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A b s t r a c t

AMINO ACID AND ION TRANSPORT 

IN THE TOAD CORNEA

by

D eborra  F r i e d e n t h a l  C o o p e rs te in  

A dv ise r:  D r. W a lte r  N. S c o t t

The co rn ea  o f  t h e  to a d ,  Bufo m a r in u s , i s  an a v a s c u la r  

t i s s u e  bounded e x t e r n a l l y  by a t e a r  f i lm  (e p i th e l iu m )  and 

i n t e r n a l l y  by th e  aqueous  humor ( e n d o th e l iu m ) . The co rnea  

has an  a c t i v e  p r o t e i n  s y n t h e s i s  a p p a r a tu s  and t h e r e f o r e  r e ­

q u i r e s  a r e a d y  s u p p ly  o f  amino a c i d s .  c<--A m inoisobutyric  

a c id  (AIB), a s y n t h e t i c  n o n m e ta b o l iz a b le  n e u t r a l  amino a c i d ,  

e n t e r s  th e  to a d  c o rn e a  from th e  aqueous humor a c ro s s  th e  en ­

d o th e liu m . The a c c u m u la t io n  o f  t h i s  amino a c id  by th e  to a d  

co rnea  i s  m e d ia te d  by a t  l e a s t  t h r e e  s e p a r a t e  t r a n s p o r t  s y s ­

tems . One system  i s  d ep e n d en t upon e x t r a c e l l u l a r  sodium 

and a c t i v e l y  t r a n s p o r t s  a l a n i n e .  T h is  system  i s  dependent 

upon th e  en e rg y  d e r iv e d  from g l y c o l y s i s  f o r  maximal amino 

a c id  ac cu m u la t io n  and a c c o u n ts  f o r  a p p ro x im a te ly  60% o f  th e  

AIB u p ta k e .  The se co n d  sy s tem  a c t i v e l y  t r a n s p o r t s  l e u c in e  

and i s  in d e p en d en t  o f  t h e  c o n c e n t r a t io n  o f  e x t r a c e l l u l a r  

sodium. T ra n s p o r t  v ia  t h i s  system  i s  s t im u la te d  by bo th
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a s c o r b ic  a c id  and l a c t i c  a c i d .  Both th e s e  compounds a r e  

re d u c in g  a g e n ts  which a r e  found in  h igh  c o n c e n t r a t io n s  in  

th e  aqueous humor. E v idence  has  been deve loped  t h a t  th e s e  

compounds s t i m u l a t e  amino a c id  accu m u la tio n  by d o n a t in g  

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

tem. T ra n s p o r t  v ia  t h i s  sys tem  a c c o u n ts  f o r  a p p ro x im a te ly  

30% of th e  AIB u p ta k e  by th e  to a d  c o r n e a . The t h i r d  s y s ­

tem p r e f e r e n t i a l l y  t r a n s p o r t s  s e r i n e  and a l a n in e  b u t g ly c in e  

i s  exc luded  from t r a n s p o r t  v ia  t h i s  sy s tem . T his  system  

i s  sodium in d e p en d en t  and a c c o u n ts  f o r  10-20% o f  AIB a c ­

cu m ula tion  .

A c tiv e  io n  t r a n s p o r t  h as  been r e l a t e d  to  th e  m ain­

te n an ce  o f  normal t r a n s p a r e n c y  and h y d r a t io n  in  th e  amphib­

ia n  c o rn e a .  The to a d  c o rn ea  a c t i v e l y  t r a n s p o r t s  c h lo r id e  

from th e  aqueous humor t o  th e  t e a r s  w h ile  sodium i s  t r a n s ­

p o r te d  in  th e  o p p o s i t e  d i r e c t i o n .  The a c t i v e  t r a n s p o r t  o f  

c h lo r id e  a c c o u n ts  f o r  a p p ro x im a te ly  60% o f  th e  s h o r t - c i r ­

c u i t  c u r r e n t  (SCC); t h e  a c t i v e  t r a n s p o r t  o f  sodium a c c o u n ts  

f o r  th e  re m a in in g  40%. P h y s io lo g ic  c o n c e n t r a t io n s  o f  a s ­

c o r b ic  a c id  ca u se  a t h r e e - f o l d  in c r e a s e  in  th e  e n d o t h e l i a l  

t o  e p i t h e l i a l  c h l o r i d e  t r a n s p o r t .  A sco rba te  has on ly  a 

s l i g h t  e f f e c t  upon th e  e p i t h e l i a l  to  e n d o t h e l i a l  sodium 

f l u x .  I n h i b i t o r s  o f m i to c h o n d r ia l  o x id a t iv e  p h o sp h o ry la ­

t i o n  i n h i b i t  io n  t r a n s p o r t  in  th e  absence  o f  a s c o r b ic  a c id  

b u t  have no e f f e c t  on t h e  a s c o r b a te - in d u c e d  component o f  

io n  t r a n s p o r t .  A sc o rb a te  i s  a more e f f e c t i v e  s t im u la n t  o f
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ion t r a n s p o r t  w h ile  l a c t a t e  i s  a more e f f e c t i v e  s t im u la n t  

of amino a c i d  t r a n s p o r t . T h is  i n d i c a t e s  t h a t  th e  t r a n s p o r t  

system s fo r  amino a c id  a c c u m u la tio n  d i f f e r  from th o se  i n ­

volved  in  c h l o r i d e  t r a n s p o r t . I t  a l s o  i n d i c a t e s  t h a t  th e se  

t r a n s p o r t  p r o c e s s e s  a r e  l in k e d  to  th e  e x t r a m i to c h o n d r ia l  

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

A sco rb ic  a c i d  i s  a c t i v e l y  t r a n s p o r t e d  a c ro s s  th e  

c i l i a r y  p r o c e s s e s  a t  t h e  expense o f  c o n s id e r a b le  m e tab o lic  

en e rg y . L a c ta t e  i s  d e r iv e d  from g l y c o l y s i s  in  th e  c o rn e a l  

e p i th e l iu m .  These r e d u c in g  a g e n ts  may su p p ly  energy f o r  

the  m a in ten an ce  o f  c o r n e a l  t r a n s p a r e n c y .
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CHAPTER I

I N T R O D U C T I O N  & H I S T O R Y

The o u te rm o s t ,  p r o t e c t i v e  l a y e r  o f  th e  g lo b e  o f  th e  

eye i s  com prised  of t h e  co rn ea  and s c l e r a . The co rn ea  i s  

a v a s c u l a r ,  h av in g  c o n ta c t  w i th  b lo o d  v e s s e l s  o n ly  a t  th e  

l im b u s .  E x te r n a l ly  t h e  co rn ea  i s  b a th e d  by a t e a r  f i lm  

and i n t e r a l l y  by th e  aqueous humor. The aqueous humor o f  

b o th  mammals and  am phibians i s  h y p e ro sm o tic  t o  serum ( 1 ) ,  

and i s  formed b o th  th ro u g h  u l t r a f i l t r a t i o n  o f  plasm a and 

a c t i v e  s e c r e t o r y  p ro c e s s e s  ( 2 ) .  The s trom a a c c o u n ts  f o r  

90% o f  th e  th ic k n e s s  and d ry  w e ig h t o f  t h e  co rn ea  (3) and 

i s  composed o f  c o l la g e n  f i b r i l s  in  a m u co p o ly sac ch a r id e  

m a t r ix .  The t e a r  s u r f a c e  o f  th e  co rn e a  i s  a squamous e p i ­

th e l iu m  5 o r  6 c e l l  l a y e r s  t h i c k  c o m p r is in g  10% o f  th e  d ry  

w eig h t o f  th e  cornea  ( 3 ) .  The tu r n o v e r  r a t e  o f  th e s e  e p i ­

t h e l i a l  c e l l s  i s  a p p ro x im a te ly  se v en  days and re p la c e m e n t  

o f  c e l l s  o c c u rs  by d i v i s i o n  o f  th e  b a s a l  l a y e r  ( 4 ) .  The 

e n d o t h e l i a l  o r  aqueous s u r f a c e  o f  t h e  co rn ea  i s  a s i n g l e  

l a y e r  o f  f l a t t e n e d  c e l l s .  A p p rox im ate ly  77.5% o f  th e  wet 

w eig h t o f  th e  cornea  i s  w a te r  ( 1 ) .

The co rn ea  d e r iv e s  t h e  m ajo r  p o r t i o n  o f  i t s  n u t r i e n t  

m e ta b o l i t e s  such  as  g lu c o se  from t h e  aqueous humor (5 , 6 ) ,  

a c r o s s  th e  c o rn e a l  e n d o th e l iu m . The p e r m e a b i l i ty  o f  th e
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en d o th e liu m  t o  n o n e l e c t r o ly t e s  i s  i n v e r s e l y  p r o p o r t i o n a l  

to  t h e i r  m o le c u la r  w eigh t (7, 8 ) .  The g lu c o s e  consum ption  

o f  th e  in  v i t r o  r a b b i t  co rnea  i s  d e c re a s e d  80-90% by r e ­

moval o f  th e  e p i th e l iu m  (5) i n d i c a t i n g  t h a t  t h e s e  c e l l s  a r e  

r e s p o n s ib le  f o r  th e  m ajor p a r t  o f t h e  c o r n e a l  m e ta b o l ism . 

G lucose i s  m e ta b o l iz e d  in  th e  e p i th e l iu m  by a e r o b i c  g ly c o ­

l y s i s ,  a n a e ro b ic  g ly c o ly s i s  and th e  p e n to s e  p h o sp h a te  p a t h ­

way ( 9 ) .  E ig h ty  f i v e  p e rc e n t  of th e  g lu c o s e  u t i l i z e d  by 

th e  co rn ea  i s  o x id ix e d  to  l a c t a t e  and o n ly  15% i s  o x id iz e d  

co m p le te ly  t o  ca rbon  d io x id e  and w a te r  (10) . C o o lin g  o f  

th e  i n t a c t  c o rn e a ,  which slows m etabo lism , l e a d s  t o  s w e l l in g  

o f  th e  c o rn e a .  C orneal sw e l l in g  and l o s s  i n  t r a n s p a r e n c y  

can be r e v e r s e d  upon warming th e  co rn ea  i n  media c o n ta in in g  

g lu c o se  (11, 1 2 ) .  T h e re fo re ,  i t  seems t h a t  th e  m ain tenance  

o f  normal c o r n e a l  h y d ra t io n  and t r a n s p a r e n c y  depends upon 

m e ta b o l ic  p r o c e s s e s .

Many a t t e m p ts  have been made t o  d e te rm in e  th e  r e l a ­

t i o n s h i p  betw een m etabolism  and c o rn e a l  h y d r a t i o n ,  M eta- 

b o l i c a l l y  d r iv e n  io n  pumps o p e ra t in g  in  t h e  c o rn e a  have 

been r e l a t e d  t o  th e  m aintenance o f  normal c o r n e a l  h y d ra t io n  

and t r a n s p a re n c y  in  bo th  am phibians (24) and  mammals (1 5 ) .

A p o t e n t i a l  d i f f e r e n c e  e x i s t s  a c ro s s  th e  i n  v i t r o  r a b b i t  

co rnea  w ith  th e  t e a r  s u r f a c e  n e g a t iv e  w ith  r e s p e c t  to  th e  

aqueous humor (13) . A c o n s id e ra b le  body o f  e v id e n c e  i n d i ­

c a t e s  th e  sodium pump i s  lo c a te d  in  th e  e p i t h e l i u m  (14) .

At t h i s  tim e t h e r e  i s  i n s u f f i c i e n t  ev id e n c e  to  im p l i c a t e
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t h i s  inw ard  d i r e c t e d  ion  movement in  th e  m a in ten an ce  o f  

norm al c o rn e a l  h y d ra t io n  and t r a n s p a re n c y .  Green (15 , 16) 

h a s  p o s t u l a t e d  t h a t  t h i s  e p i t h e l i a l  sodium pump may s e r v e  

t o  c o n t r o l  th e  io n ic  environm ent o f  th e  s t ro m a l  m ucopoly­

s a c c h a r i d e s  and  in  t u r n  modify th e  s w e l l in g  p r o p e r t i e s  o f  

t h i s  c o n n e c t iv e  t i s s u e  l a y e r .  Damage to  th e  e n d o th e liu m  

o f  t h e  r a b b i t  co rn ea  has been found to  ca u se  l i t t l e  o r  no 

change i n  th e  t o t a l  c o rn e a l  p o t e n t i a l  and on ly  a v e ry  sm a ll  

p o t e n t i a l  d i f f e r e n c e  o f  0 .5  m v o l t s  has been m easured  a c r o s s  

t h e  e n d o th e liu m  (1 7 ) .  N e v e r th e le s s ,  Maurice h as  p o s t u l a t e d  

t h a t  t h e  a c t i v e  rem oval o f  w ate r  occurs  a c r o s s  th e  e n d o th e l iu m  

and  h as  d e m o n s tra ted  t h a t  th e  i s o l a t e d  e n d o th e liu m  o f  th e  

r a b b i t  co rn ea  i s  c a p a b le  o f  pumping f l u i d  a c r o s s  i t s  s u r f a c e  

a g a i n s t  a head of p r e s s u r e  (18 ). R iley  (19) h a s  co n c lu d ed  

from  h i s  s t u d i e s  t h a t  th e  e p i th e l iu m  behaves a s  a sem iperm e- 

a b l e  membrane which a c t s  a s  a b a r r i e r  p r e v e n t in g  a c c e s s  o f  

t h e  t e a r  f l u i d  to  t h e  s tro m a . He has found t h a t  CaT+ i s  

n o t  r e q u i r e d  i n  th e  e p i t h e l i a l  b a th in g  s o l u t i o n  to  p r e v e n t  

c o r n e a l  s w e l l in g ,  w h i le  i t  i s  r e q u i r e d  in  th e  e n d o t h e l i a l  

b a t h i n g  s o l u t i o n  (2 0 ) .  R i le y  h as  a l s o  found t h a t  o n ly  th o s e  

s u b s t a n c e s  t h a t  cau se  d i s i n t e g r a t i o n  of th e  e p i t h e l i a l  c e l l  

l a y e r  prom ote c o rn e a l  s w e l l in g .  He co n c lu d e s ,  i n  ag reem en t 

w i th  M aurice , t h a t  t h e  s i t e  o f  a c t i v e  m e ta b o l ic  c o n t r o l  o f  

c o r n e a l  h y d r a t io n  i s  in  th e  endo the lium . These c o n c lu s io n s
-L. -4—

a r e  s u p p o r te d  by th e  d e m o n s tra t io n  of a Na , K -d e p e n d e n t  

ATPase i n  th e  en d o th e liu m  (2 1 ).
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The co rn ea  o f  th e  b u l l f r o g ,  Rana c a t e s b e i a n a , a c t i v e l y  

t r a n s p o r t s  c h l o r i d e  from th e  aqueous t o  th e  t e a r  s i d e  (2 2 ) .  

T h is  c h l o r i d e  t r a n s p o r t  a c c o u n ts  f o r  ab o u t 80-90% o f  th e  

s h o r t - c i r c u i t  c u r r e n t . The re m a in in g  10-20% o f  th e  s h o r t -  

c i r c u i t  c u r r e n t  i s  due t o  an a c t i v e  t r a n s p o r t  o f  Na"*~ from 

th e  t e a r s  t o  th e  aqueous (2 3 ) .  Sodium i s  r e q u i r e d  in  th e  

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

t r a n s p o r t  ( 2 4 ) .  Ouabain i n h i b i t s  th e  s h o r t - c i r c u i t  c u r r e n t  

and has been  found t o  i n h i b i t  b o th  sodium and c h l o r i d e  t r a n s ­

p o r t  (2 5 ) .  Removal o f  c h l o r id e  from th e  b a th in g  s o l u t i o n  

l e a v e s  a r e s i d u a l  Na t r a n s p o r t  t h a t  i s  n o t  i n h i b i t e d  by 

ouaba in  (2 6 ) .  S e v e ra l  a u th o r s  have d ev e loped  e v id e n c e  t h a t  

b o th  th e  sodium  and c h lo r id e  pumps a r e  l o c a te d  in  th e  e p i ­

t h e l i a l  c e l l  l a y e r  because  rem oval o f  t h i s  l a y e r  a b o l i s h e s  

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

rem oval o f  th e  en d o th e liu m  has no such  e f f e c t  (25 , 27, 2 8 ) .  

The c h l o r id e  pump h as  been im p l ic a te d  in  th e  m a in ten an ce  o f  

t r a n s p a re n c y  and th e  p r e v e n t io n  o f  c o r n e a l  s w e l l in g  i n  th e  

f ro g  ( 2 4 ) .  The io n  t r a n s p o r t  p r o p e r t i e s  o f  th e  to a d  co rn e a  

have n o t  been s t u d i e d .

The aqueous humor i s  formed by u l t r a f i l t r a t i o n  o f  

plasm a and a c t i v e  s e c r e t i o n  a c r o s s  th e  e p i th e l iu m  o f  th e  

c i l i a r y  p r o c e s s e s .  A sco rb ic  a c i d ,  b u t  n o t d e h y d ro a s c o rb ic  

a c i d ,  i s  a c t i v e l y  s e c r e t e d  i n t o  th e  aqueous humor by th e  

c i l i a r y  p r o c e s s e s  (2 9 ) .  The c o n c e n t r a t io n  o f  a s c o r b i c  a c id  

in  th e  aqueous humor i s  s i g n i f i c a n t l y  h ig h e r  th a n  i n  th e
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plasm a in  most v e r t e b r a t e s  ( 3 0 ) .  In f a c t ,  th e  c o n c e n t r a ­

t i o n s  o f  a s c o r b a t e  i n  th e  aqueous may approach  2 0 - fo ld  

plasm a l e v e l s  (3 1 ) .  In  r a b b i t s ,  g u inea  p i g s ,  and human 

b e in g s  i t  has  been shown t h a t  a r i s e  in  th e  c o n c e n t r a t io n  

o f  a s c o r b i c  a c i d  i n  th e  p lasm a le a d s  to  an in c r e a s e  i n  th e  

a s c o r b a te  c o n c e n t r a t i o n  o f  th e  aqueous humor to  a maximal 

l e v e l  (32) . The c o n c e n t r a t i o n  o f  a s c o r b a te  in  th e  aqueous 

was a lw ays g r e a t e r  th a n  th e  c o n c e n t r a t io n  in  th e  p lasm a. 

K insey found t h a t  i n  g u inea  p ig s  and r a b b i t s  D - i s o a s c o rb ic  

a c id  (an ep im er o f  a s c o r b i c  a c id )  e n t e r s  th e  aqueous humor 

b u t D -g lu c o -a s c o rb ic  a c id  does n o t  p e n e t r a t e  th e  b lood  

aqueous b a r r i e r  (29) . He h as  a l s o  shown t h a t  a s c o r b ic  a c i d  

e n t e r s  th e  aqueous humor a s  a r e s u l t  o f  an a c t i v e  s e c r e t o r y  

p ro c e s s  i n  a d u l t  a n im a ls ,  w h ile  in  young an im als  th e  predom­

in a n t  f a c t o r  i n  d e te rm in in g  th e  d i s t r i b u t i o n  r a t i o  i s  d i f ­

f u s io n .  Barany and Langham (32) deve loped  ev id en ce  t h a t  

d e h y d ro a s c o rb ic  a c i d  i s  n o t  accum ula ted  by th e  r a b b i t  e y e .

In t h e i r  s t u d i e s  o f  th e  g u in ea  p ig ,  L in n e r  and Nordstrom  

(33) found t h a t  th e  u p ta k e  of a s c o r b ic  a c id  and D - i s o a s c o rb ic  

a c id  bo th  e x h i b i t  s a t u r a t i o n  k i n e t i c s  bu t a much h ig h e r  

p lasm a l e v e l  o f  D - i s o a s c o r b ic  a c id  i s  r e q u i r e d  f o r  s a t u r a ­

t i o n .  K in e t i c  a n a l y s i s  o f  t h e  d a ta  showed t h a t  th e  Vmax 

v a lu e  f o r  D - i s o a s c o rb ic  a c id  and a s c o r b ic  a c id  a r e  e q u a l 

w h ile  th e  Km v a lu e s  f o r  D - i s o a s c o rb ic  a c id  a r e  fo u r  t o  f i v e  

f o ld  g r e a t e r  th a n  th o s e  f o r  a s c o r b i c  a c i d .

The aqueous humor a l s o  c o n ta in s  s i g n i f i c a n t  co n cen -



t r a t i o n s  o f  l a c t a t e  ( 3 1 ) .  The h ig h  l a c t a t e  l e v e l s  o r i g i n a t e  

from th e  co rn ea  and rem oval o f  th e  c o rn e a l  e p i th e l iu m  c a u se s  

a 80-90% r e d u c t io n  in  aqueous l a c t a t e  l e v e l s  ( 5 ) .  Removal 

o f  th e  e n d o th e liu m  c a u s e s  no such  r e d u c t io n .

Both th e  t e a r s  (34) and th e  aqueous humor (35) con­

t a i n  amino a c id s  i n  c o n c e n t r a t i o n s  a p p ro x im a tin g  o r  s u r p a s s ­

in g  th o s e  o f  th e  p la sm a . Amino a c id  c o n c e n t r a t io n s  i n  th e  

aqueous humor o f  t h e  r a b b i t  ran g e  from 0 o005 -0 .6 1 4  mmoles/ 

kg H2 O (3 5 ) .  These o b s e r v a t io n s  s u g g e s t  t h a t  amino a c id s  

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

c e l l s .  The c o n c lu s io n  t h a t  some form o f  a c t i v e  t r a n s p o r t  

i s  in v o lv e d  in  th e  e n t r a n c e  o f  amino a c id s  i n t o  th e  aqueous 

humor i s  s u p p o r te d  by th e  r e s u l t s  o f  k i n e t i c  e x p e r im e n ts  in  

which th e  t r a n s p o r t  o f  - a m in o i s o b u ty r ic  a c id  (AIB) a c ro s s  

th e  c i l i a r y  e p i th e l iu m  was m easured  in  v iv o  (36) . T h is  

t r a n s p o r t  p r o c e s s  was shown t o  be s a t u r a b l e .  Reddy has  

shown t h a t  th e  c o n c e n t r a t i o n  o f  e v e ry  f r e e  amino a c id  b u t  

a r g i n i n e ,  l y s i n e ,  o r n i t h i n e ,  m e th io n in e ,  and h y d ro x y p ro l in e  

i s  h ig h e r  in  th e  c o r n e a l  e p i th e l iu m  th a n  in  th e  s trom a o r  

aqueous humor (3 7 ) .  Reddy’s  d a ta  i n d i c a t e  t h a t  th e  c e l l s  

o f th e  c o r n e a l  e p i th e l iu m  a r e  c a p a b le  o f  m a in ta in in g  con­

c e n t r a t i o n  g r a d i e n t s  w i th  r e s p e c t  to  th e  aqueous humor and 

th e  s tro m a , and t h a t  th e  t i s s u e  may be c a p a b le  o f  t r a n s p o r t ­

in g  amino a c id s  a g a i n s t  th e s e  g r a d i e n t s .  T h o ft  and F r ie n d  

(38) have s tu d i e d  th e  ac c u m u la t io n  o f  AIB by th e  in  v iv o  

r a b b i t  c o rn e a .  T h e i r  r e s u l t s  i n d i c a t e  t h a t  AIB e n t e r s
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a c r o s s  th e  e n d o t h e l i a l  s u r f a c e ,  th e  e p i t h e l i a l  s u r f a c e  

b e in g  r e l a t i v e l y  im perm eable t o  t h i s  amino a c i d .  T h e ir  

s tu d y  a l s o  i n d i c a t e d  t h a t  th e  r a b b i t  c o rn e a l  e p i th e l iu m  i s  

c a p a b le  o f  a c c u m u la t in g  amino a c id s  a g a i n s t  c o n c e n t r a t io n  

g r a d i e n t s .

The t r a n s p o r t  o f  amino a c i d s ,  l i k e  t h a t  o f  a number 

o f  o th e r  compounds, i s  g e n e r a l l y  th o u g h t  to  be a m u l t i s t e p  

p ro c e s s  whereby th e  amino a c id  i s  f i r s t  bound to  an a c t i v e  

s i t e  on th e  c e l l  membrane. T h is  a c t i v e  s i t e  i s  c o n s id e re d  

t o  be on a membrane-bound p r o t e i n .  T h is  c a r r i e r  p r o t e i n -  

amino a c id  complex i s  n e x t  t r a n s l o c a t e d  a c r o s s  th e  c e l l  

membrane and th e  amino a c id  i s  r e l e a s e d  i n t o  th e  i n t e r i o r  o f  

th e  c e l l  (39, 4 0 ) .  The c a r r i e r  p r o t e i n  does n o t  n e c e s s a r i l y  

s h u t t l e  back and f o r t h  a c ro s s  th e  c e l l  membrane; th e  p r o t e i n  

may s im p ly  c a t a l y z e  a d i r e c t i o n a l  r e a c t i o n ,  whereby th e  

amino a c id  i n i t i a l l y  p r e s e n t  e x t r a c e l l u l a r l y  i s  moved t o  an 

i n t r a c e l l u l a r  l o c a t i o n .  For exam ple , th e  c a r r i e r  p r o t e i n  

may have a b in d in g  s i t e  f o r  s u b s t r a t e  t h a t  e x i s t s  in  in w ard -  

f a c in g  and o u tw a rd - fa c in g  c o n fo rm a t io n s ,  th e  t r a n s p o r t  s t e p  

b e in g  th e  exchange betw een th e s e  c o n f o rm a t io n s .

Amino a c id  t r a n s p o r t  has  been s tu d i e d  in  a v a r i e t y  o f  

t i s s u e s .  Table 1 sum m arizes amino a c id  t r a n s p o r t  sy s tem s 

e l u c i d a t e d  in  v a r io u s  t i s s u e s .  Four s e p a r a t e  sy s tem s have 

been im p l ic a te d  i n  th e  t r a n s p o r t  o f  n e u t r a l  amino a c i d s .  

These a r e :  th e  a l a n i n e  p r e f e r r i n g  (A s y s te m ) ,  th e  l e u c in e  

p r e f e r r i n g  (L s y s te m ) ,  th e  ASC system  ( a l a n in e ,  c y s t e i n e ,



T ab le  1: V e r t e b r a t e  Amino Acid T ra n s p o r t  S ystem s.

Summary o f  amino a c i d  t r a n s p o r t  system s e l u c id a te d  

i n  some v e r t e b r a t e  t i s s u e s .  U n n a tu ra l  amino a c id s  a r e  

i n d i c a t e d  by p a r e n t h e s e s .

Sodium Dependent Sodium Independent

ASC System A System L System L System

A lan ine A lan in e L euc ine Lysine

S e r in e G ly c in e I s o le u c in e A rg in in e

C y s te in e M eth ion ine V alin e O rn i th in e

P r o l in e P r o l i n e

S e r in e

N o r le u c in e

(AIB)

(MeAIB)

P h e n y la la n in e  

(BCH) * 

(ACPCA) **

C y s tin e

* BCH = 2 -a m in o b ic y c lo  £ 2 . 2 . l ]  h ex an e-  2 - c a r b o x y l ic  a c id

** ACPCA = a m in o c y c lo p e n ta n e c a rb o x y l ic  a c id



s e r i n e - p r e f e r r i n g  s y s te m ) ,  and th e  g ly c in e  sy s te m . The A 

sy s tem , a s  fo rm a lly  d e f in e d  f o r  th e  E h r l i c h  c e l l ,  i s  de­

penden t upon sodium in  th e  b a th in g  medium f o r  maximal amino 

a c id  t r a n s p o r t  (41, 4 2 ) .  I t  h a s  been found t h a t  one sodium

io n  i s  t r a n s l o c a t e d  inw ard  a lo n g  w ith  th e  amino a c id  mole­

c u le  (4 3 ) .  T y p ica l  amino a c i d s  t r a n s p o r t e d  by t h i s  system  

a r e  g ly c in e ,  p r o l i n e ,  a l a n i n e ,  s a r c o s i n e ,  s e r i n e ,  m eth ion ine  

and n o r l e u c i n e . AIB and N -m e th y l-a m in o is o b u ty r ic  a c id  

(MeAIB) a r e  used  t o  c h a r a c t e r i z e  t h i s  sy s tem  because  i t  was

r e p o r te d  t h a t  th e s e  amino a c id s  a r e  t r a n s p o r t e d  o n ly  v ia

th e  A sy s tem . The A sy s tem  i s  n o t  p r e s e n t  in  e r y th r o c y te s .  

T ra n s p o r t  v ia  th e  l e u c i n e  p r e f e r r i n g  (L system ) i s  in d e ­

pen d en t o f  e x t r a c e l l u l a r  sodium (4 4 ) .  R e a c t iv i t y  o f  c a r r i e r  

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

s id e  c h a in ,  and th u s  AIB h as  a low a f f i n i t y  f o r  t h i s  system . 

The L system  i s  p r i m a r i l y  one o f  exchange and does no t le a d  

t o  c o n c e n t r a t io n  g r a d i e n t s .  The ASC sys tem  i s  s i m i l a r  to  

t h e  A system  w ith  r e s p e c t  t o  i t s  r a t e  and i t s  dependence 

upon th e  p re se n c e  o f  sodium  (4 5 ) .  I t  has  a h ig h  d eg ree  of 

s t e r o s p e c i f i c i t y , t r a n s p o r t i n g  o n ly  t h r e e -  and fo u r-c a rb o n  

a l i p h a t i c  and h y d r o x y a l ip h a t i c  amino a c i d s .  MeAIB does no t 

i n h i b i t  th e  t r a n s p o r t  o f  n a t u r a l  amino a c id s  by t h i s  system  

i n d i c a t i n g  t h a t  N -m e th y la te d  amino a c id s  a r e  n o t  t r a n s p o r t ­

e d .  T h is  p r o p e r ty  i s  h e l p f u l  in  d i s c r i m i n a t i n g  between th e  

A and ASC system s in  a g iv e n  t i s s u e .  The g ly c in e  system , 

which has  been e x t e n s i v e l y  s t u d i e d  in  a v ia n  e r y t h r o c y t e s ,
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a l s o  depends upon e x t r a c e l l u l a r  sodium f o r  maximal accumu­

l a t i o n  of amino a c i d  ( 4 6 -4 9 ) .  I t  has  been found in  th e  

p ig eo n  re d  b lood  c e l l  t h a t  two sodium io n s  a r e  t r a n s l o c a t e d  

w i th  each  amino a c i d  m o le c u le .  K in e t ic  s t u d i e s  i n d i c a t e  

t h a t  bo th  sodium io n s  m ust be bound t o  th e  c a r r i e r  b e fo re  

th e  amino a c id  can be bound. Only N -m eth y lg ly c in e  and 

N -e th y lg ly c in e  c o m p e t i t iv e ly  i n h i b i t  g ly c in e  u p ta k e .  T h e re ­

f o r e ,  i t  a p p e a rs  t h a t  t h e s e  a r e  th e  o n ly  amino a c id s  t h a t  

a r e  t r a n s p o r t e d  by t h i s  sy s te m . The g ly c in e  system  i s  n o t  

p r e s e n t  in  th e  E h r l i c h  c e l l  (43) .

Sodium -dependent amino a c i d  t r a n s p o r t  system s a r e  

c h a r a c t e r i z e d  by a dependence upon e x t r a c e l l u l a r  sodium to  

accum ula te  amino a c id s  a g a i n s t  c o n c e n t r a t i o n  g r a d ie n t s  (4 1 ) .  

For exam ple, i n  th e  p ig e o n  r e d  b lo o d  c e l l  sodium dependent 

t r a n s p o r t  sy s tem s o n ly  o b t a in  a t i s s u e - to -m e d iu m  d i s t r i b u ­

t i o n  r a t i o  o f  one in  th e  ab sen ce  o f  sodium (5 1 ) .  In th e  

p re s e n c e  o f  sodium , t i s s u e  amino a c i d  c o n c e n t r a t io n s  may be 

a s  g r e a t  a s  t e n - f o l d  th e  c o n c e n t r a t i o n  o f  th e  amino a c id  

in  th e  medium. The norm al g r a d i e n t  o f  sodium i s  such t h a t  

th e  e x t r a c e l l u l a r  c o n c e n t r a t i o n  o f  sodium i s  much g r e a t e r  

th a n  th e  i n t r a c e l l u l a r  c o n c e n t r a t i o n .  The sodium g r a d ie n t  

h y p o th e s is  s u g g e s ts  t h a t  th e  en e rg y  f o r  amino a c id  accumu­

l a t i o n  i s  d e r iv e d  from th e  e l e c t r o c h e m ic a l  p o t e n t i a l  g ra d ­

i e n t  o f  sodium a c r o s s  t h e  c e l l  membrane. I t  i s  p roposed  

t h a t  sodium and th e  amino a c i d  b o th  b in d  t o  th e  c a r r i e r  

p r o t e i n ;  th e  b in d in g  o f  sodium  in d u c in g  a co n fo rm a tio n a l
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change in  t h e  c a r r i e r  p r o t e i n  which p e r m i t s  e i t h e r  b in d in g  

o f  th e  amino a c i d ,  m ig r a t io n  o f  th e  c a r r i e r  p ro te in -a m in o  

a c id  complex, o r  b o th .  The t r a n s p o r t  o f  th e  amino a c id  

a c ro s s  th e  c e l l  membrane c a n n o t  be c l a s s i f i e d  a s  " p r im a r i l y  

a c t i v e "  because  th e  en e rg y  f o r  th e  t r a n s l o c a t i o n  p ro c e s s  i s  

d e r iv e d  from th e  e l e c t r o c h e m i c a l  g r a d i e n t  o f  sodium a c ro s s  

th e  c e l l  membrane. In  f a c t ,  th e  m a in ten an ce  o f  low i n t r a ­

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

r e q u i r e s  th e  d i r e c t  in p u t  o f  m e ta b o l ic  en e rg y  and i s ,  t h e r e ­

f o r e ,  th e  a c t i v e  t r a n s p o r t  s t e p  in  t h i s  p r o c e s s .

E vidence f o r  t h i s  h y p o th e s i s  i s  p ro v id e d  by th e  

ex p e r im en ts  o f  V idaver  who u se d  ly s e d  and r e s t o r e d  p igeon  

r e d  b lood  c e l l s  ( 4 7 ) .  He found t h a t  i f  i n t r a c e l l u l a r  sodium 

c o n c e n t r a t io n s  were m a in ta in e d  a t  a h ig h  l e v e l  w h ile  e x t r a ­

c e l l u l a r  sodium c o n c e n t r a t i o n s  were low , g ly c in e  was pumped 

o u t  o f  th e  c e l l  a s  e f f i c i e n t l y  a s  i t  was pumped i n t o  th e  

c e l l  w ith  a s i m i l a r  sodium g r a d i e n t  in  th e  normal d i r e c t i o n .  

No n e t  f l u x  o f  amino a c i d  was o b se rv e d  in  th e  ab sen ce  o f  a 

sodium g r a d i e n t . T here  was no e v id en c e  t h a t  th e  p o ta ss iu m  

g r a d ie n t  has  any e f f e c t  upon th e  d i s t r i b u t i o n  o f  g ly c in e .  

Eddy has  d e m o n s tra te d  t h a t  t h e  sodium e le c t ro c h e m ic a l  p o te n ­

t i a l  i s  th e  m ajor d e te r m in a n t  o f  g ly c in e  ac cu m u la tio n  in  

c y a n id e -p o iso n e d  a s c i t e s  tum or c e l l s ,  and t h a t  t h e r e  i s  a 

s l i g h t  a d d i t i o n a l  c o n t r i b u t i o n  from th e  p o ta ss iu m  g r a d ie n t  

(5 1 ) .  Eddy’s  s t u d i e s  d id  n o t  e x c lu d e  th e  p o s s i b i l i t y  t h a t  

a d d i t i o n a l  ene rgy  from c e l l u l a r  m e tabo lism  i s  in v o lv e d  in

11



normal amino a c id  a c c u m u la t io n .  S c h a fe r  and Heinz examin­

ed AIB t r a n s p o r t  in  E h r l i c h  a s c i t e s  tumor c e l l s  and found 

t h a t  th e  n e t  AIB f lu x  was r e v e r s e d  on ly  a f t e r  v e ry  d r a s t i c  

in v e r s i o n  o f  th e  sodium and p o ta s s iu m  e l e c t r o c h e m ic a l  p o te n ­

t i a l  g r a d i e n t s  (5 2 ) .  They c o n c lu d e d  t h a t  a n o th e r  d r iv in g  

f o rc e  must be p r e s e n t  in  a d d i t i o n  to  th e  e l e c t r o l y t e  g ra d ­

i e n t s .  I t  would a p p e a r  t h a t  t h e  energy  f o r  th e  accum ula­

t i o n  o f  AIB in  th e s e  c e l l s  i s  d e r iv e d  from two s o u r c e s ,  

namely c o t r a n s p o r t  w ith  sodium  and  m e ta b o l ic  ene rgy  d e r iv e d  

d i r e c t l y  from c e l l u l a r  m e ta b o l ism . Jo h n s to n e  h as  shown t h a t  

in  E h r l i c h  a s c i t e s  c e l l s  in  w hich  th e  sodium and p o ta ss iu m  

g r a d i e n t s  have been a b o l i s h e d ,  b u t  c e l l u l a r  ATP i s  a v a i l a b l e ,  

g ly c in e  accu m u la tio n  i s  n o t  d im in is h e d  (5 3 ) .  In  most 

s t u d i e s  in  which sodium and p o ta s s iu m  g r a d i e n t s  a r e  r e v e r s ­

ed th e  e x t r a c e l l u l a r  sodium c o n c e n t r a t i o n  i s  d e c re a s e d  and 

Jo h n s to n e  p ro p o ses  t h a t  i t  i s  t h i s  d e c re a s e  in  th e  e x t r a ­

c e l l u l a r  sodium c o n c e n t r a t io n  r a t h e r  th a n  th e  r e v e r s a l  o f 

th e  sodium o r  p o ta ss iu m  g r a d i e n t  a c r o s s  th e  c e l l  t h a t  l e a d s  

t o  a d e c re a s e  in  amino a c id  a c c u m u la t io n .

I t  i s  c o n s id e re d  t h a t  sodium  may be n e c e s s a ry  f o r  

th e  b in d in g  o f  th e  amino a c i d  t o  th e  c a r r i e r  o r  f o r  th e  

movement o f  th e  c a r r i e r - a m in o  a c i d  complex a c r o s s  th e  c e l l  

membrane. The form er would be r e v e a l e d  by a sodium e f f e c t  

on th e  f o r  amino a c id  t r a n s p o r t ,  th e  l a t t e r  by a sodium 

e f f e c t  on Vmax (5 4 ) .  For g ly c in e  e n t r y  i n t o  p igeon  re d  

b lood  c e l l s  V idaver has  found t h a t  th e  Km te rm  i s  governed
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by sodium (4 6 ) .  For g ly c in e  e n t r y  i n t o  a s c i t e s  c e l l s  i t  

h a s  been shown t h a t  th e  Vmax te rm  i s  d e c re a s e d  when th e  

e x t e r n a l  sodium c o n c e n t r a t io n  i s  d e c re a s e d  w h i le  th e  ex ­

t e r n a l  p o ta ss iu m  c o n c e n t r a t io n  i s  h e ld  c o n s ta n t  (51, 5 5 ) .

The Kjh te rm  was n o t  e f f e c t e d  by rem oval o f  sodium . J a c q u e z , 

in  h i s  s t u d i e s  o f  a l a n i n e  and AIB a c c u m u la t io n  by th e  E hr­

l i c h  c e l l ,  showed t h a t  th e  f o r  u p ta k e  o f  b o th  amino 

a c i d s  was in c r e a s e d  w h ile  Vmax was d e c re a s e d  when c h o l in e  

was s u b s t i t u t e d  f o r  sodium (5 6 ) .  Thomas and C h r is te n s e n  

have s tu d i e d  th e  n a tu r e  o f  sodium and amino a c id  c o t r a n s ­

p o r t  in  th e  ASC system  o f  th e  E h r l i c h  c e l l ,  r a b b i t  r e t i c u ­

lo c y t e  and p ig eo n  e r y th r o c y te  (5 7 ) .  They s u g g e s t  t h a t  th e  

two c o s u b s t r a t e s  b in d  in  j u x t a p o s i t i o n  a t  th e  r e c e p to r  s i t e ,  

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

t i o n  o cc u rs  d i r e c t l y  between th e  two s u b s t r a t e s ,  th e  amino 

a c i d  and sodium . They f u r t h e r  co n c lu d e  t h a t  t r a n s l o c a t i o n  

i s  n o t th e  r a t e - l i m i t i n g  s t e p  in  amino a c id  a c c u m u la tio n  

and t h a t  th e  o r d e r  in  which th e  two s u b s t r a t e s  b in d  to  th e  

c a r r i e r  i s  u n im p o r ta n t .

S p e c i f i c  t r a n s p o r t  sy s tem s f o r  th e  a c c u m u la t io n  o f  

d i c a r b o x y l i c  amino a c id s  and c a t i o n i c  amino a c id s  have a l s o  

been d e s c r ib e d  in  th e  E h r l i c h  c e l l  (58 , 5 9 ) ,  k idney  (60,

61) and o th e r  t i s s u e s .  I t  has  been shown t h a t  sodium o r  

l i t h i u m  and a n e u t r a l  amino a c id  can  a c t  t o g e th e r  t o  com­

p e t i t i v e l y  i n h i b i t  th e  t r a n s p o r t  sy s tem  f o r  c a t i o n i c  amino 

a c i d s  (5 9 ) .

13



R e a b so rp tio n  o f  amino a c i d s  in  th e  p ro x im al tu b u le  

o f  th e  k idney  o c c u rs  v ia  t r a n s p o r t  sy s tem s  s i m i l a r  t o  th o s e  

p r e v io u s ly  d e s c r ib e d .  R e c e n t ly ,  M e is te r  h as  p ro p o sed  a 

mechanism f o r  amino a c id  t r a n s p o r t  in  th e  mammalian k idney  

and b r a in  (6 2 ) .  The p ro p o sed  mechanism i s  i l l u s t r a t e d  in  

F ig u re  1 and h i s  b a s i c  p r o p o s i t i o n  i s  t h a t  g lu t a t h i o n e  

a c t s  a s  a donor o f  th e  -g lu ta m y l  group which s e r v e s  a s  a 

c a r r i e r  in  amino a c i d  t r a n s p o r t . .  U n f o r tu n a te ly ,  t h i s  hypo­

t h e s i s  does n o t a c c o u n t f o r  t h e  sodium dependence o f  th e  

a c c u m u la t io n  o f  c e r t a i n  amino a c i d s ,  n o r  does i t  e x p la in  

th e  s p e c i f i c i t y  o f  th e  v a r i o u s  amino a c id  t r a n s p o r t  s y s ­

tems . Only i f  one p o s t u l a t e s  th e  p re s e n c e  o f  isozym es o f  

-g lu ta m y l  t r a n s p e p t i d a s e  o r  th e  e x i s t e n c e  o f  s e p a r a t e  

b in d in g  p r o t e i n s  can one a c c e p t  t h i s  h y p o th e s i s  to  e x p la in  

th e  mechanism f o r  a l l  amino a c i d  t r a n s p o r t  p r o c e s s e s .
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F ig u re  1: The Sf -g lu tam y l c y c le

The proposed  —g lu ta m y l c y c le  f o r  amino a c id  t r a n s ­

p o r t  a c r o s s  c e l l  membranes (6 2 ) .

RCHCOOHI
NH2

AMINO ACID (outside c a ll)

V7,
I D A l L l C A X TRA NSPEPTIDA SEGLUTAMf .L  MEMBRANE zm m m .

•»-i:05NITION"
' "*AVa 0CAT10N" 

( I ) R

f  c o H n h c h c o o h  I \i(CH*W p.......... .
  1 I iT '-Q lu to m y lfo m in o G C id

T - Lj  j ^HNH^I
s COOH 5 .

I

17-C.LU TAMt'L CYCLOT RANSFERASE|

RCHCOOH

n h 2

AMINO ACID 
(inside c e ll)

iSH
h 2n c h c o -n h c h 2c o o h  

cysteiny l-g lycine  

|(6)
1 p e p t i d a s e I

CHjSH
CO-NHCHCO-NHCH,COOHI

‘7*-glutom yl-cysteinyt-g lycine 
[g lu ta th io n e ]

ICH2)2
c h n h 2

COOH

• r e l e a s e "
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kH2NCH2 COOH 
g ly c in t
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CHAPTER I I

M A T E R I A L S  & M E T H O D S

A.  Amino Acid A ccum ulation E x p erim en ts

The e n t i r e  co rnea  w ith  a r i n g  o f  s c l e r a  was e x c is e d

from th e  g lobe  o f  Bufo m arinus to a d s  o f  Colombian o r i g i n

(Tarpon Zoo, Tarpon S p r in g s ,  F l o r i d a ) .  The c o rn e a s  were 

in c u b a te d  a t  room te m p e ra tu re  (abou t 25°C) in  5 m l . o f  a 

m o d if ie d  Conway-Ringer' s  s o l u t i o n  c o n s i s t i n g  o f  8 3 .5  mM 

NaCl, 1 7 .7  mM NaHCC>3 , 4 mM KC1, 0 .8  mM MgS04 , 0 .8  mM KH2 P04 ,

11 mM g lu c o s e ,  and 1 .5  mM CaCl2 . B u b b lin g  w ith  a g as  mix­

t u r e  c o n ta in in g  1% C02 e s t a b l i s h e d  a pH o f  8 .0  a t  25°C.

The in c u b a t io n  media a l s o  c o n ta in e d  1 .0  p C i o f  th e  r e q u i s ­

i t e  amino a c id :  ^C -A IB  (20 mCi/mmole) , L - L l4c l  - a l a n i n e  

(130 mCi/mmole), o r  L- C14c l  - l e u c i n e  (45 mCi/mmole), 5 ,0  

pCi o fJ^H l - i n u l i n  (4 .21  Ci/gm) o r  -m a n n i to l  (2 .6 5

mCi/mmole) and u n la b e le d  amino a c id s  i n  c o n c e n t r a t i o n s  

r a n g in g  from 10 pM to  10 mM. The r a d i o a c t i v e l y  l a b e l e d  

compounds were pu rch ased  from New E ngland  N u c le a r ,  B oston , 

and ICN, C le v e la n d ,  and th e  p u r i t y  o f  a l l  amino a c i d s  were 

v e r i f i e d  by t h i n  l a y e r  chrom atography  i n  a c e t i c  a c i d -  

b u t a n o l - w a t e r , 20 :8 0 :2 0  ( v / v ) . In  th e  s t u d i e s  o f  th e  pH depend­

ence o f  amino a c id  a c cu m u la tio n  th e  "Good" b u f f e r s  (63)



were s u b s t i t u t e d  f o r  th e  b ic a r b o n a te  in  ou r  C onw ay-R inger1s 

t o  o b ta in  a t r a j e c t o r y  o f  pH’s :  1 7 .7  mM MES []2-(N -m orpholine) 

e t h a n e - s u l f o n i c  acid]] (pH 6 . 8  t o  7 . 0 ) ,  TES j^ N -T r is - (h y d ro -  

xym ethyl) m e th y l-2 -a m in o e th an e  s u l f o n i c  acid]) (pH 7 .0  to  

8 . 0 ) ,  HEPES (N -2 -h y d ro x y e th y lp ip e ra z in e -N '- 2 - e t h a n e s u l f o n i c  

a c id )  (pH 7 .0  to  8 .0 )  o r  B IC IN e [n ,N '-b is  (2 -h y d ro x y e th y l)  

glycine]] (pH 8 .0  to  9 . 0 ) .

At th e  end o f  th e  i n c u b a t io n  p e r io d ,  th e  t i s s u e  

was removed from th e  medium and r i n s e d  w ith  2 m l . o f  R in g e r 's  

s o l u t i o n .  A p ie c e  o f  co rn ea  6  mm. i n  d ia m e te r  was e x c is e d  

from th e  c e n t e r  o f  th e  t i s s u e  w i th  a P a ton  t r e p h i n e ,  and 

d i s s o lv e d  in  2 ml. o f  S o lu en e -1 0 0 , a q u a te r n a r y  amine 

(Packard  In s tru m e n t C o .) .  One hundred  m i c r o l i t e r  sam ples 

o f  th e  in c u b a t io n  media were a l s o  d i s s o lv e d  in  2  m l . o f  

Soluene-100  f o r  c o u n t in g .  F i f t e e n  m l. o f  a to lu e n e - b a s e  

s c i n t i l l a n t  (c o m p o s it io n : 4 g . PPO, 50 mg. POPOP p e r  l i t e r  

o f  to lu e n e )  were added to  a l l  sam ples  and th e  sam ples c o u n t­

ed u s in g  two c h a n n e ls  o f  a P ack a rd  Model 3320 T r i -C a rb  

l i q u i d  s c i n t i l l a t i o n  s p e c t r o m e te r .  The c h a n n e ls  were s e t  

so  t h a t  **H was c o m p le te ly  e x c lu d e d  from th e  channe l 

( l e s s  th a n  0.01% s p i l l o v e r  o f  3H i n t o  t h e  3-4C ch a n n e l)  .

The 14C s p i l l o v e r  i n t o  th e  3H chan­

n e l  was k e p t  a t  a low l e v e l ,  a p p ro x im a te ly  10%. Quenched 

s ta n d a r d s  (N uclear C hicago) were co u n ted  a t  th e  end o f  each  

ex p e rim en t and th e  c h a n n e l s '  r a t i o  and c o r re s p o n d in g  e f ­

f i c i e n c i e s  were s to r e d  in  a com puter program  on a Honeywell
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1648 com pu ter . The p e rc e n ta g e  s p i l l o v e r  o f  14C i n t o  th e  

ch a n n e l was a l s o  d e te rm in ed .  The c o u n t in g  d a ta  was 

r e t r i e v e d  on pap er  ta p e  f o r  t r a n s m i t t a l  t o  t h e  co m p u ter .

The program  was d e s ig n ed  to  c a l c u l a t e  t h e  c h a n n e l s ’ r a t i o  

f o r  each  sam ple , and , by l i n e a r  i n t e r p o l a t i o n ,  t o  c a l c u l a t e  

th e  e f f i c i e n c y  a t  which each sam ple was c o u n te d .  Then, 

u s in g  th e  fo l lo w in g  e q u a t io n s ,  th e  d i s i n t e g r a t i o n s  p e r  

m inu te  (DPM) o f  each  i s o to p e  was c a l c u l a t e d  f o r  each  sam ple .

14C DPM = 44C CPM
14C E f f i c i e n c y

DPM -  CPM -  3h CPM x  F r a c t i o n a l  S p i l l o v e r  ^4C i n t o  3h
3

H E f f i c i e n c y

The e x t r a c e l l u l a r  space  o f  each  t i s s u e  was d e te rm in e d  from 

t h e  c o u n ts  and t h i s  v a lu e  was u se d  t o  c o r r e c t  f o r  e x t r a ­

c e l l u l a r  (1 4 C ) - la b e le d  amino a c id  i n  ea c h  t i s s u e .  In  ev e ry  

c a s e ,  one co rnea  from each to a d  was t r e a t e d  a s  an  e x p e r i ­

m e n ta l  t i s s u e ,  w h ile  th e  c o n t r a l a t e r a l  co rn ea  o f  th e  same 

an im al was used  a s  i t s  c o n t r o l .

B. Amino Acid Accum ulation E x p erim en ts  -  E p i th e l iu m  and 

E ndothelium  T re a te d  S e p a ra te ly

C orneas w ith  t h e i r  s u r ro u n d in g  s c l e r a  were mounted 

a s  a membrane between two h a lv e s  o f  a  L u c i t e  cham ber. The 

co rn ea  was f i r s t  p la c e d ,  e n d o t h e l i a l  s i d e  down, on a m o is t -
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ened L u c i t e  a d a p t e r . T h is  a d a p te r  was e s p e c i a l l y  equ ipped

w ith  m e ta l  g u id e s  which a llow ed  th e  co rn ea  t o  be p la c e d  over

th e  c e n t r a l  open ing  o f  one h a l f  o f  th e  chamber and  e v e n ly

im paled  on th e  aluminum p in s  l o c a te d  on t h i s  chamber h a l f .

The a d a p te r  was th e n  removed and th e  m a tch in g  chamber h a l f

clamped i n  p l a c e .  The f i n a l  c o n f ig u r a t i o n  i s  two r e s e r v o i r s

o f  a p p ro x im a te ly  0 .5  ml s e p a r a te d  by th e  s h e e t  o f  c o rn e a .

The s u r f a c e  a r e a  o f  th e  co rnea  exposed t o  th e  s o l u t i o n s  on
2each  s id e  was 0 .5  cm' . Each chamber h a l f  was co n n e c te d  by 

an  i n l e t  and o u t l e t  to  a g l a s s  r e s e r v o i r ,  g iv in g  a t o t a l  

volume o f  5 m l . An a i r l i f t  pump i n  th e  o u t l e t  tu b in g  s e rv e d  

b o th  t o  c i r c u l a t e  th e  b a th in g  media and t o  m a in ta in  th e  

d e s i r e d  d e g ree  o f  s a t u r a t i o n  o f  oxygen and CO2 . The co rn ea  

was b a th e d  on each  s u r f a c e  w ith  5 ml o f  ou r  m o d if ie d  Conway- 

R i n g e r 's  e x c e p t  in  th o s e  ex p e r im en ts  in  w hich HCO3  was o m it­

t e d .  The n a t u r a l  shape o f  th e  co rn ea  was m a in ta in e d  by 

a p p ly in g  a sm a ll  ('■'■'1 cm) h y d r o s t a t i c  p r e s s u r e  from th e  en ­

d o t h e l i a l  s i d e .  A f te r  in c u b a t io n  o f  th e  c o rn e a  w i th  th e  

r e q u i s i t e  amino a c id s  th e  co rnea  was c a r e f u l l y  removed from 

th e  cham ber, r i n s e d ,  d i s s o lv e d ,  and th e  r a d i o a c t i v i t y  de­

te rm in e d  e x a c t l y  a s  d e s c r ib e d  in  S e c t io n  A.

C. E l e c t r i c a l  M easurements

C orneas were mounted a s  a membrane betw een  two h a lv e s  

o f  an U s s in g - s ty l e  L u c i te  chamber (F ig u re  2) e x a c t l y  a s  

d e s c r ib e d  in  S e c t io n  B. T h is  chamber d i f f e r e d  from t h a t
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F ig u re  2: Cornea In c u b a t io n  Chambers

T h is  i s  o n e - h a l f  o f  th e  chamber t h a t  was u sed  f o r  

s h o r t - c i r c u i t e d  io n  t r a n s p o r t  s t u d i e s  a c r o s s  th e  to a d  

c o rn e a .  The o th e r  chamber h a l f  i s  i d e n t i c a l  e x c e p t  t h a t  

i t  c o n t a in s  h o le s  i n t o  which th e  p in s  f i t .  The c o rn e a  i s  

im paled  upon th e  p in s  and th e n  th e  o th e r  chamber h a l f  i s  

f i t t e d  i n t o  p l a c e .  At A p o ly e th y le n e  tu b in g  f i l l e d  w ith  

an a g a r-so d iu m  R inger  s o l u t i o n  was i n s e r t e d  i n t o  t h e  cham­

b e r s  t o  m o n ito r  th e  p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e  c o rn e a .  

At B ag a r-so d iu m  R inger f i l l e d  p o ly e th y le n e  tu b in g  was i n ­

s e r t e d  to  m o n ito r  th e  s h o r t - c i r c u i t  c u r r e n t  (see  T e x t ) .



d e s c r ib e d  p r e v io u s ly  in  t h a t  each  chamber h a l f  had  two 

e x t r a  tu b e s  i n  a d d i t i o n  to  th o se  t h a t  s e rv e d  t o  c i r c u l a t e  

th e  R inger  s o l u t i o n .  P o ly e th y le n e  tu b in g  f i l l e d  w i th  an 

a g a r-so d iu m  R inger  s o l u t i o n  was p la c e d  i n  tu b e s  A and A’ . 

T h is  a g a r - f i l l e d  p o ly e th y le n e  tu b in g  made c o n t a c t  w ith  

s a t u r a t e d  K C l-calom el e l e c t r o d e s .  The ca lo m e l c e l l s  were 

co n n ec te d  t o  th e  m easuring  and r e c o r d in g  equ ipm en t which 

c o n s i s t e d  o f  K e i th le y  200B m i l l i v o l t m e t e r s  and H eath  EU-20 

r e c o r d e r s .  T h is  c o n f ig u r a t i o n  a l lo w ed  u s  t o  m o n ito r  th e  

p o t e n t i a l  d i f f e r e n c e  a c ro s s  th e  c o rn e a .  For m easurem ent o f  

th e  s h o r t - c i r c u i t  c u r r e n t  a g a r  b r id g e s  c o n n e c te d  th e  tu b e s  

l a b e l e d  B and B’ t o  p l a s t i c  b e a k e rs  o f  R in g e r  s o l u t i o n  

which c o n ta in e d  th e  le a d s  from an a u to m a t ic  v o l ta g e - c la m p  

a p p a r a tu s .  The v o l ta g e -c la m p  a p p a ra tu s  s e n d s  s u f f i c i e n t  

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

d i f f e r e n c e  (m on ito red  by th e  o th e r  p a i r  o f  e l e c t r o d e s )  a t  

z e r o .  T h is  c u r r e n t  i s  c o n t in u o u s ly  r e c o rd e d ,  e x c e p t  f o r  

b r i e f  i n t e r v a l s  when th e  spon taneous p o t e n t i a l  d i f f e r e n c e  

i s  m easured , and i s  e q u iv a le n t  to  th e  amount o f  io n s  t r a n s ­

p o r te d  by th e  t i s s u e .  This s e t - u p  i s  s i m i l a r  t o  t h a t  o r i g ­

i n a l l y  d e s c r ib e d  by U ssing  and Zerahn (64) .

D. U n i d i r e c t i o n a l  Ion F luxes

C orneas , mounted in  th e  L u c i te  cham bers a s  

d e s c r ib e d  above , were s h o r t - c i r c u i t e d  and a l lo w e d  t o  s t a b ­

i l i z e  f o r  30-45  m in u te s .  O n e - ten th  m i l l i l i t e r  o f  e i t h e r
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(4 .3  mCi/mg) o r  ^ N a  (300 mCi/mg) (A m ersham -Searle) 

was added t o  th e  chamber compartment and 2 . 0  ml sam p les  

t a k e n  a t  2 0 -m in u te  i n t e r v a l s  from th e  o p p o s i t e  com partm en t. 

The t o t a l  volume o f  t h i s  compartment was k e p t  c o n s t a n t  a t  

5 ml by re p la c e m e n t  o f  2 ml o f  R in g e r ’s  each  t im e  a 2 ml 

sam ple  was t a k e n .  25 p i  sam ples were ta k e n  from th e  s id e  

t o  w hich th e  r a d i o a c t i v i t y  was i n i t i a l l y  added and were 

d i l u t e d  to  2 .0  ml w i th  R in g e r ’s s o l u t i o n  b e f o r e  c o u n t in g .  

Sam ples were d i s s o lv e d  in  15 ml o f  a l i q u i d  s c i n t i l l a t i o n  

m ix tu re  c o n s i s t i n g  o f  33.3% T r i to n  X-100, 66.7% to lu e n e  

w i th  4 g. PPO and 50 mg. POPOP p e r  l i t e r .  The sam p les  were 

c o u n te d  in  a P ackard  3320 T r i -C a rb  l i q u i d  s c i n t i l l a t i o n  

s p e c t r o m e t e r .

E. M a te r i a l s

O uabain , a d e n o s in e  3 ' ,5 *  monophosphate (cAMP) , 

N6 , 2 ’ - 0 - d i b u t y r y l - c y c l i c  ad e n o s in e  m onophosphate, L - a s c o r b ic  

a c i d ,  D - i s o a s c o rb ic  a c i d ,  l e u c in e  and m e th a c h o lin e  (M echolyl) 

w ere  p u rch ased  from  Sigma Chemical Co. ,  S t . L o u i s , M is s o u r i . 

U n la b e le d  l e u c i n e ,  a l a n i n e ,  g ly c in e ,  and s e r i n e  w ere p u r ­

c h a se d  from F i s h e r  S c i e n t i f i c  Co. a n d o C -a m in o iso b u ty r ic  

a c i d  (Lot #7503) from K & K L a b o r a to r i e s ,  P la in v ie w ,  New 

Y ork . P h o sp h o lin e  io d id e  was p u rch ased  from A y e r s t  L ab o r­

a t o r i e s ,  New York, N.Y. D eh y d ro -a sco rb ic  a c i d  was p r e p a re d  

im m ed ia te ly  b e f o r e  use  by a m o d i f ic a t io n  o f  th e  m ethod o f  

Roe and K euther (65) . A 1% s o l u t i o n  o f  a s c o r b i c  a c i d  in
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0 .1  N a c e t i c  a c i d  was p r e p a r e d .  A c t iv a te d  c h a r c o a l  (0 .0 5  

g .  p e r  ml) was added and th e  m ix tu re  was shaken  v ig o r o u s ly  

f o r  20 m in u te s  and th e n  f i l t e r e d .  C onvers ion  o f  a l l  o f  

th e  a s c o r b i c  a c i d  t o  d e h y d ro a s c o rb ic  a c id  was a s c e r t a i n e d  

by t h i n  l a y e r  ch rom atography .
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CHAPTER I I

A M I N O  A C I D  U P T A K E

A. E x t r a c e l l u l a r  Space Measurements

The co rn ea  i s  a complex t i s s u e  composed o f  t h r e e  

d i s t i n c t  l a y e r s . The s trom a a c c o u n ts  f o r  a p p ro x im a te ly  90% 

o f  c o r n e a l  w e ig h t (3) and i t  i s  c o n s id e re d  an a c e l l u l a r  

p e rm eab le  mesh work. T h e re fo re ,  in  o rd e r  t o  a c c u r a t e l y  

d e te rm in e  th e  a c cu m u la t io n  o f  amino a c id  by th e  c e l l s  i n  

th e  t i s s u e  i t  was n e c e s s a ry  to  m easure th e  a p p a re n t  e x t r a ­

c e l l u l a r  sp a ce  i n  each  to a d  co rnea  to  c o r r e c t  f o r  t h e  d i f ­

f u s io n  o f  amino a c id  i n t o  t h i s  a c e l l u l a r  s t ro m a .

We d e te rm in e d  b o th  th e  e x t r a c e l l u l a r  sp a ce  and  wet 

w e ig h t o f  th e  c o rn e a .  The co rn ea s  were in c u b a te d  i n  R i n g e r 's  

s o l u t i o n  c o n ta in in g  - i n u l i n  and [ 14C]  -m a n n i to l  o r

C3h ]  -m a n n i to l  and - i n u l i n . At th e  end o f  t h e  in

c u b a t io n  p e r io d  th e  c o rn e a s  were removed, r i n s e d  w i th  R ing­

e r ' s  s o l u t i o n ,  b l o t t e d  on f i l t e r  p a p e r ,  and a 6  mm b u t to n  

e x c i s e d  from th e  c e n t e r  o f  th e  c o r n e a . The b u t to n  was 

w eighed on a Smith R o l le r  B alance and th en  d i s s o l v e d  i n  2 

m l. o f  S o luene-100  f o r  c o u n t in g .  As shown i n  T ab le  2 , th e  

wet w e ig h t o f  th e  co rn ea  in c r e a s e s  when th e  co rn e a  i s  in c u ­

b a te d  i n  R i n g e r 's  s o l u t i o n .  The e x t r a c e l l u l a r  sp a c e  o f  th e  

c o rn e a  a l s o  in c r e a s e d  d u r in g  a fo u r -h o u r  in c u b a t io n  p e r io d  

i n  C onw ay-R inger' s  s o l u t i o n .  When th e  i n c r e a s e  i n  th e  wet

24



T a b le  2 : M easurem ent o f  E x t r a c e l lu la r  Space in  Toad Cornea

C o rn eas  were in c u b a te d  in  5 m l . o f  R in g e r 's  s o l u ­

t i o n  b u f f e r e d  a t  pH 8 .0  w i th  b ic a r b o n a te  (17 .7  mM) and c o n ­

t a i n i n g  C ^ n J - i n u l i n  (5 .0  jnCi) and -m a n n ito l  (2 .0  jiC i)

o r  ^ ^ C - in u l in  (2 .0  juCi) and ^H -m annito l (5 .0  /uC i) . F o llo w ­

in g  in c u b a t io n  f o r  th e  i n d i c a t e d  p e r io d  o f  tim e a 6  mm. b u t ­

t o n  o f  t i s s u e  was e x c i s e d ,  b l o t t e d  b r i e f l y  on Whatman f i l t e r  

p a p e r ,  and  w eighed on a Smith R o l l e r  B a lan ce . The e x c i s e d  

b u t to n  was th e n  d i s s o lv e d  i n  S o luene-100  and th e  r a d i o a c t ­

i v i t y  was m easured  in  th e  d i s s o lv e d  t i s s u e  and in  th e  in c u ­

b a t io n  medium. The e x t r a c e l l u l a r  " sp a c e "  of th e  c o r n e a l  

frag m en t was c a l c u l a t e d  from th e s e  v a l u e s .  The r e s u l t s  a r e  

e x p re s s e d  a s  th e  mean ± th e  S tan d a rd  E r ro r  o f  th e  Mean (SEM) . 

The number o f  e x p e r im e n ts  a r e  shown in  p a r e n th e s e s .

I n c u b a t io n  ' 
t im e '

I n u l i n
Space

M annito l
Space

Wet
Weight

(u l) ( u l ) (mgm)

0  ' 5 .6  t 0 . 3 (6 )

15 m in . ' 1 .6 8  ±  0 .31 2 .6 7  ± 0 .3 5 8 .53 ± 0 .5 8 (1 2 )

1  h .  ' 2 .9 7  ±  0 .2 2 3 .7 0  ±  0 .19 1 0 .5 7 1 0 .3 5 (1 2 )

4 h .  ’ 5 .1 6  -  0 .3 7 5 .5 5  ± 0 .42 1 4 .2 3 t  1 .3 4 (1 2 )
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w eigh t o f  th e  c o rn e a s  was compared w ith  th e  i n c r e a s e  in  th e  

e x t r a c e l l u l a r  s p a c e ,  i t  was found t h a t  th e  e x t r a c e l l u l a r  

sp a c e ,  a s  m easured  w ith  m a n n i to l ,  in c r e a s e d  a t  a p p ro x im a te ­

ly  th e  same r a t e  a s  th e  w et w e ig h t .  From 15 m in u te s  t o  1 

hour o f  i n c u b a t i o n  th e  m a n n ito l  sp ace  in c r e a s e d  28% w h ile  

th e  wet w e ig h t  in c r e a s e d  19%. D uring  th e  same tim e  p e r io d  

th e  e x t r a c e l l u l a r  s p a c e ,  a s  m easured w ith  i n u l i n ,  in c r e a s e d  

much more (43%) th a n  th e  wet w e ig h t .  D uring th e  re m a in in g  

3 hou rs  o f  i n c u b a t i o n ,  th e  i n u l i n  sp ace  in c r e a s e d  42% w h ile  

th e  m a n n ito l  sp a c e  in c r e a s e d  33% and th e  wet w e ig h t i n c r e a s ­

ed 29%. These r e s u l t s  i n d i c a t e  t h a t  m an n ito l  i s  p ro b a b ly  

a b e t t e r  i n d i c a t o r  o f  c o rn e a l  e x t r a c e l l u l a r  sp a ce  th a n  

i n u l i n .

As shown i n  T ab le  3 , th e  e x t r a c e l l u l a r  sp a ce  o f  th e  

cornea  i n c r e a s e s  s i g n i f i c a n t l y  when in c u b a te d  i n  a R in g er  

s o l u t i o n  i n  w hich sodium h as  been r e p la c e d  by c h o l i n e .

This i n c r e a s e  in  e x t r a c e l l u l a r  space  i s  dependen t upon th e  

le n g th  o f  t im e  th e  co rn e a  i s  p r e in c u b a te d  in  c h o l in e  R in g e r .  

A f te r  a p r e i n c u b a t i o n  p e r io d  o f  o n e - h a l f  hour t h e r e  was no 

s i g n i f i c a n t  change i n  th e  e x t r a c e l l u l a r  sp a c e .  When th e  

p r e in c u b a t io n  p e r io d  i n  c h o l in e  R inger was in c r e a s e d  t o

2 .5  h o u rs  th e  e x t r a c e l l u l a r  s p a c e ,  a s  d e te rm in ed  by e i t h e r  

m an n ito l  o r  i n u l i n ,  was in c r e a s e d  s i g n i f i c a n t l y  o v e r  con­

t r o l  c o rn e a s  in c u b a te d  i n  R i n g e r 's  s o l u t i o n .  These 

r e s u l t s  s u g g e s t  t h a t  e x t r a c e l l u l a r  sodium i s  im p o r ta n t  f o r  

th e  m a in ten an ce  o f  normal c o rn e a l  h y d r a t io n .

26



T a b le  3: Sodium D ependence o f  C orn ea l H y d ra tio n

One c o rn e a  from each  to a d  was f i r s t  in c u b a te d  f o r  

th e  i n d i c a t e d  p e r io d  i n  a Conway-Ringer in  which sodium 

was r e p la c e d  by c h o l in e  (100 mM) . The sodium c o n c e n t r a ­

t i o n  in  the- c h o l in e  R in g er  was m easured u s in g  a pHM 52 

e l e c t r o m e t e r  and  sodium e l e c t r o d e  and was found to  be 10 jiM. 

A f t e r  th e  i n i t i a l  in c u b a t io n  p e r io d ,  H - in u l in  (5 .0  juCi) o r  

^H -m ann ito l (5 juCi) was added t o  th e  m edia. The c o rn e a s  

were in c u b a te d  f o r  an  a d d i t i o n a l  60 m in u tes  and th e  amount 

o f  r a d i o a c t i v i t y  in  th e  t i s s u e  and medium was d e te rm in e d .

The p a i r e d  c o n t r o l  c o rn e a s  were h an d le d  i d e n t i c a l l y  e x c e p t  

t h a t  th e  R in g e r  s o l u t i o n  c o n ta in e d  sodium (100 mM). The 

r e s u l t s  a r e  e x p re s s e d  a s  th e  Mean t. SEM. The number o f  ex ­

p e r im e n ts  i s  shown in  p a r e n t h e s e s .  P a i r e d  d a ta  was s u b j e c t  

to  S t u d e n t ' s  t  T e s t :  p < 0 .0 2  i s  i n d i c a t e d  b y ^  , and

P <  0 .0 0 1 ,  by 5 .

E x t r a c e l l u l a r  Space ( u l ) P re in c u ­
b a t io n  

Time (h r)

% Change in  
E x t r a c e l l u l a r  
______SpaceConway R in g e rs  C h o lin e  R in g e rs  Time

I n u l i n

3 . 49± 0 .2 4 (1 3 )  2 . 9 3 ± 0 .2 1 (1 3 )  0 .5

2 . 9 5 + 0 .1 8 ( 1 3 )  4 . 1 6 ±  0 .4 6 (1 3 )  0 .2

-1 4 .8  ± 9 .2 ( 1 3 )

4 7 .5  ± 1 7 .0 ( 1 3 ) *

M ann ito l 

4 . 23±  0 .2 8 ( 9 )  5 . 9 8 -  0 .4 0 (9 ) 2 .5 4 4 .2  t  9 . 9 ( 1 3 ) ^
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B. Amino Acid A ccum ula tion  S tu d ie s

c < -A m in o iso b u ty r ic  a c id  (AIB) was chosen  fo r  our 

i n i t i a l  s t u d i e s  on amino a c id  a c c u m u la t io n  by th e  co rn ea .

AIB i s  a n o n -m e ta b o l iz a b le  n e u t r a l  amino a c i d .  The c e l l s  

o f  th e  c o rn e a l  e p i th e l iu m  e x h i b i t  a r a p i d  tu r n o v e r  r a t e  and 

t h e r e f o r e  th e y  m ust have an a c t i v e  p r o t e i n  s y n th e s i s  a p p a r a tu s .  The 

u se  o f  n a t u r a l  amino a c i d s  in  th e  p re s e n c e  o f  p r o t e in  sy n ­

t h e s i s  i n h i b i t o r s  was av o id ed  b ec au se  th e s e  i n h i b i t o r s  

m ight have u n d e s i r a b l e  e f f e c t s  upon t r a n s p o r t .

L u c i te  cham bers so  t h a t  each  s u r f a c e  o f  th e  co rn e a  could  be 

t r e a t e d  s e p a r a t e l y  and we c o u ld  th e r e b y  d e te rm in e  a c ro s s  

which s u r f a c e  amino a c i d  a c c u m u la t io n  o c c u r r e d .  When

e p i t h e l i a l  b a th in g  s o l u t i o n  o f  one c o rn e a  and t o  th e  endo­

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

was found t h a t  96% o f  th e  AIB accu m u la ted  by th e  cornea 

e n te r e d  a c r o s s  th e  e n d o t h e l i a l  s u r f a c e  o f  th e  c o rn e a .  When 

th e  d eg ree  o f  i n h i b i t i o n  o f  AIB u p ta k e  a c ro s s  th e  endo thelium  

in  th e  p re s e n c e  o f  com peting  amino a c i d s  was compared to  th e  

i n h i b i t i o n  when b o th  s u r f a c e s  o f  th e  co rn ea  were exposed to  

AIB, we found i d e n t i c a l  r e s u l t s .  The e f f e c t s  o f  iodo- 

a c e t a t e  upon AIB e n t r y  th ro u g h  th e  e n d o th e liu m  were i d e n t i c a l  

t o  th e  e f f e c t s  o b se rv e d  when b o th  s u r f a c e s  were exposed t o  

AIB. The sm a ll  amount o f  AIB e n t e r i n g  a c ro s s  th e  e p i th e l iu m  

was no t a l t e r e d  by m e ta b o l ic  i n h i b i t o r s  o r  h ig h  c o n c e n tr a -

In our i n i t i a l  s t u d i e s  to a d  c o rn e a s  were mounted i n

-AIB and P h]  - i n u l i n  o r  m a n n ito l  were added to  th e
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t i o n s  o f  u n la b e le d  com peting  amino a c i d s .  These r e s u l t s  

i n d i c a t e d ' t h a t  AIB was e n t e r i n g  th e  co rn e a  o n ly  a c ro s s  th e  

e n d o t h e l i a l  s u r f a c e  b u t  gave no i n d i c a t i o n  o f  e i t h e r  th e  

s i t e  o f a c t i v e  t r a n s p o r t  o r  a c c u m u la t io n .

Once we d e te rm in e d  t h a t  amino a c id  e n t r y  was o c c u r ­

r i n g  a c ro s s  o n ly  one s u r f a c e  o f  th e  c o r n e a ,  we were a b le  to  

immerse th e  e n t i r e  c o rn e a  in  th e  in c u b a t io n  medium, th e re b y  

o b v ia t in g  th e  t im e-co n su m in g  t a s k  o f  m ounting each in d iv id u a l  

t i s s u e  in  a L u c i t e  cham ber. T h is  s i g n i f i c a n t l y  s i m p l i f i e d  

th e  e x p e r im e n ta l  p r o c e d u r e .

AIB i s  p r o g r e s s i v e l y  ac cu m u la te d  by th e  to a d  co rnea  

i n  v i t r o  (F ig u re  3 ) .  U sing  th e  m a n n i to l  e x t r a c e l l u l a r  sp ace  

v a lu e  t o  c o r r e c t  f o r  e x t r a c e l l u l a r  [14c] -AIB in  each  t i s s u e ,  

we found t h a t  t h e  u p ta k e  o f  t h i s  amino a c id  i s  l i n e a r  f o r  a 

p e r io d  o f  a t  l e a s t  f o u r  h o u r s .  When i n u l i n  i s  u sed  to  c o r ­

r e c t  f o r  th e  e x t r a c e l l u l a r  C14c] -AIB i n  each  t i s s u e ,  th e  

u p ta k e  i s  l i n e a r  from one t o  f o u r  h o u r s .  As shown in  F ig u re  

4 th e r e  i s  a b re a k  i n  th e  AIB u p ta k e  cu rv e  a t  a p p ro x im a te ly  

one h o u r .  I n u l i n  i s  a l a r g e  (m.w. = 5000) p o ly s a c c h a r id e  

polymer and t h i s  n o n - l i n e a r  u p ta k e  cu rv e  i s  p ro b ab ly  caused  

by th e  slow d i f f u s i o n  o f  i n u l i n  i n t o  t h i s  complex t i s s u e .  

M annitol (m.w. = 181) p resum ab ly  e q u i l i b r a t e s  between th e  

t i s s u e  and th e  medium much more r a p i d l y  th a n  i n u l i n .  Man­

n i t o l  i s  p r e f e r a b l e  on t h e o r e t i c a l  g rounds f o r  amino a c id  

u p ta k e  s tu d i e s  b ec a u se  th e  m o le c u la r  w eigh t o f  t h i s  s a c ­

c h a r id e  ap p ro x im a te s  t h a t  o f  th e  amino a c id s  s t u d i e d .
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F ig u re  3: C orneas w ere in c u b a te d  w ith  1 ^iCi (0 .5  mM)

C ^ c ]  _ a ib  and 5 pCi 0*hJ - m a n n i t o l . At th e  end o f  t h e  i n ­

c u b a t io n  p e r io d  th e  amount o f  r a d i o a c t i v i t y  in  a 6  mm b u t ­

to n  e x c is e d  from th e  c e n t e r  o f  t h e  co rn e a  was d e te rm in e d .  

The r e s u l t s  a r e  e x p re s s e d  a s  th e  Mean £  SEM. The d a ta  

r e p r e s e n t  an a v e ra g e  o f  s i x  e x p e r im e n ts .

T I M E  C O U R S E  O F  A I B  A C C U M U L A T I O N  

BY T O A D  C O R N E A
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F ig u re  4: Corneas were in c u b a te d  i n  5 m l . o f  m o d if ie d

Conway-Ringer c o n ta in in g  1 fiCi (0 .5  mM) E ^ H ^ - in u l in , At 

t h e  end o f  th e  in c u b a t io n  p e r i o d ,  c o rn e a s  were removed and 

r i n s e d  w ith  2 m l. o f  R in g e r ’s s o l u t i o n .  A 6  mm b u t to n  was 

e x c is e d  from th e  c e n te r  o f  th e  c o rn e a  and d i s s o lv e d  in  2  

m l. o f  S o luene-100 . The r a d i o a c t i v i t y  in  each  sam ple was 

d e te rm in e d .  The r e s u l t s  a r e  e x p re s s e d  a s  th e  Mean t. SEM. 

The d a ta  r e p r e s e n t  an a v e ra g e  o f  s i x  e x p e r im e n ts .

TIME COURSE OF AIB UPTAKE IN TOAD CORNEA 
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To d e te rm in e  th e  optimum pH f o r  AIB a c c u m u la t io n ,  

we r e p la c e d  th e  NaHCOg in  th e  m o d if ie d  Conway-Ringer by an 

e q u a l  c o n c e n t r a t i o n  o f  TES, BICINE, MES, o r  HEPES, t i t r a t e d  

th e  s o l u t i o n  t o  th e  d e s i r e d  pH, and bu b b led  th e  medium w ith  

100% oxygen. Replacement o f  b ic a r b o n a te  by t h e s e  "Good" 

b u f f e r s  had no a p p a re n t  e f f e c t  upon amino a c id  a c c u m u la t io n  

by th e  c o rn e a .  The u p ta k e  o f  AIB a t  pH 8 .0  was 0 . 0 5 i  0 .01
.  o

(Mean — SEM) pmoles/mm / h r  in  medium b u f f e r e d  w ith  b ic a rb o n ­

a t e  and 0 .0 5  "i 0 .0 1  (Mean -  SEM) pm oles/m m 2/hr in  R i n g e r 's  

s o l u t i o n  b u f f e r e d  a t  pH 8 .0  w ith  TES. The optimum pH f o r  

a c c u m u la t io n  o f  t h i s  amino a c id  by th e  to a d  co rn e a  i s  ap ­

p ro x im a te ly  8 .0  (F ig u re  5 ) .  When l e u c in e  u p ta k e  was su b ­

s e q u e n t ly  s tu d i e d  in  th e  same manner, i t  was found  t h a t  th e  

u p ta k e  c u rv e  showed a b road  pH optimum r a n g in g  from pH 7 .5  

t o  pH 8 .5  (F ig u re  6 ) .  S u b s t i t u t i o n  o f  t h e  ,rGood" b u f f e r s  

f o r  b i c a r b o n a te  d id  n o t  a f f e c t  l e u c in e  a c c u m u la t io n  by th e  

c o r n e a .

As shown in  F ig u re  7 , th e  a c c u m u la t io n  o f  AIB' by 

to a d  co rn e a  e x h i b i t s  a c o n c e n t r a t io n -d e p e n d e n t  u p ta k e  o f  

amino a c id  i n d i c a t i n g  th e  p re se n c e  o f  c a r r i e r - m e d i a t e d  

t r a n s p o r t .  S a tu r a t i o n  o f  AIB u p ta k e  in  t h e  c o rn e a  was 

a c h ie v e d  a t  a c o n c e n t r a t io n  o f  a p p ro x im a te ly  5 mM. The 

d a ta  were p l o t t e d  by b o th  th e  M ic h ae lis -M en ten  (* /v  v s .

1/  f s l ) and a s  S / v  v s .  Csl . N e i th e r  t r e a tm e n t  o f  th e  • 

d a ta  y ie ld e d  a  l i n e a r  p l o t ,  s u g g e s t in g  t h a t  more th a n  one 

mechanism i s  in v o lv e d  in  th e  ac c u m u la t io n  o f  AIB by th e



F ig u re  5: The “ Good" b u f f e r s  were s u b s t i t u t e d  f o r  b i c a r ­

b o n a te  in  m o d if ie d  C onw ay-R inger 's  t o  o b ta in  a t r a j e c t o r y  

o f  p H 's : 1 7 .7  mM MES (pH 6 . 8  t o  7 . 0 ) ,  TES (pH 7 .0  t o  8 . 5 ) ,  

HEPES (pH 7 .0  t o  8 .0 )  o r  BICINE (pH 8 .0  to  9 . 0 ) .  The i n ­

c u b a t io n  media c o n ta in e d  1 pCi o f  C ^ c J -A IB  (5 .0  pM) and

5 .0  pCi o f  [ 3 h J - i n u l i n  and was bubbled  w ith  100% O2 . T i s ­

s u e s  were in c u b a te d  f o r  one h o u r .  The r e s u l t s  a r e  e x p r e s s e d  

a s  th e  Mean i  SEM. The d a ta  r e p r e s e n t  an a v e ra g e  o f  f i v e  

e x p e r im e n t s .

pH D E P E N D E N C E  OF A I B  U P T A K E  
BY C O R N E A

4.0

3.0
PX

6.5 7.0 8.07.5
p H
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F ig u re  6 : "Good” b u f f e r s  were u sed  t o  o b ta in  a t r a j e c t o r y

of p H 's  in  t h e  m o d if ie d  Conway-Ringer a s  d e s c r ib e d  in  

M a te r ia l s  and M ethods. The in c u b a t io n  media c o n ta in e d  1 

juCi (1 mM) o f  C ^ c ]  - l e u c i n e  and 5 juCi o f  £ 3 h] - i n u l i n  and 

was b u b b led  w i th  100% O2 . The r e s u l t s  a r e  e x p re s se d  as  

th e  Mean £  SEM. The d a ta  r e p r e s e n t  an a v e ra g e  o f  s i x  

e x p e r im e n ts .

pH D E P E N D E N C E  OF LE U C IN E  UPTAKE
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F ig u re  7 : C orneas were in c u b a te d  in  m o d if ie d  C onw ay-R inger 's ,

pH 8 .0  w ith  1 pC i [ j^ c j - A I B ,  5  E3 h 1 -m a n n ito l  and co ld  

AIB; t h e  AIB c o n c e n t r a t i o n  ra n g e d  from 0 .1  mM t o  1 5 .0  mM.

A f te r  one h ou r  o f  in c u b a t i o n  th e  c o rn e a s  were r i n s e d  w ith  

R in g e r ’s s o l u t i o n  and a 6  mm b u t to n  was e x c is e d  from th e  

c e n te r  o f  t h e  c o rn e a  w i th  a P a ton  t r e p h i n e .  The w eigh t o f  

th e  e x c is e d  t i s s u e  was 1 0 .6  0 .4  (SEM) mgm (12) and th e

m a n n ito l  e x t r a c e l l u l a r  sp a c e  was 3 .7 0  i  0 .1 9  p i  (1 2 ) .  The 

number o f  e x p e r im e n ts  i s  shown i n  p a r e n t h e s e s .

SATURABILITY OF A I B  ACCUMULATION BY 
TOAD CORNEA
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to a d  c o r n e a .

In o rd e r  to  a s c e r t a i n  t h e  s u b s t r a t e  s p e c i f i c i t y  of 

th e  t r a n s p o r t  s y s te m (s )  r e s p o n s i b l e  f o r  th e  ac c u m u la t io n  

o f  AIB we m easured th e  e f f e c t s  o f  a s e r i e s  o f  n e u t r a l  amino 

a c id s  upon th e  u p ta k e  o f  AIB. A lthough i t  had been shown 

in  a number o f  t i s s u e s  t h a t  AIB was t r a n s p o r t e d  p r im a r i ly  

by th e  A system  our s a t u r a t i o n  s t u d i e s  w i th  AIB in d ic a t e d  

t h a t  t h i s  amino a c id  i s  t r a n s p o r t e d  by more th a n  one system  

in  th e  c o rn e a .  T ab le  4 shows t h a t  l e u c i n e ,  g ly c in e  and 

a l a n in e  each  s i g n i f i c a n t l y  i n h i b i t e d  th e  u p ta k e  o f  AIB.

I f  AIB were t r a n s p o r t e d  o n ly  by th e  A sy s tem , l e u c in e  

sh o u ld  have had no e f f e c t  upon AIB u p ta k e .  M oreover, th e  

d eg ree  o f  i n h i b i t i o n  o f  AIB u p ta k e  was r e l a t e d  to  th e  con­

c e n t r a t i o n  o f  t h e  com peting  n a t u r a l  amino a c i d s .  The maximal 

i n h i b i t o r y  e f f e c t  o f  th o s e  n a t u r a l  amino a c i d s  s tu d i e d  was 

a c h ie v e d  a t  a c o n c e n t r a t i o n  o f  2 .5 - 5 .0  mM. The n a t u r a l  

amino a c id s  have no i n h i b i t o r y  e f f e c t s  on each  o t h e r ' s  

u p ta k e .

Table 4 a l s o  shows t h a t  th e  e f f e c t s  o f  t h e  v a r io u s  

n a t u r a l  amino a c i d s  a r e  a d d i t i v e .  The u p ta k e  o f  AIB was 

reduced  18.3% by th e  a d d i t i o n  o f  10 mM l e u c i n e ,  and 57.1% 

by th e  a d d i t i o n  o f  10 mM a l a n i n e  t o  th e  in c u b a t io n  m edia.

The u p tak e  o f  AIB was re d u c e d  even f u r t h e r  t o  79.3% when 

10 mM le u c in e  p lu s  10 mM a l a n i n e  were added t o  th e  in cu b a ­

t i o n  m ed ia . The e f f e c t s  o f  t h e s e  two amino a c i d s  a r e  

e v i d e n t l y  a d d i t i v e  i n d i c a t i n g  f u r t h e r  t h a t  more th a n  one 

t r a n s p o r t  system  i s  in v o lv e d  in  AIB u p ta k e .  The e f f e c t s
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T ab le  4: C om petition  o f  N a tu ra l  Amino A cids f o r  th e  
Uptake o f  AIB by t h e  C o rn e a .________________

Corneas were in c u b a te d  f o r  one hour a t  room tem p er­

a t u r e  in  m o d if ied  Conway-Ringer, pH 8 . 0 ,  c o n ta in in g  0 .5  mM 

AIB and u n la b e le d  amino a c i d s .  In  t h e  s t u d i e s  in  th e  u p p er  

p o r t i o n  o f  th e  T a b le ,  th e  c o n c e n t r a t i o n  o f  a s i n g l e  amino 

a c id  was v a r ie d  from 0 .1  t o  10 mM. In th e  low er p o r t i o n ,  th e  

e f f e c t s  o f  2 o r  3 amino a c i d s ,  ea c h  a t  a c o n c e n t r a t i o n  o f  10 

mM, were s tu d i e d .  P a ire d  c o n t r o l  c o rn e a s  were t r e a t e d  in  th e  

same manner ex c ep t  t h a t  th e  medium c o n ta in e d  no com peting  

n a t u r a l  amino a c i d s .  AIB u p ta k e  was 3 .1 2  ±  0 .1 2  pm oles /27  

mm^/hr in  104 c o n t r o l  e x p e r im e n ts .  I n h i b i t i o n  o f  t> 4c] -AIB 

u p ta k e  i s  e x p re s se d  as  th e  Mean ± SEM r e l a t i v e  t o  t h e  p a i r e d  

c o n t r o l  c o r n e a s . The number o f  e x p e r im e n ts  i s  shown in

p a r e n t h e s e s .

C o n c e n tr a t io n  o f  
Competing Amino

% I n h i b i t i o n  o f  3 -A m in o iso b u ty r ic  Acid

A cids (mM) ’ A lan in e ’ G ly c in e ’ L eu c in e

0 . 1

t

’ 1 .4  ± 8 . 0 ( 7 )
t

f

’ 3 . 0 ±  1 0 .6 (8 )
f

t

’ 1 0 .0  ± 1 6 .8 ( 3 )
f

0 .5 ’ 1 7 .6  ±  5 . 4 ( 6 )
T

' 3 . 6 ± 1 0 . 6 (3)
t

’2 1 .2  ± 1 0 .6 ( 9 )
f

1 . 0 ’ 23 .1  ± 6 .8 ( 3 )
T

t

f
’2 1 .3  ± 1 1 . 8 (6 )
t

2 .5 ’ 54 .3  ± 1 .7 ( 3 )  
1

’4 0 .1  ±  6 .0 ( 3 )
I

’ 2 6 . 8 ±  8 .0 (5 )
t

5 .0 ’4 0 .0  ± 6 .0 ( 4 )
t

’4 1 .0  ± 7 .8 ( 8 )
f

’ 2 9 .0  ± 1 0 .5 ( 4 )
f

1 0 . 0 ’ 57.1 ± 5 . 6 ( 9 ) ’3 6 .1  ± 1 4 .1 ( 3 ) ’ 1 8 .3  ± 7 .9 ( 5 )

Leucine
G lycine

L eu c in e
G ly c in e
S e r in e

L euc ine
A lan in e

1 0 . 0 6 3 .8 ±  2 .5 (1 1 ) 7 6 . 7 ±  1 .2 (1 1 ) 7 9 .3 ±  7 .8 ( 5 )
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o f  10 mM le u c in e  and 10 mM g ly c in e  upon AIB were a l s o  a d d i ­

t i v e ,  i n h i b i t i n g  u p ta k e  by 63.8%. The a d d i t i o n  o f  10 mM 

s e r i n e  t o  th e  l a t t e r  in c u b a t io n  media ( l e u c in e  p lu s  g ly c in e )  

f u r t h e r  red u ced  AIB u p ta k e  t o  76.7% o f  t h e  c o n t r o l  v a l u e .  

Thus, AIB u p ta k e  in  th e  p re s e n c e  o f  10 mM le u c in e  p lu s  10 

mM g ly c in e  (1 .358  £  0 .063  pm oles/27  mm^/hr) was red u c e d  by 

a p p ro x im a te ly  35% when 10 mM s e r i n e  was added to  th e  in c u b a ­

t i o n  medium (0 .803  £  0 .051 pm oles /27  mm2 / h r ) . To f u r t h e r  

t e s t  t h a t  th e  l e u c i n e - p r e f e r r i n g  and a l a n i n e - p r e f e r r i n g  

sy s tem s were each  s a t u r a t e d  w i th  t h e i r  r e s p e c t i v e  s u b s t r a t e s ,  

we in c r e a s e d  th e  c o n c e n t r a t io n  o f  th e  n a t u r a l  amino a c id s  

even f u r t h e r .  In  s i x  p a i r s  o f  c o rn e a s  20 mM le u c in e  p lu s  

10 mM g ly c in e  i n h i b i t e d  AIB u p ta k e  5 9 .5  £  6.0% (1 .6 5 9  £

0 .0 9 4  pm oles/27  mm2 / h r ) . 10 mM le u c i n e  p lu s  20 mM g ly c in e

i n h i b i t e d  u p ta k e  by 53 .6  ± 4.5% (1 .6 5 2  £  0 .2 1 3  pm oles /27
o

mm / h r ) . T h e r e fo re ,  th e  i n h i b i t o r y  e f f e c t s  o f  s e r i n e  upon 

AIB u p ta k e  seem t o  be th e  r e s u l t  o f  a s p e c i f i c  i n h i b i t i o n  

and th e s e  d a ta  i n d i c a t e  t h a t  AIB i s  a l s o  b e in g  accum ula ted  

by a system  t h a t  has  a h ig h  a f f i n i t y  f o r  s e r i n e .

We n e x t  s t u d i e d  th e  e f f e c t s  o f  sodium  upon th e  up­

ta k e  o f  AIB by th e  c o rn e a .  I f  AIB was b e in g  t r a n s p o r t e d  

s o l e l y  by th e  A system  one wuld e x p e c t  t h a t  re p la c e m e n t  o f  

sodium by c h o l in e  sh o u ld  s i g n i f i c a n t l y  re d u c e  t h e  accum ula­

t i o n  o f  AIB by th e  co rn ea  b ecau se  t h e  norm al sodium g r a d ie n t  

a c r o s s  th e  c e l l s  would be removed. One would a l s o  ex p e c t  

AIB u p ta k e  to  be red u ced  t o  th e  same e x t e n t  a s  a l a n i n e  u p -
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t a k e .  As shown in  T able  5, rep la c e m e n t  o f  sodium  by c h o l in e  

does s i g n i f i c a n t l y  red u ce  th e  a c c u m u la tio n  o f  AIB. The 

d e g re e  o f  i n h i b i t i o n  depended upon th e  l e n g th  o f  t im e  th e  

c o rn e a  was p r e in c u b a te d  in  c h o l in e  R in g e r ’ s  s o l u t i o n  b e f o r e  

th e  a d d i t i o n  o f  r a d i o a c t i v e l y  l a b e l e d  AIB, b u t  n e v e r  amount­

ed t o  more th a n  50%. When th e  e f f e c t s  o f  sodium  re p la c e m e n t  

upon th e  a c cu m u la t io n  o f  a l a n in e  and l e u c i n e  were s tu d i e d  

s e p a r a t e l y ,  a l a n i n e  u p tak e  was i n h i b i t e d  w h i l s t  th e  accumu­

l a t i o n  o f  l e u c in e  was n o t a f f e c t e d .  The r e l a t i v e  e f f e c t s  

o f  th e  lo n g e r  p r e in c u b a t io n  tim e  upon a l a n i n e  u p ta k e  were 

s i m i l a r  t o  th o s e  o bse rved  w i th  AIB, w i th  th e  i n h i b i t o r y  

e f f e c t s  d o u b lin g  between th e  0 .5  h r  and th e  2 .5  h r  p e r io d .  

N e v e r th e le s s ,  th e  i n h i b i t o r y  e f f e c t s  o f  rem oval o f  sodium 

upon a l a n i n e  u p ta k e  were a lw ays 50-75% g r e a t e r  th a n  on AIB 

u p ta k e .  We a l s o  found t h a t  th e  sm a ll  r e s i d u a l  u p ta k e  o f  

AIB in  th e  p re s e n c e  o f  s a t u r a t i n g  c o n c e n t r a t i o n s  o f  b o th  

l e u c i n e  and g ly c in e  (0 .33  X 0 .007  (SEM) pmoles/mm2 / h r )

(T ab le  3) was n o t  reduced  f u r t h e r  when sodium was r e p la c e d  

by c h o l in e  (0 .044  ±. 0 .003  (SEM) p m o les /m m ^/h r) . T h is  su g ­

g e s t s  t h a t  th e  sm a ll  r e s i d u a l  u p ta k e  o f  AIB se e n  u n d er  th e s e  

c o n d i t i o n s  i s  m e d ia ted  by a sys tem  n o t  r e l a t e d  t o  e x t e r n a l  

sodium c o n c e n t r a t io n s  and th u s  seems t o  r u l e  o u t  th e  ASC 

sy s te m , which i s  so d ium -dependen t.

In  o r d e r  t o  d e te rm in e  th e  s o u rc e s  o f  e n e rg y  f o r  th e  

a c c u m u la tio n  o f  AIB we s tu d i e d  th e  e f f e c t s  o f  a n a e r o b io s i s  

and c e r t a i n  m e ta b o l ic  i n h i b i t o r s  upon AIB u p ta k e .  N e i th e r
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T ab le  5: Sodium Dependence o f  N e u tra l  Amino Acid U ptake 

One co rn ea  from each  to a d  was f i r s t  in c u b a te d  f o r  

t h e  i n d i c a t e d  p e r io d  i n  a Conway-Ringer s o lu t i o n  i n  w hich 

th e  sodium  was r e p la c e d  by c h o l in e  (100 mM) . The a c t u a l  

sodium  c o n c e n t r a t i o n  i n  th e  c h o l in e  R inger s o l u t i o n  was 10 

juM. A f t e r  th e  i n i t i a l  in c u b a t io n  p e r io d ,  C3 h] - i n u l i n  and  

e i t h e r  L - I l^ c ]  - l e u c i n e  (0 .1  mM) L - t ^ c ]  - a l a n in e  (0 .1  mM) , 

o r  t 1 4 c ]  -AIB (5  uM) was added to  th e  m edia . The c o rn e a s  

were in c u b a te d  f o r  an a d d i t i o n a l  60 m inu tes  and th e  amount 

o f  ac cu m u la te d  amino a c i d  d e te rm in e d .  The p a i r e d  c o n t r o l  

c o rn e a s  were h an d led  i d e n t i c a l l y  ex cep t t h a t  th e  R in g e r  s o l u ­

t i o n  c o n ta in e d  sodium (100 mM). The r e s u l t s  a r e  e x p re s s e d  

a s  t h e  Mean SEM. The number o f  ex p erim en ts  i s  shown in

p a r e n t h e s e s .  P a i r e d  d a t a  was s u b je c t  to  S tu d e n t ’s  t  t e s t :  

p  <0.02 i s  i n d i c a t e d  by ^  , and P <  0 .0 0 1 , by $ .

U ptake (pm oles/27  mm2/ h r

Amino
A cid

P r e - I n ­
c u b a t io n  
T im e(hr)

Conway- 
R in g er  ’ s

C holine 
R in g e r ’s

% Change i n  
Amino Acid 

Uptake

AIB 0 .5 0 .0 2 7  t  0 .003 0 .018  t  0 .003 - 2 7 .6  —1 4 .6 (4 )

AIB 2 .5 0 .0 3 4  ±  0 .0 0 8 0.03.4 ±  0.004 - 5 5 .3  — 1 5 .2  (6 ) ^

A la n in e 0 .5 0 .6 5 6  ±  0 .0 7 8 0 .340  ±  0.019 - 4 3 .8  ±  4 .7 ( 5 ) ^

A la n in e 2 .5 0 .6 9 7  ± 0 .058 0 .115  * 0.026 - 8 0 .0  ±  6 . 0 ( 9 ) 5

L eu c in e 0 .5 0 .4 2 7  ±  0 .0 8 5 0 .365  t  0 .054 2 .5  - 1 9 . 6 ( 4 )
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a n a e r o b i o s i s  n o r  c y a n id e  (2 mM) had an a p p a re n t  e f f e c t  upon 

th e  r a t e  o f  AIB u p ta k e  (T ab le  6 ) .  To r u l e  ou t th e  p o s s i b i l ­

i t y  t h a t  t h i s  a p p a re n t  l a c k  o f  e f f e c t  o f  cy an id e  on AIB up­

ta k e  r e s u l t e d  from p a r a d o x ic a l  e f f e c t s  on two sy s tem s t r a n s ­

p o r t i n g  AIB, we a l s o  m easured  i t s  e f f e c t s  upon th e  u p ta k e  o f  

r a d i o a c t i v e  a l a n i n e  and l e u c i n e .  The u p tak e  o f  b o th  t h e s e  

amino a c i d s  was u n a f f e c t e d  by c y a n id e .  Io d o a c e ta te  (2 mM) 

m arked ly  i n h i b i t e d  th e  u p ta k e  o f  b o th  AIB and a l a n i n e  b u t  

d id  n o t  re d u c e  l e u c i n e  u p ta k e  by th e  c o r n e a .

When t h e  c o rn e a  was p re in c u b a te d  in  sodium a r s e n i t e  

(2 mM) f o r  30 m in u te s ,  th e  u p ta k e  o f  AIB was in c r e a s e d  45% 

o v e r  th e  p a i r e d  c o n t r o l s  (T ab le  7 ) .  Even a f t e r  lo n g e r  

p r e in c u b a t io n  t im e s  (4 .5  h r s )  th e  u p ta k e  o f  AIB in  t h e  

a r s e n i t e - t r e a t e d  c o rn e a  was s u s t a in e d  a t  a l e v e l  s i g n i f i c a n t ­

l y  g r e a t e r  (16%) th a n  in  th e  p a i r e d  c o n t r o l s .  Uptake s t u d i e s  

w i th  r a d i o a c t i v e l y - l a b e l e d  l e u c in e  and a l a n in e  showed t h a t  

a r s e n i t e  g r e a t l y  s t i m u l a t e d  (56%) th e  ac cu m u la tio n  o f  l e u c i n e  

b u t  m o d e ra te ly  i n h i b i t e d  (36%) th e  u p ta k e  o f  a l a n i n e .

E xposure  o f  t h e  am phib ian  co rn ea  to  a r s e n i t e  m arked ly  

i n c r e a s e d  th e  r a t e  o f  l a c t a t e  p ro d u c t io n  by th e  t i s s u e  so  

t h a t  t h e r e  i s  an  i n c r e a s e  i n  th e  l a c t a t e  c o n c e n t r a t io n  in  

th e  b a th in g  m edia (2 4 ) .  We t h e r e f o r e  s tu d ie d  th e  e f f e c t s  o f  

exogenous sodium  l a c t a t e  upon amino a c id  u p take  by th e  c o rn e a ,  

u s in g  c o n c e n t r a t i o n s  s i m i l a r  t o  th o s e  n o rm a lly  b a th in g  th e  

e n d o t h e l i a l  s u r f a c e  o f  th e  c o rn e a .  As shown in T ab le  8 ,

D, L - l a c t a t e  (5 mM) cau sed  a  s i g n i f i c a n t  in c r e a s e  in  th e
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T ab le  6 : E f f e c t  o f  M e ta b o lic  I n h i b i t o r s  Upon th e  
A ccum ula tion  o f  AIB.._____________________

P a i r e d  c o rn e a s  were in c u b a te d  in  m o d if ie d  Conway- 

R inger* s ,  pH 8 .0 ;  t h e  in c u b a t io n  medium o f  th e  e x p e r im e n ta l  

c o rn e a  o f  ea c h  p a i r  a l s o  c o n ta in e d  2 mM o f  th e  i n d i c a t e d  

i n h i b i t o r  o r  was r e n d e re d  a n o x ic .  In  th e  ex p e r im e n ts  w i th  

ca rb o n  m onoxide, th e  p a i r e d  c o rn e a s  were in c u b a te d  in  R ing­

e r ' s  s o l u t i o n  b u f f e r e d  w ith  TES. The e x p e r im e n ta l  c o rn e a s  

were bubb led  w i th  100% CO w h ile  th e  c o n t r a l a t e r a l  c o rn e a s

The c o rn e a s  were in c u b a te d  f o r  an a d d i t i o n a l  60 m in u te s  in  

t h i s  m ix tu re ,  a f t e r  which th e  amount o f  amino a c id  accumu­

l a t e d  was d e te rm in e d .  The amino a c id  u p ta k e  o f  each  c o rn e a  

exposed  t o  i n h i b i t o r  was compared to  i t s  p a i r e d  c o n t r o l  and  

t h e  v a lu e s  a r e  e x p re s s e d  a s  th e  Mean SEM. The number o f  

e x p e r im e n ts  i s  shown i n  p a r e n t h e s e s .  P a i r e d  d a ta  were s u b ­

j e c t e d  t o  s t u d e n t s  t  t e s t ,  P < 0 .0 1  i s  i n d i c a t e d  by *, and 

P < 0 .0 0 1 ,  by ^ .

were bubb led  w i th  100% O2 . A f t e r  30 m in u te s ,

i n u l i n  and 1 .0  pC o f  [ ^ q ]  -AIB (0 .5  mM) , L- L1 4 c] - l e u c i n e

(1 mM), o r  L - l14c] - a l a n i n e  (i.mM) were added t o  th e  m ed ia .

Amino Acid I n h i b i t o r
% Change in  Amino 

Acid Uptake

A lan in e

AIB Io d o a c e ta t e

I o d o a c e ta t e

-4 8 .9  ± 8 .5 ( 4 )  * 

-4 1 .2  t  3 .3 ( 5 )  5

L eu c in e Io d o a c e ta t e 8 . 6 ± 1 3 .5 (4 )

AIB

AIB A n a e ro b io s is

Cyanide

4 .0  ± 2 .5 ( 6 )  

- 3 . 1 t 1 8 .5 (5 )



(T able 6 c o n t in u e d )

Amino Acid 

A lan ine  

L eucine 

Leucine

I n h i b i t o r

Cyanide

C yanide

CO

% Change in  Amino 
Acid Uptake

9 .0  ± 1 3 .7 (5 )

1 1 .9  ± 6 .5 (5 )

2 .9  ±  6 .3 (1 4 )
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T a b le  7 : The E f f e c t  o f  A fr se n ite  Upon Amino A c id  U p ta k e .

Corneas were p r e - i n c u b a t e d  in  m o d if ie d  Conway-Ringer 

(pH 8 .0 )  c o n ta in in g  2 mM a r s e n i t e .  The t i s s u e s  were t r a n s ­

f e r r e d  to  media c o n t a in i n g  2 mM a r s e n i t e ,  U ^ H ]- in u l in ,  and 

1 pC o f  - l a b e l e d  a l a n i n e  (0 .1  mM), l e u c in e  (0 .1  mM),

o r  AIB (5 pM). The amino a c i d  u p ta k e  was d e te rm in e d  a f t e r  

one hour in c u b a t io n  i n  t h i s  m ix tu r e .  A r s e n i te  was o m it te d  

from th e  media b a th in g  p a i r e d  c o n t r o l  c o r n e a s .  The r e s u l t s  

a r e  e x p re s se d  a s  th e  Mean £  SEM o f  th e  a r s e n i t e - t r e a t e d  

c o rn e a s  r e l a t i v e  t o  t h e  p a i r e d  c o n t r o l s .  The number o f  

ex p e r im en ts  i s  shown i n  p a r e n t h e s e s .  P a i r e d  d a ta  was 

s u b j e c t  to  s t u d e n t ' s  t  t e s t :  P < 0 . 0 5  i s  i n d i c a t e d  by ^  ,

and P < 0 .0 1 ,  by *.

n
Uptake (p m oles /27  mm / h r )

Amino
Acid

P r e - I n ­
c u b a t io n  
Tim e(hr)

C o n tro l
T

A r s e n i t e 1t
% Change 

in  Uptake

AIB 0 .5 0 .0 3 6 ±  0 .0 0 3
i

0 .0 4 6  £ 0 .0 0 7 ’t

m
4 4 .9  £  1 4 .2 ( 5 ) ^

AIB 4 .5 0 .0 4 7 ± 0 .0 0 5 0 .0 6 9 £  0 .0 1 2 ’t 1 6 .1 ±  2 .1 ( 5 ) *

L eucine 0 .5 0 .2 6 4  £  0 .0 1 8 0 .4 0 4 £  0 .0 3 2 ’ » 5 6 .0 ±  1 7 .1 (5 )^

A lan ine 0 .5 0 .7 1 4  £  0 .1 5 8 0 . 3 9 5 ± 0 . 0 3 8 ’
f

3 6 .3  £  1 5 .7 (4 )*

44



T a b le  8: E f f e c t s  o f  L a c ta te  Upon U ptake o f  N e u tr a l Amino A c id s .

The t i s s u e s  were in c u b a te d  i n  m o d if ie d  Conway-Ringer’s  

b u f f e r e d  w ith  b ic a r b o n a te  (1 7 .7  mM) and c o n ta in in g  1 pC (0 .1  

mM) o f  e i t h e r  - a l a n i n e ,  L - E ^ c ]  - l e u c i n e ,  o r  E ^ c l-A IB

and 5 pCi o f  E*̂ h] - i n u l i n .  5 mM d , 1 - l a c t a t e  was added t o  th e  

e x p e r im e n ta l  c o rn e a s  w h ile  t h e i r  u n t r e a t e d  c o n t r a l a t e r a l  

co rn ea  s e rv e d  a s  c o n t r o l s .  The pH was m a in ta in e d  a t  8 .0 ,  

and in c u b a t io n s  were c a r r i e d  o u t  f o r  one h o u r .  The r e s u l t s  

a r e  e x p re s se d  a s  th e  Mean ± SEM, r e l a t i v e  t o  th e  p a i r e d  con­

t r o l  c o r n e a s . The number o f  e x p e r im e n ts  i s  shown i n  p a re n -

t h e s e s . P a i r e d  d a ta  were s u b je c te d to  s t u d e n t ' s  t  t e s t :

P < 0 .0 5 i s  i n d i c a t e d by Y , P<  0 .0 1 , by *.

O
Uptake (pm oles /27  mm / h r ) t

Amino
Acid C o n tro l L a c ta t e

' % Change in  Amino 
' Acid Uptake

AIB 0 .364  ±  0 .0 5 3 0 . 4 1 4 ±  0 .0 7 5
1 '
' 1 0 .7  ±  1 .1 (5 )V
t

L eucine 0 .236  ±  0 .0 5 4 0 .3 7 0  ±  0 .0 4 3 ' 8 1 .2  £ 3 0 .3 ( 5 ) *
T

A lan ine 0 .527  ±  0 .069 0 .3 4 0  ± 0 .0 3 6 ' 3 4 .6  t  4 .8 ( 4 ) *
f
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u p ta k e  o f  AIB. When th e  e f f e c t s  o f  l a c t a t e  upon l e u c in e  

and a l a n in e  up take  were s e p a r a t e l y  m easu red , l a c t a t e  cau sed  

a s t r i k i n g  in c r e a s e  in  l e u c i n e  a c c u m u la t io n ,  and m o d e ra te ly  

i n h i b i t e d  a l a n in e  u p ta k e .

The aqueous humor o f  a lm o s t  a l l  v e r t e b r a t e s  a l s o  con ­

t a i n s  h ig h  c o n c e n t r a t io n s  o f  a s c o r b i c  a c id  w h ich , l i k e  

l a c t a t e ,  i s  an e f f e c t i v e  r e d u c in g  a g e n t  (3 1 ) .  As shown in  

T ab le  9 ,  th e  u p ta k e  o f  b o th  l e u c i n e  and AIB was s i g n i f i c a n t ­

l y  s t im u la te d  by a s c o r b a t e .  There  was no e f f e c t  o f  a s c o r b a te  

upon a l a n in e  u p ta k e .  The i n c r e a s e  i n  l e u c in e  a c c u m u la t io n  

was dependen t upon th e  a s c o r b i c  a c i d  c o n c e n t r a t i o n  (T ab le  

10) . The approx im ate  Km f o r  a s c o r b a t e  s t i m u l a t i o n  o f  l e u c in e  

u p ta k e  i s  0 .91  mM. As shown i n  T ab le  11 , a s c o r b i c  a c i d  had 

no s i g n i f i c a n t  e f f e c t  on th e  a p p a r e n t  e x t r a c e l l u l a r  ,rs p a c e ,r 

o r  th e  wet w eigh t o f  th e  c o rn e a .

We s tu d i e d  th e  e f f e c t  o f  v a r i o u s  e l e c t r o n  t r a n s p o r t  

i n h i b i t o r s  and u n c o u p le rs  on a s c o r b a t e - s t i m u l a t e d  l e u c in e  

u p ta k e  to  d e te rm in e  i f  a s c o r b a t e  was s t i m u l a t i n g  l e u c in e  

u p ta k e  by d o n a t in g  e l e c t r o n s  t o  a  m i to c h o n d r ia l  e l e c t r o n  

t r a n s p o r t  c h a in  and th e re b y  s t i m u l a t i n g  ATP s y n t h e s i s .  As 

i n d i c a t e d  i n  T able 12, a n t im y c in  A and 2 -h e p ty l~ 4 -h y d ro x y -  

q u in o l in e -N -o x id e  (HOQNO), s p e c i f i c  i n h i b i t o r s  o f  th e  

second  c o u p l in g  s i t e  between cy tochrom e b and c (6 6 ) ,  had 

no s i g n i f i c a n t  i n h i b i t o r y  e f f e c t  on a s c o r b a t e - s t i m u l a t e d  

l e u c in e  u p ta k e .  HOQNO s t i m u l a t e d  l e u c i n e  a c c u m u la t io n  in  

t h e  p re s e n c e  o f  a s c o r b a t e .  C y an id e , which i n h i b i t s  m i to -
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T ab le  9: A sc o rb a te  S t im u la t io n  o f  Amino Acid 
A ccum ulation  by Toad C o rn ea .________

C orneas were in c u b a te d  in  m o d if ie d  C onw ay-R ingerf s 

c o n ta in in g  1 .0  juCi (1 mM) o f  e i t h e r  L- [14c] - a l a n i n e ,

L - ^ ^ c j - l e u c i n e  o r  1 .0  juCi (0 .5  mM) C ^ c j - A I B  and 5 jiCi o f  

3H - i n u l i n .  20 mM L -a s c o r b ic  a c i d  was added  t o  t h e  e x p e r ­

im e n ta l  c o rn e a s  w h ile  t h e i r  u n t r e a t e d  c o n t r a l a t e r a l  c o rn e a s  

s e rv e d  a s  c o n t r o l s .  The pH was m a in ta in e d  a t  8 .0 ,  and i n ­

c u b a t io n s  were cax*ried o u t f o r  one h o u r .  The r e s u l t s  a r e  

e x p re s s e d  a s  th e  Mean ± SEM, r e l a t i v e  to  t h e  p a i r e d  c o n t r o l  

c o r n e a s . The number o f  ex p e r im e n ts  i s  shown i n  p a r e n t h e s e s . 

P a i r e d  d a ta  were s u b j e c t  to  s tu d e n t s  t  t e s t .  P < 0 .0 1  a r e  

i n d i c a t e d  by * .

Amino Acid % Change i n  Uptake

L eu c in e  3 4 .1  ±  8 .7  *

AIB 1 9 .0  ±  5 .7  *

A ian in e  9 .5  -  1 8 .8
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T ab le  10 : I n c r e a s e  in  L eucine  A ccum ula tion  by
Toad Cornea i n  Response to  A sc o rb ic  A c id .

T is s u e s  were in c u b a te d  f o r  one hour i n  C onw ay-R inger’s

and c o n c e n t r a t i o n s  o f  a s c o r b a te  r a n g in g  from  0 .2  mM to  20 

mM. A f t e r  one hour th e  co rn ea s  were removed and  th e  r a d i o ­

a c t i v i t y  d e te rm in e d .  The c o n t r o l  c o rn e a s  were t r e a t e d  i n  

e x a c t l y  t h e  same manner ex cep t t h a t  th e  in c u b a t i o n  media 

c o n ta in e d  no a s c o r b a t e .  The r e s u l t s  a r e  e x p re s s e d  a s  t h e  

Mean ■£ SEM. The number o f  e x p e r im e n ts  i s  shown 

p a r e n t h e s e s .

s o l u t i o n ,  pH 8 .0  c o n ta in in g  1 pCi of (1 mM)

A sc o rb ic  Acid 
C o n c e n t r a t io n  (mM)

% I n c r e a s e  in

2 0 .0

10.0

0 . 2

2 . 0

L eu c in e  U ptake 

6 .1  ±  9 .0  (6 ) 

2 3 .8  ± 1 0 .7  (5) 

2 9 .3  t  3 .8  (4) 

34 .1  ±  8 .7  (6 )
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T a b le  1 1 : E f f e c t  o f  A sc o r b a te  on th e  Wet W eight
and E x t r a c e l lu la r  Space o f  th e  C ornea .

C orneas were u n t r e a t e d  in  m o d if ie d  Conw ay-R ingerf s 

c o n t a in i n g  20 mM L - a s c o r b ic  a c i d ,  5 pCi o f  - m a n n i t o l .

At th e  end o f  th e  in c u b a t io n  p e r io d ,  c o rn e a s  were removed 

and th e  r a d i o a c t i v i t y  in  b o th  t h e  c o rn ea s  and th e  in c u b a ­

t i o n  media d e te rm in e d .  These v a lu e s  were used  t o  c a l c u l a t e  

th e  a p p a re n t  e x t r a c e l l u l a r  sp a ce  o f  t h e  c o r n e a s . The 

r e s u l t s  a r e  e x p re s s e d  a s  th e  Mean ± SEM. The d a t a  r e p r e ­

s e n t  an  a v e ra g e  o f  tw e lv e  e x p e r im e n ts .

Time

E x t r a c e l l u l a r  Space ' (pH)

A sco rb a te C o n tro l

Wet w eigh t (mg)

A sco rba te C o n tro l

15 min 

1  h r  

4 h r

2 .0 7  ±  0 .1 5 T2 .6 7  ± 0 .3 5
t

3 .41  ± 0 .1 9 '3 .7 0  ±  0 .1 9
t

6 .1 4  ±  0 . 5 7 ’ 5 .5 5  ±  0 .4 2

7 .97  ±  1 .3 4  

10 .30  ±  0 .57

14 .00  t  1 .21

8 .53  ±  0 .5 8  

10 .57  ± 0 .3 5

14 .23  ± 1 .3 4
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T able 12: E f f e c t  o f  Carbon Monoxide and E le c t r o n  
T ra n s p o r t  I n h i b i t o r s  and U ncoup le rs  on 
A s c o rb a te  S t im u la te d  L eu c in e  U p take .

C orneas were f i r s t  in c u b a te d  f o r  0 .5  h r .  in  Conway- 

R in g e r ’ s  s o l u t i o n  b u f f e r e d  w ith  1 7 .7  mM NaHCOg, pH 8 .0 ,  

c o n ta in in g  th e  i n d i c a t e d  i n h i b i t o r .  In  th e  ex p e r im e n ts  

w ith  ca rb o n  m onoxide, b o th  th e  c o n t r o l  and e x p e r im e n ta l  

co rn eas  were in c u b a te d  w i th  R in g e r ’ s  s o l u t i o n  b u f f e re d  w ith  

TES. 1 pCi (1 mM) o f  l e u c in e  was added and c o rn e a s  were 

in c u b a te d  f o r  an a d d i t i o n a l  h o u r .  C o n tro l  c o rn e a s  were 

t r e a t e d  i d e n t i c a l l y  e x c e p t  t h a t  t h e  medium was bubbled  w ith  

99% 02 , 1% C02  and no i n h i b i t o r s  were ad d ed . The r e s u l t s  

a r e  e x p re s s e d  as  t h e  Mean ± SEM. The number o f  e x p e r im en ts  

a r e  shown i n  p a r e n t h e s e s .  P a i r e d  d a t a  were s u b j e c t  to  

s tu d e n t s  t  t e s t .  P < 0 . 0 5  i s  i n d i c a t e d  b y Y , and P < 0 .0 1

by *

I n h i b i t o r
% Change in  Amino 

A cid Uptake_____

CO -2 5 .6  ± 4 .2 ( 6 )  *

HOQNO

Cyanide

A ntim ycin  A

DNP

O ligom ycin

- 6 . 5  ± 1 9 .0 (6 )  

2 9 .0  ± 8 . 8 (6 ) y 

1 7 .9  ±  1 6 .9 (6 )  

7 .5  ± 1 0 .6  (6 ) 

3 .1  ± 5 .2 (7 )
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c h o n d r ia l  cytochrom e o x id a s e ,  was a l s o  w i th o u t  e f f e c t .  

D in i t r o p h e n o l , an  u n c o u p le r  o f  o x id a t iv e  p h o s p h o r y la t io n ,  

and o lig o m y c in , which i n h i b i t s  th e  m i to c h o n d r ia l  ATPase, 

were a l s o  i n e f f e c t i v e  when t e s t e d  a g a i n s t  th e  a s c o r b a te  

e f f e c t  upon amino a c id  u p ta k e .

Carbon monoxide i s  t h e  o n ly  a g e n t  we found e f f e c t i v e  

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

u p t a k e . P a i r e d  c o rn e a s  were in c u b a te d  i n  media c o n ta in in g  

a s c o r b i c  a c id  (2 mM) and ^ ^ C - le u c in e  (1 .0  mM) . One co rn ea  

from each  p a i r  was bubb led  w i th  1 0 0 % ca rb o n  monoxide w h ile  

th e  c o n t r a l a t e r a l  co rn e a  was in c u b a te d  w ith  1 0 0 % oxygen.

We found t h a t  l e u c in e  u p ta k e  was i n h i b i t e d  by 26 i  4% in  

th o s e  co rn ea s  exposed  to  ca rb o n  monoxide (Table  1 2 ) .  In 

o u r  e a r l i e r  e x p e r im e n ts ,  i n  w hich one co rn e a  o f  each  p a i r  

was t r e a t e d  w ith  a s c o r b i c  a c i d ,  t h e  in c re m en t in  l e u c in e  

u p ta k e  was 34 ± 9% (T ab le  9 ) .  These d a t a  i n d i c a t e  t h a t  

l e u c in e  i s  accu m u la ted  by two sy s te m s ,  one o f  which i s  

s t im u la te d  by a s c o r b a t e ,  and i s  i n h i b i t e d  by carbon  mono­

x i d e .  T h is  c o n c lu s io n  i s  f u r t h e r  s u p p o r te d  by th e  f a c t  

t h a t  l e u c in e  a c c u m u la t io n  i n  t h e  ab sen ce  o f  a s c o r b a te  i s  

u n a f f e c t e d  by ca rb o n  monoxide (T ab le  6 ) .

We s tu d i e d  th e  e f f e c t s  o f  exogenous ATP upon amino 

a c id  ac cu m u la t io n  to  f u r t h e r  e x p lo re  th e  p o s s i b i l i t y  t h a t  

th e  s t i m u l a t i o n  o f  amino a c i d  u p ta k e  by a s c o r b a te  and 

l a c t a t e  was due t o  an i n c r e a s e  in  c e l l u l a r  ATP l e v e l s .  The 

d a ta  in  T ab le  13 shows t h a t  ATP s i g n i f i c a n t l y  s t i m u l a t e s
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T ab le  13. E f f e c t  o f  ATP on Amino Acid A ccum ulation  
by Toad Cornea ._____________________________

T is s u e s  were in c u b a te d  w ith  C onw ay-R inger’s , .  pH 8 .0 ,

c o n ta in in g  th e  i n d i c a t e d  c o n c e n t r a t i o n  o f  ATP and th e  
14a p p r o p r i a t e  C - la b e le d  amino a c i d .  The in c u b a te d  medium 

f o r  th e  c o n t r a l a t e r a l  c o n t r o l  c o rn e a s  c o n ta in e d  no ATP.

The number o f  ex p e r im e n ts  i s  i n d i c a t e d  in  p a r e n t h e s e s .

% Change i n  Amino
Amino Acid ATP C o n c e n tr a t io n  Acid Uptake

A lan in e 0 . 1 mM 2 6 .8 + 1 7 .9 (6 )

1 . 0 mM 8 6 . 0 + 2 4 .4 (6 )

L euc ine 0 . 1 mM 7 .4 1 3 .7 (6 )

1 . 0 mM 1 0 0 . 2 30 .2 (5)

AIB 1 . 0 mM - 1 . 9 -J- 1 6 .9 (6 )
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t h e  u p ta k e  o f  b o th  a l a n i n e  and le u c in e  by th e  to a d  c o rn e a  

b u t  has  no s i g n i f i c a n t  e f f e c t  upon AIB a c c u m u la t io n .

These r e s u l t s  i n d i c a t e  t h a t  ATP i s  p ro b a b ly  s t i m u l a t i n g  

c e l l u l a r  m e tab o lism  a n d , t h e r e f o r e ,  th e  m e tabo lism  o f  

t h e s e  amino a c i d s .  I n c r e a s e d  m etabo lism  o f  l e u c in e  and 

a l a n i n e  would low er t h e i r  i n t r a c e l l u l a r  l e v e l s ,  a c c e l e r a t i n g  

th e  a c c u m u la t io n  o f  th e s e  amino a c i d s .  ATP, u n l ik e  a s c o r b a t e  

and l a c t a t e  which s p e c i f i c a l l y  s t i m u la t e s  o n ly  l e u c i n e  a c ­

c u m u la t io n ,  h a s  s i m i l a r  s t i m u la to r y  e f f e c t s  on l e u c i n e  and 

a l a n i n e  a c c u m u la t io n .  T h e r e fo re ,  we conclude  t h a t  ATP 

p la y s  no d i r e c t  r o l e  i n  th e  a c t i o n  o f  l a c t a t e  and  a s c o r b a t e  

upon amino a c id  t r a n s p o r t .

I t  h a s  been  r e p o r t e d  t h a t  N6 ,2*- O - d i b u t y r y l , 3 ’ , 5 ’ -  

c y c l i c  a d e n o s in e  m onophosphate ( d ib u ty r y l  cAMP) s t i m u l a t e s  

io n  t r a n s p o r t  a c r o s s  b o th  th e  am phibian (67) and r a b b i t  

c o rn e a  ( 6 8 ) .  We t h e r e f o r e  examined th e  e f f e c t s  o f  a d e n o s in e  

3 1 , 5 ' -m onophosphate (cAMP) and i t s  d ib u ty r y l  d e r i v a t i v e  on 

amino a c id  a c c u m u la t io n .  We found t h a t  in c u b a t io n  o f  t h e  

to a d  c o rn e a  f o r  a p e r io d  o f  one hour w ith  e i t h e r  o f  t h e s e  

c y c l i c  n u c l e o t i d e s  had no s i g n i f i c a n t  e f f e c t  on th e  accumu­

l a t i o n  o f  AIB, l e u c i n e  o r  a l a n i n e .  Amino a c id  u p ta k e  

was s i g n i f i c a n t l y  in c r e a s e d  (Table 14) when c o rn e a s  were 

p r e in c u b a te d  f o r  two h o u rs  w ith  d ib u ty r y l  cAMP. D ib u ty r y l  

cAMP s i g n i f i c a n t l y  in c r e a s e d  th e  u p tak e  o f  a l a n i n e ,  l e u c i n e  

and AIB by th e  to a d  c o rn e a .  The in c r e a s e  in  a c c u m u la t io n  

was g r e a t e s t  f o r  AIB and l e u c i n e ,  th e  u p ta k e  o f  th e s e
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T able  14: S t im u la t io n  o f  Amino A cid A ccum ulation  by 

Toad Cornea in  t h e  P re se n c e  o f  N6 ,0 2t 

D ib u ty ry l  3 * ,5 * - C y c l ic  A denosine M onophosphate.

Corneas were f i r s t  in c u b a te d  f o r  2 .0  h r s .  in  m o d if ie d

Conw ay-Ringer’s ,  pH 8 .0 ,  c o n ta in in g  th e  i n d i c a t e d  a d d i t i o n s .
14A f te r  2 h r s .  o f  i n c u b a t i o n  1 pCi o f  th e  a p p r o p r i a t e  C-

l a b e le d  amino a c i d  (1 .0  mM l e u c i n e ,  a l a n i n e ,  o r  0 .5  mM
3

AIB) and 5 .0  pCi H -m an n ito l  were added t o  th e  in c u b a t io n  

media and th e  t i s s u e s  were in c u b a te d  f o r  an  a d d i t i o n a l  h o u r .  

The number o f  e x p e r im e n ts  i s  shown in  p a r e n t h e s e s .  R e s u l ts  

a r e  e x p re s s e d  a s  t h e  Mean ± SEM.

Amino
Acid

U ptake (pm oles/27  mm2 / h r )
1 D ib u ty ry l  ’ D ib u ty ry l  cAMP 
' cAMP ' OuabainC o n tro l

--------------------------------------- r--------------------------------------- r---------------------------------------

2 .7 9  ± 0 . 3 2 ( 6 ) ’ 4 .4 6  ± 0 . 4 0 ( 6 ) ’2 .3 8  *  0 .3 2 (6 )
» f

1 .2 3  ± 0 . 2 8 ( 6 ) ’ 3 .31  ±  0 . 6 3 ( 6 ) ’1 .0 5  ± 0 .1 2 (6 )
t  T

1 .1 4  t  0 . 4 1 ( 6 ) '3 . 5 3  ± 0 . 4 8 ( 6 ) ’2 .4 5  ± 0 .5 4 (6 )t »
________________ i ________________ i ________________

A lan ine

L eucine

AIB
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amino a c id s  b e in g  s t i m u l a t e d  156 ± 49% and 186 £  33%, 

r e s p e c t i v e l y .  A lan in e  u p ta k e  was a l s o  s i g n i f i c a n t l y  

in c r e a s e d  by 61 ± 11%. As shown i n  T ab le  14, o u ab a in  

c o m p le te ly  b lo c k s  d i b u t y r y l  cAMP s t i m u l a t e d  amino a c id  

a c c u m u la t io n .  Ouabain i s  i n e f f e c t i v e  i n  b lo c k in g  amino 

a c id  ac c u m u la tio n  i n  th e  ab sen ce  o f  d i b u t y r y l  cAMP. One 

m i l l im o la r  cAMP was i n e f f e c t i v e  in  s t i m u l a t i n g  l e u c i n e ,

AIB, and a l a n in e  a c c u m u la t io n .

A number o f  c l i n i c a l l y  im p o r ta n t  o p h th a lm ic  d ru g s  

a r e  a d m in is te r e d  t o p i c a l l y ,  w ith  t h e  r e s u l t  t h a t  th e  

co rn ea  ( a t  l e a s t ,  th e  e p i t h e l i a l  s u r f a c e )  i s  r e p e a t e d l y  

exposed t o  h ig h  c o n c e n t r a t i o n s  o f  t h e s e  a g e n t s .  We t e s t e d  

th e  e f f e c t s  o f  s e v e r a l  o f  th e  more commonly u sed  d ru g s  

upon amino a c id  u p ta k e .  E c h o th io p h a te  io d id e  (P h o sp h o lin e  

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

u sed  in  th e  t r e a tm e n t  o f  glaucoma (6 9 ) .  P a t i e n t s  d ev e lo p  

c a t a r a c t s  in  many c a s e s  a f t e r  6  months o r  more o f  t r e a tm e n t  

w ith  t h i s  d rug  (7 0 ) .  In  t h e  p r e s e n c e  o f  P h o sp h o lin e  io d id e  

(2 .5  mM) AIB u p ta k e  was red u ced  5 5 .6  -  9.2% a s  compared to  

c o n t r o l  c o r n e a s .  T h is  c o n c e n t r a t i o n  o f  P h o sp h o lin e  io d id e  

i s  e q u iv a le n t  to  two d ro p s  o f  0.25% P h o sp h o lin e  io d id e  

p la c e d  on th e  e p i t h e l i a l  s u r f a c e  o f  th e  c o rn e a  ( i n  th e  

t e a r  f i l m ) , a commonly u sed  t h e r a p e u t i c  p r o c e d u r e .

E s e r in e  (p h y so s t ig m in e )  i s  a r e v e r s i b l e  i n h i b i t o r  o f  

c h o l i n e s t e r a s e  and i s  a l s o  u se d  i n  t h e  t r e a tm e n t  o f  glaucom a. 

AIB a c c u m u la tio n  by th e  to a d  c o rn e a  was n o t  s i g n i f i c a n t l y
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red u ced  by e s e r i n e  i n  c o n c e n t r a t io n s  r a n g in g  from  0 .0 1  pM 

t o  2 mM. A tro p in e ,  a  p l a n t  a l k a l o i d ,  i s  an  e f f e c t i v e  com­

p e t i t i v e  a n t a g o n i s t  o f  a c e ty l c h o l i n e  a t  t h e  membrane r e c e p t ­

o r s  on smooth m uscle and o th e r  c e l l s . I t  u se  i n  o p h th a l ­

mology i s  to  d i l a t e  th e  p u p i l .  2 mM a t r o p in e  s u l f a t e  d id  

n o t  s i g n i f i c a n t l y  red u ce  AIB u p tak e  by th e  c o r n e a .  2 mM 

m e th a c h o lin e  (M e c h o ly l) , an an a lo g  o f  a c e t y l c h o l i n e ,  a l s o  

had no s i g n i f i c a n t  e f f e c t  upon AIB u p ta k e .

We a l s o  examined th e  e f f e c t s  o f  t h e s e  d ru g s  on th e  

u p ta k e  o f  3 -0 -m e th y l -D -g lu c o s e , a n o n -m e ta b o l iz a b le  a n a lo g  

o f  g lu c o s e .  The u p ta k e  o f  3 -0 -m e th y l-D -g lu c o se  was
p

0 .010  — 0 .001  pm oles/27  mm / 2 . 5  h r .  in  C onw ay-R ingerTs s o l u ­

t i o n .  When th e  2 .5  h r .  in c u b a t io n  was c a r r i e d  o u t  i n  th e  

p re s e n c e  o f  P h o sp h o lin e  i o d id e ,  3 -0 -m e th y l-D -g lu c o s e  u p ta k e  

was 0 .0 1 0  £  0 .001  pm oles/27  mm^/hr. T h is  i n d i c a t e s  t h a t  

P h o sp h o lin e  io d id e  has a r a t h e r  s p e c i f i c  e f f e c t  upon amino 

a c i d  a c c u m u la t io n .
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CHAPTER IV

I O N  T R A N S P O R T

The io n  t r a n s p o r t  p r o p e r t i e s  o f  th e  am phibian  c o rn ea  

have been  s t u d i e d  a lm o s t  e x c lu s iv e ly  in  t h e  f r o g ,  Rana 

c a t e s b e i a n a . T h is  t i s s u e  t r a n s p o r t s  c h l o r id e  from th e  

e n d o t h e l i a l  t o  th e  e p i t h e l i a l  s u r f a c e  (2 2 ) and , t o  a 

sm a l l  e x t e n t ,  sodium  in  t h e  o p p o s i t e  d i r e c t i o n  (2 3 ) .  The 

io n  t r a n s p o r t  p r o p e r t i e s  o f  th e  co rn ea  o f  th e  to a d ,  Bufo 

m a r in u s , have n o t  been i n v e s t i g a t e d .  T able  17 i n d i c a t e s  

th e  v a l u e s  f o r  th e  t r a n s p o r t  o f  sodium and c h l o r id e  by th e  

s h o r t - c i r c u i t e d  to a d  c o r n e a .  The n e t  f lu x  o f  c h l o r i d e  i s  

from th e  e n d o th e liu m  to  th e  e p i th e l iu m  w h ile  th e  n e t  move­

ment o f  sodium  o c c u rs  from th e  e p i th e l iu m  to  th e  e n d o th e l iu m . 

I t  can  be se e n  t h a t  i n  t h e  to a d  c o rn e a ,  u n l ik e  t h e  f r o g ,  th e  

t r a n s p o r t  o f  sodium i s  a lm o s t  a s  g r e a t  a s  th e  t r a n s p o r t  o f  

c h l o r i d e .

Our f in d in g  t h a t  a r s e n i t e  m arkedly  in c r e a s e s  amino 

a c i d  a c c u m u la t io n  by th e  to a d  co rn ea  r e c a l l s  th e  o b s e rv a ­

t i o n  by Z aduna isky  t h a t  a r s e n i t e  c a u se s  a l a r g e  t r a n s i e n t  

s t i m u l a t i o n  o f  c h l o r i d e  t r a n s p o r t  i n  th e  f ro g  co rn ea  

(24 , 2 7 ) .  We, t h e r e f o r e ,  examined th e  p o s s i b i l i t y  t h a t  

a r s e n i t e ,  l a c t a t e ,  and a s c o r b a te  m ight a l s o  s t i m u l a t e  io n  

t r a n s p o r t  i n  t h e  to a d  c o rn e a .
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We mounted f r e s h l y  e x c i s e d  to a d  c o rn e a s  i n  t y p i c a l  

U s s in g - s ty l e  L u c i t e  chambers a s  d e s c r ib e d  in  M a te r ia l s  and 

Methods. The s h o r t - c i r c u i t  c u r r e n t  (SCC) was m easured con­

t i n u o u s ly  e x c e p t  f o r  b r i e f  p e r io d s  in  which th e  sp o n tan eo u s  

p o t e n t i a l  d i f f e r e n c e  (PD) was m easu red . The to a d  co rn ea  

d ev e loped  a PD o f  from 5-12 mV ( e p i t h e l i a l  o r  t e a r  s u r f a c e  

n e g a t iv e )  and th e  SCC amounted t o  2 -5  pAmp/cm2 . The a d d i ­

t i o n  o f  1 mM sodium a r s e n i t e  t o  th e  b a th in g  s o l u t i o n s  

caused  a s m a l l ,  b u t  r e p r o d u c i b l e ,  i n c r e a s e  in  SCC and PD. 

D ,L -L a c ta te  (5 mM) had  a s i m i l a r  e f f e c t  upon th e  e l e c t r i c a l  

p a ra m e te rs  (F ig u re  8 ) .  The a d d i t i o n  o f  2 mM a s c o r b a te  to  

th e  chamber b a th  was fo l lo w e d  by a rem ark a b le  r i s e  in  b o th  

SCC and PD. T h is  in c re m e n t ,  w hich was ac h ie v e d  in  two to  

t h r e e  m in u t e s , was s u s t a i n e d  f o r  up to  one hour and was 

r e v e r s e d  im m ed ia te ly  by w ashing  o u t  th e  a s c o r b ic  a c id  

(F ig u re  9 ) .  A s i m i l a r  e f f e c t  i s  o b ta in e d  in  th e  co rnea  o f  

th e  f r o g ,  Rana c a t e s b e i a n a .

We n e x t  so u g h t  t o  d e te rm in e  w he the r  th e  e f f e c t s  o f  

a s c o r b ic  a c i d  were r e l a t e d  t o  i t s  redox  s t a t e .  A sco rb ic  

a c id  was o x id iz e d  im m ed ia te ly  b e f o re  u se  by th e  method o f  

F re y ,  P i t t s  and A sk a r i  (6 5 ) .  The a d d i t i o n  o f  d ehydro -  

a s c o r b i c  a c i d  (DHA) t o  t h e  b a th in g  media had a n e g l i g i b l e  

e f f e c t  upon th e  e l e c t r i c a l  p a r a m e te r s .  In  f i v e  e x p e r i ­

ments th e  SCC and PD were n o t  s i g n i f i c a n t l y  a l t e r e d  12 

m in u tes  a f t e r  t h e  a d d i t i o n  o f  2 mM DHA ( t a b l e  15 and 

F ig u re  1 0 ) .  The v e ry  sm a ll  e f f e c t s  o b se rv ed  i n  some
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F ig u re  8 : Corneas were mounted i n  U s s i n g - s t y l e  chambers 

and b a th e d  on bo th  s u r f a c e s  w i th  R in g e r ’s  s o l u t i o n .  At 

th e  i n d i c a t e d  tim es  1 mM Na a r s e n i t e ,  5 mM D ,L - l a c t a t e  o r  

2 mM L -a s c o r b ic  a c id  were ad d ed . The SCC was m o n ito re d  

c o n t in u o u s ly  ex c ep t f o r  b r i e f  p e r i o d s  i n  which th e  sp o n ­

ta n e o u s  p o t e n t i a l  d i f f e r e n c e  was d e te rm in e d .

EFFECTS OF A R S E N IT E ,  L A C T A T E ,  AND 
A SC O R B A TE UPON TOAD CORNEA
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F ig u re  9: C orneas were mounted in  L u c i t e  cham bers and were 

a l lo w e d  t o  s t a b i l i z e  f o r  30-45 m in u te s .  2 mM a s c o r b a t e  

was th e n  added t o  b o th  b a th in g  s o l u t i o n s .  A f t e r  15 m in u te s  

t h e  a s c o r b a te  was washed o u t  and f r e s h  R in g e r  added  t o  th e  

chamber r e s e r v o i r s .

E F F E C T  OF A S C O R B A T E  UPON  
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F ig u re  10: C orneas from th e  to a d ,  Bufo m a r in u s , were 

mounted i n  U s s in g - s ty l e  L u c i t e  chambers and a l lo w e d  t o  

s t a b i l i z e .  2 mM a s c o r b a te  a c id  was added t o  b o th  b a t h ­

in g  s o l u t i o n s  o f  one co rn ea  w h ile  2 mM d e h y d ro a s c o rb ic  

a c i d  was added t o  th e  s o l u t i o n s  b a th in g  th e  c o n t r a l a t e r a l  

c o r n e a .

EFFECT OF ASCORBIC ACID AND DEHYDROASCORBIC 

ACID ON SCC AND PD OF T H E  TOAD CORNEA
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T ab le  15: E f f e c t s  o f  A sc o rb a te  A nalogs Upon 
SCC and PD o f  Toad C o rn e a .

C orneas were mounted in  L u c i t e  chambers and b a thed  in  

R i n g e r 's  s o l u t i o n .  The in c re m e n t i n  SCC and PD were m easured 

12 m in u te s  f o l lo w in g  th e  a d d i t i o n  o f  2 mM a s c o r b ic  a c id ,  

d e h y d ro a s c o rb ic  a c i d ,  o r  D - i s o a s c o rb ic  a c id  t o  each b a th .

The v a lu e s  f o r  ea ch  compound a r e  t h e  Mean ±  SEM of f iv e  

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

Increm en t

SCC (uA/cm2 ) PD (mV)
A d d it io n (% in c r e a s e )  (% in c r e a s e )

A sco rb ic  Acid 5 .9  ± 0 .8  
(205%)

10 .2  ± 1 . 9  
(136%)

D eh y d ro asc o rb ic  Acid 0 .4  ± 0 .5  
( 8%)

0 .8  ± 0 .7  
(9%)

D - i s o a s c o r b ic  Acid 6 .1  ±  0 .7  
(192%)

8 . 8  ± 0 .5  
(120%)
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in s t a n c e s  may have r e p r e s e n t e d  t h e  e f f e c t s  o f  t r a c e s  o f  

red u ced  a s c o r b a te  u n d e t e c t a b l e  by our method o f  a n a l y s i s  

( t h i n - l a y e r  c h ro m a to g ra p h y ) .  D - i s o a s c o r b i c  a c i d ,  th e  e p i -  

mer o f  a s c o r b ic  a c i d ,  was a s  e f f e c t i v e  a s  a s c o r b i c  a c id  in  

s t i m u l a t i n g  th e  SCC and PD.

T able  15 a l s o  i n d i c a t e s  t h a t  b o th  a s c o r b i c  a c id  and 

D - i s o a s c o rb a te  d e c r e a s e s  th e  r e s i s t a n c e  o f  th e  c o rn e a .  

C ornea l r e s i s t a n c e  i s  d e te rm in e d  by th e  r a t i o  PD/SCC or 

E / I .  In e i g h t  e x p e r im e n ts ,  c o r n e a l  r e s i s t a n c e  was d e c r e a s ­

ed by 24 .8  i  4.6%(8) i n  th e  p r e s e n c e  o f  a s c o r b i c  a c i d .

Although th e  c o n c e n t r a t i o n  o f  a s c o r b i c  a c i d  i n  th e  

aqueous humor o f  most mammalian s p e c i e s  i s  a b o u t  2 mM, 

th e  c o n c e n t r a t io n  i n  t h e  am p h ib ian  aqueous humor i s  on ly  

0 .1  to  0 .2  mM (3 1 ) .  We n e x t  so u g h t  t o  d e te rm in e  i f  

a s c o r b ic  a c i d  in  c o n c e n t r a t i o n s  n o rm a lly  found i n  am phib ian  

aqueous was e f f e c t i v e  i n  p ro m o tin g  io n  t r a n s p o r t .  We 

found t h a t  th e  a d d i t i o n  o f  a s c o r b i c  a c id  i n  c o n c e n t r a t i o n s  

as  low as  10 uM t o  b o th  s u r f a c e s  o f  t h e  co rn ea  cau sed  a 

s i g n i f i c a n t  in c r e a s e  i n  b o th  th e  PD and SCC. We n e x t  

t e s t e d  th e  d o s e - r e s p o n s e  r e l a t i o n s h i p  o f  a s c o r b a t e  by th e  

s e q u e n t i a l  a d d i t i o n  o f  i n c r e a s i n g  amounts o f  a s c o r b i c  a c id  

to  th e  c o rn e a .  The r e s p o n s e  o f  each  co rn ea  a t  each  con­

c e n t r a t i o n  was r e l a t e d  t o  t h e  maximal re sp o n se  o f  th e  same 

co rn ea  to  a s c o r b a t e ,  w hich was ta k e n  a s  t h e  SCC in  th e  

p re se n ce  o f  2 mM a s c o r b i c  a c i d .  In f i v e  c o r n e a s ,  th e  a d ­

d i t i o n  of 0 .1  mM a s c o r b i c  a c i d  was fo l lo w e d  by an  in c r e a s e



in  SCC am ounting t o  67% o f  th e  maximal r e s p o n s e  s u b s e q u e n t­

ly  o b ta in e d  in  th e  same co rn ea  (T ab le  1 6 ) .  The i n c r e a s e  in  

SCC and PD was dependen t upon th e  c o n c e n t r a t i  on o f  a s c o r b i c  

a c i d ,  and a l l  c o n c e n t r a t io n s  o f  t h i s  m e ta b o l i t e  re d u c e d  th e  

r e s i s t a n c e  o f  th e  c o r n e a .

U sing ^ N a  and ^®C1, we n e x t  so u g h t  t o  d e te rm in e  i f  

c h l o r i d e  was in c r e a s in g  th e  SCC by s t i m u l a t i n g  sodium o r  

c h l o r id e  f l u x e s .  As shown in  T ab le  17 , th e  p r im a ry  e f f e c t  

o f  a s c o r b a te  i s  t o  g r e a t l y  enhance t h e  f l u x  o f  c h l o r i d e  from 

th e  e n d o t h e l i a l  t o  e p i t h e l i a l  s u r f a c e s .  The change in  th e  

n e t  f l u x  o f  c h l o r id e  amounted to  a 285% i n c r e a s e .

We a l s o  s tu d i e d  th e  e f f e c t s  o f  v a r io u s  i n h i b i t o r s  and 

u n c o u p le r s  o f  m i to c h o n d r ia l  e l e c t r o n  t r a n s p o r t  to  d e te rm in e  

i f  ATP s y n th e s i s  was d i r e c t l y  m e d ia t in g  th e  a s c o r b a t e  e f f e c t  

upon io n  t r a n s p o r t .  R otenone, which b lo c k s  t h e  m ito ch o n ­

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

t i o n  o f  cytochrom e b , d id  n o t  i n h i b i t  th e  r e s p o n s e  o f  t h e  

co rn e a  t o  th e  su b se q u e n t  a d d i t i o n  o f  a s c o r b a t e  (2 mM) .

Cyanide (2 mM) b lo c k s  t h e  m i to c h o n d r ia l  e l e c t r o n  

t r a n s p o r t  system  a t  th e  l e v e l  o f  th e  r e d u c t io n  o f  c y to ­

chrome ( a . a 3 ) .  When c y a n id e  i s  added t o  th e  e p i t h e l i a l  

b a th in g  s o l u t i o n  i t  c a u se s  b o th  th e  SCC and PD t o  d rop  t o  

z e r o .  The a d d i t i o n  o f  cy a n id e  a t  t h e  peak o f  t h e  SCC 

re s p o n s e  to  2 mM a s c o r b a te  cau sed  a 4 2 .1  £  7.9% (3) de­

c r e a s e  in  th e  PD and a 4 2 .9  £  8 .7% (3) d e c re a s e  i n  t h e  SCC. 

These e l e c t r i c a l  p a ra m e te rs  do n o t ,  how ever, d rop  t o  z e ro
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T ab le  16: E f f e c t s  o f  I n c r e a s in g  C o n c e n t r a t io n s  o f
A sco rb a te  on t h e  SCC and PD o f  Toad C o rn e a .

C orneas were mounted in  L u c i te  cham bers a s  d e s c r ib e d  

in  M a te r i a l s  and Methods, and a l lo w ed  t o  s t a b i l i z e  f o r  30-45  

m in u te s .  Doses o f  a s c o r b a te  r a n g in g  from 10 pM t o  5 mM 

were added t o  b o th  b a th in g  s o l u t i o n s .  The s h o r t - c i r c u i t  

c u r r e n t  was m easured c o n t in u o u s ly  e x c e p t  f o r  b r i e f  i n t e r ­

v a l s  in  which th e  sp o n tan eo u s  p o t e n t i a l  d i f f e r e n c e  was 

m easu red . The re sp o n s e  t o  2 mM a s c o r b a te  was maximal and 

i s  ta k e n  a s  1 0 0 %.

C o n c e n tr a t io n  of 
A sco rb a te

% o f  Maximal 
Response

(mM) SCC
(uA/cm

67%

PD
(mV)

0.10 71%

0 .5 0 81% 83%

1.0 89% 84%

2 . 0 100% 100%
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T ab le  17: E f f e c t s  o f  A sco rb ic  Acid Upon F lu x e s  o f  
Sodium and C h lo r id e  i n  Toad C o rn e a .

C o rn e a s ,  mounted i n  L u c i t e  chambers and b a th ed  in  a 

m o d if ie d  Conway-Ringer s o l u t i o n  (pH 7 . 4 ) ,  were a l lo w ed  to  

s t a b i l i z e  f o r  30 -45  m in u te s .  E i t h e r  3 3 C1 (4 .3  mCi/mg) o r  

22Na (5 mCi/mg) was added to  th e  s o l u t i o n  b a th in g  one s u r ­

f a c e  o f  t h e  c o rn e a  and 2 . 0  ml sam ples  ta k e n  a t  t h r e e  2 0  

m inu te  i n t e r v a l s  from th e  b a th  on th e  o p p o s i t e  s id e  o f  th e  

t i s s u e .  A s c o rb a te  (2 mM) was th e n  added t o  b o th  b a th in g  

s o l u t i o n s  and sa m p les  removed f o r  r a d i o a c t i v e  measurement 

f o r  fo u r  a d d i t i o n a l  i n t e r v a l s . The sam ples  were co u n ted  i n  

a t r i t o n - t o l u e n e  s c i n t i l l a t i o n  f l u i d  in  a Packard  3320 l i q u i d  

s c i n t i l l a t i o n  s p e c t r o m e t e r .  The r e s u l t s  a r e  g iv en  a s  th e  

Mean ± SEM and th e  number o f  c o rn e a s  s t u d i e d  in  p a r e n t h e s e s . 

U npaired  d a ta  was s u b j e c t e d  t o  s t u d e n t ’s t  t e s t .  P < 0 .0 2 5  

i s  i n d i c a t e d  by **, P < 0 .0 5  i s  i n d i c a t e d  by Y .

U n i d i r e c t i o n a l  F lu x es  ( in  Eq x cm“ 2 x h r - '1')

I so
to p e F lu x

t
C o n tro l  ’ A sco rb a te

A s c o r b a te - In -  
duced Increm ent

3 6 C1 Endo-»Epi
T " " '

0 .2 7 2  ± 0 .0 2 0 (4 )  ’0 .5 4 2  ± 0 .0 8 9 ( 4 ) 0 .2 7 0 +  0 .091**

Epi^Endo 0 .1 9 7 ± 0 .0 2 3 ( 4 ) ’ 0 .2 5 1 ±  0 .0 3 6 (4 )f 0 .0 5 4 +  0 .043

Net 0 .0 7 6  ± 0 .0 3 1 ( 4 ) ’ 0 .2 9 1 +  0 .0 8 2 (4 )r
0 .2 1 5 ±  0 .0 8 8  V

22Na Endo-^Epi 0 .1 0 5 ± 0 .0 0 7 ( 4 ) ’ 0 .1 3 3 ± 0 .0 3 0 (4 )
T

0 .0 2 8 ±  0.031

Epi->Endo 0 .1 5 9 ± 0 .0 1 8 (4 )  ’0 .2 1 4 ± 0 .0 4 0 ( 4 )t 0 .055  + 0 .044

Net 0 .0 5 4  ± 0 .0 2 0 ( 4 )  ’0 .0 8 1  ± 0 .0 4 0 (4 )
» 0 .0 2 7 +  0 .045
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fo l lo w in g  cy an id e  (F ig u re  1 2 ) ,  b u t  rem a in  n e a r  th e  l e v e l s  

p r i o r  t o  th e  a d d i t i o n  o f  a s c o r b a t e .  Cyanide i s  o n ly  e f ­

f e c t i v e  in  i n h i b i t i n g  io n  t r a n s p o r t  when i t  i s  added to  

th e  e p i t h e l i a l  b a th in g  s o l u t i o n .

D in i t r o p h e n o l  (DNP) i s  an  u n c o u p le r  o f  m i to c h o n d r ia l  

o x id a t iv e  p h o s p h o r y la t io n .  One mM DNP added t o  th e  endo­

t h e l i a l  b a th in g  s o l u t i o n  c a u s e s  b o th  th e  PD and SCC to  drcp 

t o  z e ro  (F ig u re  1 3 ) .  However, t h e  SCC and PD re sp o n d  t o  

th e  su b se q u en t  a d d i t i o n  o f  2 mM a s c o r b a t e  by i n c r e a s e s  

s i m i l a r  to  th o s e  seen  i n  t h e  u n t r e a t e d  c o r n e a . I t  a p p e a r s  

t h a t  DNP does e n t e r  t h e  c o rn e a  and does e l im in a t e  io n  t r a n s ­

p o r t  in  th e  ab sen ce  o f  a s c o r b a t e .  T h is  i n d i c a t e s  t h a t  io n  

t r a n s p o r t  a c r o s s  th e  to a d  c o rn e a  i s  dep en d en t upon ATP p r o ­

d u c t io n  i n  th e  ab sen ce  o f  a s c o r b a t e . DNP does n o t  b lo c k  

a s c o r b a t e - s t i m u l a t e d  io n  t r a n s p o r t  and  t h e r e f o r e  we con­

c lu d e  t h a t ,  l i k e  th e  t r a n s p o r t  o f  l e u c i n e ,  t h e r e  a r e  two 

modes o f  c h l o r id e  t r a n s p o r t . One o f  t h e s e  i s  b lo ck ed  by 

m e ta b o l ic  i n h i b i t o r s  and th e  o t h e r ,  i n s e n s i t i v e  t o  th e s e  

i n h i b i t o r s ,  i s  r e s p o n s iv e ,  t o  t h e  p r e s e n c e  o f  a s c o r b i c  a c id  

( th e  l a t t e r  i s  s e n s i t i v e  o n ly  t o  ca rb o n  m o n o x id e ) .

We a l s o  found t h a t  t h e  a d d i t i o n  o f  1 mM ATP t o  th e  

s o l u t i o n s  b a th in g  th e  c o rn e a  had no e f f e c t  on e i t h e r  th e  

PD o r  SCC. The f a c t  t h a t  ATP s t i m u l a t e s  th e  u p ta k e  o f  

m e ta b o l iz a b le  amino a c i d s  (T ab le  13) i n d i c a t e s  t h a t  th e  

n u c l e o t i d e  does p e n e t r a t e  t h e  c o r n e a .  These r e s u l t s  p r o ­

v id e  f u r t h e r  e v id e n c e  t h a t  ATP s y n t h e s i s  i s  n o t  th e
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F ig u re  11: 30 jiM ro te n o n e  was added t o  b o th  s o l u t i o n s

b a th in g  th e  c o rn e a .  30 m in u tes  fo l lo w in g  th e  a d d i t i o n  o f  

r o te n o n e ,  2 mM a s c o r b a te  was added t o  b o th  b a th in g  s o l u ­

t i o n s  . The SCC was m o n ito red  c o n t in u o u s ly  e x c e p t  f o r  b r i e f  

p e r io d s  d u r in g  which th e  sp o n ta n eo u s  p o t e n t i a l  d i f f e r e n c e  

was d e te rm in e d .
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F ig u r e  12 : C orneas were mounted in  L u c i te  cham bers, b a t h ­

ed on b o th  s u r f a c e s  w i th  a m o d if ie d  Conway-Ringer and  a l ­

lowed to  s t a b i l i z e .  2 mM a s c o r b ic  a c id  was added to  t h e  

e p i t h e l i a l  b a th in g  s o l u t i o n .  At th e  peak of th e  r e s p o n s e  

t o  a s c o r b a t e  2 mM Na c y a n id e  was added to  th e  e p i t h e l i a l  

b a th in g  s o l u t i o n .

EFFECT OF ASCORBATE AND CYANIDE ON PD AND SCC
OF TOAD CORNEA
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F ig u re  13: C o rn e a s ,  mounted i n  U s s in g - s ty l e  cham bers, v/ere 

a l lo w ed  to  s t a b i l i z e .  1 mM DNP was added t o  th e  e n d o t h e l i a l  

b a th in g  s o l u t i o n .  The SCC and PD b o th  dropped  to  z e ro  a t  

which tim e  2 mM a s c o r b i c  a c id  was added to  t h e  e p i t h e l i a l  

b a th in g  s o l u t i o n .

EFFECT OF DNP AND ASCORBATE ON PD AND SCC
OF TOAD CORNEA
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r a t e - l i m i t i n g  s t e p  i n  th e  s t i m u l a t i o n  o f  io n  t r a n s p o r t  by 

a s c o r b a t e .
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CHAPTER V

D I S C U S S I O N

A. E x t r a c e l l u l a r  Space o f  t h e  Cornea

The measurement o f  th e  e x t r a c e l l u l a r  sp a ce  o f  t h e  in  

v i t r o  to a d  co rn ea  u s in g  i n u l i n  o r  m a n n ito l  i n d i c a t e s  t h a t  

m a n n ito l  e q u i l i b r a t e s  in  th e  e x t r a c e l l u l a r  w a te r  much more 

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

o f  th e  e x t r a c e l l u l a r  sp a c e  o f  t h e  c o rn e a  i n  s h o r t - t e r m  ex­

p e r im e n ts .  A f te r  fo u r  h o u rs  o f  i n c u b a t io n  in  Conway-Ring- 

e r ' s  s o l u t i o n ,  th e  i n u l i n  and m a n n i to l  s p a c e s  a r e  e q u a l ,  

i n d i c a t i n g  t h a t  m a n n ito l  does n o t  e n t e r  t h e  i n t r a c e l l u l a r  

s p a c e .  I t  i s  g e n e r a l ly  c o n s id e r e d  t h a t  i n u l i n  i s  t h e  b e t ­

t e r  e x t r a c e l l u l a r  space  i n d i c a t o r  b ecau se  m a n n ito l  i s  n o t  

co m p le te ly  ex c luded  from th e  i n t r a c e l l u l a r  s p a c e .  However, 

s t u d i e s  in  th e  ca n in e  sm a ll  i n t e s t i n e  showed t h a t ,  a l th o u g h  

m a n n ito l  e q u i l i b r a t e s  more r a p i d l y  i n  th e  e x t r a c e l l u l a r  

sp a ce  th a n  i n u l i n ,  i t  n e v e r  e n t e r s  t h e  c e l l  w a te r  (7 1 ) .  

Page, i n  a d e t a i l e d  s tu d y  o f  t h e  e x t r a c e l l u l a r  sp a ce  o f  c a t  

p a p i l l a r y  m usc le , found t h a t  t h e  m a n n ito l  sp a ce  i s  c o n s id ­

e r a b l y  g r e a t e r  th a n  th e  i n u l i n  sp a c e  d e s p i t e  th e  f a c t  t h a t  

b o th  a p p e a r  to  be ex c lu d ed  from  th e  c e l l  w a te r  (72) . Both 

s t u d i e s  conc luded  t h a t  a  p a r t  o f  t h e  e x t r a c e l l u l a r  sp a ce  

was o n ly  s lo w ly  a c c e s s i b l e  t o  i n u l i n .  Study o f  th e  e x t r a ­

c e l l u l a r  space  o f  th e  c a n in e  c a r o t i d  a r t e r y  w a l l ,  u s in g
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b o th  e l e c t ro n m ic r o g ra p h ic  and t r a c e r  t e c h n iq u e s ,  showed 

t h a t  i n u l i n  d id  n o t  e n t e r  a l l  th e  e x t r a c e l l u l a r  w a te r  ( 7 3 ) .  

Our d a ta  i n d i c a t e  t h a t  i n u l i n  g a in s  a c c e s s  t o  a l l  o f  th e  

e x t r a c e l l u l a r  w a te r  i n  th e  co rn ea  b u t  t h a t  t h i s  o c c u rs  a t  

a s lo w e r  r a t e  f o r  i n u l i n  th a n  f o r  m a n n i to l .  I t  h a s  been 

shown t h a t  th e  c o r n e a l  e p i th e l iu m  behaves  p r i m a r i l y  a s  a 

r e l a t i v e l y  im perm eable b a r r i e r ,  and t h a t  m ost s u b s ta n c e s  

e n t e r  t h e  c o rn e a  a c r o s s  th e  e n d o t h e l i a l  s u r f a c e .  Kim e t  

a l . have shown t h a t  th e  p e r m e a b i l i ty  o f  t h e  e n d o th e l iu m  t o  

n o n - e l e c t r o l y t e s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e i r  m olec­

u l a r  w e ig h t ( 7 ) .  T h e re fo re ,  i t  would be e x p e c te d  t h a t  

i n u l i n ,  w i th  a m o le c u la r  w eigh t o f  a p p ro x im a te ly  5000, 

would d i f f u s e  a c r o s s  th e  c o rn e a l  e n d o th e liu m  much more 

s lo w ly  th a n  m a n n ito l  (m o lecu la r  w e ig h t = 1 8 1 ) .  T h is  may 

ac co u n t f o r  th e  n o n l in e a r  n a tu r e  o f  o C -a m in o is o b u ty r ic  

a c id  (AIB) u p ta k e  v s .  t im e when th e  c o r r e c t i o n  f o r  e x t r a ­

c e l l u l a r  AIB i s  d e te rm in ed  by th e  i n u l i n  sp a c e  (F ig u re  4) . 

The more r a p i d  i n i t i a l  u p ta k e  r a t e  o f  AIB d u r in g  th e  f i r s t  

hour (F ig u re  4) i s  i n c o n s i s t e n t  w i th  th e  r a t e  o f  AIB up­

ta k e  d u r in g  th e  fo l lo w in g  th r e e  h o u rs  and a l s o  w i th  th e  

u p ta k e  c u rv e  f o r  AIB when m an n ito l  i s  u sed  t o  m easure  th e  

e x t r a c e l l u l a r  sp ace  (F ig u re  3 ) .  T h is  i n i t i a l  r a p i d  u p ta k e  

o f  AIB can  be ac co u n te d  f o r  by th e  f a c t  t h a t  AIB i s  moving 

a c r o s s  th e  e n d o th e liu m  more r a p i d l y  th a n  i n u l i n  and i s  

t h e r e f o r e  e q u i l i b r a t i n g  w ith  th e  e x t r a c e l l u l a r  w a te r  more 

r a p i d l y .  The c o n c e n t r a t io n  o f  AIB i n  th e  e x t r a c e l l u l a r  

sp a ce  i s ,  t h e r e f o r e ,  s i g n i f i c a n t l y  c r e a t e r  th a n  t h a t  o f



i n u l i n ,  and th e  c o r r e c t i o n  f o r  th e  e x t r a c e l l u l a r  AIB i s  

s p u r i o u s l y  low. M a n n ito l ,  w ith  a m o le c u la r  w e ig h t more 

c l o s e l y  a p p ro x im a tin g  t h a t  o f  AIB, presum ably  e n t e r s  t h e  

e x t r a c e l l u l a r  w a te r  a t  a p p ro x im a te ly  th e  same r a t e  a s  AIB. 

A no ther  i n d i c a t i o n  t h a t  m a n n ito l  e q u i l i b r a t e s  i n  t h e  e x t r a ­

c e l l u l a r  w a te r  v e ry  r a p i d l y  i s  th e  o b s e rv a t io n  t h a t  th e  

i n c r e a s e  i n  m a n n ito l  sp a ce  w ith  tim e  p a r a l l e l s  th e  i n c r e a s e  

i n  th e  wet w e ig h t o f  th e  c o rn e a .

Removal o f  sodium from th e  in c u b a t io n  media i n t i a l - :  

l y  c a u s e s  a  s l i g h t  d e c re a s e  in  th e  e x t r a c e l l u l a r  sp a c e  o f  

th e  to a d  c o rn e a .  A f t e r  2 .5  h o u rs  o f  in c u b a t io n  in  sod ium - 

f r e e  R in g e r ’s  s o l u t i o n ,  th e  e x t r a c e l l u l a r  sp a ce  o f  t h e  

c o rn e a  i n c r e a s e s  s i g n i f i c a n t l y .  Candia h as  found  t h a t  

a f t e r  two ho u rs  o f  in c u b a t io n  o f  th e  b u l l f r o g  c o rn e a  in  

s o d iu m -f re e  R in g e r ’s  s o l u t i o n  t h e r e  i s  a l a r g e  i n c r e a s e  in  

b o th  u n i d i r e c t i o n a l  c h l o r i d e  f lu x e s  to  a p p ro x im a te ly  80 

uA/cm2 (2 5 ) .  These d a t a  s u g g e s t  t h a t  rem oval o f  sodium 

i n c r e a s e s  c o rn e a l  p e r m e a b i l i t y  and prom otes c o r n e a l  

s w e l l i n g .

B. Amino A cid A ccum ula tion  S tu d ie s

AIB e n t e r s  th e  in  v i t r o  to a d  co rn ea  a c r o s s  t h e  endo­

t h e l i a l  s u r f a c e .  T h is  c o n c lu s io n  i s  in  ag reem en t w i th  th e  

s t u d i e s  o f  T h o ft  and  F r ie n d  who d em o n s tra te d  t h a t  AIB en ­

t e r s  th e  i n  v iv o  r a b b i t  co rn e a  a c ro s s  th e  e n d o th e l iu m , th e  

e p i th e l iu m  b e in g  r e l a t i v e l y  impermeable t o  t h i s  amino a c i d  

(3 8 ) .  T h is  r e s u l t  i s  a l s o  i n  agreem ent w i th  th e  f i n d i n g
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t h a t  g lu c o s e  e n t e r s  th e  c o rn ea  th ro u g h  th e  en d o th e liu m  

(5 , 6 ) .

The i n  v i t r o  to a d  co rn e a  e x h i b i t s  s a t u r a b l e  c a r r i e r -  

m ed ia ted  a c c u m u la t io n  o f  AIB. T h is  amino a c id  i s  g e n e r a l ly  

c o n s id e r e d  t o  be a s u b s t r a t e  f o r  t h e  t r a n s p o r t  system  

r e s p o n s i b l e  f o r  t h e  so d iu m -dependen t u p ta k e  o f  g ly c in e  and 

a l a n i n e  ( th e  A sy s tem ) (4 4 ) ,  and th e  a c c u m u la t io n  o f  r a d i o ­

a c t i v e  AIB by t i s s u e s  i s  o f t e n  i n t e r p r e t e d  a s  a m easure o f  

t h i s  s i n g l e  t r a n s p o r t  p r o c e s s  (4 1 ) .  However, in  th e  to a d  

c o rn e a  AIB u p ta k e  i s  a p p a r e n t ly  m e d ia te d  by a t  l e a s t  two 

s e p a r a t e  s y s t e m s . The u p ta k e  o f  t h i s  amino a c id  i s  

red u ce d  o n ly  a b o u t  60% by th e  a d d i t i o n  o f  h ig h  c o n c e n t r a ­

t i o n s  o f  a l a n i n e .  G ly c in e ,  a l s o  a  p r e f e r r e d  s u b s t r a t e  f o r  

th e  A - t r a n s p o r t  sy s tem  (4 3 ) ,  i n h i b i t s  AIB u p ta k e  ab o u t 40%. 

L e u c in e ,  a s  w e l l  a s  i s o l e u c i n e  and v a l i n e ,  a r e  t r a n s p o r t e d  

by th e  L sy s te m , w hich  does n o t  a c cu m u la te  AIB in  most t i s ­

su e s  (4 3 ) .  The p r e s e n c e  o f  l e u c in e  in  th e  medium, which 

has  no e f f e c t  upon a l a n i n e  u p ta k e  in  th e  to a d  c o rn e a ,  

re d u c e s  t h e  u p ta k e  o f  AIB by ab o u t 30%. T h is  r e s u l t  i n ­

d i c a t e s  t h a t  a  l a r g e  p o r t i o n  o f  th e  AIB i s  accum ula ted  by 

a mechanism n o rm a lly  t r a n s p o r t i n g  l e u c i n e ,  p resum ably  th e  

L sy s te m . The e f f e c t s  o f  a l a n i n e ,  g ly c in e ,  and le u c in e  

upon AIB u p ta k e  a r e  r e l a t e d  t o  t h e i r  c o n c e n t r a t i o n s ,  w ith  

a maximum i n h i b i t i o n  o f  AIB u p ta k e  o c c u r r in g  a t  a f i v e ­

f o ld  c o n c e n t r a t i o n  o f  each  o f  th e  n a t u r a l  amino a c i d s .

The i n h i b i t i o n  o f  AIB u p ta k e  by a l a n i n e  e x h i b i t s  a s l i g h t
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d e c re a s e  a t  a c o n c e n t r a t i o n  o f  5 mM a l a n i n e .  Because th e  

i n h i b i t i o n  a c h ie v e d  w i th  2 .5  mM and 10 mM a l a n i n e  i s  id e n ­

t i c a l  we f e e l  t h a t  maximal i n h i b i t i o n  o f  AIB o c c u rs  a t  a 

c o n c e n t r a t io n  o f  2 .5  mM a l a n i n e .

The i n h i b i t o r y  e f f e c t s  o f  u n la b e le d  l e u c i n e  upon 

AIB u p ta k e  a r e  a d d i t i v e  w i th  th o s e  o f  g ly c in e  o r  a l a n i n e .  

The p re s e n c e  o f  b o th  l e u c i n e  and  g ly c in e  does n o t ,  however, 

co m p le te ly  b lo c k  AIB a c c u m u la t io n  by th e  c o r n e a .  AIB up­

ta k e  in  th e  p re s e n c e  o f  2 0 - f o l d  c o n c e n t r a t i o n s  o f  b o th  

l e u c in e  and g ly c in e  am ounts t o  26% o f  th e  c o n t r o l  v a l u e . 

T h is  i n d i c a t e s  th e  p a r t i c i p a t i o n  o f  y e t  a n o th e r  t r a n s p o r t  

sy stem  in  th e  a c c u m u la t io n  o f  AIB by th e  to a d  c o r n e a . We 

found t h a t  th e  f u r t h e r  a d d i t i o n  o f  s e r i n e  (10 mM) to  th e  

in c u b a t io n  medium c o n t a in i n g  s a t u r a t i n g  c o n c e n t r a t io n s  (1) 

mM) o f  l e u c in e  and g ly c in e  r e d u c e s  t h i s  sm a ll  r e s i d u a l  AIB 

u p ta k e  by a p p ro x im a te ly  35%. These d a ta  s u g g e s t  th e  p a r ­

t i c i p a t i o n  o f  a t h i r d  t r a n s p o r t  sy s tem , which i s  co m p e ti­

t i v e l y  i n h i b i t e d  by s e r i n e ,  i n  t h e  a c c u m u la t io n  o f  AIB.

T h is  t h i r d  system  may be th e  ASC-system o r i g i n a l l y  d e s c r i b ­

ed by C h r is t e n s e n ,  L ian g  and A rch er  in  th e  E h r l i c h  c e l l  

(4 6 ) .  The ASC-system t r a n s p o r t s  a l a n i n e ,  c y s t e i n e  and 

s e r i n e  b u t g ly c in e  i s  e x c lu d e d  from t r a n s p o r t  by t h i s  s y s ­

tem. In  our s t u d i e s  we found t h a t  th e  d e g re e  o f  i n h i b i ­

t i o n  o f  AIB u p ta k e  in  t h e  p r e s e n c e  o f  10 mM a l a n i n e  p lu s  

10 mM le u c in e  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from th e  

i n h i b i t i o n  o f  AIB u p ta k e  in  t h e  p re s e n c e  o f  10 mM g ly c in e
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p lu s  10 mM le u c in e  p lu s  10 mM s e r i n e  (P = .20 ) . On th e  

o t h e r  hand, th e  i n h i b i t i o n  o f  AIB u p ta k e  by 10 mM a l a n in e  

p lu s  10 mM le u c in e  was s i g n i f i c a n t l y  g r e a t e r  (P<0.005) 

th a n  th e  i n h i b i t i o n  o f  AIB u p ta k e  by 10 mM g ly c in e  p lu s  10 

mM l e u c i n e .  We a l s o  found  t h a t  a l a n i n e  i n h i b i t e d  AIB up­

ta k e  to  a g r e a t e r  e x t e n t  th a n  g l y c i n e .  T ra n s p o r t  v i a  th e  

ASC-system h as  been found t o  be so d iu m -d ep en d en t in  a l l  

t i s s u e s  s t u d i e d  (4 6 ) .  When c o rn e a s  w ere in c u b a te d  in  th e  

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

media w ith  o r  w i th o u t  sodium we found  no d i f f e r e n t i a l  e f ­

f e c t s  upon AIB u p t a k e . T h is  i n d i c a t e s  t h a t  t h i s  t h i r d  s y s ­

tem in v o lv e d  i n  AIB accu m u la tio n  i s  n o t  so d iu m -d ep en d en t .

In  summary, our r e s u l t s  i n d i c a t e  t h a t  a c c u m u la t io n  o f  AIB 

by th e  to a d  co rn ea  i s  m e d ia te d  by t h r e e  s y s te m s . The t h i r d  

sys tem  t r a n s p o r t s  a l a n in e  and AIB b u t  g ly c in e  and le u c in e  

a r e  ex c lu d ed  from t r a n s p o r t  by t h i s  sy s te m . In  t h i s  s e n s e ,  

i t  c l o s e l y  re se m b le s  t h e  ASC sy s te m . T h is  t h i r d  system  

d i f f e r s  from th e  ASC sy s tem  in  t h a t  i t  i s  n o t  sodium - 

d ependen t .

These r e s u l t s  show t h a t  AIB u p ta k e  does n o t  r e p r e ­

s e n t  th e  a c t i v i t y  o f  one homogeneous t r a n s p o r t  sy s tem  in  

t h e  co rn ea  and t h e r e f o r e  u p ta k e  d a t a  o b ta in e d  w i th  t h i s  

amino a c id  must be i n t e r p r e t e d  w i th  t h i s  s e r i o u s  l i m i t a ­

t i o n  in  mind.

The ac c u m u la t io n  o f  amino a c i d s  by th e  A system  in  

most t i s s u e s  i s  co u p led  t o  th e  movement o f  sodium i n t o
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th e  t i s s u e  and i s  i n h i b i t e d  by l a c k  o f  sodium  i n  th e  

medium (41, 4 2 ) .  A s i g n i f i c a n t  p o r t i o n  o f  t h e  AIB u p ta k e  

by th e  to a d  co rn ea  i s  m a in ta in e d  when sodium i s  r e p la c e d  

w ith  c h o l i n e .  The d eg ree  o f  i n h i b i t i o n  i s  r e l a t e d  t o  th e  

l e n g th  o f  t im e t h a t  th e  co rn ea  i s  in c u b a te d  i n  c h o l in e  

R i n g e r 's ,  b u t  n ev e r  exceeds a p p ro x im a te ly  55%. T h is  d e g re e  

o f  i n h i b i t i o n  i s  a p p ro x im a te ly  th e  same a s  t h a t  o b ta in e d  

u s in g  a l a n i n e  as  a c o m p e t i t iv e  i n h i b i t o r  o f  AIB u p ta k e .

We m easured  th e  e f f e c t s  o f  sodium re p la c e m e n t  upon th e  

u p ta k e  o f  r a d i o a c t i v e  a l a n in e  and found  t h a t  t h e  d e g re e  o f  

i n h i b i t i o n  o f  u p ta k e  o f  t h i s  amino a c i d  i s  a l s o  r e l a t e d  to  

th e  l e n g th  o f  th e  p r e in c u b a t io n  p e r io d  i n  s o d iu m -f re e  

R in g e r .  Because th e  r e l a t i v e  i n h i b i t i o n  o f  a l a n i n e  up­

ta k e  i s  a p p ro x im a te ly  50-75% g r e a t e r  th a n  t h a t  o f  AIB, and 

becau se  re p la c e m e n t  of sodium h as  no e f f e c t  upon th e  a c c u ­

m u la t io n  o f  r a d i o a c t i v e  l e u c i n e ,  we i n t e r p r e t e d  t h e s e  d a t a  

a s  f u r t h e r  e v id e n c e  t h a t  AIB i s  t r a n s p o r t e d  by system s 

o th e r  th a n  th e  sod ium -dependen t A sy s te m . The t im e -d e p e n d ­

e n t  n a t u r e  o f  th e  i n h i b i t i o n ,  and t h e  f a c t  t h a t  a l a n i n e  

u p ta k e  i s  n o t  co m p le te ly  i n h i b i t e d ,  may be due t o  t h e  f a c t  

t h a t  th e s e  p r o c e s s e s ,  co u p led  to  sodium , a r e  l o c a t e d  i n  a 

p o r t i o n  o f  t h e  co rn ea  which r e t a i n s  s i g n i f i c a n t  amounts 

o f  sodium . For exam ple, th e s e  t r a n s p o r t  p r o c e s s e s  may be 

l o c a t e d  a t  th e  b a s a l  m argin  o f  th e  e p i t h e l i u m ,  in  which 

c a s e  th e  t im e-d ep en d e n t  e l u t i o n  o f  e x t r a c e l l u l a r  sodium 

from th e  u n d e r ly in g  s trom a would r e q u i r e  a lo n g  p e r io d  to
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r e d u c e  t h e  l o c a l  c o n c e n t r a t io n  o f  sodium t o  i n h i b i t o r y  

l e v e l s .

When th e  e f f e c t s  o f  v a r io u s  m e ta b o l ic  i n h i b i t o r s  

upon AIB u p ta k e  were s t u d i e d ,  i t  was found t h a t  o n ly  io d o -  

a c e t a t e  was e f f e c t i v e  in  i n h i b i t i n g  th e  u p ta k e  o f  t h i s  

am ino a c i d .  I o d o a c e ta t e  i n h i b i t s  th e  enzyme 3 -p h o sp h o g ly -  

c e ra ld e h y d e  d ehydrogenase  th u s  b lo c k in g  g l y c o l y s i s . Because 

i o d o a c e t a t e  o n ly  i n h i b i t s  th e  ac c u m u la t io n  o f  AIB and  a l a ­

n i n e ,  we co n c lu d e  t h a t  g l y c o l y s i s  p ro v id e s  p a r t  o f  t h e  

e n e rg y  f o r  ac c u m u la tio n  o f  amino a c id s  v i a  th e  sod ium - 

d e p e n d e n t t r a n s p o r t  s y s te m s .  S c h a fe r  and Heinz have found 

t h a t  th e  p o t e n t i a l  en e rg y  o f  th e  s o d iu m -g ra d ie n t  i s  n o t  

s u f f i c i e n t  to  a c c o u n t  f o r  a l l  th e  energy  r e q u i r e d  f o r  AIB 

a c c u m u la t io n  by th e  E h r l i c h  c e l l  (5 2 ) .  In  th e  to a d  c o rn e a  

th e  en e rg y  d e r iv e d  from g ly c o l y s i s  a p p e a rs  to  be n e c e s s a r y  

f o r  maximal a c c u m u la t io n  o f  amino a c id s  v i a  sy s tem s  g e n e r ­

a l l y  c o n s id e r e d  t o  be so d ium -dependen t.  G ly c o ly s i s  e v id e n t  

l y  i s  n o t  p ro v id in g  th e  energy  r e q u i r e d  t o  m a in ta in  th e  

s o d iu m -g ra d ie n t  a c r o s s  c e l l s  because  our s t u d i e s  w i th  oua­

b a in  and th e  rem oval o f  sodium i n d i c a t e  t h a t  t h e  sodium - 

g r a d i e n t  would n o t  be reduced  s i g n i f i c a n t l y  d u r in g  a one 

h o u r  i n c u b a t i o n .

An u n ex p e c ted  and rem arkab le  f in d in g  was th e  s u b ­

s t a n t i a l  s t i m u l a t i o n  o f  AIB u p ta k e  by a r s e n i t e .  Amino 

a c i d  u p ta k e ,  i n i t i a l l y  in c r e a s e d  by a p p ro x im a te ly  50%, was 

maintained a t  a s i g n i f i c a n t l y  h ig h e r  r a t e  compared t o  con -
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t r o l s  even  a f t e r  a p r e in c u b a t io n  p e r io d  o f  4 .5  h o u rs  in  

a r s e n i t e .  T h is  s u s t a i n e d  in c r e a s e  in  amino a c id  u p ta k e  

fo l lo w in g  a r s e n i t e  i s  s i m i l a r  t o  th e  e f f e c t s  o f  t h i s  a g e n t  

upon c h l o r i d e  t r a n s p o r t  a c r o s s  th e  b u l l f r o g  c o rn ea  (2 4 ) .

We f u r t h e r  found t h a t  a r s e n i t e  m arkedly  s t i m u l a t e s  th e  up­

ta k e  o f  r a d i o a c t i v e  l e u c in e  (56%), w h ile  t h e  u p ta k e  o f  

r a d i o a c t i v e  a l a n i n e  i s  red u ced  (36%) by t h i s  a g e n t . Appar­

e n t l y  t h e  l a r g e  in c re m e n t in  AIB u p ta k e  i s  an  e x p r e s s io n  o f  

t h e  s t i m u l a t i o n  o f  th e  sys tem  n o rm a lly  t r a n s p o r t i n g  l e u c in e  

and AIB and a l e s s e r  i n h i b i t i o n  o f  th e  s y s te m (s )  n o rm a lly  

t r a n s p o r t i n g  a l a n i n e  and AIB.

A r s e n i t e  c a u s e s  an  ac c u m u la tio n  o f  l a c t a t e  in  th e  

media b a th in g  th e  c o rn e a  (2 7 ) ,  p resum ably  by i n h i b i t i n g  

t i s s u e  p y ru v a te  dehydrogenase  (7 6 ) .  P y ru v a te  d ehydrogenase  

i s  a m u lt i-en zy m e sy s tem  r e s p o n s i b l e  f o r  t h e  c o n v e rs io n  o f  

p y r u v a te  t o  a c e t y l  CoA. One component o f  t h i s  complex i s  

d i h y d r o l i p o a t e  d e h y d ro g e n a se .  A r s e n i te  r e a c t s  w ith  th e  

s u l f h y d r y l  r e s i d u e s  on d ih y d r o l ip o a t e  and th e r e b y  p r e v e n t s  

t h e  r e o x i d a t i o n  o f  l i p o a t e .  T h is  i n h i b i t i o n  b lo c k s  t h e  

f u r t h e r  m e tab o lism  o f  p y ru v a te  f u rn i s h e d  by th e  g l y c o l y t i c  

pathw ay and c a u s e s  th e  a c cu m u la t io n  o f  p y r u v a te .  The p r e s ­

en ce  o f  l a c t i c  dehydrogenase  would p e rm it  th e  c o n c o m itan t  

i n c r e a s e  i n  l a c t i c  a c i d .  The a d d i t i o n  o f  D ,L - l a c t a t e  to  

th e  b a th in g  media o f  th e  u n t r e a t e d  co rn ea  g iv e s  r e s u l t s  

v e ry  s i m i l a r  t o  th o s e  found in  th e  a r s e n i t e  t r e a t e d  c o rn e a :  

l e u c i n e  u p ta k e  i s  a lm o s t  d o u b le d ,  w h ile  a l a n i n e  accum ula­
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t i o n  i s  s i g n i f i c a n t l y  re d u c e d .  These d a ta  i n d i c a t e  t h a t  

th e  e f f e c t s  o f  a r s e n i t e  upon amino a c id  u p ta k e  by th e  

c o rn e a  may be m e d ia ted  by a r i s e  in  t i s s u e  l a c t a t e  l e v e l s .  

They a l s o  s u g g e s t  t h a t  th e  h ig h  c o n c e n t r a t io n  o f  l a c t i c  

a c id  n o rm a lly  p r e s e n t  in  th e  aqueous humor (31) may have 

s i g n i f i c a n t  e f f e c t s  upon th e  t r a n s p o r t  p r o p e r t i e s  o f  th e  

in  v iv o  c o r n e a .

A sc o rb ic  a c i d  i s  a n o th e r  r e d u c in g  a g e n t  found i n  

r a t h e r  h ig h  c o n c e n t r a t i o n s  in  th e  aqueous humor. As i n d i ­

c a te d  i n  T ab le  9 , a s c o r b a t e  c a u s e s  a c o n c e n t r a t io n -d e p e n d ­

e n t  i n c r e a s e  i n  l e u c i n e  a c c u m u la tio n  by th e  in  v i t r o  to a d  

c o r n e a .  T h is  i n c r e a s e  i s  u n a f f e c t e d  by c l a s s i c a l  i n h i b i ­

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

t h i s  i n c r e a s e  i n  t r a n s p o r t  i s  n o t  due t o  an i n c r e a s e  in  

ATP s y n t h e s i s .  T h is  c o n c lu s io n  i s  f u r t h e r  s u b s t a n t i a t e d  

by th e  f a c t  t h a t  exogenous ATP s t i m u la t e s  th e  t r a n s p o r t  o f  

m e ta b o l i z a b le  amino a c id s  and h as  no d i f f e r e n t i a l  e f f e c t  

on t h e  v a r io u s  sy s tem s r e s p o n s i b l e  f o r  amino a c i d  accumu­

l a t i o n .  T here  a r e  o n ly  two o th e r  r e p o r t s  o f  s t i m u l a t i o n  

o f  t r a n s p o r t  by exogenous ATP known to  th e  a u t h o r . K idder  

(75) found  t h a t  exogenous ATP c a u se s  a t r a n s i e n t  i n c r e a s e  

i n  a c i d  s e c r e t i o n  by th e  f ro g  g a s t r i c  mucosa. T h is  e f f e c t  

o f  ATP was c o r r e l a t e d  w ith  a r e d u c t io n  o f  cytochrom e c .  

G e re n c se r  and A rm strong (76) showed t h a t  ATP, when added 

to  th e  m ucosal b a th in g  s o l u t i o n ,  s t i m u la t e s  th e  m ucosal 

t o  s e r o s a l  sodium  f l u x  a c r o s s  b u l l f r o g  sm all i n t e s t i n e .
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The s im p le s t  e x p l a n a t io n  f o r  t h e  e f f e c t  o f ATP in  th e s e  

t i s s u e s  i s  t h a t  ATP i s  e n t e r i n g  t h e  c e l l s .  A lthough th e s e  

a u th o r s  have n o t  shown t h i s  t o  be th e  c a s e ,  t h e r e  a r e  o th e r  

r e p o r t s  o f  p e n e t r a t i o n  o f  ATP i n t o  c e l l s  (77, 7 8 ) .

Kaback and  h i s  c o l l e a g u e s  have d e s c r ib e d  an e l e c t r o n  

t r a n s p o r t - d e p e n d e n t  s t i m u l a t i o n  o f  amino a c id  and su g a r  

u p ta k e  i n  membrane v e s i c l e s  p r e p a r e d  from b a c t e r i a  (7 9 -8 3 ) .  

In  v e s i c l e s  p r e p a r e d  from E. c o l i  th e y  found t h a t  D - l a c t a t e ,  

D ,L - 2 -h y d ro x y b u ty ra te , s u c c i n a t e ,  a s c o r b a t e ,  and L - l a c t a t e  

s t i m u l a t e  t h e  u p ta k e  o f  amino a c id s  and su g a rs  th ro u g h  a 

membrane-bound D - l a c t i c  d ehydrogenase  coup led  t o  an e l e c t r o n  

t r a n s p o r t  c h a in  (8 3 ) .  ATP and p h o sp h o -e n o l-p y ru v a te  were 

e f f e c t i v e  i n  s t i m u l a t i n g  amino a c i d  and su g a r  u p tak e  and 

th e  sy s tem  was n o t  i n h i b i t e d  by h ig h  c o n c e n t r a t io n s  o f  

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

p o r t  c h a in  d id  n o t  in v o lv e  o x id a t i v e  p h o s p h o ry la t io n  (8 0 ) .  

The mechanism p ro p o se d  by t h e s e  w orkers  (79) d e p i c t s  th e  

c a r r i e r s  f o r  amino a c id s  and s u g a r s  a s  e l e c t r o n  t r a n s f e r  

im m edia tes w hich undergo  r e v e r s i b l e  o x id a t io n  and r e d u c ­

t i o n .  In  th e  o x id iz e d  s t a t e ,  t h e  " c a r r i e r ” h as  a h ig h  

a f f i n i t y  s i t e  f o r  t h e  l i g a n d  (amino a c id  or s u g a r )  which 

i t  b in d s  a t  t h e  e x t e r i o r  s u r f a c e  o f  t h e  membrane. E le c ­

t r o n s  coming from  one o f  t h e  e l e c t r o n  donors ( l a c t a t e ,  

a s c o r b a t e ,  e t c . )  r e d u c e  a c r i t i c a l  d i s u l f i d e  bond i n  th e  

c a r r i e r  r e s u l t i n g  i n  a c o n fo rm a t io n a l  change. This r e ­

duces th e  a f f i n i t y  o f  t h e  c a r r i e r  f o r  i t s  l ig a n d  and th e
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l i g a n d  i s  r e l e a s e d  on t h e  i n t e r i o r  s u r f a c e  o f  th e  membrane. 

Kaback f u r t h e r  p ro p o s e s  th e  p re s e n c e  o f  more th a n  one e l e c ­

t r o n  t r a n s f e r  c a r r i e r  b e c a u se  amino a c id  u p ta k e  c o m p e t i t io n  

e x p e r im e n ts  i n d i c a t e  t h e  p re s e n c e  o f  s p e c i f i c  t r a n s p o r t  

s y s te m s .

A s i m i l a r  sy s te m  may be r e s p o n s i b l e  f o r  th e  a s c o r -  

b a t e - s t i m u l a t e d  a c c u m u la t io n  o f  amino a c id s  by a system  

whose s p e c i f i c i t y  i s  s i m i l a r  to  t h a t  o f  th e  L -sy s tem . The 

l a c k  o f  e f f e c t  o f  ATP, o l ig o m y c in ,  and d in i t r o p h e n o l  i n d i ­

c a t e s  t h a t  o x i d a t i v e  p h o s p h o r y la t io n  i s  n o t  in v o lv e d  i n  

th e  s t i m u l a t i o n  o f  amino a c i d  t r a n s p o r t  caused  by a s c o r b a t e . 

The c a p a c i ty  o f  c a rb o n  monoxide t o  i n h i b i t  a s c o r b a te  s t i ­

m u la ted  l e u c in e  u p ta k e  i n d i c a t e s  t h a t  m icrosom al e l e c t r o n  

t r a n s p o r t  may be i n v o lv e d .  Cytochrome P450, a m icrosom al 

cy tochrom e, i s  i n h i b i t e d  by ca rb o n  monoxide b u t  i s  u n a f ­

f e c t e d  by cy a n id e  and  o th e r  i n h i b i t o r s  o f  m i to c h o n d r ia l  

e l e c t r o n  t r a n s p o r t  (84) . 2 -H e p ty l-4 -h y d ro x y q u in o l in e -N -  

o x id e  (HOQNO) p ro b a b ly  s t i m u l a t e s  l e u c in e  a c cu m u la t io n  by 

b lo c k in g  th e  r e v e r s e  flow  o f  e l e c t r o n s  from ATP th ro u g h  

th e  m i to c h o n d r ia l  e l e c t r o n  t r a n s p o r t  c h a in .  T h is  i n h i b i ­

t i o n  o f  r e v e r s e  e l e c t r o n  flow l e a d s  to  h ig h e r  l e v e l s  o f  

ATP, which s t i m u l a t e s  l e u c i n e  a c c u m u la t io n .  We t h e r e f o r e  

s u g g e s t  t h a t  l a c t a t e  and a s c o r b a t e ,  compounds found i n  

h ig h  c o n c e n t r a t i o n s  i n  t h e  aqueous humor o f  most v e r t e ­

b r a t e s ,  p la y  a s p e c i f i c  r o l e  in  c o r n e a l  amino a c id  t r a n s ­

p o r t .  These compounds a r e  b o th  r e d u c in g  a g e n ts  and ou r



ev id en ce  i n d i c a t e s  t h a t  th e y  a c t  a s  e l e c t r o n  donors  t o  an 

e x t r a m i to c h o n d r i a l  e l e c t r o n  t r a n s p o r t  c h a in .  R ed u c tio n  o f  

th e  c a r r i e r  p r o t e i n  o f  an  amino a c id  t r a n s p o r t  system  which 

c l o s e l y  re se m b le s  th e  L sy s tem  s t i m u l a t e s  a c c u m u la tio n  v ia  

t h i s  sy s te m . A s c o rb a te  i s  a c t i v e l y  t r a n s p o r t e d  a c ro s s  th e  

c i l i a r y  p r o c e s s e s  a t  t h e  expense  o f  c o n s id e r a b le  m e ta b o l ic  

energy  and i t  may be t h a t  t h i s  i s  th e  means by which th e  

v a s c u la r  c i l i a r y  body t r a n s f e r s  en e rg y  to  th e  a v a s c u la r  

c o rn e a .  T h is  e n e rg y ,  i n  th e  form o f  red u ced  a s c o r b a t e ,  

h e lp s  t o  p ro v id e  th e  c o rn e a  w ith  amino a c id s  f o r  p r o t e i n  

s y n t h e s i s .

We have found  t h a t  d i b u t y r y l  cAMP s t i m u l a t e s  th e  

u p take  o f  AIB, a l a n i n e ,  and l e u c i n e .  T h is  e f f e c t  i s  n o t  

s p e c i f i c  f o r  one amino a c i d  t r a n s p o r t  system  because  we 

have shown t h a t  a l a n i n e  i s  t r a n s p o r t e d  by th e  sodium - 

dependen t A sy s tem  w h ile  l e u c in e  i s  t r a n s p o r t e d  by th e  

so d iu m -in d ep en d e n t L sy s te m . Because o u ab a in  i n h i b i t s  th e  

d ib u ty r y l  cA M P -stim ula ted  component o f  amino a c id  accumu­

l a t i o n  we s u g g e s t  t h a t  d i b u t y r y l  cAMP s t i m u l a t e s  amino 

a c id  t r a n s p o r t  by m o d ify in g  a  s o d iu m - s e n s i t i v e  in te r m e d ia te  

in v o lv e d  in  amino a c id  t r a n s p o r t . We have a l s o  found t h a t  

th e  s t i m u l a t i o n  o f  amino a c id  a c c u m u la tio n  by d ib u ty r y l  

cAMP i s  n o t  im m ed ia te .  P r e in c u b a t io n  o f  th e  t i s s u e  f o r  

two h o u rs  i n  th e  p r e s e n c e  o f  t h i s  a g e n t  i s  r e q u i r e d  b e fo re  

any e f f e c t  on amino a c i d  ac c u m u la t io n  i s  s e e n .  These r e ­

s u l t s  a r e  c o n s i s t e n t  w i th  th o s e  o f  Weiss e t  a l . (8 5 ) .
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These r e s e a r c n e r s  found  t h a t  1 mM d i b u t y r y l  cAMP s t im u la te d  

th e  u p tak e  o f  AIB, g l y c i n e ,  L - l e u c i n e ,  L - l y s in e  and L- 

a r g in in e  by r a t  k id n e y  c o r t e x  s l i c e s .  They showed t h a t  

th e  s t i m u l a t i o n  o f  amino a c i d  a c c u m u la t io n  was sodium - 

dependen t and t h a t  t h e r e  was a d e la y  i n  s t i m u l a t i o n  o f  amino 

a c id  t r a n s p o r t  o f  a p p ro x im a te ly  two h o u r s .  The a u th o r s  f u r ­

t h e r  showed t h a t  d i b u t y r y l  cAMP o n ly  s t i m u la t e d  th e  sodium - 

dependen t component o f  L - l y s i n e  a c c u m u la t io n .  They d id  n o t  

e x p la in  t h e  enhancem ent o f  l e u c i n e  a c c u m u la t io n  by d ib u t y r y l  

cAMP. L eucine  a c c u m u la t io n  h a s  been  found t o  be m ed ia ted  

s o l e l y  by so d iu m -in d ep en d en t t r a n s p o r t  sy s tem s i n  most 

t i s s u e s .  A s i m i l a r  sy s tem  h a s  been d e s c r ib e d  f o r  amino 

a c id  accu m u la t io n  by f e t a l  r a t  c a l v a r i a  ( 8 6 ) .  D ib u ty ry l  

cAMP on ly  enhanced t h e  a c c u m u la t io n  o f  amino a c i d s  t h a t  

a r e  t r a n s p o r t e d  by so d iu m -d ep en d en t s y s t e m s . The a u th o r s  

a l s o  r e p o r te d  t h a t  t h e  r e s p o n s e  t o  d i b u t y r y l  cAMP was de­

la y e d  f o r  two h o u r s . Both g ro u p s  found t h a t , i n  agreem ent 

w ith  our r e s u l t s ,  d i b u t y r y l  cAMP was more e f f e c t i v e  i n  

enhanc ing  amino a c id  a c c u m u la t io n  th a n  was cAMP. Many 

a u th o r s  have p o s t u l a t e d  t h a t  d i b u t y r y l  cAMP e n t e r s  c e l l s  

more r a p i d l y  th a n  cAMP (87) , b u t  i t  h as  been shown t h a t  

cAMP e n t e r s  c e l l s  grown i n  t i s s u e  c u l t u r e  more r a p i d l y  

th a n  i t s  d ib u ty r y l  d e r i v a t i v e  (8 8 ) .  R ecent s t u d i e s  have 

shown t h a t  d ib u t y r y l  cAMP i n h i b i t s  th e  p h o s p h o d ie s te ra s e  

t h a t  c o n v e r ts  cAMP t o  5 ’-AMP and th e re b y  f a c i l i t a t e s  th e  

i n t r a c e l l u l a r  a c c u m u la t io n  o f  en d ogenously  p roduced  cAMP
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(8 9 ) .  T his  would acco u n t f o r  th e  g r e a t e r  e f f e c t i v e n e s s  o f  

th e  d i b u t y r y l  d e r i v a t i v e  o f  cAMP. I t  h a s  a l s o  been shown 

t h a t  d ib u ty r y l  cAMP i s  more e f f e c t i v e  th a n  cAMP in  s t i m u l a t ­

in g  c h l o r id e  t r a n s p o r t  a c ro s s  b o th  th e  am phib ian  (67) and 

r a b b i t  co rn ea  (6 8 ) .  The in c r e a s e  i n  c h l o r i d e  t r a n s p o r t  

d e s c r ib e d  by th e s e  a u th o r s  was im m edia te  and t r a n s i e n t  

w h i le  th e  e f f e c t  o f  th e s e  a g e n ts  on amino a c i d  accum ula­

t i o n  i s  d e la y e d .  I t  t h e r e f o r e  a p p e a r s  t h a t  t h i s  s t i m u la ­

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

c r e a s e d  amino a c id  ac c u m u la t io n  and t h a t  th e s e  two r e s p o n s e s  

do n o t  have any cause  and e f f e c t  r e l a t i o n s h i p .  The s t im u ­

l a t i o n  o f  amino a c id  ac cu m u la tio n  by d i b u t y r y l  cAMP does 

n o t  a p p e a r  t o  have p h y s io lo g ic  s i g n i f i c a n c e  b ecau se  con­

c e n t r a t i o n s  l e s s  th a n  1 mM do no t c a u se  a s i g n i f i c a n t  

i n c r e a s e  i n  amino a c id  a c c u m u la t io n .  We f u r t h e r  s u g g e s t  

t h a t  th e  i n c r e a s e  in  c h l o r id e  t r a n s p o r t  i s  n o t  p h y s io lo g ­

i c a l l y  s i g n i f i c a n t  f o r  th e  same r e a s o n .

V arious  compounds which e i t h e r  mimic o r  p o t e n t i a t e  

th e  a c t i o n  o f  a c e ty l c h o l i n e  a r e  u sed  i n  th e  t r e a tm e n t  o f  

glaucom a. These d ru g s  f a l l  i n t o  f o u r  c a t e g o r i e s :  i r r e v e r s ­

i b l e  c h o l i n e s t e r a s e  i n h i b i t o r s  ( e c h o th io p h a te  i o d id e ,  d i i s o -  

p r o p y l f lu o r o p h o s p h a te ) , r e v e r s i b l e  i n h i b i t o r s  o f  c h o l i n ­

e s t e r a s e  ( e s e r i n e ) , parasym pathom im etic  a l k a l o i d s  ( p i l o ­

c a r p in e )  , and  d e r i v a t i v e s  o f  a c e t y l c h o l i n e  (M e c h o ly l) (9 0 ) .  

A ll  th e s e  d ru g s  r e l i e v e  th e  symptoms o f  glaucoma by i n c r e a s ­

in g  th e  t r u e  ou tf low  f a c i l i t y  o f  t h e  aqueous  humor th ro u g h
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th e  t r a b e c u l a r  meshwork o f  th e  C anal o f  Schlemm. The 

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

c h o l in e  a t  th e  p o s t s y n a p t i c  membrane by b in d in g  w i th  th e  

c h o l i n e s t e r a s e  m o lecu le  so  t h a t  i t  i s  i n e f f e c t i v e  i n  h y d ro ­

l y z in g  a c e t y l c h o l i n e .  I t  has been r e p o r t e d  t h a t  some 

p a t i e n t s  d ev e lo p  c a t a r a c t s  a f t e r  t r e a tm e n t  w i th  t h e  o rg an o ­

phosphorous a n t i c h o l i n e s t e r a s e  a g e n ts  e c h o th io p h a te  io d id e  

(P h o sp h o lin e  io d id e )  and d i i s o p r o p y l f l u o r o p h o s p h a t e .

Because a l l  a g e n ts  t h a t  a r e  a p p l i e d  t o  th e  eye come i n t o  

c o n ta c t  w i th  th e  c o rn e a l  e p i th e l iu m  we s t u d i e d  th e  e f f e c t s  

o f  P h o sp h o lin e  io d id e  upon AIB a c c u m u la t io n  by th e  c o r n e a .  

The f in d in g  t h a t  P h o sp h o lin e  io d id e  does i n h i b i t  AIB a c c u ­

m u la t io n  may be c l i n i c a l l y  im p o r ta n t  b ecau se  th e  e f f e c t  

was r e l a t i v e l y  s p e c i f i c  f o r  amino a c i d  t r a n s p o r t ,  a s  shown 

by th e  i n a b i l i t y  o f  P h o sp h o lin e  io d id e  t o  i n h i b i t  s u g a r  

t r a n s p o r t .  The l a c k  o f  e f f e c t  o f  e s e r i n e  i s  c o n s i s t e n t  

w ith  th e  f a c t  t h a t  t h e r e  have been  no r e p o r t s  o f  e s e r i n e  

induced  c a t a r a c t s .  M echo ly l, an  a n a lo g  o f  a c e t y l c h o l i n e ,  

was a l s o  w i th o u t  e f f e c t  b u t  t h i s  compound h as  a low l i p i d  

s o l u b i l i t y  and t h e r e f o r e  p e n e t r a t e s  t h e  c o rn e a  s lo w ly .

C . Ion T ra n s p o r t  in  th e  Toad Cornea

S tu d ie s  on io n  t r a n s p o r t  i n  th e  c o rn e a  o f  t h e  f r o g ,  

Rana c a te s b e ia n a  have shown t h a t  a  p o t e n t i a l  d i f f e r e n c e  i s  

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

s u r f a c e  n e g a t iv e  w ith  r e s p e c t  to  th e  aqueous humor (22) .
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T h is  p o t e n t i a l  d i f f e r e n c e  i s  a t t r i b u t e d  t o  a  n e t  t r a n s p o r t  

o f  c h l o r i d e  from th e  en d o th e liu m  to  th e  e p i th e l iu m  (22) 

and a s m a l l e r  t r a n s p o r t  o f  sodium in  th e  o p p o s i t e  d i r e c ­

t i o n  (2 3 ) .  T h is  n e t  t r a n s p o r t  o f  c h l o r id e  a c c o u n ts  f o r  

80-90% o f  th e  s h o r t - c i r c u i t  c u r r e n t  o f  th e  in  v i t r o  f ro g  

c o r n e a .  Our s t u d i e s  have shown t h a t  th e  to a d  c o rn e a  a l s o  

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

n e g a t iv e  w i th  r e s p e c t  t o  th e  en d o th e liu m . But we have 

a l s o  found  t h a t  o n ly  58% o f  th e  s h o r t - c i r c u i t  c u r r e n t  i s  

due t o  th e  n e t  t r a n s p o r t  o f  c h lo r id e  from th e  e n d o th e l iu m  

t o  t h e  e p i th e l iu m ,  th e  rem a in in g  42% o f  th e  s h o r t - c i r c u i t  

c u r r e n t  b e in g  a c c o u n te d  f o r  by a n e t  t r a n s p o r t  o f  sodium  

from th e  e p i th e l iu m  t o  th e  en d o th e liu m . The i n c r e a s e  i n  

s h o r t - c i r c u i t  c u r r e n t  and p o t e n t i a l  d i f f e r e n c e  c a u se d  by 

a s c o r b i c  a c id  i s  p r i m a r i l y  due to  a f o u r - f o l d  i n c r e a s e  in  

th e  n e t  f l u x  o f  c h l o r i d e  from th e  e n d o th e liu m  t o  t h e  e p i ­

t h e l iu m .  The q u e s t io n  a r i s e s  a s  to  w he the r  t h i s  i n c r e a s e  

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

a c h l o r i d e - s p e c i f i c  t r a n s p o r t  enzyme o r  a more g e n e r a l i z e d  

i n c r e a s e  in  th e  p e r m e a b i l i t y  o f  th e  c o rn e a .  The f a c t  t h a t  

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

io n ,  and  t h a t  i t  i s  n o t  a s s o c i a t e d  w ith  a change in  th e  

e x t r a c e l l u l a r  sp a ce  o r  wet w eigh t o f  th e  c o rn e a ,  i n d i c a t e s  

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

w i th  c h l o r i d e  t r a n s p o r t .  T h is  argum ent f o r  a s p e c i f i c  e f ­

f e c t  o f  a s c o r b a t e  r e c e i v e s  f u r t h e r  s u p p o r t  from o u r amino
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a c i d  s t u d i e s  in  w hich  we f i n d  t h a t  sod ium -dependen t t r a n s ­

p o r t  p r o c e s s e s  a r e  s t i m u l a t e d .  A p o s s i b l e  mechanism f o r  

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

c u s se d  p r e v i o u s l y .  In  th e  fo l lo w in g  s e c t i o n  we would l i k e  

t o  d i s c u s s  t h i s  h y p o th e s i s  i n  r e l a t i o n  to  a s c o r b a te  

s t i m u l a t e d  io n  t r a n s p o r t .

With r e g a r d  t o  amino a c i d  t r a n s p o r t ,  we have p r e ­

s e n te d  e v id e n c e  t h a t  a s c o r b a t e  i s  a c t i n g  a s  an e l e c t r o n  

donor t o  a m icrosom al e l e c t r o n  t r a n s p o r t  system  and our 

s t u d i e s  on io n  t r a n s p o r t  p r o v id e  f u r t h e r  s u p p o r t  f o r  t h i s  

t h e o r y .  The i n a b i l i t y  o f  r o te n o n e ,  d i n i t r o p h e n o l , and 

c y a n id e  t o  b lo c k  th e  i n c r e a s e  in  s h o r t - c i r c u i t  c u r r e n t  and 

p o t e n t i a l  d i f f e r e n c e  ca u sed  by a s c o r b a te  p ro v id e  s u p p o r t  

f o r  t h i s  t h e o r y .  The l a c k  o f  e f f e c t  o f  ATP p ro v id e s  f u r t h e r  

s u p p o r t  f o r  t h i s  t h e o r y .  T h is  i s  n o t  th e  f i r s t  t im e  t h a t  

an  e x t r a - m i t o c h o n d r i a l  e l e c t r o n  t r a n s p o r t  c h a in  h as  been 

i m p l i c a t e d  i n  io n  t r a n s p o r t .  K id d e r ,  C urran  and Rehm have 

exam ined th e  p o s s i b i l i t y  t h a t  such  a system  may be r e s p o n s ­

i b l e  f o r  hydrogen  io n  s e c r e t i o n  in  th e  b u l l f r o g  g a s t r i c  

mucosa (9 1 ) .  They have found  t h a t  changes in  th e  r a t e  of 

hydrogen  io n  s e c r e t i o n  a r e  c l o s e l y  c o r r e l a t e d  w ith  changes 

i n  th e  o x i d a t i o n - r e d u c t i o n  s t a t e  o f  cytochrom e c .  Acid 

s e c r e t i o n  ca u sed  cytochrom e c t o  s h i f t  t o  a more red u ce d  

s te a d y  s t a t e .  The r e l a t i v e  am ounts o f  cytochrom e b and c 

i n  t h i s  t i s s u e  were a l s o  d e te rm in e d  and i t  was found t h a t  

t h e  amount o f  cytochrom e c g r e a t l y  exceeded  t h a t  o f  c y to ­
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chrome b . T h is  l e a d  th e s e  a u th o r s  t o  p o s t u l a t e  t h a t  e x t r a -  

m i to c h o n d r ia l  cy tochrom e c m igh t be s p e c i f i c a l l y  in v o lv e d  

in  th e  t r a n s f e r  o f  hydrogen  i o n s .  In  r e g a r d  to  th e  c o r n e a ,  

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

t i c i p a t i o n  o f  a s c o r b i c  a c id  and g l u t a t h i o n e  a s  hydrogen 

c a r r i e r s  i n  an e l e c t r o n  t r a n s p o r t  sy s tem  in v o lv in g  s u b ­

s t r a t e s  o x i d i z a b l e  by NADP and l i n k e d  t o  th e  hexosem onophos- 

p h a te  sh u n t  (9 2 ) .  The p h y s io lo g ic  r o l e  o f  t h i s  e l e c t r o n  

t r a n s p o r t  sy s te m , a s  th e  a u t h o r s  saw i t ,  was th e  r e o x i d a ­

t i o n  o f  NADPH p ro d u ced  by th e  hexosem onophosphate s h u n t  

which i s  v e r y  a c t i v e  i n  th e  c o r n e a l  e p i th e l iu m  (9 3 ) .

D. Summary

In c o n c lu s io n ,  we have shown t h a t  n e u t r a l  amino a c i d s  

e n t e r  th e  c o rn e a  o f  th e  to a d ,  Bufo m a r in u s , by a t  l e a s t  

t h r e e  s e p a r a t e  t r a n s p o r t  m echan ism s. The amino a c i d s  e n t e r  

a c r o s s  t h e  e n d o t h e l i a l  s u r f a c e  from th e  aqueous humor. I t  

i s  n o t  c l e a r  t h a t  th e  a c t i v e  s t e p  i n  amino a c id  accum ula­

t i o n  o c c u rs  in  t h e  s i n g l e  l a y e r  o f  e n d o t h e l i a l  c e l l s . In  

f a c t ,  th e  t im e -d e p e n d e n t  n a t u r e  o f  th e  i n h i b i t i o n  o f  u p ta k e  

caused  by rem oval o f  sodium i n d i c a t e s  t h a t  th e  a c t i v e  s t e p  

o c c u rs  in  a more rem ote  a r e a  o f  th e  c o rn e a .  We have f u r t h e r  

shown t h a t  p h y s io l o g i c  c o n c e n t r a t i o n s  o f  l a c t a t e  and a s ­

c o r b a te  s t i m u l a t e  b o th  th e  t r a n s p o r t  o f  amino a c id s  (by a 

sys tem  c l o s e ly  r e s e m b lin g  th e  L system ) and c h l o r i d e .

These a g e n ts  a p p e a r  t o  be a c t i n g  by re d u c in g  a s p e c i f i c
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t r a n s p o r t  r e l a t e d  p r o t e i n .  Amino a c i d s  a r e  r e q u i r e d  by 

th e  co rn e a  f o r  p r o t e i n  s y n t h e s i s .  A c t iv e  io n  t r a n s p o r t  

has  been r e l a t e d  t o  th e  m a in ten an ce  o f  norm al c o rn e a l  

t r a n s p a re n c y  and  h y d r a t i o n .  I t  a p p e a r s  t h a t  re d u c in g  

a g e n t s ,  found i n  h ig h  c o n c e n t r a t i o n s  in  th e  aqueous humor, 

p la y  a s i g n i f i c a n t  r o l e  i n  th e  t r a n s p o r t  p r o p e r t i e s  o f  

th e  c o rn e a  and may be one o f  th e  mechanisms by which th e  

a v a s c u l a r  c o rn e a  i s  p ro v id e d  w ith  e n e rg y .  We have f u r t h e r  

shown t h a t  l a c t a t e  i s  more e f f e c t i v e  i n  s t i m u l a t i n g  amino 

a c id  t r a n s p o r t  w h i le  a s c o r b a t e  i s  a  more e f f e c t i v e  s t im u ­

l a n t  f o r  io n  t r a n s p o r t .  T h is  i n d i c a t e s  t h a t  th e  t r a n s p o r t  

system  f o r  amino a c i d s  i s  n o t  th e  same a s  th e  t r a n s p o r t  

system  f o r  c h l o r i d e  and t h a t  th e y  a r e  l i n k e d  t o  th e  e l e c ­

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