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The effects of the C! -  channel blocker, 4-nitro-2-(3-phenylpropylamino)benzoate (NPPB) on active transepithelial CI-  
transport were measured in the isolated bullfrog cornea. With a CI--free Ringers, stromal-side 1 0 -  s M NPPB elicited 
a maximum depolarization of the membrane voltage from - 72 + 6 to - 4 8  + 9 mV (n - 6, P < 0.05) and reduced the 
magnitude of the depolarization induced by a 10-fold increase in K ÷ concentration. Subsequent exposure to 10 -4  M 
ouabain decreased the membrane voltage from - 4 1  + 6 mV to - 25:1:2 mV (n -- 6, P < 0.05). After stimulation with 
1 0 - s  M amphotericin B of a short-circuit current, I~,  largely accounted for by tear to stroma K ÷ diffusion, this I~ 
was effectively inhibited by 1 0 -  s M NPPB on the stromal-side. This decrease reflected a fall in basolateral membrane 
K ÷ conductance. In NaC! Ringers, inhibition of the essentially CI--originated l~c either on the tear- or stromal-sides 
required instead 10 -4 M NPPB. NPPB depolarized the membrane voltage from - 5 5 - 1 - 7  to - 3 8 +  6 mV ( n - -  14, 
P < 0.05). The direction of the change in the fractional apical membrane resistance (fR o) depended upon its initial 
value; in those corneas with a lower value it increased whereas if they had a higher fRo, 10 -4  M NPPB consistently 
caused fRo to fall. However, following exposure to 5 • 10 -3 M Ba 2+ and a fall in f r o ,  NPPB consistently caused fRo to 
increase significantly from 30 + 8 to 53 + 4% (n = 5). Therefore, inhibition of active CI - transport by 10 -4 M NPPB 
may be associated with declines in: (1) a basolateral membrane K ÷ conductance that is distinct from a Ba2÷-sensitive 
pathway; (2) an apical membrane CI-  conductance. Neither of these effects may be the result of a direct effect of 
NPPB on a conductance pathway because: (1) the drug was equipotent from either bathing solution; (2) following a one 
hour washout the Is~ had not fully recovered to its control value. 

Introduction 

The isolated bullfrog cornea transports C1- from the 
stromal to the tear-side bathing solution [1] The steps 
in tins process include cellular C1- uptake across the 
basolateral membrane through a Na  K 2C1- symport 
followed by exit across the apical membrane through 
conductwe channels The driving force for C1- uptake 
is the chermcal gradient for Na  + between the bathmg 

Abbrevaatlons Hepes, 4-(2-hydroxyethyl)-l-plperazaneethanesul- 
phomc aod, NPPB, 5-mtro-2-(3-phenylpropylammo)benzoate 
Symbols Isc, transcellular current under short-ctrcmt conchtlons, gt, 
transeplthehal conductance, V~, mtracellular voltage under short-ctr- 
cmt conchtaons, fro, fraetmnal apical membrane res~stancefRa/ 
(Ra + Rb) 
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soluUon and the cell interior wtuch is mamtamed by the 
acUxaty of the N a + / K  + pump m the basolateral mem- 
brane The apical membrane is essenUally C1- per- 
mselectwe but is also shghtly conductive to K ÷ [2] The 
basolateral membrane has an appreciable conductance 
to K + and is also somewhat conduclave to Na ÷ as well 
as other ions [3] K ÷ Is above electrochemical eqm- 
hbrlum because of N a + / K  + pump actlwty and there- 
fore it recycles between the cell interior and the 
stromal-slde Thts recycling m part estabhshes the dnv- 
lng force for C1- electrodlffUSlOn across the apical 
membrane into the tears [4] 

Dlphenylamlne-2-carboxylate (DPC) has been de- 
scnbed as a C1- channel blocker because It decreased 
the apical membrane C1- conductance in the ~solated 
bullfrog cornea [5] However, DPC was neither very 
effectwe nor potent and its effects were poorly reversi- 
ble Furthermore, there extsts some doubt about ~ts 
selectlvaty because m the Necturus  gallbladder (10 -4 M 
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DPC lrdubited C 1 - / H C O 3  exchange [6] In other epi- 
theha, a structural analogue of DPC, 5-mtro-2-(3-phen- 
ylpropylanuno)benzoic acid (NPPB), Is a more potent, 
effective and direct lntubitor of C1- conductance than 
DPC [7-14] For example, m the ttuck ascending hmb 
of the loop of Henle (CTAL), the ECs0 for decreasing 
the basolateral membrane C1- conductance was 8 10-8 
M [7] We thought it possible that such high potency 
would be accompamed by an increased selectxwty for 
mtubmng the apical membrane C1- conductance in the 
isolated bullfrog cornea Such a finding would make it 
meamngful to perform DC clrcmt analysis based on the 
effects of NPPB on the electrical parameters 

We report on the effects of NPPB on the trans- 
epithehal and mtracellular electrical parameters of iso- 
lated bullfrog corneas NPPB inhibited the essentmlly 
C1--ongmated short-ctrcult current, however, tins de- 
chne was not the result of a selective decrease in a single 
conductance Therefore, tt is not meamngful to use the 
effects of NPPB to perform DC ctrcuxt analysis because, 
in order for this approach to be vahd, it is necessary to 
assume that an agent has a selectwe effect on a single 
conductance m the equwalent [2] 

Materials and Methods 

Bullfrogs were double pithed with a needle and the 
d~ssected corneas were tmmedmtely placed in either 
NaC1, Na2SO 4 or sodmm gluconate Ringers equl- 
hbrated with atr [3,4] The corneas were mounted hori- 
zontally m a modified Usslng chamber for simultaneous 
measurements of thetr transepxthehal and mtracellular 
electncal parameters [3,4] We used a pH of 7 1 in this 
study because m prehmmary experiments NPPB had 
larger and more reproducible effects than at a pH of 
8 1 In some experiments, we isoosmotlcally mixed two 
of the three following modified Rangers (1-3) to impose 
a tear-to-stroma dtrected [K ÷] gra&ent (1) Na2SO4, (2) 
K2SO 4 and (3) sucrose The tear-side mixture contained 
Na2SO4 and K2SO 4 Rangers m a 2 1 ratm The 
stromal-slde mLxture contmned Na2SO 4 and sucrose in 
the same proportion Their respective compositions were 
(mM) (1) Na += 55, K ÷= 1 25, Ca 2÷= 2 5, Hepes = 5, 
SO 2-  = 58 75 and sufficient sucrose was added to ad- 
just the osmolanty to 220 mosM, (2) K ÷= 56 25, Ca 2÷ 
= 2 5, Hepes = 5, SO 2-  = 58 75 and sucrose; (3) K += 
1 25, Ca 2+= 2 5, Hepes = 5, SO 2-  = 3 75 and sucrose 
The tear-side rmxture contained Na2SO4 and K2SO 4 
Ringers m a 2 1 ratio The stromal-side mixture con- 
tamed Na2SO4 and sucrose also in a 2 1 ratio These 
mLxtures estabhshed a [K ÷] diffusion gradient of 15 1 
from tear to stroma Stock solutions containing 10 mM 
NPPB were prepared by dissolving the compound di- 
rectly in the appropnate Rangers Precautions were taken 
to rmmnuze drug exposure to hght All the salts and 

sucrose were obtained from Fisher SclenUfic except 
Hepes (Sigma) and barium chloride (Malhnckrodt) 
Amphotencxn B and ouabaln were purchased from 
Sigma Chermcal Co NPPB, 5-nltro-2-(3-phenylpro- 
pylammo)benzoic acid was generously provided as a gift 
by Dr Rmner Greger, Frelberg, F R G 

All the data are expressed as means + S E The level 
of sigmficance was deternuned by paired Student's t-test 

Results 

The time dependent effects of 10 - 4  M NPPB in 
NaCI Rangers on the Is~ and V~c are shown in the upper 
(A) and lower (B) panels of Fig 1, respectively In a 
typical experiment, tear-side exposure to NPPB resulted 
In a 81% dechne of the I~ after about 40 nun During 
ttus time, the V~ depolarized by 31 mV from - 7 3  to 
- 4 2  mV A transient tear-side substitution with Na2SO 4 
Rangers contmnmg 10 - 4  M NPPB vahdated the impale- 
ment there was an addlUonal depolarization of the V~c 
which was reversible The inhibitory effects of 10 -4 M 
NPPB were essentially the same regardless of Its side of 
addition Washout of NPPB after 1 h resulted in a 
return to the control V~ value, however, the Isc only 
reached a value that was 45% of its control value 
Reexposure to tear-side 10 -4 M NPPB caused after 20 
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F~g 1 Time-dependent effects of tear-side 10 -4 M NPPB m NaCI 
Ringers on the electrical parameters Top (A) and bottom (B) panels 

show the effects on the 1~ and Vs¢, respectwely 



nun  the I ~  and  Vs¢ to dechne  again  to thei r  p r ew ous  
;n l~bl ted  values On  the average in SLX exper iments ,  
10 -4  M N P P B  ( tear-s ide)  decreased  the 1~ b y  75% 
( f rom 15 1 + 2 1 to 3 8 + 0 8 / ~ A / c m  2) and  decreased  gt 
f rom 0 50 + 0.05 to 0 37 + 0 05 m S / c m  2 

Two dif ferent  types  of  response  of  the fR  o were seen 
to tear-s ide 10 -4  M N P P B  (cf Figs  2A and  B) N o t e  
that  m bo th  A and  B 10-5  M N P P B  was wi thout  effect 

on ei ther the tear  or  stromal-s~des The  i m p a l e m e n t  
a p p e a r e d  adequa te  because  tear-sxde subs t i tu t ion  with  
N a 2 S O  4 Rangers resul ted in revers ible  depo la r i za t ion  of  
the V~ and  an mcrease  m fR o In  bo th  groups,  tear -s ide  
10 -4  M N P P B  depola r ized  the V~¢ bu t  only  in group A 

d~d ;t increase the fR  o In contras t ,  w~th group  B the 
typ;cal  response  was a decrease  m fR  o The  effect of  
tear-s ide  10 -4  M N P P B  on the V~ for the two groups  
was a depo la r i za t ion  of  the Vsc f rom - 55 + 7 to - 38 + 
5 mV In group A, the fR  o increased  f rom 52 + 6% to 
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75 + 7% (n = 8, P < 0 05) whereas  m group  B the fR o 
decreased  f rom 68 + 9% to 41 + 5% (n  = 6, P < 0 05) 

These  effects are  no t  cons is ten t  wi th  a selectwe decrease  
by  N P P B  of  the  apica l  m e m b r a n e  C1- conduc tance  
Such a decrease  can  on ly  be  associa ted  w~th hype rpo la r -  
lza t lon  of  the V~c and  an mcrease  m fR  o 

The  effects of  s t romal - s lde  NPPB on the V~ and  fR o 
were measu red  m N a 2 S O  4 Rangers to de te rmine  if  N P P B  
affects o ther  conduc tances  bes ides  C1- U n d e r  tins con- 
dl t lon,  the  1so Is near ly  zero because  the apical  mem-  
b rane  N a  ÷ conduc t ance  is lns lgmficant  [2] A typical  
record ing  showing the effect of  10 -5 M NPPB on the 
Is~ is shown in the inset  to F]g 3 The  I~c was 0 4  
/ ~ A / c m  2 and  was unaf fec ted  b y  N P P B  Nevertheless ,  

the N a + / K  ÷ p u m p  is funct]onal  because  there is a 
s lgmficant  ne t  N a  ÷ tear  to s t roma  flux [15] A typical  
record  shown m F ig  3 indica tes  that  10 -6  M N P P B  was 
meffect]ve whereas  10 -5 M N P P B  ehcl ted  a maxmaal  

O- 

- 1 0 -  

- 2 0 -  

- 3 0 -  

E ~ - 4 0 -  
0 

- 5 0 -  

leer 
A SO4 = 

#~oo~ lo-'..,~B# 
1 0 - 5 M  N P P B  0 0 0 0 0 0 0 ~  ~ - ~  '~ O ~0000 0 0 0 000 0 0 0 0 ~ 0 0 ~  

- 6 0 -  

- 7 0 -  
" - / / I  

0 10 
I I I 1 I 

20 30 40 50 60 
M,nutes 

- 80 

-70 

-60  

-50 o 

-40 o .¢ 

30 

20 

0 -  

- 1 0 -  

- 2 0 -  A 

~[ - 3 0 -  
A > 

E - 4 0 -  
(J ¢n 

> - 5 0 -  

- 6 0 -  

- 7 0 -  

tear 
B SO4 = 

~0000000o~ 10-~M NPPB lear 

0oi o:=oo  oooooooooo% o\ 
- 8 0  

- 7 0  

- 6 0  

-50  E 

v 
- 4 0  

-30  

-20  

"~f// I I I 

o lo 2'0 30 ,'o 80 
Minutes 

Fig 2 (A and B) Typical tune course of effects of tear-side 10 -4 M NPPB on mtraccllular electncal parameters Panel A shows the typical effects 
m a group of corneas (n = 8) m which NPPB depolarized the V~ and increased fR o Panel B shows the typical effects m a group of corneas (n = 6) 

m wluch NPPB depolarized the V~ but decreased fR o 



16 

- 3 0  

- 4 O  A I 
- 5 0  

A > 
E - 6 0  
(J 

- 80  

> - 7 0  

I • 
4 1 0 - 5 M  NPPB 

ISc(~A) 2 
o L . . . .  ~ ._ 

tear 

CI -  10 -4  M Ouaba,n 
10-4M NPPB ~ I 

1 0 - 6 "  NPPB 10pp5BM / I . ,  

100 

80 T 
I 
I 

60 

0 
40 .~ 

20 

_// 1 I I I I 
0 10 20 30 40 

(Mm) 

Fig 3 Typical Ume course of concentraUon-dependent effects of stromal-slde NPPB on mtracellular electrical parameters m Na2SO 4 Rangers 
Following successive exposures to NPPB at concentraUons from 10 -6 to 10 -4 M, a transient subsutuUon of Na2SO 4 with NaC1 Ringers was 
performed These responses reflect a vahd impalement The presence of Na+/K + pump acUvlty was assessed by measuring the effect of 10 -4 M 

ouabam on the V~ 

change m the V~ and no change m fRo Ttus dis- 
crepancy between the maximal effectwe concentraUon 
for depolarizing the V~ m NaC1 and Na2SO 4 Rangers 
,ndacates that NPPB affects the conductance of a non- 
C1- pathway m the basolateral membrane whose sensl- 
tiwty to NPPB is increased by the removal of C1- Also 
shown are the results of a vahdataon procedure, namely, 
a transient substitution with NaC1 Ringers wtuch hyper- 
polarized the V~ and decreased the fR o FmaUy 10 -4 M 
ouabam depolarized the Vs¢ by about 5 mV showing 
that NPPB is not an inhibitor of the N a ÷ / K  + pump 

In a C1--free (e g SO 2 - )  Ringers, fR o can be greater 
than 90% because the apical membrane resistance ex- 
ceeds that of the basolateral membrane by more than 
10-fold Even relatavely large changes m the basolateral 
membrane conductance have only a small effect on the 
fR o To better assess the effect of NPPB on the baso- 
lateral membrane, the sensluwty of fRo to detect an 
increase m basolateral membrane resistance was m- 
creased by incubating the tear-side of the cornea (n = 5) 
with 10 -6 M amphotencm B Ttus is a submaxlmal 
concentration wluch depolarized the V~ from - 9 2  + 4 
to - 3 7  5-3 mV, decreased the fR o to 5 2 + 4 % ,  m- 
creased the 1~ and gt to 21 + 2 p A / c m  2 and 0 25 + 0 01 
m S / c m  2, respectively, through an increase m the cation 
permselecttwty of the apical membrane 10 /xM NPPB 
(stromal-side) depolarized the V~ to - 2 2  + 1 mV, stg- 
mficantly decreased the 1~ to 15 + 1 # A / c m  2, the gt to 
0 2 2 + 0 0 1  m S / c m  2 and the fR o to 3 5 + 3 %  Subse- 
quent exposure to 10 -4 M ouabam depolarized the V~¢ 
by 7 mV to - 1 5  + 3 mV but it had no effect on the 
fRo 

In Fig 4 is an example of one of six determinations 
of the effects of a 10-fold increase in stromal-szde [K ÷] 
to 25 mM m SO 2 -  Ringers on the V~ and fR o T h s  
change ehoted a 36 mV depolarization of the V~ and a 
small increase m fR o Both of these changes were re- 
versible following washout with 2 5 mM K + These 
effects are consistent w~th the prewously reported ap- 
preciable basolateral membrane K + conductance [3,4] 
10 /~M NPPB (stromal-slde) subsequently depolarized 
the V~ to the same level as 25 mM K + With 10 -5 M 
NPPB, 25 mM K + only depolar~ed the V~ by about 10 
mV suggesting that NPPB had partially blocked the 
basolateral membrane K + conductance but not the 
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Fig 4 Typical time course of effects of stromal-szde NPPB on 
mtracellular electrical parameters m Na2SO 4 Ringers Prior to NPPB 
exposure, the slgmficant basolateral membrane K + conductance was 
vahdated based on the reversible change m the Vsc following a 10-fold 
increase m [K + ] from 2 5 to 25 mM This subsUtutaon was subse- 
quently performed voth 10 -5 M NPPB followed by exposure to 10 -4 

M ouabam 



TABLE I 

Consecutwe effects of  25 m M  K +, 10 - 5  M N P P B  and 10 -~  M 
ouabam on list m Na2SO ~ Ringers (n = 6) 

Values are gdven as means + S E 

Conchuon V~ (mV) 

(a) Control (2 5 mM K + ) - 80 5:6 
(b) 25 mM K + - 4 2 + 6  * 
(c) Control - 72 + 6 
(d) NPPB - 48 + 9 * 
(e) NPPB, 25 mM K + - 4 1  -t-6 
(f) Ouabam - 25 + 2 * 

* P < 0 05 (with respect to prewous period) 

N a + / K ÷  PumP 0 e ,  ouabam depolarized the V~) A 
summary of these results for stx corneas zs provided zn 
Table I A comparison of the effects of subsututzon 
with 25 mM K + on the average changes m the V~ 
before and after exposure to 10 -5 M NPPB show that 
the transference number for K + decreased from 0 66 to 
012  

To further document that NPPB is an mtubltor of 
the basolateral membrane K + conductance, corneas 
were exposed to a tear to stroma dtrected K + gradient 
(see Methods) and the cation permselectlvaty of the 
apwal membrane was maxunally increased wath 10 -5 M 
amphotencm B on the tear-s~de The resultant 1~ re- 
flected N a + / K  + pump acUvaty and K + &ffuszon The 
average for eight experiments of the concentration-de- 
pendent effects of NPPB on tins lsc are shown m Fig 5 
At concentraUons between 10 -6 and 10 -5 M, stromal- 
szde NPPB had dose-dependent minintory effects on the 
I~ Wzth 10 -5 M NPPB, the dec[me m the Is~ was 
about 80% of the increase ehc~ted by amphotencm B 
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Fzg 5 Tune course of average concentration dependent mhthzUon by 
strornal-slde NPPB of amphotencm B sUmulated current ehcated by 
tear to stroma K + chffuszon Tear-szde was incubated with a mtxture 
m a 2 I raUo of Na2SO 4 and K2SO 4 Ringers, respecUvely Stromal- 
side contained a tmxture m a 2 1 raUo of Na2SO 4 and sucrose 
Rangers The [K + ] grathent dtrected from tear to stroma was 15 1 
0 e ,  tear K + 37 5 and stroma K + 2 5 raM) In eight other corneas 
premcubated w~th 10 -4 M ouabam, the amphotencm B sttmulated 
current reqtared to voltage clamp the transepxthehal voltage to zero 

was 100% mlUblted by 10 -5 M NPPB on the stromal-slde 
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Fig 6 Time coarse of typical consecuUve effects of stroma]-slde 
Ba 2+, NPPB and ouabam on mtraccHular electrical parameters m 
sodium gluconate Rangers Each succeeding compound was added 

together gath the prevtous compound 

The remaining 1so was effecUvely lninblted by 10 - 4  M 
ouabam showing again that NPPB does not directly 
decrease N a + / K  + pump acUvlty In SLX other experi- 
ments, the same protocol was followed except the 
corneas were premcubated w~th 10 -4 M ouabam The 
amphoterlcm B stimulated 1~ was 100% mininted by 
10 -5 M NPPB All of these results mchcate that 10 -5 M 
NPPB effectively decreases a basolateral membrane K ÷ 
conductance 

A barlum-sensmve K + conductance was zdentffled m 
the basolateral membrane of the corneal epzthehum [4] 
To assess if tins conductance ~s also NPPB sensmve, 
another series of experiments, an example of winch is 
shown in Fzg 6, was performed These expertments 
were performed m sodium gluconate Ringers to assure 
that any change m V~ and fR o essenually reflected an 
effect on a basolateral rather than an apical membrane 
conductance 5 mM Ba 2+ (stromal-szde) depolarized the 
V~¢ by 18 mV without any slgmficant change m fR o 10 
#M NPPB, m the presence of Ba 2+, further depolarized 
the Vs~ by another 18 mV and shghtly mcreased the 
fR o These changes may m part reflect minbltaon of a 
prewously identified small apzcal membrane K ÷ con- 
ductance [2] However, tins change was not slgmficant 
in five experiments (cf Table II) The V~ depolarized by 
an addmonal  12 mV following exposure to 10 -4 M 

TABLE II 

Effects of  5 10 --~ M Ba 2+, 10 - 5  M N P P B  and 10 - 4  M ouabam on 
mtracellular electrical parameters m sodmm gluconate Ringers (n ~ 5) 

Values are gwen as means + S E 

(mS') fro (~) 

Control - 76 + 2 87 4- 3 
Ba 2+ - 5 3 + 3 *  81+3  
NPPB - 33 + 4 * 79 + 3 
Ouabam - 24 + 4 * 79 + 2 

• P < 0 05 wtth respect to prevaous period 
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Fig  7 T ime course of typica l  consecut ive  effects of s t romal-s lde  
Ba 2+, N P P B  and  o u a b a m  on  t ransep l theha l  mt race l lu la r  e l ec tnca l  

parameters in NaCI Rmgers In the top panel, ~s shown the ls¢ The 
V~c ( ) and fro (o O o) are shown m the bottom panel Note 
that stromal-slde 10 -4 M NPPB was reqmred to depolarize the Vs¢, 
and tt nearly reversed m all cases the dechne m fR o following 

exposure to Ba 2 + alone 

ouabam The addltlvity of their effects on the V~ indi- 
cated in Table II shows that the basolateral membrane 
K + conductance is separable into Ba 2+- and NPPB-sen- 
stove pathways 

The expenment illustrated in Fig 6 was repeated but 
instead In NaC1 Rangers to deterlmne if prelnhibltlon of 
a Ba2+-sensmve K + conductance in the basolateral 
membrane would resolve any effect of NPPB on an 
apical membrane conductance A possible indication of 
an apical membrane interaction with NPPB is that 
under this con&tlon NPPB would consistently increase 
fR o A typical record of thetr individual effects on the 
I~ and the mtracellular electrical parameters are shown 
in the top and bottom panels of Fig 7, respectively The 
inhibitory effects of Ba 2+ and NPPB on the I~c and the 
V~c were additive and Ba 2+ significantly decreased the 
fR o below its control value However, in contra&stmc- 
uon to Ba 2+, 10 -4 M NPPB on the stromal-side con- 
slstently increased the fR o and nearly restored it to its 
control level This increase could mean that NPPB has 

T A B L E  I I I  

Consecutwe effects of  5 10 - s  M Ba 2+, 10 -~  M N P P B  and 1 0 - *  M 
ouabam electrtcal parameters m NaCI Ringers (n = 5) 

Values  are g iven  as means  5: S E 

C o n d l u o n  lsc gt f r o  Vsc 
(/~ A/era 2 ) (mS/cm 2 ) (%) (mV) 

Control 173+22 026+003 565:2 -735:2 
Ba 2+ 885:13" 0245:003 305:8* -505:2* 
N P P B  565:20* 022+001" 53+4* -355:3* 
Ouabam 105:03" 0225:001 455:3 -295:3* 

* P < 005 wath respect to previous period 

inhibitory effects on not only a basolateral but also an 
apical membrane conductance However, the interpreta- 
tion of tbas increase in fR o may be more comphcated 
because the effects of tear-side substitution of Na2SO 4 
Rangers on the V~c and fR o were essentially unaffected 
by NPPB NPPB was not completely effective at either 
of these membranes because the overall decrease of the 
Isc was 68% Ouabam (10 -4 M) further lnlublted the Isc 
and depolarized the ~c showxng that neither Ba 2÷ or 
NPPB inhibit the N a + / K  ÷ pump A summary of the 
results of five similar experiments is provided in Table 
III  

Discussion 

NPPB is a selectwe and direct mlubltor of C1- 
conductance in some tissues based on measurements of 
the effects of NPPB on either single channel activity or 
the lntracellular electncal parameters [7-14] With 
bath-side apphcatlon of NPPB to the ttuck ascending 
limb of the loop of Henle (CTAL), the ECs0 for a 
decrease in the basolateral membrane C1- conductance 
was 8 . 1 0  -8 M based on increases m the fractional 
basolateral membrane resistance and hyperpolanzauon 
of the membrane voltage On the luminal side, the ECs0 
Increased to 3 10 -5 M At concentrations above 10 -5 
M, some of the less potent analogues of NPPB de- 
polarized rather than hyperpolarlzed the membrane 
voltage wluch was interpreted as a nonselective effect in 
the CTAL [7] A basolateral membrane C1- conduc- 
tance in the macula densa was Identified based on 
hyperpolarlzauon of the membrane voltage by lunu- 
nally apphed 10-5 M NPPB [14] In the thin ascending 
hmb of the loop of Henle, NPPB addition to either side 
of the tissue decreased the relative permeability of C1- 
to Na  + but its potency was dependent on its side of 
addmon NPPB was moire effecUve from the bath side 
on a molar basis and its ECs0 was 3 10 -s  M based on 
the assumption that xts maxamum lnlubltory dose was 
10-3 M [16] However, such an assumption may not be 
warranted, because m excised cell membrane patches of 
the rat exocrlne pancreas, 10 -4 M NPPB directly in- 
hibited Ca 2+ sensitive nonselective cation channels in 
the basolateral membrane [17] In cultured rat mesangoal 
cells, another effect of NPPB has been identified in the 
same concentration range at which it is a selective 
inhibitor of C1- conductance in other tissues [18] Be- 
tween 1 and 10 mlcromolar it was a potent inhibitor of 
prostonold biosynthesis 8 vM NPPB inhibited prosta- 
glandm E 2 release by 50% Therefore, with any use of 
NPPB and its related compounds it is first necessary to 
ascertain their effectiveness and selectiwty before using 
them to derive conclusions about mechamsms of ion 
transport 

In the cornea, NPPB had effects on the mtracellular 
electncal parameters over the same concentration range 



at which it selectively decreased a C1- conductance m 
some other tissues However, its effects in the cornea 
did not reflect a dtrect decrease in apical membrane  
C1- conductance NPPB consistently depolarized the 
V~¢ m both C1--free and NaC1 Ringers and had variable 
effects on the fR o All of these effects are not consistent 
with a darect and selectwe inhibition of a C1- conduc- 
tance because such an effect requires a hyperpolarlza- 
tlon of the V~ and an increase in fR o 

In those tissues in which NPPB selectwely decreased 
C1- conductance, the potency of NPPB was affected by  
its s~de of addition whereas In the cornea it was 
equlpotent This side dependence is a reflection of 
NPPB's  selectivity because of ~ts accessxbihty to the 
membrane with which it interacts Presumably this 
access~bihty ~s greater from the bath facing the mem- 
brane contatmng the conductance with which it inter- 
acts In the cornea, NPPB may be equlpotent from 
either bath because NPPB is directly modlf3qng an 
mtracelhilar regulator of these as well as other conduc- 
tances For example, ff NPPB inhibited prostanoid bio- 
synthesis in the cornea, as described in cultured rat 
mesangial cells, this change may have effects on a 
number  of parameters 

The effects of NPPB were measured on the electrical 
parameters in C1--free Ranger's solutions to determme 
ff any change in the basolateral membrane conductance 
could account for inhibition of the essentially C1-- 
originated I~  Such a change could expla_m the inhibi- 
tion because the electrical driving force for C1- efflux 
across the apical membrane  into the tears stems m large 
part  from K + recychng between the stromal-slde bath  
and the cell interior across the basolateral membrane  
[4] One of these pathways is Ba 2+ sensitive because in 
NaC1 Rangers Ba 2+ depolarized the V~, inhibited the Isc 
and decreased fR o In C1--free (gluconate) Rangers, 
10 -5 M NPPB was maximally effective in depolarizing 
the V~c in NaESO 4 and sodium gluconate Ranger's solu- 
tions Inhihitlon by NPPB occurred across a pathway m 
parallel with the BaE+-sensltlVe pathway because their 
depolanzang effects were additive m NaC1 and sodium 
gluconate Rangers Further indications of an effect by 
10 -5 M NPPB on a basolateral membrane K + conduc- 
tance in SO 2 -  Rangers include (1) a significant de- 
crease m gt of 12% following exposure to 10 -6 M 
amphotencin B and (2) a 82% decrease in the trans- 
ference number for K + (cf Table I) Therefore inhibi- 
tion of active C1- transport is in part  explained by a 
decrease in a basolateral membrane K ÷ conductance 
that is distinct from the N a + / K  + pump and the Ba 2+- 
sensitive pathway 

Another approach to determine a basolateral mem- 
brane interaction with NPPB was to measure its effects 
on the electrical parameters m C1--free Rangers follow- 
mg incubation with amphotericin B This procedure 
permits easier resolution of any NPPB interaction with 
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the basolateral membrane  because amphoter ion  B in- 
creased the cation permselectlvity of the apical mem- 
brane Even though amphotencln B alters lntracellular 
ion composit ion and depolarizes the V~c, which could 
result in changes in cell p H  and volume and basolateral 
membrane  conductance, none of these effects comprom- 
ise N a t / K  ÷ pump function because the Isc stimulation 
is sustained and stable Despite any changes m the 
basehne membrane  conductance, this technique still 
permitted identification of any quahtatlve changes m 
the basolateral membrane  resistance based on the direc- 
tion of the change in fR o following exposure to NPPB 
Following exposure to a submaxlmal concentration of 
amphotencm B (1 e ,  10 -6 M), fR o decreased 10 /~M 
NPPB was maxamally effective in further decreasing 
fR o and depolarizing the V~ This effect of NPPB 
coupled with its dose-dependent decrease of the ampho- 
tencm B stimulated Is~, accounted for m large part  by 
tear to stroma K ÷ diffusion, further suggest that NPPB 
increases the resistance of a K ÷ pathway in the baso- 
lateral membrane  

The dose dependent relationship for inhibition of 
actwe C1- transport  by NPPB is remarkably steep 
because 10 -5 M NPPB was without effect whereas 10 -4 
M NPPB was maximally effective This finding suggests 
that the pathways m the basolateral membrane affected 
by NPPB are also remarkably sensitive to chloride It  is 
not possible to identify how the presence of C1- de- 
creases the effect of NPPB on the basolateral membrane  
conductance An even more profound amon-dependent  
effect on the sensitivity of a basolateral membrane K ÷ 
conductance to Ba 2÷ has been described in the isolated 
toad and rabbit  urinary bladders [19,20] In these tis- 
sues, this conductance's sensitivity to Ba 2÷ dasappears 
following the substitution of NaC1 with sodaum gluco- 
nate Rangers 

Even though NPPB consistently depolarized the V~¢, 
it had variable effects on the fR o as shown m Fig 2 It 
is possible that NPPB ehclted in corneas with a higher 
fR o (1 e ,  R a > Rb) a larger mcrease in the basolateral 
membrane  resistance which caused fR o to fall Con- 
versely, if the fR o was lower (1 e ,  R b > Ra), then NPPB 
ehclted a relatwely larger increase in the apical mem- 
brane resistance which instead caused fR o to increase 
In contradastmction, after exposure to Ba 2÷, NPPB 
consistently increased the fR o perhaps because the in- 
crease in the apical membrane  resistance was larger 
than that of the Ba2÷-blocked basolateral membrane  
However, there exasts some doubt as to whether or not 
NPPB increased the apical membrane  resistance be- 
cause the presence of NPPB dad not appear to affect 
any of the changes m the V~¢ and fR o following a 
transient tear side substitution of NaC1 with Na2SO 4 
Rangers This uncertainty may stem from the posslbihty 
that NPPB's  effects on conductances and net C1- trans- 
port  are an redirect effect If  this ~s the case, an effect 
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by NPPB on an mtracellular regulator may cause more 
changes than those accounted for by tins study 
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