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RESUMO
No6s estudamos o citoesqueleto dos axdnios do tracto Protocerebal (TPC) do caranguejo
Ucides cordatus para investigar aspectos normais ¢ degenerados. Utilizando as técnicas de
Western blotting, imuno-histoquimica e imunoeletromicroscopia, nds observamos
marcacao com o clone NN-18 que reconhece o NF-M. Nos classificamos os axonios em 4
tipos (I a IV) de acordo com a érea transversal. Por microscopia eletronica de transmissao e
analise morfométrica n6s estudamos o microtubulo (MT) e a area axonal nos axonios tipo |
e II. Nossos resultados revelaram que o nimero de MTs aumentou com a area axonal, mas
esta relagdo ndo ¢ diretamente proporcional. A densidade de MT ¢ maior nos axonios
menores do que nos axdnios médios. No TPC degenerado, quando axdénios normais e
degenerados em 28 e 40 dias apds a lesdo foram comparados, o numero de axonios
degenerados aumentou significativamente, enquanto os axonios normais diminuiram
significativamente. Os axonios tipos II e III comecaram a degenerar antes dos axonios do
tipo I, enquanto os axonios tipo IV pareceram ndo degenerar mesmo apos 40 dias.
Finalmente, nés observamos no TPC degenerado, a distribuigdio de NADPH-d por

histoquimica e a imunoreatividade para ONS para caracterizar os hemocitos.
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ABSTRACT
We studied the cytoskeleton in Protocerebral tract (PCT) axons of the crab Ucides cordatus
to investigate normal and degenerating aspects. Using Western blotting,
immunohistochemistry and immunoelectron microscopy techniques we observed labeling
with the NN18-clone which recognizes NF-M. We classified the axons into four types (I to
IV) according to their cross-sectional area. By conventional electron microscopy and
morphometric analyses we studied the microtubule (MT) and axon area variability in type |
and II axons. Our results revealed that the number of MTs increases with the axon area, but
this relationship is not directly proportional. MT density is greater in smaller axon than in
medium axons. In the degenerating PCT, when normal and degenerating axons at 28 and 40
days after injury were compared, the number of degenerating axons increased significantly,
whereas normal axons decreased significantly. Types II and III started to degenerate before
type I, while type IV axons did not seem to degenerate even after 40 days. Finally, we
observed in the degenerating PCT, the distribution of NADPH-d by histochemistry and the

immunoreactivity to NOS in order to characterize the hemocytes.
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INTRODUCAO

1.1- ORGANIZACAO GERAL DO CEREBRO DOS CRUSTACEOS

Nos crusticeos da ordem Decapoda, ganglio cerebral (ou cérebro) pode ser
subdividido em partes que sd3o denominadas em ordem rostro-caudal: protocérebro,
deutocérebro e tritocérebro (Figura 1). O protocérebro pode ser subdividido em trés
regides: a primeira, ganglios Opticos, ¢ constituida pela ldmina (para onde a retina se
projeta), medula externa e medula interna. Os axdnios que conectam a lamina ganglionar a
medula externa e esta & medula interna, formam quiasmas denominados quiasma distal
(externo) e proximal (interno), respectivamente (Figura 2). A segunda regido ¢ formada
pelo protocérebro lateral que contém dois neurdpilos: a medula terminal e o corpo
hemielipsoide. A terceira regido ¢ denominada de protocérebro medial sendo constituida
pelos neurodpilos protocerebral medial anterior e protocerebral medial posterior, além da
ponte protocerebral e do corpo central. As quatro regides do protocérebro lateral,
conhecidas como focos Opticos, recebem as proje¢des oriundas das medulas externa e
interna (Atwood e Sandeman, 1982).

No ganglio cerebral dos crusticeos existem muitos tractos (estruturas contendo
axonios e cé¢lulas gliais, sem corpos celulares neuronais) que fazem conexdo com areas de
neurdpilos, além de um namero de feixes de axdnios que cruzam o cérebro formando
comissuras. E neste contexto que podemos identificar os seguintes tractos e comissuras

presentes no ganglio cerebral dos crustaceos, em especial, do caranguejo (Figura 1):



o Tracto Optico — faz conexdo entre o Gltimo ganglio optico, a medula interna e o
protocérebro lateral.

. Tracto Protocerebral (TPC) — axonios deste tracto conectam a medula terminal e o
corpo hemielipséide com o protocérebro medial anterior.

o Tracto Globular Olfativo (TGO) — este tracto faz a conexao do corpo hemielipséide
e medula terminal com os lobos olfativo e acessorio em ambos os lados do ganglio cerebral.
Através do corpo central, o TGO faz conexao com os neuropilos do tracto globular olfativo
que se encontram posteriormente ao ganglio cerebral. O TGO forma um subgrupo de
axonios de pequeno calibre no TPC.

o Comissura Deutocerebral: esta comissura liga o deutocérebro de um lado com o
deutocérebro contralateral. Em alguns caranguejos nao ¢ identificada, estando presente nos
lagostins e lagostas.

. Conjuntivos Esofageais: sdao dois tractos que ligam o cérebro ao ganglio

subesofageal ¢ ao corddo ventral (Sandeman et al., 1992).
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Figura 1- As regides do cérebro e neurodpilo que podem ser identificadas no sistema nervoso dos
crustiaceos decapodos. Os nimeros em romano representam as subdivisdes do protocérebro: I- ginglios
opticos, II- protocérebro lateral e III- protocérebro mediano; DC= deutocérebro; TC= tritocérebro.
Abreviacdes - L: 1amina, ME: medula externa, MI: medula interna, MTe: medula terminal, CH: corpo
hemielipsoide, NPMA: neurépilo protocerebral medial anterior, NPMP: neurdpilo protocerebral
medial posterior, PP: ponte protocerebral, CC: corpo central, LO: lobo olfativo, NLA: neurépilo
lateral da anténula, NMA: neurépilo mediano da anténula, LA: lobo acessorio, NAn: neurépilo da
antena, NT: neurodpilo tegumentario, TPC: tracto protocerebral, TGO: tracto globular olfativo, CD:

comissura deutocerebral (Modificado de Sandeman et al., 1992).



Figura 2- Visdo esquematica da retina e dos ganglios épticos do pedinculo do lagostim. Abreviagdes - Re:
retina, QE: quiasma externo, QI: quiasma interno, L: lAmina, MB: membrana basal, ME: medula externa,

MI: medula interna. Modificado de Strausfeld e Néssel (1981).



1.2- ORGANIZACAO GERAL DO TPC NOS CRUSTACEOS

1.2.1- GENERALIDADES

A partir das informagdes gerais apresentadas sobre o cérebro dos crustaceos no item
anterior, apresentaremos as informacdes do TPC, objeto de estudo desta tese. No TPC
também denominado de nervo Optico ou tracto Optico (Mellon et al.,1976; Sandeman et
al.,1992) encontramos axdnios que conectam a medula terminal ¢ o corpo hemielipsodide
com o protocérebro medial anterior (Sandeman et al., 1992). O TPC varia de acordo com o
modelo animal estudado. As varia¢des estdo relacionadas com os diferentes didmetros dos
axonios encontrados em diversas espécies, como os lagostins das espécies Orconectis
australis packardi, Cambarus tenebrosus e Procambarus clarkii. Provavelmente no TPC
das trés espécies de lagostins existem axonios motores na por¢do proximal do pedinculo
optico (representados por axonios de grande calibre) que promovem a conexao da base do
pedunculo Optico com o musculo oculomotor, localizado apenas na parte proximal do
pedunculo. Assim, a auséncia de axonios de grande calibre na por¢ao distal do pedunculo
nestes animais seria justificada pela auséncia do musculo (Cooper et al., 2001).

No TPC de diversos crustaceos tem sido identificado um grupo de axonios que
constituem o TGO (Sandeman et al.,1992; Sandeman et al.,1993; Cooper et al., 2001).
Segundo Cooper et al.(2001), através de estudos -ecletrofisiologicos ¢ analises
ultraestruturais, estes axonios seriam de pequeno calibre. Os referidos autores confirmaram

que estes axonios conduzem informagdes olfativas ao corpo hemielipsoide.



1.2.2- AXONIOS NO TRACTO PROTOCEREBRAL

Os axonios no TPC possuem diversos didmetros e ndo estdo organizados em um
padrdo regular (Corréa et al., 2005). Axonios de grande calibre sdo encontrados ao lado de
axonios de pequeno e médio calibres. Segundo Allodi et al. (1999), ndo existe uma
correlagdo evidente entre o didmetro do axdnio e a espessura do seu embainhamento pelas
células da glia. No axoplasma das fibras do TPC s3o encontradas estruturas vesiculares,
provavelmente relacionadas com o reticulo endoplasmatico, perfis mitocondriais,

localizados especialmente na periferia, e microtibulos (MTs) (Allodi e Taffarel, 1999).

1.3- FILAMENTOS INTERMEDIARIOS

Os filamentos intermediarios fazem parte do citoesqueleto de células dos
vertebrados e possuem um didmetro de 10 nm. O citoesqueleto ¢ formado principalmente
por filamentos intermediarios, microfilamentos e microtibulos. A organizagdo dos
filamentos intermediarios e sua associagdo com a membrana plasmatica sugerem que a sua
funcdo principal seja estrutural, isto é, de suporte mecanico para a membrana plasmatica
onde esta faz contato com outras células ou com a matriz extracelular, desempenhando um
papel de refor¢o celular ou organizagao das células em tecido (Liu et al., 2004; Petzold,
2005). Assim como os MTs e microfilamentos, os neurofilamentos (NFs) exibem um papel
relacionado com a motilidade (Lariviere e Julien, 2004).

Em relacdo aos vertebrados, os filamentos intermediarios constituem uma
superfamilia de proteinas que tém em comum o dominio a-hélice, o qual forma a sua

estrutura basica. Além disso, estes filamentos possuem em extremidades opostas o



terminal-N (amino) e o terminal-C (carboxila). Funcionalmente, estes dois dominios
exibem papéis distintos entre si: enquanto o primeiro estd relacionado a formagdo de
filamentos, o segundo regula o calibre do filamento (Geisler, 1998).

A formacao dos filamentos intermedidrios segue etapas para que eles atinjam um
diametro final de 10 nm. Na primeira etapa, o mondmero (constituido por um dominio
central o-hélice, terminal-N e terminal-C) une-se a outro mondmero formando um
heterodimero paralelo. A segunda etapa para a constitui¢do de filamentos intermediarios ¢ a
unido de dois heterodimeros, dispostos em sentidos opostos, ou seja, o terminal-N de um
heterodimero estd paralelo com o terminal-C de outro heterodimero, formando assim um
tetrdmero antiparalelo. A unido de tetrameros formara protofilamentos e os pares de
protofilamentos dispostos lateralmente constituird a protofibrila. Na ltima fase ocorre uma
associacgdo lateral de quatro protofibrilas que formam o filamento intermediario (Figura 3)

(Petzold, 2005).
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Figura 3 — Formacdo do NF. Os dominios centrais das subunidades dos NFs sido entrelacados
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para formar dimeros. Os dimeros sao dispostos de forma antiparalela para formar tetrimeros que, por

sua vez, formam protofilamentos e finalmente formam um NF de 10 nm. Retirado de Petzold (2005).



De acordo com a similaridade entre os filamentos intermedidrios, eles podem ser
divididos em classes ou tipos (tabela 02). A expressdo de cada proteina de filamento
intermedidrio € caracteristica de determinado tecido ou célula. As classes de proteinas sdao
amplamente divergentes na seqiiéncia e variam em relagdo ao peso molecular.

Tabela 02 — Classificacio dos tipos de filamentos intermediarios

Tipol queratinas acidas

Tipo I queratinas basicas

Tipo III desmina, GFAP, vimentina, periferina

Tipo IV subunidades do neurofilamento (leve, médio e pesado), internexina e nestina

Tipo V lamina (A, B e C)

Os NFs sao compostos de trés subunidades, e essas subunidades sdo definidas de
acordo com peso molecular: NF-L (leve), NF-M (médio) e NF-H (pesado), que sdo 60 kDa,
100 kDa e 110 kDa, respectivamente. Essas subunidades apresentam peso molecular mais
elevado na eletroforese com gel de poliacrilamida — SDS (PAGE): 68 kDa, 160 kDa e 205
kDa, respectivamente, em virtude de uma carga negativa de aminoacido (acido glutamico)
em suas seqiiéncias ¢ modificacdes apds a tradugao, tais como: fosforilagdo e glicosilagao
(Liu et al., 2004; Petzold, 2005).

Em estudos utilizando crustaceos, ndo tem sido observada ultraestruturalmente a
presenca de NFs (Lasek et al., 1985; Fyrberg e Goldstein, 1990; Goldstein e Gunawardena,
2000). Phillips et al. (1983) procuraram evidenciar proteinas do tecido nervoso do lagostim
através do método de coloragdo de prata de Bodian (seletivo para NFs) e concluiram que o
lagostim ndo continha polipeptideos com afinidade para esta coloragdo, sugerindo que o
sistema nervoso dos artropodos ndo contém NFs ou filamentos intermedidrios. Desta forma,

a existéncia de filamentos intermediarios nos artrépodos nio tem sido comprovada na



literatura. Os artropodos nao possuem filamentos intermedidrios, mas para os demais
invertebrados esta afirmativa ndo se aplica, pois alguns pesquisadores tém encontrado
filamentos intermediarios em outros filos de invertebrados (Adjaye et al.,1995; Johansen ¢
Johansen, 1995; Geisler et al.,1998). Nos estudos feitos por Geisler et al. (1998) os autores
relatam que o nematodo Ascaris suum ¢ o molusco Helix pomatia possuem proteinas de
filamento intermediario com um dominio central contendo aproximadamente 350
aminoacidos, semelhante as laminas nucleares - que sdo filamentos intermediarios do tipo
V - encontradas nos vertebrados. Nos vertebrados este dominio possui aproximadamente
310 aminoacidos. A posicao evolutiva exata da modificagio de um longo dominio das
proteinas (350 aminoacidos) dos filamentos intermedidrios encontradas nos invertebrados
para um curto dominio (310 aminoacidos) nos vertebrados nao ¢ conhecida. Acredita-se
que esta diferenga tenha ocorrido na divisdo do filo de metazoarios deuterostomicos
(equinodermos, cordados e varios outros filos menores) antes da divisdo dos cordatos, que
inclui os vertebrados (Geisler et al.,1998). Embora Karabinos et al. (2001) tenham
afirmado que os filamentos intermediarios ndo estdao presentes nos artropodos, Kumar et al.
(1996) utilizaram a antena de duas espécies de inseto, Antheraea polyphemus ¢ Antheraea
pernyi, para verificar a existéncia ou ndo de filamentos intermedidrios. Através de
eletroforese com anticorpo monoclonal anti-GFAP observaram que duas proteinas com
peso molecular de 40 kDa e 66 kDa foram reconhecidas no Antheraea pernyi. Os referidos
autores realizaram microscopia eletronica de transmissdo analisando as antenas da
Antheraea polyphemus e constataram a existéncia de finas conexdes entre os MTs e entre
0os MTs e a membrana plasmatica. Segundo estes autores, a identificagdo de proteinas nos
dendritos localizados nas antenas destes animais nao significa necessariamente que estas

\

proteinas sejam filamentos, pois & microscopia eletronica nao foi observada nenhuma



estrutura filamentosa de 10 nm de didmetro, um dos aspectos que caracteriza o filamento
intermediario.

Weaver e Viancour (1991) identificaram no lagostim trés estruturas semelhantes aos
NFs: um polipeptideo de alto peso molecular (>200 kDa), reconhecido somente pelo
anticorpo monoclonal anti- NF-M de vertebrado (clone NN18), um polipeptideo de 40 kDa,
reconhecido por 3 anticorpos monoclonais, ¢ um polipeptideo de 66-84 kDa, reconhecido
por 9 dos 263 anticorpos monoclonais anti-NF testados. Desta forma, ndo existe uma
completa homologia antigénica entre as proteinas ¢ os NFs dos mamiferos quando
comparados com os de invertebrados. Entretanto, a persisténcia de epitopos homdlogos
pode indicar seqiiéncias funcionais que sdo essenciais para a sobrevivéncia celular (Weaver
e Viancour, 1991).

Nos estudos de Johansen e Johansen (1995) utilizando duas espécies de anelideos:
Hirudo medicinalis ¢ Haemopis marmorata, foi verificado que estes animais possuem
filamentos intermediarios. Estes filamentos quando comparados com as laminas nucleares e
com os filamentos intermediarios de vertebrados possuem uma similaridade com as laminas
nucleares. Sendo assim, sugere-se um predecessor comum para as laminas e para os
filamentos intermediarios de invertebrados (Adjaye et al., 1995; Johansen e¢ Johansen,
1995; Geisler et al., 1998).

1.4- MICROTUBULOS AXONAIS

Os MTs sdo polimeros do citoesqueleto constituidos de repeti¢des de heterodimeros
de a e P tubulinas essenciais para, entre outras fungdes, o transporte e a divisao celular nas
células eucaridticas. A regulacdo do MT inclui a transcricdo de diferentes isotipos de
tubulina, a unido de heterodimeros de a e B tubulinas, a modificagdo apds a tradugdo da

tubulina, bem como a intera¢do com proteinas associadas ao MT (Nogales, 2000).



A formagao dos MTs ocorre pela unido de heterodimeros de o e B tubulinas para
constituir protofilamentos (pares dispostos linearmente de subunidades alternadas de o e -
tubulina) e estes se unem para formar o MT (Figura 4). Estas subunidades sdo encontradas
em todas as células eucaridticas e sua seqiiéncia ¢ altamente conservada. Interacdes
longitudinal e lateral entre as subunidades de tubulina sdo responsaveis pela manutengdo da

forma tubular do MT (Nogales, 2000).
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Figura 4- Heterodimeros de tubulina se unem para constituir protofilamentos com

subunidades de o e B tubulinas alternadas para formac¢io do MT. Modificado de Lodish et al. (1995).

Para a formacdo dos dimeros de tubulina ¢ necessaria a presenca da chaperonina
citosolica, denominada de CCT, ¢ um heteroligdbmero formado por oito subunidades
diferentes que estdo agrupadas em um hexadecamero de dois anéis. Estas subunidades
agem ndo somente como uma unidade complexa de CCT, mas existem também nas células
como subunidades individuais ou oligomeros menores (Llorca et al., 1999). Dessas oito
subunidades diferentes, quatro delas (a.,y,¢,7) estdo envolvidas na formagao de MTs in vitro

(Roobol et al., 1999). Estes achados sugerem que as subunidades da CCT podem



desempenhar um papel na regulacao do MT, além de seu envolvimento direto na formagao
de tubulina.

A tubulina requer co-fatores adicionais de chaperonina que se ligam
seqliencialmente aos mondmeros de a e B tubulinas, e estes sdo necessarios para a formagao
do heterodimero de tubulina. Os produtos intermediarios liberados da CCT sao capturados
e estabilizados por co-fatores B ¢ E, para a a tubulina, ¢ A ¢ D, para B tubulina (Nogales,
2000). Os complexos diméricos aE e BD interagem e sdo ligados pelo co-fator C, com a
formacgao transitéria de um complexo pentamérico. Finalmente, a hidrdlise de GTP por f3
tubulina neste complexo age como um trilho para liberar os dimeros de tubulina (Figura 5).
Desta forma, os co-fatores podem ser vistos como proteinas ativadas por GTPase para os
dimeros de tubulina. Os co-fatores sdo importantes na regulacao da relagdo o /p tubulina. A
formagao e fun¢do normais de MTs requerem a manutencdo dos niveis de tubulina. Por
exemplo, o excesso de P tubulina em leveduras ¢ letal e até mesmo quantidades levemente
acima do normal causam fendtipos graves. O complexo dimérico aE ¢ BD podem ser
formados a partir dos heterodimeros de tubulina e co-fatores E e D. J4 os co-fatores A e B,

embora ndo participem da formagdo de tubulina in vitro, fornecem uma reserva de tubulina

(Nogales, 2000).



Figura 5 — Ilustracido da chaperonina e interacdes de co-fatores com a o/ tubulina, necessarias

para a formacio de dimeros de tubulinas (Nogales, 2000).

Em virtude de todos os protofilamentos no MT possuirem a mesma orientagdo, uma
extremidade do MT ¢ constituida pela o tubulina, enquanto a extremidade oposta, pela 3
tubulina. Além disso, o MT € uma estrutura polar, pois possui uma extremidade positiva e
outra negativa (Tran et al., 1997).

Os MTs sdo estruturas tubulares de 25 nm de espessura, com extensdo variando até
1000 um dispostos de forma longitudinal nos ax6nios. Os MTs sdo compostos por 13
protofilamentos, cada um com 5 nm de largura, e estdo presentes nos axonios de

vertebrados e invertebrados. Os protofilamentos podem variar em relagdo aos niimeros,



sendo possivel, por exemplo, alguns MTs em neuronios de nematoides conter 11 ou 15
protofilamentos (Karabinos et al., 2001).

Os MTs sao caracterizados pela presenca de proteinas de associagdo, denominadas
de MAPs. Originalmente obtidas do cérebro de mamiferos, foram identificadas pela co-
purificacdo com a tubulina durante um ou mais ciclos de polimerizagao/despolimerizacao
nos experimentos in Vitro ¢ por sua habilidade de estimular a agregagdo de tubulina
(Campbell et al., 1989). A organizagdo do citoesqueleto depende da associagdo de
proteinas, tais como as MAPs. As MAPs incluem MAP-1A, MAP-1B, MAP-1C, MAP 2 ¢
MAP 4, além de componentes menores como a proteina tau e MAP-2C (Maccioni e
Cambiazo, 1995). As MAPs sdo consideradas estabilizadores de MT e geralmente sdo
filamentosas, ¢ muito pouco ¢ conhecido sobre sua estrutura terciaria. A MAP 2, a MAP 4 ¢
a proteina tau possuem o terminal C conservado, o dominio ligante ao MT. Além disso, as
MAPs ligam-se aos MTs via dominio N-terminal. Além das conhecidas MAPs existe a
proteina STOP, regulada pela calmodulina, gerando uma estabilidade do MT quando
exposto a baixa temperatura ou a drogas despolimerizantes. Esta proteina é responsavel
pela estabilizagdo de MT nos neurdnios para a formagdo de dendritos normais. Um tipo
especial de MAP estrutural, encontrada em equinodermas e humanos, é a proteina EMAP.
Ao contrario das tradicionais MAPs, como MAP 2, MAP 4 e tau, a ligagdo da EMAP a
tubulina ndo ¢ afetada pela clivagem da porg¢ao final do terminal C da tubulina pela enzima
subtilisina. A EMAP liga-se tanto aos MTs quanto aos dimeros de tubulina (Hamill et al.,
1998).

Em crustaceos, existe pelo menos uma diferenca na estrutura dos MTs comparada
aos vertebrados: os bragos-laterais partindo dos MTs de vertebrados sdo constituidos

principalmente por proteinas tau e proteinas associadas ao MT, as MAPs (Hirokawa, 1986),



enquanto que nos crustaceos foi relatada a existéncia da MAP 2. Os MTs estdo presentes
em todos os neurdnios, especificamente, nos axonios e participam dos transportes axonal
anterégrado e retrogrado, bem como, da conformagdo dos axénios (Nadelhaft, 1974; Liu et

al., 2004).

1.5- OXIDO NITRICO SINTASE
O ¢6xido nitrico (ON) é uma molécula mensageira em inimeros eventos bioldgicos
nos vertebrados, incluindo defesa imunoldgica, relaxamento de musculo liso e
neurotransmissdo. A presenga da ON sintase (ONS) nos tecidos de vertebrados e
invertebrados aponta para um amplo papel do ON como uma molécula de sinalizacio

(Johansson e Carlberg, 1995).

1.5.1- SINTESE E ACAO GERAL DO OXIDO NiTRICO

A via L-arginina/ON que gera ON nos tecidos de mamiferos ¢ um processo
enzimatico complexo envolvendo um nimero grande de reacdes e alguns co-fatores/co-
enzimas (Kerwin ¢ Heller, 1994; Knowles ¢ Moncada, 1994; Kim et al., 2004). ON ¢
quantidade equimolar de L-citrulina s@o sintetizados a partir da L-arginina pela enzima
ONS, que pertence a familia de isoenzimas derivadas de genes diferentes (Figura 6)
(Johansson e Carlberg, 1995).

Devido as suas propriedades como molécula difusivel, o ON ¢ uma molécula
mensageira que rapidamente alcanga e age nas células vizinhas (Figura 6) (Muller, 1997).
Nos mamiferos, dependendo das propriedades bioquimicas, dentre as varias classificagdes
existentes, a ONS pode ser classificada em trés isoformas diferentes: 1) induzivel presente

em macrofagos e hepatocitos; 2) derivada de epitélio e 3) neuronal. Enquanto a enzima



ONS induzivel em macrofagos e hepatocitos ndo ¢ dependente de Ca®" e calmodulina, as

isoformas derivadas de epitélio e neuronio sdo dependentes (Bredt e Snyder, 1990).
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Figura 6 — Esquema da formacio e acdo do mensageiro ON (representado pelo circulo preto) no
sistema nervoso. Ocorre elevacio do calcio citosolico por canais de calcio voltagem-dependente
(CCVD), canais receptores ou por liberacio do calcio de estoque intracelular ativa a enzima ONS. A
ON sintase ativa converte L-arginina em ON e citrulina utilizando NADPH como co-fator. Devido a sua
propriedade, 0 ON formado pode atravessar as membranas a partir de seu local de producio e pode

agir, na forma difusa, nas células adjacentes. Retirado de Muller (1997).

A maioria das pesquisas de ON, em invertebrados, estuda o papel do ON como uma
substancia neuroativa. Uma das primeiras evidéncias do ON em invertebrados foi descrita
nos estudos de Radomski et al. (1991) sobre a agregagdo de hemoécitos no caranguejo
Limulus polyphemus. Neste estudo os autores verificaram que a agregagdo dos hemocitos
no caranguejo foi inibida pelo ON. Todavia, a maioria dos artigos, em invertebrados,

enfatiza os estudos experimentais da expressao do ON nas células neuronais destes animais



(Talavera et al., 1995; Johansson e Carlberg,1995; Miiller, 1997; Aonuma et al., 2000;
Aonuma e Newland, 2001) e poucas pesquisas estudam a atividade do ON correlacionando
as fungdes dos hemocitos (Jiang et al., 2006; Yeh et al., 2006).

De modo geral, duas técnicas histologicas usadas para localizar ONS em tecidos
fixados de mamiferos sdo: reacao histoquimica de NADPH-d e imuno-histoquimica usando
anticorpo anti-ONS. A rea¢do histoquimica de NADPH-d utiliza o NADPH para reduzir o
sal tetrazolio em precipitado de formazana (Figura 6). Nos vertebrados esta técnica fornece
um método convencional de localizagio da ONS dependente de Ca*"/calmodulina. Desta
forma, em mamiferos, a técnica de NADPH diaforase permite a deteccdo de células e
neuropilos que expressam a ONS (Johansson e Carlberg, 1995).

A histoquimica de NADPH-d no tecido nervoso de invertebrados revelou a presenca
de ONS em corpos neuronais, fibras sensoriais ¢ areas de neurdpilos em moluscos,
anelideos e artropodos e (Elofsson et al.,1993; Meyer, 1994). A reagdo histoquimica da
NADPH-d ndo marca qualquer estrutura no tecido nervoso de alguns invertebrados, tais
como: celenterados, turbelarianos e nematodos (Elofsson et al.,1993). Contudo, parece que
a NADPH-d esta presente em outros invertebrados que possuem o ganglio cerebral
centralizado e organizado em areas de neuropilo. A marcagdo da NADPH-d parece restrita
ao sistema olfatorio em artropodos e moluscos. Outras areas de neurdpilo com marcacao
positiva ao NADPH-d, incluem os lobos opticos de insetos (Elphick et al.,1993) e
fotorreceptores do molusco Helix aspersa (Cooke et al.,1994). Ja os neuropilos Opticos dos
insetos Apis ¢ Drosophila ndo apresentaram marcagdo positiva para NADPH-d (Miiller,

1994).



1.6- ASPECTOS MORFOLOGICOS DA DEGENERACAO AXONAL NOS
INVERTEBRADOS

Nos vertebrados, fibras nervosas do coto distal geralmente degeneram em poucos
dias apds a lesdo no processo conhecido como degeneragao Walleriana (Waller, 1850). As
mudangas iniciais, observadas ao microscopio eletronico, das fibras nervosas em
degeneragdo apos a lesdo sdo bem conhecidas (Martinez, 1999; Narciso et al., 2001), mas
este evento de degeneragdo ¢ pouco estudado em artropodos (Blundon et al., 1990; Tanner
et al., 1995). A caracteristica mais importante da degeneragdo axonal de vertebrados ¢ a
desintegracdo granular precoce do axoplasma em virtude do aumento dos niveis do Ca*"
intracelular (Martinez e Ribeiro, 1998) e subseqiiente ativacao de proteases dependente de
calcio, denominadas de calpainas. Os relatos descritos na literatura sobre as fibras nervosas
degeneradas de crustaceos ndo focalizam a desintegracdo do citoesqueleto, mas a resposta
das células da glia ap6s lesdao nervosa (Parnas et al., 1998).

Vérios estudos sobre a degeneracdo nervosa em invertebrados tém descrito as
mudangas ultraestruturais que ocorrem nas fibras nervosas submetidas a injaria (Hess,
1960; Rees e Usherwood, 1972; Nordlander e Singer, 1973; Clark, 1976; Cancalon, 1983;
Meiri et al., 1983; Blundon et al., 1990; Masuda-Nakagawa et al., 1993; Sickles et
al.,1994; Parnas et al., 1998; Jacobs ¢ Lakes-Harlan, 1999). Entretanto, devido a grande
diversidade de filo, ndo existe um consenso em relacao aos eventos degenerativos pos-lesao
em invertebrados. Algumas hipoteses sdo feitas a respeito do longo periodo de
sobrevivéncia dos axdnios lesados nos invertebrados. A primeira hipdtese seria que os
axonios tém a capacidade de sintetizar proteinas e, portanto, ndo dependeriam totalmente
do corpo celular para sobrevivéncia. A segunda hipotese seria a transferéncia de proteinas

das células da glia para os axonios. Apos uma lesdo, o axonio ¢ a glia apresentam mudangas



ultraestruturais o que facilitaria assim a transferéncia de proteinas da glia para os axonios.
A tultima hipotese seria a fusdo das células da glia com os brotos axonais. A glia “doaria”
seu nucleo ¢ a maquinaria necessaria para sintese de proteinas (Parnas et al.,1998).

Nos estudos ultraestruturais realizados por Nordlander e Singer (1973), a
degeneragdo de fibras sensoriais dos lagostins Procambarus e Cambarus surgiu 24 horas
apods a axotomia. Segundo estes autores, o padrao de degeneragdo das fibras nervosas nao
foi uniforme, as fibras adjacentes freqiientemente mostraram diferentes estagios de
degeneragdo, enquanto outras fibras mantiveram uma morfologia normal. Segundo os
autores, estas variagdes geralmente poderiam estar relacionadas com o didmetro da fibra, as
fibras maiores degenerando mais lentamente.

O aparecimento das mudancas degenerativas varia de acordo com o animal a ser
estudado. Nos vertebrados, os processos degenerativos da degeneracdo Walleriana -
mudangas degenerativas que ocorrem no broto distal do nervo que sofre esmagamento -
ocorrem 48 h ap6s lesdo do nervo (Martinez ¢ Ribeiro, 1998; Martinez, 1999). Todavia, a
realizacdo da axotomia de neurOnios centrais e periféricos em insetos produz pequenas
mudangas morfologicas dentro de 10 — 20 dias. Estas mudangas morfologicas podem levar
100 — 200 dias nos neurdnios motores do lagostim (Bittner et al.,1974). Este longo periodo
de sobrevida parece ser importante para orientar o broto proximal do axdnio para uma
regeneracdo efetiva (Nordlander e Singer, 1973; Meiri et al.,1983; Jacobs e Lakes-Harlan,
1999).

Diferente dos neur6nios motores, que possuem um tempo maior para o surgimento
dos processos degenerativos, os cotos distais de axonios sensoriais do lagostim usualmente

degeneram em 20 dias. Dos cotos proximais crescem novos Processos axonais para



restabelecer as conexdes do Sistema Nervoso Central (SNC) com uma velocidade
semelhante a que acontece nos axdnios de vertebrados ¢ insetos (Bittner et al.,1974).

A regeneragao ap6s dano em estruturas do SNC de invertebrados envolve diferentes
fendmenos, dependendo se o corpo celular neuronal ¢ destruido ou se somente os axdnios
sao lesados. Se os corpos celulares sao lesados, a regeneragao deve ocorrer pelo brotamento
de colaterais dos neurdnios ¢ pela glia remanescentes e¢/ou pela diferenciagdo de tecidos nao
neurais. Enquanto a regeneracao dos corpos celulares neuronais parece ndo ocorrer no SNC
de mamiferos, a regeneracao tem sido observada em estagios larval e adulto de vertebrados
inferiores. Estas observagdes sugerem que a habilidade para regenerar partes do corpo ou
tecidos tem diminuido durante a evolugéo filogenética (Bittner et al.,1974).

A regeneragao dos axonios sensoriais dos crustaceos parece seguir o padrao de
degeneragdo dos processos axonais distais dos vertebrados: ocorre o crescimento de novos
axonios a partir do coto proximal, e formagdo de novas conexdes sinapticas. Contudo, os
cotos distais de neurdnios motores dos crustaceos freqiientemente permanecem morfolégica
e fisiologicamente intactos por 100 - 200 dias e a velocidade de crescimento dos cotos
proximais ¢ menor que a observada nos axonios sensoriais lesados. Além disso, axdnios
motores lesados provavelmente regeneram por fusdo dos cotos proximais com 0s processos
distais sobreviventes (Hoy et al.,1967; Bittner et al.,1974). Contudo, se os axdnios motores

distais ja estdo degenerados, novas jungdes sinapticas podem surgir (Bittner et al.,1974).
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2- OBJETIVOS DO TRABALHO

2.1- Objetivo Geral
Estudar aspectos morfologicos do TPC normal e eventos que ocorrem na
degeneracdo. O interesse deste estudo estd na aquisicdo de conhecimentos da biologia do
SNC de crustaceos que podem servir como base para estudos. Em outras palavras, o estudo
de um SNC estruturalmente mais simples, porém funcionalmente complexo como os de
mamiferos, pode ser util como modelo em neurobiologia.

2.2- Objetivos Especificos

1- Identificar proteinas de NF no citoesqueleto do TPC;
2- Classificar os diversos axonios de acordo com a area;
3- Promover degeneracdo do TPC através da extirpagdo dos

pedunculos opticos e quantificar os axonios de diversos
calibres preservados e degenerados;

4- Quantificar os MTs, a densidade e a distancia entre os
MTs e a area axonal das fibras de duas areas axonais
distintas no TPC normal;

5- Verificar a presenca do oOxido nitrico induzivel nos

eventos degenerativos do TPC.
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3- MATERIAL E METODOS

3.1- MODELO ANIMAL EXPERIMENTAL

O modelo animal experimental utilizado neste trabalho ¢ o caranguejo comestivel
Ucides cordatus sp. (Linnacus, 1763) (Figura 7). Este animal é comumente encontrado nos
manguezais da costa leste do continente americano, desde a Florida nos Estados Unidos até

o Estado de Santa Catarina, no sul do Brasil (Coelho e Ramos, 1972).

Figura 7- Foto do caranguejo adulto macho Ucides cordatus utilizado nos experimentos. A carapaga

destes caranguejos adultos varia de 5- 8 cm de extensdo no sentido latero-lateral.



Foram utilizados 68 caranguejos adultos (machos) da espécie Ucides cordatus (ver
Apéndice 1), provenientes da Ilha do Governador, Rio de Janeiro, para analise morfoldgica
e bioquimica do TPC. Esta estrutura nervosa foi escolhida por ter sido objeto de estudo em
pesquisas anteriores neste laboratorio, representar o sistema nervoso central destes animais
e ser relativamente de facil acesso para o estudo proposto.

Para a padronizagdo do tempo de 07, 28, 40 e 45 dias pds-extirpacdo dos
pedunculos opticos para observacdo dos eventos degenerativos nos TPCs, nesta pesquisa
foram considerados dois aspectos importantes:

1) Identificagdo e observa¢dao de processos degenerativos iniciais no modelo animal
estudado (o que ocorreu no periodo de 07 dias apos extirpagdo cirurgica);

2) O tempo maximo de sobrevida dos animais.

Os animais foram divididos em quatro grupos com tempos de sobrevida de 7, 28, 40
e 45 dias, respectivamente. Os pedunculos Opticos extirpados dos animais serviram como
controle e foram submetidos a fixacdo por imersdo e processamento para as técnicas

utilizadas no presente trabalho.

3.2- DISSECCAO

Os caranguejos foram crioanestesiados por 30 minutos retirando-se em seguida os
pedunculos Opticos para a dissec¢do com instrumentacao cirdrgica apropriada.
Os pedunculos oOpticos foram extirpados da sua por¢do mais proximal, ligada ao

cefalotorax destes animais, e colocados em solugdo fixadora (glutaraldeido a 2% em



tampao fosfato 0,1M — pH 7,4 (TpPO,) para microscopia eletronica de rotina e formaldeido
a 4%, recém preparado de paraformaldeido, em TpPO4 0,1M — pH 7,4 para microscopia
optica) por 30 minutos antes da dissec¢do. A carapaca dos pedunculos Opticos foi retirada e
os TPCs utilizados como controle foram isolados.

Apos a extirpagdao dos pedunculos Opticos, os caranguejos foram mantidos em
recipientes com agua salobra e vegetais, a temperatura ambiente para, posteriormente,
serem estudados os processos degenerativos do TPC nos tempos de 07, 28, 40 ¢ 45 dias

pos-extirpagdo cirurgica.

3.3- MICROSCOPIA ELETRONICA DE TRANSMISSAO DE ROTINA

Os TPCs normais e degenerados (07, 28, 40 e 45 dias pos-extirpacdo dos
pedunculos 6pticos) foram fixados com a solug¢do supracitada, depois lavados duas vezes
em TpPO4 por um periodo de 5 minutos cada lavagem e, posteriormente, lavados em
tampao cacodilato (TpCaco) 0,1 M (pH 7,4) por 5 minutos. Em seguida, as amostras foram
pos-fixadas em tetroxido de 6smio 1% mais ferrocianeto de potassio 0,8% e cloreto de
calcio 5 mM, em TpCaco 0,1 M (pH 7,4), por 1 hora protegidas da luz.

Ap6s a impregnacao com tetroxido de dsmio, as amostras foram lavadas em TpCaco
0,1 M (pH 7,4), 3 vezes por 5 minutos cada. Posteriormente, as amostras foram colocadas
em solugdo aquosa de acetato de uranila a 1% durante a noite.

O processamento prosseguiu com a lavagem das amostras em agua destilada por 5
minutos e desidratagdo em concentracdes crescentes de acetona (30%, 50%, 70%, 80%,

90%). As amostras foram imersas duas vezes em cada concentra¢do de acetona por 7



minutos. Logo apos, completou-se a desidratacdo com duas passagens em acetona a 100%,
com duragao de 15 minutos cada uma.

A infiltracdo foi realizada com mistura de resina Polybed 812® e acetona 100% na
propor¢ao de 1:1 durante a noite.

No dia seguinte, as amostras foram infiltradas em resina Polybed 812® pura. O
emblocamento foi feito colocando resina em moldes de borracha e orientando as amostras
para obter cortes longitudinais ou transversais. Estes moldes de silicone com as amostras e
resina foram colocados em estufa a 60 °C durante 48 h para a polimeriza¢io da resina.

Os blocos foram aparados e cortados no ultramicrétomo MT 600 — XL (RMC
Incorporation). Os cortes semifinos (500 nm) foram obtidos com faca de diamante, colhidos
em laminas, corados com azul de toluidina e visualizados ao microscdpio Optico.

Os cortes ultra-finos (60-70 nm) foram colhidos em grades de cobre, contrastados
em acetato de uranila (solucdo aquosa a 5%) durante 30 minutos e posteriormente, em
citrato de chumbo (Reynolds, 1963) durante 10 minutos. Desta forma, os espécimes
puderam ser observados e fotografados ao microscépio eletronico de transmissdo (Zeiss

900) operado em uma voltagem de 80kV.



3.4- IMUNO-HISTOQUIMICA

A técnica imuno-histoquimica foi utilizada para evidenciar a proteina de NF e a
ONS.

A diluicdo e os anticorpos primarios estdo relacionados na tabela abaixo:

Tabela 1 — Relagao de anticorpos, dilui¢io e fonte utilizados na imuno-histoquimica

Anticorpo primario Espécie Diluicio Fonte Anticorpo secundario Diluicao
Anti-ON induzivel coelho 1:500 Sigma Alexa 546 1:500
Anti-NF-L/clone NR4  camundongo 1:200 Sigma CY; 1:600
Anti-NF-M/clone NN18 camundongo  1:40 Sigma CY; 1:600
Anti-NF-H/clone N52 ~ camundongo  1:400 Sigma CY; 1:600

Os pedunculos Opticos foram extirpados para a dissec¢do dos TPCs e
posteriormente mantidos em imersdo em paraformaldeido 4% por 1 hora. Em seguida
foram feitas as lavagens em PBS por 15 minutos; PBS e 10% sacarose por 30 minutos no
agitador; PBS e 20% sacarose, durante a noite, na geladeira. No dia seguinte o material foi
incluido em OCT para obtencdo dos cortes congelados.

O protocolo adotado para a imuno-histoquimica foi:

o Cortes obtidos no criostato (modelo Leica CM 1850) com espessura de 10 pm e
colhidos em laminas gelatinizadas;
o Lavagem do material em tampao fosfato em solugdo salina (PBS)-Triton 0,3% -
0,1 M (pH 7,4), 5 vezes, 5 minutos;
. Bloqueio dos sitios inespecificos com soro normal de cabra 10% em PBS —

Triton 0,3% - 0,1 M (pH 7,4), 1 hora em camara umida;



. Incubagdo em anticorpo primario — diluido em concentracdo recomendada, em
solucdo de lavagem tampao fostato em solucdo salina e albumina de soro bovino
(PBS/BSA) durante a noite, em cAmara umida na geladeira;

° Lavagem — PBS 0,1 M (pH 7,4), 5 vezes, 5 minutos cada;

. Incubagdo em anticorpo secundario, em solucdo de lavagem, 2 horas em camara

umida, no escuro;

° Lavagem — PBS 0,1 M (pH 7,4) 9 vezes, 5 minutos cada;
. Montagem das laminas com N — propilgalato;
. Observacdo e documentacdo fotografica em microscopio de fluorescéncia

(Zeiss), com filtro para rodamina, utilizando filme colorido ou preto e branco com

sensibilidade de 400 ASA ou aquisi¢do das imagens por camera digital.

3.5- WESTERN BLOTTING

3.5.1- Determinacao de proteinas
Os TPCs isolados e dissecados foram mantidos em tubo de vidro contendo pequena
quantidade de PBS (0,5 ml) e, para manter a integridade das proteinas, foram mantidos a -
20°C. Os TPCs foram homogeneizados em um tubo e uma aliquota foi usada para
determinar a concentracdo de proteina de acordo com o método Folin-phenol descrito por

Lowry et al.(1951), usando BSA como padrao.

3.5.2- SDS-PAGE e Immunoblotting
As proteinas do TPC foram separadas e identificadas em gel de eletroforese
poliacrilamida-dodecilsulfato de sédio 12,5%, utilizando um Mini PROTEAN 3 System

(Bio-Rad Laboratories, Hercules, Calif., USA) em 60 mA/gel. As proteinas foram



transferidas em 350 mA para uma membrana de nitrocelulose Hybond (Amersham
Pharmacia Biotech, Germany), usando o mesmo sistema Bio-Rad descrito anteriormente
por aproximadamente 90 minutos. A membrana de nitrocelulose contendo as proteinas
imobilizadas foi bloqueada com leite em pd desnatado (5%) e BSA (1%) em salina TRIS,
contendo Tween (TBS;) 0,001% por 90 minutos. Apos o bloqueio, a membrana foi lavada
duas vezes em TBS; ,em movimento constante, por 3 minutos. Em seguida, a membrana foi
incubada com anticorpo monoclonal anti-NF-M (NN18-clone, 1:200, Sigma), em
movimento constante, por 2 horas, a temperatura ambiente. A membrana foi lavada
novamente (5 vezes, 3 minutos cada) com TBS; O anticorpo secundario utilizado foi anti-
camundongo HPR (1:2000), que foi incubado na membrana, por 90 minutos, a temperatura
ambiente, e lavado como descrito anteriormente. O NF foi detectado utilizando o sistema
de quimioluminescéncia ECL (Amersham, Buckinghamshire, UK) ¢ um filme de
diagnostico (Amersham Pharmacia Biotech, UK). O peso molecular foi determinado

utilizando um padrdo de peso molecular da Sigma.

3.6- ANALISE QUANTITATIVA DOS AXONIOS NORMAIS E DEGENERADOS
POS-EXTIRPACAO DOS PEDUNCULOS OPTICOS

A quantificagdo foi realizada nos animais de 28 e 40 dias pds-extirpacdo cirirgica
dos pedunculos opticos. Foi utilizado microscopio eletronico de transmissdo para
fotografar, de modo sistematico, 10 fotos de cada corte transversal dos tractos no aumento
de 4.400 x. Um total de 80 fotos foi obtido, sendo 40 fotos para cada intervalo de tempo de
lesdo, utilizando 4 animais para cada grupo, ou seja, 40 fotos de animais do grupo de 28
dias pos-lesdo e 40 fotos de animais do grupo de 40 dias pos-lesdo. Todas as fotos foram

copiadas eletronicamente e a analise quantitativa foi realizada usando programa Image Pro



Plus (Media Cybernetics). Um total de 3.221 fibras nervosas foram medidas e contadas. Os
seguintes parametros foram comparados: nimero de fibras normais e degeneradas. A area
transversal dos axdnios também foi medida nas fibras nervosas normais e degeneradas e
calculada a porcentagem das fibras normais e degeneradas de acordo com o tamanho das
fibras, nos grupos de 28 e 40 dias pos-lesdo. Os resultados destas quantificagdes foram
analisados estatisticamente utilizando o teste de Mann-Whitney e o programa Prism (Graph

Pad Inc.). Diferencas foram consideradas significativas para p<0,05.

3.7- ANALISE MORFOMETRICA DOS MICROTUBULOS DE AXONIOS DE
DOIS TAMANHOS DISTINTOS NO TPC NORMAL

Apds o processamento do material bioldgico para a microscopia eletronica de
transmissdo conforme descri¢do no item 3.3 — Materiais ¢ Métodos, a analise quantitativa
foi realizada de acordo com o protocolo a seguir, em amostras de cinco caranguejos
machos. De modo sistematico, 10 fotos de cada corte transversal foram obtidas em
aumentos de 3.000x; 4.400x ou 5.000x, dependendo do tamanho do axénio. Um total de 50
eletromicrografias foi obtido de cada animal. Todas as fotos foram copiadas
eletronicamente e a analise quantitativa foi realizada usando programa Image Pro Plus
(Media Cybernetics).

Os axonios do TPC foram classificados em 4 tipos, de acordo com a area axonal, a
saber: tipo I - < 2,00 pm?; tipo I — 2,01- 50,00 pm?; tipo IIT — 50,01- 200,00 um?; tipo IV >
200,01 pm®. Estudamos, por meio de analise quantitativa, os axonios tipos I ¢ II, pois ndo
foi possivel a completa visualizagdo ao microscopio eletronico de transmissdo dos axonios

dos tipos Il e IV, mesmo em menores aumentos.



Os seguintes parametros foram analisados: a area axonal, o nimero de MTs, a
densidade dos MTs e a distancia entre os MTs. Em virtude das dimensdes pequenas dos
bracos laterais que partem dos MTs e da dificuldade na observagao do comprimento real e
continuidade dos bragos laterais, nao foi possivel a inclusdo deste parametro na analise. As
analises comparativas foram realizadas utilizando o teste Mann-Whitney, as correlagdes
foram feitas com o coeficiente de Spearman e o programa Prism (Graph Pad Inc.) para a

aplicacao dos testes. Diferencgas foram consideradas significativas para p<0,05.

3.8- IMUNOELETROMICROSCOPIA

Durante a dissec¢do dos caranguejos, os TPCs foram fixados com paraformaldeido
a 4% mais glutaraldeido a 0,1% em TpCaco 0,1 M (pH 7,4) associado a acido picrico 0,2%.
O material permaneceu durante a noite na mesma solucdo fixadora. No dia seguinte as
amostras foram lavadas em TpCaco 0,1 M (pH 7,4), 3 vezes por 5 minutos cada.
Posteriormente, as amostras foram desidratadas em banho de etanol com duragdo de 30
minutos para as concentracdes de 30% e 50%, por lh para concentragdo de 70% e 3
lavagens de 40 minutos cada, para concentracdo de 90%.

Ap0s desidratacdo, as amostras foram infiltradas em resina LR White e etanol 90%
na propor¢do de 1:2 durante a noite, em temperatura de 4°C.

No dia seguinte, as amostras foram infiltradas em resina LR White e etanol 90% por
1 hora na propor¢do de 1:1 e 2:1. Apds a infiltragdo, os espécimes foram colocados em
resina pura LR White durante a noite, em temperatura de 4°C.

No dia seguinte as amostras foram colocadas em resina pura LR White, 2 vezes, por
1 hora cada. Os espécimes foram incluidos e processados para imunoeletromicroscopia

utilizando o anticorpo anti-neurofilamento médio - clone NN18.



O protocolo utilizado foi:
. Lavagem do material em PBS 0,1 M/ BSA 1% por 10 minutos;
o Bloqueio dos sitios inespecificos com PBS 0,1 M/BSA 1% com cloreto de
amoénio 50 nM por 10 minutos;
. Incubacdo em anticorpo primario + PBS 0,1 M/BSA 1% durante a noite em
camara Umida na geladeira;
. Lavagem em PBS 0,1 M/BSA 1%, 2 vezes, 10 minutos;
. Incubagdo em anticorpo secundario com ouro coloidal [IgG + IgM de cabra anti-
camundongo (10 nm) para ME, Pelco, Ted Pella, BBI] — diluigdo 1:100 + PBS 0,1 M/BSA

1% por 2 horas em camara umida a temperatura ambiente;

° Lavagem em PBS 0,1 M/BSA 1%, 15 minutos;
. Lavagem em agua destilada, 2 vezes, 15 minutos;
. Contrastagdao em acetato de uranila 1%, 20 minutos a temperatura ambiente;

o Lavagem em 4gua destilada, 2 vezes.



RESULTADOS



4.1- IDENTIFICACAO DE PROTEINA DE NEUROFILAMENTO MEDIO NO TPC
NORMAL

Os resultados apresentados neste item estdo no artigo intitulado “Identification of a
neurofilament-like protein in the protocerebral tract of the crab Ucides cordatus”,
publicado na revista Cell Tissue and Research (2004) 318: 609-615, que se encontra apds
este item. Os niimeros das figuras aqui mencionados referem-se aos do artigo publicado.

Os NFs ndo sdo observados em crustaceos utilizando microscopia eletronica de
transmissao de rotina, e filamentos intermediarios ndo sdo descritos em crustaceos e outros
artropodos utilizando imuno-histoquimica. Em estudo utilizando o anticorpo clone NN18,
houve marca¢do nos bracos laterais dos MTs de lagostins. Para verificar se existem
proteinas de NF similares aos de mamiferos no TPC do caranguejo Ucides cordatus,
utilizamos a técnica de imuno-histoquimica, microscopia eletronica de transmissdo,
Western blotting e imunoeletromicroscopia.

Utilizamos na imuno-histoquimica, anticorpos monoclonais contra as subunidades
diferentes de NF: NF-H, NF-M e NF-L. A marcacdo foi observada utilizando o clone
NNI18, que reconheceu a subunidade NF-M (Figura 2).

Para confirmar os resultados obtidos na imuno-histoquimica, realizamos o Western
blotting utilizando os anticorpos monoclonais, e a presen¢a da subunidade de NF-M foi
confirmada. O anticorpo monoclonal, clone NN 18, reconheceu uma proteina de peso
molecular = 160 kDa, similar a proteina de NF-M de mamiferos, mas as subunidades NF-L
e NF-H ndo foram observadas (Figura 4).

A microscopia eletronica de transmissdo foi utilizada para observar a ultraestrutura

dos componentes do citoesqueleto dos axonios. Na microscopia eletronica de transmissao



foram observados bracos laterais partindo dos microtiibulos nos axdénios de pequenos,
médios e grandes calibres, nos cortes transversais. Os bragos laterais exibem um padrao
mais regular de organizacao e em alguns locais, os bracos laterais ligam MTs (Figura 3).

A imunoeletromicroscopia foi utilizada para observar a distribuicdo de polipetideos
de NF-M simile nos elementos do citoesqueleto do TPC. Utilizando o anticorpo primario,
clone NNI18, nas reacdes de imunoeletromicroscopia, observou-se particulas de ouro

proximas aos MTs e associadas aos bragos laterais (Figura 5).
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Abstract Neurofilaments (NFs) have not been observed
in crustaceans using conventional electron microscopy,
and intermediate filaments have never been described in
crustaceans and other arthropods by immunocytochemis-
try. Since polypeptides, labeled by the NNI18-clone
antibody, were revealed on microtubule side-arms of
crayfish, we have tested, in this study, whether proteins
similar to mammalian NFs are present in the protocerebral
tract (PCT) of the crab Utides cordatus. We used
immunohistochemistry for light microscopy with mono-
clonal antibodies against three different NF subunits, high
(NF-H), medium (NF-M), and light (NF-L). Labeling was
observed with the NN18-clone, which recognizes NF-M.
In order to confirm the results obtained with the immu-
nohistochemical reactions, Western blotting, using the
three primary antibodics, was performed and the presence
of NF-M was confirmed. The NN18-clone monoclonal
antibody recognized a protein of =160 kDa, similar to the
mammaliam NF-M protein, but NF-L and NF-H were not
recognized. Conventional transmission electron microsco-
py was used to observe the ultrastructural components of
the axons and immunoelectron microscopy was used to
show the distribution of the NF-M-like polypeptides along
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cytoskeletal elements of the PCT. Our results agree with
previous studies on crustacean NF proteins that have
reported negative immunoreactions against NF-H and NF-
L subunits and positive immunoreactions against the
mammalian NF-M subunit. However, the protein pre-
viously referred to as P600 and recognized by the NN18-
clone, has a very high molecular weight, thus, being
different from mammalian NF-M subunit and from the
protein revealed now in our study.

Keywords Decapod crustaceans - Cytoskeleton -
Immunohistochemistry - Westem blotting -
Immunoelectron microscopy - Ucides cordatus (Crustacea)

Introduction

Intermediate filaments (IFs) are heteropolymers composed
of multiple subunits with different biochemical properties
and expression pattemns that vary greatly in molecular
weight. IF constitute a superfamily of a-helical proteins
that are divided into at least five major classes on the basis
of similarities in sequence of subunits (for a review, see
Lee and Cleveland 1996). Typically, an IF consists of a
central e-helical rod domain capable of forming double-
stranded coiled-coils flanked by non-helical terminal
regions, a head, and tail domains (Fuchs and Weber
1994). Functionally, the two domains play multiple roles:
whereas at least part of the N-terminal head domain
(amino-terminal region of the IF protein) is required for
filament assembly to occur, the C-temminal tail domain
(carboxy-terminal region of the IF protein), while not
essential for filament assembly, controls filament caliber
(Geisler et al. 1998).

Neurofilaments (NFs) belong to the IF category and are
found principally in neurons of higher metazoan phyla,
except for arthropods (Lasek et al. 1985; Fyrberg and
Goldstein  1990: Goldstein and Gunawardena 2000).
Mammalian NFs are composed of three major subunits
with different molecular weights, NF-Light (NF-L), NF-
Medium (NF-M), and NF-Heavy (NF-H), which differ
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mainly in the length of their carboxy-terminal tails
(Pachter and Liem 1984; Scott et al. 1985; Marques et
al. 2003). NFs have not been observed in crustaceans
using conventional electron microscopy, and IFs in general
have not been observed in crustaceans and other
arthropods by immunocytochemistry. However, numerous
studies in lower wvertebrates and invertebrates have
revealed the presence of NF proteins similar to mamima-
lian NF subunits (Philips et al. 1983: Viancour et al. 1987
Leapman et al. 1997; Karabinos et al. 2001) and IF like
glial fibrillary acidic protein (GFAP) (Cardone and Roots
1990; Kumar et al. 1996; Riehl and Schlue 1998; dos
Santos et al. 2002). Particularly interesting for crustacean
neurobiologists was the study conducted by Weaver and
Viancour (1991), representing a very thorough search for
mammalian NF proteins in crayfish axons: following
labeling with the commercially available anti-NF-M
monoclonal antibody (NN18-clone), it revealed a poly-
peptide located on microtubule side-arms.

The visual system of the crab Ucides cordatus has been
used as a model for studies of glial cells (Allodi and
Taffarel 1999; Allodi et al. 1999; da Silva et al. 2001,
2003) and of effects of UV radiation in crustaceans
(Miguel et al. 2002). Histologically, it is similar to the
visual system of other decapod crustaceans, being made up
of compound eyes, which are divided into various optic
units called ommatidia, and three optic ganglia. Eight
retinular cells, the photoreceptors, arranged into a rosette,
surrounded by pigment cells, constitute each ommatidium.
Nerve fibers emerging from the retinular cells project to
the optic ganglia, which consist of the lamina gang-
lionaris, and the extermal and internal medullac. The
internal medulla is followed by the terminal medulla,
which lies beside the hemiellipsoid body in the lateral
protocerebrum (Sandeman et al. 1992). The axons that
connect the terminal medulla and hemiellipsoid body to
the anterior medial protocerebral structures constitute the
protocerebral tract (PCT).

In this paper, we investigated the presence of NF
proteins in PCT axons of the crab Ucides cordatus using
immunochistochemistry, conventional electron microscopy,
immunoblotting assays and immunoelectron microscopy.
The methodology used in this study will improve our
understanding of the possible roles of NF subunits. The
PCT has been chosen because of its relatively easy access
and also because it is composed solely of axons and glial
cells. Since NFs are typical cytoskeleton elements of all
vertebrate and many invertebrate axons, the PCT is very
suitable for the approaches used in this study.

Materials and methods

Forty-five male adult crabs, grouped according to the
technique employed, were used: nine for immunohisto-
chemistry, three for conventional electron microscopy,
three for immunoelectron microscopy and 30 for immu-
noblotting. These animals with carapace widths of 6.2
7.9 cm were obtained from [lha do Governador, Rio de

Janeiro, RJ, Brazil, and regularly fed in the laboratory.
They were maintained at a temperature of 25-28°C and
standardized light conditions (12 h/12 h light/dark cycle)
until they were used for the experimental procedures. In
order to obtain the PCTs, each animal was cryoanesthe-
tized before the PCTs were dissected. All the experiments
were in full agreement with the “Principles of Laboratory
Animal Care” and approved by the Commission of Animal
Care of the Instituto de Biofisica Carlos Chagas Filho/
UFRI.

Immunchistochemistry

This technique was used to demonstrate NF proteins in the
PCT. For all the immunohistochemical reactions the
primary antibodies were monoclonal antibodies raised in
mice (Sigma Chemical Co., St Louis, Mo., USA). The
primary antibodies employed were: anti-NF-L/NR4-clone
{dilution, 1:200), anti-NF-M/NNI18-clone (dilution, 1:40)
and anti-NF-H/N52-clone (dilution, 1:400).

NR4 and NN18 clones recognize the light and medium
NF subunits, respectively. Clone N52 recognizes the non-
phosphorylated fraction of the NF heavy subunit.

The immunohistochemistry was based on the following
protocol: frozen sections (10 wm thick) were obtained
using a cryostat (Leica CM 1850) and were washed in
0.1 M phosphate-buffer crustacean saline (PBS) with 0.3%
Triton X-100. Following pre-incubation with a medium
containing 10% nommal goat serum, PBS and 0.3% Triton
X-100 for 1 h at room temperature, the sections were then
incubated with the primary antibody, diluted according to
the recommended concentrations in the washing solution

PBS/bovine serum albumin (BSA)—overnight, at room
temperature. After a PBS wash, the sections were
incubated with a CY 3-tagged secondary antibody (CY 3-
sheep antimouse Ig(G: Sigma) diluted at 1:600 in PBS for
2 h at room temperature. Finally, the reacted sections were
washed in PBS, mounted in PBS/n-propylgallate and
observed under a fluorescence microscope (Zeiss Axios-
kop 2). For negative control sections, the same procedure
was followed, except that the primary antibody was
omitted. The same antibodies recognized medium NF
subunits in optic nerves of rats (Marques et al. 2003).

Conventional electron microscopy

The optic stalks were fixed for 30 min by immersion in 2%
glutaraldehyde diluted in 0.1 M phosphate buffer before
dissection of the PCTs. After dissection, the PCTs were cut
into segments of 0.5 mm each and then fixed again in the
same fixative for 1 h before a rinse in 0.1 M phosphate
buffer (pH 7.4), followed by a wash in 0.1 M cacodylate
buffer (pH 7.4). The samples were post-fixed in 1%
osmium tetroxide plus 0.8% potassium ferrocyanide and
5 mM calcium chloride in 0.1 M cacodylate buffer (pH
7.4) for 1 h (in the dark). After post-fixation, the samples



were rinsed in 0.1 M cacodylate buffer, and then block-
stained in 1% uranyl acetate ovemnight.

The next day, the samples were rinsed in distilled water
and dehydrated in a graded series of acetone up to 100%.
The samples were then infiltrated overnight with a mixture
of resin (Polybed 812) and acetone. After polymerization
in pure resin, the resulting blocks were cut, using a RCM-
MT-6000 ultramicrotome. Semithin sections (500 nm)
were stained with toluidine blue and observed under the
light microscope to evaluate good fixation, tissue orien-
tation, and cytoarchitecture of the tracts. Ultrathin sections
(60-70 nm) were stained with uranyl acetate and lead
cittate and observed under a Zeiss 900 transmission
electron microscope operated at a voltage of 80 kV.

Immunoelectron microscopy

For the postembedding immunogold method with the anti-
NF-M monoclonal antibody/NN18-clone, the PCTs were
removed and fixed overnight in 4% paraformaldehyde,
0.1% glutaraldehyde and 0.2% picric acid in 0.1 M
cacodylate buffer, pH 7.4, at 4°C. Segments of the PCTs
were washed in cacodylate buffer (pH 7.4), dehydrated in
a graded series of ethanol up to 90%, and embedded in LR
White acrylic resin (London Resin Company). Ultrathin
sections were obtained as described above and collected
on nickel grids (300 mesh). The grids were rinsed with
PBS enriched with BSA and 0.5% powdered skimmed
milk, and incubated with one of the primary antibodies for
3 h at room temperature. After rinsing three times with
PBS, the sections were incubated with the secondary
antibody (10-nm gold-conjugated IgG+lgM goat anti-
mouse—Ted Pella) diluted at 1:100 in 0.1 M PBS (pH
7.4). Sections were then rinsed in PBS, followed by
distilled water, and stained with uranyl acetate and lead
citrate. Primary antibodies were omitted for negative
controls. Sections were observed and photographed with a
Zeiss 900 transmission electron microscope.

Protein determination assay

The dissected and isolated PCTs were kept in a glass tube
containing a small volume of PBS (0.5 ml), and, in order
to maintain protein integrity, stored at the most for 3 days,
at —20°C. These isolated PCTs were homogenized in a
potter and an aliquot was then used to determine the
protein concentration according to the Folin-phenol
method described by Lowry et al. (1951), using bovine
serum albumin as standard.

SDS-PAGE and immunoblotting

The total PCT proteins were separated and identified in
12.5% sodium dodecylsulfate-polyacrylamide gel electro-
phoresis, using a Mini PROTEAN 3 System (Bio-Rad
Laboratories, Hercules, Calif., USA) at 60 mA/gel. The
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proteins were transferred at 350 mA to a Hybond
nitrocellulose membrane (Amersham Pharmacia Biotech,
Germany) using the same Bio-Rad system described
above for approximately 90 min. The nitrocellulose
membrane containing the immobilized proteins was first
blocked with non-fat dry milk (5%) plus BSA (1%) in
TRIS-buffered saline, containing 0.001% Tween (TBS,),
for 90 min. After the blockage, the membrane was washed
twice in TBS, under constant stirring for 3 min. Next, the
membrane was incubated with the monoclonal antibody
anti-NF-M (NN18-clone, 1:200) from Sigma, under gentle
constant stirring for 2 h at room temperature. The
membrane was washed again (5 times, 3 min each) with
TBS,. The secondary antibody used was an anti-mouse
HPR (1:2,000), which was incubated with the membrane
for 90 min at room temperature, and washed as described
above. The NF was detected using the chemiluminescence
ECL system (Amersham, Buckinghamshire, UK) and a
Hyperfilm (Amersham Pharmacia Biotech, UK) diagnostic
film. The molecular weight was determined by using pre-
stained molecular weight standards from Sigma.

Results

A diagram of the visual system of decapod crustaceans,
with the PCT clearly visible, is shown in Fig. 1. Out of the
three monoclonal primary antibodies used, only the NN18-
clone labeled PCT fibers, as shown in Fig. 2a. The NR4-
clone and N52-clone did not label any structure in the crab
nervous tissue, and the NNIS labeling is clearly
distributed along the fibers in a thread-like pattem. A
control section is shown in Fig. 2b.

By conventional electron microscopy, thin, medium and
large axons were clearly observed in transverse sections
(Fig. 3a). Observing longitudinally sectioned fibers
(Fig. 3b), conspicuous side-arms arising from the axon
microtubules were identified. The side-arms exhibit a most
regular pattern of organization and in some sites they
cross-link microtubules.

In order to confirm the results obtained with the
immunocytochemical reactions, Western blotting, using
the three primary antibodies was performed. The presence
of NF-M in total homogenates from PCTs was confirmed,
using the same antibody as described in Materials and
methods, after separation of the proteins by SDS-PAGE.
Figure 4 shows that this antibody recognized two bands of
=160 kDa, which is the expected molecular weight of the
mammaliam NF-M protein (Debus et al. 1983; Franke et

Fig. 1 Schematic diagram of
the visual system of a decapod
crustacean. R retina, L laming
ganglionaris, E external medul-
la, T internal medulla, T terminal
medulla, PCT protocerebral
tract
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Fig. 2 a Longitudinal section of
a PCT showing fibers labeled
with the NN18-<lone monoclo-
nal antibody (arrows). b Control
section. Bar a and b =25 um

al. 1991). We were not able to detect any bands when we
tested NF-L or NF-H antibodies (data not shown).

Based on the previous results (that the immunohisto-
chemistry was positive to the NN18-clone and that the
immunoblotting revealed a protein that had the molecular
weight expected for the mammalian NF-M protein), the
only primary antibody used for the immunoelectron
microscopy was the anti-NF-M monoclonal antibody/
NNI8-clone. It revealed immunogold labeling very close
to subcellular structures with a microtubule aspect,
suggesting the presence of NF-M polypeptides in the
side-arms (Fig. 5ab.c). At this point, it should be
remarked that there are technical limitations in the
processing of tissues in the LR-White embedding medium:
the resolution of the biological material appears blurred to
some degree. This blurred aspect can also be observed in
the negative control, where no gold particles were detected
(Fig. 5d).

Discussion

The presence of microtubules in the crab Ucides cordatus
has be shown by light-microscopical immunocytochemis-
try and by conventional electron microscopy in both
longitudinally and transversally sectioned axons of the
PCT, together with very evident microtubule side-arms
(Allodi et al. 1999). However, in crustaceans filamentous
structures with the typical aspect of [Fs had been observed
neither by immunocytochemistry (Bartnik et al. 1985) nor
by electron microscopy (Burton and Hinkley 1974;
Hirokawa 1986; Viancour et al. 1987). In this study we
demonstrated NF-M-like polypeptides by light-microscop-
ic immunohistochemistry, Western blotting and immuno-
electron microscopy. To reveal NF subunits (NF-L, NF-M
and NF-H), three antibodies were used, but only the anti-
NF-M monoclonal antibody NN 18-clone labeled the PCT
fibers. The NN18-clone is specific for an epitope on the
carboxy-terminal tail of the mid-molecular weight subunit
of mammalian NFs (Shaw et al. 1984; Weaver and

Viancour 1992). Since the carboxy-terminal tail is essen-
tial for filament caliber control (Julien 1999), it is possible
that the presence of the NF-M subunit regulates this
function in crustacean axons. On the other hand, the lack
of NF-L is probably the reason why filamentous NFs have
not been observed in crustaceans, since it is known from
previous studies (Lee and Cleveland 1996: Julien 1999)
that the presence of NF-L subunit is required for the
assembly of the filament structure.

In vertebrates, the components of the neuronal cyto-
skeleton and the ensheathing cells contribute to the control
of a large myelinated fiber caliber, thereby, controlling
conduction velocity in myelinated fibers (Hoffman et al.
1987, McKerracher et al. 1995). Evidence that the axonal
content of the NFs was a determinant of the caliber of a
nerve fiber came from the observation that there was a
close comrelation between the number of NFs and the
diameters of myelinated axons in the peripheral nervous
system of vertebrates (Hoffinan et al. 1984, 1985, 1987;
Griffin and Watson 1988). In decapod crustaceans, in
addition to the lack of structured NFs, no compact myelin
surrounds its axons (Allodi and Taffarel 1999; Allodi et al.
1999) in spite of a relatively high conduction velocity of
nerve impulses (Heuser and Doggenweiler 1966). Con-
sidering the above data, one question deserves further
study: how can decapod crustaceans compensate for the
lack of NF proteins in the radial growth of axons?

According to Julien (1999), NF-M plays an important
role in the radial growth of large myelinated fibers in
vertebrates. In knockout mice, the absence of NF-M
causes a decrease in NF-L levels and in axonal NF
content, resulting in axonal atrophy. In other metazoan
phyla, including crustaceans, it has been suggested that
specialized stable microtubular bundles are essential to
provide for the function served by the IFs (Mogensen and
Tucker 1987, 1988; Weaver and Viancour 1992; Karabi-
nos et al. 2001). Our EM observations confirm the
presence of microtubules in the crab and the existence of
side-arms with a flocculate aspect arising from the
microtubules. Our results indicate that the NF-M protein



Fig. 3 Transmission electron
microscopy of a a tansverse
section and b a longitudinal
section of the PCT. In a observe
different caliber axons and in-
side the axoplasm, side-arms
(curved arrows) arising from
microwbules (arrow). In b ob-
serve that the side-arms (curved
arrow) arising from microtu-
bules (arrow) are regularly or-
ganized and in some sites they
cross-link microtubules. Bar a
0.30 um; b 0.24 um

is one of the constituents of the side-arms and that the
absence of NF-L and NF-H subunits may interfere with
the formation of filamentous NFs, confirming the
importance of NF-L in IF assembly using mice lacking
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NF-L (Zhu et al. 1997). Consequently, the side-arms may
play such an important role.

Our results regarding negative immunoreactions against
NF-L and NF-H subunits and positive immunoreactions
against the mammalian NF-M subunit are in agreement
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Fig. 4 Western blotting of NNI8<lone in the PCT of Ucides
cordaius. Observe two bands of =160 kDa, which is the expected
molecular weight of the mammaliam NF-M protein

with previous studies on crustacean NF polypeptides
(Weaver and Viancour 1991, 1992). However, these
authors reported that this protein, referred to as P600
and recognized by the NNI8-clone, has a very high
molecular weight (=600 kDa), thus, being different from

the mammalian NF-M subunit and from the protein
revealed now in our study. As depicted in Fig. 4, we were
able to detect two distinct bands, of about 160 kDa after
using the same antibody (anti-NF-M, NN18-clone). This
result allows us to hypothesize that there are at least two
different isoforms of NF-M in crustaceans, since it is
difficult to explain the conflict between our data and the
ones presented by Weaver and Viancour (1991, 1992).
While their findings revealed a novel cytoskeletal protein,
ours indicate the presence of a protein with a very similar
molecular weight related to the mammalian NF-M subunit.
One explanation that arises from this fact is the possible
oligomerization of this kind of NF polypeptide, and even
an association of these polypeptides with others that are
present in the whole homogenate. Another explanation
might be that, at least in the Ucides cordatus, the NF-M
subunit is preserved.

Fig. 5 Immunoelectron microscopy for NF-M. In a, most of the
microtubules are longitudinally sectioned while in b—d most of them
are transversally sectioned. In a and b the arrows indicate

micrombule profiles. Observe gold particles close to microtubules.
¢ Gold particles associated with side-arms (curved arrow). d Control
section. Bar a, b, d 025 um; ¢ 0.11 um
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4.2-ANALISE QUANTITATIVA DA AREA AXONAL E MICROTUBULOS NO
TPC NORMAL

Os resultados apresentados neste item estdo no artigo intitulado “Electron
microscopy and morphometric analyses of microtubules in two differently sized types of
axons in the protocerebral tract of a crustacean”, aceito na revista Microscopy Research
and Technique in press que se encontra apés este item. Os numeros das figuras aqui
mencionados referem-se aos do artigo.

Nos invertebrados os estudos da morfologia e fungdes associadas a morfometria nao
sdo tdo explorados como ocorre nos vertebrados. Nos vertebrados, entre muitas outras
funcdes, os MTs participam dos transportes axonal anterdgrado e retrogrado, e os NFs
como elementos que determinam o calibre axonal. Como descrito anteriormente nos
resultados, ndo existem relatos na literatura sobre a presenca de filamentos intermediarios a
microscopia eletronica em artrépodos, embora seja descrito a presenca de proteinas de NF
nos bragos laterais de MTs no axoplasma de certas espécies, tal como do caranguejo Ucides
cordatus.

Sendo assim ndo se sabe quais os elementos do citoesqueleto de invertebrados estao
envolvidos na determinacdo do calibre axonal. Utilizando a microscopia eletronica e a
morfometria, as seguintes variaveis foram estudadas nos axdnios do TPC: area axonal,
nimero de MTs, densidade e distdncia dos MTs. Em virtude das pequenas dimensdes dos
bragos laterais a partir dos MTs, somente em alguns casos foi possivel medir a real
extensdo destas estruturas (ponto real onde comegam e terminam) e sua continuidade. Para
evitar erros na interpretacdo do que realmente sdo os bragos laterais, somente a distancia

entre os MTs foi considerada.



Nossos resultados revelaram diferencas na distancia entre os MTs, numero e
densidade dos MTs e axonios de diferentes dreas. O nimero de MTs aumentou de acordo
com a area axonal, mas nao foi diretamente proporcional (Figura 2). A densidade dos MTs
foi maior nos axénios de menor area quando comparado aos axdnios de area média, similar
aos resultados encontrados na morfometria dos MTs dos vertebrados (Figura 3).

No TPC normal foram analisadas as seguintes variaveis: a area axonal, o numero e
a densidade dos MTs e a distancia entre eles. Estas analises foram realizadas nos axonios
do tipo I e II, no TPC normal. Quanto ao nimero de MTs, foi observado um maior nimero
de MTs nos axonios do tipo II que nos axonios do tipo I, que pode ser o resultado da
presenga de mais MTs nos axénios de maior calibre do que os de menor calibre.

Quanto a densidade dos MTs nos tipos de axonios, foi encontrada uma relacao
inversamente proporcional da densidade dos MTs com a area axonal, ou seja, quanto menor
a area axonal, maior a densidade de MTs.

Quanto a relacdo entre a area axonal e a distancia entre os MTs, foi observada uma
relacdo direta entre estes dois pardmetros (Figura 4). Desta forma, nos axdnios de menor
area, a distancia entre os MTs foi significativamente menor comparada com axonios de
maior calibre (a média e o desvio padrio, respectivamente, do tipo I foi 0,05 £0,06 e o tipo

11 foi 0,090,021).
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Despite several reports on the morphology and functions asseciated with the mor-

phometry of the vertebrate axoplasm cytoskeleton, the subject has not been thoroughly explored in
invertebrates. In vertebrates, among many other functions, microtubules (MTs) serve as scaffold-
ing for axon assembly, and neurofilaments (NFs) as the elements that determine the axon caliber.
Intermediate filaments have never been described by electron microscopy in arthropeds, although
NF proteins have been revealed in the MT side-arms of the axoplasm of certain species, such as the
crab Uecides cordatus. Thus, it is not known which elements of the eytoskeleton of invertebrates are
responsible for determination of the axon caliber. We studied, by electron microscopy and morpho-
metric analyses, the MT and axon area variability in differently sized axons of the protocerebral
tract of the crab Ucides cordatus. Our results revealed differences in the distance between MTs, in
MT density and number, and in the areas of differently sized axons. The number of MTs increases
with the axon area, but thizs relationship is not directly proportional. Therefore, MT density is
greater in smaller axons than in medium axons, similar to the morphometry of the vertebrate axon
MT. The distance between MTs is, however, directly related to the axonal area. On the basis of the
results shown here, and on previous reports by us and others, we suggest that MTs may be involved
in the determination of the axon caliber, possibly due to the presence of NF proteins found in the

side-arms. Microsc. Res. Tech. 00:000-000, 2007.

INTRODUCTION

In vertebrates, among many other functions, micro-
tubules (MTs) have been regarded as a scaffold for
axon assembly, and neurcfilaments (NFs) as the ele-
ments that determine axon caliber. MTs are tubular
structures with a diameter of 25 nm, composed of 13
protofilaments, each measuring 5 nm in diameter; they
are present in both vertebrate and invertebrate axons.
Other numbers of protofilaments are possible: for
example, certain MTs in the neurons of nematode
worms contain 11 or 15 protofilaments (Karabinos
et al., 2001). In crustaceans, there is at least one re-
markable difference in the structure of MTs compared
to vertebrates: the side-arms departing from the verte-
brate MTs are constituted mainly by tau and MT-asso-
ciated proteins (MAPs) (Hirokawa, 1986); whereas in
crustaceans, besides MAP 2 (Bloom et al., 1984, 1985;
Matus et al., 1981), NF proteins also constitute the MT
side-arms {Corréa et al., 2004),

A difference between the axoplasm of vertebrates
and invertebrates is that, while the axoplasm of verte-
brates contains conspicuous NFs, these cytoskeleton
elements were not observed as visible typical interme-
diate filaments in arthropods by electron microscopy
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{Allodi et al., 1999; da Silva et al., 2001; Goldstein and
Gunawardena, 2000; Heuser and Doggenweiler, 1966).
However, as reported previously (Corréa et al., 2004),
we found NF proteins in regions corresponding to the
MT side-arms in the crustacean protocerebral tract
(PCT).

Because there are few reports concerning the ultra-
structural and morphometrie aspects of axoplasm con-
stimments in invertebrates (Nadelhaft, 1974), in con-
trast to the several such studies in vertebrates (Espej
and Alvarez, 1986; Iturriaga, 1985; Malbouizsson et
1984, 1985; Pannese et al., 1986), we carried out quan-
titative analyses of the relationships between MTs and
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axon areas of the normal PCT, using transmission elec-
tron microscopy. Specifically, we measured the relation-
ships between the total area of the axons versus num-
bers and density of MTs and also wversus distances
between MTs in the PCT of the mangrove crab Ucides
cordatus. The information relating the number of MTs
to the distance between them is important for elucidat-
ing the physiological roles of the four types of axons
that were classified according to their area in a previ-
ous article (Corréa et al., 2005).

In decapod crustaceans, the PCT is the nerve path-
way that connects the terminal medulla and hemiellip-
soid body to the anterior medial protocerebral struc-
tures (Correa et al., 2004, 2005; Sandeman et al.,
1992). This tract has been used m our laboratory to
study glial-axon relationships and specific issues
related to the cell biology of the crustacean axoplasm
(Allodi et al., 1999; Corréa et al., 2004, 2005). In the
present report, the PCT was chosen because itis mostly
composed of axons, and is therefore a suitable model
for the approach used in this study.

MATERIALS AND METHODS
Experimental Procedure

All experimental procedures were according to the
“NIH Guide and Care of Laboratory Animals” and
were approved by the "Use Evaluation Commission of
Animals” in Research of the Centro de Ciéncias da
Saitde, Universidade Federal do Rio de Janeiro, and
under license by IBAMA (doument number
02022.003021/06-69), the PBrazilian Government
Authority that repgulates animal capture for experi-
mental research studies.

Five adult male specimens with carapace widths
measuring from 6.5 to 8.0 cm were obtained from the
Pedra de Guaratiba mangrove forest, Rio de Janeiro,
state of Rio de Janeiro, Brazil, and maintained in the
laboratory. Each animal was anesthetized, by cooling,
before its eyestalks were dissected. After removal, the
eyestalks were immediately fixed and processed for
electron microscopy as deseribed below.

Electron Microscopy

The evestalks were fixed by immersion in 2% EM
grade glutaraldehyde diluted in 0.1 M phosphate
buffer for 30 min before dissection of the PCTs at room
temperature. After dissection, the tracts were cut into
two segments of 0.5 om each. These segments were
taken at ~3—4 mm proximal to the base of the eyestalk.
They were fixed again in the same fixative for 1 h, at
room temperature, before rinsing in 0.1 M phosphate
buffer (pH 7.4}, followed by 0.1 M cacodylate butfer (pH
7.4) for 5 min each.

The samples were postfixed in 1% osmium tetroxide
plus 0.8% potassium ferrocyanide and 5 mM calcium
chloride in 0.1 M cacedylate buffer (pH 7.4) for 1 h (in
the dark) After postfixation in osmum tetroxide, the
samples were rinsed in 0.1 M cacodylate buffer, and
then block-stained in 1% uranyl acetate overnight. On
the following day, the samples were rinsed in distilled
water and dehydrated in a graded series of acetone up
to 100%. The specimens were then embedded overnight
in a mixture of resin (Polybed 812, Polyscience) and ac-
etone. After polymerization in pure resin, the resulting
blocks were cross-sectioned using an EMC MT 6000

ultramicrotome. Semithin sections (500 nm) were
stained with tolnidine blue and observed by light mi-
croscopy to evahiate good fixation, tissue orientation,
and cytoarchitecture of the tracts. Ultrathin sections
{60-70 nm} were stained with uranyl acetate and lead
citrate before being observed under and photographed
with a Zeiss 900 transmission electron microscope,
operated at a voltage of 80 kV.

Quantitative Analysis

Samples from five normal animals were used for the
gquantitative analyses. We took, systematically, 10 pho-
tographs of each transverse section of the PCT at a
magnification of 3,000 or 4400 or 5,000, depend-
ing on the axon size. A total of 50 electron micrographs
for each animal were obtained. All pictures were
scanned at 1,200 dpi (dotsinch), on 8 bits grayscale
mode (256 gray tones), and then analyzed using the
Image Pro Plus program (Media Cybernetics, USA).
The electron micrographs were calibrated in order to
undertake the quantitative analysis of two tyvpes of
axon. In our previous study (Corréa et al., 2005), nor-
mal axons of the Uddes cordatus PCT were classified
into four t}l:bcs according to axon area: type I, small axons
(=200 pm”) type I, medium axons (2,01-50.00 pm®);
type 111 (50.01-200.00 pmz}; and large axons, type IV
(=200.01 pm?). In the present work, we studied type 1
and tyvpe II axons. Types III and IV were not included
in the samples because they were too large to fit even
the smallest field at the lowest magnification of the
electron microscope. The axon area, number of MTs,
density of MTs and distance between MTs were mea-
sured. Because of the small dimensions of the side-
arms, only in some cases was it possible to measure
their real length (the exact point where they began and
ended) and their continuity. Therefore, to avoid errors
in the interpretation of what was a complete side-arm,
we measured only the distance between MTs. The com-
parative analyses among all measurements of type I
and II axons were tested by Mann-Whitney test; corre-
lations were assessed by means of Spearman’s coeffi-
cient. The Prism program (GraphPad, USA) was used
to apply these tests. Differences were considered signif-
icant at P < 0.05.

RESULTS

The normal PCT (Fig. 1A) displayed axon profiles of
different sizes among glial cells. Single or grouped me-
dium axons were arranged among small ones, whereas
large axons were concentrated approximately in the
central region of the tract. The axons were wrapped by
glial cell processes in two ways: (1) a single electron-
dense process surrounds each small axon or encircles a
group of small axons, and (2) alternating electron-
dense and electron-lucent glial cell processes envelop
medium and large axons. The processes closest to the
largest axons (type II, III, and IV) were always elec-
tron-lucent, whereas those enclosing the smallest
axons (type I) were typically electron-dense. The axo-
plasm contained MTs with conspicuous side-arms, mi-
tochondrial profiles, and few vesicles (Figs. 1B and 1C).
Qualitatively, small axons had an axoplasm with
packed MTs (Fig. 1B), in contrast to large axons, in
which MTs were more dispersed (Fig. 1C).

Microscopy Research and Technigue DO 10,1002 emt
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Fig. 1. Electron micrographs showing
crosa sectina from normal POT. (A
Ohaerve axon profiles, snd electron- lncent
(amall arrows) and electron-dense (arrow-
head) glial cell proceasea. Small sxona (3a)
are urroun by the cytoplasm of one
electron-dense ghal cell. In contrast, the
large axona (la) are swrvounded by alter-
nating electron-lucent and electron-dense
proceaass. (B and C) Note that the axoe-
plaam contsina MT profiles (srrowa) with
conapicuons aide-arma (srrowhesda). The
axoplaam belonging to amall axona (B)
ia Em electron-dense than that belong-
ing to medium axons (C), Scale bar: A -

llm,B—ﬂﬂﬁym G—{Il
figure can be viewed wﬂemsu&
which iz available at mmunterscleme

wiley.com.|

Using the electron micrographs, the following pa-
rameters of the PCT were gquantitatively analvzed:
number of MTs, axon areas, and distance between
MTs. Figure 2A shows a histogram of the number of
MTs in axons classified as type I and tvpe II (the mean
and standard errors were: type I = 31 = 3; ype II =
78 = 8). There were more MTs in type II than in type 1
axons, which may result from the presence of more
MTs in larger axes than smaller ones. When we plotted
the number of MTs of the two types of axons together
(Fig. 2B), it became clear that the number of MTs
increased in accordance with axon area, although not
in a directly proportional relationship.

We also wanted to compare the density of MTs in the
two types of axons. As seen in Figure 3A, the density of
MTs was inversely related to the axon area. Therefore,
smaller axons had a higher density of MTs than larger
axons (Fig. 3B).

When we plotted the axon area versus the distance
between MTs (Fig. 4A), measured as indicated in Figure
1B, we found a remarkable direct relationship between
these two parameters. Thus, in small axons, the dis-
tance between MTs was significantly smaller than in
large axons (the mean and standard error of type I is
0.05 = 0.006 and of type IT1s 0.09 = 0.021-Fig. 4B).

DISCUSSION

There are few reports on the quantification of subeel-
lular structures in crustaceans, and, to our knowledge,
the present study is the first complete ultrastructural
quantitative analysis in a normal tract of a crustacean.
The interest in these analyses is the disclosure of the
real constitution of normal nervous structures, in order
to serve as a basis for other, different approaches. For
example, they may belp to understand and character-
ize the response of the crustacean nervous tissue to
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environmental disruptions, such as contamination by
chemicals or unusually high UV irradiation of their
natural habitats, which iz beginning to occur at certain
latitudes. ﬂdditiimally, they can be used as a criterion
for normal and degenerating axons, since, as we have
previously observed, cytoskeleton disruption is one of
the first ultrastructural modifications that follow me-
chanical damage to the PCT (Corréa et al., 2005).

Our results revealed that the relationships between
MT density and axon area were inversely related, that
iz, the density of MTs was greater in small axons than
in large axons. Although types III and IV axonal areas
were not examined in the present study, the same rela-
tionships described here for types I and II axonal areas
appeared to apply to types Il and IV axons when we
observed the electron micrographs, which, because of
their dimensions, could only show part of their axo-
plasms. These results are similar to those obtained for
axon fibers of vertebrates (Malbouisson et al., 1985;
Vergara et al., 1986). Since hitherto, in all species stud-
ied conflicting results have not been reported, it seems
reasonable to suggest that the aforementioned rela-
tionships have general validity. One possible exception
is the analysis reported by Nadelhaft (1974) in axons of
the crayfish third abdominal ganglion. Although his
results are similar to ours, he also reported that axons
with similar areas can have different MT densities. He
attributed this result to functional differences between
these groups of axons, since in the ganglion there are
motor aAxons, sensory axons, and intermeurons.

MTs are found in the axoplasm of all invertebrates.
They are necessary for axonal outgrowth under normal
physiological conditions, are regarded as part of the cy-
toskeleton involved with axon support and intra-axo-
nal transport, and are directly or indirectly associated
with the plasma membrane (Wais-Steider et al., 1987).
In contrast to MTs, NFs have not been found in the
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axoplasm of all invertebrates, and therefore the precise
role of NF proteinsin invertebratesis unclear. In verte-
brates they are the main cytoskeleton component of
the axoplasm, and their number is directly propor-
tional to the axon caliber and is also necessary to deter-
mine the axon caliber (Hoffman et al., 1984).

Many studies have revealed, in invertebrates, the
presence of NF proteins similar to mammalian NF sub-
units, but in no case do these proteins form structur-
ally defined intermediate filaments (Corréa et al.,
2004; Karabinos et al., 2001; Leapman et al., 1997;
Viancour et al., 1987, Weaver and Viancour, 1991,
1892), Weaver and Viancour (1992), however, identified
a protein in crayfish, referred to as P00, with a unique
combination of characteristics. It has a high moelecular
weight, copurifies with MTs, and has an epitope recog-
nized by a moncclonal antibody specific for a site on the
NF-medium protein. Since many antibodies that are
specific for determined sites of NF-medium or NF-high
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Fig. 3. (A) Graph showing the relationship betwsen the denaity of
MTa and sxon aress. (B) CGraph showing the linesr regression
between the density of MTs and axon sreas of type | and & 11
axond. The slashed linea delimit the data under #5% con
band, Note that the MT denaity in type | sxons ia higher than in type
11 axona.

proteins cross-react with MAPs or tau (Bloom et al.,
1985; Lee et al., 1958), additionally, since in crayfish
Viancour et al. (1987) suggested that the size and
shape of axons are determined solely by MTs and
MAPs, at this point an interesting question can be
posed: what determines the axon caliber in decapod
crustaceans? We may hypothesize that the proteins of
NFs, which are present in the invertebrate axoplasm
close to MTs (Corréa et al., 2004; Jaffe et al., 2001)
could be responsible for defining the distance between
MTs. This may be reinforced by the study of Rao et al.
{1998), who suggested that the phosphorylated NF-me-
dium protein provides the distanee between adjacent
MTs.

Supposing that NF proteins evolved along with the
emergence of an advanced nervous system in complex
metazoans (Pleasure et al., 1989), then the earhest
function served by NFs may have been maintenance of
the axon volume and regulation of the axon diameter.
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Thus, the NF proteins may have been present during
the course of evolution, playing the role of maintaining
the MTs distance preacrved among species. Since in
vertebrates NFs determine and maintain axon caliber,
and because in arthropods NFs are not seen in the axo-
Elasm, despite the detection of NF proteins, we

vpothesized that these proteins might function as reg-

ulators of the axon caliber. However, investigations of

the possible molecular differences between axons of dif-
ferent sizes andfor function, about the subcellular
structure or structures determining the axon caliber or
determining the distance between MTs in inverte-
brates, may provide more information on this issue.
Observation under a confocal microscope using dou-
ble labelling with antibodies against NFs and MTs may
add more information on the three-dimensional cyto-
skeleton architecture. Techniques such as freeze-frac-
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ture and deep-etch could reveal the ultrastructure and
the relationships between cytoskeleton elements. In-
tracellular recording of individual cells (Sztarker and
Tomsic, 2004 ) could be useful to correlate function with
axon diameter. Additional information could be
obtained by using fluid tapping mode atomic foree mi-
croscopy to observe single NFs and MTs, and physical
interactions between these neuronal components
(Wagner et al., 2004).
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4.3- ANALISE ULTRAESTRUTURAL DAS FIBRAS NERVOSAS NORMAIS E
DEGENERADAS DO TPC

Os resultados apresentados neste item estdo no artigo intitulado “Ultrastructural
study of normal and degenerating nerve fibers in the protocerebral tract of the crab Ucides
cordatus”, publicado na revista Brain, Behavior and Evolution (2005) 66: 145-157, que se
encontra apds este item. Os nimeros das figuras aqui mencionados referem-se aos do artigo

publicado.

4.3.1- MICROSCOPIA OPTICA DO TPC NORMAL E DEGENERADO

Nos cortes transversais do TPC normal pode-se notar o tecido conjuntivo que o
reveste, a presenga de fibras nervosas de diversos diametros com um contorno irregular dos
seus axoOnios. Nestes cortes observa-se ainda que os axdnios estdo dispostos em fasciculos,
dentre eles, observa-se um grupo de fibras nervosas de maior didmetro localizado mais
internamente que representaria 0 TGO nestes animais. Axonios de pequenas dimensoes
podem estar proximos de axdnios de grande calibre, no entanto, além do grupo de axonios
grandes localizados no centro do TPC, notam-se grupos de axdnios de calibres maiores
separados de outros grupos com dimensdes variadas (Figura 3 A).

Em cortes transversais do TPC degenerado (28, 40 e 45 dias pds-lesdo) pode-se
observar que, dependendo do tempo de lesdo, persistem inumeros feixes intactos de fibras
nervosas com diversos calibres. No TPC 28 dias pos-lesdo ainda se observa a preservacao
da sua citoarquitetura (Figura 3 B). Quarenta dias pos-lesdo ao lado de axonios preservados
e células granulares que aparecem na periferia, observa-se que a maioria dos axonios estd

degenerada e que inimeras células granulares invadem o TPC (Figura 3 C). Ja 45 dias ap6s



a lesdo, somente axonios de grande calibre ainda estdo preservados, areas de espessamento

das células da glia sdo evidentes e observa-se intensa gliose (Figura 3 D).

4.3.2- MICROSCOPIA ELETRONICA DE TRANSMISSAO DO TPC NORMAL

A ultraestrutura do TPC revela aspectos interessantes quanto a organizaciao deste
segmento nervoso. Nos cortes transversais, os nucleos das células da glia e seus
prolongamentos do tipo claro e escuro envolvem os axdnios. Os nucleos das células da glia
tém uma forma alongada e grumos de heterocromatina dispostos préximos a membrana
nuclear (Figuras 2 A e C).Verifica-se que, nos axonios de grande calibre, o prolongamento
mais interno — aquele intimamente em contato com o axolema — € sempre do tipo claro. No
entanto, nota-se que em axonios de pequeno calibre, o envoltério glial mais proximo do
axolema pode ser do tipo escuro. Nestes axonios de pequeno calibre, um delgado
prolongamento ¢ emitido para efetuar um embainhamento individualizado sem formar
laminas concéntricas ao redor dos axdnios. Os prolongamentos elétron-densos possuem
granulos e juntamente com os prolongamentos elétron-lucentes envolvem os axonios de
médio e grande calibre de maneira ndo compacta (Figuras 2 A, B e C).

Nos cortes transversais € notéria a existéncia de axonios que possuem diferentes
diametros e contornos irregulares. A microscopia eletronica evidencia que axonios de
pequeno calibre podem estar ao lado de axdnios de dimensdes maiores. No axoplasma
observam-se MTs evidentes nos axonios de diversos didmetros, bragos laterais que partem
dos MTs, vesiculas de tamanhos variaveis e perfis mitocondriais (Figuras 2 A, B e C).
Muitas vezes os perfis mitocondriais estdo localizados na periferia do axoplasma.

Observam-se alguns axdnios com elementos do citoesqueleto arranjados de forma regular



ao lado de outros axdnios, cujo citoesqueleto se organiza de forma mais irregular. Estes
ultimos apresentam um aspecto flocado. Aparentemente axonios de pequeno calibre
apresentam uma densidade maior de MTs quando comparados com os de grande calibre.
Na eletromicrografia de corte longitudinal observa-se a presenga de granulos,
vesiculas e MTs nos prolongamentos claros (elétron-lucentes) e escuros (elétron-densos)
das células da glia do TPC normal (Figura 2 D). De modo geral, os axdnios ndo possuem
um didmetro regular em toda a sua extensdo, por vezes ocorrendo um aumento do diametro
de um mesmo axdnio. As membranas do axolema e dos prolongamentos claros ou escuros
da glia sdo facilmente identificadas, e ao longo do axoplasma observam-se MTs com bragos
laterais evidentes e granulos difusos no citoplasma. Na por¢ao onde o axdnio sofre um

aumento em seu didmetro notam-se mais vesiculas e em menor densidade, MTs.

4.3.3- MICROSCOPIA ELETRONICA DE TRANSMISSAO DO TPC
DEGENERADO APOS 07 DIAS DA EXTIRPACAO DOS PEDUNCULOS
OPTICOS

Sete dias apos a lesdo, a citoarquitetura do TPC ainda estava preservada. De forma
geral, os axOnios mantiveram uma aparéncia normal com preservagdo também aparente do
citoesqueleto. Algumas regides de espessamento dos prolongamentos das células da glia

foram observadas (Figuras 4 A e B).



4.3.4- MICROSCOPIA ELETRONICA DE TRANSMISSAO DO TPC
DEGENERADO APOS 28 DIAS DA EXTIRPACAO DOS PEDUNCULOS

OPTICOS

Nos cortes transversais observamos que os prolongamentos do tipo claro da célula
da glia possuem poucos constituintes, tais como vesiculas ¢ MTs, que sdo vistos no TPC
normal. Os axoOnios de menor diametro aparentemente tém preservagdo do seu
citoesqueleto, pois ainda notam-se MTs no axoplasma. Este processo de aparente
preservagdo axonal ndo ocorre nas fibras de maior didmetro: algumas apresentam
degeneracdo do seu citoesqueleto representado pela diminuicdo na quantidade dos MTs
(Figura 5 A).

Nos cortes longitudinais do TPC apdés 28 dias da extirpacdo dos pedunculos 6pticos,
podemos notar que em alguns axdnios nota-se diminui¢do da quantidade dos MTs
sugerindo degradagdo do seu citoesqueleto. Nestes axonios em degeneragdo existem
acumulos de estruturas com aspecto elipséide bem como a perda da continuidade dos MTs.
Notam-se células com granulos de diferentes elétron-densidades e formas, além de perfis
vesiculares no citoplasma destas células que estdo localizadas na periferia do TPC (Figuras
5 B e C). Ao lado dos axdnios observamos os prolongamentos do tipo claro e escuro da

glia.



4.3.5- MICROSCOPIA ELETRONICA DE TRANSMISSAO DO TPC
DEGENERADO APOS 40 DIAS DA EXTIRPACAO DOS PEDUNCULOS

OPTICOS

Mesmo 40 dias apos a extirpacao dos pedunculos opticos pode-se notar que alguns
axonios ainda ndo manifestam os primeiros sinais de degeneragdo nervosa. Todavia, o
aspecto geral ¢ de fibras nervosas predominantemente degeneradas. A andlise
ultraestrutural, na escala temporal, revelou que a maioria das fibras nervosas apresentou
caracteristicas de degeneracdo, exceto as fibras de maior calibre. Algumas regides do TPC
apresentaram perfis axonais com diferente elétron-densidade e, em algumas fibras, o
citoplasma estava totalmente substituido por material escuro, o que nao foi possivel
identificar qualquer elemento do citoesqueleto ou outra organela (Figura 6 A). Alguns
axonios de didmetro médio apresentaram um aspecto vazio em seus axoplasmas nao sendo
possivel a visualizagdo de MTs (Figura 6 B).

Nos cortes transversais verifica-se que a degeneracao nao ocorre de forma regular
para todos os axdnios do TPC. Enquanto em algumas regides do TPC alguns axdnios
apresentam uma aparente preservacao do seu citoesqueleto, outros apresentam condensagao
do citoesqueleto ndo sendo possivel observar seus elementos (Figura 6 B). Em outras
regides, notamos que axoOnios apresentam elétron-densidade diferente entre si, sugerindo
processo de degeneragdo em estagios diferentes (Figura 6 A). Nos prolongamentos escuros
de células da glia existem areas que apresentam elétron-densidade diferente (Figura 6 E). O
nucleo das células da glia pode sofrer caridlise e o contorno citoplasmatico pode estar

irregular, sugerindo um processo de fagocitose de axdnios por este tipo celular.



Nos cortes longitudinais observamos que os prolongamentos mais elétron-densos
das células da glia podem também apresentar seus MTs preservados. Nota-se a estrutura
intacta de alguns axdnios, contendo MTs e bracos laterais ao longo do axoplasma

preservados. O aspecto do axoplasma de alguns axonios ¢ flocado (Figura 6 C).

4.3.6- MICROSCOPIA ELETRONICA DE TRANSMISSAO DO TPC
DEGENERADO APOS 45 DIAS DA EXTIRPACAO DOS PEDUNCULOS

OPTICOS

Apdés 45 dias de lesdo, a citoarquitetura do TPC estava completamente
desorganizada. Quase todos os axdnios de pequeno ¢ médio calibres mostraram sinais de
degeneragdo. Perfis axonais com contornos irregulares, completa desintegracdo do
citoesqueleto e retragdo tecidual foram observados. Também foram observadas muitas

células granulares e células da glia (Figuras 7 A e B).

4.3.7- ANALISES QUANTITATIVA E ESTATISTICA DE AXONIOS NORMAIS E
DEGENERADOS, 28 e 40 DIAS POS- EXTIRPACAO

De acordo com a area axonal, as fibras nervosas do TPC foram classificadas em 4
tipos, a saber: tipo I (< 2 pm?); tipo II (2,01-50 pm?); tipo III (50,01-200 um?) e tipo IV (>
200,01 um?).

A andlise quantitativa foi feita aos 28 e 40 dias de sobrevivéncia apds o periodo de
extirpacdo cirurgica dos pedunculos Opticos, pois nos periodos de 07 e 45 dias de
sobrevivéncia apds a lesdo do TPC, a degeneracdo nervosa estava muito inicial ou muito

severa, respectivamente. Ao comparar 0s axonios normais ¢ degenerados nos tempos de



sobrevivéncia de 28 dias e 40 dias pos-extirpagcdo dos pedunculos dpticos, observou-se que
o numero de axonios degenerados aumentou significativamente aos 40 dias pos-lesao,
enquanto o numero de axonios normais, neste periodo, diminuiu significativamente (Figura
8).

Na analise percentual dos axdénios degenerados e normais, aos 28 e 40 dias de
sobrevivéncia apos a lesdo do TPC, foi evidente que os axonios dos tipos II e III
comecaram a degenerar antes dos axoénios do tipo I. J& nos axdnios do tipo IV nao foi

observada aparente degeneragdo, mesmo apds 40 dias de lesdo do TPC (Figura 9).
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Abstract

Woallerian degeneration is a very well described phenom-
enon in the vertebrate nervous system. In arthropods,
and especially in crustaceans, nerve fiber degeneration
has not been described extensively. In addition, litera-
ture shows that the events do not follow the same pat-
terns as in vertebrates. In this study we report, by quali-
tative and quantitative ultrastructural analyses, the
features and time course of the protocerebral tract de-
generation following extirpation of the optic stalk. No
remarkable changes were cbserved seven days after le-
sion. After 28 days the protocerebral tracts presented
apparently preserved small and large diameter axons
and some degenerating medium axons, with irregular
contours and empty-looking aspect of the axoplasm.
Forty days after the ablation of the optic stalks, both
small {type I) and medium {type Il and lll} axons revealed
signs of partial or total degeneration, but large nerve fi-
bers (type IV) were still intact. After 45 days, the tract
showed signs of advanced stage of degeneration and,
apart from large axons, normal-locking fibers were al-
most absent. At these 3 last time points, degenerating
axons displayed different electron densities and aspects,
probably correlating to different onset times of the pro-
cess. In addition, cells with granules in their cytoplasm,
possibly hemocytes, were quite distinct, especially at 40

and 45 days after axotomy. These cells might share with
glial cells the function of phagocytosis of cellular debris
during the protocerebral tract degeneration. Quantita-
tive analysis showed that the number of degenerating
fibers increased significantly from 28 to 40 days after le-
sion, whereas the number of normal fibers decreased
accordingly. Measurements of cross-sectional areas of
normal and degenerating axons showed that types Il and
Il (medium) start to degenerate before type | {small).
Type IV {large) axons do not degenerate, even after 40
days. Therefore, we can conclude that degeneration in
these afferent fibers starts late after axotomy, but pro-
ceeds at a faster rate afterwards until the complete de-
generation of small and medium axons.

- Copyright © 2008 S, Karger AG, Basel

Introeduction

In vertebrates, nerve fibers of distal stumps generally
degenerate within a few days after lesion in a process
known as Wallerian degeneration [Waller, 1850]. The
early ultrastructural changes of vertebrate degenerating
nerve fibers after lesion are well known [Martinez, 1999;
Narciso et al., 2001] but there are only few reports ad-
dressing this subject in arthropods [Blundon et al., 1990;
Tanner et al., 1995b]. The most important feature of ver-
tebrate axon degeneration is the early granular disintegra-
tion of the axoplasm cytoskeleton due to an increase of
intracellular Ca®* levels [Martinez and Ribeiro, 1998]
and subsequent activation of calcium-dependent prote-
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ases (calpains). The few ultrastructural reports on crusta-
cean degenerating nerve fibers do not focus on axonal
cytoskeleton disintegration, as they are mainly concerned
with glial cell response to trauma [Parnas et al., 1998]. In
addition, different from vertebrates, in arthropods the
long-term survival of distal parts of injured axons has
been reported by many authors [Nordlander and Singer,
1973: Bittner et al., 1974 Clark, 1976; Meiri et al., 1983:
Blundon et al., 1990; Viancour, 1990; Bittner, 1991; Go-
vind et al., 1992; Benbassat and Spira, 1994; Tanner et
al.. 1995a, b; Weiner et al., 1996; Parnas et al., 1998].

The visual system of the crab Ucides cordatus, as in
other decapod crustaceans, ischaracterized by compound
eves which are divided into various optic units called om-
matidia, and the optic ganglia. Each ommatidium is com-
posed of eight photoreceptors organized into a rosette,
surrounded by pigment cells. Nerve fibers emerging from
the photoreceptors project to the optic ganglia, composed
of the lamina ganglionaris, and the external and internal
medullae. The internal medulla is followed by the termi-
nal medulla, which lies beside the hemiellipsoid body in
the lateral protocerebrum [Sandeman et al., 1992]. The
axons that connect the terminal medulla and hemiellip-
soid body to the anterior medial protocerebral structures
constitute the protocerebral tract, which is the subject of
our study.

Our goal was to promote the protocerebral tract degen-
eration by optic stalk extirpation in order to study the
pattern and time course of changes after injury by trans-
mission electron microscopy. This tract has been one of
the subjects of interest of our laboratory over the past few
years and it has been chosen in this study due to its rela-
tively easy access and dissection and also due to the fact
that, as a tract, it is composed of axons and glial cells, and
therefore suitable for degeneration studies [Allodi et al.,
1999; Allodi and Taffarel, 1999; da Silva et al., 2001].

Materials and Methods

Experimental Procedure

Animals of the species Ucides cordatus [Linnaeus, 1763] were
used in this study. Adult male specimens with a carapace width
ranging from 5.9 to 8.3 cm were obtained from the [lha do Gover-
nador, Rio de Janeiro, RJ, Brazil. They were maintained in an air-
conditioned laboratory at a temperature of 25-28°C until they were
used for the experimental procedures.

In order to produce degeneration of the protocerebral tract, an-
imals were cryoanesthetized prior to optic stalk ablation. This pro-
cedure disconnected protocerebral tract nerve fibers from their cell
bodies, which are mainly located in the lateral protocerebrum
(fig. 1). The segments of the protocerebral tracts located in the re-

146 Brain Behav Evol 2005:66:145-157

moved optic stalks were used as controls. After extirpation, these
segments were immediately fixed by immersion and processed for
electron microscopy as described below. The animals were then
returned to tanks in the laboratory which contained water collected
from the mangrove, and they were regularly fed with vegetables
until they were sacrificed. The crabs were divided into four groups
of three or four animals each, according to the survival periods af-
ter surgical procedure, i.e., 7, 28, 40 and 45 days. After these time
intervals, animals were cryoanesthetized again and had the stump
of their optic stalks removed and processed for electron micros-
copy as follows.

Electron Microscopy

The optic stalks were fixed by immersion in 2% EM grade glu-
taraldehyde diluted in 0.1 A phosphate buffer for 30 min before
dissection of the protocerebral tracts. After dissection, the proto-
cerebral tracts were cut into two segments of (.5 mm each. one for
cross sectioning and the other for longitudinal sectioning. These
segments were taken at approximately 3-4 mm proximal to the le-
sion area. They were fixed again in the same fixative for 1 h before
rinsing in 0.1 M phosphate buffer (pH 7.4) followed by 0.1 M cac-
odvlate buffer (pH 7.4) for 5 min each. The samples were post-fixed
in 1% osmium tetroxide plus 0.8% potassium ferrocyanide and
5 mM calcium chloride in 0.1 M cacodylate buffer (pH 7.4) for
1 h (in the dark). After post-fixation in osmium tetroxide, the sam-
ples were rinsed in 0.1 Af cacodylate buffer, and then block-stained
in 1% uranyl acetate overnight. On the following day, the samples
were rinsed in distilled water and dehydrated in a graded series of
acetone up to 100%. The specimens were then infiltrated overnight
in a mixture of resin (Polybed 812) and acetone. After polymeriza-
tion in pure resin, the resulting blocks were cut using an RCM MT
G000 ultramicrotome. Semithin sections (300 nm) were stained
with toluidine blue and observed by light microscopy to evaluate
good fixation, tissue orientation and cytoarchitecture of the tracts.
Ultrathin sections (60 to 70 nm) were stained with uranyl acetate
and lead citrate and observed under a Zeiss 900 transmission elec-
tron microscope operated at a voltage of 80 kV.

Quantitative Analysis

Quantification was performed on samples from animals surviv-
ing 28 and 40 days after injury. For the sampling procedure we used
a transmission electron microscope to photograph, in a systematic
way, 10 pictures of each transverse section of the protocerebral
tracts at a magnification of 4,400 . To regularly distribute the pic-
tures across the tracts we used the squared spaces of the EM grid.
By this systematic method, all cross-sectional areas of the tracts were
scanned and sampled at regular intervals, therefore avoiding sample
bias. A total of 40 pictures for each time interval (4 animals) and 80
pictures for both groups were obtained. All pictures were scanned
and then quantitative analysis using the Image Pro Plus program
(Media Cybernetics) was carried out. A total of 3,221 nerve fibers
were counted and measured. It is important to state that all mea-
surements were performed blind. Parameters such as number of
normal fibers and number of degenerating fibers were compared.
We also measured the axonal cross-sectional area in normal and
experimental optic stalks and caleulated the percentage of normal
and degenerating fibers in each size category, 28 and 40 days after
injury. The results of these quantifications were statistically ana-
Iyzed using the Mann-Whitney test and Prism software (Graph Pad
Inc.). Differences were considered significant for p< 0.05.
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Fig. 1. A Micrograph of the cephalic ner-
vous system of the crab Ucides cordatus.
Optic stalk (OS), protocerebral tract (ar-
row), oculomotor nerve (arrow head), cere-
bral ganglia (asterisk) and esophageal con-
nective (star).Dashed line indicates the lev-
el at which the optic stalk was severed.
B Diagram of the cephalic nervous system
of the crab Ucides cordatus. Due to the rela-
tively long extension of the tract, it was rep-
resented as a discontinued structure. Retina
(R). lamina ganglionaris (L), external me-
dulla (E), internal medulla (I), terminal me-
dulla (T), protocerebral tract (PT) and cere-
bral ganglia or brain (B).

1000pm

Results

Ultrastructure of Control Protocerebral Tracts

The control protocerebral tracts contain axon profiles
of various sizes and glial cells. Two types of glial cell pro-
cesses were observed. The first presented an electron lu-
cent cytoplasm and its cell body and nucleus could be
observed close to the nerve fibers (fig. 2A, B). The second
type displayed an electron-dense cytoplasm and its cell
body was not close to the axons (fig. 2A, B). The cytoplasm

Crustacean Nerve Fibers Degeneration

of electron-dense and electron-lucent processes contained
microtubules, granules and vesicles.

In the tract, small, medium and large axons were ob-
served and classified into four types according to
their cross-sectional area. Type I (=2.00 umz) refers
to small axons, types II (2.01-50.00 |.un2) and III
(50.01-200.00 |.m12]| to medium axons and type IV
(=200.01 |.|,rn2) to large axons. Single or grouped medium
axons were disposed among small ones whereas large ax-
ons were concentrated close to the central tract region.
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Fig. 2. Electron micrographs of cross sections (A-C) and a longitu-
dinal section (D) of normal protocerebral tract, A Observe electron-
lucent (long arrow) and electron-dense (short arrow) glial cell pro-
cesses. Small axons (sa) are surrounded by the cytoplasm of one
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electron-dense glial cell whereas larger axons (a) are wrapped by
alternating electron-lucent (long arrow) and electron-dense (short
arrow) processes. Observe a glial cell nucleus (Nu). B Higher mag-
nification of figure 2A. Observe the granules in an electron-dense

Corréa/ Allodi/Martinez



glial process (long arrow), microtubule profiles (mt) and electron-
lucent glial processes (short arrow). Observe the microtubules side-
arms (arrow head) and also vesicles (v) in the axoplasm. C Observe
aglial cells nucleus (Nu)close to axons. Intact axons (a) are wrapped
by electron-dense (long arrow) and electron-lucent (short arrow)
glial processes. Mitochondrial profiles (mi). D Observe in the axe-
plasm, microtubules (mt) and vesicular structures (v). Electron-lu-
cent ghial processes (*) containing granules (g), vesicular structures
{v)and microtubules {mt) are also evident. Arrowhead points to the
membrane of the electron-lucent process.

Crustacean Nerve Fibers Degeneration

Fig. 3. Semithin cross sections of the protocerebral tracts. A Nor-
mal protocerebral tract, B 28 days, C 40 days, and D 45 days after
transection. Observe in the normal protocerebral tract (A) axon
profiles of different calibers where large axons (la) are very evident.
At 28 days after transection (B) most of the cytoarchitecture of the
tract 1s preserved. In € (40 days after transection) we can observe
surviving axons and many granule cells (arrow) at the periphery of
the tract. At 45 days after transection (D) only large axons are still
present and areas of glial cell thickening are also very evident (ar-
rowheads).
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The axons were ensheathed by glial cell processes in dif-
ferent manners: a) a single electron-dense process sur-
rounded each small axon or encircled a group of small
axons; b) alternating electron-dense and electron-lucent
processes enveloped medium and large axons. The pro-
cess closest to the axon was always electron-lucent (fig.
2A, B, C).

The axoplasm was characteristically constituted by
microtubules with conspicuous side arms, mitochondrial
profiles and few vesicles. The axoplasm belonging to me-
dium and large axons was typically electron-lucent,
whereas that of small axons was more electron-dense
(fig. 2A, B). Figure 2D illustrates a longitudinally sec-
tioned axon which lies beside two processes, one electron-
lucent and the other electron-dense, where we can easily
observe vesicles and granules resembling glycogen: mi-
crotubules are also seen oriented in parallel to the long
axis of the axons and glial processes. The axon profile il-
lustrated in this figure was somewhat irregular: in the por-
tion where microtubules were arranged in parallel to one
another, its diameter was smaller than in the portion
where microtubules acquired a more disperse arrange-
ment.

Light Microscopy of Normal and Degenerating

Protocerebral Tracts

Figure 3 illustrates panoramic views of the cytoarchi-
tecture of the protocerebral tracts. Figure 3A shows a nor-
mal protocerebral tract with axons of different sizes.
Twenty-eight days after transection, the cytoarchitecture
of the tract is still preserved and few degenerating axons
are present (fig. 3B). Figure 3C shows the aspect of the
protocerebral tract 40 days after surgery. The majority of
axons have degenerated and many granule cells are invad-
ing the tract. After 45 days the tract is much retracted and
there are only large axons left. At this time-point there is
also an obvious gliosis.

Ultrastructural Changes in the Protocerebral Tract

after Optic Stalk Extirpation (7 Days)

Seven days after injury, the cytoarchitecture of the
tract was preserved and, in general, the axons looked nor-
mal and retained a very distinct cytoskeleton (fig. 4A, B).
Some areas of glial cell thickened processes were also ob-
served.

Ultrastructural Changes in the Protocerebral Tracts

after Optic Stalk Extirpation (28 Days)

Twenty-eight days after transection, the protocerebral
tract cytoarchitecture was still preserved. Most nerve fi-
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Fig. 4. Electron micrographs of cross sections of protocerebral tract,
7 days after optic stalks ablation. A, B Observe the preserved cyto-
architecture of the tract and nerve iibers with conspicuous cytoskel-
eton (asterisks).

bers had a normal ultrastructural aspect. However, some
medium axons presented an irregular contour and their
axoplasm was either empty-looking, devoid of microtu-
bules and other organelles, or had a dark appearance,
filled with amorphous material in which we could not
discern microtubules or other organelles (fig. 5A). These
aspects of axoplasm disintegration were not observed in
axons of small and large sizes, which were intact and con-
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Fig. 5. Electron micrographs of protocerebral tract 28 days after
optie stalks ablation. A Cross section. The medium axons present
an irregular contour and difference of axoplasm electron-densities
(asterisks). The smallaxons are apparently normal (arrow). Observe
enlarged electron-lucent glial cell processes (star). B Longitudinal

Crustacean Nerve Fibers Degeneration

section. Observe elliptical structures in an axon (long arrow), prob-
ably vesicles. Note microtubules (short arrow) and vesicular strue-
tures (arrowhead) in electron-lucent glial processes. C MNote the
presence of dark and light large granules (asterisks) and mitochon-
drial profiles (mi) in a granule cell.
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Fig. 6. Electron micrographs of cross sections (A, B. D, E) and a
longitudinal section (C) of protocerebral tracts 40 days after optic
stalks ablation. A& Note nerve fibers undergoing axoplasm degen-
eration close to intact fibers (asterisks). Note the axoplasm replaced
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by a very electron-dense material where no organelles or any ele-
ment of the cytoskeleton can be observed (arrow). B The small
axons (sa) are preserved. Note the disintegration of the microtu-
bules (*) in a medium axon (a). € Observe an enlarged area, between
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tained well preserved microtubules. We also observed dif-
ference of densities among axons of same sizes: therefore,
although some degenerating axons were electron-lucent,
others were more electron-dense.

The cytoplasm of the glial cell electron-lucent process-
es showed signs of degeneration represented by enlarged
and irregular profiles containing fewer microtubules than
in the controls, and irregularly shaped vesicles (fig. SA).
In some restricted areas we could also observe a discrete
enlargement of the glial cell electron-dense processes
(data not shown). In longitudinal sections of the tract, we
observed few microtubule segments and elliptical struc-
tures in the axoplasm (fig. 5B). Some granule cells at the
periphery of the protocerebral tract were evident. These
cells presented a number of irregular and differently sized
granules of variable densities (fig. 5C).

Ultrastructural Changes in the Protocerebral Tracts

after Optic Stalk Extirpation (40 Days)

Forty days after extirpation of the optic stalks, the cy-
toarchitecture of the protocerebral tracts was no longer
preserved. Ultrastructural analysis of the tracts revealed
that the majority of nerve fibers, with the exception of the
largest ones, showed signs of axoplasm degeneration.
Some areas of the protocerebral tracts contained axon
profiles with different electron-densities and in some fi-
bers the axoplasm was totally replaced by a very dark
material in which it was not possible to discern any ele-
ments of the cytoskeleton or other organelle (fig. 6A). In
addition, some medium axons presented an empty-look-
ing axoplasm devoid of microtubules (fig. 6B).

In longitudinal sections, the axons presented areas of
segmental enlargement, where microtubules were discon-
tinued and the axoplasm was filled with a fine granular
material (fig. 6C). Axons without a visibly complete glial
ensheathment were partially surrounded by thick elec-
tron dense cytoplasmic projections (fig. 6D). Glial cell
electron-lucent and electron-dense processes displayed
partial degradation of the cvtoplasm represented by few-
er microtubules, granules and irregular vacuoles (fig. 6 A,

the asterisks, of an axon (a) with few microtubules and swelling of
the mitochondrial profiles (mi). D Cell with electron-dense cyto-
plasm and irregular projections. Note that one of these projections
is partially wrapping an axon (a). E Note enlarged processes of a
glial cell (arrows) and different electron-densities in the same pro-
cesses. Observe also microtubule disintegration (arrowheads) and
that electron-lucent processes have irregular contours.

Crustacean Nerve Fibers Degeneration

B). In some areas these processes became enlarged and
contained degenerating organelles together with areas of
different electron densities (fig. 6D, E).

Granule cells like those observed in protocerebral
tracts 28 days after extirpation. but more numerous, oc-
curred not only in the periphery but also in the central
region of the tract.

Ultrastructural Changes in the Protocerebral Tracts

after Optic Stallc Extirpation (45 Days)

Forty-five days after injury. the tract cytoarchitecture
was completely disorganized. Almost all medium and
small axons showed signs of degeneration, and areas of
compactly arranged membranes devoid of nerve fibers
were observed (fig. 7A, B): however, the largest axons
were still preserved. Many glial and granule cells were also
evident as shown in figure 7B.

Cuantitative Analysis

Figure 8 shows the results of the quantitative and sta-
tistical analyses of normal and degenerating axons at 28
and 40 days after optic stalk ablation. These two time-
points were chosen for quantitative analysis because in
the two other time-points studied, degeneration was ei-
ther just beginning (7 days) or too severe (45 days). When
normal and degenerating axons at 28 and 40 days after
injury were compared, the number of degenerating axons
increased significantly, whereas normal axons decreased
significantly.

Figure 9 shows the percentage of normal and degener-
ating axons according to their areas (types [-IV) at 28 and
40 days after injury. It is evident that tyvpes II and III
started to degenerate before type . Type IV axons did not
seem to degenerate, even after 40 days.

Discussion

In this study we described the pattern and time-course
of ultrastructural changes in the protocerebral tract of
Ucides cordatus after extirpation of the optic stalks, pay-
ing particular attention to the pattern of axon cytoskeletal
degeneration. Our aim was to characterize and quantify
the ultrastructural changes of the axoplasm of differently
sized nerve fibers after distinct time-points post-injury.
The possible mechanism underlying this process is also
discussed.

A qualitative analysis of the normal protocerebral
tracts revealed axons with very well preserved cytoskel-
etal content. Compared to other reports on the ultrastruc-
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Fig. 7. Electron micrographs of cross sections of protocerebral tract 45 days after optic stalks ablation. A Notice
axonal profiles (a) with irregular contours and complete disintegration of the cytoskeleton. Observe many parallel
membranes (arrow) and tissue retraction {asterisk). B Observe many degenerated axons (a) among glial cells (as-
terisk) and granule cells (star).
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ture of invertebrate nerve fibers, ours shows a very good
preservation of microtubules and their side-arms [Hess,
1960; Giinther, 1973; Tanner et al., 1995b; Parnas et al.,
1998; Xu and Terakawa, 1999]. We believe that this was
achieved by a good fixation prior to and during dissection
of the tract. Therefore, we can be sure that the changes
observed in the experimental tracts are a consequence of
the injury itself and are not due to poor tissue preserva-
tion.

Although it is generally described that invertebrate ax-
ons degenerate slowly after injury. the literature shows
contradicting reports. Some authors state that the rate of
degeneration depends on the animals and temperature
[Rees and Usherwood, 1972; Nordlander and Singer,
1973; Blundon et al., 1990], whereas others relate that the
speed of degeneration depends on intrinsic properties of
the neurons. Jacobs and Lakes-Harland [1999] for ex-
ample, compared degeneration of sensory and motor ax-
onsof Schistocerca gregariatympanal nerve and observed
that sensory axons degenerate at a much faster rate than
motor neurons.

A quantitative analysis of the Ucides cordatus proto-
cerchral tract showed that the number of degenerating
fibers increased significantly from 28 to 40 days after le-
sion, whereas the number of normal fibers decreased ac-
cordingly. Despite the fact that axons started to degener-
ate at a fairly late time after injury, the process, once
started, followed in a progressive manner until almost
complete degeneration of the axons, which was complete
by approximately 45 days.

Quantification of degenerating nerve fibers according
to axon area showed that medium-sized fibers were the
first to start degenerating, whereas very small axons sur-
vived for a longer period, and large axons survived for at
least 45 days. Our results are different from that obtained
by Jacobs and Lakes-Harlan [1999] in the distal parts of
sensory axons of sectioned tympanal nerve of Schisto-
cerca gregaria, as it underwent complete degeneration
within 3 to 5 days. However, similar to our data, these
authors found that distal parts of large axons of the same
severed nerve did not start to degenerate until 25 days
after lesion. They reported that these large fibers belong
to a motor tract. Similarly, Nordlander and Singer [197 3]
reported that crayfish motor axons have the ability to sur-
vive for long periods after injury. On the other hand, Nor-
dlander and Singer [197 3] and Govind etal. [1992] study-
ing crayfish sensory axons suggested that large fibers un-
dergo slower degeneration than small fibers and Meiri et
al.[1983] also observed slower degeneration in transected
giant fibers of the cockroach Periplaneta americana.

Crustacean Nerve Fibers Degeneration

Thus, it seems that in Ucides cordatus protocerebral tract
the slower degeneration of mid-sized and small fibers,
when compared to no degeneration in large axons, is in
agreement with the literature. However, the origin and
function of these surviving large fibers are a matter of
discussion. In the crayfish Procambarus erythrops [Mel-
lon, 1977] large axons with mitochondria have been con-
sidered motor neurons that innervate the eyestalk mus-
culature. Therefore, in the protocerebral tract of the crab
Ucides cordatis, the surviving large fibers might belong
to a centrifugal (efferent) tract. Regarding the small ax-
ons, we should consider that at least some of them might
belong to the olfactory globular tract which has been de-
scribed in some crabs and cravfish species as a centrifugal
tract running inside the protocerebral tract. This olfac-
tory tract is composed of axons that connect the hemiel-
lipsoid body to cluster #10 in the central brain [Harszch
et al., 1997; Schmidt, 1997].

It is interesting to observe that in our material, axons
of similar dimensions showed different stages of axo-
plasm degeneration at the same time-point after injury.
This indicates an asynchronous pattern of degeneration
of nerve fibers in arthropods, similar to what is observed
in vertebrate optic nerve fibers [Narciso et al., 2001;
Marques et al., 2003]. The reason why a certain fiber
starts to degenerate regardless of what is happening to the
adjacent similar fiber is unknown.

The axoplasm degeneration we observed follows the
same pattern as that described for vertebrates [Narciso et
al., 2001). It starts by breakdown of microtubules and
other axonal organelles. As described before, this break-
down can be either partial or total suggesting a gradual
dissolution of the cytoskeleton and organelles leading to
an empty axoplasm. On the other hand, some axons ap-
parently underwent another type of degeneration and dis-
played a dark axoplasm where organelles were no longer
discernible. These two types of axoplasm degeneration
have been described in vertebrate injured central nerve
fibers as watery and dark degeneration, respectively [Kru-
ger and Maxwell, 1969; Cook et al., 1974; Cook and Wis-
niewski, 1987; Narciso et al., 2001: Marques et al., 2003;
Couto et al., 2004]. It is possible that two different mo-
lecular mechanisms are involved in these two types of
degeneration, as already suggested by our group for ver-
tebrates” central axon degeneration [Marques et al.,
2003].

The mechanism underlying the initiation of axoplasm
disintegration in vertebrates is an increase of intraxonal
calcium concentration [Martinez and Ribeiro, 1998;
Martinez and Canavarro, 2000]. This increase of calcium
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activates proteases (calpains), which in turn disrupt the
components of the axoplasm. This cytoskeletal disinte-
gration can be partially prevented using a calpain inhibi-
tor treatment after injury, as recently demonstrated in our
laboratory [Couto et al., 2004]. In arthropods, incubation
of nerves in the presence of high calcium concentration
also causes disruption of microtubules [Baker and
Schlaepfer, 1977], therefore it is quite possible that axo-
plasm disintegration in the distal stump of disconnected
invertebrate nerve fibers is also due to the intracellular
elevation of calcium.

What are the physiological mechanisms or selective
advantages involved in the long-term survival of some
invertebrate nerve fibers following injury? Although we
did not directly address these questions, several hypoth-
eses have been generated which are compatible with our
results. Physiological mechanisms to explain the survi-
vorship of nerve fibers might result from either metabol-
ic transfer from glial cells which supports the distal seg-
ment of the axon for long periods [Grossfeld, 1991] or
that there is a slow turnover of proteins within the axo-
plasm [Bittner, 1991]. Selective ad vantages might include
the orientation of or fusion with regenerating proximal
axons [Hoy et al., 1967; Bittner, 1991]. Future studies
focusing on these hvpotheses would probably be a useful
addition to our knowledge of these processes.

Invertebrate glial cells display variable morphologies
depending on species and location and have been classi-
fied according to certain general morphological or func-
tional criteria [Hamori and Horridge, 1966; Radojcic and
Pentreath, 1979; Allodi et al.. 1999: da Silva et al., 2001].
however their function during axon degeneration has not
been completely established. Some authors state that
there is not a strong correlation between nerve fibers and
glial cell response during degeneration [Bittner et al.,
1974; Clark, 1976; Blundon et al., 1990], whereas others
report a phagocytic function for these cells [Radojeic and
Pentreath, 1979; Kretzschmar and Pflugfelder, 2002;
Watts et al., 2004]. In the present work, we observed by
electron microscopy that glial cell processes were still ap-
parently preserved 28 days after extirpation of the proto-
cerebral tract, and after 40 days thickening of glial cell
processes and phagocytosis of denuded axons were evi-
dent, supporting the hypothesis of a phagocytic role for
glial cells during protocerebral tract degeneration.

Finally, the possible identity and function of the gran-
ule cells dispersed among the degenerating axons are in-
teresting to consider. Crustaceans do not have a specific
immunological system, but they have an inner line of de-
fense based on phagocytic cells, mainly hemocytes, ca-
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pable of recognizing and eliminating foreign material,
and on hemolymph [Shivers, 1977; Gargioni and Bar-
racco, 1998]. Based on morphological characteristics
[Toney Jr.. 1958; Wood and Visentin, 1967; Hose et al.,
1990, Rodriguez et al., 1995], crustacean hemocytes are
classified as hyaline cells, small granulocytes and large
granulocytes. Granulocyte cytoplasm observed by elec-
tron microscopy shows various homogeneous and elec-
tron-dense large granules, and the nucleus displays mass-
es of condensed chromatin [Gargioni and Barracco,
1998]. Many granule cells were observed among the de-
generating nerve fibers, with features similar to those de-
scribed previously for hemocytes. Although we have not
specifically investigated these cells through histochemical
or biochemical approaches, our ultrastructural findings
strongly suggest that these granule cells are hemocytes.
One possible interpretation is that hemocytes share with
glial cells the function of phagocytosis of cellular debris
during protocerebral tract degeneration.
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4.4- IMUNO-HISTOQUIMICA UTILIZANDO ANTICORPO CONTRA ON
INDUZIVEL NO TPC NORMAL E DEGENERADO (07 e 30 DIAS POS-

EXTIRPACAO DOS PEDUNCULOS OPTICOS)

Conforme descrito no capitulo Materiais ¢ Métodos, foram realizadas as técnicas de
imuno-histoquimica utilizando o anticorpo anti-ONSi e histoquimica de NADPH-d, nos
TPCs normal ¢ degenerado. A escolha da imuno-histoquimica ocorreu em virtude da
possibilidade de verificagdo da ONSi, especifica em células com fungdes macrofagicas, no
SNC do caranguejo Ucides cordatus. Para confirmacdo indireta da presenga da ON sintase
foi realizada a histoquimica de NADPH-d, pois esta técnica utiliza o NADPH para reduzir
o tetrazdlio em formazana. A marcagdo da NADPH-d observada no TPC sugere que o ON
esteja envolvido, possivelmente, no processo de degeneragdo nervosa.

Nos TPCs normais nenhuma marcagado foi observada. Nossos resultados mostraram
marcagao positiva somente nos TPCs degenerados, isto €, nos animais que sobreviveram no
periodo de 07 e 30 dias ap6s a extirpagdo dos pedunculos Opticos.

A figura 8 mostra a marcag¢do das reagdes € o controle negativo para o anticorpo
anti-ONi no TPC degenerado com 07 dias po6s-lesdo. Nota-se marcacdo em células com
aspecto circular, provavelmente, hemocitos. Nas figuras 8 B e C as células estdo localizadas
na periferia do TPC. Na figura 8 D observa-se a localiza¢ao das células marcadas ao longo
do TPC.

Na figura 9 observam-se as micrografias das reagdes e o controle negativo para o
anticorpo anti-ONSi no TPC degenerado com 30 dias pods-lesdo. Nota-se diferente padrao

de marcacao, isto €, algumas células apresentam marcac¢ao na periferia (Figura 9 B) e outras



células com marcagao no citoplasma (Figura 9 C). Aparentemente houve marcacdo mais
intensa nas células do TPC com 7 dias p6s-lesao do que no TPC 30 com dias pds-lesao. A
histoquimica da NADPH-d foi realizada nos TPCs de 07 e 30 dias ap6s lesdo traumatica
confirmando a presenca da ON sintase (Figuras 10 B e D) e os seus respectivos controles

negativos estao nas Figuras 10 A e C.



Figura 8 — Micrografias do TPC degenerado, 07 dias apds extirpacio cirurgica. Imuno-histoquimica

com o anticorpo anti-ONi. (A) Controle negativo. Marcacdo positiva do anticorpo anti-ONi,
evidenciando células (seta) com marcacio celular predominantemente periférica (B) e em outras células
(seta) marcaciao homogénea. (D) Marcaciao no TPC degenerado evidenciando células (seta) localizadas

na periferia do TPC. Barra: 20pm



Figura 9 — Micrografias do TPC degenerado, 30 dias apés a extirpacio cirurgica. Imuno-histoquimica
utilizando o anticorpo anti-ONi. (A) Controle negativo. (B) Marcacfo positiva evidenciando células no

TPC entre as fibras nervosas. (C) Marcacgao ténue das células no TPC. Barra: 20pm.
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Figura 10- Reacio Histoquimica de NADPH-d. (A e C) Controle negativo, 7 e 30 dias pos extirpacio
cirirgica do TPC, respectivamente. (B e D) Marcagio de células (seta), 7 e 30 dias pos extirpacio
cirirgica do TPC, respectivamente. Notar que na figura B muitas células encontram-se na periferia do
TPC. Barra: 20 pm.
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5- DISCUSSAO

Neste trabalho, descrevemos a ultraestrutura, analisamos a morfometria das fibras
nervosas normais e degeneradas, identificamos a proteina de NF-M no citoesqueleto dos
axonios do TPC do caranguejo Ucides cordatus. Para a discussdo dos resultados optamos

por colocar os assuntos em topicos de modo a facilitar o entendimento do leitor.

5.1- IDENTIFICACAO DA PROTEINA DE NF-M NO TPC

A presenca de MTs e bragos laterais nos axénios do TPC do caranguejo Ucides
cordatus ¢ bem evidente utilizando as técnicas de microscopia eletronica convencional e
imuno-histoquimica, tanto em cortes longitudinais quanto transversais (Allodi et al., 1999;
Corréa et al., 2005). Contudo, em crustaceos, estruturas em forma de filamentos com
aspecto tipico de filamento intermedidrio de modo organizado como estrutura filamentosa
ndo foram observadas por imuno-histoquimica ou microscopia eletronica (Bartinik et al.,
1985; Burton e Hinkley, 1974; Hirokawa, 1986; Viancour et al., 1987). Nos realizamos a
técnica de Western blotting para a identificacdo da proteina de NF-M no TPC do
caranguejo Ucides cordatus. Utilizamos trés anticorpos contra proteinas de NF (NF-L, NF-
M, NF-H), porém somente o anticorpo monoclonal anti-NF-M marcou as fibras do TPC. O
clone NN18 ¢ especifico para um epitopo no terminal carboxil da subunidade de NF-M de
mamiferos (Shaw et al., 1984; Weaver e Viancour, 1992). Como o terminal carboxil ¢
essencial para o controle do calibre do filamento (Julien, 1999), é possivel que a presenga
da subunidade NF-M esteja desempenhando o papel de controlar o calibre axonal nos

crustaceos. Por outro lado, a falta de NF-L ¢ a provavel razao pela qual nao ¢ observado,



nos crustaceos, NF organizado como estrutura filamentosa, pois se sabe, por estudos
anteriores, que a presenga da subunidade NF-L ¢ necessaria para a formacao de estrutura
filamentosa (Lee e Cleveland, 1996; Julien, 1999).

Considerando que em crusticeos nao existem NFs estruturados de modo
filamentoso a seguinte pergunta deve ser feita: como os crusticeos decapodos podem
compensar a falta de NF no crescimento radial dos axonios?

De acordo com Julien (1999), o NF-M desempenha um importante papel no
crescimento radial de fibras mielinicas de grande calibre nos vertebrados. Em camundongos
mutantes que ndo expressam o NF-M, ocorre uma diminui¢do nos niveis de NF-L e do
axoplasma, resultando em atrofia axonal. Em crusticeos sugere-se que feixes
microtubulares estaveis especializados sdo essenciais para realizar a fun¢do dos filamentos
intermediarios (Mongensen e Tucker, 1987; 1988; Weaver e Viancour, 1992; Karabinos et
al., 2001).

Nosso estudo esta de acordo com os dados encontrados na literatura: a identifica¢do
de proteina de NF. Contudo, diferente dos resultados encontrados por Weaver e Viancour
(1991, 1992), encontramos uma proteina de NF idéntica ao peso molecular encontrado na
subunidade NF-M em mamiferos. Nos trabalhos dos referidos autores foi encontrada uma
proteina por meio da utilizacdo do anticorpo clone NN18, porém o peso molecular foi
muito maior do que o encontrado nos mamiferos (>600 kDa). No nosso trabalho, pela
técnica de Western blotting, foi possivel identificarmos duas bandas de peso molecular =
160 KDa, que ¢ o peso molecular esperado em mamiferos. Este resultado permite-nos
sugerir a existéncia, em crustaceos decapodas de, pelo menos, duas isoformas diferentes de
NF-M. Torna-se dificil explicar o conflito entre os nossos resultados e os obtidos por

Weaver e Viancour (1991,1992). Enquanto os resultados destes autores revelaram uma



nova proteina de citoesqueleto, nossos resultados indicaram uma proteina de peso
molecular muito similar ao NF-M dos mamiferos. Duas hipdteses foram aventadas: uma ¢ a
possivel oligomerizagdao deste tipo de polipeptideo de NF, e até mesmo uma associacao
desses polipeptideos com outros polipeptideos que estejam presentes no material
homogeneizado; outra é que, pelo menos, no caranguejo Ucides cordatus, a subunidade

NF-M esté preservada. Ambas as hipoteses precisam de confirmagao.

5.2- ANALISE QUANTITATIVA DOS MICROTUBULOS DE AXONIOS DE DOIS

TAMANHOS DISTINTOS NO TPC NORMAL

Existem poucos relatos na literatura sobre a quantificacdo de estruturas subcelulares
em crustaceos. O interesse deste estudo é saber a real constituigdo das estruturas nervosas,
em condi¢do normal, que podem servir como base para outros estudos, tais como: auxiliar o
entendimento ¢ a caracterizagao do tecido nervoso dos crustaceos em condi¢des ambientais
alteradas, por exemplo, contamina¢do por metais e/ou reagentes quimicos ou irradiacdo de
raios ultravioletas em seus habitats naturais, que comeca a surgir em certas latitudes. Além
disso, os resultados podem ser utilizados como aquisi¢do de conhecimentos para melhor
compreensdo na neurobiologia.

Nossos resultados revelaram que a relacdo entre a densidade dos MTs e a area
axonal ¢ inversamente proporcional, isto ¢, a densidade dos MTs ¢ maior nos axdnios de
menor area que os axonios de maior area. Embora as areas dos axonios do tipo III e IV ndo
tenham sido analisadas, a mesma relagdo apresentada entre os axonios do tipo I e II, pode
ser aplicada aos axonios do tipo IIl e IV, quando observados ao microscépio eletronico.

Estes resultados sdo similares aos observados nas fibras nervosas dos vertebrados



(Malbouisson et al., 1985; Vergara et al., 1986). Assim, at¢ o momento, em todas as
espécies estudadas nao existem resultados conflitantes, e ¢ razoavel sugerir que as relagcdes
citadas acima podem servir como regra geral. Uma possivel excegdo a regra ¢ a analise feita
por Nadelhaft (1974) nos axdénios do 3° ganglio abdominal do lagostim. Embora os
resultados sejam semelhantes aos encontrados por nds, o autor relatou que axdénios com
areas similares podem apresentar diferentes densidades de MTs. O autor atribuiu este
resultado as diferencas funcionais de grupos de axdnios presentes no 3° ganglio abdominal,
pois existem axonios motores, sensoriais € interneurdnios.

MTs sdo encontrados no axoplasma de todos os invertebrados. Eles s3o necessarios
para o crescimento axonal sob condic¢des fisioldgicas normais, sdo parte do citoesqueleto
envolvido com o suporte axonal e transporte intra-axonal e estdo direta ou indiretamente
associados com a membrana plasmatica do axénio (Wais-Steider et al., 1987). Ao contrario
dos MTs, os NFs nao sdo encontrados no axoplasma de todos os invertebrados ¢ o papel
dos NFs nos invertebrados ainda nido esta totalmente elucidado. Nos vertebrados, os NFs
sd0 os principais componentes do axoplasma, e o seu namero ¢ diretamente proporcional ao
calibre do axdnio e também ¢ necessario para determinar o calibre do axénio (Hoffman et
al., 1984).

De acordo com Perrot et al. (2007) os NFs sdo essenciais para a obtengdo de
calibres axonais normais. Em ratos transgénicos sem a expressdo de NF-H, a média do
diametro axonal no SNC e SNP foi de aproximadamente 50% menor do que nos animais do
grupo controle. A auséncia de NFs axonais resultou em fibras com calibres de didmetros
diferentes. Além disso, a reducdo do calibre axonal ndo foi uniforme em todos os axonios,
porque axonios de menores calibres apresentaram uma reducdo limitada de seus diametros.

Estes resultados mostram que embora os NFs exibam papel fundamental no crescimento



radial do axonio, eles nao atuam isoladamente para determinar o calibre dos axonios. Sem
NFs, numerosos mecanismos compensatorios poderiam contribuir para o crescimento radial
do axonio, por exemplo, a densidade aumentada de MTs axonais pode influenciar o calibre
axonal nos ratos transgénicos. Além disso, a densidade de MTs observada em corte
transversal, obtida de regides do nodo de Ranvier e regido internodal, foi significativamente
maior, reforcando a idéia de que outros fatores além do acimulo de NFs estao envolvidos
na determina¢do do calibre axonal nas regides do nodo e internodo nas fibras normais dos
ratos (Perrot et al., 2007).

Muitos estudos tém revelado, em crustaceos, a presenca de proteinas de NFs
similares as subunidades de NFs de mamiferos, mas em nenhum dos estudos as proteinas
formaram uma estrutura filamentosa, definida como filamento intermediario (Weaver e
Viancour, 1991; 1992; Corréa et al., 2004; Corréa et al., 2005). Conforme descrito
anteriormente, Weaver e Viancour (1992) identificaram uma proteina, no lagostim,
denominada de P600 com uma combinagdo de caracteristicas que incluem: alto peso
molecular, co-purificagdo com MTs e epitopo reconhecido pelo anticorpo monoclonal
especifico para a subunidade NF-M. Assim, muitos anticorpos que sdo especificos para
locais determinados de proteinas do NF-M e NF-H tém reagdo cruzada com MAPs ou tau
(Bloom et al.,1984; Lee et al.,1988); além disso, no lagostim, Viancour (1987) sugeriu que
a forma e o tamanho dos axoOnios sdo determinados somente por MTs ou MAPs. Uma
questdo interessante surge a partir destes resultados: o que determina o calibre dos axonios
nos crustaceos decapodos? Noés podemos sugerir que as proteinas de NFs presentes nos
axoplasmas dos invertebrados proximos aos MTs (Jaffe et al., 2001; Corréa et al., 2004)

poderiam ser responsaveis pela distancia entre os MTs. Esta hipdtese pode ser corroborada



pelos estudos de Rao et al.(1998) que sugeriram que a proteina do NF-M fosforilada
fornece a distancia entre os MTs adjacentes.

Supondo que a proteina de NF tenha evoluido ao longo do tempo com o surgimento
de um sistema nervoso avangado (Pleasure et al., 1989) no complexo Metazoa, entdo a
fungdo mais primitiva do NF pode ser a manutencdo do volume e regulacao do diametro
axonal. Desta forma, as proteinas de NFs estariam presentes ao longo da evolugao, exibindo
um papel de manutengdo das distancias dos MTs preservada entre as espécies. Visto que
nos vertebrados os NFs determinam e mantém o calibre axonal e porque nos artropodos nao
sdo observados NFs estruturados como filamentos intermediarios no axoplasma, podemos
sugerir que estas proteinas de NFs encontradas no axoplasma dos artrépodos possam
funcionar como reguladoras do calibre axonal. Contudo, estudos das possiveis diferencas
moleculares entre axonios de diferentes tamanhos e/ou fungdes sobre a estrutura subcelular,
determinando o calibre axonal e a distancia entre os MTs nos invertebrados, podem
fornecer mais informagdes sobre esta questao.

Observacdes ao microscopio confocal, utilizando dupla marcagdo com anticorpos
anti-NF e anti-MTs podem trazer novas informagdes sobre a arquitetura do citoesqueleto
dos invertebrados. Técnicas tais como criofratura e deep-etch revelariam a ultraestrutura e
as relagdes entre os elementos do citoesqueleto. O registro individual de células (Sztaker e
Tomsic, 2004) seria 1til para correlacionar a funcdo com o didmetro axonal. Mais
informagdes poderiam ser obtidas utilizando microscopio de forga atomica para observar
NFs e MTs isolados e as interagdes fisicas entre estes elementos do axoplasma (Wagner et

al., 2004).



5.3- QUANTIFICACAO DAS MUDANCAS ULTRAESTRUTURAIS DOS

AXONIOS NO TPC APOS EXTIRPACAO CIRURGICA

A andlise qualitativa do TPC normal revelou que os axdnios apresentam o
citoesqueleto bem preservado. Comparado a outros relatos da literatura sobre a analise
ultraestrutural das fibras nervosas de invertebrados, nossos resultados apresentaram uma
boa preservagdo dos MTs e dos bragos laterais (Hess, 1960; Giinther, 1973; Tanner et al.,
1995; Parnas et al., 1998; Xu e Terakawa, 1999).

A andlise quantitativa do TPC do caranguejo Ucides cordatus mostrou que o
numero de fibras nervosas em degeneragdo aumentou significativamente de 28 para 40 dias
apods extirpagdo cirtrgica dos peduinculos 6pticos, enquanto o numero de fibras nervosas
normais diminuiu. E interessante notar que os axdnios comegam a degenerar com um
retardo temporal, porém, uma vez iniciado o processo, as fibras nervosas degeneram quase
que completamente 45 dias ap0s a lesdo.

A quantificagdo das fibras nervosas degeneradas de acordo com a area axonal
mostrou que fibras médias foram as primeiras a degenerar, enquanto muitos axonios
menores sobreviveram por um tempo maior, € axonios maiores sobreviveram por pelo
menos 45 dias. Nossos resultados sdo diferentes dos obtidos por Jacobs e Lakes-Harlan
(1999) que estudaram a parte distal dos axdnios sensoriais do nervo timpanico seccionado
da Schistocerca gregaria. Estes axonios sensoriais sofreram completa degeneragdo de 3-5
dias apos a lesdo. Todavia, nossos resultados foram similares ao analisar a parte distal dos
axonios de maior calibre presentes no nervo que sofreu injuria, pois estes axonios ainda

mantiveram aparente preservacao apos a lesdo. E possivel que, como os axonios descritos



por Jacobs e Lakes-Harlan (1999), estes axonios que foram preservados no Ucides cordatus
pertencam ao tracto motor. De acordo com Jacobs e Lakes-Harlan (1999) estes axonios
pertencem ao tracto motor. De modo similar Nordlander e Singer (1973) relataram que os
axonios motores do lagostim possuem a habilidade de sobreviver por longo periodo de
tempo apods lesdo nervosa. Por outro lado, Nordlander e Singer (1973) e Govind et
al.(1992) estudando axonios sensoriais do lagostim sugeriram que as fibras de maior
diametro sofrem degeneracdo mais lenta que as fibras de menor diametro. Meiri et al.
(1983) também observaram degeneragcdo nervosa mais lenta nas fibras gigantes da barata
Periplaneta americana. Sendo assim, parece que a degeneracdo nervosa mais lenta nas
fibras de pequeno e médio calibre quando comparada a preservacio das fibras nervosas de
maior calibre no TPC do caranguejo Ucides cordatus, esta de acordo com os dados
encontrados na literatura. Todavia, a origem e funcdo das fibras nervosas de grande calibre
permanecem desconhecidas no Ucides cordatus. No lagostim Procambarus erythrops os
axonios de grande calibre com mitocondrias sdo considerados neurdnios motores que
inervam a musculatura dos pedinculos opticos (Mellon, 1977). J4 no TPC do caranguejo
Ucides cordatus, as fibras nervosas de maior diametro podem pertencer ao tracto eferente
(centrifugo), isto €, os corpos celulares destes axdnios permaneceriam preservados mesmo
quando o tracto ¢ lesionado. J4 nos axénios de menor diametro, podemos considerar que,
pelo menos alguns deles podem pertencer ao TGO que é descrito em algumas espécies de

caranguejos e lagostins como um tracto que também apresenta trajeto centrifugo no TPC.



5.4- OXIDO NITRICO INDUZIVEL NO TPC DEGENERADO

5.4.1- CELULAS DA HEMOLINFA NO TPC

Ha poucos relatos na literatura sobre as células da hemolinfa, os hemocitos dos
invertebrados e suas caracteristicas morfoldgicas. Toney (1958) relatou que diferentes
autores identificaram a existéncia de células da hemolinfa em invertebrados, tais como:
Cuénot (1891) que caracterizou uma classe de célula granular nos moluscos e Drew (1910),
George e Ferguson (1950), e Dundee (1953) que reportaram a existéncia de pelo menos trés
tipos de células da hemolinfa em algumas espécies de moluscos. Toney (1958) ainda
relatou que a classificacdo dos tipos de hemocitos em crustaceos ¢ confusa, citando varios
autores. Lochhead e Lochhead (1941) encontraram um tipo de célula da hemolinfa e um
tipo de célula fagocitica na Artemia e em Branchipus, enquanto que Halliburton (1885)
identificou dois tipos de hemdcitos em crustaceos ¢ George e Nichols (1948) relataram a
existéncia de duas classes de células da hemolinfa em algumas espécies de caranguejos e
lagostins com granulos de elétron-densidades diferentes. Com base nestes trabalhos, Toney
(1958) classificou quatro tipos de células: linféides, mondcitos e duas formas de
granuldcitos (uma contendo grandes granulos e outra pequenos granulos) encontradas em
caranguejos, lagostins e lagostas. Wood e Visentin (1967) descreveram na hemolinfa do
lagostim Orconectes virilis, trés tipos de células: pequenos e grandes granulocitos e células
hialinas (contendo poucos ou nenhum granulo). Estes autores sugerem que as células
hialinas e os pequenos granulocitos desempenham a funcao de fagocitose, o que justificaria

a presenca de particulas lisosomais. As diferengas encontradas pelos autores supracitados,



em relacdo aos tipos de células, podem ser verdadeiras ou representar mudangas funcionais
das células. Neste caso, as células hialinas seriam o primeiro estdgio do desenvolvimento
dos hemocitos, o qual seria seguido por um estagio intermediario representado pelos
pequenos granulocitos, até alcancar o desenvolvimento completo representado pelas células
com granulos.

Em nossos resultados, observamos a microscopia optica a presenca de células com
granulos na periferia e no interior do TPC. Grande quantidade destas células foi observada
somente nos animais que sobreviveram 28 e 40 dias apos a extirpagdo cirurgica dos
pedunculos opticos. Estas células com granulos, possivelmente hemdcitos, chegariam ao
TPC através do sistema circulatorio, pois 0s caranguejos possuem um sistema de circulacao
aberta, sendo possivel que haja invasdo de células (de areas adjacentes) no TPC
favorecendo o desenvolvimento de um tipo de célula fagocitica como mecanismo de
defesa. Na microscopia eletronica observamos que estas células apresentam granulos de
elétron-densidades e tamanhos diferentes em seu citoplasma e por serem encontradas nos
TPCs em degeneracdo podem estar ou devem estar associadas a fagocitose. Investigagdes
utilizando técnicas bioquimicas, citoquimicas e outras sdo ainda necessarias para esclarecer
melhor o desenvolvimento e funcdo destas células encontradas na degenera¢do nervosa

destes invertebrados.

5.4.2- SISTEMA IMUNOLOGICO NOS INVERTEBRADOS
Os invertebrados que ndo possuem sistema imunoldgico adaptativo desenvolvem
outro sistema de defesa, o sistema imunologico inato, com a acdo de antigenos nas
superficies celulares de patogenos. Em artropodos, tais como insetos, caranguejos e

lagostins, existem moléculas que participam da defesa imunologica. Estas moléculas



incluem fenoloxidases, lectinas, inibidores de proteases, peptideos antimicrobiais
encontrados no plasma da hemolinfa e nos hemocitos. Essas moléculas compdem o sistema
imunologico inato, cuja agdo ocorre contra patdgenos como bactérias, fungos e virus. Este
sistema de defesa ¢ essencial para a sobrevivéncia de todos os organismos multicelulares
(Salzet, 2001).

Os invertebrados que ndo possuem imunoglobulinas desenvolvem modalidades para
detectar e responder aos antigenos com superficie microbiana. Sabe-se que varios
componentes da parede celular microbial podem desencadear uma variedade de respostas
que depende da espécie e tipo celular (Cooper et al., 2002).

Na tabela 2 estdo relacionados os principais mecanismos de defesa imunoldgica de
invertebrados, sendo estes sistemas similares aos encontrados nos mamiferos (Aderem e
Ulevitch, 2000).

Tabela 3 — Principais sistemas de defesa de invertebrados

Coagulago da hemolinfa

Sistema de ativagdo pro-fenoloxidase

Sistema mediado pela lectina

Sistema lectina-aglutinina

Sistema antiviral, antifingico, antibactericida pela proteina ligante ao peptidoglicano

Sistema fagocitico

Quando os patdgenos sdo identificados, ocorre a fagocitose por células semelhantes
aos macrofagos e neutréfilos (Greenberg e Grinstein, 2002). De acordo com Iwanaga e Lee
(2005), o sistema imunoldgico do caranguejo ferradura (Tachypleus tridentatus) é um

exemplo de invertebrado que possui um sistema de defesa altamente eficiente, pois o



plasma neste animal contém muitas moléculas soluveis de defesa, tais como as
hemocianinas, lectinas, o, macroglobulinas, além de muitas células granulares (amebdcitos)
que sofrem uma rapida degranulagdo em contato com os patogenos (Iwanaga et al., 1998).

Os hemocitos contém uma variedade de moléculas de defesa localizada nos
granulos pequenos e grandes. Os granulos pequenos contém pelo menos seis peptideos
antimicrobianos e algumas proteinas de peso molecular menor que 30 kDa. Esses peptideos
incluem taquicitinas, taquiplesinas, taquistatinas e defensinas, sendo estas altamente ativas
contra bactérias Gram-positivas e Gram-negativas e fungos. J4 os granulos grandes
armazenam proteinas com peso molecular variando de 8 — 120 kDa. Esses componentes do
sistema imunoldgico incluem fatores de coagulagdo, coagulogeno, inibidores de protease,
lectinas e proteinas antimicrobianas (Iwanaga, 2002). Quando comparado ao sangue de
mamiferos, o plasma do caranguejo Tachypleus tridentatus contém relativamente poucos
tipos de proteinas (no plasma humano existem mais de 300 proteinas diferentes), sendo os
tipos de proteinas predominantes a hemocianina (transportador de O,), proteinas reativa C e
a, macroglobulinas (Iwanaga e Lee, 2005).

O fendmeno de coagulagdo da hemolinfa foi identificado no caranguejo Limulus
poliphemus, por Bang em 1956. Quando bactérias Gram-positivas invadem a hemolinfa,
hemocitos detectam moléculas de lipopolissacarideos em suas superficies, e entdo liberam,
via exocitose, as substancias presentes nos granulos pequenos e grandes (Iwanaga e Lee,
2005).

Os crustaceos ndo possuem um sistema imunoldgico especifico, mas possuem uma
defesa imunolégica com células fagociticas, principalmente os hemdcitos, capazes de
reconhecer e eliminar materiais estranhos ao organismo (Shivers, 1977; Gargioni e

Barracco, 1998). Nos invertebrados existe somente a forma de ON dependente de



Ca2+/CaM, isto €, ON neuronal e endotelial, ndo sendo observada a forma independente de
Ca”" que representa o ONi (Kim et al., 2004; Jiang et al., 2006).

A presenga de ONi apos lesdo traumatica no TPC do caranguejo Ucides cordatus
sugere que os hemocitos expressam ONi e, conseqiientemente, estdo envolvidos em
respostas fagociticas. Weiske e Wiesner (1999) descreveram que os hemocitos de insetos
expressam ONS quando ocorre infec¢do bacteriana. De acordo com Kim et al. (2004) a
NOS esta presente no o6rgdo Y e branquias de caranguejos da espécie Gecarcinus lateralis.
Estes autores sugerem que a presenca da ONS no tecido conjuntivo e epitélio do 6érgao Y e
branquias esta relacionada ao sistema imunoldgico destes animais. De acordo com
Galloway e Depledge (2001) os hemocitos de invertebrados desempenham papel
importante no processo de defesa imunoldgica através da sintese do ON. Similar aos
resultados encontrados por Weiske e Wiesner (1999); Kim et al. (2004) e Galloway e
Depledge (2001), sugerimos nos nossos resultados que os hemocitos do caranguejo Ucides
cordatus também expressam ON, confirmando a participagao desta molécula nos processos
neurodegenerativos.

Embora ndo tenha sido possivel estudar especificamente estas células granulares por
meio de experimentos bioquimicos, pelos achados ultraestruturais associados aos da imuno-
histoquimica, utilizando o anticorpo anti-ONi, sugerimos que estas células granulares sejam
hemocitos recrutados e migrados para o local da lesdo traumatica. Sendo assim, os
hemocitos, juntamente com as células da glia, podem desempenhar um papel de fagocitose

no processo de degeneracgao nervosa do TPC.



CONCLUSOES



6- CONCLUSOES

Por meio dos estudos realizados no presente trabalho concluimos que:
1) As fibras nervosas do TPC, no caranguejo Ucides cordatus possuem a proteina de
NF de mesmo peso molecular daquela encontrada nos vertebrados, a subunidade de NF-M
que pode estar conservada nesta espécie de caranguejo.
2) As proteinas de NFs proximas aos MTs, presentes no axoplasma do caranguejo
Ucides cordatus, podem ser responsaveis pela distancia entre os MTs.
3) Os axonios do TPC, no caranguejo Ucides cordatus sao classificados de acordo com
a sua 4rea axonal, em 4 tipos distintos: tipo I (< 2,00 um?); tipo II (2,01-50,00 um?); tipo IIT
(50,01-200,00 um?); tipo IV (200,01 um?).
4) A relacdo entre a densidade de MTs versus a area axonal ¢ inversamente
proporcional, ou seja, a densidade dos MTs é maior em axdnios de menor area axonal (tipo
I) comparada aos de maior area axonal (tipo II).
5) Nos axodnios tipo I a distancia entre MTs ¢ significativamente menor que nos
axonios maiores (tipo II).Quantitativamente existem mais MTs nos axdnios tipos Il do que
nos axdnios tipo I.
6) Qualitativamente os prolongamentos de células da glia elétron-densos e elétron-
lucentes envolvem os axdnios do TPC de acordo com o calibre axonal. Os axonios de
menor diametro (tipo I) s3o envolvidos somente por um prolongamento elétron-denso e os
axonios de maior calibre (tipos II, III e IV) envolvidos por prolongamentos elétron-lucentes
e elétron-densos alternadamente. Nestes axonios o prolongamento da célula da glia em

contato com o axolema ¢ o prolongamento elétron-lucente.



7) Os axo6nios dos crusticeos ndo mostram, ao microscopio eletronico, todos os
elementos do citoesqueleto que podem ser observados nos vertebrados. No citoesqueleto
em invertebrados observam-se MTs e a partir deles, bragos laterais. Estes bragos laterais
podem apresentar proteinas caracteristicas de neurofilamentos dos vertebrados, porém nao
formam filamentos estaveis.

8) Na analise quantitativa, ap6s lesdo traumatica, o numero de fibras nervosas do TPC
do caranguejo Ucides cordatus degeneram de acordo com o tempo de sobrevida e,
inversamente, as fibras preservadas diminuem.

9) O inicio da degeneracdo dos axonios do TPC a ultraestrutura ¢ evidenciado
principalmente pela degradacdo dos microtiibulos. Os axdnios apresentam diminui¢do do
nimero dos microtibulos até o seu desaparecimento.

10) A microscopia 6ptica, a imuno-histoquimica contra ON induzivel mostra reagio
positiva nas fibras nervosas do TPC submetido a degeneragao.

11) O TPC ¢ um bom modelo para se estudar aspectos normais e¢ degenerativos do

sistema nervoso em invertebrados, por ser uma projecdo do SNC de facil acesso.
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APENDICE 1

Com base na classificacdo para crustaceos, obtemos a seguinte chave taxonomica
para o Ucides cordatus sp. (Linnaeus 1763):

Filo Artropoda

Sub-Filo Crustacea

Classe Malacostraca
Superordem Eucarida
Ordem Decapoda
Infra-Ordem Brachyura
Super Familia Ocypodoidea
Familia Ocypodidae
Género Ucides

Espécie Ucides cordatus sp.
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Abstract

Glial fibrillary acidic protein (GFAP) is the main intermediate filament protein used as a marker for the identification of astrocytes in the
central nervous system of vertebrates. Analogous filaments have been observed in the glial cells of many mollusks and annelids but not in
crustaceans. The present study was carried out to identify by light microscopy immunohistochemistry, immunoelectronmicroscopy and
immunoblotting, GFAP-like positive structures in the visual system of the crab Ucides cordatus as additional information to help detect and
classify glial cells in crustaceans. Conventional electron microscopy, light microscopy of semithin sections and fluorescence light microscopy
were also employed to characterize cells and tissues morphology. Our results indicated the presence of GEAP-like positive cell processes and
cell bodies in the retina and adjoining optic lobe. The labeling pattern on the reactive profiles was continuous and very well defined, differing
considerably from what has been previously reported in the central nervous system of some mollusks, where a diffuse spotted fluorescence
pattern of labeling was observed. We suggest that this glial filament protein may be conserved in the evolution of the invertebrate nervous

systems and that it may be used as a label for some types of glial cells in the crab.

© 2004 Published by Elsevier SAS.
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1. Introduction

Glial cells are indispensable for the normal activity of
neurons and they show a variety of morphologies depending
on species and location, particularly in invertebrates. In this
huge group of animals, they are in general classified accord-
ing to morphological, functional and positional criteria (Ra-
dojcic and Pentreath, 1979; Pentreath, 1987 Allodi et al.,
1999). Therefore, particular labels that enhance specific as-
pects of glial cells could be used as additional tools for their
characterization.

In crustaceans, few markers for glial cells have been
reported. The molecule 2, 3’-cyclic nucleotide 3’-phospho-
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diesterase (CNPase), a non-compact myelin protein that is a
phenotypic marker of vertebrate oligodendroglial and
Schwann cells and that, due to its membrane-skeletal fea-
tures, is possibly involved in migration or expansion of mem-
branes (Braun et al., 1988; Dyer and Benjamins, 1989), is
one of them. A CNPase-like immunoreactivity has been
recently detected by our group in the visual system of the
crab Ucides cordatus, suggesting that it may be used as a
phenotypic marker for some types of glial cells, at least in the
crab (Da Silva et al., 2003).

GFAP is the intermediate filament protein most com-
monly used as a marker for the identification of astrocytes in
vivo and in vitro. It was first isolated from human multiple
sclerosis plaques (Eng et al., 1971) and it has been biochemi-
cally characterized by the use of polypeptide analysis and
immunogenic determinations (Bignami et al., 1972).
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GFAP is not strictly confined to astrocytes in the verte-
brate central nervous system. Accordingly, GFAP-like im-
munoreactivity has been shown in enteric glia (Jessen and
Mirsky, 1980), Schwann cells of unmyelinated peripheral
nerve fibers (Yen and Fields, [981: Dahl et al.. 1982), lens
epithelium (Hatfield et al., 1984), and Kupffer cells in the
liver (Gard et al., 1985), among others. Filaments of morpho-
logical structure similar to the intermediate glial filament
have been reported in the glial cells of many mammals, birds,
reptiles, fishes (Dahl et al., 1985), and in some invertebrates
such as annelids and mollusks (see Radojcic and Pentreath,
1979; Cardone and Roots, 1990; Riehl and Schlue, 1998;
Dos Santos et al., 2002).

Because of the main role that has been attributed to GFAP
in astrocytes, as a cytoskeleton stabilizer (see Rutka et al.,
1997}, and to the presence of this protein in few invertebrates
(see Radojcic and Pentreath, 1979; Cardone and Roots, 1990,
Riehl and Schlue, 1998, Dos Santos et al., 2002), we wanted
to search for the presence of GFAP-like proteins in crusta-
ceans.

The literature has reports stating the absence of interme-
diate filaments in arthropods when observed by routine elec-
tron microscopy (Burton and Hinkley, 1974; Hirokawa,
1986; Viancour et al., 1987) or by immunocytochemistry
(Bartnik et al., 1985). However, proteins similar to mamma-
lian neurofilament proteins have been found in some crusta-
ceans (Weaver and Viancour, 1991; Corréa, 2002), and
GFAP-like proteins have been recognized in two silkmoth
species (Kumar et al., 1996). Therefore, the proposal of this
study was to detect and locate GFAP-like positive structures
in the optic lobe of the crab Ucides cordaius, a common
species of mangrove forests of the Western Atlantic coast
{Coelho and Ramos, 1972), whose visual system has been
used as a good model for studies of nervous structures in
crustaceans (Allodi and Taffarel, 1999; Allodi et al., 1999;
Da Silva et al., 2001; Da Silva et al., 2003).

2. Results

The visual system of decapod crustaceans is constituted
by ommatidia connected by the fasciculated zone to a group
of three successively disposed optic ganglia: the lamina gan-
glionaris, the external medulla and the internal medulla (see
Allodi et al., 1995). Each ommatidium consists of a cornea, a
crystalline cone lens system, and a retina composed of pho-
toreceptors (retinular cells) and pigmented glial cells. In this
work, we analyzed the GFAP-like immunostaining in the
refina, the basement membrane, a structure that separates the
retina from the fasciculated zone, the fasciculated zone and
the lamina ganglionaris. For histological localization of
these structures, see the schematic diagram depicted in Fig. |
in Da Silva et al. (2003). In the retina, GFAP-like positive cell
processes were detected as evident lines along the omma-
tidia. These processes, at the most proximal part of the retina,

were continuous with or met other processes in the basement
membrane, that were also GFAP-like positive (Fig. 1a—c). In
crustaceans, this membrane consists essentially of cone cell
processes, distal pigment cells on the distal side of a basal
lamina, and glial cells that fold within the basal lamina in its
proximal side (Odselius and Eloffson, 1981). In addition to
intensely stained cell processes in the retina and basement
membrane, some cell bodies were also clearly immunore-
acted in the basement membrane (Fig. 1c). However. no
reaction was observed in the fasciculated zone (Fig. la—c).
Fig. 1d illustrates the control section.

In order to evidence cell nuclei, DAPI staining was used in
sections adjacent to those shown in Fig. 1 and confirmed that
the GFAP labeling of the cell body in Fig. Ic is cytoplasmic.
Virtually all nuclei present in the section shown in Fig. 2a
were stained by DAPIL, differently from Fig. 1c, where only
one GFAP-reacted cell body resembling a nucleus was evi-
denced. In addition to DAPI staining, semithin sections for
light microscopy and ultrathin sections for transmission elec-
tron microscopy observation (Fig. 2b—d) were used for a
better visualization of the cytoarchitecture of the basement
membrane. Cell bodies containing a nucleus or tangential to
the nucleus were continuous with horizontal cytoplasm pro-
cesses, which together with a basal lamina constitutes the
basement membrane.

In the lamina ganglionaris, GFAP-like immunostaining
was observed in the cell bodies of the layers described by
Hamori and Horridge (1966) as outer and inner ganglion cell
layers (Fig. 3a). Due to the technical difficulties regarding the
processing of the basement membrane for LR-white embed-
ding. and to the lack of information on glial cells composing
the basement membrane compared to the more available
information about the lamina ganglionaris, this ganglion
was the one chosen in this paper to be studied by immuno-
electronmicroscopy. This approach revealed gold particles
evenly distributed in the scarce cytoplasm of the lamina
ganglionaris ganglion cells, mostly associated with struc-
tures displaying a cytoskeleton morphology (Fig. 3c). The
gold particles were clearly visualized despite the typical poor
preservation of structures in LR-white resin embedded mate-
rial. Reactive cells displayed clumps of heterochromatin
close to the nuclear envelope, a feature considered as a
hallmark of invertebrate glial cells (cf. Hamori and Horridge,
1966: Radojcic and Pentreath, 1979). In control sections, no
reaction was detected (Fig. 3b).

Further confirmation of the presence of GFAP-like pro-
teins in total homogenates from crab optic ganglia was ob-
tained by immunoblotting using a monoclonal antibody anti-
GFAP, after separation of the proteins by SDS-PAGE as
described in Section 4. Fig. 4a shows that this antibody
recognized a band of =48 kDa, which is the expectable
molecular weight of the mammaliam GFAPs. It is also pos-
sible to see a significant detection of a band with approxi-
mately 90 kDa, raising the hypothesis of dimers or other
different association with different proteins.
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Fig. 1. (a—c) Longitudinal section of ommatidia with GFAP-like immunolabeled cell processes (thick arrow in a) projecting towards the basement membrane

(star in a). Note GFAP-like positive cell processes in the basement membrane (long arrows in a and b) and a reacted cell body (long arrow in c). id) Control
section. Same crientation as a. b and c. Retina (R); fasciculated zone (FZ). Bar: 25 pm.

To further confirm the specific localization of the recog-
nized band in the visual system, we also performed Western
blotting of non-neural tissues. As it can be seen in Fig. 4b,
there was no positive reaction of the anti-GFAP monoclonal
antibody with hepatopancreas and chelae muscles.

3. Discussion

Cardone and Roots (1990) investigated the nature of the
filaments present in the central nervous system (CNS) glial
cells of two members of mollusks, considered, like the ar-
thropods, the most developed invertebrates. Sections of the
CNS of the two species treated with anti-GFAP antibodies,
exhibited a diffuse spotted fluorescence pattern after the use
of a secondary antibody conjugated to a fluorescent label. In
our study, differently from the results obtained by Cardone

and Roots (1990), the immunocytochemistry by light mi-
croscopy revealed a continuous and very well defined GFAP-
like labeling pattern in the retinal processes, in the basement
membrane and in the lamina ganglionaris cell bodies.

In the retina, GFAP-like immunolabeling may be evidenc-
ing cells called reflecting pigment cells by Stowe (1980),
which are glial cells that surround the ommatidia and reach
the basement membrane. Pigment cells are also described in
other arthropods like honeybees (Perrelet, 1970) and may be
related to photoreceptors metabolic coupling (Tsacopoulos
etal., 1987). Interestingly, both in insects (Walz, 1988) and in
the crab U. cordatus (Da Silva et al., 2001), cells localized in
the same regions of the reflecting pigment cells were not
labeled by carbonic anhydrase, a classical glial marker, how-
ever they were revealed by the PAS histochemistry for gly-
cogen (Da Silva et al., 2001 ). Taken together, these data may
confirm glial cells (reflecting pigment cells) metabolic role,
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Fig. 2. (a) Longitudinal section of the retina (R), basement membrane (star) and fasciculated zone (FZ) stained with DAPL This section is adjacent to those
shown in Fig. la—d. Observe strong nuclear staining in the tissues. (h) Semithin section showing some ommatidia (curved arrow), a part of the basement
membrane (star) and of the fasciculated zone (FZ). Observe a very evident cell nucleus surrounded by its cytoplasm (arrow ) in the basement membrane. (¢ and
d) Ultrathin sections of the basement membrane (black and white stars) and part of the retina (R) and of the fasciculated zone (FZ). Note in ¢ a cell body (the
nucleus is indicated—Nu) continuous with cytoplasm processes and electron dense material constituting the basement membrane. In d observe part of the
cytoplasm of a cell in the basement membrane with very evident mitochondria profiles (arrow heads). The cytoplasm of this cell is continuous with horizontal

processes. Bar: (a) 25 pm.: (b) 10 pm: (¢ and d) 2.5 pm.

different from CNPase-like labeled cells (Da Silva et al.,
2003) that may be related to an ensheathing function, dem-
onstrating an expressive diversity of glial cells in arthropods.

The GFAP-like pattern of immunostaining in the base-
ment membrane suggests that labeling is on the terminal
extensions of the reflecting pigment cells since, according to
the proposition made by Stowe (1980), reflecting pigment
cell processes reach the basement membrane. Here too,
GFAP-like immunoreactive cells may be related to metabolic
coupling between neurons and glial cells, as suggested by
Tsacopoulos et al. (1987). In Drosophila melanogaster, just
beneath the basement membrane, the pigmented subretinal
glia, also called fenestrated glia in insects, ensheaths the
incoming axon bundles of photoreceptors and in the lamina
neuropil there are at least two types of glial cells
(Kretzschmar and Pflugfelder, 2002). At this point, it is
worthwhile noting that since vertebrate and invertebrate glial
cells share typical functions, among them, metabolic interac-
tions and axons ensheathment, the GFAP labeling shown in

this paper and the CNPase labeling demonstrated in a previ-
ous paper (Da Silva et al., 2003) may be related to these
different functions performed by different glial cell catego-
ries.

According to Lane and Abbott (1975), there is a marked
absence of infermediate filaments in crustacean glial cells,
which are replaced by a profusion of microtubules in con-
junction with strengthening desmosomal junctions (Hama,
1966). In crustacean neurons too. no intermediate filaments
are observed. However, Weaver and Viancour (1991) and
Corréa (2002) detected immunocytochemically and bio-
chemically a neurofilament protein as a component of the
fibrous side-arms extending from axonal microtubules. Inter-
estingly, in insects, intermediate filament-like proteins were
biochemically identified within the olfactory dendrites in the
antennae of two types of silkmoths (Kumar et al., 1996). Our
results using immunoelectronmicroscopy in the lamina gan-
glionaris cells confirm the results obtained by light micros-
copy immunocytochemistry and suggest that the GFAP-like
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Fig. . (a) Micrograph of a longitudinal szction of the laminag ganglionaris.
The arrow indicates a GFAP-like labeled cell body. Bar: 40 pm. (h.c)
Electron-micrographs of immunogold preparations of the lamina ganglio-
naris. b: Control section. ¢: Observe gold particles mostly associated with
structures displaying a cytoskeleton appearance. They are indicated by
arrows or arrowheads both in the lower magnification and in the insets
(higher magnification). Each similar pair of arrows or arrowheads point to
the same gold particle. Nucleus (Nu). Bar: 0.3 pm: insets: 0.1 pm.

molecule may have, in glial cells, an arrangement similar to
the one neurofilament proteins show in crayfish axons, i.e.,
constituting the side-arms that extend from microtubules.

Different reports have already described that GFAP pro-
tein can directly interact with other cytoskeleton related
proteins such as vimentin, desmin and annexin (Gardner et
al., 1984, Garbuglia et al., 1996; Kooijman et al., 1997). Itis
also well known that both N- and C-terminal non-helical
domains have an important role in the formation of dimers
and tetramers, which are necessary for the initial assembly of
the intermediate filaments (Quinlan et al., 1989; Kooijman et
al., 1997). The possibility of dimeric and oligomeric associa-
tion of GFAP, as well as the association with other proteins,
may explain the detection of an immunoreactive band ob-
tained in the immunoblotting shown here, with a higher
molecular weight (90 kDa), compared with the expected
specific labeling of the antibody (45 kDa). Further experi-
ments are on the way to clarify this point. The difficulties to

90 kDa

66 kDa
GFAP-like protein
46 kDa
36kDa

Fig. 4. Western blotting identification of GFAP-like protein in the optic
ganglia, hepatopancreas and muscles of Ucides cordatus. (a) Lanes | and
3—Dalton Marker; lanes 2 and 4—100 g opt ganglia, as described in
Section 4. (b) Negative controls for the specificity of the monoclonal anti-
GFAP antibody. Lanes 1 and 6—Dalton Marker; lanes 2 and 7—50 pg
hepatopancreas: lanes 3 and 2—100 pg hepatopancreas: lanes 4 and
9—50 pg chelag muscles: lanes 5 and 10-—100 pg chelae muscles. Both
panels represent the rouge Ponceau staining of the membrane (left panel)
and immunodetection of GFAP-like protein (right panel) according to Sec-
tion 4.

find a classical intermediate filament assembly in crustaceans
can also be explained by the absence in these animals of
important proteins that are known to be involved in the
arrangement of these filaments, such as the 5-100 protein and
the annexin I12-p1 1. Although S-100 protein was reported to
be present in lobster (Kuo et al., 1995), there are no reports
showing evidences of these proteins in crabs.

To our knowledge, this work is the first to report the
presence of GFAP-like in presumptive crustacean glial cells.
In addition, since the labeling pattern is different from that
observed in the same structures of this species when the
antibody against CNPase was used (Da Silva et al., 2000;
Da Silvaet al., 2003), it seems that they do not label the same
glial cells. This means that maybe different labels can be
used to help classify glial cells in crustaceans, a task that has
not been very simple to perform.

GFAP is a classical marker for astrocytes in the vertebrate
central nervous system, even though it has also been detected
elsewhere in vertebrates (Jessen and Mirsky, 1980; Yen and
Fields, 1981, Dahl et al., 1982; Hatfield et al., 1984; Gard et
al., 1985). This seems to be different from what we observed
in crustacean as judged by the absence of GFAP-
immunoreactive band by Western blotting in non-neural tis-
sues of Ucides cordafus. Thus, this finding suggests that
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GFAP can also be used as a marker for glial cells in decapod
crustaceans. Finally, our results suggest that GFAP has not
only been conserved in vertebrate evolution, but that a ho-
mologous molecule may already have appeared in higher
invertebrates, even though not in a filamentous form.

4. Materials and methods

4.4. Light microscopy—tissue preparation
and immunohistochemistry

Adult male specimens with a carapace width measuring
from 6.0 to 8.0 cm were obtained from Pedra de Guaratiba
mangroves, Rio de Janeiro, RJ, Brazil, and maintained in the
laboratory. Each animal was anesthetized, by cooling, before
the retina and the optic ganglia were dissected. The tissues
were fixed in 4% neutral buffered paraformaldehyde for 4 h,
washed in 0.1 M phosphate buffered crustacean saline (PBS),
cryoprotected in 209 sucrose, embedded and sectioned at
10 um using a cryostat. The sections were washed three times
in 0.3% PBS-Triton X-100 and then incubated with the
primary antibody (mouse anti-GFAP, Biomedical Technolo-
gies, Inc.) overnight, at 4 °C. The next day they were washed
again in 0.3% PBS-Triton X-100 and Cy3-conjugated sec-
ondary antibody (sheep anti-mouse IgG—Cy3, Sigma) was
applied to the sections for 2 h. The sections were then washed
in PBS and mounted in PBS/n-propyl gallate. For control
sections the same procedure was followed, except that the
primary antibody was omitted. The reacted sections were
immediately examined under a Zeiss Axioscop 2 standard
fluorescence microscope.

Sections adjacent to those reacted with anti-GFAP were
washed in 0.9% sodium chloride solution and then were
stained with a DAPI (4',6-diamidino-2-phenylindole, Sigma)
solution. After a 0.9% sodium chloride rinse, the sections
were mounted in PBS/n-propyl gallate and observed under
the fluorescence microscope.

4.2. Electron microscopy—tissue preparation
and conventional procedure

Optic ganglia from three crabs were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer at pH 7.3, and
postfixed in 0.1% osmium tetroxide. The material was dehy-
drated in a graded series of acetone up to 100%, and embed-
ded in EMBed-812. Semithin sections (500 nm—uobtained
with a RMC Ultramicrotome) stained with 1% aqueous tolui-
dine blue were observed under the light microscope. Ul-
trathin sections (60 nm) were obtained (RMC Ultramicro-
tome), collected on nickel grids (300 mesh) and stained with
uranyl acetate and lead citrate. The sections were then ob-
served under a Zeiss 900 transmission electron microscope
operated at a voltage of 80 kV.

4.3. Electron microscopy—tissue preparation
and immunoelectronmicroscopy

Optic ganglia from two crabs were fixed overnight with
4% paraformaldehyde, 0.1% glutaraldehyde and 0.2% picric
acid in 0.1 M cacodylate buffer pH 7.4 at 4 °C. The material
was then washed with 0.1 M cacodylate buffer, dehydrated in
a graded series of ethanol up to 90%, and embedded in
LR-white acrylic resin (Ted Pella). Ultrathin sections (60—
70 nm) were obtained and collected on nickel grids
(300 mesh). The sections were washed in 0.1 M PBS/1%
bovine serum albumin (BSA) containing 50 mM ammonium
chloride (to remove aldehyde groups) for 10 min. The
samples were incubated with the same antibody against
GFAP used for light microscopy, diluted in 0.1 M PBS5/1%
BSA overnight in a humid chamber. After washing with
0.1 M PBS/1% BSA, the sections were incubated with 10 nm
gold-conjugated IgG + IgM secondary goat anti-mouse anti-
body (Ted Pella) for 2 h and washed in 0.1 M PBS/1% BSA.
After this, the sections were washed in distilled water, incu-
bated with 2% glutaraldehvde in distilled water, rinsed.
stained with 1% uranyl acetate and washed again in distilled
water. The controls were done omitting the incubation in the
primary antibody. The sections were observed under the
same fransmission electron microscope used for conven-
tional electron microscopy.

4.4, Protein determination assay

The dissected and isolated optic ganglia removed from
crabs were kept in a glass tube containing a small volume of
PBS (0.5 ml). and stored at =20 °C when necessary. These
isolated optic ganglia were homogenized in a potter, and then
an aliquot was used to determine the protein concentration.
The protein determination assay was performed according to
the Folin-phenol method described by Lowry et al. (1951).
using BSA as standard. Hepatopancreas and chelae muscles
were prepared using the same procedure used for optic gan-
glia in order to compare neural with non-neural tissue.

4.5. SDS-PAGE and immunobloiting

The total optic ganglia, hepatopancreas and muscle pro-
teins were separated and identified in 12.5% sodium
dodecylsulfate-polyacrylamide gel electrophoresis, using a
Mini PROTEAN® 3 System (Bio-Rad Laboratories, Her-
cules CA) at 60 mA/gel. The proteins were transferred at
350 mA to a Hybond™ nitrocellulose membrane (Amershan
Pharmacia Biotech, Germany) using the same Bio-Rad sys-
tem described above for approximately 90 min. The nitrocel-
lulose membrane containing the immobilized proteins was
first blocked with non-fat dry milk (5%) plus BSA (1%) in
Tris buffered saline containing Tween (0.001%—TBS-T),
for 90 min. After the blockage. the membrane was washed
twice in TBS-T under constant stirring for 3 min. Next, the
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membrane was incubated with the monoclonal antibody
mouse anti-GFAP (Biomedical Technologies, Inc.), under
constant stirring for 2 h at room temperature. The membrane
was washed again (five times, 3 min each) with TBS-T. The
secondary antibody used was an anti-mouse HPR. (1:2000)
which was incubated with the membrane for 90 min at room
temperature under constant stirring with a sequential wash
(five times, 3 min each) with TBS-T. The GFAP was detected
using the chemiluminescence ECL™ system (Amersham,
Buckinghamshyre, UK) and a Hyperfilm™ (Amersham
Pharmacia Biotech, UK) diagnostic film. The molecular
weight was easily determined by using pre-stained molecular
weight standards from Sigma Chemical Co. (St. Louis, MO).
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