006).
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1.3 Modelos Experimentais da Les&o de Plexo Braquial

O plexo braquial tem sido utilizado como modelo experimental para o estudo da
regeneracédo neural. A leséo do plexo braquial néo causa autonomia ou contratura como
ocorre na lesdo do nervo ciatico. Contratura e autonomia podem interferir nos resultados
experimentais funcionais (Santos et al., 2007).

As lesBes nervosas periféricas em humanos afetam as extremidades superiores,
razdo pela qual os modelos em ratos de lesdes nervosas que afetam 0s membros anteriores
sdo Uteis (Bontioti et al., 2003). Uma vez que a distancia para os 6rgdos alvo é pequena
nos membros anteriores do rato (musculo e pele), a reinervacdo é rapida e o tempo
requerido para a recuperacdo funcional € menor do que a dos membros posteriores
(Bertelli & Mira 1993). Além disto, a locomoc&o, a limpeza e a alimentacdo e movimentos
podem ser avaliados.

A partir da lesdo no nervo periférico inicia-se uma seqiiéncia complexa e
regulada de eventos que visam remocdo do tecido lesado, Isto é o inicio do processo de
reparo e regeneracdo. O entendimento acerca da regeneracdo nervosa periférica cresceu de
forma significativa com os avan¢os da biologia celular e molecular. As respostas frente ao
dano periférico ndo envolvem somente reacGes locais, podem incluir modificacfes
proximais e distais ao segmento lesado, bem como alteragbes no corpo neuronal,

localizadas na medula espinhal e nos ganglios nervosos (Clarke & Richardson, 1994).
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1.4 Fisiopatologia do Trauma Axonal

Os mecanismos causadores do dano podem ser de quatro tipos: 1- Contusao:
quando ocorre um impacto externo direto sobre as raizes nervosas; 2- Compressdo:
quando existe uma pressdo extrinseca como, por exemplo, hematoma, fragmento 6sseo de
fratura ou uma articulacdo deslocada; 3- Laceracdo: onde se rompem fibras das raizes
nervosas 4- Ruptura: quando o plexo é seccionado por completo em suas raizes.

A primeira classificacdo para lesdes de nervo periférico foi sugerida em 1952 por
Sunderland e colaboradores, que dividiram as lesbes em cinco graus: Grau |- perda da
capacidade de conducdo do estimulo nervoso; Grau Il- perda da continuidade dos axdnios
sem ruptura do tecido conjuntivo ao seu redor (endoneuro); Grau IlI- ruptura do
endoneuro; Grau IV- ruptura dos fasciculos e de suas bainhas de tecido conjuntivo
(perineuro); Grau V- perda de continuidade do nervo, incluindo as bainhas de tecido
conjuntivo (epineuro) (Sunderland et al., 1952).

Em 1975, Seddon e colaboradores propuseram uma classificacdo mais
simplificada e dividiram as lesdes traumaéticas de plexo braquial em trés grupos:
Neuropraxia, Axonotmese e Neurotmese.

Na neuropraxia, a continuidade anatbmica da raiz é preservada, mas ocorre uma
desmielinizagdo seletiva das grandes fibras nervosas ocasionando uma paralisia motora
total com minima atrofia muscular. A funcdo sensorial é preservada e a condutividade
elétrica nervosa distal estd presente, ndo ha& necessidade de reparo cirirgico e a
recuperacdo é rapida; na axonotmese existe uma continuidade anatémica das fibras e da
bainha de mielina, mas os axénios sofrem uma interrup¢do da conducdo e do fluxo

axoplasmatico. Ocorre a paralisia total, sensorial e motora, e a atrofia muscular
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progressiva, € necessario reparo cirargico com intencao de recanalizacdo da bainha neural;
na neurotmese existe uma desorganizacdo tecidual completa, com uma efetiva perda de
continuidade anatdémica e funcional. No segmento distal da raiz ocorre a degeneragédo
Walleriana e se observa uma completa paralisia motora e sensorial, com uma atrofia
muscular progressiva irreversivel (Seddon, 1975).

Com a lesdo nervosa, 0 axonio e a bainha de mielina sofrem um processo de
degeneracdo e serdo eliminados pela acdo das células de Schwann e macréfagos. Esta
degeneracdo neural distal € chamada de degeneracdo Walleriana e promove um
microambiente local que leva a remodelacéo e a reciclagem do tecido, preparando assim a

area para a regeneracao e crescimento do axénio proximal (Fawcett et al., 1990).

1.5 Plasticidade e Regeneracdo Neural

A plasticidade das vias neurais centrais compensa fisiologicamente a falta de
especificidade dos alvos para a reinervagédo e tem efeito limitado na localizagdo sensorial
ou no controle motor ap6s danos teciduais (Navarro et al., 2007).

A regeneracdo axonal requer um substrato adequado onde participardo diversos
mecanismos participantes dos processos regenerativos, os fatores tréficos produzidos pela
célula de Schwann, macréfagos e a matriz extracelular, porém este processo ndo recupera
totalmente as caracteristicas morfoldgicas do nervo (Rodriguez et al., 2004).

Estudos mostram a importancia do mecanismo de autoregulacdo mediado pela
medula espinhal e pela musculatura comprometida. Este mecanismo é a expressédo do
Fator de Crescimento Neurotrofico que ocorre apos a avulsdo do plexo braquial (Song et

al., 2001). As lesdes nervosas sofrem uma regeneracdo que € realizada com sucesso gragas
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a favoravel reacdo das células de Schwann, e quando existe a preservagdo da continuidade
dos tubos endoneurais, estes fatores aumentam o prolongamento axonal e facilitam a
adequada reinervacdo do alvo (Valero—Cabré et al., 2004).

Quando ocorre a lesdo neural, as informag0es aferentes cutaneas dos membros sao
importantes para 0s movimentos e a perda desta informacéo contribui para um importante
déficit funcional postural (Varejdo & Filipe, 2007).

O sistema nervoso central responde as aferéncias dos musculos, dos tenddes, dos
ligamentos, das cépsulas articulares e dos receptores cutaneos para gerar uma efetiva
resposta motora nos ajustes posturais na locomocgdo, assim como as informacgdes de
sensores visuais, vestibulares e somatosensoriais exercem um papel fundamental para
controle dindmico postural (Gauchard et al., 1999).

Existe, portanto, uma relagdo intima do sistema nervoso central com estes
mecanismos de retroalimentacdo sensorial, cuja finalidade e assegurar a performance
cinética adequada. Quando este processo de retroalimentacdo é abolido ocorrera o déficit

funcional (Gandevia & Burke, 1992).

1.6 Tratamento da Lesdo Neural

O reparo do plexo braquial pés-trauma continua sendo um desafio para a
medicina. Apesar da microcirurgia reconstrutiva ter sido um passo importante no
progresso da recuperacdo funcional, a mesma € incompleta e insatisfatoria. A morte
neuronal, a fibrose consecutiva ao dano, o crescimento axonal lento e desorganizado estdo

relacionados com a alta morbidade das plexopatias traumaticas (Jonhson et al., 2005).
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A existéncia de morte celular retr6grada em células ganglionares das raizes
dorsais estd bem estabelecido, porém o grau de desenvolvimento de tecido colageno,
fibrose tecidual e a relagdo entre o inicio do tratamento ainda é muito controverso
(Novikov et al., 2001).

Na abordagem terapéutica das lesGes de plexo braquial, 0 momento ideal para o
tratamento definitivo ainda é motivo para muita discussdo, porém existe uma tendéncia
para o tratamento precoce com a intencdo de recanalizacdo do eixo axonal (Ma et al.,
2003).

Existem muitos fatores associados para justificar o inicio do tratamento, se precoce
ou tardio. Estes fatores sdo: grau da lesdo, lesdes associadas, técnicas cirdrgicas,
experiéncia da equipe médica, patologias prévias, agentes e mecanismos causadores das
lesGes (Bertelli et al., 1997).

Estudos tém demonstrado que os exercicios proprioceptivos sao importantes na
reabilitacdo de lesdes nervosas, pois ao se restaurar o déficit proprioceptivo o corpo
manterd a estabilidade e a orientacdo durante as atividades estaticas e dinamicas
(Laskowski et al., 1997). O treinamento aerdbico proprioceptivo consiste em exercicios
designados a dar énfase no equilibrio e coordenacdo motora (Seidler & Martin, 1997).
Estes exercicios demonstraram uma significativa melhora motora em ratos em estado basal
que foi constatada pela diminuicdo progressiva no nimero de erros durante as atividades
propostas (Klein et al., 1997) e, também, devido a movimentacdo ocorrer com maior
seguranca e com menor hesitacdo conforme a evolucdo do treinamento. A diminuigéo
significativa no tempo de realizacdo das tarefas motoras, assim como a reducdo dos erros
ao longo do treinamento, também ocorreu em ratos com lesdo unilateral do cortex

sensoriomotor do membro anterior e em animais submetidos a cirurgia de manipulagéo
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sem lesdo (sham), demonstrando que a melhora na habilidade motora também ocorreu em
animais com lesfes corticais (Jones et al., 1999). Além disto, este tipo de exercicio, em
ratos com lesdo unilateral do cortex sensoriomotor do membro anterior, resultou numa
melhora na performance do footfault test de membros anteriores e de membros posteriores
quando comparado com o grupo controle. Também demonstrando uma melhora funcional
em animais com leséo cortical neste tipo de treinamento. Os animais submetidos a cirugia
de manipulagdo sem lesdo (sham) também apresentaram melhora da performance no
footfault test de membros anteriores e de membros posteriores em comparagdo ao grupo
controle (Chu & Jones, 2000).

Os exercicios motores acrobaticos foram utilizados no estudo de modificagdes
morfolégicas cerebelares, e verificou-se que, concomitante ao aprendizado de habilidades
motoras, havia um aumento significativo do namero de sinapses por célula de Purkinje na
camada molecular do I6bulo paramedial do cerebelo (Black et al., 1990).

Estudos subseqiientes, utilizando exercicios aerdbicos, mostraram 0 aumento
progressivo de sinapses nas fibras paralelas das células de Purkinje (Anderson, Alcantara
& Greennough, 1996). Também foi observado o aumento de mitocdndrias sinapticas nos
neurbnios de animais submetidos a treinamento aerdbico e acrobéatico, comprovando a
influéncia destes tipos de exercicios na plasticidade estrutural em regides hemisféricas

cerebrais lesadas, assim como em regides ndo lesadas (Sakata et al., 2003).
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1.7 Fungdes da Célula de Schwann

A seccdo de um nervo periférico produz alteragdes morfofuncionais observaveis
na regido proximal e distal da lesédo. Na porgédo distal as alteragdes sdo dependentes de
calcio e constituem o processo denominado degeneracdo Walleriana ou anterdgrada.
As adaptacdes morfologicas primérias da degeneracdo sdo o edema e a fragmentacéo
axonal, além da desorganizacdo de neurotibulos e neurofilamentos.

O contato entre o0 ax6nio e a célula de Schwann € perdido e ocorre a fragmentacdo
e adegeneracdo da bainha de mielina. Neste processo, os macrofagos sdo recrutados
da circulagdo periférica para o local da lesdo e fagocitam e degradam os debris
celulares (Shen et al., 2000).

As células de Schwann desempenham um importante papel nos processos
da degeneracdo e daregeneracdo na lesdo nervosa periférica. Estas células ficam ativas
nas primeiras 24 horas apds a lesdo, exibem uma hiperplasia nuclear e citoplasmaética e
um aumento da taxa mitética. A divisdo celular é a responsavel pela hiperregulacdo da
expressdo génica de uma série de moléculas que ajudam em um processo de
orientagdo e estimulacdo do crescimento dos neuritos em regeneracdo (Fawcett &
Keynes, 1990).

Existe integracdo entre as células de Schwann e os macrdfagos apds uma
lesdo nervosa periférica. Nesta situacdo, as células de Schwann auxiliam os macréfagos
na remocdo dos debris axonais e residuos de mielina. Os macrofagos produzem
fatores de estimulacdo de mitose nas celulas de Schwann (Baichwal et al., 1988) e
a regulacdo da sintese de fatores de crescimento por estas celulas (Lindholm et

al., 1987).
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No microambiente neural periférico sdo encontradas moléculas troficas, dentre
elas o fator de crescimento neural (NGF) e o fator de crescimento derivado do
encéfalo (BDNF) que é o fator responsavel pela maior capacidade de regeneragdo
em lesbes do sistema nervoso periférico quando comparadas com lesbes do sistema
nervoso central (David & Aguayo, 1981, Yan et al., 1992, Burnett & Zager, 2004).

As modificacdes do soma e dos segmentos proximais das fibras dependem do
grau da lesdo e também da proximidade entre o segmento lesado e o soma do
neurénio (Cullheim et al., 2002).

As celulas de Schwann degradam os debris no segmento mais préximo
da lesdo e ocorre uma diminuicdo do didmetro axonal e da bainha de mielina. Esta
degradacdo pode ser minima até o nd de Ranvier mais proximo ou estender-se até o
soma neuronal. Assim, se o soma degenerar, todo o segmento proximal sofre
degeneracdo. Isto € o que ocorre no trauma moderado e severo (Lundborg, 2000).

As lesBes de nervos periféricos acometem as extremidades superiores e provocam
uma impoténcia funcional na apreensdo e manipulacdo de objetos (Duff, 2005). A
qualidade do movimento, o potencial de regeneracdo nervosa e a recuperagdo funcional
sdo objetos de diversos estudos (Van Meeteren et al, 1998 ; Gordon et al., 2003 ;
Bontioti et al., 2005 ; Sabatier et al., 2008) .

A comunicacéo intercelular, a expressao de fatores de crescimento e a presenca de
moléculas de adesdo locais sdo elementos importantes para ocorrer 0 processo de
reinervacdo (Zhang et al., 2000; Makwana & Raivich, 2005; Vogelin et al., 2006).

Os mecanismos correlacionados com a expressdo génica e a regulacdo de

neurotrofinas ainda ndo estdo completamente elucidados, mas evidéncias mostram
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aumento na expressdo de membros da familia de fatores troficos associados ao grau
da atividade neuromuscular (Sabatier et al., 2008).

A intensidade da atividade neuromuscular necessdria para que exista 0
favorecimento da reinervagdo ainda ndo € consenso na literatura (Cup et al., 2007).

As deficiéncias funcionais provocadas pelas lesdes nervosas podem ser
compensadas por meio de mecanismos histofisiologicos: a reinervacdo dos 6rgdos alvo por
regeneracdo do axonio lesado, a reinervagdo por ramos colaterais de axonios ndo lesados e
a remodelacdo da circuitaria do sistema nervoso em relacdo a perdas funcionais. A
plasticidade das conexdes centrais compensa funcionalmente a falta da especificidade na
reinervacdo dos orgaos alvo; a plasticidade neural em humanos tem um efeito limitado na
localizagéo sensorial e no controle motor fino, e pode mesmo resultar em alteragdes mal

adaptativas tais como dor neuropatica, hiperreflexia e distonia (Navarro et al., 2007).

1.8 Aspectos Fisioterapéuticos no Trauma

A capacidade de recuperacdo das assimetrias motoras depende do grau de supressao
do uso do segmento corporal acometido (Nudo et al 1996).

A experiéncia comportamental especifica e o treinamento por meio de movimentos
orientados a tarefas resultam em modificacdo dos mapas corticais e promovem recuperacéo
funcional (Ward et al., 2003). Este tipo de tratamento pode promover adaptacfes na
circuitaria neuronal na proximidade da lesdo, e esta reorganizacdo pode contribuir com a
recuperacdo da funcdo motora comprometida (Biernaskie & Corbett, 2001).

A medida que ocorre a execugdo dos movimentos envolvidos no treino ocorre uma

modificagéo da conectividade da rede neuronal correspondente (Adkins et al., 2006).
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As adaptacGes sdo diretamente relacionadas a sintese de proteinas (Hernandez et
al., 2006), relacionando-se ainda com a efetividade sindptica, com o nimero de sinapses
(Kleim et al., 1998) e com distintas mudancas na representacdo cortical dos segmentos
corporais treinados (Monfils et al., 2005).

Em primatas e roedores, foi comprovado que no decorrer do treino h&
desenvolvimento de plasticidade sindptica adaptativa em regides corticais envolvidas nas
tarefas, isto indica a existéncia de uma relacdo entre a plasticidade sinaptica e a
continuidade do treinamento (Vasquez et al., 2004).

A reorganizacdo dos mapas corticais esta associada a grupos musculares que sdo
recrutados durante a tarefa de treinamento, porém ndo na mesma propor¢ao em que ocorre
0 aumento da atividade muscular, como é o caso das tarefas de atividades repetitivas
(Graziano et al., 2006).

O treinamento em humanos e em animais esta fundamentado no re-treinamento de
atividades funcionais por meio da inter-relacdo multisistémica, musculo-esquelética, da
sensorial e da cognitiva. Estudos de neuroimagem em casos controle de leséo cortical
sensorio-motora ipsilateral, mostram aumento da atividade cortical no local da lesdo e
redistribuicdo em mudltiplas areas da rede sensério-motor. Estes sdo os ganhos funcionais
obtidos por meio do treinamento motor (Schaechter, 2004).

Os fatores bioldgicos e ambientais que influenciam a recuperacdo funcional das
lesbes sensério-motoras e 0 padrdo para reabilitagdo motora possuem variabilidades
individuais. Evidéncias demonstram que a escolha adequada e a execucdo da atividade
motora fornecem melhores resultados terapéuticos (Michaelsen et al., 2006).

A cronicidade, intensidade e precocidade no inicio do tratamento de reabilitacdo

séo fatores essenciais para a recuperagdo funcional sensorio-motora (Huang et al., 2009).
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Quando ocorre um traumatismo cortical, na regido afetada existe
sinaptogénese, aumento de sintese protéica e reorganizacdo de mapas corticais (Adkins
et al., 2006).

A capacidade de modificacbes das sinapses e dos circuitos neuronais em funcgéo
da atividade possui relacdo direta com a recuperagdo  motora das funcdes

comprometidas ou perdidas (Cauraugh & Summers, 2005).
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2. HIPOTESE DO TRABALHO

Diversos trabalhos com modelos animais de treinamento motor para o
tratamento de lesbes nervosas periféricas ja foram realizados.

Todavia, ainda é desconhecido o efeito do treinamento aerdbico precoce em
esteira ergométrica apds a segmentectomia do fasciculo lateral do plexo braquial.

A hipétese do presente trabalho é de que o exercicio aerdbico precoce em
esteira aplicado pode promover crescimento axonal nos cotos, proximal e distal, do
fasciculo lateral do plexo braquial apds segmentectomia.

Neste contexto, os resultados obtidos no presente trabalho fornecem dados que,

futuramente, poderao servir de subsidio para pesquisas das lesGes do plexo braquial.



22

3. OBJETIVOS
Objetivo Geral

O objetivo geral do estudo é realizar a analise morfoldgica dos cotos proximal e distal do
fasciculo lateral do plexo braquial apos estes animais serem submetidos a segmentectomia

neste fasciculo e treinamento aerdébico precoce em esteira por seis semanas.

Obijetivos Especificos

-Realizar andlise quantitativa, mediante emprego do método estereoldgico para
contagem de area-ponto (calculo da area axonal), em cotos proximal e distal do fasciculo
lateral do plexo braquial de ratos adultos, machos, submetidos a manipulacdo ou
segmentectomia deste fasciculo e treinamento aerébico em esteira por seis semanas.
-Realizar analise quantitativa, mediante emprego do método estereoldgico para contagem
dos axdnios dos cotos neurais por pm? (calculo da densidade axonal), em cotos proximal e
distal do fasciculo lateral do plexo braquial de ratos adultos, machos, submetidos a
manipulacdo ou segmentectomia deste fasciculo e treinamento aerébico em esteira por seis
semanas.

-Realizar analise quantitativa, mediante emprego do método estereoldgico para o calculo da
espessura da bainha de mielina dos axdnios nos cotos proximal e distal do fasciculo lateral
do plexo braquial de ratos adultos, machos, submetidos a manipulacdo ou segmentectomia
deste fasciculo e treinamento aerdbico em esteira por seis semanas.

-Realizar acompanhamento temporal da recuperagdo motora durante o periodo de
treinamento, mediante utilizacdo de testes de fungdes motoras (Narrow Beam, FootFault,
Cylinder, Hanging Wire) nos ratos submetidos & manipulacdo e seccdo do fasciculo lateral

do plexo braquial e treino aerdbico por quatro semanas em esteira.
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4, METODOS, RESULTADOS E DISCUSSAO

MORPHOLOGICAL ANALYSIS OF NEURAL STUMP OF THE LATERAL
FASCICULUS OF THE BRACHIAL PLEXUS OF WISTAR RATS AFTER

SEGMENTECTOMY AND AEROBIC EXERCISE TRAINING
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Abstract

Twenty-eight adult male Wistar rats were assembled at random into five
groups: Control, Sham sedentary, Sham trained, Lesion sedentary and Lesion trained.
Functional tests combined with measurements of the fiber area, axonal density and myelin
sheath thickness of the proximal and distal stumps were used for morphological analysis.
In the functional tests before treadmill training we observed that lesion-sedentary and
lesion-trained groups demonstrated statistically significant differences when compared to
the control, sham-sedentary and sham-trained groups (p<0.05); Furthermore, in the first
week of treadmill training we observed similar differences between the lesion-sedentary
group and the control, sham-sedentary and sham-trained groups (p<0.05) and the lesion-
trained group and the lesion-sedentary group (p<0.05) while the morphological analysis of
the lesion-trained group showed such differences with the lesion-sedentary group (p<
0.05).We conclude that treadmill training after segmentectomy of lateral fasciculus

promotes neural recuperation.

Keywords:  neural recuperation, lateral fasciculus, brachial plexus, segmentectomy,

treadmill training.
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Introduction

Five hundred thousand new cases of peripheral nerve traumatic lesions
resulting in partial or total loss of motor, sensorial and autonomic functions occur
worldwide each year and it is reported that 14% are in the superior member and that 10%
of these affect the brachial plexus 1234 .

Many researchers have shown that the proprioceptive aerobic exercises - motor
coordination and equilibrium exercise training - are very important for the rehabilitation of
peripheral nerve lesions, because these exercises can correct the proprioceptive deficit and
help the patient to recover the ability to maintain orientation and stability during static and
dynamic activities *3°°
Such physical exercises have produced significant improvements of motor activities which
can be verified by progressive decreases in the number of errors during the activities
proposed with control rats *>" 2,

Recent studies have demonstrated that the aerobic exercise training promotes an
increase of neurotrophins ° and that these are necessary to control the regeneration index
after the peripheral nerve lesion °.

The results of studies with electrical stimulation and neurotrofins in peripheral
nerve lesions are promising. For example, if a proximal stump of a segment of peripheral

nerve is stimulated for a period of 1 hour during the surgical treatment, the axonal

regeneration is activated ** 2%,
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When a peripheral nerve lesion occurs, the cutaneous afferent information of the
member is essential for controlled movements, and its loss contributes to the postural
functional deficit * .The central nervous system responds to muscles, ligaments, tendons,
articular sheaths and cutaneous receptors in order to produce an effective motor response to
the postural adjustment in the locomotion. In addition, visual, vestibular and
somatosensorial information plays an important role in maintaining the dynamic postural
control8 , and the central nervous system depends on such mechanisms of sensorial
feedback to ensure a perfect motor performance. Loss of this feedback process causes the
respective functional deficit .

Aerobic exercise training is widely used to improve the motor function of spinal
lesions both in animal models and in clinical trials, but its effect on the recuperation of
peripheral nervous lesions has received less attention and there is little direct evidence of
the effects of aerobic exercise training on the axonal regeneration of lesions .

The objective of this study is to verify the effects of aerobic exercise training on

the morphology of proximal and distal stumps of the brachial plexus after segmentectomy.

Materials and Methods

Twenty-eight male Wistar adult rats each 12 months of age and weighing
between 480g to 6809, obtained from the Health Basic Science Institute (HBSI) were

studied.

The rats were kept in standard Plexiglas boxes, under a 12:12 h light/dark
cycle in a temperature-controlled environment (20 £ 1 °C) with food and water ad libitum.

The procedures were approved by the Ethics Committee of the Federal University of Rio
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Grande do Sul and all the animals were handled in accordance with Brazilian law. Animals
were randomly divided into five groups: Control (C) with five animals that were neither
submitted to surgery or trained; Sedentary sham (SS) with six animals that were submitted
to surgery without segmentectomy and without training ; Sham trained (ST) with five
animals that were submitted to surgery without segmentectomy and with training ; Lesion
sedentary (LS) with six animals which were submitted to surgery (segmentectomy) but
were not trained; Lesion trained (LT) with six animals which were submitted to
segmentectomy and were trained. Before the surgical procedures, the animals were adapted
for 5 days to the training program. For the surgery, the animals were anesthetized using
ketamine and xylazine (90 and 15 mg/kg, i.p., respectively; Vetbrands, Brazil) and the right
lateral fasciculus was exposed through a skin incision in the axillopectoral region. The right
pectorals major muscle was exposed taking care to preserve the cephalic vein on the same
side. In order to confirm we were indeed working on the lateral fasciculus of the brachial
plexus, we performed a mechanical stimulation to check the contraction of the muscles of
the innervated region. In the median portion of lateral fasciculus, we sectioned and
removed a 1mm piece of nervous tissue (segmentectomy), leaving the proximal and distal
stumps face to face in the anatomical site of the lateral fascicule. The muscle and skin were
then closed with 4-0 nylon sutures (Somerville, Brazil), and the animals were put in their
cages to rest. Four days after the surgery, the animals from the ST and LT groups began
specific training for 6 weeks, while the C, SS and LS groups were placed in the same
location as the training animals for a few minutes in order to equalize as much as possible

the handling of all groups, but they did not perform any kind of motor activity.
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The animals were adapted to the treadmill during four days with a velocity
of 5m/min for 10 minutes. The speed was accelerated every 3 minutes. The maximum
velocity was defined as the speed where the animals could no longer keep pace. The
aerobic treadmill exercise training was performed at 60% of the maximum velocity * 8 °.
The training began on the fifth day after surgery and functional tests were performed once a
week, on the sixth day when there was no training. On the seventh day the animals rested.

During training, the animals underwent the following behavioral assessments:
Narrow Beam test °(NB), Foot-Fault test Y’(FF), Cylinder test *® (CYL) and Hanging
Wire ** (HW). For NB, FF and CYL, the animals were video recorded three times from a
lateral angle, and once for HW.

Two days after the period of training the animals were anesthetized with sodium
thiopental (50 mg/kg, i.p.; Cristélia, Brazil), injected with 1000 IU heparin (Cristélia,
Brazil) and were transcardially perfused with 300 ml of saline solution, followed by 2.5%
glutaraldehyde (Sigma Chemicals Co., St Louis, MO) and 2% paraformaldehyde (Reagen,
Brazil) in a 0.1 M phosphate buffer (pH 7.4, PB) at room temperature. Two 2 mm segments
each of the proximal and distal stumps of the right lateral fasciculus were rapidly excised.
The specimens were post fixed by immersion in the same fixative solution at 4 °C until
processed; the samples were then washed in 0.1 M PB and postfixed in 1% OsO4 (Sigma
Chemicals Co., St Louis, MO) in 0.1 M PB for 30 min.; washed again in 0.1 M PB;
dehydrated in a graded series of acetone, embedded in resin (Durcupan, ACM-Fluka,
Switzerland) and polymerized at 60° C. Cross-semi-thin sections of 1 um were obtained
using an ultramicrotome (MT 6000-XL, RMC, Tucson, AZ) and stained with 1% toluidine
blue (Merck, Germany) in a 1% sodium tetraborate (Ecibra, Brazil). Afterwards, images of

the proximal and distal portions of the right lateral fasciculus were captured and digitalized
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using a Nikon Eclipse E-600 microscope (Japan) coupled to a Pro-Series High Performance
CCD camera and processed with Image Pro Plus Software 6.0 (Media Cybernetics, USA) .
For morphometric evaluation, both portions of the proximal and the distal stumps of the
right lateral fasciculus were analyzed separately - a set of 5 images was chosen using
random sampling of four slices of each portion. Two days after the period of training the
animals were anesthetized with sodium thiopental (50 mg/kg, i.p.; Cristalia, Brazil),
injected with 1000 1U heparin (Cristélia, Brazil) and were transcardially perfused with 300
ml of saline solution, followed by 2.5% glutaraldehyde (Sigma Chemicals Co., St Louis,
MO) and 2% paraformaldehyde (Reagen, Brazil) in a 0.1 M phosphate buffer (pH 7.4, PB)
at room temperature. Two segments of 2 mm, each one, of proximal and distal stump of
the right lateral fasciculus were rapidly excised. The specimens were postfixed by
immersion in the same fixative solution at 4 °C until processed; after that, the samples were
washed in 0.1 M PB and postfixed in 1% OsO4 (Sigma Chemicals Co., St Louis, MO) in
0.1 M PB for 30 min.; washed again in 0.1 M PB; dehydrated in a graded series of acetone,
embedded in resin (Durcupan, ACM-Fluka, Switzerlend) and polymerized at 60° C. Cross-
semithin sections of 1 pum were obtained using an ultramicrotome (MT 6000-XL, RMC,
Tucson, AZ) and stained with 1% toluidine blue (Merck, Germany) in 1% sodium
tetraborate (Ecibra, Brazil). Afterwards, images of the proximal and distal portions of the
right lateral fasciculus were captured and digitalized using a Nikon Eclipse E-600
microscope (Japan) coupled to a Pro-Series High Performance CCD camera and processed
with Image Pro Plus Software 6.0 (Media Cybernetics, USA) . For morphometric
evaluation both portions, the proximal and the distal stumps of the right lateral fasciculus
were analyzed separately, a set of 5 images was chosen using random sampling of four

slices of each portion.
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Morphometric measurements of the lateral fasciculus stumps included the average
myelinated fiber area (umz) (FA), the myelinated axon density (AD) (number of
fibers/um?) and the average myelin sheath thickness (um) (MS).

The average of FA was obtained by using the virtual square method with 3.3380 pm?
of area counting the points corresponding to the area-point inside each axon but omitting
the points that line the myelin sheath. The total number of points counted was multiplied by
6.78 um? , the area point 2.

The average axon density was estimated using the measurement tools of the Image
Pro Plus software. The density measurements were made by using the virtual square with
3.380 um® of area (0.00338 mm? ) and only those axons which did not line the inferior and
right sides of the same virtual square were counted. To obtain the AD, the number of axons
found was divided by 0.00338 mm? %.

The MS was measured by determining the myelin thickness in the 10 axons that were
chosen in the 4 squares. The average of the values found in each histological slice was

measured 23,

Functional Tests
Narrow beam test

The NB test obliged the animals to walk along a 100-cm long, 2.6-cm-wide
surface beam elevated 30 cm above the floor, in order to reach a little dark box at the end of
the beam. The number of right forelimb step slips was counted by blinded observer *® . In
this study the animals carried out this test on the 4th postoperative day and weekly

thereafter 24 hours after completion of training.
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Foot — fault test

The foot-fault test was performed to assess whether acrobatic training enhanced
coordinated placement of the forelimbs. Rats were placed on an elevated grid platform
(75X20 cm) for 3 trials. They moved across the platform by placing their paws on the rungs
of the grid. Errors were measured as slips with the right forelimb through the grid
openings®’. In this study, the animals carried out the test on the 4rd postoperative day and
weekly thereafter, 24 hours after completion of training.
Cylinder test

To examine the effect of lateral fasciculus lesion and training on spontaneous
forelimb use during exploratory activity movements, animals were individually placed into
a transparent cylinder (20 cm diameter and 40 cm high) on a glass tabletop. They were
video recorded from below through an angled mirror for 3 min during each test session.The
cylindrical shape encouraged rearing and vertical exploration of the walls with the
forelimbs. The number of forepaws wall contacts used for postural support was counted and
the percentage of asymmetry of single-limb wall contacts [(contralateral/contralateral +
ipsilateral) x 100] was calculated - the normal value is 50%. A single cylinder test session
was performed 3 and 21 days after the surgery, and one day before perfusion 2.
Hanging wire test

This task was used as a measure of the ability to grasp the wire and the strength of
the forelimbs. The animals used their forelimbs to suspend their body weight on a wire
stretched between two bars, 60 cm above the ground and the time (in seconds) before the

animal fell was recorded. A score of zero was used if the rat fell down immediately and 120
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seconds was the time limit of the test. A single trial was conducted for every rat on each

test day 2.

Statistical Analysis

Behavioral assessment was analyzed using repeated measures of analysis of variance
while the morphometric measurements of the stumps of lateral fasciculus were analyzed
using the one-way variance analysis (ANOVA). All analyses were followed by the Post
Hoc Tukey test. Data were expressed as mean * standard error of the mean (SEM). The
significance level was p<0.05. Statistical analyses were performed using a statistical

program social sciences (SPSS) software in a PC-compatible computer.

Results

Narrow beam test

Before the outset of treadmill training, the NB results demonstrated that the
lesion-trained and the lesion-sedentary groups presented significant statistical differences
when compared with the control, sham-sedentary and sham-trained groups (p < 0.05)
(Fig.1-A). After the first week of treadmill training, we found significant statistical
differences between the lesion-sedentary group and the control, sham-sedentary and
sham-trained groups (p < 0.05) and we found similar differences between the lesion-trained
group and the lesion-sedentary group (p < 0.05) (Fig.1-B). Furthermore, from the second
week of treadmill training to the end of training, a statistical difference was maintained

between the lesion-sedentary group and the control, sham-sedentary and sham-trained
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group and between the lesion-trained group and the lesion-sedentary group (Fig.1-C,1-D, 1-

E, 1-F.1- G).

Foot — Fault test

Before the outset of treadmill training, the FF test results demonstrated
that the lesion-trained and the lesion-sedentary groups presented statistically significant
differences by comparison with the control, sham-sedentary and sham-trained groups,
(p < 0.05) (Fig.2-A). After the first week of treadmill training, we found that the lesion
sedentary group had a statistically significant difference by comparison with control,
sham-sedentary and sham-trained groups (p < 0.05) and we found that the lesion-trained
group showed a statistically significant differences when compared with the lesion-trained
group (p< 0.05) ( Fig.2-B). Furthermore, from the second week of treadmill training to the
end of training, a statistically significant difference was maintained between the lesion-
sedentary group with control, sham-sedentary and sham- trained groups and between the

lesion-trained group and the lesion-sedentary group (Fig.2-C,2-D,2-E,2-F,2-G).

Cylinder test
Before the outset of treadmill training, the CYL test results demonstrated
that the lesion-sedentary group presented statistically significant differences when
compared with the control, sham-sedentary and sham-trained groups (p<0.05) and the
lesion-trained group had a statistically significant difference by comparison with the sham
trained group (p < 0.05) (Fig.3-A). During the middle of periodical training, in the third
week, the CYL results demonstrate that the lesion-sedentary groups showed statistically

significant differences when compared with the control, sham-sedentary and sham-trained
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groups (p<0.05) and the lesion-trained group demonstrated statistically significant
difference when compared with the lesion-sedentary group (p<0.05)(Fig.3-B). CYL results
at the end of periodical treadmill training demonstrate that the lesion-sedentary groups
showed statistically significant differences when compared with the control, sham-
sedentary and the sham-trained groups (p< 0.05) and the lesion-trained group likewise by

comparison with the lesion-sedentary group (p< 0.05) (Fig.3-C).

Hanging wire test

Before the start of treadmill training, the HW test demonstrates that the lesion-
trained and the lesion-sedentary groups showed statistically significant differences when
compared with the control, sham-sedentary and the sham-trained groups (p<0.05) (Fig.4 -
A). After the first week of treadmill training, the lesion- trained and the lesion-sedentary
groups presented statistically significant differences by comparison with the control,
sham-sedentary and the sham-trained groups (p<0.05) (Fig.4-B). Following completion of
the second week of treadmill training, we found that the lesion-sedentary group presented
statistically significant differences when compared with the control, sham-sedentary and
sham-trained groups (p<0.05) and also that the lesion-trained group showed similar
differences by comparison with  control, sham-sedentary, sham-trained and lesion-
sedentary group (p<0.05) (Fig.4-C). After the third week of treadmill training, the lesion-
sedentary groups demonstrated statistically significant differences by comparison with the
control, sham-sedentary and sham-trained groups (p< 0.05) and the lesion-trained group
statistical differences when compared with the animals of the lesion-sedentary group
(p<0.05) (Fig.4-D). From the fourth week of treadmill training until the end of the training,

the HW test results demonstrate that the lesion-trained and the lesion-sedentary groups
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showed statistically significant different when compared with the control, sham-sedentary

and sham- trained groups (p<0.05) (Fig.4-E,F,G).

Histological analysis

Histological analysis of regenerating nerves (Fig.5) showed that was no
statistical difference between the C, SS and ST groups. In this groups the proximal and
distal stump showed small and large myelinated fibers, minor interticial space, the
endoneurial connective tissue, the Schwann cells and the blood vessels ( Fig.5-A, 5-B, 5-C,
5-D, 5-E, 5-F). However, in the proximal stump from the LS group, we observe the
extensive interstitial space with endoneurial connective tissue, the small myelinated fibers,
the degenerative debris and the absence of the Schwann cells (Fig.5-G).

The distal stump from the LS group presents the small number of myelinated
fibers, the extensive interstitial space with disorganized endoneurial connective tissue, and
the absence of the Schwann cells and the presence of degenerative debris (Fig. 5-H).

In the proximal stump from the LT group, we note the bimodal fiber spectrum,
the large and the small myelinated fibers and the smaller interstitial space, the endoneurial
connective tissue, the Schwann cells and the blood vessels (Fig. 5-1) — while in the distal
stump from the same group we observe the presence of bimodal fiber spectrum of
myelinated fibers, the small interstitial space, endoneurial connective tissue and the

Schwann cells but not the blood vessels (Fig. 5-J).
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Fiber Area

The measurements of the FA from the proximal stump demonstrate that the
lesion sedentary group presented statistically significant differences by comparison with
the control, sham-sedentary, sham-trained and lesion-trained groups and that the lesion-
trained group demonstrated statistically significant differences when compared to the
lesion-sedentary group (p< 0.05)(Fig 6-A).

The FA measurement taken from the distal stump demonstrate that the lesion-
sedentary group showed statistically significant difference by comparison with the control,
sham-sedentary, sham-trained and lesion-trained groups, and that the lesion-trained group
presented the same kind of differences when compared with the lesion-sedentary group (p<

0.05)(Fig.6-B).

Axonal Density

The AD measurements from the proximal stump demonstrate statistically
significant differences when compared with the control, sham-sedentary and sham-trained
groups, likewise the lesion-trained group in comparison with the lesion-sedentary group,
and the sham-trained group by comparison with the control group (p< 0.05) (Fig.7-A). The
measurements from the distal stump show that the lesion- sedentary group had statistically
significant differences by comparison with the control, sham-sedentary and sham-trained
groups (p< 0.05) and the lesion-trained group likewise when compared with the lesion-

sedentary group (p< 0.05) (Fig.7-B).
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Myelin Sheath

The MS measurements in the axons from the proximal stump demonstrate that
the lesion-sedentary group had statistically significant differences by comparison with the
control, sham-sedentary, sham-trained and lesion-trained groups (p< 0.05) (Fig.8-A), while
those from the distal stump show that the lesion-sedentary group had similar differences in
comparison with the control, sham-sedentary, sham-trained and lesion-trained groups (p<

0.05) (Fig.8-B).

Discussion

In our study we demonstrated the effects of the aerobic exercise training after a
segmentectomy of the lateral fasciculus of the brachial plexus. In the NB, there was
recuperation of the motor coordination, conscious proprioception and epicritic tact, these

1617 In the FF we found

results are in agreement with other reports in the literature
recuperation of the motor coordination and again, this result agrees with those observed by
others authors *'.

In the CYL pre-training test trial, the lesion-trained group demonstrated
statistically significant differences when compared with the control group - this is due to
the exploratory capacity of the Wistar rats and is in accordance with other published reports
'8 In the other CYL trials - when compared to the other groups - functional improvement
of the lesion-trained group was observed - this result demonstrates recovery of the
conscious propriceptions and the protopathic tact caused by the development of the
stumps.

However, in the HW trial we found no improvement in the strength of the

asymmetric muscle force, which indicates that the treadmill training did not promote
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changes in the asymmetric force of the member. Again, this is in agreement with other
published research °%.

The continuous activity in the training groups produced axonal development as
shown by the results of the FA, AD and MS test trials of the lesion-trained as compared to
the lesion-sedentary group in the proximal stump. This is because the lesion-trained
peripheral nerves associated with the motor-sensorial activities develop after the lesion, and
the improvement in motor activity, with some losses, affects the axonal profilation and
development. Once again, this agrees with the results reported in the literature 172" %29,

As regards the distal stump, the results of the FA, AD and MS suggest that the
training affects the axonal proliferation, development and encourages the growth of
alternative motor neuron projections independent of the cutaneous routes, when the contact
via the normal operational organ is interrupted ** *'. That is, the improvement could be
explained by the development of aberrant distal connections.

In addition, there are studies that show motors neuron’s projections formed by
muscles and cutaneous routes. Depending of the surgical models, the original Schwann
cell’s population maintains the muscle’s projections in order to maintain the specific
molecular identity which can be reorganized by regeneration of the motor neuron *,

Furthermore, there are studies demonstrating that the neuron connection to the
motors follows both muscle and cutaneous pathways. Depending on the surgical procedure
used, the original Schwann cell population maintains the muscle projection so as to
conserve the specific molecular identify until it can be reorganized by the regeneration of
the motor neuron 32333,

According to Brushart ® “The molecular mechanisms underlying preferential

pathway projections in the rodent nerve model remain largely unknown. Two schools of
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thought have emerged. One is that the Schwann cells of the respective pathways maintain a
specific molecular identity that can be recognized by regenerating motor axons, and the
other (favored by us) is that regenerating motor axons assess the relative levels of trophic
support in each pathway and preferentially remain in the one that provides the greater
amount of support; a general process that has previously been termed trophomorphism”.

Related studies have found that in the mouse nerve model motor neurons sprout
and maintain more collateral axons in a no-end-organ surgical preparation comparable to
one allowing interaction with the end-organs of muscle and skin *.The idea of
trophomorphism is that when a motor neuron is able to more clearly define a difference in
the level of trophic support it will be more likely to withdraw axon collaterals that project
to pathways with lower levels of trophic support, thus relieving the energy burden of
maintaining multiple axons collaterals. The preference of motor neurons to project axons
exclusively to the muscle pathway may be significantly accelerated temporally. Then the
number of motor neurons projecting simultaneously to both pathways would be
significantly reduced *°.

The recovery of function following peripheral nerve lesions is guiding axons
back to their original target end-organs. The nerve splits into two comparable terminal
pathways: one to the muscle and the other to the skin. Normally, motor neurons only
innervate the pathway to the muscle, but after the parent nerve is repaired regenerating
motor neurons are often misrouted to the skin. When the muscle and skin pathways remain
connected to their respective targets after the parent nerve is repaired, reinnervation favors
the muscle pathway. If contact with the muscle instead is prevented, reinnervation favors

the pathway to the skin *’. When the cutaneous terminal nerve branch was enlarged, motor
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neuron projections significantly favored this inappropriate pathway during early time points
of regeneration.

These facts suggest that regenerating motor neuron projections are not
determined by inherent molecular differences between distal terminal nerve branches
themselves. Rather, there is a two-step process that shapes motor neuron reinnervation
accuracy. Initial outgrowth choices made by motor axons at the transection site are
proportional to the relative amount of target nerve associated with distal nerve axons that
previously projected to each of the terminal nerve pathways %

Secondly, the likelihood of axon collateral from a motor neuron remaining in
either terminal nerve branch is based upon the relative trophic support provided to the
parent motor neuron by the competing terminal pathways and/or end-organs *. The aerobic
training suggests that there was an induction of the neural regeneration of the proximal
stump and this result is in agreement with findings from other studies indicating the role
and effect of exercises on such regeneration, particularly as they are activity-dependent
processes .

The aerobic exercise training over a period of six weeks promoted an axonal
growth of proximal stump and functional recuperation. However, this disagrees with others
studies that show that short-time aerobic training at high speed increases the length of the
axonal extension 3.

Not with standing that peripheral neural structures in adult animals are stable
when morphologically established, the nervous terminations can be often modified and/or

41 42 43

affected by functional demands , - this may explain the development of the distal

stump.
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The results in our study agree with others in the literature which provides
evidence that physical activities induce remodeling of the morphology and the
electrophysiology of neural motors projections **.

Our results were important because they corroborate that aerobic exercise
training induces an increase of axonal density, fiber area and thickness of the proximal
stump myelin sheath, and may be an alternative treatment for peripheral nervous lesion.

Regarding the distal stump, we were not able to determine if the axonal growth or
development of collateral or aberrant projections really occur. A second study of a larger
sample group, using imunohistochemicals and electron microscopy would be required to
clarify this question.

We conclude that aerobic exercise training promotes axonal growth in the
proximal stump and that the type of lesion inflicted caused motor deficit which can,

however, be recuperated by precocious aerobic exercise training.

Abbreviations

AD ., Axonal Density

o Control group

CY L e Cylinder Test

FA . Fiber area

FE Foot-fault Test

HW ., Hanging Wire Test
LS, Lesion sedentary group
S Lesion trained group

M., Myelin Sheath
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NB..coo Narrow Beam Test

S Sham sedentary group

ST Sham trained group

LW First week of treadmill training
2 W Second week of treadmill training
3 W e, Third week of treadmill training
AW e Fourth week of treadmill training
S W e, Fifth week of treadmill training

B W e Sixth week of treadmill training
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Legends

Fig 1. Comparison of the NB. Pre-training (A) data expressed a significant difference
between the LS and LT groups with the C , the SS and the ST groups *° p < 0.05. In one
week of training (B) data expressed a significant difference between the LS group with the
C,SS and the ST groups *° p < 0.05 and a significant difference between the LT and
LS groups ¢ p < 0.05. The following weeks (C,D,E,F, G) data expressed a significant
difference between the LS group with the C , the SS, ST ®°p < 0.05 and a significant

difference between the LT group with the LS group “p <0.05.

Fig 2. Comparison of FF. Pre-training (A) data expressed a significant difference between
the LS and LT groups with the C , the SS and the ST groups ®°p < 0.05. In one week of
training (B) data expressed a significant difference between the LS group with the C , the
SS the ST groups ® p < 0.05 and a significant difference between the LT group with
the LS group ¢ p < 0.05. The following weeks (C,D,E,F,G) data expressed a significant
difference between the LS group with the C, the SS , the ST groups ® p < 0.05 and a

significant difference between the LT with the LS group ®p < 0.05.

Fig 3. Comparison of CIL Pre-training (A) data expressed a significant difference between
the LS group with the C , SS , and ST groups *° p < 0.05 and a significant difference
between the LT with the ST groups ©p < 0.05. In the third week of training (B) data

expressed a significant difference between the LS group with the C , the SS |, the ST
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groups ®° p < 0.05 and a significant difference between the LT and the LS groups %p <
0.05. In the sixth week of training (C) data expressed a significant difference between the
LS group with the C, SS , ST groups ® p < 0.05 and a significant difference between

the LT and the LS groups “p < 0.05.

Fig 4. Comparison of HW. Pre-training (A) data expressed a significant difference between
the LS and the LT groups with the C , the SS and the ST groups **p < 0.05. In one
week of training (B) data expressed a significant difference between the LS and the LT
groups with the C , the SS and the ST groups ®° p < 0.05. In the second week of training
(C) data expressed a significant difference between the LS group with the C, SSand ST

a

groups *°p < 0.05 and a significant difference between the LT group with the C ,the SS ,
the ST and the LS groups ®®p < 0.05. In the third week of training (D) data expressed a
significant difference between LS group with the C , the SS , the ST groups ®° p< 0.05and
a signifficant difference between the LT with the LS groups ¢ p < 0.05. The following
weeks (D, E, F, G) data expressed a significant difference between the LS and LT groups

with the C, SSand ST groups °p < 0.05.

Fig 5. Digitized images of transverse semithin sections (1um) obtained from lateral fascicle
of the brachial plexus. (A, B) Proximal and distal portions, respectively from group C.
Both images, note the bimodal fiber spectrum, the large and small myelinated fibers (mf)
and the minor intersticial space, the endoneurial connective tissue (*), the Schwann cells

(Sc) and the blood vessels (bv). (C, D) Proximal and distal portions, respectively from SS
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group. Note the same bimodal fiber spectrum of myelinated fibers (mf), the large and small
fibers, and the same intersticial space, the endoneurial connective tissue (*), the Schwann
cells (Sc) and blood vessels(bv). (E, F) Proximal and distal portions, respectively from ST
group. Note the same bimodal fiber spectrum of myelinated fibers (mf) and the same
intersticial space with endoneurial connective tissue (*), the Schwann cells (Sc) and the
blood vessels (bv). (G) Proximal stump from LS group. Note the extensive intersticial
space with endoneurial connective tissue (*) and the small myelinated fibers (mf), the
degenerative debris (dd) and absence of the Schwann cells (Sc). (H) Distal stump from LS
group, note the small number of myelinated fibers (mf), the extensive instersticial space
with a endoneurial connective tissue (*), that is disorganized, absence of the Schwann cells
(Sc) and presence of degenerative debris (dd)( Wallerian degeneration). (1) Proximal stump
from LT group, note the bimodal fiber spectrum, the large and the small myelinated fibers
(mf) and the minor intersticial space, the endoneurial connective tissue (*), the Schwann
cells (Sc) and the blood vessels (bv). (J) Distal stump from LT group. Note the presence of
bimodal fiber spectrum of myelinated fibers (mf), and the minor intersticial space |,
endoneurial connective tissue (*) and the Schwann cells (Sc). Sections were stained with

toluidine blue.Scale bar = 20 um.

Fig 6. Comparison of histological analisys of FA of the proximal stump ( A ) data
expressed a significant difference between the LS with the C, SS, ST and LT groups
ace < 0.05 and the LT group with LS group ¢ p < 0.05. The FA of the distal stump ( B)
data expressed a signifficant difference between the LS group with the C, SS, ST and

abce

the LT group “™ p < 0.05 and a signifficant difference between the LT group with the SS

group”p < 0.05.
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Fig 7. Comparison of the histological analisys of AD of the proximal stump (A) data
expressed a significant difference between the LS group withthe C, SS, ST groups

3¢ < 0.05 and a significant difference between the ST group with the C group ®p <
0.05 and a significant difference between the LT group with the LS group ®p < 0.05. The
AD of the distal stump (B) data expressed a significant difference between the LS group
with the C, SS, ST groups ®°p < 0.05 and a significant difference between the LT with

the LS groups ®p<0.05.

Fig 8. Comparison of the histological analisys of MS of the proximal stump (A) data
expressed a significant difference between the LS group with the C , SS, ST *°p < 0.05
and between the LT group with the LS group ¢ p <0.05. The MS of the distal stump (B)
data expressed a significant difference between the LS group with the C , SS, ST **p <

0.05 and a significant difference between the LT group with LS group ¢ p <0.05 .
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Figure 2
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Figure 3
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Figure 5




57

Figure 6
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6- Perspectivas

- Avaliar os efeitos do treinamento aerobico sobre as fibras musculares da regido

afetada pela leséo do fasciculo lateral.

- Analisar os efeitos da lesdo do fasciculo lateral sobre neurdnios da medula espinhal.

- Analisar a morfologia da musculatura afetada no membro anterior utilizando técnicas
que permitam a distin¢do entre fibras do tipo I e I, identificacdo de graduacdo de atrofia e
da reducdo do numero dos tipos de fibras .

- Realizar estudo com microscopia eletrénica dos cotos neurais envolvidos e nas fibras

musculares afetadas pela lesao.

- Realizar estudos comparativos entre os tipos de lesdes de plexo braquial, crush,
ligadura, seccdo e segmentectomia e avaliar os efeitos do treinamento aerdbico sobre os

cotos neurais e a musculatura afetada.

- Realizar estudo imunohistoquimico dos fatores de crescimento neurais envolvidos nos
processos de regeneracdo neural nos niveis de medula espinhal, ganglio nervoso, cotos

neurais e musculatura afetada.
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