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Abstract

Renal function was investigated in adult rainbow trout following acute and prolonged exposure to waterborne Niin moderately
hard Lake Ontario water{140 mg L=! as CaC@). Fish were exposed for 36 days to a sublethal concentration gf.g4\¥
L1, followed by 96 h of exposure to 12,85@ Ni L~ (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 NaCl-, K*, C&*, Mg?*, inorganic phosphate (P glucose, lactate, total ammoni.), 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 iwa fish, with no significant change in urine flow rate (UFR), suggesting a substantial
reduction in water reabsorption to maintain urine flow and water balance. ReRalndgdling was specifically impaired by
acute Ni challenge, leading to a significantly increased |4zRand significantly decreased plasma Moonly in nave fish.
Previously-exposed fish were well-protected against Ni-inducetf Migtagonism, indicating true acclimation to Ni. Only in
nave, acutely challenged fish was there an increased UER of titratable acidity (TA)H@®acidic equivalents, PTammand
K*. Again, all of these parameters were well-conserved in previously-exposed fish during acute Ni exposure, strongly suggesting
that 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 substan-
tial amounts of Ni during both waterborn@4lamari et
* Corresponding author. Tel.: +1 905 525 9140x23237; al., 19_82; Ghazaly’ 199Pane etal.,, 2003a, 2004}3"b
fax: +1 905 522 6066. and dietary Ptashynski et al., 2002; Ptashynski and
E-mail addressmichanderic@yahoo.com (E.F. Pane). Klaverkamp, 2002 Ni exposure. To our knowledge,
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the only diagnostic work examining the physiological
effects of extensive renal Ni accumulation following
waterborne Ni exposure is that@Ghazaly (1992)who
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2004h. At 12,850pg L1, Ni is a potent respiratory
toxicant, causing extensive branchial damage leading
to ablockade of gas transfer and subsequent hypoxemia

documented a dose-dependentincrease in Fe content oind respiratory acidosi®éne et al., 2003a, 2004kVe

the kidney ofTilapia nilotica, and that oSreedevi et al.
(1992) who reported proteolytic activity in the kidney
of acutely exposed carC§prinus carpi9, including

therefore hypothesized that investigation of renal func-
tion during acute Ni challenge would reveal specific
renal compensatory processes to combat this acute, Ni-

decreased protein content and increased protease activinduced blood acidosis.

ity and free amino acid content of the kidney. Follow-
ing chronic dietary Ni exposure in the lake whitefish
(Coregonus clupeaformjigPtashynski et al. (2002b-
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 kidneySmith and Hackley,
1968; Clary, 1975; Mathur et al., 19)/8The effects
of Ni accumulation on the physiologicalG{tlitz et
al., 1975 and biochemical Abdulwajid and Sarkar,
1983; Ciccarelli and Wetterhahn, 1984; Templeton and
Sarkar, 1985; Templeton, 19Bfunction of the mam-
malian kidney have been investigated. The study of
Gitlitz et al. (1975)eported 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 4¢4f Ni
L~1, renal function was examined and compared to
that of unexposed fish. Subsequently, both groups of
fish were acutely challenged with Ni (96 h; 12,859
Ni L—1) in order to investigate the effects of acute Ni
exposure on renal function, and the potential modifica-
tion of these effects by prior, sublethal exposure. The
concentration used for the prolonged exposure (4g2
Ni L ~1) is sublethal and only-1.5% of the 96 h L&
for adult rainbow trout$egner et al., 1994This con-
centration falls in the upper range of Ni concentra-
tions found in watersheds heavily impacted by mining
and industrial activityChau and Kulikovsky-Cordeiro,
1995; Eisler, 1998 The acute exposure concentration
used in the present study (12,85 Ni L=1) is well

2. Materials and methods
2.1. Experimental animals

Adult rainbow trout (200-3509) 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 12-14C and fed ad libitum sev-
eral times weekly with commercial trout pellets. Wa-
ter composition was (in mM) Ga=1, Mg?*=0.2,
Na"=0.6, CI =0.8, SQ? =0.25, titratable alka-
linity to pH 4.0= 1.9, background N& 4 g L1, dis-
solved organic carbon (DOG3mgL~1, total hard-
ness (as CaC£)=140mg L1 and pH 7.9-8.0. Fish
were not fed at least 48 h prior to and throughout all
experiments.

2.2. Experimentation

2.2.1. Prolonged Ni exposure

In all exposures, Ni was delivered as Nis&H,O
by gravity from a concentrated stock solution in a
flow-through set-up with dechlorinated Hamilton tap
water. For prolonged waterborne exposure, a con-
centration of 442.g Ni L~ was used for 36 days.
Fish were held in 500L tanks, 15 fish per tank, re-
ceiving a flow of 1L minmL. During this period, fish
were fed 1% of their body weight daily. The com-
position of the food was: crude prote#d0%, crude
fat= 11%, crude fibe& 3.5%, Ca= 1.0%, P= 0.85%,
Na=0.45%, and N&3.9mgkg?! dry weight. Wa-

outside the range of environmental relevance, yet is ter samples for dissolved Ni were taken five times
only ~33% of the 96 h LG for adult trout. This di- weekly, 0.45.um filtered, acidified with trace metal
agnostic Ni level has been used previously by us to grade HNQ@ (Fisher Scientific), and analyzed for dis-
document mechanisms of branchial and hematolog- solved Ni by graphite furnace atomic absorption spec-
ical pathology in rainbow troutRane et al., 2003a, trophotometry (GFAAS; 220 SpectrAA; Varian, Aus-
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tralia) against certified atomic absorption standards
(Fisher Scientific).

2.2.2. Surgery

Fish previously exposed to 442 Ni L~ for 36
days and riaze fish were anesthetized with 0.075g'L
of MS222 (neutralized with NaOH to pH 8.0) and fit-
ted with indwelling dorsal aortic cathetef&qivio etal.,
1972 and urinary catheters\(ood 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 NiSOy4-6H,0 to yield a Ni concentration compara-
ble to thatto which these fish had been exposed (2
Ni L ~1). After surgery, fish were transferred to individ-
ual darkened plexiglass chambers (3L) served with a
water flow of 100 mL min! 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 ofJ@.

2.2.3. Acute Ni challenge

After 48h of post-surgical recovery, both
previously-exposed and & fish were acutely
challenged with 96 h of exposure to 12,96 Ni L1
delivered by adjustment of the Ni exposure system
described above. Additionally, a control treatment
included nédve fish receiving Ni-free water for the
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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 mCigd). 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 (€@eyenbach and
Kirschner, 1976; Wood and Patrick, 198t a discus-
sion of various filtration markers). The radiotracer was
delivered in 0.66 mL of Cortland salin&\plf, 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 (5{.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 14,008 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 forp 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
B counting.

Additional 1 mL blood samples were taken at 24 h
before and 96 h after acute Ni exposure for determi-
nation of plasma concentrations of ions {N&I-,

K*, C&*, Mg?*, Ni and inorganic phosphate ;jp

and metabolites (glucose, lactate, urea, total ammonia
(Tamm), protein, and free amino acids (FAA)). Blood
was drawn and plasma separated by centrifugation (see
above), followed by snap-freezing of plasma aliquots

96 h acute challenge period. The three treatmentsin liquid nitrogen and storage at80°C for later anal-

are therefore referred to throughout as UnCon
(previously-unexposed, unchallenged=7), UnNi
(previously-unexposed, acutely-challenged;7) and
ExNi (previously-exposed and acutely-challenged;
n=7).

2.2.4. Sampling

Urine flow rate (UFR; mLkglh-1) was deter-
mined gravimetrically on urine continuously collected
over 12 h intervals. To determine glomerular filtration

ysis. Erythrocytes were resuspended in an appropriate
volume of Cortland saline and reinjected into the fish.
Subsamples of urine collected over the 12 h periods
ending at—12, 0, 24, 48, 72, 84 and 96 h were also
aliquoted, snap-frozen and stored-280°C for later
analysis of the same ions and metabolites.

2.2.5. Analyses of plasma and urine parameters
Before all analyses, plasma aliquots were sonicated
on ice for 5s at 5W (Microson; Misonix Inc., Farm-
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ingdale, NY) to ensure homogeneity. Plasma and urine acid—base analyzer. The UER of TA-Hg@®@as calcu-
K*, C&*, and M@* concentrations were measured lated by multiplying the [TA-HC@] of urine by the
by flame atomic absorption spectrophotometry (FAAS; UFR measured between 84 and 96 h.

220FS SpectrAA; Varian, Australia). Due to technical

limitations with plasma Naand CI- samples, Naand 2.3. Calculations
CI~ concentrations were determined only in the urine
by FAAS and the mercuric thiocyanate meth@al( To calculate the GFR over 12h intervals, thte

et al., 1958, respectively. Plasma and urine Ni con- counts in the continuously collected urine were com-
centration were determined by GFAAS as described pared to théH counts in the plasma:
above.

Urine pH was measured at 24 h intervals using Ra-
diometer (Copenhagen, Denmark) electrodes, meters,  (cpm,)(UFR)
and precision buffer solutions thermostatted to the — (cpmmp)
experimental temperature. Plasma and urine protein

concentrations were assayed using Bradford reagentVNere (cpr) is the counts per minute per millilitre of
(Bradford, 197§ and bovine serum albumin stan- urine and (cprp) is the average counts per minute per

dards (Sigma—Aldrich). Plasma total ammonia con- millilitre of two plasma samples bracketing the 12h

centration was measured using the glutamate dehy-Urine collection period. ,
drogenase/NADP enzyme system (Sigma), while urine 11 urinary excretion rates (UER) of all ions and
Tamm CONCentration was determined by the salicy- metabolites were calculated on a mass-specific basis
late/hypocholite method/érdouw et al., 197Busing using the formula:

Sigma reagents. Plasma and urine glucose a”_d_|ac'urinaryexcretion rate= [ X],(UFR) )

tate concentrations were measured on deproteinized _ _ o
samples (6% perchloric acid) using Infinity reagents Where [X], is the concentration of a substance in urine
(S|gma) and the -lactate dehydrogenage/NADH en- collected overa12h period, and UFR is the urine flow
zyme system (Sigma), respectively. Plasma and urine rate per kg over that same period. .

urea were measured using the diacetyl monoxime Clearance ratios (CR) of ions and metabolites were

glomerular filtration rate (mL kg* h™?)

@)

method ofRahmatullah and Boyde (198@yhile total calculated according to the formula:

inorganic phosphate (Pwas determined by the phos- _ [X]y (UFR)

phomolybdate reduction method using Sigma reagents. clearance ratie= [X], (GFR) 3)
p

Plasma and urine were assayed for free amino acids
with ninhydrin reagent (Sigma) using glycine stan- where ], UFR and GFR are as described above, and
dards. TheTamm concentration of plasma and urine [X]pisthe concentration of a particular substance in the
samples was then subtracted from the ninhydrin- plasma. A clearance ratio is an indicator of whether a
derived values to yield the FAA concentration as the substance undergoes net reabsorption (CR < 1) or net
ninhydrin reaction is sensitive to ammonia nitrogen.  secretion (CR > 1) within the kidney.
The clearance rate of Ni at12 and 96 h of acute

2.2.6. Urine titration exposure was calculated from the datdajf. 4C and

Urine samples from UnNi and ExNi fish collected D by dividing UERy; by the plasma Ni concentration
from 84 to 96 h were titrated to determine net titratable ([Ni] p).
acidity [TA-HCQg]. Urine [TA-HCO3] was measured
using a double titration procedurdi(ls, 1973; Wood 2.4. Blood pressure and heart rate experiments
et al., 1999, first titrating the urine down to pH < 3.80,
then back up to blood pH as the titration endpoint. In a separate experiment to measure blood pressure
Standardized 0.02N HCI and NaOH solutions (Sigma) and heart rate during acute Ni challenge, 1#&adish
were used as titrants, delivered by Gilmont microbu- wereimplanted with dorsal aortic cannulae and allowed
rettes, and pH was measured during the titration pro- to recover as described above. Following the recovery
cess with a Radiometer combination pH electrode and period, seven fish were acutely challenged for 84 h with
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Ni (12,605ug Ni L~1) in flow through conditions as

described above, while seven fish served as controls.to the 96 h sampling.

Blood pressure and heart rate were measured at 0, 12,
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was due to one catheter failure and one death just prior

attaching saline filled dorsal aortic catheters to saline f;nction
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 2min each to ensure steady responses from each
fish. Pressure recordings were calibrated gravimetri-
cally with columns of water, while heart rate was cal-

Table 1

adult rainbow trout

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

The effects of prolonged, sublethal Ni exposure on renal function of

culated from the wave form of each trace at a known

Control Ni-exposed
chart speed.
GFR 4,02+ 0.34 3.89+ 0.55
UFR 1.81+ 0.26 1.65+ 0.09
2.5. Statistical analyses Plasma
Na" (mM) 146.3+ 1.07 1456+ 0.5
All measured and calculated values are presented Ef((mMN)') 12‘;(1)1 (1)-82 1321;1 8'?2
m . . . .
asi meant: 1 st_andard error of the mean (S.E.M,, C2* (mM) 5204+ 0.05 536+ 0.05
n= numper of fish). During the acute challenge exper- g2+ (mwm) 0.72+ 0.02 0.754 0.02
iments, time-dependent responses in both control and  Ni (ugL™Y) 287.5+ 28.5 2617.2+ 321.8
experimental groups were tested against their respec- P (mM) 270+ 0.14 2.56+ 0.05
tive pre-challenge values by a one-way ANOVA with f'ufotse((mM'V)') fgﬁ cl)-?g 1;-231 g-ig
H , : : actate (m . . . .
a two-sided punnetts post-hoc multiple comparison Torm (MM) 0.152.+ 0.023 0.195¢ 0.013
test. Comparisons among treatments at e.ach time point  yrea (mm) 219+ 0.13 267+ 0.25
during the acute challenge were made with a one-way Protein (gdL-2) 2.00+ 0.16 2.18+ 0.12
ANOVA with a Bonferroni post-hoc multiple compari- FAA (mM) 11.76 + 0.62 13.34+ 0.72
son test. For simplicity, symbols appear only at time yine
points at which significant differences occurred be-  Na* (mM) 7.64+ 1.47 7.69+ 2.77
tween treatments. All pre-challenge comparisons be- C|+’ (mMm) 852+ 1.21 8.454 2.30
tween treated and control fish were made by an un- X (™M) 0.95+0.14 0.55+ 0.05
ired two-tailed Studentstest. InFig. 2, simulta- Ce?” (mM) 118+ 0.19 1.16+0.19
paire _ : g. Mg2* (mM) 0.75+ 0.32 0.62+ 0.17
neous control and experimental means were compared j (ugL-Y) 16.54+ 3.20 1295.0+ 297.0
with an unpaired two-tailed Studentdest. Statistical P (mM) 0.53+ 0.14 0.15+ 0.04
significance in all cases was accepte® &t0.05. Glucose (mM) 0.48£ 0.18 0.46+ 0.17
Lactate (mM) 0.12+ 0.02 0.16+ 0.03
Tamm (MM) 1.524 0.24 0.95+ 0.36
Urea (mM) 1.98+ 0.13 3.76+ 0.70
3. Results Protein (gdLt) 0.0049+ 0.0006 0.0032t 0.0008
FAA (mM) 5.56 + 1.15 1.89+ 0.73
3.1 Mortahty Fish were exposed to 443 Ni L~ for 36 days. Data are ex-

pressed as meanl1S.E.M. o= 5-7). GFR: glomerular filtration rate

There was no mortality during prolonged (36 days) (mLkg=*h=1); UFR: urine flow rate (mLkg* h~1); P:: inorganic
exposure to 4449 Ni L—L. In control fish (UnCon) phosphateTamm: total ammonia; FAA: free amino acids.
and ExNi fish. the decrease from a pre-challengg 2 Not measured in the present study (see Se@jamd taken from

N . Pane et al. (2004a) which rainbow trout were exposed for 42 days

to ann=5 during acute Ni exposure was due to catheter 0 384ug Ni L.
failure, as there was no mortality in these groups during = significant differenceR < 0.05; two-tailed Studentstest) be-
the 96 h time course. The same reduction in UnNi fish tween control and treated fish.
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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
ca* 0.24+0.07 0.170.02
Mg?* 0.634+0.37 0.23+-0.07
Ni 0.022+0.003 0.189+0.054
P 0.067+0.020 0.026t 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 3.171.39
Urea 0.440.10 0.52£0.11
Protein 0.001@-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 a%ahle 1

* Significant differenceR < 0.05; two-tailed Student'stest) 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 NHig. 4C) and the clear-
ance ratio (CR) of Ni (CR;; Table 9 (note that the pre-
challenge UER data for ions and metabolites appear on
the left-hand edge of the UER plotskifys. 3, 4 and @s
—12 to 0 h UER). Ni was strongly reabsorbed (CRs of
0.022-0.189) in both treated and control fighlfle 2.
Although there were significant decreases in the
urine concentration of K inorganic phosphate, and
free amino acids, the plasma concentratiofable 1)
and clearance ratio34ble ) of these substances were
not significantly impacted by Ni exposure. Nor were
the urinary excretion rates (UER) of*K(Fig. 6D),
P (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 concentratiofigalfle J),
urine concentrationgable J) CRs (Table 9 and UERSs
(Figs. 3, 4 and pof Na*, CI-, C&*, Mg?*, glucose,
lactate, total ammonia, urea, and protein.

3.3. Renal water handling during acute Ni
challenge

GFRwas strongly affected by acute Niexposure, be-
ing significantly reduced in both UnNi and ExNi fish

E.F. Pane et al. / Aquatic Toxicology 72 (2005) 119-133
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Fig. 1. Renal water handling in adult rainbow trout during acute and
prolonged exposure to Ni. Prolonged exposure was tou4ARli

L~ for 36 days; acute exposure was to 12,850Ni L1 for 96 h.
UnCon: previously-unexposed, unchallenged; UnNi: previously-
unexposed, acutely-challenged; and ExNi: previously-exposed and
acutely-challenged. Data are expressed as meEhE.M. 6 =5-7).
Means from the period 6£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 onwardig. 1A). Interestingly, despite the
decreased GFR in acutely exposed fish, UFR was not
substantially altered by acute Ni challendgg( 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 acommon occurrenkgkman and Trump,
1969; Cameron, 1980and 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 challengeHig. 2). Heart rate was only re-
duced significantly at 12h in UnNi fish, and well-
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Fig. 2. Cardiac function in adult rainbow trout during acute Ni ex- > g 4 A
posure. Fish were exposed for 84 h to either control or 12,805 _g = -
Ni—1. Asterisk (*) indicates an experimental mean significantly dif- 5 - (B)
ferent from its simultaneous control mean. Abbreviations are given O & g
in Fig. L
051 Protein
conserved from 48 h onward. Similarly, blood pressure <~ 0.4 1 .
was not significantly affected over an 84 h exposure - | I
period Fig. 2. =
£ 0.2
a
3.4. Renal ion and metabolite handling during 0.1 %ﬁ:&z (C)
acute Ni challenge 0.0 ; b ; ; ;
-2 0 24 48 72 96
The general trend during acute Ni exposure was Time (h)

toward increased UER of ions and metabolites in

UnNi fish. Non-significant elevations of UER of Na Fig._ 3. Renal ion and metabolite handling_in adult rainbow trout

(Fi. 3), glucose Fig. 38) and prolen Fig. 30)in %710 T1c e plotoes e o 1 Do e peseed

UnNi fish are also representative of similar trends in represent pre-challenge values. Exposure conditions, symbols and

the renal handling of Cl (data not shown). There were  abbreviations are given Fig. 1 (A) Urinary excretion rate (UER.)

significant elevations in the UER of Mg (Fig. 4A), of Na"; (B) UERgiucoss (C) UERrotein

P (Fig. 6A), Tamm (Fig. 6B) and K" (Fig. €D) in

UnNi fish. This effect was specific to UnNi fish only, 48 to 84h, the UERg2+ of UnNi fish was signif-

as the UER of these ions and metabolites were well- icantly higher than the UERy+ of either ExNi or

conserved in ExNi fish during acute Ni exposure (see UnCon fish Fig. 4A). The same trend occurred at

Figs. 3,4and B 96 h. The increase in Mg excretion in the urine of
Urinary excretion rates of G4, lactate and free  UnNi fish is consistent with a significantly decreased

amino acids measured over 96 h of acute Ni challenge plasma [Md@*]in these fish at 96 h of acute Ni exposure

showed no significant differences or consistent patterns (Fig. 4B). Prior Ni exposure was an important factor in

among the three treatments (data not shown). renal Mg+ handling during acute Ni challenge, as both

the UERg2+ (Fig. 4A) and plasma [M§'] (Fig. 4B)
3.5. Renal handling of Mg and Ni during acute Ni of ExNi fish (but not UnNi fish) were well conserved
challenge over 96 h of acute Ni exposure.

The pre-challenge UBR of ExNi fish was sig-
Specific antagonism of renal Mg reabsorption nificantly elevated compared to that of control fish
during acute Ni exposure is shown kig. 4 From (Fig. 4C, Table 1), and remained relatively unchanged
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Urinary Excretion Rate  Plasma Concentration 8.0 1 —
(A) 5 5, o9 (B) —A— UnNi
Mg = ExNi
o 5 75
=
-'-cn 3 :5_
X [} J
= 270
E =
T
6.5
0
10000
8.0 : - - : )
12 0 24 48 72 96
1000 ;
o Time (h)
g 100 Fig. 5. Urine pH of adult rainbow trout during acute and prolonged
£ exposure to Ni. Data are expressed as meaS.E.M. a=5-7).
) 10 Time 0 h means represent pre-challenge values. Exposure conditions,
() symbols and abbreviations are giverrig. 1
420 24 48 72 9% 0 a8 % . . . -
Time (h) Time (h) a elevated urinary excretion rate of titratable acidity
(TA-HCOg) in UnNi fish (5.06+ 2.07umol kg1 h—1
—e— UnCon for UnNi fish versus-0.554 0.99pmol kg~ h~1 for
< g ExNi fish; P<0.05).

The UER of the primary urine buffer of fresh-
Fig. 4. Renal Mg and Ni handling in adult rainbow trout during acute  water fish, inorganic phosphate, Rvas significantly
and prolonged exposure to Ni. Data are expressed as#n&8rE. M. elevated in UnNi fish from 24 h onwardFig. 6A).
(n=5-7). Means from the period 6f12h to Oh represent pre- The UER of TA-HCQ and R in UnNi fish at 96h

challenge values. (+): pre-challenge values significantly different .
from one another. Note log scale kig. 4C. Exposure conditions, were apprOX|mater 5.6 (as calculated above) and

symbols and abbreviations are givenfiig. 1 (A) UERyg2+: (B) 6.4pmol kg1 h~1 (see bracket and arrow Fig. 6A)
plasma [Md&*]; (C) UERy;; (D) plasma [Ni]. higher than those of ExNi fish, respectively, highlight-

throughout the 96 h Ni exposurkif. 4C). The UER; ing th.e close cpupling Of. simultapeoysly incr_eased
of UnNi fish increased approximately 100-fold within buffgnpg capacity and acid excrerq in the unne of
48h, reaching the level of the URRof ExNi fisn YNNI fish. The UER of total ammonia, another im-

(Fig. 4C). A similar pattern was observed with plasma portant urine puffer, was also S|gn|f!cantly_eleyated
[Ni] (Fig. 4D). Here, plasma [Ni] at 96 h was similar at 84 h in UnNi fish Fig. 6B), further indicating in-

in both UnNi and E’xNi fish, being about 25—-30-fold creased urinary excretion of acid equivalents in UnNi
higher than the plasma [Nij concentration of UnCon fish. Net excretion rate of acid equivalents in the urine

fish (Fig. 4D), despite the significantly different start- 'S (e sum of the UER of TA-HC@and the UER
ing points in the two treatment34ble . of Tamm (Hills, 1973; Truchot, 198)f Taken together,

then, UnNi fish excreted net acid equivalents at a
3.6. Renal compensation of acid—base disturbance ~ rate of 9.90k 2.64umolkg—*h~*, compared to only
2.854 1.52umol kg~ h~t in ExNi fish. The overall

In the present study, renal compensation of a blood effects of acute Ni challenge on renal acid—base status
acidosis in UnNi fish was evident from the data pre- are summed up ifiable 3
sented inFigs. 5 and 6Urine pH of UnNi fish was That the increased UER d%mm in UnNi fish was
significantly depressed by 48 h of acute Ni challenge not a product of impaired nitrogen metabolism is sup-
(Fig. 5), falling to a level about 0.5 units below that ported by the lack of significantincrease inthe UgR
of UnCon and ExNi fish. Consistent with this drop of UnNifish over the 96 h course of acute Ni challenge
in urine pH of UnNi fish, titration of urine produced (Fig. 6C). Indeed, the only significant difference in the
by both UnNi and ExNi fish from 84 to 96 h revealed UER,egamong the three treatments occurred at 84 h,
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-e— UnCon 4. Discussion
—— UnNi

N 2549 B O~ ExNi _

= 20 al- . 4.1. The effects of prolonged Ni exposure on renal

o 15 function

= 10 2

g 5 bt b b A50 ] ‘_ Prior to acute challenge, prolonged (36 days) expo-

0 - T - » (A) sure to a sublethal Ni concentration (44@ Ni L—1)

< Tamm a mharkedlg impacted ohnIyINikharf1dIint<;:1 by theI kif(?ney off

T % b the rainbow trout. The lack of substantial effects o
E iE ) : 5 '_al_‘—é— prolonged Ni exposure on most parameters measured
c E? ';__2_‘_3_;—l—|_;£|_‘_ (Table J) is consistent with an earlier study in which
-% T (B) a similar prolonged Ni exposure (384 Ni L—1; 42
S ~gal Urea days) had no effect on a suite of physiological param-
L; = _l__g_l_l_ L ] eters in resting rainbow trout, including blood gases,
< 2 . plasma ions and metabolites, hematology and ventila-
5 g % tion (Pane et al., 2003alt appears, then, that resting

= rainbow trout accumulate Ni in the plasma and urine

_ 0 (Table % Fig. 4C and D), as well as in the kidney,

=t gill, heart and intestineRane et al., 2003auring pro-

‘o 3 longed, sublethal Ni exposure with no great physiolog-

<—Ea 2 ical consequence. It should be noted, though, that an

31 acute stress, inthe form of exhaustive exercise, imposed

0

: - ‘ on rainbow trout in the study d?ane et al. (2004 ag-
e0 2 Tim;ih) & % vealed limitations in high performance gas transfer in
chronically Ni-exposed fish. In the present study, acute
Fig. 6. Renal compensation of acidosis in adult rainbow trout dur- Ni challenge of fish previously exposed to sublethal Ni
ing acute and prolonged exposure to Ni. Data are expressed asalso revealed marked differences in physiological func-

meart: 1S-E-M-hhi 5-7). Mleans from the Pefio(;i ef12h to ghl OItion suggestive of acclimation effects occurring during

represent pre-challenge values. Exposure conditions, symbols andna hrolonged exposure period

abbreviations are given iRig. 1 Arrow and bracket indicate the P 9 P P )

96 h difference in UER between UnNi and ExNi fish (see text for

details). (A) UER; (B) UERy,,.; (C) UERyrea and (D) UER+. . . .
i 4.2. Renal water handling during acute Ni

challenge
where the UERea Of EXNi fish was actually higher
than that of UnCon fishHig. 6C). Freshwater fish must constantly deal with the os-
As shown inFig. €D, from 24 to 72 h UER+ was motically driven uptake of water from the freshwa-
also significantly higher in UnNi fish than in UnCon ter medium by production of urine hypo-osmotic to

fish. the blood plasmaHickman and Trump, 199 The
Table 3

A summary of renal acid—base status following 96 h of acute Ni challenge

UnCon UnNi ExNi

Urine pH 7.0+ 0.08 6.64+ 0.12 7.06+ 0.13
UER of TA-HCG;™ N/A 5.06 £ 2.07 —0.55+ 1.00
UER of Tamm 2.21+0.63 4.83+ 1.05 3.40+ 0.80
UER of Net acidic equivalents N/A 9.96 2.64 2.85+ 1.52
UER of R 1.22+1.09 10.32+ 1.69 3.90+ 2.11

Abbreviations are as ifiable 1andFig. 1. UER: urinary excretion ratqunol kg~* h—1); TA—HCOz™: titratable acidity-HCQ@~; UER of net
acidic equivalents is the sum of the UERs of TA-HECGand Tamm.



128

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 glomerulugdickman 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 fishKlickman, 196%. 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

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

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 htime 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 studert's
test;P <0.05). Given this aberration, and our inability
to explain the reduction in GFR via a pressure effect,

exposure, independent of Ni pre-exposure, evidencedthe drop in GFR in both groups of Ni-exposed fish may
by the sharp drop in GFR in acutely Ni-exposed fish be an artifact, possibly mediated by very high levels
(Fig. 1A) coupled with a constant UFRF{g. 1B). In of Ni in the plasma and urind~{g. 4). PEG-4000 was
theory, UFR is adjusted to achieve overall net water chosen as a GFR marker because it is freely filtered
balance by matching water loss (via urine production) from the blood plasma, yet neither reabsorbed nor se-

to water uptake.

Although GFR is responsive to changes in systemic
blood pressureq{ickman and Trump, 196%there is no
pressure effect underlying the marked GFR reduction

creted. Itis 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,

during acute Ni exposure, as blood pressure (and heartthese are areas for future study to determine if GFR

rate) were unaffected by acute Ni challengéy( 2).
How such changes in GFR could occur in the ab-

measurement by PEG-4000 is compatible with high-
level metal exposures.

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
decrease in the fractional tubular reabsorption of wa-
ter in UnNi and ExNi fish in order to conserve UFR.
Although 50% of filtered water is typically reabsorbed
in the tubules, reduction of this fraction to as low as
5% can drive changes in UFRlickman, 196%. When

4.3. Renal ion and metabolite handling during
acute Ni challenge

The kidney of freshwater fish conserves certain ions
and metabolites such as Nand glucose with almost
complete tubular reabsorptiorlickman and Trump,
1969. Although there was no effect of prolonged Ni
exposure on the handling of Nar glucose Table 1,

Fig. 3A and B), acute Ni challenge resulted in a consis-

such a small fraction of water is being reabsorbed, most tent trend of elevated UER of these substances in UnNi

of filtered water is excreted as urine and the UFR es-

fish (Fig. 3A and B). As UER is the product of UFR and

sentially equals the GFR. Under such conditions, one urine ion concentration, and both of these parameters
might expect to observe solute loss as decreased ratehiave been shown to vary substantially with time and

of reabsorption of solutes would presumably be neces-

sary to drive this increased fractional water excretion.
Changes in fractional water reabsorption can be
driven by altered permeability of the apical surface of
the renal epithelium to water, particularly in the distal
regions of the nephrorHickman and Trump, 1969
Changes in the permeability of the renal epithelium to
water can be accomplished either by alteration of mu-

among fish in healthy control populationdi¢kman
and Trump, 1969; Cameron, 198@etermination of
any clear effect of acute Ni challenge on reabsorptive
capacity in UnNi fish appears to necessitate a higher
sampling number than threof 57 used in the present
study. Additionally, fish may be variable in the amount
of time needed to exhibit increased UERSs of ions and
metabolites indicative of Ni-induced renal damage, as

cus properties or levels of hormones such as arginine evidenced by the fact that four of the five UnNi fish sam-
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pled at 96 h experienced a marked increase in (R
averaging 340%.

A similar phenomenon occurred with the UER of
protein Fig. 3C) and substantial variance precluded a
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and C&* from the ambient water bfp. magnawere
unaffected by acute Ni exposure, despite a 50% reduc-
tion of the unidirectional uptake rate of Miy(Pane

et al., 2003k Additionally, there is a wealth of litera-

clear conclusion about the effects of acute Ni challenge ture reporting specific interactions between Ni and Mg

on the integrity of glomerular ultrastructure and the fil-
tration barrier. Here, three of five UnNi fish sampled at

in bacteria Kaltwasser and Frings, 1980; Smith et al.,
1995; Eisler, 1998 mold (Adiga et al., 196® yeast

96 h exhibited proteinuria, with an average increase in (Ross, 1995 amphibians Brommundt and Kavaler,

UERyrotein Of 420%. Based on the mammalian litera-

1987 and mammalsEnyedi et al., 1982; Kasprzak

ture, we hypothesized that the normal production of a and Poirier, 1985; Kasprzak et al., 1986; Miki et al.,

protein-free filtrateBrown et al., 1993would be com-
promised by Ni exposure, as Ni-injected rats exhibit

1987; Sunderman, 198%€osta, 1991; Costa et al.,
1993. Indeed, Ni uptake in prokaryotes is markedly

proteinuria and aminoaciduria mediated by Ni-induced dependent on Mg transport systems, with the two

damage to the glomerular filtration barrigBiflitz et
al., 1975.

4.4. Interactions between Ni and Mg in the trout
kidney

Of the ions investigated, only Mg was signifi-
cantly affected by acute Ni exposure, though only in
UnNi fish. The data presented Kig. 4 suggest that
Ni inhibited Mg?* reabsorption in the renal tubules of
UnNi fish, leading to significantly increased UR-+
of and decreased plasma [k1§ (Fig. 4). The kidney
of freshwater fish reabsorbs ultrafiltered MdOikari
and Rankin, 1985; Hickman and Trump, 1968rom
Table ] the clearance ratio of Mg was approximately
0.6 in control fish, in rough agreement with a fa§of
approximately 0.4 calculated from the dataQikari
and Rankin (1985for naive rainbow trout. Following
36 days of Ni exposure, but prior to 96 h of acute chal-
lenge, CRyg fell non-significantly to 0.23 Table 1.
Fractional Ni reabsorption was far greater than Mg
reabsorption under control conditions (GR 0.02;
Table ).

Although we previously reported no significant ef-

fects of similar acute Ni exposure on plasma concen-

trations of the major ions in rainbow trouR4ne et al.,
20033, plasma [Md@*] in the previous study decreased
by about 10% over 96 h of Ni exposure, an effect

cations transported interchangeably. In fact, unidirec-
tional Mg?* uptake rates in some bacterial species
have been approximated usii§Ni as a surrogate
radioisotope $navely et al., 1991; Smith et al.,
1995.

Putative Ni-induced inhibition of Mg reabsorp-
tion in the renal tubules of freshwater fish is presum-
ably the result of extensive urine accumulation of Ni
during acute Ni exposurd-{g. 4C). In the urine of a
naive 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 Mg 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 exposirarie et al.,
2003h.

It should be noted, however, that antagonism of re-
nal Mg?* handling observed in the present study was
purely an acute phenomenon. Despite an approximate
30:1 Mg to Ni molar ratio in the urine both before
and throughout the 96 h acute Ni exposure, ExNi fish
showed a well-conserved UER.+ and plasma [M§']
both before Fig. 4A and B: Table 1 and after Fig. 4A
and B) acute Ni exposure.

Although not statistically significant due to the high
variability in the response of control fish, the lower

we have consistently observed (Pane and Wood, per-CRyq2+ following prolonged Ni exposure (0.230.07

sonal observation). Plasma [¥§ was significantly
decreased in the present study-b20% (Fig. 4B).
Specific antagonism of Mg handling by Ni has

versus 0.6 0.37 in control fish) suggests that Mg
reabsorption is rendered more efficient by prolonged
Ni exposure. Clgg2+ of Ni-exposed fish was clearly

also been documented by us in another aquatic animal,well below 1 indicating strong reabsorption of g

the freshwater invertebrat®aphnia magngPane et
al., 2003h. The unidirectional uptake rates of N&I~

despite substantial urine Ni loading. Prolonged Ni ex-
posure could have conferred an acclimation effect by
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protecting M@* reabsorption against the competitive
effects of Ni either by increasing the copy number of
key Mg?* transporters in the renal tubules, or by chang-
ing their kinetic properties, i.e. the substrate affinity
(Kwm) or transport capacityfay). Alterations of these
two kinetic properties have been observed for branchial
Na'* transport following prolonged, sublethal exposure
to waterborne Culfauren 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 of UnNi fish
(Fig. 4A) may be driven in part by Ni-induced pertur-
bation of the cellular machinery powering active #g
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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 exposur&€alamari et
al., 1982 Pane et al., 2003a, 2004arbay also be due
to Ni binding inthe plasma. Niin human blood is bound
to three carriers, one of which is the low molecular
weight amino acid histidineAbdulwajid 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-

reabsorption from the urine. According to a trapped sorptive Ni transport in renal tubules is facilitated by
plasma analysis of the substantial Ni burden accumu- histidine—Ni binding needs to be tested experimentally.
lated by the kidney of rainbow trout during acute Ni Interestingly, the absorption of Zn by the rainbow trout
exposure, the majority of renally accumulated Ni is intestine is strongly modified by amino acids, particu-
intracellularly located at levels that may be cytotoxic larly histidine Glover and Hogstrand, 2002; Glover et
(>100pmol kg~1; Pane et al., 2004bThe specificre-  al., 2003.

nal interactions between these two cations are currently

being investigated using in vitro preparations of kidney 4.6. Renal compensation of acid—base disturbance
brush border membrane vesicles from fish acutely and
chronically exposed to Ni. 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 substantiaMfood and Caldwell, 1978Regardless

of the stimulus of the acid—base disturbance, the kid-
ney generally responds to acidosis by increased net
acid excretion, resulting from increased UER of TA-
HCOs and Tamm (Cameron, 1980; Truchot, 1983ee
Table 3. This is consistent with Ni-induction of respi-
ratory acidosis observed during acute exposB@ne

et al., 2003a Acute Ni exposure similar to that of the
present study causes acute respiratory toxicity in rain-
bow trout via a blockade of gas exchange culminating
in a profound hypoxemia and a subsequent respiratory

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
Clearance rates of Ni in UnCon fish were pre-
dictably low (0.09+ 0.02 mL kgt h~1), increasing to
0.89+0.35mLkg1h=1 in UnNi fish after 96 h of
acute exposure. ExNi fish had a pre-challenge Ni
clearance rate of 0.560.08 mLkg 1 h~1 and a post-
challenge rate of 0.86 0.24 mLkg1h—1,

Despite the 10-fold increase over control rates,
96 h clearance rates of Ni in UnNi and ExNi were
only approximately half of 96 h UFR in these fish acidosis Pane et al., 2003aThe extensive gill dam-
(~1.8-2.0mLkg!h™1). AsUFRis essentiallyamea- age that impairs gas exchange during acute Ni expo-
sure of the clearance rate of water, the urinary route sure (se®ane et al., 2004lpresumably necessitates a
appears to be a relatively poor means of Ni excretion greater reliance on renal compensation of the ensuing
in acutely challenged fish, with Ni being cleared from respiratory acidosis.
the blood plasma less efficiently than water. The poor  The importance of increasing buffering capacity to
renal clearance of Ni may be attributed in part to strong facilitate net acid excretion in the kidney is underscored
renal Nireabsorption. Acting as a Mg analog, Niwould by the commitment of a substantial fraction of tubular,
move in the same direction as Mg, a large fraction mucosally-directed proton pumping to bicarbonate re-
of which is reabsorbed by the kidney of freshwater absorption from the urine, a process which results in
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proton cycling, not net excretio(uchot, 1987. Inor- mental Research Association, the International Cop-
ganic phosphatd-{g. 6A; Table 3isanimportanturine  per Association, the Copper Development Associa-
acid buffer in freshwater fish, serving to excrete protons tion, the International Lead Zinc Research Organiza-
as PO, ~, while a typical urine pH that is 2—-3 units  tion, Teck Cominco and Noranda-Falconbridge. EFP
below the K of ammonia {9.2) dictates that almost is supported by an Ontario Graduate Scholarship.
all of the increase in excretélynm (Fig. 6B; Table 3 CMW is supported by the Canada Research Chair
is in the form of ammonium ion, further serving net Program.
excretion of acid equivalents.

In addition to eliminating excess acidic equivalents
via branchial and re_nal routes, rainbow trogt can buffer references
excess protons during an extracellular acidosis by ex-
change of extracellular protons with intracellular K Abdulwajid, A.W., Sarkar, B., 1983. Nickel-sequestering renal gly-

(McDonald and Wood, 1981 This electroneutral ex- coprotein. Proc. Natl. Acad. Sci. U.S.A. 80, 4509-4512.
change causes a'Kwashout” (McDonald and Wood, ~ Adiga, PR, Sastry, K.S., Sarma, P.S., 1962. The influence of iron
198]) potentially accounting for the increased UER and magnesium on the uptake of heavy metals in metal toxicities

L . in Aspergillus nigerBiochim. Biophys. Acta 64, 548-551.

of Unl\_“ fI_Sh (Flg. GD) . Beyenbach, K.W., Kirschner, L.B., 1976. The unreliability of mam-
An intriguing result of the present study is the ap- malian glomerular markers in the teleostean renal studies. J. Exp.

parent marked protection against acute Ni-induced res-  Biol. 64, 369-378.

piratory acidosis afforded by prolonged, sublethal Ni Bradfqrd, M.M-., 1976. A rapid_ gnd sensitivg mgt-h-od for the.qu‘anti-

exposure. In conjunction with the renal data presented tation of microgram quantities of protein utilizing the principle

. . e of protein-dye binding. Anal. Biochem. 72, 248—-254.
herein strongly suggesting that ExNi fish are protected Brommundt, G., Kavaler, F., 1087. ¥ Mn2*, and N?* effects on

to some degre? _againSt acute reSpiratory toxicity, we  cz* pump and on N&-C&* exchange in bullfrog ventricle. Am.

also have preliminary blood gas and acid—base data J. Physiol. 253, C45-C51.

confirming this phenomenon (Pane and Wood, unpub- Brown, J.A., Rankin, J.C., Yokota, S.D., 1993. Glomerular haemo-

lished data). If indeed this is the case, Ni would join dynamics and filtration in single nephrons of non-mammalian
) . L vertebrates. In: Brown, J.A., Balment, R.J., Rankin, J.C. (Eds.),

several other metals for which an acclimation effect has (Eds.)

- New Insights in Vertebrate Kidney Function, Society for Experi-
been described whereby prolonged sublethal exposure  mental Biology Seminar Series 52. Cambridge University Press,

protects against acute toxiciti¢Donald and Wood, Cambridge, UK.
1993. Calamari, D., Gaggino, G.F., Pacchetti, G., 1982. Toxicokinetics of
Unique to Ni, acclimation to waterborne Ni may be low levels of Cd, Cr, Ni and their mixture in long-term treatment
. . . on Salmo gairdnerrich. Chemosphere 11, 59-70.
_a Conse_quence of immune function. In mammals' Ni Cameron, J.N., 1980. Body fluid pools, kidney function, and
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1966. We have speculated previously that extensive  tatus J. Exp. Biol. 86, 171-185.
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