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ABSTRACT

Field and laboratory experiments examined the effects of
heavy metal exposure on metallothionein (MT), Cu, Zn, and Cd
concentrations in liver and kidney of freshwater fish. In

1986, populations of white sucker (Catostomus commersoni) and

northern pike (Esox lucius) were sampled from eight lakes near

the Cu/Zn smelter at Flin Flon, Manitoba, Canada. Cu and Zn
concentrations in pike and sucker liver were lower than in
previous studiés in 1976 and 1982. These reductions in liver
metal concentrations (and the absence of hepatic MT induction
'in.béth speciés) correépondéd £b lowei’metal ébncentraﬁiéﬁs’ini
recent sediments, and appeared to reflect reductions in heavy
metal deposition near the smelter since a 251 m stack began
operation in 1974. In contrast to liver, Cu and Zn concentra-
tions in kidney were elevated relative to fish from reference
lakes. It is currently not known whether renal metal concen-
trations are decreasing over time in the fish populations near
Flin Flon.

Cd concentrations in northern pike liver and kidney were
statistically related to sediment Cd concentrations, but Cd
was not biocaccumulating in fish from any lakes near the
smelter. A laboratory experiment indicated that Cd bioaccum-

ulation in rainbow trout (Oncorvhnchus mykiss) liver was a

function of the ratio of Cu and Zn to Cd in the diet. In

future, the potential for Cd-metal interactions to minimize Cd
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toxicity in the environment should not be overlooked.
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GENERAL INTRODUCTION

The production of pollution by human activity has been an
intermittent problem in human societies for centuries
(Matthews 1986), but since the industrial revolution, efforts
towards removing pollutants from the biosphere have not kept
pace with the increasing quantities. of wastes produced by a
growing world population (Forstner and Wittman 1981). Of the
many pollutants produced by human activity, metals, particu-
larly the'transition metals are important pollutants of the
environment (Forstner and Wittman 1981, Forstner and Prosi
1979) . | | | “

Transition metals have the physical properties of high
thermal and electrical conductivy, high reflectivity, and the
characteristic tendency to form highly coloured coordination
compounds. With the exception of scandium, titanium, and
yttrium, the densities of the transition metals are all
greater than 5.0 g/cm’, which classifies them as heavy metals
(Nieboer and Richardson 1980). Transition metals occur in most
geographical regions on earth in trace guantities and several
are required by biota as nutrients in trace quantities
(Frieden 1984), hence the term trace metal is often used
synonymously with transition metal or heavy metal.

Unlike most organic compounds, metals cannot be degraded
by normal processes in thé environment. When they are released

to the environment as industrial wastes they accumulate in the
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biosphere. Aguatic systems are particularly susceptible to
metal pollution because they act as sinks for metals, which
accumulate in sediments. From these sinks (and during the
sedimentation process itself), metals may be mobilized into
aquatic food webs, where they exert toxic effects (Forstner
and Wittman 1981).

The need for assessment of contaminant effects on
ecosystems is increasing with the increasing pollutant lcad to
the biosphere (Neff 1985, Haux and Forlin 1988). Defining the
appropriate methods for this task is an important issue in
aguatic ecotoxicology.

Traditionally, the determination of effecté of méﬁéilic
pollutants on ecosystems has relied upon extrapolation from
standardized laboratory bioassays to predict effects under
field conditions (Levin et al. 1989). The inadequacy of
laboratory tests for this purpose (Kimball and Levin 1985,
Cairns 1986) is partly offset by the ease and economy of
application of these tests and by the large body of experience
which has developed around them. In spite of the limitations
of standardized laboratory toxicity tests, their development
has led to dramatic improvements in water qguality and ecosys-
tem protection (Levin et al. 1989). However, because labora-
tory toxicity tests are retrospective, not prospective (Nriagu
1988), it has been recognized that early-warning indicators
for determining metal effects in situ are are also required

(Neff 1985, Larsson et al. 1985, Haux and Forlin 1988, Nriagu




1988) .

The biochemical strategy of ecotoxicology has been
developed to fulfill such a need, based upon the concept that
biologic responses to a toxicant originate within individual
organisms at the cellular level (Larsson et al. 1985, Haux and
Forlin 1988), whereas the effects of toxicants at higher
levels of organization (eg. the whole animal or population
level) occur after longer latency periods (during which these
cellular alterations can be observed). The early biologic
responses to toxicant exposure have been called biological
markers or biomarkers (Henderson et al. 1989, Cullen 1989), or
biological indiéators (Sindermann 1988,>Adams et al. 1989).
Ideally, a biomarker would be chemical-specific and revers-
ible, detectable in trace quantities, available by non-
invasive techniques, inexpénsive to analyze, and quantitative-
ly relatable to a toxicant exposure (Haux and Forlin 1988,
Henderson et al. 1989).

Metallothionein (MT) is a cysteine-rich metal-binding
protein which has received great attention as a biomarker of
exposure to the transition metals from Groups IB and IIB of
the periodic table (Klaverkamp et al. 1984, Neff 1985,
Hamilton and Mehrle 1986, Engel and Roesjadi 1987, Engel 1988,
Haux and Forlih 1988, Sindermann 1988).

Metallothionein was first discovered as a cadmium-binding
protein in equine reﬁal cortex (Margoshes and Vallee 1957),

during early research into mammalian cadmium biocaccumulation
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(Kagi and Kojima 1987). Since its discovery, MT has been found
to be ubiquitous in the animal kingdom (Palmiter 1987).
Vertebrate MT has been characterized as a 6000-7000 molecular
weight protein having 60 amino acid residues, of which 20 are
thiolate cysteine residues (Fowler et al. 1987). The primary
structure of MT has a characteristic arrangement of cysteine
in cys-x-cys sequences which are responsible for the metal-
binding properties of MT. The high thiol cocntent and metal-
binding tendencies of the protein are acknowledged in its
name, metallothionein (Kagi and Schaeffer 1988).

Several physiological roles have been proposed for MT: as
metal donor to apoénzymes df éopper— vaﬁd zinc—requiriné
enzymes; as a pool of cysteine for sulfur metabolism; as an
anti-oxidant; and as a metal detoxification molecule (Hamer
1986) . Because MT was discovered due to the fact that it binds
cadmium, it is not surprising that much research into MT
function has focused on the role of MT in cadmium
detoxification (Hamer 1986). In the literature, MT is often
considered to be strictly a cadmium-binding protein, which
implies a specific physiological role for MT in cadmium
metabolism. However, the increased release of cadmium into the
biosphere is a phenomenon associated with human industrial
activity (Nriagu 1988), so it is gquite unlikely that MT has
evolved specifically to detoxify a metal which has only
recently become concentrated in the biosphere (Waalkes and

Goering 1990). The central function of MT appears to be the
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regulation of zinc and copper metabolism, of which
detoxification of these two metals is an implicit part. The
fact that MT is capable of reducing cadmium toxicity seems to
be incidentally related to the chemical similarity between
zinc and cadmium (Waalkes and Goering 1990).

Fish are the most numerous vertebrate taxa (approximately
20,000 species) (Zarafullah et al. 1989). ?pey are important
as experimental organisms for studying andgﬁbnitoring'environ—
mental metal contémination because of the large number of
species available to study, their widespread distribution, and
bgcause the aquatic ecosystems in which they live act as sinks
for meﬁals. | |

Metallothionein has received extensive attention as a
monitoring tool for assessing stress in fish due to heavy
| metal exposure (Klaverkamp et al 1984, Neff 1985, Hamilton and
Mehrle 1986, Engel and Roesijadi 1987, Haux and Forlin 1988).
The primary justification for using MT as a monitoring tool is
its inducibility (Palmiter 1987). The de novo synthesis
(induction) of MT in target organs 1s a direct response to
metal assimilation by these organs (Scheuhamer and Templeton
1990) . Consequently, elevated MT concentrations have been
utilized as a measure of MT induction in agquatic animals
(Olafson et al. 1979, Deniseger et al. 1990).

However, at least four limitations of MT as a biomarker
of environmental metal pollution have been identified and need

to be addressed. First, seasonal variation in MT concentra-
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tions have been observed in rainbow trout (Haux et al. 1987),
corresponding to sexual differences during the reproductive
cycle. This variation may reduce the use of MT to distinguish
betWeen true responses to metal exposure and normal seasonal
patterns of MT induction (Engel 1988). Second, MT can be
induced by at least 26 chemical compounds or physiological
conditions in addition to exposure to copper, zinc, and
cadmium (Waalkes and Goering 1990), so that elevated MT
concentrations in fish organs do not necessarily imply
exposufe to metals. For example, hepatic MT in rainbow trout
was induced after exposure to No. 2 fuel o0il, indicating that
MT.inducﬁién.does occurréfter hdn—metal contaminant exposureé
(Steadman et al. 1991). Therefore, MT may be more suitable as
a general biomarker rather than a presumed metal-specific
biomarker. Third, a dose-response relationship between MT and
environmental metal exposure has not been consistently
demonstrated to date (Haux and Forlin 1988). Fourth, any
research on MT requires a method for measuring MT rapidly,
accurately, and inexpensively. Research on MT has been
hindered by the lack of a consistent, validated method for
measuring MT (Haux and Forlin 1988). Among the methods
available for measuring MT, a metal saturation assay using
cadmium (Onasaka and Cherian 1982, Eaton and Toal 1982) has
become widely used. However, the cadmium saturation assay 1is
“inhibited by copper (Eaton 1985) due to the fact that copper

binds more strongly to MT than does cadmium (Neilson et al.
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1985). In fish species which have characteristically high
hepatic copper concentrations (such as rainbow trout), MT may
be underestimated by the cadmium saturation assay (as demon-
strated by Lauren and McDonald (1987)). Therefore, a metal
saturation assay which is not inhibited by copper would be
useful.

The research presented in this thesis addresses two of
these limitations concerning the use of metallothionein as a
bioindicator of metal exposure in fish. Chapter II documents
the development‘of a rapid and reliable mercury saturation
assay for measuring MT concentrations in fish. This assay was
ﬁhen ﬁsed to measure MT in ii&er and kidney of fish coilected
from eight lakes near the copper/zinc smelter at Flin Flon,
Manitoba, Canada (Chapter III). The eight lakes were located
on a gradient of metal deposition near the smelter, and
provided an opportunity to test for a dose-response relation-
ship between MT and metals in sediment. Chapter IV reports an
experiment examining cadmium biocaccumulation in rainbow trout
liver. The experiment was stimulated by two findings from the
research conducted near the Flin Flon smelter: (1) cadmium
biocaccumulated in fish from northern Ontario lakes far removed
from any point sources of cadmium deposition, while cadmium
did not biocaccumulate in fish from lakes near the Flin Flon
smelter; and (2) of the variables measured in the Flin Flon
research, only tissue cadmium concentrations were related to

cadmium concentrations in sediment.




CHAPTER II

A NEW MERCURY SATURATION

ASSAY FOR MEASURING METALLOTHIONEIN
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INTRODUCTION

%

Metallothioneins (MTs) are a family of low-molecular-
weight, cysteine-rich proteins which bind metals from groups
IB and IIB of the periodic table (Kagi and Nordberg 1979,
Hamer 1986, Kagi and Kojima 1987). These proteins appear to
have evolved for intracellular =zinc and copper fegulation
(Hamer 1986). MT synthesis is induced in animals by exposure
to these, and other, heavy metals, and a capacity for the
inducible synthesis of MT has been demonstrated for most
tissues and organisms studied to date (Palmiter 1987). MT
induction and its correlation with toxicity acclimation in
fish (Klaverkamp et al. 1984, Klaverkamp and Duncan 1987)
indicates that this regulatory function includes the detoxif-
ication of =zinc, copper, mercury, and cadmium. MT has,
therefore, been proposed as a promising biochemical indicator
of heavy metal exposure in aquatic organisms (Klaverkamp et
al. 1984, Neff 1985, Hamilton and Mehrle 1986, Haux and Forlin
1988) .

Since MT has no easily detectable function other than
metal binding properties, MT analysis is limited to immuno-
logical methods or metal binding assays (Kikuchi et al. 1990).
The immunclogical methods include radioimmunoassay (RIA)
(VanderMallie and Garvey 1979, Hogstrand and Haux‘l989), and
enzyme-linked immunosorbent assay (ELISA) (Thomas et al.

1986) . Metal binding assays include gel filtration chromatog-
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raphy and metal summation (Klaverkamp and Duncan 1987, Noel-
Lambot et al. 1979), and metal saturation assays utilizing
either cadmium (Onasaka and Cherian 1982, Eaton and Toal 1982,
Payan et al. 1988, Klein et al. 1990), silver (Scheuhamer and
Cherian 1986), or mercury (Piotrowski et al. 1973, Zelazowski
and Piotrowski 1977, Patierno et al. 1983, Lobel and Payne
1987). Electrochemical methods such as polarography (Olafson
and Sim 1979) are similar to metal binding assays because they
utilize the binding and release of metals under variable
oxidation-reduction conditions.

The metal saturation methods are popular because they are
simpie ana'fapid'(Dieter ét ai. 19875; These metﬁbaé détect MT
by replacing the metals bound (in situ) to the cysteinyl thiol
residues of MT with a displacing metal of higher binding
affinity for these thiol residues. The MT concentration is
estimated from the amount of displacing metal remaining in
solution (ie. all of the displacing metal is assumed to be
bound only to MT), using known metal-binding stoichiometries
for MT, and (or) by calibration with an MT standard curve.

The majority of metal saturation methods of MT analysis
have been developed for use with mammalian tissues; their use
with fish tissues has not been evaluated adequately. Some
piscine MTs have a much higher copper content than mammalian
MTs (Klaverkamp and Duncan 1987, Olsson and Haux 1985).
Because copper 1is more strongly bound to MT than is cadmium

(Scheuhamer and Cherian 1986, Eaton 1985, Rupp and Weser
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1978), the cadmium saturation assay would be expected to
underestimate piscine MT, as demonstrated by Lauren and
McDonald (1987). Therefore, the use of cadmium saturation
methods to analyze piscine MT may be inappropriate.

The silver saturation method (Scheuhamer and Cherian
1986) may also be limited by two major constraints. First,
silver precipitates with halides, so high halide concentra-

ions must be avoided by the method (Cherian 1988). Organs
involved in osmoregulation in fish (ie. gills and kidney) are
likely sites of chloride interference in the method, particu-
larly after metal exposure, which elevates chloride concentra-
tions in gill.(Heath 1987) . Sécond, the stoichiometry of 17.4
g atom/mole, observed by Scheuhamer and Cherian (1986) is
considerably higher than previously docuﬁented estimates of
binding stoichiometry for silver and MT (Neilson et al. 1985).
The possibility that silver may bind.non—specificaliy to amino
acid residues other than cysteine has not been examined.

The major drawback of MT metal saturation methods is that
the detection of thiol groups by metal binding is inherently
non-specific. The thiol residues of MT will bind at least 18
different metals (Neilson et al. 1985). These same metals also
bind to thiol groups of other proteins and peptides (Jocelyn
1972), both cytosolic and membrane-bound. Such non-specific
metal-thiol binding has been documented for the thiol-contain-
ing peptides cysteine and glutathione (GSH) (Eaton and Toal

1982, Eaton 1985), and represents a major potential source of



13
interference in MT metal saturation assays.

The present study was initiated to develop an alternative
metal saturation assay for piscine MT. Mercury was chosen as
the displacing metal because it is the metal which is most
strongly bound to MT (Neilson et al. 1985, Elinder and
Nordberg 1985), and to thiols in general, particularly at low
pH and even in the presence of chloride (Jocelyn 1972). These
chemical characteristics o¢f Mercury have permitted the
development of the first metal satﬁration assay for piscine MT
which has been proven to displace copper from MT. This assay
"is much more rapid to perform than either the cadmium or

silver saturation assays.

MATERIALS AND METHODS

The Mercury saturation assay was evaluated in four experim-
ents: (1) the specificity of the assay was tested; (2) the
displacement of native MT-bound metals by mercury was eval-
uatedE (3) the effects of sample preparation procedures on MT
analysis were determined; and (4) the mercury saturation assay
was compared with the original metal saturation assay for MT
analysis (Piotrowski et al. 1973). Experimenf 4 was necessary
to clearly distinguish this methbd from the mercury saturation
assay of Piotrowski et al. (1973), which overestimates MT

(Dieter et al. 1987).
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Defining Assay Parameters

The assay was performed using a dilution series for each

sample. In pseudocytosol experiments (described in the
"Defining Assay Specificity' section), samples were sequen-
tially diluted by 1/3, 1/9, and 1/18, providing four replicate
determinations. The ailution series used for testing sample
preparation procedures (using rainbow trout liver) consisted
of 1/1, 1/3, 1/9, 1/27, and 1/81 dilutions. These additional
dilutions were used to determine the extent to which samples
could be diluted without loss of accuracy.
o After‘preﬁaration of sampiés (deécribed.ih the "Asseééiﬁg
Sample Preparation Procedures" section),'a dilution series was
prepared for each sample in 1.5 mL polypropylene microcentri-
fuge tubes. For the 18-fold dilution series, 200 pL of 0.9%
(w/w) NaCl (saline) was added to the 1/3 and 1/9 dilution
tubes, and 100 UL of saline was added to the 1/18 dilution
tube. Then, 300 pUL of sample was added to the microcentrifuge
tube which contained undiluted sample, of which 100 HL was
transferred sequentially, after mixing, through the dilution
series to leave each replicate tube with 200 UL of appropri-
ately-diluted sample. The same technique was used for the 81-
fold dilution series. All agqueous solutions were made with
distilled, deionized, and carbon-filtered water (Millipore
MilliQ system).

Metal displacement was initiated by adding 200 MpL of
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203gg-labelled HgCl, (containing 10,000 cpm and 10 pg (49.9
nmol) of stable mercury) in 10% (w/w) trichloroacetic acid
(TCA) to each dilution replicate. Mercury was provided in
excess for samples containing up to 7.13 nmol MT (assuming a
binding stoichiometry of 7 nmol mercury per nmol MT (Hamer
1986, Neilson et al. 1985, Elinder and Nordberg 1985).

After at least 1 minute of incubation, the metal-dis-
placement step was terminated by adding 400 uL of 50% (w/w)
egg albumin (egg white) in 0.9% NaCl to each assay tube. (The
egg white solution was prepared by thorough mixing of egg
whites from chicken eggs using a Polytron homogenizer at low
speéd;s fhé egg white is ﬁsed to-bind exéess, ﬁoﬁ—MT—bound
mercury. The acid-denatured egg white-mercury complex was
removed from the TCA solution by centrifugation at 10,000g for
2 min, after mixing the assay tubes by vortex. An Eppendort
5412 benchtop centrifuge (at room temperature) was used for
all 10,000g centrifugation.

With each set of samples, total activity vials and blank
vials were also assayed. Bach total activity vial contained
200 ML of ?%Hg-labelled mercury only, and was required in
order to determine the specific activity of the 2?%Hg used,
while each blank vial had sample replaced by 200 UL of 0.9%
NaCl. The blaﬁks were necessary to verify that sufficient egg
white was present to bind and remove all mercury from the
assay tubes when no MT was present in the samples.

The TCA supernatants were removed from the assay tubes by
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pipette, and transferred to clean microcentrifuge tubes for
the determination of 2%Hg activity by gamma counting (LKB-
Wallac 1282 Compugamma). The mercury-binding capacity of the

heat-treated sample supernatant was calculated as follows:

nmol Hg bound / mlL of sample =
[cpm(sample)—cpm(blank)]/[cpm(fotal)]
x [10 pg Hg/ (0.2 mL sample)]
x [1 nmol Hg/0.20059 pg Hgl

x [Dilution (eg. 1,3,9,18,27, or 81)]

The binding capacity per gram of tissue was then calcu-
lated by multiplying this value by the initial sample dilution
(ie. the wvolume (mL) of supernatant produced per gram of

tissue).

Evaluating Assay Specificity

To demonstrate that the assay is specific for the
detection and quantification of MT, relationships between the
mercury-binding behavior of egg white, GSH, and MT were
assessed by four experimental runs using the mercury satura-
tion assay. First, the mercury-binding capacity of egg white
was determined by adding aliquots of 50% egg white solution
(in 20 UL incréments up to 400 ML) to assay tubes containing

200 gL of mercury in 10% TCA (having 49.9 nmol mercury).
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Second, the same sequence of egg white addition was applied to
200 pL aliquots of 50 pg/mL standards of MT, in order to
establish whether mercury coﬁld be stripped from MT by egg
white. Third, the ability of 400 UL of 50% egg white solution
to compete with GSH for mercury was assessed on samples
containing GSH ranging from 0.5 mM to 10 mM (in 0.5 mM
increments). Fourth, the effect of GSH on the binding of
mercury by MT &as evaluated using the same range of GSH
concentrations, with MT added to a concentration of 50 Hg/mL
in each vial.

The use of egg white solution for the removal of excess
mercury was compared with that removed by boviné hemoglobin
and bovine serum albumin. Egg white contains approximately 10%
protein (Powrie and Nakai 1986), so the 50% egg white solution
contains approximately 5% protein. Therefore, 5% solutions of
hemoglobin and bovine serum albumin were used for comparison.
To 1.5 mL microcentrifuge tubes containing 200 pL of 0.9% NaCl
and 200 pL of mercury in 10% TCA (having 49.9 nmol mercury),
aliquots of the three protein solutions were added in 50 UL
increments up to 400 pL. The proteins denatured on contact
with the TCA, were ﬁixed by vortex, and centrifuged for 2 min
at 10,000g to precipitate the denatured protein. The supernat-
ants were removed by pipette and the 2%Hg concentration was
determined.

To test the ability of the assay to measure MT in complex

samples of thiol-containing proteins and peptides, a pseudo-
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cytosol was prepared to provide mixtures of known composition.
The‘concentration;of components in the pseudocytosol was based
upon their maximum known concentration ranges in biological
tissues, and contained approximately 41 mg of total solid per
mL. The pseudocytosol was composed of bovine hemoglobin (26
mg/mL (400 uM)), bovine albumin (12.43 mg/mL (188 uUM))
catalase (0.474 mg/ mL (2 uM)), aldolase (0.496 mg/mL (3 UM))
glutathione {(GSH) ( 1.592 mg/mL (5.18 mM)), .and cysteine
(0.0402 mg/mL (330 uM)). All pseudocytosol constituents were
purchased from Sigma Corp., St. Louis, Mo, USA.

The- ablllty of the mercury saturation assay to detect a
known quantlty of MT from this complex sample was tested in a
factorial 'experiment consisting of two concentrations of
pseudocytosol (20 and 40 mg/mL) and two concentrations (10 and
20 pg/mL) of rabbit liver MT (Sigma Corp., St. Louis, Mo.,
USA) . MT was estimated by the analysis of an 18-fold dilution
series from each treatment combination.

As a further test of the ability of the assay to detect
non—specific mercury binding to low-molecular-weight acid-
soluble thiols, dilution series were run on GSH and MT at
concentrations corresponding to pseudocytosol treatment
levels. Therefore, the treatments for the experiment were 2.53
and 5.06 mM GSH, and 10 and 20 pg MT /mL, respectively. An 18-
fold dilution series of the mercury saturation assay was per-
formed on each treatment combination from this factorial

experiment.
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Gel Filtration Chromatography

The cytosolic distribution of copper, zinc, and cadmium
was evaluated by gel filtration'chromatography, using a 60 cm
x 0.9 cm column of Sephadex G-50 (fractionation range 30,000-
1500 kD for proteins) eluted at a flow rate of 0.38 mL/min.
Fractions were collected at 3 min intefvals. The column was
calibrated with ovalbumin (MW 43,000) (void volume, V,),
ribonuclease A (MW 13,700), rabbit liver MT-II (MT elution
volume, V), and glutathione (total column volume, V).

Two buffers were used for gel filtration chromatography.
A 10 mM phoéﬁhété buffer,'pH 7.4“(Gomori'i955) Was usedufor‘
fractionation of supernatants which had not been subjected to
the mercury saturation assay, while the acidic (pH 1.45) TCA
supernatant from the mercury saturation assay was eluted with
a KC1/HCl buffer, pH 1.5 (Gomori 1955) in order to assess the

displacement of copper, zinc, and cadmium from MT.

Evaluating Metal Displacement

Rainbow trout (Oncorhvnchus mykiss) used 1in other

experiments described here were not exposed to cadmium, so in
order to demonstrate the ability of the mercury saturation
assay to displace cadmium as well as zinc and copper, a

supernatant from one cadmium-injected rainbow trout was used.
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The fish (all rainbow trout used in this study were
Sundalasora strain, supplied by the Rockwood Aguaculture
Research Centre, Gunton, MB) had been injected intraperiton-
eally with 8.9 pmol cadmium/kg of body weight (1 mg/kg) 11
days prior to sampling. The supernatant was prepared by
homogenizing the liver in 10 parts (w/w) of 0.9% NaCl and then
centrifuging the homogenate at 10,000g for 10 min. Individual
fractions of the chromatographed supernatant were analyzed for
cadmium, copper and zinc, providing estimates of in situ
metals bound to MT and other cytosolic constituents. These
data were pooled into a high—molecular—weight fraction
(consistingvof thé fractions eluted betwéeﬁ the void voiume
(V,) and the MT elution volume (Vy)), a MT fractién, and a
low-molecular-weight fraction (consisting of the fractions
between V,, and the total elution volume (V.)). The chrom-
atographed TCA supernatant from the mercury saturation assay
analysis of this sample was also pooled into a high-molecular-
weight fraction, a MT fraction, and a low-molecular-weight
fraction. The presence of metals in the MT fraction was
evidence of the incomplete displacement of copper, zinc, and
cadmium by mercury.

Metals were analyzed by flame atomic absorption
spectrophotometry on a Varian AA-5 atomic absorption
spectrophotometer with deuterium background correction, using

an air-acetylene flame.
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Comparison of the Assay with the Method of Piotrowski

al. (1973)

The liver from a 467g female rainbow trout was
homogenized in 5 parts of 0.9% NaCl as described previously.
A mercury-binding curve (Piotrowski et al. 1973, Kotsonis and
Klaassen 1977) was obtained by diluting the homogenate with
0.9% NaCl and adding 200 pL of 2%®Hg in 10% TCA (containing
49 .9 nmol mercury), to obtain mercury-to-tissue ratios between
0.3 and 7 pmol mercury/g tissue. Six replicate assay tubes for

each mercury-to-tissue ratio were incubated for 10 min,

centrifuged at 10,000g for 5 min to precipitate denatured-w

proteins, and the ?®Hg concentration in the supernatants was
determined. MT concentrations were estimated from the plateau
regions of the two binding curves according to the methods of
Piotrowski et al. (1973) and Kotsonis and Klaassen (1977). In
order to demonstrate that the Piotrowskili assay overestimatés
MT concentrations, 400 UL of 50% egg white solution was added
to each TCA supernatant from the Piotrowski assay, and the
centrifugation procedure was repeated, removing non-MT-bound
mercury from the TCA supernatants.

These MT estimates were compared with those produced by
the mercury saturation assay. The sample for the mercury
saturation assay was prepared from the same homogenate
analyzed by the Piotrowski assay. The homogenate was diluted

by half, centrifuged for 10 min at 10,000g, and the

i<t
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supernatant was collected for MT analysis.

Assessing Sample Preparation Procedures

To provide uniform sample material for this experiment,
livers from three immature (approximately 200 g) rainbow trout
were homcgenized in 4 parts (w/w) of 0.9% NaCl and pooled.
Subsamples of the pooled homogenate were used to evaluate
eight sample preparation procedures, denoted as follows:
homogenate (HGT); supernatant from homogenate centrifuged at
10,000g fbr 10 miﬁ (810) ; supernatant from.hombgéhate.centri—
fuged at 30,000g for 30 min (Sorvall RC 5B at 4°C) (830); and
supernatants produced by heat denaturation of homogenate in a
stirred saltwater bath at 100°C for 0.5, 1.0, 2.0, 6.0, and
10.0 min (HDSY%, HDS1, HDS2, HDS6, and HDS10, respectively).
Following the heat denaturation step, the samples were cooled
on ice for 5 min, mixed by vortex (to aid in the formation of
a solid pellef after heat denaturation), and centrifuged at
10,000g for 10 min to produce the final heat-denatured

supernatants.

Standardizing the Assay

To enable interlaboratory comparison, commercially

available (Sigma Corp.) rabbit liver MT-II was aésayed by the
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mercury saturation assay. In the portions of this research
that used this commercially prepared MT (ie. pSeudocytosol
experiments), the MT estimates have been left in Hg units
rather than molar units, to permit easy comparison with
product specifications. In the portions of this research using
rainbow trout MT, estimates are based.ﬁpon the well-character-
ized metal-binding ratios for MT. Each mole of MT binds 7
moles of zinc, cadmium, or mercury, and 12 moles of silver or
copper. Molar MT concentrations were calculated as follows
(using metal summation from the gel filtration fractions which
co-eluted with the V,, for rabbit liver MT-II);

nmol MT = (nmol Cd/7) + (nmol Zn/7) + (nmol Cu/12)

or as
nmol MT = (nmol Hg/7)

for samples analyzed by the mercury saturation assay.

Statistical Analvses

Statistical estimates, such as 95% confidence intervals,
used methods described in Steel and Torrie (1980). The
multiple comparison procedure used was Tukey’s procedure

{Steel and Torrie 1980).
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RESULTS

Standardizing the Assay

The product specifications for rabbit liver MT-II (Sigma
Corp., St. Louis, Mo.; Lot #46F-9555) were 18 Hg (275.3 nmol)
zinc and 64.4 Hug (572.9 nmol) cadmium per mg. Therefore, 917.6
Lg of.protein.(apometallothionein) was contained in each mg of
MT. Assuming that the metal-binding sites of MT are fully
metal-saturated with cadmium and zinc, the calculated molecu-
lar weight of the MT-II apometallothionein was 7573. Analysis
.of the MT—Ii by ‘the 1nercuf§ satﬁration. éssay' prb?ided. ar
mercury binding capacity of 878.7 + 54.9 nmol per mg of MT
(104% of the product specifications), and a molecular weight
estimate of 7310 for apometallothionein.

Estimates of the cadmium and zinc content of the MT-II by
flame AAS were 97 %, and 66% of product specifications,
respectively. The low estimates of zinc may reflect the loss
of zinc as a result of its low binding affinity to apo-
metallothionein. Nevertheless, the mercury saturation esti-
mates and cadmium analysis agreed closely with product
specifications, indicating that the mercury saturation assay
accurately measured the commercially prepared MT standards,
and_therefore, that mercury completely displaced cadmium and

zinc from MT.
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Evaluating Specificity of the Assav

The assay was.standardized with respect to the quantity of
mercury. used for displacement (49.9 nmol mercury per vial),
and as little as 50 UL of 50% egg white solution was suffi-
cient to remove all of the mercury from solution (Fig. 1). In
comparison, at least 200 pL of hemoglobin or serum albumin was
required to remove all the mercury from solution. Due to its
greater effectiveness, egg white was adopted for removal of
non-MT-bound mercury. Increasing the quantity of egg white
from 40 to 400 pL did not strip mercury from 50 pg/mL MT
'sténdards (Fig; 2A$. Therefore, 400 UL of‘egg white solution
was adopted for removing non-MT-bound mercury.

In the absence of MT, GSH concentrations above 1 mM
interfered with the removal of mercury by 50% egg white
solution (Fig. 2B), but in the presence of MT (50 pg/mL), this
effect was only slight, and only evident at GSH concentrations
greater than 5.5 mM. These results indicate that the assay is
a competitive binding assay, such that the binding of mercury
by GSH can be minimized by diluting the sample relative to the
amount of egg white solution wused; this dilution of MT
relative to egg white prevented mercury-GSH binding without
inhibiting mercury-MT binding. Therefore, the use of a
dilution series is essential for detecting interference in the

assay.

If there is no dilution-dependent effect on mercury binding
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Fig. 1. Testing the effectiveness of bovine hemoglobin (open
tfiaﬁgle), BQQihe seruﬁ.aibumih (filled sqguare}, and.égg‘Whité
(filled triangle) in removing mercury from solution. All
protein solutions had approximately 5% protein content, and
were added in 50 UL aliquots to 10% TCA solution containing

249 nmol mercury/mL.
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Testing egg white for the removal of mercury.

A. Increasing volumes of 50% egg-white solution were
used to determine its ability to remove mercury from
solution in the absence of MT (triangle); and in the

presence of 50 pug MT/mL (square).

B. Increasing concentrations of GSH were used to
determine its effect on the ability of 400 UL of 50%
egg-white sélution to remove mercury from solution
in the absence of MT (triangle), and in the presence

of 50 pg MT/mL (square).
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in the assay, this is revealed by an approximately zero slope
for the dilution-corrected mercury-binding curve. This is the
case for samples from the pseudocytosol-MT experiment, which
indicate that estimates of MT did not vary with dilution when
present alone (Fig. 3A), or when present in a pseudocytosol
(Fig. 3B,C).

The dilution-corrected mercury-binding curve 1is necessary
to illustrate the potential for systematic, dilution-dependent
trends in mercury binding. The four dilution-corrected MT
-estimates from a dilution series would normally bé presented
aé a mean and confidence interval, and the near-zero slopes of
Fig;“3 cofrespond to a smali'cbnfidence intervals for the
dilution series (Fig. 4). The estimates of 10 and 20 pg MT/mL
standards of rabbit liver MT-II were not significantly diff-
erent from product specifications, and in all MT-pseudocytosol
treatment combinations the MT estimates were not significantly
different from either product specifications or the standards.
Furthermore, MT estimates from all treatment levels of
pseudocytosol were statistically distinguished from one
another, and the mercury binding in pseudocytosol that did not
contain MT was not significantly different from background
(Fig. 4).

The potential for interference in the assay by acid-soluble
thiols was determined in a factorial experiment identical to
the MT-pseudocytosol experiment, except that the pseudocytosol

was replaced by its GSH component only (2.53 and 5.06 mM GSH) .
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Dilution-corrected mercury-binding curves for
pseudocytosol containing Sigma rabbit liver MT-II.
Bach data point represents the MT estimate of an

individual dilution replicate.

A. Sigma rabbit liver MT II standards (10 and 20
pg/mL) .
B. Pseudocytosol (20 mg/mL).

C. Pseudocytosol (40 mg/mL) .

0 pg MT/mL - (diamond); 10 pg/mL - (square);

20 pg/mL - (triangle). —_
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Means and 95% confidence intervals for MT estimates
from a dilution series of pseudocytosol containing
Sigma rabbit liver MT-II. MT standards are indicated
as 0 mg pseudocytosol/mL. The four dilution-
corrected data points from:the binding curves in
Fig. 3A are fepresented’by the group.of bars at the'
left, while the data from Fig. 3B and Fig. 3C are in

the center and right bars, respectively.

0 Hg MT/mL - (open bar); 10 pg MT/mL - (filled I=);

20 pg MT/mL - (hatched bar).
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Systematic, dilution-dependent interference was observed among
the mercury-binding curves, which had non-zero slopes, (Fig.
5B,C). The importance of dilution in a competitive binding
assay is readily seen, in that the MT estimates approached
target values in the 1/9- and 1/18-diluted replicates.

Again, the dilution-corrected mercury-binding curves were
necessary to illustrate the systematic nature of interference
in the assay. When presented in a conventional manner, as a
mean and confidence interval, the dilution-dependent interfer-
ence 1is revealed by reduced precision and accuracy of the
assay (Fig. 6). The loss of precision is indicated by confi-
| aeﬁcé intervais fof MT which Wére tob large to statistiééliy
distinguish between MT treatment levels when GSH was present.
The loss of accuracy can be seen from the elevated MT esti-
mates ‘in all treatment combinations, and is particularly

evident in GSH samples that did not contain MT.

Assessing Metal Displacement

Using gel filtration chromatography, it was possible to
demonstrate zinc, cadmium, and copper displacement from MT by
the mercury saturation assay (Fig. 7). Although
zinc, cadmium, and copper were present in the TCA supernatant,
they eluted from the Sephadex G-50 column predominantly in

low-molecular-weight fractions (Fig. 7B). A small proportion
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Dilution-corrected mercury binding curves for
samples containing GSH. Each data point represents

the MT estimate of an individual dilution replicate.

A. Sigma rabbit liver MT II standards.
B. MT standards in the presence of 2.53 mM GSH.

C. MT standards in the presence of 5.06 mM GSH.

0 pwg MT/mL - (diamond); 10 pg MT/mL - (sguare); 20

g MT/mL - (triangle).
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Means and 95% confidence intervals for MT estimates
from a 4-replicate dilution series of Sigma rabbit
liver MT II standards in the presence of GSH. The
four dilution-corrected data points from the binding
cufves in.Fig.'BA are représénted by the group of
bars at the left, while the data from Fig. 5B and
Fig. 5C are in the center and right Dbars,

respectively.

0 ug MT/mL - (open bar); 10 pg MT/mL - (filled bar);

20 pg MT/mL - (hatched bar).
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Fig. 7 Metal content (nmol/g tissue) in cytosolic fractions
of rainbow trout liver (cadmium-exposed) before (A) and after
(B) analysis of MT by the mercury saturation assay. The
cytosols were fractionated on a Sephadex G-50 column into
'hiéh;moleculaf—weighti(HMW;fféctioné 9—13);.metallothiohéin
(MT; fractions 14-20), and low-molecular-weight (LMW; fractions
21-32) components. Values have been corrected back to a per
gram of tissue basis using the tissue dilution factor (g of
supernatant per g tissue) and the column loading rate (g of

supernatant applied to the Sephadex G-50 column).

Open bar - zinc; Filled bar - cadmium; Hatched bar - copper.
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(4.2%) of the original 1538 nmol Cu/g tissue which was
contained in the MT fraction remained in the MT fraction of
the TCA supernatant. No cadmium or zinc remained in the MT

fraction of the TCA supernatant.

Comparing this Assay with the Piotrowski Mercury

Saturation Assay

Rainbow trout hepatic MT concentration was estimated from
a mercury-binding curve (Fig. 8) similar to that described by
Piotrowski et al. (1973) and Kotsonis and Klaassen (1977). The
méan MT coﬁcentration bf 85;13 nmoi/g was estimated from the
six points comprising the plateau of the binding curve (ie.
between 2.25 and 4.25 pmol mercury/g tissue). After treatment
"with 50% egg white, the MT concentration was 68.01 nmol MT/g
(estimated from the same six data points). The smaller MT
estimate, and the fact that the plateau regioﬁ of the binding
curve extended to the right after egg white treatment,
indicate that it was excess mercury which was removed by the
egg white.

The MT estimate produced by the mercury saturation assay
was 45.38 nmol MT/g + 6.24 (SEM). MT estimates from the
Piotrowski assay and the modified Piotrowski assay were in
closé agreement with this value where the two binding curves
diverge (at 1.5 pmol mercury/g tissue; Fig. 8), but when MT

concentrations were estimated from the plateau regions of the
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Fig. 8. Mercury-binding curves for rainbow trout homogenate.
Tiésue hbmogenatéé were incﬁbaﬁed with vafiabie quantities of
mercury in 10% TCA, samples were centrifuged, and TCA
supernatants were assayed for mercury (square). After mercury
analysis, 400 pL of 50% egg white solution was added to all
TCA supernatants, which were then recentrifuged and reassayed

for mercury (diamond).
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mercury-binding curves, the respective estimates were 192 and
150% of the MT estimate produced by the mercury saturation

assay.

Assessing Sample Preparation Procedures

In the absence of cadmium exposure, the rainbow trout
MT was essentially a copper-containing thionein. Copper eluted
in both high-molecular-weight and MT fractions after centrifu-
gation (Fig. 9A), but after heat treatment, a large quantity
of copper also eluted in the low-molecular-weight fractions
(Fig. 9B). | o

In the S10 and S30 supernatants, zinc was present'in high—
molecular-weight and MT fractions (Fig. 102A), but after 2 or
10 minutes of heat denaturation, zinc was lost from the MT
fractions, and was greatly reduced in the high-molecular-
weight fractions (Fig. 10B).

The estimates of MT concentration in rainbow trout liver
producgd by the various sample preparation methods are
presented in Table 1. The lowest estimates of MT were produced
by molar summation of copper and zinc eluting from the gel
filtration column in fractions corresponding to the elution
volume of rabbit liver MT (V). In the four supernatants
analyzed by metal summation (S10, S30, HDS2, and HDS10), the
estimates varied between 6.89 and 9.05 nmol/g.

Supernatants from all eight sample preparation protocols
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Distribution of coppér in supernatants generated by
different sample preparation procedures. Metal.
concentrations in each fraction have been corrected
to a per gram of tissue basis based on the tissue
diiution factér (g-bf supérnatant. per g tiséﬁe) ahd
the column loading rate (g of supernatant applied to
the Sephadex G-50 column). MT eluted Dbetween

fractions 14 and 20.

A. Centrifuged supernatants: (solid line) S10;
{(broken line) S30.
B. Heat-treated supernatants: (dotted line) HDS2Z;

(broken line) HDS10.
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Distribution of zinc in supernatants generated by
different sample preparation procedures. Metal
concentrations in each fraction haﬁe been corrected
to a per gram of tissue basis (See Fig. 9). MT

eluted between fractions 14 and 20.

A. Centrifuged supernatants: (solid 1line) 810;
(broken line) S30.
B. Heat-treated supernatants: (dotted line) HDS2;

(broken line) HDS10.
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were analyzed by the mercury saturation assay, and 3 statis-
tically distinct groupings of MT estimates resulted (Table 1).
Of the protocols tested, only the HDS1 estimate encompassed
all of the metal summation results. However, the S10, S30, and
HDS% estimates were not significantly different from that of
HDS1. With increased time of heat denaturation, MT estimates
increased, but the highest (and most variable) estimate of MT

was derived from tissue homogenate.

DISCUSSION

Criteria for validating MT metal saturation assays include
specificity, sensitivity, accuracy, reproducibility, linearity
(Spry and Wood 1989), rapidity, and low cost (Eaton and Toal
1982).

In MT metal saturation assays, MT is detected by the
binding of cadmium, silver, or mercury to its cysteinyl thiol
residues. For a MT metal saturation assay to be specific, it
1s essential to minimize the binding of displacing metal to
non-MT thiols in the final assay supernatant.

The interfering effects of such non-specificity on metal

saturation assays has been documented for both cadmium (Eaton



Table 1.

Sample

HGT
S10
S30
HDS%
HDS1
HDS2
HDS6

HDSlO_
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Estimates of MT concentration (nmol MT/g
tissue) produced by different sample
preparation methods. Each value represents the
mean + SD for a 4-replicate dilution series.
Means with the .same letter are not signif-
icantly different. Sample abbrev-iations: HGT
(liver homogenate); S10 (supernatant from a 10

min centrifugation at 10,000q) ; S30
(supernatant from a 30 min centrifugation at
10,000qg) ; HDS%-10 ( heat-denatured

supernatants prepared by heat-treatment for
0.5-10 minutes).

Metal
Summation 03y
Estimate Estimate
- 27.32 + 14.76 a,b
8.06 11.27 + 2.03 b,c
8.89 14.50 + 4.02 a,b,c
- 10.92 + 2.22 Db,c
- 9.01 + 2.53 ¢

6.89 ) 18.95 + 1.91 a
- 20.87 + 2.44 a

9.05 15.20 + 1.74 D
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1985), and mercury (Zelazowski and Piotrowski 1973, Dieter et
al. 1987). In the development of this mercury saturation
assay, as elsewhere (Eaton and Toal 1982), GSH (alone and in
combination with enzymes and other thiol-containing compounds
in a pseudocytosol) was used to evaluate interference. In this
assay, a dilution-series approach was used to detect such
interference. Samples containing MT and GSH were diluted up to
18-fold and incubated with an excess (but constant) amount of
mercury, followed by the addition of 50% egg white solution in
sufficient (but constant) quantity to remove all mercury from
solution. Over the range of dilution, the egg white-to-sample
ratio incfeased 18-fold, thé binding of mercﬁry by GSH was
reduced, and interference was detectable as a non-zero slope
of the mercury-binding curve (Fig. 5).

The concentrations of GSH and cysteine in the pseudocytosol
were chosen because they probably represent the maximum
concentrations found in liver (Cooper 1983, Meister and
Anderson 1983). When MT was assayed in the presence of GSH,
interference was observed (Figs. 5 and 6).

However, when the concentration of GSH which interfered
with the assay was included in a pseudocytosol containing
several thiol-rich proteins and peptides (including MT), no
interference was observed (Figs. 3 and 4). The lack of
interference of GSH when present in the pseudocytosol suggests
that interference due to the binding of mercury to acid-

soluble thiols such as GSH is not likely to be a problem in
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complex samples such as tissue cytosols.

The requirement of linearity of calibration curves (Spry
and Wood 1989) should be restated more stringently as a
requirement for directly proportional linearity. The rela-
tionship between tissue dilution and metal-binding capacity
of a sample must be directly proportional, so (for example)’
when a sample is diluted by a. factor of 18, the resultant
binding capacity should also be 1/18 that of the undiluted
sample. Spry-énd Wood (1989), and Eaton and Toal (1982) have
demonstrated linearity in cadmium displacement assays, but the
fact that the linear relationships were not directly propor-
tiénal éhows that £he MT'estimates were dilﬁfion—dependent.
However, other researchers (Steadman et al. 1991) found the
cadmium saturation assay to be non-linear (with respect to
dilution) when used to analyze rainbow trout MT. In both
cases, the lack of directly proportional linearity is probably
due to incomplete displacement of copper from MT by cadmium
(Eaton 1985). Copper is extremely important in this respect,
since it is the most prevalent metal bound by‘rainbow trout MT
(Olsson and Haux 1985).

The sensitivity of metal saturation methods of MT analysis
is generally thought to be poor. They have been considered to
be suitable only for measuring induced concentrations of MT
(Waalkes et al. 1985), for screening analysis (Dieter et al.
1987), or for providing ballpark estimates of MT (Shaikh and

Nolan 1987). In contrast, the RIA is thought to be the most
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sensitive method for MT detection (Cherian 1988), with a
useful detection limit of 1-300 ng of MT (VanderMallie and
Garvey 1979, Hogstrand and Haux 1989). This mercury saturation
assay detected 111 ng of MT (in the 1/18 dilution of a ;O
pg/mL MT standard), well within the working range of the RIA.
Coupled with the simplicity of the mercury method, this degree
of sensitivity is adequate for most environmental research
requiring MT analysis.

A characteristic of the. mercury saturation assay of
Piotrowski et al. (1973), the overestimation of MT (Dieter et
al. 1987), has been reaffirmed here (Fig. 8). This char-
acteristic overestimation of MT by the Piotrowski mercury
saturation assay relates specifically to the strategy used in
the assay. By failing to add exogenous cleanup proteins such
as hemoglobin or egg albumin, acid-soluble mercury-binding
ligands remain in solution, to be qguantified as i1f they were
MT.’By adding exogenous proteins, the interfering TCA-soluble
ligands are stripped of mercury, thereby';minimizing this
source of overestimation. At the same time, these cleanup
proteins do not appear to strip mercury from MT, enabling an
accurate MT estimate (Figs. 2,8).

The two mercury-binding curves in Fig. 8 are very similar
to the left of the plateau regions (mercury-to-tissue ratios
below 1.5 umol/g), and, where the curves diverge, the MT
estimates agree closely with the MT estimate from the mercury

saturation assay presented here. However, the mercury-binding
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curves plateau at mercury-to-tissue ratios greater than 1.5
umol mercury/g, and it is from the plateau region that MT
concentrations are estimated in the Piotrowski assay. In this
experiment, the MT concentrations from the Piotrowski assay
before and after egg white treatment were, respectively, 192
and 150% greater than the mercury saturation MT estimate,
vdemonstrating the tendency of the method to overestimate MT.

The displacement of the metals bound by MT in vitro by the
displacing metal is essential to verify the effectiveness of
a MT metal saturation assay. The demonstration of copper
displacement has not been undertaken in most MT metal satura-
tion 'assays describéd in the literature.. Scheuhamer and
Cherian (1986) documented cadmium displacement by silver in
- their silver saturation assay, but copper displacement was
only 59%. Klein et al. (1990) demonstrated copper displacement
to be approximately 62% in their cadmium saturation assay. In
methods development for this mercury saturation assay, the MT
used was predominantly a copper-MT from rainbow trout liver of
high copper concentration (6877.1 nmol Cu/g tissue). The
copper content which eluted in the MT fractions upon gel
filtration chromatography accounted for 1538.3 nmol of the
total hepatic copper (Fig. 7). After mercury saturation, only
65.2 nmol of copper could be accounted-for in the MT fraction
of chromatographed TCA supernatant, indicating that 96% of the
copper had been displaced. Similar levels of copper displace-

ment have not been documented in the literature. Coupled with
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the complete displacement of cadmium and zinc by the mercury
saturation assay, this high degree of copper displacement
further supports the value of mercury as a displacing metal.

Several additional considerations favor the use of the
mercury saturation assay over other methods of MT detection.
At low pH, mercury is the most specific thiol-combining agent
(Jocelyn 1972, Fuhr and Rabenstein 1973, Stricks and Kolthoff
1953). Therefore, it is an obvious choice as a displacing
metal for quantifying MT. Because copper, cadmium, and zinc
can be removed from MT at low pH (Rupp and Weser 1978, Pulido
et al. 1966), their replacement by mercury is favored. A
secondvbenefit’of using acidié éonditions for the assay ié
that the removal of excess mercury is simplified to one rapid
step. Egg white solution is added to the TCA-containing assay
tubes, where it denatures on contact and is separated from
mercury-MT by centrifugation. Egg white is used because it is
readily available, simple to prepare, and more effective than
hemoglobin at removing mercury from solution. In contrast,
cadmium and silver saturation assays are conducted at circum-
neutral pH. The removal of excesé cadmium or silver 1is
achieved by 3 additions of blood hemolysate followed by heat
treatment and centrifugation after each addition. These
procedures are cumbersome and time-consuming in comparison
with the mercury saturation assay.

Rapidity and technical ease of performance are important

aspects of metal saturation assays for MT analysis. Eight such
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assays have been compared on the basis of these two consider-
ations (Table 2). Technical ease is evaluated in terms of
steps which must be undertaken to complete the analysis; fewer
steps indicate greater technical ease. Adding a reagent to a
vial, transfering a sample between vials, mixing a sample,
cooling a sample on ice, and centrifugation of a sample all
constitute steps.

In terms of technical eaéé, the best methods are this
mercury saturation assay (6 steps), and the cadmium saturation
assay described by Hamilton et al. (1987) (7 steps). The
remaining six methods reguire between 11 and 20 steps. The
'cadmium saturation assay of Klein et ai.'(1990) reqﬁires the
greatest number of steps of any assay examined (20 steps). It
is relevant that their assay 1is specifically designed to
determine MT with high copper content. The large number of
steps reflects the need for the chelation of copper away from
MT prior to cadmium saturation. By using mercury as a displac-
ing metal, these considerations can be bypassed, resulting in
a much simpler assay.

In terms of time requirements, the mercury saturation assay
requires three minutes to complete per replicate (Table 2),
while the other cadmium and silver saturation assays require
between 18 and 51 minutes per analysis. The incubation period
of the mercury-displacement assay is very rapid; no differ-
ences in MT estimates were observed between samples which were

incubated for between 0.5 and 10 min, so 1 min incubation is
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Table 2. A comparison of technical requirements for 8 metal
saturation assays. Values in all columns were
extracted from the materials and methods sections
of the referenced papers.

Sample Nurber
Preparation Assay of Steps
Reference Time (min) . Time (min) Required
Eaton and
Toal (1982) 18 18 11
Cnasaka and S
Cherian (1982) 20 23 13
Scheuhamer and
Cherian (1986) 20 24.5 12
Nolan and
Shaikh (1986) 20 25.5 13
Hamilton
et al. (1987) 83 31 7
Spry and
Wood (1989) 12 44 15
Klein
et al. (1990) 60 51 20

This paper 10 3 6
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sufficient. This method comparison demonstrates that the
mercury saturation assay is more rapid and easier to perform
than seven conventional cadmium and silver saturation assays.

One aspect of MT metal saturation assays which has not been
thoroughly addressed is the importance of sample preparation
procedures used to isolate MT prior to analysis. Sample
preparation may be the most time consuming aspect of a metal
saturation assay, and the speed of a rapid metal saturation
method may be seriously diminished by a slow sample prepara-
tion procedure (Table 2). Furthermore, if the prepared samples
are affected in such a way as to limit accuracy of detection,
the sampie prebaration-procedure ﬁﬁSf be reconsidéred.

Heat treatment is often used during sample preparation to
selectively denature proteins other than MT, which is heat
stable (Eaton and Toal 1982, Spry and Wood 1989). Most methods
use a centrifugation step prior to heat treatment, but this is
slow, so Laurén and McDonald (1987) heat-treated homogenate
without prior centrifugation, speeding up sample preparation.
Unfortunately, heat treatment alters zinc and copper distribu-
tions 1in rainbow trout liver cytoscls (Figs. 9 and 10),
releasing large quantities of copper into the supernatant
after only 2 minutes. The presence of large quantities of
copper is undesirable, especially for cadmium displacement
assays, which are known to be adversely affected by copper
(BEaton 1985, Cherian 1988).

Clearly, the choice of sample preparation procedure can
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greatly affect the estimation of MT (Table 1). High, variable
MT estimates produced from direct analysis of whole homogenate
indicates that some treatment to isolate MT is necessary with
the mercury saturation assay. Centrifugation (10 min at
10,000g; S10) was the simplest procedure tested and it
produced results in agreement with the metal summation, S30,
'HDSY%, and HDS1 estimates of MT. Short heat treatment steps
(less than 2 min) produced consistent MT estimates. Lengthy
heat treatments may more thoroughly remove proteins from the
samples, but this appears to be offset by an elevation of
metal binding in heat-treated supernatants, as indicated by
high MT estimates-in‘HDSZ, HDS6, and HDSlO samples. Therefofe;
sample preparation procedures (centrifugation or short heat

treatments) which do not alter in situ cytosolic metal

distributions are recommended. This is particularly important
if cytosolic metal distributions are to be examined.

The recovery of a spike or internal standard of MT can be
used to verify the accuracy of a metal saturation assay
(Zelazowski and Piotrowski 1977, Dieter et al. 1987). With the
mercury saturation assay, the addition of spikes of rabbit
liver MT-II to homogénates prior to sample preparation is
routinely used to check sample preparation losses and assay
accuracy. Recovery of MT spikes from 53 liver, kidney, gill,

and 1intestine homogenates from white sucker (Catostomus

commersoni) and lake charr (Salvelinus namaycush) was 98.1% =+

2.1 (SEM), indicating that neither sample preparation pro-
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cedures or the mercuryvsaturation assay cause the loss or
degradation of MT (J.F. Klaverkamp, unpublished data).

Research on the role of MT in the toxicology of cadmium,
copper, zinc, and mercury, and the use of this protein as a
biochemical indicator of metal exposure stress and acclimation
to metal toxicity, has been hindered by the lack of a consist-
ent, validated method for measuring MT (Haux and Forlin 1988).
Using metal binding characteristics as a means of measuring MT
has been criticized because it is an indirect measure of MT
(Dieter et al. 1987). However, the metal-binding charact-
eristic is a hallmark of MT (Hamer 1986) and is the only
reliable detection method for MT other than immunelogical
methods (Kikuchi et al. 1990). Therefore, saturating MT with
mercury under acidic conditions provides MT metal-binding data
that are reliable and highly specific. This specificity is
ensured by dilution replication.

In summary, the mercury saturation method presented here
overcomes weaknesses commonly cited for metal saturation
assays for metallothionein. The method is simple, specific,
rapid, and can be standardized with commercially available MT.
The mercury saturation assay therefore should serve as a
reliable and standardized method for metallothionein meas-

urement in fish.



62

CHAPTER ITIT

HEPATIC AND RENAIL METALLOTHIONEIN

IN WHITE SUCKER (Catostomus commersoni)

AND NORTHERN PIKE (Esox lucius)

IN RELATION TO COPPER, ZINC, AND CADMIUM

IN LIVER, KIDNEY, AND SEDIMENT FROM LAKES

NEAR THE SMELTER AT FLIN FLON,

MANITOBA, CANADA
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INTRODUCTION

The copper/zinc smelter at Flin Flon, Manitoba, has been
in production since 1930 (Franzin 1984). Until 1974, off-gases
from ore roasting and smelting were released directly to the
atmosphere from two stacks of 58 and 69 meters in height.

Since 1974, the off-gases havg been released from a 251 meter

' stack which was installed to reduce deposition of sulfur

dioxide, particulates, and metals on the Flin Flon townsite
(Klaverkamp et al. 1991). Electrostatic precipitators were
installed in 1982 in an effort to reduce particulate emissions
(Zoltai 1988, Phillips et al. 1986).

Over the time period covering these changes at the_Flin
Flon smelter, several studies have documented the status of
agquatic ecosystems in the vicinity of the smelter. Van Loon
and Beamish (1977) found that fish populations collected in
1973-1974 from eight lakes near Flin Flon were surviving in
lakes with high zinc concentrations, and were more tolerant of
elevated =zinc concentrations than would be expected from
extrapolations from laboratory toxicity tests. If major
changes 1in recruitment, growth, and survival of the fish
populations were occurring, they were long-term changes (Van
Loon and Beamish 1977). Based on sampling conducted in 1976
and 1977, McFarlane and Franzin (1978) concluded that the

white sucker (Catostomus commersoni Lacepede) population from

Hamell Lake (located approximately 5 km west of the smelter)
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was stressed by the elevated levels of heavy metals in the
lake. In toxicity testing conducted in 1981, white suckers
from Hamell Lake were 1.9 and 2.3 times more tolerant to 10
and 30 mg Cd/L (respectively) than white suckers from the
relatively unpolluted Thompson Lake (Klaverkamp et al. 1991).
This increased tolerance was accompanied by corresponding
increases of 2.7 and 2.0-fold (respectively) in hepatic and
renal MT in Hamell Lake suckers relative to the Thompson Lake
fish. The findings from these studies near Flin Flon, coupled
with the known ability of fish to acclimate to heavy metal
exposure (Klaverkamp et al. 1984) suggested the possibility
thét metallothioneiﬁ couid be used as an indicatér of metal
contamination in freshwater ecosystems.

The research presented in this chapter follows from the
previous research near Flin Flon by testing the hypothesis
that metallothionein is a more sensitive biomarker of heavy
metal pollution than whole-tissue metal concentrations. Rather
than comparing just two lakes (Klaverkamp et al. 1991), eight
lakes were\studied along a presumed gradient'of metal deposi-
tion near‘lthe Flin Flon smelter. This in turn permitted
testing for a dose-response relationship between MT and metal
exposure (metal exposure was indicated by metal concentrations
in lake sediments). Such a relationship is an important
prbperty of a successful biomarker (Haux and Forlin 1988,

Henderson et al. 1989, Phillips 1980).
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MATERTIALS AND METHODS

Study Area

Eight lakes between 5 and 31 km from the Flin Flon
smelter were selected to provide a gradient in metal deposi-
tion among the study lakes. These lakes were located approx-
imately on the major (northwest-southeast) axis of the broadly
elliptical deposition area around the smelter (Zoltai 1988),
and Wéré Within thé zonékdf significant depositidn (Harrison
and Klaverkamp 1990). The locations and morphometry of the
study lakes are presented in Figure 11 and Table 3. Distances
from the smelter to the sites of sediment core sampling in the
lakes were measured from 1:50,000 topographical maps.

The study area is near the southwest boundary of the
Precambrian Shield. The majority of consolidated rock in the
area 1s Precambrian, although evidence of the transitional
nature of the région is seen in outliers of dolomite and

Pleistocene glacial debris (Heywood 1966, Zoltai 1988).

Water Sampling

A single water sample was collected from each lake at

arm’s length below the water surface in 1 L acid-washed
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Figure 11. Map of the study area at Flin Flon, Manitoba.
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Table 2. Location, morphometry, and selectec water chemistry for the stugy lakes.

' Dist  Area {a Ma Na K [ S0a £ikalinity Cond DI 00¢
Lake (km) (ha)  pH . (umol/L) (ueg/L) (uS/cm) {umo1/L)
Hame1l1 5.8 233 7.6 311.9 108.6 87.0 34,0  124.1 123,92 560.1 98 310 1630
Hook 9.8 90 8.3 890.7 31,2 92.2  32.0 73.3  129.1 2194.4 229 1960 830
White 11.4 110 8.0 406.7 23i.2 87.0  26.9 36.7 94,7 1167.6 126 730 1220
Nesootao 12.4 40 7.5 217.6 8.3 69.2 27.9 28.2 104.1 264.1 76 190 1290
Tyrell 21,1 4 7.4 141.0 7 .0 64.8 249 19.7  60.4 389.0 50 170 1260
Neso 25.1 338 7.6 205.6 9.5 59.6 18,2  19.7  34.% 509,6 65 120 1210
Joknson 25.7 677 7.6 197.1 93,8 8.6  27.6  39.5  65.6 521.1 68 210 1660
Twin 31.1 .w@ 7.8 286.9 140.7 52,6 17.7 14,1  39.6 832.3 83 460 1050
(small basin) '
Reference Lakes®
ELA L. 240 - 44 6.5 44.9 32,9 39.1 7.7 22.6  43.7 92.4 21 120 606
ELA L. 313 - 114 6.6 54,9 28,8 43.5 10.2  22.6  45.8 106.9 19 79 904

a). Data from Beamish et al. (1976).
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polyethylene bottles. Analyses for pH, SO,. , Ca* , Mg? , Na*
, Cl° , dissolved organic carbon (DOC), dissolved inorganic
carbon (DIC), and conductivity were conducted by the methods

of Stainton et al. (1977).

Sediment Sampling and Metal Analvsis

Four sediment cores were collected by SCUBA divers at the
maximum depth in each lake, with the exception of Twin Lake,
where cores were'collected at the maximum depth of the smaller
basin of the lake, at 8 m depth. Ten core sections of 1 cm
thickness were siiéédAffom the éores stérting‘iﬁmediétely
below the sediment-water interface. Below 10 cm, 3 cm sections
were removed, to a maximum core depth of 25 cm.

The sediment core sections were dried to constant weight,
powdered, and digested in a nitric, perchloric, and hydro-
flouric acid digestion procedure (Sturgeon et al. 1982). Total
copper, zinc, and cadmium were analyzed by atomic absorption

on a Varian AA-5, using an air-acetylene flame.

Fish Sampling and Metal Analvysis

White sucker (Catostomus commersoni Lacepede) and

northern pike (Esox lucius Linnaeus) were collected by gill

net in August and September of 1986. Nets were emptied
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approximately every 30 minutes and the fish were transferred
to a holding pen prior to processing. Fish were anaesthetized
with buffered tricaine methanesulfonate (MS-222). Livers and
kidneys were removed, immediately frozen in liquid nitrogen,
and stored on dry ice in the field. Samples were stored at
-120°C upon return to the laboratory. Left pectoral fins were
removed for ageing according to the method of Chalanchuk
(1983).

White sucker and pike were not collected from all eight
of the study lakes. White suckers could not be caught in
either Hamell Lake or Johnson Lake, so only six lakes are
represented in analyses of .white sucker data. Piké were
collected only from the four study lakes northwest of the
smelter in Saskatchewan, as a preliminary investigation of MT
in this species, for which 1little information exists. In
addition to the fish collected from the Flin Flon lakes, white
suckers were collected from Lake 240 and Lake 313 of the
Experimental Lakes Area (ELA) of Northwestern Ontario (approx-
imately 800 km southeast of Flin Flon), in September 1988, to
provide comparative reference material for aspects of the
research. Reference pike were collected only from Lake 240.

Individual samples of liver and kidney (approximately 0.5
g wet weight) were digested in batches with a nitric, sulfur-
ic, hydrogen peroxide method. Samples were made up‘to 25 mL
with distilled, deionized water. Copper and zinc were measured

by flame atomic absorption spectrophotometry on a Varian AA-5
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with background correction, using an air-acetylene flame.
Where necessary because of low concentrations, cadmium was
analyzed after extraction by 5% diethyl dithiocaminocarbamate
(DDDC) in butyl acetate. National Bureau of Standards bovine
liver, or National Research Council TORT-1 {(lobster hepato-
pancreas) reference materials were determined with each batch
of tissue. These determinations were within the specifications
of the reference material ( 92.4 + 6.8% of reference value

(mean +* SD) (Zn), 97.4 £ 6.5% (Cu), 100.5 = 31.2% (Cd); n=13).

MT Analysis by Gel Filtration Chromatography and Metal

Summation

Samples of liver and kidney from each species from each
lake were pooled and homogenized in 2 volumes of 10 mM
phosphate buffer pH 7.6, with 5 mM 2-mercaptoethanol, 0.02%
sodium azide, and 0.15 M KCl (distilled, deionized water was
used for all agueous solutions). Phenyl methyl sulfonyl
flouride (PMSF) was added to the mixture (O.i M) as a protease
" inhibitor. In the pooling of tissues for this method, no
attempt was made to use equal quantities from each fish, so
the resultant MT estimates were weighted estimates. The
homogenates were centrifuged at 30,000g for 30 min at 4°C. The
30,0009 supernatants were then recentrifuged at 100,000g for
120 min at 4°C. The surface lipid layer was removed from the

surface of the supernatant. The final supernatant (cytosol)
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was further fractionated by gel filtration chromatography. The
cytosol was filtered through a 0.45 um cellulose acetate
filter and chromatographed on a 1.9 x 100 cm column of
Sephadex G-75 at a flow rate of 0.5 mL/min. Fractions of 10 mL
were collected and analyzed for copper, zinc, and cadmium. The
chromatography column was calibrated with blue dextran 2000,
bovine serum albumin, ovalbumin, chymotrypsinogen A,
ribonuclease A, and MT (Sigma rabbit liver MT-II, Sigma Corp.,
St. Louis Mo.). MT in the chromatographed cytosols was
determined by co-elution of cadmium, copper, and zinc in
chromatographic fractions which corresponded to the elution
voluﬁe .of MT (as determinéd. from column 4célibration).. MT
concentration in the cytosols (nmol MT/g) was calculated under
the assumption that MT binds 7 moles of zinc or cadmium (Kagi
and Schaffer 1988), and 12 moles copper per mole of MT

(Neilson et al. 1985).

MT Analvsis by Mercury Saturation

MT was also estimated from liver and kidney of individual
fish using the mercury saturation assay described in Chapter
2. These samples were analyzed before it was known that 10 min
heat treatments result 1in somewhat elevated MT estimates
(Chapter II). The tissues were prepared for the assay by
homogenization in 4 volumes of 0.9% NaCl and a heat treatment

at 100°C for 10 minutes in 1.5 mL polypropylene microcentri-
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fuge tubes. The heat-treated homogenates were cooled on ice
for 5 min and centrifuged for 10 min at 10,000g at room
temperature in a benchtop microcentrifuge (Eppendorf 5412).
The resulting supernatants were stored at -120°C until
analysis. Liver samples were incubated with 10 pg of mercury
as described in chapter II, but kidney samples were incubated
with 5 pg of mercury, in an attempt to increase the sensitiv-
ity of the aséay. This was done because it was assumed that
kidney MT concentrations were much lower than liver MT

concentrations.

Data Analyses

Metal deposition equations were calculated.froﬁ1surficial
sediment metal concentrations using the power function
[Metal] = a(Distance)™® (Franzin et al. 1979).

The mean hepatic and renal copper, zinc, cadmium, and MT
concentrations from each fish species were regressed against
the respective mean metal concentrations in surficial sedi;
ments (0-1.0 cm core section) to test for the presence of a
dose-response relationship between the tissue variables and
the sediment metal concentrations.

In an attempt to establish the relative importance of the
three metals to MT induction, hepatic and renal MT concentra-
tions (expressed as (nmol Hg bound)/g) were regressed against

the respective metal concentrations (nmol/g) for both fish
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species from each lake. This approach is similar to those of
Olsson and Haux (1985) and Scheuhamer and Templeton (1990).

The metal summation and Hg saturation estimates of MT
were used to estimate the degree of saturation of metal-
binding sites of MT in situ, which may be of value as an
indirect estimate of rates of MT synthesis. This index of MT
saturation was calculated as the ratio of metals bound to MT
before and after saturation with mercury. To do this, the MT
concentrations in liver and‘kidney of individual fish (as
determined by Hg-displacement assay) were multiplied by the
appropriate weighting values to generate a weighted mean
corresponding to that.of the ﬁboled MT esﬁimaﬁes obtained.by
gel filtration chromatography.

Procedure GLM of the Statistical Analysis System (SAS)
(SAS Institute, Cary, N.C., U.S.A.) was used for regression
analysis. Where appropriate, differences among variables
between lakes were tested for significance with Tukey’s hsd
multiple comparison in Procedure GLM of SAS. Procedure CORR of
SAS was used to examine (1) the relationship between age of
fish and copper, zinc, cadmium, and MT concentrations in liver
and kidney, and (2) the relationship between water chemistry

variables and distance from the smelter.

RESULTS
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Water Chemistrv

The water chemistry parameters of the study lakes are
presented in Table 3. The study area is located in a geo-
logical transition zone between Precambrian Shield and sed-
imentary rocks of the Great Plains (Heywood 1966); much of the
region is Precambrian Shield, with some areas being overlain
with sedimentary rock (Gale et al. 1982, Syme et al. 1982) and
calcareous glacial till (Heywood 1966). The influence of the
sedimentary rocks on water chemistry can be seen from the
elevated concentrations of cations, especially Ca? , in the
study iakes (GoltermanAand Koﬁwe 19805. Ail of thé iakeé have
Ca®* concentrations in excess of 197 Mmol/L, and alkalinity
values in excess of 389 Ueqg/L. Hook Lake is distinct, having
a Ca®** concentration of 891 Mmol/L, which is attributable to
the presence of a lens of clastic sedimentary rock northwest
of the lake (Heywood 1966). The water chemistry parameters
(particularly alkalinity) of the reference lakes from ELA
clearly demonstrate the differences between softwater
Precambrian shield lakes and those near Flin Flon.

Sulfate concentration in water was negatively correlated
with distance from the smelter (r = -0.937, pv < 0.001).
However, in spite of elevated sulfate concentrations in lakes

nearest the smelter, none of the lakes were acidic (Table 3).
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Metals in Sediment

Deposition equations for copper, =zinc, and cadmium
indicate that the study 1lakes northwest of the smelter
(Saskatchewan 1lakes) received patterns of metal deposition
which were different from those of the lakes southeast of the
smelter (Manitoba lakes) (Table 4). The Manitoba lakes had a
smaller radius of depositicn for zinc than the Saskatchewan
lakes, whereas the converse was true for copper and cadmium.
The metal deposition equations establish the smelter as the
source of elevated sediment metals in the study lakes, in
agreement with earlier reéearch (Franzin et al. 1980, Harrison
and Klaverkamp 1990).

Metal concentrations in surficial sediment reflected both
distance from the smelter, and the differences in deposition
between lakes northwest and southeast of the smelter (Table
5). The highest sediment zinc concentrations were found in
Hook Lake, 9.8 km south east of the smelter, while copper and
cadmium concentrations were highest in Hamell Lake, 5.8 km
northwest of the smelter. The surficial sediment metal
concentrations in White Lake and Nesootao Lake (11.4 and 12.4
km from the smelter, respectively) were intermediate, while
the more distant lakes (those more than 21 km from the
smelter) had much lower sediment metal concentrations. In all
lakes, the molar ratio of (Cu+Zn):Cd in the surficial sediment

of the study lakes varied between 300:1 and 1100:1 (Table 6),
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Table 4. Parameters for metal deposition equations ﬁxms the Flin Flon study lakes. Equations are of the form
[Sediment metal] = a(distance from smelter)™ . The radius of deposition increases as b becomes smalier.
The magnitude of deposition ioncreases as a increases. A1l equations are highly significant (the probability
of a greater F value for the equation is less than 0.01).

A1l Eight Lakes Manitoba Lakes Saskatchewan Lakes
Metal (b) (a) ré ) _ (a) r? (b) (a) r?
Cu 1.948 904.01 0.887 1.397 190.59 0.766 2.360 2653 0.994
Cd 1.783 10.02 0.868 1.645 6.31 0.719 1.846 12.863 0.986

in 1.936 5291 0.865 2.335 24396 0.931 1.871 4470 0.988
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Table 5. Cu, Zn, and Cd concentrations (umol/g dry weight) in surficial
sediment ( 0-1 cm sediment core section) from the eight Flin Flon
study lakes. For each metal, lakes with the same letter are not
significantly different.

Cu n Cd

Lake Dist (km) - (umol/g)
Hamel1l 5.8 43.6 a i1lo.l ab : 0.49% a

t
Hook 9.8 12.5 b 150.2 a 0.265 ab
White 11.4 4.1 b 68.8 bc 0.065 b
Nesootao 12.4 6.5 b 37.2 ¢ 0.125 ab
Tyrell 21.1 2.0 b 13.8 ¢ 0.040 bc
Neso 25.1 1.7 b 10.4 ¢ 0.023 ¢
Johnson 25.7 1.3 b 8.2 ¢ 0.035 bc

Twin 31.0 2.0 b 10.5 ¢ 0.033 bc
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Fable 6. Molar ratios of Cu, Zn. and C4 in surficial sediment, liver, and kidney from the stud,
Sediment Liver Kidney

Fish
Lake Dist (km) Cu:Zn:Cd (Cu+Zn):Cd Spécies Cu:Zn:Cd (Cu+Zn):Cd Cu:Zn:Cd (Cu+Zn):Cd
Hame 11 5.8 88:234:1 322:1 Pi'e 12:32:1 44:1 9:302:1 311:1
Hook 9.8 47:563:1 610:1 Su tker 33:53:1 86:1 - -
White 11.4 61:1031:1 1092:1 Su ker 53:78:1 130:1 - -

Pi e 37:113:1 150:1 102:2178:1  2280:1
Nesootao 12.4 51:293:1 344:1 Sutker 20:35:1 55:1 1.3:17:1 18.3:1

Pike 83:222:1 305:1 205:9798:1 2000:1
Tyrell 21.1 58:387:1 445:1 Sucker 45:110:1 155 6.5:78:1 84.5:1
Neso 25.1 83:518:1 601:1 Sucker 4:55:1 99:1 1.9:19:1 20.9:1
Johnson 25,7 41:262:1 303:1 Pike 70:153:1 223:1 40:1606:1 1646:1
Twin 31.0 71:364:1 435:1 Sucker 63:98:1 161:1 2.6:34:1 36.6:1
Reference Lakes

Pike 159:785:1  944:1 7:862:1 869:1
ELA L. 240 - - - Sucker 101:147:1  248:1 1.6:20:1  21.6:1

Pike 228:276:1  504:1 5:822:1 827:1
ELA L. 313 - - - Sucker 63:78:1 141:1 0.8:9:1 9.8:1
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indicating that the metal pollution problem near Flin Flon is
largely one of copper and zinc.

Profiles of copper (Fig. 12), zinc (Fig. 13), and cadmium
(Fig. 14) in sediment cores verified the relative importance
of copper and zinc inputs to the Flin Flon study lakes.
Although metal concehtrations in surficial sediments were
elevated above concentrations in the deepest core sections,
the peak metal concentrations in sediments generally occurred
at approximately 5 cm depth in the core sections.

The deposition equations from Table 4 were used to
predict the radius at which no enrichment of metals would
occur in thébéurficial sediment. The predicted déposition
radii were 74, 74, and 33 km, respectively, for copper, zinc,
and cadmium southeast of the smelter in Manitoba. The corre-
sponding estimates were 39, 88, and 33 km for copper, zinc,
and cadmium in the region northwest of the smelter, or 49, 90,
and 33 km,.when deposition curves for all eight lakes were
used. Using these latter estimates, the area impacted by metal
deposition is approximately 7543 km? for copper, 25447 km? for

zinc, and 3421 km? for cadmium.

Metals in Fish Tissues

Linear regressions of copper, zinc, and cadmium concen-
trations in liver and kidney against the respective surficial

sediment metal concentrations produced only two significant
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Figure 12. Profiles of copper concentration (umol/g dry
weight; mean + SEM; n=4) in sediment cores from the Flin
Flon study lakes.

Upper panel - Saskatchewan lakes.

Legend: dotted line - Johnson Lake

solid line - Tyrell Lake
coarse broken line - Nesootao Lake

fine broken line - Hamell Lake

Lower panel - Manitoba Lakes.

Legend: dotted line - Twin Lake
solid line - Neso Lake
coarse broken line White Lake
fine broken line Hook Lake

t
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Figure 13. Profiles of zinc concentration (Hmol/g dry
weight; mean + SEM; n=4) in sediment cores from the Flin
Flon study lakes.

Upper pauncl - Saskatchewan lakes.
Legend: dotted line - Johnson Lake
solid line - Tyrell Lake

Nesootao Lake
Hamell Lake

coarse broken line
fine broken line

Lower panel - Manitoba Lakes.

Legend: dotted line - Twin Lake
solid line - Neso Lake
coarse broken line White Lake
fine broken line Hook Lake
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Figure 14. Profiles of cadmium concentration (gmol/g dry
weight; mean + SEM; n= 4) in sediment cores from the Flin
Flon study 1:zl:cs. .

Upper panel - Saskatchewan lakes.

Legend: dotted line - Johnson Lake
solid line - Tyrell Lake
coarse broken line - Nesootao Lake
fine broken line Hamell Lake

Lower panel - Manitoba Lakes.

Legend: dotted line - Twin Lake
solid line ~ Neso Lake
coarse broken line White Lake
fine broken line Hook Lake

1
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equations, both for cadmium concentrations in pike tissues:

Liver Cd = 35.370(Sediment Cd) + 1.656 (p=0.029 r?=0.943)

Kidney Cd = 13.474(Sediment Cd) - 0.192 (p=0.021 1r?=0.958)

Significant differences in hepatic metal concentrations
existed between Flin Flon lakes for both pike (Table 7) and
sucker (Table 8), but the ranges encompassed those of pike and
sucker from the reference lakes, as did renal cadmium concen-
trations. However, the copper and zinc concentrations in

sucker kidney were higher in the‘Flin Flon lakes than in the
ELA reférenée lakes (Table 8), as Were copper concentratibns
in pike kidney (Table 7).

No consistent pattern of bicaccumulation (age-dependent
accumulation) of copper, zinc, or cadmium was observed in pike
from the Flin Flon study lakes, with the exception of copper
and zinc in Hamell Lake pike liver (r = 0.733, p = 0.025
(copper); r = 0.679, p = 0.044 (zinc)). In contrast to fish
from the Flin Flon study lakes, cadmium concentrations in
kidney of pike from ELA Lake 240 were correlated with age (r
= 0.997, p = 0.003).

In white sucker, only one significant correlation was
observed between tissue metal concentrations and age (for zinc
concentrations in livers of Nesootao Lake sucker), énd it was
a negative correlation (r = -0.809. p = 0.015). Again, cadmium

concentrations 1in liver and kidney of suckers from one
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Table 7. Mean metal and MT concentrations (+ SEM) in liver and kidney of northern pike. Values followed by the same letter are not
: significantly different,
Liver . Kidney
Cu In Cd MT Cu In Cd MT
Lake n (rmo1/g) (nmo1/g)
Hame11 9 231.5 ab 627.0 a 19.7 a 54.7 59.6 a 2021.7 a 6.7 a 13.3 a
(35.3) (71.2) (6.2) (7.7) (3.6) (97.5) (1.6) (2.9)
Nesootao 6 129.8 b 391.8 b 3.5b 47.9 81.5 a 1742.5 ab 0.8 b 13.3 a
(20.3) (41.7) (0.5) (6.6) (25.6) (268.9) (0.1) (4.7)
Tyretl 4 257.7 ab 689.9 a 3.1 b 54.1 a 41.0 a 1958.0 ab 0.2 b 11.2 a
(91.8) (88.7) (0.9) (18.1) (15.5) (136.6) (0.1) (1.6)
Johnson 10 231.8 a 708.9 a 4.7 b 61.0 a 36.2 a 1445.8 b 0.9 b 26.4 a
(38.4) (80.6) (0.6) (7.2) (5.5) (91.8) (0.1) (4.1)
Reference Lakes
ELA L.240 4 132.9 653.5 0.8 73.8 15.4 1982.4 2.3 -
(24.3) (79.3) (0.2) (4.8) (1.6) (79.9) (0.4)
ELA L. 313 1 495.8 598.7 2.2 75.6 13.4 2300.2 2.8 -




Tabie &. Mean meta) and MT concentrations (+ SEM) "n liver and kidney of white sucker. Values foliowed by the same letter are not
significantly different,

Liver Kidney
Cu In Cd MT Cu n Cd MT
Lake n (nmo1/g) (nmol/g)
Hook 10 287.4 ab  464.4 ab 8.7 b 66.7 ab . - - - 11.8 ab
(48.6) (41.3) (1.1) (8.7) (1.1)
White 8 343.5 ab 503.7 ab 6.5 b £5.2 ab - - - 6.4 b
(57.4) (27.3) (1.0) (7.4) (0.4)
Nesootao 8 346.0 a 597.6 a 16.9 a 96.7 a 41.6 a 568.0 a 33.1 a 14.9 a
mW (34.3) (57.1) (3.3) (12.1) (6.5) (55.4) (3.3) (2.3)
Tyrel 9 143.5 b 351.0t 3.2 b 44,3 b 31.7 a 380.0 ab 4.9 b 8.0 b
(34.5) (11.%} (0.6) (11.1) (2.0) (19.2) (1.6) (1.2)
Neso 11 397.0 a 494.9 3 8.0 b 81.1 ab 35.1 a 358.9 b 18.0 ab 6.9 b
(44.6) (23.9) (1.6) (7.4) (3.6) (18.1) (4.9) (1.0)
Twin 11 299.7 ab amm.w ab 4.7 b 32.£ b 33.1 a 437.6 ab 12.7 b 7.0 b
(45.2) (34.5) (1.0) -(4.5) (5.2) (67.0) (3.5) (1.0)
Reference Lakes
ELA L.240 5 274.7 401.8 2.73 44.9 23.5 296.7 15.0 -
(48.8) (23.5) (0.5) (3.7) (1.6) (16.6) (5.6)
ELA L. 313 8 296.9 368.7 4.7 52.0 . 21.3 236.3 26.2 -
(50.0) (23.8) (1.36) (7.8) (0.8) - (10.3) (9.9)
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reference lake (ELA Lake 313) were correlated with age (r =
0.792, p = 0.019; r = 0.868, p = 0.005, respectively).

Although ratios of (Cu + Zn):Cd in sediments of the Flin
Flon lakes were all greater than 300:1, the metal ratios in
liver and kidney indicated that cadmium was concentrated
relative to copper and (or) zinc, with the exception of pike
kidney (Table 6). Interestingly, the smallest (Cu + 2Zn):Cd
ratios {(ie. the greatest accumulaticn of cadmium relative to
zinc and copper) occurred in kidney of suckers from the
reference lakes which do not receive any known point source

cadmium deposition.

MT in Fish Liver and Kidnevy

All regressions of hepatic and renal MT concentrations
against copper, zinc, or cadmium in surficial sediment were
statistically non-significant for both fish species examined.
In spite of the lack of a statistical relationship between MT
.and sediment metals, there was a slight tendency for MT
concentrations in white sucker to be higher in lakes with
higher sediment metal concentrations. There were also no
significant differences existed between lakes for either
hepatic or renal MT concentrations in pike (Table 7). Dif-
ferences between hepatic and renal MT concentrations were

common to both fish species, with MT concentrations in liver
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exceeding those in kidney by approximately 5-15 times (Tables
7 and 8).

The statistical relationships between MT and its inducing
metals copper, zinc, and cadmium are presented in Table 9
(liver) and Table 10 (kidney). Three patterns are apparent
among the MT-metal regressions in these two organs of the two
fish species studied. First, .in pike, all regressions of
hepatic MT against hepatic copper were significant, but MT was
not related to zinc, with the exception of Hamell Lake pike
(Table 9). Second, MT in kidney of both fish species was not
related to any of the three metals, with one exception
(cadmiuﬁ in Tyrell Lake pike) (Table 10). Third, in sucker
liver, MT was most commonly related to zinc and copper (Table
9), but no consistent trend was present.

Metal summation estimates of MT from pooled liver samples
were all lower than corresponding Hg saturation estimates of
MT (Table 11). The ratio of these two estimates indicates the
degree to which MT is saturated with metals. In liver, the
index of saturation was less than 100%, indicating that not
all metal-binding siﬁes of MT were saturated in situ. In
sucker kidney, the two estimates of MT were in close agreement
(Table 11), indicating that the MT was fully saturated with
metals. In contrast, the indices of saturation for pike kidney

MT all exceeded 100%.
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vhite Sucker

thie G, Regressions of hepatic MT

against hepatic Cd. Cu.

¢ Zn. and

tetal hepatic metals,

Cd Cu Zn Total Metals (Cd+Cu+Zn)

Inter- Signif- Inter- Signif- Inter- Signif- Inter-  Signif-
L 3kE Slope cept icance Slope cept icance Slope cept jcance Slope cept icance
Rook 44,00 83.30 *x 1.06 162.09 o 1.19 -87.25 o 0.58 21.83 *x
wnite -20.75  590.80 ns 0.72 208.89 * 1.73 -413.80 > .54 -8.00 o
usootao -6.38 784,74 ns 1.91 17,14 * 1.30 -102.25 i .86 -151.87 e
Tvrell  -102.43  640.29 * 1.35 115.89 ns > 0.40 -1108.29 hid 1.25 -316.35 ns
hisc -9.64  654.66 ns 0.27 459,93 * 1.60 -225.70 ns G.39 219.00 ns
Twin 2,21 217.55 ns .48 75.53 ns 0.48 -2.37 ns 0.26 18.00 *
[Lh 240 42.07  199.31 ns 0.45 191.35 ns 0.74 17.68 ns 0.32 94.23 ns
TR 313 0.08 363.60 ns 1.03 59.11 i 2.02 0.44 * 0.73 -123.05 >
Northern Pike
tamel? 3.17 umo.mm. ns 1.13 120.69 * 0.55 37.96 > 0.38 53.66 *
hrsootao  70.09 89.15 ns 2.01 74.05 * 0.90 -162.36 ns 0.65 -8.13 *
Tyreld 137.04  -46.55 * 1.36 28.54 ¥ 1.30 -516.29 ns 0.69 -277.89 *
S shnson 60.69  143.40 * 1.03 96.04 i -0.04 456.21 ns 0.12 298.89 ns
FOh o240 212.96 59.07 * 1.36 55,78 . -0.03 254.16 ns 0.1 153,24 ns




13, Regressions of renal MT

against renal

Cd. Cu. or Zn, and total renal metals.

Cd Cu In Total Metals (Cd+Cu+Zn)

Inter- Signif- Inter- Signif- Inter- Signif- Inter-  Signif-
L Slope cept icance Slope cept icance Slope cept icance Slope cept icance
White - - - - - - - - - - - -
hzsootac  3.12 0.94 ns 0.99 63.09 ns -0.07 145,97 ns -0.05 139.35 ns
Tyrel -1.22 61.74 ns 1.46 9.50 ns . 1,07 30.08 ns 0.07 26.09 ns
Keso 0.31 44,84 ns 0.83 21.69 ns -0.16 108.04 n3 -0.09 87.46 ns
Twin 0.26 45,35 ns -0.20 61.95 ns -0.02 57.30 ns -0.02 87.28 ns
Northern Pike
Hime 1l 3.74 72.57 ns -1.53 188.42 ns 0.02 53.10 ns 0.02 54.11 ns
kesootac  128.46 -3.54 ns -0.94 169.55 ns -0.04 168.00 ns -0.05 182.11 ns
Tyrel} 160.43  -48.55 * 0.67 50.92 ns 0.02 31.74 ns 0.03 20.31 ns
Jonnson  -68.96 249,80 ns -0.97 219.87 ns -0.06 266.04 ns -0.06 269,74 ns
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Table 11 . MT estimates and index of saturation for white sucker and northern pike from Flin Flon lakes.
Liver Kidney

Metal Mercury Index Metal Mercury Index

Summation mmﬁcwmﬁﬂm: of wcssmﬁ¢0m mm~c1mﬁ¢m: of .
Lake Estimate® Estimate Saturation Estimate Estimate Saturation (%)
Sucker
Hook 16.4 62.7 26.2 11.8 12.4 95.5
wWhite 27.1 68.1 39.8 - - -
Nesootao 38.9 89.4 43,5 17.1 15.4 111.1
Tyrell 11.6 44.5 26.1 9.7 7.9 83.2
Neso 41,1 81.2 50.6 7.5 6.9 108.9
Twin 24,7 30.5 81.1 5.5 6.6 83.2
Pike
Hame11 23.7 53.2 44,5 29.3 14.2 206.9
Nesootao 13,1 48,2 27.2 18.7 11.1 168.3
Tyrell 20.0 45.6 43,9 52.0 9.3 561.6
Johnson 19.2 59,1 32.5 42.9 24.9 172.0
a). nmol MT = nmol Zn/7 + nmol Cd/7 + nmo) Cu/12
b). nmol MT = nmol Hg/7

¢). a/b x 100
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DISCUSSION

Metals in Sediments

The metal deposition area around the Flin Flon smelter is
broadly elliptical, but elongated somewhat to the southeast
(Zoltai 1988). Based on the metal deposition equations for
copper, zinc, and cadmium in surficial sediment (Table 4), the
predicted radius of deposition beyond which copper, zinc, and
cadmium would not accumulate above background levels were 49,
“90; énd 33 km; respéctively. The resﬁlting aréas of depositioﬁ
would be approximately 7543 km® (copper), 25447 km? (zinc), and
3421 km? (cadmium). However, because the zone of metal
deposition is not a circle, but is broadly elliptical, these
preaicted areas of deposition probably overestimate the area
impacted by fallout from the smelter. These estimates of
deposition radii are partially in agreement with the earlier
estimates of Franzin et al. (1979) (33-60 km for‘copper, 131-
264 km for zinc, and 113-284 km for cadmium) and Zoltai (1988)
(110 km for copper and 77 km for zinc). The high wvalues for
zinc and cadmium deposition radii of Franzin et al. (1979) are
not readily explainable, but their estimates for copper
deposition is very similar to the estimate produced by this

study.
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Metals in Fish Tissues

Dose-response relationships between sediment metal
concentrations and metal concentrations in fish have not been
consistently demonstrated in studies conducted near smelters
(McFarlane and Franzin 1980, Bradley and Morris 1985, Harrison
and Klaverkamp 1990), although metal concentrations in fish
neaf smeiters tend to be higher than in more distant lakes. In
this study, only liver and kidney cadmium concentrations in
northern pike were related to sediment metal concentrations.
In liver and kidney, copper and zinc (the major pollutants
reléased by the smeitérf were noﬁ related to theiflrespéctive
concentrations in sediment.

The installation of the tall stack in 1974 and the
addition of electrostatic precipitators in 1982 resulted in
reduced metal deposition to lakes near the smelter. These
cahnges in metal release from the smelter may account for the
reduction of elevated hepatic metal concentrations in fish
from Flin Flon lakes to near-background levels over the period
from 1976 to 1982 (Harrison and Klaverkamp 1990). In this
study, hepatic metal concentrations of fish sampled in 1986
were not elevated relative to concentrations in reference
lakes (Tables 7 and 8), consistent with the findings of
Harrison and Klaverkamp (1990).

Metal concentrations in kidney were not reported in

earlier research at Flin Flon (McFarlane and Franzin 1980,
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Harrison and Klaverkamp 1990). This precludes comparisons
with the present findings of elevated copper and zinc concen-
trations in sucker kidney, and elevated copper in pike kidney,
relative to fish from reference lakes (Tables 7 and 8). Unlike
the liver and intestine, which are the primary organs respon-
sible for copper and zinc excretion (Cousins 1985), the kidney
does not have the same capacity to regulate metals, and is
therefore very susceptible to heavy metal toxicity (Elinder
1985, Foulkes 1986, Miller 1987). The presence of high copper
and zinc concentrations in kidney of Flin Flon fish (even
though metal concentrations in liver appear to be normal)
vsuggests that metal ‘coﬁéentrations in kidney may be more
sensitive biomarkers of metal pollution than liver metal
concentrations. Since kidney is the target organ of cadmium
toxicity in mammals (Elinder 1985, Foulkes 1986), further
emphasis on the kidney as a target organ in fish is warranted.

The biocaccumulation of cadmium is of particular interest.
cadmium is a toxic metal with no known physiological function,
so its biocaccumulation in animals is widely used as a bio-
marker of environmental cadmium exposure {Bendell-Young et al.
1986, Jeffery et al. 1989, Frank et al. 1989, Evtushenko et
al. 1990). In several lakes near Flin Flon, cadmium was found
to be biocaccumulating in livers of the Hamell and Nesootao
pike populations in 1976 (McFarlane and Franzin 1980).
Harrison and Klaverkamp (1990) resampled Hamell Lake in 1982

and did not observe hepatic cadmium biocaccumulation. In 1986,
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cadmium biocaccumulation was not observed in any of the Flin
Flon lakes (although copper and zinc were biocaccumulating in
Hamell Lake pike). Further complicating the interpretation of
these findings is the fact that cadmium biocaccumulation was
occurring in white sucker and northern pike from two relative-
ly pristine softwater lakes in northwestern Ontario, which
receive no known point source metal deposition.

Other research has shown that cadmium biocaccumulation can
occur in aquatic organisms exposed to ambient cadmium concen-
trations much lower than those found near Flin Flon (Bendell-
Young et al. 1986, Evtushenko et al. 1990), suggesting that
cadmium bioaccumuiation égg se, may not be an adeqﬁate
indicator of environmental cadmium pollution. The bioaccum-
ulation of cadmium may simply represent its concentration in
organs, at the expense c¢f other metals. For example, the
ratios of (Cu + Zn): Cd in fish tissues from Flin Flon lakes
were decreased by up to 8-fold relative to those of sediment
(Table 6), indicating that cadmium was concentrated in fish
tissues (relative to copper and zinc). If cadmium ultimately
becomes a large proportion of the metal (Cu + Zn) pool, it may
approach a critical toxic level (Foulkes 1986). The smallest
(Cu + 2Zn):Cd ratios found in this study were in kidney of
sucker from ELA L. 313, where the Cu:Zn:Cd ratio was 0.8:9:1
(and where cadmium was biocaccumulating). Although the propor-
tion of cadmium approached one tenth of the kidney metal pool

in these fish, the mean cadmium concentration was 26.2 nmol/g
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(2.95 pg/g), well below the 1779 nmol/g (200 pg/g) thought to
be the critical level for cadmium in the mammalian renal
cortex (Foulkes 1986). Clearly, the whole issue of the

importance of cadmium biocaccumulation needs clarification.

MT in Fish Liver and Kidney

Metallothionein concentrations in liver and kidney of
white sucker and northern pike were unrelated to sediment
metal concentrations, indicating the absence of a dose-
response Vrelationship bétWeén MT and environmental-'metal'
loadings. Metallothionein is induced in liver and kidney in
response to metal concentrations in the organs (Scheuhamer and
Templeton 1990), so induced levels of MT should be associated
with elevated metal concentrations in these organs. Given the
lack of observable differences in hepatic metal concen-
trations between Flin Flon fish and ELA fish, it is not
surprising that there are no differences in hepatic MT
concentrations either (Tables 7 and 8).

The relationships between MT, copper, zinc, and cadmium
in liver (Table 9) and kidney (Table 10) demonstrate that
there are distinct differences in MT gene expression in these
two organs. In kidney of white sucker and northern pike there
were no significant regressions between MT and metal concen-

trations, with one exception (in Tyrell Lake pike, MT was
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linearly related to cadmium). This general lack of relation-
ship between MT and metals would seem to indicate that MT
synthesis is not highly inducible in kidney. On the other
hand, significant regressions between MT and copper (in both
fish species) and between MT and zinc in pike liver, support
the general interpretation that MT is involved in the metab-
olism of copper and (or) zinc (Bremner 1987a, Bremner 1987b,
Hamer 1986). The general lack of statistical relationship
between MT and cadmium in liver and kidney probably reflects
the relatively low cadmium concentrations in the fish col-
lected for this study.

| iThis researéh folloWs from the fihdings that métallé—
thionein concentrations and metal tolerance in suckers from a
heavily-polluted lake (Hamell Lake) were significantly greater
than in a relatively wunpolluted 1lake (Thompson Lake)
(Klaverkamp et al. 1991). Their two-lake comparison was
suggestive of a dose-response relationship between MT and
metal exposure.

A similar comparison between the Nesootao and the Tyrell
or Twin Lake sucker populations sampled in this follow-up
study would also have pointed toward the existance of a
gradient of MT concentrations in lakes near Flin Flon.
However, the dose-response relationship seen when two lakes
are compared, is not apparent when six lakes are considered.
The reasons for this lack of a dose-response relationship are

uncertain, although there are several possible explanations.
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Many chemical characteristics of natural waters can
moderate metal availability and toxicity, including chemical
speciation, water hardness and dissolved organic carbon
(Buffle 1988, Moore and Ramamorthy 1984). Therefore, the
biocavailable metal concentration may be quite different from
the total metal concentration in a lake. The chemical char-
acteristics of the Fiin Flon study lakes are such that two of
the lakes with the highest sediment metal concentrations (Hook
and White) have very high Ca concentrations, 891 and 407
pmol/L (Table 3), which may reduce metal bioavailability and
prevent biocaccumulation in these lakes. Therefore, the lack of
a dose—%ésponée relationship betWéeh MT concentrations and
sediment metal loading may be a function of biocavailability,
and not because MT induction is unresponsive.

A more frultful approach might be to resample the same
lakes over a period of years. Assuming that water chemistry
characteristics of lakes remain relatively constant over time,
the guestion of biocavailability can be avoided by such a
sampling scheme. Deniseger et al. (1990) used such an approach
to demonstrate that MT in rainbow trout from Buttle Lake,
British Columbia, responded in a dose-dependent manner to
reductions in waterborne zinc, copper, and cadmium concen-
trations.'Over a four year period, rainbow trout hepatic MT
concentrations dropped from 213 nmol MT/g to 64 nmol/g, while
waterborne zinc concentrations dropped from 370 ug/L to 50

ug/L.
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Because MT i1s an inducible protein, a simple measurement
of MT synthesis would be useful for measuring induction in
field samples (McCarter and Roch 1983). The index of MT
saturation is proposed here as a prospective simple and
indirect measure of MT synthesis rates. An index of saturation
near 100% indicates that the metal-binding sites of MT are
saturated in situ, and that MT synthesis and degradation are
at equilibrium. 2n index of saturation that is much less than
100% indicates that a large percentage of the metal-binding
sites of MT are unoccupied by metals, signifying high rates of

thionein synthesis.
| There are sevéfal lines of évidence‘whiéh support the
view that unsaturated MT exists in vivo. First, newly syn-
thesized MT is thought to be the metal-deficient apometallo-
thionein (Cousins 1985). Second, metal-deficient MT can be
generated in vitro (Neilson et al. 1985, Hamer 1986). Third,
the overproduction of MT after metal exposure has been
documented (McCarter and Roch 1983, Petering et al. 1987). By
gquantifying the the proportion of unoccupied binding sites of
MT with the index of saturation, it can be determined whether
such overproduction of MT is occuring. Hobson and Birge (1989)
used this approach, and found MT to be 75% saturated after 7
and 14 days exposure to 1.8 mg Zn/L, and 97% saturated after
21 days of exposure, while MT concentration increased 2.5-
fold. These independent findings are in agreement with Cousins

(1983), who has proposed that an appreciable amount of metal-
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free thionein may be present during induction of MT synthesis.

In five of the Flin Flon lakes from which sucker was
sampled, the index of saturation was inversely related to
metal deposition, with hepatic metallothionein being most-
saturated (81%) in Twin Lake, the most distant lake from the
smelter. In Tyrell Lake sucker, the index of saturation was
only 26%, suggesting relatively high rates of MT synthesis in
spite of only moderate metal deposition to Tyvrell Lake. In
sucker kidney, MT was near saturation in all lakes, but in

pike kidney, the index of saturation varied between 170 and

)¢

560 % (Table 11). These extreme values in pike are probably
related to the high renal =zinc conceﬁtrations {ca. 2000
nmol/g), which can interfere with metal saturation assays for
MT estimation (Eaton 1985). Sample preparation for MT analysis
involved a 10 min heat denaturation step to remove non-MT
proteins from solution. In Chapter II it was shown that such
a heat denaturation step mobilized large quantities of copper
into rainbow trout cytosols. It is conceivable that the high
zinc concentrations in pike kidney may also have been mobi-
lized into the cytosol after heat treatment, resulting in an
underestimation of MT by the Hg saturation assay.

The index of saturation remains to be verified as a
simple measurement of MT synthesis. In this study, there was
no apparent relationship between MT saturation and sediment
metal concentration, so the utility of this approach 1is

uncertain. If it can be verified by the methods of molecular
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biology, the value of this method is its relative simplicity,
which would make estimates of MT synthesis readily available

to ecotoxicologists.
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CHAPTER IV

TESTING THE IMPORTANCE OF GROWTH RATE

IN HEPATIC CADMIUM BIOACCUMULATION IN FISH
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INTRODUCTION

Cadmium 1is a rare element, with an average crustal
concentration of 0.1-0.2 mg/kg (0.89-1.78 pmol/kg), 1/350 as
common as zinc (Nriagu 1980a). Cadmium and zinc are closely
related chemically, and cadmium is typically found in zinc
ores, the smelting of which has released cadmium to the
atmosphere for thousands of years (Elinder 1985). However, it
is only within this century that atmospheric emissons of
cadmium have dramatically increased (Elinder 1985), so that
anthropogenic sources of atmospheric cadmium may now exceed
ﬁaﬁural soufces by approximately 9Atimes (Nriagu 1980a5; Even
in remote regions of earth, cadmiﬁﬁl concentrations have
increased between 15- and 60-fold in the last century (Nriagu
1980b) . In North American freshwaters, cadmium concentrations
have increased over the past two decades (Smith et al. 1987),
indicating that cadmium pollution is a serious problem on this
continent.

Non-ferrous metal smelting contributes approximately 76%
of the anthropogenic cadmium emissions, while fossil fuel
combustion accounts for the remaining 24% (Nriagu 1980b).
Point source emissions of cadmium are Qf obvious importance
near smelters (Franzin et al. 1979, Franzin 1984, Harrison and
Klaverkamp 1990), but elevated cadmium concentrations in the
water and sediments of remote lakes in eastern North America

indicate that long-range atmospheric transport of cadmium is
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also significant (Johnson et al. 1987, Smith et al. 1987). In
either case, the emission of cadmium by human activity is
usually associated with the release of nitrogen and sulfur
oxides, and the subsequent acidification of poorly buffered
receiving waters of the Precambrian Shield. Because cadmium
concentration in freshwater is typically inversely related to
pH (Breder 1988, Stephenson and Mackie 1988), cadmium may be
retained for longer periods in the water column of acidified
lakes relative to non-acidified lakes, in which cadmium is
normally partitioned to the particulate phase and rapidly
deposited to sediments (Breder 1988). The longer retention of
cadmium in the water column of acidifiéd lakes may, in turn,
increase cadmium accumulation both through the food web and
through exposure via water.

An important biochemical characteristic of cadmium is its
tendency to bioaccumulate (increase in concentration with the
age of an organism) in liver and kidney of terrestrial and
agquatic biota, including humans (Kjellstrom and Nordberg
1985), horses (Jeffery et al. 1989), cattle (Frank et al.
l989),vand fish (Sprenger et al. 1988, Harrison and Klaverkamp
1990, Mcfarlane and Franzin 1980, Bendell-Young et al. 1986).
Among fish, cadmium bicaccumulation is not common to all lakes
near smelters (McFarlane and Franzin 1980, Harrison and
Klaverkamp 1990), nor is it common to all acidified lakes
(Sprenger et al. 1988). Of great interest is the finding that

fish from northern Ontario lakes (far removed from any point
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sources of cadmium deposition) were biocaccumulating cadmium,
while in lakes near the Flin Flon'smelter (which receive
elevated inputs of cadmium) fish were not biocaccumulating
cadmium (Chapter III). If these inconsistencies can be
understood, cadmium accumulation in fish may be a useful
biomarker of continued environmental cadmium pollution and its
relation to acidification.

Hepatic cadmium accumulation in fish is affected by
several factors, including; route of uptake, concentration in
the environment, excretory capacity of the organism, and
biocavailability. Bendell-Young et al. (1986) added fish growth
rate to this list, inra model which aséumes that bioavail-
ability and growth rate are the determinants of hepatic
cadmium accumulation in fish. Based on their model, they
concluded that hepatic cadmium accumulation will be favored in
rapidly-growing fish.

Their cadmium accumulation model requires validation,
because the relationship between cadmium accumulation and
growth may simply reveal an autocorrelation between growth and
cadmium dose. Fish growth is largely determined by the rate of
food intake. Therefore, for food of a given cadmium concentra-
tion, a doubling of ration will also double the dietary
éadmium. dose received by each fish. The interdependency
between ration and cadmium dose could therefore account for
different rates of cadmium accumulation between fish of

different growth rates.
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This experiment is a test of the Bendell-Young hepatic
cadmium biocaccumulation model. By using the same Cd-labelled
food for all treatments, biocavailability could be assumed to
be constant in the experiment, permitting the isolétion and
manipulation of growth rate (the second component of the
Bendell-Young model), and enabling the testing of the
hypothesis that growth rate influences the  hepatic

biocaccumulation of dietary cadmium.

MATERTIALS AND METHODS

Experimental Design

The effect of growth rate on cadmium biocaccumulation in

rainbow trout (Oncorhynchus mykiss) was tested in a 3X3
factorial experiment. The two experimental factors were
dietary cadmium concentration and ration, each with three
treatment levels (4.5, 45, and 450 nmol Cd/g; and 0.5, 1.0,
and 1.5% of body weight/day, respectively).FEach treatment
combination of these two factors was randomly assigned to one
of nine tanks.

Rainbow trout (Tagwerker disease resistant strain, Spring
Valley Trout Farms, New Dundee, Ontario) were anesthetized
with buffered MS-222 (0.067 mg/L) in water containing 150 mM
NaCl (to minimize osmotic shock during handling; S.B. Brown,
pers. comm. ). The length and weight of the fish were recorded,

and, to permit the growth of individual fish to be measured,
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~each fish was tagged with a visual implant tag. The fish were
not fed for 3 days prior to tagging, to ensure that initial
weights did not include weight of gut contents. The fish were
then randomly distributed to the 9 160 L tanks, where they
were held for 13 days (without feeding) prior to the start of
the experiment. The fish (254 in total) were maintained in
10°C dechlorinated City of Winnipeg water at a flow rate of

1.8 L/min/tank for the entire experiment.

Preparation of Cadmium-labelled Food and Feeding

Procedures

The diets containing nominal cadmium concentrations of
4.5, 45, and 450 nmol/g were prepared by sprinkling aqueous
CdCl, onto Martin Trout Chow #5 (Martin Feed Mills, Elmira,
Ontario) and drying the fQod in a fume hood.

Fish were fed daily, with the exception described below.
The cadmium-labelled food was sprinkled over the entire
surface of the tank in small portions, so that food did not
sit on the tank bottom for extended periods. This feeding
procedure prevented the formation of social feeding heir-
archies and presumably minimized the leaching of cadmium from

food into the water.

Sampling
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Fish were sampled from each tank on day 3 (n=3), day 9
(n=3), day 20 (n=4), day 31 (n=4), day 61 (n=6), and day 94
(n= all fish remaining in tank). Except for day 3 samples,
feeding was stopped 3 days before sampling, to allow for gut
clearance by sampling date.

Fish were killed by overdose of buffered MS-222 (0.2
g/L). At sampling, weight, length, tag number, and weight of
gut contents (if any) were recorded for each fish. Livers were
removed and immediately frozen at -120 C. Growth was calcu-

lated as:

[ (Ws - Wg) - Wl]/Wl xX 100

Where W, = Weight of fish at sampling
W, = Weight of gut contents at sampling
W, = Initial weight of fish

Metal Analvses

Food and liver samples were prepared for metal analysis
by digestion in concentrated HNO; and oxidation of residual
organic matter with 30% H,0,. Quality assurance (QA) samples
were digested with each batch of samples. For analysis of
cadmium concentrations in food, low cadmium (NBS bovine liver)

and high cadmium (NRCC TORT-1 (lobster'hepatopancreas)) QA
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samples were digested and analyzed. Results of these analyses
were 4.18 + 0.27 nmol/g (mean + SEM) (n=3), and 213.77 + 1.42
nmol/g, respectively, while the specifications for these QA
samples were 3.91 %+ 0.53 nmol/g, and 234.00 * 18.68 nmol/g.

NRCC DOLT-1 (dogfish liver) was used as a QA sample for
liver digestions. Metal concentrations in DOLT-1 (n=12) were
determined to be: 36.92 + 0.44 nmol/g (mean * SEM) (Cd),

1339.86 + 19.88 nmol/g (Zn), and 297.42 + 5.35 nmol/g (Cu).

4

Product specifications for these three metals were:37.19

2.49 nmol/g (Cd), 1414.81 + 35.18 nmol/g (Zn), and 327.32

+

18.88 nmol/g (Cu).

Statistical Analvses

For each sampling day, analysis of variance (ANOVA) was
undertaken using Procedure GLM of SAS (Statistical Analysis
Systems, Cary, S.C.), using a factorial model which tested for
main effects due to dietary cadmium concentration and ration

and interactions between main effects.

RESULTS

Cadmium, Zinc, and Copper Concentrations in Food

The measured cadmium concentrations (mean = SEM) in the
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4.5, 45, and 450 nmol Cd/g diets were 4.3 % 0.1 nmol/g (n=4),
42.4 + 5.9 nmol/g (n=4), and 384.8 + 43.55 nmol/g (n=4),
respectively. For clarity, the following discussion will refer
to nominal concentrations. Zinc and copper concentrations in
the Martin Trout Chow were 2590.0 * 82.6 nmol/g and 401.0 =+
23.7 nmol/g (n=12). Therefore, ratios of (Cu + Zn):Cd in the
4.5, 45, and 450 nmol Cd/g treatments were 665, 66.5, and

6.65, respectively.

Growth of Fish

Grthh of individual.fish couldube monitored bécause all
fish were tagged. Only 32 of the 254 fish in the experiment
had no tag at sampling (12.6% tag loss). However, it was
possible to establish the correct identity of all fish which
had lost tags.

Trends in weight change over the duration of the exper-
iment indicate that the greatest change in growth occurred
between the 0.5% and the 1.0% ration levels (15 and 33% weight
changes, respectively, after 94 days) (Fig. 15). The relative-
ly small differences between the 1.0 and 1.5% ration treatment
levels indicates a loss of efficiency in conversion of food to
body mass at the highest level of ration.

On all five sampling days considered (day 3 samples were
excluded from growth analysis), the factorial ANOVA model for

growth was significant (Table 12). Partioning the model into
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Figure 15. Growth of individual cadmium-fed rainbow trout
(MEAN + SEM) (expressed as per cent increase in weight) over

the 94 days of the experiment.

Legend: Solid line - 450 nmol Cd/g food; broken line - 45.0

nmol Cd/g food; dotted line - 4.50 nmol Cd/g food.
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Table 12. Analysis of Variance Summaries for Growth of Fish
(expressed as % weight gain). The factorial model has been
divided into sources due to the main effects (dietary Cd
concentration and ration) and interaction between main
effects.

Sampling Day = Source | F Value Prob > F
9 Model 7.30 0.0003
cd 0.73 0.4960
Ration 25.63 0.0001
Cd*Ration 1.43 0.2680
20 Model 10.22 0.0001
cd 1.28 0.2956
Ration 35.78 0.0001
Cd*Ration 1.91 0.1382
31 Model 7.30 0.0001
cd 0.85 0.4380
Ration 27.59 0.0001
Cd*Ration _ 0.37 0.8255
61 Model 7.42 0.0001
cd 0.41 0.6661
Ration 27.99 0.0001
Cd*Ration 0.63 0.6413
94 Model 14.40 0.0001
cd 0.54 0.5837
Ration 51.38 0.0001
Cd*Ration 2.84 0.0316
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treatment components indicated that the main effect, ration,
was the sole determinant of growth on all sampling days except
day 94. The significant cadmium-ration interaction component
on day 94 indicated that the two factors were not independent
at that sampling date. On no sampling day could the dietary
cadmium concentration be considered a significant contributor
to growth (Table 12). The significance of the factorial ANOVA
model for fish growth over the entire experiment (Table 13)
demonstrated that the growth rate component of the Bendell-
Young cadmium accumulation model was successfully manipulated
in this experiment, and that it was related to ration, not

dietary cadmium concentration.

Cadmium, Copper, and Zinc in Liver

No consistent trend was apparent in hepatic copper and
zinc concentrations during the experiment, with the exception
of elevations of hepatic copper concentrations in all three
tanks receiving the 0.5% ration (Fig. i6). The copper concen-
trations in liver were approximately 2000 nmol/g throughout
the experiment (Fig. 16), while =zinc concentrations were
approximately 300 nmol/g (Fig. 17).

The hepatic cadmium concentration of trout fed dietary
cadmium concentrations of 45 or 450 nmol/g increased in an
approximately linear manner over the duration of the experi-

ment, but in the 4.5 nmol/g treatments, hepatic cadmium
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Table 13. Analysis of Variance Summary for Growth of Fish
(expressed as % weight gain). All fish in the experiment are
included in this analysis, with the exception of those sampled
on day 3. The factorial model has been divided into sources
due to the main effects (dietary Cd concentration and ration)
and interaction between main effects.

Sampling Day source F Value Prob > F
Model 12.20 0.0001
cd 0.21 0.8108
Ration 47 .49 0.0001
Cd*Ration 0.56 0.6939

Results of Tukey’s Studentized Range Test for Growth of
Rainbow Trout in Relation to the Experimental Factors ‘Ration’
and ’‘Dietary Cd-’.

_ Weight Significance

Treatment Level Increase (%) Grouping
1.5 27.3 A
Ration 1.0 22.2 B
0.5 10.6 C
450.0 19.5 A
Dietary Cd 45.0 20.2 A
4.5 20.5 A
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Figure 16. Hepatic copper concentrations (MEAN * SEM) ih
cadmium-fed rainbow trout over the 94 days of the

experiment.

Legend: Solid line - 450 nmol Cd/g food; broken line - 45.0

nmol Cd/g food; dotted line - 4.50 nmol Cd/g food.
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Figure 17. Hepatic zinc concentrations (MEAN = SEM) in Cd-

fed rainbow tout over the 94 days of the experiment.

Legend: Solid line - 450 nmol Cd/g food; broken line - 45.0

nmol Cd/g food; dotted line - 4.50 nmol Cd/g food.
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concentrations were only slightly above detection limits, and
did not exceed 0.08 nmol/g after 94 days of exposure (Fig.
18).

The factorial ANOVA model for hepatic cadmium concen-
tration was significant on all six sampling days (Table 14).
Partitioning the model into treatment components revealed that
the main effect, dietary cadmium concentration, was the sole
determinant of hepatic cadmium concentration on all sampling
days. The absence of a significant main effect for ration on
all sampling days demonstrated that ration did not contribute
to the hepatic accumulation of cadmium from the diet (Table

14).

DISCUSSION

The cadmium accumulation model of Bendell-Young et al.
(1986) assumes that the hepatic cadmium concentration in fish
is due to cadmium biocavailability and growth rate. In this
experiment, bioavailability was assumed to be constant among
all treatments, because the cadmium-labelled food for all
treatments was prepared in the same way (by adding agueous
CdCl, to fish food). By holding bioavailability constant,
growth rate could then be manipulated to test the Bendell-

Young model.
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Figure 18. Hepatic cadmium concentrations (MEAN + SEM) in

Cd-fed rainbow tout over the 94bdays of the experiment.

Legend: Solid line - 450 nmol Cd/g food; broken line - 45.0

nmol Cd/g food; dotted liﬁe - 4.50 nmol Cd/g food.
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Table 14. Analysis of Variance Summaries for Hepatic Cadmium
The factorial model has been divided into
sources due to the main effects (dietary Cd concentration and

Concentrations.
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ration) and interaction between main effects.

Sampling Day

Source

20

31

61

94

Model

cd

Ration
Cd*Ration
Model

cd

Ration

Cd*Ration

Model

cd
Ration
Cd*Ration

Model

Ccd

Ration
Cd*Ration
Model

Cd

Ration
Cd*Ration
Model

Ccd

Ration
Cd*Ration

F Value Prob > F
2.86 0.0307
6.33 0.0083
1.72 0.2078
1.69 0.1961
5.42 0.0014

19.29 0.0001
0.70 N 4570
0.79 0.5452

18.02 0.0001

66.88 0.0001
1.75 0.1935
1.73 0.1735
4.84 0.0009

14.12 0.0001
2.27 0.1229
1.49 0.2338

20.44 0.0001

80.35 0.0001
0.54 0.5881
0.44 0.7790

33.30 0.0001

132.85 0.0001
0.15 0.8625
0.11 0.9793
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For each treatment level of dietary cadmium concentra-
tion, growth rates were altered by feeding at three different
rates (ie. rations of 0.5, 1.0, and 1.5% of body weight per
day), which resulted in significantly different growth rates
among rainbow trout fed for up to 94 days (Table 13) (a
necessary prerequisite for testing whether growth rate
influences cadmium accumulation). In spite of the altered
growth rates, cadmium was not observed to accumulate in
rainbow trout liver as a function of growth rate. Rather,
cadmium accumulated only as a function of the dietary cadmium
concentration (Table 14).

These two statistical inferenceé, élthoughlﬁathematically
sound, are physically unreasonable. The two experimental
factors, dietary cadmium concentration and ration, appear to
be unrelated at first dinspection, but in fact, they are
related in terms of dose (the gquantifiable amount of material
introduced into an organism (Rand and Petrocelli 1985)).
Consequently, the three levels of dietary cadmium represent
three cadmium doses, as do the three levels of ration.

The conclusion that ration does not affect hepatic
cadmiﬁm biocaccumulation implies that dose does not affect
hepatic cadmium biocaccumulation, whereas the conclusion that
dietary cadmium concentration does affect hepatic cadmium
biocaccumulation implies that dose does affect hepatic cadmium
biocaccumulation. This contradiction regarding dose underlines

the fact that statistical inferences must be -based upon
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physical reality, not Jjust mathemaﬁical correctness; for
without physical reality, the inferences are arbitrary and
unintelligable (Vollenweider 1990). In order to make the
statistical inferences of this experiment physically meaning-
ful, the contradiction regarding dose must be overcome. In
other words one experimental factor must be redefined into
terms which are independent of dose.

Such a redefinition could involve dietary métal ratios,
because cadmium is knéwn to interact with other metals in the
diet (reviewed by Neathery 1980 and Spivey-Fox 1988). Because
dietary copper and zinc concentrations were constant among all
treaﬁments (401 and 2590 ﬁmbl/g respectivély), as thé cadmium
concentration in the food increased from 4.5 to 45 and 450
nmol/g, the ratio of copper and zinc to cadmium in the food
decreased from 665 to 66.5 and 6.65. Therefore, the factor
defined as dietary cadmium concentration could also be
meaningfully defined as the ratio of copper and =zinc to
cadmium in the diet. This definition abpears to be appropriate
because it is independent of ration (ie. for each level of
dietary cadmium concentration, the ratio of copper and zinc to
cadmium 1is not altered by a change in ration), thereby
avoiding the contradiction (regarding dose) which results when
the factor is defined as dietary cadmium concentration.

Therefore, it is the ratio of copper and zinc to cadmium
in food which determines cadmium accumulation in rainbow trout

liver, not just the dietary'cadmium concentration. This is
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plausible, because dietary copper and zinc supplementation
alleviates the uptake and toxicity of dietary cadmium (Bremner
1979, Webb 1979, Neathery 1980, Spivey-Fox 1988). In the
natural environment, this effect would be attenuated by
complexation reactions which limit the biocavailability of
these three metals, but in this experiment the biocavailability
of the metals was held constant between treatments, and so was
not a factor.

Typically, cadmium biocaccumulation is examined without
considering other metals even though they are known to
interact with cadmium (Bendell-Young et al. 1986, Jeffery et
al! 13988, Fraﬁk et él. 1990), in metai eXpoéuré situations
which may be complex. The results of this experiment indicate
that metals such as copper and zinc are important factors
determining cadmium accumulation in fish, so they should be
measured in addition to the cadmium concentrations to which
fish are exposed.

Furthermore, this experiment could not validate the
cadmium accumulation model of Bendell-Young et al. (1986);
growth rate was found to not affect dietary cadmium bio-
accumulation in rainbow trout. Instead, hepatic cadmium
accumulation from the diet could only be explained as a
function of metal ratios in the diet, specifically, the ratio
of (Cu + 2Zn):Cd. However, this conclusion is based upon
cadmium exposure via the diet only. Further research is

required to: (1) determine whether similar results hold
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waterborne cadmium exposure, and (2) verify that metal :cadmium
ratios determine cadmium accumulation. The latter experiment
could be acheived by manipulating dietary'metal concentrations
simultaneously.

If present trends hold, cadmium concentrations will
continue to increase in North American waters (Smith et al.
1987), so trends in cadmium bioaccumuiation may be of some
significance to the overall understanding of environmental
cadmium pollution. However, the mechanisms underlying cadmium
biocaccumulation must be understood in greater detail before
cadmium concentration in fish tissues can be utilized as a

biomarker of environmental cadmium exposure.
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CHAPTER V

GENERAL DISCUSSION
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GENERAIL DISCUSSION

The research reported in this thesis was conducted over
a five year period. The differences among chapters II, III,
and IV demonstrate how my research developed over this period.
One problem which results from presenting these separate
research projects together as one body of research, is the

occurrence of several apparent methodological inconsistancies.

The first of these inconsistencies concerns the use of
heat treatment for sample preparation prior to analyzing MT by
the mereuiy saturaﬁion assay. In chepter II it was recommended
that heat treatment be restricted to less than 2 minutes, yet
in the Flin Flon research in chapter III, 10 minute heat
treatment was used. Thie inconsistency could not be avoided
because the Flin Flon samples were analyzed 2 years before it
was realized that long heat treatments can elevate MT esti-
mates.

A second apparent inconsistency concerns the failure (in
chapter IV) to follow my recommendation (from chapter III)
that future emphasis on the effects of heavy metals on the
kidney is warranted. This inconsistency reflects the fact that
the experiment in chapter IV was specifically conducted to
test the hepatic cadmium biocaccumulation model of Bendell-
Young et al. (1986). Although the behavior of cadmium in the

kidney is ultimatley of great interest and in need of study,
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it was simply beyond the scope of the experiment.

Finally, the use of laboratory and field experimental
approaches in this thesis 1s (arguably) inconsistent. Eco-
toxicology is defined as the study of the fate and effects of
chemical pollutants on ecosystems (Brouwer et al. 1990,
Moriarty 1988). Useful ecotoxicological asséssments (eg.
validating biomarkers) require the integration of analytical,
toxicological, and ecological information. Ecological and
analytical information are usually provided by field studies,
while toxicological information is generally obtained from
laboratory studies involving single species of organism
(Bréuwer et al. 19905.1The abiiity éf laboratafy tokicity
testing methods to predict the ecosystem effects of chemical
pollutants may be inadeguate (Kimball and Levin 1985), largely
because of differences in biotic and abiotic complexity
between the laboratory and the field.

However, if greater emphasis is placed upon mechanisms
determining the fate and effects of chemical pollutants on
ecosystems, the gaps between laboratory and field research are
minimal. Mechanism-oriented ecotoxicological research utilizes
laboratory toxicity tests as sources of baseline data, from
which the mechanisms are then studied in laboratory, semi-
field (ie. microcosm or mesocosm), and field experiments
(Brouwer et al. 1990).

Experiments are planned inquiries to obtain new facts, or

to confirm or deny the results of previous experiments (Steel



134
and Torrie 1980). The power of experimentation lies in the
ability of the experimenter to control and manipulate experi-
mental variables. The inability of the experimenter to control
variables in field experiments can limit the statistical power
of field experiments.

For example, the field sur&ey at Flin Flon (Chapter III)
was an experiment consisting of eight treatments (ie. Cu, Zn,
and Cd concentrations in surficial sediments of eight lakes).
The inability of the survey to establish a dose-response
relationship between T and s3&diment wmctal concontraticno
probably reflects a lack of experimental control, as several
important factors could not be manipulated. First, total metal
concentrations in surficial sediment were used to estimate
metal exposure, even though it was not known what proportion
of sediment metals were actually biocavailable. Second, the
contribution of waterborne metals to the overall exposure
situation was not established. Third, the water chemistry
parameters which were measured indicated that ‘inter—lake
variability in water chemistry was iarge, which may have
affected metal bicavailability. Fourth, fish were exposed to
metal mixtures, the composition of which varied between lakes.
Clearly, the Flin Flon survey was not a conclusive test of MT
as a bilomarker of metal exposure.

A second example which demonstrates the lack of experi-

mental control which exists in field survey experiments
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concerns the research of Bendell-Young et al. (1986). After
surveying six lakes in southern Ontario, the authors produced
a cadmium accumulation model for fish. The model used several
assumptions which were required due to a lack of experimental
control (water chemistry and cadmium loadings varied among
lakes) . These assumptions (and Ehe model) were found to be in
error when the model was tested in a simple laboratory
experiment (Chapter IV).

’ In order for field surveys to provide useful ecotoxic-
ological assessments, Lihe experimenial desiyus cuwluyed MusSt
accomodate the lack of experimental control which is available
in such studies. For example, multi—year studies of the same
lakes can overcome problems of inter-lake variability among
water chemistry parametérs to some extent. However, in order
to determine the fate and effects of chemical pollutants in
aquatic ecosystems, preliminary laboratory experimentation can
reveal potential mechanisms at considerably less expense and
with considerably more certainty than field surveys.

Ultimately, the two experimental approéches are comple-
mentary, not opposite. The current conflict concerning
laboratory and field ecotoxicology will have been a useful
excercise if, as a result, the complementary nature of these

two approaches becomes accepted.



136

REFERENCES

Adams, S.M., L.K. Shepard, M.S. Greely, Jr., B.D. Jimenez,
M.G. Ryon, L.R. Shugart, and J.F. McCarthy. 1989. The use of
bioindicators for assessing the effects of pollutant stress on

fish.

Bendell-Young, L.I., H.H. Harvey, and J.F. Young. 198¢.

Accumulation of Cadmium by white suckers (Catastomus commer-—

soni) in relation to fish growth and lake acidification. Can.

J. Fish. Aquat. Sci. 43: 806-811.

Bradley, R.W. and J.R. Morris. 1986. Heavy metals in fish from
a series of metal-contaminated lakes near Sudbury, Ontario.

Wat. Air Soil Poll. 27: 341-354.

Breder, R. 1988. Cadmium in european inland waters. In:
Cadmium. Syoeppler, M. and M. Piscator (Eds.). Springer-

Verlag, Berlin. pp. 159-169.

Bremner, I. 1987a. Nutritional and physiological significance

of metallothionein. Exp. Suppl. 52: 81-107.

Bremner, I. 1987b. Involvement of metallothionein in the

hepatic metabolism of copper. J. Nutr. 117: 19-24.



137
Bremner, I. 1979. Mammalian absorption, transport and excre-
tion of cadmium. In: The Chemistry, Biochemistry, and Biology
of Cadmium. M. Webb (Ed.). Elsevier/North Holland Biomedical

Press, Amsterdam. pp. 175-190.

Brouwer, A., A.J. Murk, and J.H. Koeman. 1990. Biochemical and
physiological approaches in ecotoxicology. Funct. Ecol. 4:

275-281.

Buffle, J. 1988. Complexation Reactions in Aquatic Systems: an

Analytical Approach. Ellis Horwood, Chichester, West Sussex.

Chalanchuk, S.M. 1983. Aging a population of the white sucker,

Catastomus commersoni, by the fin-ray method. Tech. Rep. Fish.

Aquat. Sci. No. 1321.

Chan, K.M., W.S. Davidson, and G.L. Fletcher. 1989. Metallo-
thionein messenger RNA: potential molecular indicator of metal
exposure. In: Aguatic toxicology and water gquality management.
Nriagu, J.0. and Lakshminaravana, J.S.S. (Eds.). Wiley, New

York. pp. 89-109.

Cherian, M.G. 1988. An evaluation of methods of estimation of
metallothioneins. In: Environmental Toxin Series, Vol. 2.
Cadmium. M. Stoeppler and M. Piscator (Eds.). Springer-Verlag,

Berlin. pp. 227-235.



138
Cherian, M.G. and M. Nordberg. 1983. Cellular adaption in

metal toxicology and metallothionein. Toxicol. 28: 1-15.

Cooper, A.J.L. 1983. Biochemistry of sulfur-containing

aminoacids. Ann. Rev. Biochem. 53: 187-222.

Cousins, R.J. 1983. Metallothionein - aspects related to
copper and zinc metabolism. J. Inher. Metab. Dis. Suppl. 1:

15-21.

Cousins, R.J. 1985. Absorption, transport, and hepatic
metabolism of copper and zinc: special reference to metallo-

thionein and ceruloplasmin. Physiol. Rev. 65: 238-3009.

Culotta, V.C. and D.H. Hamer. 1989. Fine mapping of a mouse
metallothionein gene metal response element. Molec. Cell.

Biol. 9: 1376-1380.

Day, F.A., A.E. Funk, and F.O. Brady. 1984. In vivo and ex
vivo displacement of zinc from metallothionein by cadmium and

mercury. Chem.-Biol. Interact. 50: 159-174.

Deniseger, J., L.J. Erickson, A. Austin, M.Roch, and M.J.R.
Clark. 1990. The effects of decreasing heavy metal concen-
trations on the biota of Buttle Lake, Vancouver Island,

British Columbia. Wat. Res. 24: 403-416.



139
Dieter, HH., L. Muller, J. 2abel, and K.H. Summer. 1987.
Metallothionein determination in biological materials:
interlaboratory comparison of 5 current methods. Exp. Suppl.

52: 351-358.

Eaton, D.L. 1985. Effects of various trace metals on the
binding of cadmium to rat hepatic metallothionein determined
by the Cd/hemoglobin affinity assay. Toxicol. Appl. Pharmacol.

78: 158-162.

Eaton, D.L. and B.F. Toal. 1982. Evaluation of the Cd/hemo-
globin affinity assay for the rapid determination of metal-
llothionein in biological tissues. Toxicol. Appl. Pharmacol.

66: 134-142.

Elindér, C-G. 1985. Cadmium: Uses, occurence, and intake. In:
Cadmium and Health: A Toxicological and Epidemiological
Appraisal. Vol. I: Exposure, Dose, and Metabolism. L. Friberg,
C.-G. Elinder, T. Kjellstrom, and G.F. Nordberg. (Eds.). CRC

Press, Boca Raton, Fla. pp. 24-63.

Elinder, C.-G. 1985. Cadmium: uses, occurence, and intake. In:
Cadmium and Health. Vol. 1: Exposure, Dose, and Metabolism. L.
Friberg, C-G. Elinder, T. Kjellstrom, and G.F. Nordberg

(Eds.). pp. 24-63.



140
Elinder, C.-G. and M. Nordberg. 1985. Metallothionein. In:
Cadmium and Health. Vol. 1: Exposure, Dose, and Metabolism. L.
Friberg, C-G. Elinder, T. Kjellstrom, and G.F. Nordberg

(Eds.). pp. 66-79.

Engel, D.W. 1988. The effect of biological variability on
monitoring strategies: metallothionein as an example. Wat.

Res. Bull. 24: 981-987.

Engel, D.W. and G. Roesjadi. 1987. Metallothioneins: a
monitoring tool. In: Pollution Physiology of Estuarine
Organisms. W.B. Vernberg, A. Calabrese, F.P. Thurberg, and

F.J. Vernberg (Eds.), pp. 421-438.

Evtushenko, Z.S., O.N. Lukyanova, and N.N. Belcheva. 1990.

Cadmium bicaccumulation in organs of the scallop Mizuhopecten

vessoensis. Mar. Biol. 104: 247-250.

Forstner, U. and F. Prosi. 1979. Heavy metal pollution in
freshwater ecosystems. In: Biological aspects of freshwater

pollution. Ravera, O. (Ed.). pp. 129-162.

Forstner, U. and G.T.W. Wittman. 1981. Metal pollution in the

aquatic environment. Berlin, Springer-Verlag, 486 pp.




141
Foulkes, E.C. 1982. Biological Roles of Metallothionein.

Elsevier/North-Holland, N.Y. 327 pp.

Foulkes, E.C. 1986. The critical level of cadmium in the renal
cortex: the concept and its limitations. Environ. Geochem.

Health. 8: 91-94.

Fowler, B.A. 1987. Intracellular compartmentation of metals in
aquatic organisms: roles in mechanisms of cell injury.

Environ. Health Persp. 71: 121.

Fowler, B.A., C.E. Hildebrand, Y. Kojima, and M. Webb. 1987.

Nomenclature of metallothionein. Exp. Suppl. 52, pp. 19-22.

Frank, R., P. Suda, and H. Luyken. 1989. Cadmium levels in
bovine liver and kidney from agricultural regions on and off
the Canadian Shield, 1985-1988. Bull. Environ. Contam.

Toxicol. 43: 737-741.

Franzin, W.G. 1984. Agquatic contamination in the vicinity of
the base metal smelter at Flin Flon, Manitoba, Canada - a case
history. In: Environmental Impacts of Smelters. J.0. Nriagu

(Ed.). Wiley, N.Y., pp. 523-550.

Franzin, W.G., G.A. McFarlane, and A. Lutz. 1979. Atmospheric

fallout in the vicinity of a base metal smelter at Flin Flon,



142

Manitoba. Can. J. Fish. Aquat. Sci. 37: 1573-1578.

Frieden, E. 1984. A survey of the essential biochemical
elements. In: Biochemistry of the essential ultratrace

elements. Frieden, E. (Ed.). Plenum, N. Y. pp. 1-15.

Fuhr, B.J. and D.L. Rabenstein. 1973. Nuclear magnetic
resonance studies of the solution chemistry of metal com-
plexes. IX. The binding of cadmium, zinc, lead, and mercury by

glutathione. J. Amer. Chem. Soc. 95: 6944-6950.

Gale, G.H. R.C. Somerville, J. Chornoby, B. Haystead, N.
Provins, D. Braun, D. Munday, and A. Walker. 1982. Geological
setting of mineral deposits at Ruttan, Thompson, Snow Lake,

and FLin Flon, Manitoba. Geol. Assoc. Can., Winnipeg Section.

59 pp.

Golterman, H.L. and F.A. Kouwe. 1980. Chemical budgets and
nutrient pathways. In: The Function of Freshwater Ecosystems.
E.D. LeCren and R.H. Lowe-McConnell (Eds.). Cambridge Univer-

sity Press. pp. 85-140.

Gomori, G. 1955. Preparation of buffers for use in enzyme

studies. Meth. Enzymol. 1: 138-147.

Johnson, M.G., L.R. Culp, and S.E. George. 1987. Temporal and




143
spatial trends in metal loadings to sediments of the Turkey

Lakes, Ontario. Can. J. Fish. Aquat. Sci. 43: 754-762.

Hamer, D.H. 1986. Metallothionein. Ann. Rev. Biochem. 55: 913-

951.

Hamilton, S.J. and P.M. Mehrle. 1986. Metallothionein in fish:
Review of its importance in assessing. stress from metal

contaminants. Trans. Amer..Fish. Soc. .115: 596-6009.

Hamilton, S.J., P.M. Mehrle, and J.R. Jones. 1987. Cadmium-
saturation technigque for measuring metallothionein in brook

trout. Trans. Amer. Fish. Soc. 116: 541-550.

Harrison, S.E. and J.F. Klaverkamp. 1990. Metals in fish and
lake sediments near a base metal smelter. Environ. Toxicol.

Chem. 9: 941-956.

Haux, C. and L. Forlin. 1988. BRiochemical methods for de-

tecting effects of contaminants on fish. Ambio 17: 376-380.

Heath, A.G. 1987. Water Pollution and Fish Physiology. CRC

Press. Boca Raton, Fla. 245 pp.

Henderson, R.F., W.E. Bechtold, J.A. Bond, and J.D. Sim. 1989.

The use of biological markers in toxicity. Crit. Rev. Toxicol.



144

20: 65-82.

Heywood, W.W. 1966. Ledge Lake Area, Manitoba and

Saskatchewan. Geol. Surv. Can. Memoir No. 337.

Hobson, J.F. and W.J. Birge. 1989. Acclimation-induced changes
in toxicity and induction of metallothionein-like proteins in
the fathead minnow fcllowing sublethal exposure to zinc.

Environ. Tox. Chem. 8: 157-169.

Hogstrand, C. and C. Haux 1989. A radioimmunoassay for perch

(Perca fluviatilis) metallothionein. Toxicol. Appl. Pharmacol.

103: 56-65.

Hogstrand, C. and C. Haux 1990. Metallothionein as an indi-
cator of heavy metal exposure in two subtropical fish species.

J. Exp. Mar. Biol. Ecol. 138: 69-84.
Jeffery, E.H., R. Noseworthy, and M.G. Cherian. 1989. Age
dependent changes in metallothionein and accumulation of

cadmium in horses. Comp. Biochem. Physiol. 93C: 327-352.

Jocelyn, P.C. 1972. Biochemistry of the Sulphydryl Group.

Academic Press, London. 404 pp.

Kagi, J.H.R. and Y. Kojima. 1987. Chemistry and biochemistry



145

of metallothionein. Exp. Suppl. 52: 25-61.

Kagi, J.H.R. and M. Nordberg. 1979. Metallothionein.

Birkhauser-Verlag, Basel.

Kagi, J.H.R. and A. Schaffer. 1988. Biochemistry of metallo-

thionein. Biochem. 27: 8509-8515.

Kikuchi, Y., M. Irie, H. Ikebuchi, J.-1i. SaWada, T. Terao, S.
Nakayama, S. Iguchi, and Y. Okada. 1990. Antigenic deter-
minants on rat metallothionein: fine epitope mapping for a
murine moﬁoclonal antibody and rabbit polyclonal antiéera. J.

Biochem. 107: 650-654.

Kimball, K.D. and S.A. Levin. 1985. Limitations of laboratory
bioassays: the need for ecosystem-level testing. Bioscience

35: 165-171.

Kjellstrom, T., and G.F. Nordberg. 1985. Kinetic model of
cadmium metabolism. In: Cadmium and>Health. Vol. 1: Exposure,
Dose, and Metabolism. L. Friberg, C-G. Elinder, T. Kjellstrom,

and G.F. Nordberg (Eds.). pp. 179-198.

Klaverkamp, J.F., M.D. Dutton, H.S. Majewski, R.V. Hunt, and
L.J. Wesson. 1991. Evaluating the effectiveness of pollution

controls in a smelter by using metallothionein and other



146
biochemical responses in fish. In: Ecotoxicology of Metals:
New Applications and Approaches. M.C. Newman (Ed.), CRC Press,

Boca Raton, Fla. (In Press).

Klaverkamp, J.F.K. and D.A. Duncan. 1987. Acclimation to
cadmium toxicity by white suckers: cadmium binding capacity
and metal distribution in gill and liver cytosol. Environ.

Toxicol. Chem. 6: 275-289.

Klaverkamp, J.F., W.A. Macdonald, D.A. Duncan, and R.
Wagemann. 1984. In: Contaminant Effects on Fisheries. V.W.
Cairns, P.V. Hodson, and J.0. Nriagu (Eds.). Wiley, N.Y., pp.

99-113.

Klein, D., R. Bartsch, and XK. Summer. 1990. Quantitation of
Cu-containing metallocthionein by a Cd-saturation method. Anal.

Biochem. 189: 35-39.

Kotsonis, F.N. and C.D. Klaassen. 1977. Comparison of methods
for estimating hepatic metallothionein in rats. Toxicol. Appl.

Pharmacol. 42: 583-588.

Larsson, A., C. Haux, -and M.-L. Sjobeck. 1985. Fish physiology
and metal pollution: results and experiences from laboratory

and field studies. Ecotox. Environ. Safety. 9: 250-281.



147
Lauren, D.J. and D.G. McDonald. 1987. Acclimation to copper by

rainbow trout, Salmo gairdneri: biochemistry. Can. J. Fish.

Aquat. Sci. 44: 105-111.

Levin, S.A., M.A. Harwell, J.R. Kelly, and K.D. Kimball. 1989.
Ecotoxicology: problems and approaches. In: Ecotoxicology:
Problems and Approaches. Levin, S.A., M.A. Harwell, J.R.

Kelly, and K.D. Kimball (Eds.). Springer-Verlag, N.Y. pp. 23-6.

Lobel, P.B. and J.F. Payne. 1987. The mercury-203 method for
evaluating metallothioneins: interference by copper, mercury,
oxygen, silver, and selenium. Comp. Biochem. Physiol. 86C: 37~

39.

Margoshes, M. and B.L. Vallee. 1957. A cadmium protein from

eguine renal cortex. J. Amer. Chem. Soc. 79: 4813-4814.

Matthews, P.S. 1986. Managing chemicals 1in the aqguatic
environment. A European example. In: Proc. Internat. Conf.

Chem. Environ. Selper, London, pp. 47-55.

McCarter, J.A. and M. Roch. 1983. Hepatic metallothionein and
resistance to Cu in juvenile coho salmon. Comp. Biochem.

Physiol. 74C: 133-137.



148
McFarlane, G.A. and W.G. Franzin. 1978. Elevated heavy metals:

a stress on a population of white suckers, Catostomus commer-

soni, in Hamell Lake, Saskatchewan. J. Fish. Res. Bd. Can. 35:

963-970.

McFarlane,G.A. and W.G. Franzin. 1980. An examination of Cd,
Cu, and Hg concentrations in livers of northern pike, Esox

lucius, and white sucker, Catostomus commersoni, from five

lakes near a base metal smelter at Flin Flon, Manitoba. Can.

J. Fish. Aquat. Sci. 37: 1573-1578.

Meister, A. and M.E. Anderson. 1983. Glutathione. Ann. Rev.

Biochem. 53: 711-760.

Miller, D.S. 1987. Aqgquatic models for the study of renal
transport function and pollutant toxicity. Environ. Health

Perspect. 71: 59-68.

Moore, J.W. and S. Ramamoorthy. 1984. Heavy metals in natural

waters. Springer-Verlag, N.Y. 268 pp.

Moriarty, F. 1988. Ecotoxicology. Academic Press, London, 289

pp.

Neathery, M.W. 1980. Metabolism and toxicity of cadmium in

animals. In: Cadmium in the Environment. Part II: Health



149

Effects. Nriagu, J.0. (Ed.), pp. 553-581.

Neff, J. M. 1985.Use of biochemical measurements to detect
pollutant-mediated damage to fish. In: Aquatic Toxicology and
Hazard Assessment: 7th Symposium.R.D. Cardwell, R. Purdy, and
R.C. Bahnes (Eds.). BAmer. Soc. Test. Mat., Philadelphia, pp.

155-183.

Nieboer, E. and D.H.S. Richardson. 1980. The replacement of
the non-descript term ‘heavy metals’ with a biologically and
chemically significant classification of metal ions. Env.

Poll.

Nielson, K.B., C.L. Atkin, and D.R. Winge. 1985. Distinct
metal-binding configurations in metallothionein. J. Biol.

Chem. 260: 5342-5350.

Nriagu, J.0. 1988. A silent epidemic of metal poisoning?

Environ. Poll. 50: 139-161.

Nriagu, J.0. 1980a. Global cadmium cycle. In: Cadmium in the
Environment. Part II: Health Effects. Nriagu, J.0. (Ed.), pp.

1-34.

Nriagu, J.0. 1980b. Production, uses, and properties of



150
cadmium. In: Cadmium in the Environment. Part II: Health

Effects. Nriagu, J.0. (Ed.), pp. 35-70.

Nriagu, J.0. 1980c. Cadmium in the atmosphere and in pre-
cipitation. In: Cadmium in the Environment. Part II: Health

Effects. Nriagu, J.0. (E4d.), pp. 71-114.

Noel-Lambot, F., Ch. Gerday, and A. Disteche. 1978. Dis-
tribution of Cd, 2Zn, and Cu in liver and gills of the eel

Anguilla anguilla with special reference to metallothioneins.

.Comp. Biochem. Physiol. 61C: 177-187.

Olafson, R.W., A. Kearns, and R.G. Sim. 1979. Heavy metal
induction of metallothionein synthesis in the hepatopancreas

of the crab Scylla serratus. Comp. Biochem. Physiol. 62B: 417-

424.

Olafson, R.W. and R.G. Sim. 1979. An electrochemical approach
to quantitation and characterization of metallothioneins.

Anal. Biochem. 100: 343-351.

Olsson, P.-E. and C. Haux. 1985. Rainbow trout metallothio-

nein. Inorg. Chim. Acta 107: 67-71.

Olsson, P.-E., C. Haux, and L. Forlin. 1987. Variations in

hepatic metallothionein, zinc, and copper levels during an



151

annual reproductive cycle in rainbow trout, Salmo gairdneri.

Fish Physiol. Biochem. 3: 39-47.

Onosaka, S. and M.G. Cherian._1982. Comparison of metallo-
thionein determination by polarographic and cadmium-saturation

methods. Toxicol. Appl. Pharmacol. '63: 270-274.

Palmiter, R.D. 1987. Molecular biology of metallothionein gene

expression. Exp. Suppl. Vol. 52, pp 63-80.

Payan, J.P., D. Beydon, E. Ferrari, and J. de Ceaurriz. 1988.
A sensitive cadmium-affinity assay for the determination of

thionein in urine. Toxicol. Lett. 44: 121-130.

Patierno, S.R., N.R. Pellis, R.M. Evans, and M. Costa. 1983.
Application of a modified Hg binding assay for metallo-

thionein. Life Sci. 32: 1629-1636.

Petering, D.H. and B.A. Fowler. 1986. Discussion summary.
Roles of metallothionein and related proteins in metal
metabolism and toxicity: problems and perspectives. Environ.

Health Perspect. 65: 217-224.

Petering, D.H., S. Krezoski, J. Villalobos, C.F. Shaw III, and
J.D. Otvos. 1987. Cd-Zn interactions in the Erlich Cell:

metallothionein and other sites. Exp. Suppl. Vol. 52, pp. 573-



152

580.

Phillips, D.J.H. 1980. Quantitative Aquatic Biological

Indicators. Appl. Sci. Publishing, Barking, Essex.

Phillips, S.F., D.L. Wotton, and D.B. McEachern. 1986. Snow
chemistry in the Flin Flon area of Manitoba. Wat. Air Soil

Poll. 30: 253-261.

Piotrowski, J.K., W. Bolanowska, and A. Sapota. 1973. Evalu-
ation of metallothiocnein content in animal tissues. Acta

Biochim. Polon. 20: 207-215.

Powrie, W.D. and S. Nakai. 1986. The chemistry of eggs and egg
products. In: Egg Science and Technology. Stedelman, W.D. and
0.J. Cotterill (Eds.). AVI Publishing, Westport, Conn. pp.106-

139.

Rand, G.M. and S.R. Petrocelli. 1985. Fundamentals of Aquatic

Toxicology. Hemisphere Publishing, Washington, 666 pp.

Roch, M. and J.A. McCarter. 1984. Hepatic metallothionein
production and resistance to heavy metals by rainbow trout

(Salmo gairdneri)-II. Held in a series of contaminated lakes.

Comp. Biochem. Physiol. 77C: 77-82.



153

Rupp, H. and U. Weser. 1978. Circular dichroism of metallo-
thioneins: a structural approach. Biochem. Biophys. Acta 533:

209-226.

Scheuhammer, A.M. and M.G. Cherian. 1986. Quantification of
metallothioneins by a silver-saturation method. Toxicol. Appl.

Pharmacol. 82: 417-425.

Scheuhamer, A.M. and D.M. Templeton. 1990. Metallothionein
production: similar responsiveness of avian liver and kidney

to chronic cadmium administration. Toxicol. 60: 151-159.

Schindler, D.W., R. Wagemann, R.B. Cook, T. Ruszcynski, and J.
Prokopowich. 1980. Experimental acidification of Lake 223,
Experimental Lakes Area: background data and the first three

vears of acidification. Can. J. Fish. Aguat. Sci. 37: 342-354.

Shaikh, Z.A. and C. V. Nolan. 1987. Comparison of cadmium-
saturation assay and radioimmunoassay for the determination of

metallothionein concentration in tissues. Exp. Suppl. 52: 343-

349.

Sindermann, C.J. 1988. Biological indicators and biological

effects of estuarine/coastal pollution. Water Res. Bull. 24:



154

931-939.

Smith, R.A., R.B. Alexander, and M.G. Wolman. 1987. Water-

quality trends in the nation’s rivers. Science 235: 1607-1615.

Spivey-Fox, M.R. 1988. Nutritional factors that may influence

biocavailability of cadmium. J. Environ. Qual. 17: 175-180.

Sprenger, M.D., A.W. McIntosh, and S. Hoenig. 1988. Concen-

trations of trace elements in yvellow perch (Perca flavescens)

from six acidic lakes. Air Water Soil Poll. 37: 375-388.

Spry, D.J. and C.M. Wood. 1989. The influence of dietary and
waterborne zinc on heat-stable metal ligands in rainbow trout,

Salmo gairdneri Richardson: quantification by Cd radioassay

and evaluation of the assay. J. Fish Biol. 35: 557-576.

Stainton, M.P., M.J. Capel, and F.A.J. Armstrong. 1977. The
chemical analysis of freshwater. 2nd ed., Can. Fish. Mar.

Serv. Misc. Spec. Publ. 25: 180 pp.

Steadman, B.L., A.M. Ferag, and H.L. Bergman. 1991. Exposure-
related patterns of biochemical indicators in rainbow trout
exposed to No. 2 fuel oil. Environ. Toxicol. Chem. 10: 365-

374.



155
Steel, R.G.D. and J.H. Torrie. 1980. Principles and Procedures

of Statistics. McGraw-Hill, New York. 633 pp.

Stephenson, M. and G.L. Mackie. 1988. Total cadmium concen-
tations in the water and littoral sediments of central Ontario

lakes. Water, Air, Soil Poll. 38: 121-136.

Stricks, W. and I.M. Kolthoff. 1953. Reactions between
mercuric mercury and cysteine and glutathione. Apparent
dissociation constants, heats and entropies of formation of
various forms of mercuric mercaptocysteine and glutathione. J.

Am. Chem. Soc. 75: 5673-5681.

Sturgeon, R.E., J.A.H. Desaulniers, S.S. Berman, and D.S.
Russel. 1982. Determination of trace metals in estuarine
sediments by graphite-furnace atomic absorption spectrometry.

Anal. Chim. Acta. 134: 283-291.

Syme, E.C., A.H. Bailes, D.P. Price, and D.V. Ziehlke. 1982.
Flin Flon volcanic belt: geology and ore deposits at Flin Flon

and Snow ‘Lake, Manitoba. Geol. Assoc. Can., Winnipeg Section.

79 pp.

Thomas, D.G., H.J. Linton, and J.S. Garvey. 1986. Fluorometric
ELISA for the detection and quantitation of metallothionein.

J. Immunol. Methoeds. 89: 239-247.



156
vanderMallie R.J. and J.S. Garvey. 1979. Radioimmunoassay of

metallothionein. J. Biol. Chem. 254: 8416-8421.

VanLoon, J.C. and R.J. Beamish. 1977. Heavy-metal contamina-
tion by atmospheric fallout of several Flin Flon area lakes
and the relation to fish populations. J. Fish. Res. Board Can.

34: 899-906.

Vollenweider, R.A. 1990. Environmetrics: objectives and

strategies. Environmetrics 1:7-10.

Waalkes, M.P., J.S. Garvey, and C.D. Klaassen. 1985. Com-
parison of methods of metallothionein guantification: cadmium
radioassay, mercury radioassay, and radioimmunoassay. Toxicol.

Appl. Pharmacol. 79: 524-527.

Waalkes, M.P. and P.L. Goering. 1990. Metallothionein and
other cadmium-binding proteins: recent developments. Chem.

Res. Toxicol. 3: 281-288.

Webb, M. 1987. Toxicological significance of metallothionein.

Exp. Suppl. Vol. 52, pp. 109-134.

Webb, M. 1979. Interactions of cadmium with subcellular
components. In: The Chemistry, Biochemistry, and Biology of

Cadmium. M. Webb (Ed.). Elsevier/North Holland Biomedical



157

Press, Amsterdam. pp. 285-329.

zarafullah, M., P.-E. Olsson, and L. Gedamu. 1989. Endogenous
and heavy-metal-ion-induced metallothionein gene expression in

salmonid tissues and cell lines. Gene. 83: 85-93.

Zelazowski, A.J. and J.K. Piotrowski. 1977. A modified
procedure for determination of metallothionein-like proteins

in animal tissues. Acta Biochim. Polon. 24: 97-103.

Zoltai, S.C. 1988. Distribution of base metals in peat near a
smelter at Flin Flon, Manitoba. Wat. Air Soil Poll. 37: 217-

228.



