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"Le seulfait de river est deja important.
Je vous souhaite des rives a n 'en plus finir
Et I'envie furieuse d'en realiser quelques-uns.
Je vous souhaite d'aimer ce qu 'ilfaut aimer
Et d'oublier ce qu 'ilfaut oublier.
Je vous souhaite des passions^
Je vous souhaite des silences
Je vous souhaite des chants d'oiseaux au reveil
Et des rires d'enfants.
Je vous souhaite de resister a I'enlisement, a 1'indifference,
Aux vertus negatives de notre epoque.
Je vous souhaite surtout d'itre vous."

Jacques Brel (1929-1978)
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BIOMARKERS RELEVANT TO OIL AND GAS INDUSTRIAL ACTIVITIES IN
LOW TEMPERATURE MARINE ECOSYSTEMS
By
Lionel Andre Yves CAMUS

ABSTRACT
Because of its geographical location, the Arctic environment is considered as pristine.
However, expanding industrial activities in the Arctic require assessment of the toxicity
of chemicals at low temperature. Biomarkers defined as "biological responses to a
chemical or chemicals that give a measure of exposure or toxic effect" were shown to
be relevant to measure in situ impact of oil discharges. Most biomarker studies have
been performed with temperate organisms. The Arctic is characterised by low stable
temperature, strong seasonality in light, resulting in a short primary production in
Spring. Therefore, indigenous organisms have developed specific adaptations to live
with a hmited food supply in water near freezing point. Conversely, physical properties
of petroleum hydrocarbons are affected by low temperature (i.e. reduced solubility).
Consequently, the biological adaptation of cold-water organisms together with the
altered oil behaviour, may affect typical biomarker responses. Because oil compounds
are strongly prooxidant, the research strategy of this work was based on oxidative stress.
The antioxidant defences

were investigated by measuring the total oxyradical

scavenging capacity (TOSC). The impact of reactive oxygen species was investigated
by measuring the stability of the cell membranes. Finally, the physiology of the
organisms was considered by looking at heart and respiration rates. Invertebrates were
selected for study owing to their abundance in the polar ecosystem. They were sampled
using dredges and Scuba diving from the research vessel Jan Mayen (University of
Tromso) in May and August 1999, and during May and September 2000 in the l^ords of
Svalbard and in Antarctica as well in January 2000. In the Arctic, two bivalves, Mya
tnincata

and

Chlamys

islandicus,

and

two

crustaceans,

Hyas

araneus and

Sclerocrangon boreas were selected. In this work, the ecophysiology of Arctic and
Antarctic marine invertebrates was investigated and compared to temperate organisms.
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Polar marine invertebrates are characterised by low respiration and heart rates and a
high TOSC. The elevated level of antioxidant defences is thought to reflect the
oxidative pressure of the polar marine ecosystem; however, it suggested that a high
TOSC may help to protect biomolecules from oxidative damage as repair mechanisms
are limited due to the lack of food for 9 months. Organisms were exposed to poly
aromatic hydrocarbons either dissolved, dispersed injected or via sediment. TOSC, cell
membrane stabiHty and heart rate were valid biomarkers to monitor the impact of poly
aromatic hydrocarbons in Arctic marine organisms. The biomarker responses obtained
in this study provide essential background information for monitoring the potential
impact of oil and gas activities in the Arctic.
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Chapter 1

The Arctic: environmental issues

"Men go out into the void of spaces of the worldfor various reasons. Some are actuated
simply by a love of adventure, some have the keen thirst for scientific knowledge, and
others again are drawn away from the trodden paths by the "lure of little voices, " the
mysterious fascination of the unknown. I think that in my own case it was a combination
of these factors that determined me to try my fortune once again in the frozen south. "
Sir Ernest H. Sliackleton, English polar explorer (1874-1922).

^'
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1.1. The Arctic
The word 'Arctic' has its origin in Greek, where Arktos means bear (Robert 1993). The
Arctic region derives its name from the stellar constellation Ursa major, the Great Bear,
in general, the Arctic is the area lying north of the Arctic Circle (66'' 32' N) where the
midnight sun occurs. Other definitions have been proposed. For example, the Arctic
Monitoring Assessment Programme (AMAP) (1998) defined the Arctic as (Figure 1): i)
climatically, the Arctic is the area north of the 10°C July isotherm; ii) on terrestrial
aspects, the treeline boundary is also accepted as a definition; and iii) a marine
boundary defined by the polar front, formed when the water of the Arctic Ocean, cool
and dilute from melting ice, meets warmer, saltier water from the Southern Oceans. This
boundary, however, moves according to the seasons, and does not take into
consideration the fjords of the west coast of Svalbard though they are truly Arctic
ecosystems. A M A P defined the Arctic on a more social, cultural and political basis (red
line on Figure 1) to include people of the North.

Figure 1.
Boundaries of the Arctic ( A M A P 1997).
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1.2. The Arctic Ocean
The Arctic Ocean system is an isolated sea surrounded by landmasses that leave only
two outlets to other Oceans, the Bering Strait to the Pacific and Fram Strait to the
Atlantic (Figure 1). The Arctic Basin is surrounded by extensive shallow shelves such
that the deep water of the central basin is cut off from the other Oceans. The circulation
pattern consists of two major anticyclonic currents, the Beaufort gyre over the Canadian
Basin and a transport current across the Eurasian part of the basin that exists through the
Fram Strait. The landmasses surrounding the Arctic Ocean have several large rivers
whose discharges lead to the development of a low saline, stratified surface layer. The
Arctic Ocean pack ice is a persistent multiyear system that is harder and thicker than
that of the Antarctic. Antarctic pack ice is usually seasonal and only a year old or
younger. The whole central Arctic Ocean is permanently covered by ice.

1.3. The Arctic environmental issues
The Arctic is generally considered to be one of the last pristine regions on Earth. It is
populated by indigenous people in relatively small numbers. The commercial fisheries
are scarce due to ice presence and weather conditions. The industrial activity is limited
compared to temperate regions although the Russian Arctic (Kola Peninsula, Pechora
and Oh/Yenisey river basins, Murmansk) is industrialised. In spite of these relatively
minor human activities in the Arctic region, growing evidence indicates the presence of
anthropogenic contaminants that are not produced in the Arctic such as persistent
organic pollutants (i.e poly chloro biphenyl) ( A M A P 1998). This presence indicates that
there has been long-distance atmospheric or oceanic transport of anthropogenic
contaminants from mid and low-latitude sources where most of industriahsed countries
are located to the Arctic (Bard 1999).

1.3.1. A t m o s p h e r i c t r a n s p o r t o f c o n t a m i n a n t s

Volatile contaminants from mid-and low-latitudes reach the Arctic through a process
known as "global distillation" (Goldberg 1975). Contaminants evaporate from soils in
warm regions and become available for atmospheric transport to the pole where they
condense out in the colder air. The adsorption of high molecular weight organic vapors
to atmospheric particulate matter is enhanced by low temperatures. As the coldest
Northern region area is a small proportion of tiie Earth's surface, these contaminants can
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concentrate to surprisingly high levels in the Arctic. Pollution of the Arctic air is most
pronounced during the coldest months of the year from December-April. Due to low
temperature, low solar radiation and low precipitation, scavenging processes are
inefficient and pollutants persist. Another process aiding atmospheric transport of
contaminants in the Arctic is Haze (Shaw 1995). This phenomenon is explained by the
accumulation of volatile chemicals, notably sulfur dioxide, in the Arctic atmosphere
during winter when photochemical oxidation cannot occur. When the sun returns in the
early spring, there is a high concentration of sulfur dioxide in the air ready to be
converted into sulfate aerosols that will deposit in the Arctic in high amounts (Figure 2).

Figure 2.
The position of the Arctic front influences contaminant transport in the
atmosphere. The figure shows the mean position of Arctic air mass in January
and July and the winter and summer frequencies of frequencies of winds driving
the major south-to-north transport routes. From A M A P (1998).

1.3.2. O c e a n i c t r a n s p o r t o f c o n t a m i n a n t s

The Arctic Ocean is surrounded by land masses and receives a large input of freshwater
from rivers that contribute to the input of pollutants (Yunker et al. 1996). Contaminants
are also transported into the Arctic Ocean via narrow passageways: sea water enters the
Arctic Ocean predominantly from the North Atlantic via the Barents Sea and the Fram
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Strait with a smaller contibution from the North Pacific via the Bering Strait (Schlosser
etal. 1995) (Figure 3).

_0

Patifi^water

Transpolar Drift

Beaufort Gyre

Precipitation

0 04*

Figures are estimated in- or outflows in Swerdrups (million
Atlanticwater + lnterrnediate
layer, 200-1700 m

_

per second).

surfacewater circulation

Pacific water, 50-200 m

River inflow
AMAP

Figure 3.
The transport of water with the main ocean current systems in the Arctic. From
A M A P (1998).
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1.3.3. O i l a n d g a s i n d u s t r i e s
Oil and gas development in the Arctic

On a more local scale, there is a growing environmental concern over the possibility of
oil exploitation in the Arctic marine ecosystem. Indeed, the increasing need for energy
for the development of our modem industrialised society has already led to the
exploration of new areas and to the exploitation of oil and gas resources located on the
Arctic continental shelf (Figure 4). With the growing activities of oil and gas industries,
there is an increasing risk of oil discharge in the marine environment via chronic
production water discharge or through accidents such as oil spill. Activities related to
this oil exploitation such as shipping for oil transport (tanker ship, pipeline) will also

OiMlgHtiMMM

cm

0"^

Figure 4
Major areas of oil and gas activities in the A M A P region ( A M A P 1998).

•

25

•

Biomarkers in the Arctic

increase.

Sources of poly aromatic hydrocarbons

Crude oil contains poly aromatic hydrocarbons (PAH). PAHs are ubiquitous in the
environment and, although they are naturally produced, a large number of human
activities contribute to the release and increase of these substances in every biosphere
compartment. Sources of P A H input to the ocean include: 1) incomplete combustion of
fossil fuels; 2) forest and grass fires; 3) industrial effluents; 4) sewage effluents; 5)
river-borne matrial from interior areas; 6) oil tanker operation routine and accidents; 7)
waste barges; 8) offshore oil production routine and accidents; 9) natural oil seeps; and
10) diagenesis of organic matter in sediments (Farrington 1991). Once in the
environment, the

PAHs undergo

a biogeochemical cycle which is not well

characterized. Numerous parameters influence the fate of P A H in the environment,
including temperature, salinity, photooxidation, and biological interaction with biota.
Because of the carcinogenic and mutagenic properties of P A H (Neff 1979) for marine
biota and humans, the main objective of this thesis was to focus on petrogenic P A H . A l l
of the 20-30 proven P A H carcinogens are in the high molecular weight P A H group. On
the other hand, the low molecular weight PAHs have significant acute toxicity.
Petrogenic PAHs are formed through a slow transformation of organic matter under
pressure. Petrogenic mixtures consist mainly of smaller molecules with two and three
rings molecules (Neff 1979). They are released chronically in the ocean via waste water
during the oil offshore production processes. Current regulation set by the Paris-Oslo
commission stated that the oil content of produced water should not exceed 40 mg 1"' at
the discharge point (Syvertsen 1996). This input contributes largely to the presence of
oil in the water column, mainly in the dispersed form and, to a less extent, in the
dissolved and adsorbed states. Other input is mediated through accidents such as oil
spills and can lead to heavy sediment contamination when the spill arrives on the shore.

Oil in cold water
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Low temperature reduces the solubiHty of oil compounds. Therefore, they will tend to
adsorb onto particulate matter and stay in the sediment. As a resuh, the bioavailability
of oil at low temperature can be relatively reduced (Payne et al. 1991, Sydnes 1991).
Nevertheless, the presence of ice in the Arctic Ocean results in unique interactions in
the oil-water-ice system particularly when combined with the marked seasonal pattern
in light and ice formation (Sydnes 1991) (Figure 5). When oil is trapped in the ice it can
undergo a long transport in the Arctic Ocean. When ice melts, it will release the

AIR

Stcirertotior
: seen. :n "d

WATER

Figure 5.
The behaviour of oil in ice-covered area (Sydnes 1991).
contaminants far way from their source of origin; most of the release will occur in the
Beaufort Strait where the ice of the Arctic Ocean melts, thereby, concentrating the
contaminants in one place. Fauna richness and production are important at the ice edge,
and are unique features of the Arctic ecosystem. Intense blooms occur when the ice
melts and retrieves and then attract fish, seals, whales and polar bear. As the
contaminants trapped in the ice are released when the ice melts, the whole Arctic food
chain is exposed to this pollution and will be threatened. The long illuminated summer
coupled to an increased U V - B irradiance level may contribute to the photochemical
degradation of P A H molecules, but it will also activate them rendering them more toxic
(Sydnes 1991).
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1.3.5. E n v i r o n m e n t a l i s s u e s a n d h u m a n h e a l t h

The Arctic region is populated with indigenous people that still rely on natural resources
(whales, seals, walrus) for nutrition; therefore, human exposure to pollutants through the
diet is of central concern in the Arctic (Figure 6). Many pollutants (POPs, heavy metals,
PAHs) are biomagnified through Arctic food chains. Indigenous people of the Arctic
still feed on natural resources which include animals located at the top of the food chain
(seals, whales, walrus). Therefore, they are likely to be more exposed to relatively
higher concentrations of pollutants than populations elsewhere in the world (Dewailly et
al. 1996) and also because of their high fat body content. High levels of contaminants
have been detected in local populations, notably PCBs in women breast milk (Dewailly

Figure 6
People of the North relie heavily on local sea resources for food, shelter, clothing and
materials. Grey-whale and walrus hunting, Chukotka, Russia ( A M A P 1998).
et al. 1992). While human exposures in the Arctic can be moderately reduced with some
dietary modifications (provided these are culturally, socially and nutritionally suitable),
some techniques are required to give early warning signals of food contamination.

1.4. Monitoring contaminant levels and effects in the Arctic
Facing the need for a global environmental approach to the management of the Arctic,
eight countries (Canada, Denmark, Finland, Iceland, Norway, Sweden, The former
USSR and the United States) signed the Declaration on the Protection of the Arctic
Environment in Rovaniemi (Finland) on 14 June 1991. This document expressed
particular concern for the effects of chemical pollution, including the effects of heavy
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metals and for the assessment of potential impacts of development activities. A t that
time, the chairman of the International Arctic Science Committee (Dr. Fred Roots)
indicated that much information necessary for the protection of Arctic regions was
unknown, in particular their sensitivity to change. The Arctic Monitoring and
Assessment programme (AMAP) was then launched to examine the levels and effects of
anthropogenic pollutants.
The levels of the 5 major pollutant groups (persistent organic pollutants, heavy metals,
radioactivity, acidifying gases and poly aromatic hydrocarbons) have been well
documented through this Arctic Monitoring Assessment Programme (1998). A l l were
detected and, for the first four groups, are of major concern as the observed
concentration, in the biota were high and appeared to be a potential threat to the
indigenous species. The measurements of polycyclic aromatic hydrocarbons in
sediments of the Barents Sea and the Svalbard West Coast indicated that naphthalenes
were detected in Isfjorden were due to the presence of coal mining in Svalbard (notably
in Is^orden) but levels were not of environmental concern (Stange and Klungs0yr
1997).
A M A P was unable to achieve a good understanding of the impact of the measured
chemical levels on the Arctic biota because of a lack of knowledge about the biological
effects of pollutants on the Arctic fauna. Warning signals of severely affected animals
were measured in sea mammals (i.e. polar bears, seals or beluga) and birds (falcon)
stressing the urgent need to focus on ecotoxicological studies. Few studies of the effects
of pollution on Arctic marine ectotherms have been performed. Toxicity tests have been
conducted to look at the effects of crude oil on some marine fauna (Percy 1976, Percy
1977, Aarset and Zachariassen 1983, Humphrey et al. 1987, Mageau et al. 1987, Riebel
and Percy 1990, Aunaas et al. 1991). Studies of the toxicity of heavy metals to Arctic
amphipods (Chapman and McPherson 1993) revealed that these organisms were
surprisingly insensitive to metals (Chapman 1993). Some biomarker studies of Arctic
fishes have been pubhshed (Christiansen and George 1995, George et al. 1995,
Christiansen et al 1996, Wolkers et al 1996, Wolkers et al 1998, Jorgensen and
Wolkers 1999, Christiansen2000, Ingebrigtsen etal 2000).
Biomarker studies in Antarctica have been developed but mainly with an emphasis on
the oxidative stress in moUusks (Viarengo et al. 1995, Regoli et al 1997, Abele et al
1998, Regoli et al 2000), M F O / C Y P I A induction in fishes (Focardi et al 1989,
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Focardi et al. 1992, Focardi et al. 1995, Jimenez et al. 1999), and metal toxicity to
amphipods (Duquesne et al. 2000) and bivalves (Regoli et al. 1997).
The lack of data on the biological effects of pollutants on Arctic biota led A M A P , in
1998,

to conduct a workshop on combined effects of chemicals in the marine

environment to stimulate research in this domain. Recommendations arising from the
workshop were to study not only the effects at the highest levels of the food web, but to
investigate the effects at lower levels, notably in marine invertebrates.

1.5. The biomarker concept
For the last 30 years, there has been a growing concern with methods of evaluating the
impact of human activities on the aquatic environment. The first approach, based on
ranking the relative toxicities of chemical with laboratory acute tests performed on a
few

species, was generally not ecologically relevant. B y measuring the level of

chemicals in water, air, soils, sediments and biota, predictions were then made, based on
extrapolations from toxicity tests (i.e. LC50), as to whether adverse effects were likely
to occur in the considered ecosystem. The drawback of this approach was that it did not
focus on the well being of individual organisms, populations and communities in situ.
Another approach to measure the impact of pollution on the aquatic ecosystem has been
the "bioindicator" method which does not aim to measure contaminant impact in situ at
the community or ecosystem level (Warwick et al. 1988, Gray 1989, Gray et al. 1990).
Bioindicators, relying on the presence or absence of a species, gives information on the
impact in a late stage of disturbance once the ecosystem equilibrium has been disrupted.
As a result, an ecotoxicological approach to pollutant studies was developed. The aim of
ecotoxicology is to develop predictive tools which estunate the extent of contaminant
exposure on the biota and monitor any biological effects in situ with the aim of
improving environmental risk assessment. The main tool in the development of this
approach was 'biomarkers'. The following biomarker definition was proposed: "an
ecotoxicological biomarker is a biochemical, cellular, physiological or behavioral
variation that can be measured in tissue or body fluid samples or at the level of whole
organisms (either individuals or populations) that provides evidence of exposure to
and/or effects of one or more chemical pollutants (and/or radiations)" (Depledge 1994).
Basically, in environmental toxicology, the well being of a population is the main
consideration and not the well being of the individual (as in medical sciences).
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Biomarkers are classified in four classes: biomarkers of exposure, biomarkers of effects,
biomarkers of exposure and effect and, finally, biomarkers of latent effects.
Exposure biomarkers signal exposure of an organism, a population or a commtmity to
chemical pollutants (Figures 7 and 8). They may range from generahzed indicators of
pollutant sfress to specific indicators of exposure to a certain concentration of one
particular pollutant. Effect biomarkers signal that an organism, a population or a
community has been affected adversely by one or more pollutants. This type of
biomarker does not necessarily provide information concerning the nature of the
pollutant stress to which the organism was exposed. Exposure/effect biomarkers not
only indicate that an organism, population or community has been exposed to one or
more pollutants but specifically link the exposure to an effect. A range of possibihties
exists with regards to the degree of pollutant specificity and exposure level that can be
determined with such biomarkers. Finally, latent effect biomarkers indicate that
apparently normal organisms have been exposed to a pollutant which, in other
circumstances, may limit the ability of the organisms to adapt or survive.
In ecotoxicology, emphasis is placed on protecting some of the individuals in a very
wide range of species, and also on the interrelations among the species and their
environment. The selection of the test species should include numerous factors based on
ecological considerations. Stegeman et al. (1992) and Lundebye Haldorsen (1996)
proposed the following criteria for each candidate biomarker:
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7) Wide applicability -should be applicable in a broad range of organisms.
8) Non-destructive -to facilitate work on species with low reproductive rates,
endangered species and enable sequential sampling on the same individuals.
9) Easy, rapid and cost-efective to measure.

Figure 8.
Schematic presentation of the ecological relevance of biomarkers and their relative
sensitivity (From www.esd.oml.gov/programs/bioindicators).

1.6. Biomarkers in the Arctic
1.6.1. C h a r a c t e r i s a t i o n o f b i o m a r k e r r e s p o n s e s i n t h e A r c t i c

Little is known about the background levels of most typical biomarker responses and
their seasonal variations in the Arctic. There is a need to gain fundamental knowledge
on the selected biomarkers for each species before running any biomonitoring
programme. The marked seasonality in food availability and the short food supply in the
Arctic (Weslawski et al. 1988) may affect typical biomarker responses. The cold water
adaptation of Arctic marine species may render the animal more vulnerable to pollution

•

33

•

Biomarkers in the Arctic

(Christiansen et al. 1996). For instance, polar cod possess antifreeze compounds in their
blood to prevent freezing. The kidney of this fish species is specifically adapted to
retain these molecules in the blood during urine formation. Urine is one major excretion
route for soluble compounds such as P A H metabolites, therefore, this kidney cold
adaptation specificity prevents excretion of these xenobiotics. The alternative route of
excretion of these contaminats is via the bile which is excreted into the digestive tract.
Once in the gut, the contaminants can be activated by the gut microflora to become
more toxic and readsorbed into tiie organism (Christiansen et al. 1996) and this may
result in adverse effcts due to a prolonged depuration time of these compounds
(Ingebrigtsen et al. 2000). Most marine organisms are able to metabolise poly aromatic
hydrocarbons via enzymatic activities such as P-450 (Stegeman 1989). However,
surprisingly Antarctic fish showed low baselme level of P-450 and the inducibility was
limited (Focardi et al. 1989, Focardi et al. 1992). On the other hand, amphipods and
mysids living under the ice possess a very efficient osmoregulation system to cope with
large sahnity fluctuation when ice freezes or melts that make them resistant to heavy
metals (Chapman and McPherson 1993) normally known to disturb the osmoregulation
processes (Bamber and Depledge 1997).

1.6.2. S e l e c t i o n o f k e y b i o m a r k e r r e s p o n s e s

Biomarkers have been developed for temperate marine animals for the last 20 years.
Therefore, some assays are now well estabhshed and could be readily transferred and
apphed to Arctic marine species. Nevertheless, the selection of the biological responses
is based on several aspects.
1. It should give signal of exposure/effects to poly aromatic hydrocarbons.
2.

It should be easily measurable and sensitive in the considered species.

3. Arctic marine invertebrates possess specific biological adaptations to live in the
polar environment, therefore, focus should be put on these biological adaptations.
4. From the biomarker definition, it is best to measure several biomarkers located at
different levels of biological organisation on the same species, to be able to better
understand the real effect of the compounds.
From this foregoing account, it is clear that biomarker studies of Arctic marine
ectothermic invertebrates are lacking. Global pollution, due to the atmospheric transport
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of contaminants released in industrialised countries, but also the increasing development
of oil and gas industries in the Arctic Ocean, require monitoring of their potential
impact on the marine Arctic fauna.

1.7. Aims of the thesis
In this thesis, the chapter 2 will deal with the sources and imphcations of the oxidative
stress in the Arctic. This will serve as a basis to set up a research strategy described in
chapter 3. The materials and methods used in this research are covered in chapter 4. The
research is divided in two main sections: the ecophysiology of the polar marine
invertebrates, from chapter 5 to 7, and the biological effects of polycyclic aromatic
hydrocarbons on the polar marine invertebrates from chapter 8 to 11. Finally, the
chapters 12 to 13 are the general discussion and conclusion of this research.
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Chapter 2

Oxidative stress in the Arctic: sources and implications

Smeerenburg glacier in Svalbard
Jeg letted pa hatten vi rakte hverandre hjertelig handen: "How do you do? "- "How do
you do? ". ...Jackson: "I am dam'd glad to see you. " -"Thank you, I also. "- "Have you
a ship here? "- "No, my ship is not here. " Da stansed han med ett, ved en tilfceldig ytring
fra mig, sa mig stivt ind i ansigtet og sa hurtig: "Arn'tyou Nansen?"-"Yes, I am. "Jackson: "By Jove, I am glad to see you. "

Fridtjof Nansen 1897 (Norwegian polar explorer).

1'
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Introduction
Oxidative stress is a natural biological process that takes place during aerobic
metabolism, and during general stressful conditions like hypoxia, ischaemia, and
intoxication vi^ith contaminants (Viarengo et al. 1998). The well known consequences of
the effects of oxidative stress are enhanced ageing, disruption of the cellular redox
balance, oxidation of biomolecules (proteins, membrane lipids and nucleic acid) and
promotion of carcinogenesis (Winston and D i Giuho 1991). Through evolution, most
organisms have developed antioxidant defences to counteract the reactive oxygen
species (ROS) to prevent damage. Earlier studies have revealed that the abihty of an
organism to respond to oxidative stress is related to its physiological conditions, food
availability and environmental conditions (Viarengo et al. 1991, Regoh and Winston
1998, Sheehan and Power 1999). Although most contaminants, notably poly aromatic
hydrocarbons, enhance the formation of ROS (Livingstone et al. 1990), the knowledge
of oxidative stress in polar marine organisms is limited and requires investigation. For
instance, the high oxygen content of cold water, and the intense illumination and U V
irradiance over the summer, make the Arctic marine environment a strong prooxidant
environment (Viarengo et al. 1998) which can affect ectothermic animals (Regoli et al.
2000). In this chapter, the sources and implications of oxidative stress in polar regions is
reviewed as a basis for the biomarker research strategy.

2.1. Oxidative stress sources
2.1.1. P A H mediated

Nomenclature

Poly aromatic hydrocarbons are composed of two or more fused aromatic (benzene)
rings. Two aromatic rings are fused when a pair of carbon and hydrogen atoms is
shared. The resulting molecule lies in a single plane. If niti-ogen, oxygen or sulphur is
associated with the molecule, they are often called poly aromatic compounds (PACs)
(Lee

et al. 1981). The physical and chemical properties of P A H depend on the

molecular weight. For instance, solubility decreases with increasing molecular weight.
Resistance to metabolism through biological processes (oxidation, reduction) decrease
with increasing molecular weight. As a consequence of these differences, P A H
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distribution and effects in the environment vary greatly. Nevertheless, because of their
high hydrophobicity they have the tendency to be adsorbed onto particles and sediment
out on the sea floor. Consequently, their hydrophobicity makes them highly lipophihc
and, therefore, enhances their uptake by the biota resulting in accumulation at high
levels in lipid components of animal tissues (i.e. cell membrane). These physical,
chemical and biological properties led to the distinction of PAHs into two molecular
weight classes (Figure 9): these are the lower molecular weight 2-3 ring aromatics
(naphthalenes, fluorenes, phenanthrenes and anthracenes) and the higher molecular
weight 4-7 ring aromatics (chrysene, benzo(a)pyrene, coronene). The Kow octanol/water
partition coefficient of a compound is a useful parameter to predict the enviroimiental
behavior of P A H and, notably interactions between these compounds and biota
(Baussante/of/. 2001).

Naphtalene

Phenanthrene

Ben2o(a)pyrene

Figure 9.
Example of some structure of some 2 , 3 , 4 and 5 rings PAHs (Neff 1979).

Invertebrates-PAH interactions

Bivalves take up P A H mainly through respiration. Because bivalve filtering activity
incorporates breathing and feeding, it is difficult to discriminate the P A H uptake route
as for other organisms (i.e fish) where dietary and respiratory uptake are separate routes
(Baumard et al. 1999b). Filter feeding bivalves take up P A H from the water column
present under several forms, dissolved (two and three ring compounds), and dispersed
and particle adsorbed (i.e adsorbed on unicellular algae) compounds (Baumard et al.
•
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1998a, Baumard et al. 1998b, Baumard et al. 1998c, Baumard et al. 1999a, Baumard et
al. 1999b, Baussant et al. 2001). Dissolved and low molecular weight molecules enter
the organism through the gill epithelium, while adsorbed or dispersed compounds will
follow the food ingestion path and, consequently, enter the organism through the
digestive epithelium in the hepatopancreas (Connel 1988). The uptake varies with a
diversity of factors like concentration of P A H , lipophilicity and solubility of the
compounds, whether they are dissolved or adsorbed, seawater temperature, and filtering
activity of the bivalve (Baumard et al 1998a, b, c, Narbonne et al 1999, Baumard et al
1999a, b, Baussant et al 2001). The accumulation and distribution of the P A H
molecules will depend on fat content of the animal different tissues, and the metabolic
capability to biotransform and excrete the compound (Baumard et al 1999b, Baussant
etal 2001).

PAH metabolism and ROS formation

Once the P A H has entered the organism, it undergoes biotransformation processes that
aim to render the molecule more water soluble to facihtate excretion. Bivalves, notably
the mussel Mytilus sp., possess multiple forms of the cytochrome P450 (CYP) enzyme
system in the digestive gland (Wootton et al 1995, 1996). A n increased level of
digestive gland C Y P I A following,exposure to P A H (indicating the capability of the
bivalve to metabolise the P A H compounds) was reported by Sole et al

(1996).

Cytochromes P450 were shown to be present in crustaceans (Lemaire et al 1993, Sundt
and Goks0yr 1998). The biotransformation reactions are enzymatic processes that add
hydrophihc functional groups onto the parent P A H molecule to make it more water
soluble. The enzymatic process is divided into two main phases. Phase I is cytochrome
P450 dependent, the molecule is bioactivated following the addition of a hydroxyl
group. In phase II (called conjugation), a larger molecule is added (i.e. glutathione). The
metabohte is then soluble enough to be excreted through the gills. It is during the phase
I that reactive oxygen species are produced. The production of oxyradical and its
enhancement via redox cycling of xenobiotics, notably P A H , has been demonstrated in
digestive gland microsomes of marine bivalves (Weiming et al 1988, Livingstone et al
1989). P A H , through the redox cycles are univalently reduced, often by the cytochrome
P-450 reductase to a reactive intermediate which rapidly loses its electron to molecular
oxygen thereby producing ROS and the parent compound that can undergo another
redox cycle (Kappus and Sies 1981). Quinones are the major products of the
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metabolism of P A H (Sjolin and Livingstone 1997). The electron transport chains of
microsomes and mitochondria have long been recognized for their potential for ROS,
however, it was shown recently that ROS production also occurs in lysosomes (Winston
et al. 1996). It was identified that lysosomes of haemocytes produce ROS as a cytotoxic
mechanism to kill and degrade foreign coumpounds like viruses and bacteria (Pipe
1992). Probably, ROS can also oxidise contaminants like P A H that have accumulated in
the lysosomes (Femley et al. 2000).

2.1.2. N a t u r a l o c c u r r e n c e o f R O S i n p o l a r w a t e r

Reactive oxygen species are ubiquitous in sunlit natural waters and are important
species formed from the photoreactions of dissolved organic carbon (DOC) in seawater.
Recent stratospheric ozone depletion has caused an increase in ground-level ultravioletA and B radiation (Madronich et al. 1991, Gruzdev 1995). The depletion of ozone can
be attributed to chlorofluorocarbons (CFCs) and is occurring to great extent in the North
and South polar zones (Schoeberl and Hartmann 1991). Studies indicated that ROS
production rates can be as high (or higher) than those at lower latitudes (Scully et al.
1996, Yocis et al. 2000, Qian et al. 2001). Cooper et al. (1994) suggested a sunphfied
ROS formation following U V exposure:
the ground state of (^DOC) is excited by U V radiation to a singlet state (^DOC*) and is
transformed to the excited triplet state (i^DOC*) (Eq. 1). This triplet state may react
with macromolecular oxygen to form superoxide (Oz") or its conjugate acid HO2 (Eq. 2)
which reacts with itself to give H2O2 and 0 2 (Eq. 3). Lastly, the interaction of HO2 and
O2"* Results in the formation of O H ' and additional H2O2 and O2 (Eq. 4).
'DOC + U V radiation ^ i^DOC* -ISC ^
i^DOC* + 3O2

i^DOC*

Equation 1
Equation 2

DOC- + O2-

H02 + H 0 2 ^ H 2 0 2 + 02

Equation 3

HO2 + O2- + H2O

Equation 4

H2O2 + O2 + OH"
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2.1.3, N a t u r a l i n t e r n a l ROS g e n e r a t i o n
A consequence of aerobic life is the production of reactive oxygen species (ROS) as a
result of normal oxygen metabohsm (Figure 10). Essentially, the oxygen molecule is
only partially reduced during the respiration processes. If O2 is only partially reduced by
accepting two electrons, the product is hydrogen peroxide (H2O2). If O2 accepts only
one electron, the product is the superoxide radical (O2'). A s an estimated proportion, 23% of the oxygen consumed by aerobic cells is converted to ROS (Chance et al. 1979,
Sohal and Weindruch 1996). ROS formation and subsequent oxidative stress is strongly
linked with the metabolic rate of an organism, it is, therefore, of prime importance to

Pyruvate (or fatty acids or amino acids)

NAD(P)H

ADP + P
Cytochrome

ATP

ROS

2H*+I/2 0,

H,0

Figure 10.
Schematic drawing of the oxidative pathway in aerobic organisms
investigate the specific rate of the metabohsm of polar marine organisms. Reactive
oxygen species are also formed by lysosomes frOm haemocytes as a mechanism to kill
pathogens (virus bacteria) (Winston et al. 1996).
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Low food supply and metabolic rate

In Homsund fjord, an Arctic fjord located in Svalbard, the sun stays above the horizon
all day from 22 April to 15 August and stays beneath the horizon all day from 12
November to 13 February (Weslawski et al. 1988). As a result there is a marked
seasonality in primary production. Primary production is characterised by a single, well
timed maximum in May (Arctic) and January (Antarctic) (Figure 11), and a subsequent
marked decrease in the number of cells of algae (Clarke 1988, Weslawski et al. 1988).
Therefore, food is available for 8 to 10 weeks but is lacking for 9 months of the year for
animals relying on phytoplankton. The consequences of a low food supply on the
physiology of marine organisms has been a topic of dynamic debate. Many scientists
consider low temperature to be the main factor influencing the physiology of polar
organisms and not food availability. Krogh (1916) wrote that "one would expect that
animals living at very low temperamre should show a relatively high standard
metabolism at that temperature compared with others living normally at high
temperaUire". This statement arose from the observation that temperate fish showed
little swimming activity and lower respiration when cooled to low temperatures,
whereas polar fish are active and, therefore, the hypothesis that polar fish show high
metabolic rate at low temperature was put forward. This hypothesis was supported latter
by numerous investigations and the concept of metabolic cold adaptation (MCA) was
established by Scholander et al. (1953) and Wohlschlag (1964) who compared oxygen

ca
E

D 6 -

Figure 11.
Annual cycle of standing crop of chlorophyll a in the Southern Ocean
(El-Sayed 1984).
consumption in polar and tropical fish. Studies performed in the 1970s on respiration in
polar organisms, however, provided evidence for and against the M C A . Recently,
Clarke

(1980,

1983,

1987,

1991,
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demonstrating that, for polar ectotherms, metabolic rates were not elevated. This
conclusion has received recent support from Antarctic bivalves (Davenport 1988, Peck
et al 1997, Ahn and Shim 1998, Portner et al 1999) and fish (Clarke and Johnston
1999). The low metabolic rate measured in polar ectotherms appears to be an important
adaptive strategy for energy conservation which might contribute to increasing the
scope for growth and to maintaining high biomass in cold water where food is available
in abundance for a very brief period of about 6 weeks and may be in short supply for up
to 9 months of the year (Clarke 1991). The low food availability of polar water resulting
in a low metabolic rate of the marine species leads to the hypothesis that the natural
ROS formation, and the subsequent oxidative damages, can be expected to be low in
polar marine invertebrates.

2.2. Implications of oxidative stress
2.2.1. Biochemical adaptation t o oxidative stress

ROS are potentially harmfiil products to cell components (Winston and D i Giulio 1991).
Thus, in view of this harm, aerobic organisms have evolved a complex array of defences
to protect them against ROS toxicity. Oxidative sfress arises when antioxidant defences
are overwhelmed.
O2"

can dismutate via equation 1 to H2O2 (Figure 10)
Equation 1

202- + 2 i r ^ H 2 0 2 + 02

Hydrogen peroxide can serve as a precursor of the hydroxyl radical, 'OH, via the HaberWeiss reaction, equation 2 (Haber and Weiss 1934) (Figure 10).
Equation 2

0 2 - + H 2 0 2 - ^ 0 2 + O H + OH-

O2", H2O2 and "OH are ROS capable of reacting with all kind of cellular components,
possibly leading to protein degradation, enzyme inactivation, lipid peroxidation, D N A
damage and ultimately cell death. Aerobic ceUs protect themselves against ROS by the
action of adapted enzymes. Superoxide dismutase (SOD) catalyzes the reaction in
equation 1. Catalase reduces H2O2 according to equation 3 (Figure 10)
2H2O2 ^

2H2O

+ O2

Equation 3
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Glutathione peroxidases reduce peroxides according to equation 4 where G S H and
GSSG are reduced and oxidized glutathione, respectively (Figure 10).
2GSH + H2O2 ^ GSSG + R O H + H2O

Equation 4

A wide array of non-enzymatic defences also contribute to scavenge ROS. These are fat
soluble vitamins a-tocopherol and P-carotene, as well as several low molecular weight
compounds such as glutathione, ascorbic acid.

Antioxidant defences of polar marine invertebrates

The oxidative stress of polar waters was shown to induce antioxidant responses in the
Antarctic intertidal limpet Nacella concinna (Abele et al. 1998). Elevated antioxidant
defences were measured in the polar scallops, Adamussium colbecki and Chlamys
islandicus (Viarengo et al. 1995, Regoli et al. 1997,2000) and in Antarctic fish (Colella
et al. 2000). U V - B effects on Arctic marine life were investigated in the crustacean
Daphnia magna. Individuals with melanic pigmented carapace were shown to be
tolerant to U V - B exposure and antioxidant defences appeared to play little role in
protection (Hessen 1996, Hessen et al. 1999, Borgeraas and Hessen 2000). More
recently, the total oxyradical scavenging capacity assay provided supportive evidence of
high prooxidative pressure of polar enviroimients (Regoli et al. 2000).

Antioxidant defences and pollution monitoring

Antioxidant defences of marine invertebrates were shown to respond to ROS formed
during the metabolism of P A H (Livingstone et al. 1990). The sensitivity of these
defenses made them ideal candidates for monitoring pollution impacts in the marine
environment (Regoli and Principato 1995, Sole et al. 1998, Orbea et al. 1999, Sole
2000, Khessiba

al. 2001). The elevated level of antioxidant defences in polar marine

bivalves, as shown by Regoli et al. (2000), makes antioxidant biochemical parameters
ideal to monitor P A H impact in the polar water. Furthermore, the adaptation of polar
organisms to high natural oxidative stress may render them resistant to PAH-originated
ROS.

2.2.2. I m p a c t o f R O S o n c o l d w a t e r a d a p t e d o r g a n i s m s

Membrane lipid peroxidation is thought to be one of the main mechanisms by which
toxicants exert damage when antioxidant defences are overwhelmed. ROS are known to
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be powerful pro-oxidants in the peroxidation of unsaturated fatty acids (Slater 1984).
The cell membranes of polar marine ectothermic animals are known to be specifically
adapted to the low temperature of the polar water (Clarke 1983). In this section, the
adaptation of membranes to low temperature is reviewed and the implications evaluated.
The role of cellular membranes

Membrane function is the basis of many vital cell activities. Four main activities were
found to be regulated by cell membranes (Hazel 1995). 1) constraint of the free
diffusion of solutes and catalyze specific exchange reactions, which together combine to
determine the unique composition of both the cellular and subcellular compartment; 2)
regulation of the utilization of energy stored in transmembrane ion gradients; 3)
provision of an organizing matrix for the assembly of multicomponent metabolic
pathways; and 4) governance of the transfer of information between the compartments
they separate by possessing ligand-specific receptors. Cell membranes are made of

Figure 12.
Schematic drawing of a portion of a bilayer consisting of phospholipids. From
Campbell (1991).
lipids (Figure 12). Membrane lipids play a role in mediating these functions by acting
as: i) physical barriers to electrolyte diffiision, ii) solvents for a variety of membrane
constituents, and iii) anchors, activators and conformational stabilizers of membrane
proteins (Hazel 1995).
Membranes are composed mainly of phospholipids. The dynamic state of lipids in
biological membranes is a central feature of membrane function and structure. Lipids
are polymorphic and display phase behaviour and physical behaviors which are
sensitive to alterations in the state physical state of the environment, notably,
temperature (Campbell 1991).
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The concept of homeoviscous adaptation

Ectothermic organisms, which either inhabit variable environments or which have
adapted to extreme environmental conditions, exploit the chemical diversity amongst
membrane lipid constiUients so that lipids of appropriate physical properties are
matched to prevailing environmental conditions. The active restrucmring of membrane

Figure 15.
Schematic drawing of a portion of a highly fluid phospholipid bilayer. The kinks in the
unsaturated side prevents close packing of the hydrocarbon portions of the
phospholipids. From Campbell (1991).

Figure 14.
Stiffening of the lipid bilayer by cholesterol. From Campbell (1991).

Figure 13.
The effects of double bonds on the conformation of the hydrocarbon tails of fatty acids.
Unsaturated fatty acids have links in the tail region. From Campbell (1991)
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lipid composition in response to environmental change preserves a suitable dynamic
state of the bilayer and restores membrane function following environmental insult
(Williams and Somero 1996). Figures 13, 14 and 15 illustrate some lipid adjustments to
preserve the suitable niembrane dynamic. The defense of a particular physical state of
the membrane under variable environmental conditions has been termed homeoviscous
adaptation (HVA) (Sinensky 1974). Numerous subsequent studies have indicated that
the H V A hypothesis does not reflect adequately the specificity of lipid-protein
interactions, the microdomain heterogeneity of biological membranes, or the diversity
of membrane attributes that can influence function, and cannot, therefore explain
several consistently observed patterns of temperature-dependent changes in membrane
lipid composition (for review see Hazel 1995). For the scope of this thesis, however,
H V A will be considered only to evaluate the consequences for cell membranes for coldadapted ectotherms of living in water of very stable temperature below freezing point.

Effect of low temperature on membrane composition of temperate organisms

The temperate marine environment is characterized by a high daily and seasonal
fluctuation in temperature. Therefore, ectothermic organisms inhabiting these waters are
able to counteract temperature change by adjusting the cell membrane composition.
Mytilus californianus adjust membrane composition on seasonal as well as hourly time
scales and do so on the basis of their zonation in the intertidal region (Williams and
Somero 1996). Membrane composition was found to be adjusted by temperate bivalve
molluscs and crustaceans acclimatised to -VC
Gillis andBallantyne 1999b).
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Membrane composition of polar invertebrates and susceptibility to oxidative stress
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Figure 16.
Annual cycle of temperature at two sites in Antarctica. Open circle are from Mc
Murdo Sound 1972/73 (Littlepage 1965). The other line is from Orwell Bight, Signy
Island, 1973/1974 (in Clarke 1988).
In Homsund Qord, Svalbard, seawater temperamre is extremely stable from -1.88 to
3°C (Weslawski et al. 1988). More stable temperamre can be observed, for instance in
Antarctica, in McMurdo Sound, the mean annual temperature is -l.S'^C with a standard
deviation over the year of only 0.2°C (Littlepage 1965) (Figure 16). One physical
consequence of this low temperature is the increased level of dissolved oxygen in the
water. Samrated seawater at 0°C contains 1.6 times as much oxygen as it does at 20°C.
This elevated oxygen concentration appears to affect the physiology of marine
organisms as some ice fish in Antarctica can survive without respiratory pigments and
rely instead on the greatly increased solution carrying capacity of the plasma. Polar
gigantism of amphipods was shown to be related to oxygen availability (Chapelle and
Peck 1999).
Several studies have investigated the membrane composition of cold adapted organisms
living in polar water. Polar fish were shown to contain high levels of unsaturated fatty
acids (Clarke 1983) but, surprisingly, results from a comparison study between
Antarctic and Mediterranean scallops demonstrated that cold adaptation of the
membranes from digestive gland cells implicate the regulation of the ratio of short/long
and straight/branched fatty acid chains of the cholesterol content of membranes
(Viarengo et al. 1994). In the Antarctic scallop Adamu.ssium colbecki living at low
temperature, the membrane fluidity was maintained in a physiological range by a higher
cholesterol/phospholipid ratio, a higher amount of short-chain sahirated fatty acids and,
in particular, by a higher amount of unusual branched saturated fatty acids. Considering
the vulnerability of unsaturated fatty acids to lipid peroxidation (Slater 1984), the
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occurrence of branched-chain saturated fatty acids can be interpreted as a protective
strategy against ROS (Viarengo et dl. 1995). Similarly, studies performed on two Arctic
marine bivalve molluscs, Serripes groenlandicus and Mya truncata, showed that
polyunsaturated fatty acids, known to enhance membrane fluidity, were low (36%)
compared with that of temperate bivalves; nevertheless, high levels of monounsaturated
fatty acid were measured, monoenes were common and it was suggested they play a
role in maintaining membrane function at sub zero temperatures (Gillis and Ballantyne
1999a). In crustaceans, comparison of the fluidity of neuronal and branchial membranes
between an Antarctic amphipod and Baltic isopod indicated that there is homeoviscous
adaptation of the Antarctic species to cold water (Lahdes et al. 1993) but no report to
date on cell membrane composition is known.

2.3. Oxidative stress as a basis for a biomarker research
strategy
Oxidative stress appears to be a major challenge in polar waters compared to warmer
water. The database characterising polar marine invertebrates in terms of adaptation to
oxidative stress needs to be expanded to better understand the implications of ROS on
the Arctic fauna and the impact of poly aromatic hydrocarbons. Therefore, in the next
chapter, a strategy based on oxidative stress for a biomarker research is proposed.
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Chapter 3

Research strategy

Preparing the Niskin bottle for water sampling under the Ross ice shelf (Antarctica).

"Clark finds that with returning daylight the diatoms are again appearing. His nets and
line are stained a pale yellow, and much of the newly formed ice has also a faint brown
or yellow tinge. The diatoms cannot multiply without light, and the ice formed since
February can be distinguished in the pressure ridges by its clear blue color. The older
masses of ice are of a dark earthy brown, dull yellow, or reddish bown. "

Ernest Shackleton, in the Endurance expedition 1914-1916.
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Therefore, the research strategy of this study was based on selecting biological
responses related to oxidative stress and located at three different levels of biological
organisation: 1) biochemical level: due to the strong oxidative pressure of the polar
marine enviromnent, polar marine invertebrates have developed efficient antioxidant
defence systems which could confer them with an adavantage to cope with ROS formed
following metabolisation of P A H ; 2) cellular level: marine ectothermic invertebrates
possess a specific lipid cellular membrane composition to maintain the fluidity of the
membranes in relation to the low temperature, this adaptation may affect the lipid
peroxidation of the cell membranes; and 3) physiological level: the low food supply
appears to reduce the metabolic activity of polar ectothermic organisms, the respiration
could indicate the level of internal ROS production. In addition, heart rate will be
measured to investigate the concept of the Metabolic Cold Adaptation.

3.1.2. B i o c h e m i c a l l e v e l : a n t i o x i d a n t d e f e n c e s

In recent years, there has been considerable interest in the use of biochemical indices of
oxidative stress for invertebrates that provide information on how animals interact with
environmental pollutants. Traditionally, studies of oxidative stress have analysed
specific, single antioxidants, including primary antioxidants that reduce the rate of
production of ROS and are specially adapted enzymes (superoxide dismutase, catalase,
peroxidases). In addition, smaller molecules, classified as secondary antioxidants as
they trap ROS directiy, such as vitamin E and p-carotene (free radical scavengers in
membranes), ascorbic acid, uric acid and glutathione for water soluble molecules have
been measured. Variations in the levels or activity of antioxidant defences have been
used largely to indicate reactive oxygen species (ROS) mediated toxicity. Moreover,
depending on the availabitity of nutrients, reproductive status, growth, seasonality and
other factors, levels of antioxidant parameters and oxidative sfress may fluctuate
significantly throughout the year (Sheehan and Power 1999). For instance in Mytilus
edulis, the total glutathione level is low in winter and high in summer (Power and
Sheehan

1996). Although

this

single antioxidant measurement

is useful in

understanding specific relationships between sfressors and antioxidant parameters, their
responses were shown to be very different and it is not unlikely to observe the
contemporary depletion of some antioxidants together with the induction of others. For
instance, a depletion of an antioxidant system may represent a first response to
pollutants which can be followed by an induction of antioxidant systems (Livingstone et
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al. 1992, 1993, Doyotte et al. 1997). Using antioxidant parameters as biomarkers to
monitor pollution levels and exposure in the field appears possible (Porte et al. 1991,
Regoli 1998). Numerous studies, however, have revealed the difficulty of interpreting
the biological resistance to oxidative stress in quantifiable terms (Livingstone 1991,
Porte et al 1991, Regoli and Principato 1995, Sole et al 1996, Doyotte et al 1997,
Regoli et al 1997, Regoli 1998). Indeed, the relative contribution of each antioxidant to
the total antioxidant capacity of a tissue cannot be elucidated by measuring a few
antioxidant parameters and their implications, in terms of quantifiable resistance to
oxidative stress, are difficuh to evaluate (Power and Sheehan 1999). Toxicologists,
working in the field of oxidative stress, have attempted to resolve this problem by
developing an assay that could provide information on the total absorbance capacity of
oxyradicals by a tissue (Figure 18). Wayner et al (1985) proposed an experimental
approach to measure total peroxyl radical-trapping abihty. The assay was based on the
decomposition

at 35°C of 2-2'-azo-bis-(2 methylpropionamidine)-dihydrochloride

(ABAP) to yield peroxyl radicals at a constant rate in aqueous solution. Once A B A P
was added to an aqueous solution of antioxidant (biological tissue) they measured the
length of time that oxygen uptake by peroxidizable biological material was inhibited by
the antioxidants in the biological material. This time was called the induction period and
was measured using an oxygen electrode. By relating the results to the time of induction
obtained with a known amount of the water soluble vitamin E analogue (Trolox) a
quantitative measure of the total radical-trapping antioxidant parameter (TRAP), could
be defined. The inconvenience of the method hes in the oxygen measurement devices.
Glazer (1988) described a fluorescence-based method. The intensity of the fluorescence
of phycoerythrin is proportional to the degree of damage caused by peroxyl radicals. In
presence of the antioxidant, the decrease in fluorescence is inhibited. Further
development of the method was performed by Cao et al (1993) and Ghiselli et al
(1995). Chevion et al (1997) reported another approach based on cychc voltammetry.
Nevertheless, these methods were shown to have limits and the authors did not study the
effects of biological tissues which could interfere with the measurements (Winston et al.
1998). Therefore, Winston et al. (1998) proposed a new, simple and rehable approach
called the total oxyradical scavenging capacity assay (TOSC). The principle is based on
the reaction between peroxyl radicals (or hydroxyl or alkoxyl radicals) and a-keto-ymethiolbutyric acid ( K M B A ) , which is oxidized to ethylene upon reaction with various
ROS (eq. 1) ethylene is then measured by gas chromatography.
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C H 3 S — C H 2 — C H ^ O — C O O H + OOH(R)
or OHCR) ^ (CH3S) + (R)HOO"
or (R)HO

+ CO2 + CH2=CH2T

(1)

Winston et al. (1998) showed that their method is reliable for antioxidant solutions and
biological tissues. It gives linear responses over a wide range of final dilutions of

Need to assess the total capacity
of the organism to cope
with oxidative stress: T O S C - a

Inhibited

/

Figure 18.
The classical approach of measuring a single antioxidant parameter does not indicate
whether the defences are overwhelmed by the reactive oxygen species.

biological fluids. The ease of the analytical procedure, high reproducibility of the results
and the ability to analyze 8-10 samples in less than 2 h make this a useful procedure for
measurements of the total oxyradical scavenging capacity and its relationship with
oxidative stress resistance. The TOSC assay was shown to be a useful biomarker with
predictive validity at the organism level in Mytilus galloprovincialis exposed to a field
heavy metal polluted site (Regoli 2000). TOSC induction was also noted in fish
hepatocytes following exposure to oxidative stress (Winzer et al. 2001).

Research questions

In this study, the following research questions are addressed;
1. What is the effect of the zero thermal acclimation of a temperate bivalve, Mytilus
edulis, on the TOSC?
2.

What is the TOSC characteristic of polar bivalves compared with temperate
bivalves?

3. Can TOSC be used as biomarker of PAH exposure?
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3.1.3. C e l l u l a r l e v e l : s t a b i l i t y o f m e m b r a n e s

The potential of immune parameters as determinants of environmental contaminant
impact has been an important focus in ecotoxicological studies. For the past 20 years,
there has been a growing interest in immunocompetence in marine invertebrate
populations, hivertebrates do not possess an inducible defence mechanism with the high
degree of specificity and memory as found in vertebrate immune system (Marchalonis
and Schluter 1990). Nevertheless, invertebrate blood cells (haemocytes) are particularly
important as the immune system defends on organism against potential pathogens,
parasites and various foreign compounds such as toxicants (Adema et al. 1991). Earlier
studies of immune defence in invertebrates showed similarities in strategies to respond
to injury and infection, and considerable attention has been placed on the structure and
function of haemocytes of Mytilus edulis. Pipe et al. (1997) identified two classes of
haemocytes in M edulis: eosinophihc cells (agranular) and basophihc cells (granular).
Basophilic cells showed high phagocytosic activity and oxyradical production. Granules
were identified as lysosomes, small subcellular organelles. Haemocytes and, notably,
lysosomes

contain

various

enzymes

(phosphatases,

glucosidases) involved in cytotoxic mechanisms

esterases,

proteases

and

(Carballal et al. 1997). Two

mechanisms for cell killing have been descrided for invertebrate haemocytes during
phagocytosis: the release of lysosomal enzymes and other lysins, and the respiratory
burst which involves the release of reactive oxygen species (Pipe 1992).
Laboratory studies indicate that basic immune functions are affected adversely by
contaminant exposure (Coles et al. 1994) and similar obervations were made in the field
(Dyrynda et al. 1998). Organisms exposed to pollutants showed enhanced superoxide
production and reduced activity of degradative enzymes, effects which may result in
tissue damage or have imphcations for the efficient destruction of invading organisms.
Concurrent with the studies performed on the immunocompetence of invertebrates,
focus shifted to the lysosomes of haemocytes. In their role as components of the
immune system, haemocyte

lysosomes release

acid hydrolases which degrade

circulating pathogens and are also important organelles in the nutrition, tissue repair and
turnover of cellular components (Cheung et al. 1998). Lysosomes are sites for ROS
generation (Winston et al. 1996). Lysosomes have remarkable ability to sequester and
accumulate a diverse range of toxic metals and organic chemicals (Moore 1990).
However, concentrating such contaminants results in enhanced toxicity and ceU injury
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via damage to the lysosomes caused by lipid membrane peroxidation (Viarengo et al.
1989, Winston et al. 1996), impairment of the i T ion pump resulting in leakage of their
acid hydrolases into the cytosol causing damages to the cell components (DNA,
proteins, membranes) and eventually cell death. Moore and Willows (1998) developed
further understanding of the role of bivalve lysosomes in marine pollution. They
suggested that lysosomes were preadapted to stress and that animals with highly
developed cellular lysosomal systems (bivalves, crustaceans) were more tolerant of
pollutants than vertebrates. They highlighted the role of lysosomes as an intermediate,
essential step in a detoxication process enhancing degradation and excretion of
contaminants. They emphasised the ROS production of lysosomes that may contribute
to lipid peroxidation and then production of lipofuscin that provides binding site for free
micropoUutants thereby, enhancing detoxication and protection (Moore and Willows
1998).
Cytochemical latency of lysosomal hydrolases was demonstrated in the digestive cells
of the common mussel, Mytilus edulis, exposed to trace metals (Lowe and Moore 1979,
Regoli 1992). The method published by Moore (1976) was based on measuring the
activities of the lysosomal enzymes p-glucuronidase and glucosaminidase by a staining
technique. Sections of the digestive gland were incubated in a medium containing
naphthol AS-BI glucuronide and naphthol AS-BI glucosaminide as substrates, and fast
red violet L B . The determination of lysosomal latency by cytochemical means provides
a rapid and sensitive method to study the effects of stress at the cellular level.
Borenfreund and Puemer (1985) estabhshed the neuhal red assay (NR) to measure the
cytotoxicity of chemicals. The N R assay is based on the uptake of neutral red, a dye,
and its accumulation in the lysosomes of viable uninjured cells. The cells were
incubated with the dye for a certain amount of time. Then the cells were washed to
extract the dye that was then measured with a microplate reader. The measured
absorbance was linearly correlated with the nimiber of surviving cells. The chemical
mechanism is based on neutral red being a cationic dye that, as a weak base,
accumulates within lysosomes where p H is low. The cellular uptake of neutral red is
biphasic, with an initial rapid phase across the plasma membrane followed by a slower
phase corresponding to accumulation in the lysosomes (Seglen 1983). This process
involves both physical and facilitated diffusion, and results in the protonated form of the
compound becoming trapped within the lysosomal compartment.
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The method of Borenfreund and Puemer (1985) has the objective to investigate visually
with a microscope the in vivo uptake and fate of neufral red in the ceUs (Lowe et al.
1992). Their assumptions were that i f the lysosomally-accumulated dye could be
visualised with a microscope, then the leakage back into the cytosol could be monitored
and quantified using time as the determinant of effect (Lowe et al. 1992). The assay was
performed with fish hepatocytes (Lowe et al. 1992) and mussel digestive gland (Lowe
and Pipe 1994, Lowe etal. 1995). This assay, however, required sacrificing the animals,
isolating the digestive glands cells by enzymic digestion of tissue, thereby, removing the
opportunity of follow-up studies to investigate other parameters. Lowe et al. (1995)
proposed investigating the viability of the neufral red method with haemocytes. These
blood cells are easy to obtain, it is a non-destructive sampling method, and haemocytes
are easy to maintain in physiological saline. Moreover, haemocytes are key cells in
immunocompetence and one of their specific roles is to accumulate and degrade foreign
compounds. Numerous subsequent studies have reported the effective application of the
neufral red method to investigate the effects of contaminants on marine bivalves (Lowe
et al. 1995, Grundy et al. 1996, Cheung et al 1998, Wedderbum et al 1998, Femley et
al 2000, Lowe and Fossato 2000, Shepard and Bradley 2000).
The neufral red assay requires a well-frained scientist to interpret the cell morphology
and color after it has been incubated with neufral red. One possible consequence is that
the assay relies on subjective readings. Moreover, the neufral red assay is more difficult
to perform on genera other than Mytilus sp. (Camus personal observation). Even though
haemocyte fimction and stmcture between marine invertebrates species are not so
diverse, differences do occur (Hine 1999). For instance, the morphology of haemocytes
is different between genera. For instance, the smaU size of haemocytes of the Arctic
scallop (Chlamys islandicus) renders the reading of the N R R difficult and too
subjective. Shepard and Bradley (2000) used video image analysis with computer
software to develop a quantitative lysosomal stability ratio based on the area of
haemolymph cell lysosomes as index of lysosomal disfunction. Although the method
helped to measure lysosomal pathology, it requhed sophisticated equipment such as a
microscope, camera, a computer and special software for image analysis. Gr0svik et al
(in prep) proposed an alternative assay where readings could be automated with a plate
reader to avoid inconveniences caused by subjective reading. The latter assay is based
on the hypothesis that under contaminant exposure, the lipid membranes (plasma and
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nucleus membranes) of the cell

(haemocytes or digestive gland) of bivalves may

become destabihsed due to lipid peroxidation, release of hydrolases from the lysosomes
and lipid soluble xenobiotics that accumulate in the lipid membrane. A fluorescent
probe, ethidium homodiiner-1, crosses the membranes when they are unstable, and
sticks to the D N A where it fluoresces red. The fluorescence can be monitored with a
fluoroplate reader. The assay appeared to be correlated with N R R assay (Camus et al.
2000). In this study, the validation of the use of that method on several invertebrate
species as a biomarker of pollution at the cellular level was performed.

Research questions

In this study the foUowing questions were addressed:
1. What are the consequences of sub-zero thermal acclimation on the stability of
cellular membranes of the temperate bivalve, Mytilus edulisl
2. Can the plate reader and fluorescent probes method be used as biomarker of P A H
exposure?
3. Can the stability of cellular membranes be used as biomarker of P A H exposure and
effects in polar marine invertebrates?

3.1.4. P h y s i o l o g i c a l l e v e l : r e s p i r a t i o n a n d h e a r t r a t e s
Respiration

Respiration, measured as oxygen uptake, is considered a good indirect measure of the
metabohc rate of animals which corresponds to their A T P demand. Nevertheless,
numerous factors affect the measurement of oxygen uptake as pointed out by Clarke
(1983). Reproduction, growth, feeding, and activity are all physiological states
characterised by different rates of oxygen demand. If true basal metabohsm is to be
measured, other activities must be eliminated. Locomotory activity or feeding can be
reduced by different techniques, however, it is impossible to reduce growth or
gametogenesis. Therefore, a measure of hue basal metabolism appears difficult. A
reasonable approximation is then a measure of basal metabohsm together with the
instantaneous confribution from growth or gametogenesis taking place during the
experiment (Clarke 1983). This is referred to as resting, standard or routine metabohc
rate. A consequence of normal utilization of oxygen is the production of reactive
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oxygen species. About 2 to 3% of the oxygen consumed by aerobic cells is converted to
ROS (Chance et al. 1979) and low tissue oxygen consumption will decrease ROS
production. Hence, polar invertebrates may be less threatened by oxidative stress due to
their low respiration rate (Abele et al. 2001).
Respiration has been employed extensively in toxicity studies as health index and is a
major parameter in scope for growth studies (Widdows et al. 1995). Copper decreased
the respiration rate in Mytilus edulis (Scott and Major 1972) and decreased the scope for
growth (Sanders et al. 1991). Zinc did not affect respiration in Gammarus pulex
(Maltby and Naylor 1990) but the scope for growth was affected. No change in oxygen
uptake was noted in Mytilus edulis and Venus verrucosa, exposed to oil (Axiak and
George 1987, Widdows et al 1987), but the scope for growth was impaired due to
lower feeding rate and food absorption efficiency. Exposure of Mytilus edulis to
tributyltin increased the respiration rate (Widdows and Page 1993). Neomysis integer
(mysid) showed elevated oxygen uptake following exposure to pesticides (Roast et al
1999).
Few studies of the respiration rate of Arctic marine invertebrates have been performed
and most of the work to evaluate the validity of the M C A hypothesis originated from
Antarctic species. Hence, the first requirement of this study was to establish the
metabolic rate of Arctic invertebrates to confirm or refute the M C A concept.
Numerous toxicity studies have reported that respiration, in water breathing animals that
use gills for gas exchange, is a good indicator of contaminant uptake notably in bivalves
(Baumard et al 1998b, Baussant et al 2001). Therefore, a low respiration rate can
confer an advantage to the polar organism by reducing the uptake and subsequent
bioaccumulation of pollutants.
Finally, a low metabohc rate could indicate that polar invertebrates may have a reduced
capacity to metabolise PAHs, thereby, hmiting the production of ROS and cellular
damages such as lipid peroxidation.

Heart rate

In many areas of biological science, it is important to assess quickly and accurately the
physiological state of animals. One of these measurements is often O2 consumption.
Although a good indicator of physiological state, oxygen uptake is not easy to assess
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accurately and the diversity of methods makes data comparison difficult. Heart rate, on
the other hand, is easy to measure, non-invasive, impacts httle on the animals and offers
the potential for measurement in the field. The cardiovascular system of an animal must
provide: i) adequate perfusion of all tissues for the purposes of supplying O2, nutrients
(amino acid, lipids, glucose), hormones and removal of wastes (urea, C O 2 ) ; and ii) its
performance must be changeable to meet the needs of its "host" as those needs change
from time to time. In crustaceans, the cardiovascular system consists of three
components, the haemolymph, a heart that generates the force to move the
haemolymph, and the disfribution circulatory system. Crustaceans possess an open
circulatory system, with haemolymph returning to the heart via a series of sinuses.
Therefore, measuring heart rate provides an estimate of numerous related physiological
variables that are affected by intrinsic or exfrinsic factors. Temperature is the main
factor accounting for heart rate fluctuation in situ and in laboratory with a positive
relationship (Ahsanullah and Newell 1971, DeFur and Mangum 1979, Wemick 1982,
Eshky et al. 1996, Polhill and Dimock Jr 1996, Stillman and Somero 1996, Bojsen et al.
1998, Styrishave et al. 1999). Circatidal and circadian rhythmicity, and seasonal and
daily variation in heart rate has been reported (Depledge 1992, Styrishave et al. 1999).
Also, depth, light and salinity affect the cardiac activity in Carcinus maenas (Bojsen et
al. 1998, Styrishave et al. 1999), as do aerial exposure (Ahsanullah and Newell 1971,
Stillman and Somero 1996), and hypoxia (Taylor 1976, Paterson and Thome 1995,
Reiber and McMahon 1998, Harper and Reiber 1999). Increasing magnesium
concenfration of haemolymph leads to a decrease in heart rate by acting as an
anaesthetic (Walters and Uglow 1981). Bradycardia was reported at reduced salinity in
limpets (DePirro et al. 1999). Potential predators (fishes) are well able to detect minute
elecfrical disturbance in their enviromnent and would be able to detect a buried or
hidden crab from the regular elecfrical pulses associated with the heart. Hence, brief
simultaneous cessation of heart beat is associated with predator-like stimuli. It was also
observed that heart rate was lower when measured in situ compared with measurements
performed in the laboratory (Styrishave et al. 1999). It was shown that heart rate
increases at commencement of locomotor activity (Aagaard et al. 1995, DeWachter and
McMahon 1996, Styrishave et al. 1999). Cardiac frequency decreases with increasing
size; female cmstaceans show lower heart rate than males and intermouh phases also
affect heart rate; decreasing cardiac activity was observed simuhaneously with
decreasing Darwinian fitness parameter and nutritional state (Ahsanullah and Newell
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1971, Depledge 1985, Depledge and Lundebye 1996, Aagaard 1996). The temporary
reverse of the direction of the scaphognathite beat (causing back flush of water over the
gills to clean them) is often accompanied by a simultaneous inhibition of heart beat
which prevents perfusion of the giU lamellae during the period in which deoxygenated
water is backflushing the gills (McMahon 1999). Longer term rhythms involving heart
and ventilatory pumping are also observed in lobster and crab. For instance, in the crab
Cancer productus, periods of acardia lasting from seconds to 10-20 min occur
commonly in quiescent but fettered animals in weU aerated water (McMahon and
Wilkens 1977). Heart rate may also cease during the tail flip or escape response in
lobster (crayfish as well). This response could protect the heart from damage due to the
large pulse of haemolymph returning from the abdomen (McMahon 1999).

Heart rate as a biomarker of contaminants

Contaminants affect heart rate and, therefore, heart rate offers the possibihty of an early
warning signal of detrimental effects of pollutants at the physiological level. Exposure
to 3mg r ' copper ions induced continuous uninterrupted heart beat in quiescent
Carcinus maenas (Depledge 1984). Copper ions of 10 mg 1"^ suppressed cardiac activity
and oxygen consumption within 2 h, and alternating bradycardia and tachycardia were
oberved in Carcinus maenas (Depledge 1984). Heart rate of Carcinus maenas increased
following exposure to copper and sodium arsenite (Bamber and Depledge 1997), while
no effect was measured after oral exposure to benzo(a)pyrene (Bamber and Depledge
1997). A 15 to 20% decrease in median heart rate along a pollution gradient of an
estuary and increased variability in response at the most contaminated sites was reported
in Hemigrapsus edwardsi (Depledge and Lundebye 1996). Exposure to copper ions of
Carcinus maenas decreased the mean interpulse duration reflecting an increase in heart
rate, whereas maximum interpulse durations and coefficients of variation increased with
increasing exposure concenfration (Lundebye and Depledge 1998). Exposure to
mercury (0.3 mg 1"^) resulted in rapid and statistically significant increases in heart rate
of Gaetice depressus, whereas exposure to a concenfration of 0.1 mg 1"' resulted in
progressive reduction in heart rate similar to that of confrol crabs (Aagaard et al. 2000).
Heart rate decreased significantly in a concenfration-dependent

maimer following

exposure to organophosphorous pesticide (Lundebye et al. 1997). Cardiac activity
increased in Carcinus maenas exposed to crude oil and dispersant (Depledge 1984).
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Heart rate of polar species

Numerous studies have been performed to investigate the heart rate of temperate marine
invertebrates, notably bivalves molluscs and crustaceans, however, no data are available
with polar crustaceans. Cardiac activity has been studied in Antarctic fish (Axelsson et
al. 1992, Macdonald 1997), revealing that the cardiovascular adaptations that allow
ectothermic animals to live in cold water are of particular interest to this study. For
example, without any compensating mechanism, the hearts of cold-blooded animals
might be expected to perform proportionately more work, since blood, in common with
other fluids has an increased viscosity at low temperatures (Graham and Fletcher 1985).
Studies on cardiac activity and morphology of the heart of 4 Antarctic fish species
compared with temperate species revealed a temperature compensation (Axelsson et al
1992, Macdonald 1997).

A rapid, easy, non-invasive, non-destructive method

Early attempts at cardiovascular monitoring in crustaceans were based on the use of
electrodes that were implanted in the animal foUowing drilling of a hole through the
carapace. This invasive technique was rather destructive as the animal could be
monitored only for a few hours (risk of infection and osmosis problems) and caused
stress. It also lacked flexibility to monitor, for instance, the effect of locomotion on
heart rate as the set up was hampered by the need to reshain or confine the animal to
ensure the electrodes remained in situ. Also, numerous sources of interferences could
interfer with the signal. Depledge and Andersen (1990) eliminated these problems by
developing a non-invasive transducer which recorded heart rate using an optical, rather
than an electrical, approach. In this new system, a transducer, glued on the carapace of
the crab, emits infra red hght which is reflected on the heart in proportion to its volume.
The reflected hght is detected by the same transducer, amplified and converted to a
digital signal that is then displayed as a heart rate trace on a computer and recorded. The
method is non-invasive, non destructive and does not stress the animal. Gluing the
transducer requires only one or two minutes of handling. Other parameters can,
therefore, be measured on the same individuals.

Research questions

In this study, the following questions are addressed:
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1. Is the heart rate of Arctic marine invertebrates low compared with temperate
species?
2. Polar regions are characterised by low stable temperature, therefore, is heart rate of
polar crustaceans sensitive to temperature change?
3. Does heart rate respond the same way to temperature change as oxygen uptake?
4. Can heart rate provide information to support the Metabolic Cold Adaptation
hypothesis?
5. Can heart and respiration rates of polar crustaceans be used as a biomarker of
organic pollution?

3.2. Species selection
To date, most biomarker studies in the Arctic have concentrated on the pollution impact
on the top predators (polar bears, seals, whales) (Bacon et al. 1992, Barron et al. 1995,
Bandiera et al. 1997), including humans (Dewailly et al. 1992). To get early-warning
signals before animals located at the higher levels of the food chain are impacted,
requhes research on lower levels of the food chain by selecting species that can be used
as sentinel organisms. Ectothermal organisms, and essentially invertebrates, appear to
be the best candidates for such a biomarker study for the following reasons:
1. They can be found virtually everywhere in the marine environment.
2. Many are sessile, therefore, biomarker responses will give an integrated response of
pollutant exposure at a specific site.
3. They are relatively easy to handle both in the field and in the laboratory, and easy to
sample and keep alive.
4. Many studies have confirmed that they possess compensatory responses to
pollutants.
5. Many are low in the food chain and, therefore, provide early-warning signals of
pollutant impacts before higher levels in the food web are impacted.
6. Some are economically important.
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Four Arctic marine invertebrate species were selected in this study, two crustaceans and
two bivalves. The bivalves were the Arctic soft shell clam, Mya truncata, and the Arctic
scallop Chlamys islandicus. The crustaceans were the shrimp Sclerocrangon boreas and
the spider crab Hyas araneus. The bivalves are filter feeders and are more likely to
accumulate contaminants present in the water column, while the crustaceans are more in
contact with the sediment and may ingest contaminated food. Mya truncata was
selected as it is the main food source of seals and walrus which are the main nutritional
basis of the indigenous people of the Arctic. Therefore, contaminants accumulated by
M. truncata can be transferred rapidly to humans (Figure 19). The scallop and the
shrimp were selected not only because of their commercial values but they are
abundant, easy to sample, large enough to work with and resistant to the sampling
treatment and transport.

Figure 19.
Possible relevance of Mya truncata as a sentinel
organism for a biomarker study. Mya truncata can
provide early-warning signal of industrial impact
before any detrimental effects occur at higher level of
the Arctic food chain including human.
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3.3. Administration of pollutants in tpxicological studies:
advantages and disadvantages
The main objective of laboratory toxicological studies is to investigate whether there is
a causative link between the dose of the toxicant and the effects measured in an
organism by reducing the number of variables (i.e. stable temperature, same feeding
status etc.). Therefore, the method of exposure of the toxicant is critical. Any exposure
regime needs to be ecologically relevant in terms of dose and administration route but
also these needs to be clear biological responses that will help to answer the research
hypothesis. Therefore, investigators often use high doses that may not be environmental
reahstic. Also, the route of exposure may not be ecologically relevant to ascertain that
the animal has really been exposed to the pollutant (i.e. injection versus oral intake).
Dealing with toxicants requires good laboratory practice and to strictly follow safety
rules. For instance, benzo(a)pyrene is a highly potent carcinogenic compound. Thus, the
administration of such chemical substance should be done in such a way that all kinds
of contamination are strictly minimised. In such a case, the injection of the toxicant
directly in the organism is probably the best practical option.
Toxicants have chemical and physical properties that affect their bioavailability. O i l
compounds are poor water soluble molecules at low temperature. It is thus difficult to
investigate their effect on marine fauna in the laboratory. To perform direct exposure
procedures, the oil compound must be dissolved in a solvent. Ideally, the solvent should
be inert and have no effects. For instance, benzo(a)pyrene is diluted in cod liver oil (Aas
et al. 1998) and the mixture is injected directly into the organism. When studying the
effect of dissolved oil compound acetone can be used as a carrier. A n acetone control is
then required to evaluate the biological effect of the solvent.
A more ecologically relevant procedure is to artificially design a polluted environment
in the laboratory (i.e. contaminated sediment or contaminated food). Only the most
water soluble oil component will be released firom the sediment into the water column.
Also, sediment on the field is inhabited with infauna such as worms, urchins etc. that
may influence the bioavailability (i.e. bioturbation, metabolisation, bio-activation).
Ingestion of contaminated food is also more reahstic but provides poor control on the
real ingested dose (Bamber and Depledge 1997).
Since oil is a hydrophobic compound, it is mainly dispersed (oil droplets) when released
at sea with discharge water originating firom offshore platform during oil production.
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Thus, it is probably ecologically relevant to investigate the effects of dispersed oil in the
water column (Baussant et al. 2001). Even though, numerous parameters may affect
bioavailability in situ (Skadsheim et al. 2000).
The ultimate objective of a biomarker isto validate laboratory observations with in situ
studies on a potentially contaminated site. This requires access to a relatively polluted
site. This appeared difficult in the European Arctic that is considered to be a pristine
region. A n alternative approach is to contaminate on a micro scale a part of the
ecosystem where the organism lives but under good control.

3.4. Objectives
3.4.1. E c o p h y s i o l o g y of polar marine invertebrates

One drawback of investigating biomarker responses in polar regions is the crucial lack
of fundamental knowledge of the biochemistry, cellular biology, physiology and
ecology of the selected organisms. Measuring a biomarker relies on measuring a
biological response and it is essential to know the general variabihty of the response, for
instance, the seasonal variation of the selected parameter. Polar ecosystems are highly
seasonal in primary production, have low and stable seawater temperature, and are
potentially highly prooxidant. These ecological features may influence the response of
the selected biomarkers and these aspects need to be investigated. The ecophysiology of
polar marine invertebrates will be investigated in this thesis. Comparison between polar
and temperate species was carried out to characterise the biology of polar organisms.
The following four chapters report aspects of the ecophysiology of polar organisms siich
as:
1. The influence of subzero acclimation of the temperate bivalve Mytilus edulis on the
lysosomal and cell membranes stability, TOSC and P A H uptake.
2. The effect of acute temperature change on the heart and respiration rates of polar
crustaceans.
3.

Heart rate of polar crustaceans and the Metabolic Cold Adaptation.

4.

Seasonal variation of the TOSC and metabolic rate of the Arctic clam, Mya truncata
and comparison with Antarctic and temperate species.
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3.4.2. E x p o s u r e s t u d i e s

Four laboratory experiments were performed with different exposure systems and
different species to evaluate the responses of the selected biomarkers in several
exposure situations to P A H . The data are reported and discussed in the next 4 chapters.
1. The first experiment aimed at measuring the effect of a single carcinogenic P A H to
estabhsh evidence of ROS production following metabohsation of the compound
and two biomarker responses (TOSC and cell membranes stability).
2. The second one investigated the effect of P A H adsorbed onto sediment on a benthic
species, the crab Hyas araneus; heart rate, respiration and TOSC were measured.
3. A field experiment was perfomed with the soft shell clam Mya truncata, by setting
up a small-scale oil contaminated site.
4.

The responses

of TOSC,

GST activity and ceU membrane

stability in

Sclerocrangon boreas exposed to dispersed crude oil were measured using a
continuous flow system. This experiment was undertaken under the responsibility of
Dr. Gr0svik, the early draft manuscript is presented in the "published and
submitted" paper section.
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Chapter 4

Materials and Methods

"The Adelie is always comical. He pops out of the water with startling suddenness, like
a jack in the box, alights on his feet, gives his tail a shake, and toddles off about his
business. He always knows where he wants to go, and what he wants to do, and isn 7
easily turned aside from his purpose. "

James Murray, Biologist of the Antarctic expedition of Ernest H. Shakelton in
1907-1909.
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4.1. Sampling
Four cruises were performed in the Arctic Ocean with the research vessel R V Jan
Mayen (Plate 1) of the University of Tromso for sampling Arctic marine organisms in
the fjords of the West Coast of Svalbard. Four field expeditions took place in May and
August 1999 and 2000. During these cruises, several techniques for sampling were
used:
-

Dredging with an Agassiz dredge (Plate 2) for sampling benthic fauna living on
rocky bottom {Hyas araneus, Sclerocrangon boreas, Chlamys islandicus). The
method is non-selective and rather destructive though it allows collection of a large
amount of biological material in a very short time.
Diving: this is a selective sampling method but not very efficient (Plate 3). It was
used to sample Mya truncata, a member of a soft bottom fauna. Mya truncata was
visually spotted and dug out by hand. Due to the difficulty to digging out large
animals, only individuals of a size of less than 5 cm were usually sampled.

Plate 1.
Jan Mayen lying in the ice pack at 82° North

In Antarctica, due to the presence of fast ice, sampling could only be performed by
divers. Laternula elliptica, Glyptonotus antarcticus were hand picked using this method
of sampling.
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Plate 2.
Agassiz dredge taken back into the ship after dredging
the sea bottom at ca. 50 m depth at Hollenderbukta,
Isfjorden (Svalbard). Hyas araneus, Sclerocrangon
boreas, and Chlamys islandicus were sampled with
this dredge.

Plate 3.
Divers getting ready to dive under the ice in Mc Murdo sound (Antarctica).
Laternula elliptica, Glyptonotus antarcticus and Mya truncata (Arctic) were hand
picked by scuba divers.
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4.2. Study site and species

Arctic

Chlamys islandicus
Mva truncata
Sclerocran^on hore&S

Mytilus edulis
Mva arenaria

Antarctic
Glyptonotus antarcticus
Plate 4
Sampling locations

Laternula elliptica

Biomarkers in the Arctic

4.2.1. Arctic: Svalbard

Figure 20.
Position of the sampling site in Isfjorden at Svalbard (78"! 3'N, 15°39' E). Hyas
araneus, Sclerocrangon boreas, Chlamys islandicus and Hiatella arctica were sampled
in Hollenderbukta (square symbol) with an Agassiz dredge. Mya truncata were
handpicked by divers at the location indicated by a star. The caging experiment was
performed in Adventfjorden (open circle).
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4.2.2. A n t a r c t i c a : R o s s I s l a n d

Figure 21.
Position of the sampling site of Glyptonotus antarcticus and
Laternula elliptica in McMurdo Sound at Ross Island, Ross Sea,
Antarctica.
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4.2.3. T h e t e m p e r a t e r e g i o n s : T h e E n g l i s h C h a n n e l a n d t h e N o r t h Sea

Figure 22.
Position of the sampling site of Mytilus
edulis, in ForlandsQorden, North of
Stavanger, Rogaland, Norway.
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brownish edge along the margin. The shell colour of L. elliptica is white with a pinkish
or greenish shell covering (periostracum) when alive. This filter-feeder bivalve lives
buried in gravelly or soft mud with a large siphon that cannot be fully retracted into its
shell; there is a large gape where the two valves do not close. It has the ability to
reburrow itself when exposed following ice scouring. This bivalve was sampled by
scuba divers from the jetty of the American Antarctic research station of Mc Murdo
(Ross sea, Ross Island) (Figure 21).

Plate 6.
Laternula elliptica (shell size of 5 cm).

Chlamys islandicus

Shell surface with 35 coarse ribs, split in two at the margin of the valve (Plate 7). Left
valve usually pink, right one whitish-grey. Only one adductor muscle scar. Occurs at the
depth of 2 to 1300 m, on different kinds of bottom, at water temperaUire below 10°C
and salinity greater than 34. It is widely distributed Arctic species. Juveniles are
predated by Hyas araneus; bearded seals and sea stars feed on adult scallops. It has a
commercial value though farming is not developed yet. It was sampled with an Agassiz
dredge from R V Jan Mayen from the university of Tromso, at Hollenderbukta in
Isfjorden at Svalbard (Figure 20).
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Mya arenaria

Shell up to 15 cm long; more oval than M truncata but with a similar arrangement of
valves and hinge processes (Plate 9). It is white, dirty-white; interior brown. It is a filter
feeder that lives burrowed in mud and sand from the lower shore down to 70 m and in
estuaries. It can extend its long siphon for feeding and breathing. Mya arenaria is a
temperate species common in the Atlantic, English Channel, North Sea and Baltic Sea.
It was sampled by digging the mud at low tide in Yealm estuary (Plymouth, Devon,
UK) (Figure 23).

Plate 9.
Mya arenaria (shell size of 5cm).
4.3.2. C r u s t a c e a n s
Sclerocrangon boreas

This shrimp is grey to brown in colour (Plate 10). It occurs at depths of 2 to 450m, on
different kinds of bottom, at temperaUires below +4*'C and salinities over 33. Eggs are
incubated in winter. There is no pelagic larval stage and, juveniles appear in July.
Rather common and numerous species, found in the food of fish and seals. Boreal,

Plate 10.
Sclerocrangon boreas (total length 9 cm).
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4.4. Maintenance of species
In the field

Once the animals were collected, they were stored in ruiming seawater in a large
aluminium tank on board R V Jan Mayen. The animals were transferred into large plastic
buckets (2001) and hansported to the climate room at 2^*0 of the "University Courses on
Svalbard". The water was permanently aerated and renewed eVery two days with water
pumped from 20 m deep in Advent^orden.

Maintenance during transport

Transport of organisms was carried out using 13 1 plastic thermos (Walbro Automative
a/s, Norway). Crabs and bivalves were fransported in habitat water while shrimps were
packed between seawater moistened paper in several layers. Two plastic ice packs were
added to keep the temperature close to zero. Temperature measurements indicated no
change after plane fransportation and fransit of about 12 hr.

Maintenance of the species in the laboratory

The animals were stored in large glassfibre tanks designed for aquaculture purposes.
The climate room temperature was set at 2°C. Oxygenation and circulation was
maintained with pumps. A protein skimmer helped remove biological wastes such as
proteins and bacteria. The water was partially renewed twice a week with seawater
pumped from the Stavanger iQord (-70m) and cooled down to 2°C. The bivalves were
fed regularly (twice a week) with Isochrysis sp. The crabs and shrimps were fed with
fresh crushed blue mussel {Mytilus edulis) or raw shrimp.
High mortality after fransport was observed with Chlamys islandicus. Recent work
showing the susceptibility of oysters to handhng sfress (Lacoste et al. 2001) could
explain our observations.

4.5. Analytical Methods
4.5.1. O n board measurement

Emphasis on this study was to optimise the methods so that they can be performed on
board a research vessel, in the field and deployed in a basic research laboratory. Heart
rate and respkation of most species were measured on board RA^ Jan Mayen. The cell
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temperatures were 35, 160 and 220°C, respectively; helium was the carrier gas (1
ml/min flow rate) and a spht ratio of 20:1 was used. The data acquisition system was
run by the software Millenium32® (Waters). Each analysis required the measurement of
control (no antioxidant in the reaction vial) and sample reactions (biological fluid in the
vial). In the presence of antioxidant, ethylene production firom K M B A was reduced
quantitatively and higher antioxidant concentrations resulted in longer periods in which
ethylene formation was inhibited relative to controls (Figure 24). B y plotting the
absolute value of the difference between the ethylene peak area obtained at each time
point for the sample and control reactions it was possible to visuahse whether the
oxyradical scavenging capacity of the solution was changed (Figure 25). The area under
the kinetic curve was mathematically calculated from the mtegral of the equation that
best defines the experimental points for both the control and sample reactions (Figure
25). TOSC is then quantified according to Equation 1, where IntSA and IntCA are the
integrated areas from the curve defining the sample and confrol reactions, respectively.
TOSC = 100 - (hitSA/IntCA * 100)

Equation 1

Thus, a sample that displays no oxyradical scavenging capacity would give an area
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Figure 25.
Ethylene peak area versus time in blank vial (no antioxidant), two samples of
hepatopancreas of H. araneus exposed to oil via injection or sediment or not exposed
(confrol). Note the reduced scavenging capacity of the "sedimenf curve compared to
"confrol" and "injected" curves. The TOSC value as expressed in eq. 1 is directly
calculated from this graph.
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red working solution added to the area containing the attached cells. A 22 x 22 mm
coverslip was then applied. After 15 min incubation in an insulated light proof chamber,
the preparations were inspected under a microscope (x 500 magnification). Following a
fiirther 15 min incubation, the preparation was examined again and, thereafter, at 30 min
intervals to determine the time at which the dye that had been taken up into individual
lysosomes (turning them red; Plate 17) and leached out into the cytosol. The test was
terminated when dye loss was evident in 50% (numerically assessed per field of view)
of the small granular haemocytes and the time recorded (Plate 16); the study was
concluded after 180 min. Following each inspection, the preparations were returned to
the incubation chamber. The procedure, as described, does not produce a monoculture,
but as the different cell types can be clearly distinguished through the microscope, this
was not a problem.

4.5.5. R e s p i r a t i o n

A closed respirometer system was used in this study. Organisms were placed
individually into glass vials (480 ml) (Plate 18), sealed with a screwed Teflon lid, and
incubated at a regulated temperature. Empty vials, containing seawater but no

Plate 18.
Vial of 480 ml used for incubation
and containing an individual of
Mya arenaria.
organisms, were also incubated as controls and their oxygen concentration monitored.
Incubation time was determined prior to each experiment to ensure oxygen tension was
not reduced to less than 75% in the incubator (as such reduction would affect the
respiration data). The oxygen concentration in each vial was measured by injecting a
seawater sample taken from the vials into a respiration chamber (100 |il) (Plate 21)
connected to a polarographic Clark-type oxygen sensor (Plate 19) (Strathkelvin
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microcell MClOO

and microcathode oxygen electrode SI130) maintained at a constant

temperature by a recirculating refrigeration bath (Picture 20). The P02 was calibrated to
oxygen-saturated sea water (i.e. 10.03 mg.r' O2, 36%o salinity, 5.5°C). Soft body tissue
of bivalves and whole body of crustaceans were dried at 100°C for 24 h and respiration
data were normahsed to dry weight body mass. Data are expressed as mg O2 per gram
dry weight per hour.
Calculation of oxygen consumption rates was calculated from dissolved oxygen
cbncenfration, respirometer volume and time of incubation (Handy and Depledge 1999)
as follows:
V02 = ([02]a-[02]b)xV/T/dw

Where, V O 2 = oxygen consumption rate (mg O2 g d w"' h"'), [02]a = oxygen
concenfration in water (mg 1'^) at the start of the frial, [02]b = oxygen concenfration m
water (mg 1'') at the end of the trial, V = volume of respirometer (1), T = duration of
measurement in period (h), and dw = dry weight (g).
To convert oxygen concenfration units between ing 1"' and ml 1"' the following
relationship was used (Handy and Depledge 1999): mg O2 = 1.428 x ml O2
Other conversions of oxygen concenfration:
1 mg = 0.700ml (STP) = 31.251 |imol = 0.0625 mg atoms.
The principle of operation of the Clark-type oxygen elecfrode consists of a probe at
whose tip is an exposed gold or platinum cathode and a silver or silver/silver chloride
anode. When the anode and cathode are polarised so that the cathode is held at a voltage
of -0.6 to -0.8 volts relative to the anode, and connected via a solution of elecfrolyte
such as K C l , the following reaction will occur at the anode:
4Ag ^ 4Ag^ + 4e and 4Ag^ + 4 C f ^ 4AgCl
Simultaneously, any oxygen which is present is reduced at the cathode:
02 + 2 H 2 0 ^ 4 0HThus, for each oxygen molecule reduced, 4 elections of current flow in the circuit.
Oxygen is, therefore, continually consumed as it is reduced to O H ' at the cathode.
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In practice, the anode and cathode are covered by an oxygen permeable membrane to
exclude other species with which it would interfere. The K C l electrOl3^e is buffered to
remove the O H ' produced in the cathode reaction. As oxygen is removed at the cathode,
a PO2 gradient is set up which extends outwards into the surrounding medium. In
unstirred water, oxygen therefore diffuses inwards along the PO2 gradient, the outside of
the electrode membrane is effectively sensing a very much lower PO2 than that in the
surrounding water. For this reason, most Clark electrodes require the water to be stirred.
The size of the signal generated by the electrode is proportional to the flux of oxygen
molecules to the cathode. This oxygen flux is proportional to: l)The PO2 of the water;
2)the permeability of the membrane; 3)the temperature of the water and 4)the surface
area of the cathode.
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4.5.6. H e a r t rate

Heart rate was measured with the non-invasive C A P M O N procedure (Computer Aided
Physiological MONitoring system) developed by Depledge and Andersen (1990). The
system, based on an optical rather than electrical approach, allows heart rate to be
recorded with no physical or biological disturbance. An infra red light emittor/receptor
was glued onto the carapace of the animal (Plate 24 and 27). Emitted light is reflected
onto the heart in proportion to its volume. The signal is amplified and converted to a
digital signal which is displayed on a computer (PC) (Plate 26). With the C A P M O N
unit, eight crabs were monitored simultaneously. The data were stored as ASCII files,
and exported to a spreadsheet for statistical analysis and graphic plotting. Recording
procedure was as follow: transducers were glued onto the carapace of eight crabs per
group and connected to the interface. Each animal was transferred to a plastic non-

Plate 22.
Experimental set up deployed in the laboratory (climate
room) to measure the heart rate of crustaceans. Eight nontransparent beakers contain one crab each glued to an infra
red sensor that is connectd to the CAPMON-II interface
(black box with red switches, top-left). A lab top connected
to the C A P M O N interface allow to visualise the heart signal.
The room temperature is set at 2 T and the water of the
beaker is permanently aerated.
transparent beaker filled up with one litre of seawater. Aeration of the water was
performed during the experiment to provide oxygen (Plate 22, 23, 25 and 28). The size
of the beaker prevented any locomotory or swimming activity that could affect
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recordings. The animals were given 2 h to acclimate to the new conditions before
recording. Recordings of the heart rate lasted 4 h. The mean heart rate and the standard
deviation were used in this study.

Plate 24.
Infra red sensor glued on the carapace of a juvenile H. Araneus.

Plate 23.
Heart rate set-up deployed onboard the research vessel Jan Mayen. The sea
water temperature was maintained constant with running water. The crabs
were dispatched in the boxes placed in the sink.
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Plate 26.
Heart rate signal of Glyptonotus antarcticus displayed
on the monitor of a laptop. The software shows the
signal online (white plain line). The red bars correspond
to the beat per minute recorded over one hour.

Plate 25.
Heart rate set-up deployed in McMurdo research
station (Antarctica) to measure heart rate of
Glyptonotus antarcticus. In the foreground lies the lap
top connected to the CAPMON-II interface. The
isopods are placed in beakers lying in the blue plastic
aquarium filled up with running seawater (-1.5°C).
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Plate 27.
Isopod connected to an infra red sensor. The water was aerated.
A grid on the bottom helps the isopod to anchor to the bottom.

Plate 28.
Infra red sensor glued on the anterior part of an isopod for heart rate
measurement.
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Interpretation of experimental data: Qw and the Arrhenius plot

A commonly used mathematical model to describe the relationship between reaction
rate and the temperature is due to Arrhenius (1889). It originates from chemisfry where
the higher the temperature, the faster a given chemical reaction wiU proceed. In other
words, at higher temperatures, the probability that two molecules will collide is higher.
This higher collision rate results in a higher kinetic energy, which has an effect on the
activation energy of the reaction. The activation energy is the amount of energy required
tp ensure that a reaction happens. The Arrhenius equation has also been particularly
used by physiologists studying the temperature behaviour of specific metabohc
processes such as respiration (Clarke and Johnston 1999). The Arrhenius equation is as
follows:
I

Where k = the rate constant
A = Frequency Factor (L mol"^ s'^)
Ea = Energy of Activation (kj mol'^)
R = Gas Constant = 8.315e-3 kj mol"' K"^
T = Absolute Temperature (K)

The Arrhenius plot gives a sfraight line, the rearranged Arrhenius equation is as follows:
Ln(k) = h i ( A ) - E a / R ( l / T )
Ln(k) = Y axis
Ln(A) = Intercept
Ea = Slope
l/T = X a x i s

Another mathematical relationship to decribe data temperature dependant is the (Van't
Hoff 1884). It descibes the relationship between the rate of a process and temperature as
the fimction Qio, defined as the ratio of the rates of a process 10°C apart:
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Qio = rate at (T+10)/ rate at T
Where, T = temperature in degrees Celsius.
Qio may be calculated for any temperature interval as:

Qio = (k2/kO^°'^-^')
Where K i and K2 are the rates at T i and T2, respectively.
The use of the Qio relationship stems from the observation, formulated by Van't Hoff
(1884), that the rate of a chemical process often approximately doubles for every 10°C
rise in temperature (Qio = 2). A value of Qio in the region of 2 to 3 reflects a system that
behaves normally.

4.5.7. P r o t e i n d e t e r m i n a t i o n

Total protein concenfrations were determined specfrophotometrically following the
method of Bradford (1976).

4.5.8. P A H c o n c e n t r a t i o n a n a l y s i s
Extraction of sediment and tissue samples for GC/MS-selective ion monitoring analysis

Whole body tissue of the studied organism was cut into fine pieces by means of scissors
until a homogenous sample was reached. Then, the following procedure was applied to
bivalve tissue and sediment. Eight deuterated PAHs as quantitation internal standards
(QIS) covering the molecular size of interest (naphthalene-d8,

phenanthrene-dlO,

dibenzothiophene-d8, fluoranthene-dlO, pyrene-dlO, chrysene-dl2, benzo(a)pyrene-dl2
and dibenzo(a,/z)anthracene-dl4), were added to the homogenised tissue or sediment (5lOg) and boiled for 2 hr in a 10 % (w/v) solution of potassium hydroxide in methanol to
achieve saponification. The digest was filtered and exfracted repeatedly three times with
cyclohexane. Cleanup of exfracts was performed by sohd phase exfraction using 3 ml
tubes containing 0.5 g of normal phase packing (Supelclean L C - S i , Supelco INC,
Bellefonte, P A , U S A ) . Further exfraction was performed with a mixture of
dichloromethane: cyclohexane (1:3). Recovery internal standard (RIS) mkture was
added and samples were stored in capped vials until GC/MS-analysis.
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GC/MS-Selective ion monitoring analysis

P A H analysis of all samples was performed by Gas Chromatography (HP5890, Hewlett
Packard, USA) connected to a Mass Spectrometer (Firmigan SSQ7000, USA) and
analysed in selected ion mode (GC/MS-SIM). The G C was equipped with a CP-SIL
8CB fused sihca column (Chrompack, 50m x 0.25nim i.d., film thickness 0.25 m).
Injector and detector temperatures were both 300°C. The column was held at 50°C for 1
min, ramped at 25°C min"^ to 120''C, and at 3°C min"' to 320''C and held for 17 min at
320°C. Helium was used as carrier gas, with a flow rate of 0.6ml min"' at 50*^0.
Tissue samples of M truncata and sediment were analysed for 26 parent P A H
compounds (including dibenzothiophenes), and expressed respectively as pg kg"' lipid
and pg kg"' wet sediment The sum of all analysed PAHs was designated as total P A H
(TPAH).
Lipid concentrations were measured in samples according to the method of Folch et al.
(1957).

Calculation and quality assurance of GC/MS analyses

Calibration standards for all non-alkylated P A H compounds were prepared in seven
different concentrations (10 pg 1"' - 2000 pg 1"') and response factor curves were
calculated. For calculation of alkylated P A H , the response factor curves for the
respective non-alkylated homologes were used. The reproducibility of the response
factors for three standards, covering the concentration range, was checked for each
series of samples analysed, and the calculated concentrations were not allowed to
exceed 20% deviation from the expected concenfrations. RIS and QIS were added to the
calibration standards in concenfrations of approximately 500 pg 1"' of the individual
deuterated compounds. One procedure blank and one confrol sample were exfracted for
each series of samples (n=12). The confrols used were either a certified reference
material (SRM2974, NIST, Gaithersburs, M D , USA) or an unexposed sample spiked
with an appropriate amount of a certified mixture of P A H (Dr Eherenstorfer Reference
Materials, Augsburg, Germany). The recovery of P A H in the samples was calculated by
comparing the relative signal intensity of RIS and QIS in samples and calibration
standards (defined to be 100%). Exfraction recovery for 2-ring P A H compounds was at
least 30 % in sediment samples and at least 40% in tissue samples. Exfraction recovery
for larger P A H compounds was at least 50% in both sediment and tissue samples.
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4.5.9. T h e C o n t i n u o u s F l o w S y s t e m (CFS) f o r d i s p e r s e d o i l e x p o s u r e

The system described previously in Sanni et al. (1998) consisted of a series of three
chambers closed with conical lids. Each exposure chamber contained a central cylinder
with a propeller stirred at a speed of ca. 250 rpm for homogenization of the test solution
and circulation of the water (Plate 29). The chambers (Figure 26) were cormected to the
continuous-flow system with test solution input at the bottom and output at the top. A
flow rate of ca. 250 ml min"' was maintained through the chambers, enough to meet the
oxygen requirement of the animals. Oil was kept in a dark, sealed storage bottle and was
directly pumped in the stream of seawater at a constant flow rate according to the
exposure concentration. N o solvent was added. Droplets were created with an ultrasonic
processor that produced dispersion (80 mg 1"') which was further diluted and delivered
to the aquaria by peristaltic pumps (Taban et al. in prep). The total oil concentration,
estimated from the concenfration of sum P A H in the water, was approximately 8 times
higher than the oil concenfration estimated from volume of particles with size between
1.4 and 30 pm. The rest of the oil was either dissolved, had a smaUer particle size than
1.4. The Multisizer measurements showed that 95 % of the oil droplets in the size range
between 1.4 and 30 pm were less than 10 pm in size and the mean size, based on
number of particles in size range 1.4 to 30 pm was 1.86 pm. The mean size of particles
based on volume was 3.1 pm for particles in size range 1.4 to 10 pm and 4.1 for
particles in size range 1.4 to 30 pm. The size disfribution graphs indicated that few
particles were larger than 10 pm and that many particles were smaller than 1.4 pm. Air
and seawater temperatures were adjusted at TC. A sublethal concenfration of oil was
injected into the system during exposure periods. Water samples were collected in
bumed 2 1 Duran glass bottles with glass stoppers, containing hydrochloric acid to
ensure that the p H of the sample did not exceed 2. The samples were stored at 4°C in a
dark room. Exfraction of oil was performed the day after sampling. The total P A H
concenfration determined (sum PAH) in the freatment chamber was 10-26 pg 1"'. The
variations in oil exposure concenfrations were due to instability with the oil pumps.
P A H constitute 0.83% of the crude oil (Baussant et al. 2001) giving an oil concenfration
of 1-3 ppm. These data, together with the data from the Coulter Multisizer analyses,
indicate an average oil exposure concenfration of 2±1 ppm.
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Biotest chamber
Low dose

High dose

Control

Figure 26.
Diagram showing the basis of the continuous flow system to study the effect of
dispersed oil on marine organisms.
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Plate 29.
A chamber of the CFS (with turbots). Note the propeller in the middle of the chamber
for continuous agitation.
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Chapter 5

Influences of low temperature acclimation of the
temperate bivalve Mytilus edulis on the lysosomal and
cell membranes stability and total oxyradical
scavenging capacity
Published in Marine Environmental Research (2000), 50:325-329.

"Quand a I'ours... le terrifiant ours polaire...Oublions-le! II peut peser jusqu'd huit
cents kilos! Et meme quand la banquise est splendide de serenite, j'ai toujours la
penible sensation qu'il se tient la. tapi quelque part, pret a m'assaillir parderrierc.Dans le Grand Nord, c 'est le danger par excellence, le symbolique gardien du
pole."
Jean Louis Etienne, polar French explorer.
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5.1. Abstract
Expanding industrial activities in the Arctic require an urgent assessment of the toxicity
of chemicals at low temperatures. Organisms acclimatized to low temperature exhibit
specific adaptations. For example, the amount of unsaturated lipids is increased to
maintain the fluidity of the cell membranes. It has been hypothesised that such
temperature-hiduced alterations in membrane lipid composition may affect the stability
of lysosomal and cell membranes in the common mussel, Mytilus edulis, an organism
exposed to seasonal temperature extremes. Moreover, antioxidant defences are known
to be low in winter, therefore, we tested whether low temperature reduced the total
oxyradical scavenging capacity (TOSC) of M. edulis. As mussels may be exposed to
petroleum compounds along industrialized coastlines, we tested the combined effects of
exposure to low temperature and the petroleum compound, phenanthrene, on haemocyte
membrane stabihty. Test animals, acclimated to either 0 "C or 10 °C, were exposed to
phenanthrene (O=control or 500|ig.r') and haemocytes were examined using the neutral
red retention assay (lysosomal stability) and a fluorescence assay (ceU membrane
stability). The TOSC was performed according to the method of Winston et al. (1998).
At 0 °C, lysosomal and cell membranes firom uncontaminated mussels were destabilised
compared with the same group at 10 °C (p=0.0005); the TOSC was also significantly
reduced (p<0.05). No significant effects (p>0.05) of phenanthrene were detected at
either temperature. Possible mechanisms underlying membrane destabilisation include a
weaker physical resistance of the membrane due to a higher amount of unsaturated
lipids, an oxidative damage due to the reduced TOSC, a potentially higher level of
reactive oxygen radicals at low temperature, and the higher susceptibility of unsaturated
lipids to oxidative stress. More work is required to better understand the consequences
of this membrane destabilisation at low temperature on the susceptibility of the
organism to pollutants.
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5.2. Introduction
At low temperatures, the cell membranes of ectothermic organisms undergo structural
changes to maintain viscosity and enzyme kinetic properties (Hochachka and Somero
1984). Sinensky (1974) termed this response to temperature "homeovicous adaptation"
(HVA); this conept was reviewed recently by Hazel (1995). Early studies showed that
the membrane

composition of temperate bivalves,

Crassostrea virginica

and

Mercenaria mercenaria, was affected by acclimation to subzero temperature (Gillis and
Ballantyne 1999b). Mytilus californianus has the ability to adjust

membrane

composition on a seasonal basis (Williams and Somero 1996). The blue mussel (Mytilus
edulis), is a temperate species that experiences large seasonal fluctuations in
temperature; for instance, surface seawater temperature in Norwegian §ords can
fluctuate from -1.88°C up to IQ'^C Lysosomal membrane stability has been used
thoroughly in biomarker studies to assess pollution impact in the field (Lowe et al.
1995, Femley et al. 2000, Wedderbum et al. 2000). Lysosomes are subcellular organels
that accumulate and degrade contaminants (Lowe et al. 1995), and are sites of
oxyradical production (Winston et al

1996). The physical sfress imposed on the

lysosomal membrane by the accumulation of pollutants and lipid peroxidation due to
oxidative damage leads to a breakdown of the membrane and severe impairement of the
cell. Therefore, one objective of this study was to investigate wether cold-acclimated
lysosomal and cell membranes are more more vulnerable to sfress than at warmer
temperature.
Antioxidant defences prevent membrane lipid peroxidation, caused by reactive oxygen
species (Winston and D i Giulio 1991). Low antioxidant defences and lipid peroxidation
have been reported in Mytilus sp. in winter (Viarengo et al 1991, Sheehan and Power
1999). The link existing between antioxidant defenses and membrane stability and the
effects of season on these parameters raised the need to investigate the effect of low
temperature on the total oxyradical scavenging capacity of M. edulis.
As blue mussels are exposed regularly to low temperatures during the winter in
Norwegian Fjords, the present study set out to establish the effects of low temperature
on: i) cell membrane stability of haemocytes, ii) lysosomal membrane stability in
haemocytes, and iii) the total oxyradical scavenging capacity in the hepatopancreas of
M. edulis. In addition, the effects of exposure to a polycychc aromatic hydrocarbon
(phenanthrene) were investigated at low temperature.
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5.3. Materials and Methods
In October 1998, Mytilus edulis were collected from a clean reference site in
ForlandsQorden, Rogaland (Norway). The ambient temperature was around 10 °C.
Mussels were monitored in miming seawater and fed with algae (Isochrysis sp.). For use
in low temperature experiments, mussels were acclimated at 0°C for 1.5 months.
Experiments were carried out simultaneously at 10

and 0 °C using 15 mussels per

freatment and 500 pg.f' phenanthrene as the chemical exposure was used. Each group
of mussels was placed in a tank containing 4.5 1 of aerated seawater. The toxicant
(diluted in acetone) was added first to 100 ml of algae solution and then fransferred to
the tank. A n acetone confrol was also performed to measure the effect of acetone (no
effect was measured, data not shown). A confrol with exposure to algae only was
performed (data shown). The exposure medium was renewed every 24 h. After 4 days,
the haemolymph from individual mussels was sampled and mixed (1:1) with
physiological saline. Two assays were carried out on the haemocytes. Firstly, the
retention of neufral red dye was measured in lysosomes following the procedure of
Lowe et al. (1995) (see section (4.5.4.). The second assay measured the membrane
stability of haemocytes isolated from the various freatment groups (see section 4.5.3.).
The hepatopancreas was excised, frozen and stored at -SO'^C prior analysis according to
the method of Winston et al. (1998) and optimised for Mytilus edulis by Regoli et al.
(1998) (see section 4.5.2.).
Non-parametric Wilcoxon tests were performed on these retention time measurements.
Data of haemocyte membrane stability were disfributed normally but were Boxcox
fransformed to meet equal variance conditions and analysed with one-way A N O V A test.
Data of the TOSC were distributed normally and differences were identified with t-tests.

5.4. Results
Results showed that the neufral red retention time (Figure 27) and the ratio
BFLV/EthD-1 (Figure 28) were both significantly reduced in the confrol groups at 0 °C
compared to 10 °C (p<0.05). These results indicate that the membranes of lysosomes
and haemocytes were destabilised at low temperature. TOSC was significantly reduced
at 0*^0 (p<0.05) (Figure 29). No significant effects of phenanthrene on membrane
stability could be detected by eitiier method at 0 "C or 10 °C (p>0.05) (Figures 27 and
28).
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Figure 28.
Bar chart to show the lysosomal membrane stability (neutral red retention time) in
haemocytes of Mytilus edulis exposed to 500 p.g.r' phenanthrene (mean and standard
deviation, n=15). Asterisks indicate significant effect of low temperature on the
stability of the membrane compared with 10 "C (p=0.0005).

control

H

10 degrees Celsius

[]

0 degree Celsius

500ng.I-I
phcnanlhrcnc

control

500pg.l-I
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Figure 27.
Bar chart to show the cell membrane stability [ratio of fluorescence intensity of
B F L V and EthD-1 (arbitrary unit)] of haemocytes of Mytilus edulis exposed to
phenanthrene (mean and standard deviation n=15). Asterisks indicate significant
effect of low temperature on the stability of the membrane compared with 10 "C
(p<0.05).
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Figure 29.
Effect of temperature on the total oxyradical scavenging capacity of
Mytilus edulis. Data are plotted as Whisker plot (n=9). Asterisk
indicate significant effect of low temperature on the TOSC compared
with 10''C (p<0.05).

5.5. Discussion
Present results indicate that lysosomal and ceU membranes of the haemocytes of Mytilus
edulis are more fragile at 0 than at 10°C. In addition, TOSC was significantly reduced at
lower temperature. The membrane composition of bivalves adapted to low temperature
is different compared with higher temperature to maintain fluidity of the membrane
components (GiUis and Ballantyne 1999b). This metabolic compensation may help
explain the more destabilised membrane at 0**C than at 10°C. In addition, at low
temperatures, higher dissolved oxygen concenfrations occur, providing a major source
of reactive oxygen species (ROS) (Regoli et al. 2000). Organisms exposed to low
temperatures, therefore, experience more oxidative sfress than animals living at high
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temperatures. ROS are known to be generated in lysosomes (Winston et al. 1996) and
cause membrane lipid peroxidation. Since unsaturated lipids are more vulnerable to
ROS than saturated lipids, it might be expected that membranes would be more
susceptible to peroxidation at 0*^0 than at 10 °C. Moreover, the decreased TOSC
measured here indicate that Mytilus edulis is less capable of coping with ROS at low
than at higher temperature. A decreased activity of antioxidant defences has been
reported in winter conditions in Mytilus sp (Viarengo et al. 1991, Power and Sheehan
1996, Cancio et al. 1999, Sheehan and Power 1999). Viarengo et al. (1991) reported
that a reduction of the antioxidant defence systems in winter was concomittant with an
increase in lipid peroxidation. Therefore, the decreased membrane stability measured in
the current study may be caused by lipid peroxidation due to the decreased TOSC. ROS
are naturally produced due to aerobic metabohsm. About 2 to 3% of the oxygen
consumed are converted to ROS (Chance et al. 1979). A low respiration rate in Mytilus
edulis a t - l ^ C as observed by Loo (1992), could reduce the natural ROS production and,
therefore, the TOSC as well.
In Mytilus edulis, the metabolism of P A H leads to the production of oxyradicals
(Livingstone et al. 1990). Grundy et al. (1996) showed that the neutral red retention
time was strongly reduced in the lysosomes of mussels exposed to phenanthrene for 14
days at 20 °C. N o effects of phenanthrene on membrane destabilisation were recorded in
the present experiment, nevertheless, bioaccUmulated levels of phenanthrene were high
and were not affected by the low temperature. The fact that bioaccumulation of
phenanthrene was not affected by the temperature treatment supported the work of Loo
(1992) who reported a filtration activity and high absorption efficiency for M. edulis
experiencing seawater a t - l ° C . Thus, the exposure time to this compound in the present
study was probably too short to induce any effects. A reduced endocytosis at low
temperature (Rode et al. 1997) could have hmited the uptake and accumulation of
phenenthrene into the lysosomes.

5.6. Conclusions
Assessing the ceU membrane stability of haemocytes using B V F L and EthD-1 is a
reliable method providing information of membrane stability with automated readings.
Mussels acclimatized to 0 ° C exhibited decreased stability of lysosomal and cell
membranes in haemocytes compared with 10 *'C. A decreased TOSC at low temperature
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,

indicates that the decreased membrane stability may also be caused by lipid
peroxidation. Phenanthrene exposure did not decrease further membrane stabihty at
either temperature.
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Chapter 6

Heart and respiration rates of polar crustaceans.

Glyptonotus antarcticus

"As soon as the ice was strong enough to bear in the bay, Murray commenced his
operations there. His object was the collection of the different marine creatures that
rest on the bottom of the sea or creep about there. "

Sir Ernest H. Shackleton, Antarctic expedition 1907-1909.
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6.1. Effect of acute temperature change on the heart and
respiration rates of polar crustaceans
6,1.1. I n t r o d u c t i o n

Heart and respiration rates of temperate marine invertebrates have been thoroughly
investigated. When measured simultaneously they can provide good understanding of
the physiological condition of the animal, notably its respiratory functions (Widdows
1973, Eshky et al. 1996). Temperate marine organisms are physiologicaly adapted to
temperature fluctuation and experience seasonal and daily variations in temperature
(Bojsen et al. 1998, Styrishave et al. 1999). Cardiac activity and respiration rates of
temperate invertebrates increase with increasing temperature (Ahsanullah and Newell
1971, DeFur and Mangum 1979, Wemick 1982). Similar information on heart rate of
polar marine cmstaceans is lacking. Polar marine ecosystems are characterized by very
stable temperature (Clarke 1988, Weslawski et al. 1988). This temperature stability
affects the physiology of indigenous species such that their rates of fiinctioning of
different biochemical and physiological processes are independent of temperature. For
example, the heat-shock protein expression at high temperature, commonly viewed as a
'universal' characteristic of organisms, is absent in the Antarctic fish Trematomus
bernachii (Hofinann et al. 2000). Evidence of an absence of thermoacclimatory
responses to the changes in oxygen affinity was shown in the Antarctic isopod
Glyptonotus antarcticus (Jokumsen et al. 1981). Numerous studies reported relatively
low respiration rates for polar cmstaceans, and these were interpreted as a selective
advantage in an environment where temperahife is low and resources limited (White
1975, Whiteley et al. 1996, 1997). Earher studies reported the effect of temperature
change on the respiration rate of polar crastaceans (White 1975, Aarset and Aunaas
1990), but no investigations have been performed on the heart rate of polar marine
crastaceans. Therefore, in this present study, the sensitivity of the heart and respiration
rates of polar crastaceans to acute temperature change was investigated to determine
whether these physiological responses can provide information about polar adaptation.
The selected species for the investigation were the Arctic benthic shrimp Sclerocrangon
boreas, the Arctic crab Hyas araneus and the Antarctic isopod Glyptonotus antarcticus.
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6.1.2. M a t e r i a l s a n d M e t h o d s

In summary, heart rate was measured with the C A P M O N system firom Depledge and
Anderson (1990) (see section 4.5.6.) and respiration rate (see section 4.5.5.) was
measured with a closed respirometer technique and a Clarke electrode coupled to a
water cooled unit. Effect of temperature on the heart rate was measured before the
measurements of the respiration rates. Any change (increase or decrease) in water
temperature was performed slowly over 2h. Animals were acchmatised to the new
temperature for one more hour before starting the heart rate measurenient Or incubation
for respiration rate measurements.
As the upper lethal temperature limit for G. antarcticus is reported to be around 6^0
(Amaud 1985), the effect of temperature for this species was assessed within the range
-1.5 to 4°C. Arctic crustaceans appear to be more tolerant to higher temperature (Aarset
and Aunaas 1990) hence, the temperahire was raised to 10°C in the current experiment.
The same individuals were used to measure the heart and respiration rates except for
Hyas araneus, though individuals with similar body size were selected. Animals of
similar size were selected to compare the heart and resphation data (Table 1).

Table 1 : mean and standard deviation of dry and wet weight of G. antarcticus, H.
araneus and S. boreas.

Dry Weight (g)
Glyptonotus antarcticus (n=5)

4.61±0.73

Hyas araneus (n=5)

5.06i:0.56

Sclerocrangon boreas (ji=T)

3.32±0.56

Wet Weight (g)
22.92±4.88
15.07±1.94
15.07±1.94

6.1.3. R e s u l t s
Heart rate

The heart rate of each species increased with temperature and the mean heart rate of
each species was similar at low temperature. A Qio of 2 indicated an increase of the
heart frequencies of S. boreas and H. araneus in the temperature range 0 to 5°C (Figures
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31 and 33). A Qio of 1.54 between 5 and 10^'C indicated a moderate effect of
temperature on the heart rate. The overall Qio in the temperature range 0 to 10°C is
similar, 1.74 and 1.61 for S. boreas andH. araneus, respectively.
A different pattern was observed for G. antarcticus though the temperature range was
narrower. A n increase occurred between -1.5 to 2°C (Qio=1.27), followed by a marked
rise from 2 to 4°C characterised by a Qio of 4 (Figure 35). The Qio between -1.5 to 4°C
of 1.86 was comparable to the Qio of the Arctic shrimp and crab within the same
temperature range.

Respiration rate

The effect of temperature on the respiration rate of the Arctic species was different from
the response measured in the heart rate. The oxygen uptake was stable from 0 to 5°C
(Qio=1.01) in S. boreas but doubled from 5 to 10°C as indicated by a Qio close to 4
(Figure 30). The Qio from 0 to 10°C was 1.95, indicating a doubhng of the metabohc
rate over 10°C temperature increase (Figure 30).
The respiration rate of H. araneus was not affected by 5°C increase from 0 to 5°C as
indicated by Qio below zero (0.4) (Figure 32). This is confirmed by a Qio of 1.05 over
the temperature range 0 to 10°C, indicating that the increase of 10°C in temperature did
not affect the respiration rate of H. araneus (Figure 32).
The Qio of 2.41, calculated in the temperature range -1.5 to 4°C, indicates that the
metabolic rate of G. antarcticus was temperature sensitive (Figure 34).
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Figure 31. Effect of temperature on the heart
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6.1.4. D i s c u s s i o n
Heart rate

Acute temperature change affected the heart rate of aU the Arctic crustaceans. However,
the heart rate of G. antarcticus was shown to be insensitive to temperature change
within the range -1.5 to

reflecting a physiological adaptation to this temperature

range that coixesponds to the natural fluctuation of the Antarctic seawater temperature
(Clarke 1988). Nevertheless, the overall Qio for each species was close to 2. According
to the Van't Hoff rule, the general response to increased temperature is an increased
oxygen consumption rate, reflecting that enzymatic reaction rates approximately double
with a temperature increase of 10°C indicated by a Qio of 2. This response has been
observed previously in the heart rate of Carcinus maenas (Ahsanullah and Newell
1971). The gradual reduction in Qio with increasing temperature observed for S. boreas
and K araneus, is supported by the results of other studies (Ahsanullah and Newell
1971, Eshky et al. 1996), although the temperature ranges of the shidies were different.
The decrease in Qio in the upper temperature range may indicate that the unusual
elevated temperature imposes some physiological constraints to the organisms. For
instance, the mechanical action of the heart is limited to a certain frequency that is
optimized to run at low temperature in polar crustaceans. Earher studies reported that
the biochemical, metabolic and morpho-fimctional features of the heart of the Antarctic
icefish was cold adapted (Tota et al. 1997). Examination of the effect of temperature
change on the heart rate of porcelain crabs from temperate waters revealed some
thermal tolerance limits in agreement with the natural envirorunental temperature that
the crustaceans experience in the field. Hyas araneus is a temperate species that is
migrating northward and colonising Arctic water. It is, therefore, weU adapted to cope
with temperature changes. Sclerocrangon boreas is a true Arctic species, although it is
abundant in the Barents Sea where the temperature can fluctuate up to 6°C (Loeng
1991). The increased heart rate may be a physiological compensation to the decrease in
dissolved oxygen levels in the water at high temperature.

Respiration rate

Temperature change affected the respiration rate of the Arctic species in a different
maimer compared with heart rate. Sclerocrangon boreas appeared insensitive to
temperature change between 0 to 5°C. The respiration rate of H. araneus was not
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affected in the temperature range 0 to 10°C and a decrease was noted from 0 to 5°C. The
winter-acclimatized individuals, of the benthic amphipod Onissimus affinis were
relatively temperature insensitive between (fC and S^C with a Qio of 1.36 (Percy .1975).
Similar results have been demonsfrated for the Arctic copepod Calanus glacialis (Tande
1988) and the Antarctic krill Euphausia superba (McWhinnies 1964). Relative
insensitivity of the respiration rate to temperature change was also noted in the intertidal
hermit crab Clibanarius vittatus (Wemick 1982). This relative insensitivity would help
the organisms to keep the metabolism low in order to prevent energy expenditure where
temperature fluctuations are narrow and food is hmiting.
In confrast, a marked increase in the respiration rate of G. antarcticus indicated by a Qio
of 2.41 was observed. The Qio value is in agreement with the work performed by White
(1975). These observations mdicate that G. antarcticus does not have the ability to
maintain the metabolic rate constant when a temperature change occurs as for S. boreas
and H. araneus. Temperature sensitivity of the respiration rate was demonsfrated in 8
polar cmstacean species (Hirche 1984, Aarset and Aunaas 1990). The increase in heart
rate from -1.5 to 4°C helps explain the enhanced oxygen uptake measured in this study.
The heart rate is relatively comparable between species, the bigger size of the isopods
compared with the two other Arctic species can explain a lower heart rate at low
temperature. On the confrary, the respiration rate is different between species. G.
antarcticus shows a very low respiration rate as reported by White (1975). The oxygen
uptake of S. boreas is two times higher than G. antarcticus and two and half times
lower than H. araneus at low temperature. In polar ectotherm organisms, a low
respiration rate has been reported which appears to be an adaptive sfrategy to hmit
energy expenditure in a low food supply enviroranent (Whiteley et al. 1996). The
elevated metabolism of H. araneus and its temperature insensitivity is certainly
atfributable to its temperate origin. Glyptonotus antarcticus is a true Antarctic species
(Whiteley et al. 1996), and S. boreas is in the Arctic and, therefore, expresses typical
physiological adaptation to these specific polar regions. Nevertheless, the Antarctic
isopod was shown to be stenothermal with an upper temperature limit of 6°C.
Sclerocangon boreas experienced the rise in temperature up to 10°C without showing
signs of lethal effects. Ice amphipods like Gammarus wilktzkii experience exfreme low
temperatures of -1.88**C but sometimes lower as the brine water occurring in the ice
crevasses during ice formation low. In spite of being adapted to low temperature, the ice
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amphipods showed a very temperature sensitive respiration rate and were able to
survive at lO^C (Aarset and A.unaas 1990). It is probable that the shorter evolutionary
time of Arctic species compared with Antarctic species may explain this difference in
stenothermality.
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6.2. Heart rate of polar crustaceans and the metabolic cold
adaptation
6.2.1. I n t r o d u c t i o n

Low temperature and limited seasonal temperature variation characterise the polar
marine ecosystem. For McMurdo Sound in winter, reported temperatures were -2°C
(Littlepage 1965) and up to around 0''C in summer. The temperature in the Arctic l^ord
of Svalbard ranges from -1.86''C to 3°C (Weslawski et al. 1988). As a consequence of
this very stable temperature, most of endemic polar marine invertebrates

are

stenothermal and many benthic species have an upper lethal temperature limit of 6^0
(Amaud 1985).
The possibility of elevated metabolic rates in cold-water ectotherms has been a topic of
debate over many years. The idea that metabolic rates of polar ecthoterms should be
elevated to compensate for the physiological consfraints imposed by low temperature
was first proposed by Krogh (1916). Scholander et al. (1953) and Wohlschlag (1964)
advanced the concept of Metabolic Cold Adaptation (MCA) but this has not been
accepted generally (Clarke 1980, 1983). Clarke and Johnston (1999) showed no
metabohc cold adaptation for fish and the metabohc rate of cold-water bivalves was not
elevated (Peck et al. 1997, Ahn and Shim 1998). In polar cmstaceans, Whiteley et al.
(1996) showed that the giant Antarctic isopod, G. Antarcticus, does not show classic
'metabolic' cold adaptation but maintains relatively low oxygen uptake rates at 0°C as
reported by White (1975). Because respiration rate is related to the heart rate in marine
invertebrates (Widdows 1973, Eshky et dl. 1996), the concept of M C A could be
investigated by measuring the heart rate of cmstaceans. Cardiac activity has been
measured in many temperate marine decapod cmstaceans and the conclusion is that the
temperature is the main physical environmental factor that affects the heart rate of
crastaceans (Ahsanullah and Newell 1971, DeFur and Mangum 1979, Morris and
Taylor 1984, Aagaard 1996, Bojsen etal. 1998). While cardiac activity has been studied
in Antarctic fish (Axelsson et al. 1992, Macdonald 1997), no data on cardiac activity of
polar crastaceans have been reported. The cardiovascular adaptations that ahowed
Antarctic ectothermic animals to live in cold water are of particular interest. Without
any compensating mechanism, the hearts of cold-blooded animals might be expected to
perform proportionally more work, since blood, in common with other fluids, has an
increased viscosity at low temperatures (Graham and Fletcher 1985). Moreover, it is
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expected that G. antarcticus shows a low heart rate in relation to the low oxygen uptake
demonstrated by White (1975). One role of the haemolymph circulation is to distribute
biological material for growth, egg production and for the excretion of wastes. Because
of the low protein production rate of G. antarcticus (Whiteley et al. 1996), the isopod
may show a limited haemolymph circulation rate and consequently a low heart rate.
In this study, the in vivo cardiac activities of G. antarcticus, H. araneus and S. boreas
were measured. Pubhshed studies on crustacean heart rate firom temperate to tropical
regions were compared and discussed with reference to the concept of metabolic cold
adaptation.

6.2.2. M a t e r i a l s a n d M e t h o d s

Five individuals of Glyptonotus antarcticus were coUected by divers from the jetty of
McMurdo American research station (Ross island, Antarctica) in January 2000 (Figure
22). Isopods were kept in a large tank with running seawater, pumped from the Sound at
a temperature of-1.5°C, for at least 24 h before any experiments. The average length of
the isopods was 76.5±6.2 nun and the average fresh weight was 22.92±4.87 g (K=5). N O
food was provided during the experiment. Eight individuals of the spider crab Hyas
araneus were collected from Hollenderbukta in Is^orden (Svalbard, Arctic) in May
1999 (Figure 21). Crabs were taken with an Agassiz dredge from ca. 50m depth using
the research vessel F/F Jan Mayen of the University of Troms0. Seawater temperature
was - l . S ^ C . SmaU spider crabs (wet weight = 13.00±3.91g, carapace length =
37.79±3.20 mrmn, carapace width = 27.29±2.65mm) were selected for the experiments.
Crabs were stored in cooled running seawater. No feeding was allowed and heart rate
measurements were performed at 0°C on board 24 h after capture. In September 2000,
eight individuals of the shrimp Sclerocrangon boreas were collected at the same
location and handled the same way as H. araneus (wet weight = 15.07±1.94; dry weight
= 3.32±0.56). Measurements of heart rate were performed in the laboratory at the
"University Courses on Svalbard". Heart rate of the polar species was compared with
the heart rate of 6 crustacean species living in temperate and fropical regions; data for
temperate and fropical species were exfracted from the literature (Table 2). Comparison
was based on animal size ranging between 15 g and 25 g wet weight.
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Heart rate measurement

Cardiovascular monitoring was performed with a non-invasive procedure (CAPMON)
developed by Depledge and Andersen (1990) (see section 4.5.6.),

6.2.3. R e s u l t s

The plot of heart rate versus temperature (Figure 36) showed that heart beat frequencies
of polar species are located in the lower left comer of the graph, indicating that heart
rate at low temperatures are lower than heart rate at higher temperatures. A n Arrhenius
plot (Ln heart rate vs reciprocal of absolute temperature) produced a mathematical
relationship between heart rate and temperature for polar species, and for fropical and
temperate species (combined) which are significantly modelled by a linear relationship
(Figure 37). A n A N C O V A analysis showed evidence of no significant differences
between slopes (p=0.978) but a difference in y-intercept (p=0.021). Hence, Polar
cmstaceans species show a low cardiac activity compared to other non-polar species but
the higher intercept reveals a slight compensation in heart rate compared with expected
values from exfrapolation of the curve heart rate versus temperature of fropical and
temperate species.
Regression line for temperate and fropical data: y = 24.89 - 5.96x, r^ = 0,68, p<0.0001;
Pearson coefficient = 0.83, p<0.0001.
Regression line for polar species data: y = 26.02 - 6.10x, r^ = 0.80; Pearson coefficient
= 0.89,p<0.0167.
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Table 2: heart rate data were extracted from the literature. Species, temperature of
measurement, mean heart rate and standard deviation and references are indicated:

Species

Reference

-1.5
2
1
7
0.8
5.8
5
10
15
20
25
6.5
8

Mean heart
rate (bpm)
35.38±5.40
36.65±3.79
47.26±2.94
• 68.48±9.68
47.02±5.64
68.99±4.35
19.72
27.99
39.72
56.36
80
54
70

6
20
18

100
131.7
235

15
20
25
30
35
40
15
20
25
30
35
40
25

69.2
134.71
181.85
242
355
427
36
60
139
171
274
312
125.6

Temperature

(•*C)
Glyptonotus
antarcticus
Hyas araneus

Present study

Sclerocrangon
boreas
Carcinus
maenas

Present study

Hemigrapsus
edwardsi
P. hebsti
M. nudus
Mmessor

Present study

(Styrishave et al.
1999)

(Depledge 1978)
(Depledge and
Lundebye 1996)
(DeFur and
Mangum 1979)
(DeFur and
Mangum 1979)
(Eshky a/.
1996)

Uca inversa

(Eshky et al.
1996)

Procambarus
clarkii

(Reiber and
McMahon 1998)
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Figure 36.
Plot of heart rate versus temperature in crustaceans from fropical, temperate and
polar regions.
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Figure 37.
Arrhenius plot comparing the relationship between heart rate and temperature in
crustaceans from fropical and temperate regions ( • ) and polar regions (•).
A N C O V A analysis showed evidence of no significant differences between slopes
(p=0.978) but a difference in intercept (p=0.021). Regression line for temperate and
fropical data: y = 24.89 - 5.96x, r^ = 0,68, p<0.0001; Pearson coefficient = 0.83,
p<0.0001. Regression line for polar species data: y = 26.02 - 6.10x, r^ = 0.80;
Pearson coefficient = 0.89, p<0.0167.
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6.2.4. D i s c u s s i o n
Resting heart rate at normal environmental temperature conditions

In this study, data on in vivo heart rate of Antarctic and Arctic crustaceans are reported
for the first time and compared with temperate and tropical species. Polar crustaceans
show lower heart rate compared with temperate species. Little data exist on the heart
rate of temperate species experiencing low temperature in winter although Depledge
(1978) reported heart rate values for Carcinus maenas of 54 bpm at 6.5^0. Styrishave et
al. (1999) measured a heart rate of ca. 20 bpm at 5°C and P. hebsti heart rate was 100
bpm at 6°C. In spite of the scarcity of heart frequency in crustaceans, temperate species
seem to show similar heart rates at low temperature compared with summer heart
frequency of Arctic species.

Inter-species comparison of heart rate

B y plotting data of the 10 crustaceans species across the temperature range 0°C to 40°C
(Figure 37), a positive significant temperature effect on heart rate was revealed. The
Arrhenius mathematical relationship obtained in this study indicated that a rise in
temperature firom 0°C to 30°C causes an elevation in heart rate of 8 times for a standard
crustacean of ca. 20 g wet weight. This would give a Qio of 2 between the temperature
range 0°C to 30°C. The Arrhenius plot of polar species shows a similar slope compared
with the Arrhenius plot of the pooled data for tropical and temperate cmstaceans.
Nevertheless, the y-intercept of the polar species line is higher. This could reflect a
higher heart rate in polar species than would be predicted from temperate and tropical
species extrapolation. Calculated heart rate firequency at -1.5°C for temperate/tropical
species would be 19 bpm. Heart firequency of G. antarcticus at the same temperature is
1.8 times higher. However, the compensation is weak compared to that reported for
antarctic fishes that show a nearly complete temperature compensation, so that their
rates at the ambient sub-zero temperatures are comparable with those of non-Antarctic
fishes at temperatures 10-20°C higher (McDonald 1997). Acclimation of Carcinus
maenas (a temperate cmstacean species), to several temperatures between 5°C and 25°C
for two weeks, showed that the heart rate was still markedly temperature dependent and
a rather poor compensation had occurred (Ahsanullah and Newell 1971). Investigation
of mussel heart rate acclimated to different temperatures revealed conflicting results
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since no compensation was reported by Widdows (1973) while perfect compensation
was shown by Pickens (1965).
The reasons for a low heart rate are unclear. The compensation may represent the need
to keep up the heart rate at a certain level to sustain the physiological machinery which
normally should be reduced at low temperature. But the limited compensation may
reflect the importance of reducing the metabohc activities to save cost in an
environment where food supply is limited. Indeed, the circulation system is part of the
respiratory physiology and also carries biological material required by the animal for
growth, locomotion and reproduction. Hemolymph carries molecules such as amino
acids, glucose, lipids that originate from digested food. Therefore, the low heart rate of
polar crustaceans reported in this study may reflect the low food availability and the
necessity for the animal to restrict blood flow circulation to minimize energy
expenditure.
Only 6 species were exfracted from previous published work and combined with the
polar cmstacean data set to investigate the effect of temperahire on heart frequency.
This resfricted number of species selected for comparison requires caution because: i)
even though heart rate in cmstaceans has been extensively studied, few species have
been investigated; ii) direct comparison is limited by the size of the animal and a range
size of 15 to 25 g was the optimal size to compare a maximum number of species. Due
to the large diversity in body shape between cmstaceans, it is difficult to estabhsh a
general mathematical relationship heart rate versus body mass; iii) very few
relationships between heart rate and weight have been studied in the past that would
allow calculation of the heart rate of a species for any realistic size (m our case, ca. 20g
wet weight). For instance, in our data review, it has not been possible to include heart
rate of species like Cancer magister and Homarus americanus (McMahon 1999)
because only large individuals have been selected in earlier studies. A n identical
problem was faced with very small cmstacean species like the grass shrimp
Palaemonetes pugio (Harper and Reiber 1999). Therefore, some of the plots for the
Arrhenius relationship are data calculated from mathematical models of heart rate
versus temperature (Styrishave et al. 1999) or model heart rate versus weight (Eshky et
al. 1996) (nevertheless calculations were carried out within reahstic temperature or
weight ranges).
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Heart rate vs oxygen uptake for metabolic rate

Clarke and Johnston (1999) argued that an Arrhenius relationship is the best descriptor
of whole animal metabohsm. Therefore, it could be postulated that heart rate can
provide similar information on whole animal metabolism. Ivleva (1977, 1980)
calculated a Qio of 2.26, with an Arrhenius plot of the oxygen consumption of a
representative crustacean of 1 mg dry weight, which is similar to our calculated Qio
value of 2 between 0 to SO^C. Phylogenetic constraints and environmental history are
important when investigating evolutionary adaptations. Comparisons should, as far as
possible, be made within a phylogenetically consistent group (Clarke and Johnston
1999). The age and consistency of an environment are also important, because i f current
conditions have existed for only a short period (on evolutionary timescales) it is
unlikely that either many species will have evolved adaptations, or that such adaptations
will have reached a stable equilibrium. In this context, data for Antarctic crustaceans (G.
antarcticus) can be interpreted differently to Arctic data. The Antarctic marine
environment is one of extreme thermal stability and these conditions have been in
existence for at least 5-10 miUion years. The Arctic marine ecosystem, however, is
relatively new, about 3 million years (Clarke 1983), and largely influenced by Atlantic
water. From the biological point of view, a large number of species living in the Arctic
originates firom Atlantic water while in Antarctica, most species are true endemic
species. Further, decapod crustaceans do not occur in Antarctica, while isopods (and
amphipods) are widely spread. These are therefore, limits to the present model since it is
rather difficuh to investigate heart rate in temperate and Arctic isopods due to their
small size. Nevertheless, the similarity in heart rate of the Arctic species and the
Antarctic species supports the model reported in this study. Frederich et al. (2000)
reported a significant decrease in resphation in Hyas araneus collected firom temperate
water at 9°C and acclimatised to 2°C. The oxygen uptake of H. araneus at 2°C (0.025
mg O2 g wet w f ' h"') was comparable to the value reported by Fredrich et al. (2000)
(0.019 mg O2 g wet wt"' h"'). Thus, the low temperature of the Arctic water reduces the
metabohc activity of H. araneus as shown by the heart rate data. Respiration rate of .S".
boreas was shown to be low as well at 2°C (0.045 mg O2 g wet w f ' h'').
The concentration of the respiratory pigment (haemocyanin) of G. antarcticus was
shown to be low but 50% of the oxygen was transported as dissolved oxygen reflecting
the high oxygen concentration dissolved in the cold water of polar regions (Whiteley et
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al. 1997). Antarctic icefishes were shown to lack hemoglobin and, therefore, their tissue
oxygen demand relied on specific heart features (Tota et al. 1997). For instance, in the
icefish, the low rate-reducing effect of low temperature has been compensated by large
systolic volumes, and biochemical, and ultrasft-uctural adaptations. It can be postulated
that the low heart rate measured in polar crustaceans is a direct consequence of living in
cold water but that cardiac compensations, at the structural level of the heart,
comparable to icefishes occur; this remains um'esolved in this study.

6.2.5. C o n c l u s i o n s

The heart rate comparison between species across latitudes appears to be correlated to
temperature. However, a compensation has occurred in the heart frequencies of polar
species to maintain heart rate at a required minimum level to ensure a scope for activity.
Nevertheless, the low compensation may reflect the need to minimise energy
I

expenditure in an environment where food supply is limited. More data (number of
species and on a wider temperature range) are required to confirm these findings.
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Chapter 7

Variation of total oxyradical scavenging capacity and metabolic
rate of the Arctic clam Mya truncata in relation to food
availability: comparison with Antarctic and temperate species
Submitted to Polar Biology

Discovery hut. Hut Point, Ross Island (Antarctica), built in 1901 by
R.F.ScoU.

Blubber stove of the Discovery

Veranda o l the Discovery hut.

hut.
"Great God, this is an awful place ".
Robert F. Scott, at the South Pole 16'^ of January 1912.
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7.1. Abstract
The Arctic marine ecosystem is characterised by the combination of a low but stable
temperature and a markedly seasonal pattern of primary production (May). The 24 h
illumination of summer days, and recent shatospheric ozone depletion, enhance the
formation of elevated concentrations of reactive oxygen species (ROS;

H2O2,

'OH,

O2")

in the water column. The seasonality of such ecological factors, and the stable low
temperature, requires

polar ectotherm,

to develop metabolic and biochemical

adaptations. While these adaptations have been addressed in Antarctic marine
invertebrates, the Arctic ecosystem has received little similar attention. With increasing
industrial exploitation of the European Arctic, there is a need to gain knowledge of all
aspects of the biological of the indigenous fauna, hi the present shidy, the effect of the
food availability changes on the total oxyradical scavenging capacity (TOSC) and the
metabohc rate of the Arctic clam Mya tnincata was investigated and compared with
similar bivalve species from temperate {Mya arenaria) and Antarctic {Laternula
elliptica) ecosystems. Food availability did not affect significantly the respiration rate of
M. truncata and values were relatively low (37.4 \x.g O2 dw'' h'' at 0°C). A significant
difference in TOSC was identified between May (2000 unit mg"' protein) and
September (4000). The highest TOSC value was measured in the Antarctic species, L.
elliptica (5854±449 unit mg'' protein, mean±S.D.), whereas the Arctic species, M.
truncata, showed an intermediate TOSC value (4014±1334 unit mg'' protein), and the
temperate species, M. arenaria, showed the lowest capability to scavenge peroxyl
radicals (1837±403 unit mg'' protein). The relative stabihty and low metabolic rate of
M. truncata are typical of polar bivalves and are interpreted as an adaptation to cope
with the limited food availability (low maintenance cost). The May to September
difference in TOSC reflects the prolonged period of starvation but also the seasonality
of the oxidative pressure of the environment due to high U V - B irradiance. The high
TOSC levels in M. truncata and L. elliptica compared with M. arenaria confirm this
hypothesis. The TOSC-assay provides clear understanding on the capability of M
truncata to cope with oxyradicals. This Arctic species appear vulnerable to
anthropogenic compounds in early spring when antioxidant defences are depleted.

Keywords: Arctic, metabolic rate, Mya truncata, seasonality, TOSC
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7.2. Introduction
In Homsund ford (Svalbard), surface seawater temperature ranges between -1.88 and
S^C while bottom water temperatures remain constant at -1.88°C (Weslawski et al.
1988). The sun largely conhols this seasonality; at ca. 1%^Q, North it stays above the
horizon all day from mid April to mid August, and stays beneath the horizon all day
from mid November to mid Febmary. As a consequence of the illumination pattem, a
single well-timed maximum of a dense but brief primary production is observed in May,
followed by a rapid decline (Weslawski et al. 1988). The 24 h illumination of summer
days enhances the formation of high concenfrations of reactive oxygen species (ROS;
H2O2, 'OH, O2") in the water column. Recent sfratospheric ozone depletion has caused
an increase in ulfraviolet-B radiation, thereby, significantly augmenting the production
of ROS in the water column (Yocis et al. 2000, Qian et al. 2001). One possible
consequence of the concomitant high oxygen concenfration and increase in ROS, is a
high oxidative pressure of the marine enviromnent.
The seasonality of food availability and ROS production, together with low stable
temperatiire, has resuhed in specific biological adaptations of polar marine organisms.
The basal metabolism of Antarctic ectotherms (measured as oxygen uptake) is relatively
low compared with temperate species (Peck et al. 1987, 1997, Davenport 1988, Ahn
and Shim 1998, Clarke and Johnston 1999), and this is interpreted as an adaptive
sfrategy to limit energy expenditure due to the brief period of food availability (Clarke
1991, 1993). The growth period is limited to the brief phytoplankton bloom (Peck et al.
1987, 1997). However, the effect of the short food availability on the metabolism of
bivalves has received little attention compared with temperate bivalves. In this study,
the metabohsm of an Arctic bivalve was measured during (May) and after (September)
the phytoplankton bloom to see whether food availability affects the metabohc rate.
The antioxidant defences of some polar fauna appears high compared with temperate
species (Colella et al. 2000, Regoli et al. 2000) and seems to be related to elevated U V B irradiance levels (Abele et al. 1998). While these adaptations have been studied in
Antarctic organisms, Arctic marine invertebrates have received little attention. With
increasing human activities in the European Arctic ( A M A P 1998), there is an urgent
need to gain knowledge of the physiological fimctions of Arctic marine invertebrates.
Many contaminants are capable of modulating oxidative sfress and, consequently,
affecting the antioxidant defences of marine bivalves (Winston and D i Giulio 1991).
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The marked seasonahty of the Arctic envhonment is a factor that could seriously
comphcate the interpretation of biomonitoring data. The variability of the antioxidant
defences is related to seasonality (temperature and food availabihty) and to the
metabohc rate in temperate bivalves (Viarengo et al. 1991, Sheehan and Power 1999),
however, the correlation between these parameters remains unexamined in polar
bivalves. Until recently, oxidative stress has been investigated by measuring single
antioxidant defences. While this approach provides a good understanding of the
mechanistic link between antioxidant and prooxidant, it has limited ecological relevance
for biomonitoring anthropogenic activities and for inter-species comparison. Therefore,
in this investigation, the total oxyradical scavenging capacity (TOSC; Winston et al.
1998), which provides understanding and predictive capacity for adverse effects caused
by oxidative stress at the individual level, measurements.
Mya

tnincata (Myidae), an Arctic suspension-feeder

bivalve mollusc, relies on

phytoplankton for its nutrition and, therefore, maybe expected to show seasonal
biochemical and metabolic changes. It is widely distributed and present in high biomass
in the Svalbard l^ords ecosystem (Koszteyn et al. 1991) and is the main source of food
for bearded seals {Erignathus barbatus) and walrus (Odobaenus rosmarus) (Fisher and
Stewart 1997); the latter species are an important source of food of the people of the
North ( A M A P 1998).
In the current investigation, the total oxyradical scavenging capacity (TOSC) and the
metabohc rate of the Arctic clam, Mya tnincata, was measured in May and in
September to evaluate whether the brief food availability (May) affected the physiology
of this bivalve. TOSC and the metabolic rate of Mya tnincata were compared with
similar bivalve species, Mya arenaria (temperate) and Laternula elliptica (Antarctica),
to better understand the biological adaptation of M. truncata to the Arctic marine
ecosystem.

7.3. Materials and Methods
Sampling site

Mya truncata was sampled at Isforden, Svalbard (78°13' N and 15*'39' E) (Figure 20).
Sampling was performed during the first week of May 1999 and in mid-September
2000. Mya truncata was hand sampled by S C U B A divers near the Norwegian
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settlement of Longyearbyen at the outer part of Adventf orden. Bivalves were stored in
a large tank with nmning seawater and brought back to the laboratory for analysis. The
respiration rate was measured in 7 (May) and 5 (September) individuals of similar size.
The hepatopancreas of 7 (May) and 8 (September) individuals was dissected and frozen
in hquid nifrogen for TOSC measurement. The field temperatures were 0°C in April and
5.5°C in September.
Mya arenaria was hand sampled at low tide in February 2001 from the Yealm Estuary,
Devon, United Kingdom (50°05' N and 4**50' W, Figure 23). They were packed in
himiid and water-ice cooled boxes, airfreighted to Norway and stored at 10°C in running
seawater for two days before any analysis. Respiration was measured in 6 individuals.
Hepatopancreatic tissue from 8 individuals was frozen in hquid nifrogen for TOSC
analysis.
Laternula elliptica, widely disfributed in nearshore waters around the Antarctic
continent in relatively high biomass, was hand sampled by scuba divers in January 2000
(Ausfral summer) at McMurdo, Ross island, Antarctica (166^30' E , 77°45' S, Figure
21). Animals were stored in running seawater at -1.5''C for two days before dissecting
out the hepatopancreas. The latter was frozen in hquid nifrogen and airfreighted to
Norway in hquid nifrogen. Respiration rate data were exfracted from the hterature.

Analyses

Respiration was performed with a closed respirometer technique and a Clarke elecfrode
(see section 4.5.5.). The TOSC assay was measured according to Winston et al. (1998)
adapted for bivalves (Regoli et al 1998) (see section 4.5.2.).

Statistical analysis

Analyses were carried out with JMP, ver. (3.2.6), SAS Institute Inc., Cary, N C , U S A .
Statistical analyses were run after testing for normal distribution and homogenous
variances. The paramefric t-test was used (the significance level was j!7<0.05). Values of
TOSC and resphation were plott:ed as Box and Whisker plots. The latter indicate the
range of values and the median. The horizontal bars, that denote the upper and lower
limits, include 95% of the data points. 50% of the data points are encompassed by the
upper and lower limits of the boxes. The width of the boxes indicate the size of the
samples.
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7.4. Results
S e a s o n a l v a r i a b i l i t y o f m e t a b o l i c rate
There was no significant difference in the respiration rates between the two months
(p>0.05) (Figure 38). Nevertheless, resphation was higher in September than in May.
These data indicate that the metabolic rate in M tnincata was not affected by a seasonal
temperature rise of 5.5°C.

0.08

0.06

0.04
WD
0.02

0.00

September

May
Figure 38.

Seasonal variability of the respiration rate, expressed as mg O2 d w'' h"', in Mya
tnincata. Data are plotted as Whisker plot. No significant difference was measured
(p>0.05).
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Seasonal variability of TOSC
The September TOSC level was significantly (p<0.05) higher than that measured in
May (Figure 39), suggesting that antioxidant defences of M tnincata are more efficient
at scavenging peroxyl radicals in September than in May.

September

May
Figure 39.

Seasonal variability of the total oxyradical scavenging capacity toward peroxyl radical in
Mya truncata sampled in the Arctic. Data are plotted as Whisker plot. Significant difference
is indicated by a star (p<0.05).
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I n t e r s p e c i e s v a r i a b i l i t y o f m e t a b o l i c rate
The metabohc rate of M. tnincata, L.elliptica and M. arenaria were compared with
those of bivalve species living in polar or temperate regions (Table 3). Data are
presented as pg O2 consumed per hour for standard organism of 1 gram (dry tissue),
except for respiration data reported in this current study. The metabolic rates of polar
bivalves are well below the values for temperate suspension feeding bivalve species
living in warmer water. For example, the respiration rate of M truncata at 0**C
(4.10±1.32 g dry weight) is 4.8 times lower than M arenaria at 10*'C (1.50+0.25 g dry
weight).

Table 3. Comparison of oxygen consumption rates (V02) of Arctic, Antarctic and
temperate bivalves species

Species

T°C

Respiration

Ecosystem

Reference

Jtg O2 g d w"' h'^
Mya truncata

0

37.4

Arctic

This study

Mya truncata

5.5

55.3

Arctic

This study

Chlamys islandicus

0.5

63.7

Arctic

Personal data

Hiatella arctica

3.5

94

Arctic

Personal data

Chlamys islandicus

0

161.4

Arctic

(Schmid 1996)

Chlamys islandicus

2

271.3

Arctic

CVahl 1978)

Clinocardium ciliatum

0

50-57

Arctic

(Schmid 1996)

0.5

148

Antarctic

(Ahn and Shim 1998)

Limopsis marionensis

0

173

Antarctic

(Portner

Yoldia eightsi

0

234.2

Antarctic

(Davenport 1988)

Gaimardia trapesina

0

417

Antarctic

(Ralph and Maxwell 1977)

Crassostrea virginica

10

244.2

Temperate

ODame 1972)

Crassostrea virginica

20

531.2

Temperate

(Dame 1972)

Crassostrea virginica

30

604.0

Temperate

(Dame 1972)

Mytilus edulis

10

528.4

Temperate

0/ahl 1973)

Mytilus edulis

15

431.3

Temperate

(Bayne and Scullard 1977)

Mytilus chilensis

12

485.5

Temperate

(Navarro and Winter 1982)

Mya arenaria

10

181.3

Temperate

This study

Laternula elliptica
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7.5. Discussion
Variability of respiration with f o o d availability

The present study indicates that the metabolic rate of M tnincata in May was not
significantly different from that in September. Therefore, the food availability in May
did not induce a rise in metabolic rate i n . M tnincata. In temperate bivalves, summer to
winter differences in metabolic rate have been related to food abundance, reproductive
events and temperature (Bayne

al: 1973). Because of the stable polar seawater

temperature, the increase in metabolism observed in some Antarctic species has been
correlated with food abundance; however, many studies on the metabolic rate of polar
bivalves have shown httle seasonal variation. The metabolic rate of Yoldia eightsi, an
Antarctic bivalve, was little affected by temperature change over the temperature range
that it is likely to encounter in nature (Davenport 1988). Peck et al. (1997) were unable
to correlate biomass growth increase in summer with metabohc rate in the Antarctic
bivalve, Liothyrella uva. Ability to maintain low and stable metabohc rate even during
periods of brief but important growth confers advantages (i.e. reduced maintenance cost
allowing more growth) in low energy supply environments (Peck et al. 1997, Ahn and
Shim 1998). Therefore, the metabolic rate of M. truncata, in this study, is typical of
polar bivalves.

Variability of TOSC with food availability

TOSC values were relatively low in May and elevated in September. Previous studies
on temperate bivalves have demonsfrated a decrease of antioxidant defences during the
winter months, and this has been correlated with increased biological damage (i.e. lipid
peroxidation) followed by a subsequent increase corresponding to the phytoplankton
bloom (Viarengo et al. 1991, Power and Sheehan 1996, Cancio et al. 1999). This
decrease in antioxidant defence for temperate bivalves was observed in the depletion of
scavenger compounds (glutathione, vitamin E and carotenoid) and reduced enzyme
activities (superoxide dismutase, catalase and peroxidase) (Viarengo et al. 1991, Power
and Sheehan 1996, Cancio et al. 1999). Spring increases in antioxidant capacities in
temperate bivalves have been linked to a need to cope with the excess of oxyradicals
arising from an increase in the metabolic rates caused by a temperature rise and a
phytoplankton bloom (Orbea et al. 1999). In the present experiment, the relatively low
TOSC level may represent the typical decrease of antioxidant defences in temperate
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bivalves after a long winter. Given that food was absent for the previous 9 months for
M tnincata, the cost of maintaining a stock of antioxidant defences during winter can
be too high and the energy may be preferentially used in gamete production and
individual survival.
Seasonal fluctuation of protein content, with a low protein level in late winter, indicated
that proteins can be the major substrate used to fiiel metabolic requirements in polar
bivalves (Peck et al. 1987). This conclusion supports the low level of antioxidant
defences measured here in May indicating that enzymatic proteins may also be a source
of energy for maintaining the basal inetabohsm of M. tmncata during winter. The
seasonal pattem of growth of polar invertebrates, characterised by a steady state in
winter and a relatively fast increase during the phytoplankton bloom (Peck et al. 1997),
fiirther supports the hypothesis that sufficient energy was available during the
phytoplankton bloom to allow M. tnincata to build up antioxidant defences as measured
in September.
Regoli et al. (2000) put forward the hypothesis that polar bivalves require high TOSC to
cope with the high level of ROS that are photochemically produced in the water during
summer. ROS are ubiquitous in sunlit natural waters and are important species formed
firom the photoreactions of dissolved organic matter (DOM) in seawater. Previous
studies indicated that ozone hole events, occurring in polar regions, increase U V - B
irradiance contributing, therefore, to enhance ROS production (Yocis et al. 2000, Qian
et al. 2001). High levels of H2O2 were measured in the Antarctic intertidal zone during
summer (Abele et al. 1998). The high TOSC measured in September in M. truncata
may be an adaptative strategy to avoid biological damage caused by the intensive
production rate of ROS during the long illumination period from mid April to mid
August. Abele et al. (1998) reported an increase in antioxidant defences and lipid
peroxidation in the Antarctic limpet exposed to hydrogen peroxide. High antioxidant
defence systems have been reported in polar bivalves (Regoh et al. 2000) and fish
(Colella et al. 2000). Furthermore, the relatively low D O M level in polar water, once
the phytoplankton bloom is finished, allows a deeper penefration of U V - B , causing
ROS to be formed closer to the benthic fauna, and yielding higher volume of ROS
(Scully et al. 1996). The low TOSC value in May compared with September can also be
explained by the limited ROS formation due to the dark winter and the fast ice
preventing U V - B to penefrate the water column.
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Interspecies variability o f TOSC

A clear interspecies difference in-TOSC values indicated a greater capability of polar
species to counteract ROS toxicity, with a high, intermediate and low TOSC value for
the Antarctic, Arctic and temperate species, respectively. These data corroborate earlier
comparative studies of TOSC in scallop species (Regoli et al. 2000). The comparison of
the metabolic rate in the current study indicates that M. arenarid is more likely to face a
natural high oxyradical production due to its higher respiration rate. However, the
TOSC value of M. arenaria is the lowest one of the range studied. Therefore, the
difference in the capacity of M. truncata, M. arenaria and L. elliptica to deal with
oxidative stress is related mainly to external prooxidant factors. High U V - B irradiance
level is the likely main cause of the large amount of ROS produced as hypothesised
above (Viarengo et al. 1995, Regoli et al. 1997, 2000, Colella et al. 2000). The
difference in TOSC between M. truncata and L. elliptica may reflect differences in
seawater temperature stability. Littlepage (1965) reported a temperature variation of ca.
0.3°C in McMurdo Sound while in Isforden temperature ranges firom -1.8 to 5°C.
Seawater temperature can affect the dissolved oxygen concentration and, therefore,
modulate ROS generation.

I n t e r s p e c i e s v a r i a b i l i t y o f m e t a b o l i c rate

Previous studies have reported low metabohc rates in polar bivalves compared with
temperate and tiropical species (Davenport 1988, Schmid 1996, Peck et al. 1997, Ahn
and Shim 1998, Portner et al. 1999). Reduction of metabolism m polar poikilotherms
has been considered an important adaptative strategy for energy conservation in an
environment where food availability is very limited (Clarke 1991, 1993). It is in polar
water that a great energetic benefit is obtained by living in cold water, as maintenance
costs are so low compared with temperate or tropical species with elevated metabohc
rate. It is interesting to note that M. truncata and L. elliptica showed the lowest
respiration rate. These bivalves are present in high biomass, confirming that low
metabohc rate may contribute to a high scope for growth when food is available to
develop a high biomass (Brey and Clarke 1993). Consequently, seal and walrus
populations of the Arctic can use this bivalve stock as an important source of nutrition
(Fisher and Stewart 1997).
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7.6. Conclusions
Oxidative stress is a general chemical threat to aU biological systems (Winston and D i
Giuho 1991). Previous studies have demonstrated
parameters such

as

enzymes

(catalase,

superoxide

the presence of antioxidant
dismutase)

or

scavengers

(glutathione), especially in the digestive gland of bivalves. Hence, oxidative damage
reflects an imbalance between the production of oxidants and removal or scavenging of
those oxidants by molecular defences. The investigation of oxidative stress by the
measurement of a single antioxidant parameter does not allow full assessement of the
total capacity of an organism to cope with oxyradical production. While some
parameters are elevated, others may be depressed, consequently, the use of a panel of
single antioxidant is ambiguous and will not provide sufficient information on the
prooxidant factors (Power and Sheehan 1996). Measurement of the total oxyradical
scavenging capacity provides a better understanding of the basal capabihty to neutralize
ROS (Winston et al. 1998, Regoli 2000). Numerous chemical contaminants enhance
ROS production when metabolised by bivalves (Livingstone et al. 1990). Hence, it is of
prime importance that antioxidant defences are effective to avoid biological damage
caused by ROS. Further studies are required to investigate the direct link between U V - B
irradiance increase and elevated antioxidant defences. U V - B affects marine Antarctic
organisms (Smith et al. 1992), but it is not known whether the enhanced ROS formation
causes biological damage to the polar marine fauna. In the present study, it appears that
polar bivalves have a high capability to deal with ROS but the lower TOSC value of M
truncata in May renders this species vulnerable to potential release of contaminants
caused by anthropogenic activities during that period.
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Chapter 8

Total oxyradical scavenging capacity and plasma membrane
stability of haemocytes of the Arctic scallop, Chlamys
islandicus, following benzo(a)pyrene exposure
In press in Marine Environmental Research (2002)

Minke whale

"The vigorous slaughter of whales both in the sub-Antarctic and in the sub-tropics, for
the one area reacts on the other, call for universal legislation to protect the whales from
early commercial extinction, and the industry which is of worldwide economic
importance, from having to be abandonned. "

Robert S. Clark, Lieut. R.N.V.R., Endurance expedition of Shackleton, 1914-1917.
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8.1. Abstract
Industrial activities, notably oil and gas industries, are expanding in the Arctic. Most of
biomarkers were developed using temperate organisms living at temperatures above
10°C. Little is known about the biomarker responses of organisms living between -1.88
to 5°C. Therefore, assessment of the toxicity of chemicals to cold-water adapted species
is required. In this study, the Arctic scaUop, Chlamys islandicus, was selected as a key
species for biomonitoring because of wide distribution in Arctic waters and its
commercial value. Test animals, stored in seawater at 2°C, were injected with
benzo(a)pyrene (diluted in cod liver oil 5 mg ml'') in the adductor muscle every 24 h for
four days giving a final dose of 0, 74 and 90.6 mg kg'' wet weight for control, low and
high dose, respectively. The biomarkers used were total oxyradical scavenging capacity
(TOSC) in the digestive gland and ceU membrane stabihty of haemocytes. TOSC values
were significantly reduced (ca. 30%) in exposed groups (p<0.05), indicating a depletion
of oxyradical molecular scavengers. The antioxidant defences

appeared to be

overwhelmed by the reactive oxygen species as the plasma membranes of haemocytes
were destabihsed (p<0.05). These data indicate that reactive oxygen species (ROS) were
produced by Arctic scallops via the metabolisation of benzo(a)pyrene at 2°C; the
antioxidant defences had the capacity to scavenge the ROS as they get depleted.
Nevertheless, haemocytes plasma membranes were destabihsed probably due to lipid
peroxidation.

Key words: TOSC, cell membrane, benzo(a)pyrene, Chlamys islandicus, Arctic.
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8.2. Introduction
The growing interest of oil and gas industries in the European Arctic has raised
concerns of the potential impact of chemicals at low temperature. For the past 20 years,
biomarkers [defined as "biological responses to a chemical or chemicals that give a
measure of exposure or toxic effect" (Peakall 1994)] have been developed in temperate
species to provide early-warning signals of detrimental impacts on the marine
ecosystem. Few toxicity studies in the Arctic have been performed, raising the need to
investigate chronic biological effects of chemicals with resident organisms (Chapman
1993). Laboratory studies are needed to investigate the link between cause and effects
of P A H on the Arctic fauna. For instance, polycyclic aromatic hydrocarbons (PAH),
notably benzo(a)pyrene are known to enhance reactive oxygen species (ROS)
production in bivalves (Livingstone et al. 1990) and to cause lysosomal membrane
disruption (Grundy et al. 1996). ROS may cause the total oxyradical scavenging
capacity (TOSC) to decrease (Regoli 2000) or to increase (Winzer et al. 2001). Polar
bivalves possess an elevated TOSC (Regoli et al. 2000) which may render them less
susceptible to ROS. A t the cellular level, adaptation to low temperatures is associated
with modified composition of the membrane lipid (Viarengo et al. 1994). When
antioxidant defences

are overwhelmed, ROS can cause cell membrane

lipid-

peroxidation. Thus, the vulnerability of Arctic bivalves to PAH-mediated ROS
production has to be questioned. In this study, responses of the total oxyradical
scavenging capacity and plasma membrane stability of haemocytes have been measured
in

the Arctic scallop, Chlamys islandicus, exposed to a carcinogenic P A H ,

benzo(a)pyrene, known to enhance ROS production.

8.3. Materials and methods
In September 1999, Chlamys islandicus (7.42±0.57 cm sheU height, n=30) was
collected with an Agassiz dredge from Isforden at Svalbard (78*'13'N, 15°39'E) (Figure
20). After one day of acclimatization in 2°C aerated seawater with no sediment, 3
groups, each of 10 individuals, were estabhshed as confrol, low and high dose of B(a)P
(Figure 41). The chemical [5 mg of B(a)P diluted in 1 ml of cod liver oil] was injected
into the adductor muscle once a day for four days giving a final dose of 0, 74 and 90.6
mg kg'' wet weight; no feeding was allowed and water was renewed every day.
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After 4 days, haemolymph was sampled from the adductor muscle of the 10 individuals
from each group, and mixed (1:1) with physiological saline. 200 p i of cell suspension
were added per well of a dark microplate and incubated with 50 p i of Ethidium
homodimer-1 (EthD-1) for 5 min at room temperature. Fluorescence was read at
ex544/em612. EthD-1 is taken up by haemocytes with destabihzed membranes and the
fluorescence increases upon binding to nucleic acids (Camus et al. 2000) (Figure 41)
(see section 4.5.3.). A t the same time as the blood was sampled, the hepatopancreas of
seven individuals per group was excised, frozen in hquid nifrogen and stored at -80°C
and, following Winston et al. (1998), the TOSC assay was performed (Figure 41) (see
section 4.5.2.).
Statistical analyses were made using JMP v3.2.6., SAS Institute, Inc., Cary, N C , USA.
Normal disfribution and homogeneity of variances was estabhshed before statistical
freatment. The Dunnett's test was performed for both sets of data. Data are plotted as
Box and Whisker plots. The significance level was jp<0.05.
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8.4. Results
TOSC

A

significant decrease of 33% and 26% in TOSC value was measured in

benzo(a)pyrene in the low and high dose exposed groups, respectively (p<0.05) (Figure
42). No significant difference was noted between treated groups. A TOSC depression
can be indicative of depletion of oxyradical scavengers. The mean TOSC value of the
control group was 2683±703 unit mg'' protein.
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Figure 42.
Total oxyradical scavenging capacity of Chlamys islandicus following exposure for 4
days to two concentrations of benzo(a)pyrene. Data are plotted as Whisker plot.
Significant effect is indicated by a star (p<0.05).
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Membrane stability

A significant increase in uptake of EthD-1 into the haemocj^es of Chlamys islandicus
was measured in the low dose treated group (p<0.05) (Figure 43). A n increase of
fluorescence occurred in the high dose but was not significant (p>0.05). Thus, the
plasma membranes of the haemocytes of C. islandicus were strongly and shghtly
destabihsed by the low and high dose benzo(a)pyrene exposure, respectively.

74 mg kg-i 90.6 mg kg-i

Control

Figure 43.
Stability of the plasma membrane of the haemocytes of Chlamys islandicus
measured as fluorescence units of Ethidium homodimer-1 (EthdD-1) following 4
days exposure to two concentrations of benzo(a)pyrene. Data are plotted as Whisker
plot. Significant effect is indicated by a star (p<0.05).
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8.5. Discussion
The rational basis of the TOSC assay is to measure the balance between antioxidant
parameters and prooxidant factors (Winston et al. 1998). The significant decrease in
TOSC value reported in the present study indicates that antioxidant defences are
depleted (i.e. glutathione) due to ROS production. This depletion confirms the enhanced
ROS production caused by the metabolism of B(a)P as reported by Livingstone et al.
(1990). Therefore, one possible consequence of this ROS production, and depressed
antioxidant defences, is that the protection of the cells against the damaging effect of
ROS is no longer covered. This is confirmed by the decreased plasma membrane
stability of haemocytes measured in this study and demonsft-ated by others (Viarengo et
al. 1989, Winston et al 1996, Regoli 2000). Nevertheless, the direct effect of B(a)P
could be related to the binding of this highly lipophilic chemical to the membrane (lipid
or proteins) thus compromising the basic functions (fluidity, ionic pumps). The indirect
effects

could be mediated by the alteration of lysosomal membranes due to

accumulation of B(a)P in these organelles and subsequent loss of hydrolitic enzymes
into the cytosol (Grundy et al 1996, Camus et al 2000). Impaired flinction of the
plasma haemocyte membrane can have consequences on the cellular immunity of C.
islandica (Dyrynda et al 1998). The reduction of the antioxidant cellular defences could
also lead to protein and enzymes inactivation, damage to D N A and ultimately
carcinogenesis (Winston and D i Giulio 1991). The lack of dose response may be due to
the relatively high doses of B(a)P used in this experiment; these may have a strong toxic
effect such as enz3mie inhibition or reduction in whole metabolism (reduction in the
oxygen uptake).
The present study demonstrated the link between the effects of benzo(a)pyrene on the
redox status of the organisms and susceptibihty to oxidative stress of cell membranes.
Thus, TOSC appears to be an ecological relevant biomarker as it provides
understanding and predictive capacity for adverse effects experienced by an Arctic
bivalve. The TOSC assay and the plasma membrane stability of haemocytes in C.
islandicus could represent useful tools for biomonitoring the impact of industrial
activities, notably oil offshore production operations, in the Arctic marine ecosystem.
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Chapter 9

Heart rate, respiration and total oxyradical scavenging capacity
of the Arctic spider crab, Hyas araneus, following exposure to
crude oil via sediment and injection
In press in Aquatic Toxicology (2002)

Killer whale in the McMurdo Sound

"...all around we could hear the killers [whale] blowing, their short, .sharp hisses
.sounding like .sudden escapes of steam. The killers were a source of anxiety, for a boat
could easily have been capsized by one of them coming up to blow. (...) Shipwreck
mariners drifting in the Antarctic seas would be things not dreamed of in the killers'
philosophy, and might appear on closer examination to be tasty substitutes for seal and
penguin."

Sir Ernest H. Shackleton, The Endurance expedition, 1914-1917.
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Abstract
Increasing industrial activity in the European Arctic has raised concerns of the potential
anthropogenic impact of chemicals on this polar marine ecosystem. For the past 20
years or so, biomarkers have been developed to provide early-warning signals of
detrimental impacts on the marine ecosystem, however, most biomarker methods have
been developed for organisms living in temperate rather than polar waters. Little is
known about biomarker responses in organisms living within the temperature range of
-1.88 to +5°C. In this stidy, biomarkers from temperate studies were tested on the
Arctic spider crab Hyas araneus to validate their use in polar ecosystems. Hyas araneus
is commonly found in the Svalbard i^ord ecosystems, although it is a temperate water
species with a geographical disfribution from northern Spam to Svalbard and found at
depths from 10 m to 1200 m. In this paper, the effects of crude oil were investigated at
2°C via two routes: i) injection and ii) contaminated sediment. After two weeks of
exposure, heart rate, oxygen consumption and total oxyradical scavenging capacity
(TOSC) were measured. In both methods of exposure, heart rate showed a significant
increase compared to the confrol (P<0.0001, n=7); mean heart rate values (± S.D.) of H.
araneus were 49.06 (± 13.72), 57.56 (± 7.28) and 63.30 (± 6.57) beats per minute in
confrol, injected and sediment-freated groups, respectively. Respiration of H. araneus
was not affected significantly by either oil freatment (P>0.05), but two individuals (n =
8) showed a marked increase in oxygen uptake in the sediment-exposed group. The
basal oxygen consumption of confrol H. araneus was lower (0.025 mg O2 g wet w f ' h'')
than reported for H. araneus living in temperate water. TOSC of H. araneus was not
affected by either exposure freatment (P>0.05) although large variability in the injected
group may indicate a concomitant induction and depression of TOSC. The mean TOSC
value in the sediment-exposed group was lower than the confrol, indicating a certain
saturation of the oxyradical scavenging system in the former group. The higher
ecological relevance of TOSC, compared with heart rate, leads to the conclusion that the
arctic crab was experiencing a moderate pollution effect. Low temperature may be the
main factor reducing: i) the bioavailability of poly-aromatic hydrocarbons and ii) the
metabohc rate of H. araneus and, consequentiy, the uptake and metabolisation of oil
compounds into reactive oxygen species.
Keywords: Arctic, Biomarkers, Hyas araneus. Heart Rate, Respiration, TOSC, Crude
oil.
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9.1. Introduction
Increasing industrial activity, notably oil and gas exploration, in the European Arctic
requires better assessment methods for the potential anthropogenic impact of chemicals
on this polar marine ecosystem ( A M A P 1998). For the past 20 years or so, biomarkers
[defined as "biological responses to a chemical or chemicals that give a measure of
exposure or toxic effecf (PeakaU 1994)] have been developed in temperate species to
provide early-warning signals of detrimental impacts on the marine ecosystem. The
•apphcation and value of biomarkers at low temperatures have been little studied. For
example, the seawater temperature in Homsund, an Arctic l^ord at Svalbard, ranges
from -1.88 to 3°C (Weslawski et al. 1988). Chemicals, notably oil, behave differently at
low compared to higher temperature; for example, the viscosity of oil is a temperaturedependant property (Payne et al 1991). Thus, at low temperahire, oil does not flow as
freely, spread or dissolve in water to the same extent as at higher temperatures and such
physical differences have important consequences for the bioavailability of oil
components. Marine organisms living at low temperatures have developed specific
adaptations, such as hysteresis antifreeze agents (Denstad et al 1987), to prevent
freezing. Such adaptations to cold water may render organisms more vulnerable to
xenobiotic exposure as reported for polar cod, Boreogadus saida (Christiansen et al.
1996). On the other hand, shidies have shown that Arctic invertebrates may be more
resistant to heavy metals due to their epontic behaviour (Chapman and McPherson
1993). In the case of oil, the cold-water adaptations of marine organisms, together with
the altered behaviour of oil at low temperature, may affect the typical biomarker
responses developed for temperate species. This hypothesis needs to be tested before
biomarkers are deployed in the Arctic. In this study, estabhshed biomarkers have been
apphed to the Arctic spider crab, Hyas araneus (Decapoda, Brachyura, Majidae), a
species found commonly in Svalbard ford (Dyer 1985). This benthic crab, a temperate
species with a geographical disfribution from northern Spain to Svalbard, is found at
depths from 10 m to 1200 m. It feeds on juvenile scallop (Nadeau and Cliche 1998) and
may scavenge dead animals (Nickell and Moore 1992), and is predated by seabirds and
bearded seals (Hjelset et al 1999). The high abundance and wide disfribution of H.
araneus make it a potential sentinel species for monitoring the Arctic marine ecosystem.
In cmstaceans, biomarkers have been developed based upon a single response, however,
it is the integrated repertoire of the full compensatory responses which determines the
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survival potential of individual, as emphasised by Hebel et al. (1997). Therefore, in the
present study, two physiological biomarkers (heart rate and respiration) and one
biochemical biomarker [Total Oxyradical Scavenging Capacity (TOSC)], were
measured in the same individual to gain understanding of the responses of H. araneus to
oil at different levels of biological functioning. Crustacean heart rate is a useful
biomarker. Cardiac activity increased in Carcinus maenas following exposure to the
water soluble fraction of crude oil (Depledge 1984b), while bradychardia and
arrhythmia were measured in Pugettia producta when the gills were exposed to the
water soluble fraction of "crude oil (Zimmer et al. 1979).

Numerous studies have

reported heart rate disruption foUowing exposure to metal contamination (Depledge
1984a, Depledge and Lundebye 1996, Bamber and Depledge 1997). Resphation is
another sensitive biomarker for oil exposure of marine invertebrates; the resphatory rate
of Carcinus maenas increased when exposed to the water soluble fraction of crude oil
(Depledge 1984b). Molecular oxygen is vital for most living organisms, providing
energy through the coupling of oxidation to the phosphorylation of A D P into A T P
(main source of stored energy directiy available for the cell). Partial reduction resuhs in
the formation of various potentially toxic reactive oxygen species (ROS). The cytotoxic
consequences of oxyradical production include alterations in enzyme functions, lipid
peroxidation (membrane destabiUsation), D N A damage and cell death. Nevertheless, the
extent of such damages depends on the effectiveness of antioxidant defences. Decapod
crustaceans are able to activate xenobiotics, notably benzo(a)pyrene, to reactive
mutagenic products (i.e. Marsh et al 1992, Fossi et al 1997, Sundt and Goks0yr, 1998),
and measurements of oxidative sfress are based upon single antioxidant parameters (i.e.
glutathione, catalase, superoxide dismutase) (i.e. Arun et al 1999, Orbea et al. 2000).
The sensitivity of single antioxidative parameters enables their use as rapid and easy-touse biomarkers. However, their ecological relevance is limited, as it is impossible to
obtain a complete assessment of the oxidative sfress based on a few biochemical
responses. As.a result, Winston et al (1998) proposeda new assay, the total oxyradical
scavenging capacity assay (TOSC), to measure the balance between antioxidant
parameters and prooxidant factors. The TOSC assay measures the capability of a tissue
to neufralize ROS in quantifiable term; this provides better understanding, and
predictive capacity, of the effects of environmental conditions on the redox status of the
organisms and their susceptibility to oxidative sfress (Regoli 2000). The method has
been vahdated successfully as a biomarker (Regoli 2000). In addition, Regoh et al
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(2000) showed that the basal total oxyradical scavenging capacity was higher in a polar
than a temperate marine bivalve, indicating that the natural prooxidant pressiure of cold
water-ecosystems was elevated compared with temperate water.
In this study, biomarker responses of Hyas araneus to oil were investigated via two
routes: contaminated sediment and injection.

9 . 2 . Materials and Methods
Sampling and maintenance of crabs

In May 2000, Hyas araneus were collected from Hollenderbukta in Isf orden at
Svalbard (Figure 20). Crabs were taken with an Agassiz dredge from ca. 50m depth
using the research vessel F/F Jan Mayen of the University of Tromso. Seawater
temperature was -1.5°C at the time of collection. Small spider crabs [wet weight =
13.00±3.91g, carapace length = 37.79±3.20mm, carapace width = 27.29±2.65mm
(n=24)] were selected for the experiments. Crabs were stored in cooled (1°C) seawater
and air freighted to the laboratory (no mortality occurred during fransport). In the
laboratory, crabs were stored for one month prior to their use in experiments in a glass
fibre tank (200 1); the seawater and air temperatures were maintained at 2°C.
Illumination reproduced the summer Arctic hght regime of 24 h daylight. Crabs were
fed every two days with a mixed diet of crushed mussels {Mytilus edulis) or pieces of
dead fish and shrimp. Seawater was filtered and a protein skimmer was coupled to
improve water quahty. Seawater was changed weekly.

Exposure system

24 crabs were divided into three groups, each of 8 individuals, and each group was
placed into one of the foUowing 40 1 aquaria: 'confrol', 'sediment exposure' and
'injection' (Figure 45). To obtain the contaminated sediment, 500 ml of crude oil,
originating from the oil field Fr0y (North Sea), were mixed thoroughly with 6 kg of wet
sediment (particule size diameter > 0.5mm) sampled on a beach located at Stavanger
(Norway). The contaminated sediment was left standing at 2'*C with no animals for 24 h
to aUow the oil to adsorb onto the sediment particles. The seawater was then poured and
any excess oil on the surface was removed. Crabs were placed in the tank and left for 15
days. For the injection exposure, 8 crabs were injected with 5 p i of the same crude oil at
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day 0, day 1 day 3 and day 6. In total, 20 fil of oil were injected for a mean wet weight
of 12.73 (±2.84) (1.6 ]i\ per gram wet weight). Injected crabs provided a positive control
of oil uptake and sediment-exposed crabs simulated an acute oil spiU. Irrespective of
treatment, crabs were fed twice a week with freshly crashed mussels (Mytilus edulis);
seawater was renewed the day after feeding and the excess food was removed. After 15
days, the respiration and heart rate of 8 crabs from each group was measured within
24 h (using the same individuals). After completion of the cardiac activity recordings,
the fresh weight, length and width of each crab were measured and the midgut gland
was removed, frozen and stored at -80°C for the TOSC assay.

Biomarker analyses

Heart rate was measured with the non-invasive C A P M O N procedure (Computer Aided
Pysiological MONitoring system) developed by Depledge and Andersen (1990) (Figure
44) (see section 4.5.6.).
TOSC was measured according to Winston et al. (1998) (Figure 44) (see section 4.5.2.).
A closed respirometer technique was used to measure the respiration rate (Figure 44)
(see section 4.5.5.).

P A H in s e d i m e n t a n a l y s i s

Sediment was sampled and stored in aluminium paper at -80°C prior to analysis. The
P A H analysis was performed by gas chromatography and mass specfromefry (GC-MS)
according to the method of Douglas et al. (1994) (see section 4.5.7.).

Statistical analysis

A l l statistical analyses were made using JMP v3.2.6., SAS Institute, Inc., Cary, N C ,
U S A . Heart rate data were not normally distributed and variances were not equal, as a
result, the non-paramefric Wilcoxon test was used. Respiration and TOSC data were
normally disfributed and variances were equal therefore, the Dunnett's test was used to
test for statistical differences. Values of heart rate, respiration and TOSC were plotted
as Box and Whisker plots. These indicate the range of values and the median. The
horizontal bars, that denote the upper and lower limits, include 95% of the data points.
50% of the data points are encompassed by the upper and lower hmits of the boxe. The
significance level was p<0.05.
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9.4. Results
H e a r t rate

Heart rate increased significantly in injected and sediment-treated crabs (/?<0.0001)
compared with controls (Figure 45). The mean heart rates of H. araneus were 49. 06 ±
13.72, 57.56 ± 7.28 and 63.30 ± 6.57 beats per minute (mean ± S.D.) in conhol, injected
and sediment-heated group respectively (see values reported in Table 4). Also, the heart
rate was significantly higher in sediment-exposed crabs compared with injected crabs
(/?<0.0001). In each exposure group, the variability decreased by 50% compared with
the control, indicating reduced inter- and inha-individual variability.

injected

control

sediment

Figure 45.
Heart rate (beats per minute) of Hyas araneus (n=7) after exposure to North Sea
crude oil (contaminated sediment, injection of crude oil and control). Data are
plotted as Whisker plot. Significant effects are indicated by stars (P<0.0001).
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Table 4. Heart rates of individual Hyas araneus [AH = heart firequency (beats per
minute); C % = Coefficient of variability].

Control

hijected

Sediment

fH±SD

C%

fH±SD

C%

fH±SD

C%

46.8 + 14.51

31.00

52.89 ± 1.45

2.75

62.35 ± 2 . 9 2

4.69

42.90 ± 8.50

19.82

66.21 ± 4 . 4 5

6.72

68.00 ± 3 . 2 5

4.77

66.43 ± 4 . 0 5

6.09

47.23 ± 7 . 9 6

16.85

63.43 ± 2 . 3 2

3.65

33.83 ±11.72

34.63

56.95 ± 6.29

11.04

69.15 ±1.42

2.05

43.48 ± 6 . 4 8

14.91

59.38 ± 1.89

3.18

54.27 ± 5.93

10.93

45.47 ± 9 . 5 0

20.90

60.69 ± 4 . 7 4

7.81

71.47 ± 2 . 4 8

3.47

61.48 ± 1.57

2.55

58.98 ± 1.62

2.75

58.88 ± 3 . 7 1

6.30

Respiration

Oxygen consumption by H. araneus was not significantiy affected by either oil
treatment (p>0.05) (Figure 46). Nevertheless, the variability in the sediment-exposed
group was twice as high as the contirol, with high values indicatmg an increase in
0,06

0,05 -

0,04

0,03 -

0,02 -

0,01

1

control

1

1

injected

sediment

Figure 46.
Respiration of Hyas araneus measured as uptake of mg of
oxygen per g wet weight per hour (n-K) afl:er exposure to
Northe Sea crude oil (contaminated sediment, injection of
crude oil and control). Data are plotted as Whisker plot.
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oxygen uptake (0.045 and 0.058 mg O2 g wet wf' h'') for two individuals. The basal
oxygen consumption in control H. araneus at 2°C is 0.025 mg O2 g wet wf' h'' (Table
5).

TOSC

TOSC was not affected by either exposure (p>0.05) (Figure 47 and Table 5).
Nevertheless, variability of TOSC increased in the injected group with a high TOSC
value of 7000 unit mg"' protein and a low value of 3200 unit mg'' protein. This
variability indicates different responses of the antioxidative defences m various
individuals which could be interpreted as a hansient phase. Nevertheless, the mean
TOSC value of the injected group (4942 unit mg'' protein) was similar to that of
controls (4837 unit mg'' protein). The sediment-heated group showed a decrease in the
median (4133 unit mg'' protein) and in the mean (4377 unh mg'' protein), indicating a
certain depression in TOSC, although this was not statistically significant.

7000 - |
6500

=

1

-

6000 5500 -

I

I

1

5000 -

I

4500 -

I

1

I

4000 3500 3000 - '

1

control

1

injected

r

sediment

Figure 47.
Variations of the total oxyradical scavenging capacity (TOSC) towards
the peroxyl radicals in the digestive gland of Hyas araneus after
exposure to North Sea crude oil [contaminated sediment (n = 6),
injection of crude oil {n - 7) and control (n = 8)].
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Table 5. Mean and standard deviation of respiration of Hyas araneus in different
treatinents (|a,g O2 wet weight"' hr"', «=8) and TOSC measured in hepatopancreas
(TOSC unit per mg protein, n=8).

control

injected

sedhnent

Respiration

26 ± 8.2

30 ± 5 . 1

29 ±14.6

TOSC

4837 ± 758

4942 ± 1121

4376 ± 801

Polycyclic aromatic hydrocarbon in sediment

The polycyclic aromatic hydrocarbon composition (PAH) of the crude oil used in the
experiment and concentration in sediment are reported in Table 6. The total P A H is 234
195 |J.g kg"' of wet sediment. Two rings molecules (i.e. naphthalenes) are the main
compounds of this crude oil as they represent 95% of the total amount of oil
compounds. The three and four ring compounds represented 5.5% only of the total
P A H . Five rings compounds (i.e. benzo(a)pyrene) were under the detection hmit. The
two ring molecules are known to be the most soluble PAHs (Neff 1979). Siron et al.
(1993, 1996) have reported that naphthalenes were the major dissolved compounds in
seawater at low temperature (<3°C). In our study, it is likely that 2?. araneus was mainly
exposed to naphthalenes. The low molecular weight of naphthalenes make them more
bioavailable and they could be taken up readily through the giUs of the crabs.
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Table 6. P A H composition, measured by GC/MS, of the applied North Sea crude oil, in
the sediment after 2 weeks exposure. Values are in.pg of P A H per kg of sediment. Total
P A H (TPAH) is the sum of aU 26 measured PAHs. Values in brackets correspond to
signal below detection limit.
Compound

Concentration (pg k g ' )

Naphthalene

15465

CI-naphthalene

53842

C2-naphthalene

85514

C3-naphthalene

65760

Acenaphthylene

289

Acenaphthene

437

Fluorene

3338

Phenanthrene

3528

Anthracene

0

Cl-phen/anthr

1347

C2-phen/anthr

971

Dibenzothiophene

552

CI -dibenzothiophene

276

C2-dibenzothiophene

273

Fluoranthene

204

Pyrene

384

Benzo(a)anthracene

(48)

Chrysene+Triphenylene

346

Cl-chrysene

770

C2-chrysene

897

Benzo(b)fluoranthene

(58.8)

Benzo(k)fluoranthene

0

Benzo(a)pyrene

0

Indeno(l,2,3-cd)pyrene

0

Benzo(g,h,i)perylene

0

Dibenzo(a,h)anthracene

0
234195

TPAH
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9.5. Discussion
Heart rate appeared to be the most sensitive biomarker to oil exposure in Hyas araneus.
Oil-injected and sediment-exposed crabs showed a significant increase in heart rate
compared with conhols. Very little data on the effect of oil components on cardiac
activity of crustaceans have been pubhshed. The increased heart rate measured in the
current study supports Depledge (1984b) who reported an increased heart rate in
Carcinus maenas exposed to the water-soluble fraction (WSF) of crude oil. However,
bradychardia and arrhythmia were induced in Pugettia producta when low levels of the
WSF of oil was passed over the giUs (Zimmer et al. 1979). Bamber and Depledge
(1997) investigated the dietary exposure of Carcinus maenas to benzo(a)pyrene and
failed to record any obvious effects on heart rate over 7 days of exposure. The high
variability in heart rate of the control group in the present experiment supports
Depledge (1984a) who reported a similar response for Carcinus maenas. The decreased
variability in the injected and sediment-exposed groups has been observed by Depledge
(1984a). Lundebye and Depledge (1998) showed that mcreased heart beat in Carcinus
maenas was due to a decline in mean interpulse duration. The elevated heart
frequencies, reported in the current experiment, may indicate respiratory sfress that was
demonsfrated by an increased respiration rate in Carcinus maenas exposed to the W S F
(Depledge 1984b). However, no change in respiration rate was measured in the present
experiment. Exposure of Carcinus maenas to copper induced increased heart frequency
and tissue hypoxia (Nonnotte et al. 1993, Bamber and Depledge 1997). A major
concern of oil pollution is that it might affect oxygenation of seawater (F.A.O. 1977).
The lack of oxygen could influence respiratory and cardiac physiology resulting in a
greater volume of blood flow demanded per umt of oxygen required for tissue
respiration. Cho et al. (1994) reported that naphthalene metabolites bind to large
proteins such as haemoglobin, probably altering functions of the respiratory pigment
leading to hypoxia. Nevertheless, several authors have reported a decrease in heart rate
due to hypoxia and a concomitant bradycardia, with the heart sfroke volume increasing
to compensate for the lack of oxygen (Reiber and McMahon 1998).
The increased heart frequency of sediment-contaminated and injected H. araneus may
have resulted from voluntary reduction of the ventilatory sfream to the gills to prevent
chemical uptake. This compensatory behaviour would minimise the exchange with the
external media while maintaining basal oxygen supply to the tissues. Increased heart
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rate is associated with locomotor activity in crustaceans.. Aagaard et al. (1995) recorded
an elevated heart rate prior to locomotor activity in Carcinus maenas and on no
occasion did locomotor activity increase prior to elevation of heart rate. In our study,
similar observations were made. Aagaard et al. (1995) postulated that the circulatory
and respiratory systems of the shore crab are prepared in advance to deal with the
metabolic demands of locomotor activity. Such responses would be regulated by the
neuro-endocrine system. The cardiac response of H. araneus could be regarded as an
avoidance response. The animal has initiated its physiological machinery for escaping
the oil-induced shess. As crabs remain quiescent, the energetic demand is not increased
as shown in the steady state of oxygen uptake measured in the present study.
Changes in the variability of physiological parameters may provide an additional useful
insight into the impact of chemical contamination (Depledge and Lundebye 1996).
Fredrich et al. (2000) reported a decrease in variability of heart rate and oxygen
consumption in Hyas araneus under physiological stress. Depledge and Lundebye
(1996) explained the increasing inter-individual variability of heart rate with increasing
contaminant concentration as an increasing proportion of affected crabs in the sampled
group. In the current study, the reduced inter and intira-individual variability indicated
that oil exposure has induced a homogeneous physiological response in crabs.
Fredrich et al. (2000) reported a significant decrease in respiration in Hyas araneus
collected from temperate water at 9*^0 and acclimatised to 2°C. In the current study, the
oxygen uptake of H. araneus at 2**C (0.025 mg O2 g wet wf' h'') was comparable to the
value reported by Fredrich et al. (2000) (0.019 mg O2 g wet w f ' h''). Thus, die low
temperature of the Arctic water has reduced the metabolic activity of H. araneus. This
observation was reported also by Whiteley et al. (1996) for the giant Antarctic isopod
{Glyptonotus antarcticus) compared with a temperate isopod {Idotea rescata). The low
oxygen uptake rate in H. araneus certainly reduced the uptake of poly-aromatic
hydrocarbons through the gills compared with temperate individuals. Moreover, the low
metabohc rate of the spider crab may result in reduced metabohsm of oil compounds
into reactive oxygen species (ROS). The low uptake and reduced metabolism of P A H
could explain the lack of TOSC response measured in the present study. ROS is
naturally produced during resphation when O2 is reduced (Winston and DiGiuho 1991)
but ROS generation is also known to be enhanced via the metabolism of oil compounds
(Livingstone et al. 1990). Babu and Brown (1995) reported an oxidant-sfress toxicity of
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naphthalenes. There is a large literature reporting the varied activity of antioxidant
defences and activation of contaminants to reactive metabolites in decapod crustaceans
following poUutant exposure (e.g. Marsh et al. 1992, Gamble et al. 1995, Sundt and
Goksoyr 1998, Arun et al. 1999, Orbea et al. 2000). Orbea et al. (2000) locahsed four
main antioxidant enzymes (catalase, Cu/Zn-superoxide dismutase, Mn-superoxide
dismutase and glutathione peroxidase) in the digestive gland of the shore crab Carcinus
maenas, indicating the capacity of decapod crustaceans to cope with ROS. In the
present study, no significant TOSC response was measured indicating that the possible
enhancement of ROS production (notably peroxyl radicals) was limited and did not
saturate tiie scavenging system capacity of H. araneus. The basal oxyradical scavenging
capacity oiH. araneus is relatively high compared with other marine invertebrates. For
example, Regoli (1998) reported TOSC values of ca. 600 unit mg'' protein for the blue
mussel (Mytilus edulis) and ca. 700 unit mg'' protein for a starfish (Leptasterias
epichlora). Elevated TOSC values in a cold-water species may be indicative of an
enhanced resistance of toxicity in ROS generation. This would confirm a natural high
prooxidant pressure for cold-water species (Regoli et al. 2000) and might also provide
H. araneus with the capabihty of dealing with moderate variations in ROS generation.
The lower mean TOSC value in the sediment-heated group is indicative of a certain
degree of saturation of the antioxidative system. It is likely that such saturation
corresponds to the partial consumption of the fast-acting scavengers of peroxyl radical,
for instance glutathione, uric acid and ascorbic acid (Winston et al. 1998). To date,
reported data on the use of TOSC as a biomarker of ROS indicate a significant
reduction in antioxidant capacity (Regoli 2000, Camus et al. in press, Grosvik et al. in
prep) or induction (Winzer et al. 2001). Grosvik et al. (in prep) observed a depression
in TOSC in the hepatopancreas of the Arctic shrimp (Sclerocrangon boreas) exposed to
2 ppm dispersed oil for 5 days at 2''C. Similar observation were reported in Arctic
scallop exposed to benzo(a)pyrene (Camus et al in press). With a depression in TOSC,
Regoh (2000) reported a greater depletion of low molecular weight molecules during
the first phase of exposure of Mediterranean mussels to high levels of pollutants,
indicating ROS production and activation of antioxidant defences. In the present
experiment, the absolute TOSC mean value may not be the appropriate parameter to use
as a biomarker and the inter-individual variability may be more indicative of exposure
(Depledge and Lundebye 1996). In the injected group, the variability in TOSC
measurements was twice that of the control. These data suggest a concomitant induction
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and depression in TOSC, and support the hansient response of antioxidant defences as
reported by other authors (Livingstone et al. 1992, Doyotte et al. 1997). A depletion or
induction of antioxidant systems may represent a first response to pollutants that can be
followed by a more integrated response. It would have been interesting to extend the
exposure period beyond 14 days to follow the change in TOSC. TOSC was measured in
the hepatopancreas whereas injection was performed into the haemolymph where
haemocytes represent the main defence system against foreign substances (Dyrynda et
al. 1998). Thus, the hepatopancreas may have not been the correct target tissue to
measure TOSC and the haemocytes may have been more appropriate.
In this study, heart rate (a physiological biomarker) was very sensitive in reflecting the
first effects of oil in each exposure context. It is interesting to note that the TOSC assay
did not provide any distinct signal, however, this latter biomarker has more ecological
relevance than heart rate. McMahon (1999) highlighted the difficulty of interpreting
cardiac performance in crustaceans by measuring one single parameter, such as heart
rate. McMahon (1999) stated that haemolymph flow tiirough any particular decapod
arterial system does not necessarily vary with heart rate or even cardiac output but is, in
each artery, modified' from moment to moment by a variety of hormonal and neural
drives. Heart rate on its own cannot provide a meaningfiil diagnostic of pollution
exposure. TOSC is a tool for quantitatively assessing the biological resistance to
toxicity of different forms of ROS. Up to now, the efficiency of the antioxidant system
has been based upon analysis of single components, including enzymes (catalase,
superoxide dismutase, etc), and smaUer molecules such as vitamin E , C, uric acid and
reduced glutathione. Numerous studies have reported responses to oxidative sfressors
that can be very different and, while depletion is measured in one parameter, a
concomitant induction could be measured in another one. The overall budget of ROS
versus anti-oxidant defences can, therefore, barely be estimated and the complexity of
the interpretation prevents any prognosis at tiie individual or population level. Single
antioxidant analysis indicates exposure to oxidative sfress but cannot provide a
diagnostic measure of the health of the organism. The benefit of the TOSC assay is that
it provides a prediction of the effects of envhonmental conditions on the redox status of
the whole organism and its susceptibihty to oxidative sfress disease (Regoli 2000). The
increase in heart rate may reflect the initial effect of oil notably the naphthalene
compounds; however, the lack of change in TOSC associated with a low oxygen uptake
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reveals a limited toxic effect probably due to a low uptake and metabolism of P A H into
ROS.

9.6. Conclusions
This investigation of the impact of oil on Arctic Hyas araneus at low temperature
revealed an increase in heart rate, a steady state in respiration and a hansient response in
TOSC in the injected group, and a moderate decrease in the sediment-exposed group
compared with the conhols. The higher ecological relevance of TOSC, compared with
heart rate, leads to the conclusion that the Arctic crab was experiencing a moderate
pollution effect. Low temperature may be the main factor reducing the bioavailability of
poly-aromatic hydrocarbons in the water however, the relatively low metabohc rate of
H. araneus may have reduced the uptake, metabolism of P A H and the production of
ROS.
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Chapter 10

Biomarker responses and PAH uptake in Mya truncata
following exposure to oil-contaminated sediment in an Arctic
fjord (Svalbard)
Article submitted to Science of the Total Environment

Erebus volcano (smoking) and castle rock

"fVe stood on the verge of a vast abyss, and at first could see neither to the bottom nor
across it on account of the huge mass of steam filling the crater and soaring aloft in a
column 500 to 1000ft. high. As the resuh of averaging aneroid levels, together with the
hypsometer determination at the top of the old crater, Erebus may be calculated to rise
to a height of13,370ft. above sea level. "
Professor David, first man on top of Erebus volcano. Antarctic expedition of
Ernest Shackleton, 1907-1909.
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10.1. Abstract
Expanding industrial activities in the Arctic require assessment of the toxicity of
chemicals at low temperature. Little is known about the potential impact of chemicals
on marine organisms living in seawater at temperatures of ca. -1.88 (and seldom rising
above 3-4**C). The arctic bivalve Mya tnincata is common in the Svalbard ford
ecosystem where it experiences low temperature throughout the year, and is the main
food resom-ce for walrus and seals. To measure the impact of polycyclic aromatic
hydrocarbons (PAH) on M, truncata, the response of three bioinarkers was investigated
from bivalves exposed to sediment contaminated with a P A H mixture (crude oil): i)
total oxyradical scavenging capacity-assay (TOSC), ii) plasma membrane stability of
haemocytes and iii) respiration rates. TOSC showed no change after two weeks of
exposure to the contaminated sediment. The high TOSC value (4010±1339 unit mg"'
protein) of the confrol group is indicative of the presence of high levels of ROS in the
water formed naturally by increased levels of U V - B irradiance in polar regions. Cellular
membranes of the haemocytes of exposed bivalves were significantly destabilised
compared with confrols (p<0.05), indicating that internal cellular antioxidant defences
were overwhelmed. Respiration rate was low (0.055±0.020 mg O2 dw"' h"') for control
and PAH-exposed individuals, and typical of polar bivalves, reflecting a sfrategy to
minimise energy expenditure and to cope with 9 months of starvation. Bioaccumulation
of P A H by M. truncata was low, probably due to low metabolic rate and poor solubility
of the oil compounds at low temperature. Data indicated an uptake of mainly low
molecular weight compounds (two and three ring molecules). A good correlation of
logBAFiipid (bioaccumulation factor) and logKow (octanol/water partition coefficient)
was shown (r^ = 0.87). Tissue sensitivity and/or fimctional differences (hepatopancreas
versus haemocytes), P A H uptake route (dietary versus gills), the low temperature
reducing metabolic rate of M truncata and the bioavailability of P A H , are factors that
help explain these findings.

Keywords: Biomarkers, bioaccunulation, P A H , sediment, Arctic, Mya truncata.
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10.2. Introduction
Human activities are increasing in the Eiuropean Arctic and, as a result, reliable
environmental monitoring tools are requhed to identify the potential impact of industrial
developments, notably oil and gas activities ( A M A P 1998). Biomarkers [defined as
"biological responses to a chemical or chemicals that give a measure of exposure or
toxic effecf' (Peakall 1994)] are relevant measures of tiie in situ impact of oil discharges
(Aas

et al. 2001). Although biomarkers have been employed in environmental

toxicology for the last 20 years, most of the research with marine ecosystems has been
performed in temperate regions characterised by high variations of the seawater
temperahire (i.e. from 10 to 20°C). Liti;le is known about the potential impact of
contaminants in marine organisms living in polar waters. The Arctic marine ecosystem
is characterised by a combination of a low, but stable, temperature and a single, welltimed maximum of dense, but very brief, primary production in May, followed by a
rapid decline (Weslawski et al. 1988). Recent shatospheric ozone depletion in polar
areas has caused an increase in U V - B radiation, thereby, significantly augmenting the
production of toxic reactive oxygen species (ROS) in the water column (Yocis et al.
2000, Qian et al. 2001) threatening marine life (Abele et al. 1998). Hence, polar marine
invertebrates possess specific biological adaptations to live in this marine ecosystem.
Respiration is low presumably to cope with the low food supply and 9 months of
starvation (Peck et al

1997, Ahn and Shim 1998, Clarke and Johnston 1999).

Antioxidant defences are high compared with temperate species to cope with oxidative
shess (Regoli et al

2000). Cell membrane composition differs from temperate

ectotherms to maintain fluidity at low temperature (Gilhs and Ballantyne 1999a).
Conversely, physical properties of pefroleum hydrocarbons behave differently at low
temperature; for instance, crude oil does not dissolve in cold water to the same extent as
at higher temperatures and such differences have important consequences to the
bioavailability of oil components (Neff 1979). Consequentiy, the biological adaptation
of cold water organisms, together with the altered oil behaviour, may affect the typical
biomarker responses. Earlier studies have attempted to test this hypothesis by looking at
effect of poly aromatic hydrocarbons (PAH) on fish (Christiansen et al 1996, Wolkers
et al 1996) and amphipods (Aunaas et al 1991), but little similar work has been carried
out with Arctic bivalves.
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Numerous studies with temperate bivalves show that uptake, metabohsm and excretion
of P A H depend upon the metabohc rate and antioxidant defences properties. Therefore,
in this study, to understand what the impact of P A H on cold water adapted bivalve is,
the research shategy was to focus on oxidative shess by investigating the metabohc
rate, antioxidant defences and impact of ROS. A U these three biological features are
closely linked (Sohal and Weindruch 1996, Abele et al. 1998, Regoli 2000, Wmzer et
al. 2001). The metabohsation of P A H enhances ROS production (Livingstone et al.
1990) but the relatively low metabolism of Arctic bivalves may reduce the metabolism
of P A H , consequently minimising the oxidative shess. Conversely, The relatively high
level of antioxidant defences of polar bivalves (Regoli et al. 2000, Camus et al.
submitted) may confer on them a potential resistance towards oxidative shess. Further,
it is established tiiat lipid membranes are targets of ROS (Viarengo et al. 1989) and
because of the lower unsaturated lipid content (Gillis and Ballantyne 1999a, Viarengo et
al. 1995), ceU membrane of polar bivalves appear to be more resistant to oxidative
shess (Viarengo et al. 1995). These three hypotheses need to be resolved to gain abetter
understanding of what the potential impact of P A H can be on Arctic bivalves.
Because of their capacity to accumulate orgaiuc compounds, filter-feeder bivalves have
been used for monitoring contaminant levels and effects in temperate water (Baumard et
al. 1999b, Lowe and Fossato 2000), therefore, the Arctic bivalve Mya tnincata
(Myidae) a suspension filter-feeder living buried in the sediment was selected. It is
widely distributed in Svalbard's fords ecosystem (Koszteyn et al. 1991) and represents
the main source of food of bearded seals {Erignathus barbatus) and walrus {Odobaenus
rosmarus) (Fisher and Stewart 1997) which are still the major nutritional basis of the
indigenous people of the North ( A M A P 1998). Previously, M truncata has been used as
a monitoring species in the Arctic to measure peholeum hydrocarbon levels (Humphrey
et al. 1987) foUowing an experimental oil spiU in the Canadian Arctic but scientists
failed to measure the effects because of an inadequate biomarker selection shategy
(Mageau et al

1987). Its capacity to accumulate chemicals that could be readily

hansferred to high levels of the food web, including human, make M. tnincata a key
species for monitoring the potential impact of industrial activities in the Arctic.
In this study, a small-scale field study of sediment contamination was performed in an
arctic ford (Svalbard) by exposing the Arctic clam, Mya truncata, to P A H contaminated sediment. The antioxidant defence responses were measured as total
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oxyradical scavenging capacity according to Winston et al. (1998) as it will provide
information with a predictive validity at the organism level. The effect of P A H on the
metabohc rate was investigated by measuring the oxygen uptake. Finally, ROS toxicity
was investigated by looking at the cell membranes stability of haemocytes with a
method reported in Camus et al. (2000). This biological hohstic approach consisting in
measuring biological responses located at different levels of biological hierarchy
(biochemical, cellular and physiological) will help to gain a broad understanding of the
biological responses of M. truncata and to determine the survival potential in a P A H
contaminated enviromnent (Depledge 1994).
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10.3. Materials and Methods
Field p r o g r a m m e

In September 2000, the field experiment was estabhshed at Isf orden at Svalbard
(78°13' N and 15°39' E) (Figure 20). Mya tnincata were hand sampled by scuba divers
near the Norwegian settlement of Longyearbyen at the outer part of Adventf orden. The
bivalves were stored in large plastic tanks filled with sea water with permanent aeration
for 24 h at 2°C. Grab samples of sediment were taken from the research vessel R V Jan
Mayen of the University of Tromso at the same location as the bivalves were sampled.
The field site was at the mouth of Adventf orden at 5 m depth near the shore to provide
easy access to the divers. Seawater temperature was 6.5°C during estabhshment and
5.5°C when sampling was performed, 14 days later.
Experimental design

The sediment was divided in two equal amounts, each of 40 kg, and placed into two
identical boxes (30 cm deep, 60 cm long and 30 cm large); one labelled 'confrol' and
the other 'freatment' (Figure 20). Crude oil (0.41 from a North Sea oil field) was mixed
with 40 kg of sediment (10 ml of oil per kg of sediment). Individuals of M. tnincata
were hand buried into the sediment (20 individuals per box). Each box was lowered to
the sea bottom and anchored at 5 m deptii by divers. The freatment box was placed
downsfream of the confrol box and 10 m apart to prevent any risks of contamination. To
reduce predation (i.e. seals), a grid was placed on top of each box. A red buoy,
connected to the boxes by a rope, allowed easy relocation of the site for latter sampling
(Figure 48). Animals were left in the boxes for two weeks. Sediment samples were
taken to determine levels of P A H at the start and at the end to monitor oil sediment
concenfration in both boxes. To achieve this, surface sediment was sampled and placed
in aluminium paper and stored in the freezer at -80°C. After 14 days, the bivalves were
removed from the boxes, stored in sea water and brought back to the laboratory for
biomarker and P A H level analyses. 5, 8 and 6 individuals from each group were used
for respiration measurement, membrane stability and the TOSC assay, respectively.
Hepatopancreas was dissected out for the TOSC-assay, frozen in liquid nifrogen and
stored at -80°C prior to analysis. Following the two weeks exposure, two individuals
per group were frozen at -80**C for P A H analysis (Figure 48).
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Analyses
TOSC

The method is based on Winston et al. (1998) (Figure 48), except that buffers were
adjusted for marine bivalves (Regoli et al. 1998) (see section 4.5.2.).

Haemocyte cellular membrane stability

The method measures the stability of the cell membranes of the haemocytes and was
reported by Camus et al. (2000). The fluorescent probe Ethidium homodimer-1 (EthD1) enters cells with destabilised membranes (plasma and nucleus membrane) and sticks
to the D N A in the nucleus. The intensity of the fluorescence indicates the extent of
impaired membranes (Figure 48) (see section 4.5.3.).

Respiration

A closed respirometer was used in this study. Five bivalves were placed individually
into glass vials (480 ml), sealed with a screwed Teflon hd and incubated for 4 h at 5.5°C
(Figure 48) (see section 4.5.5.). Five empty vials, containing seawater but no bivalves,
were also incubated as conhols and the oxygen concenhation monitored.

Statistical analysis

The analyses were carried out with J M P , ver. (3.2.6), SAS Institute Inc., Gary, N C ,
USA. Statistical analyses were run after testing normal distribution and homogenous
variances. Paramehic Dunnett's test was used; the significance level was p<0.05.
Values of TOSC, EthD-1 fluorescence and respiration were plotted as Box and Whisker
plots. These indicate the range of values and the median. The horizontal bars that denote
the upper and lower limits of the boxes include 95% of the data points. 50% of the data
points are encompassed by the upper and lower limits of the boxes.
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10.4. Results
TOSC

No significant difference in TOSC values was noted (p>0.05) in the exposed group
compared with the conhol (Figure 49 and Table 7). Interestingly, variability of the
conhol group was twice that of the exposed group. The specific mean TOSC value of
M. tnincata in the conhol group was 4 014±1339 unit mg"' protein (mean±S.D.).
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Figure 49.
Total Oxyradical Scavenging Capacity (TOSC) values towards peroxyl radicals in the
digestive gland of Mya tnincata following two weeks of field deployment [conhol
(«=6); exposed=oil-contaminated sediment (n=6)]. Data are plotted as Whisker plot.
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Membrane stability

A significant increase in uptake of EthD-1 into the haemocytes of M tnincata was
measured in the exposed group (p<0.05) (Figure 50 and Table 7). In the exposed group,
the measured fluorescence was twice that of the conhol. Thus, the cellular membranes
of haemocytes of M. tnincata exposed to oil are permeable to EthD-1, indicating
destabilisation of the membranes.
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Figure 50.

Stabihty of the plasma membrane of haemocytes of Mya truncata measured as
fluorescence umt of Ethidium homodimer-1 (EthD-1) after two weeks exposure to
conhol (n=l) and oil contaminated sediment {n=l 1). Data are plotted as Whisker
plot. Significant effect is indicated by a star (/?<0.05).
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Respiration

No significant differences were observed in the oxygen uptake of M. truncata in either
group (Figure 51 and Table 7). Nevertheless, there was a decrease in the median of the
exposed group, indicating a depressed respiration in some individuals. The basal
summer oxygen uptake of M. truncata at 5.5°C was 0.055±0.020 mg O2 g dw"' h"'
(meaniS.D.).

0.10

•—^—I

0.08 0.06 0.04 0.02 -

I

0.00 J

I

s

control

exposed

Figure 51.
Respiration oiMya truncata measured as uptake of mg of oxygen per g of dry weight
body mass per hour («=5) following two weeks exposure to conhol and oil
contaminated sediment. Data are plotted as Whisker plot.
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Table 7. Mean and standard deviation of TOSC, membrane stability and respiration in
Mya tnincata following a two-week exposure to control and oil-contaminated sediment.

TOSC

Membrane stability

Respiration

(TOSC unit mg"'
protein)

(Fluorescence unit mg''
protein)

(mg O2 dw'' h'')

Control

4014 ± 1 3 3 9

2.37 ± 1 . 3 5

0.055 ±0.020

Exposed

4376 ± 6 4 2

5.40 ± 2 . 5 4

0.046 ±0.028

PAH in sediment

The total concenhation of P A H in the oil-contaminated sediment at day 0 was 940 435
pg kg"' wet sediment; two ring and three ring molecules represent 83 and 16% of T P A H
respectively. After two weeks at sea, the remaining total P A H amount in the surface
sediment of the exposed group was 431 677 pg kg'' wet sediment. The four and five
ring molecules remained adsorbed in the sediment after two weeks while the
concenhations of the two and three ring compounds decreased by 50% (Figure 52).
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Figure 52.
Concenhation of PAHs family according to number of rings in
sediment (SC = sediment conhol; SO = sediment with oil; values
are in pg g"' wet sediment) and in tissue of M tnincata (MC = Mya
conhol; M O = Mya oil exposed; values are in pg g"' lipid) after two
weeks exposure.
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P A H u p t a k e i n M. truncata

The total amount of P A H in the clam tissue was 200 089 ]ig kg"' lipid, ten times higher
than conhol clams after two weeks of exposure to contaminated sediment. Nevertheless,
the P A H level in the clam tissue is half the concenhation of oil in the sediment after two
weeks. Only two and three ring molecules were detected (Figure 52) in the exposed M.
truncata. 93 % of T P A H were two ring compounds.

Relationships between bioaccumulation factor and log K o w

The bioaccumulation factors (BAFs; ratio oil compounds in bivalve tissue and
compound levels in sediment) were calculated on lipid weight of the different samples.
The BAFs were lower than 0.6 indicating tiiat M. truncata poorly accumulated P A H
from the sediment (Table 2). Large molecules (four to six rings) were not detected in the
present experiment, therefore, were not included in the calculations. The logBAF was
plotted against log K^^ (hydrophobicity of P A H expressed by the octanol/water partition
coefficients). A significant polynomial of degree two relationship was found (r^=0.87,
j3<0.05),

indicating that

lipid-based bioaccumulation factors

increase

hydrophobicity and reach a plateau for log Kow above 4.5 (Figure 53).
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Figure 53.
Relationship between the bioaccumulation factor (BAFupid) and the octanol/water
partition coefficient ( Z o w ) plotted on a log-log scale, in Mya truncata exposed to
two weeks crude oil contaminated sediment. The adjustement (polynomial of
degree 2) was significant at the threshold level of/? < 0.05.
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10.5. Discussion
The metabohc rate of M truncata faUs within the range measured for other Arctic
bivalves. For example, 50 to 57 pg O2 g dw'' h'' was the range reported for
Clinocardium ciliatum at 0°C (Schmid 1996), and between 63.7 and 94 (ig O2 g dw'' h''
for Chlamys islandicus (0.5''C) and Hiatella arctica (3.5°C) (Camus et al submitted).
The metabolic rate of Arctic bivalves is low compared with temperate equivalents
(Dame 1972, Vahl 1973, Bayne and Scullard 1977, Navarro and Winter 1982). The
oxygen consumption rate of M. truncata (Arctic) at 5'*C and M. arenaria (temperate) at
lO^^C was four times lower (Camus et al. submitted). Reduced metabohsm of polar
bivalves is considered an important mechanism for energy conservation in cold water
where food is in short supply (Clarke 1991, Peck et al 1997, Ahn and Shim 1998, Peck
et al 2000). Such low metabolic rates enable Arctic organisms to survive long periods
of no food supply and facilitate tiie hansfer of more energy into growtii when food is
available during the brief phytoplankton bloom.
In suspension feeding bivalves, the main route of P A H uptake is via filtering activity
and, therefore, in a P A H sediment contaminated context, the uptake of P A H occurs only
after the chemical has desorbed into interstitial or overlying water (Foster et al 1987,
Narbonne et al 1999, Baumard et al 1999b). As observed by Narbonne et al (1999), at
the end of the present experiment, 50% of the initial sediment burden of two and three
ring hydrocarbon compounds were desorbed and hansferred to the water compartment.
Chemical tissue analysis revealed that some of these compounds were bioaccumulated
by M. truncata. The logaritiimic shape of the logBAFupid versus logi^ow curve confirms
that uptake of the P A H molecules is based upon their degree of lipophihcity and size.
The shape of the curve, similar to the one reported for Mytilus edulis and for
semipermeable membranes in general, is typical of organisms that have a poor
capability to metabolise P A H (Baussant et al 2001).
Mya truncata is a sediment burrower that uses a long siphon to reach tiie surface of the
sediment to access oxygenated water. Oil compounds, dissolved in the water, may have
induced an avoidance behaviour consisting of rehacting the siphon and cessation of
breathing as observed in Mya truncata exposed to oil (Mageau et al. 1987).
No difference in oxygen uptake was shown between exposed and non-exposed M.
tnincata, indicating that respiration rate was not affected by oil exposure. Exposure to
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P A H increases the rates of oxygen consumption of other bivalves species such as Venus
verrucosa (Axiak and George 1987), Mytilus edulis (Widdows et al. 1982), Mya
arenaria (Fong 1976, Stainken 1978) and Macoma balthica (Steckoll etal. 1980). It has
been suggested that this increased basal metabolic rate is due to inhibition of
membrane-bound respiratory enzymes (Steckoll et al. 1980). Hence, tiie P A H uptake
did not affect the respiratory processes in M. truncata.
The basal TOSC value measured in M. truncata (4000 imit mg"' protein) is in the same
range measured for otiier Arctic bivalve species (i.e. 2800 unh mg"' protein for Chlamys
islandica and 2000 for Hiatella arctica; Camus et al. submitted), however, it is higher
than values reported for temperate bivalves. Regoli and Winston (1998) reported 600
unit mg"' protein in the mussel Mytilus edulis and 700 for the starfish Leptasterias
epichlora. This higher capacity to scavenge ROS in Arctic species supports the view
that marine ecosystem is highly prooxidant (Abele et al. 1998, Colella et al. 2000,
Regoli et al. 2000). In Antarctica, munerous studies have reported that recent increase in
ozone hole has enhanced the formation of reactive "oxygen species in the water column
due to the increased U V - B radiations (Yocis et al. 2000, Qian et al. 2001). Therefore,
organisms in enviromnents with elevated levels of ROS may require elevated
antioxidant defences to prevent biological damage. However, recently, Camus et al.
(submitted) suggested that polar bivalves require a high TOSC to protect efficiently
biomolecules, characterised by a low turnover rate (Whiteley et al. 1996), from natural
oxidation in an environment where food availability is low.
Considering the uptake of P A H and that metabolism of P A H enhances the production of
ROS (Livingstone et al 1990, Winston and D i Giuho 1991) a change in TOSC value
was expected in the exposed bivalve as measured by others (Regoli 2000, Winzer et al.
2001, Camus et al in press) but tiiis was not observed in this study. The low metabolic
rate of M. truncata, measured in this study, may result in a low ROS production caused
by the metabolism of P A H . Further, the logarithmic shape of the logBAFupid versus
logATow mdicates a low P A H metabolic capability of M. truncata. The high level of
antioxidant defence measured in this experiment provides M. truncata with the
capabihty to deal with moderate variations in ROS generation resulting in no difference
of TOSC between heatinents. Depledge and Lundebye (1996) emphasised the need to
consider the variability of a biomarker response to provide additional useful insight into
the chemical impact of pollutant. TOSC values variabihty was reduced in the exposed
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group. As oxidative stress can induce (Winzer et al. 2001) or depress TOSC (Regoli
2000), it is possible that concomitant TOSC induction and inhibition was occurring in
the conhol group. The decrease in variability of the exposed group may reflect a
homogeneous induction of the antioxidative system in each individual.
Oxidative damage occurs when ROS production exceeds the total ROS scavenging
capacity of an organism (Winston and D i Giuho 1991). Deleterious consequences can
arise and, one of these, is lipid membrane peroxidation (Viarengo et al. 1989, Regoli
2000, Winzer et al. 2001). The present study observation of the destabilised haemocyte
membranes is supported by studies that demonshated that the white blood cells are the
main site of defence against foreign substances in marine bivalves (Lowe et al. 1995,
Carballal et al. 1997, Dyrynda et al. 1998). Using the neuhal red retention metiiod,
Lowe et al. (1995) provided clear evidence of contaminant-induced lysosomal
membrane damage in the haemocytes

of Mytilus galloprovincialis.

Lysosomes,

subcellular organelles that contain various enzymes (i.e. acid hydrolases), are sites of
intense ROS production (Winston et al. 1996); the latter are claimed to be a cytotoxic
mechanism against invaders and foreign compounds (Pipe 1992, Van Der Knaap et al.
1993); Another role of lysosomes is to accumulate contaminants that damage cells. The
production of ROS can compromise the functional integrity of the lysosomal membrane
following lipid peroxidation (Viarengo et al 1989, Winston et al 1996) resulting in
release of acid hydrolases in the cytosol and further damage and disruption to the cell.
Furthermore, under conditions of persistent xenobiotic challenge, oxidant shess might
far exceed the normal antioxidant defences in bivalve haemocytes thereby, not
preventing lipid peroxidation (Winston et al. 1996). The fluorescent assay used in the
present study, showed good correlation with the neuhal red retention method in
haemocytes of Mytilus edulis (Camus et al 2000), revealing that the destabilised plasma
membrane of the haemocytes, measured in exposed M. truncata, is a direct consequence
of decreased lysosomal membrane stability.
Previous studies have investigated the relationship between oxyradical toxicity and
membrane alterations: reduced capability to scavenge oxyradicals in mussels (Mytilus
galloprovincialis) was associated with destabilisation of lysosomal membranes (Regoli
2000), similar findings were reported in the Arctic scallop Chlamys islandicus (Camus
et al. in press). Increased lipid peroxidation was measured in flounder hepatocytes
following oxidative shess while TOSC increased (Winzer et al 2001). In M. truncata.

•

180

•

Biomarkers in the Arctic

antioxidant defences of hepatopancreatic tissue were not overwhehned by ROS
production (as indicated by the stable TOSC value), nevertheless,

destabilised

haemocytes cellular membranes were measured. This lack of correlation may reflect
functional differences and/or different P A H route of uptake. Dissolved PAHs are the
main compoimds that were taken up by M truncata, therefore, these P A H molecules
entered tiie aiumal via breatiiing into the gills and haemolymph system resulting in
impacting dhectiy the haemocytes. Hepatopancreatic biochemical properties

are

affected mainly by the dietary uptake of P A H associated with ingested food-particles;
the haemocytes are predominantly affected by water-soluble molecules taken up
tiirough the gills. The link between oxyradical toxicity and membrane destabilisation
and our data suggests that the tissue sensitivity and/or fiinctional differences have to be
taken into consideration i f we want to show evidence of a relationship between TOSC
and membrane destabilisation.
Viarengo et al. (1995) suggested that the low level of unsaturated lipids observed in
polar bivalves confer a better protection to the membranes against oxidative shess.
Nevertheless, in this experiment, haemocytes cell membranes were the most sensitive
tissue of Mya truncata to P A H exposure.

10.6. Conclusions
The shidy showed tiiat PAHs were taken up by M. truncata and resulted in
destabilisation of the haemocytes membranes but did not affect the total oxyradical
scavenging capacity of the hepatopancreas. Tissue sensitivity and functional differences
(hepatopancreas versus haemocytes), P A H uptake route (dietary versus gills), the
typical low metabolic rate of M. truncata and low temperature reducing the
bioavailability of P A H , are factors that explain these findings. Impaired function of the
cellular haemocyte membranes can have consequences on the phagocytosis of micro
organisms (Grundy et al. 1996). Given the important role of haemocytes in cellular
immunity of bivalves (Dyrynda et al. 1998), PAH-induced ceU injury will conhibute to
a loss of immune protection and finally to carcinogenesis in M. truncata as observed in
M. arenaria (Van Beneden 1997).
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Chapter 11

Antioxidant defence responses and cell membranes
Stability in Arctic shrimp Sclerocrangon boreas
following exposure to dispersed crude oil
This chapter is presented under the pubhcation format as Dr. B.E. Grosvik was leader of
this experiment.

Cross on Observation Hill, Ross Island (Antarctica), erected
in January 1913 by the Terra Nova expedition in memory of
Scott, Bowers, Wilson, Gates, Evans who perished on the
return journey from the South Pole 29"^ March 1912.

' T o strive, to seek, to find, and not to yield" (inscription on the cross).

1'
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Abstract
Knowledge of how resident invertebrate species like Arctic shrimp Sclerocrangon
boreas respond to oil compounds is important for future risk assessment studies in the
Arctic. The objective of this work was to measure antioxidant defence responses and
cell membranes stability in the Arctic shrimp S. boreas exposed to dispersed crude oil in
water by means of a continuous flow system. Antioxidant defences were investigated by
measuring glutatiiione S-hansferase (GST) and total oxyradical scavenging capacity
(TOSC). As a biomarker for cellular damage, membrane destabilisation measured as
increased uptake of the fluorescent probe etiiidium homodimer-1 (EthD-1) to a cell
suspension of hepatopancreatic cells was used. Shrimp were exposed for five days, and
the oil concenhation in the exposed chamber was 2+1 ppm. It should be noted that this
high oil concenhation was selected in order to achieve a positive induction of biomarker
signals, and tiiat the concenhation is considerably higher tiian what can be expected in
the sea as a result of produced water discharges. A significant induction of GST activity
(p<0.05) was observed in exposed shrimps. Thus, S. boreas is able to metabohse, and
conjugate the activated molecule with glutathione to facilitate excretion. The mean GST
activities were 20.3 and 26.4 nmol min"'mg'' in conhol and exposed group, respectively.
The TOSC values were significantly reduced (p<0.05) following oil exposure. The
mean TOSC values were 8795 and 6284 unit mg'' protein in conhol and exposed,
respectively. Uptake of EthD-1 was two times higher in cells of exposed shrimps
compared with conhol, indicative of cellular damage to exposed shrimp.

Keywords: Arctic, Sclerocrangon boreas, dispersed oil, GST, TOSC, cell membrane
stability
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Introduction
Due to possible future oil and gas exploration in the Arctic, it is important to perform
conholled laboratory studies on endemic and representative species, in order to establish
knowledge on susceptibihty and response pattem to oil contamination. Such data is
needed to select which effect parameters to use for field measurements. Knowledge of
how resident invertebrate species like Arctic shrimp Sclerocrangon sp. respond to oil
compounds is important for future risk assessment studies.
One approach being apphed is the use of biomarkers. Most studies of biological
responses have been produced with temperate organisms. Little is known about toxicity
of contaminants on marine organisms living in an environment characterised by a low
and stable temperature (from -1.88 to 5°C) and a sfrong seasonality in light and primary
production (Weslavski et al. 1988). A few studies have revealed that the ectofhermic
marine organisms inhabiting the polar ocean possess specific biological adaptions
(Portner and Playle 1998). Polycyclic aromatic hydrocarbons (PAH) are affected by
temperature and light exposure (Neff 1979). For instance, the solubility decreases at low
temperature and photo

oxidation make molecules more biologically reactive.

Consequently, the biological adaptation of polar marine species and the altered oil
behaviour may affect the typical biomarker responses and require investigation.
Current oil and gas activities in the North Sea discharge produced water, which should
not exceed 40 ppm of oil according to the regulation defined by the Oslo-Paris
Commission. Low levels of oil in water dispersion have been shown to be
bioaccumulated in conholled laboratory experiments with fish and mussels (Baussant et
al. 2001a,b). Formation of D N A adducts have been observed in Atiantic cod Gadus
morhua after exposure to oil water dispersion at 0.06 ppm for 30 days. Adduct
formation have been correlated to more adverse effects, as occurrence of liver neoplasia
(Myers et al. 1998).
In this study, Sclerocrangon boreas (Crangonidae) was selected. It was first described
by C.J. Phipps (1774) as Cancer boreas. The genus Sclerocrangon was described by
G.O. Sars (1885). They are bentiiic and frequent at depths from 30-100 meters in the
Barents Sea and Svalbard fords (Dons 1915; Grieg 1932).
P A H are known to enhance the formation of the deleterious reactive oxygen species
(ROS)

following metabolisation by marine invertebrates (Livingstone et al. 1990,
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Winston and DiGiulio 1991). One consequence of the ROS production is the induction
or inhibition of the antioxidant defences to scavenge these deleterious compounds
(Livingstone et al. 1990, Winston and DiGiulio 1991). Glutathione is one of the most
important anitoxidant agents involved in tiie neuhalisation of ROS (Meister 1989).
Moreover, glutathione is the cofactor of many enzymes catalysing the detoxification and
excretion of several toxic compounds.
Glutatione .S-hansferases (GST), acts as tiie catalyst of a very wide variety of
conjugation

reactions

of

glutathione

with

xenobiotic

compounds

containing

elechophihc cenhes (Habig et al. 1974). Changes in the activities of GST can reflect
exposure of organisms to xenobiotics and these responses are used as a tool to measure
effects of pollution on various organisms. The level of activity may be affected after
exposure to several types of environmental shess including oil contamination. Such
effects have been reported with mussels {Mytilus edulis) deployed in cages in tiie North
Sea (Borseth et al. 2000). GST activity was measured in this shidy to know whether
P A H have been metabohsed and conjugated to glutathione by S. boreas.
Antioxidant defence systems have been extensively used to monitor the in situ impact of
chemicals in the marine envhonment (Regoli and Principato 1995, Sole et al. 1998,
Orbea et al. 1999, Sole 2000, Khessiba et al. 2001). However, tiie difficulty to interpret
the biological resistance to oxidative shess in quantifiable terms led to the development
of the total oxyradical scavenging capacity (TOSC) assay by Winston et al. (1998). In
this study, the TOSC assay was selected to measure the total capacity of tiie shrimp
hepatopancreatic tissue to neuhahze ROS formed following metabolisation of P A H .
One deleterious consequence of ROS is the lipid peroxidation (Slatter 1984). Earher
biomarker studies have investigated the effects of contaminants on membranes and in
particular the lysosomal membrane with the neuhal red retention assay in haemocytes of
blue mussels (Viarengo 1989, Lowe et al 1995, Grundy et al. 1996, Regoli 1992) and
fish hepatocytes (Lowe 1992). In this shidy, we have tested whether membrane
destabihsation also may be measured in a suspension of hepatopancreatic cells by a
fluorescent plate reader after addition of the fluorescent probe ethidium homodimer
(EthD-1). EthD-1 intercalates between the bases of the D N A to yield red fluorescence,
and is generally excluded from viable cells. It binds with little or no sequence
preference at a stoichiomehy of one dye per 4-5 base pairs of D N A . Once the dye is
bound to nucleic acids, its fluorescence is enhanced many fold. EthD-1 is taken up
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generally, and the fluorescence will increase upon binding to nucleic acids, however,
damaged cells take up EthD-1 to a larger extent.
The objective of this work was to study effects in Archc shrimp S. boreas after exposure
to dispersed crude oil on the selected biomarker responses; GST activity, TOSC and cell
membrane stability in hepatopancreatic tissue.

Material and methods
Sampling and maintenance of S. boreas
S. boreas were collected in Isf orden (Svalbard, 78'*13'N, 15°39'E), in September 1999
witii an Agassiz dredge deployed firom the research vessel F/F Jan Mayen from the
University of Tromso at ca. 40 m depth and sea water temperature of 0°C. The shrimp
were fransported by plane to the laboratory (Stavanger, Norway) packed in himiid paper
in a cooled thermos. They were maintained for three months in the laboratory at 2°C
and fed raw shrimp prior to the experiment.

Production of oil in water dispersion
A n ulhasonic processor (Misonix Sonicator XL2015 Generator) produced oil in water
dispersion (80 mg/1), which was further diluted and delivered to the aquaria by
peristaltic pumps according to (Taban I. C , R.K. Bechmann, K . B . Oyssed, G. Jonsson,
A . Skadsheim, S. Sanni. and B . Gaudebert. (in prep) Reproduction effects, growth,
P A H metabolites in the bile, and body burden of P A H for sheepshead minnow
Cyprinodon variegatus chronically exposed to a dispersion of oil). A Coulter Multisizer
(model T A IF) was used to count and size all particles with diameter between 1.4 and 30
pm. Filtered seawater was used as the elecholyte solution. The blank was a water
sample from tiie inlet to the conhol aquarium. The multisizer measurements showed
that 95% of the oil droplets in the size range between 1.4 and 30 pm were less than 10
pm in size, and the mean size based on number of particles of size range 1.4 to 30 pm
was 1.86 pm. The mean size of particles based on volume was 3.1 pm for particles in
size range 1.4 to 10 pm, and 4.1 pm for particles in size range 1.4 to 30 pm. The size of
the droplets was in the size range observed for produced water (Kirsten Monig, R F Rogaland Research, pers. comm.).
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PAH Measurements and oil content in exposed chambers
Water samples were collected in'bumed 2 IDuran glass bottles, containing hydrochloric
acid to ensure that the sample did not exceedpH 2. The samples were stored protected
from light at 4°C and exhacted the day after sampling. A n appropriate amoimt of eight
intemal standards were added to the water bottles and stirred for 15 min. Cyclohexane
(50 ml) were added to the water and stirred for another 30 min., and then poured into a
separating funnel. The water phase was drained back into the sampling flask and
exhacted two additional times. Anhydrous sodium sulphate was added in excess and
allowed to rest for 30 min. before filtering tiirough glass sinter filter (pore size 2) and
concenfration to 0.5 ml by use of TurboVap 500 (Zymark Corporation, Hopkinton, M A ,
USA). A mixture of three additional deuterated intemal standards (RIS, recovery
intemal standards), were added to tiie exfract prior to GC/MS - analysis. P A H analysis
of all samples was performed by Gas Chromatography (HP5890, Hewlett Packard,
USA) connected to a Mass Spechometer (Finniga:n SSQ7000, USA) and analysed in
selected ion mode (GC/MS-SIM). Response factor curves were calculated for the
individual P A H and used for calculation of sample concenfrations. The reproducibility
of the response factors for at least three standards covering the concenhation range is
regularly checked for each series of samples analysed. The confrol was an unexposed
sample spiked with an appropriate amount of a certified mixture of P A H (Dr
Eherenstorfer Reference Materials, Augsburg, Germany).
The concenhation of P A H compounds and sum P A H in the water samples of both
conhol and oil exposed chambers are shown in Table 1. The total P A H concenhation
determined (sum PAH) in the chamber was 10-26 pg/1. The variations in oil exposure
concenhations were due to instability with the oil pumps. P A H constitute 0.83% of the
cmde oil used (North Sea cmde oil) (Baussant et al. 2001). These data together with the
data from the Coulter Multisizer analyses gave an oil exposure concenhation of low and
high dose to be 2+1 ppm.

Exposure and sampling
The shrimps were exposed for five days in the CFS to 2+1 ppm dispersed crade oil. Due
to the energy input to produced dispersed oil, the water temperature in the exposure
chamber was slightly elevated; confrol: 2.0±0.1°C, 2 ppm: 2.2+0.3°C. No mortality was
observed. The length (74+17 mm), weight (6.7+5.3 g) and gonadal status were
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measured, and hepatopancreas sampled. The hepatopancreas was divided in two parts.
One was used immediately for isolation of single ceUs for studies of membrane stabihty,
while the remaining part was frozen in liquid nifrogen for GST and TOSC analyses.
During all procedures, care was taken to work on ice to avoid any temperature increase.
Analytical part
Measurements of glutathione-S-transferase (GST) activity
Glutathione-S-hansferase
dinifrobenzene (CDNB,
(GSH,

C10H17N3O6S)

(GST) activities were

measured

using l-chloro-2,4-

as a subshate and glutathione-S-hydroxylase

C6H3CIN2O4)

as a co-factor. Before analysis, the cytosol was diluted 1:5 in 100

m M potassium phosphate buffer (pH 7.4), in order to obtain hnear U V signal with time
during the specfromefric measurements. Enzyme activity measurements were performed
according to (Habig et al. 1974; Habig and Jakoby 1981). After the addition of all the
components, the cuvette (plastic) was capped, the content rapidly mixed and the
increase in absorbance due to the formation of the conjugate product (GST-CDNB) was
recorded by continuous regisfration for 1 minute at 340 imi, on a Perkin-Ehner Model
Lambda 2S U V A T S spechometer. For every series of samples (n=10) analysed, 3 blank
samples (without cytosol) were analysed. GST activities were expressed as moles of
subshate converted per minute per mg of protein in the cytosol. A l l samples were
analysed three times.
Measurements of total oxyradical scavenging capacity (TOSC)
Hepatopancreas were sampled and stored at -80°C for 3.5 montiis. Samples were
homogenised in four volumes of 100 m M potassium phosphate buffer, p H 7.5, 2.5%
NaCl and protease inhibitors. The homogenate was cenhifiiged at 100 000 x g for 1 hr,
cytosolic fractions were ahquoted and stored at - 80°C.
Peroxyl

radicals generated

by thermal homolysis of 2-2'-azo-bis-(2 methyl-

propionamidine)-dihydrochloride

(ABAP)

cause

the

oxidation

of

a-keto-y-

methiolbutyric acid ( K M B A ) to ethylene. Ethylene formation is monitored by gas
chromatographic analysis from the reaction vial. The partial inhibition of ethylene
formation in the presence of antioxidants that compete with K M B A for oxyradicals is
the basis of the assay (Winston et al. 1998). The appropriate assay conditions were 0.2
m M K M B A and 20 m M A B A P in 100 m M potassium phosphate buffer, p H 7.4.
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Reactions were carried out in 10 ml rubber septa sealed vials in a final volume of 1 ml.
The reactions were initiated by injection of 100 pi of 200 m M A B A P in water and
incubation in water bathed thermostated at 35°C for a constant peroxyl radical
generation firom A B A P . Ethylene production was measured by gas-chromatographic
analysis of 200 pi aliquots taken directly from tiie top space of the reaction vials.
Ethylene formation was monitored for 96 min. Each analysis requires measurement of
confrol reactions (no antioxidant in the reaction vessel) and sample reactions
(antioxidant in the reaction vessel). In the presence of antioxidants, ethylene production
from K M B A was quantitatively reduced and higher antioxidant concenhations resulted
in longer periods in which ethylene formation was inhibited relative to confrols.
Quantification of T O S C
The area under the kinetic curve was mathematically calculated from the integral of the
equation that best defines the experimental points for both the confrol and sample
reactions. TOSC is then quantified according to equation 1, where IntSA and IntCA are
the integrated areas from the curve defining the sample and conhol reactions,
respectively.
TOSC = 100 - (IntSA/IntCA x 100)

(1)

Thus, a sample that displays no oxyradical scavenging capacity would give an area
equal to the confrol (IntSA/IntCA = 1) and a resulting TOSC = 0. On the other hand, as
IntSA/IntCA goes to 0 the hypothetical TOSC value approaches 100. Because the area
obtained with the sample is related to that of the conhol, the obtained TOSC values are
not affected by small variations in instrument sensitivity, reagents, or other assay
conditions. The specific TOSC was calculated by dividing the experimental TOSC by
the molar concenfration of the antioxidant or by the amount of protein in mg used in the
assay (Regoli 2000).

Membrane stability
Preparation of single cell suspension of hepatopancreas
Hepatopancreas (one third) was taken out, rinsed in physiological sahne solution (PSS)
p H 7.4 (4.77 g/1 Hopes, 25.48 g/1 NaCl, 13.06 g/1 MgS04, 0.75 g/1 K C l and 1.47 g/1
CaCla) containing 1% B S A and 1 m M EDTA. Tissue was added approx. 1 ml PSS
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(volume depending of weight), cut with scissors till homogenous solution, put in
Eppendorf tube, let stand for 30 sec, supernatant withdrawn and stored on ice until
analysis.

Plate reader assay
50 p i ceU suspension, 150 p i PSS and 50 p i of Ethidium homodhner-1 (EthD-1)
(Molecular Probes, Eugene, Or, USA) to final concenhation of 0.5 p M , was added per
microplate well. The plate was gently shaken by hand. Fluorescence of EthD-1 was read
at ex544/em612 nm, measured successively after incubation in dark at room
temperature at different time intervals. The background fluorescence was corrected for,
and membrane destabihsation expressed as delta uptake per mg protein in samples, i.e.
uptake after 75 min. of incubation subhacted uptake after 5 min. of incubation.

Protein determination
Total protein concenhations of the samples were determined according to Bradford
(1976), using B S A as standard.

Statistical analysis
Statistical analyses were run with the Student's t test after testing for normal distribution
and

homogenous variances (TOSC values log hansformed). The analyses were

performed with JMP, ver. 3.1.6.2, SAS Instihite Inc., Cary, N C , USA.

Results
Crude oil concentration
Chemical measurements of P A H content in oil contaminated water together witii data
from Coulter Multisizer analyses, demonshated oil concenfration in the exposed
chamber to be 2±1 ppm.

GST
A significant induction of GST activity (p<0.05) was observed in the shrimps exposed
to 2 ppm crude oil (Figure 1 A). Mean GST activities were 20.3 and 26.4 rmiol/min/mg
protein for confrol and exposed shrimps, respectively.
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TOSC
The TOSC was significantly reduced at 2 ppm compared with conhol (p<0.05) (Figure
IB). Mean TOSC values were 8795 and 6284 u/mg protein in conhol and exposed
group respectively.
Cell membrane stability
The results demonshated 2 times higher (but not statistically significant) uptake in
hepatopancreas cells from shrimps exposed to 2 ppm oil, indicating cellular damage to
exposed shrimp (Figure IC).
Discussion
GST catalyses reactions to conjugate activated P A H following metabolisation by
cytochrome P-450 enzymes, to render them less toxic and more soluble for excretion.
The increased activity of GST for the exposed group, reported in this study, indicated
that S. boreas was able to metabolise and excrete P A H by conjugating the activated
metabolite to glutathione. Earlier studies have reported induced GST activity in
crustaceans exposed to heavy metals and organochlorine (Ishizuka et al. 1998; Reddy
1999). However, unconsistent results on GST activity of molluscs from different field
and mesocosm exposures have been reported (Lee 1988, Suteau et al. 1988, Regoli and
Principato 1995). GST comprise a multigene family encoding for many isozymes with
different, but often overlapping specificities for the commonly used subsfrates (CDNB
in our study). Thus, GST activity is related to the expression pattem of isozymes.
A depression in TOSC values in digestive gland of molluscs following exposure to P A H
(Camus et al. submitted) and heavy metals (Regoli 2000) has been demonstrated. This
decrease in TOSC values suggests a depletion of low molecular weight molecules and
notably glutathione that is an important antioxidant parameter to scavenge ROS
(Meister 1989). The increased activity of the GST, reported m this study, supports that
glutathione was used for conjugation reactions. The consequence of a depressed TOSC
is that antioxidant defences can be overwhelmed by ROS production and can no longer
protect the various cell components against deleterious effects of ROS such as lipid
peroxidation (Winston and DiGiuho 1991, Regoh 2000). High correlation has been
demonshated between reduced TOSC values and reduction of lysosomal stability in
mussels sampled from a metal polluted site (Regoli 2000). Concomitant to a decrease in
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TOSC, a decrease in cell membrane stability was observed in Chlamys islandicus
exposed to benzo(a)pyrene (Camus in press). The increased uptake of EthD-1 in
hepatopancreatic ceUs of iS". boreas, indicative to a destabilisation of cell membranes,
support the TOSC assay to be a predictive biomarker for oxidative shess in these
organisms. Membrane destabilisation may be due to lipid peroxidation or damage to
membrane proteins.
Levels df EthD-1 measured are a function of uptake and efflux. Efflux of different
chemicals is often performed by membrane pumps called multixenobiotic resistance
(MXR) (Rurelec 1992). These proteins belong to a class of high molecular weight
membrane glycoproteins associated with the multidrug resistance (MDR). They have
been conserved through evolution from bacteria to man and is a part of the cellular
defence system (Endicott and Ling 1989). Both induction and inhibition of M D R
proteins could possibly effect measurements of EthD-1 uptake, and measurements of
M D R activities may have supplemented the interpretation.
Temperature in the exposed chamber was 0.2 "^C higher compared with conhol chamber
due to energy input to produce dispersed oil in water. It is unlikely that these changes
had an effect on the results obtained. However, other studies showed that enzymatic
properties are highly susceptible to temperature increase in stenothermal organisms
(Abele e t a l 2001).
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Legend to figure
Figure 1. Biomarker responses in hepatopancreas of Arctic shrimp after five days
of exposure to 2 ppm dispersed crude oil. Presented as means + standard deviation.
(A) GST activity (nmol/min/mg protein). (B) TOSC values towards peroxyl radicals per
mg protein (units per mg protein). (C) Membrane destabilisation in single cells
measured as uptake of the EthD-1 per mg protein relative to conhol. The number of
individuals (n) was 9 for the conhol group and 10 for the 2 ppm exposure group, except
for TOSC measurements for tiie conhol group, where n=5. (*) indicates significant
difference, p< 0.05.

Table 1. PAH levels in oil exposed chambers
Treatment
Sampling date:
Compound
Naphthalene
C1-naphthalene
C2-naphthalene
C3-naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
C1-phen/anthr
C2-phen/anthr
Dibenzothiophene
C1-dibenzothiophene
C2-dibenzothiophene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
C1-chrysene
C2-chrysene
Benzo(b)fluoranthene
Benzo(k)fiuoranthene
Benzo(a)pyrene
lndeno(1,2,3,cd)pyrene
Benzo(g,h,i)peryiene
Dibenzo(a, hjanthracene
Sum PAH

Control
17.12.99
pg/L
*<
*<
*<
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Crude oil
17.12.99
pg/L
0.71
2.24
3.81
2.41
0.
*<
*<
0.12
0.15
0.15
0.09
*<
*<
*<

*<
*<
*<
*<
0
0
0
0
0
0
0
0
9.68

*< = Below levels of quantification
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Crude oil
19.12.99
pg/L
1.81
6.37
8.38
6.29
*<
*<
0.49
0.27
0.34
0.48
0.44
0.05
*<
*<
*<
*<
*<
*<
*<
0
0
0
0
0
0
0
24.91

Crude oil
20.12.99
pg/L
2.24
7.19
8.25
5.82
*<
*<
0.49
0.29
0.36
0.48
0.42
0.05
*<
*<
*<
*<
*<
*<
*<
0
0
0
0
0
0
0
25.58
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Chapter 12

Biomarkers and monitoring

Weddel seal breathing through an ice hole (Ross sea)
"That day, by means of galvanized iron wires, we slung the inner pot from our
aluminium cooker over the lighted wicks of our blubber cooker, thawed down snow in
it, added chips of seal meat and made a delicious bouillon. This had a rich red color
and seemed very nutritious, but to me was indigestible. "

Professor David, on the way to the magnetic South Pole, Antarctic expedition of E. H.
Shakleton (1907-1909).
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12.1. Biomarker sensitivity
In this thesiSj four biological responses to P A H were investigated in different exposure
situations (dissolved P A H , dispersed, adsorbed, injected) in 4 different Arctic marine
invertebrates. Because of the differences between each experiment, comparison of the
biomarker responses appears difficult. Nevertheless, the cell membrane stability
technique responded in every exposure situation to P A H , independent of the selected
species. This may be explained either by the high sensitivity of the technique, or by the
fact that ceU membranes of marine invertebrates are highly susceptible to lipid
peroxidation. In the field experiment performed with Mya truncata, the cell membrane
stability appeared more sensitive than the biomolecular marker the (TOSC assay). This
confirms that the detoxication process, of marine invertebrates, to metabohse and
excrete pollutants, relies heavily on the immune system, haemocytes and lysosomes,
where contaminants are sequeshed and degraded. This sensitivity may also reflect that
cell membranes of polar marine invertebrates are highly suceptible to contaminant shess
and ROS.

12.2. Biomarker hierarchy
The typical chronological biomarker responses, according to the cause-effect concept
and flow of events in the hierarchy of the biological organisation in ecotoxicology, is
such that on exposure to a pollutant, biomolecules (i.e. enzymes, receptors) respond
first, followed by cellular responses and then physiological responses. This sequence
did not occur in the crab experiment. Indeed, heart rate (a physiological biomarker) was
more sensitive than TOSC (a biomolecular response). It is of course highly probable
that the molecular interaction occurred on other system, not measured in this experiment
but the effect was measured directly at the level of physiology. For example, the crab
may have detected the presence of oil by means of a neuroreceptor (located in its
antennules) that induced a "shess signal" corresponding to an elevated heart frequency.
This finding highhghts the importance of selecting physiological assays (such as heart
rate) which are easy, fast and cheap to perform. Even though it is not a biomarker
specific to a certain class of pollutants, heart rate can be used as a screening biomarker.
Impaired heart rate indicates that the health status of the organisms is deteriorated and
that further investigation is required to elucidate the cause.
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12.3. Recovery
Biomarkers should be selected optimally to provide the best information on the health
of the individual. This means that scientists should know where all biomarker responses
he within the zone of compensatory reactions (Figure 7). The threshold of irreversibility
must be identified to be able to answer the questions: is the measured effect irreversible
or not? How important is the impact? Therefore, recovery experiments are needed to
locate the threshold of "reversible damage". Considering the low food availability in the
polar regions and the slow growth and longevity of most ectothermic organisms,
recovery may take longer than for temperate ecosystem. This needs to be investigated.

12.4. Species complex
Although it is difficult to compare directly the responses of each species used in this
study, different species showed different responses due to their different feeding
shategy, life shategy (epibenthic, hurried in the sediment etc.) and also due to the
difference in exposure context (dissolved, dispersed, adsorbed oil). Species occurrence
in the field is highly patchy and, when biomonitoring, scientists have to work with the
species that are available. For instance, S. boreas, H. araneus and C. islandicus are
more abundant on hard rocky bottoms while M. truncata is abundant in a muddy
habitat. In this work, we provide evidence for the possibility of using different polar
marine species for monitoring potential industrial activities occurring in different polar
marine habitat: H. araneus, S. boreas, C. islandica and M truncata.

12.5. Exposure context
PAHs are ubiquitous compounds with different physical forms (dissolved, dispersed,
adsorbed). Hence, laboratory experiments have to be performed to investigate the effect
of PAHs at stages. The effects of three main physical forms of oil were investigated in
this study but not on all species nor with aU biomarkers; this remains to be performed.

12.6. Background level of biomarker responses
The variability of the TOSC in relation to food availability was shown in Mya truncata.
This raises the importance of investigating further the background level of most
biomarkers in the polar marine ecosystem (that is characterised by a shong food
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seasonality). For instance, it is probable that the cell membrane stabiUty varies with
food availability and/or reproduction cycle. Fundemental knowledge is lacking and
more work in parallel with biomarker investigations is required to better understand the
specificity of the biology of polar marine invertebrates. In addition, the shong
seasonality of the ecological parameters of the polar ecosystem may affect the oil
distribution (i.e. ice hansport) and fate (i.e. photooxidation casue by intense U V
radiations) in the environment. Albeit, the physical and chemical properties of oil at
different season in the Arctic are known, the effects on the fauna at different time of the
year are not.

12.7. Conclusions
This account highlights the need for use of a biomarker suite and a holistic approach
(molecular, cellular and physiological biomarker) when biomonitoring with biomarkers
in the field. Further, the study has shown the need to gain better understanding of the
fundemental aspects of the biology of polar marine invertebrates. This approach will
help understand the impact of contaminants on the integrated response of an animal.
Such a monitoring protocol will help create a better diagnostic of the situation and,
eventually, a full prognosis to decide what is the best action to be taken to prevent any
impact at higher levels of biological organisation (populations, communities and
human) in the Arctic.

•

204

•

Biomarkers in the Arctic

Chapter 13

Oxidative stress and food availability

"// faut se tromper, etre imprudent. Les hommes prudents sont des injirmes "

Jacques Brel
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13.1. Introduction
In this study, the elevated TOSC level measured in polar bivalves was thought to reflect
the high levels of ROS in the water column formed by the high level of U V - B in polar
regions. This hypothesis is based upon the assumption tiiat elevated levels of
antioxidant defences reflect elevated prooxidant pressures on the environment as
reported by most scientists working in the field of oxidative shess. However, is this
always true? Are there any other hypotheses that could explain the high TOSC levels of
polar marine bivalves?

13.2. The problem
A common feature of the life cycle of aU molecules, is the progressive oxidation caused
by the natural production of reactive oxygen species in all aerobic processes. Carbonyl
groups, arising mostiy from the attack of ROS and low molecular weight aldehydes and
ketones, acciraiulate on proteins in an irreversible way, thereby, impairing their fimction
and structure, and enhancing their turnover. For example, ca. 10% of protein molecules
may exhibit carbonyl modifications, caused by oxidative shess, every day m steady
state conditions in a typical ceU rat (Stadtinan 1992). However, this observation
(Stadtman 1992) raises the question of the efficiency of antioxidant defences. Indeed,
scientists working in the field of oxidative shess state that oxidative shess occurs when
antioxidant defences are overwhelmed by ROS production (Winston and D i Giulio
1991) . But, i f 10% of the proteins are oxidised every 24 h in normal rat cell (Stadtman,
1992) this means that antioxidant defences are not efficient ROS scavengers, and that
enough biological material is available to produce new biomolecules to replace the
oxidised ones. Therefore, i f the food availability is high enough to provide biological
material to produce biomolecules, it may not be necessary to spend energy in protecting
these biomolecules. Protection against oxidative shess would be the result of a hade off
between biomolecules turnover rate and antioxidant defence efficiency. Oxidative sfress
would be defined as a balance between ROS production level, food availability,
biomolecule turnover rate and antioxidant defences levels.
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13.3. Polar ectotherms show a low protein turnover
Evidence from comparative work between a temperate and an Antarctic isopod revealed,
that the polar crustacean showed exhemely low protein synthesis and low metabohsm
(Whiteley et al. 1996). The rate of protem synthesis of G. antarcticus, the Antarctic
isopod, was 75 times lower than the values obtained for Idotea rescata, the temperate
isopod. Animals that have low metabolic rates, and low rates of whole body protein
synthesis, may show low rates of protein degradation and by inference low rates of
protein turnover with reduced energy requirements for protein turnover (Hawkins
1991). This low protein turnover appears to be an adaptation to the low food supply
available in polar regions. A low protein turnover imphes that the proteins will be used
for a longer time to assure the fimction and structure of the cells. Furthermore, the
protein synthesis cost for G. antarcticus at 0°C was 4 times higher compared with I.
rescata at 4*'C. The proportion of oxygen uptake, athibutable to total whole body
protein synthesis, was 66% in G. antarcticus and 22% in I rescata. Previous shidies
have shown a correlation between oxygen consumption rates and rates of protein
synthesis in whole animals with the maintenance of a constant ratio between the two
variables witiiin a species (Houlihan 1991). Therefore, the low metabohc rate of Mya
truncata and. Laternula elliptica is indicative of a low protein turnover rate.

13.4. High TOSC and low, expensive turnover of protein
From the foregoing account, it can be hypothesised that by having an exfremely low
turnover rate, polar marine invertebrates increase drastically the risk of exposing
proteins to oxidative sfress. Consequentiy, they may experience problems to produce
sufficient proteins to replace the damaged biomolecules. Furthermore, as the cost of
protein synthesis in polar species is high, it is therefore essential that the newly-formed
proteins be protected from oxidative damage in an efficient way. The low respiration
rate of polar species may help reduce ROS as 2 to 3% of inhaled O2 is hansformed into
ROS (Chance et al. 1979). The elevated TOSC levels measured in this shidy in polar
marine invertebrates support the hypothesis that polar marine invertebrates require a
very efficient protection against oxidative shess to protect their biomolecules. A n
elevated total oxyradical scavenging capacity would allow polar marine invertebrates to
have a low protein turnover rate and live with low food supply. Therefore, this high
TOSC would not reflect the high prooxidant presssure of the environment but, rather.
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the essential need to protect the biomolecule pool in a very efficient way from oxidative
damage. Evidence of reduced oxidative damage was reported by (Bluhm and Brey
2001) who investigated the age of the Antarctic shrimp Notocrangon antarcticus, a
long-lived crustacean, by measuring the concenfration of lipofuscin accumulated in the
tissues. Lipofuscin is a pigment produced by the oxidation of macromolecules (lipids,
proteins) by ROS (Sitte et al. 2001). The average yearly lipofuscin accumulation in the
tissue of N. antarcticus was nearly linear and estimated as 0.02% area fraction year,
which is considerably lower than rates pubhshed for species from lower latitudes
(Bluhm and Brey 2001).

13.5. Why do polar marine ectotherms show longevity?
Polar marine invertebrates show a tendency for longevity. The bivalves, Laternula
elliptica can live for more than 10 years, Yoldia eightsi up to 60 years (Nolan and
Clarke 1993) and some may reach 120 years (Peck and BuUough 1993). Age
measurements for Mya truncata suggest a lifespan of 50 years (Sundet personal
communication). To date, polar researchers have explained this longevity by a low
metabolism or low protein turnover rate, however, we need to ask what is meant by
ageing and how is ageing related to low metabolism. Ageing which is a progressive and
irreversible physiological decline in the latter part of hfe, was shown to be mainly
caused by the damaging effect of ROS, produced naturally during the respiration (Sohal
and Weindruch 1996). For instance, lipofuscin, a pigment produced by the oxidation of
macromolecules (lipids, proteins) by ROS (Sitte et al. 2001), shows increasing
concenhation in tiie tissue with age (Terman and Brunk 1998). Therefore, aU kind of
mechanisms that help reduce oxidative damage may enhance longevity. Low
metabohsm, low food availability and elevated TOSC appears to explain the longevity
of polar marine ectotherms.

13.5.1 L o w m e t a b o l i s m a n d l o n g e v i t y

Pearl (1928) put forward the tiieory tiie "rate of living" tiiat states that "tiie rate of
energy expenditure would determine the length of life". It is interesting to note,
however, that the rates of ROS production is directly correlated to the metabolic rate
and inversely related to tiie maximum hfe span of the species of study (Ku et al. 1993).
The low metabolic rates of polar marine ectotherms may reduce ROS production.
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resulting in minimised oxidative damage and increased life expectancy. In addition, the
low stable temperature, with little or no rise in the polar oceans, prevents any rise in
metabohc activity. Furthermore, a decreased activity, as nohced in most polar
ectotherms, helps decrease ROS production. Moreover, feeding activity, during the brief
phytoplankton bloom, did not affect the level of activity measured in winter.

13.5.2. C a l o r i c r e s t r i c t i o n i n p o l a r w a t e r s e n h a n c e s l o n g e v i t y

Caloric reshictions, defined as a low food supply, metabohc activity and therefore ROS
production in mammals and extend hfe span (Koizumi et al. 1992). In polar regions,
feeding occurs for a very brief time of about 2 to 3 months, leaving the animals to starve
for the following 9 months. In polar ectotherms, metabolic activity was shown to
slightly increase during the phytoplankton bloom though this occurs only for 3 months,
while for the rest of the year, metabolism was kept very low, diminishing ROS
formation.

13.5.3. H i g h level o f a n t i o x i d a n t d e f e n c e s a n d l o n g e v i t y

If ageing is linked to oxidative damage, then longevity will be enhanced by the elevated
capability of an organism to scavenge oxyradical to prevent biomolecules oxidation.
Retardation of ageing process by elevated antioxidant defences was investigated in
Drosophila melanogaster (Orr and Sohal 1994). Flies, over-expressing superoxide
dismutase (removal of O2") and catalase (removal of H2O2) by carrying three copies of
each of these genes, exhibited as much as a one-third extension of life span, a longer
mortality rate doubling time, a lower amount of protein oxidative damage, and a
delayed loss in physical performance. Our present data indicating that polar organisms
possess an elevated TOSC, compared with temperate species, are in agreement with
other shidies (Colella et al. 2000, Regoli et al. 2000). Thus, high TOSC level, can
conhibute largely to the longevity of polar ectotherms by scavenging a great deal of
ROS.
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13.6, Adaptation to polar water: a trade off between low food
availability and oxidative stress?
From the above question, new hypotheses to explain the adaptations of marine
ectotherms to the polar environment and the sequence of biological adaptation required
to achieve this polar adaptation can be proposed:
i)

Either, a high TOSC value insures good protection from oxidative damage,
allowing marine invertebrates to reduce the rate of turnover of protein, thereby,
reducing their metabolism, hence, they were best fitted to colonise environments
characterised by a low food availability.

ii)

Or, living in an environment with poor food availability required a low protein
turnover and a low respiration rate to minimise energy expenditure and,
therefore, an elevated TOSC to protect proteins from oxidative damages was
developed.

Antioxidative defences are probably one of the first detoxication systems developed
when the Earth's atinosphere and water started to be sfrongly oxidant about 2.2 billions
years ago. Oxygen was a poison to hfe and the phenomenon of oxygen toxicity is
referred to the "oxygen paradox". For instance, haemoglobin was produced as an
oxygen scavenger to prevent the molecules of oxygen to enter cells and create damage.
The Circum-Antarctic current has probably isolated the marine fauna for about 2 billion
years, that is 0.2 billion years latter than the period when the oxygen production started.
These figures would indicate that antioxidative defenses may have been developed by
marine organisms, probably at a high level since oxygen levels were high, and latter the
marine fauna located on the Antarctic shelf experienced a decrease in temperature
resulting in a speciation toward cold water. Therefore, the polar adaptation may have
been achieved because of an elevated TOSC that helped organisms to live with low food
availability and have a low biomolecule turnover rate.

13.7. Conclusions
The Hmited food availability in polar regions appears to he an important environmental
factor that affects the physiology of polar marine invertebrates as highlighted by Clarke
(1983, 1991) in his reviews of the metabohc cold adaptation. Indeed, because of the
lack of food allowing high biomolecule turnover rate, polar ectothermic organisms have
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developed a life strategy aimed at minimizing the oxidative damage on biomolecules by
reducing intemal production and impact of ROS. For example, the low metabohc rate
reduces natural intemal ROS production, and low and stable temperature conhibutes to
the caloric reshiction which helps keeping a low metabohc rate. To minimize energy
expenditure, marine ectothermic organisms show a reduced activity and oxidative
damages are prevented by a high level of antioxidant defences
The primary goal of this reduced oxidative shess is to protect, in a very efficient way,
the protein pool. This is characterised by a low protein tumover rate and expensive
production costs and offers the possibility to colonise an ecosystem characterised by
low food availability. One outcome of this adaptation is the longevity of polar
organisms compared with temperate organisms. The hypothesis, in terms of evolution
and adaptation, that organisms with a high TOSC were conferred with advantages to
colonize polar environments but requires more evidence.

13.8. Furtherwork
Owing to the cost of performing research in polar region and to sample marine
organisms, the ecophysiology and the biological effects of contaminants on the polar
marine invertebrates still require investigation. Nevertheless, in the chapter 13 of this
thesis, a new hypothesis to explain the role of a high TOSC level in polar ectotherms
was highlighted. This hypothesis is mainly based on literature survey, therefore, it
requires experimental evidences. The main research question would be the following
one: is there a link between TOSC level and the rate of tumover of biomolecules in
marine ectotherms originating from different latitudes?
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Abstract
Expanding industrial activities in the Arctic require an urgent assessment of the toxicity of
chemicals at low temperatures. Orgaiusms acclimatized to low temperature exhibit specific
adaptations. For example, the amount, of unsaturated lipids is increased to maintain the
fluidity of the cell membranes. It has been hypothesized that such temperature-mduced
alterations in membrane lipid composition may affect the stability of lysosomal and cell mem
branes in the common mvsssX, Mytilits edulis, an organism exposed to seasonal temperature
extremes. As mussels may be exposed to petroleum compounds along industrialized coastlines,
we tested the conibined effects of exposure to low temperature and the petroleum compound,
phenanthrene, on haemocyte membrane stability. Test animals, accUmated to either 0 or 10°C,
were exposed to phenanthrene (0 = control or 500 fig 1~') and haemocytes were examined using
the neutral red retention assay (lysosoihal stability) arid afluorescenceassay (cell membrane
stability). A t 0°C, lysosomal and cell membranes from uncontaminated mussels were destabi
lized compared with 10°C (i'=0.0005). No significant effects (P>0.05) of phenanthrene were
detected at either temperature. Possible mechanisms underlying membrane destabilization
include a weaker physical'resistance of the menibrane due to a higher amount of unsaturated
lipids, a potentially higher level of reactive oxygen radicals at low temperature and the higher
susceptibiUty of unsaturated lipids to oxidative stress. More work is required to better under
stand the consequences of this membrane destabilization at low temperature on the suscept
ibility of the organism to pollutants. © 2000 Elsevier Science-Ltd. All rights reserved.
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1. Introduction
A s oil and gas development i n the European Arctic regions gains momentum,
reliable environmental monitoring tools are required to indentify the potential
impact of such disturbance on organisms inhabiting these regions ( A M A P , .1997).
One approach currently .being applied is the use of biomarkers [defined as "biologi
cal responses to a chemical or chemicals- that give a measure of exposure or toxic
effect" (Peakall, 1994)]. Biomarkers may also provide an early warning of detri
mental health effects i n biota and humans. Although biomarkers have been
employed i n environmental toxicology for the last 20 years, most of the research
vi'ith marine ecosystems has been performed' i n temperate regions at temperature
ranging from 10 to 15°C. Little is known about the potential inipact of chemicals on
A r c d c marine organisms living i n seawater at temperatures of ca.—2°C (and seldom
rising above 3-4°C). Some studies have indicated that low temperature appears to
enhance the effect ofenviroiunental pollutants (e.g. Aarset & Zachariassen, 1983)
while some others showed that Arctic invertebrates "could be more resistant due to
their epontic behaviour (e.g. Chapman & McPherson, 1993). A t low temperatures,
cell membranes undergo structural changes to maintain viscosity to keep enzyme
kinetic properties (Hochachka & Somero, 1984). Lowe,- Fossato and Depledge
(1995) showed that the lysosomal membrane stability i n the haemocytes of blue
mussels {Mytilus galloprovinvialis) was compromised following pollutant exposure.
Therefore, it has been hypothesized that low temperature may affect the stability of
lysosomal and cell membrane i n haemocytes of the common mussel {Mytilus edulis)
as well. Blue mussels are exposed regularly to low temperatures during the winter i n
Norwegian Qords. In the present study, the eJBFects of low temperature on cell mem
brane stability and lysosomal meihbrane stability were investigated imhaemocytes of
M. edulis. I n addition, the effects of exposure to a poly-arorhatic hydrocarbon
(PAH,- phenanthrene) were investigated at low temperature.

2. Materials and methods
In October 1998, mixssels {M. edulis) were collected at a clean reference site i n
F0rlandsfjorden, Rogaland (Norway). The ambient temperature was around 10°C.
They were kept i n running.seawater and fed with a regular diet of algae {Isochrysis sp.)."
F o r use i n low temperature experiments, mussels were acclimated at 0 ° C for 1.5
months. Experiments were carried out sim-ultaneously at 10 and 0°C using 15 mussels
per treatment and 500 jig 1~^ phenanthrene as thechemical exposure was used. Each
group of mussels was placed i n a- tank containing 4.5 1 of aerated seawater. The
toxicaiit (diluted i n acetone) was added first to 100 m l o f algae solution and then
transferred to the tank. The exposure medium was irenewed every 24 h. After 4 days,
the haemolymph from individuals mussels was sampled and mixed (1:1) with phy
siological saline.
Two assays were carried out on the haemocytes. Firstly, the retention o f neutral
red dye was measured i n lysosomes following the procedure of Lowe et al. (1995).
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When 50% of the haemocytes showed signs of lysosomal leaking, (the cytbsol
becoming red and the cells rounded), the time was noted and examination of the
cells was concluded. The second assay measured the membrane stability of haemo
cytes isolated from the various treatment groups. The method consisted of incubat
ing haemocytes with.the probes B O D I P Y ® F L v e r a p a m i r ( B F L V ) and ethidium
homodimer-1 (EthD-1), and measuring the fluorescence ratio of the two probes.
Healthy granulated haemocytes take up B F L V efficiently into lysosomes while
uptake is decreased in haemocytes of exposed mussels. EthD-1 is taken up gradually
over time and the fluorescence increases upon binding tp nucleic acids. Cells with
destabilized membranes take up EthD-1 to a greater extent while cells with a com
promised membrane show a decreased ratio compared with cells from untreated
mussel.
Non-parametric Wilcoxon test was performed on retention time measurements.
Data of haemocyte membrane stability were normally distributed but were Boxcoxtransformed to meet equal variance conditions and analysed with one-way analysis
of variance ( A N O V A ) test:

3. Results
Results showed that the neutral red retention time (Fig. 1) and the ratio B F L V /
EthD-1 (Fig. 2) were both significantly reduced in the control groups at 0°C com
pared to 10°C (P<0.05). These results indicate that the membranes of lysosomes
and haemocytes were destabilized at low temperature. N o significant effects of phe
nanthrene could be detected by either method at 0 or 10°C ( i ' > 0.05) (Figs. 1 and 2).

•
•
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Fig. 1. Bar chart to show the lysosomal membrane stability (neutral red retention time) in haemocytes of
Mytilus edulis exposed to 500 jig 1~' phenanthrene (mean and standard error, « = 15). Asteriks indicate
significant efiect of low temperature on the stability of the membrane compared with 10°C (/•=0.0005).
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Fig. 2. Bar chart to show the cell membrane stability [ratio offluorescence"jnteiisity of BODIPY® F L
verapamil (BFLV) and ethidium homodimer-1 (EthD-1) (arbitrary unit)] of haemocytes ot Mytilus edulis
exposed to phenanthrene (mean and standard error, n=15). Asterisks indicate significant effect of low
temperature on the stability of the membrane compared with 10°C (P<0.05).

4. Discussion
Present results indicate that lysosomal and cell membranes of haemocytes o f M.
edulis are more fragile at 0 than at 10°C. Organisms adapted to low temperature
contain a higher level of unsaturated lipids to maintain fluidity of'the membrane
components. (Hochachka & Somero^ 1984). This metabolic compensation may help
explain the more destabilized membrane at low temperature. In addition, at low
temperatures higher dissolved oxygen concentrations occiir, providing a major
source of reactive oxygen species (ROS) (Regoli, Nigro, Bompadi;e & Winston,'
1999). Organisms exposed to low temperatures, therefore, experience more oxidative
stress than animals living at high temperatures. R O S are known to be generated i i l
lysosomes (Winston, Moore, K i r c h i n & Soverchia, 1996) and cause membrane lipid
peroxidation. Since unsaturated lipids are more vulnerable to R O S than saturated
lipids, it might be expected that membranes would be more susceptible to perox
idation at 0 than at 10°C. In M. edulis, the metabolisation "of P A H leads to-the
production o f oxyradicals (Livingstone et al., 1990). Grundy, Moore, Howell and
Ratcliffe (1996) showed that the neutral red retention time was strongly reduced i n
lysosomes of mussels exposed to phenanthrene for 14 days at 20°C. N o effects o f
phenanthrene on membrane destabilization were recorded i n our experiment. Thus,
either our exposure time to this compound was too short or .the bioavaiblability o f
phenanthrene was reduced at 10 and 0°C. Additionally, the metabolic activity of the
mussels could be reduced at the low temperature. T o isolate the mechanism, it is
important to compare the levels of bioaccumulated chemical within the tissue at low
and higher temperatures (study i n progress, data not shown). Antioxidant defences
may contribute to scavenge R O S efficiently as a more elevated capacity to cope with

L. Camus et al./Marine Environmental Research 50 (2000) 329
325-329
'oxyradicals i n organisms acclimatized at low temperature was reported by Regoli et
al. (1999).
The similar results produced by each method demonstrated that: (1) the technical
procedure o f neutral- red retention time was" valid; and (2) assessing the cell mem
brane stability of haemocytes using B V F L and EthD-1 is a rehable method provid
ing information with automated readings.
In conclusion, mussels acclimatized to 0°C exhibited decreased stability o f lyso
somal and cell membranes i n haemocytes compared with 10°G. Phenanthrene
exposure did not decrease further membrane stability at either temperature.
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1

Industrial activities, notably oil an(^«fia's4ndu«rieR, are expaiidiiig in the Arctic, Most of the
bioniarlcer.s were developed using te^pgrai^organisms living at temperatures above ) 0 "C.
Little is known about the biomarke^te^oiascs of organisms living bclweist —1,88 and 5 »C.
Therefore, assessment ofthe toxicj^of chemicals to cold-walcr adapted species i.i required. Iiv
this study, the Arcric scallop, (ahlm}ys islandicus, was selected as a key .specie.s for bio-monitoring because of wide distr^uliol in; Arctic waters and it-s commercial value. Test animals,
stored in scawater at 2 "C, werc'&jocted with ben7.o(a)pyrene (diluted in cod liver oil 5 mg
nil~^) in the adductor muscle 6ifi^ l-l h Ibr four days giving a final dose of 0.74 and 90.6 mg
leg"' wet weight for con|r6l,*l0vy ahd high dose, respectively. The biomarkcars used were total
oxyradical .scavenging c^acixy-^TOSC) in the digestive gland and cell menibrane stability of
haemocytes. T O S C values^e^e siguificantly reduced (ea. 30%) in exposed groups (;'<0.()5),
indicating a depletion in ojfcyradieal molecular scavengers. Tjlie antioxidant defences appeared
to be overwhelmed D5J.>the Reactive oxygen species as the plasma membranes of haemocyLes
were destabilised ^P-<0;05) probably due to lipid peroxidation. These data indicate that
reactive oxygen"SjjeGie§ (llOS) were produced by Arctic scallops via the mclabolisaTion of
beni:o(«)pyi-eru5 ai*^ "C. (ct) 2002 Published by El.sevier Science Ltd.

Keywurtb: TQSC; Cell membrane;
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Chlamys islundlcus", Arctic
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T h e growing interest o f o i l a n d gas industries i n the European Arctic has raised
concerns o f the potential impact o f chemicals at low temperature. F o r the past 20
years, biomarkers [defined as "biological responses to a chemical
chemicals that
give a measure o f exposure o r toxic effect" (Peakall, 1994)] have BeMi"developed i n
temperate Species to provide early-warning signals o f detrimcijial^2i|jacts, o n the
marine ecosystem. F e w toxicity studies i n the A r c t i c have bean performed, raising
the need to investigate chronic biological eftccls o f chemicals onvendsmic organismis
(Chapman, 1.993). Laboratory studies arc needed to i n v ^ g ^ . t h e link between
cause and effects o f poly aromatic hydrocarbons ( P A H ) am t h c A r c t i c fauna. F o r
in.stance, P A I I , notably ben'4:o(a)pyrenc, is k n o w n to dn^A'cc the production o f
reactive oxygen species ( R O S ) (Livingstone et a l . , l ^ O j ^ t ^ to cause lysosomal
membrane disruption i n bivalves (Grundy, Mcujre, Hbwtflf, & Ratcliff, 1990). Polar
bivalves possess an elevated total oxyradicid seavci^0ri^ capacity ( T O S C ) (Regoli,
N i g r o , Eompadre, & Winston, 2000) which may m a k ^ U c m less susceptible to R O S .
A t the cellular level, adaptation to low temperature is associated wiih modified
composition o f the membrane lipid (Viarcngj? et 3% 1994) which may render the
membrane more susceptible to oxidative .s'tre.s.s%uc tcf the higher level o f un.saturatcd
fatty acids. Thus, the capacity o f A r c t i c biviaK^s ip metabolise P A H , and their v u l nerability to R O S , has to be established. Jn^l^s ^ d y , responses o f the total oxyradieal scavenging capacity (Winston, R e g ^ > Dagas, F o n g . & Elanchard, 1998) and
cell membrane stability of haemocytcs wctc'tnpasured i n the Arctic scallop, Chlamys
tslandiais, exposed to bcndo(«)pyrane;'* ^
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2. Materials and methods
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Tn Septemher 1999, CHar^ysJsi^dicu.i ( 7 . 4 2 ± 0 . 5 7 c m shell height, ?2 = 30) was
collected with an Agassiz.drMge..froni Ts^ordcn at Svalbard (78''13'N, 15°39'E).
After one day o f a c c l i m a & a l i b n - i n 2 " C aerated .scawatcr with no sediment, three
group.s, each of 10 indivJdiJi,!^, were established as control, low and high dose o f
B(a)?. The chemical [ 5 ? T ^ b j B ( 3 ) P diluted i n 1 m l o f c o d hver oil] was injected into
the adductor muscle once a l a y for four days givuig a final dose o f 0, 74 and 90.6 m g
k g ' wet weight: ^ f f c c c l i i ^ was allowed and water was renewed every day.
After 4 days, ha^molyl^ph was sampled from the adductor muscle o f the 10 i n d i viduaLs from each group'and mixed (1:1) with physiological-saline. Cell suspension
(200 1J.I) were a i i ^ c ' ^ ^ r well o f a dark microplate and incubated with 50 ^il o f i i t h i diuin h o m o ^ i ™ ^ ' ! (ElhD-1) for 5 m i n at r o o m temperature. Fluorescence was read
at ex544/em6l^'.,„pthD-l is taken up by haemocytcs with destabilized membranes
and the (luoreso^rice increases upon binding to nucleic acid.s (Camus, Gr0svik, B0rscth, & Deplra^e, 2000). A t the same time as the blood was sampled, the hepatopancreas o f seven individuals per group was excised, frozen in liquid nitrogen and
stored at —80 ° C . T h e cytosolic fraction was incubated with 20 m M 2,2'-azo-bisainidinopropane ( A B A P , that generates pcroxyl radicals at 35 "C) and 0.2 m M
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a-kcto-y-mcthiolbiityric acid (KlvTBA, that produces ethylene when oxidised) ( W h i ston ct a l l , 1998). I n the presence o f anlioxidants, ethylene production i.s reduced
quantitatively and may be monitored by gas chromatography.
Statisticjil analyses were made using J M P v3.2.6., S A S Institute, Inc., C a r y . N C .
U S A . N o r m a l distribulian and homogeneity o f variances was es^bjished before
statistical treatment, D u n n c l t ' s test was perforrned for both sets (il^^jlata. D a t a are
plotted as B o x and Whisker plots. The sigmficance level wa-s P^lisi"'
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3. Results
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A significanl decrease in T O S C value was measured ijT"thc'tow (33%) and highdose (26%) hcn2:o(tf)pyrene exposed group (/'<:0.05, E i ^ . if.'fio significant differ
ence was noted between U'eated- groups. A T O S C depression is taken, to indicate
depletion o f oxyradical scavengers. The mean T O S C
of the control group was
26S3 ± 7 0 3 unit m g - ^ protein.
A significant increase in uptaJcc of E l h D - 1 intj^^the haemocytes o f Chlamys iskindicus was measured i n the Ipw-dosc treated gSOup C^<^0.0S, F i g . 2). N o .significant
increase wa,s measured in the h i g h dose (P=^fft)5), T^ius, the plasma membranes o f
haemocytes of C . islandicus were destabili.scn Following exposure to B(a)P.
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Fig, 1. Toml (pjcyradical Scavenging capacity of Chlamys Islelhdicus follovifing exposure for 4 days lo Lwo
conaaitranons of B(£/)i?. Sij^ificimi cJTects ai'e indicared hy a Ktar (P^kO.QS).
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The TOSC assay measures ' f h ^ t a l & i c c between antioxidant parameters and
prooxidant factors (Winston et^al;? l-^^S)- The significant decrease in TOSC value
veported in the present study indicateSj therefore,, that antioxidant defences were
depleted (i.e. glutathione) .due to,jROS production. This depletion could indicate
enhanced ROS production .litl.'Used by the metabolisation of B(fl)P in bivalves
(Livingstone et ai., 1990), T ^ capability of C. islandicus to metabolise P A H and l o
produce ROS i n an cldiv&J^ent characleri.sed by low temperature and low food
supply is expected to be limited, as indicated by a low respiration rate o f 63,7 ^tg Oa
g d w ~ l h ~ ^ (0,5 ° C ; ' ' € a ^ s c l al., in preparation). One possible consequence o f this
ROS production find caressed antioxidant defences is reduced protcclion of the
cells against the«d,ajSiaging effect of ROS- 'I'his is confirmed by the decreased pla.sma
membrane sla^^ilil^ t;^ haemocytes measured i n this study and demonstrated b y
others ( R e g i ^ c t j . al., 2000; Viarengo et al., 1989; Winston, Moore, K i r c h i n , &
Soverchia, l^'S),^ B(fl)P could have had a different effect on the slabilily o f the
membranes .^y ^ n d i n g on lipophilic molecules thus compromising the bajsic func
tions (fluidity, ionic pumps). A n indirect effect could have occurred by altering the
lysosomal membrane due to accumulation of B(fl)F i n these organelles, thereby,
causing the loss ofhydrolytio enzymes into the cyto.sol (Camus cl al., 2000; G r u n d y
ct id. 1996), further impairing cell membrane sfctbility. Impaired function o f the
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plasma hacmocylc membrane has consequences for the cellular immunity of bivalves
by reducing the phagocytosis ability of the hacmooytes (Dyrynda, Pipe, Burt, & Ratcliff, 1998); this remains tu be investigated in C. utlandicus. The reduction o f the
antioxidant cellular defences could also lead to prolchi and enzyme-inaetivation,
damage l o D N A and, ultiroalely, carcinogenesis (Winston & D i G ^ p , 1991). The
lack o f dose response may be due to the toxic effect o f the high do.s&,cdusing enzyme
inhibition or reduction m the metabolism.
^ ^"" \
The present study demonstrated a link between the effects o f ben?«ci(fl)pyrc-ne o n
the redox status o f an organism and the susceptibility to qijddatiye stress o f cell
membranes. The T O S C assay, and the plasma membrane stattllty. of haeniocytes i n
C . islandicus, appear to provide poicniial for biomonitoring the impact o f industrial
activities in the A r c t i c marine ecosystem.
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Heart rate, respiration and total oxyradical scavenging
capacity of the Arctic spider crab, Hyas araneus, following
exposure to polycyclic aromatic compounds via sediment
and injection
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Abstract
Increasing industrial activity in the European Arctic has raised concerns of thtpq^nti©anthropogenic impact of
chemicals on this polar marine ecosystem. For the past 20 years or so, bioiriarkers^ave been developed to provide
early-warning signals of detrimental impacts of chemicals on the marine^ecosystem, however, most biomarker
methods have been established for organisms living in temperate rath^tha^polar waters. Little is known about
biomarker responses in organisms living within the temperahire rai^^of'^l.^'to +5 °C. In this study, established
biomarkersfromtemperate studies were tested on the Arctic spidercrab Hyas armieus to validate their use in polar
ecosystems. H. araneus is common in Svalbardfldrd(Norw^)*? ^teough^t is a temperate water species occurring
from northern Spain to Svalbard at depths from 10 to 120p>raytn ^s^apei, the effects of oil were investigated at
2 °C via two routes: (i) injection and (ii) contaminat^sedime'n^ After 2 weeks of exposure, heart rate, oxygen
consumption and total oxyradical scavenging capacity^ (TOSC) were measured in the same individuals. In both
methods of contaminant exposure, heart rate showed ^^significant increase compared with the control (P< 0.0001,
n = 7); mean heart rate values ( ± S.D.) of H. ar^u^fi^Af.QS ( ± 13.72), 57.56 ( ± 7.28) and 63.30 ( ± 6.57) beats
per minute in control, injected and sediment-tj^te^grOTps, respectively. Respiration oiH. araneus was not affected
significantly by either oil treatment (P > O.OSJfWt tw^individuals (« = 8) showed a marked increase in oxygen uptake
in the sediment-exposed group. The basal^opgeS%onsmnption of control H. araneus was lower (0.025 mg O, g wet
wt.~' h~') than reported for H. arana&^vmgja temperate water. Although TOSC of H. araneus was not affected
significantly by either exposure trea^nS'(:^"6".05) the mean TOSC value ia the sediment-exposed group was lower
than the control, indicating someisaturation of the oxyradical scavenging system. Results indicate that although low

* Present address: Inuvial^^nvironinental and Geotechnical Inc., 1338 R-36 Avenue NE, Calgary, Alta., Canada T2E 6T6. Tel.:
+ 1-403-219-1263; fax: +^3-29|-l 150.
E-mail address: lion^cainus@eg.ca (L. Camus).
0166-445X/02/S - s^ront matter © 2002 Published by Elsevier Sdence B.V.
PH: S0166-445X(0^0013-9
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temperature appears to be the main factor reducing the bioavailability of polycyclic-aromatic hydrocarbons, the
relatively low metabolic rate of Arctic H. araneus is also implicated in decreased uptake and metabolism of oil
compounds into reactive oxygen species ^OS). © 2002 Published by Elsevier Science B.V.

Keywords: Arctic; Biomarkeis; Hyas araneus; Heart rate; Respiration; TOSQ Polycyclic aromatic hydrocarbons

typical biomarker responses developed for tem
perate species. This hypothesis needs to be tested
before biomarkers are deployed i n the Arctic. In
Increasmg industrial activity, notably oil and
this study, established biomarkers have been ap
gas exploration, i n the Eiuropean Arctic requires
plied to the Arctic spider crab, H. araneus (Deca
better assessment methods for the potential an
poda, Brachyura, Majidae), a species foimd
thropogenic impact of chemicals on this polar
commonly i n Svalbard Qord (Dyer, 1985). This
marine ecosystem ( A M A P , 1997). For the past 20
benthic crab, a temperate species with a geograph
years or so, biomarkers (defined as 'biological
ical distribution from northern Spain to Svalbard,
. responses to a chemical or chemicals that give a
is found at depths from 10 to 1200 m. Itfeedson
measure of exposiure or toxic effect', Peakall,
juvenile scallop QSTadeau and CUch6, l-998kand
1994) have been developed i n temperate species to
may scavenge dead animals ( N i c k e ^ ^ S ^ ^ o r e ,
provide early-warning signals of detrimental im
1992), and is predated by seabkds^^M^bearded
pacts on the marine ecosystem. The application
seals (Hjelset et al., 1999). The Iflgh a ^ d a n c e
and value of biomarkers at low temperatures have
and wide distribution of H^^ah^^maka it a
been little studied. F o r example, the seawater
potential sentinel species formionitoring the Arc
temperatmre in Homsimd, an Arctic Qord at Sval
tic marine ecosystem.
^as^
bard, ranges &om -1.88 to 3 "C (Weslawski et
In
crustaceans,
biomarSfs&have
been devel
al., 1988). Chemicals, notably oil, behave differ
oped based upo^^fmigle^sponse,-however, it is
ently at low compared with higher temperature;
the integrated repertoire of the full compensatory
for example, the viscosity of oil is a temperatureresponses which d ^ m i m e s the survival potential
dependant property (Payne et al., 1991).- Thus, at
of i n d i v i d ^ 5 % s emphasised by Hebel et al.
low temperature, oil does not flow as freely,
(1997)^Tleref<^i i n tbe present study, two physispread or dissolve in water to the same extent as
ologka^biomarkers (heart rate and respiration)
at higher temperatures and such physical differ
aif& oijfijbidchemical biomarker [(total oxyradical
ences have important consequences for the
. ^ a v e n ^ g ^ capacity (TOSC)], were measured i n
bioavailability of oil components. Marine organ
the%me individual to gain understanding of the
isms living at low temperatures have developed,
responses of H. araneus to oil at different levels of
specific adaptations, such as hysteresis antifreezej
iological functioning. Crustacean heart rate is a
agents (Denstad et al., 1987), to prevent freemg.
Such adaptations to cold water may render " ^ p n ? ^ useful biomarker. Cardiac activity increased i n
Carcinus maenas follovnng exposure to the water
isms more vulnerable to xenobiotic ex^'kure^^r
reported for polar cod, Boreogadus smd^f^a^s- soluble fraction of cmde oil (Depledge, 1984b),
while bradychardia and arrhythmia were mea
tiansen et al., 1996). On the o^ef^Ba^^tudies
sured i n Pugettia producta when the gills were
have shown that Arctic invertebi^^^iayi,be more
exposed
to the water soluble fraction of crude oil
resistant to heavy metals .diiei^^^flieir epontic
(Zinuner et al., 1979). Numerous studies have
behaviour (Chapman and^cPherson, 1993). In
reported heart rate disruption following exposure
the case of oil, the^cold^^^^adaptations of
to metal contamination (Depledge, 1984a; Demarine organisms, togethei^with the altered be
pledge and Limdebye, 1996; Bamber and Dehaviour of oil at lo^emperatture, may affect the
1. Introduction
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pledjge, 1997). Respiration is another sensitive
2. Material and methods
biomarker for oil exposure of marine inverte
brates; the respiratory rate of C. maenas increased
2.1. Sampling and maintenance of crabs
when exposed to the water soluble fraction of
crude oil (Depledge, 1984b). Molecular oxygen is
In M a y 2000, H. araneus were collected from
vital for most living organisms, providing energy
Hollenderbukta (Isfjorden) at Svalbard (Fig. 1).
through the coupling of oxidation to the phos
Crabs were taken with an Agassiz dredge from ca.
phorylation of A D P into A T P (mam source of
50 m depth using the research vessel F / F Jan
stored energy directly available for the cell). Par
Mayen, (University of Tromse). Seawater temper
tial reduction results in the formation of various
ature was —1.5 °C. Small spider crabs [wet
potentially toxic reactive oxygen species (ROS).
weight = 13.00+3.91
g, carapace length =
The cytotoxic consequences of oxyradical produc
37.79 + 3.20 mm, carapace width = 27.29 ± 2.65
tion include alterations in enzyme functions, lipid
mm (n = 24)] selected for the experiments were
peroxidation (membrane destabilisation), D N A
stored in cooled (1 °C) seawater and air freighted
damage and cell death. Nevertheless, the extent of
to the laboratory (no mortahty occurred dtuing
such damages depends on the effectiveness of
transport). In the laboratory, crabs were stored in
antioxidant defences. Decapod crustaceans are
a glass fibre tank (2001) for 1 month prior to then:
able to activate xenobiotics, notably benuse i n experiments; the seawater and air temperazo(a)pyrene, to reactive mutagenic products (i.e.
tiures were mamtained at 2 °C. Hlmnimtfon re
Marsh et al., 1992; Fossi et al., 1997; Sundt and
produced the summer Arctic Ught regime^o^4 h
Goks0yr, 1998), and measurements of oxidative
dayUght. Crabs were fed every ^ d a y ^ ^ ^ h a
stress are based upon single antioxidant parame
mixed diet of crushed mussels (Mytilus edulis) or
ters (i.e. glutathione, catalase, superoxide dismu
pieces of dead fish and s h r i m p . ^ e a w & r was
tase; i.e. Aran et al., 1999; Orbea et al., 2000). The
filtered and a protem skimmer was coupled to
sensitivity of single ahtioxidative parameters en
improve, water quality.^jSea^te^vas changed
ables their use as rapid and easy-to-use biomarkweekly.
ers. However, their ecological relevance is limited,
as it is impossible to obtain a complete assessment
2.Z Exposure sys0m
of the oxidative stress based on a few biochemical
responses. As a result, Winston et al. (1998) pro
Twenty-fpu^craBs^ were divided into three
posed a new assay, the T O S C assay, to measure
groups, each of%ight individuals, and each group
the balance between antioxidant parameters and
was placei^int^ne of the followmg 40 1 aquaria:
prooxidant factors. The TOSC assay measures the
'con^p^sediment exposiure' and 'injection'. To
capability of a tissue to neutralise R O S in quan
^ ^ a ^ ^ e ^ n t a m i n a t e d sediment, 500 ml of oil,
tifiable term; this provides better understanding,
•^^in^ating from a North Sea oil field, were mixed
and predictive capacity, of the effects of environ-^j
* thoroughly with 6 kg of wet sediment (particle
mental conditions on the redox status of
diameter >0.5 mm) sampled on a beach
organisms and their susceptibility to oxidafiw
ocated at Stavanger (Norway). The contaminated
stress (Regoli, 2000). The method has bee^^aC a
sediment was left standing at 2 °C with no ani
dated successfully as a biomarker ( R e g d 5 ^ 2 0 0 i ^ ^
mals for 24 h to allow the oil to adsorb onto the
In addition, RegoU.et al. (2000) showfedkfliatstlLe
sediment particles. The seawater was then poured
basal TOSC was higher in a polac^^^n ^temper
and any excess oil on the surface was removed.
ate marine bivalve, indicating'^a^the^ natural
Crabs were placed in the tank and left for 15
prooxidant pressure of cold|Wate^ecgsystems was
days. For the injection exposure, eight crabs were
elevated compared with tempera^ water.
injected with 5 jil of the same oil at day 0, day 1,
day 3 and day 6. In total, 20 pi of oil were
In this study, biomarke^reppnses of H, ara
mjected for a mean wet weight of 12.73 ( ±2.84)
neus to oil were inve^gate<|via two routes: con
(1.6 pi g ~ ' wet weight). Injected crabs provided a
taminated sediment^d^jection.
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positive control of oil uptake and sediment-exposed
crabs simulated an acute oil spill. Irrespective of
treatment, crabs were fed twice a week with freshly
crushed mussels {M. edulis); seawater was renewed
the day after feeding and the excess food was
removed. After 15 days, the respiration and heart

rate of eight crabs from'each group was measiured
within 24 h (using the same individuals). After
completion of the cardiac activity recordings, the
fresh weight, length and width of each crab were
measured and the midgut gland was removed,
frozen and stored at - 80 " C for the T O S C assay.
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2.3. Heart rate
Heart rate was measured withthe non-invasive
Computer Aided Physiological MONitoring pro
cedure ( C A P M O N system) developed by Depledge and Andersen (1990). The system, based
on an optical rather than electrical approach,
allows heart rate to be recorded with no physical
or biological disturbance. A n infra red light emit
ter/receptor was glued onto the carapace of the
animal. Emitted hght is reflected onto the heart in
proportion to its voliime. The signal is amplified
and converted to a digital signal which is dis
played on a computer (PC). With the C A P M O N
unit, eight crabs were monitored simultaneously.
The data were stored as A S C I I files and exported
to a spreadsheet for statistical analysis and
graphic plottmg. Recording procedure was as fol
low: transducers were glued onto the carapace of
eight crabs per group and connected to the inter
face. Each animal was transferred to a plastic
non-transparent beaker filled up witt 1 1 of sea
water. During the experiment, the water was aer
ated constancy to provide oxygen. The size of the
beaker prevented any locomotory or swumning
activity that could affect recordmgs. The anunals
were given 2 h to acclimate to the new conditions
before recording. Recordings of the heart rate
lasted 4 h. Due to technical problems (inefficiency
of some sensors), heart rate data of seven crabs
per group were analysed and are reported.
2.4. Respiration
Eight crabs were placed mdividually into glass
vials (240 ml), sealed with a screwed Teflon lie
and incubated for 2 h at 2 "C. Eight empty vials|[
containing seawater but no crabs, were d s ^ n c ^ " *
bated as controls and the oxygen concentration
measured. In each vial, the oxygen con^traS^^
was measured by mjectmg a seaw^e^^Snple
taken from the vials into a r e ^ i r a ^ ^ d i a m b e r
(75 pi) connected to a polarograghic^Cilark-type
oxygen sensor (StrathkelvioP^sfmCTOcell MClOO
and microcathode oxygen Sectro^e §1130) main
tained at 2 °C by ^ f e c i r c u M i h g refrigeration
bath. The P02 (1 m i & g = f . l 3 3 3 kPa) was caUbrated to oxygeh^aturatecF seawater (337 pmol

1-' at 2 °C and a saUnityof 36 ). Data are
expressed as mg O2 per gram of wet weight per
hour. .
2.5. TOSC-assay
The midgut glands of H. araneus were ho
mogenised with a potter in four volumes of potas
sium phosphate buffer (100 m M KH2PO4, p H 7.5,
2.5% NaCl). The homogenate was centrifuged at
100 000 X ^ for 1 h, and the c^osolic fractions
were ahquoted and stored at —80 " C . Peroxyl
radicals were produced at a constant rate at
35 °C by the thermal homolysis of 2-2-azo-bis-(2
methylpropionamidine)-dihydrochloride (ABAP).
Peroxyl radical can oxidise the substrate a-keto-ymethiolbutyric acid ( K M B A ) to ethylene gas
which is measured by gas chromatography. The
optimal assay conditions were 0.2 m M KMSA, 20
m M A B A P m 100 m M XIL^O^ buffe]^P'7.4.
Reactions were carried out in 10 mlsvdaMsealed
with gas-tight Minimert® valves (gupelcb^ Belle
fonte, P A ) in a volume of 1 ^ g . E ^ ^ ^ , ^ r o d u c tion was measured by igas-c^matographic
analysis of 200 pi t a k e a ^ m t h ^ h e a d space of
the reaction vials. E t ^ l ^ ^ f o n f f a t i o n was moni
tored for 96 m i n ^ ^ ^ ^ B i e w I e t t - P a c k a r d (HP
5890 series H) gas^chfomatograph equipped with
a Supelco S P B - l ^ c ^ i l l a r y column (30 m x 0.32
mm x 0 . 2 ^ p i ^ a n d % flame ionisation detector
(FID). The dven>. injection and F I D temperatures
were 3f^ i^0,^^'^220 °C, respectively; helium was
the'carri^ gaS'Xl ml m i n - 'flowrate) and a split
j ^ o ^ & l ^ ' T O S used. The data acquisition system
- ^ ^ ^ g T U J ^ the software Milleniuni32® (Waters).
:^-analysis required the measiurement of con1 (no antioxidant in the reaction vial) and
^mple reactions (biological fluid i n the vial). In
the presence of antioxidants, ethylene production
from K M B A was reduced quantitatively and
higher antioxidant concentrations resulted i n
longer periods in which ethylene formation was
mhibited relative to controls. By plottmg the ab
solute value of the difference between the ethylene
peak area obtained at each time point for'the
sample and control reactions, it is possible to
visualise whether the oxyradical scavenging capac
ity of the solution is changed. The area under the

ELSE I ER

ARTICLE IN PRESS

X. Camus et al./Aquatic Toxicology 000 (2002) 000-000
kinetic curve (ethylene surface area of the peak
vs. tune) was calculated mathematically from the
integral of the equation that best defines the ex
perimental pomts for both the control and sam
ple reactions. T O S C is quantified according to
Eq. (1), where IntSA- and IntCA are the inte
grated areas from the curve defining the sample
and control reactions, respectively.
TOSC = 1 0 0 - f ^ ^ l O o )
VintCA
J

SO

TO

I-

(1)

Thus, a sample that displays no oxyradical
scavenging capacity would give an area equal to
the control (IntSA/IntCA = 1) and a resulting
TOSC of 0. O n the other hand, as IntSA/IntCA
goes to 0, the hypothetical T O S C value ap
proaches 100. Becatise the area obtained with
the sample is related to that of the control, the
obtained TOSC values are not affected by small
variations in instrument sensitivity, reagents or
other assay conditions. The specific TOSC was
calculated by dividing the experimental T O S C
by the concentration of protem used for the as
say. Protein concentration was measured accord
ing to the method of Bradford (1976).
2.6. PAH in sediment analysis
Sedunent was sampled and stored m aluminitun paper at — 80 " C prior to analysis. The
polycycUc aromatic hydrocarbon (PAH) analysis
was performed by gas chromatography and mass
spectrometry ( G C - M S ) according to the method
of Douglas et al. (1994).
2.7. Statistical analysis
A U statistical analyses were m a d e ^ i ^ g
V3.2.6., SAS Institute, Inc., Cary, " ^ ^ ^ U S A .
Heart rate data were not n o r m ^ ^ dis^buted
and variances were, not equal,^^*ff2iestilt, the
non-parametric Wilcoxon t e s ^ . ^ ^ e d . Respira
tion and TOSG data wer| normaUy distributed
and variances were .equairn^^efore, the Dun
nett's test was u s e d ^ tes^for statistical differ
ences. Values o f ^ h e ^ ^ a t e , respiration and

10 ~
control

injected

sediment

Fig. 2. Heart rate (beats per minute) of .ff. araneus (n = 7) after
exposure to North Sea oil (contaminated sediment, injection of
oil and control). Significant effects are indicated by stars
(f< 0.0001).

T O S C were plotted as Box and WlSskSlDlots.
These indicate the range of -vahiM a n d ^ i e me
dian. The horizontal bars that«deMi;tej.the upper
and lower limits of the boxes inclme 95% of the
data pomts; 50% of t h ^ - d a ^ ^ ^ % are encom
passed by the upper ^ d jQw^Timits of the in
dentations in the wiAti^^ides of the boxes. The
significance level^as ^0:05.

3. Results!

Sear^rate increased significantly m injected
and%ediment-treated crabs ( P < 0.0001) com
b e d with controls ^Fig- 2). The mean heart
"^tes of H. araneus were 49.06 ± 13.72, 57.56 +
7.28 and 63.30+6.57 beats per mm (mean +
S.D.) in control, injected and sediment treated
group, respectively (see values reported in Table
1). The heart rate of sediment exposed-crabs was
significantly higher than injected crabs ( P <
0.0001). In each exposure group, the variabiUty
in heart rate decreased by 50% compared viith
the control, indicating reduced inter- and intraindividual variabiUty in contaminated-exposed
individuals.
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Table 1

Heart rates of individual if. araneus
Control

Sediment

Injected

fH + S.D.

C%

46.8 ±14.51
42.90 ±8.50
66.43 + 4.05
33.83+11.72
43.48 ±6.48
45.47 ±9.50
61.48 ±1.57

31.00
19.82
6.09
34.63
14.91
20.90
2.55

•

C%

fH + S.D.

• ^75
6.72
16.85
11.04
3.18
7.81
2.75

52.89 + 1.45
66.21 ±4.45
47.23 + 7.96
56.95 + 6.29
59.38 + 1.89
60.69 +4.74
58.98 ±1.62

fH + S.D.

C%

62.35+Z92
68.00 + 3.25
63.43 ±2.32
69.15 ±1.42
54.27 ±5.93
71.47 ±2.48
58.88 ±3.71

4.69
4.77
3.65
2.05
10.93
3.47
6.30

fEI, heartfrequency(beats per minute); C/o, coeffident of variability.

3.2. Respiration
Oxygen consumption by H. araneus was not
signiiicantly affected by either oil treatment (F >
0.05; Fig. 3). Nevertheless, the variability m the
sedunent-exposed group was twice as h i ^ as the
control with high values indicating an increase in
oxygen uptake (0.045 and 0.058 mg Oj g wet
wt.~' h ~ ' ) for two individuals. The basal oxygen
consimiption in control H. araneus at 2 " C was
0.025 mg O2 g wet w t . - ' h " ' (Table 2).
3.3. TOSC assay •
TOSC was not affected by either exposure (P >
0.05; Fig. 4 and Table 2). Nevertheless, T O S C
variabiUty was increased in the injected group
with a relatively high TOSC value of 7000 unit
mg - ' protein and a low value of 3200 tmit mg
protein. This variabiUty may indicate a transient
phase of the antioxidative defences in some indi
viduals. Nevertheless, the mean TOSC value 01
the injected group (4942 unit m g - ' protein)^as"
sknilar to that of control (4837 imit
protein). Although not statistically signifiean^hg;
sediment-treated group showed a decreas^n^He
median (4133 imit m g - ' p r o t e m ) ^ i c ^ ^ e m e a n
(4377 tmit m g - ' protein), compared^tb.,.control.

is 234 195 pg k g " ' of wet sedunent.-Two .ring
molecules (i.e. naphthalenes) are the main com
pounds of this oil as they represent 95% of the
total amotmt of oil compounds. The three and
four ring compounds represented 5.5% only jrf the
total P A H . Five ring compoim^gy(^e^Denzo(a)pyrene) were under the detection UmitW the
apparatus. The two rings molecules^are known to
be the most soluble P A H s ( N W 7 9 ) f s i r o n et
• al. (1993, 1996) reported thatnapffthalenes were
the major dissolved comj^raa^in^awater at low
temperature ( < 3 ° ^ ^ ^ m s ^ h our study, it is
Ukely that H. <mnev^ was exposed mamly to
naphthalenes. Theua^ow molecular weight make
them mor^bioavaUable through the giUs of the
crabs.

control

injected

sediment

3.4. Polycyclic aromatic hyarocarbpn in sediment
Fig. 3. Respiration of H. araneus measured as uptake of

The P A H composition -and concentration in
sediment are repofteSiO:^Ie 3. The total P A H

milligram of oxygen per gram wet weight per hoiu: (n=8)
after exposure to North Sea oil (contaminated sediment, injec
tion of oil and control).
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Table 2

Tables

.

Mean and S.D. of reqiiration of H. araneus in different PAH composition, measured by GC-MS, of the applied North.
treatments (ng O2 wet wt.-' h~', n = 8) and TOSC measiued
in Iiepatopancreas (TOSC unit per mg protein, n = 8)

Sea oil, in the sediment after 2 weeks exposure
Compound

Respiration
TOSC

Control

Injected

Sediment

26 + 8.2
4837 + 758

30 + 5.1
4942+1121

29 + 14.6
4376 + 801

4. Discnssion
Heart rate appeared to be the most sensitive
biomarker to oil exposure i n H. araneus. Oil-in
jected and sedunent-exposed crabs showed a sig
nificant increase i n heart rate compared with,
controls. Very Uttle data on the effect of oil
components on cardiac activity of crustaceans
have been published. The increased heart rate
measured in the ciurent study supports Depledge
(1984b) who reported an increased heart rate in
C. maenas exposed to the water-soluble fraction
(WSF) of crude oil. However, bradychardia and
arrhythmia were induced i n P. producta when low
levels of the W S F of oil was passed over the gills
(Zimmer et al., 1979). Bamber and Depledge
(1997) investigated the dietary exposure of C.
maenas to ben2o(a)pyrene and failed to record
any obvious effects on heart rate over 7 days of
exposure. The high variabiUty in heart rate of the

Concentration (lig kg ')

Naphthalene
Cl-naphthalene
C2-naphthalene
C3-naphthalene
Acenaphthylene
Acenaphthene
Fluorine
Phenahthrene
Anthracene
Cl-phen/anthr
C2-phen/anthr
Dibenzothiophene
Cl-dibenzothiophene
C2-dibenzotfaiophene
Fluoranthene
Pyrene
Benzo(a)antliracene
Chiysene+triphenylene
Cl-chrysene
C2-ch^sene
Benzo(b)fluoranthene
Benzo^)fiuoranthene
Benzo(a)pyrene
Indeno(l,2,3-cd)pyrene
Benzo(g4i,i)perylene
Dibenzo(a,h)anthracene
TPAH
Values are m ng of PJSJ per kg of sediment. Total PAH
CIPAH) is theasum o f ^ 26 measured PAHs. Values ia
brackets conrespoM|to signal below detection limit.

7000. -

conttol gfoiip&i the present experiment supports
Depled^^l9'84a) who reported a similar response
6000 ^^^x^C. maenas. The decreased variabiUty in the
SP 5500 injecfed and sedunent-exposed groups has been
a
observed by Depledge (1984a). Limdebye and De5000 ipledge (1998) showed that increased heart beat i n
4500 C. maenas was due to a decline in mean interpulse
u
duration. The elevated heart frequencies, reported
m 4000 0
in the current experiment, may indicate'respira-r
H
3500 tory stress that was demonstrated by an mcreased
3000
respiration rate i n C. maenas exposed to the W S F
-1
rcontrol
injected sediment
(Depledge, 1984b). However, no change in respi
ration rate was measured in the present experi
Fig. 4. Variations of the TO^^oi^ds fee peroxyl radicals in
ment. Exposure of C. maenas to copper induced
the digestive gland of H. araneus aJtec'e^osure to North Sea
mcreased heart frequency and tissue hypoxia
oil [contaminated sedimentK" = 6)^jection of oil (n = 7) and
control (n = 8)].
(Nonnotte et al., 1993; Bamber and Depledge,

.3
ID

6500

-
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nant concentration as an increasing proportion of
1997). A major concern of oil pollution is tiiat it
affected crabs in the sampled group. In the cur
might affect oxygenation of seawater ( F A O ,
rent study, the reduced inter- and intra-mdividual
1977). The lack of oxygen could influence respira
variability indicated that oil exposure has induced
tory and cardiac physiology resulting i n a greater
a homogeneous physiological response in crabs.
volume of blood flow demanded per unit of oxy
gen required for tissue respiration. Cho et al.
Frederich et al. (2000) reported a significant
(1994) reported that naphthalene metabolites bind
decrease in respiration i n H. araneus collected
to large protems such as haemoglobm, probably
from temperate water at 9 "C and acclimatised to
altering functions of the respiratory pigment lead
2 °C. In the current study, the oxygen uptake of
ing to hypoxia. Nevertheless, several authors have
H. araneus at 2 °C (0.025 mg Oj g wet wt."?
reported a decrease in heart rate due to hypoxia
. h " ' ) was comparable-to the value reported by
and a concomitant bradychardia, with the heart
Frederich et al. (2000) (0.019 mg Oj g wet w t . " '
stroke vdume increasmg to compensate for the
h " ' ) - Thus, the low temperature of the. Arctic
lack of oxygen (E.eiber and McMahon, 1998).
water has reduced the metabolic activity of H.
araneus. This observation was reported also by
The increased heart frequency of sediment-contaniinated and injected H. araneus.may have re Whiteley et al. (1996) for the giant Antarctic
isopod {Glyptonotus antarcticus) compared with a
sulted from voluntary reduction of the ventilatory
temperate isopod {Idotea rescata). The low oxy
stream to the gills to prevent chemical uptake.
gen uptake rate in H. araneus certainlv/reduced
This compensatory behaviour would minimise the
the uptake of P A H through the gills "^m^ared
exchange with the external media while maintain
with
temperate individuals. M o r e o v e i ^ h ^ low
ing basal oxygen supply to the tissues. Increased
metabolic rate of the spider crabpnay result in
heart rate is associated with locomotor activity in
reduced metaboUsm of oil compounds into R O S .
crustaceans. Aagaard et al. (1995) recorded an
The low uptake and reduce(^etaboUsm of P A H
elevated heart rate prior to locomotor activity i n
could explain the lack o^TO^Cxesponse meaC. maenas and,'on no occasion, did locomotor
siued in the present s f i i c O R o S ^ n a t u r a U y pro
activity increase prior to elevation of heart rate.
duced during r e s ; ^ j ^ b h ' ^ ^ h Oj is reduced
In our study, sunilar observations were made.
(Wnston and D . ^ u U o ^ 9 1 ) but ROS genera
Aagaard et al. (1995) postulated that the drculation
is also k n o ^ ^ t o be enhanced via the
tory and respiratory systerns of the shore crab are
metabolism^o&oil compoimds (Livingstone et al.,
prepared in advance to deal with the metabolic
1990). Babu ai^^ Brown (1995) reported an oxidemands of locomotor activity. Such responses
dant-stfes^oxicity of naphthalenes. There is a
would be regulated by the neuro-endocrine sys
l a ^ ^ U t C T a t i ^ f reporting the varied activity of
tem. The cardiac response of H. araneus could be
a^oxidant^efences and activation of contamiregarded as an avoidance response. The animal
•*^^ts t^^eactive metaboUtes in decapod crus
has initiated its physiological machinery for es
taceans foUowing poUutant exposure (e.g. Marsh
caping the oil-induced stress. As crabs remai
4 al., 1992; Gamble et al., 1995; Sundt and
quiescent, the energetic demand is not increased'
" ikseyr, 1998; Arun et al., 1999; Orbea et al.,
as shown in the steady state of oxygen u]
measured in the present study.
''^r
^ 2000). Orbea et al. (2000) locaUsed four main'
antioxidant enzymes (catalase, Cu/Zn-superoxide
Changes m the variability of phy^logi'calr
dismutase, Mn-superoxide dismutase and glu
parameters may provide an additiori^^'Siaisintathione peroxidase) in the digestive gland of the
sight into the impact of chemical^^tamination
shore crab C. maenas, indicating the capacity of
(Depledge and Lundebye, 1996)^^^ieri^ et al.
decapod crustaceans to cope with R O S . In the
(2000) reported a decrease^nrvariaWity of heart
present study, no significant TOSC response was
rate and oxygen consmnption in 3. araneus under
measured indicating that the possible enhance
physiological stress. ^Depleiig^i^nd Lxmdebye
ment of ROS production (notably peroxyl radi
(1996) explained thS increasing inter-individual
cals) was lunited and did not saturate the
variability of
^ ^ t i i increasing contami
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antioxidant systems may represent a first response
s c a v e n ^ g system capacity of H. araneus. The
to pollutants that can be followed by a more
basal oxyradica] scavenging capacity of H. ara
integrated response. It would have been interest
neus is relatively high compared with other marine
ing to extend the exposure period beyond 14 daysinvertebrates. For example, Regoli and AJ^^ston
to follow the change i n TOSC. T O S C was mea
(1998) reported.TOSC values of ca. 600 unit
sured i n the hepatopancreas whereas injection was
m g - ' protein for the blue mussel ( M . edulis) and
performed into the haemolymph where haemo
ca. 700 unit m g " ' protein for a starfish (Leptaste
rias epichlora). Elevated T O S C values in a cold- cytes represent the main defence system against
foreign substances (Dyrynda et al., 1998). Thus,
water species may be indicative of an enhanced
the hepatopancreas may have not been the correct
resistance of toxicity in R O S generation. This
target tissue to measure T O S C and the haemowoidd confirm a natural high prooxidant pressure
cytes may have been more appropriate.
for cold-water species (Regoh et al., 2000) and
might also provide H. araneus with the capabiUty
In this study, heart rate (a "physiological
of dealing with moderate variations in ROS gen
biomarker) was very sensitive i n reflecting the first
eration. The lower mean T O S C value in the sedi
effects of oil in each exposure context. It is inter
ment-treated group is indicative of a certain
esting to note that the T O S C assay did not
degree of saturation of the antioxidative system.
provide any distinct signal,' however, this latter
It is likely that such saturation corresponds to the
biomarker has more ecolo^cal relevance than
•partial consumption of the fast-acting scavengers
heart rate. McMahon (1999) highli^ted the
of peroxyl radical, for instance glutathione, uric
difficulty of mterpreting cardiac perfor^^ce i n
acid and ascorbic acid (Winston et al., 1998). To
crustaceans by measuring one singJeSparameter,
date, reported data on the use of T O S C as a
such as heart rate. McMahon (19|9) st^ed^that
biomarker of ROS indicate a significant reduction
haemolymph flow through a i ^ a ^ c i ^ p l e c a p o d
in antioxidant capacity (RegoU 2000; Camus et
arterial system does not nfcessaidy vaiy with
al., 2002; Grosvik et al., 2002) or induction'
heart rate or even c a r d i a g ^ u . ^ i ^ u t is, i n each
(Wmzer et al., 2001). Grosvik et al. (2002) ob
artery, modified f r o m ^ o m ^ ^ r o moment by a
served a depression i n T O S C in the hepatopan
variety of hormonaljand^^^''drives. Heart rate
creas of the. Arctic shrimp (Sclerocrangon boreas) on its ovm c a i m o ^ r o v i d ^ meaningful diagnos
exposed to 2 ppm dispersed oil for 5 days at 2 " C .
tic of poliution^etposmre. T O S C is a tool for
Similar observation were reported i n Arctic scal
quantitatiwlyi^sessihg the biological resistance
lop exposed to benzo(a)pyrene (Camus et al.,
to t o x i c i t ^ f different forms of ROS. "Up to now,
2002). With a depression m TOSC, Regoli (2000)
the efficienc^^lhe antioxidant system has been
reported a greater depletion of low molecular
b ^ e ^ u p o n analysis of single components, includweight molecules during the first phase of expo
enzym.e^(catalase, superoxide dismutase, etc.),
siure of Mediterranean mussels to high levek of
^mdj|mSKr molecules siich .as vitamin E , C , uric
pollutants, indicatmg R O S production and activa-^
a c i ^ n d reduced glutathione. Numerous studies
tion of antioxidant defences. In the present exper-,
Imve reported responses to oxidative stressors that
unent, the absolute T O S C mean value may nofbe
ican be very different and, while depletion is mea
the appropriate parameter to use as a biomarker A sured in one parameter, a concomitant induction
and the mter-individual variabihty m a j ^ ^ ^ . r e ^ could be measured in another one. The overall
indicative of exposure (Depledge anc^^hdebye,
budget of ROS versus anti-oxidant defences can,
1996). In the injected group, th^fanabihty in
therefore, barely be-estimated and the complexity
TOSC measurements was twice^^^dfstlie con
of the interpretation prevents any prognosis at the
trol. ITaese data suggest a cdffibmit^t induction
individual or population level. Single antioxidant
and depression in TOSC, find support the tran-.
analysis indicates exposure to oxidative stress but
sient response of antioxidantsddences as reported
cannot provide a diagnostic measure of the health
by other authors (Livingstcihe et al., 1992; Doy
of the organism. The benefit of the T O S C assay is
that it provides a prediction of the effects of
otte et al..
ition or induction of
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environmental conditions on the redox status of
the whole organism and its susceptibiUty to oxida
tive stress disease (RegoU, 2000). Tlie increase i n
heart rate may reflect the initial effect of oil
notably the naphthalene compoimds; however,
the lack o f change i n T O S C associated with a low
oxygen uptake reveals a limited toxic effect proba
bly due to a low uptake and metaboUsm of P A H
mto R O S .

5. Conclusions
This investigation of the impact of oil on Arctic
H. araneus at low temperature revealed an in
crease i n heart rate, a steady state i n respiration
and a transient response in T O S C i n the injected
group, and a moderate decrease in the sedimentexposed group compared with the controls. The
higher ecological relevance of TOSC, compared
with heart rate, leads to the conclusion that the
Arctic crab was experiencing a moderate poUution
effect. L o w temperature may be the main factor
reducmg the bioavailabUity of P A H in the water
however, the relatively low metaboUc rate of H.
araneus may have reduced the uptake, metaboUsm
of P A H and the production of R O S .

6. Uncited references
Depledge (1985), Frederich et al. (2000), Guerin
and Stickle (1995), Morris and Bridges (1989),
Roast et al. (1999).
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