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Abstract. Three different diets amended with lead (Pb) nitrate
Pb(NOs), (7, 77, and 520 pg Pb/g dry weight) and a Pb-free
control diet (0.06 pg Pb/g dry weight) were fed to juvenile
freshwater rainbow trout for 21 days. Accounting for mea-
sured food consumption, the calculated doses per fish were
0.02, 3.7, 39.6, and 221.5 pg/day, for the control, low, inter-
mediate, and high Pb treatments, respectively. The patterns of
Pb accumulation over time were determined in various tissues
(gills, liver, kidney, intestine, carcass), red blood cells (RBC),
and plasma, as well as feeding, growth, hematological, and
ionoregulatory parameters. Pb accumulation occurred in a
dose-dependent manner in all tissues except the plasma, where
accumulation was minimal. Overall, when fed the highest Pb
diet, the intestine exhibited the greatest Pb burden (17.8 ng
Pb/g tissue wet weight), with high concentrations also found in
the kidney (2.4 pg Pb/g tissue wet weight) and liver (1.9 pg
Pb/g) at the highest dietary Pb treatment by day 21. The RBCs
accumulated a substantial amount of Pb (1.5 pg Pb/g) when
compared to the plasma (0.012 pg Pb/g) in the high treatment
group. The percentage of Pb retained in the fish decreased
with increasing dietary Pb concentrations. Growth, survival,
plasma protein, and hematocrit were not significantly affected
by dietary Pb. Plasma Ca®* levels decreased at the beginning
of the experiment, whereas Mg>* levels decreased during the
middle of the experiment in both the intermediate and high
dietary treatments. Both the Ca** and Mg** levels stabilized
by day 21. Branchial Ca** and Na* influx rates were not af-
fected by dietary Pb, except on day 8 where Na™ influx rates
were significantly elevated. The results of this study show that
Pb does accumulate internally from the diet when present at
levels within the range reported in contaminated benthic
invertebrates in nature. We further identify the intestine as a
potential target site of chronic toxicity of Pb via the diet, and
RBCs as a reservoir of dietary Pb.

Lead (Pb) is a non-nutrient metal found in the earth’s crust, and
thus may enter the aquatic environment through natural
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processes of geological weathering and volcanic emissions
(Demayo et al. 1982). The background concentration of Pb in
uncontaminated surface water has been estimated to be
0.02 pg Pb/L (Flegal et al. 1987). Pb may also enter the
aquatic environment through anthropogenic practices such as
the mining, refining, and smelting of Pb (Sorensen 1991;
World Health Organization 1995).

In fish, the primary site of acute waterborne Pb toxicity is at
the gills where inhibitory actions of Pb on Ca®*, Na*, and CI~
uptake have been documented (Varanasi and Gmur 1978;
Rogers et al. 2003, 2005; Rogers and Wood 2004). Never-
theless, there is evidence for a specific chronic toxic action of
waterborne Pb on erythrocyte function in fish. Hodson et al.
(1978) found that chronic waterborne Pb exposure (13 pg
Pb/L; 32 weeks) to rainbow trout resulted in significant in-
creases in red blood cell (RBC) numbers, decreases in RBC
volumes, and &-aminolevulinic acid dehydratase (ALAD)
activity, an enzyme that catalyses the formation of porpho-
bilinogen from aminolevulinic acid in the heme synthesis
pathway. This suggests that fish exposed chronically to
waterborne Pb may be at risk of anemia.

Nevertheless, Pb toxicity may also occur via the gastroin-
testinal tract (Sorensen 1991). Crespo et al. (1986) showed that
rainbow trout that were orally administered with Pb in the diet
(10 pg Pb/g dry weight (dw)/fish/day) had morphological
alterations of the intestinal brush border, which resulted in an
impairment of intestinal NaCl absorption. Studies have dem-
onstrated that fish fed diets containing metals (As, Cd, Cu, Pb,
and Zn) have reduced feeding activity, growth, and survival
rates (Farag et al. 1994; Woodward et al. 1994, 1995). Farag
et al. (1994) reported that cutthroat trout (Oncorhynchus
clarki) fed benthic macroinvertebrates containing high levels
of metals (As, Zn, Cd, and Pb) from different contaminated
sites along the Coeur d’ Alene River, Idaho, had a higher
concentration of these metals in the stomach and pyloric ceca
when compared to the gills and kidney. Normal Pb levels in
uncontaminated benthic invertebrates are usually less than
1 pg/g dw. However, body burdens up to 792 pg/g dw have
been reported in benthic invertebrates in the South Fork of the
Coeur d” Alene River (Farag et al. 1994, 1999). While these
studies using naturally contaminated diets have displayed
evidence of dietary Pb uptake and toxic effects to fish, the
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laboratory study of Hodson et al. (1978) reported that rainbow
trout fed diets contaminated with up to 118 pg Pb/g did not
take up any Pb into internal tissue.

Although acute waterborne Pb interactions at the gills
have been well studied (Davies et al. 1976; Holcombe et al.
1976; Hodson et al. 1978, Rogers et al. 2003, 2005; Rogers
and Wood 2004), the effects of dietary Pb on toxicological
and physiological parameters have received very little
attention. The initial objective of this study was to assess
whether three different Pb-contaminated diets (7, 77, 520 pg
Pb/g dw) fed to juvenile rainbow trout for 21 days resulted
in Pb accumulation in specific internal tissues: liver, kidney
intestine, gills, carcass, and blood. These concentrations
were specifically selected to include the range of doses used
by Hodson et al. (1978; 4-118 ng Pb/g dw) and the con-
centrations found in benthic invertebrates (Farag et al. 1994,
1999; 0-792 ng/g dw). If gastrointestinal Pb uptake oc-
curred, a second objective was to evaluate the pattern of
tissue-specific accumulation over time, and to look for any
evidence of regulation or depuration. In light of the known
actions of waterborne Pb on RBC function, a third objective
was to test for possible hematological abnormalities in terms
of plasma protein and hematocrit. A final objective was to
examine if there were any disruptions in growth and sur-
vival rates, plasma Ca®* and Mg*" regulation, and Na* and
Ca*" influx rates from the water, since many of these
parameters are affected by waterborne Pb.

Materials and Methods
Fish

Juvenile rainbow trout (Oncorhynchus mykiss) (N = 368) weigh-
ing 3-6 g were obtained from Humber Springs Trout Hatchery
(Orangeville, Ontario). Upon arrival at McMaster University, Ham-
ilton, Ontario, fish were randomly selected and placed in eight
200-L flow-through, aerated holding tanks (46 fish per tank). Each
tank was supplied with 0.8 L/min of dechlorinated Hamilton water
(in mM: Na* 0.6 mM; CI” 0.7; Ca®>*1.0; Mg** 0.2; K* 0.05, water
hardness in the form of CaCO; = 140 ppm) and allowed to acclimate
to ambient conditions (11-13°C and pH 7.5-8.0) for at least 7 weeks
prior to the start of the experiment. During the acclimation period no
deaths occurred.

Fish were fed commercial salmon fry pellets (Nelson’s Silver Cup
fish feed; Murray, Utah, USA; 52% crude protein [min.]; 14% crude
fat [min.]; 3% crude fiber [max.]; 12% ash [max.]; and 1% sodium
[actual]) once daily to satiation from the third day of arrival until the
start of the experiment. By this time, fish weighed about 10-13 g.
Each tank was assigned to one of four treatment groups, with each
treatment replicated. The four treatment groups included a nominally
Pb-free diet (control), a low Pb diet (nominally 10 pg Pb/g dw), an
intermediate diet (nominally 100 ng Pb/g dw), and a high Pb
diet (nominally 500 pg Pb/g dw). The actual measured mean
concentrations were 0.06 = 0.004, 7.2 + 0.9, 76.5 + 6.7, and 519.8 =
50.0 pg Pb/g dw.

Two weeks into the acclimation period, eight fish were randomly
selected from each of the eight tanks and given a passive inte-
grative transponder (PIT) tag, placed into the peritoneal cavity
under MS-222 (3-aminobenzoic acid ethylester; 0.5 g/L) anesthesia.
This was done to establish specific growth rates over the 21-day
experiment.
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Diet Preparation

Pb-enriched diets were made by adding lead nitrate (Pb(NO3),) into
the same commercial salmon fry food (Silver Cup Feed, Murray,
Utah, USA) as used during the acclimation period. The commercial
food was pulverized into a fine powder using a household blender for
approximately 2 minutes. Then, 500 g of the fine powder was
hydrated with 40% v/w of double distilled water (NANOpure II;
Sybron/Barnsted, Boston, MA, USA) containing different proportions
of dissolved Pb(NOs3), and blended in a commercial pasta maker for
1.5 hin order to achieve the intended doses of 10, 100, and 500 pg Pb/
g dw food. The paste was then passed through a cutter where small
strands were broken into small pellets. The control diet was prepared
the same way except Pb was not added. The food pellets were first air-
dried for 48 h, then dried in a 60°C oven to a constant weight, and
frozen until further use. The measured concentration of Pb (Table 1)
was determined by heat-digesting the food pellets in five volumes of
IN HNOj; at 60°C for 48 h. The supernatant was then diluted with 1%
HNO; and 0.5% ammonium phosphate and measured on a graphite
furnace atomic absorption spectrophotometer (AAS; 220 SpectrAA;
Varian GTA-110; Varian, Australia) with a detection limit of 0.06 pg
Pb/L against a certified multi-element Pb standard (Anachemia Inc.,
Quebec), employing appropriate blank samples and reference sam-
ples. Moisture was measured to be 6% by drying food to a constant
weight in a 60°C oven.

Feeding, Mean Weight, Growth, and Food Consumption

A total of four replicated treatments (0, 7, 77, and 520 ng Pb/g dw,
Table 1) were tested in this study. On the third day of the experiment,
mechanical failure (low aeration) resulted in an alteration in the
exposure conditions in one of the replicated 77-pg Pb/g dw diet
treatment tanks. This tank was eliminated from this experiment and
thus the n value for this treatment was half that of all others. Each
group was fed once daily to satiation, by placing 10-15 pellets on the
surface of the water every minute until the fish were no longer striking
at the pellets. The pellets not eaten on the surface water were removed
and the bottom of each tank was siphoned approximately one hour
post feeding to control any leaching of Pb from the food and feces.
The amount of all food consumed by the fish was recorded in order to
determine the voluntary ration. Unfiltered water samples (~10 ml)
were taken daily before and after siphoning in order to determine the
extent of any waterborne Pb contamination. Water was acidified for
metal analysis.

Mean fish weights were calculated every week by bulk weighing
all fish from each holding tank. The mean fish weight was determined
by dividing the number of fish in each tank by the total biomass. Fish
that were tagged were individually weighed and their fork lengths
were measured. The condition factor for both tagged and bulk-
weighed fish was determined using the formula

CF = (W/L*)*100 (1)

where W is the weight in grams and L is the fork length in centi-
meters.

Specific growth rates (SGR) expressed on a %/day basis (Ricker
1979) were determined using the least-squares linear regression
(SigmaStat, version 3.0) through the natural logarithm of the indi-
vidual tagged fish weights versus time. The ration of food con-
sumption for bulk-weighed fish at satiation (% body wt/day) was
determined using the formula

r = (y/n*w)*100 (2)
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Table 1. Total waterborne Pb concentrations (ng/L) for different tank diets throughout the 3-week experiment

Week Control (0 ng Pb/g) Low (7 pg Pb/g) Intermediate (77 pg Pb/g) High (520 pg Pb/g)
0 14+02a 14+02a 14+x02a 14+x02a
1 1.7£02a 1.7+02a 28+05a 95+£12b
2 14+02a 1.2+0.1a 14+0.1a 101 £15b
3 1.7+02a 1.5+0.1a 24+05a 11.0£20b

Data are represented as mean = 1 SEM, n = 28, for all treatments, except the 77-pg Pb/g dry weight treatment, n = 4. Values sharing lowercase
letters are not significantly different from other treatment values within the same week (p < 0.05).

where r is the ration (% body wt/day), y is the total food in grams fed
to fish in each tank, n is the number of fish in each tank, and w is the
average mean fish wet weight in grams. Food conversion efficiency
(FCE) (in %) for each treatment was expressed using the formula

FCE = (SGRaye/1) * 100 (3)

where SGR,,. is the mean specific growth rate (%/day), and r is the
ration (% body wt/day).

Tissue Sampling

At day O two fish from each tank, and on days 7, 14, and 21 six
randomly selected fish per tank, were sacrificed with 1.0 g/L MS 222.
Tagged fish were not sampled. Blood was taken by caudal puncture
using an ice-chilled 250-pL gas tight Hamilton syringe pre-rinsed with
lithium heparin (50 i.u./mL). Some of the whole blood was used for
measurement of hematocrit by capillary tube centrifugation at 13,700
g for 2 min. The hematocrit was read directly from the tube, which
was then broken in order to extract plasma for total plasma protein
(g/100 mL) by refractometry (American Optical, Buffalo, NY)
(Alexander and Ingram 1980). The rest of the whole blood was cen-
trifuged at 10,000 g for 2 min and plasma and RBCs collected, snap-
frozen in liquid nitrogen, and stored at —70°C until further analysis for
plasma Ca2+, Mg2+, total plasma Pb, and total RBC Pb concentrations.

The liver, kidney, intestine, and gill baskets were dissected, rinsed,
blotted, weighed, and kept at 4°C until analysis for Pb content. The
gills were rinsed with double-distilled water and the intestinal tract
was flushed out with 0.9% NaCl to remove any source of non-tissue
Pb. The pyloric cecae were removed from the anterior intestine and
placed with the carcass, which also included the similarly flushed
stomach. The presence of food residue was noted in the pyloric cecae.

Plasma Ca** and Mg>* concentrations were determined by flame
atomic absorption spectrophotometry (AAS; Varian 220FS, Austra-
lia). Samples were prepared by diluting the plasma with 0.5% LaCl;
and assaying it against similarly diluted known standards. Pb in
plasma and water samples were determined in the same manner as
outlined for the analysis of Pb in food.

Weighed liver, kidney, intestine, gill, carcass, and RBC samples
were digested in 5 volumes of 1 N HNO; in a 60°C oven for 48 h.
After 48 h, these samples were centrifuged at 10,000 g for 20 min and
the supernatant was appropriately diluted and measured by graphite
furnace AAS for Pb accumulation, as outlined earlier for analysis of
Pb in food.

Na* and Ca®* Influx Rate

On day O two randomly selected fish from each tank, and on days 8
and 22 six randomly selected fish from each tank, were used to
measure the unidirectional Na* and Ca®" influx rates from the water.
At time 0, 0.1 pCi of *Na and 10 pCi of **Ca were added to 3-L flux
chambers containing 2 L of dechlorinated Hamilton tap water, and

allowed to mix for 10 min. For the entire flux period (4 h), the flux
chambers were partially submerged on a wet table receiving a con-
stant water flow in order to maintain temperature at 11-13°C. After a
10-min isotope equilibration period, fish were added to the individual
flux chambers. Two 5-mL water samples were removed at 10 min,
2 h, and 4 h for determination of initial, mid, and final ion concen-
tration and radioactivity measurements.

After 4 h, fish were sacrificed by adding an overdose of MS 222 to
the flux chambers. Fish were immediately removed and placed in a
plastic bag containing 200 ml of 10 mM NaCl plus 10 mM
CaCl,2H,0 for 10 min, as a cold displacement to remove any loosely
surface-bound **Na and “>Ca. The fish were blotted dry, weighed, and
placed in plastic vials to count for **Na on a y-counter (Canberra-
Packard A5000 Minaxi). The y-counter did not detect 43Ca radioac-
tivity. Samples were prepared for scintillation counting of **Ca using
a similar protocol to Franklin ef al. (2005). In short, fish were acid-
digested in the same manner as for determination of the Pb tissue
burden. The acid-digested samples were centrifuged at 5525g for
10 min (Sigma 4K15C Refrigerated Centrifuge); 2.5 ml of the
supernatant was diluted with 10 ml of Ultima Gold AB cocktail
(Packard Bioscience, USA). For water samples, 5 ml of aqueous
counting scintillation fluor (ACS, Amersham, UK) was added to 2 ml
of water. The processed tissue and water were placed in a dark room
overnight to reduce chemiluminescence, then counted on a liquid
scintillation counter (1217 Rackbeta Liquid Scintillation Counter,
LKB Wallac, Finland). Since **Na is a v/B emitter, the scintillation
counter detected both *>Ca and **Na radioactivity, so it was necessary
to distinguish the radioactivity due to 45Ca alone (B emitter) using the
protocol of Van Ginneken and Blust (1995).

The **Ca values from tissue digests were then quench-corrected to
the same counting efficiency as “*Ca found in water samples by the
method of external standard ratios (ESR), using a **Ca quench curve
that was generated from carcass tissue of varying weights, processed
the same as above and counted in the same cocktail.

The unidirectional Na* and Ca®* influxes (umol/kg/h) were cal-
culated using the formula

Jin = Fish CPM/(MSA.W.t.) (4)

where MSA is the mean specific activity (CPM/pmol) of water in the
v counter for ?*Na or in the scintillation counter for **Ca, W is the
weight of the fish (kg), t is the time in hours, and Fish CPM is the total
counts per minute of >*Na or **Ca accumulated by the fish during the
flux period.

Statistics

All statistical tests were performed using the computer software
Sigmastat (3.0.) or SYSTAT 10. Data were tested for homogeneity of
variances among groups using the Bartlett test. Those that failed were
subjected to natural logarithm or square root transformations to obtain
homogeneity among groups. Data that could not be normalized were
subjected to non-parametric analysis, using the Kruskal-Wallis pro-
cedure, where all ranks were corrected for ties. Comparisons between
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Table 2. Specific growth rates (SGR), voluntary rations, food conversion efficiency (FCE), and condition factors (CF) of juvenile rainbow trout

fed to satiation with diets containing different concentrations of Pb

Week 0 pg Pb/g 7 ng Pb/g 77 pg Pblg 520 pg Pb/g
SGR (%/day) 247 £ 0.08 a 247 £0.11 a 233+£0.13 a 237+0.18 a
Ration (% body wt/day) 1 233+023 a 256 +0.14 a 272+0.27 a 251021 a
2 2.69 £0.17 a 241 £0.10 a 256 £0.13 a 240 £0.15 a
3 2.09+0.24 a 259 +0.17 a 220+£0.14 a 254+0.19 a
CF 0 1.85£0.04 a 1.97 £ 0.04 a 1.94 £0.04 a 1.85£0.04 a
1 1.97 £0.05 a 2.01 £0.05 a 1.98 £0.07 a 1.97 £ 0.06 a
2 2.04 £0.08 a 1.97 £0.03 a 2.05 £0.08 a 234 +£0.12b
3 1.84 £ 0.05 a 1.95+0.03 a 2.01 +0.08 a 1.91 +0.07 a
FCE (%) 1 106 £3 a 97+4a 86 +4a 9 +7a
2 92+3a 102+4a 91+5a 9 +7a
3 118 +4a 95+4b 106 + 6 ab 93+7b

SGR and Rations are mean + SEM. SGR was calculated using the linear regression (SigmaStat version 3) of the natural logarithm of individual
tagged fish weight versus time. The estimates for each fish were then averaged. Condition factor (CF) for bulk-weighed fish was measured using
the formula CF = (W/L*) x 100. FCE was calculated by the formula (SGR/average ration during the week) multiplied by 100. Values sharing
lowercase letters are not significantly different from other treatment values within the same week (p < 0.05).

treatments and days were done using two-way analysis of variance
(ANOVA), followed by a Tukey (parametric analysis) or Dunn’s test
(non-parametric analysis), as appropriate,. Nested data within the
replicated tanks within the same treatments and between days were
not significantly different, using the general linear model estimate in
SYSTAT 10.

Results

Waterborne Pb values (Table 1) were not significantly above
background in the low (7 pg Pb/g) and intermediate (77 pg
Pb/g) dietary Pb exposures, but were significantly elevated to
about 10 pg/ L in the high (520 pg Pb/g) dietary Pb exposure,
presumably due to the leaching from the diet and/or feces. This
suggests that Pb accumulation for the 520-nug Pb/g treatment
may not be solely based on dietary Pb exposure, but a com-
bination of dietborne and waterborne Pb.

No mortality was associated with the dietary Pb treatments
throughout the course of the experiment. Specific growth rates,
using tagged fish over 21 days and voluntary rations consumed
each week from bulk-weighed fish did not differ among
treatment groups (Table 2). Total food eaten over 21 days also
did not differ between treatments. Condition factors were ex-
tremely high and fish in all tanks were considered overweight
both at the start and end of the experiment (Table 2). The food
conversion efficiency, calculated based on mean SGR values
of tagged fish, did not differ consistently among treatments
(Table 2).

At all dietary Pb doses, Pb accumulation was seen in the
gills (Figure 1), intestine (Figure 2), liver (Figure 3), kidney
(Figure 4), and carcass (Figure 5) during the course of the
21-day experiment. At day 21, the order of Pb concentration in
specific tissues was intestine > carcass > kidney > liver > gills.
The intestine showed a substantial accumulation with a burden
of 17.8 pg Pb/g tissue wet weight in the 520-pg Pb/g exposure,
which was 445x greater than the control (0.04 pg Pb/g) on day
21. The intestine (17.8 png Pb/g tissue wet weight), carcass
(2.7 pg Pb/g tissue wet weight), kidney (2.4 ng Pb/g tissue wet
weight), and the liver (1.9 pg Pb/g tissue wet weight) all

exhibited their highest Pb burdens on day 21 compared to day
0, 7, and 14. In contrast, the gills, at least at the highest dose,
had the greatest Pb accumulation on day 7 (8.0 pg Pb/g tissue
wet weight) and a much lower Pb burden (2.2 pg Pb/g tissue
wet weight) by day 21. Pb burden in the intestine (Figure 2)
increased with time in all dietary Pb treatments.

When the percentage distribution of Pb burden in the whole
fish is considered (Figure 8), the carcass accumulated about
80%, the intestine about 10%, while the gills, kidney, and liver
made up the remaining 10% of the Pb burden. These values are
not surprising since the carcass makes up 85-90% of the
weight of the fish and it also contained the stomach and the
pyloric ceca; the latter contained some food residue. Notably,
the biggest change from the % Pb distribution in the non-
exposed fish was a much larger % contribution from the
intestine in all dietary Pb treatments.

The RBCs accumulated a substantial concentration of Pb by
day 21 (Figure 6), with almost no Pb present in the plasma
(Table 3). Indeed, only at day 21 at the highest dose level was
the plasma Pb significantly elevated. RBC Pb increased from
background concentrations of 0.05 g Pb/g to about 1.5 g Pb/g
in the highest dose level by day 21, about 105 times more than
that of the plasma.

There were only a few significant effects of dietary Pb
exposure on plasma Ca®* and Mg?* regulation. Plasma Mg>*
levels fell significantly in the intermediate and high Pb treat-
ments on day 14, but had stabilized by day 21 (Table 3). A
similar pattern was seen with the plasma Ca** of fish exposed
to the intermediate and high diets, where there was a significant
decrease in Ca levels on day 7 when compared to the control.
The Ca®* levels had recovered by day 14, and thereafter
remained stable. The hematocrit (30-40%) and the plasma
protein (5.8-6.4 g/100 mL) remained high throughout the
experiment and were not affected by the dietary Pb exposure.

Ca”" influx rates from the water were not significantly
affected in juvenile rainbow trout and remained stable
throughout the experiment (Table 4). However, on day 8, Na*
influx rates were significantly elevated in all treatments, and
this occurred to the greatest extent in the high Pb diet treatment
(Table 4). These effects had disappeared by day 22.
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Fig. 1. Lead accumulation in the gills of juvenile
rainbow trout exposed to different levels of Pb in
the diet over 21 days. Pb tissue burden is
expressed in pg g/g wet tissue weight. Data
represented as mean + 1 SEM, n = 12, except the
77-ug Pb/g treatment, n = 6. Values sharing
lowercase letters are not significantly different
(p < 0.05) between treatment means within a day
and values sharing uppercase letters are not
significantly different between days within
treatment means using a two-way ANOVA with a

1 Tukey multiple comparison, or Kruskal-Wallis
ANOVA on ranks with a Dunn’s multiple
comparison test

Fig. 2. Lead accumulation in the intestine of
juvenile rainbow trout exposed to different levels
of Pb in the diet over 21 days. The intestine does
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Discussion

Dietary Pb concentrations were chosen to mimic environ-
mentally relevant concentrations in terms of those found in
benthic invertebrates at both contaminated and uncontami-
nated sites in the environment (0-792 pg Pb/g dw; Woodward
et al. 1994; Farag et al. 1999), as well as to cut across the same
range (4-118 pg Pb/g dw) as used by Hodson et al. (1978) in
an earlier dietary study. Dietary exposure to Pb at these
measured concentrations ( 0.06, 7, 77, and 520 pg Pb/g) had
few apparent adverse effects on rainbow trout during the
21-day experiment. There were no mortalities and no signifi-
cant differences were observed in specific growth rates and
rations among fish fed either the control diet or the various Pb
diets. These results are consistent with Mount ef al. (1994)
who reported no effects on survival and growth of rainbow
trout fed a dietary concentration as high as 170 pg Pb/g.

not include the pyloric ceca. Other details as in
legend of Figure 1

In the present study, total waterborne Pb was significantly
elevated above background levels in the high dietary treatment
tanks (from ~1.5 to 10 pg Pb/L; Table 2). Therefore, it is
possible that the Pb accumulation in the tissues, especially in
the gill, was attributable to the combination of both dietary and
waterborne Pb exposure in this treatment group only. The
primary site of acute waterborne Pb uptake in fish is via the
gills (Varanasi and Gmur 1978). Rainbow trout exposed to
chronic waterborne Pb (13 pg Pb/L for 32 weeks) also showed
elevated gill Pb concentrations (approximately 2.5 ng Pb/g)
relative to other tissues such as the kidney and liver (Hodson
et al. 1978). The gills in the present study did accumulate Pb
(to about 2.1 png Pb/g on day 21), mainly in the high dietary Pb
treatment. Waterborne Pb levels (Table 2) in the low and
intermediate dietary treatments were similar to background
levels. This suggests any accumulation that was observed
in the gills and in the other tissues of fish in the low and
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Fig. 3. Lead accumulation in the liver of juvenile
,  rainbow trout exposed to different levels of Pb in

the diet for 21 days. Other details as in legend of
Figure 1

Fig. 4. Lead accumulation in the kidney of
, juvenile rainbow trout exposed to different levels
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intermediate treatments was the result of dietary Pb, and not
waterborne Pb. Notably, in the present study, the gill Pb bur-
den substantially dropped from 8.0 pg Pb/g tissue wet on day 7
to 2.1 g Pb/g tissue wet weight on day 21 (Figure 1), despite
a relatively constant waterborne Pb level (Table 3). This
suggests that the gill Pb burden may have been excreted, or
redistributed to other tissues. Pb burdens in the low dietary
treatment in all the tissues were close to background control
levels, which suggests that a dietary concentration >7 pg Pb/g
is needed to see an effect on Pb burden in internal tissues.
Tissue accumulation data (Figures 1-5) show that the
intestine had the greatest Pb burden among all the tissues
analyzed. This is consistent with Farag et al. (1994) who found
that adult rainbow trout fed metal-contaminated (As, Cd, Cu,
Pb, and Zn) benthic invertebrates from the Clark Fork River,
Montana, exhibited substantial metal accumulation in the gut

of Pb in the diet for 21 days. Other details as in
legend of Figure 1

tissues, with the highest concentration in the pyloric ceca and
stomach. In the present study, the stomach and pyloric ceca
were not analyzed individually, but grouped with the carcass.
The presence of these tissues in the carcass may explain the
high proportion of lead associated with this tissue, especially
since there was some presence of food residue in the pyloric
ceca. We hypothesize that just as the gills are the primary site
of exposure and the site of waterborne Pb toxicity (Rogers
et al., 2003, 2005, Rogers and Wood 2004), a similar situation
may exist in terms of dietary Pb toxicity at the intestine.
Longer-term dietary Pb studies, coupled with physiological
and histological measurements of potential sublethal impacts,
will be required to confirm or refute this hypothesis.

The high Pb burden in the intestine in this study may be due
to binding of Pb from the diet by mucus whose secretion may
be stimulated by dietary metals (Glover and Hogstrand 2002).
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Fig. 5. Lead accumulation in the carcass of

juvenile rainbow trout exposed to different levels

of Pb in the diet for 21 days. Other details as in
legend of Figure 1

Fig. 6. Lead accumulation in the red blood cells
of juvenile rainbow trout exposed to different
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This mucus layer can act to sequester high levels of metals,
and thus prevent the exposure of the underlying epithelial
tissue to potentially toxic metal levels. Such a scenario has
previously been observed in fish exposed to intestinally-per-
fused zinc (Glover and Hogstrand 2002). The trapped metal
burden may subsequently be sloughed off as a result of
movement of food through the intestine. As such, the high
levels of Pb associated with the intestine, at least in part, may
represent Pb that is adsorbed, but not absorbed.

The present results demonstrate that dietary Pb can cross the
intestinal epithelium and significantly accumulate in internal
soft tissues such as the liver (Figure 3), kidney (Figure 4), and
RBCs (Figure 6). When coho salmon (Oncorhynchus kisutch)
were exposed to 150 pg Pb/L in sea water for 15 days, twice as
much Pb was found in the posterior kidney (1.8 pg Pb/g) than
in the anterior kidney (0.5 pg Pb/g) (Reichert et al. 1979).
These findings of significant renal Pb accumulation were
confirmed by the present study, where kidney Pb burden data
on day 21 in the high dietary Pb treatment was 2.4 pug Pb/g

levels of Pb in the diet for 21 days. Other details as
in legend of Figure 1

tissue wet weight (Figure 4). Reichert et al. (1979) suggested
that the high renal Pb concentration may be associated with the
excretory/ionoregulatory function of the posterior kidney in
fish (Smith and Bell 1976; Reichert et al. 1979). In particular,
since Ca>* and Pb are believed to be antagonists of one another,
these ions may be competing for transport sites at renal tubule
cells. This could result in Pb becoming trapped in the tubule
cells and result in considerable Pb tissue burden in this tissue.

The lower Pb accumulation of liver (Figure 3), when com-
pared to the intestine, kidney, and gills, suggests that Pb is
deposited preferentially into internal soft tissues other than the
liver. The low levels of Pb in the liver may be explained by the
fact that Pb, in contrast to many other metals, is unable to
induce the production of the metal-binding protein metallo-
thionein (MT) in the liver (Reichert et al. 1979; Campana et al.
2003). Additionally, as mentioned above, Pb may achieve
uptake by passage through Ca** transporters, and thus the
presence and quantity of Ca** uptake pathways may determine
tissue-specific Pb distribution.
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Table 3. Plasma protein, hematocrit (%), and plasma Ca*t, Mg2+, and Pb concentrations over 21 days in rainbow trout fed different concen-

trations of Pb in the diet

Day Treatment (ng Pb/g dry wt.) Hematocrit (%) Plasma Protein (g/100 mL) Plasma Ca** (uM) Plasma MgZJr (uM) Plasma Pb (pg/L)

0 0 396 +2.4 A 58+04 A
7 0 312+ 1.0Aa 59=+03 Aa
7 344+19Aa 58=+03Aa
77 329+42Aa 50x04 Aa
520 382+32Aa 53=+05Aa
14 0 31024 Aa  63=+02Aa
7 33.1+*12Aa 6406 Aa
7 304+20Aa 54=+06Aa
520 32016 Aa 6.1 +03 Aa
21 0 35916 Aa 62=+02 Aa
7 328+ 1.6 Aa 53+02Ab
71 314x16a 5.6 +0.2 Aab
520 31314 Aa 6403 Aa

21+03A 0.8+0.1A 63+16A
44 0.5 Ba 09 0.1 Aa 7.6 +0.5 Ba
3.6 0.4 Aa 09 +0.1 Aa 55+1.1Aa
29 +0.2 Ab 1.0 £ 0.1 Aa 45+10 Aa
2.8 +0.2 Ab 1.1 £0.1 Aa 123 £ 3.1 Aa
44 03 Ba 1.6 +0.2 Aa 16.5 £ 3.1 Ba
44 +£03 Aa 12+0.2 Aa 6.3 +0.9 Ab
3.1 +0.3 Aa 0.9 £ 0.2 Aab 10.1 £ 4.0 Aab
4.5 %03 Ba 0.7+ 0.1 Ab 14.8 + 3.3 Aa
4.6 £0.2 Ba 1.3+03 Aa 41+0.7 Aa
37+0.3 Aa 09 +0.1 Aa 6.0 + 0.7 Aab
3.8 +0.4 Aa 1.0 + 0.2 Aa 7.1 +£0.9 Ab
4.1 £0.5 Ba 1.1 +0.2 Aa 11.9 £ 1.8 Ac

Values sharing lowercase letters are not significantly different from other treatment values within the same week (p < 0.05). Values sharing
uppercase letters are not significantly different from other treatment values between days.

Table 4. Na* and Ca”* influx rates throughout the course of the

experiment

Day Treatment (nug Pb/g)

Ca (umol/kg h)

Na (umol/kg/h)

0 0 128.4 + 31.8 185.9 = 18.1

8 0 156.6 £ 13.9 a 3440+ 37.1a
7 123.1 £ 16.7 a 392.1 £ 553 ab
71 146.0 £ 145 a 441.7 £ 30.4 ab

520 137.7 £ 26.1 a 512.1£452 Db

22 0 1262 £5.0 a 186.3 £22.8 a

7 1453 £ 160 a 2422 +29.1 a

71 129.6 £ 11.7 a 167.4 + 10.6 a

520 1134+ 140 a 1955 +29.8 a

Values sharing lowercase letters are not significantly different from
other treatment values within the same week (p < 0.05).

When net Pb retention from the diet over 21 days in the
whole fish was calculated, the low Pb diet had the highest net
Pb retention (4.8%) followed by the high Pb exposure (1.1%)
and the intermediate Pb exposure (0.8%). Therefore, the higher
the dietary Pb concentration, the lower the proportion of die-
tary Pb retained, suggesting that Pb levels may be regulated in
terms of reduced Pb absorption and/or an increased Pb
excretion. These accumulation results contrast with the study
of Hodson er al. (1978), who found that dietary Pb (up to
118 pg Pb/g for 32 weeks) was not taken up by juvenile
rainbow trout, and did not affect the fish at all. The difference
may be that the Pb(NOs), in the Hodson et al. (1978) study
was added to commercial trout chow combined with beef liver
protein. It may be that the beef liver, which is high in iron (Fe),
may have reduced Pb bioavailability. Evidence in mammals
suggests that Fe deficiency enhances dietary Pb uptake,
probably via reduced competition for uptake via the divalent
metal ion transporter (Bressler et al. 2004). This would explain
why Hodson et al. (1978) had a significant decrease in blood
iron in fish exposed to dietary Pb and not waterborne Pb.

In mammals, under steady state conditions, about 96% of Pb
in the whole blood is in the RBCs (World Health Organization
1995). In this study, 99% of Pb was in the RBCs on day 21 in
fish fed the 520-pg Pb/g diet. Given that there was an increase
in RBC Pb (Figure 6), a portion of Pb accumulation in the
various tissues may be a function of vascularization. Figure 7

plots the accumulation of Pb in each tissue (gill, intestine,
liver, and kidney) that may be explained by accounting for the
amount of Pb present in trapped RBCs in the tissue, using
estimates of >'Cr RBC spaces from Olson (1992). In all three
Pb diet treatments, about 9-14% of the Pb accumulated in the
kidney is estimated to be the result of trapped RBCs in this
tissue, whereas 86-91% of Pb accumulation in the kidney is
truly in the renal tissue. Comparable figures for the liver and
gill were only 1-3% in the trapped RBCs. In the intestine,
0.3% of Pb accumulated is the result of vascularization in
terms of trapped RBC, while the rest has been built up in the
intestinal tissues. These data coupled with the demonstrated
capacity of the fish to take up Pb suggests that more studies
need to be done in order to determine if exposure to dietary Pb
over a longer period of time has a toxic action in fish.

Ca**, a tightly regulated ion in freshwater fish, is continu-
ously absorbed from the water via the gills (Flik and Verbost
1993). A significant decrease in plasma Ca** levels in the
intermediate and high Pb diets occurred on day 7 (Table 3).
However, Ca®* levels recovered thereafter. Notably, this
recovery occurred without any change in Ca** influx rates
from the water (Table 4). Studies have shown decreased
plasma Ca®* levels in rainbow trout exposed to waterborne Pb,
indicating the presence of a Ca”*/Pb interaction at the gills
(Rogers et al. 2003, 2005; Rogers and Wood 2004). The sig-
nificant decrease in plasma Ca®* levels in this study may be
the result of a Ca2*/Pb interaction at the intestine (see dis-
cussion below), which in addition to the gill may act as an
important Ca”* uptake route (Flik and Verbost 1993). In
addition, the intermediate and high dietary Pb treatment groups
exhibited a significant decrease in Mg”* levels on day 14 with
stabilization thereafter. This is not surprising since most Mg*
normally comes from the diet in fish (Bijvelds et al. 1998), and
the presence of metals such as Pb will potentially decrease
both Mg?* and Ca®* absorption at the intestine.

Although there was an increase in Pb accumulation in the
liver, the organ where the majority of plasma proteins are
formed, there were no significant differences in plasma protein
concentrations among the treatments. The majority of Pb was
bound to the RBCs (Figure 6), but there was a small but sig-
nificant increase by day 21 in the plasma Pb levels in trout on
the high Pb diet (Table 4). Possibly the RBCs may have
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become saturated with Pb. Manton and Cook (1984) showed
that human RBCs have the capacity to fully bind Pb, at blood
Pb levels up to about 2.4 pmol Pb/L (0.5 pg Pb/g). However,
when blood Pb concentrations are above this level there is an
increase in serum Pb levels. The data in the present study
suggest that the RBCs in trout have the capacity to bind about
4.8 umol Pb/L (1.0 ngPb/g) (Figure 6), as there was a signif-
icant increase in plasma Pb beyond this level (after 21 days in
trout fed the high dietary Pb treatment). The ability of trout to
potentially bind more Pb in the RBCs, may be related to the
high oxygen carrying capacity (higher hematocrit), and longer
life span of the erythrocytes (150 days), when compared to
humans (Bushnell ef al. 1985; Fange 1992).

Hematocrit was not affected in this study in contrast to the
waterborne Pb study of Hodson et al. (1978). This suggests
that the under the conditions tested in the current experiment,
anemia was not induced. In future studies, it will be of interest
to directly assess possible dietary Pb effects on ALAD, since

Fig. 8. Percent distribution of total Pb burden on
day 21 in different tissues of juvenile rainbow
trout fed different Pb diets

waterborne Pb has been shown to effect ALAD activity
(Hodson et al. 1978).

The physiological mechanism of acute waterborne Pb tox-
icity has been characterized as an inhibition of Ca®* uptake
and an inhibition of the Na*, K*-ATPase and carbonic anhy-
drase enzymes at the gill epithelium, which result in disrup-
tions in Ca®* homeostasis and in Na* and CI~ regulation
(Rogers et al. 2003, 2005; Rogers and Wood 2004). In con-
trast, dietary Pb did not inhibit Ca®>* or Na* influx rates.
Rogers et al. (2003) found that Ca®* and Na* influx rates of
juvenile rainbow trout were inhibited by 65% and 50%,
respectively, during waterborne Pb exposures of 890 to
1200 pg/L. The gills accumulated close to 200 pg Pb/g at 96 h
LC50 waterborne Pb concentrations of 1004 pg/L in the same
study. Based on the above studies, it seems likely that Ca®* or
Na™ influx rates would not be expected to change during the
present dietary exposure, since the gill Pb burden was only
about 2.1 pg/g at day 21 in the highest dose treatment.
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Nevertheless, waterborne Pb studies showing major impacts on
Ca® and Na® influx rates at the gill suggest that future
experiments that involve dietary Pb exposure in fish should
consider measuring Ca®* and Na* influx rates at the intestine,
as well as intestinal Na*, K" ATPase activity, since the
intestine in this study had the greatest Pb burden, which could
potentially interfere with Ca®* and Na* uptake at the intestine.

In summary, the present study provides evidence that dietary
Pb, at levels representative of those in naturally contaminated
diets, does accumulate in the internal tissues of rainbow trout.
Nevertheless, physiological disturbances were minimal, and
feeding, growth, and food conversion efficiency were relatively
unaffected over the 21 days of the experiment. Effects of this
level of accumulation over a longer timeframe, and the possi-
bility of neurological and reproductive effects have not been
evaluated. This present study has provided a basis to explore
chronic dietary Pb effects on membrane transport in the intes-
tine, and, given the high accumulation in RBCs, its potential
effect on the heme synthesis pathway in future studies.
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