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2. Resumo Geral

O caranguejo Neohelice granulata encontra-se naturalmente exposto em seu habitat a
condi¢gdes variadas de temperatura e concentracdo de oxigé€nio dissolvido na agua.
Fatores abioticos sdo conhecidos por afetar a afinidade dos pigmentos respiratorios pelo
oxigénio nos animais, incluindo crustaceos. Portanto, o objetivo desta dissertacdo foi
verificar quais as possiveis respostas fisiologicas de N. granulata na modulacdo da
hemocianina em exposicdo a hipdxia e alta temperatura. Para isso os animais foram
submetidos a altas temperaturas e foi avaliado a mortalidade em 96h. Além disso, os
animais foram expostos a diferentes temperaturas (20°C e 30°C) simultaneamente a
diferentes concentracdes de oxigénio (6mgO:L e 3mgO:L) por 24 e 96h e
posteriormente expostos a 4h hipoxia severa (1mgO:L), sendo analisados a
concentracdo de oxihemocianina, ions e lactato hemolinfatico. Em relacdo a
mortalidade, os animais expostos a 36°C e 35°C atingiram 100% de mortalidade,
enquanto a 34°C a mortalidade maxima foi de 23,3% em 96 horas; a 33°C ndo foi
observada mortalidade. Em relacdo a exposi¢do temporal, apesar de haver alteracdes
ionicas ndo ocorreu variagdo na oxihemocianina em ambas condigdes. Animais
aclimatados a 30°C e 6mgO-L e posteriormente expostos a 1mgO,L houve uma queda
nas concentragdes de oxihemocianina, magnésio e lactato enquanto em animais
aclimatados a 30°C e 3mgO;L e posteriormente expostos a 1mgO>L ocorreu um
aumento no lactato e na oxihemocianina. Os ions de célcio, cloreto e magnésio ndo
parecem estar relacionados como moduladores nestas condi¢cdes enquanto que o
aumento do lactato demonstrou uma relacdo com o aumento da oxihemocianina.

Embora esses ions sejam moduladores em outras espécies de crustaceos, nas condi¢des



experimentais aplicadas ndo alterou os niveis de oxihemocianina, enquanto o lactato
demonstrou ser um possivel modulador para esta espécie quando os animais
previamente aclimatados a alta temperatura e em hipoxia moderada e posteriormente

expostos a uma hipoxia severa.

Palavras chave: hipoxia, lactato, moduladores, oxihemocianina e temperatura.



3. Abstract

The crab Neohelice granulata is naturally exposed in habitat under varying conditions
of temperature and concentration of dissolved oxygen in the water. Abiotic factors are
known to affect the affinity of respiratory pigments for oxygen in animals, including
crustaceans. Thus, the aim of this work was to verify the effects of high temperature and
exposure to hypoxia in the modulation of hemocyanin in the crab Neohelice granulata.
The animals were submitted to high temperatures for 96h and the mortality was
evaluated. In addition, animals were exposed to different temperatures (20°C e 30°C)
simultaneously at different oxygen concentrations (6bmgO:L e 3mgO:L) for 24 and 96h
and then at 4h in severe hypoxia (ImgO:L), and analized concentrations of
oxyhemocyanine, ions and hemolymphatic lactate. The animals exposed at 36°C and
35°C showed 100% of mortality, while at 34°C the maximum mortality of 23.3% in 96
hours; at 33°C no mortality was observed. In the temporal exposure, although there
were alterations in the ionics, here was no variation in oxyhemocyanin in both
conditions. Animals acclimatized at 30°C and 6mgO,;L and posteriorly exposed to
ImgO,L showed a decrease in the concentrations of oxyhemocyanin, magnesium and
lactate while in animals acclimated at 30°C and 3mgO,L and posteriorly exposed to
ImgO;L an increase in lactate and oxyhemocyanin occurs. Calcium, chloride and
magnesium ions do not appear to be related as modulators under these conditions and
while the increase in lactate has been shown to correlate with the increase of
oxyhemocyanin. Although these ions are modulators in other species of crustaceans, in
the experimental conditions applied did not alter the levels of oxyhemocyanin, while

lactate proved to be a possible modulator for this species when the animals previously



acclimatized at high temperature and in moderate hypoxia and subsequently exposed to

severe hypoxia.

Key words: hypoxia, lactate, modulators, oxyhemocyanin and temperature.



4. Introducao

Os estudrios sao ecossistemas caracterizados por corpos de dgua costeiros semi-
fechados, com a comunicacao para o oceano (Cameron & Pritchard, 1963). Estes
estao sob influéncia frequente de fatores oceanograficos e meteorologicos, expondo
0s organismos a um estresse ambiental, devido a variagdes de salinidade,

temperatura e concentracao de oxigénio dissolvido na agua (Cooper, 1974).

Ha alguns anos tem sido verificada uma significativa variagdo do clima em
escala global e em climas regionais, sendo o aumento da temperatura um dos fatores
mais modificados. Estima-se que durante o século XX a temperatura aumentou em
média 0,6°C (Houghton et al., 1995) e este aquecimento estd alterando o clima e
afetando ecossistemas aquaticos, incluindo os estudrios (Roessig et al., 2004). O
desenvolvimento da tolerancia térmica em animais ¢ limitado pela capacidade de
transporte de oxigénio, sendo uma condi¢do para manter o fornecimento de oxigénio
e definir o limite de temperatura superior dos animais aquaticos (Portner, 2010). O
limite de temperatura superior (altas temperaturas) ¢ definido quando a exposi¢ao ao
estresse térmico causa perda de fungdo motora, comprometendo a funcao ecoldgica
do animal (Sunday et al. 2010). Espécies subtropicais t€m uma menor tolerancia ao
aumento de temperatura (Deutsch et al., 2008; Huey et al. 2009; Duarte et al., 2012).
Animais expostos a temperatura 6tima (entre Tpl e Tpll) apresentam metabolismo
aerobico com a hemolinfa completamente oxigenada (Fig. 1). O aumento da
temperatura promove alteragdes no metabolismo e desencadeia uma hipoxia
sist€émica, em que ha uma incapacidade cardiorrespiratoria de manter o metabolismo
aerobico, iniciando a anaerobiose (Portner 2002; Portner et al. 2005).
Adicionalmente, quando animais sdo expostos a temperatura critica (Tcll) ajustes

nos mecanismos de prote¢do molecular, como proteinas de choque-térmico e
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enzimas antioxidantes, a fim de evitar uma desnaturacdo protéica e danos
oxidativos, podem ocorrer em fun¢do do aumento de temperatura (Portner 2002;

Portner et al., 2005).
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Figura 1: Modelo da tolerancia térmica para animais ectotérmicos. Figura
adaptada. (Frederich & Portner, 2000).

Em ambientes costeiros, além da influéncia dos fatores abidticos como a
temperatura, agdes antrOpicas podem acarretar um excesso de nutrientes e por
conseqiiéncia a eutrofizagdo da 4gua (Rabalais et al., 2010; Verity et al., 2006)
levando a diminui¢do do oxigénio dissolvido (Almeida et al. 1993; Baumgarten et
al. 2010). Diaz (2010) definiu como hipoxia concentragdes de oxigénio dissolvido
abaixo de 2mgO; /L dissolvido na 4gua e foi verificado que regides hipoxicas em
estudrios estdo aumentando em incidéncia no mundo (Diaz e Rosenberg, 2008).
Alguns animais sdo mais tolerantes a diminui¢do de oxigénio, porém dependendo do
grau de hipoxia e o tempo em que animais de exposicdo a este ambiente estressor

pode ser letal para muitas espécies (Vaquer-Sunyer et al., 2008), acarretando na
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diminui¢do da diversidade de espécies e prejudicando o ecossistema (Baird et al.,

2004; Bishop et al., 2006).

A tolerancia a hipdxia é muito variavel. Em comparagdo aos grupos de animais
resistentes a diminuicdo do oxigénio, os Priapulidas sdo os animais mais tolerantes,
seguido por moluscos, anelideos, peixes e crustdceos; que sdo 0s animais mais
sensiveis a hipdxia quando comparados a outros grupos (Vaquer-Sunyer et. al.,
2008). Porém, muitos crustaceos estdo adaptados a diversos ambientes (Hartnoll,
1998), onde tiveram sucesso adaptativo em colonizar ambientes marinhos (Melo,
1996), ambientes de dgua doce e ambientes terrestres (Hartnoll, 1964). Para os
crustaceos sobreviverem em ambientes sujeitos a variagdes de concentragdo de
oxigénio e temperatura, sdo necessarias estratégias bioquimicas, fisioldgicas e
comportamentais. Estes mecanismos incluem respostas conhecidas como
manuten¢do de altos niveis de combustiveis energéticos como glicogénio (Maciel et
al. 2008), depressdo metabdlica (Childress and Seibel, 1998), ativacdo do
metabolismo anaerdbico (Geihs et al., 2013), recirculagdo da 4gua (Santos et al.,
1987), exposi¢do ao ambiente aéreo (Lima et.al, 2015) e aumento da quantidade e

afinidade do pigmento respiratério pelo oxigénio (Head, 2010).

O pigmento respiratério de crustdceos ¢ a hemocianina, a qual se encontra
dissolvida na hemolinfa. A hemocianina tem como funcao o transporte de oxigénio,
para que o mesmo seja fornecido para os tecidos e 6rgdos do organismo (Engel,
1993). Este pigmento respiratorio ¢ constituido de seis subunidades protéicas
(hexameros), sendo que a hemocianina circulante pode ser composta por uma, duas,
quatro ou oito destes hexdmeros (Brouwer, 1992; Ellerton et al. 1983; Magnus et al.
1994, Hazes et al. 1993; van Holde & Miller, 1982; Volbeda & Hol 1989). Cada

subunidade da hemocianina contém trés sitios de dominios protéicos diferentes (I, II
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e II), sendo o dominio II com quatro a-hélices e com um sitio ativo contendo dois

ions de cobre, onde ocorre a ligacao do oxigénio (Fig. 2) (Cuff et al., 1998).

Alguns fatores abioticos podem induzir mudangas na afinidade da hemocianina

pelo oxigénio e modificar o seu transporte. Quando os animais sdo expostos, por

Hemocianina de Artropodes

subunidade

Figura 2: Esquema ilustrativo das subunidades da hemocianina com seus
sitios ativos (Adaptado de Decker et al., 2007).

exemplo, a hipdxia ou alteracdes de temperatura, ocorre uma maior afinidade pelo
oxigénio, 0 que acarretard na maior ligagdo do oxigénio na hemocianina (também
chamada de oxihemocianina), quando a hemolinfa passar nas branquias,
aumentando desta forma a captacdo de oxigénio neste Orgdo. Porém, ha uma
limitagdo dessas alteracdes dependente da eficiéncia da ventilagdo e pressao

hemolinfatica (Bridges, 2001).
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O aumento na concentragdo do pigmento respiratério ¢ uma das estratégias
utilizadas quando os crusticeos sdo expostos a uma hipdxia cronica (Baden et al.,
2003; Giomi & Beltramini, 2007; Rathburn et al. 2013). Também foi verificado que
concentragdes de hemocianina de animais que habitam ambientes degradados por
atividades antrdpicas sdo reduzidas em relacdo as concentragdes de hemocianina de
crustaceos que habitam areas mais conservadas (Engel, 1993). Locais onde ocorre
despejo de efluente doméstico, industrial e/ou da atividade de agricultura, acarretam
na geragdo de excesso de nutrientes e promove a eutrofizacdo da dgua (Almeida et
al. 1993; Baumgarten et al. 2001), que desencadeia a morte de muitos produtores
primarios dando origem a areas com baixos teores de oxigénio que, por
consequéncia, inibe o crescimento de organismos aerobicos (Abreu et al. 2010).
Além da maior sintese deste pigmento, outra estratégia utilizada é a alteracdo na

composic¢ao de subunidades da hemocianina (deFur et al. 1990; Head, 2010).

As alteracdes na temperatura levam a modificacdes na temperatura corporal de
animais ectotérmicos que pode gerar impacto sobre mecanismos fisiologicos (Santos
& Moreira, 1991). A temperatura também ¢ um dos fatores ambientais que afeta a
hemocianina, modificando a conformacao intrinseca das subunidades, uma vez que
a temperatura influéncia na alteragdo do pH. Quando organismos sdo expostos a alta
temperatura em comparagdo a organismos mantidos em temperatura ambiente,
ocorre um aumento na taxa metabodlica (Vernberg, 1959). Assim, gerando um estado
de hipdxia sistémica pela incapacidade em sustentar a demanda tecidual por
oxigénio (Portner 2001). Isto induz a respiragdo anaerdbica, gerando aumento nos
niveis de H', podendo acidificar o pH hemolinfatico (Mangum, 1983; Truchot,
1992). Rutledge (1981) verificou em Pacifastacus leniusculus uma maior afinidade

da hemocinina pelo oxigénio quando exposto a 25°C em comparagdo ao controle
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(20°C). Em Procambarus clarkii e P. zonangulus foi observado o aumento da
afinidade quando estes crustaceos foram expostos e aclimatados a 30°C (Powell et.
al., 2006). Em Limulus polyphemus sob o aumento gradual nas temperaturas de
15°C até¢ 18 °C e 23°C por 53 dias houve uma diminui¢do na concentracdo de
hemocianina, porém ndo foi observado diminui¢do na afinidade da hemocianina
pelo oxigénio (Coastes, 2012). Essas mudancas na afinidade da hemocianina pelo
oxigénio em situagdes de mudangas ambientais sdo devidas a alteragcdes em
substancias moduladoras (Truchot, 1992), que podem agir de forma positiva,
aumentando a afinidade ou de forma negativa, diminuindo a afinidade (McMahon,
1985) (Fig. 3). Morris (1990) definiu que moduladores sdo substancias que
respondem a condigdes ambientais ou estresse por uma mudanga na concentracao,
assim influenciando a afinidade da hemocianina pelo oxigénio (Truchot, 1980;
Morris et al. 1985). Esses moduladores podem ser substancias inorganicas ou
organicas. A alteracdo do pH ¢ um dos moduladores da afinidade da hemocianina
pelo oxigénio (Tommerdahl, 2015). A hipoxia ambiental pode iniciar a respiracao
anaerdbica, aumentando os niveis de protons (H") podendo afetar o equilibro acido-
base da hemolinfa, modulando de uma forma negativa em algumas espécies de
crustdceos (Mangum, 1983; Truchot, 1992), o que permite que o oxigénio seja

liberado mais facilmente nos tecidos.

Fatores ambientais podem também alterar a composi¢do i6nica da hemolinfa
(Barros et al, 1993; Bonaventura et al. 1980; Miranda, 1994) acarretando em
mudancas no transporte do oxigénio hemolinfatico. Na espécie Scyllarides latus foi
verificado em uma modulac¢io negativa com o aumento de Ca*" quando exposto a
15°C (Sanna et al., 2004). Tanto o Mg*" como o Ca’*" aumentam a afinidade da

hemocianina pelo oxigénio no caranguejo Carcinus maenas com o aumento da

14



temperatura (Truchot, 1975). O ion Cl" possui um efeito positivo na afinidade ao
oxigénio em Penaeus setiferus ¢ em C. Maenas (Brouwer et al. 1978; Truchot,

1975).

o : [C__rroxinaveientat___ |

CONSUMO

DE OXIGENIO TRANSPORTE *

DE OXIGENIO

ANOXIA TECIDUAL
ANAEROBIOSE |

HEMOCIANINA

. | AFINIDADE PELO OXIGENID
) B
3 3 03 I ”
.

Figura 3: Resumo do impacto dos moduladores na afinidade da hemocinina pelo oxigénio, e as causas de anoxia no
tecido. + ve indica um aumento na afinidade do oxigénio e -ve uma diminui¢do da afinidade do oxigénio. (Adaptacao
de Bridges & Morris, 1986)

Outros fatores que também podem influenciar na afinidade da hemocianina pelo
oxigénio sdo fatores organicos como o urato. O urato ¢ derivado da degradacao de
purinas e ¢ acumulado sob condigdes hipoxicas na hemolinfa de crustaceos
(Dykens, 1991). Em crustaceos foi verificado que o urato aumenta a afinidade da

hemocianina pelo oxigénio (Morris et al. 1985) e foram identificados sitios de

ligacdo de urato na hemocianina (Hellmann et al. 2001).

O lactato também ¢ um fator organico modulador da hemocianina. Truchot
(1980) verificou o efeito do lactato em Carcinus maenas e Cancer pagurus quando

expostos a hipoxia, demonstrando que o lactato modula de forma positiva a
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afinidade com o oxigénio. O lactato ¢ descrito como um modulador alostérico, pois
a hemocianina possui um sitio de ligacdo que interage com o quarto carbono quiral
do L-lactato (Graham et al., 1983; Johnson et al.,1984). O aumento do lactato
elevou a afinidade da hemocianina pelo oxigénio com o aumento do L-lactato em C.
magister (Graham et. al., 1983), Carcinus aestuarii (Hirota et al., 2010), Callinectes
sapidus (Johnson et al., 1984), Panulirus interruptus (Johnson et al., 1987) e
Homarus vulgaris (Zies et al., 1992). Este mesmo resultado foi encontrado para
espécie Astacus leptodactylus quando exposto ao aumento da temperatura. (Kdlsch
et. al., 2013). Entretanto, ndo existem estudos que verifiquem os possiveis efeitos
concomitantes da temperatura ¢ da hipéxia nos moduladores da hemocianina em

espécies de crustaceos.

O caranguejo semi-terrestre Neohelice granulata possui mecanismos fisiologicos
adaptativos que permite suportar longos periodos fora d’agua a exposicdo ao ar
atmosférico (Mafie-Gazon et al. 1974) como a recirculagdo da dgua através da
carapaga (Santos et al. 1987). O N. granulata é abundante em marismas de estuarios
e pantanos salgados, a partir do litoral do Rio de Janeiro no Brasil até o Golfo de
San Martin, na Argentina (Botto & Irigoyen, 1980; Melo, 1996). Por estarem
constantemente expostos em habitats onde ha uma variagdo nos fatores abiodticos
como temperatura e disponibilidade de oxigénio, o caranguejo N. granulata torna-se
um bom modelo para o estudo de ajustes em resposta a um estresse ambiental

devido a instabilidades abidticas.

No estudrio da Lagoa dos Patos ja foram observadas variacdes nas temperaturas
no periodo da primavera (Outubro/Novembro 2004) e verdo (Janeiro/Fevereiro
2005) entre de 16°C a 24°C na primavera e de 21°C a 29°C no verdo (Odebrecht et

al., 2007). Em outro estudo, no periodo de 1993 a 2012, foi observada uma média de
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13°C (minima 8°C) no inverno, e no verdo 25°C (maxima de 30°C) (Haraguchi et
al. 2015). Neste ambiente também foram verificadas variagdes na concentragao de
oxigeénio dissolvido de aproximadamente 12mgO>/L a concentragdes proximas a

zero, com média entre 6mgO,/L a 8mgO,/L (D Incao et al. 1992).

Geihs et al. (2013) verificaram que a disponibilidade minima de oxigénio na
dgua para ndo haver mortalidade em N. granulata ¢ de 3mgO,/L e Ayres (2015)
verificou que, com pelo menos 24 horas submetido a 3mgO»/L, ha alteragdes no
metabolismo anaerobico neste caranguejo, aumentando o lactato e a glicose
hemolinfaticos. Miranda, (1994) observou em N. granulata que, quando exposto a
temperatura de 10°C a 30°C, nao ha mortalidade. Porém, quando exposto a 35°C o
caranguejo ¢ extremamente sensivel, quando comparado a outras espécies tropicais
como aquelas do género Uca, onde a temperatura letal esta estabelecida entre 39,9°C
e 47°C (Teal, 1959; Wilkens & Fingerman, 1965).

Diante disto, o intuito desta dissertacdo foi investigar quais as alteracdes que
ocorrem regulagdo da hemocianina em N. granulata quando exposto a hipoxia e a

temperatura elevada.
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5. Objetivo

O objetivo desse trabalho foi verificar o efeito da alta temperatura e da
hipoxia na oxihemocianina e possiveis moduladores hemolinfaticos no

caranguejo Neohelice granulata.

5.1. Objetivos especificos

e Determinar a resisténcia do caranguejo Neohelice granulata frente a altas
temperaturas;

e Verificar se ocorre alteragdo no percentual de oxihemocianina e nos
possiveis moduladores (Mg?*, Ca**, CI" e lactato hemolinfatico) de N.
granulata, quando expostos a hipdxia moderada e/ou a diferentes
temperaturas por 24 e 96h;

e Verificar se ocorre alteragdo na oxihemocianina e nos possiveis
moduladores (Mg?*, Ca?*, CI" e lactato hemolinfitico), quando o
caranguejo € exposto a diferentes temperaturas com exposicao a hipoxia
severa (ImgO2/L) em animais mantidos a diferentes condigdes de

oxigénio dissolvido (6mgO»/L e 3mgO>/L);
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Abstract

The crab Neohelice granulata is naturally exposed in habitat under varying conditions
of temperature and concentration of dissolved oxygen in the water. Abiotic factors are
known to affect the affinity of respiratory pigments for oxygen in animals, including
crustaceans. Thus, the aim of this work was to verify the effects of high temperature and
exposure to hypoxia in the modulation of hemocyanin in the crab Neohelice granulata.
The animals were submitted to high temperatures for 96h and the mortality was
evaluated. In addition, animals were exposed to different temperatures (20°C and 30°C)
simultaneously at different oxygen concentrations (6mgO,L"! and 3mg O.L") for 24
and 96h and then at 4h in severe hypoxia (Img O>L!). We analyzed concentrations of
oxyhemocyanin, ions and lactate in hemolymph. The animals exposed at 36°C and 35°C
showed 100% of mortality, while at 34°C the maximum mortality of 23.3% in 96 hours;
at 33°C no mortality was observed. In the temporal exposure, although there were
alterations in the ions, there was no variation in oxyhemocyanin in both conditions.
Animals acclimatized at 30°C and 6mg O,L"! and posteriorly exposed to Img O,L!
showed a decrease in the concentrations of oxyhemocyanin, magnesium and lactate
while in animals acclimated at 30°C and 3mg O,L"' and posteriorly exposed to 1mg
O,L! an increase in lactate and oxyhemocyanin occurs. Calcium, chloride and
magnesium ions do not appear to be related as modulators under these conditions and
while the increase in lactate has been shown to correlate with the increase of
oxyhemocyanin. Although these ions are modulators in other species of crustaceans, in
the experimental conditions applied did not alter the levels of oxyhemocyanin, while
lactate proved to be a possible modulator for this species when the animals previously
acclimatized at high temperature and in moderate hypoxia and subsequently exposed to

severe hypoxia.
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Introduction

Hemocyanin in crustaceans is a respiratory pigment composed of six protein
subunits (hexamers), and circulating hemocyanin can be composed of one, two, four or
eight hexamers (Magnus et al., 1994). Each subunit has an active site containing two

copper ions, where oxygen binding occurs (Cuff et al., 1998).

The affinity of hemocianyn for the Oz is variable and can be modulate by biotic and
abiotic factors (Mangum, 1983). Some abiotic factors may induce a change in the
affinity of hemocyanin for oxygen and thus modify its transport in hemolymph
(Bridges, 2001). Among these factors, the increase in temperature and the decrease in
the concentration of dissolved oxygen in water were the most studied (de Fur et al.,
1990; Head, 2010). When organisms are exposed to these stressors, there is n increase
the metabolic rate (Vernberg, 1959), generating a state of systemic hypoxia due to the
inability to sustain tissue oxygen demand (Portner 2001), leading to anaerobic
respiration (Truchot, 1992). In some crustaceans a higher affinity of hemocynin for
oxygen was observed when exposed to high temperatures (Powell et al., 2006;
Lorenzon et al., 2007) and an increase in respiratory pigment concentration when

exposed to a chronic hypoxia (Rathburn et al., 2013).

Changes in hemocyanin affinity for oxygen in situations of environmental changes
are due to alterations in modulating substances (Truchot, 1992), which would act
positively or negatively, increasing or decreasing affinity respectively (McMahon,
1985). Morris (1990) defined that modulators are substances that respond to
environmental conditions or stress by a change in concentration, thus influencing the

affinity of hemocyanin for oxygen (Morris et al., 1985).
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The ionic composition of hemolymph (Barros et al., 1993) can be altered by
temperature and hypoxia inducing changes in hemolymphatic oxygen transport. In the
case of crustaceans, some ions are known as possible hemocyanin modulators such as
Ca?" ions (Kélson et al., 2007), Mg?" (Lu et al., 2016) and CI- (Brouwer et al., 1978). In
addition, other factors that may also influence the affinity of hemocyanin for oxygen are
organic factors such as urate (Hellmann et al., 2001) and lactate (Truchot, 1980).
Truchot (1980) verified the effect on Carcinus maenas and Cancer pagurus when
exposed to hypoxia, demonstrating that lactate modulates positively the affinity of
hemocyanin with oxygen. Lactate was described as an allosteric modulator, with
specific effect on hemocyanin, whose one of its binding sites of hemocyanin interact
with the fourth chiral carbon of L-lactate (Johnson et al., 1984). The increase of
hemocyanin affinity by oxygen has been reported for other species of crustaceans such
as Cancer magister (Graham et al., 1983), Carcinus aestuarii (Hirota et al., 2010),
Callinectes sapidus (Johnson et al., 1984), Panulirus interruptus (Johnson et al., 1987)
and Homarus vulgaris (Zies et al., 1992). This same result was found when Astacus
leptodactylus was exposed to high temperature (Kolsch et al., 2013). However, to our
knowledge describing the possible concomitant effects of temperature and hypoxia on

hemocyanin modulators in crustacean species.

The semi-terrestrial crab Neohelice granulata is abundant in salt marshes, from the
coast of Rio de Janeiro in Brazil to the Gulf of San Martin, Argentina (Botto &
Irigoyen, 1980; Melo, 1996). Since crabs are constantly exposed to habitats variable
abiotic factors such as temperature and oxygen availability, it is a good model for the
study of the physiologic and metabolic adjustments in response to environmental stress

caused by abiotic instabilities.
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In the laboratory, the minimum oxygen availability in the water in order to avoid
mortality is 3mgO2/L (Geihs et al., 2013). However, in the marshes of the estuary of
Lagoa dos Patos, in the south of Brazil, dissolved oxygen concentration can vary from
approximately 12mgO»/L to concentrations close to zero (D'Incao et al., 1992). In terms
of thermal stress, when N. granulata exposed to 30°C there was no mortality, but when
exposed to 35°C the crab was extremely sensitive (Miranda, 1994) compared to other
tropical species such as the genus Uca, where the lethal upper temperature is between
39.9°C and 47°C (Teal, 1959; Wilkens and Fingerman, 1965). In this estuary, variations
in maximum temperatures were observed to 30°C in spring and summer (Odebrecht et
al., 2007; Haraguchi et al., 2015). In view of this, the aim of this research was to
investigate the changes that occur in the affinity of hemocyanin in N. granulata when
exposed to hypoxia and high temperature, in a combined manner, and if there were

changes in the possible modulators.

Materials and Methods
Animals

Adult male crabs (10.2+3g) were collected in the saltmarshes of the city of Rio
Grande (Rio Grande do Sul, Brazil). The animals were acclimated in tanks at least 15
days under constant conditions of salinity (20%o), temperature (20°C), photoperiod
(12:12) and normoxia (6mgO>/L). The animals were fed three times a week with ground
beef, and starved for 24 hours before the start of the experiment. After the acclimation
period the animals remained with the same conditions of salinity and photoperiod in all
the experimental conditions. The crabs were transferred to small aquarium that placed
inside a water bath with controlled temperature with thermostat (Fullgauge,
Acquaterm/08-TIC-17) and a mercury thermometer was used to monitor the

temperature every 2 hours. The concentration of dissolved oxygen was determined
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using a portable oximeter (DO-5519, Lutron Electronic Enterprise CO) and the

reduction of the dissolved oxygen was done with nitrogen bubbling gas in the water.

Experimental procedure

Mortality curve

The animals (n=10) were submitted to temperatures of 20°C (control), 33°C, 34°C,

35°C and 36°C for 96h in triplicate, with mortality observation every 6h.

Effect of temperature and moderate hypoxia for 96h

The crabs were divided into four experimental groups containing 10 animals each.
Two groups were maintained at 6mgO/L and exposed at 20°C (control) and 30°C, and
two groups maintained at 3mgO>/L (moderate hypoxia) also exposed at 20°C (control)
and 30°C. All groups were maintained under these conditions for 96h. Samples of

hemolymph (n=5) were collected at times 24 and 96 hours (Fig. 1).

Effect of temperature and hypoxia

The crabs were divided into four experimental groups, two groups were kept at 20°C
(control) and two other groups at 30°C, maintained at 6mgO2/L for 96h. After this
period one group of each treatment was exposed to hypoxia of 1mgO2/L for 4h while
the other experimental group remained in normoxic conditions for the same period of
time. For temperature exposure associated with gradual hypoxic conditions, two groups
were maintained at 20°C (control) and two other groups at 30°C both 6mgO,/L for 72h.
After this period all experimental groups were exposed to 3mgO»/L for 24h. At the end
of this period one group of each treatment was submitted to severe hypoxia of 1mgO,/L
while the other experimental group of each treatment remained at 3mgO»/L, both for 4h.

Hemolymph samples (n=5) were collected from all groups (Fig. 2).
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Hemolymph sampling

Samples of hemolymph (300uL) were collected with sterile needle using a 1mL
syringe from the sinus at the base of the 4th or 5th pair of pereiopodes. Hemolymph was
centrifuged at 3000 rpm, 4°C for 3 min and stored at -80°C. Samples were analyzed

within two weeks after extraction.

Oxyhemocyanin concentration

For the immediate quantification of oxyhemocyanin, after centrifugation, 10uL of
hemolymph was diluted in 990uL of buffer (100mM Tris-HCI, pH 7.5) and measured
spectrophotometrically at 340nm (Head, 2010; Chen and Cheng, 1995; Kwan et al.

2014). Data were espresso in % of oxyhemocyanin in relation to total protein.

Ions and lactate determination

Total proteins were measured by spectrophotometry at 550nm, chloride and
magnesium ions were measured at 490nm and calcium ions at 660nm. For lactate, the
hemolymph was diluted in EDTA (6%), and then measured at 340nm. All the analysis
was performed using commercial reagents kits (Doles and Kovalent - Brazil) following

the manufacturer protocol instructions. Data were expressed in mmol/L.

Statistical Analysis

Data of the mortality curve were adjusted to a non-linear regression and submitted
to analysis of survival curves using GraphPad Prima 5.01. Mean values were compared
using two-way analyses of variance (ANOVA) followed by the Duncan’s test for
temporal exposure and for temperature exposure to moderate and severe hypoxia.
ANOVA assumptions (normality and homogeneity of variances) were previously

verified and mathematical transformations were applied when necessary (Zar, 1984).
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Results

Mortality curve

Animals exposed at 36°C and 35°C showed 100% mortality in 96h (LTso = 6.4h,
Clos=5.6 - 7.1h, LTs0=25.7h, Clos=23.6 - 27.8h respectively) while at 34°C the
maximum mortality was 23.3% in 96h. No mortality was observed at 33°C (Fig. 3A).
The maximum temperature causing 50% mortality after 96h in the sample (LTmaxs0) was

calculated at 34.3°C (Clos = 34.7 - 34.5°C) (Fig.3B).

Effect of temperature and moderate hypoxia for 96h

The crabs maintained at 6mgO>/L. and exposed to 20°C and 30°C showed no
changes in oxyhemocyanin concentration for 24h and 96h (Fig. 4A). Calcium
concentrations (Fig. 4B) increased at 24 and 96h compared to Oh at the control
temperature 20°C (16.2+2.3, 14.9+1.7 and 6.7£1.9 mmol/L respectively), and at 30°C,
calcium levels increased by 24h and returned to initial concentrations at 96h (15.4+4.6
and 11.7£0.8 mmol/L respectively). Chloride ions (Fig. 4C) and hemolymphatic lactate
concentrations (Fig. 4E) did not observe the difference statistic (p>0.05) at both
temperatures. Concentrations of magnesium (Fig. D) at 20°C showed a decrease in time
24h returning to normal levels in 96h (6.1+£0.3 and 6.6+0.2 mmol/L) compared to Oh
(6.6+0.3 mmol/L). For the temperature of 30°C, we did not observe difference (p>0.05)

between the times at the end of experimental time.

In crabs exposed at 20°C and 30°C and moderate hypoxia of 3mgO,/L, the
concentration of oxyhemocyanin (Fig. 5A) and hemolymphatic calcium (Fig. 5B) also
did not show significant changes (p>0.05) after 24h and 96h of exposure. However,
there was a significant increase (p<0.05) in chloride concentration (Fig. 5C) when the

animal was exposed to 30°C for 96h (436.9+32.1 mmol/L) in relation to 24h
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(340.5+£36.7 mmol/L). Levels of chloride ions were greater in animals maintained at
20°C (394.3+£16.2 mmol/L) in relation to 30°C (340.5+36.7 mmol/L). Magnesium levels
(Fig. 5D), an increased at 24h and 96h in the crabs exposed to both temperatures, with
30°C higher values (9.4+£0.7 mmol/L for 24h and 10.8+1.1 mmol/L for 96h) than in
temperature of 20°C (7.9£0.9 mmol/L for 24h and 12.9+0.4 mmol/L. for 96h).
Magnesium concentrations was lower in animals exposed at 30°C for 24h when
compared to the same time exposure of animals that remained at 20°C while in animals
that remained for 96h the magnesium concentration is higher in animals that were
exposed to 30°C compared to 20°C for 96 hours. The lactate concentration (Fig. SE) of
the crabs maintained at 30°C decreased (p<0.05) in 24h e returned at normals levels at
96h (2.0+£0.5 and 3.4+0.3 mmol/L respectively) and 20°C not showed difference
significant (P>0.05) at 96h. Hemolymphatic lactate values compared to temperatures of

20°C and 30°C was lower at 20°C when exposed for 24h.

Effect of temperature and hypoxia

Crabs exposed to high temperature (30°C) and maintained in normoxia (6mgQO/L)
for 96h and after that period exposed to severe hypoxia (1mgO2/L) for 4h demonstrated
differences in hemolymphatic parameters in comparison to the control that remained in
normoxia for 4h. A significant decrease (p<0.05) was observed in oxyhemocyanin (Fig.
6A) in animals maintained at 30°C and exposed to 1mgO»/L (4.6+0.9 %) compared to
the group that also remained at 30°C in normoxia (2.6+0.8 %). Calcium and chloride
ions not was observed significant differences (p>0.05), as showed in the Fig. 6 B and 4
C. There were significant differences (p<0.05) in the concentration of magnesium (Fig.
6D) and lactate (Fig. 6E) in the animals exposed at 30°C when exposed to ImgO,/L. In

the animals that remained at 20°C, no parameter was significantly (p>0.05) altered
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when the animals were submitted to severe hypoxia (1mgO>/L) compared to animals

that remained in normoxia (6mgO2/L).

In the crabs maintained at normoxia and 20°C and submitted to moderate hypoxia
for 24h and then severe hypoxia (ImgO»/L) for 4h was not verified significant
differences (p>0.05) in oxyhemocyanin (Fig. 7A), calcium (Fig. 7B), chloride (Fig. 7C)
and magnesium (Fig. 7D). However, chloride levels decreased (p<0.05) in the animals
maintained at 20°C submitted to severe hypoxia of 4h (9.1+1.5 mmol/L) compared to
animals in moderate hypoxia (10.3£1.4 mmol/L). However, in animals maintained at
30°C exposed for 24h, moderate hypoxia (3mgO./L) followed by severe hypoxia
(1mgO2/L) presented no significant difference (p>0.05) in calcium ions (Fig. 7C and
7D). However, a significant (p<0.05) increase in oxyhemocyanin concentration (4.6+0.8
%) was observed in animals submitted to severe hypoxia for 4h compared to animals
that remained in moderate hypoxia (2.0+1.2 %) during the experimental period. In
addition, a significant increase (p<0.05) of 15x were observed in the lactate
concentration of animals exposed to severe hypoxia for 4h (24.3£1.9 mmol/L) in

relation to animals that remained in moderate hypoxia (1.5+0.6 mmol/L).

Discussion

High temperature conditions are increasing in frequency and duration (Meehl and
Tebaldi, 2004; Hansen et al., 2012) in the same way as hypoxic regions have increased
(Diaz and Rosenberg, 2008), impacting the physiology of the various animals exposed
to these conditions (deFur et al., 1990). The development of thermal tolerance in
animals is limited by the ability of oxygen transport, being a condition to maintain
oxygen supply and define the upper temperature limit of aquatic animals (Portner, 2010)

when exposure to thermal stress causes a loss of motor function, compromising the
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animal's ecological function (Sunday et al. 2010). However, in tropical species, other
factors such as protein dysfunction were responsible for the upper limit temperature
(Ern et al, 2014). The thermal sensitivity of the crustaceans is in the range of 0.2-2°C
(Lagerspetz and Vainio, 2006) and in species found in Brazil such as Aratus pisonii,
Cardisoma guanhumi, Pachygrapsus transversus and Ucides cordatus this pattern was
observed in 6h exposure (Faria, 2017). The N. granulata species showed great
vulnerability to the small increase in temperature, with a variation of 1.3°C to reach a
LTso with a temperature limit higher at 35°C. This species tolerated without presenting
mortality up to 3°C above the average temperature at the place where it was collected,
where the maximum temperature recorded was 29°C (Odebrecht et al., 2007) and 30°C
(Haraguchi et al., 2015). Thus, N. granulata seems to be less resistant compared to other
species of crabs, such as Aratus pisonii, Cardisoma guanhumi, Pachygrapsus

transversus and Ucides cordatus (Faria et al., 2017).

Higher temperatures increase the metabolic rate resulting in a greater tissue demand
for oxygen, which consequently could alter the hemocyanin concetration as well as alter
the oxygen binding properties (Decker & Foll, 2000). Rutledge (1981) found in
Pacifastacus leniusculus a higher affinity of hemocynin for oxygen when exposed at
25°C for animals exposed to 20°C and 10°C, as well as Procambarus clarkii,
Procambarus zonangulus acclimated at 30°C in relation to animals acclimated at 10°C
and exposed at 30°C (Powell et al., 2006). In hypoxia increased hemocyanin affinity has
been described for some species of crustaceans as in Nephrops norvegicus (Spicer &
Baden, 2001; Baden et al., 2003) and Callinectes sapidus (deFur et al., 1990). In
Neohelice granulata the temperature of 30°C and moderate hypoxia did not alter the
oxygen affinity of the hemocyanin although small changes in the possible modulators

occurred at 96h. Thus, the time tested and the level of temperature and dissolved O> did
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not promote changes in O transport. Maciel et al. (2014) observed that this species
when submitted to 2mgO>/L for 45 min at 20°C did not show changes in circulating
glucose and lactate levels, but when submitted to 0.7mgO>/L, modifications in these

parameters were observed, showing a higher sensitivity to an intense hypoxia.

Hogben and Pinhey (1926; 1927) found that hemocyanin affinity for oxygen in
Homarus increased in the presence of CaCl,, MgCl, or SrCl,. Morris (1990) also
suggests positive modulation by Ca?* and Mg'. Decker and Foll (2000) verified in
Astacus leptodactylus that changes in temperature resulted in dissociation of
hemocyanin induced by pH and/or Ca*" and CI" ions. The dissociation of hemocyanin
was also verified in this species (Kolson et al., 2013) and in U. pusilla related to
calcium (Paoli et al., 2007). In P. trituberculatus (Lu et al., 2016) it was observed that
when exposed to high temperatures the concentration of Mg?" decreased and the
concentration of Ca®" increased. In contrast to chloride ions an increase in hemocyanin
affinity was observed for P. setiferus (Brouwer et al., 1978), C. maenas (Truchot,
1975), M. rosenbergii (Cheng et al., 2003) and H. gammarus (Lorenzo et al., 2007)
exposure to hypoxia and high temperature, the chloride level is decreased. In N.
granulata the magnesium ions increased when the animals were exposed at 20°C and
30°C and 3mgO»/L"! but there were no changes in oxyhemocyanin, whereas when
exposed to 30°C and 6mgO.L and exposed directly to 1mgO,L"' decreased the
concentration of magnesium and oxyhemocyanin. Although a decrease occurs, animals
acclimatized at 20°C and moderate hypoxia and after exposed to severe hypoxia, an
increase in magnesium ions was observed, but no alteration in oxyhemocyanin was
verified. Ions are hemocyanin modulators in other species of crustaceans, but for the N.
granulata may not be related as a modulator in these conditions. Ionic changes in

hemolymph were related to other physiological functions. For example, magnesium has
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an anesthetic effect that causes activity reduction (Waterman, 1941). The increase in
temperature (Decker and Foll, 2000) and exposure to hypoxia (Brigdes, 2001) causes
changes in pH in aquatic crabs, which may alter the concentration of ions related to
acid-base regulation, such as calcium and magnesium from exoskeleton or other sources

(Burnett, 1988; Taylor & Waldron, 1997).

Crustaceans appeal to anaerobic metabolism when it approaches its upper thermal
limit (Taylor et al., 1973; Taylor et al., 1977; Sommer et al., 1997; Frederich & Portner,
2000; Peck et al., 2002; Sokolova & Portner, 2003). In Callinectes sapidus lactate is an
allosteric modulator, with several binding sites in hemocyanin in its different subunits
(Johnson et al., 1984). In Portunus trituberculatus (Lu et al., 2016), it was found that
when subjected to high temperatures the concentration increased (Johnson et al., 1987)
and hemocyanin is also allosterically regulated by lactate. Increased lactate levels in N.
granulata may possibly be one of the strategies for modulating hemocyanin as it
correlates with increased oxygen binding in hemocyanin. However, when the crab
maintained in normoxia is exposed directly to severe hypoxia it fails to regulate the
modulation of oxyhemocyanin. In the estuarine environment, the animals are submitted
to changes of oxygen dissolved in the water naturally, where such changes may occur
gradually and it was observed that when the N. granulata crab was acclimated for 24h
to moderate hypoxia and later exposed to severe hypoxia increases the affinity of the

hemocyanin by oxygen.

In conclusion, the present study demonstrated that the combination of the different
stressors, such as high temperature and hypoxia, alters hemocyanin affinity to oxygen as
well as lactate. Therefore, the lactate is a strong candidate to be a hemocyanin
modulator in Neohelice granulata. However, the observed responses do not occur when

crabs were exposed to high temperature only or to high temperature simultaneously
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with moderate hypoxia. In addition, this species has no ability to regulate hemocyanin
affinity to oxygen when acclimated to high temperature and is exposed directly to
severe hypoxia. These results suggest that when crabs suffer from sublethal temperature
stress and moderate hypoxia in the environment, they may respond by modulating
hemolytic parameters. However, abrupt changes in concomitant oxygen concentration at

high temperature are not sufficient to generate modulation.
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Captions to figures

Figure 1: Representative scheme of the effect of temperature and moderate hypoxia for
96h.

Figure 2: Representative scheme of the effect of temperature and hypoxia.

Figure 3: A) Mortality rate of the crab Neohelice granulata exposed to different
temperatures (33°C, 34°C, 35°C, 36°C) for 96h. Filled dots — 36°C, empty dots — 35°C,
filled squares — 34°C, and empty squares 33°C. Experiments were done in triplicate
(n=10). Data are mean =+ standard error. B) Upper thermic limit of N. granulata
calculated from A). Each dot refers to mean + standard error.

Figure 4: Oxyhemocyanin percentage (A) and concentrations of calcium (B), chloride
(C), magnesium (D) and lactate (E) in the hemolymph of the crab N. granulata exposed
for 24h and 96h at 20°C (white bars) and 30°C (black bars) under normoxia (6
mgO>/L). The bars represent the mean + standard error (n=5). Different letters indicate
significant differences among groups (p<0.05).

Figura 5: Oxyhemocyanin percentage (A) and concentrations calcium (B), chloride (C),
magnesium (D) and lactate (E) in the hemolymph of the crab Neohelice granulata
exposed for 24h and 96h at 20°C (white bars) and 30°C (black bars) in moderate
hypoxia (3 mgO2/L). Data are mean + standard error (n=5). Different letters indicate
significant differences among groups (p<0.05).

Figure 6: Oxyhemocyanin percentage (A) and concentrations calcium (B), chloride (C),
magnesium (D) and lactate (E) in the hemolymph of the crab Neohelice granulata
acclimatized for 96h at 20°C or at 30°C under normoxia (6 mgO>/L) exposed to
normoxia (white bars) or severe hypoxia (1 mgO/L - black bars) for 4h. Date are mean
+ standard error (n=5). Different letters indicate significant differences among groups
(p<0.05).

Figure 7: Oxyhemocyanin percentage (A) and concentrations calcium (B), chloride (C),
magnesium (D) and lactate (E) in the hemolymph of the crab Neohelice granulata
acclimated to 20°C or 30°C for 72h under normoxia and after 24h under moderate
hypoxia (3 mgO»/L) and submitted of moderate hypoxia (white bars) or severe hypoxia
(1 mgO»/L - black bars) for 4h. Data are mean + standard error (n=5). Different letters
indicate significant differences among groups (p<0.05).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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6. Discussio Geral

Condigdes de elevadas temperaturas estdo aumentando em frequéncia e duragao
(Meehl & Tebaldi 2004; Hansen et al., 2012) do mesmo modo que regides hipoxicas

tém aumentado (Diaz & Rosenberg, 2008), impactando a fisiologia dos varios animais
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expostos a estas condi¢des (deFur et al., 1990). A espécie N. granulata demonstrou uma
grande vulnerabilidade ao pequeno aumento da temperatura, com uma variagdo de
1.3°C para atingir uma LTso com limite de temperatura superior em 35°C. Apesar de
tolerar um pequeno aumento na temperatura, o caranguejo N. granulata apresentou um
maior tempo de resisténcia a 35°C. Esta espécie tolerou sem apresentar mortalidade até
3°C acima do evidenciado do local onde foi coletado, onde a méxima registrada foi de
29°C (Odebrecht et al., 2007) e 30°C (Haraguchi et al. 2015). Entretanto, ¢ uma espécie
menos resistente comparado a outras espécies de caranguejos, como as espécies Aratus
pisonii, Cardisoma guanhumi, Pachygrapsus transversus e Ucides cordatus (Faria et

al., 2017).

Altas temperaturas podem alterar as propriedades de ligacdo ao oxigénio, bem
como alterar a conformagdo da hemocianina (Decker & Foll, 2000), levando a um
aumento na afinidade da hemocianina pelo oxigénio (deFur et al., 1990). Em algumas
espécies de crusticeos, como em Pacifastacus leniusculus (Rutledge, 1981),
Procambarus clarkii, P. zonangulus (Powell et. al., 2006), ¢ verificado o aumento da
afinidade da hemocianina pelo oxigénio quando os animais sdo expostos a altas
temperaturas. Isto também ¢ verificado em Nephrops norvegicus (Spicer & Baden,
2001; Baden et al., 2003) e Callinectes sapidus (deFur et al., 1990) quando expostos a
hipoxia. Em N. granulata, a temperatura de 30°C e a hipdxia moderada ndo alteraram a
afinidade da hemocianina pelo oxigénio apesar de ocorrer pequenas alteracdes nos
possiveis moduladores em 96h. Assim, o tempo testado e o nivel de temperatura e O>
dissolvido ndo promoveram alteragdes no transporte de O;. Maciel et al. (2014)
observaram que esta espécie, quando submetida & 2mgO>/L por 45 min a 20°C nao

mostrou alteracdes nos niveis de glicose e lactato circulantes, mas quando submetido a
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0.7mg02/L, modificagdes nestes parametros foram observadas, demostrando uma

sensibilidade maior a uma hipdxia mais intensa.

Alteragdes em ions hemolinfaticos também podem alterar a afinidade da
hemocianina pelo oxigénio. fons de calcio, cloro e magnésio ja foram descritos como
sendo modulares positivos em crustaceos (Morris, 1990; Decker & Foll, 2000; Cheng et
al., 2003; Paoli et al., 2007; Kolson et al., 2013; Lu et al., 2016; Truchot, 1975). Em N.
granulata, os ions de magnésio aumentam quando os animais estdo expostos a 20°C e
30°C e 3mgO:;L, mas ndo ha alteracdo na oxihemocianina, enquanto que quando
expostos a 20°C e 30°C e 6mgO,L e expostos diretamente a 1mgO,L diminuiram a
concentragio de magnésio hemolinfatico ¢ da oxihemocianina. fons sdo moduladores da
hemocianina em outras espécies de crusticeos, porém para a espécie N. granulata nao
parece estar relacionado como moduladores nessas condi¢des. As alteragdes i0nicas na
hemolinfa podem estar relacionadas com as outras funcdes fisiologicas destes ions. Por
exemplo, o magnésio desencadeia um efeito da redugdo de atividade exploratéria

(Waterman, 1941).

Crustaceos recorrem ao metabolismo anaerdbio quando se aproximam do seu
limite térmico superior (Taylor et al., 1973; Taylor et al., 1977; Sommer et al., 1997,
Frederich & Portner, 2000; Peck et al.,, 2002; Sokolova & Portner, 2003). Em
Callinectes sapidus o lactato ¢ um modulador alostérico, com vérios locais de ligacao
na hemocianina em suas diferentes subunidades (Johnson et al., 1984). Em Portunus
trituberculatus (Lu et al., 2016), foi verificado que, quando submetidos a altas
temperaturas, houve um aumentou da concentragdo de lactato e (Johnson et al., 1987),
sendo que nesta espécie a hemocianina também ¢ regulada alostericamente pelo lactato.
O aumento do lactato em N. granulata possivelmente pode ser uma das estratégias

utilizadas para modulacio da hemocianina, visto que este se correlaciona com o
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aumento da ligacdo ao oxigénio na hemocianina. Além do efeito do lactato, o pH
também esta relacionado com a alteragao da afinidade da hemocianina como verificado
para alguns crustaceos. Porém, quando o caranguejo proveniente de normodxia € exposto
direto a hipdxia severa, ndo consegue regular a modulacdo da oxihemocianina. No
ambiente estuarino, os animais estdo naturalmente submetidos a alteracdes de oxigénio
dissolvido na 4gua, onde tais alteragdes podem ocorrer gradualmente. De fato, foi
observado que, quando o caranguejo N. granulata é aclimatado por 24h a hipdxia

moderada e posteriormente exposto a hipdxia severa existe um aumento da afinidade da

hemocianina pelo oxigénio, bem como o aumento da concentragdo de lactato.

Em conclusdo, o presente estudo demonstrou que a combinagdo de diferentes
estressores, como alta temperatura ¢ hipoxia moderada previamente a uma exposicao a
hipdxia severa, influencia no aumento da afinidade da hemocianina pelo oxigénio, bem
como provoca alteracdo na concentra¢do de lactato, um forte candidato a modulador
para essa espécie. Porém, as respostas observadas ndo ocorrem quando os caranguejos
sdo expostos a alta temperatura apenas ou a alta temperatura combinag¢do com a hipoxia
moderada. Além disso, estd espécie ndo apresenta capacidade de regular a afinidade da
hemocianina pelo oxigénio quando ¢ aclimatada a alta temperatura e exposta
diretamente a uma hipoxia severa. Estes resultados sugerem que, quando os caranguejos
sofrem estresse por temperatura subletal e hipéxia moderada no meio ambiente, eles
podem responder modulando parametros hemolinfaticos. Contudo, mudangas abruptas
na concentragdo de oxigénio combina¢des com o aumento da temperatura ndo sao

suficientes para gerar respostas de modulagao.

A partir destes resultados, uma série de novas questdes surge. Uma destas questdes ¢
se além do lactato, o pH também esta relacionado com a alteracdo da afinidade da

hemocianina como verificado para alguns crusticeos. Outra questdo ¢ se, quando
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submetido a condigdes de aclimatacdo a hipdxia moderada e alta temperatura, o
caranguejo N. granulata aumenta a tolerancia e a resisténcia quando submetidos a
baixas concentragdes de oxigénio dissolvido e se estes moduladores estariam
envolvidos na regulacdo da afinidade da hemocianina. Adicionalmente, um estudo das
subunidades da hemocianina em fun¢do da temperatura e hipoxia seriam de grande valia

para melhor entendimento destas respostas.
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