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Abstract

The influence of ration size on homeostasis and sublethal toxicity of copper (Cu) was assessed in rainbow trout
(Oncorhynchus mykiss) during dietary Cu exposure in synthetic soft water. A constant dietary dose of 0.24 umol Cu per
g fish per day as CuSOy-5H,0 was delivered via diets containing 15.75, 7.87, and 5.24 pmol Cu g~ ' fed at 1.5, 3.0, and
4.5% wet body weight daily ration, respectively. Juvenile rainbow trout showed clear effects of ration but not Cu on
growth suggesting that growth is hardly a sensitive endpoint for detection of sublethal dietary Cu exposure. All Cu-
exposed fish accumulated the same total metal load when expressed on a per fish basis. This suggests that differences in
tissue and whole-body Cu concentrations among the treatments reflected the differences in the fish size rather than total
Cu accumulation, and demonstrate that absorption and accumulation of Cu from the gut during dietary exposure are
independent of the food quantity in which the Cu is delivered. Fish fed a high ration exhibited greater mass-specific
unidirectional uptake of waterborne Cu than fish fed a low ration indicating an increased need for Cu for growth
processes in rapidly growing fish. Stimulated excretion of Cu was indicated by greater Cu accumulation in the bile of
the Cu-exposed fish. Branchial Na™, K -ATPase was not affected by dietary Cu exposure or ration but gut Na™*, K-
ATPase activities showed stimulatory effects of increasing ration but not of Cu exposure. The 96-h LC50 for
waterborne Cu (range 0.17—0.21 pmol 17! (10.52—13.20 pg 1= ") was the same in all treatment groups indicating that
ration size was unimportant and that dietary Cu did not induce an increase in tolerance to waterborne Cu. Taken
together these results suggest that the nutritional status, fish size, and growth rates should be considered when
comparing whole-body and tissue Cu concentration data for biomonitoring and risk assessment. Moreover, expressing
the exposure as total metal dose rather than metal concentration in the diet is more appropriate.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although dietary factors have marked effects on
fish physiology and metabolism (Cowey and
Sargent, 1979), the possible modifying effect of
food-related variables on the toxicity and homeo-
static regulation of metals has been largely ne-
glected in aquatic toxicology (Lanno et al., 1989).
Most dietary studies carried out on fish have
concentrated on growth-ration relationships
geared toward establishing nutritional adequacy
of diets for fish in aquaculture (Brett and Groves,
1979; Cho et al., 1982; Cowey, 1992). These studies
have established that growth of fish is strongly
regulated by the quantity of food consumed.
However, metal contaminants in the diet may
influence fish health negatively by inducing tox-
icosis or by affecting food utilization. For example
some previous studies have reported that environ-
mental pollutants affect appetite of the fish result-
ing in changes in the dynamics of metal/chemical
uptake, metabolism, and depuration (Jiminez et
al., 1987; Lanno et al., 1989; Wilson et al., 1994;
D’Cruz et al., 1998). Several studies that have
specifically assessed the effect of feeding/starvation
(Buckley et al., 1982; Collvin, 1985; Segner, 1987)
on metal toxicity employed waterborne exposures
and reported variable results. However, there are
indirect indications that nutritional factors such as
high ration may mitigate waterborne (Taylor et al.,
2000) and dietary (Kamunde et al., 2001) Cu
toxicity in fish. These data highlight the need for
a detailed examination of the role of nutritional
status on the responses of fish to metals exposure.

There is apparently no agreement on the level of
dietary Cu toxic to fish. Although earlier work by
Lanno et al. (1989) determined the toxic threshold
to be approximately 730 pg Cu g~ ! diet, recent
data have not concurred with this finding (Bernts-
sen et al., 1999; Kamunde et al., 2001). Possible
causes of these discrepancies include differences in
exposure periods, feeding regimes, fish size, and
species. Several studies have investigated the
effects of varying dietary metal concentrations in
fish at constant ration (see review by Handy, 1996)
but none, to our knowledge, have investigated the
influence of constant metal load presented in
different ration levels.

Impairment of branchial Na™* ,K *-ATPase dur-
ing acute waterborne Cu exposure has been
unambiguously characterized in rainbow trout
(Laurén and McDonald, 1987; Li et al., 1998).
However, it remains to be determined whether
dietary Cu imparts toxicity by affecting Na™ K *-
ATPase activities in the gastrointestinal tract.
Furthermore, since dietary Cu has been shown to
accumulate in the gills in some studies (Miller et
al., 1993; Kamunde et al., 2001, 2002), it would be
interesting to assess if Cu accumulated at the gill
from the diet would have a similar inhibitory effect
as waterborne Cu.

The aim of the present study was therefore to
test the hypothesis that fish maintained on high
ration have superior ability to regulate and arrest
the deleterious effects of dietary Cu exposure. This
was done by offering juvenile rainbow trout the
same Cu load in three rations ranging from 1.5 to
4.5% wet body weight per day. We anticipated that
sublethal endpoints of chronic metal toxicity such
as growth would be influenced by the nutritional
status of the animal and subsequently impact
metal uptake, distribution, excretion, and accu-
mulation. In addition, exposing fish to metal
under different feeding regimes is environmentally
realistic because food abundance and feeding
indices vary with season in aquatic ecosystems
(Segner, 1987; Smith and Griffith, 1994). A second
objective was to establish possible connections
between tissue Cu accumulation, metal dose, and
toxicity for purposes of risk assessment in aquatic
toxicology. Previous studies (Miller et al., 1992;
Farag et al., 1995; Marr et al.,, 1996) have
associated tissue metal residues with adverse
effects and recently Bergman and Dorward-King
(1997), proposed the use of tissue metal burdens
for biomonitoring, risk assessment, and derivation
of water quality criteria. Third, a waterborne Cu
toxicity test was performed to determine if dietary
Cu induced acclimation to waterborne Cu (McDo-
nald and Wood, 1993) and whether ration size had
any role in this process. Finally, we examined the
possible effect of chronic sublethal dietary Cu
exposure and ration size on branchial and gastro-
intestinal tract Na™ K T-ATPase activities.
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2. Materials and methods
2.1. Fish

Juvenile rainbow trout (Oncorhynchus mykiss)
9-10 g in weight were obtained from Humber
Springs trout farm and acclimated to laboratory
conditions for 2 weeks. Laboratory conditions
consisted of a flow-through of aerated dechlori-
nated Hamilton tap water containing: Na™t 0.6
mmol 17!, CI~ 0.7 mmol 17!, Ca?* 1 mmol 17!,
Mg”>™ 0.21 mmol 17!, hardness 1.4 mmol 1" as
CaCOs;, alkalinity 0.95 mmol 1! as CaCOs;, and
dissolved organic carbon (DOC) 3.0 mg 17
Water pH and temperature were 7.9-8.2, and
14 °C, respectively, and background Cu concen-
tration was about 47.24 nmol 1! (3 pg 17").
Subsequently, the fish were gradually acclimated
to synthetic soft water. Soft-water was generated
from dechlorinated Hamilton tap water by reverse
osmosis and mixed gradually with regular de-
chlorinated tap water to achieve a final mixture
of about 6:1 reverse osmosis—tap water, over a
period of 2 weeks. Fish were then maintained in
this synthetic water for 2 months before initiation
of the experiment. Water composition at the end
of acclimation was: Na* 0.12 mmol 17!, C1~ 0.10
mmol 17!, Ca®>* 0.13 mmol 1~ !, Mg®>* 0.04 mmol
17!, and hardness 0.20 mmol 1~' as CaCOs,
alkalinity 0.15 mmol 1~' as CaCO5, DOC 0.4 mg
1~ !. Background Cu in soft water was 22.05 nmol
17" (1.4 pg 1~ "), pH was 7.0, and temperature was
14 °C. During the pre-experimental and acclima-
tion period, fish were fed once daily at 2% wet
body weight on commercial trout chow (Corey
Feed Mills Ltd., Fredericton, New Brunswick)
containing 55% crude protein, 17% crude fat, 2%
crude fiber, 1.5% Ca®>", 0.6% Na™). Cu concen-
tration of the diet was 0.31 pmol g~ ' (20 pg g~ ).

2.2. Experimental diets and feeding

Experimental diets were made in-house by
supplementing the commercial trout chow with
the required amount of Cu calculated to deliver
0.24 pmol (15 pg) Cu per g fish per day in 1.5, 3.0,
and 4.5% daily ration. This was achieved by
making diets containing 15.75 (1000), 7.87 (500),

and 5.24 (333) pmol g~ ! (ng g~ ') Cu for the 1.5,
3.0, and 4.5% rations, respectively (Table 1). For
all the diets the commercial trout chow was
ground in a blender and the appropriate amount
of Cu (as CuSOy4-5H,0) for each diet dissolved in
10% diet weight of double distilled water and
mixed in a pasta maker for 45 min. This ensured
homogenous distribution of the Cu throughout the
food. Thereafter, further 30% diet weight double
distilled water was added (bringing total volume of
water added to 40% diet weight) and mixed for a
further 15 min. The food was subsequently ex-
truded via a pasta maker, air-dried, and broken
into small pellets (approximately 3 mm?) by hand.
Control diet was treated in the same way except
that no Cu was added. All diets were kept at —
20 °C till use. The nominal and actual Cu con-
centrations of the diets are shown in Table 1.
During the experiment fish were fed the designated
diet at half the designated ration twice a day, once
in the morning (08:00-09:00 h) and again in the
evening (18:00—19:00 h). The fish were allowed to
feed for 1 h, after which fecal material was
siphoned and a water sample taken for Cu
analysis. Visual observation revealed that all
food was ingested. Bulk fish weights obtained
weekly for each group were used to calculate the
ration for the following week.

2.3. Exposure set-up

The exposure set-up was a complete factorial
design composed of six 150-1 tanks partitioned in
half by dividers giving a total of 12 experimental
chambers for three treatments and respective
controls, in duplicates. Water flow rate into the
tanks was 1.2 1 min ~' providing 50% replacement
of the water in 1.4 h. Each partition of the tank
was provided with gentle aeration. For each ration
the control and treatment group were kept to-
gether in one tank (but in separate partitions), so
that any changes in waterborne Cu concentration
would affect both the control and the treatment
group in the same way. A previous study (Ka-
munde et al., 2001) had reported elevated water-
borne Cu concentration, probably from excretion,
during static waterborne Cu flux experiments in
fish exposed to dietary Cu. However, since the fish
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Table 1

Ration size, dietary Cu concentrations, and total Cu dose delivered per g fish per day during the experiments

Ration (% wet body weight)

Diet Cu concentration [umol g~ °, nominal (actual)]

Total Cu dose (umol per g fish per day)

Control Treatment Control Treatment
L5 0.31 (0.35+0.03) 15.75 (15.94+0.54) 472 %1073 0.24
3.0 0.31 (0.3540.03) 7.87 (8.04+0.35) 11.03 x 1073 0.24
4.5 0.31 (0.35+0.03) 5.24 (5.3240.30) 15.74 x 103 0.24

Actual dietary Cu concentrations are means +SEM, n =9.

were maintained in a flow-through system in the
present study, measurement of water Cu concen-
tration soon after feeding (range 18.9-25.2 nmol
171 (1.2-1.6 pg 17" showed no significant
changes.

2.4. Sampling

Fish were bulk weighed in a 20-1 bucket lined
with a plastic sieve and then starved for 36 h
before sampling on days 0, 9, 21, and 35. For each
treatment and its associated control, 10 fish (five
from each replicate) were randomly removed,
initially for determination of unidirectional water-
borne Cu uptake as described below. Subse-
quently, the fish were killed with an overdose of
neutralized tricaine methanesulfonate (MS-222; 1
g 17! containing 0.25 g 1~' NaHCO3) and organs
[gills, liver, muscle, gut (stomach, pyloric cecae +
anterior intestine, mid intestine and posterior
intestine), plasma, bile, and rest of carcass] were
collected into separate pre-weighed scintillation
vials or bullet tubes, weighed, and then frozen for
subsequent analyses.

2.5. Unidirectional waterborne Cu uptake

The effect of the dietary exposure conditions on
unidirectional waterborne Cu uptake by gills was
assessed at each sampling time. For each feeding
regime 10 control and 10 Cu-treated fish were
moved into partitioned 20 1 flux containers and
exposed to waterborne **Cu at ambient water Cu
concentration. The radioisotope **Cu (as CuNOs)
was prepared at the McMaster University Nuclear

Reactor. The radioisotope dosage administered
(0.7 nCi 17 ') added a total concentration of 3.15
nmol (0.2 pg) 1 ' Cu into the water, and therefore
did not substantially elevate the nominal water Cu
concentration or alter the body or tissue burdens
accumulated in the preceding weeks. The fish were
exposed to the ®*Cu for 12 h under static water
conditions and continuous gentle acration similar
to the protocol of Kamunde et al. (2001, 2002).
The tanks used for the flux measurements were
pre-incubated overnight with soft water of the
same chemical characteristics (i.e. same Cu con-
centrations) as the water used during the flux at all
sampling times. A 10-ml water sample was taken
from each tank 15 min after introduction of **Cu
and again after the 12-h flux period. Water **Cu
and total Cu concentration did not change by
more than 5% during the 12 h period. Unidirec-
tional Cu uptake was determined as outlined in
calculations (below).

2.6. Na* K*-ATPase activities

Na™*,K "-ATPase activities were determined for
the entire gill baskets and specific sections of the
gut (stomach, pyloric cecae [includes anterior
intestine], mid intestine, and posterior intestine)
after 35 days of exposure to dietary Cu employing
the microplate UV detection method (McCormick,
1993). Six fish from each group were sacrificed as
described above. Gut and gill samples were rinsed
in double distilled water upon dissection, frozen
immediately in liquid nitrogen, and subsequently
stored at —70 °C until they could be analyzed for
Nat K *-ATPase activity. The tissues were initi-
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ally thawed and subsequently homogenized on ice
in 10 x volumes of 4:1 SEI-SEID buffer for 45 s;
SEI =250 mM sucrose, 10 mM Na,EDTA, 50
mM imidazole, pH 7.3; SEID =0.5% sodium
deoxycholic acid in SEI. The homogenized tissues
were then centrifuged at 5000 x g and the super-
natant immediately analyzed for Na* ,K*-AT-
Pase activity. For all the tissues 10 pl of the
supernatant was used in a reaction mixture con-
taining 50 pl salt solution (50 mM imidazole, 189
mM NaCl, 10.5 mM MgCl,-5H,0, 42 mM KClI,
pH 7.5) and 150 pl assay solution A or B, where
assay solution A contains 50 mM imidazole, 2.8
mM phosphoenolpyruvate, 0.22 nicotinamide ade-
nosine dinucleotide, 0.7 mM adenosine tripho-
sphate, 4 U ml~ ' lactate dehydrogenase, 5 U ml !
pyruvate kinase, pH 7.5, while assay solution B is
solution A+0.5 mM ouabain. Each sample was
read in quadruplicates, two with solution A and
two with solution B. In this assay the rate of
hydrolysis of ATP to ADP in the presence and
absence of ouabain is coupled to the oxidation of
NADH to NAD . Changes in absorbance of the
reaction mixture due to NADH oxidation were
measured at 340 nM over 15-s intervals for 10 min.
Nat K*-ATPase activity was calculated as the
difference in ATP hydrolysis in the absence and
presence of oubain, and normalized to total
protein of the respective sample as determined
according to Bradford (1976).

2.7. Toxicity test

Tolerance to acute waterborne Cu exposure was
assessed using a 96-h acute toxicity test carried out
at the end of the 35-day experiment. To allow
direct comparison between treatments and con-
trols, the containers (30-1 capacity) used for the
test were partitioned in the same way as the
experimental tanks to ensure exposure to the
same Cu concentration for both treatment and
control. Ten fish for each treatment and respective
control were tested in five Cu concentrations
(nominally 0, 0.08, 0.16, 0.32, and 0.63 pumol 1Y
according to the protocol of Taylor et al. (2000).
The test was carried in a flow-through system at a
flow rate of 150 ml min ~' allowing 50% replace-
ment of water in about 2.3 h. The water Cu

concentration was checked three times daily by
atomic absorption analysis and maintained within
+5% of the nominal value. Fish were not fed
during the toxicity test. Mortality was monitored
and dead fish were removed and treatment and
time of death recorded. The 96-h LC50 was
calculated by Probit analysis (SPSS version 10.0,
SPSS Inc., Chicago, IL) using the measured mean
total water Cu concentrations.

2.8. Analysis

At all sampling times the tissues and water
samples were first measured for **Cu activity by
means of a Canberra-Packard MINAXI Gamma
counter with an on-board program for decay
correction. Subsequently, the tissues were re-
weighed and digested overnight at 70 °C with six
volumes of 1N nitric acid (Fisher Scientific, trace
metal grade), and then centrifuged for 4 min at
13000 x g. A sub-sample of the supernatant was
diluted appropriately with 0.5% nitric acid and
total tissue Cu concentrations were determined by
atomic absorption spectroscopy (AAS; Varian
AA-1275 with GTA-95 atomizer) using a 10-pl
injection volume and the operating conditions
specified for Cu by the manufacturer (McKenzie,
1982). Certified Cu standards (National Research
Council of Canada) run at the same time were
within the specified range. Water total Cu con-
centrations from the samples taken after feeding
and from the waterborne Cu uptake and water-
borne Cu toxicity tests were analyzed by compar-
able furnace atomic absorption methods using
acidified samples without digestion.

2.9. Calculations

Specific growth rate (SGR) was calculated on a
per tank basis (n =2 per treatment and respective
control) for three growth periods using the for-
mula:

SGR = 100[(In(wt2) — In(wt1))t~ '],

where ‘wtl” and ‘wt2’ are tank biomass at the start
and end of each growth period and ‘¢’ is the
interval in days.
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Food conversion efficiency (FCE) was calcu-
lated on a per tank basis (n =2 per treatment and
respective control) for three growth periods using
the formula:

FCE (%) = 100(weight gain pertank
xperfood eaten).

Whole-body total Cu concentration was calcu-
lated by dividing the sum of Cu contents (con-
centration multiplied by weight) of all the tissues
plus the carcass by the sum of weights of all the
tissues plus carcass.

Retention efficiency (RE) of Cu was calculated
as:

RE (%) = 100[(C2 — C1)xper Cu eaten],

where ‘C1° and ‘C2’ are total Cu content per fish
(umol per fish) at the beginning and at the end of
the experiment, respectively.

The unidirectional uptake of waterborne Cu by
the whole fish over 12 h was calculated by adding
up **Cu activities (cpm) in all tissues and carcass.
Fish weights were determined by summing up the
weights of all tissues and rest of carcass for each
fish. Whole-body Cu uptake was then calculated
using the equation:

a(bc_l)fl,

where ‘a’ is the mean **Cu cpm per gram fish, ‘b’ is
the ®*Cu cpm 1! of water and ‘¢’ is the mean total
Cu concentration in water in pmol 1~ !, The uptake
was then expressed as a rate by dividing by the
time of exposure (12 h).

2.10. Statistical analysis

Data are presented as means +SEM. Treatment
and replicate effects were analyzed using three-way
factorial analysis of variance (ANOVA) (Statistica
5.0, StatSoft Inc., Tulsa, OK) with time, ration,
and diet Cu exposure as variables. Subsequently a
posteriori Tukey’s honest significant difference
(HSD) test was used to make comparisons be-
tween means of the measurements. Chi-square,
goodness-of-fit and Bartlett tests performed on all
data sets revealed that assumptions of normality of
distribution and homogeneity of variance were
met. All data from replicate tanks did not show

any statistical difference when the means were
tested against each other using Tukey’s HSD test.
Hence data from the replicates were pooled.
Interaction terms among the three factors were
not consistently significant at any instance.
Growth data (cumulative weight gains, SGR,
and FCE were compared with a paired ¢-test.
LC50 values with 95% confidence limits (95%
C.L.) were computed using Probit analysis on
SPSS 10.0 (SPSS Inc. Chicago, IL). Proportional
data were arcsine transformed before statistical
analyses.

3. Results

3.1. Growth

At the start of the experiment mean fish weight
per tank was between 9 and 10 g for all the
treatments. Growth occurred in all the treatments
as shown by the cumulative weight gain curves
(Fig. 1). There was a clear, statistically significant,
effect of ration but not Cu on growth for all the
treatments and the growth—ration relationship
was curvilinear (Fig. 1, insert). Fish on 1.5% ration
with or without 0.24 pmol Cu g per fish per day
showed the lowest growth gaining only 5 g per fish
in 35 days to reach a final weight of 14—15 g. Fish
on the 3.0 and 4.5% daily ration gained 14 g per
fish to 23-24 g, and 16 g per fish to 25-26 g by
day 35, respectively. The differences in weight
gains were reflected in per tank SGRs which were
highest in fish on 4.5% ration (Fig. 2A). However,
food conversion was highest in fish on low ration
and decreased in the highest ration (Fig. 2B).

The weights of liver, gastrointestinal tract, and
gill relative to whole-body weight (somatic indices)
are shown in Fig. 3. Hepatosomatic index ranged
from 1 to 2.3%, being low in the fish on lower
ration and higher in the fish on high ration, but
was not affected by dietary Cu exposure. Gastro-
intestinosomatic index ranged between 3 and 5%,
tended to increase with ration and was slightly
decreased with dietary Cu exposure. Branchioso-
matic index tended to be lower in fish on inter-
mediate ration, though the effect was not
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consistent over time (Fig. 3C). Dietary Cu expo-
sure had no effect on the branchiosomatic index.

3.2. Whole-body Cu status

Exposure of juvenile rainbow trout to the same
Cu quantity resulted in the same total Cu content
per fish (Fig. 4A) regardless of the ration in which
the Cu was delivered. Whole fish Cu content
increased linearly over time. For the control fish,
Cu content increased from an initial value of about
75 to 180, 335, and 340 nmol per fish at day 35 in
the groups on 1.5, 3.0, and 4.5% body weight
ration per day, respectively. All Cu-exposed fish
had the same Cu content per fish reaching a high
of about 630 nmol per fish at day 35. However,
when expressed as a concentration (per wet body
weight) there were striking differences among the
treatment groups. While all the controls had Cu

concentrations of between 12 and 21 nmol g~ ',

800

fish exposed to 0.24 umol Cu g per fish per day
delivered in 1.5% body weight ration per day had
fourfold higher whole-body Cu concentration than
the respective control group. For fish in which the
Cu load was delivered in 3.0 or 4.5% body weight
ration per day, only about 1.5-fold increase in
whole-body Cu concentration occurred relative to
the respective controls (Fig. 4B).

RE of Cu was decreased strongly by Cu-
exposure, and to a lesser extent by ration (Table
2). For all the Cu-exposed treatments RE was the
same regardless of ration, but much lower than for
the control fish, and ranged from 0.7 to 0.8% for
all the feeding regimes. Among the control groups
RE decreased from about 9% in the fish on 1.5%
body weight ration per day to 5.6% in fish on 4.5%
body weight ration per day.

700 o

600
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Fig. 1. Effect of exposure to 0.24 umol Cu per g fish per day delivered in 1.5, 3.0, and 4.5% body weight per day ration on growth in
juvenile rainbow trout. Values are means +SEM for cumulative mean weight gains per tank, n =2 per treatment. For all the groups
solid lines represent control fish and broken lines represent fish exposed to dietary Cu. O, 1.5% body weight per day ration control; @,
1.5% body weight per day+0.24 umol g~ ' per day Cu; O, 3.0% body weight per day ration control; M, 3.0% body weight per day

ration+0.24 pmol g~ ! per day Cu; A, 4.5% body weight per day ration control; a, 4.5% body weight per day ration+0.24 pmol g~

1

per day Cu. # Indicates significant difference relative to 3.0% body weight per day ration and * indicates significant difference relative
to 1.5% body weight per day ration (¢-test, P < 0.05). There was no effect of Cu exposure on growth at any ration. Insert shows the

growth—ration relationship under the conditions of exposure.
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Fig. 2. Effect of exposure to 0.24 pmol Cu per g fish per day delivered in 1.5, 3.0, and 4.5% body weight per day ration on SGRs [A]
and food conversion efficiencies (FCEs) [B] in juvenile rainbow trout. Values are means+SEM on per tank basis (n = 2). Bars with
different letters within the same sampling time are significantly different (z-test, P < 0.05).

3.3. Tissue partitioning of Cu

Accumulated Cu partitioned into most body
tissues sampled, with the liver showing the highest
concentrations. For the control fish, Cu content in
liver increased significantly from an initial value of
about 30 to 80, 170, and 190 nmol per liver at day
35 in the group on 1.5, 3.0, and 4.5% body weight
ration per day, respectively (Fig. SA). Moreover,
the liver Cu content was significantly lower at day
35 in the fish on 1.5% body weight ration per day
compared to both 3.5 and 4.5 body weight ration

per day. However, as with whole-body, the total
Cu content (nmol) per liver was the same for all
the Cu-exposed groups independent of ration, and
rose linearly from about 30 nmol per liver at the
beginning of the experiment to about 400 nmol Cu
per liver at the end of the experiment. Liver Cu
concentration also increased linearly over time in
all the treatments (Fig. 5B). Livers of the group fed
the 1.5% body weight ration per day (15.75 pmol
g~ ! Cu diet) showed the highest liver Cu concen-
tration of 3.62 umol g~ ! followed by the group on
3.0% (7.87 pmol g~ ' Cu diet) with 1.26 pmol g~ ',
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Fig. 3. Somatic indices for liver (A), gastrointestinal tract (B), and gill (C) in juvenile rainbow trout following exposure to 0.24 pmol
Cu per g fish per day delivered in 1.5, 3.0, and 4.5% body weight per day ration. HSI, hepatosomatic index; GSI,
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within the same sampling time are significantly different, and # indicates significant difference from control for same ration at that
sampling time, Tukey’s HSD, P <0.05.
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Fig. 4. Whole fish Cu content (A) and whole-body Cu
concentration (B) in juvenile rainbow trout following exposure
to 0.24 pmol Cu per g fish per day delivered in 1.5, 3.0, or 4.5%
body weight per day ration. Values are means +SEM, n =10
per treatment per data point except day 0 controls where n = 24.
O, 1.5% body weight per day ration control; @, 1.5% body
weight per day+0.24 pmol g~! per day Cu; O, 3.0% body
weight per day ration control; M, 3.0% body weight per day
ration+0.24 ymol g~ ! per day Cu; 4, 4.5% body weight per
day ration control; a, 4.5% body weight per day ration+0.24
pmol g~ ! per day Cu. * Indicates significant difference from
controls and + indicates significant difference from 1.5% body
weight per day ration, Tukey’s HSD, P <0.05. There were no
significant differences amongst the experimental groups in A. In
B all points for the 1.5% body weight per day ration were
significantly higher than for the 3.0 and 4.5% body weight per
day rations.

4.5% body weight ration per day (5.24 pmol g~

Cu diet) with 0.94 pmol g~ !, and controls (0.32
umol g~ ' Cu diet) with 0.40—0.63 pmol g~ '. In
direct correlation with liver Cu concentration, bile
Cu concentration was highest in the group in

Table 2

Copper retention efficiencies (%) in juvenile rainbow trout
following exposure to 0.24 pmol Cu per g fish per day delivered
in 1.5, 3.0, and 4.5% daily ration for 35 days

Treatment Retention efficiency (%)
1.5% ration control 8.92
1.5% ration+Cu 0.84
3.0% ration control 7.10
3.0% ration+Cu 0.77
4.5% ration control 5.68
4.5% ration+Cu 0.73

which Cu was delivered in 1.5% body weight
ration per day followed in descending order by
the 3.0, 4.5% body weight ration per day, and the
control groups in decreasing order (Fig. 6A). In
addition, bile concentration appeared to be more
or less in steady state in all Cu-exposed fish from
day 21 onwards.

Significant Cu accumulation occurred in the
kidney, carcass, and to a very small extent in the
muscle (day 35 only), in the groups fed high Cu
diets (Fig. 6B—D). For all the organs and tissues,
the group on the 1.5% body weight ration per
day+Cu had the highest Cu concentration. How-
ever, plasma and gill Cu concentration remained
unchanged (Fig. 6E and F), although plasma
values for day 35 were significantly higher than
for the rest of the period in all the treatments.

Cu accumulation in segments of the gut is
shown in Fig. 7A-D. In all the treatment groups,
the posterior intestine had the highest Cu concen-
tration followed in descending order by the pyloric
cecae +anterior intestine, stomach, and mid-intes-
tine. As with whole-body, fish on 1.5% body
weight ration per day had higher Cu concentra-
tions in the gut segments followed in decreasing
order by the fish on 3.0 and 4.5% body weight
ration per day. Cu concentration in the control
group followed a similar pattern except that the
concentration in the mid-intestine was slightly
higher than in the stomach. Cu concentrations in
all regions of the gut appeared to be more or less in
steady state from day 9 onwards.

Proportional distribution of Cu in the major
tissues and organs (liver, carcass, entire gut, gill,
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Fig. 5. Liver Cu content (A) and liver total Cu concentration
(B) in juvenile rainbow trout following exposure to 0.24 pmol
Cu per g fish per day delivered in 1.5, 3.0, or 4.5% ration.
Values are means +SEM, n = 10 per treatment per data point 0
controls where n=24. O, 1.5% body weight per day ration
control; @, 1.5% body weight per day+0.24 umol g~ ! per day
Cu; O, 3.0% body weight per day ration control; B, 3.0% body
weight per day ration+0.24 pmol g~ ! per day Cu; v, 4.5%
body weight per day ration control; v, 4.5% body weight per
day ration+0.24 ymol g~ ! per day Cu. * Indicates significant
difference from controls, and + indicates significant difference
from 1.5% body weight per day ration, Tukey’s HSD, P < 0.05.
There were no significant differences amongst the experimental
groups in A. In B all points for the 1.5% body weight per day
ration were significantly higher than for the 3.0 and 4.5% body
weight per day rations.

and kidney) in control and exposed animals at the
end of the 35-day exposure is shown in Fig. 8.
About 50-59% of the Cu in control animals were
contained in the liver and this proportion in-
creased to 61-69% in Cu exposed fish. The carcass
contained about 30-40% of the Cu in control
animals and this proportion decreased to 15-26%

in Cu-exposed animals. Gut contained 7-10% of
the Cu in control fish and fish on the 3.0 and 4.5%
body weight ration per day+Cu, and 22% in the
1.5% body weight ration per day Cu-exposed
group. The gills and kidneys each contained less
than 2% of the total body Cu burden and this
proportion decreased to less than 1% in the Cu-
exposed animals at all rations.

3.4. Waterborne Cu uptake

Whole-body unidirectional Cu uptake from the
water was determined by ®*Cu appearance in the
fish at various times during the 35-day experiment
(Fig. 9). Waterborne Cu uptake decreased over
time as the fish increased in size and was sig-
nificantly lower at days 21 and 35 relative to day 0
for all the groups. High ration appeared to
stimulate Cu uptake, with the uptake rates being
significantly higher for the fish on 4.5% body
weight ration per day on days 21 and 35. However,
there was no significant influence of dietary Cu
pre-exposure on waterborne Cu uptake at any
time. In the flux experiments, Cu speciation
analysis by the MINEQL + aquatic geochemical
model (Schecher and McAvoy, 1994) indicated
that Cu was present as 25% Cu’*, 7.3% CuOH *,
3% aqueous CuCOs;, and 64.4% Cu-humate. There
was no CuCl, species indicating that under condi-
tions of our exposure complexation of Cu with Cl
was unimportant.

3.5. Acute toxicity test

A 96-h acute waterborne Cu toxicity test carried
out at the end of the experiment showed no effect
of ration or dietary Cu on Cu tolerance. The
LC50s (means +95% C.L.) for the three control
groups ranged from 0.17 £0.07 to 0.1940.08 umol
1~! while the LC50s in the Cu-fed groups ranged
from 0.174+0.07 to 0.21+0.08 pmol 1~ '. There
were no significant differences amongst the
groups.

3.6. Na* K" -ATPase activities

Na ™ ,K*-ATPase activities (Fig. 10) in various
gastrointestinal tissues and the gill were deter-
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Fig. 6. Cu concentration in tissues of juvenile rainbow trout following exposure to 0.24 pmol Cu per g fish per day delivered in 1.5, 3.0,
or 4.5% body weight per day ration. A, bile; B, kidney; C, carcass; D, muscle; E, gill; F, plasma. Note difference in scale in different
panels. Values are means + SEM, n = 10 per treatment per data point for all the organs/tissues except day 0 controls where n=24. O,
1.5% body weight per day ration control; @, 1.5% body weight per day-+0.24 umol g~ ' per day Cu; O, 3.0% body weight per day
ration control; M, 3.0% body weight per day ration+0.24 ymol g~ ' per day Cu; A, 4.5% body weight per day ration control; a, 4.5%
body weight per day ration+0.24 pmol g~ ' per day Cu. * Indicates significant difference from controls for each tissue, and + indicates
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significant difference from 3.0% body weight per day ration control, Tukey’s HSD, P <0.05.

mined at day 35. Except for the stomach in the fish
on 1.5% body weight ration per day, chronic Cu
exposure had no effect on the Na™ , K *-ATPase in
the gut tissue. However, high ration significantly

increased the Nat KT -ATPase activity in the
mid-intestine, pyloric cecae (includes anterior in-
testine) and posterior intestine. For the stomach,
though the activity increased with ration, this was
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Fig. 7. Cu concentration in various segments of the gut in juvenile rainbow trout following exposure to 0.24 pmol Cu per g fish per day
delivered in 1.5, 3.0, and 4.5% body weight per day rations. A, stomach; B, pyloric cecae-+anterior intestine; C, mid-intestine; D,
posterior intestine. Note difference in scale in different panels. Values are means + SEM, n = 10 per treatment per data point for all the
organs/tissues except day 0 controls where 1 = 24. O, 1.5% body weight ration control; @, 1.5% body weight per day+0.24 umol g~
per day Cu; O, 3.0% body weight per day ration control; M, 3.0% body weight per day ration+0.24 pmol g~ ! per day Cu; 4, 4.5%
body weight per day ration control; 4, 4.5% body weight per day ration+0.24 pmol g~ ! per day Cu. * Indicates significant difference

from controls, Tukey’s HSD, P <0.05.

not statistically significant. In the gill (Fig. 10E)
neither dietary Cu exposure nor ration affected the
Nat K *-ATPase activity.

4. Discussion

4.1. Growth

Over the range of ration sizes used in the present
study, SGR increased with ration size (Fig. 2A) in

agreement with many previous studies (Brett and
Groves, 1979). The curvilinear growth-—ration
relationship seen in the present study (Fig. 1,
insert) is fairly standard and results from the
inability of fish to convert food materials into
body tissues at high rations effectively so that
excess undigested food is passed out in feces. The
latter was reflected in the lower food conversion
efficiencies in the fish on 4.5% body weight ration
per day (Fig. 2B). Furthermore, for juvenile rain-
bow trout (9-26 g) maintenance ration must be
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Fig. 9. Whole-body unidirectional waterborne Cu uptake rates
measured using **Cu in juvenile rainbow trout following
exposure to 0.24 umol Cu per g fish per day delivered in 1.5,
3.0, and 4.5% body weight per day rations. Values are means +
SEM, n = 10 per treatment per data point except day 0 control
where n = 24. * Indicates significant difference from 1.5% body
weight per day ration, and # indicates significant difference
from day 0 value, Tukey’s HSD, P <0.05.

less than 1.5%, since fish maintained on this ration
showed positive growth characterized by high
FCE.

Contrary to our original hypothesis, dietary Cu
(0.24 pmol Cu per g fish per day) did not affect
growth at the feeding regimes used. This suggests
that even at the lowest ration of 1.5%, the possible
energy requirement for Cu regulation or detoxifi-
cation was accommodated within the normal
energy budget, with excess energy used in growth.
Several other studies have also reported lack of
growth inhibition by dietary Cu (Berntssen et al.,
1999; Kamunde et al., 2001, 2002) even in the face
of mortality (Mount et al., 1994). These previous
observations and current data suggest that growth
is not a sensitive endpoint for detection of
sublethal dietary Cu exposure.

4.2. Whole-body Cu status

In the present study where total metal intake
was kept constant while the ration was varied,
whole-body Cu concentration varied inversely
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with ration (Fig. 4B). However, the absolute Cu
content was the same in all the Cu-exposed groups
irrespective of the ration size (Fig. 4A), indicating
that differences in whole-body Cu concentrations
were a reflection of differences in fish body size.
Therefore, growth dilution rather than variations
in Cu uptake and retention explained the differ-
ences in whole-body Cu concentrations. Recently,
Kamunde et al. (2002) similarly demonstrated that
rapidly growing rainbow trout exhibited decreased
whole body Cu concentration due to growth
dilution. Thus in employing body metal residues
for risk assessment (Bergman and Dorward-King,
1997), nutritional status of the animal is an
important consideration because it has direct
bearing on metal concentrations in animal tissues.
Furthermore, for dietary metal, the present study
suggests that expressing the exposure as total
metal dose rather than metal concentration in the
diet is more appropriate.

That the absolute amount of Cu retained from a
similar dose delivered in different rations was the
same suggests that the absorption of Cu was
independent of feeding regime and depended
mainly on the amount of Cu offered. Studies on
nutrient bioavailability have generally showed that
the efficiency of absorption decreases with increas-
ing food intake (Brett and Groves, 1979) due to
increases in the gut evacuation time and passage of
undigested food material. Our data on the RE of
Cu in fish fed control diets, but not in fish fed Cu-
loaded diets (Table 2), are consistent with this
dogma. The control observations are consistent
with the notion that absorption efficiency of Cu
decreases with dose (Turnlund et al., 1998; Linder,
1991; Clearwater et al., 2000; Kamunde et al.,
2002). Even small changes in total metal dose
(Table 1) that occurred in fish fed control diet
containing the same metal concentration (0.35
pumol g~ ') at variable ration were reflected in the
RE of Cu and Cu content of the fish (Table 1, Fig.
4A). Interestingly, although decreased FCE at
high ration was evident (Fig. 2B); RE of Cu in
fish exposed to the same total Cu dose did not
decrease (Table 2). This suggests that Cu absorp-
tion efficiency tends to increase as Cu concentra-
tion in the diet decreases.
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Fig. 10. Na™ ,K*-ATPase activities in various segments of the
gut in juvenile rainbow trout following 35 days of exposure to
0.24 umol Cu per g fish per day delivered in 1.5, 3.0, and 4.5%
body weight per day ration. A, stomach; B, pyloric cecae
(includes anterior intestine); C, mid-intestine; D, posterior
intestine; E, gill. Values are means +SEM, n = 6 per treatment
per organ/tissue. * Indicates significant difference from 1.5%
body weight per day ration and # indicates significant
difference from Cu-exposed fish at the same ration level,
Tukey’s HSD, P < 0.05.
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4.3. Copper partitioning

Food ration size significantly influenced the
concentration of Cu in the organs analyzed except
gill and plasma (Figs. 5-7). Previous studies have
reported highest Cu concentration in livers of
starved versus fed fish exposed to waterborne Cu
(Segner, 1987). In addition, Saari et al. (1993)
found that food restriction improved the Cu status
in rats livers during Cu deficiency and argued that
the relatively slower growth of the liver due to
food restriction left Cu more concentrated. Our
observations following dietary Cu exposure at
different rations show that a low feeding regime
results in higher Cu concentrations in tissues. We
attribute higher metal concentration in animals on
lower ration to the smaller size of the organs in the
face of the same gastrointestinal Cu uptake. Note
also the hepatosomatic and gastrointestinosomatic
indices were lower in fish on low ration (Fig. 3).
The smaller size of these organs likely contributed
to the higher concentrations of Cu in the fish on
1.5% body weight ration per day.

Proportional distribution analysis (Fig. 8) re-
vealed that in control fish, the liver and the carcass
were the main Cu reservoirs but following expo-
sure to dietary Cu, the gut became an important
tissue for Cu deposition. These observations are in
agreement with Kamunde et al. (2001, 2002).
Moreover, the group on the lower ration retained
a much higher proportion of Cu in the gut than the
groups on higher ration suggesting that these
animals were not as efficient in clearing Cu from
the gut tissue to internal organs. During water-
borne Cu exposures, much less of the total body
Cu burden accumulates in gut tissue (Miller et al.,
1993; Kamunde et al., 2001). So clearly the
proportion of total metal burden in the gut tissue
is a useful risk assessment tool for diagnosing a
dietary versus a waterborne route of uptake in
contaminated fish collected from the wild.

4.4. Copper absorption and distribution in the gut
tissue

All the segments of the gut showed significant
accumulation of Cu following the exposure, sug-
gesting that the whole gut participated in Cu

absorption. However, dietary Cu also induces
metallothionein (MT) in the gut (Handy et al.,
1999) and most of the metal accumulation in the
gut tissues may be MT-bound to limit cytotoxicity.
Our data suggest that the posterior intestine is the
most active site for Cu absorption and/or seques-
tration, followed in decreasing order by the pyloric
cecae +anterior intestine, stomach, and mid-intes-
tine. Proportionally, however, the majority of the
Cu was in the pyloric cecae+anterior intestine
(50%) followed in decreasing order by posterior
intestine (20%), stomach (20%) and mid-intestine
(10%). These findings are in close agreement with a
recent study (Clearwater et al., 2000) that re-
ported, 44% in pyloric cecae, 23% in posterior
intestine, and 12% in mid-intestine 24 h after
administration of ®*Cu by an esophageal catheter.
However, these authors reported that over 99% of
a single ®*Cu dose had left the stomach in 24 h.

In humans it is generally thought that the acidic
environment in the stomach contributes to the
freeing of Cu bound to food and facilitates peptic
digestion and release of Cu from organic com-
plexes (Gollan, 1975). This is followed by partial
absorption of Cu in the stomach with most of the
absorption occurring in the intestine. Copper is
thought to enter the intestinal mucosal cells by
simple diffusion (Linder and Hazegh-Azam, 1996)
and/or via a high affinity uptake mechanism (Lee
et al., 2001) and to exit the basolateral membrane
by a different mechanism (Linder, 1991), possibly
a divalent cation transporter (Rolfs and Hediger,
1999). In addition, studies on Menke’s disease
suggest the presence of a basolateral Cu-ATPase
which discharges Cu into the serosal blood capil-
laries where Cu binds to albumin and amino acids
for transport to the liver (Camakaris et al., 1995;
Harrison and Dameron, 1999).

Although the situation in fish is less clear,
similar mechanisms of Cu absorption are likely.
The acidic fish stomach (Fange and Groves, 1979)
may free Cu from the food with subsequent partial
gastric absorption as in mammals. Indeed our Cu
accumulation data suggest a significant role of fish
stomach in Cu absorption. In addition, Qg
analysis (Clearwater et al., 2000) suggested both
simple diffusion (apical) and biologically mediated
(active) transport (basolateral) components of gut
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Cu uptake in trout whereas Handy et al. (2000)
reported a basolateral limiting step in Cu uptake in
African walking catfish via a Cu/anion symport
and possibly a Cu-ATPase.

4.5. Waterborne Cu uptake

Assessment of unidirectional uptake of water-
borne Cu via gills following dietary Cu exposure at
different rations revealed three interesting findings
(Fig. 9). First, Cu uptake rates per unit body
weight decreased over time with increasing fish
size. This agrees with previous findings by Ka-
munde et al. (2001) that described a non-linear
decrease in Cu uptake with body weight in rain-
bow trout. Second, Cu uptake rates from the water
were much higher than in several previous studies
(Kamunde et al., 2001, 2002), possibly explained
by the fact that the experiment was done in soft
water in which rainbow trout generally exhibit
higher Cu uptake rates due to fewer competing
and complexing ions (Taylor et al., 2000). Third,
fish on high ration exhibited greater mass specific
Cu uptake rate than fish on low ration probably
because there is an increased need for Cu for
growth processes in rapidly growing fish since Cu
is essential for fish growth (Kamunde et al., 2002).
The current data together with a previous study
that showed greater uptake of Cu in fed fish
compared to starved fish (Segner, 1987) suggest a
modifying effect of an animal’s nutritional status
(energy balance) on Cu metabolism. The main-
tenance of Cu homeostasis thus involved changes
in branchial Cu uptake rates related to ration and
fish size but not dietary Cu exposure. The latter
observation is contrary to our previous observa-
tion (Kamunde et al., 2001) in which exposure to
15.75 pmol g~ ' Cu diet at 4% wet body weight
ration per day in hard water caused significant
accumulation of Cu in the gills and reduced
subsequent waterborne Cu uptake rate. However,
under the conditions of the Kamunde et al. (2001)
study, the fish received 0.63 pmol Cu per g fish per
day, almost threefold higher than in the present
study.

4.6. Tolerance to waterborne Cu

Pre-exposure to sublethal waterborne Cu is
generally associated with classical acclimation
(McDonald and Wood, 1993), i.e. increased toler-
ance characterized by increased LC50 (Dixon and
Sprague, 1981; Buckley et al., 1982). However, few
studies have assessed the effect of dietary Cu on
waterborne Cu tolerance. Miller et al. (1993)
reported increased tolerance to waterborne Cu
following exposure to 10.77 pmol g~' Cu in the
diet presented ad libitum for 42 days. In the
present study, a dietary dose of 0.24 pmol Cu
per g fish per day presented in various rations did
not induce tolerance to waterborne Cu. Although
the diet Cu concentrations used in this study
(5.24-17.75 pmol g~ ') encompass the diet Cu
concentration used by Miller et al. (1993), it is
possible that fish in the latter study received more
total Cu since they were fed ad libitum. Moreover,
there was significant accumulation of Cu in the
gills and elevation of waterborne Cu (from food-
derived Cu) during the exposure by Miller et al.
(1993) that did not occur in the present study.
Other studies have reported that exposure to
waterborne and dietary metal results in enhanced
detoxification and excretory mechanisms and in-
duction of resistance (Lanno et al., 1987; Hog-
strand and Haux, 1991; Marr et al., 1995;
Szebedinszky et al., 2000). We did not find
increased tolerance to acute waterborne Cu ex-
posure despite increased biliary Cu concentration,
which suggests augmented biliary excretory capa-
city (Grosell et al., 2001). Furthermore, it is
striking that in Oncorhynchus kisutch the increase
in tolerance to Cu preceded induction of MT, a
metal binding protein in the liver (McCarter and
Roch, 1984). Overall these results suggest that
changes in gill physiology may be more important
than internal detoxification or excretion mechan-
isms in the development of tolerance to water-
borne Cu.

4.7. Na* ,K*-ATPase
The higher Nat ,K "-ATPase activity in the gut

of fish on higher rations compared to fish on low
ration, is probably a reflection of the overall
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metabolic demand put upon the gastrointestinal
tissues. Indeed the higher gastrointestinosomatic
index in fish on high ration (Fig. 3) is likely an
indication of the greater need of gut tissues for
digestive and absorptive purposes. Nutrient ab-
sorption (e.g. glucose and amino acids) in mam-
malian and piscine intestine is an active process
coupled to Na™ transport (Schultz et al., 1966;
Kimmich, 1973; Karasov and Diamond, 1983;
Buddington et al., 1986). Iturri and Wolf (1982)
have provided evidence of the involvement of
Na*,K*-ATPase (which generates the Na™ gra-
dient in intestinal cells) in nutrient absorption.
Thus the greater need for nutrient absorption in
fish on high ration may explain the higher
Nat K*-ATPase activities in the gut tissues.
Compared to the gills, gut tissue Na® ,K*-AT-
Pase appears to be more than 100 times less
sensitive to the inhibitory effects of Cu. While
enzyme inhibition occurred in the trout gill
following accumulation of less than 6.30 nmol
g~ ! in a waterborne exposure (Laurén and
McDonald, 1987), up to 0.63 umol g~ ! Cu above
control levels in a dietary exposure had no effect
on gut Na® K*'-ATPase (Fig. 7). The factors
responsible for this apparent insensitivity of gut
Na*t ,K*"-ATPase to Cu remain unclear but we
speculate greater induction of MT concurrent with
greater sequestration of Cu in gut than in gill
tissue. MT is induced in the gut tissue (Handy et
al., 1999) but not in gill tissue (Laurén and
McDonald, 1987; Grosell et al., 1997). However,
the recent demonstration of MT in fish gill tissue
following Cu exposure (Dang et al., 1999, 2000)
casts doubts on MT being a major contributor to
this insensitivity. Other possible explanations are
that the Cu species in the gastrointestinal environ-
ment are less toxic than those in a water column,
or that there are real tissue-specific differences in
Na*,K"-ATPase enzyme kinetics. In addition,
the stimulatory effect of feeding could have
masked the inhibitory effect of Cu.

The lack of effect of dietary Cu exposure on
branchial Nat,K*-ATPase is consistent with
absence of Cu accumulation in gill tissue (Fig.
6E). Moreover, during chronic waterborne Cu
exposures, branchial Nat ,K*-ATPase activities
in Cu-exposed fish recover and even exceed the

control levels (Laurén and McDonald, 1987;
McGeer et al., 2000). Since the gill samples in
our study were collected at day 35, enzyme
activities are likely to have recovered from any
impact incurred early in the exposure.

4.8. Concluding remarks

The nutritional status of the fish influences
whole-body and tissue Cu concentration as well
as the uptake and elimination rates of waterborne
Cu during sublethal dietary Cu exposure. Absorp-
tion and accumulation of Cu from the gut during
dietary exposure appear to be independent of the
food quantity in which it is delivered. Thus using
body metal burdens for biomonitoring and risk
assessment is relevant only if the dietary metal
intake and the feeding regimes are taken into
consideration since regimes that cause higher
growth rates can result in lower whole-body and
tissue metal concentrations, even when exposure
dose is the same. Moreover, expressing exposure as
a dose rather than concentration appears to be
more appropriate for dietary metal toxicity assess-
ment.
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