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Resumo

As lesbes nervosas periféricas (LNPs) levam a uma perda da conexao entre o axbnio e o
musculo, ocasionandointerrupgdo na transmissdo do impulso nervoso e alteragbes nas
juncdes neuromusculares (JNMs). O reparo das LNPs através da neurorrafia € um método
amplamente utilizado, porém a recuperacdo tanto morfologica e funcional € incompleta,
sendo um desafio para a clinica médica. Diante disso métodos alternativos como uso de
selante de fibrina vém sendo utilizados para minimizar danos e acelerar a recuperacdo
nervosa e muscular, havendo poucas referéncias em relacdo as JNMs. O objetivo deste
estudo foi verificar se 0 uso do selante de fibrina associado a um ponto de sutura atinge ou
supera o0s resultados da sutura convencional apés LNP com foco nos receptores de
acetilcolina (NAChRs) e proteinas associadas as JNMs no muasculo séleo. Foram utilizados
40 ratos Wistar machos adultos (CEUA: 1173/2016), divididos em 4 grupos: Controle-Sham
(CS), Controle-Desnervado (CD), Lesédo Sutura (LS) e Les&o Sutura + Selante de Fibrina
(LSS). No grupo CS foi realizada incisdo, afastamento da musculatura e localizacdo do
nervo isquiatico direito. No grupo CD foi realizada neurotmese (gap de 6 mm).Nos grupos
CD, LS e LSS foi realizadafixacdo dos cotos na musculaturaapés a neurotmese. Apés 7 dias
foi realizada reconexdo dos cotos com trés pontos de sutura no grupo LS e no grupo LSS
um ponto de sutura foi associada ao selante de fibrina(CEVAP). Apds 60 dias os animais
foram eutanasiados, os musculos séleos removidos e analisados através de microscopia
confocal para obter a morfologia e morfometria dos nAChRs(a-bungaratoxina) e a morfologia
do terminal nervoso (NF200) e através do Western Blotting para obter a quantificacédo
proteica dos nAChRs (a1, € e y), S100, Agrina, MMP-3, MuSK e Rapsina. A analise
gualitativa da microscopia confocal no grupo CS mostrou nAChRs com distribuicdo
compativel com a normalidade com bragcos continuos e terminais nervosos integros,
preservados e sem descontinuidade. No grupo CD foi observado achatamento na placa
motora, fragmentacdo dos nAChRs, com distribuicdo em “ilhas” e terminais nervosos
emaranhados. Nos grupos LS e LSS a morfologia mostrou-se intermediaria entre os grupos
CS e CD, com terminais nervosos mais delgados. Os dados morfométricos foram
compativeis com a morfologia, nos grupos LS e LSS apresentaram valores intermediarios
entre 0os grupos CS e CD e houve aumento da area relativa planar dos grupos LS e LSS,
evidenciando uma menor fragmentacédo dos nAChRs. Os valores encontrados ha expressao
proteica nos grupos LS e LSS foram semelhantes ao CS. Neste estudo foi observado que
apos reconstrucdo nervosa, nos grupos LS e LSS houve um retorno dos nAChRs ao
estagio maduro, justificado pela expressdo proteica da subunidade € (madura). Valores
inversos foram encontrados para a subunidade y (imatura, desnervada). Desse modo pode-
se concluir que houve semelhanca entre 0os grupos com reconstru¢do nervosaevidenciando
a recuperacdo apds reconexdo dos cotos nervosos, considerando que houve retorno da
estrutura morfolégica com menor fragmentacdo dos nAChRs e retorno das proteinas
associadas a JNM ao seu padrao maduro e o selante de fibrina com a reducdo do numero
de pontos de sutura mostrou-se promissor com um retorno acentuado da
subunidadeyrelacionado ao padréo imaturo-desnervado do receptor.



Abstract

Peripherical nerve lesions (PNLs) lead to a loss of the connection between axons
and muscle, resulting in the interruption of the transmission of nerve impulses and
alterations in the neuromuscular junctions (NMJs). The repair of PNLs through
neurorrhaphy is a widely utilized method, however the recuperation of both
morphology and function is incomplete, challenging medical clinic. Thus, alternative
methods such as the usage of fibrin sealants have been utilized to minimize
damages and accelerate nerve and muscular recuperation, with few references in
relation to NMJs. The objective of this study was to verify if the use of fibrin sealants
associated to a stitch of suture reaches or surpasses the results of traditional suture
after PNLs with focus in the acetylcholine receptors (nAChRs) and proteins
associated to the NMJs in the soleus muscle. Forty male adult Wistar rats were
utilized (CEUA: 1173/2016), divided into4 groups: Sham-Control (SC), Denervated-
Control (DC), Suture Lesion (SL) and Suture Lesion + Fibrin Sealant (SFS). In SC
group,it was performed incision, muscle spacing and identification of the right sciatic
nerve. In DC group,it was performed neurotmesis (gap of 6 mm). In DC, SL and SFS
groups,it wascarried out fixation of stumps on the musculature after neurotmesis.
After 7 days the reconnection of the stumps with suture was accomplished in SL
group and in SFS group the suture was associated with the fibrin sealant (CEVAP).
After 60 days the animals were euthanized,soleus muscles were removed and
analyzed by confocal microscopy to obtain the morphology and morphometry of the
nNAChRs (a-bungaratoxin) and the morphology of the nerve terminal (NF200) and by
western blotting to obtain the guantification of NAChRs (a1, € e y), S100, Agrin, MMP-
3, MuSK and Rapsin. The qualitative assessment showed in SC group that nAChRs
presented a normal morphology with continuous branches and preserved nerve
terminals. In DC group it was observed flattening of the neuromuscular junction,
fragmentation of nAChRs, with distribution in “islands” and tangled nerve terminals.
In SL and SFS groups, the morphology was in-between groups SC and DC, with
thinner nerve terminals. The morphometric data were compatible with the
morphology and the majority of the parameters of SL and SFS groups presented
values in-between the SC and DC groups. There was an increase of relative planar
area in the reconstruction groups, highlighting that there was less nAChRs
fragmentation. The values found in the protein expression in SL and SFS groups
were similar to SC group and showed a return of the nAChRs mature pattern justified
for the € subunit expression. Inverse values were found in y subunit. Based on the
similarity of observed results in reconstruction groups, it was possible to conclude
that there was a return of both nAChRs morphology and associated proteins to the
mature pattern. The fibrin sealant associated with reduced number of stitches was
viable due to the smaller values of immature receptor (y) expression compared to the
suture group.
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1.0 INTRODUCAO

1.1 JUNCAO NEUROMUSCULAR (JNM)

O processo de inervacdo durante o desenvolvimento do musculo esquelético
€ um evento de alta relevanciague implica em sofisticadas interacbes entre
osaxdniose as fibras musculares. Essa interacdo resulta em uma regido
especializada de contato entre o neurénio motor e as fibras musculares denominada
de juncdo neuromuscular (JNM) (Hall e Sanes, 1993; Witzemann, 2006; Engel,
2008; Ferraro et al., 2012; Jones et al., 2017; Seene et al., 2017; Tu et al., 2017; Liu
e Chakkalakal, 2018).

Trata-se de uma das primeiras sinapses formadas durante o desenvolvimento
de mamiferos (Sanes e Lichtman, 1999; Hughes et al., 2006; Malomouzh, 2012;
Bloch-Gallego, 2015; Rogers e Nishimune, 2016; Seene et al.,, 2017) e é atraves
dela que ocorre a transmissdo de um sinal elétrico (potencial de acdo/impulsos
nervosos) do neurdnio motor para a fibra muscular esquelética promovendo a
contracdo muscular (Vock et al., 2008; Fagerlund e Eriksson, 2009; Tintignac, L. A.
et al., 2015).

Doyere (1840) foi o primeiro a observar que as fibras nervosas terminavam
em eminéncias caracteristicas nas fibras musculares, a qual foi descrita pela
primeira vez em microscopia de luz pelo fisiologista alemdo Wilhelm Friedrich Kihne
(1837-1900) (Liu e Chakkalakal, 2018).

Em 1947, Couteaux obteve a primeira coloracdo histolégica de uma JNM
madura (Tsuji, 2006), cujo estudo serviu de base para a caracterizagao
ultraestrutural dessa sinapse (De Robertis e Bennett, 1955; Birks et al., 1960), dos
principios funcionais da transmisséo sinaptica (Katz e Lou, 1947; Katz e Miledi,
1969; Katz, 1971)e para demonstrar que aregeneracao axonal apés lesao
nervosa faz uso das vias nervosas originais para conduzir os terminais do axénio em
direcdo a JNM antiga seguindo sinais extracelulares (Letinsky et al., 1976; Sanes et
al., 1978).

As JNMs sdo compostas por diferentes tipos de células especializadas, entre
elas os neurbnios motores ,as fibras musculares esqueléticas e células de Schwann
(CSs) terminais (Hong e Etherington, 2001; Court et al., 2008; Griffin e Thompson,


https://www.sciencedirect.com/topics/neuroscience/axon
https://www.sciencedirect.com/topics/neuroscience/axon
https://www.sciencedirect.com/topics/neuroscience/cellular-differentiation
https://www.sciencedirect.com/topics/neuroscience/motor-neuron
https://www.sciencedirect.com/topics/neuroscience/schwann-cell

14

2008), caracterizando essa sinapse com uma morfologia propria (Fagerlund e
Eriksson, 2009).

Antes do nascimento, as JNMs sdo morfologicamente e funcionalmente
imaturas, sendo a sua maturacdo necessaria para garantir uma
neurotransmisséo eficiente e induzir contragcbes musculares refinadas e precisas,
para que isso ocorra é fundamental a sinalizacdo entre as células pré e poés-
sinapticas, ou seja, uma série de interacbes complexas entre 0s neurénios motores,
as fibras musculares e as CSs dando origem a um terminal nervoso e uma
membrana poés-sindptica altamente especializados (Darabid, Houssam et al., 2014;
Liu e Chakkalakal, 2018). Nesta fase de maturacdo, as fibras musculares sao
multiinervadas, ja a JNM madura é inervada por um unico axénio motor (Figura 1)
(Liu e Chakkalakal, 2018).

/""
/
K / Axénios Motores
(

Néo inervado

Multiinervado JNM madura

Figura 1- Desenvolvimento e consolidacao das jun¢des neuromusculares. Adaptado
de Liu e Chakkalakal (2018).

Em adultos, o desenvolvimento e a maturacdo da JNM dependem da
coordenacdo entre moléculas derivadas do nervo e do musculo, tendo
comoresultado final da sinaptogénese, a formacdo de um sitio de comunicacao
altamente eficiente, onde uma fibra muscular é inervada por um Unico axénio motor,
porém osaxénios de neurdnios motores se ramificam intramuscularmente para
inervar multiplas fibras musculares. Sendo o conjunto do neurénio motor e todas as
fiboras musculares que ele inervadenominado de unidade motora, podendo o
neurGnio motor inervar uma unica fibra ou entdo ramificar-se e inervar até 160 ou
mais fibras (Larsson e Ansved, 1995; Sanes e Lichtman, 1999; Hepple e Rice, 2016)
(Figura 2).


https://www.sciencedirect.com/topics/medicine-and-dentistry/neurotransmission
https://www.sciencedirect.com/topics/medicine-and-dentistry/chemical-synapse
https://www.sciencedirect.com/topics/medicine-and-dentistry/chemical-synapse
https://www.sciencedirect.com/topics/neuroscience/motor-neuron
https://www.sciencedirect.com/topics/neuroscience/synaptogenesis
https://www.sciencedirect.com/topics/veterinary-science-and-veterinary-medicine/neuromuscular-junction
https://www.sciencedirect.com/topics/neuroscience/motor-unit
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Medula Espinal

\ l! ( Unidade Unidade
) Motora Motora

Corpo celular do Axodnio do
neurdnio motor neurdnio

Musculo

Copyright © 2001 Banjamin Cummings. an imprint of Addison Wesley Longman, Inc.

Figura 2— Morfologia da juncdo neuromuscular. Desde a origem do neurénio motor

na medula espinal até a inervacao na fibra muscular.

Morfologicamente, a JNM pode ser dividida em 3 compartimentos (Fagerlund
e Eriksson, 2009): (1) o compartimento pré-sinaptico; (2) o compartimento
extracelular ou fenda sinaptica primaria; (3) o compartimento pos-sinaptico (Figura
3).
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\ Axénio Motor

Nervo Terminal

e

Células de Schwann

i F
Vesiculas _ &

Sinapticas |

Fenda sinaptica primaria 2
/2, Lamina Basal

Fenda sinaptica secundaria
Dobra Juncional -/ &

Figura 3 - Juncdo neuromuscular madura/adulta.(A) o compartimento pré-sinaptico;
(B) o compartimento extracelular ou fenda sinaptica primaria; (C) o compartimento

pés-sinaptico. Adaptado de Hall e Sanes (1993).

(1) Compartimento Pré-sinaptico: é composto pelo terminal nervoso do axénio

motor envolvido por células de Schwann (CSs) terminais, que sao células gliais
indispensaveis para a inervacdo normal do musculo (Tintignac, L. A. et al., 2015).

O feixe de axdnios motores envolvidos pela bainha de mielina, apds penetrar
no musculo pelo feixe neurovascular, divide-se em ramos intramusculares que
percorrem o tecido conjuntivo entre as fibras musculares. Apds abandonar o feixe
nervoso intramuscular, os axénios motores passam a ser chamados de axonios pré
terminais. Estes perdem sua camada de bainha de mielina proximo ao contato da
fibora muscular e se ramificam em finas arborizagbes cujas terminacfes sao
levemente dilatadas, chamadas de botdes terminais ou terminais nervosos, 0s quais
se alojam em depressdes na superficie da fibra muscular, denominadas de goteiras
sinapticas (Hall e Sanes, 1993; Ruff, 2003; Fagerlund e Eriksson, 2009; Tintignac,
Lionel A et al., 2015)
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O terminal nervoso € especializado e contém mitocdndrias, microtdbulos,
neurofilamentos, reticulo endoplasmatico, lissosomos, particulas de glicogénio
(Engel, 2008), ATP e uma alta concentracdo de calcio (Ca?*) e magnésio (Mg?*)
(Whittaker, 1984) e € repleto de vesiculas sinapticas contendo o principal
neurotransmissor, a acetilcolina (ACh) (Deutch, 2014), agrupadas proximas a
membrana pré-sinptica, formando placas densas chamadas de zona ativa, sendo
gue cada zona ativa encontra-se alinhada com o apice das dobras juncionais (Hall e
Sanes, 1993; Ruff, 2003). Neste local ocorre a fusdo da vesicula com a membrana
pré-singptica liberando a ACh na fenda sinaptica por exocitose, esse
neurotransmissor irA se ligar aos nAChRs, subsequentemente propiciando a
contracdo das fibras musculares (Hall e Sanes, 1993; Sanes e Lichtman, 1999;
Hughes et al., 2006; Fagerlund e Eriksson, 2009; Peng Chen et al., 2012; Tintignac,
L. A. etal., 2015).

(2) Compartimento extracelular-fenda sinéptica primaria: constituida de uma

estreita fendaque é limitada de um lado pelo terminal nervoso e de outro, pela fibra
muscular, sendo ocupada pela lamina basal sinaptica que envolve a fibra muscular e
as CSs terminais, estendendo-se entre as dobras juncionais do sarcolema pos-
sinaptico, na fenda sinaptica secundaria (Hall e Sanes, 1993). Muitas proteinas
bioguimicamente especializadas e essenciais para o desenvolvimento e fungédo da
JNM estdo ai presentes (Patton, 2003; Sanes, 2003), entre elas a laminina-4,
laminina-9, laminina-11, colageno IV, acetilcolinesterase (AChE) (Patton, 2003;
Sanes, 2003; Engel, 2008).

A AChE é uma das enzimas presente na fenda sinaptica responsavel por
hidrolisar a ACh liberada do terminal nervoso motor em Acetilcoenzima A + Colina. A
colina é reciclada dentro do proprio terminal nervoso devido a alta afinidade ao
sistema de recaptacdo permitido assim a re-sintese de ACh (Sanes, 2003;
Fagerlund e Eriksson, 2009; Malomouzh, 2012; Slater, 2017).

(3) Compartimento pos-sinaptico: compreende o sarcoplasma juncional, que é

caracterizado pela presenca de nucleos sub-sinapticos responsaveis pela
transcricdo do RNA mensageiro das subunidades dos nAChRs, mitocéndrias,
reticulo endoplasmatico liso e rugoso, complexo de Golgi, estruturas lisossomais,
microtubulos e granulos de glicogénio (Hall e Sanes, 1993; Ruff, 2003; Engel,
2008)e o sarcolema, que contém as dobras juncionais que resultamda interacao

mecanica do terminal nervoso sobre o sarcolema, aumentando a superficie pés
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singptica e portanto a eficacia da transmissé@o sinptica(Sanes e Lichtman, 1999;
Marques et al., 2000; Engel, 2008; Malomouzh, 2012).

As dobras juncionais (Sanes e Lichtman, 1999; Liu e Chakkalakal, 2018)
possuem duas regides distintas em forma e funcéo: o apice, onde os nAChRs estéo
agrupados juntamente com outras proteinas e o fundo, que contém diversas
proteinas e o0s canais de sédio (Na*) voltagem-dependente responséaveis pela
geracado do potencial de acao (Sanes e Lichtman, 1999; Ruff, 2003) (Figura 4).

A medida que ocorre a maturacdo da JNM apds o nascimento, a membrana
pés-sinaptica se invagina formando essas dobras, e os nAChRs concentram-se no
apice das dobras, e contribuem para mudanca na forma da JNM, de placa plana
para uma aparéncia caracteristica semelhante a um “pretzel” (Figura 5) (Sanes e
Lichtman, 2001).
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Figura 4 - Detalhe da regido pés-sinaptica — dobras juncionais: Apice (nAChR),
Fundo (Canais de Na*). Outras proteinas incluindo Agrina, MuSK, Rapsina que
estdo envolvidas no agrupamento dos nAChR estdo presentes no sarcolema
préximo aos receptores. Adaptado de Conti-Fine et al. (2006).
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Figura 5- Maturacdo da juncdo neuromuscular. Adaptado de Liu e Chakkalakal
(2018).

Os nAChRs sdo compostos por cinco subunidades formando uma estrutura
pentameérica, em forma de rosaceaorganizada ao redor de um poro central (canal
ibnico) (Changeux e Edelstein, 1998; Ma et al., 2007). Esses canais sao
responsaveis pela recepcdo e transducdo do sinal do terminal nervoso (Hall e
Sanes, 1993).

Os nAChRs séo distribuidos em duas formas: uma forma extrajuncional
imatura, presente na fibra embrionaria ou na fibra desnervada, constituida pelas
subunidades a2, 3,0 e y (alfa, beta, delta e gama); e uma forma juncional madura,
presente na JNM da fibra madura e inervada, consistindo das subunidades: a2, B,0 e
¢ (alfa, beta, delta e epsilon) (Figura 6) (Mishina et al., 1986; Schuetze e Role, 1987,
Jin et al., 2008).
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Figura 6 — Estrutura dos receptores de acetilcolina (Rang&Dale, Farmacologia -
versao traduzida por Rang, H.P., Dale, M.M., Ritter, J.M., Flower, R.J., Henderson,
G. 5%ed. Rio de Janeiro: Elsevier, 2004).
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O sitio de ligacdo extracelular para a ACh ocorre na interface do dominio N-
terminal das subunidades ad e ag (Pedersen e Cohen, 1990; Sine, 1997). A ligacéo
simultanea de 2 moléculas de ACh inicia a mudanca conformacional dos nAChR
para a abertura do poro i6nico (Grosman et al., 2000). A duragéo do estado aberto
depende da duracdo da ocupacédo de ACh neste local (Arias, 1998; Naguib et al.,
2002).

No processo de transmissdo neuromuscular, ocorre a chegada do impulso
nervoso na membrana pré-sinaptica, a ativacdo e a abertura dos canais de Ca?*
voltagem-dependente permitindo o influxo deste ion. Esse mecanismo permite a
ativacdo de proteinas SNAREs (sinaptobrevina, SNAP-25 e sintaxina),
comprometidas com a ancoragem e fusdo das vesiculas que contém o
neurotransmissor ACh na membrana pré-sinaptica (Peng Chen et al., 2012). A ACh
liberada na fenda sindptica liga-se as subunidades do receptor a em suas interfaces
com as subunidades dos receptores & e y na fibra embrionaria e € na fibra madura,
iniciando uma mudanca conformacional dos nAChRs, desencadeando pequenas
despolarizacdes, havendo entrada de Na* e saida de potassio (K*) concomitante a
abertura de canais de Na+ voltagem-dependente presentes no fundo das dobras
juncionais. Nesse local ocorre geracao de potenciais de placa terminal excitatorio em
miniatura (MEPPSs), sendo que quando um numero suficiente de MEPPs é gerado
dentro de um periodo curto de tempo, eles se somam para atingir o limiar de
despolarizacdo da fibra muscular, desencadeando a cascata de contracdo muscular
(Unwin e Fujiyoshi, 2012; Unwin, 2013; Hurst e Gooch, 2016).

A agregacao e manutencdo das subunidades dos nAChR na regido da placa
motora requer a¢gbes coordenadas de moléculas derivadas do nervo e do musculo,
caracterizadas como sinais positivos e negativos envolvidos na manutengdo da
estrutura da JNM (Figura 7) (Ferraro et al., 2012; Darabid, H. et al., 2014)

Dentre o0s sinais positivos, uma das vias de sinalizagcdo mais bem
caracterizada é a via da Agrina /receptor lipoprotéico relacionado a proteina 4 (Lrp4)/
receptor tirosina quinase mausculo-especifico (MuSK)/Rapsina cuja interacao
promove a concentragdo dos nNAChRs na regiéo sinaptica.

A fim deque haja uma formacdo correta dos aglomerados de nAChR na
membrana pds-sinaptica, a presenca dos sinais negativos diminuem a concentragdo
de nAChR ao longo da fibra muscular, ou seja em areas néao sinapticas (Ferraro et
al., 2012).
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Dentre os sinais negativos, o sinal elétrico desencadeado pelo terminal
nervoso, que promove a despolarizagdo do musculo e sua contracdo é o mais
importante. Quando ha contato do nervo com o musculo, ha liberacdo de ACh pelo
neurénio motor induzindo um potencial pos-sinaptico que estabiliza previamente o
agrupamento dos nAChR na area de contato e previne o agrupamento nas areas
sem contato com o neurdnio motor (Ferraro et al., 2012). A ACh liberada pelo
potencial de acao induz a baixa regulacdo da transcricdo dos nAChR ao longo da
fibra muscular, iniciando o acumulo de nAChR somente na area sinaptica, o que
resulta na supressao dependente de ACh na transcricdo dos genes das subunidades

dos nAChR dos nucleos extrasinapticos (Salpeter et al., 1986; Ferraro et al., 2012)
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Figura 7 — Acao coordenada de sinais positivos e negativos na juncéo
neuromuscular. Adaptado de Wu et al. (2010).

Além dos sinais positivos e negativos descritos associados ao nervo e
masculo, outras células como as células de Schwann (CSs) terminais que sao
essenciais para formacdo, maturacdo e manutencdo da  sinapse
neuromuscular,contribuempara a concentracdo de nAChRs na membrana pos-
sinptica (Liu e Chakkalakal, 2018) e atuam na regeneracdo da JNM (Nishimune e
Shigemoto, 2018).

Essas células protegem o terminal nervoso de lesGes quimicas e mecanicas,
tendo um importante papel na regeneracdo apoés dano ao terminal nervoso (Hall e
Sanes, 1993; Sanes e Lichtman, 1999; Ullian et al., 2001; Feng e Ko, 2008;
Fagerlund e Eriksson, 2009; Sugiura e Lin, 2011).
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Outras proteinas como ARIA, colageno lll, proteoglicanos, heparan-sulfato, N-
CAM presentes na fenda sinaptica sdo também responsaveis pela estabilidade
eagregacao dos nAChR no sarcolema da fibra muscular (Engel, 2008).

Segundo Tintignac, L. A. et al. (2015) as proteinas envolvidas na sinalizacdo
podem ser diferenciadas em “centrais”, que s&o necessarias para o desenvolvimento
e manutencao da JNM, e “ auxiliares”, que contribuem de maneiras diferentes para a
maturacdo e manutencdo da JNM.

As “proteinas centrais” incluem agrina, MuSK, Lrp4, a proteina citoplasmatica
derivada da quinase 7 (Dok-7), e a rapsina. As “proteinas auxiliares” incluem
neuregulinas, nAChRs, membros da familia dos receptores de tirosina quinase
(ErbB), Wnts e componentes do complexo glicoproteina-distrofina (DGC) (Tintignac,
L. A. etal., 2015)

Portanto a manutencdo e desenvolvimento da JNM é mediada por
mecanismos moleculares chaves (Wu et al., 2010), que envolvem cascatas de
proteinas, dentre as quais iremos destacar as envolvidas no complexo

agrina/Lrp4/MuSK e rapsina (Figura 8).

5
‘ HspQOB Hsp90[_3v‘
Figura 8 -Interacdo especifica das proteinas Agrina/Lrp4/MusK/Rapsina com o

agrupamento dos nAChR no sarcolema da fibra muscular. Adaptado de Wu et al.
(2010).

1.1.1 Agrina

A agrina € um proteoglicano heparano sulfato sintetizada em motoneurénios,
transportada ao longo de axénios que liga a matriz extracelular na sinapse(Werle,
2008). Ela induz a diferenciacdo pdés-sinaptica, incluindo agregacdo dos nAChRs
(Vansaun et al., 2007; Wu et al., 2010; Ferraro et al., 2012; Palispis e Gupta, 2017) e

atua na concentracdo sinaptica de outras proteinas da lamina basal como a AChE,
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rapsina, neuregulina (NRG), e receptores ErbB (Jones et al., 1997; Herbst e Burden,
2000).

Em camundongos com deficiéncia de agrina, as placas terminais inicialmente
formadas ndo sdo mantidas e a inervacdo € anormal, sendo que os embrides
morremlogo ao nascer (Witzemann et al., 2013). O principal papel da Agrina € iniciar
a sinalizacdo neuromuscular através da autofosforilagdo do MuSK (Kim et al., 2008).

As duas proteinas, agrina e MuSK, nao interagem diretamente sendo que
proteinas co-receptoras estdo presentes nessa sinalizacdo (Wu et al., 2010). Sendo
que a autofosforilacdo do MuSK ocorre ap6s a ligacao da agrina ao Lrp4 (Kim et al.,
2008) (Figura 9).

1.1.2 Receptor lipoprotéico relacionado a proteina 4 (Lrp4)

O Lrp4 é um receptor muscular funcional para agrina neuronal (Figura 9)(Kim
et al., 2008; Zhang et al.,, 2008). Trata-se de um proteina transmembréanica de
passagem Unica, pertencente a familia de receptores lipoprotéicos de baixa
densidade (LDLR)(Johnson et al., 2005; Simon-Chazottes et al., 2006) e é associado
ao MuSK (Kim et al., 2008) podendo interagir com ele através de dominios
extracelulares de duas proteinas MuSK (Kim et al., 2008; Zhang et al., 2008) e assim
auxiliando na cascata de ativagao proteica para o agrupamento dos nAChRs (Wang
et al., 2008). Juntamente com outras proteinas pds-sinapticas, torna-se concentrado
e ancorado na membrana pos-sinaptica (Burden et al., 2018).

O Lrp4 pode interagir com o MuSK mesmo na auséncia da agrina, mas a
interacdo é potencializada quando a agrina estd presente (Yan et al.,, 2018),
aumentando assim as vias de ancoragem das proteinas pOs-sindpticos e a
transcricéo especifica da sinapse (Burden et al., 2018).

A agrina liberada pelos neurbnios motores se liga ao Lrp4 expresso no
musculo e ativa o0 MuSK (Weatherbee et al., 2006; Kim et al., 2008; Zhang et al.,
2008). Quando a Agrina se liga ao complexo pré-formado, inicia-se uma
reorganizagdo do MuSK, promovendo transfosforilagéo e atividade de quinases (Wu
et al., 2010). Uma vez, fosforilado, o MuSK ativa vias de sinalizacdo que levam a
diferenciacdo sinptica ativando Dok-7, Tid1 e Hsp90B (Okada et al., 2006; Wang et
al., 2008; Inoue et al., 2009; Bergamin et al., 2010).
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1.1.3 Receptor tirosina quinase musculo-especifico (MuSK)

O MuSK é uma glicoproteina transmembréanica pés-sinaptica permanecendo
restrita a membrana pos-singptica da JNM (Figura 9) (Ghazanfari et al.,
2011). O MuSK interage diretamente com varias moléculas, com uma sequéncia
normal de ativacdo: apds agrina ser liberada do terminal nervoso se liga a Lrp4 e
ativa o MuSK via autofosforilacdo, que é ativada e estabilizada por DOK-7,
desencadeando uma série de etapas adicionais de sinalizacdo intracelular, levando
a fosforilagdo da tirosina da subunidade B dos AChR. A fosforilacdo dos AChRs
recruta a proteina citoplasmatica rapsina, que também concentra e ancora os AChR
na membrana poés-sinaptica (Evoli e Lindstrom, 2011; Zhang et al., 2011; Morren e
Li, 2018).

O MuSK esta ainda envolvido em outros aspectos do desenvolvimento da
JNM (Tintignac, Lionel A et al.,, 2015), estando co-localizado com os nAChRs
(Valenzuela et al., 1995), sendo que pode ser ativado de muitas maneiras
independente da agrina (Mittaud et al., 2004).

O MuSK inicia o controledos nAChRs nas dobras juncionais e a sua
redistribuicdo através da reorganizacdo do citoesqueleto por meio da actina; atua na
estabilizacdo dos nAChR através da fosforilagdo, sendo que suas propriedades
endociticas e a manutencdo do turnover sdo também importantes para o
agrupamento dos nAChRs;ele atua ainda sobre sequéncias especificas de
nucleotideos de DNA (enhancers) alterando a transcricdo dos genes dos nAChRs
seletivamente nos nucleos sub-sinapticos (Wu et al., 2010) .

Véarios estudos demonstraram que o MuSK desempenha um papel
fundamental em todos os aspectos da diferenciagdo pds-sinaptica, incluindo o pré-
padrdo dos nAChRs e a subsequente estabilizacdo de AChRs nos locais sinapticos
(Yang et al., 2000; Lin et al., 2001; Yang et al., 2001).

Na auséncia do MusK néo ha formacédo de JNMs, e mesmo os pré-padrbes
antes da inervacao estao ausentes (Lin et al., 2001; Yang et al., 2001; Kim e Burden,
2008).

A ativacdo doMuSK recruta Dok-7 e resulta no agrupamento e estabilizacao
de proteinas poés-sinapticas essenciais, incluindo nAChRs e a proteina rapsina

associada aos nAChRs (Witzemann et al., 2013).


https://pt.wikipedia.org/wiki/DNA
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1.1.4 Rapsina

A rapsina, conhecida como proteina 43K, € uma proteina de membrana
associada ao lado citoplasmatico da membrana plasmatica, atuando como co-efetor
no agrupamento dos nAChRs (Figura 9), com 0s quais esta co-localizada no apice
das dobras juncionais (Flucher e Daniels, 1989).

A rapsina ancora os nAChRs na membrana do musculo nos estagios mais
inicias da sinaptogénese, incluindo o pré-padrdo (Burden et al., 1983) e pode se ligar
a cada uma das quatro subunidades de nAChRs (Borges et al., 2008; Burden et al.,
2018). J& o ancoramento dos nAChRs no citoesqueleto se da através de interacéo
especifica com a-actinina e microtubulos (Zhang et al., 2007).

A rapsinainterage com o complexo distrofina-glicoproteina (CDG) que faz a
conexao entre o citoesqueleto subsarcolemal (sintrofinas, utrofinas e distrobrevinas)
e proteinas da lamina basal (lamininas) em associa¢do com outros componentes de
sinalizacao da JNM (Rafael e Brown, 2000; Pilgram et al., 2010).

A estabilidade da rapsina € aumentada na sinapse pela chaperona Hsp90p
(Takamori, 2017)e desse modo impede a dispersdo dos nAChRs no sarcolema da
fibra (Wu et al., 2010).

A ativacdo de MuSK leva ao agrupamento de nAChRs através de rapsina,
formando aglomerados onde o0s receptores estdo presentes em alta
concentracdo. Esse agrupamento é necessario para uma neurotransmissao eficiente
e, portanto, para o funcionamento muscular normal (Zuber e Unwin, 2013; Liu e
Chakkalakal, 2018).

A rapsina atua exclusivamente na via de ancoragem pos-translacional e nédo
na via de transcricdo especifica da sinapse, ao contrario de agrina, Lrp4, MuSK e
Dok-7 (Burden et al., 2018).

Em camundongos knockoutpara rapsina, ha falhas no agrupamento dos
NAChRs(Gautam et al., 1995),esses animais apresentam fraqueza muscular e

morrem apos o nascimento(Gautam et al., 1995; Apel et al., 1997)

1.1.5 Metaloproteinase de matriz - 3 (MMP-3)
As metaloproteinases de matriz (MMPs) sdo enzimas que estdo envolvidas na
regulacdo do espaco pericelular, com mudultiplos papéis na remodelacdo tecidual e

degradacéao de varias proteinas na matriz extracelular (Cui et al., 2017).
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Em particular, as MMP-3 estdoassociadas a regulacdo da estrutura sinaptica,
sendo sua atividade necesséria para manter a estabilidade da JNM(Werle, 2008).

As MMP-3 sdo secretadas pelas CSs, sendo as principais enzimas
responsaveis por controlar/clivar uma variedade de proteinas de matriz, incluindo
colageno, lamininas e proteoglicanas (Campanari et al., 2016)como a agrina,
resultando na perda da atividade agregadora dos nAChRs (Vansaun e Werle, 2000;
Vansaun et al., 2003; Werle e Vansaun, 2003; Werle, 2008). Assim sua acao altera a
matriz extracelular que rodeia as sinapses, demostrando que hauma ligacdo
dindmica entre a atividade sinptica e a estrutura molecular da matriz extracelular
gue a rodeia (Vansaun et al., 2007).

JNMs de camundongos knockout para MMP-3 apresentam alteracdes que
incluem aumento na coloracdo dos nAChRs e no numero das dobras juncionais e
ainda aumento nos niveis de Agrina e dos nAChRs (Luckman et al., 2011).

De acordo com Werle (2008), a matriz € muito estavel, mas é importante que
seja remodelada. Distarbios muasculo esqueléticos levam a uma alteracéo
na expresséo e atividade das MMP-3 (Cui et al., 2017).

No sistema neuromuscular, ha varios exemplos de porque a remodela¢cédo da
matriz € importante, comopor exemplo, a alteracdo nas células musculares apés
mudanc¢as nos padrdes de atividade muscular (Werle, 2008) e na desnervacao
(Bezakova et al., 2001; Chao et al., 2013).

1.2 Lesdes nervosas periféricas e Juncdo Neuromuscular

Os nervos periféricos, assim como os demais tecidos, estdo suscetiveis a
doencas inflamatérias, metabdlicas, toxicas, genéticas, neoplasicas (De Girolami e
Anthony, 2000) e lesdes traumaticas, como compressao e esmagamento (Rigoni e
Montecucco, 2017).

As JNMs também séo afetadas por estas e outras condi¢des, dentre eles as
lesbes nervosas periféricas (LNPs), as quais resultam em uma perda da conexao
entre o axdénio e o musculo, levando a uma degeneracdo dessas estruturas (Ruven
et al., 2017).

Os fatores etiologicos traumaticos comuns de LNPs,envolvem acidentes com
veiculos automotores, traumas por arma de fogo e arma branca, tracoes,

estiramento, pingcamento, compressdo e esmagamento (Campbell, 2008), além de
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processos patologicos (Belkas et al., 2004) e procedimentos cirdrgicos
(Hundeshagen et al., 2013).

Seddon (1942), introduziu uma classificacdo para as LNPs, onde a
neuropraxia é caracterizada pela interrupcédo da conducdo nervosa por uma lesédo na
bainha de mielina, sem descontinuidade axonal, apresentando recuperacao rapida e
completa. Na axonotmese ocorre um bloqueio da condug&o nervosa decorrente de
uma perda parcial na continuidade do axénio, sendo seguida do processo de
degeneracdo Walleriana distal a lesdo, a recuperacdo funcional nestes casos
depende do crescimento axonal, e ocorre mais comumente associada a lesdes por
esmagamento e fraturas 6sseas, sendo que a recuperacao total € menos provavel
do que na neuropraxia. Ja a neurotmese ocorre quando ha transeccdo completa do
nervo, havendo bloqueio da conducéo elétrica sendo entdo, considerada a forma
mais grave de lesdo nervosa. Este tipo de lesdo ndo apresenta recuperagao
funcional espontanea, tornando-se necesséria intervencao cirdrgica.

Quando um nervo é segmentado ocorrem mudancas no corpo celular
proximal e distal ao segmento da lesdo (Sarikcioglu, L. et al., 2007; Grinsell e
Keating, 2014), aatrofia muscularé um dos sintomas mais comuns apos uma LNP,
estando a mesma associada a uma reducao da atividade muscular esquelética (Tsai
et al., 2016).

A desnervacéo acarreta uma profunda atrofia na estrutura da placa terminal
(Chao et al., 2013)que torna o 6rgao alvo inviavel para o nervo em regeneracao,
mesmo quando o nervo em regeneracdo € capaz de atingir seu alvo (Palispis e
Gupta, 2017). Essa atrofia € acompanhada da desagregacédo dos nAChRs(Hartzell e
Fambrough, 1972; Frank et al., 1975; Steinbach, 1981; Palispis e Gupta, 2017),
havendo redistribuicdo dos nAChRs através da fibra muscular (Hartzell e
Fambrough, 1972; Frank et al., 1975; Steinbach, 1981; Kurimoto et al., 2015), com
alteracdes do seu padréo para “ilhas”, com tipicas areas arredondadas contendo
fragmentacao (Rich, M. M. e Lichtman, J. W., 1989; Kawabuchi et al., 2001; Tu et al.,
2017). J& os terminais nervosos apresentam perda de integridade e presenca de
ramificacdes irregulares (Mozaffar et al., 2009; Yuan et al., 2014, Corrick et al., 2018;
Su et al., 2018).

Durante a desnervacdo, o AChR-¢ é substituido pelo AChR-y, o que
corresponde a forma muscular imatura (Yamane et al., 2001), e resulta em

transmissdo neuromuscular desordenada, degradacdo de proteina muscular e,



28

atrofia muscular (Adams et al., 1995; Carlson et al., 2002; Ma et al., 2007; Apel et al.,
2009; Cisterna et al., 2014).

Em relacdo asproteinas de ancoragem dos nAChRs, a expressao de agrina é
regulada negativamente (Cisterna et al., 2014; Yu et al., 2017). J&a a introducdo de
agrina em musculos desnervados leva a formagdo do aparato pds-sinptico
(Bezakova et al., 2001).

Apo6s desnervacdo ha ainda alteracfes na ligacdo dinamica entre a atividade
sinaptica e a estrutura molecular da matriz extracelular que rodeia a JNM (Vansaun
et al., 2007). Sendo que apoOs desnervacdo a delecdo genética da MMP3, leva a
estabilizacdo das JNMs (Chao et al., 2013).

Na desnervacdo as MMP-3 promovem a remocdo da mielina danificada,
através da presenca de macréfagos que atuam fagocitando os fragmentos
danificados de células e fibras musculares (Sarikcioglu, Levent et al., 2007). J4 a
introducdo de Agrina em musculos desnervados leva a formacédo do aparato pés-
sinaptico (Bezakova et al., 2001).

Segundo Gribble et al. (2018), o Lrp4 promove a regeneracao através de um
mecanismo extrinseco do axénio independente da ancoragem a membrana e da
sinalizacdo do co-receptor MuSK o qual é essencial para desenvolvimento sinéptico.
O Lrp4 promove a regeneracdo nervosa periférica através do realinhamento das
CSs desnervadas com os axdnios em regeneracao.

Neste contexto, as CSs pré-sinapticas na desnervacdo podem assumir um
papel fagocitico e remover o material celular danificado, limpar a area pré-sinaptica e
preparar a regeneracéao, a fim de promover uma ligacao renovada do neurdnio motor
a membrana muscular pos-sinaptica, guiando os axdnios motores em regeneracao
para as placas terminais desnervadas através de uma extensao de processos que
comec¢am alguns dias apos a lesédo do nervo (Koirala et al., 2003; Tintignac, Lionel A
et al., 2015; Sakuma et al., 2016).

A recuperacao funcional apos lesédo nervosa ébastante limitada(Bentolila et
al.,, 1999; Kim et al., 2003; Ray e Mackinnon, 2010; Kang et al., 2011; Gordon e
Borschel, 2017). Os principais fatores limitantes desta recuperacdo séo: conexdes
inadequadas entre os axonios e 0 6rgao-alvo, aderéncias teciduais, além de atrofia e
contraturas musculares decorrentes de longos periodos de imobilizacao (Alluin et al.,
2009; Tung e Mackinnon, 2010), bem como perda das placas terminais nas JNM
(Sullivan et al., 2016).
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1.3 Reparacgdo nervosa apo0s lesédo nervosa periférica

Nos ultimos dez anos vérias estratégias vém sendo utilizadas a fim de
promover a continuidade entre 0s cotos nervosos visando restabelecer a
funcionalidade da area de injaria (Martins, R. S., Siqueira, M. G., Da Silva, C. F., et
al., 2005; Martins, R. S., Siqueira, M. G., Silva, C. F., et al., 2005; Ray e Mackinnon,
2010). Do ponto de vista funcional, ainda ndo é possivel promover uma regeneracao
nervosa totalmente eficiente, tratando-se assim de um desafio para a medicina
(Paprottka et al., 2013).

Dentre as técnicas para correcdo das LNPs, a neurorrafia término-terminal
(NTT) é a mais classica (Hosseinian et al., 2015; Takhtfooladi e Sharifi, 2015), sendo
a mesma realizada quando os cotos proximal e distal apresentam-se visiveis e
integros, sem perda de tecido, possibilitando a conexdo dos mesmos (Rovak et al.,
2001).

Como alternativa a convencional sutura e ou mesmo coadjuvante, alguns
estudos vém sendo desenvolvidos para solucionar ou minimizar os problemas
decorrentes a essa técnica, e uma das alternativas tem sido o uso de cola biolégica
(Moy et al., 1988; Elgazzar et al., 2007; Sandrini et al., 2007; Wang et al., 2007).
Entretanto, faltam estudos que ampliem o conhecimento definitivo em relacdo as
mesmas (Martins, R. S., Siqueira, M. G., Da Silva, C. F., et al., 2005).

Young e Medawar (1940) foram os pioneiros a utilizar o coagulo de fibrina
para promover aderéncias, com o objetivo de selar tecidos e feridas sem produzir
qualquer tipo de trauma. Essa substancia adesiva surgiu com o intuito de acelerar a
pratica cirurgica e facilitar a manutencdo adequada da orientacdo original do nervo
(Narakas, 1988; Rafijah et al., 2013).

Um estudo comparando o uso apenas de selante de fibrina, sutura e a
combinacdo das duas técnicas apos a lesdo do nervo isquiatico mostrou que o
selante de fibrina apresentou melhores resultados que a sutura (Martins, Roberto
Sergio et al., 2005) e Segundo Félix et al. (2013) o selante promove aumento na
area da bainha de mielina e das fibras nervosas lesionadas.

Um grupo de pesquisadores do Centro de Estudos de Venenos e Animais
Peconhentos - CEVAP, desenvolveram o selante de fibrina derivado de veneno de
serpente Crotalus durissus terrificus (cascavel), onde a trombina bovina é substituida
por uma proteina derivada do veneno desta serpente. Esta proteina € capaz de

transformar o fibrinogénio diretamente em fibrina, formando assim um coagulo
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estavel (Thomazini-Santos et al., 2001; Barros et al., 2009; Barros et al., 2011,
Gasparotto et al., 2014). Em sua composi¢cao o crioprecipitado contendo fibrinogénio
e fatores de coagulacdo sédo derivados do sangue de bufalo, e a trombina
responsavel é substituida pela giroxina, uma proteina trombina-like capaz de clivar
fibrinogénio em mondmeros de fibrina (Ferreira, 2014). A utilizacdo deste selante de
fibrina no reparo de LNPs vem apresentando resultados bastante promissores
(Buchaim et al., 2015).

Estas substancias transcrevem os passos fisiolégicos finais na cascata da
coagulacao que conduzem a formacédo do coagulo. Este selante de fibrina é também
mais barato do que colas de fibrinas comerciais, facil de aplicar e é possivel sua
utilizacdo em modelos animais (Barbizan et al., 2013). Além disso, tem uma boa
capacidade adesiva, podendo ser utilizado junto a procedimentos de sutura
tradicional (Barros et al., 2009).

Neste sentido, o uso deste selante pode ser considerado como uma
alternativa para o tratamento de LNP (Barbizan et al., 2013) e esta sendo utilizado
em varios modelos experimentais de cirurgia para recuperacdo de lesdo nervosa
(Reis, 2000), tendo um papel importante no processo de regeneracédo celular e
tecidual (De Oliveira Rosso et al., 2017).

Embora haja regeneracdo axonal, em musculos distais com JNMs
apresentando estrutura aparentemente normal, a falha na ativacao elétrica muscular
persiste (Sakuma et al., 2016).

Desse modo a complexidade do aparato da JNM e das proteinas
responsaveis por sua maturacéao, estabilidade e funcdo indicam que a conexao entre
0s neurdnios e as fibras musculares é crucial. A agregacdo e estabilidade dos
NAChRs na area onde os terminais do axbnio justapdem-sena membrana pos-
sinaptica é responsavel pela capacidade daJNM de gerar o potencial de acdo que
promove a contragcdo muscular e contribui para manter sua funcdo. Sendo quefalhas
na reinervacao da JNM, acompanhada de altera¢c6es nas suas proteinas estruturais,
ocasionam defeito na capacidade de ativagéo elétrica muscular.

O reparo das LNPs através da neurorrafia € um método amplamente utilizado,
porém a recuperacdo tanto morfologica quanto funcional é incompleta, sendo um
desafio para a clinica médica. Diante disso métodos coadjuvantes como uso de
selante de fibrina vém sendo utilizados para minimizar danos e acelerar a

recuperacao nervosa e muscular, havendo poucas referéncias em relacéo as JNMs.


https://www.sciencedirect.com/topics/medicine-and-dentistry/regeneration
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2.0 Objetivos
Diante do exposto o objetivo deste estudofoi verificar se o uso do selante de
fibrina do CEVAP associado a um unico ponto de sutura atinge ou supera 0s

resultados da sutura convencional apés LNP.

2.1 Objetivos especificos

- Analise morfolégicados nAChRs e dos terminais nervosos e morfométrica
dos nAChRs através da microscopia confocal de varredura a laser

-Quantificacdo proteica: S100 (células de Schwann), Agrina, MuSK, MMP-3 e
rapsina e das subuidades dos nAChRs: alpha,gama e epsilon.

3.0 MATERIAIS E METODOS

3.1 Animais de experimentacao

Foram utilizados 40 ratos Wistar adultos machos, provenientes do Biotério
Central da UNESP de Botucatu, com 90 dias de idade e peso corporal médio entre
300 — 400g. Durante todo o experimento, os animais foram mantidos em caixa de
polietileno (medindo 40x30x15cm), com fundos solidos, forrados com substrato de
maravalha, sob condi¢bes controladas de luminosidade (12h de claro e 12h de
escuro), temperatura (20 a 25 °C), sendo fornecida &gua filtrada e racao
(Provence®) ad libitum (CEUA: 1173/2016). Os animais foram aleatoriamente
divididos em 4 grupos experimentais: 1-Controle Sham (CS); 2- Controle
Desnervado (CD); 3- Lesédo + Sutura (LS); 4- Lesdo Sutura + Selante de Fibrina
(LSS).

3.2 Protocolo cirargico

Os ratos foram anestesiados atraves de injecdo intraperitoneal de Ketamina
(Dopalen — 90mg/kg) e Xilazina (Rompun — 10mg/kg). Apds tricotomia do membro
inferior direito, os animais foram posicionados em decubito ventral, mantendo-se os
membros toracicos e pélvicos em abducéo. Foi realizada a antissepsia com alcool-
iodado, seguida de incisdo sobre a face lateral da coxa, desde a altura do trocanter
maior até o joelho e os nervos isquiaticos direitos foram expostos (Figura 9 A e B).

No grupo CS foi realizado apenas localizacdo do nervo isquiatico. Nos
gruposdesnervado (CD), Sutura (LS) e Sutura + Selante de Fibrina (LSS), de forma
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padronizada, a cerca de 3 mm distal a sua emergéncia, foi realizada uma lesao
nervosa por transeccdo completa do nervo (Figura 9 C). Nos animais do grupo CD a
fim de evitar regeneracdo espontanea, foi removido um fragmento de 6 mm do nervo
isquiatico. Apds neurotmese 0s cotos proximais e distais foram invertidos em 180
graus e fixados a musculatura adjacente, com pontos simples (Mononylon 5-0,
Polysuture).

Decorridos 7 dias da neurotmese, com um quadro de degeneracdo ja
estabelecido, os animais dos grupos LS e LSS passaram por microcirurgia
reconstrutiva para reparo do nervo isquiatico. Apés a anestesia, 0s animais foram
posicionados em decubito ventral, foi efetuada nova incisédo, e os cotos antes fixados
a musculatura adjacente foramsubmetidos a neurorrafia término-terminal (Figura 9
D).

No grupo LS, os cotos (Figura 9 D) foram suturados com trés pontos simples
(Mononylon 7-0, Polysuture). J& no grupo LSS a conexao entre os cotos proximais e
distais (Figura 9E) se deu através de um unico ponto de sutura associado a 100 uL
de selante de fibrina, gentilmente cedido pelo CEVAP, Brasil, cujos componentes e
formula de aplicacdo constam das suas patentes (NUmeros do registro:
BR1020140114327 e BR1020140114360) (Figura 9 F). No momento do uso 0s
componentes foram previamente descongelados, reconstituidos, misturados e
aplicados sobre o local da lesao (Gasparotto, et al., 2014).

ApoOs a finalizacdo de todos os procedimentos cirargicos, os tecidos moles
foram suturados (Mononylon 5-0, Polysuture). Os animais ficaram sob aquecimento
até a recuperacgéo e ao acordarem foi administrado dipirona sédica via gavagem, por
dois dias consecutivos, a cada 12 horas.

Apos 60 dias todos os animais foram pesados e anestesiados através de
injecdo intraperitoneal de Ketamina (Dopalen — 90mg/kg) e Xilazina (Rompun —

10mg/kg), e em seguida eutanasiados conforme protocolo das analises realizadas.
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Figura 9- Fotografias das técnicas cirdrgicas utilizadas em todos 0s grupos
experimentais. A- Incisdo. B- Localizacdo do Nervo Isquiatico (seta). C- Neurotmese.
D- Visualizacdo do coto proximal e distal ap6s 7 dias. E- Detalhe da neurorrafia
(seta-sutura). F- Detalhe da neurorrafia associada ao selante de fibrina (seta-

coagulo formado pelo selante).

3.3 Microscopia Confocal para nAChR e Terminal Nervoso (n=5/grupo)

Apbs anestesia e tricotomia da regido peitoral, as visceras toracicas foram
expostas, e a perfusdo foi realizada através do ventriculo esquerdo com bomba
dosadora peristaltica Milan®, inicialmente com PBS e posteriormente fixagdo com
paraformaldeido a 4%, ambos em um fluxo de 30ml/minuto. A auricula direita foi
seccionada junto ao atrio direito para escoamento do sangue e do excedente do

liquido de perfuséo.
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Ap0s perfus@o o muasculo séleo direito foi removido, reduzido ao ter¢co meédio e
a seguir seccionado longitudinalmente. Os fragmentos musculares foram mantidos
em solucéo fixadora. Apos 15 minutos os fragmentos musculares foram submetidos
ao protocolo de imunofluorescéncia para marcacdo dos nAChRs com a-
bungarotoxina conjugada a rodamina (Rh-BTX — Molecular Probes T1175,1: 1000
em PBS) e dos terminais nervosos com anti-neurofilamento (Anti-neurofilament 200,
Sigma N-5389, 1ul:1ml em solugéo bloqueadora) associado ao anti-mouse-lgG-FITC
(Sigma® F-0257, 1ul: 1 ml em solugcdo blogueadora). A seguir os cortes foram
montados em lamina sob laminula em meio de montagem para fluorescéncia
VECTA SHIELD®(Vector Laboratories). As imagens foram obtidas utilizando um
Microscopio Confocal de Varredura a Laser (Leica TCS modelo - SP5) pertencente
ao Centro de Microscopia Eletrénica do Instituto de Biociéncias / UNESP, Botucatu.

Para a andlise morfométrica foram utilizadas imagens de aproximadamente
50 JNM por animal por grupo experimental. Através do software Image J (versédo
1.43u, Nationallnstitutes Health, USA) foram obtidos valores referentes a area da
placa motora (area ao redor, um?), area dos nAChR (um?), area total da placa
motora (um?)e o maior eixo ortogonal dos nAChR(um?). E a partir desses dados
foram calculados: area relativa planar (um?, areados nAChR/maior eixo ortogonal),
didametro médio da JNM (raiz quadrada da area total da placa motora/1r) edensidade
da placa motora (4rea dos nAChR/area ao redor do nAChR x 100%) (Sieck et al.,
2012).

3.4 Anélise da expressao proteica por Western Blotting (n=5/grupo)

Os animais foram anestesiados e ap0s a eutanasia (tiopental sodico), os
musculos s6leo foram removidos e as amostras do terco médio foram congeladas
em nitrogénio liquido e homogeneizadas em RIPA e inibidores de proteases (30mg
de tecido / 100ul de tampé&o de extracéo).

As amostras foram obtidas apds centrifugagdo durante 20 minutos a 14000
rpm a 4°C e o sobrenadante foi coletado. A quantificagdototal de proteina foi
determinada pelo método de Bradford (Bio-RadProteinAssay) e quantidades exatas
da proteina total de cada amostra (30 pg) foram submetidas a eletroforese em géis
de poliacrilamida e transferidas para membranas de nitrocelulose (Bio-
RadLaboratories, Hercules, CA) em um sistema umidificado.
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As membranas foram incubadas overnight com anticorpos primarios (Tabela
1), apoés esse periodo as membranas foram lavadas (solugdo basal: 10 mM Tris, 150
mM cloreto de sodio, 0,02% de Tween-20) e incubadas por 1 hora e 30 minutos em
anticorpos secundarios (Anti-mouse IgG, HRP-linked Antibody- Cell Signaling — 7076
ou Anti-rabbit IgG, HRP-linked Antibody- Cell Signaling — 7074).

As membranas foram lavadas novamente e foi utilizado reagente ECL™
Selected Western Blotting Detection Reagent (GE Healthcare,Uppsala, Sweden)
para a captura da imagem em um transiluminador G-Box, a quantificacdo das
bandas foi realizada usando o Image J 1.47, versdo para Windows (National Institute
of Health, Estados Unidos, EUA). Os valores de expressdo proteica foram
normalizados com os valores obtidos da proteina GAPDH, que foram utilizados

como referéncia.

Tabela 1. Relacéo dos anticorpos primarios

Proteina Anticorpo Primario  Fabricante Cédigo
GAPDH (14C10) GAPDH CellSignaling #2118
nAChR ¢ Epislon Santa Cruz  sc - 13999
nAChR y Gama Santa Cruz s$c13998
nAChR a 1 Alpha 1 Santa Cruz  sc-136130
Rapsina Rapsyn Milipore #MAB2238
S100 Células de Schwann Abcam ab4066
Metaloproteinase- 3 MMP-3 Abcam ab52915
MUSK MUSK Bioss Bs-6473R
Agrina Agrina Abcam ab12362

4.0 Anédlise estatistica

Todos os dados foram analisados pelo Software Statistical Analysis System
(SAS® v.9.3, Cary,North Carolina), para todos os dados foi utilizado teste de
normalidade de Shapiro-Wilk. Os resultados da morfometria dos nAChRs, expressao
proteica da agina, MuSK, MMP-3 e nAChR ¢ foram analisados pelo teste de One
Way ANOVA seguido de pos teste de comparacdo multipla de Tukey. O teste de
Modelo linear generalizado com distribuicAo gama seguido de poés teste de
comparacao multipla de Wald foi utilizado para as analises da expressao proteica de
S100, AChR a1,AChR vy, rapsina. Resultados foram apresentados em média *

desvio padrdao com nivel de significancia de p<0.05.
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Abstract

The neuromuscular junctions (NMJs) are affected by some conditions, among which
the peripheral nerve lesions (PNLs). The denervation leads to a severe atrophy of the NMJ
structure and the associated proteins. Alternative methods aimed at the return of
neuromuscular morphology and its activity have been widely researched. The objective of
this study was to verify if the fibrin sealant use associated with a single suture stitch have
potential to reestablish the return of neuromuscular apparatus after ischiatic nerve lesion.
Forty male adult Wistar rats were utilized (CEUA: 1173/2016), divided into 4 groups: Sham-
Control (SC), Denervated-Control (DC), Suture Lesion (SL) and Suture Lesion + Fibrin
Sealant (SFS). In the SC group only right ischiatic nerve identification was done. In DC (gap
of 6 mm), SL and SFS groups fixation of stumps on the musculature after neurotmesis was
performed. After 7 days the reconnection of the stumps with suture was realized in the SL
group and in SFS group the suture was associated with the fibrin sealant (CEVAP). After
sixty days the right soleus muscles were prepared for the morphology and morphometry of
the nAChRs (a-bungaratoxin), for the morphology of the nerve terminal (NF200) by confocal
microscopy and nAChRs (a1, € e y), S100, Agrin, MMP-3, MuSK and Rapsin protein
expression by western blotting analysis. The gualitative assessment showed in SC group
that nAChRs presented a normal morphology with continuous branches and preserved nerve
terminals. In DC group it was observed flattening of the neuromuscular junction,
fragmentation of nAChRs, with distribution in “islands” and tangled nerve terminals. In SL
and SFS groups, the morphology was in-between groups SC and DC, with thinner nerve
terminals. The morphometric data were compatible with the morphology and the majority of
the parameters of SL and SFS groups presented values in-between the SC and DC groups.
There was an increase of relative planar area in the reconstruction groups, highlighting that
there was less nAChRs fragmentation. The values found in the protein expression in SL and
SFS groups were similar to SC group and showed a return of the nAChRs mature pattern
justified for the € subunit expression. Inverse values were found in y subunit. Based on the
similarity of observed results in reconstruction groups, it was possible to conclude that there
was a return of both nAChRs morphology and associated proteins to the mature pattern. The
fibrin sealant associated with reduced number of stitches was viable due to the smaller

values of immature receptor (y) expression compared to the suture group.


https://www.linguee.com.br/ingles-portugues/traducao/qualitative+assessment.html
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INTRODUCTION

The neuromuscular junction (NMJ) is a peripheral, chemical, anatomical and
highly-specialized synapse. It is formed during the prenatal development and
transfers information efficiently from the motor nerve to the muscular fiber promoting
quick muscular contraction (Fagerlund and Eriksson, 2009; Sanes and Lichtman,
1999; Sleigh et al., 2014; Tintignac et al., 2015; Vock et al., 2008).

The formation, maturation, maintenance and stability of the NMJ are mediated
by key molecular mechanisms (Wu et al., 2010), that contribute for the concentration
and stability of the acetylcholine receptors (nNAChRs) leading to effective muscular
contraction (Darabid et al., 2014; Ferraro et al., 2012; Hurst and Gooch, 2016;
Unwin, 2013; Unwin and Fujiyoshi, 2012). In addition, coordinated actions of
molecules derived of the nerve and the muscle are present (Darabid et al., 2014;
Ferraro et al., 2012) as the most well characterized signaling pathway which is the
Agrin/ lipoproteic receptor related to protein 4 (Lrp4)/ muscle-specific tyrosine kinase
receptor (MuSK)/ Rapsin.

The terminal Schwann cells (SCs) (Liu and Chakkalakal, 2018; Nishimune and
Shigemoto, 2018) are involved in the regulation of the pericellular space with multiple
roles in tissue remodeling and degradation of various proteins in the extracellular
matrix (Cui et al., 2017), particularly metalloproteinases 3 (MMP-3) (Werle, 2008).

The NMJs are affected by some conditions, among which the peripheral nerve
lesions (PNLs) that result in loss of connection between the axon and the muscle
leading to a degeneration of these structures (Ruven et al.,, 2017), that usually
require surgical intervention

The denervation leads to a severe atrophy of the NMJ structure (Chao et al.,
2013), a disaggregation of nAChRs (Frank et al., 1975; Hartzell and Fambrough,
1972; Palispis and Gupta, 2017; Steinbach, 1981) and their anchoring proteins which
are responsible for aggregating and maintaining the subunits of nAChRs in the region
of the motor plaque (Darabid et al., 2014; Ferraro et al., 2012).

Searching for reinervation and restitution of the nervous and muscular
function, over the last years many strategies have been performed (Ray and
Mackinnon, 2010). As an alternative to conventional suture, some studies have been
developed to solve or minimize the problems resulting from this technique.
Considering that the number of suture strands crossing the repair site can interfere

on the repair results (Félix et al., 2013) and the foreign-body (suture) cause
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inflammatory reaction (Chimutengwende-Gordon and Khan, 2012). Based on this,
the option is the use of fibrin sealant and/or glue, that prevents fluid loss, promotes
tissue adhesion, reduces the surgery time, the hemorrhage (Barros et al.,, 2009;
Perussi Biscola et al., 2016) and the inflammation and fibrosis formation (Félix et al.,
2013).

A group of researchers from the Center for the Study of Venoms and
Venomous Animals (CEVAP) developed the fibrin sealant derived from the poison of
the Crotalus durissus terrificus (rattle snake) snake and a protein derived from this
snake venom replaces bovine thrombin. This protein is capable of transforming
fibrinogen directly into fibrin making a stable coagulum (Barros et al., 2011; Barros et
al., 2009; Gasparotto et al., 2014; Thomazini-Santos et al., 2001). Besides, fractions
of buffalo blood are utilized to substitute human blood as a source of fibrinogen,
avoiding thus the transmission of infectious diseases (Barbizan et al., 2013; Barbosa
et al., 2008; Ferreira, 2014). These substances act as the final physiological steps in
the coagulation cascade that lead to coagulum formation. This fibrin sealant is also
cheaper than commercial glues, easy to apply and is viable for use in animal models
(Barbizan et al., 2013).

In this sense, the use of these sealants may be considered a potential
alternative for the treatment of PNLs (Barbizan et al., 2013) and it has been utilized in
various experimental models of surgery for the recovery of nerve lesions (REIS,
2000).

The complexity of the NMJ apparatus and proteins that are responsible for its
maturation, stability and function indicate that the connection between the neurons
and muscular fibers is crucial. The aggregation and stability of nAChRs in the area
where the axon terminals juxtapose with post-synaptic membrane is responsible for
NMJ’s ability of generating the action potential that promotes the muscular
contraction and contributes to maintain its function. Failures in the reinnervation of
NMJ, accompanied of alterations in its structural proteins, entail in problems of the
electric muscular activation capacity.

This study was conducted after PNLs followed by neurorrhaphy of the ischiatic
nerve and use of the fibrin sealant, with focus on the acetylcholine receptors and

proteins associated in rat soleus muscles.
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The objective of this study was to verify if the fibrin sealant use associated with
a single stitch have potential to reestablish the return of neuromuscular apparatus

after ischiatic nerve lesion.

Materials and Methods

Experiment Animals

Forty male adult Wistar rats were utilized (UNESP / Botucatu / SP / Brazil),
with 90 days of age and mean body weight between 300-400g. These animals
werekept during the experimental period in the UNIPEX/FMB/Unesp under
appropriate conditions (CEUA: 1173/2016). The animals in this study were divided
into 4 experimental groups: Sham-Control (SC), Denervated-Control (DC), Suture
Lesion (SL) and Suture Lesion + Fibrin Sealant (SFS).

Surgical Protocol

The rats were anesthetized by intraperitoneal injection of Ketamine (Dopalen —
90mg/kg) and Xilazin (Rompun — 10mg/kg). After trichotomy of the right inferior limb,
was realized incision of the lateral face of the thigh, from the height of the major
trochanter to the knee and the ischiatic nerves were exposed.

In animals of the SC group was realized only localization of the ischiatic nerve.
In the denervated (DC), suture (SL) and suture + fibrin sealant (SFS) groups, in a
standardized manner, was realized a nerve injury by complete transection of the
nerve at around 3 mm distally to its emergence. In animals of DC group, in order to
avoid spontaneous regeneration, a 6 mm fragment of ischiatic nerve was removed.
Upon neurotmesis, the proximal and distal stumps were inverted in 180° and fixated
to the adjacent musculature, with simple suture stitches (Mononylon 5-0 nylon,
Polysuture).

Seven days after neurotmesis, the animals of the SL and SFS groups
underwent reconstructive microsurgery for the reparation of the ischiatic nerve. A
new incision was realized and the nerve stumps were subjected submitted to end-
terminal neurorrhaphy. In SL group, nerves stumps were linked with three simple
suture stitches (Mononylon 7-0, Polysuture). In SFS group, the connection between

the nerve stumps were made with a single suture stitch in addition to 100 uL of fibrin
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sealant, gently ceded by CEVAP, Brazil, whose components and application formula
are listed in its patents (Registri number: BR1020140114327 e BR1020140114360).
In the moment of usage the components were previously unfrozen, reconstituted,
mixed and applied over the local of lesion (Gasparotto et al., 2014).

After the surgical procedures, soft tissues were sutured (Mononylon 5-0,
Polysuture). The animals were kept under warming until recovery and upon
wakening, were given sodic dipyrone via gavage for two consecutive days every 12
hours.

Sixty days after all the animals were weighted, anesthetized by intraperitoneal
injection of Ketamine (Dopalen — 90mg/kg) and Xilazin (Rompun — 10mg/kg), and

euthanized according to the protocol of the realized analysis.

Laser-scanning confocal microscopy analysis of the nAChR and Nerve
Terminals (n=5/group)

After anesthesia and trichotomy of pectoral region, the thoracic viscera were
exposed, and perfusion was carried out via the left ventricle with peristaltic
measuring pump Milan®, initially with PBS and posteriorly with fixation with
paraformaldehyde 4%, both at a flux of 30ml/minute. The right auricle was sectioned
together with the right atrium for the flowing of the blood and excess of the perfusion
liquid.

After perfusion the right soleus muscle was removed, reduced to the medium
third and sectioned longitudinally. The muscular fragments were submitted to
immunofluorescence protocol for the nAChRs labelling with a-bungarotoxin
conjugated to rhodamine (Rh-BTX — Molecular Probes T1175,1: 1000 in PBS) and
the nerve terminals were labelled by anti-neurofilament (Anti-neurofilament 200,
Sigma N-5389, 1ul:1ml in blocking solution) associated with anti-mouse-IgG-FITIC
(Sigma® F-0257, 1ul: 1 ml in blocking solution). Following that, slices were mounted
in slides under cover slips in VECTA SHIELD® mounting medium for fluorescence
(Vector Laboratories). The images were acquired using a Laser Scanning Confocal
Microscope (Leica TCS model - SP5) belonging to the Electron Microscopy Center of
the Institute of Biosciences/UNESP, Botucatu.

For the morphometric analysis were utilized images of approximately 50 NMJ
per animal per experimental group using the Image J software (version 1.43u,
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National Institutes Health, USA).Measurements were taken of the motor endplate
area (area around, um?), nAChR area (um?), total area of the motor endplate (um?)
and the largest orthogonal axis of the nAChR (um?). And from these were calculated:
relative planar area (area of nAChR/largest orthogonal axis of the nAChR, um?),
mean diameter of NMJ (square root of the total area of the NMJ/1T) and density of the
motor endplate (area of nAChR/area around nAChR x 100%) (Sieck et al., 2012).

Western blotting (n=5/group)

The animals were previously anesthetized and after euthanized (sodic
thiopental), the soleus muscles were removed and samples from the middle third
were frozen in liquid nitrogen, and homogenized in RIPA and inhibitors of proteases
(30mg of tissue/100ul of extraction buffer). The samples were obtained after
centrifugation during 20 minutes at 14000 rpm at 4°C and the supernatant was
collected. Total protein quantification was determined by the Bradford method (Bio-
Rad Protein Assay) and exact quantities of the total protein of each sample (30 pg)
were subjected to electrophoresis in polyacrylamide gels and then transferred to
nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA) in a humidified
system.

The membranes were incubated overnight with primary antibodies (Table 1).
After this the membranes were washed (basal solution: Tris 10 mM, sodium chloride
150 mM, 0.02% of Tween-20) and incubated for 1 hour and 30 minutes in secondary
antibody (Anti-mouse 1gG, HRP-linked Antibody- Cell Signaling — 7076 and Anti-
rabbit IgG, HRP-linked Antibody- Cell Signaling — 7074). The membranes were
washed again, and reagent was used (ECL™ Selected Western Blotting Detection
Reagent - GE Healthcare,Uppsala, Sweden) to image capture in a transilluminator G-
Box, quantification of the bands was performed using Image J 1.47, version for
Windows (National Institute of Health, United States Code, USA). The protein
expression values were normalized with values obtained with the GAPDH protein,

which was used as a reference.



Table 1. Relation of primary antibodies

Protein Primaryantibodies Manufacturer Code
GAPDH (14C10) GAPDH CellSignaling #2118
nAChR ¢ Epislon Santa Cruz sc - 13999
nAChR y Gamma Santa Cruz sc13998
nAChR a 1 Alpha 1 Santa Cruz sc-136130
Rapsina Rapsyn Milipore #MAB2238
S100 Schwann Cells Abcam ab4066
Metaloproteinase- 3 MMP-3 Abcam ab52915
MUSK MUSK Bioss Bs-6473R
Agrin Agrin Abcam ab12362
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Statistical Analysis

The results were analyzed in Statistical Analysis Software System (SAS®
v.9.3, Cary,North Carolina), normality test of Shapiro-Wilk was utilized for all
data.Results of nAChRs morphometry, protein expression of agrin, MuSK, MMP-3
and nAChR ¢ were analyzed by the One Way ANOVA test followed by post-test of
multiple comparisons of Tukey. The linear model test generalized with gama
distribution followed by Wald test of multiple comparisons was utilized for the analysis
of protein expression of S100, AChR a1, AChR vy, and rapsyn. All the date were

presented as mean * standard deviation with a significance level of p<0.05

RESULTS

Laser-scanning confocal microscopy analysis of the nAChRs and Nerve
Terminals

In SC group (Figure 1 A-B) the nAChRs and the nerve terminals presented a
distribution compatible with normality. Thus, the answers of the fluorophores were
homogeneous, with NnAChRs marked in autofluorescence and in continuous branches
or “pretzel”, and with intact, preserved and without discontinuity nerve terminals. In
DC group, a flattening and fragmentation of the nAChRs were observed and for the
most part distributed in an “island” pattern (Figure 1 C-D). The nerve terminals were
meshed with no clear visualization of the terminal axons, indicating an absence of

preservation and integrity.
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In SL and SFS groups the nAChRs distribution was closer to the pattern of
continuous branches. Though the flattening was observed in some motor endplates,
it was clear the observation of in-between morphology in the lesion groups compared
to SC and DC groups. In relation to the nerve terminals, the ramifications were
thinner when compared to SC groups (Figure 1 A-B, E-F, G-H).

The morphometric analysis was consistent with the morphological
observations, where values referring to the area of the motor endplate, area of
NAChRs, relative planar area, mean diameter of NMJ and density of the motor
endplate were higher in the SC group (Table 2).

The values referring to the area of motor endplate (around) did not show a
significant difference between the groups. However, the smaller values were present
in DC group. The SL and SFS groups presented in-between values with SC and DC
groups.

The DC group presented a significant reduction when compared to the control
group in relation to all other parameters: 47% of the area of nAChRs and relative
planar area, 26% in the mean diameter of NMJ and 15% on the density of the motor
endplate.

The nerve reconstruction groups (SL and SFS), presented an increased
relative planar area of 43% in SL and 34% in SFS group when compared to DC
group. All other morphometric patterns analyzed presented in-between values with

SC and DC groups, though not statistically significant (Table 2).
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Figure 1 — Confocal microscopy of the acetylcholine receptors (in red) and nerve
terminals (in green). A-B: SC- Control Sham, C-D: DC- Control Denervated, E-F: SL-

Suture Lesion e G-H: SFS- Suture Lesion + Fibrin Sealant.
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Table 2. Morphometry of the acetylcholine receptors.

Denervated- Suture Lesion

Sham-Control Control Suture Lesion + FibrinSealant pvalue
Area of the
motor endplate  635.0+201.9  400.8+38.6 559.2+147.8  427.5+147.6  0.05
(um?)
Area (Tlfn?z/;ChR 460.4+149.1a 241.4+31.0° 362.6+119.42b 2851+103.2ab  0.02
Relative planar
o (upmz) 13.3+£2.34 7.0£0.60 100+2.1a 94+1.92 <0.01
Meandiameter of ;456,347 1540+0975 1837£20.13b  162.6+31.825  0.02
NMJ (um?)
Density of the
motor endplate 735+1.92 62.2+37°  66.4+89ab 67.8+£6.730  <0.01

(%)

Values expressed as the mean + standard deviation. One Way ANOVA test followed by post-
test of multiple comparisons of Tukey. Equal letters for no statistically significant differences

(p>0.05) and different letters for statistically significant differences (p < 0.05).

Western Blotting Analysis

The quantification of proteins was normalized by endogenous GAPDH. The
analysis showed that the expression of subunit € in the nerve reconstruction groups
(SL and SFS) presented higher values when compared to DC group, whose value
was 76% (p<0.05) smaller in relation to the other experimental groups. Values of this
subunit in SL and SFS were statistically similar to those observed in SC group
(Figure 2 A).

The values of protein expression of both y and a1 subunits in SL and SFS
group were similar to those of SC group. When compared to DC group there was a
reduction in the protein expression of these subunits in SL (y: 55 % and a1: 72%)
and for SFS (y: 78% and a1: 70%). This reduction was higher in subunit y in SFS
group (SFS: 0.25 +£0.08; SL: 0.5 +£0.2; p<0.01) (Figure 2 B and C). DC group, when
compared to SC, presented values twice superior in protein expression of AChRs y
and a1 (p<0.01) (Figure 2 B and C).

Protein expression of agrin (Figure 2D), rapsyn (Figure 2E) and S100 (figure
2F) showed a similar response to subunits y and a1 in SL and SFS groups when
compared to DC and it came close to those observed in the control animals. The
agrin expression reduced around 70% in SL and SFS groups. In rapsyn, the
reduction was of 60% in SL and 80% in SFS when compared to DC. For S100, this
reduction was around 53% in SL group and 62% in SFS group. DC group, when
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compared to SC, presented values 2.8, 1.4 and 1.2 times superior of the protein
expression of agrin, rapsyn and S100, respectively (p<0.01) (Figure 2 D-F).

The level of protein expression of MMP-3 was higher both in SL and SFS
groups in relation to DC group, whose value was around 65% (p<0,05) lower in
comparison to the experimental groups. On the reconstruction groups, values were
similar to those of SC group (Figure 2 G). On MuSK analysis, no significant variations

were noticed between the experimental groups (Figure 2 H).
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Figure 2. Expression levels of AChR ¢ (A), AChR y (B), AChR a1 (C), Agrin (D),
Rapsyn (E), S100 (F), MMP-3 (G), MuSK (H) and representative immunoblots
of these proteins (I).Agrin, MuSK, MMP-3 and nAChR ¢ were analyzed by the One Way

ANOVA test followed by post-test of multiple comparisons of Tukey. S100, AChR a1, AChR

y, and rapsyn were analyzed by the linear model test generalized with gama distribution

followed by Wald test of multiple comparisons. Equal letters for no statistically significant

differences (p > 0.05) and different letters for statistically significant differences (p < 0.05)
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DISCUSSION

Our study was the first to evaluate denervation with focus on the NMJ and
associated proteins utilizing CEVAP’s fibrin sealant. Considering that, the preliminary
results of our research group showed a significant improvement on the morphology
of the denervated ischiatic nerve after reparation with the use of the fibrin sealant
(data not published).

After PNL through neurotmese there is need of surgical intervention (Grinsell
and Keating, 2014) for a nervous regeneration which is slow (Buchaim et al., 2015;
Grinsell and Keating, 2014) and it results in incomplete and unsatisfactory nerve and
functional recovery (Biscola et al., 2017a; Cui et al., 2008). The searches for new
surgical methods that contribute to minimize the number of sutures, to reduce the
nerve tissue trauma are of great interest for researches in PNL.

These researches associated or not with the use of alternative techniques are
essential to contribute for an improvement on the stability of coaptation of the nerve
stump(Biscola et al., 2017a). Amongst the alternative methods and techniques, the
use of fibrin sealants, which promote adhesion of tissues, can complement or even
substitute the suture (Barros et al., 2009). The fibrin sealant presents as advantages
the reduction of fluid loss, hemorrhage and inflammation and it reduces the surgical
time (Barros et al., 2009; Biscola et al., 2017a; de Oliveira Rosso et al., 2017; Félix et
al., 2013; Isaacs, 2010; Koulaxouzidis et al., 2015).

The method of ligation of the nerve stump through epineural anastomosis with
three simple stitches in SL group and a single stitch in the SFS group was utilized
aiming to reduce the collateral effects of suture (Biscola et al., 2017b), as well as to
optimize the fibrin sealant use. Considering that a single stitch was used, it wouldn’t
be enough for a safe and adequate nerve reconstruction (Griffin et al., 2014; Maragh
et al., 1990).

Torres et al. (2003), found that the association of the fibrin glue with a stitch
provided good axonal alignment due to the introduction of less foreign material into
the neural tissue and led to a lower formation of neuroma, thus reducing the use of
suture, manipulation and degree of distortion between the nerve stumps.

After PNL, there is a neuromuscular destabilization, leading to an alteration of
the contractile proteins of the muscle (Ferreira et al., 2004; Sultan et al., 2000) and
on the pattern of distribution of pre and post-synaptic components (Pratt et al., 2013).
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In this study, in DC group, nAChRs were distributed in “islands”, with typical
rounded areas containing fragmentation and the morphometric data found in DC
group confirm these alterations in NAChRs, with a decrease of the values in all the
analyzed parameters, whose data must be related to fragmentation of nAChRs,
leading to a synaptic failure and muscular weakness(Sieck et al., 2012; Suzuki et al.,
2009).

Similar results were also described in conditions such as ageing (Apel et al.,
2009; Balice-Gordon, 1997; Deschenes et al., 2013; Deschenes et al., 2010; Li et al.,
2011; Suzuki et al., 2009; Valdez et al., 2010),diabetes (Marques and Neto, 2002),
anesthetic injury (Marques et al., 2005; Minatel et al., 2001; Pissulin et al., 2017),
muscular dystrophy (Banks et al., 2009; Lyons and Slater, 1991; Marques et al.,
2007; Minatel et al., 2003; Pratt et al., 2013; Pratt et al., 2015; Torres and Duchen,
1987), after nerve lesion induced by crushing (Kawabuchi et al., 2001; Rich and
Lichtman, 1989b) and tourniquet (Tu et al., 2017).

Regarding the nerve terminals, findings such as absence of integrity and the
presence of irregular ramifications were also present in ageing (Kawabuchi et al.,
2011; Valdez et al., 2010), after spinal muscular atrophy (Kariya et al., 2008; Kong et
al., 2009; Martinez-Hernandez et al., 2013), after tourniquet use(Corrick et al., 2018),
and in nerve lesion after crushing (Mozaffar et al., 2009; Su et al., 2018; Yuan et al.,
2014).

In relation to the protein expression analyses, the value of MuSK did not show
differences between the groups. On the other hand, in the MMP-3 and subunit €
protein expressions, there was a decrease. In the S100, agrin, rapsyn and a1 and y
subunits the values were higher on DC group in comparison to other experimental
groups.

There are descriptions that other pathological states such as burns (Osta et
al., 2010), sepsis (Liu et al., 2013; Wang et al., 2018), ageing (Apel et al., 2009),
anesthetic injection (Pissulin et al., 2017), penicillin injection (Yu et al., 2017) and
denervation (Campbell, 2008; Fischer et al., 1999; Yang et al., 2013; Yang et al.,
2015), lead to the re-expression of the embryonic receptor (AChR y). In our study the
inversion of the values between this y and € subunit confirms the compatibility of the
characteristics of embryonic and denervated fibers. It could be directly related to the
destabilization of the NMJ (Kalamida et al., 2007; Ma et al., 2007; Yang et al., 2013).
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The increase found in the protein expression of subunit a1 on DC group was
also described in muscular dystrophy(Chen et al., 2000), ageing (Apel et al., 2009)
and denervation (Fischer et al., 1999; Kostrominova et al., 2000). It may be related
with the occurrence of the dispersion of these subunits along of sarcolemma (Ma et
al., 2007). The similarity of obtained values in relation to these proteins is justifiable,
considering that the rapsyn protein is intimately associated to nAChRs (Chen et al.,
2016).

After denervation, SCs act as adhesion and axonal growth factors and
increase in number (Auld and Robitaille, 2003; Love and Thompson, 1999; Sanes
and Lichtman, 1999), which justifies the values of the protein expression of S100
observed in this study. SCs and the muscular cells release MMP-3, which is
mediated by nerve impulse. The blocking of electrical activity through denervation,
results in a reduced level of active MMP-3 on the NMJ (VanSaun et al., 2007).

Considering that agrinis degradated by MMP-3, the decrease of this enzyme
promotes an increase on its protein expression (Chao et al., 2013; VanSaun et al.,
2003; Werle and VanSaun, 2003). Chao et al. (2013), studying MMP-3 knockout rats,
found that even 2 months after denervation, agrin and MuSK levels are still present.
These data may justify the levels found in DC group.

In relation to SC group, the morphology observed through confocal
microscopy showed a distribution of NnAChRs in continuous branches named “pretzel”
and entire nerve terminals that are classically observed and described in adult
normal muscles (Balice-Gordon and Lichtman, 1993; Marques et al., 2000; Minatel et
al., 2003; Walsh and Lichtman, 2003). This morphology was accompanied of the
higher values of the morphometric data of the nAChRs, proving the integrity and
stability of the neuromuscular structure.

After nerve reconstruction, SL and SFS groups presented morphology of the
NAChRs as well as of the nerve terminals that were in-between the SC and DC
groups, suggesting a morphological approximation with the control group. This is an
indicative that the techniques utilized permit reinnervation, confirming that the
remodeling of the receptors depend on innervation on the moment of regeneration of
muscular fibers (Li and Thompson, 2011; Marques et al., 2005; Rich and Lichtman,
1989a).

Regarding morphometry, the values of the relative planar area and of the

motor endplate density are related to its degree of ramification (Sieck et al., 2012)
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and fragmentation of nAChRs (Sieck et al., 2012; Suzuki et al., 2009), reflecting the
index of complexity of the NJM. It showed the attempt of recovery of nAChRs after
reconnection of the nerve stump in SF and SFS groups. Considering that the higher
are the levels of relative planar area (Pissulin et al., 2017; Sieck et al., 2012) and of
the motor endplate density(Deschenes et al., 2013; Deschenes et al.,, 2010;
Deschenes et al., 2015; Pratt et al., 2013; Suzuki et al., 2009), the lower will be the
fragmentation of nAChRs and vice versa.

The recovery may be justified by the values found on the expression of
proteins S100, MMP-3, agrin, MuSK, rapsyn and a1, y and € subunits, whose values
of SL and SFS groups were compatible with normality (similar to the control group).

The SCs (quantified by S100) contribute for the maintenance of the synaptic
transmission efficiency and of its structures and also act on the NMJ regeneration
(Nishimune and Shigemoto, 2018). As the damaged nerves are repaired, a SCs
apoptosis occurs (Yang et al., 2008). This protein level value observed after the
reconstruction indicate a reduction, whose values approached those of control group.

The molecular mechanisms involved in the organization of the NMJ include,
amongst others, the release of agrin by the nerve terminals on the synaptic cleft.
Agrin links to the Lrp4 receptor to active the MuSK receptor. It leads to stabilization
and clustering of nAChRs by Dok-7 and other mechanisms that also involve the
protein rapsyn (Nishimune and Shigemoto, 2018; Rudolf et al., 2016).

The agrin protein expression in SL and SFS groups showed a similarity of
results with the SC group, confirming the nerve activity restoration in these groups,
with a reestablishment of the neuromuscular supply to the muscles, that is
fundamental to restore the function after a lesion (Zhang et al., 2016). The
reestablishment of the nerve impulse leads to the control of the MMP-3 release by
the SCs and it influences agrin levels (VanSaun et al., 2007).

In relation to the similarity of values in the protein expression of MuSK found in
the experimental groups, it must be linked to the fact that its expression is innervation
independent. This protein is preferentially expressed in the central region of the
muscle and its standard contributes to determinate where the motor axons will grow
and where the synapses will be formed (Kim and Burden, 2008).

The MuSK protein does not act only as a tyrosin kinase receptor to agrin, it
initiates pathways that lead to post synaptic differentiation, but also as an cascade

organizer, crucial for the compartmentalized signaling (Wu et al, 2010). This signaling
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leads to a post synaptic specialization and induces cytosolic proteins such as Dok-7
and rapsin to accumulate the nAChRs (Nishimune and Shigemoto, 2018).

Rapsyn is a protein that plays an essential role in the anchoring of post
synaptic proteins, including nAChRs (Burden et al., 2018). In our study, the values of
this protein expression and of the a1 subunit in SL and SFS groups were similar to
SC group and smaller than DC group. According to Chen et al. (2016) the
relationship between rapsyn and nAChRs may be reciprocal.

The over-expression of rapsyn inhibits the grouping of nACRs induced by
agrin(Han et al., 1999; Sanes and Lichtman, 2001). Reduction of the rapsyn protein
expression was observed in nAChRs-defficient mice (Schwarz et al., 2000;
Witzemann et al., 1996). However, Bruneau et al. (2005) suggested that the nAChRs
are necessary for the maintenance of the density of rapsyn on nAChRs aggregates in
myotubes cell surface in culture (Witzeman et al,1996; Schwartz et al, 2000).

After PNL, the levels of a1 subunit are elevated immediately, triggering an
increased expression of nAChRs in order to maintain muscular function (Adams et
al., 1995; Gomez-Amaya et al., 2015). This premise is in accordance with the results
found in DC group. This increase is probably associated with the dispersion of
NAChRs over the sarcolemma; the similarity of SL and SFS values with SC group, on
the other hand, suggests a stabilization of the NMJ structure and a return to the
mature neuromuscular structure.

With the existence of a nerve reconnection, there is an amplification of
electrical signals to the muscular fiber. Through the action potential in the muscle, the
released ACh induces a nAChRs transcription decrease by muscular fiber. Then a
NAChRs accumulation will start only in the synaptic area. It results in the ACh-
dependent suppression in the transcription of nAChR subunit genes in the extra-
synaptic nucleus (Ferraro et al., 2012; Sanes and Lichtman, 2001).

Associated to this, there is the y subunit replace (extra junctional immature
form, present in the embryonic denervated fiber) by the € subunit (junctional
functional mature and innervated form) (Changeux and Edelstein, 1998; Lindstrom,
2000; Ma et al., 2007; Mishina et al., 1986; Schuetze and Role, 1987).

The y subunit influences in a longer functional mean-time of the ionic channel
opening, with smaller conductance and shorter half-life (Kramer et al., 2017). The €
mature subunit, on the other hand, is related to a higher conductance and a shorter

opening time of the ionic channel (Di Castro et al., 2007; Fucile et al., 2006; Pissulin
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et al., 2017; Shen et al., 2016). The influx of Ca?* through the subunits y and ¢ play
an important role in the formation and function of the normal NMJ. The influx of Ca2*
contributes to model the muscular activity, regulating the activation of the depolarized
Na* channels that are voltage-dependent and repolarizes the Ca?*- dependent K*
channels (Allard et al., 1996; Fucile et al., 2006; Young and Caldwell, 2005).

Some studies have shown promising results after the use of fibrin sealants, in
bedsores (Gatti et al., 2011), in the repair of bone defects (Machado et al., 2015), in
the regeneration of peripheral nerves (Buchaim et al., 2015; Félix et al., 2013;
Martins et al., 2005) and in association with mesenchyme stem cells after sciatic
nerve tubulization (Cartarozzi et al., 2015).

The innervation is fundamental for the muscle maturation developing and for
its regeneration to retain its function.

Based on similarity of the results observed in reconstruction groups, it was
possible to conclude that the CEVAP’s fibrin sealant associated with a single stitch
facilitate the nerve repair, promoting a return of nAChRs morphology and associated
proteins to the mature pattern. The fibrin sealant associated with reduced stitches
showed promissor with values related to immature receptor (y) smaller values

than the only suture group.
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