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A B S T R A C T

Biotic Ligand Models (BLMs) for individual metals improve our ability to regulate metals in the aquatic en-
vironment by considering the effects of water quality parameters (ionic composition, pH, DOC) on metal
bioavailability. However, in natural aquatic systems, organisms are often simultaneously exposed to multiple
metals and these interactions are not currently considered in BLMs or most environmental regulations. Recently,
several different mixture BLMs (mBLMs) have been developed to begin assessing this issue. Some of these models
assume competitive interactions between all metals, while others assume only metals with similar modes of
action (e.g., Na+ or Ca2+ antagonists) will competitively interact. In this study, we used standard in vivo 3-h gill
metal binding assays to characterize the uptake of Cd, Pb, and Zn individually and in binary mixtures with Ag,
Cd, Cu, Pb, Ni, and Zn across a range of concentrations that encompassed the 96-h LC50 for each metal.
Inhibition of Cd, Pb, and Zn uptake at the gill by introduction of a second metal was consistent with mode of
action in some cases, but not others. Further, contrary to expectations, inhibition was always either non-com-
petitive or could not be defined statistically. We also observed one example of stimulated metal uptake (Ni
stimulated Zn uptake). Consistent with our previous experiments on Ag, Cu, and Ni, these studies suggest that
current mBLM frameworks will need revision to better reflect the mechanisms underlying metal mixture in-
teractions.

1. Introduction

Metals have historically been regulated on an individual basis in
aquatic environments, typically based on dissolved waterborne con-
centrations and as a function of water hardness. The recognition that
other water quality parameters besides hardness influence metal
bioavailability led to the development of Biotic Ligand Models (BLMs)
that can predict metal toxicity to a wide range of organisms as a
function of multiple water quality parameters (ionic composition, pH,
and dissolved organic carbon (DOC)) (Di Toro et al., 2001). Biotic
Ligand Models integrate physiology, toxicology, and geochemistry
into a modeling framework that relates local water chemistry to metal
accumulation in target tissues (e.g., gills) of aquatic animals and in
turn relates this accumulation to toxicity. Accumulated metals can
interact with and inhibit proteins that normally facilitate essential ion
transport. Metal binding to these proteins can be represented by a
complexation reaction and an associated conditional binding constant
(log K), with competing reactions decreasing metal accumulation and

the resultant toxic response. These competing reactions include com-
petition at the biotic ligand with other cations (e.g., Na+, H+, Ca2+)
and competing complexation reactions for the metal by other ligands
in solution including inorganic anions (e.g., chloride, hydroxide, sul-
fide) as well as organic ligands such as dissolved organic carbon
(DOC).

Playle and coworkers first characterized the effect of various water
quality parameters (pH, major ions, and dissolved organic carbon) on
short-term (3 h) metal accumulation at the fish gill (Playle and Dixon,
1993; Playle et al., 1993; Playle et al., 1992). Using these data, they
then developed conditional binding constants (log K’s) that could be
used in geochemical equilibrium models. In these models, the gill is
treated as another ligand in the system, allowing for predictions of
metal accumulation at the gill as a function of water chemistry (Playle
and Dixon, 1993; Playle et al., 1993; Playle et al., 1992). Short-term
metal accumulation at the gill was also demonstrated to be a good
predictor of whole animal metal toxicity, with a strong correlation
between the 96-h LC50 and metal concentrations at the gill after 3 or
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24 h of exposure (termed the median lethal accumulation or LA50)
(MacRae et al., 1999; Meyer et al., 1999; Morgan and Wood, 2004).

The physiological mechanisms underlying observed acute toxicity in
fish is relatively well understood for some metals. For example, accu-
mulation of Cu or Ag at the fish gill interferes with Na+ uptake, thereby
disrupting ionic balance in the organism and leading to toxicity (Grosell
and Wood, 2002; Morgan et al., 2004). Similarly Cd and Zn interfere
with Ca2+ uptake at the fish gill, leading to hypocalcemia and toxicity
(Hogstrand et al., 1994; Niyogi and Wood, 2004). Lead also appears to
primarily disrupt Ca2+ homeostasis, but can also interfere with Na+

homeostasis at high concentrations (Rogers et al., 2005; Rogers and
Wood, 2004). In contrast to these other metals, at least in fish, Ni2+

appears to be acting primarily as a respiratory toxicant although other
mechanisms may also contribute to toxicity (Brix et al., 2017; Pane
et al., 2004).

While development of single metal BLMs has greatly advanced
our understanding of how metals affect aquatic organisms, it is
widely recognized that metals typically occur in the environment as
mixtures. Consequently, there is increasing regulatory interest in
developing models that consider metal mixtures in setting water
quality guidelines. The single metal BLM framework has now been
modified to develop initial formulations of three metal mixture BLMs
(mBLMs) and an alternative modeling approach, WHAM-FTox
(Balistrieri and Mebane, 2014; Iwasaki et al., 2015; Santore and
Ryan, 2015; Tipping and Lofts, 2015; Van Genderen et al., 2015).
These mBLMs have been tested and their ability to predict the toxi-
city of metal mixtures has been demonstrated in cases where toxicity
is additive. However, for some scenarios where measured metal
mixture toxicity was less than additive the models did not perform
well, while more than additive toxicity scenarios were not evaluated
(Farley et al., 2015).

While it is encouraging that these initial mBLMs can make reason-
ably accurate predictions of metal mixture toxicity under many sce-
narios, it is important to note that there were significant differences in
model assumptions. The most important differences include assump-
tions regarding the number of metal binding site types (e.g., one for all
metals, separate binding sites for Ca- and Na-antagonists, or separate
binding sites for each metal) and whether a concentration addition or
independent action model was used to estimate toxicity (Balistrieri and
Mebane, 2014; Iwasaki et al., 2015; Santore and Ryan, 2015; Tipping
and Lofts, 2015). Additionally, the models were calibrated to initial
data sets by adjusting log K’s and LA50s in different ways such that,
although two models might make a similar toxicity prediction for a
mixture, the mechanisms underlying that prediction might be quite
different between the models.

Conceptually, a mBLM should characterize interactions between
metals for uptake by the organism and interactions between metals
at the proximate site(s) of toxic action within the organism.
Currently, mBLM frameworks are not constructed in this way due to
data limitations. However, generating data to support such a fra-
mework may be necessary in order to successfully make toxicity
predictions across a wide range of metal mixtures, particularly for
scenarios where toxicity is more or less than additive. The objective
of this study was to provide data on one component of such a model,
the effects of binary metal mixtures on metal uptake. Specifically,
this study characterized the short-term (3 h gill-binding) concentra-
tion-dependent uptake relationships for three metals (Cd, Pb, and Zn
− primary metals) in juvenile rainbow trout over concentration
ranges bracketing the 96-h LC50. These concentration-dependent
uptake relationships were measured in the presence and absence of
simultaneous exposure to the 96-h LC50 concentration of one of 5
other metals (Ag, Cd, Cu, Ni, Pb, or Zn − secondary metals) in binary
combinations. This study complements our previous work evaluating
Ag, Cu, and Ni as the primary metals using the same experimental
design (Brix et al., 2016).

2. Materials and methods

2.1. Experimental design overview

The same experimental design used in Brix et al. (2016) was used in
the current study along with the same analytical methods with some
metal-specific modifications described below. Briefly, uptake of a single
(primary) metal was first characterized over a range of concentrations
that encompassed the 96-h LC50 for that metal. For Cd and Zn, radi-
olabeled metal (109Cd and 65Zn) was used, while for Pb unlabeled metal
was used as a suitable radioisotope is not available. Using unlabeled
metal for Pb uptake experiments is feasible because background Pb
concentrations in fish gills are very low. The experiment was then re-
peated in the presence of a potentially interacting (secondary) metal at
a single concentration (the LC50 for the secondary metal) across the
range of exposure concentrations of the primary metal. Assuming Mi-
chaelis-Menten uptake kinetics, this approach allowed us to estimate
changes in both binding capacity (Bmax) and affinity (Km) for the pri-
mary metal at toxicologically relevant concentrations. For uptake by a
single-transporter, changes in Km can be associated with competitive
inhibition while changes in Bmax can be associated with non-competi-
tive inhibition (e.g., a change in the number of transporters or inhibitor-
induced conformational changes in the protein that inactivate trans-
port).

Because fish growth during holding has the potential to alter metal
uptake kinetics, all experiments for a given metal were performed in a
one-week period. To check whether any changes had occurred during
this period, we characterized single metal uptake at the beginning and
end of the study period for each metal.

2.2. Experimental animals

Juvenile rainbow trout (∼3–6 g ww) were obtained from Humber
Springs Trout Hatchery, Ontario, Canada. The fish were held in de-
chlorinated City of Hamilton tapwater ([Na+] = 0.6, [Ca2+] = 0.9,
[Mg2+] = 0.15, [K+] = 0.05, [Cl−] = 0.8, [SO4

2−] = 0.25, [DOC]
= 0.25 mM, alkalinity = 95 mg l−1, pH = 7.9) at 12 °C under a pho-
toperiod of 16 h light: 8 h dark. Preliminary metal uptake experiments
with Cd revealed very little Cd uptake in this water due to competition
with Ca as has been observed in previous studies (Hollis et al., 1997;
Niyogi et al., 2008). To address this issue, all Cd uptake experiments
were conducted in a synthetic low Ca water ([Na+] = 0.6, [Ca2+]
= 0.1, [Mg2+] = 0.2, [K+] = 0.1, [Cl−] = 0.6, [SO4

2−] = 0.05,
[DOC] = 0.08 mM, alkalinity = 95 mg l−1, pH = 7.8), while Pb and
Zn uptake experiments were conducted in dechlorinated City of Ha-
milton tapwater. Fish were acclimated to these conditions for at least
one week prior to testing. During holding, fish were fed ∼1% of their
weight daily with commercial trout pellets, but were fasted for 72 h
prior to use in testing.

2.3. Metal uptake experiments

Metal uptake at the rainbow trout gill was characterized using the
general experimental protocol developed by Playle and Dixon (1993),
although we modified it by radiolabeling the primary metal (Cd and Zn
only). Fish were exposed to a range of 8–12 metal concentrations
(n = 6 per treatment) with each treatment consisting of a single 800 ml
polypropylene container with 650 ml of test solution (i.e., fish were
treated as the unit of replication) that was gently aerated and main-
tained in a temperature controlled water bath. Test solutions were
prepared and allowed to equilibrate for 0.5 h prior to fish exposure and
were made from reagent grade metal salts of the appropriate secondary
metal (AgNO3, Cd(NO3)2•4H2O, CuSO4•5H20, NiSO4•6H2O, Pb(NO3)2,
or ZnSO4) along with various concentrations of the primary metal (Cd
(NO3)2•4H2O, Pb(NO3)2, or ZnSO4). For Cd and Zn, the primary metal
solutions were labeled with 3–4 μCi l−1 of the metal radioisotope
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(109Cd, 65Zn) while for Pb, unlabeled metal was used. Radioisotopes
were obtained from commercial and government suppliers (109Cd from
Stuart Hunt, Mississauga, ON, Canada; 65Zn from Oak Ridge National
Laboratory, TN, USA).

The intent of these studies was to evaluate metal mixture interac-
tions at concentrations associated with acute toxicity. Consequently,
the primary metal concentrations evaluated in each experiment
bracketed the 96-h LC50 based on previous studies conducted in our lab
using the same dilution water and conditions. The exception was Cd, as
the LC50 was determined in dechlorinated Hamilton tapwater while the
Cd uptake experiments were conducted in the low Ca water described
above. Similarly, the concentration of the secondary metal was the
LC50 determined under the same conditions − Ag 96-h LC50: 0.11 μM
(Hogstrand et al., 1996a), Cd 96-h LC50: 0.18 μM (Hollis et al., 1999),
Cu 96-h LC50: 1.1 μM (Taylor et al., 2003), Ni 96-h LC50: 260 μM (Pane
et al., 2003), Pb 96-h LC50: 4.8 μM (Rogers et al., 2003), Zn 96-h LC50:
17 μM (Alsop and Wood, 1999).

Exposure containers were randomly placed in the water bath and
fish were randomly introduced to the exposure containers to minimize
tank effects. A water sample was then collected at the beginning and
end of the 3-h flux period for measuring radioactivity and dissolved
(< 0.45 μm, Acrodisk Versapor® membrane filters, Pall Corporation,
Ann Arbor, Michigan, USA) metal concentrations. At the end of the
exposure, fish were euthanized by an overdose of MS-222 (tricaine
methanesulfonate) and the gills excised. For Cd and Zn, gills were then
rinsed in a 1 mM solution of “cold” (i.e. non-radioactive) metal to
displace any loosely bound radioactive metal and then placed in plastic
vials for direct counting using a gamma counter. For Pb, gill samples
were first rinsed in 1 mM EDTA to remove loosely bound Pb and then
digested in 1 ml of 1N HNO3 at 70 °C overnight in sealed vials. Digests
were then centrifuged and the supernatant analyzed by graphite fur-
nace atomic absorption spectroscopy as described below. A sample of
dilution water was also collected for analysis of ionic composition.

2.4. Analytical chemistry

Dissolved metal and Pb gill concentrations were measured by gra-
phite furnace atomic absorption spectroscopy (SpectraAA220, Varian,
Mulgrave, Australia) except for zinc which was measured using flame
atomic absorption spectroscopy (SpectraAA220FS, Varian, Mulgrave,
Australia). Environment Canada certified standards TM24 and TM25
were used along with appropriate method blanks to ensure quality
control. Recovery of certified standards was 90–95% in all cases and
method blanks were always less than the practical quantitation limit.
Practical quantitation limits were as follows − Ag: 9 nM; Cd: 9 nM; Cu:
16 nM; Ni: 2 nM; Pb: 1.2 nM; Zn: 45 nM. Concentrations of major ca-
tions (Na, Ca, K, Mg) were determined by flame atomic absorption
spectroscopy, while Cl concentrations were determined using the col-
orimetric mercuric thiocyanate method (Zall et al., 1956). Dissolved
organic carbon concentration in the filtered exposure water was mea-
sured by high-temperature catalytic oxidation using a total organic
carbon analyzer (Shimadzu TOC-VCSH, Kyoto, Japan).

Gamma radioactivity for 109Cd and 65Zn was analyzed using an
automated gamma counter (Perkin Elmer Wizard 1480 3” Auto Gamma
Counter). Lead accumulation at the gill (nmol g−1 ww) was calculated
directly by taking into account the gill weight and volume of acid digest
with a detection limit of 0.25 nmol g−1. For Cd and Zn, metal accu-
mulation at the gill (nmol g−1 ww) was calculated based on the accu-
mulation of radioactivity in the gill and the specific activity of the
radioisotope in the water:

Metal accumulation = a x (bc−1)−1 (1)

where a= the cpm g−1 of gill tissue (wet weight), b= the cpm ml−1 in
the water, and c = the measured dissolved metal concentration in the
water (nmol ml−1).

2.5. Data analysis

All data and statistical analyses are presented as means ± SEM
using measured rather than nominal test concentrations. Gill metal
accumulation for the 3-h exposure period was evaluated as a function of
waterborne metal concentration using the mean (initial and final
sample) measured dissolved metal concentrations and estimated free
metal ion concentrations. The latter were estimated with the speciation
software Visual Minteq (Version 3.0; courtesy of J.P. Gustaffson, Royal
Institute of Technology, Sweden) with the embedded NICA-Donnan
model for organic complexation. The program was run using measured
dissolved metal and ion concentrations. We used standard assumptions
that 65% of DOM was chemically active and corresponded to fulvic acid
containing 50% carbon by weight (Bryan et al., 2002).

Based on our previous experiments (Brix et al., 2016), we assumed
metal accumulation at the fish gill would approximate a Michaelis-
Menten type model:

=

+

Y B *X
(K X)

max

m (2)

where, X is the free metal ion concentration, Bmax is the maximum es-
timated concentration on the fish gill, and Km is the half saturation
constant. Alternatively, metal accumulation could be linear over the
exposure concentration range tested, as we previously observed for Ni
(Brix et al., 2016):

Y = mX+b (3)

where, b=0 and m is the slope of the line. Note, even in the case of
apparent linear uptake, it is possible that uptake still conforms to
Michaelis-Menten kinetics, when X< <Km and m= Bmax/Km.

We used Aikake Information Criterion (AIC) (Akaike, 1974) cor-
rected for sample size (AICc) in GraphPad Prism (v. 7.0) to test for
differences in primary metal uptake in the presence and absence of a
secondary metal. This analysis evaluated whether metal uptake kinetics
in the presence and absence of a second metal are best described by a
single model (i.e., no effect of the secondary metal on uptake of the
primary metal uptake) or two separate models (i.e., effect of the sec-
ondary metal on uptake of the primary metal). The analysis provides a
probability of whether a single model or two separate models is more
appropriate. Note that these probabilities are not directly analogous to
p-values and should not be treated as such. The analysis was used to
evaluate the entire model as well as specific model parameters (Bmax,
Km). We also used an F-test (Snedecor and Cochran, 1989) to compare
models (and model parameters) in the absence and presence of a sec-
ondary metal.

3. Results

3.1. Cadmium

Cadmium concentrations were stable during the 3 h exposure period
with initial and final concentrations generally within 10–20% of each
other. Secondary metal concentrations were similarly stable except for
Ag, where the final Ag concentration was only ∼25% of the initial
concentration. In the experiments with Ag, Cu, and Pb as the secondary
metals, the mean dissolved Ag, Cu, and Pb concentrations were 0.016,
0.35, and 2.3 μM, which are significantly less than the intended con-
centrations equivalent to the LC50s of 0.11. 1.1, and 4.8 μM, respec-
tively. Cadmium speciation, in the absence of a secondary metal, was
predicted to vary slightly as a function of dissolved Cd concentrations
ranging from 71% to 75% Cd2+ over the range of concentrations tested
and in the absence of a secondary metal (Table S1). Most of the sec-
ondary metals had a minimal effect on Cd speciation, with the excep-
tion of Ni which increased Cd2+ concentrations by ∼5% across the
range of concentrations.
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The uptake of Cd in the absence of a secondary metal appeared
consistent with the presence of two transporters, a relatively high af-
finity saturable transporter and a lower affinity transporter that did not
saturate over the range of concentrations tested. However, the range
and number of Cd2+ concentrations tested were insufficient to dis-
criminate between and characterize the two transporters in a statisti-
cally robust manner. Consequently, we opted to apply a linear regres-
sion model to the entire data set for analysis, but also present an
alternative analysis in Supplemental Information that considers the two
putative transporters.

There were no significant differences in the Cd only uptake kinetics
at the beginning and end of the experimental period (AICc = 16%; F-
test, p= 0.94), so data from these two experiments (i.e., Cd only pre-
sent) were pooled for analysis of the effects of secondary metals on Cd
uptake. Evaluation of the estimated slope of the pooled Cd only data set
was 3.76 (Fig. 1, Table 1).

Cadmium uptake was significantly reduced in the presence of Ag,
Cu, Pb, and Zn (Fig. 1, Table 1). Only Ni had no significant effect on Cd
uptake. Zn clearly had the greatest effect on Cd uptake with, for ex-
ample, an ∼85% reduction in gill Cd observed at a waterborne Cd

Fig. 1. Effect of Ag, Cu, Pb, Ni, and Zn (as secondary metals) on the uptake of Cd (as primary metal) at the rainbow trout gill. Control 1 and Control 2 are Cd only experiments conducted
at the beginning and end of the experimental series. In all other panels, the open symbols represent Cd only exposures and closed symbols represent Cd + secondary metal exposures. A
linear model (y = mx + b, where b = 0) was fitted to the data. Model parameters and statistical test results are presented in Table 1.
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concentration associated with the LC50 in Cd only exposures (Fig. 1,
Table S1). The use of a linear model precludes estimating Bmax and Km

and so no inferences can be made regarding whether observed inhibi-
tions are competitive or non-competitive in nature.

3.2. Lead

Lead concentrations were stable during the 3 h exposure period
with initial and final concentrations generally within 10–20% of each
other. Secondary metal concentrations were similarly stable except for
Ag, where the final Ag concentration was only ∼10% of the initial
concentration. Additionally, the mean measured Ag concentrations in
this experiment was only 0.026 μM compared to the target concentra-
tion of 0.11 μM. Lead speciation, in the absence of secondary metals,
varied significantly as a function of waterborne Pb concentration with
the predicted fraction as Pb2+ ranging from 0.09% in the lowest Pb
only treatment (40 nM dissolved Pb) up to 1.07% Pb2+ at the highest
Pb only treatment (3282 nM dissolved Pb). The presence of Ag, Cd, and
Zn as secondary metals did not affect Pb speciation. However, Pb2+

concentrations were ∼30% higher in the presence of Cu and ∼10%
higher in the presence of Ni due to competitive metal binding with
organic matter (Table S2).

Lead uptake in the absence of a secondary metal exhibited
Michaelis-Menten saturation kinetics with no significant differences
between the initial control experiment and final control experiment
performed 1 week later, allowing us to pool data from both experiments
(Fig. 2). The pooled dataset had an estimated Km of 4.3 nM Pb2+ and
Bmax of 51.2 nmol g−1 ww (Table 2).

In experiments with secondary metals, Ag, Cd, and Cu all sig-
nificantly inhibited Pb uptake (AICc = >99%; F-test, p < 0.01) while
no significant effects on Pb uptake were observed in the presence of Ni or
Zn (Table 2, Fig. 2). In experiments with Ag, Cu, and Cd, Bmax was sig-
nificantly reduced by 50–59% (AICc = 76-98%; F-test, p < 0.01-0.03;
Table 2). Additionally, Km estimates were lower (i.e., higher affinity) in
the presence of all three metals, but none of these differences were sta-
tistically significant, even for Ag, where the Km was estimated to be 4-
fold lower compared to the Pb only experiment (Table 2).

3.3. Zinc

Zinc concentrations were stable during the 3 h exposure period with
initial and final concentrations generally within 10–20% of each other.
Secondary metal concentrations were similarly stable except for Ag,
where the final Ag concentration was only ∼30% of the initial con-
centration. In the experiments with Ag and Pb as the secondary metals,
the mean dissolved Ag and Pb concentrations were 0.030 and 1.4 μM,
which are significantly less than the intended concentrations equivalent
to the LC50s of 0.11 and 4.8 μM, respectively. Zinc speciation was
predicted to vary little as a function of dissolved Zn concentration or
due to introduction of a secondary metal. Free Zn2+ concentrations
ranged from 77 to 79% of dissolved Zn concentrations across all

treatments in this study (Table S3).
Zinc uptake across the range of concentrations tested exhibited

Michaelis-Menten saturation kinetics (Fig. 3). Similar to Cd, visual in-
spection of the data indicated the potential presence of high affinity
(waterborne Zn2+<2 μM) and low affinity transporters, both of which
appear to exhibit Michaelis-Menten saturation kinetics. As with Cd,
these two apparent transporters could not be distinguished statistically.
Further, the data distribution limited the number of reliable statistical
comparisons that could be made between Zn only experiments and
experiments with a secondary metal. Consequently, we opted to present
our analysis based on a single transporter for Zn, but an alternative
analysis assuming two transporters can be found in Supplementary
Information (Tables S5 and S6, Fig. S2 and S3).

Assuming a single Zn transporter, and in the absence of a secondary
metal, significant differences were observed in Zn uptake between the
experiments at the beginning and end of the study period (AICc = 95%;
F-test, p < 0.01) (Table 3). The trend in this difference between
models is being driven by an increase in Bmax, but the difference was
not statistically significant (AICc = 55%; F-test, p = 0.06; Table 3).
Evaluation of the effect of a secondary metal was made by comparing
uptake with the Zn2+ only experiment conducted closest in time with
the secondary metal experiment.

Neither Ag or Pb had a significant effect on Zn uptake (Fig. 3,
Table 3). Both Cd and Cu significantly inhibited Zn uptake while Ni
significantly stimulated Zn uptake (Fig. 3; AICc = >99%; F-test,
p < 0.01; Table 3). The inhibition of Zn uptake by Cd was also asso-
ciated with a significant reduction in Bmax (AICc = 99%, F-test,
p < 0.01) but no change in Km (AICc = 41%; F-test, p= 0.11). There
were no significant changes in Bmax or Km associated with Cu inhibition
of Zn2+ uptake (Table 3). The stimulation of Zn uptake in the presence
of Ni was associated with a significant reduction in Km as indicated by
the F-test, although the AICc score was less convincing (AICc = 64%, F-
test, p= 0.04; Table 3).

4. Discussion

This study forms part of an ongoing effort to develop mechan-
istically-based mBLMs by understanding the nature of interactions be-
tween components of metal mixtures at biotic ligands. We previously
conducted a set of experiments using the same experimental design in
which Ag, Cu, and Ni were the primary metals (Brix et al., 2016). There
have also been several previous studies in which the effects of binary
metal mixtures on metal uptake and toxicity to rainbow trout have been
similarly studied using radio-isotopic analyses of short-term gill metal
binding (Birceanu et al., 2008; Niyogi et al., 2015).

Considering that Cd, Pb, and Zn are known Ca2+ antagonists, while
Ag and Cu are Na+ antagonists, and Ni is a respiratory toxicant (see
Introduction), we hypothesized that Cd, Pb, and Zn would reciprocally
inhibit uptake of each other in a competitive manner, while Ag, Cu, and
Ni would not interact with these metals in any of the binary metal
combinations tested. The current results, together with those of Brix
et al. (2016), indicate that these hypotheses have some validity but are
far too simplistic.

With respect to the following discussion for Cd and Zn, it is im-
portant to note that our analysis was unable to statistically discriminate
the presence of multiple transporters for each metal. While there is
considerable evidence using a variety of techniques that multiple
transporters are involved in both Cd and Zn uptake, in the absence of
statistical support for these transporters in the current data set, we have
analyzed the data assuming a single transport system for each metal.
However, the following discussion does consider these different trans-
porters in our interpretation of results with the intent of highlighting
what appears to be a relatively complex set of metal–metal interactions
involving multiple transport proteins. An alternative, more speculative
discussion based on two transporter systems (but more limited statis-
tical support) is presented in Supplemental Information.

Table 1
Summary of model parameters and statistical tests for Cd metal mixture experiments.
Mean ± SE of slope (m). Percentages represent AICc probabilities that metal uptake
kinetics in the presence and absence of a second metal are best described by two separate
models (i.e., effect of the secondary metal on Cd uptake). All data were fit to a simple
linear model (y = mx + b, where b = 0). Values in parentheses are p-values for F-tests
comparing models for Cd only versus Cd + a secondary metal.

Mixture m r2 Differences in Slope?

Cd Only 3.76 ± 0.22 0.77 –
Cd + Ag 2.61 ± 0.15 0.76 99% (<0.01)
Cd + Cu 2.52 ± 0.20 0.63 > 99% (<0.01)
Cd + Ni 3.25 ± 0.15 0.71 54% (0.10)
Cd + Pb 2.30 ± 0.15 0.64 > 99% (<0.01)
Cd + Zn 0.75 ± 0.04 0.85 > 99% (<0.01)
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4.1. Cadmium

Over the range of concentrations tested (84–460 nM Cd2+), Cd
uptake appeared to be non-saturable assuming a single-transporter
system (Fig. 1). Applying a linear model to the data precludes estima-
tion of an affinity constant (Km) or maximum gill binding capacity
(Bmax). Previous studies have identified two saturable transporter in-
volved in Cd uptake in rainbow trout. The high affinity transporter has
an estimated Km of 25–50 nM Cd2+ and saturates at a waterborne Cd

concentration of ∼300 nM Cd2+ in waters with comparable ionic
composition and DOC (Birceanu et al., 2008; Niyogi et al., 2008; Niyogi
and Wood, 2004). The low affinity transporter has a Km of 1448 nM
Cd2+ (Bmax of 13.7 nmol g−1 ww) and saturates at a waterborne Cd
concentration of ∼6000 nM Cd2+ (Birceanu et al., 2008). Importantly,
Cd uptake by this low affinity transporter approximates a linear func-
tion over the range of Cd concentrations tested in the current study.

Our experiments with Cd provided clear evidence for Ag, Cu, Pb,
and Zn inhibiting Cd uptake and Ni having no effect on Cd uptake

Fig. 2. Effect of Ag, Cd, Cu, Ni, and Zn (as secondary metals) on the uptake of Pb (as primary metal) at the rainbow trout gill. Control 1 and Control 2 are Pb only experiments conducted
at the beginning and end of the experimental series. In all others panels, the open symbols represent Pb only exposures and closed symbols represent Pb + secondary metal exposures. A
Michaelis-Menten model was fitted to the data. Model parameters and statistical test results are presented in Table 2.
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(Fig. 1, Table 1). The data did not allow us to distinguish between
competitive and non-competitive inhibition as Cd uptake appeared to
be linear over the range tested. The effects of Ag, Cu, and Pb were quite
modest compared to Zn which strongly (∼85%) inhibited Cd uptake,
although we note that measured Ag, Cu, Pb concentrations were only
15%, 31%, and 47% of the target concentration (i.e., the LC50) and so
likely underestimate the degree of inhibition compared to Zn. The re-
sults for Pb, Ni, and Zn are consistent with the hypothesis that only
metals with the same mode of action will interact, while inhibition by
Cu is inconsistent with this hypothesis.

Observations in this study are largely consistent with previous stu-
dies. For example, Birceanu et al. (2008) observed no inhibition of Cd
uptake when fish were exposed to a range of Cd concentrations in the
presence of 100 nM Pb. This is not surprising given the modest in-
hibition of Cd uptake we observed in the presence of 2270 nM Pb.
Niyogi et al. (2015) used an experimental design reciprocal to ours
(single concentration of primary metal and range of concentrations of
secondary metal) and observed that both Cu and Zn significantly in-
hibited Cd uptake while Ni did not. Hence, while the inhibition of Cd
uptake in the presence of Cu is inconsistent with our mechanism of
action hypothesis, it has been previously observed.

There is strong evidence that an important Cd2+ transporter is the
epithelial calcium channel (ECaC; TRP6). Several studies have de-
monstrated reciprocal competitive inhibition of Cd and Ca2+ (Hollis
et al., 1997; Niyogi and Wood, 2004; Verbost et al., 1987; Verbost et al.,
1989). Further, exposure of rainbow trout to elevated dietary Ca results
in a down-regulation of Ca uptake, Cd uptake, and ECaC gene expres-
sion in the gill (Baldisserotto et al., 2004; Galvez et al., 2007). Similarly,
the robust inhibition of Cd uptake by Zn is expected given that there is
also reciprocal competitive inhibition between Zn and Ca2+ (Alsop and
Wood, 1999; Hogstrand et al., 1994). Thus, all three ions appear to be
competing for uptake via ECaC. The mechanism of Cd transport across
the basolateral membrane is not clear, but Cd is known to be a potent
inhibitor of the Ca2+-ATPase (PMCA) (Verbost et al., 1988).

The more modest inhibition of Cd uptake in the presence of Ag, Cu,
and Pb is more difficult to explain. As discussed below, there is strong
evidence that Pb is also taken up by ECaC, so it is unclear why Zn but
not Pb would strongly inhibit Cd uptake, but this may be a function of
the relatively affinities of each metal for ECaC versus the exposure
concentrations used in this study.

It is also possible that the inhibition by Cu and Pb is actually as-
sociated with the divalent metal transporter (DMT1, SLC11a2). DMT1 is
primarily an Fe2+/H+ symporter but has been shown to also transport
Cd and to a much lesser extent Ni and Pb in mammals (Garrick et al.,
2003; Mackenzie et al., 2007). Additionally, Cd, Cu, Pb, Ni, and Zn have
been demonstrated to inhibit Fe2+ uptake in mammalian and/or
rainbow trout isoforms of DMT1 (Cooper et al., 2006; Cooper et al.,
2007; Garrick et al., 2003; Mackenzie et al., 2007).

4.2. Lead

In the absence of other metals, we estimated a Km of 4.3 nM Pb2+

(log K = 8.4). This value is lower than the Km of 100 nM Pb2+

estimated by Birceanu et al. (2008) using a similar method, or the Km of
1000 nM Pb2+ estimated by Macdonald et al. (2002) developed by
measuring Pb uptake at relatively high concentrations in the presence
and absence of several ligands (DOC, ethylenediamine, citrate) and
competing cations (Ca, Na, Mg). The difference in Km between the
Birceanu et al. (2008) study and our study appears to be largely related
to differences in speciation model selection. Birceanu et al. (2008) used
the older Gaussian DOM model while we used the NICA-Donnan DOM
model, with the latter predicting ∼10-fold lower Pb2+ concentrations
under the conditions used in both studies. Macdonald et al. (2002) had
the same issue with Pb2+ speciation predictions which explains some of
the discrepancy with the remaining difference likely associated with the
different methodology used to estimate the Km.

In the mixture experiments, Pb uptake was significantly inhibited in
a non-competitive manner by Ag, Cd, and Cu, while Ni and Zn had no
effect on Pb uptake (Table 2, Fig. 2). Again, we note that the measured
Ag concentration was only 24% of the LC50 and so likely under-
estimates the impact of Ag on Pb uptake compared to the other metals
evaluated. While inhibition by Cd might be expected given both Pb and
Cd are Ca antagonists, the non-competitive nature of the inhibition
suggests inhibition of the basolateral Ca2+-ATPase rather than com-
petitive interactions at the apical Ca2+ channel as the mechanism of
action. The potent non-competitive inhibition by Ag and Cu is contrary
to the hypothesis that only metals with the same mode of action would
interact. Equally unexpected was the lack of inhibition by Zn, also a
strong Ca antagonist. Rogers and Wood (2004) previously observed
38% and 47% inhibition of Pb uptake by 10 and 100 μM Zn, respec-
tively (only the latter was significantly different than the control). It is
unclear why exposure to 17 μM Zn in our study elicited no effect on Pb
uptake. Consistent with our observations, previous studies on rainbow
trout have also observed an inhibition of Pb uptake in the presence of
Cd (Birceanu et al., 2008; Rogers and Wood, 2004).

Like Cd and Zn, reciprocal inhibition between Pb and Ca2+ uptake
has been observed in rainbow trout suggesting Pb is being taken up by
Ca2+ channels and experiments with pharmacological inhibitors in-
dicate uptake is via a voltage independent Ca2+ channel, most likely
ECaC (Rogers and Wood, 2004). As discussed above, Pb is also known
to be transported by DMT1 (Cooper et al., 2007; Mackenzie et al.,
2007). At the basolateral membrane, Pb is known to be transported by
the Ca2+-ATPase in humans red blood cells (Simons, 1988) and also to
inhibit this protein in rainbow trout (Rogers and Wood, 2004). Finally,
Pb is known to non-competitively inhibition Na+ uptake pathways by
binding to carbonic anhydrase and Na+-K+-ATPase, but Pb does not
appear to be transported by apical Na+ uptake pathways like the Na+

channel (Rogers et al., 2005). It is difficult to entirely reconcile this
information with our observations of non-competitive inhibition of Pb
uptake by Ag, Cd, and Cu and no inhibition by Zn. The most obvious
non-competitive mechanism would be inhibition of the Ca2+-ATPase.
While Cd is a potent Ca2+-ATPase inhibitor (Verbost et al., 1988), there
is no evidence Ag and Cu inhibit Ca2+-ATPase activity. Further, Zn is
also a potent Ca2+-ATPase inhibitor, but Zn had no effect on Pb uptake
(Hogstrand et al., 1996b).

In addition to the mechanism of non-competitive inhibition

Table 2
Summary of model parameters and statistical tests for Pb metal mixture experiments.Mean± SE Michaelis-Menten parameters. Percentages represent AICc probabilities that metal
uptake kinetics in the presence and absence of a second metal are best described by two separate models (i.e., effect of the secondary metal on Pb uptake). Values in parentheses are p-
values for F-tests comparing models for Pb only versus Pb + a secondary metal.

Mixture Bmax (nmol g−1) Km (nM Pb2+) r2 Model Bmax Km

Pb Only 51.2 ± 4.8 4.3 ± 1.4 0.93 – – –
Pb + Ag 21.3 ± 2.1 1.1 ± 0.6 0.92 > 99% (<0.01) 76% (0.03) 26% (0.30)
Pb + Cd 24.1 ± 2.4 1.7 ± 0.8 0.78 > 99% (<0.01) 98% (<0.01) 29% (0.26)
Pb + Cu 25.7 ± 1.4 3.6 ± 0.8 0.99 > 99% (<0.01) 77% (0.03) 16% (0.81)
Pb + Ni 51.5 ± 7.1 3.9 ± 2.1 0.92 4% (0.93) – –
Pb + Zn 51.8 ± 4.9 4.1 ± 1.3 0.98 4% (0.92) – –
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described above, the lack of competitive inhibition is also informative
with respect to apical uptake pathways for Pb. The lack of competitive
inhibition by Cu and Cd suggests Pb uptake is not primarily occurring
via DMT1 as Cd is known to be taken up by trout DMT1 (Cooper et al.,
2007) and both Cd and Cu are known to inhibit DTM1 in mammalian
systems (Garrick et al., 2003). The lack of competitive inhibition by Zn
on Pb uptake is inconsistent with the premise that Pb is taken up by
ECaC or DMT1, as Zn is known to be taken up by ECaC and inhibit
DMT1 (Cooper et al., 2007; Hogstrand et al., 1994; Mackenzie et al.,

2007). Additional study is clearly needed to further elucidate these
mechanisms and interactions before an mBLM for Pb can be fully de-
veloped.

4.3. Zinc

Michaelis-Menten saturation kinetics were also observed for Zn
uptake with a significant increase in Bmax in the Zn only experiments
conducted at the beginning and end of the study period (Fig. 3,

Fig. 3. Effect of Ag, Cd, Cu, Pb, and Ni (as secondary metals) on the uptake of Zn (as primary metal) at the rainbow trout gill. Control 1 and Control 2 are Zn only experiments conducted
at the beginning and end of the experimental series. In all others panels, the open symbols represent Zn only exposures and closed symbols represent Zn + secondary metal exposures. A
Michaelis-Menten model was fitted to the data. Model parameters and statistical test results are presented in Table 3.
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Table 3). We previously observed this same pattern for Cu (Brix et al.,
2016), and hypothesized it may be related to increasing essential ele-
ment demands in rapidly growing juvenile rainbow trout. The similar
observation for Zn, but not Cd or Pb, further supports this hypothesis
and reinforces the problem of how to account for rapid changes in Bmax

within a BLM framework.
In the absence of a secondary metal we observed a mean Km of

4500 nM Zn2+ (log K = 5.3). Previously, Alsop and Wood (2000) es-
timated a Km of 593 nM Zn2+ for juvenile rainbow trout in the same
water. This substantially lower Km is based on only 4 data points, but
suggests that a high affinity transporter may be present that was not
easily discerned across the wide range of treatments used in our study
to encompass the Zn 96-h LC50. We explore this possibility further in a
more speculative data analysis described in Supplemental Information.

In mixture experiments (assuming a single Zn transporter), Zn up-
take was significantly inhibited by Cd and Cu (Fig. 3, Table 3). In-
hibition by Cd was non-competitive, while the mechanism for Cu could
not be determined. Niyogi et al. (2015) also previously observed Cd
inhibited Zn uptake. Previously, and in this study, we observed that Zn
inhibited both Cd and Cu uptake, providing the best examples of re-
ciprocal inhibition of metal uptake (Brix et al., 2016). The lack of in-
hibition by Pb was somewhat suprising, but may have been the result of
measured Pb concentrations being only 29% of the LC50.

Stimulation of Zn uptake by Ni included a significant reduction in
the Km (i.e., increased affinity) (AICc = 64%; F-test, p = 0.04).
Previously, we had observed no effect of Zn on Ni uptake (Brix et al.,
2016). Given the disparate mechanisms of action for Zn and Ni, it is
unclear why Ni stimulated Zn uptake.

Although we are unable to distinguish them in a statistically robust
manner in these experiments, a number of transporters appear to be
involved in Zn uptake at the fish gill. Reciprocal inhibition of uptake
between Zn and Ca2+ suggest that ECaC is likely one mechanism of Zn
uptake (Hogstrand et al., 1994). Additionally, similar to Cd, rainbow
trout fed a high-Ca diet reduce both Ca2+ and Zn uptake at the gill
(Niyogi and Wood, 2006). As described above, although Zn inhibits
DMT1, available data suggests Zn transport by DMT1 is negligible
(Cooper et al., 2007; Mackenzie et al., 2007).

There is also an array of Zn transporters belonging to the ZIP
(SLC39) and ZnT (SLC30) transport families. In zebrafish (Danio rerio),
ZnT1-ZnT5, ZnT7-ZnT9, ZIP1, ZIP3-ZIP10, and ZIP13 are all expressed
in the gill (Feeney et al., 2005). Of these, ZnT5, ZIP1, ZIP3, and ZIP10
are known to be located on the apical membrane and thought to be
involved in Zn uptake at the gill (Feeney et al., 2005; Zheng et al.,
2008). Both ZIP1 and ZIP3 have been isolated and characterized in cell
expression systems. ZIP1 (SLC39A1) is a high affinity (Km<385 nM
Zn2+) transporter (Qiu et al., 2007; Qiu et al., 2005) while ZIP3
(SLC39A3) is a relatively low affinity transporter (Km = 10.5 μM Zn2+)
(Qiu and Hogstrand, 2005). Although only a high (30 μM Cu) con-
centration was tested, Cu was shown to inhibit Zn uptake by ZIP3,
providing a potential mechanism for Cu-Zn interactions observed is this
study and others.

We are aware of no mechanism by which Zn uptake by ZIP1 is
stimulated by Ni. Indeed, similar to Cu, Ni has been shown to inhibit Zn
uptake by human ZIP1 (Gaither and Eide, 2001).

While our experiments provide some insights into the interactions
between Zn and other metals for uptake at the gill, it is clear that ad-
ditional studies are needed to more fully characterize the transport
kinetics of various Zn transporters. Additionally, experiments in which
individual transporters are evaluated in an isolated system (e.g., ex-
pression and testing in Xenopus oocytes) are needed to better under-
stand the relatively complex set of interactions between other metals
and the various Zn transporters.

4.4. Implications for mixture BLM (mBLM) development

The objective of this study was to characterize the effects of Ag, Cd,
Cu, Ni, Pb, and Zn on accumulation of Cd, Pb, and Zn in binary mixtures
at the rainbow trout gill. We hypothesized that Ag, Cu, and Ni would
not interact with uptake of the three primary metals while all binary
combinations of the Cd, Pb, and Zn would competitively interact for
uptake at the gill. This hypothesis is generally consistent with the
mBLM framework developed by Balistrieri and Mebane (2014) in which
separate binding sites for Na and Ca antagonists are utilized.

As in our earlier study on Ag, Cu, and Ni (Brix et al., 2016), the
current series of experiments did not consistently support these basic
hypotheses. Binary mixtures of Cd-Zn and Cd-Pb, which exhibited re-
ciprocal inhibition, were generally consistent with a Ca antagonist
specific binding domain, but confusingly, no interactions were observed
in Pb-Zn mixtures. Even for the Cd-Zn and Cd-Pb mixtures, all of the
interactions were attributed to non-competitive inhibition rather than
competitive inhibition as might be expected for two Ca antagonists
competing for the same Ca uptake pathway. Contrary to the Ca/Na
antagonist hypothesis, Ag and Cu strongly inhibited Cd and Pb uptake,
but only Cu inhibited Zn uptake. Finally, Ni, which would not be ex-
pected to interact with any of the three primary metals, surprisingly
stimulated Zn uptake with a significant increase in affinity.

Overall, the interactions characterized in this study and our pre-
vious study on Ag, Cu, and Ni, support the modeling framework de-
veloped by Santore and Ryan (2015) in which each metal has its own
site of uptake, although our data and other metal transporter studies
suggest multiple binding sites may be needed for many metals, each
with its own unique set of interactions with secondary metals. How-
ever, looking across the six metals we have now evaluated in this study
and in Brix et al. (2016), we note that there were no statistically robust
examples of competitive inhibition. In contrast, we have identified at
least 4 examples of non-competitive inhibition (Pb-Ag, Pb-Cd, Pb-Cu,
Zn-Cd; primary metal-secondary metal). This suggests that, at least with
respect to metal uptake at the biotic ligand, there must be a funda-
mental change in the mBLM framework in which less than additive
metal mixtures are often due to a change Bmax, which in turn elicits
changes in metal accumulation and toxicity.

Finally, it is important to recognize that this study only considers

Table 3
Summary of model parameters and statistical tests for Zn metal mixture experiments. Mean ± SE Michaelis-Menten parameters. Percentages represent AICc probabilities that metal
uptake kinetics in the presence and absence of a second metal are best described by two separate models (i.e., effect of the secondary metal on Zn uptake of Zn). Values in parentheses are
p-values for F-tests comparing models for Zn only versus Zn + a secondary metal.

Mixture Bmax (nmol g−1) Km (μM Zn2+) r2 Model Bmax Km

Zn Only 1 6.4 ± 0.7 3.9 ± 1.1 0.97 – – –
Zn Only 2a 10.9 ± 2.1 5.1 ± 2.2 0.91 95% (<0.01) 55% (0.06) 12% (0.65)
Zn2 + Ag 11.1 ± 2.9 5.5 ± 3.2 0.87 2% (0.99) – –
Zn1 + Cd 3.3 ± 0.4 1.8 ± 0.8 0.91 > 99% (<0.01) 99% (<0.01) 41% (0.11)
Zn1 + Cu 4.3 ± 0.5 5.8 ± 1.5 0.98 > 99% (<0.01) 38% (0.12) 16% (0.38)
Zn1 + Ni 7.1 ± 0.5 2.0 ± 0.4 0.98 > 99% (<0.01) 13% (0.40) 64% (0.04)
Zn1 + Pb 4.2 ± 1.0 2.0 ± 1.3 0.73 16% (0.17) – –

a Comparison of Zn Only 1 versus Zn Only 2.
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metal interactions with respect to binding and uptake and does not
consider additional potential interactions that may occur at the site of
toxic action, if it differs from the site of uptake. Interactions at sites of
toxicity are likely to involve at least a few additional proteins (e.g.,
Na+/K+-ATPase, Ca2+-ATPase, carbonic anhydrase) that are not di-
rectly involved in metal uptake, although they may influence uptake via
secondary active transport processes. Initial studies such of those of
Niyogi et al. (2015) suggest that acute toxicity of binary mixtures (as
measured by inhibition of Na+ and Ca2+ uptake) may follow simple
additivity. Additional studies that consider both metal mixture uptake,
toxicity, and more importantly how to integrate these two physiological
processes are needed.

Acknowledgements

The authors acknowledge Linda Diao for technical assistance. This
research was supported by funding from the Copper Development
Association (CDA), International Copper Association (ICA), International
Zinc Association (IZA), Nickel Producers Environmental Research
Association (NiPERA), Rio Tinto, and an NSERC CRD grant to CMW. We
thank Dr. Eric Van Genderen of IZA for project management. KVB was
supported by a NSF Postdoctoral Fellowship (DBI-1306452) and CMW
was supported by the Canada Research Chairs Program.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.aquatox.2017.10.015.

References

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Autom.
Control 19, 716–723.

Alsop, D.K., Wood, C.M., 1999. Influence of waterborne cations on zinc uptake and
toxicity in rainbow trout: oncorhynchus mykiss. Can. J. Fish. Aquat. Sci. 56,
2112–2119.

Alsop, D.K., Wood, C.M., 2000. Kinetic analysis of zinc accumulation in the gills of ju-
venile rainbow trout: effects of zinc acclimation and implications for biotic ligand
moceling. Environ. Toxicol. Chem. 19, 1911–1918.

Baldisserotto, B., Kamunde, C., Matsuo, A.Y.O., Wood, C.M., 2004. A protective effect of
dietary calcium against acute waterborne cadmium uptake in rainbow trout. Aquat.
Toxicol. 67, 57–73.

Balistrieri, L.S., Mebane, C.A., 2014. Predicting the toxicity of metal mixtures. Sci. Total
Environ. 466–467, 788–799.

Birceanu, O., Chowdhury, M.J., Gillis, P.L., McGeer, J.C., Wood, C.M., Wilkie, M.P., 2008.
Modes of metal toxicity and impaired branchial ionoregulation in rainbow trout
exposed to mixtures of Pb and Cd in soft water. Aquat. Toxicol. 89, 222–231.

Brix, K.V., Tellis, M.S., Cremazy, A., Wood, C.M., 2016. Characterization of the effects of
binary metal mixtures on short-term uptake of Ag, Cu, and Ni by rainbow trout
(Oncorhynchus mykiss). Aquat. Toxicol. 180, 236–246.

Brix, K.V., Schlekat, C.E., Garman, E.R., 2017. The mechanisms of nickel toxicity in
aquatic environments: an adverse outcome pathway analysis. Environ. Toxicol.
Chem. 36, 1128–1137.

Bryan, S.E., Tipping, E., Hamilton-Taylor, J., 2002. Comparison of measured and mod-
elled copper binding by natural organic matter in freshwaters. Comp. Biochem.
Physiol. 133C, 37–49.

Cooper, C.A., Handy, R.D., Bury, N.R., 2006. The effects of dietary iron concentration on
gastrointestinal and branchial assimilation of both iron and cadmium in zebrafish
(Danio rerio). Aquat. Toxicol. 9, 167–175.

Cooper, C.A., Shayeghi, M., Techau, M.E., Capdevila, D.M., MacKenzie, S., Durrant, C.,
Bury, N.R., 2007. Analysis of the rainbow trout solute carrier 11 family reveals iron
import< pH 7.4 and a function isoform lacking transmembrane domains 11 and 12.
FEBS Lett. 581, 2599–2604.

Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Paquin, P.R., Santore, R.C., 2001.
A biotic ligand model of the acute toxicity of metals: I Technical basis. Environ.
Toxicol. Chem. 20, 2383–2396.

Farley, K.J., Meyer, J.S., Balistrieri, L.S., De Schamphelaere, K.A.C., Iwasaki, Y., Janssen,
C.R., Kamo, M., Lofts, S., Mebane, C.A., Naito, W., Ryan, A.C., Santore, R.C., Tipping,
E., 2015. Metal mixture modeling evaluation project: 2: comparison of four modeling
approaches. Environ. Toxicol. Chem. 34, 741–753.

Feeney, G.P., Zheng, D., Kille, P., Hogstrand, C., 2005. The phylogeny of teleost ZIP and
ZnT zinc transporters and their tissue specific expression and response to zinc in
zebrafish. Biochim. Biophys. Acta 1732, 88–95.

Gaither, L.A., Eide, D.J., 2001. The human ZIP1 transporter mediates zinc uptake in
human K562 erythroleukemia cells. J. Biol. Chem. 276, 22258–22264.

Galvez, F., Franklin, N.M., Tuttle, R.B., Wood, C.M., 2007. Interactions of waterborne and

dietary cadimium on the expression of calcium transporters in the gills of rainbow
trout: influence of dietary calcium supplementation. Aquat. Toxicol. 84, 208–214.

Garrick, M.D., Dolan, K.G., Horbinski, C., Ghio, A.J., Higgins, D., Porubcin, M., Moore,
E.G., Hainsworth, L.N., Umbreit, J.N., Conrad, M.E., Feng, L., Lis, A., Roth, J.A.,
Singleton, S., Garrick, L.M., 2003. DMT1: a mammalian transporter for multiple
metals. Biometals 16, 41–54.

Grosell, M., Wood, C.M., 2002. Copper uptake across rainbow trout gills: mechanisms of
apical entry. J. Exp. Biol. 205, 1179–1188.

Hogstrand, C., Wilson, R.W., Polgar, D., Wood, C.M., 1994. Effects of zinc on the kinetics
of branchial calcium uptake in freshwater rainbow trout during adaptation to wa-
terborne zinc. J. Exp. Biol. 186, 55–73.

Hogstrand, C., Galvez, F., Wood, C.M., 1996a. Toxicity, silver accumulation and me-
tallothionein induction in freshwater rainbow trout during exposure to different
silver salts. Environ. Toxicol. Chem. 15, 1102–1108.

Hogstrand, C., Verbost, P.M., Wendelaar Bonga, S.E., Wood, C.M., 1996b. Mechanisms of
zinc uptake in gills of freshwater rainbow trout: interplay with calcium. Am. J.
Physiol. 39, R1141–R1147.

Hollis, L., Muench, L., Playle, R.C., 1997. Influence of dissolved organic matter on copper
binding, and calcium on cadmium binding, by gills of rainbow trout. J. Fish Biol. 50,
703–720.

Hollis, L., McGeer, J.C., McDonald, D.G., Wood, C.M., 1999. Cadmium accumulation, gill
Cd binding, acclimation, and physiological effects during long term sublethal Cd
exposure in rainbow trout. Aquat. Toxicol. 46, 101–119.

Iwasaki, Y., Kamo, M., Naito, W., 2015. Testing an application of a biotic ligand model to
predict acute toxicity of metal mixtures to rainbow trout. Environ. Toxicol. Chem. 34,
754–760.

MacRae, R.K., Smith, D.E., Swoboda-Colberg, N., Meyer, J.S., Bergman, H.L., 1999.
Copper binding affinity of rainbow trout (Oncorhynchus mykiss) and brook trout
(Salvelinus fontinalis) gills: implications for assessing bioavailable metal. Environ.
Toxicol. Chem. 18, 1180–1189.

Macdonald, A., Silk, L., Schwartz, M.L., Playle, R.C., 2002. A lead-gill binding model to
predict acute lead toxicity to rainbow trout (Oncorhynchus mykiss). Comp. Biochem.
Physiol. 133C, 227–242.

Mackenzie, B., Takanaga, H., Hubert, N., Rolfs, A., Hediger, M.A., 2007. Functional
properties of multiple isoforms of human divalent metal-ion transporter 1 (DMT1).
Biochem. J. 403, 59–69.

Meyer, J.S., Santore, R.C., Bobbitt, J.P., Debrey, L.D., Boese, C.J., Paquin, P.R., Allen,
H.E., Bergman, H.L., Di Toro, D.M., 1999. Binding of nickel and copper to fish gills
predicts toxicity when water hardness varies: but free-ion activity does not. Environ.
Sci. Technol. 33, 913–916.

Morgan, T.P., Wood, C.M., 2004. A relationship between gill silver accumulation and
acute silver toxicity in the freshwater rainbow trout: support for the acute silver
biotic ligand model. Environ. Toxicol. Chem. 23, 1261–1267.

Morgan, T.P., Grosell, M., Gilmour, K.M., Playle, R.C., Wood, C.M., 2004. Time course
analysis of the mechanism by which silver inhibits active Na+ and Cl- uptake in gills
of rainbow trout. Am. J. Physiol. Reg. Integr. Comp. Physiol. 287, R234–R242.

Niyogi, S., Wood, C.M., 2004. Kinetic analyses of waterborne Ca and Cd transport and
their interactions in the gills of rainbow trout (Oncorhynchus mykiss) and yellow
perch (Perca flavescens), two species differing greatly in acute waterborne Cd sen-
sitivity. J. Comp. Physiol. B 174, 243–253.

Niyogi, S., Wood, C.M., 2006. Interaction between dietary calcium supplementation and
chronic waterborne zinc exposure in juvenile rainbow trout, Oncorhynchus mykiss.
Comp. Biochem. Physiol. 143C, 94–102.

Niyogi, S., Kent, R., Wood, C.M., 2008. Effects of water chemistry variables on gill binding
and acute toxicity of cadmium in rainbow trout (Oncorhynchus mykiss): a biotic
ligand model (BLM) approach. Comp. Biochem. Physiol. 148C, 305–314.

Niyogi, S., Nadella, S.R., Wood, C.M., 2015. Interactive effects of waterborne metals in
binary mixtures on short-term gill-metal binding and ion uptake in rainbow trout
(Oncorhynchus mykiss). Aquat. Toxicol. 165, 109–119.

Pane, E.F., Richards, J.G., Wood, C.M., 2003. Acute waterborne nickel toxicity in the
rainbow trout (Oncorhynchus mykiss) occurs by a respiratory rather than ionor-
egulatory mechanism. Aquat. Toxicol. 63, 65–82.

Pane, E.F., Haque, A., Wood, C.M., 2004. Mechanistic analysis of acute, Ni-induced re-
spiratory toxicity in the rainbow trout (Oncorhynchus mykiss): an exclusively bran-
chial phenomenon. Aquat. Toxicol. 69, 11–24.

Playle, R.C., Dixon, D.G., 1993. Copper and cadmium binding to fish gills: modification
by dissolved organic carbon and synthetic ligands. Can. J. Fish. Aquat. Sci. 50,
2667–2677.

Playle, R.C., Gensemer, R.W., Dixon, D.G., 1992. Copper accumulation on gills of fathead
minnows: influence of water hardness, complexation and pH of the gill micro-en-
vironment. Environ. Toxicol. Chem. 11, 381–391.

Playle, R.C., Dixon, D.G., Burnison, K., 1993. Copper and cadmium binding to fish gills:
estimates of metal-gill stability constants and modelling of metal accumulation. Can.
J. Fish. Aquat. Sci. 50, 2678–2687.

Qiu, A., Hogstrand, C., 2005. Functional expression of a low-affinity zinc uptake trans-
porter (FrZIP2) from pufferfish (Takifugu rubripes) in MDCK cells. Biochem. J. 390,
777–786.

Qiu, A., Shayeghi, M., Hogstrand, C., 2005. Molecular cloning and functional char-
acterization of a high-affinity zinc importer (DrZIP1) from zebrafish (Danio rerio).
Biochem. J. 388, 745–755.

Qiu, A., Glover, C.N., Hogstrand, C., 2007. Regulation of branchial zinc uptake by 1a,25-
(OH)2D3 in rainbow trout and associated changes in expression of ZIP1 and ECaC.
Aquat. Toxicol. 84, 142–152.

Rogers, J.T., Wood, C.M., 2004. Characterization of branchial lead-calcium interaction in
the freshwater rainbow trout Oncorhynchus mykiss. J. Exp. Biol. 207, 813–825.

Rogers, J.T., Richards, J.G., Wood, C.M., 2003. Ionoregulatory disruption as the acute

K.V. Brix et al. Aquatic Toxicology 193 (2017) 217–227

226

http://dx.doi.org/10.1016/j.aquatox.2017.10.015
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0005
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0005
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0010
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0010
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0010
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0015
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0015
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0015
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0020
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0020
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0020
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0025
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0025
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0030
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0030
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0030
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0035
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0035
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0035
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0040
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0040
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0040
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0045
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0045
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0045
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0050
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0050
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0050
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0055
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0055
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0055
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0055
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0060
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0060
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0060
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0065
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0065
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0065
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0065
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0070
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0070
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0070
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0075
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0075
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0080
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0080
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0080
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0085
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0085
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0085
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0085
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0090
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0090
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0095
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0095
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0095
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0100
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0100
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0100
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0105
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0105
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0105
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0110
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0110
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0110
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0115
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0115
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0115
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0120
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0120
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0120
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0125
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0125
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0125
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0125
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0130
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0130
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0130
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0135
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0135
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0135
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0140
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0140
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0140
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0140
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0145
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0145
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0145
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0150
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0150
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0150
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0155
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0155
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0155
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0155
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0160
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0160
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0160
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0165
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0165
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0165
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0170
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0170
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0170
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0175
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0175
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0175
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0180
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0180
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0180
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0185
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0185
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0185
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0190
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0190
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0190
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0195
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0195
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0195
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0200
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0200
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0200
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0205
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0205
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0205
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0210
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0210
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0210
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0215
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0215
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0220


toxic mechanism for lead in the rainbow trout (Oncorhynchus mykiss). Aquat.
Toxicol. 64, 215–234.

Rogers, J.T., Patel, M., Gilmour, K.M., Wood, C.M., 2005. Mechanism behind Pb-induced
disruption of Na+ and Cl- balance in rainbow trout (Oncorhynchus mykiss). Am. J.
Physiol. Reg. Integr. Comp. Physiol. 289, 463–472.

Santore, R.C., Ryan, A.C., 2015. Development and application of a multimetal multibiotic
ligand model for assessing aquatic toxicity of metal mixtures. Environ. Toxicol.
Chem. 34, 777–787.

Simons, T.J.B., 1988. Active transport of lead by the calcium pump in human red cell
ghosts. J. Physiol. 405, 105–113.

Snedecor, G.W., Cochran, W.G., 1989. Statistical Methods. Iowa State. University Press
Iowa City, Iowa.

Taylor, L.N., Wood, C.M., McDonald, D.G., 2003. An evaluation of sodium loss and gill
metal binding properties in rainbow trout and yellow perch to explain species dif-
ferences in copper tolerance. Environ. Toxicol. Chem. 22, 2159–2166.

Tipping, E., Lofts, S., 2015. Testing WHAM-FTox with laboratory toxicity data for

mixtures of metals (Cu, Zn, Cd, Ag, Pb). Environ. Toxicol. Chem. 34, 788–798.
Van Genderen, E.J., Adams, W.J., Dwyer, R., Garman, E., Gorsuch, J.W., 2015. Modeling

and interpreting biological effects of mixtures in the environment: introduction to the
Metal Mixture Modeling Evaluation Project. Environ. Toxicol. Chem. 34, 721–725.

Verbost, P.M., Flik, G., Lock, R.A.C., Wendelaar Bonga, S.E., 1987. Cadmium inhibtion of
Ca2+ uptake in rainbow trout gills. Am. J. Physiol. 253, R216–R221.

Verbost, P.M., Flik, G., Lock, R.A.C., Wendelaar Bonga, S.E., 1988. Cadmium inhibits
plasma membrane calcium transport. J. Membr. Biol. 102, 97–104.

Verbost, P.M., Van Rooij, J., Flik, G., Lock, R.A.C., Wendelaar Bonga, S.E., 1989. The
movement of cadmium through freshwater trout branchial epithelium and its inter-
ference with calcium transport. J. Exp. Biol. 145, 185–197.

Zall, D.M., Fisher, D., Garner, M.D., 1956. Photometric determination of chlorides in
water. Anal. Chem. 28, 1665–1678.

Zheng, D., Feeney, G.P., Kille, P., Hogstrand, C., 2008. Regulation of ZIP and ZnT zinc
transporters in zebrafish gill: zinc repression of ZIP10 transcription by an intronic
MRE cluster. Physiol. Genomics 34, 205–210.

K.V. Brix et al. Aquatic Toxicology 193 (2017) 217–227

227

http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0220
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0220
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0225
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0225
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0225
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0230
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0230
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0230
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0235
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0235
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30302-8/sbref0280

	Characterization of the effects of binary metal mixtures on short-term uptake of Cd, Pb, and Zn by rainbow trout (Oncorhynchus mykiss)
	Introduction
	Materials and methods
	Experimental design overview
	Experimental animals
	Metal uptake experiments
	Analytical chemistry
	Data analysis

	Results
	Cadmium
	Lead
	Zinc

	Discussion
	Cadmium
	Lead
	Zinc
	Implications for mixture BLM (mBLM) development

	Acknowledgements
	Supplementary data
	References




