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Abstract

The objective of this study was to examine the effects of chronically elevated diefirfa€£aC@g), alone and in combination
with elevated dietary Cd, on survival, growth, and Cd anéf @acumulation in several internal compartments in juvenile rainbow
trout (Oncorhynchus mykisdn addition, effects on short-term branchial uptake and internal distribution of newly accumulated
waterborne C# and Cd during acute waterborne Cd exposureu@l. as CANQ for 3 h) were monitored using radiotracers
(*5Ca,%5Cd). Fish were fed with four diets: 20 mg €y food (control), 50 mg C&/g food, 300.g Cd/g food, and 50 mg GHg
+ 300u.g Cd/g food for 30 days. There were no significant effects on growth, mortality, or total bddyaGaumulation. The
presence of elevated €aCd, or C&*+ Cd in the diet all reduced waterborne?Captake in a short-term experiment (3 h),
though the inhibitory mechanisms appeared to differ. The effects were marked after 15 days of feeding, but attenuated by 30
days, except when the diet was elevated in both @ad Cd. The presence of elevatedQa the diet had only modest influence
on Cd uptake from the water during acute Cd challenges but greatly depressed Cd uptake from the diet and accumulation in most
internal tissues. None of the treatment diets prevented the decreases in waterBounetale@ and new Gaaccumulation in
internal tissues caused by acute exposure to waterborne Cd. In conclusion, there are complex interactions between waterborne
and dietary effects of Gaand Cd. Elevated dietary &zprotects against both dietary and waterborne Cd uptake, whereas both
waterborne and dietary Cd elevations cause reduced waterbothayake.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
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fax: +1 905 522 6066. that receive discharges of metal smelting operations
E-mail addresswoodcm@mcmaster.ca (C.M. Wood). and other industrial processes. Long-term exposures
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(20 days or more) to waterborne Cd at sub-lethal con- pratap and Wendelaar Bonga, 1298aterborne C&
centrations led to a decrease in growth in juvenile and had an ameliorating effect on calcium and magnesium
adult rainbow trout @ncorhynchus mykis®icard et metabolism of fish fed food with dietary Cd, but gill
al., 199§, as well as to mortality and reduced growth yjtrastructure was not affected.
in juvenile bull trout Salvelinus confluentuslansen In addition to the influence of water chemistry,
et al., 2002 and guppy Poecilia reticulate Miliou metal toxicity can also be affected by diet. Normal
et al., 1998. Chronic mortality due to waterborne Cd  growth of fish (trout, catfish, tilapia) can be obtained
probably occurs because this metal can affect hepaticwith as little as 4.5-7.0 mg G&g food, even in low-
enzymes De Smet and Blust, 20Q1liver size, and  Ca&* water Robinson et al., 1986; O'Connell and
glycogen contentRicard et al., 199Band can induce  Gatlin, 1994. Elevated dietary G4 (30—60 mg C&'/g
hypocalcemial(arsson etal., 1981; Giles, 1984; Pratap food) inhibited waterborne Cd uptake and accumula-
et al., 1989; McGeer et al., 20p®y inhibiting the  tion in both acutely and chronically Cd-exposed rain-
branchial gill C&*-ATPase Yerbost etal., 1987; Wong  bow trout @ohouri et al., 2001; Baldisserotto et al.,
and Wong, 200D 2004B. Sherwood et al., 200@eported that yellow
However, in freshwater ecosystems, contaminated perch Perca flavescefsn metal-contaminated (Cd,
food may sometimes be a more important source of zn, Cu) lakes tended to eat more invertebrates and less
toxic metals than the water itself. Chronic discharges fish than perch from non-polluted areas. The reason(s)
of low levels of waterborne metals over long periods behind this change of diet (changes in abundance of
of time may lead to metal accumulation in sediments. prey or efficiency of predation) were not studied by the
From the sediments, the metals can be transferred toauthors, but this strategy would likely increase the di-
plants, then to grazers, or directly to benthic inverte- etary C&* intake of the perch. However, even in places
brates, and finally to fish that feed on these contami- with low water contamination, Cd content in aquatic
nated animaldfallinger and Kautzky, 19§5Accumu-  jsopods and shails can be higbe(linger and Kautzky,
lation of Cd from food was proportionally higher than 1985, and therefore higher dietary €amight also
from water for rainbow trout and lake whitefisBdgre- lead to higher dietary Cd.
gonus clupeaformjsin a 72-day exposureHarrison Consequently, the objective of this study was to ex-
and Klaverkamp, 1989 Dietary Cd caused ionic dis-  amine the effects of elevated dietary*©and Cd (alone
turbances in the plasma and changes in the structure ofand in combination) on survival and growth, on Cd and

gill cells of tilapia (Oreochromis mossambicusom-
parable to those provoked by waterborne Edatap et
al., 1989; Pratap and Wendelaar Bonga, )98w-

C&* accumulation in several internal compartments,
and on short-term branchial uptake and internal distri-
bution of radio-labeled waterborne €and Cd uptake

ever, prolonged exposure of juvenile rainbow trout to in juvenile rainbow trout. Acute exposures to radio-

elevated dietary Cd caused an apparent reduction of|gbeled waterborne Cd were performed 15 and 30 days
waterborne Cd uptake, a reduction in acute waterborne after the fish started their experimental diets to deter-
Cd toxicity, as well as changes in the binding affinity mine whether effects were consistent over time, or were

and capacity of the gills for CdSgzebedinszky et al.,
2001).

Ca* and Cd share the same transport pathway

in the gills (Verbost et al., 1989; Playle et al., 1993;
Niyogi and Wood, 2004 and consequently, an
increase in waterborne €areduces waterborne Cd
uptake Hollis et al., 2000 and decreases Cd toxicity
in several fish specie®(atap et al., 1989; Pratap and
Wendelaar Bonga, 1993; Hansen et al., 2002hen

modulated by acclimation or sensitization.

2. Material and methods
2.1. Experimental animals

Juvenile rainbow trout (12-15g) were purchased
from Humber Springs Fish Hatchery (Orangeville,

Cd-contaminated food was fed to tilapia, Cd uptake ON). Fish were maintained for 1 week in an aer-
occurred by the gastrointestinal tract and caused hyper-ated 200L polypropylene tank supplied with ap-
magnesemia, hypocalcemia, and degeneration of paveproximately 1L/min dechlorinated Hamilton tap

ment and chloride cells in the gillP(atap et al., 1989;

water (mmol): [Na]=0.6, [Ca]=1.0, [Cl]] — 0.7,
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pH 8.0, hardness=140mg/L as Cag,Calkalin- the addition of deionized water only. Actual measured
ity =95mg/Las CaCg pH8.0,Cd=0.672g/L,tem- C&"* concentrations (mg/g food) in the control, 50 mg
perature = 12—14C. Fish were fed once a day with Ca&*/g food, 300ug Cd/g food, and 50 mg G&/g
commercial trout food (Debut Corey Starter Fish Feed, food+300uwg Cd/g food diets were 20.783.66,
see Sectior2.2 for composition) at a ration of 2% of 21.674+1.57, 51.2°4 0.98, and 55.72 5.37 N=3),
body mass/day. Photoperiod was maintained at 12 h and Cd concentrationg.¢/g food) were 0.25 0.003,
light and 12 h dark. 293.924+23.84, 0.22:0.002, and 298.8%& 19.69
After the acclimation period, fish were randomly (N=3), respectively.
separated into eight 200 L tanks under the same con-
ditions as described above, and fish in each tank (25 2.3. Radio-labeled G4 and Cd flux experiments
fish each) received a specific different diet (see Sec-
tion 2.2 below) once a day for 15 or 30 days at a ra- After 15 or 30 days of exposure to experimental
tion of 2% body mass/day. As the dietary treatments diets, 10 fish from each group were collected, weighed,
were made in duplicate, two tanks received control and transferred to individual 450 mL flux chambers
diet, two tanks the Cd-supplemented diet, two tanks the containing dechlorinated Hamilton tap water for each
C&*-supplemented diet, and two tanks theéCaCd- measurement of uptake rates at the gills (whole body
supplemented diet. Therefore, there were 50 fish per di- uptake rate) and internal distribution (tissue specific
etary treatment. Uneaten food and feces were siphonedaccumulation) of the newly accumulated metal. Fish
daily. Dead fish were removed daily and mortality was were fasted overnight prior to the flux measurements.
recorded. This cleaning regimen, in addition to the For each diet, the following flux (including internal
flow-through experimental design, ensured that excessdistribution) measurements were madeCanflux
Ca&* or Cd from C&*- or Cd-supplemented diets did rate (using**Ca) and C&" influx rate (using*>Ca)
not accumulate in the water. Values of waterborn&Ca  in the presence of acute exposure touslL Cd (as
and Cd in the tanks were measured at the beginning of CdCh), or Cd influx rate (usind°Cd) during acute
the experiment and every 7 days before the cleaning. exposure to 5Q.g/L Cd (different batches of fish
Waterborne [Ca] remained in the 0.95-1.00 mmol/L were used for each radioisotope). The flux chambers
range, while [Cd] was 0.0-10g/L except for one  contained radioisotope (}GCi/L 4°C&* or 2p.Ci/L
measurement (2,0g/L) in the Cd-supplemented treat- 109Cd, from New England Nuclear, Boston, MA) and

ments. 50ng/L Cd (for water-borne Cd-exposed fish). Water
samples (10 mL) were taken at the start and 3 h later
2.2. Diet preparation and acidified with 10Q.L concentrated HN@ Con-

trols for each diet treatment were submitted to the same

All diets were prepared with Debut Corey Starter treatment but without the addition of Cd to the water.
Fish Feed (manufacturer's specifications: extruded At the end of the experiment, fish were anesthetized
granulated feed, [P]=1.2%; [N&=0.6%; crude pro- with MS-222 (0.1 g/L) and blood was collected from
tein=57%; crude fat=14%; crude fiber=2%). The the caudal vein with heparinized 1 mL syringes. Blood
food was ground in a blender, followed by hydra- samples were centrifuged at 10,00@ for 5min to
tion with approximately 40% (v/w) deionized wa- separate plasma. Fish were then sacrificed by a blow
ter. To prepare the treatment diets, the control diet to the head, and gut contents, gills, kidney, liver, and
(20mg C&'*/g food) was supplemented with CagO  the remaining carcass were dissected and weighed
and/or Cd(NQ)2 4H20 to yield the experimental di-  separately. The gut tissue was cleaned of its contents
ets with 50mg C#'/g food or 30Qug Cd/g food or and included in the carcass. Tissues (but not gut con-
50 mg C&*/g food +300ug Cd/g food. CaC@and/or tents) were then partitioned for radioactivity analysis
Cd(NGs)2 4H,0 were dissolved in the deionized wa- (for newly accumulated metal concentrations). After
ter and added to the food paste. The resulting pasteradioactivity analysis, the gut contents, gills, kidney,
was mixed and extruded through a pasta maker, air- and liver of fish exposed to the different experimental
dried, and broken into small pellets by hand. The con- diets and waterborne Cd were frozen aR0°C
trol diet was prepared by the same method but with for later ionic analysis (for total G4 and total Cd
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concentrations). The carcass was cooked for 1-2 min 2.4. Water, tissue, and gastrointestinal ion content

in a microwave and all the vertebrae were removed.

Bone and the remaining carcass were also frozen for
the same ionic analysis. The contents of the stomach

and the intestine (excluding the pyloric caecae) were
collected separately, and centrifuged at 10,2@pfor

analysis

Gills, kidney, carcass, liver, and bone of rainbow
trout exposed for 15 or 30 days to the experimental
diets were digested in three to five volumes of 1N

5min to separate the fluid phase containing the ions HNO3 for 24-48h at 60C (note that only fish
available for absorption. The supernatant was stored challenged with 5@g/L waterborne Cd for 3h

in plastic centrifuge tubes at20°C for analysis.
Radioactivity in tissue and water samples con-

were analyzed; the non Cd-exposed fish were not
available because they were used for measurements

taining 1°°Cd was measured on a Canberra-Packard of newly accumulated G4.) These tissues and water

Minaxi Auto-Gamma 5000 series gamma counter

samples were analyzed using flame (AASZGQeor

(Canberra-Packard Instruments, Meriden, CT). There graphite furnace (GFAAS; Cd) atomic absorption

was no quenching fot%°Cd. Tissue (gill, carcass,
plasma, liver, and kidney) and water samples were
processed as described Ijogstrand et al., 1994
for counting*°C&*. Briefly, 100 mg of tissue were
placed in 1mL of liquid tissue solubilizer (NCS,
Amersham) and heated at 46 for at least 48 h, then
neutralized with glacial acetic acid, and diluted with
10mL of an organic-compatible scintillation fluor
(OCS, Amersham). Water samples (5 mL) were mixed
with 10 mL of scintillation fluor (ACS, Amersham).
Samples were then counted on a liquid scintillation
counter (LKB Wallac 1217 Rackbeta, Pharmacia-LKB
AB, Helsinki). Counting efficiencies for**Ca*
were determined by internal standardization, i.e. by
addition/recovery of known amounts H¥C&*.

Newly accumulated G4 or Cd was calculated by
the following equation@Grosell et al., 199y

a
Mnew = @,

c

whereMyew is the newly accumulated €sor Cd con-
centration (nmol/g tissuey the number of counts per
minute (cpm) per gram of tissue or mL of plasma as ap-
propriatepthe number of cpm per L of water, anthe
total C&* or Cd concentration per L of water. To min-
imize variation, forb/c (specific activity of water), we

spectrophotometry (Varian AA-1275 fitted with a
GTA-95 graphite tube atomizer, Mississauga, ON).
Levels of C&* and Cd were also measured in the fluid
phase of the contents of stomach and intestine (pyloric
caecae not included). Certified standards (Fisher
Scientific and Radiometer, Copenhagen) were used
throughout.

2.5. Statistical analysis

Data are reported as meah4 S.E.M. (). Homo-
geneity of variances among groups was tested with
the Levene test. All data sets had homogeneous vari-
ances, there were no significant differences between
treatment replicates (i.e. no tank effects) and there-
fore comparisons among different diets, times of ex-
posure to these diets, and acute Cd exposure (for
C&* fluxes) were made using pooled data by multi-
variate analysis of variance and Tukey test. Analyses
were performed using the software Statistica (version
5.1), and the minimum significance level was set at
P<0.05.

3. Results

3.1. Survival and growth

used the average of measurements at the start and end

of flux periods which were never significantly different.

Unidirectional whole body uptake rates of waterborne
Ca&* or Cd (i.e. via the gills) were determined by sum-

ming the newly accumulated uptake values of all the
individual tissues (absolute, not weight-specific values)
of a fish and dividing the result by fish weight and the
length of the exposure period (3 h) to convert to a rate.

Mortality was low through the 30 days of the exper-
iment (2—5%) and there were no significant differences
among treatment$(> 0.05). There was also no signif-
icant difference in specific growth rate (calculated us-
ing wet body weight) among the treatmerf?s0.05),
which averaged 1.74 0.17 %/day N =8 tanks from
four treatments).
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Fig. 1. Whole body calcium influx rates from the water in rain-
bow trout exposed to diets with different €aand Cd concentra-
tions. Meanst: 1S.E.M. (N=8-9). +wCd—fish exposed to water-
borne 5Qug/L Cd challenge for 3 h. For groups exposed to different
dietary treatments but same days of feeding, means with different let-
ters are significantly differenB(< 0.05) as determined by multivari-
ate ANOVA and by the Tukey test. Asterisk (*): significantly different
from group submitted to the same treatment at 15 dBys0(.05).

3.2. C&* uptake

The different treatment diets, as well as exposure to
50pg/L waterborne Cd for 3 h, greatly affected whole
body waterborne G4 uptake and newly accumulated
c&* distribution in the different body compartments,
but the effects changed with time (15 or 30 ddyig; 1,
Table J). In contrast, whole body waterborneaip-
take and newly accumulated €aemained unchanged
between 15 and 30 days in fish fed the control diet
(Fig. 1, Table 3.

Fish exposed for 15 days to any of the treatment di-
ets showed significantly lower waterborne whole body
C&" influx compared to the control dieFig. 1). Af-
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showed the lowest waterborne whole bodyQaflux,
and fish fed with C&'-supplemented diet showed the
highest waterborne whole body €anflux (Fig. ).

At 15 days, exposure to 5@/L Cd for 3 h signif-
icantly reduced waterborne whole body2Canflux
compared to unexposed fish in fish fed the control diet,
whereas the reduction was not significant in fish fed the
C&*-supplemented diet. At 30 days, reductions were
significant in both groups. However, waterborne Cd did
not affect waterborne whole body €z@nfluxes of fish
that were fed diets supplemented with Cd alone or with
c&*+Cd (Fig. 1).

Similar to their effects on whole body €ainflux,
all of the treatment diets tended to depress newly ac-
cumulated C#' levels in the gills and internal body
compartments (carcass, kidney, liver, and plasma) at
15 days, and with a few exceptions (liver, plasma),
the depressions were significaffiable 1. The inhi-
bition of new C&" accumulation in the kidney was
particularly striking. Thirty days after the beginning
of feeding with either the Ca-supplemented or Cd-
supplemented food, these effects were largely attenu-
ated or even reversed. Thus, newly accumulatetf Ca
of gills, liver, and plasma significantly increased in re-
lation to those of fish submitted to the same diet for
15 days, and in all studied compartments the values
were not significantly lower (occasionally higher) rel-
ative to fish fed the control diefT@ble 1. Fish fed
C&*-supplemented diet for 30 days showed the high-
est newly accumulated €4in all body compartments.
As for whole body C#' influx (Fig. 1), this appar-
ent “recovery” of new C& accumulation in internal
tissues after 30 days was seen only in fish fed either
the C&*-supplemented or Cd-supplemented diets, and
not when the two treatments were combined. Thus, the
C&* + Cd-supplemented diet treatment exhibited sig-
nificantly lower newly accumulated &aconcentra-
tions in all studied compartments in relation to fish fed
control diet, and in most studied compartments rela-

ter 30 days, there was an apparent recovery. Fish fedtive to the fish fed either the &supplemented or

with either the Cd-supplemented (exposed or not ex-
posed to waterborne Cd) and€asupplemented diets
for 30 days showed a significantincrease of whole body
waterborne C& uptake compared to fish fed with the
same diet for 15 days. However, this was not seen in
the combined CH + Cd dietary treatment. Indeed, af-

Cd-supplemented diets by themselves.

In fish fed control diet for 15 or 30 days, exposure
to 50p.g/L waterborne Cd for 3 h significantly reduced
newly accumulated 4 in all compartments (except
carcass and liver after 30 days of feeding) compared to
unexposed fishTable J). Waterborne Cd also signif-

ter 30 days, comparing fish non exposed to waterborne icantly reduced newly accumulated €dn all com-

Cd, those fed with the G4+ Cd-supplemented diet

partments (compared to unexposed fish) of fish fed
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Table 1
Newly accumulated G4 concentrations in several compartments of rainbow trout exposed to diets with diffeférar@sCd concentrations

Compartment Diet Day of exposure
15 30
NoCd wCd noCd wCd

Gills Control 311.9+- 57.8a 95.9+ 17.Pa 374.0+ 304 a 152.0+ 24.4
Cd 120.8+ 255b 741+ 13.2a 349.0+ 44.P a 333.4+ 50.8
ca* 151.2+ 34.4 ab 74.8t 139a 469.9+ 59.9 a 163.54+ 21.8a
ca&* Ccd 78.1+ 13.8b 103.0 216 a 126.14+-26.1b 199.7+ 38.7 a

Carcass Control 76.£ 115a 8.5+ 3.2a 65.5+ 7.3a 35.2+ 55a
Cd 18.0+9.0b 242+ 9.3a 55.2+ 10.5ac 31.0t7.2a
ca* 22.6+6.3b 22.8+£5.0a 157.1+ 31.1° b 38.8+ 3.%a
catcd 34.2+ 8.2ab 29.7+ 6.1a 8.3t 24c 15.0+ 34 a

Kidney Control 67.9+ 12.1a 7.5+ 3.£Pa 59.5+ 11.3 ac 16.2- 6.2 a
Cd 19.1+ 85b 3.7t 3.7a 39.1+ 4.2 ab 242+ 7.3 a
ca* 5.8+ 3.2b 6.0+ 4.2a 83.4+ 10.7 ¢ 12.8+ 2.%a
catcd 57+ 26b 3.1+ 18a 16.8+59b 147+ 4.1 a

Liver Control 60.2+ 3.9a 38.7+ 9.3a 79.8+ 5.8a 326+ 4.4a
cd 222+91a 17.1+ 6.7a 733+ 45 a 65.2+ 6.9 a
ca* 320+ 11.7a 18.86+-5.3a 1225+ 11.89b 29.74+ 3.3 a
ca&* Cd 29.0+ 8.8a 29.1+ 6.7a 30.0+ 6.2¢c 357 85a

Plasma Control 315.8 40.2a 140.14- 18.8 a 390.6+ 47.6 ab 177.4- 33.2a
Cd 216.8+ 42.3ab 128.1 179 a 377.2+ 28.9 ab 267.5+ 36.9a
cat 269.8+ 37.0 ab 105.9+ 17.8%a 494.1+ 53.3 a 154.9+ 10.6'a
c#tcd 149.3+ 30.8b 1154+ 215a 2453+ 37.7b 190.14+ 22.5a

Values in nmol/g wet tissue. Mea#tslS.E.M. (N=9-10). noCd: fish not exposed to waterborne Cd; wCd: fish exposeditg/bd for 3 h.
For each tissue compartment of a treatment group, means with different letters (a—c) in the same columns are significantlydifte@nt (
as determined by multivariate ANOVA and by the Tukey test.

a Significantly different from group exposed to the same diet and days of feeding but not exposedyth 8@ for 3h ¢ <0.05).

b Significantly different from group submitted to the same treatment at 15 &ay6.05).

the C&*-supplemented diet for 30 dayB € 0.05). In newly accumulated G4 in the liver was higher than
contrast, waterborne Cd did not affect newly accumu- that of non-exposed fish submitted to the same diet.
lated C&* levels of fish submitted to Cd- or €&+ Cd- After 30 days, the percentage of newly accumulated
supplemented dietJéble J). C&* increased in the gills of rainbow trout exposed
When organ-specific newly accumulated?Cwas to waterborne Cd and fed with Cd- and La Cd-
expressed relative to total body load, after 15 days in supplemented diet§{g. 2B).
all the treatments the carcass (which included the gut
tissue) represented the greatest percentage, followed3.3. Cd uptake
by the gills, liver, and very small percentages for kid-
ney (Fig. 2). However, after 30 days, the percentage
of newly accumulated Gaincreased inthe gillsinthe  body waterborne Cd uptak€ig. 3), although the ef-
treatments with C& + Cd-supplemented diefig. 2A) fects were not as marked as forCaiptake and did
The effects of the 50.g/L waterborne Cd challenge on  not change greatly with time (cFig. 1) The effects
newly accumulated G4 percentage distributioninthe  on newly accumulated Cd concentrations in some of
various tissues were not particularly marked, but there the internal compartments were relatively greater and
were a few differences. In trout fed the control diet were significantly altered over time (15 or 30 days;
(but not the other experimental diets) for 15 days and Fig. 4). However, both parameters (i.e. whole body up-
then challenged with waterborne Cd, the percentage of take and newly accumulated Cd in all tissues) remained

The different treatment diets also affected whole
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Fig. 2. Partitioning of (A) whole-body newly accumulated?Cén rainbow trout not exposed to waterborne Cd; overall S.E. (%) of organ-
specific newly accumulated &arelative to total body load was 3.0-4.9 for carcass, 1.2—-3.6 for gills, 0.1-0.6 for liver, and 0.2—0.6 for kidney.
(B) Whole-body newly accumulated &ain trout exposed to 50g/L waterborne Cd challenge for 3h; overall S.E. (%) of organ-specific
newly accumulated (4 relative to total body load was 4.6-8.3 for carcass, 4.5-6.8 for gills, 0.5-2.4 for liver, and 0.06-0.4 for kidney. (C)
Whole-body total C&" of trout exposed to 5Qg/L waterborne Cd for 3 h; overall S.E. (%) of organ-specific total*Galative to total body

load was 0.14—0.17 for carcass and gills, 0.002 for liver, and 0.003 for kidney. All fish fed with diets with diffeférir@eCd concentrations,
expressed as the relative contribution (i.e. mass-weighted contribution) of each tissue compartment.

unchanged throughout the experiment (30 days) onfish  Compared to fish fed control diet, newly accu-
fed with the control dietKig. 3). mulated Cd was significantly higher in the gills
Fish fed the Cd-supplemented diet for 15 days (Fig. 4A) but lower in the liver Fig. 4D) of fish fed
showed significantly higher whole body Cd uptake than Cd-supplemented diet for 15 days, with a similar, but
fish fed control diet, but this returned to control levels non-significant, tendency to lower concentrations in
by 30 days Fig. 3). Fish fed C&*-supplemented diet  the kidney Fig. 4C). After 30 days of feeding this diet,
for 15 or 30 days exhibited unchanged whole body Cd newly accumulated Cd was significantly lower in the
uptake, but those fed the &a+ Cd-supplemented diet  carcass, kidney, liver, and plasnféd. 4B—E) but not
for 30 days showed significantly lower whole body Cd in the gills (Fig. 4A) compared to fish fed control diet.
uptake than those fed control diet for the same period In contrast, feeding CGa-supplemented diet for 15
(Fig. 3. days had no effect on new Cd in the gillsd. 4A), but
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50 3.4. Total C&* and Cd concentrations in the
b Cd Influx Rate tissue and plasma
40 |

g a ® Not surprisingly, total C& concentrations were
30 | a i T . highestin bone, followed by gills and carcass, the latter
- including gut tissueTable 2. Since whole gills were

b analyzed, cartilaginous tissue undoubtedly contributed
T to the high gill C&* levels. In general, the different
treatment diets had only minor influence on totafCa
concentrationsTable 2, but marked effects on total
Cd concentrationsHig. 6). Thus, total C&" levels in

|

nmol/kg.h

20 4

10 4

15 30 all compartments were not significantly changed by
Time of feeding (Days) the different treatments diets at 15 days, except for a
PE— significant increase of total &in the kidney of fish
=88 Cd food fed C&* + Cd-supplemented diet in relation to fish fed
D Ca® food control diet Table 9. After 30 days, the only signif-

ZZ1 Ca® + Cd food

icant differences were a greater total’Caoncentra-
Fig. 3. Whole body cadmium influx rates from the water of rainbow .tlon in the gills I+n fish fed Cd-supplementgd diet t[han
trout exposed to diets with different €aand Cd concentrations. in those fed Cé -supplemented diet, and in t_he liver
Meanst 1S.E.M. (N = 8-9). Means with different letters at the same ~ @and bone of fish fed G4+ Cd supplemented diet than
time of feeding are significantly differer®& 0.05) as determinedby in fish fed control or C&'-supplemented diet (bone
tv_vo—way ANOVA and by the Tukey test. Asterisk (*): significantly only). There was also a general tendency for kidney
different from group exposed to the same diet at 15 dRys(.05). ca* levels to fall and bone G4 levels to rise be-
tween 15 and 30 days, differences which were signif-
actually raised it in the liver and kidne¥ig. 4C and icant only in the Cd and in the €&+ Cd treatments
D). By 30 days, these effects had attenuated or reversed(Table 2. There was no significant difference in whole
with significantly lower newly accumulated Cd in the body total C&" among treatments at both 15 and 30
carcass, kidney, and liver relative to fish fed control diet days {Table 2.
for the same period of time, or to the same treatmentat ~ The pattern of total Cd distribution Fig. 2C)
15 days. Fish fed G4+ Cd-supplemented diet for 15 among the body compartments was fairly simi-
or 30 days showed significantly lower newly accumu- lar to that of newly accumulated €& distribution
lated Cd in kidney, liver, plasma, and carcass (the latter (Fig. 2A and B). The highest percentage of organ-
only after 30 days of feeding) compared to fish fed specific total C&" relative to total body load was ob-
control diet for the same period of timeEi§. 4B—E). served in the carcass (which included gut tissues),
In the control group, the greatest percentage of followed by the bone (vertebrae), and small per-
organ-specific newly accumulated Cd expressed rel- centages in the gills. Percentages of totaP'Cin
ative to total body load was found in the gills, followed the liver and kidney were insignificant (less than
by the carcass (which included the gut tissue), with 0.2%). Dietary treatments apparently did not change
small percentages for liver and kidndyid. 5A). Rain- the percentages of total €acompared to control
bow trout fed Cd- and G4+ Cd-supplemented diets  diet (Fig. 2C).
for 15 or 30 days showed an increase of the percentage The effects of the different treatment diets on to-
of newly accumulated Cd in the gills, with a conse- tal Cd levels in the various tissues were striking
guent decrease of the accumulation in the other com- (Fig. 6). Total Cd levels were highest in carcass, kid-
partments. On the other hand, after 15 days of feeding ney, and liver of Cd-treated fislfrig. 6B—D). Fish fed
c&*-supplemented diet, fish showed a lower percent- Cd- and C4* + Cd-supplemented diets showed signif-
age of newly accumulated Cd in the gills and a higher icantly higher total Cd after both 15 and 30 days in all
percentage in the carcass, compared to controls. Thiscompartments (with the partial exception of plasma)
pattern had reverted by 30 day=d. 5A). than those fed control or & supplemented diets. The
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Fig. 4. Newly accumulated Cd concentrations in: (A) gills; (B) carcass; (C) kidney; (D) liver; and (E) plasma of rainbow trout exposed to diets
with different C&* and Cd concentrations. Meahsl S.E.M. (N = 7-10). Means with different letters at the same time of feeding are significantly
different (P<0.05) as determined by two-way ANOVA and by the Tukey test. Asterisk (*): significantly different from group exposed to the
same diet at 15 day®& 0.05).
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Fig. 5. Partitioning of whole-body (A) newly accumulated Cd and (B) total Cd of rainbow trout exposed to diets with diffefeanGaCd
concentrations, expressed as the relative contribution (i.e. mass-weighted contribution) of each tissue compartment. Overall S.E. (%) of organ-
specific newly accumulated Cd relative to total body load was 1.2-1.9 for carcass, 1.4—2.3 for gills, 0.1-0.6 for liver, and 0.1-0.3 for kidney.
Overall S.E. (%) of organ-specific total Cd relative to total body load was 0.3-2.2 for carcass, 0.2—2.0 for gills, 0.1-0.3 for liver, and 0.1-0.3 for
kidney.
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Table 2

Effect of treatment diets on total €ain several tissue compartments of rainbow trout

Compartment Diet Day of exposure
15 30
Gills Control 155.23+ 2.33a 164.57 5.60 ab
Cd 163.87+ 3.19a 172.83t 5.07 b
ca&t 148.00+ 3.33a 151.44 3.68a
c&* cd 158.23+ 3.66 a 158.55+ 2.88 ab
Carcass Control 112.68 2.42 a 111.5A# 2.09 a
Cd 112.31+ 1.65a 117.76 3.76 a
cat 113.30+ 2.94 a 108.95+ 2.03 a
ca* cd 115.92+ 3.80 a 115.7#% 3.75a
Kidney Control 0.86+ 0.06 a 0.85+ 0.06 a
Cd 1.184 0.08 ab 0.74+ 0.05% a
ca&t 1.05+ 0.09 ab 0.75- 0.04 a
c&* cd 1.384+ 0.13b 0.96+ 0.1F a
Liver Control 0.71+ 0.05a 0.62+ 0.03 a
Cd 0.71+ 0.04 a 0.72+ 0.03 ab
ca&t 0.80+ 0.06 a 0.78+ 0.04 ab
c&* Cd 0.69+ 0.02a 0.85+ 0.05b
Plasma Control 1.96- 0.08 a 2.0&+ 0.07 a
Cd 191+ 0.11a 212+ 0.11a
cat 1.89+ 0.08 a 217 0.11a
ca*cd 2.22+ 0.06 a 2.20+ 0.08 a
Bone Control 1057.45% 56.51 a 1366.7G: 37.08 a
Cd 1156.39+ 99.36 a 1552.79% 115.4% ab
cat 1022.464+ 60.95 a 1352.18 29.15a
c&* cd 1152.30+ 72.01 a 1764.1% 57.32b
Total Control 133.70+ 3.19a 133.35- 4.07 a
Cd 132.87+ 2.11a 143.88+ 10.87 a
cat 133.78+ 3.27 a 122.45- 5.01a
ca* cd 143.53+ 4.44 a 146.70k 8.88 a

Values in pumol/g tissue orpumol/mL (plasma).Note these fish had been exposed top®fL waterborne Cd for 3h prior to sacrifice.
Meanst 1S.E.M. N=9-10 fish). For each tissue compartment, means with different letters in the same columns are significantly different
(P<0.05) as determined by two-way ANOVA and by the Tukey test.

2 Significantly different from group exposed to the same diet at 15 dayg9(05).

presence of elevated €aogether with elevated Cdin  the diet significantly protected against Cd accumula-
the diet (i.e. the C& + Cd treatment) was clearly pro-  tion from the diet at both 15 and 30 daysid. 6G).
tective against chronic Cd accumulation from the diet The overall reductions were about 70% on day 15 and
in some compartments, particularly carcass and kid- 50% on day 30.

ney at both 15 and 30 dayBi(. 68 and C), as well as The organ-specific distribution of total Cd was
gills and liver, at 30 daysHig. 6A and D). Curiously, similar to the newly accumulated Cd for fish fed
exactly the opposite was true for plasma at 30 days control and C&"-supplemented diets (highest per-
(Fig. 6E). Total Cd burdens tended to increase between centages in the gills, followed by the carcass), but
15 and 30 days in the kidney and bone of Cd-treated for fish fed with Cd- and C# +Cd supplemented
fish, but there were no consistent trends in other com- diets and therefore carrying much greater Cd bur-
partments. Whole body total Cd was higher in the fish dens, more than 90% of total Cd was found in the
fed with Cd- and C#&" + Cd-supplemented diets than carcass, which included gut tissues, both at 15 and 30

in the other treatments, but €asupplementation in  days Fig. 5B).
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3.5. C&* and Cd concentrations in the fluids of
the gastrointestinal contents

Both C&* and Cd concentrations in the fluid phases
of the gastrointestinal contents were much lower (by
about an order of magnitude) than in the original dry
food pellets Table 3. C&*-supplemented diets raised
gastrointestinal fluid G4 concentrations by two to
three-fold, in approximate proportion to the elevation
of C&* in the dry food. However, Cd-supplemented
diets, which had an approximate 1000-fold elevation
of Cd in the dry pellets, raised gastrointestinal fluid Cd
levels by about 2000—4000-fold. At no sampling time
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whole body waterborne Gauptake without affecting
overall calcification (i.e. whole body &4 content).
These effects attenuated with time. Secondly, acute
challenge with waterborne Cd (p@/L) almost always
inhibited whole body waterborne Eauptake and new
C&" incorporation into most tissues whenCaptake

had not already been reduced by the dietary treatment.
Thirdly, during this same acute waterborne Cd chal-
lenge, similar amounts of waterborne Cd were taken
up into the gills of fish fed with the Cd-supplemented
diet as in the gills of fish fed with the control diet,
but a lower amount was transferred to the plasma and
tissues in the former case. Fourthly, relative to trout on

or treatment was there ever any significant effect of the the control diet, fish fed the high &adiets responded
presence of one ion on the concentration of the other to the acute waterborne Cd challenge with only
one in the gastrointestinal fluids. Thus, Cd levels were moderately altered Cd uptake and incorporation into
the same independent of the presence or absence ofnternal tissues, though the combination of Cd ¥Ga

elevated C#&', and vice versaTable 3.

C&* concentrations were universally lower in the
intestinal fluid than in the stomach fluid, regardless of
the dietary treatment or sampling time, but this pat-
tern was not duplicated for Cd¢ble 3. Indeed, the

supplementation was more effective in this regard.
Finally, while dietary C&*-supplementation was only
moderately effective against acute waterborne Cd
uptake, it greatly reduced dietary Cd uptake across the
gastrointestinal tract, and thereby lessened the buildup

reverse was true, at least in the two Cd-supplementedof Cd in internal organs.

treatments at 15 days. With respect to sampling time,

C&" levels in gastric fluid at 30 days were generally

4.2. Survival, growth, and gastrointestinal fluid

higher than at 15 days, though the difference was signif- composition

icantonly for the C&-supplemented treatments. There
were no time-related G4 differences in intestinal flu-
ids. Cd levels in stomach fluids at 30 days were sig-
nificantly higher than at 15 days in fish fed with the

Cd-supplemented diet, and in intestinal fluids tended

to be lower than at 15 days (significant only in the Cd-
and C&" + Cd-supplemented treatmentable 3.

4. Discussion

4.1. Overview

Given the complexity of the results, it is instructive

Dietary C&" is considered dispensable for rainbow
trout when waterborne &4 concentration is above
0.6 mmol/L (Ogino and Takeda, 1978), and in the
present study waterborne €avas 1 mmol/L. In ad-
dition, the commercial (control) food used contained
20 mg C&*/g food, which is higher than the minimum
level for normal fish growth: 7mg Ga&/g food for
tilapia, O. mossambicu@’Connell and Gatlin, 1994
and 4.5mg C#'/g food for channel catfisigtalurus
punctatugRobinson et al., 1996 Therefore, both wa-
terborne and control dietary €4devels were more than
sufficient for the normal growth of rainbow trout. Inthe
present study, standard growth rate of fish fed with the

to summarize the overall trends. First, none of the diets control diet was similar to those of our previous experi-
affected survival or growth, but both €aand Cd- ments Baldisserotto et al., 20043, in which fish were
supplementation, or the two in combination, reduced actually fed a higher ration (3% body mass/day), and

Fig. 6. Effect of treatment diets on total Cd in: (A) gills; (B) carcass; (C) kidney; (D) liver; (E) plasma; (F) bone; and (G) whole body of rainbow
trout exposed to diets with different €aand Cd concentrations. Meatisl S.E.M. (\=7—10). Means with different letters at the same time of
feeding are significantly differenP(< 0.05) as determined by two-way ANOVA and by the Tukey test. Asterisk (*): significantly different from
group exposed to the same diet at 15 ddds 0.05) in several tissue compartments.
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Table 3

Effect of the treatment diets on €a(mmol/L) and Cd (1g/mL) levels in the fluid phases of the stomach and intestinal conterts{10)

Compartment Diet Day of exposure
15 30
Food Control (519.58-91.44)
Cd (541.67 39.55)
Ca* (1281.74+24.50)
C&* Cd (1392.99+ 134.31)

Stomach Control 37.28& 3.44 a 70.25+ 3.36 a
Cd 4294+ 3.13a 79.84t 4.22 a
ca&t 94,72+ 5.79b 163.85+ 14.32b
c&*cd 64.18+ 12.52 ab 173.3% 17.9G'b

Intestine Control 19.96- 1.84 a 10.31+ 1.48 a
Cd 18.40+ 2.18 a 16.91+ 1.1Q ab
cat 24.93+ 2.0@ ab 17.98+ 2.06° ab
ca* cd 32.41+ 3.62b 22124+ 2.2% b

Food Control (0.25:0.003)

Cd (293.92+ 23.84)
C&* (0.22+0.002)
C&* Cd (298.88+ 19.69)

Stomach Control 0.016: 0.002 a 0.033t 0.004 a
Cd 29.60+ 4.21b 88.63t 3.96'b
cat 0.007+ 0.001 a 0.040t 0.010 a
ca&*cd 20.84+ 6.86 b 19.88+ 1.65 b

Intestine Control 0.024- 0.003 a 0.005+ 0.001 a
cd 58.69+ 4.20° b 11.09+ 1.79Pb
cat 0.017+ 0.003 a 0.006+ 0.001 a
c&*cd 74.884+ 7.0 b 13.73+ 3.1G%b

C&* (mmol/kg) and Cd levelsi(g/g) in the original dry foodr{=2) are also given in parenthesis for comparison. MeagsE.M. For each

compartment, means with different letters (a and b) in the same columns are significantly difer@rt%) as determined by two-way ANOVA

and by the Tukey test.

a Significantly different from group exposed to the same diet at 15 day9(05).
b Significantly different from fluid phase of the stomach content of fish submitted to the same tre®=ér%) by Student's-test.

also to growth rates observed for brook troBalveli- Specifically, C3* levels were lower in the intestine than
nus fontinali$ (Rodgers, 198/and brown trout$almo in the stomach. This could reflect absorption and/or di-
trutta) (Jacobsen, 1937 Dietary C&* supplementa- lution in the intestinal tract. An important finding of

tion up to 50 mg/kg did not influence rainbow trout the present study was that dietary Cd supplementa-
growth and survival in the present study, confirming tion did not alter these patterns (or vice versa). Fur-
our earlier conclusion that negative effects are seen only thermore, dietary Cd supplementation (3G Cd/g
when C&* is supplemented as CaQZohouri et al., food) did not induce mortality or alter growth, in ac-
2001; Baldisserotto et al., 200¢and not when C&' is cord with several other studies indicating that Cd up to
supplemented as CaG@Baldisserotto et al., 2003p this level or slightly higher in an artificial diet is rela-
as in the present study. These effects are probably duetively benign (e.gPratap et al., 1989; Szebedinszky et
to the acidifying influence of the Clanion, as dis- al., 200). Rainbow trout fed Cd-contaminated inver-
cussed byohouri et al., 200landBaldisserotto et al.  tebrates (0.24g Cd/g wet weight, but also contami-
(2004a,b) The patterns and magnitudes ofXcaon- nated with As, Cu, Pb, and ZRarag et al., 199%and
centrations in the fluid contents of the digestive tract Artemiasp. (55u.g Cd/g dry weightMountetal., 199%
(Table 3 were similar to those reported earlier with also did not show any significant changes in survival
CaCb supplementationBaldisserotto et al., 200%a and growth compared to control fish. However, gup-
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pies Poecilia reticulatg fed Cd-contaminateoina
macrocopa(Cladocera; 17¢.g Cd/g dry weight) for
30 days showed higher mortality than guppies fed un-
contaminated cladoceranklgtakeyama and Yasuno,
1982. In addition, Cd isotopes from natural foods
(Hyalella aztecaan amphipod) are absorbed by rain-
bow trout five times more efficiently than Cd isotopes
sprayed on artificial diets. It was hypothesized that this
difference in Cd absorption is because Cd from natural
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in inhibiting waterborne C& uptake Fig. 1), and did

so without inhibiting waterborne Cd uptakeig. 3).
Furthermore, these effects occurred without detectable
influence on whole body or tissue-specific totaPCa
loads, except in kidney of fish fed with the €a Cd-
supplemented diefTable 9. Thus, whole body calci-
fication was not appreciably impacted, strongly sup-
porting the view that fish acquire the bulk of theirCa
from the diet at the relatively high dietary €acon-

foods can cross the intestinal membrane also bound tocentrations (20-50 mg/g) used in the present study, in

cysteine or a metallothioneitd@rrison and Jefferson-
Curtis, 1992. Therefore, this difference in Cd absorp-
tion from natural and artificial foods can help to explain
why dietary Cd toxicity in guppiesHatakeyama and
Yasuno, 198pPwas higher than in the studiesBfatap
etal. (1989)Szebedinszky et al. (200&ind the present
study.

Obviously, Cd levels in the stomach and intesti-
nal contents were much higher in fish fed Cd- and
C&* + Cd-supplemented diets than fish fed control and
Ca*-supplemented dietsTéble 3. These Cd levels

contrastto fish raised on low €&diets (5 mg/g), where
waterborne uptake plays a large raRoggers, 1984

By day 30, the inhibition of waterborne €aup-
take had largely attenuateBig. 1, Table 1), suggest-
ing that it is a transitory inhibition from which trout
recover or acclimate during extended exposures. In-
deed, at 30 days, newly accumulated”Ceoncentra-
tions of the carcass and kidneyaple J) in fish fed
C&*-supplemented diet were higher than in fish fed
control diet.Zohouri et al. (2001)similarly reported
that newly accumulated G4in the gills was not de-

tended to increase in the stomach contents from dayscreased in rainbow trout fed with €asupplemented

1510 30, as seen for Ealevels, but decreased in the in-
testinal contentsTable 3. InterestinglySzebedinszky
et al. (2001)eported that rainbow trout fed with Cd-

diet for 30 days.
The inhibition of branchial C& uptake by elevated
dietary C&* (Fig. 1) is likely explained as a response

supplemented diets showed an increase of Cd concen-o elevated plasma Gaearly in the exposure, as doc-

trations in the intestinal tissue from days 17 to 30 after
the start of feeding, but it is not known whether this ac-

umented byBaldisserotto et al. (2004a) his may act
either directly (via elevating intracellular €aconcen-

cumulation reflected a true increase of Cd absorption trations in the branchial ionocytes) or indirectly (via

into internal tissues, storage of Cd bounded to metal-

lothioneins or other metal-binding proteins in the gut
tissues, or simply a saturation of intestinal Cd transport,
though the latter could be indicated by the stability or
decline of whole body Cd loads from days 15 to 30
(Fig. 6G).

4.3. C&* homeostasis in the face of dietaryZa
and Cd supplementation

All treatment diets reduced (by more than 57%)
whole body uptake of waterborne €aafter 15 days
of feeding Fig. 1). In itself, the inhibition of gill C&*
transport by dietary G4 loading is not surprising in
light of the previous demonstration of this phenomenon
by Baldisserotto et al. (2004a,hlowever, what is en-
tirely novel, and indeed unexpected, is the finding that
supplementation of the diet with Cd at a level less than
1% (on a molar basis) that of €awas just as effective

mobilizing increased levels of the hormone stannio-
calcin) to close apical G4 channels in the ionocytes
(Verbost et al. (1993 nd reviewed b¥lik et al. (1993,
1995). However, the inhibition of branchial Eaup-
take by elevated dietary C&ig. 1) could be explained
either by Cd acting as an effective “mimic” of &€a
in the above mechanisms, or because Cd entering the
ionocytes from the bloodstream has the same effect
as Cd entering from the water-inhibition of basolat-
eral high affinity C&*-ATPase Yerbost et al., 1987,
1989. Inasmuch as elevated dietary Cd did not inhibit
the uptake of waterborne CdFify. 3) which transits
the basolateral membrane by a mechanism other than
C&*-ATPase Verbost et al., 1988the latter explana-
tion appears more probable and should be testable by
measuring C&-ATPase activity in future studies.
Additional indirect evidence supports the conclu-
sion that elevated dietary €aand elevated dietary Cd
alter the waterborne G uptake pathway by differ-
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ent mechanisms. The decrease of Qsptake induced
by 3h waterborne Cd challengEi¢. 1, Table 1 see
Sectiond.4) was seen even when fish were fed with el-
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borne Cd uptake; notably, the kidnéyig. 4C) and liver
(Fig. 4D) were protected against this effect. However,
after 30 days of feeding Cd-supplemented diet, whole

evated dietary Cd, suggesting that dietary Cd acts at abody waterborne Cd uptake decreased and did not di-
different site (basolateral) than waterborne Cd (closure fer from fish fed control dietKig. 3). At this time, all

of apical channelsyerbost et al. (1987, 1989} lik

et al. (1995). Moreover, increases of dietary €anot
only did not avoid the effect of dietary Cd on €a
uptake, but also did not allow the recovery of this

compartments (except gills) showed lower newly ac-
cumulated Cd than fish fed control di&tg. 4). There-

fore, similar amounts of waterborne Cd were taken up
into the gills of fish fed Cd-supplemented diet as in the

uptake after 30 days. In contrast, at 30 days, there gills of fish fed control diet, but a lower amount was

was a recovery of whole body waterborne?Cap-
take and newly accumulated €ain the gills, car-
cass, and kidney to control values in fish fed with Cd-

transferred to the plasma and tissues. From the gills,
Cd is probably transported in the plasma to the tissues
bound to specific transport proteins, as in higher ver-

supplemented diet, but it was not as great as in trout tebrates Golaz et al., 1993; Chowdhury et al.,2004

fed chronically with the high C& diet, and did not
occur in those fed with the G&+ Cd-supplemented
diet (Fig. 1, Table .

4.4. C&* homeostasis in the face of waterborne
Cd challenge

Acute challenge with waterborne Cd (R/L) al-
most always inhibited whole body waterborne?ta
uptake Fig. 1) and new C&" incorporation into most
tissues, with the important exception of fish fed with the
C&* + Cd-supplemented dieféble 1. This general
finding is in agreement with the classic workuarbost
et al. (1987, 1989)dentifying apical channel closure
secondary to basolateral €aATPase inhibition as the

It is possible that these transport proteins became sat-
urated with Cd from the diet, and therefore transfer of
waterborne Cd to the tissues was reduced.

Relative to trout fed the control diet, fish fed€a
supplemented diet and exposed to waterborne Cd for
3 h showed similar waterborne whole body Cd uptake
(Fig. 3) and newly accumulated Cd (but lower in the
carcass, liver, and kidney after 30 days of feeding;
Fig. 4). Furthermore, total Cd levels in the gills of fish
fed control diet and the G&-supplemented diet were
not significantly differentFig. 6). Therefore, the pro-
tection offered by elevated dietary €aagainst acute
waterborne Cd uptake was less efficient than in pre-
vious studiesBaldisserotto et al., 20043,dHowever,
when the diet contained simultaneous Cd antfGap-

key toxic mechanism of waterborne Cd. Our recent plementation, it abolished the increase of whole body
studies showed that these effects occurred regardlesgvaterborne Cd uptake and newly accumulated Cd in
of whether C&* uptake had already been reduced by the gills provoked by the Cd-supplemented diet 15 days
elevated dietary G4 (Baldisserotto et al., 20043,b after feeding. Moreover, it also kept whole body wa-
In the present study, the same tendency was observedferborne Cd uptake lower than in the control diet treat-
but the effects were not always significant. This effect ment, and newly accumulated Cd in the gills lower than
was not verified when 4 uptake had already been in the Cd-supplemented diet treatment after 30 days
reduced by the G4+ Cd-supplemented dieFig. 1, (Figs. 3and 4).
Table J).
4.6. Cd uptake from the diet

4.5. Cd uptake during acute waterborne Cd
challenge Not surprisingly, total Cd accumulated in the whole
body and in various tissue compartments of fish fed

Rainbow trout fed Cd-supplemented diet for 15 Cd-supplemented diet was much higher than in fish
days showed higher newly accumulated Cd in the gills fed control dietFig. 5). Cd accumulation in the tissues
(Fig. 4A), in accord with higher whole Cd body up- due to dietary Cd contamination has been observed by
take Fig. 3, relative to fish fed control diet for the  several other studies with rainbow trottgrrison and
same period of time. It is unclear why dietary Cd sup- Klaverkamp, 1989; Farag et al., 1994; Szebedinszky
plementation would lead to a higher whole body water- et al., 2001; Chowdhury et al., 2004nd European
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eel,Anguilla anguilla(Haesloop and Schirmer, 1985  terborne Cd uptake and internalization in a complex
Values of total Cd in the gills and liver (but not the manner, and reduced waterborné?Captake and in-
carcass) found in the present experiment are similar to ternalization in some tissues. Dietary*Caupplemen-
those observed bgzebedinszky et al. (2001n the tation did not change the inhibitory effect of dietary Cd
present experiment, values for the carcass are higheron waterborne C& uptake, but nonetheless could de-
than those determined t§zebedinszky et al. (2001) crease the toxic effect of both waterborz®liouri et
because the gut was included (but not the bone) in the al., 2001 Baldisserotto et al., 20043,bnd dietary Cd
carcass, while in the other study the carcass consisted(present study), since it greatly reduced Cd accumula-
only of muscle, skin, and bone. As very high levels of tion in most tissues. Thus, both waterborne and dietary
total Cd were found in the different portions of the gut Cd elevations cause reduced waterborn&'Catake,
(Szebedinszky et al., 20pithey would increase total ~ while elevated dietary G4 protects against both di-
Cd in the carcass. etary and waterborne Cd uptake. In Cd-contaminated
While dietary C&* supplementation was only mod-  waters, the food is also usually contaminated with Cd
erately effective against acute waterborne Cd uptake, (Dallinger and Kautzky, 1985so0 a switch to a Ca-
it clearly reduced dietary Cd uptake across the gas- rich invertebrate dietfherwood et al., 20Q@ould de-
trointestinal tract. This effect was substantial (50—70% crease Cd toxicity in the natural environment. The ef-
difference;Fig. 6G) and already evident after 15 days ficiency of protection against waterborne and dietary
of feeding because total Cd in the carcass was lower Cd contamination by elevated dietary <canay not
in fish fed C&* + Cd-supplemented diet than those fed be as efficient when fish feed on natural diets, but it
Cd-supplemented diefF{g. 6B). This reduction was s very likely that some degree of protection will still
more pronounced after 30 days of feeding, since total occur.
Cd was lower in the gills, carcass, kidney, and liver
(Fig. 6A-D) of fish fed C&* + Cd-supplemented diet
than those fed Cd-supplemented diet (though curiously, Acknowledgments
the same phenomenon was not seen in bone, a possible

detoxification storef-ig. 6F). Note that these effects oc- This work was supported by the Metals in the En-
curred without any difference in the Cd concentration vironment Research Network (MITE-RN), which is

in the fluids of the digestive tractinthe presence of ele- funded by the Natural Sciences and Engineering Re-
vated C4" (Table 3. These data suggestthat®and  search Council of Canada, the Mining Association of
Cd probably compete for a common pathway/transport Canada, and Ontario Power Generation. C.M. Wood
mechanism in the gut. Intestinal Cd absorption has not jg supported by the Canada Research Chair Program
yet been fully characterized, bchoenmakers et al.  and B. Baldisserotto received a CAPES (Coord&oac
(1992)suggested that dietary Cd is likely transported de Aperfejipamento do Ensino Superior-Brazil) fel-
into the blood by a N&#Ca?* exchanger in the basolat-  |owship. We thank Mrs. Soma Niyogi for her techni-
eral membrane of the enterocytes. In addition, studies cal assistance in the lab, and two anonymous referees
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of absorption in the human intestine) showed that Cd
transport can be attributed to diffusion via the?tCa
binding protein pathway, but not to the €achannel
pathway Pigman et al., 1997
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