This article was downloaded by:[Campbell, Peter G. C.]

On: 13 April 2008

Access Details: [subscription number 792118574]

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

== Human and Ecological Risk
Ll ASssessment

= An International Journal

Assessment Publication details, including instructions for authors and subscription information:
i http://www.informaworld.com/smpp/title~content=t713400879
Subcellular Distribution of Cadmium and Nickel in

Chronically Exposed Wild Fish: Inferences Regarding
Metal Detoxification Strategies and Implications for
Setting Water Quality Guidelines for Dissolved Metals

Peter G. C. Campbell &; Lisa D. Kraemer °; Anik Giguére &; Landis Hare % Alice
Hontela @

a |nstitut national de la Recherche scientifique, INRS-ETE, Université du Québec,
Québec, QC, Canada

b Department of Environmental and Resource Science, Trent University,

Mumtier 4 Aogud BNE.

Peterborough, ON, Canada
€ Unité de recherche en gériatrie de I'Université Laval, Hopital St-Sacrement, Québec, QC, Canada
d Department of Biological Sciences, University of Lethbridge, Lethbridge, AB, Canada

Online Publication Date: 01 March 2008

To cite this Article: Campbell, Peter G. C., Kraemer, Lisa D., Giguére, Anik, Hare, Landis and Hontela, Alice (2008)
'Subcellular Distribution of Cadmium and Nickel in Chronically Exposed Wild Fish: Inferences Regarding Metal
Detoxification Strategies and Implications for Setting Water Quality Guidelines for Dissolved Metals', Human and
Ecological Risk Assessment, 14:2, 290 - 316

To link to this article: DOI: 10.1080/10807030801935009

URL: http://dx.doi.org/10.1080/10807030801935009

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article maybe used for research, teaching and private study purposes. Any substantial or systematic reproduction,
re-distribution, re-selling, loan or sub-licensing, systematic supply or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents will be
complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should be
independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713400879
http://dx.doi.org/10.1080/10807030801935009
http://www.informaworld.com/terms-and-conditions-of-access.pdf

Downloaded By: [Campbell, Peter G. C.] At: 14:38 13 April 2008

Human and Ecological Risk Assessment, 14: 290-316, 2008
Copyright © Taylor & Francis Group, LLC

ISSN: 1080-7039 print / 1549-7680 online

DOI: 10.1080,/10807030801935009

Subcellular Distribution of Cadmium and Nickel in
Chronically Exposed Wild Fish: Inferences Regarding
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and Alice Hontela*

Tnstitut national de la Recherche scientifique, INRS-ETE, Université du Québec,
Québec, QC, Canada; Department of Environmental and Resource Science, Trent
University, Peterborough, ON, Canada; 3Unité de recherche en gériatrie de
I'Université Laval, Hopital StSacrement, Québec, QC, Canada; *Department of
Biological Sciences, University of Lethbridge, Lethbridge, AB, Canada

ABSTRACT

The objective of this study was to investigate metal detoxification in chronically
exposed juvenile yellow perch (YP: Perca flavescens) and to field test the commonly
assumed threshold toxicity model. Fish were collected from lakes located along a
cadmium (Cd) and nickel (Ni) concentration gradient. Ambient dissolved metal
concentrations were measured to evaluate exposure and total hepatic metal con-
centrations were determined as a measure of metal bioaccumulation. Hepatic metal
partitioning among potentially metal-sensitive fractions (heat-denatured proteins,
organelles) and detoxified metal fractions (metallothionein) was determined after
differential centrifugation of YP liver homogenates. Major proportions of hepatic
Cd were found in the heat-stable cytosolic peptides and proteins fraction (HSP;
including metallothioneins), whereas Ni was mainly found in the potentially metal-
sensitive heat-denaturable proteins fraction (HDP). For these chronically exposed
fish there was no threshold exposure concentration below which binding of Cd
or Ni to the heat-denaturable protein fraction or the organelle fraction did not
occur. Metal detoxification was clearly incomplete and P. flavescens was subject to
some metal-related stress, as evidenced notably by endocrine perturbations. Similar
subcellular partitioning results were obtained when juvenile yellow perch were trans-
ferred from a reference lake to a Cd-contaminated lake and Cd accumulation was
followed over time; there was no accumulation threshold below which Cd binding
to the putative metal-sensitive fractions (HDP and organelles) did not occur. The
presence of Cd and Ni in these fractions, even for low exposure concentrations and
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low hepatic accumulation, contradicts the threshold toxicity model that underpins
metal toxicology theory and that is implicitly used in setting water quality guidelines
for metals. Chronically exposed YP appear to have settled for a tradeoff between
the cost of turning on their detoxification apparatus at full capacity, to completely
suppress metal binding to metal-sensitive sites, and the alternative cost of allowing
some binding of inappropriate metals to metal-sensitive sites.

Key Words: yellow perch, Cd, Ni, bioaccumulation, detoxification, threshold tox-
icity model, PNEC.

INTRODUCTION

Attempts to define the impacts of metals on aquatic ecosystems normally involve
laboratory toxicity tests and, to a much lesser extent, field observations on impacted
indigenous populations. Environmental Risk Assessment (ERA) approaches for met-
als have tended to rely on the former approach, comparing a “predicted no effect
concentration” (PNEC) with either predicted or measured environmental concen-
trations. Virtually all PNECs for metals are currently derived from single species
laboratory toxicity tests, the results of which are used to develop species sensitivity
distributions with respect to metal M, assuming that this distribution represents the
distribution of species sensitivities in a generic and diverse aquatic community (for
an example of this approach, see Brix et al. (2001)). The PNEC may be chosen to
protect a desired proportion of the (aquatic) species (e.g., 90,95, or 99%), depend-
ing on the nature of the receiving water body and the desired degree of protection
(Warne 2001). Until very recently, PNECs have been expressed in most jurisdictions
in terms of dissolved metal (i.e., no consideration of metal speciation in the water
column; no consideration of diet-borne metal).!

The PNEC concept implicitly assumes that there is some threshold metal concen-
tration below which the metal will not cause any deleterious effects. This assump-
tion is consistent with classical metal toxicology concepts (Mason and Jenkins 1995).
Many metals are biochemically essential, participating in reversible metal complex-
ation reactions and playing key roles as co-enzymes, as electron acceptors or donors
(oxidation-reduction reactions) and as allosteric promoters (affecting molecular
conformations) (Finney and O’Halloran 2003). Nonessential metals that enter living
cells are subject to the same complexation reactions, and metal toxicity is generally
thought to involve the binding of “inappropriate” metals to physiologically impor-
tant sites, leading to (i) blocked functional groups of biomolecules (often thiols);
(i1) displacement of essential metals from their normal sites within biomolecules;
(iii) changed conformation (and activity) of biomolecules. The overall response to
increasing metal exposure is often presented as sigmoidal in shape, with a threshold
below which the organism shows no signs of toxicity. It is generally assumed that

!Under the influence of the ongoing metals risk assessments in Europe (and with the in-
creasing acceptance of the Biotic Ligand Model in regulatory agencies), there is widespread
agreement that metal speciation in the water column (and water chemistry in general) must
be taken into account (ICMM 2007).

Hum. Ecol. Risk Assess. Vol. 14, No. 2, 2008 291



Downloaded By: [Campbell, Peter G. C.] At: 14:38 13 April 2008

P. G. C. Campbell et al.

below this threshold the organism has managed to prevent the binding of inappro-
priate metals to physiologically important sites, whereas above the threshold such
binding occurs and leads to overt toxicity (Mason and Jenkins 1995).

In principle, the binding of inappropriate metals to physiologically important
sites should be detectable analytically, by determining subcellular metal partition-
ing. Both chromatographic analyses (cytosol only) and differential centrifugation
(cytosol + organelles) have been used for this purpose (Sanders and Jenkins 1984;
Wallace et al. 2003; Giguére et al. 2006) . The goal of such methods is to distinguish be-
tween “potentially metal-sensitive” fractions and “metal-detoxified fractions” within
the cell. Conceptually, the metal-sensitive fraction should include physiologically
sensitive molecules (small peptides such as glutathione; metalloenzymes; DNA or
RNA) and organelles (mitochondria, endoplasmic reticulum and nuclei) (Wallace
et al. 2003; Wang and Rainbow 2006). To protect these metal-sensitive targets, a vari-
ety of subcellular systems have evolved to permit the accumulation, regulation, and
immobilization of trace metals (Mason and Jenkins 1995), including metal bind-
ing proteins (such as metallothionein), lysosomes, granules, and membrane-bound
vesicles. Nonessential metals associated with these subcellular fractions are normally
considered to have been detoxified (Wallace et al. 2003; Wang and Rainbow 2006).

Within the scientific framework outlined earlier, we set out to test the validity of
the toxicity threshold model in the field, for the nonessential metals Cd and Ni. More
specifically, we sought to identify relationships between the subcellular partitioning
of these metals in a biomonitor species, yellow perch (YP: Perca flavescens), and the
metal-exposure regime to which the fish had been exposed prior to collection. Two
types of data were collected: (i) spatial data, from studies in which yellow perch were
collected from lakes located along an existing metal gradient, downwind and down-
stream from past/current metal smelters; and (ii) temporal data, from field manipu-
lations in which juvenile YP from a “clean” lake were subjected to a marked change
in their metal exposure regime (either by transplantation to a metal-contaminated
environment, or by changes to the metal content of their diet). In both cases, we
determined how metal subcellular partitioning responded as a function of the metal
exposure. The total metal concentration in the liver was taken as a measure of metal
exposure, and we looked for evidence of a threshold response. We then tested for
links between metal subcellular partitioning and the manifestation of deleterious
effects at the organism level (physiology, endocrine and metabolic status, growth,
reproductive status).

MATERIALS AND METHODS/DESCRIPTION OF EXPERIMENTAL
APPROACH

Study Area

Our main study area was located in the Abitibi region, centered around the city
of Rouyn-Noranda, approximately 600 km northwest of Montréal, Québec, Canada.
A copper smelter has been in operation since 1927 in the city of Rouyn-Noranda,
and although emissions are currently controlled, lakes located downwind from this
smelter are contaminated with metals such as Cd, Cu, and Zn due to historical at-
mospheric deposition (Couillard et al. 2004). In addition to these direct inputs from
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the smelter, some lakes in this region are also contaminated by runoff from mine
tailings and mineralized outcrops. Additional complementary sampling was carried
out in lakes in the Sudbury, Ontario, region, where historical inputs from nickel
mining and smelting operations have affected ambient metal concentrations. Many
Sudbury lakes present concentrations of Cu and Ni above background concentra-
tions whereas many lakes in the Rouyn-Noranda area exhibit high concentrations
of Cd, Cu and Zn. Within these study areas we chose lakes that were expected to
have low, moderate or high ambient metal concentrations, based on their relative
proximity to the local smelters and the prevailing wind direction.

Biosentinel Selection

We chose yellow perch (Perca flavescens) as the sentinel organism for our studies,
based on the following selection criteria: ubiquity, abundance, relative immobility,
ease of sampling, metal tolerance, metal bioaccumulation capacity; available physio-
logical and behavioral data, ecological role. Abundant and widely distributed across
North America, this species does not travel over long distances and therefore its metal
body burden tends to represent local sources (Aalto and Newsome 1990; Hontela
et al. 1995).

Metals Studied

The chosen lakes represent a gradient in ambient concentrations of Cd, Cu, Ni,
and Zn (Table 1), butin the present context (where we are seeking to detect a thresh-
old response) we have chosen to emphasize those metals that are non-essential to fish
(Cd, Ni) so as to be able to detect “inappropriate” metal binding without ambiguity.
Cadmium and nickel are high profile metals under the Canadian Environmental
Protection Act (CEPA). At the biochemical level, one metal (Cd) is recognized to be
an excellent inducer of metallothionein (MT) biosynthesis (in the laboratory) and
to bind to MT in the cytosol, whereas Niis a “harder” cation than Cd in the Hard-Soft
Acid-Base classification and is not recognized as a potent inducer of metallothionein
synthesis (Frausto da Silva and Williams 2001).

Spatial Study—Sampling and Analysis

The lakes were characterized at a geochemical level, to measure the ambient ex-
posure of the fish to metals. For each lake, we studied the response of the indigenous
fish to the metal gradient at the cellular/biochemical level (metal concentrations
in target organs, subcellular metal partitioning in the liver), and this was linked to
effects at the physiological level (endocrine and metabolic status).

Water

Water samples were collected in the epilimnion of each of the studied lakes, using
in situ diffusion samplers suspended 0.5 to 1 m above the lake bottom and at least
1.5 m under the surface in the epilimnion of each lake. After equilibration with the
ambient water, they were retrieved and subsamples for trace metal, major cation,
major anion, and organic carbon determinations were removed. The ambient pH
was also measured in water collected at a depth of 0.5 m, near the diffusion samplers,
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when theywere retrieved. Sample collection from the diffusion samplers is described
in detail in a previous paper (Giguére et al. 2004), as are the analytical methods used
to determine the concentrations of the various analytes: major cations (Ca, Mg, Na,
K); major anions (Cl, SO4, NO;); trace metals (Cd, Cu, Ni, Zn; Al, Fe, Mn); and
dissolved organic and inorganic carbon.

Metal speciation at equilibrium was calculated for each lake with the Windermere
Humic Aqueous Model (WHAM 6.0.1) (Centre for Hydrology and Ecology 2001).
Details of the calculations can be found in Giguere et al. (2004).

Fish

Juvenile YP were collected from each lake using a seine net and kept alive in
aerated coolers for <3 h. In the laboratory, the fish were killed with a blow to the head
and their liver was removed for study. Livers were kept in acid-washed polypropylene
containers in liquid nitrogen until analysis (described later).

The liver was chosen as the target organ on the basis of a previous study on
indigenous YP in which this organ was shown to accumulate high Cd concentrations.
The contribution of this organ to fish Cd and Cu burdens increased with increasing
ambient metal concentrations (Giguere et al. 2004), a trend that is consistent with
the important role of the liver in dealing with excess metals. To minimize possible
variability related to fish age (Giguere et al. 2004), we collected juvenile fish of the
same size class (7-10 g) for the spatial study. Average fish age, as evaluated on a
subsample of 10 to 18 fish from each lake, varied from 1.2 to 2.3 years (Giguere ef al.
2005). In the earlier study, differences in metal concentrations between l-year and
2-year old perch were not significant.

For total metal analyses, livers were lyophilized, weighed, and then digested in
an autoclave with 70% HNO;. The digested samples were then analyzed for Cd,
Cu, and Zn by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-
AES). Analytical procedures and details of the quality assurance/quality control
measurements can be found in Giguere et al. (2004, 2005, 2006).

Temporal Studies—Sampling and Analysis

In addition to the spatial study just described earlier, we also carried out caging
experiments in which juvenile YP were transferred from an uncontaminated lake
(Opasatica) to a heavily contaminated lake (Dufault). Uptake of Cd, Cu, and Zn
and changes in metal subcellular partitioning were followed over 70 days (Kraemer
et al. 2005). A second caging experiment was performed to determine the relative
importance of waterborne and diet-borne Cd as sources of cadmium for juvenile YP
(Kraemer ef al. 2006b).

Water

Water samples were collected in situ with diffusion samplers, both within the cages
and in the external environment. Subsamples were removed from the samplers and
analyzed as described earlier for the spatial study. Details can be found in Kraemer
et al. (2005, 2006b).

Hum. Ecol. Risk Assess. Vol. 14, No. 2, 2008 295
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Fish

For the habitat-swap experiment, juvenile YP (less than 5 g) were collected from
the reference lake (Opasatica) and kept within cages in the metal-contaminated lake
(Dufault) for up to 70 d. Because this size class of perch feeds mainly on zooplankton
and small aquatic insects (Gingras and Boisclair 2000), we designed enclosures to
allow these prey to enter freely thereby exposing perch to both contaminated food
and contaminated water. Fish were either transplanted from the reference lake to
cages in the contaminated lake or were caged within the reference lake (caged
control fish). Each cage initially contained 30-40 fish.

The fish in individual cages were sacrificed after 5, 10, 20, 30, 50, and 70 d of
exposure. In addition to caged fish, indigenous perch were also collected from both
lakes by seining at the beginning of the experiment and at 2-3 additional times over
the summer (n = 7-11 fish at each sampling time). Fish were transported live back
to a nearby laboratory (<2 h) where they were killed by a blow to the head after
which they were immediately dissected and the liver was removed. Liver samples
were combined in groups of five individual livers, stored under liquid nitrogen until
thawing for subcellular analyses (described in the following section).

For the diet manipulation study, we used a different caging approach to exam-
ine the relative importance of the diet and water as routes of Cd exposure for YP.
For this study, juvenile YP (~1.5 g) were collected from the reference lake (Opasat-
ica) and placed in cages located in either Lake Opasatica (2 cages per treatment
group; 2 treatments) or Lake Dufault (2 cages per treatment group; 2 treatments).
Each cylindrical cage was made of Nitex netting (64 um mesh-aperture), which
prevented the entry of macro-zooplankton; details of cage construction and de-
ployment can be found in Kraemer et al. (2006b). Each cage initially contained
10 fish.

The cages were filled by passive entry of lake water through the Nitex netting.
Yellow perch were allowed to acclimate to their cages for 24 h and were not fed
during this time period. The caged fish in both lakes were then fed daily with macro-
zooplankton collected from either the reference lake or the Cd-contaminated lake,
creating the four desired treatment regimes: reference food and reference water; Cd-
contaminated food and reference water; reference food and Cd-contaminated water;
and Cd-contaminated food and Cd-contaminated water. Fish were sampled after 15
and 30 d of exposure and the liver was removed and stored in liquid nitrogen for
subcellular analyses. For these experiments, liver samples were pooled into groups
of 2-5 livers.

Metal Subcellular Partitioning
Differential centrifugation

A differential centrifugation procedure adapted from that of Wallace et al. (2003)
was used to separate various subcellular compartments: (1) a fraction comprising
nuclei, cell membranes, intact cells and connective tissue, termed “nuclei/debris”
hereafter; (2) a granule-like or resistant fraction; (3) mitochondria; (4) a fraction
combining microsomes and lysosomes; (5) cytosolic heat-stable proteins, includ-
ing metallothioneins, termed “HSP” hereafter; and (6) cytosolic heat-denatured
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Perch liver homogenate

800 g
15 min; 4°C
-
NaOH digestion 3(1)0,;332?0

10,000 g; 10 min; 20°C v

P3

S2 S3 Mitochondria
Nuclei
Cell membrane P2 100,000 g
Intact cells Granule- 60 min: 4°C
Connective like —l
tissue
sS4 P4
Cytosol Microsomes
Lysosomes

Heat denaturation

50,000 g; 10 min; 4°C

A A
S5 P5
Heat-stable proteins Heat-denatured proteins

"metallothionein-like" "enzymes"

Figure 1. Differential centrifugation method used to separate the various subcel-
lular fractions. Modified from Giguere et al. (2006) with permission from
Elsevier. P = pellet; S = supernatant.

proteins, termed “HDP” hereafter (Figure 1). Details of the centrifugation approach,
a critical evaluation of its strengths and weaknesses, and metal mass balances can be
found in Giguere et al. (2006). In some cases we employed a less elaborate fraction-
ation scheme, wherein fractions (1) and (2) were combined (as “cellular debris”),
as were fractions (3) and (4) (as “organelles”).

Metal concentrations in the differential centrifugation fractions

Aliquots taken from each whole homogenate and all centrifugation pellets were
digested with nitric acid. Concentrations of Cd and Ni in the digested samples and
in the supernatants were measured by ICP-AES. For both the supernatants and the
pellets, metal concentrations in a given fraction are expressed on a total organ dry
weight basis, for example, total Cd burden (nmol) measured in a particular fraction
-+ weight of the organ (g dry weight). The digestion procedures are described in
detail in Giguere et al. (2006).
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Fish Physiology
Oxidative stress

To evaluate the importance of oxidative stress in juvenile yellow perch captured in
lakes located along the metal gradient, we investigated the status of their hepatic an-
tioxidant defense system and looked for evidence of lipid peroxidation (Gigueére et al.
2005). Glutathione-dependent oxido-reductase enzymes were analyzed on the basis
of kinetic enzymatic reactions as monitored by spectrophotometric methods. The ac-
tivity of the selenium-independent glutathione peroxidase was measured according
to the method of Lawrence and Burk (1976). The activity of glutathione-reductase
was determined according to the method described by Carlberg and Mannervick
(1985), optimized for perch liver. Reduced and oxidized glutathione were measured
by reversed phase liquid chromatography followed by a post-column derivatization
with ortho-phthalaldehyde according to Cossu ef al. (2000). Lipid peroxidation was
quantified by measuring malondialdehyde concentrations according to the colori-
metric method of Sunderman et al. (1985). Proteins were measured according to
the method of Bradford (1976) using bovine albumin as the standard.

Endocrine and metabolic status

Complementary biochemical measurements were carried out on adult (4+), ju-
venile (14), and young of the year (YOY) yellow perch (Levesque et al. 2002, 2003;
Gravel et al. 2005). Blood, liver, and muscle samples were collected and analyzed for
hormones (cortisol, triitodothyronine T3, thyroxine T4) and various biochemical
parameters (glucose, glycogen, lipids). The functional integrity of the interrenal or-
gans secreting cortisol was assessed in vitro using the adrenocorticotropic hormone
(ACTH) challenge test (Laflamme et al. 2000) and a histopathological examination
of vital organs such as gills, liver, and kidney was performed (Levesque et al. 2003). In
addition, reproductive status was estimated by gonad size (gonado-somatic indices
or GSI, gonad weight as % of body weight). These measures enabled us to evaluate
the endocrine and metabolic status of the indigenous fish living along the metal
concentration gradient.

Statistics

In the analysis and interpretation phase of this project, we dealt with various types
of data: limnological (habitat quality); geochemical (ambient metal levels); cellular
(effectiveness of detoxification at the biochemical level); and whole organism (physi-
ology, endocrine, and metabolic status) . Appropriate statistical techniques were used
to treat the results within each data type, and to explore the anticipated links among
the different hierarchical levels.

Metal concentration differences among lakes were compared using a non-
parametric test (Kruskal-Wallis) and a Tukey honestly significant difference (HSD)
test was performed on ranks to discriminate among lakes. Our original hypothesis
was that non-essential metals would be effectively detoxified in fish collected from
lakes at the low end of the metal exposure gradient, but that above a certain threshold
metal concentration these metals would “spill over” into potentially metal-sensitive
subcellular pools. We were thus looking for a threshold response, particularly for
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relationships between metal exposure and accumulation in potentially metal-sensitive
subcellular fractions. To test this hypothesis, relationships between variables were ini-
tially examined in bivariate scatter plots. When bivariate plots indicated a possible
linear (non-threshold) relationship, simple regression models were tested using Sta-
tistica software. For each of the significant relationships presented, we verified if the
residuals were normally distributed and if some outliers had biased the regression
coefficients. For all statistical analyses, p-levels of 0.05 were used as the threshold for
statistical significance.

RESULTS

Exposure Gradient

Aqueous metal concentrations varied markedly from lake to lake. The dissolved
metal gradient (defined as the ratio of the highest observed metal concentration/
lowest metal concentration for the entire set of lakes) followed the order [Ni] (250)
> [Zn] (55) > [Cd] (22) > [Cu] (11) (Table 1). The two lakes used in the transplan-
tation and caging studies, lakes Dufault and Opasatica located in the Rouyn-Noranda
area, represented the largest Cd gradient, dissolved Cd concentrations in Lake Du-
fault being ~22 times higher than in Lake Opasatica.

Spatial Gradient Study
Metal accumulation (Cd, Ni, Cu, Zn)

In lakes at the high end of our exposure gradient, Cd, Cu, and Ni (but not Zn)
accumulated in yellow perch liver to concentrations well above background tissue
values (Table 2). The [M],.x/[M]u, ratio for hepatic Cu was similar to that for
the lake waters (~13), whereas the ratios for Cd (14), Ni (36), and especially Zn
(1.9) were lower than those for the lake waters (compare the last rows in Tables 1

Table 2. Hepatic metal concentrations in indigenous yellow perch
collected from the study lakes (Giguere et al. 2005).

[Cd] [Cul] [Ni] [Zn]
Lake (nmol-g7!)  (nmol-g™')  (nmolg™!)  (umolg™!)
Rouyn-Noranda
Dufault (DU) 421 £+ 34 476 £ 75 5.6 +4.4 2.18 £ 0.07
Osisko (OS) 282 + 19 1360 + 537 6.8 +3.2 2.07 + 0.02
Vaudray (VA) 320 £+ 62 335 £+ 35 41+14 2.18 £ 0.17
Opasatica (OP) 36+1 146 £ 10 2.3+ 0.9 1.58 + 0.05
Sudbury
Hannah (HA) 92 £ 16 1380 + 355 26.6 £ 4.1 1.97 £ 0.18
Raft (RA) 509 + 82 1920 + 721 82.8 £ 11.7 2.63 +0.21
Wavy (WA) 118 £ 6 399 £+ 29 209 £ 2.4 1.80 &+ 0.06
Laurentian (LA) 42+9 265 + 63 16.1 + 3.3 1.39 + 0.05
ratio max,/min 14 13 36 1.9

Hum. Ecol. Risk Assess. Vol. 14, No. 2, 2008 299



Downloaded By: [Campbell, Peter G. C.] At: 14:38 13 April 2008

P. G. C. Campbell et al.

and 2). Clearly yellow perch handle zinc differently from the three other metals,
maintaining hepatic concentrations of this essential metal within very narrow limits.

Metal subcellular partitioning (Cd, Ni)

To evaluate to what extent the accumulated cadmium had been detoxified, we
plotted Cd concentrations in the HDP, organelle, and HSP fractions as a function
of total hepatic Cd for yellow perch collected from the Rouyn-Noranda lakes. The
spatial study was carried out in the summers of 2001 (open and solid circles; Figure 2;
Giguere et al. 2006) and 2003 (open triangles; Figure 2; Kraemer et al. 2006a). Similar
trends were observed for both studies; Cd concentrations in each of the subcellular
fractions (HDP, organelles and HSP) increased linearly (p < .001) with increasing
total hepatic Cd and no threshold was observed.

Similarly, a plot of Ni concentrations in the HDP, organelle and HSP fractions
as a function of total hepatic Ni for yellow perch collected from the Sudbury and
Rouyn-Noranda lakes showed linear trends with no hint of a threshold response
(Figure 3).

Fish health status

Direct effects of metals on yellow perch endocrine systems were detected in a
pattern linked to liver metal concentrations in lakes located along the metal expo-
sure gradient, in both the Rouyn-Noranda and Sudbury areas. Adult and 14 perch
collected from the more contaminated lakes exhibited an attenuated cortisol stress
response in vivo (Figure 4), whereas young of the year (YOY) did not (Gagnon
2004; Gravel et al. 2005; Rasmussen et al. 2008). The ability of adult and 14 perch
to mount a stress response (as indicated by their ability to raise their cortisol levels
following a standardized confinement stress) decreased as a function of the accumu-
lated Cd concentration. In addition, lower levels of the thyroid hormones T3 and
T4, key hormones for regulation of intermediary metabolism and osmoregulation,
were measured in adult YP from contaminated lakes but not in 14 fish (Levesque
et al. 2003, Gravel et al. 2005), suggesting that an exposure of at least one year is
necessary to induce this specific endocrine impairment.

In addition to the endocrine response, lower condition factor and anomalies in
intermediary metabolism and use of energy reserves were observed in adult YP from
contaminated lakes sampled in both study regions. The seasonal summer to fall build-
up of liver glycogen and triglycerides that occurs in fish from the reference lakes
was not observed in contaminated lakes (Levesque et al. 2002). Moreover, enzymatic
activities mediating lipid, carbohydrate and protein metabolism were altered. Results
for the 14 yellow perch suggested an impaired capacity to mobilize liver glycogen
reserves. Overall, the physiological effects tended to increase in the sequence YOY <
1+ < adult perch. Morphological alterations indicative of pathology were observed
in gills, thyroid, and interrenal tissues of fish from contaminated lakes (Levesque
et al. 2003), whereas the gonads appeared healthy but at an earlier maturation stage
compared to fish from reference lakes.

In contrast to the clear evidence for metal-induced perturbations of the yellow
perch endocrine systems, the indications for oxidative stress in perch livers are
less persuasive. Glutathione concentrations and glutathione reductase activities did
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Figure 2. Cadmium concentrations in (a) the heat-denaturable protein fraction
(HDP), (b) the organelle fraction, and (c) the heat-stable protein frac-
tion (HSP) as a function of total hepatic Cd in juvenile perch sampled
from the gradient of Rouyn-Noranda lakes. Data from the 2001 spatial
study are represented by circles; in panel b solid circles represent lyso-
somes and microsomes, open circles represent mitochondria (Giguére
et al. 2006) . Data from the 2003 spatial study are represented by open tri-
angles (Kraemer et al. 2006a). Each point represents data for individual
fish collected at a single sampling station.
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Nickel concentrations in (a) the heat-denaturable protein fraction
(HDP), (b) the organelle fraction, and (c) the heat-stable protein frac-
tion (HSP) as a function of total hepatic Ni in juvenile perch sampled
from the gradient of Rouyn-Noranda and Sudbury lakes. Data are from
the 2001 spatial study (Giguere et al. 2006); in panel b solid circles rep-
resent lysosomes and microsomes, open circles represent mitochondria.

Each point represents data for fish collected at a single sampling station
(mean £ SD; N = 3). See Table 1 for lake abbreviations.
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Cortisol levels (mean £ SE) in perch after a standardized stress test, as a
function of bioaccumulated Cd. (a) Plasma cortisol levels in adult perch;
(b) whole body cortisol levels in juvenile 14 perch. Data taken from
Laflamme et al. (2000) and Gravel et al. (2005). Each point represents
data for fish collected at a single sampling station (N = 10-25).
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decrease along the exposure gradient (Giguere et al. 2005), butin contrast increased
hepatic Cu concentrations were associated with reduced lipid peroxidation, a re-
sponse opposite to that predicted from basic principles. Overall the results suggest
that oxidative stress will not have direct repercussions on the health of the perch
at the individual level. We speculate that the observed increase in metallothionein
concentrations with increasing accumulated metals (Laflamme et al. 2000, Giguere
et al. 2006) might afford protection against reactive oxygen species.

Transplantation Study

Hepatic Cd concentrations in YP transplanted from Lake Opasatica to Lake Du-
fault increased markedly over the 70-day experiment, rising from 23 to ~350 nmol
Cd-g™!' (Kraemer et al. 2005). As we were interested in how subcellular Cd concen-
trations changed as a function of exposure, we plotted the Cd concentrations in
the various subcellular fractions as a function of total hepatic Cd concentrations.
Cadmium concentrations in the HDP (r? = 0.49, p < .01), organelle (r2 = 0.98,
$<.001) and HSP (12 = 0.94, p < .001) fractions all increased linearly as a function
of increasing total hepatic concentrations, with no threshold concentration below
which Cd was absent from the putative metal-sensitive fractions, HDP and organelles
(Figure 5).

Diet Manipulation Study

In the experiment examining the relative importance of food versus water as
sources of Cd for YP, fish were exposed to Cd in food only, water only or a combina-
tion of these two routes, and Cd concentrations were measured in the liver on days
0, 15, and 30. We again expressed changes in Cd concentrations in the subcellular
fractions as a function of exposure (i.e., total hepatic Cd concentrations) for all three
times (Figure 6). Here we see that unlike the response observed in the transplan-
tation study, a nonlinear response (r* = 0.70, p < .001) was observed for the HDP
fraction, suggesting a threshold of approximately 80 nmol'g™ total hepatic Cd (Fig-
ure 6a). Below this threshold, Cd concentrations in this fraction remained relatively
constant, but for concentrations above ~80 nmol g™, Cd began to increase in the
HDP fraction. This threshold response was not observed in the organelle fraction,
where Cd concentrations increased in this fraction in a linear manner with increas-
ing total hepatic Cd concentrations (r = 0.37, p < .01; Figure 6b). Similarly, Cd
concentrations in the HSP fraction increased linearly with increasing total hepatic
Cd (r* = 0.33, p < .01; Figure 6c¢).

As we were interested in why an apparent threshold was observed in the HDP
fraction during this study and not in the field transplantation study, we graphed
changes in Cd concentrations in the HDP fraction for perch receiving each of the
three Cd treatments used in the Cd source manipulation study: Cd via food only,
Cd via water only, and Cd via food + water (Figure 7). There were no significant
increases in the Cd concentrations in the HDP fraction in the liver of perch receiving
Cd viafood only (Figure 7a; p > .05). However, an apparent threshold of 80 nmol‘g’1
total hepatic Cd was observed in perch receiving Cd via water only (Figure 7b; r* =
0.94, 0 < .001). Similar to the transplantation study, Cd concentrations increased
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Figure 5. Cadmium concentrations in (a) the heat-denaturable protein fraction
(HDP), (b) the organelle fraction, and (c) the heat-stable protein frac-
tion (HSP) as a function of total hepatic Cd in juvenile perch trans-
planted from Lake Opasatica (low Cd exposure) to Lake Dufault (high
Cd exposure). Data are from the 2002 habitat swap experiment (Kraemer
et al. 2005). Each point represents data for individual fish collected at 0,
5, 10, 20, 30, 50, or 70 d during the experiment; these data were then
plotted as a function of hepatic Cd.
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Cadmium concentrations in (a) the heat-denaturable protein fraction
(HDP), (b) the organelle fraction, and (c) the heat-stable protein frac-
tion (HSP) as a function of total hepatic Cd in juvenile perch that were
exposed to four separate Cd exposure regimes: reference food and ref-
erence water; Cd-contaminated food and reference water; reference
food and Cd-contaminated water; and Cd-contaminated food and Cd-
contaminated water. Reference food and water were from Lake Opasat-
ica; contaminated food and water were from Lake Dufault. Each point
represents data for individual fish collected from one of the exposure
regimes, at one of three times (0, 15, or 30 d).
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in the HDP fraction in a linear manner with increasing total hepatic Cd in perch
receiving Cd via food + water sources (Figure 7¢; r* = 0.70, p < .01).

DISCUSSION

The overall objective of this study was to test the validity of the toxicity threshold
model in the field, for the nonessential metals Cd and Ni. We sought answers to the
following questions: Are indigenous aquatic organisms that are chronically exposed
to low to moderate concentrations of nonessential metals able to detoxify the metals
successfully? Is there a threshold exposure concentration below which metal detox-
ification is complete, and above which inappropriate metals bind to metal-sensitive
sites?

To answer these questions we adopted two complementary approaches: (i) spatial
studies, in which we collected wild YP from lakes representing a spatial gradient in
aqueous Cd and Ni concentrations; and (ii) temporal studies, in which metal-naive
YP collected from a reference lake were exposed in the field to high Cd concentra-
tions and followed over time. We used hepatic metal concentrations in the YP as an
integrative measure of their past metal exposure (Giguere et al. 2004).

Spatial (Inter-Lake) Studies

In the spatial (inter-lake) studies, Cd and Ni accumulated to higher levels in lakes
at the high end of our exposure gradient than in the control lakes. The liver and
the kidney (including the interrenal tissue) are the organs in which the internal Cd
and Ni concentrations are highest. Accumulation of Cd in perch liver is accompa-
nied by the induction of metallothionein-like peptides (Laflamme et al. 2000), but
the results for the subcellular partitioning of Cd indicate that its detoxification by
metallothionein is incomplete (i.e., even in the moderately contaminated lakes, some
of the Cd is present in subcellular fractions other than metallothionein). There is
no indication of a threshold level below which all the Cd is completely bound by the
metallothionein (Figure 2). Similarly, detoxification of hepatic Niisincomplete, with
Ni being found in the organelles fraction and in the “enzyme” or heat-denatured
proteins fraction. Again, there is no threshold exposure concentration below which
Ni does not appear in these potentially metal-sensitive fractions (Figure 3).

Given this evidence for incomplete Cd and Ni detoxification, one might expect to
observe toxicity at the cellular and physiological levels. Sub-lethal toxicity is indeed
detected in the indigenous fish, the severity of the symptoms (e.g., endocrine impair-
ment) being linked to metal exposure along the contamination gradient (Figure 4).
In an earlier paper (Campbell ez al. 2003), we pointed out that effects of metal con-
tamination on indigenous fish may be direct (physiological) or indirect (foodweb
mediated). In the present study we have focused on 1+ perch, a life stage that feeds
on plankton in all the lakes (reference and metal-contaminated). We chose to study
this life stage in order to minimize any foodweb mediated effects, reasoning that 14
perch should be relatively unaffected by the changes in the benthic foodweb that
have been shown to affect adult perch (Sherwood et al. 2002, Kovecses et al. 2005).
The diagnosis of cortisol impairment in 14 perch thus provides strong evidence
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that the perturbation of the YP endocrine system is caused by direct effects of metals
rather than effects mediated through changes in foodwebs.

Temporal (Transplantation) Studies

The caging experiments added a temporal component to the preceding studies.
Indeed, we anticipated that the results from the habitat swap and diet manipulation
studies would perhaps be more comparable to the results from the earlier laboratory
studies, reviewed by Mason and Jenkins (1995), in that in both cases “naive” organ-
isms were subjected to a step-change increase in metal exposure. In the transplant
experiments, Cd accumulated in the four organs studied (gill, gut, liver, kidney)
(Kraemer et al. 2005). In the liver (the only organ where subcellular partitioning was
followed over time), Cd concentrations increased in all subcellular fractions; there
was no clear threshold accumulation below which the putative metal-sensitive frac-
tions were protected (Figure 5). If the results from the spatial studies and those from
the transplant experiment are plotted with the same X-axis (total hepatic Cd), the dis-
tributions of subcellular Cd are indistinguishable (data not shown), suggesting that
the metal-naive organisms were behaving in a similar manner to the metal-adapted
indigenous fish.

Only in the case of the diet manipulation study did we see some evidence of a
threshold response (i.e., Figures 6a and 7b), for the HDP fraction (but not for the
organelles). When we teased apart the data for the diet manipulation study, looking
at the results for the fish exposed primarily to waterborne Cd or to diet-borne Cd
(Figure 7), a clear threshold response was only seen for the water-only exposure. At
hepatic Cd concentrations less than ~80 nmol-g™', Cd concentrations in the HDP
(enzyme) fraction did notincrease, suggesting that Cd detoxification was reasonably
effective (although Cd did increase in the organelle fraction in these fish). In fish
from the food-only treatment, hepatic Cd concentrations never exceeded the 80
nmol-g~! threshold, so we cannot evaluate whether the 1+ yellow perch were better
able to handle waterborne Cd or diet-borne Cd.

Why did we see an apparent threshold for movement of Cd into the HDP frac-
tion in the diet manipulation experiment (Figure 6a) but not in the habitat swap
experiment (Figure 5a)? In the latter experiment total hepatic Cd concentrations
after 30 days (~120 nmol-g~') were somewhat higher than those achieved at the end
of the diet manipulation experiment (day 30: 90-95 nmol-g™'). We speculate that
the greater Cd influx in the 2002 habitat swap experiment may have exceeded the
capacity of the juvenile YP to keep Cd out of the HDP intracellular pool. Note that
ambient Cd concentrations were somewhat higher in summer 2002 than in summer
2003, when the diet manipulation experiment was performed.

Somewhat analogous results, relating metal influx rates to metal-induced effects,
were reported by Baudrimont et al. (1999) for a field experiment in which bivalves
(Corbicula fluminea) were transplanted from an uncontaminated site to different
metal-contaminated sites in the River Lot in southeastern France. At the most con-
taminated site, metal influx rapidly exceeded the detoxification capacities of the
transplanted bivalves, metallothionein synthesis ceased, and complete mortality en-
sued. However, at the moderately contaminated site metal influx was lower, metal
detoxification processes were maintained, and the bivalves survived.
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Implications for Metal Ecotoxicology

There appears to be a fundamental disconnect between the traditional metal tox-
icology paradigm, which presupposes that for a given metal there exists a threshold
concentration below which the organism can effectively detoxify the metal, and our
results for aquatic organisms chronically exposed to metals. For YP collected along
a metal concentration gradient, we have shown that there is no threshold exposure
below which YP succeed in keeping accumulated Cd and Ni from binding to inap-
propriate sites within their liver cells. This result represents a failure of the classical
metal toxicology model for the nonessential metals Cd and Ni in YP.?

In analyzing the results of our study, we have interpreted the presence of Cd
and Ni in cellular organelles (mitochondria, microsomes, lysosomes) and in the
heat-denaturable protein (HDP) fraction as evidence for incomplete metal detoxi-
fication. Such an interpretation is consistent with earlier work on subcellular metal
partitioning (e.g., see Vijver el al. (2004) and Wang and Rainbow (2006) for reviews),
but the operational nature of the distinction between detoxified and non-detoxified
metal must be recognized. For example, although the presence of Cd or Ni in the
HDP fraction demonstrates that the metal has bound to the protein, it does not nec-
essarily indicate that the functioning of the protein has been impaired. If binding
occurs outside the active site of enzymes and/or does not change the protein’s con-
formation, enzymatic activities or protein functions will presumably not be impaired.
For Ni, a metal without strong affinity for thiol groups, this scenario of innocuous
binding is perhaps more plausible than for Cd, which would normally be expected
to seek out the type of functional groups found in enzyme active sites.

We can ask the question, why do yellow perch from the less contaminated lakes
“choose” not to synthesize the extra MT and ensure complete Cd sequestration?
Clearly, they have the metabolic capacity to do this because the steady-state concentra-
tions of metallothionein in fish from the lakes with high ambient Cd concentrations
are much greater than those in the fish from the less contaminated lakes. Is there
a significant metabolic cost involved in achieving complete metal detoxification?
This question of the energetic cost of metal detoxification is somewhat controver-
sial (Mason and Jenkins 1995) but at the simplest (anthropomorphic) level it does
indeed appear as though chronically exposed yellow perch have settled for a trade-
off between the cost of turning on the detoxification apparatus at full capacity, to
completely suppress metal binding to metal-sensitive sites, and the alternative cost
of allowing some binding of inappropriate metals to metal-sensitive sites.

We speculate that this capacity to tolerate incomplete metal detoxification may
be an acquired trait, linked to long-term genetic adaptation. Indeed, Bourret et al.
(2007) have recently assessed the potential role of metal contamination in driving
evolutionary changes by documenting patterns of genetic diversity at 9 microsatellite
loci among 20 populations of wild yellow perch in the Rouyn-Noranda and Sudbury
areas. Their results suggest that the selective response to contamination has been
sufficiently large to substantially lower the effective population sizes and thus reduce
within-population genetic diversity. The 50+ years of metal contamination have

2Analogous results have been reported for a freshwater mollusc living in lakes in the same
Rouyn-Noranda study area (Campbell ef al. 2005; Bonneris et al. 2005a,b).
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significantly impacted patterns of genetic diversity observed among the populations
of wild yellow perch and as such may have affected their capacity to respond to
metal-induced stress.

On a positive note, it should be mentioned that although metal detoxification
is imperfect, there was nevertheless no clear threshold metal concentration above
which the perch could not at least partially detoxify incoming metals. The fish were
still able to handle the incoming metals reasonably successfully even in the lakes at
the high end of the metal exposure gradient.

Comparison with Current Water Quality Guidelines

Current water quality guidelines for cadmium and nickel vary considerably from
one jurisdiction to another (Table 3), atleast in part because regulatory frameworks
differ among jurisdictions (e.g., “criteria,” “guidelines,” “trigger values”). In the past,
the protocols used to derive these values also differed among regulatory agencies,
butin recentyears there has been a general movement toward risk-based approaches
and the use of species sensitivity distributions (Warne 2001; ICMM 2007).

Increased water hardness protects against the toxicity of both Cd and Ni; for Cd
the effect seems to be largely related to competition between Cd** and Ca*' for
epithelial uptake sites (Wood 2001), whereas for Ni the Mg*" ion plays a dominant
role (Pane et al. 2003). In principle, the Biotic Ligand Model (BLM) approach could
be used to take these interactions into account and adjust the water quality guideline
as a function of water hardness, but in neither case has this yet been implemented.
Instead, most jurisdictions continue to use empirical algorithms to correct for the
hardness effect. The values in Table 3 were calculated in this manner for a water
hardness range of 5 to 65 mg CaCO;-L™', which corresponds to the approximate
range found in our two study areas. However, it should be pointed out that the
hardness correction equations were derived from experiments run in the hardness
range from 40 to 210 mg-L™" CaCO; (USEPA 2001) and the extrapolation to soft
waters with hardness values below 40 is done with some trepidation.

Comparing the dissolved Cd levels in our lakes (Table 1: 0.3-6.7 nM) with the
guideline values in Table 3 for very soft waters (0.11, 0.15, 0.26 nM), we note that
all our lakes exceed this lower limit; three of the lakes (Raft, Hannah, and Dufault)
also reach or exceed the current draft European Union PNEC,,, for Cd (1.7 nM).
The observation that yellow perch are unable to completely detoxify Cd, even in our
cleanest lakes, is thus consistent with these guideline values, even though they were
extrapolated below the tested hardness correction range.

The situation for dissolved Ni (Table 1: 8-2500 nM) is somewhat less clear, because
there is a major gap in our concentration gradient (no lakes in the 20 to 800 nM
range). The Rouyn-Noranda lakes (8-17 nM) are all well below the guideline values
in Table 3 for very soft waters (30, 56, 70 nM), whereas all the Sudbury lakes are well
above the guidelines (840-2500 nM). The evidence for incomplete detoxification
of Ni is limited to the Sudbury lakes (Figure 3).

” «

CONCLUSIONS

The results of this field study raise important questions about current models
of metal toxicology. These models assume that indigenous aquatic organisms can
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tolerate exposure to low concentrations of nonessential metals, and that toxicity
only occurs above a certain metal exposure threshold, where metal detoxification
is incomplete and where the nonessential metals bind inappropriately to metal-
sensitive intracellular sites. In our spatial studies, where we examined fish that had
been subject to chronic/life-long metal exposures, we could find no threshold ex-
posure concentrations below which binding of “inappropriate” metals to potentially
metal-sensitive sites did not occur. In other words, regardless of their ambient con-
centration, metals taken up by yellow perch from the environment seem to exist
in both bioreactive and immobilized pools. Similarly, in our transplantation study
where metal-naive fish were subjected to a step-change in metal exposure, there
was no threshold in accumulated cadmium below which the fish were able to keep
Cd from binding to potentially metal-sensitive sites, even though their maximum
capacity for synthesizing metallothionein had not been reached. We conclude that
tolerance to nonessential metals like Cd and Ni must involve both (incomplete)
detoxification and some metabolic compensation for any deleterious effects caused
by the binding of the metals to inappropriate cellular sites.

The implications of our findings for Environmental Risk Assessment are mixed.
Taking cadmium as an example, it is reassuring to note that where we observed
incomplete Cd detoxification in yellow perch, the ambient Cd concentrations were
above water quality guideline values for dissolved Cd. This would not have been the
case 10 years ago, when the Canadian guideline value for Cd (200 ng Cd-L™", 1.8
nM) was more than 10 times higher than the current value. The downward revision
of the Cd guidelines clearly was appropriate. On the other hand, the absence of
an exposure threshold below which Cd was completely detoxified leaves open the
possibility that the true NOEC (No Observed Effect Concentration) will turn out to
be even lower than current estimates (Table 3).
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