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Renal function in the freshwater rainbow trout (Oncorhynchus
mykiss) following acute and prolonged exposure

to waterborne nickel
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Abstract

Renal function was investigated in adult rainbow trout following acute and prolonged exposure to waterborne Ni in moderately
hard Lake Ontario water (∼140 mg L−1 as CaCO3). Fish were exposed for 36 days to a sublethal concentration of 442�g Ni
L−1, followed by 96 h of exposure to 12,850�g Ni L−1 (approximately 33% of the 96 h LC50). Prolonged exposure markedly
affected only the renal handling of Ni, with no substantial effect on the plasma concentration, urinary excretion rate (UER)
or clearance ratio (CR) of Na+, Cl−, K+, Ca2+, Mg2+, inorganic phosphate (Pi), glucose, lactate, total ammonia (Tamm), protein
and free amino acids (FAA). Glomerular filtration rate (GFR) was reduced by 75% over 96 h of acute Ni challenge in both
fish previously exposed to Ni and naı̈ve fish, with no significant change in urine flow rate (UFR), suggesting a substantial
reduction in water reabsorption to maintain urine flow and water balance. Renal Mg2+ handling was specifically impaired by
a
P in
n
K uggesting
t
©

K

f

tan-

,b
nd

e,

0

cute Ni challenge, leading to a significantly increased UERMg2+ and significantly decreased plasma [Mg2+] only in näıve fish.
reviously-exposed fish were well-protected against Ni-induced Mg2+ antagonism, indicating true acclimation to Ni. Only
äıve, acutely challenged fish was there an increased UER of titratable acidity (TA-HCO3), net acidic equivalents, Pi , Tamm and
+. Again, all of these parameters were well-conserved in previously-exposed fish during acute Ni exposure, strongly s

hat prolonged, sublethal exposure protected against acute Ni-induced respiratory toxicity.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

The kidney of freshwater fish accumulates subs
tial amounts of Ni during both waterborne (Calamari et
al., 1982; Ghazaly, 1992; Pane et al., 2003a, 2004a)
and dietary (Ptashynski et al., 2002; Ptashynski a
Klaverkamp, 2002) Ni exposure. To our knowledg
166-445X/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquatox.2004.11.020
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the only diagnostic work examining the physiological
effects of extensive renal Ni accumulation following
waterborne Ni exposure is that ofGhazaly (1992), who
documented a dose-dependent increase in Fe content of
the kidney ofTilapia nilotica, and that ofSreedevi et al.
(1992), who reported proteolytic activity in the kidney
of acutely exposed carp (Cyprinus carpio), including
decreased protein content and increased protease activ-
ity and free amino acid content of the kidney. Follow-
ing chronic dietary Ni exposure in the lake whitefish
(Coregonus clupeaformis), Ptashynski et al. (2002)ob-
served time and dose-dependent histopathological le-
sions in the glomeruli, tubules, collecting ducts, and
hematopoietic tissue.

Injection of Ni into mammals also leads to substan-
tial accumulation in the kidney (Smith and Hackley,
1968; Clary, 1975; Mathur et al., 1978). The effects
of Ni accumulation on the physiological (Gitlitz et
al., 1975) and biochemical (Abdulwajid and Sarkar,
1983; Ciccarelli and Wetterhahn, 1984; Templeton and
Sarkar, 1985; Templeton, 1987) function of the mam-
malian kidney have been investigated. The study of
Gitlitz et al. (1975)reported significant proteinuria and
aminoaciduria in Ni-injected rats, the former consistent
with fused foot processes of glomerular epithelial cells.

The primary goal of the present study was to com-
prehensively examine renal function in the rainbow
trout during acute and prolonged waterborne Ni ex-
posure. Following 36 days of exposure to 442�g Ni
L−1, renal function was examined and compared to
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2004b). At 12,850�g L−1, Ni is a potent respiratory
toxicant, causing extensive branchial damage leading
to a blockade of gas transfer and subsequent hypoxemia
and respiratory acidosis (Pane et al., 2003a, 2004b). We
therefore hypothesized that investigation of renal func-
tion during acute Ni challenge would reveal specific
renal compensatory processes to combat this acute, Ni-
induced blood acidosis.

2. Materials and methods

2.1. Experimental animals

Adult rainbow trout (200–350 g) were purchased
from Humber Springs Trout Farm, Orangeville, On-
tario. Fish were acclimated for at least 2 weeks to aer-
ated, flowing dechlorinated Hamilton tap water from
Lake Ontario at 12–14◦C and fed ad libitum sev-
eral times weekly with commercial trout pellets. Wa-
ter composition was (in mM) Ca2+ ∼= 1, Mg2+ ∼= 0.2,
Na+ ∼= 0.6, Cl− ∼= 0.8, SO4

2− ∼= 0.25, titratable alka-
linity to pH 4.0∼= 1.9, background Ni∼= 4�g L−1, dis-
solved organic carbon (DOC)∼= 3 mg L−1, total hard-
ness (as CaCO3) ∼= 140 mg L−1 and pH 7.9–8.0. Fish
were not fed at least 48 h prior to and throughout all
experiments.

2.2. Experimentation
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hat of unexposed fish. Subsequently, both group
sh were acutely challenged with Ni (96 h; 12,850�g
i L−1) in order to investigate the effects of acute
xposure on renal function, and the potential modi
ion of these effects by prior, sublethal exposure.
oncentration used for the prolonged exposure (44�g
i L−1) is sublethal and only∼1.5% of the 96 h LC50

or adult rainbow trout (Segner et al., 1994). This con-
entration falls in the upper range of Ni concen
ions found in watersheds heavily impacted by min
nd industrial activity (Chau and Kulikovsky-Cordeir
995; Eisler, 1998). The acute exposure concentrat
sed in the present study (12,850�g Ni L−1) is well
utside the range of environmental relevance, y
nly ∼33% of the 96 h LC50 for adult trout. This di
gnostic Ni level has been used previously by u
ocument mechanisms of branchial and hemato

cal pathology in rainbow trout (Pane et al., 2003
.2.1. Prolonged Ni exposure
In all exposures, Ni was delivered as NiSO4·6H2O

y gravity from a concentrated stock solution in
ow-through set-up with dechlorinated Hamilton
ater. For prolonged waterborne exposure, a
entration of 442�g Ni L−1 was used for 36 day
ish were held in 500 L tanks, 15 fish per tank,
eiving a flow of 1 L min−1. During this period, fis
ere fed 1% of their body weight daily. The co
osition of the food was: crude protein∼= 40%, crude

at∼= 11%, crude fiber∼= 3.5%, Ca∼= 1.0%, P∼= 0.85%,
a∼= 0.45%, and Ni∼= 3.9 mg kg−1 dry weight. Wa

er samples for dissolved Ni were taken five tim
eekly, 0.45�m filtered, acidified with trace met
rade HNO3 (Fisher Scientific), and analyzed for d
olved Ni by graphite furnace atomic absorption sp
rophotometry (GFAAS; 220 SpectrAA; Varian, Au
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tralia) against certified atomic absorption standards
(Fisher Scientific).

2.2.2. Surgery
Fish previously exposed to 442�g Ni L−1 for 36

days and näıve fish were anesthetized with 0.075 g L−1

of MS222 (neutralized with NaOH to pH 8.0) and fit-
ted with indwelling dorsal aortic catheters (Soivio et al.,
1972) and urinary catheters (Wood and Patrick, 1994).
Insertion of an indwelling urinary catheter implanted in
the urinary bladder allows for continuous gravimetrical
collection of urine, commonly referred to as “ureteral
urine”, as constant siphoning prevents any physiolog-
ical modification of the urine by the urinary bladder
(Wood and Patrick, 1994).

During surgery, the anesthetic solution irrigating the
gills of fish previously-exposed fish to Ni was spiked
with NiSO4·6H2O to yield a Ni concentration compara-
ble to that to which these fish had been exposed (442�g
Ni L−1). After surgery, fish were transferred to individ-
ual darkened plexiglass chambers (3 L) served with a
water flow of 100 mL min−1 and continuous aeration,
and allowed to recover for 48 h before acute Ni expo-
sure. During this recovery period, boxes housing fish
previously exposed to Ni received a comparable solu-
tion delivered from a stock solution by gravity flow as
described above. Urine flow was continually collected
throughout recovery at a pressure differential relative
to the water surface of 3 cm of H2O.
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rate (GFR), 24 h before acute Ni challenge, fish were
injected individually via the dorsal aortic catheter with
17�Ci of [3H] polyethyleneglycol-4000 (PEG-4000;
Perkin-Elmer; specific activity 1.56 mCi g−1). Radio-
labelled PEG-4000 is the preferred marker of GFR in
teleost fish, as it yields more accurate and conservative
GFR values than other markers (seeBeyenbach and
Kirschner, 1976; Wood and Patrick, 1994for a discus-
sion of various filtration markers). The radiotracer was
delivered in 0.66 mL of Cortland saline (Wolf, 1963)
and allowed to equilibrate within the blood of the trout
for 12 h prior to the first 12 h collection of urine for
analysis (−12 to 0 h pre-challenge period).

Blood samples (50�L), taken every 12 h from 12 h
before acute challenge through 96 h, and urine col-
lected in 12 h intervals, were used to determine GFR.
All blood samples were drawn anaerobically via the ar-
terial catheter into an ice-cold, Li-heparinized (50 i.u.
mL−1; Sigma–Aldrich), gas-tight Hamilton syringe.
For determination of GFR, plasma was separated by
centrifugation at 14,000×g for 1 min, and 25�L of
plasma was added to a scintillation vial along with
4.975 mL of double-distilled water and 10 mL of scin-
tillation fluid (ACS; Amersham). Samples were then
counted for� activity (1217 Rackbeta; LKB Wallac,
Turka, Finland). Urine samples (0.5 mL aliquots) were
similarly processed by addition of 4.5 mL of double-
distilled water and 10 mL of scintillation fluid prior to
� counting.

Additional 1 mL blood samples were taken at 24 h
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.2.3. Acute Ni challenge
After 48 h of post-surgical recovery, bo

reviously-exposed and naı̈ve fish were acutel
hallenged with 96 h of exposure to 12,850�g Ni L−1

elivered by adjustment of the Ni exposure sys
escribed above. Additionally, a control treatm

ncluded näıve fish receiving Ni-free water for th
6 h acute challenge period. The three treatm
re therefore referred to throughout as UnC
previously-unexposed, unchallenged;n= 7), UnNi
previously-unexposed, acutely-challenged;n= 7) and
xNi (previously-exposed and acutely-challeng
= 7).

.2.4. Sampling
Urine flow rate (UFR; mL kg−1 h−1) was deter

ined gravimetrically on urine continuously collec
ver 12 h intervals. To determine glomerular filtrat
efore and 96 h after acute Ni exposure for dete
ation of plasma concentrations of ions (Na+, Cl−,
+, Ca2+, Mg2+, Ni and inorganic phosphate (Pi))
nd metabolites (glucose, lactate, urea, total amm
Tamm), protein, and free amino acids (FAA)). Blo
as drawn and plasma separated by centrifugation
bove), followed by snap-freezing of plasma aliqu

n liquid nitrogen and storage at−80◦C for later anal
sis. Erythrocytes were resuspended in an approp
olume of Cortland saline and reinjected into the fi
ubsamples of urine collected over the 12 h per
nding at−12, 0, 24, 48, 72, 84 and 96 h were a
liquoted, snap-frozen and stored at−80◦C for later
nalysis of the same ions and metabolites.

.2.5. Analyses of plasma and urine parameters
Before all analyses, plasma aliquots were sonic

n ice for 5 s at 5 W (Microson; Misonix Inc., Far
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ingdale, NY) to ensure homogeneity. Plasma and urine
K+, Ca2+, and Mg2+ concentrations were measured
by flame atomic absorption spectrophotometry (FAAS;
220FS SpectrAA; Varian, Australia). Due to technical
limitations with plasma Na+ and Cl− samples, Na+ and
Cl− concentrations were determined only in the urine
by FAAS and the mercuric thiocyanate method (Zall
et al., 1956), respectively. Plasma and urine Ni con-
centration were determined by GFAAS as described
above.

Urine pH was measured at 24 h intervals using Ra-
diometer (Copenhagen, Denmark) electrodes, meters,
and precision buffer solutions thermostatted to the
experimental temperature. Plasma and urine protein
concentrations were assayed using Bradford reagent
(Bradford, 1976) and bovine serum albumin stan-
dards (Sigma–Aldrich). Plasma total ammonia con-
centration was measured using the glutamate dehy-
drogenase/NADP enzyme system (Sigma), while urine
Tamm concentration was determined by the salicy-
late/hypocholite method (Verdouw et al., 1978) using
Sigma reagents. Plasma and urine glucose and lac-
tate concentrations were measured on deproteinized
samples (6% perchloric acid) using Infinity reagents
(Sigma) and thel-lactate dehydrogenase/NADH en-
zyme system (Sigma), respectively. Plasma and urine
urea were measured using the diacetyl monoxime
method ofRahmatullah and Boyde (1980), while total
inorganic phosphate (Pi) was determined by the phos-
phomolybdate reduction method using Sigma reagents.
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acid–base analyzer. The UER of TA-HCO3 was calcu-
lated by multiplying the [TA-HCO3] of urine by the
UFR measured between 84 and 96 h.

2.3. Calculations

To calculate the GFR over 12 h intervals, the3H
counts in the continuously collected urine were com-
pared to the3H counts in the plasma:

glomerular filtration rate (mL kg−1 h−1)

= (cpmu)(UFR)

(cpmp)
(1)

where (cpmu) is the counts per minute per millilitre of
urine and (cpmp) is the average counts per minute per
millilitre of two plasma samples bracketing the 12 h
urine collection period.

The urinary excretion rates (UER) of all ions and
metabolites were calculated on a mass-specific basis
using the formula:

urinary excretion rate= [X]u(UFR) (2)

where [X]u is the concentration of a substance in urine
collected over a 12 h period, and UFR is the urine flow
rate per kg over that same period.

Clearance ratios (CR) of ions and metabolites were
calculated according to the formula:

clearance ratio= [X]u (UFR)
(3)
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lasma and urine were assayed for free amino a
ith ninhydrin reagent (Sigma) using glycine st
ards. TheTamm concentration of plasma and uri
amples was then subtracted from the ninhyd
erived values to yield the FAA concentration as
inhydrin reaction is sensitive to ammonia nitroge

.2.6. Urine titration
Urine samples from UnNi and ExNi fish collect

rom 84 to 96 h were titrated to determine net titrata
cidity [TA-HCO3]. Urine [TA-HCO3] was measure
sing a double titration procedure (Hills, 1973; Wood
t al., 1999), first titrating the urine down to pH < 3.8

hen back up to blood pH as the titration endpo
tandardized 0.02N HCl and NaOH solutions (Sig
ere used as titrants, delivered by Gilmont micro

ettes, and pH was measured during the titration
ess with a Radiometer combination pH electrode
[X]p (GFR)

here [X]u, UFR and GFR are as described above,
X]p is the concentration of a particular substance in
lasma. A clearance ratio is an indicator of wheth
ubstance undergoes net reabsorption (CR < 1) o
ecretion (CR > 1) within the kidney.

The clearance rate of Ni at−12 and 96 h of acut
xposure was calculated from the data ofFig. 4C and
by dividing UERNi by the plasma Ni concentratio

[Ni] p).

.4. Blood pressure and heart rate experiments

In a separate experiment to measure blood pre
nd heart rate during acute Ni challenge, 14 naı̈ve fish
ere implanted with dorsal aortic cannulae and allo

o recover as described above. Following the reco
eriod, seven fish were acutely challenged for 84 h
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Ni (12,605�g Ni L−1) in flow through conditions as
described above, while seven fish served as controls.
Blood pressure and heart rate were measured at 0, 12,
24, 48, 72 and 84 h of exposure. Data were collected by
attaching saline filled dorsal aortic catheters to saline
filled pressure transducers, followed by signal ampli-
fication and transfer to a chart recorder (Harvard Ap-
paratus; Holliston, MA). No blood was removed from
the fish during the data collections. Traces were taken
for 2 min each to ensure steady responses from each
fish. Pressure recordings were calibrated gravimetri-
cally with columns of water, while heart rate was cal-
culated from the wave form of each trace at a known
chart speed.

2.5. Statistical analyses

All measured and calculated values are presented
as mean± 1 standard error of the mean (S.E.M.,
n= number of fish). During the acute challenge exper-
iments, time-dependent responses in both control and
experimental groups were tested against their respec-
tive pre-challenge values by a one-way ANOVA with
a two-sided Dunnett’s post-hoc multiple comparison
test. Comparisons among treatments at each time point
during the acute challenge were made with a one-way
ANOVA with a Bonferroni post-hoc multiple compari-
son test. For simplicity, symbols appear only at time
points at which significant differences occurred be-
t be-
t un-
p
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was due to one catheter failure and one death just prior
to the 96 h sampling.

3.2. Effects of prolonged Ni exposure on renal
function

Table 1compares renal parameters from fish ex-
posed for 36 days to sublethal Ni with those of naı̈ve

Table 1
The effects of prolonged, sublethal Ni exposure on renal function of
adult rainbow trout

Control Ni-exposed

GFR 4.02± 0.34 3.89± 0.55
UFR 1.81± 0.26 1.65± 0.09

Plasma
Na+ (mM) 146.3± 1.0a 145.6± 0.5a

Cl− (mM) 134.1± 1.0a 131.5± 0.9a

K+ (mM) 2.80± 0.09 2.67± 0.12
Ca2+ (mM) 2.20± 0.05 2.36± 0.05
Mg2+ (mM) 0.72± 0.02 0.75± 0.02
Ni (�g L−1) 287.5± 28.5 2617.2± 321.8*

Pi (mM) 2.70± 0.14 2.56± 0.05
Glucose (mM) 8.30± 1.96 11.86± 2.39
Lactate (mM) 1.34± 0.17 1.29± 0.17
Tamm (mM) 0.152± 0.023 0.125± 0.013
Urea (mM) 2.19± 0.13 2.67± 0.25
Protein (g dL−1) 2.00± 0.16 2.18± 0.12
FAA (mM) 11.76± 0.62 13.34± 0.72

Urine
Na+ (mM) 7.64± 1.47 7.69± 2.77

Protein (g dL ) 0.0049± 0.0006 0.0032± 0.0008
FAA (mM) 5.56 ± 1.15 1.89± 0.73*

Fish were exposed to 442�g Ni L−1 for 36 days. Data are ex-
pressed as mean± 1S.E.M. (n= 5–7). GFR: glomerular filtration rate
(mL kg−1 h−1); UFR: urine flow rate (mL kg−1 h−1); Pi : inorganic
phosphate;Tamm: total ammonia; FAA: free amino acids.

a Not measured in the present study (see Section2) and taken from
Pane et al. (2004a)in which rainbow trout were exposed for 42 days
to 384�g Ni L−1.

∗ Significant difference (P< 0.05; two-tailed Student’st-test) be-
tween control and treated fish.
ween treatments. All pre-challenge comparisons
ween treated and control fish were made by an
aired two-tailed Student’st-test. InFig. 2, simulta-
eous control and experimental means were comp
ith an unpaired two-tailed Student’st-test. Statistica
ignificance in all cases was accepted atP< 0.05.

. Results

.1. Mortality

There was no mortality during prolonged (36 da
xposure to 442�g Ni L−1. In control fish (UnCon
nd ExNi fish, the decrease from a pre-challengen= 7

o ann= 5 during acute Ni exposure was due to cath
ailure, as there was no mortality in these groups du
he 96 h time course. The same reduction in UnNi
Cl− (mM) 8.52± 1.21 8.45± 2.30
K+ (mM) 0.95± 0.14 0.55± 0.05*

Ca2+ (mM) 1.18± 0.19 1.16± 0.19
Mg2+ (mM) 0.75± 0.32 0.62± 0.17
Ni (�g L−1) 16.54± 3.20 1295.0± 297.0*

Pi (mM) 0.53± 0.14 0.15± 0.04*

Glucose (mM) 0.48± 0.18 0.46± 0.17
Lactate (mM) 0.12± 0.02 0.16± 0.03
Tamm (mM) 1.52± 0.24 0.95± 0.36
Urea (mM) 1.98± 0.13 3.76± 0.70

−1
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Table 2
The impact of prolonged Ni exposure on the clearance ratios (CR)
of ions and metabolites in adult rainbow trout

Clearance ratios Control Ni-exposed

Na+ N/A N/A
Cl− N/A N/A
K+ 0.14± 0.02 0.09± 0.02
Ca2+ 0.24± 0.07 0.17± 0.02
Mg2+ 0.63± 0.37 0.23± 0.07
Ni 0.022± 0.003 0.189± 0.054*

Pi 0.067± 0.020 0.026± 0.008
Glucose 0.033± 0.013 0.013± 0.004
Lactate 0.045± 0.013 0.042± 0.008
Tamm 5.64± 1.11 3.17± 1.39
Urea 0.47± 0.10 0.52± 0.11
Protein 0.0010± 0.0003 0.0006± 0.0002
FAA 0.20± 0.06 0.04± 0.01

CR < 1: net reabsorption, while a CR > 1: net secretion. Exposure
details, symbols and abbreviations are as inTable 1.

∗ Significant difference (P< 0.05; two-tailed Student’st-test) be-
tween control and treated fish.

fish. Prolonged Ni exposure had a marked impact only
on Ni homeostasis, as the plasma and urine concentra-
tion of Ni were substantially elevated, as were the uri-
nary excretion rate (UER) of Ni (Fig. 4C) and the clear-
ance ratio (CR) of Ni (CRNi; Table 2) (note that the pre-
challenge UER data for ions and metabolites appear on
the left-hand edge of the UER plots ofFigs. 3, 4 and 6as
−12 to 0 h UER). Ni was strongly reabsorbed (CRs of
0.022–0.189) in both treated and control fish (Table 2).

Although there were significant decreases in the
urine concentration of K+, inorganic phosphate, and
free amino acids, the plasma concentrations (Table 1)
and clearance ratios (Table 2) of these substances were
not significantly impacted by Ni exposure. Nor were
the urinary excretion rates (UER) of K+ (Fig. 6D),
Pi (Fig. 6A) and FAA (data not shown) affected by
prolonged Ni exposure. Prior Ni exposure had no sig-
nificant impact on other aspects of renal function, in-
cluding glomerular filtration rate and urine flow rate
(Table 1), as well as plasma concentrations (Table 1),
urine concentrations (Table 1) CRs (Table 2) and UERs
(Figs. 3, 4 and 6) of Na+, Cl−, Ca2+, Mg2+, glucose,
lactate, total ammonia, urea, and protein.

3.3. Renal water handling during acute Ni
challenge

GFR was strongly affected by acute Ni exposure, be-
ing significantly reduced in both UnNi and ExNi fish

Fig. 1. Renal water handling in adult rainbow trout during acute and
prolonged exposure to Ni. Prolonged exposure was to 442�g Ni
L−1 for 36 days; acute exposure was to 12,850�g Ni L−1 for 96 h.
UnCon: previously-unexposed, unchallenged; UnNi: previously-
unexposed, acutely-challenged; and ExNi: previously-exposed and
acutely-challenged. Data are expressed as mean± 1S.E.M. (n= 5–7).
Means from the period of−12 to 0 h represent pre-challenge values.
Asterisk (*) means within a treatment indicates significant difference
from pre-challenge mean. Simultaneous means not sharing the same
letter are significantly different. (A) Glomerular filtration rate (GFR).
(B) Urine flow rate (UFR).

from 48 h onward (Fig. 1A). Interestingly, despite the
decreased GFR in acutely exposed fish, UFR was not
substantially altered by acute Ni challenge (Fig. 1B).
Despite two transient time points (12 and 60 h) where
there were significant differences among the UFRs of
the three treatments, UFR at 96 h was very similar
both between treatments and within treatments. Be-
cause transient variation in UFR has been well docu-
mented as a common occurrence (Hickman and Trump,
1969; Cameron, 1980), and because there was no clear
pattern of variation among the three treatments, we do
not attach any physiological significance to these vari-
ations in UFR.

Cardiac function was not markedly impacted by
acute Ni challenge (Fig. 2). Heart rate was only re-
duced significantly at 12 h in UnNi fish, and well-
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Fig. 2. Cardiac function in adult rainbow trout during acute Ni ex-
posure. Fish were exposed for 84 h to either control or 12,605�g
Ni−1. Asterisk (*) indicates an experimental mean significantly dif-
ferent from its simultaneous control mean. Abbreviations are given
in Fig. 1.

conserved from 48 h onward. Similarly, blood pressure
was not significantly affected over an 84 h exposure
period (Fig. 2).

3.4. Renal ion and metabolite handling during
acute Ni challenge

The general trend during acute Ni exposure was
toward increased UER of ions and metabolites in
UnNi fish. Non-significant elevations of UER of Na+

(Fig. 3A), glucose (Fig. 3B) and protein (Fig. 3C) in
UnNi fish are also representative of similar trends in
the renal handling of Cl− (data not shown). There were
significant elevations in the UER of Mg2+ (Fig. 4A),
Pi (Fig. 6A), Tamm (Fig. 6B) and K+ (Fig. 6D) in
UnNi fish. This effect was specific to UnNi fish only,
as the UER of these ions and metabolites were well-
conserved in ExNi fish during acute Ni exposure (see
Figs. 3, 4 and 6).

Urinary excretion rates of Ca2+, lactate and free
amino acids measured over 96 h of acute Ni challenge
showed no significant differences or consistent patterns
among the three treatments (data not shown).

3.5. Renal handling of Mg and Ni during acute Ni
challenge

Specific antagonism of renal Mg2+ reabsorption
during acute Ni exposure is shown inFig. 4. From

Fig. 3. Renal ion and metabolite handling in adult rainbow trout
during acute and prolonged exposure to Ni. Data are expressed as
mean± 1S.E.M. (n= 5–7). Means from the period of−12 h to 0 h
represent pre-challenge values. Exposure conditions, symbols and
abbreviations are given inFig. 1. (A) Urinary excretion rate (UERNa+)
of Na+; (B) UERglucose; (C) UERprotein.

48 to 84 h, the UERMg2+ of UnNi fish was signif-
icantly higher than the UERMg2+ of either ExNi or
UnCon fish (Fig. 4A). The same trend occurred at
96 h. The increase in Mg2+ excretion in the urine of
UnNi fish is consistent with a significantly decreased
plasma [Mg2+] in these fish at 96 h of acute Ni exposure
(Fig. 4B). Prior Ni exposure was an important factor in
renal Mg2+ handling during acute Ni challenge, as both
the UERMg2+ (Fig. 4A) and plasma [Mg2+] (Fig. 4B)
of ExNi fish (but not UnNi fish) were well conserved
over 96 h of acute Ni exposure.

The pre-challenge UERNi of ExNi fish was sig-
nificantly elevated compared to that of control fish
(Fig. 4C, Table 1), and remained relatively unchanged
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Fig. 4. Renal Mg and Ni handling in adult rainbow trout during acute
and prolonged exposure to Ni. Data are expressed as mean± 1S.E.M.
(n= 5–7). Means from the period of−12 h to 0 h represent pre-
challenge values. (+): pre-challenge values significantly different
from one another. Note log scale inFig. 4C. Exposure conditions,
symbols and abbreviations are given inFig. 1. (A) UERMg2+; (B)

plasma [Mg2+]; (C) UERNi ; (D) plasma [Ni].

throughout the 96 h Ni exposure (Fig. 4C). The UERNi
of UnNi fish increased approximately 100-fold within
48 h, reaching the level of the UERNi of ExNi fish
(Fig. 4C). A similar pattern was observed with plasma
[Ni] ( Fig. 4D). Here, plasma [Ni] at 96 h was similar
in both UnNi and ExNi fish, being about 25–30-fold
higher than the plasma [Ni] concentration of UnCon
fish (Fig. 4D), despite the significantly different start-
ing points in the two treatments (Table 1).

3.6. Renal compensation of acid–base disturbance

In the present study, renal compensation of a blood
acidosis in UnNi fish was evident from the data pre-
sented inFigs. 5 and 6. Urine pH of UnNi fish was
significantly depressed by 48 h of acute Ni challenge
(Fig. 5), falling to a level about 0.5 units below that
of UnCon and ExNi fish. Consistent with this drop
in urine pH of UnNi fish, titration of urine produced
by both UnNi and ExNi fish from 84 to 96 h revealed

Fig. 5. Urine pH of adult rainbow trout during acute and prolonged
exposure to Ni. Data are expressed as mean± 1S.E.M. (n= 5–7).
Time 0 h means represent pre-challenge values. Exposure conditions,
symbols and abbreviations are given inFig. 1.

a elevated urinary excretion rate of titratable acidity
(TA-HCO3) in UnNi fish (5.06± 2.07�mol kg−1 h−1

for UnNi fish versus−0.55± 0.99�mol kg−1 h−1 for
ExNi fish;P< 0.05).

The UER of the primary urine buffer of fresh-
water fish, inorganic phosphate Pi, was significantly
elevated in UnNi fish from 24 h onward (Fig. 6A).
The UER of TA-HCO3 and Pi in UnNi fish at 96 h
were approximately 5.6 (as calculated above) and
6.4�mol kg−1 h−1 (see bracket and arrow inFig. 6A)
higher than those of ExNi fish, respectively, highlight-
ing the close coupling of simultaneously increased
buffering capacity and acid excretion in the urine of
UnNi fish. The UER of total ammonia, another im-
portant urine buffer, was also significantly elevated
at 84 h in UnNi fish (Fig. 6B), further indicating in-
creased urinary excretion of acid equivalents in UnNi
fish. Net excretion rate of acid equivalents in the urine
is the sum of the UER of TA-HCO3 and the UER
of Tamm (Hills, 1973; Truchot, 1987). Taken together,
then, UnNi fish excreted net acid equivalents at a
rate of 9.90± 2.64�mol kg−1 h−1, compared to only
2.85± 1.52�mol kg−1 h−1 in ExNi fish. The overall
effects of acute Ni challenge on renal acid–base status
are summed up inTable 3.

That the increased UER ofTamm in UnNi fish was
not a product of impaired nitrogen metabolism is sup-
ported by the lack of significant increase in the UERurea
of UnNi fish over the 96 h course of acute Ni challenge
(Fig. 6C). Indeed, the only significant difference in the
U 4 h,
ERureaamong the three treatments occurred at 8
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Fig. 6. Renal compensation of acidosis in adult rainbow trout dur-
ing acute and prolonged exposure to Ni. Data are expressed as
mean± 1S.E.M. (n= 5–7). Means from the period of−12 h to 0 h
represent pre-challenge values. Exposure conditions, symbols and
abbreviations are given inFig. 1. Arrow and bracket indicate the
96 h difference in UERPi between UnNi and ExNi fish (see text for
details). (A) UERPi ; (B) UERTamm; (C) UERurea; and (D) UERK+.

where the UERurea of ExNi fish was actually higher
than that of UnCon fish (Fig. 6C).

As shown inFig. 6D, from 24 to 72 h UERK+ was
also significantly higher in UnNi fish than in UnCon
fish.

4. Discussion

4.1. The effects of prolonged Ni exposure on renal
function

Prior to acute challenge, prolonged (36 days) expo-
sure to a sublethal Ni concentration (442�g Ni L−1)
markedly impacted only Ni handling by the kidney of
the rainbow trout. The lack of substantial effects of
prolonged Ni exposure on most parameters measured
(Table 1) is consistent with an earlier study in which
a similar prolonged Ni exposure (384�g Ni L−1; 42
days) had no effect on a suite of physiological param-
eters in resting rainbow trout, including blood gases,
plasma ions and metabolites, hematology and ventila-
tion (Pane et al., 2004a). It appears, then, that resting
rainbow trout accumulate Ni in the plasma and urine
(Table 1; Fig. 4C and D), as well as in the kidney,
gill, heart and intestine (Pane et al., 2004a) during pro-
longed, sublethal Ni exposure with no great physiolog-
ical consequence. It should be noted, though, that an
acute stress, in the form of exhaustive exercise, imposed
on rainbow trout in the study ofPane et al. (2004a)re-
vealed limitations in high performance gas transfer in
chronically Ni-exposed fish. In the present study, acute
Ni challenge of fish previously exposed to sublethal Ni
also revealed marked differences in physiological func-
tion suggestive of acclimation effects occurring during
the prolonged exposure period.

4
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Table 3
A summary of renal acid–base status following 96 h of acute Ni challe

UnCon

Urine pH 7.07± 0.08
UER of TA-HCO3

− N/A
UER ofTamm 2.21± 0.63
UER of Net acidic equivalents N/A
UER of Pi 1.22± 1.09

Abbreviations are as inTable 1andFig. 1. UER: urinary excretion rate (�m
acidic equivalents is the sum of the UERs of TA-HCO3

− andTamm.
.2. Renal water handling during acute Ni
hallenge

Freshwater fish must constantly deal with the
otically driven uptake of water from the freshw

er medium by production of urine hypo-osmotic
he blood plasma (Hickman and Trump, 1969). The

nge

UnNi ExNi

6.64± 0.12 7.06± 0.13
5.06 ± 2.07 −0.55± 1.00
4.83± 1.05 3.40± 0.80

9.90± 2.64 2.85± 1.52
10.32± 1.69 3.90± 2.11

ol kg−1 h−1); TA−HCO3
−: titratable acidity-HCO3−; UER of net
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freshwater kidney is, therefore, primarily a water ex-
cretory organ, generally accomplishing water excretion
by fractional tubular reabsorption of solutes and water
filtered at the glomerulus (Hickman and Trump, 1969).
The primary means of controlling UFR is via changes
in GFR, underscoring the tight relationship observed
between GFR and UFR over a wide range of values
in freshwater fish (Hickman, 1965). Because GFR and
UFR tend to be directly related, it is inferred that a
nearly constant proportion of filtered water should be
reabsorbed over a range of filtration rates.

A surprising finding of the present study, however,
was the uncoupling of GFR and UFR during acute Ni
exposure, independent of Ni pre-exposure, evidenced
by the sharp drop in GFR in acutely Ni-exposed fish
(Fig. 1A) coupled with a constant UFR (Fig. 1B). In
theory, UFR is adjusted to achieve overall net water
balance by matching water loss (via urine production)
to water uptake.

Although GFR is responsive to changes in systemic
blood pressure (Hickman and Trump, 1969), there is no
pressure effect underlying the marked GFR reduction
during acute Ni exposure, as blood pressure (and heart
rate) were unaffected by acute Ni challenge (Fig. 2).
How such changes in GFR could occur in the ab-
sence of a pressure response, then, is not known at this
point in time, and certainly presents an area for future
study.

One possible explanation for maintenance of a con-
stant UFR in the face of this falling GFR is a substantial
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vasotocin or urophyseal hormones. Of particular inter-
est is the possibility that Ni damages the ultrastructure
(and subsequent function) of the renal epithelium in a
manner analogous to the toxic action of Ni within the
gill of rainbow trout (Pane et al., 2003a, 2004b).

Although the mean GFR in UnNi and ExNi fell
sharply and linearly with time over the 96 h time course,
in both of these treatments, the mean GFR exceeded or
equalled the mean UFR through 84 h. At 96 h, how-
ever, the mean GFR of both treatments was actually
significantly lower than the UFR (paired student’st-
test;P< 0.05). Given this aberration, and our inability
to explain the reduction in GFR via a pressure effect,
the drop in GFR in both groups of Ni-exposed fish may
be an artifact, possibly mediated by very high levels
of Ni in the plasma and urine (Fig. 4). PEG-4000 was
chosen as a GFR marker because it is freely filtered
from the blood plasma, yet neither reabsorbed nor se-
creted. It is possible that Ni interferes with normal PEG
distribution either at the level of the glomerulus by im-
pairing filtration, or in the tubule by stimulating either
reabsorption or secretion of PEG-4000. Accordingly,
these are areas for future study to determine if GFR
measurement by PEG-4000 is compatible with high-
level metal exposures.

4.3. Renal ion and metabolite handling during
acute Ni challenge

The kidney of freshwater fish conserves certain ions
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ecrease in the fractional tubular reabsorption of
er in UnNi and ExNi fish in order to conserve UF
lthough 50% of filtered water is typically reabsorb

n the tubules, reduction of this fraction to as low
% can drive changes in UFR (Hickman, 1965). When
uch a small fraction of water is being reabsorbed, m
f filtered water is excreted as urine and the UFR
entially equals the GFR. Under such conditions,
ight expect to observe solute loss as decreased
f reabsorption of solutes would presumably be ne
ary to drive this increased fractional water excret

Changes in fractional water reabsorption can
riven by altered permeability of the apical surface

he renal epithelium to water, particularly in the dis
egions of the nephron (Hickman and Trump, 1969).
hanges in the permeability of the renal epithelium
ater can be accomplished either by alteration of
us properties or levels of hormones such as arg
nd metabolites such as Na+ and glucose with almo
omplete tubular reabsorption (Hickman and Trump
969). Although there was no effect of prolonged
xposure on the handling of Na+ or glucose (Table 1;
ig. 3A and B), acute Ni challenge resulted in a con

ent trend of elevated UER of these substances in U
sh (Fig. 3A and B). As UER is the product of UFR a
rine ion concentration, and both of these param
ave been shown to vary substantially with time
mong fish in healthy control populations (Hickman
nd Trump, 1969; Cameron, 1980), determination o
ny clear effect of acute Ni challenge on reabsorp
apacity in UnNi fish appears to necessitate a hi
ampling number than then of 5–7 used in the prese
tudy. Additionally, fish may be variable in the amo
f time needed to exhibit increased UERs of ions
etabolites indicative of Ni-induced renal damage

videnced by the fact that four of the five UnNi fish sa



E.F. Pane et al. / Aquatic Toxicology 72 (2005) 119–133 129

pled at 96 h experienced a marked increase in UERNa+

averaging 340%.
A similar phenomenon occurred with the UER of

protein (Fig. 3C) and substantial variance precluded a
clear conclusion about the effects of acute Ni challenge
on the integrity of glomerular ultrastructure and the fil-
tration barrier. Here, three of five UnNi fish sampled at
96 h exhibited proteinuria, with an average increase in
UERprotein of 420%. Based on the mammalian litera-
ture, we hypothesized that the normal production of a
protein-free filtrate (Brown et al., 1993) would be com-
promised by Ni exposure, as Ni-injected rats exhibit
proteinuria and aminoaciduria mediated by Ni-induced
damage to the glomerular filtration barrier (Gitlitz et
al., 1975).

4.4. Interactions between Ni and Mg in the trout
kidney

Of the ions investigated, only Mg2+ was signifi-
cantly affected by acute Ni exposure, though only in
UnNi fish. The data presented inFig. 4 suggest that
Ni inhibited Mg2+ reabsorption in the renal tubules of
UnNi fish, leading to significantly increased UERMg2+

of and decreased plasma [Mg2+] (Fig. 4). The kidney
of freshwater fish reabsorbs ultrafiltered Mg2+ (Oikari
and Rankin, 1985; Hickman and Trump, 1969). From
Table 1, the clearance ratio of Mg2+ was approximately
0.6 in control fish, in rough agreement with a CRMg of
approximately 0.4 calculated from the data ofOikari
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and Ca2+ from the ambient water byD. magnawere
unaffected by acute Ni exposure, despite a 50% reduc-
tion of the unidirectional uptake rate of Mg2+ (Pane
et al., 2003b). Additionally, there is a wealth of litera-
ture reporting specific interactions between Ni and Mg
in bacteria (Kaltwasser and Frings, 1980; Smith et al.,
1995; Eisler, 1998), mold (Adiga et al., 1962), yeast
(Ross, 1995), amphibians (Brommundt and Kavaler,
1987) and mammals (Enyedi et al., 1982; Kasprzak
and Poirier, 1985; Kasprzak et al., 1986; Miki et al.,
1987; Sunderman, 1989; Costa, 1991; Costa et al.,
1993). Indeed, Ni uptake in prokaryotes is markedly
dependent on Mg2+ transport systems, with the two
cations transported interchangeably. In fact, unidirec-
tional Mg2+ uptake rates in some bacterial species
have been approximated using63Ni as a surrogate
radioisotope (Snavely et al., 1991; Smith et al.,
1995).

Putative Ni-induced inhibition of Mg2+ reabsorp-
tion in the renal tubules of freshwater fish is presum-
ably the result of extensive urine accumulation of Ni
during acute Ni exposure (Fig. 4C). In the urine of a
näıve rainbow trout, a typical Mg to Ni molar ratio is
approximately 2700:1. Following 96 h of acute Ni ex-
posure, however, the molar Mg to Ni ratio in the urine
of UnNi fish fell to∼40:1. Interestingly, the inhibition
of unidirectional uptake rate of Mg2+ from freshwater
in D. magnawas observed when the normal freshwa-
ter molar Mg to Ni ratio of 2500:1 was experimentally
decreased to 8:1 during acute Ni exposure (Pane et al.,
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and Rankin (1985)for näıve rainbow trout. Followin
36 days of Ni exposure, but prior to 96 h of acute c
lenge, CRMg fell non-significantly to 0.23 (Table 1).
Fractional Ni reabsorption was far greater than
reabsorption under control conditions (CRNi = 0.02
Table 1).

Although we previously reported no significant
fects of similar acute Ni exposure on plasma con
trations of the major ions in rainbow trout (Pane et a
2003a), plasma [Mg2+] in the previous study decreas
by about 10% over 96 h of Ni exposure, an ef
we have consistently observed (Pane and Wood
sonal observation). Plasma [Mg2+] was significantl
decreased in the present study by∼20% (Fig. 4B).

Specific antagonism of Mg2+ handling by Ni ha
also been documented by us in another aquatic an
the freshwater invertebrate,Daphnia magna(Pane e
al., 2003b). The unidirectional uptake rates of Na+, Cl−
2003b).
It should be noted, however, that antagonism o

nal Mg2+ handling observed in the present study w
purely an acute phenomenon. Despite an approxi
30:1 Mg to Ni molar ratio in the urine both befo
and throughout the 96 h acute Ni exposure, ExNi
showed a well-conserved UERMg2+ and plasma [Mg2+]
both before (Fig. 4A and B:Table 1) and after (Fig. 4A
and B) acute Ni exposure.

Although not statistically significant due to the hi
variability in the response of control fish, the low
CRMg2+ following prolonged Ni exposure (0.23± 0.07
versus 0.63± 0.37 in control fish) suggests that M
reabsorption is rendered more efficient by prolon
Ni exposure. CRMg2+ of Ni-exposed fish was clear
well below 1 indicating strong reabsorption of Mg2+

despite substantial urine Ni loading. Prolonged Ni
posure could have conferred an acclimation effec
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protecting Mg2+ reabsorption against the competitive
effects of Ni either by increasing the copy number of
key Mg2+ transporters in the renal tubules, or by chang-
ing their kinetic properties, i.e. the substrate affinity
(Km) or transport capacity (Jmax). Alterations of these
two kinetic properties have been observed for branchial
Na+ transport following prolonged, sublethal exposure
to waterborne Cu (Lauren and McDonald, 1987; Mc-
Donald and Wood, 1993).

In addition to the possibility that Ni may directly
compete with Mg for reabsorption pathways within
the renal tubules, the increased UERMg2+ of UnNi fish
(Fig. 4A) may be driven in part by Ni-induced pertur-
bation of the cellular machinery powering active Mg2+

reabsorption from the urine. According to a trapped
plasma analysis of the substantial Ni burden accumu-
lated by the kidney of rainbow trout during acute Ni
exposure, the majority of renally accumulated Ni is
intracellularly located at levels that may be cytotoxic
(>100�mol kg−1; Pane et al., 2004b). The specific re-
nal interactions between these two cations are currently
being investigated using in vitro preparations of kidney
brush border membrane vesicles from fish acutely and
chronically exposed to Ni.

4.5. Renal excretion of accumulated Ni

Calculation of clearance rate allows for esti-
mation of the efficiency of renal clearance of
plasma constituents (Wood and Patrick, 1994).
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fish (Oikari and Rankin, 1985; Hickman and Trump,
1969).

The inefficiency of renal Ni clearance and the
marked accumulation of Ni in the kidney of rainbow
trout following waterborne Ni exposure (Calamari et
al., 1982; Pane et al., 2003a, 2004a,b) may also be due
to Ni binding in the plasma. Ni in human blood is bound
to three carriers, one of which is the low molecular
weight amino acid histidine (Abdulwajid and Sarkar,
1983; Eisler, 1998). Plasma Ni, therefore, is presum-
ably subject to high rates of ultrafiltration when bound
to histidine. The efficiency of renal FAA absorption
(seeTable 1), however, may prevent the excretion of
histidine–Ni complexes and the implication that reab-
sorptive Ni transport in renal tubules is facilitated by
histidine–Ni binding needs to be tested experimentally.
Interestingly, the absorption of Zn by the rainbow trout
intestine is strongly modified by amino acids, particu-
larly histidine (Glover and Hogstrand, 2002; Glover et
al., 2003).

4.6. Renal compensation of acid–base disturbance

Although the gill of a freshwater fish is typically a
more important acid–base regulatory organ than the
kidney (Truchot, 1987), there are circumstances in
which renal contribution to acid–base regulation can
be substantial (Wood and Caldwell, 1978). Regardless
of the stimulus of the acid–base disturbance, the kid-
ney generally responds to acidosis by increased net
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ictably low (0.09± 0.02 mL kg−1 h−1), increasing to
.89± 0.35 mL kg−1 h−1 in UnNi fish after 96 h o
cute exposure. ExNi fish had a pre-challenge
learance rate of 0.56± 0.08 mL kg−1 h−1 and a post
hallenge rate of 0.80± 0.24 mL kg−1 h−1.

Despite the 10-fold increase over control ra
6 h clearance rates of Ni in UnNi and ExNi we
nly approximately half of 96 h UFR in these fi
∼1.8–2.0 mL kg−1 h−1). As UFR is essentially a me
ure of the clearance rate of water, the urinary r
ppears to be a relatively poor means of Ni excre

n acutely challenged fish, with Ni being cleared fr
he blood plasma less efficiently than water. The p
enal clearance of Ni may be attributed in part to str
enal Ni reabsorption. Acting as a Mg analog, Ni wo
ove in the same direction as Mg, a large frac
f which is reabsorbed by the kidney of freshwa
cid excretion, resulting from increased UER of T
CO3 andTamm (Cameron, 1980; Truchot, 1987; see
able 3). This is consistent with Ni-induction of resp
atory acidosis observed during acute exposure (Pane
t al., 2003a). Acute Ni exposure similar to that of t
resent study causes acute respiratory toxicity in
ow trout via a blockade of gas exchange culmina

n a profound hypoxemia and a subsequent respir
cidosis (Pane et al., 2003a). The extensive gill dam
ge that impairs gas exchange during acute Ni e
ure (seePane et al., 2004b) presumably necessitate
reater reliance on renal compensation of the ens
espiratory acidosis.

The importance of increasing buffering capacit
acilitate net acid excretion in the kidney is undersco
y the commitment of a substantial fraction of tubu
ucosally-directed proton pumping to bicarbonate
bsorption from the urine, a process which resul
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proton cycling, not net excretion (Truchot, 1987). Inor-
ganic phosphate (Fig. 6A; Table 3) is an important urine
acid buffer in freshwater fish, serving to excrete protons
as H2PO4

−, while a typical urine pH that is 2–3 units
below the pK of ammonia (∼9.2) dictates that almost
all of the increase in excretedTamm (Fig. 6B; Table 3)
is in the form of ammonium ion, further serving net
excretion of acid equivalents.

In addition to eliminating excess acidic equivalents
via branchial and renal routes, rainbow trout can buffer
excess protons during an extracellular acidosis by ex-
change of extracellular protons with intracellular K+

(McDonald and Wood, 1981). This electroneutral ex-
change causes a K+ “washout” (McDonald and Wood,
1981) potentially accounting for the increased UERK+

of UnNi fish (Fig. 6D).
An intriguing result of the present study is the ap-

parent marked protection against acute Ni-induced res-
piratory acidosis afforded by prolonged, sublethal Ni
exposure. In conjunction with the renal data presented
herein strongly suggesting that ExNi fish are protected
to some degree against acute respiratory toxicity, we
also have preliminary blood gas and acid–base data
confirming this phenomenon (Pane and Wood, unpub-
lished data). If indeed this is the case, Ni would join
several other metals for which an acclimation effect has
been described whereby prolonged sublethal exposure
protects against acute toxicity (McDonald and Wood,
1993).

Unique to Ni, acclimation to waterborne Ni may be
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