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S u m m a r y  

With the  aid of  d i rec t  m i c r o f l u o r i m e t r i c  d e t e r m i n a t i o n  of  m a r k e r  organic  
an ions  ( f luoresce in  and  uranin)  a c c u m u l a t e d  in the  p r o x i m a l  tubu les  the  influ- 
ence  o f  Na  ÷ in the  ba th  m e d i u m  on the  act ive t r a n s p o r t  o f  these  an ions  was 
s tudied .  Kine t ic  analysis  o f  the  ra te  d e p e n d e n c e  of  organic  acid act ive trans-  
p o r t  in to  tubu les  on  the i r  c o n c e n t r a t i o n  in the  ba th  m e d i u m  wi th  a c o n s t a n t  
Na  ÷ c o n c e n t r a t i o n  p e r m i t t e d  to  def ine  values of  a p p a r e n t  K m and V for  uran in  
and  f luoresce in  t r a n s p o r t  in the  m e d i a  wi th  d i f f e ren t  Na  ÷ con ten t .  I t  was  shown  
t h a t  a decrease  of  Na ÷ c o n c e n t r a t i o n  in the  m e d i u m  increases K m and lowers  
the  V/Km ra t io  wi th  u n c h a n g e d  V. By vary ing  the  Na ~ c o n c e n t r a t i o n  in the  
m e d i u m  wi th  a c ons t an t  c o n c e n t r a t i o n  o f  the  m a r k e r  an ion  the  Kmsa  ÷ and  
VNa ÷ values for  f luoresce in  and  uran in  t r a n s p o r t  were  d e t e r m i n e d .  A KroNa ÷ 

value fo r  f luoresce in  is twice  as m u c h  t h a t  fo r  uranin .  The  1/Km value fo r  
u ran in  t r a n s p o r t  is a l inear  f u n c t i o n  of  Na  ÷ c o n c e n t r a t i o n ,  while  for  f luoresce in  
t r a n s p o r t  it is a quadra t i c  one.  T h e r e f o r e  it is c o n c l u d e d  t h a t  t w o  Na ÷ f r o m  the  
m e d i u m  par t i c ipa te  in act ive  t r ans fe r  o f  one  f luoresce in  an ion  whereas  on ly  one  
Na ÷ f r o m  the  m e d i u m  is requ i red  fo r  act ive  t r ans fe r  o f  one  uran in  anion.  The  
run  o u t  o f  f luoresce in  f r o m  tubu les  p r e l o a d e d  wi th  this  acid is sharp ly  rein- 
fo rced  b y  the  Na  ÷ omiss ion  f r o m  the  m e d i u m .  Thus ,  act ive  t r a n s p o r t  o f  organic  
acids in p r o x i m a l  tubu les  of  f rog  k i dney  is Na÷-dependent ,  and  Na ÷ f r o m  the  
m e d i u m  is l ikely to  pa r t i c i pa t e  d i rec t ly  in f o r m a t i o n  of  a t r a n s p o r t  c o m p l e x .  
When Na ÷ is absen t  in the  m e d i u m  a carr ier  fulfi ls  a fac i l i t a ted  d i f fus ion  only.  
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I n t r o d u c t i o n  

Most  invest igators  suggest t ha t  fo r  active t r anspor t  of  a n u m b e r  of  organic 
solutes (sugars, amino  acids, organic acids) across plasma membranes  of  various 
cells Na ÷ f r om the  m e d i u m  mus t  par t ic ipa te  d i rec t ly  in the  f o r m a t i o n  of  a 
t r anspor t  c o m p l e x  and increase an af f in i ty  be tween  a carrier  and a substra te  
(and,  consequen t ly ,  t r anspor t  rate).  One or two  Na ÷ are supposed  to  be the  
cons t i tuen t s  of  the  t r anspo r t  complex ,  and it moves  across the  m e m b r a n e  at 
the  expense  o f  energy of  Na + gradient  be tween  the  cell and the  m ed iu m  
[1 - -10 ] .  S om e  authors ,  however ,  consider  t ha t  on ly  intracel lular  Na ~ inf luences 
the  organic solutes t r anspor t ,  perhaps ,  via (Na ÷, K*)-ATPase, while extracel lu lar  
Na ÷ affects  the  intracel lular  Na ÷ c o n c e n t r a t i o n  and due  to this extracel lular  Na + 
m ay  inf luence  the  organic solutes t r anspor t  [11- -14] .  The  exis tence  of  such 
con t rad ic t ions  is a resul t  of  discrepancies  in the  exper imen ta l  data.  T h e r e f o r e  it 
is evident  t ha t  fu r the r  i m p r o v e m e n t  of  expe r imen ta l  t echn ique  for  s tudying  the 
role  of  Na ÷ in the  organic solutes t r anspo r t  is called for.  In our  opinion,  the  
classical sys tem of  organic acids active t r anspor t  in renal  p rox imal  tubules  
would  serve an interes t ing mode l  fo r  such s tudy  [15] .  There  is evidence tha t  
the  func t ion ing  o f  this sys tem is inf luenced  b o th  by  the Na * co n cen t r a t i o n  in 
the  m e d i u m  and by  the  availabili ty o f  Na * f low f rom the lumen to the med ium 
across tubu la r  cells [16 ,18 ] ,  a l though facts deal t  with act ion o f  Na ~ in the 
med ium  are r a the r  confl ict ing.  

On the  one  hand,  active t r anspor t  of  organic acids in renal  tubules  of  gold- 
fish [10] ,  lake frog [16]  and b rown  frog [17] was f o u n d  to  be sharply inhib- 
i ted in the  absence of  Na * in the  med ium.  The  kinet ic  s tudy  of  t r anspor t  of  
organic acid (pheno l  red) in k idney  of  goldfish showed an augmen ta t ion  of  an 
appa ren t  t r anspor t  K m when  the  Na ÷ concen t r a t i o n  in the  m ed iu m  was being 
decreased.  The  1/Km value was a quadra t ic  func t ion  o f  Na ÷ co n cen t r a t i o n  [10] .  
On the  grounds  o f  such kinet ics  Hoshi  and Hayashi  [10] came to  the conclu-  
sion tha t  pheno l  red is t r anspor t ed  by  means  of  f o r m a t i o n  of  a 4-fold complex :  
carrier  plus a subst ra te  plus 2 Na ÷. 

On the  o the r  hand,  Gerencser  and Hong  [19]  who  w o rk ed  wi th  cor tex  slices 
of  the  rabbi t  k idney  did no t  de t ec t  extracel lu lar  Na * inf luencing e i ther  the  
t r anspor t  (an af f in i ty  be tween  a carr ier  and a substra te)  or the  run  ou t  of  an 
organic  acid f rom slices. These  au thors  consider  tha t  intracel lular  Na ÷ only  
takes par t  in the  organic acids t ranspor t .  Thus,  it has to  be assumed tha t  e i ther  
co ld -b looded  animals have a Na÷-dependent  sys tem of  organic acids t r anspor t  
in k ideny  whereas  in the  renal  p rox ima l  tubules  o f  warm-b looded  animals the 
organic acids t r anspor t  is no t  d e p e n d e n t  on  Na ÷, or these d i f ferences  might  be 
acco un t e d  for  by  some peculiari t ies  of  these au thors '  t echnique .  It  should be 
n o t e d  here  tha t  in the  case of  co ld -b looded  animals the  exper iments  were  
carr ied ou t  on a whole  and ra ther  in tac t  k idney  whereas  Gerencser  and Hong 's  
work  was p e r f o r m e d  on slices. 

So,  available facts are c o n t r a d i c t o r y  and its checking is called for.  It  seemed 
useful  to  unde r t a ke  a d i rec t  s tudy  o f  the  t r anspor t  process  in individual in tact  
p rox imal  tubules.  It  is shown tha t  it may  be done  by  using a f luorescent  
organic acid and special con t ac t  opt ics  t ha t  permi ts  m easu rem en t  of  the  con- 
cen t ra t ion  of  the  acid in the  tubules  of  in tac t  k idney  th rough  its surface with- 
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out  damaging the tubule structure and with simultaneous visual control  
[18,20--22] .  Preparation of kidney cortex slices leads to the occlusion of tubu- 
lar lumens with the result that  transcellular and t ransmembrane fluxes of an 
organic acid become changed as compared to the normal physiological condi- 
tions [23].  By using proximal  tubules in intact kidney one may avoid such mis- 
takes. The purpose of this work was to study with the aid of  the above menti- 
oned method  how peri tubular  Na ÷ influences the active transport  of two close- 
ly related organic anions in the proximal tubules of surviving frog kidney. 

Materials and Methods 

The experiments  were carried out  on isolated kidneys of the male frogs Rana 
temporaria collected during the autumn-winter  period. The normal salt medium 
contained (mM/1): 111 NaC1; 3.35 KC1; 2.8 CaC12; 2.38 NaHCO3; 5.5 glucose; 
pH 7.4. In the Na+-free medium Na ÷ was substi tuted by choline and NaHCO3, 
by KHCO3. When NaC1 was substi tuted by sucrose, 2.38 mM Na ÷ remained in 
the medium owing to NaHCO3. Media with the Na ÷ content  equal to 3/4; 1/2; 
1/4; 1/8 and 1/16 of the normal con ten t  (or 85; 56.7; 28,3; 14.2; 7.1 mM/1, 
respectively), were prepared by substi tut ion of a certain part  of NaC1 by 
choline chloride. 

In a number  of special experiments the substi tution of NaC1 by LiC1 was 
used. The osmolarity of  all the media was the same, pH 7.4--7.5. To control  
the Na ÷ concentra t ion in the lumen and in the capillaries they were washed out  
by perfusion for 8--12 min with a solution with a required Na ÷ concentrat ion.  
The perfusion was considered to be efficient if the urinary bladder was full and 
peri tubular capillaries contained no erythrocytes .  The procedure  of  perfusion 
did not  influence the transport:  after  perfusion by a normal medium the aver- 
age rate of fluorescein t ransport  in the tubules was equal to 13.7 -+ 0.7 (work- 
ing units/min),  and in the control  kidneys (without  perfusion), 14.2 + 0.7 
(working units/min).  

As a marker acid fluorescein and its disodium salt (uranin) were used. Ionic 
and nonionic forms of their molecules in solution and pK values are known 
[24--26] .  The di- and monoanions  prevail when pH of the medium is 7.4--7.9. 
After dissolving fluorescein and uranin in each salt solution used an increase of 
pH was observed. In weak alkaline solutions of fluorescein a similar phenome- 
non was noted by Rozwasowski [25].  The final pH of incubation media con- 
taining fluorescein or uranin varied f rom 7.4 to 7.9 as a funct ion of the fluoro- 
chromes concentrat ion.  Since it was recently shown by the authors of this 
paper that  variations in the pH of the bath medium from 6.5 to  9.0 do not  
affect  very significantly the fluorescein t ransport  in frog proximal tubules [27],  
the pH of  fluorescein and uranin solutions was not  adjusted. After perfusion 
(or in some experimemts,  wi thout  perfusion) the frog kidney was incubated in 
a definite salt medium with known concentra t ion of fluorescein or uranin. The 
temperature  of solutions was usually 18--20°C. After incubation the fluoro- 
chrome concentra t ion in the tubules was measured by a special microfluori- 
meter  with contact  lens [21].  When the effect  of Na ÷ on the fluorescein run 
out  f rom tubules was being investigated the kidneys were preincubated for 15 
min in the medium with 5 • 10 -s M fluorescein and then transferred to various 
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f luoresce in- f ree  media .  Af t e r  i ncuba t i on  for  15, 30 or 60 min  the  concen t ra -  
t ions  o f  f luoresce in  r e m a i n e d  in the  tubu les  were  measu red  wi th  the  aid of  the  
m i c r o f l u o r i m e t e r .  In  e x p e r i m e n t s  wi th  a m i c r o c u v e t t e  it was shown  tha t  the  
in tens i ty  of  f luoresce in  luminescence  was a l inear  f u n c t i o n  of  its c o n c e n t r a t i o n  
ranging f r o m  10 -~ M to  10 -3 M, i.e. in such f luoresce in  so lu t ions  the  concen t ra -  
t ive quench ing  did n o t  o c c u r  [28] .  The  used  c o n c e n t r a t i o n s  of  f luoresce in  (or  
uranin)  in the  m e d i u m  and the  t ime  of  i n c u b a t i o n  give in ou r  e x p e r i m e n t s  a 
m a x i m a l  f l u o r o c h r o m e  c o n c e n t r a t i o n  in the  t ubu la r  l u m e n  o f  a b o u t  5 -  10 4 -  
10 -3 M. Hence ,  the  concen t r a t i ve  quench ing  of  f luoresce in  (and uranin)  lumi- 
nescence  in the  t ubu l a r  l umen  m a y  be exc luded  f r o m  cons idera t ion .  Since in 
the  range  o f  f luoresce in  (and uranin)  c o n c e n t r a t i o n s  used in tens i ty  of  t ubu la r  
f l u o r o c h r o m e  luminescence  is d i rec t ly  p r o p o r t i o n a l  to  its concen t r a t i on ,  the  
c o n c e n t r a t i o n  of  f luoresce in  and uran in  in tubules  was expressed  in work ing  
units .  T h e y  were  the  un i t s  o f  vol tage  (m V ' s )  on the  o u t p u t  of  the  p h o t o m u l t i -  
p layer .  On each  k i dney  the  f luorescence  c o n c e n t r a t i o n s  in 40 p r o x i m a l  tubules  
were  measu red  and  the  m e a s u r e m e n t s  were  r e p e a t e d  on  3--5  frogs. Earl ier  we 
descr ibed  in detai l  the  t e c h n i q u e  of  m i c r o f l u o r i m e t r y  [17 ,20 ,22 ] .  C o n s t a n t  
visual con t ro l  over  the  t r a n s p o r t  was carr ied ou t  s imu l t aneous ly  wi th  the  mea-  
su remen t s .  

The  resul ts  o b t a i n e d  b y  m i c r o f l u o r i m e t r y  were  c o m p u t e d  and  the  means ,  
s t anda rd  dev ia t ions  (o i) and  c o n f i d e n c e  l imits  a t  the  95% signif icance level were  
ca lcu la ted .  T h e  p a r a m e t e r s  of  Michael is -Menten equa t i on  Km and V were  deter-  
m ined  f r o m  L ineweave r -Burk  e q u a t i o n  1 I v  = K m / V S  + 1 I V  by the  m e t h o d  of  
the  least  squares  [29] .  T h e  sequence  of  d e t e r m i n a t i o n  of  Kin, V and their  statis- 
t ical  e s t ima t ions  was as fol lows.  T h e  L ineweave r -Burk  equa t i on  is wr i t t en  as 
y - - y  = b ( x - - ~ ) ,  where  y = 1 / u ,  x = 1 / S ,  y and ~ are co r r e spond ing  m e a n  
values,  b is a regress ion coef f ic ien t .  Our  da ta  are t r a n s f o r m e d  to  the  f o r m :  xi = 
Z/Si; Yi = 1/vi;  s tat is t ical  we igh t  (coi) is equal  to  1/oi 2, where  i = 1,2,3 . . . , n = 
the  n u m b e r  of  e x p e r i m e n t a l  poin ts .  T h e n  

2 ( . O i X  i 2 ( . O i X  i 2 ¢OixiYi --  xiy~o-~i 
_ _  i - -  i i X -:-- " " " _ _ _ _ ,  y = - - ,  b = 

G C O i  G ( - O i  G COi(X i - -  ~ ) 2  
i i i 

(.Oi x2  - -  . ~ 2 2  (2i ~ii~ (-Ji~ 2 -- Y2 i ~  ('Oi 
Sx = i ; sy : 

(n - -  1 ) ~ c o i  (n - -  1 ) ~  wi 
i i 

The coe f f i c i en t  o f  co r re la t ion  wi th  the  s t ra ight  line T = b ( S x / S y )  and its es t ima-  
t ion  

1 - -  T 2 

E s t i m a t i o n  fo r  y :  

_ Syx/ (n  - -  1)(1 - -  r 2) 
o ,  - x / n ( r ~ -  2) 
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and estimation for b: 

S y x / 1 - - r  2 
ob - Sxx/r-~ _ 2 

fur ther  1 / K m  = ~ / b - - ~ ;  K m = 1 / ( ~ / b - - Z ) ;  V = 1/(y - b Z ) ,  estimation for 
1~Kin  is expressed by the formula 

V ~  2 + y2o~ ' Oy 
Ol/Km = b4 

[30].  Then the confidence interval for  K m at the 95% significance level is f rom 

1 1 
to 

1 / K  m + 2Ol/Km 1 / K m  - -  2011Kin 

Estimation for V is calculated as 

OVm = - -  b ~ )  4 

and for V / K  m ratio 

OV/Km -- Ob 
b 2" 

All calculations were made on a programmed computer .  

Results 

The removal of Na ÷ from the tubular  lumen and from the bath medium 
simultaneously inhibits fluorescein and uranin t ransport  by 67 and 65%, respec- 
tively. As shown in Fig. l a  the rates of  fluorescein and uranin t ransport  are the 
same in the normal salt medium and until 45 min of  incubation the uptake of 
both fluorescein and uranin depends linearly on the time. It is inhibited in 
sucrose medium, and as one can see the uptake of fluorescein is inhibited more 
sharply than that  of uranin. This difference is significant. The identical results 
(although with a less difference) are obtained for the choline chloride medium 
(Fig. lb ) .  When Na ÷ in the medium is substi tuted by Li + the inhibition of  fluo- 
rescein t ransport  and breakdown of linear realtionship between the amount  of 
accumulated substrate and the t ime of incubation are observed. But this inhibi- 
t ion is not  so vividly expressed as compared to the Na÷-free media with sucrose 
or choline chloride (Fig. lb) .  Visual control  shows that  after  45--60 min of 
incubation in Na*-free medium the fluorescein concentra t ion in the medium 
and in the cells becomes equilibrated, whereas uranin concentra t ion in the 
cytoplasm and in the lumen of tubules in particular is higher than that  in the 
medium. 

The increase of  fluorescein or uranin concent ra t ion  in Na÷-free medium (cho- 
line chloride) leads to saturation of  the t ransport  rate (Fig. 2). This fact offers 
the possibility to describe these curves with the aid of Michaelis-Menten equa- 
tion. Indeed, Lineweaver-Burk plots for  these data correlate well with the 
straight line (r  = 0.990 for fluorescein and r = 0.985 for uranin) From 
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Lineweaver-Burk plots the apparent  Km and V for uranin and fluorescein 
t ransport  in the normal and Na+-free media were determined (Table I). In addi- 
t ion, the apparent  K m and V were computed  for the net  Na*-dependent 
t ransport .  For  this purpose the uptake rates of fluorescein and uranin in the 
Na+-free medium were subtracted from the corresponding uptake rates of these 
substances in the normal medium (Table I). 

When NaC1 is substi tuted by LiC1 saturation of fluorescein t ransport  rate 
occurs as well. In the case of  a medium with Li + instead of Na ÷ the apparent 
Km for fluorescein t ransport  does not  differ significantly from that  for  the 
choline chloride medium, whereas V for Li÷-medium is significantly higher than 
that  for  the medium with choline chloride (Table I). 

Besides fluorescein, p-aminohippuric  acid was added to the Na÷-free (choline 
chloride) medium with the ratio of concentrat ions p-aminohippurate/f luores-  
cein equal to 10 or 80. This addit ion led to an inhibition of fluorescein uptake 
in proximal tubules after 30 min of incubation by 22 and 64%, respectively. 
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Fig.  1. TLrne course  of  f lu or e sc e in  and uranin u p t a k e  b y  p r o x i m a l  t ubu l e s  in  n o r m a l  ( 1 1 3 . 4  m M  of  Na  ÷) 

and in Na+-free m e d i a  wi th  s u b s t i t u t i o n  o f  NaC1 by  sucrose  (a), cho l ine  ch lo r ide  and  LiC1 (b).  (a) F luores -  
ce in  (1) and  u r a n i n  (2)  in  m e d i u m  w i t h  n o r m a l  Na  + c o n c e n t r a t i o n ;  f luoresce in  (3 )  and uranin (4)  in  
m e d i u m  wi th  NaC1 s u b s t i t u t e d  by  sucrose .  (b)  F luoresee in  (1 )  and uranin (2) in  m e d i u m  w i t h  NaC1 sub-  

s t i t u t e d  by  cho l ine  ch lo r ide ;  f l uo resce in  (3)  in m e d i u m  w i t h  NaC1 s u b s t i t u t e d  b y  LiCl. C o n c e n t r a t i o n  o f  
f iuoresce in  and uranin in the m e d i u m  is 5 • 10 -5 M. The  ve r t i ca l  l ines  s h o w  the  9 5 % c o n f i d e n c e  l imi t s  for  
each  value .  

Uranin transport in Na*-free medium was inhibited by p-aminohippurate (the 
concentration ratio of p-aminohippurate/uranin is 80) by 46%. Strophantin K 
( 5 . 1 0  -s M) inhibits fluorescein uptake after 30 min by 20% in the choline 
chloride medium and by 54% in the normal medium. Visual control shows that 
the action of both these agents causes the lowering of  fluorescein concentration 
in the cytoplasm and in the tubules lumen. 

A special series of experiments was performed to study the influence of  pre- 
incubation of  a surviving kidney for 60 min in Na÷-free (choline chloride) 
medium on the fluorescein transport. The preincubation was made to remove 
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b 
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Fig .  3. I n f l u e n c e  o f  p r e i n c u b a t i o n  in  n o r m a l  ( 1 1 3 . 4  m M  o f  N a  +) a n d  Na+- f r ee  m e d i a  o n  t h e  f l u o r e s c e i n  
u p t a k e  in  p r o x i m a l  t u b u l e s .  (1 )  I n c u b a t i o n  w i t h  f l u o r e s c e i n  i n  n o r m a l  m e d i u m  w i t h o u t  p r e i n c u b a t i o n .  ( 2 )  

As  i n  ( 1 ) ,  b u t  w i t h  p r e i n c u b a t i o n  f o r  6 0  m i n  i n  n o r m a l  m e d i u m .  (3 )  I n c u b a t i o n  w i t h  f l u o r e s c e i n  in  n o r -  
r e a l  m e d i u m  w i t h  p r e l i m i n a r y  p e r f u s i o n  o f  t u b u l a r  l u m e n s  b y  n o r m a l  m e d i u m ,  w i t h o u t  p r c i n c u b a t i o n .  (4)  
A s  in  (3 ) ,  b u t  w i t h  p r e i n c u b a t i o n  f o r  3 0  r a i n  in  Na+- f ree  m e d i u m .  ( 5 )  I n c u b a t i o n  w i t h  f l u o r e s c e i n  in  N a  +- 
f r ee  m e d i u m  w i t h  p r e l i m i n a r y  p e r f u s i o n  o f  t u b u l a r  l u m e n s  b y  Na÷- f r ee  m e d i u m ,  w i t h o u t  p r e i n c u b a t i o n .  
( 6 )  A s  in  (5 ) ,  b u t  w i t h  p r e i n c u b a t i o n  f o r  6 0  m i n  i n  Na÷- f r ee  m e d i u m .  T i m e  o f  i n c u b a t i o n  15  r a in .  C o n c e n -  
t r a t i o n  o f  f l u o r e s c e i n  i n  i n c u b a t i o n  m e d i u m  is  5 - 1 0  -5  M. 



89 

T A B L E  I 

A P P A R E N T  M I C H A E L I S  C O N S T A N T S  ( K m ) ,  M A X I M A L  R A T E S  (V)  A N D  V / K  m R A T I O S  F O R  

F L U O R E S C E I N  A N D  U R A N I N  T R A N S P O R T  I N  T H E  P R E S E N C E  A N D  IN T H E  A B S E N C E  O F  N a  + IN 

T H E  B A T H  M E D I U M  

Condi t ions  o f  K m C o n f i d e n c e  V * C o n f i d e n c e  V / K  m * C o n f i d e n c e  
i n c u b a t i o n  (X 1 0  -4  M) l imits  for l imits  for  l imits  for  

K m V * V / K  m * 

(X 1 0  -4  M) 

Uranin in the  
m e d i u m  wi th  
normal  Na + 0 . 9 0  0 . 6 4 - - 1 . 5 4  4 1 . 5  + 1 0 . 4  46 .1  -+ 8 .2  

Uranin in Na+-free 
m e d i u m  (chol ine-  
ch lor ide)  2 .74  2 . 0 6 - - 4 . 0 6  2 6 . 0  -+ 4 .5  9 .5  +- 1 .5  

Net  Na+- dependent  
uranin transport  0 . 6 8  0 . 4 7 - - 1 . 2 3  2 5 . 4  + 6 .3  3 7 . 4  +- 8 .0  

Fluoresce in  in 
the m e d i u m  w i t h  

normal  Na + 1 . 0 8  0 . 6 4 - - 3 . 5 2  4 4 . 4  + 1 8 . 5  41 .1  + 1 2 . 0  

Fluorcsce in  in 
Na+-free m e d i u m  
(cho l ine -ch lor ide )  1 . 3 4  1 . 0 4 - - 1 . 8 8  1 6 . 2  + 2 .4  12 .1  + 1 .8  

N e t  N a+ -dependent  
f luoresce in  
transport  0 . 9 5  0 . 5 1 - - 6 . 4 5  29 .1  + 1 4 . 0  3 0 . 6  -+11.8 

Fluoresce in  in 
N a + f r e e  m e d i u m  
(LiC1) 1 . 2 0  0 . 8 0 - - 2 . 2 0  2 6 . 2  +- 66.  2 1 . 8  -+ 5 .2  

* T he  values  are prese n te d  in w o r k i n g  units .  

Na ÷ from peritubular zone ,  where  these ions  c o m e  from the cells of  proximal  
tubules .  The  results of  these  exper iments  (Fig. 3) show that  such pre incubat ion  
inhibits  s ignif icantly (by  12%) f luorescein  transport  in the  Na÷-free med ium 
on ly  (compare  co lumns  5 and 6).  

The apparent transport  constants  Km and V were c o m p u t e d  for f luorescein 
transport  in the  Na÷-free med ium after pre incubat ion  in this med ium for 60  min 
(test)  and w i t h o u t  pre incubat ion  (control ) .  They  are K m = 2.5 • 10-4 M (from 
1.6 • 10-" M to  5.0 • 10-4 M) V = 23 .4  + 8 .0  of  working un i t s /min  (test)  and 
K m = 2.0 • 10-4 M (from 1.4 • 10-4 M to  3.7 • 10-4 M), V = 24 .4  ± 7.3 of  work- 
ing un i t s /min  (control ) .  Thus,  the  pre incubat ion  causes an increase of  Km by 
25% with  unchanged  V, a l though  the  change of  Km is n o t  significant.  

It was s h o w n  in our exper iments  that  f luorescein  run o u t  from proximal  
tubules  preloaded with this acid is accelerated by cho l ine  chloride med ium in 
comparison  with the  normal  med ium (Fig. 4a). Addi t ion  of  p -aminohippurate  
to  the  med ium accelerated sharply the  run ou t  of  f luorescein in the normal  
medium,  the  m a x i m u m  of  e f fect  was reached after 15 min of  incubat ion  (Fig. 
4b).  In Na÷-free med ium p-aminoh ippurate  had a lesser effect  on  the  fluores- 
cein run ou t  as compared to  the  normal  m e d i u m  and the  m a x i m u m  of  effect  
was reached after 30 min of  incubat ion  (Fig. 4c) .  

Dependenc ie s  of  the  f luorescein  and uranin transport  rate on  the  concentra-  
t ion  of  a corresponding  substance  in the  med ium were investigated in media  
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Fig .  4.  A c t i o n  o f  N a * - f r e e  m e d i u m  a n d  p - a m i n o h i p p u r a t e  o n  t h e  f l u o r e s c e i n  r u n  o u t  f r o m  t h e  p r o x i m a l  

t u b u l e s  p r e l o a d e d  w i t h  t h i s  d y e .  ( A )  F l u o r e s c e i n  r u n  o u t  i n t o  n o r m a l  (1 )  a n d  Na+- f r ee  (2 )  m e d i u m .  (B)  
F l u o r e s c e i n  r u n  ou~ i n t o  n o r m a l  m e d i u m  in  t h e  a b s e n c e  (1 )  a n d  in  t h e  p r e s e n c e  (2 )  o f  p - a m i n o h i p p u r a t e .  

( C )  F l u o r e s c e i n  r u n  o u t  i n t o  Na+- f ree  m e d i u m  in  a b s e n c e  (1 )  a n d  i n  t h e  p r e s e n c e  (2)  o f  p - a m i n o h i p p u r a t e .  
C o n c e n t r a t i o n  o f  p - a m i n o h i p p u a r t e  i n  f l u o r e s c e i n - f r e e  m e d i a  is  10  -3  M. 

1 /K  m 

12 

10 

/ I 

1//16 ~/8 1/4 1/2 3)4 1 

~No+] 

F i g .  5.  D e p e n d e n c e  o f  1 / K  m v a l u e  f o r  f i u o r e s c e i n  ( 1 )  a n d  u r a n i n  (2 )  t r a n s p o r t  i n t o  p r o x i m a l  t u b u l e s  o n  
t h e  N a  + c o n c e n t r a t i o n  i n  t h e  b a t h  m e d i u m .  T h e  v e r t i c a l  l i n e s  s h o w  t h e  9 5 %  c o n f i d e n c e  l i m i t s  f o r  e a c h  
v a l u e .  



91 

v 
= 2.5.10 -4 

(a) 

3O 

A 10 -4  

1)16 I)8 1/'4 #2 3]4 
+ 

Na concentPatlon in the medium (in the par ts  to norma[) 

_ . _ _ _ _ -  * 5 . 1 0  - 5  

x2.5.10 -5 

. 1 0  -5 

v (b) 

30 

,....-. x 

1/16 1~8 1/'4 1)2 3]4 4 

Na*concentPation in the medium (in the par ts  to  normal)  

Fig .  6.  D e p e n d e n c e  o f  u r a n i n  (a)  a n d  f l u o r e s c e i n  (b )  t r a n s p o r t  r a t e  (v)  o n  t h e  N a  ÷ c o n c e n t r a t i o n  o n  t h e  

b a t h  m e d i u m .  T h e  f i g u r e s  neax t h e  c u r v e s  s h o w  f l u o r e s c e i n  a n d  u r a n i n  c o n c e n t r a t i o n  (M) i n  t h e  m e d i u m .  
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that  conta ined  different  but  cons tant  Na* concentrat ions .  The Na + concentra-  
t ions  used were as fol lows:  normal  (1) or 3 /4 ,  1 /2 ,  1 /4 ,  1 /8  and 1 /16  of  the 
normal  concentrat ion .  All experimental  curves describing these dependenc ies  
had the  form of  a hyperbol ia .  Visual contro l  showed  that  f luorescein and 
uranin uptake  in the  lumen of  tubules  occurred,  but  it was much  weakened in 
media with  low Na + concentrat ions .  The data recalculated by the Lineweaver- 
Burk m e t h o d  correlate well  with the  straight line (correlat ion coef f ic ient  was 
n o t  be low 0 .94) .  The apparent  Km and V and the  V / K  m ratio for uranin and 
f luorescein  transport  determined by so lu t ion  of  Lineweaver-Burk equat ion  are 
presented in Table II. It is seen that  in the  media wi th  low Na* concentrat ion  
K m for f luorescein  transport  exhibits  a t e n d e n c y  to increasing, a l though the  
differences in Km are no t  significant.  But  the  V / K m  ratio decreases s ignif icantly 
under  these  condi t ions .  In the  case of  uranin augmenta t ion  of  Km and signifi- 
cant  decrease of  the  V / K  m ratio are no t  fo l l owed  by a change of  V in a simi- 
lar way.  

D e p e n d e n c e  of  1 / K  m on the  Na ÷ concentra t ion  in the  media used (Fig. 5) is 
linear for uranin transport  (correlat ion coef f ic ient  is 0 . 9 9 3 )  and essentially non-  
linear for f luorescein  transport  (correlat ion coef f ic ient  is 0 .436 ) .  The latter 
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F i g .  7 .  L i n e w e a v e r - B u r k  p l o t s  f o r  d e p e n d e n c e  o f  r e v e r s a l  r a t e  o f  f l u o r e s c e i n  a n d  u r a n i n  t r a n s p o r t  i n t o  

p r o x i m a l  t u b u l e s  o n  t h e  r e v e r s a l  N a  + c o n c e n t r a t i o n  in  t h e  b a t h  m e d i u m .  1 a n d  2 ,  f l u o r e s c e i n  c o n c e n t r a -  

t i o n  in  t h e  m e d i u m  is 5 • 1 0  - 5  M a n d  1 0  - 4  M,  r e s p e c t i v e l y .  3 ,  4 a n d  5 ,  u r a n i n  c o n c e n t r a t i o n s  i n  t h e  
m e d i u m  is 2 . 5  - 1 0  - 5  M,  5 - 1 0  - 5  M a n d  1 0  - 4  M,  r e s p e c t i v e l y .  
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curve looks like a parabola and the dependence of 1/Km for fluorescein trans- 
port  on the square concentra t ion of Na ÷ has the correlation coefficient  0.708. 

Then we analyzed the dependence of fluorescein and uranin transport  rates 
on the concentra t ion of  Na ÷ in the media with a constant  concentra t ion of 
these substrates. Appropriate curves were plot ted for media containing 5 dif- 
ferent  constant  concentrat ions of  fluorescein or uranin. From Fig. 6a it is seen 
that  all curves for uranin t ransport  look like a hyperbola  while those for fluo- 
rescein t ransport  are less typical. Besides it was established that  the action of 
Na ÷ in the medium on the fluorescein and uranin transport  is greater in the 
media with a high constant  concentra t ion of these substances. The dependen- 
cies described above may be represented in the form of Lineweaver-Burk plots 
(Fig. 7); all experimental  points are lying on the straight lines. Solution of the 
appropriate Lineweaver-Burk equation gave the apparent  KmNa ÷ and YNa+ for  
fluorescein and uranin t ransport  (Table 3). The apparent  KmNa ÷ value both for 
fluorescein and for uranin does not  depend on the substrate concentra t ion in 
the medium, while VNa+ decreases proport ional ly  to the decrease of  a substrate 
concentra t ion in the medium. 

It is curious that  the mean apparent  KmNa÷.for fluorescein t ransport  (28.8 
mM) is exactly two times greater than that  for  uranin (13.9 mM). The KmNa ÷ 

value is evidently equal to the Na ÷ concentra t ion in the medium which gives a 
half-maximal rate of the substrate transport  under  such conditions. Thus, for 
reaching a half-maximal rate of fluorescein transport  in the tubules the Na ÷ 
concentra t ion in the medium should be two times greater than for the case of 
uranin transport .  

Discussion 

The method used for measuring the total  luminescence of a marker  organic 
acid simultaneously in the epithelium and in the lumen of proximal tubule seg- 
ment  permits determinat ion of the whole amount  (in working units) of a sub- 
stance transferred across basal membrane during incubation. Therefore,  the 
t ransport  constants (Km and V) obtained in our experiments refer directly to 
the basal membrane [22].  That  is why we discuss the transport  of organic acids 
in proximal tubule rather than in lumen of the tubule. In the process of active 
t ransport  an organic acid is transferred across the basal membrane from the 
medium into the epithelium of proximal tubule,  and then it goes across the 
apical membrane from the epithelium into the lumen. After 5 min of incuba- 
t ion the intracellular concentra t ion of fluorescein remains at a constant  level 
while its concentra t ion in the lumen depends linearly on the time of incuba- 
tion. Consequently,  the intensity of luminescence of a whole tubule may be 
at t r ibuted mainly to the marker f luorochrome in the lumen of the tubule. 
However, if organic acid t ransport  across apical membrane of the tubule is 
somehow inhibited the contr ibut ion of intracellular f luorochrome to the total 
intensity of luminescence may increase markedly [22].  The question arises 
whether  fluorescein (uranin) binds to cytoplasmic proteins, and if it is the case 
how the binding may influence the accuracy of microfluorimetric  measure- 
ments. 

Our visual observations in experiments  with short-term incubation (1--2 
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min) show tha t  f luorescein  (uranin)  spreads as rapidly  along the  tubula r  cell as 
it runs c omple t e ly  out .  This fac t  suggests the  absence  of  any appreciable  bind- 
ing of  f luorescein  (uranin)  to  cellular prote ins .  We ex p ec t  to  ob ta in  a s t ronger  
evidence  in favour  of  this assumpt ion  by  de te rmin ing  the  spectra  and polari-  
za t ion  of  luminescence  of  these substances  in the  cell inter ior .  Pre l iminary  da ta  
al low the  cons idera t ion  of  the  intracel lular  b inding w i t h o u t  inf luencing the  
accuracy  of  f luor imet r ic  de t e rmina t ion .  

The  ob ta ined  results show tha t  in the e f fec t  o f  Na+-deficiency in the  m ed iu m  
there  are cer ta in  regularit ies c o m m o n  for  bo th  t r anspor t  substrates  ( f luorescein  
and uranin)  as well as d i f ferences  (mainly  quant i ta t ive)  b e tw een  these  substan- 
ces. The  main c o m m o n  e f fec t  of  the absence or decrease of  Na ÷ in the  ba th  
med ium  is the  inhib i t ion  of  t r anspor t  of  the bo th  marke r  anions into p rox ima l  
tubules .  In the normal  med ium the t r anspor t  ra te  remains cons tan t  for  45 min 
whereas  with the  subs t i tu t ion  of  NaC1 by  sucrose or chol ine  chlor ide  it lowers 
immedia te ly  and cons tan t ly  reaching the zero af te r  45- -60  min o f  incubat ion .  
This e f fec t  o f  c omp le t e  s topping  of  the  t r anspor t  is mos t  s t rongly p r o n o u n c e d  
for  f luorescein  in sucrose m e d i u m  and b o t h  for  f luorescein  and for  uranin  in 
chol ine  chlor ide  med ium.  With the  subs t i tu t ion  of  NaC1 by LiC1 the  ra te  of  
f luorescein  t r anspor t  into tubules  lowers more  s lowly as c o m p a r e d  wi th  the  
subs t i tu t ion  of  NaC1 by  sucrose or  chol ine  chlor ide.  A similar ac t ion  of  substi- 
t u t i on  of  NaC1 by  LiC1 was observed by  Hoshi  and Hayashi  [10]  when  these 
au thors  s tudied the  pheno l  red t r anspor t  by  a surviving k idney  o f  goldfish. 

The  kinet ic  analysis shows {Table II) t ha t  inh ib i t ion  of  f luorescein  and 
uranin  t r anspor t  rate in p rox ima l  tubules  when  Na ÷ in the  m ed iu m  is lowering 
is caused by  progressed augmen ta t ion  of  the appa ren t  t r anspor t  Kin. Al though  
in the  case of  f luorescein  a d i f fe rence  even be tween  the  e x t r e m e  Km values is 
no t  significant,  the  Km augmen ta t i on  is obvious  because  the  V/Km ra t io  
decreases significantly with unchanged  V. When Na + is comple t e ly  absent  f rom 
the  m e d i u m  {choline chlor ide  med ium) ,  along with the  augmen ta t ion  of  Kin, V 
decreases {Table I). Fo r  unders tand ing  the basis of  these changes it should be 
r e m e m b e r e d  tha t  the  appa ren t  t r anspor t  Km = (K_I + K2)/K+I, where  K+ 1 is 
the  rate  cons t an t  of  f o r m a t i o n  a carr ier-substrate  c o m p l e x  (PS), K_~, the  rate  
cons t an t  of  this c o m p l e x  dissociat ion,  K2 its t rans loca t ion  rate.  Km is no t  iden- 
tical to  the  dissociat ion cons tan t  (Ks), bu t  is re la ted to  it as follows: K m = 
Ks + K2/K+~. Thus the  K m value depends  on the  af f in i ty  be tween  a carr ier  and 
a subst ra te  and on the  t rans loca t ion  rate  o f  c o m p l e x  PS. The  maximal  t r anspor t  
ra te  V = K2[P] ,  where  [P] is carrier  c o n c e n t r a t i o n  in the  m em b ran e .  We assume 
t ha t  in ou r  shor t - t e rm expe r imen t s  [P] is a cons tan t  value. Consequen t ly ,  V 
changes may  be induced  on ly  by  K2 change,  while an increase o f  K m wi th  
unchanged  V m a y  be the  results of  K 1 and K1 changes (i.e. at the  expense  o f  
a l te ra t ion  in the  af f in i ty  be tween  a carrier  and a substrate) .  Af te r  comple t e  sub- 
s t i tu t ion  o f  NaC1 by chol ine  chlor ide  K 1 ,  K÷~ and K2 (i.e. b o th  the  af f in i ty  
and the  t rans loca t ion  ra te)  change.  When Na + is subs t i tu ted  b y  Li + the  V value 
is higher  in compar i son  wi th  the  case of  subs t i tu t ion  of  Na + by  chol ine  + with 
unchanged  Kin- Thus ,  it is obvious  tha t  Li + does  n o t  in f luence  the  af f in i ty  
be tween  a carr ier  and a subst ra te  and subs t i tu t ion  of  Na + b y  Li lowers the  trans- 
loca t ion  rate  of  a t r anspor t  c o m p l e x  for  a lesser e x t e n t  than  subs t i tu t ion  of  Na + 
by  chol ine  +. In the  Na+-dependent  m e d i u m  the  K m increase regarded as a change 
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( lowering)  o f  an a f f in i ty  b e t w e e n  a carr ier  and a subs t ra te  is i n t e rp re t ed  b y  
m o s t  inves t igators  as a p r o o f  of  d i rec t  d rawing  of  Na t in to  the  f o r m a t i o n  of  a 
t r a n s p o r t  c o m p l e x  [1 - -10 ] .  Thus  we m a y  suppose  t ha t  Na t f r o m  the  m e d i u m  
takes  pa r t  in f o r m a t i o n  of  a t r a n s p o r t  c o m p l e x  for  f luoresce in  and uran in  
an ions  t r ans fe r  and  it c a n n o t  be  subs t i t u t ed  by  chol ine  ~ or Li t. T r a n s p o r t  of  or- 
ganic acids in p r o x i m a l  tubules  of  the  grass f rog k idney  is typ ica l ly  Na%depen-  
dent .  This  f ac t  is in good  a g r e e m e n t  wi th  Vogel  and KrSger ' s  ev idence  for  the  
lake f rog  [16]  and  wi th  Hoshi  and Hayash i ' s  obse rva t ion  on the  goldfish [10] .  

Visual  con t ro l  o f  f luoresce in  and  uran in  t r a n s p o r t  in the  Na÷-free (sucrose 
or  chol ine  chlor ide)  med ia  shows tha t  m a x i m a l  c o n c e n t r a t i o n  of  these  sub- 
s tances  which  is a t t a ined  a f t e r  p r o l o n g e d  incuba t ion  in the  tubules  is equal  to  
or  slightly exceeds  the i r  c o n c e n t r a t i o n  in the  m e d i u m .  Thus  a t r a n s p o r t  in Na ÷- 
free m e d i u m  s tops  being active.  However ,  it is i m p o r t a n t  to  no t e  t ha t  in spi te  
o f  the  r emova l  o f  Na ÷ f r o m  the  t ubu l a r  l umen  and f r o m  capillaries by  pe r fus ion  
some  a m o u n t  o f  Na  ÷ is l ikely to  be p resen t  in the  pe r i t ubu la r  region due  to  
ex t ru s ion  of  this ion f r o m  t ubu l a r  cells by  (Na ÷, K+)-ATPase.  A slightly inhibi- 
t o r y  e f f ec t  o f  s t r o p h a n t i n  (specif ic  inh ib i to r  of  (Na t, K*)-ATPase)  on the  f luo- 
rescein t r a n s p o r t  in Na+-free m e d i u m  and an inh ib i to ry  e f fec t  o f  p ro longed  pre- 
i ncuba t i on  in Na÷-free m e d i u m  (i.e. washing ou t  of  Na ÷) a l lowed for  this 
a s s u m p t i o n .  I t  is o f  in teres t  t h a t  the  inh ib i to ry  e f fec t  o f  washing clean on the  
f luoresce in  t r a n s p o r t  is re la ted  to  the  increase of  Kin, i.e. to  the  decrease  of  affi- 
n i ty  b e t w e e n  a carr ier  and  a subs t ra te .  Thus ,  in Na%free m e d i u m  w i t h o u t  pro-  
longed  p r e i n c u b a t i o n  a p o r t i o n  of  f luoresce in  and uranin  ( abou t  20%) is accu- 
m u l a t e d  a t  the  expense  of  Na t in the  pe r i t ubu l a r  region.  

So the  organic  acids t r a n s p o r t  in to  p r o x i m a l  tubules  m a y  be divided into  t w o  
par ts :  Na÷-dependen t  act ive t r a n s p o r t  and Na%independen t  nonac t ive  trans- 
por t .  Na÷- independen t  t r a n s p o r t  (in the  Na÷-free m e d i u m ) ,  however ,  exhib i t s  
the  same charac ter i s t ic  fea tu res  of  the  carr ier  i nvo lvemen t  as the  t r a n s p o r t  in 
n o r m a l  m e d i u m ,  a kinet ics  wi th  sa tura t ion ,  c o m p e t i t i v e  inh ib i t ion  of  the  
u p t a k e  and  acce le ra t ion  of  the  run  ou t  of  f luoresce in  f r o m  tubules  p r e loaded  
wi th  this acid by  a n o t h e r  organic  acid in the  m e d i u m .  Ana logous  da ta  are 
usual ly  t r ea t ed  as an ind ica t ion  of  a share of  specif ic  mob i l e  carr ier  in the  t rans-  
p o r t  process  [ 3 1 - - 3 4 ] .  C ons equen t l y ,  wi th  the  p resence  of  Na t in the  m e d i u m  
the carr ier  fulfils an act ive t r anspor t ,  whereas  in the  absence  o f  Na t it per-  
f o r m s  on ly  fac i l i ta ted  d i f fus ion  of  organic  acids. C o n t r i b u t i o n  of  Na%depen  - 
den t  and  N a % i n d e p e n d e n t  c o m p o n e n t s  in to  to ta l  process  of  subs tance  t ransfer  
depends  on the  Na ÷ c o n c e n t r a t i o n  in the  m e d i u m .  The re fo re ,  the  value deter-  
m ined  with  the  given Na t c o n c e n t r a t i o n  in the  m e d i u m  m a y  be cor rec ted .  
Tab le  IV presen t s  the  d e p e n d e n c e  of  the  a p p a r e n t  K m for  the  ne t  Na÷-depen - 
den t  uranin  t r a n s p o r t  on the  Na + c o n c e n t r a t i o n  in the  m e d i u m .  As the  Na  t con- 
cen t r a t i on  in the  m e d i u m  decreases  16 t imes  K m increases 40 t imes  as com-  
pa red  to  a 4-fold increase of  K m in the  case of  u n c o r r e c t e d  data .  

F o r  a carr ier  to  fulfill  an act ive t r a n s p o r t  the  inequa l i ty  of  its aff ini t ies  to  a 
subs t ra t e  on  the  oppos i t e  sides of  the  m e m b r a n e  m u s t  be provided .  Since the  
a f f in i ty  of  an organic  acid carr ier  depends  on the  Na t concen t r a t i on ,  this claim 
is satisfied in the  n o r m a l  m e d i u m .  In fact ,  on the  ou t e r  side of  the  m e m b r a n e  
(Na%rich) a carr ier  has a high a f f in i ty  to  a subst ra te .  Af te r  t r ans loca t ion  o f  the  
c o m p l e x  to  the  inner  side o f  the  m e m b r a n e  (Na%poor)  an a f f in i ty  of  a carr ier  
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T A B L E  I V  

M I C H A E L I S - M E N T E N  E Q U A T I O N  P A R A M E T E R S  F O R  N E T  N a + - D E P E N D E N T  U R A N I N  T R A N S -  

P O R T  I N T O  P R O X I M A L  T U B U L E S  

N e t  N a + - d e p e n d e n t  t r a n s p o r t  r a t e s  w e r e  d e t e r m i n e d  as  a d i f f e r e n c e  b e t w e e n  t h e  r a t e  o f  u r a n i n  t r a n s p o r t  
N a  c o n c e n t r a t i o n  a n d  t h a t  in  Na+- f r ee  m e d i u m  w i t h  t h e  s a m e  u r a n i n  c o n c e n t r a -  in  t h e  m e d i u m  w i t h  g i v e n  + 

t i o n .  

N a  + c o n c e n t r a t i o n  K m C o n f i d e n c e  V * C o n f i d e n c e  V / K  m * C o n f i d e n c e  
in  t h e  m e d i u m  in  × 10  - 4  M l i m i t s  f o r  l i m i t s  f o r  l i m i t s  f o r  

t h e  p a r t s  t o  n o r -  K m × 10  -4  M V *  V / K  m * 

m a l  o n e  ( 1 1 3 . 4  m M )  

1 / 1 6  2 6 . 4  6 . 6 7 - - 1 2 0 . 5  7 2 . 5  ± 1 8 . 6  2 .7  -+1.1 

1 / 8  4 . 7 4  2 . 5 5 - - 3 3 . 3  2 7 . 6  + 1 4 . 3  5 .8  -+2.0 

1 / 4  2 . 7 5  1 . 5 1 - - 1 4 . 7  3 0 . 4  ± 1 6 . 0  1 1 . 1  ± 3 . 4  
1 / 2  1 . 2 8  0 . 6 8 - - 1 1 . 5  2 8 . 6  ± 1 3 . 3  2 2 . 3  ± 1 0 . 3  

3 ] 4  0 . 8 6  0 . 5 7 - - 1 . 7 9  2 0 . 4  -+6.3 2 3 . 7  -+4.7 
1 0 . 6 8  0 . 4 7 - - 1 . 2 3  2 5 . 4  -+6.3 3 7 . 4  -+8.0 

* T h e  v a l u e s  are  p r e s e n t e d  i n  w o r k i n g  u n i t s .  

to  subs t ra te  decreases  and  the  c o m p l e x  dissociates.  T h e  add i t iona l  p r o o f  of  the  
rea l i ty  o f  such a m e c h a n i s m  is a drast ic  acce le ra t ion  of  f luoresce in  run  ou t  f r o m  
tubu les  in to  Na+-free m e d i u m .  

A n u m b e r  o f  inves t igators  cons ider  t ha t  on  the  basis o f  a d e p e n d e n c e  of  K m 
on  the  Na + c o n c e n t r a t i o n  in the  m e d i u m  it is poss ible  to  d e t e r m i n e  the  n u m b e r  
of  Na  + pa r t i c ipa t ing  in the  f o r m a t i o n  o f  a t r a n s p o r t  c o m p l e x  [2 ,10] .  Such an 
a p p r o a c h  based on  the  pecul iar i t ies  o f  the  e n z y m e  reac t ion  wi th  t w o  subs t ra tes  
or  wi th  a subs t ra t e  and  an ac t iva to r  is o p e n  for  discussion.  I t  was shown  [35] 
t h a t  if  an e n z y m e  reac t ion  wi th  t w o  subs t ra tes  involves the  f o r m a t i o n  and  dis- 
soc ia t ion  of  an e n z y m e - s u b s t r a t e  c o m p l e x  b y  t w o  c o m p u l s o r y  p a t h w a y s  one  
m a y  assume  a ra t io  of  ra te  cons t an t s  o f  separa te  r eac t ion  stages when  the  sum- 
m a r y  ra te  wou ld  be  a t  the  same t ime  p r o p o r t i o n a l  to  the  c o n c e n t r a t i o n  of  the  
f irst  subs t ra t e  and  to  the  square  of  the  second  subs t ra t e  concen t r a t i on ,  t ha t  is 
w h y  Wheeler  and  Chr is tensen  [36]  cons ider  t h a t  the  occu r r ence  of  a quadra t i c  
d e p e n d e n c e  of  the  1 / K  m value on  the  Na  ÷ c o n c e n t r a t i o n  does  no t  p rove  the  
f o r m a t i o n  o f  a t r a n s p o r t  c o m p l e x  wi th  two  Na ÷. 

As m e n t i o n e d  above  Hosh i  and Hayash i  [10]  d i scovered  for  p h e n o l  red trans-  
p o r t  a quadra t i c  d e p e n d e n c e  of  the  1 / K  m value on  the  Na ÷ c o n c e n t r a t i o n  in the  
m e d i u m .  T h e y  in t e rp re t ed  it as ev idence  suppor t ing  the  f o r m a t i o n  of  a 4-fold 
t r a n s p o r t  c o m p l e x :  a carr ier  plus a subs t ra t e  plus 2 Na ÷. We observed  a similar  
d e p e n d e n c e  for  f luoresce in  t r a n s p o r t  {the s t ruc tu re  of  f luoresce in  and  p h e n o l  
red are very  m u c h  alike). Fo r  u ran in  t r a n s p o r t  the  1 /Km value was f o u n d  to  be 
d e p e n d e n t  l inear ly on the  Na ÷ concen t r a t i on .  The  d i f fe rence  b e t w e e n  the  fluo- 
rescein and  uranin  an ions  t r a n s p o r t  is c o n f i r m e d  b y  the  fac t  t ha t  the  KmNa ÷ 

value for  f luoresce in  t r a n s p o r t  is exac t ly  twice  as large as t ha t  fo r  u ran in  t rans-  
por t .  In o the r  words  fo r  a t r ans fe r  across  the  m e m b r a n e  a f luoresce in  an ion  
requires  t w o  Na ÷, whereas  fo r  uran in  an ion  t r a n s p o r t  on ly  one  Na  ÷ f r o m  the  
m e d i u m  is necessary .  T h e  ex i s tence  of  s imilar  d i f fe rences  b e t w e e n  the  f luores-  
cein and u ran in  t r a n s p o r t  m a y  n o t  be  exp la ined  on the  basis o f  Wheeler  and 
Chr i s tensen ' s  k ine t ic  m o d e l  [36] .  In w h a t  way  do  the  ionic f o r m s  of  f luores-  
cein and  uran in  d i f fe r  f r o m  each o the r  in salt med ia?  In t e r m s  of  the  t h e o r y  of  
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p ro t o ly t i c  equi l ibr ium [24- -26]  f luorescein  and uran in  in solut ions exist  in 
fo rms  o f  mon-  and dianions.  However ,  f luorescein  is n o t  k n o w n  to be dissolved 
in distil led water ,  bu t  it is dissolved in weak  alkaline solut ions,  i.e. in solut ions 
which con ta in  Na* or  NH4 [25] .  Uranin (d isodium salt of  f luorescein)  exhibi ts  
good  solubi l i ty  even in distilled water .  Evident ly ,  it is advisable to  consider  the  
f luorescein  and uran in  state  in so lu t ion  in the f r a m e w o r k  of  Lewis '  t h e o r y  as a 
f o r m a t i o n  o f  coo rd ina t i on  c o m p o u n d s  be tween  Lewis '  acid (Na*, NH4, 
choline*) and Lewis '  base (f luorescein,  uranin)  [37 ,38] .  In this case, a f te r  disso- 
lu t ion  of  f luorescein  and uranin  in a med ium with high Na t co n cen t r a t i o n  there  
is no  d i f fe rence  be tween  the  fo rms  o f  f luorescein  and uranin  molecules .  T h e y  
are similar and represen t  a coo rd ina t i on  c o m p o u n d  of  f luorescein  with Na t. In 
fact ,  f luorescein  t r anspor t  in p rox ima l  tubules  did no t  d i f fer  f rom uranin  trans- 
po r t  whe n  the media  wi th  a normal  Na* concen t r a t i on  were used. If the  medi- 
u m  does no t  con ta in  Na* (it is subs t i tu ted  by  choline* or Li t) f luorescein  in so- 
lu t ion  m a y  f o r m  coo rd ina t i on  c o m p o u n d s  with chol ine  ÷ (or Li t ) only,  while 
uranin  ma y  coord ina t e  with bo th  choline* (or Li ÷) and Na ÷. The  rat io  be tween  
the  concen t r a t i ons  o f  these coo rd ina t i on  c o m p o u n d s  will be def ined  by  their  
f o r m a t i o n  constants .  In u t m o s t  s impl i f icat ion it m ay  be said tha t  d is t inc t ion  
be tween  the  f luorescein  and uranin  m o n o a n i o n s  is tha t  in Na%free m ed iu m  the  
la t ter  conta ins  Na t instead of  H o f  a h y d r o x y l  group.  There fore ,  it m ay  be 
assumed tha t  in an active t r anspor t  comp lex  o f  a carr ier  with f luorescein  and 
uran in  m o n o a n i o n s  two  Na* are con ta ined ,  b u t  in the  case of  uran in  on ly  one  
Na t comes  f rom the  med ium.  The  n u m b e r  of  Na t (one  or two)  par t ic ipat ing in 
organic acids t r anspo r t  is de t e rmined  evident ly  by  the  organic anion s t ructure .  
It  is no t  unl ike ly  tha t  one  Na ÷ may  be subs t i tu ted  by  an aminogroup .  If this 
is the  case, on ly  one  Na* f rom the  m e d i u m  is necessary for  the  p -aminoh ippur i c  
an ion  active t r anspor t  into renal  p rox imal  tubules  of  the frog. 

In conc lus ion  it mus t  be remined  tha t  Gerencser  and Hong [19]  w h o  w o rk ed  
wi th  the  rabbi t  k idney  co r t ex  slices did no t  d e t ec t  any inf luence  of  Na t in the  
m e d i u m  ei ther  on the  run ou t  of  p - aminoh ip p u ra t e  f rom slices or on the  affini- 
ty  be tween  a carr ier  and a substrate .  These  data  are at such variance wi th  our  
results and with the  evidence  of  o the r  invest igators who  w o rk ed  on in tac t  kid- 
ney  of  co ld -b looded  animals [10 ,16]  tha t  thei r  ver i f icat ion on the  m o re  in tact  
p repa ra t ion  of  mammal ' s  k idney  is u rgent ly  called for.  Such ver i f ica t ion would  
enable  us to  solve the  ques t ion  of  similari ty or of  d i f fe rence  be tween  active 
t r anspor t  mechanisms  for  organic acids in co ld -b looded  animals and mammals .  
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