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Summary

In rainbow trout (Oncorhynchus mykiss following
chronic (42day) exposure to both 384ugNil-1 and
2034ug Ni 171, Ni accumulation was greatest in the gill,
kidney and plasma, with the plasma as the main sink
for Ni. Indeed, trapped plasma analysis revealed that
extensive loading of Ni in the plasma accounted for
substantial percentages of accumulated Ni in several
tissues including the liver and heart. Accumulated Ni in
the gill and kidney was less dependent on plasma
Ni concentration, suggesting a more intracellular
accumulation of Ni in these tissues.

We present evidence for a clear, persistent cost of
acclimation to chronic, sublethal Ni exposure. Chronic
(40-99day) exposure to sublethal waterborne Ni
(243-394ug Ni 171, ~1% of the 96h LCs) impaired the
exercise physiology, but not the resting physiology, of
rainbow trout. Ni acted as a limiting stressor, decreasing
maximal rates of oxygen consumption Mo, max) during
strenuous exercise in trout exposed for 3days to
sublethal Ni. This drop in high-performance gas exchange
was attributed mainly to a reduction in relative branchial

diffusing capacity (Drel) caused by thickening of secondary
lamellae. Morphometric analysis of the gills of chronically
exposed fish revealed overall swelling of secondary
lamellae, as well as hypertrophic respiratory epithelia
within secondary lamellae. Additionally, contraction of
the lamellar blood pillar system and narrowing of
interlamellar water channels occurred, possibly
contributing to decreased high-performance gas exchange.
Decreased aerobic capacity persisted in fish previously
exposed to nickel despite a clean-water exposure period of
38days and an almost complete depuration of gill Ni,
suggesting that extrabranchial mechanisms of chronic Ni
toxicity may also be important.

Chronic impairment of such a dynamically active and
critical organ as the gill may depress the overall fithess of
a fish by impairing predator avoidance, prey capture
and migration success with obvious environmental
implications.

Key words: nickel toxicity, acclimation, exercise, glincorhynchus
mykiss.

Introduction

Mechanistic investigations of a waterborne toxicant actindiowever, is that the concentrations used in these studies are

both acutely and chronically on aquatic fauna provide valuableften environmentally unrealistic.

In the case of acute

information about the toxicant. Studies investigating the toxievaterborne Ni exposure, adverse effects on gill ultrastructure
mechanism of an environmental contaminant presented to amd respiration in freshwater fish have been investigated using
aquatic organism in an acutely lethal fashion generally yield aoncentrations of 3200g Ni I (Hughes and Perry, 1976;
diagnostic cause of death. Using the most often studigdughes et al., 1979; rainbow trout), 200ug Ni I-1 (Pane et

freshwater teleost, the rainbow tro@ncorhynchus mykiss)

al, 2003a; rainbow trout), 1000ug Ni I-1 (E. F. Pane, A.

this type of acute diagnostic study has been conducted fétaque and C. M. Wood, submitted; rainbow trout) and
many trace metals, including Cu (Laurén and McDonald14000ug NiI=1 (Nath and Kumar, 1989%Colisa fasciatus

1986), Al (Playle et al 1989), Ag (Wood et gl 1996), Mo

(Reid, 2002) and Ni (Pane et,&003). These studies provide of
valuable information for modeling the acute toxicity of trace<500ug 11

metals by

These acute concentrations are far higher than concentrations
Ni found in contaminated freshwaters (typically
Chau and Kulikovsky-Cordeiro, 1995; Eisler,

incorporating a component of the uniquel998). Additionally, the information gained typically comes

physiological impact of each toxicant (e.g. the biotic ligandrom animals completely out of balance with their environment

model, or BLM; see Di Toro et .al2001 and Paquin et.al
2002 for detailed explanations of this model).

and fighting a losing battle with a toxicant.
Chronic, sublethal exposure, however, allows one to

An obvious limitation of this acute diagnostic approach,nvestigate steady-state conditions that exist between an
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aquatic organism and a toxicant and the processes eD.6mmoll-l, Ck ~0.8mmoll-l, SO2- ~0.25mmoll-},
acclimation leading to this steady state. When applied to tiratable alkalinity to pH 4.0 ~1.8moll-1, background Ni
general target tissue, the acclimation phenomenon can bdpugl-, dissolved organic carbon (DOC) #8®yl-L, total
divided temporally into three phases: (1) the ‘shock’, orardness (as CaGD~-14Cmgl-1tand pH ~ 7.9-8.0. Fish were
damage, phase, during which the morphology and physiologstarved at least 24 prior to and throughout all experiments.
of the target tissue are disturbed, (2) a defense phase, during
which tissue-specific responses are mounted in an attempt to Chronic exposure conditions
decrease the rate of influx or accumulation of the toxicant and In all exposures, Ni was delivered as NiEBLO by
(3) a recovery phase, during which compensation and repajravity feed from a concentrated stock solution in a flow-
occur to restore perturbed physiological processes and increabeough set-up with dechlorinated Hamilton tap water. Three
resistance to the toxicant (McDonald and Wood, 1993). exposure regimes were used: (1) juvenile trout (2@)50ere
In the present study, we concentrated on the third phasxposed to either control, 384 Ni I-1 or 2034ug Ni -2 for
and examined the physiology of juvenile and adult rainbowt2 days, (2) adult trout (200-3%f) were exposed to either
trout following 40-9ays of exposure to sublethal control or 243ug Ni I-1 for 40days and (3) juvenile trout
concentrations of waterborne Ni. Initially, a concentration 0f10-2Cg) were exposed initially to either control or
2034ug Ni I-1was used as a screening tool to gauge the impa894 ug Ni I-1for 99 days, followed by 38lays of exposure (of
of a relatively high (partially lethal) chronic concentration.both groups of fish) to clean water. In all experiments, fish
This concentration is 13% of the 96-h 4gQor juvenile trout  were fed 1% of their body mass daily. The composition of
in the same Hamilton city tap water (Pane gt26103) and 6% the food was: crude protein ~40%, crude fat ~11%, crude
of the 96-h LGp for adult trout (Segner et.all994). While fiber ~3.5%, Ca ~1.0%, P ~0.85%, Na ~0.45% and Ni
such a concentration is probably greater than Ni concentratior8.86mgkg1 dry mass. Water samples for analysis of
measured in the most heavily contaminated industrial sitedissolved Ni were taken every other day, O.4b-filtered,
(Chau and Kulikovsky-Cordeiro, 1995; Eisler, 1998), it servedhcidified with trace metal grade HNFisher Scientific,
as a reference point, as we know of only two other studies thitepean, ON, Canada) and analyzed for dissolved Ni by
have examined the effects of chronic waterborne Ni exposugraphite furnace atomic absorption spectrophotometry
on freshwater fish. Pickering (1974) assessed the reproductiFAAS; 220 SpectrAA; Varian, Palo Alto, CA, USA)
effects of chronic Ni exposure, while Calamari et al. (1982pgainst certified atomic absorption standards (Fisher
examined the kinetics of Ni accumulation. Neither studyScientific). Atomic absorption values were normalized to
investigated physiological mechanisms. an independent reference standard (Fisher Scientific)
Most of the experiments detailed herein were conductethterspersed at every 10 samples. The accepted recovery limits
at concentrations between 248 Ni |- and 394ug Ni I-L. of this reference standard were 90-110%.
These concentrations fall within the range of Ni
concentrations found in watersheds heavily impacted by Sampling protocols — Experiment 1
mining and industrial activity (Chau and Kulikovsky- On days 12 and 24 of the exposure, critical swimming speed
Cordeiro, 1995; Eisler, 1998), and the values are onlyUcqi) was determined in fish exposed to either control,
approximately 2% and 1% of the 96-h4g@alues for juvenile  384ug Ni |1 or 2034ug Ni I-1. The evening before the swim
and adult trout, respectively. These concentrations are entiretsial, fish were transferred in groups of five (all from the same
sublethal, and our goal was to extensively characterize thexposure tank) to a large (~1k@r) swim respirometer and
physiology of rainbow trout chronically acclimated to thisleft overnightin clean, flowing dechlorinated Hamilton city tap
range of waterborne Ni concentrations. Wilson et al. (1994yater. Fish were then swum in clean water at 1-h intervals,
conducted similar chronic, sublethal exposures with rainbowncreasing water speed bycih st during each interval, until
trout and Al and showed increased energy expendituresxhaustion (as determined by each fish being impinged on the
associated with exposure. Therefore, we also set out tear screen of the respirometer and refractive to physical
document whether similar costs of acclimation occurredtimulation). Fork length was measured to the nearesind, 1
during chronic, sublethal Ni exposure. and individualUcrit values were calculated according to the
formula of Brett (1964):

Materials and methods iy ar O 1
Experimental animals Uerit = Vi + % ¥ 6\/% (1)

Juvenile (10-59@) and adult (200-35§) Oncorhynchus
mykissWalbaum were purchased from Humber Springs Troutvhere Ucrit is measured in cisrl, t is the time increment (in
Farm, Orangeville, ON, Canada. Fish were acclimated for ahin), T is the time spent at the final speeds)( before
least two weeks to aerated, flowing dechlorinated Hamiltoexhaustion, andV is the speed increment in @t. Individual
tap water from Lake Ontario at 12—14°C and &tllibitum  Ucrit values were then converted to body lengths per second
several times weekly with commercial trout pellets. Wate(BL s™3).
composition was: G4 ~1 mmol -1, Mg2* ~0.2mmol -1, Na* On day 42, fish in all three treatments were euthanized by
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an overdose of MS-222 and placed on ice. A blood sample Table 1.Arterial blood gases, acid—base balance,

was then taken by caudal puncture and, following briethematological and ventilatory parameters, and water balance
centrifugation (14009 for 1 min), the plasma was frozen in  in control and chronically acclimated adult rainbow trout
liquid nitrogen and stored at —80°C for later analysis. Tissues (243 ug Ni 1L, 42 days)

surgically removed to measure Ni concentration included the
gills, heart, liver, stomach, intestine, kidney and white muscle-
After tissues were digested at 60°C forhdén trace metal  Arterial Po, (Pao,) (torr) 109.4+2.4  111.5#4.1
grade Imoll-l HNOs, the digest was homogenized by ArerialPco; (Paco,) (torr) 2631016 2.43%0.20

Control Ni-exposed

vortexing, centrifuged at 2@00g for 10min and the Arte”?l pH (p'_i?) 7.8670.015 7.8560.020
) ) - ) . HCOz (mmoll-Y) 8.89+0.54 7.81+0.59

supernatant diluted Wlth double-distilled water for Ni analysis . ~iocrit %) 221442 83  24.18+2.12
by GFAAS as described above. _ ~ Hemoglobin (g% 568+1.02  5.93+0.56
Prior to all analyses, plasma samples were sonicated on iceyicHc (gHb mI-: RBC) 0.27+0.02 0.25+0.01
for 5s at 5W (Microson; Misonix Inc, Farmingdale, NY, Plasma protein (gi-) 1.44+0.11 1.2240.19
USA) to ensure homogeneity. Plasma fNaCa2*] and Plasma total ammoniaugiol 1Y)  28.1+3.8 47.4+13.8
[Mg?*] were determined by flame atomic absorption Plasma cortisol (ngil—) 41.6+14.1 44.5+16.4
spectrophotometry (FAAS; 220FS SpectrAA; Varian), while Plasma lactate (mmott) 0.78+0.17 0.86+0.28
plasma [Cl] was measured by the mercuric thiocyanate White muscle water content (%)  77.940.7 77.2+0.9
method (Zall et al., 1956). Plasma [Ni] was determined Plasma water content (%) 96.020.2 96.70.4
by GFAAS as described above. Plasma protein was Red_blo.od cellwatercon.tent(%) 66.9+0.5 67.1+0.6
Ventilation rate (breathsin-1) 73.245.5 73.7t4.8

determined using Bradford reagent (Bradford, 1976) and
bovine serum albumin standards (Sigma-Aldrich, St Louis, \,,1,es are means + 4em. (N=6-10). Blood (and plasma) was
MO, USA). P!asma total ammon'a and lactate Concentrat'one%mpled via indwelling dorsal aortic catheters. There were no
were determined enzymatically (glutamate dehydrogenasgignificant differences between control and exposed fish in any
NADP and L-lactate dehydrogenase/NADH, respectively;parameter measured. MCHC, mean cellular hemoglobin
Sigma-Aldrich). Prior to analysis, plasma for lactate wasoncentration. 1kPa=7.5torr.

deproteinized in two volumes of 6% perchloric acid (Milligan
and Wood, 1986). Plasma cortisol was determined using an

125 radioimmunoassay (ICN Biomedicals, Montreal, QC,Blood (1ml) was drawn anaerobicallyia the arterial catheter
Canada) with radioactivity measured ypgounting (Minaxi  into an ice-cold, Li-heparinized (5. mi-1; Sigma-Aldrich),

y; Canberra-Packard, Meriden, CT, USA). gas-tight Hamilton syringe for analysis of arterial blood pH
_ _ (pHa), @ tension Pao,), plasma total C® (Caco,),
Sampling protocols — Experiment 2 hematocrit (Ht), blood hemoglobin (Hb) and plasma

On day 40, adult trout (200-3%) chronically exposed to concentrations of lactate, protein, cortisol, total ammonia and
either control or 243igNil-1 were anesthetized with water content. Plasma was separated by centrifugation at
0.075g 11 of MS-222 (neutralized with NaOH; pH 8.0) and 14000g for 1min, and erythrocytes were reserved for
fitted with indwelling dorsal aortic catheters (Soivio et al determination of water content.

1972). During surgery, the anesthetic solution irrigating At the end of the experiment, fish were euthanized with an
the gills of chronically Ni-exposed fish was spiked withoverdose of MS-222, and a piece of gill tissue (approximately
NiSO4.6H20 to yield an Ni concentration comparable to that50 filaments) was trimmed off the central portion of the second
to which these fish had been chronically exposed. Pogill arch on the left side of the fish, wrapped in foil, frozen in

surgery, fish were transferred to individual darkenediquid nitrogen and stored at —20°C for later analysis of gill

Plexiglas chambers {8er) served with a water flow of [Ni]. Additionally, a sample of white muscle was taken for

100ml min—land continuous aeration and allowed to recovedetermination of water content.

for 48h prior to sampling on day 42. Boxes housing

chronically Ni-exposed fish received a comparable Ni Analytical methods — Experiment 2
solution delivered from a stock solution by gravity flow as For the analyses of pHRao,, water pH andPio,, we used
described above. Radiometer electrodes and meters, similar to those used by

After recovery, control and experimental figk=Q; both  Wood et al. (1988), thermostatically set to the experimental
treatments) were sampled once for the various parametemmperature. Hb was determined by the colorimetric
shown in Tabld.. The sampling protocol closely followed that cyanmethemoglobin  method (Sigma-Aldrich  reagents).
of Wood et al. (1996), as described in Pane et al. (2003a). EaBfasma forCaco, was obtained by centrifuging whole blood
fish was sampled as follows: ventilation rate was counte(600Cg for 30s) in ammonium-heparinized microhematocrit
visually and then water samples from in front of the mouth ofubes in duplicate. Ht was measured directly from the tubes,
each fish were filtered (0.4Bn) and analyzed for dissolved Ni while Caco, was analyzed on true plasma using a Corning 965
by GFAAS as described above. Unfiltered water samples wef@0, analyzer (Corning Life Sciences, Acton, MA, USA).
then taken for inspired Qension Pio,) and inspired pH (pHl. Plasma protein, total ammonia, lactate and cortisol
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concentrations were determined as described above. WaterAt all times, oxygen consumptioMb, may was calculated
content of plasma, erythrocytes and white muscle waaccording to the formula:
determined by pre- and post-weighing samples after drying t
a constant mass in a 70°C oven. Mo, = (aOz) (Ap) (V) @
,= R
M) (t
Calculations — Experiment 2 M

Calculations of Paco, and plasma HC® based on whereaOz is the solubility co-efficient of oxygen in water at
measured pHa an@aco, were identical to those described in the experimental temperature (Boutilier ef #4884),AP is the
Playle et al. (1989) using the Henderson—Hasselbach equatidifference in partial pressures between initial and final water
and values for C®solubility (aCO) and apparent pK (K  samplesyV is the volume of watety is the mass of the fish
at the appropriate temperature from Boutilier et al. (1984)andt is the time interval in hours. The periodic opening of the
Mean cellular hemoglobin concentration (MCHC) wassystem to flowing water kept the partial pressure of oxygen in
calculated as the ratio of simultaneous measurements of Hbttee water above 10@rr (13.3kPa) at all times. Oxygen
Ht in whole blood samples and is expressed Hb mlI-1 of  consumption rates were corrected for ‘blank’ oxygen

red blood cells (RBC). consumption by the experimental apparatus in the absence of
_ _ fish. Oxygen was typically consumed by the apparatus at a rate
Sampling protocols — Experiment 3 of 1.7-3.2torr -1, depending on the individual respirometer.

On days 0 (initial control), 9 and 34 of chronic Ni exposureThese values were approximately 15-30% of the lowest rates
(394 g Ni I7Y) and on day 38 of subsequent exposure to cleaof oxygen consumption (~ibrr h-1) measured at the lowest
water, oxygen consumption of swimming fish was measureswimming speed tested (£ s).
using a variation of a technique described in Wilson et al. For each fish, the log of oxygen consumption was plotted
(1994). Briefly, fish K=9; both treatments) were transferred against swimming speed (iBLsl; see Figl). The
the night before an experiment to small Blazka-type swintegression line of each fish was extrapolated backgto £
respirometers (~3.lter) served overnight with a water flow to yield basal oxygen consumptiodd, hasa) and out to the
of ~30CmI min~! and an orientation velocity of ns? individual Ueit value of each fish (see Fit), at which point
(approximately BL s™1). Temperature control was achieved oxygen consumption was taken to Me, max (Wilson et al.,
throughout the experiment by submersing the respirometers ®94). Aerobic scope for activity was calculated as the
a wet table receiving a constant flow of water. The overnighdifference betweeMo, basaiand Mo, max Only fish yielding
acclimation temperature was 15°C and, over thenBeded to  a significant linear regressioR<0.05) of the log of oxygen
complete the respirometry experiment, the temperature rose ¢consumptionvs swimming speed were included in the
16.5°C due to increased thermal output by the respirometeamalysis.
at greater r.p.m. This temperature increase, however, was
consistent across all respirometry trials involving both contro
and treated fish and therefore should not have contribute Mo, max
greatly to differences in oxygen consumption betweer gg:
treatments. On days 9 and 34, respirometers housir 20 -
experimental fish were served with a comparable N 15 4
concentration delivered from a stock solution by gravity flow
as described above.

At each water velocity (increments ofcB s, Wilson et
al., 1994), oxygen consumption was determined using
variation on a closed respirometry technique. At the start ¢
each hour, immediately following a water velocity increase, th
respirometers were opened to flowing water fom0 to
allow for near saturation of water with oxygen. Afterrai, 2 -
the respirometers were sealed and an initial water sample w
taken for partial pressure of oxygeRof) followed 4Cmin
later by a final water sample. The process was continued un ' ' '
each fish was exhausted. 0 1 2 3 4 5

Immediately following exhaustion, fish were killed with an Swimming speedgL s
overdose of MS-222, weighed to the nearest Q,Cﬂnq fork Fig.1. Example of a regression between the log of oxygen
!en'gt'h measured to the neare_St @ for calculation of consumption Xo,) and swimming speed for an individual juvenile
individual Ucrit values as described above. On day 34 Orainhow trout, showing the extrapolations (broken lines) leading to
Ni exposure and day 38 of clean water exposure, a githe determination af/o, maxandMo, pasa The solid line represents
sample was quickly removed and analyzed for Ni aswimming speeds within the range in which oxygen consumption
described above. was measured.

10 1

Mo, (umol g~ h-)
a1

"<— Mo, basa
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Gill morphometric analysis — Experiment 3 lying outside the blood pillar systenddpg and the volume of
After 69days of Ni exposure, gills from control and the pillar system\(pg). The ratios tabulated were the portion
experimental fishN=5; both treatments) were fixed for light of the lamellar region occupied by secondary lamellae
microscopic examination of morphometrics. Fish were nettefVsi/VLr) and the portion of the secondary lamellae occupied
and immediately euthanized by a blow to the head. A largBY tissue outside the pillar system (blood chann®isp4VsL).
section of filaments (approximately 50) was cut away from théhe portion of the lamellar region occupied by the pillar
second gill arch on the left side of the head, rinsed quickly witgystem YpgVLR) was then calculated by:
0.1mmoll-1 Sorenson phosphate buffer (Hayat, 1981) and -1 _
placed in neutral buffered formalin (NBF) forhl The NBF VPdViR = [1 = VordVsUI(VSUVLR) ®)
was adjusted to pH 7.5 with NaOH and vacuum filtered BWDD were determined at the same magnification using the
(0.45um). After 1h, individual filaments were placed in fresh Merz grid to randomize the measurement points (Wilson,et al
NBF for 24h at 4°C and then placed in tap water overnight af994). Distances were measured from the intersection of the
4°C. Filaments were then dehydrated in a graded alcohol seriggd with the lamellar epithelium to the nearest erythrocytic
and embedded (one filament per block) in Spurrs resin (Hayattrface. If the path between the epithelial intersection and the
1981). nearest erythrocyte crossed an empty blood channel, that
Tissue blocks were oriented along the axis of the gilmeasurement was discarded (Hughes.etlr9).
filament to allow for longitudinal (saggital) sectioning of the Each fish K=5 per treatment) was assigned a mean value
filament. Thick sections (im) were cut with a Reichert Jung for each parameter based on a total of approximately 200 point
Ultracut microtome (Vienna, Austria) and stained withcounts per individual using three or four fields of view per
Richardson’s stain (Richardson et, 1960). Sections were Section on two or three sections per fish (Hughes,et&19).
examined and digitally captured with a Leica DM IRBE Additionally, a relative diffusing capacityDfe; Hughes et
inverted microscope. Digitally captured images were adjustedl-, 1979) was calculated as:
for contra;t o_nIy using Adqbe Photoshop.6.0 software. Drel = (SBWDD)ex/(SBWDD)con, (4)
Determination of the various volume ratios and blood—water
diffusion distances (BWDD: see Tallp closely followed given that diffusing capacity is directly proportional to the
techniques outlined by Hughes and Perry (1976) and Hugh&drface area available for gas exchan§e and inversely
et al. (1979). Briefly, a six-lined anisotropic Merz grid was laidProportional to BWDD. ‘Exp’ and ‘con’ refer to experimental
over images of sections magnified ¥18nd point counts were and control fish, respectivelwas estimated by counting the
used to estimate relative volumes within secondary lamellaigtersections of the test grid with the lamellar surface using the
(for details, see Hughes et dl979). A typical section included magnification and statistical details given above. Estimation of
a portion of an individual filament body with 30-40 secondary® assumes that the number of intersections per reference unit
lamellae. Measurements included the volume of the lamellarea of a randomly oriented test grid with a particular surface
region ¥Lr), as defined by the area between the body of thé# & two-dimensional section is proportional to the surface area
filament and the distal tips of the lamellae, the volume of thef that structure per unit volume (Underwood, 1970). Because
secondary lamellar tissu¥d)), the volume of epithelial tissue the reference area used (a Merz grid) was the same for both
control and experimental fish, a direct comparison can be

Table 2.Morphometric measurements of the gills of control Made between the two treatments, yielding relative diffusing

and chronically Ni-exposed juvenile rainbow trout capacities and a comparison of relative surface areas available
(394 ug Ni I-%: 69 days) for gas exchange.
Control Ni-exposed Statistical analyses
VsUVLR 0.550+0.015 0.635+0.017* Data are presented as meansetv. (N=number of fish).
VoprdVsL 0.497+0.015 0.650+0.016* Where appropriate (Figs-5), experimental means (at two Ni
VPgVIR 0.276+0.007 0.223+0.013* concentrations) were compared with control means using a

Blood—water diffusion
distance im) 3.319+0.135 3.658+0.106
Drel - 0897

one-way analysis of variance (ANOVA) with a two-sided
Dunnett'spost-hocmultiple comparison test. When only one
Ni concentration was used (Fi§s8), experimental means
Values are means +dem. (N=5). VsU/VLR is the percent volume WEre compared with g:pntrol means by an unpgired two-tailed
of the lamellar region (lying between the body of the filament andtudent's t-test. Additionally, where appropriate (Fig),
the distal tips of the lamellae) occupied by secondary lamelladime-dependent responses of both control and experimental
VordVsL is the percent volume of the secondary lamellae occupiefish were tested against respective time O values by a one-
by tissue lying outside the pillar (blood channel) system, whilewvay ANOVA with a two-sided Dunnett’post-hocmultiple
VpdVLR is the percent volume of the lamellar region occupied bycomparison test. The slopes and intercepts of group
tissue lying within the pillar systenDrel is an index of relative regression equations (Fig) were compared as described by
diffusing capacity (see Materials and methods and equaientor  75r (1984). Statistical significance in all cases was accepted
detal's). at P<0.05.
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=2 384 ug Ni 11
mmm 2034 pg Ni 171

Results

Chronic exposure to the range of 243-pgNil-1
resulted in no mortality, while chronic exposure to
2034pug Ni I-1 resulted in 33% mortality. Mortality in control
fish was 7%. Tissue Ni burdens afterd®/s of exposure to
either control, 384ug Ni I-1 or 2034ug Ni I-1 are given in
Fig.2. In fish exposed to either Ni concentration,
accumulation in the plasma, gill and kidney was statistically
significant when compared with control fish and markedly
greater than in other tissues. Ni concentrations in these three

(% L
™ é&.b \)é} @é\z\@fz} @'2’0 ;\\&Q&’b tissues were 21.2-, 4.9- and 9.1-fold above control levels,
NSNS .\Q}“ A &° \Q@?-QQC’ respectively, in fish exposed to 28¢ Ni I-1and 44.1-, 13.3-
an .7-fold above control levels, respectively, in fis
& W d 16.7-fold ab trol level tivel fish
x exposed to 203gg Ni I-1. These plasma Ni concentrations
300, B were 8.4-fold and 3.3-fold higher than the waterborne
4 exposure concentrations in the two series, respectively. White
_© 2751 l . . .
= muscle did not accumulate Ni at either exposure
BT 1251 concentration. Fish exposed to 38#Ni I-1 accumulated Ni
g E 1001 significantly in the heart and intestine (1.9- and 2.4-fold above
EZ controls, respectively), while fish exposed to 2QgNi |1
S 75 1 . . .. .
g E, accumulated significantly elevated amounts of Ni in the liver,
<5 907 heart, stomach and intestine (2.1-, 3.2-, 3.3- and 4.7-fold
=3 .
= 25j above control levels, respectively; FR).
0- > 2 Chronic exposure to 384g Ni I-1 had no impact on plasma
F DL ey S 2 ion concentrations (Fig). This low concentration of Ni did
£ . \&‘ ¥ S0 @’0 RN ’ !
AN ‘@,@ (,\@,6, o &° not appear to induce any markedly deleterious effects on any
\&‘\ N @0‘ measured parameter in resting fish (cf. Bigs, Tablel).
x Tablel presents the results of a more detailed analysis of the
_ 105 effects of chronic, low-level (243g Ni I-1) Ni exposure on
% C resting, cannulated rainbow trout. There were no significant
2 . 1001 differences between control and Ni-exposed fish with respect
2 e to 15 different blood gas, acid-base, hematological, stress,
T 0 . . .
& 757 water balance and ventilatory parameters. In this experiment,
g o 5 the gill Ni burden of chronically Ni-exposed fish was increased
EE 1
55
< 25 A — Cortrol
R ez= 384 g Ni I
0 160 m=m 2034 g Ni 11 3
& S 2 M A4 N 1 [
& Y & & N —~
S & 06& & & & © FN Na* cr ca*  Mg® T
.a\\Q) 6’ \é’ 6\\0 \k. L 1501 - * °
S Q& E = £
x £ 140 L2 E
Fig. 2. (A) Ni concentrations in various tissues of juvenile rainbow E * &
trout following 42days of exposure to either control (open bars), O, 130+ g
384ug Ni I-1 (hatched bars) or 2034y Ni I-1 (filled bars). Values ° 120 * 1 2
are means *1seM. (N=6-10). Asterisks indicate significant © | T
difference P<0.05) from control mean by a one-way ANOVA witha '@ 110 4 &fh
two-sided Dunnett'gost-hocmultiple comparison test. (B) Relative £ O,
distribution of accumulated Ni among eight tissues in a hypothetice 100 0

1-kg rainbow trout. Accumulated Ni in each tissue

(ug Ni kg ltissue; see A) was multiplied by that tissue’s relativeFig. 3. Plasma ion concentrations (\NaCt, C&* and Mg") of
proportion of total body mass to normalize individual tissue Nijuvenile rainbow trout following 48ays of exposure to either
burdens to a hypothetical 1-kg fish. Therefore, normalizeccontrol (open bars), 384g Ni -1 (hatched bars) or 2034y Ni |-1
accumulation is expressed gg Ni kg fisir? for each tissue. (C) (filled bars). Values are means #dem. (N=6-10). Asterisks
Percentage of accumulated tissue Ni burdens that can be explairindicate significant differencd®€0.05) from control mean by a one-
purely by Ni within the blood plasma perfusing each tissue (seway ANOVA with a two-sided Dunnett'spost-hoc multiple
Discussion for details). comparison test.
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by approximately 3.2-fold over that of control fish (2035+527higher Ni concentration and plasma cortisol was suppressed
Vs 642+2€ug kg1 wet mask (Fig. 4C,D).

Plasma concentrations of NaClk, C&* and Mg* in The discrepancy between the effects of these two chronic Ni
juvenile rainbow trout (30-5§) exposed for 4Bays to concentrations (384dg Ni |- vs 2034ug Ni I-1) was further
2034ug Ni I-1 were only slightly affected (Fig) despite the evidenced by measurementdbfi. Ucrit in fish exposed to the
marked effects of exposure to this concentration on certainigher Ni concentration (2034gNil-Y) was markedly
hematological parameters and swimming performanceeduced by 42% and 35% after d&ys and 24ays of
(Figs4,5) and the fact that this Ni concentration producedexposure, respectively (Fif). Exposure to the lower Ni
33% mortality over 42lays. Although the reductions in plasma concentration (384g Ni I3 resulted in slight (~7%), but not
Na" and Cr were statistically significant in fish exposed to statistically significant, decreases UGt on both sampling
2034ug Ni I-1 (Fig. 3), losses of these two ions from the days (Fig5).
plasma were only 4% and 5%, respectively. Plasma& [@as In contrast to the lack of effects found in resting fish, chronic
well conserved, and plasma [F1§ was actually elevated. Ni exposure had a significant impact on oxygen consumption

While plasma protein, total ammonia, cortisol and lactatgatterns when fish were exercised. Afterdags of exposure
concentrations were very similar in control fish and fisnto 394ug Ni I-1, treated fish exhibited a significantly lower
exposed to 384g Ni -1, exposure to 203dg Ni I-! had a  maximal oxygen consumption raféld, max 33%) and aerobic
marked impact on both plasma protein and total ammoniscope for activity (38%; FigB,C). These trends persisted
concentration, with these two parameters being significantlgven after 38lays of exposure of both groups of fish to clean
increased by 29% and 200%, respectively (FfgB). water, with the reduction in aerobic scope remaining
Additionally, although the changes were not statisticallystatistically significant (FigoC). Basal oxygen consumption
significant, plasma lactate concentration was elevated at thiates §4o0,,basa) Were not changed throughout the exposure

regime (Fig6A). Additionally, Ucrit values were not

significantly changed, despite a tendency towards reduced
—— Control . - .
=2 384 ug Ni I- values (~6-10% lower) in the Ni group at all times after the
mmm 2034 g Ni |1 initial control (Fig.6D; cf. Fig.5).
3, A 6007 B . _Grou.p regressions of the log of oxygen consumptionvnsate
T swimming speed are shown for both groups of fish swum on
= * 5 days 0 and 34 in Fig/A and 7B, respectively. The slopes and
o S . . .
) = 450 - intercepts of the two regressions on day 0 were essentially
= 21 € identical (Fig.7A), while the slope of the regression line for
g —T % £ Ni-exposed fish on day 34 was significantly lower than its
5 E 3001 control counterpart (FigZB; P<0.05). The group regression
g1 £
3 2 150 - —= Control
a g w2 384 pg Ni -1
a 5 mmm 2034 g Ni 171
0 “ . - T
4 Z <
407 C 207 D _ . N
o -~ T/) 3 7
= T -
€ 30- 5 151 =
2 ; £ £ 21
= = -
[ [}
2 20 T 1.0- 1
8 L] '
£ £
@ 10 % 05 0
a o 12 24
L Days of exposure
0 ‘ ‘ 0 -

Fig.5. Critical swimming speedUgrit) of juvenile rainbow trout
Fig. 4. Plasma stress indicators in juvenile rainbow trout followingfollowing 12days and 2#lays of exposure to either control (open
42days of exposure to either control (open bars), |RgMi I-2 bars), 384ug Ni I-1 (hatched bars) or 2034 Ni I-1 (filled bars).
(hatched bars) or 2034y Ni I (filled bars). Values are means +1 Values are means 4e.m. (N=6-10). Asterisks indicate significant
s.E.M. (N=6-10). Asterisks indicate significant differende<Q.05) difference P<0.05) from control mean by a one-way ANOVA with a
from control mean by a one-way ANOVA with a two-sided two-sided Dunnett'gost-hocmultiple comparison tesBL = body
Dunnett’'spost-hoanultiple comparison test. lengths.
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lines showed little change Mo, basai(note the
log scale on thg-axis), and the intercepts
Fig. 7B were not significantly different fro
one anotherMo, max however, was noticeak
reduced and, correspondingly, so was ae
scope for activity (cf. FiggA-C).
Morphometric analysis of gills from cont
and experimental fish after 8@ys of exposui
revealed significant Ni-induced changes in
ultrastructure of secondary lamellae (Tab)¢
The percentage of the lamellar region occu
by secondary lamellaeV§/ViRr), and the
percentage of secondary lamellae occupie
tissue outside the pillar system (blood chani
VoprdVsL) increased significantly in Ni-expos
fish by 15.4% and 30.9%, respectiy
(Table2). Additionally, the percentage of 1
lamellar region occupied by the pillar syst
(VpdVLR) decreased significantly by 19.4
Although elevated by slightly more than 1(
blood—water diffusion distance (BWDD)
experimental fish was not significantly differ
from that of control fish. These Ni-induc
changes to the lamellar ultrastructure
illustrated by the light micrographs in Figj.
The persistence of significantly redu
scope for aerobic activity in Ni-exposed f
following exposure to clean water (FBC) car
be contrasted with the almost comp
depuration of gill Ni burden in these fish. F&
shows the near return of gill Ni to control lev
in fish previously exposed to Ni (@&ys
followed by 38days of exposure to clean wa
Although the gill burden of fish previous
exposed to Ni was still significantly elevat
the Ni burden of these fish was only 36% hi
than that of control fish (593+38y kg™ vs
436+9ugkg™. The gill burden of fis
previously exposed to Ni after exposure to ¢
water falls towards the higher end of typ
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B osocwoniim
A 301 B
|
£ 13
< | oy
o | & 20 -
N | ~
O a4; | O
o - 15-
2 B
b I % 10
8 2 | £
o) | o
= | > 51
|
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Daysof exposure Daysof exposure

Fig.6. Aerobic swimming performance in juvenile rainbow trout exposed to
394ug Ni I-1. (A) Basal oxygen consumption ratéld, basa). (B) Maximal oxygen
consumption rateMo, may. (C) Aerobic scope for activity. (D) Critical swimming
speed (ciit). Values are means +4de.m. (N=5-8). Asterisks indicate significant
difference P<0.05) from simultaneous control mean by an unpaired two-tailed
Student'st-test. Bars to the right of the broken vertical line represents measurements
made after 38lays of exposure to clean water (C 38), body lengths.

background gill Ni concentrations and was similar to that ofissues of a hypothetical 1-kg rainbow trout following chronic

control trout from both experiment 1 (560x1§kgL; see

Ni exposure to 384ig Ni I=1and 2034ug Ni I-1 (Fig. 2B). The

Fig. 2) and experiment 2 (642+2&) kg~L; see Results above). plasma accumulated more than three times as much Ni as any

In comparison, the gill burden in Ni-exposed fish afted&s

other tissue at both exposure concentrations, followed by the

(3434+530ug kg™l) was approximately seven times higherkidney, white muscle, intestine and gill. Note that although

than that of control fish (Fig).

Discussion

Following both chronic (Fig2A,B) and acute (Pane et,al

white muscle was the third largest Ni sink, this poorly
vascularized tissue did not significantly accumulate Ni
(Fig. 2A).

Given such high amounts of plasma Ni, one might speculate
that a large portion of Ni accumulated in tissues may be a

2003) Ni exposure, the plasma was the main sink for Ni. Usinfunction of vascularization, especially in tissues that are highly
tissue Ni accumulation data (FBA) and the relative vascularized. Fig2C plots the percentage of accumulated Ni
proportion of total body mass represented by each tissue or each tissue that can be explained simply by accounting for
body fluid (using values for rainbow trout from Hogstrand ethe degree of vascularization, using estimates of salméid

al., 2003), tissue-specific Ni burdens were calculated tplasma space values for each tissue from Olson (1992). At both
estimate internal distribution of accumulated Ni within certainexposure concentrations, all of the Ni accumulated by the liver
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30
20
151
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O, —— Control
A, ——Ni

Mo, (umol O, g™t h?)

Mo, (Hmol O, g™ ht)

0 1 2 3 4 5 6
Swimming speedBL s1)

Fig. 7. Group regressions of the log of oxygen consumption r.
(Mo,) against swimming speed for whicBL represents body
lengths. (A) Day O (initial sampling). The slopes of the two grot
regression lines are not significantly different. Group regress
equations  were y=0.21%+0.349, r=0.809 (control) and
y=0.206¢+0.361,r=0.853 (Ni), wherey=log Mo, and x=swimming
speed. (B) Day 34 of Ni exposure. The slope of the regression lin
the Ni group is significantly differentP€0.05) from that of the
control fish. Group regression equations wered.27%+0.111,
r=0.869 (control) andy=0.204+0.249, r=0.644 (Ni). BL, body
lengths.

and heart was present in the blood perfusing these tissue

was a s_ubstantial porti_on of Ni i_n the white ml_JSde (31_40%?Fig. 8. Light micrographs of the secondary lamellar structure of gills
Interestingly, the two tissues with markedly higher overall Nigon, (A) control or (B) Ni-exposed fish (39 Ni I-%; 69days).

burdens (kidney and gill) _had the lowest _perf:entage of NNote the thickened lamellae and decreased interlamellar water space
burden that could be explained by vascularization and are tlin the treated gill (B). Sections areufn thick, stained with

tissues in most intimate contact with either the exposure watRichardson’s stain. Scale bars,|#8.

(qill) or the urine (kidney). While the exposure water is

obviously high in Ni, it is also assumed that the Ni

concentration of the urine is elevated during waterborne Nio low-molecular-mass ligands (USEPA, 1986; Kasprzak,
exposure, given that renal clearance is the primary excreto@©87). The present data suggest that Ni is not easily accessing
mechanism of bloodborne Ni (Eisler, 1998; USEPA, 1986)the interstitial space (and the intracellular compartment) and is
Although the distribution of Ni among various ligands within primarily being retained in the blood plasma, perhaps bound
the blood plasma of fish is poorly understood, the relativéo either serum albumin or as another protein complex.

affinity of mammalian serum albumin for Ni determines the After 42days of exposure, Ni concentrations in the gill and
extent of Ni capable of crossing biological membranes bounkidney were approximately equilibrated with plasma Ni at both



1258 E. F. Pane and others

Haque and C. M. Wood, submitted); (2) chronically, white
40001 muscle, which contributes to aerobic swimming at speeds close
to Ugrit, did not significantly accumulate Ni at either chronic
concentration used (FigA); and (3) significant ultrastructural
3000 alterations to the branchial epithelium were observed,
consistent with diffusive limitations of high-performance gas
exchange (Tab!g; Fig.8).

Within the context of the rainbow trout gill, the connection
between decreased available surface area for diffusion and
decreased maximal oxygen exchange capacity has been well
established. It is thought that at times of maximal oxygen

' ' usage, the gills are fully perfused with blood and the system is
Cortrol Ni exp. Cortrol Ni exp. diffusion limited rather than perfusion limited (Daxboeck &t al
1982; Duthie and Hughes, 1987). Accordingly, small decreases
Day 34 Clean 38 days in gas exchange capacity may not be detected at rest or at lower

. . ) . . . . swimming speeds (Duthie and Hughes, 1987) but may become
Fig. 9. Gill Ni concentrations in juvenile rainbow trout. Ni-exposed . : . . . .
fish were exposed to Ni for @ys, followed by 38ays in clean important as the intensity of exercise increases (Nikl and

water. Values are means = dem. (N=6-9). Asterisks indicate Farrell, 1993). In'deed, this. phenomgnop clearly applies during
significant difference R<0.05) from simultaneous control mean by Strénuous exercise following chronic Ni exposure. At or near
an unpaired two-tailed Studentiest. Uerit, maximal oxygen consumption rate¥d, may in the
present study decreased by 33.0% (Bi§s7). An alternative
explanation of the data in Fig8, 7, that swimming became
exposure concentrations (284 Nil-1 and 2034ug Ni I-%; more efficient in treated fish at higher swimming speeds, is
Fig. 2A). A similar phenomenon occurred following 12®f  inconsistent with our unquantified observations that treated fish
acute, high-concentration Ni exposure (Pane et al., 2003pnsistently relied more frequently on erratic burst swimming
although in that case Ni concentrations in the gill and kidneyearUcrit.
were equilibrated with those in both the plasma and the The 33% decrease Mo, maxWas consistent with a 10.3%
exposure water. During chronic Ni exposure, however, plasmdecrease in the relative diffusing capacityre() of
concentrations exceeded Ni concentrations in the exposuexperimental fish (Tabl2). This decrease iDrel was driven
water (see Results). Additionally, during acute Ni exposuremore by increased blood water diffusion distance (BWDD) in
plasma Ni concentrations increased linearly with time oveexperimental fish (Tabl®) rather than a distinct decrease in
120h of exposure (Pane et.,aP003). What is not known available lamellar surface are8) (from equatior, Drel is
during chronic exposure, however, is whether the high plasndirectly proportional toS and inversely proportional to
Ni seen after 42lays represents a plateau (homeostatical\BWDD). Because it incorporates bofhand BWDD, Dre is
regulated level) or simply a point during a time course o more comprehensive parameter than either BWDD
slowly but continually increasing plasma Ni concentrations. taken alone and is a better morphometrically determined
Exposing rainbow trout chronically to a relatively high Ni approximation of the efficiency of oxygen transfer from the
concentration (202¢g Ni I-1) provided insight into the mode water to the blood across the branchial epithelium (Hughes and
of chronic toxicity. Clearly, ionoregulatory disruption is far Perry, 1976; Hughes et.al979).
less important than respiratory toxicity under these conditions The observed decrease hel corresponded well with a
(Figs3,4). Despite substantial mortality and signs ofslight swelling of the secondary lamellae in chronically Ni-
respiratory distress in resting fish exposed to 2a£Mi |-l  exposed fish, as evidenced by significantly increagefV/| r
(Fig. 4), plasma ion disturbances were minimal (Bjg.These (15.4%; Tabl®; Fig.8). The most prominent Ni-induced
results agree well with those of acute Ni studies in whiclthange in branchial ultrastructure was swelling of the lamellar
respiratory toxicity is very pronounced while ionoregulatoryepithelial layer, as indicated by a 30.9% increasédipdVsL
disturbance is not substantial (Pane gt2003). (Table2; Fig.8). In the gills of Ni-exposed fish, lifting of the
The respiratory effects of chronic, very low-level Nilamellar epithelium from the blood channel system appeared
exposure were quite subtle and were only unmasked hyore frequently than in the lamellae of control fish (E. F. Pane,
strenuous aerobic exercise (F@&¥). The following personal observation), and the increasesV#/Vir and
discussion of Ni-induced limitation of aerobic swimming VopdVsL appeared to be driven more by hypertrophy, or cell
performance focuses on the gill as a key site of toxic actioawelling, than a hyperplastic increase in cell number @)ig.
underlying the observed reductions in maximal oxygerMallat (1985) cited both epithelial lifting and hypertrophy
utilization rates. In support of this specific focus on the gillamong common lesions associated with metal exposure,
during chronic Ni exposure are three pieces of evidence: (1jith epithelial lifting being the most common response.
acute respiratory toxicity occurs exclusively at the gill andAdditionally, hypersecretion of mucus and hyperplasia were
involves no bloodborne or systemic component (E. F. Pane, Adentified as common defense mechanisms. In the present
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study, hyperplasia was not evident, while hypertrophicsome extra-diffusional limitations, such as perfusion or
pavement cells were commonly observed in fish subjected tonvection limitations. In the present study, the ratio of
chronic low-level Ni exposure (Fi@). decreased/o,,max (33%) toDrel (10.3%) was approximately
Ni-induced edema in the lamellar epithelium of the gill has3.2:1. Despite the conventional belief that the branchial
been documented during acute exposure to high concentratiovescular network is relatively resistant to waterborne irritants,
of Ni in several earlier studies. Nath and Kumar (1989R significant contraction of the lamellar vasculature was
reported extensive hypertrophy of the respiratory epitheliunobserved following chronic Ni exposure (TaBkeand may
leading to separation from the pillar system in the gills ohave contributed to the increased negative impact on maximal
Colisa fasciatusacutely exposed (96) to approximately oxygen consumption rates. Additionally, the decreased
14000ug Ni 171, Additionally, marked increases were interlamellar water space in chronically exposed fish (see
observed in Vs /Vir and VopdVsL (57% and 49%, Fig.8B) would decrease the volume of water flowing over the
respectively) following only 8lays of exposure of rainbow respiratory surface and impose a ventilatory convective
trout to 3200ug Ni I-1 (Hughes and Perry, 1976; Hughes et al. limitation also capable of impairing high-performance oxygen
1979). Such profound acute swelling within the delicateuptake at the gill.
respiratory surface is presumably the cause of marked Ni- Furthermore, the 3.2:1 ratio of the present study suggests
induced disturbances in blood gases and acid—base balanttegt some extra-branchial mechanisms such as muscle,
such as those observed by Pane et al. (2003) in trout acut&sythrocytic or renal impairment may be responsible for some
exposed to 1700ug Ni I-1. These authors observed a linearportion of decreased aerobic capacity in Ni-exposed fish (see
decrease in arterial oxygen tension with timel{p® less than above). Although Ni did not accumulate significantly in white
35% of control values, with a twofold increase in carbormuscle, muscle ammonia concentrations, for example, were
dioxide tension and a concomitant respiratory acidosisjot measured. Therefore, we cannot entirely exclude the
suggestive of a substantial limitation of branchial diffusivepossibility that Ni-induced perturbation of swimming
capacity. Indeed, in a separate study by Pane et al. (E. F. Papetformance was mediated through elevated muscle ammonia
A. Haque and C. M. Wood, submitted), rainbow trout acutelyconcentrations, as is the case with acute exposure of brown
exposed to 1G00ug Ni I-1 experienced a 46.4% increase in trout to sublethal copper and low pH (Beaumont et al., 2003).
Vsu/VLr as well as significantly increas&bpdVs,, BWDD  The latter effect is caused by a significant ammonia-induced
and lamellar width. Additionally, Hughes and Perry (1976)depolarization of the resting membrane potential of muscle
examined the relative contributions to Ni-induced edema diibers (Beaumont et al., 2000). Plasma ammonia in rainbow
both tissue and non-tissue (lymphoid) spaces, concluding thbut chronically exposed to 3$4) Ni I-1, however, was not
overall lamellar swelling was due to swelling in both epithelialsignificantly elevated (Figl), suggesting that ammonia is
components. not a mediating factor of reduced swimming performance at
In mammals, Ni is considered a moderate contact allergehis low concentration. Plasma ammonia was substantially
(Kligman, 1966), and it is possible that lamellar swelling inelevated, however, following chronic exposure to
fish may be an inflammatory response. Although leukocyt@034pug Ni I-1. Unfortunately, we did not measure Ni in the
infiltration of lamellar blood channels and vasodilation haveed muscle.
occasionally been observed in acutely exposed fish (E. F. PaneGiven such high (comparable to gill) concentrations of Ni
A. Haque and C. M. Wood, submitted), the contraction of thén the plasma (blood) and kidney (FR). following chronic
pillar system seen during chronic Ni exposure (decreaseskposure, we also cannot entirely dismiss the possibility that
VpdVLR; Table2) argues against a chronic inflammatorythese two tissues may contribute to the limitation of high-
response. An alternative suggestion proposed by Mallat (198pgrformance aerobic function in Ni-exposed fish. Chronically
is that intraepithelial fluid may result not from blood exudatesmpaired hemoglobin would cause such a decline, as might
but from the overlying freshwater medium; this is particularlychronic renal damage, due to the importance of renal handling
relevant in the case of freshwater fish that are continually facexf water and electrolytes during exercise (Wood and Randall,
with the osmotic challenge of water absorption from a veryi973).
hypoosmotic medium. It must also be considered, given the persistence of impaired
The decreases Mo, max and Drel observed during Ni aerobic capacity several weeks after the removal of Ni from
exposure are qualitatively similar to the findings of Duthie andhe exposure water, that some degree of extrabranchial
Hughes (1987), who surgically reduced the available gillimitation of exercise performance may have been due either
surface area in trout and reported decreaséddfimax that  to the persistence of extrabranchial accumulated tissue Ni, to
almost exactly corresponded (i.e. a 1:1 ratio) to the decreasggecific organ damage that persisted after the Ni exposure
in available surface area. Additionally, following @dys of  period, or to some combination of both. Unfortunately, we can
exposure to sublethal Al at moderately low pH, an approximatenly speculate at this point in time, as the kinetics of tissue Ni
1.2:1 ratio was found between these two variables in rainbowandling and specific organ function during Ni exposure and
trout (Wilson et al 1994). According to Duthie and Hughes depuration remain to be tested. Additionally, there is the
(1987), however, percent decreasesMio, max greater than possibility that decreased aerobic performance in both the
percent decreases in available lamellar surface area suggpetsence and absence of direct toxicant insult may be
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secondary to Ni-induced impairment of physiological functionBouitilier, R. G., Heming, T. A. and Iwama, G. K.(1984). Physiochemical

at a higher level of organization than that of an individual Parameters for use in fish respiratory physiolog¥ish Physiologyvol. 10A
(ed. W. S. Hoar and D. J. Randall), pp. 403-430. London: Academic Press.

organ. Althoth Niis _b0th 'mmunern_'C (BarChOV_VSky et al"Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
2002) and carcinogenic (Costa, 1991) in mammalian systems microgram quantities of protein utilizing the principle of protein-dye

such effects of Ni in fish are currently unknown. binding. Anal. Biochem72, 248-254. .
rett, J. R. (1958). Implications and assessments of environmental stress. In
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