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ABSTRACT

Exploitation of natural mineral deposits and subsequent re-deposition in aquatic environments at levels potentially harmful to biota
necessitate regulation of environmental discharge of metals. Proper environmental regulation of metals requires adequate knowledge on
the bioavailability and effects of metals on aquatic organisms. Moreover, the need to better understand biological effects of metals has
given impetusfor studies on the homeostatic physiology of metals because the root cause of toxicity isthe breakdown of homeostasis. In
this paper we review recent advances in the understanding of the environmental chemistry, toxicology, and physiological homeostasis of
copper (Cu) in freshwater systems. Present water quality criteria do not adequately consider bioavailability and metal homeostasis. We
show that consideration and incorporation of recent knowledge on bioavailability, homeostatic physiology, and acute and chronic toxic
effects of Cu greatly improve the predictive precision of models, such as the Biotic Ligand Model, for ecological risk assessment and
environmental regulation of Cu, and reducesthe need for reliance on the Precautionary Principle. Furthermore, we highlight present gaps

in knowledge of environmental physiology, homeostasis, and toxicology of Cu and suggest directions for future research.
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INTRODUCTION

Human activities such as mining have increased global fluxes of
trace elements such as Cu to aguatic systems, resulting in negative
impact on aguatic organismsand aneed to regulate metal discharge
into the environment. Although good progress has been made in
our understanding of toxicology, environmental chemistry,
physiology, bioavailability, and pathwaysof Cu uptake (Wood 2001;
Clearwater et al. 2002; Gorsuch et al. 2002), these advances have
not been adequately integrated in the approaches used in setting
water quality criteria(WQC) and ecological risk assessment (ERA).
Copper occurs ubiquitoudly in natural waters either in afreeionic
(aguo) form, complexed by organic and inorganic ligands or
associated with suspended particulate matter (Achterberg et al.
2002). Thefree Cu? ions and the CuOH* species appear to be the
most bioavailable and toxic forms of Cu (Allen and Hansen 1996).
With the exception of lipid-soluble complexes, organically
complexed waterborne Cu is generally unavailable and non-toxic
(Campbell 1995; Allen and Hansen 1996; Croot et al. 1999). Thus
it isimportant to consider speciation and Cu bioavailability when
setting WQC. Indeed, it hasbeen recogni sed that current approaches
do not assessthe true ecol ogical impact because they are based on
total or dissolved metal and ignore dietary exposure (Bergman and
Dorward-King 1997). Moreover, the potential for toxicity aswell
as deficiency underpins the need to understand the physiological
homeostasis of Cu in the development of WQC for Cu because
likelihood for deleterious effects exists if regulations are written
above or below the optimal values. Earlier studies investigated
waterborne and dietary Cu exposures independently, and mainly
from a toxicological perspective (Handy 1996; McDonald and
Wood 1993). Whiletoxicol ogica studieshave continuedtoincrease
our knowledge on Cu toxicology (Wood 2001; Clearwater et al.
2002), severa recent studies have examined Cu homeostasis and
have demonstrated interactions between waterborne and dietary
pathwaysof uptake (Grosdll et al. 1997, 1998a,b, 2001b; Clearwater
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et al. 2000; Kamunde et al. 2001, 2002a,b, 2003; Bury et al. 2003;
Pyle et al. 2003) and environmental chemistry (Achterberg et al.
2002; Bazzi et al. 2002; Lu and Allen 2002). An opportunity exists
to improve the approaches used for deriving WQC and ERA of Cu
by consolidating and synthesizing these data. In this review
therefore, recent advancesin environmental chemistry, toxicology,
environmental regulation, and physiological homeostasisof Cu are
summarised. We emphasi sethe heed to understand the homeostatic
physiology, chronic effects, and bioavailability of Cuto set realistic
water quality standards that are protective to aguatic biota, yet not
unduly detrimental to the metals industry. Integration of the
information summarised hereininto approachesfor WQC and ERA,
and the performance of targeted researchtofill in specific knowledge
gapsidentified herein will greatly minimise the application of the
Precautionary Principle in environmental regulation of Cu.
Moreover, many of the issues addressed here are not unique for
Cu, but rather apply generally for other metals.

Environmental chemistry of copper in freshwater

Concentrationsof Cuin freshwater environmentsrangefrom <1to
9000 pg Cuw/L (Leland and Kuwabara 1985) depending on level of
natural and anthropogenic inputs. In most unpolluted aquatic
habitats concentrations (range <1-6 pg/L) are bel ow the threshold
for detectable effects (10-1000 pg/L) on fish (Spear and Pierce
1979; Wood 2001). Elevated levels of Cu in the environment are
not necessarily undesirable because Cu is essential for normal
growth of fish and is also commonly used to purify and distribute
drinking water and to combat the growth of unwanted organisms
that foul water intakelinesand aquaculturefacilities. Thereforefor
toxicology the issue is determining what levels of Cu, under site-
specific conditions, present arisk tofish and other aguatic organisms.
Moreover, accumulation and effects do not depend on the total
concentrations in the water but rather on the bioavailable fraction
(Campbell 1995), whichinturnisgoverned by theoverall physico-
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Figure 1. Typical distribution of inorganic Cu species within the pH range of natural freshwaters (adapted from De Schamphelaere et al. 2002).

chemical characteristics of the water. In aquatic toxicity studies,
speci ation measurements are obligatory to determine the fraction
of total dissolved metal (the‘toxic fraction’) that will bind to or be
transported across a biological membrane such as a fish gill.
Speciation models, eg. MINEQL + (Schecher and McAvoy 2001)
and MINTEQAZ2 (Allison et al. 1991) allow the determination of
the metal speciesin dissolved phase for better characterization of
toxic threshold. Generally Cu?* predominatesin waters of low pH,
but asthe pH increasesthe contribution of Cu?* to total Cu decreases
with simultaneous increase in the contribution of CuCO,, and
CuOH". At typical pHs of natural freshwaters, CuCQ, is the
dominant species while hydroxides and ionic Cu?" contribute
relatively minor proportions (Figure 1). The free form (Cu?*) and
the hydroxide, rather than the carbonate, seem to be the major
contributors to acute toxicity (Allen and Hansen 1996).

Although the environmental chemistry of Cuisextensively studied
in marine and estuarine waters, fewer investigations have focused
onthefreshwater environment (Allen and Hansen 1996; Antello et
al. 1998; Gardner et al. 2000; Bazzi et al. 2002). A unifying theme
of these studiesis that Cu binds with ligands present in the water
such asnatural organic matter, carbonatesand hydroxides, rendering
it less available for uptake by aquatic organisms. Moreover, it has
been shown that organically complexed forms of Cu are
substantialy less toxic than the free metal ion or inorganically
associated species. Thisis because complexes of Cu with ligands
of high binding capacities (eg. dissolved organic matter [DOM])

generdly have high conditional stability constants (log K values).
Thereforethey arelessbioavailable, andlesstoxicto aguatic animals
(Allen et al. 1980; Allen and Hansen 1996; Erickson et al. 1996).
In natural waters, only avery small percentage of thedissolved Cu
is present as free aguo ion (Cu?*); most of the Cu is adsorbed to
colloidal particlesor combined in complexes. For example, arecent
study in lake Michigan (Bazzi et al. 2002) reported that the total
dissolved Cu existed predominantly (more than 98%) as stable,
largely non-bioavailable organic complexes. Similar observations
have been madein metalscontaminated |akesin the Rouyn-Noranda
areain Ontario, Canada (Campbell et al. 2003). The exact nature
of the metal-complexing ligands in natural waters varies with
| ocation but they are thought to include humic substances, synthetic
compoundslikeEDTA, bacterid and algd cellsandtheir breskdown
products, and sulfides (Xue et al. 1995; Achterberg et al. 2002).
The Cu-binding affinity and the rel ative abundance of theseligands
appear to be the main factors governing the complexing capacity
of natura waters. Thusit is not uncommon to find natural waters
containing low concentrations of DOM complexing more Cu than
waters with much higher DOM levels (Achterberg et al. 2002),
possibly because other ligands are more abundant or have greater
Cu binding capacity than DOM. Recently Lu and Allen (2002)
reported that Cu binding by DOM from three freshwater sources
wassimilar and the small differencesin binding affinities could be
partly explained by thehumic acid/fulvic acid ratio. By akalimetric
titration the authors described two Cu binding sites on DOM,
phenolic and carboxylic sites, and demonstrated that under natural
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water conditionsthemajority of the Cu-DOM complexation occurs
at the phenolic sites, and that the complexation was due to
displacement of H* by Cu?* at these sites. Moreover, the phenalic
(high affinity) sites are a small proportion of the total sites and
major water cations like Ca and Mg do not comprehensively
compete with Cu for DOM because they bind mainly to the
carboxylic sites.

Most of theapproachescurrently in usefor derivation of WQC and
ERA for Cu now recognise the importance of bioavailability (EC
1993; CCME 1999; MacRae et al. 1999; ANZECC and
ARMCANZ 2000; USEPA 2001; Meyer et al. 2002) but regrettably
consider only water hardness and dissolved metal. Furthermore,
recent devel opments now recogni sethe importance of considering
not only the physico-chemical factors affecting bioavail ability, but
also the biotic component, in WQC and ERA approaches. The
process of integrating the biotic and abiotic components into a
mechanistic bioavail ability-based tool for derivingWQC and ERA
for metalsisreferredto astheBiotic Ligand Mode (BLM, Di Toro
et al. 2001, Santore et al. 2001, Paquin et al. 2002) and will be
discussedin alater subsection inthisreview. For now it will suffice
to say that the dominant bioavailable and toxic Cu species in
freshwaters are Cu* and CuOH", although CuCO, (aq) and
[Cu,(OH),]** have also been reported to be toxic (Magnuson et al.
1979, De Schamphelaere et al. 2002). The relative proportions of
these Cu species depend on the ambient physico-chemical
characteristic such as pH (see Figure 1). The affinity for the biotic
ligandisinthe order Cu?*> CuCO,(ag) > CuOH* for Daphnia (De
Schamphelaere et al. 2002) and it islikely that the same appliesin
fish. While considering Cu speciation, it isimportant to recognise
that speciation eventsin the gill microenvironment may bedifferent
from thosein the surrounding water and thefish microenvironment,
duetothepH changesinthevicinity of gillsoccasioned by excretion
of H*, CO,, HCO, and NH, (Playle and Wood 1989; Randall et al.
1991; Playleet al. 1992; Tao et al. 2000). For waterborne Cutoxicity,
speciation eventsinthegill vicinity areimportant because gillsare
the primary targets for the acute toxic effects of Cu (McDonald
and Wood 1993; Wood 2001).

Physiology of copper in freshwater fish

Copper, unlike many other potentially toxic metals, isrequired in
trace amounts for normal physiology of al organisms including
freshwater fish. It is a cofactor of a number of proteins including
superoxide dismutase, caeruloplasmin, and cytochrome ¢ oxidase
that are essential for key biochemical functions. The biochemical
function of Cu isvested in its ability to cycle between two redox
states (Cu(l) and Cu(l1)) but this very property isalso the basisfor
itstoxicity. Although it is agreed that the maintenance of Cu levels
adequate to meet physiological needs is a necessity for al living
organisms, the mechanisms by which fish achieve Cu homeostasis
are not well understood at present. It is generally believed that to
meet the physiological requirement, fish need to consume dietary
Cu at aconcentration of 3-35 pg/g depending on species (Clearwater
et al. 2002). However, recently Kamunde et al. (2002b) showed
that by considering the input from water when determining Cu
requirement infish, aslittleas 0.8 pg/g Cuinthediet isadequateto
support normal growthin rainbow trout juvenilesat (normal) water
Culeve of 3ug/L. The samelevel of dietary Cu isinadequate at
lessthan 1ug/L waterborne Cu (Kamunde et al. 2002b). Although
not well characterised, fish are presumed to possess a tightly

regulated homeostatic mechanism responsible for the uptake and
distribution of Cu to ensurethat toxicity or deficiency do not occur.
Most commonly, breakdown in Cu homeostasis manifests as
toxicity both in laboratory and in nature; deficiency israreand has
only been demonstrated in laboratory experimentsin catfish (Murai
etal. 1981), Atlantic samon fry (Berntssen et al. 1999), and rainbow
trout juveniles (Kamunde et al. 2002b). However, this does not
necessarily mean that Cu deficiency in natural populations of fish
doesnot exigt. It is quite possible that in waters with low levels of
Cu and high concentrations of ligands of high complexing
capacities, Cu can berendered unavailableto the extent that uptake
isinadequate.

There doesnot seem to be aconstant whole body Cu concentration
infish; Cu concentration changes asfish grow (Shearer 1984). For
examplein rainbow trout, whole body Cu concentration in healthy
Cu-unexposed individuals ranges between 0.6 and 1.5 pg/g Cu
(Shearer 1984; Laurén and McDonald 1987a; Handy 1992; Marr
et al. 1996, Kamunde et al. 2001, 2002a,b) but this value can
increase 6—10-fold with (Mount et al. 1994; Marr et al. 1996) and
without (Kamunde et al. 2001, 2002b) adverse effects. However, a
decline in concentration to approximately half of the basal
concentration in previously unexposed juvenile rainbow trout
resulted in deficiency (Kamunde et al. 2002b). Thusit appearsthat
fish have a greater safety window for withstanding increases than
decreases in whole body Cu concentration. The mechanisms
responsiblefor the ability of fish to withstand high increasesin Cu
concentrations are discussed below (see Acclimation).

Complex organisms such as fish achieve Cu homeostasis not only
at the cellular level but aso at the tissue and organismal levels.
Generdly Cu homeostasis entails regulated uptake, distribution,
and excretion, and occurs by coordinated interactions of several
organ systems (Figure 2). In the ensuing section we discuss recent
salient advances in our understanding of each of these phases of
Cu homeodtasis.

Copper uptake

Copper uptake from water

Uptake of Cu from water has been extensively studied particularly
asitrelatestotoxicology (McDonald and Wood 1993; Wood 2001).
Because Cu is an essential metal, background concentrations in
tissues are relatively high compared to non-essential metals. A
consequence of the high background Cu levels coupled with the
fact that Cu is homeostatically regulated isthat it isimpractical to
use exposures to non-radioactive Cu to assess uptake rates.
Measurement sensitivity is inadequate. Moreover, exposure
concentrationswoul d haveto bere atively highto attain measurable
uptake, thusposing apotentia toinjurecells, suchthat the measured
rate might not be physiological. To this end, radioisotope
methodology (Wood 1992) using *Cul(t,,, = 12.7 h) hasbeen utilised
in severd studies to determined redlistic rates of Cu uptake from
water (Laurénand McDondd 1987a; Kamundeet al. 2001, 2002a,b,
2003; Kamunde and Wood 2003).

Several factorsincluding water chemistry and body size influence
the rate of Cu uptake in freshwater fish (Table 1). Kamunde et al.
(2001) described exponential declineinwholebody Cu uptakerate
with increasing body massin trout, and more recently Taylor et al.
(2002) demonstrated that uptake into the gills also declines
exponentially with body mass. The size-dependent uptake probably
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Figure 2. Schematic diagram of whole body Cu metabolism in fish.

N

Kidney

—» Excretion

Whole body Cu metabolism involves coordinated interactions of several organ systems. The gut and the gills are the principal sites of Cu uptake and at
typical background concentrations of Cu, gastrointestinal absorption accounts for the majority of Cu uptake. Copper is transported via blood plasma in
the primary phase of transport to the liver, which occupies a central locus in Cu metabolism. In the liver Cu is incorporated into various proteins for
biological function, detoxification, and storage. Protein bound Cu (primarily caeruloplasmin-bound Cu) enters the secondary phase of transport to the
rest of the body. Copper uptake is balanced by excretory losses via bile, the gut, and gills, and other less important losses via the kidney and the rest of

the body (miscellaneous losses).

explains, at least in part, the commonly observed higher sensitivity
of small (young) fish to Cu (Spear and Pierce 1979). Aswdll, rates
of Cu uptake from water appear to be influenced by the body Cu
content. A decline in whole body Cu content, for example in
experimental ly-induced deficiency, increased waterborne Cu uptake
rates, whereas anincreasein wholebody Cu content from previous
exposure to either elevated dietary or elevated waterborne Cu
decreased Cu upteke (Kamunde et al. 2001; 2002a,b). Clearly,
waterborne Cu uptake by the gills is homeostatically regulated.
Recently we observed that fish maintained on high rations had
higher rates of waterborne Cu uptekerelativeto fishonlow rations,
possibly to meet increased demand of Cu for rapid growth
(Kamunde and Wood 2003). Modulation of dietary quality,
specifically exposureof fishto e evated dietary Na, wasal so recently
reported to decrease the uptake rate of both waterborne Cu and Na
(Kamundeet al. 2003; Pyleet al. 2003). Furthermore, these authors
demonstrated astrong correl ation between Cu and Nauptake during
waterborne radiotracer exposuresto %Cu and 2Nain which >95%
of the Cu uptake was explained by the Na uptake, which strongly

suggested that Cu and Nashare uptake pathways, at least partialy.
Note, however, that in absolutetermsthe uptakerate of Naisalmost
4 orders of magnitude higher than Cu uptake; for every moleof Cu
taken up from the water, nearly 6000 moles of Na are taken up
(Kamunde et al. 2003).

The mechanisms of waterborne Cu uptake in fish have been the
focus of recent research (Wood 2001; Grosdll and Wood 2002;
Handy et al. 2002; Kamunde et al. 20023, 2003; Pyle et al. 2003)
and athough much remainsto bedone, several aspectsof Cu uptake
viathe gillshave now been characterised. In Figure 3wesummarise
our current understanding of Cu uptake mechanismsin fish gills.
Available evidence pointsto at least two pathways of Cu uptake at
the fish gills, namely Cu-specific and Nalinked pathways. The
best characterised are the Na-linked pathways. It was recognised
more than 30 years ago that exposure to elevated waterborne Cu
reduced plasmaNaand Cl levels (McKim et al. 1970; Lewis and
Lewis 1971). Later Laurén and McDonald (1985, 1986)
demonstrated that thiswas due to disruption of gill ionoregulatory



Table 1. Summary of effects of biotic and abiotic factors on waterborne Cu uptake, gill binding, and toxicity of Cu (see text for details).
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and Sprague 1978; *Grosell et al. 2002; *°Grosell and Wood 2002.

function. Sodium uptakein freshwater fish probably occursviathe
proton-pump-powered epithelial Na channel (ENaC) with
subsequent export into blood via the basolateral Na',K*-ATPase
(Linand Randall 1995; Sullivan et al. 1995; Bury and Wood 1999;
Wood 2001). Evidence that Cu entersthe gill cells viathe ENaC
has been provided directly by Na-competition experiments and
pharmacological studies (Grosell and Wood 2002), and indirectly
by manipulation of the activity of Nauptake pathwayswith dietary
Na (Kamunde et al. 2003; Pyle et al. 2003). In these respects, it
appears to be similar to silver (Bury and Wood 1999). That Cu
enters via the Na channel in competition for Na, despite very
different chemistries of these two elements, has been explained on
the basisthat the hydrated moleculesof Cuand Nahavevery smilar
mobilities (Handy et al. 2002).

The Cu-specific pathway is insendgitive to Na-competition or to
pharmacol ogical blockade of ENaC (Grosell and Wood 2002). This
pathway is much less well characterised but apica entry islikely
viaan apical high affinity Cutransporter (CTr) analogousto hCTrl
(Zhou and Gitschier 1997; Leeet al. 2000, 2001, 2002; Harris2001).
An analogue of hCTr1 has recently been cloned from zebrafish
embryos (Mackenzie et al. 2004) and while the precise location is
not known at present, the gill isa prime candidate. For both apical
uptake pathways, the basolateral export is likely through a Cu-
ATPaseathough we cannot at present eliminatethe possibility that
low levels of Cu below the threshold needed to inhibit basol ateral
Na',K*-ATPase (Li et al. 1996, 1998) may in fact be transported
by thisenzyme. Although not conclusive, vanadate (P-type ATPase
blocker) sengitivity of branchial Cu uptake (Campbell et al. 1999)
and partia cloning of aCu-ATPase (Grosdll et al. 2001a) are strong
pointers to the existence of a Cu-ATPase in thefish gills.

The specific Cu speciesthat traversesthe branchial epithelium has
not been fully characterised. However, one popular theory is that
for both uptake pathways, Cu?* may bereduced to Cu* by reductases
on the gill surface before uptake (Grosell et al. 2002; Handy et al.
2002), because studies in other systems indicate that Cu-ATPase
and hCTr1 transport Cut, and not Cu?* (Harris 2001; Lee et al.
2002). Additional support for this theory comes from the
demonstration that in lamprey erythrocytes Cu?* ions are reduced
to Cu* ionsonthemembrane surface prior to absorption (Bogdanova
et al. 1999).

Copper uptake from food

Reinfelder et al. (1998) argue that bioavailability of metalsin the
gut may not depend on freeion concentration sinceal metd inthe
gastrointesting tract isprobably bound to biologica materid which
issubsequently absorbed. However, bioavailability and assimilation
efficiency of dietary Cu are affected by severd factors including
diet quantity and quality, and the concentration of Cu in diet. For
example, assimilation/retention efficiency of Cu decreases with
dietary concentration or dose (Handy 1996; Clearwater et al. 2000,
2002; Kamunde et al. 2001, 2002b; Kamunde and Wood 2003)
indicating that uptake mechanisms saturate at higher levels of Cu,
and that Cu transport mechanisms exist in the gut. Thus
concentration-dependent change in assimilation efficiency is a
potential mechanism for regulating uptake and accumulation of
dietary Cuinfish.
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Figure 3. Schematic diagram of a branchial cell showing the pathways of
The mechanisms Cu uptake and toxicity are intricately linked to branchial

The toxic action is predominantly via impairment of Na*,K*-ATPase, ENaC

Cu uptake and the sites of toxic action in freshwater fish.
Na* transport pathways. Apical Cu entry occurs via Cu-specific pathways (CTr)
and by competition with Na* via the ENaC or the Na*/H* exchanger, while basolateral exit occurs through a putative Cu-ATPase and/or Na*,K*-ATPase.

and destruction of cell junctions, and possibly also via poisoning of the Na*/H*

exchanger and carbonic anhydrase.* Indicates that mechanism is yet to be fully characterised.

To the best of our knowledge, only one study (Kamunde et al.
20024) has directly measured the rate of Cu uptake from food. In
this study, fish maintained at 14°C and voluntarily fed a control
diet spiked with #Cu took up Cu at arate of 0.9 ng/g/h, ten times
higher than therate of waterborne Cu uptake determined in control
hard water during the same study. Gut tissues saturated in
concentration within 12-24 h and the posterior intestine was the
main site for Cu uptake. Other recent studies have assessed the
mechanisms of Cu uptake using gut sacs (Handy et al. 2000) and
cannulation of the stomach in intact fish (Clearwater et al. 2000)
and provide most of the current knowledge on mechanisms of
gastrointestind Cu uptake in fish. Evidence from these studies
suggests that the gastrointestinal apical Cu entry is passive while
the basolateral export is the rate-limiting step in intestinal uptake
of Cu. Handy et al. (2000) described concentration dependent
changes in basolateral Cu absorption across the catfish gut and
postulated the presence of a Cu-ATPase and a Cu/anion symport,

while Q,, analysis (Clearwater et al. 2000) suggested that apical
entry was by diffusion and basolateral exit was biologically
mediated. In mammalian intestine, an uptake phase independent
of the ATP status of the cell and an energy dependent rate-limiting
transfer step has been described (Linder and Hazegh-Azam 1996).
A rolefor themajor plasmamembrane Cu transporter identified so
far, the high affinity Cu transport protein (Ctrl), in the apical Cu
uptake has been demonstrated (Zhou and Gitschier 1997; Lee et
al. 2000, 2001, 2002; Harris 2001). In addition, the natural
resi stance-associated macrophage protein (Nramp2) system (also
caledDMT1or DCT1), themainirontransporter inintestind cells,
isthought to mediate uptake of Cu through an energy independent
mechanism (Rolfs and Hediger 1999). These mechanisms of Cu
trangport likely exist in fish gut aswell because Nramp is present
infish genome (Dorschner and Phillips 1999; Donovan et al. 2002)
and a high affinity Cu transporter homologous to the hCtrl has
recently cloned in zebrafish embryos (Mackenzie et al. 2004).
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It therefore does appear that there are mgjor similarities between
mammalian and fish intestinal Cu transport but more research is
required to bridge the gaps in knowledge.

Interactions between waterborne and dietary Cu uptake

Until recently the relative importance of water and diet as sources
of Cu for fish was unknown. Recent studies investigating
interactions between branchial and gastrointestinal uptake of Cu
(Kamunde et al. 2001, 2002a,b) have demonstrated that under
normal levels of Cu in the water and food, rainbow trout derives
over 80% of its Cu requirement from food. Moreover, the rate of
internalisation of dietary Cuismorethat tentimesgreater than that
of waterborne Cu. The relative contribution of waterborne uptake
isvariable and becomes greater at low levelsof Cuinthefood and
at highlevelsof Cuinthewater. Thusunder experimentally induced
deficiency, up to 60% of body Cu burden was attributed to
waterborne uptake (Kamunde et al. 2002b), while a 20 pg/L
waterborne Cu, almaost 50% of the body Cu burden wasattributable
to waterborne uptake (Kamunde et al. 20028). An earlier study
(Miller et al. 1993) al so found that therel ative contribution of water
to Cu accumulation in the liver increased as waterborne Cu level
increased. Interestingly, Zn, another essential trace el ement, behaves
in a similar fashion (Spry et al. 1988). Clearly, although it is
commonly assumed that “normal” Cu uptake occursalmost entirely
from the diet, and that the entry of Cu (and other metals like Zn)
across the gills is “pathological”, branchial Cu uptake plays an
important role in the normal metabolism of Cu in fish. A recent
review on the nutritive uptake of metals (Bury et al. 2003) further
highlightstheimportance of branchial uptakein normal metabolism
of essential metals. The role of the gill in nutrition of essential
macro-elementsincluding Na, Cl-, and Ca?*, is even greater, with
more than 80% of the uptake normally occurring acrossthe gills.

Branchid Cu uptake from the water is influenced by whole body
Cu datus and previous exposure to Cu via the diet. In contrast,
gastrointestinal Cu uptake from food is not influenced by previous
exposureto waterborne Cu (Kamundeet al. 2001, 2002a,b). Indeed
whole body and internal tissue Cu burdens continue to increase
with time and do not appear to saturate during long-term dietary
exposures, whereas whole body and tissue Cu burdens saturate
during long-term waterborne Cu exposures (eg. McGeer et al.
2000b). These two observations have led to the proposition that
dietary uptake servesfor bulk acquisition of Cu, while waterborne
uptakefine-tunes Cu homeostasi sbased on requirement. However,
more work isrequired, particularly to characterise dietary uptake,
in order to shed more light on thisissue.

Copper distribution

Copper absorbed viaeither pathway (branchia or gastrointestinal)
isdelivered primarily viabloodin the primary phase of distribution
to the liver, which occupies a central locus in whole fish Cu
metabolism (Figure 2). Over 90% of blood-borne Cuisintheplasma
compartment (Grosdll et al. 1997, 2001b). Plasma Cu transport in
fishisnot well characterised but the limited research on this aspect
of Cudigtribution (Grosell 1996; Kamundeand Wood, unpublished)
suggests the involvement of at least three proteins, putatively
albumin, ceruloplasmin, and transcuprien, as in mammals (Weiss
and Linder 1985). The disposition of Cuis such that accumulation
in tissues that comprise the primary route of uptake, ie. gills or
intestine, is high following exposure via the respective pathway.

Indeed Cu accumulationinthegut isdiagnostic of dietary exposure
since accumulation of waterborne Cu in the gut is minimal
(Kamunde et al. 2001, 2002a). In the long-term, the liver is the
main site of Cu accumulation regardless of the route of exposure
(Laurénand McDonald 1987a; Grosdll et al. 1996; Clearwater 2000,
2002; McGeer et al. 2000b; Kamunde et al. 2001, 2002a,b),
presumably due to high levels of metd binding proteins in this
tissue. Copper from dietary uptake is channelled directly to the
liver via the portal circulation leading to greater hepatic
accumulation than during waterborne exposure since Cu from
branchia uptake may accumulate in other organs before reaching
the liver. This apparent significant first-pass effect of dietary Cu
may partly explain its lower toxicity relative to branchial Cu
exposure because other organs are protected. In the liver, Cu may
follow oneof threefatesasisthe casein mammals: i) incorporation
into transport proteinssuch as cerul oplasmin for secondary transport
into other tissues ii) incorporation into cupro-proteins, eg.
metal lothionein for biologica function or storage or iii) excretion
via bile. Whole body Cu levels vary depending on the prevailing
waterborne and dietary Cu levels, body requirements, and growth
rates.

Copper aso accumulates in the kidney irrespective of route of
exposure (McGeer et al. 2000b; Kamunde et al. 2001) although
concentrations attained are much lower than those in the liver.
Interestingly, plasma Cu levels appear to be maintained constant
over awiderange of sublethal waterborne and dietary Cu exposure
levels; for rainbow trout, plasma Cu levels appear to be regulated
a 0.6—0.8 ug/mL (Grosdll et al. 1997, 1998b, 2001b; Kamunde et
al. 2001). It appears that Cu is rapidly cleared from plasma such
that as much Cu as enters leaves almost immediately; a linear
increase in #Cu radiolabel in plasma over time does not trandate
into increased total plasma Cu concentration (Grosell et al. 2001b;
Kamunde and Wood, unpublished). Muscle Cu concentrations
remain low during both dietary and waterborne exposures at
concentrationssimilar to thosein blood plasma(Grosdll et al. 1996;
Kamunde et al. 2001; Clearwater et al. 2000, 2002). However, Cu
in muscle can contribute a substantial proportion of the body Cu
burden because of the relatively high muscle massin fish.

Excretion of copper

Several recent studies indicate that exposure to elevated Cu via
water and/or via the diet stimulate Cu excretion into bile
(Andreasson and Dave 1995; Grosall et al. 1996, 1997, 1998a,b,
2001b; Kamundeet al. 2001; Clearwater et al. 2000, 2002). A small
fraction of the Cu transported to thekidney may be excreted through
urine, although rena excretion appears to contribute minimally to
total excretory losses of Cu (Grosell et al. 1998b). The
gastrointestinal tract, in addition to providing aconduit for extrusion
of hiliary Cu, may participatedirectly in Cu excretion viaintestinal
fluids or exfoliation of Cu-impacted intestinal epithelial cells.
Several authorshave reported increased apoptosis (Berntssen et al.
1999; Kamunde et al. 2001) during exposure to elevated levels of
dietary Cu. Moreover, induction of metallothionein in gut tissue
(Handy et al. 1999) may facilitate excretion by sequestering the
Cuinintestinal tissue, with elimination occurring through epithelial
cell doughing. Another potential Cu excretion pathway is viathe
gill. Assessment of extrahepatobiliary Cu excretion, likely through
the gills, revealed that Cu loss through this pathway substantially
exceeded loss through the bile (Grosdll et al. 2001b). Although
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specific studies are required to determine the real significance of
this pathway of Cu excretion, accumulation of Cu at the gill
following dietary exposures (Handy 1996, Kamunde et al. 2001,
2002a,b) strongly supportsaroleof thegill in Cu excretion. Copper
excretion needto bestudied in detail to gaininsightsonthekinetics
of Cu loss in fish and the relative contribution of all potential
excretory pathways. In mammals, which have one mgjor route of
excretion, the rate of lossis exponential and biphasic, with a half-
lifeof 67 hfor thefirst 72 h followed by amuch dower lossratein
subsequent days (Barceloux 1999). Kinetics of Culossinfish are
likely to be more complex due to significant multiple pathways of
excretion.

Copper homeostatic system in fish

Based on theinformation discussed above, we specul ate that there
is a whole-body Cu homeostatic system that maintains constant
plasma Cu concentration (Figure 4). This system may encompass
centra sensors, possibly within the central nervous system or blood
circulatory system, and local sensors within target tissue cells.
Moreover, because of ademonstrated linkage between Na" and Cu
metabolism (Handy et al. 2002; Grosell and Wood 2002; Kamunde
et al. 2003; Pyleet al. 2003), apartia linkagewith the Na" sensing
mechanisms cannot be ruled out. In this homeostatic system,
information (possibly neura and/or hormonal) on changesin plasma
Cu levelsis relayed to the regulatory organs, which for fish are
probably the gills, gut, and the liver. Depending on the nature of
the change in plasma Cu concentration, increased or decreased
uptake occurs at the gill and gut concurrent with increased or
decreased hepatobiliary excretion. Cu trandocating proteins, such
as the Cu-ATPases, within these organs likely mediate these
changes. The net effect isthe return of plasma Cu to normal levels,
which are 0.6 - 0.8 pg/mL in rainbow trout.

The goal of maintaining constant plasma (extracellular) Cu
concentration is to satisfy the changing Cu requirements of the
cells. Although the mechanismsof Curegulationin vertebratecells
have not been fully defined, physiologically essential levels of
cellular Cu can be achieved viaacoordinated series of interactions
between transport proteins, vesi cles, and soluble peptides (Schaefer
and Gatlin 1999; Harris 2001). These transport molecules are part
of a Cu homeostatic system that regulates cellular Cu uptake,
transport, storage, and efflux. Several aspects of cellular Cu
homeostasisin fish remain unclear. For examplethe specific proteins
involved, theregulatory endpoint, the sensing mechanismsand their
location, and the mode of integration of the system remain to be
decisively determined. Most of the studies addressing cellular Cu
homeostasis have been carried out using smple model systems
like yeast, and thus do not address the complexity of higher
organisms. Inyeast, regulator proteinsact as Cu sensorsthat trigger
the shutdown of uptake proteins when intracellular Cu levels
increase (Harris2001). Alternatively, vesicleswith Cu-transporting
ATPases work in conjunction with mobile Cu carriers (eg.
chaperones) to get rid of excesscytoplasmic Cu or activate enzymes
such as Cu/Zn-superoxide dismutase that protect the cell from Cu-
mediated oxidative damage.

Levesat which cellular Cuis maintained are unknown. However,
due to a great variability in Cu concentrations in various tissues,
cell-type specific Cu-levels are likely. This raises the speculation
that possibly only Culevel swithin some sensitive cell compartment

isregulated. To thisend, free cytosolic Cuislow (O’ Haloran and
Culotta2000) anditisthereforelikely that Cuhomeostasisisgeared
toward satisfying cellular Cu regquirements while maintaining safe
levels of cytosolic freely dissociable Cu. In vertebrates, no system
for sensing Cu hasyet been identified (Harris2001) although metal
binding sites on the Cu transporting P-type proteins have been
proposed as potential sensors of cellular Cu levels (Strausak et al.
1999). Evidence for this comes from the observation that metal
binding sites at the N-terminus of Cu-ATPase bind Cu(l) with high
affinity and are involved in ligand exchange with Cu chaperones.

Clearly future research on Cu homeostasis in fish needs to
characterisetheregulatory endpoint (both at organismal and cellular
levels) and identify the nature and location of the sensing
mechani sms, and themode of integration of the variouscomponents
of the system. Moreover, the Na-Cu linkage needs to be explored
in depth to fully understand the rel ative contributions of Na-linked
and Cu-specific pathwaysin Cu metabolism. Such future research
would not only illuminate Cu homeostasisin fish, but also lead to
a better understanding of both acute and chronic toxicity, and
improvement of the environmental regulatory approaches for Cul.

Toxicology of copper

Copper toxicity resultswhen the homeostatic mechanismsdescribed
above fail, due to acute or chronic exposure to elevated levels of
Cu. Fundamentally, the redox cycling of Cu, which isthe basisfor
itsbiological function, isalso partly the basisfor thetoxicity. Redox
cycling of Cu leads to the formation of highly reactive oxygen
species (Halliwell and Gutteridge 1984), which can cause
devastating cellular damage including oxidation of proteins,
membrane lipid peroxidation, and cleavage of DNA and RNA
molecules. In addition, Cu can interfere with the homeostasis of
other elements (eg. Naand Zn) and inactivate proteins by strongly
binding to cysteine, histidine, and methionine residues. In the
following sections we highlight recent developments in the
understanding of toxicology of Cu in freshwater fish.

Acute toxicity of waterborne copper in freshwater fish

Acute toxicity of waterborne Cu in fish is a well-studied subject
that hasbeen periodicaly reviewed over theyears(Spear and Pierce
1979; Flemming and Trevors 1989; McDonald and Wood 1993;
Taylor et al. 1996; Wood 2001). In addition, acute waterborne Cu
toxicity iswell correlated with gill total Cu burden (MacRae et al.
1999). Generdly the levels of waterborne Cu that induce acute
toxicity in freshwater fish depend on several abiotic and biotic
factors (Table 1). Water chemistry parameters, eg. hardness
(Pagenkopf 1983; Erickson et al. 1996, 1997; Welsh et al. 2000;
Taylor et al. 2000), dissol ved and suspended organic carbon (Winner
1985; Playleet al. 1993a,b; Welsh et al. 1993; Erickson et al. 1996;
Hollis et al. 1997; Marr et al. 1999; McGeer et al. 2002), pH
(Pagenkopf 1983; Welsh et al. 1993; Cusmano et al. 1986; Erickson
et al. 1996; Taylor et al. 2002), akalinity (Chakoumakos et al.
1979), and Na(Ericksonet al. 1996) are probably themost important
modifiers of toxicity during acute waterborne Cu exposureto fish.
Increasesin al of the above factors generaly tend to decrease Cu
toxicity; hardness (Ca?* and Mg?) and Na' offer protection by
competitionwith Cu?*, organic carbon and akalinity by complexing
Cu?*, and pH and akalinity by changing Cu speciation awvay from
Cu* to theless bioavailable species, CuCO, (ag) and CuOH". Life
stage (Howarth and Sprague 1978) and fish species or strain (Brix



AUSTRALASIAN JOURNAL OF ECOTOXICOLOGY

Environmental regulation of copper

Vol. 10, pp. 1-20, 2004

Kamunde and Wood

Cu sensors

Increased plasma [Cul]

Normal plasma [Cu]

Down-regulation of Cu uptake
Up-regulation of Cu efflux

COPPER HOMEOSTASIS

Liver
Gut
Gill

Decreased Cu absorption
Increased Cu excretion

Normal plasma [Cu]

(0.6-0.8 pg/mL)

~,

Decreased plasma [Cu]

Up-regulation of Cu uptake
Down-regulation of Cu efflux

(0.6-0.8 ng/mL)

/

Increased Cu absorption
Decreased Cu excretion

Liver

Cu sensors

Figure 4. Schematic representation of Cu homeostasis in rainbow trout.
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Copper homeostatic mechanisms in trout maintain plasma (extracellular) Cu levels of 0.6-0.8 ig/mL, which satisfies the cellular requirements. Putative Cu
sensors possibly located within local tissues, the central nervous system or the circulatory system could be responsible for monitoring Cu levels in plasma/
extracellular fluid. The effector organs are primarily the liver, gut, and gill but other organs including the kidney may play some less important roles.
Modulation of uptake and excretion maintains physiological levels of Cu in plasma and with body cells. + Indicates enhancement of physio-toxicological

response.

et al. 2001, Meyer et al. 2002; Taylor et al. 2003) al significantly
influence Cu toxicity. The decline in Cu uptake and gill binding
withfishsze(Kamundeet al. 2001; Taylor et al. 2002) helpsexplain
the lower sensitivity to Cu observed with increase in fish size
(Howarth and Sprague 1984). Because of the above-mentioned
variables, 48- and 96-h LC50s for Cu vary by more than an order
of magnitude (Meyer 1999).

Aquatic toxicologists are in agreement that acute toxicity of
waterborne Cu results from impairment of Naand Cl homeostatic
mechanisms (Wood 2001). Freshwater fish maintain blood NaCl
levels>150timestheexternal environment and compensatory active
NaCl uptake to replace NaCl lost down the concentration gradient
isakey prerequisite for survival of fish in freshwater. At exposure
levelsof 12 to 2000 pg/L (depending on water chemistry, species,
andlife-stage), Cu reduces plasmaand wholebody Naand Cl (Stagg
and Shuttleworth 1982; Laurén and McDonald 1985, 1986, 19874;
Wilson and Taylor 1993; McDonald and Wood 1993; Simkissand
Taylor 1995; Wood 2001). As Cu concentration increases, thefirst
toxic effects are seen on active Na uptake. Copper impairs active
Na uptake by competing with Na for the apical entry pathway
(ENaC) and later by inhibiting branchial Na*,K*-ATPase at the
basolateral membrane (Lorz and McPherson 1976; Laurén and
McDonald 1987b; Beckman and Zaugg 1988; Pelgrom et al. 1995;
Li et al. 1996; 1998; Grosdll and Wood 2002). Impairment of Cl
uptake possibly occurs indirectly via inhibition of carbonic

anhydrase (Grosdll et al. 2002), which provides the substrate for
the CI/HCO, exchanger and couples Na and Cl uptake.
Nonetheless, studies using rainbow trout erythrocytes have
demongtrated direct competition of Cu and Cl for the CI/HCO,
exchanger (Bogdanovaet al. 2002). At higher levels, generaly above
100 pg/L, Cu exposureincreases diffusive Na* efflux, presumably
following Cu-induced displacement of Ca from the intercellular
tight junctions (Laurén and McDonald 1986; Wood 2001) since
Caisthought to regulate paracellular permesbility (Loretz 1987).
In addition, studies using human intestinal Caco-2 cells showed
that Cuincreasestight junction permeability through anintracel lular
mechanisms involving perturbation of F actin cytoskeleton
(Ferruzzaet al. 1999). Morerecently, Grosdll et al. (2002) suggested
that impairment of carbonic anhydrasewould secondarily interfere
with N-waste excretion because of the linkage of N-excretion to
Natransport (ie. Na'/NH,* exchange; Figure 3). Additional effects
of acute toxicity of waterborne Cu in freshwater fish include
reductionin arteria O, tension (P_,), haemoconcentration, increase
in arterial pressure, tachycardia, increased plasma ammonia and
glucose, increased extracellular fluid pH, reduced swimming
performance and increased cortisol production (Waiwood and
Beamish 1978; Laurén and McDonald 1985; Wilson and Taylor
1993; Beaumont et al. 1995; Pelgrom et al. 1995). These effects
occur at relatively high concentrations of waterborne Cu and are
not Cu-specific. Several morphologica changesincluding epithdlial
cell swelling, haematomas, cell death, and thickening and curling
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Figure 5. Summary of the toxic response of fish to acute waterborne Cu exposure.
Loss of NaCl triggers a cascade of responses culminating in death by cardiovascular collapse.
of gill lamellae (Kirk and Lewis 1993; Wilson and Taylor 1993;  Toxicity of dietary copper

Bury et al. 1998; Li et al. 1998) are aso evident during acute
waterborne Cu exposure. Net Na“ and Cl- loss across the gills
triggersthe chain of eventsleading to death from acute Cu exposure
(Figure 5), in asimilar manner to the effects of low pH exposure
(Wood 1989) and Ag exposure (Hogstrand and Wood 1998). The
toxic threshold is about a 30% loss of whole-body sodium for
rainbow trout (Laurén and McDonad 1985; Grosdll et al. 2002;
Taylor et al. 2003) and 40% for yellow perch (Taylor et al. 2003).
Accordingto Grosdll et al. (2002) smaller animasaremore sensitive
to Cu becausethey have higher Naturnover ratesthan largeanimals.

Chronic toxicity of waterborne copper in freshwater fish
An aspect of Cu that continues to elude toxicologists is the
mechanism of chronic toxicity. Understanding the chronic effects
of waterborne Cu exposureis complicated by thefact that fish may
become acclimated (Dixon and Sprague 1981) and better suited to
liveat elevated Culevels(McDonald and Wood 1993; Wood 2001).
One possibleway that chronic waterborne Cu toxicity can occur is
viaincreasein plasmaand extracel lular Cu concentrationsfollowing
breakdown of homeostatic mechanisms, leading to oxidative cell
damage as witnessed in Wilson's disease, a genetic disease of Cu
metabolism in humans that manifests as toxicity (Schaefer and
Gatlin 1999). We haveindeed recently demonstrated that waterborne
Cu toxicity is associated with elevated plasma Cu concentration
(Kamunde et al. unpublished). Mechanisms not withstanding,
chronic toxicity of Cuin fish may manifest asreduced growth and
aerobic scope, loss of appetite, ion loss and even as mortality
(Waiwood and Beamish 1978; De Boeck et al. 1995; Taylor et al.
1996; M cGeer et al. 2000a). Full characterization of chronictoxicity
will require the identification of internal effects concentrations at
specific metal-sengitive sites/tissues, and the most sensitive chronic
endpoint.

10

Until recently, dietary exposuresof Cu to fish werelargely ignored
because gastrointestinal uptake was not considered an important
pathway for Cu toxicity. Most dietary studies were therefore
concerned with establishing a nutritional requirement for Cu in
fish (Ogino and Yang 1980; Murai et al. 1981; Lorentzen et al.
1998), while toxicological studies focused primarily on the
waterborne exposure pathway. It has now been recognised that the
toxicology of Cu in aguatic environments is complex, and food
may contribute substantialy to total Cu uptake, and potentially to
chronic toxicity (Miller et al. 1993; Handy 1996; Clearwater et al.
2002; Campbell et al. 2003). Specificdly, in contaminated waters
of high complexing capacity, dietary uptake and toxicity of Cuis
probably predominant because of diminished uptake from the
dissolved phase. However, dietary Cu levels even four orders of
magnitude higher than those acutely toxic during waterborne
exposure are apparently non-toxic. For example infusing a 270-g
trout via a stomach catheter with a Cu dose as high as 30 000 ug
(Clearwater et al. 2000) did not cause mortality in 4 h, neither did
long-term feeding of a 10 000 pg/g Cu diet (Handy 1993), in part
due to the fact that fish either reject (food) or regurgitate the Cu
soon after ingestion/infusion. It is therefore unlikely that dietary
Cu is acutely toxic to fish, especialy because environmentally
redistic levels are relatively low (10 — 1800 pg/g dry weight in
invertebrates [ Dallinger and Kautzky 1985; Handy 1996]).

Chronic toxicity of dietary Cu has been variably demonstrated in
freshwater fish (Clearwater et al. 2002) but to date the toxic
concentration of Cu in the food remains controversia. Generally,
indicationsarethat toxicity of dietary Cuwill depend onthe species
and life stage of thefish and theforminwhichit is presented to the
fish (Clearwater et al. 2002). While using dietary Cu concentrations
to determine the toxic levels of Cu yields very variable levels of
toxic threshold (Kamunde et al. 2001), a recent synthesis of data
on dietary Cu exposurein fish showsthat adaily dose 35-45 ug Cu
per g fish istoxic to rainbow trout (Clearwater et al. 2002). Thus
Clearwater et al. (2002) arguethat the dose (which takesinto account
the feeding rate and the concentration of the metal in the food),
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Figure 6. Potential effects of acclimation to copper on fitness in rainbow trout.
Increased tolerance results in a shift to the right characterised by higher LC50/LA50s, and wider optimal concentrations, while deficiency threshold

remains unchanged. These changes have implications for BLM.

rather than the metal concentration in the food/prey aone should
be used to determinetoxic levels of Cuinfood. In agreement with
this sentiment, Kamunde and Wood (2003) independently cameto
the conclusion that using total dose as a measure of exposure is
moreappropriate becausefish fed aconstant dose of Cuin different
rations accumulated very similar amountsof Cuintheir bodies(ie.
Cu/fish) despite very different concentrations on a per unit mass
basis.

Themechanismsof dietary Cutoxicity likely reflect asuit of chronic
effects. Some of these may stem from generation of freeradicasin
thetissueswhere Cu accumulatesand manifest aslipid peroxidation,
eg. inthe liver, gut, and kidney (Farag et al. 1994, 1995; Baker et
al. 1998), while others may result from inhibition of gut motility
and digestive enzymes (Woodward et al. 1995), degeneration of
gut epithelium (Handy 1993; Farag et al. 1999), decreased whole
fish oxygen consumption (Handy et al. 1999) and increased
gastrointestinal cell turnover via apoptosis (Berntssen et al. 1999;
Kamunde et al. 2001). Although some studies reported growth
impairment following dietary Cu exposure (Murai et al. 1981;
Lanno et al. 1985; Woodward et al. 1994, 1995), several recent
studies have shown no effects (Gatlin and Wilson 1986; Mount et
al. 1994; Berntssen et al. 1999; Handy et al. 1999; Kamunde et al.
2001, 2002a,b; Kamunde and Wood 2003) suggesting low
bioenergetic cost of regulating dietary Cu in fish. Interestingly,
gadtrointestinal Na',K*-ATPase was unaffected after 35 days of
exposureof rainbow trout to 15 pg/g fish/day (Kamunde and Wood

2003), suggesting that either the dose was non-toxic or that the
mechanisms of dietary Cu toxicity differ from those of acute
waterborne Cu exposure.

Acclimation

During prolonged exposureto €l evated waterborne Cu, fish exhibit
physiologica recovery and increased toleranceto subsequent acute
Cu challenge, a phenomenon termed acclimation, which was first
demonstrated in a rigorous toxicological study by Dixon and
Sprague (1981). Figure 6 illustrates the potential effects of
acclimation on toxicity and optimal levelsof Cuinfish. Generally,
acclimation can be viewed as the net result of two processes, one
leading to the recovery of physiological disturbance, and the other
totheregulation of uptakeand distribution of Cu. Inthefirst process,
fish under sublethal Cu stress exhibit an initial disturbance of Na
homeostasis followed by recovery, in the so-called damage-repair
hypothesis (McDonald and Wood 1993). McGeer et al. (2000a)
demonstrated aclassical damage and repair phenomenon during a
chronic exposure of rainbow trout to 75 pg/L waterborne Cu, in
which disturbancein Nahomeostasisin thefirst two dayshad fully
recovered within a week. These authors attributed the return to
normal of the physiological responsesto therecovery of theNa',K*-
ATPaseactivity, following synthesis of more enzymeunits, enzyme
activity was more than two times the control activity after 60 days
of exposure. Apparently the diffusive loss of Na was effectively
counteracted by greater Na uptake due to higher Na',K*-ATPase
activity. A second mechanism by which Na homeostasis recovers

11



AUSTRALASIAN JOURNAL OF ECOTOXICOLOGY

Environmental regulation of copper

Vol. 10, pp. 1-20, 2004

Kamunde and Wood

islikely viathereduction of paracellular pathway permesbility since
a specific toxic action of Cu is to increase the permeability of
intercellular junctions, leading toincreased diffusveNaloss(Laurén
and McDonald 1987b). As well, since Cu exposure causes
morphologica damagetothegill epithelium (Kirk and Lewis1993;
Wilson and Taylor 1993; Bury et al. 1998; Li et al. 1998), a third
mechanism of recovery is likely associated with the repair of
epithelial structural damage. Finally, conservation of NaCl by the
kidney (Grosdll et al. 1998b) offers an additional method through
which Na homeostasis can be reclaimed.

The second facet of acclimation involves regulating Cu
accumulation in the animal, which can occur at the uptake,
distribution, and storage phases of Cu toxicokinetics. Although
decreased uptakeinto thewhole body and/or gill hasbeen reported
(Grosdll et al. 1997; Kamunde et al. 20023, Gale et al. 2003), no
change (McCarter and Roch 1984; Grosell et al. 1996), and
increased uptake (Taylor at al. 2000; McGeer et al. 2002) have
also beenreported. Kamunde et al. (2002a) explained these variant
responsesto acclimation to waterborne Cu on thebasis of differing
effects of Cu on the “high-affinity low-capacity” (HALC) and the
“low-affinity high-capacity” (LAHC) Cu binding siteson the gills
(Taylor et al. 2000). While Cu uptake viathe HALC binding sites
is reduced by acclimation, uptake via LAHC binding sites is
increased such that the measured response will depend critically
on the ambient Cu concentration during the Cu flux measurement
(Kamundeet al. 20024). The second strategy by which fishregulate
Cuisby increasing excretion viathe hepatobiliary, branchial, and
gastrointestinal pathway's (as detailed in Excretion of copper). The
third option for tolerance induction is increased storage,
detoxification or sequestration of Cu in specific organs or cell
compartments where it is unavailable to sensitive cellular
components. To this end, Cu binding proteins and bio-molecules,
eg. metall othionein, acid-sol ublethiolsand glutathione, areinduced
infishtissuefollowing chronic subletha exposureto Cu (McCarter
and Roch 1984; Laurén and McDondd 1987b; Marr et al. 1995;
Dang et al. 1999, 2000; Handy et al. 1999). Copper held in these
proteingbio-moleculesis presumably less labile (Kamunde et al.
20028) and therefore less toxic. Finally, repair of damaged gill
epithelium, as noted above, also mitigates the continued
uncontrolled influx of Cu, inadditiontolimiting paracellular efflux
of Na

Increased toleranceto waterborne Cu following exposureto dietary
Cu has dso been reported (Miller et al. 1993), but Kamunde and
Wood (2003) noted only insignificant tendenciestoward increased
waterborne L C50 in rainbow trout exposed to 15 g Cu/g fish per
day, possibly becausethe dosewasmuch lower relativeto the Miller
et al. study. Surprisingly, whileacclimation to waterborne Cu down-
regulates waterborne Cu uptake, dietary Cu uptake is unaffected
(Kamunde et al. 2002a). Studiesto assessthe effect of acclimation
to dietary Cu on subsequent uptake of dietary Cu need to be
carried out.
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Environmental regulation of copper

Many governments throughout the world recognise the potential
hazard posed by elevated levels of metals such as Cu in the
environment. However, introduction of measures to regulate the
release of metals into the environment is constrained by alack of
adequate knowledge on the effects of metal s on aquatic organisms,
particularly in relation to the norma chemical and nutritional
environment of the organisms. As a result of these scientific
limitations, policy analysts often employ the concept of
Precautionary Principle asameans of taking anticipatory actionin
the absence of satisfactory scientific proof of harmful effects.
However, inappropriate application of the Precautionary Principle
may result in unnecessary bans on the use of metals, barriers to
trade, blanket rather than site-specific regulations, inappropriate
targeting of resources for environmental protection, and
environmental regulations levels written below nutritional or
analytical detection limits. These potentia problems have resulted
in scepticism in acceptance of regulatory programs by industry
because of the potential for overprotection coupled withtherigidity
of theregulatory system (Paguin et al. 2002). In aguatic toxicology
the most effective antidote to inappropriate application of the
Precautionary Principleis sound scientific knowledge.

In the U.S,, water quality criteria are now based on dissolved Cu
(not total Cu) and acorrectionfor hardnessisincorporated (USEPA
1993), based on improvements in knowledge made over the last
three decades. However, it isnow clear that dissolved metal is not
a good predictor of bioavailability and toxicity (Bergman and
Dorward-King 1997; Jensen et al. 2000), becauseit does not account
for metal bound to Dissolved Organic Carbon (DOC), which is
unavailable, nor does it consider other factors that affect Cu
bioavailability and toxicity such as pH, alkalinity, and Na levels.
Consequently, adjustments using the concept of the water-effect
ratio (WER) were introduced (USEPA 1994), and thus
bioavailability-related modifications of WQC without adequate
understanding of site-specific modifying factorsweremade possible
(Bergman and Dorward-King 1997). In brief, the WER ratio
experimentaly comparesthetoxicity of Cuinthesite-specificwater
withthat inthe*laboratory water”, and may resultin alessstringent
regulation when the site-specific water offerssignificant protection.
However, the WER was found to be inefficient for application to
WQC adjustmentson awidescale (USEPA 2001) becauseit entails
large-scale animal testing (therefore time-consuming and
expensive), necessitating the development of improved
methodologies to better characterise natural exposure scenarios.
The Biotic Ligand Model (BLM) approach, which is a
computationa method based on sound science, offersgreat promise
inefficiently deriving realistic and widely acceptablecriteriawhile
limiting the use of the Precautionary Principle.

The Biotic Ligand Model: an antidote to application
of the Precautionary Principle

The BLM was developed by a consortium of U.S. and Canadian
researchers as a predictive tool for acute toxicity of waterborne
metals to fish (Di Toro et al. 2001; Santore et al. 2001; Paquin
2002) and is gaining wide acceptance among the scientific,
regulatory, and regulated communities. The BLM is based on
understanding of physiology, toxicology, and geochemistry, and
usesknown receiving water chemistry, “Biotic Ligand” (gill) metal
binding constants, and standard geochemical modelling programs
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Figure 7. Conceptual model of the Cu BLM.
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The model describes toxicity in terms of interaction of Cu, the surrounding water and the gill surface. The toxic action is primarily driven by the concentration
of Cu in the water. Competition for binding sites with cations present in the water and complexation of Cu by environmental ligands such as DOC modify

toxicity (adapted from Paquin et al. 2002).

(eg. CHESS, MINEQL*, MINTEQA2, WHAM) to predict acute
toxicity. Although the BLM concepts were first developed under
laboratory conditionswith alimited number of species (eg. Playle
et al. 1993a,b; Playle 1998; MacRee et al. 1999), the versetility of
the BLM has resulted in its provisiona approval (USEPA 2001)
for site-specific modification to Cu Acute Criteria. The greatest
advantages of the BLM are that it is site-specific, cost-effective,
avoids animal testing, and has potential application for both acute
and chronic criteriafor Cu and other metalsincluding Ag, Cd, Zn,
Pb, and Ni. It has been argued that implementation of the BLM
approach will likely reduce the need for application of the
Precautionary Principle, identify situationsin which regulation has
been inappropriate, and reduce the costs for implementation of
regulation (Paguin et al. 2002).

Recent advances in the development and application of the BLM
for WQC derivation and ERA of metals have been summarised
(Gorsuch et al. 2002; Niyogi and Wood 2003). Because the BLM
is a computational model, new developments can be easily
incorporated, and themodel can continueto evolve asnew findings
are made. Here we highlight recent developments of the Cu BLM,
with special emphasis on features of the biotic ligand (gill) and
factorsinfluencing its capacity to bind Cu. A conceptual model of
the Cu BLM is shown in Figure 7. This model captures the
complexation reactions with ligands in the water that bind Cu as
well as competition reactions with waterborne cations for active
binding sites at the gill surface. Toxicity occurs when short-term
metal accumulation (generally at 3-24 h of exposure) at the gill
activesitesreachesalethal threshold, for example, an accumulation
that causes 50% mortality by 96 h is described as the 96-h LAS0
(lethal accumulation). For Cu, the main ligands influencing
bioavailability and toxicity are DOC, CO,?, and OH- and the main

cationsareCet*, H*, Mg?* and Na'. The binding capacity, or binding
sitedensity (B, ) and theaffinity constant (Ilog K) are both generaly
determined using short term (3 h) in vivo gill metal binding assay
to minimise metal export from gill and possible physiological
changes to the binding sites. Earlier researchers characterised a
singlegill Cubinding site(Playleet al. 1993a, MacRaeet al. 1999)
withlogK and B valuesranging from 7.1to 7.6 and from 30 to
63 nmol/g, respectively. However, recent studies using a more
sensitive radioi sotope methodol ogy identified two Cu binding sites,
designated HALC and LAHC Cu binding sites (Taylor et al. 2002,
2003, 2004; Kamunde et al. 20023). The high affinity (HALC)
sites have Cu-gill log K vaues of 7.9t0 9.2 and are likely the rea
site of interest for the acute BLM since they saturate at
environmentaly redlistic Culevels, whilethe high capacity (LAHC)
sites are unsaturable and less relevant for BLM purposes. The
mixture of the two types of sites probably results in the lower
operativelog K values (7.1 to 7.6). The actual active sites of toxic
action of waterborne Cu (Figure 3) probably include ENaC on the
apical membrane of the gill (Grosall and Wood 2002; Kamunde et
al. 2003, Pyle et al. 2003) and the basolateral Na",K*-ATPase
(Laurénand McDonald 1987b; Pelgrom et al. 1995; Li et al. 1998);
both proteins comprise the Nauptake mechanism in freshwater fish.

Acclimation and BLM

Themodification of acutetoxicity (ie. increasein LC50) by previous
chronic exposureto Cu (acclimation) hasbeen clearly demonstrated
in severa studies (Table 1; see aso Acclimation). From a BLM
perspective, acclimation reduces the affinity of HALC Cu binding
sites and increases the capacity of the LAHC Cu binding sites
(Taylor et al. 2000; Kamunde et al. 2002a). M oreover, acclimation
potentialy increases LAS0 (Figure 6). The current Cu BLM
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(Santore et al. 2001) does not consider the effects of acclimation
on gill-Cu binding characterigtics or toxicity; future refinement of
BLM should therefore accommodate these effects. Indeed, arecent
study using laboratory-reared fish and fish chronicaly exposed to
Cu (and other metals) in metal-contaminated lakesin the Sudbury
region, Ontario, Canada (Taylor et al. 2004) suggests that
considering these effects increases the predictive precision of the
acute BLM.

Dietary variables and the BLM

Another rapidly emerging area of BLM significance isthe role of
dietary variablessuch asfood qudity and quantity. Dietary varigbles
are known to affect fish physiology but their role in the toxicity of
metalshasbeen largely ignored (Lanno et al. 1989). Infact, severa
effects of food-related variables on Cu uptake and gill binding
characterigtics have been documented in the last few years (Table
1; Kamunde et al. 2001, 2002b, 2003; Kamunde and Wood 2003;
Niyogi and Wood 2003). Kamunde and Wood (2003) reported
modest stimulation of gill Cu binding in rainbow trout maintained
on high rations (3.0 or 4.5% wet body weight) relative to those
maintained on a low ration (1.5% wet body weight). In severa
other studies (Kamunde et al. 2001, 2002b, 2003; Pyle et al. 2003)
effects of dietary Cu and Na contents were assessed. The results
obtained with chronic exposureto dietary Cu may haveimplications
for the BLM in that pre-exposure to elevated concentrations of
dietary Cu reduced subsequent uptake and binding of Cu to gills
(Kamunde et al. 2001; 2002b) and induced tolerance (increased
LC50) to waterborne Cu (Miller et al. 1993). On the other hand,
exposure to dietary Nareduced binding of Cuto gill (Kamunde et
al. 2003, Pyleet al. 2003) and suggested areduction in the affinity
of Cu binding to the gill. The dietary Nalevels used were only a
few times greater than those found in the natura diet of fish.
Interestingly, elevated dietary Ca has a paralld effect, reducing
binding of cadmium (aCaana ogue), on trout gills (Zohouri et al.
2001; Baldisserotto et al. 2003). It ispossiblethat fishin Cuand/or
Cd impacted environments may select prey richer in Na/and or Ca
to mitigatethe effects of metalsexposure. Indeed it hasbeen shown
that fish havethe ability to select prey in nature. For examplewhen
offered choice, fish select larger prey (Lazzaro 1987).

Differentiation of effects of dietary metal pre-exposure from
acclimation to elevated waterborne Cu concentrations will not be
an easy task. However, theBLM coupled to kinetic modelling might
be useful for this purpose. We envisage a two-tiered approach
whereby kinetic modelling would initially delineste the principal
pathway of exposure at site-specific conditions. When water is
shown to be the main pathway of uptake and other factors have
been accounted for, discrepancies between BLM predicted values
and determined valueswould likely meanthat BLM characteristics
have been modified by chronic exposure to waterborne Cu.
Corversaly, when diet isthe main pathway, discrepanci es between
determined and predicted values would be interpreted as
modification of binding characteristics by a dietary variable such
as exposure to elevated Cu or Nalevelsin the food.

A chronic BLM

Recently, regulatory authoritiesthroughout theworld (eg. inNorth
America, Europe, and Australia/New Zeal and) have become much
more interested in the development of chronic WQC designed to
protect against del eterious effects of long-term sublethal exposure
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so as to provide life-long protection to natural populations.
Potentially, achronic BLM for Cu could be devel oped on the same
principle as the current acute BLM by relating chronic endpoints
(health, performance, growth, reproduction) to tissue specific Cu
burdens. The need to develop a chronic BLM for Cu is vitd in
view of thefact that at present, chronicWQC areinvariably derived
using the acute-to-chronic ratio (ACR), an extrapol ation based on
the flawed assumption that the mechanisms of acute and chronic
toxicity arethe same. Recently, Niyogi and Wood (2003) presented
acomprehensivereview of BLM applicationin ERA, inwhich the
need to consider temporal and spatia dynamism of the gill-metal
interactions (ie. changes as a result of other variables or prior
exposure) in the future development or refinement of BLM was
articulated. Given that such changesoccur during chronic exposures
to metals, research to better understand metal homeostasis, aswell
as to identify the most relevant chronic endpoints of toxicity (eg.
growth often provesto bevery insensitive), is necessary. Other key
issuesthat need to be untangled in future devel opment of thechronic
BLM include how to ded with assumptions of the model, such as
biologicd effectsbeing congtant at aspecified accumul ation of metal
inthe organism, and cell characteristicsremaining un-altered during
metal-cell binding because these assumptions are not aways met.
In addition, the most appropriate methods by which to make
adjustments for species sensitivity (Brix et al. 2001; Meyer et al.
2002; Taylor et al. 2003) need to be considered in further
development of the BLM.

CONCLUSION

The apparent shift in regulatory policy by USEPA toward greater
emphasis on chronic toxicity than acute toxicity, which for many
years has been the regulatory focus in Canada (CCME 1999),
Europe (EC 1993), and Australia/lNew Zedland (ANZECC and
ARMCANZ 2000), suggests that many of the world's leading
environmental regulatory bodies now have acommon policy, albeit
different in detail. However, to model chronic toxicity for site-
specific WQC derivation, for example by a BLM type approach,
requires a good grasp of Cu homeostasis since chronic toxicity
probably results from the breakdown of homeostasis. Clearly,
bioavailability, waterborne and dietary exposures and their relative
importance under site-specific conditions, acclimation, and
physiological homeostasis, all need to be considered in setting
reaistic WQC. Itisparticularly important to determineif foodisa
significant source of Cu before relying on uptake from water only
to model toxicity. Accumulation of Cuintissues other than thegill
will likely assume greater importance since the role of the gill in
chronic toxicity may be somewhat diminished. However, the
identification of sensitive endpoints for chronic toxicity and the
most relevant tissuesto consider remainsamajor scientific challenge
in aguatic toxicology. Based on the information contained in this
review, it is clear that current approaches for WQC derivation and
ERA, while far superior to those available severa decades ago,
still leave scope for considerable improvement. Incorporation of
knowledge summarised here, as well as other recent relevant
scientific dataon bioavailability, toxicology, and homeostasis, will
greatly improve the accuracy of the BLM approach and limit the
application of the Precautionary Principle in ERA and WQC
derivation for Cu.
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