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Summary 

The effects of  the serotonin analogue, t ryptamine,  on the active transepi- 
thelial t ransport  of  Na ÷ and C1- in the in vitro bullfrog cornea were studied. 
Tryptamine,  I mM, inhibited both the short-circuit current  (Isc)and potential  
difference (PD) of  corneas transporting either Na ÷ alone or both Na ÷ and C1-. 
The electrical resistance, R, increased in all cases. Both unidirectional Na ÷ 
and C1- fluxes were decreased by t ryptamine and these changes accounted for 
the inhibi tory effects on the Isc. The effects of  t ryptamine  were considered 
along with those of  2 mM theophyll ine and 0.1 mM ouabain. Tryptamine  
inhibited the Isc and both undirectional C1- fluxes which were previously stim- 
ulated by theophyll ine.  Theophyl ine  addition, after t ryptamine preincubation,  
increased the CI- undirectional fluxes but  did not  restore the inhibited Is~. The 
inhibitory effects of  t ryptamine  on active Na ÷ and C1- transport  were different  
from those of  ouabain. While both  drugs inhibited the forward Na ÷ and C1- 
fluxes, their backfluxes decreased with t ryptamine and increased with ouabain. 
The addit ion to the bathing solution of  t ryptamine after ouabain preincubation 
reduced the ouabain-increased backward C1- flux and fur ther  increased the 
electrical resistance. These results are analyzed in terms of  an electrical model  
from which it appears that  t ryptamine 's  mechanism of  action was to decrease 
cellular permeabil i ty to the transepithelial movement  of Na ÷ and C1-. 

Introduction 

The hydra t ion  and transparency of  the rabbit cornea is controlled by a fluid 
pump located at its endothelial  limiting layer [1].  In addition, there is evidence 
indicating that  the epithelial layer may also play an active role in the mainte- 
nance of  deturgescence [2].  In the frog cornea, the epithelium has been shown 
to play a role in controlling the hydra t ion  of  the cornea and a coupling 
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between fluid movement  and active C1- transport  has been suggested [3,4]. 
The epithelium of  the frog cornea contains pump mechanisms for the active 

extrusion of  C1- into the tears and Na ÷ into the stroma. Under control  condi- 
tions, about  90% of the short-circuit current  (I~c) can be accounted for by the 
net  movement  of C1-. The rate of  Na ÷ t ransport  is small because of the low Na ÷ 
permeabili ty of  the tear-side membrane of the epithelial cells. Amphothericin B 
increases the permeabili ty of this membrane to a number of  ions one of which 
is Na ÷, and this increase in Na ÷ permeabili ty stimulates net Na ÷ transport  [5]. 
The maintenance of Na ÷ and C1- transport  appears to be dependent  on the 
activity of  (Na ÷ + K÷)-ATPase and the presence of Na ÷ in the bathing solution 
[6,7].  C1- transport  is specifically stimulated by the catecholamines (epi- 
nephrine and norepinephrine),  the ~-agonist isoproteronol  [8],  theophylline,  
cyclic AMP [9,10],  the Ca 2÷ ionophore  A23!87  [11] and ascorbic acid [12].  
The loop diuretics furosemide, bumetanide and ethacrynic acid are specific 
inhibitors of  active C1- t ransport  [13,14].  

The purpose of  this study was to consider the effects of  the serotonin anal- 
ogue, t ryptamine,  on unidirectional Na ÷ and C1- fluxes across the isolated 
bullfrog cornea in conjunct ion with the effects of  the drug on the tissue's elec- 
trical parameters. In an a t tempt  to understand t ryptamine 's  mechanism of  
action and the interrelationships between Na ÷ and C1- transport,  the effects of  
the drug were considered in combinat ion with either theophyll ine,  ouabain, or 
amphotericin B. 

Materials and Methods 

Corneas of  the bullfrog, Rana catesbeiana, were dissected and mounted  as a 
membrane between two halves of  a Lucite chamber following a procedure 
previously described [6]. Each side of  the chamber  was filled with 5 ml of  a 
Ringer's solution whose composi t ion has been previously described [5]. In the 
experiments where a C1--free solution was used, each mol of  C1- was replaced 
by 0.5 mol of  SO~ - and the difference in osmolality was compensated for with 
sucrose. The solutions bathing the cornea were bubbled with air. The following 
drugs were used: t ryptamine  • HC1, theophyl l ine and ouabain (Sigma Chemical 
Co., St. Louis, Mo.) and amphotericin B (Squibb, New York). It was found that  
10 .3 M t ryptamine  had similar effects on the electrical parameters regardless of 
the bathing solution into which it was placed. Therefore,  unless otherwise 
noted,  the effects of  t ryptamine,  theophyl l ine and ouabain result from these 
drugs being added to the endothelial bathing solution. 

Transcorneal potential  difference (PD) was moni tored  and current  was sent 
across the cornea by means of agar-Ringer-filled polyethylene  tubing. PD 
bridges were kept  close to the corneal surfaces so that  the solution resistance 
was negligible. The PD bridges were connected to the measuring and recording 
equipment  through calomel cells (Keithley 200B millivoltmeters and Heath EU 
20 recorders). Short-circuit current  (Isc) was obtained and measured with an 
automatic  voltage clamp apparatus. Resistance was determined by periodically 
measuring the additional current  necessary to fur ther  depolarize the mem- 
brane by 22.5 mV from the short-circuited condit ion.  The obtained resistance 
agreed fairly well with that  determined by the ratio PD/Isc. 
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Unidi rec t ional  Cl- f luxes were measured  by  adding a b o u t  3--5 pCi o f  C1- to  
one  c h a m b e r  and taking subsequen t  per iod ic  samples f rom the  oppos i te  com- 
pa r t m e n t .  The  surface area o f  the  co rnea  exposed  to  the  so lu t ion  was 0.5 cm 2. 
Specific act ivi ty  on  the  labeled side remained  cons tan t  t h r o u g h o u t  the  experi-  
men t ,  and the  act ivi ty  on  the  label-free side was always ab o u t  0.1% of  tha t  
present  on  the  labeled side. The  samples were mixed  with a modi f i ed  Bray 's  
so lu t ion  and c o u n t e d  with a Packard  Tricarb l iquid scint i l lat ion spec t romete r .  

In the  expe r imen t s  where  unid i rec t iona l  Na ÷ and C1- f luxes were measured  
s imul taneously ,  24Na and 36C1 were used. One set o f  corneas  was used to  mea- 
sure Na ÷ and C1- f luxes in one  d i rec t ion  and a n o t h e r  set to  measure  the  f luxes 
in the oppos i te  d i rect ion.  The  specific act ivi ty on the  labeled side was kep t  
cons t an t  and the  act ivi ty  on  the  label-free side was always 1% or  less o f  tha t  in 
the  labeled c o m p a r t m e n t .  24Na samples were immedia te ly  c o u n t e d  wi th  a 
Packard a u t o g a m m a  s p e c t r o m e t e r  and f luxes were calculated af te r  co r rec t ion  
for  decay .  The  same samples were c o u n t e d  2 weeks later  wi th  a Packard  Tr icarb 
liquid scint i l lat ion s p e c t r o m e t e r  to  de t e rmine  36C1 act ivi ty  a f te r  24Na had 
decayed  to  less than  1% of  its initial act ivi ty.  

Results 

(A ) Ef fects  o f  t ryptamine on sodium transport 
The  effects  o f  t r y p t a m i n e  on  un id i rec t iona l  Na ÷ f luxes and electrical  param- 

eters were s tudied unde r  fou r  d i f fe ren t  exper imen ta l  condi t ions :  (1) corneas  
ba thed  in Na2SO4-Ringer; (2) corneas  ba thed  in Na2SO4 Ringer  whose  Na ÷ trans- 
po r t  rates  had  been  s t imula ted  with 10 -s M ampho te r i c in  B; (3) corneas  ba thed  in 
NaC1 Ringer;  (4) corneas  ba thed  in NaC1 Ringer whose  Na ÷ t r anspor t  rates had 
been  s t imula ted  wi th  ampho te r i c in  B. 

Condition 1. As shown previous ly  the  Isc was small (less than  1.5 t tA/cm 2) 
and unid i rec t iona l  Na ÷ f luxes  are a lmost  the  same in b o th  d i rec t ions  [15] .  
Values ob ta ined  f rom ten  exper imen t s  in which the  Na ÷ fo rward  f luxes were  
measured  are summar ized  in the  top  panel  o f  Table  I. The  e f fec t  was gradual  
and the  full e f f ec t  o f  t r y p t a m i n e  as shown in the  table was on ly  a t ta ined  60 
min a f t e r  its addi t ion .  T r y p t a m i n e  increased the  resistance in every  e x p e r i m e n t  
and decreased  the  Na ÷ f lux in seven cases. On the  average, the  increase in resis- 
tance  was 0.6 k~2. cm 2 which  is equivalent  to  a r educ t ion  in ionic c o n d u c t a n c e  
o f  0 .0474  mf2-1/cm 2 (cf. Table  I). 

It  is o f  in teres t  to  consider  wha t  the  p red ic ted  decrease  in Na ÷ f lux would  be 
f r o m  the  part ial  c o n d u c t a n c e  equa t ion  wi th  such a decrease  in m e m b r a n e  con- 
duc t ance  [16] .  F r o m  this equa t ion ,  

G i = ~)iz2F2/RT 

where  Gi, the  part ial  ionic conduc t ance ,  is expressed  in ~2-i/cm 2, ¢, is the  f lux 
in equiv. /s  • cm 2 and z, F, R and T have the i r  usual meanings,  a r educ t ion  in 
measured  ionic c o n d u c t a n c e  o f  0 .0747  m~2-1/cm 2 cor responds  to  a decrease in 
ionic f lux of  0 .045  p e q u i v . / h ,  cm 2. The  average decrease  o f  the  exper imen-  
tal ly measured  Na ÷ f luxes was 0 .046 gequiv . /h  • cm 2 suggesting tha t  mos t  o f  
the  resis tance change was due  to  a r educ t i on  in Na ÷ f lux.  

In a separa te  series o f  nine exper imen t s ,  the  e f fec t  o f  10 -3 M t r y p t a m i n e  was 



3 3 0  

T A B L E  I 

E F F E C T S  O F  1 m M  T R Y P T A M I N E  O N  T H E  E L E C T R I C A L  R E S I S T A N C E  A N D  U N I D I R E C T I O N A L  

N a  + F L U X E S  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  B A T H E D  I N  N a 2 S O 4 - R I N G E R  

R e s i s t a n c e  (k~2 • c m  2)  (n = 1 0 )  F o r w a r d  N a  + f l u x  ( p e q u i v . / h  • c m  2)  

C o n t r o l  T r y p -  ( T - - C )  * C o n t r o l  T r y p -  ( C - - T )  * 

( C )  t a m i n e  (C)  t a m i n  e 

( T )  ( T )  

M e a n  3 . 2 7  3 . 8 7  0 . 6 0  ** 0 . 3 0 2  0 . 2 5 6  0 . 0 4 6  

+ S . E .  0 . 7 2  0 . 9 6  0 . 2 7  0 . 0 4 1  0 . 0 3 1  0 . 0 1 6  

R e s i s t a n c e  (k~]  - c m  2 )  (n = 9 )  B a c k w a r d  N a  + f lux  ( ~ e q u i v . / h  • c m  2 )  

C o n t r o l  T r y p -  ( T - - C )  * C o n t r o l  T r y p -  ( C - - T )  * 

( C )  t a m i n e  (C)  t a m i n e  
( T )  ( T )  

M e a n  4 . 0 9  5 . 0 0  0 . 9 1  ***  0 . 2 0 6  0 . 1 8 1  0 . 0 2 5  

+ S . E .  0 . 8 7  1 . 1 2  0 . 2 7  0 . 0 2 9  0 . 0 2 8  0 . 0 0 6  

* T h e  d i f f e r e n c e s  axe s t a t i s t i c a l l y  s i g n i f i c a n t  as  p a i r e d  d a t a  for  P ~ 0 . 0 1 .  

** A v e r a g e  c h a n g e  in r e s i s t a n c e .  T h e  a v e r a g e  c h a n g e  in c o n d u c t a n c e  c a n  b e  c a l c u l a t e d  as: 

3 . 8 7  - -  3 . 2 7  
0 . 0 4 7 4  m ~ - l / c m  2 . 

3 . 8 7  × 3 . 2 7  

* ** A v e r a g e  c h a n g e  in r e s i s t a n c e .  T h e  a v e r a g e  c h a n g e  in c o n d u c t a n c e  c a n  b e  c a l c u l a t e d  as: 

5 . 0 0  - -  4 . 0 9  
0 . 0 4 4 5  m ~ 2 - 1 / c m  2 . 

5 . 0 0  X 4 . 0 9  

d e t e r m i n e d  o n  the  backward  Na  ÷ f lux  and electrical  res istance.  The  results  are 
s h o w n  in the  b o t t o m  panel  o f  Table  I. A small  but  stat ist ical ly  s ignif icant  
r e d u c t i o n  in the  Na ÷ f lux ( 0 . 0 2 5  ~ e q u i v . / h .  c m  2) was  observed.  The  resis- 
tance  increased o n  the  average 0 .91  k~2 • c m  2 w h i c h  c o r r e s p o n d e d  again to  a 
r e d u c t i o n  in ion ic  c o n d u c t a n c e  o f  0 . 0 4 4 5  m~2-1/cm2;  remarkab ly  similar to  the  
c o n d u c t a n c e  change  in the  forward f lux  exper iment s .  H o w e v e r ,  the  observed  
decrease  in Na ÷ b a c k f l u x  was  smal ler  than that  ca lculated  f r o m  the  change  in 
ion ic  c o n d u c t a n c e .  

Condition 2. Corneas  were  bathed  in Na2SO4 Ringer and their  Na  ÷ transport  
rates were  s t imulated  by  adding a m p h o t e r i c i n  B at a final c o n c e n t r a t i o n  o f  
10 -s M to  the  epithel ial  bath ing  s o l u t i o n .  As  s h o w n  prev ious ly  [ 5 ] ,  amphoter i -  
cin B increased t h e  Is¢ (represent ing  ne t  Na  ÷ transport )  to  a stable m e a n  value 
o f  a b o u t  17 p A / c m  2. Af ter  the  Isc, e lectrical  res i s tance  and e i ther  forward or 
b a c k w a r d  Na  ÷ f luxes  were  m e a s u r e d  during four  or five 30 -min  periods ,  
t r y p t a m i n e  was  added for  a final c o n c e n t r a t i o n  o f  10  .3 M and m e a s u r e m e n t s  
were  c o n t i n u e d  for  f ive addi t iona l  30 -min  periods .  6 0 - - 9 0  min  after the  addi- 
t i on  o f  t r y p t a m i n e  the  electrical  parameters  and unid irec t iona l  f luxes  had 
reached  n e w  stable values.  These  results  are s u m m a r i z e d  in Table  II. In the  t w o  
groups  s h o w n ,  a m p h o t e r i c i n  B reduced  the  electrical  res is tance  to  2 . 6 8  and 
2 . 4 8  k ~ .  c m  2 ( c o m p a r e d  to  the  c o n t r o l  values  in Na2SO4 o f  3 .27  and 4 .09  
k ~  • c m  2 s h o w n  in Table  I). 

T r y p t a m i n e  increased the  electrical  res i s tance  to  4 . 3 3  and 4 .68  k~2 • cm2; a 
62  and 89% increase,  respect ive ly .  Forward  and backward  Na + f luxes  that  
had been  increased by  a m p h o t e r i c i n  B to  1 .99  and 0 .38  ~ e q u i v . / h  • cm 2 were  
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T A B L E  I I  

E F F E C T S  O F  1 m M  T R Y P T A M I N E  O N  T H E  E L E C T R I C A L  R E S I S T A N C E ,  N a  + F L U X E S  A N D  

S H O R T - C I R C U I T  C U R R E N T  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  S T I M U L A T E D  B Y  A M -  
P H O T E R I C I N  B A N D  B A T H E D  I N  N a 2 S O 4 - R I N G E R  

V a l u e s  i n  t h e  s a m e  h o r i z o n t a l  l i ne  a re  f r o m  t h e  s a m e  e x p e r i m e n t s  b e f o r e  a n d  a f t e r  t r y p t a m i n e .  T h e  d i f f e r -  
e n c e s  a re  s t a t i s t i c a l l y  s i g n i f i c a n t  as  p a i r e d  d a t a  f o r  P < 0 . 0 1  f o r  al l  p a r a m e t e r s .  

R e s i s t a n c e  (k~2 • e m  2 )  (n  = 7 )  F o r w a r d  N a  + f l u x  ( ~ e q u i v . / h  
. c m  2 ) 

I s c  ( # e q u i v . / h  • e m  2)  

A m p h o -  A p l u s  A m p h o -  A p l u s  A m p h o -  A p l u s  

t e r i c i n  B t r y p t a m i n e  t e r i c i n  B t r y p t a m i n e  t e r i c i n  B t r y p t a m i n e  
( A )  ( A )  ( A )  

M e a n  2 . 6 6  4 . 3 3  1 . 9 9  0 . 9 0  0 . 6 3  0 . 2 1  

-+S.E. 0 . 1 9  0 . 5 4  0 . 4 6  0 . 1 6  0 . 1 0  0 . 0 3  

R e s i s t a n c e  ( k ~  • c m  2)  (n = 8 )  B a c k w a r d  N a  + f l u x  ( p e q u i v . / h  l s c  ( p e q u i v . / h  • c m  2 )  
• c m  2 ) 

A m p h o -  A p l u s  A m p h o -  A p l u s  A m p h o -  A p l u s  

t e r i c i n  B t r y p t a m i n e  t e r i c i n  B t r y p t a m i n e  t e r i c i n  B t r y p t a m i n e  

( A )  ( A )  ( A )  

M e a n  2 . 4 8  4 . 6 8  0 . 3 8  0 . 2 5  0 . 7 8  0 . 2 2  

+S .E .  0 . 3 7  1 . 0 3  0 . 0 6  0 . 0 4  0 . 1 4  0 . 0 4  

reduced  to  0 . 9 0  and 0 .25  p e q u i v . / h ,  c m  2, respect ive ly .  This  represented  a 
60% r e d u c t i o n  in net  Na  ÷ f lux.  L ikewi se  the  Isc was  reduced  o n  the  average by  
70%. As  seen  prev ious ly  [ 5 ] ,  t h e  ne t  N a  ÷ transport  did n o t  c o r r e s p o n d  to  the  
Isc in a m p h o t e r i c i n - s t i m u l a t e d  corneas .  This  d i screpancy  persisted after inhibi-  
t i on  by t r y p t a m i n e .  

Condition 3. As s h o w n  be fore  Na  ÷ f luxes  are similar w h e n  the  corneas  are 
b a t h e d  e i ther  in Cl--rich or  C1--free s o l u t i o n  [5 ] .  It was  o f  interest  to  see 
w h e t h e r  t r y p t a m i n e  w o u l d  inhibit  Na ÷ f luxes  across  corneas  bathed  in NaC1 
Ringer.  T h e  results  are s h o w n  in Table  III. T r y p t a m i n e  inhibi ted  the  forward 
Na ÷ f lux  in all cases  and the  m e a n  dec l ine  was  0 . 0 7 6  p e q u i v . / h -  c m  2. The  
res is tance  increased in every case and o n  the  average f r o m  1 .65  to  2 .91  k~2 • 

T A B L E  I I I  

E F F E C T S  O F  1 m M  T R Y P T A M I N E  O N  E L E C T R I C A L  R E S I S T A N C E ,  F O R W A R D  N a  + F L U X  A N D  

S H O R T - C I R C U I T  C U R R E N T  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  B A T H E D  I N  NaC1-  
R I N G E R  

V a l u e s  a re  f r o m  t h e  s a m e  e x p e r i m e n t s  b e f o r e  a n d  a f t e r  t r y p t a m i n e .  T h e  d i f f e r e n c e s  a re  s t a t i s t i c a l l y  s i gn i f i -  

c a n t  as  p a i r e d  d a t a  f o r  P < 0 . 0 1  f o r  all p a r a m e t e r s .  

R e s i s t a n c e  (k~2 • c m  2)  F o r w a r d  N a  + f l u x  ( # e q u i v . / h  I s c  ( # e q u i v . ] h  • c m  2 )  
(n  = 9 )  * c m  2 )  (n = 9 )  (n = 9 )  

C o n t r o l  T r y p t a m i n e  C o n t r o l  T r y p t a m i n e  C o n t r o l  T r y p t a m i n e  

M e a n  1 . 6 5  2 . 9 1  0 . 2 9  0 . 2 2  0 . 5 6  0 . 0 6  
_+S.E. 0 . 1 4  0 . 2 8  0 . 0 4  0 . 0 3  0 . 0 2  0 . 0 2  
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T A B L E  IV 

E F F E C T S  O F  1 m M  T R Y P T A M I N E  O N  T H E  E L E C T R I C A L  R E S I S T A N C E ,  F O R W A R D  Na + F L U X  
A N D  S H O R T - C I R C U I T  C U R R E N T  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  S T I M U L A T E D  BY 

A M P H O T E R I C I N  B A N D  B A T H E D  IN N a C I - R I N G E R  

Th e  p a i r e d  d i f f e r e n c e s  fo r  t h e  s a m e  p a r a m e t e r s  we re  s t a t i s t i c a l l y  s i g n i f i c a n t  fo r  P < 0 . 0 1 .  

n A m p h o t e r i c i n  B (A)  A p l u s  t r y p t a m i n e  

( m e a n  ± S .E. )  ( m e a n  -+ S .E . )  

R e s i s t a n c e  (k~2 - cm 2) 8 0 . 5 3  ± 0 . 0 4  0 . 9 3  ± 0 . 1 2  

F o r w a r d  Na + f l u x  ( p e q u i v . / h  • c m  2) 6 2 . 5 4  ± 0 . 0 9  1 .29  ± 0 . 1 2  

l s c  ( p e q u i v . / h  • c m  2) 8 0 . 9 7  ± 0 . 0 4  0 . 3 6  ± 0 . 0 3  

cm 2 which corresponds to a decrease in conductance of 0.262 m ~ - l / c m  2. 
Although the changes in Na ÷ fluxes in NaC1 Ringer were similar to those in 
Na2SO4 Ringer (0.076 and 0.046 pequiv. /h ,  cm 2, respectively), the changes 
in conductance were much larger (0.262 and 0.047 m~2 1/cm 2, respectively) 
suggesting that  t ryptamine was also altering the permeability of the cornea to 
C1-. The effect of t ryptamine on the backward Na ÷ fluxes was not  determined 
in this condition. 

Condition 4. Corneas bathed in NaC1 Ringer were treated with amphotericin 
B which increased the Ise and reduced the electrical resistance. In this condi- 
tion, 10 -3 M tryptamine was added to determine its effects on resistance, Isc 
and forward Na ÷ flux. The results are shown in Table IV. The forward Na ÷ flux 
was reduced by t ryptamine while the low electrical resistance in this condition 
was increased by 75%. This represented a decrease in conductance of 0.813 
m~2-1/cm 2, the largest change of all four conditions studied, suggesting again 
that  t ryptamine decreased both Na ÷ and C1- permeability. The Isc representing 
net Na ÷ and C1- transport was reduced to 36% of the amphotericin B-stimu- 
lated control value. The effect of t ryptamine on the backward Na + flux was not 
studied. 

(B) Effects o f  tryptamine on chloride transport; Interactions with theophylline 
and ouabain 

The effects of t ryptamine on unidirectional C1- fluxes and electrical param- 
eters were studied under three different experimental conditions: (5) corneas 
bathed in NaC1 Ringer, (6) combined effects with theophylline, (7) combined 
effects with ouabain. 

Condition 5. As shown in Table V under control conditions, the net C1- 
flux ca lcu la ted  from the unidirectional fluxes is nearly equal to the Ise, 0.52 
pequiv./h" cm 2. Tryptamine reduced both unidirectional C1- fluxes, the for- 
ward flux proportionally more. The Ise was reduced by 81%. A good match 
between net C1- flux and Isc persisted after t ryptamine had inhibited C1- trans- 
port. In both cases, the resistance increased to values similar to those observed 
in condit ion 3 (cf. Table III). 

Condition 6. Theophylline is known to stimulate active C1-transport  [9]. 
This occurs apparently as a consequence of an increase in C1- permeability: 
both indirectional C1- fluxes are increased by theophylline and the electrical 
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T A B L E  V 

E F F E C T S  O F  1 m M  T R Y P T A M I N E  O N  U N I D I R E C T I O N A L  C1- F L U X E S ,  S H O R T - C I R C U I T  C U R -  
R E N T  A N D  E L E C T R I C A L  R E S I S T A N C E  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  B A T H E D  IN 

NaC1-R I N G  E R  

The paired d i f f e r e n c e s  for the  same  parameters  were  stat ist ical ly  s ignif icant  for P < 0 . 0 1 .  

Contro l  T r y p t a m i n e  
( m e a n  ± S .E . )  ( m e a n  ± S .E . )  

Forward C1- f lux ( p e q u i v . / h  • c m  2) 

Backwaxd C1- f lux ( p e q u i v . / h  • c m  2) 

l sc  ( # e q u i v . / h  • c m  2) 

Res i s tance  ( k ~  • c m  2) 

13  0 . 6 8  ± 0 . 0 3  0 . 2 4  ± 0 . 0 2  

14  0 . 1 9  ± 0 , 0 3  0 . 1 4  ± 0 . 0 2  

27  0 . 5 2  -+ 0 . 0 3  0 . 1 0  ± 0 . 0 1  

27  1 .78  ± 0 . 1 2  2 .91  ± 0 . 4 2  

resistance is reduced. In this respect, the effects of  theophylline seem to be 
opposite to those of  tryptamine. It was of  interest to examine the combined 
effects of  these drugs when they were added successively. The effects of  the 
theophylline-tryptamine sequence, where tryptamine was added to the 
epithelial bathing solution and theophylline to the endothelial bathing solution, 
on the unidirectional C1- fluxes and electrical parameters are shown in Table 
VI. Theophylline increased the Ise and both unidirectional C1- fluxes while the 
electrical resistance decreased. Tryptamine had an opposing effect on these 
parameters. The effects of  the opposite sequence of  drug addition are shown in 
Table VII. In spite of  preincubation with tryptamine, theophylline increased 
both unidirectional C1- fluxes and decreased the electrical resistance. However, 
despite the increase in unidirectional C1- fluxes, the Isc continued to be 
inhibited in the presence of  theophylline. As with the experiments shown in 
Table VI, since forward and backward C1- fluxes were measured in a different 
and relatively small set of  corneas, there is a poor correlation between net C1- 
flux and the Is e. 

Condi t ion  7. Ouabain inhibits active C1- transport across the frog corneal 
epithelium [6].  The decrease in net C1- flux is brought about by a reduction of  
the forward flux associated with an increase in the backward flux. In this 
respect, ouabain is different from the other C1- transport inhibitors; furosemide 

T A B L E  V I  

C O M B I N E D  E F F E C T S  O F  2 m M  T H E O P H Y L L I N E  A N D  1 m M  T R Y P T A M I N E  O N  U N I D I R E C T I O N A L  

C1- F L U X E S ,  Isc A N D  E L E C T R I C A L  R E S I S T A N C E  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  

B A T H E D  I N  N a C I - R I N G E R  

The paired d i f f e r e n c e s  for the  pairs " c o n t r o l - t h e o p h y l l i n e "  and " t h e o p h y l l i n e - p l u s - t r y p t a m i n e "  were  
stat ist ical ly  s igni f icant  for P < 0 . 0 1  for all parameters .  

n Contro l  T h e o p h y l l i n e  (T)  T plus t r y p t a m i n e  
( m e a n  ± S .E . )  ( m e a n  ± S .E . )  ( m e a n  ± S .E . )  

Forward  C1- f lux  ( # e q u i v . / h  • c m  2)  4 

B a c k w a r d  C1- f lux  0 z e q u i v . ] h  • c m  2) 4 
l s c  ( ~ e q u i v . / h  • c m  2)  8 

Res i s tance  ( k ~  • c m  2) 8 

0 . 6 6  ± 0 . 0 5  1 .03  ± 0 . 0 5  0 . 5 5  ± 0 . 0 3  

0 . 1 8  ± 0 . 0 1  0 . 3 2  ± 0 . 0 2  0 . 2 2  ± 0 . 0 2  
0 . 6 0  ± 0 . 0 5  0 . 9 6  ± 0 . 0 6  0 . 2 3  ± 0 . 0 3  

1 . 9 3  ± 0 . 1 4  1 . 3 2  ± 0 . 0 7  1 . 6 7  ± 0 . 1 7  
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T A B L E  V I I  

C O M B I N E D  E F F E C T S  O F  t m M  T R Y P T A M I N E  A N D  2 m M  T H E O P H Y L L I N E  O N  U N I D I R E C T I O N A L  
C l -  F L U X E S '  Isc  A N D  E L E C T R I C A L  R E S I S T A N C E  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  

B A T H E D  I N  N a C I - R I N G E R  

T h e  p a i r e d  d i f f e r e n c e s  fo r  t h e  pa i r s  " c o n t r o l - t h e o p h y l l i n e "  a n d  " t h e o p h y l l i n e - p l u s - t r y p t a m i n e "  were  

s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  P ( 0 .01  f o r  al l  p a r a m e t e r s ,  e x c e p t  f o r  t h e  p a i r  m a r k e d  w i t h  a s t e r i sks .  

n C o n t r o l  T r y p t a m i n e  (T) T p lu s  t h e o p h y l l i n e  
( m e a n  _+ S .E. )  ( m e a n  ± S .E. )  ( m e a n  + S .E. )  

F o r w a r d  C1- f l u x  ( p e q u i v . / h  • c m  2) 6 0 . 6 8  ± 0 . 0 5  0 . 3 9  ÷ 0 . 0 5  0 .51  ± 0 . 0 4  

B a c k w a r d  C l -  f l u x  ( p e q u i v . / h  • c m  2) 6 0 . 3 0  ± 0 . 0 2  0 . 1 8  + 0 .01  0 . 2 9  ± 0 . 0 2  

Isc ( t t e q u i v . / h  • c m  2) 12  0 . 5 5  -+ 0 . 0 4  0 . 1 3  e 0 .01  * 0 . 1 6  ± 0 . 0 2  * 

R e s i s t a n c e  ( k ~  • c m  2) 12  1 .78  + 0 .11  2 .98  ± 0 . 2 7  2 .36  ± 0 . 1 4  

T A B L E  V I I I  

C O M B I N E D  E F F E C T S  O F  0 .1  m M  O U A B A I N  A N D  1 m M  T R Y P T A M I N E  O N  B A C K W A R D  C1- F L U X ,  

Isc A N D  E L E C T R I C A L  R E S I S T A N C E  A C R O S S  I S O L A T E D  B U L L F R O G  C O R N E A S  B A T H E D  IN NaCt-  

R I N G E R  

T h e  p a i r e d  d i f f e r e n c e s  fo r  t h e  p a i r s  " c o n t r o l - o u a b a i n "  a n d  " o u a b a i n - p l u s - t r y p t a m i n e "  were  s t a t i s t i c a l l y  

s i g l d f i c a n t  fo r  P < 0 . 0 1  fo r  al l  p a r a m e t e r s .  

~ C o n t r o l  O u a b a i n  (O)  O p l u s  t r y p t a m i n e  
( m e a n  ± S .E. )  ( m e a n  ± S .E . )  ( m e a n  .-~ S .E . )  

B a c k w a r d  C1- f l u x  ( p e q u i v . / h  - c m  2) 6 0 . 2 7  ± 0 . 0 4  0 .51  ± 0 . 0 4  0 . 2 9  ± 0 . 0 4  

Isc ( t t e q u i v . / h  • c m  2) 6 0 . 6 7  ± 0 . 0 5  0 . 1 4  ± 0 .01  0 .01  ± 0 . 0 2  

R e s i s t a n c e  ( k ~  " c m  2) 6 1 . 6 0  ± 0 . 0 7  1 . 9 5  ± 0 . 1 6  n.d.  

n .d . ,  n o t  d e t e r m i n e d .  

[13] ,  ethacrynic acid [13] ,  bumetanide [14] and tryptamine which reduce 
backward C1- fluxes. It was then of  interest to compare the successive effects 
of ouabain and tryptamine on the backward C1- fluxes and electrical param- 
eters. These results are shown in Table VIII. Ouabain increased the backward 
C1- flux while reducing the Ise to a small value. Tryptamine further reduced the 
Isc to near zero and decreased the ouabain increased backward C1- flux as well 
as decreasing further the forward C1- flux. The resistance that was moderately 
increased by ouabain was further increased by tryptamine. These effects sug- 
gest that ouabain and tryptamine inhibit active C1- transport by acting on dif- 
ferent components  of the C1- transport mechanism. 

Discussion 

Two  active t r anspor t  sys tems have been descr ibed in the frog corneal  epi- 
the l ium:  a C1- t r anspor t  d i rec ted  ou twards  towards  the  tears which normal ly  
accounts  for  a b o u t  90% of  the  Isc and a Na ÷ t ranspor t  sys tem direc ted  inwards 
whose rate  is greatly s t imula ted  by  the  po ly en e  ant ibiot ic ,  ampho the r i c in  B 
[ 5]. Previous work  in ou r  l abo ra to ry  suggests tha t  there  is a separat ion be tween  
the  two pa thways  for  Na ÷ and C1- t ranspor t :  Na ÷ t r anspor t  occurs  in the  
absence of  C1- in the bathing solut ion [5,15]  and various pharmacologica l  
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agents  select ively s t imu la t e  or  inhibi t  C1- t r a n s p o r t  [ 8 - -14 ] .  However ,  there  are 
two  kinds  o f  e x p e r i m e n t a l  ev idence  suggesting an assoc ia t ion  b e t w e e n  the  two  
t r a n s p o r t  sys tems:  C1- t r a n s p o r t  is d e p e n d e n t  on the  presence  o f  Na ÷ in the  
endo the l i a l  ba th ing  so lu t ion  [7] and  b o t h  Na ÷ and C1- t r a n s p o r t  are inh ib i ted  
b y  ouaba in  [6] .  T r y p t a m i n e ,  like ouaba in ,  inhibi ts  b o t h  Na ÷ and C1- t r anspor t .  
There  are, however ,  clear d i f fe rences  b e t w e e n  the  e f f ec t  o f  ouaba in  and 
t r y p t a m i n e .  Ouaba in  has less of  an e f fec t  on the  electr ical  res is tance than  
t r y p t a m i n e  and the  inh ib i to ry  e f fec t  o f  ouaba in  is associa ted  with  an increase 
o f  bo th  Na ÷ and  C1- backwards  f luxes  whereas  t r y p t a m i n e  reduces  these  f luxes.  
Ouaba in  r educed  o x y g e n  c o n s u m p t i o n  34%, whereas  the  r educ t ion  by  t ryp t a -  
mine  was on ly  26% [17] .  However ,  the  t r y p t a m i n e  e f fec t  is larger than  the  16% 
reduc t ion  in o x y g e n  c o n s u m p t i o n  p r o d u c e d  by  specif ic  inhibi tors  o f  C1- trans-  
p o r t  [17] .  

The  ef fec ts  o f  t r y p t a m i n e  on  ionic p a t h w a y s  can be ana lyzed  in t e rms  of  an 
electr ical  model .  Fig. I shows  such a m o d e l  fo r  a co rnea  ba thed  in C1--free 
solut ion.  I t  is a s sumed  tha t  on ly  Na + moves  t ranscel lular ly .  R s N  a and R N a  a r e  

the  res is tances  to  Na + o f  the  oppos ing  cell m e m b r a n e s .  R p  represen ts  a paracel-  
lular p a t h w a y  for  Na + and  poss ib ly  o the r  ions in the  solut ion.  ENa is the  EMF 
of  the  Na ÷ p u m p .  Under  con t ro l  condi t ions ,  the  un id i rec t iona l  Na + f luxes  are 
similar  and the  Na+-originated Ise is small suggesting tha t  m o s t  o f  the  Na ÷ f lux 
p roceeds  via parace l lu lar  p a t h w a y s .  The  equiva len t  res is tance of  the  paral lel  
p a t h w a y  to  Na ÷ can be ca lcu la ted  f r o m  the  un id i rec t iona l  Na ÷ f luxes  by  using 
the  par t ia l  c o n d u c t a n c e  e q u a t i o n  as s h o w n  before .  F r o m  the  average b a c k w a r d  
Na ÷ f lux (Table  I),  a value fo r  RpN a o f  4 .58 k ~  • cm 2 is calcula ted.  Since the  
to ta l  res is tance  for  t ha t  g roup  of  corneas  was 4.09 k~2 • c m  2, a res is tance  equal  
to  38 .22  k~2 • c m  2 m u s t  be p laced  in parallel  to  RpN a to  ob ta in  the  4 .09 k ~  • 

corneal stromal 
epi~hel(urn side 

f - -  - - . ~  

ENa 

J 

r 

k. j 

Fig. 1. Electr ical  m o d e l  f o r  o n e  cell l aye r  of  the  cornea l  ep i the l ium b a t h e d  in Na2SO4-Ringer .  For  simpli- 
ci ty,  the  electr ical  equ iva l en t  is d r a w n  for  only  one cell and one  in tercel lu lar  channel .  
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cm 2 value. 38.22 kF~ • cm 2 could  represen t  parallel leaks to ions o the r  than  Na ÷, 
the  t ranscel lular  resistance to  Na (RsN a + RNa), or both .  Thus,  the m i n i m u m  
value for  RsN a + RNa is 28.22 k~2 • cm 2. If  a f rac t ion  of  the  Na + backf lux  is 
t r a n s c e l l u l a r ,  R p s  a ( p a r t  of  Rp)  will be larger and the m i n i m u m  value for  
RsN a + R s a  will be p ropo r t i ona l l y  smaller. The  use of  the Na ÷ forward  f lux 
( f rom Table  I) fo r  calculat ing RpN a would  be inaccura te  since perhaps  12% (i.e. 
I sc / forward  Na ÷ f lux)  o f  the  fo rward  f lux is p robab ly  transcellular .  

T r y p t a m i n e  decreased the  forward  Na ÷ flux and slightly the  backward  flux 
while increasing the  electrical  resistance.  This could  be in te rpre ted  in two ways: 
(a) t ha t  t r y p t a m i n e  changes the  permeabi l i ty  o f  the  intercel lular  pa thways  pos- 
sibly due  to  cell swelling or (b) tha t  t r y p t a m i n e  increases on ly  RsN a + RNa. If 
the  first possibil i ty was t rue ,  bo th  un id i rec t iona l  f luxes should change equal ly ,  
which is no t  the  case. The  second al ternat ive assumes tha t  Rp  does no t  change. 
Thus,  the  co r rec t  value to  be assumed for  RpN a is tha t  calculated f rom the  
remaining Na ÷ backf lux  af te r  t r y p t a m i n e  incuba t ion  (0.181 ~eq u iv . / h .  cm 2) 
which is 5.22 k~2. cm 2. The  to ta l  electrical  resistances be fore  and af ter  
t r y p t a m i n e  incuba t ion  were 4 .09 and 5.00 k~2 • cm 2, respect ively.  Thus,  18.9 
and 118.6  k ~ .  cm 2 are the requi red  values for  RsN a + RNa which must  be 
placed in parallel with 5.22 k~2 • cm 2 to  c o n f o r m  with the resistances measured  
be fo re  and af te r  t r y p t a m i n e  incubat ion .  I t  can be in te rp re ted  tha t  the  e f fec t  of  
t r y p t a m i n e  was to  increase the  resistance of  a cellular Na ÷ p a t h w a y  f rom 18.9 
to 118.6 k~2 - cm 2. 

The rate-limiting step for transepithelial Na + transport appears to be RsNa. 
The stimulation of net transepithelial Na + transport by the addition of 
amphotericin B to the epithelial bathing solution probably results from reduc- 
ing the value of RsN a [5]. Tryptamine increased the electrical resistance of 
corneas bathed in Na2SO4 Ringer to similar values regardless of whether the 
corneas had been treated with amphotericin B. This effect of tryptamine sug- 
gests that it affects RNa rather than RsNa. Additional evidence indicating an 
effect of tryptamine on a site other than RsNa, where amphotericin B presum- 
ably acts, is that amphotericin B had no stimulatory effect on the Isc in corneas 
that had been preincubated with tryptamine. 

The effect of tryptamine on the Na + forward fluxes when the corneas were 
bathed in NaCl Ringer is similar to that in Cl--free Ringer. The change in resis- 
tance, however, corresponds to a conductance decrease of 0.262 m~-I/cm 2 
which suggests that tryptamine inhibits transcellular Cl- pathways. Additional 
evidence for this conclusion stems from the much larger conductance change 
observed in corneas transporting Cl- whose Na + transport rates had been stimu- 
lated by amphotericin B (0.811 m~-I/cm 2) than in similarly treated corneas 
transporting only Na + (0.142 m~ -I/cm2). That tryptamine increases transepi- 
thelial corneal resistance to Cl- movement was directly demonstrated by the 
effect of this drug on unidirectional Cl- fluxes as seen in Table V. 

As with Na + transport, the effect of tryptamine on Cl- transport appears to 
result from increasing the resistance of the Cl- transeellular pathway. This is 
shown by the fact that the Isc was inhibited and the effect on the forward Cl- 
flux was larger than that on the backward CI- flux. 

The effect of tryptamine on Cl- transport can also be analyzed in terms of 
an electrical model which is shown in Fig. 2. The model is the same as that 
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Fig. 2. Electr ical  m o d e l  for  one cell l aye r  of  the  cornea l  e p i t h e l i u m  b a t h e d  in NaCl-Ringer .  Fo r  s imp l i c i ty ,  
the  elect r ica l  equ iva l en t s  o f  the  Na + and  C1- t r a n s p o r t  s y s t e m s  are d r a w n  in d i f f e r e n t  cells. 

shown for Na ÷ and for simplicity the C1- transport  system is shown to be 
located in a different  cell. The position assignment for Ecl in the bullfrog 
cornea epithelium is similarly arbitrary. Theophyll ine increases C1- permeabil- 
ity and active C1- transport  [9].  It appears that theophyll ine and t ryptamine 
affect different  components  of the transcellular C1- pathway (i.e. Rsc I or Rcl) 
since the inhibitory effect  of  t ryptamine on the Isc was not  counteracted by 
theophyll ine;  a stimulant of both unidirectional C1- fluxes (cf. Tables VI and 
VII). 

The mechanisms whereby t ryptamine and ouabain inhibit active transport  
appear to be different.  The inhibitory effect  of  ouabain on Na ÷ transport  is 
associated with an increase of  the backward flux and little effect  on the electri- 
cal resistance [5].  A similar mode  of  action is observed on C1- transport  [6]. 
When oubain and t ryptamine are used in succession (experiments in Table VIII) 
their different  mode of  action is clearly shown by their effects on the backward 
flux and resistance. 

It has been suggested [6] that ouabain selectively inhibits a componen t  
which in electrical terms is represented as the EMF of  the transport  system. 
Unidirectional ionic fluxes across a pathway represented by a simple resistor 
will be equal in both directions. If an EMF, E, is added in series, the measured 
resistance, R, will not  change but  a net flow equal to E/R will be created. The 
net flow will be the result of  an increased flux in one direction and a decreased 
flux in the opposite  direction. The new fluxes will be equal to the product  of  
the flux, d0, (when E = 0), times a factor  (EF/RT)/(1 - -e  -EF/RT) where F, R, 
and T have their usual meanings and the sign of E determines whether  the flux 
will increase or decrease. If the value of  E is then reduced towards zero, the 
larger flux will decrease and the smaller flux will increase. The predictions of 
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the model are consistent with the experimental  effects of ouabain on these 
fluxes. The effect  of  t ryptamine,  on the other  hand, appears to be more ascrib- 
able to increasing transcellular resistance (i.e. Rsc 1 or Rcl ) since t ryptamine 
markedly increased the electrical resistance and decreased the backward flux. 
Thus, the most plausible explanation for the t ryptamine effect  on active Na ÷ 
and C1- t ransport  is that  the drug decreases Na ÷ and C1- membrane permeabil- 
ity but  sufficient information is not  available to determine how this is done. 
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