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aterborne  copper  exposure  inhibits  ammonia  excretion  and  branchial  carbonic
nhydrase  activity  in  euryhaline  guppies  acclimated  to  both  fresh  water  and  sea
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Inhibition  of ammonia  excretion  (Jamm) is  a common  response  to Cu  exposure  in freshwater  (FW)  and
seawater  (SW)  organisms.  To  determine  the  mechanism  of  this  response,  a euryhaline  species  of  guppy
(Poecilia vivipara)  was  exposed  to 20 �g Cu/l  in  FW  (0 ppt)  and  SW  (25 ppt) for 96  h.  In  both  salinities,  Cu
transiently  inhibited  ammonia  excretion  (Jamm)  followed  by a  full recovery  by  the  end  of  the  96  h exposure.
The  activities  of  Na+/K+-ATPase,  H+-ATPase,  and  carbonic  anhydrase  (CA)  were  examined  in the  gills  at
12  and 96  h  of Cu  exposure.  In both  salinity  acclimations,  CA activity  was  significantly  inhibited  following
arbonic anhydrase (CA)
mmonia excretion (Jamm)
uryhaline
oecilia vivipara

12  h  of  Cu  exposure  in  P.  vivipara,  marking  the first in  vivo  evidence  of Cu-induced  inhibition  of  CA  in fish.
Moreover,  the  inhibition  and  recovery  of this  enzyme  were  correlated  with  the  inhibition  and  recovery
of Jamm in  both  salinity  acclimations.  The  blockade  of CA  potentially  acts  as  a common  mechanism  of  Jamm

inhibition  in  FW  and  SW.  There  were  no  significant  effects  on  Na+/K+-ATPase  or  H+-ATPase  activity  at
either  time  point  or salinity.  However,  H+-ATPase  activity  was  upregulated  at 96 h  relative  to  the  12 h
time  point,  potentially  involving  this  enzyme  in re-establishing  Jamm.
. Introduction

Copper (Cu), while being an essential metal, also acts as a toxi-
ant to both freshwater (FW) and seawater (SW) aquatic organisms
nd its toxicity has been demonstrated to be dependent upon
alinity (Blanchard and Grosell, 2005, 2006; Grosell et al., 2007).
onsidering the effects of water chemistry alone, Cu is expected to
e less toxic in SW due to increased inorganic metal complexation
nd cation competition (Paquin et al., 2002). However, several
tudies have now determined that physiology, rather than water
hemistry alone, may  be more important in predicting Cu toxicity
n varying salinities. Since Cu acts as an ionoregulatory toxicant
e.g. Stagg and Shuttleworth, 1982a; Wilson and Taylor, 1993a, b;
lanchard and Grosell, 2006), it is expected that fish acclimated to
alinities above or below the isosmotic point (∼12 ppt), having to

onoregulate, will be more sensitive to Cu. In the euryhaline killifish
Fundulus heteroclitus), greater Cu-induced mortality is observed at
alinity extremes and this was highly correlated to blood-to-water
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Na+ gradients (Blanchard and Grosell, 2006; Grosell et al., 2007).
Indeed, inhibition of Na+ ionoregulation by Cu in FW has been
shown in several studies (e.g. Laurén and McDonald, 1987b; Wilson
and Taylor, 1993b; Blanchard and Grosell, 2006) and Grosell et al.
(2002) have suggested that Cu-induced mortality in FW is greatly
influenced by Na+ turnover rates. In SW,  however, this is not so
clear. Though several studies demonstrate that Cu exposure in
SW-acclimated fish results in a perturbation of Na+ ionoregulation
(e.g. Stagg and Shuttleworth, 1982a; Wilson and Taylor, 1993a;
Larsen et al., 1997; Grosell et al., 2004a), Cu-induced mortality in
SW-acclimated killifish occurred in the absence of a disruption
in Na+ ionoregulation (Blanchard and Grosell, 2006). Conversely,
mortality in these fish was  attributed to an inhibition of ammonia
excretion (Jamm) which occurred only in SW-acclimated fish.
In fact, inhibition of ammonia clearance (inhibition of Jamm or
increase in plasma ammonia) is a common response to Cu expo-
sure in both FW and SW (Laurén and McDonald, 1985; Wilson and
Taylor, 1993a, b; Grosell et al., 2003, 2004a; Blanchard and Grosell,
2006), yet the mechanism for this inhibition is unknown. Also
among the physiological effects of Cu exposure is the disruption
of acid-base homeostasis (Wilson and Taylor, 1993b; Larsen et al.,

1997; Wang et al., 1998). Similarly, the exact mechanism of this
inhibition is unknown, though this effect is not as consistent as
the inhibition of ionoregulation and ammonia clearance by Cu.
Indeed, the disruption of ammonia clearance by Cu is perhaps the
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ost consistently observed effect in both FW and SW-acclimated
sh and may  be a general physiological response to Cu exposure,
otentially occurring via a common mechanism.

In the current model for ammonia excretion in FW (see Fig. 1A),
he facilitated diffusion of ammonia in its unprotonated form
NH3) across the gill epithelium via Rhesus (Rh) proteins is
ependent upon apical gill boundary layer acidification by apical
embrane-bound H+-ATPase, Na+/H+-exchanger (NHE), and car-

onic anhydrase (CA) (see Weihrauch et al., 2009; Wright and
ood, 2009 for review). Note that the former two  transporters also

acilitate Na+ uptake, linking this process to ammonia excretion
see Evans et al., 2005; Weihrauch et al., 2009; Wright and Wood,
009 for review). Cytosolic CA is also an integral part of the model,
upplying intracellular H+ for NHE and H+-ATPase via the hydration
f intracellular CO2. Additional evidence suggests that basolateral
a+/K+-ATPase may  also play a role in ammonia excretion in some

pecies by substituting NH4
+ for K+, thereby transporting ammo-

ia across the basolateral gill membrane (see Wilkie, 2002 for
eview). In SW (see Fig. 1B), branchial ammonia excretion is also
ependent upon boundary layer acidification (see Weihrauch et al.,
009) and there is evidence that Na+/K+-ATPase also facilitates
irect ammonia transport in the toadfish, Opsanus beta (Mallery,
983). Similarly, Randall et al. (1999) demonstrated that branchial
a+/K+-ATPase from mudskippers (Periophthalmodon schlosseri)
as activated in vitro by the substitution of physiological levels

f NH4
+ for K+. Gill boundary acidification by SW fish, however, is

elieved to rely more upon NHE (utilizing an inwardly directed Na+

radient) than H+-ATPase (Wilkie, 2002; Weihrauch et al., 2009;
ood and Nawata, 2011). In these fish, Na+ is excreted at the

ills to counteract diffusive ion gain from the water and this pro-
ess is completely dependent upon the electrochemical gradients
stablished by basolateral Na+/K+-ATPase (Evans et al., 2005) but is
ndependent of ammonia excretion. Similarly in this model, cytoso-
ic CA would play a role in supplying protons for boundary layer
cidification.

Of the branchial transporters and enzymes described above,
ost studies have focused on the effects of Cu on Na+/K+-ATPase

ctivity (Stagg and Shuttleworth, 1982b; Li et al., 1998; Ay et al.,
999; De Boeck et al., 2001; Grosell et al., 2003, 2004b; Blanchard
nd Grosell, 2006; Gagnon et al., 2006), with many studies attempt-
ng to link the inhibition of this enzyme to a disruption in Na+

omeostasis. In FW,  Cu exposure can cause an interruption of Na+

alance with a concomitant inhibition of branchial Na+/K+-ATPase
ctivity (Laurén and McDonald, 1987a, b; Blanchard and Grosell,
006). In SW fish, however, Cu exposure often results in a disruption

n Na+ balance in the absence of an inhibition of branchial Na+/K+-
TPase activity (Stagg and Shuttleworth, 1982b; Grosell et al., 2003,
004b; Blanchard and Grosell, 2006). Moreover, Blanchard and
rosell (2006) demonstrated that inhibition of Jamm in SW also
ccurred in the absence of an inhibition of Na+/K+-ATPase activ-
ty. Similarly, in FW-acclimated killifish, Cu exposure resulted in

 reduction in Na+/K+-ATPase activity while Jamm was unaffected
Blanchard and Grosell, 2006). Overall, it appears that the inhibition
f this enzyme cannot account for the reduction in ammonia clear-
nce typically seen during Cu exposure in FW and SW-acclimated
sh. Perhaps the direct role of Na+/K+-ATPase in ammonia excretion

s a specialized adaptation seen only in certain species (e.g. Mallery,
983; Randall et al., 1999) and may  not be a common feature in the
ills of other teleost species where this enzyme has been demon-
trated to not be activated by NH4

+ substitution (e.g., rainbow trout,
ncorhynchus mykiss,  Wood and Nawata, 2011).

Grosell et al. (2002) described a model whereby the physiolog-

cal effects of Cu in FW-acclimated fish could all be related to an
nhibition of CA. Indeed, the inhibition of this enzyme by Cu may
xplain an inhibition of ammonia excretion or sodium uptake (see
ig. 1) and may  also account for the disruption of acid–base balance
 122– 123 (2012) 172– 180 173

which may  be observed during Cu exposure. Although Cu has been
shown to inhibit CA in vitro (e.g. human CA: Magid, 1967; DiTusa
et al., 2001; crab CA: Vitale et al., 1999; fish CA: Christensen and
Tucker, 1976; Soyut et al., 2008; Ceyhun et al., 2011), inhibition of
this enzyme has never been demonstrated in vivo. In fact, Blanchard
and Grosell (2006) reported that in FW and SW-acclimated killi-
fish exposed to Cu, CA activity was  unaffected despite changes in
Na+ balance and Jamm. However, in a recent review, Grosell (2012)
argued that this apparent lack of inhibition is a result of the delta pH
method of assaying the activity of this enzyme (Henry, 1991) which
requires dilution of sample to the point where Cu may become
disassociated from CA, eliminating inhibition. In addition, to our
knowledge, there have been no studies which have examined the
effects of Cu exposure in fish on the activity of H+-ATPase. Though
this enzyme is not likely to play a role in Na+ excretion or Jamm in
SW-acclimated fish (see Wilkie, 2002), it is an ideal candidate for
the inhibition of Na+ ionoregulation and Jamm in FW.  In zebrafish
larvae exposed to bafilomycin, a H+-ATPase inhibitor, there was  a
marked inhibition of both Na+ influx (Esaki et al., 2007) and Jamm

(Shih et al., 2008). Furthermore, internal acidosis in fish is asso-
ciated with an increase in H+-ATPase expression and Na+-uptake,
suggesting that this enzyme is integral to both acid–base regula-
tion and ionoregulation (Perry and Fryer, 1997). To date, however,
no studies have focused on H+-ATPase as a potential target for Cu
toxicity.

The goal of the present study was to assess the effects of a sub-
lethal Cu exposure (20 �g Cu/l) on the mechanisms of Jamm in FW
(0 ppt) and SW (25 ppt)-acclimated Poecilia vivipara, a euryhaline
guppy found along the entire coast of Brazil. We  hypothesized that
this level of Cu would inhibit Jamm in both salinities over a 96 h
exposure and that the inhibition of CA activity would act as a com-
mon  mode of toxicity, in accordance with the arguments made by
Grosell (2012). Moreover, we  predicted that Cu exposure would
result in a disruption of Na+ homeostasis in both salinities but only
in FW would this disruption occur concomitantly with inhibition
of Na+/K+-ATPase activity. We  also evaluated, for the first time to
our knowledge, the effects of Cu on H+-ATPase activity in both FW
and SW-acclimated fish.

2. Materials and methods

2.1. Animals

Male and female Poecilia vivipara (0.1–1.1 g), a euryhaline
cyprinodontiform, were collected from a freshwater stream which
flows into Cassino Beach, Rio Grande, RS, Southern Brazil. Fish were
allowed to adjust to laboratory conditions for 48 h before half of the
fish were randomly selected for seawater (SW; 25 ppt) acclimation
by increasing salinity by 5 ppt every 2 days while the other half
remained in freshwater (FW; 0 ppt), resulting in a total acclima-
tion period of approximately 2 weeks. Fish were held at 20 ◦C for
the entire acclimation period and all subsequent experiments were
conducted at the same temperature. See Table 1 for ionic compo-
sition of both media. Fish were considered fully acclimated when
they would feed consistently for 5 consecutive days at the given
salinity. Special attention was taken to ensure that female fish were
not gravid before any experiment began.

2.2. Experimental design

The study consisted of two  sets of experiments:

The goal of the first set of experiments was  to follow Jamm in FW

and SW-acclimated P. vivipara over 96 h of control or Cu exposure
conditions and to determine terminal whole-body [Na+] and gill
Cu burden. Following a 72 h fasting period, fish were exposed to
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Fig. 1. Current models for ammonia excretion in freshwater (FW; A) and seawater (SW) fish (B). Demonstrated in both models are the potential targets for Cu (Na+/K+-
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TPase,  H+-ATPase, and carbonic anhydrase) and their relation to ammonia excret
a+/H+-exchanger; NKA, Na+/K+-ATPase; Rh, Rhesus glycoprotein.

ither control (0 �g/l nominal Cu) or exposed (20 �g/l nominal
u) conditions in FW or SW over a 96 h period. Exposures and flux
easurements for individual fish took place in beakers containing
00 ml  of the test medium (1 fish per beaker) and were aerated con-
inuously. As fish weight tended to vary significantly (up to 10-fold),
ater volume was adjusted to fish size during all experiments.

able 1
onic composition of freshwater and seawater media employed to perform experi-

ents with the guppy Poecilia vivipara.

Freshwater (0 ppt) Seawater (25 ppt)

Na+ (mmol/l) 0.48 350
Cl− (mmol/l) 0.55 392
Ca2+ (mmol/l) 0.33 8.6
K+ (mmol/l) 0.02 6.8
Mg2+ (mmol/l) 0.08 25
SO4

2− (mmol/l) 0.02 15
Alkalinity (mg/l as CaCO3) 2.13 240
Dissolved organic carbon (mg  C/l) 2.19 1.1
pH 7.0 7.8
d Na+ uptake. See text for details. CA, carbonic anhydrase; HAT, H+-ATPase; NHE,

During the first 12-h period, 10 ml  water (FW or SW)  was  used for
every 0.1 g fish weight. Over the first 12 h of exposure, 1-ml water
samples were taken every 3 h to measure total ammonia (Tamm)
in the water. After the initial 12-h time period, a water change
was made and subsequent water changes were made every 24 h.
During these 24-h periods, water volume was increased to 15 ml
water for every 0.1 g fish weight. Following every water change, an
initial 1-ml water sample was taken to measure Tamm followed by
two others at 12 and 24 h post-water change. All water samples for
Tamm measurement were immediately stored at −20 ◦C for later
analysis. At the end of the 96 h experimental period, fish were sacri-
ficed via a blow to the head and the gills were removed to measure
gill [Cu] and [Na+] while bodies were kept to measure whole-body
[Na+]. All samples were kept on ice then stored at −80 ◦C until
analysis. Control samples for whole-body [Na+] and branchial [Cu]
were taken from fish which had been fasted for 72 h, taken directly

from holding tanks, and sacrificed with a blow to the head. Water
Tamm in all exposures ranged from approximately 10–90 �mol/l
and initial Tamm (10–20 �mol/l) following each water change did
not differ significantly throughout the duration of all exposures.
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Table  2
Total and dissolved water Cu concentrations in freshwater and seawater control and
exposed (20 �g Cu/l) experimental series.

Salinity Experimental series Total (�g/l) Dissolved (�g/l)

Freshwater
(0 ppt)

Control BDL BDL
Exposed 21.17 ± 1.20* 22.17 ± 0.77*

Seawater
(25 ppt)

Control BDL BDL
Exposed 23.56 ± 1.52* 19.76 ± 1.11*

BDL, below detection limit.
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Fig. 2. Gill Cu burden in fish acclimated to FW (black bars; N = 4–6) SW (gray bars;
* Exposed values which differ significantly from their respective control values.
o significant differences occurred between total and dissolved values or between

reshwater and seawater values.

The goal of the second set of experiments was to determine the
ranchial activities of Na+/K+-ATPase, H+-ATPase, and CA following
2 and 96 h of Cu exposure. These experiments followed the same
rotocol described for the first set of experiments except that some
sh were sacrificed following 12 h of exposure. Control enzyme
ctivity was assessed in fish following 72 h of fasting and a 12 h
ontrol flux, following the same protocol described above for Cu
xposed fish. Note that in all experiments, total and dissolved [Cu]
ere measured before and after all water changes and did not dif-

er significantly. Therefore, these data are presented as total mean
alues in Table 2.

.3. Analytical techniques and calculations

Ammonia flux rates (Jamm) were measured using the protocol
escribed in previous studies (e.g. Nawata et al., 2007; Zimmer et al.,
010). Cu and Na concentrations in water, gill, and/or whole-body
amples were measured by flame atomic absorption spectroscopy
AAS, Avanta, 932 Plus, GBC, Hampshire, IL, USA) against certi-
ed standards (Tritisol-Merck) adjusted to corresponding salinity
nd acid content. The detection limit was 2 �g/l. Gill tissues were
igested in 250 �l 65% HNO3 (Suprapur, Merck) while bodies were
igested in 1 ml  65% HNO3. Tissue concentrations are represented
s �g Cu per wet weight of tissue (�g Cu/g wet weight) or as �mol
a per wet weight of tissue (�mol  Na/g wet weight). Quality assur-
nce controls were performed for Cu measurements and standard
urves were built employing a standard Cu solution (Standard Ref-
rence Material® 3114) from the National Institute of Standards &
echnology (Gaithersburg, MD,  USA). For the analyses of gill sam-
les, percentage of Cu recovery (94.2%) was calculated based on
tandard reference material (European Reference Material ERM®-
E278, Geel, Belgium) prepared as described for biological samples.
or the analyses of water samples, procedures were followed as
reviously described (Pinho et al., 2007; Paganini et al., 2008; Lauer
nd Bianchini, 2010; Pinho and Bianchini, 2010; Martins et al.,
011a, b). In another study, measurements performed using this
rocedure were compared to those generated using the method
escribed by Nadella et al. (2009) which removes salt ions, found
t high concentrations in seawater, and no significant difference
as observed (Prazeres et al., 2012).

Branchial Na+/K+-ATPase and H+-ATPase activities in whole gill
omogenates were measured in duplicate using a protocol simi-

ar to that described by Nawata et al. (2007).  Activity is expressed
s control rate (no inhibitor) minus inhibitor-treated rate (oubain
or Na+/K+-ATPase and sodium azide and N-ethylmaleimide (NEM)
or H+-ATPase) measured at 340 nm using a kinetic microplate
eader (ELx808 Biotek Instruments, USA) every 40 s for 20 min.
ranchial CA activity in the same homogenates was determined
y the delta pH method (Henry, 1991). Briefly, activity was  mea-

ured (uncatalyzed, blank samples were measured in duplicate) in

 pH 7.4 reaction buffer (225 mM mannitol, 75 mM sucrose, 10 mM
ris buffer, 10 mM NaH2PO4) kept at 2–4 ◦C by keeping the reaction
uffer on ice throughout the assay. Reactions were performed in
N  = 6) under control conditions or exposed to 20 �g Cu/l for 96 h. Fish in all groups
were fasted 72 h prior to experimentation. Double asterisks represent a significant
difference between FW and SW values as determined by an unpaired t-test (P < 0.05).

20 ml  scintillation vials (also kept on ice throughout the assay) and
were mixed continuously using a magnetic stirrer. Assay reaction
was initiated by the addition of 1 ml  CO2-saturated, double distilled
water, and reaction rate was  determined by measuring pH of the
sample using a handheld pH meter and electrode (Lutron Electronic
Enterprise Co., LTD, Taiwan) every 5 s for 30 s. Activity is repre-
sented as the measured rate divided by the rate of the uncatalyzed
reaction (no sample homogenate added). Protein concentrations in
all samples were measured using a colorimetric Biuret total protein
assay kit (Doles, Goiânia, GO, Brazil).

2.4. Statistical analysis

Data are presented as means ± 1 SEM (N = number of fish) and
significance was  accepted at P < 0.05. All statistical analyses were
performed using SigmaStat Version 3.5 (Systat Software, Inc.).
Specific statistical tests used for each different comparison are
described within corresponding Figure captions.

3. Results

In all exposures, dissolved [Cu] did not differ significantly from
total [Cu]. Both total and dissolved [Cu] were slightly greater than
zero in control media in both salinities (Tale 2). In both FW and
SW,  exposure to 20 �g/l Cu (see Table 2 for measured values) for
96 h did not result in significant Cu accumulation in the gills of P.
vivipara (Fig. 2). Interestingly, control fish acclimated to SW had a
significantly lower gill Cu burden than control fish acclimated to
FW (Fig. 2).

Under control conditions, there was no difference in Jamm

between FW-acclimated P. vivipara and SW-acclimated P. vivipara
over the first 9 h of measurements. However, a marked difference
between these groups was consistently observed after 24 h (Fig. 3).
Over the final 72 h of flux measurements, Jamm was  approximately
3-fold greater in SW-acclimated fish (Fig. 3). Jamm in FW control
fish was significantly lower over 48–84 h compared to the values
observed over the first 24 h (Fig. 3).

When exposed to Cu, P. vivipara in FW demonstrated an imme-
diate 40–90% inhibition of Jamm which persisted for the first 36 h

of exposure (Fig. 4A). This was followed by a restoration of Jamm

to control levels with a subsequent upregulation relative to con-
trol values of Jamm over the final 36 h of exposure (Fig. 4A) In SW,
exposure to Cu also resulted in an inhibition of Jamm but the time
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Fig. 3. Ammonia excretion rates (Jamm) in fish acclimated to FW (black bars;
N  = 10–18) and SW (gray bars; N = 6) under control conditions over 96 h. Fish in
all  groups were fasted 72 h prior to experimentation. Means for freshwater data
sharing the same lower case letter do not differ significantly from one another as
determined by an ANOVA on ranks with a Dunn’s post hoc test. There were no signif-
icant differences among SW means, as determined by an ANOVA on ranks. Asterisks
denote SW values which are significantly different than corresponding FW values
at  a given time period as determined by unpaired t-tests (P < 0.05).
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course of inhibition was different from that seen in FW (Fig. 4B).
Noteworthy, however, were the reversal of Jamm at 9 h (at which
time this value was  not significantly different from zero) and the
eventual recovery of Jamm by 72 h of exposure in these fish (Fig. 4B).

No significant differences in whole-body [Na+] occurred
between FW and SW-acclimation or between control and exposed
fish (Fig. 5). There was, however, a slight, non-significant tendency
for Cu-exposed fish to exhibit an increased whole-body [Na+] in
both salinities (P = 0.153 and P = 0.089 for FW and SW,  respectively).

There were no significant differences in branchial Na+/K+-
ATPase or H+-ATPase activities between FW and SW-acclimated
fish (Fig. 6A and B). Neither Na+/K+-ATPase nor H+-ATPase activ-
ities were significantly affected by Cu exposure in either salinity
acclimation relative to control values (Fig. 6A and B). Interest-
ingly, H+-ATPase activity was  significantly greater following 96 h
Cu exposure relative to the value observed after 12 h of Cu expo-
sure (Fig. 6B). CA activity was  significantly greater in SW compared
to FW.  Notably, Cu exposure significantly inhibited CA activity by
48% and 43% following 12 h in FW and SW,  respectively (Fig. 6C).
However, after 96 h of Cu exposure, CA activity was recovered to
control values in both FW and SW-acclimated fish (Fig. 6C).

4. Discussion

4.1. Effects of Cu on FW-acclimated P. vivipara

Cu exposure in FW-acclimated P. vivipara resulted in an inhibi-
tion of Jamm (Fig. 4A), consistent with a number of studies showing
that Cu disrupts the clearance of ammonia in FW (Laurén and
McDonald, 1985; Wilson and Taylor, 1993b; Beaumont et al., 2003;
Blanchard and Grosell, 2006). In the current model for ammo-
nia excretion in FW (Wright and Wood, 2009), ammonia efflux
is believed to be tied indirectly to Na+ influx and some studies
have demonstrated Cu-induced inhibition of ammonia clearance
with a concomitant disruption in Na+ ionoregulation (Laurén and
McDonald, 1985; Wilson and Taylor, 1993b). Furthermore, Laurén
and McDonald (1985) determined that this disruption in Na+ regu-
lation in FW rainbow trout occurs primarily via a decrease in active
Na+ influx rather than an increase in Na+ efflux, indicating that Cu

is acting upon active components of ionoregulation which may also
be involved in ammonia excretion.

For the first time in fish, we have shown that Cu exposure can
inhibit CA activity in vivo in FW (Fig. 6C), and that this inhibition



A.M. Zimmer et al. / Aquatic Toxicology 122– 123 (2012) 172– 180 177

En
zy

m
e 

Ac
tiv

ity
 (µ

m
ol

 A
D

P/
m

g 
pr

ot
ei

n/
h)

0

10

20

30

40

50

FW-ac climated
SW-ac climated

a

a

a

a a
a

Control 12 96

E
nz

ym
e 

A
ct

iv
ity

 (µ
m

ol
 A

D
P

/m
g 

pr
ot

ei
n/

h)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ab

a

b

ab

a

b

Time (h )

Time (h)

Control 12 96

E
nz

ym
e 

A
ct

iv
ity

 (m
g 

pr
ot

ei
n-1

)

0

2

4

6

8

10

12

14

a

b

ab

a

b

ab

A B

C

Na+/K+-AT Pas e

Carb onic Anhydras e

H+-ATPase

A

A

A

A

A

B

Fig. 6. Activities of (A) Na+/K+-ATPase, (B) H+-ATPase, and (C) carbonic anhydrase in gills of fish acclimated to FW (black bars) and SW (gray bars) under control conditions
or  exposed to 20 �g Cu/l for 12 or 96 h. Fish in all groups were fasted 72 h prior to experimentation. Means sharing the same lower case letter are not significantly different
f  test. 

a

o
t
h
u
N
P
e
a
r
b
t
a
t
g
t
e
a
a
W
h
b
a
a
a
i

rom  one another as determined by a one-way ANOVA with a Holm–Sidak post hoc
nother as determined by an unpaired t-test (P < 0.05, N = 4–6).

ccurs concomitantly with a disruption of Jamm. This novel observa-
ion would also explain the commonly observed effects of Cu on Na+

omeostasis as this enzyme provides protons for the electrogenic
ptake of Na+ powered by apical H+-ATPase as well as for the apical
a+/H+ exchanger (see Evans et al., 2005; Evans, 2008 for review). In
. vivipara, Cu had no effects on whole-body [Na+] following 96 h of
xposure in FW (Fig. 5). This result is consistent with the branchial
ctivity of all the enzymes measured and with Jamm, all of which
ecovered by 96 h of exposure. Moreover, Jamm was upregulated
eyond control values in the final 36 h of exposure. Paralleling this
rend was the significant increase in H+-ATPase activity at 96 h rel-
tive to the depressed 12 h time point (Fig. 6B). This enzyme was
he only one of those measured whose activity was significantly
reater at 96 h compared to 12 h, potentially tying this enzyme to
he active restoration of Jamm in these fish. The clear effects of Cu
xposure on Jamm and lack of significant changes in Na+/K+-ATPase
ctivity suggest that this enzyme does not play a role in the mech-
nism of Cu-induced Jamm inhibition in FW in P. vivipara. In fact,
ood and Nawata (2011) have recently demonstrated that in eury-

aline rainbow trout, Na+/K+-ATPase activity cannot be activated
y NH4

+ substitution, though it can in some marine teleosts such

s the toadfish (Mallery, 1983), mudskipper (Randall et al., 1999),
nd pufferfish (Nawata et al., 2010). Thus, this enzyme may  not
lways play a strong role in ammonia excretion. In future studies,
t will be interesting to determine the nature of NH4

+ activation of
Means sharing the same upper case letters are not significantly different from one

Na+/K+-ATPase in P. vivipara. Overall, these fish appeared to be able
to acclimate to Cu exposure by 96 h, showing no significant differ-
ences in enzyme activity or whole-body [Na+]. Moreover, Jamm was
upregulated following 60 h of Cu exposure, perhaps in response to
a build-up of plasma ammonia caused by earlier inhibition by Cu.
Unfortunately, due to the small size of the fish obtained from the
field it was not possible to measure plasma ammonia.

4.2. Effects of Cu on SW-acclimated P. vivipara

Cu exposure in SW-acclimated fish also resulted in an inhi-
bition of Jamm (Fig. 4B), consistent with previous studies in
SW-acclimated fish (Wilson and Taylor, 1993a; Grosell et al., 2003,
2004a; Blanchard and Grosell, 2006). Unlike the situation in FW,
Jamm is not believed to be tied to Na+ regulation (i.e., Na+ excretion)
mechanistically, though both Na+ and NH4

+ movement may
occur via the same paracellular cation shunt in SW teleosts (Fig. 1).
Despite this, some studies have demonstrated that Cu exposure can
result in an accumulation of both ammonia and Na+ in the plasma
(Wilson and Taylor, 1993a; Grosell et al., 2004a).  In previous
studies, the inhibition of Na+/K+-ATPase has been hypothesized as

the mechanism of this loss of Na+ regulation, yet several studies
show that Cu does not affect the branchial activity of this enzyme
in SW-acclimated fish (Stagg and Shuttleworth, 1982b; Grosell
et al., 2003, 2004b; Blanchard and Grosell, 2006). In the present
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tudy, Na+/K+-ATPase activity was not significantly inhibited by Cu
Fig. 6A). CA activity was inhibited significantly following 12 h of
u exposure in SW-acclimated P. vivipara, followed by a recovery
y 96 h (Fig. 6C). The inhibition of this enzyme, similar to the case

n FW,  would result in a reduction of the protons available for
ill boundary layer acidification and, in fact, correlated with an
nhibition of Jamm (Fig. 4B). Note that despite the similar trends
n H+-ATPase activity in both FW and SW-acclimated P. vivipara
n response to Cu exposure, this enzyme is not believed to play

 role in ammonia excretion in SW-acclimated fish (see Wilkie,
002; Weihrauch et al., 2009) and the activity of this enzyme in
W is likely representative of vesicular V-ATPase. As was  the case
n FW,  P. vivipara acclimated to SW also appear to readily adapt
o Cu following 96 h of exposure, demonstrating no significant
ifferences in Jamm, whole-body [Na+], or branchial enzyme activity
etween control or Cu-exposed conditions.

.3. Comparison of FW and SW-acclimated P. vivipara

Under control conditions, Jamm in P. vivipara was higher in SW
han in FW at 24–96 h (Fig. 3). In accordance, Wood and Nawata
2011) demonstrated that Jamm is greater in SW-acclimated rain-
ow trout (Oncorhynchus mykiss)  than in FW-acclimated trout. This
ay  not be the case in all species as Blanchard and Grosell (2006)

id not find any difference in Jamm between FW and SW-acclimated
illifish. In their study, however, Jamm was measured only for 4 h.
n future studies, it will be interesting to determine how different
alinity acclimations and salinity transfers affect Jamm in killifish
nd P. vivipara.

Aside from Jamm, the only other physiological difference
etween P. vivipara in FW and SW under control conditions was
he activity of CA (Fig. 6C). This difference, with SW-acclimated
sh displaying a greater gill CA activity, has been demonstrated
reviously in coho salmon smolts (Zbanyszek and Smith, 1984)
nd tilapia (Kültz et al., 1992), possibly representing a physiological
daptation to SW acclimation.

FW-acclimated P.vivipara displayed a greater gill Cu burden
nder control conditions than SW-acclimated fish, likely as a result
f a lower cation competition in FW.  Nonetheless, Cu did not accu-
ulate in the gills following 96 h of exposure to 20 �g/l in either

alinity (Fig. 2). This may  suggest that toxic effects of Cu occurred
n the absence of significant branchial Cu accumulation or that by
6 h, fish were able to re-establish control levels of branchial Cu,
otentially alleviating any toxic effects. In future studies it will be

nteresting to examine a time-course of branchial Cu accumulation
nd relate this to physiological effects of the metal.

The speciation of Cu was undoubtedly different in our FW
ersus SW exposures. In both, DOC was likely the dominant factor
ffecting Cu bioavailability (Grosell, 2012). A standard speciation
rogram (Visual MINTEQ ver. 3.0, KTH, Dept. of Land and Water
esources Engineering, Stockholm, Sweden), run with the present
ater chemistry (Table 1) suggests that in both media, Cu-DOC

omprised the dominant fraction (>75%) and free ionic Cu2+ was
nly a very small fraction (<3%) of the total, while other species
iffered considerably between FW and SW.  Regardless, the effects
f Cu exposure on Jamm and CA activity were qualitatively similar
n FW versus SW,  suggesting that speciation in the water was  not

 critical parameter in the present study.

.4. Implications of Cu-induced inhibition of branchial CA activity

To date, the only evidence of Cu eliciting effects on CA activity

n aquatic organisms arises from in vitro studies. In a euryhaline
rab species, Cu was demonstrated to inhibit branchial CA activ-
ty in an in vitro gill preparation (Vitale et al., 1999). In fish, Cu
as been demonstrated to inhibit CA activity in lysed red blood
 122– 123 (2012) 172– 180

cells (Christensen and Tucker, 1976), and to inhibit the activity of
isolated CA purified from seabass liver (Ceyhun et al., 2011) and
from rainbow trout brain (Soyut et al., 2008). Grosell et al. (2002)
first proposed that the inhibition of CA by Cu would account for
the suite of physiological effects which occur as a result of Cu
exposure. In addition to impaired Na+ regulation and Jamm, Cu expo-
sure also causes impaired Cl− balance (Stagg and Shuttleworth,
1982a; Laurén and McDonald, 1985; Wilson and Taylor, 1993a,
b; Blanchard and Grosell, 2006) and acid–base balance dysfunc-
tion (Wilson and Taylor, 1993b; Larsen et al., 1997; Wang et al.,
1998), all of these processes being tied to CA activity (e.g. Payan and
Maetz, 1972; Perry et al., 1984, 1986; Wright et al., 1989). Recently,
Grosell (2012) suggested that the lack of evidence for Cu-induced
CA inhibition is a result of the high dilution of sample homogenates,
necessitated by the delta pH method of measuring activity, which
leads to a loss of inhibition. Despite this, we have demonstrated
inhibition of CA by Cu in FW and SW-acclimated P. vivipara using
this method. Moreover, if the delta pH method of assaying CA activ-
ity dilutes Cu inhibition, we may  be underestimating the severity
of this inhibition in vivo. In P. vivipara, inhibition of CA, at 12 h of
exposure, was followed by a subsequent recovery of activity after
96 h exposure (Fig. 6C). This novel finding demonstrates that Cu has
the capacity to inhibit this enzyme in vivo and that its inhibition and
recovery can be related to the inhibition and recovery of Jamm. In
killifish, exposure to 150 �g Cu/l did not result in CA inhibition in
FW or SW-acclimated fish (Blanchard and Grosell, 2006). The lack
of CA inhibition in their study could be a result of species differ-
ences, although these species are fairly closely related, and CA, a
ubiquitous enzyme, is likely to be highly conserved among species.
Potentially, the activity of CA during Cu exposure is recovered very
quickly, given the importance of this enzyme to ionoregulation,
acid-base balance and Jamm, and the time course of the study by
Blanchard and Grosell (2006) missed its inhibition. Regardless, it is
clear that Cu has the potential for CA inhibition and that this could
act as a common mechanism for Cu-induced inhibitions of Jamm in
FW and SW-acclimated fish as originally suggested by Grosell et al.
(2002).
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