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Introduction

Copper is an essential element involved in numerous physiological processes but is also a known, potent toxicant especially to aquatic animals. The gill epithelium is the primary target for acute water-borne copper toxicity in fish (Grosell et al., 2002) and is also involved directly in maintaining copper homeostasis. The gill exhibits regulated copper uptake depending on copper status; deficiency is associated with increased uptake while reduced uptake is seen when copper is present in excess (Grosell et al., 1997; Kamunde et al., 2002). As an epithelium involved in vertebrate copper homeostasis, the fish gill offers a unique model for studies of copper transport mechanisms because copper chemistry can be easily manipulated in freshwater media. We have previously exploited this feature to describe a novel, sodium-sensitive copper uptake pathway in the freshwater rainbow trout, Oncorhynchus mykiss (Grosell and Wood, 2002). The purpose of the present study was first to quantify the importance (if any) of the sodium-sensitive copper uptake pathway in another model teleost, the zebrafish, Danio rerio. Second, realizing that the copper uptake mechanisms which have been characterized at the molecular level in vertebrates (e.g. Ctr type copper transporters, Cu ATPases) utilizes Cu(I) rather than Cu(II) (Lee et al., 2002) we investigated the influence of Cu redox state on branchial copper uptake. We hypothesized that reducing Cu(II), the dominant ionic form of copper in oxygenated waters, to Cu(I) would enhance copper uptake. 

Materials and Methods

Adult zebrafish were acclimated to ion-poor soft water for > 3 weeks before experimentation and were not fed for 48 hours prior to copper uptake studies. Copper uptake studies using 64Cu were performed in an artificial freshwater medium consisting of deionized water supplemented with 4 µM CaSO4. This medium was chosen on one hand to ensure low background levels of copper and sodium and on the other hand to ensure sufficient calcium concentrations to maintain tight junction integrity. Two hour flux periods were employed to measure copper uptake rates, as determined by 64Cu accumulation, at a range of sodium concentrations and in the presence and absence of dithiotreitol (DTT), a reducing agent.
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Results and Discussion

Fig. 1 illustrates copper uptake saturation kinetics in zebrafish at different sodium concentrations. A high-affinity, carrier mediated copper uptake across zebrafish gills is evident from the low affinity constant (Km= 11.8 nM). Branchial copper uptake may occur even in non-contaminated environments since the affinity of the copper uptake system coincides with background copper concentrations typical of most freshwaters. Although a sodium sensitive component is evident in zebrafish at copper concentrations above 100 nM this pathway seems less prevalent than in rainbow trout. Furthermore, copper uptake at concentrations above 100 nM exhibits an IC50 of ~700 µM sodium in zebrafish (data not shown) which is much higher than the IC50 of ~100 µM seen in rainbow trout (Grosell and Wood, 2002).   
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Contrary to expectations, addition of the reducing agent dithiotheitol (DTT) lowered copper uptake substantially (Fig. 2). This strongly suggests that Cu(II) is the predominant substrate for branchial copper uptake in zebrafish. It should be noted, however, that apparently Cu(I) continues to be taken up via a parallel high affinity, saturatable carrier system. Also worth noticing is the markedly increased copper uptake when ambient copper as Cu(II) is elevated above 100 nM. This increase occurs at concentrations approaching toxic levels. These observations may suggest that a divalent metal transporter (DMT) is involved in copper uptake across fish gills and metal competition studies have offered some support for this hypothesis (data not shown). 

Conclusions

Perhaps the most important conclusion to be drawn is that species-specific differences in copper uptake mechanisms are pronounced among freshwater fishes. In addition, it is clear that several uptake pathways operate in parallel and that their relative importance may depend on the ambient copper concentration. These uptake pathways include, but may not be limited to, a sodium-sensitive pathway (perhaps through a sodium-channel), divalent copper uptake pathway (likely DMT) and finally a monovalent copper uptake pathway which could be similar to Ctr-type copper transporters.    
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Fig. 2. Copper uptake by zebrafish in the presence and absence of the reducing agent DTT, illustrating both Cu(I) and a Cu(II) uptake systems. N=10.
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