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Sheets of utricular epithelium from gerbil were mounted in a micro-Ussing chamber in order to identify and localize 
chloride conductances. The [CI-]  was rapidly reduced (substituted with isethionate) in the apical or basolateral 
pedusate and the transepithelial potential difference ( ~ )  and transepithelial resistance (R t )  were monitored continu- 
ously. In addition, agents known to inhibit anion transport in other epithelia were applied. The direction of all initial 
changes in V t and R t due to CI - substitutions were consistent with the presence of ionic conductaneas for CI -  on both 
sides of the epithelium. The time-courses and magnitudes of the fall in ~ and increase in R t during apical [CI-]  steps 
in the presence and absence of basolateral bumetanlde were monophasic and identical in the two cases. The response of 
V t to basolateral [CI-]  steps was biphasie and the initial response was greatly attenuated by bumetuulde. These findings 
demonstrate that the largest conductance for CI - is in the hasolateral cell membrane, but that the paraeellular a n d / o r  
apical pathway also possess a finite CI -  conductance. All three agents tested, 3",5-dichlorodipbenylamine-2-carboxylic 
acid (DCDPC), 5-nitro-20-phenylpropylamino)benzoic acid (NPPB) and 4,4'-dilsothiocyanostilhene-2,2'-dlsuifonie acid 
(DIDS), caused an increase in ~ .  NPPB and D | D S  were more effective from the apical side. DCDPC and DIDS 
administered from the apical side led to a decrease in Rt .  These results suggest that these agents act in this tissue by 
enhancing a conductive pathway on the apical membrane rather than blocking the basolateral C I -  conductance. 

Introduction 

The region of the gerbil utricle which contains pre- 
dominantly dark cells and is free of sensory cells pro- 
duces a K+-rieh, tov:-Na + luminal fluid, the endolymph, 
by means of electrogenic secretion of K + and electro- 
neutral absorption of Na + [1]. In other species there is 
evidence that part of the Na + absorption of Na + [1]. In 
other species there is evidence that part of the Na + 
absorption may also partly be via an electrodiffusive 
pathway [2]. Transepithelial transport of these ions is 
dependent upon activity of Na+/K+-ATPase  and of 
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ylamine-2-carbnxylie acid; DPC, diphenylamine-2-carboxylic acid. 
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Na÷-CI- -K + cotransport  and can be inhibited by base-  
lateral application of ouabain and furosemide-type loop 
diuretics [1-4]. 

Chloride is the major extracellular anion and is pre- 
sent in approximately identical concentration on both 
sides of this tissue in rive. Since the loop diuretic-sensi- 
tive cotransporter presumably is involved in the move- 
ment of Cl - ,  it was of interest to search for other CI-  
transport pathways in this tissue. A previous study 
employing measurement of transepithelial potential dif- 
ference (V t) during [Cl-]  steps on the basolateral side in 
a 'split  oil drop'  preparation suggested the presence of a 
cellular C1- conductance, but the lack of an indepen- 
dently perfused lumen precluded definitive interpreta- 
tion of the relaxation phenomena observed [3]. At- 
tempts have also been made to identify a CI-  conduc- 
tance on the basolateral side by application of the anion 
transport inhibitors anthracene-9-earhoxylic acid (9AC), 
diphenylamine-2-carboxylie  acid (DPC),  and 4- 
acetamido-4 '-isot hiocyanostilbene-2,2 '-disul fonic acid 
(SITS). These agents had no effect on I/l from the 
basolateral side [3]. 

0005-2736/89/$03.50 © 1989 Elsevier Science Publishers B,V. (Biomedical Division) 



In the present  s tudy,  we tried to ident i fy  and  localize 
conduct ive  permeabi l i t ies  for C i -  in the K+-seere t ing  
region of the  utricle, A mic ro -Uss ing  c h a m b e r  was used  
to measu re  changes  in ~ an d  t ransepi thel ia l  res is tance 
( R  t) du r ing  rapid changes  of  the  per fusa te  o f  the  apical  
( luminal )  or  basolateral  ( ab lumina l )  s ides  o f  the tissue. 
R e s p o n s e s  to [CI - ]  s teps  were m e a s u r e d  in the presence  
a n d  absence  of bume tan ide .  A g en t s  k n o w n  to block 
an ion  t ranspor t  p rocesses  in o the r  epithelial  p repa ra -  
t ions  were also used:  D C D P C ,  N P P B ,  C D P C  and  DILLS. 
A pre l iminary  repor t  ha s  been  m a d e  of  some  of  the 
resul ts  [51. 

M e t h o d s  

Gerbi ls  6 - 1 0  weeks  old were anes the t i zed  with 
s o d i u m  pen tobarb i t a l  (35 m g / k g ,  i.p.) a n d  decapi ta ted .  
T h e  t empora l  bones  were r emoved  a n d  the  da rk  cell 
reg ion  o f  the  utr icle ( ident if ied by the me lanocy te s  
p re sen t  in the unde r ly ing  connec t ive  t issue) was  dis-  
sec ted  at 4 ° C .  T h e  ep i the l ium was  t rans fe r red  to an  
U s s i n g  c h a m b e r  wh ich  had  an  ape r tu re  o f  140 # m  
d i am e te r  [4]. Both s ides  were pe r fused  a t  a flow rate o f  
a b o u t  5 0 0 - 7 0 0  # l / m i n  wi th  Cont ro l  so lu t ion  (see be-  
low) at  37 ~ C. Solu t ion  ,AmuBe~ we~c 90% comple te  a:  
t he  aper tu re  wi th in  a b o u t  3 s, as  j u d g e d  by  the  t ime-  
course  o f  l iquid j u n c t i o n  potent ia l  m e a s u r e m e n t s  in the  
c h a m b e r .  

In  o rder  to use  on ly  p r epa ra t i ons  which  sealed well 
to the  c h a m b e r  a n d  w h ich  d i sp layed  re sponses  to ex-  
pe r im en t a l  m a n i p u l a t i o n s  large  e n o u g h  to readi ly  
quat-Lfity, p r epa ra t i ons  which  deve loped  a Vt less t h a n  
+ 2 mV,  apical  s ide posit ive,  were d i scarded .  Since th is  
cr i ter ion exc luded  on ly  8% of  the  s amp le s  expec ted  in a 
no rma l ly  d i s t r ibu ted  popu l a t i on  [6], the  s tat is t ical  tes ts  
for  s ignif icance o f  the  expe r imen ta l  c h a n g e s  in V t a n d  
R t w e r e  no t  ser iously c o m p r o m i s e d .  Nega t ive  po ten t i a l s  
were never  observed  u n d e r  con t ro l  condi t ions .  

V t was  m e a s u r e d  via s y m m e t r i c  aga r  br idges  m a d e  
f r o m  Cont ro l  so lu t ion  a n d  A g / A g C I  electrodes.  Correc-  
t ions  were m a d e  for l iquid j u n c t i o n  potent ia ls .  R t w a s  

ob t a ined  f rom the  vol tage  r e sponse  to  cu r r en t  pu l ses  
pa s sed  across  the  t i ssue  (50 hA,  300 m s  du ra t i on  at  
1 - 1 0  s intervals) .  R t w a s  ei ther  der ived  by s a m p l e - a n d -  
ho ld  circui try in the  cu r r en t  c l a m p  un i t  (F rankenbe rge r ,  
Mun ich ,  F .R.G. )  o r  was  der ived f rom the  recorded  
pu l se  height .  D u e  to the geomet ry  o f  the  c h a m b e r ,  series 
res is tance f rom cont ro l  so lu t ion  represen ted  less t h a n  
5% of  typical  t issue res is tance  (100 kO) .  C h a n g e s  due  to 
al tered so lu t ion  comp os i t i on  were cons idered  negligible.  

a n d  R t were m o n i t o r e d  on  a s t r ip  cha r t  recorder.  
The  Cont ro l  so lu t ion  cons i s ted  o f  (in m M ) :  150 

NaC1; 5 KCI;  1.6 N a z H P O 4 ;  0 .4  N a H z P O 4 ;  1 MgCI2;  5 
glucose;  0.75 CaCI  z ( pH  7.4). In  l ow-CI -  so lu t ion ,  100 
m M  s o d i u m  isethionate ,  s o d i u m  cyc lamate  o r  s o d i u m  
sul fa te  ( m a d e  isotonic  wi th  man n i to l )  subs t i t u t ed  for a n  

equ imola r  a m o u n t  o f  NaCI  and  CaCI 2 was raised to 3.3 
m M  to c o m p e n s a t e  for b ind ing  of  Ca  to the an ion  
subst i tu tes .  C D P C ,  D C D P C  and  N P P B  ( subs tances  No.  
130, 131 and  144 in Ref.  7) were p roduced  by Hoechs t  
Pharmaceu t i ca l  (F rankfu r t ,  F .R .G. )  and  were the  gener-  
ous  gift of  Dr. Ra iner  Greger .  D I D S  was  purchased  
f rom Sigma Chemica l  Co. (St. Louis,  M e )  and  
b u m e t a n i d e  was  a gift of  H o f f m a n n - L a  Roche  (Nut ley,  
N J). All d rugs  were dissolved in E;MSO to a final 
concen t r a t i on  o f  0.1% D M S O  in contro l  solut ion.  
D M S O  at this  concen t ra t ion  had  no  effect  on  I/, o r  R, .  

D a t a  are g iven as m e a n + S . E .  ( n = n u m b e r  of  
utricles). Statist ical  s ignif icance was  de te rmined  by use 
of  the  S tuden t ' s  t-test for paired samples ,  wi th  P < 0.05 
cons idered  as a s ignif icant  change.  

Resu l t s  

In  42 utricles, the  initial V t was  + 5.6 _+ 0.4 mV and  
R t w a s  30 + 3 fg " cm  z. These  va lues  compa re  well wi th  
m e a s u r e m e n t s  o f  + 5 . 6  inV. 24 ~ - c m  2 [4] and  + 5 . 2  
mY, 30 9 - c m  2 [8]. 

IOn substitutions 
I.'2- +~';_g ] ~VC ~hn,x,n r ~ n r d i n o s  o f  V: d u r i n g  c h a n g e s  

of  [C I - ]  f rom 150 to 50 m M  on  the apical  or  basolat~ral  
side, R e d u c i n g  [CI - i  in the apical  pe r fusa te  led to a 
m e a n  decrease  o f  V t by 4.2 m V  (Table  I). Reduc t ion  o f  
[C I - ]  in the  basola tera l  per fusa te  led to an  initial in- 
c rease  of  V t by 12.6 mV and  a secondary  re laxat ion  
phase  set t led to a final value  stat is t ical ly ind is t inguisha-  
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Fig. 1. Representative traces of R I (upper panel) and ~ (lower panel) 
during perfusion of control solution and Iow-Ct- solution in one 
utricle. Recordings of V~ have been approximately corrected for 
liquid junct ion potentials (broken lines). The times of low-CI- pcrfu- 
sions are indicated under the trace by the filled bars. Numbers at the 
beginning of each trace indicate initial values. Apical (APL Baso- 

lateral (BL). 



58 

TABLE I 

Response o f  V~ and R r to [CI - ] steps from 150 to 50 ram 

Mean ± S.E. (N). All values in 50 mM CI- were corrected for liqoid junction potentials. Peak = greatest initial value; S-S = final steady-state value 
(see Fig. l). 

v, ( m Y )  R ,  02.cm 2) 

[CI - ] ~.JaM): 150 50 (peak) 50 (S-S) 150 50 (S-S) 

Apical 
Control (17) 
Burner anide (5) 

Basolateral 
Control (16) 
Bumetanid¢ (5) 

AP and BL 
Control (9) 
Bumetanide (7) 

$.7±0.6 - ~  1.$±0.6 30.4~3.4 34.3± 3.7 
--0.4±0.2 --5.3!0.1 42.7~9.0 4g.l~10.2 

5.6±0.5 18.2±1.2 5.6±0.3 30.7±3.4 35.5± 4.5 
-0A±0.3 5 . 8 ± 1 . 1  3.9±0.8 42,9±8.7 48,1± 9.9 

$.7±0.8 1 4 . 4 ± 1 . 2  1.7~0.4 33.0±5.0 42.5± 7.6 
--0.5±0.2 0.5±0.2 --0.$±0.2 34.1±7.7 43.8±10.4 

a The response was monophasic. 

ble from the value before the solut ion change. Simulta-  
neous perfusion of  apical and basolateral  sides with 
Iow-Ci-  solution increased V~ initially by  8.7 mV, bu t  
the secondary relaxation led to a V t which was  4,0 mV 
lower than the V t in control solution. R t rapidly in- 
creased by 12.8% during apical [CI - ]  reduction, b u t  
increased slowly by 15.7% when [CI- ]  was reduced in 
the basolateral perfusion. Dur ing  s imul taneous  [C l - ]  
steps, R~ increased by  28.6%, a n u m b e r  nearly identical 
to the sum of the values f rom the unilateral [CI - ]  steps. 

Several different anion subst i tutes  for C I -  were used, 
since it was possible that some of  the observed effects 
might be due to unspecific actions on  the tissue. The  

1 5 T 
[ I-"l eo~ t r~  (7) 

AP BL AP + BL 

2° I is 

lO 

UN 
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Fig. 2. Bar graph comparing ~R t (upper panel) and AV t (lower 
pane[) due to [CI- l steps in the absence ('control') and presence of 
10 -4 M bumetanide (5-7 paired experiments each). Initial peak 
responses caused by [C1-1 steps on the bas0|ateral (BL) and apical 
tAP) s[~Jes and by bilateral tAP+ BL) [C1- I steps. Number of utricles 

is by each bar. Statistical significance is indicated by *. 

biphasic response  to basolateral  l o w - a -  solution pre- 
pared wi th  isethionate, cyclamate or  sulfate were similar 
to each other  in shape  and magni tude  (data  not  shown).  

A compar i son  was  made  between the response  to 
[CI'-] s teps  in the presence and  absence of  basolateral  
10 -4  M bumetan ide  (Table I). In the presence of  
bumetanide,  a [C i - ]  step on  the apical side lowered V t 
f rom - 0 . 4  mV to - 5 . 3  inV. Paired experiments  re- 
vealed no  significant effect of  bumetan ide  on  the re- 
sponse  of  V~ to a change in [CI - ]  (Fig. 2). The initial 
peak response  of  V~ to basolateral  l o w - C i -  solut ion was  
markedly reduced in the preser, o.e of  bumetanide.  
Bumetanide  had  no  apparen t  effect o n  the increase in 
R I caused by  low-C1- perfus ions  on  each side (Table I, 
Fig. 2). S imul taneous  apical and  basolateral  perfus ion 
with low-Cl -  solut ion in the presence of  bumetan ide  led 
to peak  values o f  V~ which were close to the algebraic 
sum of  those for  the unilateral perfusions.  

l n h i b i t o r s  

We were interested in demons t ra t ing  effects of  sub-  
stances repor ted to block C I -  channels  in o ther  cells. 
Three agents (CDPC,  D C D P C  and NPPB)  were chosen 
which  belong to a family of  recently developed com- 
p o u n d s  with s tructural  similarity to DPC, which have 
been shown  to block C I -  channels  in different epithelia. 
A c o m p o u n d  k n o w n  to block a variety of  C I -  t ranspor t  
processes  including C I -  channels,  DIDS ,  was also 
tested.NPPB (10 -4 M) caused a transient  increase in V t 
of  2.6 + 0.5 mV (n  = 5) when  applied f rom the apical 
side and of  0.7 + 0.1 mV (n  ~ 5) when  added to the 
basolateral  side (Fig. 3). The initial response was larger 
and the time course  shorter  when NPPB was added to 
the apical perfusate.  N o  significant changes in R t due 
to NPPB wcrc observed. In  Fig. ~ are shown the dose- 
response  curves of  the initial responses  f rom paired 
experiments.  The  response  of  V t was significantly greater 
for apical per fus ion  at 50 and 100 p.M. 
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Fig. 3. Representative trace of V~ during apical lAP) or basolateral 
(BL) perfusion of 1-10 -= i NPPB in on¢ utricl¢. The times of 
perfusions arc indicated under the trace by the filled bars. Numbers at 

the beginning of each !race indicate imtial values. 
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Fig. 4. Summary of results of changes in V t during apical or baso- 
lateral perfusion of NPPB as in Fig. 3 at concentrations of 1.10 -s. 

5.10 - s  and 1.10 -4 M. 

The biphasie responses of V~ to DCDPC added to 
the apical perfusate were similar ( P >  0.05) to those 
caused by NPPB (Fig. 3). In addition, R t decreased 
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Fig. 6. Summary of results of initial changes in R, (upper panel) and 
V t (lower panel) during apical or basolateral perfusio~, of DCDPC as 
shown in Fig. 5. Statistical significance of difference from 0 indicated 

by *. 

d u r i n g  t he  i n c r e a s e  o f  V t. A d d i t i o n  o f  D C D P C  to the  
b a s o l a t e r a l  p e r f u s a t e  led to s im i l a r  c h a n g e s  in ~ a n d  

R , ,  a l t h o u g h  a s u b s e q u e n t  o v e r s h o o t  o f  R,  w a s  con -  
s i s t en t ly  o b s e r v e d  d u r i n g  r e c o v e r y .  D o s e - r e s p o n s e  c u r v e s  
fo r  the  in i t ia l  p e a k  a c t i o n  o f  D C D P C  o n  V t a n d  R t a r e  
s h o w n  in Fig.  6. D C D P C  w a s  e f f ec t i ve  in the  s a m e  

c o n c e n t r a t i o n  r a n g e  as  N P P B ,  b u t  t he r e  w e r e  n o  s ta t i s t i -  

ca l  d i f f e r e n c e s  b e t w e e n  t he  e f f ec t s  o n  V~ a n d  R ,  f r o m  

the apical and ba~olateral sides. 
In one experiment, another agent of the DPC family. 

CDPC, was tested at 10 -s  M. CDPC produced results 

f l - cm2 •_cm 2 

7.7 f l - cm  2 I 5 mV 

mV mV 
, | 

60 s 

DCDPC DCDPC 
10 - 4  M 10 - 4  M 
t;p) (BL) 

Fig. 5. Representative trace of the change in .~ t (upper) and V L (lower) during apical lAP) and basolateral (BL) perfusion of DCDPC at 10- 4 M in 
one utricle. "File limes of perfusions are indicated under the trace by the filled bars. Numbers at the beginning of each trace indicate initial values. 
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Fig. 7_ Trace of the changes in Vt during basolateral (BL) or apical 
tAP) perfusion of DIDS at 10 -4 M in one ulricle. The times of 

perfusion are indicated under the trace by the tilted bars. 

similar to the other DPC d e ~  ~t'ves: an increase in I/, 
of  1.5 mV when added to the apical side and an increase 
of  about  half  that when added to the basolaterai  side 
(n = 1). 

tn Fig. 7 is shown a recording of the effect on  V t of  
10 - a  M DIDS.  D I D S  transiently elevated V, when 
added to the apical perfusate (initial increase: 1.1 + 0.2 
mV ( n = l l ) )  and decreased R( ( - 1 . 1 + 0 . 4  12-cm z 
( n = l l ) ) .  In five samples there was no observable 
change in R t and in the six others  the change ranged 
f rom - 0 . 4  to -- 3.0 12 -em 2. N o  statistically significant 
effect on V~ or R t was observed when D I D S  was added 
to the basolateral side (0.2 + 0.1 mV (n  = 7)). Al though 
the effects from the apical side on V t were similar to 
those of D C D P C  and NPPB, the secondary phase  of  the 
V t response to D I D S  was much smaller and V t re- 
mained elevated during application of  the agent. 

Discussion 

We have measured the responses of  Yt and R t of  the 
Dark-cell region of the utncie to step changes in [CI - ]  
and to several putative C I -  t ranspor t  inhibitors. Results  
obtained can be discussed in terms of  action on  known  
and postulated ion t ransport  pa thways  in the paracellu- 
lar shunt, apical and basolaterai membranes .  

A sudden reduction of basolaterai [CI - ]  led to a 
striking biphasic response of  ~ .  This  type of response  is 
well known in cells which have a m e m b r a n e  potential  
influenced substantially by a C I -  permeabil i ty in paral-  
lel with another  processes which can make a larger 
negative contr ibut ion to the potential. In the present  
case, the change in V, would reflect a fraction of  the 
change in the baso |a te ra |  membrane  voltage. The  rapid, 
initial phase would then be due to a reduction in the 
cell-negative basolaterz '  electromotive force (EMF)  for 
Cl - ,  intrinsic to a basolateral C1- permeabili ty,  as a 
result of the extracellular drop in [CI-] .  The slower, 
secondary dectine of V t would be due to repolarization 
of  the E M F  for C I -  as a result of a p resumed decline in 
intracellular [CI- ]  ([C1-]i). This decline in [Cl- ] i  would 
be caused by the membrane  potential being held more  
negative than the CI -  equil ibrium potential  as a result 
of  the above-mentioned parallel t ranspor t  process, 

In most  ct.ils, such as muscle, the process in parallel 
with the C1- permeabil i ty is a K + p e r m e a b i l i t y  [9] .  
Measurements  of  intracellular potential  in vestibular 
dark cells indeed reveal a large C i -  conductance as 
demonst ra ted  by C1- step experiments  [10]. However,  it 
also appears  that  these cells have little K ÷ conductance 
when perfused on  both  sides with control  solution (un- 
published observat ions) .  I f  this interpretat ion is correct, 
the above descript ion of events (leading to the observed 
changes of  V t dur ing basolateral  perfusion of low-C1- 
solution) would still hold, except that the secondary 
decline of  [CI- ] i  could be produced by the as-yet-un- 
identified electrogenic K+-secretory process in the api- 
cal membrane .  

Ano the r  possible contr ibut ing factor to the sec- 
ondary  decline of  V t is a partial  inhibit ion of Na+-CI ~- 
K + cot ranspor t  activity. Inhibi t ion of  this t ranspor te r  
by loop diuretics is known to reduce V, (vide infra, 
Refs. 3, 4). The K m of this process for C1- has been 
found in other  cells [11] to be near 50 mM,  the con- 
centrat ion which was  used in the present  experiments,  
In  addition, it may  be that  the net driving force for 
inward N a + - C I - - K  + cot ranspor t  d rops  sufficiently to 
decrease t ranspor t  activity * 

In spite of  the likely retarded activity of  this trans- 
porter,  the average final value of  V t dur ing basolaterai  
Iow-Cl -  perfus ion was  not  significantly different f rom 
that before  the exper iment  (Table I). On  the other  band,  
V t was  reduced dur ing bilateral Iow-Cl -  perfusion.  Un-  
der this condit ion,  there was no  paracellular diffusion 
potential .  The  final value of  V t dur ing basolateral  Iow- 
C I -  perfus ion may  therefore be a composi te  of  a re- 
duced etectrogenic secretion plus a positive diffusion 
potential  across the basolateral  m e m b r a n e  a n d / o r  
paracellular pathway.  This could be tested in the future 
by looking for an effect of  50 m M  C I -  on  the rate of  
K + secretion. 

The  biphasic response  of  V t to basolateral  C I -  steps 
was observed earlier in a split oil d rop  prepara t ion  of  
utricle nonsensory  tissue, bu t  there was  some quest ion 
of  the origin of  the secondary phase  since in this pre- 
para t ion  there may  have been slow changes in luminal 
compos i t ion  in the absence of  luminal  perfus ion [3]. 

* Although the stoichiometry for the cotransporter in the utricle has 
not yet been demonstrated, we can calculate a range of driving 
forces for assumed stoichiometries of 1 or 2 el- ,  t Na* and I K ÷ 
using reasonable values of intracellular ion concentration. Assum- 
ing intracellular ion concentrations of Na ~ l0 to 20 raM, K* 140 to 
130 m i  and CI- 70 raM. the net driving force has a range of -- 13 
to + 14 mV I + = net force directed inward}. Intracellular [CI- l = 
70 m i  was chosen because cells with a cotransporter typically have 
a high [CI- ] and because preliminary measurements of intraeellular 
dark cell potenlial have shown an average value of about - 20 mV 
which seems to be determined primarily by a large CI- conductance 
It01. 



The  present  exper iments ,  which  util ized a rapid  individ- 
ual  pe r fus ion  on bo th  sides of  the  epi the l ium,  show that  
the  secondary  phase  is not  dependen t  on an uns t i r red  
apical  c o m p a r t m e n t .  

F u r the r  evidence tha t  the  observed  effect of  baso-  
lateral  C I -  s teps  was  o n  a cellular pa thway  was  derived 
f rom  the b n m e t a n i d e  series. It was  clearly seen tha t  the  
ampl i tude  o f  the initial change  in V, was  a t t enua t ed  in 
the  presence  o f  bume tan ide .  Such a response  can be  
expec ted  if a N a + - C I - - K  + co t ransp0r t e r  no rmal ly  keeps  
intracel lular  [CI - ]  above  equi l ibr ium.  Blockin~ of  this  
t r anspor t e r  with b u m e t a n i d e  would  reduce  intracel lular  
[CI- ] ,  thereby  reduc ing  the  c o n d u c t a n c e  of  this m e m -  
b r a n e  for C i - .  Th i s  s ame  effect  of  b u m e t a n i d e  on  the 
r e sponse  of  V t to basolateral  C I -  s teps  was  also ob-  
served in a split  oil d rop  p repa ra t ion  of  the  s ame  t issue 
[31. 

The  rise in R t could  be  d ue  to two effects.  The  first 
is the  p r e s u m e d  decl ine in intraeel lular  [C1-] which  
wou ld  lower the c o n d u c t a n c e  o f  the  basola tera l  m e m -  
brane .  T h e  second  m a y  be  a paracel lu lar  C I -  conduc -  
tance.  If t he  la t ter  con t r ibu t ed  s ignif icant ly,  however ,  it 
is no t  d e a r  why the  rise in R was  de layed  c o m p a r e d  to 
tha t  for the  apical  C i -  s tep (.-~ee below). O n e  m u s t  then  
a s s u m e  that  the  lateral  infolc~ngs o f  the  cells p resen t  a 
r a the r  s ignif icant  uns t i r r ed  layer  to the basola tera l  solu~ 
t ion,  thereby  de lay ing  access  o f  the  l ow-Cl -  basola tera l  
so lu t ion  to the j u nc t i ona l  complexes .  

T h e  apical  [C I - !  s teps,  by con t ras t ,  p r o d u c e d  rapid,  
m o n o p h a s i e  r e sponses  o f  V, wi th  a concur ren t  increase  
in R t. O n e  wou ld  expect  this  r e sponse  if (1) the  pa ra -  
eelhi lar  p a t h w a y  were  pe rmeab le  to C I -  a n d / o r  (2) the  
apica l  cell m e m b r a n e  con ta ins  C I -  channe l s  bu t  there  is 
n o  t r anspor t  p rocess  dr iv ing  the  cell m e m b r a n e  m o r e  
nega t ive  t han  the  E M F  for C I - ,  thereby  p rec lud ing  a 
s econda ry  re laxat ion  phase .  T h e  presen t  e x p e r i m e n t s  do  
no t  allow us  to d i s t ingu i sh  be tween  these  possibil i t ies.  

In  these  [CI] s tep  e x p e r i m e n t s  we obse rved  s t r ik ingly 
d i f ferent  r e sponses  to uni la tera l  l ow-CI -  pe r fus ions  on  
each  s ide o f  the  t issue.  A l t h o u g h  s y m m e t r i c  bi ionic  a n d  
d i lu t ion  potent ia ls  were found  in ano the r  K+-secre tory  
inne r  ea r  p repara t ion ,  the  semic i rcu la r  canal  duc t  o f  the  
dogf ish ,  t hose  m e a s u r e m e n t s  were m a d e  10 min  af ter  
per fus ion ,  m a k i n g  c o m p a r i s o n  to the p resen t  resul ts  ( in 
wh ich  t rans ien t  r e sponses  to basola te ra l  pe r fus ion  were  
observed)  diff icul t  [12]. None the les s ,  ou r  s t eady-s t a t e  
m e a s u r e m e n t s  ( ab ou t  2 ruin) still show a m a r k e d  dif- 
ference in V t be tween  apical  a n d  bas01ateral  10w-Cl-  
pe r fus ion  (Table  I). 

In  view of  the  above  resul ts  which  s u ~ e s t e d  the  
presence  o f  basolateral  C I -  channe l s ,  we were in teres ted  
in test ing the  effect o f  s o m e  of  the newly  deve loped  C I -  
channe l  blockers  o f  the  D P C  fami ly  [71. D P C  itself and  
the  even less -potent  agen t  an th racene-9-ca rboxyl ic  acid 
h a d  no  effect  on  the  split  oil d rop  p repa ra t ion  [3]. 

Several of  the  newly  deve loped  blockers  were found  

to p roduce  d rama t i c  effects on  V t. N P P B  has  been 
found  to s t rongly  block chloride channe l s  at micro-  
molar  concen t r a t i ons  in renal  cells [71. colonic cells [131 
and  shark  rectal g land  [14]. By contras t ,  N P P B  had little 
effect at  10 / tM on  V t of  the utricle, a l though  at h igher  
doses  it p roduced  rapid, large t rans ient  increases in V~ 
f rom the apical s ide and  smal ler  responses  f rom the 
basolateral  side. The  smal ler  responses  seen f rom the 
basolateral  s ide can be a t t r ibuted  to cross-over  to the 
apical m e m b r a n e  because  the  drugs  in this series are 
highly l ipophilic [7]. 

It has  been found  that  some  epithelial t issues which 
cont  fin a CI c o n d u c t a n c e  have  different  sensitivit ies to 
the OPC ana logs  [I5]; e.g.. the  sweat  duct  has  been 
f o u n l  to be relatively insensi t ive to N P P B  [16]. In sweat  
duct  however,  it was  found  that  ano the r  blocker f rom 
this ?amily, D C D P C ,  was active in reducing  C l -  con-  
duc tance ,  a l t hough  at a relatively high con, :entra t ion 
[161. D C D P C  acted on  V~ of  the dark  cell region of  
utricle al~o at high concen t ra t ions  and  in a s imilar  way 
as NPPB.  A l t h o u g h  the m e a n  responses  tc  D C D P C  
were slightly h igher  for apical perfusion,  there was  no 
stat is t ical ly s ignif icant  difference in paired exper iments ,  
The  s a m e  relative a m o u n t  o f  apparen t  m e m b r a n e  
c ross -over  (appl ica t ion  at one  m e m b r a n e ,  act ion at  the 
o ther )  for N P P B  and  D C D P C  was seen in rabbit  corti-  
cal thick a scend ing  l imb kidney tubules:  i.e.. very s t rong  
cross-over  for D C D P C  nod less for N P P B  [71. T h e  
expe r imen t  with  C D P C  showed cons is tent  results:  an  
increase  in V, which  was grea ter  f rom the apical ~tde 
t han  f rom the basola tera l  side. 

St i lbene d isu l fonates ,  such  as DIDS,  compr ise  a class 
of  amino- reac t ive  reagents  which  are known to inhibit  
several  an ion  t r anspor t  sys tems .  T h e y  were initially used 
to block an ion  t r anspor t  s y s t e m s  o ther  t han  C I -  chan -  
nels  such  as CI - -HCO~-  exchange  [17,18]. It was found  
in the present  s t udy  that  D I D S  p roduced  an increase in 
V t f rom the apical  side, s imilar  to the DPC analogs ,  
a l t hough  the s econda ry  decl ine was not  nearly as s trong.  
In fac'., when  D I D S  per fus ion  was  sus ta ined,  V t re- 
m a i n e d  e levated (e.g., Fig. 7). D I D S  had  no  s ignif icant  
effect  on V~ f rom the  basotateral  side, as found earlier 
with a n o t h e r  s t i lbene  disul fonate ,  SITS [3]. 

It is known  f rom s tudies  on  o ther  t issues that  all of  
these  agents ,  inc lud ing  DIDS.  have  ac t ions  on  t rans-  
por te rs  o the r  t han  those  o f  their  c u s t o m a r y  or  in tended  
use. G~ge le in  and  Pfannmfi l ler  [19] have  found  that  
N P P B  a n d  D C D P C  inhibi t  a n0n-select ive  ca t ion  chan -  
nel in panc rea s  a n d  that  D I D S  act ivates  this  channe l  
f rom the cytosol ic  side. D I D S  has  a lso been found  to 
block C I -  c o n d u e t a n c e s  in s o m e  t issues  bu t  not  o thers  
[20,211. T h e  p resen t  f indings  po in t  to the possibil i ty that  
the  d rugs  tested here  m a y  be  especially useful  tools for 
explor ing  the conduc t ive  proper t ies  o f  ut r icular  dark  
cells wi th  addi t iona l  techniques ,  such  as the pa tch  c l amp  
technique.  



One possible explanation for the observed results 
would be that D I D S  and the DPC derivatives were 
inhibiting an apical C I - - H C O 3  exchanger. It has been 
found that DPC. as well as DIDS,  inhibits C I - - H C O f  
exchange in red blood cells and Neeturus gallbladder 
[22.23]. Since CI - -HCO~-  exchange is electroneutral, 
the effect on V~ and R t would then be indirect; i.e., via 
changes in intracellular pH. One might then interpret  
the effect of the apical C1- steps as a partial inhibit ion 
of  tiffs exchanger due to reduction of the chemical 
driving force. 

At least two reasons argue against this interpretation.  
(1) The decrease ;.n V~ and rise in R t due to the putative 
partial inhibition of CI--HCO3- exchange by Iow-Cl -  
perfusion is not consistent  with the large increases in Vt 
and fall in R t by the putative blocking of the same 
mechanism by D I D S  and the DPC derivatives. (:2) The 
direction of  change of  V t with apical low-C1- perfusion 
was the same as found for apieally applied amiloride 
[8]. If  the amiloride was acting on  an N a + - H  + ex- 
changer, it is not to be expected that intracellular acid- 
ification by blockage with amiloride would lead to the 
same changes in V t as alkalinization by inhibition of  
C I - - H C O f  exchange. 

Two quest ions arise: (1) Are these agents all acting 
on the same t ranspor t  pathway? and (2) are any or  all of  
them blocking C I -  channels  and, if not,  what  processes 
are they affecting'?. Al though the present  data are not  
sufficient to answer  those quest ions with certainty, 
several points  can be made. It appears  likely that the 
pr imary effect of each agent tested is on  the same 
t ransport  process and that the locus is the apical mem-  
brane. This ir~terpretation is based on  the structural  
similarity amongst  the DPC analogs, the similarity of  
the transient positive response of  V~ to each, and the 
predominance of the responses to apical perfusion for 
the less lipophilic substances.  

If  this interpretation holds, the second quest ion re- 
duces to: Can blocking of  an apical C I -  conductance 
explain the observations? On the one hand,  if the apical 
membrane  contains both  C i -  channels  and an  electro- 
genie K + transporter,  blocking of  the C1- channels  
would be expected to enhance the effect of electrogenic 
K + secretion which would result in an increase in V t as 
observed. However, two points  argue against this inter- 
pretation. First, it was found that apical D C D P C  and 
D I D S  each significantly reduced R, ,  rather than in- 
creasing it as one might expect for a m e m b r a n e  with 
blocked ion channels. Second, the results of the C I -  step 
experiments were more in line with the idea that baso-  
lateral C I -  conductance influences V~ far more  than an 
apical CI -  conductance.  

Our  results are therefore more  consistent with the 
presence of a large basolateral C i -  conductance and 
action of the DPC analogs plus D I D S  on an apical 
t ransporter .  The drug action appears  to initially en- 

hanee a conductive process rather than inhibit it. The  
t ranspor t  process initially affected remains unidentified. 
The secondary collapse of Vt f rom the DPC derivatives 
is most  likely due to their interference with metabolism. 
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