
376 Specialia ]~XPERIENTIA 30/4 

I n v o l v e m e n t  of a N a - K - A T P a s e  in S o d i u m  T r a n s p o r t  by  F i sh  U r i n a r y  B l a d d e r  

The isolated u r inary  b ladder  of various te leosts  
reabsorbs  wa te r  f rom the  mucosal  border  and this  process 
is dependen t  upon an act ive t ransep i the l ia l  sodium 
t r anspo r t  ~-4. 

In  vi tro,  the  t rou t  u r inary  b ladder  ac t ive ly  t r anspo r t s  
Na + and C1- ions in equal  amounts ,  as a h ighly  hyper-  
osmotic  solut ion wi th  respect  to  the  luminal  fluid, so t h a t  
a s ignif icant  osmotic  grad ien t  is c rea ted  b u t  no po ten t i a l  

�9 difference appears  across the  b ladder  wai l< 
The presen t  s tudies  consider  the  poss ibi l i ty  t h a t  a 

N a - K - A T P a s e  is involved in th is  process. The a m o u n t  of 
enzyme in the  m e m b r a n e  and  the  ra te  of sodium t r a n s p o r t  
have  been measured,  and in addi t ion  these  pa rame te r s  
have  been modif ied  by  adap t ing  the  fish to saline environ-  
ments .  

Methods. Trouts  (Salmo irideus) weighing 250-300 g 
purchased  f rom a ha t che ry  were ini t ial ly kep t  in fresh- 
wa te r  (FW) at  13 ~ Some were subsequen t ly  t ransfer red  
to  r/a sea wa te r  (1/a SW, approx ima te ly  isosmotic  to  the  
blood) and  some of these  fish were s u b m i t t e d  to  s tepwise 
increments  in sal ini ty  unt i l  full sea wa te r  (SW) prevai led.  
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Fig. 1. Water (Jv, open columns) and Na (jn, cross-hatched columns) 
transport rates across bladders with Ringer solution on both sides, 
over a 2-h period. FW, 1/3 SW and SW: animals adapted to fresh- 
water, 1/3 sea water and sea water respectively. FW-O, freshwater 
fish bladders in presence of 10 -~ M ouabain in the serosal fluid. 
Numbers in parentheses indicate number of bladders used. 
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Fig. 2. Release of ~Na into the mucosal (left) or the serosal (right) 
solutions as a function of time. The unidirectional fluxes of Na 
(jsm and jms respectively) are proportional to the slopes. After 
addition of ouabain 10 -~ M (ouab) jms is inhibited by 45 % while jsm 
s unchanged. 

Animals  were considered comple te ly  adap ted  to the i r  
par t icu lar  media  af ter  1 week had  elapsed. 

The ne t  t r anspor t s  of sodium (jn Na) and wa te r  (Jr) by  
b ladders  r emoved  f rom var ious ly  ad ap t ed  fish were 
s tudied  as descr ibed previously  *, using a sac technique ,  
over  a 2-hour period.  A modif ied  Fors t e r ' s  b ica rbona te  
Ringer  solut ion was p resen t  on bo th  sides. 

To measure  a unidi rect ional  f lux of sodium, ~2Na was 
added  to  one c o m p a r t m e n t  and samples  were t aken  every  
10 min  f rom the  other.  The b ladder  was m o u n t e d  wi th  a 
plas t ic  cannula  in e i ther  end of the  organ and  these  
connec ted  to an ex te rna l  resevoir.  The mucosal  fluid 
consis ted of 12 ml  of Ringer  solution. Circulat ion of t he  
fluid as well as gassing were achieved by  an air-lift  using 
95% O2-5% CO 2 mixture .  The outer,  or serosal, solut ion 
ba th ing  the  b ladder  was 15 ml  of an ident ical  Ringer,  
gassed in a similar  way  and  gent ly  s t i r red wi th  a magne t .  
All t he  above  exper imen t s  were carried out  a t  18 ~ 

For  ATPase  de te rmina t ions ,  b ladders  were careful ly 
dissected under  a microscope,  the  a t t a ch ed  outer  muscle 
was r emoved  as comple te ly  as possible  and  the  b ladders  
were s tored at  - -18 ~ for a few days.  Pooled m e m b r a n e s  
(2 or 3 b ladders  per  sample) were t hen  homogenized  in a 
Po t t e r  t issue gr inder  using a tef lon pestle. The homogeniz-  
ing solut ion conta ined  sucrose 0.25 M, deoxychola te  
2.5 raM, E D T A  1.5 mM, pI I  7.2, tris-acetate buffer.  The 
final whole  t issue homogena t e  con ta ined  2 to 6 mg  
pro te in  per  ml. A 30 min  incuba t ion  was carr ied out  a t  
25 ~ E i the r  62.5 m M  Na and 25 m M  K was present ,  and 
th is  gave to ta l  ATPase,  or the  incuba t ion  med i u m conta in-  
ed 87.5 m M  Na, no K b u t  10 -8 M ouabain,  giving the  
Mg-ATPase.  The difference be tween  these  two values  was 
the  N a - K  dependen t  ATPase  for t he  sample.  

Inorganic  p h o s p h a t e  was de t e rmined  wi th  Biochemica  
Test  Combina t ion  Ki t s  (Boehringer,  Man n h e i m  GZdBH). 
Pro te ins  were e s t ima ted  using LowRY'S ~ me thod .  The 
enzyme  concen t ra t ion  was expressed in each case as ~xM 
A T P  hydro lyzed  (or inorganic phospha te ,  Pi, released) per  
h / m g  pro te in  in t he  homogena te .  

Results. Rates  of t r anspor t .  Compar ing  b ladders  
r emoved  f rom F W  animals  w i th  those  f rom SW fish, 
there  is a reduced ra te  of t r a n s p o r t  (Figure 1). This is 
s ignif icant  (P  < 0.01) for ne t  Na  flux, J~Na, which  drops 
f rom 1.55 :~ 0.16 to  0.87 -4- 0.16 ~ E q / h  cm 2, bu t  is less 
obvious (0.1 < P < 0.2) for the  solute- l inked wa te r  
t r anspor t ,  Jr,  which  is 3.21 :~ 0.33 and 2.14 ~: 0.55 ~l/h 
cm 2 in F W  and  SW respect ively.  

Bo th  reabsorp t ive  ac t iv i t ies  are unchanged  in fish 
ad ap t ed  to r/a SW when  compared  wi th  F W  (JnNa: 
1.53 4- 0.19; J r :  2.72 ~: 0.26). Thus  only  a d a p t a t i o n  to  a 
hyper ton ic  med i u m (SW) diminishes  the  absolute  ra te  of 
Na  t r anspo r t  in the  t rou t  bladder .  

Ef fec ts  of ouabain.  Using the  sac technique ,  ouabain  
10-~ M lowers Jv and  JnNa (P  = 0.01 and  P < 0.001) when  
it is appl ied to  the  serosal side of F W  animal  bladders .  
For  the  2-hour per iod of these  exper iments ,  these  ne t  
f luxes drop  27% and  61% respec t ive ly  and  are b rough t  to 
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levels s l igh t ly  lower  t h a n  those  obse rved  in S W  fish 
(Figure  1). 

I n  o the r  expe r imen t s ,  where  t h e  d rug  was left  o v e r n i g h t  
(17 h) in  c o n t a c t  w i t h  t h e  m e m b r a n e ,  f u r t h e r  t r a n s p o r t  
was  b locked  a n d  no  osmot ic  g r a d i e n t  was  c rea ted  across 
the  b l adde r  a t  t he  end  of t he  assay.  F igure  2 shows t h a t  
o u a b a i n  10 .4 M i m m e d i a t e l y  reduces  t he  mucosa l  to  
serosal  f lux  of sodium,  JmsNa (450/0, 35% a n d  66% 
i n h i b i t i o n  in 3 s epa ra t e  exper iments ) .  Since s p o n t a n e o u s  
con t r ac t i ons  of t h e  b l adde r  are occas iona l ly  obse rved  w h e n  
t he  d rug  is added,  i t  is poss ible  t h a t  fo ld ing of t he  b l a d d e r  
surface  is respons ib le  for t he  r educ t i on  in th i s  flux. Th i s  
does  n o t  a p p e a r  to  be  so, however ,  s ince t h e  reverse  f lux,  
JsmNa, r e m a i n s  u n c h a n g e d  (less t h a n  5% d iminu t ion )  
w i t h  th i s  t r e a t m e n t .  T h u s  o u a b a i n  i nh ib i t s  t h e  ne t  
t r a n s p o r t  of s o d i u m  and  t he  s u b s e q u e n t  a b s o r p t i o n  of 
w a t e r  b y  a specific effect  on  a n  ac t ive  c o m p o n e n t  and  no t  
on  pass ive  p e r m e a b i l i t y  to  sodium.  

Since o u a b a i n  i n h i b i t s  t he  N a - K  exchange  a t  t he  
serosal  side of t r a n s p o r t i n g  m e m b r a n e s ,  a r e d u c t i o n  in N a  
f lux would  be  expec t ed  to occur  w h e n  t he  b l a d d e r  is 
b a t h e d  b y  a K+-free so lu t ion  a t  i ts  serosal  side. F igu re  3 
shows t h a t  th i s  does indeed  occur :  Jm~Na is p a r t i a l l y  in- 
h i b i t e d  (by 41%,  42% a n d  48% in 3 i n d i v i d u a l  exper i -  
ments )  a n d  t h i s  effect  is revers ible .  These  ac t ions  of 
o u a b a i n  a n d  K+ removal ,  i.e. r educ t i on  of jms b y  a b o u t  
453/0 a n d  of j s ~  b y  5%,  m e a n  t h a t  ne t  N a  f lux d rops  85% 
since t he  fo rmer  un id i rec t iona l  f lux  is a p p r o x i m a t e l y  
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Fig. 3. Inhibition of the mucosal to the serosal {jms) Na flux when 
K+-free (--K) replaces normal Ringer (+  K) solution on the serosal 
side, The flux (proportional to the slope) is reduced by 44% in ( K). 
Initial value obtains on addition of K + (extreme right of the figure). 
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Fig. 4. Total, Na-K-depeudent and Mg-dependent ATPase activities 
in homogenized pooled bladders taken from trout adapted to fresh- 
water (open columns, n = 14 measurements), 1/3 sea water (dotted 
columns, n = 8) and sea water (cross-hatched columns, n = 7). 
The total and Na-K-ATPase activities significantly decrease in sea 
water compared with that of other media. The Ng-ATPase is un- 
changed. 

twice  as g rea t  as t he  l a t t e r  in  t he  f r e shwate r  t r o u t  
b l adde r  (4 a n d  u n p u b l i s h e d  results).  

Va r i a t i ons  in  A T P a s e  con ten t .  I n  F W  bladders ,  N a - K -  
A T P a s e  r ep re sen t s  more  t h a n  50% of t o t a l  e n z y m e  
a c t i v i t y  (Na-K:  3.49 ziz 0.47; Mg: 2.29 -~. 0.22; t o t a l :  
5.57 ~ 0.58 [LM P i / h  m g  prote in) .  No change  is obse rved  
in 1/3 S W  (2.69 i 0.54; 2.35 4- 0.37 a n d  5.04 ~z 0.84 
respect ively) ,  b u t  a d a p t a t i o n  to  S W  induces  a s ign i f ican t  
decrease  in N a - K - A T P a s e  (1.26 q- 0.27; P < 0.01) and  
t o t a l  A T P a s e  (3.40 :~z 0.22; o < 0.02), while  Mg-ATPase  
is u n c h a n g e d  (2.21 q- 0.37). 

Discussion. The  d i m i n u t i o n  in w a t e r  a n d  sod ium t r ans -  
p o r t  by the bladder ~fter adaptation of trout to salt 
(Figure  1) is in c o n t r a s t  w i t h  t h e  increase  in w a t e r  
r e a b s o r p t i o n  wh ich  occurs  in t h a t  m e d i u m  in  such  fishes 
as t he  f lounder~,  and  ind ica tes  t h a t  t he  t r o u t  does no t  
b e h a v e  as a t yp ica l ly  eu ryha l ine  species in  th i s  respect .  

The  t r o u t  b l a d d e r  t r ans fe r s  Na+ a n d  C1-  aga ins t  an  
e lec t rochemica l  g rad ien t ,  as an  e lect r ica l ly  n e u t r a l  
so lu t ion  4. This  is s imi la r  to  t he  gall  b l adde r  s, w i t h  t he  
r e m a r k a b l e  excep t ion  t h a t  in  t he  t r o u t  b l adde r  t r a n s p o r t  
is h y p e r o s m o t i c  a n d  no t  isosmotic .  VAN OS and  SI~EOERS 7 
h a v e  shown  t h a t  the  i n t i m a t e  associa t ion  which  exis ts  
b e t w e e n  Na+ a n d  CI-  t r a n s p o r t s  in  gall  b l adde r  is c o m p a t -  
ible w i t h  the  p a r t i c i p a t i o n  of a N a - K - A T P a s e .  The  p resen t  
s tudies  d e m o n s t r a t e  t h a t  th i s  e n z y m e  is p r e s e n t  in  f ish 
u r i n a r y  b ladder .  

The  decrease  in enzyme  a c t i v i t y  in  paral le l  w i t h  N a  
t r a n s p o r t  fol lowing sa l t  a d a p t a t i o n  (Figures 1 and  4) is 
s imi la r  to  t h e  d i m i n u t i o n  in r ena l  N a - K - A T P a s e  observed  
in Fundulus heteroclitus upon  t r a n s f e r  to  sea w a t e r  s. I t  
is cons i s t en t  w i t h  w h a t  m a y  be  r ega rded  as t h e  ' phys io-  
logical need '  in  sal ine e n v i r o n m e n t s .  

The  i n h i b i t o r y  ac t ion  of o u a b a i n  on  t r a n s p o r t  p rov ides  
more  d i rec t  ev idence  for t he  i n v o l v e m e n t  of N a - K - A T P a s e  
in b l adde r  funct ion .  This  effect  has  also been  obse rved  in 
t he  f lounder  s. In  addi t ion ,  since jsra does n o t  change  
while  J ms drops  i m m e d i a t e l y  (Figure 2), t h i s  effect  is no t  
a r t i f a c tua l  and  o u a b a i n  r ead i ly  p e n e t r a t e s  t he  ou te r  
layers  of t he  b l adde r  wall. There  is v i r t u a l l y  no ne t  
t r a n s f e r  of K+ t h r o u g h  t h e  t r o u t  b l a d d e r  (unpub l i shed  
observa t ions) .  R e m o v a l  of K + f rom t h e  serosal  f luid 
howeve r  i nh ib i t s  Na  t r a n s p o r t  to  t h e  same  e x t e n t  as 
o u a b a i n  (Figure 3). This  is a d d i t i o n a l  ev idence  for a 
d i rec t  p a r t i c i p a t i o n  of N a - K - A T P a s e  in N a  t r a n s p o r t  
a n d  ind ica tes  t h a t  a N a + / K  + ion  exchange  m a y  t a k e  
place  a t  t he  serosal  border .  E x p e r i m e n t s  are in  progress  to  
examine  th i s  p o i n t  and  to  define more  precise ly  t he  role of 
C1- ions in  th i s  process. 

Rdsumd. L a  N a - K - A T P a s e  sensible  5~ l ' ouaba  ine d i m i n u e  
para l l61ement  au t r a n s p o r t  du  sod ium in v i t ro  dans  la 
vessie  u r ina i re  de la t r u i t e  (Salmo irideus) au cours  
de l ' a d a p t a t i o n  des a n i m a u x  aux  mi l i eux  sal6s et  semble  
d i r e c t e m e n t  impl iqu4e  darts le mgcan i sme  de  ce t r a n s p o r t .  
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