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Two types of transepithelial potential difference (PD) responses have been observed in the bullfrog, Rana 
catesbeiana, when the K + concentration is changed in the aqueous solution. (1) A normal response, that is, a 
decrease in the positivity of the aqueous solution when the K + is increased in this solution. (2) An anomalous 
response, that is, an increase in PD when K + is increased from 0 to 4 mM in the aqueous solution. In present 
experiments 2 m M B a  2 + results in a significant decrease in transepithelial PD and an increase in resistance 
(R),  consistent with the well-known effect of Ba 2 + on the K + conductance in other biological membranes. In 
the presence of Ba 2+ compared to its absence the normal PD responses were decreased when K ÷ was 
increased from 4 to 20 or to 79 mM in the aqueous solution. Barium enhanced, but not significantly, the 
anomalous PD response (PD increase) when K + was increased from 0 to 4 mM. An anomalous PD response 
(PD decrease) was obtained with Ba 2+ when K + was changed from 4 to 0 mM while in its absence the 
response was normal (PD increase) or did not change. These findings support the concept that anomalous 
PD responses as a result of the electrogenic (Na++ K +)-ATPase may be obtained when the resistance of the 
simple K ÷ pathway is increased. 

Introduction 

Using the ion pulsing technique, we have found 
two types of PD responses to changes in K + 
concentration in the solution bathing the stromal 
or aqueous side of the frog cornea [1]. First, an 
increase in K + in the aqueous solution results in a 
decrease in positivity of the stroma relative to the 
tear side. We refer to this as a normal response, 
since it is what one would expect if a simple 
conductance pathway (K + pathway) exists in the 
basolateral membrane of the epithelial cells. The 
second type is obtained after bathing the cornea in 
K+-free solutions, when the aqueous K + is in- 
creased from 0 to 4 mM, which results in an 
increase in the transcellular PD; the stroma side 

* To whom correspondence should be addressed. 
Abbreviations: PD, potential difference; R, resistance. 

becomes more positive relative to the tear side. We 
call this second type an anomalous PD response 
since it is contrary to what one would expect from 
a simple K + conductance pathway. We have at- 
tributed the anomalous PD response to the pres- 
ence of an electrogenic (Na++ K +)ATPase pump 
(pump pathway) in the basolateral membrane 
transporting more Na + than K + ions per cycle. 
The presence of the simple K + pathway is well 
supported [1-4]. Candia et al. [5] have data using 
fluxes that support the electrogenicity of the (Na + 
+ K +)-ATPase pump. 

Our working model is a K + pathway and a 
pump pathway in parallel. Each pathway can be 
represented by a resistance and an e.m.f. Usually, 
the resistance of the K + pathway is much lower 
than the resistance of the pump pathway. There- 
fore the K + pathway predominates and normal 
PD responses are obtained when the K + con- 
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centration is changed in the aqueous solution. 
With zero K + in bathing solutions, the K ÷ path- 
way resistance increases markedly leaving the 
pump as the predominant K ÷ pathway and there- 
fore results in anomalous PD responses. 

To test this hypothesis further we designed ex- 
periments changing the K ~ concentration in the 
aqueous solution in the presence of Ba 2÷. Ba 2+ is 
well known to increase the K ÷ resistance pathway 
of various epithelia [6-10]. We will show in this 
paper that the normal PD responses to changes in 
the K + concentration in the aqueous solution are 
reduced and the anomalous PD responses en- 
hanced with Ba 2+ in the aqueous solution. 

Methods 

Experiments were performed on corneas of the 
bullfrog (Rana  catesbeiana) by an in vitro method 
in which the corneas were mounted between a pair 
of cylindrical chambers [1,2,11]. 

All experiments were begun with physiological 
(control) solutions on both sides of the cornea. 
Control solutions contained in mM: Na ÷ 102, K ÷ 
4, Ca 2+ 1, Mg 2+ 0.8, C1 81, SO42- 0.8, HCO 3 25, 
phosphate 1, and glucose 10. Na + was substituted 
for K + in K+-free solutions. K + was increased in 
substitution for Na +. BaC12 was added to the 
aqueous solution to a final concentration of 2- 
10 3M. 

Both sides of the cornea were continually gassed 
with 95% 02/5% CO 2. Gassing was used also to 
reeirculate and stir thoroughly the solutions. The 
pH of the solution was 7.2-7.3. 

To avoid transmembrane changes in pressure 
when changing the solutions, the chambers were 
never drained out. The new solution was injected 
at a high flow rate (10- to 15-times the volume of 
the chamber per minute) from the bottom of the 
chamber. The outflow was located on the top of 
the chamber. The outflow tube of the aqueous 
solution was located about 15 cm in about one- 
third of the experiments and 2 cm in about two- 
thirds of the experiments, above the outflow tube 
of the tear solution. The 15 cm pressure difference 
was used because of its similarity to the in vivo 
intraocular pressure. The 2 cm pressure difference 
was sufficient to preserve the natural shape of the 
cornea. The electrical parameters were not affected 

by a change from one pressure gradient to the 
other. 

The transepithelial resistance (R) and transepi- 
thelial electrical potential (PD) were measured. 
Two pairs of electrodes were used: one for sending 
current across the mucosa and the other for mea- 
suring the PD. The PD was taken as positive when 
the aqueous side was positive to the tear side. The 
resistance was determined as the change in PD per 
unit of applied current. Two microamperes were 
applied for 1 or 2 s in one direction and 2 to 10 s 
later in the other direction. No significant rectifi- 
cation was observed. Student's t-test using paired 
observations was performed to determine the level 
of significance, when applicable. 

Results 

Effect o f  Ba:  + on P D  and resistance 
Fig. 1 shows that addition of 2 mM Ba 2+ in the 

aqueous solution results in a decrease in PD and 
an increase in resistance. 

In 12 experiments the PD decreased signifi- 
cantly by 6.2 (S.E.+ 0.8) from 15.2 mV (S.E._+ 
1.719) and the resistance increased significantly by 
0.52 ( S . E .  0.10) from 1.87 (S.E.+ 0.16) kohm. 
c m  2. 

However, 2 mM Ba 2+ in the tear solution in six 
experiments did not affect the transepithelial PD 
or resistance, indicating a low partial conductance 
to K ÷ in the apical membrane. 

Effect  o f  2 m M  Ba e + in the aqueous solution on the 
P D  and R responses to changes in K + concentration 
in the aqueous solution in control conditions 

Fig. 1 shows a typical experiment with PD and 
resistance responses to changes in K + from 4 to 79 
mM in the aqueous solution in the absence and 
presence of Ba z+. The change in PD was smaller 
with Ba 2+ in the aqueous solution than the change 
before Ba 2÷ was added or after its removal from 
the solution. As shown in Fig. 1, the K + con- 
centration was increased from 4 to 79 mM in both 
tear and aqueous solutions simultaneously and the 
change in PD was essentially the same as with the 
increase in K ÷ in the aqueous solution alone. The 
decrease in resistance observed when the K + con- 
centration was increased from 4 to 79 mM was 
greater in the presence of 2 mM Ba 2+ than before 
or after Ba 2 + 
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Fig. 1. Effect of Ba z + on the normal PD responses to changes 
in K + concentration in the aqueous solution. 

Table  I shows the effects of changing  aqueous  
K + in the presence and  absence of Ba 2+ as il- 
lus t ra ted  in the first par t  of Fig. 1. Decreases  in 
P D  were s ignif icant ly  smal ler  ( P  < 0.05) and in- 
creases in res is tance s ignif icant ly  greater  ( P  < 0.05) 
in the presence of  Ba 2+ than in its absence.  The  
effect of Ba 2+ on the response  to changes in K + 
concen t ra t ion  was s imilar  for changes f rom 4 to 20 
and  from 4 to 79 m M  K +. Ten minutes  fol lowing 
the change  in aqueous  K + f rom 4 to 20 raM, the 
P D  was 3.0 (S.E. + 1.5) mV in the absence of Ba 2+ 
and  3.1 (S .E .+  0.9) mV in the presence of Ba 2+. 
Similar ly,  10 min fol lowing the change  in aqueous  
K + from 4 to 79 raM, the PD was - 9 . 7  (S.E. + 0.4) 
mV in the absence  of Ba 2+ and - 9 . 3  (S.E.+_ 1.8) 
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in its presence.  Thus,  while the magn i tude  of  the 
change  in P D  was smal ler  in the presence than  in 
the absence  of Ba 2+ when the aqueous  concent ra-  
t ion of K + was increased,  the PD level reached 
with the increase in K + was about  the same whether  
Ba 2+ was present  or  not. On the o ther  hand,  when 
the K + concen t ra t ion  was b rought  back  to 4 mM, 
ei ther  from 20 or  79 mM,  bo th  the PD and the 
change  in PD 10 min after the change in con- 
cen t ra t ion  were smal ler  in the presence of Ba 2+ 
than  in its absence.  The  increase in R when K + 
was decreased f rom 20 or  79 to 4 m M  was not  
s ignif icant ly  different  in the presence or absence  
of  Ba 2. 

Effect of 2 m M  Ba 2 ÷ in the aqueous solution on PD 
and R responses to change in K + concentration to 

and from zero K + in the aqueous solution 

Fig. 2 shows da ta  on PD and R versus t ime 
f rom a typical  exper iment  in which K + was re- 
moved  from and then re turned  to 4 m M  in the 
aqueous  solut ion with and wi thout  2 m M  Ba 2+ in 

that  solut ion.  W h e n  K + was increased f rom zero 
to 4 m M  the typical  [1] anomalous  increase in P D  
was observed.  In  the presence of  Ba 2 + not  only  an 
anomalous  PD response  was ob ta ined  when 
changing  f rom zero to 4 m M  as expected  bu t  also 
an anomalous  (decrease)  PD was observed when 
the K + was decreased f rom 4 to 0 mM.  

Da ta  presented  in Table  II show that,  in the 
absence  of Ba z+, with the removal  of K + f rom the 

TABLE I 

EFFECT OF C H A N G I N G  K + C O N C E N T R A T I O N  IN THE A Q U E O U S  SOLUTION 1N C O N T R O L  A N D  IN THE PRES- 
ENCE OF 2 mM Ba 2+ 

Values are means  ± S,E, PD and R control values are obtained before the exchange. PD and R expt. values are obtained l0 rain after 
the change. A PD = E x p t . -  Control. A R = E x p t . -  Control. 

Aqueous No. of PD (mV) APD R ( k o h m . c m  2) AR 

solution expts. Control Expt. (mV) Control Expt. (kohm. cm 2) 

Orig, Final 
(raM) (raM) 

4 K  2 0 K  7 13.1±2.3 3.0±1.5 - 1 0 . 1 ± 1 . 0 "  1.23±0.15 1.06±0.14 - 0 . 1 7 ± 0 , 0 3 "  
4 K  7 9 K  6 22.6±2.6 - 9 . 7 ± 0 , 4  - 3 2 . 3 ± 2 . 9 "  1.46±0.08 0.78±0.03 - 0 . 6 8 ± 0 . 0 8 *  

2 m M  Ba2+ inaqueous so l u t i on  
4 K  2 0 K  7 6,4±1.2 3 .1±0.9 - 3 . 4 ± 0 . 4 *  2.02±0.31 1.53±0.24 - 0 . 4 9 ± 0 . 0 9 "  
4 K  7 9 K  6 9 .7±1.4  - 9 . 3 ± 1 . 8  - 1 9 . 1 ± 2 . 8 "  2.73±0.33 1.13±0.14 - 1 . 6 0 ± 0 . 2 3 "  

* p < 0.01. 
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Fig 2. Effect of Ba 2+ on the anomalous PD responses to 
changes in K + concentration to and from 0 mM in the aqueous 
solution. 

aqueous solution the PD increased significantly to 
a maximum (within about 2 min) and then de- 
creased. Ten minutes later the PD was not signifi- 
cantly different from control. The increase in R 
was significant both at the level of maximum PD 
and 10 min after removal of K +. 

Upon return of the K + concentration to 4 raM, 
in the absence of Ba 2+, the typical [1] anomalous 
increase in PD was observed. The maximum in- 
crease was observed between 2 and 5 min after 
increasing the K + concentration, and the PD re- 
mained significantly higher than the control 10 
rain later. The resistance decreased significantly 
throughout. 

In the presence of 2 mM Ba 2+ in the aqueous 
solution, removal of K + from this solution re- 
sulted, as indicated above, not in a normal PD 
response (PD increase) but in an anomalous re- 
sponse (PD decrease), as illustrated in Fig. 2 at 
about 95 min. There was no significant change in 
resistance. This finding on PD was different from 
that in the absence of Ba 2+. The difference is 
obviously due to a marked decrease of the K + 
conductance by Ba 2+ (see Discussion). 

When K + was increased from zero to 4 mM in 
the presence of Ba 2+, an anomalous increase in 
PD was observed similar to that observed in the 
absence of Ba 2+. On the other hand the resistance 
did not change significantly contrary to the signifi- 
cant decrease observed in the absence of Ba 2+. 
Again this can be explained on the basis of the 
effect of Ba 2+ on the simple K + conductance 
pathway (see Discussion). 

Discussion 

The presence of two K + conductive pathways in 
the basolateral membrane of the cornea epi- 
thelium, a simple K + conductive pathway [l 4] 
and an electrogenic (Na + + K +)-ATPase pathway 
[1,5] are further supported by present experiments. 

Barium is well known to decrease the conduc- 
tance of the simple K + pathway in other biological 
membranes [6-10]. Its effect on the cornea epi- 

TABLE II 

EFFECT OF C H A N G I N G  K + CONCENTRATION IN THE AQUEOUS SOLUTION IN CONTROL AND IN THE PRES- 
ENCE OF 2 mM Ba 2+ 

Values are means± S.E. PD and R control values are obtained before change. A(max) values are obtained at the highest PD following 
change ( < 10 min). •(10 min) are values obtained 10 min after change. 

Aqueous No. of PD A PD(max) ApD(10 min) R AR AR 
solution expts. (mV) (mV) (mV) (kohm.cm 2) (at max PD) (10 rain) 

Orig. Final (kohm. cm 2) (kohm- cm z ) 

(raM) (raM) 

4 K  OK 
OK 4 K  

2 mM Ba 2+ m 
4 K  OK 
OK 4 K  

12 15.2_+2.8 3.2_+0.5* 1.1_+1.0 1.74_+0.10 0.23_+0.04* 0.48±0.12" 
12 13.4_+2.2 7.3_+0.9* 4 .4±0.7* 2.14±0.18 -0.24_+0.06* -0.32_+0.09* 

aqueous solution 

7 7.9_+0.9 - -3.9_+0.7 * 2.00_+0.28 - 0.05_+0.05 
7 5.8_+1.3 7.3-+1.1" 4.1_+0.8" 2.12_+0.33 -0.02_+0.10 0.01_+0.14 

* p < 0.01. 
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Fig. 3. Equivalent circuit for conductive pathways in the apical 
and basolateral membranes of frog cornea epithelium. See text 
for description. 

the l ium may  be s imilar ly  expla ined.  Fig. 3 presents  
a circuit ,  for which 

R = R T + ( R K R x ) / ( R  K + Rx) ( l )  

PDAT = PDAc +PDcT = -- E T + E x 

+ R×(E,, - E×)/ (R× + R,,) (2) 

where  R is the t ransepi the l ia l  resistance;  R y is the 
apical  m e m b r a n e  resistance;  and  R K and R x are 
the resis tances in the K and X pa thways  in the 
baso la te ra l  membrane .  The  X pa thway  represents  
all conduc t ive  pa thways  other  than  K, To s impl i fy  
our  analysis  we have assumed that  the pa race l lu la r  
res is tance is very large and for ease of i l lus t ra t ion  
will be ignored.  PDAT is the t ransepi thel ia l  po ten-  
t ial  difference;  PDAc and PDcT are the PDs across  
the baso la te ra l  and  apical  membranes ,  respec- 
tively. E T is the equivalent  circuit  e.m.f, across  the 
apical  membrane ;  and  EK and E x are the e.m.f.s 
of  the K and  X pa thways  in the baso la te ra l  mem-  
brane .  

Bar ium a d d e d  to the aqueous  solut ion resul ted 
in an increase in R and a decrease  in PD. As in 
o ther  b iological  m e m b r a n e s  these f indings  may  be 
exp la ined  on the basis  of  an increase  in RK. The  
increase  in the t ransepi the l ia l  res is tance could  be 
due  to an increase  in R T, R K or  R x .  Since the 
add i t i on  of  Ba 2+ to the tear  solut ion d id  not  affect  
the resis tance or PD,  it is unl ikely  that  the t ransep-  
i thel ial  increase in R is due to an increase in R x.  

It  also indicates  that  Ba 2+ does  not  change  the 
res is tance of  the parace l lu la r  pa thway ,  The  fact 
that  the increase  in R by  Ba 2+ was quickly re- 
versed by  high concen t ra t ions  of  K ÷ (20 or  79 
m M )  in the aqueous  solut ion shows that  Ba 2+ 
b locks  the K + channels .  Fu r the rmore ,  if we con- 
s ider  the th ickness  of the s t roma,  the reversal  is 
essent ia l ly  ins t an taneous  [7]. 
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The  decrease  in P D  by  Ba 2+ can also be ex- 

p l a ined  by  its effect on RK, that  is, the K + resis- 
tance  in the baso la te ra l  membrane .  F r o m  Eqn. 2 
an increase in R K would  result  in a decrease  in the 
th i rd  term on the right side of the equa t ion  and  a 

decrease  in PDaT. F o r  PD,~ T to decrease  when R 
increases,  E K must  be greater  than  E x. 

To unde r s t and  the effect of  Ba 2+ on the PD 
responses  to changes in K + concen t ra t ion  we use 
the circuit  as shown in Fig. 4, for which 

A P D = ( R K / I R e +  R t ~ ] ) a E p - ( R p I R p +  RK})AEK (3) 

where R K and Rp are the resis tances of  the s imple  
K + conduct ive  and electrogenic  ( N a + +  K+) -  
A T P a s e  p u m p  pa thways ,  respectively;  A Ep and 
A E  K are the changes  in the p u m p  and s imple  K + 

p a t h w a y  e.m,f.s when the K + concen t ra t ion  is 
increased in the aqueous  solution.  A normal  A PD 
response  ( P D  decrease)  will occur  if the te rm with 
E K p redomina tes ,  while an anoma lous  (PD)  in- 
crease)  response will take place  if the term with Ep 
p redomina te s .  Wi th  4 m M  K ÷ in the aqueous  
solut ion,  normal  responses  were observed  when 
the K ÷ concen t ra t ion  was increased to 20 or  79 
mM.  Wi th  an increase in R K by  Ba 2+ one may 
expla in  why A P D  was smal ler  in the presence of 
Ba 2+ than in its absence  (see Fig, 1 and  Table  I), 
that  is, the coeff icient  of ( E  K - E x )  would  be 
smal ler  in the presence of  Ba 2 + than in its absence.  
The  fact that ,  a l though smaller,  the PD response  
was normal  in the presence of Ba 2 + shows that  R K 
was rap id ly  decreased by  20 or  79 m M  K ÷ in the 
presence of Ba 2+ (see Eqn. 2). It is to be noted  that  
the magn i tude  of  the PD with high K + concent ra -  

AE K R K 

AEp Ap 

Fig. 4. Equivalent circuit for K + pathways in basolateral 
membrane of frog cornea epithelium. Simple conductive (K ÷ ) 
and (Na + +K + )-ATPase pump (P) pathways. For a K + con- 
centration increase in aqueous solution, the orientation of A E K 
and AEp are as shown in figure, where AE K refers to change 
in e.m.f. C refers to cell and A refers to aqueous (or stroma). 



28 

tions in the aqueous solution was about  the same 
with or without  Ba 2 + ( P  > 0.8). This supports  the 
concept  that high K ÷ abolished the Ba 2 + effect. 

The anomalous  response obta ined  when the K ÷ 
concent ra t ion  was changed from 0 to 4 mM was 
not  significantly different in the presence or ab- 
sence of Ba 2+. Apparen t ly  R K is so high with 0 

m M  K +, that Ba 2 + did not  influence the response. 

On the other hand,  when the K + concent ra t ion  

was decreased from 4 to 0 mM an anomalous  (PD 
decrease) change in PD was obta ined  only in the 
presence of Ba 2+, that is, 4 mM K + was not 

sufficient to counteract  the effect of Ba 2+ on the 

simple K + conduct ive  pathway. 

In conclusion,  decreases in PD and  increases in 
resistance by 2 mM Ba 2+ in the aqueous solution 

suppor t  the concept  that Ba 2 + decreases the simple 

K + conduct ive pa thway in the basolateral  mem- 
brane  of the cornea epithelium. The increase in 

R K results in smaller normal  PD responses to 
increases in K + concent ra t ion  in the aqueous solu- 
tion. Likewise, the increase in R K by Ba 2+ evokes 

an anomalous  PD response when K ÷ is decreased 
from 4 to 0 mM, an effect not  observed in the 
absence of Ba 2+. 
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