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In freshwater fish, exposure to sub-lethal concentrations of waterborne copper (Cu) results in inhibitions of am-
monia excretion (Jamm) and Na+ uptake (JNain), yet the mechanisms by which these occur are not fully under-
stood. In the present study, rainbow trout (Oncorhynchus mykiss) fry exposed to 50 μg/l Cu for 24 h displayed a
sustained 40%decrease in Jammand a transient 60% decrease in JNain. Previously, these effects have been attributed
to inhibitions of gill Na+/K+-ATPase and/or carbonic anhydrase (CA) activities by Cu. Trout fry did not display
significant reductions in the branchial activities of these enzymes or H+-ATPase over 24 h Cu exposure. Recently,
Rhesus (Rh) glycoproteins, bi-directional NH3 gas channels, have been implicated in the mechanism of Cu toxic-
ity. Juvenile trout were exposed to nominal 0, 50, and 200 μg/l Cu for 3–6 h under control conditions (ammonia-
free water) followed by 6 h exposure to high environmental ammonia (HEA; 1.5 mmol/l NH4HCO3). HEA led to
significant ammonia uptake in control fish (0 μg/l Cu), and exposure to 50 and 200 μg/l Cu resulted in significant
reductions of ammonia uptake during HEA exposure. This is the first evidence that Cu inhibits both the excretion
and uptake of ammonia, implicating bi-directional Rh glycoproteins as a target for Cu toxicity. We propose a
model whereby Rh blockade by Cu causes the sustained inhibition of Jamm and transient inhibition of JNain,
with H+-ATPase potentially aiding in JNain recovery. More work is needed to elucidate the role of Rh proteins
in sub-lethal Cu toxicity.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Copper (Cu) is a trace metal found in aquatic environments that can
lead to physiological disturbances and potential death of aquatic organ-
isms when present at elevated levels. Natural levels of Cu in the aquatic
environment tend to be relatively low, ranging from 0.2 to 30 μg/l
(USEPA, 2007), but systems affected by anthropogenic activities, such
as industrial and mining sites, can reach levels up to 100 μg/l or even
200mg/l (USEPA, 2007). Although some contaminated sitesmaynot pos-
sess concentrations of Cu which could be considered lethal, there are a
number of toxic effects at sub-lethal levels of exposure which are also
of concern. These effects are numerous and variable, including behavioral
changes, oxidative damage, decreases in swimming performance, acid–
base disturbances, and many other adverse effects (Grosell, 2012). How-
ever, in freshwater fish, arguably the two most commonly observed ef-
fects of Cu exposure are the inhibitions of ammonia excretion and Na+

uptake (see Grosell et al., 2002; Grosell, 2012 for reviews).
When measured simultaneously in the same study, the disruptions

of ammonia and Na+ balance by Cu in freshwater fish have been
; fax: +1 905 522 6066.
zimmea@mcmaster.ca
demonstrated to occur both independently (Blanchard and Grosell,
2006) and concomitantly (Wilson and Taylor, 1993; Zimmer et al.,
2014). The simultaneous inhibition of the two processes is consistent
with the current model for ammonia excretion in freshwater fish, the
“Na+/NH4

+-exchange complex”, where ammonia excretion and Na+

uptake are loosely coupled to one another (Wright and Wood, 2009).
In this model, the transport of ammonia as NH3 across the gill epitheli-
um is facilitated by Rhesus (Rh) glycoproteins (Nakada et al., 2007;
Nawata et al., 2007) which are bi-directional transporters of NH3

(Nawata et al., 2010). Upon reaching the apical environment, NH3 is
protonated to NH4

+, effectively trapping ammonia and maintaining an
outwardly directed partial pressure gradient for NH3. Protons for this
acid-trapping mechanism are supplied by cytosolic and membrane-
bound carbonic anhydrase (CA), and apical Na+/H+-exchanger (NHE)
and H+-ATPase (see Wright and Wood, 2009 for review). In the latter
twomechanisms, apical boundary layer acidification occurs in conjunc-
tion with Na+ uptake via direct exchange in the case of NHE (energized
by basolateral Na+/K+-ATPase) and by the electrogenic uptake of Na+

via a putative epithelial channel in the case of H+-ATPase, thereby pro-
viding a “Na+/NH4

+ exchange complex” (Wright and Wood, 2009,
2012).

Cu may act to disrupt the enzymes and/or transporters involved in
the Na+/NH4

+ exchange mechanism, thereby inhibiting ammonia
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excretion and Na+ uptake. Studies have pointed to the inhibition of CA
(Vitale et al., 1999; Zimmer et al., 2012) and Na+/K+-ATPase (Lauren
andMcDonald, 1987a; Pelgrom et al., 1995; Sola et al., 1995), as targets
for Cu in aquatic organisms. There are, however, a number of conflicting
studies reporting absences of inhibition of either of these enzymes
(Grosell et al., 2003, 2004; Blanchard and Grosell, 2006; Zimmer et al.,
2012), suggesting that the overall mechanism of action of Cu is still
not fully understood. As such, the aim of the present study was to gain
a better understanding of the mechanism of ammonia excretion
(Jamm) and Na+ uptake (JNain) inhibition by waterborne Cu exposure.
Freshwater rainbow trout (Oncorhynchus mykiss), which are relatively
sensitive to Cu exposure (Ng et al., 2010), were studied. Jamm, JNain,
and gill Na+/K+-ATPase, H+-ATPase, and CA activities were assessed
in rainbow trout fry exposed to 50 μg/l Cu over 24 h in order to identify
one or more of these enzymes as targets for Cu-induced disturbances in
Jamm and JNain. This level of exposure was chosen based on its environ-
mental relevance and on some initial experiments showing consistent
inhibitions of Jamm and JNain.

In light of results from these 24 h exposures, another set of experi-
ments was designed to determine if the bi-directional transport of am-
monia is disrupted by Cu, potentially suggesting the blockade of Rh
glycoproteins by Cu. In these experiments, juvenile rainbow trout
were pre-exposed to Cu (50 or 200 μg/l) and subsequently exposed to
high environmental ammonia (HEA; 1.5 mmol/l NH4HCO3). Jamm was
assessed in these fish in order to determine if exposure to Cu can also re-
duce ammonia uptake during HEA exposure. Overall, our results con-
firm that Cu inhibits both Jamm and JNain in freshwater fish and, for the
first time, demonstrate that Cu can inhibit the bi-directional transport
of ammonia, suggesting Rh glycoproteins as potential targets for Cu
toxicity.

2. Material and methods

All procedures were approved by the McMaster University Animal
Research Ethics Board (AUP 12-12-45) and were in accordance with
the Guidelines of the Canadian Council on Animal Care.

2.1. Series 1 — 24 h Cu exposures in rainbow trout fry

2.1.1. Animals
Trout fry were chosen for this series as their smaller size allowed

for conducting a large set of experiments simultaneously. Rainbow
trout (O. mykiss) were acquired in the eyed embryonic stage from
Rainbow Springs Hatchery in Thamesford, ON and raised to the fry
stage (0.3–0.7 g) at McMaster University in Hamilton, ON. Embryos
were kept in hatching trays supplied with well-aerated, flow-through,
dechlorinated Hamilton tap water (moderately hard: [Na+] =
0.6 mequiv/l, [Cl−] = 0.8 mequiv/l, [Ca2+] = 1.8 equiv/l, [Mg2+] =
0.3 mequiv/l, [K+] = 0.05 mequiv/l; titration alkalinity 2.1 mequiv/l;
pH ~8.0; hardness ~140 mg/l as CaCO3 equivalents, 12 °C). Embryos
hatched after 3–4 days, and remained in the yolk sac larval stage for
approximately 30 days. After complete yolk sac absorption, fry were
fed a daily 5% body mass ratio of commercial trout pellets and kept on
this diet for a minimum of 1 month prior to experimentation. Trout
fry were fasted for 24 h prior to study and experiments were conducted
at 12 °C.

2.1.2. Experimental design
This experimental series was designed to assess Jamm, JNain, and

gill Na+/K+-ATPase, H+-ATPase, and CA activities in response to acute
24-h exposure to 50 μg/l Cu, a concentration chosen based on consistent
effects observed at 50 μg/l Cu in an initial pilot experiment employing
4 h exposures to nominal 0, 30, 50, and 80 μg/l Cu (data not shown).
Overall, 42 fish in total were exposed individually to either control
conditions (nominal 0 μg/l Cu) or to nominal 50 μg/l Cu (as CuSO4) in
100-ml beakers containing 50 ml of constantly aerated water.
For control exposures, 12 fish were placed individually into beakers
containing 50 ml control media in order to assess Jamm over the 24 h
control period, JNain over 0–3 h and 21–24 h, and gill enzymatic activity
following 3 h and 24 h of control exposure. Fish were allowed to adjust
to the beakers for 10min, after which 22Nawas added to a final concen-
tration of 0.01 μCi/ml to 6 of the beakers in order to measure JNain over
the first 0–3 h. Following 5 min of mixing by aeration, an initial 1.5-ml
water sample was taken from all 12 beakers, representing t = 0 h for
the control exposure. Following 3 h, an additional 1.5-ml water sample
was taken from all 12 beakers (t = 3 h). In those beakers which had
been spiked with 22Na, fish were then removed and sacrificed via neu-
tralized MS-222 overdose. Fish were rinsed twice with 5 mM NaCl and
once with distilled water to remove surface bound isotope, weighed,
and the entire gill basket was excised and cut in half laterally. One half
of the gill basket was flash-frozen and stored at−80 °C for later enzy-
matic analyses and the other half, along with the whole body of the
fish, was used to determine 22Na gamma radioactivity. In the remaining
6 control beakers, additional 1.5-ml water samples were taken at 6, 9,
and 12 h, after which fish were moved to beakers containing 50 ml of
fresh control media and a water sample was taken immediately. At
21 h, 22Nawas added to the remaining 6 beakers, another water sample
was taken, and the same protocol described above was followed in
order to determine JNain (and Jamm) over the final 21–24 h of control ex-
posure. A 0.25-ml aliquot of each water sample was used for determin-
ing both gamma radioactivity and [Na+] (in radioactive samples only),
and the remaining sample (1.25 ml) was frozen at −20 °C for later
total ammonia concentration (Tamm) analysis. Fish samples (whole-
body + half gill basket) were immediately counted for gamma
radioactivity.

For Cu exposures, 30 fry were placed individually into beakers con-
taining 50ml of 50 μg/l Cumedia in order to assess Jamm over the entire
24 h Cu exposure, JNain at 0–3, 3–6, 6–9, 9–12, and 21–24 h, and gill en-
zymatic activity following 3, 6, 9, 12, and 24 h of Cu exposure. Cu expo-
sureswere run in parallel with control exposures and followed identical
protocols except that JNain (and Jamm) was also assessed at t = 3–6, 6–9,
and 9–12 h following the methods described above for the t = 0–3 h
control period. Note that for both control and Cu exposures, Tamm was
measured in all samples, such that in some instances where 12 fish
were undergoing flux measurements simultaneously (e.g., t = 0–3 h),
a sample size of n = 12 for Jamm was obtained. Water samples (5 ml)
for dissolved Cu concentrations were taken at 0, 12, and 24 h in both
the control and Cu-exposed treatments. Samples were filtered through
a 0.45 μm filter, acidified to 1% HNO3 using trace metal grade HNO3

(Fisher Scientific, Ottawa, ON, Canada), and stored at 4 °C until further
analysis.

2.2. Series 2— Cu and high environmental ammonia (HEA) co-exposures in
juvenile trout

2.2.1. Animals
Juvenile trout were chosen for this series as their larger size allowed

for a better resolution for measuring ammonia uptake against a high
ammonia background. Rainbow trout (3–6 g) were purchased from
Humber Springs Trout Hatchery in Orangeville, ON. Fish were kept in
flow-through, well-aerated, dechlorinated Hamilton tap water and fed
commercial trout pellets at a ratio of 1% body mass once every 2 days.
Fish were acclimated to the lab setting for at least 2 weeks and were
fasted for 48 h prior to experimentation.

2.2.2. Experimental design
This series was conducted in order to determine if Cu exposure in-

hibits both the excretion and uptake of ammonia. A HEA concentration
of 1.5 mmol/l NH4HCO3 was sufficient to elicit ammonia uptake from
the environment based on observations from an initial pilot experi-
ment wherein fish were exposed to 0, 0.5, 1.0, and 1.5 mmol/l
NH4HCO3 for 3 h (data not shown).
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Fishwere placed individually in plastic containers containing 100ml
of either control (nominal 0 μg/l Cu) or nominal 50 μg/l media
(constantly aerated dechlorinated Hamilton tap water). Following an
initial 10-min adjustment period, a 1.5-ml water sample was removed.
After 3 h, an additional water sample was removed and fishwere trans-
ferred to containers which held 100 ml of HEA water and the appropri-
ate Cu concentration. The NH4HCO3 stock used to make the HEA water
was corrected to pH 8 with 1 M KOH in order to maintain pH between
pre-exposures and HEA exposures in this series. Water samples were
immediately collected, marking the beginning of the HEA exposure.
Additional water samples were taken 3 and 6 h following the transfer
to HEA, where thereafter fish were removed and weighed. Samples for
the measurement of dissolved Cu concentrations were taken following
the initial pre-exposure period and following HEA exposure using the
protocol described in Series 1. An additional experiment following the
sameprotocolwas conducted except that the pre-HEA exposurewas in-
creased to 6 h and the Cu concentration was increased to 200 μg/l. The
rationale for this additional experiment is explained in the Results sec-
tion. All water samples were stored at−20 °C until later Tamm analysis.

2.3. Analytical procedures and calculations

Tamm (μmol/l) inwater samples obtained in Series 1 and 2was deter-
mined using the colorimetric method of Verdouw et al. (1978). Whole-
body ammonia flux rates (Jamm; μmol/g/h) in both series were then cal-
culated using the following formula:

Jamm ¼ Tammi−Tamm fð Þ � V½ �= w � tð Þ ð1Þ

where Tammi and Tammf are the initial and final water Tamm (μmol/l), re-
spectively, V the is volume (l; corrected for sample removal), w the is
fish weight (g), and t is the duration of flux (h). Note that negative
flux rates indicate ammonia excretion whereas positive flux rates indi-
cate ammonia uptake.

Gamma radioactivity of 22Na (counts per minute; cpm) in body, gill,
and water samples from Series 1 was determined via gamma counting
(Wizard 1480 3+ Auto Gamma Counter, Perkin Elmer, Woodbridge,
ON, Canada) and water total [Na+] (μmol/l) was determined by atomic
absorption spectrophotometry (SpectrAA220FSAtomicAbsorption Spec-
trophotometer, Varian, Australia). Na+ uptake rates (JNain; μmol/g/h)
were then calculated using the following formula:

JNain ¼ Rbody þ 2 � Rgill

� �
= SAavg �w � t
� �

ð2Þ

where Rbody and Rgill are gamma radioactivity (cpm) of the body and half
gill basket, respectively, and SAavg is the average of the specific activities
(cpm/μmol) of the initial and final water samples.

Dissolved Cu concentrations in water samples from Series 1 and 2
were determined using a graphite furnace atomic absorption spectro-
photometer (SpectroAA220, Varian, Mulgrave, Australia). National Re-
search Council of Canada reference standards (TM-15.2; Ottawa, ON,
Canada) were run in parallel with samples in order to determine the
percentage recovery of Cu, which was 102.6 ± 3.3% overall.

2.4. Enzymatic analyses

Gill samples obtained in Series 1 were homogenized in an ice-cold
Na-deoxycholate buffer. Gill homogenates were then assayed for Na+/
K+-ATPase, H+-ATPase, and CA activities using methods described
previously (e.g., McCormick, 1993; Nawata et al., 2007; Zimmer et al.,
2012). Briefly, Na+/K+-ATPase and H+-ATPase activities were deter-
mined indirectly by the disappearance of NADH (measured at
340 μm) on a plate reader (SpectraMAX Plus, Molecular Devices,
Menlo Park, CA, USA) every 15 s for 30 min in the presence and absence
of specific inhibitors: ouabain forNa+/K+-ATPase, andN-ethylmaleimide
(NEM) with sodium azide for H+-ATPase. Activity was determined as
the difference between the rates of the non-inhibited and inhibited re-
actions. CA activity was determined via the delta-pH protocol of Henry
(1991). Samples (10 μl) were assayed in 10ml of pH 7.4 reaction buffer
(225 mM mannitol, 75 mM sucrose, 10 mM Tris buffer, 10 mM
NaH2PO4) kept at 2–4 °C. The reaction buffer was mixed constantly
via a magnetic stirrer. The reaction was initiated by the addition of
1 ml CO2-saturated distilled water and reaction rate was determined
bymeasuring the pH of the solution every 5 s for 30 s using an Accumet
AccTupH electrode connected to an Accumet AB15meter (Fisher Scien-
tific, Ottawa, ON, Canada). CA activity in homogenateswas calculated as
the rate of reaction divided by the rate of the non-catalyzed reaction
(no sample added). All enzyme activities are presented as activity per
mg protein and protein concentration in gill homogenates was deter-
mined using the Bradford reagent and a bovine serum albumin (BSA)
standard curve (Sigma, Burlington, ON, Canada).

2.5. Statistical analyses

All data are presented as means ± SEM (n = sample size) and the
significance level was accepted at P b 0.05. In general, comparisons be-
tween two independent individual means were conducted using a
Student's t-test, single factor comparisons among multiple means
were conducted using a one-way ANOVA analysis with a Holm–Sidak
post-hoc test, and two factor (e.g., time and Cu concentration) compar-
isons among multiple means were conducted using a two-way ANOVA
analysis with a Holm–Sidak post-hoc test. Detailed descriptions of spe-
cific statistical tests are included in corresponding figure captions.

3. Results

3.1. Series 1 — 24 h Cu exposure in trout fry

No mortalities were observed in Series 1. The mean measured dis-
solved Cu concentration in the nominal 50 Cu μg/l exposures was
42.1±1.5 μg/l, significantly greater than that of 3.6±0.7 μg/lmeasured
in control exposures (Table 1A). Mean initial water Tamm in this series
has also been included in Table 1B.

In response to exposure to 50 μg/l Cu, Jamm was initially unaffected
over the first 3 h relative to the simultaneous controls, butwas inhibited
by over 40% by 3–6 h of exposure (Fig. 1). Aside from the 0–3 h and 9–
12 h time points, inhibition of Jamm by Cuwas sustained throughout the
duration of the 24 h exposure such that at 21–24 h Jamm remained re-
duced by 40% (Fig. 1). Note that in control fish, there were significant
temporal changes in Jamm, which were absent in the Cu-exposed ani-
mals (Fig. 1).

Control JNain values at 0–3 h and 21–24 h were 0.55 ± 0.05 and
0.59 ± 0.16 μmol/g/h, respectively; these means were not significantly
different from one another and thus control data were pooled together
for analysis. Similar to Jamm, JNain was not significantly inhibited by Cu in
the first 0–3 h of exposure, however, over 3–9 h of Cu exposure, JNain
was inhibited by nearly 60% relative to the mean control value (Fig. 2).
However, unlike the results observed for Jamm, JNain was not significantly
different from control rates at 9–12 h and by 21–24 h there was no sig-
nificant effect of Cu exposure on JNain (Fig. 2).

Control means for gill Na+/K+-ATPase, H+-ATPase, and CA activities
(Fig. 3), similar to the JNain data, are representative of pooled values from
fish following 3 h and 24 h control exposure as activities of all three en-
zymes were not significantly different between these time points of
control exposure (Na+/K+-ATPase: 3.45 ± 0.72 and 3.06 ± 0.27 μmol
ADP/mg protein/h; H+-ATPase: 1.57 ± 0.31 and 2.02 ± 0.09 μmol
ADP/mg protein/h; CA: 0.14 ± 0.02 and 0.17 ± 0.02 mg protein−1 at
3 h and 24 h, respectively). Exposure to 50 μg/l had no significant inhib-
itory effects on the branchial activity of any of the enzymes measured
(Fig. 3). However, after an initial non-significant drop in activity, there
was a significant increase in gill H+-ATPase between 6 and 24 h of Cu
exposure (Fig. 3B).



Table 1
(A) Mean measured dissolved Cu concentrations (μg/l) in water samples from Series 1 and Series 2 and (B) meanmeasured initial total ammonia levels (Tamm; μmol/l) in water samples
from Series 1 and 2.

A.

Nominal concentration Control (0 μg/l) 50 μg/l 200 μg/l

Series 1 3.6 ± 0.7a 42.1 ± 1.5b –

Series 2 3.2 ± 1.5a 49.8 ± 3.6b 160.7 ± 13.6c

Means not sharing the same letter in a given series are significantly different from one another as determined by a one-way ANOVA on ranks with a Dunn's post-hoc test as normality
could not be achieved by data transformation. (P b 0.05; n = 6–10)

B.

Nominal concentration Control/pre-exposure High external ammonia

Series 1 7.0 ± 0.5a –

Series 2 9.6 ± 0.3a 1613.2 ± 22.8b

Means not sharing the same letter in either series are significantly different from one another as determined by a one-way ANOVA on rankswith a Dunn's post-hoc test as normality could
not be achieved by data transformation. (P b 0.05; n = 6–18).
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3.2. Series 2 — Cu and HEA co-exposures in juvenile trout

No mortalities were observed in response to exposure to nominal
Cu concentrations of 50 or 200 μg/l or to 1.5 mmol/l NH4HCO3 (HEA)
in the presence or absence of Cu. The mean measured dissolved Cu
concentrations in HEA exposures were 3.2 ± 1.5, 49.8 ± 3.6, and
160.7 ± 13.6 μg/l, for control, 50 μg/l, and 200 μg/l treatments, respec-
tively (Table 1A). Mean initial water Tamm in this series for both the
pre-exposure and high external ammonia periods has also been includ-
ed in Table 1B.

Juvenile rainbow trout exposed to 50 μg/l Cu displayed no significant
changes in Jamm over the first 3 h of exposure (Fig. 4), similar to the re-
sults observed in fry. Upon transfer to HEA, both groups demonstrated a
reversal of Jamm over the first 3 h of exposure, such that ammonia was
being taken up from the environment, though this escaped statistical
significance (P = 0.061) in the control group (Fig. 4). Over the second
3 h of HEA exposure (t=6–9 h) therewas a further, significant increase
in ammonia uptake by the control group, whereas Cu exposure ap-
peared to attenuate this increase such that ammonia uptake (i.e., posi-
tive Jamm) was significantly lower in the Cu-exposed fish compared to
control fish (Fig. 4).

Based on these initial results, a second experiment (Fig. 5) was con-
ducted with a 6-h pre-HEA exposure to nominal 200 μg/l Cu in an
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Fig. 1. Ammonia excretion rates (Jamm) during exposure to control conditions (nominal
0 μg/l Cu) and nominal 50 μg/l Cu over 24 h. Means which do not share the same letter
within the control or Cu-exposed groups are significantly different from one another
and asterisks represent significant differences between control and Cu-exposed groups
at a given time point as determined by a two-way ANOVA with a Holm–Sidak post-hoc
test; there was not a significant interaction between factors (P b 0.05; n = 6–12).
attempt to determine if Cu could completely block ammonia uptake
during HEA. In this experiment, ammonia excretion was significantly
inhibited over the 3–6 h time point, prior to HEA exposure (Fig. 5). Fol-
lowing 6 h, fish were transferred to HEA where, in control fish, Jamm de-
creased significantly such that it was reversed, representing an uptake
of ammonia from the environment. In fish exposed to 200 μg/l Cu, how-
ever, no significant difference in Jamm was observed over the first 3 h of
HEA exposure compared to pre-HEA values (Fig. 5), indicating that Cu
exposure inhibited ammonia uptake. Similar to the data obtained in
the 50 μg/l Cu exposure, by the last 3 h of HEA exposure (t= 9–12) am-
monia uptake was significantly lower in Cu-exposed fish compared to
control fish (Fig. 5). Thus, in the same experiment, exposure to
200 μg/l Cu significantly inhibited both the efflux of ammonia under
control conditions (at 3–6 h) and the influx of ammonia under HEA
(at 9–12 h; Fig. 5).

4. Discussion

4.1. Overview

In rainbow trout fry, exposure to 50 μg/l Cu caused a significant
and sustained inhibition of Jamm up to 24 h of exposure (Fig. 1), while
JNain appeared to be only transiently inhibited and was recovered by
12 h of Cu exposure (Fig. 2), though variability in JNain in Cu-exposed
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Fig. 2. Unidirectional Na+ uptake (JNain) in a control (nominal 0 μg/l Cu) group of fish,
representing an average of uptake from fish at 0–3 h and 21–24 h, and in fish exposed
to nominal 50 μg/l Cu over 24 h. Asterisks indicate significant differences between fish ex-
posed to Cu and the control group as determinedby a one-way ANOVAwith aHolm–Sidak
post-hoc test (P b 0.05; n = 6).
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Fig. 3. Enzymatic activities of (A) Na+/K+-ATPase (NKA), (B) H+-ATPase (HAT), and
(C) carbonic anhydrase (CA) in the gills of a control (nominal 0 μg/l Cu) group of fish,
representing an average of activities from fish at 3 h and 24 h, and in the gills of fish ex-
posed to nominal 50 μg/l Cu over 24 h. Means which do not share the same letter are sig-
nificantly different from one another as determined by a one-way ANOVA with a Holm–

Sidak post-hoc test (P b 0.05; n = 6).
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Fig. 4.Ammonia excretion rates (Jamm) in fish exposed to control (nominal 0 μg/l Cu) con-
ditions and to nominal 50 μg/l Cu in ammonia-free water for 3 h followed by a 6 h expo-
sure to high environmental ammonia (1.5 mmol/l NH4HCO3). Means which do not share
the same letter within the control or Cu-exposed groups are significantly different from
one another and asterisks represent significant differences between control and Cu-
exposed groups at a given time point as determined by a two-way ANOVA with a
Holm–Sidak post-hoc test; there was a significant interaction between factors (P b 0.05;
n = 6).
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ditions and to nominal 200 μg/l Cu in ammonia-free water for 6 h followed by a 6 h expo-
sure to high environmental ammonia (1.5 mmol/l NH4HCO3). Means which do not share
the same letter within the control or Cu-exposed groups are significantly different from
one another and asterisks represent significant differences between control and Cu-
exposed groups at a given time point as determined by a two-way ANOVA with a
Holm–Sidak post-hoc test; there was a significant interaction between factors (P b 0.05;
n = 7–9).
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fish may have masked potential inhibition at 21–24 h of Cu exposure
(P=0.099). Although Jamm and JNain are believed to be coupled in fresh-
water fish (seeWright andWood, 2009, 2012), it appears possible from
this work that exposure to Cu may uncouple these processes from one
another. The inhibition of JNain is believed to be a function of branchial
Na+ channel blockade and/or inhibition of branchial Na+/K+-ATPase
activity (see Grosell, 2012), while the mechanism for the inhibition of
Jamm is not clear. Despite inhibitions of both Jamm and JNain, there was
no evidence for the inhibition of gill Na+/K+-ATPase activity in rainbow
trout fry in the present experiments (Fig. 3A), nor were there signifi-
cant effects on H+-ATPase or CA (Fig. 3B, C), two other important
components of the Na+/NH4
+ exchange mechanism (see Wright and

Wood, 2009, 2012) and potential targets of Cu toxicity (Grosell, 2012;
Zimmer et al., 2012). However, Grosell (2012) also noted that there
was a need to investigate the possible effects of Cu on gill Rh glycopro-
teins, which could represent another potential target, one which has
never been examined prior to the present study.

A property unique to the Rh glycoproteins, in contrast to other po-
tential targets of Cu in the gill, is that they are bi-directional transporters
(Nawata et al., 2010). In accord with this property, juvenile trout
exposed acutely to 200 μg/l Cu exhibited an inhibition of ammonia ex-
cretion prior to HEA exposure but at both Cu concentrations there was
an inhibition of ammonia uptake during HEA exposure (Figs. 4 and 5).
In the 200 μg/l Cu exposure, the inhibition of ammonia transport
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might be attributable to an increase in pre-exposure time (3 h to 6 h)
and/or concentration (50 μg/l to 200 μg/l).

HEA in these experiments was achieved using NH4HCO3 in order to
minimize acid–base disturbances in the fish. However, the presence of
additional carbonate ions may have influenced the speciation of Cu in
solution. Using Visual MINTEQ (Visual MINTEQ ver. 3.0, KTH, Dept. of
Land andWater Resources Engineering, Stockholm, Sweden), the speci-
ation of Cu under control and HEA conditions was determined and the
presence of Cu2+ was 1.5% and 1.0% of total in control and HEA, respec-
tively, which was the function of increased HCO3

− and not NH4
+, as the

proportion of Cu2+ was identical when substituting 1.5 mmol/l
NaHCO3 in place of NH4HCO3 in the MINTEQ input. Regardless, this
difference in speciation did not seem to affect the capacity of Cu to
block ammonia transport as in the 200 μg/l series, Cu inhibited the bi-
directional transport of ammonia in the presence or absence of addi-
tional carbonate ions from NH4HCO3.

Overall, to our knowledge, this is the first demonstration of the inhi-
bition of bi-directional ammonia transport by Cu. We propose a model
by which Cu acts on Rh proteins to cause the sustained reduction of
Jamm and the transient reduction of JNain.

4.2. Toxic mechanism of action of Cu

The final lethal mechanism of Cu toxicity is likely a cardiovascular
dysfunction resulting from a loss of osmotic balance (see Wilson and
Taylor, 1993; Grosell, 2012), but the mechanism(s) by which Cu causes
various sub-lethal effects leading to this remain incompletely under-
stood. Disturbances in ammonia balance, indicated by increases in
plasma ammonia and/or reductions in Jamm have been observed repeat-
edly in freshwaterfish (Lauren andMcDonald, 1985;Wilson and Taylor,
1993;Wang et al., 1998; Zimmer et al., 2012, 2014). Grosell et al. (2002)
first proposed the inhibition of branchial CA activity as the underlying
mechanism of Cu-induced inhibition of ammonia excretion. Despite
many studies demonstrating the in vitro inhibition of CA activity by Cu
(Magid, 1967; Vitale et al, 1999; DiTusa et al., 2001), to date only one
study (on the guppy, Poecilia vivipara) has been able to demonstrate
in vivo inhibition of gill CA activity in Cu-exposed fish (Zimmer et al.,
2012). Indeed, in the present study, rainbow trout fry demonstrated
no adverse effect of Cu exposure on gill CA activity (Fig. 3B), despite
the significant inhibition of Jamm (Fig. 1). Possibly, this may be due to
the nature of the CA activity assay which requires a large dilution of tis-
sue homogenates, causing a dilution of Cu and a potential loss of inhibi-
tion (see Grosell, 2012). Regardless, there is insufficient evidence at
hand to conclude that the reduction of Jamm by Cu is caused by effects
on CA activity alone.

As in the present study (Fig. 3A, B), the branchial activities of other
key components of the ammonia excretion mechanism in fish, such as
Na+/K+-ATPase and H+-ATPase, are also unresponsive to Cu exposure
in many cases where ammonia balance is disturbed (Grosell et al.,
2003; Blanchard and Grosell, 2006; Zimmer et al., 2012). Interestingly,
H+-ATPase activity increased significantly from 6 to 24 h (Fig. 3B) in
the present study, potentially acting to restore JNain by increasing
electrogenic uptake of Na+. A similar result was also observed in
P. vivipara, where the eventual restoration of Jamm occurred in parallel
with an increase in H+-ATPase activity over the course of 96 h of Cu ex-
posure (Zimmer et al., 2012). No study to date has addressed the effects
of Cu on Rh proteins, arguably the most critical component of the
ammonia excretion mechanism.

The effects of Cu on JNain in freshwater fish have been studied exten-
sively (Lauren and McDonald, 1987a, 1987b; Grosell and Wood, 2002;
Blanchard and Grosell, 2006; Zimmer et al., 2014) and the mechanism
of action has been generally well-characterized with gill Na+/K+-
ATPase and putative Na+ channels acting as primary targets (see
Grosell, 2012 for review). Recently, however, it was demonstrated
that in larval zebrafish (Danio rerio) acclimated to low pH, morpholino
knockdown of Rh proteins resulted in a decrease in both Jamm and JNain
(Kumai and Perry, 2011). Thus, the blockade of Rh proteins by Cu
could also account for the reduction in JNain commonly observed in
freshwater fish exposed to Cu. Indeed, in the present study, inhibition
of JNain occurred in the absence of observable reductions in gill Na+/
K+-ATPase, H+-ATPase, or CA activities (Fig. 3). Nevertheless, in the
case of all of these enzymes, we cannot eliminate the possibility that
this may be an artifact of sample dilution required by the assay (see
Grosell, 2012).

4.3. Cu inhibits the bi-directional transport of ammonia

Ammonia uptake can be elicited via acute exposure to HEA, leading
to increases in plasma ammonia levels (Wilson et al., 1994; Nawata
et al., 2007; Zimmer et al., 2012, 2014; Liew et al., 2013). In the present
study, both the inhibition of ammonia uptake by Cu under HEA (Fig. 4,
5), and the inhibition of ammonia excretion under control conditions
(Figs. 1 and 5) may be explained by Rh protein blockade. Rh proteins
are known to function bi-directionally (Nawata et al., 2010) and
would thus facilitate both the excretion and uptake of ammonia. In gen-
eral, Cu binds to peptide residues containing histidine, methionine, and
cysteine (e.g., She et al., 2003). In both human Rh and in the related bac-
terial ammonia transporter (AmtB), the pore of the protein channel
consists of two consecutive histidine residues which act to conduct
NH3 (Khademi et al., 2004; Conroy et al., 2005). Thus, it is possible
that Cumight interact with these residues, potentially leading to the ob-
served bi-directional inhibition of ammonia transport. In future studies,
in vitromethodswill be useful in assessing the affinity of Cu for Rh chan-
nels. Assessing the transport of ammonia by Rh-expressing Xenopus oo-
cytes (e.g., Nawata et al., 2010) in the presence of Cu could also shed
light on the specific role of Rh proteins in the toxicmechanism of action
of Cu.

Nevertheless, we cannot eliminate another potential explanation
of the bi-directional inhibition of ammonia transport: non-specific gill
damage such as lamellar thickening, fusion of lamellae, lamellar bleb-
bing, cellular hypertrophy, and many other structural aberrations
which might increase the water-to-blood diffusion distance (Baker,
1969; Wilson and Taylor, 1993; Sola et al., 1995; De Boeck et al., 2001;
van Heerden et al., 2004; Al-Bairuty et al., 2013). In one study, these
changes were demonstrated to occur in as little as 4 h of exposure to
Cu levels relevant to the present study (100 μg/l) in water of similar
hardness to that used in the present study (DeBoeck et al., 2001). Simi-
larly, van Heerden et al. (2004) demonstrated that the arithmetic mean
thickness of the gill epithelium of rainbow trout increased significantly
following 4 h of exposure to approximately 100 μg/l Cu. Therefore, we
cannot discount the possibility that Cu-induced increases in gill epithe-
lial diffusion distance caused a decrease in ammonia uptake in the pres-
ent study (Figs. 4 and 5). In future studies, it will be useful to define the
time course and threshold concentration of these possible morphologi-
cal responses with respect to Cu-induced effects on ammonia transport.

4.4. Conclusions and perspectives

Cu exposure in rainbow trout fry led to a sustained inhibition of Jamm

and an apparent transient inhibition of JNain. Moreover, we demonstrat-
ed, for the first time, the bi-directional inhibition of ammonia transport
by Cu in juvenile rainbow trout. Based on these observations, we pro-
pose a model whereby Cu acts upon Rh proteins, potentially in addition
to other targets such as Na+/K+-ATPase, epithelial Na+ channels, and/
or CA, leading to a reduction in both Jamm and JNain. The eventual resto-
ration of JNain may be attributed to increased H+-ATPase activity over
time, similar to the restoration of Jamm by 96 h of exposure in a previous
study (Zimmer et al., 2012). This increase inH+-ATPase activity, howev-
er, did not result in the restoration of Jamm over 24 h of Cu exposure in
the present study, possibly due to continued Rh blockade by Cu. Overall,
the data presented here warrant further investigation into the
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involvement of Rh proteins, integral to both Jamm and JNain freshwater
fish, in the mechanism of sub-lethal Cu toxicity.
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