Biomarkers Downloaded from informahealthcare.com by Hacettepe Univ. on 11/18/12
For personal use only.

Taylor & Francis
BIOMARKERS, 2002, voL. 7, No. 5, 422-437 Taylor & Frands Group

Studies on biomarkers of copper exposure and
toxicity in the marine amphipod Gammarus locusta
(Crustacea): I. Induction of metallothionein and lipid
peroxidation

A. D. CORREIA'*, G. LIMA', M. H. COSTA! and D. R.
LIVINGSTONE?

" IMAR - Institute of Marine Research, Department of Environmental Sciences and
Engineering, College of Sciences and Technology, Lisbon New University, 2829-516
Caparica, Portugal

2 Plymouth Marine Laboratory, Citadel Hill, Plymouth, Devon PL1 2PB, UK

Recetved 14 January 2002, revised form accepted 15 April 2002

Sublethal exposures of the marine amphipod Gammarus locusta to a concentration
range of copper (Cu) in water (4 days’ exposure; 3, 5 and 10 pg Cul ') or spiked sediments
(28 days’ exposure; 1, 3 and 6mg Cukg ' dry weight) were performed, and the resulting
bioaccumulation of Cu and effects on putative metallothionein (MT) and lipid
peroxidation (LP) were investigated. A time-course exposure study (over 10days) to a
single water-borne concentration of Cu (4ugl ') was also carried out. M'T and LP were
quantified, respectively, by differential pulse polarography and as thiobarbituric acid-
reactive malondialdehyde equivalents. The increasing levels of Cu in water and sediment
exposures resulted in enhanced uptake of the metal by G.locusta. Synthesis of putative
MT occurred in response to exposure to water-borne Cu, the levels being higher
(p <0.05) over the dose range of Cu compared with controls. A positive correlation was
observed between putative MT levels and the Cu body-burden concentration (p < 0.001).
However, no increase in LP was observed in these animals. In contrast, in the time-course
experiment, LP levels increased within 1day of exposure, subsequently peaking at 4 days
(68% greater than control, p < 0.001), before returning to control values by day 6. Higher
levels of M'T' were also observed in this exposure, but at days 6 and 10 (55% and 38%,
respectively), paralleling the decrease in LP. No increase in M'T levels was recorded with
exposure to Cu-contaminated sediments, whereas higher levels of LP were seen in
comparison with controls (p < 0.001). Overall, the inverse relationship between putative
MT induction and the occurrence of LP indicates that M'T may protect against the pro-
oxidant effects of Cu. It is concluded that M'T and LP offer potential for application as
biomarkers in G.locusta.
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Abbreviations: DPP, differential pulse polarography; LP, lipid peroxidation; MDA,
malondialdehyde; MT, metallothionein; ROS, reactive oxygen species.

Introduction

Studies on the responses of invertebrate species to contaminants have focused
extensively on heavy metals, in particular copper (Cu). The increase of Cu in
estuarine and coastal areas has resulted from industrial and domestic waste
discharge, disposal of mining washings, refineries and the use of this metal as a
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base-compound for antifouling paints (Garnacho et al. 2000). Recently, McPher-
son and Chapman (2000) reviewed the available data on the sensitivities to Cu of
marine and estuarine organisms, including considerable information on crustacean
amphipods. Amphipods merit special attention for toxicity and environmental
studies for a number of reasons, including ecological relevance, sensitivity to
environmental disturbance, short life cycle and amenability to experimental
investigation (Thomas 1993, Conlan 1994, Costa et al. 1998, Costa and Costa
2000, Correia et al. 2002).

Several toxicity tests have used physiological and behavioural endpoints to
study the effects of chronic toxicity of metals on amphipods. However, difficulties
of interpretation can occur due to the lack of specificity of the response criteria and
to the amphipods being affected by water-sediment geochemical characteristics,
metal speciation and metal bioavailability (Correia and Costa 2000). More recently
there has been much interest in the development of molecular endpoints as
sensitive measures of sublethal impact by different types of contaminants (Schlenk
1996, Walker et al. 1996, Livingstone et al. 2000) and to understand better
pathways of contaminant metabolism, detoxication and toxic action, e.g. for metals
(see reviews by Viarengo 1989, Livingstone 1993, Langston and Bebianno 1998).

Essential metals like Cu are needed for normal metabolic function but it can be
toxic if intracellular concentrations exceed the organism’s requirements and its
detoxication capability (Viarengo 1989, Schlenk et al. 1999). Copper may exert its
toxicity by multiple mechanisms, including the generation of reactive oxygen
species (ROS), resulting in various types of oxidative damage, such as peroxidation
of unsaturated lipids to cytotoxic lipid hydroperoxides and carbonyl compounds,
including malondialdehyde (MDA) (Viarengo et al. 1990, Di Giulio et al. 1995,
Halliwell and Gutteridge 1999, Livingstone 2001).

Of key importance in the homeostasis and detoxication of Cu in aquatic
invertebrates and other animals is the role of inducible metallothionein (M'T)
(Engel and Brouwer 1991, Perkins et al. 1997, Schlenk et al. 1999), a superfamily
of low molecular weight, cysteine-rich, metal binding proteins found in most
animal tissues (Roesijadi 1992). M'T has shown promise not only as a biomarker of
exposure to certain metals, but also as an indicator of cellular stress through its role
as a scavenger of organic free radicals and ROS (Sato and Bremmner 1993,
Wilostowki 1993, Viarengo et al. 2000). The potential importance of M'T in
toxicological responses to metals has been studied in fish and aquatic invertebrates,
particularly molluscan species (Livingstone 1993, Langston and Bebianno 1998,
Livingstone and Goldfarb 1998). Recent advances in the biochemistry and
molecular biology of M'T have also facilitated research on M'T in crustacean
decapods (Schlenk and Brouwer 1991, Moksnes et al. 1995, Del Ramo et al. 1995,
Pedersen et al. 1997, LLundebye and Depledge 1998, Francesconi et al. 1998, Engel
et al. 2001), anostnacans (Del Ramo et al. 1995, Martinez et al. 1991, 1999),
amphipods (Stuhlbacker and Maltby 1992 Ritterhoff et al. 1996, Correia et al.
2001, 2002) and copepods (Barka et al. 2001).

It has been argued that a full understanding of ecotoxicological processes must
consider an integrated multilevel approach in which molecular impact is linked to
higher-order biological consequences at the individual, population and community
levels (McCarthy and Shugart 1990, Schlenk 1996). The characterization of these
links offers the potential of using molecular and other biomarkers as early warning
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Ringwood et al. 1999; Livingstone et al. 2000). Our work on amphipods, in
particular on the widely distributed and ecologically relevant Gammarus locusta
(Costa and Costa 2000), has focussed on such an integrated approach, aiming to
link molecular biomarker changes with effects on growth, reproductive perfor-
mance, survival and recruitment (Correia et al. 2001, Costa et al. 2002). Copper
was chosen as a contaminant because it is environmentally important and knowl-
edge exists on its mechanisms of detoxication and toxicity (see above), although
this is limited to amphipods. In the present study, the uptake of Cu and the
responses of M'T and lipid peroxidation (LLP) in G. locusta to water- and sediment-
exposures to Cu were investigated in relation to a range of Cu doses (both water
column and sediment) and exposure time (water column only). M'T was selected as
being a robust biomarker of metal exposure in aquatic organisms (see above); LLP is
known to result from exposure to pro-oxidants, including Cu (Livingstone 2001);
the water column and sediment are probable major routes of contaminant uptake
by G. locusta; and both Cu dose and exposure time are important determinants of
Cu toxicity (Costa et al. 1998, Correia and Costa 2000). The results are discussed
in relation to mechanisms of Cu toxicity and the potential usefulness of M'T' and
LLP as biomarkers of Cu exposure and toxicity in amphipods, respectively.

Material and methods

Animals, chemicals and sediment

Adult (length ca. 10mm) and juvenile (length class 2=4mm) G.locusta were obtained from
laboratory cultures. DORM-1 and DORM-2 dogfish muscle and liver reference material (Canadian
National Research Council Standards) were obtained from Canadian National Research Council of
Canada and rabbit liver metallothionein M'T-1 from Sigma, Portugal. All other chemicals were of
analytical grade or equivalent and obtained from Merck, Portugal. The sediment used was a sand, with
0.9% fine fraction (<0.063mm) and 0.9% total volatile solids, collected from the Sado estuary, near
Lisbon, Portugal (38° 27 N, 08° 43 W), which is the natural site of the G. locusta population used in the
laboratory studies. The water content of the sediment was determined from the percentage of weight
lost after drying for 12 h at 90°C. Sediment total volatile solids (organic content) was measured as the
percentage weight loss after ignition of dry sediment at 550°C for 4h (Correia and Costa 2000).

Water-column exposure experiments

The protocol used followed the general procedure outlined in Costa et al. (1998) with some
modifications. Temperature was 23°C and salinity 33—-34%0. Before the commencement of each
experiment, animals were acclimated for 3 days to laboratory test conditions, with unlimited fresh
food, macroalgae Ulvasp. Adult specimens, both male and female (retained between 1500 and 2000 pm
sieves; ca. 10 mm length), were placed in test chambers containing 100 ml of filtered seawater alone
(control condition) or of seawater containing CuCl, solution, with one amphipod in each chamber. In
the dose—response experiment, animals were exposed to 3, 5 or 10pug Cul ! for 4 days. The concentra-
tions were selected according to preliminary lethality tests. In the time—course experiment, the animals
were exposed to 4 fig Cul ! and sampled after 1, 2, 4, 6 and 10 days. Measurements were made on 4 to 5
pools of 4 to 6 equally mixed males and females (pool wet weight ca. 0.05 g) per sampling time. During
exposures, seawater or seawater containing Cu was renewed every two days, and the organisms were fed
with fresh macroalgae Ulva sp. on an ad libitum basis.

Sediment exposure experiments

Animals were exposed using minor modifications of the chronic sediment toxicity test procedure
described in Correia et al. (2001). The Cu spiking procedure was as described in Costa et al. (1998), the
required volume of a stock solution of CuCly being added directly to the sediment to achieve
concentrations of 1, 3 and 6mgkg ' dry weight sediment. Five replicates were conducted for control
(no Cu added) and each Cu concentration. The 28-day static assay was carried out at 20°C and 33-34%0
salinity with juveniles (2-4 mm length class) that had previously been acclimated for 3 days to the same
conditions of temperature and salinity. The exposures were carried out in plastic tanks with a sediment
layer of about 1 cm and seawater to a depth of 5cm. They were left with aeration avernicht and an the
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next day exactly 70 juveniles were placed in each tank. Seawater renewal took place at 10-day intervals.
Aeration was provided with plastic tips placed at least 1 cm above the sediment surface. During the
assays, the organisms were fed with macroalgae Ulvasp. on an ad libitum basis. Test chambers were
inspected daily for aeration and feeding needs and to remove dead animals. At the end of the 28-day
exposure period, the contents of each chamber were gently sieved through a 1500 pm mesh sieve to
collect the survivals from the original cohort. Over the exposure period the juveniles grew to adult size
(ca.10mm length or greater) and were 45 days old compared with approximately 30 to 35 days old for
the water column studies. Four to 5 pools of 4 to 6 males (pool wet weight ca.0.05 g) were frozen and
stored at —80°C for later quantification of tissue Cu, M'T and LP levels.

Chemical and biochemical analyses

Quantification of whole-body Cu and MT levels. Pools of whole animal (pool wet weight ca.0.05 g)
were homogenized at 4°C in 4ml of 0.02Mm tris-HCI buffer (pH 8.6) and sub-samples taken for
determination of Cu and M'T. Whole-body Cu analysis was carried out on dried, HNOj3-digested
sub-samples using flame atomic absorption spectrophotometry. Analysis of dogfish muscle (DORM-1)
and liver reference (DOLT-1) material was carried out, using the same treatment, in order to validate
the metal analysis. The value measured for copper was within the certified range. Copper concentrations
were expressed as jig Cug | dry weight of whole body homogenate. M'T determination was performed
by differential pulse polarography (DPP), essentially as described in Bebianno and Langston (1989). An
aliquot of the sub-sample homogenate (2 ml) was centrifuged at 30 000 g for 1 h at 4°C. The cytosol was
heat-treated at 80°C for 10 min to precipitate the high molecular weight proteins, and subsequently
centrifuged at 30000g for 1h at 4°C. Aliquots (150-250 1) of the heat-treated cytosol were taken for
quantification of heat-stable M'T using DPP with a static mercury drop electrode (using a Metrohm 693
VA Processor and the 694 VA Stand). The Brdicka supporting electrolyte containing 1 M NH4Cl, 1M
NH4OH and 2mM [Co(NH3)6]Cl; was prepared weekly and stored at 4°C (Palecek and Pechan 1971).
In the absence of a purified amphipod M'T, quantification was by reference to standard additions of
rabbit liver M'T-1. The values obtained were expressed as mg rabbit-MT equivalentsg ' dry weight of
whole body homogenate.

Lipid peroxidation. MDA was determined by the thiobarbituric acid method of Ohkawa et al. (1979)
with minor modifications. Pools of whole animal (0.05-0.08 g wet weight) were homogenized at 4°C in
1:4 wet weight/buffer volume ratio in 50 mm NaH;PO4/Na;HPO4 pH 7.4 containing 15% glycerol (w/
v), and centrifuged at 9000 g for 15 min at 4°C. Sub-samples (62.5 i) of tissue homogenate were treated
with 25 ul of 8.1% dodecyl sulphate sodium, 187 ul of 20% tricloroacetic acid (pH 3.5) and 187l of
thiobarbituric acid. The mixture was made up to 0.5 ml with distilled water and then heated for 60 min
in boiling water. After cooling, 125l of distilled water and 625l of a mixture of n-butanol and
pyridine (15:1, v/v) were added. The mixture was shaken vigorously before centrifugation at 4000g
for 10 min. The organic layer was then recovered and its absorbance measured at 532nm. MDA
concentrations were derived from a standard curve and the values expressed in terms of MDA nmol
equivalentsg ! wet weight tissue.

Statistical analysis

Analysis of variance was used to determine treatment (one-way ANOVA) and treatment X time
(two-way ANOVA)-dependent effects on the studied variables (tissue levels of Cu, M'T and LP). Prior
to any analysis, the data were checked for normality (Kolmogorov—Smirnov test) and homogeneity of
variance (Levene’s test). They were log-transformed when necessary. Significant differences were
established at p<0.05 level using the least significant difference (LLSD) test for multiple range
comparisons between pairs of the means. Linear regression analysis was done to study the relationship
between M'T" and whole-body Cu content. The goodness of fit was assessed by determination of . All
statistical analyses were performed with the Statistica/W 5.0 (StatSoft™) package using a computer.
Graphically (figures 1, 3 and 4), the results are presented as the mean exposed as a percentage of mean
control. The statistical significances shown on the figures are for the analyses of the absolute data as
described above.

Results

The effects of exposure to Cu on Cu body-burden, MT and LP levels
expressed as a percentage of the control values are presented in figures 1, 3 and

4. The absolute data for the same experiments are given in tahle 1
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Table 1. Absolute values (mean £ sd) of whole body measurements of copper (Cu) body-burden,
metallothionein (MT) level and lipid peroxidation (LP) level (in malondialdehyde [MDA]
equivalents) in Gammarus locusta exposed to Cu in water column (4days exposure: 3, 5,
10],J.gCu171 and 10days exposure: 4p.gCu171) and sediment (28days exposure: 1, 3 and
6 mg Cu kg71 dry weight).

Time of Total [Cu] MT LP
exposure (ng g71 (mg g71 (nmol MDA g71
Cu treatment (days) dry weight) dry weight) wet weight)
Water-borne exposure: dose-
dependent experiment (p.gf )
Control 4 447£42 0.27%0.06 12.6 1.4
3 4 425%13.1 0.92%£0.22 9.8+1.0
5 4 61.8+2.1 0.77%0.10 11.3£1.5
10 4 86.21+18.0 1.56£0.37 12.0£1.9
Water-borne exposure: time-course
experiment (ugl )
Control 1 58.9+11.1 1.02£0.04 154%t1.4
4 1 67.5%5.7 1.01£0.08 17.4£47
Control 2 57.0£2.2 0.77£0.08 16.6£1.3
4 2 65.0t4.7 1.05£0.09 21.5£33
Control 4 59.6 4.6 1.04£0.12 14.8£2.6
4 4 71.5%2.5 0.90%0.08 24.9£6.0
Control 6 53.6%+7.1 0.62%£0.08 19.0£3.3
4 6 80.6 5.7 0.96£0.15 18.5£1.0
Control 10 75.0%£3.5 0.74%£0.04 18.9£1.2
4 10 76.2%7.4 1.02£0.06 14.9£t42
Sediment exposure: dose-dependent
experiment (mgkg = dry weight)
Control 28 56.0£3.2 1.23£0.10 15.3£1.0
1 28 61.6+1.3 1.25£0.20 19.9£1.2
3 28 72.5%+48 1.19£0.28 21.0£2.8
6 28 76.1%£3.0 1.25£0.13 19.8£1.7

Water-column exposure to Cu

Survival did not differ between control and Cu-exposed conditions in either the
dose-dependent or the time-course experiments. The minimum values of average
survival in all conditions were ca. 80%.

Dose-dependent experiment. Accumulation of Cu was seen in animals after
4 days of exposure at 5 and 10 but not 3pug Cul ! (figure 1a). A dose-dependent
accumulation was evident, with tissue Cu levels being higher at 10 than 5pugl !,
i.e. respectively, about 93 and 38% higher than in controls (p < 0.05 and p < 0.01,
respectively). A significant difference was also found between the 5 and 10pugl !
treatments (p < 0.05). The mean whole-body Cu level in control animals was
44.7¢gCug ' dry weight (tablel).

Increased levels of M'T occurred in response to water-borne Cu (figure 1b).
The values in the 3 and SpgCul ! treatments were about threefold higher
(p<0.01 and p < 0.05, respectively) than in control (0.27 rnggil dry weight),
and both were smaller (p < 0.01) than the maximum value observed at 10 ug Cul !.
The latter was over fivefold higher than controls (p < 0.001). Using the combined
data of individual animals from the controls and the three exposure conditions, a

correlation was evident between whole-body Cu and M'T levels (»=0 k3
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Figure 1. Effects of water-borne Cu (3, 5 and 10ug Cul ') on levels of (a) Cu body burden (Cu), (b)
metallothionein (MT) and (c) lipid peroxidation (LLP) in Gammarus locusta after 4 days of
exposure. All results are expressed as percentage of control (mean £ SD). Significant differences
from control: * p < 0.05; **p < 0.01; ***p <0.001.
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Figure 2. Relationship between levels of MT and Cu body burdens (data from controls and
treatments, n= 3) of Gammarus locusta in the dose-response experiment to water-borne Cu.

P <0.001) (figure 2). The relationship between the two variables is given by the
linear equation:

MT (mgg ! dry weight)=0.02Cu (ugg ! dry weight) — 0.41

In contrast to Cu accumulation and increased M'T levels, no marked effects on
LP were observed with exposure to Cu, as evidenced by the lower (at 3 pg Cu 171,
P <0.05), or similar levels of MDA in exposed animals compared with controls
(12.6nmol MDA g ! wet weight) (figure 1c and table 1). Despite the reduced levels
of LLP in exposed animals, a trend of slightly increasing MDA concentration with
increasing Cu dose was indicated (figure 1c).

Time-course experiment. A preliminary report of these data was presented in
Correia et al. (2002). Total body Cu content of exposed animals was significantly
higher than controls (p < 0.05) at every sampling time, except after 10 days (figure
3a). The reason for the latter was that the body Cu content of control animals at
day 10 was higher (ca.25%) than at any other control sampling time. The mean of
body Cu content in controls was 61.5%£9.8 pg Cu 537l dry weight) (table 1).

The levels of M'T in exposed animals followed a similar trend to that exhibited
by Cu body-burden. M'T levels increased by about 36% compared with controls by
day 2 (p < 0.001), and were still higher in relation to controls at days 6 and 10 (55%
and 38%, respectively) (p < 0.001) (figure 3b and table 1). M'T concentrations in
control amphipods over time varied between 0.62 and 1.04mg MT g ! dry weight.
The maximum levels of M'T and Cu body content in exposed animals (both
ca.55% > control) were observed at day 6, although overall no significant correla-
tion could be demonstrated between these two variables (» = 0.025) as was found
for the dose-dependent experiment.

LP changed with exposure to Cu, but showed a different time-course of events
compared with M'T. Levels of MDA were indicated to increase after 1 and 2 days
of exposure, subsequently peaking at day 4 at 68% greater than control (p < 0.001)
(figure 3c). MDA levels returned to control values at both days 6 and 10. The
mean of MDA concentrations in controls was 16.9%t1.9nmolMDAg ' wet
weight (table 1). The decrease in LP in exposed amphipods at days 6 and 10

coincided with maximum levels of M'T (figures 3b, c).
RIGHTS Ir

Ay



Biomarkers Downloaded from informahealthcare.com by Hacettepe Univ. on 11/18/12
For personal use only.

Studies on biomarkers of copper exposure and toxicity 429

20017 A OcCu

150 T

HH .
HH

100 -

HH

% of controls

50

2007 B

150 -

')(-

100 ~

% of controls

50 +

2007 ¢ -
150 -
100 - T T
- I [
04 : : : :
4 6 10

Days of exposure

% of controls

Figure 3. Effects of water-borne Cu (4pgCul ') on levels of (a) Cu body burden (Cu), (b)
metallothionein (MT) and (c) lipid peroxidation (LP) in Gammarus locusta after 1, 2, 4, 6 and
10 days exposure. All results are expressed as percentage of control (mean® SD). Significant
differences from control: *p < 0.05; **p < 0.01; ***p < 0.001.

Sediment exposure to Cu

Survival of animals in the treatments 1 and 3mgCukg ! dry weight did not
differ from the control (p > 0.05) condition, but the average of values at higher
treatment (6mg Cukg | dry weight) was about sixfold lower than the control

(p < 0.001). The average survival in the control condition after 78 dave was 46%
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The accumulation of Cu increased in a dose-dependent manner under chronic
exposure to Cu-spiked sediments, the levels being higher than controls by 10, 29
and 36%, respectively, for the 1 (p <0.05), 3 and 6 (p <0.001)mg Cu kg7l dry
weight conditions (figure 4a and table 1). The tissue Cu levels for the two higher
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Figure 4. Effects of Cu-spiked sediments (1, 3 and 6mg Cukg ' dry weight) on levels of (a) Cu body
burden (Cu), (b) metallothionein (M'T) and (c) lipid peroxidation (LP) in Gammarus locusta after
28 days exposure. All results are expressed as percentage of control (mean¥ SD). Significant
differences from control: * p <0.05; *** » <0.001.
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exposure conditions were also significantly different from the 1mgCukg ' dry
weight condition (p<0.001). The level of Cu in control animals was
56.0%3.2pg Cug ! dry weight. No increase in M'T levels in animals was observed
in any of the Cu-treated conditions relative to the control level of
1.23i0.1mg MT gil dry weight (figure 4b and table 1), whereas, in contrast,
about 20% higher LP was seen in all Cu-treated conditions (p < 0.001) compared
with control levels of 15.3 £ 1.0nmol MDA g ! wet weight (figure 4c and table 1).

Discussion

The main aim of the experiments was the investigation of the responses of M'T'
and LP in G. locusta with exposure to Cu via the water column or sediment, and
their potential for use as biomarkers of, respectively, Cu exposure and toxicity in
integrated ecotoxicological studies. Copper was taken up by G.locusta from free
seawater and from a seawater/sediment system, with maximal increases in Cu
body-burden for the different exposure concentrations and exposure times ranging
from 1.36 to 1.93-fold compared with controls (see table 1). The marked increase
in Cu body burden of G.locusta with increasing water-column concentrations of
Cu is indicative of a limited capacity for regulation of total tissue Cu concentra-
tions, at least in the short-term, consistent with the findings of Clason and Zauke
(2000). Similar results were found with the marine amphipod Allorchestes com-
pressa, where Cu body-burden increased twofold for a water column exposure
concentration of 10pg Cu 1! (Ahsanullah and Williams 1991). Freshwater Hya-
lella azteca also accumulated Cu in short-term experiments, whereas in long-term
experiments the animals were able to regulate this metal (Borgmann and Norwood
1995). Elevated tissue Cu concentrations (90-360 pg gfl) were found in the
amphipods Orchestia gammarellus (Icely and Nott 1980) and Corophium volutator
(Weeks 1992) from environments strongly contaminated by this metal. Overall the
ability of these species to survive with elevated body burdens of Cu is consistent
with the existence of mechanisms of Cu detoxication in amphipods.

Copper is known to be both an inducer of M'T and a pro-oxidant producing LLP
in many types of animals (Heuchel et al. 1995, Halliwell and Gutteridge 1999),
including aquatic invertebrates (Viarengo 1989, Ringwood et al. 1998, Langston
and Bebianno 1998, Livingstone 2001). In spite of Cu being a less efficient inducer
of M'T than certain other metals in some crustaceans (Lundebye and Depledge
1998, Pedersen et al. 1998), elevated M'T concentrations have been seen following
exposure to this metal in a number of crustacean groups, including crabs (Schlenk
and Brouwer 1991, Pedersen et al. 1997, Engel et al. 2001), lobsters (Brouwer et al.
1989, Canli et al. 1997) and copepods (Barka et al. 2001). The existence of a Cu-
inducible M'T(s) is also clearly indicated in the amphipod G. locusta, increasing
whole-body levels of putative M'T being seen with increasing bioaccumulation of
Cu from the water-column (p < 0.001), over periods of up to at least 6 days
exposure. The pronounced increase of M'T (up to fivefold) in these animals after
4 days of exposure to 10pgl ! is comparable with the levels observed in whole
body of the copepod Tigriopus brevicornis following the same period of exposure to
a water-column concentration of 9 pg Cu 1! (Barka et al. 2001). The reason for the
lack of observed elevation of whole-body M'T' in G. locusta with 28 days exposure
to Cu in sediment is unknown, but may be related to various factors, including

increased stress resulting from the longer period of exposure (hicher martalitv and
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higher LP occurred in the sediment-exposure experiments compared with the
water-exposure experiments); the participation of M'T in metal-granule formation;
and the older age of the animals at the end of the sediment (45 days old) compared
with the water column exposure (30 to 35 days old). These different aspects are
discussed below. The assay procedure employed for M'T in the studies with
G.locusta depends upon the heating procedure removing all, or the large majority,
of the other non-M'T thiol-containing proteins (see Materials and Methods).
Although some non-MT higher molecular weight proteins were found not to be
removed by heat treatment in molluscan species, they were also seen not to be
inducible by metal exposure (Bebianno et al. 1992). Recently, we have shown
that 92% of post-30000g supernatant total protein in whole-body G.locusta
was removed by the heat treatment, leaving principally a protein fraction of
23£0.6 kDa apparent molecular weight (SDS-PAGE), consistent with the average
size of dimeric M'T's found in several aquatic invertebrate species (Viarengo et al.
1997, Engel 1999).

Information on the contribution and specific role of these MT-like metal-
binding proteins in metal detoxication and toxication in amphipods is limited.
However, the incidence of fast induction of M'T in the amphipods Echinogammarus
echinosetosus (Martinez et al. 1996) and Gammarus pulex (Stuhlbacker and Maltby
1992) following cadmium (Cd) exposure suggests the possibility of prompt cellular
responses of these animals to metal contamination. With respect to G. locusta, the
related patterns of change of M'T and Cu body-burden levels in the water column
experiments are consistent with detoxication of at least part of the increasing Cu
level by binding into the M'T pool. This presumed detoxication also matches the
inverse relationship observed between M'T and LP levels, the latter being one
possible toxic consequence of increased levels of ‘free Cu’ (Halliwell and Gutter-
idge 1999). The capability of M'T' to store metals in non-toxic form, so allowing
protection against increased metal uptake, have been proposed for other inverte-
brates such as molluscs (i.e. mussels and oysters) (Viarengo et al. 1987, Bebianno
et al. 1992, Langston and Bebianno 1998) and other crustaceans, including
Carcinus maenas (Pedersen et al. 1997, 1998), Penaeus vannamer (Moksnes et al.
1995), Tugriopus brevicornis (Barka et al. 2001), Procambarus clarkii and Artemia sp.
(Del Ramo et al. 1995) exposed to Cu and other metals. In bivalve molluscs,
elimination of metals involves accumulation in lysosomes (Viarengo et al. 1985,
1987) in which the metals are bound to lipid peroxidation products or to
polymerized M'T (Viarengo et al. 1985, George 1990). A similar pathway is
indicated in crustaceans, residual bodies of Cu (termed Cu-containing granules)
having been seen in the lysosomal system of amphipods (Icely and Nott 1980,
Weeks 1992, Nassiri et al. 2000), as well as in decapods (Vogt and Quinitio 1994)
and interpreted as breakdown products of M'T. Thus, the accumulation of such
granules in target organs of these species has been argued as a temporary
mechanism of Cu detoxication.

Histological examination of G.locusta from the current studies revealed the
presence of Cu-containing granules in the hepatopancreas of animals from both
water-borne and sediment exposures (A. D. Correia, K. Kyan and M. H. Costa,
unpublished data). The volume fraction of the granules increased with increasing
whole-body Cu body-burden, similar to earlier findings for talitrid amphipods, in
which it was concluded that tolerance to metal contamination was related to the

ability of these granules to prevent metal toxicity (Weeks 1992) Thus at leact twn
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mechanisms of Cu sequestration (M'T-binding and granules) appear to be present
in G. locusta. Indeed, the lack of observed elevation of M'T levels in the long-term
sediment compared with the short-term water column Cu exposures may be
related to temporal differences in M'T' production, Cu binding, and incorporation
of M'T-products into the granules. M'T is also known to play an important
endogenous role in Cu homeostasis in crustaceans, mainly during the moulting
cycle where cyclic changes in Cu levels occur due to the breakdown of haemo-
cyanin (Engel and Brouwer 1991, Engel et al. 2001). Thus, some of the variability
in MT levels in control and exposed G.locusta observed over the time-course
experiment may be linked to the use of pooled whole-body samples and the
animals being at different stages of the moulting cycle.

Copper can act as a pro-oxidant both as a redox cycling catalyst promoting
initiation and subsequent propagation reactions of LLP, and through inhibition of
antioxidant enzyme activities (Viarengo et al. 1990, Halliwell and Gutteridge
1999). Although MDA may react with other biological molecules (Janero 1990),
its accumulation in vivo has been successively used as a measure of LLP in aquatic
organisms exposed to contaminants (Livingstone 2001). Exposures to sublethal
concentrations of Cu have thus resulted in increased LP in tissues of a range of
invertebrates, including bivalve molluscs (Viarengo et al. 1990, 1991, Ringwood et
al. 1998), crustaceans (Reddy and Bhagyalakshmi 1994, Livingstone 2001) and
polychaetes (Nusetti et al. 2001). The changes in LLP levels in these studies showed
varying time courses and, in some cases, correlated with decreased antioxidant
protection. Similar results were obtained for G. locusta, increased LLP being seen
with both water column (time-course experiment) and sediment exposures to Cu,
and differences in MDA levels being evident over time with exposure to Cu. The
greatest increase in whole-body LP of about 70% after 4 days exposure to
4ugCul ! compares with a maximum of about 100% in the hepatopancreas of
the freshwater crab Osziotelphusa senex after 7days exposure to 100pg Cul !
(Reddy and Bhagyalakshmi 1994). The indicated increases in LLP in G. locusta
and O. senex were paralleled by marked decreases in tissue levels of M'T and total
glutathione, respectively. Variations of LP were also seen for G. locusta between
similar studies, i.e. increased LLP was seen with exposure to 4 pg Cu 17! for 4 days,
but not to 3 or 5pgCu 1! for 4 days, which presumably may be related to
differences in the physiological condition of different animal batches (Dick
1995). A similar situation of varying toxic response under identical testing
conditions has also been seen for other amphipod species (Borgmann et al. 1993).

The inverse relationship seen between M'T and LP levels in G. locusta exposed
to Cu indicates a protective antioxidant role for M'T, either by binding free Cu, or
by scavenging ROS. Evidence for the latter function has been indicated in bivalve
molluscs exposed to Cu and Cd (Viarengo et al. 1987, Roesijadi et al. 1997,
Ringwood et al. 1998, Viarengo et al. 2000). In the studies on bivalves, as was also
observed for the G. locusta water column time-course study, an initial increase in
LP was followed by an increase in M'T level and a subsequent decrease in LP.
Thus, the M'T induction was considered part of a recovery and repair process
following initial cellular injury caused by the LLP (Viarengo et al. 1987, Ringwood
et al. 1998). The lack of M'T induction, but increased LP, in G.locusta in the
chronic sediment-exposure experiment may be related to the older age of these
animals and a lack of ability to compensate for decreasing levels of antioxidant

protection that occurs with increasing age, as has been pronnsed for hivalve
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molluscs (Viarengo et al. 1991, Kirchin et al. 1992, Hole et al. 1993). Reduced
antioxidant protection may also have contributed to the much lower survival levels
(about sixfold lower than in control) at the highest sediment dose (6 mg Cukg !
dry weight) compared with controls. However, equally well, the reduced health
status and observed greater lethality may have occurred at any stage of growth of
the G. locusta through the phenomenon of cannibalism (see Dick 1995), which in
this species is directed most intensely towards smaller or less healthy animals
(Costa and Costa 2000, Christie and Kraufvelin 2001). Thus, animals sublethally
affected by sediment Cu, which otherwise would have survived until the end of the
tests, may well have been cannibalized by stronger conspecifics. Because improved
diet leads to accelerated growth (Costa et al. 1996, Christie and Kraufvelin 2001),
the cannibalism may also explain the increased body length of survivors at the
highest Cu treatment compared with controls (data not shown). Copper has also
been shown to induce whole animal sublethal effects, including decreased growth
and somatic indices in aquatic animals, including vertebrate (Baker et al. 1998,
Schlenk et al. 1999) and invertebrate species (Hummel et al. 1997, Conradi and
Depledge 1998); in some cases the effects were associated with altered M'T
expression (Farag et al. 1995, Perkins et al. 1997).

Overall, the results indicate that M'T and LP have potential for use as
biomarkers of, respectively, Cu exposure and Cu toxicity in G. locusta in controlled
laboratory ecotoxicological studies. Furthermore, although M'Ts can be induced
by metals other than Cu (Livingstone 1993, Langston and Bebianno 1998,
Halliwell and Gutteridge, 1999) and LP can be produced by other pro-oxidants
(Livingstone 2001), they also offer the potential for application to assess the
toxicity of field sediments when coupled with metal-body burden levels and
more detailed M'T analysis, i.e. measurement of metals in the M'T pool.
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