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ABSTRACT T h e  e u r y h a l in e  t i l a p i a  Oreochromis mossambicus k e p t  i n  f r e s h  w a t e r  t a k e s  u p  c a l ­

c iu m  m a in l y  f r o m  t h e  w a t e r  v i a  t h e  g i l l s ,  l i k e  o t h e r  f r e s h w a t e r  f i s h .  I n  t h e  g i l l s  s p e c ia l i z e d  

m ito c h o n d r ia -r ic h  c e l l s ,  t h e  c h lo r id e  c e l l s ,  a r e  t h o u g h t  t o  m e d ia t e  a  t r a n s c e l lu la r  C a 2 +  t r a n s p o r t .  

S e c o n d  m e s s e n g e r  o p e r a t e d  c a l c iu m  c h a n n e l s  (S M O C s )  in  t h e  a p ic a l  m e m b r a n e ,  r e g u l a t e d  b y  t h e  

h o r m o n e  s t a n n io c a lc in ,  a l lo w  m in u t e - t o - m in u t e  c o n t r o l  o v e r  t h e  e n t r y  o f  C a 2 + . I n  t h e  b a s o la t e r a l  

p la s m a  m e m b r a n e s  o f  t h e s e  c e l l s ,  a n  A T P - c o n s u m in g  C a 2+  t r a n s p o r t in g  e n z y m e  p r o v id e s  t h e  m a jo r  

d r i v in g  fo rc e  fo r  e x t r u s io n  o f  C a 2+  in t o  t h e  b lo o d ;  in  a d d i t io n ,  a n  N a  + /C a 2+ e x c h a n g e r  i s  p r e s e n t  

in  t h e s e  m e m b r a n e s .  T h e  k in e t i c s  o f  t h e  e x c h a n g e r  in  v i t r o  in d ic a t e  t h a t  t h i s  e x t r u s io n  m e c h a n i s m  

d o m in a t e s  w h e n  in t r a c e l l u l a r  c a l c iu m  l e v e l s  r e a c h  m ic r o m o la r  l e v e l s .  I n  t h e  g i l l s ,  t h e  t r a n s p o r t  o f  

c a lc iu m  a p p e a r s  p r im a r i ly  A T P a s e  m e d ia t e d  a n d  t h e r e f o r e  la r g e ly  in d e p e n d e n t  o f  t h e  N a  + s t a t u s  o f  

t h e  t r a n s p o r t in g  c e l l .  I n  e n t e r o c y t e s ,  s im i la r  m e c h a n i s m s  for  t r a n s c e l lu la r  t r a n s p o r t  o f  C a 2 + e x i s t .  

H o w ev er , in  t h e  in t e s t in a l  e p i t h e l iu m  t h e  e x t r u s io n  o f  C a 2 + i s  p r im a r i ly  v i a  t h e  N a  + /C a 2 + e x c h a n g e r  

a n d  t o  a  v e r y  l im i t e d  e x t e n t  m e d ia t e d  v ia  t h e  C a 2 + -A T P a s e . I n d e e d ,  c a lc iu m  t r a n s p o r t  o v e r  t h e  

i n t e s t in a l  e p i t h e l iu m  i s  d e p e n d e n t  o n  t h e  N a  + - s t a t u s  a n d  t h e  N a + /K  + - A T P a s e  a c t i v i t y  o f  t h e  e p i ­

t h e l iu m .  P r o la c t in  a n d  c o r t i s o l  a r e  e n d o c r in e  fa c to r s  d e t e r m in in g  t h e  r e la t iv e  d e n s i t i e s  o f  c a l c iu m  

p u m p s  in  b a s o la t e r a l  p la s m a  m e m b r a n e s .

A t  l e a s t  80%  o f  t h e  m a g n e s iu m  r e q u ir e d  fo r  g r o w t h  a n d  h o m e o s t a s i s  i s  a b s o r b e d  fr o m  t h e  fo o d  v ia  

t h e  in t e s t in e .  M a g n e s iu m  is  t r a n s p o r t e d  t r a n s c e l lu la r ly  a n d  a c t iv e ly  v ia  e n t e r o c y t e s .  T h e  m o v e m e n t  

o f  M g 2 + o v e r  t h e  a p ic a l  m e m b r a n e  i s  p a s s iv e ,  d o w n  a n  e l e c t r o c h e m ic a l  g r a d ie n t .  T h e  c y t o s o l i c  M g 2 + 

c o n c e n t r a t io n  i s  k e p t  w e l l  b e lo w  i t s  e q u i l ib r iu m  c o n c e n t r a t io n .  T h e  e x t r u s io n  o v e r  t h e  b a s o la t e r a l  

p la s m a  m e m b r a n e  i s  m e d ia t e d  b y  a n  A T P - c o n s u m in g  e n z y m e . T h e  g i l l s  c o n t r ib u t e  l e s s  t h a n  2 0 %  to  

m a g n e s iu m  u p t a k e ,  b u t  u p  t o  50%  in  t i l a p i a  fe d  a  m a g n e s iu m  d e f i c i e n t  d i e t .  E v i d e n c e  i s  a c c r u in g  

t h a t  p r o la c t in  i s  in v o lv e d  in  t h e  a d a p t a t io n  t o  lo w  m a g n e s iu m  d ie t s .  © 1 9 9 3  W i le y - L is s ,  I n c .

O u r  l a b o r a t o r i e s  h a v e  c o n d u c t e d  s t u d i e s  p e r t a i n ­

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

n i s m s  i n  f i s h  g i l l s  a n d  i n t e s t i n a l  e p i t h e l i u m .  T h i s  

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

l i s h e d  f i n d i n g s  r e s u l t i n g  f r o m  t h i s  w o r k .  I t  i s  n o t  

a n  e x h a u s t i v e  r e v ie w ;  r a t h e r ,  d a t a  s e t s  o n  t i l a p i a  

r e s e a r c h  ( s o m e  s t i l l  i n c o m p l e t e )  a r e  p r e s e n t e d  t o  

s t i m u l a t e  d i s c u s s i o n .

CALCIUM TRANSPORT 

Gills

I n  t h e  e u r y h a l i n e  t e l e o s t  t i l a p i a  Oreochromis 

mossambicus k e p t  i n  f r e s h  w a t e r ,  t h e  g i l l s  a r e  t h e  

m a j o r  s i t e  f o r  e x c h a n g e  o f  c a l c i u m  w i t h  t h e  w a t e r  

( F i l k  e t  a l . ,  ’8 5 a ) .  I n  g r o w i n g  f r e s h w a t e r  t i l a p i a ,  

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

© 1993 W IL E Y -L IS S , IN C .

i n g  i n  a  p o s i t i v e  c a l c i u m  b a l a n c e  t o  a u g m e n t  t h e  

t o t a l  b o d y  c a l c i u m  p o o l  ( F l i k  e t  a l . ,  ’8 6 a , b ) .  M o d ­

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

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

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

a  p r e r e q u i s i t e  f o r  c a l c i u m  h o m e o s t a s i s .  C o n s e ­

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

( s t a n n i o c a l c i n ,  p r o l a c t i n ,  a n d  c o r t i s o l ;  s e e  b e l o w )  

e x e r t  m a j o r  e f f e c t s  o n  t h e  g i l l s .

O n l y  r e c e n t l y  h a v e  t h e  m e c h a n i s m s  u n d e r l y i n g  

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

b r a n c h i a l  e p i t h e l i u m  b e e n  e l u c i d a t e d .  C a l c i u m  

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

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

i n  t h e  c h l o r i d e  c e l l s  o f  t h e  g i l l s .  I n  a  m o d e l  f o r  

t r a n s c e l l u l a r  C a 2 +  t r a n s p o r t  ( F i g .  1 )  b a s e d  o n  o u r  

s t u d i e s  o n  t r o u t ,  e e l ,  a n d  t i l a p i a ,  s t a n n i o c a l c i n  ( S T C )

:\
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M u c o sa Serosa

STC
- C a 2 +

PRL, Cortisol

F ig . 1. M o d el fo r t r a n s c e l lu l a r  C a 2 * t r a n s p o r t  in  t i la p ia  

g ills  a n d  in te s t in e .  M u c o s a l C a 2 *, fro m  th e  w a te r  o r  th e  food, 

m ay  e n te r  th e  ce ll p a ss iv e ly , dow n  a n  e le c tro c h em ic a l g ra d ie n t. 

S ta n n io c a lc in  (S T C ) r e g u l a t e s  c a lc iu m  c h a n n e ls  in  th e  a p ic a l 

m e m b ra n e ;  S T C  s ig n a l  t r a n s d u c t io n  r e q u i r e s  secon d  (cAM P, 

DAG, I P ;i) a n d  t h i r d  ( C a 2 *) m e s s e n g e rs .  E x tru s io n  o f  C a 2 * 

fro m  th e  ce ll is  e i t h e r  v i a  a  C a 2+ -A T P a se  ( ro u te  1) o r v ia  a n  

N a ’ /C a 2 * e x c h a n g e r  ( ro u te  2). B o th  e x t r u s io n  m e c h a n is m s  

a re  p r e s e n t  in  b r a n c h ia l  a n d  i n t e s t i n a l  e p i th e l iu m . I n  g ill 

c e lls  r o u te  1 d o m in a te s ,  in  t h e  e n te ro c y te  ro u te  2. In  t h e  en - 

te ro c y te , v e ry  h ig h  N a + /K  + -A T P a se  a c t iv i ty  s a fe g u a rd s  th e  

o p e ra t io n  o f  t h e  e x c h a n g e r  by  m a in t a in in g  th e  N a  + g r a d ie n t  

a s  a  d r iv in g  fo rc e  fo r t h e  e x c h a n g e r . T h e  c a lc itro p ic  h o rm o n e s  

co rtiso l a n d  p ro la c t in  (P R L ) d e te rm in e  th e  re la tiv e  a b u n d a n c e  

o f  t h e  A T P a se s , a n d  by d o in g  so  d e te r m in e  th e  c a lc iu m  t r a n s ­

p o r t in g  c a p a c i ty  o f  th e  e p i th e l iu m .

co n tro ls  th e  a p ic a l  m e m b ra n e  t r a n s i t io n  o f C a 2 + 

(L afeb er  e t  a l.,  ’88; F lik , ’9 0 ), w h ile  co r tiso l (F lik  

a n d  P erry , ’8 9 ) a n d  p ro la c t in  (F lik  e t a l., ’8 4 b, ’86c, 

’8 9 a) in f lu e n c e  th e  en zy m ic  m a k e u p  of th e  baso- 

la te ra l  p la s m a  m e m b ra n e . T h e  la t te r  two ho rm o nes 

in c re a se  th e  C a 2 + -A T P ase  d en s ity , a n d  by do in g  

so d e te r m in e  th e  c a lc iu m  p u m p in g  c a p a c ity  o f  th e  

c h lo r id e  c e lls  a n d  h e n c e  o f th e  b ra n c h ia l  e p ith e ­

l iu m . ST C  is  a  f a s t - a c t in g  h o rm o n e  in h ib i t in g  c a l ­

c ium  in f lu x  w i th in  m in u te s  (L afeb er  e t  a l., ’88). 

C o r tiso l a n d  p r o la c t in  e ffec ts  on  th e  e p ith e l iu m  

becom e c le a r  on ly  a f te r  severa l days, su g g es ting  th a t  

new  ce lls  h a v e  de ve lo ped  s t im u la te d  by a  p a r t ic u ­

l a r  h o rm o n a l s ta tu s  o f th e  a n im a l.  T h is  s ta tu s  in  

t u r n  r e p re s e n ts  th e  a d a p tiv e  re sp o n se  o f  th e  f ish  

to th e  c h a n g e d  e n v iro n m e n t.

Ca2 + en try  over the apical m em brane

ST C  is  a  h o m o d im e r ic  g ly c o p ro te in  o f 5 6  ( in  

m o st f ish  s tu d ie d )  to  6 0  (in  ee l) k ilo d a lto n  from  th e  

c o rp u sc le s  o f  S t a n n iu s  (F lik  e t  a l.,  ’8 9 b, ’9 0 a). 

P hys io log ica l s tu d ie s  hav e  p rov ided  c irc u m s ta n tia l  

ev id en ce  t h a t  ST C  is  th e  m a jo r  hypocalcem ic  ho r ­
m one  in  f is h  e x e r t in g  th e  m in u te - to -m in u te  con ­

t ro l  over a p ic a l m e m b ra n e  C a2 + tr a n s p o r t .  In  a  

tro u t, iso la ted  h e a d  p re p a ra tio n  STC in h ib its  C a 2 + 

in flu x  w ith in  1 5  m in  (L afeber e t  a l., ’88). STC  a lso  

in h ib i ts  45C a2+ u p ta k e  from  th e  w a te r  in to  b r a n ­

c h ia l e p ith e liu m  (V erbost e t  a l., ’8 9 ). T h e se  o bser ­

v a tion s are  in  line  w ith  a  conclusion  reach ed  e a r l ie r  

th a t  th e  ap ica l C a 2+ tra n s lo c a tio n  is passive , dow n 

a n  e lec tro ch em ical g ra d ie n t  th ro u g h  v o lta g e -in d e ­

p e n d e n t  c a lc iu m  c h a n n e ls  (P e rry  a n d  F lik , ’88). 

R em oval o f  th e  co rp u sc le s  of S ta n n iu s  (ra p id ly )  

evokes a  p a te n t  h y p e rc a lc e m ia  (H a n sse n  e t  a l.,  ’8 9 ) 

and the severity of the h y p e rc a lc e m ia  is  p o s itiv e ly  

c o rre la te d  w ith  th e  w a te r  ca lc iu m  level (F lik , ’9 0 ). 

T h ese  ob se rv atio n s a ll in d ica te  t h a t  C a2 + from  th e  

w a ter  en te rs  th e  C a 2+ tra n sp o r tin g  cell v ia  a n  STC- 

contro lled  pa th w ay  located  in  th e  ap ica l m em b ra n e .

We p o s tu la te  t h a t  th e  recep to rs  for STC a re  lo ca l ­

ized  in  th e  b a s o la te ra l  p la sm a  m e m b ra n e . S u b se ­

quently , second a n d  th ird  m essen ge rs  t ra n sd u c e  th e  

STC s ig n a l to th e  a p ic a l m e m b ra n e ; th is  is  th e  r e a ­

s o n in g  b eh in d  th e  p o s tu la te  of second  m e sse n g e r  

o p e ra te d  ca lc iu m  c h a n n e ls  (SM O C s). A n  extract  o f 

t r o u t  co rpusc les o f  S ta n n iu s  low ers th e  b ra n c h ia l  

cA M P c o n te n t a n d  in h ib i ts  a d e n y la te  cyc lase  in  

b ran ch ia l (and in  re n a l and  in te s tin a l)  p la sm a  m e m ­

b ra n e s  (F lik , ’9 0 ). T h e se  r e s u lts  su g g e s te d  t h a t  

cA M P is involved as  a  second m essen g e r in  th e  STC 

s ig n a l tra n sd u c tio n . However, r e c e n t  s tu d ie s  have  

rev ealed  t h a t  a n  extract  of corpuscles of  S ta n n iu s  

co n ta in s two b ioactive  com ponents, STC a n d  a  sm a ll 

g ly c o p ro te in  w h ic h  w e te n ta t iv e ly  e q u a te  w ith  

te leo ca lc in , f ir s t  re p o rte d  on  by M a a n d  C opp (’7 8 ). 

I t  tu rn e d  o u t t h a t  th e  “cA M P-effects” in  a n  e x tr a c t  

o f  th e  co rpusc les o f  S ta n n iu s  m u s t  be  a t t r ib u te d  to  

th e  te le o ca lc in  a c tiv ity  in  th e  e x tra c t. T h is  effect 

on  cA M P levels, how ever, is  u n re la te d  to  th e  d ire c t  

re g u la tio n  of th e  ca lc iu m  in flux , a s  p u re  te leo ca lc in  

h a s  no  effect on  ca lc iu m  in flu x  (P.M. V erbost, p e r ­

so n a l com m un ica tion ). I t  is  o u r  s tro n g  b e lie f  t h a t  

in o sito l m e ta b o lite s  a re  invo lved in  th e  m e sse n g e r  

pa thw ay  o f STC. T h e  im p e tu s  for th is  s ta te m e n t w as 

th e  o b se rv a tio n  t h a t  STC s tim u la te d  th e  p ro d u c ­

t io n  o f  s rt-l,2 -d iacy lg ly cero l (DAG) in  t i l a p ia  b r a n ­

c h ia l  c e lls  (F ig . 2 ). DAG is  one o f th e  seco n d  

m esseng ers  re lea sed  in  a  cell w h en  th e  inos ito l cycle 

is  s tim u la te d . S tu d ie s  on th e  effects o f  STC on  th e  

p roduction  of inosito l m etab o lites  a re  now  b e in g  car ­

r ie d  ou t. O ne w ou ld  p re d ic t t h a t  IP 3, th e  o th e r  sec ­

ond  m e sse n g e r  p rodu ced  w h en  in osito l m e ta b o lism  

is  s tim u la ted , is  p roduced in  th e  b ran ch ia l cells a fte r  

s t im u la t io n  w ith  STC. I t  is u s u a lly  found  in  th is  

fie ld  of r e s e a rc h  t h a t  IP 3 levels a re  low a n d  d iff i ­

c u lt  to  e s ta b lish . In  l in e  w ith  o u r  p re d ic tio n  is  th e  

obse rva tion  t h a t  in  perm eab ilized  g ill cells IP3 stim -
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F ig . 2. S ta n n io c a lc in  (STC) s t im u la t io n  o f  s n - l ,2 ,-d ia c y l-  

glycerol (DAG) p ro d u c tio n  in  f re s h w a te r  t i la p ia  g il l  ce lls . DAG 

w as d e te rm in e d  w ith  a  c o m m erc ia l ra d io e n z y m a tic  a s sa y  k i t  

(R PN 200, A m ersh am ). M e a n  v a lu e s  ±  S E M  for s ix  f is h  a re  

g iven. T h e  a s te r is k  in d ic a te s  s ig n if ic an ce  of th e  d ifferenc e  

com pared  to th e  con tro l (P  <  0 .03; M a n n -W h itn e y  L a te st).

u l a t e s  C a 2 + ( t h i r d  m e s s e n g e r )  r e l e a s e  f r o m  e n d o ­

p l a s m i c  r e t i c u l a r  s t o r e s  ( F i g .  3 ) .  T h u s ,  a l t h o u g h  I P 3 

p r o d u c t io n  p e r  s e  a s  a  r e s p o n s e  t o  a n  S T C  s t i m u ­

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

I P 3 r e c e p t o r  i n  t h e  e n d o p l a s m i c  r e t i c u l u m  o f  g i l l  

c e l l s  s e e m s  e v i d e n t .

T h e  o v e r a l l  p i c t u r e  e m e r g i n g  s o  f a r  i s  t h a t  S T C  

e v o k e s  i n  i t s  t a r g e t s  s e c o n d  a n d  t h i r d  m e s s e n g e r  

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

t r o l  o f  t h e  a p i c a l  m e m b r a n e  C a 2 +  c h a n n e l :  t h e  t i m e  

c o u r s e  o f  t h e  S T C  i n h i b i t i o n  o f  t h e  b r a n c h i a l  C a 2 + 

i n f l u x  ( s i g n i f i c a n t  e f f e c t s  w i t h i n  1 5  m i n )  i s  i n  a c c o r ­

d a n c e  w i t h  t h e  r a p i d  s e c o n d  m e s s e n g e r  r e s p o n s e s  

o b s e r v e d  ( e f f e c t s  w i t h i n  1 0  m i n ) .  P h o s p h o r y l a t i o n  

s t u d i e s  w i t h  h i g h l y  p u r i f i e d  a p i c a l ,  i . e . ,  b r u s h  b o r ­

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

u l t i m a t e l y  g i v e  m o r e  d i r e c t  e v i d e n c e  f o r  C a 2+  m e d i ­

a t e d  m o d u l a t o r y  a c t i o n s  o f  S T C  o n  S M O C s  i n  t h e s e  

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

i s o l a t e ,  h o w e v e r .

Ca2+ extrusion in the basolateral 

plasma membrane

T w o  m e c h a n i s m s  f o r  C a 2 +  e x t r u s i o n  e x i s t  i n  t h e  

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

l i u m .  T h e  f i r s t ,  a  h i g h - a f f m i t y  C a 2 + - A T P a s e ,  r e p ­

r e s e n t s  t h e  A T P - d r iv e n  c a l c i u m  p u m p  a n d  i s  w e l l  

d o c u m e n t e d  ( F l i k  e t  a l . ,  ’8 4 a ,  ’8 5 a ,b ;  P e r r y  a n d  

F l i k ,  ’8 8 ) .  T h e  s e c o n d  i s  a n  N a + / C a 2+  e x c h a n g e  

m e c h a n i s m  ( F i g s .  4  a n d  5 a ) .  W e  p r e s e n t  h e r e  f o r  

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

e p i t h e l i a l  p l a s m a  m e m b r a n e s .

A T P - d r i v e n  C a 2 +  t r a n s p o r t  a n d  N a * / C a 2 + 

e x c h a n g e  a c t i v i t y  w e r e  a n a l y z e d  i n  t h e  s a m e  p l a s m a  

m e m b r a n e  p r e p a r a t i o n .  T h e  m e t h o d o l o g y  f o r  d e t e r ­

m i n i n g  C a 2 + - A T P a s e  m e d i a t e d  C a 2 + t r a n s p o r t  

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

d i f f e r e n c e  i n  45C a 2 +  a c c u m u l a t i o n  i n  t h e  p r e s e n c e  

a n d  a b s e n c e  o f  A T P )  h a s  b e e e n  d e s c r i b e d  e x t e n s i v e l y  

i n  t h e  r e f e r e n c e s  g i v e n ;  t h a t  f o r  N a  + / C a 2 +  e x ­

c h a n g e  w i l l  b e  b r i e f l y  d e s c r i b e d  b e l o w .  T h e  k i n e t i c s  

o f  t h e  C a 2 +  p u m p  ( f o r  t i l a p i a  w e  f o u n d  a  K 0.5 o f  

1 0 2  ±  4 6  n M  C a 2 +  a n d  a  V max o f  3 . 7 9  n m o l  x  

m i n - 1  p e r  m g  p r o t e i n ;  n  =  6 )  s u g g e s t  t h a t  t h i s  

e n z y m e  o p e r a t e s  i n  t h e  e x t r u s i o n  p r o c e s s  ( F l i k  e t  

a l . ,  ’8 5 a ) .  T y p ic a l ly ,  t h e  e n z y m e  i s  s t i m u l a t e d  i n  v i t r o  

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

( a r o u n d  1 0 0  n M )  a n d  t h e  m a x i m u m  C a 2 +  t r a n s ­

p o r t  c a p a c i t y  o f  t h e  g i l l s  d e r i v e d  f r o m  t h e  V m ax 

( F l i k  e t  a l . ,  ’8 5 a )  i s  r e a l i s t i c  w h e n  c o m p a r e d  t o  t h e  

C a 2 +  i n f l u x  t h a t  i s  o b s e r v e d  i n  t h e  g i l l s .  I n  a d d i ­

t i o n  t o  t h e r m o d y n a m i c  a r g u m e n t s  ( P e r r y  a n d  F l i k ,  

’8 8 ) ,  f u r t h e r  e v i d e n c e  f o r  a  r o l e  o f  t h e  A T P - d r i v e n  

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

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

m o n e s ,  v i z .  c o r t i s o l  i n  t r o u t  ( F l i k  a n d  P e r r y ,  ’8 9 )  

a n d  p r o l a c t i n  i n  e e l  ( F l i k  e t  a l . ,  ’8 4 b ,  ’8 9 a )  a n d  t i l a p i a  

( F l i k  e t  a l . ,  ’8 6 c ) ,  s t i m u l a t e  C a 2 +  i n f l u x  v i a  t h e  

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

i n  t h e  b a s o l a t e r a l  p l a s m a  m e m b r a n e s .

C h a r a c t e r i s t i c  c h a n g e s  i n  b r a n c h i a l  e p i t h e l i a l  

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

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

a c t i v i t y  o f  C a 2 + - A T P a s e  r e l a t i v e  t o  N a  + / K  + - 

A T P a s e  a n d  a n  i n c r e a s e d  V max o f  t h e  c a l c i u m  

p u m p s  i n  b a s o l a t e r a l  p l a s m a  m e m b r a n e  v e s i c l e s .  

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

t h e  g i l l s  ( W e n d e l a a r  B o n g a  e t  a l . ,  ’9 0 ) ,  i t  i s  o u r  

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

t r a t i o n  fo r  4 - 8  d a y s  ( t h e  t i m e  p e r io d  r e q u i r e d  t o  e v o k e  

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

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

p a r t i c u l a r  h o r m o n a l  s t a t u s .

T h e  f i r s t  i n d i c a t i o n  f o r  N a + / C a 2 +  e x c h a n g e  

a c t i v i t y  i n  b r a n c h i a l  e p i t h e l i a l  p l a s m a  m e m b r a n e s  

c a m e  f r o m  a n  e x p e r i m e n t  i n  w h i c h  C a 2 +  t r a n s ­

p o r t i n g  v e s i c l e s  ( A T P - d e p e n d e n t  t r a n s p o r t  a t  1 (x M  

C a 2 +  i n  t h e  m e d i u m )  w e r e  c h a l l e n g e d  a f t e r  1 0  

m i n  o f  c a l c i u m  l o a d i n g  w i t h  7 0  m M  N a C l  o r  K C 1  

( c o n t r o l ) .  T h e  i n w a r d l y  d i r e c t e d  N a + g r a d i e n t  t h u s  

c r e a t e d  d r i v e s  o u t  45C a 2 +  a c c u m u l a t e d  i n  t h e  v e s i ­

c l e s  a s  a  r e s u l t  o f  t h e  A T P a s e  a c t i v i t y .  T h e  l o s s  o f  

45C a 2 +  s e e n  w h e n  K C 1  i s  a d d e d  t o  t h e  m e d i u m  i s  

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

c a n t l y  g r e a t e r  l o s s  o f  45C a 2 +  o c c u r r e d  a t  1 a n d

5  m i n  a f t e r  a d d i t io n  o f  N a C l  c o m p a r e d  t o  K C 1 ( F ig .  4 ) .
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F ig . 3 . IP 3 in d u c e d  C a 2 + r e le a s e  in  f re s h w a te r  t i l a p ia  per- 

m e a b iliz e d  g i l l  c e lls . I s o la te d  g ill  c e lls  w ere  p e rm e a b iliz e d  w ith  

s a p o n in . 46C a 2 + u p t a k e  w a s  a s s a y e d  in  a  L e ib o w itz  m e d iu m  

s u p p le m e n te d  w ith  3 m M  ATP, 667  M B q/m l 45C aC l2 (A m ersham ), 

a n d  a  c a lc u la te d  0 .1  p.M  C a 2 t , u s in g  a n  E G TA /N T A /H E ED TA  

b u ffe r  s y s te m  ( F l ik  e t  a l . ,  ’90b ). A f te r  th e  45C a 2’ u p ta k e  h a d  

r e a c h e d  a  p l a t e a u ,  in o s i to l  (1 ,4 ,5 ) t r i s p h o s p h a te  (C a lb io c h e m ) 

w a s  a d d e d  to  a  f in a l  c o n c e n t r a t io n  o f  10  fj.M. C o n tro l e x p e r i-

We th e n  f u r th e r  in v e s tig a te d  th e  ca lc ium  k in e tic s  o f 

th i s  p r e s u m e d  e x c h a n g e  a c t iv i ty  a s  follows. N a  + - 

d e p e n d e n t  C a 2+ t r a n s p o r t  ac ro ss  p la s m a  m e m ­

b r a n e s  w as  a s sa y e d  a s  th e  d ifference  in  45C a2 + 

a c c u m u la t io n  u p o n  t r a n s f e r  o f m e m b ra n e  vesic les 

e q u i l ib ra te d  i n  1 5 0  m M  N a C l to  m e d ia  containing 
e i th e r  1 5 0  m M  N a C l (b la n k )  o r 1 5 0  m M  K C 1. In  

com posing th e  m e d ia , a  2 5 -fold d ilu tio n  of th e  vesicle 

su sp e n s io n  w a s  t a k e n  in to  a c c o u n t to  y ie ld  th e  fol ­

lo w in g  f in a l  c o n c e n tra tio n s :  1 5 0  m M  N a C l o r  K C 1, 

2 0  m M  H E P E S /T ris  (pH  7 .4 ), 0 . 5  m M  EGTA, 0 . 5  m M  

H E E D T A , 0 . 5  m M  N TA , 0 . 8  m M  free  M g 2 + , a n d  

7 . 5  x  1 0 “ 5 to  5  x  1 0 _ 2 m M  fre e  C a 2 + . F re e  C a2 + 

a n d  M g2+ c o n c e n tra t io n s  w e re  c a lc u la te d  a s  d e ­

sc rib ed  in  d e ta i l  re c e n tly  (S choenm akers e t  al., ’9 2 b). 

T h e  45C a r a d io a c tiv e  c o n c e n tra tio n  w as 0 . 5  to  0 .8  

M B q x  m l “ 1. A  5  |xl v esic le  su sp en s io n  w a s  m ix ed  

w ith  120 (xl m e d iu m , b o th  p rew arm ed  to  3 7 °C. A fter

5 sec o f in c u b a t io n ,  th e  re a c t io n  w as qu en ch ed  by 

a d d itio n  o f  1 m l ice-cold  s top b u ffer  ( 1 5 0  m M  N aC l, 

2 0  m M  H E P E S /T ris  a t  p H  7 .4 , 1 .0  m M  L a C l3) to th e  

incub ate . M e m b ra n e  vesicles w ith  re ta in ed  45C a were 

collected by  f il t r a t io n  over 0 . 4 5  |xm filte rs  (Sch le icher

6  S chu ll, M E  2 5 ); th e  f ilte rs  w ere w ashed  tw ice w ith  

2  m l stopbu ffer. T h e  f i l te r s  w ere  d isso lved  in  th e  

s c in t i l l a t i o n  f lu id  (A q u a lu m a r, L u m a c )  a n d  th e  

ra d io a c tiv ity  co llec ted  on  th e  f ilte rs  w as d e te rm in e d  

by liq u id  s c in tilla tio n  coun ting . We firs t analyzed  th e

m e n ts  inc lud ed  th e  om ission  o f A T P a n d  th e  a d d itio n  o f o x a la te  

a n d  v a n a d a te  in  th e  p re s e n c e  o f  A T P  ( d a ta  n o t  sh ow n). T h e  

a d d i t io n  o f  I P 3 (a rro w ) r e s u l t s  in  th e  r e le a s e  o f  C a 2 ' o u t  

o f a  c o m p a r tm e n t t h a t  is  o x a la te -p e rm e a b le  a n d  e q u ip p e d  w ith  

a  v a n a d a te - in h ib ita b le  C a2+ p u m p  w ith  h ig h  a ff in ity  for C a 2 t 

( th e  e n d o p la sm ic  r e t ic u lu m ) . V a lu e s  ±  S E M  a r e  g iv e n  fo r 6 

f is h . R e le a se  o f C a 2 + o c c u rre d  in  a ll  ca se s.

C a 2+ d ep en d en ce  of th e  e x c h a n g e r  to  a llow  a n  

ev a lu a tio n  of th e  re la t iv e  a c tiv it ie s  o f th e  A T P ase  

an d  th e  ex ch an g er  in  th e  m e m b ra n e  as  a  fu n c tio n  of 

th e  (cytosolic) ca lc iu m  con cen tra tion . T h e  exchange  

a c tiv ity  show ed  s a tu r a t io n  a n d  w as w ell d e sc rib ed  

by  M ic h a e lis -M e n te n  k in e tic s ; th e  k in e tic  p a r a m ­

e te rs  de rived  a r e a  V max of 1 9 . 6  ±  2 . 7  n m o l x m i n ^ 1 

p e r  m g  p ro te in  a n d  a  K 0.s o f 1 . 9 5  ±  0 . 4 5  |xM (Fig. 

5 a). C lea rly , th e  ex ch an g e  a c tiv ity  in  th e  g ills  is  a 

pow erful m e c h a n ism  for C a 2 + t r a n s p o r t ,  esp ec ia lly  

w h e n  cytosolic ca lc iu m  c o n c e n tra tio n s  exceed  1 jmM 

(see d iscu ss io n  below ; F ig . 6a).
T h e  r e g u la t io n  o f th e  N a  + /C a 2+ e x c h a n g e r  

a c tiv ity  in  th e  g il ls  h a s , u n t i l  now, n o t  re ce iv ed  

a t te n t io n  in  o u r  r e se a rc h . S tu d ie s  on  th e  effec ts  of 

sea w ater  a d a p ta tio n  o f t i la p ia  on th e  ex ch an g e r an d  

its  sod ium  dependence  a re  in  p rog ress; effects of pro- 

lac tin (s) a n d  g row th  ho rm o ne  on p la sm a  m e m b ra n e  

N a +/ K +-ATPase (on w h ich  th e  ex change r depends) 

w ill be  re e v a lu a te d  in  th is  re sp ec t.
W h a t, th e n ,  is  th e  ro le  o f  th e  N a  + /C a 2+ ex ­

cha n g er  in  th e  ca lc iu m  hom eostas is  o f th e  b ra n c h ia l 

cells? We have p lo tted  th e  ac tiv ities  of th e  two p la sm a 

m em b ra n e  ca lc iu m  ex tru sio n  m ec h an ism s as  a  fun c ­

t io n  o f  cy toso lic  ca lc iu m  levels  (F ig . 6a). F o r  th e  

ex ch an g e  a c tiv ity , i t  w as a s su m e d  t h a t  th e  N a  + 
g ra d ie n t  w as n o t l im it in g  its  ac tiv ity . A t cy toso lic  

C a2+ co nc en tra tio n s  up  to  1 fxM, th e  C a 2 +-A TPase
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F ig . 4. E ffec ts  of th e  a d d itio n  of N a + o r K + (70 m M , 

in d ic a te d  by th e  arrow ) on  th e  A T P-d riven  u p ta k e  o f 46C a 2+ 

in to  b ra n c h ia l  p la sm a  m e m b ra n e  vesic les (5 m M  ATP, 1 |j -M  

C a 2 + ). T h e  A T P-d riven  C a2+ u p ta k e  a t  10 m in  w as p u t  to  

100%. T h e  ad d ition  o f N a + red uc es ves icu la r 45C a  s ig n ifican tly  

(as ter isk : P < 0.01, n  =  6; M an n-W hitney  U-te s t)  com pared to 

w hen  K + is added . A p p a re n tly  th e  in w ard ly  d irec te d  N a + g ra ­

d ie n t drives o u t 45C a2+ p u m pe d  in to  th e  vesicles by th e  A TPase. 

T he  p resence  of a n  N a +/C a2+ exchanger in  th e se  vesicles seem s 

th e re fo re  in d ic a ted .

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

W h e n  C a 2 +  c o n c e n t r a t i o n s  i n  t h e  c y t o s o l  e x c e e d  

1 |j iM  t h e  e x c h a n g e r  m a y  b e c o m e  i n c r e a s i n g l y  i m ­

p o r t a n t  f o r  t h e  e x p o r t  o f  C a 2+  f r o m  t h e  c e l l .  T h e  

h y p o t h e s i s  t o  t e s t  n o w  i s  t h a t  C a 2 + u p t a k e  v i a  t h e  

g i l l s  i s  l a r g e l y  i n d e p e n d e n t  o f  N a  + , w h e n  t h e  

p r i n c i p a l  C a 2 +  e x t r u s i o n  m e c h a n i s m  t h e r e i n  i s  

N a  + - i n d e p e n d e n t  ( F i g .  1 ,  r o u t e  1 ) .

Intestine

T h e  r o l e  o f  i n t e s t i n a l  a b s o r p t i o n  o f  C a 2 +  i n  t h e  

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

c l e a r .  F e e d i n g  f r e s h w a t e r  f i s h  a  c a l c i u m - f r e e  d i e t  

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

s t a s i s ,  p r o v id e d  t h a t  C a 2 +  m a y  b e  a b s o r b e d  d i r e c t l y  

f r o m  t h e  w a t e r  v i a  t h e  g i l l s .  H o w e v e r ,  i n  t i m e s  o f  

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

u r a t i o n  o r  d u r i n g  g r o w t h  s p u r t s ,  i n t e s t i n a l  a b s o r p ­

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

f i s h  r e q u i r e  v i t a m i n  D  f o r  n o r m a l  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  f u r t h e r  e x t e n d s  t h i s  n o t i o n ,  a s  

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

c i u m  a b s o r p t i o n  i n  t h e  e e l  ( F e n w i c k  e t  a l . ,  ’8 4 ) .  

M o r e o v e r ,  w e  h a v e  n e v e r  b e e n  a b l e  t o  s h o w  e f f e c t s  

o f  v i t a m i n  D  ( o r  i t s  a n a l o g s )  o n  b r a n c h i a l  c a l c i u m  

h a n d l i n g  ( G .  F l i k  a n d  J .C .  F e n w i c k ,  u n p u b l i s h e d ) .

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

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

T a k a g i  a n d  c o w o r k e r s  (’8 5 )  s u c c e s s f u l l y  r e m o v e d  

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

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

H i r a n o  ( ’8 9 )  h a v e  g i v e n  e v i d e n c e  t h a t  S T C  i n  t h e  

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

i n t e s t i n a l  e p i t h e l i u m .  I n  o u r  l a b  w e  h a v e  s h o w n  t h a t  

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

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

( F l i k ,  ’9 0 ) ,  b u t  t h i s  e f f e c t  i s  l i k e l y  t o  b e  a t t r i b u t e d  

t o  t h e  t e l e o c a l c i n  p r e s e n t  i n  t h i s  p r e p a r a t i o n .  H o w ­

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

t e n t  s t i m u l a t i o n  b y  S T C  o f  I P 3 p r o d u c t i o n  i n  t i l a p i a  

e n t e r o c y t e s  (P .M . V e r b o s t ,  p e r s o n a l  c o m m u n i c a t i o n ) .  

T h u s  t h e  e n t e r o c y t e  i s  a  l i k e l y  S T C  t a r g e t  a n d  t h e  

p r e s e n c e  o f  S M O C s  i n  t h i s  c e l l  s h o u l d  b e  f u r t h e r  

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

t i l a p i a ,  i n d i r e c t  e v i d e n c e  w a s  a d v a n c e d  ( F l i k  e t  a l . ,  

’8 6 c ) :  o v i n e  p r o l a c t i n  r e d u c e s  c a l c i u m  l o s s  v i a  i n t e s ­

t i n a l  ( a n d  r e n a l )  r o u t e s .

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

i n  t h e  m o d e l  o f  t h e  e n d o c r i n e  r e g u l a t i o n  o f  C a 2 + 

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

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

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

t h e l i u m  t o  m a k e  i t  a n  a t t r a c t i v e  m o d e l .  T h e  t i l a p i a  

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

m u c o s a  a n d  w a s  s u c c e s s f u l l y  u s e d  i n  a n  U s s i n g  

c h a m b e r  s e t u p  ( F l i k  e t  a l . ,  ’9 0 b ;  V a n  d e r  V e l d e n  e t  

a l . ,  ’9 0 ) .  F u r t h e r m o r e ,  t h e  e p i t h e l i u m  i s  r a t h e r  

h o m o g e n e o u s  a s  i t  c o n t a i n s  n o  c r y p t s .  I n  b i o c h e m ­

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

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

( S T C  d e p e n d e n t  S M O C s )  a n d  b a s o l a t e r a l  m e m ­

b r a n e s  ( v i t a m i n  D  a n d  p r o l a c t i n  d e p e n d e n t  e x t r u s i o n  

m e c h a n i s m s ) .  W e  a n a l y z e d  t h e  c a l c i u m  t r a n s p o r t  

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

t h e  i n t e s t i n e  o f  t h e  t i l a p i a  ( F l i k  e t  a l . ,  ’9 0 b )  a n d  f o u n d  

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

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

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

l i u m  a n d  i t  i s  N a  + / K + - A T P a s e - d e p e n d e n t ,  a s  i n ­

d i c a t e d  b y  i t s  s e n s i t i v i t y  t o  o u a b a i n .  W e  s u b s e q u e n t l y  

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

C a 2 + - A T P a s e  a n d  N a  + / C a 2 +  e x c h a n g e  a c t i v i t i e s .  

F i r s t  w e  f o u n d  a n  e x t r e m e l y  l o w  C a 2 + - A T P a s e  

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

v e s i c l e s  ( K 0 .5 =  2 7  n M ;  V max =  0 . 6 3  n m o l  x  

m i n  1 p e r  m g  p r o t e i n ) .  T h e  l o w  a c t i v i t y  c o u l d  n o t  

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

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

C a 2 + - A T P a s e  t h e r e i n .  S u r p r i s i n g l y ,  a  v e r y  h i g h  

N a + / K + - A T P a s e  c o u l d  b e  d e m o n s t r a t e d  i n  t h e s e

S T  A L .
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F ig . 5 . N a V C a 24 e x c h a n g e  in  g i l ls  a n d  in te s t in e .  C a2 + 

d e p e n d e n c e  o f  N a  ' -d r iv e n  C a 24 u p ta k e  in to  ve s ic le s  of g i l l  

e p i th e l iu m  (a )  a n d  i n t e s t i n a l  e p i th e l iu m  (b ). I n i t ia l  r a te s  o f  

N a f - d r iv e n  C a 2 ' u p t a k e  ( N a V K  ' 0 ) w e re  c o r r e c te d  fo r  

“n o n s p e c if ic ” u p t a k e  ( N a 1,- = N a  + o = 150  m M ). C a 2 %  

w a s  v a r ie d  b e tw e e n  10 fi a n d  2 .5  10 5 M. U p ta k e  r a te s  ha ve

m e m b ra n e s  (sp e c if ic  a c t iv i ty  a ro u n d  150 fj-mol 

Pj X h  ~ ^ e r m g p r o t e i n  v e r s u s 3 OjumolP; x h  *per 

m g  p ro te in  in  a  co m pa ra b le  p la sm a  m e m b ra n e  p rep ­

a r a t io n  o f  g i l l  ce lls). T he  h ig h  N a +/K  + -A TPase 

a c t iv i ty  a lso  a r g u e s  a g a in s t  a  low q u a lity  p re p a ­

r a t io n .  H ow ever, a  pow erfu l N a  + /C a 2+ exc ha ng e  

a c t iv i ty  (Kq.s *  1 8 1 n M ;V max =  7.2 nm ol x  m i n ^ 1 

p e r  m g  p ro te in )  w a s  p re s e n t  in  the p la sm a  m e m ­

b r a n e s  o f  th e  e n te ro c y te s  (F lik  e t  a l., ’9 0 b). T h e  

m a x im u m  a c tiv i ty  o f  th e  e x ch an g e r exceeds th a t  o f

b e e n  p lo t te d  r e la t iv e  to the m axim um  v e lo c itie s  o b se rv ed  fo r  

c o m p a r iso n  (V max =  12 .2  ±  3.7 a n d  20 .5  ±  4 .4  n m o l x  m in  1 

p e r  m g  p ro te in  "1 for g i lls  a n d  in te s tin e , respective ly ). T h e  K m -  

va lu es a re  g iven  in  th e  figu re s. M ea n  v a lu es for s ix  fish  a r e  g iven. 

B a rs  in d ic a te  S E .

th e  C a 2 + -A T Pase in  th e  sam e  m e m b ra n e  m ore  

th a n  tenfold an d  th a t  of any  know n  N a  + /C a2 + ex ­

c h an g e  a c tiv ity  in  (m a m m a lia n )  n o n -e x c ita b le  

cells. A n  o b se rv a tio n  n o t u n d e rs to o d  a t  t h a t  t im e  

w as th e  c u rv il in e a r  ca lc iu m  d e p e n d e n c e  of th e  ex ­

c h a n g e r  (F lik  e t  a l., ’9 0 b), b u t  ve ry  re c e n tly  we 

h av e  b een  a b le  to  solve th is  p ro b le m  by im p ro v in g  

on  th e  p ro ced u re s  for c a lc u la tio n  o f fre e  C a2 ‘ —c o n -
Ulj. Uiic -----------
ce n tra tio ns  in  physiological so lutions (Schoenm akers 

e t  a l., ’9 2 a,b). T h e  im proved  c a lc u la tio n  m e th o d
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F ig . 6. T h e  a c tiv ity  o f th e  C a 2 1 -A T Pase  (d o tte d  lines ) a n d  

N a  V C a2 ' e x c h a n g e r  (solid  lin e s)  in  th e  b a s o la te ra l  p la s m a  

m e m b ra n e  o f th e  g ills  (a )  a n d  th e  in te s t in e  (b ) a s  a  fu n c tio n  

of th e  c a lc iu m  c o n c e n tra tio n  in  th e  cell. In  th e  in te s t in e  th e  

e x c h a n g e r  d e te r m in e s  fo r th e  m a jo r  p a r t  th e  e x t r u s io n  o f  

C a 2 1. In  th e  g i l ls  th e  C a 2 +-A T P ase  is  d o m in a n t  in  th e  

ex p o rt o f C a 2+ from  th e  cell. T h e  t r a n s p o r t  a c tiv itie s  o f b o th  

e x tru s io n  m e c h a n is m s  w ere  d e te rm in e d  on  th e  s a m e  re se a le d  

vesic le  p re p a ra t io n s  o f  th e  re sp e c tiv e  p la s m a  m e m b ra n e s . 

N o te  t h a t  a t  th e  ca lc iu m  c o n c e n tra tio n s  g iven  on  th e  x-axis, 

th e  e x c h a n g e r  do es n o t  r e a c h  s a tu r a t io n .  M e a n  v a lu e s  fo r 

s ix  fish  a re  g iven ; b a rs  in d ic a te  SE; in  som e cases  th e  S E  

b a rs  fa ll w ith in  th e  sym bo l u sed . D a ta  w ere  f i t te d  by  n o n ­

l in e a r  re g re ss io n  an a ly sis .

y i e l d s  s i n g l e  M i c h a e l i s - M e n t e n  k i n e t i c s  fo r  t h e  e x ­

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

f o r  t h e  V max o f  t h e  e x c h a n g e r .

I n  F i g u r e  6b ,  t h e  a c t i v i t i e s  o f  t h e  C a 2 + - A T P a s e  

( K 0.5: 1 0 6  ±  2 1  n M ,  V max: 0 . 6 6  ±  0 . 1 5  n m o l  x  

m i n -1 x  m g p r o t e i n - 1 ) a n d  t h e N a + /C a 2 + e x c h a n g e r  

(K o .5: 1.95 ±  0 .4 5  p .M ,V max 1 9 .6  ±  3 . 6 n m o l  x  m i n -1 

x  m g  p r o t e i n  ~1; r o u g h l y  3 0  t i m e s  h i g h e r  t h a n  t h e  

A T P a s e ! ) , d e t e r m in e d  a n e w  p r o c e e d in g  f r o m  t h e  m o s t  

u p d a t e d  c a l c u l a t i o n s  f o r  f r e e  C a 2 + , a r e  p l o t t e d  

a s  a  f u n c t i o n  o f  c y t o s o l i c  C a 2 + . T h e  e x c h a n g e r  

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

T h i s  c o n t e n t i o n  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  N a + 

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

o f  t h i s  f i s h  ( F l i k  e t  a l . ,  ’9 0 b ) .  I n  t h e  m o d e l  p r e ­

s e n t e d  i n  F i g u r e  1 ,  t h e  d o m i n a n t  C a 2 + t r a n s p o r t  

p a t h w a y  i n  t h e  e n t e r o c y t e  i s  i n d i c a t e d  a s  r o u t e  2 .

A m o n g  t h e  i n t r i g u i n g  q u e s t i o n s  a r i s i n g  i s  h o w  

t h e  e x c h a n g e r  i s  r e g u l a t e d .  T h e  N a + d e p e n d e n c e  

o f  a  C a 2 +  e x t r u s i o n  m e c h a n i s m  c o u p l e s  c a l c i u m  

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

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

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

MAGNESIUM TRANSPORT

M a g n e s i u m  i s  a n  e s s e n t i a l  e l e m e n t  f o r  a l l  v e r ­

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

c e l l s  a n d  i n v o l v e d  i n  a  v a r i e t y  o f  e n z y m i c  r e a c t i o n s .  

H o w  m a g n e s i u m  i s  t r a n s p o r t e d  a n d  h o w  t h e  t r a n s ­

p o r t  i s  r e g u l a t e d  i s ,  e s s e n t i a l l y ,  a n  o p e n  q u e s t i o n .  

W e  h a v e  s t u d i e d  M g 2 +  t r a n s p o r t  p h e n o m e n a  in  

t i l a p i a  a n d  c a r p .  S o  f a r ,  s p e c i a l  a t t e n t i o n  w a s  p a i d  

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

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

a b i l i t y  o f  r e a c t o r - p r o d u c e d  M g 2 +  r a d i o i s o t o p e s ,  

27M g 2 +  a n d  28M g 2 +  ( V a n  d e r  V e l d e n  e t  a l . ,  ’9 0 ;  

K o l a r  e t  a l . ,  ’9 1 ) .

Gills

T h e  m a g n e s i u m  c o n c e n t r a t i o n  i n  f r e s h  w a t e r  

r a n g e s  m o s t l y  b e t w e e n  0 . 1  a n d  0 .3  m M .  F o r  f r e s h ­

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

i n e x h a u s t i b l e  m a g n e s i u m  s o u r c e  ( a  s i m i l a r  r e a s o n ­

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

n o r m a l l y  d o  n o t  r e l y  o n  a b s o r p t i o n  o f  M g 2 + f r o m  

t h e  w a t e r  v i a  t h e i r  g i l l s .  W h e n  f e d  a  l o w  M g  d i e t ,  

s o m e  f i s h  ( g u p p y ,  c a r p )  m a y  d i e  e v e n  t h o u g h  M g  i s  

p r e s e n t  i n  t h e  w a t e r  ( S h i m  a n d  N g ,  ’88; O g i n o  a n d  

C h i o u ,  ’7 6 ) ;  o t h e r  s p e c i e s  ( r a i n b o w  t r o u t ,  t i l a p i a )  

s u r v i v e  s u c h  d i e t s  a n d  e v e n  c o n t i n u e  t o  g r o w  ( K n o x  

e t  a l . ,  ’8 3 ;  V a n  d e r  V e l d e n  e t  a l . ,  ’9 1 a ) .  F o r  t h e  

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

t h a t  t h e  f i s h  m u s t  a b s o r b  M g 2 + v i a  i t s  g i l l s  f r o m  

t h e  w a t e r  t o  e x p l a i n  t h e  g r o w t h  o b s e r v e d  ( V a n  d e r  

V e l d e n  e t  a l . ,  ’9 1 b ) .  H o w e v e r ,  w e  w e r e  u n a b l e  t o  

s h o w  a n y  c h a n g e  i n  M g 2 +  u p t a k e  f r o m  t h e  w a t e r  

b e t w e e n  c o n t r o l  f i s h  a n d  lo w  M g  f e d  t i l a p i a  ( V a n  d e r  

V e l d e n  e t  a l . ,  ’9 1 a ) .  F o r  t h e  c a r p ,  k e p t  i n  w a t e r  

c o n t a i n i n g  0 . 2  m M  M g  a n d  f e d  a  d i e t  c o n t a i n i n g  

3 1  p ,m o l  x  g -1 a t  m a i n t e n a n c e  l e v e l ,  t h e  r e l a t i v e  

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

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

b e ,  a t  m a x i m u m ,  1 6 %  ( V a n  d e r  V e l d e n ,  ’9 1 ) .  A t  

l e a s t  8 4 %  i s  o b t a in e d  f r o m  t h e  fo o d . F o r  t i l a p i a  w e i g h ­

i n g  6 .5  g ,  f e e d i n g  o n  a  c o n t r o l  d i e t  ( 2 5  ( x m o l  x  g " x), 

a n d  k e p t  i n  w a t e r  c o n t a i n i n g  0 . 2  m M  M g ,  t h e  c o n -
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t r ib u t io n  o f  b r a n c h ia l  M g 2+ u p ta k e  from  th e  w a te r  

w a s c a l c u l a t e d to l 3 n m o l x  h  th e  c o n tr ib u tio n  o f 

d r in k in g  M g  c o n ta in in g  w a te r  to  1 6  n m o l x h _1 

m a x im a lly , a n d  th e  c o n tr ib u tio n  o f  M g  ab so rp tio n  

from  th e  food to  3 2 9  nmol x  h  " 1 m ax im ally . F o r  a  

f ish  fe e d in g  on  a  low  M g d ie t  ( 1  |u.mol x g _ l ) th e s e  

n u m b e rs  a re  1 2 , 6, a n d  1 4  nm ol x h ' 1, respectively  

(V an d e r  V eld en  e t  a l., ’9 1 a; V an  d e r  V elden, ’9 1 ). 

C le a r ly  th e  t i l a p ia  does n o t  in c re a se  e x tra in te s tin a l 

M g2+ u p ta k e  w h e n  fed a  low  M g d ie t. I n  th e  la t ­

te r  s itu a tio n , how ever, e x tra in te s tin a l M g2+ u p tak e  

s ta n d s  fo r 5 0 % o f  th e  to ta l  u p ta k e !

F o r  m a g n e s iu m  u p ta k e  in  f ish , th e  s i tu a t io n  is  

opposite to  t h a t  fo r c a lc iu m  u p tak e: a  no t fu lly  un d er ­

stood, s m a ll  p a r t  o f  th e  u p ta k e  occu rs n o rm a lly  v ia  

th e  g ills , a n d  t h e  m a jo r  ro u te  for M g2+ u p ta k e  is  

v ia  th e  in te s t in e .

Intestine

T h e re  is  a m p le  ev id en ce  for a b so rp tio n  of M g2 + 

by f is h  in te s t in e .  M a n y  s tu d ie s  h av e  g iven  c le a r  

b u t  in d ire c t ev idence  by p rov id ing  th e  fish  w ith  d ie ts  

v a ry in g  in  M g  c o n te n t  a n d  s u b s e q u e n tly  a n a ly z ­

in g  t is s u e  e le m e n ta l  co m p ositio n , g row th  r a te ,  etc. 

A p h o to n u c le a r  r e a c t io n  p ro cess h a s  m ad e a v a il ­

ab le  a  p re p a ra t io n  o f  28M g2+ w ith  very h ig h  specific 

a c t iv i ty  a n d  i t  a llo w ed  u s  to  pe rfo rm  som e s tu d ie s  

on unidirect ional M g2+ f lu x e s  in  t i la p ia  in te s t in e  

(Van d e r  V elden  e t  a l., ’9 0 ). N e t  ab so rp tio n  of M g2 + 

cou ld  be  d e m o n s t r a te d  a n d  a  so d iu m  d ep en d en ce  

e s ta b lis h e d  (T ab le  1 ). I n  co n tro l co nd itions  w ith  

s a l in e  b a th in g  th e  m u c o sa l a n d  th e  se ro sa l s id e s  o f  

t i l a p ia  s tr ip p e d  e p ith e l iu m , th e  n e t  m u co sa  to  se r ­

o sa  f lu x  w as  2 3  n m o l x  h _1 x  c m " 2. W hen  so d iu m  

w as re p la c e d  by  th e  in e r t  ion  N M D G + (sod ium  free  

c o n d itio n ), u n id ir e c t io n a l  f lu x e s  w ere s tro n g ly  r e ­

du ce d  a n d  th e  n e t  f lu x  w a s  abo lish ed . O u a b a in , 

know n  to co m ple te ly  b lock N a +/K +-ATPase ac tiv ity  

in  th i s  t is s u e  (F lik  e t  a l., ’9 0 b), red uces  th e  m u co sa  

to  se ro sa  f lu x  to  t h e  level fo u nd  for th e  se ro sa  to  

m u c o sa  f lu x . A p p a r e n t ly  th i s  b lo ck e r in h ib i ts  th e  

t r a n s c e l lu la r  m o v e m e n t of M g2 +

T ABLE 1. M agnesium  fluxes  ( J )  ± standard deviation across

stripped intestinal epithelium  o f  freshwater tilapia under 

_______________ different experimental conditions1________ _______

U n id i r e c t io n a l  M g 2 f f lu x e s  in  t i l a p ia  in te s t in e
M g2 1 f lu x  (nm ol x h  1 x  cm  )

S a l in e  c o n d it io n s _____________ J m s _________ ---------------

C o n tro l  

S o d iu m -fre e  

+  O u a b a in  ( I m M )

3 9  ±  1 9 (9 )  

6 ±  3 (7 )  

16 ±  2 (3 )

16 ±  6 (8)

6 ± 2(10) 
N.D.

The num ber o f  observations a re  indicated between brackets. D ata  taken 

from Van der Velden e t  a l. (’90).

O n  t h e  b a s i s  o f  a n a l y s e s  o f  t h e  e l e m e n t a l  c o m ­

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

d a t a  ( i n s i d e  o f  t h e  c e l l  - 6 0  m V )  ( B a k k e r  a n d  G r o o t ,  

’8 8 ) ,  w e  h a v e  c o n c l u d e d  t h a t  i n t r a c e l l u l a r  M g 2 + 

( 8  m m o l  x  1 " x)  i s  k e p t  f a r  b e l o w  i t s  e q u i l i b r i u m  c o n ­

c e n t r a t i o n  ( 1 0 0  m m o l  x  1 - 1 ; b a t h  r i n g e r s  M g  w a s  1  

m m o l  x  I - 1 ). I t  f o l l o w s  t h e n  t h a t  t r a n s p o r t  o v e r  t h e  

a p i c a l  m e m b r a n e  m a y  b e  p a s s i v e  a n d  d r i v e n  b y  a n  

e l e c t r o c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  o f  a t  l e a s t  2 5  

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

m a j o r  p a r t  o f  t h e  M g 2 +  i n  t h e  c e l l  i s  i n  a  b o u n d  

f o r m .  C o n v e r s e l y ,  t r a n s c e l l u l a r  M g 2 +  t r a n s p o r t  

r e q u i r e s  a n  e n e r g i z e d  e x t r u s i o n  s t e p  a t  t h e  b a s o -  

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

d i f f e r e n c e  o f  a t  l e a s t  3 0  m V .  E i t h e r  A T P  o r  t h e  N a  + 

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

e n e r g y  f o r  s u c h  t r a n s p o r t .  I n  o u r  U s s i n g  c h a m b e r  

s e t u p ,  t h e  m a g n e s i u m  c o n c e n t r a t i o n s  i n  b o t h  h e m i -  

c h a m b e r s  w e r e  a l w a y s  i d e n t i c a l .  A l s o  t h e r e  i s  n o  

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

s e t t i n g .  I t  f o l l o w s  t h e n  t h a t  t h e  t r a n s p o r t  o f  M g 2 " 

m u s t  r e s u l t  f r o m  n e t  w a t e r  t r a n s p o r t  ( s o l v e n t  d r a g  

M g 2 +  t r a n s p o r t ) ,  f r o m  a n  a c t i v e  t r a n s p o r t  m e c h a n ­

i s m ,  o r  a  c o n t r i b u t i o n  o f  b o t h .  T h e  s o d i u m  d e p e n ­

d e n c e  o f  t h e  M g 2 +  t r a n s p o r t  s u g g e s t s ,  o f  c o u r s e ,  

t h e  o p e r a t i o n  o f  a n  N a  + / M g 2 +  e x c h a n g e r .  T h e  

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

e n t e r o c y t e  b a s o l a t e r a l  p l a s m a  m e m b r a n e  v e s i c l e s  

i n  w h i c h  M g 2 +  t r a n s p o r t  w a s  d e t e r m i n e d  w i t h  

27M g 2 +  a s  r a d i o t r a c e r  ( K o l a r  e t  a l . ,  ’9 1 ) .  S o  f a r ,  

w e  h a v e  b e e n  u n a b l e  t o  d e t e r m i n e  N a  + / M g 2 +  e x ­

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

s e t u p  t o  t h o s e  f o r  t h e  d e t e r m i n a t i o n  o f  N a  + /  

C a 2 +  e x c h a n g e  ( F l i k  e t  a l , ,  ’9 0 b ) .  H o w e v e r ,  a  c o n ­

s i s t e n t  f i n d i n g  s o  f a r  i s  t h a t  A T P  s t i m u l a t e s  M g 2 ' 

t r a n s p o r t  i n t o  t h e s e  v e s i c l e s  ( K o l a r  e t  a l . ,  ’9 1 ) .  A  

c h a r a c t e r i z a t i o n  o f  A T P - d r i v e n  M g 2 +  t r a n s p o r t  i n  

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

e t  a l . ,  s u b m i t t e d )  a n d  t h i s  f i n d i n g  w i l l  o p e n  a  n e w

f i e l d  o f  r e s e a r c h .

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

i s  s t i l l  a n  e n i g m a .  S T C  a p p e a r s  n o t  t o  b e  i n v o l v e d  

( H i r a n o ,  ’8 9 ) .  E x t e r n a l  m a g n e s i u m  l e v e l s  i n f l u e n c e  

p r o l a c t i n  c e l l  a c t i v i t y  ( W e n d e l a a r  B o n g a  e t  a l . ,  ’8 5 ) .  

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

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

d i e t  e x p e r i m e n t s  w i t h  t i l a p i a :  l o n g - t e r m  l o w  M g  

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

( V a n  d e r  V e l d e n  e t  a l . ,  ’9 1 b ) .  H o w  p r o l a c t i n  a f f e c t s  

m a g n e s i u m  t r a n s p o r t  i s  a s  y e t  u n k n o w n .
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