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ABSTRACT

Branchial Na＋-K＋-ATPase (NKA) activity has been suggested as a promising biomarker for assessing metal stress in aquatic organisms. However, studies that systematically show the effectiveness of using NKA activity to detect metal exposure and toxicity at the individual level are limited. In this study, we aimed to determine whether branchial NKA activity mechanistically responds to the accumulation of waterborne copper (Cu) and accounts for observed toxicity over time under environmentally-relevant and aquafarming Cu exposure levels (0.2, 1 and 2 mg L–1). Temporal trends in Cu accumulation and the corresponding responses of branchial NKA activity and following Cu toxicity were investigated in laboratory experiments conducted on juvenile tilapia (Oreochromis mossambicus), a freshwater teleost that shows potential as a bioindicator of real-time and historical metal pollution. We used the process-based damage assessment model (DAM) to inspect the time course of Cu toxicity by integrating the compensation process between Cu-induced inhibition and repair of branchial NKA activity. NKA activity acted as a sensitive biomarker for Cu exposure and accumulation in tilapia, which showed induced impairment of osmoregulation and lethality when they were exposed to environmentally relevant levels (0.2 mg L–1), but not to higher exposure levels (1 and 2 mg L–1) in aquaculture farms or contaminated aquatic ecosystems. This study highlights the benefits and limitations of using branchial NKA activity as a sensitive biomarker to assess the health status of a fish population and its ecosystem.
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1. Introduction

Standard contaminant concentration levels , such as the median lethal concentration (LC50) and the lowest observed effect concentration (LOEC), have been widely adopted as a surrogate for the chemical dose that exerts a toxic effect on aquatic populations, because the exact dose that exerts an effect at specific sites is usually difficult to detect. However, the use of chemical concentrations as indicators of environmental hazards can be questionable, because the external concentration required to have an effect varies with biouptake route, duration and history of exposure, chemical composition of the exposure medium, and the biology and ecology of the species used for testing (Niyogi and Wood, 2004; Sappal et al., 2009; Rosabal et al., 2012). Recently, it has been found that chemical residues or the degree of biological damage at target sites or receptors provide an easier and more reliable means of assessing the dose or toxicity at the target site (Seebaugh and Wallace, 2000; Lee et al., 2002; Escher and Hermans, 2004; Ashauer and Escher, 2010). Biomarkers have therefore been suggested as effective tools for assessing field exposure risk because they integrate the exposure route, time and concentration of chemical uptake, along with the induced intrinsic responses of exposed organisms at individual and population levels (Brooks et al., 2009; Peles et al., 2012; Pain-Devin et al., 2014).

A fish’s gills come into direct contact with a large amount of water, and account for the largest portion of its total body surface (Hughes, 1984). They are the primary entrance for waterborne chemicals, and the main target organs for such chemicals are here (Perry and Laurent 1993; Birceanu et al., 2008; Minghetti et. al., 2014). Branchial Na+/K+-ATPase (NKA) is a transmembrane protein located on the epithelial or basolateral gill membrane. It is a primary driver of ion transport and a primary target site for waterborne heavy metals (Dang et al., 2000; Boisen et. al., 2003; Silva and 

 HYPERLINK "http://www.ncbi.nlm.nih.gov/pubmed?term=Martinez%20CB%5BAuthor%5D&cauthor=true&cauthor_uid=25203423" Martinez, 2014). Accumulating evidence has revealed that metal toxicity exerted via inhibition of NKA activity in the gills leads to respiratory or ion regulatory impairment. Inhibition of NKA activity has therefore been suggested as an early warning biomarker of pollutant-induced toxicity (Kine-Saffran et. al., 1993; Atli and Canli, 2013; Silva and 

 HYPERLINK "http://www.ncbi.nlm.nih.gov/pubmed?term=Martinez%20CB%5BAuthor%5D&cauthor=true&cauthor_uid=25203423" Martinez, 2014). However, the effectiveness of using biomarkers to detect exposure and toxic effect can be limited by factors such as environmental conditions, chemical life history and biological variables. It is thus difficult to link biomarkers and chemical concentrations in tissues and the environment, and to determine toxic effects at the individual level (Brooks et al., 2009; Pain-Devin et al., 2014).  

Toxicokinetic (TK) and toxicodynamic (TD) models are widely used to predict the time course and effect pattern of chemical toxicity in exposed species at both lethal and sublethal endpoints. These models assume that internal chemical residues trigger the functional inhibition or damage of a specific biomarker at the target site, and therefore account for the subsequent adverse effects at an individual level over time. The level of damage to the exposed organism represents its degraded health status and is introduced as a state variable in TD modeling, to reflect different modes and time courses of toxic action (Lee et al., 2002; Ashauer et al., 2011; Tsai et al., 2012; Tennekes and Sanchez-Bayo, 2013).

To characterize the TD regulation of organisms to chemical stress, the damage assessment model (DAM) (Lee et al., 2002) was developed to describe the time course of toxicity. The model did this by integrating the compensation process between chemical-induced biological damage and repair in target sites or receptors over time. The DAM encompasses those chemicals that act through rapid reversible binding to the target site as well as those that act via irreversible binding (Lee et al., 2002; Ashauer and Escher, 2010). The model not only provides a tool to explore individual tolerance and predict toxicity, but also creates a mechanistic framework for understanding the variation of toxicity between different populations, species and exposure durations (Ashauer and Escher, 2010). 

Tilapia (Oreochromis mossambicus) is the most abundant invasive species in local freshwater and estuary ecosystems in Taiwan. Copper (Cu) is both an essential element in aquatic ecosystems, and a non-degradable cumulative pollutant that is released by various industrial, aquacultural and other anthropogenic activities. It exerts a wide range of pathologic effects on fish (Dang et al., 2012; Peles et. al., 2012; Tsai et al., 2013). NKA activity in tilapia gills is sensitive to Cu exposure (Li et al., 1998; Lin et al., 2004; Wu et al., 2008) and shows clear concentration-specific physiological reaction patterns in both chronic and sublethal exposure conditions (Wu et al., 2008). It has been suggested that NKA activity is a better measure for ecotoxicological assessment than environmental concentrations or the chemical residue-based approach. However, there is no direct systematic link between exposure and NKA response and the subsequent biological endpoints at the individual level for an exposed organism (e.g., growth, survival and reproduction) (Vasić et al., 2008; Jager and Hansen, 2013).
In this context, we aim to determine whether branchial NKA activity can respond to the accumulation of waterborne contaminants over time (i.e. toxicokinetics, TK). It is postulated that because the response of biomarkers increases over time, the individual-level endpoint would change directly with this specific biomarker. In this study, therefore, we aim to determine: 1) whether the TK parameters of Cu entry, elimination and accumulation describe the toxicodynamic (TD) response in NKA activity, and 2) whether the TD parameters of the NKA response are closely linked to the individual-level endpoints (whole-body Na+ concentration and mortality). Knowledge of these responses may allow us to characterize how fish suffer from Cu exposure levels and durations, resulting in their susceptibility, adaptation or acclimation to contaminant levels in natural, aquaculture ponds or contaminated aquatic ecosystems.  
2. Materials and Methods

2.1 Bioaccumulation Assays 
To characterize Cu toxicity via NKA inhibition in the gills, branchial toxicokinetic parameters are required to illustrate the time course of gill Cu residues at experimental exposure levels. Sets of exposure bioassays by exposing fish to environmentally-relevant and aquafarming waterborne copper for 5 days were conducted to investigate: 1) the temporal profiles of Cu accumulation in the fish gills; 2) the corresponding response in branchial NKA activity; and 3) the time course of the median effect concentration (i.e. EC50). 
Juvenile tilapia (O. mossambicus) (2–4 cm body length and 0.3–0.5 g wet body weight) were hatched in a laboratory and were considered to be uncontaminated. Fish were reared in a 54 L glass aquarium supplied with dechlorinated, circulated, aerated local tap water at 26–28 °C, under a photoperiod of 12–14 h with a light intensity of 1400 ± 100 lux. The fish were fed with a commercial fish food twice a day at a rate of 3% of fish biomass. Mortality was less than 5% of the population during the acclimatization period (14 days) and no weight loss was observed. An aqueous exposure route was used in the experiments because respiratory assimilation is the primary route for Cu accumulation in tilapia (Tsai et al., 2013). Completely dried reagent-grade CuSO4 (Merck, Darmstadt) was dissolved in double-deionized water to prepare the 1000 mg L–1 Cu stock solution. The stock solution was diluted to the desired concentrations (0.2, 1 and 2 mg L–1) using local dechlorinated tap water. Seventy percent of the medium in the test containers was changed daily to ensure the required metal concentration and water quality. The variance in Cu concentrations measured less than 5% within 24 h. The Cu concentration in local tap water was less than 0.01 mg L–1 (data were provided from a routine report from the Taiwan Water Supply Corporation). Chemical parameters of the exposure water were: total hardness (CaCO3) of 28.1 ± 7.6 mg L–1; DO (dissolved oxygen) of 7.5 ± 0.5 mg L–1; Na+ of 5.6 ± 0.3 mg L–1; K+ of 1.4 ± 0.1 mg L–1; Ca2+ of 9.6± 0.3 mg L–1; Mg2+ of 3.5 ± 0.2 mg L–1; and pH of 7.8 ± 0.02. The experimental Cu concentrations (0, 0.2, 1 and 2 mg L–1) were approximately 3–13 times higher than those in  aquacultural and field and environments, respectively.
There were totally 40 individual fish used in each treatment and all of them were put together in the same tank (54L). The fish density is about 0.27 g fish L-1. Six individual fish were sequentially harvested from solutions at 0, 24, 48, 72, 96, and 120 h after treatment, to determine Cu residues in the gills and the Na content of fish carcasses. Fish were anesthetized in pH-neutralized tricaine methane sulfonate (MS-222) (Sigma Chemical Co., St. Louis, MO) solution and then dissected. This study was approved by the Ethics Committee of China Medical University (CMU), and all bioassays were conducted in compliance with Guidance for the Care and Use of Experimental Animals of CMU. Gill and carcass residues were rinsed with deionized water to clean off blood and mucus. Gill tissues of six fish were pooled as one sample; 30% of gill samples were freeze-dried overnight and then digested in 10 mL concentrated HNO3 (65% wt.) overnight at 95 °C for total Cu analysis. The remaining 70% of gill samples were homogenated for the assessment of branchial NKA activity and protein. Experiments were conducted in duplicate.
Variations in the Na content of fish carcasses were used as a proxy for Cu-induced impairment of the osmoregulatory ability of the exposed fish. The values of relative concentration-dependent Na contents were plotted using arithmetic coordinates with corresponding regression equations. The regression models obtained provided an estimate of the effective concentration that caused a 50% reduction in Na content (EC50) at 24, 48, 72, 96, and 120 h after exposure. 
2.2 Acute Toxicity Bioassay
Static acute exposure bioassays were conducted in the laboratory to determine the 24-h, 48-h, 72-h, 96-h and 120-h external median lethal concentration (LC50) values. The experimental design and calculations for acute toxicity are based on procedures developed by Finny (1978) and Sparks (2000). The nominal Cu concentrations were 0 (control), 5, 6, 7, and 8 mg L–1. Six juvenile tilapia in the same size class as those used in the bioaccumulation bioassays were randomly selected and transferred to each test aquarium. Mortality of fish was recorded every 1 h for the first 12 h and every 2 h thereafter until the end of the experiment, and dead fish were removed immediately. The tilapia were not fed throughout the test. Experimental settings and water quality management were as for the bioaccumulation bioassay protocols described in the previous section. 
The LC50 values were determined using mean measured waterborne Cu concentrations and the corresponding cumulative mortality, and were then estimated by maximum likelihood estimates of linear functions relating log Cu concentration to probit transformations of percent mortality (Finney, 1978). All of the observations were used in the probit analysis.
2.3 Chemical Analysis
2.3.1 Copper and Sodium Concentration
A Perkin-Elmer Model AA-200 atomic absorption spectrophotometer (Perkin-Elmer, Shelton, CT, USA) was used to measure waterborne Cu and Cu residues in fish gills and Na in fish carcasses. Recovery rates for Cu and Na were 98.4% and 96.4%, respectively, and detection levels were 4 (g L–1 and 1.5 (g L–1 for Cu and Na, respectively.
2.3.2 Determination of Gill NKA Activity
Gill filament samples were suspended in the homogenization solution 1:1:1:1 (400 mM imidazole-HCL buffer, 20 mM Na2EDTA, 800 mM sucrose, 0.4% sodium deoxycholate). NKA activity was measured in a reaction mixture (500 mM imidazole-HCL buffer, pH 7.6, 625 mM NaCl, 750 mM KCl, 37.5 mM MgCl2, 5 mM Na2ATP). The reaction was run at 37 °C for 30 min, then stopped by adding 0.2 ml 30% cold trichloroactic acid. Inorganic phosphate concentration was determined using the Peterson (1978) method. Total protein was determined following Lowry et al. (1951), using crystalline bovine albumin as the standard. The enzyme activity of NKA was defined as the difference between the quantity of inorganic phosphate liberated in the presence and absence of 0.5 m Mouabain in the reaction mixture. Each sample was assayed in triplicate. All chemicals were purchased from Sigma Biochemical Co. St. Louis Missouri, USA.  
2.4 Data Analysis
2.4.1 Toxicokinetic Parameters
The toxicokinetic (TK) parameters (i.e. the rates of biouptake and depuration) were estimated by optimally fitting the integrated form of the first order one-compartment model (FOCM) to the measured total Cu residue data for the gills, using iterative nonlinear regression. This model describes the time course of chemical accumulation from constant external chemical exposure as (Newman, 2009): 
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where Cg is time-dependent accumulated Cu in the tilapia gills (mg g–1), k1 is the uptake rate constant (L g–1 h–1), k2 is the depuration rate constant (h–1), kg is the fish’s growth rate ( h–1) and t is the sampling time in hours. The bioconcentration factor (BCF) can be calculated as BCF = k1 / (k2 + kg), which indicates that a net accumulation of metal results from the balance between the processes of metal uptake and depuration associated with growth dilution. Cw is waterborne Cu concentration (mg L–1). The basic assumption of the FOCM is that k1 and k2 remain constant through the course of exposure (Newman, 2009). The growth rate of juvenile tilapia was 0.0013 h–1, based on laboratory measurements under nutrient-sufficient conditions.  
2.4.2 DAM Modeling for Evaluating NKA Sensitivity
The damage assessment model (DAM) allows for a direct assessment of the mechanistic and quantitative correlation between the branchial metal residues, changes in NKA activity and the observed individual toxic responses. It therefore assesses the effectiveness of using NKA activity as a biomarker for assessing Cu exposure risk. The DAM elucidates the temporal variance of toxicity in view of the balance between chemical-induced damages and repair in a specific biological function (branchial NKA activity in this case). Briefly, the model assumes that chemical-induced biological damage (D) in organisms is produced in proportion to chemical accumulation, and damage recovery (kr) is proportional to cumulative damage. Specific adverse effects (e.g. death, or impairment of ion regulatory ability) occur when the accumulative damage accrues to a critical level (DL). Thus, the cumulative damage level of the targeted biological function at time t (D(t), -) can be calculated from the solution of the first-order damage accumulation model, dD(t) / dt = kaCg(t) ( krD(t), and is given as (model estimation details in Lee et al., 2002; Ashauer et al., 2010):
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where ka is the damage accumulation rate (g mg–1 h–1) and kr is the damage recovery rate constant (h–1). 
The damage level of NKA activity (D(t), %) is calculated as (1-(NT(t)/NC(t))×100 in each treatment, where NT(t) is the measured NKA activity (μmole pi/mg protein/h) in treated groups at a selected time t, and NC(t) is the corresponding measurment in the control group. A positive value of D(t) would be derived if an inhibited NAK activity is observed after exposures; contrary, a negative value would be estimated if a stimulated NKA activity is observed. Exposure-specific ka and kr in Eq. 2 can be estimated using a nonlinear regression technique by using sufficient measured D(t) data in combination with estimates of the TK parameters (k1 and k2) from the same treatment.

The DAM-based median effect or lethal concentration (EC50 or LC50) can be derived from the first-order net damage accumulation model (Eq. 2) and expressed as (Lee et al., 2002):
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where D50 is the threshold damage level required for 50% effect (-). With sufficient observed EC50(t) or LC50(t) data, the best-fit values of D50 in Eq. 3 can be derived using a nonlinear regression technique with estimates of the essential TK and TD parameters (ka, kr, k1, k2 and BCF). Calibration of the damage-based toxicity model was minimized by using laboratory values for TK and TD parameters where possible. 

The fit of predicted DAM-based EC50(t) or LC50(t) to their corresponding measured values determines whether branchial NKA activity acts as an effective biomarker for assessing waterborne Cu toxicity to tilapia at various exposure levels. Figure 1 illustrates the analytical algorithm of this study by integrating experimentally derived data with the damage-based modeling approach to evaluate the effectiveness of branchial NKA activity as a biomarker for assessing Cu toxicity.
2.4.3 Statistical analysis
Statistical analyses were conducted using Statistica software (StatSoft, Tulsa, OK). Measured data are presented as the arithmetic mean ± standard deviation (SD). All experimental data were evaluated for normality of distribution using the Kolmogorov-Smirnov test. Appropriate data transformations and screenings were applied to satisfy parametric assumptions of toxicological models prior to statistical analyses. Differences between treatments were assessed using a one-way analysis of variance (ANOVA) followed by Duncan’s test. All curve fitting and calculation of the coefficient of determination (r2) was done using the nonlinear option in Statistica. Simple comparisons were conducted using Student’s paired t-test. The cut-off level for statistical significance was taken as p < 0.05.  

3. Results

3.1 Copper Accumulation

Our results showed that waterborne Cu exposure resulted in significant branchial Cu accumulation in all exposure treatments, and Cu accumulation occurred in a time- and concentration-dependent manner. In general, patterns of metal accumulation showed asymptotic curves and reached steady-state conditions at 48, 72 and 72 h at approximately 38, 60 and 65 μg g–1 after exposure to 0.2, 1 and 2 mg L–1 waterborne Cu, respectively (Figs 2A–C). The FOCM described the temporal trend of Cu accumulation in fish gills well (r2 = 0.45–0.88) in the three treatments. With respect to the three estimated toxicokinetic parameters, uptake rate (k1) decreased, depuration rate (k2) increased, and the bioconcentration factor decreased with increasing exposure concentrations (Table 1), implying that the fish tended to accumulate less Cu at higher exposure levels.

3.2 Response of NKA Activity

Exposure of juvenile tilapia to waterborne Cu induced subtle changes in branchial NKA activity. However, the response pattern was not consistent between treatments. At exposures of 0.2 and 1 mg L–1, NKA activity was highly variable and fluctuated over time (Figs 3A–C). In general, NKA activity decreased over time at exposure concentrations of 0.2 and 2 mg L–1, although there was a recovery in NKA activity at 0.2 mg L–1 at 96 h (Fig. 3A). The estimated damage level (D(t)) reached a steady state of 53% at 72 h at an exposure of 0.2 mg L–1, and 70% at 24 h at an exposure of 2 mg L–1 (Figs. 3A and C). In contrast, branchial NKA activity was stimulated and fluctuated over the entire course of exposure in the 1 mg L–1 treatment. Temporal peaks of NKA activity occurred at 24 and 96 h and reach levels nearly two times higher than the control (Fig. 3B). NKA activity and the corresponding damage level (D(t)) returned to the control level at the end of the exposure period (120 h). This indicates that the fish were suffering from Cu stress and were trying to counteract the impairment of NKA activity that occurred during metal exposure. The goodness-of-fit of the DAM (Eq. 2) to the measured level of damage to NKA activity based on the toxicokinetic parameters (Table 1) provided a mechanistic tool to inspect how changes in NKA activity related to the corresponding Cu accumulation observed at selected time points. Accompanied by precise predictions for the branchial Cu residues (Figs 2A–C), the DAM satisfactorily described the temporal variation in the level of damage to NKA activity at 0.2 and 2 mg L–1 (r2 = 0.69–0.98; Figs 4A and C). At 0.2 mg L–1, the model predicted an increasing D(t) with exposure duration (r2 = 0.69, p < 0.05), despite underestimating D(t) by 22% and 13% at 72 h and 120 h, respectively. The model overestimated damage by 120% for 96 h after exposure (Fig. 4A), which implies that the tilapia used active homeostasis to mediate NKA activity. In other words, this suggests that activity levels were not determined solely by branchial Cu residues.  

 The DAM failed to predict the increased NKA activity after 24 h at 1 mg L–1 (Fig. 4B), despite predicting Cu residues well (Fig. 2B). These results suggest that Cu residues in fish gills are good predictors for the response of gill NKA activity under high and low exposure conditions (i.e. 0.2 and 2 mg L–1) but not at 1 mg L–1. 

[image: image1.wmf](

)

(

)

(

)

(

)

(

)

,

t

k

k

t

k

k

g

g

e

C

k

k

k

e

C

t

C

+

-

+

-

-

+

+

=

2

2

1

0

w

g

2

1

g

g

[image: image8.jpg]NKA Activity ( p mole pi/mg protein/hr)

w
L

0.35

0]
] /
Ve
s \ /
/ \\ /
\ /
/
/
~

0.30 1

0.25 {

0.20

0.15 {

0.10 1

0.05 1

0.00

R jol o
\ /N /
N / R /
NV \ /
/
/
i \

10

-0-~
O" I NKA activity

—O— Damage Level

Time(hr)

80

60

40

20

-20

-40

-60

-80

-100
100

80

60

40

20

Damage Level (%)



[image: image9.png]LC50( mg L)

10

—©@— measured LC50
—— 02mgL" parameter
B 1 mg L1 parameter

——— 2mgL" parameter

48

72 %6 120
Time(hr)




[image: image10.png]ECs0(mg L")

35

30

25

20

15

1.0

—@— measured EC50
—— 02mg L parameter
L 1mg L parameter

——— 2mgL" parameter

.\

A





   The estimated rates of damage accumulation (ka) and recovery (kr) generally increased with increasing Cu exposure levels. Values of ka and kr at 2 mg L–1 were approximately four and five times higher, respectively, than those at 0.2 mg L–1. For the 1 mg L–1 treatment, negative Ka values were estimated, because NKA activity increased over the time course of exposure (Table 2). 
3.3 Copper Toxicity

3.3.1 Osmoregulatory Impairment 
Measured EC50 values decreased overall as a result of inhibition of whole-body Na+ concentration following exposure to waterborne Cu for 120 hours (Fig. 5). Values decreased from 2.67 mg L–1 (48 h) to 1.58 mg L–1 (120 h), with a temporary recovery to 2.34 mg L–1 at 96 h. There was no fish mortality during exposure. The fit of the DAM (Eq. 2) to the EC50 data shows that Cu accumulation and subsequent changes in NKA activity at 0.2 mg Cu L–1 (Figs 2A and 2A) illustrate the temporal variance of EC50 values reasonably well (r2 = 0.61, Fig. 5). The model slightly overestimated EC50 at 48 and 120 h, but underestimated it at 96 h. The model fit was poor for the 2 mg L–1 treatment. In this case, the model overestimated EC50 at 48 and 96 h but underestimated it at 120 h, despite precisely predicting the temporal trajectories of Cu accumulation and the corresponding response in NKA activity (Figs 2C and 4C). 
3.3.2 Mortality 

LC50 consistently decreased with increasing Cu exposure duration, from 9.26 mg L–1 (48 h) to 5.99 mg L–1 (120 h; Fig. 6). In contrast with EC50, there were no fluctuations in LC50. Similarly to the results for the Na+ loss bioassays, the DAM using the TK and TD parameters estimated at 0.2 mg Cu L–1 fitted the observed LC50 values very well (Table 1, Fig. 6). The model fit was poor for
Table 1

Estimated values (Mean ± SE) of toxicokinetic parameters, including waterborne Cu uptake rate (k1), depuration rate (k2), and bioconcentration factor (BCF) for juvenile tilapia exposed to various waterborne contaminant levels for 120 h.
	Treatment
(mg L–1)
	k1 
(L g–1 h–1)
	k2 
(h–1)
	BCF 
(L g–1) a
	r2 
	P value

	0.2
	172.52 ± 64.27
	0.75 ± 0.38
	227.90
	0.45
	> 0.05

	1 
	65.50 ± 18.95
	1.09 ± 0.36
	60.29
	0.93
	< 0.05

	2
	30.00 ± 10.01
	0.95 ± 0.37
	31.50
	0.85
	< 0.05


a Bioconcentration factor is calculated as k1 / k2+kg.
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2 mg L–1 (Fig. 6); however. In this case, LC50 was generally overestimated before 72 h but underestimated thereafter, even though the model described Cu accumulation and the corresponding response in NKA activity well (Figs. 2C and 4C). The estimated threshold damage level of NKA activity for inducing mortality (DL,50) is 1464.82, which is approximately 3.27 times higher than that for inducing whole-body Na+ loss (DE,50) (Table 2).
4. Discussion

4.1 Branchial Cu Accumulation
This study reveals that accumulation of Cu in tilapia gills is highly concentration- and time-dependent. Cu accumulation reached a steady state after 48–96 h of exposure and remained constant until the end of the exposure period (Figs 2A–C). In general, the bioaccumulation factor decreased with increasing Cu levels because of a lower uptake rate (k1) (Table 1). This implies that branchial Cu toxicokinetics are under active physiological control in juvenile tilapia. The fish achieved their carrying capacity for Cu accumulation within 120 h of exposure to higher or sublethal Cu levels. 
To our knowledge, there is currently no comparable study investigating how juvenile tilapia alter the toxicokinetic process of Cu in their gills under such conditions. However, numerous studies provide evidence to support Cu regulation in tissues or organs of freshwater teleosts following exposure to similar Cu levels, which supports our findings. For example, McGeer et al. (2003) found an inverse relationship between the bioaccumulation factor (BCF) of metals such as Cu, Zn, Cd, Pb and aqueous exposure levels by comprehensively reviewing theoretical and experimental data. Our previous study showed that gill BCF decreased with increasing waterborne contaminant levels when mature tilapia were exposed to 0.1, 0.2 and 0.3 mg Cu L–1 for seven days (Tsai et al., 2013). Inverse relationships between gill and liver BCF and waterborne
Figure 5

Figure 6

Table 2. Toxicodynamic (TK) parameter estimates of the damage accumulation rate (ka), the damage recovery rate constant (kr), and the threshold damage level required for 50% toxic effect (DL,50 or DE,50), as assessed by identifying the optimal fit of the DAM to measured LC50(t) and EC50(t) data. 

	Treatments (mg L–1)
TK parameters
	0.2
	1
	2

	DL,50 (µg h g–1) a
	1464.82 ( 15.69***
	–2.70 ( 0.27** e
	245.10 ( 23.06**

	DE50 (µg h g–1) b
	439.13 ( 28.21***
	–0.81 ( 0.08** e
	73.81 ( 7.35**

	ka(g (g–1d–1) c
	0.02 ( 0.01 
	–0.42 ( 14479.73 e
	0.08 ( 0.01***

	kr (h–1) c
	0.01 ( 0.01 
	0.69 ( 235501.44 
	0.07 ( 0.01***


a Estimated from LC50(t) data.

b Estimated from EC50(t) data.

c Estimated from D(t) data. See Figs 1, 3 and 4. 
e Negative values were estimated because stimulated NKA activities were observed in the 1 mg mL-1 treatment.
** p < 0.01

***p < 0.001
Cu concentrations were also observed when pejerrey (Odontesthes bonariensis) and European eel (Anguilla anguilla) were chronically exposed to waterborne Cu (Grosell et al., 1996; Carriquiriborde and Ronco, 2008). 
Fish might adaptively alter Cu bioaccumulation within a range of exposure regimes by changing physical processes involved in Cu-specific transport mechanisms or their ability to uptake, detoxify, sequester and eliminate Cu (McGeer et al., 2003). Alternatively, the decline in the uptake rate could result from saturation kinetics at higher exposures, because metal ions pass through the gill membranes via channels or other facilitated diffusion processes (Green et al., 2010; Newman, 2009). In this study, experimental Cu concentrations were up to 13 and 3 times higher than those in typical natural ecosystems (ranged from 1 to 15µg L-1) and aquaculture farms (ranged from 0.2 to 0.6 mg L-1, Chen et al., 2013), respectively. Consequently, the uptake rate constant may decline with increasing waterborne metal levels. In addition, the fact that the model fitted the Cu accumulation data so well confirms the suitability of using the bioaccumulation and damage assessment models for analysis, following observations of NKA response and Cu toxicity.  

4.2 Responses of NKA Activity 
    This study shows that in general, branchial NKA activity is inhibited when juvenile tilapia are exposed to the exposure of 0.2 and 2 mg L–1(Figs 3A and C). However, NKA activity was not always inhibited; for example, it was elevated throughout the exposure course at 1 mg L–1 of waterborne Cu (Fig. 3B). Some recent studies have reported that NKA activity was unchanged or stimulated following chronic metal exposure, probably as a result of adaptation mechanisms. For example, tilapia acclimated to metal stress using compensatory mechanisms such as stimulating or restoring branchial NKA synthesis following multiplication of mitochondria-rich cells, and compensated for Na+ uptake in order to sustain normal physiological function (Dang et al., 2000; Atli and Canli, 2007; Wu et al., 2008). Fish responses to metals are mediated by physiological regulation mechanisms in the gills (Zhou et al., 2005). Gill regulation is a time-dependent acclimation response, and is characterized by how rapidly acclimation is activated to prevent further deleterious effects, and how long acclimation is maintained under non-stressed conditions to ensure a rapid response when the next fluctuation takes place (Diamond et al., 2006). 
Our findings indicate, however, that stimulation of NKA activity did not necessary result in recovery of whole-body Na+ concentrations when the fish were exposed to 1 mg Cu L–1 (Fig. 3B). This implies that whole-body Na+ concentration is not restored solely by stimulating NKA-dependent Na+ influx under higher exposure levels. Uptake of environmental Na+ might compete directly with external Cu2+ because these ions share similar channels and/or carrier proteins (Grosell and Wood, 2002; Handy et al., 2002). One of our previous studies showed that Cu2+ uptake by juvenile tilapia competes with Na+ influx; subsequently, however, the fish reached their capacity for Cu accumulation and then compensated for Na+ uptake after 96 h at an environmentally relevant Cu level (0.2 mg L–1; Wu et al., 2008). We therefore assume that Cu ions inhibit Na+ influx, resulting in lower whole-body Na+ levels, even though NKA activity was stimulated.             

4.3 Adaptability of Tilapia 
The DAM overestimated LC50 and EC50 values prior to 72 h, but underestimated them at 120 h (Figs 5 and 6), even though it accurately captured the concurrent Cu accumulation and response in NKA activity at an exposure of 2 mg Cu L–1 (Figs 2C and 3C). This implies that the toxicokinetic behavior of Cu and the subsequent toxicodynamic response in NKA activity at higher exposure conditions (i.e. 2 mg L–1) did not completely account for the time course of Cu toxicity. For instance, the ~20% overestimation of EC50(48) and LC50(48) (Figs 5 and 6) suggests that there might be some other detoxification or compensation process that mediates metal toxicity during initial acute Cu exposure. In an earlier study we showed that tilapia exhibit a substantial metallothionein (MT) expression after 5 h of Cd exposure (Wu et al., 2006). This suggests that tilapia can synthesize MT rapidly in response to short-term metal exposure, to mitigate metal stress. However, the increased MT expression was not sustained, and was rapidly followed by a substantial decline when tilapia larvae were exposed to Cu2+ for more than 72 h, or at concentrations in excess of 0.2 mg Cu2+ L–1 (Wu and Hwang, 2003). Induction of MTs in fish therefore acts as a sentinel buffer for Cu stress, and it is thought that MTs serve as an early warning system for metal pollution, despite the fact that their induction often decreases over longer exposure periods (e.g. > 72 or 96 h; Dang et al., 1999; Dethloff et al., 2001; Wu et al., 2006). 
4.4 Model Improvements
The DAM underestimated EC50 and LC50 values after 120 h of exposure to 2 mg Cu L–1, which suggests that the observed Cu toxicity might be exerted by other underlying processes of toxicity that are not currently included in the model. One such possible process is the accumulation of biological damage during the initial period of exposure. This could induce a stronger toxic response to later chemical stress. The consequences of prolonged or changing exposure may induce cumulative long-term toxicity effects (Ashauer and Escher, 2010; Ashauer et al., 2011). For example, delayed toxicity (or carry-over toxicity) might explain why stronger toxic responses are observed in organisms that have been exposed to the same dose of a toxicant for an extended period. Organisms may sustain damage during the first period of exposure that is carried over when they are later exposed to a chemical or circumstance, resulting in poorer recovery of the earlier physiological impairment. The exposed organism’s recovery time (tr) depends on both elimination of the chemical and recovery from the damage, calculated as tr 
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 (Ashauer et al., 2007). For juvenile tilapia exposed to 2 mg Cu L–1, tr was estimated at 12.67 days. This suggests that the fish were not able to recover fully during our 120 h bioassay. The cumulative damage therefore presumably persisted, and toxicity increased with the duration of exposure. We suggest that not only should the current chemical-induced damage level be investigated, but carry-over toxicity resulting from previous exposure should also be taken into consideration when analyzing the levels of chemical exposure that might cause cumulative damage or poor recovery from damage. 

Alternatively, we suggest that more complex toxicological processes, endpoint-specific information or subcellular toxicokinetic information be added to the model, if these measurements influence the mode of action or toxicodynamic process and can be parameterized using available information (Jager and Hansen, 2013). For instance, the relationships between toxicity and total chemical residue are not straightforward, due to the internal compartmentalization of metals, which might result in uncertainties in metal risk assessment (Vijver et al., 2004). Subcellular partitioning of Cu plays a primary role in regulating metal stress in marine and freshwater fish (Kraemer et al., 2005; Dang et al., 2009; et al., 2010). We suggest that future models could benefit from integrating current knowledge of subcellular partitioning of metals to predict the active Cu dose in specific organs (Dang et al., 2009; Higgins et al., 2009; De Boeck et al., 2010; Tsai et al., 2013). 
5. Conclusion

This study strongly demonstrates that the response of NKA activity to Cu exposure can serve as a sensitive biomarker. It effectively links Cu exposure and accumulation to induced impairment of osmoregulation and lethality following exposure to environmentally relevant levels (0.2 mg L–1). However, it does not do so for higher exposure levels in aquaculture farms or contaminated aquatic ecosystems (1 and 2 mg L–1). This study provides a novel mechanistic approach to holistically illustrating the sensitivity of branchial NKA activity to external and internal chemical levels, and their relationship to relative toxic endpoints. These findings may be useful for characterizing how fish respond to Cu exposure levels and durations, resulting in their susceptibility, adaptation or acclimation to contaminant levels in an ecosystem over time.  
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Figure Captions

Figure 1. Schematic representation of the analytical algorithm by using the damage-based modeling approach and experimental data to evaluate the effectiveness of using branchial NKA activity as a biomarker for assessing Cu toxicity (See text for symbol descriptions) 
Figure 2. Time series of Cu accumulation in the gill tissues of juvenile tilapia during 120 h of waterborne exposure to 0.2, 1 and 2 mg Cu L–1. Dashed lines show the optimal fit of the bioaccumulation model to measured data. Symbols represent the means of duplicate measurements. Filled circles and errors bars represent the mean and standard deviation of mean values (mean ± SD, n = 12), respectively. Bars with different letters indicate significant differences between measurements (p < 0.05).  

Figure 3. Comparison of NKA activity (μmole pi/mg protein/h) and corresponding damage levels (%) in the gill tissues of juvenile tilapia exposed to 0.2, 1 and 2 mg L–1 of waterborne Cu for 120 h. Each bar gives the mean ± SD (n = 12). Bars with different letters indicate significant differences between measurements (p < 0.05).  

Figure 4. Comparison of the damage in branchial NKA activity (μmole pi/mg protein/h) between experimental measurements and values predicted by the damage assessment model (Eq. 2) after exposure to 0.2, 1 and 2 mg Cu L–1 for 120 h. The dashed line represents 100% fit between measured and predicted values.  

Figure 5. Temporal trends of median effect concentration (EC50(t)) values, which indicate the level of impairment of osmoregulatory ability (i.e. declines in whole-body Na2+ concentration). Fitted lines show comparisons between the measured data (gray circles with thick solid lines) and the corresponding model predictions using toxicokinetic and toxicodynamic parameters, following exposure to 0.2 (thick solid line), 1 (solid line with triangles), and 2 mg Cu L–1 (thick dashed line) for 120 h.
Figure 5. Temporal trends of median lethal concentration (LC50(t)) values, which indicate mortality at any given time. Fitted lines show the comparisons between the measured data (gray circles with thick solid lines) and corresponding model predictions using toxicokinetic and toxicodynamic parameters, following exposure to 0.2 (thick solid line), 1 (solid line with triangles), and 2 mg Cu L–1 (thick dashed line) for 120 h. 
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