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RESUMO



Neste trabalho investigou-se as caracteristicas do receptor a insulina e a
capacidade de captacao de glicose nas branquias do caranguejo Chasmagnathus
granulata aclimatado a diferentes tempos (24, 72 e 144 horas) de estresse hiper e
hiposmético.

Primeiramente, o cDNA do receptor para insulina foi parcialmente clonado e
sequenciado em branquias posteriores de Chasmagnathus granulata. A seqiéncia
peptidica mostrou a presenca de 39 aminoacidos e foi designada CGIRLTK (C.
granulata insulina receptor-like tyrosine kinase). Esta seqiéncia apresentou
significativa homologia com o dominio tirosina quinase da subunidade [ dos
receptores para insulina de mamiferos (69%) e de Drosophila (74%).

Sitios de ligacdo a insulina foram caracterizados nas membranas
plasmaticas das branquias através do estudo de ligagdo com '®l-insulina. A
atividade tirosina quinase foi determinada pela capacidade do CGIRLTK de
fosforilar o substrato sintético poly (Glu; Tyr 4:1). A captagdo de glicose foi
avaliada pela captacdo de ['*C] 2-deoxi-D-glicose pelo tecido branquial.

Nas branquias posteriores a insulina bovina estimulou significativamente a
fosforilacdo do CGIRLTK nos animais aclimatados a 20%. de salinidade (controle),
ja nas branquias anteriores este estimulo nao foi observado.

O estresse hiperosmdético (34 %. de salinidade) levou a uma diminuicdo do
namero e da afinidade dos receptores a insulina nas branquias posteriores, bem
como a uma redugdo na atividade tirosina quinase. A captacdo de glicose nao

mudou durante os tempos de estresse osmético estudados. Esses resultados
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mostram que o estresse hiperosmético modifica a sinalizacdo da insulina,
causando um estado de resisténcia a insulina nas branquias posteriores.

Nenhuma mudanca foi observada na concentragcdo dos receptores a
insulina nas branquias posteriores de caranguejos aclimatados durante 24 horas
ao estresse hiposmético (0%9. Contudo, foi observada uma reducdo na afinidade
dos receptores pela insulina bovina. A fosforilagdo do CGIRLTK diminui as 24
horas de estresse e retornou aos valores basais as 144horas. A captacdo de
glicose nao foi alterada significativamente. Os resultados sugerem que o estresse
hiposmaético modifica as caracteristicas do CGIRLTK nas branquias posteriores de
C. granulata de forma tempo-dependente. Essas mudancas sao parte dos ajustes
necessarios a sobrevivéncia a baixa salinidade.

Nas branquias anteriores, durante aclimatacdo ao estresse hiperosmético,
foi observada reducdo da concentracdo e da capacidade de fosforilacdo dos
receptores insulinicos. Contudo, a insulina bovina n&o estimulou a fosforilagdo nas
branquias anteriores durante o estresse.

Nenhuma alteragdo foi observada na concentragdo e na afinidade de
receptores a insulina nas branquias anteriores apds 24 horas de estresse
hiposmético. A fosforilagdo do receptor a insulina diminuiu apdés 24 horas de
estresse e voltou aos valores basais apds 72 horas. A capacidade de captacao de
glicose, por sua vez, ndo foi modificada em fun¢cdo de mudangas na osmoliridade
do ambiente. Assim como no estresse hiperosmético, a insulina bovina nao
estimulou a fosforilagdo nas branquias anteriores no estresse hiposmético.

Os resultados deste trabalho demonstram que o estresse osmaético modifica

as caracteristicas do CGILRTK e consequentemente a transducdo do sinal
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insulinico nas branquias. As respostas as alteracdes de salinidade dependem do
tipo de estresse ao qual o animal é submetido e da branquia estudada (anterior ou
posterior). As mudancgas observadas no sinal insulinico fazem parte dos ajustes
necessarios para a regulacdo osmética frente as mudancas ambientais de
salinidade.

Palavras chave: estresse osmotico, crustaceos, receptor de insulina,

clonagem, branquias anteriores, branquias posteriores, tirosina quinase.



INTRODUCAO
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A insulina foi descoberta em 1922 em mamiferos e posteriormente foi
comprovado que este horménio tem uma ampla distribuicdo filogenética e atua
sobre a homeostase de diversos processos fisiologicos tanto em vertebrados

quanto em invertebrados (CHAN e STEINER, 2000).

Na década de 1970 a insulina foi isolada e seqlenciada em todas as
classes de vertebrados e os estudos comparativos realizados dos agnata aos
mamiferos demonstraram que o horménio e suas funcbes sofreram poucas
modificacées ao longo da evolucdo. Além disso, foi descoberto que os genes da
superfamilia da insulina em vertebrados incluiam dois horménios peptidicos
funcional e estruturalmente relacionados a insulina — (fatores de crescimento
relacionados a insulina | e lI- IGF | e Il) (CZECH, 1985; CHAN e STEINER, 2000).

Quanto a estrutura, a insulina de mamifero é uma molécula que consiste de
duas cadeias polipeptidicas (A e B), ligadas por bandas dissulfidricas. Essas
cadeias sdao compostas por 51 aminoacidos, correspondendo 21 a cadeia A e 30 a
cadeia B, sendo esta regido responsavel pela atividade biolégica (DEVLIN, 2003).

A producao e secreg¢do da insulina foram inicialmente atribuidas as células
B-pancreaticas e posteriormente descobriu-se que varios neurdnios de diferentes
regides do Sistema Nervoso de vertebrados e de invertebrados poderiam produzir

insulina (LEROITH et al., 1988; SMIT et al., 1998).

Nas ultimas décadas, substancias semelhantes a insulina foram detectadas
por métodos imunoldgicos, histoquimicos e de biologia molecular em uma grande

variedade de invertebrados, tais como tunicados, insetos, crustaceos, moluscos,
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nematdédeos, protozoarios ciliados, fungos (Aspergillus e Neurospora) € em
procariotos como Eschericha coli (ULRICH, 1990). Contudo, poucas moléculas da
superfamilia da insulina foram até agora caracterizadas em invertebrados.
Atualmente sdo conhecidas: as bombixinas (4K-PTTHs) do bicho-da-seda Bombyx
mori (ISHIZAKI et al., 1983); os peptideos relacionados a bombixina na mariposa
Samia cynthia ricini (KIMURA-KAWAKAMI et al., 1992); duas isoformas de
peptideos relacionados a insulina —LIRP-T1 e T2 do gafanhoto Locusta migratoria
(LAGUEUX et al., 1990; KROMER-METZGER e LAGUEUX, 1994); sete isoformas
de peptideos semelhantes a insulina (MIPS de 1-7) do molusco Lymnaea stagnalis
(SMIT et al., 1998); peptideo semelhante a insulina em Aplysia californica (FLOYD
et al.,1999); cinco potenciais peptideos com significante homologia as insulinas de
camundongo e humana (DILPs 1-5) e dois (DILPs 6 e 7) com menores
similaridades na mosca da fruta, Drosophila melanogaster (BROGIOLO et al.,
2001; VANDEN, 2001), e varios peptideos relacionados a insulina no nematoédeo

Caenorhabditis elegans (GREGOIRE et al., 2000; KAWANO et al., 2000).

Todas as substancias insulin-like clonadas em invertebrados foram isoladas
em células do Sistema Nervoso. O alinhamento das sequéncias peptidicas
mostrou que as moléculas semelhantes a insulina de invertebrados apresentam
pouca homologia entre si e com as insulinas e IGFs de vertebrados. Entretanto,
todas as moléculas apresentam cadeias peptidicas A e B, conservadas regides
ricas em cisteina e bandas dissulfidricas que sao tipicas para todos os membros

da superfamilia da insulina (CHAN e STEINER, 2000; CLAEYS et al., 2002).
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Atualmente, peptideos da superfamilia da insulina incluem n&o apenas a
insulina e os fatores de crescimento relacionados (IGFs | e Il), mas também as
relaxinas e peptidios insulin-like de Leydig e os peptidios insulin-like de
invertebrados. (CHAN e STEINER, 2000; CLAEYS et al., 2002; PERTSEVA e
SHPAKQV, 2002). Esses peptidios sdo considerados da mesma familia com base
nas caracteristicas estruturais basicas e em sua estrutura terciaria.

A ampla distribuicdo filogenética das moléculas da familia da insulina
suscitou investigacdes a respeito da origem evolutiva deste horménio. CHAN e
STEINER (2000) sugeriram que a insulina e os fatores de crescimento
relacionados evoluiram a partir de um gene ancestral comum. De acordo com o
conceito moderno, acredita-se que esse gene apareceu na escala evolutiva a
aproximadamente 600 milhdes de anos, em representantes dos Archaemetazoa
(precursores dos vertebrados e invertebrados) (PERTSEVA e SHPAKOV, 2002).
CHAN e STEINER (2000) propuseram que a molécula insulin-like ancestral
funcionou primariamente como um fator de crescimento mitogénico, mas em
vertebrados, o gene da insulina teria evoluido para tornar-se um horménio chave
na regulacao do metabolismo intermediario.

Em vertebrados, o evento inicial da acao pleotropica da insulina é a ligacao
do horménio a receptores localizados na membrana plasmatica de células-alvo.
Estes receptores reconhecem a insulina e com ela interagem com alto grau de
seletividade e afinidade, transmitindo o sinal intracelular que resulta na resposta

biologica do horménio (CHEATHAM e KANH, 1995; SALTIEL e KANH, 2001).
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CZECH (1985) relatou que o receptor para insulina em todas as espécies
de vertebrados estudadas, desde o primitivo peixe bruxa, é uma molécula
heterotetramera, com duas subunidades o extracelulares e duas subunidades [
transmembrana. Segundo SALTIEL e KANH (2001), essas subunidades
funcionam como enzimas alostéricas, nas quais a subunidade « inibe a atividade

tirosina-quinase da subunidade .

A ligacao da insulina a subunidade o leva a liberacdo da atividade quinase
na subunidade B, seguida por transfosforilacdo desta subunidade e mudancas
conformacionais que iniciam uma complexa cascata de fosforilagdes em sitios de
tirosina nesta subunidade. Essa cascata envolve 6 a 7 residuos de tirosina, sendo
trés residuos da subunidade B (Tyr1158, Tyr1162 e Tyr1163) os principais sitios
de autofosforilacdo responsaveis pelo grau de ativacao da tirosina quinase. Além
da fosforilagcdo da subunidade B do receptor, a transdugédo do sinal pela insulina
ocorre através de eventos pos-receptor com a fosforilacdo de proteinas
citoplasmaticas (docking proteins), como as proteinas da familia do substrato do
receptor para insulina (IRS 1 - 4), o fosfatidil-inositol-3-quinase (PI3-K) ou as
proteinas da via das proteinas quinase ativadas por mitégenos (MAP quinase)

(CHEATHAM e KANH, 1995; SALTIEL e KANH, 2001).

Em invertebrados, assim como em vertebrados, o0s receptores das
substancias semelhantes a insulina e os IGFs (fatores de crescimento) pertencem
a familia dos receptores com atividade tirosina quinase (RTKs) (YAMAGUCHI et
al., 1995; KUCHARSKI et al., 1999). Os trabalhos da literatura demonstram que a

transducao da informacao desses horménios sofreu poucas modificagdes ao longo
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da evolucao. Parece que os processos desencadeados pela interagdo horméonio-
receptor sdo os mesmos dos invertebrados aos mamiferos, apesar da diferenga
na seqiéncia de aminoacidos desses receptores (MUGGEO et al., 1979;

YAMAGUCHI et al., 1995; SALTIEL e KANH, 2001).

Varias moléculas da familia do receptor a insulina foram caracterizadas em
diversas classes de invertebrados, tais como: insetos - Drosophila melanogaster
(FERNANDEZ-ALMONACID e ROSEN, 1987; NISHIDA et al., 1986; PETRUZELLI
et al., 1986), Bombyx mori (FULLBRIGHT et al., 1997), Aedes aegypti (GRAF et
al., 1997); em moluscos gastrépodes e bivalves - Lymnaea. stagnalis (ROOVERS
et al., 1995), Aplysia californica (JONAS et al., 1996), Biomphalaria glabrata
(LARDANS et al., 2001), Anodonta cygnea (LEIBUSH e CHISTYAKOVA, 2003),
Crassostrea gigas (GRICOURT et al., 2003); no celenterado hidrozoario - Hydra
vulgaris (STEELE et al., 1996); nos vermes - Caenorhabditis elegans (KIMURA et
al., 1997) e Echinococcus multilocularis (KONRAD et al., 2003); e em poriferos

(SCHACKE et al., 1994; SKOROKHOD et al., 1999).

PETRUZZELLI et al. (1986) demonstraram que 0s receptores para mosca-
da-fruta ou DIR (Drosophila Insulin Receptor) sao estruturalmente semelhantes ao
receptor de insulina humano, com 63% de homologia do dominio tirosina quinase.
YAMAGUCHI et al. (1995) construiram receptores quiméricos contendo o dominio
extracelular do receptor de insulina humano, com as regides transmembrana e
intracelular de mosca-da-fruta. Esses receptores foram expressos em células de
mamiferos e apresentaram a mesma habilidade de mediar a atividade de

fosforilagdo em tirosina do substrato 1 do receptor a insulina (IRS-1), de estimular
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a proliferacdo celular e de ativar a MAP quinase quando comparados aos

receptores de insulina humanos.

HELBLING e GRAF (1998) clonaram o homélogo do receptor de insulina de
mosquito - MIR (mosquito insulin receptor). Os autores descreveram que 0s
receptores para insulina sdo expressos principalmente nos ovarios, provavelmente

com funcgéo relacionada a reproducao nesses insetos.

ROOVERS et al. (1995) caracterizaram o receptor do molusco Lymnaea
stagnalis — MIPR (molluscan insulin-related peptide receptor). Os autores
demonstraram que esse receptor apresentou homologia de 69% no dominio
tirosina quinase com o receptor de insulina humano e, apesar de existirem varias
isoformas de peptideos insulin-like (MIPs de 1 — 7) em L. stagnalis, foi encontrado

apenas um tipo de receptor.

JONAS et al. (1996) isolaram o cDNA para a regiao tirosina quinase do
receptor de insulina expresso no sistema nervoso do molusco Aplysia californica.
Estudos de ligacdo e de imunocitoquimica mostraram que o receptor € muito
abundante em um grupo de células neuronais (bag cell neurons) - responsaveis
pelo surgimento do comportamento reprodutivo nesse molusco.

Esses receptores semelhantes a insulina de invertebrados apresentam
homologia estrutural e funcional entre si e com os receptores de vertebrados.
Entretanto, contrastando com as vérias isoformas de moléculas insulin-like
encontradas em invertebrados, exemplificadas pelos MIPs (1-7) e DIPs (1-7),

todos os trabalhos até agora sugerem a presenca de um Unico receptor para
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diferentes isoformas do horménio (CLAEYS et al., 2002; GRICOURT et al., 2003).
Acredita-se que as varias moléculas semelhantes a insulina de invertebrados
ligam-se em diferentes sitios de um mesmo receptor ou com diferentes afinidades
para desencadear as respostas hormonais. Assim, os dados existentes até o
momento com relacdo as substancias insulin-like e seus receptores em
invertebrados sugerem que os receptores sao evolutivamente mais conservados

do que o horménio (MUGEOQ et al., 1979; CLAEYS et al., 2002).

A sinalizacao po6s-receptor em invertebrados é ainda pouco conhecida
quando comparada com os dados em mamiferos, sendo que substancias
intracelulares envolvidas nos eventos de transducdo do sinal da insulina foram
identificadas apenas em D. melanogaster e C. elegans (Fig.1). Em drosdéfila, foram
caracterizadas varias substancias homélogas as moléculas encontradas em
mamiferos: substancias homdélogas ao IRS-I (CHICO), ao Grb2 (Drk), ao MEK
(DSORT), ao ERK (ERK-A), a PI3K (Dp110). Contudo, os eventos de transdugéo
do sinal podem envolver a ativacdo do CHICO ou a ligacao de substratos, como o
PI3K, no proprio receptor em locais especificos (docking sites). No nematéide C.
elegans também foram identificadas moléculas semelhantes ao PISK (AGE-1) a
ao AKT-1 e AKT-2 (PKB) e, assim como em drosofila, os eventos sinalizadores
podem se desenvolver sem o uso de moléculas IRS. Nesse nematébide, o caminho
sinalizador da insulina, envolve a ativacdo de AGE-1 e regula o metabolismo, o

desenvolvimento e a longevidade (CLAEYS et al., 2002; PORTE Jr. et al., 2005).



20

Figura 1. Substancias intracelulares envolvidas com a transdugéo do sinal da
insulina — comparacgao entre D. melanogaster, C. elegans e mamiferos (Figura retirada do

trabalho Porte Jr et al., 2005)
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A ligagcdo de moléculas da familia da insulina aos seus receptores de
membrana desencadeia cascatas de eventos intracelulares, com a ativacdo de
varias proteinas e substratos citoplasmaticos, que culminam nas respostas
biol6gicas ao horménio. As fungbes das substéncias da familia da insulina estao
relacionadas com a regulacdo do metabolismo, do crescimento e diferenciacao
celulares; o controle da reproducdo e da longevidade; a osmorregulacdo e o
controle do volume celular (SALTIEL e KAHN, 2001; PORTE Jr. et al., 2005).

A insulina e os fatores de crescimento relacionados a insulina (IGF- | e IGF-
II) ttm um importante papel na regulagcdo do metabolismo e crescimento em
mamiferos. A insulina age estimulando os processos endergbnicos de sintese. Em
adicdo a esse efeito, a insulina também é responsavel por varios outros eventos
celulares, incluindo: a regulacao do transporte de ions, aminoacidos e glicose, a
transcricdo de genes e a modulagédo da transcricdo de mRNAs especificos, além
da sintese de DNA. Desta forma, a insulina é considerada o principal hormdnio
envolvido nos processos anabdlicos e metabdlicos nos vertebrados (WHITE e
KAHN, 1994; NAVARRO et al., 1999; SALTIEL e KAHN, 2001). Os IGF-I, por sua
vez, estimulam o crescimento e a diferenciacao normais dos tecidos. Ambos
ligam-se especificamente aos seus receptores de superficie celular e as
interagbes da insulina com seus receptores sdo semelhantes em mamiferos,
passaros, anfibios e peixes 6sseos (NAVARRO et al., 1999).

Em vertebrados, a insulina aumenta o transporte de glicose em células
musculares e adipécitos pela estimulacao da translocagéo de transportadores de
glicose sensiveis a insulina (GLUT-4) do meio intracelular para a membrana

plasmatica. Esses transportadores podem ser estimulados por fatores nao
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hormonais, como a contragdo muscular e o estresse osmético (CHEN et al., 1997;
SALTIEL e KAHN, 2001; TOMAS et al., 2002;). Em invertebrados, WELCOMME e
DEVOS (1994) identificaram imunologicamente a presenca de proteinas
transportadoras de glicose semelhantes ao GLUT4 (38KDa) nas branquias de
Carcinus maenas sugerindo que parte dos eventos de transducdao do sinal

insulinico estdo conservados ao longo da evolugéo.

Evidéncias recentes e crescentes suportam a idéia de que o sistema
sinalizador da insulina esteja envolvido com a regulacdo da reprodugdo em
mamiferos. A restricdo caldrica em mamiferos estd associada com a secrecéo
reduzida da insulina e de horménios reprodutivos, como FSH (horménio foliculo
estimulante) e LH (horménio luteinizante) (PORTE Jr. et al., 2005). Além disso,
ratos transgénicos knockout para receptores insulinicos cerebrais apresentaram
diminuicdo nas reservas de lipidio corporais e diminuicdo na capacidade
reprodutiva, devido a diminuicdo na secrecao de FSH e LH (BRUNING et al.,
2000).

As fungbes exatas da insulina em vertebrados ndo mamiferos, como os
peixes, ainda estdo sob investigacédo. A insulina € o horménio mais relacionado a
regulacdo metabdlica da glicose, mas ela pode ter um papel secundario no
crescimento e diferenciacdo celular em peixes, processo que, em mamiferos, é
predominantemente regulado pelo IGF-I (PLANAS et al., 2000).

PLISETSKAYA e DUAN (1994) injetando estreptozotocina (conhecida por
danificar as células B-pancreaticas em mamiferos) em salméao verificaram uma

diminuigdo na produgao de insulina. Esta reducéo, por sua vez, causou diminui¢ao
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na expressao do IGF-I no figado e, conseqlientemente, prejuizos ao crescimento
normal desse animal. Assim demonstrando que a insulina pode afetar o
crescimento em peixes.

Recentemente, foi demonstrado por MENDEZ et al. (2005) que a insulina e
o IGF-I, provavelmente através da via da proteina quinase ativada por mitdgenos
(MAPK), bloqueiam a acdo do horménio luteinizante (LH) em ovérios de truta,
demonstrando que esses horménios podem exercer fungdes importantes na

regulacao da reproducao em peixes.

Em invertebrados, as acdes da insulina e dos IGFs se confundem ainda
mais, sendo que ambos participam nos processos de diferenciacao e crescimento
celular em praticamente todos os grupos estudados (CHAN e STEINER, 2000).
Além disso, acredita-se que as moléculas insulina/IGF estejam envolvidas com os
processos de regulacdo do metabolismo, reproducédo e ciclo de vida e com a
osmorregulacao. (YAMAGUCHI et al., 1995; EPPLE e BRINN, 1987; JONAS et al.,
1996;. RICHARDSON et al., 1997; BOHNI et al., 1999; RULIFSON et al., 2002;

KUCHARSKI et al., 2002).

As concentracdes de trealose (principal hexose da hemolinfa de insetos)
sao controlados por horménios. STEEL (1961) mostrou que injecbes de extrato de
corpora cardiaca — CC (6rgao estrutural e funcionalmente analogo a pituitaria
posterior de vertebrados) causava hipertrealosemia na barata P. americana.
SATAKE et al. (1997) demonstraram que injecao de bombixina na larva de B. mori
causava uma diminuicdo dose-dependente na concentracdo de trealose

circulante. Em adicdo, a bombixina também diminuiu o conteudo de glicogénio no
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corpo gorduroso. Assim, o tratamento com bombixina modulou o metabolismo de

carboidratos no bicho-da-seda.

Recentemente, RULIFSON et al. (2002) realizaram estudos com células
produtoras de insulina (insulin-producing cells - IPCs) localizadas no sistema
nervoso de Drosophila melanogaster, as quais produzem substancias insulin-like.
Os autores demonstraram que a ablacdo destas células em larvas resultou em
aumento de 38% na concentracado de carboidratos da hemolinfa, sugerindo que a

insulina € um regulador essencial no metabolismo energético da mosca-da-fruta.

Varios estudos mostram também que ha uma relagdo entre o sinal da
insulina e a fisiologia reprodutiva de invertebrados. Bombixina foi originalmente
detectada no cérebro, mas utilizando-se técnicas de biologia molecular, foi
demonstrada a expressao de bombixina em outros érgaos, incluindo ovarios. Além
disso, significativo aumento de bombixina foi encontrado na hemolinfa de fémeas
de B. mori (IWAMI et al., 1996). Mais recentemente, FULLBRIGHT et al. (1997)
identificaram sitios de ligacdo especifica para bombixina nas células de ovario de
trés diferentes espécies de lepidoptera. A hipétese de que os fatores insulin-like
estao envolvidos no desenvolvimento das células ovarianas de varias espécies de

lepidopteras pode levar a novas estratégias para o controle de pestes.

Em 1998, HELBLING e GRAF demonstraram que o receptor de insulina do
mosquito Aedes aegypti (MIR) esta localizado nas células foliculares que rodeiam
os oécitos. Em fémeas adultas, estas células sao a fonte primaria de

ecdiesterdides, os quais regulam a producéao de vitelogenina. Os autores sugerem
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que a secreg¢ao de ecdisona estd sob o controle de hormdnios insulin-like e é
mediada por esses receptores ovarianos. Em adi¢édo, a insulina bovina mostrou
um efeito dose-dependente estimulatério na producéo de ecdiesterdides no ovario

de mosquito, assim como na sintese de proteina (GRAF et al., 1997).

A completa transducéo do sinal insulinico € necessaria para que a mosca-
da-fruta possa regular a producéo de ovos em resposta a mudancgas nutricionais e
estimular a vitelogénese (DRUMMOND-BARBOSA e SPRADLING, 2001). Em
mutantes de D. melanogaster, nos quais o CHICO (proteina semelhante ao IRS-I)
foi deletado, as fémeas tornaram-se estéreis e ocorreu aumento nos estoques de
lipidio (BOHNI et al., 1999). Em adicao, fémeas mutantes, sem receptores insulin-
like, apresentam ovarios que estacionam seu desenvolvimento no estagio pré-
vitelogénico e uma diminuicdo da producao de hormonio juvenil (TATAR et al.,
2001). Os dados sugerem que o sinal do receptor insulin-like em fémeas de inseto
esta envolvido no controle do processo reprodutivo via regulacdo da biossintese e

liberagdo de hormdnios juvenis e / ou ecdiesterdides.

Na lesma do mar Aplysia californica, a exposicao a insulina por 15 a 30
minutos aumentou a amplitude e diminuiu a duracao do potencial de acao de um
grupo de células neuronais isoladas (bag cell neurons). Estes resultados sugerem
que a substancia similar a insulina de A. californica atue como um
neuromodulador ou neurotransmissor, regulando a excitabilidade desses
neurénios os quais estdo envolvidos com o comportamento reprodutivo desse

molusco (JONAS et al., 1996).
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Varios trabalhos demonstram o envolvimento das substancias da familia da
insulina/IGF no crescimento e desenvolvimento em invertebrados. Na ostra do
Pacifico Crassostrea gigas, o IGF-I humano estimulou a sintese de proteina em
células do manto, sendo que a estimulacdo hormonal foi maior na primavera
(periodo de maior crescimento desses animais) do que em outras estacoes.
Receptores insulin-like foram caracterizados nestas células e estao relacionados
com o crescimento da concha e dos tecidos moles. Nesses animais, como em
mamiferos, o IGF-I foi mais eficiente do que a insulina em promover o crescimento

corporal (GRICOURT et al., 2003).

Em moscas-da-fruta que sofreram mutagcédo para a proteina homéloga ao
IRS-I (CHICO) foi observada reduc¢édo do tamanho corporal, do numero e tamanho
das células em relagéo aos animais normais (BOHNI et al., 1999). RULIFSON et
al. (2002) estudaram os efeitos da ablacdo das células neurais produtoras de
substancias insulin-like (IPCs) sobre o crescimento das larvas de mosca-da-fruta.
Os autores descreveram que as larvas sem IPCs apresentaram uma reducao de
42% do tamanho normal e as moscas adultas possuiam asas 61% menores do
que aquelas do grupo controle. Além disso, 0 tempo de desenvolvimento das
larvas até pupas passou de 5 dias (controle) para 12 (animais sem |IPCs). Todos
os dados em conjunto sugerem que a insulina e a transducao do sinal insulinico
tém um papel importante no ciclo de vida em D. melanogaster, controlando a

metamorfose, o nimero das células e o tamanho dos individuos.

Em mutantes de Caenorhabditis elegans, que produzem reduzidas

quantidades de DAF-2 (homodlogo do receptor a insulina) ou AGE-I (homdlogo da
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PI3K), o tempo de vida total € mais longo. Também ocorre acumulo de lipidios
corporais e indug¢do a um estado de diapausa reversivel (dauer stage) nas larvas,
demonstrando que a reducdo no sinal da insulina aumenta a longevidade nesses

vermes (VANFLETEREN e BRAECKMANS, 1999; KIMURA et al., 1997).

Outra funcao sugerida para moléculas da familia da insulin/IGF seria o
possivel envolvimento na comunicacdo entre hospedeiros e parasitas. Estudos
realizados em células embrionarias de Biomphalaria glabrata, que é hospedeiro
intermediario do Schistosoma mansoni, demonstraram a presenca de receptores
insulin-like com atividade tirosina quinase. A insulin-like poderia interferir na
interacdo entre células de B.glabrata e os esporocistos do parasita (LARDANS et
al.,, 2001). Em S. mansoni também foi identificado um receptor tirosina quinase
com caracteristicas diferentes dos receptores a insulina, mas que pode estar
envolvido no crescimento e diferenciacdo destes animais. Além disso, foi descrito
que a insulina aumenta a atividade metabdlica nesse verme (VICOGNE et al.,

2003).

Foi identificado um receptor insulin-like em larvas de ténia Echinococcus
multilocularis (parasita que causa equinocosis alveolar em humanos) que
apresenta caracteristicas semelhantes ao receptor de insulina de mamifero, com
alta homologia na regido tirosina quinase e na regido de ligagdo ao horménio
(KONRAD et al., 2003). Os autores sugerem que o receptor relacionado a insulina
expresso nestes platelmintos permite a interagcdo do sistema enddcrino do
hospedeiro com o do parasita, através da ligacdo do horménio do hospedeiro

nesses receptores insulin-like do parasita.
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Embora nenhuma molécula insulin-like tenha sido ainda clonada em
crustaceos, SANDERS (1983a) identificou e isolou por cromatografia uma
molécula semelhante a insulina no hepatopancreas da lagosta Homarus
americanus. Essa molécula foi capaz de estimular a fosforilacdo de receptores a
insulina de placenta humana. Recentemente, GALLARDO et al. (2003) isolaram e
caracterizaram uma proteina insulin-like, também no hepatopancreas da lagosta
Panulirus argus. Essa proteina interagiu com anticorpos anti-insulina de
mamiferos e estimulou a oxidacdo total de glicose a CO, e a lipogénese em
adipdcitos de rato isolados.

Quanto aos receptores insulin-like, CHUANG e WANG (1993) isolaram, do
hepatopancreas do camardao Penaeus japonicus, uma proteina fosfotirosil-
fosfatase que defosforilou receptores a insulina de camardo e humanos.
Posteriormente, os autores caracterizaram imunologicamente a subunidade  de
79KDa do receptor de insulina do musculo desse camarao. A insulina de mamifero
estimulou a autofosforilacdo deste receptor em residuos de tirosina e a proteina
fosfotirosil-fosfatase de placenta humana causou sua desfosforilacado (CHUANG e

WANG, 1994).

Pela técnica de radioreceptores, KUCHARSKI et al. (1997) demonstraram
in vivo e in vitro, nas branquias do caranguejo Chasmagnathus granulata, a
presenca de sitios de ligacao a insulina com propriedades semelhantes aquelas
dos receptores de vertebrados. Em 1999, KUCHARSKI et al. avaliaram a atividade
tirosina quinase em receptores isolados de branquias, na presencga e na auséncia

de insulina bovina. Os autores constataram que a insulina aumentou (1,3 vezes) a
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capacidade de autofosforilacao do receptor (subunidade de 95kDa), detectada por
autorradiografia e pela fosforilagdo do substrato exdgeno poly (Glu: Tyr 4:1). A
genisteina que é um potente inibidor da atividade da tirosina quinase, bloqueou a

estimulacao da insulina.

EPPLE e BRINN (1987) sugeriram que a influéncia da insulina sobre o
metabolismo de proteinas € filogeneticamente muito antiga e provavelmente
envolve varias fungbes sobre o metabolismo intermediario, o crescimento, a

diferenciacao e a osmorregulagao.

Com relacdo aos efeitos biolégicos da insulina / IGF em crustaceos, os
trabalhos de SANDERS (1983 a, b, c) demonstram que a insulina bovina
aumentou, no musculo da lagosta Homarus americanus, a incorporacdo do '*C da
glicose em glicogénio. Contudo, a insulina enddgena encontrada na hemolinfa
desse crustaceo nao apresentou efeito glicostatico. Apds, outros autores
demonstraram que a insulina de mamifero aumentou a captacédo de glicose nas
branquias posteriores do caranguejo Carcinus maenas (WELCOMME e DEVOS,
1994) e no musculo da craca Balanus balanus (HAGER e BITTAR, 1985). Em
Cherax quadricarinatus, a insulina humana e o IGF-l aumentaram a concentragao
de glicose livre no hepatopancreas e no musculo. Além disso, o IGF-I estimulou a
incorporacdo de 'C da glicose em glicogénio no musculo e o *C da leucina em
proteinas no hepatopancreas e no musculo, sugerindo um duplo efeito para esse

horménio em crustaceos (RICHARDSON et al., 1997).
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Em 2002, KUCHARSKI et al. verificaram que a insulina bovina aumentou a
incorporacdo do *C-glicose em glicogénio e a captacdo de glicose em branquias
posteriores, contudo o efeito ndo foi observado em branquias anteriores. A
magnitude da estimulacdo foi influenciada pela variagdo sazonal, sendo que no

verao a dose necessdria para promover esse aumento foi de 40uU/ml e no

inverno foi de 20 pU/ml.

MARTINS (2003) demonstrou que o tratamento do caranguejo C. granulata
com insulina porcina por 8 dias ndo causou variacao nos niveis de glicose da
hemolinfa, o que sugere que este horménio ndo tem efeito glicostatico em
crustaceos. Contudo, a insulina de mamifero aumentou a captacdo de
aminoacidos (acido amino butirico — AIB) nas branquias posteriores e no
hepatopancreas e a atividade da enzima Na'/K* ATPase nas branquias

posteriores.

TRAPP (2000) demonstrou que a composicao da dieta e o estado alimentar
influenciam a capacidade de fosforilacdo do receptor insulin-like do tecido
branquial do caranguejo Chasmagnathus granulata. A administragdo de dieta rica
em carboidratos (RC) aumentou a fosforilacdo basal do receptor insulinico,
detectada pela fosforilagdo do substrato exdégeno poly (Glu: Tyr) 4:1, em relagédo a
dieta rica em proteina (RP). Além disso, foi evidenciando um aumento na
fosforilacdo do receptor apdés 30 dias de jejum em animais previamente
alimentados com dieta RP. A insulina bovina estimulou a capacidade de
fosforilacdo do receptor nos animais RP e a autofosforilacdo do receptor para

insulina (subunidade de 95kDa) de forma idéntica nos animais RP e RC. Os dados
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sugerem que a insulina participa no processo de regulacdo metabdlica do tecido

branquial de crustaceo quando submetido a diferentes dietas e ao jejum.

O estudo do papel da insulina na osmorregulacao tem se intensificado em
mamiferos, porém os dados da literatura sdo bastante controversos.

Estudos realizados com hepatocitos de mamiferos mostram alguns efeitos
da variacao da concentracao do meio extracelular sobre o volume celular. Células
subitamente submetidas ao meio hiposmético incham e, dentro de minutos,
retornaram parcialmente ao seu volume original. Esse comportamento foi
denominado reducdo do volume celular regulatério (regulatory cell volume
decrease - RVD). Inversamente, a exposicao subita ao meio hiperosmético leva a
uma reducao do volume celular e, apés poucos minutos, ocorre aumento
regulatério do volume (volume regulatory increase — RVI), retornando o volume
aos niveis iniciais. Os mecanismos responsaveis pelo RVD ou RVI podem diferir
entre diferentes tipos celulares, mas em geral envolvem a ativacédo de sistemas de
transporte de fons e solutos organicos na membrana plasmatica (HAUSSINGER

et al., 1994).

Mudancas de volume celular modificam varias fungbes metabdlicas. O
aumento de volume celular favorece a sintese e inibe a degradacao de proteinas,
glicogénio e, em menor extensao, lipidios. A diminuigdo de volume celular tem
efeito oposto. Assim, o aumento de tamanho celular causado pelo estresse
hiposmético pode ser considerado como um sinal anabdlico, enquanto que a

reducao de volume favorece o catabolismo (LANG et al., 1998).
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Nos hepatocitos, a influéncia sobre o volume celular € um dos caminhos
pelos quais a insulina exerce seus efeitos metabdlicos. A insulina aumenta o
volume celular das células do figado pela ativagdo dos transportadores Na‘/H*,
Na*-K"™-2CI" e Na'/K'-ATPase. Assim aciona uma variedade de funcdes
metabdlicas, incluindo a sintese de proteinas, glicogénio e lipidios e inibicdo da
degradacao de glicogénio e proteinas (LANG et al., 1998)

Por seus efeitos anabdlicos, suspeita-se que a insulina possa estar
envolvida nos processos de RVI, mas ainda n&o esté claro em qual extensdo. Os
dados a respeito dos efeitos da insulina sobre o processo de osmorregulacao ou
vice-versa ainda s&o controversos. (HAUSSINGER et al., 1994).

Tanto a insulina como o choque hiposmotico causam um aumento do volume
celular. Em mamiferos, existem varias proteinas que sao ativadas por ambos
insulina e estresse hiposmoético, como PI3-K, MAPquinases e Jun-NH2-terminal
kinase (JNK) ou quinases reguladas por sinais extracelulares (ERK-1 e 2) (LANG
et al., 1998; KIM et al., 2001; CHIRI et al., 2004). Nas branquias do teleésteo
eurialino Fundulus heteroclitus ocorre aumento da atividade de varias
MAPquinases em resposta ao choque hiposmotico. Esse aumento inicia a 1hora
de estresse e é sustentado por 4 semanas (KULTZ e AVILA, 2001). Em células A6
epiteliais renais de anfibio, o choque hiposmotico ativa o ERK dentro de minutos
(CHIRI et al., 2004). Contudo, estudos relacionando mudancas causadas pelo
estresse hiposmético e sinal da insulina em vertebrados e invertebrados séo
inexistentes.

O choque hiperosmotico parece modular a agao da insulina em vertebrados

de uma forma tecido-especifica. Estresse hiperosmético causa aumento do
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estimulo da insulina em alguns tipos de células de mamiferos, como musculo
esquelético e células de ovario (OUWENS et al., 2001; GUAL et al., 2003a) e
causa fosforilacdo do IRS-1 em residuos de serina, o que leva a resisténcia a
insulina em adipécitos (GUAL et al, 2003b). O estresse hiperosmoético em
leveduras e em células renais de mamiferos causa ativacdo da cascata de

homologos da MAPquinase (LANG et al., 1998).

Horménios, como a insulina, podem afetar o volume celular por alterarem o
transporte de aminoacidos através da membrana plasmatica. Esses efeitos
causam alteragcdes no gradiente de sdédio, o que influencia o transporte ativo
secundario de aminodacidos. O acumulo de potassio pela ativacdo da Na'/K'-
ATPase leva a hiperpolarizacdo do potencial de membrana. A hiperpolarizacao
induz o transporte de aminoacidos pelo sistema A, controlado pela insulina
(tendéncia a aumentar o tamanho da célula) (LANG et al., 1998).

Segundo GILLES (1982) os crustaceos eurialinos apresentam dois
mecanismos basicos para enfrentar o estresse osmoético: a regulagédo
anisosmotica do fluido extracelular, que tem por objetivo controlar a osmolaridade
do meio interno; e a regulacéo isosmotica do fluido intracelular, que tem o intuito
de manté-lo isosmaético em relacdo ao extracelular. A regulacdo isosmética do
liquido intracelular implica em duas fases de controle do volume celular. A primeira
fase é relativa as respostas imediatas de alteracdo do volume celular, como
consequéncia de choques osmoticos e envolve a plasticidade da membrana

plasmatica. A segunda fase do reajuste do volume celular esta relacionada com
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eventos de influxo e efluxo de osmdlitos, tanto organicos (aminoacidos livres)
como inorganicos (Na*, CI', K*) (GILLES, 1998a,b; GILLES e DELPIRE, 1997).

O ion K" é o principal efetor inorganico durante os choques hipo-
hiperosmoticos, pois proporciona uma limitacdo imediata da alteracdo excessiva
do volume celular durante alteracbes osmoticas do meio extracelular. Entretanto,
os efetores orgéanicos, como aminoacidos, betaina e glicerol sdo considerados
como principais responsaveis pelo reajuste do volume celular durante alteracbes
osmoticas do meio extracelular (GILLES, 1998a,b; GILLES e DELPIRE, 1997).

Diversos estudos em diferentes espécies de crustaceos sugerem um
controle neuroenddécrino sobre o mecanismo osmorregulatério. (MANTEL, 1985;

MCNAMARA et al., 1990; ECKHADT et al., 1995; FEIRE et al., 1995).

FREIRE et al. (1995) investigaram a participacdo de fatores
neuroendocrinos, presentes no Sistema Nervoso Central, sobre a regulacdo da
concentracdo de aminoacidos livres (AAL) hemolinfaticos no camardao de agua
doce Macrobrachium olfersii. Os autores descreveram que a concentracao total de
AAL da hemolinfa diminui ap6s exposicdao do animal ao meio hiperosmaético. Nos
animais mantidos em &agua doce, a exposicdo ao homogenado do pedunculo
ocular aumentou a quantidade de AAL da hemolinfa. O homogenado de ganglio
toracico aumentou a quantidade de AAL na hemolinfa de animais submetidos ao
estresse hiperosmotico. Assim, a concentracao total de aminoacidos da hemolinfa
€ modificada pelo estresse porque participa da regulacao anisosmética e varios

fatores neuroenddcrionos estdo envolvidos com esta regulacao.
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Em C. granulata o aumento da captacdo de aminoacidos e a sintese de
betaina foram demonstrados em tecidos de animais expostos ao estresse
hiperosmotico (SCHEIN et al.,, 2005; JAHN, 2001). Em tecidos de C. granulata,
submetidos ao estresse hiperosmético in vitro, foi verificada uma diminuicao da
sintese de proteinas. Contudo, quando os tecidos eram expostos ao estresse
hiposmético in vitro, foi observado aumento da capacidade de sintese (BOCK,
2005).

Esta bem documentado na literatura que em areas estuarinas e intertidais,
as flutuacdes constantes da salinidade impéem um estresse i6nico e ambiental a
sua biota. Essas variagbes de salinidade levam os organismos estuarinos e
marinhos intertidais a mudangas na composicao organica e inorganica dos fluidos
corporais, bem como de suas reservas energéticas, o que permite aos animais a
execucao dos ajustes homeostaticos compensatérios (KASSCHAU et al.,, 1984;
MATSUSHIMA e YAMADA, 1992; BISHOP e BURTON, 1993; OKUMA e ABE,
1994; PILLET et al., 1995).

A capacidade osmorreguladora desempenha um importante papel na
evolucao e na conquista do habitat estuarino pelos organismos. Nos crustaceos
eurialinos, a osmolaridade do fluido extracelular pode variar de maneira diversa
em fungdo da osmolaridade do meio ambiente. Entre os crustdceos decapodes,
encontram-se desde animais estuarinos eurialinos capazes de tolerar grandes
variagcdes na salinidade do meio e com minimas alteracbes da concentracao
osmdética da hemolinfa — osmorreguladores — até espécies cuja pressao osmotica
extracelular pode variar amplamente — osmoconformadores (MANTEL e FARMER,

1983).
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O caranguejo Chasmagnathus granulata (Crustacea, Decapoda,
Grapsidae), que evoluiu a partir de formas marinhas, € uma espécie tipicamente
estuarina. Ele habita pantanos salgados ou marismas de estuarios neotropicais do
Brasil, a partir do litoral do Rio de Janeiro até o RS, além de estar distribuido ao
longo de toda a costa do Uruguai até o Golfo de San Martin, na Argentina (BOTTO
e IRIGOYEN, 1980).

Na Lagoa de Tramandai-RS (habitat natural desse animal) a salinidade
pode variar de 0,22 % a 34 %y e a concentragdo de O, dissolvida na agua varia
de 2,80 mg O,/L a 11,78 mg O,/L, podendo chegar a valores proximos de zero

durante o inverno (BOTTO e IRIGOYEN, 1980; TURCATO, 1990).

Quanto ao habito alimentar, esta espécie pode ser considerado generalista,
com estratégias alimentares detritivora e oportunista (D’INCAO et al., 1990).
Eventualmente comporta-se como canibalista, atacando suas proprias
comunidades (BOTTO e IRIGOYEN, 1980).

O caranguejo C. granulata pode ser encontrado entre os pisos supra e
mesolitordaneos, em areas inundaveis com ou sem vegetagdo halo-hidréfila.
Nesses locais eles abrem galerias ou tocas com profundidades variaveis, de
acordo com o nivel das marés e do lengol freatico, fazendo com que haja sempre
agua no fundo da toca. Essas habitacées tém papel importante na ecofisiologia
deste crustaceo, na medida que minimizam as amplitudes de variagbes de
salinidade e temperatura (TURCATO, 1990).

Conforme BROMBERG (1992), C. granulata pode ser classificado como um

regulador hiper-hiposmotico eurialino, uma vez que suporta amplas variacoes de
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salinidade, sendo capaz de hiperregular de 0%y a 20% e hiporregular em 40%q,
O ponto isosmético situa-se entre 28,5% e 30%yg, no inverno e no verdo,
respectivamente. A autora destacou o processo de regulacdo isosmotica
intracelular como parte dos mecanismos envolvidos na adaptacdo desse
caranguejo a meios com diferentes salinidades, visto que as concentracdes
hemolinfaticas de ions sofreram consideraveis alteracbes ap6s os choques
osmoticos.

No seu habitat o C. granulata permanece por longos periodos fora da agua,
sendo considerado semi-terrestre (MANE-GAZON et al., 1974). Contudo, o
Sistema Respiratério desses animais esta pouco adaptado a respiracdo aérea
(SANTOS et al., 1987). Essa espécie possui cinco pares de branquias anteriores e
trés pares de branquias posteriores, dispostas nos mesmos segmentos toracicos.
Uma das estratégias para a conquista do meio terrestre foi a interiorizacdo das
branquias na cavidade branquial, determinada pelo prolongamento da carapaca.
Desta forma, ao sair do ambiente aquatico, o animal mantém as branquias
umedecidas através da retencado de agua nesta cavidade (BOND-BUCKUP et al.,
1991).

Durante o processo de aclimatacédo ao estresse osmotico, provavelmente, o
tecido branquial € o que mais consome energia, uma vez que ele deve assegurar
a regulacdo isosmotica do fluido extracelular, como também a regulacao

anisosmotica do fluido intracelular.

Estudos sobre as respostas fisioldgicas do tecido branquial de crustaceos

eurialinos, durante o processo de adaptacao ao estresse osmoético, mostram
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alteracdes: no consumo de oxigénio, na proliferacdo das células de cloreto ricas
em mitocOndrias, nas atividades das enzimas Na+/K+ - ATPase e anidrase
carbdnica, na capacidade de oxidagdo total de aminoacidos, assim como
mudancgas quantitativas nos fosfolipidios de membrana e no conteudo de ATP do
tecido (COPELAND e FIZJARRELL, 1968; WHITNEY, 1974; ENGEL et al., 1975;

PIERCE, 1982; GILLES, 1982; PEQUEUX e GILLES, 1988; HENRY, 1988a, b).

Esta descrito na literatura que o tecido branquial de crustaceos apresenta
uma diferenciacdo funcional e estrutural. As branquias anteriores apresentam um
epitélio do tipo respiratério e ndo sofrem alterac¢des significativas na sua estrutura
quando ocorrem variagcoes de salinidade no meio. Ja nas branquias posteriores, a
atividade osmorreguladora é predominante e, dependendo da salinidade do meio
no qual se encontra o animal, o processo de transporte de cloreto de sédio pode
ser ativado ou inibido. Também nessas branquias ocorrem modificacdes na
ultraestrutura do epitélio de transporte, com um aumento nas vilosidades da
membrana apical e no numero de mitocéndrias, indicando elevagdo do
metabolismo oxidativo, do consumo de oxigénio e da producdo de diéxido de
carbono (WELLCOMME e DEVOS, 1991; CHAUSSON e REGNAULT, 1995;

PEQUEUX e GILLES, 1984).

Diferengas morfolégicas e ultra-estruturais ja foram descritas em branquias
de C. granulata. Durante a aclimatagdo ao estresse (hiper ou hiposmético) e
epitélio das branquias anteriores ndo apresentou variacbes na espessura,
sugerindo uma funcédo respiratéria. Em contraste, a espessura epitelial das

branquias posteriores aumentou significativamente em ambos os estresses. As
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branquias posteriores estdo envolvidas tanto com a captacdo quanto com a
secrecao de ions dependendo do meio de aclimatacido (GENOVESE et al., 2000;

LUQUET et al., 2002).

Além disso, CASTILHO et al. (2001) descreveram que a atividade da
enzima Na'/K*ATPase e a sua afinidade por sédio foram maiores nas branquias
posteriores do que nas anteriores de C. granulata, sugerindo a presenca de
diferentes isoformas dessa enzima nas branquias anteriores e posteriores. A
atividade desta enzima esta diminuida tanto nas branquias anteriores quanto nas
posteriores de caranguejos aclimatados a trinta dias de estresse hiperosmético. Ja
o estresse hiposmético aumentou a atividade da Na‘'/K*ATPase somente nas

branquias posteriores.

Ao longo das ultimas décadas, a Fisiologia Comparada e o0 uso de espécies
marinhas ou de agua doce como modelo bioloégico, possibilitaram um
conhecimento mais aprofundado sobre a Fisiologia Renal, sobre os processos de
transporte epitelial e sobre a regulacdo de volume celular de mamiferos. A prova
da presenca de processos secretérios nos rins, usando peixe aglomerular, a
elucidacdo de mecanismos de secrecdo transepitelial em tdbulos renais de
linguado, a formulacdo de um modelo para o transporte ativo de cloro a partir de
estudos com a glandula retal de tubardo e a demonstracdo do papel dos
aminoacidos como osmdlitos organicos na regulacdo do volume celular em
estudos com invertebrados aquaticos eurialinos sdo alguns dos maiores exemplos

da contribuicao da Fisiologia Comparada (KINNE, 1993).
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O caranguejo C. granulata, que apresenta excelente adaptacao as
condicbes experimentais de laboratério, pode ser considerado um modelo
bioldgico adequado para a investigacdo do metabolismo intermediario e sua
regulacao frente a diferentes condicdes fisiolégicas e ambientais. A investigacao
sobre estresse osmotico em C. granulata tem um aspecto interessante, pois neste
animal é possivel realizar estresse osmotico do tecido branquial in vivo, onde as
branquias entram em contato direto com o meio externo. Em mamiferos, as
investigagbes nesse sentido sdo realizadas com células em cultura e ndo com o
organismo como um todo. O entendimento dos mecanismos pelos quais 0s
crustaceos eurialinos, como o C. granulata, utilizam para sobreviver nessas
situacdes pode esclarecer pontos ainda obscuros existentes sobre os mecanismos

celulares desencadeados por processos de regulacao osmaotica em vertebrados.

As branquias do caranguejo Chasmagnathus granulata estdo em contato
direto com o meio externo e precisam dispor de mecanismos regulatérios
osmdéticos que possibilitem ajustes rapidos as variacbes de salinidade impostas
pelo ambiente estuarino. Ja foi demonstrado que fatores neuroenddcrinos
influenciam os processos de osmorregulagdo em crustaceos (FREIRE et al.,

1995.).

Em células de mamiferos a transducédo do sinal insulinico é alterada em
resposta ao estresse osmotico. As branquias de C. granulata possuem receptor
para insulina e este horménio estimula a captacdo de glicose e a sintese de
glicogénio neste 6rgado. Desta forma as branquias que exercem funcdes de

osmorregulacao e respiracdo sdo um excelente modelo biolégico para a resposta
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a pergunta: “As caracteristicas do receptor insulinico e a transducao do sinal sao

alteradas pelo estresse osmotico?”.



OBJETIVOS
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1. OBJETIVO GERAL

Determinar o efeito do processo de aclimatacdo ao estresse hipo ou
hiperosmético sobre as caracteristicas do receptor a insulina e sobre a captacao

de glicose em branquias anteriores e posteriores de C. granulata.

2. OBJETIVOS ESPECIFICOS

a) Clonar e sequenciar parcialmente o receptor relacionado a insulina das

branquias de Chasmagnathus granulata.

b) Determinar a concentracdo e a afinidade dos receptores a insulina em
branquias anteriores e posteriores de C. granulata submetidos a estresse hiper

ou hiposmético

c) Estudar a fosforilacdo do substrato sintético poly (Glu; Tyr 4:1) em preparacdes
de membranas plasmaticas de branquias anteriores e posteriores de

caranguejos submetidos a estresse hiper e hiposmotico.

d) Investigar a captacdo de glicose em tecido branquial de caranguejos

submetidos a estresse hiper ou hiposmético



MATERIAL E METODOS
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1. Material

Os produtos utilizados tinham as seguintes procedéncias: Tris (hidroximetil-
aminometano) da Aldrich; Fluoreto de fenilmetilsulfonila (PMSF), ortovanadato de
sédio, trifosfato de adenosina (ATP), o polimero sintético poly (Glu; Tyr) 4:1, IGF-I
recombinante humano (hlGF-l) e a angiotensina-l humana, 2,5-Dipheniloxazola
(PPO), 1,4-bis[2-(5-feniloxazonil-benzeno) (POPOP), Hepes, da Sigma; Triton X-
100, acido acético, acido etilenodiamino-tetraacético (EDTA), sulfonil dodecil de
sédio (SDS), metanol, cloreto de sodio, sacarose, cloreto de manganés (MnCl,) ,
cloreto de magnésio (MgCl,), cloreto de célcio (CaCly), bicarbonato de sédio
(NaHCO3), cloreto de potassio (KCl) da Merck; Acido tricloroacético (TCA), acido
ortofosférico e tolueno, da Nuclear; Sulfato de sédio (Na.SO,) da Reagen;
Brometo de sédio (NaBr) da Vetec; Glicina, albumina de soro bovino (BSA) da
Gibco; Genisteina, coomassie brilhant blue, da Acros; A insulina bovina foi
gentilmente cedida pela Companhia Biobras (Brasil). Papéis de fosfocelulose da

Gibco BRL e papéis filtro (Whatman GF/B 2,4 cm).

Os materiais radioativos, [y*2P] ATP (300mCi/nmol), '®*l-insulina (50,000
contagens/min (cpm/min) de Tyr*'*'2*l-monoiodoinsulina humana, 2,000 Ci/mmol
de atividade especifica) e 1-["*C] 2-deoxi-D-glucose (['“C] DG — 39mCi/mmol),
foram obtidos da Amersham Bioscience.

Os equipamentos utilizados foram: refratdmetro (ATAGO S/MILL);
homonegeizador tipo Potter-Elvejhem com pistilo de teflon, homogeneizador Omni
Mixer e o homogeneizador tipo Dounce (Konte Glass Co USA). As centrifugas

foram a Sorval RC-5B e centrifuga de eppendorff da Sanyo. Foi utilizado ainda
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agitador metabodlico Dubnoff. Para os experimentos de biologia molecular, foram
utilizados, termociclador (PTC — MJ Research), GeneQuant (Pharmacia Biotech)
todos os Kits e reagentes utilizados foram da Biogen, Invitrogen e Gibco. A

radioatividade foi medida em contador de cintilagdo beta ou contador gama LKB

Os programas estatisticos utilizados foram Jandel SigmaStat, versao 2.0. e

Prism4.
2. Animais

Foram utilizados caranguejos machos da espécie Chasmagnathus granulata
(Dana, 1851 — Decapoda-Grapsidae), no estagio C de intermuda (DRACH e
TCHERNIGOVZEFF, 1967). Os animais foram coletados no municipio de Imbé,
Rio Grande do Sul, Brasil, na populacdo natural da margem Leste da Lagoa de

Tramandai (coordenadas 29°58’ latitude Sul e 58°08’ longitude Oeste).

O ambiente onde vivem é tipicamente de estuario, influenciado tanto pelas
aguas do oceano Atlantico, como pelas aguas de origem pluvial do sistema
lagunar de Tramandai, onde o nivel das aguas é influenciado pelos ventos
(WURDIG, 1984). O clima da regido é considerado subtropical Umido, com
temperatura média anual de 17,6°C e precipitacao pluviométrica inferior a 1300
mm anuais (MORENO, 1961).

As coletas foram realizadas com autorizagdo do Instituto Brasileiro do Meio
Ambiente e dos Recursos Naturais Renovaveis — IBAMA (Portaria 332/90). Os

animais foram capturados manualmente no sedimento areno-lodoso, dentro da
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agua ou nas tocas e transportados até o laborat6rio em caixas plasticas com agua

do préprio local.

O numero de animais utilizados nos experimentos desta Tese foi de

aproximadamente 300.

3. Manutencao dos animais

Ao chegarem ao laboratério, os animais eram submetidos a um choque
hiposmético (agua destilada) por 24 horas, com a finalidade de eliminar possiveis
parasitas e limpar seu conteudo estomacal (KUCHARSKI, 1997). A seguir, os
caranguejos eram aclimatados ao laborat6rio por um periodo de 15 dias, mantidos
em aquarios com oxigenacao constante, com salinidade de 20%q temperatura de
25°C e fotoperiodo natural. Os animais foram alimentados com carne bovina crua,
ad libitum, diariamente ao fim da tarde. Estes animais foram considerados animais

controle ou o tempo zero (0 horas) de estresse.

4. Estresse osmotico in vivo

Apés o periodo de aclimatacao os animais foram submetidos durante 24, 72 e
144 horas ao estresse hiper ou hiposmoético. Os animais submetidos ao estresse
hiperosmoético foram colocados em aquario com salinidade de 34 %. (agua
destilada e sal marinho). Essa salinidade foi a mais alta encontrada por TURCATO
(1990) no local de coleta desses caranguejos. Os animais submetidos ao estresse
hiposmatico foram colocados em aquarios com agua destilada (salinidade 0%). A
salinidade dos aquarios foi controlada semanalmente com refratbmetro (ATAGO

S/MILL).
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Durante os periodos de estresse, os animais eram mantidos em aquarios com
as mesmas condi¢cdes de temperatura, fotoperiodo, aeracdo e alimentagdo do

periodo de aclimatagéo.

5. Procedimentos experimentais

Os animais foram crioanestesiados por imersdao em recipiente com gelo
escama, durante 10 minutos. A seguir a carapaca era removida e as branquias
anteriores e posteriores excisadas pela base e utilizadas nos diferentes

procedimentos experimentais.

6. Preparacao das membranas plasmaticas do tecido branquial

As membranas plasmaticas das branquias foram preparadas segundo
KUCHARSKI et al. (1999), com algumas modificacdes. Para cada preparacao de
membrana, aproximadamente 15 animais foram utilizados. As branquias
anteriores e posteriores foram preparadas separadamente. Os tecidos foram
homogeneizadas em um homogeneizador tipo Potter - Elvejhem com pistilo de
teflon, na presenca de uma solucdo de homogeneizacdo, contendo: 40 mM de

Tris; 1mM de PMSF; 1mM de EDTA; 250mM de sacarose, pH 7 4.

O homogeneizado foi centrifugado a 3000 g por 15 minutos. O sobrenadante
foi centrifugado a 30000 g, por 20 minutos, sempre a 4°C. O precipitado formado a
partir desta centrifugacao foi ressuspendido em tampéao contendo Hepes (25mM) e
PMSF (1mM) com um homogeneizador tipo Dounce. Amostras foram separadas e

congeladas a -20°C até sua utilizagao.
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7. Dosagem de proteinas

Aproximadamente 50ul da solucao contendo as membranas plasmaticas das
branquias anteriores ou posteriores foi separada e posteriormente utilizada para
dosagem de proteinas. A concentracdo de proteinas foi determinada através do
método de BRADFORD (1976) com o Coomassie brilliant blue, utilizando BSA

como controle.

8. Ensaios da ligacdo da '®l-insulina em presenca de diferentes

concentracoes de insulina bovina

Para cada amostra de membrana foram utilizados de 10 a 15 animais e cada
ponto da curva corresponde a uma média de 3 a 5 amostras de membranas
plasmaticas de cada grupo experimental: 1) caranguejos controles (0 horas de
estresse), 2) caranguejos expostos a 144 horas de estresse hiperosmético, 3)

caranguejos expostos as 24 horas de estresse hiposmoético.

As preparacdes de membrana plasmatica do tecido branquial (0,4 a 0,5 mg de
proteina) foram incubadas em agitador metabélico Dubnoff em presencga de 0,2 ml
de 10mM HEPES, 400mM NaCl (estresse hiperosmético) ou 300mM (estresse
hiposmético e controle), 1mM PMSF e 1% BSA, com pH 7.4. A essa solugéo
foram adicionadas concentracdes crescentes de insulina bovina ndo marcada (0-
10uM) e 50.000 contagens/minuto de Tyr*'*'?*l-monoiodoinsulina humana (2.000
Ci/mmol de atividade especifica) (PARRIZAS et al., 1994). Apés incubacédo por
120 minutos a 25°C (KUCHARSKI et al, 1997), a '®l-insulina ligada as

membranas foi separada do hormdnio livre por filtracdo através de um filtro de
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microfibra de vidro (Whatman GF/B 2,4 cm) adaptado a uma bomba de vacuo. Os
filtros foram lavados trés vezes com 10 ml de tampao de incubacido gelado
contendo 0,1% de BSA e a radiatividade retida foi contada em contador de
cintilacdo gama LKB. A radioatividade absorvida pelo filtro na auséncia de

membranas foi menor que 0.2% da contagem total.

Para analise dos sitios de ligacdo da insulina foram utilizados os dados da
curva de competicdo que foram lancados em um grafico. O método grafico
utilizado para analise dos dados da unido de ligandos a proteinas foi 0 método de
Scatchard (SCATCHARD, 1949). O grafico de Scatchard resulta em uma reta
onde a inclinacdo da mesma informa sobre a constante de dissociagao (Kd) e a

intersecéo da reta com o eixo das abcissas indica a capacidade de unido, o Bmax.

A interagcao entre o hormoénio e o receptor forma um complexo que é reversivel

e representado pela seguinte reacao:

onde K; e K, séo as constantes de velocidade de associagcédo e dissociacao,
respectivamente. Quando o sistema atinge o equilibrio, para cada complexo de
HR formado, dissocia-se um outro HR em H e R. A velocidade da reacdo € a
mesma nos dois sentidos e a constante de associacao (K,), pode ser calculada

como:
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__[HR]

Ka=——
[H].[R]

onde [HR] & a concentracdo do complexo hormbdnio-receptor, [H] é a
concentracdao de hormobnio livre e [R] é a concentracdo de receptores nao
ocupados. Quando metade dos receptores estiverem ligados ao hormdnio, [R]
sera igual a [HR]. A constante de associacao corresponde ao K, e seu inverso Ky
a constante de dissociagcdo. Desta forma, a concentragdo de hormdnio livre
necessaria para saturar metade dos receptores sera igual ao Ky. Assim, os valores
de Ky foram expressos em molaridade (107'°M) e utilizados como um indice de
afinidade dos receptores. Pode-se estabelecer que quanto menor o Ky, maior a
afinidade do horménio por seu receptor e menor a tendéncia de dissociacao do

complexo hormonio receptor (SANVITTO, 1992).

Com o objetivo de testar a especificidade da ligagdo da '®l-insulina aos
receptores, foram realizados experimentos utilizando-se membranas plasmaticas
incubadas por 150 minutos a 25°C com '®l-insulina (50,000 contagens/minuto) em
presengca ou auséncia de angiotensina-l (250ug/ml), sendo processados com
descrito anteriormente. A captacao total de '®°I-insulina foi medida na auséncia da
insulina bovina ndo marcada. A captagdo nao especifica foi determinada pela
adicao ao meio de incubagao (in vitro) de '®°I-insulina mais um excesso de insulina
bovina ndo marcada. A captagao especifica foi determinada pela subtracdo do nédo

especifico da captagao total (TURYN et al., 1986).



52

9. Fosforilacao do Substrato Sintético Poly (Glu, Tyr 4:1)

Para cada amostra de membrana foram utilizados de 10 a 15 animais e cada
ponto da curva corresponde a uma média de 3 a 5 amostras de membranas
plasmaticas de cada grupo experimental: 1) caranguejos controles (0 horas de
estresse); 2) estresse hiperosmético (24, 72 e 144 horas), 3) estresse hiposmético

(24, 72 e 144 horas).

As membranas plasmaticas das branquias (40ug de proteina) foram incubadas
com trés tratamentos: 200 nM de insulina bovina, 200nM de albumina bovina
(controle) ou 500uM de genisteina + 200nM de insulina bovina, na presenca de
uma solucao contendo 10mM de MnCl,, 10mM de MgCl, e TmM de ortovanadato
de sbédio, em um volume final de 45ul por 30 minutos a 25°C. A seguir, este
material foi incubado por 10 minutos a 25°C com 0,5 uCi/mM [y*?P] ATP
juntamente com ATP nao marcado (5uM). Apdés foi adicionado, por mais uma hora
a 25°C, 1 mM do substrato sintético poly (Glu,Tyr) 4:1. A reacdo foi interrompida,
pipetando-se a amostra do meio de incubacdao em um papel de fosfocelulose
(ARONOWSKI et al., 1992). Seguiu-se uma lavagem com TCA a 10% e trés
lavagens com acido fosférico (75mM). Os papéis foram colocados em liquido de
cintilacdo e a incorporacéo de [5**P] ATP ao substrato exégeno foi medida em um

contador beta LKB.
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10. Captacio de ['*C] 2-deoxi-D-glucose

Foram utilizados de 5 a 8 animais para cada grupo experimental: 1) controles
(0 horas de estresse); 2) estresse hiperosmético (24, 72 e 144 horas), 3) estresse

hiposmético (24, 72 e 144 horas).

Para esse experimento, as branquias anteriores e posteriores foram removidas
de animais anestesiados como descrito previamente, e a cuticula de quitina foi
cortada e os tecidos foram imediatamente lavados em tamp&o de incubagao.
Foram utilizadas as 3 ultimas branquias anteriores e as 3 Ultimas posteriores de
cada animal.

Foram utilizados dois tipos de meios de incubacao: para o tecido de animais
submetidos ao estresse hiperosmoético o meio continha 400mM NaCl, 12,2 mM
KCI, 11 mM CacCl,, 98 mM MgCl..H>O, 31mM NaHCOj3;, 278mM Na,SO4, 5,8 mM
NaBr, 10mM Hepes e 0,1 mM PMSF, pH 7,8, 815 mOsm/kg (osmolalidade da
hemolinfa a 34%, de salinidade foi de 853 + 12.45 mOsm/kg), equilibrados com
5% C0,:95% O, Para os tecidos dos animais controle e expostos ao estresse
hiposmético foi utilizado o mesmo meio, porém com a concentracao de NaCl
modificada para 300mM (a osmolalidade da hemolinfa na salinidade de 0% foi
636 + 18,01 mOsm/kg - n=10 - e no grupo controle (20%g) foi de 719 + 10,41
mOsm/kg - n=10) (SCHEIN et al., 2005).

As branquias foram incubadas por 120 minutos (KUCHARSKI et al., 2002) em
500ul de tampao de incubagdo com 0.2 uCi de 1-['*C] 2-deoxi-D-glicose (['*C] DG.

Apoés as amostras foram removidas do meio de incubagéao, lavadas duas vezes

em solucdo fisiologica gelada (com o objetivo de retirar o excesso de
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radioatividade absorvida ao tecido), secas em papel filtro e colocadas em frascos
com tampa rosca contendo 1ml de agua destilada. Apds, esses frascos foram
congelados e fervidos por trés vezes para romper as células e liberar os
tracadores (glicose radioativa) do tecido branquial. Esse conteudo liberado foi

considerado o meio interno e 0 meio de incubagéo, o meio externo.

De cada amostra foram retirados 100w do meio interno ou do meio externo e
colocados em liquido de cintilacédo e a radioatividade foi medida em contador LKB.
Os resultados foram expressos como a relacéo tecido / meio (T/M), isto &, cpm /

ml de fluido de tecido dividido por cpm / ml do meio de incubacéo.

11. Extracao do RNA total

Foram utilizadas branquias posteriores de animais controle para a realizacao
dos experimentos de investigacdo molecular. A extracdo do RNA total foi realizada

através do método da guanidina — tiocianato (CHOMCZYNSKI e SACCHI, 1987).

12. Clonagem parcial do cDNA do receptor semelhante a insulina de

crustaceo (CGIRLTK)

RNAs poliadenilados foram isolados usando oligodT acoplados a beads
magnéticos como descrito pelo fabricante (Dynal). Transcricdo reversa foi
realizada usando oligo(dT){7 como primer, 1ug mRNA e 200 U de transcriptase
reversa (Moloney murine leukemia virus - Promega). cDNAs foram usados como
moldes para amplificagao por reacdo em cadeia da polimerase (PCR) usando dois
primers degenerados (5" GAAATNGNCGAYGGNATGGCNTA-3” e

5" TCATNCCRAARTCNCCRATYTT-3") para anelar a conservada regiao consenso
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do dominio tirosina quinase do receptor da familia da insulina/IGF-I de humanos
(X0443.4, NM_000208), mosca da fruta (M14778), bicho-da-seda (AF025542),
rato (NP_034698.1 e NP_058767.1) peixe (AF321225). O PCR foi realizado com
um volume total de 50 pl com 10 ng of cDNA das branquias posteriores em 10 mM
Tris/HCI, pH 9.0, contendo 50 mM KCI, 0.1 % Triton X-100, 0.2 mM de cada dNTP,
1 UM of cada primer, 1.5 mM MgCl, e 1 U Tag DNA polymerase (Promega). As
amplificagdes foram realizadas por 40 ciclos a 94°C por 1 min, 50°C por 1 min e
72°C por 1 min e o passo de extensao final a 72°C por 5 min. Produtos do PCR
foram corridos em gel de agarose a 1.5% e os fragmentos do tamanho exposto
(118bp) foram purificados, subclonados em pGEM-T usando um kit de clonagem
TA (Promega) e sequienciado com um kit de sequenciamento (ABI Prism BigDye
Terminator Cycle -PE Applied Biosystems). As seqiiéncias foram comparadas
usando multiplo alinhamento de algoritmo Clustal W (HIGGINS e SHARP, 1989).

O numero de registro no Genbank desta seqiéncia é DQ104241.

13. Analise estatistica

Os resultados dos experimentos foram expressos como média mais ou menos
(¥) o erro padrao da média (EPM). Dos dados experimentais obtidos, a
comparagao entre dois pontos foi feita usando-se o teste t de Student para dados
nao pareados. Para comparagao entre tempos de estresse e tipo de estresse ou
diferentes tratamentos e tempos de estresse foi utilizada analise de variancia
(ANOVA) de duas vias; para comparacao entre os diferentes tempos de estresse
foi utilizada ANOVA de uma via, ambas seguidas pelo Student-Newmann-Keuls

(SNK). A analise dos sitios de ligagdo a insulina foi realizada pelo método de
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SCATCHARD (1949). As diferengas entre as médias foram consideradas

significativas se P< 0,05.

Todos os testes foram realizados com o programa estatistico Sigma Stat 2.0,
com excecao andlise dos sitios de ligacao a insulina que foram feitas com o

programa Prism 4.



TRABALHOS DESENVOLVIDOS




CAPITULO 1

Characterization of insulin receptors in gills from crabs submitted to

hyperosmotic stress

Autores: Mércia Trapp, Vanessa Schein, Yann Waché, Alan Péppl, Edison Capp,
Luiz Carlos Kucharski, Pascal Favrel, Alain Van Wormhoudt, Roselis S. M. Da
Silva

Periédoco: FEBS Letters

Artigo submetido, Agosto 2005



59

Characterization of insulin receptors in gills from crabs submitted to

hyperosmotic stress

Marcia Trapp?, Vanessa Schein?, Yann Waché, Alan Poppl2, Edison Capp?, Luiz

Carlos Kucharski? , Pascal FavreP, Alain Van Wormhoudt®, Roselis S. M. Da Silva2

¢ Departamento de Fisiologia, Instituto de Ciéncias Basicas da Saude, Universidade
Federal do Rio Grande do Sul, 90050-170, RS, Brazil
Université de Caen, IBFA, IFREMER UMR 100 «PE2M » Biologie et
Biotechnologies marines, 14032 Caen, France;
‘UMR CNRS Museum 5178, Station de Biologie Marine du Muséum National
d’Histoire Naturelle, BP225, 29900 Concarneau, France

Correspondence to:

Dr. Roselis S.M. da Silva

Departamento de Fisiologia — ICBS- UFRGS
Rua Sarmento Leite, 500

90050-170 Porto Alegre — RS- Brazil

Fone: +55 51 3316 3623

Fax: +55 51 3316 3453

e-mail: roselis @ufrgs.br




60

Abstract

Insulin receptor tyrosine kinase domain of the Chasmagnathus granulata crab
was cloned and sequenced and presented a similarity to vertebrate and invertebrate
insulin receptor. Insulin receptor was autophosphorylated after insulin stimulation.
Hyperosmotic stress led to a decrease of concentration and affinity of insulin
receptors, as well as a reduction of tyrosine kinase activity. Glucose uptake in the
posterior gills did not change during the time of osmotic stress. These experiments
demonstrate that hyperosmotic stress changes the insulin transduction mechanism,
producing insulin resistance in the posterior crab qills.

Key words: crab gill; insulin receptor; molecular cloning

1.Introduction

Insulin receptor belongs to a superfamily of tyrosine kinase receptors (RTKSs)
with a common evolutionary origin [1]. Homologues to the insulin/IGF receptor have
been identified in invertebrates, and presented several structural similarities to the
insulin receptor of vertebrates, especially the B subunit tyrosine kinase region [2].
Insulin signal transduction also appears to be preserved in these animals, and is
similar to mammals signalling pathways [3].

In vertebrates, stress factors, such as osmotic stress, modify the insulin signal
transduction in a tissue-specific manner. When placed under hyperosmotic stress,
adipocytes show insulin-resistance, diminishing insulin receptor substrate | (IRS-I)
phosphorylation. Nevertheless, the muscle increases the insulin action and glucose

transporter (GLUT4) translocation [4].
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The Chasmagnathus granulata is a euryhaline crustacean that lives in
estuaries along the southern Brazilian coast where salinity ranges from 0.22 to 34%.
Posterior gills are considered one of the organs responsible for osmoregulation in
this crab [5]. Previous studies in our laboratory identified insulin binding sites and
insulin-stimulated tyrosine kinase activity in the gills of this animal [6-7].

Gill face the environment directly, thus they are good models to investigate
molecular adaptations to salinity changes in the intact animal in vivo. In order to
determine the effects of acclimation to hyperosmotic conditions, in vivo, on the insulin
receptors in posterior gills, the present study was designed (1) to characterize the
partial sequence of the insulin receptor cDNA (DQ104241) expressed in C. granulata
posterior gills; (2) to analyse the insulin receptor concentration and affinity, tyrosine
kinase activity, and glucose uptake in posterior gills from crabs submitted to

hyperosmotic stress.

2. Materials and methods

2.1. Experimental procedure

Male crabs from Tramandai Lagoon (RS, Brazil), weighing 15 + 2 g, were
acclimated in aquaria at 20%. salinity, at 25° C and natural light/dark cycle. They
received meat once a day ad libitum, for 2 weeks (control group-CQG). Afterwards, the
animals were submitted to hyperosmotic stress (34%. of salinity; stress groups-HG)

for 24, 72 or 144h under the same conditions described above.
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2.2. Total RNA extraction
Total RNA extraction was made from CG following the guanidine thiocyanate

method [8].

2.3. Insulin receptor cloning

Polyadenylated RNAs were isolated using oligodT coupled to magnetic beads
as described by the manufacturer (Dynal). Reverse transcription was carried out
using oligo(dT)7 as primer, 1ug mRNA and 200 U Moloney murine leukemia virus
reverse transcriptase (Promega). cDNAs were used as templates for polymerase
chain reaction (PCR) amplifications using two degenerated primers
(5" GAAATNGNCGAYGGNATGGCNTA-3" and 5" TCATNCCRAARTCNCCRATYTT-
3" ) designed to anneal to conserved consensus regions of the insulin-like growth
factor receptor/insulin receptor family tyrosine kinase encoding domain of sequences
from human (X0443.4, NM_000208), fruit fly (M14778), silkworm (AF025542), mouse
(NP_034698.1), fish (AF321225), rat (NP_058767.1). PCR was performed in a total
volume of 50 pyL with 10 ng of posterior gill cDNA in 10 mM Tris/HCI, pH 9.0,
containing 50 mM KCI, 0.1 % Triton X-100, 0.2 mM each dNTP, 1 uM of each primer,
1.5 mM MgCl, and 1 U Tag DNA polymerase (Promega). Amplification was
performed for 40 cycles at 94°C for 1 min, 50°C for 1 min and 72°C for 1 min and a
final extension step at 72°C for 5 min. PCR products were resolved on a 1.5%
agarose gel and fragments of the expected size (118bp) were purified, subcloned
into pGEM-T using a TA cloning kit (Promega) and sequenced with an ABI Prism
BigDye Terminator Cycle Sequencing kit (PE Applied Biosystems). Sequences were

compared using Clustal W multiple alignment algorithm [9].
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2.4. Gill Membrane Preparation
Posterior gill membrane preparation (15 crabs for each samples) was
performed according to Kucharski et al. [7]. The protein concentration was

determined using the Bradford method [10].

2.5. Insulin-binding assay

Gill membranes (0.4 - 0.5 mg protein) from crabs exposed to Oh (CG) and
144h of hyperosmotic stress were incubated in 10mM HEPES, 300mM (CG) or
400mM (HG) NaCl, 1mM phenylmethylsulfonyl fluoride (PMSF) and 1% bovine
serum albumin (BSA) (pH 7.4), with increasing concentration of unlabelled bovine
insulin (0-10 uM) or 250ug/ml of human angiotensin | and radiolabelled insulin (5 x
10* cpm of human Tyr*'*'?°l-monoiodoinsulin, 2,000 Ci/mmol, Amersham
Bioscience) [11]. After incubation for 120 min at 25° C, the '®I-insulin was determined

according to Kucharski et al. [7].

2.6. Substrate phophorylation

Gill membrane suspensions (40ug protein) from CG (0Oh) and HG (24, 72,
144h) were preincubated with genistein (500uM) plus 200nM of bovine insulin, insulin
alone or 200mM of BSA (control) for 30 min at 25° C, and incubated with 0.5.Ci of
[v*2P] ATP (300mCi/nmol, Amersham) and unlabelled ATP (5uM) in a buffer (25 mM
Hepes, 10 mM MgCl,, 10 mM MnCl,, and 2 mM sodium orthovanadate), for 10 min at
252 C. Subsequently, 1 mM poly (Glu: Tyr 4:1) (Sigma) was added for 1h at 25°C.
Additional studies were carried out using human IGF-I (200nM). The tyrosine kinase

activity in cell membrane suspensions was determined as described by Kucharski et

al. [7].
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2.7. [*C] 2-Deoxy-D-glucose Uptake

['“C] DG uptake from CG (0h) and HG (24, 72 and 144h) was determined
according to Kucharski et al. [12]. The osmolality of the incubation buffers was that of
haemolymph at 34%, salinity (853 + 12.45 mOsm/kg) and at 20%q, salinity (719 +

10.41 mOsm/kQ).

2.8. Statistical analysis

Results were analysed by one-way or two-way analysis of variance (ANOVA)
with posterior Student—Newmann-Keuls (SNK) or by Student’s ttest. Significant
differences were accepted if P< 0.05. These tests were performed with Sigma Stat
Statistical Software. Binding data were analysed by Scatchard plot [13] with Prism 4

Software.
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3. Results

Using degenerated primers deduced from consensus sequences of the
insulin receptor superfamily, a cDNA fragment of 118 bp was amplified from cDNA
synthesized from RNA extracted from C. granulata posterior gills (Figure 1A). This
fragment encoding a 39 amino acids peptide (Fig. 1B) was named CGIRLTK (C.
granulata insulin receptor-like tyrosine kinases), as it displays a high degree of
identity ranging from 69% with most mammalian insulin receptors up to 74% with
drosophila insulin receptor tyrosine kinase domains.

Figure 2A shows that the specific binding in CG was saturable at low
unlabeleb insulin concentration. However the figure 2C shows that the specific
binding in HG was proportional to unlabelled insulin concentration. Saturably of
insulin produced a linear Scatchard plot in CG (Fig. 2B) and HG (Fig. 2D). The
resolution of HG curve established a reduction (P<0.05) in the affinity constants
and insulin receptor concentration (Table 1). Moreover, angiotensin | was not able
to prevent the '?°l-insulin uptake by posterior gills membranes in CG.

Incubation of C. granulata gill membranes from the control group with bovine
insulin increased (P<0.05) the phosphorylation of the exogenous substrate (Fig. 3),
however, with genistein plus insulin this effect was inhibited. Hyperosmotic stress
significantly reduced the tyrosine kinase activity (P<0.05), and decreased the
stimulatory insulin effect in all experimental groups by 75% to 100% (P<0.05) (Fig.
4A). Figure 4B shows a comparison between insulin and IGF-l stimulated
phosphorylation. Only insulin was able to increase the synthetic substrate

phosphorylation.
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Hyperosmotic stress did not significantly modify the glucose uptake by the

posterior gills (Fig. 5).

4. Discussion

Insulin-related receptors have been identified and characterized in insects,
in molluscs, in worms, in sponges and in cnidarians. They are similar to the insulin
receptors of vertebrates and they present highly homologous tyrosine kinase
regions [2]. We demonstrate here for the first time the partial molecular cloning of
an insulin tyrosine kinase receptor in a crustacean. Although we could not rule out
the possibility that the tyrosine kinase encoding fragment recovered in this study
could represent another tyrosine kinase receptor, the highest BLAST scores were
obtained with both invertebrate and vertebrate insulin or IGF receptor sequences.
Sequence alignment and homology comparison of C. granulata insulin receptors
(CGIRLTK) with vertebrate and invertebrate insulin/IGF receptor gene family
members confirmed this conclusion. Previously autophosphorylation and tyrosine
kinase activity have been demonstrated in the gills after bovine insulin stimulation
[7]. Partial cloning of the tyrosine kinase domain confirmed the presence of insulin-
like receptors in gills of the C. granulata .

As no crab insulin-like molecule has been isolated so far, bovine insulin was
employed since experimental data have demonstrated that mammalian insulin
stimulates glucose uptake and glycogenesis in crustaceans [12, 14]. Only bovine
insulin was effective to displace the '®l-insulin bound to gill membrane, and the
osmotic stress increase the unlabeled insulin necessary to saturate the insulin

receptor what could be explain for the increased dissociation in consequence of
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the lower affinity. In addition, the linear Scatchard plot of the saturably of unlabelled
insulin indicates the presence of a single binding site with low receptor
concentration.

In this study we show that the insulin receptor concentration, affinity and
tyrosine kinase activity are osmotically regulated in posterior gill cells from an
euryhaline crustacean. Hyperosmotic cell shrinkage induces a regulatory cell
volume increase, which is first achieved by a short-term activation of ion transport
across the membrane [15]. Another cellular strategy to adapt to long-term
hyperosmolarity is isoosmotic exchange of ions against low molecular organic
osmolytes, which are compatible with protein functions even at high concentrations
[16]. Different mechanisms have evolved for intracellular increase of organic
osmolyte concentrations, for example, betaine and amino acids accumulation
inside the cells due to hyperosmotic upregulation. When exposed to hyperosmotic
stress, in vivo, the C. granulata tissues increased the amino acids uptake and
betaine synthesis [17-18].

In general, cell shrinkage supports a catabolic situation and contributes to
insulin resistance [15]. In crustaceans the anabolic effects of insulin on the
carbohydrate metabolism were found in lobster and crab muscle, and in posterior
gills of C. granulata [12, 19]. A reduction in insulin receptor concentration and
affinity could favour the metabolic catabolism, increasing the proteolysis, or
inhibiting the protein synthesis, thus, accumulating intracellular osmolytes. Data
from our laboratory show that posterior gills from C. granulata when exposed to
hyperosmotic stress, in vitro, decreased the protein synthesis [20]. Moreover, the

Na*/K*-ATPase activity in the posterior gills is increased by insulin administration
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(unpublished data). A reduction in concentration and affinity of insulin receptors in
posterior gills could favour the decrease of Na*/K*-ATPase activity necessary for
homeostatic adjustments during acclimation to hyperosmotic conditions.

Following bovine insulin stimulation, the exogenous substrate was
phosphorylated. During osmotic stress the basal and insulin-stimulated tyrosine
kinase activities in posterior gills were significantly inhibited. In gills from an
euryhaline fish the expression of several MAP kinases, which participate in the
insulin  signalling transduction mechanism, are inhibited in response to
hyperosmotic stress [3, 21]. Insulin involvement during cell adaptations to stress
has already been demonstrated in mammals [22], but there are still controversies
about the actions of this hormone in cell volume regulation. It was shown that in
adipocytes hyperosmotic stress inhibited the insulin signalling transduction
mechanism. However, in mammal muscles, osmotic stress increases the tyrosine
kinase activity and glucose uptake [4]. In this study the tyrosine kinase
phosphorylation reduction probably occurred as a result of the diminished
concentration of insulin receptors observed in response to hyperosmotic stress.
Moreover, the hyperosmotic stress led the posterior gills to a state of insulin
resistance as observed in vertebrate adipocytes [4].

In C. granulata posterior gills the reduction in the insulin receptors
concentration, affinity and tyrosine kinase activity indicates that this hormone
system is involved in the homeostatic cell-volume regulation mechanisms during
the acclimation to hyperosmotic stress.

Despite the insulin resistance caused by hyperosmotic stress, no significant

reduction in glucose uptake was found in the gills during acclimation to stress.
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These results agree with the data obtained in mammalian muscle, showing that
hyperosmotic stress per se stimulates glucose uptake [4].

Concluding, CGIRLTK presents several characteristics similar to the insulin
receptors of other invertebrates and vertebrates, mainly related to tyrosine kinase
regions. Insulin receptor is osmotically regulated, in vivo, in posterior gills epithelial
cells of an euryhaline crustacean, and this regulation is part of the cell adjustments
needed to adapt the whole organism during the environmental variations in the
osmolality. Furthermore, the insulin signal transduction was affected by
hyperosmotic condition. This may be seen as another example of coordination of
the physiological process in response to changes of cellular volume in organisms

that face a wide spectrum of salinity and need to maintain the homeostasis.
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7. Figures and Legends
A. Posterior gill cDNA (nucleotide sequence — 118pb)
GAGATTGCGGATGGCATGGCATACCTGGCGTGGCGGGGCGTGGTGCACCGA

GACTTGGCGGCCAGAAACTGTCTGCTGGACAGGAGCCTCACGCTCAAGATCG
GAGACTTCGGGATGAG

B. Amino acid sequence of CGIRLTK domain.

EIADGMAYLAWRGVVHRDLAARNCLLDRSLTLKIGDFGM

C
IRA Percent of
—» Homology
CIR EIADGMAYLAWRGVVHRDLAARNCLLDRSLTLKIGDFGM
MIPR 1156 EIADGMAYLADKKFVHRDLAARNCMVSEERTVKIGDFGM 1194 81%
DIR EIADGMAYLAAKKFVHRDLAARNCMVADDLTVKIGDFGM 883 84%
TRBm 1204 EIADGMAYLSAKKFVHRDLAARNCMVAGDLTVKVGDFGM 1242 84%
TRMm 1098 EIADGMAYLAAKKFVHRDLAARNCMVSQDFTVKIGDFGM 1136 79%
IRCa 541 EIADGMAYLSAKKFVHRDLAARNCMVAEDFTVKIGDFGM 579 81%
IRRn 1143 EIADGMAYLNAKKFVHRDLAARNCMVAHDFTVKIGDFGM 1181 79%
hIR 1142 EIADGMAYLNAKKFVHRDLAARNCMVAHDFTVKIGDFGM 1180 79%
hiRR 1118 EIADGMAYLNANKFVHRDLAARNCMVAEDFTVKIGDFGM 1156 76%
4—
IR3

(CGIRLTK)insulin-like receptor [Chasmagnathus granulata]DQ104241
(MIRP)molluscan insulin-related peptide(s)receptor [Lymnaea stagnalis]X8499
(DIR) insulin-like receptor [Drosophila melanogaster] AS6081

(IRBm)insulin receptor-like protein [Bombyx mori] AF025542

(IRCa)insulin receptor 1 [Carassius auratus] AF321225

(IRRn)insulin receptor [Rattus norvegicus] NP_058767.1

(hIR) human insulin receptor [Homo sapiens] NP_000199.1

(hiRR)human insulin-like growth factor 1 receptor [Homo sapiens] X0443.4

Figure 1 A: The nucleotide fragment encoding C. granulata insulin receptor
(CGIRLTK) tyrosine kinase domain from posterior gills (118bp fragment). B:
Deduced amino acid sequence of CGIRLTK domain. Sequence of primers
indicated in italics. C: Comparison of CGIRLTK amino acid sequence with other

members of the insulin receptor superfamily. Conserved residues are shaded in
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black (identical) or in grey (homologous). (CGIRLTK) insulin receptor-like tyrosine
kinases [Chasmagnathus. granulata] DQ104241, (MIRP) molluscan insulin-related
peptide(s)receptor [Lymnaea stagnalis] X8499, (DIR) insulin-like receptor
[Drosophila melanogaster] A56081, (IRBm) insulin receptor-like protein [Bombyx
mori] AF025542NP 034698.1, (IRCa) insulin receptor 1 [Carassius auratus]
AF321225, (IRRn) insulin receptor [Rattus norvegicus] NP_058767.1, (hIR) human
insulin receptor [Homo sapiens] NP_000199.1, (hiRR) human insulin-like growth

factor 1 receptor [Homo sapiens] X0443.4
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Fig 2. Binding of '®I-insulin to posterior gills membranes. A- '?°| — insulin binding
saturably to gills membranes by increased amounts of unlabelled bovine insulin in
control group (CG). No competition was observed using angiotensin | (0); B-
Scatchard plot analysis of the saturation data of CG; C- '?°| — insulin binding
saturably to gill membraness by increased amounts of unlabelled bovine insulin in

hyperosmotic group (HG); D- Scatchard plot analysis of the saturation data of HG.
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The 2| — insulin binding saturably and scatchard plot results are representative of
3 experiments in duplicate.
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Table 1. Insulin binding receptors in posterior gill membranes of control group (CG)

and 144h hyperosmotic stress (HG).

Groups Ro Kd
(fmol / mg protein) (fmol)
CG 0.81+0.18 1269 + 1.14
HG 0.23 +0.06° 10106 + 1.79°

Data are given as mean + S.E.M. Results are representative of 3 samples from 10-
15 crabs each. Ro, receptor concentration (binding capacity); Kd, affinity
(dissociation constant). Superscript letters that differ across rows denote values
significantly different from each other at P< 0.05.

a = significant difference of Ro as compared to the control group

b= significant difference of Kd as compared to the control group.
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Fig 3. Phosphorylation of a substrate poly (Glu:Tyr 4:1) with (ins) or without (alb)
bovine insulin and genistein (gen). The results are shown as cpm/ug of membrane
protein.

a = significant difference in treatment with insulin as compared to treatment with
albumin.

b = significant difference as compared to the control insulin group.

* The membranes treated with genistein showed a reduction in the phosphorylation
as compared to the insulin group in all treatments.

N= 3 — 6 samples from 10-15 crabs each. P< 0.05
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Fig 4. Tyrosine kinase activity of the crab insulin receptor. A- Percentage of
phosphorylation of synthetic substrate when the membranes were incubated with
insulin compared to albumin at different times of osmotic stress. B- Percentage of
stimulation of the synthetic substrate phosphorylation when the membranes were
incubated with insulin or IGF-I.
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ABSTRACT

The aim of the present study was to investigate the effects of hypo-osmotic
stress on the characteristics and tyrosine kinase activity of the Chasmagnathus
granulata insulin receptor-like tyrosine kinases (CGIRLTK) and on glucose uptake
in the posterior gills of this crab. Insulin-binding sites were characterized in plasma
membranes of the posterior gills of animals submitted to 24h of hypo-osmotic
stress, through studies of binding with '*I-insulin. Tyrosine kinase activity was
determined by the insulin receptor capacity to phosphorylate the poly (Glu; Tyr 4:1)
synthetic substrate in the presence of bovine insulin (2x107M). The uptake of ['*C]
2-deoxy-D-glucose in the gill tissue was also evaluates. No change was observed
in the concentration of insulin receptors in the posterior gills after 24h of hypo-
osmotic stress. However, a reduction in the affinity of these for bovine insulin was
observed. Insulin receptor phosphorylation diminished after 24h of stress and
returned to baseline values after 144h. Glucose uptake capacity, on the other
hand, was not modified as a function of changes in the osmotic environment. The
results suggest that hypo-osmotic stress modified the CGIRLTK characteristics in
C.granulata gills in a time-dependent form. These changes are part of the
adjustments needed for survival at low salinity levels. Further studies investigating
other steps in the chain signaling insulin in animals exposed to stress will be

needed to explain the functional relations of these modifications.

Key words: crab gills; glucose uptake; hypo-osmotic stress; insulin binding;

crab insulin-related receptor; tyrosine kinase
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INTRODUCTION

The ability to survive in an aquatic medium with fluctuating salinity is an
essential requirement for successful colonization of this habitat (Gilles, '82).
Organisms that live in estuarine areas constantly face salinity variation, and the
cells tolerate volume alterations and, consequently, changes in the organic and
inorganic composition of body fluids, as well as in energy reserves. These
variations allow animals to make compensatory homeostatic adjustments
(Kasschau et al., ‘84; Matsushima and Yamada, ‘92; Bishop and Burton, ‘93;

Okuma and Abe, ‘94; Pillet et al., ‘95).

The intertidal estuarine crab, Chasmagnathus granulata, lives in the
mesolittoral and supralittoral zones of estuaries widely distributed along the
southern Brazilian coast, where salinity ranges from 0.22%. to 34%. (Botto and
Irigoyen, ‘80; Turcato, ‘90). Previous studies by Bromberg ('92) indicate that C.
granulata is a strong ionic hyper and hypo-regulator, presents hypo-osmotic
hemolymph in concentrated media and hyperosmotic hemolymph in diluted media,
with an isosmotic point in external media between 28.5%. and 30%. in winter and

summer, respectively.

There is general agreement on the key role played by crab posterior gills in
the osmoregulating activity of euryhaline crustaceans (Chausson and Regnault,
‘95; Péqueux and Gilles, '84). Studies on the physiological responses of the C.
granulata gill tissue during the process of becoming acclimated to hypo-osmotic

stress showed changes in the carbohydrate and lipid metabolism (Chitté et al., ’01;
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Luvizotto-Santos et al '03), increased activity of the Na*/K*-ATPase enzyme in the
posterior gills (Castilho et al., '01). Moreover, modifications in the morphology of
the posterior gills, with increased thickness of the epithelium related to changes in
ion transport were observed by Genovese et al. ('00).

Cell swelling has proved to be an important initiator of proliferative and

metabolic changes in several cells (Kim et al., ‘01). A stressful environment
could also modify the transduction signal of several hormones such as insulin, IGF-
| and GH (Gual et al., ’03a; McCormick, ‘01).

Insulin in vertebrates is a hormone with anabolic action, promoting glycogen,
protein and lipid synthesis. Furthermore, in several cells, insulin as well as the
insulin-related growth factors (IGFs) stimulate ion transport by activating the
Na*/H", Na-K-2Cl e Na'/K*-ATPase transporters, whose action leads to an
accumulation of intracellular potassium. All these effects of insulin on mammals
lead to an increased cell volume (Haussinger et al., ’94; Lang et al.,” 98).

Both insulin and the hypo-osmotic stress cause an increase cell volume.
However, there are few studies relating the effects of hypo-osmotic stress to the
insulin signal in vertebrates (Saltiel and Kanh, ‘01; Chiri et al. '04).

Despite the classical functions of insulin in mammals, it is believed that insulin
or insulin-like substances present less specific functions in invertebrates, showing
involvement with growth regulation, differentiation, metabolism, reproduction and
osmoregulation (Epple and Brinn, '87; Chan and Steiner, ’00; Porte Jr. et al., ‘05)

Several studies showed the existence of insulin-like peptides in invertebrates
(Ishisaki et al., '83; Lagueux et al., ’90; Smit et al., 98; Floyd et al., 99; Gregoire et

al., ’00; Kawano et al., ’00; Brogiolo et al., '01; Gallardo et al., ‘03), and insulin-
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related receptors were characterized in several insect species (Fernandez-
Almonacid and Rosen, ‘87; Nishida et al., ‘86; Petruzelli et al., '86; Fullbright et al.,
‘97; Graf et al., '97), mollusks (Roovers et al., '95; Jonas et al., '96; Lardans et al.,
'01; Gricourt et al., ‘03); nematodes (Kimura et al., '97), in sponges (Schacke et al.
‘94; Skorokhod et al. ’99) and in cnidarians (Steele et al. '96).

In the Homarus americanus lobster, insulin-like substances were isolated
from the hepatopancreas (Sanders, '83a; Gallardo, ‘03). Moreover, Chuang and
Wang ('94) demonstrated that mammalian insulin stimulates auto-phosphorylation
of insulin-like receptors in the muscle of shrimp.

In the C. granulata crab insulin receptors were identified in different tissues
and the gills were the tissue with the highest binding values. Bovine insulin
stimulated the tyrosine kinase activity in the insulin receptor B-subunit from gills
(Kucharski et al., ‘99). Moreover, mammalian insulin was able to stimulate glucose
uptake and glycogen synthesis in the posterior gills of this crab (Kucharski et al.,
‘02).

The tyrosine kinase region of the Chasmagnathus granulata insulin receptor-
like tirosine kinase (CGIRLTK) was cloned (DG104241) and partially sequenced in
the gills of C. granulata. The tyrosine kinase region showed a high homology to the
tyrosine kinase regions of other invertebrates and vertebrates (Trapp et al., '02).

In order to obtain further information about insulin participation during
acclimation to hypo-osmotic conditions in crustaceans, the aim of the present study

was to investigate the effects of hypo-osmotic stress on the CGIRLTK
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concentration and affinity to insulin, on the tyrosine kinase activity and on the

glucose uptake in the posterior gills of Chasmagnathus granulata.

MATERIALS AND METHODS

Experimental procedure

Male Chasmagnathus granulata crabs in stage C of intermoult cycle (Drach
and Tchernigovtzeff, ‘67) were collected from Tramandai Lagoon, RS, Brazil. Their
body weight ranged from 15 g to 17g. In the laboratory, the animals were
acclimated in aquaria containing fresh running water at a salinity of 20%q
temperature of 25¢ C and nature light/dark cycle. The crabs received meat ad
libitum once a day for 2 weeks (control group - CG). After the acclimation period,
the animals were put into an aquarium containing water at a salinity of 0 % under
the same conditions described before, for 24, 72 or 144h (hypo-osmotic stress

groups - HG).

Gill Membrane Preparation

The gill membrane preparation was performed according to Kucharski et al.
('99) with some modification. For each bulk preparation, 10 -15 animals were
anesthetized by chiling (10 min) and posterior gills were carefully removed,
weighed, and rinsed several times in ice-cold buffer. The gills were homogenized in
a Potter-Elvehjem homogenizer with a Teflon pestle in ice-cold buffer (1:10, w/v)
containing 0.3 M sucrose, 10 mM Hepes, 1 mM phenylmethylsulfoylfluoride

(PMSF) and 13 mM EDTA, pH 7.4. The homogenate was centrifuged at 3,000xg
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for 5 min at 4°C to separate membranes from nuclei and cell debris. The
supernatant was centrifuged at 30,000xg for 20 min at 42 C. The resultant pellet,
resuspended with a Dounce-type homogenizer (Kontes Glass Co., Vineland, NJ) in
Tris-HCI buffer (50mmol/l, pH 7.4), represents the crude membranes. This
suspension was kept at —20° C until use. The protein concentration was determined

by Bradford’s method ('76) of using bovine serum albumin (BSA) as standard.

Insulin-binding assay

The insulin binding assays were performed according to Parrizas et al. ('94)
modified for crustaceans. The gill membrane suspensions (0.4 - 0.5 mg protein)
from crabs in a control group (0h) and exposed to 24h of hypo-osmotic stress were
incubated in buffer containing 10mM HEPES, 300mM NaCl, 1mM PMSF and 1%
BSA (pH 7.4), with an increasing concentration of unlabeled bovine insulin (0-
10uM) (bovine insulin was supply by Biobras®), and the radiolabeled insulin as
tracer (50,000 counts/min of human Tyr*'*'25|-monoiodoinsulin, 2,000 Ci/mmol
specific activity, Amersham Bioscience) in a total volume of 0.2 ml. After incubation
for 120 min at 25° C (Kucharski et al., ‘97), the'®l-insulin was separated from the
incubation medium by filtration through a glass microfiber filter (Whatman GF/B,
Maidstone, UK). The filter was rinsed with 10ml ice cold incubation buffer with
0.1% BSA and the radioactivity retained was counted with a gamma counter (LKB).
The radioactivity absorbed by the microfiber filter in the absence of membrane was
125|_

less than 0.2% of the total counts. Additional studies were carried out using

insulin in the presence or absence of angiotensin-lI human (250 ug/ml).
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Substrate phosphorylation

The gill membrane suspensions (40 ug of the protein) were incubated with
2x107M BSA, 2x107M insulin alone or pre-incubated with genistein 500 uM plus
2x10”M of bovine insulin, for 30 min at 25°C, and incubated with 0.5 uCi of [y*?P]
ATP (300mCi/nmol, Amersham) together with unlabeled ATP (5 uM) in a total
volume of 45 pl of buffer containing 25 mM Hepes, 10 mM MgCl,, 10 mM MnCly,
and 1 mM sodium orthovanadate, for 10 min at 252 C. Subsequently, 1 mM poly
(Glu: Tyr 4:1) was added for 1hr at 252 C. The reaction was stopped by application
of the sample on phosphocellulose paper (Aronowski et al.,’92). The filter was
rinsed once with 10%TCA and 3 times with 75 mM HszPO4. The incorporated 2P

was measured with scintillation liquid in the LKB counter.

[“C] 2-Deoxy - D — glucose Uptake

For this experiment, the gills were removed, chitin cuticle was cut up and the
tissue samples (70mg) were immediately washes in buffer. The gills from crab
were washed in buffer containing 300mM NaCl, 12.2 mM KCI, 11 mM CaCl,, 93
mM MgCl>.H2O, 31mM NaHCO3, 278mM Na,SO, and 5.8 mM NaBr, plus 10mM
Hepes and 0.1 mM PMSF, pH 7.8, equilibrated with 5% C0.:95% O, The
hemolymph osmolality at 0% salinity was 636 + 18.01 mOsm/kg (n=10) and in
control crabs (20%) it was 719 + 10.41 mOsm/kg (n=10).

The gills of crabs were incubated (120 min) (Kucharski et al.,’02) in 500 ul of
respective incubation buffer plus 0.2 pCi 1-[**C] 2-deoxy-d-glucose ([**C] DG —

39mCi/mmol; Amersham Biosciences).
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Following incubation, the gills were rinsed in cold incubation buffer and
blotted with filter paper, respectively. The ['*C] DG uptake was immediately
determined by measuring the extracellular (incubation medium) and intracellular
radioactivity (Kucharski et al.,’02). Results are expressed as tissue/medium (T/M)

rate, i.e., cpm/ml tissue fluid divided by cpm/ml incubation medium.

Statistical analysis

Data were analyzed by one-way or two-way ANOVA, while differences
between the experimental conditions to which the two groups were submitted were
analyzed by one-way ANOVA; post hoc tests were carried out using SNK” s test.
P< 0.05 was taken as the level of significance. Binding data were analyzed by
Scatchard ('49) plot and were performed with Prism 4 Software. Student’s t-test
was used to compare insulin receptor characteristics. Data are shown as means +

SEM. All test were performed with the Jandel SigmaStat, version 2.0.

RESULTS

Figure 1 shows the phosphorylation of the synthetic substrate of poly (Glu:
Tyr 4:1) in gill membrane preparations of animals submitted to hypo-osmotic
stress. At time zero (control), bovine insulin significantly (P<0.05) stimulated the
phosphorylation of the synthetic substrate in posterior gills (Figure 1A). In the 24
and 72h stress periods, a significant (P<0.05) reduction of substrate
phosphorylation occurred, and the insulin no longer stimulated receptor

phosphorylation during these times. In a 144h period, the phosphorylation values
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returned to the control levels and bovine insulin stimulated the phosphorylation of
the receptor more effectively (P<0.05) than in the control.

Figure 1B represents the percentage of genistein inhibition compared to the
phosphorylation of the synthetic substrate of the membrane incubated with bovine
insulin. The significant inhibition (P<0.05) of the phosphorylation of insulin
receptors in the posterior gills was observed at all stress times studied.

The results in figure 2A shows that the specific binding in CG was saturable
at low unlabeleb insulin concentration. However the figure 2C shows that the
specific binding in HG was proportional to unlabelled insulin concentration.
Saturably of insulin produced a linear Scatchard plot (Figure 2B and D). The
resolution of this curve established no significant (P>0.05) differences between the
control and stress groups as to concentration of receptors, although, the hypo-
osmotic stress increased the concentration of receptors by 80%. However, the
receptor affinity to the hormone was lower (P<0.05) in the animals submitted to
stress than in control group (Table 1). The angiotensin | was not able to prevent
the '2°l-insulin uptake by posterior gills membranes in CG.

Figure 4 shows data on the uptake of ['*C] DG in the posterior gills of C.
granulata at different times of hypo-osmotic stress. No significant (P>0.05)

differences were observed between glucose uptakes at different stress times.

DISCUSSION

Studies have shown that the transduction of the insulin signal appears to

have been maintained from the invertebrates to the mammals (Chan and Steiner,
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'00; Claeys et al., '02). In this study, increased tyrosine kinase activity was
observed in the control animals when the posterior gill membranes were incubated
with bovine insulin. These results agree with previous studies that showed that the
gill tissue presents tyrosine kinase activity and autophosphorylation capacity after
incubation with mammalian insulin (Kucharski et al., ’99).

Since insulin-like peptides have not been isolated in crabs so far, bovine
insulin was employed because experimental data have demonstrated that
mammalian insulin stimulates glucose uptake and glycogenesis in crustaceans
(Kucharski et al., ’02; Sanders, '83b; Hager and Bittar, '85).

Several stressing agents, such as changes in salinity, genotoxic agents,
ultraviolet light modify the transduction of the insulin signal in the cells and may
diminish or increase the signaling (Gual et al., ’03a,b; Ouwens et al., '01). In the
crabs exposed to the hypo-osmotic environment, phosphorylation of exogenous
substrate diminished after 24h and 72h of stress in control and insulin-treated
groups. Furthermore, the insulin was no longer able to stimulate the exogenous
substrate phosphorylation during these times, probably due to the diminished
affinity of the insulin to receptors. The lag phase of about 72h of the insulin
resistance during the hypo-osmotic stress may be seen as a consequence of the
stimulation of cellular osmosensors, through changes in intracellular ion and
metabolite concentration, and cytoskeletal modifications (Kiltz and Burg, ’98).
Moreover, both the insulin and the hypo-osmotic stress cause increased cell
volume and anabolism. As a form of cell protection during the first phase of

osmotic adjustment, there would be a reduction of insulin receptors concentration
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and affinity, thus preventing a superposal of the effects on the swelling and
metabolism.

In mammals there are several proteins that are activated by both insulin and
hypo-osmotic stress, such as P13-K, MAP kinases and Jun-NH2-terminal kinase
(JNK), or kinases regulated by extracellular signals (ERK-1 and 2) (Lang et al., ‘98;
Kim et al., ‘01). In the gills of the euryhaline teleostean, Fundulus heteroclitus there
is increased activity of several MAP kinases in response to hypo-osmotic stress.
This increase begins after 1hr of stress and is kept up for 4 weeks (Kiiltz and Avila,
'01). In A6 renal epithelial cells of amphibians, the hypo-osmotic stress activates
the ERKs within minutes (Chiri et al., '04). Although there is no data in the literature
relating insulin and acclimation to hypo-osmotic stress in invertebrates, the
participation of neuroendocrine factors in osmoregulation has already been
demonstrated in crustaceans (Freire et al., '95).

A decrease in the insulin receptor concentration, affinity and tyrosine kinase
activity during 72h could favor the first step of hypo-osmotic acclimation. However,
at 144h of hypo-osmotic stress the exogenous substrate phosphorylation increases
and insulin was able to stimulate the receptor phosphorylation again. In general,
cell swelling supports an anabolic situation (Schliess and Haussinger, '02). In
crustaceans the anabolic effects of insulin on the carbohydrate metabolism were
verified in lobster and crab muscle, and in posterior gills of C. granulata
(Richardson et al., '97; Welcomme and Devos, '94; Kucharski et al.,’02). An
increase in insulin stimulated receptor tyrosine kinase activity at 144h could
increase the metabolic anabolism via protein synthesis, thus, decreasing the

intracellular osmolytes, such as the amino acids. This may be seen a co-ordination
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of hormonal process in response to changes of cellular volume with different
homeostatic mechanisms according to the length of time that the animals were
exposed to hypo-osmotic stress.

Bovine insulin was effective to displace the '®l-insulin bound to gill
membrane, and an unrelated hormone such as angiotensin | did not compete with
labeled insulin. The osmotic stress increase the unlabeled insulin necessary to
saturate the insulin receptor what could be explain for the increase dissociation in
consequence of the low affinity. In addition the linear Scatchard plot of the
saturation of unlabeled insulin reveals the presence of only one binding site with
similar receptor concentration such as in CG group.

During hypo-osmotic stress several metabolic and enzyme activity
modifications had already being identified in the posterior gills of C granulata
(Kucharrski et al., '02; Castilho et al., '01; Halperin et al., ‘04). It was demonstrated
that the activity of enzyme Na+/K+ATPase is increased in the posterior gills of crab
acclimated to 30 days of hypo-osmotic stress (Castilho et al., '01), and that
neuroendocrine factors such as dopamine may regulate the activity of this enzyme
during this type of stress (Halperin et al., '04). The administration of mammalian
insulin for 8 days in the crab increased the activity of this enzyme in the posterior
gills of C. granulata. The increase observed in the signaling of insulin at 144 h of
hypo-osmotic stress corroborates these data, since the increased activity of this
enzyme is important for homeostatic adjustments to stress.

After 24h of hypo-osmotic stress there is a diminished concentration of free
glucose, accompanied by reduced gluconeogenesis from aminoacids at 72h of

stress, but the glycogen concentrations were not modified during this period (Chitt
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et al., ’01). In this study, it was demonstrated that this reduction of glucose content
in the gills does not occur because of the decrease of glucose uptake, since this is
not altered during the hypo-osmotic stress. Moreover, it is believed that lipids are
the main source of glucose production in the gills during acclimation to osmotic
stress in C. granulata (Chitt6 et al., '01; Luvizotto-Santos et al. '03).

Most of the investigations on osmotic regulation in mammals are performed
on in vitro cells and not on a living organism (Kltz and Avila, ‘01). In this context,
Chasmagnathus granulata is an interesting model to investigate the molecular
adaptations to salinity changes, since its gill cells are in direct contact with the
environment in which constant osmotic variations may occur. According to Warren
and Pierce ('01), the cell responses to osmotic stress are independent of the
philogeny and are under the influence of the osmotic environment in which the
cells are. Thus, the stress-caused variations in the transduction of the insulin signal
observed in the posterior gills of C. granulata may not be limited to this species.

This study demonstrated that hypo-osmotic stress induces modifications in
the characteristics of the insulin-receptors in the posterior gills, causing reduction in
affinity and tyrosine kinase activity of these receptors and a state of insulin-
resistance in the shorter stress times, and increasing the insulin stimulated tyrosine

kinase activity in longer stress times.
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Fig 1. Phosphorylation of a substrate poly (Glu, Tyr 4:1) with 0.5 pCi of
[Y*?P]JATP was measured with or without 2x10” M insulin and insulin plus 500uM
genistein. The results are shown as CPM/ug of membrane protein. A) data
concerning the phosphorylation of the crab insulin-related receptor (CGIRLTK) of
posterior gills of C. granulata submitted to different times of hypo-osmotic stress.
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B) Percentage of inhibition of the phosphorylation of the synthetic substrate when
genistein was added to the incubation medium compared to incubation with insulin.
a = significant difference of phosphorylation in treatment with insulin compared to
treatment with albumin.

b = significant difference compared to the control insulin group

N= 3 — 6 gill pools (10 to 15 animals in each) at each point. P< 0.05
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Fig 2. Binding of '®I-insulin to posterior gills membranes. A- '?°| — insulin binding
saturably to gill membraness by increased amounts of unlabelled bovine insulin in
control group (CG). No competition was observed using angiotensin | (0); B-

125| _

Scatchard plot analysis of the saturation data of CG. C- insulin binding

saturably to gill membraness by increased amounts of unlabelled bovine insulin in
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hypo-osmotic group (HG); D- Scatchard plot analysis of the saturation data of HG.
The "I — insulin binding saturably and scatchard plot results are representative of

3 experiments in duplicate.



104

Table. 1. Characteristics of insulin- binding receptor in posterior gills of

Chasmagnathus granulata crab submitted to 24h hypo-osmotic stress

Groups Ro Kd
(fmol / mg protein) (fmol)
Control 0.81£0.18 1269 +1.44
Hypo-osmotic 1.46 £0.43 14906 + 2021*

Data are given as mean = S.E.M. Results are representative of at least 3
experiments done with different microsome membranes. Ro, receptor
concentration (binding capacity) fmol/mg protein; Kd, affinity (dissociation
constant). Superscript symbols that differ across rows denote values significantly
different from each other at P< 0.05.

* significant difference of Kd as compared to the control group
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Abstract

The anterior and posterior gills are in direct contact with the external
environment and variations in salinity, temperature, oxygenation directly affect the
metabolism of this organ. The function of the anterior gills is related to gas
exchanges, while the posterior ones are related to osmoregulating activities. In
Chasmagnathus granulata insulin binding sites in the gills were identified and the
bovine insulin stimulated the auto-phosphorylation and phosphorylation of synthetic
substrate in this tissue. The insulin-like receptor was partially cloned in the
posterior gills of Chasmagnathus granulata (C. granulata insulin receptor-like
tyrosine kinases — CGIRLTK) and presented a high homology in the tyrosine
kinase region with insulins and IGFs of vertebrates and invertebrates.

The aim of the present study was to investigate the effects of hypo-osmotic
and hyperosmotic stress on the characteristics and tyrosine kinase activity of
CGIRLTK and on glucose uptake in the anterior gills of Chasmagnathus granulata.

Insulin binding sites were characterized in plasma membranes of the
anterior gills of animals submitted to 24 h of hypo-osmotic stress and 144h of
hyperosmotic stress, through studies on binding with ®I-insulin. Tyrosine kinase
activity was determined by the insulin receptor capacity to phosphorylate the
synthetic substrate poly (Glu; Tyr 4:1). The glucose uptake was evaluated by the
incorporation of ['*C] 2-deoxy-D-glucose in the gill tissue.

No change was observed in the concentration and affinity of insulin
receptors in the anterior gills after 24 h of hypo-osmotic stress. The

phosphorylation of the insulin-receptor diminished after 24h of hypo-osmotic stress



109

and returned to baseline values after 72h. The capacity for glucose uptake, in turn,
was not modified by changes in the osmotic environment. During acclimation to
hyperosmotic stress, a reduction was observed in the concentration of insulin
receptors and in their phosphorylation. However, bovine insulin did not stimulate
phosphorylation in the anterior gills in any of the stresses.

The results suggest the presence of tyrosine kinase receptors that do not
respond to bovine insulin (2x107M), although the phosphorylation is modulated by
the type of stress to which the animal is submitted.

Key words: insulin-like receptor, crab gills, insulin binding, tyrosine

phophorylation, hypo-osmotic, hyperosmotic

Introduction
Molecules of the insulin family, which include insulin, insulin-related growth
factors (IGFs-1 and Il), and insulin-like peptides of invertebrates are structurally
homologous and present a common evolutionary origin (Smit et al., 1996; Chan

and Steiner, 2000).

Insulin-like substances were described in several invertebrate species,
ranging from unicellular eukaryotes such as Tetrahymena pyriformis (Csaba and
Kovacs, 2000; Leick et al., 2001) to representatives of the arthropods, such as
Drosophila melanogaster (Brogiolo et al., 2001; Vanden, 2001). Homologues to the
insulin/IGF receptor have been cloned in some invertebrates, such as cnidarians,
arthropods, nematodes and molluscs, and presented several structural similarities
to the insulin receptor of vertebrates, especially the tyrosine kinase region of

subunit B of the receptor (Yamaguchi et al.,1995; Jonas et al., 1996; Roovers et al.,
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1995; Skorokhod et al., 1999 ). The transduction of the insulin signal also appears
to be preserved in these animals that use a few intracellular signals identical to
those of mammals (Pertseva and Shpakov, 2002; Claeys et al., 2002).

Chuang and Wang (1994) identified in the muscle of the Penaeus japonicus
shrimp, insulin-like receptors which were bound to anti-subunit-p insulin receptors
of mammals and auto-phosphorylated after incubation with bovine insulin. In the
lobster, insulin-like substances were identified in the hepatopancreas (Sanders,
1983a; Gallardo et al., 2003). Welcomme and Devos (1994) identified the presence
of GLUT4, an insulin-dependent glucose-transporting protein, in the plasma
membrane of the Carcinus maenas crab gills.

In the Chamagnathus granulata crab, insulin-binding sites were identified in
various tissues, and the gill tissue (anterior and posterior gills) presented the
highest binding values (Kucharski et al., 1997). Moreover, the receptors present in
the gill tissue showed tyrosine kinase activity and auto-phosphorylated when
incubated with bovine insulin (Kucharski et al., 1999).

Recently the insulin receptor of C. granulata (CGIRLTK) was partially cloned
(DQ104241) in the posterior gills, and presented a significant homology in the
tyrosine kinase region with the insulin and insulin-like receptors of vertebrates and
other invertebrates (Trapp et al., 2002).

Changes in extracellular osmolality affect the transduction of the insulin
signal. Hyperosmotic stress caused increased tyrosine kinase activity stimulated by
insulin in some types of mammalian cells, such as the skeletal muscle and ovarian

cells (Ouwens et al., 2001; Gual et al., 2003a). However, it provokes resistance to
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insulin in adipocytes (Gual et al., 2003b). Hypo-osmotic stress activates
cytoplasmatic proteins that are common in the insulin cascade, such as the
proteins of the MAP kinase family (Kim et al., 2001; Chiri et al., 2004).

The intertidal estuarine crab, Chasmagnathus granulata, is a strong ionic
hyper and hypo-regulator. It presents hypo-osmotic hemolymph in concentrated
media and hyperosmotic hemolymph in diluted media (Mafie-Gazon et al., 1974),
with an isosmotic point in external media between 28.5%. and 30%. in winter and
summer, respectively (Bromberg 1992). Thus the Chasmagnathus granulata crab
is an interesting biological model to study the physiological adjustments of cells to
different types of stress, since it inhabits an estuarine environment.

During acclimation to osmotic stress, modulation was found of the insulin-
receptor characteristics in the posterior gills of C. granulata; the affinity and
concentration of insulin receptors and tyrosine kinase activity diminished when the
animals were submitted to hyperosmotic stress (Trapp et al., 2004).

According to the literature, the anterior gills perform the function of gas
exchanges while the posterior ones are related to the adjustments required for
osmoregulation (Siebers et al.,1982; Gilles 1982; Genovese et al., 2000; Luquet et
al., 2002). However, both the anterior and posterior gills are in direct contact with
the external environment and environmental variations of salinity, temperature,
oxygenation directly affect the metabolism of this organ (Chitté et al., 2001;
Luvizotto-Santos et al., 2003).

Thus, to find out whether osmotic stress influences the transduction of the
insulin signal in the anterior gills of C. granulata, the objectives of this study were to

investigate the characteristics of the insulin receptors in the anterior gills of crabs
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submitted to hypo-osmotic and hyperosmotic stress, and to find out the glucose

uptake capacity during acclimation to stress.

Material and Methods

Animals

Male C. granulata crabs in stage C of the intermoult cycle (Drach and
Tchernigovtzeff, 1967), weighing 15 + 2 g, were collected from Tramandai Lagoon

in the state of Rio Grande do Sul, Brazil (29°58’ S, 50°08'W).

Experimental procedure

In the laboratory, the animals were acclimated in aquaria containing fresh
running water at 20%. salinity, temperature of 25 C in a natural light/dark cycle.
The crabs received meat ad libitum (about 50g), once a day for 2 weeks (control
group). After the acclimation period, the animals were put in aquaria containing
artificial seawater (34%. salinity - hyperosmotic stress) or distilled water (0%o
salinity - hypo-osmotic stress), where they remained for 24, 72 or 144h with food

ad libitum.

Gill Membrane Preparation

The gill membrane preparation was performed according to Kucharski et al.
(1999) with some modification. For each bulk preparation, the animals (n=10-15)
were anesthetized by chilling and anterior gills were carefully removed, weighed,

and rinsed several times in ice-cold buffer. The gills were homogenized in a Potter-
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Elvehjem homogenizer with a Teflon pestle in ice-cold buffer (1:10, w/v) containing
0.3 M sucrose, 10 mM HEPES, 1 mM phenylmethylsulfonylfluoride (PMSF) and 13
mM EDTA, pH 7.4. The homogenate was centrifuged at 5,000g for 30 min at 4°C.
The supernatant was centrifuged at 30,0009 for 20 min at 42 C. The resultant pellet,
resuspended with a Dounce-type homogenizer (Kontes Glass Co., Vineland, NJ) in
Tris-HCI buffer (50mmol/l, pH 7.4), represents the membranes and was stored at -

20°C until use.
Protein mesurements

The protein concentration was determined by the Bradford method (1976),

using bovine serum albumin (BSA) as a standard.
Insulin-binding assay

The gill membranes (0.4 - 0.5 mg protein) from crab exposed to Oh of stress
time (control), 144h of hyperosmotic stress (HrS) or 24h of hypo-osmotic stress
(HoS) were incubated in 10mM HEPES, 400mM NaCl (HrS) or 300mM (HoS),
1mM PMSF and 1% BSA, at pH 7.4, with an increasing concentration of unlabeled
bovine insulin (0-10 uMIl) and radiolabelled insulin tracer (50,000 counts/min of
human Tyr*'*'2°l-monoiodoinsulin, 2,000 Ci/mmol specific activity, Amersham
Bioscience) (Parrizas et al., 1994). Additional studies were carried out using '#°I-
insulin in the presence or absence of human angiotensin | (250 ug/ml). After
incubation for 120 min at 252 C, the '?°l-insulin was separated from the incubation

medium by filtration through a glass microfibre filter (Whatman GF/B, Maidstone,

UK). The filter was rinsed with 10ml ice cold incubation buffer with 0.1% BSA and
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the radioactivity retained was counted in a LKB scintillation gamma counter. The
radioactivity absorbed by the glass microfibre filter in the absence of membrane

was less than 0.2% of the total counts.
Substrate phophorylation

The gill membrane suspensions (40ug of protein) were preincubated with
genistein 500uM plus 2x107M of bovine insulin, 2x10”M insulin alone or 2x107M
BSA, for 30 min at 252 C, and incubated with 0.5uCi of [y**P] ATP (300mCi/nmol)
and unlabeled ATP (5uM) in a buffer containing 25 mM Hepes, 10 mM MgCl,, 10
mM MnCl,, and 2 mM sodium orthovanadate, for 10 min at 25° C. Subsequently, 1
mM poly (GluTyr 4:1) was added for 1h at 25°C. The reaction was stopped by
applying the sample to phosphocellulose paper (Kucharski et al., 1999). The paper
was rinsed 3 times with 75 mM H3PO4 and once with ethanol. The paper with

incorporated *P-ATP was measured with scintillation liquid on the LKB counter.
[*C] 2-Deoxy-D-glucose Uptake

For this experiment, anterior gills were removed, chitin cuticle was cut up
and the tissue samples (70mg) were immediately washed in buffer. The anterior
gills from crab exposed to hyperosmotic stress were washed and incubated in
buffer containing 400mM NaCl, 12.2 mM KCI, 11 mM CaCl,, 93 mM MgCl,.H20,
31mM NaHCOg3, 278mM Na,SO4 and 5.8 mM NaBr, plus 10mM Hepes and 0.1
mM PMSF, pH 7.8 (hemolymph osmolality at 34% salinity was 853 + 12.45

mOsm/kg) equilibrated with 5% C0,:95% O,. The anterior gills from the control and
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hypo-osmotic groups were washed and incubated in the same buffer but the NaCl
concentration was changed to 300mM (hemolymph osmolality at hypo-osmotic
stress was 636 + 18.01 mOsm/kg and in the control group 719 £ 10.41 mOsm/kg)

(Schein et al., 2005).

The gills were incubated for 120 min (Kucharski et al., 2002) in 500ul
incubation buffer plus 0.2 pCi 1-['*C] 2-deoxy-D-glucose (['*C] DG — 39mCi/mmol;

Amersham Biosciences).

Following incubation, the gills were rinsed in cold incubation buffer and
blotted with filter paper. The ['*C] DG uptake was immediately determined by
measuring the extracellular (incubation medium) and intracellular radioactivity
(Kucharski et al., 2002). Results are expressed as tissue/medium (T/M) rate, that

is, cpm/ml tissue fluid divided by cpm/ml incubation medium.
Statistical analysis

The results were analyzed by one-way or two-way analysis of variance
(ANOVA) with posterior Student—-Newmann-Keuls (SNK), by Student’s t-test or
Mann Whitney with posterior Duncan. Significant differences were accepted if P<
0.05. These tests were performed with Sigma Stat Statistical Software. Binding

data were analyzed by Scatchard plot (Scatchard, 1949) with Prism 4 Software.
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Results

Figure 1 represents the insulin-binding curves in the anterior gills of control
animals (A), submitted to 144h of hyperosmotic stress (C), and 24h of hypo-
osmotic stress (E). The respective Scatchard plots are shown in letters B, D and F.
Figure 1A shows that the specific binding in control animals was saturable at low
unlabeleb insulin concentration. However the figures 2C and E shows that the
specific binding in osmotic stress animals was proportional to unlabelled insulin
concentration. The Scatchard plots (both for the control group and for stress) were
linear, indicating the presence of receptors with only one binding site for the
hormone. The angiotensin | hormone was not able to compete with '?°l-insulin,
indicating the specificity of the insulin-receptor binding.

The analysis of these graphs revealed the concentration of receptors and
their affinity to insulin, shown in tables 1 and 2. The curve resolution (Figure 1A)
established a high affinity constant (Kd) of 218.2 fmol and a binding capacity (Ro)
of 1.12 fmol/mg of protein. The concentration of receptors (Ro) diminished 8.6
times (P<0.05) in the gill tissue of animals submitted to 144 hours of hyperosmotic
stress (Table 1). However, no significant modification (P>0.05) was observed in the
concentration of receptors of the gills of animals submitted to hypo-osmotic stress
(Table 2). On the other hand the mammalian insulin-receptor affinity was not
significantly modified (P>0.05) by the hypo or hyperosmotic stress (Table 1 and 2).

Figure 2 shows the phosphorylation of the synthetic substrate poly (Glu; Tyr
4:1) in the preparations of gill membranes of animals submitted to hypo-osmotic

stress. Bovine insulin did not significantly (P>0.05) stimulate the phosphorylation of



117

the exogenous substrate when compared with the albumin-treated control.
However, there was a significant reduction (P<0.05) of phosphorylation of the
synthetic substrate at 24 hours of stress (in both the albumin and insulin group). At
72h, the phosphorylation values of the synthetic substrate returned to values
similar to those of the control group, and stayed at that level until 144h of stress
(Fig. 2A). Genistein significantly (P<0.05) inhibited (55% to 70%) the
phosphorylation of the synthetic substrate in membranes incubated with insulin at
all stress times studied (Fig. 2B).

Bovine insulin also did not stimulate significantly (P>0.05) the
phosphorylation of the exogenous substrate in crab membranes submitted to
hyperosmotic stress (Fig. 3A). As a function of the hyperosmotic stress time to
which the animals were submitted the phosphorylation capacity of the exogenous
substrate decreased, both in the control group (albumin) and in the insulin
treatment. In the albumin group this reduction was 32%, 43% and 70% at 24, 72 e
144h of stress, respectively. In the insulin-stimulated group the reduction was 30%
at 24 and 72 horas and 70% at 144h of stress. Genistein (Fig. 3 B), a potent
inhibitor of tyrosine kinase activity, inhibited phosphorylation by 50% to 70%
(P<0.05) compared to the insulin group at all times of stress studied.

Figure 4 shows the data referring to 2-deoxy-glucose uptake in the anterior
gills of C. granulata at different times of hyper and hypo-osmotic stress. No
significant differences were observed in the uptake capacity during hypo-osmotic
stress compared to the control group, but the hyperosmotic stress caused a
significant reduction of the glucose uptake (P<0.05) at all times of stress studied.

The comparison of the glucose uptake values between hypo and hyperosmotic
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stress shows significantly lower values (P<0.05) of hyperosmotic stress at all times

studied.

Discussion

Previous studies demonstrated the presence of insulin receptors in the gills
of the Chasmagnathus granulata crab (Kucharski et al., 1997). The tyrosine kinase
activity of these receptors was determined by their capacity to auto-phosphorylate
and phosphorylate the synthetic substrate poly (Glu, Tyr 4:1) in the presence of
bovine insulin (Kucharski et al., 1999). These authors suggest that in C. granulata
the transduction of the insulin signal in gill cells is similar to that of mammals:
binding of the hormone to the subunit o, auto-phosphorylation of subunit f,
phosphorylation of cytoplasmic proteins.

Since no molecule with insulin activity has been isolated yet in C. granulata,
bovine insulin was used in this study. It has been well documented in the literature
that mammalian insulin stimulates glycogenesis in the lobster muscle in vitro
(Sanders, 1983b), increases the transport of hexose in the muscle of the Balanus
balanus barnacle (Baker and Carruthers, 1980) and in the gills of the Carcinus
maenas and Chasmagnathus granulata crabs (Welcomme and Devos, 1994;
Kucharski et al., 2002). Besides this, mammalian insulin has been used in several
studies on insulin-receptor characteristics in insects, mollusks and other
crustaceans (Petruzzelli et al., 1986; Chuang and Wang, 1993; 1994; Yamaguchi
et al., 1995; Jonas et al., 1996; Kucharski et al., 1997, 1999; Gricourt et al., 2003).

Kucharski et al. (1997) demonstrated, in vivo and in vitro, the presence of

insulin-binding sites in anterior and posterior gills, but to determine the affinity
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constant they used membrane preparations with posterior and anterior gills
together. However, in this study comparing the affinity constant and the
concentration of receptors among isolated anterior and posterior gill preparations,
found that in the anterior ones the receptor affinity is significantly (P<0.05) higher
than in the posterior gills, but the concentration of receptors is similar in both gills.
It has been established that the higher affinity of the hormone to its receptor, the
lower will be the dissociation of the hormone receptor complex, which would
account for the lack of insulin stimulus in the phosphorylation of the exogenous
substrate found in this study. In posterior gills bovine insulin significantly increased
the phosphorylation of poly (Glu:Tyr 4:1) (Trapp et al., 2004). This information
agrees with the results obtained by Kucharski et al. (2002) who demonstrated that
mammalian insulin only stimulated the glucose uptake and glycogen synthesis in
posterior gills, no effect was found on the anterior gills. Moreover, we must take
into account that we are working with bovine insulin that probably is a poor
homolog of endogenous crab insulin or insulin-related peptide.

In the present study, bovine insulin did not stimulate the phosphorylation of
the synthetic substrate in the anterior gills to the control group (Oh) and at none of
the hyper or hypo-osmotic stress times to which the animals were submitted.
However, the genistein caused the inhibition of the kinase activity of the membrane
receptors of the anterior gills in all the experimental groups.

Genistein, which is a potent competitive inhibitor of tyrosine kinase, has
been used in several studies on the phosphorylation of insulin receptors in
vertebrates (Clemente et al., 1995; Han and Lee, 2005; Bazuine et al., 2005). The

presence of this compound in the incubation medium was able to inhibit the
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phosphorylation of the synthetic substrate in all experimental groups studied in the
present work. The phosphorylation of proteins is one of the most important
mechanisms in the regulation of the cell function. Proteins may be phosphorylated
in serine, treonine or tyrosine residues. Most of the phosphorylations occur in
serine or treonine, with less than 1% in tyrosine residues (Lau and Huganir, 1999).
In this way, the phosphorylation of proteins in tyrosine residues is extremely
specific. This information reinforces the results obtained in the present study, that
the proteins phosphorylated in the plasma membrane of anterior gills belong to the
family of the tyrosine kinase receptors like the insulin and the IGF-I receptors of
vertebrates.

The hypo- and hyperosmotic stress data indicate that the type of stress to
which the animals are submitted modulates the characteristics of the tyrosine
kinase receptors found in the anterior gills.

The reduction observed in the concentration of receptors in the anterior gills
during hyperosmotic stress was also observed in the posterior gills (Trapp et al.,
2004) at the same type and time of stress. This shows that hyperosmotic stress
affects both the posterior gills that are classically involved in the acclimation to
osmotic stress, and the anterior ones that are related to animal respiration (Gilles
1982; Welcomme and Devos, 1991; Luquet et al., 2002).

The comparison of the data achieved in this study in binding experiments
with crab anterior gill membranes and those obtained by Trapp et al. (2004) with
posterior gills suggests that this organ possesses different isoforms of insulin
receptors or insulin receptors that binding insulin with distinct affinities. In almost all

the invertebrates studied up to the present, several isoforms of the hormone were
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observed compared to a single type of receptor, as in Lymnaea stagnalis, D.
melanogaster, C. elegans (Roovers et al., 1995; Petruzelli et al., 1986; Kimura et
al., 1997). These isoforms are different from each other and from mammalian
insulin and bind with different affinities to the same receptor.

The anterior gills of euryhaline crustaceans are not a tissue that is
classically related to acclimation to stress, but probably their functioning is modified
by these periods of stress and the modifications observed in this study suggest that
the tyrosine kinase receptors are involved in this process. This was the first study
to demonstrate that osmotic stress causes modifications in tyrosine kinase
receptors in the anterior gills.

Only bovine insulin was effective to displace the '®°l-insulin bound to gill
membrane, and the hypo- and hyperosmotic stress increase the unlabeled insulin
necessary to saturate the insulin receptor what could be explain for the increase in
disociation in consequence of the low affinity. In addition, the linear Scatchard plot
of the saturably of unlabelled insulin indicates the presence of only one binding site
as observed by Kucharski et al (1999). Moreover, the Scatchard plot shows that
the hyperosmotic stress decreases the receptor concentration and 24h of hypo-
osmotic stress did not change the receptor concentration.

No change was observed in the concentration and affinity of insulin
receptors in the anterior gills after 24h of hypo-osmotic stress. Moreover, insulin
receptor phosphorylation diminished after 24h of stress and returned to baseline
values after 72 and 144h. In those conditions, the glucose uptake capacity was not
modified during hypo-osmotic stress. On the other hand, the glucose uptake

decrease found in anterior gills during the acclimation to hyperosmotic was
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probably due to the decrease in the concentration and phosphorylation capacity of
the receptors when the crabs were exposed to osmotic stress.

The results presented in this study suggest the presence of tyrosine kinase
activity receptors in the anterior gills of C. granulata with characteristics different
from the receptors observed in the posterior gills (Trapp et al., 2004). The
receptors of the anterior gills are less sensitive to bovine insulin and their
phosphorylation was not stimulated by it. However, investigations using other types
of molecules of the insulin family, such as bombyxin, insulin-like of the lobster,

drosophila or fish, would be important to explain those results.
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Fig 1. Binding of '®®l-insulin to anterior gills membranes. A- '?° — insulin binding
saturably to gill membraness by increased amounts of unlabelled bovine insulin in
control group (CG). No competition was observed using angiotensin | (0); B -
Scatchard plot analysis of the saturation data of membrane preparation (CG); C-
2] — insulin binding saturably to gill membraness by increased amounts of
unlabelled bovine insulin in the anterior gill membrane from the hyperosmotic
stress group (HrG) by increased amounts of unlabelled bovine insulin; D-
Scatchard plot analysis of the saturation data of membrane preparation (HrG). E-
2] — insulin binding saturably to gill membraness by increased amounts of
unlabelled bovine insulin in hypo-osmotic group (HoG); F- Scatchard plot analysis

125 _

of the saturation data of membrane preparation. The insulin binding saturably

and scatchard plot results are representative of 3 experiments in duplicate.
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Table 1. Characteristics of insulin binding receptor in anterior gill membranes of

control group (CG) and of crab submitted to hyperosmotic stress (HrG).

Groups Ro (fmol / mg protein) Kd (fmol)
median 25% 75% median 25% 75%
CG 1.12 1.08 1.16 218.2 60.8 5998
HrG 0.13* 0.11 0.19 970 662.2 1925

Data are given as median * interquartile interval of 25 to 75%.

Results are representative of at least 3 experiments done with different microsome
membranes. Ro, receptor concentration (binding capacity) fmol/mg protein; Kd,
affinity (dissociation constant). Superscript symbols that differ across rows denote

values significantly different from each other at P< 0.05.

* = gignificant difference of Ro as compared to the control group
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Table 2. Characteristics of insulin binding receptors in anterior gill membranes of

control group (CG) and of crab submitted to hypo-osmotic stress (HoG).

Groups Ro (fmol / mg protein) Kd (fmol)
median 25%  75% median 25% 75%
CG 1.12 1.08 1.16 218.2 60.8 5998
HoG 1.48 043 3.3 1573 774 33669

Data are given as median + interquartile interval of 25 to 75%.

Results are representative of at least 3 experiments done with different microsome

membranes. Ro, receptor concentration (binding capacity) fmol/mg protein; Kd,

affinity (dissociation constant).



131

Fig 2.

Oalbumin

Oinsulin
1600

1400 - b

- hL T
1200 - _I_ 1
800 -
600

400 ~
200 +

—
o
o
o
1
To

Phosphorylation
cpm/ug of protein

0 24 72 144
Hypo-osmotic stress time (hours)

80 -

70

3 g |

50 -
2 40 |
5 30
= 20 -

Phosphorylation
% inhibition with genistein

10 -

0 24 72 144
Hypo-osmotic stress time (hours)

Fig 2. Phosphorylation of a substrate poly (GluTyr 4:1) with 0.5 uCi of [y*2P]ATP
was measured with or without bovine insulin and genistein. The results are shown
as cpm/ug of membrane protein. A) Data referring to the phosphorylation of
anterior gills of animals submitted to different hours of hypo-osmotic stress; B)
Percentage of inhibition of phosphorylation when the membranes were incubated
with genistein. The membranes treated with genistein showed a reduction in the
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phosphorylation of the synthetic substrate as compared to the insulin group in all
stress times.

N= 3 — 6 pools of gills in triplicate at each point. P< 0.05

a = significant difference as compared to the control group.

b = significant difference as compared to the 24hours of stress time.
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Fig 3. Phosphorylation of a substrate poly (GluTyr 4:1) with 0.5 uCi of [y*2P]ATP
was measured with or without bovine insulin and genistein. The results are shown
as cpm/ug of membrane protein. A) Data referring to the phosphorylation of
anterior gills of animals submitted to different hours of hyperosmotic stress; B)
Percentage of inhibition of phosphorylation when the membranes were incubated
with genistein.



134

The membranes treated with genistein showed a reduction in the phosphorylation
of the synthetic substrate as compared to the insulin group in all stress times.

N= 3 — 6 pools of gills in triplicate at each point. P< 0.05

a = significant difference as compared to the control group.

b = significant difference as compared to the 24hours of stress time.

¢ = significant difference as compared to the 72hours of stress time.



O hypo-osmotic
O hyperosmotic

o 1 |
N[

Glucose uptake
(T/M)

0.2 A
0.1 A

control 24 72 144
Osmotic stress time (hours)
Fig 4. Effect of hyperosmotic and hypo-osmotic stress on 2-deoxi-D-'*C glucose
uptake in anterior gills. Data are given as mean £ S.E.M., N=5 - 8 animals.
a = significant difference (p<0.05) compared to the control group
At all times of stress studied there was a significant difference (p<0.05) between
the types of stress (hyper and hypo-osmotic).
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CONSIDERACOES FINAIS E PERSPECTIVAS FUTURAS

O estresse hiperosmético causa marcante resisténcia a insulina nas
branquias posteriores, com reducdo do numero de receptores, da afinidade e da
fosforilacdo estimulada pela insulina. Essa resisténcia teria como objetivo diminuir
os efeitos anabdlicos da insulina permitindo dessa forma a aclimatacao a este tipo
de estresse, pois as células branquiais precisam aumentar o catabolismo (efeito
contrario ao causado pela insulina nas branquias posteriores) para aumentar a
concentracdo de osmdlitos intracelulares.

Nas branquias anteriores foi observada também uma diminuigdo na
atividade tirosina quinase e no numero dos CGIRLTK, embora a afinidade dos
receptores pela insulina bovina ndo tenha sido modificada pelo estresse. Mesmo
as branquias anteriores ndo sendo um tecido classicamente envolvido com a
regulacdo osmotica, essa alteragdo nas caracteristicas dos CGIRLTK
provavelmente tem uma relacdo direta com a regulacao de volume celular. As
branquias anteriores, assim como as posteriores, estdo em contato direto com o
meio externo e o aumento da salinidade ambiental deve ser compensado com o
aumento do catabolismo em ambos os tecidos.

O estresse hiposmético modula a transducédo do sinal insulinico de forma
diferente a do estresse hiperosmotico. Nas branquias posteriores, 24h de estresse
hiposmaético causaram diminuicdo da afinidade dos receptores e tendéncia a
aumento do numero de receptores. A fosforilacdo diminui as 24h, e a insulina nao
foi mais capaz de estimular a fosforilagdo do substrato exégeno, com retorno aos
niveis basais as 144h. Assim, essa modulacdo € dependente do tempo de

estresse ao qual o animal esta submetido. Como tanto a insulina quanto o
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estresse hiposmético causam o anabolismo, nas primeiras horas de estresse
hiposmatico ocorre uma diminuicdo do sinal insulinico para permitir a célula os
ajustes necessarios a osmorregulacdo. Apds esse periodo inicial, o sinal da
insulina é estimulado novamente, sugerindo uma relacdo deste horménio com a
segunda fase de ajuste osmotico, que envolve o anabolismo com aumento de
sintese de proteinas que seria estimulada pela insulina.

Nas branquias anteriores, durante a aclimatacdo ao estresse hiposmético,
nem o numero nem afinidade dos receptores a insulina variam, entretanto ocorre
uma diminuigdo da fosforilagdo as 24h de estresse osmatico e retorno aos niveis
basais as 72h, perfil de resposta semelhante ao observado nas branquias
posteriores.

Existem diferengas nas respostas das branquias anteriores e posteriores no
estado basal, pois as posteriores mostraram-se responsivas a insulina bovina,
com o aumento da fosforilagdo do CGIRLTK, enquanto que nas branquias
anteriores nenhuma modificacdo na fosforilacdo do substrato exdgeno foi
constatada ap6s estimulacdo com insulina. Contudo, a afinidade dos receptores a
insulina bovina nas branquias anteriores é cerca de 3 vezes maior do que nas
branquias posteriores; levando um estado de resisténcia a insulina.

Experimentos utilizando outro tipos de substancias da familia da insulina,
como as bombixinas, as insulinas de peixes ou do proprio C. granulata seriam
interessantes e esclarecedores para verificar as diferencas nas respostas dos
receptores insulinicos branquiais face as alteracbes de salinidade do meio

ambiente.
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Este trabalho abriu novas perspectivas na area de investigacdo sobre os
mecanismos envolvidos no processo de osmorregulagdo em crustaceos,
demonstrando pela primeira vez a modulacdo nas primeiras etapas deste
processo do sinal insulinico pelo estresse osmdético. Estudos posteriores
envolvendo a expressao do CGIRLTK nos diferentes tempos de estresse hiper e
hiposmético complementarédo os resultados obtidos.

Outro aspecto interessante também seria 0 estudo da variacdo de volume
celular durante as diferentes fases do estresse para verificar como as células se
comportam durante a aclimatacdo e em que momento o volume celular esta sendo
modificado.

O estudo de fases posteriores da transdugédo do sinal da insulina, como a
fosforilagdo de proteinas da familia do IRS-1 ou PI3K e até mesmo dos
transportadores de glicose GLUT4, de aminoacidos e sintese de proteinas seriam
muito interessantes de serem investigados durante a aclimatacéo ao estresse.

Os resultados obtidos nesse trabalho permitiram postular o seguinte
esquema sobre as modificacbes nas caracteristicas do receptor a insulina e na
transducdo do sinal insulinico nas branquias de C. granulata submetidos ao

estresse hiper e hiposmético:
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Desta forma, o sinal insulinico € modificado diferentemente conforme o tipo
de estresse e 0 tempo ao qual o animal € submetido. As branquias posteriores sao
o tecido mais responsivo a insulina no estado basal (20%9, contudo, durante o
estresse osmotico sdo observadas alteracbes nas caracteristicas do CGIRLTK

tanto nas branquias anteriores quanto nas posteriores.
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