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Summary. In the isolated frog cornea, the effects of 
0.1 mM epinephrine were measured on both the tran- 
sepithelial and intracellular electrical parameters. 
Epinephrine increased the short-circuit current (I~) 
and transepithelial electrical conductance (gt) by 176 
and 96%, respectively. The effective electromotive 
driving force for active transepithelial C1 transport 
(Ecl) was 45 mV and agrees with the value for Ecl 
calculated by a different technique in the isolated 
rabbit corneal epithelium (Klyce, S.D., Wong, 
R.K.S., 1977, J. Physiol. (London) 266:777). With 
respect to the tear-side bathing solution, epinephrine 
caused the intracellular potential difference of short- 
circuited frog corneas to decrease from - 5 4  to 
- 50 mV (P> 0.05). The fractional resistance of the 
apical membrane {F(Ro)= (Ro/Ro + Ri)} where R o and 
R i represent the resistances of the apical and baso- 
lateral membranes, respectively, decreased from 
0.38 + 0.06 to 0.23 _+ 0.03. Using these values of F(Ro) 
and the cellular conductances, the calculated C1 resis- 
tances of Ro and Ri decreased 4.3- and 2.3-fold, re- 
spectively. However, the value for Ecl calculated from 
the intracellular electrical measurements (48 mV) did 
not  appear to change since this value was in close 
agreement with the value for Ecl calculated from the 
effects of epinephrine on the transepithelial electrical 
parameters. Thus, the effects of epinephrine on /~ 
and gt can be accounted for by increases in the C1 
conductance of both the apical and basolateral mem- 
branes. Epinephrine caused the potential difference 
across the basolateral membrane to hyperpolarize by 
9 mV. All of these results are consistent with the no-  
t ion that the steps in transepithelial C1 transport in- 
clude uphill movement into the cell across the baso- 
lateral membrane followed by downhill movement 
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across the apical membrane into the tear-side bathing 
solution. 

In the isolated bullfrog cornea, active transepithelial 
C1 transport from the endothelial to the tear-side 
bathing solution accounts for about 95% of the short- 
circuit current (I~c) (Zadunaisky, 1966). This Cl-origi- 
hated I~c is selectively stimulated by epinephrine 
(Chalfie, Neufeld & Zadunaisky, 1972). In the isolated 
rabbit corneal epithelium, results of intracellular elec- 
trical measurements of the effects of pulses of 
5 x 10 lo M epinephrine in the tear-side bathing solu- 
tion indicated that active C1 transport is reversibly 
stimulated by only increasing the apical membrane 
C1 permeability (Klyce & Wong, 1977). Klyce and 
Wong suggested that the steps in active C1 transloca- 
tion towards the tears include uphill movement into 
the epithelial cell followed by downhill movement 
out of the cell into the tears. C1 accumulation by 
this tissue is thought to be a consequence of carrier 
mediated Na:C1 coupled uptake across the baso- 
lateral membrane. The operation of this carrier is 
dependent on the maintenance of an electrochemical 
gradient which permits downhill movement of Na 
across the basolateral membrane into the cell. The 
maintenance of this gradient is a consequence of baso- 
lateral situated (Na: K) ATPase activity. Thus, active 
C1 translocation across the rabbit cornea is thought 
to be coupled to the Na gradient across the baso- 
lateral membrane. 

In the isolated bullfrog cornea, 5x l0 -1~  
epinephrine in either the tear or the stromal bathing 
solution has no effect on the Cl-originated/~ :10 -4 M 
epinephrine in the stroma bathing solution is re- 
quired to obtain a sustained stimulation of the I~ 
that lasts long enough to measure reliably changes 
in the transepithelial C1 fluxes (Montoreano, Candia 
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& C o o k ,  1976). U s i n g  t he  h i g h e r  c o n c e n t r a t i o n  o f  

e p i n e p h r i n e  in t he  i s o l a t e d  b u l l f r o g  c o r n e a ,  we r e p o r t  

h e r e  o n  t h e  effects  o f  th i s  d r u g  o n  t h e  i n t r a c e l l u l a r  

e l ec t r i ca l  p a r a m e t e r s  o f  t he  i s o l a t e d  a n d  s h o r t - c i r -  

c u i t e d  b u l l f r o g  c o r n e a .  T h e s e  m e a s u r e m e n t s  w e r e  

d o n e  w i t h  m i c r o e l e c t r o d e s ,  u s i n g  t e c h n i q u e s  p rev i -  

o u s l y  d e s c r i b e d  f o r  f r o g  sk in  ( N a g e l ,  1976,  1978,  a n d  

1979).  W e  f o u n d  t h a t  1 0 - 4 M  e p i n e p h r i n e  i n c r e a s e s  

t he  C1 c o n d u c t a n c e s  o f  b o t h  t h e  a p i c a l  a n d  b a s o l a t e r a l  

m e m b r a n e s  o f  t h e  e p i t h e l i a l  cel ls  a n d  t h e r e b y  s t i m u -  

la tes  t h e  C l - o r i g i n a t e d  I ~  w i t h o u t  a f f e c t i n g  t he  effec-  

t ive  e l e c t r o m o t i v e  d r i v i n g  f o r c e  f o r  C1 t r a n s p o r t ,  Ecv  

Materials and Methods 

Bullfrog corneas (Rana catesbeiana) were mounted epithelial face 
up in a Lucite chamber similar to the one previously described 
(Nagel, 1976). The effective surface area was 0.4 c m  2. A copper 
grid whose radius of curvature was slightly less than that of the 
cornea in vivo supported the tissue. To avoid edge damage effects, 
silicone high vacuum grease (Marck Ag, Germany No. 7922) was 
used to seal the edges of the epithelial half chamber. The perfusion 
flow rate in the epithelial half chamber (Volume=0.2ml) was 
about 5 ml/min which allowed complete exchange of the tear-side 
bathing solution within 5 sec. The endothelial half chamber (total 
volume=0.3 ml)was perfused at a rate of about 5 ml/min by appli- 
cation of a slightly negative hydrostatic pressure which also helped 
to secure the cornea to the copper grid. Both sides of the cornea 
were continuously perfused with NaC1 Ringer of the following 
composition (m~): Na +, 112; K +, 2.5; C1 , 112; HCO3, 2.5; 
Ca + +, 1; glucose, 5; HPO4, 2. The pH was 8.3 after saturation 
with air. 

L i s t  o f  S y m b o l s  

V, = transepithelial potential difference 
I~ = short-circuit current 

I~ = transepithelial current flow at V,= 0 
V~c = intracellular potential difference under short-circuit condi- 

tions (Vt= 0) 
V~ = potential difference across the basolateral membrane under 

open-circuit conditions as calculated from Eq.(6) (see 
page 75). 

F(Ro) =fractional electrical resistance of the apical membrane 
Ro/(R o + R~) ; R~ is the resistance of the basolateral membrane. 
= transepithelial electrical conductance 
= cellular conductance of active transport pathway 
= shunt conductance 
= conductances of the apical and basolateral membranes, 
respectively (equal to 1/Ro and 1/R~) 

Eo, E, = equivalent emtTs of the apical and basolateral membranes, 
respectively, when I, = 0. 

Ec, =effective electromotive force for transepithelial active C1 
transport = Ei Eo 

intracellular recordings were done with microelectrodes pre- 
pared from Omega-dot microfiber capillaries of 1.5 mm outer 
diameter and 0.8 mm inner diameter (Frederick Haer and Co., 
Ann Arbor, Mich.) on an air-stream cooled microelectrode puller 
(Brown-Flaming Model P-77, Sutter Instrument Co., San Fran- 

g, 
& 
gs 

go, & 

cisco, Calif.). The microelectrodes were backfilled with 3 M KC1, 
and their input resistance and tip potential were between 15 and 
40 Mf~ and less than 5 mV, respectively. Impalement was done 
from the tear side perpendicular to the surface. A micromanipula- 
tor coupled to an ultra-fast stepping motor drive (Fa. Marcinowski, 
Heidelberg, Germany) permitted the electrode to be advanced in 
steps as small as 0.125/~m. The electrode position was registered 
on a meter relative to its first contact with the epithelial surface. 
The microelectrode potentials were monitored via Ag/AgC1 elec- 
trodes with a Burr Brown 3621 Instrumentation amplifier (input 
resistance > 10t~ with reference to the tear-side solution. The 
corneas were continuously short-circuited with an automatic volt- 
age clamping device (Helman & Miller, 1971). The transepithelial 
potential difference was measured with Ag/AgCI electrodes via 
Ringer-filled bridges which ended 0.5 mm away from the cornea. 
Transepithelial current was sent through AgCl-coated Ag wire 
loops which were 4 mm away from the corneal surfaces. Short- 
circuiting was periodically interrupted every 2 10 sec by clamping 
the transepithelial potential difference to values of +20 mV for 
periods of 200 msec. This procedure provided a periodic measure- 
ment of the transepithelial ejectrical conductance in the hyperpola- 
rizing direction (g, =AIjA V,) through the use of two sample hold- 
amplifiers (Intersil 5110) and appropriate logic circuitry for trigger- 
ing. A similar circuit was used for continuous recording of the 
fractional resistance. F(Ro), of the apical membrane relative to 
the total transcellular resistance: F(Ro) = Ro/(R o + Ri) = A ~c/ A V t. 
The values of gt and F(Ro) were recorded along with the I~, the 
V~ and the intracellular potential (Vsc) on five channels of a multi- 

channel strip chart recorder (BBC-Metrawatt, Niirnberg, West 
Germany). 

P a r a m e t e r s  o f  E q u i v a l e n t  C i r c u i t  M o d e l  

In Fig. 1, is shown a Thevenin equivalent for each membrane 
or element of the corneal epithelium. The cellular pathway consists 
of two "in series" enrf's (E o and E~) and electrical resistances 
(R o and Ri), representing the apical and basolateral membranes, 
respectively. The cellular pathway is parallel to a passive paracellu- 
lar pathway represented by Rs. It is assumed that the emf of the 
latter pathway may be neglected since bathing solutions of identical 
composition bathe both sides of the cornea. Furthermore, the 
potential differences and electrical resistances across the endothe- 
lium and stroma are not considered since both of these values 
are neglibibly small compared to those of the epithelium (Klyce 
& Wong, 1977). 

Two methods were used for evaluation of the individual com- 
ponents of the equivalent circuit. 

M e t h o d  1 

Previously, it was shown that active transepithelial Na transport 
can be formulated by the following relationship (Ussing & Zerahn, 
1951): 

l~c = INa = gNaEN~ 

where gNa and EN~ is the transcellular Na conductance and effective 
electromotive force for Na transport, respectively. A rapid repro- 
ducible technique for the measurement of ENa in the toad bladder 
was developed more recently (Yonath & Civan, 1971). The appli- 
cation of this method requires that Na is the only transcellular 
transported ion and that neither gs, nor K'~ are altered upon in- 
creasing the lsc with vasopressin. We have applied their technique 
to the frog cornea for the evaluation of Ecl. The validity of this 
technique for evaluating Ec~ also requires that increasing the Is~ 
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t e a r s i d e  
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Fig. 1. Thevenin equivalent circuit model of frog corneal epithelium 
used for determining mechanism of action of epinephrine. R o and 
R~ represent the resistances of the apical and basolateral mem- 
branes, respectively, between the microelectrode tip and each bath- 
ing solution. R, represents the resistance of the shunt paracellular 
pathway. Eo and E~ represent the equivalent emf's across the apical 
and basolateral membranes, respectively. Vo and V~ represent the 
potential differences between the microelectrode tip and the tear 
and endothelial bathing solutions, respectively. Vt is the transepi- 
thelial potential difference 

(i.e., active transepithelial C1 transport) with epinephrine does not 
alter g~ nor Ea but only g~. It has been previously shown that 
active transepithelial C1 transport accounts for 95% of the I~ 
(Zadunaisky, 1966). 

Isc=lcl=gc.Ecl (1) 

Furthermore, the transepithelial electrical conductance, gt, is equal 
to the sum of cellular (g~) and paracellular g~ conductances, i.e.: 

g,=g~+g,. (2) 

By combining Eqs. (1) and (2) 

g~ = I~/Ec~ + g~. (3) 

When corresponding values for g~ and/~, are plotted from experi- 
ments in which I~ is increased with epinephrine, the values for 
g~ and Ec~ are obtained from the intercept with the g, axis 
at/~,~ =-0 and the inverse slope of the regression line, respectively. 
Values for g~ are calculated for the control and epinephrine periods 
from the values ofg t and g~. By use of the simultaneously measured 
F(Ro), the contributions of the apical and basolateral membrane 
conductances (go and gl, respectively) can be calculated from 

go=g,./F(Ro) and g~=g~{1-F(Ro)). 

M e t h o d  2 

The potential differences across the individual membranes may 
be considered to result from emf's and ohmic R - I  drops. Across 

Epi nephrine Epi nephri ne 
teorside endotheliol side I~% gt 

juA/cm 2 mS/cm 2 
60- 12 

/*0 0.8 gt 

20t0.4 Ise 

0 0 , b i i g + rail 

Fig. 2. Effects of epinephrine (0.1 mM) on /~r and g, 

the basolateral membrane under short-circuit conditions, the fol- 
lowing relationship applies: 

V~o - El - R i �9 (4) 

substituting Isr (i.e., Eq. (1)) yields 

Vsc =E, - {1 - F ( R o )  } . Ecp (5) 

Equation 5 is used to estimate E~, Ecz and Eo ( E o = G - E c ~ ) .  By 
plotting corresponding values of Vsc and F(Ro) from experiments 
in which F(Ro) is altered. E~ is defined by the intercept ,of the 
regression line with the V~r axis where F(Ro)= 1.0 and Ec~ is ob- 
tained from the slope. The necessary assumption in using this 
method is that the changes in F(Ro) can be induced without con- 
comitant alterations of Eo and E~. Support for the validity of this 
assumption during the early period after the administration of 
epinephrine is provided below. 

By assuming a linear relationship between V~ and I, (Klyce, 
i971) and the absence of any potential dependent transients, the 
open-circuit potential difference across the basolateral membrane, 
V, was calculated from measured values of V~, I~o, g,, and F(Ro) 
according to the following relationship: 

V~ = V~ - I~r t �9 { 1 - F(Ro) } . (6) 

All values are means _+SEM. Student t test was used for statistical 
analysis. 

Results 

In  F i g u r e  2 is s h o w n  a r ep resen ta t ive  record  of  the 
t r ansep i the l i a l  e lectr ical  c o n d u c t a n c e  (gt) and  shor t -  
c i rcui t  c u r r e n t  (I~o) be fore  a n d  af ter  the  a d m i n i s t r a t i o n  

of  1 • 10 - *  M e p i n e p h r i n e  to the  tear  a n d  then  la ter  
to the endo the l i a l  b a t h i n g  so lu t ion .  The  a d d i t i o n  of  
e p i n e p h r i n e  caused  the Isc a n d  gt to increase  essen- 
t ia l ly  wi th  the  s ame  t ime  course .  To  e x a m i n e  the rela-  
t i onsh ip  be tween  the  increases  in gt a n d  I~  fo l l owing  
each of  the two add i t i ons  of  e p i n e p h r i n e  a n d  to p e r m i t  
use of  M e t h o d  1, all  o f  the c o r r e s p o n d i n g  va lues  of  
gt a n d  I~c fo l l owing  each of  the two a d d i t i o n s  of  
e p i n e p h r i n e  f r o m  the above  e x p e r i m e n t  were rep lo t t ed  
in Fig.  3. U s i n g  the c r i t e r ion  of  Y o n a t h  a n d  C i v a n  
for  d e t e r m i n i n g  w h e t h e r  the Isc increases  as a conse-  
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Fig. 3. Plot of gt vs. I~ obtained in the experiment shown in 
Fig. 2. Values obtained after the addition of epinephrine to tear 
and endothelial bathing solutions 

quence of an increase in g~, namely, there exists a 
linear relationship between all of the corresponding 
values of gt and I~r the excellent correlation in Fig. 3 
between these parameters suggests that the I~r in- 
creased as a consequence of an increase in gc. Accord- 
ingly, g~, g~, and Ec~ can be evaluated. Linear extrapo- 
lation to Is~ = 0 yields a value for g, of 0.22 mS/cm 2 
and from this values are obtained of 0.45 mS/cm 2 
and 1.23 mS- cm 2 for the cellular conductance, g~, be- 
fore and after the maximal increase in I~r resulting 
from epinephrine administration, respectively. From 
the inverse slope of the regression line, a value of 
42 mV for Ec~ was obtained. 

The effects of epinephrine on the transepithelial 
electrical parameters in nine similar experiments are 
summarized in Table 1. Epinephrine stimulated the 
I~ by 176% and increased& and g~ by 96 and 184%, 
respectively. The mean values of g~ and Ec~ were 
0.24 mS/cm 2 and 45 mV, respectively, with remark- 
ably little variability between the individual prepara- 
tions. Values of g~ from the individual experiments 
are plotted in Fig. 4 as a function of the correspond- 
ing I~ values before and after each of the two addi- 
tions of 10- 4 M epinephrine. The relationship is highly 
linear (r=0.98) and shows the excellent correlation 
between I~ and the cellular conductance. 

A representative record of V~r F(Ro) and the baso- 
lateral membrane open-circuit potential difference 
calculated according to Eq.(6) is shown in Fig. 5. 
The control values of V~o ( - 5 5  mV), the basolateral 
membrane open-circuit potential difference ( - 7 0  
mV), and F(Ro) (0.60) were stable for more than 
3 min before the addition of 1 0 - a M  epinephrine to 
the tear-side solution. Concomitantly with the in- 
crease of the I~, which is not shown, V~o and F(Ro) 
decreased rapidly to values around - 45 mV and 0.3 mV, 
respectively, whereas the basolateral membrane open- 
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Table 1. Effects of 10-4 ~a epinephrine on the transepithelial electri- 
cal parameters of isolated bullfrog cornea 

Isr & g s g, Ecl 
CaA/cm 2) (mS.cm 2) (mS.cm-2) (mS.cm z) (mV) 

Control 11.2+_1.7 0.48_+0.04 0.24_+0.04 0.25_+0.04 45.2 

_+2.2 

Epine- 
phrine 30.9+3.4 0.94+_0.09 0.71 +0.09 

Values are means +_SEM of nine experiments. 

mS/cm ~ g~ ~ ~  
10 �9 

6 

L j c  o Control 
O 

o~8" �9 Epinephrine 
o 

�9 .2  ~ J O  

O ~ ISC / 

0 2'0 Z0 )JA/crn z 

Fig. 4. Values of g~ and I~ during the control period and after 

maximal increase of these parameters resulting from the addition 
of 0.1 mM epinephrine to the endothelial bathing solution plotted 
with respect to one another (r=0.98 and Ec~=44 mV). Control 
and epinephrine values are denoted by open and closed circles, 
respectively (N= 9) 
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1 l . . . . . . . . . . . . . . . .  
i " ~  �9 ~ 

V i . . . .  � 9 1 7 6  / / ~ 1 7 6  . . . .  , ~ 1 4 9  . . . . . . . . . .  / 
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Fig. 5. Time course of the effects of epinephrine (0.1 mM) on open- 
circuit potential across basolateral membrane, V~ intracellular 
potential difference (V,=0), V~ and fractional resistance of apical 
membrane {F(Ro)}. From left to right the arrows designate epineph- 
rine addition to tear side, washout from tear side, and addition 
to endothelial side, respectively. Segment lines represent period 
of improper impalement 
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Table 2. Effects of I0 4M epinephrine on intracellular potential 
and cell membrane resistances of isolated bullfrog cornea 

V,c V~ F(Ro) Ro R~ 
(mY) (mY) (k~- cm 2) (kfl. cm 2) 

Control 54_+4 -69• 0.38_+0.06 1.6 _+0.4 2.5 +0.3 

Epine- 
phrine 50_+3 -770+4 0.23-+0.03 0.37_+0.08 1.080+0.10 

Values are means _+ SEM of nine experiments. 

circuit potential difference increased by 7 mV. These 
changes were partially reversed by removal of 
epinephrine f rom the tear-side solution. Subsequent 
addition of 1 0 - 4 N  epinephrine to the endothelial 
bathing solution resulted in another decrease of  F(Ro) 
to 0.25 and an increase in the basolateral membrane  
open-circuit potential difference by 15 mV. The V~c, 
however, remained unchanged or increased slightly 
during this period. In all experiments, epinephrine, 
besides decreasing F(Ro), hyperpolarized the baso- 
lateral membrane  open-circuit potential difference; 
the mean increase of the basolateral membrane  open- 
circuit potential difference was 8.6 + 1.5 mV (Table 2). 
The V~c, on the other hand, was affected by epineph- 
rine in a rather variable way. The Vs~ decreased 
slightly by 4.4_+2.4 mV (P>0.05)  (Table 2). In Ta- 
ble 2 are also shown mean values for F(Ro), Ro, and 
Ri before and after 10-4M epinephrine administra- 
tion. Ro and Ri were calculated f rom gc with the use 
of Method I and applying the values of F(Ro). After 
epinephrine administration, F(Ro) decreased by 40%. 
Thus, the decrease of  the resistance of the apical mem- 
brane was more pronounced (77%) than that of the 
basolateral membrane.  Nevertheless, the basolateral 
membrane  resistance decreased significantly by 57%. 

In view of the relationship between the changes 
in gc and I~o, resulting from the administration of 
epinephrine, it was of  interest to determine whether 
a similar relationship was observable when comparing 
changes in go and g~ with the epinephrine induced 
increase in I~c. Figures 6 and 7 show that this was 
indeed the case. The calculated linear regression lines 
indicate an excellent correlation between the stimula- 
tory effects of epinephrine on the I~c and the increases 
in go and gi ( r=0.87 and 0.96, respectively). In a 
typical experiment, Fig. 8 shows the responses of  V~r 
and F(Ro) to the addition of 10 4M epinephrine to 
the tear-side bathing solution. In order to permit ap- 
plication of Method II, the corresponding values of 
V~o and F(Ro) after the addition of epinephrine to 
the tear-side bathing solution were replotted in Fig. 9. 
The corresponding values of V~r and F(Ro) are excel- 
lently described by a linear regression line ( r~  1.0). 

mS/cm z 
6 g o  

oControl 
�9 Epinephrine 

o 

O �9 
0 0 �9 

0 o  I s c  

2'0 &'0 uA/cm z 
Fig. 6. Values of go and I,c during the control period and after 
maximal increase of these parameters resulting from the addition 
of 0.1 mN epinephrine to the endothelial bathing solution plotted 
with respect to one another (r=0.87). Control and epinephrine 
values are denoted by open and closed circles, respectively (N=9) 

1.6 
gi mS/cm 2 

1.2 

.8 

o ~ O O  �9 
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O~ �9 �9 �9 

o n t r o l  
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I sc 

2'0 io ~A/cm 2 

Fig. 7. Values of g~ and Isc during the control period and after 
maximal increase of these parameters resulting from the addition 
of 0.1 mM epinephrine to the endothelial bathing solution plotted 
with respect to one another (r=0.96). Control and epinephrine 
values are denoted by open and closed circles, respectively (N=9) 

mv V~c ~ F(Ro) 
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Fig. 8. Time course of the effects of epinephrine (0.1 mM) in the 
tear-side bathing solution on V~ (..) and F(Ro) (-) 
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Fig. 9. Correlation between V~ and F(Ro) in a typical experiment 
during the control period and progressive increase in I~ resulting 
from the addition of epinephrine (0.1 rnM) to the tear-side bathing 
solution. The intercepts with the Y axes represent Eo {at F(Ro)= 0} 
and El {at F(Ro)= 1.0}. The slope of the line is equal to Ecl 

By extrapolating to V~o at F(Ro)=O and 1.0, values 
for E o and Ei were obtained, respectively. In this par- 
ticular experiment, Eo, Ei, and Ec~ were 24, 79, and 
55 mV, respectively. In five experiments, the mean 
values for Eo, E~, and Ecx were 38+1 mV, 86_+5 mV, 
and 48 _+ 1 mV, respectively. Since in this analysis only 
the initial changes in V~r and F(Ro) were considered, 
it is unlikely that there is interference from any sec- 
ondary effects of epinephrine. 

Discussion 

Based on the results of studies in the isolated rabbit 
corneal epithelium (Klyce & Wong, 1977) and the 
rectal gland of the dogfish (Silva et al., 1977), it ap- 
pears that active C1 transport is secondary in that 
it is coupled to the Na gradient maintained across 
the basolateral membrane by the (Na:K)ATPase  
pump mechanism. The current notion for the steps 
in C1 translocation in these tissues include uphill 
movement of C1 across the basolateral membrane 
against an electrochemical gradient followed by pas- 
sive downhill movement out of the cell across the 
apical membrane. This proposed mechanism also ap- 
pears tenable in the frog cornea since it has been 
shown that the intracellular C1 activity averages 
29 mM and the intracellular open-circuit potential is 
- 4 7  mV which indicate that C1 is pumped into the 
cell against an electrochemical gradient across the 
basolateral membrane (Zadunaisky, Spring & Shindo, 
1979). In order for C1 to be pumped out of the cell 
across the apical membrane, the C1 activity would 
have to be approximately threefold less than the mea- 
sured value. 

The results of our measurements of the effects 
of epinephrine on the transepithelial and intracellular 

electrical parameters further substantiate the utility 
of this model in explaining the steps involved in active 
transepithelial CI transport across the frog cornea. 
Furthermore, from our approach it is possible to cal- 
culate values for each of the electrical elements in 
the Thevenin equivalents of the apical and basolateral 
menbranes.  The calculation of these values provides 
information about the relative C1 permeabilities of 
the two membranes and the effective electromotive 
force for active transepithelial C1 transport, Ecl. 

We have used two different methods to calculate 
va] tes for the elements of the electrical equivalent 
circuit shown in Fig. 1. With method I, measurements 
of the transepithelial electrical parameters (i.e., gt and 
I~c) were used to calculate values for g~, the lumped 
parameters gc (gc=go+gi) and Ec1(E~-Eo). The 
use of this method seems reasonable for two reasons. 
First of all, there was an excellent linear correlation 
between corresponding values of g~ and Isc following 
the addition of epinephrine to the tear and endothelial 
side bathing solutions. Secondly, the calculated value 
for gs (0.24 mS. cm- 2) obtained with Method I is in 
close agreement with the value calculated from the 
partial conductance equation and the measurement 
of unidirectional Na and C1 fluxes (gs= 
0.22 mS. cm- 2) (Reinach & Candia, 1978). These two 
considerations suggest that the effect of epinephrine 
on I~o stem from an increase in gc rather than gs. 

In the rabbit corneal epithelium Ec~ was measured 
from the effects of epinephrine on the transepithelial 
potential difference as a function of prestimulation 
potential at open circuit (Klyce & Wong, 1977). From 
a plot of the change in the transepithelial potential 
difference as a function of prestimulation potential 
difference at open circuit, ECI is obtained from the 
intercept of the line relating these two parameters. 
The intercept value represents the minimum transepi- 
thelial potential difference required to fully inhibit 
net C1 translocation across the apical membrane and 
was found to be 45 mV which is in agreement with 
our value for Ecl. 

The measurement of the intracellular electrical 
parameters { Vsc and F(Ro)I permitted us to calculate 
the individual values of go and gi- Furthermore, with 
the use of Method II, values for Eo and E i were also 
calculated .Regardless of whether epinephrine was ad- 
ded to the tear-side or endotnelial-side bathing solu- 
tion F(Ro) always decreased ,~ Id V~ hyperpolarized. 
These effects indicate that epi~ phrine increased both 
go and g~. The extent of the ncreases in go and gi 
appeared to be dependent uF: ~ the bathing solution 
to which epinephrine was a ~, 2. The addition of 
epinephrine to the tear-side ba ,rag solution depolar- 
ized Vsc even though V/hyperpolarized. These results 
suggest that with this type of addition the increase 
in g~ was predominantly due to an increase of go 
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even though gi also increased. The addit ion of  
epinephrine to the endothelial  bathing solution caused 
Vi to hyperpolar ize more  than with the former  addi- 
tion and the V~o did no t  change f rom the control  
value. Fur thermore ,  F(Ro)  further  declined to its mini- 
mal value. All of  these effects indicate that  the in- 
crease in gl was larger than when epinephrine was 
only added to the tear-side bathing solution. These 
effects of  epinephrine on go and g~ are different than 
in the rabbit  cornea. In the rabbit  cornea, epinephrine 
addit ion to the tear-side bathing solution selecti 'ely 
increased the C1 permeabil i ty of  the apical membz ~me 
(Klyce & Wong,  1977). However ,  it should be men-  
tioned that  in the rabbit  cornea 5 x 10-1 o ~a epineph- 
rine was effective in mediat ing this effect on C1 per- 
meability, whereas in the frog cornea 1 x 10 -4M 
epinephrine had to be used to obtain a sustained 
change in the electrical parameters.  

It  is of  interest to consider the relative permeabil-  
ity properties of  the apical and basolateral  membrane  
to C1, N a  and K. As in the rabbit  cornea, our  results 
suggest that  the apical membrane  is selectively perme- 
able to C1 since the calculated value of  the apical 
membrane  equivalent  emf  ( E  o = 38) predicts f rom the 
Nerns t  equat ion an intracellular C1 activity of  25 mM, 
which is in close agreement  with the measured value 
of  29 m s .  

We  found  under  control  conditions that  Rz is 
2.5 k ~ c m  2. In an earlier study with the frog cornea, 
it was shown that  the cellular conductance  to N a  
and K is at the mos t  about  0.04 mS- c m -  2, and since 
the apical membrane  is primarily C1 permeable it 
would appear  that  the cellular N a  and K conductance  
is localized to the basolateral  membrane  (Reinach 
& Candia,  1978). Since R~ is equal to 2 .5kf2 .cm 2 
and RNaK is approximate ly  25 kf2cm 2 (i.e., 1/0.04), 
the value of  Rc~ in parallel with RNaK is about  
2,8 k ~ c m  2. Therefore,  the value for  & is primarily 
reflective of  C1 permeabil i ty since the C1 permeabil i ty 
appears to be ninefold larger than the N a  and K 
permeability. 

With  Me thod  II, we calculated a value for  Ecl 
based on measurements,  of  the intracellular parame-  
ters. We found that  Ec~ calculated with Methods  I 
and II  are support ive o f  the concept  that  the increase 
in I~r mediated by epinephrine is a consequence of  
an increase only in g~ rather  than Ec~. Therefore,  
epinephrine appears to;be an effective probe  for  eval- 
uat ing Ec~ since Ec~.  ppears to be invariant  upon  
increasing I~. 

An  interpretati,Qn- ; ,what  E~ is representative of  
cannot  be made  5 "~h a t  knowing the intracellular 
N a  and K activities.,,~ ~t is assumed that  the intracel- 
lular K activity in the frog cornea  is the same as 
in the rabbit  (i.e., 114 mM) and that  El is representa- 
tive o f  a K diffusion potential,  then our  value of  

86 mV for  Ei is 10 mV less negative than the predicted 
value (Hansen et al., 1979). 

In summary,  we have shown that  epinephrine can 
be used to measure Ecl in the frog cornea since it 
increases the I~c by increasing the C1 conductances  
of  both  the apical and basolateral  membranes  wi thout  
affecting E o or E i or  Ec~. Fur thermore,  our  results 
are consistent with the current  not ion  o f  the mecha-  
nism of  active transepithelial C1 t ranspor t  in the frog 
cornea and suggest that  C1 uptake  occurs against an 
electrochemical gradient o f  - 3 5  mV across the baso- 
lateral membrane,  followed by passive diffusion into 
the tears along a favorable electrochemical gradient 
of  12 mV. 
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