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Active Ca2+ Transport in Plasma Membranes 
of Branchial Epithelium 
of the North-American Eel, Anguilla rostrata LeSueur

Gert F L IK 1, Sjoerd E. W E N D E L A A R  BO N G A 1 and James C. F E N W IC K 2

1 Department o f  Zoology II, University o f  Nijmegen, Toernooiveld 25, 6525 ED  
Nijmegen, The Netherlands and 2 Department o f  Biology, University o f  Ottawa, 
Ottawa, Ontario, Canada K IN  6N5.

A branchial epithelial membrane fraction, more than 20-fold enriched in 
N a f/ K -ATPase activity when compared with the crude homogenate of the 
tissue, was obtained from adult freshwater American eels. In a membrane 
vesicle preparation that consisted of 33% inside-out, 23% right-side-out and 
44% leaky vesicles, the accumulation o f 45Ca2+was stimulated by ATP, but not 
by A D P . Accumulation of 45Ca2 was prevented when vesicles were pretreated 
with detergent or the Ca2+ionophore A23187; Ca2+ efflux was observed when 
the ionophore was added to actively 45Ca2 -loading vesicles. Oxalate did not 
affect Ca2+ accumulation in these vesicles. Kinetic analysis of the Ca2+- 
transport process by an Eadie-Hofstee plot revealed that the process is 
homogeneous; its kinetic parameters are a Ko.sfor Ca2+ of 0.053 /j M  and a Vmax 
of 2.25 nmol Ca2'/min.mg protein (at 37 °C). The calmodulin dependency of 
this Ca2+ transporting process was shown by the inhibitory action of  
calmodulin antagonists and by the stimulatory effect of calmodulin repletion 
after EGTA treatment of the membranes.

We conclude that an ATP-energized Ca2+pump is present in the plasma 
membranes of branchial epithelium, that resembles the Ca2+ pumps of e.g. 
mammalian intestinal or renal plasma membranes, and propose its 
involvement in branchial Ca2+-uptake from the water.

Key-words: Teleost - Gills - Plasma m em b ra n es  - C a lm odu lin  - Ca ^ - tra n s 
por t .

INTRODUCTION

For th e i r  c a lc iu m  r e q u i r e m e n ts ,  f r e s h w a te r  fish m a y  
ully d e p e n d  on  the  c a lc iu m  in th e i r  a q u e o u s  
n v i ro n m e n t .  D irec t  u p t a k e  o f  C a : , f r o m  the  w a te r  

takes p lace  in the  gills (5). R e p o r te d ly ,  the  m a jo r  
C a2+- in f lux  in a t r o u t  i so la ted  head  p r e p a r a t i o n  is 
ssoc ia ted  w ith  the  c h lo r id e  cells (o r  io n o cy te s )  o f  the
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\bbreviations
^23187 - Calimycin, a C a 2+ ionophore;
'48 /80  - C om pound  48/80, a condensation product of formaldehyde and N-methyl-p-methoxyphenethylamine; 
iDTA - (ethylenedinitrilo)tetraacetic acid;
1EEDTA - N ’-(2-hydroxyethyl)ethylenediamine-NNN-triacetic acid; 
lepes - N-2-hydroxy-ethylpiperazine - N ’-2-ethanesulphonic acid;
dS-222 - tricaine methanosulphate;  p -N P P  - para-nitrophenylphosphate;  NP - nitrophenol;
t24571 - l-[bis-(p-chlorophenyl)-methyl]-3-(2,4-dichloro-/3-(2,4-dichlorobenzyloxy)-phenylethyl)imidazoliumchloride;
ris - tr is(hydroxymethyl)aminomethane.
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b ra n c h ia l  e p i th e l iu m  (19). In r e p o r t s  on  C a 2+- 
d e p e n d e n t  A T P a s e  ac tiv i t ies  in eel gill p la s m a  
m e m b r a n e s  (2, 3) we a d v a n c e d  b io c h e m ic a l  s u p p o r t  
fo r  a d o m i n a n t  role  o f  the  c h lo r id e  cells in b r a n c h ia l  
C a : ' a b s o r p t io n .  M o r e o v e r ,  the  h y p e rc a lc e m ic  
a c t io n  o f  p ro la c t in  in the  eel is a s so c ia te d  w i th  a 
specific  s t im u la t io n  o f  a p la s m a  m e m b r a n e - b o u n d ,  
c a lm o d u l in - d e p e n d e n t ,  h ig h -a f f in i ty  C a 2+-A T P a s e ,  
th a t  we te n ta t iv e ly  p r o p o s e d  to  r e p re s e n t  the  
b io c h e m ic a l  e x p re s s io n  o f  the  C a 24 p u m p  in the  
b r a n c h ia l  e p i th e l iu m  (3). F o r  f r e s h w a te r  t i lap ia ,  
O reochrom is  m ossam b icus ,  we have  recen t ly  s h o w n
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th a t  p ro la c t in - in d u c e d  h y p e rc a lce m ia  is, indeed ,  
a sso c ia ted  w ith  e n h a n c e d  b ra n c h ia l  C a 2+inf lux  (6).

H o w ev er ,  to  d a te  the re  a re  no  re p o r ts  on C a 2+- 
t r a n s lo c a t in g  ac t iv i ty  in fish gill p la sm a  m e m b ra n e s .  
D e m o n s t r a t i o n  o f  active  C a 2+t r a n s p o r t  is necessary ,  
since the  t ran se p i th e l ia l  p o te n t ia l  d if ference  o f  
a p p r o x im a te ly  20 m V , inside negative ,  r e p o r te d  fo r  
e.g. f r e sh w a te r  b r o w n  t r o u t  (13) m ig h t  a c c o u n t  fo r  
pass ive  C a 2+ u p ta k e .  This  r e p o r t ,  th e re fo re ,  deals  
w ith  the  iso la t ion  a n d  c h a ra c te r iz a t io n  o f  a 
m e m b r a n e  f ra c t io n  o f  eel gill e p i th e l iu m  a n d  the  
d e m o n s t r a t i o n  a n d  q u a n t i t a t i o n  o f  active  C a 2+ 
t r a n s p o r t  in resea led  vesicles p re p a re d  f ro m  these  
m e m b ra n e s .

BIOLOGICAL MODELS

Yellow fem ale  eels, A ngu il la  rostrata  L e S u e u r ,  w ith  
a n  av e rag e  b o d y  w eight o f  1.3 kg, were o b ta in e d  in 
the  ear ly  s u m m e r  o f  1984 f ro m  a c o m m e rc ia l  fish 
d e a le r  in Q u e b e c  city, Q u eb ec ,  C a n a d a .  In the  
l a b o r a to r y ,  the  fish were k ep t  in r u n n in g  d e 
c h lo r in a te d  O t t a w a  city t a p w a te r  (0.45 m M  C a, 
12 °C) u n d e r  a p h o to p e r io d  o f  16 h r  o f  light 
a l t e rn a t in g  w ith  8 h r  o f  d a rk n e s s ,  unti l  N o v e m b e r  
a n d  D e c e m b e r  1984, w h e n  the  e x p e r im e n ts  were  
p e r fo rm e d .  T h e  a n im a ls  were  n o t  fed.

MATERIALS AND METHODS

Isolation of plasma membranes

In M S-222  (6 g /  L, p H  7.4, ad ju s ted  with Tris)  anes the t ized  eels, 
the hea r t  was ex p o sed  an d  a f te r  c a n n u la t io n  of  the ven tra l  a o r t a  
the b ran ch ia l  a p p a r a t u s  was perfused  with 40 ml ice-cold 
iso tonic ,  h e p a r in -c o n ta in in g  (20 U /  ml) saline to c lear  the  gills o f  
b lood  cells. D i th io th re i to l  ( D T T ,  1 m M ) ,  E D T A  (0.5 m M )  and  
a p ro t in in  (100 U / m l )  were inc luded  in the  pe r fus ion  fluid to 
e n h a n c e  en zy m e  recovery .  Nex t ,  the  b ra n c h ia l  ep i the l ium  was 
sc raped  off  o n to  an  ice-cooled glass plate.  All s u b s e q u e n t  s teps 
were p e r fo rm e d  at  0-4 °C. T h e  sc rap ings  o f  ind iv idua l  fish were 
d i s ru p te d  ( P o ly t r o n  t issue h o m o g e n iz e r ,  e q u ip p e d  with a P C U  
P o w e r  co n t ro l ;  se t t ing  2, 2 m in)  in 15 ml o f  a h y p o to n ic  buffe r  
c o n ta in in g  25 m M  N aC l ,  1 m M  H e p e s / T r i s  (p H  8), 1 m M  D T T  
a n d  100 U / m l  a p ro t in in .  T h e  v o lu m e  was b r o u g h t  up to 50 ml 
a n d  the  h o m o g e n a t e  (Ho) was cen tr i fuged  a t  550 g  for  15 min  
(S o rv a l  R C -28)  to re m o v e  nuclei a n d  ce l lu la r  debr is  (pellet ,  Po). 
M e m b r a n e s  were col lected by u l t r a c e n t r i fu g a t io n  o f  the 
s u p e r n a t a n t  (40 K r p m ,  45 min,  B eck m an  Ti 42.1 ro to r ) .  T h e  
pellet (PO  thus  o b ta in e d  cons is ted  o f  a f i rm b ro w n ish  p a r t  well 
f ixed to  the  wall o f  the  tub e  an d  a fluffy layer  on  to p  of  the  f o r m e r  
par t .  T h e  b ro w n is h  p a r t  o f  pellet Pi  typical ly  c o n ta in e d  80% of  
the to ta l  S D H - a c t iv i t y  o f  the  tissue. A f te r  mild sh a k in g ,  the  fluffy 
p a r t  o f  pellet Pi was re m o v e d  a n d  re su sp en d e d  (100 s t rokes )  with 
a D o u n c e  h o m o g e n iz e r ,  with a loosely f i t t ing pestle,  in a to ta l  o f  
60 ml i so to n ic  bu f fe r  c o n ta in in g  250 m M  sucrose ,  5 m M  M g C l 2, 
5 m M  H e p e s / T r i s  (p H  7.4) a n d  1 m M  D T T .  Th is  m e m b r a n e  
su sp e n s io n  was cen t r i fuged  differentia l ly :  1 Kg 10 min,  10 Kg  
10 m in  (y ie ld ing  P 2) a n d  30 Kg  30 m in  (S o rv a l  RC-28) .  T h e  final 
pellet  ( P 3) was r insed twice a n d  su b s e q u e n t ly  r e su sp en d e d  by 10 
passages  t h r o u g h  a 23-G needle  in 0.5 - 1 ml bu f fe r  c o n ta in in g  
20 m M  H e p e s / T r i s  ( p H  7.4), 5 m M  M g C h a n d  150 m M  KC1 
( t r a n s p o r t  s tud ies)  o r  150 m M  N a C l  (enzy m e  s tudies) .  T h ese  
m e m b r a n e  p r e p a r a t i o n s  c o n ta in e d  a p p r o x i m a t e l y  4 m g /  ml 
b ov in e  s e ru m  a l b u m in  (B S A )  eq u iv a len ts  a n d  were used on  the  
very d a y  o f  i so la t io n  w i th o u t  be ing  f rozen .

Enzyme assays
P ro te in  was de te rm ined  with a co m m erc ia l  reagent  kit (Biorad) ,  
using BSA as reference. T h e  m a r k e r  enzymes used to 
charac te r ize  the m e m b r a n e  p re p a ra t io n s  were: N a +/ K h-A T P ase  
for  baso la te ra l  p la sm a  m e m b ra n e s ,  succinic acid deh y d ro g en ase  
( S D H )  for  m i to c h o n d r ia l  f r ag m en ts  ( for  assay  co n d i t io n s  see 2), 
N A D H - d e p e n d e n t  c y to ch ro m e-c  reduc tase  for  endop lasm ic  
re t icu lum  (17), N A D P H - d e p e n d e n t  c y to ch ro m e-c  reductase  
for  s m o o th  e n d o p la sm ic  re t icu lum  (20) a n d  th iam ine  
p y r o p h o s p h a ta s e  ( T P P a s e ;  16) for  Golgi m e m b ra n e s .  C a 24- 
A T P a s e  was assayed in the presence  of  o l igomycin  B ( 5 / ig /m l )  
an d  so d iu m  azide (NaN3, 5 m M ) ,  a t  1 fjM  C a 2X ,  using a 1 mM  
capac i ty  C a 2+-buffer  sys tem (0.5 m M  E G T A  +  0 . 5 m M  
H E D T A ) .  Free C a 2+-c o n c e n t ra t io n s  were ca lcu la ted  accord ing  
to van  Heeswijk et al. (11).

Vesicular space and membrane orientation

U p ta k e  of  D - (14C ) -m a n n i to l  ( A m e r s h a m  in te rn a t io n a l  pic) was 
m easu red  in the C a 24t r a n s p o r t  m e d iu m  (w i th o u t  45Ca) to which 
100 / jM  m a n n i to l  plus 8 . 3 3 / i C i / m l  14C -m a n n i to l  had been 
ad d e d .  The  m in im u m  a m o u n t  o f  p ro te in  in this case was 3 0 /jg 
per  filter.

Reseal ing  o f  m e m b r a n e  vesicles was su b s ta n t ia te d  by the  fact 
th a t  S D S  t r e a tm e n t  of  the  m e m b r a n e s  abo l ished  the ir  abil i ty  to 
a c c u m u la te  m an n i to l .  T he  ves icular  space  for  eel gill p lasma 
m e m b r a n e s  ca lcu la ted  on  the basis o f  vesicle m an n i to l  co n te n t  at 
eq u i l ib r iu m  was 2.21 / i l / m g  p ro te in ,  a value c o m p a r a b le  to the 
one  rep o r ted  for  ra t  ileal p la sm a  m e m b r a n e  vesicles (22). The 
s teady  a c c u m u la t io n  o f  m a n n i to l  for  a t  least 2 hr  fur ther  
suggested  tha t  no  d e te r io ra t io n  o f  the  vesicle t igh tness  for 
m a n n i to l  occu rred  fo r  p ro lo n g e d  in c u b a t io n  t imes  in the C a : - 
u p ta k e  m ed iu m .

Resea l ing  of  m e m b r a n e  vesicles was fu r th e r  ana lyzed  by 
m easu r in g  the  effects o f  d e te rg en ts  on  enzym ic  act ivi ty  of  the 
N a +/ K +- A T P a s e  co m p lex .  T h e  p e rcen tag e  ins ide-out  or ien ta ted  
vesicles was derived f rom  the  increase  in ouabain-access ib i l i ty  
u p o n  d e te rg en t  t r e a tm e n t  ( o u a b a in  site on the e x te r io r  o f  the 
cell’s p la sm a  m e m b r a n e )  o f  sealed vesicle p repa ra t ions ,  
a c c o rd in g  to Van Heeswijk  et al., (11). A ssu m in g  rapid 
p e rm e a t io n  of  K 4 bu t  no t  o f  o u a b a in  t h r o u g h  the vesicular 
m e m b r a n e s  the d e te rg en t  induced  increase  in ouaba in -  
accessibi l i ty  - d e te rm in e d  via the o u ab a in -sen s i t iv e  K + -N P P ase  
ac t iv i ty  - reveals the  p o r t io n  in s ide -ou t  o r ie n ta te d  vesicles o f  the 
to ta l  vesicle p o p u la t io n .

Vesicle C a 2+ uptake assays

A T P - d e p e n d e n t  C a 24 t r a n s p o r t  was d e te rm in e d  by m ean s  of a 
rap id  f i l t ra t ion  t e c h n iq u e  as desc r ibed  by V an  Heeswijk  et al. 
(11). T he  c o m p o s i t i o n  o f  the  assay  m e d iu m  was (final 
c o n c e n t r a t io n s  in m M ,  at  37 °C): H e p e s / T r i s  (20, pH  7.4), Tris- 
A T P ( 1 0 ) ,  KC1 (150), M g j£ c( 5 ) , C a f r:c( 1 0 - M 0 - v), H E E D T A  (0.5), 
E G T A  (0.5), o l ig om yc in  B ( 5 / i g / m l )  a n d  N a N 3 (5 ) .  T h e  45Ca 
rad io ac t iv e  c o n c e n t r a t i o n  was 3 - 6 / i C i / m l  m e d iu m .  I he 
m in im u m  a m o u n t  o f  p ro te in  per  filter w as  15 /Jg. T h e  m em brane  
filters with  re ta ined  rad io ac t iv i ty  were  dissolved in 0.7 ml 2- 
m e t h o x y e th a n o l ,  8 ml o f  a q u a ly t e  (F ishe r )  was a d d e d  and  the 
r ad io ac t iv i ty  d e te rm in e d  in a n  L K B  ra c k b e ta  L S C ,  equipped 
with a d p m - p r o g r a m .

W h e n  10 m M  o x a la t e  was in t ro d u c e d  in to  the  C a : ' t ransport  
a ssay  buffe r  sys tem ,  the C a 2+ bu f fe r ing  p ro p e r t ie s  o f  oxalate 
were t a k e n  in to  a c c o u n t  in ca lcu la t ing  the  free Ca~* 
c o n c e n t r a t i o n ,  w h ich  was 1/iM in these  e x p e r im e n ts .  F o r  the 
e v a lu a t io n  o f  the  effects o f  o x a la t e  on  ves icu la r  C a 2+uptake,  a 
so lub i l i ty  o f  0.0071 g C a C 2 0 4 / l  (at  37C; I =  0.15 M ) was used 
(21 ).

C a lm o d u l in  a n ta g o n i s t s  R24571 a n d  C 4 8 / 80 were  dissolved in 
e th a n o l  (100%) a n d  b r o u g h t  to  the  requ i red  c o n c e n t r a t i o n  in the 
a ssay  m e d iu m  (n o t  ex c eed in g  0 .1%  v / v  e th a n o l ) .  Membrane 
sa m p le s  were  p r e in c u b a te d  with  in h ib i to r s  o r  so lven t  fo r  15 min 
a t  37C. E th a n o l - t r e a t e d  sa m p le s  served as co n t ro l s .  All assays 
were  p e r f o r m e d  in p las t ic  tubes .  T h e  C a 2+ i o n o p h o r e  A 2 3 187 was 
tes ted  a t  1 0 / i g / m l  assay  m e d iu m .
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Hormonal control of epithelial transport

EGTA treatment consisted in resuspension of the P 3 pellet 
with a loosely fitting Dounce homogenizer (100 strokes) in 15 ml 
20 mM Hepes/Tris (pH 6 .8), 100 mM KC1 and 5 mM EGTA; 
membranes were collected by centrifugation and subsequently 
washed two times with the basic assay medium (without ATP 
and Ca24 buffer system).

Mannitol 
pmol/mg protein

200
Statistics and calculations
Values are expressed as mean values ±  SE, unless otherwise 
stated. Statistical analysis of the data was carried out applying 
Student’s /-test. Apparent Ko.sand V m a x  values were calculated 
by means of Eadie-Hofstee plots. Linear regression analysis was 
based on the least squares method.

100

RESULTS

Membrane isolation and vesicle resealing

As s h o w n  in T a b le  I, the  p ro c e d u r e  a p p l ie d  in this  
s tu d y  to  iso la te  p la s m a  m e m b r a n e s  f ro m  eel 
b ra n c h ia l  e p i th e l iu m  yie lded a m e m b r a n e  f ra c t io n  
highly  en r ich ed  in the  p la s m a  m e m b r a n e  m a r k e r  
N a +/ K +- A T P a s e ,  w ith  on ly  m in o r  c o n t a m in a t i o n s  o f  
e n d o p la s m ic  re t ic u lu m ,  G olg i  m e m b r a n e s  o r  
m i to c h o n d r i a l  f r a g m e n ts .  T h e  C a 2+- A T P a s e  ac t iv i ty  
in the  pur if ied  f r a c t io n  w as  6.36 =b 0.62 /vmol 
P./ h r .m g  p ro te in  a n d  the  r a t io  to  N a r / K +- A T P a s e  
was I to  12.8 ( ± 4 . 2 ) .  As s h o w n  in T a b le  II, 
m a x i m u m  s t im u la t io n  o f  N a +/ K  - A T P a s e  ac t iv i ty  
was o b ta in e d  w ith  S D S  (a t  a n  o p t i m u m  
c o n c e n t r a t io n  o f  0 .03%  w /v ) ,  c o in c id in g  w ith  a n  
a p p a r e n t  loss o f  the  ab i l i ty  o f  the  m e m b r a n e

0

0 30 60 120

t (min)
F i g u r e  l. — Uptake of D-(14C)-mannitol, in nm ol/m g  
protein, at 37 °C plotted against time. 100 /iM mannitol 
was added to the complete C a2t uptake medium (1 /iM 
C a f2r+). In membrane preparations pretreated with 0.03%
w /v  SDS, uptake of mannitol is abolished ( A ------A). The
vesicular space of the membrane preparation, as 
determined on the basis of vesicle mannitol content after 
2 hr of incubation, was 2.21 / i l /m g  protein. Mean values ±  
S.D. are given; n =  6.

T a b l e  I. —  Relative recoveries and purification of marker enzymes in eel gill plasma membranes.

Protein
N a +/ K+-ATPase*
TPPase*
SDH**
N A D H  cyt-c reductase*** 
N A D P H  cyt-c reductase*** 
C a2+-ATPase*

H o  V s p e c P 3 V s p e c  I % Recovery Enrichment I

] --- --- 1.44 ±  0.33
3.51 ± 0 .5 6 79.54 ± 1 6 .0 8 i 35.31 ± 1 8 .11 23.30
0.37 ± 0 .0 4 0.65 ±  0.08 ; 2.55 ±  0.56 1.78

54.86 ±  3.40 12.00 ±  4.28 0.30 ±  0.09 0.22
4.14 ±  1.10 6.03 ±  2.82 2.46 ±  0.99 1.30

10.95 ±  1.13 9.83 ±  4.31 
6.36 ±  0.62

1.40 ±  0.80 0.89

*
**

***

V spec

V spec

V spec

/imol Pi/hr.mg protein, at 37 °C. 
AA49o/min.mg protein, at 25 °C. 
AA555/min.mg protein, at 25 °C.

Mean values =t S.E. are given for 4 different experiments. Only detergent-treated samples were used. 

T a b l e  II. — Effects of detergents on N a / K - A T P a s e  and Ca" uptake by eel gill plasma membranes

Detergent Stimulation of N a +/ K +-ATPase
specific activity (n)

% Decrease in ATP-driven
C a 2+ uptake

SDS (0.03% w/v)* 2.26 X ( ±  0.35) (7) 100
: ween-80 (0.01% v/v)* 1.96 X ( ±  0.26) (6)

8 5

Saponin (0.3 mg/ml)* 1.48 X ( ±  0.14) (8) 57

* Optimum detergent concentration.
Mean values ±  S.D. are given, with the num ber of observations in parentheses
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T a b l e I I I .  —  Effects of SDS on 
K +-dependent p -N PP hydro
lysis by eel gill plasma mem
branes.

* At o p t i m u m  d e t e r g e n t  
concentration of 0.03% w/v. 
Mean values ±  S.D. are given; 
=  7. §: P c  0.001.

With detergent*
Without detergent
%Increase in oubain accessibility

K+-induced NP release in the 
presence of N a+ and ouabain

A  A 42o / m in .m g  p r o t e i n

47 ± 2 5  
114 ± 5 2  
243 ±  46§

p r e p a r a t i o n  to  a c c u m u la te  45C a 2+. T h e  2.26-fold  
s t im u la t io n  o f  N a +/ K ^ - A T P a s e  ac t iv i ty  by S D S -  
t r e a tm e n t  ind ica tes  th a t  56%  o f  the vesicles have  been  
resealed .  T h e  s t im u la t io n  by a f a c to r  2.43 o f  the  
o u a b a in -a cc ess ib i l i ty  u p o n  d e te rg e n t  t r e a tm e n t  o f  
the  m e m b r a n e  vesicle p r e p a r a t i o n  (T ab le  III)  
ind ica tes  t h a t  59%  o f  the  resea led  m e m b r a n e s  a re  
in s id e -o u t  o r ie n ta te d .  T h e  m e m b r a n e  p r e p a r a t io n  
consis ts ,  th e re fo re ,  o f  33%  in s id e -ou t ,  23%  r igh t-  
s id e -o u t  a n d  44%  leaky  vesicles.

Ca 2+accumulation 
in plasma membrane vesicles

As s h o w n  in f igure  2, a c c u m u la t io n  o f  C a 2+ in 
m e m b r a n e  vesicle p r e p a r a t io n s  w as A T P - ,  b u t  n o t  
A D P - d e p e n d e n t  a n d  la rgely  p re v e n te d  o r  reversed  
w h en  the  C a 2" i o n o p h o r e  A 23187 was a d d e d  p r io r  to

o r  d u r in g  C a 2+u p ta k e  m e a s u re m e n ts ,  respectively. A 
dec rease  in the  C a 2+ b u ffe r  c a p a c i ty  f r o m  1 m M  
to  50 / iM ,  th e re b y  d e c rea s in g  the  to ta l  Ca 
c o n c e n t r a t io n  f ro m  4.73 X lO ^ to  2.51 X  10‘5 M , did 
n o t  affect  the  in it ia l  (1 m in)  C a 2+u p ta k e  rates at 
1 / j M  C a 2frt e ,  in d ic a t in g  th a t  the  n o n - io n ic  Ca 
c o n c e n t r a t i o n  d id  n o t  a ffec t  the  C a 2+ t r a n s p o r t  
system .

As s h o w n  in f igure  3, a d d i t i o n  o f  10 m M  oxala te  
d id  n o t  affect  A T P - d e p e n d e n t  C a 2" a c c u m u la t io n  
ove r  a 20 m in  pe r iod .  P ro c e e d in g  f ro m  a vesicular 
space  o f  2 . 2 1 / i l / m g  p ro te in  a n d  33%  inside-out 
vesicles, th e  in s id e -o u t  ves icu la r  space  com es  to 
0 .7 3 /y l /m g  p ro te in ;  A T P - d r iv e n  C a 2" a c c u m u la t io n  
in the  p resence  o f  10 m M  o x a la te  a t  1 m in  a m o u n ts  
to  1.41 ±  0.27 n m o l  C a 2+/ m g  p ro te in  (n =  5), or 
4.27 n m o l  C a 2+/ m g  p ro te in  w h e n  c o r re c te d  for 
p e rc e n ta g e  in s id e -o u t  vesicles. T h e  intravesi-

2+
Ca.uptake

%
100

50

0

0 5 10 15

t (min)
F i g u r e  2. — Effect of ATP, A D P  and A23187 on C a 2r
uptake by eel gill plasma membranes. A ------ A uptake in
the absence of ATP; A ------► uptake in the presence of
10 m M  A D P ; ■ ------ ■ uptake in the presence of 10 mM
A T P  and lO/yg/ml A23187; # ------ •  uptake in the
presence of 10 mM  ATP. Free C a 2+is l f j M and free M g 2+ 
is 5 mM. Arrow indicates the addition of 10/ig /m l 
A23187 to C a 2+-loading vesicles. C a 2+-uptake is expressed 
as a % of m axim um  uptake observed in the presence of 
A T P  at t = 1 0  min. Mean values ±  S.E. for 4 to 6 
experiments are given.

2 +
Ca.uptake 
(nmol/mg prot.)

t (min)
F i g u r e  3. — Effects of 10 mM  oxalate on C a 2+u p t a k e  by
eel gill plasma membranes. A ------ A uptake in the absence
of oxalate; ■ ------ ■ uptake in the presence of oxalate.
Mean values ±  S.D. are given for 4 experiments. O v e r  a 
20 min period no statistically significant difference was 
observed between C a 2+uptake in the presence or in the 
absence of oxalate (P  <  0.5). C a ^ c =  1 /iM.
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T a b l e  IV. — Calmodulin dependency of C a2+transport rates in eel gill plasma membrane vesicles.

Initial C a 2t transport rates (1 min determinations)
(nmol C a 2+/m in .m g protein)

Untreated membranes EGTA-treated membranes

Control (0.1% ethanol)
R24571 (lO-7 M)
R24571 (lO*6 M)
C 48/ 80 (50 /ig/ml)
Calmodulin (10 /ig/ml)
Calmodulin (10 /ig/ml) +  R24571 (10*7 M)

3.52 ± 0 .9 9  
1.44 ± 0 .6 5 '  
0.23 ±  0.022 
0.26 ±  0.042 
3.41 ± 1 .0 8

1.20 ± 0 .5 8  
1.08 ± 0 .6 4

3.33 ±  0 .813 
1.04 ±  0.284

Mean values ±  S.D. are given for 4 to 6 experiments. Values were not corrected for % inside-out vesicles. Symbols indicate 
statistically significant difference with P <0 .01 ;  1, significantly different from untreated Control; 2, significantly different 
from R24571 (10 '7 M); 3, significantly different from EGTA-treated Control and significantly different from calmodulin- 
repleted EGTA-treatment membranes.

c u la r  C a 24 c o n c e n t r a t io n ,  th e n ,  com es  to  
4 .2 7 /0 .7 3  =  5.85 m M  C a 2+ 1 m in  a f te r  a d d i t io n  o f  
A T P .  T h is  ind ica tes  th a t  the  so lub i l i ty  o f  C aC iC h  
(5.54 X 10'5) m ol/1  a t  th is  t im e  w o u ld  
ex ceed ed  m o re  th a n  100 times.  W e

have  been  
c o n c lu d e ,  

m e m b r a n eth e re fo re ,  t h a t  the  C a 2+ a c c u m u la t in g  
vesicles were  o x a la te - im p e rm e a b le .

F ig u re  4 rep re sen ts  a n  E a d ie -H o fs te e  p lo t  o f  the  
c o n c e n t r a t io n  d e p e n d e n c e  o f  the  C a 2+ 

t r a n s p o r t  p rocess .  T h e  k ine t ic  p a r a m e te r s  de r ived
^ d frcc

V

3

2

1

0

0 10 20 30 40

v/s
7 i g u r e 4 .  — Kinetics of ATP-driven C a 2+uptake in eel gill 

plasma membranes at 37 °C. Initial rates of A TP- 
dependent C a 2+uptake (l min determinations) have been 
corrected for ATP-independent uptake. Results are 
presented in an Eadie-Hofstee plot. Ko.s for C a 2+is 0.053 
fj M and V max — 2 . 25 nmol C a 2+/min.mg protein, 
i egression: ro =  — 0.902; P <  0.02. Mean values ±  S.D. 
for 6 to 8 experiments are given. V was expressed as nmol 
Ca2+/m in .m g  protein; S indicates the free C a 2+ 
concentrations (10~9 — lO'6 M).

f r o m  this  p lo t  were  a n  a p p a r e n t  h a l f -m a x im a l  
a c t iv a t io n  c o n c e n t r a t io n  fo r  C a 2+of  0.053 / iM  a n d  a 
m a x i m u m  t r a n s p o r t  ra te  o f  2.25 n m o l  C a 2+/ m i n . m g  
p ro te in  a t  37 °C.

T a b le  IV s u m m a r iz e s  the  resu lts  on  c a lm o d u l in  
d e p e n d e n c y  o f  the  C a 2+t r a n s p o r t  p rocess .  E G T A  
t r e a tm e n t  o f  the  P 3 m e m b r a n e s  s ign if ican tly  
d ec rea sed  the  in it ia l  C a 2+ t r a n s p o r t  ra tes  a t  1 f i M  
C a 24f r o m  3.52 to  1.20 n m o l  C a 2+/ m i n . m g  p ro te in  
(P  <  0.001). T h e  c a lm o d u l in  a n ta g o n i s t s  R24571 
a n d  C 4 8 /8 0  d id  n o t  a ffec t  E G T A - t r e a t m e n t  
m e m b r a n e s ,  b u t  s ign if ican t ly  in h ib i te d  C a 2+ 
t r a n s p o r t  ra tes  in ’’u n t r e a t e d ” p la s m a  m e m b r a n e s  
(P <  0.001). T h e  a d d i t i o n  o f  c a lm o d u l in  to  the  a ssay  
m e d iu m  ( 1 0 / i g / m l )  d id  n o t  affect  C a 2+t r a n s p o r t  
ra tes  in ’’u n t r e a t e d ” p la s m a  m e m b r a n e s ,  b u t  re s to re d  
C a 2+t r a n s p o r t  ra te s  in E G T A - t r e a t e d  m e m b r a n e s  to  
a level c o m p a r a b l e  to  the  t r a n s p o r t  ra te  o b se rv e d  in 
’’u n t r e a t e d ” m e m b r a n e s .  T h e  a d d i t i o n  o f  c a lm o d u l in  
a n d  R24571 d id  n o t  a ffec t  C a 2+t r a n s p o r t  ra tes  in 
E G T A - t r e a t e d  vesicles. W e  c o n c lu d e  f r o m  these  
resu l ts  t h a t  E G T A  t r e a t m e n t  o f  the  m e m b r a n e s  
r e m o v e s  e n d o g e n o u s  c a lm o d u l in  a n d  t h a t  th e  C a 2" 
t r a n s p o r t  p ro cess  is c a lm o d u l in - d e p e n d e n t .

DISCUSSION

T h e  p re s e n t  d a t a  s u b s t a n t i a t e  th e  p resen ce  o f  a n  
A T P - d r iv e n  C a 2+p u m p  in p la s m a  m e m b r a n e s  o f  eel 
b r a n c h ia l  e p i th e l iu m .  S tu d ie s  o n  r a t  e n te ro c y te s  (9) 
a n d  k id n e y  c o r t e x  (14,11) h av e  s h o w n  t h a t  a s im i la r  
A T P - e n e r g iz e d  C a 2H p u m p  is ty p ic a l  fo r  th e  
b a s o la t e r a l  p l a s m a  m e m b r a n e  f r a c t io n s  o f  these  
t issues.  In  f ish gills ac t ive  t r a n s p o r t  o f  ions  is 
c o n c e n t r a t e d  in th e  c h lo r id e  cells (3). M o s t  N a +/ K +- 
A T P a s e  ac t iv i ty  is lo c a te d  in a sy s te m  o f  b r a n c h e d  
m e m b r a n e  tu b u le s  t h a t  is c o n t i n u o u s  w i th  th e  
b a s o la t e r a l  m e m b r a n e s  (12). S ince  the  C a 2+ t r a n s p o r t  
sy s tem  r e p o r t e d  in th is  p a p e r  o c c u r s  in th e  N a +/ K ^ -  
A T P a s e  e n r ic h e d  f r a c t io n s  o f  th e  t issue ,  we su g g es t  
t h a t  it is lo c a te d  in  th e  t u b u l a r  sy s te m  a n d  b a s o la t e r a l
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p la sm a  m e m b ra n e s  o f  the  c h lo r id e  cells in the  gill 
ep i th e l ium . T he  d e m o n s t r a t i o n  o f  this C a 2+t r a n s p o r t  
m e c h a n ism  in ch lo r id e  cells s u p p o r t s  o u r  recen tly  
p resen ted  m o d e l  fo r  t r a n s b ra n c h ia l  C a : ‘ t r a n s p o r t
(7).

Membrane isolation
P la sm a  m e m b ra n e s  were iso la ted  using  a p rev ious ly  
desc r ibed  m e th o d  with  m o d if ic a t io n s  (2). A P o ly t ro n  
tissue h o m o g e n iz e r  ins tead  o f  a D o u n c e  
h o m o g e n iz e r  fo r  the init ia l  d i s ru p t io n  o f  the t issue 
was used, E D T A  was o m i t te d  in the  iso la t io n  buffers  
( to  im p ro v e  resea l ing  o f  the  m e m b ra n e s ) ;  the  b u lk  o f  
the m i to c h o n d r i a  was m ech an ica l ly  s e p a ra te d  f ro m  
the ’’f lu f fy ” m e m b ra n e s  p r io r  to  d if fe ren t ia l  
c e n t r i fu g a t io n .  T hese  m o d i f ic a t io n s  led a to  a 
m o re  th a n  10-fold dec rease  in m i to c h o n d r ia l  
c o n t a m in a t i o n  in the  final m e m b r a n e  f rac t io n .  In 
o r d e r  to  inh ib i t  a n y  c o n t r ib u t io n  f ro m  m i to c h o n d r ia l  
A T P a s e  activ it ies ,  NaN.^and o l igo m yc in  were a lw ays  
inc luded  in the  m ed ia  used fo r  the  s tu d y  o f  C a 2+- 
A T P a s e  activ ity .

T h e  23.3-fo ld  e n r ic h m e n t  o f  N a 7  K ^ -A T P a s e  
ac t iv i ty  is ro u g h ly  3 t im es  low er  th a n  the  61.9-fold  
e n r i c h m e n t  we have  r e p o r te d  p rev io u s ly  fo r  eel gill 
p la sm a  m e m b r a n e s  (2). T h is  d isc re p a n c y ,  h o w ev er ,  
a p p a r e n t ly  derives  f ro m  the  fact th a t  in the  p re sen t  
s tu d y  e n r i c h m e n t  fac to rs  were ca lcu la ted  exclus ive ly  
on  the  basis o f  en zy m ic  specific activ it ies  d e te rm in e d  
in d e te rg e n t - t r e a te d  sam ples .  O n  the  average ,  
d e te rg e n t  t r e a tm e n t  o f  the  t issue h o m o g e n a te s  (Ho)
enhanced Na '7  K/'-ATPase activities 2.5 times;
clearly ,  o m is s io n  o f  d e te rg e n t  in d e te rm in in g  
N a " / K +- A T P a s e  in Ho w o u ld  lead to  a 2 .5-fo ld  
o v e re s t im a t io n  o f  its e n r i c h m e n t  in P 3. T h e  N a 7  K +- 
A T P a s e  specific  ac t iv i t ies  in the  p re sen t  m e m b r a n e  
p r e p a r a t i o n ,  h o w e v e r ,  c o m p a r e  well w ith  th o se  
r e p o r te d  p re v io u s ly  (3) fo r  eel gill p la s m a  m e m b r a n e s  
(79.54 a n d  71.3 f j m ol Pi/ h r .m g  p ro te in ;  respectively) .  
W e c o n c lu d e ,  th e re fo re  th a t  b o th  m e m b r a n e  
f r a c t io n s  were  e n r ic h e d  in p la s m a  m e m b r a n e s  to  a 
s im i la r  e x ten t .

T h e  N a 7  K +- A T P a s e  ac t iv i ty  in o u r  m e m b r a n e  
p r e p a r a t i o n  pu r if ied  13-, 18 -a n d  26-fo ld  w ith  respec t  
to  T P P a s e ,  N A D H  cyt-c  r e d u c ta s e  a n d  N A D P H  
cyt-c  r e d u c ta s e ,  respec t ive ly .  A l th o u g h  the  
c o n t a m i n a t i o n  w ith  f r a g m e n ts  o f  G olg i  a p p a r a t u s  
a n d  e n d o p la s m ic  r e t i c u lu m  ( b o th  m a y  c o n ta in  C a  2+ 
t r a n s p o r t  A T P a s e  ac t iv i ty ;  1, 14, 8 ) in o u r  m e m b r a n e  
p r e p a r a t i o n  is sm al l ,  such  c o n t a m i n a t i o n s  c o u ld  
resu l t  in a o v e r e s t im a t io n  o f  the  c a p a c i ty  o f  the  
p la s m a  m e m b r a n e  C a 2+t r a n s p o r t  sys tem . M o o r e  et 
al. (14, 15) r e p o r t e d  fo r  ra t  k id n e y  a n d  liver 
s ig n i f ic an t ly  h ig h e r  a ff in i t ie s  fo r  C a 2+o f  th e  p la s m a  
m e m b r a n e  C a : p u m p  t h a n  fo r  th e  one  o f  the  
m ic r o s o m a l  C a 2+ p u m p .  S h o u ld  th is  d i f fe ren ce  in 
a ff in i t ies  h o ld  t ru e  fo r  the  C a 2+ p u m p s  in the  
re spec t ive  m e m b r a n e  f r a g m e n t s  o f  eel gill t issue  as 
well, o n e  w o u ld  p re d ic t  a C a : t r a n s p o r t  p ro ce ss  w ith  
tw o  a f f in i ty  sites fo r  C a 2+in s ig n if ican t ly  c o n t a m i n e d  
m e m b r a n e  p r e p a r a t i o n s .  H o w e v e r ,  k in e t ic  a n a ly se s  
o f  th e  C a 2" t r a n s p o r t  p ro ce ss  in o u r  m e m b r a n e  
p r e p a r a t i o n s  o f  eel gill t issue  s h o w  a s ingle  c lass  o f

b in d ing  sites w ith  very  high aff in i ty  fo r  C a 2+
(0.053 / iM ) .  M o re o v e r ,  m ic ro s o m a l  m e m b ra n e s
genera l ly  a re  p e rm e a b le  to  o x a la te  (14). T h e  fact  tha t  
o u r  m e m b r a n e s  p ro v ed  to  be im p e rm e a b le  to  oxa la te  
a lso  s u p p o r t s  o u r  thesis  th a t  the  c o n t a m in a t i o n  with 
e n d o p la s m ic  re t icu la r  o r  G olgi  m e m b ra n e s  is 
in s ign if ican t  w ith  rega rd  to  the  C a 2+ t r a n s p o r t  
p rocess .  It seem s fair,  th e n  to  s ta te  t h a t  th is  C a 2+ 
t r a n s p o r t  p rocess  reflects p la s m a  m e m b r a n e  C a 2+ 
t r a n s lo c a t io n  activ ity .

V an  H eesw ijk  et al. (11) e s t im a te d  on  the  basis of 
o u a b a in  access ib i l i ty  tests  t h a t  a r o u n d  15% of  the 
p la sm a  m e m b r a n e  vesicles o f  a ra t  k id n ey  cor tex  
p r e p a r a t i o n  were in s id e -o u t  o r ie n ta te d .  W ith  the 
sam e  test we fo u n d  33%  in s id e -o u t  vesicles in the eel 
gill m e m b r a n e  p r e p a r a t io n .  T h is  va lue  c o m p a r e s  well 
w ith  the  30%  in s id e -o u t  vesicles r e p o r te d  fo r  an 
essen t ia l ly  s im ila r  m e m b r a n e  vesicle p r e p a r a t i o n  of 
t i lap ia  gills (7); the  la t te r  va lue  was de r ived  f ro m  the 
effects o f  d e te rg e n ts  on  the  ac t iv i t ies  o f  ace ty lcho l ine  
es te rase  (e x o e n z y m e )  a n d  g ly c e ra ld e h y d e -6 - 
p h o s p h a t e  d e h y d r o g e n a s e  (e n d o e n z y m e ) .

C a2+ uptake
T h e  A T P - d e p e n d e n t  C a 2f u p ta k e  p rocess  of  eel gill 
p la s m a  m e m b r a n e  vesicles re sem b les  in m a n y  of  its 
a t t r ib u te s  the  C a 24 t r a n s p o r t  sys tem s desc r ibed  for 
p la s m a  m e m b r a n e  o f  e.g. r a t  k id n ey  c o r te x  (11, 14) or 
ra t  gu t  (9): C a 2+a c c u m u l a t i o n  is p r o m o t e d  by A T P , 
b u t  n o t  by A D P ;  the  C a 2+ t r a n s p o r t  p rocess  is 
h o m o g e n e o u s ,  while  h a l f - m a x im a l  s t im u la t io n  o f  the 
C a 2+ t r a n s p o r t  occu rs  a t  in t r a c e l lu la r  C a 24 
c o n c e n t r a t io n s ;  C a 2+a c c u m u la t i o n  is p rev en ted  by 
the  C a 2i i o n o p h o r e  A 23187.

T h e  very  h igh  a ff in i ty  (0.053 yuM C a 2+) der ived  for 
the  C a 2+ t r a n s p o r t  p rocess  in eel gill p lasm a 
m e m b r a n e s  c losely  re sem b les  the  ones  r e p o r te d  for 
h ig h -a f f in i ty  C a : A T P a s e  ( 0 .0 6 3 / i M )  a n d  C a :~ 
t r a n s p o r t  (0.13 / i M )  in t i lap ia  gill p la s m a  m e m b ra n e s  
(7). S u c h  h igh  aff in i t ies  a re  in d ica t iv e  o f  c a lm o d u l in  
d e p e n d e n c y  o f  the  C a : t r a n s p o r t  p rocess .  F o r  tilapia 
gill p l a s m a  m e m b r a n e s  it was s h o w n  that  
r a d i o i m m u n o a s s a y a b l e  c a lm o d u l in  is p re se n t  in the 
C a 2 t r a n s p o r t i n g  m e m b r a n e s  (7). C a lm o d u l in  
d e p e n d e n c y  o f  th e  h igh  a f f in i ty  C a 2+- A T P a s e  activity 
- th e  p r e s u m e d  e n z y m ic  c o r r e la te  o f  the  C a 2+ p u m p  - 
in eel gill p l a s m a  m e m b r a n e s  has  been  es tab lished  
p re v io u s ly  (3).

C a l m o d u l i n  d e p e n d e n c y  o f  the  A T P -en e rg ized  
C a 2+ p u m p  c o u ld  be f i rm ly  e s ta b l i sh e d  in the  present 
s tu d y .  E G T A  t r e a t m e n t  o f  m e m b r a n e s  and 
c a l m o d u l in  a n t a g o n i s t s  h ad  c o m p a r a b l e  effects on 
C a ?+t r a n s p o r t  ra tes .  M o r e o v e r ,  c a lm o d u l in  repletion 
r e s to re d  C a 2+ t r a n s p o r t  ra te s  in E G T A - t re a te d  
m e m b r a n e s  to  levels o b se rv e d  in ’’u n t re a te d "  
m e m b r a n e s ,  w h ich  in d ic a te d  t h a t  the  lipophilic 
c a l m o d u l in  a n t a g o n i s t s  a n d  the  C a 2'-che la t ing  
E G T A  d id  n o t  a ffec t  C a 2+ a c c u m u la t i o n  by 
in te r f e re n c e  w ith  vesicle t ig h tn e s s  ( E G T A  trea tm en t  
h a d  n o  effect on  v e s icu la r  sp a ce  e i th e r ;  results  not 
sh o w n ) .  If  we a s s u m e  t h a t  E G T A  t r e a t m e n t  removes 
e ssen t ia l ly  all c a l m o d u l i n  f r o m  th e  m e m b r a n e s ,  we 
c a n  s ta te  t h a t  the  C a 2+t r a n s p o r t  a c t iv i ty  observed
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a f te r  this t r e a tm e n t  reflects basa l ,  c a lm o d u l in -  
in d e p e n d e n t  C a 2+-A T P a s e  activ ity .  T h is  c o n te n t io n  
is f u r th e r  s u p p o r te d  by the  o b s e rv a t io n  th a t  10*7M 
R24571 do es  no t  affect  Ca t r a n s p o r t  ra tes  in 
E G T A - t r e a te d  m e m b ra n e s ,  b u t  fully a n ta g o n iz e s  the  
s t im u la to ry  a c t io n  o f  c a lm o d u l in  on  C a 2+ t r a n s p o r t  
ra tes  in these  m e m b ra n e s .  T h e  effects o f  h ighe r  
c o n c e n t r a t io n s  o f  R24571 ( l O ' M )  a n d  C 4 8 /8 0  
( 5 0 / i g / m l )  suggest  t h a t  these  in h ib i to rs  a t  these  
c o n c e n t r a t io n s  a lso  affect  basa l ,  c a lm o d u l in -  
in d e p e n d e n t  C a 2+ t r a n s p o r t .  Iden t ica l  results  were 
o b ta in e d  w ith  R24571 fo r  C a :+- A T P a s e  activ it ies  in 
eell gill p la sm a  m e m b r a n e s  (3).

T he  o b se rv ed  m a x i m u m  C a 2, t r a n s p o r t  ra te  in the  
p la sm a  m e m b r a n e  f r a c t io n  o f  eell gills (2.25 n m o l  
C a 2+/ m in .m g  p ro te in )  is low er  t h a n  the  va lue  fo r  ra t  
k id n ey  c o r te x  p r e p a r a t io n s  r e p o r te d  by V an  
H eesw ijk  et al. (7.4 n m o l  C a 2+/ m i n . m g  p ro te in ;  11) 
b u t  su rp asses  the  va lues  r e p o r te d  by G m aj  et al. 
fo r  a c o m p a r a b l e  k id n ey  p r e p a r a t i o n  (1.04 n m o l  
C a :+/ m i n . m g  p ro te in ;  10) o r  the  va lue  fo u n d  fo r  
t i lap ia  gill p la sm a  m e m b r a n e s  (0.07 n m o l  
C a 24/ m i n . m g  p ro te in ;  7). P r o c e d u r a l  as well as 
sp ec ie s -an d  o rg an -spec if ic  d if fe rences  m ay  u nd er l ie  
these  v a r ia t io n s .  A lso ,  d if fe rences  in p e rc en tag e s  o f  
in s id e -o u t  vesicles in the  d i f fe ren t  p r e p a r a t io n s  will 
c o n t r ib u te  to  these  v a r ia t io n s  (n o n e  o f  the  va lues  
given a b o v e  was c o r re c te d  fo r  %  in s id e -o u t  vesicles). 
F o r  t i lap ia ,  a c o m p a r i s o n  m a d e  b e tw een  in vivo  
b ra n c h ia l  C a : ' in f lux  ra tes  a n d  the  C a 2+t r a n s p o r t  
c a p a c i ty  c a lc u la te d  on  the  basis  o f  in vitro  s tud ies  on  
m e m b r a n e  p r e p a r a t io n s ,  gave s u p p o r t  fo r  a 
p h y s io lo g ica l  s ign if icance  o f  the  gill C a 2 p u m p  in the  
p rocess  of  u p ta k e  o f  C a 2+f r o m  the  w a te r .  A l th o u g h  
no d a t a  a re  a v a i lab le  yet on  in vivo  b r a n c h ia l  C a 2+ 
in f lux  ra tes ,  th e  c a p a c i ty  of  the  eel gill p la s m a  
m e m b r a n e  C a 2+ p u m p  w a r r a n t s  a n  in v o lv e m e n t  in 
the p rocess  o f  b r a n c h ia l  C a :+ u p ta k e  f r o m  the  w a te r .  
We c o n s id e r  pass ive  t r a n s p o r t  o f  C a 2+ in the  gills 
unlikely: it is b o u n d  to  fo l low  p a ra c e l lu la r  ro u te s  a n d  
this is n o t  c o m p a t ib l e  w ith  th e  e x t re m e ly  low 
p e rm e a b i l i ty  to  C a 2+th a t  has  been  d e m o n s t r a t e d  fo r  
the b r a n c h ia l  e p i th e l iu m  (18).
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