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Abstract

In vivo and in vitro studies were performed to evaluate acute toxicity, organ-specific
distribution, and tissue accumulation of copper in Callinectes sapidus acclimated to two
different experimental salinities (2 and 30 ppt). Blue crabs were quite tolerant to copper.
Acute dissolved copper toxicity (96-h LCsg and its corresponding 95% confident interval) was
higher at salinity 2 ppt [5.3 (3.50 — 8.05) uM Cu] than at 30 ppt [53.0 (27.39 — 102.52) uM
Cu]. The difference between salinities can be completely explained based on the water
chemistry because it disappeared when 96-h LCs, values were expressed as the free Cu®* ion
[3.1(1.93 - 4.95) uM free Cu at 2 ppt versus 5.6 (2.33 — 13.37) uM free Cu at 30 ppt] or the
Cu?* activity [1.4 (0.88 — 2.26) pM Cu activity at 2 ppt versus 1.7 (0.71 — 4.07) uM Cu
activity at 30 ppt]. The relationships between gill Cu burden and % mortality were very
similar at 2 ppt and 30 ppt, in accord with the Biotic Ligand Model. In vivo experiments
showed that copper concentration in the hemolymph is not dependent on metal concentration
in the surrounding medium at either experimental salinity. They also showed that copper flux
into the gills is higher than into other tissues analyzed, and that anterior and posterior gills are
similarly important sites of copper accumulation at both experimental salinities. In vitro
experiments with isolated-perfused gills showed that there is a positive relationship between
copper accumulation in this tissue and the metal concentration in the incubation media for
both anterior and posterior gills. A similar result was observed at both low and high salinities.
Furthermore, in vitro experiments showed that copper accumulation in posterior gills is also
positively and strongly dependent on the incubation time with copper. Gill copper
accumulation occurred at a lower rate in the first two hours of metal exposure, increasing
markedly after this “steady-state” period. This finding was corroborated by a significant

increase in copper influx to the gill perfusate (corresponding to crab hemolymph) after this
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time, measured using ®*Cu. In vivo, after uptake from solution, ®*Cu was primarily
accumulated in the gills and the rest of the body rather than in the hemolymph,
hepatopancreas, or other internal tissues. Overall, the present findings indicate that gills are a
key target organ for copper accumulation, as well as an important biological barrier against
the excessive uptake of copper into the hemolymph and the subsequent distribution of this

metal to internal organs of the blue crab.

Keywords: accumulation, acute toxicity, blue crab, copper, gills, organ-specific distribution,

salinity.
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1. Introduction

Copper is an essential micronutrient required by all living organisms for a variety of
physiological and biochemical processes. In crustaceans, copper is also a component of the
respiratory pigment hemocyanin, participating in oxygen transport (Engel and Brouwer, 1987,
Rainer and Brouwer, 1993). Although copper is an essential element, it can be potentially
toxic to aquatic organisms when available in excess in the water.

While there are important natural sources of copper, multiple human activities
(industries, agriculture, harbors) have considerably increased the input of this metal in
estuarine and marine environments around the world (Flegal and Sanudo-Wilhelmy, 1993;
van Geen and Luoma, 1999; Niencheski and Baumgarten, 2000; Morillo et al., 2005;
Niencheski et al., 2006; D’Adamo et al., 2008;). For example, in Patos Lagoon estuary
(Southern Brazil), the largest coastal water body in South America, an increase of
approximately 15-fold in copper concentration in water has been documented in the last 20
years (Seeliger and Knak, 1982; Baugartem and Niencheski, 1998).

Aguatic organisms take up copper in proportion to the dissolved concentration of the
metal in water (Rainbow, 1995). Generally, uptake occurs throughout epithelial surfaces
related to absorption and excretion of ions such as the gill membranes of fish and crustaceans
(MacRae et al., 1999; Santore et al., 2001; Paquin et al., 2002; Grosell et al., 2007). Copper
can compete with other cations for binding and active uptake sites at the gills (MacRae et al.,
1999; Santore et al., 2001; Paquin et al., 2002; Grosell et al., 2007). Once absorbed, copper
may accumulate in various tissues, especially gills, and exert diverse toxic effects (MacRae et
al., 1999; Arnold et al., 2005; Grosell et al., 2007). In freshwater organisms, it is well known
that copper interferes with Na™ uptake pathways in gills. The resulting impairment in the Na*

gradient, in addition to the inhibitory effects of copper on enzymes related to osmoregulation,
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i.e. Na'/K*-ATPase and carbonic anhydrase, may be the mechanisms for acute toxicity
(Vitalle et al., 1999, Grosell and Wood, 2002; Bianchini et al., 2004). On the other hand, high
copper concentrations can also cause mortality through respiratory disruption (Grosell et al.,
2002).

Water chemistry greatly influences copper bioavailability and its consequent toxicity
(MacRae et al., 1999; Di Toro et al., 2001; Grosell et al., 2002). Increases in salinity can
result in lower free metal ion levels, which are a consequence of a increased metal
complexation by chlorides in higher salinities, and increased competition by cations such as
Na*, Mg®*, and Ca®* (Bianchini and Gilles, 2000; Paquin et al., 2000; Bianchini et al., 2002;
Gensemer et al., 2002; Janssen et al., 2003). For that reason, increases in salinity are generally
associated with decreased uptake rates of many trace metals by marine invertebrates and fish.
(Jones et al., 1975; Reardon and Harrell, 1990; Bambang et al., 1995; Verslycke et al., 2003;
Pinho et al., 2007), suggesting that high salinity can act as a protective factor against copper
toxicity.

Changes in water salinity influence not only metal bioavailability but also cause
physiological alterations in aquatic organisms in order to maintain ionic and osmotic balance.
Copper toxicity can vary depending on osmoregulatory strategies adopted by the organisms.
For example, the killifish Fundulus heteroclitus is more sensitive to copper in freshwater
when it is hyperosmoregulating than at a salinity of 10 ppt that is close to its isosmotic point
(12 ppt) (Grosell et al. 2007). The blue crab Callinectes sapidus is a very widespread
euryhaline species inhabiting estuaries and coastal areas (Rathbun, 1930). These crabs show
different osmoregulatory strategies according to the salinity of the surrounding medium. At
high salinity (> 20 ppt), they osmoconform, while at lower salinity (< 15 ppt) they
hyperosmoregulate (Leffler, 1975). All these characteristics make the blue crab a good model

to investigate mechanisms involved in copper toxicity among different salinities.
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The Biotic Ligand Model (BLM) is a computational tool currently employed to define
water quality criteria for copper in fresh waters (WQC) (US-EPA 2003). The BLM
framework is based on both organism physiology and water chemistry (MacRae et al., 1999;
Santore et al., 2001; Paquin et al., 2002). This model is based on the premise that there is a
strong correlation between metal bioavailability in water, metal concentration on or into the
biotic ligand (generally the gill), and its subsequent acute toxicity (Di Toro et al., 2001; De
Schamphelaere et al., 2002; Grosell et al., 2007). At present, many efforts are being made to
extend the BLM from freshwater to saltwater conditions (Bianchini et al., 2003; Bianchini et
al., 2004; Grosell et al., 2007). For that reason, studies concerning marine and estuarine
organisms are critical for the improvement of the BLM.

The aim of the present study was to clarify mechanisms of copper toxicity in a
crustacean that can live across a wide range of salinities, with the goal of ultimately
developing a BLM approach for saltwater and estuarine organisms at different salinities. For
that, we analyzed copper accumulation and toxicity in the blue crab C. sapidus acclimated to
low (2 ppt) and high (30 ppt) salinities by using both whole animal and isolated-perfused gill
approaches (Pequeux and Gilles (1978). We investigated copper uptake at low salinity (2 ppt)

in detail, using both “cold” and radioactive (**Cu) techniques.

2. Material and Methods

Firstly, copper toxicity and tissue distribution and accumulation were evaluated in blue
crabs C. sapidus acclimated to 2 and 30 ppt. Secondly, copper uptake and tissue distribution
and accumulation were analyzed in greater detail in crabs acclimated to 2 ppt, a situation in
which they must hyperosmoregulate by active ion uptake from the water. Both in vivo and in

vitro experiments were performed in the first and second groups of experiments. The first
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group of experiments was performed in Brazil (Universidade Federal do Rio Grande, Rio
Grande, RS). The second group of experiments was performed in Canada (McMaster

University, Hamilton, ON).

2.1 Animal collection and acclimation

Male blue crabs C. sapidus in stage C or early D of the intermoult cycle (Drach and
Tchernigovtzeff, 1967) were used to perform experiments in the present study. For tests
performed in Brazil, crabs were collected at Marinheiros Island, a non copper-contaminated
site at the Patos Lagoon estuary (Rio Grande, RS, Southern Brazil) (Baumgarten and
Niencheski, 1998). Blue crabs used in Canada were purchased from Gulf Marine Specimens
Laboratories (Panacea, FL, USA).

Juvenile crabs (carapace length = 8.3 + 0.2 cm; body mass = 43.4 + 2.5 g) were used
for acute toxicity and in vivo accumulation tests with copper. Adult crabs (carapace length =
12.3 £ 0.2 cm; body mass = 137.1 + 16.7 g) were used for in vitro copper accumulation and
uptake tests.

In the laboratory, crabs were kept for at least 1 week at either 2 or 30 ppt salinity. In
both cases, acclimation media were continuously filtered (chemical and biological filters) and
aerated. Temperature and photoperiod were fixed at 20°C and 12L:12D, respectively. Crabs

were fed to satiation with chopped fish three times a week.

2.2 Acute toxicity and in vivo accumulation tests

Acclimated juvenile crabs were kept under control conditions (without copper addition

to the water) or exposed for 96 h to waterborne copper. Experimental media were prepared
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using filtered (5-um mesh filter) saltwater at 2 and 30 ppt collected at Cassino Beach (Rio
Grande, RS, Southern Brazil. Different copper concentrations were tested at the two salinities
(at 2 ppt: 0.5, 1, 4, 7, 10, and 20 uM nominal copper; at 30 ppt: 1, 10, 50, 100, and 200 uM
nominal copper). Copper (CuCl,. Vetec, Rio de Janeiro, RJ, Brazil) was added to the saltwater
from a stock solution (50 mM) prepared in acidified Milli-Q® water. The experimental media
were allowed to pre-equilibrate for 3 h prior to introduction of the crabs into the test media.
Crabs (N = 7) were exposed to copper in a pre-cleaned (1% HNO3) glass aquarium containing
5 L of experimental media. Temperature (20°C) and photoperiod (12L:12D) were fixed.
Experimental media were continuously aerated. Every 24 h, living crabs were counted, dead
crabs were removed, and test media were completely renewed. No food was provided during
the test.

Non-filtered and filtered (0.45-um mesh filter, Durapore PVDF Membrane, Millipore,
Sdo Paulo, SP, Brazil) water samples (10 ml) were collected from both control and copper-
contaminated media prior to introduction of the crabs into the experimental media, and after
24 h of test. Water samples were placed in clean plastic Falcon® tubes and acidified (0.5%
HNO,) for later determination of total (non-filtered samples) and dissolved (filtered samples)
copper concentrations, as described below (Section 2.6). Physicochemical characterization of
the experimental media (saltwater at salinity 2 and 30 ppt) was performed as previously
described (Pinho et al., 2007; Pinho and Bianchini, 2010). The following parameters were
measured: temperature, dissolved oxygen, pH, alkalinity, and ion (Na*, K*, Ca®* Mg, CI
and SO4) and DOC concentration.

Following copper exposure, crabs which had been exposed to copper concentrations
lower than the corresponding 96-h LCsg at each experimental salinity were cryoanesthetized
and hemolymph was collected by puncture at the bases of the 3™ or 4™ pair of pereiopods.

Crabs were then killed by carapace removal, and the gills (anterior and posterior) excised
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Removed gills were washed superficially in fresh saltwater at 2 or 30 ppt and internally
flushed as in Section 2.3 so as to remove haemolymph. Anterior (1% to 4™ pairs) and posterior
(5™ to 8™ pairs) gills were collected separately because of their different physiological
functions in blue crabs, as reported in other decapods. Anterior gills are associated with gas
exchange while posterior gills are related to ionic and osmoregulatory processes (Piller et al.,
1995).

Collected tissues were weighed, dried, and completely digested in 1 ml of 65% HNO;
(Suprapur® Merck, Haar, Germany) at 60°C for 2 days. Digested samples were centrifuged
(10 min; 4°C; 10,000 x g; Mikro22R, Hettich, Germany) and the supernatant was collected for
copper measurements, as described below (Section 2.6). Results were expressed in uM Cul/g

wet weight.

2.3 Gill preparation for in vitro experiments

In vitro experiments were performed on isolated and perfused gills of adult crabs
acclimated to 2 or 30 ppt. Anterior (3™ and 4™ pairs) and posterior (6™ and 7 pairs) gills were
perfused and incubated following the procedures described by Pequeux and Gilles (1978).
Saline solutions used to perfuse (S2) and incubate (W2) gills from blue crabs acclimated to 2
ppt were prepared considering the hemolymph ion composition of C. sapidus acclimated to
salinity 2 ppt and the saltwater ion composition at salinity 2 ppt, respectively. Therefore,
composition and osmolality of S2 and W2 were different, since C. sapidus is hyper-
osmoregulating at salinity 2 ppt. However, the same saline solution (SW30) was used to
perfuse and incubate (W30) gills from blue crabs acclimated to salinity 30 ppt, since C.
sapidus is osmoconforming at salinity 30 ppt. The S2 saline solution had the following

composition (in mM): NaCl 335, KHCO3; 8, CaCl, 15, MgS0O,4 10, H3BO3 5, sodium citrate 9,
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and glucose 2.8. The W2 saline solution had the following composition (in mM): NaCl 35,
KHCO;3; 0.5, CaCl; 0.5, MgS0O, 5, H3BO3 5, and glucose 2.8. The SW30 saline solution had
the following composition (in mM): NaCl 370, KHCO3 12, CaCl, 20, MgS0O, 10, H3BO3 5,
sodium citrate 15, and glucose 2.8). The pH of all saline solutions was adjusted to 7.6 with
Tris-Base. In order to prepare the S2 saline solution, ion hemolymph composition of crabs
acclimated to salinity 2 ppt was determined using the same procedures as described by
Martins and Bianchini (2009). The osmolalities of all solutions (S2: 692 + 4, S30: 801 * 4,
W2: 87 + 1 and W30: 801 £ 4 mOsm/kg) were checked using a semi-micro osmometer
(Knauer, Germany) based on the freezing depression.

After cryoanesthesia and sacrifice of the crab, the carapace was removed and gills
were cut free from their bases and carefully rinsed with S2 or S30 saline solution for crabs
acclimated to 2 or 30 ppt respectively. Hemolymph remaining in the excised gills was quickly
removed by gently flushing the gill with S2 or S30 saline solution using a plastic catheter
(Sondaplast, P.E. 50) attached to a plastic disposable syringe (1 mL). This catheter was
inserted into the gill afferent vessel. After gill rinsing, plastic catheters (Sondaplast®) of
appropriated diameter were clipped to the afferent and efferent vessels. The preparation was
then immersed in a plastic vessel containing 15 mL of the appropriate incubation solution
(W2 or W30, see below). The incubation solution was continuously aerated.

The catheter inserted into the afferent vessel was connected to a glass balloon flask
containing S2 or S30 saline solution as appropriate while the catheter inserted into the efferent
vessel drained into a plastic vial to collect the perfusate. The perfusion pressure corresponded
to 15-20 cm H,0. The level of the external incubation medium was continuously monitored
over the perfusion time to check for the occurrence of possible leaks. Leaky preparations were
discarded. After perfusion, gills were removed from the clip, washed, dried on filter paper,

and weighed for copper content analysis, as described below.
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2.4 In vitro gill copper accumulation

Gills (anterior and posterior) were perfused with the S2 saline solution and incubated
in the W2 saline solution (2 ppt acclimated crabs) or perfused with the S30 saline solution and
incubated with the W30 saline solution (30 ppt acclimated crabs). Based on results from the
copper toxicity tests (96-h LCs), external incubation media (W2 and W30 saline solutions)
containing copper at two different concentrations (1 and 10 uM nominal copper) were tested.
The copper (CuCl,. Vetec, Rio de Janeiro, RJ, Brazil) stock solution (500puM) was prepared in
acidified Milli-Q water (0.1% HNOs; Suprapur® Merck, Haar, Germany). Copper
concentration in the stock solution was checked as described in Section 2.6. Gills were also
incubated in W2 saline solution (2 ppt acclimated crabs) or W30 saline solution (30 ppt
acclimated crabs) without copper addition, as control groups.

Anterior gills (N = 6) were perfused for 4 h while posterior gills (N = 6) were perfused
for 1, 2, and 4 h. Because of our study was focused on the mechanisms of gill copper uptake,
copper accumulations as a function of time were only analyzed in posterior gills since they
are the major responsible sites for ion uptake in hyperosmoregulating crabs (Piller et al.,
1995). After perfusion, gills were washed in the appropriate incubation saline solution (W2 or
W30 saline solution) without copper, blotted dried on filter paper, weighed (wet weight),
dried, and digested for copper content analysis, which was performed as described below
(Section 2.6). Results were expressed in uM Cu/g wet weight.

At the beginning and the end of each experiment, filtered samples of the incubation
media (5 ml) were collected and acidified (0.5% HNO3) for further analyses of dissolved

copper concentrations, which were performed as described below.

Page 11 of 63



12

2.5 Copper flux assays

Dried Cu(NOs); (1 mg) was irradiated in the Nuclear Research Reactor at McMaster
University (Hamilton, ON, Canada) to achieve a radioactivity level of 0.6 mCi (**Cu; half life
= 12.9 h). After irradiation, Cu(NO3), was resuspended in 400 pul HNO3 (0.1 mM), 400 pl
NaHCO;3 (0.01 mM), and 4.2 ml W2 (in vitro experiments) or saltwater at 2 ppt (in vivo
experiments). The resuspended ®*Cu was then added to the incubation media (W2) to give a
final concentration of 1 M Cu, 0.2 uCi/ml). Considering the short half-life of **Cu, all

experiments were performed within the next 12 h after irradiation.

2.5.1 In vitro assay

In vitro measurements of copper flux were performed in perfused posterior gills (N =
6) isolated from blue crabs acclimated to 2 ppt. As mentioned above, posterior gills are the
major organs responsible for ion uptake from water in hyperosmoregulating blue crabs (i.e. 2
ppt acclimated crabs). These gills were perfused with S2 saline solution and incubated in W2
saline solution containing ®*Cu (1 pM Cu; 0.2 puCi/ml) for 3 h. Perfusion time was selected
based on the results from the in vitro copper accumulation study described above. The
perfusate was collected every 20 min over the whole experimental period (3 h). Samples were
collected in glass vials and immediately assayed for gamma radioactivity. After perfusion,
gills incubated with ®*Cu were rinsed in a solution containing a high concentration of non-
radioactive CuSQ,4 (200 uM Cu). This “cold displacement” rinse was performed to remove
any loosely surface-bound isotope from the gills. Then, gills were blotted dry on filter paper,
weighed, and placed into glass vials for ®*Cu radioactivity measurements (gamma counting).

Gill copper accumulation was determined by measuring the amount of ®*Cu in the gills at the
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end of the perfusion period (3 h). Copper uptake into the perfusate was determined
cumulatively based on the amount of ®*Cu measured in the efferent perfusate collected
throughout 3 h of perfusion.

Samples (5 ml) of the incubation media were collected 10 min after the isotope
addition (initial) and just before the end of experiment (final). The measured radioactivities
and total copper concentrations in the incubation media at the start and end of the perfusion

periods was used to determine the ®*Cu specific activity, as outlined in Section 2.6.

2.5.2 In vivo assay

In vivo copper uptake measurements were performed in blue crabs (N=7) acclimated
to 2 ppt. Crabs were immersed individually for 6 h in a plastic vessel containing 1 uM ®*Cu
(0.2 pCi/ml) dissolved in 1 L of artificial saltwater (2 ppt). Samples of water (5 ml) were
collected every hour. Crab hemolymph samples (100 ul) were collected with minimal
disturbance, by puncture at the bases of the 3™ or 4™ pair of pereiopods, after 1, 2, 4, and 6 h
of the beginning of the experiment. Water and hemolymph samples were placed into glass
vials and immediately assayed for ®*Cu gamma radioactivity. Following the isotope
incubation period (6 h), crabs were netted out of the exposure containers and rinsed (1 min) in
a solution containing a high concentration of non-radioactive CuSO,4 (200 pM Cu) to remove
any loosely bound ®*Cu. After rinsing, crabs were weighed, cryoanesthetized, and killed for
tissue dissection (anterior gills, posterior gills, hepatopancreas, and gonads). Tissues were
weighed and placed into glass vials for measurements of ®*Cu radioactivity. The rest of the
body (essentially muscle and carapace) was homogenized using a blender, weighed, and

placed in a glass vials for radioactivity measurement (®*Cu gamma counting).
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In vivo copper uptake could be assessed both by the disappearance of **Cu from the
water, as well as its subsequent appearance in hemolymph, dissected tissues, and the rest of

the body, as outlined below.

2.6 Analytical techniques and calculations

Copper concentrations in stock solutions, water samples (non-filtered and filtered)
from toxicity tests, samples of the incubation media, and samples of tissues from the in vitro
bioaccumulation tests were analyzed by atomic absorption spectrophotometry (AAS, Avanta
932 Plus - GBC, Hampshire, IL, USA). Copper concentrations in samples of perfusate and
incubation saline solutions from the in vitro tests and in samples of the incubation media from
the in vivo tests with ®*Cu were measured by graphite furnace atomic absorption spectroscopy
(GF AAS; Varian SpectrA AA-220 with a SpectrAA GTA-110, Mulgrave, Australia).

Radioactivity from ®*Cu in all experimental solutions (perfusate and incubation
media), tissues, and rest of the body was determined using a gamma-counter (Canberra
Packard Minaxi Auto gamma 5000 series gamma-counter, Meriden, CT, USA) with an on-
board program for decay correction of ®*Cu. The %*Cu radioactivity was measured
immediately after the experiments because of its short half-life.

Mean measured ®*Cu specific activities in the incubation media over the appropriate
periods from in vitro and in vivo experiments were used for copper uptake rate calculations.
Specific activity expresses the counts per minute (cpm) of ®*Cu per uM of the total copper in
the incubation media, and was calculated as:

SA = 0.5 [R1/Cu; + (R2)/Cu,]
where R; and R, are ®*Cu radioactivities (cpom mI™) and Cu; and Cu, are total copper

concentrations (umol/ml™) at time 1 and time 2, respectively.
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In the in vitro experiments, copper flux into the perfusate per g of wet gill tissue (umol
g™) was determined cumulatively based on the accumulation of ®*Cu radioactivity in the
effluent perfusate over the 3 h of incubation time, the mass of the gill, and the specific activity
of the incubation media, and was calculated as:

Rp

Jinpz ———°
e SA - We

where Jinp is the influx of copper into the perfusate, Rp is the radioactivity (cpm) in the
perfusate, SA is the mean specific activity (cpm pM™) of the incubation medium for each flux
period and W is the wet weight of the gill (9).

Copper uptake into the gill per g of wet gill tissue was calculated by the equation:

Re

Jing = —SA “We

where Jing is the influx of copper into the gill, Rg is the final radioactivity (cpm) in the gill,
SA is the mean specific activity in the incubation media (cpm uM™) between the beginning
and the end of the experiment (3 h), and W the wet weight of the gill (g).

Measurements of copper uptake rate from water per g of wet whole crab (umol g™* h™)

in the in vivo experiments were calculated based on the formula:

([Ra] - [Re]) -V
SA-Wc-T

Jin =

where Jin is copper uptake rate into the crab, R; and R, are the radioactivity values of the
84Cu per ml (cpm mlI™) in water at the beginning and at the end of the respective 1-h uptake
period, V is the water volume of the experimental medium (1000 ml), SA is the mean specific
activity (cpm umol™) of the isotope during the flux period, Wc is the weight of the crab (g),
and T is the time of 1-h flux period.

Copper flux rate into hemolymph per g of wet whole crab (umol g* h™) was

calculated based on ®*Cu radioactivity measured in hemolymph, on the appropriate specific
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activity of ®*Cu in the water, incubation time, estimated hemolymph volume, and crab body
mass as shown by the equation:

([Ri] = [Re]) - HV
SA Wc: T

JinH =

where Jiny is the flux rate of copper into hemolymph, R; and Ry are the radioactivity values
of the ®Cu per ml (cpm ml™) of hemolymph at the beginning and at the end of the respective
uptake interval (0-1, 1-2, 2-4, 4-6 h), HV is total volume of hemolymph in the crab (ml)
which was calculated based on data from Wood and Cameron (1985), SA is the mean specific
activity (cpm umol™ Cu*?) of the isotope in water during the flux period, Wc is the weight of
the crab (g), and T is the time of respective flux period.

Copper uptake into hemolymph (umol g™* wet weight) over the 6-h period of exposure
was calculated based on the on ®Cu radioactivity measured in hemolymph at each exposure
time (1, 2, 4, 6 h), on the appropriate specific activity of ®*Cu in the water at the respective
time of exposure, estimated hemolymph volume, and crab body mass.

Organ-specific **Cu distribution (umol g™ wet weight) was calculated based on the
amount of **Cu in each tissue analyzed divided by specific activity of water and crab mass at

the end of the 6-h exposure.

2.7 Statistical analyses

The trimmed Spearman-Karber method was used to calculate copper concentrations
causing mortality of 50% of the individuals tested (96-h LCsp) and their corresponding 95%
confidence intervals. Free cupric ion (Cu®*) concentration and activity were estimated at 2 and
30 ppt using the Visual MINTEQ software. These estimations were based on the measured
dissolved copper concentrations and the water chemistry at the corresponding salinity.

Regarding DOC, speciation was performed using the Nica-Donnan model. Therefore, copper
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speciation analysis was performed as previously described (Pinho and Bianchini, 2010).

In general, data from both in vivo and in vitro experiments have been expressed as
mean + standard error of mean. Mean values comparisons were performed using one-way
analysis of variance (ANOVA) followed by the Tukey’s test. Differences between mean
values of copper flux to the gills and to the perfusate were evaluated using the two-tailed
Student’s t-test. Differences between rates of copper uptake into the tissues analyzed (anterior
gills, posterior gills, hepatopancreas, gonads, hemolymph) and rest of the body in the in vivo
tests were evaluated by ANOVA followed by the Tukey’s test.

Relationships between free cupric ion concentration or free cupric ion activity in the
experimental media or gill (anterior and posterior) copper burden and % mortality, at salinity
2 and 3 ppt, were evaluated by linear regression analysis.

In all cases, the significance level adopted was 95% (o = 0.05).

3. Results

The physicochemical parameters of the experimental media employed in the
experiments with the blue crab C. sapidus are shown in Table 1. As expected a higher
dissolved oxygen concentration was observed in saltwater at salinity 2 ppt, while higher
alkalinity and concentration of ions and dissolved organic carbon were observed in saltwater
at salinity 30 ppt. Regarding pH, no significant difference was observed between salinities.
INSERT TABLE 1

Acute toxicity values at salinities of 2 and 30 ppt are compared in Table 2. Based on
nominal, total, and dissolved copper concentrations, the 96-h LCs, for copper was 10-fold
lower at 2 ppt than at 30 ppt. However, no significant difference was observed between
experimental salinities when the 96-h LCs, for copper were calculated based on free cupric

ion concentration or activity (Table 2). It is important to note that survival in control crabs (no
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copper addition into the water) was 100% in both 2 and 30 ppt, confirming the euryhalinity of
juvenile C. sapidus.
INSERT TABLE 2

The percentage of total copper that was dissolved in the water 24 h after metal
addition into the experimental media, as well as mortality observed after 96 h of experiment
for each concentration tested at 2 and 30 ppt are shown in Figure 1A and 1B, respectively. At
2 ppt, no copper precipitation was visually observed over the whole range of concentrations
tested. On the other hand, at 30 ppt, visible copper precipitation increased as a function of
metal concentration at exposures higher than 10 uM (nominal copper concentration),
probably as CuCl,. Direct measurement by 0.45 um filtration proved more sensitive than the
eye but confirmed the general observation; percentage loss by precipitation never exceeded
25% at 2 ppt (Fig. 1A), but at 30 ppt, increased progressively with concentration, such that
only 20% of copper remained dissolved at the highest tested concentration (Fig. 1B). As
shown in Figure 1B, there was very high copper precipitation at 30 ppt at concentrations
lower than those inducing 50% crab mortality. In preliminary trials at copper concentrations
lower than 10 uM at 30 ppt, crab mortality was consistently below 15%.
INSERT FIGURE 1

Figure 2 shows the copper content in gills (anterior and posterior) and hemolymph of
surviving blue crabs exposed to copper for 96 h at 2 (Fig. 2A) and 30 ppt (Fig. 2B). At 2 ppt,
a significant copper accumulation was observed in both anterior and posterior gills of crabs
exposed to 1 UM nominal copper. Gill copper accumulation was dependent on metal
concentration in the experimental media. However, levels of copper in the hemolymph, which
were much higher than in the gill, did not significantly change across the different copper
concentrations tested (Fig. 2A).

Copper concentrations in tissues of control crabs and those exposed to 1, 10, 50, and
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100 uM nominal copper at 30 ppt are shown in Figure 2B. A significant copper accumulation
was observed in both anterior and posterior gills of crabs exposed to concentrations higher
than 10 uM nominal copper. Gill copper accumulation was similar at 10, 50 and 100 pM
nominal copper. As observed at 2 ppt, copper concentration in the hemolymph was higher
than in the gills, and did not change significantly as a function of metal concentration in the
experimental medium.

At both 2 and 30 ppt, no significant differences in copper concentration were observed
between anterior and posterior gills. Furthermore, the relationships between copper
concentration in the gills (anterior and posterior) and % mortality were similar at 2 and 30 ppt
(Fig. 3). Also, significant relationships between free cupric ion concentration [(salinity 2 ppt:
y = -0.87 + 13.11x; R® = 0.98) (salinity 30 ppt: y = 1.57 + 20.16x; R® = 0.84)] or free cupric
ion activity [y = -0.87 + 28.70x; R? = 0.98) (salinity 30 ppt: y = 3.88 + 62.61x; R? = 0.80)] and
% mortality were observed at the two salinities tested.

INSERT FIGURES 2 AND 3

In vitro copper accumulation was investigated using a gill perfusion technique.
Concentrations of copper added to the media (1 and 10 uM nominal copper) were selected
based on data from the in vivo experiments described above. The highest concentration tested
(10 uM Cu) was around the nominal copper 96-h LCsq at 2 ppt (Table 2). Measured dissolved
copper concentrations at 0 (control), 1, and 10 UM nominal copper treatments were 0.28 +
0.03,0.79 £ 0.08, and 7.31 £ 0.25 UM in the incubation media (W2 solution), and 0.12 £ 0.03,
0.94 + 0.06, and 8.74 + 0.39 uM in the incubation media (W30 solution), respectively.

At the highest copper concentration tested (10 M nominal copper), a significant
copper accumulation was observed after 4 h in both anterior and posterior gills perfused with
S2 saline solution and incubated in W2 solution (Fig. 4A) or perfused with S30 saline solution

and incubated in W30 solution (Fig. 4B). No significant difference in copper accumulation
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was observed between anterior and posterior gills in all treatments (Fig. 4). Although copper
concentration measured in water from the in vivo and in vitro experiments were quite similar,
copper accumulation was much higher in gills of crabs exposed in vivo to copper (Fig. 2) than
in those exposed in vitro to copper (Fig. 4). The difference likely reflects the different
exposure times — 4 h in vitro versus 96 h in vivo.

The time-dependency of copper accumulation in vitro was investigated only in
posterior gills (Fig. 5). When gill copper accumulation was analyzed at 1, 2, and 4 h of
perfusion, gills incubated in W2 solution showed a significant copper accumulation only after
4 h of incubation with 10 uM nominal copper. For gills incubated in W30 solution, a
significant accumulation of copper was observed after 1 and 4 h of incubation with 10 uM
nominal copper.

INSERT FIGURES 4 AND 5

A more sensitive methodology using ®*Cu was tested which allowed measurement of
copper uptake into both gill tissue and perfusate. Experiments were performed only with
posterior gills from crabs acclimated to 2 ppt and perfused with S2 saline solution and
incubated in W2 solution. Posterior gills were incubated for 3 h in 1 uM ®*Cu. Copper flux
into the perfusate stayed at a more or less constant level until 130 min, increasing
significantly after this period of incubation (Fig. 6). Cumulative copper uptake into the
perfusate over the 3 h perfusion period (39 + 8 x10® umol g™ gill wet weight) was markedly
lower than that into the gill tissue by the end of 3 h (0.008 + 0.002 pmol g gill wet weight).
In fact, copper entering the gills appeared to be well handled in this tissue over the 3 h of
experiment, with only very small amount of this metal flowing into the perfusate. It is
important to note that the ®*Cu disappearance from the incubation saline solution over 3 h
(0.106 + 0.033 umol g gill wet weight) does not match with the sum of the ®*Cu going into

the gill and into the perfusate. Such difference could be explained considering that a large
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amount of ®*Cu could have been adsorbed onto the walls of the incubation vessel, as well as
onto the gill surface. The latter would have been displaced by the “cold displacement”
procedure used at the end of the experiment (see Methods). Notably, copper uptakes into the
gills measured using either “cold” (0.005 + 0.002 pmol g™ gill wet weight) or radioactive
techniques (0.008 + 0.002 pmol g™ gill wet weight) were similar over the 3-4 h of incubation
when gills were exposed to 1uM copper. “Cold” copper accumulation was measured by
subtracting the control values from those of 1 UM exposure over 4 h (Fig. 5A).
INSERT FIGURE 6

Figure 7 illustrates the results of the in vivo **Cu uptake experiment, performed at a
nominal concentration of 1 1M ®*Cu in the incubation medium at 2 ppt. Based on the
disappearance of ®*Cu cpm from the external water, copper flux into the crab occurred only
over the first hour of the incubation; following this period **Cu did not change significantly in
the external media (Fig. 7A). Similar to the disappearance of **Cu from the medium, ®*Cu flux
into hemolymph was only observed in the first hour, although this is not significant (Fig. 7B).
Furthermore, ®*Cu concentration in the hemolymph did not change significantly over time
(Fig. 7C). As shown in section 2.6 copper uptake into hemolymph was calculated based on
radioactivity of ®*Cu in total mass of crab hemolymph, specific activity of water, and crab
body mass (g). For copper flux calculations, time of exposure (h) was also considered. These
findings could suggest again that copper uptake occurred only over the first hour of exposure,
but note that the calculated rate of °*Cu appearance in the haemolymph was only about 2.5%
of the rate of **Cu disappearance from the external water. This suggests that most of the **Cu
disappearing from the external water was being redistributed to other sites in the crab.
INSERT FIGURE 7

Terminal sampling occurred after 6h of exposure. The organ-specific copper

distribution was calculated as the amount of ®*Cu that appeared in each tissue in relation to the
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total ®*Cu incorporated by crab over 6 h of experiment (Fig. 8). The largest percentage (52%)
of ®*Cu taken up by the adult blue crabs in vivo was found in the “rest of the body”. However,
the gills (43%) also seem to have an important role in copper accumulation. Note that there
was only 4% in the haemolymph at this time, in agreement with the flux calculation, and the
percentage in the hepatopancreas (0.8%) was also very low. Overall, there was good
agreement between the amounts of **Cu removed from water in the first hour of exposure
period to that appearing in the whole crab at 6 h (0.0029 + 0.003 and 0.0024 + 0.0002 puM
copper per g of whole wet crab mass, respectively).

INSERT FIGURE 8

4. Discussion

Acute waterborne copper toxicity data obtained in the present study for the blue crab,
Callinectes sapidus, show that 96-h LCs, values based on nominal, total and dissolved copper
concentrations calculated for salinity 2 ppt were ~10-fold lower than that for salinity 30 ppt.
However, 96-h LCsq values calculated based on free copper concentration and activity were
not significantly differently between 2 and 30 ppt (Table 2). Furthermore, copper burden in
the gills (anterior and posterior) seems to be the main factor controlling copper toxicity in the
blue crabs (Fig. 3).

According to the Biotic Ligand Model (BLM), acute dissolved copper toxicity occurs
when metal binds to active sites in the biotic ligand (i.e gills of fish and crustaceans).
However, copper speciation, bioavailability, and its subsequent toxicity to aquatic organisms
are highly dependent on the water physicochemical parameters (e.g., pH, alkalinity, hardness,
ions and dissolved organic matter concentrations, among others) (Paquin et al., 2000; Santore

et al., 2001). Water chemistry parameters widely vary between salinities tested in present
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study (2 and 30 ppt). For example, Na*, Mg?* and Ca** concentrations at salinity 30 ppt are
~20-fold higher than at 2 ppt , whereas CI” concentration increases ~10-fold (Table 1).
Cations present in seawater, such as Na*, Mg, and Ca®* may compete with copper for the
active binding sites in the biotic ligand (gills of fish and crustaceans) (Lauren and McDonald,
1986; Grosell and Wood, 2002) while anions, mainly CI", complex with copper, reducing its
bioavailability (Bianchini et al., 2004). Therefore, with increasing salinity, an increased
tolerance for copper would be expected. In fact, several authors have shown a decrease in
copper toxicity in fish and crustaceans with an increase in water salinity (Bambang et al.,
1995; Chen and Lin, 2001; Grosell et al., 2007).

Salinity affects not only the physical chemistry of the water, but also the physiology
of the animal. The blue crab hyperosmoregulates at 2 ppt and osmoconforms at 30 ppt
(Leffler, 1975). Active transbranchial NaCl absorption and water excretion via the antennal
gland constitute the major elements of the hyperosmoregulatory processes in order to
compensate the passive NaCl loss and water entry to the dilute external medium. On the other
hand, the osmotic stress is low in water at high salinities, with internal osmotic
concentrations close to that of the surrounding medium (Henry and Cameron, 1982; Pequeux,
1995; Freire et al., 2008). Considering that copper generally targets ion transport mechanisms
(Grosell and Wood, 2002; Grosell et al., 2002; Grosell et al., 2007), it seems reasonable to
suggest that variations in copper sensitivity at low and high salinities would be associated
with the different osmoregulatory strategies adopted by C. sapidus under these experimental
conditions (2 and 30 ppt). Grosell et al. (2007) demonstrated that the highest tolerance of the
euryhaline fish Fundulus heteroclitus to copper occurs close to the isosmotic point of this
species, when the osmotic stress is least, suggesting that copper tolerance is more associated
with physiological aspects of the organism than with the metal bioavailability in the media.

However, it is important to point out that these authors did not vary the free copper
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concentration very widely (<4-fold) in comparison to the variation in salinity (>10-fold).
Therefore, the water chemistry effect would be relatively limited while the physiological
effects associated with the variation in salinity would be somewhat accentuated.

In turn, results reported here for the euryhaline blue crab C. sapidus are not in
agreement with this idea. Despite the fact that the isosmotic point for blue crabs corresponds
to a water salinity of ~30 ppt, where the crab sensitivity to total copper was much lower, the
96-h LCsp values calculated based on free copper concentration and activity were not
significantly different from the values at 2 ppt. This finding clearly indicates that acute
waterborne copper toxicity observed in the blue crab C. sapidus are not associated with the
physiological aspects, but are solely explained by changes in water chemistry at the two
different experimental salinities. It also suggests that the free cupric ion would be responsible
for the acute toxicity observed at the different salinities tested. In fact, a significant positive
relationship between mortality and free cupric ion concentration or activity was observed.
Thus, the copper precipitation at 30 ppt (Fig. 1B), the differences in organism physiology
between 2 and 30 ppt, and the additional cations present at the higher salinity do not appear to
influence copper toxicity in C. sapidus. At this point, one could consider the possibility that
the mechanism of acute copper toxicity at high salinities would not be associated with an
ionic imbalance, as observed in freshwater animals. This could explain why the additional
cations present in saltwater at salinity 30 ppt would not be influencing the acute copper
toxicity in the blue crab. In fact, it has been suggested that copper can also cause mortality
through respiratory disruption (Grosell et al., 2002).

As far as we know, this work is the first to report copper acute toxicity in juvenile C.
sapidus. However, data of copper toxicity (96 h) tests are also available for juveniles of other
marine and estuarine decapods (Bambang et al., 1995; Chen and Lin, 2001; Valdovinos and

Zuniga, 2002; Ferrer et al., 2006). Acute copper toxicity is similar in both the juveniles
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euryhaline crabs Neohelice granulata and C. sapidus in very dilute seawater (~2 ppt)
(Bianchini et al., 2003). However, at high salinity the blue crab is more sensitive to copper
than N. granulata (Greco et al., 2001; Ferrer et al., 2006). Also, the shrimp Penaeus mondon
is more tolerant to copper than blue crab (Chen and Lin, 2001) at high salinity while the
shrimp Penaeus japonicas is less sensitive (Bambang et al., 1995). The variation in
sensitivity among species could be due to differences in size and also to differences in
physiology (Grosell et al., 2007).

The relationships between copper burden in the gills and mortality were very similar
at 2 and 30 ppt (Fig. 3). This suggests that copper concentration in gills is the key factor
controlling copper toxicity in blue crabs, in accord with the BLM framework. Indeed, many
previous studies have been shown the gills are the site of acute dissolved copper toxicity in
aquatic organisms (Lauren and McDonald, 1985; Taylor and Anstiss, 1999; Vitale et al.,
1999; Wood, 2001; Grosell and Wood, 2002; Grosell et al., 2007). At 2 ppt, gill accumulation
of copper showed a positive relationship between exposure concentrations and metal burden
in gills (Fig. 2A). In contrast, significant copper accumulation in gills of crabs acclimated to
30 ppt was observed only after exposure to 10 UM or higher nominal copper concentrations
(Fig. 2B). Increased copper concentrations following metal exposure were also found in gills
of the crabs Carcinus maenas (Weeks et al., 1993) and Pachygrapsus marmoratus (Legras et
al., 2000). Generally, crustaceans take up copper in proportion to dissolved copper in the
media (Rainbow, 1995).

In the blue crab, anterior gills are considered as mainly respiratory and posterior gills
are the major sites for ion transport (Piller et al., 1995; Towle and Weihrauch, 2001).
Therefore, high copper concentrations in the gills can cause osmoregulatory disturbances
and/or respiratory disruption (Grosell et al., 2002). In freshwater animals, physiological

studies have demonstrated that copper inhibits sodium uptake by the gills through
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competition with sodium uptake pathways and also inhibits the activity of the Na*/K*-
ATPase, a basolateral enzyme responsible for sodium transport uptake (Lauren and
McDonald, 1985, 1986; Grosell et al., 2002). On the other hand, disturbances in acid-base
balance presumably caused by restriction of gas exchange capacity have been reported for the
shore crab C. maenas after acute exposure to copper (Boitel and Truchot, 1988; 1990). Also,
an inhibition of the activity of the carbonic anhydrase was observed in the estuarine crab N.
granulata following copper exposure (Vitale et al., 1999). Since carbonic anhydrase is
involved in osmoregulation as well as in gas exchange, an inhibition of its activity can cause
both osmoregulatory and respiratory disorders. Despite the different roles of anterior and
posterior gills, no significant difference in copper accumulation was detected between these
two types in either in vivo or in vitro experiments with “cold” Cu.

In contrast to the results observed for gills, copper concentrations in the hemolymph,
which were much higher than in gill tissue, did not change as a function of copper
concentration in the experimental media (Fig. 2). Since copper is a functional part of the
crustacean respiratory protein hemocyanin (Engel and Brouwer, 1987, Rainer and Brouwer,
1993), high concentrations of the metal in the hemolymph are expected. Previous studies
have shown that copper taken up from the ambient water and reaching the hemolymph is
removed to other organs to be detoxified or excreted, maintaining copper level in the
hemolymph relatively constant (Rtal and Truchot, 1996; Rainbow 2002; Rainbow, 2007).
This would explain the unchanged levels of copper in the hemolymph of blue crabs C.
sapidus exposed to different copper concentrations. Due to the affinity of metals, including
copper, for protein—SH and —NH groups, the extra copper incorporated by the crab could bind
to the non-active sites in the hemocyanin and be transported through the body until reaching
the detoxifying organs such as the hepatopancreas.

Copper concentration increased in isolated-perfused gills (anterior and posterior) after
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4 h of incubation in W2 or W30 solutions containing 10 uM copper (Figs. 4 and 5).
Furthermore, the amount of copper accumulated in vitro was similar in gills incubated in W2
and W30 solutions. This similarity in copper accumulation was also observed in gills of crabs
exposed in vivo to comparable concentrations of copper in media at 2 and 30 ppt (Fig. 2). The
higher levels of copper found in gills from the in vivo experiments (Fig. 2) when compared to
those from the in vitro tests (Fig. 4) are likely due to the different times of exposure, i.e., 96 h
for the in vivo and only 4 h for the in vitro assays. Indeed, if we multiply the accumulation
over 4 h in vitro by 96/4 = 24, the product is similar or slightly greater than the levels
measured in vivo at 96 h. Therefore, the in vitro gill perfusion model seems to be a suitable
model to study mechanisms of copper uptake and toxicity in decapods.

Using a more sensitive methodology, i.e. a radiotracer technique based on ®*Cu, we
measured for the first time the in vitro and in vivo influx of copper in a crustacean species. In
these experiments, isolated posterior gills or whole crabs were exposed to 1 uM ®Cu at a
salinity of 2 ppt. It should be remembered that C. sapidus hyperosmoregulates by active ion
pumping at 2 ppt (Henry and Cameron, 1982; Towle and Weihrauch, 2001; Bianchini et al.,
2008; Freire et al., 2008).

Measurements of copper influx show that most of the ®*Cu taken up by isolated gills
accumulates in this tissue and only a small amount of copper moves through to the perfusate
(Fig. 6). The amount accumulated in the gill tissue agreed well between radioactive and
“cold” methodology. However, as mentioned above, the **Cu technique revealed that copper
influx to the perfusate (hemolymph) significantly increased after 2 h of incubation and kept
increasing through to 3 h of experiment (Fig. 6). A possible interpretation for these finding is
that the mechanisms of transport at the basolateral gill membrane are limiting the copper flux
from the gill to the hemolymph, leading to a build-up of concentration of copper inside the

gill ion-transporting cells. Once the internal binding sites are saturated, the increased level of
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copper accumulated inside the gill cells may induce a stimulation of the cellular mechanisms
involved in copper extrusion. In this context, Grosell and Wood (2002) have suggested that in
rainbow trout copper passes from the gill cells to the blood via copper-specific P-type
ATPases. In fact, an involvement of the basolateral Na'/K*-ATPase in copper transport has
been demonstrated in isolated gills of the blue crab C. sapidus acclimated to seawater at
salinity 30 ppt (Paganini, Souza and Bianchini, unpublished results). Regardless of its details,
the mechanism of copper extrusion appears to serve as a protective response against the
excessive accumulation of copper in the gill tissue.

Regarding in vivo copper flux, over the first hour of whole crab incubation with ®*Cu,
the amount of ®*Cu significantly decreased in the media (Fig. 7A) and increased in
hemolymph (Fig. 7B), but not inducing significant changes in hemolymph %Cu concentration
over the 6-h exposure period (Fig. 7C). These results show that a fraction of copper taken up
by the crabs, probably throughout the gills, enters the hemolymph, but this is only a very
small percentage (2.5%) of the total. Most must have been redistributed to other tissues,
because by 6 h, the amount measured in the whole crab agreed well with the amount that
disappeared from the external medium (0.0024 + 0.0002 and 0.0029 + 0.003 uM copper per g
of whole wet crab mass, respectively). Notably, following 1 h of incubation, ®*Cu
concentration did not change in the media or in the haemolymph. This may suggest that crabs
activated mechanisms to regulate down-regulate copper uptake. One possibility that was not
investigated in the present study is that the crabs reduced or stopped their ventilation of the
external media in the face of a noxious stimulus. Crabs are capable of long ventilatory pauses
(McDonald et al., 1977).

Although not significant, ®*Cu appeared to decrease in hemolymph following the first
hour of the experiment (Fig. 7B), suggesting that **Cu absorbed by the crabs is being

regulated internally by an intrinsic mechanism. Since hemolymph is a transit compartment
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for copper, exogenous copper accumulation in this tissue is not expected. Also, **Cu did not
appear to exchange with the large amount of non-radioactive copper (cold Cu*?) present in
the hemolymph. Perhaps exogenous copper transits in the hemolymph in a different pool
from that of “cold copper” which is probably associated with the hemocyanin.

Measurements of organ-specific **Cu distribution demonstrated that the gills are
important sites of copper accumulation in the blue crab (Fig. 8). This would be expected since
metal uptake in gill-breathing animals generally takes place at the gills. The high rates of
copper uptake observed in gills of C. sapidus reinforce the idea that this is a target organ for
copper accumulation and toxicity. Notably, ®*Cu accumulation was greater in posterior gills,
which are considered to be the major sites for ion transport (Piller et al., 1995; Towle and
Weihrauch, 2001); this was not detected with the less sensitive cold techniques.

The gill epithelium may not be the sole target for the toxic action of copper. The
hepatopancreas has also been described as an important organ of metal storage and
detoxification in crustaceans (Legras et al., 2000; Rainbow, 2007). However, **Cu burden in
this tissue was low (0.8%) when compared to posterior gills (30.7%) and “rest of the body”
(52%). Perhaps, the shorter period of exposure and lower copper concentration used for C.
sapidus in the present study did not allow copper (**Cu) to accumulate to high levels in the
crab hepatopancreas.

As observed for gills, a large amount of ®*Cu was also found in the “rest of the body”,
which is essentially composed of muscles and exoskeleton. In fact, exoskeleton can adsorb
much of the dissolved labeled copper. This metal can be desorbed again at lower dissolved
exposures. However, it is never taken up into the body and consequently cannot exert toxic
effects. However, it must be stressed that the adsorbed copper onto the exoskeleton was
displaced and washed out after rinsing the blue crabs in a concentrated (200 uM) cold-copper

solution. Therefore, copper measured in the blue crab exoskeleton can be considered as
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effectively accumulated in the tissue. Part of the copper taken up by gills or the gut may be
transported into the exoskeleton via the hypodermal lining of the cuticle. In this case, it can
even be resorbed again before molting, being physiologically available for a certain time. This
copper might or might not exert toxic effects. On the other hand, copper storage in the
exoskeleton can be a strategy for metal elimination, because crustaceans replace the old
carapace containing excessive amounts of metal by a new and “clean” one during the molting
process (Steenkamp et al., 1994; Pourang et al., 2004). In this case, copper accumulated in
exoskeleton would not be available for binding to sensitive sites, where the metal can exert
toxic effects.

Clearly, as in fish (Grosell et al., 1997; Grosell and Wood, 2002) the %*Cu technique is
a powerful one, revealing information in C. sapidus that would be difficult to gather from
“cold” experiments. In future investigations, it will be profitable to sacrifice crabs at various
times, so as to track changes in uptake and internal distribution after various durations of
exposure, as well as to measure changes in ventilation (McDonald et al., 1977) during the
exposure.

Finally, different approaches employed in the present study (in vitro and in vivo
techniques both with and without ®Cu) to measure gill copper uptake and accumulation are in
agreement and all of them point to the gills as the main target for acute dissolved copper

toxicity in C. sapidus.

5. Conclusions

Differences in acute waterborne copper toxicity observed between experimental

salinities (2 and 30 ppt) appear to be completely explained by changes in water chemistry,

and apparently were not dependent on the different physiological aspects of blue crabs at
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different water salinities. This finding is in agreement with the similar pattern of tissue metal
accumulation observed in the juvenile blue crab C. sapidus at the different experimental
salinities, especially in the gills (anterior and posterior), and in the similar relationships
between gill copper burden and mortality at the two salinities. Also, measurements of copper
influx reinforce the role of gills in copper uptake, accumulation, and toxicity. Further
investigations are necessary to identify the pathways involved in copper uptake by gills of the
blue crab C. sapidus, as well as to better understand the mechanisms of acute waterborne

copper toxicity over a wider range of water salinities.
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Table 1. Physicochemical parameters of the experimental media used in the experiments with
the blue crab Callinectes sapidus. Data are expressed as mean + SEM. DOC = dissolved

organic carbon. * Indicates significantly different mean values for each parameter between

salinities.

Parameter Salinity 2 ppt Salinity 30 ppt
Temperature (°C) 20.1+0.2 20.3+0.3
pH 7.12+0.11 7.28+0.12
Dissolved oxygen (mg.L™) 8.0+ 0.4 6.5+ 0.2*
Na“ (mg.L™) 559.9 + 75.2 10626.0 + 879.0*
CI (mg.L™") 1971.0 + 106.7 18185.0 + 1737.1*
K* (mg.L™) 18.8+1.7 295.2 + 34.0*
Ca** (mg.L™h 20.7+0.4 340.7 £ 9.3*
Mg* (mg.L™) 116.2+5.4 870.3 + 128.8*
SO,~ (mg.L™) 56.2 + 2.3 737.5+21.9*
Alkalinity (mg CaCO3.L™) 14.2 +1.7 241.0 +13.8*
DOC (mg.L™) 0.41+0.10 5.20 + 0.77*
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Table 2. Acute waterborne copper toxicity in juvenile blue crabs Callinectes sapidus (N =7
per concentration tested) acclimated to saltwater at different salinities. Results are expressed
as 96-h LCsp values and their corresponding 95% confidence intervals in uM. Toxicity values
were calculated based on nominal, total, dissolved, and free cupric ion concentrations, as well
as free cupric ion activity. (*) Indicates significant difference (p<0.05) between water

salinities for each copper fraction.

Copper fraction Salinity 2 ppt Salinity 30 ppt
Nominal 8.00 (5.58 - 11.46) 112.25 (54.63 — 230.63) *
Total 6.39 (4.20 - 9.70) 63.23 (34.02 - 117.51) *
Dissolved 5.31 (3.50 - 8.05) 52.99 (27.39 - 102.52) *
Free ion 3.09 (1.93 — 4.95) 5.58 (2.33 - 13.37)
Activity 1.41 (0.88 - 2.26) 1.70 (0.71 - 4.07)
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Figure Captions

Figure 1. Percentage of total copper that was measured as dissolved copper after 24 h after
copper addition to the experimental medium. Percentage values above bars represent the
corresponding mortality of juvenile blue crabs Callinectes sapidus at each copper

concentration tested in saltwater of (A) salinity 2 ppt and (B) salinity 30 ppt.

Figure 2. Gill and hemolymph copper accumulation in juvenile blue crabs Callinectes
sapidus kept under control condition (no copper addition into the water) or acutely exposed
(96 h) to waterborne copper in water of (A) salinity 2 ppt (0.5, 1, 4 and 7 UM nominal
copper) and (B) salinity 30 ppt (1, 10, 50 and 100 uM nominal copper). Data are expressed as
mean £ SEM. Different capital letters indicate significant difference (p<0.05) within tissues
at the same copper concentration. Different lowercase letters indicate significant difference

(p<0.05) within copper concentrations for the same tissue.

Figure 3. Relationships between gill copper accumulation and % mortality in (A) anterior and
(B) posterior gills of juvenile blue crabs Callinectes sapidus exposed to copper (96 h) at
salinity 2 ppt (0, 0.5, 1, 4 and 7 uM nominal copper) and 30 ppt (0, 1, 10, 50 and 100 uM

nominal copper). Data are expressed as mean = SEM.

Figure 4. Copper accumulation in perfused gills (N = 6) (anterior and posterior) isolated from
juvenile blue crabs Callinectes sapidus. Gills were (A) perfused with S2 saline solution and
incubated with W2 solution or (B) perfused with S30 saline solution and incubated with W30
solution for 4 h. See text for solution compositions. Experiments were performed without

(control) or with copper (1 and 10 uM nominal copper) addition into the incubation media.
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Data are expressed as mean + SEM. Different letters indicate significant difference (p<0.05)
within copper concentrations for each type of gill (anterior and posterior). For each copper
concentration tested, no significant difference (p>0.05) was observed between anterior and

posterior gills.

Figure 5. Time dependent kinetics of copper accumulation in posterior gills (N = 6) of
juvenile blue crabs Callinectes sapidus (A) perfused with S2 saline solution and incubated
with W2 solution or (B) perfused with S30 saline solution and incubated with W30 solution
for 1, 2, and 4 h. See text for solution compositions. Experiments were performed without
(control) or with copper (1 and 10 uM nominal copper) addition into the incubation media.
Data are expressed as mean + SEM. Different capital letters indicate significant difference
(p<0.05) within copper concentrations for the same time of exposure. Different small letters
indicate significant difference (p<0.05) within times of exposure for the same copper

concentration.

Figure 6. Cumulative copper (**Cu) uptake into the gill perfusate over the experimental
period. Isolated posterior gills (N=6) of juvenile blue crabs Callinectes sapidus were
perfused with S2 saline solution and incubated with W2 solution containing 1 uM Cu. See
text for solution compositions. Values are expressed as means + SEM. (*) Indicates
significantly different (p<0.05) copper uptake rate from that at the beginning of gill perfusion

(initial value).
Figure 7. (A) Copper (**Cu) uptake from water by the blue crab Callinectes sapidus (N = 7) in

vivo at different periods of copper exposure (1 uM ®Cu) over 6 h of total experimental time.

Rates of copper uptake were calculated based on radioactivity of ®*Cu in the water, crab body
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mass, 1-h incubation time, and specific activity of ®*Cu in water (see section 2.6). (B) Flux of
copper (**Cu) into the hemolymph of adult blue crabs C. sapidus at different intervals (0-1, 1-
2, 2-4, 4-6 h) of copper exposure (1 pM %*Cu). Values of **Cu uptake were calculated
considering the radioactivity of ®*Cu in total mass of crab hemolymph, specific activity of
water, crab body mass and time of exposure (see section 2.6). (C) Copper uptake into
hemolymph of adult blue crabs C. sapidus at 1, 2, 4 and 6 h of exposure to 1 uM **Cu.
Amount of copper in hemolymph was calculated based on ®*Cu radioactivity in total mass of
crab hemolymph, specific activity of water at the different times of exposure (1, 2, 4 and 6 h),
and whole crab mass (see section 2.6). Data are expressed as mean £ SEM. (*) Indicates
significantly different mean values (p<0.05) between incubation periods in Panel A. No

significant difference between mean values (p>0.05) was observed in Panels B and C.

Figure 8. Copper (**Cu) distribution in different tissues (hemolymph, anterior and posterior
gills, hepatopancreas, gonads, and rest of the body) of adult blue crabs C. sapidus (N = 7)
exposed to 1 uM radiolabelled Cu for 6 h. The amount of copper in each tissue was calculated
based on ®*Cu radioactivity, specific activity of water at the end of exposure period (6 h), and
whole crab mass. “Rest of the body” represents mainly the exoskeleton and muscle. Data are
expressed as mean + SEM. Different letters indicate significantly different mean values

(p<0.05) among tissues.
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Figure 1B
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Figure 2A
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Figure 2B
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Figure 3A
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Figure 3B
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Figure 4A
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Figure 4B
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Figure 5A
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Figure 5B
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Figure 6
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Figure 7A
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Figure 7B
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Figure 7C
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Figure 8
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