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Abstract. T h e  e f f e c t s  o f  c a d m i u m  a d m i n i s t e r e d  v ia  

a m b i e n t  w a t e r  o r  f o o d  o n  p l a s m a  io n s  o f  t h e  A f 

r i c a n  f r e s h w a t e r  c i c h l id  Oreochromis mossambicus  

w e r e  s t u d i e d  f o r  2 , 4 ,  14, a n d  35 d a y s ,  in lo w  c a l 

c i u m  (0 .2  m M )  a n d  h ig h  c a l c i u m  (0 .8  m M )  w a te r .  In  

l o w  c a l c i u m  w a t e r ,  a n  e n v i r o n m e n t a l l y  r e l e v a n t  

c o n c e n t r a t i o n  o f  10 f ig /L  w a t e r - b o r n e  c a d m i u m  in 

d u c e d  a  s ig n i f i c a n t  a n d  d r a m a t i c  h y p o c a l c e m i a  o n  

d a y s  2 a n d  4 . R e c o v e r y  o f  p l a s m a  c a l c i u m  w a s  o b 

s e r v e d  o n  d a y s  14 a n d  35 . H y p e r m a g n e s e m i a  w a s  

o b s e r v e d  o n  d a y  2 , b u t  n o r m a l  l e v e l s  w e r e  a l r e a d y  

f o u n d  o n  d a y  4. In  h ig h  c a l c i u m  w a t e r  a d a p t e d  f i s h ,  

t h e  e x t e n t  o f  h y p o c a l c e m i a  a n d  h y p e r m a g n e s e m i a  

w a s  le s s  p r o n o u n c e d  t h a n  in f i s h  f r o m  lo w  c a l c i u m  

w a te r .  W a t e r - b o r n e  c a d m i u m  c a u s e d  n o  s ig n i f i c a n t  

c h a n g e s  in  p l a s m a  p h o s p h a t e ,  s o d i u m ,  p o t a s s i u m ,  

o r  o s m o l a l i t y .  O n  d a y s  2 a n d  4 ,  d i e t a r y  c a d m i u m  

( a v e r a g i n g  10 fxg C d / f i s h / d a y )  c a u s e d  h y p e r m a g n e 

s e m i a  a n d  h y p o c a l c e m i a  in  l o w  c a l c i u m  w a t e r -  

a d a p t e d  f i s h .  R e c o v e r y  w a s  o b s e r v e d  o n  d a y s  4 a n d  

14, r e s p e c t i v e l y .  In  f i sh  f r o m  h ig h  c a l c i u m  w a t e r ,  

d i e t a r y  c a d m i u m  c a u s e d  a  s ig n i f i c a n t  r e d u c t i o n  in 

p l a s m a  c a l c i u m  o n  d a y  4 o n l y ;  p l a s m a  m a g n e s i u m  

w a s  u n a f f e c t e d .  H y p e r p h o s p h a t e m i a  w a s  a p p a r e n t  

o n  d a y  14, i r r e s p e c t i v e  o f  t h e  w a t e r  c a l c i u m  c o n 

c e n t r a t i o n .  N o  c h a n g e s  in p l a s m a  s o d i u m ,  p o t a s 

s i u m ,  o r  o s m o l a l i t y  w e r e  f o u n d .

T h e  r e s u l t s  s h o w  t h a t  s u b l e t h a l  c o n c e n t r a t i o n s  o f  

c a d m i u m ,  a d m i n i s t e r e d  v ia  t h e  w a t e r  a s  w e l l  a s  v ia  

t h e  f o o d ,  a f f e c t  c a l c i u m  a n d  m a g n e s i u m  m e t a b o 

l i s m  in  t i l a p ia .  H ig h  w a t e r  c a l c i u m  a m e l i o r a t e s  t h e

A d d r e s s  c o r r e s p o n d e n c e  to  D r. S .  E .  W e n d e l a a r  B o n g a ,  D e p a r t 

m e n t  o f  A n im a l  P h y s io lo g y ,  F a c u l ty  o f  S c i e n c e ,  U n i v e r s i ty  o f  

N i j m e g e n ,  6525  E D  N i j m e g e n ,  T h e  N e t h e r l a n d s .

e f f e c t s  o f  b o t h  w a t e r  a n d  d i e t a r y  c a d m i u m  o n  

p l a s m a  c a l c i u m  a n d  m a g n e s i u m  le v e l s .

A m o n g  t h e  v a r i o u s  h e a v y  m e t a l  p o l l u t a n t s ,  c a d 

m i u m  is f r e q u e n t l y  p r e s e n t  in  n a t u r a l  w a t e r  b o d i e s  

a s  a  r e s u l t  o f  d i s c h a r g e s  f r o m  i n d u s t r i a l  p r o c e s s e s  

o r  o t h e r  a n t h r o p o g e n i c  c o n t a m i n a t i o n .  T h e  h a r m f u l  

e f f e c t s  o f  c a d m i u m  o n  m a m m a l s  a n d  o t h e r  t e r r e s 

t r i a l  a n i m a l s  h a v e  b e e n  w i d e l y  s t u d i e d  a n d  r e 

v i e w e d  ( F l i c k  et al. 1971; V a l le e  a n d  U l m e r  1972; 

W e b b  1979 ; K o r t e  1983 ;  F o u l k e s  1986 ) .  A q u a t i c  

v e r t e b r a t e s  s u c h  a s  f i s h ,  l iv e  in  v e r y  i n t i m a t e  c o n 

t a c t  w i th  t h e  e n v i r o n m e n t  t h r o u g h  t h e i r  g i l ls .  T h i s  

m a k e s  t h e m  v e r y  s u s c e p t i b l e  to  a q u a t i c  p o l l u t a n t s .

S i n c e  it is w e l l  e s t a b l i s h e d  t h a t  f r e s h w a t e r  f i s h  

t a k e  u p  m o s t  o f  t h e  i o n s  n e c e s s a r y  f o r  h o m e o s t a s i s  

f r o m  t h e  w a t e r  v ia  t h e  g il ls  ( E d d y  1982), c a d m i u m -  

i n d u c e d  p l a s m a  io n ic  d i s t u r b a n c e s  a r e  a p p a r e n t l y  

c a u s e d  b y  i m p a i r e d  u p t a k e  a n d  d i f f u s i o n a l  l o s s e s  o f  

io n s  v ia  t h e s e  o r g a n s  ( L a r s s o n  et al. 1981; G i l e s

1984). I o n i c  d i s t u r b a n c e s  h a v e  a l s o  b e e n  r e p o r t e d  

a f t e r  e x p o s u r e  o f  f i s h  t o  s u b l e t h a l  c o n c e n t r a t i o n s  o f  

h e a v y  m e t a l s .  F o r  e x a m p l e ,  c h a n g e s  in  t h e  p l a s m a  

io n ic  c o m p o s i t i o n  h a v e  b e e n  o b s e r v e d  in  f i s h  e x 

p o s e d  to  c o p p e r  a n d  z i n c  ( L e w i s  a n d  L e w i s  1971; 

S p r y  a n d  W o o d  1985), m e r c u r y  ( L o c k  et al. 1981), 

a n d  c h r o m i u m  (V a n  d e r  P u t t e  et al. 1983). W i t h  r e 

s p e c t  to  c a d m i u m ,  e x p o s u r e  o f  r a i n b o w  t r o u t  t o  

s u b l e t h a l  l e v e l s  i n d u c e d  h y p o c a l c e m i a ,  w i t h  r e 

d u c e d  p l a s m a  s o d i u m ,  p o t a s s i u m ,  c h l o r i d e  a n d  i n 

c r e a s e d  p l a s m a  m a g n e s i u m  ( G i l e s  1984). I n  E u r o 

p e a n  f l o u n d e r ,  c a d m i u m - i n d u c e d  h y p o c a l c e m i a  a n d  

e l e v a t e d  l e v e l s  o f  p l a s m a  p h o s p h a t e ,  m a g n e s i u m  

a n d  p o t a s s i u m  w e r e  o b s e r v e d  ( L a r s s o n  et al. 1981).

In  a d d i t i o n  t o  w a t e r ,  f o o d  c o u l d  a l s o  b e  a  s o u r c e  

o f  c a d m i u m  f o r  f i s h ,  s i n c e  it a c c u m u l a t e s  in a q u a t i c  

o r g a n i s m s  t h r o u g h  t r o p h i c  t r a n s f e r s  ( A n o n y m o u s



W a t e r - B o r n e  a n d  D i e t a r y  C d  in F i s h 569

1971; W i l l i a m s  a n d  G i e s y  1978; C o o m b s  1979). I n 

d e e d ,  B r y a n  (1976) c o n c l u d e d  t h a t  f o o d  a s  a  s o u r c e  

o f  Z n ,  M n ,  C o ,  a n d  F e  f o r  m o l l u s c s ,  c r u s t a c e a n s  

a n d  f i s h  w a s  m o r e  i m p o r t a n t  t h a n  w a t e r .  F r o m  

v a r i o u s  s t u d i e s  o n  b o t h  w a t e r - b o r n e  a n d  f o o d - c o n -  

t a in in g  m e t a l s ,  r e v i e w e d  b y  D a l l i n g e r  et al. (1987) ,  

t h e r e  is e v i d e n c e  t h a t  u p t a k e  o f  h e a v y  m e t a l s  s u c h  

as  C d ,  C u ,  C o ,  P b ,  H g ,  a n d  Z n  f r o m  f o o d  is a l s o  th e  

p r e d o m i n a n t  p a t h w a y  in f r e s h w a t e r  Fish. K o y a m a  

a n d  I t a z a w a  (1 9 7 7 )  r e p o r t e d  s i g n i f i c a n t  h y p o c a l 

c e m i a  a n d  e l e v a t e d  p l a s m a  p h o s p h a t e  l e v e l s  in  c a d 

m i u m - f e d  c a r p s .  S im i l a r l y ,  p l a i c e  a n d  t h o r n b a c k  

r a y  b o t h  a c c u m u l a t e d  m o r e  c a d m i u m  f r o m  f o o d  

t h a n  f r o m  s e a w a t e r  ( P e n t r e a t h  1977). I n  g e n e r a l ,  

c a d m i u m  c o n c e n t r a t i o n s  in  n a t u r a l  w a t e r s  a r e  e x 

t r e m e l y  l o w  a n d  a  m o r e  i m p o r t a n t  r o u t e  o f  c a d 

m iu m  u p t a k e  b y  f ish  m a y  b e  r e p r e s e n t e d  v ia  t h e  

g u t .  E x p e r i m e n t s  w i th  d i e t a r y  c a d m i u m  m a y  t h e r e 

f o re  y ie ld  m o r e  r e p r e s e n t a t i v e  i n f o r m a t io n  f o r  f ie ld  

s i t u a t i o n s .

In  t h i s  i n v e s t i g a t i o n ,  w e  h a v e  c o m p a r e d  t h e  e f 

f e c t s  o f  a  s u b l e t h a l  c o n c e n t r a t i o n  o f  c a d m i u m  

a d m i n i s t e r e d  v i a  t h e  w a t e r  o r  v ia  t h e  f o o d  in  t h e  

A f r i c a n  c i c h l i d  f i s h  Oreochromis mossambicus  

( t i l a p i a ) .  P l a s m a  i o n s  a n d  o s m o l a l i t y  w e r e  

d e t e r m i n e d .  C a d m i u m  w a s  a d m i n i s t e r e d  a t  s u b -  

l e t h a l  c o n c e n t r a t i o n s ,  in  t h e  o r d e r  o f  m a g n i t u d e  

t h a t  m a y  o c c u r  in  n a t u r a l  w a t e r s  ( ^ 1 0  [xg C d / L ) .  In  

m a n y  s t u d i e s  a i m e d  a t  e v a l u a t i n g  t h e  e f f e c t s  o f  c a d 

m iu m  o n  f i s h e s ,  h ig h  c o n c e n t r a t i o n s  ( > 1  m g  C d / L )  

o f  c a d m i u m  h a v e  b e e n  u s e d .  H e n c e  s e v e r e  p h y s i o 

l o g i c a l ,  b e h a v i o r a l  a n d  d e t r i m e n t a l  e f f e c t s  h a v e  

b e e n  r e p o r t e d .  S u c h  h ig h  c o n c e n t r a t i o n s  a r e  r a r e l y  

f o u n d  in  n a t u r e ,  e x c e p t  in  c a s e s  o f  s p i l l a g e  o r  

h e a v i l y  p o l l u t e d  w a t e r s .  T h e  W o r k i n g  G r o u p  o n  

C a d m i u m  T o x ic i ty  ( E I F A C  1977) h a s  s u g g e s t e d  t h a t  

c h r o n i c  e x p o s u r e  to  lo w  c a d m i u m  c o n c e n t r a t i o n s  is 

m o r e  r e l e v a n t  to  u n d e r s t a n d i n g  th e  m e c h a n i s m s  in 

v o lv e d  in t h e  i n t o x i c a t i o n  p r o c e s s  in  t e l e o s t  f i sh .

W e  f u r t h e r  s t u d i e d  t h e  i n f l u e n c e  o f  r e l a t i v e ly  lo w  

a n d  h ig h  c a l c i u m  c o n c e n t r a t i o n  o f  t h e  w a t e r  o n  t h e  

t o x i c  e f f e c t s  o f  c a d m i u m .  T h e  e f f e c t s  o f  w a t e r  

h a r d n e s s  ( m a in ly  C a 2+ a n d  M g 2+ io n s )  o n  h e a v y  

m e ta l  t o x i c i t y  h a v e  b e e n  d e m o n s t r a t e d  in  v a r i o u s  

s p e c i e s  o f  t e l e o s t s  ( P a r t  et al. 1985). I n c r e a s e d  t o x 

i c i ty  o f  c a d m i u m  t o  f i s h  in  s o f t  w a t e r  a s  c o m p a r e d  

to  h a r d  w a t e r  h a s  b e e n  d e m o n s t r a t e d  in  c a t f i s h  a n d  

g u p p i e s  ( K i n k a d e  a n d  E r d m a n  1 9 7 5 ) ,  g o l d f i s h  

( M c C a r t y  et al. 1978), s t r i p e d  b a s s  ( P a l a w s k i  et al.

1985), b r o o k  t r o u t  ( C a r r o l l  et al. 1979) a n d  r a i n b o w  

t r o u t  ( C a l a m a r i  et al. 1980; P a s c o  et al. 1986). S i m 

i l a r  o b s e r v a t i o n s  o n  t e l e o s t s  e x p o s e d  t o  z i n c ,  

c o p p e r  a n d  l e a d  ( S i n l e y  et al. 1 9 7 4 ;  Z i t k o  a n d  

C a r s o n  1 9 7 6 ;  J u d y  a n d  D a v i e s  1 9 7 9 ;  L a u r e n  a n d  

M c D o n a l d  1986) i n d i c a t e  a  p r o t e c t i v e  r o l e  o f  c a l 

l a b l e  1. T h e  c o n c e n t r a t i o n  o f  s e v e r a l  e l e c t r o l y t e s  in  m M  o f  

n o r m a l  a n d  h ig h  c a l c i u m  w a t e r ;  P h i n o r g a n i c  p h o s p h a t e

C a 2+ N a + M g 2+ K + Pi

L o w  c a l c i u m  w a t e r  

H ig h  c a l c i u m  w a t e r

0.20
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c i u m  a g a i n s t  t h e  t o x i c  e f f e c t s  o f  h e a v y  m e t a l s .  I t  

w a s  a l s o  i n v e s t i g a t e d  w h e t h e r  t h e  p r o t e c t i v e  e f f e c t  

o f  t h e  w a t e r - c a l c i u m  c o n c e n t r a t i o n  is  l i m i t e d  to  

w a t e r - b o r n e  c a d m i u m  o n ly ,  o r  a l s o  a p p l i e s  to  d i 

e t a r y  c a d m i u m .

Materials and Methods

F r e s h w a t e r  a c c l i m a t e d  l a b o r a t o r y  s t o c k  o f  m a le  Oreochromis 

mossambicus ( t i la p ia )  r a n g in g  f r o m  1 2 - 1 4  c m  in to t a l  l e n g th  a n d  

a  b o d y  w e i g h t  o f  16 t o  25 g  w e r e  u s e d  in  t h e  p r e s e n t  s t u d y .  

F i s h e s  w e r e  m a i n t a i n e d  in 100 L  a q u a r i a  w i th  c o n t i n u o u s  a e r a 

t i o n  a n d  c i r c u l a t i n g  f i l t e r e d  w a t e r ,  p H  7 .4  (3 6 0  L / h r ,  E h e i m  

p u m p s  10 21) a t  28°C  o n  a  d a i ly  12 h r  p h o t o p e r i o d .

Experimental Design

F is h  w e r e  d i v i d e d  in to  s ix  g r o u p s ,  t h r e e  o f  w h i c h  w e r e  k e p t  in 

lo w  c a l c i u m  w a t e r  (0 .2  m M  C a 2 + ), a n d  t h r e e  in  h ig h  c a l c i u m  

w a t e r  (0 .8  m M  C a 2 + ). F i s h  s t o c k  w a s  k e p t  a t  0 .8  m M  C a 2+ in 

t a p w a t e r .  T h r e e  w e e k s  b e f o r e  th e  s t a r t  o f  t h e  e x p e r i m e n t s  th e  

f ish  w e r e  t r a n s f e r r e d  to  a r t i f ic ia l  f r e s h w a t e r  o f  a  s i m i l a r  c o m p o 

s i t io n  a s  t h e  t a p w a t e r ,  p r e p a r e d  a c c o r d i n g  to  F l ik  et al. (1 9 8 5 a ) .  

A d a p t a t i o n  o f  f i sh  to  w a t e r  o f  0 .2  m M  C a 2+ w a s  p e r f o r m e d  b y  

g r a d u a l  r e d u c t i o n  o f  t h e  w a t e r  c a l c i u m  c o n c e n t r a t i o n  d u r i n g  o n e  

w e e k ,  f o l lo w e d  b y  a  p e r i o d  o f  t w o  w e e k s  in  lo w  c a l c i u m  w a t e r  

b e f o r e  th e  s t a r t  o f  th e  e x p e r i m e n t .  T h e  c o n c e n t r a t i o n s  o f  s e v e r a l  

e l e c t r o l y t e s  o f  lo w  a n d  h ig h  c a l c iu m  w a t e r  a r e  s h o w n  in T a b le  1. 

T h e  f ish  w e r e  e x p o s e d  to  e i t h e r  10 fig C d / L  o f  a m b i e n t  w a t e r  o r  

w e r e  fed  C d - c o n t a i n i n g  fo o d  a v e r a g i n g  10 fig C d / f i s h /d a y .  T h e  

e x p e r i m e n t a l  s e t - u p  a n d  c a d m i u m  e x p o s u r e  w e r e  a s  fo l lo w s :

a .  g r o u p  1: lo w  c a l c i u m  w a t e r  c o n t a i n i n g  10 fig  C d / L ;

b .  g r o u p  2: h ig h  c a l c i u m  w a t e r  c o n t a i n i n g  10 fig  C d / L ;

c .  g r o u p  3: lo w  c a l c i u m  w a t e r ,  10 fig  C d / f i s h / d a y  v ia  t h e  f o o d ;

d . g r o u p  4: h ig h  c a l c i u m  w a t e r ,  10 fig  C d / f i s h / d a y  v ia  t h e  f o o d ;

e .  g r o u p  5: lo w  c a l c i u m  c o n t r o l ;

f. g r o u p  6 : h ig h  c a l c i u m  c o n t r o l .

C a d m i u m  w a s  a d m i n i s t e r e d  t o  w a t e r  f r o m  a  s t o c k  s o l u t i o n  o f  

1 ,000 (xg C d / L  ( C d ( N 0 3)2; R C B ,  B r u x e l l e s ) .  T h e  c a d m i u m  c o n 

c e n t r a t i o n  in  all t a n k s  w a s  m o n i t o r e d  d a i ly  in  a  V i d e o  11 A t o m i c  

A b s o r p t i o n  S p e c t r o p h o t o m e t e r  ( A A S  T h e r m o  J a r r e l l  A s h  U S A )  

a t  2 2 8 .8  n m ,  f i t t e d  w i th  a  F u r n a c e  A e r o s o l  S a m p l i n g  T e c h n i q u e  

w i th  A u t o m a t i c  C a l i b r a t i o n  ( I L  F A S T A C  II™ ) a n d  F u r n a c e  A t 

o m i z e r  M o d e l  I L  655 . T h e  a q u a r i u m  w a t e r  w a s  c h a n g e d  t w i c e  a  

w e e k .

F o o d  w a s  p r e p a r e d  a s  a  m i x t u r e  c o n t a i n i n g  T e t r a m i n  t r o p i c a l  

f ish  f o o d  (5 % ) ,  g e l a t in  (5 % )  a n d  a g a r  (1 % ) ,  d i s s o l v e d  in w a r m  

d i s t i l l e d  w a t e r .  C a d m i u m  w a s  b l e n d e d  in to  th i s  m i x t u r e  g iv in g  a  

f in a l  c o n c e n t r a t i o n  o f  10 m g  C d /k g  o f  fo o d  f o r  o r a l  a d m i n i s t r a 

t i o n  to  g r o u p s  3 a n d  4 . S a m p l e s  f r o m  th is  f o o d  w e r e  d i g e s t e d  in
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c o n c e n t r a t e d  H N 0 3 a t  6 0°C , a n d  th e  c a d m i u m  c o n c e n t r a t i o n  d e 

t e r m i n e d .  T h e  r e s u l t s  s h o w e d  th a t  th e  a c t u a l  c o n c e n t r a t i o n s  d id  

n o t  d e v i a t e  m o r e  t h a n  2% o f  th e  c a l c u l a t e d  c a d m i u m  c o n c e n t r a 

t io n .  F i s h  w e r e  d a i ly  fed  a t  a  r a t io n  o f  5 %  o f  t h e i r  to ta l  b o d y  

w e i g h t .  P e r  20 g f i sh ,  th is  a m o u n t e d  to  a p p r o x i m a t e l y  10 fig C d /  

f ish .  G r o u p  1, 2 , 5 , a n d  6 w e r e  fed  s im i la r  c a d m i u m - f r e e  fo o d .  

F i s h  w e r e  fed  tw i c e  d a i ly  a n d  fo o d  w a s  r e a d i ly  e a t e n .  C a r e  w a s  

t a k e n  to  d i s t r i b u t e  th e  fo o d  e v e n l y  o v e r  th e  f ish .  A f t e r  f e e d in g ,  

f a e c e s  w e r e  s i p h o n e d  o f f  f r o m  th e  b o t t o m  o f  th e  t a n k .  In g r o u p s  

3 a n d  4 ,  th e  w a t e r  c a d m i u m  c o n c e n t r a t i o n s  a v e r a g e d  0 .2 7  ±  0 .0 4  

fig  C d / L ,  i n d ic a t in g  m i n i m u m  lo s s  o f  c a d m i u m  f ro m  th e  fo o d .

Sampling and Analytical Procedure

F is h  f r o m  e a c h  t a n k  w e r e  s a m p l e d  a f t e r  2, 4 ,  14, a n d  35 d a y s .  

T h e  f ish  w e r e  s l ig h t ly  a n a e s t h e t i z e d  in 0 .2 %  2 - p h e n o x y e t h a n o l ,  

b r ie f ly  b lo t t e d  d ry ,  a n d  th e  b o d y  w e ig h t  w a s  r e c o r d e d .  T h e  b lo o d  

w a s  c o l l e c t e d  f r o m  th e  c a u d a l  v e s s e l s  in h e p a r i n i z e d  m i c r o h a e -  

m a t o c r i t  c a p i l l a r i e s .  A f t e r  c e n t r i f u g a t i o n  p l a s m a  w a s  c o l l e c t e d  

a n d  t h e  o s m o l a l i t y  d e t e r m i n e d  o n  a V o g e l  O s m o m e t e r .  T h e  

p l a s m a  s a m p l e s  w e r e  s t o r e d  a t  - 2 0 ° C  fo r  f u r t h e r  a n a l y s i s  o f  th e  

p l a s m a  io n s .  T o ta l  p l a s m a  c a l c i u m  w a s  d e t e r m i n e d  s p e c t r o p h o -  

t o m e t r i c a l l y  b y  a  c r e s o l p t h a l e i n  c o m p l e x o n e  m e t h o d  ( S i g m a  

d i a g n o s t i c s ) .  P l a s m a  m a g n e s i u m  (2 8 5 .2 1  n m )  a n d  p h o s p h a t e  

(1 7 7 .5  n m )  w e r e  m e a s u r e d  b y  I n d u c t i v e l y  C o u p l e d  P l a s m a  

A t o m i c  E m i s s i o n  S p e c t r o m e t e r  ( P l a s m a  1L 200 , T h e r m o  E l e c 

t r o n ,  U S A ) .  P l a s m a  s o d i u m  a n d  p o t a s s i u m  w e r e  m e a s u r e d  b y  

f l a m e  p h o t o m e t e r  ( M o d e l  IV  A u t o - a n a l y z e r .  T e c h n i c o n ) .  S in c e  

n o  s ig n i f i c a n t  d i f f e r e n c e  b e t w e e n  th e  r e s p e c t i v e  c o n t r o l s  w a s  

o b s e r v e d ,  all d a t a  w e r e  p o o l e d  fo r  s t a t i s t i c a l  e v a l u a t i o n .  T h e  

d a t a  f o r  c o n t r o l  a n d  e x p e r i m e n t a l  g r o u p s  w e r e  a n a l y z e d  f o r  s t a 

t i s t i c a l  s ig n i f i c a n c e  b y  a n a l y s i s  o f  v a r i a n c e  ( A N O V A )  a n d  S t u 

d e n t ’s t - t e s t  a t  t h e  5% l e v e l .

Results

D u r i n g  t h e  3 5 - d a y  e x p e r i m e n t a l  p e r i o d ,  s y m p t o m s  

o f  c a d m i u m  p o i s o n i n g  s u c h  a s  r e s p i r a t o r y  i m p a i r 

m e n t ,  t e t a n i c  s e i z u r e s  a n d  c h a n g e s  in s w i m m i n g  o r  

f e e d i n g  a c t i v i t y  w e r e  n o t  o b s e r v e d  in t i l a p ia .  N o  

m o r t a l i t y  o c c u r r e d  d u r i n g  t h e  e x p e r i m e n t .  R e s u l t s  

o n  t h e  e f f e c t s  o f  w a t e r - b o r n e  a n d  d i e t a r y  c a d m i u m  

o n  p l a s m a  io n s  a n d  o s m o l a l i t y  a r e  g iv e n  in T a b le  2.

Calcium

E x p o s u r e  o f  t i l a p i a  to  c a d m i u m  v ia  a m b i e n t  w a t e r  

o r  f o o d  c a u s e d  a  s ig n i f i c a n t  d e c r e a s e  in  t h e  p l a s m a  

c a l c i u m  l e v e l s .  T h e  h y p o c a l c e m i a  w a s  m o r e  p r o m i 

n e n t  w h e n  c a d m i u m  w a s  a d m i n i s t e r e d  v i a  t h e  w a t e r  

t h a n  v i a  t h e  f o o d .  F o l l o w i n g  2 a n d  4 d a y s  o f  e x p o 

s u r e ,  t h e  r e d u c t i o n  o f  p l a s m a  c a l c i u m  a m o u n t e d  to

4 0 %  a n d  3 1 % ,  r e s p e c t i v e l y ,  in f i s h  a d a p t e d  to  lo w  

c a l c i u m  w a t e r  ( g r o u p  1), a n d  to  3 2 %  a n d  2 0 %  in 

h ig h  c a l c i u m  w a t e r  ( g r o u p  2). R e d u c t i o n  o f  p l a s m a  

c a l c i u m  w a s  a l s o  o b s e r v e d  o n  d a y s  2 (2 2 % )  a n d  4 

(2 5 % )  in g r o u p  3, w h e r e  c a d m i u m  w a s  a d m i n i s t e r e d  

v ia  t h e  f o o d  in lo w  c a l c i u m  w a t e r  a c c l i m a t e d  f i s h ,  

b u t  n o t  in  f i s h  in  h ig h  c a l c i u m  w a t e r  ( g r o u p  4). 

A f t e r  14 d a y s ,  t h e  p l a s m a  c a l c i u m  l e v e l s  o f  all f i sh  

s h o w i n g  h y p o c a l c e m i a  a t  d a y s  2 a n d  4 ( i .e .  g r o u p s  

1, 2 a n d  3) ,  w e r e  b a c k  t o  n o r m a l .  T h e r e a f t e r ,  n o  

c h a n g e s  o c c u r r e d  in p l a s m a  c a l c i u m  le v e l s .

Magnesium

W a t e r - b o r n e  c a d m i u m  c a u s e d  h y p e r m a g n e s e m i a  in 

t i l a p i a  a d a p t e d  to  lo w  a n d  h ig h  c a l c i u m  w a t e r .  A f t e r

2 d a y s  t h e  p l a s m a  m a g n e s i u m  in g r o u p  1 i n c r e a s e d  

b y  9 6 % ,  a n d  in g r o u p  2 b y  3 7 % .  C a d m i u m  v ia  t h e  

f o o d  c a u s e d  a  5 2 %  i n c r e a s e  in p l a s m a  m a g n e s i u m  

in t i l a p i a  a d a p t e d  to  n o r m a l  c a l c i u m  w a t e r  ( g r o u p

3). O n  d a y s  4 ,  14 a n d  35 t h e  p l a s m a  m a g n e s i u m  

l e v e l s  w e r e  n o  l o n g e r  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  

th e  c o n t r o l s .  C a d m i u m  f e d  t i l a p i a  in  h ig h  c a l c i u m  

w a t e r  ( g r o u p  4) d id  n o t  s h o w  c h a n g e s  in  t h e  p l a s m a  

m a g n e s i u m  l e v e l s ,  n e i t h e r  d u r i n g  s h o r t - t e r m  (2 a n d  

4 d a y s )  n o r  d u r i n g  l o n g - t e r m  (14  a n d  35 d a y s )  e x p o 

s u r e .

Phosphate

E x p o s u r e  to  w a t e r - b o r n e  c a d m i u m  h a d  n o  e f f e c t  o n  

p l a s m a  p h o s p h a t e .  H o w e v e r ,  h y p o p h o s p h a t e m i a  

w a s  o b s e r v e d  in t h e  c a d m i u m - f e d  f i s h  in  b o t h  t h e  

lo w  a n d  h ig h  c a l c i u m  a d a p t e d  t i l a p i a  (T a b le  2).

Sodium , Potassium and Osmolality

E x p o s u r e  to  w a t e r - b o r n e  o r  d i e t a r y  c a d m i u m  h a d  

n o  s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t s  o n  e i t h e r  p l a s m a  

s o d i u m  a n d  p o t a s s i u m  l e v e l s  o r  p l a s m a  o s m o l a l i t y  

in  b o t h  t h e  lo w  c a l c i u m  a n d  h ig h  c a l c i u m  a d a p t e d  

f i s h  (T a b le  2).

Discussion

Water-borne Cadmium

In  l o w  c a l c i u m  w a t e r  a c c l i m a t e d  f i s h ,  s h o r t - t e r m  

e x p o s u r e  t o  10  [Jig C d / L  in t h e  w a t e r  i n d u c e d  s ig n i f i 

c a n t  h y p e r m a g n e s e m i a  a n d  h y p o c a l c e m i a .  R e 

c o v e r y  w a s  o b s e r v e d  o n  d a y  4  f o r  m a g n e s i u m ,  a n d  

o n  d a y  14 f o r  c a l c i u m ,  a n d  n o  f u r t h e r  d i s t u r b a n c e s
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Table 2 . Effects of sublethal concentrat ions of water  borne cadmium (Cd water) or  dietary cadmium (Cd food) on plasma ions (mmol/ L) 

and osmolality (mosmol/ L) in Oreochrom is m ossam bicus adapted to water  with low calcium (low Ca) or  high calcium (high Ca) con cen 

trations. Mean ± SD

Io n s n d a y s

lo w

C a /C d

w a t e r

h igh

C a /C d

w a t e r

lo w

C a / C d

fo o d

h igh

C a / C d

fo o d

lo w

C a

c o n t r o l

h ig h

C a

c o n t r o l

10 2 1.44

***

0 .0 8 1.65 ±

***

0 .0 9 1.88 ±

***

0 .11 2 .3 7 ± 0 .1 3 2.41 0 .1 6 2 .43 ± 0 .0 9

C a l c iu m
10 4 1.76 ±

***

0 .0 9 1.93 ±

***

0 .1 4 1.92 ±

***

0 .1 6 2 .0 6 ±

**

0 .1 3 2 .5 6 ± 0 .1 7 2.41 ± 0 .12

10 14 2 .55 ± 0 .1 4 2 .4 8 ± 0 .1 5 2 .4 5 Hh 0 .1 6 2.41 ± 0 .0 7 2 .5 2 ■± 0 .22 2 .4 5 ± 0 .10

5 35 2 .3 2 ± 0 .10 2 .5 5 ± 0.41 2 .2 4 0 .3 2 2 .4 0 ± 0 .5 8 2 .4 8 0 .1 6 2 .3 9 ± 0 .1 3

10 2 1.04 ±

***

0.20 0.81 ±

*

0 .0 9 0.81 ±

**

0 .0 6 0 .6 3 ± 0 .1 3 0 .5 3 0 .0 6 0 .5 9 ± 0 .11

M a g n e s i u m
10 4 0 .6 4 ± 0 .12 0 .6 7 ± 0 .12 0 .5 8 ± 0 .0 8 0 .6 4 ± 0 .11 0 .5 6 0 .0 6 0.61 ± 0 .10

10 14 0 .6 0 ± 0.20 0 .5 8 ± 0 .0 4 0 .5 9 0 .12 0 .5 5 ± 0 .1 7 0.51 ± 0 .1 4 0 .5 7 ± 0 .11

5 35 0 .5 8 ± 0 .0 5 0 .5 8 ± 0 .1 8 0.66 ± 0 .1 4 0 .5 9 ± 0 .11 0.51 0 .12 0 .6 4 ± 0 .0 9

10 2 5 .9 4 ± 0 .6 7 5 .3 2 0 .8 4 6 .3 6 ± 1.31 5 .6 2 ± 0 .7 7 6 .0 6 ■± 0 .8 9 6 .0 7 ± 0 .66

P h o s p h a t e 10 4 5 .6 0 ± 0 .7 4 5 .9 2 ± 0.68 6 .0 5 0 .7 2 6.91 ± 0 .6 4 5 .8 6 ■± 0.71 6 .1 3 ± 0 .4 7

( to ta l )

10 14 5 .7 6 ± 1.15 5 .9 6 ± 0 .6 7 7 .3 6 ±

**

0 .7 5 7 .2 8

*

1.33 5.71 ± 0 .6 3 5 .8 4 ± 0 .5 5

5 35 5 .2 9 ± 0 .8 4 5 .5 4 1.45 6 .9 8 ± 1.87 6 .9 4 ± 1.43 5 .8 4 0 .6 7 6.02 ± 0 .4 7

10 2 142.7 ± 13.7 139.0 ± 12.8 136.1 ± 12.8 144.7 ± 17.4 139.1 ■± 12.2 141.7 ± 13.2

S o d i u m
10 4 138.9 13.5 129.4 8 .7 135.4 ± 9 .4 147.0 16.2 145.5 18.0 135 .9 ± 12.3

10 14 131.0 ± 9 .0 137.8 ± 7 .0 2 141.8 8 .4 161.8 12.4 138 .4 ± 8 .9 148 .6 ± 14.8

5 35 128.2 11.2 138.2 ± 13.9 162.8 ± 12.2 161.4 ± 13.3 139 .6 19.4 141 .2 ± 11.5

5 2 6.11 ± 1.17 5 .7 7 ± 0 .9 6 5.51 ± 1.34 5 .5 7 ± 1.27 6 .1 8 ± 1.31 6 .4 5 ± 0 .9 8

P o t a s s i u m
5 4 7 .3 8 ± 0.81 6 .5 4 ± 1.04 7 .0 8 0 .4 9 6 .3 6 ± 0 .6 5 6 .7 2 ± 0 .4 8 6 .1 3 0 .51

10 14 7 .2 5 ± 1.86 8 .23 Hh 1.29 6.51 1.31 8 .2 7 ± 2 .3 9 7 .1 4 ± 0 .3 3 7 .4 6 ± 1.47

5 35 8 .4 4 ± 1.81 7 .9 2 + 1.31 7 .3 4 ± 1.81 6.71 ± 1.31 7.61 1.44 7 .8 3 1.41

10 2 3 3 2 .9 ± 13.1 3 2 5 .9 ± 12.8 333.1 ± 18.4 3 2 2 .0 ± 12.6 3 1 8 .0 ± 11.0 3 2 2 .8 ± 16.2

O s m o l a l i t y
10 4 3 2 9 .5 ± 10.0 3 3 4 .9 ± 14.1 3 4 1 .8 ± 19.1 328.1 ± 15.2 3 2 9 .4 ■± 12.4 3 3 1 .7 ± 13.5

10 14 3 1 0 .6 ± 20.2 3 1 4 .2 ± 15.9 3 2 4 .0 ± 11.3 3 1 3 .8 ± 6.2 3 1 5 .5 ■± 7 .0 3 1 9 .4 ± 14.4

5 35 3 1 8 .7 16.2 3 2 3 .9 ± 8.2 3 2 6 .0 ± 10.2 3 4 4 .0 ± 14.1 3 3 1 .5 ± 8.6 341 .1 ± 16.2

Levels of significance (ANOVA), *p <  0 .0 5 , **p <  0 .0 1 , ***p <  0.001

o f  t h e s e  i o n s  w e r e  o b s e r v e d  o n  f u r t h e r  e x p o s u r e  f o r  

35 d a y s .  N o  s i g n i f i c a n t  c h a n g e s  in  o t h e r  e l e c t r o 

l y t e s  o r  in  p l a s m a  o s m o l a l i t y  w e r e  f o u n d .  I t  is  

t h e r e f o r e  i n d i c a t e d  t h a t  s h o r t - t e r m  e x p o s u r e  o f  ti- 

l a p i a  in  l o w  c a l c i u m  w a t e r  to  t h e  r e l a t i v e l y  l o w  c o n 

c e n t r a t i o n  o f  10 fig  C d / L ,  w h i c h  h a s  b e e n  r e p o r t e d  

to  o c c u r  in  p o l l u t e d  f r e s h w a t e r  b o d i e s ,  c a u s e s  o n l y  

a  t r a n s i e n t  i m b a l a n c e  o f  t h e  d i v a l e n t  c a t i o n s .  L i t t l e  

i n f o r m a t i o n  o n  t h e  e f f e c t s  o f  s h o r t - t e r m  e x p o s u r e  to  

s u b l e t h a l  c o n c e n t r a t i o n s  o f  c a d m i u m  o n  t h e  o s -  

m o i o n i c  r e g u l a t i o n  o f  t e l e o s t s  is  k n o w n  to  u s .  R e 

d u c e d  p l a s m a  c a l c i u m  a n d  i n c r e a s e d  p l a s m a  m a g 

n e s i u m  l e v e l s  h a v e  b e e n  o b s e r v e d  in  E u r o p e a n  

f l o u n d e r s  a f t e r  a  f o u r  w e e k  e x p o s u r e  t o  w a t e r  c o n 

t a i n in g  5 - 5 0 0  |xg C d / L  ( L a r s s o n  et al. 1981) a n d  in 

r a i n b o w  t r o u t  a f t e r  e x p o s u r e  to  6 .4  p,g C d / L  f o r  3 

d a y s  ( G i l e s  1984). R e c o v e r y  a s  o b s e r v e d  f o r  c a d 

m i u m  h a s  a l s o  b e e n  r e p o r t e d  f o r  r a i n b o w  t r o u t  e x 

p o s e d  f o r  331 d a y s  to  c o p p e r ,  a t  a  w a t e r  c o n c e n t r a 

t i o n  o f  55 fxg C u / L  ( M c K i m  et al. 1970). S im i la r ly ,  

L a u r e n  a n d  M c D o n a l d  (1 98 7 )  r e p o r t e d  a n  a p p a r e n t  

r e c o v e r y  o f  w h o l e  b o d y  c a l c i u m ,  s o d i u m  a n d  p o t a s 

s i u m  i o n s ,  28  d a y s  a f t e r  e x p o s u r e  t o  55 jxg C u / L  in  

r a i n b o w  t r o u t  (1 m M  C a 2 + ).

S i m i l a r  t o  t i l a p i a  f r o m  l o w  c a l c i u m  w a t e r ,  f i s h  

f r o m  h ig h  c a l c i u m  w a t e r  s h o w e d  s i g n i f i c a n t  h y p o 

c a l c e m i a  a n d  h y p e r m a g n e s e m i a  a f t e r  s h o r t - t e r m  

e x p o s u r e  to  10 fig  C d / L  in  t h e  w a t e r .  T h e  m a g n i 

t u d e  o f  t h i s  d i s t u r b a n c e  w a s  l e s s  in  t h e  h ig h  c a l c i u m  

w a t e r  a c c l i m a t e d  f i s h ,  t h a n  in  t h e  f i s h  f r o m  l o w  c a l 

c i u m  w a t e r .  T h e  p r o t e c t i v e  e f f e c t  o f  c a l c i u m  t o  

t o x i c  m e t a l s  in  t h e  w a t e r  h a s  b e e n  d e s c r i b e d  b e f o r e  

f o r  v a r i o u s  m e t a l s .  F o r  e x a m p l e ,  w h e n  r a i n b o w  

t r o u t  w e r e  e x p o s e d  t o  c a d m i u m  in  w a t e r  c o n t a i n i n g  

0 .1 2 5 ,  0 .5  a n d  8 .0  m M  C a 2 + , r e s p e c t i v e l y ,  c a d m i u m  

t o x i c i t y  ( e x p r e s s e d  a s  48 h r  L C 5 0 )  d e c r e a s e d  w i t h
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i n c r e a s i n g  h a r d n e s s  ( C a l a m a r i  ct al. 1980). C a d 

m i u m  t o x i c i t y  w a s  a b o u t  s e v e n - f o l d  l o w e r  in  t h e  

h a r d w a t e r  a c c l i m a t e d  f ish  (8 .0  m M  C a 2 + ) t h a n  in 

f i sh  f r o m  w a t e r  c o n t a i n i n g  0 .5  m M  C a 2 + . I n c r e a s e d  

m o r t a l i t y  w a s  o b s e r v e d  in t h e  l a r v a e  a n d  j u v e n i l e s  

o f  s t r i p e d  b a s s  e x p o s e d  to  c a d m i u m  in s o f t  w a t e r ,  

w h e r e a s  in h a r d w a t e r  c a d m i u m  t o x i c i t y  a n d  u p t a k e  

w a s  r e d u c e d  ( P a l a w s k i  et al. 1985; W r ig h t  et al.

1985). S im i l a r  e f f e c t s  o f  w a t e r  h a r d n e s s  o n  r a i n b o w  

t r o u t  e x p o s e d  to  c o p p e r  ( L a u r e n  a n d  M c D o n a l d

1986) a n d  z i n c  ( B r a d l e y  a n d  S p r a g u e  1985) h a v e  

b e e n  r e p o r t e d .  In  a d d i t i o n  to  c a d m i u m - i n d u c e d  h y 

p o c a l c e m i a ,  h y p e r m a g n e s e m i a  w a s  g r e a t e r  in  th e  

lo w  C a  w a t e r  t i l a p ia  t h a n  in t h o s e  f r o m  h ig h  c a l 

c i u m  w a te r .  I n c r e a s e d  p l a s m a  m a g n e s i u m  w a s  a l s o  

f o u n d  to  o c c u r  in c a d m i u m  e x p o s e d  r a i n b o w  t r o u t  

( R o c h  a n d  M a l y  1 9 7 9 )  a n d  E u r o p e a n  f l o u n d e r  

( L a r s s o n  et al. 1981). T h e s e  f i n d i n g s  a n d  t h o s e  

m e n t i o n e d  a b o v e  c l e a r ly  d e m o n s t r a t e  t h e  p r o t e c 

t i v e  e f f e c t  o f  c a l c i u m  in m e ta l  to x ic i ty .

N o t a b l e  c h a n g e s  in t h e  c o n c e n t r a t i o n s  o f  p l a s m a  

p h o s p h a t e ,  s o d i u m ,  p o t a s s i u m  a n d  o s m o l a l i t y  w e r e  

n o t  o b s e r v e d .  H ig h  C d  c o n c e n t r a t i o n s  a r e  k n o w n  

to  i n c r e a s e  t h e  i o n i c  p e r m e a b i l i t y  o f  t h e  p l a s m a  

m e m b r a n e  o f  t h e  b l o o d  c e l l s  ( P l i s h k e r  1 9 8 4 ;  

S 0 r e n s e n  et al. 1985).  F o r  p l a s m a  s o d i u m ,  c o n 

f l i c t in g  r e s u l t s  o n  t h e  e f f e c t s  o f  c a d m i u m  h a v e  b e e n  

r e p o r t e d  f o r  d i f f e r e n t  f r e s h w a t e r  a n d  m a r i n e  te -  

l e o s t s .  L a r s s o n  et al. ( 1 9 7 6 )  s h o w e d  i n c r e a s e d  

p l a s m a  s o d i u m  le v e l s  in f l o u n d e r  e x p o s e d  to  c a d 

m i u m  f o r  15 d a y s ,  w h i l e  in a  f o l lo w in g  s t u d y  o n  th e  

s a m e  s p e c i e s  n o  c h a n g e s  w e r e  o b s e r v e d  in p l a s m a  

s o d i u m  o r  o s m o l a l i t y  a f t e r  4 a n d  9 w e e k s  o f  e x p o 

s u r e  ( L a r s s o n  et al. 1981). In  b r o o k  t r o u t ,  e x p o s u r e  

to  c a d m i u m  s ig n i f i c a n t ly  i n c r e a s e d  p l a s m a  c h l o r i d e  

l e v e l s  b u t  h a d  n o  e f f e c t  o n  p l a s m a  s o d i u m  ( C h r i s 

t e n s e n  et al. 1977) ,  w h e r e a s  r e d u c e d  p l a s m a  s o 

d i u m  w a s  r e p o r t e d  f o r  c a d m i u m - e x p o s e d  g o ld f i s h  

( M c C a r t y  a n d  H o u s t o n  1976). T h e  r e p o r t e d  d i f f e r 

e n c e s  in  t h e  e f f e c t s  o f  w a t e r - b o r n e  c a d m i u m  o n  t h e  

m o n o v a l e n t  p l a s m a  io n s  a m o n g  t e l e o s t  c o u l d  b e  a t 

t r i b u t e d  to  s p e c i e s  d i f f e r e n c e s  in s e n s i t i v i t y ,  a n d  to  

d i f f e r e n c e s  in t h e  c o n c e n t r a t i o n  o f  c a d m i u m  u s e d .  

O u r  d a t a  s h o w  t h a t  t h e  d i v a l e n t  c a t i o n s  a r e  a f f e c t e d  

a t  l o w e r  c a d m i u m  c o n c e n t r a t i o n s  t h a n  t h e  m o n o v a 

l e n t  i o n s .

Dietaiy Cadmium

O r a l  a d m i n i s t r a t i o n  o f  a b o u t  10 jxg C d / f i s h / d a y  to  

t i l a p i a  in  l o w  c a l c i u m  w a t e r  r e d u c e d  p l a s m a  c a l 

c i u m .  I n  c a r p  a n d  m a m m a l s ,  o r a l  a d m i n i s t r a t i o n  o f  

c a d m i u m  w a s  a l s o  f o u n d  t o  c a u s e  a  d e c r e a s e  in  

p l a s m a  c a l c i u m  ( K e n n e d y  1966; K o y a m a  a n d  I t a -

z a w a  1977). W e  f u r t h e r  o b s e r v e d  i n c r e a s e d  p l a s m a  

m a g n e s i u m  l e v e l s .  T h u s ,  in  t i l a p i a ,  d i e t a r y  a n d  

w a t e r - b o r n e  c a d m i u m  h a v e  t h e  s a m e  e f f e c t s  o n  

p l a s m a  c a l c i u m  a n d  m a g n e s i u m  l e v e l s .  W e  s u g g e s t  

t h a t  d i e t a r y  c a d m i u m  c i r c u l a t e s  t h r o u g h  t h e  b l o o d  

a n d  a f f e c t s  t h e  g i l l s  a n d  o t h e r  o s m o r e g u l a t o r y  

o r g a n s  in  a  s im i l a r  w a y  a s  c a d m i u m  p r e s e n t  in  t h e  

w a t e r .  T h i s  is c o n s i s t e n t  w i th  o b s e r v a t i o n s  o f  R o w e  

a n d  M a s s a r o  (1 9 7 4 ) ,  w h o  s h o w e d  t h a t  a f t e r  a n  in- 

t r a g a s t r i c  d o s e  o f  r a d i o a c t i v e  c a d m i u m  to  w h i t e  

c a t f i s h  c a d m i u m  w a s  a l s o  p r e s e n t  in  t h e  s k in  a n d  

g il ls .  It is w e l l  e s t a b l i s h e d  t h a t  g i l ls ,  g u t  a n d  k i d n e y s  

a r e  i n v o l v e d  in c a l c i u m  a n d  m a g n e s i u m  h a n d l i n g  in 

f i s h  ( M a y e r - G o s t a n  et al. 1 9 8 3 ;  B j o r n s s o n  a n d  

N i l s s o n  1985; F l ik  et al. 1985a) .

W h e n  t h e  s a m e  a m o u n t  o f  c a d m i u m  a s  a d m i n i s 

t e r e d  to  f i s h  f r o m  lo w  c a l c i u m  w a t e r  w a s  f e d  to  f i s h  

in  h ig h  c a l c i u m  w a t e r ,  o n l y  s l ig h t  h y p o c a l c e m i a  a n d  

h y p e r m a g n e s e m i a  w a s  o b s e r v e d .  T h u s ,  n o t  o n l y  

t h e  e f f e c t s  o f  w a t e r - b o r n e ,  b u t  a l s o  t h o s e  o f  d i e t a r y  

c a d m i u m  a r e  a m e l i o r a t e d  b y  t h e  c a l c i u m  c o n c e n 

t r a t i o n  o f  t h e  w a t e r .

S o d i u m ,  p o t a s s i u m ,  a n d  o s m o l a l i t y  o f  t h e  b l o o d  

p l a s m a  w e r e  n o t  s i g n i f i c a n t l y  a f f e c t e d  b y  d i e t a r y  

c a d m i u m .  S i m i l a r  to  w a t e r - b o r n e  c a d m i u m ,  d i e t a r y  

c a d m i u m  s p e c i f i c a l l y  a f f e c t s  t h e  d i v a l e n t  c a t i o n s  

a n d  n o t  t h e  m o n o v a l e n t  c a t i o n s  a t  t h e  l o w  c a d m i u m  

c o n c e n t r a t i o n s  u s e d .

H o w e v e r ,  a  s u b s t a n t i a l  d i f f e r e n c e  b e t w e e n  t h e  

e f f e c t s  o f  w a t e r - b o r n e  a n d  d i e t a r y  c a d m i u m  w a s  

o b s e r v e d :  p l a s m a  p h o s p h a t e  l e v e l s ,  w h i c h  w e r e  u n 

a f f e c t e d  in  f i s h  e x p o s e d  to  c a d m i u m  in  t h e  w a t e r ,  

s i g n i f i c a n t ly  i n c r e a s e d  in  f i s h  r e c e i v i n g  c a d m i u m  

v ia  t h e  f o o d .  S i n c e  it is d i f f i c u l t  t o  i m a g i n e  t h a t  t h e  

p r e s e n c e  o f  c a d m i u m  in  t h e  f o o d  s t i m u l a t e s  i n t e s 

t in a l  p h o s p h a t e  u p t a k e ,  s u c h  a n  i n c r e a s e  is  p o s s i b l y  

c a u s e d  b y  m i n e r a l  m o b i l i z a t i o n  f r o m  t h e  b o n e .  N o  

c o n c u r r e n t  i n c r e a s e  o f  p l a s m a  p h o s p h a t e  w a s  o b 

s e r v e d  w h e n  c a d m i u m  w a s  a d m i n i s t e r e d  v i a  t h e  

w a t e r .  In  c o n t r a s t  t o  c a l c i u m ,  m a g n e s i u m ,  s o d i u m  

o r  p o t a s s i u m  e n t e r i n g  t h e  b o d y  v i a  b o t h  t h e  g i l ls  

a n d  g u t  o f  t i l a p i a ,  p h o s p h a t e  is  a b s o r b e d  e x c l u 

s iv e ly  v i a  t h e  g u t  ( F l ik  et al. 1 9 8 5 b ) .  I n  m a m m a l s ,  

c a l c i u m  a n d  p h o s p h a t e  h o m e o s t a s i s  o f  t h e  e x t r a c e l 

l u l a r  f lu id  is h ig h ly  d e p e n d e n t  o n  t h e  s k e l e t a l  t i s s u e  

f o r  t h e  e x c h a n g e  o f  c a l c i u m  a n d  p h o s p h a t e  ( M a r t i n  

et al. 1985). I t  h a s  lo n g  b e e n  q u e s t i o n a b l e  w h e t h e r  

m i n e r a l s  c a n  b e  m o b i l i z e d  f r o m  t h e  a c e l l u l a r  t y p e  o f  

b o n e  t h a t  o c c u r s  in  m o s t  t e l e o s t  f i s h ,  i n c l u d i n g  t i 

l a p i a  ( W e i s s  a n d  W a t a b e  1979) .  H o w e v e r ,  it h a s  

b e e n  s h o w n  in  o u r  l a b o r a t o r y  t h a t  p h o s p h a t e  is  r e 

l e a s e d  f r o m  b o n e  in  f e m a l e  t i l a p i a  p u t  o n  a  p h o s 

p h a t e - f r e e  d i e t  ( U r a s a  et al. 1985). S k e l e t a l  a n o m a 

l ie s  a n d  c h a n g e s  in  t h e  c a l c i u m  a n d  p h o s p h a t e  c o m 

p o s i t i o n  in  f i s h  e x p o s e d  t o  h e a v y  m e t a l s  a n d  o t h e r
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p o l l u t a n t s  h a v e  b e e n  w e l l  d o c u m e n t e d  ( B e n g t s s o n  

et al. 1975; M u r a m o t o  1981; M o r e a u  et al. 1983). I t  

is p o s s i b l e ,  t h e r e f o r e ,  t h a t  c a d m i u m ,  d i r e c t l y  o r  in 

d i r e c t ly ,  s t i m u l a t e s  b o n e  d e m i n e r a l i z a t i o n ,  e.g., a s  

a  r e s p o n s e  to  t h e  s e v e r e  h y p o c a l c e m i a  f o l lo w in g  

c a d m i u m  e x p o s u r e ,  w i th  h y p e r p h o s p h a t e m i a  a s  a  

s e c o n d a r y  e f f e c t .  I n  t h e  p r e s e n t  s tu d y ,  a n a l y s i s  o f  

c a l c i u m  a n d  p h o s p h a t e  c o n c e n t r a t i o n s  a n d  o f  t h e  

C a / P 0 4 r a t i o  o f  t h e  o p e r c u l u m ,  s c a l e s  a n d  c a u d a l  

f i n r a y s  s h o w e d  n o  d i f f e r e n c e  b e t w e e n  t h e  c a d 

m i u m - e x p o s e d  a n d  c o n t r o l  f i s h e s  ( d a t a  n o t  s h o w n ) ,  

w h i c h  p o i n t s  a g a i n s t  b o n e  d e m i n e r a l i z a t i o n .  H o w 

e v e r ,  t h e  a m o u n t  o f  p h o s p h a t e  r e q u i r e d  to  p r o d u c e  

h y p e r p h o s p h a t e m i a  is s m a l l  a n d  m a y  n o t  l e a d  to  

n o t i c e a b l e  c h a n g e s  in b o n e  m i n e r a l  d e n s i ty .

Cadmium and Calcium

W h e r e a s  h ig h  c o n c e n t r a t i o n s  o f  c a d m i u m  r e s u l t  in 

l o s s e s  o f  c a l c i u m  a s  w e l l  a s  m o n o v a l e n t  i o n s  in  f i s h  

( G i le s  1984), t h e  p r e s e n t  e x p e r i m e n t s  s h o w  t h a t  lo w  

c a d m i u m  c o n c e n t r a t i o n s  s p e c i f i c a l ly  a n d  d r a m a t i 

c a l l y  r e d u c e  p l a s m a  c a l c i u m  le v e l s .  R e d u c t i o n  o f  

p l a s m a  e l e c t r o l y t e s  c a u s e d  b y  e x p o s u r e  to  w a t e r 

b o r n e  h e a v y  m e t a l s  o r  o t h e r  p o l l u t a n t s  h a s  b e e n  a t 

t r i b u t e d  t o  d i f f u s io n a l  l o s s e s  c a u s e d  b y  i n c r e a s e d  

p e r m e a b i l i t y  o f  t h e  gill e p i t h e l i u m  to  w a t e r  a n d  io n s  

(G i le s  1984). T h e  s p e c i f i c  r e d u c t i o n  o f  p l a s m a  c a l 

c i u m  r e p o r t e d  in  t h e  p r e s e n t  s t u d y  is  u n l i k e l y  

c a u s e d  b y  i n c r e a s e d  b r a n c h i a l  p e r m e a b i l i t y ,  s in c e  

o n l y  c a l c i u m  is  a f f e c t e d .  W e  s u g g e s t  t h a t  t h e  

m a r k e d  h y p o c a l c e m i a  i n d u c e d  b y  c a d m i u m  is 

c a u s e d  b y  d i s t u r b a n c e  o f  t h e  a c t i v e  C a 2 ^ m e c h a 

n i s m s  in t h e  g i l ls .  C a l c i u m  a n d  c a d m i u m  h a v e  s im i 

l a r i t y  in  io n ic  r a d i u s  a n d  v a l e n c y  a n d  t h e y  m a y  s p e 

c i f i c a l l y  i n t e r a c t  a n d  c o m p e t e  in  a  w a y  d i f f e r e n t  

f r o m  o t h e r  io n s  ( G a r d i n e r  1976; W e b b  1979). R e -  

c e n t l y ,  in  o u r  l a b o r a t o r y  V e r b o s t  et al. (1 9 8 7 a )  h a v e  

s h o w n  t h a t  t h e  b r a n c h i a l  h ig h - a f f in i ty  C a 2 + - A T P a s e  

a c t i v i t y ,  a c c o u n t i n g  f o r  m o s t  o f  t h e  c a l c i u m  u p t a k e  

o f  t h e  f i s h ,  is e x t r e m e l y  s e n s i t i v e  to  c a d m i u m .  T h e y  

f u r t h e r  d e m o n s t r a t e d  t h a t  t h i s  s e n s i t i v i t y  is s h a r e d  

w i th  s im i l a r  c a l c i u m - t r a n s p o r t  m e c h a n i s m s  in  r a t  

e n t e r o c y t e s  ( V e r b o s t  et al. 1987b).  T h e  s p e c i f i c  in 

t e r a c t i o n  o f  c a d m i u m  w i t h  c a l c i u m  m a y  e x p l a i n  

w h y  p l a s m a  s o d i u m ,  p o t a s s i u m ,  a n d  o s m o l a l i t y  

w e r e  n o t  a f f e c t e d  b y  t h e  l o w  c a d m i u m  c o n c e n t r a 

t i o n s  u s e d  in  t h e  p r e s e n t  s t u d y ,  w h e r e a s  a  s e v e r e  

h y p o c a l c e m i a  d e v e l o p e d .  T h e  a m e l i o r a t i v e  e f f e c t s  

o f  h ig h  w a t e r  C a 2+ l e v e l s  o n  t h e  e f f e c t s  o f  c a d m i u m  

o n  p l a s m a  c a l c i u m  a n d  m a g n e s i u m  m a y  b e  d u e  to  

t h e  c o m p e t i t i o n  o f  C a 2+ w i t h  c a d m i u m  f o r  g ill  s u r 

f a c e  s i t e s ,  a s  s u g g e s t e d  b y  P a g e n k o p f  (1 9 8 3 ) .

I t  is p o s s i b l e  t h a t  t h e  e f f e c t s  o f  c a d m i u m  o n  m a g 

n e s i u m  a r e  s e c o n d a r y  to  t h e  e f f e c t s  o n  c a l c i u m .  In  

f i sh  f r o m  h ig h  c a l c i u m  w a t e r ,  b o t h  h y p o c a l c e m i a  

a n d  h y p e r m a g n e s e m i a  w e r e  l e s s  p r o n o u n c e d  c o m 

p a r e d  t o  f i s h  f r o m  lo w  c a l c i u m  w a t e r .  E x p e r i m e n t a l  

c h a n g e s  in  p l a s m a  c a l c i u m  l e v e l s  in  m a m m a l s  a r e  

o f t e n  a s s o c i a t e d  w i th  c h a n g e s  in  m a g n e s i u m  ( E b e l  

a n d  G u n t h e r  1980). T h i s  h a s  a l s o  b e e n  o b s e r v e d  in 

f i s h .  F o r  e x a m p l e ,  in  t i l a p i a  p r o l a c t i n - i n d u c e d  h y 

p e r c a l c e m i a  w a s  a c c o m p a n i e d  b y  h y p o m a g n e s e m i a  

( W e n d e l a a r  B o n g a  et al. 1 983 ) .  I t  is f u r t h e r m o r e  

p o s s i b l e  t h a t  h y p e r m a g n e s e m i a  is c a u s e d  b y  r e n a l  

d a m a g e .  A c c o r d i n g  t o  E b e l  a n d  G u n t h e r  (1 9 8 0 ) ,  

r e n a l  d y s f u n c t i o n  in  m a m m a l s  is t h e  c a u s e  o f  h y 

p e r m a g n e s e m i a  in  s e v e r a l  k in d s  o f  d i s o r d e r s .  A l s o ,  

G i le s  (1984) o b s e r v e d  a  s ig n i f i c a n t  r i s e  in  p l a s m a  

m a g n e s i u m ,  c o n c o m i t a n t  w i th  a  d e c l i n e  in  u r i n a r y  

m a g n e s i u m  l e v e l s ,  in  r a i n b o w  t r o u t  e x p o s e d  t o  6 .4  

fxg C d / L  in  w a t e r .
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