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Summary. Instead of the conventional steady-state fluxes, the pre- 
steady-state fluxes of e2Na across the rabbit corneal endothelium 
were measured. In contrast to reports that there is no net Na + 
movement across the corneal endothelium, we find a net transport 
of Na + across this tissue. The direction of net Na + flux is from 
the stromal to the aqueous side and the magnitude is 2.3+0.4 
peq/cm2.hr (n=ll, SEM). Net Na + transport is inhibited in the 
presence of ouabain (10 -4 M). Acetazolamide (10 _4 M) has only 
a slight inhibitory effect on the rate of Na + transport but decreases 
the transendothelial potential difference by about 30%. The passive 
component of the Na § transport has been estimated by analyzing 
the presteady-state influx and efflux curves and found to occur 
10% via cellular and 90% via paracellular routes. The analysis 
for the separation of the pathways has been based on a recently 
proposed theory which holds that the flux ratio, regardless of 
its driving forces, is independent of time. 

Key words presteady-state fluxes, cornea- endothelium, cellular 
and paracellular pathways, net flux 

Introduction 

The corneal endothelium is known to play a key role 
in maintaining corneal transparency through the 
pump-leak mechanism(s) presumed to be located 
mainly in this cell layer. In order to understand the 
inner workings of  the mechanism, three parameters 
related to corneal transparency have been intensively 
investigated in our and other laboratories, viz. : (i) 
trans- and intracellular electrical measurements, (ii) 
the rate of trans-endothelial fluid transport, and (iii) 
trans-endothelial steady state isotopic fluxes. The 
trans-endothelial electrical measurements have shown 
that the preparat ion generates a very small potential 
difference (about l mV, aqueous negative) and that 
the resistance values range f rom 20 ~ to 70 ~ . c m  2 
(Fischbarg, 1972; Barfort & Maurice, 1974; Fisch- 
barg & Lira, 1974; Hodson,  1974; Lira & Fischbarg, 
1981). It was also found that this small potential dif- 
ference is dependent on the presence of Na+,  K+, 
H C O [ ,  and H + in the bathing solution (Fischbarg 
& Lira, 1974). Although there are numerous reports 
on the transendothelial electrical properties as men- 

tioned above, there are only a few reports dealing 
with intracellular electrical measurements. According 
to recent successful studies (Wiederholt & Koch, 
1978; Lira & Fischbarg, 1979; Lim, 1980), the intra- 
cellular potential is high (about 80 mV, inside nega- 
tive) and is comparable to values reported for similar 
leaky preparations (Fr6mter, 1979). 

A second area of investigation has been centered 
on the rate of  fluid transport  across endothelial prepa- 
rations. The magnitude of the fluid transport  was 
reported to be about  4.5 gl/hr,  cm 2 when the prepara- 
tion is bathed with a solution containing adenosine 
and oxydized glutathione (Fischbarg, Lira & Bour- 
guet, 1977). When adenosine and oxydized glutathi- 
one (GSSG) are absent, the rate of  fluid transport  
is 3.7 gl/hr, cm 2 (Fischbarg et al., 1977). The direction 
of the fluid transport  is f rom the stromal to the aque- 
ous side. It was also reported that the fluid transport  
depends on the presence of Na +, K +, and HCO~- 
in the solution (Fischbarg & Lim, 1974; Hodson,  
1974). 

For the third area of the investigation, there are 
also only a few successful studies about  the corneal 
endothelium (Hodson & Miller, 1976; Hull, Green, 
Boyd & Wynn, 1977). Hodson and Miller (1976) re- 
ported that there is a net movement  of H C O 3  from 
the stroma to the aqueous side. According to these 
authors, the magnitude of HCO~ flux is in agreement 
with one estimated f rom the short-circuit current 
(about 27 pA/cm 2 or 1 geq/hr.cm2). A net H C O ~  
movement  of  about  2.51 peq/hr,  cm 2 (for the chamber  
area) was reported by Hull et al. (1977) and confirmed 
by Kelly and Green (1980). The differences in the 
experimental conditions between these two groups 
may be responsible for the disparate values. Hodson 
and Miller used single corneas and measured the 
fluxes under a short-circuit condition, while Hull et al. 
employed paired corneas and measured fluxes under 
an open-circuit condition. 
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A s  fo r  t he  t r a n s p o r t  o f  N a  § K § a n d  C I - ,  b o t h  

g r o u p s  h a v e  r e p o r t e d  t h a t  t h e s e  i on i c  m o v e m e n t s  a r e  

p a s s i v e  w i t h  n o  n e t  t r a n s p o r t .  I n  t h i s  c o m m u n i c a t i o n ,  

h o w e v e r ,  we  r e p o r t  t h a t  a n e t  s o d i u m  t r a n s p o r t  a c r o s s  

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

T h e  n e t  N a  + t r a n s p o r t  is a b o l i s h e d  in t he  p r e s e n c e  

o f  o u a b a i n  (10 - 4  ~ )  a n d ,  w i t h i n  t h e  l imi t s  o f  t he  

p r e s e n t  e x p e r i m e n t a l  e r r o r ,  a p p e a r s  to  d e c r e a s e  in  

t he  p r e s e n c e  o f  a c e t a z o l o m i d e  (10 ~ M). T h i s  f i n d i n g  

i n d i c a t e s  t h a t  N a  § a n d  HCO~-  t r a n s p o r t  a r e  c o u p l e d .  

A p r e l i m i n a r y  a c c o u n t  o f  t h e  p r e s e n t  s t u d y  h a s  b e e n  

r e p o r t e d  e l s e w h e r e  ( L i m ,  1981a ,  b). 

Materials and Methods 

Albino rabbits weighing 2.5 to 3 kg were used in these experiments. 
The rabbits were killed by injecting 5 ml of Na pentobarbitol 
through the marginal ear vein. The epithelium was scraped off 
and the mounting procedure for the preparation onto a chamber 
has been described in detail elsewhere (Fischbarg & Lira, 1974; 
Lira & Fischbarg, 1981). 

Solution 

The solution used for the control experiments was made of (in 
mM): NaC1, 110.4; NaHCO3, 39.2; KHCO3, 3.8; KHgPO#, 1.0; 
MgSOa.7 H20, 0.78; CaC12.2H20, 1.7; and glucose, 6.9. The 
pH of the solution was kept at 7.4 by bubbling it with a gas 
mixture of 95% 02 and 5% CO2 throughout the experiments. 
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Fig. 1. A modified Ussing-type chamber used for the flux measure- 
ments. The temperature of the preparation was maintained at 37 ~ 
by circulatory warm water through the jacketed funnels which 
contained the perfusing solutions circulated in turn by a gas mixture 
of 95% 02 and 5% COa. C and P represent, respectively, the 
corneal endothelium and the guide pins. The arrows indicate the 
direction of fluid circulation 

Chamber 

A modified Ussing and Zerahn (1951) type experimental chamber 
was used as shown in Fig. 1. An attempt was made in the design 
to increase the circulation of solution. The mixing process was 
checked with a dye, and it was found that the solution was well 
mixed in about 2 sec. 

Temperature Control 

The temperature of the solution in the chamber was maintained 
at 37 ~ by circulation of warm water through the jackets of the 
funnels as shown in Fig. 1. The warm solution in the funnels was 
circulated by bubbling with the gas mixture mentioned above. 

Electrical Measurements" 

The transendothelial potential difference was measured by an elec- 
trode system composed of polyethylene tubing filled with saline 
agar and calomel electrode. The polyethylene tubing had an OD 
and ID of 1.7 and 1.2 mm, respectively. One end of the tube 
made contact with the solution and the other end with the calomel 
electrode. The potential difference was measured by an electrometer 
(Keithley, model 610C). 

Flux Measurements 

Paired corneas from the same rabbit were used in this set of experi- 
ments, tn order to maintain the de-epithelialized cornea in its 
natural concave shape, a pressure difference of about 5 cm of 
water column was imposed on the aqueous side. Thus, the volume 
of solution on the aqueous side was 15 ml while that on the stromal 

side was 11 ml. Immediately after the preparation was mounted 
in the chamber, the trans-endothelial potential difference (PD) was 
monitored for about 1 hr. A preparation which generated the PD 
lower than 400 I~V (less than 5% of all corneas) was disregarded, 
under the assumption that irreversible damage had occurred. Only 
preparations having PDs stable and greater than 400 ~tV were used 
for the flux measurements. The isotope used was 22Na obtained 
from New England Nuclear, Boston, Mass. (sp. act.: 248 mCi/g 
of Na); 50 ~Ci contained in 50 F1 aqueous solution was added 
to the proper side (the stromal side for the effiux studies and 
the aqueous side for the influx studies). Following the addition 
of the isotope, 1 lnl of solution was withdrawn from the opposite 
side of the chamber at 2-rain intervals. The amount of solution 
withdrawn was replaced by an identical amount of fresh solution 
so that the total volume of the solution on either side remained 
constant throughout the experiment. A pipetman (model p1000, 
Rainin Co.), with an accuracy of better than 0.5% was used for 
withdrawal of the solution. Each experiment for 2ZNa tracer mea- 
surement lasted only 32 rain. The samples were counted by a gam- 
ma counter (Packard, Model 3001). Differences in the volumes 
of solution bathing the two surfaces were taken into account for 
the flux calculations. 

Ouabain Experiments 

After mounting a cornea in the chamber, the preparation was 
equilibrated for about 1 hr as described in the flux measurements. 
When the PD was found to be in the expected range and stable 
during the monitorii~g period, 400 pl of solution containing 
3.85 mM ouabain was added to both sides of the chamber. The 
potential difference was monitored until the PD was abolished; 
this period was usually about 5 rain. 



J.J. Lim and H.H. Ussing: Na § Transport across Corneal Endothelium 199 

iO 

J 

:< 

LL 

" ' - A ~ z i - - z ~ - - z l - - a - - a I Z l - - a - - a - - z i - - z i - - z l - - a - - a I  - 1 2  R A T I O  ( E F F L U X / I N F L U X )  

- I O  

t l  i I J J i i I i J J J I 

IO 20 30 

Time (minutes) 

Fig. 2. Efflux, flux from stroma to aqueous (open 
circles), influx, flux from aqueous to stroma (open 
squares), and the ratio, efflux/influx (open 
triangles), for sodium ion as a function of time. 
The vertical bars represent the SEM (n = 11) 

Ace tazo lamide  Exper iments .  

The procedure followed the normal protocol described for the 
flux measurements after which the concentration of acetazolamide 
in the bathing solutions on both sides of the chamber was brought 
to 10-4 M by the addition of suitable volumes of a 15-ram stock 
solution. Measurements of the fluxes were continued for an addi- 
tional 20 rain. 

Flux  Analys is  

The equations used in this analysis are those for an epithelium 
and are detailed elsewhere (Ussing, Eskesen & Lira, 1981 ; Ussing, 
1978; Sten-Knudsen & Ussing, I981). Furthermore, the present 
analysis is based on the fact that the flux ratio is not dependent 
on time and that the flux ratio equation is also valid even in 
the case of an epithelium in series with the unstirred layers (Sten- 
Knudsen & Ussing, 1981; Ussing et al., 1981). The efflux (from 
the stromal to the aqueous side) and influx (from the aqueous 
to the stromaI side) data were fitted by a computer to the general 
equation [see Eq. (I) in Ussing etal., 1981] using a PDP 11/34 
minicomputer. Briefly stated, the equations describing the efflux 
and influx, respectively, are as follows: 

Jr,(t) =JC(1 - - f ( t -  to) ) +J~(1--g(t-- to) ) (1) 

JT, (t)=J~ (1-f( t - to)  )+ J~(l-g( t- to)  ) (2) 

where J's represent the fluxes, jc, j~, a~[, and Jf  are the constant 
steady-state values and to is a constant that takes into account 
the time elapsed before the first appearance of the efflux and 
influx (see Fig. 2); the superscripts T, C, and P represent total, 
cellular and paracellular, respectively, while the subscripts e and 
i represent the efflux and influx, respectively; f ( t - to )  and g(t-to) 
a~e the time-dependent functions corresponding to the cellular and 
paracellular pathways, respectively. These functions must satisfy 
the following: at t-to=O, f (0)=l  and g(0)=l, and at t-to=O% 

f(oo)=g(oo)=O. It is not necessary, in principle, to define the 
functionsf(t-to) and g(t-to) specifically as exponential functions 
in the analysis of the separation of the solute pathways for analyti- 
cal analysis as shown by Ussing et al. (1981). In the present com- 
puter analysis, however, the following assumptions are made: 

f(t--to)=e 2i(t-to) 
and 
g (t -- to) = e -;.2(t- to) 

where 21 and 22 are constants and can be considered reciprocals 
of the time constants corresponding to the cellular and paracellular 
solute pathways, respectively. Values for these constants were deter- 

mined from the theoretical curves obtained by least-squares fitting 
of the experimental data. As can easily be seen, these exponential 
functions satisfy the required conditions on f and g. The efflux 
and influx curves were fitted by a nonlinear method of least squares 
using either the subroutine ZXSSQ (International Mathematical 
and Statistical Libraries, Houston, Texas) or VA05A (Harwell Sub- 
routine Library, Atomic Energy Research Establishment, Harwell, 
Berkshire). Both routines gave similar results. It should be men- 
tioned that the present method of separating the pathways is based 
on the assumptions that the fast component is due solely to the 
paracellular pathway and that the passive cellular influx for Na + 
is independent of the mechanisms driving the net Na + efflnx. 

Results 

Trans-endothelial  Potent ia l  Di f ference 

T h e  a v e r a g e  e n d o t h e l i a l  p o t e n t i a l  d i f fe rence  u n d e r  

c o n t r o l l e d  c o n d i t i o n s  was  0.76_+ 0.03 m V  ( n = 4 1 ,  a n d  

SEM) in 22 expe r imen t s .  Th is  a v e r a g e  is s l ight ly  l o w e r  

t h a n  the  1 . 0 2 + 0 . 0 3  m V  ( n = 4 2 )  r ecen t ly  r e p o r t e d  by 

Lira  a n d  F i s c h b a r g  (1981) a n d  m a y  be  the  resu l t  o f  

h a v i n g  e l i m i n a t e d  a d e n o s i n e  a n d  G S S G  f r o m  the  

b a t h i n g  so lu t i on  in the p r e sen t  s tudy.  

N a *  Fluxes  

I t  c an  be  seen in Fig.  2 t ha t  the re  is a ne t  N a  § f lux 

ac ross  the  c o r n e a l  e n d o t h e l i a l  p r e p a r a t i o n .  T h e  N a  § 

eff lux a n d  inf lux  curves  in Fig.  2 each  r ep re sen t  the  

a v e r a g e  o f  e leven  sepa ra t e  d a t a  poin ts .  F r o m  the  

s t eady-s t a t e  f lux va lues  ( c f  Fig.  2), the  f lux d i f f e rence  

e s t i m a t e d  by eye was 2.3 p~eq/hr .cm 2. W h e n  the  ne t  

f luxes f r o m  each  e x p e r i m e n t  were  a v e r a g e d ,  the  m e a n  

va lue  was  2.3 + 0.4 g e q / h r ,  c m  2 (n = 11, SEM). F i g u r e  3 

i l lus t ra tes  the  typ ica l  r a w  d a t a  f r o m  one  o f  the  e leven  
e x p e r i m e n t s  a v e r a g e d  and  the  c o m p u t e r - g e n e r a t e d  ef- 

f lux a n d  inf lux  cu rves  p r e p a r e d  by l ea s t - squa res  cu rve  

f i t t ing  o f  e x p e r i m e n t a l  data .  T h e  d a t a  fit  by  the  sub-  

rou t i ne s  ( Z X S S Q  and  V A 0 5 A )  was  sens i t ive ly  depen -  

den t  on  the  in i t ia l  va lues  chosen .  T w o  cr i te r ia  were  
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used for best fit: lowest SSQ (sum of the squares) 
and best fit judged by eye. 

Separation of Cellular and Paracellular Na + Pathways 

From the presteady-state part of the fluxes, one can 
obtain cellular and paracellular pathways for the Na + 
transport. A detailed procedure for the separation 
of the pathways has been described in the Methods 
section and elsewhere (Ussing et al. 1981). Using that 
method, the cellular and paracellular contributions 
of a tight epithelium (frog skin) in normal Ringer 
were estimated to be 73 and 27%, respectively. With 
the proper modifications in the assumptions (specifi- 
cally J ~ 0 ,  f a n d  g functions as given above in the 

Efflux 

present analysis), a similar procedure was followed 
to separate the cellular and paracellular contributions 
to the ionic flows across the corneal endothelium. 
The percentage distribution Shown in Table 1 was 
calculated from the data used to obtain Fig. 2. The 
passive movement of solute through the cellular and 
paracellular pathways equal j~ plus j~'. One can not 
estimate the passive component of the flux by j~ plus 
je p, because j~ contains the active component of Na + 
transport. As can be seen from Table 1, the cellular 
contribution to the passive solute transport is only 
about 10% while that of the paracellular pathway 
is about 90%. These values are comparable with those 
estimated from electrical measurements (Lira & Fisch- 
barg, 1981). On the other hand, one must note that 
the present estimate is due only to Na + movement, 
whereas the electrical measurement includes the total 
ionic contributions to the respective two pathways. 
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Diffusion Permeability 

Since the measurements of the flux from stroma to 
aqueous include the active component of Na + trans- 
port as discussed above, the diffusion permeability 
for Na + can be computed only from the opposite 
flux (aqueous to stroma). The average value obtained 
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Fig. 3. Measured efflux (open circles) and influx (solid squares) 
for sodium ion from a typical experiment as a function of time 
were fitted to theoretical curves (solid lines) utilizing the computer 
subroutines. The parameters obtained were: j~ = 0.51, j~ = 0.49, j [  = 
0.12, f f=0.88 ,  ; h=0 .06  rain 1, )2=0.31 min-1 ,  to = 1.62 min. j ' s  
are the fractional values of the normalized fluxes 

Table 1. Percentage distribution of Na * movement  between cellular 
and paracellular solute pathways (n = 11) 

j~ J~ J[ Jf 

52.0__+0.4 48.2__+0.5 10.0-+0.9 89.9 __+0.9 

j ;  = percentage of total efflux transported through the cellular path- 
way. 
j~ = percentage of total efflux moved through the paracellular path- 
way. 
j~ = percentage of total influx transported through the cellular path- 
way. 
j~' = percentage of total influx moved through the paracellular path- 
way. 
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Fig. 4. Effect of 10 -4 M ouabain on the effiux (open 
circles) and influx (solid squares) for sodium ion with time 
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for the Na + permeability was 0.064_+0.003 cm/hr 
(n= l l ,  SBM) which is comparable to the values re- 
ported by Maurice (1951 ; 0.072 cm/hr) and Hodson 
and Miller (1976; 0.068 cm/hr). 

Effects of Ouabain 

Exposing the preparation to 10-4M ouabain elimi- 
nates the net Na § flux. The data, shown in Fig. 4, 
represent the average of five experiments. The average 
values for the steady-state influx and efflux are, re- 
spectively, l 1.5 + 0.8 and 10.8 +0.3 geq/hr, cm2, 
which are not statistically different from each other. 
The flux ratio is one and constant from the beginning, 
indicating that the Na § moves passively through a 
single pathway. 

Effects of 10- 4 M Acetazolamide 

The effect of 10-~M acetazolamide on the PD is 
shown in Table 2. The PD in the presence of acetazol- 
amide is seen to decrease to about 70% of the control 
value. The effect of the carbonic anhydrase inhibitor 
on the net Na § is shown in Fig. 5. The data indicate 

Table 2. The effect of  10-* M acetazoiamide on the transendotheliai 
PD (~V) 

Exp. ff Control Acetazolamide Decrease 

1 1040 820 220 
2 870 520 350 
3 770 600 170 
4 810 580 230 
5 990 840 150 
6 860 600 260 
7 770 400 370 
8 500 420 80 

Mean 826 598 228 

a trend toward reduced Na § transport in the presence 
of the inhibitor. 

Discussion 

The role played by Na + in the maintenance of corneal 
transparency by the endothelium has been puzzling. 
Although the transendothelial potential difference 
and the rate of fluid transport across the preparation 
are crucially dependent on the presence of Na + in 
the bathing solution, no net Na + movement had been 
reported so far (Hodson & Miller, 1976; Hull et al., 
1977). We have now detected, however, a net Na § 
transport across the rabbit corneal endothelium. The 
negative reports published thus far may be attributed 
to the leaky nature of the preparation which could 
have interfered with previous measurements. Addi- 
tionally, although paired corneas in an open-circuit 
condition were used in both the present study and 
that of Hull et al. (1977), the initial conditions of 
pH and oxygen tension in the bathing solution may 
not have been maintained throughout their experi- 
ments as they were in the present study. 

Our proposition that there are at least two major 
pathways I for the solute movement is based on the 
fact that the initial flux ratio as a function of time 
is not constant. The increase in the ratio implies (see 
Ussing et al., 1981) that either (i) the ions are travers- 
ing more than one pathway and/or (ii) such electrical 
parameters as the transendothelial resistance and po- 
tential difference do not remain constant. Since trans- 
endothelial PD and R~ are known to remain constant 
for up to about 6 hr in the experimental chamber, 
we feel justified in assuming that the electrical param- 

1 Fitting the experimental points to a single, rather than the 
double exponentials currently used, would necessitate that f = g  
and also that  2~=22. This would yield a constant  ratio which 
is not  consistent with the theory upon which the present analysis 
is based. 
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Fig. 5. Effect of  10 4 M acetazolamide on the 
efflux (open circles) and influx (solid squares) 
for sodium ion. At t = 30 min, the solutions 
bathing both sides of  the corneal preparation 
were made to contain 10 .4  ~ acetazolamide 
by the addition of a concentrated solution of 
acetazolamide (see Methods) ( n=  5) 



202 J,J. Lira and H.H. Ussing: Na ~ Transport  across Corneal Endothelium 

L O 0  

. 5 0  - 

2 0  

.10 

. 0 5  - 

. 0 2  - 

\g 

\ 
-\ 

\ .  
X,. 

\ 

o 

\, 
I ;  2 0  

Time (minutes) 

Fig. 6. Plot of  ( l - JT / ( /~oo )  as a function of time on a semi- 
logarithmic scale. The initial and the latter slopes could be identi- 
fied as the ones related to 22 and ),t corresponding to the reciprocals 
of the apparent time constants related to the paracellular and 
cellular pathways, respectively 

eters remained constant for the 32-min experimental 
period. We therefore conclude that two pathways ex- 
ist for the solute movement, which is consistent with 
electrical measurements previously made on this tis- 
sue layer (Lim & Fischbarg, 1981) and other epithelia 
(Fr6mter, 1972). The above conclusion is also sup- 
ported by the fact that there are two slopes (see Fig. 6) 
on a plot of log (1--JT,/(Jri)oo) vs. time. Additional 
support comes from the differences in the residual 
sum of the squares between the experimentally ob- 
tained data fitted to the double [see Eqs. (1) and 
(2)] and the single exponential functions. The values 
for the residual sum of the squares of the double 
exponential functions fitted to the data points for 
the effluxes and influxes are, respectively, 8.28 and 
5.53 (~teq/hr.cm2) 2, while the corresponding values 
for the single exponential functions are 28.94 and 
15.92 (peq/hr.cm2) 2. The standard F test yields that 
p < 0.1 which is thought to be significant in the present 
case. It should be emphasized that the cellular and 
paracellular pathways were separated by fitting the 
efflux and influx curves to Eqs. (1) and (2) and that 
the flux ratio was used as a parameter to judge the 
existence of the two pathways. 

The validity of the flux measurements under open 
circuit, rather than short-circuit conditions, could be 
debated for the present case. The short-circuit tech- 
nique (Ussing & Zerahn, 1951), so successful with 
tight epithelia, encounters difficulties when applied 
to such leaky tissues as the corneal endothelium. In 
this particular case, the supporting stroma is another 

leaky tissue having a resistance (R~) of about 
10 ~ -cm 2 which is in series with the R, of about 
30 ~ -cm ~. This implies that errors in the short-circuit 
current ((I~c/Im,as)* = (Rt + Rs)/Rt) and the fluxes de- 
termined under short-circuit condition could be as 
large as 30%. The interpretation of data obtained 
from short circuiting a leaky tissue is not only compli- 
cated but provides additional uncertainties because 
there usually exists a residual PD of a few hundred 
microvolts across the short circuited preparation due 
to drift in the saline bridges. Such PD is of the same 
order of magnitude as the PD generated by the leaky 
epithelium. Furthermore, since the PD is only 
0.76 mV (aqueous negative) in our case, the expected 
flux ratio (efflux/influx) from the Ussing-Teorell 
equation (Ussing, 1949; Teorell, 1949) is only about 
1.03. On the other hand, from the presently found 
average PD and the average R t under similar experi- 
mental conditions (32 f2-cm 2, J.J. Lira, L.S. Liebo- 
vitch and J. Fischbarg, in preparation), a short-circuit 
current of about 24 gA/cm 2 or about 0.89 geq/hr, cm 2 
can be estimated. This flux is appreciably less than 
the average net flux of 2.3_+0.4geq/cm 2 presently 
measured. It could be argued, therefore, that the net 
Na + flux obtained under open circuit is not entirely 
related to the spontaneous electrical potential gra- 
dient across the endothelium. Furthermore, we have 
recently measured the Na § fluxes under short-circuit 
condition and found no difference in the net Na § 
flux measured (2.2 geq/hr, cm 2 on the average, n = 3). 
The validity of the present measurements is also sup- 
ported by the fact that no C1 - net flux is detected 
under either open or short-circuit conditions. The 
small magnitude of the PD measured and a large 
correction factors involved in the determination of 
the net flux led to the present preference of open- 
circuit conditions. 

The similar magnitude of the presently reported 
net Na + flux (2.3 geq/hr, cm 2) and that of the HCO ~- 
flux obtained by Hull et al. (1977) suggests a very 
interesting prospect: the existence of a neutral Na § 
and HCO~ pump. Although no definitive conclusion 
was reached then, the notion of a neutral pump in 
the corneal endothelium has been explored previously 
(Fischbarg & Lira, 1974). In the framework of a neu- 
tral pump, the polarity of a small transendothelial 
potential difference observed could be better ex- 
plained in terms of a diffusion potential. That is, 
NaHCO3 would be transported by the pumps in a 
neutral manner across the preparation towards the 
aqueous and would leak back through the intercellu- 
lar junctions into the intercellular spaces towards the 

* I~c: short-circuit current; lmeas: transendothelial current mea- 
sured. 
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stroma (Fischbarg & Lira, 1974; Fischbarg, 1979). 
According to this conceptual scheme, the intercellular 
junction should be cation selective. This is, indeed, 
suggested by the values of the dilution, biionic and 
streaming potentials recently measured across the cor- 
neal endothelium (J.J. Lim, L.S. Liebovitch and J. 
Fischbarg, in preparation). The presently envisioned 
scheme is similar to that which has been advanced 
to explain a small potential difference observed across 
the gallbladder (Machen & Diamond, 1969). 

If Na + and HCO3 are transported in a coupled 
manner, then the 30% reduction in the transendothe- 
lial PD due to the carbonic anhydrase inhibition 
should be reflected in some reduction of the rate of 
Na + transport. Indeed, the fact that acetazolamide 
reduced the net Na + flux is consistent with coupled 
transport of HCOs and Na+. One caveat, however, 
is that the values presently found are uncomfortably 
close to the limit of experimental resolution. Further 
studies to clarify this problem are continuing in our 
laboratory. 

Whether or not Na + and HCO3 are transported 
across the corneal endothelium either coupled or un- 
coupled but in an electrically neutral manner, the 
magnitude of the measured flux suggests that the fluid 
transport is hypertonic. Given a rate of transendothe- 
lial fluid transport of about 4.0 gl/hr, cm 2 (Fischbarg 
et al. 1977), and rate of NaHCO3 transport of about 
2.3 gg/hr-cm 2 (Hull et al. 1977; present study), the 
ratio of the rate of solute flow to the rate of solvent 
flow yields an emergent osmolarity of about 
1,150mOsmfliter. Mayes and Hodson (I978) using a 
similar argument also estimated the emergent osmo- 
larity to be hypertonic. If transport were isotonic, 
then the rate of fluid transported would have to be 
about 15 pl/hr.cm 2, which is far greater than even 
the reported maximal rate of about 6 gl/hr.cm 2 
(Maurice, 1972; Fischbarg etal., 1977). Although 
physical damage to the tissue edges cannot be ruled 
out as a factor contributing to the discrepancy be- 
tween measured and predicted rates of fluid transport, 
an alternative explanation is that the fluid transported 
would be hypertonic, rather than isotonic. 

Among models to explain fluid transport across 
epithelia, the standing-gradient osmotic theory ad- 
vanced by Diamond and Bossert (1967, 1968) is at- 
tractive in spite of certain reservations about the as- 
sumptions used in formulating this model (Hilt, 1975; 
Sackin & Boulpaep, 1975; Lira & Fischbarg, 1976). 
One of the main criticisms is that, in order to predict 
an isotonic flow, a very large osmotic permeability 
in the order of 10cm~/sec-Osm (5,520 I~m/sec**) 

** Since 1 osmole= 18.1 grams of water= 18,1 cm 3, the conversion 
factor between units of cm~/sec - Osm and pm/sec is 5.52.10-2. 

must be invoked. It is, however, interesting to com- 
pare the emergent osmolarity presently estimated with 
the prediction by the standing-gradient theory. When 
one uses a permeability value in the order of 10 .2 
cm4/sec.Osm (5.5 ~m/sec), obtained by conventional 
methods, an osmolarity of two or three times isotonic 
(cf Fig. 4 of Lira & Fischbarg, 1976) was predicted 
for the fluid transported. More recent evidence 
(Fischbarg, 1981, and personal communication), how- 
ever, suggests that the osmotic permeability across 
the endothelium proper is about 700 pm/sec and that 
across the apical cell membrane is 1,000 gm/sec. Even 
with such large permeability values, the standing-gra- 
dient model as applied to the endothelium (Lim & 
Fischbarg, 1976) would still predict that the osmolar- 
ity of the fluid transported will be about 1.5 times 
the isotonic level. 
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