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2. Resumo

Ambientes aquaticos costeiros tendem a sofrer uma grande variacdo na
disponibilidade de oxigénio, submetendo os animais que ali habitam a frequentes
periodos de hipoxia e reoxigenacdo. Ambientes estuarinos sdo um exemplo desses
ambientes que sofrem constante variagdes na concentracdo de oxigénio dissolvido. A
diminuicdo ou falta de oxigénio disponivel pode acarretar em diversos problemas para
0s animais, principalmente no periodo de retorno do oxigénio apds um periodo de
hipdxia. Entre esses problemas esta formacdo de espécies reativas de oxigénio (ROS),
que podem causar danos ao interagirem com outras estruturas celulares como, por
exemplo, a lipoperoxidagdo. O caranguejo semi-terrestre Neohelice granulata habita
marismas de regides estuarinas e dessa forma esta constantemente exposto a alteracdes
da disponibilidade de oxigénio nesse ambiente. Além disso, esta espécie possui a
capacidade de permanecer exposto ao ar. Portanto, esta dissertagdo visou avaliar se 0
caranguejo N. granulata utiliza o ambiente aéreo quando exposto a hipdxia aquéatica
severa e se essa estratégia de exposicdo ao ar € um mecanismo que aumenta a tolerancia
e resisténcia a hipoxia e se diminui os danos causados pelo ciclo de hipdxia e
reoxigenacdo. Para isso os animais foram submetidos a uma arena com trés ambientes
delimitados (&gua, intermediério, terra) e foi avaliado mortalidade, tempo de utilizacéo
de cada ambiente e ocorréncia de danos de lipoperoxidacdo. Quando expostos a agua
hipéxica (0,5 mg O,.L™") com possibilidade de utilizacdo do ambiente aéreo N.
granulata passa um periodo de tempo maior no ambiente terrestre do que no aquatico,
o contrério do encontrado em condigdes de agua normoéxica (6,0 mg O,.L™) também
com livre acesso ao ar. Essa maior utilizacdo do ambiente aéreo permite a sobrevivéncia
total a hipoxia severa em 96h. Apesar de passarem um maior tempo no ambiente
terrestre quando expostos a hipdxia, este tempo € intercalado com breves incursdes a
agua, provavelmente devido a necessidade de excrecdo de CO, e amonia. Porém, apesar
de aumentar a taxa de sobrevivéncia, a utilizagdo do ambiente aéreo quando expostos a
hipoxia ndo diminui os danos de lipoperoxidacdo causados pelos ciclos de hipoxia e
reoxigenacao sofrido por esses individuos.

Palavras chave: Hipdxia, Exposi¢do aérea, Lipoperoxidagdo, Caranguejo,
Hipoxia/Reoxigenacao.



3. Introducéo Geral

O oxigénio é essencial para muitos seres vivos. O principal motivo é sua
importancia na producdo de energia. A falta ou diminuicdo da disponibilidade dessa
molécula pode interferir seriamente na distribuicdo de seres vivos nos ambientes, gerar
danos bioguimicos e até levar os organismos a morte. No ambiente aquatico o desafio é
ainda maior, pois a agua contém 33 vezes menos 0Xxigénio que o ar. Somado a isso, a
taxa de difusdo do oxigénio na agua é em torno de 300.000 vezes menor do que no
ambiente aéreo (Jones, 1972). Em ambiente aquético, variacBes na concentracdo de
oxigénio dissolvido (OD) ocorrem com maior frequéncia do que em ambientes aéreos,
dificultando ainda mais a vida neste ambiente (Randall et al., 2000). Niveis de OD
menores que 2,8 mg/L, na agua, caracterizam um ambiente hipoxico (Diaz e Rosenberg,

1995).

Estudos vém sendo realizados e demonstram que 0 nimero de ambientes com
baixo OD, tem aumentado em escala global com o passar dos anos. Entretanto, o
namero de areas hipdxicas ndo € a Unica preocupagdo, outro dado importante que deve
ser levado em consideracdo é o tamanho dessas areas que também vem aumentando
(Diaz e Rosenberg, 1995; Gray et al., 2002; Wu, 2002) (Fig. 1). Uma das principais
causas desse crescimento pode ser devido a um aumento de agdes antropicas, por
exemplo, em regides costeiras. Grande parte da populacdo mundial habita zonas
costeiras e muitas vezes acabam por despejar residuos provenientes de esgotos,
atividades agricolas, atividades portuarias entre outras, diretamente nessas regides
gerando um aumento nas alteracbes nos niveis de OD. Regides estuarinas sd&o um
exemplo tipico de ambientes aquaticos com grande variacdo no OD, pois possui
caracteristicas de interagdo de a&guas continentais e marinhas. De fato, mangues e

marismas apresentam, de maneira geral, baixa profundidade e grande teor de matéria
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organica no sedimento, o que pode acarretar amplas variacoes de OD. Esses eventos de
hipoxia podem acontecer em ciclos diarios e por diversos fatores, entre eles a
movimentacdo da maré e a presenca de outros organismos, podem durar desde poucos

minutos até permanecerem por varios dias (D’avanzo e Kremer, 1994; Tyler et al.

2009).
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Figura 1. Mapa mundial apontando regides eutrofizadas (pontos amarelos), hipoxicas (pontos
vermelhos) e sistemas em recuperacéo (pontos verdes) (Diaz et al., 2011).

Para sobreviverem a baixa disponibilidade de oxigénio no meio, diversos
animais possuem uma serie de adaptacGes morfoldgicas, fisioldgicas e comportamentais
que permitem a sobrevivéncias nestes locais. Existe uma grande variedade de
mecanismos biogquimicos e fisiologicos acionados pelos animais frente a hipdxia, que
variam em funcdo da intensidade de hipdxia, do tempo de exposicdo e da espécie. As
respostas mais conhecidas incluem principalmente alteracdo na circulagdo, aumento da
afinidade do pigmento respiratdrio pelo oxigénio, ativagdo do metabolismo anaerdbico e

depressdo metabolica (Miranda, 1994; deFur et al., 1988; Henry, 1994; Martinez et al.



2006; Gilmour e Perry 2007; Sloman et al., 2008; Wells 2009; Richards 2009).
Entretanto, apesar da existéncia dessas respostas muitos animais quando s&o submetidos
a condicdes hipdxicas podem sofrer danos teciduais oriundos da baixa disponibilidade
de energia. Um dos primeiros danos visualizados normalmente nos animais € a perda da
capacidade de regulacdo ibnica da célula através dos transportadores de membrana, que

leva a alteracdo do volume celular (Hochachka, 1988).

Além desses problemas gerados pela falta de oxigénio, o periodo de retorno do
oxigénio apds a hipoxia, a reoxigenagdo, pode ser também critico para os animais.
Apesar de estudos recentes indicarem que as espécies reativas de oxigénio (ROS)
também podem ser formadas na hipoxia (Clanton et al., 2007), a maior parte das ROS
sdo formadas no periodo de reoxigenacdo (Garcia et al., 1996). Na mitocondria € onde
ocorre quase todo o processo de geracdo de energia como processo de fosforilagcdo
oxidativa e a cadeia transportadora de elétrons. Na mitocéndria também é o local onde a
maior parte das ROS sdo formadas, ndo s6 em condicGes de estresse, mas também em
condi¢des normais (Storey, 1996; Hermes-Lima e Zenteno-Savin, 2002). As ROS séo
potencialmente perigosas ao interagirem com proteinas, glicidios, acidos nucléicos e
lipideos, presentes nas diversas estruturas celulares (Ellis, 2007). A reacdo das ROS
com acidos graxos poliinsaturados presentes nos fosfolipidios da membrana inicia um
processo em cadeia que levam a lipoperoxidacdo (LPO) alterando a fluidez da
membrana (Catala, 2009). Por estarem constantemente expostos a ambientes hipdxicos
e devido aos danos que as ROS podem causar, 0s animais possuem um sistema de
defesa antioxidante (SDA) para tentar prevenir, diminuir ou reparar esses danos (Storey,
1996; Droge, 2002). O SDA é dividido em enzimaticos e ndo-enzimaticos, tendo como
exemplo para os enziméaticos a catalase (CAT), glutationa peroxidase (GPx), a

superéxido dismutase (SOD), a glutationa redutase (GR) e a glutationa-S-transferase



(GST) e para os ndo-enzimaticos o ascorbato, a-tocoferol, B-carotenos e glutationa (Fig.
2) (Storey, 1996; Droge, 2002). Quando ocorre um aumento excessivo de ROS como,
por exemplo, durante processos de hipdxia e reoxigenacao ocorre um desbalanco entre o

sistema de defesa antioxidante e a produgéo de ROS gerando danos oxidativos.
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Figura 2. Esquema indicando a geracdo de espécies reativas de oxigénio e a atuagdo de
diversas moléculas do sistema de defesa antioxidante (Geihs, 2013b).

Como comentado anteriormente, além de possuirem mecanismos fisioldgicos e
bioguimicos, que permitem a esses animais sobreviverem a hipoxia ambiental, muitos
animais possuem também respostas comportamentais. A resposta mais comum para
animais que possuem capacidade de deslocamento € a movimentagdo para areas mais
oxigenadas, denominada de reposta de fuga, a fim de evitar ou diminuir os danos
causados por esses ambientes hipoxicos (Breitburg, 1992; Bell e Eggleston, 2005; Tyler
e Targett, 2007). Entretanto estas respostas podem desaparecer em situa¢fes mais
crénicas. Por exemplo, em condicao de hipoxia, o siri azul Callinectes sapidus tende a

apresentar inicialmente uma resposta comportamental aumentando a atividade



locomotora a fim de tentar fugir desta situagdo. Apos esse primeiro estimulo de fuga ele
se torna, com o passar do tempo de exposicdo, menos ativo, diminuindo a
movimentacdo cada vez mais. Quando exposto a hipoxia cronica esta espécie tenta
ainda se enterrar no sedimento para poder diminuir o metabolismo e diminuir o risco de

predacdo (Lowery e Tate, 1986; deFur et al., 1990).

Adicionalmente varias espécies possuem adaptacdes que os permitem utilizar
tanto o ambiente aquéatico quanto o terrestre, inclusive algumas sdo capazes de realizar
trocas gasosas nesse ambiente (deFur, 1988; Gray, 1957; Henry, 1994), sendo
considerados animais bimodais. Os crustaceos podem apresentar graus variados na
capacidade de utilizar o ambiente terrestre, desde animais inframareais que
normalmente ndo ficam expostos ao ar e possuem pouca ou nenhuma capacidade de
exposicdo, passando por animais considerados intermareais ou Ssemi-terrestre que
rotineiramente ficam exposto ao ar e consequentemente possuem capacidade se manter
minutos a varias horas expostos ao ar, até animais considerados supra-mareais ou
terrestres que passam a maior parte do seu ciclo de vida expostos ao ar (para revisao ver
Hartnoll, 1988). Véarios caranguejos semi-terrestres e terrestres para fazerem respiracao
aérea possuem uma superficie respiratdria “alternativa” conhecida como
branquiosteguito ou pulmao branquiostegal, localizada no epitélio da camara branquial,
que € capaz de capturar oxigénio do ar atmosférico (Fig. 3) (Diaz e Rodriguez, 1977). O
nivel de especializacdo e complexidade desse “pulmdo” depende da espécie. Em alguns
caranguejos da familia Grapsidea, Gecarcinidea, Potamonidea e Sundathelphusidea a
camara branquial possui um grande volume, permitindo uma area respiratéria maior
(Greenaway e Taylor, 1976; Diaz e Rodriguez, 1977; Taylor e Greenaway, 1979;
Maitland, 1990). Outras espécies como Ocypode spp, Brigus latro e

Pseudothelphusideos possuem um menor volume na camara branquial, entretanto,
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possuem uma superficie respiratéria muito mais elaborada com um nivel maior de
complexidade, permitindo assim uma maior eficiéncia de absor¢édo de oxigénio (Diaz e

Rodriguez, 1977; Innes et al., 1987; Al-Wassia et al., 1989; Taylor e Taylor, 1992).

A B

Figura 3. Esquema da parte dorsal (A) e lateral (B) do caranguejo Neohelice granulata. Areas
listradas indicam a localizacdo do epitélio respiratdrio especializado (branquiosteguito)
(Halperin et al. 2000).

Quando expostos ao ar, esses animais precisam enfrentar alguns problemas
como a falta de sustentacéo das branquias, podendo causar o colabamento das mesmas e
por consequéncia diminuicdo da superficie respiratoria. Além disso, a perda de agua e
acumulo de gas carbbnico (CO;) e aménia no fluido circulatério também séo
consequéncias da exposicdo ao ar. A fim de evitar o colabamento, as branquias dessas
espécies bimodais sdo normalmente reduzidas e mais grossas, sendo responsaveis
principalmente no transporte idnico e na excre¢do de nitrogénio. Alguns caranguejos
terrestres sdo tdo bem desenvolvidos no sentido de estruturacdo das brénquias que
devido a essas mudancas que permitem a respiracdo aerea ndo sdo capazes de
permanecer na dgua por longos periodos de tempo, pois ndo mais possuem uma taxa de
absorcéo de oxigénio satisfatoria na agua (Bliss, 1968; Cameron, 1981; Innes e Taylor,

1986; Greenaway et al., 1988; O’Mahoney e Full, 1989).

Espécies intermareias geralmente sdo expostas ao ar durante o periodo de maré
baixa, um exemplo dessas espécies sdo Eurytium albidigitum e Carcinus maenas, que

possuem brénquias espessas, porém nao suficientemente reforcadas para permanecerem
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funcionais quando expostas ao ar (Gray, 1957; Taylor e Butler, 1978; Compere et al.,
1989). E. albidigitum fica inativo quando emersos e reduzem drasticamente 0 consumo
de oxigénio (Taylor e Wheatly 1979, Burnett e McMahon, 1987), j& C. maenas
permanece ativo por curtos periodos de tempo durante emersdo e mantém as condi¢des
necessarias para o influxo de oxigénio na &gua da cdmara branquial através da reducdo
do oxigénio venoso e consequentemente uma diferenca da pressdo de oxigénio

transbranquial (deFur et al., 1988; Henry, 1994).

Uma das adaptacbes encontradas por alguns caranguejos que utilizam o
ambiente terrestre é o armazenamento de dgua na cdmara branquial e a recirculacdo de
agua pela carapaca. Essas espécies possuem a capacidade de reter um determinado

volume de agua na camara branquial quando se deslocam para ambiente terrestre.

Figura 4. Visdo ventral do caranguejo Neohelice granulata indicando o
processo de recirculacdo da agua. abertura exalante (a), sulco dorsal (b),
sulco ventral (c), sulco central (d), ptrigostoma (e), abertura Milne-
Edward’s (f), terceiro maxilipode (g) (Santos et al., 1987).

A agua contida na carapaca é expelida através da abertura exalante e vai circular sobre a
parte frontal e dorsal da carapaca, logo apos retornando para a cdmara branquial pela
abertura Milne-Edwards (Fig. 4). Esse processo ira permitir que a agua seja
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reoxigenada, provendo uma maior disponibilidade de oxigénio para o animal, o que
permite um aumento na sobrevivéncia de véarias espécies de caranguejos (Santos et al.,

1987).

Na cidade de Rio Grande no entorno da laguna Lagoa dos Patos encontram-se 70
Km? de marismas (Costa et al., 1997). Essas marismas sofrem variaces nos niveis de
OD ainda mais drasticas do que os canais estuarinos (D’Incao et al. 1992). Essa regido
serve como areas de alimentacdo, bercéario, reproducdo e moradia por diversos grupos
de animais como aves, pequenos roedores, répteis, peixes e crustaceos (Turner, 1976;
Mitsch e Gosselink, 1986; Day Jr et al., 1989; Panitz, 1992).

O caranguejo Neohelice granulata, (Dana, 1851), anteriormente conhecido como
Chasmagnathus granulata/granulatus (Sakai et al., 2006), € um crustaceo que habita
marismas e zonas estuarinas e ¢ amplamente distribuido ao longo da costa da América
do Sul pelo Atlantico (D’Incao et al., 1992). Individuos dessa espécie estdo presentes
em alta densidade nas zonas de supra e médio litoral e cavam buracos no sedimento
(D'Incao et al, 1990) onde os niveis de DO sdo ainda mais baixos (D’Incao et al 1992).
Por estarem constantemente expostos a hipdxia N. granulata torna-se um bom modelo
para o estudo de respostas a essas condicdes de hipoxia.

Quando exposto ao ar, o caranguejo N. granulata, por exemplo, inicia a
recirculacdo da agua da cAmara branquial sobre a carapaga que pode ser mantida por até
aproximadamente 5 horas, sendo que, o consumo de oxigénio durante a primeira meia
hora de exposicdo ndo apresenta diferencas significativas, porém diminui apds uma hora
(Santos et al., 1987). Quando retirada a agua da cadmara branquial durante a exposi¢do
ao ar N. granulata apresenta um aumento na acumulagéo de CO, (Halperin et al., 2000).
Segundo Schmitt e Santos (1993) o tempo médio de saida voluntaria ao ambiente aéreo

é normalmente entre 1 e 2 min e o tempo letal para 50% da populacdo (LTso) para essa
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espécie é de 39,4 horas (numa condicdo de 20°C e umidade relativa do ar 95-100%).
Logo ap6s a emersdo, N. granulata reduz a frequéncia respiratéria para
aproximadamente 64% da frequéncia de batimento dos escafognatitos num periodo de
15 minutos, e apo6s 4 horas a frequéncia cai para 49% (Luquet e Ansaldo, 1998).
Estudos realizados com N. granulata expostos a 8 horas de anoxia seguida de um curto
periodo de reoxigenacdo foi observado um aumento na lipoperoxidagdo somente no
periodo de reoxigenacdo nas branquias exteriores e posteriores (Oliveira et al. 2004).
Quando exposto a 4 e 10 horas de hipdxia N. granulata ndo apresenta aumento nos
niveis de LPO no musculo locomotor, porém quando submetidos a 30 minutos de
reoxigenacdo apresentam aumento nos niveis de LPO (Geihs et al., 2014). Geihs e
colaboradores (2013a) encontraram que 0 tempo necessario de recuperagdo apos 1 hora
de exposicdo a agua hipdxica é de 30 minutos, e quanto maior o tempo de exposicao a
hipoxia, maior é o tempo de recuperacdo, sendo necessario pelo menos 12 horas de
recuperacdo quando expostos por 10 horas de hipoxia. Além disso, ocorre um aumento
na concentracdo de ROS apds 4 e 10 horas de exposicdo seguido de 30 minutos de
reoxigenacdo (Geihs et al., 2014). Os estudos realizados com N. granulata até o
momento foram trabalhos feitos com os animais exclusivamente submerso em agua
hipoxica ou exposto ao ar, porém nada se sabe sobre as respostas apresentadas por esses
animais quando possuem livre acesso a ambos 0s ambientes, agua hipoxica e ar, e se
caso a utilizacdo do ambiente aéreo aumenta se isto acarreta em uma diminuigdo dos

danos causados pela hipoxia e reoxigenacao.
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4. Obijetivo geral

O objetivo desse trabalho é verificar se o caranguejo N. granulata utiliza o
ambiente aéreo quando exposto a hipdxia aquatica severa e se essa estratégia de
exposicdo ao ar € um mecanismo que aumenta a tolerancia e resisténcia a hipoxia e se

diminui os danos causados pelo ciclo de hipdxia e reoxigenacao.

4.1 Objetivos especificos

- Verificar se a tolerancia e resisténcia a hipoxia severa aumentam em caranguejos com
livre acesso ao ambiente aéreo em relacdo aos animais mantidos submersos em hipoxia

severa.

- Verificar se hd aumento na frequéncia e no tempo de exposi¢cdo ao ar em caranguejos

submetidos a hipoxia severa.

- Verificar se hd uma diminuicdo do nivel de peroxidacdo lipidica no masculo
locomotor de caranguejos com livre acesso ao ar em relacdo a animais mantidos

submersos ou expostos a hipdxia seguidos por periodo de recuperacao.
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Abstract

The behavior of air exposition during severe hypoxia by the semi-terrestrial crab
Neohelice granulata was investigated. In addition, this study also verified whether this
behavior helps mitigate possible oxidative damage, as lipoperoxidation, caused by
hypoxia and reoxygenation cycles. The lethal time for 50% of crabs submitted to
aquaria with severe hypoxia (0.5mg0O..L™) with free acess to the air was compared with
crab sumitted to severe hypoxia without acess to the air. For behavioural analysis the
crabs were exposed to an aquaria divided into three zones (water, intermediate, land) for
270 minutes and its time of permanency in each zone was verified. Damages of
lipidperoxidation (LPO) in the muscle of walking legs were verified in 4 different
experimental conditions (normoxic water with free access to air, hypoxic water without
access to air, Hypoxic water following normoxic water and hypoxic water with free
access to air).When exposed to hypoxic water N. granulata spend significantly more
time in the land zone, about 135 min, whereas control animals exposed to normoxic
water spent more time under water, about 187 min. By doing this N. granulata was able
to obtain 100% of survival rate when exposed to severe hypoxia. However, N.
granulata still needs to go back to water after periods of exposure to air (around 14
min) causing a sequence of small events of hypoxia/reoxygenation. But, despite
increasing the survival rate, the use of aerial zone when exposed to hypoxia does not
decrease lipidperoxidation damage caused by hypoxia and reoxygenation cycle suffered
by these animals.

Key-words: Aerial exposition, Crab, Hypoxia, Hypoxia/Reoxygenation,

Lipidperoxidation
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Introduction

Oxygen is essential for many organisms due to its importance in energy
production. The low energy production due to low oxygen availability may cause
alterations in ionic transport and protein synthesis (Richards, 2009), which can be
harmful for the cell interfering in its maintenance. Decrease of oxygen in an
environment may lead to serious consequences to the organisms, such as biochemical
damages, change in population distribution patterns, and death. In the aquatic
environment this challenge is bigger because water contains 33 times less oxygen than
air (Jones, 1972). The aquatic environment is also subject to greater variation in
dissolved oxygen (DO) (Randall et al., 2000), and the quantity of areas with low oxygen
concentrations has increased in the past years, especially in coastal and estuarines zone
(Diaz and Rosenberg,1995).

In order to survive in low oxygen concentration habitas, many animals possess a
number of morphological, physiological and behavioral adaptations. Some vertebrate
are good resistant to low oxygen concentration. There are several fish species that are
good resistants to low concentration of oxygen in the water, as example, cyprinid
species, such as Carassius auratus and Carassius carassiu (Lushchak et al., 2001),
sculpin species as Oligocottus maculosus, Oligocottus snyderi and Chaetopsylla
globicepts (Richards, 2011). In crustaceans, the range of lethal concentration is large,
but the crustacean group in general one of the less hypoxic tolerant groups when

compared to fishes and mollusks (Vaquer-Sunyer and Duarte, 2008).

The biochemical and physiological responses most common for fishes and
crustaceans facing hypoxic conditions are decrease in locomotor activity and cardiac
frequency, rise in levels of a respiratory pigment with higher affinity for oxygen,
activation of anaerobic metabolism and in more extreme cases, metabolic depression
(deFur, 1988; Miranda,1994; Martinez et al., 2006; Gilmour and Perry 2007; Richards
2009; Wells 2009). Besides energetic problems that may occur when animals are
exposed to hypoxia, the period of reoxygenation, can also be dangerous since in this
period the generation of reactive oxygen species (ROS) is higher (Halliwell and
Gutteridge, 1999). ROS are potentially dangerous if they interact with proteins,
carbohydrates, nucleic acids and lipids, present in different cellular structures (Ellis,
2007).
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The most common behavioral response of mobile animals in hypoxic conditions,
IS moving to more oxygenated areas in order to prevent or reduce damage caused by
these hypoxic environments (Breitburg, 1992; Bell and Eggleston, 2005; Tyler and
Targett, 2007). This behaviour is also seen in crustaceans, for example, the blue crab
Callinectes sapidus tend to initially increase activity to try to escape from hypoxia,
following which they decrease their activity becoming increasingly less active over
time. When exposed to chronic hypoxia these individuals try to bury themselves in the
sediment in order to decrease their metabolism and reduce the risk of predation (Lowery
and Tate, 1986; deFur et al., 1990). Another common behavior in some animals when
facing hypoxia is the air exposition. Nowadays, 450 fish species are know to have
ability to air breathing (Nelson, 2014). In similar way, certain species of crustaceans are
able to perform gas exchange in both, aquatic and terrestrial environments (deFur, 1988,
Gray 1957; Henry, 1994). This hability can be very usefull when this animals are
exposed to hypoxia, however this process may imposes cycles of hypoxia and
reoxygenation. These cycles may cause problems to these animals if they are too long.
In this sense, bimodal animals need to possess adaptations to face the challenges
presented not only by aerial environment, as desiccation, release of carbon dioxide
(CO,) and ammonia (NHs), but also by the cycle of hypoxia and reoxygenation, as ROS

generation.

The semi-terrestrial crab N. granulata, is a crustacean that inhabit salt marshes
and estuarine areas and is widely distributed along the Atlantic coast of South America
(D'Incao et al., 1992). Individuals of this species are present in areas that suffer daily
changes in DO and dig holes in the sediment (D'Incao et al, 1990) where DO levels are
even lower, can reaching complete anoxia (D'Incao et al 1992). The lethal concentration
of oxygen in the water for 50% of the population (LCso) is around 2.0 and 2.5 mgO,.L™,
and when exposed to severe aquatic hypoxia (0.5 mgO,.L™) the lethal time for 50% of
the population (LTsp) is 14 hours (Geihs et al., 2013). To deal with hypoxic conditions
N. granulata can also move to the aerial environment. According Schmitt and Santos
(1993), the volunteer exposition time to air under normoxic conditions is between 1 and
2 minutes. When exposed N. granulata begins recirculate water from the branquial
chamber over the carapace and can maintain for about 5 hours (Santos et al., 1987) but
the lethal time for 50% of the population (LTsp) is 39.4 hours of aerial exposition
(Schmitt and Santos 1993).
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The aquatic hypoxia followed by air exposition may induces cycles of hypoxia
and reoxigenation causing damages for the animals. Therefore, the aim of this work was
to verify if, despite the problems of air exposition, the crab Neohelice granulata uses
the aerial environment when exposed to hypoxia in order to increase the survival rates
and whether if this helps mitigate possible damage as LPO caused by hypoxia and

reoxygenation cycles.

Materials and Methods

Animal maintenance

Adult male crabs of Neohelice granulata were captured from salt marshes in Rio
Grande — Rio Grande do Sul, Brazil. They were kept in the aquatic holding facility at
Universidade Federal do Rio Grande - FURG, under controlled conditions. The crabs
were acclimated for at least 15 days before experiments. The animals were maintained
in tanks, with free access to air at 20°C, 20%o salinity, 12L:12D photoperiod, 6.5mg.L™
oxygen concentration and were fed ad libitum with ground beef three times a week until
the day of the experiment.

Mortality

The animals were divided into three groups of 10 animals each. The experiment
was repeated 3 times with different animals. In the control group, the individuals were
maintained in an aquaria divided in two environments, normoxic water (6.0 mg O,.L™)
and land, where the animals could move freely between these environments. In the
second group, hypoxia/air exposition the animals were also put in aquaria divided into
two environments, hypoxic water and land, again with the option of movement between
both environments (Fig. 1). In the third group, the animals were kept only under
hypoxic water (0.5 mg O,.L™). The mortality was verified every 2 hours for 96 hours.
For all groups, the animals entered in the experimental environment with the oxygen
concentration already reached in each condition.

The hypoxia was obtained by bubbling nitrogen gas into the aquaria until the
level of oxygen dropped to 0.5 mg O,.L™. The conditions of salinity, photoperiod and

temperature were the same as the acclimation period. The oxygen concentration in the
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aquaria was continuously monitored with a portable oximeter (DO- 5519, Lutron

Electronic Enterprise CO). The results are presented as accumulative percentage.

Behavior

In the behavior analysis, the animal movements were monitored continually in
three zones of aquaria: water, intermediate and land zone (Fig. 1). Animal position was
classified as water zone when the individuals were fully submersed, intermediate zone
when the animals were half in and half out of water and in the land zone when they
were completely out of the water. The crab movements were recorded (Sony DCR-
SR68) for 270 minutes in two different conditions. For the control group the animals
were submitted to a normoxic water (6.0 mg O,.L™") with possibility of free exposition
to air, and in the hypoxia/air exposition group the animals were submitted to hypoxic
water (0.5 mg O,.L™), also with possibility of free exposition to air. For all groups, the
animals entered in the experimental environment with the oxygen concentration already
reached in each condition.

The experiment was conducted with 5 animals per aquaria and each trial was
triplicated. The experiments were filmed and the movies were analyzed using two types

of variables; total time spent in each zone and time spent in each zone for entrance.

Lipid peroxidation (LPO)

For the LPO analyses the animals were divided into 4 groups. In the control
group, the crabs were maintained in an aquaria divided in two environments, normoxic
(6 mg O,.L™") water and land, with the animals having the option to move freely
between these environments. In the second, hypoxia group, the animals were kept only
under hypoxic water (0.5 mg O,.L™). In the third, hypoxia/reoxygenation group, the
animals were kept for 4 hours under hypoxic water (0.5 mg O,.L™) and after this period
they were transferred to normoxic water conditions (6 mg O,.L™) for 30 minutes. In the
hypoxia/air exposition, the animals were also put in an aquaria divided into two
environments, hypoxic water (0.5 mg O,.L™") and land, again with the option of
movement between both environments. For all groups, the animals entered in the
experimental environment with the oxygen concentration already reached in each
condition.

After the exposure, muscle samples were collect from the second pair of
pereiopods of each animal. The muscles were frozen (-80°C).
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A modified FOX assay was used (Hermes-Lima et al., 1995; Monserrat et al.,
2003) for LPO determination. The assay quantifies lipid hydroperoxides, one of the
main products of lipoperoxidation. The muscles were weighed, homogenized in cold
methanol (4°C) and centrifuged for 10 min, in 4°C at 1,000xg and the supernatant was
used in the analysis. FeSO4 (1mM), H,SO,4 (0.25M), xylenol orange (ImM), MilliQ
water were added and the samples were incubated for 375 min. The absorbance was
read at 550nm (Victor 2, Perkin-Elmer, Waltham, MA, USA). After cumene
hydroperoxide (CHP) was added, another reading was performed. LPO was expressed

in nmoles of CHP.g™ of wet tissue.

Statistical analysis

All data is presented as means = standard error. Mortality data is presented as
LTso estimated by a nonlinear sigmoid regression equation. Normality and
homoscedasticity were checked and when necessary transformed to fulfill the
assumptions for parametric analysis. A factorial analysis of variance (ANOVA) was
performed for behavior and one-way ANOVA was performed for LPO. Both followed

by Newman-Keuls posthoc test.

Results

In the survival analysis, the control and hypoxia/air exposition groups had no
mortality (Fig. 2). However, the animals kept submersed in hypoxic water remained
alive for a maximum of 600 minutes (10 hours) before starting to die, after that the
death rate began to increase. The lethal time for 50% of the population (LTs) was 1668
minutes (27.8 hours) with an upper limit of 1788 minutes (29.8 hours) (95% confidence
interval). In the submersed group 100% of mortality was verified in 2040minutes (34
hours) (Fig. 2).

Control groups spent significantly (p<0.05) more time under water (187.4 + 20.2
min; corresponding 70% of the time) than on land (63.0 + 19.3 min; approximately 23%
the time) and in the intermediate zone (19.6 + 4.5min; about 7% the time). In contrast,
when animals were submitted to hypoxic water with the possibility to move to a
normoxic air environment (hypoxia/air exposition), they spent substantially (p<0.05)
more time in the land zone (135.3 + 17.7 min), which corresponding 50% of the total

time. The second most used zone for these animals was the intermediate zone (87.7
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16.7 min), spending 33% of the time in this zone. They spent only 17% of the time
under water (46.9 = 8.5 min), this zone being less used (Fig. 3).

Analysis of time spent in each zone per entry, shows a pattern quite similar to
total time analysis. Control animals spent a longer time in water each time that they
entered in this environment, with an average of 20.9 + 9.6 min and upper limits of 41.9
min (95% confidence interval). After this period, the animals usually went to another
environment spending on average 1.3 £ 0.3 min in the intermediate zone and 3.9 = 2.2
min on land. In the hypoxia/air exposition group the animals spent a longer time on land
(13.9 + 3.9 min with an upper limit of 22.4 min (95% confidence interval), after which
they searched for contact with water primarily in intermediate zone (4.6 + 0.6 in this
zone with upper limit of 6 minutes) and a minimum time (1.9 £ 0.3 min with upper limit

of 2.5 minutes) in the water zone (Fig. 4).

In the LPO analysis, the control (1245.8 + 249.9 nmolCHP.g™) and hypoxia
(1238.9 + 123.9 nmolCHP.g™) groups exhibit a significant (p<0.05) difference on LPO
levels from Hypoxia/Reoxigenation (2164.1 + 297.6 nmolCHP.g™) and hypoxia/air
exposition groups (2265.6 + 355.3 nmolCHP.g™) (Fig. 5). The hypoxia/air exposition
and Hypoxia/Reoxigenation groups presented a higher level of LPO damages than the
other groups, indicating that air exposition does not prevent damages caused by hypoxic

water.

Discussion

It is already known that hypoxic areas have been growing all over the world and
the decrease of oxygen can affect in many ways several animal species. Estuarine
environments are examples of environments that are exposed to constant fluctuations in
oxygen availability. Several crab species live in these place and are exposed to hypoxia.
But despite living in this environment with low DO, crustaceans are not very tolerant to
this conditions (Vaquer-Sunyer and Duarte, 2008). One of the species that live in
estuarine environments and are always exposed to hypoxia is the crab N. granulata. For
this specie the oxygen LCs is around 2.0 and 2.5 mgO,.L™ (Geihs et al., 2013). One of
the strategy found for some coastal species to deal with hypoxic conditions may be the

air exposition.
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When obligatory exposed to air, N. granulata start to die after aproximatly 17
hours and presented LTso of 39.5hours (Schmitt and Santos, 1993). Control animals
exposed to normoxic water and air suffered no mortality, whereas the hypoxia/submerse
group with similar data to those found by Geihs et al. (2013). However, when the
animals were exposed to hypoxic water with free access to land zone (hypoxia/air
exposition) there were no mortalities. This may indicate that despite the animals do not
survive when exposed obligatorily to air or hypoxic water, the survival rates increases
when they have free access to both environments. When animals were exposed to
hypoxic water with the possibility of moving to an environment with normoxic air, they
used this chance to spend a short time under hypoxic conditions. It seems that N.
granulate use the strategy of air exposition when submitted to hypoxia and by doing
this they are capable to raise their survival to 100% in comparison with animals that

were kept under hypoxic water.

N. granulata spent substantially more time in the land zone to avoid hypoxic
water conditions. But animals from this species are not completely prepared to occupy
this environment. They have features as thin diffusion barrier (Halperin, 2000) and
relatively high gill area (Santos et al., 1987) that difficult aerial exposition. For this
reason N. granulata carry water inside the branquial chamber when exposed to air and
by doing this they are able to perform aquatic gas exchange either under water or
exposed to air. In order to reoxygenate the water from the branquial chamber N.
granulata has the capacity to recirculate the water over the carapace. The animals start
this process as soon as they are exposed to air, and can maintain this circulation for
about 5 hours (Santos et al., 1987). The water stored inside the branquial chamber is the
first but not the only source of oxygen from this species. The crab N. granulata is
known as a bimodal crab with the ability to breath in both, aquatic and aerial
environment. The aerial gas exchange is performed through an "alternative" respiratory
surface known as branchiostegal lung. This surface is localized in the epithelium of the
gill chamber and is capable of capturing oxygen from atmospheric air (Halperin et al.,
2000).

In previous study was found that the volunteer time of exposure to air for N.
granulata is around 1.9 minutes under normoxic conditions (Schimdt and Santos,
1993), close to the time found in this work of 3.9 min in the control group. In both

studies animals spent more time submersed. Under hypoxic water conditions the pattern
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of displacement is the opposite than that reported in normoxic conditions. The animals
spent a longer time exposed to air, around 14 minutes, but with frequent excursions to
intermediate or water zones. In the return to the water N. granulata seems to have a
preference for the intermediate zone instead of being fully submerged in hypoxic water.
One possibility for this zone preference might be due to the proximity of this zone to the
aerial environment, since there is a tendency to be closer to the surface where the
availability of oxygen is higher. This behavior is already related for other animals, for
example, some fishes, as sculpin species, when exposed to hypoxic water also present a
behavioral response of aquatic surface respiration and aerial emergence (Richards,
2011). The crab Carcinus maenas also it exposes to air straightening their walking legs
and raising their body out of water and bubbling (Taylor et al. 1973). Another
possibility for intermediate zone preference is that in this zone the animals can release
CO, and ammonia and keep recirculating water over the carapace. The accumulation of
CO;, during air exposition is reported not only for N. granulata (Luquet et al., 1998) but
also for other crustaceans (Innes and Taylor, 1986; Burnett and McMahon, 1987; deFur
etal., 1988).

The changes of zone, from hypoxic water to aerial environment may be exposing
the animals to hypoxia cycles. Despite the strategies that N. granulata present to aerial
exposure there are still damages caused by the cycle of hypoxia reoxygenation. LPO
damage occurs mainly in the reoxygenation period. Previous studies demonstrate that
during 1, 4 and 10 hours of hypoxia there was no LPO damage, but after 30 minutes of
reoxygenation in normoxic water there was an increase in LPO levels, and these levels
only returned to normal after 2 hours of reoxygenation (Geihs et al., 2014). In the
present work there was no LPO increase for control and hypoxia groups but there was
an increase in LPO for the hypoxia/air exposition group that was similar to the increase
presented for hypoxia/reoxygenation group. This similarity indicates that despite the
free access to both environments, hypoxia/air exposition group still suffers oxidative
stress, generating ROS from hypoxia and reoxygenation. The return from land to water
probably acts like a series of small events of hypoxia and reoxygenation having the
same effect of a bigger event. In this case, reoxygenation caused by air exposition is not
enough efficient for N. granulata to fully recover from damage caused by hypoxic
water. Previous works found that when exposed for 1 hour to severe hypoxia, N.

granulata need at least 30 minutes under normoxic conditions to recover from the
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hypoxic time. When the hypoxia time is 4 hours the recovering time under normoxic
conditions is about 6 hours and after 10 hours of exposition to severe hypoxia the
necessary time for recovering is 12 hours (Geihs et al., 2013). Apparently the time spent
in land zone is not enough to fully recovering of N. granulata from hypoxic water. In
this study was found that under hypoxic conditions N. granulata spend around 14
minutes in land zone with air contatct but after this time they need water contact,
spending approximately 5 minutes in intermediate zone or around 2 minutes under
hypoxic water leading the animal to repeated cycles of hypoxia and reoxigenation. An
hypoxia period followed by a reoxygenation period is already know for causing LPO
damages to some animal species, one example is a disease known as sleep apnea that
affect humans. People with sleep apnea suffer cycles of hypoxia and reoxygenation
cycles during sleep period and recent studies have found that apnea may cause lipid
peroxidation (Adedayo, 2012).

Besides LPO damages, the cycles of hypoxia and reoxygenation may interfere in
animal life in different ways. In fishes it can raise competition, reduces prey abundance
and changes in benthic invertebrate assemblages what can interfere in growth rates (Eby
and Crowder, 2002; Diaz and Rosenberg, 1995). Cyclic and constant hypoxia also
interfere in growth rates of larval Palaemonetes vulgaris (Coiro, et al.2000). Cyclic
hypoxia exposition may also decrease the number of broods that a female of
Palaemonetes pugio is capable to produce (Brown-Peterson et al. 2008). In addition, the
crab Thalamita danae when exposed to hypoxia cycles alter they feeding pattern (Shin
et al., 2005). In normoxic conditions, T. danae do not have preference for the size of the
prey, but under cyclic hypoxia they select the food, preferring medium mussels than

small or large ones.

Apparently the pattern of use of the land is discontinuous intercalated with
periods of contact with the water. This entrance and exit of water probably feature small
cycles of hypoxia and reaoxigenation and when it comes of LPO damages these small
cycles act like a big event of hypoxia and reoxygenation increasing LPO damages, but
not enough to kill the animal. When facing severe hypoxia N. granulata increases the
utilization rate of land and by doing this they increase the survival rate in 100%.
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Captions to Figures

Figure 1. Aquaria scheme where frequency of air exposure analysis occurred. The land
zone was considered when the animal was completely exposed to air with no contact
with water; intermediate zone was considered when the animal cephalothorax was in
contact with both water and land zones; and water zone was considered when the animal
was fully submersed.

Figure 2. Neohelice granulata mortality rate when exposed to different conditions.
Asterisk — crabs exposed to normoxic water (6.0 mg O,.L™") with free access to air
(normoxia/air exposition). Circle — crabs kept submerse under hypoxic water (0.5 mg
0,.L™) (hypoxia/submerse). Triangle — crabs exposed to hypoxic water (0.5 mg O,.L™)
with free access to normoxic air (hypoxia/air exposition). Only hypoxia/submerse group
presented mortality. Data presented as mean + standard error of three experiments with
10 animals each.

Figure 3. Total time of Neohelice granulata permanency in each zone during 4h30 of
exposition. The data were presented as mean + standard error (n=5) in triplicate. White
columns represent control animals exposed to normoxic water (6.0 mg O,.L™) with free
access to air. Gray columns represent animals submitted to hypoxic water (0.5 mg O,.L
1) with free access to air. Different letters represents significant differences (p<0.05)
between the groups.

Figure 4. Permanency time per entrance of Neohelice granulata in each zone. The data
were presented as mean * standard error (n=5) in triplicate. White columns represent
control animals exposed to normoxic water (6.0 mg O,.L™) with free access to air. Gray
columns represent animals submitted to hypoxic water (0.5 mg O,.L™) with free access
to air. Different letters represents significant differences (p<0.05) between the groups.

Figure 5. Lipid peroxidation levels in the crab Neohelice granulate muscle. In control
group the animals were maintained in normoxic water (6.0 mg O,.L™) with free access
to air. In hypoxia group they were kept only submersed into hypoxic water (0.5 mg
0,.L™). Hypoxia/Reoxygenation animals were kept submersed for 4 hours into hypoxic
water (0.5 mg O,.L™) and after submitted to 30 minutes of reoxygenation in normoxic
conditions (6.0 mg O,.L™). In the group Hypoxia/Air exposition, the animals were
maintained in a aquaria with hypoxic water (0.5 mg O,.L™) with free access to air.
Different letters represents significant differences (p<0.05) between the groups.
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6. Discussdo Geral e Perspectivas

Estuarios sdo regides que abrigam uma grande variedade de espécies e sofrem
com constantes variacdes na disponibilidade de oxigénio no meio. Entre as espécies que
habitam regiGes estuarinas podemos citar 0s crustaceos, que apesar de estarem
constantemente expostos a essas regides ndo sao, em geral, muito tolerantes a condic¢oes
hipoxicas (Vaquer-Sunyer e Duarte, 2008). Uma das estratégias utilizadas para algumas
espécies costeiras para lidar com condigdes hipdxicas pode ser a exposi¢do ao ambiente
aéreo. Quando o caranguejo semi-terrestre Neohelice granulata foi mantido submerso
em hipdxia severa (0,5mlO,/L), apresentou 100 % de mortalidade em 36 horas, dados
estes similares aos encontrados por Geihs e colaboradores (2013a) para esta mesma
espécie. Entretanto quando mantido em hipoxia severa, mas com livre acesso a terra nao
houve mortalidade. Quando analisado a utilizagcdo dos ambiente pelos animais, pudemos
constatar que quando exposto a condicdo normoxica, N. granulata passa
significativamente mais tempo na agua (~188 minutos), enquanto que quando exposto a
hipdxia severa passam um tempo maior na terra a fim, provavelmente, de evitar as
condi¢des hipdxicas. Porém, apesar de animais expostos a hipoxia severa passarem
maior parte do tempo de exposicdo na terra, apos, em média 14 minutos de exposicao,
eles retornam ao ambiente intermediario ou aquatico, provavelmente para ter acesso a
agua. Esse processo de exposicdo ao ar intercalado com a utilizacdo do ambiente

aquatico pode caracterizar diversos eventos de hipoxia e reoxigenagao.

Apesar das estratégias que N. granulata apresenta de exposicdo aérea para
aumentar a sobrevivéncia, danos ainda ocorrem. No presente estudo os grupos controle
e hipdxia ndo apresentaram aumento na LPO, mas os grupos hipoxia/exposic¢éo ao ar e
hipoxia/reoxigenacdo apresentaram um aumento significativo nos niveis de danos

lipidicos. Esse aumento nos dois grupos pode indicar que apesar do livre acesso a
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ambos os ambientes (agua hipoxica e ar) esse grupo ainda sofre com estresse oxidativo,
gerando ROS possivelmente devido a constante movimentagéo entre a 4gua hipoxica e o
ambiente aéreo, acarretando ciclos de hipoxia e reoxigenacdo. Esses ciclos de entrada e
saida da agua hipoxica podem agir como uma serie de pequenos eventos de hipdxia e
reoxigenacdo acumulados, apresentando provavelmente o mesmo efeito de um Unico
evento de maior intensidade de hipoxia. Aparentemente 0 tempo exposto ao ar no
ambiente terrestre ndo é suficiente para total recuperacdo de N. granulata quando

submetido a hipdxia.

Aparentemente quando expostos ao ar, N. granulata utiliza mais o ambiente
terrestre, porém, intercalando os periodos em terra com répidas incursdes a dgua ou ao
ambiente intermediario. E apesar desse padrdo de utilizagdo aumentar a sobrevivéncia
dos animais quando expostos a agua hipoxica ele ndo diminui os danos de

lipoperoxidagdo causados por essa exposicao.

A partir dessa conclusdo uma série de novas questdes surgem. Primeiramente,
levando em consideracdo o aumento dos niveis de LPO apresentado por N. granulata,
frente a condicBes de hipdxia com livre acesso ao ar, seria interessante verificar se o
dano gerado é em decorréncia de um aumento da geracdo de ROS. Outra questdo é se
quando submetido a essas condi¢cBes N. granulata ativa o metabolismo anaerdbio
mesmo com possibilidade de exposicdo ao ar. Ainda relacionado a danos, seria
interessante verificar se 0s danos oxidativos persistem com o passar do tempo ou se
diminuem. O presente estudo foi realizado com a diminuicdo dréstica da concentracdo
de oxigénio na agua. Neste sentido, seria interessante mais estudos com outras formas
de exposi¢do como uma diminuicdo mais gradual dos niveis de oxigénio ou até uma
pré-exposicao a niveis mais brandos antes de uma exposicao severa, a fim de avaliar se

os danos diminuem.
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