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Abstract. The effects of cadmium administered via
ambient water or food on plasma ions of the Af-
rican freshwater cichlid Oreochromis mossambicus
were studied for 2, 4, 14, and 35 days, in low cal-
cium (0.2 mM) and high calcium (0.8 mM) water. In
low calcium water, an environmentally relevant
concentration of 10 pg/L water-borne cadmium in-
duced a significant and dramatic hypocalcemia on
days 2 and 4. Recovery of plasma calcium was ob-
served on days 14 and 35. Hypermagnesemia was
observed on day 2, but normal levels were already
found on day 4. In high calcium water adapted fish,
the extent of hypocalcemia and hypermagnesemia
was less pronounced than in fish from low calcium
water. Water-borne cadmium caused no significant
changes in plasma phosphate, sodium, potassium,
or osmolality. On days 2 and 4, dietary cadmium
(averaging 10 ng Cd/fish/day) caused hypermagne-
semia and hypocalcemia in low calcium water-
adapted fish. Recovery was observed on days 4 and
14, respectively. In fish from high calcium water,
dietary cadmium caused a significant reduction in
plasma calcium on day 4 only; plasma magnesium
was unaffected. Hyperphosphatemia was apparent
on day 14, irrespective of the water calcium con-
centration. No changes in plasma sodium, potas-
sium, or osmolality were found.

The results show that sublethal concentrations of
cadmium, administered via the water as well as via
the food, affect calcium and magnesium metabo-
lism in tilapia. High water calcium ameliorates the
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effects of both water and dietary cadmium on
plasma calcium and magnesium levels.
Among the various heavy metal pollutants, cad-
mium is frequently present in natural water bodies
as a result of discharges from industrial processes
or other anthropogenic contamination. The harmful
effects of cadmium on mammals and other terres-
trial animals have been widely studied and re-
viewed (Flick et al. 1971; Vallee and Ulmer 1972;
Webb 1979; Korte 1983; Foulkes 1986). Aquatic
vertebrates such as fish, live in very intimate con-
tact with the environment through their gills. This
makes them very susceptible to aquatic pollutants.
Since it is well established that freshwater fish
take up most of the ions necessary for homeostasis
from the water via the gills (Eddy 1982), cadmium-
induced plasma ionic disturbances are apparently
caused by impaired uptake and diffusional losses of
ions via these organs (Larsson et al. 1981; Giles
1984). Ionic disturbances have also been reported
after exposure of fish to sublethal concentrations of
heavy metals. For example, changes in the plasma
ionic composition have been observed in fish ex-
posed to copper and zinc (Lewis and Lewis 1971;
Spry and Wood 1985), mercury (Lock et al. 1981),
and chromium (Van der Putte et al. 1983). With re-
spect to cadmium, exposure of rainbow trout to
sublethal levels induced hypocalcemia, with re-
duced plasma sodium, potassium, chloride and in-
creased plasma magnesium (Giles 1984). In Euro-
pean flounder, cadmium-induced hypocalcemia and
elevated levels of plasma phosphate, magnesium
and potassium were observed (Larsson et al. 1981).
In addition to water, food could also be a source
of cadmium for fish, since it accumulates in aquatic
organisms through trophic transfers (Anonymous
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1971; Williams and Giesy 1978; Coombs 1979). In-
deed, Bryan (1976) concluded that food as a source
of Zn, Mn, Co, and Fe for molluscs, crustaceans
and fish was more important than water. From
various studies on both water-borne and food-con-
taining metals, reviewed by Dallinger et al. (1987),
there is evidence that uptake of heavy metals such
as Cd, Cu, Co, Pb, Hg, and Zn from food is also the
predominant pathway in freshwater fish. Koyama
and Itazawa (1977) reported significant hypocal-
cemia and elevated plasma phosphate levels in cad-
mium-fed carps. Similarly, plaice and thornback
ray both accumulated more cadmium from food
than from seawater (Pentreath 1977). In general,
cadmium concentrations in natural waters are ex-
tremely low and a more important route of cad-
mium uptake by fish may be represented via the
gut. Experiments with dietary cadmium may there-
fore yield more representative information for field
situations.

In this investigation, we have compared the ef-
fects of a sublethal concentration of cadmium
administered via the water or via the food in the
African cichlid fish Oreochromis mossambicus
(tilapia). Plasma ions and osmolality were
determined. Cadmium was administered at sub-
lethal concentrations, in the order of magnitude
that may occur in natural waters (<10 pg Cd/L). In
many studies aimed at evaluating the effects of cad-
mium on fishes, high concentrations (>1 mg Cd/L)
of cadmium have been used. Hence severe physio-
logical, behavioral and detrimental effects have
been reported. Such high concentrations are rarely
found in nature, except in cases of spillage or
heavily polluted waters. The Working Group on
Cadmium Toxicity (EIFAC 1977) has suggested that
chronic exposure to low cadmium concentrations is
more relevant to understanding the mechanisms in-
volved in the intoxication process in teleost fish.

We further studied the influence of relatively low
and high calcium concentration of the water on the
toxic effects of cadmium. The effects of water
hardness (mainly Ca?* and Mg2* ions) on heavy
metal toxicity have been demonstrated in various
species of teleosts (Part et al. 1985). Increased tox-
icity of cadmium to fish in soft water as compared
to hard water has been demonstrated in catfish and
guppies (Kinkade and Erdman 1975), goldfish
(McCarty et al. 1978), striped bass (Palawski et al.
1985), brook trout (Carroll et al. 1979) and rainbow
trout (Calamari et al. 1980; Pasco et al. 1986). Sim-
ilar observations on teleosts exposed to zinc,
copper and lead (Sinley et al. 1974; Zitko and
Carson 1976; Judy and Davies 1979; Laurén and
McDonald 1986) indicate a protective role of cal-
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Table 1. The concentration of several electrolytes in mM of
normal and high calcium water; P;, inorganic phosphate

Caz+ Na+ Mg?+* K+ P,

Low calcium water 0.20 3.89 0.24 0.19 0.06
High calcium water 0.80 3.96 0.27 0.17 0.08

cium against the toxic effects of heavy metals. It
was also investigated whether the protective effect
of the water-calcium concentration is limited to
water-borne cadmium only, or also applies to di-
etary cadmium.

Materials and Methods

Freshwater acclimated laboratory stock of male Oreochromis
mossambicus (tilapia) ranging from 12—14 cm in total length and
a body weight of 16 to 25 g were used in the present study.
Fishes were maintained in 100 L aquaria with continuous aera-
tion and circulating filtered water, pH 7.4 (360 L/hr, Eheim
pumps 1021) at 28°C on a daily 12 hr photoperiod.

Experimental Design

Fish were divided into six groups, three of which were kept in
low calcium water (0.2 mM Ca?*), and three in high calcium
water (0.8 mM Ca?*). Fish stock was kept at 0.8 mM Ca?* in
tapwater. Three weeks before the start of the experiments the
fish were transferred to artificial freshwater of a similar compo-
sition as the tapwater, prepared according to Flik et al. (1985a).
Adaptation of fish to water of 0.2 mM Ca?* was performed by
gradual reduction of the water calcium concentration during one
week, followed by a period of two weeks in low calcium water
before the start of the experiment. The concentrations of several
electrolytes of low and high calcium water are shown in Table 1.
The fish were exposed to either 10 ng Cd/L of ambient water or
were fed Cd-containing food averaging 10 pg Cd/fish/day. The
experimental set-up and cadmium exposure were as follows:

group 1: low calcium water containing 10 pg Cd/L;

. group 2: high calcium water containing 10 png Cd/L;

group 3: low calcium water, 10 pg Cd/fish/day via the food;
. group 4: high calcium water, 10 pg Cd/fish/day via the food;
group 5: low calcium control;

group 6: high calcium control.

mo oo o

Cadmium was administered to water from a stock solution of
1,000 pg Cd/L (Cd(NO,),; RCB, Bruxelles). The cadmium con-
centration in all tanks was monitored daily in a Video 11 Atomic
Absorption Spectrophotometer (AAS Thermo Jarrell Ash USA)
at 228.8 nm, fitted with a Furnace Aerosol Sampling Technique
with Automatic Calibration (IL FASTAC II™) and Furnace At-
omizer Model IL 655. The aquarium water was changed twice a
week.

Food was prepared as a mixture containing Tetramin tropical
fish food (5%), gelatin (5%) and agar (1%), dissolved in warm
distilled water. Cadmium was blended into this mixture giving a
final concentration of 10 mg Cd/kg of food for oral administra-
tion to groups 3 and 4. Samples from this food were digested in
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concentrated HNOj; at 60°C, and the cadmium concentration de-
termined. The results showed that the actual concentrations did
not deviate more than 2% of the calculated cadmium concentra-
tion. Fish were daily fed at a ration of 5% of their total body
weight. Per 20 g fish, this amounted to approximately 10 pg Cd/
fish. Group 1, 2, 5, and 6 were fed similar cadmium-free food.
Fish were fed twice daily and food was readily eaten. Care was
taken to distribute the food evenly over the fish. After feeding,
faeces were siphoned off from the bottom of the tank. In groups
3 and 4, the water cadmium concentrations averaged 0.27 = 0.04
wg Cd/L, indicating minimum loss of cadmium from the food.

Sampling and Analytical Procedure

Fish from each tank were sampled after 2, 4, 14, and 35 days.
The fish were slightly anaesthetized in 0.2% 2-phenoxyethanol,
briefly blotted dry, and the body weight was recorded. The blood
was collected from the caudal vessels in heparinized microhae-
matocrit capillaries. After centrifugation plasma was collected
and the osmolality determined on a Vogel Osmometer. The
plasma samples were stored at —20°C for further analysis of the
plasma ions. Total plasma calcium was determined spectropho-
tometrically by a cresolpthalein complexone method (Sigma
diagnostics). Plasma magnesium (285.21 nm) and phosphate
(177.5 nm) were measured by Inductively Coupled Plasma
Atomic Emission Spectrometer (Plasma 1L200, Thermo Elec-
tron, USA). Plasma sodium and potassium were measured by
flame photometer (Model IV Auto-analyzer, Technicon). Since
no significant difference between the respective controls was
observed, all data were pooled for statistical evaluation. The
data for control and experimental groups were analyzed for sta-
tistical significance by analysis of variance (ANOVA) and Stu-
dent’s t-test at the 5% level.

Results

During the 35-day experimental period, symptoms
of cadmium poisoning such as respiratory impair-
ment, tetanic seizures and changes in swimming or
feeding activity were not observed in tilapia. No
mortality occurred during the experiment. Results
on the effects of water-borne and dietary cadmium
on plasma ions and osmolality are given in Table 2.

Calcium

Exposure of tilapia to cadmium via ambient water
or food caused a significant decrease in the plasma
calcium levels. The hypocalcemia was more promi-
nent when cadmium was administered via the water
than via the food. Following 2 and 4 days of expo-
sure, the reduction of plasma calcium amounted to
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40% and 31%, respectively, in fish adapted to low
calcium water (group 1), and to 32% and 20% in
high calcium water (group 2). Reduction of plasma
calcium was also observed on days 2 (22%) and 4
(25%) in group 3, where cadmium was administered
via the food in low calcium water acclimated fish,
but not in fish in high calcium water (group 4).
After 14 days, the plasma calcium levels of all fish
showing hypocalcemia at days 2 and 4 (i.e. groups
1, 2 and 3), were back to normal. Thereafter, no
changes occurred in plasma calcium levels.

Magnesium

Water-borne cadmium caused hypermagnesemia in
tilapia adapted to low and high calcium water. After
2 days the plasma magnesium in group | increased
by 96%, and in group 2 by 37%. Cadmium via the
food caused a 52% increase in plasma magnesium
in tilapia adapted to normal calcium water (group
3). On days 4, 14 and 35 the plasma magnesium
levels were no longer significantly different from
the controls. Cadmium fed tilapia in high calcium
water (group 4) did not show changes in the plasma
magnesium levels, neither during short-term (2 and
4 days) nor during long-term (14 and 35 days) expo-
sure.

Phosphate

Exposure to water-borne cadmium had no effect on
plasma phosphate. However, hypophosphatemia
was observed in the cadmium-fed fish in both the
low and high calcium adapted tilapia (Table 2).

Sodium, Potassium and Osmolality

Exposure to water-borne or dietary cadmium had
no statistically significant effects on either plasma
sodium and potassium levels or plasma osmolality
in both the low calcium and high calcium adapted
fish (Table 2).

Discussion
Water-borne Cadmium

In low calcium water acclimated fish, short-term
exposure to 10 wg Cd/L in the water induced signifi-
cant hypermagnesemia and hypocalcemia. Re-
covery was observed on day 4 for magnesium, and
on day 14 for calcium, and no further disturbances
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Table 2. Effects of sublethal concentrations of water borne cadmium (Cd water) or dietary cadmium (Cd food) on plasma ions (mmol/L)
and osmolality (mosmol/L) in Oreochromis mossambicus adapted to water with low calcium (low Ca) or high calcium (high Ca) concen-

trations. Mean = SD

low

high low high low high
Ca/Cd Ca/Cd Ca/Cd Ca/Cd Ca Ca
Ions n days water water food food control control
*kk *kk * %k
10755652 144 =+ 008 = 1/65% 009  1.88 = 011" « 237 = 013 = 2.41'= ‘0:165 " 2:431= 0.09
A EE 33 % %k % % %k %k
Colclum 10 4 1.76 = 0.09 1.93 = 0.14 1:92 105165 12106 110:13 5. 2:561 = 0517, 42e4lli= 0D
10 14 2.5Sk% 0514’ i 2:48) £, (0 155y 2,45 06 R EL2 A1k -+ %0107 e 2525 510122 et 2/ SE-- A5 0510
SUEa’s 2132 % 0110, 15 2.55 = 0414 2.24 =.10:32 & 240, 10/58 . 2485016 ™ D39 =013
* %k * * ¥k
0 2 1/04 £ 01200 0.:81'=:0:09'4 " 0.81 =:0/06] « H0!63 051341 10:531=£: 10106« 1510:59 1104111
P e e 064+ 012 067+ 012 058+ 008 064+ 011  0.56= 006 0.61 = 010
g 10 14 060+ 020 058+ 004 059+ 012 055+ 017 051+ 0.14 057 + 0.11
Seei3s 058+ 005 058+ 018 066+ 014 059+ 011 0.51+ 012  0.64 = 0.09
10589 594 + 067 532+ 08 636+ 131 562+ 077 606+ 089 607+ 066
Phosphate 10 4 5.60 £ 50,74 1592+ 10,68 " 6.05 £ 0,720 - 16.91ix!-0.641 55 S.86/= 01 613150147
(total) oty X

10 14 76 G115, 519675 1 016 e 17136 = 01T ST M 7128 & Sll:33 5t S 71 R 0] 63 TS 04 =L RO LSS
535 529 = (084,  S54 % 1.45. - 698 = 187, 1694 ¢ 143 - 5.84 & 067 1602 =047
100 271427 % 413.7° 1139/0% = 1285 01361 £912:8 14470 2745 0613951k 12020 BIAT 70134
Giles 10 4 13819 =135 . 129:4: = 874 51354 + .94+ 1470, 2162 145.5 18105 11359 ++123
10 14 1310 + 9.0 137.8 + 7.02 141.8 = 84  161.8 = 124 1384 + 89  148.6 =+ 14.8
5 .35, 12820 112, 1382, = 13:9h 162:8 £1212. - 16145+ 13:3 10 w1391605-t10 4 A TR -E 11 INS
SHiD o O L1 T A 0T A SR e VA SR G g o S eyl GG (10T
e R 7.38 % 0.81 0 0654 1.04° 7.08 £ 0491 636+ L0.65 " 1672 048" 1613 = 0:51
10 14 DSkt 5118650 68 2354 Rli20% = 6:51 auTia] 810704, 121304 ¢ ¥ 7 AL H0:33 s 7 46 = 14T
SHE3S 8.44. % 1.81 . 17.92:% 131 i 734 % 815670t 1310 s 761 G144 57,830 5 4]
1007 2 ' 3321905 131 325091 » 1218 N33 1 - Hijgl4" $5300i08 1ol H38I0ME 110! Hi300 SR 61
Osms e I 1014 300051 EER10/047 334198+ 4l FU3418 TAONFEE30RNL 1520 FAr0MBEE E1D 4 adil 7 - RItS
Y 2100 H140% 03101601 +12012 - 1431428 £415:10004:32410 " o113 e 313581 61276 P 31SISE =HI7L0MR19140 5001444
5435 3187 £:162  323.9 £ 82 13260 =102 344011414 331510+ 18.:6 4 3411k = 162

Levels of significance (ANOVA),

of these ions were observed on further exposure for
35 days. No significant changes in other electro-
lytes or in plasma osmolality were found. It is
therefore indicated that short-term exposure of ti-
lapia in low calcium water to the relatively low con-
centration of 10 wg Cd/L, which has been reported
to occur in polluted freshwater bodies, causes only
a transient imbalance of the divalent cations. Little
information on the effects of short-term exposure to
sublethal concentrations of cadmium on the os-
moionic regulation of teleosts is known to us. Re-
duced plasma calcium and increased plasma mag-
nesium levels have been observed in European
flounders after a four week exposure to water con-
taining 5-500 wg Cd/L (Larsson et al. 1981) and in
rainbow trout after exposure to 6.4 ug Cd/L for 3
days (Giles 1984). Recovery as observed for cad-
mium has also been reported for rainbow trout ex-

*p < 0.05, **p < 0.01, ***p < 0.001

posed for 331 days to copper, at a water concentra-
tion of 55 pg Cu/L (McKim et al. 1970). Similarly,
Laurén and McDonald (1987) reported an apparent
recovery of whole body calcium, sodium and potas-
sium ions, 28 days after exposure to 55 pg Cu/L in
rainbow trout (1 mM Ca?*).

Similar to tilapia from low calcium water, fish
from high calcium water showed significant hypo-
calcemia and hypermagnesemia after short-term
exposure to 10 pg Cd/L in the water. The magni-
tude of this disturbance was less in the high calcium
water acclimated fish, than in the fish from low cal-
cium water. The protective effect of calcium to
toxic metals in the water has been described before
for various metals. For example, when rainbow
trout were exposed to cadmium in water containing
0.125, 0.5 and 8.0 mM Ca?*, respectively, cadmium
toxicity (expressed as 48 hr LC50) decreased with
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increasing hardness (Calamari et al. 1980). Cad-
mium toxicity was about seven-fold lower in the
hardwater acclimated fish (8.0 mM Ca?*) than in
fish from water containing 0.5 mM Ca?*. Increased
mortality was observed in the larvae and juveniles
of striped bass exposed to cadmium in soft water,
whereas in hardwater cadmium toxicity and uptake
was reduced (Palawski et al. 1985; Wright et al.
1985). Similar effects of water hardness on rainbow
trout exposed to copper (Laurén and McDonald
1986) and zinc (Bradley and Sprague 1985) have
been reported. In addition to cadmium-induced hy-
pocalcemia, hypermagnesemia was greater in the
low Ca water tilapia than in those from high cal-
cium water. Increased plasma magnesium was also
found to occur in cadmium exposed rainbow trout
(Roch and Maly 1979) and European flounder
(Larsson et al. 1981). These findings and those
mentioned above clearly demonstrate the protec-
tive effect of calcium in metal toxicity.

Notable changes in the concentrations of plasma
phosphate, sodium, potassium and osmolality were
not observed. High Cd concentrations are known
to increase the ionic permeability of the plasma
membrane of the blood cells (Plishker 1984;
Sgrensen et al. 1985). For plasma sodium, con-
flicting results on the effects of cadmium have been
reported for different freshwater and marine te-
leosts. Larsson et al. (1976) showed increased
plasma sodium levels in flounder exposed to cad-
mium for 15 days, while in a following study on the
same species no changes were observed in plasma
sodium or osmolality after 4 and 9 weeks of expo-
sure (Larsson et al. 1981). In brook trout, exposure
to cadmium significantly increased plasma chloride
levels but had no effect on plasma sodium (Chris-
tensen et al. 1977), whereas reduced plasma so-
dium was reported for cadmium-exposed goldfish
(McCarty and Houston 1976). The reported differ-
ences in the effects of water-borne cadmium on the
monovalent plasma ions among teleost could be at-
tributed to species differences in sensitivity, and to
differences in the concentration of cadmium used.
Our data show that the divalent cations are affected
at lower cadmium concentrations than the monova-
lent ions.

Dietary Cadmium

Oral administration of about 10 wg Cd/fish/day to
tilapia in low calcium water reduced plasma cal-
cium. In carp and mammals, oral administration of
cadmium was also found to cause a decrease in
plasma calcium (Kennedy 1966; Koyama and Ita-
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zawa 1977). We further observed increased plasma
magnesium levels. Thus, in tilapia, dietary and
water-borne cadmium have the same effects on
plasma calcium and magnesium levels. We suggest
that dietary cadmium circulates through the blood
and affects the gills and other osmoregulatory
organs in a similar way as cadmium present in the
water. This is consistent with observations of Rowe
and Massaro (1974), who showed that after an in-
tragastric dose of radioactive cadmium to white
catfish cadmium was also present in the skin and
gills. It is well established that gills, gut and kidneys
are involved in calcium and magnesium handling in
fish (Mayer-Gostan et al. 1983; Bjornsson and
Nilsson 1985; Flik et al. 1985a).

When the same amount of cadmium as adminis-
tered to fish from low calcium water was fed to fish
in high calcium water, only slight hypocalcemia and
hypermagnesemia was observed. Thus, not only
the effects of water-borne, but also those of dietary
cadmium are ameliorated by the calcium concen-
tration of the water.

Sodium, potassium, and osmolality of the blood
plasma were not significantly affected by dietary
cadmium. Similar to water-borne cadmium, dietary
cadmium specifically affects the divalent cations
and not the monovalent cations at the low cadmium
concentrations used.

However, a substantial difference between the

effects of water-borne and dietary cadmium was

observed: plasma phosphate levels, which were un-
affected in fish exposed to cadmium in the water,
significantly increased in fish receiving cadmium
via the food. Since it is difficult to imagine that the
presence of cadmium in the food stimulates intes-
tinal phosphate uptake, such an increase is possibly
caused by mineral mobilization from the bone. No
concurrent increase of plasma phosphate was ob-
served when cadmium was administered via the
water. In contrast to calcium, magnesium, sodium
or potassium entering the body via both the gills
and gut of tilapia, phosphate is absorbed exclu-
sively via the gut (Flik er al. 1985b). In mammals,
calcium and phosphate homeostasis of the extracel-
lular fluid is highly dependent on the skeletal tissue
for the exchange of calcium and phosphate (Martin
et al. 1985). It has long been questionable whether
minerals can be mobilized from the acellular type of
bone that occurs in most teleost fish, including ti-
lapia (Weiss and Watabe 1979). However, it has
been shown in our laboratory that phosphate is re-
leased from bone in female tilapia put on a phos-
phate-free diet (Urasa et al. 1985). Skeletal anoma-
lies and changes in the calcium and phosphate com-
position in fish exposed to heavy metals and other
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pollutants have been well documented (Bengtsson
et al. 1975; Muramoto 1981; Moreau et al. 1983). It
is possible, therefore, that cadmium, directly or in-
directly, stimulates bone demineralization, e.g., as
a response to the severe hypocalcemia following
cadmium exposure, with hyperphosphatemia as a
secondary effect. In the present study, analysis of
calcium and phosphate concentrations and of the
Ca/PO, ratio of the operculum, scales and caudal
finrays showed no difference between the cad-
mium-exposed and control fishes (data not shown),
which points against bone demineralization. How-
ever, the amount of phosphate required to produce
hyperphosphatemia is small and may not lead to
noticeable changes in bone mineral density.

Cadmium and Calcium

Whereas high concentrations of cadmium result in
losses of calcium as well as monovalent ions in fish
(Giles 1984), the present experiments show that low
cadmium concentrations specifically and dramati-
cally reduce plasma calcium levels. Reduction of
plasma electrolytes caused by exposure to water-
borne heavy metals or other pollutants has been at-
tributed to diffusional losses caused by increased
permeability of the gill epithelium to water and ions
(Giles 1984). The specific reduction of plasma cal-
cium reported in the present study is unlikely
caused by increased branchial permeability, since
only calcium is affected. We suggest that the
marked hypocalcemia induced by cadmium is
caused by disturbance of the active Ca?*-mecha-
nisms in the gills. Calcium and cadmium have simi-
larity in ionic radius and valency and they may spe-
cifically interact and compete in a way different
from other ions (Gardiner 1976; Webb 1979). Re-
cently, in our laboratory Verbost et al. (1987a) have
shown that the branchial high-affinity Ca?*-ATPase
activity, accounting for most of the calcium uptake
of the fish, is extremely sensitive to cadmium. They
further demonstrated that this sensitivity is shared
with similar calcium-transport mechanisms in rat
enterocytes (Verbost et al. 1987b). The specific in-
teraction of cadmium with calcium may explain
why plasma sodium, potassium, and osmolality
were not affected by the low cadmium concentra-
tions used in the present study, whereas a severe
hypocalcemia developed. The ameliorative effects
of high water Ca?* levels on the effects of cadmium
on plasma calcium and magnesium may be due to
the competition of Ca?* with cadmium for gill sur-
face sites, as suggested by Pagenkopf (1983).
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It is possible that the effects of cadmium on mag-
nesium are secondary to the effects on calcium. In
fish from high calcium water, both hypocalcemia
and hypermagnesemia were less pronounced com-
pared to fish from low calcium water. Experimental
changes in plasma calcium levels in mammals are
often associated with changes in magnesium (Ebel
and Giinther 1980). This has also been observed in
fish. For example, in tilapia prolactin-induced hy-
percalcemia was accompanied by hypomagnesemia
(Wendelaar Bonga et al. 1983). It is furthermore
possible that hypermagnesemia is caused by renal
damage. According to Ebel and Giinther (1980),
renal dysfunction in mammals is the cause of hy-
permagnesemia in several kinds of disorders. Also,
Giles (1984) observed a significant rise in plasma
magnesium, concomitant with a decline in urinary
magnesium levels, in rainbow trout exposed to 6.4
pg Cd/L in water.
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