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Nickel (Ni) concentrations in the environment can rise due to human industrial activities. The toxicity of water-
borne Ni to aquatic animals has been examined in a number of previous studies; however, little is known about
the impacts of elevated dietary Ni. In the present study, zebrafish were chronically fed diets containing two
concentrations of Ni [3.7 (control) and 116 μg Ni/g diet]. Ni-exposed males, but not females, were significantly
smaller (26%) compared to controls at 80 days. In addition, total egg production was decreased by 65% in the
Ni treatment at 75–78 days of the experiment. Ni was ubiquitously distributed in control animals (similar to
previous studies), and concentrations varied between tissues by 15-fold. Ni exposure resulted in modest but
significant Ni accumulation in some tissues (increases were highest in brain, vertebrae and gut; 44%, 34%
and 25%, respectively), an effect observed only at 80 days. The limited Ni accumulation may be due to (1) the
lack of an acidified stomach in zebrafish and/or (2) the efficient upregulation of Ni transport and excretionmech-
anisms, as indicated by the 4.5-fold increase inwaterborne 63Ni uptake byNi-exposedfish. Eggs fromNi-exposed
adults had Ni concentrations that were 5.2-fold higher than controls. However, by 4 days post fertilization,
larvae had similar Ni concentrations as controls, demonstrating a capacity for rapid Ni depuration. Larvae from
Ni-exposed adults were also more resistant to waterborne Ni (35% increase in the 96-h LC50 over controls). In
conclusion, elevated dietary Ni significantly affected zebrafish reproduction despite only modest tissue Ni
accumulation. There were also indications of adaptation, including increased Ni uptake rates and increased Ni
tolerance of offspring from Ni-exposed adults. Ni concentrations were particularly elevated in the brain with
exposure; possible relations to growth and reproductive impacts require further study.

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

Nickel (Ni) is a Group III transition metal of commercial importance
that is relatively abundant in the earth's crust (Cempel and Nikel, 2006;
Reck et al., 2008). Ni is essential in plants and bacteria (Hänsch and
Mendel, 2009; Higgins et al., 2012; Pyle and Couture, 2012); in fish,
there is circumstantial evidence that this is also the case, although it
has not been proven (Muyssen et al., 2004; Pyle and Couture, 2012).
The mining and processing of Ni as well as other anthropogenic activi-
ties are primarily responsible for elevated Ni levels in the environment
(Eisler, 1998; Cempel and Nikel, 2006; Reck et al., 2008; Pyle and
Couture, 2012). Indeed, waters surrounding Ni mining areas have in-
creased concentrations of Ni (Chau and Kulikovsky-Cordeiro, 1995;
Eisler, 1998; Couture and Rajotte, 2003; Couture et al., 2008; Pierron
et al., 2009; Pyle and Couture, 2012), and this is problematic due to
the toxicity that elevated Ni concentrations present to many aquatic
; fax: +1 905 522 6066.
mail.com (D. Alsop).
animals (Schubauer-Berigan et al., 1993). In rainbow trout, acutewater-
borneNi toxicitywas associatedwith disruption of gill respiratory func-
tion (Pane et al., 2004a), while Na+ loss appeared to be the acute toxic
mechanism in zebrafish (Alsop and Wood, 2011). A number of chronic
effects of elevated waterborne Ni on fish have also been documented,
including impacts on survival (Hunt et al., 2002; Deleebeeck et al.,
2007), behavior (Giatina et al., 1982; Leonard et al., 2014), decreased
swimming capacity (Pane et al., 2004b), delayed embryo hatching
(Dave and Xiu, 1991) and histopathological changes in a number of
organs (Athikesavan et al., 2006).

In contrast towaterborneNi, there is far less known about the effects
of elevated dietary Ni in fish. One study fed lake whitefish (Coregonus
clupeaformis) Ni-supplemented diets (0, 10, 100 and 1000 μg Ni/g
diet) for up to 104 days (Ptashynski and Klaverkamp, 2002;
Ptashynski et al., 2002). Ni accumulation occurred in a variety of tissues
including different parts of the gastrointestinal tract, kidney, scales and
others (Ptashynski and Klaverkamp, 2002). Although growth and he-
matological parameters were not affected, histopathological impacts
in kidney and liver were observed (Ptashynski et al., 2002). Ni transport
in the gastrointestinal tract has been examined in rainbow trout, where
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Table 1
Composition of experimental diets containing different supplemental quantities of nickel.

Ingredient Weight (g)

Vitamin-free caseina 330
Wheat gluten mealb 100
Gelatina 40
Corn oilc 40
Fish oild 40
Corn starch (pre-gel)e 330
Celufila 81
Vitamin mixf 12
Mineral mixg 10
Betaineh 15
L-Methioninea 2
NiSO4 · 6H2Oi Control: 0.013

Ni-supplemented: 0.447
Total 1000

a US Biochemical (Cleveland, OH, USA).
b Dover Mills Ltd. (Halifax, NS, Canada).
c Corey Feed Mills Limited (Fredericton, NB, Canada).
d Obtained from the local market.
e National Starch and Chemical Co. (Bridgewater, NJ, USA).
f Vitamin added to supply the following (per kg diet): vitamin A, 8000 IU; vitamin D3,

4000 IU; vitamin E, 300 IU; vitamin K3, 40 mg; thiamine HCl, 50 mg; riboflavin, 70 mg;
d-Ca pantothenate, 200 mg; biotin, 1.5 mg; folic acid, 20 mg; vitamin B12, 0.15 mg; niacin,
300 mg; pyridoxineHCl, 20 mg; ascorbic acid, 300 mg; inositol, 400 mg; choline chloride,
2000 mg; butylated hydroxy toluene, 15 mg; butylated hydroxy anisole, 15 mg.

g Mineral added to supply the following (per kg diet):manganous sulphate (32.5%Mn),
40 mg; ferrous sulphate (20.1% Fe), 30 mg; copper sulphate (25.4% Cu), 5 mg; zinc sul-
phate (22.7% Zn), 75 mg; sodium selenite (45.6% Se), 1 mg; cobalt chloride (24.8% Co),
2.5 mg; sodium fluoride (42.5% F), 4 mg.

h Betaine anhydrous (96% feed grade) (Finnfeeds, Finland).
i Sigma-Aldrich (Oakville, ON, Canada).
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one study infused a dose of radiolabeled 63Ni into the stomach and
followed the radiolabeled Ni over time (Chowdhury et al., 2008). After
24 h, 3.7% of the Ni had crossed the gut and entered the internal organs,
while 2.3%was in the gut tissue itself (Chowdhury et al., 2008). Interest-
ingly, fish pre-exposed to waterborne Ni for 45 days took up less Ni
through the gut, indicating integrative homeostatic regulation
(Chowdhury et al., 2008). Another study in trout determined that 50%
of theNi present in ingested food (normal commercial trout pellets con-
taining 25 μg Ni/g diet) was absorbed across the gut over 72 h (Leonard
et al., 2009). The stomach proved to be themain site of Ni uptake, while
the anterior intestinewas involved inNi secretion (Leonard et al., 2009).

The objectives of the present study were to determine the bioaccu-
mulation and effects of elevated dietary Ni in zebrafish, specifically
examining a variety of reproductive and physiological end points. We
fed zebrafish a control diet (3.7 μg Ni/g diet) or an elevated Ni diet
(116 μg Ni/g diet). The exposure concentration was chosen based on
the previous studies of Ptashynski et al. (2002) and Ptashynski and
Klaverkamp (2002) as well as levels in plants and animals that are
found in Ni-polluted environments (Eisler, 1998). Fish were fed the
diets for 80 days, during which time growth, tissue Ni concentrations
and reproductive capacityweremonitored. After 80 days, endocrine sta-
tus, metabolism and branchial Ni transport were tested. In addition, the
offspring of the adults from the two treatments were examined: the Ni
content of the embryos and larvae as well as the acute sensitivity of lar-
vae towaterborneNi. The latter testswere prompted by a report that the
offspring of Daphnia magna chronically exposed to elevated waterborne
Ni exhibited greater resistance to Ni challenge (Pane et al., 2004c).

2. Materials and methods

2.1. Animals and housing

Zebrafish (Danio rerio; 0.2 to 0.3 g) were purchased from a commer-
cial supplier andheld in six 40-L tanks (3 control and 3Ni-exposed), each
containing 40fish. Each tankwas equippedwith aeration, a heater (set to
28 °C), and a recirculating charcoal filter, while photoperiod was main-
tained at 12 h light/12 hdark.Waterwasmoderately hard, dechlorinated
City of Hamilton tap water, from Lake Ontario (hardness = 141 mg
CaCO3/L, pH 7.8, Na+ = 700 μM, K+ = 38 μM, Ca2+ = 1350 μM,
Mg2+ = 336 μM, Cl− = 950 μM, dissolved organic carbon =
3.0 mg/L, Ni = 1.7 μg/L). Fish were fed to satiation two times per day.
Uneaten food and feces were siphoned out of the tank daily. In addition,
every 2–3 days, 75% of the water was removed and replaced with fresh
water.Water sampleswere taken periodically from all tanks tomeasure
waterborne Ni concentrations, in order to determine if there was signif-
icant leaching of Ni from the diet, fish or feces. Over the course of the
experiment, the Ni concentrations in the water from tanks of fish fed
the control diet were 2.61 ± 0.20 μg Ni/L (N = 18), while in the tanks
of fish fed the elevated Ni diet, waterborne Ni concentrations were
5.27 ± 0.69 μg Ni/L (N = 18). These waterborne Ni concentrations are
well below the Canadian Water Quality Guidelines. At the water hard-
ness of the present experiment (141 mg CaCO3/L), the guideline limit
would be 110 μg Ni/L (CCME, 2007).

2.2. Ni measurements in the diets and tissues

Two experimental diets containing different concentrations of
NiSO4.6H2O (Sigma-Aldrich, Oakville, ON, Canada) were formulated
(Table 1). The basic feed formulation was based on previous zebrafish
dietary studies (Karanth et al., 2009), and the National Research
Council's nutrient requirement recommendations for warm-water fish-
es (NRC, 1993). Analyzed Ni concentrations in the formulated zebrafish
diets were 3.66 ± 0.30 μg Ni/g diet (N = 5) for the control treatment
and 115.8 ± 11.3 μg Ni/g diet (N= 5) for the elevated dietary Ni treat-
ment (see below for Ni measurement methods).
Fish were sampled on days 0, 5, 20 and 80 of the exposure to deter-
mine fish weights and tissue Ni concentrations. Fish were not fed for
18 h prior to sampling. Fish were first terminally anesthetized with an
overdose of MS-222 (neutralized; 0.25 g/L) (Sigma–Aldrich, St. Louis
MO, USA), weighed and decapitated. Tissues (blood, brain, eyes, gills,
G.I. tract, liver, ovaries, muscle, vertebrae and remaining carcass) were
dissected, placed in pre-weighed tubes and weighed. Samples were
then snap frozen in liquid nitrogen and stored at −70 °C.

For Ni concentration measurements, tissues were thawed and 10×
volume of 33% trace metal grade HNO3 (Sigma–Aldrich) was added to
each diet or fish sample, which were then digested for 48 h at 60 °C.
Samples were diluted approximately 5-fold (depending on the tissue)
with nanopure water (Sybron/Barnstead 16508 megohm-cm), and Ni
was measured by graphite furnace atomic absorbance spectroscopy
(Spectra AA 220Z; Varian, Palo Alto, CA, USA). Ni recovery was 99.4 ±
1.8%, as determined with certified reference water for trace elements
(TM-15; National Water Research Institute, Environment Canada,
Burlington, ON, Canada). Ni concentrationswere not corrected for recov-
ery. A certified reference tissue material was not used. Blanks and the
TM-15 reference standard were reanalyzed every 30 measurements.

2.3. Reproductive capacity

From 75 to 78 days of the exposure, reproductive performance was
evaluated by collecting, counting, incubating and analyzing eggs for
four consecutive days. Eggs were acquired with capturing trays placed
in each tank just prior to the end of the light period. Trays consisted of
a plastic container 7 cm in height by 30 cm in width by 45 cm in length.
The container lid was replaced with plastic mesh that allowed the eggs
to fall through and prevented fish from consuming them. Plastic plants
were glued to themesh. In themorning, 2 h after the commencement of
the light period, the trays were removed from the tanks, and eggs were
collected and sorted into the following: (1) groups of 25 eggs that were
placed into tubes and snap frozen for Ni analysis, (2) eggs that were in-
cubated in 120-mL beakers with 50mL of water (50 eggs per beaker) at
28.5 °C. These embryos were raised to 4 days post fertilization (dpf)
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when larvae were either sampled to determine Ni concentrations (10
larvae per pooled sample) or used in acute waterborne Ni challenges
(see below). Lastly, (3) eggs were placed in neutral buffered formalin
to be counted at a later time.

2.4. Larval (offspring) waterborne Ni tolerance

The acute waterborne Ni tolerance of offspring from the two treat-
ments was evaluated with 96-h LC50 tests that began when larvae
reached 4 dpf, which is 2 days post hatch (dph), in the same manner
as previous studies (Alsop andWood, 2011, 2013). Briefly, experiments
were performed in polystyrene 6-well tissue culture plates (Falcon™)
with 10 mL of dechlorinated Hamilton tap water and 10 larvae per
well. Water was changed every 24 h. Tests used six Ni concentrations
(as NiSO4.6H2O), including a control treatment.

2.5. Waterborne 63Ni uptake

At 82 days of exposure, the uptake rates of waterborne Ni were
examined in the two treatments. The radiotracer 63Ni (PerkinElmer;
Boston, MA) was used to quantify Ni uptake.

Flux experiments were carried out in 800-mL plastic containers,
with aeration, 8 control or Ni-exposed fish per tank, and 2.5 μCi of
63Ni in 100 μL of nanopure water per tank. Measured concentrations
of total waterborne Ni were 2.0 μg Ni/L and 3.2 μg Ni/L in the control
and Ni treatments, respectively. These concentrations represent the
averages of the waterborne Ni measured at the start and the end of
the flux period. After 4 h, fish were terminally anesthetized in water
containing 0.25 g/L MS-222 and 500 μg Ni/L (unlabeled) for 1 min to
displace the 63Ni that was loosely bound to the external body surface.
Individual fish were weighed and transferred to 15-mL tubes. Fish
were digested in 10× volume of trace-metal grade HNO3 (33%) and
incubated at 60 °C for 48 h, with occasional shaking.

After digestion, samples were centrifuged for 5 min at 3500 g, and
1 mL of the supernatant was transferred to 20-mL glass scintillation
vials with 5 mL of scintillation fluid (Ultima Gold; PerkinElmer,
Waltham, MA, USA). Radioactivity (measured in β emissions) was
determined with a Tri-Carb 2900TR Liquid Scintillation Analyzer
(PerkinElmer). Waterborne 63Ni wasmeasured by adding 3mL of scintil-
lation fluid (Opti-phase, PerkinElmer) to 1 mL water samples, with all
values quench-corrected to a common counting efficiency. The internal
(fish) specific activitywas always less than1%of the external (water) spe-
cific activity, eliminating the need to correct for backflux (Maetz, 1956).

The appearance of 63Ni from the water into the fish was calculated
from the 63Ni activity of the whole-body and the specific activity of Ni
in the water. The mean specific activity (SA) of Ni in the water over
the experiment was calculated as

SA ¼ cpm�
mL

� �
= Ni½ � ð1Þ

where cpm is the beta counts perminute and [Ni] is the concentration of
Ni (μg/mL). Total Ni appearance in the body was then calculated as

Total Ni appearance ¼ cpm�
body weight

� �
� 1

.
SA

� �
ð2Þ

where total Ni appearancewas in μg Ni/g body, whichwas then divided
by 4 h (the duration of the exposure) to yield a final uptake rate in μgNi/
g/h.

2.6. Ovarian follicle estradiol secretion

To test whether the effects of Ni on reproductive capacity were due to
an impairment of ovarian estradiol (E2) synthesis, an in vitro ovarian fol-
licle assaywas utilized to examine E2 secretion on day 84 of the exposure.

Follicular steroid secretion was determined using methods similar to
those fromAlsop et al. (2009). Briefly, female zebrafishwere anesthetized
(0.15 g MS-222/L, neutralized), weighed and decapitated. Whole ovaries
were removed and placed in Leibovitz-15 media (Gibco, Grand Island,
NY, USA) at room temperature, which also contained actinomycin D,
penicillin, streptomycin and amphotericin (Sigma-Aldrich). Follicles
from three fish were separated and pooled for each N, and 50 stage 2 or
3 oocyteswere distributed intowells of 24well plates. To start the exper-
iment, medium was removed and replaced by 0.6 mL of fresh medium
with 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich). Half of the
wells also contained human chorionic gonadotropin (hCG, 10 I.U./mL;
Sigma-Aldrich). E2 concentrations were measured using a validated
ELISA kit (Cayman Chemicals, Ann Arbor, MI, USA). Samples were tested
in duplicate.

2.7. Whole-body cortisol

The effects of elevated dietary Ni on basal- and stress induced-
cortisol concentrations were examined on day 104 of the exposure.
For basal whole-body cortisol determination, fish were netted on the
first attempt and transferred to ice-cold water with 0.3 g MS-222/L
(b5 s). Fish were then quickly blotted dry, weighed, snap frozen
(b30 s) and stored at −70 °C until processing. Stress-induced cortisol
concentrations were also determined. To activate the acute cortisol
stress response, zebrafish were netted and subjected to 1 min air expo-
sure, followed by a return to water for a 20-min holding period. Fish
were then sacrificed and processed in the same manner as for the
basal cortisol sampling above. Cortisol concentrations have been
shown to peak around 20 min after an acute stress has been applied
(Ramsay et al., 2009; Fuzzen et al., 2010).

Cortisol was extracted by partially thawing fish on ice and homoge-
nizing in 5× volume of ice-cold nanopure water for 30 s with a rotor-
stator homogenizer. Cortisol was extracted from 500 μL homogenate
three times with 4 mL of diethyl ether. Each time, tubes were vortexed
then centrifuged to accelerate separation of the ether phase. Tubeswere
placed in methanol with dry-ice to freeze the aqueous phase. The ether
phases were poured into a new tube and evaporated by placing tubes in
a 45 °C water bath for 1 h. The tubes were allowed to air-dry at room
temperature for an additional 2 h before reconstitution in 0.4 mL of
enzyme immunoassay (EIA) buffer, which was provided in the cortisol
assay kit (see below). The tubes were kept at 4 °C for 12 h, with
occasional vortexing, prior to use directly in the assay. Cortisol was
quantified using a commercially available colorimetric 96-well EIA kit
(Cayman Chemical). Samples were analyzed in duplicate, and these
two measurements were averaged.

2.8. Metabolic rate

Routine metabolic rate of fish from each treatment was determined
by closed-system respirometry on day 93 of the exposure. Respirome-
ters consisted of 120-mL Erlenmeyer flasks sealed with a rubber bung,
fitted with 3-way sampling/replacement ports, and held in a water
bath at 28 °C. During the experiment, 3 fish were placed in each flask,
with 6 flasks per treatment. The exact amount of water was measured
for each individual flask. Fish were allowed to settle for 2 h with aera-
tion, after which time, the air lines were removed and the bungs were
inserted in the tops of the flasks and water samples (3 mL) were
taken at 0 and 50min for PO2measurements with a Clarke-type oxygen
electrode (Cameron Instruments, Port Aransas, TX, USA) connected to
an AM Systems Polarographic Amplifier (Model 1900, Carlsberg, WA,
USA) digital dissolved oxygen meter. The electrode was maintained
and calibrated at 28 °C.

The following formula was used to calculate the absolute O2

consumption rate from PO2 levels:

Mo2 ¼ ΔPo2 � αo2 � vð Þ
m� tð Þ ð3Þ
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indicates a significant difference between the control and Ni treatments as determined
with a Student's t-test, with the Bonferroni correction for multiple comparisons.
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whereΔPo2 (mmHg) is themeasured change in Po2 values between the
beginning and end of each test period, v is the volume (L) of water in
each respirometer,m (g) is the total mass of the 3 fish in the respirom-
eter, t is time (h) and αo2 (μmol/L/mmHg) is the solubility constant for
O2 in water (Boutilier et al., 1984).

2.9. Statistics

Differences between control and Ni treatments for total eggs
spawned, 63Ni uptake and Mo2 were analyzed with a Student's t-test.
Follicular E2 secretions between control and Ni treatments were com-
pared under both basal and hCG-stimulated conditionswith a Student's
t-test. The effects of hCG within a treatment were also tested with a
Student's t-test. Similarly,whole-body cortisol concentrations in control
and Ni treatments were compared in both unstressed and stressed fish
with a Student's t-test. The effects of a stressor within a treatment were
also tested with a Student's t-test. Differences in the Ni content of eggs
and larvae between the control and Ni treatments were also examined
with a Student's t-test as was the Ni content between eggs and larvae
within a treatment. Differences were considered significant if P b 0.05.

Differences between the control and Ni treated fish body masses
(within a sex) and tissue Ni concentrations were compared with a
Student's t-tests at 5, 20 and 80 days of exposure. However, the
Bonferroni correction was applied to avoid false-positive results due
to multiple testing. In these cases, α was divided by 3 (three days
with testing), and therefore differences were considered significant
if P ≤ 0.0167 (α = 0.5/3).

The environmental toxicity data analysis software, Tox Calc™ pack-
age (Tidepool Scientific Software), was used to estimate the 96-h LC50s
with 95% confidence intervals (CI). The values were calculated from the
survivorship and measured Ni concentration data from all treatments.
LC50 values were considered significantly different when the 95% CI
did not overlap (Environment Canada, 2005).

3. Results

3.1. Survival and growth

There was low mortality during the course of the experiment; five
(4%) and four (3%) fish died in the control and Ni-supplemented diets,
respectively.

There was no effect of dietary Ni content on growth after 5 or 20
days of exposure. However, by 80 days of exposure, male fish fed the
elevated Ni diet were 26% smaller than their control counterparts (con-
trol = 0.353 ± 0.033 g, Ni = 0.261 ± 0.017 g; P = 0.013) (Fig. 1A).
There was no difference in the mass of female fish between treatments
at any time during the experiment (at 80 days, control =0.420 ±
0.040 g, Ni = 0.441 ± 0.046 g; P = 0.74) (Fig. 1B).

3.2. Metabolic rate

Routine metabolic rate was not significantly different between the
control and dietary Ni treatments; oxygen consumption rates were
18.8 ± 1.9 μmol O2/g/h and 19.4 ± 0.7 μmol O2/g/h, respectively (N =
6 pools of 3 fish; P = 0.77).

3.3. Tissue Ni accumulation

In tissues of fish fed the control diet, Ni concentrations varied by a
factor of 14.9. The greatest amount of Ni was observed in the carcass
(average over the experiment = 2.25 μg Ni/g wet weight), while the
lowest was in the liver (0.151 μg Ni/g wet weight) (Table 2). Tissue Ni
concentrations from highest to lowest levels in fish fed the control
diet were as follows: carcass N vertebrae N ovary N gut N muscle N

brain N eye N gill N blood N liver (Table 2).
Over thefirst 20 days of the experiment, therewere no differences in
tissue Ni concentrations between treatments, in any tissue (Table 2). In-
creases in Ni burdens with dietary Ni exposure were observed at
80 days, in a subset of tissues: gut (25% increase over controls; P =
0.002), vertebrae (34%; P= 0.003), brain (44%; P= 0.002) and muscle
(15%; P= 0.002) (Table 2). Similar to control tissues, Ni concentrations
in tissues at 80 days of dietary Ni exposure varied by a factor of 16.4, and
the order of highest to lowest levels was as follows: vertebrae N

carcass N ovary N gut N muscle N brain N gill N eye N blood N

liver (Table 2). There were no significant differences in tissue Ni
concentrations between sexes.
3.4. Waterborne 63Ni uptake

After 82 days of exposure, fish fed the elevated Ni diet had a 63Ni up-
take rate that was 4.5-fold higher than control fish (control = 0.041 ng
Ni/g fish/h, Ni = 0.185 ng Ni/g fish/h; P = 0.023) (Fig. 2). These rates
represent 0.0020% and 0.0088% of the total whole-body Ni that is
turned-over per hour in the control and Ni treatments, respectively. At
the end of the flux experiment, total Ni concentrations in the water
were 2.0 μg Ni/L and 3.2 μg Ni/L in the control and Ni treatments,
respectively.
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Tissue Ni concentrations over the course of the 80-day exposure. Values are in μg Ni/g
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0 days 5 days 20 days 80 days

Gut—control 1.00 ± 0.08 0.94 ± 0.06 0.90 ± 0.05 0.83 ± 0.05
Gut—Ni 0.88 ± 0.07 0.93 ± 0.04 1.03 ± 0.04 *
Gill—control 0.29 ± 0.04 0.30 ± 0.03 0.25 ± 0.03 0.35 ± 0.04
Gill—Ni 0.35 ± 0.04 0.30 ± 0.02 0.38 ± 0.03
Vertebrae—control 1.81 ± 0.08 1.81 ± 0.12 1.78 ± 0.27 1.96 ± 0.16
Vertebrae—Ni 3.40 ± 0.96 2.17 ± 0.07 2.62 ± 0.11 *
Ovary—control 1.71 ± 0.09 1.63 ± 0.05 1.69 ± 0.22 1.63 ± 0.06
Ovary—Ni 1.49 ± 0.09 1.80 ± 0.21 1.80 ± 0.23
Liver—control 0.14 ± 0.05 0.12 ± 0.06 0.20 ± 0.05 0.15 ± 0.03
Liver—Ni 0.13 ± 0.04 0.24 ± 0.05 0.16 ± 0.03
Brain—control 0.42 ± 0.06 0.43 ± 0.03 0.45 ± 0.07 0.39 ± 0.05
Brain—Ni 0.49 ± 0.03 0.45 ± 0.05 0.56 ± 0.02 *
Eye—control 0.41 ± 0.01 0.31 ± 0.02 0.29 ± 0.02 0.26 ± 0.02
Eye—Ni 0.34 ± 0.03 0.32 ± 0.02 0.22 ± 0.01
Muscle—control 0.79 ± 0.03 0.61 ± 0.03 0.60 ± 0.01 0.67 ± 0.02
Muscle—Ni 0.66 ± 0.06 0.57 ± 0.02 0.76 ± 0.02 *
Blood—control 0.15 ± 0.08 0.17 ± 0.02 0.14 ± 0.02 0.18 ± 0.01
Blood—Ni 0.21 ± 0.02 0.15 ± 0.02 0.17 ± 0.01
Carcass—control 2.19 ± 0.19 2.33 ± 0.30 2.03 ± 0.21 2.44 ± 0.16
Carcass—Ni 1.95 ± 0.12 2.32 ± 0.19 2.50 ± 0.30
Total—control 1.84 ± 0.23 2.01 ± 0.24 1.68 ± 0.25 2.06 ± 0.13
Total—Ni 1.56 ± 0.20 1.96 ± 0.22 2.11 ± 0.22
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3.5. Reproductive capacity

The control treatment spawned an average of 57.2 total eggs per
female over 4 days. The elevated Ni treatment spawned 65% fewer
eggs, or a total of 20.3 eggs per female over four days, a significant
decrease (P = 0.032; Fig. 3).
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3.6. Endocrinology—estradiol and cortisol

hCG increased E2 secretion by 2.6-fold in the control treatment
follicles (P = 0.0003) and 2.8-fold in dietary Ni treatment follicles
(P = 0.0165) (Fig. 4A). Dietary Ni treatment had no effect on basal
(P = 0.97) or hCG-stimulated (P = 0.81) E2 secretion (Fig. 4A).
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Fig. 2.Waterborne uptake of radiolabeled 63Ni over 4 h in zebrafish from the control and
dietary Ni treatments at 82 days of exposure. Bars represent means ± SEM. N = 8. An
asterisk (*) indicates a significant difference between treatments as determined with a
Student's t-test (P b 0.05).
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Fig. 4. (A) Estradiol (E2) secretion by zebrafish ovarian follicles in vitro over 1.5 h from
control and Ni-exposed females. Basal and human chorionic gonadotropin (hCG)-
stimulated(10 I.U./mL) E2 secretion rates were determined at 84 days of exposure. N =
9. (B) Basal (unstressed) and stress-inducedwhole-body cortisol concentrations in control
and Ni-exposed zebrafish at 104 days of exposure. For the stress-induced cortisol mea-
surement, fish were air-exposed for 1 min, then returned to water for a 20 min period.
Fish were sampled after 20 min. In both graphs, bars represent means ± SEM (N = 8).
There was no effect of Ni treatment compared to controls on E2 or cortisol in basal/
unstressed or + hGC/stressed conditions as determined by a Student's t-test (P b 0.05).
Bars with an asterisk (*) are significantly different from the basal/unstressed condition
within a treatment (Student's t-test; P b 0.05).
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In addition, dietary Ni did not increase basal (unstressed) whole-
body cortisol concentrations (P = 0.70) (Fig. 4B). While an acute
stressor increased cortisol concentrations 4.1-fold in control animals
(P = 0.0003) and 5.8-fold in dietary Ni treated animals (P = 0.0008),
there was no difference between the stressed cortisol levels (P = 0.61)
(Fig. 4B).
3.7. Egg and larval Ni and larval Ni tolerance

Eggs from Ni-exposed adults had 5.2-fold greater Ni concentrations
compared to controls (control = 0.043 ng Ni/egg, Ni = 0.224 ng Ni/
egg; P= 0.001) (Fig. 5A). However, by 4 dpf (2 dph), the Ni concentra-
tions in larvae from the Ni treatment had dropped to levels observed
in control larvae (control = 0.059 ng Ni/larva, Ni = 0.039 ng Ni/larva;
P = 0.31) (Fig. 5A).

Control larvae had an LC50 of 24.3 mg Ni/L (95% CI = 23.5–
25.1 mg/L), while larvae from Ni-exposed adults showed a significantly
increased tolerance to waterborne Ni with an LC50 35% higher at
32.8 mg Ni/L (95% CI = 31.6–34.1 mg/L) (Fig. 5B).
Fig. 5. (A) Ni content of eggs (2 hours post fertilization) and larvae (4 days post fertiliza-
tion) from adults in the control and dietary Ni treatments. Eggs were collected between
75 and 78 days of the exposure, some of which were sampled for Ni measurements and
some were incubated to the larval stage. N = 14 (Ni treatment) or 19 (control) pools of
25 eggs, and N = 4 pools of 10 larvae. Bars with an asterisk (*) are significantly different
as determined by a Student's t-test (P b 0.05). (B) The 96-h Ni LC50s for 4 dpf larvae
from adults in the control and dietary Ni treatments. An asterisk (*) indicates a significant
difference as determined by the lack of overlap of the 95% CIs.
4. Discussion

An environmentally relevant 31-fold elevation of dietary Ni (above
the control diet to 116 μg Ni/g) resulted in elevated Ni concentrations
in only a few tissues, suggesting either low bioavailability through the
diet and/or strong homeostatic regulation of this metal. While survival,
metabolic rate, the corticosteroid stress response and ovarian estradiol
secretion were not affected, chronic dietary Ni exposure nevertheless
decreased the number of eggs spawned per female and the growth of
male zebrafish, suggesting potential population-level impacts. There
were also other physiological effects that were observed with Ni-
exposure, such as increased branchial Ni uptake rates and increased Ni
tolerance of the offspring.

4.1. Negative impacts of dietary Ni on growth and reproduction

Ni treatment decreased the growth ofmale zebrafish after 80 days of
exposure. There was no effect on female bodyweight. Previous Ni stud-
ies generally did not observe effects on fish growth. For example, two of
the few studies that tested the long term effects of dietary Niwere those
of Ptashynski et al. (2002) and Ptashynski and Klaverkamp (2002), who
fed diets containing 0, 10, 100 or 1000 μg Ni/g diet to lake whitefish and
found no effects on growth rates over 104 days. An earlier, shorter study
by the authors (Ptashynski et al., 2001) fed lake trout and whitefish
diets with 0, 1000 and 10000 μg Ni/g over 18 days and observed lower
weights in lake trout at the highest Ni concentration. However, this
was likely due to the observation that at 10000 μg Ni/g diet, both species
refused to consume the food that was offered after 3 to 5 meals
(Ptashynski et al., 2001). In addition to the dietary studies, a number
of waterborne Ni exposures have not observed a growth effect on fish
(e.g., Brix et al., 2004; Deleebeeck et al., 2007; Chowdhury et al.,
2008). However, previous studies did not report growth rates for each
sex separately. The effect of dietary Ni on the growth of males does
not appear to be due to a metabolic cost of Ni exposure since there
was no difference in routine metabolic rate between treatments. In
addition, Ni did not impact basal or stress-induced cortisol levels in
either sex. Cortisol was examined due to previously reported studies
on the effects of hypothalamic-pituitary-interrenal (HPI) stress axis
activation on fish growth (Mommsen et al., 1999; Barton, 2002).

Dietary Ni also decreased the reproductive capacity of zebrafish;
from 75 to 78 days of exposure, the number of eggs spawned per female
was 65% lower in the Ni treatment. A previous study with fatheadmin-
nows (Pimephales promelas; another cyprinid) examined the effects of
waterborne Ni on reproduction (Pickering, 1974). Chronic exposure to
0.73 and 1.6 mg Ni/L (2.7% and 5.9% of the 96-h LC50, respectively)
prior to and throughout the spawning period reduced the average num-
ber of eggs collected per female by 69% and 98%, respectively (Pickering,
1974). The effects of Ni on reproduction do not appear to be due to
changes in endocrine status; ovarian follicle E2 secretion was presently
not affected by dietary Ni treatment. In addition, there was no effect of
Ni on basal or post-stress cortisol levels (activation of the HPI axis can
inhibit the HP-gonadal axis at multiple sites; Wendelaar Bonga, 1997;
Lethimonier et al., 2000; Alsop et al., 2009).

The effects of Ni on reproduction and growth ofmalesmay be due to
Ni accumulation in the brain, which had the greatest increase in Ni
concentrations of all tissues that were presently analyzed (Fig. 6). Previ-
ously, male and female fathead minnows exposed to another metal,
lead (Pb), accumulated similar Pb concentrations in bone (brain Pb
was not measured; Rademacher et al., 2005). However, effects on
endocannabinoid (eCB) levels in the brain were only observed in
males (Rademacher et al., 2005). eCBs are neuromodulatory lipids that
control neurotransmitter release and play roles in appetite (Scherma
et al., 2013) and reproduction (Coddington et al., 2007; Cottone et al.,
2013). Given that Ni accumulation in the present study was highest in
the brain and bone, effects of Ni on eCB levels could be a factor in the
lower growth of males and impacts on reproduction.
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The mechanism underlying this significant effect of Ni on reproduc-
tive capacity remains unknown. Although examining female-based end
points is a logical start, a decrease in the number of eggs spawned may
also be a male-related issue, especially given the effect of Ni on the
growth of males. For example, the multipart courtship behaviors of
zebrafish are primarily a male activity and constitute a mechanism to
stimulate a female to release a clutch of eggs (Darrow and Harris,
2004). The female's role in courtship is more simply to accept or decline
themale's behaviors (Darrow and Harris, 2004). Alteredmale courtship
behaviors from pharmaceutical exposure have been shown to reduce
the reproductive capacity of female zebrafish (Galus et al., 2014).
4.2. Ni accumulation

In control zebrafish, Ni was ubiquitously distributed in all tissues
that were analyzed, similar to previous studies with other fish (e.g.,
Ptashynski and Klaverkamp, 2002; Chowdhury et al., 2008; Leonard
et al., 2014). In zebrafish, concentrations varied 15-fold between
tissues, where liver had the lowest Ni concentrations, and carcass the
highest (likely due to the higher levels of Ni in the bone, kidney and
skin/scales; e.g., Ptashynski and Klaverkamp, 2002). Ni is an enzyme
cofactor in plants and bacteria (Hänsch and Mendel, 2009; Higgins
et al., 2012; Pyle and Couture, 2012), and although there is some
evidence it may be a micronutrient in animals, a specific role has not
yet been identified (Pyle and Couture, 2012).

There were only modest increases in tissue Ni concentrations with
elevated dietaryNi-exposure in zebrafish, and thesewere only observed
in select tissues after 80 days. Surprisingly, Ni concentrations in the
brain had the greatest increasewithNi exposure (44% increase), follow-
ed by vertebrae (34%), gut (25%) andmuscle (15%) (Fig. 6). This magni-
tude and pattern of Ni accumulation is in stark contrast to the study on
dietary Ni in lake whitefish (Ptashynski and Klaverkamp, 2002).White-
fish fed 110 μg Ni/g diet (similar to 116 μg Ni/g in the present study)
experienced several-fold increases of Ni in most tissues including
intestine, stomach, liver, kidney, skin, scales and gill (Ptashynski and
Klaverkamp, 2002). Notably, zebrafish readily accumulate Ni during
waterborne exposures (Searle, 1988), so this difference appears to be
related to dietary Ni uptake. We propose two hypotheses to explain
the lower Ni accumulation in zebrafish with dietary exposure. These
two hypotheses are not mutually exclusive. First, less Ni accumulation
in zebrafish compared towhitefishmay be due to the lack of an acidified
stomach in the cyprinid species. Approximately 15% of teleosts do not
Fig. 6. Themean increase in tissueNi concentrations of dietary Ni exposedfish as a percent
(%) of the control concentration at 80 days of the experiment. Please see Table 2 for
absolute Ni concentrations in tissues from control and Ni-exposed treatments. Bars with
an asterisk (*) are significantly different than the control value as determined with a
Student's t-test, with the Bonferroni correction for multiple comparisons.
develop an acid-secreting portion of their digestive system (Kleinow
and James, 2001; Wilson and Castro, 2011). Examples include fish
from Cyprinidae (e.g., zebrafish, carp), Catostomidae (sucker) and
Labridae (wrasse) among many others. Studies in rainbow trout have
shown the stomach and pyloric caeca are the primary sections of the
gut that facilitate Ni uptake; these two sections were responsible for
79% and 19% of the total Ni absorbed from the diet, respectively
(Leonard et al., 2009). Second, the concentration of dietary Ni in the
present study (116 μg/g diet) may not have exceeded a level that
would initially overwhelm the zebrafish's Ni homeostatic mechanisms
such as excretion by the kidneys (Pane et al., 2005). In contrast, white-
fish fed 110 μg Ni/g diet showed Ni accumulation in all gut segments,
kidney and scales after 10 days. By 31 days, the liver and gill also
showed increased Ni burdens (Ptashynski and Klaverkamp, 2002). It
appears zebrafish may be better able to transport and excrete Ni than
whitefish. Fish can upregulate renal Ni clearance ratios and reduce
membrane Ni permeability upon Ni exposure (Pane et al., 2005; Pane
et al., 2006).

In rainbow trout, pre-exposure to waterborne Ni decreased the
uptake of Ni through the gut (Chowdhury et al., 2008), presumably a
protective mechanism. However, we observed that after 80 days of die-
tary Ni exposure, there was a 4.5-fold increase in branchial 63Ni uptake
from the water. This may be indicative of an increased numbers of Ni
transporters in the gill that facilitate Ni depuration after a meal. The rel-
atively slow rates of uptake, 0.002% (control) and 0.009% (Ni treatment)
of the total whole-body Ni turned over per hour, suggest this Ni may be
incorporated into tissues such as bone and scales (Ptashynski and
Klaverkamp, 2002).

Waterborne Ni studies have found that plasma is the major sink for
Ni accumulation in fish (Pane et al., 2004a, 2004b, 2005; Chowdhury
et al., 2008). In the present study, the concentration of Ni in the blood
was not elevated at any time point (Table 2; Fig. 6), suggesting zebrafish
are able to quickly transport and excrete excess dietary Ni. Zebrafish can
quickly lose Ni they have accumulated from a waterborne exposure;
after a 7-day exposure, zebrafish were returned to control water
where they proceeded to lose 45% of the accumulated whole-body Ni
within 10 h (Searle, 1988). In the present study, fish were not fed for
approximately 18 h prior to sampling, which may be enough time to
excrete much of the Ni absorbed from the diet.

The greatest increase in Ni after 80 days of dietary exposure was in
the brain (Fig. 6). Few studies have analyzed Ni accumulation in the
brains of fish with Ni exposure. One study that utilized short-term
(96 h), waterborne Ni exposures found no accumulation of Ni in the
brains of rainbow trout or round gobies (Leonard et al., 2014). However,
in mammals, Ni can change neuronal activity through effects on the N-
methyl-D-aspartate receptor channels (Gavazzo et al., 2011) and is also
a well-known selective blocker of T-type calcium channels (Lee et al.,
1999; Kang et al., 2006; Nosal et al., 2013). Ni has also been shown to af-
fect enzyme activities in the brain of rats, including Na+/K+ ATPase and
acetylcholinesterase (Liapi et al., 2011). Given these effects of Ni on neu-
ron function and the observed accumulation of Ni in the zebrafish brain,
future Ni studies may consider monitoring concentrations of Ni in the
brain and attempt to determine whether accumulation is responsible
for the observed effects of Ni.

Although eggs from Ni-exposed adults possessed higher Ni concen-
trations than controls (see discussion below, Fig. 5A), whole ovary sam-
ples did not (Table 2). The reproductive trials occurred immediately
before the 80-day sampling time point, and the ovulation and spawning
off eggsmay have decreased the ovarianNi burden just prior to sampling.

4.3. Egg and larval Ni and offspring Ni tolerance

The eggs from adults in the dietary Ni treatment contained 5.2-fold
more Ni than control eggs (at 2 hpf). However, by 4 dpf, Ni concentra-
tions in the larvae had dropped to those observed in larvae from control
adults. The ability to quickly depurate Ni was also observed in adult

image of Fig.�6


74 D. Alsop et al. / Comparative Biochemistry and Physiology, Part C 165 (2014) 67–75
zebrafish after waterborne Ni exposures (discussed above; Searle,
1988).

Larvae fromNi-exposed adults had a higher tolerance towaterborne
Ni than their control counterparts (increased 96-h LC50). Although the
maternally deposited Ni burden they originally possessed at the early
embryo stage was depurated by 4 dpf, it may have been sufficient to
stimulate Ni-acclimation of the embryo. In this respect, the zebrafish
larvae exhibited some similarities to the offspring of maternal Daphnia
magna that had been chronically exposed to elevated waterborne Ni
(21 μg Ni/L) for 21 days (Pane et al., 2004c). These F1 generation
daphnids exhibited greatly elevated whole-body Ni burdens and an
87% increase in 48-h LC50. In a previous study on cadmium (Cd),
adult female zebrafish were exposed to three different waterborne Cd
concentrations plus a control for 72 h (Wu et al., 2012). Fish were
then bred with males and the offspring raised to 72 hpf. At this point,
larvae from exposed females had concentration-dependent increases
in Cd concentrations, expression of metallothioneins (mt2 and smtB),
and metallothionein (MT) protein levels (Wu et al., 2012). Larvae
from female fish in the higher Cd treatments also had increased survival
when exposed to a toxic concentration of waterborne Cd for 48 h (Wu
et al., 2012). The mechanism offering protection to larvae from Ni-
exposed adults against waterborne Ni challenges is unknown. Ni is not
thought to induce MTs to the same extent as metals such as Cd. For ex-
ample, while whitefish fed Ni-supplemented diets accumulated large
amounts of Ni in all tissues analyzed (Ptashynski and Klaverkamp,
2002), MT protein levels were not elevated in the kidney, liver or gill
(Ptashynski et al., 2002). In addition, there were only two instances of
elevated MT in the intestines and pyloric caeca across all times and die-
tary Ni concentration (and one decrease in MT with Ni exposure)
(Ptashynski et al., 2002). Regardless, it would be interesting to examine
the embryonic and larval expression of some of themany genes that are
modulated with Ni exposure in fish (e.g., Bougas et al., 2013).

5. Conclusion

There are limited dietary data pertaining to the chronic effects
and accumulation of Ni in fish. A previous study on dietary Ni with
lake whitefish observed widespread Ni accumulation but few effects
(primarily histopathology; Ptashynski et al., 2002). In contrast, we
observed relatively little Ni accumulation coupled with a variety of
effects in zebrafish. These include population-level effects such as
reproductive capacity, growth of males and changes in offspring
physiology. There are many possible reasons underlying this disparity
between the two studies, which highlights the need for more data
pertaining to the chronic accumulation and effects of dietary metals.

Acknowledgements

This study was funded by an NSERC (Canada) Discovery grant to
CMW, who is supported by the Canada Research Chair Program. DA
was supported by an NSERC Postdoctoral fellowship. Many thanks to
Sean Tibbetts for his technical expertise in the preparation of the diets.

References

Alsop, D., Wood, C.M., 2011. Metal uptake and acute toxicity in zebrafish: common
mechanisms across multiple metals. Aquat. Toxicol. 105, 385–393.

Alsop, D., Wood, C.M., 2013. Metal and pharmaceutical mixtures: is ion loss the
mechanism underlying acute toxicity and widespread additive toxicity in zebrafish?
Aquat. Toxicol. 140–141, 257–267.

Alsop, D., Ings, J., Vijayan, M.M., 2009. Adrenocorticotropic hormone suppresses
gonadotropin-stimulated estradiol release from zebrafish ovarian follicles. PLoS
ONE 4, e6463.

Athikesavan, S., Vincent, S., Ambrose, T., Velmurugan, B., 2006. Nickel induced histopath-
ological changes in the different tissues of freshwater fish, Hypophthalmichthys
molitrix (Valenciennes). J. Environ. Biol. 37, 391–395.

Barton, B.A., 2002. Stress in fishes: a diversity of responses with particular reference to
changes in circulating corticosteroids. Integr. Comp. Biol. 42, 517–525.
Bougas, B., Normandeau, E., Pierron, F., Campbell, P.G., Bernatchez, L., Couture, P., 2013.
How does exposure to nickel and cadmium affect the transcriptome of yellow
perch (Perca flavescens) - Results from a 1000 candidate-gene microarray. Aquat.
Toxicol. 142–143, 355–364.

Boutilier, R.G., Heming, T.A., Iwama, G.K., 1984. In: Hoar,W.S., Randall, D.J. (Eds.), Physico-
chemical parameters for use in fish respiratory physiology. Fish Physiology, vol. 10A.
Academic Press, New York, pp. 401–430.

Brix, K.V., Keithly, J., DeForest, D.K., Laughlin, J., 2004. Acute and chronic toxicity of nickel
to rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 23, 2221–2228.

CCME (Canadian Council of Ministers of the Environment), 2007. Canadian water quality
guidelines for the protection of aquatic life: summary table. Updated December, 2007
Canadian Environmental Quality Guidelines, 1999. Canadian Council of Ministers of
the Environment, Winnipeg.

Cempel, M., Nikel, G., 2006. Nickel: a review of its sources and environmental toxicology.
Pol. J. Environ. Stud. 15, 375–382.

Chau, Y.K., Kulikovsky-Cordeiro, O.T.R., 1995. Occurrence of nickel in the Canadian
environment. Environ. Rev. 3, 95–120.

Chowdhury, M.J., Bucking, C., Wood, C.M., 2008. Pre-exposure to waterborne nickel
downregulates gastrointestinal nickel uptake in rainbow trout: indirect evidence
for nickel essentiality. Environ. Sci. Technol. 42, 1359–1364.

Coddington, E., Lewis, C., Rose, J.D., Moore, F.L., 2007. Endocannabinoids mediate the
effects of acute stress and corticosterone on sex behavior. Endocrinology 148,
493–500.

Cottone, E., Pomatto, V., Bovolin, P., 2013. Role of the endocannabinoid system in the
central regulation of nonmammalian vertebrate reproduction. Int. J. Endocrinol.
2013, 941237.

Couture, P., Rajotte, J.W., 2003. Morphometric and metabolic indicators of metal stress in
wild yellow perch (Perca flavescens) from Sudbury, Ontario: a review. J. Environ.
Monit. 5, 216–221.

Couture, P., Busby, P., Rajotte, J., Gauthier, C., Pyle, G., 2008. Seasonal and regional
variations of metal contamination and condition indicators in yellow perch (Perca
flavescens) along two polymetallic gradients. I. Factors influencing tissue metal
concentrations. Hum. Ecol. Risk. Assess. 14, 97–125.

Darrow, K.O., Harris, W.A., 2004. Characterization and development of courtship in
zebrafish, Danio rerio. Zebrafish 1, 40–45.

Dave, G., Xiu, R., 1991. Toxicity of mercury, copper, nickel, lead, and cobalt to embryos
and larvae of zebrafish, Brachydanio rerio. Arch. Environ. Contam. Toxicol. 21,
126–134.

Deleebeeck, N.M.E., DeSchamphelaere, K.A.C., Janssen, C.R., 2007. A bioavailability model
predicting the toxicity of nickel to rainbow trout (Oncorhynchus mykiss) and fathead
minnows (Pimephales promelas) in synthetic and natural waters. Ecotoxicol. Environ.
Saf. 67, 1–13.

Eisler, R., 1998. Nickel hazards to fish, wildlife, and invertebrates: a synoptic review. U.S.
Geological Survey, Biological Resources Division, Biological Science Report 1998-
0001.

Environment Canada, 1993. Guidance document on statistical methods for environmental
toxicity tests. Method Development and Applications Section, Environmental Tech-
nology Centre, Environment Canada. EPS 1/RM/46.

Fuzzen, M.L., Van Der Kraak, G., Bernier, N.J., 2010. Stirring up new ideas about the regu-
lation of the hypothalamic-pituitary-interrenal axis in zebrafish (Danio rerio).
Zebrafish 7, 349–358.

Galus, M., Rangaranjan, S., Lai, A., Shaya, L., Wilson, J.Y., 2014. Multi-generational effects of
pharmaceuticals in zebrafish raised from chronically exposed parents. Aquat. Toxicol.
151, 124–134.

Gavazzo, P., Tedesco, M., Chiappalone, M., Zanardi, I., Marchetti, C., 2011. Nickel modu-
lates the electrical activity of cultured cortical neurons through a specific effect on
N-methyl-D-aspartate receptor channels. Neuroscience 177, 43–55.

Giatina, J.D., Garton, R.R., Stevens, D.G., 1982. Avoidance of copper and nickel by rainbow
trout as monitored by a computer-based data acquisition system. Trans. Am. Fish.
111, 491–504.

Hänsch, R., Mendel, R.R., 2009. Physiological functions of mineral micronutrients (Cu, Zn,
Mn, Fe, Ni, Mo, B, Cl). Curr. Opin. Plant Biol. 12, 259–266.

Higgins, K.A., Carr, C.E., Maroney, M.J., 2012. Specific metal recognition in nickel traffick-
ing. Biochemistry 51, 7816–7832.

Hunt, J.W., Anderson, B.S., Phillips, B.M., Tjeerdema, R.S., Puckett, H.M., Stephenson, M.,
Tucker, D.W., Watson, D., 2002. Acute and chronic toxicity of nickel to marine organ-
isms: implications for water quality criteria. Environ. Toxicol. Chem. 21, 2423–2430.

Kang, H.W., Park, J.Y., Jeong, S.W., Kim, J.A., Moon, H.J., Perez-Reyes, E., Lee, J.H., 2006. A
molecular determinant of nickel inhibition in Cav3.2 T-type calcium channels. J.
Biol. Chem. 281, 4823–4830.

Karanth, S., Denovan-Wright, E.M., Lall, S.P., Wright, J.M., 2009. Differential transcriptional
modulation of duplicated fatty acid-binding protein genes by dietary fatty acids in
zebrafish (Danio rerio): evidence for subfunctionalization or neofunctionalization of
duplicated genes. BMC Evol. Biol. 9, 219.

Kleinow, K.M., James, M.O., 2001. In: Schlenk, D., Benson, W.H. (Eds.), Response of the
teleost gastrointestinal system to xenobiotics. Target Organ Toxicity in Marine and
Freshwater Teleosts, vol. 1. Taylor and Francis, London, pp. 269–362 (Chapter 5).

Lee, J.H., Gomora, J.C., Cribbs, L.L., Perez-Reyes, E., 1999. Nickel block of three cloned T-
type calcium channels: low concentrations selectively block alpha1H. Biophys. J. 77,
3034–3042.

Leonard, E.M., Nadella, S.R., Bucking, C., Wood, C.M., 2009. Characterization of dietary
Ni uptake in the rainbow trout, Oncorhynchus mykiss. Aquat. Toxicol. 95,
205–216.

Leonard, E.M., Marentette, J.R., Balshine, S., Wood, C.M., 2014. Critical body residues,
Michaelis-Menten analysis of bioaccumulation, lethality and behaviour as endpoints
of waterborne Ni toxicity in two teleosts. Ecotoxicology (23), 147–162.

http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0015
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0015
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0020
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0020
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0020
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0010
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0010
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0010
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0005
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0005
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0005
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0025
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0025
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0030
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0030
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0030
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0035
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0035
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0035
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0040
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0040
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0045
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0045
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0045
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0045
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0050
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0050
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0055
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0055
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0060
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0060
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0060
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0065
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0065
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0065
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0070
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0070
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0070
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0075
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0075
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0075
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0080
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0080
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0080
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0080
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0085
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0085
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0090
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0090
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0090
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0095
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0095
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0095
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0095
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0290
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0290
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0290
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf1000
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf1000
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf1000
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0100
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0100
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0100
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0105
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0105
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0105
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0110
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0110
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0110
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0110
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0110
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0115
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0115
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0115
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0120
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0120
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0125
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0125
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0130
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0130
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0135
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0135
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0135
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0140
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0140
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0140
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0140
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0295
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0295
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0295
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0155
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0155
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0155
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0160
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0160
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0160
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0300
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0300
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0300


75D. Alsop et al. / Comparative Biochemistry and Physiology, Part C 165 (2014) 67–75
Lethimonier, C., Flouriot, G., Valotaire, Y., Kah, O., Ducouret, B., 2000. Transcriptional
interference between glucocorticoid receptor and estradiol receptor mediates the
inhibitory effect of cortisol on fish vitellogenesis. Biol. Reprod. 62, 1763–1771.

Liapi, C., Zarros, A., Theocharis, S., Voumvourakis, K., Anifantaki, F., Gkrouzman, E., Mellios,
Z., Skandali, N., Al-Humadi, H., Tsakiris, S., 2011. Short-term exposure to nickel alters
the adult rat brain antioxidant status and the activities of crucial membrane-bound
enzymes: neuroprotection by L-cysteine. Biol. Trace Elem. Res. 143, 1673–1681.

Maetz, J., 1956. Les echanges de sodium chez les poissons Carassius auratus L. Action d'un
inhibiteur d l'anhydrase carbonique. J. Physiol. Paris 48, 1085–1099.

Mommsen, T.P., Vijayan, M., Moon, T., 1999. Cortisol in teleost: dynamics mechanisms of
action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211–268.

Muyssen, B.T.A., Brix, K.B., DeForest, D.K., Janssen, C.R., 2004. Nickel essentiality and
homeostasis in aquatic organisms. Environ. Rev. 12, 113–131.

National Research Council, 1993. Nutrient Requirements of Fish. National Academies
Press, Washington DC, USA.

Nosal, O.V., Lyubanova, O.P., Naidenov, V.G., Shuba, Y.M., 2013. Complex modulation of
Cav3.1 T-type calcium channel by nickel. Cell. Mol. Life Sci. 70, 1653–1661.

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

Pane, E.F., Haque, A., Goss, G.G., Wood, C.M., 2004b. The physiological consequences of
exposure to chronic, sublethal waterborne nickel in rainbow trout (Oncorhynchus
mykiss): exercise vs resting physiology. J. Exp. Biol. 207, 1249–1261.

Pane, E.F., McGeer, J.C., Wood, C.M., 2004c. The effects of chronic waterborne nickel
exposure on two successive generations of Daphnia magna. Environ. Toxicol. Chem.
23, 1051–1056.

Pane, E.F., Bucking, C., Patel, M., Wood, C.M., 2005. Renal function in the freshwater
rainbow trout (Oncorhynchus mykiss) following acute and prolonged exposure to
waterborne nickel. Aquat. Toxicol. 72, 119–133.

Pane, E.F., Patel, M., Wood, C.M., 2006. Chronic, sublethal nickel acclimation alters the
diffusive properties of renal brush border membrane vesicles (BBMVs) prepared
from the freshwater rainbow trout. Comp. Biochem. Physiol. C 143, 78–85.

Pickering, Q.H., 1974. Chronic toxicity of nickel to the fathead minnow. Water Pollut.
Control Fed. 46, 760–765.

Pierron, F., Bourret, V., St-Cyr, J., Campbell, P.G., Bernatchez, L., Couture, P., 2009.
Transcriptional responses to environmental metal exposure in wild yellow perch
(Perca flavescens) collected in lakes with differing environmental metal concentra-
tions (Cd, Cu, Ni). Ecotoxicology 18, 620–631.
Ptashynski, M.D., Klaverkamp, J.F., 2002. Accumulation and distribution of dietary nickel
in lake whitefish (Coregonus clupeaformis). Aquat. Toxicol. 58, 249–264.

Ptashynski, M.D., Pedlar, R.M., Evans, R.E., 2001. Accumulation, distribution and toxicolo-
gy of dietary nickel in lake whitefish (Coregonus clupeaformis) and lake trout
(Salvelinus namaycush). Comp. Biochem. Physiol. 130, 145–162.

Ptashynski, M.D., Pedlar, R.M., Evans, R.E., Baron, C.L., Klaverkamp, J.F., 2002. Toxicology of
dietary nickel in lake whitefish (Coregonus clupeaformis). Aquat. Toxicol. 58, 229–247.

Pyle, G.G., Couture, P., 2012. Nickel. In: Wood, C.M., Farrell, A.P., Brauner, C.J. (Eds.),
Homeostasis and Toxicology of Essential Metals. Fish Physiology, vol. 31A. Elsevier
Inc., pp. 253–289.

Rademacher, D.J., Weber, D.N., Hillard, C.J., 2005. Waterborne lead exposure affects brain
endocannabinoid content in male but not female fathead minnows (Pimephales
promelas). Neurotoxicology 26, 9–15.

Ramsay, J.M., Feist, G.W., Varga, Z.M., Westerfield, M., Kent, M.L., Schrecka, C.B., 2009.
Whole-body cortisol response of zebrafish to acute net handling stress. Aquaculture
297, 157–162.

Reck, B.K., Müller, D.B., Rostkowski, K., Graedel, T.E., 2008. Anthropogenic nickel cycle:
insights into use, trade, and recycling. Environ. Sci. Technol. 42, 3394–3400.

Scherma, M., Fattore, L., Satta, V., Businco, F., Pigliacampo, B., Goldberg, S.R., Dessi, C.,
Fratta, W., Fadda, P., 2013. Pharmacological modulation of the endocannabinoid
signalling alters binge-type eating behaviour in female rats. Br. J. Pharmacol. 169,
820–833.

Schubauer-Berigan, M.K., Dierkes, J.R., Monson, P.D., Ankley, G.T., 1993. pH-dependent
toxicity of Cd, Cu, Ni, Pb and Zn to Ceriodaphnia dubia, Pimephales promelas, Hyalella
azteca and Lumbriculus variegatus. Environ. Toxicol. Chem. 12, 1261–1266.

Searle, C.E., 1988. The effect of nickel pre-exposure on the lethal tolerance of the zebrafish
(Brachydanio rerio). (Thesis (M.Sc.)) Concordia University.

Wendelaar Bonga, S.E., 1997. The stress response in fish. Physiol. Rev. 77, 591–625.
Wilson, J.M., Castro, L.F.C., 2011. Morphological diversity of the gastrointestinal tract in

fishes. In: Grosell, M., Farrell, A.P., Brauner, C.J. (Eds.), The Multifunctional Gut of
Fish. Fish Physiology, vol. 30. Academic Press, San Diego, pp. 2–55.

Wu, S.M., Tsai, P.R., Yan, C.J., 2012. Maternal cadmium exposure induces mt2 and smtB
mRNA expression in zebrafish (Danio rerio) females and their offspring. Comp.
Biochem. Physiol. C 156, 1–6.

http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0170
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0170
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0170
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0175
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0175
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0175
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0175
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0175
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0180
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0180
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0185
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0185
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0190
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0190
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0195
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0195
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0200
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0200
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0205
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0205
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0205
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0210
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0210
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0210
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0215
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0215
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0215
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0220
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0220
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0220
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0225
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0225
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0225
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0230
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0230
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0235
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0235
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0235
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0240
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0240
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0250
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0250
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0250
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0245
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0245
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0305
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0305
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0305
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0255
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0255
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0255
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0260
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0260
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0265
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0265
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0275
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0275
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0275
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0270
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0270
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0270
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0310
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0310
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0280
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0315
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0315
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0315
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0285
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0285
http://refhub.elsevier.com/S1532-0456(14)00066-0/rf0285

	Reproductive impacts and physiological adaptations of zebrafish to elevated dietary nickel
	1. Introduction
	2. Materials and methods
	2.1. Animals and housing
	2.2. Ni measurements in the diets and tissues
	2.3. Reproductive capacity
	2.4. Larval (offspring) waterborne Ni tolerance
	2.5. Waterborne 63Ni uptake
	2.6. Ovarian follicle estradiol secretion
	2.7. Whole-body cortisol
	2.8. Metabolic rate
	2.9. Statistics

	3. Results
	3.1. Survival and growth
	3.2. Metabolic rate
	3.3. Tissue Ni accumulation
	3.4. Waterborne 63Ni uptake
	3.5. Reproductive capacity
	3.6. Endocrinology—estradiol and cortisol
	3.7. Egg and larval Ni and larval Ni tolerance

	4. Discussion
	4.1. Negative impacts of dietary Ni on growth and reproduction
	4.2. Ni accumulation
	4.3. Egg and larval Ni and offspring Ni tolerance

	5. Conclusion
	Acknowledgements
	References


