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The protein metallothionein (MT) serves a ho-
meostatic function for the essential metals copper
and zinc, and also a detoxification function for
metals such as cadmium and mercury (Kagi and
Nordberg 1979). Metallothionein functions in
these capacities because its abundant cysteine res-
idues sequester bivalent cations. Metallothionein
concentrations increase with exposure to metals
such as cadmium, mercury, excess copper, and
excess zinc (Noel-Lambot et al. 1978, Kito et al.
1982; McCarter et al. 1982). Other evidence shows
that MT provides some protection against the tox-
ic effects of these metals by sequestering and re-
ducing the amounts of free metals in the tissues
(Brown and Parsons 1978; Pruell and Engelhardt
1980).

Metallothionein measurements have been pro-
posed as a biological indicator of metal stress in

1 Present address: U.S. Fish and Wildlife Service, Na-
tional Fisheries Contaminant Research Center, Field
Research Station, Rural Route 1, Box 295, Yankton,
South Dakota 57078, USA.
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the spillover hypothesis should be redefined as a

humans (Shaikh and Hirayama 1979). Inasmuch
as MT is induced in both vertebrate and inver-
tebrate aquatic organisms, Olafson et al. (1979)
suggested that MT concentrations may be good
measures of the extent of recent exposure of aquatic
organisms to certain metals.

Closely associated with the detoxification func-
tion of MT is the “spillover” hypothesis first pro-
posed by Winge et al. (1974) and advanced by
Brown et al. (1977) and Brown and Parsons (1978).
The hypothesis has been used to explain patho-
logical effects in animals that have metals in pro-
tein fractions of tissues other than the protein frac-
tion containing MT. The occurrence of
pathological effects was considered a consequence
of the failure of MT to be formed at rates equal
to that of the influx of metals, or in sufficient quan-
tity to bind the total metals present. Once the abil-
ity of MT to sequester metals was exceeded, the
metals “spilled over” into other protein fractions
and resulted in pathologic effects (Winge et al.
1974).

Metallothionein studies in fish, in general, have
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only identified the presence of this protein in fish
exposed to metals in laboratory toxicity studies or
field studies; the toxicological importance of its
presence has not been examined. Several research-
ers have alluded to the toxicological importance
of MT and the relation between MT and the spill-
over hypothesis in fish (Brown et al. 1977; Brown
and Parsons 1978). Few investigators, however,
have conducted studies in which mixtures of met-
als were used in attempts to clarify the relations
between MT and the spillover hypothesis (Mc-
Carter et al. 1982; Roch et al. 1982; McCarter and
Roch 1983). The importance of MT in fish for
assessments of stress from metal contaminants has
recently been reviewed (Hamilton and Mehrle
1986).

We previously conducted a cadmium injection
study and a low-cadmium exposure study (Ham-
ilton et al. 1987, this issue) with brook trout Sa/-
velinus fontinalis to evaluate the cadmium-satu-
ration method of Eaton and Toal (1982, 1983) for
quantifying MT in fish. In the present study, we
conducted a high-cadmium exposure study with
brook trout to create a greater dose-response re-
lation between cadmium and mortality and to fur-
ther evaluate the cadmium-saturation technique.
The objectives of our research were to evaluate
the relation between MT and the responses of
brook trout to cadmium exposure, as evidenced

by such factors as mortality, whole-body residues, -

and growth; to assess the toxicological importance
of the spillover hypothesis; and to evaluate the
utility of MT measurements as biological indica-
tors of metal contaminant stresses.

Methods

Brook trout were maintained at the National
Fisheries Contaminant Research Center in well
water (pH, 7.2; alkalinity, 237 mg/L; hardness,
272 mg/L; temperature, 15°C) and allowed to feed
on Rangens® commercial diet ad libitum before
and during the experiments.? The fish originated
from eyed eggs obtained from Big Spring Trout
Hatchery, Lewistown, Montana.

A chronic toxicity study was conducted with
brook trout (average weight, 5 g; age, 2-3 months)
continuously exposed to concentrations of 0, 3.6,
7.6, 15.7, 30.0, and 60.6 ug Cd/L as cadmium
chloride for 30 d in an intermittent-flow diluter

2 Reference to trade names, commercial products,
or manufacturers does not imply or constitute govern-
ment endorsement or recommendation for use.
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(Mount and Brungs 1967). Cadmium chloride dis-
solved in pure water, and a mixture of sulfuric
acid and nitric acid (3:1, volume : volume), were
metered into the diluter with an automatic pi-
pette. The cadmium was added to the toxicant
mixing chambers of the diluter and the acid mix-
ture was added to the flow-splitting chambers,
where both were thoroughly mixed prior to deliv-
ery by glass tubes to duplicated exposure aquaria.
The cadmium and acid mixture were combined
with reconstituted low-alkalinity—low-hardness
water from a water softener—reverse osmosis—
deionizer water treatment system to simulate aci-
dified lake conditions in the northeastern USA.
The experimental design, including measurement
of water quality variables, was described by Ham-
ilton et al. (1987). Water quality variables mea-
sured during the study approximated: pH, 6.1; al-
kalinity, 2.5 mg/L; hardness, 14.5 mg/L;
conductivity, 40 us/cm; oxygen, > 8.5 mg/L; tem-
perature, 12°C.

We placed 25 fish in each of 12 exposure aquar-
ia and acclimated them first to soft water over a
48-h period and then to pH 6.1 over an additional
48-h period before cadmium was added to the
exposure water. Mortality was recorded daily and
dead fish were removed from the aquaria.

After 30 d of exposure, one to three pooled sam-
ples of six fish each were randomly sampled from
each duplicate concentration of cadmium. Fish
were anesthetized with tricaine and weighed
(grams). Livers and kidneys were removed and
weighed individually, then combined into pooled
samples and homogenized in 14 mL ice-cold
0.01M tris—-HC! buffer (pH 8.1) with 0.01% so-
dium azide. Homogenates were heat-denatured,
centrifuged, and quantified for cadmium content
as described by Hamilton et al. (1987). Four frac-
tions were employed: 10,000 and 100,000 x grav-
ity supernatants, unsaturated MT (amount of cad-
mium bound to MT in an unsaturated condition),
and saturated MT (amount of cadmium bound to
MT in a cadmium-saturated condition). Briefly,
saturated MT was quantitated indirectly by the
method of Eaton and Toal (1982, 1983) and in-
volved the saturation of MT with excess cad-
mium, removal of non-MT-bound cadmium with
a 2% hemoglobin solution, and subsequent purge
of the hemoglobin by heat denaturation and cen-
trifugation. The amount of cadmium remaining
in solution after this procedure was quantified by
atomic absorption; the amount of MT was cal-
culated by assuming 112.4 ng Cd/nmol Cd, 7 nmol
Cd/nmol MT, and | nmol MT/6,000 ng MT. Un-
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saturated MT was quantitated in a similar man-
ner, except that the binding sites on MT were not
saturated with excess cadmium and a 1% hemo-
globin solution was used in the removal of non-
MT-bound cadmium. The difference between the
amount of cadmium in the 100,000 X gravity su-
pernatant and the amount bound to unsaturated
MT was termed “free cadmium.”

In addition to the fish sampled for liver and
kidney material, three fish were randomly sam-
pled from each concentration for determination
of individual whole-body cadmium residues. Fish
were minced, weighed, digested in concentrated
nitric acid for 48 h at 70°C, and analyzed in du-
plicate for cadmium by atomic absorption with a
graphite furnace technique.

Statistical analysis.—Statistical analyses were
performed with Statistical Analysis System pro-
grams. The percent mortalities of fish in the ex-
periment were analyzed by one-way analysis of
variance on arcsine-transformed values. Toxicant
effects on various cadmium-containing tissue
fractions (10,000 and 100,000 x gravity super-
natants, and unsaturated and saturated MT) and
whole-body cadmium residues were also deter-
mined by one-way analysis of variance. These
variables were first examined by regression anal-
ysis of their means, standard deviations, and vari-
ances to determine if transformation was needed
to normalize data before statistical analysis. Log-
arithmic transformations were applied to all cad-
mium-containing tissue fractions and whole-body
residues before analysis because correlations (r)
between means, standard deviations, and vari-
ances were greater than 0.40. Treatment means
were compared by multiple-means-comparison
tests (least significant difference; Snedecor and
Cochran 1967). Simple linear regression was used
to analyze the relation between cadmium expo-
sure concentrations and mortality, whole-body
residues, and various cadmium-containing tissue
fractions.

Relations among various cadmium-containing
fractions, whole-body residues, mortality, and
cadmium exposure concentrations were analyzed
with individual aquaria as the experimental units.
Various cadmium-containing fractions and whole-
body residues, as well as mortality, were measured
for different fish taken from individual aquaria;
thus the common denominator for the compari-
son of these data was the individual aquarium.

The specific relation among mortality, whole-
body residues, and MT concentrations in liver
tissue of fish was calculated by a quadratic (sec-
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TABLE 1.—Percent mortality of brook trout exposed
to cadmium. Asterisks denote significant differences from
control values (P < 0.05); N = 50.

EXPOSU".C Days of exposure
concentrations
(ug Cd/L) 7 15 30
0 0 2.0 2.0
3.6 4.4% 6.6 19.9*
7.6 10.3* 18.2* 40.4*
15.7 33.9*% 38.9% 51.0%
30.0 26.8* 31.2*% 46.2*
60.6 30.6* 38.8* 56.8*

ond-degree) polynomial and fitted to a quadratic
response surface (Cochran and Cox 1957). The
maximum value of mortality on the fitted surface
was calculated by differentiating with respect to
whole-body residues and MT concentrations to
define a stationary value. Linear terms were re-
moved from the quadratic polynomial by trans-
lation of axes, and the cross-product term was
removed by rotation of axes. The identified sur-
face was an ellipse.

One- and two-variable predictive models of
mortality were calculated by stepwise regression
with whole-body residues, MT concentrations in
liver tissue, free-cadmium concentrations, and
cadmium-exposure concentrations.

Results

Mortality increased rapidly during cadmium
exposures. It was significantly higher than in the
control at all cadmium concentrations after 7 d of
exposure and, with one exception, remained so
after longer exposures (Table 1). Mortality showed
a dose-response relation to cadmium exposure
concentration. Fish growth, as measured by weight,
was not affected by cadmium exposure (Table 2).

Tissue Distribution of Cadmium

Cadmium concentrations in the 10,000 x grav-
ity supernatant were about 10-36 times higher in
liver tissue, and about 2-5 times higher in kidney
tissue, of exposed fish after 30 d of exposure than
in controls (Table 2). Cadmium concentrations in
liver and kidney were not dose dependent in fish
exposed to concentrations of 3.6-15.7 ug Cd/L,
but increased with dose in exposures to 30.0 and
60.6 ug Cd/L. Thus, cadmium uptake by liver and
kidney seemed to shift from dose independence
to dose dependence at exposures above 16 ug Cd/L.
Concentrations of MT in liver, but not kidney,
were significantly elevated at all cadmium expo-
sures and coincided with increased mortality.
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TaBLE 2.—Means and (in parentheses) SDs of cadmium concentrations in various liver and kidney fractions and
weight of brook trout exposed to cadmium for 30 d. Asterisks denote significant differences from control values

(P = 0.05); MT = metallothionein.

Cadmium-containing fraction

Supernatant  Supernatant
(10,000 x (100,000 x Free Unsatu- Saturated
Exposure gravity) gravity) cadmium rated MT MT Fish Number
concentration (ng Cd/g (ng Cd/g (ng Cd/g (ng Cd/g (ng Cd/g MT (ug/g weight  of pooled
(ug Cd/L) tissue) tissue) tissue) tissue) tissue) tissue) ®) samples
Liver fractions
0 106 113 101 12 460 35 6.6 6
(43) (41) 39 (11) (70) (0.5) 0.9
36 1,088* 908* 742* 166* 2,062* 15.7* 6.8 5
(238) (191) (153) (55) (664) (5.1) (1.0)
7.6 1,261* 898* 714* 184* 3,031* 23.1* 6.3 4
(194) (126) (157) (93) (1,589) (12.1) 0.5)
15.7 1,313* 1,113* 1,001* 113* 1,305* 9.9% 6.2 4
(207) (594) (553) (62) (71D 5.4 (0.6)
30.0 1,884* 1,628* 1,282* 346* 3,042* 23.2* 6.3 4
(405) (299) (244) 62) (327) (2.5) (0.6)
60.6 3,590* 3,204* 2,857* 347* 2,128* 16.2* 5.8 3
(281) (228) (81) (257). (1,360) (10.4) (0.4)
Kidney fractions
0 141 69 59 10 1,003 7.6 6.6 6
69) 23) 210 (3) (136) (1.0) 0.9
3.6 336* 23+ 170* 61* 812 6.2 6.8 5
(82) (52) (54) (18) (321) 2.9) (1.0)
7.6 344* 183* 132* 52% 1,044 8.0 6.3 4
97) (38) (44) (15) (266) 2.09) (0.5)
15.7 392* 225* 186* 39% 949 7.2 6.2 4
(131) (121 (115) ) (84) (0.6) (0.6)
30.0 505* 337* 260* 7T7* 1,048 8.0 6.3 4
41) (51) (51) (29) (84) (0.6) (0.6)
60.6 742* 543% 461* 82* 1,246 9.5 5.8 3
(89) (104) (88) (19) (104) (0.8) 0.4)

However, MT concentratioins in the liver did not
show a dose-~response relation to increasing cad-
mium exposure concentration. The quantity of
cadmium bound to unsaturated MT in liver and
kidney was significantly increased above control
concentrations at all exposures but was not highly
correlated with cadmium exposure concentrations
(Table 3). This decreased response was due partly
to lower-than-expected cadmium concentrations
in unsaturated MT in liver and kidney of fish ex-
posed to 15.7 and 60.6 ug Cd/L (Table 2).
Concentrations of free cadmium were signifi-
cantly increased in all cadmium concentrations at
“ which significant mortality occurred (Table 2).
Free-cadmium concentrations in liver and kidney
showed a close dose-response relation to cad-
mium exposure concentrations (Table 3). More-
over, free-cadmium concentrations were closely
correlated with mortality and whole-body resi-
dues (Table 3).

Whole-body residues of cadmium increased sig-
nificantly in fish at all exposures and showed a
dose-dependent response in the 3.6-30.0 ug Cd/L
exposures, and then plateaued (Table 4). Whole-
body residues were highly correlated with cad-
mium exposure concentrations and mortality af-
ter 30 d of exposure (Table 3). They were also
highly correlated with cadmium concentrations in
the 100,000 x gravity supernatant of liver and
kidney but not with MT concentrations in either
tissue (Table 3). Likewise, mortality was well
correlated with cadmium concentration in the
100,000 x gravity supernatant of liver and kid-
ney but not with MT concentrations (Table 3).

Mortality and Cadmium Distribution

The mortality response in this study was eval-
uated by stepwise regression analysis to determine
the best one-variable and two-variable models.
All cadmium measurements in liver were evalu-



METALLOTHIONEIN AS AN INDICATOR OF CADMIUM STRESS

TaBLE 3.—Correlation coefficients (r) among cad-
mium concentrations in various liver and kidney frac-
tions, metallothionein (MT) quantities, cadmium ex-
posures, whole-body cadmium residues, and mortality
of brook trout exposed to cadmium for 30 d.

Cadmium

exposure Whole-
Cadmium-containing concen- body
fraction or MT tration residue Mortality

Liver

Supernatant? 0.97 0.85 0.75

Free cadmium 0.97 0.83 0.74

Unsaturated MT 0.62 0.66 0.52

MT quantity 0.17 0.31 0.31
Kidney

Supernatant? 0.94 0.89 0.69

Free cadmium 0.95 0.88 0.67

Unsaturated MT 0.74 0.82 0.65

MT quantity 0.60 0.52 0.33
Whole-body residue 0.89 0.81

2100,000 x gravity supernatant.

ated in the analysis and included cadmium con-
centrations in supernatants collected after centrif-
ugation at 10,000 and 100,000 x gravity,
unsaturated and saturated MT, free cadmium, and
whole-body residues. Stepwise regression analysis
showed that measurements of MT concentrations
in liver were not useful predictors of mortality.
When a one-variable regression model was used,
saturated MT explained only 15% (r> = 0.15) of
the mortality response. With addition of the
squared value of saturated MT to the model
(squaring incorporates quadratic responses of the
data in the regression model), the two-variable
model of mortality explained only 33% (R? = 0.33)
of the mortality. For unsaturated MT, r2 was 0.30
for the one-variable regression model and R? was
0.46 for the two-variable model. The two best
one-variable regression models of mortality were
for free-cadmium concentration (r> = 0.50) and
whole-body residue (> = 0.52). The predictive
equations were

mortality = 0.0002(free Cd) + 0.3650;
mortality = 0.00007(whole-body residues)
+ 0.3325.

Addition of the squared value of the respective
variable improved the models, and yielded R? val-
ues of 0.81 for the two-variable regression model
with free-cadmium concentrations and 0.80 for
the model with whole-body residues. The predic-
tive equations were

mortality = 0.0009(free Cd)
+ [—0.0000002(free Cd)]?
+ 0.0607,;
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TABLE 4.— Whole-body residues of cadmium in three
brook trout exposed to cadmium for 30 d. All values for
fish exposed to cadmium were significantly higher than
the control value (P = 0.05).

Exposure concentration Residue (ug Cd/g tissue)

{ug CA/L) (Mean + 1 SD)
0 35 %2
3.6 144 £ 19
7.6 282 * 105
15.7 406 + 324
30.0 752 + 715
60.6 751 = 293

mortality = 0.003(whole-body residue)
+ [0.000003(whole-body residue)})?
+ 0.0626.

The identification of free cadmium and whole-
body residues as the best variables for predicting
mortality was not surprising because of their strong
relation to cadmium exposure concentrations.

When the relation between mortality, whole-
body residues, and MT concentrations in liver of
fish was evaluated by quadratic polynomial, the
fitted response surface was an ellipse (Figure 1).
As judged from the fitted response surface, if MT
concentrations were maintained at 4.4 ug/g tissue
(which was very close to MT concentrations in
control fish) and whole-body residues were ele-
vated to 609 ug Cd/g tissue, mortality should be
90%. These values fell within the ranges of values
in the study but it may be biologically unrealistic
for all three conditions to occur in the same or-
ganism. Moreover, MT concentrations were three
to six times greater in exposures when high whole-
body residues were present but mortality was less
than 60%. Thus, elevated MT concentrations co-
incided with reduced mortality compared with the
value derived from the quadratic polynomial and
fitted surface, even though high whole-body resi-
dues were present.

Discussion

Growth is the culmination of many biochemical
processes, and toxicant-induced changes in met-
abolic pathways or in macromolecules involved
in growth, such as RNA or DNA, should occur
before changes occur in growth. Stroganov (1967)
reported that cadmium did not affect RNA or
DNA in tissue of common carp Cyprinus carpio
exposed to 10 mg Cd/L for 21 d, although the
exposure was lethal. Rombough and Garside
(1982) showed, however, that exposure to cad-
mium reduced growth in alevins of Atlantic salm-
on Salmo salar, probably as a result of interfer-
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% Mortality

FiGURE 1. —Fitted response surface (quadratic polynomial) of the relation between mortality, whole-body cad-
mium residues, and metallothionein concentration in liver of brook trout exposed to cadmium for 30 d.

ence with normal assimilation of yolk proteins,
and also delayed yolk absorption. Such delay was
also reported in young bluegills Lepomis macro-
chirus exposed to cadmium (Eaton 1974). Expo-
sure to near-lethal concentrations of cadmium did
not interfere with metabolically important en-
zyme activities in several tissues of brown trout
Salmo trutta and rainbow trout Salmo gairdneri
(Roberts et al. 1979), mummichog Fundulus het-
eroclitus (Jackim et al. 1970), or winter flounder
Pseudopleuronectes americanus (Gould 1975). The
most profound effect of cadmium exposure is on
the kidney; additional toxic effects occur in the
nervous system (Shukla and Singhal 1984). Con-
sequently, it was not surprising that we observed
no effects on growth.

Overall, our study showed that concentrations
as low as 3.6 ug Cd/L induced MT formation in
liver, but not in kidney, after 30 d of exposure.
Although MT was measured as a stress-induced
response in other investigations of cadmium ex-
posure to fish (Noel-Lambot et al. 1978; Reichert
etal. 1979; Kito et al. 1982), sublethal effects such
as whole-body residues and mortality were not
reported; consequently, exposure concentration
and duration are the only variables with which
exposure effects can be compared. In the three
studies cited, cadmium exposure resulted in in-
creased MT concentrations in liver, kidney, and

gill tissues, and in the gastrointestinal tract. The
lowest cadmium exposure reported to induce MT
formation was in common carp exposed to 13 ug
Cd/L for 180 d by Kito et al. (1982). Their results
and ours indicated that exposure to low concen-
trations of cadmium can increase MT concentra-
tions in fish.

Assessment of the Spillover Hypothesis

In our study, the amount of free cadmium in
liver and kidney represented about 85 and 79%,
respectively, of the cadmium in the 100,000 x
gravity supernatant. This free cadmium was prob-
ably bound to nonmetallothionein proteins or en-
zymes and, therefore, exerted a sublethal influ-
ence. Correspondingly, about 15% of the cadmium
in the liver and 21% in the kidney was present in
the unsaturated MT fraction, compared with the
amount in the 100,000 X gravity supernatant.
Concentrations of cadmium in the unsaturated MT
fraction were low even though the quantitation of
saturated MT indicated that a large binding ca-
pacity was potentially available. The cadmium-
binding potential of MT was 16 times greater in
liver and 31 times greater in kidney than the
amount of cadmium bound to unsaturated MT.
The large amount of free cadmium in liver and
kidney and the correspondingly small amount of
cadmium bound to unsaturated MT indicated that
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MT did not bind all the cadmium present or re-
move it from potential biological availability to
proteins and enzymes.

Measurement of saturated MT showed that me-
tallothionein’s potential cadmium-binding capac-
ity was about three times greater in liver and about
six times greater in kidney than the amount of
cadmium present in the respective 100,000 x
gravity supernatants. Only in the 60.6-ug Cd/L
exposure did the amount of cadmium in the
100,000 x gravity supernatant exceed the poten-
tial binding capacity of MT.

The large discrepancy between the potential
binding capacity of MT in liver and kidney and
the amount of cadmium bound to it in an unsat-
urated condition suggested the presence of sub-
stantial amounts of metals other than cadmium.
This deduction arises in part because MT has not
been isolated with free sulthydryl groups, which
means that metals are bound to all available sites
on MT (Kagi and Nordberg 1979). Copper and
zinc are the most likely metals that would compete
with cadmium for binding sites on MT, because
one function of MT is the homeostatic storage of
these essential metals. Copper and zinc are ac-
tively taken up through gills or by intestinal ab-
sorption in fish because they are essential elements
in many metalloproteins. In the present study,
copper and zinc were available for uptake by fish
primarily from the diet; they were also available
for uptake from exposure water, although only at
concentrations less than 10 pg/L. In a study re-
ported by Hamilton (1985), in which brook trout
were exposed to low concentrations of cadmium,
concentrations of copper and zinc in the 100,000 x
gravity supernatant of liver were 50-100 times
higher than cadmium, taken individually, and 130-
160 times higher when combined. In this same
study, the cadmium-binding potential of MT was
112 times greater in liver than the amount of cad-
mium bound to unsaturated MT (Hamilton et al.
1987). About 8% of the cadmium in the liver was
bound to unsaturated MT, whereas about 92%
was present as free cadmium, i.e., nonmetallothi-
onein-bound.

Brown and Parsons (1978) reported that MT
concentrations were not increased in chum salm-
on Oncorhynchus keta exposed to 5 ug Hg/L for
62 d; however, the ratio of copper plus zinc to
mercury in the liver exceeded 300:1, which prob-
ably prevented mercury from stimulating in-
creases in MT concentration. Copper and zinc had
a competitive advantage for MT binding sites due
to their greater abundance, even though their
binding affinity was lower than that of mercury.
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Roch and McCarter (1984) reported that MT con-
centrations in liver increased up to sixfold in chi-
nook salmon Oncorhynchus tshawytscha exposed
to a metal mixture (Zn:Cu:Cd ratio of 400:20:1)
for 21 weeks; the ratio of copper plus zinc to cad-
mium in the liver was 86:1. Although exposure to
excess copper and zinc probably played the major
role in inducing thionein synthesis and MT for-
mation, the relatively low ratio of copper plus zinc
to cadmium compared to the more than 300:1
ratio mentioned above probably increased the im-
portance of cadmium in stimulation of MT for-
mation.

Hamilton (1985) showed that MT concentra-
tions in liver were significantly increased twofold
in fish at ratios of copper plus zinc to cadmium
of 150:1. This ratio is intermediate between the
ratios of Roch and McCarter (1984) and Brown
and Parsons (1978). Although different species and
different metal stresses were used in these studies,
the relation between the ratios and the relative
change in MT concentrations is suggestive. At low
ratios of 86:1, MT concentrations in exposed fish
were six times higher than in controls; at inter-
mediate ratios of 150:1, MT concentrations were
two times higher than in controls; and at high
ratios of over 300:1, no increase in MT was ob-
served. This relation suggests that the ratio of cop-
per plus zinc to cadmium or mercury indicates the
detoxification effort of MT toward removing toxic
metals. Simkiss and Taylor (1981) proposed a
similar approach to using ratios of metal contam-
inants to essential metals in aquatic animals to
assess contamination of the environment with
metals. However, their approach was not specific
to a metalloprotein such as MT but, rather, was
concerned with the general accumulation of met-
als.

Although cadmium was the stimulus causing
increased MT concentrations in our study, the
natural concentrations of copper and zinc in the
liver probably prevented cadmium from having a
greater effect on MT concentration. Establishment
of an equilibrium among cadmium, copper, and
zinc in the various protein fractions of the liver
must have favored copper and zinc because of
their greater abundance, and counterbalanced the
greater binding affinity of MT for cadmium than
for zinc. After establishment of an equilibrium,
the final metal content of MT may reflect only the
relative binding affinities of MT and the abun-
dance of the metals present (Brady et al. 1979).

Several investigators have reported that expo-
sure of aquatic organisms to cadmium results in
a mixture of metals bound to MT even under near-
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lethal concentrations. Coombs (1975) reported that
cadmium was not exclusively bound to MT in
plaice Pleuronectes platessa exposed to 2 mg Cd/L
for 28 d, but was distributed among other metal-
loproteins of the liver. Similar results have been
reported for European eels Anguilla anguilla (Noel-
Lambot et al. 1978), the mussel Mytilus edulis
(Talbot and Magee 1978), threespine sticklebacks
Gasterosteus aculeatus (Woodworth and Pascoe
1983), a dogfish Scyliorhinus canicula (Hidalgo et
al. 1983), and rainbow trout (Olsson and Haux
1985). Results of these studies and ours indicate
that cadmium binds to nonmetallothionein and
MT fractions of liver and kidney of aquatic or-
ganisms that are exposed to a wide range of cad-
mium concentrations. Consequently, toxic effects
of cadmium should occur as a continuum of stress
responses from mild to severe and increase with
increases in the amount of free cadmium (non-
metallothionein-bound) in tissues.

The spillover hypothesis states that pathological
effects occur when MT becomes saturated by a
metal (Winge et al. 1974), but the hypothesis does
not account for the interrelations among the abun-
dances of various metals or their relative binding
affinities for MT. Results of our present study and
Hamilton’s (1985) study conflict with the spillover
hypothesis because we demonstrated that expo-
sure of fish to lethal concentrations of cadmium
in water resulted in toxic effects regardless of the
saturation state of MT. Our experiments also
showed that a large potential cadmium-binding
capacity was present in MT in the liver of fish
exposed to all cadmium concentrations except 60.6
pg Cd/L. Results of the present study further
showed that a large potential cadmium-binding
capacity was present in the kidney tissue of fish.

On the basis of the preceding discussion, we
believe that the spillover hypothesis should be re-
defined. Exposure to low concentrations of cad-
mium results in the binding of some cadmium to
MT, but competition for binding sites by copper
and zinc displaces most cadmium to other cellular
components, resulting in toxic effects. At higher
exposure concentrations, cadmium should bind to
a greater extent to M T, but competition from cop-
per and zinc for binding sites displaces propor-
tionally larger quantities of cadmium, i.c., free
cadmium, to other cellular components, thus re-
sulting in increased toxic effects. Consequently,
the relatively greater binding of cadmium to cel-
lular components other than MT should result in
toxic responses that depend on varying equilibria
between the relative abundances of metals present
and their respective binding affinities for MT.
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“Spillover” is an unfortunate misnomer for de-
scribing the hypothesis linking the occurrence of
pathological effects in animals stressed by metals
to the inability of MT to sequester the metal stres-
sor. The term spillover implies that a substance
was briefly contained but overflowed its container
because of additions of the substance. Use of this
term implies that MT briefly binds a metal stres-
sor such as cadmium, and then allows the metal
to be displaced by additional metals. The flaw in
this logic is that the metals are probably not bound
to MT initially because there is competition for
binding sites on MT, the intensity of which de-
pends on two factors: the abundance of the com-
peting metals, and the binding affinity of the met-
als for MT. Our results indicated that a metal
stressor such as cadmium binds to MT only in
proportion to its competitive advantage, which is
small in the presence of abundant copper and zinc.
Metallothionein is not exclusive for a specific metal
except in extreme conditions such as those im-
posed by intraperitoneal injection (Day et al. 1984;
Hamilton et al. 1987). Perhaps a more appropriate
term for the redefined hypothesis would be the
“metal-binding” hypothesis.

Metallothionein as an Indicator of Metal Stress

Development of biological indicator techniques
to monitor the effects of environmental contam-
inants on fish is a relatively new field of research
on aquatic contaminants; advantages and disad-
vantages of the techniques were reviewed by
Mehrle and Mayer (1980). The objective of de-
veloping a biological monitoring tool is to use it
to assess the effect of chemical contaminants on
the health and well-being of aquatic organisms in
laboratory and field investigations. Assessment of
the utility of a biological indicator is based on the
relation between the metabolic whole-animal re-
sponses and time-dose responses of the measure-
ments.

In our experiments, MT concentrations in liver
were significantly elevated above concentrations
in control fish only in exposures that caused sig-
nificant mortality. From this observation, one
might conclude that MT concentrations in liver
were related to an important whole-animal re-
sponse, i.e., mortality, and, therefore, would be a
useful biological monitoring tool. However, MT
concentrations showed an “all or nothing” re-
sponse in liver and no significant response in kid-
ney. Both the poor relation between MT and mor-
tality or whole-body residues and the lack of a
dose-dependent response in MT concentrations,
suggested that measurement of MT in liver or kid-
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ney as a biological monitoring tool, by itself, is
probably not worthwhile.

Although we showed that the measurement of
MT may not be a sound indicator of early, mild
exposure to a metal where a dose-dependent re-
sponse is an important factor, MT concentrations
may be a good indicator of long-term, severe ex-
posure in fish populations. If, during an environ-
mental monitoring process, MT concentrations in
liver were found to be significantly elevated in a
fish population relative to those in a control pop-
ulation, one could conclude that a metal stress was
present. A more far-reaching conclusion would be
that if MT were significantly elevated, mortality
was probably occurring in the population as a re-
sult of the metal stress.

Perhaps a more useful biological indicator of
cadmium toxicity would be the measurement of
free-cadmium (nonmetallothionein-bound) con-
centrations in liver. The strong dose-dependent
response shown by free cadmium and the strong
relation with important whole-animal responses
such as mortality and whole-body residues fulfill
the criteria of a good biological monitoring tool
for assessing cadmium toxicity.

Another useful biological indicator of cadmium
toxicity in fish might be the determination of the
ratio of copper plus zinc to cadmium in unsatu-
rated MT. This ratio would indicate the promi-
nence of cadmium on MT and the magnitude of
the ratio would indicate the severity of the metal
stress from cadmium.

As judged by our research, the monitoring of
aquatic populations in habitats contaminated with
cadmium should include isolation and measure-
ment of various cadmium-containing protein
fractions in liver. Comparison of these measure-
ments would indicate the intoxification state from
exposure to cadmium. Further research on MT in
fish with mercury as the metal stressor might in-
dicate that a similar approach would be useful in
determining the intoxification state in populations
exposed to mercury contamination.
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