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ABSTRACT

The uptake and e f f l u x  of  amino a c id s  in  th e  cornea and th e  l en s  o f  

t h e  t o a d ,  Bufo m ar inus , was s t u d i e d .  Amino a c id s  a re  accumulated ac ro ss  

t h e  aqueous s id e  o f  t h e  c o r n e a ,  main ly  by th e  e p i th e l iu m .  I t  appears  

t h a t  t h e r e  a re  seve ra l  d i s t i n c t  systems t h a t  m edia te  - am in o i s o b u ty r i c  

ac id  (AIB) t r a n s p o r t  i n t o  and ou t  o f  t h e  co rn ea .  AIB up take  i s  s a t u r a b l e  

bu t  i s  not d i r e c t l y  dependent  on t h e  p resence  o f  Na in t h e  e x te rn a l  b a th ­

ing media. However, t h e  e x i t  s i t e  i s  very  s e n s i t i v e  t o  changes  in  i n t r a ­

c e l l u l a r  Na c o n c e n t r a t i o n s .  Any f a c t o r ,  such as  ouabain and m etabo l ic  

i n h i b i t o r s ,  which i n c r e a s e s  i n t e r n a l  Na markedly s t i m u l a t e s  AIB e f f l u x .  

Under normal c o n d i t io n s  e f f l u x  i s  very  s low, about 15 p e rc e n t  o f  t h e  r a t e  

o f  uptake.  AIB uptake i s  i n h i b i t a b l e  by a l a n i n e  and l e u c in e  though not 

complete ly  by e i t h e r  o f  t h e s e  amino a c i d s .  The i n h i b i t o r y  e f f e c t s  o f  

t h e s e  compounds a re  a d d i t i v e ,  su g g e s t in g  th e  presence  o f  2  d i s t i n c t  

uptake s i t e s .  There a r e  a l so  s i t e s  f o r  t h e  exchange o f  i n t e r n a l  f o r  

e x te rn a l  amino a c i d s ,  and t h i s  p rocess  i s  Na-dependent.  However, Na 

does not move in to  o r  o u t  o f  t h e  c e l l s  wi th  t h e  AIB, as  i n d ic a te d  in 

t ransmural  22^a f | ux s t u d i e s .  Exchange e f f l u x  was more s p e c i f i c  than 

up take ,  s in c e  both a l a n i n e  and l e u c i n e  i n h i b i t  AIB u p tak e ,  but only 

a l a n in e  s t im u la t e s  AIB e f f l u x .  The e f f e c t  o f  v a r io u s  membrane 'p ro b e s '  

and hormones on th e s e  t r a n s p o r t  p ro ce sse s  was s tu d i e d .  Although th e  

l a r g e s t  amount of  AIB accumula ted by t h e  cornea was p re se n t  in t h e  e p i ­

th e l iu m ,  evidence i s  p r e se n te d  t h a t  t h e  endothelium and stromal k e ra to -  

c y t e s  may a l s o  c o n c e n t r a t e  and r e t a i n  amino a c i d s .

In th e  mammalian l e n s  i t  i s  co n s id e red  t h a t  amino a c id s  a r e  only 

accumulated by th e  a n t e r i o r  e p i t h e l i u m  and th ey  then  ' l e a k '  i n to  t h e  

r e s t  of  t h e  organ . However, in  t h e  p r e s e n t  exper iments  on th e  amphibian
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l e n s ,  such a p rocess  was not  found. Removal o f  t h e  c a p s u le  and th e  a n t ­

e r i o r  e p i th e l iu m  d id  not a b o l i s h  accumulat ion o f  AIB a g a i n s t  a c o n c e n t r a ­

t i o n  g r a d i e n t .  The probab le  r easons  f o r  t h i s  d i f f e r e n c e  from t h e  o b se r ­

v a t io n s  on t h e  mammalian len s  a r e  d i s c u s s e d .  AIB uptake in  t h e  l e n s  i s

s a t u r a b l e  and occurs  by a system t h a t  i s  i n h i b i t e d  by a l a n i n e  and i s

dependent  upon th e  presence  o f  Na in  t h e  ex te rn a l  b a th in g  media.  Uptake 

o f  AIB occurs  ac ro ss  a l l  s u r f a c e s  o f  t h e  l e n s  bu t  i s  g r e a t e r  a c ro ss  th e  

a n t e r i o r  e p i th e l iu m .  A g r a d i e n t  in  c o n c e n t r a t i o n  o f  AIB i s  b u i l t  up, 

h ig h e s t  c o n c e n t r a t i o n s  a r e  in t h e  p e r ip h e ry  and th e  lowest  a r e  in the  

n uc leu s .  E f f lux  o f  AIB i s  very slow; only  35 p e rc en t  i s  l o s t  in  16 hours .  

The r a t e  o f  exodus d e c l i n e s  e x p o n e n t i a l l y  over  t im e  and i s  not r e l a t e d  

t o  a d e c rea se  in th e  t o t a l  c o n c e n t r a t i o n  o f  AIB t h a t  occurs  du r ing  t h i s  

p e r io d .  I t  i s  changed l i t t l e  by removal of  t h e  c a p s u le  and a n t e r i o r  

e p i th e l iu m  o r  an excess  o f  ' c o l d '  AIB. Eff lux  ca n ,  however, be promoted 

by a N a-free  e x te rn a l  ba th ing  s o l u t i o n .  The r e t e n t i o n  o f  t h i s  amino 

a c id  by t h e  len s  may r e f l e c t  i t s  unique morphology. The l a y e r in g  o f

c e l l s  appears  t o  p r o t e c t  th e  l e n s  amino ac id  pool from th e  e f f e c t s  o f

changes in  t h e  ba th ing  so lu t ion -  and t h e  p resence  o f  t o x i c  s u b s ta n c es  and 

d ru g s .
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INTRODUCTION 

Chapter  I 

Aniino Acid T ran sp o r t

The e a r l i e s t  o b se rv a t io n  t h a t  amino a c id s  a r e  accumulated in c e l l s  

a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t  was made in 1913 by Van Slyke and 

Meyer. They compared changes in  serum c o n c e n t r a t i o n  with  th o se  in  

t i s s u e s  a f t e r  in t ravenous  a d m i n i s t r a t i o n  o f  a p r o t e i n  h y d r o ly s a t e .  Using 

a l a b o r io u s  n i t r o u s  ac id  t e c h n iq u e ,  th e y  showed t h a t  t h e  t i s s u e s  con­

t a i n e d  up t o  t e n - t im e s  t h e  c o n c e n t r a t i o n  o f  amino a c id s  found in th e  

serum. The a v a i l a b i l i t y  o f  r a d i o a c t i v e l y  l a b e l l e d  compounds in t h e  

l a t e  1940 's  had an ex p lo s iv e  e f f e c t  on th e  f i e l d  o f  s tudy  o f  amino ac id  

t r a n s p o r t .  Many o f  th e  e a r l y  i n v e s t i g a t i o n s  d e s c r ib e d  t h e  a b i l i t y  o f  

s p e c i f i c  c e l l  types  to  accumulate  amino a c i d s  a g a i n s t  a c o n c e n t r a t i o n  

g r a d i e n t  and th e  s a t u r a b i l i t y  o f  t h i s  p ro c e s s .  These o b s e rv a t io n s  i n ­

d i c a t e d  th e  p resence o f  s p e c i f i c  s i t e s  f o r  amino ac id  t r a n s p o r t .  Amino 

a c id s  were found to  compete with  each o t h e r  f o r  up take ,  and t h i s  com­

p e t i t i o n  showed t h a t  th e  t r a n s p o r t  s i t e s  had s p e c i f i c  s t r u c t u r a l  p re ­

f e re n c e s  f o r  c e r t a i n  amino a c id s  (C h r i s t e n se n  & Riggs ,  1952; C h r i s t e n s e n ,  

e t  a l . ,  1952; Riggs ,  Coyne & C h r i s t e n s e n ,  1954)

All o f  t h e  above evidence in d i c a t e d  t h a t  amino ac id  t r a n s p o r t  i s  

'm e d i a t e d ' ,  t h a t  i s ,  t h e r e  i s  b inding  o f  t h e  amino ac id  t o  a s p e c i f i c  

s i t e  on a membrane and th e  amino ac id  i s  t r a n s l o c a t e d  i n t o  t h e  c e l l  w i th ­

out any m o d i f i c a t io n  o f  i t s  s t r u c t u r e .  There have been severa l  hypo­

t h e s e s  o f f e r e d  to  e x p la in  how t h i s  even t  might  occur .  The ' c a r r i e r '  

model in vo lves  th e  p resence  o f  a mobi le component in  th e  membrane which 

can bind th e  s u b s t r a t e  r e v e r s i b l y  a t  one f a c e  and then  move through i t



t o  r e l e a s e  t h e  molecule  unchanged a t  th e  o th e r  f a c e .  This  p rocess  can 

t r a n s l o c a t e  s u b s t r a t e s  from t h e  in n e r  s u r f a c e  o f  th e  plasma membrane t o  

t h e  o u t s i d e  o f  th e  c e l l  o r  v ice  v e r s a .  How t h i s  ' c a r r i e r '  might 'move' 

th rough  t h e  membrane and how th e  r e c o g n i t i o n  s i t e s  on t h e  o u t e r  f a c e  

may d i f f e r  form th o se  on th e  inner  f ace  has a l s o  given r i s e  to  c o n s id ­

e r a b l e  s p e c u l a t i o n  and model b u i l d i n g .  The ' g a t e '  model o f  P a t l a k ,  which 

he d e s c r ib e d  in 1957, appears  t o  be t h e  most t e n a b l e  o f  t h o s e  p r e s e n te d ,  

mainly  because i t  i s  s t i l l  broad enough t o  f i t  t h e  exper imental  t r a n s p o r t  

d a ta  o b ta in e d  dur ing  t h e  y e a r s  s in c e  i t  was f i r s t  sug g es ted .  I t  was 

proposed t h a t  a c e n t r a l  t r a n s p o r t  u n i t  in t h e  membrane can e x i s t  in  more 

th a n  one confo rm at ion ,  and by movement o f  i t s  components i t  can make a 

c e n t r a l l y  lo c a te d  b ind ing  s i t e  a c c e s s i b l e  in  tu r n  from e i t h e r  s i d e .

'M edia ted '  t r a n s p o r t  i s  u s u a l ly  cons ide red  to  have th e  fo l lo w in g  

f e a t u r e s  (Heinz,  1978):

1 ) s u b s t r a t e  s p e c i f i c i t y

2) e x h i b i t s  s a t u r a t i o n  which f i t s  Michaelis-Menton k i n e t i c s

3) c o m p e t i t iv e  i n h i b i t i o n  by s u b s t r a t e  analogues

4) n on-com pet i t ive  i n h i b i t i o n  by m etabo l ic  i n h i b i t o r s

5) a c t i v a t i o n  by i o n s ,  c o f a c t o r s  and o th e r  s u b s t r a t e s

6 ) feedback r e g u l a t i o n  by inducers  and hormones

A n o ta b le  event  in t h e  study o f  arnino ac id  t r a n s p o r t  in c e l l s  was 

t h e  development o f  n o n-m e tabo l izab le  amino ac id  analogues  which can be 

tak en  up s p e c i f i c a l l y  by n a tu ra l  amino ac id  t r a n s p o r t i n g  sys tem s ,  as  

d e f in e d  in  com p e t i t io n  s t u d i e s .  For example, a methyl group s u b s t i t u t e d  

f o r  t h e  o(-hydrogen o f  a l a n i n e  p reven ts  t h e  molecule  from being i n c o r ­

po ra te d  i n t o  p r o t e in  ( C h r i s t e n s e n ,  Aspen & R ice ,  1956). This  s u b s t i -



t u t i o n  a l s o  p rev en ts  t r a n s a m in a t io n  (Cammarata & Cohen, 1950) and c a t a ­

bo l ism.  The compound t h a t  i s  t h e  r e s u l t  o f  t h i s  s u b s t i t i u t i o n  i s  

<X-amino i s o b u t y r i c  ac id  (AIB). This ' a r t i f i c i a l '  amino ac id  was found 

t o  be a co m p e t i t iv e  i n h i b i t o r  o f  g l y c i n e ,  a l a n in e  and s e r i n e  t r a n s p o r t  

in  mammalian t i s s u e s  ( C h r i s t e n s e n ,  Parker  & Riggs ,  1958). Many o th e r  

n o n -m e ta b o l iza b le  amino a i c d s ,  which have s i m i l a r  t r a n s p o r t  p r o p e r t i e s  

t o  t h o se  o f  n a tu ra l  amino a c i d s ,  have been used to  s tudy amino acid 

t r a n s p o r t  in  a wide v a r i e t y  o f  organisms and t i s s u e s .  As a r e s u l t  o f

t h i s  development th e  t r a n s p o r t  o f  amino a c id s  in  i n t a c t  c e l l s  can be 

s tu d ie d  w i thou t  t h e  c o m p l ic a t io n s  o f  t h e i r  i n c o r p o ra t io n  i n to  p r o t e in s  

o r  t h e i r  metabolism o r  d e g r a d a t io n .

An im por tan t  and h ig h ly  c o n t r o v e r s i a l  a rea  in th e  s tudy o f  th e  

t r a n s p o r t  o f  amino a c id s  a ro se  when i t  was d isco v e red  t h a t  t h e  presence  

o f  Na in t h e  e x te rn a l  ba th in g  s o lu t i o n  i s  necessa ry  in some in s t a n c e s  

f o r  t h e i r  a c t i v e  up take .  In 1902, Reid observed t h a t  t h e  a d d i t i o n  of  Na 

t o  t h e  s o l u t i o n  ba th ing  th e  i n t e s t i n a l  mucosa in c reased  the  a b so rp t io n  

o f  g lu c o se .  By th e  e a r l y  1 9 6 0 ' s ,  t h e  n e c e s s i t y  f o r  th e  p resence of  Na 

f o r  t h e  t r a n s p o r t  o f  s o l u t e s ,  i n c lu d in g  sugars  and amino a c id s  was e s t a ­

b l i s h e d  in many d i f f e r e n t  t i s s u e s  (C h r is ten sen  & Riggs, 1952; Riggs, 

W a lk e rS  C h r i s t e n s e n ,  1958; R i k l i s  & Q u a s t e l , 1958; Csaky, 1963).

I t  was from t h e s e  s t u d i e s  t h a t  t h e  th eo ry  o f  c o t r a n s p o r t  a ro se .  I t  i s  

i n f e r r e d  t h a t  coup l ing  between two s o lu t e  flows may lead  to  a t r a n s f e r  

o f  energy between th e  two. The ' d r i v e n '  s o lu t e  s p e c i e s ,  can be t r a n s p o r ­

t e d  a g a i n s t  i t s  e le c t ro ch em ic a l  g r a d i e n t  by th e  dow nhi l l ,  e xe rgon ic ,

t r a n s p o r t  o f  t h e  coupled ' d r i v e r '  s p e c i e s .  I t  has been found t h a t  coup­

l i n g  between two s o l u t e  flows can be p a r a l l e l ,  c o t r a n s p o r t ,  o r  a n t i - p a r ­



a l l e l ,  c o u n t e r t r a n s p o r t  or  a n t i - p o r t .  The fo l lo w in g  o b s e rv a t io n s  led  

t o  t h e  development o f  t h e o r i e s  o f  c o t r a n s p o r t  and c o u n t e r - t r a n s p o r t .

C i s - s t im u la t io n  o f  t r a n s p o r t  was noted e a r l y  in t r a n s p o r t  s t u d i e s .  

The presence  o f  Na s t i m u l a t e s  t h e  t r a n s p o r t  o f  amino a c id s  in  many p rep ­

a r a t i o n s  (on ly  a sampling w i l l  be l i s t e d ) ,  i n d e ed ,  a c t i v e  t r a n s p o r t  o f  

some amino ac id s  does not even t a k e  p lace  in  t h e  absence o f  Na ions  

(Czaky, 1961; P a r r i s h  & K ip n is ,  1964; Jo h n s to n e  & S c h o l e f i e l d ,  1965; 

Inui S Chr is tensen ,  1966; Wheeler. & C h r i s t e n s e n ,  1969; H a j j a r ,  Lamont & 

C urran ,  1970). In a few o f  t h e  e a r l y  t r a n s p o r t  s t u d i e s ,  i t  was a l s o  con­

s id e r e d  t h a t  an t i  p o r t ,  o r  c o u n t e r - t r a n s p o r t  might  be t h e  d r iv in g  f o r c e  

o f  a c t i v e  s o lu t e  accumula t ion .  For example, R iggs ,  Walker and C h r i s t e n ­

sen (1958) p o s tu l a t e d  t h a t  "m igra t ion  o f  K from t h e  c e l l  (down an e l e c ­

t rochem ica l  p o t e n t i a l  d i f f e r e n c e )  may s t i m u l a t e  t h e  s im ul taneous  e n t r a n c e  

o f  amino a c id " .  They a l so  p o s tu l a t e d  t h a t  K i n s i d e  t h e  c e l l  competes 

w i th  amino a c id s  f o r  exodus and t h a t  t h e  i n c r e a s e d  e f f l u x  o f  amino ac id  

seen when t i s s u e s  a re  incuba ted  with ouabain i s  due t o  t h e  d ec reased  K-jn 

and t h e r e f o r e  a d ec rease  in  com pe t i t ion  f o r  e x i t  s i t e s .  This t h e o ry  

however does not  f i t  well with t h e  t ime cou rse  o f  t h e s e  e f f e c t s ,  t h e  K-jn 

d e c re a se s  very  s lowly with t ime and t h e  s t i m u l a t i o n  o f  amino ac id  e f f l u x  

i s  very r a p i d .  The a n t i p o r t  t h e o ry  o f  K exchanging f o r  th e  amino a c i d ,  

a l th o u g h  p l a u s i b l e ,  has never  been u n eq u iv o ca l ly  v e r i f i e d .

The a d d i t i o n  o f  t h e  n o n - e l e c t r o l y t e  s u b s t r a t e  amino ac id  should 

a l s o  s t im u la t e  th e  movement o f  t h e  c o t r a n s p o r t e d  ion a c ro ss  t h e  membrane. 

This  i s  d i f f i c u l t  to  a c c u r a t e l y  de term ine  in  c u l t u r e s  o f  s i n g l e  c e l l s ,  

bu t  in  i n t e s t i n a l  e p i t h e l i a l  p r e p a r a t i o n s ,  a c r o s s  which Na movements can 

e a s i l y  be measured, i t  has been shown t h a t  t h e  a d d i t i o n  o f  ainino ac id s



t o  t h e  mucosal s o lu t i o n  in c r e a s e s  th e  transmural  f lu x  o f  Na ( S c h u l t z ,

F u isz  & Curran ,  1966).

I f  t h e  ' d r i v e n '  s o l u t e  moves in th e  same d i r e c t i o n  as t h e  ' d r i v e r ' ,  

th e n  a r e v e r s a l  o f  t h e  g r a d i e n t  should cause  a r e v e r s a l  in t h e  d i r e c t i o n  

o f  accu m u la t io n .  This v/as demonstrated in th e  pigeon e r y t h r o c y t e  by 

Vidaver  (1964 a , b , c ) .  When Na g r a d i e n t s  were r e v e r s e d ,  but  only  when 

m e ta b o l ic  i n h i b i t o r s  were p r e s e n t ,  t h e r e  was a net  movement o f  t h e  amino 

a c id  from t h e  i n s id e  t o  t h e  o u t s id e  a g a in s t  a c o n c e n t r a t i o n  g r a d i e n t .

I f  t h e  c o t r a n s p o r t  model i s  t r u e ,  one would expect  a f ix e d  s t o i c h i o ­

metry  t o  e x i s t  between t h e  amino acid  and th e  d r i v e r  ion .  Schafe r  &

Jacquez  (1967) s im u l ta n eo u s ly  measured 2 2 ^  ancj AIB i n f l u x  and found

t h e r e  t o  be a 1:1 r e l a t i o n s h i p .  For each molecule o f  AIB t h a t  e n t e r s  t h e  

c e l l ,  one Na ion a l so  e n t e r s .  They compared t h i s  r e s u l t  t o  t h e i r  f i n d ­

in g s  with  p h e n y la la n in e ,  t h e  t r a n s p o r t  o f  which i s  not  Na-dependent , and 

th e y  could  not c o r r e l a t e  i t s  movement with  t h a t  o f  Na. I t  was i n f e r r e d  

t h a t  1 Na was c o t r a n s p o r t e d  with each AIB molecule which r e q u i r e s  t h e  Na 

f o r  a c t i v e  accum ula t ion ,  and t h a t  p h e n y la la n in e ,  which has no Na r e q u i r e ­

m ent ,  d id  not a s s o c i a t e  w ith  Na, and no Na was c o t r a n s p o r t e d .

I f  c o t r a n s p o r t  p rov ides  a l l  o f  t h e  energy r e q u i re d  f o r  t r a n s p o r t  

t h en  even i f  metabolism i s  complete ly  i n h i b i t e d ,  a c t i v e  t r a n s p o r t  o f  

t h e  d r iv e n  s o lu t e  should  s t i l l  occur as  long as t h e  g r a d i e n t  f o r  t h e  

d r i v e r  ion e x i s t s .  Thus t h e  lack  o f  an immediate e f f e c t  o f  m e tabo l ic  

i n h i b i t o r s  on amino ac id  t r a n s p o r t  was noted in many t i s s u e s  ( C h r i s t e n ­

s e n ,  e t  a l . ,  1952; S chafe r  & Jacq u ez ,  1967).

Although t h e r e  i s  much evidence in  support  o f  t h e  c o t r a n s p o r t



t h e o r y ,  t h e r e  a r e  many exper im ents  and t h e o r e t i c a l  c o n s id e r a t i o n s  which 

argue a g a i n s t  i t  be ing t h e  only  o r  even t h e  major  energy source  f o r  a c t ­

i v e  t r a n s p o r t  o f  s o l u t e s ,  such as  amino a c i d s .  F i r s t l y ,  t h e r e  a re  a 

l a r g e  number o f  amino a c i d s  t h a t  do not r e q u i r e  t h e  presence  o f  Na f o r  

t h e i r  a c t i v e  accum ula t ion  (Oxender & C h r i s t e n s e n ,  1963; C o t l i e r  & Beaty ,  

1967; F r ied e n th a l  & S c o t t ,  1973; Caldwell & Lea, 1978).  Secondly ,  r e v e r ­

sa l  o f  t h e  Na-K g r a d i e n t  w i thou t  t h e  a d d i t i o n  o f  m etabo l ic  i n h i b i t o r s  

d id  not  i n h i b i t  t h e  normal accumulat ion o f  AIB in  t h e  o p p o s i t e  d i r e c t i o n  

(S chafe r  & J a c q u e z ,  1968).  They a l s o  c a l c u l a t e d  t h a t  t h e  energy de r ived  

from e lec t ro c h e m ica l  g r a d i e n t s  f o r  Na was i n s u f f i c i e n t  to  m a in ta in  t h e  

observed c o n c e n t r a t i o n  g r a d i e n t s  o f  AIB a c r o s s  t h e  c e l l  membrane.

I f  t h e  energy d e r iv e d  by coup l ing  to  t h e  downhil l  movement o f  an­

o th e r  s o lu t e  i s  not s u f f i c i e n t  t o  m a in ta in  l a r g e  c o n c e n t r a t i o n  g r a d i e n t s  

then  what i s  t h e  source  o f  energy f o r  such an a c t i v e  p rocess?  There a re  

s ev e ra l  p o s s i b i l i t i e s .  S o lu te  coup l ing  i s  cons ide red  secondary a c t i v e  

t r a n s p o r t  s in c e  t h e  ' d r i v e r '  s o l u t e  g r a d i e n t  i s  m ain ta ined  by an a c t i v e  

p r o c e s s ,  in  th e  case  o f  Na coupled t r a n s p o r t ,  Na-K-ATPase. On t h e  o th e r  

hand, primary a c t i v e  t r a n s p o r t  i s  d i r e c t l y  l in k e d  to  chemical r e a c t i o n s  

and i t  has been p o s tu l a t e d  t h a t  i t  could  be d i r e c t l y  l in k ed  to  Na-K-ATP- 

a se  d e r iv in g  energy from th e  h y d r o ly s i s  o f  ATP. Other ,  more r e c e n t  

f i n d i n g s ,  i n d i c a t e  t h a t  t h e r e  may be a microsomal e l e c t r o n  t r a n s p o r t  

cha in  which i s  d i r e c t l y  l in k e d  t o ,  and p rov ides  energy f o r ,  amino ac id  

t r a n s p o r t  ( S c o t t  & F r i e d e n t h a l ,1973; C h r i s t e n s e n ,  1977). T e r t i a r y  a c t i v e  

t r a n s p o r t  im p l ie s  a s i t u a t i o n  in  which s o l u t e s  a r e  accumulated by l in k a g e  

t o  s o l u t e s  t r a n s p o r t e d  v ia  secondary a c t i v e  t r a n s p o r t .  For i n s t a n c e ,



t h e r e  i s  ev idence  t h a t  some amino a c id s  may accumulate in c e l l s  by h e t ­

eroexchange with an o th e r  amino ac id  which has p r e v io u s ly  been a c t i v e l y  

t r a n s p o r t e d  in to  t h e  c e l l  by c o t r a n s p o r t  wi th  Na io n s .  That exchange 

d i f f u s i o n  mechanisms could  e n e rg iz e  amino ac id  accumulat ion  was f i r s t  

sugges ted  by Heinz & Walsh (1958) ,  and has s in c e  been noted in many 

o t h e r  systems (Oxender & C h r i s t e n s e n ,  1963; Caldwell & Lea, 1978) . 

There a r e  a l so  Na-dependent (Winter  & C h r i s t e n s e n ,  1965) and Na- inde-  

pendent (Caldwell & Lea, 1978) exchange systems f o r  amino a c i d s .  Such 

an exchange system has been regarded  as ev idence  f o r  mobile c a r r i e r s  

in  membranes (Wilbrandt  & Rosenberg, 1961).

Using both n a tu ra l  and s y n t h e t i c  amino a c i d s ,  i t  i s  p o s s i b l e  to  

d i s t i n g u i s h  seve ra l  d i f f e r e n t  systems which t r a n s p o r t  ainino a c i d s .  The 

c l a s s i c a l  d e f i n i t i o n s  f o r  t h e s e  t r a n s p o r t  systems come p r im a r i l y  from th e  

p io n ee r in g  work o f  C h r i s te n se n  and w i l l  be summarized here  ( C h r i s t e n s e n ,  

1975; C h r i s t e n s e n ,  1977). I t  must be emphasized t h a t  t h e r e  i s  a l a r g e  

degree  o f  over lap  among t h e s e  sys tem s ,  and a l l  amino ac id s  can be t r a n s ­

po r ted  by more than  one system. For t h e  n e u t r a l  amino a c i d s ,  t h e r e  a re  

Na-dependent and Na-independent  t r a n s p o r t  systems.  There a r e  two Na-de­

pendent systems:

1) th e  ' A ' ,  o r  a l a n i n e  p r e f e r r i n g ,  system which has broad s p e c i ­

f i c i t y ,  w i l l  a ccep t  amino a c id s  with s h o r t  p o l a r ,  o r  l i n e a r  s id e  ch a in s  

I t  i s  h ig h ly  c o n c e n t r a t i v e  and w i l l  t r a n s p o r t  amino a c id s  with N-methyl 

g roups ,  such as  o£ - (m ethy lam ino) isobu ty r ic  a c id .

2) th e  'ASC' system has a much narrower s p e c i f i c i t y ,  i t  i s  l i m i ­

t e d  t o  t r a n s p o r t i n g  a l a n i n e ,  s e r i n e  and c y s t e i n e  ( C h r i s t e n s e n ,  Liang & 

A rcher ,  1967).  I t  does not  t o l e r a t e  an N-methylated amino a c id .  Sys­



tem 'ASC' i s  a p p a r e n t ly  u b i q u i t o u s ,  i t  i s  even p r e se n t  in  e r y t h r o c y t e s  

which lack  system 'A ' .  From t h e  o b s e rv a t io n  t h a t  t h e  s t e r e o s p e c i f i c i t y  

o f  exodus i s  g r e a t e r  than  th e  s t e r e o s p e c i f i c i t y  o f  e n t r y ,  C h r i s ten sen  

sugges ted  t h a t  t h e  h ig h ly  s t e r e o s p e c i f i c  'ASC' may in some s i t u a t i o n s  

m edia te  amino ac id  r e l e a s e  more than  uptake (Thomas & C h r i s t e n s e n ,  1971).

The two Na-independent systems a r e :

1 ) ' L ' ,  o r  l e u c i n e  p r e f e r r i n g ,  system which r e a c t s  most s t r o n g l y  

with  amino ac id s  with an a p o la r  mass on t h e  s id e  c h a in ,  even i f  i t  i s  

branched o r  b i c y c l i c .  This  system i s  most conspicuous in  t h e  red  blood 

c e l l  but t h i s  i s  most l i k e l y  due to  t h e  absence o f  t h e  'A' system. The 

' L ' system in  t h e  E h r l i c h  c e l l  i s  though t  t o  be main ly  an exchange system 

(Oxender & C h r i s t e n s e n ,  1963). The Na-independence o f  t h i s  system i s  

t h e  most im por tan t  c h a r a t e r i s t i c  used to  d i s t i n g u i s h  i t  from o th e r  sy s ­

tems (Inui  & C h r i s t e n s e n ,  1966; McGivan, Bradford & Mendes-Mourao, 1977) .

2) 'X' or  n o n - s a t u r a b l e  Na-independent system has. been demonstra ted  

in  th e  E h r l ich  c e l l  (Oxender & C h r i s t e n s e n ,  1963; C h r i s t e n s e n ,  1966).  

N o n -sa tu ra b le  components o f  amino a c id  uptake have a l s o  been demonstra ted  

in  s k e l e t a l  muscle ( G r i n s t e i n  & E r l i j ,  1977) and b r a in  (D an ie l ,  P r a t t  & 

Wilson,  1977).

In a d d i t i o n  to  a l l  o f  t h e  above t h e r e  i s  a s p e c i f i c  system f o r  b a s ic  

amino a c i d s ,  'L y ' ,  which r e q u i r e s  an unambiguous c a t i o n i c  group.

The systems d e f in ed  here  a r e  g e n e r a l i z a t i o n s ,  th e y  p rov ide  gu ide­

l i n e s  t o  fo l low  when s tu d y in g  amino ac id  t r a n s p o r t .  They a r e  not a l l  

p r e s e n t  in  every  type  o f  c e l l .  There i s  c o n s id e ra b l e  h e t e r o g e n e i ty  in 

t h e  t r a n s p o r t  systems o f  d i f f e r e n t  t i s s u e s .  For example, e r y t h r o c y t e s  

do not  have any 'A' system a t  a l l .  That e lements  involved  in t r a n s p o r t



mechanisms may not  be i d e n t i c a l  in a l l  t i s s u e s  would appear  to  fo l low  

from t h e  f a c t  t h a t  each c e l l  t y p e  has  d i f f e r e n t  m e tab o l ic  a b i l i t i e s  and 

n u t r i t i o n a l  needs .

The s tudy  o f  amino ac id  t r a n s p o r t  in t i s s u e s  i s  f u r t h e r  complic­

a t ed  when r e g u l a t o r y  feedback i n h i b i t i o n  and s t i m u l a t i o n ,  and hormonal 

c o n t r o l s  a r e  superimposed.  As c e l l s  e n t e r  d i f f e r e n t  phases  o f  t h e  m i to ­

t i c  c y c l e ,  growth and d i f f e r e n t i a t i o n ,  amino ac id  t r a n s p o r t  systems f l u c ­

t u a t e  from high t o  low a c t i v i t y  and may even be a b s e n t .  For example,  t h e  

'A' system i s  very  a c t i v e  in growing c e l l s  (Tramcere, B orghe t t i  & Gui- 

d o t t i , 1977) whereas 1L 1 becomes more a c t i v e  when c e l l s  e n t e r  a q u i e s ­

c e n t  phase (Goldberg & John ,  1976).  Mitogenic  l e c t i n s  such as concan- 

a v a l i n  A, i n c r e a s e  amino ac id  t r a n s p o r t  (Van den Berg & B e t e l ,  1973) 

whereas non-mitogenic  l e c t i n s  (wheat germ a g g l u t i n i n )  (Li & K ornfe ld ,

1977) have a s l i g h t l y  d e p r e s s a n t  e f f e c t  on t r a n s p o r t .

The n u t r i t i o n a l  s t a t e  o f  t h e  c e l l s  i s  a l s o  a f a c t o r  in  c o n t r o l l i n g  

th e  r a t e  o f  uptake and a c t i v i t y  o f  t h e  v a r ious  systems.  When c e l l s  a re  

d e p le te d  o f  amino a c id s  t h e  a c t i v i t y  o f  t h e  1L* system d e c re a se s  s i g n i f ­

i c a n t l y .  However, i f  t h e  c e l l s  a r e  p re loaded  with *L * system r e a c t i v e  

amino a c i d s ,  t r a n s p o r t  a c t i v i t y  g r e a t l y  i n c r e a s e s  (Oxender,  Lee & Cecch- 

i n i ,  1977).  These o b s e rv a t io n s  may r e f l e c t  t h e  r e l a t i v e  importance o f  

exchange f o r  system ' L ' in  t h e s e  c e l l s .  In c o n t r a s t  'A' was u n a f fe c te d  

by d e p l e t i o n  and t h e r e  was a s l i g h t  d ec re a se  in uptake by c e l l s  which 

were p re loaded  with  t h e  r e l e v a n t  amino a c id  (Heaton & G e l e h r t e r ,  1977). 

This  may be ev idence  o f  a t r a n s  i n h i b i t i o n  which has been p o s tu l a t e d  to  

be im p o r tan t  i n  l i m i t i n g  t h 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  o f  amino a c i d s .  

Such r e g u l a t o r y  c o n t r o l s  a re  n ecessa ry  i f  a t i s s u e  i s  expected  to  have



a complete  pool o f  amino a c id s  a v a i l a b l e  f o r  metabol ism and p r o t e i n  syn­

t h e s i s .

Hormones have a l so  been demonstra ted  t o  s i g n i f i c a n t l y  a f f e c t  amino 

a c id  t r a n s p o r t .  I n s u l i n  s t i m u l a t e s  such t r a n s p o r t  in s k e l e t a l  muscle 

(K ipn is  & N o a l l ,  1958),  f a t  c e l l s  (Touabi & J e a n re n a u d ,  1969) ,  hepato-  

c y t e s  (Le Cam & F rey ch e t ,  1978) and t h y r o i d  (Debons & P i t tm an ,  1966),  

t o  name a few. T r i io d o th y ro n in e  (T3 ) has a l s o  been dem onstra ted  t o  i n ­

c r e a s e  amino ac id  l e v e l s ,  not  by in c r e a s in g  u p tak e ,  but by d ec re a s in g  

e f f l u x  (G o ld f in e ,  e t  a l . ,  1975).



Chapter  I I  

The Cornea

I t  has been shown t h a t  t h e r e  a r e  remarkable  s i m i l a r i t i e s  in  both 

s t r u c t u r e  and p h y s io lo g ic a l  f u n c t io n in g  o f  t h e  cornea and t h e  l e n s  in  

d i f f e r e n t  groups o f  v e r t e b r a t e s .  As w i l l  be demonstra ted  in t h e  fo l lo w ­

ing c h a p t e r s ,  i t  i s  no t  o f  p u re ly  compara t ive  i n t e r e s t  t o  s tudy cornea l  

and l en s  n u t r i t i o n  in  amphibians as  such s tu d i e s  a r e  a l s o  of  p r a c t i c a l  

va lue  fo r  t h e  i n v e s t i g a t i o n  o f  t h e  normal p h y s io lo g ic a l  f u n c t io n in g  o f  

t h e s e  t i s s u e s  in  mammals, i n c lu d in g  man.

The cornea i s  an a v a s c u l a r  t i s s u e  whose major  p h y s io lo g ic a l  f u n c t io n  

i s  t h e  maintenance o f  i t s  t r a n s p a r e n c y .  This f u n c t io n  i s  a b s o l u t e l y  de­

pendent upon t h e  metabol ism and i n t e g r i t y  o f  t h e  bounding membranes which 

sandwich th e  s troma;  t h e  a n t e r i o r  e p i th e l iu m  and p o s t e r i o r  endothel ium 

(see  Fig. 1 ) .  The co rnea  i s  a r e f r a c t i v e  o rgan ,  l i g h t  s c a t t e r i n g  i s  

minimal and th e  t i s s u e  has a low r e f r a c t i v e  index due to  t h e  arrangement  

o f  i t s  s t r u c t u r a l  c o n s t i t u e n t s ,  i t s  smooth c u r v a tu r e  and th e  p resence  

o f  a t e a r  f i lm .  B l indness  due t o  corneal  o p a c i ty  i s  " th e  cause o f  more 

b l in d n e ss  than  any s i n g l e  c o n d i t i o n  (Duke-Elder ,  1958) .

A p a r t i c u l a r l y  e n l i g h t e n i n g  t r e a t i s e  on th e  s t r u c t u r e  o f  t h e  corneal  

e p i th e l iu m  was p rov ided  100 y e a r s  ago ( S t i r l i n g  & S k inner ,  1880). The 

o b s e rv a t io n s  then  made on th e  r a b b i t  cornea have been extended to  th e  

co rneas  o f  many o t h e r  s p e c i e s .  The columnar n a tu r e  o f  t h e  basal  l a y e r  

o f  c e l l s  and th e  squamous appearance  o f  t h e  s u r f a c e  c e l l s  was d e s c r ib e d .  

The middle l a y e r s  o f  c e l l s  were found to  i n t e r d i g i t a t e  with t h e  colum­

nar  c e l l s  and th em se lv e s .  There a r e  4 t o  6  l a y e r s  o f  c e l l s  in  t h e  co r -
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Fig .  1. A diagrammatic c r o s s - s e c t i o n a l  view of  th e  cornea ( S ly v e s t e r  
1977)



neal e p i th e l iu m .  Several  i n v e s t i g a t o r s  (Friedenwald & Bushke, 1944; 

Hanna & O 'B r ien ,  1960; Hanna, B icknel l  & O 'B r ie n ,  1961; B e r t a l a n f f y  & 

Lau, 1962) have noted th e  high m i t o t i c  r a t e  o f  t h e  basal  c e l l s  and i t  

has been found t h a t  t h e  e p i th e l iu m  com ple te ly  renews i t s e l f  every  3-7 

days .  This renewal i s  s o l e l y  by d i v i s i o n  o f  t h e  basal  c e l l s  which move 

toward th e  s u r f a c e  and r e p l a c e  t h e  o u t e r  c e l l s  which undergo desquamation.  

I f  t h e  e n t i r e  e p i th e l iu m  i s  removed, e p i t h e l i a l  c e l l s  m ig ra te  in  from 

t h e  s c l e r a  t o  cover  t h e  s u r f a c e  o f  t h e  cornea and th ey  then  d i v i d e  t o  

form th e  normal e p i th e l iu m  w i th in  t h r e e  t o  f i v e  weeks (F r iedenw ald ,  

1951). Recen t ly ,  F r iend  and Thoft (1978) demonstra ted  t h a t  t h i s  new 

e p i th e l iu m  i s  not  f u n c t i o n a l l y  competent f o r  a t  l e a s t  6  weeks. The 

outermost  l a y e r  o f  c e l l s  has on i t s  exposed s u r f a c e  a network o f  m icro ­

v i l l i  and r i d g e - l i k e  s t r u c t u r e s  which a re  thought  t o  a s s i s t  in  hold ing  

t h e  t e a r  f i lm  over  t h e  o u t s i d e  o f  t h e  cornea  (Blumcke & Morgenroth, 1967).  

The t e a r  f i lm  c o n s t i t u t e s  t h e  main r e f r a c t i v e  s u r f a c e  o f  t h e  eye and 

d e c re a se s  in t h e  p roduc t ion  o f  t h i s  f l u i d  have been found to  r e s u l t  in  

d e b i l i t a t i n g  cornea l  d i s e a s e  (McDonald, 1969).  Damage (Henkes & Waubke,

1978) ,  d i s e a s e  ( T r ip a th i  & Bron, 1973; Bron & T r i p a t h i ,  1973) o r  removal 

o f  t h i s  e p i t h e l i a l  l a y e r  r e s u l t s  in  d i s t o r t i o n s  o f  v i s i o n  and can lead  

t o  sw e l l in g  and i n f e c t i o n  o f  t h e  under ly ing  s t roma,  t h e  s t r u c t u r e  o f  

which i s  i n t e g r a l  t o  t h e  t r a n s p a r e n c y  o f  t h e  co rnea .

The stroma i s  composed o f  a c o l l a g e n  backbone in a mucopolysaccha­

r i d e  m a t r ix .  The c o l l a g e n  backbone p rov ides  t h e  cornea with  tremendous 

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

o f  t h e  co rnea .  They a r e  in  a d d i t i o n ,  a r ranged  in such a way, w ith  r e ­

sp e c t  t o  one a n o th e r ,  t h a t  t h e r e  i s  l i t t l e  d i s t o r t i o n  o f  l i g h t  as  i t



pas se s  th rough  th e  cornea  (Maurice,  1957).  Any d i s r u p t i o n  o f  t h i s  d i s ­

t i n c t  a r rangem ent ,  such as when t h e  cornea s w e l l s ,  causes  t h e  t i s s u e  t o  

appear  c loudy  and d i s r u p t s  normal v i s i o n .  The sw e l l in g  o f  t h e  cornea i s  

due t o  t h e  i n c r e a s e  in  volume o f  t h e  i n t e r f i b r i l l a r  m a t r ix  and t h i s  

occu rs  when e i t h e r  o f  t h e  two bounding membranes i s  not f u n c t io n in g  prop­

e r l y .  The stroma i s  c o n s t a n t l y  t a k i n g  up water  from t h e  aqueous humor. 

This  i m b ib i t io n  i s  normally  coun te red  by an a c t i v e  pump mechanism which 

i s  th o u g h t  t o  remove f l u i d  from t h e  stroma in  a s s o c i a t i o n  with t h e  move­

ment o f  i o n s .  That t h i s  pumping r e q u i r e s  m e tabo l ic  a c t i v i t y  i s  supported  

by t h e  o b s e rv a t io n  t h a t  co o l in g  t o  5°C causes  r a b b i t  corneas  t o  swel l 

and t h i s  sw e l l in g  i s  r e v e r s i b l e  when th e  corneas  a r e  brought  back up to  

35°C (Davson, 1954).  Metabolic  i n h i b i t o r s  a l s o  cause t h e  cornea t o  s w e l l .  

There a r e  ion pumps in  t h e  endothel ium (Hodson & M i l l e r ,  1976) which may 

be r e s p o n s i b l e  f o r  t h i s  f l u i d  pumping a c t i v i t y .  In a d d i t i o n ,  t h e  e p i ­

th e l iu m  prov ides  a b a r r i e r  to  w ate r  movement i n t o  th e  stroma (Mishima 

& Maurice ,  1961). I n t e r s p e r s e d  in t h i s  co l lag en  framework a re  f i b r o ­

b l a s t - l i k e  c e l l s ,  k e r a t o c y t e s ,  whose metabol ic  f u n c t io n  appears  t o  be 

t h e  t u r n o v e r  o f  m a t r ix  mucopolysaccharides .

The endothe l ium ,  which has t h e  same embryonic o r ig i n  as t h e  endo­

t h e l i a l  l i n i n g  o f  t h e  v a s c u l a t u r e ,  i s  a s i n g l e  l a y e r  o f  c e l l s  which l i n e s  

t h e  p o s t e r i o r  s u r f a c e  o f  t h e  cornea and i s  in  c o n ta c t  with t h e  aqueous 

humor. The maintenance o f  cornea l  h y d ra t io n  i s  an a c t i v e  p rocess  t h a t  i s  

dependent on t h e  p resence  o f  an i n t a c t  and m e tabo l iz ing  endothel ium.  The 

p resence  o f  m i t o t i c a l l y  a c t i v e  e n d o t h e l i a l  c e l l s  in t h e  a d u l t  human has 

not  been demonstra ted  (Kaufman, 1976) . I t  i s  p o s tu l a t e d  t h a t  any r e p a i r  

o r  rep lacem ent  t h a t  may be necessa ry  i s  accomplished by t h e  sp read ing  o f



a l r e a d y  e x i s t i n g  c e l l s .  The s t r u c t u r e  and p e r m e a b i l i t y  p r o p e r t i e s  o f  t h e  

endothel ium has a t t r a c t e d  much a t t e n t i o n .  S u b s t r a t e s  as  l a r g e  as  2 t o  3 

nM in  d ia m e te r ,  f o r  example h o r s e r a d i s h  p e r o x id a se ,  appear  t o  p e n e t r a t e  

t h e  endothel ium through i n t e r c e l l u l a r  spaces  (Kaye, S ib ley  & Hoef le ,  

1973).  In t h e  r a b b i t  cornea  t h e r e  a r e  t e rm ina l  ba rs  which have been 

c a l l e d  zona occ lu d en s ,  however in t h e  amphibian and human cornea t h e s e  

t e rm ina l  b a rs  do not  e x i s t  (Kaye, 1962).  The amphibian and human corneal  

endothel ium a re  a l s o  s i m i l a r  as  t h e  i n t e r c e l l u l a r  channe ls  fo l lo w  a very  

t o r t u o u s  r o u te  in  both ( J a k u s ,  1961).

S ince  t h e  cornea i s  a v a s c u l a r ,  t h e  problem o f  t h e  n u t r i t i o n  o f  such 

a m e t a b o l i c a l l y  a c t i v e  t i s s u e  i s  a s p e c ia l  one. There a r e  t h r e e  p o s s i b l e  

sou rces  o f  t h e  s u b t r a t e s  needed f o r  metabol ism: t h e  t e a r s  on th e  e p i ­

t h e l i a l  s u r f a c e ,  t h e  c a p i l l a r i e s  a t  t h e  c o r n e o - s c l e r a l  j u n c t i o n  and t h e  

aqueous humor ba th ing  th e  p o s t e r i o r  s u r f a c e . '  The o u t e r ,  a p i c a l ,  e p i t h ­

e l i a l  s u r f a c e  has been shown to  be r e l a t i v e l y  impermeable t o  g lucose  in  

t h e  r a b b i t  (Hale & Maurice,  1969; R i l e y ,  1969) and t o  amino a c id s  in  t h e  

r a b b i t  (Thoft  & F r ie n d ,  1972; R i l e y ,  Campbell & Linz,  1973) and toad  

( S c o t t  & F r i e d e n t h a l ,  1973) . Oxygen, however, can d i f f u s e  ac ro ss  t h i s  

s u r f a c e ,  and indeed th e  O2  supply  t o  t h e  cornea i s  p a r t l y  from t h e  

aqueous and p a r t l y  from t h e  t e a r  s u r f a c e  (R i l e y ,  1969) . Using an in  

vivo " a n t e r i o r  chamber blockade t e c h n iq u e " ,  T h o f t ,  F r iend  and Dohlman 

(1971) demonstra ted  t h a t  t h e  limbal blood supply  c o n t r ib u t e d  a t  most 20% 

o f  t h e  t o t a l  supply  o f  g lucose  t o  t h e  r a b b i t  co rnea .  I t  was a l s o  found 

t h a t  t h e  endothel ium p r e s e n t s  a p e r m e a b i l i t y  b a r r i e r  t o  g lucose  s in c e  

t h e r e  was an in c re a se d  f lu x  o f  g lucose  a c ro ss  t h e  cornea in t h e  absence 

o f  t h i s  l a y e r .  Several  s t u d i e s  have shown t h a t  inadequa te  s u p p l i e s  o f



n u t r i e n t s ,  such as g lu c o s e ,  may lead  t o  e p i t h e l i a l  d e g rad a t io n  (T r u s s ,  

F r iend  & Dohlman, 1970; T ru ss ,  F r iend  & Reim, 1971) and i t  has been 

sugges ted  (Thof t  & F r i e n d ,  1972) t h a t  some e p i t h e l i a l  d e f e c t s  may be due 

t o  a d e c re a se  in  p r o t e i n  s y n t h e s i s  as  a r e s u l t  o f  inadequa te  amino ac id  

s u p p l i e s .

In fo rm a t ion  about t h e  mechanisms by which amino a c id s  accumulate  in  

t h e  cornea i s  c l e a r l y  im p o r ta n t .  Reddy (1970) measured t h e  d i s t r i b u t i o n  

o f  f r e e  amino a c id s  in t h e  co rn ea .  He found them to  be p r e s e n t  in  high 

c o n c e n t r a t i o n s  and showed t h a t  t h e  cornea l  e p i th e l iu m  t o  aqueous concen­

t r a t i o n  r a t i o  was h ig h e s t  f o r  a c i d i c ,  lowes t  f o r  b a s i c ,  and in t e rm e d ia t e  

f o r  n e u t r a l  amino a c i d s .  I t  was p o s tu l a t e d  t h a t  t h e  high c o n c e n t r a t i o n  

r a t i o s  found in t h i s  s tudy  were m ain ta ined  by an a c t i v e  t r a n s p o r t  mech­

anism. From t h e  c a l c u l a t i o n s  o f  Maurice and R i ley  (1970),  i t  was d e t e r ­

mined t h a t  only  2% o f  a l l  amino a c id s  f lowing through th e  aqueous would 

be r e q u i r e d  t o  meet t h e  s y n t h e t i c  needs o f  t h e  cornea l  e p i th e l iu m .  Thoft  

and Fr iend  (1972) found t h a t ,  as  with  g lu c o se ,  amino ac id  uptake by th e  

r a b b i t  cornea was almost  e l im in a te d  by a n t e r i o r  chamber b lockade .  Removal 

o f  t h e  endothel ium in  t h i s  s tudy  in c rea sed  t h e  r a t e  o f  AIB movement a c ro ss  

t h e  cornea  but  th e y  d id  not  dem onstra te  t h a t  t h e  endothel ium reduces  t h e  

n e t  e p i t h e l i a l  uptake o f  t h e  amino a c id .  They e s t im a te d  t h a t  t h e  f lu x  

o f  amino ac id  a c ro ss  t h e  co rnea l  endothel ium and stroma would supply  t h e  

e p i th e l iu m  with  t e n  t im es  t h e  amount o f  amino ac id  r e q u i re d  f o r  normal 

metabol ism. In t h i s  in  vivo s tudy  t h e  amount o f  amino ac id  accumulated 

in  t h e  e p i th e l iu m ,  2 0  hours  a f t e r  t h e  i n i t i a l  i n j e c t i o n ,  reached a t i s s u e  

t o  aqueous r a t i o  o f  g r e a t e r  th an  7, whereas in t h e  r e s t  o f  t h e  cornea  

t h e  r a t i o  was l e s s  th an  2 .



I t  appears  t h e n ,  t h a t  as sugges ted  by Maurice and R i ley  (1969) ,  

most o f  t h e  n u t r i e n t s  needed by t h e  cornea  a r e  su p p l i e d  by t h e  aqueous 

humor. This  f l u i d  i s  formed by s e c r e t i o n s  of  t h e  c i l i a r y  e p i th e l iu m .  

Reddy, Rosenberg and Kinsey (1961) measured th e  l e v e l s  o f  amino a c id s  

in  t h e  plasma,  aqueous humor and v i t r e o u s  body o f  th e  r a b b i t .  They 

found t h a t  t h e  l e v e l s  o f  most amino a c id s  in  t h e  aqueous a r e  h ig h e r  than  

th o s e  in t h e  plasma,  and sugges ted  t h a t  t h e s e  may be a c t i v e l y  t r a n s p o r t e d  

by th e  c i l i a r y  body. Indeed,  in a l a t e r  s tudy  (Reddy & Kinsey,  1962) 

th ey  were ab le  t o  s a t u r a t e  t h i s  t r a n s p o r t i n g  system by a d m in i s t e r in g  

h ig h e r  c o n c e n t r a t i o n s  o f  amino a c i d s .  These h ig h e r  l e v e l s  o f  amino 

a c id s  in th e  aqueous a s s u r e  an adequate  supply  o f  t h e s e  s u b s t r a t e s  to  

both t h e  cornea and t h e  l e n s .

In 1973, R i ley  and coworkers p r e sen te d  ev idence  t h a t  th e  amino 

a c i d s ,  g l y c i n e ,  a s p a r t i c  ac id  and AIB c r o s s  t h e  endothel ium both by 

d i f f u s i o n  and by a process  t h a t  i s  s a t u r a b l e  and can be i n h i b i t e d  by 

ouabain .  This  ' a c t i v e  pumping' was i n i t i a l l y  though t  t o  be r e s p o n s i b l e  

f o r  t h e  accumulat ion o f  amino a c id s  in  t h e  s troma a t  h ig h e r  c o n c e n t r a t i o n s  

than  th o se  in  t h e  ba th in g  media. A l a t e r  s tudy  by t h e  same i n v e s t i g a t o r  

( R i l e y ,  1977),  however, dem onstra ted  t h a t  t h e  endothel ium does not  have 

such an a c t i v e  r o l e ,  t h a t  amino a c id s  a r e  not  pumped i n t o  t h e  cornea  but  

move ac ro ss  t h e  d e e p i t h e l i a l i z e d  cornea a t  equal r a t e s  in  e i t h e r  th e  

p o s t e r i o r  t o  a n t e r i o r  o r  a n t e r i o r  t o  p o s t e r i o r  d i r e c t i o n .  Amino ac id  

accumulat ion  in t h e  k e r a to c y te s  could  account  f o r  t h e  high s tromal amino 

a c id  c o n c e n t r a t i o n  observed in  t h e  i n i t i a l  exp e r im en ts .

More d e t a i l e d  s tu d i e s  o f  t h e  mechanism by which amino a c id s  a r e  

accumulated by t h e  cornea were done by F r ied e n th a l  and S c o t t  (1973).



They measured,  in  v i t r o , amino ac id  uptake ac ro ss  t h e  cornea  o f  t h e  t o a d ,  

Bufo m ar inus . I t  was concluded t h a t  amino a c id s  a re  taken  up by t h e  

cornea  a lmost  e n t i r e l y  (96%) ac ro ss  th e  e n d o th e l i a l  s u r f a c e ,  and t h a t  

2 t o  3 d i s t i n c t  systems e x i s t  f o r  t h e i r  up take .  These systems had some 

p r o p e r t i e s  o f  t h e  c l a s s i c  'A' and ' L 1 amino ac id  t r a n s p o r t i n g  systems 

as  d e f in e d  by C h r i s te n se n  (1975).  Amino ac id  (AIB) t r a n s p o r t  was how­

e v e r  not t i g h t l y  coupled to  Na t r a n s p o r t  as  removal o f  Na did  not i n h i b i t  

accum ula t ion .  This was an i n t e r e s t i n g  o b s e rv a t io n ,  s in c e  AIB has been 

c l a s s i c a l l y  d e f in e d  as an ' A ' ,  o r  Na-dependent,  system amino a c id .  In 

a l a t e r  s tu d y  (C o o p e rs te in  & S c o t t ,  1978) ,  t h e s e  i n v e s t i g a t o r s  a t tem pted  

t o  d e f i n e  t h e  energy sou rces  used f o r  t h e  t r a n s p o r t  o f  amino a c i d s ,  s in c e  

in  t h e  e a r l i e r  i n v e s t i g a t i o n s  i t  was found t h a t  a n a e r o b io s i s  and cyan ide  

had no e f f e c t  on t h e  r a t e  o f  uptake o f  a l l  t h e  amino a c id s  s t u d i e d ,  and 

i o d o a c e t a t e  d id  not a f f e c t  t h e  uptake o f  l e u c in e .  They p o s tu l a t e d  t h a t  

a s c o r b a t e  s e rv e s  as  an energy source  f o r  l e u c in e  up take .

The fo reg o in g  s e c t io n  i s  a summary o f  our  knowledge o f  cornea l  amino 

ac id  su p p ly ,  uptake and d i s t r i b u t i o n  to  th e  p re se n t  t im e .  In o rd e r  t o  

unders tand  how s t e a d y - s t a t e  l e v e l s  o f  amino a c id s  in t h e  cornea  a r e  

m a in ta in ed ,  however, i t  i s  im por tan t  to  s tudy not only t h e  mechanisms 

f o r  t h e i r  up take  but  a l s o  f o r  t h e i r  exodus.

The o b j e c t  o f  t h e  p r e se n t  i n v e s t i g a t i o n  was t o  de te rm ine  how l e v e l s  

o f  amino a c id s  a r e  m a in ta ined  by th e  cornea .  As a necessa ry  a d ju n c t  t o  

t h i s  s tu d y ,  t h e  p e r m e a b i l i t y  o f  th e  l a y e r s  o f  t i s s u e  t h a t  make up th e  

cornea  was a l s o  de te rm ined .  The non-m etabo l izab le  amino a c id  (AIB) has 

been used predominantly  in t h i s  s tu d y .  Included a re  d e te rm in a t io n s  o f  

t h e  p r o p e r t i e s  o f  amino a c id  accumula t ion and exodus from t h e  co rn ea .



I n t e r f e r e n c e  with  o f  energy s u p p l i e s  and ion g r a d i e n t s  were used t o  he lp  

d e f i n e  t h e  n a tu re  o f  t h e s e  systems.  An a t tem pt  t o  c h a r a c t e r i z e  t h e  

' c a r r i e r ' ,  o r  ' c a r r i e r s ' ,  r e s p o n s i b l e  f o r  t h e s e  mechanisms was made by 

use o f  v a r io u s  enzymes and membrane p robes .  The p o s s i b l e  e f f e c t s  o f  

v a r io u s  hormones on amino ac id  t r a n s p o r t  was a l s o  i n v e s t i g a t e d .  These 

s t u d i e s  have im p l i c a t i o n s  with r eg a rd  t o  t h e  n a tu r e  o f  t h e  b a s ic  mechan­

isms o f  amino ac id  t r a n s p o r t  and a l s o ,  i t  i s  hoped may u l t i m a t e l y  c o n t r i ­

bu te  t o  knowledge o f  how t h e  i n t e g r i t y  o f  t h e  d i f f e r e n t  l a y e r s  o f  cornea l  

t i s s u e  i s  m ain ta ined  and how v a r io u s  f a c t o r s ,  such as  drug a d m i n i s t r a t i o n ,  

may c o n t r i b u t e  t o  t h e i r  h e a l t h  o r  t h e i r  d i s r u p t i o n .
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Chapter  I I I  

The Lens

The l e n s  i s  s e p a ra t e d  from th e  cornea  by th e  aqueous humor (F ig .  2 ) .  

The phys ica l  o r g a n i z a t i o n  o f  t h i s  s p e c i a l i z e d  t i s s u e  i s  t o  r e f r a c t  l i g h t  

in  a c o n t r o l l e d  manner.  This  f u n c t io n  i s  th e  r e s u l t  o f  maintenance o f  

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

e v e r ,  d e s p i t e  e x h a u s t iv e  s tu d y ,  t h e  s t r u c t u r e - f u n c t i o n  r e l a t i o n  o f  t h e s e  

e lem en ts ,  which r e s u l t  in  t r a n s p a r e n c y  and th e  focus ing  p r o p e r t i e s  o f  

th e  l e n s  has not  been e l u c i d a t e d .  This  c h a p te r  w i l l  be d iv id ed  in to  four  

p a r t s :  1 ) an h i s t o r i c a l  p e r s p e c t i v e  o f  our knowledge o f  c a t a r a c t ;  2 ) t h e  

s t r u c t u r e  o f  t h e  l e n s ;  3) t h e  phys io logy  o f  t h e  l e n s ;  4) s t u d i e s  o f  amino 

a c id  t r a n s p o r t  and i t s  r e l a t i o n  t o  d i s e a s e  and c a t a r a c t  fo rm a t io n .

A c a t a r a c t  i s  an o p a c i ty  in  t h e  len s  t h a t  r e s u l t s  in  v i su a l  d i s t u r ­

bances rang ing  from d i s t o r t i o n  o f  v i s i o n  t o  complete b l i n d n e s s .  C a ta r a c t s  

can form as t h e  r e s u l t  o f  d i s e a s e  ( P a t t e r s o n  & Bent ing ,  1965; Matho, 

1972; B e u t l e r ,  e t  a l . ,  1973) ,  exposure  t o  chemicals  o r  drugs  (Becker ,  

1964; Gehring and Buerge,  1969) and age.  The v a r i e t y  o f  f a c t o r s  which 

cause  c a t a r a c t  fo rm at ion  i s  i n d i c a t i v e  o f  t h e  enormity  o f  t h e  problem o f  

d e l i n e a t i n g  th e  mechanisms by which o p a c i t i e s  deve lop .  I t  appears  t h a t  

any a l t e r a t i o n  o f  t h e  m olecu la r  o r  c e l l u l a r  s t r u c t u r e  o f  t h e  len s  which 

r e s u l t s  in  changes in  t h e  r e f r a c t i o n  o f  l i g h t  pass ing  th rough  t h i s  t i s s u e ,  

w i l l  form an o p a c i t y .

The fo l lo w in g  s e c t io n  i s  a summary o f  an h i s t o r i c a l  p e r s p e c t iv e  on 

c a t a r a c t  (Rucker,  1965).  C a ta r a c t s  were o r i g i n a l l y  thought  t o  r e s u l t  

from t h e  d e p o s i t i o n  o f  a " c o r ru p t  humor, p o s s ib ly  from th e  b ra in"  in
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f r o n t  o f  t h e  l e n s .  The word c a t a r a c t a ,  meaning ' w a t e r f a l l '  i s  a L a t in  

t r a n s l a t i o n  o f  t h e  Arabic  word f o r  'b l a c k  w a te r '  t h a t  was used c e n t u r i e s  

ago to  d e s c r i b e  c a t a r a c t s .  Almost 2000 y e a r s  ago a d e s c r i p t i o n  o f  c a t a r a c t  

su rg e ry  was reco rded  by A u re l iu s  Corne l ius  Celsus who p r a c t i c e d  medicine  

i n  Rome but  i t  was p robably  employed seve ra l  hundred y e a r s  e a r l i e r  in 

Ind ia  and Greece. This s u r g i c a l  method was employed u n t i l  t h e  m id -e ig h ­

t e e n t h  c e n tu ry  and involved  pass ing  a need le  in to  t h e  eye and pushing 

t h e  c a t a r a c t  down below t h e  v i su a l  a x i s  ( ' c o u c h i n g ' ) .  I t  was not u n t i l  

1643 t h a t  th e  t r u e  n a tu r e  o f  t h e  c a t a r a c t  was d i s c o v e red .  F ranco is  

Quarre proposed t h a t  a c a t a r a c t  was not a ' c o r r u p t  humor' bu t  i n s t e a d ,  

an opaque l e n s .  A c e n tu ry  l a t e r  a su cc e ss fu l  tech n iq u e  f o r  removal o f  

t h e  c a t a r a c t  from t h e  eye was developed by Jacques  Davie l .  There have 

been many m o d i f i c a t i o n s  and improvements in  t e c h n iq u e ,  but t h e  p rocedure  

used today  i s  e s s e n t i a l l y  t h e  same.

The l e n s  i s  com ple te ly  surrounded by a ' c a p s u l e '  which has been 

c a l l e d  a h y a l in e  membrane because o f  i t s  lack  o f  v i s i b l e  s t r u c t u r e .  The 

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

c e l l s  (F ig .  3 ) .  At t h e  p e r ip h e ry ,  t h e s e  c e l l s  d i f f e r e n t i a t e  i n t o  f i b e r  

c e l l s  which a r e  c o n s t a n t l y  pushed i n t o  t h e  dep th  o f  t h e  l e n s  by new e p i ­

t h e l i a l  m i to se s  and d i f f e r e n t i a t i o n .  There i s  no s loughing o f f  o f  c e l l s  

as  seen in  t h e  cornea  as t h e  surrounding  c a p s u le  p rev en ts  t h i s .  T he re fo re  

a l l  o f  t h e  c e l l s  p r e s e n t  from embryonic development on, remain in  t h e  

l e n s  th roughou t  l i f e .  As t h e  e p i t h e l i a l  c e l l s  d i f f e r e n t i a t e  i n t o  f i b e r  

c e l l s ,  they  e n l a r g e ,  sending one process  below th e  a n t e r i o r  e p i th e l iu m  

and one beneath  t h e  p o s t e r i o r  c a p s u le .  An e l e c t r o n  microscope s tudy  o f  

e p i t h e l i a l  c e l l  d i f f e r e n t i a t i o n  in  mice has shown t h a t  t h e  f i b e r  c e l l
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Fig .  3.  A schematic  drawing of  a mammalian eye l e n s  (Bloemendahl, 
1977)



nucleus  g r a d u a l l y  merges with  t h e  cytoplasm (pyknosis )  and d i s a p p e a r s .  

The l o s s  o f  t h e  nuc leus  and concomitant  l o s s  o f  t h e  i n t e r c e l l u l a r  o rgan­

e l l e s ,  t h e  l ack  o f  a p p r e c i a b l e  i n t e r c e l l u l a r  space and absence o f  blood 

v e s s e l s  and nerves  may be n ec e s sa ry  t o  i n s u r e  t r a n s p a r e n c y  (Cogan, 1962; 

Krebs ,  1972).  The f i b e r  c e l l  membrane i s ,  however, m a in ta ined  f o r  many 

y e a r s  in  t h e  o u t e r  l a y e r  o f  f i b e r  c e l l s ,  o r  c o r t e x .  As th e  c e l l s  a re  

c o n t in u o u s ly  pushed toward th e  c e n t e r  o r  nucleus  o f  t h e  len s  th e  c e l l  

membranes begin  t o  break down and t h e  nuleus  has a very homogeneous 

n a t u r e .  I t  i s  e s s e n t i a l l y  packed with p r o t e i n s .  The l e n s  c o n ta in s  th e  

h i g h e s t  c o n c e n t r a t i o n  o f  p r o t e i n s  o f  any o th e r  t i s s u e  in t h e  body. 90% 

o f  t h e s e  a re  c r y s t a l  1 i n s  which a re  cons ide red  to  be t h e  fu n c t io n in g  

u n i t s  in  t h e  c o n t ro l  o f  l e n t i c u l a r  t r a n sp a re n c y  (Bloemendahl & Cohen,, 

1976).  The maintenance o f  th e  proper  s t r u c t u r e  o f  t h e s e  i n t e g r a l  pro­

t e i n s  i s  e s s e n t i a l .

The l e n s ,  l i k e  t h e  c o rn e a ,  i s  an a v a s c u la r  t i s s u e .  I t  must,  t h e n ,  

depend on t h e  su rround ing  f l u i d s  f o r  i t s  n u t r i e n t s .  The aqueous humor 

ba th es  t h e  a n t e r i o r  s u r f a c e  and th e  v i t r e o u s  humor b a th es  th e  p o s t e r i o r  

s u r f a c e  o f  t h e  l e n s ,  t h e  aqueous humor c o n ta in s  much h igher  l e v e l s  o f  

n u t r i e n t s  than  does t h e  v i t r e o u s  and so appears  t o  be t h e  source  o f  most 

s u b s t r a t e s .  G ly c o ly s i s  appears  t o  be t h e  major m etabo l ic  pathway u t i l ­

ized  by t h e  l en s  f o r  p ro d u c t io n  o f  energy (K inosh i ta  & Wachtl , 1958).  

The u t i l i z a t i o n  of  O2  produces  about 10-20% o f  t h e  energy supply .  The 

pen tose  phosphate  pathway i s  a l s o  a c t i v e  in t h e  l e n s .  Also o f  g r e a t  

i n t e r e s t  i s  t h e  s o r b i t o l  pathway d e s c r ib e d  by van Heyningen (1959a ,b ,  

1962) . Under normal c o n d i t i o n s  t h i s  pathway i s  p o s tu l a t e d  t o  r e g u l a t e  

t h e  a c t i v i t y  o f  g l y c o l y s i s .
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Another  n o ta b le  f e a t u r e  o f  t h e  phys ica l  arrangement o f  t h e  l e n s  i s  

t h a t  t h e  aqueous b a th es  t h e  a n t e r i o r  s u r f a c e  o f  t h e  l e n s  which i s  cov­

e red  by th e  a n t e r i o r  e p i th e l iu m .  The l a t t e r  i s  t h e  most a c t i v e  p a r t  o f  

t h e  l e n s ,  d i s p l a y i n g  m i t o t i c  a c t i v i t y  and p o sse s s in g  s e v e ra l  a c t i v e  pump­

ing mechanisms. Na-K-ATPase i s  p r e se n t  p r im a r i l y  in  t h e s e  c e l l s  (Bont ing ,  

Caravaggio & Hawkins, 1963; K in sey S  Reddy, 1965; Palva and Palkama, 1974) 

and i s  r e s p o n s i b l e  f o r  t h e  removal o f  Na which has l e a k e d ,  mainly  a c ro ss  

t h e  p o s t e r i o r  s u r f a c e ,  i n t o  t h e  l e n s  (K in sey ' s  'pump-leak '  h y p o t h e s i s ) .  

This  pump on th e  a n t e r i o r  s u r f a c e  m edia tes  a net. t ransm ura l  movement o f  

Na which r e s u l t s  r e s u l t s  in  t h e  t i s s u e  m a in ta in in g  an e l e c t r i c a l  p o t e n t i a l  

d i f f e r e n c e  (P .D . ) between i t s  p o s t e r i o r  and a n t e r i o r  s u r f a c e s  ( t h e  l a t t e r  

p o s i t i v e )  and i t  e o n t r i b u t e s  to  a s h o r t - c i r c u i t  c u r r e n t  ( I s c ) l i k e  in  

f ro g  sk in  and toad  b lad d e r  p r e p a r a t i o n s .

Other  a c t i v e  pumping mechanisms have been shown t o  e x i s t  in  t h e  l e n s  

e p i th e l iu m  and one example o f  t h i s  i s  t h e  movement o f  amino a c id s  i n t o  

t h e  l e n s .  Amino ac id s  were f i r s t  shown to  be a c t i v e l y  t r a n s p o r t e d  by 

t h e  l e n s  in t h e  e a r l y  1 9 6 0 's  (Kern, 1962; Reddy & Kinsey,  1962; Kinsey 

& Reddy, 1963). The s y n th e s i s  o f  amino a c id s  by th e  l e n s  has a l s o  been 

demonstra ted  (K inosh i ta  & Merola,  1961; van Heyningen, 1965).  In l i g h t  

o f  t h e  r e s u l t s  o f  t h e  e a r l y  t r a n s p o r t  s t u d i e s  and a more r e c e n t  s tudy 

(Reddy, 1970b) i t  has been determined t h a t  amino ac id  t r a n s p o r t  mechanisms 

a r e  more im por tan t  than s y n th e s i s  f o r  th e  supply  o f  amino a c id s  t o  t h e  

l e n s .



When t h e  c a p s u le  and e p i th e l iu m  were removed th e  amino ac id  concen­

t r a t i n g  a b i l i t y  o f  t h e  r a b b i t  len s  was l o s t  (Kinsey & Reddy, 1963). The 

t i s s u e  t o  medium r a t i o  o f  amino a c id  p re se n t  in  t h e  remain ing f i b e r  c e l l s  

was 0 .25  which t h e s e  i n v e s t i g a t o r s  equated  with  t h e  p resence  o f  t h e  amino 

a c id  in  t h e  e x t r a c e l l u l a r  space .  T h e re fo re ,  i t  would seem, t h a t  t h e  f i b e r  

c e l l s  were not  only in ca p ab le  o f  a c t i v e l y  accumulat ing amino a c i d s ,  but  

in  t h e  absence o f  t h e  c a p s u le  and ep i th e l iu m  were impermeable t o  them. In 

t h i s  s tudy  i t  was a l s o  de termined  (by com p e t i t io n  exper iments)  t h a t  t h e r e  

a r e  a t  l e a s t  3 d i s t i n c t  systems f o r  amino a c id  up take ,  and t h a t  75% o f  

energy u t i l i z e d  in t h e  t r a n s p o r t  p rocess  was d e r iv e d  from g l y c o l y s i s .  A 

l a t e r  s tudy  (Kinsey & Reddy, 1965) on th e  r e l a t i v e  r o l e  o f  t h e  e p i th e l iu m  

and c a p su le  in t r a n s p o r t  concluded t h a t  a c t i v e  t r a n s p o r t  o f  amino ac id s  

i n t o  t h e  l e n s  t a k e s  p la c e  e x c l u s iv e ly  a c ro s s  t h e  a n t e r i o r  s u r f a c e  o f  e p i ­

t h e l i a l  c e l l s  and r e l e g a t e s  t o  t h e  c a p su le  a p a s s iv e  r o l e .  They d i d ,  

however n o t i c e  t h a t  t h e  c o n c e n t r a t i o n  o f  amino ac id  in th e  i n t a c t  lens  

was h ig h e s t  in  t h e  a n t e r i o r  t h i r d  o f  t h e  l e n s ,  lowest  in  t h e  nucleus  and 

i n t e r m e d i a t e  in th e  p o s t e r i o r  c o r t i c a l  f i b e r s .  The conc lus ion  reached 

in  t h i s  s tudy  was t h a t  amino a c id s  a re  pumped i n t o  t h e  l e n s  by th e  a n t e r i o r  

e p i t h e l i u m ,  and t h a t  t h e  f i b e r  c e l l s  a r e  nour ished  by t h i s  a c t i v i t y .  A 

more r e c e n t  s tudy  by Kern, Ho and Ostrove (1977) d i s p u t e s  t h i s  " a n t e r i o r  

pump p o s t e r i o r  leak" t h e o r y  o f  amino ac id  uptake in th e  r a b b i t  l e n s  as 

p o s tu l a t e d  by Kinsey and Reddy (1965). These i n v e s t i g a t o r s  s tu d ie d  uptake 

a c r o s s  t h e  a n t e r i o r  and p o s t e r i o r  s u r f a c e s  s e p a r a t e l y  and found t h a t  th e  

p o s t e r i o r  f i b e r  c e l l s  were,  indeed ,  ab le  t o  a c t i v e l y  accumulate amino 

a c i d s .  Reasons f o r  t h e  d i sc re p a n c y  between t h e s e  two s tu d i e s  were not  

g iven  but may have one o f  two e x p la n a t io n s .  F i r s t ,  Kinsey and Reddy 

(1965) did  not  look a t  uptake ac ro ss  t h e  a n t e r i o r  and p o s t e r i o r  s id e s



s e p a r a t e l y  in  t h e i r  i n v e s t i g a t i o n  th e  ca p su le  and e p i th e l iu m  were r e ­

moved and no uptake was no ted .  In t h i s  p rocess  t h e  l e n s  f i b e r  c e l l s  

could  have been damaged so t h a t  amino a c id s  could  not accum ula te .  

Secondly ,  as  w i l l  be exp la in ed  below, th e  f i b e r  c e l l s  l o s e  t h e i r  c a p a c i t y  

t o  accumulate  'A' system amino a c id s  dur ing  d i f f e r e n t i a t i o n .  Five 

s e p a r a t e  s i t e s  f o r  amino ac id  t r a n s p o r t  have been c h a r a c t e r i z e d  ( B r a s s i l  

& Kern, 1968) which in  analogy t o  the  nomenclature used by C h r i s ten sen  

(1975) were c a l l e d  A, L, ASC, Gly and Ly+. In t h e i r  1977 s tu d y ,  Kern 

and coworkers measured changes in  both t h e  presence  and th e  a c t i v i t y  o f  

t h e s e  f i v e  systems were measured using t h e  l e n s  as  a model f o r  a d i f f e r ­

e n t i a t i n g  t i s s u e .  T ranspor t  ac ro ss  t h e  a n t e r i o r  s u r f a c e  r e p r e s e n t e d  

th e  u n d i f f e r e n t i a t e d  system, whereas t r a n s p o r t  a c ro s s  t h e  p o s t e r i o r  

s u r f a c e  r e p re s e n te d  th e  d i f f e r e n t i a t e d  system. They de termined  t h a t  

t h e  'A' and ' L ' systems r e g re s se d  s i g n i f i c a n t l y  in t h e  p o s t e r i o r  f i b e r  

c e l l s  but  t h a t  th e  ASC, Gly and Ly+ systems were m a in ta in e d .  Changes 

in th e  a c t i v i t y  o f  v a r io u s  amino ac id  t r a n s p o r t i n g  sys tem s ,  as  noted in  

Chapter  I ,  occur  in  many d i f f e r e n t i a t i n g  t i s s u e s  ( C h r i s t e n s e n ,  1975; 

Gazzola ,  e t  a l .  1972; Franchi-Gazzola  e t  a l . ,  1973) .  Amino ac id  t r a n s ­

p o r t  has been proposed to  be l inked  to  th e  t r a n s p o r t  o f  c a t i o n s  (Kern, 

1962; Kinsey,  1965; Kinsey & Reddy, 1965; C o t l i e r  and Beaty, 1967; 

Kern & B r a s s i l ,  1968).  Removal of  calcium from th e  media reduced th e  

a b i l i t y  o f  t h e  l en s  t o  accumulate amino ac id  (Kinsey,  1965; Thoft & 

K in o s h i t a ,  1965).

The importance o f  t h e  s tudy o f  amino ac id  t r a n s p o r t  i n t o  t h e  l en s  

cannot  be overemphasized. I t  was e s t im a te d  (Merriam & Kinsey,  1950) t h a t  

5% o f  t h e  l e n s  p r o t e in  t u r n s  over  every  day.  I t  i s  obvious t h a t  t h e  main­



t e n a n c e  o f  normal l e v e l s  o f  r e q u i s i t e  p r o t e in s  in  t h e  l e n s  i s  dependent 

upon an adequate  supply  o f  amino a c id s  and th e  p resence  o f  e f f i c i e n t  mech­

anisms f o r  t h e i r  c o n s e rv a t io n  and t h e i r  t r a n s p o r t  i n t o  th e  l e n s .  Many 

s t u d i e s  have in d i c a t e d  t h a t  t h e r e  a r e  changes in t h e  s t e a d y - s t a t e  l e v e l s  

o f  amino a c id s  in  l e n s e s  t h a t  a r e  age and d i s e a s e  r e l a t e d  (Dardenne & 

K i r s t e n ,  1962; Barber ,  1968; Z i g l e r ,  Mauney & S idbury ,  1977). Amino ac id  

l e v e l s  have a l s o  been shown to  d ec rea se  in e x p e r im e n ta l ly  induced c a t a r ­

a c t s  (van Heyningen, 1959b; Reddy & Kinsey, 1963; Reddy, 1965) . K in o sh i ta ,  

Merola and Hayman (1965) demonstra ted  t h a t  in c re a se d  h y d ra t io n ,  which 

ta k e s  p lace  in  l e n se s  w ith  e x p e r im e n ta l ly  induced c a t a r a c t ,  i s  p r im a r i l y  

r e s p o n s i b l e  f o r  t h e  l o s s  o f  amino a c id s  by t h e  l e n s .  Decreased in c o rp o r ­

a t i o n  o f  amino a c id s  i n t o  p r o t e in s  and p r o t e in  s y n th e s i s  i s  most l i k e l y  

due t o  d e c re a se s  in  t h e  l e v e l s  o f  amino a c id s  in  t h e  l e n s .  C o t l i e r  (1971) 

found t h a t  uptake o f  amino a c id s  by t h e  l en s  i s  independent o f  th e  r a t e  

o f  p r o t e in  s y n th e s i s  but  t h a t  a d ec re a se  in t h e  r a t e  o f  amino a c id  t r a n s ­

p o r t  and accumulat ion  r e s u l t e d  in a co r respond ing  d ec rea se  in  t h e  l e v e l s  

o f  t h a t  amino a c id  in c o r p o ra te d  i n t o  p r o t e i n .  This could  obv ious ly  have 

d r a s t i c  e f f e c t s  on t h e  composi t ion  and s t r u c t u r e  o f  p r o t e i n s .  Amino 

a c i d s  have a l s o  been im p l i c a te d  as r e g u l a t o r s  o f  w ate r  and c a t i o n  ba lance  

in  t h e  l e n s  ( P a t t e r s o n ,  1979) .

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

i s  reduced (Reddy, 1971) .  G lu ta th io n e  has an im portan t  r o l e  in  t h e  

maintenance o f  normal c a t i o n  t r a n s p o r t  and membrane p e r m e a b i l i ty  in  t h e  

l e n s  (E p s te in  & K in o s h i t a ,  1970).  G lu ta th io n e  i s  normally p re se n t  in  

high c o n c e n t r a t i o n s  in  t h e  l e n s  where i t s  o x id a t io n  l e a d s  t o  d e c re a se s  in  

Na-K-ATPase a c t i v i t y ,  a s h i f t  in  Na, K, and Cl d i s t r i b u t i o n  and an i n c r e a s e



in  h y d ra t io n  ( G ib ! in ,  Chakrapani and Reddy, 1976). These p ro ce sse s  may 

a l s o  i n f l u e n c e  p r o t e in  s y n t h e s i s  s in c e  i t  has been shown t h a t  c o n t ro l  o f  

p r o t e in  s y n t h e s i s  i s  a s s o c i a t e d  with  changes in  Na and K r a t i o s  in  t h e  l e n s  

(Shinohara  & P i a t i g o r s k y ,  1977).  Most o f  t h e  g l u t a t h i o n e  p r e se n t  in  t h e  

l e n s  i s  t u rn e d  over  t h e r e :  i t  i s  sy n th e s iz ed  and degraded in t h e  l e n s .  

The amino a c id s  n e c e s sa ry  f o r  i t s  s y n t h e s i s  msut t h e r e f o r e  be e a s i l y  a c ­

c e s s i b l e .  That changes in  p r o t e in  s t r u c t u r e  and composi t ion r e s u l t  in 

l e n s  o p a c i t i e s  i s  well known (C la rk ,  Zigman & Lerman, 1969; Benedek, 1971; 

Bushel 1 & Duncan, 1978). There a r e  two t h e o r i e s  o f  how s e n i l e  c a t a r a c t s  

develop  and both in v o lv e  d i s r u p t i o n  o f  t h e  normal p rocess  o f  p r o t e in  

s y n t h e s i s .  The " T r a n s l a t i o n  e r r o r - c a t a s t r o p h e "  hypo thes is  o f  Orgel (1963) 

proposes  t h a t  age r e l a t e d  a l t e r a t i o n s  occur  in  p r o te in s  du r ing  t r a n s l a t i o n  

o f  messengers  on r ibosomes .  Robinson (1974) cla ims t h a t  l o s s  o f  amide 

groups from a sp a ra g in e  and g lu tamine  r e s i d u e s  a f t e r  t r a n s l a t i o n ,  s e rv e s  

as  a "genera l  p h y s io lo g ic a l  t im e r " .

The importance o f  unders tand ing  th e  b a s ic  mechanisms o f  amino ac id  

t r a n s p o r t  i n to  t h e  l e n s  i s  obv ious .  A l t e r a t i o n s  in t h e  a v a i l a b i l i t y  o f  

amino a c id s  .to t h e  p r o t e i n  s y n th e s i s  machinery can d r a s t i c a l l y  a l t e r  t h e  

composi t ion  and s t r u c t u r e  o f  p r o t e i n s ,  o r  even t h e  b a s ic  a b i l i t y  o f  t h e  

t i s s u e  t o  make s p e c i f i c  p r o t e i n s .  Since t h e s e  p r o te in s  and t h e i r  i n t e r ­

a c t io n  with  each o t h e r  a r e  presumed t o  be r e s p o n s ib le  f o r  th e  s t r u c t u r e  

which r e s u l t s  in  t h e  t r a n s p a r e n c y  o f  th e  l e n s ,  t h e i r  p roper  s y n th e s i s  i s  

v i t a l .  I t  was t h e  purpose  o f  t h i s  s tudy t o  de termine  t h e  b a s i c  mechanism 

by which amino a c i d s  e n t e r  and leave  th e  l e n s .  Schul tz  and Curran (1970) 

in  t h e i r  rev iew o f  N a -so lu te  coupled t r a n s p o r t  po in ted  ou t  t h e  d i f f i c u l t y ,  

in  view o f  i t s  anatomical a r rangem ent ,  o f  e v a lu a t in g  t r a n s p o r t  p r o p e r t i e s



o f  t h e  l e n s .  The l a y e r in g  o f  f i b e r  c e l l s  makes measurement o f  u n i d i r e c ­

t i o n a l  f lu x e s  almost  im p o ss ib le .  I t  was o f  i n t e r e s t  t o  s e t  up a model 

t o  a t tem p t  t o  d e f in e  t h e  i n t e r a c t i o n s  o f  t h e  v a r io u s  t i s s u e  components 

o f  t h e  l e n s  so t h a t  t h e  o v e r a l l  t r a n s p o r t  p ro cess  t h a t  i s  seen can be 

b e t t e r  unders tood .  Analyses  o f  t h i s  kind a r e  needed and t o  my knowledge 

have not  been pursued .  I t  was a l s o  t h e  i n t e n t i o n  o f  t h i s  s tudy  t o  d e t e r ­

mine how th e  t r a n s p o r t  p rocess  i s  a f f e c t e d  by s p e c i f i c  d ru g s ,  membrane 

probes  and hormones. These s t u d i e s  were des igned  t o  d e f i n e  t h e  t r a n s p o r t  

p ro ce sse s  in  t h e  lens  and to  be a b le  to  compare and c o n t r a s t  them with  

o t h e r  t r a n s p o r t  systems.  A more p r e c i s e  knowledge o f  t h e s e  mechanisms 

i s  im por tan t  f o r  an unders tand ing  o f  t h e  normal f u n c t io n in g  o f  t h e  l e n s  

and t h e  d i s r u p t i o n s  t h a t  can lead  t o  t h e  fo rm at ion  o f  c a t a r a c t s .



Methods

Anim als : Toads,  Bufo m a r in u s , were ob ta in ed  from Nat ional  Reagents ,

B r id g e p o r t ,  Conn. and kep t  in  t h e  l a b o r a t o r y  a t  18° C.

P r e p a r a t i o n  o f  T i s s u e s : Corneas and l e n se s  were removed from th e  eyes 

o f  t h e  to a d s  by c u t t i n g  th rough  th e  s c l e r a  around t h e  cornea about  3 mm 

from t h e  l im bus .  Both t i s s u e s  were p laced  in  a modif ied  Conway s o l u t i o n .  

The a t t a c h e d  i r i s  was removed and t h e  s c l e r a  was trimmed o f f  a s  com ple te­

l y  as  p o s s i b l e .  The s c l e r a  was l e f t  on in  exper iments  in  which t h e  c o r ­

neas were mounted in  U ss in g - ty p e  chambers.  In c e r t a i n  c a s e s  t h e  e p i t h e l ­

ium was removed by s c ra p in g  t h e  a n t e r i o r  s u r f a c e  o f  t h e  cornea  with  a 

s c a lp e l  b lade  b e fo re  i t  was removed from t h e  eye .  The endothel ium was 

removed by s c ra p in g  th e  p o s t e r i o r  s u r f a c e  o f  t h e  co rn ea .

The d i s s e c t i o n  o f  l e n s e s  i n t o  t h e i r  v a r io u s  l a y e r s  was accomp­

l i s h e d  in  t h e  fo l lo w in g  manner. F i r s t  t h e  cap su le  was removed a f t e r  

soaking t h e  l e n s e s  in  Conway s o l u t i o n  c o n ta in in g  0 .5  mg/ml c o l l a g e n a s e  

f o r  20 m inu tes .  A f t e r  t h i s  i n c u b a t i o n ,  t h e  ca p su le  i s  r e a d i l y  p u l led  

o f f ,  in  one p i e c e ,  w ith  a f i n e  f o r c e p s .  To remove th e  e p i th e l iu m  t h e  

l e n s  was then  h e ld ,  a n t e r i o r  s u r f a c e  up and th e  e p i th e l iu m  was scraped 

o f f  us ing  a s c a lp e l  b l a d e .  To expose t h e  l e n s  nuc leus  i t  was n eces sa ry  

t o  remove th e  o u t e r  c o r t i c a l  l a y e r  o f  f i b e r  c e l l s .  The l e n s e s  were 

spun in  g l a s s  c y l i n d e r s  u n t i l  they  were reduced t o  1/3 o f  t h e i r  i n i t i a l  

weight  ( t h i s  u s u a l l y  took  30-90 m in u te s ,  depending on th e  i n i t i a l  s i z e  

o f  t h e  l e n s ) .

Measurement o f  p o t e n t i a l  d i f f e r e n c e  ( P . P . ) ,  s h o r t - c i r c u i t  c u r r e n t  (Igp)  

and ion f l u x e s  a c r o s s  t h e  cornea  and l e n s :  Both t h e  co rneas  and l e n se s



were mounted in U ss in g - ty p e  chambers so t h a t  t h e  t ransm ura l  f lu x e s  o f  

ions  and v a r io u s  compounds could  be measured.  The amphibian cornea  and 

l e n s  e x h i b i t  a t ransm ura l  p o t e n t i a l  d i f f e r e n c e ,  a n t e r i o r  p o s i t i v e  f o r  

t h e  l en s  and aqueous s id e  p o s i t i v e  f o r  t h e  c o rn e a ,  which in  to a d s  i s  1 0 - 

30 mV. This  P.D. was m ain ta ined  a t  z e r o ,  when f lu x e s  a c r o s s  e i t h e r  th e  

cornea  o r  lens  were measured,  with  an au tom at ic  v o l t a g e  clamp. Trans­

mural f lu x e s  a c ro ss  t h e  cornea  were measured in one s e t  o f  e x p e r i ­

ments .  2 2 ^ 3  ( i #q yuCi/ml) was added to  e i t h e r  t h e  s o l u t i o n s  b a th in g  th e  

e p i t h e l i a l  o r  e n d o th e l i a l  s u r f a c e s .  At 15 minute i n t e r v a l s  1 .0  ml samples 

were removed from t h e  t r a n s  s o l u t i o n  and counted in a Beckman Biogamna 

I I  c o u n te r .  The movement o f  ^^Cl (1 .0  ^uCi/ml) ac ro ss  t h e  cornea was 

measured in a s i m i l a r  manner. At 20 minute i n t e r v a l s ,  1 ml samples were 

t a k e n ,  5 ml o f  s c i n t i l l a t i o n  f l u i d  ( F i s h e r  S c i n t i v e r s e )  was added and 

th e  samples were counted in  a l i q u i d  s c i n t i l l a t i o n  co u n te r  (Beckman LS- 

9000)

Transmural p e r m e a b i l i t y  s t u d i e s  ( c o r n e a ) : The p e r m e a b i l i t y  o f  each o f

t h e  l a y e r s  o f  cornea l  t i s s u e  was de termined  by mounting t h e  co rneas  in  

U ss ing- type  chambers and measuring t h e  t r a n s c o r n e a l  f lu x  o f  s ev e ra l  com­

pounds under s h o r t - c i r c u i t e d  c o n d i t i o n s .  T ran sp o r t  a c ro s s  i n t a c t  co rneas  

and th o se  with t h e  e p i th e l iu m  o r  endothel ium o r  both t h e s e  bounding mem­

branes  removed was s tu d i e d .  T ran sp o r t  o f  t h e  v a r io u s  compounds in  both 

d i r e c t i o n s  ( t e a r  t o  aqueous and aqueous t o  t e a r  s id e )  was measured. The 

e n d o t h e l i a l  o r  e p i t h e l i a l  b a th in g  s o l u t i o n  c o n ta in e d  0.1 mM and 0 . 2 ^C i /m l  

o f  t h e  1 4 c - l a b e l l e d  compound t h a t  was t o  be t e s t e d .  At s p e c i f i c  t ime 

i n t e r v a l s  1 ml samples were counted in  a s c i n t i l l a t i o n  c o u n te r  (Beckman 

LS-9000) a f t e r  t h e  a d d i t i o n  o f  t h e  s c i n t i l l a t i o n  f l u i d .  The co rneas  were



removed from t h e  chambers,  b l o t t e d ,  weighed and e x t r a c t e d  in 2 ml 0.5N HC1. 

An a l i q u o t  o f  t h i s  e x t r a c t  was counted t o  de te rm ine  t h e  amount o f  t h e  com­

pound in  t h e  co rn ea .  This  method was found t o  be as  e f f e c t i v e  as  d i s s o l ­

ving t h e  t i s s u e s  in  a t i s s u e  ' s o l u b i l i z e r '  (NCS, Amersham S e a r l e ) .

Amino a c id  u p t a k e : Excised p a i r e d  corneas  and l e n s e s  were placed  in

Conway s o l u t i o n  c o n ta in in g  th e  u n l a b e l l e d  amino ac id  in  c o n c e n t r a t i o n s  

from 0 .1  t o  30 mM and 0 .2  ^uCi/ml o f  th e  ^ C - l a b e l l e d  amino a c id .  At 

th e  end o f  t h e  i n c u b a t io n  th e  t i s s u e s  were removed from th e  Conway s o lu ­

t i o n ,  b l o t t e d ,  weighed and e x t r a c t e d  as  d e s c r ib e d  above. In every case  

one cornea  o r  l e n s  o f  each p a i r  was t r e a t e d  as  t h e  co n t ro l  and t h e  c o n t r a ­

l a t e r a l  co rnea  o r  l e n s  a s  t h e  exper imenta l  t i s s u e .

Amino a c id  e f f l u x : Six p a i r s  o f  corneas  o r  l e n se s  were pre loaded with

0.1 mM t o  30 mM u n la b e l l e d  amino ac id  and 1 yjCi/ml o f  th e  ^ - l a b e l l e d  

amino a c id  f o r  3 hours  in  Conway s o l u t i o n .  At t h e  end o f  t h i s  p re load ing  

p e r io d ,  t h e  t i s s u e s  were removed from th e  ba th ing  s o l u t i o n ,  b l o t t e d ,  

weighed and p laced  in s c i n t i l l a t i o n  v i a l s  c o n ta in in g  1 ml Conway s o l u t i o n .  

They were moved s e r i a l l y  t o  v i a l s  c o n ta in in g  f r e s h  amino a c i d - f r e e  Conway 

s o l u t i o n  a t  p r e s c r ib e d  t ime i n t e r v a l s  so t h a t  t h e  r a t e  o f  exodus could 

be d e te rm ined .  At t h e  end o f  th e  exper iment  th e  t i s s u e s  were e x t r a c t e d  

as  d e s c r ib e d  above.  As in t h e  uptake exper iments  one t i s s u e s  o f  each 

p a i r  was t r e a t e d  as t h e  c o n t ro l  and t h e  o t h e r  as t h e  exper imental  prep­

a r a t i o n .

C a l c u l a t i o n s : When co rneas  a r e  incuba ted  in v i t r o  they  swell c o n t i n u a l l y

du r in g  t h e  f i r s t  few hours-. In o r d e r  t o  de term ine  th e  molar  c o n c e n t r a t i o n  

o f  amino a c id  in  t h e  co rnea  i t  i s  n ec e s sa ry  t o  know i t s  water  c o n t e n t / u n i t



wet weight  a t  a p a r t i c u l a r  t im e .  Corneas were removed from to ad s  and 

incuba ted  in  Conway s o l u t i o n  a t  21° C f o r  t ime p e r iods  up t o  6  h o u rs ,  a f t e r

which th e y  were b l o t t e d ,  weighed and d r ie d  in  t h e  oven a t  110° C f o r  16

hours .  The water  c o n te n t  o f  t h e  corneas  was c a l c u l a t e d  from t h e  d a ta

d e r iv e d  from t h e s e  measurements (Table  1 ) .

Table 1. Corneal w ate r  c o n t e n t .  Mean + S .E .  o f  8  exp e r im en ts .

Time ( h r )  ml HpO/g dry  weight  H?0 as  % wet weight

0 4 .4  + 0 .7 75

1 6.4  + 1.5 84

2 7.9  + 1 .9 8 6

3 8 . 8  + 2.3 87

4 9 .0  + 1 .4 89

5 9.6 + 2.1 90

6 10.1 + 1 .9 92

The l e n s e s  m a in ta in  t h e i r  volume even o v e rn ig h t  so i t  was necessary  

on ly  t o  de te rm ine  t h e i r  i n i t i a l  volume. Using t h e  te ch n iq u e  d e sc r ib ed  

above th e  water  co n te n t  o f  th e  whole l e n s  was de termined t o  be 58% o f  

t h e  wet weight o f  t h i s  t i s s u e .  I t  was, however, a l s o  n ec e s sa ry  t o  d e t e r ­

mine th e  wate r  c o n te n t  o f  t h e  in n e r  1/3 o f  t h e  l e n s  (o r  nuc leus)  s in c e  

amino ac id  uptake s t u d i e s  were conducted on t h i s  p o r t i o n s  o f  t h e  l e n s .  

The water  c o n te n t  o f  t h e  nucleus  i s  much l e s s  than  t h a t  o f  t h e  o u t e r  

c o r t i c a l  l a y e r ,  being only  44% o f  t h e  l e n t i c u l a r  wet w e igh t .

The c o n c e n t r a t i o n  o f  t h e  amino ac id  in t h e s e  t i s s u e s  was c a l c u l a t e d  

and compared to  t h a t  in t h e  e x te rn a l  ba th ing  f l u i d  and expressed  as a 

t i s s u e  t o  medium (T:M) r a t i o .



C a l c u l a t i o n  o f  r e s u l t s  o f  amino ac id  e f f l u x  s t u d i e s  were c a r r i e d  

ou t  on t h e  PROPHET Computer System* us ing  a program s p e c i f i c a l l y  des igned  

t o  handle  t h e  d a t a .  The program co n v e r t s  raw d a ta  t o  nM/mg wet weight  

and % t o t a l  coun ts  f o r  each t ime pe r iod  and p l o t s  t h e s e  two measures  

on a graph.  PROPHET system programs were a l s o  used to  de te rm ine  th e

r a t e s  o f  e f f l u x .  The programs and eq u a t io n s  used a r e  d e s c r ib e d  more 

f u l l y  in  t h e  a p p r o p r i a t e  s e c t i o n s  o f  t h e  t e x t .  * '

* The PROPHET system i s  a s p e c i a l i z e d  computer r e so u rc e  developed by

t h e  Chem ica l /B io log ica l  In fo rm at ion  Handling Program o f  t h e  National  

I n s t i t u t e s  of  H ea l th .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  system f e a t u r e s

appears  i n .  t h e  Proceed ings  o f  t h e  Nat ional  Computer Conference and 

E x p o s i t io n ,  May 6-10 ,  1974. Chicago, 111, Vol. 43, pp. 457-483, AFIPS 

P r e s s ,  Montvale ,  N.J.

Sources  o f  compounds:

A) R a d io a c t iv e ly  l a b e l l e d  compounds;

New England N u c le a r , Boston,  MA: (2 .39  mCi/ml) ;  i n u l i n  (Carboxyl-

1 4 c ) (2 .76  mCi/g);  u rea  ( ^ C ) ( 4 7 . 1  mCi/mMol); ^ - a m in o i s o b u t y r i c  a c id  

( l - l ^ C  AIB) (51 .6  mCi/mMol); 125 I - i o d i n a t i o n  k i t  was used t o  i o d i n a t e  t h e  

albumin used in  t h e  t ransm ura l  p e r m e a b i l i t y  s t u d i e s .

ICN, I r v i n e ,  CA: 3 6 d  (5 .59  yuCi/g Cl)

B) R ea g en ts :

All o th e r  compounds, in c lu d in g  th e  s c i n t i l l a t i o n  f l u i d  ( S c i n t i v e r s e )  

were,  with  t h e  fo l lo w in g  e x c e p t io n s ,  purchased  from F i sh e r  S c i e n t i f i c .  

Pearce  Chemical C o . : 4 , 4 ' - d i i s o t h i o c y a n o - 2 , 2 ' s t i l b e n e d i s u l p h o n i c  ac id

(DIDS)



Mai 1 i n c k ro d t  Chemical Works, S t .  L o u is ,  Mo.: Ca g lu c o n a te ,  Na2 HP0 4 **7 H2 0

Sigma Chemical C o . , S t .  L o u is ,  MO: e th y le n e  g l y c o l - b i s - (  {$ -aminoethyl

e t h e r ) N - N ' t e t r a a c e t i c  a c id  (EGTA), c o l l a g e n a s e ,  t r y p s i n ,  h y a lu r o n id a s e ,  

AIB, a l a n i n e ,  l e u c i n e ,  T r i s - C l ,  Na i o d o a c e t a t e ,  o u aba in ,  a lbumin ,  phospho- 

l i p a s e  C.

I n s u l i n  was donsa ted  by L i l l y  P h a rm a c e u t i c a l s ,  Nut ley ,  NJ 

Bumetanide was donated by Hoffman-La Roche, Nut ley ,  NJ

SOLUTIONS

Compounds
(mM) Conway

Na-free
Conway

C l - f r e e  
Conway

T r i s
Ringer

Na-free  
T r i s  Ringer

NaCl 72.0 — — 103.0 —

KC1 2.5 2 .5 — 2 .5 2 .5

MgS04 1 . 2 1 . 2 1 . 2 — 1 . 2

K2 SO4  • — 1 . 2 — —

Na2 S0 4 0 . 6 — 36.6 — —

NaH2 P0 4 0 .7 — 2 . 2 — —

Na2 HP0 4 2 . 2 — 0 .7 — —

G1ucose 26.0 26.0 13.0 5 .2 5.2

Ca Gluconate 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0

Sucrose — — 37.3 — —

Li Cl — — — — 1 0 2 . 8

NaHC0 3 25.0 — 25.0 — —

Tris-CL _  _  _ _  _  _ 2 . 0 2 . 0
pH=7.4 

Choline Cl — 72.0 — — —

Choline HCO3 — 27.2 — — —

KH2 PO4 — 2 . 2 — — —



RESULTS

1. Transmural F luxes  Across  t h e  Cornea:

The purpose o f  measuring th e  t ransm ura l  f lu x e s  was t o  de te rm ine  

how amino a c id s  e n t e r  t h e  toad  cornea and t o  see  i f  any o f  i t s  l a y e r s  

forms a b a r r i e r  t o  th e  permeation o f  t h e s e  n u t r i e n t s .  Corneas were 

mounted in  Uss ing- type  chambers so t h a t  t h e  p e r m e a b i l i t y  c h a r a c t e r i s t i c s  

o f  e i t h e r  s u r f a c e  and each l a y e r  of  t i s s u e  could  be examined. These 

s t u d i e s  were c a r r i e d  out  under e l e c t r i c a l l y  s h o r t - c i r c u i t e d  c o n d i t i o n s .  

The amino ac id  cK-aminoisobutyric  ac id  (AIB) cannot  c r o s s  t h e  i n t a c t  

cornea  o r  in p r e p a r a t i o n s  with th e  endothel ium a lone  removed (Table  1 ) .  

When t h e  e p i th e l iu m  i s  removed, however, t ransm ura l  movement o f  AIB t a k e s  

p la ce  and th e  f lu x  i s  equal in  e i t h e r  d i r e c t i o n .  The a d d i t i o n a l  removal 

o f  t h e  endothel ium a l s o  does not a l t e r  t h i s  r a t e .  Thus AIB cannot  e n t e r  

t h e  cornea a c ro ss  t h e  o u t e r  e p i t h e l i a l  s u r f a c e ,  but  accumulates  in  t h e  

cornea  a c ro ss  t h e  e n d o t h e l i a l  s u r f a c e .

The p e r m e a b i l i t y  o f  t h e  stroma and endothel ium t o  o t h e r  compounds 

was a l s o  measured in  d e e p i t h e l i a l i z e d  cornea l  p r e p a r a t i o n s  t o  de te rm ine  

t h e  e x t e n t  t o  which t h e s e  two l a y e r s  can l i m i t  t h e  permeat ion  o f  m olecu les  

o f  v a r io u s  s i z e s .  As shown in  Table 1, t h e  t ransm ura l  f l u x  o f  each mole­

c u l e  i s  i n v e r s e l y  r e l a t e d  t o  m o lecu la r  s i z e .  For m olecules  up t o  t h e  

s i z e  o f  i n u l i n  (MW=5000) t h e  endothel ium poses no m easurab le  p e r m e a b i l i t y  

b a r r i e r .  Although albumin (MW=60,000) c r o s s e s  t h e  d e e p i t h e l i a l i z e d  c o r ­

neal p r e p a r a t i o n  in  t h e  presence  o f  t h e  endothe l ium ,  i t  does so a t  a 

reduced r a t e  as compared to  p r e p a r a t i o n s  with both t h e  e p i th e l iu m  and 

endothel ium removed.



Table 1. Transcorneal fluxes o f various solutes in  v it ro

Condit ion  o f  
cornea

Epithe l ium+stroma 
+endothel ium 
( = i n t a c t  cornea)

Endothelium 
removed

Epi the l ium  
removed

Compound

AIB

AIB

urea

AIB

l e u c in e  

i n u l i n  

albumin

jumoles crn'^hr"!
E f f lu x  I n f lu x

0

0

62.0+2.3  (6 ) 

32.0+1.1 (3) 

26 .0+1.9  (5)

4 .9+0 .2  (3) 

0 . 12+0.01 (6 )

0

33.7+1.7  (3)

E p i the l ium  and 
e n d o th e l i  um 
removed 
(=stroma)

AIB 

i n u l i n  

albumin

32.8+2.4  (3)

4 .5+0 .2  (3) 

0 . 21+0.02 (6 )

31.5+2.3  (3)

Corneal p r e p a r a t i o n s  were mounted in U ss ing- type  chambers in t h e  con­

d i t i o n  d e s c r ib e d  above. 0 .1  mM u n la b e l l e d  compound and 0 .2  /jCi/ml R e ­

l a b e l l e d  compound, or  2  mg/ml co ld  albumin and 0 . 2  ^Ci/ml ^ i - a l b u m i n  

were added to  e i t h e r  t h e  e p i t h e l i a l  or  e n d o th e l i a l  ba th ing  s o lu t i o n .  

Samples were taken  from t h e  t r a n s  ba th in g  s o l u t i o n  a t  s p e c i f i c  t ime 

i n t e r v a l s  t o  de te rm ine  t h e  f lu x  o f  each compound. E f f lux  r e f e r s  t o  the  

movement o f  t h e  s o l u t e  from t h e  aqueous t o  t h e  t e a r  s i d e ,  i n f l u x  r e f e r s  

t o  movement from t e a r  t o  aqueous. The r e s u l t s  a r e  p re se n ted  as t h e  mean 

+_ S.E. o f  t h e  number o f  exper iments  in  p a r e n th e s e s .
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Treatment o f  t h e  corneas  with e i t h e r  h y a lu ro n id a se  a n d /o r  c o l l a -  

genase d id  not a l t e r  t h e  p e rm e a b i l i ty  o f  t h e  cornea  t o  AIB, l e u c in e  

o r  u rea  (Table  2 ) .

2.  Amino a c id  uptake by t h e  co rnea .

AIB i s  accumulated in t h e  cornea in c o n c e n t r a t i o n s  up t o  10 t im es  

t h a t  o f  t h e  ba th ing  media. This uptake i s  l i n e a r  up t o  9 hours  of  i n ­

cu b a t io n  (F ig .  4 ) .  Most o f  t h e  accumulation seen t a k e s  p la c e  in  t h e  e p i ­

th e l iu m  s in c e  removal o f  t h i s  l a y e r  o f  c e l l s  reduces  t h e  t i s s u e  t o  medium 

r a t i o  t o  1 .23 (Table  3 ) .  AIB uptake i s  s a t u r a b l e  a t  c o n c e n t r a t i o n s  

g r e a t e r  th an  10 mM (F ig .  5 ) .  The pH dependence o f  t h i s  system was t e s t e d  

and i t  was found t h a t  AIB accumulat ion i s  g r e a t e r  a t  pH 8 .4  than  a t  pH 

7.4  (Tab le  4 ) .

The uptake o f  n e u t ra l  amino a c i d s ,  such as AIB and a l a n i n e ,  has 

been shown, in  many t i s s u e s ,  t o  be dependent upon th e  p resence  of  Na in  

t h e  e x t e r n a l  ba th ing  media. The c o t r a n s p o r t  o f  Na with  t h e  s u b s t r a t e  

amino a c id  i s  n ecessa ry  f o r  th e  amino ac id  t o  e n t e r  t h e  t i s s u e .  There 

was no immediate e f f e c t  o f  removal of  Na on AIB accumula t ion  in  t h e  

c o rn e a ;  accumula t ion  was una f fec ted  a t  30 m inutes  (Table  5 ) ,  a f t e r  2 

hours  accumula t ion  i s  s l i g h t l y  reduced. However, even a f t e r  7 hours 

i n c u b a t io n  in  Na-f ree  media,  t h e  accumulation i s  not  co m ple te ly  a b o l i s h ­

ed as shown by a t i s s u e  t o  medium r a t i o  o f  1 .76 .

The lack  o f  a r a p id  e f f e c t  of  removal o f  e x t e r n a l  Na on AIB accum­

u l a t i o n  sugges ted  t h a t  changes in i n t e r n a l  Na c o n c e n t r a t i o n  maybe in ­

volved in  t h i s  p ro c e s s .  Incubat ion  with ouaba in ,  which i n h i b i t s  Na-K- 

ATPase th e r e b y  in c r e a s in g  t h e  i n t e r n a l  c o n c e n t r a t i o n  o f  Na, a l s o  lacks  a



Table 2. E ffects o f hyaluronidase and collagenase on transcorneal
fluxes o f various solutes

Control

Hyaluron idase  
(4 mg/ml)

Col lagenase  
(0 .5  mg/ml)

O utf lux  tyjmoles c m ^ h r - 1 )
Leucine AIB Urea

26.0+1.9

21.7+2.1

21.9+1.9

29.2+3.1

31.7+2.5

30.6+2.8

64.1j|4.8

62.3+3.1

60.7+3.2

Corneal p r e p a r a t i o n s  were mounted in Us s in g - ty p e  chambers and l e u c i n e ,  

AIB o r  u r e a ,  0 .1  mM + 0 .2  yuCi/ml o f  t h e  l a b e l l e d  compound was added to  t h 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 .  Samples were taken  every 30 minutes  from 

t h e  t r a n s  b a th in g  s o l u t i o n  t o  de term ine  t h e  f l u x .  A f t e r  2 hou rs ,  hya­

lu r o n i d a s e  was added to  both s id e s  and again a f t e r  2  hours  c o l l ag e n a se  

was added t o  both  s i d e s .  The va lues  above a re  t h e  average o f  t h e  l a s t  2 

samples in  each o f  t h e  2 hour p e r io d s  and a re  the  mean _+ S.E .  o f  5 

exper im en ts .



Fig .  4.  Corneas were incuba ted  in Conway s o l u t i o n  with  0 .1  mM AIB 

and 0 .2  /iCi/ml ^C-AIB f o r  t h e  t im es  i n d i c a t e d .  Each p o in t  i s  t h e  

mean +_ S.E. o f  a t  l e a s t  6  exper im en ts .



TIME COURSE OF AIB
UPTAKE IN THE TOAD CORNEA

TISSUE/
MEDIUM

7 .5 t

6 . "

5 . •*

4 .

0 . 1 . 2 . 3 . 4 . 5 . 6 . 7 . 8 . 9 .
TIME CHRS2

*  AIB UPTAKE



H O

Table  3. Amino a c id  up take  in  each o f  t h e  co rnea l  l a y e r s .

Condit ion  o f  t h e  cornea Tissue:medium c o n c e n t r a t i o n

a .  Epi thel ium + stroma + 3.41 + 0 .23
endothel ium 
( = i n t a c t  cornea)

b.  Endothelium removed 3 .13  + 0 .19

c .  Epithel ium removed 1.23 + 0.16

d.  Epithel ium and endo- 1 .07 _+ 0 .13
the l ium  removed
(=stroma)

Corneas , in  th e  c o n d i t i o n  d e s c r ib e d  above,  were incuba ted  in
4- •

s o lu t i o n  c o n ta in in g  0.1 mM AIB + 0 .2  yuCi/ml l^C-AIB f o r  3 hours 

numbers r e p r e s e n t  t h e  mean ±  S .E. o f  6  exper im en ts .

P f o r  d i f f e r e n c e  

a vs b ns

a vs c <0 . 0 0 1

c vs d ns

Conway 

. The



F ig .  5.  Corneas were incuba ted  in  Conway s o l u t i o n  with  t h e  c o n ce n t ra ­

t i o n  o f  AIB i n d i c a t e d  and 0 .2  ^iCi/ml l^C-AIB f o r  3 hours .  N o n - l in ea r  

r e g r e s s i o n  a n a l y s i s  was used to  f i t  t h e  d a ta  t o  t h e  curve  d e f in e d  by 

Michaelis-Menton k i n e t i c s :

Vmax x [S]

[S]  + Km

This  was done us ing  a program a v a i l a b l e  on t h e  PROPHET computer system. 

Each va lue  r e p r e s e n t s  t h e  mean _+ S.E. o f  6  exp e r im en ts .

Km = 10.13 mM

Vmax = 1 0 * ^ 6  uinoles/mg wet w e ig h t /h r
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Table 4. E ffect o f pH on AIB accumulation in  the toad cornea*

AIB ( t i s sue :medium c o n c e n t r a t i o n )  

pH 7.4  1 . 5 8 + 0 . 0 3

pH 8 .4  2.46 + 0.17

Pa i red  corneas  were incuba ted  in Conway s o l u t i o n  with 0 .1  mM AIB and

0 .2  yjCi/ml l^C-AIB f o r  3 hours .  One cornea o f  each p a i r  was t r e a t e d  

as t h e  c o n t ro l  and th e  ba th ing  s o lu t i o n  was bubbled with  room a i r

(pH 8 . 4 ) .  The o th e r  cornea was t r e a t e d  as t h e  exper im enta l  one and

t h e  ba th ing  s o lu t i o n  was bubbled with  95% O2  and 5% CO2  t o  b r in g  t h e

pH t o  7 .4 .  The va lues  above a re  t h e  means +_ S.E. o f  6  exper im en ts .



Table 5. E ffect o f incubation in  Na-free media on AIB accumulation
in  the toad cornea.

In cu b a t io n  Tissuermedium c o n c e n t r a t i o n  P f o r
t ime (hours )  Control   N a - f ree  media d i f f e r e n c e

0 .5  1.35+0.11 1.24+0.15 ns

2.0  1.91+0.09 1.45+0.06 <.01

7.0* 2 .76+0.11 1.76+0.06 <.001

Corneas were p a i r e d  in  t h i s  exper im ent ,  one cornea o f  each p a i r  was th e  

c o n t ro l  and th e  o th e r  t h e  ex p e r im en ta l .  Experimental  corneas  were in ­

cubated  in  Na-free  Conway f o r  t h e  t imes  i n d i c a t e d .  0.1  mM AIB and 0 .2  

yuCi/ml l^C-AIB were p r e s e n t  in  both  s o l u t i o n s .

*This i s  t h e  t o t a l  i n c u b a t io n  t ime in  Na f r e e  media. AIB, both l a b e l l e d  

and u n l a b e l l e d ,  was added a f t e r  2 hours p r e in c u b a t io n  in  Na-f ree  s o l u t i o n  

and thus  was on ly  p r e s e n t  f o r  5 hou rs .



r a p id  e f f e c t  on amino ac id  accum ula t ion .  A f t e r  2 hours in c u b a t io n  in  

t h e  p resence  o f  1 0 " 4  m ouaba in ,  t h e r e  i s  no change in AIB accumulat ion 

(Table  6 a ) .  However a f t e r  7 h o u rs ,  ouabain s i g n i f i c a n t l y  r ed u c e s ,  but 

does not  com ple te ly  a b o l i s h ,  t h e  c o n c e n t r a t i o n  o f  AIB by t h e  co rnea .  

Absence o f  potass ium in  t h e  e x te rn a l  ba th ing  media i s  a l s o  expected  to  

i n c r e a s e  i n t e r n a l  Na c o n c e n t r a t i o n ,  and when K was removed from th e  

e x t e r n a l  media , AIB accumulat ion  was reduced (Table 6 b ) .  Amphoteric in 

B i s  a polyene a n t i b i o t i c  which has been shown t o  i n c r e a s e  t h e  pe rm eab i l ­

i t y  o f  t h e  cornea t o  Na (Candia ,  Bent ley  & Cook, 1974). When t h i s  drug 

was added to  t h e  p r e p a r a t i o n s  no change in  t h e  accumula t ion  o f  AIB was 

observed even a f t e r  5 hours  in c u b a t io n  (Table 6 c ) .

The p o s s i b i l i t y  t h a t  agen ts  which in c r e a s e  t h e  i n t r a c e l l u l a r  Na 

c o n c e n t r a t i o n  cause  c e l l  sw e l l in g  and, as a r e s u l t ,  d ec re a se  amino ac id  

c o n c e n t r a t i o n  was c o n s id e re d .  In o t h e r  t i s s u e s ,  amino ac id s  a l s o  have 

been shown t o  p lay  a r o l e  in  osm oregu la t ion .  I t  was im por tan t  t o  d e t e r ­

mine i f  c e l l  volume changes in f lu e n c e  amino ac id  accumula t ion  in t h e  

co rnea .  Corneas were t h e r e f o r e  incuba ted  in Conway s o l u t i o n  in  which 

t h e  o sm o la r i ty  was reduced by 40 mosmol. This t r e a tm e n t  had no e f f e c t  

on t h e  accumula t ion  o f  AIB.

The cornea accumulates  amino a c id s  a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t  

su g g e s t in g  t h a t  t h i s  p rocess  may invo lve  a c t i v e  t r a n s p o r t .  In o rd e r  t o  

de te rm ine  i f  amino ac id  accumulat ion  i s  dependent  upon energy p roduc t ion  

t h e  m e tab o l ic  i n h i b i t o r s  i o d o a c e t a t e  and cyan ide  were added t o  t h e  b a th ­

ing s o l u t i o n .  Amino a c id  accumulat ion i s  com ple te ly  i n h i b i t e d  by t h i s  

t r e a tm e n t  (Table  7 ) ,  but  only a f t e r  7 hours  i n c u b a t io n .  Although t h e r e  

was a s i g n i f i c a n t  r e d u c t io n  in  accumulat ion  a f t e r  2  hours  in c u b a t io n  th e



Table 6. E ffect o f compounds tha t a lte r  in tra c e llu la r  Na leve ls  in  the cornea on accumulation o f AIB

a)  Ouabain 
(10"4 M)

Incuba t ion  
t im e  (h r)

2.0

7.0*

Tissue-.medium c o n c e n t r a t i o n  
Control____________ Experimental  ’

2 . 10+0.11

3.24+0.24

2.02+0.08

1.31+0.02

P f o r  
d i f f e r e n c e

ns

<.001

b) K removed
from e x te rn a l  
b a th in g  media

c) Amphotericin B
(12 .5  ug/ml)

d) Osmolar i ty
reduced by 
40 mosmol/ 1

5.0

5.0

5 .0

3.81+0.18

3.80+0.44

2.60+0.06

1.96+0.09

4.01+0.47

2.42+0.12

<.001

ns

ns

Pa i red  corneas  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB and 0 .2  yuCi/ml l^C-AIB. 

One cornea o f  each p a i r  was t r e a t e d  as  t h e  c o n t r o l ,  t h e  o t h e r  as  t h e  exper imental  p r e p a r a t i o n .  

The numbers r e p r e s e n t  t h e  mean +_ S .E .  o f  6  exper im en ts .

* The in cu b a t io n  t ime here  i s  2 hours p re in c u b a t io n  in  t h e  presence  o f  ouabain a f t e r  which AIB 

was added t o  t h e  s o l u t i o n  f o r  t h e  remaining 5 h o u rs .



Table 7. E ffect o f metabolic in h ib ito rs  on AIB accumulation in  the toad cornea

Io d o a c e ta t e  (2mM) 
and cyanide  (5mM)

Incuba t ion  
t im e  (h r )

0 .5

2.0

7.0*

Tissuermedium c o n c e n t r a t i o n  
Control  IAA & CN

1.08+0.02

2.48+0.23

3.20+0.14

0.97+0.04

1.44+0.06

1.05+0.03

P f o r  
d i f f e r e n c e

ns

<.001

<.001

P a i re d  corneas  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB and 0 .2  | iCi/ml l^C-AIB 

One cornea o f  each p a i r  was t r e a t e d  as  t h e  c o n t r o l ,  t h e  o th e r  as  t h e  exper imental  p r e p a ra t io n  

The va lues  above r e p r e s e n t  t h e  mean _+ S.E .  o f  6  exper im en ts .

* The in cu b a t io n  t ime here  i s  2 hours p re in c u b a t io n  in  t h e  presence  o f  t h e  i n h i b i t o r s  a f t e r  

which AIB was added to  t h e  s o lu t i o n  f o r  t h e  remaining 5 hou rs .
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t h e  i n h i b i t i o n  was not  comple te .

Competi t ion  s t u d i e s  with  o t h e r  amino a c id s  sugges t  t h a t  t h e  uptake 

of  AIB i s  a s p e c i f i c  p ro cess  s in c e  t h e  p resence  o f  a l a n i n e  s i g n i f i c a n t l y  

d e c re a se s  t h e  accum ula t ion  o f  AIB and, c o n v e r s e ly ,  AIB has t h e  same 

e f f e c t  on t h e  accum ula t ion  o f  a l a n i n e .  Leucine i n h i b i t s  t h e  uptake o f  

both a l a n i n e  and AIB t o  t h e  same e x t e n t  but  i s  not as e f f e c t i v e  as  a l a ­

n ine  o r  AIB a re  in m u tua l ly  i n h i b i t i n g  each o th e r s  uptake (Table  8 ) .  

The combinat ion  o f  a l a n i n e  and l e u c in e  com ple te ly  b locks  AIB accumula t ion .  

@ - am inob icyc lo  ( 2 ,2 , 1 )  heptane  c a r b o x y l i c  a c id  (BCH), which i s  c o n s id ­

ered  a l e u c in e  analog ( C h r i s t e n s e n ,  e t  a l . ,  1975) a l s o  i n h i b i t s  AIB 

accum ula t ion .  However, i t  does not block l e u c in e  accum ula t ion .  I t  

t h e r e f o r e  must have i t s  i n h i b i t o r y  e f f e c t  on AIB acumula t ion  v ia  t h e  'A' 

o r  a l a n i n e  s e n s i t i v e  system. As can be seen h e r e ,  l e u c i n e  i s  not  accumu­

l a t e d  in  t h e  cornea  t o  as high a t i s s u e  t o  medium r a t i o  as  a l a n i n e .  This 

ag rees  w ith  t h e  d a ta  f o r  l e u c in e  systems in  o t h e r  t i s s u e s ,  in  which th e  

uptake mechanism f o r  ' L ' system amino a c id s  i s  not h ig h ly  c o n c e n t r a t i v e .  

Any amino a c id  accumula t ion  o c c u r r in g  in  N a-f ree  media must be o ccu r r in g  

v ia  Na-independent  systems.  AIB i s  s t i l l  accumulated in  t h e  cornea in 

t h e  absence o f  Na. Since  l e u c in e  has been shown to  i n h i b i t  amino ac id  

uptake in  t h e  cornea and i s  c l a s s i c a l l y  d e f in e d  as being taken  up by 

a Na-independent  system,  i t  i s  p o s s i b l e  t h a t  AIB i s  accumulated in  Na- 

f r e e  media v ia  t h e  ' L ' o r  l e u c in e  p r e f e r r i n g  system. I f  t h i s  i s  the  

c a s e ,  t h en  one would expec t  no accumulat ion  o f  AIB t o  occur  when an 

excess  o f  l e u c i n e  i s  p r e s e n t  in  a N a-f ree  media. When l e u c in e  i s  added 

t o  Na-f ree  media,  accumula t ion  o f  AIB i s  d ec reased  as  compared t o  Na- 

f r e e  a l o n e ,  but  not  com ple te ly  a b o l i sh e d  (Table  8 ).



Table 8. Competitive in h ib it io n  o f amino acid uptake in  the toad cornea

Tissuermedium c o n c e n t r a t i o n  P f o r
Control____________ Experimental  di f  f  e rence

1) AIB uptake

+ 10 mM a l a n i n e  4 . 22_+0.31 1 .31+0.13 <.001

+ 10 mM le u c i n e  5 .13+_0.36 2.22+0.07 <.001

1.66+0.06§ 1 .31+0 .09§ <.02

+ 10 mM BCH 4.37+0.21 2 .14+0.17 <.001

+ 5 mM l e u c in e
and 5 mM a l a n i n e  5.82jK).27 1 .03+0.04 <.001

2) A lan ine  uptake

+ 10 mM le u c i n e  4.16jjD.20 2 . 2 H 0 . 0 7  <.001

+ 10 mM AIB 3.73+0.11 1.94+0.15 <.001

3) Leucine uptake

+ 10 mM BCH 1.75+0.04 1 .67+0.10 ns

Corneas were incuba ted  in  0.1 mM amino ac id  and 0 .2  jjCi/ml l^C-amino 

a c id  as  i n d i c a t e d  ( (1 )  AIB and (2) a l a n in e  (3) l e u c i n e )  f o r  5 hours .  

One cornea  o f  each p a i r  was t r e a t e d  as t h e  co n t ro l  and 10 mM o f  th e  

competing amino ac id  was added to  s o lu t i o n s  c o n ta in in g  t h e  exper im enta l  

c o r n e a s .  R e s u l t s  a r e  expressed  as t h e  mean S.E .  o f  6  exp e r im en ts .  

§These exper iments  were c a r r i e d  out  in  Na-free Conway.
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Calcium i s  v i t a l  t o  t h e  s t r u c t u r a l  i n t e g r i t y  o f  c e l l u l a r  membranes 

and i t  has been shown t o  i n f lu e n c e  t h e i r  p e r m e a b i l i t y .  To de te rm ine  th e  

importance o f  Ca+2 f o r  AIB uptake in t h e  c o rn e a ,  t h e s e  t i s s u e s  were

incuba ted  in  Conway s o l u t i o n  with  no added Ca o r  Mg. These d e l e t i o n s  

had no e f f e c t  on AIB accum ula t ion .  However, when Ca i s  l e f t  out  o f  

s o l u t i o n ,  t h e r e  i s  s t i l l  a small but s i g n i f i c a n t  amount o f  Ca (about

10"5m) p r e se n t  in  t h e  s o l u t i o n .  T h e re fo re ,  in  o rd e r  t o  more comple te ly  

e l im in a t e  Ca from t h e  media ,  i t  was n ecessa ry  t o  add a c h e l a t i n g  agen t .  

When e th y le n e  g ly c o l - b i s - ( ^ - a m in o e th y l  e t h e r ) N , N ' - t e t r a a c e t i c  a c id  (EGTA) 

was added to  'C a - f r e e '  s o l u t i o n s  th e  a b i l i t y  o f  corneas  t o  accumulate 

AIB was e l im in a te d  (Table  9 ) .

In an a t tem pt  t o  more c l e a r l y  a s c e r t a i n  th e  n a tu re  o f  t h e  amino

a c id  ' c a r r i e r ( s ) '  in  t h e  co rn e a ,  a v a r i e t y  of  membrane ' p r o b e s '  were 

employed. These inc luded  a number o f  enzymes, and r e a g e n t s  t h a t  bind 

s p e c i f i c a l l y  t o  su l fh y d ry l  groups ,  l i p i d s ,  c a rbohydra te  m o ie t i e s  and

anion exchange p r o t e i n s .  Tryps in  reduced AIB accumulat ion  (Table  10 ) ,  

but  only  a t  high c o n c e n t r a t i o n s .  Trypsin  c lea v es  p ep t id e  bonds a f t e r  

a r g i n i n e  and l y s i n e  r e s i d u e s  and t h e r e f o r e  may d i s r u p t  t h e  conformation 

o f  many d i f f e r e n t  p r o t e i n s .  Phosphol ipase  C hydro lyzes  membrane phospho­

l i p i d s ,  i n  p a r t i c u l a r  p h o s p h a t id y l c h o l in e ,  and has been shown t o  a l t e r  

membrane p e r m e a b i l i t y  in  many t i s s u e s .  I t  d id  n o t ,  however, a f f e c t  amino 

a c id  accumulat ion  in  t h e  cornea (Table  10) a t  c o n c e n t r a t i o n s  t h a t  e l i c i t  

changes in  Na p e r m e a b i l i t y  in  t h e  t o a d ' s  l e n s  (Yorio and Ben t ley ,  1978). 

p -C h lo ro m ercu r ip h en y lsu l fo n ic  a c id  (PCMPS), which binds  sulphydryl  (SH) 

groups on th e  o u t s i d e  s u r f a c e  o f  c e l l s  and i s  r e l a t i v e l y  impemieant,  

s i g n i f i c a n t l y  dec rease d  AIB accumulat ion  in  t h e  cornea (Table  10) .  Con-



Table 9. The e ffe c t o f removal o f Ca and Mg on AIB accumulation in  the
toad cornea

AIB (Tissue.'medium c o n c e n t r a t io n )  
Control________________Experimental

Ca and Mg-free 3 .60+0.19 3 .91+0.27
(Ca 10 - 5 M)

Ca and Mg-free 3.43jf0.15 0 .98+0.09
+ EGTA (2mM)

Corneas were incuba ted  in Conway s o l u t i o n  with 0.1 mM AIB and 0 . 2 yuCi/ml 

l^C-AIB f o r  3 hours .  One cornea o f  each p a i r  was t r e a t e d  as  t h e  c o n t ro l  

t h e  o t h e r  as  t h e  e x p e r im e n ta l .  The r e s u l t s  a r e  expressed  as  t h e  mean 

_+ S.E. o f  6  exper im en ts .

P f o r  
d i f f e r e n c e

ns

<.001



Table 10. E ffect o f various 'membrane probes' on AIB accumulation in  the toad cornea

AIB (Tissue:medium c o n c e n t r a t i o n )  P f o r
C oncen tra t ion Control Experimental d i f f e r e i

Trypsin lOug/ml 4.08+0.06 3.54+0.38 ns

lOOug/ml 3.08+0.12 1.48+0.36 < . 0 0 1

Phosphol ipase  C 50ug/ml 3.52+0.13 3.44+0.21 ns

PCMPS lO" 5  M 3.32+0.25 3.18+0.07 ns

IO- 4  M 3.15+0.18 1 . 6 8 +0 . 1 2 < . 0 0 1

Concanaval in  A 50ug/ml 3.47+0.11 3.45+0.15 ns

The fo l low ing  were t h e  s p e c i f i c  a c t i v i t i e s  o f  t h e  enzymes used: 1) t r y p s i n  (14350 BAEE u n i t s * ) ;  

2) phosphol ipase  C ( 6  U/mg). In a l l  c a ses  t h e  co rneas  were incuba ted  f o r  3 hours in  Conway s o l u t i o n  

c o n ta in in g  0 .1  mM AIB and 0 .2  yjCi/ml ^C -A IB .  The corneas  were p a i red  and one o f  each p a i r  was

t r e a t e d  as  t h e  c o n t r o l ,  t h e  o th e r  as  th e  exper imental  The va lu es  above a r e  t h e  mean S.E .  o f  6

exper im en ts .

* One BAEE u n i t  w i l l  produce an A2 5 3  o f  0.001 pe r  minute a t  pH 7 .6 ,  a t  25°C in  a r e a c t i o n  volume o f

3 .2  ml (1 cm l i g h t  p a t h ) .  S u b s t r a t e  * ( -N-benzoy l-L-arg in ine  e thy l  e s t e r .
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c a n a v a l in  A (Con A) i s  a l e c t i n ,  t h a t  i s ,  a c a rb o h y d ra te  b ind ing  p r o t e i n  

which b inds  s p e c i f i c a l l y  t o  ^ -D -g lu c o sy l  r e s i d u e s .  This  compound a l s o  

had no e f f e c t  on AIB accumula t ion  (Table 10) .

The to a d  cornea e x h i b i t s  an e l e c t r i c a l  p o t e n t i a l  d i f f e r e n c e  (P. D .) 

and s h o r t  c i r c u i t - c u r r e n t  ( I Sc)* The I sc i s  most ly  due t o  t h e  n e t  move­

ment o f  Cl from th e  aqueous t o  t h e  t e a r s  (Zadunaisky,  1966) and to  a 

s m a l l e r  e x t e n t  (20%) th e  ne t  movement o f  Na from th e  t e a r s  t o  t h e  aqueous.  

I t  was th u s  o f  i n t e r e s t  t o  de term ine  th e  p o s s i b l e  importance o f  Cl f o r  

amino a c id  t r a n s p o r t  in  t h e  co rnea .  When Cl in  t h e  e x t e r n a l  media was 

r e p la c e d  by SO4 , t h e r e  was no change in  in  t h e  accumula t ion  o f  AIB (Table

11 ) .  Bumetanide, an i n h i b i t o r  o f  a c t i v e  Cl t r a n s p o r t  in  th e  toad  cornea 

(McGahan, Yorio and B en t ley ,  1977) a l s o  d id  not a f f e c t  AIB accumula t ion  

in  t h i s  t i s s u e .

4 , 4 1 - D i i s o t h i o c y a n o - 2 , 2 ' - s t i l b e n e  d i s u l f o n i c  ac id  (DIDS) which b locks  

a c t i v e  Cl t r a n s p o r t  a c ro s s  t h e  cornea (Bent ley  and McGahan, 1980) (Table

12) a l s o  has a marked i n h i b i t o r y  e f f e c t  on AIB accumula t ion  (Table  11) .  

These e f f e c t s  do not appear  t o  be Cl-dependent  f o r  as  d e s c r ib e d  above, 

n e i t h e r  a C l - f r e e  e x t e r n a l  medium nor bumetanide had any e f f e c t  on AIB 

accum ula t ion .  I t  has been sugges ted  t h a t  anion exchange ( e . g .  Cl" f o r  

HCO3 ” o r  l a c t a t e )  may be r e s p o n s ib le  f o r  i n t r a c e l l u l a r  b u i ld  up of  Cl 

ions  in  th e  cornea (Ben t ley  and Yorio ,  1978). The anions  su b seq u en t ly  

leav e  t h e  co rnea l  e p i th e l iu m  a c ro ss  t h e  more permeable a p ic a l  s u r f a c e ,  

as  sugges ted  by Klyce and Wong (1977).  Most l i k e l y ,  t h e n ,  DIDS b locks  

anion exchange in  t h e  toad  cornea l i k e  i t  does in  e r y t h r o c y t e s ,  and t h e  

d e c re a se  in  n e t  Cl t r a n s p o r t  in  t h e  presence  o f  DIDS i s  due t o  a r e d u c t io n  

in  i n t r a c e l l u l a r  Cl c o n c e n t r a t i o n .  I t  i s  p o s s i b l e  t h a t  a b lockade o f



Table  11. AIB accum ula t ion  in  t h e  toad  cornea  in  r e l a t i o n  t o  Cl t r a n s ­
p o r t  and ion exchange

AIB (Tissue.‘medium c o n c e n t r a t i o n )  P f o r
Control________________Experimental  d i f f e r e n c e

C l - f r e e  Conway 2 . 25_+0.16 2 . 25_+0.11 ns

Bumetanide (10"5M) 2.41+0.30 2.28+0.20 ns

DIDS (5x10-3M) 2.42+0.20 1.63+0.08 <.01

4.51+0.41§ 2 .48+0.17§ <.02

Paired  corneas  were incuba ted  in Conway s o lu t i o n  with  0.1 mM AIB and 0.2 

| iCi/ml  ^C-AIB f o r  3 h o u rs .  NagSO^ and suc rose  were s u b s t i t u t e d  isosmo- 

t i c a l l y  f o r  NaCl in t h e  exper imental  C l - f r e e  Conway s o l u t i o n .  The 

r e s u l t s  a r e  expressed  as t h e  mean +_ S.E. o f  6  exper im en ts .

§ The uptake o f  a l a n in e  was measured in t h e s e  exper im en ts .  The corneas  

were incuba ted  with  0.1 mM a l a n i n e  and 0.2  ^uCi/ml ^ C - a l a n i n e  f o r  3 hours .



Table 12. E ffects o f bumetanide and DIDS on Cl fluxes and Ic r  across
the toad cornea

Cl f l u x  (yuEq cm~2 hr~ l )

Control  Bumetanide (10~4 M)

e f f l u x  0 .67 0.41

i n f l u x  0 .37  0 .47

n e t  f l u x  0 .30 0.06
From McGahan, Yorio & B en t ley ,  1977

Control

e f f l u x  0.47+0.02

i n f l u x  0 . 25j+0.04

net  f l u x  0 . 2 2

DIDS (10 - 3  M) 

0.34+0.03 

0.24+0.04 

0.10

Corneal p r e p a r a t i o n s  were mounted in Uss ing- type  chambers.  T ran se p i -  

t h e l i a l  p o t e n t i a l  d i f f e r e n c e  (P.D.)  was measured and t h e  p r e p a r a t i o n s  

were s h o r t - c i r c u i t e d  with  an au tomat ic  v o l tag e  clamp. The s h o r t - c i r c u i t  

c u r r e n t  ( I s c ) was recorded  c o n t in u o u s ly .  ^ C 1 f lu x e s  were measured f o r  

2 hours  b e fo re  th e  bumetanide or  DIDS was added. Both drugs  were added 

to  t h e  e n d o t h e l i a l  s i d e  o f  t h e  co rnea .  Eff lux  r e f e r s  t o  Cl movement 

from t h e  aqueous t o  t h e  t e a r  s id e ;  i n f l u x  to  movement from th e  t e a r  to  

aqueous s i d e ;  and ne t  f lu x  i s  t h e  e f f l u x  minus o u t f l u x .  The r e s u l t s  

a r e  p r e sen te d  as  t h e  mean ;+ S.E .  o f  6  exper im ents .
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anion exchange could  a l s o  r e s u l t  in  an i n c r e a s e  in  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 s  o f  l a c t a t e  and HCO3 " .  T h e re fo re ,  i t  was p o s s i b l e  t h a t  

DIDS a f f e c t e d  amino a c id  accumula t ion  by an a l t e r a t i o n  o f  ion and meta­

b o l i t e  e q u i l i b r iu m  in t h e  cornea (an i n d i r e c t  e f f e c t ) .  However, DIDS 

may d i r e c t l y  i n h i b i t  amino ac id  accum ula t ion .  Since t h i s  s t i l b e n e  can 

i n h i b i t  Cl t r a n s p o r t  when i t  i s  p laced  on th e  t e a r  o r  aqueous s u r f a c e ,  

and amino a c id s  a r e  only  taken  up a c ro s s  t h e  l a t t e r  s i d e ,  i t  was p o s s i b l e  

t o  t e s t  whether  t h e  e f f e c t  o f  DIDS was d i r e c t  o r  i n d i r e c t .  Corneas were 

t h e r e f o r e  mounted in  Ussing ty p e  chambers and DIDS was a p p l ied  t o  t h e  

t e a r  s i d e  in one s e t  o f  exper iments  and t o  t h e  aqueous s id e  in an o th e r .  

I f  DIDS p laced  on t h e  t e a r  s u r f a c e  i n h i b i t s  AIB accum ula t ion ,  then  i t s  

e f f e c t s  maybe con s id e red  i n d i r e c t .  I f ,  however, DIDS has no e f f e c t  on 

t h e  t e a r  s u r f a c e ,  but  does i n h i b i t  accumulat ion  when placed  in  t h e  

aqueous s o l u t i o n ,  t h e  e f f e c t  may, indeed,  be d i r e c t .  In f a c t ,  i t  was 

found t h a t  DIDS does not  a f f e c t  accumulat ion when i t  i s  p r e se n t  on th e  

t e a r  s i d e ,  but d e c re a se s  accumulat ion  by about 50% when p re se n t  on 

th e  aqueous s id e  (Table  13) .

The hormones i n s u l i n  and t r i i o d o t h y r o n i n e  (T3 ) have been shown to  

be an a b o l ic  in  many t i s s u e s .  Both hormones s t i m u l a t e  amino ac id  uptake 

but  t h e i r  e f f e c t s  on amino a c id  t r a n s p o r t  in  t h e  cornea have n o t ,  t o  

my knowledge, been r e p o r t e d .  N e i th e r  o f  t h e s e  hormones a f f e c t e d  amino 

a c id  accumulat ion  t o  any s i g n i f i c a n t  e x t e n t  under t h e s e  in  v i t r o  con­

d i t i o n s  (Table  14) .  The c o r t i c o s t e r o i d  d rug ,  dexamethasone a l so  had no 

d e t e c t a b l e  e f f e c t  on AIB accum ula t ion  in  t h e  co rnea .



Table  13. E f f e c t  o f  DIDS on th e  t e a r  a nd aqueous s u r f a c e  o f  t h e  cornea 
on AIB accumulat ion

AIB(Tissue:medium c o n c e n t r a t io n )  P f o r
Control___________ Experimental  d i f f e r e n c e

DIDS (5x10“ 3 M) 6 .21+0.28  5 .86+0.40 ns
t e a r  s id e

DIDS (5x10"3 M) 4.29+0.31 2.77+0.42 <.05
aqueous s id e

P a i re d  corneas  were mounted in U ss ing - type  chambers.  0 .1  mM AIB and 

0 .2  yuCi/ml ^C-AIB were added to  t h e  Conway s o l u t i o n  on t h e  aqueous 

s id e .  In one s e t  o f  exp e r im en ts ,  DIDS was added to  t h e  t e a r  s o l u t i o n ,  

in  t h e  o t h e r ,  i t  was added to  th e  aqueous s o l u t i o n .  The v a lu e s  a r e  th e  

mean + S.E. o f  6  exper im en ts .



Table 14. E ffect o f hormones on AIB accumulation in  the toad cornea

Incuba t ion  AIB (Tissue:Medium c o n c e n t r a t i o n )  P f o r
Hormone C oncen tra t ion  (M) t ime (h r )  Control________________Experimental  d i f f e r e n c e

Dexamethasone 1 0 “ 6 3 3.43+0.19 3.10+0.23 ns

T3 5x1O' 5 4+ 1.51+0.07 1.61+0.04 ns

Insul  in 1 0 - 6 4§ 3.58+0.07 3.70+0.26 ns

lO" 6 16 9.29+0.88 9.15+0.71 ns

1 0 " 7 16 10.34+0.42 9.37+0.71 ns

P a i re d  corneas  were incubated  in  Conway s o l u t i o n  co n ta in in g  0 .1  mM AIB and 0 .2  yUCi/ml 1 Z*C-AIB f o r  

t h e  t imes  i n d i c a t e d .  One cornea o f  each p a i r  was t r e a t e d  as t h e  co n t ro l  and t h e  o th e r  as  t h e  ex­

per imenta l  p r e p a r a t i o n .  The r e s u l t s  a re  t h e  means _+ S.E .  o f  6  exper im en ts .

^ These co rneas  were p re incuba ted  in  amino ac id  f r e e  media f o r  3 hours  b e fo re  t h e  a d d i t i o n  o f  AIB. 

§ These corneas  were p re incuba ted  in  amino ac id  f r e e  media f o r  1 hour b e fo re  t h e  a d d i t i o n  o f  AIB.
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3. Amino a c id  e f f l u x  from t h e  co rn e a *

In t h e  p rev ious  s e c t io n  th e  emphasis of  t h e  i n v e s t i g a t i o n  was on 

amino a c id  accumula t ion  in  t h e  cornea  and t h e  e f f e c t s  o f  v a r io u s  ag en ts  

on t h a t  p ro c e s s .  However, a measure o f  accumulat ion only  r e p r e s e n t s  

t h e  s t e a d y - s t a t e  l e v e l s  o f  compounds. Changes in  t h e  r a t e  o f  up take  may

not  be t h e  only  f a c t o r  in f lu e n c in g  l e v e l s  of  n u t r i e n t s  in  t i s s u e s .  In

o r d e r  t o  m a in ta in  t h e  l e v e l s  o f  n u t r i e n t s  necessa ry  f o r  normal m e tab o l ic  

p ro c e s s e s  t h e r e  must be a ba lance  between i n f l u x  and e f f l u x .  I t  i s  

t h e r e f o r e  p o s s i b l e  t h a t  changes in  t h e  s t e a d y - s t a t e  l e v e l s  o f  amino a c id s  

t h a t  a r e  a l t e r e d  by th e  i n t r o d u c t i o n  o f  t o x i c  su b s tan ces  o r  hormones a r e

due,  not only  t o  changes in  t h e  uptake system,  but  a l s o  t o  changes in  t h e

r a t e  o f  exodus o f  t h e s e  compounds from th e  t i s s u e .  This  s e c t i o n  of  

t h e  i n v e s t i g a t i o n  t h e r e f o r e  in vo lves  t h e  s tudy o f  amino a c id  e f f l u x  from 

th e  cornea and th e  e f f e c t s  on t h i s  p rocess  o f  t h e  v a r ious  compounds t h a t  

were shown p re v io u s ly  t o  a l t e r  t h e  s tead y  s t a t e  l e v e l s  o f  amino a c i d s .

The t im e  cou rse  o f  AIB exodus from corneas  p re loaded  with  t h i s  amino 

ac id  i s  shown in  Fig.  6 . I t  i s  app a ren t  t h a t  t h e r e  a r e  two p a r t s  t o  

t h i s  c u rv e .  An i n i t i a l  f a s t  component and fo l low ing  t h a t ,  a s lower  one. 

This  i s  not  s u r p r i s i n g  c o n s id e r in g  t h a t  t h e  s t rom a,  which i s  an e x t r a c e l l ­

u l a r  sp ac e ,  makes up almost  90% o f  th e  volume o f  t h e  co rn ea .  Thus, i t  

was p o s s i b l e  t o  c a l c u l a t e  t h e  amount o f  amino a c id  p r e se n t  in  t h e  e x t r a ­

space a t  e q u i l i b r iu m  with  t h e  media,  d i s a l lo w in g  f o r  any s i g n i f i c a n t  

accumula t ion  by components o f  t h e  s troma.  In t h e  e a r l i e r  s e c t i o n  i t  

was shown t h a t  t h e  t issuermediuin c o n c e n t r a t i o n  in th e  s troma was not 

s i g n i f i c a n t l y  d i f f e r e n t  from 1 .0 .  The amount o f  amino ac id  p r e s e n t  was



Fig .  6 . AIB e f f l u x  from t h e  toad  cornea

Corneas were incuba ted  in  Conway s o l u t i o n  with 0 .1  mM AIB and 0 . 2 yuCi/ml 

l^C-AIB f o r  3 h o u rs .  A f t e r  t h i s  p r e i n c u b a t i o n ,  corneas  were p laced  in 

amino ac id  f r e e  Conway and moved s e r i a l l y  t o  f r e s h  Conway a t  th e  t imes  

i n d i c a t e d .  Each p o in t  i s  th e  mean _+ S.E. o f  6  exp e r im en ts .  Rate con­

s t a n t s  were d e r iv ed  as d e s c r ib e d  in  t h e  t e x t .

kj  = .0027 min"* ^ 1 / 2  ~ ^  mi n

k£ = .290 min"* ^ \ j Z  ~ 2*3 min
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found t o  be about  e q u iv a le n t  t o  t h a t  o f  t h e  i n i t i a l  f a s t  component o f

t h e  e f f l u x .  The remaining amino a c i d ,  which l e a v e s  t h e  cornea  compara­

t i v e l y  s low ly ,  most l i k e l y  co r responds  t o  t h a t  p r e s e n t  in  t h e  c e l l u l a r  

compartment,  p redominantly  t h e  e p i th e l iu m .  In o r d e r  t o  more c l e a r l y  de­

f i n e  t h e  two components o f  t h e  e f f l u x  c u r v e ,  a s e t  o f  eq u a t io n s  t h a t  d e s ­

c r i b e  t h e  t r a n s p o r t  o f  amino a c i d s ,  accord ing  t o  t h e  p r o p e r t i e s  p r e v io u s ly  

e l u c i d a t e d  and d e s c r ib e d  below were f i t t e d  t o  t h e  pa ram ete rs  o f  t h e  system 

us ing  th e  DIFFEQ program a v a i l a b l e  in  t h e  PROPHET Computer System.

A two compartment model was developed t o  d e s c r i b e  t h e  e f f l u x  of  

amino a c id s  from th e  co rnea .  The model i s  as  f o l lo w s :

1 ) amino ac id  a re  assumed to  be p r e s e n t  in  t h e  cornea in  two compart­

ments ,  a c e l l u l a r  compartment (A) and an e x t r a c e l l u l a r  one (B). A f t e r

th e  i n i t i a l  p r e lo a d in g ,  th e  corneas  a r e  p laced  in an amino a c id  f r e e  

media (C) and e f f l u x  i s  measured, so k2 >0 .

2 ) amino a c id s  cannot c ro s s  t h e  e p i t h e l i a l  s u r f a c e  and so must e n t e r  t h e  

ba th in g  media from th e  c e l l u l a r  compartment th rough  t h e  s t rom a,  and th e  

stroma i s  not r a t e  l i m i t i n g  (k2 > k i ) .

The fo l low ing  equa t ions  were used t o  d e s c r i b e  amino a c id  t r a n s p o r t  in  t h e  

cornea :

dY/\/dt = - k i  x Y

dYg/dt = ki x Y/\ -  k2  x Yb

dYc/ d t  = k2  x YB

The f i t  o f  t h e s e  equa t ions  t o  t h e  exper imenta l  d a ta  was very  good, having 

a P va lue  <0.001.

The r a t e  o f  exodus from t h e  e x t r a c e l l u l a r  sp ace ,  de termined us ing
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t h e s e  e q u a t i o n s ,  k2  in  F ig .  6 , i s  equal t o  0.2684 min"* and t h e r e f o r e  

i t  i s  v i r t u a l l y  empty w i th in  1 0  minutes  ( t ^ / 2  = In 2  /  k ) .  i s  

0.0027 min" 1 which i s  much s lower  than  k2 , and th e  t ^ 2  f o r  emptying 

t h i s  compartment i s  about  4 hours .  This method o f  a n a l y s i s  i s  a l s o  

use fu l  f o r  comparing r a t e s  o f  e f f l u x  under  v a r ious  c o n d i t i o n s ,  as  w i l l  

be seen in  t h e  fo l lo w in g  s e c t i o n .

In an a t tem p t  t o  de te rm ine  i f  t h e  p rocess  o f  AIB e f f l u x  was s a t u r ­

a b l e ,  co rneas  were p re loaded  with c o n c e n t r a t i o n s  up t o  20 mM. I t  was not 

p o s s i b l e  dem ons t ra te  s a t u r a b i l i t y  even a t  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  

e s t im a te d  t o  be 30 mM (F ig .  7 ) .

Removal o f  Na from th e  e x te rn a l  ba th ing  medium s l i g h t l y  in c re a se d  

t h e  r a t e  o f  exodus o f  AIB from pre loaded  corneas  but  t h e  amount o f  amino 

a c id  t h a t  l e f t  e i t h e r  o f  th e  corneal  p a i r s  by th e  end o f  t h e  exper iment  

was not s i g n i f i c a n t l y  d i f f e r e n t  (F ig .  8 ) .  When corneas  pre loaded  with  

AIB were exposed to  ouabain (10“^M) t h e r e  was an immediate and d ram at ic  

r i s e  in  e f f l u x  (F ig .  9 ) .  In o rd e r  t o  de te rm ine  i f  t h i s  l a t t e r  e f f e c t  

i s  due t o  an i n c r e a s e  in  i n t r a c e l l u l a r  Na, r e s u l t i n g  from ouabain i n h i b ­

i t i o n  o f  Na-K-ATPase, Na was r ep laced  by c h o l in e  in  t h e  o u t s i d e  ba th ing  

s o l u t i o n .  The removal o f  Na comple te ly  blocked th e  s t i m u l a t i o n  o f  

e f f l u x  by ouabain  (F ig .  10) .  The s t i m u l a t o r y  e f f e c t  o f  ouabain was not 

seen when th e  Na c o n c e n t r a t i o n  in  t h e  e x te rn a l  media was l e s s  th an  24 

mM. This  Na c o n c e n t r a t i o n  al lows f o r  t h e  maximal response  t o  t h e  drug 

whereas lower  c o n c e n t r a t i o n s  com ple te ly  blocked t h e  s t i m u l a t i o n  o f  e f f l u x .  

Li thium a l s o  could  not r e p l a c e  Na in  t h e s e  exper im en ts .

M etabolic  i n h i b i t o r s  (F ig .  1 1 ) ,  i o d o a c e t a t e  and cy an id e ,  and removal 

o f  K from t h e  e x te rn a l  ba th in g  media (F ig .  12) a l s o  in c r e a se d  t h e  e f f l u x



Fig .  7. Rates o f  AIB e f f l u x  from t h e  cornea  v s .  t i s s u e  c o n c e n t r a t i o n

Corneas were p re loaded  with  0 .1  t o  25mM AIB in  Conway s o l u t i o n  c o n ta in in g  

0 . 2 yuCi/ml ^C-AIB f o r  3 hou rs .  The t i s s u e s  were then  p laced  in  amino ac id  

f r e e  Conway s o l u t i o n  and moved s e r i a l l y  t o  f r e s h  S o lu t io n s  a t  t h e  same t ime 

i n t e r v a l s  as t h o s e  i n d i c a t e d  in  F ig .  6 . The r a t e s  o f  exodus were c a l c u l ­

a ted  from 60-240 m in u te s ,  so t h a t  t h e  r a t e s  would r e f l e c t  t h a t  from t h e  

c e l l s ,  and not from t h e  e x t r a c e l l u l a r  space .  The c o n c e n t r a t i o n  o f  AIB in  

th e  whole t i s s u e  was c a l c u l a t e d  from th e  sum o f  a l l  t h e  e f f l u x  p e r io d s  and 

th e  cornea l  e x t r a c t  ( see  Methods).  The va lues  a r e  t h e  means o f  6  e x p e r i ­

ments.
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Fig. 8. E ffect o f removal o f Na from the media on AIB e f f lu x .

P a i red  corneas  were incuba ted  in  Conway s o l u t i o n  with  0.1 mM AIB and 

0.2yuCi/ml l^C-AIB f o r  3 h o u rs .  A f t e r  t h i s  p r e in c u b a t io n  corneas  were 

p laced  in  amino a c i d - f r e e  Conway and moved s e r i a l l y  a t  t h e  t im es  i n d i c a t e d  

t o  f r e s h  s o l u t i o n s .  From 60 minutes  t o  t h e  t e n n i n a t i o n  o f  t h e  exper iment  

Na was r ep laced  by c h o l in e  in t h e  s o lu t i o n  ba th ing  th e  exper imental  

c o rn ea s .  The va lues  a r e  t h e  m ean j^S .E .  o f  6  exper im en ts .  Rate c o n s ta n t s  

were d e r iv ed  as d e s c r ib e d  in  th e  t e x t .

I<i (min“ l )

E f f lu x  a t  
240 min

T j / 2  (min) nmoles/mg
P f o r  

d i f f e r e n c e
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ns

Na-free 0028 246
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Fig. 9. E ffect o f ouabain on AIB e ff lu x  from the cornea.

P a i red  co rneas  were incu b a ted  in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  yuCi/ml ^^C-AIB f o r  3 h o u rs .  A f t e r  t h i s  p r e in c u b a t io n  th ey  were 

p laced  in  amino ac id  f r e e  Conway and moved s e r i a l l y  t o  f r e s h  s o l u t i o n s  

a t  t h e  t imes  i n d i c a t e d .  From 60 minutes  t o  t h e  t e r m in a t io n  o f  t h e  e x p e r ­

iment ,  ouabain  ( 1 0 “ 4  m) was p r e s e n t  in  t h e  s o l u t i o n  ba th ing  t h e  e x p e r i ­

mental c o rn e a s .  Each p o in t  i s  t h e  mean +_ S.E .  o f  6  ex p e r im en ts .  Rate 

c o n s ta n t s  were d e r iv e d  as  d e s c r ib e d  in  t h e  t e x t .

k i  (min"*)

E f f 1ux 
a t  240 min P f o r  

T l / 2  (min) nmoles/mg d i f f e r e n c e

Control 0025 276 159+10

253+16
<.001

Ouabain 0063 109
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Fig. 10. E ffect o f ouabain in  Na-free media on AIB e ff lu x  from the toad
cornea

P a i re d  corneas  were incuba ted  in  Conway s o lu t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  /jCi/ml ^C-AIB f o r  3 hours .  A f te r  t h i s  p r e in c u b a t io n  t h e  co rneas  

were p laced  in amino ac id  f r e e  Conway and moved s e r i a l l y  a t  t h e  t imes  

i n d i c a t e d  to  f r e s h  s o l u t i o n s .  From 60 minutes  t o  t h e  t e r m in a t io n  o f  

t h e  exper iment  Na was r e p la ce d  by c h o l in e  in  t h e  s o lu t i o n s  ba th ing  both 

c o n t ro l  and exper im enta l  corneas  and ouabain (10_4 M) was p r e se n t  in  t h e  

exper im enta l  s o l u t i o n s .  Each p o in t  r e p re s e n t s  t h e  mean +_ S.E. o f  6  ex­

p e r im e n ts .  Rate c o n s t a n t s  were de r ived  as d esc r ib ed  in  t h e  t e x t .

k j  (min"*) ^ 1/2 (mln)

Eff lux  
a t  240 min P f o r  
nmoles/mg d i f f e r e n c e

Na-free
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0020
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Fig. 11. E ffect o f iodoacetate and cyanide on AIB e ff lu x  from the
toad cornea.

P a i re d  co rneas  were incuba ted  in Conway s o lu t i o n  with 0 .1  mM AIB and

corneas  were p laced  in  ainino a c id  f r e e  media and moved s e r i a l l y  a t  t h e  

t im es  i n d i c a t e d  t o  f r e s h  Conway s o l u t i o n .  From 60 minutes  t o  th e  t e r ­

m ina t ion  o f  t h e  exper im en t ,  2 mM io d o a c e t a t e  and 5 mM cyanide  were 

p r e s e n t  in  th e  s o l u t i o n s  ba th ing  t h e  exper imenta l co rn eas .  Each p o in t  

i s  t h e  mean +_ S.E. o f  6  exper im en ts .  Rate c o n s ta n t s  were d e r iv e d  as 

d e s c r ib e d  in  t h e  t e x t .

l^C-AIB f o r  3 hours .  A f te r  t h i s  p r e in c u b a t io n  p e r io d ,  t h e

k l  (min” 1 ) (min)

Ef f lux  
a t  240 min P f o r  
nmoles/mg d i f f e r e n c e

Control

I n h i b i t o r s .0027

.0013

255

530 126+17

181+17
<.05
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Fig .  12. E f f e c t s  o f  removal o f  po tass ium from t h e  e x t e r n a l  ba th in g  
s o l u t i o n  on AIB e f f l u x  from t h e  cornea

P a i red  corneas  were incuba ted  in  Conway s o l u t i o n  with  0 .1  mM AIB and 0 .2  

yuCi/ml ^C-AIB f o r  3 hou rs .  A f te r  t h i s  p r e in c u b a t io n  they  were p laced  in 

amino a c id  f r e e  Conway and moved s e r i a l l y ,  a t  t h e  t im es  i n d i c a t e d ,  t o  

f r e s h  Conway. From 60 minutes  t o  t h e  t e r m i n a t i o n  o f  t h e  exper im en t ,  t h e  

s o l u t i o n  b a th in g  t h e  exper imental  corneas  co n ta in ed  no potass ium. Each 

p o in t  i s  t h e  mean +_ S .E .  o f  6  exp e r im en ts .  Rate c o n s ta n t s  were de r ived  

as  d e s c r ib e d  in  t h e  t e x t .

k i  (min- 1 )

E f f lu x  
a t  240 min P f o r  

T1 / 2  (min) nmoles/mg d i f f e r e n c e
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o f  p re loaded  AIB from t h e  co rn ea .  These responses  were a l s o  ab o l i sh e d  

in  t h e  absence  o f  e x t e r n a l  Na ( F ig s .  13 and 14 ) .

Amphoter ic in  B, which in c r e a s e s  t h e  p e r m e a b i l i t y  o f  t h e  t e a r  s u r f a c e

o f  t h e  cornea  t o  Na, s t i m u l a t e s  AIB e f f l u x  (F ig .  15) .  However, removal

o f  e x t e r n a l  Na does not reduce t h e  e f f e c t  o f  t h i s  drug (F ig .  16) .  The

p o s s i b i l i t y  t h a t  t h e  ' p o r e s '  known t o  be c r e a t e d  by th e  am photer ic in  B 

(Candia ,  Bent ley  & Cook, 1974) on t h e  a n t e r i o r  s u r f a c e  o f  t h e  cornea 

a l low  f o r  passage  o f  t h e  p re loaded  AIB out  o f  t h e  cornea was examined. 

Corneas p re loaded  with  AIB were mounted in  Uss ing- type  chambers and 

am p h o te r ic in  B (12 .5  ug/ml) was added t o  t h e  a n t e r i o r  s u r f a c e  under 

e l e c t r i c a l l y  s h o r t - c i r c u i t e d  c o n d i t i o n s .  No e f f l u x  o f  AIB in to  t h e  

a n t e r i o r  b a th in g  s o l u t i o n  was observed .

All o f  t h e  c o n d i t i o n s  j u s t  d e s c r ib e d  a r e  expected to  have a common 

r e s u l t ,  an i n c r e a s e  in  i n t r a c e l l u l a r  Na c o n c e n t r a t i o n .  Such a change 

in  i o n i c  com posi t ion  cou ld  r e s u l t  in c e l l  s w e l l i n g .  In o rd e r  t o  d e t e r ­

mine i f  such a change could  account  f o r  t h e  observed in c r e a s e  in  e f f l u x ,  

t h e  co rneas  were in cu b a ted  in  a s o l u t i o n  in  which th e  o sm o la r i ty  was 

reduced by about 20%, by d e c rea s in g  th e  Na c o n c e n t r a t i o n .  Under t h e s e  

c i r cu m s ta n c es  t h e r e  was no change in  t h e  r a t e  of  AIB exodus from t h e  

cornea  (F ig .  17) .

Mechanisms f o r  t h e  exchange o f  i n t e r n a l  f o r  e x te rn a l  amino ac id s  

have been proposed in  n o n -o cu la r  t i s s u e s .  In o rd e r  t o  de te rm ine  i f  an 

exchange d i f f u s i o n  mechanism e x i s t s  in  th e  co rn ea ,  v a r ious  amino ac id s  

were added to  t h e  media in cu b a t in g  co rneas  t h a t  had been pre loaded  with 

AIB. A ddi t ion  o f  10 mM a l a n i n e  t o  t h e  e x te rn a l  ba th ing  s o l u t i o n  caused



Fig. 13. E ffects o f metabolic in h ib ito rs  in Na-free media on AIB e ff lu x
from the toad cornea

P a i re d  co rneas  were incuba ted  in  Conway s o lu t i o n  with  0 .1  mM AIB and 

0 . 2 yuCi/ml l^C-AIB f o r  3 hours .  A f te r  t h i s  p r e in c u b a t io n  t h e  corneas  

were p laced  in  amino a c id  f r e e  Conway and moved s e r i a l l y  t o  f r e s h  s o lu ­

t i o n s  a t  t h e  t imes  i n d i c a t e d .  From 60 minutes  t o  t h e  t e r m i n a t i o n  o f  t h e  

exper iment  t h e  Na was r ep la ce d  with c h o l in e  in  both t h e  c o n t ro l  and th e  

exper imenta l  s o l u t i o n s ,  and 2 mM io d o a c e t a t e  and 5 mM cyan ide  were p r e se n t  

in  t h e  exper imenta l  s o l u t i o n .  The va lues  a r e  t h e  mean _+ S.E .  o f  6  exper ­

im en ts .  Rate c o n s ta n t s  were d e r iv ed  as d esc r ib e d  in  t h e  t e x t .
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Fig. 14. E ffect o f removal o f Na and K on AIB e ff lu x  from the toad
cornea

P a i re d  corneas  were incuba ted  in Conway s o lu t i o n  c o n ta in in g  0 .1  mM AIB

were p laced  in  amino a c id  f r e e  Conway and moved s e r i a l l y  t o  f r e s h  s o l u t i o n  

a t  t h e  t imes  i n d i c a t e d .  From 60 minutes  t o  t h e  t e r m i n a t i o n  o f  t h e  ex p e r ­

iment ,  K was removed from th e  c o n t ro l  s o lu t i o n s  and Na and K were removed 

from t h e  exper imental  s o l u t i o n s .  The va lues  a r e  t h e  mean + S.E. o f  6  

exp e r im en ts .  Rate c o n s ta n t s  were de r ived  as d e s c r ib e d  in  t h e  t e x t .

and 0.2yuCi/ml l^c-AIB ^o r  ^ hours .  A f te r  t h i s  p r e in c u b a t io n  th e  co rneas

k i  (min- 1 )

Eff lux  
a t  240 min P f o r  

T]y2  (min) nmoles/mg d i f f e r e n c e
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Fig. 15. E ffec t o f amphotericin B on AIB e ff lu x  from the toad cornea.

Pa i red  co rneas  were incu b a ted  in  Conway s o l u t i o n  with  0 .1  mM AIB and 0 .2  

^uCi/ml ^C-A IB  f o r  3 h o u rs .  A f t e r  t h i s  p r e in c u b a t io n  th ey  were placed 

in  amino a c id  f r e e  Conway and moved s e r i a l l y  to  f r e s h  s o l u t i o n s  a t  th e  

t imes  i n d i c a t e d .  From 60 minutes  t o  t h e  t e r m i n a t i o n  o f  t h e  experiment  

a m pho te r ic in  B (1 2 .5  ug/ml) was p re se n t  in  th e  s o l u t i o n s  ba th ing  th e  

exper im enta l  c o r n e a s .  Each va lue  i s  t h e  mean +_ S .E. o f  6  exper im en ts .  

Rate c o n s t a n t s  were d e r iv e d  as  d e s c r ib e d  in  th e  t e x t .

E f f lux  
a t  240 min P f o r  

k1 (min- 1 ) 7 \ / z  (min) nmoles/mg d i f f e r e n c e

Control .0027 255 120+7 7
\  <.05

Amphoter ic in  B .0068 104 155+15'
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Fig. 16. E ffects o f amphotericin B in  Na-free Conway on AIB e ff lu x
from the toad cornea.

P a i re d  corneas  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM 

AIB and 0 .2  yuCi/ml 1 4 C-AIB f o r  3 hou rs .  A f te r  t h i s  p r e in c u b a t io n  

th e  corneas  were p laced  in  amino ac id  f r e e  Conway and moved s e r i a l l y  

t o  f r e s h  s o l u t i o n s  a t  t h e  t im es  i n d i c a t e d .  From 60 minutes  t o  th e  

t e r m in a t io n  o f  t h e  exper im en t ,  Na was r e p lac ed  by c h o l in e  in  both 

th e  c o n t ro l  and exper im enta l  s o l u t i o n s  and am pho te r ic in  B (12 .5  ug/ 

ml) was p r e s e n t  in  t h e  exper im enta l  s o l u t i o n s .  The va lues  a re  t h e  

mean +_S,E,  o f  6  exp e r im en ts .  Rate c o n s ta n t s  were d e r iv e d  as d e s c r i ­

bed in  t h e  t e x t .
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Fig. 17. E ffects o f reduced osm olarity on AIB e ff lu x  from the toad
cornea.

P a i red  co rneas  were incuba ted  in Conway s o lu t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  yuCi/ml l^C-AIB. A f te r  t h i s  p r e in c u b a t io n  t h e  corneas  were

placed  in  amino a c id  f r e e  Conway and moved s e r i a l l y  to  f r e s h  s o lu t i o n s

a t  t h e  t imes i n d i c a t e d .  From 60 minutes  to  t h e  t e r m in a t io n  o f  the

exper im en t ,  t h e  o sm o la r i ty  was reduced (by 40 mosmol) in t h e  s o l u t i o n s

ba th ing  th e  exper imental  co rn eas .  The va lues  a re  th e  mean _+ S.E .  of  

6  exper im en ts .  Rate c o n s ta n t s  were d e r iv ed  as d e s c r ib e d  in th e  t e x t .
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an immediate i n c r e a s e  in  t h e  e f f l u x  o f  AIB ( ' h e t e r o e x c h a n g e ' ) (F ig .  18) .  

This  was not  due t o  a change in  o sm o la r i ty  s in c e  an i n c r e a s e  in  e f f l u x  

was not  observed  in  c o n t r o l  corneas  t o  which 1 0  mM mannitol  was added. 

E x t e r n a l l y  added AIB a l s o  in c rea sed  t h e  e f f l u x  ( 1 homoexchange' )  ( F i g . 19) .  

However, a d d i t i o n  o f  l e u c in e  was w ithou t  e f f e c t  (F ig .  2 0 ) .  Replacement 

o f  Na with  c h o l in e  i n h i b i t e d  AIB s t im u la te d  e f f l u x  (F ig .  21) .  I t  a l s o  

i n h i b i t e d  a l a n i n e  s t i m u l a t e d  e f f l u x .  However, homo- and he te roexchange  

s t i l l  o ccu r red  when t h e  e x te r n a l  Na c o n c e n t r a t i o n  was as low as  17 mM. 

Lithium could  not s u b s t i t u t e  f o r  Na in  t h e s e  exper im en ts .

In t h e  i n t e s t i n e ,  which e x h i b i t s  a t ransm ura l  t r a n s p o r t  o f  both 

amino a c id s  and Na, t h e  a d d i t i o n  o f  amino ac id s  t o  t h e  c i s - s id e  o f  t h e  

membrane r e s u l t s  in  a r i s e  in  s h o r t - c i r c u i t  c u r r e n t  ( I s c ) which r e f l e c t s  

an i n c r e a s e  in  Na t r a n s p o r t  (S c h u l tz  & Zalusky,  1965).  The movement o f  

Na and t h e  amino ac id  appeared to  be coupled .  The toad  cornea  l i k e  t h e  

b u l l f r o g  cornea  (Zadunaisky,  1966) a l s o  e x h i b i t s  a t ransm ura l  P.D. and 

has a I sc which i s  p a r t l y  due to  t h e  ne t  movement of  Na from t h e  t e a r  

t o  t h e  aqueous s i d e .  Since 'homoexchange' and 'h e te ro e x c h a n g e '  a r e  

dependent  .on t h e  p resence  o f  Na i t  was o f  i n t e r e s t  to  know i f  t h e  Na

were moving i n t o ,  o r  out  o f  t h e  c e l l s  with t h e  AIB du r ing  t h e  exchange

77p ro c e s s .  This  could  show up as a change in t h e  I sc  o r  in fctNa f lu x e s  

in  e i t h e r  d i r e c t i o n  a c ro s s  t h e  membrane. Addit ion  o f  10 mM AIB t o  t h e  

b a th in g  s o l u t i o n  on th e  aqueous s id e  of  corneas  p re loaded  with  AIB and 

s h o r t - c i r c u i t e d  d id  not a l t e r  t h e  I sc  nor t h e  u n i d i r e c t i o n a l  f l u x e s  o f  

22Na (Table  15) .

The removal o f  Ca and Mg from t h e  in cu b a t io n  medium had no e f f e c t  

on AIB e f f l u x ,  however, when EGTA (2 mM) was added t o  t h e  Ca and Mg f r e e



Fig. 18. E ffect o f add ition  o f 10 mM alanine on AIB e ff lu x  from the
toad  cornea

P a i re d  corneas  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0.1 mM

AIB and 0 .2  yuCi/ml l^c-AIB f o r  3 hours .  At t h e  end of  t h i s  p r e i n ­

c u b a t io n  per iod  t h e  corneas  were p laced  in  amino a c id  f r e e  Conway

s o l u t i o n  and moved s e r i a l l y  t o  f r e s h  Conway a t  t h e  t imes  i n d i c a t e d .  

From 60 minutes  t o  th e  t e r m i n a t i o n  o f  t h e  exper im en t ,  10 mM a la n in e  

was p r e se n t  in  th e  s o l u t i o n  ba th ing  th e  exper im enta l  co rn e a s .  Each

p o in t  i s  t h e  mean _+ S.E. o f  6  exp e r im en ts .  Rate c o n s t a n t s  were d e r ­

ived as d e s c r ib e d  in  t h e  t e x t .

ki  (min"*)

E f f lu x  
a t  240 min P f o r

Xl / 2  (mln) nmoles/mg d i f f e r e n c e

Control 0009 767 126+6

206+12
<.001

Alanine 0034 202
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Fig. 19. E ffect o f addition o f 10 mM AIB on AIB e ff lu x  from the toad
cornea

P a i re d  corneas  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  yuCi/ml I^c-AIB f o r  3 hours .  At t h e  end o f  t h i s  p r e in c u b a t io n  

pe r iod  th e  corneas  were p laced  in amino a c id  f r e e  Conway s o lu t i o n  and 

moved s e r i a l l y  t o  f r e s h  Conway a t  t h e  t imes  i n d i c a t e d .  From 60 minutes  

t o  t h e  t e r m in a t io n  o f  t h e  exper im en t ,  10 mM AIB was p r e s e n t  in  t h e  s o lu ­

t i o n  ba th ing  th e  exper imental  c o rn ea s .  Each p o in t  i s  t h e  mean + S.E .  o f  

6  exper im en ts .  Rate c o n s ta n t s  were d e r iv e d  as d e s c r ib e d  in  t h e  t e x t .

kj  (min- *) ^ 1 / 2  (min)
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Control 0019 363 144+8
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Fig. 20. E ffect o f addition o f 10 mM leucine on AIB e ff lu x  from the toad
cornea

P a i re d  corneas  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  yuCi/ml ^C-AIB f o r  3 hou rs .  At t h e  end o f  t h i s  p r e in c u b a t io n  

pe r io d  th e  corneas  were p laced  in  amino a c id  f r e e  Conway s o lu t i o n  and 

moved s e r i a l l y  t o  f r e s h  Conway a t  t h e  t imes  i n d i c a t e d .  From 60 minutes  

t o  t h e  t e r m in a t io n  o f  t h e  exper im en t ,  10 mM l e u c in e  was p r e se n t  in  th e  

s o l u t i o n  ba th ing  t h e  exper imenta l  c o rn e a s .  Each p o in t  i s  t h e  mean +_ S .E .  

o f  6  exper im en ts .  Rate c o n s ta n t s  were d e r iv e d  as  d e s c r ib e d  in  t h e  t e x t .

k1 (min"1 ) (min)

E f f lu x  
a t  240 min P f o r  
nmoles/mg d i f f e r e n c e

Control 0019 363 146+8 i ns
Leucine 0015 460 135+7
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Fig. 21. E ffect o f addition o f 10 mM AIB in  Na-free Conway on AIB e ff lu x
from t h e  toad  cornea

P a i red  corneas  were incubated  in Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  yuCi/ml 1 4 C-AIB f o r  3 hours .  At t h e  end o f  t h i s  p r e in c u b a t io n  

pe r iod  th e  corneas  were placed in  amino ac id  f r e e  Conway s o l u t i o n  and 

moved s e r i a l l y  t o  f r e s h  Conway a t  t h e  t im es  i n d i c a t e d .  From 60 minutes  

to  t h e  t e r m in a t io n  o f  t h e  exper iment ,  Na was r e p la c e d  by c h o l in e  in  t h e  

s o l u t i o n s  ba th in g  th e  c o n t ro l  and t h e  exper imental  corneas  and 10 mM AIB 

was p re se n t  in t h e  s o lu t i o n s  ba th ing  th e  exper imenta l  c o rn ea s .  Each 

p o in t  i s  th e  mean _+ S.E. o f  6  exper im en ts .  Rate c o n s t a n t s  were d e r iv ed  

as d e sc r ib e d  in  t h e  t e x t .

k j  (min- 1 ) T ( m i n )

Ef f lux  
a t  240 min P f o r
nmoles/mg d i f f e r e n c e

Na-free 0021 328 161+6
ns

Na-free  
+ AIB

0024 287 150+8
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Table 15. E ffects o f add ition  o f 10 mM AIB on *^Na fluxes and I ;c o f
the cornea

Time (min) uA cm~2 I n f lu x  E f f lu x

60 14.6+4.2  0 .44+0.05 0 .35+0.02

90 14 .0+4.2  0.42+0.02 0 .37+0.06

120 13.6+4.1  0 .45+0.04 0 .37+0.03

150 13.8+4.2  0.49+0.06 0 .33+0.07

Cornea p r e p a r a t i o n s  were mounted in  U ss ing- type  chambers and preloaded 

with 0.1 mM AIB ( e n d o t h e l i a l  b a th in g  s o lu t i o n )  f o r  3 hours .  22^a f lu x e s  

were measured in  both t e a r  t o  aqueous ( i n f l u x )  and aqueous t o  t e a r  

( e f f l u x )  d i r e c t i o n s .  Samples were taken from th e  t r a n s  ba th in g  so lu ­

t i o n  a t  30 minute i n t e r v a l s .  At 90 minutes  10 mM AIB was added to  t h e  

aqueous s id e  and 2 more samples were then  tak e n .  The r e s u l t s  r e p r e s e n t  

t h e  mean _+ S.E. o f  5 exp e r im en ts .



medium t h e  r a t e  o f  exodus i n c r e a se d  (F ig .  22) and v i r t u a l l y  a l l  o f  t h e  

p re lo ad ed  AIB had l e f t  t h e  cornea by t h e  end o f  3 hours .

The pH dependence o f  t h e  p rocess  o f  accumulat ion sugges ted  t h a t  

e f f l u x  and exchange mechanisms may a l s o  be a l t e r e d  by changes in  t h e  

pH. Reducing th e  pH o f  t h e  in c u b a t io n  medium t o  7 .4 ,  however, had 

no e f f e c t  on e i t h e r  t h e  e f f l u x  o r  exchange o f  AIB in  t h e  cornea (Table 

16) .

While accumula t ion  o f  amino a c id s  in  t h e  cornea appears  t o  occur 

predom inant ly  in  t h e  e p i t h e l i a l  c e l l s ,  t h e  p o s s i b i l i t y  of  a s m a l le r  up­

t a k e  by t h e  stromal  k e r a to c y te s  an d /o r  endothel ium was suggested  from 

t h e  r e s u l t s  o f  t h e  amino ac id  e f f l u x  exper im en ts .  Thus, when t h e  e p i ­

th e l iu m  was removed from th e  corneas  b e fo re  p re load ing  with AIB, 80% o f  

t h e  accumulated amino a c id  leav es  t h e  cornea in  th e  f i r s t  hour ,  however 

a small but s i g n i f i c a n t  amount remained in  th e  t i s s u e  and l e f t  more 

s low ly .  This p o r t i o n  could  r e p r e s e n t  t h a t  p r e se n t  in  t h e  k e r a to c y te s  o r  

t h e  endothe l ium .  The e f f l u x  o f  t h i s  ' s e q u e s t e r e d '  amino ac id  could be 

s t i m u l a t e d  upon in c u b a t io n  o f  t h e  t i s s u e  with  ouabain (F ig .  23) .

I t  i s  c l e a r l y  im por tan t  t o  i n v e s t i g a t e  t h e  e f f e c t  on AIB e f f l u x  

o f  t h e  v a r io u s  membrane probes  t h a t  had been shown to  a l t e r  i t s  accum­

u l a t i o n  in  t h e  co rn ea .  Trypsin  g r e a t l y  in c rea sed  th e  e f f l u x  o f  AIB 

(Table 17 ) .  PCMPS had t h e  same e f f e c t  (Table  17) .  Since t h i s  l a t t e r  

compound b inds  t o  s u l f h y d f ry l  groups on th e  s u r f a c e  of  th e  membrane, 

and Na-K-ATPase (a membrane enzyme) i s  s u s c e p t i b l e  t o  a t t a c k  by s u l f -  

hydryl r e a g e n t s  i t  was p o s s i b l e  t h a t  PCMPS' e f f e c t  on e f f l u x  was l i k e  

t h a t  o f  ouaba in .  I f  t h i s  was an o u a b a i n - l i k e  e f f e c t ,  t h e  e l i m i n a t i o n  o f



Fig. 22. AIB e ff lu x  from corneas incubated in  Ca-free Conway w ith EGTA

P aired  corneas  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  yuCi/ml l^C-AIB f 0r  3 hours .  A f t e r  t h i s  p r e in c u b a t io n  pe r iod

t h e  corneas  were p laced  in amino ac id  f r e e  Conway s o l u t i o n  and moved

s e r i a l l y  t o  f r e s h  Conway a t  t h e  t imes  i n d i c a t e d .  The s o l u t i o n  ba th in g  

t h e  exper imental  corneas  co n ta in ed  no calc ium and had added EGTA (2 mM).

The p o in t s  a r e  t h e  means S.E. o f  6  exper im en ts .  Rate c o n s t a n t s  were

d e r iv e d  as d e s c r ib ed  in  t h e  t e x t .

(min"*) ^ \ / 2  (mln)

E f f lu x  
a t  180 min P f o r
nmoles/mg d i f f e r e n c e
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Table 16. E ffect o f pH on AIB e ff lu x  and exchange d iffu s io n  in  the toad
cornea

E f f 1ux
. a t  180 min P f o r

Kj_(min ) T ^ 2 (mln) nmoles/mg d i f f e r e n c e

a) E f f lux

pH 8 .4  .0024 280 117+4

pH 7.4  .0021 321 106+6

b) Exchange

pH 8 .4  .0043 163 182+13

pH 7.4  .0047 144 162+12

ns

ns

P a i re d  corneas  were pre loaded in Conway s o l u t i o n  (pH 8 .4 )  c o n ta in in g  

0.1 mM AIB and 0 .2  yuCi/ml I^c-AIB f o r  3 hours .  At t h e  end o f  t h i s  p re -  

incuba t io j i  pe r iod  one cornea  o f  each p a i r  was p laced  in amino ac id  f r e e  

Conway s o l u t i o n  (pH 8 .4 )  and th e  o th e r  in Conway s o l u t i o n  (pH 7.4)  and 

moved s e r i a l l y  t o  a f r e s h  s o lu t i o n  o f  t h e  co r respond ing  pH a t  t h e  same 

t im es  as  i n d i c a t e d  in F ig .  22. In (b) a t  30 minutes  10 mM AIB was 

added to  t h e  ex te rn a l  ba th in g  media o f  a l l  t h e  co rn eas  and was p r e s e n t  in 

t h e s e  s o l u t i o n s  u n t i l  t h e  experiment was t e r m in a t e d .  The r a t e  c o n s ta n t s  

were c a l c u l a t e d  as  d e s c r ib e d  in t h e  t e x t .  The v a lu es  f o r  e f f l u x  a r e  t h e  

mean +_ S.E .  o f  6  exper iments  and r e p r e s e n t  t h e  t o t a l  amount o f  AIB (nM/ 

mg wet weight)  t h a t  has l e f t  t h e  cornea by t h e  end o f  t h e  exper im en t .



Fig. 23. E ffects o f ouabain on AIB e ff lu x  from d e -e p ith e lia lize d  corneas

Pa i red  co rneas  from which t h e  e p i th e l iu m  had been removed, were incuba ted  

in  Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB and 0 .2  yuCi/ml l^C-AIB f o r  3 

hou rs .  A f t e r  t h i s  p r e in c u b a t io n  pe r io d  th e  co rneas  were p laced  in  amino 

a c id  f r e e  Conway s o l u t i o n  and moved s e r i a l l y  t o  f r e s h  Conway a t  t h e  t imes  

i n d i c a t e d .  From 60 minutes  t o  th e  t e r m in a t io n  o f  t h e  exper im en t ,  ouabain 

(10“4 M) was p r e s e n t  in  t h e  s o l u t i o n s  ba th ing  t h e  exper imenta l  co rn e a s .  

The p o in t s  a r e  t h e  means _+ S.E. o f  6  exper im en ts .  Rate c o n s ta n t s  were 

d e r iv ed  as  d e s c r ib e d  in  t h e  t e x t .

k i  (min- 1 ) T1 / 2  (min)
E f f lu x  P f o r

a t  240 min d i f f e r e n c e

Ouabain

Control
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Table 17. E ffects o f membrane probes on AIB e ff lu x  from the cornea

Trypsin  
( 1 0 0  ug/ml)

h  (min- 1 ) T1 / 2  (min)

a) . 0 0 1 2

b) .0039

575

178

Eff lux  a t  
180 min 

nmoles/mg

143+17

250+10

P f o r  
d i f f e r e n c e

<.001

PCMPS 
(10“ 4  M)

a)

b)

PCMPS (10-4 M) a ) 
in  Na f r e e  
Conway b)

.0024

.0051

.0027

.0031

280

135

255

222

191+4

249+21

178+4

187+12

<.001

ns

P a i red  corneas  were incuba ted  in  Conway s o l u t i o n  with 0 .1  mM AIB and 0 .2  

yjCi/ml 14c-AIB f o r  3 hours .  A f te r  t h i s  p r e i n c u b a t i o n ,  t h e  corneas  were 

p laced  in amino a c id  f r e e  media and moved s e r i a l l y  to  f r e s h  s o lu t i o n s  

a t  t h e  same t im es  as  i n d i c a t e d  in F ig .  23. E f f lux  from th e  con t ro l  

corneas  i s  p r e se n te d  in  row a .  The t r y p s i n  o r  PCMPS was added to  t h e  

exper imenta l  co rn eas  (b) 30 minutes  a f t e r  e f f l u x  measurements were

commenced. Rate c o n s t a n t s  were de r iv ed  as  d e s c r ib e d  in t h e  t e x t .  The 

e f f l u x  v a lu e s  a r e  t h e  mean _+ S.E .  o f  6  exper iments  and r e p re s e n t  the  

t o t a l  amount o f  AIB (nM/mg wet weight)  t h a t  has l e f t  t h e  cornea by th e  

end o f  t h e  exper im en t .



107

Na from t h e  o u t s i d e  b a th in g  s o lu t i o n  would a l s o  be expected  t o  i n h i b i t  

PCMPS* e f f e c t .  This i n t e r a c t i o n  was observed (Table  17) .

The e f f e c t  o f  t h e  d i s u l f o n i c  s t i l b e n e ,  4 , 4 ' - d i i s o t h i o c y a n o - 2 , 2 ' -  

s t i l b e n e  d i s u l f o n i c  ac id  (DIDS) on e f f l u x  was a l s o  s tu d i e d .  Although 

DIDS had a marked e f f e c t  on AIB accumulat ion i t  had no e f f e c t  on e i t h e r  

e f f l u x  o f  AIB o r  exchange d i f f u s i o n  (Table  18) .



Table 18. E ffec t o f DIDS on the e ff lu x  and exchange d iffu s io n  o f
AIB in  the toad cornea

(mi n~̂ ~) T]yg(min) nmoles/mg d i f f e r e n c e

A. E f f lu x

Control  .0020 345 106+5

E ff lu x  a t
240 min P f o r

DIDS .0017 431 92+6
ns

B. Exchange

Control  .0047 144 187+12
ns

DIDS .0051 135 176+14

P a i re d  corneas  were pre loaded  in Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  /iCi/ml ^C-AIB f o r  3 hours .  One cornea o f  each p a i r  was t r e a t ­

ed as  t h e  c o n t r o l ,  t h e  o t h e r  as  t h e  e x p e r im en ta l .  A f te r  t h e  p r e in cu b ­

a t i o n  pe r iod  th e  co rneas  were p laced  in amino ac id  f r e e  Conway s o lu t i o n  

and moved s e r i a l l y  t o  f r e s h  Conway s o lu t i o n  a t  t h e  same t imes  as i n ­

d i c a t e d  in  F ig .  23. 10 mM AIB was added to  t h e  e f f l u x  s o lu t i o n s  a t  30

minutes  t o  a l l  co rn eas  (B) and was p r e se n t  in t h e s e  s o lu t i o n s  u n t i l  t h e  

t e r m i n a t i o n  o f  t h e  exper im en t .  6  p a i r s  o f  corneas  were used in each 

exper im en t .  The r a t e s  o f  e f f l u x  o f  AIB were determined as d e s c r ib ed  in 

t h e  t e x t .  The c o n c e n t r a t i o n  o f  DIDS in  t h e s e  exper iments  was 5x l0_3 M. 

The e f f l u x  v a lu es  a r e  t h e  t o t a l  amount o f  AIB (nmoles/mg wet weight)  t h a t  

has l e f t  t h e  cornea  by t h e  end o f  t h e  exper im ent .  These va lues  a re  t h e  

mean _+ S.E .  o f  6  exper im en ts .
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4. Amino acid uptake in  the lens.

AIB uptake  in  t h e  l e n s  i s  l i n e a r  up t o  24 hours  (F ig .  24) and i s  

s a t u r a b l e  a t  c o n c e n t r a t i o n s  g r e a t e r  th an  3 mM (F ig .  2 5 ) .  This amino 

a c id  i s  accumulated by t h e  len s  t o  c o n c e n t r a t i o n s  up t o  15 - t im es  t h a t  in  

t h e  b a th in g  media.

During t h e  course  o f  th e  s tu d i e s  o f  'amino a c id  t r a n s p o r t  in  th e  

l e n s  i t  was found t h a t  t h e  r e s u l t s  expressed  as t i s s u e  t o  medium concen­

t r a t i o n  r a t i o  i s  dependent  on th e  s i z e  o f  the  organ .  For example,  t h e  

s m a l l e r  l e n s e s  had a h ig h e r  t i ssueunedium  c o n c e n t r a t i o n  than  l a r g e r  

l e n s e s  when both were incuba ted  f o r  t h e  same t im e  pe r iod  (Table  19) .  

When c o r r e c t e d  f o r  t h e  s u r f a c e  a r e a ,  assuming th e  len s  i s  s p h e r i c a l ,  i t  

was found t h a t  l e n se s  o f  a l l  s i z e s  had s im i l a r  t r a n s p o r t i n g  a c t i v i t y .  

With t h i s  o b s e rv a t io n  in  mind l e n se s  o f  approximate ly  t h e  same s i z e  were 

used in  each exper im en t .

As in  t h e  s tudy  o f  amino ac id  accumulation in t h e  c o rn e a ,  AIB up­

t a k e  i s  s i g n i f i c a n t l y  h ig h e r  a t  pH 8 .4  than  a t  pH 7.4 (Table  20 ) .  In 

o r d e r  t o  de te rm ine  i f  m e tab o l ic  energy i s  necessa ry  f o r  amino a c id  accum­

u l a t i o n  in  t h e  l e n s ,  t h e  i n h i b i t o r s ,  i o d o a c e ta t e  and cyan ide  were added 

t o  t h e  ba th in g  media. The presence  of  th e se  i n h i b i t o r s  dec reased  th e  

accumula t ion  o f  AIB (Table  21 ) .  Accumulat ion,  however,  was not com ple te ly  

i n h i b i t e d  a f t e r  2  hours  i n c u b a t io n ,  but i t  was a b o l i sh e d  a f t e r  6  hou rs .

The q u e s t io n  o f  t h e  a b i l i t i e s  o f  t h e  var ious  ty p e s  o f  c e l l s  in  t h e  

le n s  t o  accumulate  amino a c id s  has not been r e so lv e d .  Three t e c h n iq u es  

were employed in  o r d e r  t o  p rov ide  an answer in t h e  amphibian l e n s .  The 

f i r s t  p rocedure  was t o  incuba te  p a i r e d  lenses  f o r  6  hours  in  Conway



Fig. 24. Time course o f AIB uptake in the toad lens.

Lenses were incuba ted  in  Conway s o l u t i o n  with  0 .1  mM AIB and 0 .2  juCi/ml 

l^C-AIB f o r  th e  t imes  i n d i c a t e d .  Each p o in t  i s  t h e  mean _+ S.E .  o f  6  

exper im en ts .
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F ig .  25. S a t u r a t i o n  o f  AIB uptake in  t h e  toad  l e n s .

Lenses were in cu b a ted  in  Conway s o l u t i o n  with  th e  c o n c e n t r a t i o n  of  AIB 

as i n d i c a t e d  and 0 .2  yuCi/ml ^C-AIB f o r  6  h o u r s .  N o n - l in e a r  r e g re s s io n  

a n a l y s i s  was used to  f i t  th e  d a ta  t o  t h e  curve de f ined  by M ichae l is -  

Menton k i n e t i c s :

Vmax x ES]
[S]  + km

This was done us ing  a program a v a i l a b l e  on t h e  PROPHET computer system. 

Each va lue  r e p r e s e n t s  t h e  mean +_ s . E .  o f  6  exper im en ts .  

vmax = 2 , 3 2  nmoles/mg wet w e ig h t /h r  

Km = 1 .24  mM
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Table  19. The e f f e c t  o f  d i f f e r e n c e s  in  s i z e  on AIB accumulat ion by th e  
lens

Lens s i z e
Average
weight

AIB ( t issuermedium 
c o n c e n t r a t i o n )

umoles mm"2 *mg 
wet weight"^

<150 mg 123.9 (4) 1.95 + 0.31 1 1 . 1  + 2 . 2

150-250 mg 193.0 (4) 1 .18  + 0 .15 11.2 + 0 .7

>250 mg 281.0 (7) 0.80 + 0.06 12.5  + 0.6

Lenses o f  vary ing  s i z e s  were incuba ted  in Conway s o lu t i o n  with 0 .1  mM 

AIB and 0 .2  juCi/ml l^C-AIB f o r  45 min. The va lues  above r e p r e s e n t  t h e  

mean _+ S.E .  o f  t h e  number in p a r e n t h e s i s .

♦Surface  a rea  c a l c u l a t e d  on th e  assumption t h a t  th e  len s  i s  a sphere .
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Table  20. E f f e c t  o f  pH on AIB uptake by t h e  l e n s

AIB ( t is sue :m edium  P f o r
c o n c e n t r a t i o n  d i f f e r e n c e

pH 7.4 

pH 8 .4

P a i red  l e n s e s  were incuba ted  in Conway s o l u t i o n  with  0 .1  mM AIB and 

0 .2  /jCi/ml I^c-AIB ^o r  ^ hours .  pH 7.4  was o b ta in e d  by bubbl ing  t h e  

Conway s o lu t i o n  with  95% O2  and 5% CO2  th roughou t  t h e  exper im en t .  The 

v a lu es  r e p r e s e n t  t h e  mean +_ S.E. o f  6  exper im en ts .

1.53 + 0.16 

2.65 + 0.30

<.01



Table 21. The e ffe c t o f metabolic in h ib ito rs  on AIB accumulation in
the toad lens

I n c u b a t io n  AIB ( t i s sue :m edium  c o n c e n t r a t i o n )  
t im e  ( h r s )  Control__________ Experimental

Io d o a c e ta te  (2mM) 2 2 .27+0.33 1.67+0.15
and cyan ide  (5mM)

6  4 .71+0.23  0 .54+0.04

Paired  l e n s e s  were incu b a ted  in  Conway s o lu t i o n  with  0.1 mM AIB and 0.2 

/iCi/ml l^C-AIB f o r  th e  t im e  p e r io d s  i n d i c a t e d .  One l e n s  o f  each p a i r  

was t r e a t e d  as t h e  c o n t r o l , t h e  o t h e r  as th e  e x p e r im e n ta l . The numbers^ 

above r e p r e s e n t  t h e  mean +_ S.E. o f  6  exper im en ts .



s o l u t i o n  c o n ta in in g  AIB, then  remove them from t h e  in c u b a t io n  s o l u t i o n  

and c u t  them i n t o  s e c t i o n s  and determine th e  amount o f  amino a c id  in 

each s e c t i o n .  The h i g h e s t  c o n c e n t r a t i o n  o f  AIB was found in  t h e  a n t e r i o r  

and p o s t e r i o r  s e c t i o n s  (Table  22 ) .  I t  has been p o s tu l a t e d  (Kinsey & Reddy, 

1965) t h a t  t h e  e p i th e l iu m  i s  r e s p o n s i b l e  f o r  t h e  accumula t ion  o f  amino 

a c i d s  in  t h e  i n t a c t  l e n s ;  in  o rd e r  t o  t e s t  t h i s  h y p o th e s i s  t h e  a b i l i t y  

o f  t h e  v a r io u s  l a y e r s  o f  t h e  l en s  t i s s u e  t o  accumulate AIB was measured. 

Removal o f  t h e  c a p su le  and th e  ep i th e l iu m  does not a b o l i s h  t h e  a b i l i t y  

o f  t h e  len s  t o  accumulate  AIB a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t ,  a l though  

t h e  uptake i s  reduced.  The nucleus  i s  r e l a t i v e l y  impermeant t o  AIB 

s in c e  t h e  AIB did  not  even reach  a t issue :medium c o n c e n t r a t i o n  o f  1.0  in  

t h i s  p o r t i o n  o f  t h e  l e n s  (Table  2 3 ) .  The r e l a t i v e  a b i l i t y  o f  t h e  a n t e r ­

i o r  and p o s t e r i o r  s u r f a c e s  t o  accumulate  AIB was a l s o  measured. Lenses 

were mounted in  U ss in g - ty p e  chambers in o rd e r  t o  i s o l a t e  t h e  a n t e r i o r  

and p o s t e r i o r  s u r f a c e s .  Uptake a c ro s s  t h e  a n t e r i o r  s u r f a c e  was s i g n i f i ­

c a n t l y  g r e a t e r  than  uptake ac ro ss  t h e  p o s t e r i o r  s u r f a c e  (Table  2 4 ) .  I t  

should  a l s o  be noted t h a t  in  t h e s e  exper iments  t h e  l e n se s  were incuba ted  

f o r  21 hours  in  t h e  chambers.  This t ime was n eces sa ry  in  o r d e r  t o  o b ta in  

s i g n i f i c a n t l y  h ig h e r  l e v e l s  of  amino ac id s  in  t h e  l en s  than  in  t h e  incu ­

b a t io n  medium. The reason  f o r  t h e  reduced t r a n s p o r t i n g  a c t i v i t y  o f  th e  

l e n s e s  mounted in  chambers i s  not known bu t  i t  was a c o n s i s t e n t  o b se rv a ­

t i o n .  The len s  appears  t o  adequa te ly  m a in ta in  i t s  m e tabo l ic  a c i t i v i t y  

over  t h i s  t ime p e r i o d ,  as  shown by t h e  f a c t  t h a t  t h e  t r a n s l e n t i c u l a r  p o ten ­

t i a l  d i f f e r e n c e  was v i r t u a l l y  t h e  same a t  t h e  end o f  t h e  exper iment  ( 1 6 . 2_+ 

3.1 mV) as  i t  was in t h e  beginning  (20 .0+2.8  mV).

The importance o f  t h e  p resence  o f  Na f o r  t h e  accumula t ion  o f  AIB by



Table 22. AIB uptake in  various sections o f the lens

AIB
( t i s sue :m ed ium  c o n c e n t r a t i o n )

Whole l en s 2.9 + 0 . 6

A n t e r i o r  1 .2  mm 9 .5 + 0 . 1

P o s t e r i o r  1.2 mm 5.8 + 0.5

Remainder 2 .9 + 0 .3

Pa i red  l e n s e s  were incu b a ted  in Conway s o lu t i o n  with  0.1 mM AIB and 

0 .2  yjCi/ml l^C-AIB f o r  6  h o u r s .  One l en s  o f  each p a i r  was l e f t  i n t a c t  

and th e  o t h e r  was f ro zen  on t h e  f r e e z i n g  p l a t e  o f  a microtome and 1 . 2  

mm was removed from each s u r f a c e .  The AIB c o n te n t  o f  each l a y e r  was 

then  d e te rm ined .  The v a lu es  above r e p r e s e n t  th e  mean ^  S.E .  o f  6  ex­

pe r im en ts .



Table  23. AIB accumula t ion  in t h e  whole l e n s ,  e n c a p su la te d  and de-  
e p i t h e l i a l i z e d  l e n s  and t h e  len s  nucleus

AIB P f o r
( ti ssue:medii im c o n c e n t r a t i o n )  d i f f e r e n c e s

A) I n t a c t  l e n s  2.13 +_ 0.21

Decapsula ted
le n s  1.72 + 0 .22

C) I n t a c t  l e n s  2.02 _+ 0.14

Nucleus* 0.50 + 0.11

ns

B) I n t a c t  l e n s  3.62 _+ 0.31

Decapsu la ted  and ns
e p i th e l iu m
removed 3.31 + 0 .22

<.001

P a i re d  l e n s e s  were incuba ted  in Conway s o lu t i o n  with 0 .1  mM AIB and 0 .2

yjCi/ml l^C-AIB f o r  3 hou rs .  One len s  o f  each p a i r  was t r e a t e d  as  t h e

c o n t r o l ,  t h e  o t h e r  as  t h e  experimental  which was prepared  as  d e s c r ib e d .

Lenses were d ec ap s u la te d  by t r e a tm e n t  with  0 .5  mg/ml c o l l a g e n a s e .  The

e p i th e l iu m  was then  removed by s c rap in g  th e  a n t e r i o r  s u r f a c e .  The o u t e r  

2 /3  o f  t h e  l e n s  ( th e  c o r t i c a l  f i b e r s )  were removed by a g i t a t i n g  t h e  l e n s e s  

f o r  1 .5  hours .  The v a lu e s  above a r e  t h e  mean +_ S.E. o f  6  exp e r im en ts .

* The nucleus  c o n ta in s  l e s s  water  than  th e  surrounding  f i b e r  c e l l s ,  as 

d i s c u s s e d  in t h e  Methods s e c t i o n ,  t h i s  was taken  in to  account  in  c a l ­

c u l a t i o n s  o f  t h i s  exper im en t .



Table  24. AIB accum ula t ion  in t h e  l e n s :  a n t e r i o r  v s .  p o s t e r i o r  
s u r f a c e

I n c u b a t io n  AIB ( ti s sue :m edium
AIB p r e s e n t  on: t ime (h r )  c o n c e n t r a t io n )

A n t e r i o r  s id e  21 2 .59 +_ 0.71

P o s t e r i o r  s id e  21 1.07 + 0 .18

Lenses were mounted in  U ss ing - type  chambers and ba thed on both s id e s

with Conway s o l u t i o n .  The p o t e n t i a l  d i f f e r e n c e  was measured a t  t h e

beginning  and end o f  each exper iment  and th e  l e n s e s  were co n t in u o u s ly  

s h o r t - c i r c u i t e d .  0.1  mM AIB and 0 .2  /iCi/ml ^^C-AIB was added t o  e i t h e r  

t h e  a n t e r i o r  or  p o s t e r i o r  b a th in g  s o l u t i o n s .  Samples were t aken  o f  

each b a th in g  s o l u t i o n  a t  t h e  beg inn ing  and end o f  th e  exper im ent .  The

v a lu es  above a r e  t h e  mean _+ S.E .  o f  6  exper im en ts .
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t h e  l e n s  was s tu d i e d .  Unlike t h e  co rn ea ,  t h e  l en s  i s  co m p le te ly  dependent 

on t h e  p resence  o f  Na f o r  (Table  25) and t h e  d e c rea se  i s  seen  immediately 

when t h i s  ion i s  excluded from t h e  e x te rn a l  media. The a c t i v i t y  o f  t h e  

Na-K pump has been shown to  be importan t  f o r  many t i s s u e s '  a b i l i t y  t o  

accumulate  amino a c i d s .  The e f f e c t  o f  ouaba in ,  an i n h i b i t o r  o f  Na-K-ATP- 

a s e ,  on AIB uptake in  t h e  l en s  was s tu d i e d ,  t h i s  c a r d i a c  g ly c o s id e  (Table  

25) s i g n i f i c a n t l y  reduced t h e  c o n c e n t r a t i o n  o f  AIB in  t h e  len s  a f t e r  2 

hours  i n c u b a t io n ,  and uptake a g a i n s t  a g r a d i e n t  was even f u r t h e r  reduced 

a f t e r  6  hours .

Amino a c id s  may compete with each o t h e r  f o r  uptake by t i s s u e s ,  i n ­

d i c a t i n g  t h a t  s p e c i f i c  systems e x i s t  f o r  t h e i r  t r a n s p o r t .  The a b i l i t y  

o f  both  a l a n in e  and le u c in e  t o  compete with AIB f o r  uptake by t h e  l e n s ,  

as  shown by a r e d u c t io n  in  accumulat ion of  AIB in  t h e  p resence  o f  an 

excess  o f  e i t h e r  o f  t h e s e  amino a c id s  (Table 2 6 ) ,  i n d i c a t e s  t h a t  s p e c i f i c  

t r a n s p o r t  systems f o r  AIB a r e  p re se n t  in  t h i s  t i s s u e .  Alanine was e s ­

p e c i a l l y  e f f e c t i v e  and t h e r e  was no accumulat ion o f  AIB in  i t s  p re sen ce .

The hormones i n s u l i n  and t r i i o d o t h y r o n i n e  (T3 ) were incuba ted  with 

t h e  l e n se s  t o  de term ine  i f  they  have any e f f e c t  on t h e  accumulat ion  o f  

AIB by t h e  l e n s  (Table 27 ) .  N e i th e r  hormone had a s i g n i f i c a n t  e f f e c t  

on AIB accumula t ion .  Dexamethasone, which can be c a t a r a c t o g e n i c  was a l s o  

t e s t e d  in  t h i s  _in v i t r o  system. Incuba t ion  f o r  up t o  16 hours  r ev ea led  

no s i g n i f i c a n t  e f f e c t  on amino ac id  accumulat ion (Table  27 ) .

The e f f e c t s  o f  DIDS on AIB uptake in t h e  l e n s  was s tu d i e d  and t h e  

responses  were found to  be t h e  same as in  t h e  cornea  (Table  2 8 ) .  AIB 

accumula t ion  was s i g n i f i c a n t l y  dec rease d .



Table 25. E ffect o f incubation in  Na-free media and the presence o f
ouabain on AIB accumulat ion  in  t h e  toad  lens

AIB ( t i s sue :m edium  c o n c e n t r a t io n )  P f o r
Time (h r ) Control Experimental d i f f e r

A) Ouabain 
(10-4 M)

2 2.62 + 0 .32 1.79  + 0 .19 <.05

6 4 .3 4  + 0 .26 1.20 + 0 .09 < . 0 0 1

B) Na-free 
Conway

2 2.45 + 0.62 0.87 + 0.13 < . 0 0 1

6 3.92 + 0.41 0.73 + 0 .22 < . 0 0 1

Paired  lense s were incuba ted  f o r  t h e  t imes i n d ic a t e d  in s o lu t i o n s  i

t a i n i n g  0 .1  mM AIB and 0 .2  juCi/ml ^C-AIB f o r  t h e  t im es  i n d i c a t e d .  One 

lens  o f  each p a i r  was t r e a t e d  as  t h e  c o n t r o l ,  t h e  o th e r  as t h e  exper­

im en ta l .  In B, t h e  Na in t h e  exper imental  s o lu t i o n  was r ep la ce d  by 

c h o l in e .  The va lues  above a re  th e  mean _+ S.E. o f  6  exper im en ts .



Table 26. Competitive in h ib it io n  o f AIB uptake in the toad lens

AIB ( t issue :medium c o n c e n t r a t i o n )  P f o r
Control  + Competing amino a c id  d i f f e r e n c e

A) 10 mM a la n in e  2.72+0.34 0.40+0.05 <.001

B) 10 mM le u c i n e  5 . 56_+0.17 2 .76+0.40 <.001

P a i red  l e n se s  were incuba ted  in Conway s o l u t i o n  c o n t a i n i n g  0.1 mM AIB 

and 0 .2  yUCi/ml ^C-AIB f o r  3 h o u rs .  One l en s  o f  each p a i r  was t r e a t e d  

as  t h e  c o n t ro l  and th e  o th e r  as th e  ex p e r im en ta l .  The va lu es  above 

a r e  t h e  mean _+ S.E. o f  6  exper im en ts .



Table 27. E ffect o f hormones on AIB accumulation by the toad lens

AIB ( t i s sue :m edium  
In cu b a t io n  c o n c e n t r a t i o n ) P f o r

C o n c e n t ra t io n t im e (h r) Contro l Experimental d i f f e r e n c e

I n s u l i n  10“ 8  M 4 2.76+0.16 2.88+0.79 ns

24 12.45+0.94 14.67+0.71 ns

10-7 M 18 5.54+0.53 5.48+0.60 ns

10“ 8  M 18 9.51+0.92 11.03+0.58 ns

Dexamethasone
10- 6  M 18 1 0 . 2 +1 . 6 9.8+2.1 ns

P a i re d  l e n s e s  were incuba ted  f o r  t h e  t im es  i n d i c a t e d  in Conway s o lu t i o n  

c o n ta in in g  0.1 mM AIB and 0 .2  juCi/ml l^C-AIB. The hormones were added,  

in t h e  c o n c e n t r a t i o n s  i n d i c a t e d ,  t o  t h e  exper imenta l  l e n s e s .  The va lues  

a r e  th e  means S.E .  o f  6  exper im en ts .



Table 28. E ffect o f DIDS on AIB accumulation in  the toad lens

AIB (ti ssue:medium c o n c e n t r a t i o n )  P f o r
co n t ro l__________ exper imenta l  d i f f e r e n c e

DIDS (5x10-3 M) 2.42+0.20 0.82+0.21 <.01

P a i re d  l e n s e s  were incuba ted  in Conway s o lu t i o n  c o n ta in in g  0 .1  mM AIB 

and 0 .2  yuCi/ml 3.4q-AIB f o r  5 hours .  DIDS was p re se n t  in  t h e  s o l u t i o n  

b a th in g  t h e  exper imenta l  l e n s e s .  The va lues  a re  t h e  mean ^  S.E. o f  

6  exp e r im en ts .
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5. Amino Acid E fflu x  from the Lens.

The t im e  cou rse  o f  AIB e f f l u x  from th e  l e n s  i s  shown in  Fig .  26. 

There i s  an i n i t i a l  f a s t  component t o  AIB e f f l u x  ( see  i n s e t  Fig.  26) 

which i s  fo l lowed  by a much s lower  one. The e f f l u x  from t h i s  t i s s u e  i s  

ex t rem ely  s low; only 35% o f  t h e  p re loaded  AIB lea v e s  t h e  l e n s  d u r in g  16 

hours  in c u b a t io n .  When t h e  amount o f  AIB p r e s e n t  in  t h e  l e n s  i s  in c re a se d  

by ex tending  t h e  p r e lo a d in g  p e r i o d ,  t h e  r a t e  o f  exodus a l s o  i n c r e a s e s ,  p r e ­

sumably r e f l e c t i n g  a c o n c e n t r a t i o n  dependence o f  t h i s  p rocess  (Table  29) 

When th e  e f f l u x  was measured over  a p e r io d  o f  4 h o u rs ,  t h e  r a t e  decreased  

e x p o n e n t i a l l y  ( F ig .  27) .  However, t h i s  d e c l i n e  could not be accounted 

f o r  by a d e c re a se  in  t h e  AIB c o n c e n t r a t i o n  in  t h e  l e n s  which only d e c l in e d  

s l i g h t l y  in  t h i s  t im e .  The e x t r a c e l l u l a r  space  o f  t h e  toad  l e n s ,  measured 

with  i n u l i n  (Yorio & B e n t ley ,  1976) ,  i s  6 % of  t h e  wet weight  o f  t h e  t i s s u e  

The f a s t  component p robab ly  c o n t a i n s  t h e  amino ac id  p re se n t  in  t h i s  e x t r a ­

c e l l u l a r  space .  However, t h e  amount of  AIB c a l c u l a t e d  t o  be in  t h e  e x t r a ­

c e l l u l a r  space  can only  account  f o r  about 1 0 % of  th e  t o t a l  amino ac id  

which leav es  t h e  l en s  in  t h e  f i r s t  two m inu tes .  Removal o f  t h e  ca p su le  

and e p i th e l iu m ,  a l though  reducing  th e  t o t a l  amount o f  AIB in  t h e  t i s s u e ,  

d id  not  measurably a f f e c t  t h e  r a t e  o f  l o s s  o f  AIB (Table 30 ) .

The importance o f  Na f o r  t h e  amino ac id  accumulating mechanism 

in  t h e  l e n s ,  and t h e  o b s e rv a t io n s  o f  i t s  e f f e c t s  on th e  e f f l u x  o f  amino 

a c id s  from th e  cornea prompted me to  examine th e  response  t o  changes 

in  t h e  c o n c e n t r a t i o n  o f  t h i s  ion on th e  e f f l u x  system in t h e  l e n s .  

Removal o f  Na from th e  media s u b s t a n t i a l l y  in c rea sed  th e  r a t e  a t  which 

t h e  amino a c id  l e f t  t h e  l e n s  (F ig .  28) so t h a t  by th e  end o f  4 hou rs ,  

75% o f  t h e  p re loaded  AIB had l e f t  t h e  t i s s u e .  In t h e  c o n t ro l  l e n se s  only



Fig. 26. AIB e ff lu x  from the toad lens

Lenses were incubated  in Conway s o l u t i o n  with  0.1 mM AIB and 0 .2  yuCi/ml 

l^C-AIB f o r  1 hour .  A f t e r  t h i s  p r e i n c u b a t i o n ,  t h e  l e n se s  were p laced  in 

amino ac id  f r e e  Conway and moved s e r i a l l y  t o  f r e s h  s o l u t i o n s  a t  t h e  t imes  

i n d i c a t e d .  Each value  i s  t h e  mean _+ S.E .  o f  6  exper im en ts .
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Table  29. E f f e c t o f  va ry ing  t h e  p r e in c u b a t io n  t ime on r a t e  o f  AIB
exodus from t h e  lens

I n i t i a l  t o t a l Rate o f
P re in c u b a t io n AIB in  len s exodus

t ime (h r ) (nM mg"1 ) (nM mg"1 h r " 1 )

0.25 5.2 + 0 .6 0.33

8 . 8  + 0 .5 0 .47

0.75 33.4 + 5.4 1.17

67.5 + 9 .9 1.77

3 205.0 + 27.0 4.8*

2 0 603.0 + 99.0 1 2 . 8

Lenses were p re incuba ted  in Conway s o lu t io h n  with  0.1 mM AIB and 0.2 

yjCi/ml l^C-AIB f o r  th e  t im es  i n d i c a t e d .  A f te r  t h i s  p e r io d ,  t h e  l e n se s  

were p laced  in amino-acid f r e e  media and moved s e r i a l l y  t o  f r e s h  amino 

a c id  f r e e  s o lu t i o n  a t  s p e c i f i c  i n t e r v a l s  f o r  4 hours  (*16 h o u r s ) .  The 

r a t e  o f  exodus was c a l c u l a t e d  from th e  l a s t  3 hours  (*15 hours)  o f  t h e  

exper im en t .  These v a lu es  r e p r e s e n t  t h e  mean +_ S .E .  o f  6  exper im en ts .



Fig .  27. The r e l a t i o n s h i p  between i n t e r n a l  AIB c o n c e n t r a t i o n s  and 
t h e  r a t e  o f  AIB e f f l u x  from t h e  lens

Lenses were incuba ted  in Conway s o l u t i o n  c o n ta in in g  0 .1  mM AIB and 0 .2  

yuCi/ml 1 4 C-AIB f o r  45 min. A f te r  t h i s  p r e i n c u b a t i o n ,  t h e  l en se s  were 

p laced  in  amino ac id  f r e e  Conway and moved s e r i a l l y  t o  f r e s h  s o l u t i o n s  a t  

t h e  t im es  i n d i c a t e d .  For each t im e  i n t e r v a l ,  t h e  amount o f  AIB l e f t  in 

each l e n s  was de termined and th e  r a t e  o f  exodus a t  t h a t  t ime was c a l c u ­

l a t e d .  Both o f  t h e s e  va lues  a re  p l o t t e d  versus  t ime in  t h i s  f i g u r e .
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Table 30. E ffect o f removal o f the capsule and epithelium  on e ff lu x
o f AIB from the lens

I n i t i a l  ( t o t a l
AIB in  l en s )  AIB e f f l u x

nM/mg wet weight  nmoles mg~lhr~l

I n t a c t  27.6 _+ 1.9 1.26

Epi the l ium  21 .4  _+ 3 .2  1 .37
and c a p su le  
removed

P a i re d  l e n s e s  were incuba ted  in Conway s o lu t i o n  with 0 .1  mM AIB and 

l^C-AIB (0 .2  yuCi/ml) f o r  45 min. One l en s  o f  each p a i r  was t h e  c o n t r o l  

t h e  o t h e r  l e n s  had i t s  c a p su le  and e p i th e l iu m  removed as  d e s c r ib e d  in 

t h e  Methods s e c t i o n .  A f t e r  t h i s  in c u b a t io n  per iod  t h e  l e n s e s  were placed  

in  amino a c i d - f r e e  media and moved s e r i a l l y  to  f r e s h  b a th in g  media a t  

s p e c i f i c  th ime i n t e r v a l s  up to  4 hours  t o  de term ine  th e  r a t e  o f  AIB ex­

odus.  The va lu es  r e p r e s e n t  t h e  mean _+ S.E. o f  6  exper im en ts .



Fig. 28. E ffect o f incubation in  Na-free media on AIB e ff lu x  from the
toad lens

Lenses were incuba ted  in Conway s o l u t i o n  with  0 .1  mM AIB and 0 .2  yuCi/ml 

^C-AIB f o r  45 m inu tes .  A f t e r  t h i s  p r e i n c u b a t i o n ,  t h e  l e n se s  were p laced  

in  N a - f r e e ,  amino ac id  f r e e  media and moved s e r i a l l y  t o  f r e s h  s o lu t io n s  

a t  t h e  t im es  i n d i c a t e d .  Each va lue  i s  t h e  mean S.E. o f  6  exper iments .
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30% was l o s t  in  t h i s  t im e .  A s u r p r i s i n g  r e s u l t ,  in  view o f  t h e  l a r g e  

e f f e c t s  o f  ouabain  on AIB e f f l u x  from th e  c o rn e a ,  was t h e  small e f f e c t  

o f  t h i s  drug on t h e  e f f l u x  from th e  l e n s  (F ig .  2 9 ) .  Amphotericin B i s  

known t o  a l t e r  t h e  p e r m e a b i l i t y  o f  t h e  len s  t o  Na and i t  a l s o  in c r e a s e s  

AIB e f f l u x  from t h e  co rn ea .  Again t h e  e f f l u x  of  AIB from t h e  lens  was 

r e l a t i v e l y  i n s e n s i t i v e  t o  t h i s  drug (F ig .  30) .

The p resence  of  an exchange d i f f u s i o n  mechanism f o r  amino a c id s  

was a l s o  sought in  t h e  l e n s .  The a d d i t i o n  o f  lOmM AIB t o  t h e  s o lu t i o n  

ba th ing  p re loaded  l e n se s  s t im u la t e d  t h e  e f f l u x  o f  AIB (F ig .  31 ) ,  but  

only  very  s l i g h t l y  compared to  t h e  i n c r e a s e  seen in  t h e  cornea under 

s i m i l a r  c o n d i t i o n s .  I t  was not p o s s i b l e  t o  de term ine  i f  any o f  t h e s e

e f f e c t s  were dependent  on th e  p resence  o f  Na s in c e  removal o f  Na from 

t h e  e x t e r n a l  ba th in g  media had a much l a r g e r  e f f e c t  on e f f l u x  than any 

o f  t h e  above t r e a t m e n t s .

A d d i t io n  o f  DIDS t o  t h e  ba th ing  s o lu t i o n  had no e f f e c t  on e f f l u x  

o f  AIB from t h e  l en s  o r  on exchange d i f f u s i o n  in  t h i s  t i s s u e ,  t h i s  p a r ­

a l l e l s  t h e  e f f e c t s  o f  DIDS on th e  co rnea .
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Fig .  29. E f f e c t  o f  ouabain on AIB e f f l u x  from t h e  to ad  l e n s

P a i red  l e n se s  were incuba ted  in  Conway s o l u t i o n  c o n t a i n i n g  0 .1  mM AIB and

0 .2  yuCi/ml ^C-AIB f o r  45 min. At t h e  end o f  t h i s  p r e i n c u b a t i o n ,  t h e  

l e n s e s  were placed  in  amino ac id  f r e e  Conway and moved s e r i a l l y  t o  f r e s h  

s o lu t i o n s  a t  t h e  t imes  i n d i c a t e d .  From 30 minutes  t o  t h e  end o f  t h e  ex­

p e r im e n t ,  t h e  s o l u t i o n s  ba th in g  t h e  exper imental  l e n s e s  co n ta in e d  ouabain 

(10"4 M). The va lues  a r e  t h e  mean _+ S.E. o f  6  exper im en ts .
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Fig. 30. E ffect o f amphotericin B on AIB e ff lu x  from the toad lens

P a i re d  l en se s  were incuba ted  in  Conway s o l u t i o n  c o n ta in in g  0.1 mM AIB 

and 0 . 2 yuCi/ml ^C-AIB f o r  45 m in u te s .  At t h e  end o f  t h i s  p r e i n c u b a t i o n ,  

t h e  l e n se s  were placed in  amino a c id  f r e e  Conway and moved s e r i a l l y  to  

f r e s h  s o lu t i o n s  a t  t h e  t im es  i n d i c a t e d .  From 30 m inutes  t o  t h e  t e r m in a t io n  

o f  t h e  exper im en t ,  t h e  s o l u t i o n s  b a th in g  th e  exper im enta l  l e n s e s  con ta in ed  

am photer ic in  B (12.5  ug /m l) .  The va lu es  a r e  t h e  mean _+ S.E. o f  6  exper ­

im ents .
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Fig. 31. E ffect o f add ition  o f 10 mM AIB to  the external media on AIB
e ff lu x  from the lens

P a i re d  l e n s e s  were incuba ted  in  Conway s o l u t i o n  with 0 .1  mM AIB and 0 .2  

yuCi/ml ^C-AIB f o r  45 m in u te s .  At t h e  end o f  t h i s  p r e in c u b a t io n ,  the  

l e n se s  were p laced  in  amino ac id  f r e e  Conway and moved s e r i a l l y  to  f r e s h  

s o l u t i o n s  a t  t h e  t im es  i n d i c a t e d .  From 30 minutes  t o  t h e  t e r m in a t io n  of  

th e  exper im en t ,  t h e  exper im enta l  l e n se s  were p laced  in Conway s o lu t i o n  

with  10 mM AIB. The va lues  a re  t h e  mean + S.E. o f  6  exper im en ts .
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DISCUSSION

1. Cornea: Transmural P e r m e a b i l i t y

The o b s e rv a t io n  t h a t  amino a c id s  cannot  c ro s s  th e  toad cornea or  

e n t e r  i t  from t h e  o u te r  t e a r  s u r f a c e  i s  in  agreement with t h e  work o f  

R i l e y ,  S i b l e y ,  and Hoef le  (1973) on th e  r a b b i t  cornea and confirms t h a t  

o f  F r ied e n th a l  and S c o t t  (1973).  As t h i s  p rope r ty  i s  l o s t  when th e  

e p i th e l iu m  i s  removed, t h e  o u t e r  s id e  o f  t h e s e  c e l l s  appears  t o  p reven t  

t h e  l o s s  o f  n u t r i e n t s  by leakage  to  t h e  t e a r  f i lm .  In th e  p r e se n t  s t u d i e s  

o f  t ransm ura l  p e r m e a b i l i t y  t h e  endothel ium appears  to  be an obsequeous 

e n t i t y ,  p rov id ing  n e i t h e r  a f a c i l i t a t o r y  nor a r e s t r i c t i v e  b a r r i e r  f o r  

t h e  t r a n s p o r t  o f  n u t r i e n t s  such as  amino a c i d s .  However, t h e  endothel ium 

does l i m i t  t h e  movement o f  m olecules  t h e  s i z e  o f  albumin (MW=60,000; 

diameter=37A), a s  t h e  f lu x  o f  t h i s  p r o te in  ac ro ss  th e  d e e p i t h e l i a l i z e d  

cornea doubles  in i t s  absence .  In o th e r  s tu d i e s  o f  e n d o th e l i a l  permea­

b i l i t y  in  r a b b i t s  (Kaye, S ib le y  & H oef le ,  1973) molecules  o f  approx im ate ly  

t h e  same s i z e  a s  albumin ( f o r  example,  h o r se r a d i sh  pe rox idase )  were found 

t o  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  th rough  i n t e r c e l l u l a r  sp ac e s .

In a d d i t i o n ,  i t  was found t h a t  removal o f  t h e  endothel ium does not 

i n f l u e n c e  t h e  accumula t ion  o f  AIB in  th e  co rn e a ,  nor does i t  a f f e c t  t h e  

r a t e  o f  i t s  e f f l u x .  These o b s e rv a t io n s  th u s  a l so  sugges t  t h a t  t h e  endo­

th e l iu m  has a p a s s iv e  r o l e  in corneal  amino ac id  t r a n s p o r t .  The perm­

e a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  endothel ium o f  t h e  toad  cornea appear  t o  

be s i m i l a r  t o  t h o se  o f  t h e  e n d o th e l i a l  l i n i n g  o f  t h e  v a s c u l a t u r e ,  s in c e  

t h e  c a p i l l a r y  membrane behaves as i f  i t  has channels  with a d iam ete r  o f  

about 35A; o r  j u s t  small enough to  preven t  t h e  passage o f  most o f  th e



albumin.  I t  i s  i n t e r e s t i n g  to  note  t h a t  t h e  cornea l  and v a s c u la r  endo­

the l ium  have t h e  same embryonic o r i g i n .

In th e  case  o f  t h e  s m a l le r  s o l u t e s ,  in c lu d in g  amino a c i d s ,  t h e  

endothel ium does not seem to  p re se n t  a b a r r i e r ,  t h e  stroma presumably 

being t h e  main r e s t r i c t i o n  t o  t h e i r  movement. The f lu x  o f  t h e s e  

s o l u t e s  a c ro ss  t h e  co rnea l  membranes appears  t o  be d i r e c t l y  r e l a t e d  t o  

t h e i r  s i z e .  The b a s ic  s t r u c t u r e  o f  t h e  stroma c o n s i s t s  o f  c o l l a g e n  

f i b e r s  embedded in a mucopolysaccharide  m a t r ix .  In an a t t e m p t  t o  d e t e r ­

mine t h e  r o l e  o f  each o f  t h e s e  s t r u c t u r a l  c o n s t i t u e n t s  in in f lu e n c in g  

t h e  p e rm e a b i l i ty  to  amino a c i d s ,  t h e  denuded stroma was exposed t o  

c o l l a g e n a s e  and h y a lu ro n id a se  and th e  t ransm ura l  f lu x  o f  AIB was measured. 

Hyaluronidase  has been shown t o  leech  out  t h e  mucopolysaccharide  m a t r ix  

o f  t h e  mammalian cornea (Mishima & Kudo, 1961) . N e i th e r  o f  t h e s e  a g e n t s ,  

a lone  or  in combinat ion ,  o r  by d i r e c t  i n j e c t i o n  i n t o  t h e  stroma changed 

t h e  p e r m e a b i l i ty  c h a r a c t e r i s t i c s  o f  t h i s  s t r u c t u r e  t o  AIB, l e u c in e  or 

u rea .  This maybe due t o  e i t h e r  lack  of- s u b s t a n t i a l  e f f e c t  o f  t h e s e  

enzymes on th e  toad  c o rn e a ,  o r  i t  could  r e f l e c t  t h e  absence o f  a c r i t i c a l  

r o l e  o f  t h e s e  b a s ic  s tromal s t r u c t u r e s  in  c o n t r o l l i n g  i t s  p e r m e a b i l i t y  

t o  such m o lecu les .

2. Cornea: Amino Acid Uptake and E f f lu x

Amino a c id s  only e n t e r  t h e  cornea a c ro ss  t h e  e n d o t h e l i a l  s u r f a c e ;  

an o b s e rv a t io n  which i s  c o n s i s t e n t  with t h a t  o f  o t h e r s  (Maurice ,  1969; 

Thoft  & F r ien d ,  1974) who sugges ted  t h a t  most o f  t h e  n u t r i e n t s  needed 

f o r  corneal  metabolism a r e  o b ta in ed  form th e  aqueous humor and, t o  a 

s m a l le r  e x t e n t ,  from t h e  c a p i l l a r i e s  a t  t h e  c o r n e o - s c l e r a l  j u n c t i o n .



Most o f  t h e  amino a c id s  accumulated by t h e  cornea appear  t o  be p re se n t  

in  t h e  e p i t h e l i a l  c e l l s  s in c e  removal o f  t h i s  l a y e r  d r a s t i c a l l y  reduces  

t h e  accum ula t ion  o f  th e  n e u t r a l  amino ac id  ana logue ,  AIB, used in  t h e s e  

s t u d i e s .  The e p i th e l iu m  m ust ,  t h e r e f o r e ,  have a tremendous c a p a c i t y  t o  

c o n c e n t r a t e  amino ac id s  as  a t i ssue :m edium  r a t i o  o f  up t o  1 0  i s  found in 

t h e  whole t i s s u e  a f t e r  18 hours  in c u b a t io n .  Since t h e  e p i th e l iu m  r e p r e ­

s e n t s  on ly  1 0 % o f  t h e  wet weight  o f  t h e  cornea i t  must have th e  c a p a c i t y  

t o  accumulate  AIB up t o  100 t imes t h e  c o n c e n t r a t i o n  in t h e  ba th ing  

media.  Removal o f  t h e  e p i th e l iu m  reduces  t h e  amount o f  AIB in th e  

cornea t o  a T:M o f  c lo s e  t o  1 .0 .  This  o b s e r v a t i o n ,  however, does not 

exc lude  t h e  p o s s i b i l i t y  t h a t  t h e  e n d o th e l i a l  c e l l s  o r  s tromal k e r a to c y te s  

can a l s o  a c t i v e l y  accumulate amino a c i d s .  Since t h e  endothelium and 

k e r a t o c y t e s  make up, a t  most ,  about 8 % o f  t h e  wet weight  o f  t h e  c o rn e a ,  

a modest accumula t ion  o f  AIB in  t h e s e  c e l l s  would most l i k e l y  be d i f f i c u l t  

t o  d e t e c t .  However, t h e s e  c e l l s  c l e a r l y  do not have th e  l a r g e  concen- 

t r a t i v e  a b i l i t y  o f  t h e  e p i th e l iu m  f o r  AIB. The v a r i a t i o n s  in t h i s  capa­

c i t y  may r e f l e c t  d i f f e r e n c e s  in th e  p r o t e in  s y n th e t i c  requ irem en ts  o f  

t h e  v a r io u s  ty p e s  o f  c e l l s .  The e p i th e l iu m  i s  c o n s t a n t l y  d iv id in g  and 

renewing i t s e l f ,  whereas in  t h e  a d u l t ,  t h e  endothel ium and th e  stromal 

k e r a t o c y t e s  appear  t o  have l o s t  th e  a b i l i t y  t o  d i v i d e .  The e p i th e l iu m ,  

then  would appear  t o  have a g r e a t e r  need f o r  a c o n s ta n t  supply  o f  amino 

a c id s  and i t  p o s se s se s  an e f f i c i e n t  mechanism f o r  t h e i r  c o n c e n t r a t i o n .

In t h e  s t u d i e s  o f  t h e  e f f l u x  o f  AIB, removal o f  t h e  corneal  e p i t h ­

e l ium ,  and even t h e  endothel ium a l s o ,  i n d i c a t e d  t h a t  t h e r e  were s t i l l  two 

components t o  e f f l u x ,  j u s t  as seen in t h e  i n t a c t  co rnea .  However, t h e  

amount o f  AIB involved  in  t h e  slow component o f  e f f l u x  in t h e s e  p rep­

a r a t i o n s  was much l e s s  than  in  i n t a c t  c o rn e a s .  The AIB which i s  appar­



e n t l y  s eq u e s te r e d  in  t h e s e  scraped  cornea l  p r e p a r a t i o n s  e x h i b i t s  t h e  same 

f a c i l i t a t i o n  o f  i t s  e f f l u x  as  t h e  i n t a c t  co rnea  does  t o  t h e  p resence  

o f  e x t e r n a l l y  added amino a c id s  (bo th  'homoexchange'  and ' h e te r o e x c h a n g e ' )  

and ouaba in .

AIB appears  t o  be a good analogue f o r  a l a n i n e  in t h e  amphibian 

cornea s in c e  t h e  two ainino ac id s  a r e  m utua l ly  c o m p e t i t iv e  f o r  up take  and 

both  AIB and a l a n in e  can exchange f o r  AIB. A d e t a i l e d  account  o f  amino 

ac id  accumulat ion in  t h e  toad  cornea has been provided  by F r ie d e n th a l  

and S c o t t  (1973) ,  and th e  p r e se n t  r e s u l t s  a r e  main ly  in  agreement  w ith  i t .  

There i s  a f u r t h e r  p a r a l l e l  between t h e s e  t r a n s p o r t  systems as  l e u c in e

i n h i b i t s  both  AIB and a l a n in e  accumula t ion  t o  t h e  same e x t e n t .  AIB uptake

i s  blocked by both a l a n i n e  and l e u c i n e ,  a l though  n e i t h e r  a lone  com ple te ly  

a b o l i s h e s  accum ula t ion ,  t h e i r  e f f e c t s  a r e  a d d i t i v e .  C o n c e n t ra t io n  a g a i n s t  

a g r a d i e n t  i s  e l im in a te d  under t h e s e  c o n d i t i o n s .  I t  can be assumed then

t h e n ,  t h a t  AIB i s  taken  up by both an a l a n i n e  and a l e u c in e  s p e c i f i c

t r a n s p o r t  system. In t h e  c l a s s i c a l  s t u d i e s  o f  amino ac id  t r a n s p o r t  in  

E h r l i c h  c e l l s  and avian  e r y t h r o c y t e s  t h e  ' A ' ,  o r  a l a n i n e - p r e f e r r i n g  sy s ­

tem, has been d e f in e d  as Na-dependent and i t  r e l i e s  on m e ta b o l ic  energy 

t o  d r i v e  t r a n s p o r t  a g a i n s t  a c o n ce n t ra to n  g r a d i e n t  ( C h r i s t e n s e n ,  1975). 

In t h e  amphibian cornea t h e  a l a n in e  t r a n s p o r t i n g  system f o r  amino ac id  

accumula t ion  i s ,  however, not  dependent  on th e  p resence  o f  Na and,  as 

w i l l  be d i s c u s s e d  l a t e r ,  i t  may only  be i n d i r e c t l y  a f f e c t e d  by i n h i b i t i o n  

o f  metabol ism. This Na-independence o f  AIB accum ula t ion  has been noted 

p r e v io u s ly  in  t h e  toad  cornea  ( S c o t t  and F r i e d e n t h a l ,  1973).  The c o n s id ­

e r a b l e  t im e  lag  f o r  t h e  i n h i b i t i o n  o f  accumula t ion  o f  AIB fo l low ing  

removal o f  Na or  a d d i t i o n  o f  m e tabo l ic  i n h i b i t o r s  s u g g es t s  t h a t  t h e s e



c o n d i t i o n s  do not d i r e c t l y  a f f e c t  t h e  uptake p ro c e s s .  However, i t  was 

p o s s i b l e  t h a t  AIB accumula t ion  in  N a-f ree  media took p lace  v ia  in c re a se d  

' L ' system a c t i v i t y .  By c l a s s i c a l  d e f i n i t i o n ,  removal o f  Na from th e  

i n c u b a t io n  media should  com ple te ly  a b o l i s h  uptake by th e  Na-dependent 

' A *-sy s tem .  I f  t h e  ' L ' system did  compensate f o r  decreased  'A' system 

a c t i v i t y  in  t h e  c o rn ea ,  th en  a d d i t i o n  o f  high c o n c e n t r a t i o n s  o f  l e u c in e  

in  N a-f ree  media would com ple te ly  block AIB accum ula t ion .  Uptake was 

d ec reased  but  c o n c e n t r a t i o n  a g a i n s t  a g r a d i e n t  was not com ple te ly  e l im ­

i n a t e d .  T h i s ,  t o g e t h e r  w i th  t h e  f a c t  t h a t  AIB accumulat ion  does not  occur  

when a l a n i n e  and l e u c in e  a r e  added t o g e t h e r  t o  th e  in cu b a t io n  media 

i n d i c a t e s  t h a t  AIB can be accumulated by both l e u c in e  and a l a n in e  p r e f e r ­

r i n g  systems in  t h e  absence o f  Na. I t  i s  th u s  appears  t h a t  t h e r e  i s , a  

Na- independent  system in t h e  cornea t h a t  has no a f f i n i t y  f o r  l e u c i n e .

The removal o f  Na i s  a l s o  a s s o c i a t e d  with a small i n c r e a s e  in t h e  

r a t e  o f  AIB exodus from th e  co rn e a .  This  may r e s u l t  in  a d ec rea se  in th e  

r e t e n t i v e  c a p a c i t y  o f  t h e  c e l l s  f o r  a c t i v e l y  accumulated AIB and may con­

t r i b u t e  t o  t h e  a p p a r e n t ly  i n d i r e c t  e f f e c t  o f  t h e  removal o f  Na on th e  

s t e a d y - s t a t e  l e v e l s  o f  AIB in t h e  co rn ea .  I t  i s  a l s o  p o s s ib l e  t h a t  t h e  

i n t e r n a l  AIB moves with  Na down i t s  c o n c e n t r a t i o n  g r a d i e n t  out o f  th e  

c e l l s .

The ' L ' ,  o r  l e u c i n e - p r e f e r r i n g  system, i s  c l a s s i c a l l y  de f in ed  as 

being Na-independent ( C h r i s t e n s e n ,  1975) and not h ig h ly  c o n c e n t r a t i v e .  

I t  has a l s o  been sugges ted  t h a t  t h e  ' L ' system fu n c t io n s  mainly f o r  

exchange.  Oxender and C h r i s te n se n  (1963) proposed t h a t  every n a tu r a l  

amino ac id  has a degree  o f  a f f i n i t y  f o r  both  t h e  'A' and t h e  ' L ' uptake 

sys tem s.  The s t e r e o s p e c i f i c i t y  o f  amino a c id  exodus from t h e  cornea i s



g r e a t e r  than  t h a t  o f  amino ac id  e n t r y  s in c e  l e u c in e  cannot  exchange f o r  

AIB but  can c o m p e t i t iv e ly  block i t s  up take .  This d i f f e r e n t i a l  s p e c i f i c i t y  

o f  t h e  p ro cesse s  o f  accumulat ion and e f f l u x  o f  amino a c id s  has a l s o  been 

noted in  t h e  E h r l ich  c e l l  ( C h r i s t e n s e n ,  1976).

I t  has been shown t h a t  amino ac id  uptake systems work s t r o n g l y  in 

an u p h i l l  d i r e c t i o n  and t h i s  may se rve  t o  l i m i t  t h e  l o s s e s  o f  n u t r i e n t s  

which a r e  u s u a l l y  gained a t  m etabol ic  expense.  The normal r a t e  o f  l o s s  

o f  AIB from t h e  cornea i s  only 7% t h e  r a t e  o f  t h e i r  up take .  The b a s i s  f o r  

t h i s  very  s t ro n g  r e t e n t i o n  mechanism i s  not known. I t  i s  p o s s i b l e  t h a t  

t h e r e  a r e  fewer s i t e s  f o r  t h e  e x i t  o f  amino ac id s  or  t h a t  t h e  s i t e s  t u r n  

over  more s low ly .  One would expect  t h a t  i f  e f f l u x  occurred  by such a 

mediated system and not  j u s t  v ia  s imple d i f f u s i o n ,  t h a t  i t  would be poss­

i b l e  t o  s a t u r a t e  th e  system, as i t  was p o s s i b l e  t o  s a t u r a t e  th e  in f lu x  

i n f l u x  system. However, when th e  corneas  were pre loaded  with  c o n c e n t r a ­

t i o n s  o f  AIB o f  more than 30mM, i t  was found t h a t  e f f l u x  was not  s a t u r a t e d .  

I t  i s  p o s s i b l e  t h a t  t h e r e  a re  i n t r a c e l l u l a r  s i t e s  o r  ' p o o l s '  in which 

amino a c id s  a r e  'bound' or  ' s e q u e s t e r e d '  and t h e r e f o r e  on ly  a very small 

amount o f  t h e  amino ac id  i s  f r e e l y  a v a i l a b l e  t o  l eav e  t h e  c e l l .  Although 

r a t e s  o f  exodus can be determined r a t h e r  p r e c i s e l y ,  t h e  a b i l i t y  t o  d e t e r ­

mine t h e  a b s o lu t 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  o f  t h e  s o l u t e  under s tudy 

with  r e a so n a b le  c e r t a i n t y  makes an a c c u r a te  d e t e r m in a t io n  o f  t h e  k i n e t i c s  

o f  e f f l u x  very  d i f f i c u l t .  This problem has been noted by o t h e r s  (S chu l tz  

& Curran ,  1970).

I f ,  indeed ,  amino ac id s  a re  s to r e d  in such a way t h a t  th ey  a r e  not 

r e a d i l y  a v a i l a b l e  f o r  exodus, t h i s  ' s t o r a g e  system' may be d i s r u p te d  in  

a number of  ways. Thus, ouabain which i n h i b i t s  Na-K-ATPase and would



X H O

t h e r e f o r e  be expected  t o  i n c r e a s e  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  o f  Na, 

causes  an i n c r e a s e  in t h e  r a t e  o f  AIB e f f l u x .  This re sponse  was depend­

en t  on t h e  p resence  o f  a t  l e a s t  24 mM Na in  t h e  ex te rn a l  media. A b lo ck ­

ade o f  t h e  Na-K 'pump' would be expected t o  i n c r e a s e  t h e  i n t e r n a l  Na t o  

c o n c e n t r a t i o n s  approaching  th e  e x te r n a l  c o n c e n t r a t i o n .  Since  only  24 mM 

Na in t h e  e x t e r n a l  media i s  needed f o r  ouabain to  e x e r t  i t s  e f f e c t  i t  

may be hypo thes ized  t h a t  an i n c r e a s e  in  i n t e r n a l  Na c o n c e n t r a t i o n  to  

about 24 mM i s  a l l  t h a t  i s  needed t o  r e l e a s e  t h e  i n t e r n a l  s t o r e s  o f  AIB. 

N e i th e r  l i t h i u m  nor  c h o l i n e  could  s u b s t i t u t e  f o r  Na in t h e s e  exper im ents .  

A v a r i e t y  o f  Na-dependent p rocesse s  involved in t r a n s e p i t h e l i a l  t r a n s ­

p o r t  ( F i e l d ,  S ch u l tz  & Curran ,  1967) and accumulat ion o f  s o l u t e s  w i th in  

e p i t h e l i a l  (T h ie r ,  1968; Boge, Rigal & P e re s ,  1979) and n o n - e p i t h e l i a l  

c e l l s  (Charalampous,  1968; Caldwell and Lea, 1978) a r e  a f f e c t e d  by 

ouabain .  However, i t  has a l s o  been shown t h a t  ouaba in ,  a l though  i t  i n h i b ­

i t s  ne t  t ransm ura l  t r a n s p o r t ,  i t  has no e f f e c t  on Na-dependent i n f lu x  

o f  amino a c id s  a c ro ss  t h e  mucosal brush  bo rde r  o f  th e  i s o l a t e d  r a b b i t  

i leum (Chez, e t  a l . ,  1967).  Ouabain i n c r e a s e s  th e  movement o f  amino 

ac id  from th e  i n t e s t i n a l  e p i t h e l i a l  c e l l  back in to  t h e  mucosal s o lu t i o n  

( D a n i s i ,  Tai & Curran ,  1976) and t h i s  maybe th e  mechanism by which i t  

b locks  ne t  t ransm ura l  movement from t h e  mucosa t o  t h e  s e ro s a .

Removal o f  K from t h e  e x te rn a l  media would be expected to  have a 

s i m i l a r  e f f e c t  to  t h a t  o f  ouabain in in c r e a s in g  i n t r a c e l l u l a r  Na. I f  

t h e r e  i s  no e x te rn a l  K t o  a c t i v a t e  t h e  i n t e r n a l  'Na pump' i t  w i l l  not 

f u n c t io n .  Removal of  K, l i k e  ouaba in ,  in c rea sed  AIB e f f l u x  and t h i s  

e f f e c t  was a l s o  Na-dependent .  In t h e  mouse a s c i t e s  tumor c e l l  removal 

o f  K from t h e  e x t e r n a l  media caused an in c r e a s e  in  g ly c in e  e f f l u x  which



was r e l a t e d  t o  an i n c r e a s e  in  i n t r a c e l l u l a r  Na (Eddy, Mulcahy & Thompson, 

1967). The a d d i t i o n  o f  m e tab o l ic  i n h i b i t o r s  may a l s o  i n c r e a s e  i n t e r n a l  

Na by d e c re a s in g  th e  energy supply  t o  t h e  Na pump. Such t r e a tm e n t  i n ­

c r e a s e s  AIB e f f l u x ,  and t h i s  e f f e c t  i s  a l s o  Na-dependent .  One can only  

s p e c u l a t e  as  t o  t h e  mechanism by which i n c r e a s e s  in i n t e r n a l  Na in c re a s e  

amino ac id  e f f l u x .  I t  may be t h a t  t h e  amino ac id  has low a f f i n i t y  f o r  

t h e  e f f l u x  ' c a r r i e r '  in  th e  presence  o f  low ( o r  normal) l e v e l s  o f  Na 

i n s i d e  t h e  c e l l .  However, when i n t e r n a l  Na l e v e l s  a r e  r a i s e d ,  e f f l u x  o f  

th e  amino ac id  could  be i n c r e a s e d ,  e i t h e r  by i n c r e a s i n g  th e  a f f i n i t y  o f  

t h e  amino ac id  f o r  t h e  c a r r i e r  o r  by i n c r e a s i n g  t h e  r a t e  o f  t r a n s l o c a t i o n .  

Such a l l o s t e r i c  e f f e c t s  have been d e s c r ib e d  by o t h e r s  ( J a r d e t z k y ,  1966; 

Alvarado,  1976) . Changes in  c e l l  volume do not  appear  t o  be involved as  

exposure  t o  hypoosmotic media f a i l e d  to  i n c r e a s e  amino ac id  e f f l u x .

The t o t a l  amount o f  amino ac id  accumulated in  any t i s s u e  i s  t h e  sum 

of  t h e i r  uptake and e f f l u x .  Both t h e  a d d i t i o n  o f  ouabain  and t h e  absence 

o f  K in t h e  e x t e r n a l  media a l s o  d ec reased  t h e  a b i l i t y  o f  t h e  cornea t o  

accumulate AIB. This  co u ld ,  a t  l e a s t  in p a r t ,  be due t o  t h e  observed 

in c r e a s e  in e f f l u x  and may so r e f l e c t  an i n a b i l i t y  o f  t h e  t i s s u e  t o  hold 

on t o  accumulated amino a c i d s .  However, i f  an i n c r e a s e  in  e f f l u x  i s  r e ­

s p o n s ib le  f o r  t h e  d e c re a se  in  a b i l i t y  o f  c e l l s  t o  accumulate  amino a c i d s ,  

i t  i s  expected from th e  k i n e t i c  a n a l y s i s  t h a t  th e  c e l l u l a r  compartment 

would be v i r t u a l l y  empty w i th in  6  hours  in c u b a t io n  t ime with  ouabain  o r  

in  t h e  absence o f  e x t e r n a l  K. This i s  not  t h e  c a s e .  In a d d i t i o n ,  de­

s p i t e  t h e  in c r e a se d  e f f l u x  in  t h e  p resence  o f  am phote r ic in  B, t h e  cornea 

s t i l l  r e t a i n e d  i t s  a b i l i t y  t o  c o n c e n t r a t e  AIB. These r e s u l t s  su g g es t  t h a t  

uptake and e f f l u x  a r e  s e p a r a t e  systems and t h a t  AIB uptake can be a very



e f f i c i e n t  p r o c e s s .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  l o s s  o f  AIB may t r i g g e r  

an i n c r e a s e  in t h e  a c t i v i t y  o f  t h e  uptake system,  o r  t h a t  t h e  l o s s  may be 

a s s o c i a t e d  w ith  an exchange o f  i n t e r n a l  f o r  e x te rn a l  AIB.

I n i t i a l l y  i t  was though t  t h a t  am phote r ic in  B may a l s o  be having a 

o u a b a i n - l i k e  e f f e c t ,  as  i t  i s  known to  i n c r e a s e  p e r m e a b i l i t y  t o  Na 

in t h e  c o rn e a ,  and t h e  i n t e r n a l  c o n c e n t r a t i o n  o f  t h i s  ion .  However, in  

c o n t r a s t  t o  ouaba in ,  removal o f  Na from t h e  e x te rn a l  media had no e f f e c t  

on t h e  s t i m u l a t i o n  o f  e f f l u x  by am phote r ic in  B.

The Na-dependence o f  exchange d i f f u s i o n  i s  a l s o  o f  i n t e r e s t  with 

r e s p e c t  t o  t h e  p o s s i b l e  mechanism o f  amino ac id  e f f l u x .  Early  s t u d i e s  

o f  amino ac id  and sugar  t r a n s p o r t  in  th e  i n t e s t i n e  ( S c h u l t z  & Zalusky,  

1964, 1965) sugges ted  t h a t  a N a-grad ien t  i s  n ecessa ry  f o r  t h e  s u b s t r a t e  

t o  be t r a n s p o r t e d  and t h a t  th e  Na and s u b s t r a t e  a r e  c o t r a n s p o r t e d  in to  

t h e  t i s s u e .  A ddi t ion  o f  t h e  amino ac id  t o  t h e  mucosal s o lu t i o n  ba th in g  

t h e  i n t e s t i n e  mounted in Uss ing- type  chambers,  and s h o r t - c i r c u i t e d ,  

r e s u l t e d  in an ab ru p t  r i s e  in t h e  s h o r t - c i r c u i t  c u r r e n t -  ( I Sc ) • This 

i n c r e a s e  in I sc was shown t o  be due to  a s t i m u l a t i o n  o f  t h e  t r a n s p o r t  

of  Na. More r e c e n t l y  ( L a r i s ,  e t  a l . ,  1978),  i t  has been shown t h a t  

h y p e r p o l a r i z a t i o n  o f  E h r l i c h  c e l l s  occurs  when t h e s e  c e l l s  a r e  pre loaded 

with high c o n c e n t r a t i o n s  o f  amino ac id s  and t h a t  t h i s  h y p e r p o l a r i z a t i o n  

r e s u l t s  from th e  e l e c t r o g e n i c  c o e f f lu x  o f  Na and th e  amino a c id .  Cys te ine  

has been shown to  s t i m u l a t e  t h e  e n t r y  o f  Na i n t o  human red blood c e l l s  

(Young, e t  a l . ,  1979) .  In th e  p r e se n t  s t u d i e s  o f  amino ac id  exchange 

d i f f u s i o n  in  t h e  c o r n e a ,  e x t r a c e l l u l a r  Na was e s s e n t i a l  f o r  t h e  exchange 

t o  occur  but  an e x t e r n a l  c o n c e n t r a t i o n  o f  17 mM Na was a l l  t h a t  was 

n e c e s sa ry .  A l a r g e  Na g r a d i e n t  i s  a p p a r e n t ly  not im por tan t  f o r  t h i s



e f f e c t .  As sugges ted  by th e  ouabain s t u d i e s ,  i t  appears  t h a t  a very 

small i n c r e a s e  in  i n t e r n a l  Na c o n c e n t r a t i o n  can e f f e c t  a l a r g e  change 

in  e f f l u x .  I t  i s  p o s s i b l e  t h a t  when 10 mM AIB o r  a l a n in e  i s  p laced  on 

th e  o u t s i d e  o f  t h e  c e l l s ,  Na may be t r a n s p o r t e d  with t h e  amino a c id  

i n t o  t h e  c e l l s  and t h i s  r i s e  in  Na maybe r e s p o n s i b l e  f o r  t h e  i n c r e a s e  

in  AIB e f f l u x .  I f  Na does move i n t o  o r  out  o f  t h e  cornea with t h e  amino
Op

a c id  a change in t r a n s c o r n e a l  I sc  o r  fctNa f lu x e s  might be expec ted .  

In t h e  toad  cornea t h e  I sc  i s  only  p a r t l y  (20%) due to  ne t  Na movement 

and i t  occurs  in  t h e  t e a r  t o  aqueous d i r e c t i o n .  I f  i n t e r n a l  Na i n c r e a s e s  

due t o  c o t r a n s p o r t  with th e  amino ac id  an i n c re a se  in Na e f f l u x  ac ro ss  

t h e  c o rn e a ,  due to  p a s s iv e  ion movement, o r  an in c re a se  in  Na t r a n s p o r t  

from th e  t e a r  to  aqueous s i d e ,  due to  in c rea sed  Na pumping, may be ex­

pec ted .  Exchange d i f f u s i o n  in c r e a s e s  t h e  e f f l u x  o f  AIB t o  1 . 1 yUEq cm" 2  

hr"* .  The normal, ne t  f l u x  o f  Na i s  only equal t o  O.lOyuEq cm"2 h r " l ,  so 

t h a t  i f  Na moved with  th e  amino ac id  some change in  t h e  Na f lu x  in e i t h e r  

d i r e c t i o n  should  be ex pec ted .  N e i th e r  a change in  I sc nor  Na f lu x e s  was 

o bse rved ,  so i t  i s  concluded t h a t  t h e  presence  o f  Na, r a t h e r  than  i t s  co­

t r a n s p o r t ,  a t  some c r i t i c a l  c o n c e n t r a t i o n ,  presumably on t h e  i n s i d e  o f  t h e  

membrane, i s  t h e  f a c t o r  necessa ry  f o r  exchange to  take  p l a c e .  Alvarado 

(1979) su g g e s t s  t h a t  even in Na-free  media , a microenvironment r i c h  in  

Na immediate ly a d j a c e n t  t o  th e  o u t e r  f a c e  o f  t h e  c e l l  membrane may e x i s t .  

I f  t h i s  i s  t r u e  in  t h e  cornea l  e p i th e l iu m ,  and Na exchanges a c ro ss  t h e  

membrane on ly  w i th in  t h i s  m icroenvironment ,  w ithout  e n t e r i n g  th e  c e l l u l a r  

Na p o o l ,  then  changes in  t r a n s c o r n e a l  22Na f lu x e s  might not  be seen .

The fo rego ing  o b s e rv a t io n s  sugges t  t h a t  t h e r e  are  a t  l e a s t  f o u r  

systems p r e s e n t  in th e  cornea which in f lu e n c e  th e  s t e a d y - s t a t e  l e v e l s



o f AIB in  the cornea, they are il lu s tra te d  diagrammatically in  Fig. 32
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Fig .  32

1) AIB can e n t e r  v ia  s i t e  #1, t h i s  s i t e  can be blocked by a l a n i n e .

AIB e n t e r i n g  by s i t e  #1, does not r e q u i r e  t h e  p resence  o f  Na.

2) AIB can e n t e r  v ia  s i t e  #2, t h i s  s i t e  can be blocked by l e u c i n e .

AIB e n t e r i n g  by s i t e  #2 a l s o  does  not r e q u i r e  t h e  presence  o f  Na.

I t  appears  t h a t ,  a l th o u g h  some a l a n i n e  may be taken  up by #2 and l e u ­

c in e  by #1, t h e r e  a r e  two d i s t i n c t  systems f o r  AIB uptake t h a t  a re  

b locked by a l a n i n e  and l e u c i n e ,  s in c e  n e i t h e r  amino ac id  a lone  com­

p l e t e l y  blocks  u p ta k e ,  bu t  when added t o g e t h e r ,  no AIB i s  accumulated

by t h e  co rn ea .  However, i t  i s  p o s s i b l e  t h a t  t h e r e  i s  only  one s i t e ,  and 

t h a t  t h i s  s i t e  has a d i f f e r e n t  a f f i n i t y  f o r  a l a n i n e  and l e u c i n e .

3) AIB can e n t e r  v ia  s i t e  #3,  and can a l s o  l e a v e  v ia  #3,  i t s  e x i t  i s  s t im ­

u l a t e d  by t h e  p resence  o f  a l a n i n e  o r  AIB (bu t  not l e u c in e )  in  t h e  o u t ­

s i d e  b a th in g  s o l u t i o n .  There i s  a l s o  an a b s o lu te  requ irem en t  f o r  Na



in  t h e  e x t e r n a l  b a th in g  s o l u t i o n  in o rd e r  f o r  exchange to  o ccu r .  As 

d i s c u s s e d  above i t  has not been determined which s i t e s ,  3a a n d /o r  3b,  

r e q u i r e  Na. I t  would be im por tan t  t o  de te rm ine  i f  changes in  e x te rn a l  

l e v e l s ,  t h e  g r a d i e n t ,  o r  i n t e r n a l  l e v e l s  o f  Na i n h i b i t  t h i s  exchange 

p r o c e s s .  I t  i s  a l s o  p o s s i b l e  t h a t  #1 and #3a a r e  th e  same s i t e s  s in c e  

both s i t e s  a r e  s t e r e o s p e c i f i c  f o r  AIB and a l a n in e .  This system appears  

t o  be s i m i l a r  t o  t h a t  d e s c r ib e d  by Heinz and Walsh (1958) in which 

exchange occurs  as  a one-way m ig ra t io n  d r iv i n g  a c o u n te r - f lo w .  Such 

a system, by u t i l i z i n g  an i n t r a c e l l u l a r  amino ac id  pool de r iv ed  from 

e x c e s s iv e  u p tak e ,  amino ac id  s y n th e s i s  or  p r o te in  and p e p t id e  d e g ra ­

d a t i o n  could  prov ide  t h e  cornea with a means f o r  accumula t ion  o f  

s i m i l a r  amino a c id s  a g a i n s t  a c o n c e n t r a t i o n  g r a d ie n t  in  t h e  absence 

o f  a d i r e c t  energy so u rc e .

4)  AIB e f f l u x  occurs  v ia  s i t e  #4, t h i s  s i t e  may be a s s o c i a t e d  with s i t e  

#1 and #2,  a n d /o r  be synonomous with  #3b or  be a com ple te ly  d i f f e r ­

e n t  s i t e .  The a f f i n i t y  o f  AIB f o r  t h i s  s i t e  appears  t o  be much l e s s  

than  i t s  a f f i n i t y  f o r  any o f  t h e  uptake s i t e s  s in c e  th e  r a t e  o f  exodus 

i s  so much l e s s  than  t h a t  o f  up take .  S i t e  #4 i s  very s e n s i t i v e  t o  

changes  in i n t e r n a l  Na c o n c e n t r a t i o n s .  Any f a c t o r  t h a t  i n c r e a s e s  

i n t e r n a l  Na l e v e l s  i n c r e a s e  th e  r a t e  o f  AIB exodus.

The h y p o th e s i s  t h a t  t h e r e  a r e  s e p a r a t e  s i t e s  f o r  uptake and e f f l u x  i s  

suppor ted  by t h e  r e s u l t s  o f  both t h e  am photer ic in  and t h e  DIDS exper ­

iments .  Amphotericin B i n c r e a s e s  e f f l u x ,  but  does not a f f e c t  accumula­

t i o n  and DIDS d e c re a se s  uptake w i thou t  a f f e c t i n g  e f f l u x  or exchange. 

However, t h i s  does not  p rec lu d e  t h e  a b i l i t y  o f  t h e s e  s i t e s  t o  be b i ­

d i r e c t i o n a l .  The p o s s i b i l i t y  t h a t  f a c t o r s  which in c r e a se  e f f l u x  or 

reduce  uptake may be o p e r a t in g  a t  t h e  same s i t e  caus ing  a l l o s t e r i c



changes  which f a c i l i t a t e  or  i n h i b i t  one a c t i v i t y  o f  a p a r t i c u l a r  s i t e ,  

f o r  i n s t a n c e  u p tak e ,  and not a f f e c t i n g  a n o t h e r ,  e f f l u x ,  i s  c e r t a i n l y  

p l a u s i b l e .

Having d e l i n e a t e d  t h e s e  t r a n s p o r t  systems f o r  AIB, i t  was o f  i n ­

t e r e s t  t o  t r y  t o  d e f in e  t h e i r  phys ica l  p r o p e r t i e s .  In o rd e r  t o  a t tem pt  

t h i s  a v a r i e t y  of, membrane 'p r o b e s '  were employed. The i n a b i l i t y  o f  

concanava l in  A o r  phospho l ipase  C to  i n f l u e n c e  t r a n s p o r t  s u g g e s t s  t h a t  

n e i t h e r  -D-glucosyl  nor  p h o s p h a t id y lc h o l in e  r e s i d u e s  a r e  im portan t  

f o r  AIB t r a n s p o r t .  However, more genera l  probes  such as  PCMPS and t r y p ­

s in  do a f f e c t  t r a n s p o r t .  S ince only  high c o n c e n t r a t i o n s  o f  t r y p s i n  

could  i n f lu e n c e  AIB accumulat ion i t  i s  l i k e l y  t h a t  i t s  e f f e c t s  a r e  non­

s p e c i f i c  ones on t h e  membrane t h a t  may i n f l u e n c e  not  on ly  u p ta k e ,  but 

a l s o  t h e  a b i l i t y  o f  t h e  cornea t o  r e t a i n  any accumulated AIB. I t  does ,  

however,  i n d i c a t e  t h a t  t h e  i n t e g r i t y  o f  membrane p r o t e in s  i s  e s s e n t i a l  

t o  a s s u r e  t h e  c o r n e a ' s  a b i l i t y  t o  accumulate  AIB. PCMPS, which b inds  t o  

membrane su l fh y d ry l  g roups ,  p r im a r i l y  on t h e  e x t e r i o r  o f  t h e  c e l l  mem­

b ra n e ,  a l s o  decreased  accumulat ion and in c r e a s e d  e f f l u x  o f  AIB. I t  i s  

i n t e r e s t i n g  to  note  t h a t  PCMPS may bind t o  Na-K-ATPase th e r e b y  i n a c t i v ­

a t i n g  i t ;  an e f f e c t  which could  i n c r e a s e  i n t e r n a l  Na l i k e  t h e  e f f e c t  o f  

ouaba in .  Removal o f  Na ab o l i sh ed  PCMPS' s t i m u l a t i o n  o f  AIB e f f l u x .

I t  appears  t h a t  an ion exchange may have an im portan t  r o l e  in  normal 

cornea l  metabolism and p h y s io lo g ic a l  f u n c t io n in g  (Yorio & B e n t l e y ,  1978). 

I t  was o f  i n t e r e s t ,  then  to  de te rm ine  i f  t h e s e  exchanges cou ld  in f lu e n c e  

AIB accum ula t ion .  DIDS has been shown to  b lock  anion exchanges (C l" fo r  

HCO3 ")  in  red blood c e l l s  (Cabantchik  and R o t h s t e i n ,  1974).  I t  has  a l so  

been shown to  i n h i b i t  ' a c t i v e '  Cl t r a n s p o r t  a c ro s s  t h e  c o rn e a ,  probably



by i n h i b i t i n g  a s i m i l a r  an ion exchange pump (B en t ley  & McGahan, 1980). 

In a d d i t i o n ,  DIDS d ec reased  th e  accumulation o f  both a l a n i n e  and AIB in  

t h i s  t i s s u e .  DIDS does not  e l i c i t  i t s  e f f e c t  by i n c r e a s i n g  AIB e f f l u x  

and i t  does not  a f f e c t  t h e  amino ac id  exchange p ro c e ss .  The d e c re a se  in  

amino ac id  accumulat ion  seen here  does not  appear  t o  be d i r e c t l y  r e l a t e d  

to  i t s  e f f e c t  on Cl t r a n s p o r t  f o r  t h e  fo l low ing  r e a so n s :  1) bumetanide ,

which i n h i b i t s  Cl t r a n s p o r t  in t h e  cornea does not a f f e c t  AIB accumula­

t i o n ;  2) removal o f  Cl from t h e  b a th in g  media a l s o  does not i n h i b i t  accum­

u l a t i o n .  The e f f e c t  o f  DIDS on AIB accumulat ion may be more d i r e c t  as 

i n d i c a t e d  by t h e  f a c t  t h a t  when i t  i s  p laced on t h e  t e a r  s id e  o f  t h e  

c o rn e a ,  DIDS does  not  reduce  AIB accum ula t ion ,  a l th o u g h  DIDS does i n h i b i t  

Cl t r a n s p o r t  a t  t h i s  s u r f a c e .  Since DIDS does d ec re a se  AIB accumulat ion  

when i t  i s  p laced  on th e  e n d o th e l i a l  s id e  o f  t h e  c o rn ea ,  i t  appears  t o  

be having a d i r e c t  e f f e c t  on t h i s  p ro c e ss .  DIDS maybe b ind ing  t o  t h e  

t r a n s p o r t  s i t e  f o r  AIB, o r  i t  may, by binding  near  t h e  t r a n s p o r t  s i t e  be 

changing t h e  conformat ion  o f  t h a t  s i t e  and so i n h i b i t  AIB up take .

The lack  o f  e f f e c t  o f  hormones on AIB uptake in  t h e  cornea does not 

r u l e  ou t  t h e  p o s s i b i l i t y  t h a t  o th e r  amino ac id  t r a n s p o r t  systems in  t h i s  

t i s s u e  may be a f f e c t e d  by t h e i r  p resence  and i t  would be worthwhile  to  

i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  Since t h e  f l u i d  pump in  t h e  cornea l  endo­

th e l iu m  has been shown t o  be a f f e c t e d  by i n s u l i n  (F i s ch b a rg ,  1978) and 

i n s u l i n  i s  p r e s e n t  in  s i g n i f i c a n t  q u a n t i t i e s  in  t h e  aqueous humor (D an ie l ,  

P r a t t  & Wilson, 1967; Greco,  e t  a l . ,  1973) i t  i s  p o s s i b l e  t h a t  t h i s  hor­

mone may a f f e c t  o th e r  amino ac id  t r a n s p o r t  systems not  i n v e s t i g a t e d  h e re .



3. Lens: Amino Acid Accumulation

The l e n s  o f  t h e  t o a d ,  Bufo marinus a c t i v e l y  accumulates  t h e  amino 

a c id  AIB. This i s  in agreement with o b s e rv a t io n s  on t h e  mammalian 

l e n s  ( K in o s h i t a ,  Merola & Hayman, 1965; Kinsey & Reddy, 1965) . In t h e  

p r e se n t  s tudy  i t  was found t h a t  t h i s  t i s s u e  e x h i b i t s  a l l  o f  t h e  c l a s s i c a l  

f e a t u r e s  o f  a c t i v e  amino ac id  t r a n s p o r t ;  uptake a g a i n s t  a c o n c e n t r a t i o n  

g r a d i e n t  which i s  s a t u r a b l e ,  s p e c i f i c i t y ,  as  i n d i c a t e d  in  com p e t i t io n  

s t u d i e s ,  and a dependence on m e tab o l ic  energy .

AIB uptake by th e  l e n s  appears  t o  be mediated  by both  t h e  'A' and 

' L ' systems as i n d i c a t e d  by t h e  c o m p e t i t io n  exper im en ts .  I f  AIB e n t e r s  

t h e  l e n s  v ia  both sys tem s ,  t h e n ,  a l a n in e  must a l s o  have f r e e  access  t o  

both  sys tem s ,  as  i t  com ple te ly  i n h i b i t s  AIB accum ula t ion .  However, i t  

i s  p o s s i b l e  t h a t  AIB on ly  e n t e r s  v i a  an 'A' system f o r  which l e u c i n e  

has an a f f i n i t y .  This  could  account  f o r  th e  i n h i b i t i o n  o f  AIB accumu­

l a t i o n  in t h e  presence  o f  high e x te r n a l  l e u c in e  c o n c e n t r a t i o n .  I t  would 

then  appear  t h a t  AIB i s  on ly  accumulated v ia  one system, t h e  'A' system, 

which i s  more s i m i l a r  t o  t h e  c l a s s i c a l  Na-dependent 'A' system d e f in e d  

by C h r i s ten sen  (1975) as AIB accumulat ion  i s  markedly i n h i b i t e d  in th e  

absence o f  Na.

Ouabain i n h i b i t s  AIB accumula t ion  in th e  l e n s ,  but not immediately .  

This  l a t e n c y  would i n d i c a t e  an i n d i r e c t  e f f e c t  on uptake and has a l s o  

been noted in th e  r a b b i t  l e n s  (Kinsey & Reddy, 1965).

I t  was found t h a t  amino a c id s  a r e  accumulated a c ro s s  t h e  a n t e r i o r  

s u r f a c e  o f  t h e  l e n s  a t  a g r e a t e r  r a t e  than  a c ro ss  t h e  p o s t e r i o r  s u r f a c e .  

I t  does ,  however, appear  t h a t  t h e  AIB can a l s o  be accumulated a g a i n s t



a c o n c e n t r a t i o n  g r a d i e n t  a c ro s s  t h e  p o s t e r i o r  s u r f a c e .  Even though t h e  

t i ssuerm edium  c o n c e n t r a t i o n  was not s i g n i f i c a n t l y  d i f f e r e n t  t h a t  1 . 0  in  

t h e s e  l a t t e r  e x p e r im en ts ,  i t  must be r e c a l l e d  t h a t  t h e  nucleus  (about  

o n e - t h i r d  o f  t h e  l e n s  wet weight)  does not  accumulate a s i g n i f i c a n t  amount 

o f  AIB so t h a t  a t i s s u e :  medium c o n c e n t r a t i o n  o f  1 .0  f o r  t h e  whole l e n s  

r e p r e s e n t s  a much h ig h e r  c o n c e n t r a t i o n  in t h e  o u t e r  l a y e r s  where t h e  

AIB does  accumula te .  These o b s e rv a t io n s  d i f f e r  from those '  o f  Kinsey 

and Reddy (1965) in  t h e  r a b b i t  l en s  as  th ey  found t h a t  amino ac id s  a r e  

t r a n s p o r t e d  i n t o  t h e  l e n s  by th e  ep i th e l iu m  and without  t h i s  l a y e r  t h e  

l e n s  f i b e r s  l o s t  t h e i r  c a p a c i t y  t o  accumulate amino a c id s  a g a i n s t  a con­

c e n t r a t i o n  g r a d i e n t .  However, in  a more r e c e n t  s tudy  by B ra s s i l  and Kern 

(1978) in  t h e  r a t ,  i t  was found t h a t  th e  p o s t e r i o r  f i b e r  c e l l s  could  

accumulate  amino a c id s  a g a i n s t  a g r a d i e n t  when t h i s  s u r f a c e  alone was 

exposed t o  t h e  amino a c i d s .  The exper iments  in  t h e  p r e se n t  s tudy  confirm 

t h e s e  r e s u l t s .  One i n t e r e s t i n g  o b s e rv a t io n  in t h e s e  exper iments  was 

t h a t  t h e  T:M r a t i o s  found in  t h e  f r e e - f l o a t i n g  l e n s  a f t e r  21 hours  incub­

a t i o n  was 1 2 : 1 , whereas in  th o se  exper iments  where t h e  l e n s  was incuba ted  

in  U ss ing - type  chambers t h e  T:M was never  g r e a t e r  th an  3 :1 .  The mounting 

p rocedure  may cause  a d ec rease  in  t h e  a b i l i t y  t o  accumulate AIB.

S ec t io n in g  o f  t h e  l e n s e s  p re loaded  with AIB showed t h a t  t h e r e  was 

a g r a d i e n t  o f  c o n c e n t r a t i o n  o f  AIB from t h e  o u t s i d e  in and t h a t  t h e  a n t e r ­

i o r  s e c t i o n  c o n ta in ed  t h e  h ig h e s t  c o n c e n t r a t i o n  o f  t h e  amino a c id .  The 

f i b e r  c e l l s  in  t h e  p e r i p h e r y ,  i n c lu d in g  th e  p o s t e r i o r  r e g io n ,  had a T:M 

c o n c e n t r a t i o n  o f  g r e a t e r  th an  one.  This o b s e rv a t io n  prompted me to  mea­

s u re  t h e  a b i l i t y  o f  t h e  f i b e r s  them selves  t o  accumulate  AIB.

In t h e  s tudy d e s c r ib e d  p r e v io u s ly ,  Kinsey and Reddy (1965) removed



both t h e  c a p s u le  and th e  e p i th e l i u m  and measured t h e  amino ac id  t r a n s p o r t ­

ing p r o p e r t i e s  o f  t h e  f i b e r  c e l l s  o f  t h e  r a b b i t  l e n s .  They were found 

t o  be in c a p a b le  o f  a c t i v e  amino ac id  t r a n s p o r t .  However, t h e  procedure  

they  used to  remove t h e  c a p s u le  and e p i th e l iu m  in v o lv e s  an i n c i s i o n  with  

a s c a lp e l  a f t e r  which t h e  loosened c a p s u le  i s  p u l l e d  o f f ,  t h e  under ly ing  

e p i th e l iu m  being removed with  i t .  S ince ,  a f t e r  t h i s  t r e a t m e n t ,  t h e  au­

t h o r s  a l s o  showed an abnormal l e a k i n e s s  o f  bo th  t h e  a n t e r i o r  and p o s t e r i o r  

s u r f a c e s  t o  Na i t  i s  l i k e l y  t h a t  t h e  normal f u n c t io n i n g  o f  t h e  l e n s  f i b e r s  

was d i s r u p t e d .  This  t e c h n iq u e  has r e c e n t l y  been shown to  cause mechanical 

damage t o  t h e  u n d e r ly in g  f i b e r  c e l l s  (Rae & S tacey ,  1979).  In t h e s e  

h i s t o l o g i c a l  s t u d i e s  i t  was demonstra ted  t h a t  mechanical  removal of  t h e  

c a p su le  and e p i th e l i u m  d e s t r o y s  t h e  o u t e r  f i b e r  c e l l s  s in c e  they  become 

leaky  t o  t h e  e x t r a c e l l u l a r  space marker ,  p roc ion  y e l lo w .  Removal o f  t h e  

ca p su le  us ing  c o l l a g e n a s e  and su b seq u en t ly  s c ra p in g  o f f  o f  t h e  a n t e r i o r  

e p i th e l iu m  i s  a p p a r e n t ly  a l e s s  t r a u m a t i c  way o f  o b ta in in g  v i a b l e  f i b e r  

c e l l s  s in c e  t h e s e  c e l l s  r e t a i n  t h e  c a p a c i t y  t o  accumulate amino a c id s  

a g a i n s t  a g r a d i e n t .  This  a c t i v i t y  o f  t h e  f i b e r  c e l l s  would be expected 

t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  up take  o f  AIB by th e  l e n s .

I n s u l i n  i s  p r e s e n t  in  t h e  aqueous humor and i t  has been demonstra­

ted  t o  have v a r io u s  e f f e c t s  on t h e  l e n s  in c lu d in g  a c t i o n s  on gene ex­

p re s s io n  (M i ls tone  & P i a t g o r s k y ,  1977) and d i f f e r e n t i a t i o n  ( P ia tg o r s k y ,  

R o thsch i ld  & Wollberg, 1973) .  I t s  e f f e c t s  on amino ac id  t r a n s p o r t  have, 

however,  not  been s tu d i e d  in  t h e  normal l e n s .  Using a l lo x an  d i a b e t i c  

r a b b i t s  (Reddy & Kinsey,  1963) i t  was found t h a t  i n s u l i n  had no e f f e c t  

on amino ac id  t r a n s p o r t  in  th e  l e n s .  In t h e  p r e s e n t  i n v e s t i g a t i o n ,  

i n s u l i n  was found not to  s i g n i f i c a n t l y  change amino ac id  accumulat ion in



t h e  l e n s .  Dexamethasone, a drug t h a t  i s  used t o p i c a l l y  on th e  ey e ,  has 

been a s s o c i a t e d  w ith  t h e  fo rm at ion  o f  p o s t e r i o r ,  s u b c a p su la r  c a t a r a c t .  

In t h i s  in  v i t r o  system, dexamethasone a f t e r  16 hour exposure  a t  a high 

(10"6 M) c o n c e n t r a t i o n ,  d id  not d i s r u p t  t h e  amino ac id  accumula t ion  

mechanism in  t h e  l e n s .

The e f f e c t  o f  DIDS in d e c rea s in g  AIB accumulat ion  in  t h e  l e n s  and 

i t s  p a r a l l e l  t o  t h e  e f f e c t s  o f  t h i s  compound on cornea l  amino a c id  

t r a n s p o r t  was, indeed ,  very  i n t e r e s t i n g .  I t  i s  p o s s i b l e  t h a t  i t  has a 

d i r e c t  a c t i o n  on t h e  c a r r i e r  h e re .  However, I cannot  r u l e  ou t  i n d i r e c t  

such as  changes  in  metabol ism o f  t h e  l e n s .

4 .  Lens; AIB e f f l u x

The i n a b i l i t y  o f  compounds t h a t  markedly s t i m u l a t e  amino a c id  e f f l u x  

in  t h e  cornea t o  have s u c h - e f f e c t s  on th e  len s  was i n i t i a l l y  p u z z l in g .  

Treatment o f  t h e  cornea  w i th  o u aba in ,  am photer ic in  B and th e  a d d i t i o n  o f  

exchanger  amino a c i d s ,  such as  a l a n in e  and AIB, caused t h e  r e l e a s e  o f  

almost  a l l  o f  t h e  p re loaded  amino ac id  w i th in  3 h o u rs .  Such t r e a tm e n t  

o f  l e n s e s  pre loaded  with AIB on ly  caused a small i n c r e a s e  in  t h e  amount 

o f  AIB le a v in g  t h e  t i s s u e .  The magnitude o f  t h i s  response  was a l s o  d i s ­

c o n c e r t i n g  because  t h e  mechanism f o r  AIB accumulation in  t h e  l e n s  was 

r e sp o n s iv e  t o  th e  p resence  o f  ouabain j u s t  as i t  was in  t h e  co rn ea .  

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

de te rm ine  in  what ways t h e  l e n s  may d i f f e r  from o th e r  t i s s u e s ,  i n c lu d in g  

t h e  c o rn e a ,  in  i t s  normal p h y s io lo g ic a l  amino ac id  t r a n s p o r t  p r o p e r t i e s .  

The f i r s t  c o n s id e r a t i o n  was t h e  s p e c i a l i z e d  morphology o f  t h e  l e n s .  

Where do amino a c id s  e n t e r  and accumulate  in t h i s  organ? The r e s u l t s



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

c e l l s  a re  capab le  o f  accumula t ing  amino a c i d s ,  even in t h e  absence o f  

t h e  ca p su le  and e p i th e l iu m .  I t  seems l i k e l y  t h a t  AIB can a l s o  l e a v e  t h e  

l e n s  ac ro ss  a l l  s u r f a c e s .  The c a p s u le  d id  not  impede t h e  movement o f  

amino ac id s  out  o f  t h e  l e n s  as  observed in  t h e  c a l f  l e n s  by Kern (1970).  

I t  i s  im por tan t  t o  c o n s id e r  t h e  anatomy o f  t h e  l e n s  in  r e l a t i o n  t o  amino 

a c id  t r a n s p o r t .  As th e  l e n t i c u l a r  e p i t h e l i a l  c e l l s  d i v i d e ,  t h e y  push

e q u a t o r i a l l y  t o  a s i t e  o f  d i f f e r e n t i a t i o n .  The c e l l s  then  t ra n s fo rm  

i n t o  f i b e r  c e l l s  which a r e  l a i d  down on to p  o f  a l r e a d y  e x i s t i n g  f i b e r s  

t h a t  a r e  pushed towards t h e  c e n t e r  o f  t h e  l e n s ;  no c e l l s  a r e  l o s t .  Thus 

t h e  l e n s  has an ' o n i o n - l i k e '  ap p ea ran ce ,  one l a y e r  on to p  o f  an o th e r .  

There can be severa l  hundred l a y e r s  o f  f i b e r s  ex tending  from t h e  o u t e r  

s u r f a c e  to  t h e  c e n t r a l ,  n u c l e a r ,  r e g io n  o f  t h e  l e n s  (Rae & S ta ce y ,  1979). 

The f i b e r s  become more and more packed u n t i l  t h e r e  i s  v i r t u a l l y  no e x t r a ­

c e l l u l a r  space in t h e  c e n t r a l  co re  o f  t h e  l e n s .

Amino ac id s  not only  e n t e r  t h e  s u r f a c e  f i b e r  c e l l s  but  a l s o  pene­

t r a t e  in to  deeper  l a y e r s .  However, s i n c e  t h e  e x t r a c e l l u l a r  space i s  so 

small th e  AIB may be expected t o  move from c e l l  t o  c e l l  on i t s  jo u rn e y  

towards  t h e  in n e r  p a r t s  o f  t h e  l e n s .  As a T:M o f  1 .0  was never  reached 

in  t h e  in n e r  o n e - t h i r d  o f  t h e  l e n s  a c o n c e n t r a t i o n  g r a d i e n t  e x i s t s  from 

t h e  o u t s i d e  t o  th e  i n s i d e  o f  t h e  l e n s ,  with  t h e  h ig h e s t  c o n c e n t r a t i o n  

in  th e  o u t e r  l a y e r s .  I t  i s  p o s s i b l e ,  in  such a system,  t o  env isage  

t h e  process  t h e  e f f l u x  o f  AIB a f t e r  p re lo ad in g  with  t h e  amino a c id .  

When th e  l e n s e s  a re  p laced  in  amino a c i d - f r e e  media t h e  AIB p r e s e n t  in  

t h e  s u r f a c e  l a y e r s  l e av es  f i r s t ;  hence t h e  r a p id  i n i t i a l  r a t e  o f  e f f l u x .  

As th e  f i r s t  l a y e r  e m p t ie s ,  t h e  c o n c e n t r a t i o n  g r a d i e n t  s h i f t s  f o r  t h e



next layer o f c e lls  (F ig . 33) and they, in  tu rn , unload in to  the surface

F r * .  33

l a y e r .  However, t h e  more c e n t r a l l y  lo c a te d  c e l l s  a re  p r o te c t e d  a g a i n s t  

l o s s  o f  amino ac id  u n t i l  t h e  l a y e r  next t o  them i s  d e p le te d  t o  t h e  e x t e n t  

t h a t  t h e  c o n c e n t r a t i o n  g r a d i e n t  i s  f a v o ra b le .  I f  much o f  t h e  amino a c i d ,  

i n  o rd e r  t o  l eav e  t h e  l e n s ,  must pass out o f  one c e l l  i n t o  th e  n e x t ,  in  

a s e r i e s  a r rangement ,  and each c e l l  has a r e s i s t a n c e  t o  t h e  e f f l u x  o f  

t h e  amino ac id  (as  we observed in t h e  cornea where very few c e l l  l a y e r s  

a r e  involved  and t h e  r a t e  o f  exodus i s  very  slow compared to  t h e  r a t e  o f  

uptake)  t h e  t o t a l  r e s i s t a n c e  when many c e l l  l a y e r s  must be t r a v e r s e d  

would be expected  t o  be g r e a t .  Hence t h e  r a t e  o f  exodus w i l l  d ec r e a se  

w i th  t im e  and a l so  with th e  number o f  l a y e r s  o f  c e l l s  t h e  amino ac id  

must t r a v e r s e .  This i s  indeed what was found.  Although t h e  r a t e  o f  

exodus i n c r e a s e s  with  in c re a se d  loading  t im e ,  i f  e f f l u x  i s  c a l c u l a t e d  

over  t h e  cou rse  o f  an exper im en t ,  t h e  r a t e  d e c re a se s  s h a r p ly ,  even though 

t h e  c o n c e n t r a t i o n  o f  AIB in t h e  len s  changes l i t t l e  (F ig .  27) .

A model was proposed in  an a t tem pt  to  d e s c r ib e  t h e  movements o f  amino 

a c id s  w i th in  t h e  l e n s  ( F ig .  34) .  In t h i s  model t h e r e  a re  two c e l l u l a r  

compartments ,  an o u t e r  l a y e r  which comple te ly  envelops t h e  sphere  (B)



and an in n e r  co re  (A). When th e  l e n s  i s  removed from th e  p re load ing  

media and placed  in an amino ac id  f r e e  environment (C) t h e  accumulated 

amino a c id s  can move e i t h e r  ou t  o f  B i n t o  C o r  move i n t o  A, t h e  g r a d i e n t  

i s  probably  f a v o ra b le  f o r  movements in  e i t h e r  o f  t h e s e  d i r e c t i o n s .

A lso ,  amino a c id s  t h a t  have been accumulated in A may a l s o  move in to  B, 

a l though t r a n s f e r  in  t h i s  d i r e c t i o n  may not be favored  by t h e  c o n c e n t r a t i o n  

g r a d i e n t .  The fo l lo w in g  e q u a t io n s  d e s c r i b e  t h e  i n t e r a c t i o n s  o f  t h e  t h r e e  

compartments and can be usd t o  d e f i n e  t h e  r a t e s  a t  which t r a n s f e r  between 

th e  compartments occu r :

dVA
  = -klVA + k2YB

d t

dYB
  = kiYA -  (k2+k3)YB

d t

dYc
  = -k3YB

d t



When t h e s e  eq u a t io n s  a r e  f i t t e d  t o  th e  measured e f f l u x  r e s u l t s  i t  i s  

found t h a t  kg i s  100-times ki  and i s  0 .5  k $ .  Movement o f  amino a c id s  

ou t  o f  t h e  s u r f a c e  re g io n  o f  t h e  l e n s  i s  t h e r e f o r e  f a v o re d ,  however 

movement deeper  i n to  t h e  l e n s ,  as  d e s c r ib e d  by t h i s  model,  i s  much g r e a t e r  

th an  movement from t h e  deeper  l a y e r s  t o  t h e  s u r f a c e .

That th e  d a ta  o b ta in ed  in t h e s e  exper im en ts  f i t s  such a t h e o r e t i c a l  

model i n d i c a t e s  t h a t  amino ac id  e f f l u x  from t h e  l e n s  i s  a very  complex 

p r o c e s s ,  as  would be t h o u g h t ,  when one c o n s id e r s  t h e  anatomical  a r r a n g e ­

ment o f  t h i s  t i s s u e .  I t  i s  h ig h ly  l i k e l y  t h a t  many more than  two compart­

ments e x i s t  in  t h e  l e n s ,  e s p e c i a l l y  i f  each c e l l  l a y e r  r e p r e s e n t s  a com­

par tm en t .  S chu l tz  and Curran (1970) po in ted  ou t  t h e  d i f f i c u l t y  o f  d e t e r ­

mining t h e  th e  k i n e t i c s  o f  amino ac id  t r a n s p o r t  in  t h e  l e n s  both because 

u n i d i r e c t i o n a l  f lu x e s  and 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  a re  so d i f f i c u l t  

t o  de te rm in e .  When Kern (1970) s tu d i e d  th e  e f f l u x  o f  n e u t r a l  amino a c id s  

from t h e  c a l f  l e n s ,  he a l s o  found t h a t  t h e  r a t e  o f  exodus was much l e s s  

than  t h a t  o f  up take .  He p o s tu l a t e d  t h a t  e f f l u x  took p lac e  v ia  a n o n - s a t -  

u r a b le  c a r r i e r  mediated system which was e q u i v a l e n t  t o  t h e  n o n - s a tu r a b l e  

p o r t i o n  o f  t h e  uptake system. The i n a b i l i t y  t o  s a t u r a t e  e f f l u x  c a r r i e r s  

in  t h e  c a l f  len s  i s  not s u r p r i s i n g  in l i g h t  o f  t h e  above d i s c u s s i o n .

The a d d i t i o n  o f  su b s tan ces  t h a t  i n c r e a s e  amino ac id  e f f l u x ,  such as 

ouabain  and amino ac id  exchangers  w i l l  p robably  only  a c t  a t  t h e  s u r f a c e  

l a y e r .  I f  t h e y  e n t e r  and a c t  in  t h e  deeper  p a r t s  o f  t h e  l e n s  th ey  could 

even d e c re a se  t h e  e f f l u x  by d r i v i n g  th e  amino ac id  down t h e  c o n c e n t r a t i o n  

g r a d i e n t  in  t h e  o p p o s i t e  d i r e c t i o n ,  o r  f u r t h e r  i n to  t h e  l e n s .  I f  they  

a c ted  p r im a r i l y  a t  t h e  s u r f a c e  i t  could  e x p la in  t h e  i n i t i a l  small i n c r e a s e



i n  e f f l u x  which i s  observed in t h e i r  p re sen ce .  This  anatomical a r r a n g e ­

ment o f  t h e  len s  c e l l s  may fu n c t io n  as  a c o n s e rv a t io n  and p r o t e c t i v e  

mechanism t o  m a in ta in  t h e  i n t r a l e n t i c u l a r  amino ac id  l e v e l s ,  such as  i f  

t h e  l e n s  i s  t r a n s i e n t l y  exposed to  t o x i c  compounds o r  reduced l e v e l s  o f  

n u t r i e n t s .
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