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Summary. In rabbit gallbladder epithelium, a Na+/H +, CI-/ 
HCO 3 double exchange and a Na +-C1- symport are both present, 
but experiments on intact tissue cannot resolve whether the two 
transport systems operate simultaneously. Thus, isolated apical 
plasma membrane vesicles were prepared. After preloading with 
Na*, injection into a sodium-free medium caused a stable in- 
travesicular acidification (monitored with the acridine orange 
fluorescence quenching method) that was reversed by Na + addi- 
tion to the external solution. Although to a lesser extent, acidifi- 
cation took place also in experiments with an electric potential 
difference (PD) equal to 0. If a preset pH difference (ApH) was 
imposed ([H + ]in > [H + ]out, PD = 0), the addition of Na-gluconate 
to the external solution caused 2xpH dissipation at a rate that 
followed saturation kinetics. Amiloride (10 -4 M) reduced the kpH 
dissipation rate. Taken together, these data indicate the presence 
of Na + and H + conductances in addition to an amiloride-sensi- 
tire, .electroneutral Na+/H + exchange. 

An inwardly directed [C1- ] gradient (PD 7- 0) did not induce 
intravesicular acidification. Therefore, in this preparation, there 
was no evidence for the presence of a CI-/OH- exchange. 

When both [Na + ] and [C1-] gradients (outwardly directed, 
PD = 0) were present, fluorescence quenching reached a maxi- 
mum 20-30 sec after vesicle injection and then quickly decreased. 
The decrease was not observed in the presence ofa [Na + ] gradient 
alone or the same [Na + ] gradient with C1- at equal concentrations 
at both sides. Similarly, the decrease was abolished in the pres- 
ence of both Na + and CI- concentration gradients and hydrochlo- 
rothiazide (5 x 10 -4 M). The decrease was not influenced by an 
inhibitor of C1-/OH- exchange (10 _4 M furosemide) or of Na +- 
K+-2C1 - symport (10 5 M bumetanide). 

We conclude that a Na+/H + exchange and a Na+-C1 - sym- 
port are present and act simultaneously. This suggests that in 
intact tissue the Na+-CI - symport is also likely to work in parallel 
with the Na+/H + exchange and does not represent an induced 
homeostatic reaction oi7 the epithelium when Na+/H + exchange 
is inhibited. 

Key Words gallbladder �9 apical membrane vesicles �9 Na+/H + 
exchange �9 C1-/OH- exchange �9 Na+-C1 - symport �9 furosemide 
�9 bumetanide �9 hydrochlorothiazide 

Introduction 

A c o u p l e d ,  e l e c t r i c a l l y  neu t ra l ,  s o d i u m  and  ch lo r ide  
a b s o r p t i o n  o c c u r s  a c r o s s  the  ap ica l  m e m b r a n e  o f  
g a l l b l a d d e r  ep i the l ium.  The  coup l ing  has  been  ex-  

p l a ined  by  a s imple  Na+-C1 - s y m p o r t  on  a s ingle  
ca r r i e r  o r  b y  a N a + / H  +, C I - / H C O 5  dua l  e x c h a n g e  
(He in tze ,  P e t e r s e n  & W o o d ,  1981; R e u s s ,  1984; 
Spr ing ,  1984; C r e m a s c h i  et  a l . ,  1987a,b).  A v a i l a b l e  
da t a  sugges t  d i f f e rences  a m o n g  an ima l  spec i e s .  

In  r abb i t  ga l lb l adde r ,  e l e c t r o p h y s i o l o g i c  expe r i -  
men t s  as wel l  as  r a d i o i s o t o p i c  m e a s u r e m e n t s  in in- 
tac t  ep i the l ium have  i n d i c a t e d  the  p r e s e n c e  o f  a dua l  
e x c h a n g e  and a Na+-C1 - s y m p o r t  w h i c h  a re  no t  
a f fec ted  by  K + o r  b u m e t a n i d e  ( C r e m a s c h i ,  M e y e r  
& Rosse t t i ,  1983; C r e m a s c h i  e t  a l . ,  1987a,b).  N e v e r -  
the less ,  e v i d e n c e  has  b e e n  o b t a i n e d  in r e c e n t  y e a r s  
tha t  in m a n y  ep i the l ia l  and  n o n e p i t h e l i a l  ce l ls  the  
Na+-C1 - s y m p o r t  is, in fact ,  a N a + - K + - 2 C 1  - sym-  
por t  (Hannaf in  et  al . ,  1983; K o e n i g ,  R i c a p i t o  & 
Kinne ,  1983; O b e r l e i t h n e r  e t  a l . ,  1983; F r i z z e l l  & 
F ie ld ,  1984; G r e g e r  et  a l . ,  1984; B r o w n  & M u r e r ,  
1985; E p s t e i n  & Si lva ,  1985; T u rne r ,  G e o r g e  & 
Baum,  1986; O ' G r a d y ,  Pa l f r e y  & F i e l d ,  1987). A t rue  
Na+-C1 - s y m p o r t  s e e m s  to be  p r e s e n t  on ly  in f ew  
cell  t ypes  be s ide s  r abb i t  g a l l b l a d d e r  e p i t h e l i u m  (Cos-  
t anzo  & W i n d h a g e r ,  1978; F r i z z e l l  & F i e ld ,  1984; 
S tokes ,  1984; V e l a z q u e z ,  G o o d  & Wr igh t ,  1984). 
I n d e e d ,  it has  a l so  b e e n  s u g g e s t e d  tha t  N a + - K  +- 
2C1- and  Na+-C1 s y m p o r t s  cou ld  r e p r e s e n t  di f fer-  
ent  func t iona l  m o m e n t s  o f  the  s a m e  t r a n s p o r t  s y s t e m  
(Eve lo f f  & Ca lamia ,  1986; H o f f m a n ,  1986). T h e  two  
s y m p o r t s ,  in add i t i on  to p l a y ing  i m p o r t a n t  ro les  in 
t r ansep i the l i a l  t r a n s p o r t ,  a p p e a r  to be  r e l a t e d  to  cel l  
v o l u m e  regula t ion .  The  l a t t e r  has  b e e n  o b s e r v e d  in 
Er l i ch  a sc i t e s  t u m o r  cel ls  (Hof fman ,  S j o h o l m  & Si- 
monse n ,  1983; G e c k  & Pfeif fer ,  1985), the  t h i c k  as-  
cend ing  l imb of  H e n l e ' s  l oop  ( E v e l o f f  & C a l a m i a ,  
1986), f rog skin  (Uss ing ,  1982, 1985), av i an  r ed  cel ls  
( U e b e r s c h a r  & B a k k e r - G r u n w a l d ,  1983) and  h u m a n  
f ib rob las t s  ( O w e n  & Pras t e in ,  1985) a f te r  h y p e r o s -  
mo t i c  cel l  sh r inkage .  T he re fo r e ,  i t  f o l l ows  tha t  the  
Na+-C1 - s y m p o r t  r e v e a l e d  in r a b b i t  g a l l b l a d d e r  
cou ld  o p e r a t e  s i m u l t a n e o u s l y  wi th  dua l  e x c h a n g e  o r  
be  t r ans i en t l y  a c t i v a t e d  as  a h o m e o s t a t i c  r e a c t i o n  o f  
the  cel l  owing  to the  e x p e r i m e n t a l  c o n d i t i o n s  tha t  
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a b o l i s h e d  N a + / H  +, C 1 - / H C O 3  e x c h a n g e .  O n  t h e  
bas i s  o f  e x p e r i m e n t s  p e r f o r m e d  on  in t ac t  t i s sue ,  

b o t h  h y p o t h e s e s  r e m a i n  va l i d  ( C r e m a s c h i  e t  a l . ,  

1987a).  S i n c e  w e  r e c e n t l y  d e v e l o p e d  a m e t h o d  to 
i s o l a t e  a p i c a l  p l a s m a  m e m b r a n e s  in r a b b i t  ga l lb lad-  

d e r  e p i t h e l i u m  (Bott~t e t  a l . ,  1987), w e  w e r e  a b l e  to 

se t  up  e x p e r i m e n t s  w i t h  v e s i c l e s  to  c h a r a c t e r i z e  ion-  

t r a n s l o c a t i n g  m e c h a n i s m s  p r e s e n t  on  t h e  ap i ca l  
m e m b r a n e  f r e e  o f  c y t o p l a s m i c  c o n t r o l .  

representative of the average behavior of many separate prepara- 
tions (three determinations for each preparation). Superimposi- 
tion of many traces obtained in different conditions has been done 
in several cases for an easier comparison of the results of different 
experiments. The number of preparations for each experimental 
condition is reported, together with relevant statistical data (see 
also Table 1). 

To evaluate initial Na +-dependent rates of dissipation of an 
imposed pH gradient, we considered the interval between 0.5 
and 3 sec after injection of Na-gluconate or N-methylglucamine- 
gluconate. 

Materials and Methods 

MEMBRANE PREPARATION 

Brush border membrane vesicles (BBMV) were prepared from 
New Zealand rabbit gallbladders collected directly in a slaughter- 
house (Azienda Agricola Bernasconi, Valmorea, Como, Italy). 
Gallbladders, excised immediately after the animal was killed by 
electroshock, were washed free of bile with a Krebs-Henseleit 
solution; the mucosa was scraped off and thereafter kept in a 
Tris-mannitol solution at 0-4~ Scraped mucosae, brought to 
our laboratories within 60-80 min, were successively subjected 
to CaC12 or, if specified, to MgC12 treatment followed by isopycnic 
centrifugation in a Percoll medium, as already described (Bott~t 
et al., 1987). To obtain and preload vesicles, the pellet obtained 
after eliminating the residual Percoll was resuspended in an appro- 
priate buffered saline (i.e., the loading solution) for 8-10 hr at 
4~ and then centrifuged at 120,000 x g for 45 min. The final 
pellet was resuspended, using a syringe and fine needle, in the 
same saline and left for 2 hr at room temperature before experi- 
mentation. Protein concentration was measured by a Bio-Rad 
assay kit and adjusted to a final value of 6.5 mg/ml. 

MEASUREMENT OF A p H  

Changes in transmembrane pH gradients were analyzed using 
the fluorescence quenching of acridine orange (AO) (Warnock, 
Reenstra & Yee, 1982). Nonconventional use of a microfluo- 
rimeter (Leitz MPVII-Ploemopak) allowed us to inject very small 
samples (1 /zl) of BBMV into 71 txl of the test solution, which 
already contained AO at a final concentration of 6/zM (protein 
final concentration, 90.3 mg/ml). The container was a small cylin- 
der (diameter, 5 ram; height, 2 mm) drilled in a thin steel plate. 
Solutions were continuously stirred by a microstirrer. The labora- 
tory containing all the measurement apparatuses was thermo- 
stated to keep all solutions at 20 +- I~ Selection of excitation 
(450 nm < X < 490 nm) and emission light (X > 515 nm) was 
accomplished using a Leitz filter Set (I2) comprising an excitation 
filter (BP 450-490), a diehroic plate (RKP510) and an emission 
filter (LP 515). Measuring and illuminating fields were circular 
(150 and 380/zm diameters, respectively). Fluorescence of the 
test solution containing AO was arbitrarily adjusted to 100 units 
before vesicle addition. Fluorescence variations were calculated 
as a percentage with reference to the level attained after BBMV 
injection into the test solution containing AO in the absence of 
a ApH. In this way, results do not depend on the nonspecific 
quenching, which is ApH independent and due to vesicle addition 
(see Results and Warnock et al., 1982). Curves shown in the 
figures are from single experiments, and each trace is the most 

BATHING SOLUTIONS 

Solutions had the following compositions (in mM): (i) Krebs- 
Henseleit: 142.9 Na +, 5.9 K +, 2.5 Ca 2+, 1.2 Mg 2+, 127.7 C1-, 
24.9 HCO~-, 1.2 H2PO~-, 1.2 SO24 - , pH 7.8 (this pH value has been 
found to give the best results in order to wash gallbladders free 
of bile). (ii) Tris-mannitol: 10 Tris, 300 mannitol, pH 7.1. Different 
solutions used as intra- and extravesicular media contained NaC1, 
Na-gluconate, K-gluconate, N-methylglucamine-Cl (see figure 
legends), all brought to a final osmolality of 308 mosmol/kg by 
the addition of N-methylglucamine-gluconate. The pH was 7.1 if 
not otherwise specified. The buffer was 1 mM HEPES/Tris. When 
needed, 5/xM valinomycin in the external medium together with 
intra- and extravesicular 50 mM [K +] allowed clamping of the 
voltage to zero. In some of the experiments, valinomycin was 
added to the suspension that contained vesicles 1 hr before its 
utilization. Results were not influenced by such a pretreatment, 
which suggests a fast partition of valinomycin in the membrane. 

STATISTICS 

Data are reported as mean +- SE followed by the number (n) of 
separate BBMV preparations. Each preparation was obtained 
from over 100 gallbladders; at least three different determinations 
with the same preparation were made for each experimental con- 
dition. Statistical significance was evaluated with the paired or 
the unpaired t test. 

MATERIALS 

AO, valinomycin, nigericin, monensin, furosemide and hydro- 
chlorothiazide (HCTZ) were obtained from Sigma Chemicals (St. 
Louis, MO); bumetanide was a kind gift from Leo Pharmaceutical 
Products (DK-2750 Ballerups, Denmark) and amiloride from 
Merck Sharp & Dohme (Rahway, N J). All other chemicals were 
reagent grade. N-methylglucamine-gluconate was obtained by 
titration of the gluconic acid. 

Results 

A p H  DEPENDENCE OF A O  FLUORESCENCE 

QUENCHING 

D y e  r e s p o n s e  c a l i b r a t i o n  w a s  a c c o m p l i s h e d  b y  
a p p l y i n g  v a r i o u s  A p H  a c r o s s  v e s i c l e  m e m b r a n e s .  
I n t e r n a l  p H  w a s  f ixed  at  a v a l u e  o f  5. T h e  d r o p  in 
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Table 1. Maximal  initial f luorescence quenching (subtracted for nonspecific quenching) and ApH- 
dependent  f luorescence recovery  (AF% obtained 30 sec or 3 rain after vesicle injection) in different 
condit ions a 

Exper imenta l  A F % A F% 
condit ions maximal  initial quenching recovery 

30 sec 3 rain 

1' Na § 28.9 _+ 4.3 (4) 27.9 -+ 4.8 (4) 
1' Na + 10.5 -+ 2.8 (5) 10.4 + 1.5 (5) 9.6 -+ 4.0 (5) 

(PD = 0) 
I, CI-  40.1 _+ 3.1 (4) 39.5 _+ 2.7 (4) 
~, CI-  0.1 _+ 0.1 (4) 0.1 + 0.1 (4) 

(PD = 0; pH = 7.1) 
~,CI- 0.1 -+ 0.2(4)  0.2 -+ 0.1 (4) 

(PD = 0; pH = 8.0) 
$ C F  + $ K + ; nigericin 20/zM 46.9 --+ 3.7 (4) 46.5 --+ 3.5 (4) 

(PD = 0; pH = 8.0) 
~'Na + + 1'C1 7.2 + 1.4(11) 7 . 5 - + 0 . 9 ( 1 1 )  1 .5 -+0 .5 (11 )  

(PD = 0) 
1 'Na + + 1 ' C l - ; f u r o s e m i d e  10 4M 7.4-+ 1.8(4) 7.7--+ 1.9 (4) 1.6-+ 1.0(11) 

(PD = 0) 
1 'Na + + 1 ' C l - ; b u m e t a n i d e  10-SM 7 .1+_1 .2 (4 )  1 . 9 + 0 . 8 ( 4 )  

(PD = 0) 
Na  + 11.1 _+ 1.5 (5) 9.3 -+ 2.0 (5) 
(PD = 0; Cl-in,out = 100 raM) 

1 'Na + + 1 ' C I - ; H C T Z 5  • 10 4M 11.2--+ 1.7 (4) 10.3 --+ 3.0 (4) 
(PD = 0) 

a Values of  maximal  initial f luorescence quenching refer only to the exper iments  whose  recovery value 
is that taken at 3 min. 1', ~, s tand respect ively for an outwardly or an inwardly directed concentrat ion 
gradient (100/0 mM). 

f luorescence  observed  on addition of  vesic les  was 
related to the preset  ApH in a range be tween  1 and ~ 100 
2.5 units. After subtraction of  the small nonspecific 
quenching detected by equilibrating internal and ex- ~ % 

O3 

ternal pH, we found a linear correlation between the 
percentage of  f luorescence  change (y) and ApH (x): ~ B0 
y = 33.9 4- 4.9x - 19.9 -+ 3.6 (r = 0.91 + 0.04; n 
= 7). The intercept on the x axis indicated that 70 
pH variations should not be detectable unless the 
difference be tween  extra- and intravesicular pH was 
at least about 0.6 units. 

a a '  

el 
C ~ C "  

t 
F I [ I - -  P I [ I 
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T R A N S V E S I C U L A R  ApH D E P E N D E N T  ON A Na + 
C O N C E N T R A T I O N  G R A D I E N T  

To reveal  ionic m o v e m e n t s  that might be coupled to 
O H -  or H +, w e  tested the effects of  preimposed 
ionic concentrat ion gradients on intravesicular acidi- 
fication. 

When ves ic les  preloaded with 100 mM N a  § were 
injected into a medium with the same compos i t ion  
and pH, there was  a small f luorescence  quenching 
(Fig. 1, trace a) that was  not modified fol lowing the 
addition o f  a protonophore  (5 ~M monens in  or 5/xM 

Fig. 1. Changes  in intravesicular  pH in response  to an outwardly 
directed [Na +] gradient.  ~, indicates injection of  brush border  
membrane  vesicles (BBMV). Composi t ion of  initial intra- (in) and 
extravesicular  (out) media  refers to each trace. Trace a: in = out  
= 100 mM Na +, pH 7.1. Trace b: in = 100raM Na +, 50raM K +, 
pH 7.1; out  = 0 mM Na +, 50 mM K +, 5/~M valinomycin,  pH 7.1, 
Trace c: in = 100 mM Na +, pH 7.1; out  = 0 mM Na +, pH 7.1, 
Solutions were mainta ined isotonic and at the desired initial pH 
as specified in Materials and Methods .  All the external  solutions 
contained 6 /xM acridine orange. 1' indicates injection of Na- 
gluconate (final concentra t ion = 28 mM, traces a ' ,  b ' ,  b", c') 
or N-methylg lucamine-gluconate  (final concentra t ion = 28 raM, 
trace c"). Each  trace has  been chosen to be representat ive  of  the 
average time course  of  each exper iment  
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monensin and 28 mM Na+),  of 28 mM Na-gluconate 
or 28 mM N-methylglucamine-gluconate to the exter- 
nal medium (Fig. 1, trace a'). Such quenching cor- 
responded to the small nonspecific ApH-indepen- 
dent f luorescence quenching described in the 
previous section of Results. However ,  when vesi- 
cles preloaded with 100 mM Na + were placed in an 
external medium with the same pH but without Na + , 
a marked fluorescence quenching and thus a marked 
intravesicular acidification took place upon vesicle 
injection (Fig. 1, trace c). Such quenching, except  
for the nonspecific component ,  was reversed by Na + 
addition to the external medium~ The degree of re- 
versibility depended on the final concentration of 
the added Na + and was maximum at 28 mM Na + 
(Fig. 1, trace c ' : f luorescence  difference (AF) = 
27.9 + 4.8%; n -- 4; P < 0.01). Increasing the final 
Na + concentrat ion (up to 56 raM) in the external 
medium did not cause any more significant fluores- 
cence variation. Addition of N-methylglucamine- 
gluconate (up to 28 raM) had no significant effect on 
fluorescence (Fig. 1, trace c"). 

Maintenance of  a null t ransmembrane PD ([K + ]~ 
= [K+)o = 50 m M +  5 ~M valinomycin) reduced 
but did not prevent  fluorescence quenching (Fig. 1, 
trace b). In fact, Na § fluorescence recov- 
ery observed 3 min after vesicle injection, although 
smaller than that obtained when K + was absent, was 
significantly different from zero (Fig. l, trace b': 
AF = 9.6 -+ 4.0%; n = 5; P < 0.01). 

The fluorescence quenching observed after vesi- 
cle injection attained its maximum at about 30 sec 
and thereafter  decreased very slowly during the fol- 
lowing minutes (less than 10% in 3 rain) so that 
Na + addition 30 sec after vesicle injection caused a 
fluorescence recovery  (Fig. l, trace b") that was not 
statistically different from that obtained at 3 rain (see 
Table 1). 

E F F E C T S  OF Na + A N D  A M I L O R I D E  ON T HE  

D I S S I P A T I O N  R A T E  OF AN I M P O S E D  

T R A N S V E S I C U L A R  ApH 

To have an indication of Na + fluxes not electrically 
coupled to H +, we set up experiments in which a 
preset ApH was present (1.8 pH units) between the 
inside and the outside of the vesicles. Na + was ab- 
sent and the electric potential difference (PD) was 
abolished. Vesicle injection caused a rapid initial 
fluorescence quenching that dissipated only at a very 
slow rate (Fig. 2A). Addition of Na + at different 
concentrat ions to the external medium 10 sec after 
vesicle injection increased the rate of  dissipation in 
a concentrat ion-dependent  way (Fig. 2A, traces a 
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Fig. 2. Effects of  sodium on the dissipation of a preset  ApH in 
the absence  (A) or presence (B) of amiloride (10 -4 ~)  in the 
external medium. $ indicates injection of BBMV.  In, out  = 0 
mM Na +, 50 mN K+; in = pH 5.3; out  = pH 7.1; out  = 5 
txM valinomycin.  Solutions were mainta ined isotonic and at the 
desired initial pH as specified in Materials and Methods .  All the 
external  solutions contained 6/xM acridine orange.  T indicates 
injection of Na-gluconate  (a = 28 mM, b = 4.7 raM, final concen-  
trations) or N-methylglucamine-gluconate  (c = 28 mM, final con- 
centration). Each  trace has been chosen  to be representa t ive  of 
the average time course  of  each exper iment  

and b). In contrast,  addition of N-methylglucamine- 
gluconate to the same final concentrat ion values did 
not modify the rate of  spontaneous dissipation (Fig. 
2A, trace c: AF spontaneous dissipation = 0.1 + 
0.05% sec-1; n = 5). 

Although the relationship between AF% and in- 
travesicular [H + ] changes is logarithmic (see first 
section of the Results), in the range of  the small 
AF% variations such as those observed in our  exper- 
iments it can be reasonably approximated to a linear 
relationship. Therefore,  the rate of dissipation of  
fluorescence quenching can be assumed as propor-  
tional to the H + efflux. This conclusion is supported 
by data from other authors (Sabolic & Burckhardt ,  
1983b; Cassano, Stieger & Murer,  1984), who found 
a Na+ /H + saturation kinetics on the basis of  the 
relationship between AF% sec-1 and Na + concen- 
trations with the AO method. The linear dependence  
of AF/sec (with a preset ApH and [K +] at equal 
concentrations inside and outside) from H + efflux 
was also confirmed by the experiments  of  Ives,  Yee 
and Warnock (1983), which were based on the use 
of different concentrations of nigericin added to the 
extravesicular medium. 

The Na+-dependent  dissipation rate exhibited 
saturation kinetics (Kin = 6.3 -+ 0.9 raM, g m a  x = 2.0 
--+ 0.1 AF% sec-1; n ----- 5; see Fig. 3). Addition of  
amiloride (10 -4 M) to the external solution did not 
alter initial quenching nor its spontaneous dissipa- 
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Fig. 3. Kinetics of Na ' /H § exchange in 
BBMV in the absence (A) or in the presence 
(B) of 10 -4 M amiloride. The Na+-dependent 
dissipation rates of the fluorescence 
quenching due to an imposed ApH are 
reported. Each point represents the mean + 
sE of the results obtained with 5 (A) or 3 (B) 
separate vesicle preparations (three 
determinations for each preparation) 

t ion  with respec t  to cont ro l  (Fig. 2B). Howeve r ,  the 
rate  of ApH diss ipa t ion  caused  by  N a  + addi t ion,  100 
a l though still c o n c e n t r a t i o n  dependen t ,  was signifi- 
can t ly  smal ler  in amilor ide  than  in cont ro l  condi t ions  g 90 
(Fig. 2B, t race a,  P < 0.01; t race  b, P < 0.02). The  
degree  of inh ib i t ion  was inverse ly  p ropor t iona l  to ~ 8o 
the final [Na + ] (50% inhib i t ion  at [Na + ] = 4.7 raM; 
39% inhibi t ion  at [Na +] = 28 mM, see also Table  ~ 70 
3). Da ta  ob ta ined  f rom expe r imen t s  with amilor ide  
( 1 0  . 4  M) at var ious  [Na + ] y ie lded kinet ic  charac ter -  6o 
istics (see Fig. 3) which  differed significantly f rom 
those ob ta ined  in the absence  of the inh ib i tor  only  
in the K,,, va lue  (Vma x =- 2.0 • 0.2 A F %  sec 1; Km 
= 28.8 • 4.1 raM; n = 3). 

TRANSVESICUEAR ApH DUE TO AN INWARDLY 
DIRECTED C1- CONCENTRATION GRADIENT 

A n  inward ly  d i rec ted  [ e l - ]  gradient  (Cli = 0 mM, 
CIo = 100 mM) caused  m a r k e d  in t raves icu la r  acidi- 
f icat ion (Fig. 4, t race  c). N a  + (28 raM) + m o n e n s i n  
(5 /xM), added  3 min  after  vesic le  in ject ion,  res tored  
init ial  f l uo rescence  except  for nonspeci f ic  quench ing  
(Fig. 4, t race  c ' :  A F  = 39.5 -+ 2.7%; n = 4). How-  
ever ,  if the e lectr ic  po ten t ia l  d i f ference was abol- 
ished,  ves ic le  in jec t ion  was no t  fol lowed by  any  acid- 
if ication,  no r  did s u b s e q u e n t  Na  + addi t ion  cause  any  
change  in f luorescence  (Fig. 4, t races  b and  b ' :  A F  
= 0.1 - 0 .1%; n = 4; see also Table  1). Similar  
resul ts  (Fig. 5, t races  a and a ' :  A F  = 0.2 • 0.1%; n 
= 4) were  ob ta ined  w h e n  in te rna l  and  externa l  pH 
were  higher  (pH = 8). To ver ify vesicle  integri ty 
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Fig. 4. lntravesicular pH variations dependent on an inwardly 
directed [CI-I gradient. ~ indicates injection of BBMV. Trace 
a: in, out = 0 mM Na +, 0 mM CI-, 50 mN K +, pH 7.1. Trace b: 
in = 0 mM Na + , 0 mN CI-, 50 mM K +, pH 7.1 ; out = 0 mM Na +, 
100 mN CI-, 50 mN K +, 5 /~M valinomycin, pH 7.1. Trace c: in 
= 0 mM Na +, 0 mM C1 , 0 mM K+; out = 0 mM Na +, 100 mM 
CI-, 0 mM K +. Solutions were maintained isotonic and at the 
desired initial pH as specified in Materials and Methods. All the 
external solutions contained 6 /A,M acridine orange. I" indicates 
addition of Na-gluconate alone (final concentration = 28 mM; 
traces a', b') or preceded by addition of monensin (final concen- 
tration = 5 tzM, trace c'). Each trace has been chosen to be 
representative of the average time course of each experiment 

unde r  these more  basic  cond i t ions ,  ves ic les  f rom 
the same p repa ra t ion  (i.e.,  a lso p re loaded  with K +) 
were  in jec ted  in a K + - a n d  C1--f ree  so lu t ion  con ta in -  
ing niger icin (20 /xM). A rapid  and  m a r k e d  ini t ia l  
quench ing  was  obse rved  fo l lowed by  f luorescence  
recovery  (Fig. 5, t races  b and b ' :  A F  = 46.5 _+ 3.5%; 
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Fig. 5. Intravesicular  pH variations dependent  on an inwardly 
directed [Ct - ] gradient  when  pH was initially 8 on both sides. 
indicates injection of  BBMV. Trace a: in = 0 mM Na +, 0 mM 
C1-, 50 mM K +, pH 8; out  = 0 mM Na +, 100 mM C1-, 50 mM 
K +, 5 /,tM val inomycin,  pH 8; trace b: in, the same as for trace a; 
out = 0 mM Na +, K +, CI- ,  20 /J~M nigericin, pH 8. Solutions 
were maintained isotonic and at the desired pH as described in 
Materials and Methods.  All the external  solutions contained 6 
/zM acridine orange. 1' indicates addition of  Na-gluconate  (final 
concentrat ion 28 m u ,  trace a ' )  or K-gluconate  (final concentra-  
tion 50 mM, trace b ') .  Each trace has  been chosen  to be represen-  
tative of  the average time course  of  each exper iment  

n = 4; see  also Table 1) on K-gluconate addition 
(final concentrat ion = 50 mM). 

T R A N S V E S 1 C U L A R  A p H  D U E  TO O U T W A R D L Y  

DIRECTED N a  + A N D  C1- C O N C E N T R A T I O N  

G R A D I E N T S  

The aforement ioned results indicate that a [Ct-  ] gra- 
dient alone does not cause changes in fluorescence 
by electrically silent transport .  The possibility of  
an electroneutral  coupling of C1- fluxes with Na  + 
movemen t s  and p H  changes was studied. When un- 
der short-circuit  conditions both [Na +] and [C1-] 
gradients were  present  (Nai = Cli = 100 mM; Na  o = 
Clo = 0 raM), vesicle injection caused a fluorescence 
quenching that attained its maximum in 20 to 30 
sec and then quickly decreased (Fig. 6, trace a). 
F luorescence  recovery  following Na  + addition at 3 
min (Fig. 6, t race a ' ;  AF  = 1.50 -+ 0.5%; n = 11; 
different f rom zero, P < 0.01) was markedly reduced 
compared  to the values obtained at 30 sec (Fig. 6, 
t race a"; AF = 7.5 -- 0.9%; n = 11). This is a 
reduction of about  80% (P  < 0.01). Na+-dependent  
f luorescence recovery  at 3 min under such condi- 
tions was also decreased c o m p a r e d  to that obtained 
when only a [ N a  § ] gradient was present  (see  Table 
1 and second section of  the Results). The differences 
were significant: P < 0.05 by paired analysis per- 
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Fig, 6. Transvesicular  ApH due to an outwardly  directed [Na + ] 
and [C1-] gradient. $ indicates injection of BBMV. Trace a: in 
= 100 mM Na + and CI- ,  50 mM K ~, pH 7.1; out  = 0 mM Na + 
and CI- ,  50 mM K *, 5 /xM val inomycin,  pH 7.1; trace b: as for 
trace a but with 10 -4 M furosemide  in the external  medium.  
Solutions were maintained isotonic and at the desired pH as 
described in Materials and Methods .  All the external  solutions 
contained 6 /*M acridine orange. " indicates addition of Na- 
gluconate (final concentrat ion = 28 mM, traces a ' ,  b ' ,  a", and b"). 
Each trace has been chosen to be representa t ive  o f  the average 
time course of each experiment 

formed on samples from the same preparat ion 
loaded with different solutions, and P < 0.01 by the 
unpaired t test. To rule out the possibility that our 
results were due to the activation of  a C I - / O H -  
(HCO3)  exchange,  we repeated the exper iments  in 
the same conditions and in the presence  of an ex- 
change inhibitor in the external solution. 
C1- /HCO 3- exchange can be inhibited by furosemide 
(Cremaschi  et al., 1987a) and 4-acetamido-4'- isothi-  
ocyanost i lbene-2,2 ' -disulfonate (SITS) but the latter 
markedly reduced fluorescence when added to a test 
solution containing AO without vesicles, whereas 
the former  had no effect. The presence  of furosemide  
(10 -4 M) had no effect on f luorescence changes with 
respect  to controls (Fig. 6, trace b; 30 sec, trace b": 
AF  = 7.7 _+ 1 .9%;3  rain, t r a c e b ' :  ~XF = 1.6 + 
1.0%; n = 4). 

We then sought to establish whether  the out- 
wardly directed [C1-] and [Na +] gradients or the 
presence of Cl -  by itself influenced [Na + ] gradient- 
dependent  pH changes.  Vesicles were  preloaded 
with Na  + = CI-  = 100 mM, K + = 50 mM, and were  
injected in a medium containing 100 mM C I - ,  0 mM 
Na+,  50 mM K + + 5 tzM val inomycin.  

Initial f luorescence quenching was slightly 
greater with respect  to the condition when no C1- 
was outside and its dissipation was largely reduced 
(Fig. 7, trace a; see  also Table  I). The Na+-depen  - 
dent f luorescence recovery  at 3 rain (Fig. 7, t race a ' )  
was therefore significantly different (P < 0.01; i F  
= 9.3 -+ 2.0%; n = 5) f rom that obtained when the 
same vesicles were injected into a C1--free solution 
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Fig, 7. Intravesicular  pH variations dependent  on an outwardly 
directed [Na § ] gradient  in the presence of  equal intra- and extra- 
vesicular  CI-~ concentra t ion  (trace a): trace b: presence o fbumet -  
anide (10 -5 M) in the external  medium together  with an outwardly 
directed [C1-] gradient.  ~, indicates injection of  BBMV. Trace 
a: in = 100 mM Na + and CI- ,  50 mM K +, pH 7.1; out  = 0 mM 
N a ' ,  100 mM CI- ,  50 mM K +, 5/xM val inomycin,  pH 7.1. Trace 
b: in, the same as for trace a; out = 0 mM Na% CI , 50 mM K + , 
5/zM val inomycin,  10-s M bumetanide.  Solutions were maintained 
isotonic and at the desired pH as described in Materials and 
Methods .  All the external  solutions contained 6/zM acridine or- 
ange. ~' indicates addition of Na-gluconate  (final concentrat ion 
28 raM, traces a', b') .  Each trace has been chosen to be represen- 
tative o f  the  average time course  of  each exper iment  

(zXF = 1.3 --_ 0.8%; n = 5). Conversely,  the overall 
trace and the quantitative parameters  taken as refer- 
ence were not significantly different from those ob- 
tained with a Na § gradient in the absence of vesicu- 
lar and extravesicular  CI - .  Considering the presence 
of  K +, previous data (i.e., the rapid dissipation of  
fluorescence quenching) could be ascribed to Na +- 
K +-2C1- cotransport ,  which would extrude Na* and 
hence dissipate its gradient. To test this possibility, 
vesicles were preloaded with Na § = C1- = 100 raM, 
K + = 50 mM, and injected into a solution containing 
Na + = C1- = 0 raM, K + = 50 raM, valinomycin = 
5 /xM and bumetanide = 10-5 M. The presence of 
bumetanide,  which is known to be an inhibitor of 
Na+-K+-2C1 - cotransport  in other  cells (Palfrey, 
Feit & Greengard,  1980), did not modify the fluores- 
cence changes elicited by vesicle injection (Fig. 7, 
trace b; trace b': A F a t  3 min = 1,9 + 0.8%; n = 4; 
see also Table l). 

Conversely,  in experiments carried out using 
H C T Z  (5 x 10 -4 m), the fluorescence time course 
was similar to that obtained when only a [Na + ] gradi- 
ent was present  (Fig. 8). In fact, the decrease in 
quenching elicited by Na + addition to the external 
medium (3 rain after vesicle injection) was not statis- 
tically different in the two experimental conditions 
(Fig. 8, trace a ' :  AF  = 10.3 _+ 3,0%; n = 4; Fig. 1, 
trace a ' :  AF  = 9.6 -+ 4.0%; n = 5), but was signifi- 
cantly different from that obtained when both [Na+] 
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Fig. 8. Transves icular  ApH due to an outwardly directed [Na+! 
and [CI-] gradient in the presence of  hydrochlorothiazide  (5 • 
10 -4 M). ~, indicates injection of  BBMV.  In = 100 m g  Na  + and 
C1-, 50 mM K +, pH 7.1; out  = 0 mM N a ' ,  100 mM CI- ,  50 mM 
K - ,  5 /zM valinomycin,  pH 7.1. ~' indicates addition o f  Na- 
gluconate (final concentrat ion 28 mM). The trace has  been chosen  
to be representat ive of the average t ime course  of  each exper iment  

and [Cl-] gradients were present in the absence of  
HCTZ (P < 0.01; see Table 1). 

C O M P A R I S O N  B E T W E E N  VESICLES  O B T A I N E D  BY 

S E P A R A T I O N  W I T H  C a  2+ OR M g  2+ 

The various procedures used during the separative 
steps that produce the final vesicle preparation may 
result in different permeability patterns for different 
ions. The possibility of altering the membrane struc- 
ture and introducing artificial conductances  as well 
as that of varying the rate of many transport  systems 
must always be considered, particularly when using 
Ca 2+ (Sabolic & Burckhardt ,  1984). Our separation 
method also allows addition of Mg 2+ (Mg 2+ treat- 
ment) instead of Ca 2+ (Ca 2+ treatment) to the ho- 
mogenate before the first centrifugation. 

On this basis, we repeated the most significant 
experiments among those already described, utiliz- 
ing vesicles prepared by Mg 2+ treatment.  The pat- 
terns of fluorescence changes obtained in different 
experimental conditions after vesicle injection 
closely resembled those observed with vesicles from 
Ca 2+ treatment. Table 2 shows the Na+-dependent  
fluorescence recovery 3 rain after vesicle injection 
in various experimental  conditions. Also in this 
case a [Na +] gradient induced an intravesicular 
acidification (zSF = 29.8 -+ 5.3%; n = 5). Short  
circuiting the t ransmembrane electric potential dif- 
ference reduced but did not abolish this acidifica- 
tion (AF = 10.6 _+ 2.2%; n = 7). An inwardly 
directed [C1-] gradient did not cause detectable 
intravesicular acidification under short-circuit con- 
ditions. When outwardly directed [Na+] and [C1-J 
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Table 2. Comparison between vesicles prepared with Ca 2+ or Mg 2+ treatment referred to Na + depen- 
dent fluorescence recovery (~F%) obtained 3 rain after vesicle addition 

Experimental A F% P* 
conditions (Mg 2+ vs. Ca 2+) 

Mg2 + Ca 2+ 

[Na +] gradient 29.8 -+ 5.3 (5) 27.9 -+ 4.8 (4) NS 
(A) 

[Na +] gradient 10.6 -+ 2.2 (7) 9.6 -+ 4.0 (5) NS 
(B) (PD = 0) 

[C1-] gradient 0.2 -+ 0.2 (3) 0.1 -+ 0.1 (4) NS 
(C) (PD = 0) 

[Na+], [C1-] gradient 2.0 -+ 1.1 (5) 1.5 -+ 0.5 (11) NS 
(O) (PD = O) 

A vs. B, P < 0.05; A vs. B, P < 0.05; 
B vs. D, P < 0.05; B vs. D, P < 0.01; 

* P = statistical probability evaluated by Student's t test. 

gradients (always under short-circuit conditions) 
were present ,  the Na+-dependent  f luorescence re- 
covery  3 min after vesicle addition was reduced to 
very low values (AF = 2.0 -+ 1.1%; n = 5). 
Similarly, using vesicles obtained by separation 
with Ca 2§ or Mg 2+, there was no difference in the 
measures  of  the f luorescence changes (AF% sec-1) 
induced by  the electrically neutral N a + / H + e x  - 
change, in the presence  and in the absence of 
amiloride at all [Na + ] tested (see Table 3). 

Discussion 

RELIABILITY AND ADVANTAGES OF THE METHOD 

Owing to the small size of  the rabbit  gallbladder, 
we could rarely obtain more than 30 /xl (protein 
concentrat ion = 6.5 mg/ml) of  vesicle suspension 
even starting with 100 gallbladders. I f  measure-  
ments  had to be per formed with a standard fluo- 
r imeter,  a single test  would have required about  
10 to 20 ~zl of  vesicle suspension. Also, uptake 
measurements  with 36C1 or 22Na would have  re- 
quired similar quantities (100 to 200/xg of proteins) 
for each exper imental  point. 

The unconvent ional  use of  a microfluorimeter 
allowed us to bypass  this problem. At the same time, 
the good correlat ion be tween fluorescence and ApH 
variations in the range used guaranteed the reliability 
of the method.  Prel iminary data (not shown)  ob- 
tained on BBMV from rabbit  intestine led to the 
same conclusion. 

N a + / H  + EXCHANGE 

Coupling be tween the movemen t  of  H + and Na + 
ions is suggested by data obtained when a [Na +] 
gradient alone is imposed.  Fluorescence quenching 

is observed even under  short-circuit  conditions al- 
though to a lesser extent,  which indicates the pres- 
ence of an electrically neutral exchange ( N a + / H  +). 

The minor quenching with respect  to the open- 
circuit condition indicates the presence  of conduc-  
tive fluxes (see conductance  section) in parallel with 
the electroneutral  exchange.  

In the experiments  with an imposed ApH and 
short-circuit conditions, the Na+-dependen t  rate of  
dissipation of the initial f luorescence quenching con- 
firmed the occurrence of a neutral N a + / H  -- ex- 
change exhibiting saturation kinetics (Kin = 6.3 
raM). Such value is only slightly inferior to that found 
in intact Nec turus  gallbladder (11 mM) by Weinman 
and Reuss (1984) and in the same range as those 
reported for vesicles f rom intestinal (Hopfer  & 
Liedtke, 1987) and renal epithelia (Ives et al., 1983; 
Kinsella & Aronson,  1980). 

Amiloride is known to inhibit N a §  § exchange 
and to reach its maximal  effect at concentra t ions  
greater than 10 .3 M. At such concentra t ions ,  amilor- 
ide interferes with AO fluorescence (data not  
shown) .  Moreover ,  behaving as a weak base,  it could 
alter the imposed pH gradient be tween  the inside 
and outside of the vesicles, thus modifying the rate of  
spontaneous ApH dissipation (Dubinsky & Frizzell,  
1983). However ,  10 -4 M amiloride, which is the con- 
centration we used, had none of  these effects,  in 
agreement  with observat ions  in renal BBMV (Sa- 
bolic & Burckhardt ,  1983a; Cassano et al., 1984). 

Amiloride partially inhibited the N a + / H  + ex- 
change at all tested N a  + concentrat ions.  The per- 
centage of inhibition, which was inversely related to 
the Na  + concentrat ion,  and the prel iminary results 
obtained from kinetic exper iments  with the inhibi- 
tor, which showed an increase in the Kmax,ap p while 
the V m .... pp was not changed, are in agreement  with 
a possible competi t ion for a c o m m o n  binding site 
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Table 3. Rates of the electrically neutral Na+/H + exchange, with or without amiloride, in vesicles 

obtained from Ca 2+ or Mg 2+ separation 

115 

Experimental 2xF% sec 1 p .  

conditions 
Mg 2+ Ca 2+ 

(A) Control 1.8 -+ 0.4 (5) 1.6 -+ 0.2 (5) NS 

(Na + = 28 raM) 
(B) Amiloride (10 -4 M) 1.3 --+ 0.3 (5) 1.0 --+ 0.2 (5) NS 

(Na + = 28 mM) 
A-B, P < 0.02 A-B, P < 0.01 

(C) Control 0.6 +- 0.1 (5) 0.6 -+ 0.1 (5) NS 
(Na + = 4.7 raM) 

(D) Amiloride (10 -4 M) 0.3 --+ 0.1 (5) 0.3 --+ 0.1 (5) NS 
(Na + = 4.7 raM) 

C-D, P < 0.01 C-D, P < 0.01 

* P = statistical probability evaluated by Student's t test. 

(Kinsella & Aronson, 1980; Knickelbein, Aronson 
& Dobbins, 1982). 

C1-/OH EXCHANGE 

Our data suggest that C1 movements may be cou- 
pled to H + or OH only through an electrical path- 
way ( s e e  conductance section). Experiments per- 
formed at a neutral pH and at alkaline pH (to favor 
Cl - /OH-  activation), did not provide any evidence 
for the presence of a neutral C1- coupling with the 
movements of H § or OH-.  However, the same vesi- 
cles were normally functional, since they could 
maintain a pH gradient, as shown by experiments 
utilizing nigericin in the presence ofa  [K + ] gradient. 

Lack of evidence for this neutral transport could 
be due to experimental conditions that lead to an 
underestimation of proton intravesicular accumula- 
tion. For instance, short circuiting was achieved by 
utilizing the same K § concentration inside and out- 
side the vesicles and by adding valinomycin. How- 
ever, inadequacy of preloading could result in a 
lower intravesicular K § concentration than ex- 
pected theoretically. As a consequence, the in- 
wardly directed [K § ] gradient might give rise to an 
electric potential difference that would induce a H § 
efflux through the membrane. In fact, inadequacy of 
K + preloading in vesicles has already been observed 
(Lipkowitz & Abramson, 1987). We tried to over- 
come this problem by prolonged washing of the prep- 
aration in the same preloading solution before the 
final resuspension. However, even in the presence 
of the same concentrations of K § inside and outside 
the vesicles, the formation of a pH gradient could 
be prevented by a short-circuit mechanism involving 
a H+/K § exchange, as suggested for renal epithe- 
lium vesicles (Binder & Muter, 1986). It is difficult 

to postulate the presence of such a mechanism in 
rabbit gallbladder unless it acts at a very slow rate. 
Considering intracellular K + activity (aiK = 54--80 
mM; Gunter-Smith & Shultz, 1982; Cremaschi et al., 
1983) and assuming a pH difference between the 
inside and outside similar to that observed in N e c t -  
u r u s  ( - 0.2 pH units; Weinman & Reuss, 1982), elec- 
trochemical potentials for H + and K + favor proton 
absorption and K + secretion. However, K + secre- 
tion is negligible (Gunter-Smith & Schultz, 1982). 
Moreover, it is not easy to explain the presence on 
the membrane of a K+-dependent mechanism that 
absorbs protons while the Na§ § exchange ac- 
complishes H § secretion, considering that intracel- 
lular pH should favor a strict functional coupling of 
the Na+/H + and C1 /HCO3 exchanges. Lack of 
evidence for a C1-/OH exchange could be due to 
a high conductance for H + that possibly parallels a 
low neutral countertransport rate, as hypothesized 
for renal BBMV (Chen, Illsey & Verkman, 1988). 
However, a high conductance for H + is not in agree- 
ment with the slow dissipation rate observed for a 
preset pH gradient (about 5% of initial AF in the first 
30 sec under short-circuit conditions). Conversely, 
the slow rate of the exchange, together with the 
limitations due to the resolution of the technique, 
could explain why we did not detect C1-/OH- ex- 
change. This is in agreement with the data obtained 
in vesicles from other tissues using the AO method; 
[C1 ] gradients alone did not produce any detectable 
internal variation in pH (Sabolic & Burckhardt, 
1983b; Cassano et al., 1984; Seifter, Knickelbein & 
Aronson, 1984; Ives, Chen& Verkman, 1986). The 
low transport rate could be due to the fact that, 
under physiological conditions, bicarbonate and not 
OH- might be exchanged for C1-. This is in accor- 
dance with the observation that in intact rabbit gall- 
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bladder C1-/HCO3 exchange inhibitors such as 
SITS or furosemide reduce the rate of CI entry, 
thus attaining an inhibition level which never ex- 
ceeds that obtained by eliminating HCO 3 from the 
incubation medium, even in the presence of acet- 
azolamide (Cremaschi et al., 1987a). 

It should be noted that the lack of a fluorescence 
quenching dependent on C1- in the presence of val- 
inomycin and K + (equivalent inside and outside con- 
centrations) confirms that this situation allows an 
effective short circuit of the transmembrane electri- 
cal potential. Indeed, use of a similar procedure also 
resulted in a short-circuit condition in intestinal and 
renal BBMV (Sabolic & Burckhardt, 1983b, 1984; 
Cassano et al., 1984). 

Na+-C1 - SYMPORT 

Under short-circuit conditions an inwardly directed 
[CI- ] gradient did not induce any measurable change 
in intravesicular pH, but when the same gradient 
was imposed together with a [Na + ] gradient in the 
same direction, a significant acidification took place. 
However, the acidification was less than that ob- 
tained with a [Na + ] gradient alone and, moreover, 
it was transient. 

The AO method allows small pH variations to 
be detected, provided that the inside proton concen- 
tration is about 0.6 pH units higher than that outside 
(see first section of Results; Warnock et al., 1982). 
It follows that, if experimental conditions cause a 
marked intravesicular acidification, successive 
small pH variations due to a C1-/OH- exchange 
could be detected. However, the rapid dissipation 
of acidification observed when outwardly directed 
[CI-] and [Na +] gradients are both present is large 
and significant. It is difficult to conceive that it 
should be attributed to a C1-/OH- exchange alone, 
whose effects are not detectable even at a more 
basic pH. This is also supported by the fact that 
furosemide (10 . 4  M), which completely inhibits 
C1-/HCO3 exchange in intact rabbit gallbladder 
(Cremaschi et al., 1987a), does not prevent the dissi- 
pation of acidification. One might suggest that C1- 
itself induces a larger Na § passive permeability 
since only with its presence is proton dissipation 
observed. However, this is not conceivable since 
only [C1-] gradient and not C1- per  se is efficient for 
this action. 

Thus, it seems reasonable to conclude that the 
[CI-] gradient induces a progressive reduction in 
the [Na + ] gradient, which results in a minor and 
transient proton accumulation. 

All data suggest the existence ofa Na+-C1 - sym- 
port, possibly K + independent since bumetanide 

had no effect. Bumetanide, also in intact rabbit gall- 
bladder, does not modify the unidirectional C1- in- 
flux across the apical membrane, or the intracellular 
activities of Na + and C1- (Cremaschi et al., 1987b). 
In contrast, in preliminary experiments with HCTZ 
(5 • 10 .5 M) we observed a significant reduction in 
the rapid proton dissipation usually observed in the 
presence of a [Na + ] and [C1-] gradient. Similar fea- 
tures (insensitivity to furosemide and bumetanide 
and dependence on HCTZ) have been described for 
the Na +-C1- symport of the urinary bladder of win- 
ter flounder (Duffey & Frizzell, 1984; Stokes, 1984). 

The fact that the maximum fluorescence 
quenching observed in the presence of a [Na+], 
[Cl-] gradient was only about 25% less than that 
observed when a [Na +] gradient alone was present 
(PD = 0), does not mean that the Na + transport due 
to the Na+-C1- symport is minimal compared to that 
due to the Na+/H + exchanger. Some observations 
are necessary to compare the amount o fNa  + moved 
by the Na+/H + exchanger and the Na§ - sym- 
port. The maximum fluorescence quenching mea- 
sured in the presence of a [Na + ] gradient and the 
calculated pH change (ApH = 0 . 9 - - s e e  equation in 
paragraph 1 of Results) indicate that the amount 
of H § exchanged, taking into account the internal 
buffer concentration (1 raM) and the external pH 
(7.1), cannot exceed the 1 mM multiplied by the total 
intravesicular volume. If protons are exchanged 
only through the Na+/H § exchanger, whose stoichi- 
ometry is 1: 1, intravesicular [Na § variation due 
to this mechanism is the same. Soon after vesicle 
injection there is a transient acidification, which indi- 
cates that the [H + ]in/[U + ]out ratio is increasing while 
the [Na + ]in/[Na + ]out ratiol is decreasing. If the Na + / 
H § exchanger is the only pathway of movement for 
the two ions, maximum fluorescence quenching is 
reached at equilibrium, when the [Na+]in/[Na+]ou t 
ratio is equal to the [H + ]iJ[H + ]out ratio. If Na + can 
leave vesicles by another mechanism besides the 
Na § § exchanger, equality of the ratios, once it is 
reached (soon before H + flux is reversed), is tran- 
sient and cannot be maintained. Yet, the maximum 
fluorescence quenching represents again the point 
of equality of the two ratios (provided H§ - 
tance is negligible; see conductance section of Dis- 
cussion). In this case, it is clear that equality is 
reached at lower ratio values. 

On the basis of the maximum fluorescence 
quenching measured in the presence of a [Na § ] gra- 
dient and with electric PD = 0, utilizing the equation 
that correlates ApH and A F %  (see first section of 

t Under our experimental conditions at the beginning [Na + ]in 
is 100 mN and [Na + ]out is 1.4 mM as a consequence of  contamina- 
tion of the extravesicular medium due to vesicle injection. 
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Results), it is possible to calculate an internal [Na + ] 
= 11 raM. 2 With respect to this condition, the maxi- 
mum fluorescence quenching observed in the pres- 
ence of a [Na +] and [C1-] gradient (PD = 0) is 
diminished by about three fluorescence units. Such 
a decrease in fluorescence quenching allows calcula- 
tion of a new ratio between internal and external 
[Na +] that corresponds to a decrease in internal 
[Na + ] of 2 mM (for the accuracy of this estimate see 
again considerations reported in footnote 2). This 
means that in the first 30 sec (i.e., the period needed 
to reach maximum fluorescence quenching in both 
cases), the Na+-C1 - symport causes an intravesicu- 
lar [Na + ] variation (about 2 mM) of at least the same 
entity as that due to the Nan/H § exchanger (about 
1 raM). However, the driving forces that act at the 
initial step on the two transport mechanisms are 
different and vary in a different way with time. As a 
consequence, an evaluation of the rate of the two 
transport mechanisms (Na+/H + exchanger and 
Na§ - symport) by calculating the amount ofNa § 
transport during a relatively long period (30 sec) 
can only be indicative. On the other hand, trying to 
evaluate the different rates of transport by consider- 
ing the initial rates of fluorescence variation that 
follow vesicle injection is not possible, owing to 
nonspecific quenching. Besides, one must consider 
that the strict test of initial rates, in that they are 
initial, is based on the fact that ionic intravesicular 
concentrations are not altered. In conclusion, a pre- 
cise quantitative evaluation of the rates of the two 
mechanisms, at least in our conditions, seems quite 
difficult. One can only suggest that they are not 
markedly different from one another. 

In intact epithelium, radiochemical experiments 
showed that half of the C1- entry across the apical 
membrane is supported by the Na+-C1 - symport 
and the other half by the Na § § exchange (Crema- 
schi et al., 1987a). 

D O  THE SYMPORT AND THE D U A L  E X C H A N G E  

O P E R A T E  SIMULTANEOUSLY. '?  

In experiments where the existence of a Na+-Cl - 
symport was shown, our data were in agreement 
with a contemporary activity of the Nan/H § ex- 

2 It is possible that this value is underest imated considering 
that the equation is derived from data obtained in different condi- 
tions (i.e., imposed 2xpH). Moreover,  it is not certain that all the 
vesicles that can maintain an imposed zXpH have the Na+/H + 
exchanger.  Yet, even admitting that the slope of the calibration 
curve might be 50% lower than the experimental one, the new 
equation (AF% = 17 ApH - 10) allows calculation of  an intrave- 
sicular [Na + ] of about 21 mM. The values of  intravesicular [Na + ] 
(11-21 mM), which are relatively low considering that pretoading 

changer. In fact, in the presence of a [Na +] and 
[C1-] gradient we still observed an acidification, al- 
though it progressively diminished with time com- 
pared to that observed when only a [Na n] gradient 
was present. This means the simultaneous presence 
of an acidification mechanism (Na n/H § exchange) 
and of a mechanism (Na+-C1 - symport) that reduces 
its rate by reducing the [Na n ] gradient. Could the 
time course we observed alternatively be explained 
by a progressive inactivation of the Nan/H + ex- 
changer followed by the activation of the Na+-C1 
symport? The arguments contrary to this hypothesis 
are the following: (i) Since dissipation of the [H + ] 
gradient through the conductive pathway is negligi- 
ble (see the following section, "H  § Na + and C1 
Conductances"), only the Nan/H + exchanger can 
be responsible for it when intravesicular [Na +] is 
reduced by Na+-C1 - cotransport. (ii) Addition of 
Na n to the external medium at 3 min should not 
result in a recovery of fluorescence. 

Moreover, one should consider that it is difficult 
to justify the inactivation of the Na+/H + exchange. 
(i) The cation exchanger works also in the presence 
of intravesicular [C1-] (see experiments with equal 
[C1-] inside and outside vesicles). (ii) Inside acidifi- 
cation by itself does not inactivate the exchanger 
(see experiments with [Na + ] gradient). Our data in 
vesicles are in general agreement with those ob- 
tained in intact tissue. In the latter preparation, the 
Na+-C1 - symport was detectable only when the 
Na+/H +, C1-/HCO3 dual exchange was inhibited, 
so that it was impossible to establish whether the 
symport operated simultaneously with the double 
exchange or represented a homeostatic reaction of 
cells to the inhibition of the exchangers. Neverthe- 
less, the fact that SITS and furosemide inhibited the 
exchange and revealed the symporter in about 1-2 
sec suggested that the latter was already active be- 
fore the addition of the inhibitor. 

Parameters and modes of operation derived 
from experiments with vesicles do not necessarily 
apply to intact tissue. However, our results suggest 
that even in the latter the Na+-C1- symport is proba- 
bly always working and does not represent a homeo- 
static reaction induced by the experimental condi- 
tions following inhibition of the double exchange. 

H +, Na + AND C1 C O N D U C T A N C E S  

H ~- conductance is present although it appears to be 
minimal as shown by the slight decrease in fluores- 
cence when a [H + ] gradient is imposed in short- 

brings intravesicular [Na + ] to 100 mM, are due to the Na + leakage 
relative to the Na § conductance and to the short-circuit condi- 
tions. 
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circuit conditions. There also seems to be present a 
Na + conductance, considering the results obtained 
with an outwardly directed Na + concentration gradi- 
ent. The maximum fluorescence quenching (AF = 
10.4%) obtained in short-circuit conditions and in 
the presence of a [Na +] gradient is markedly less 
than that predicted (AF = 42.9%) from the equation 
reported in the first section of Results, and the im- 
posed ratio between internal and external Na § and 
assuming that only the Na+/H + exchanger acts on 
[Na + ]. This finding suggests dissipation of the [Na + ] 
gradient, i.e., Na + conductance could be apprecia- 
ble (see also footnote 2). Such a hypothesis was 
confirmed when we compared fluorescence quench- 
ing obtained in the presence and in the absence of a 
short circuit. In the latter case, fluorescence quench- 
ing is greater, in agreement with the fact that the 
electric potential difference at least partially pre- 
vents dissipation of the Na § gradient. 

As far as C1- conductance is concerned, we 
must refer to experiments with an imposed [C1-] 
gradient (open-circuit conditions). The steady and 
high fluorescence quenching reached after vesicle 
injection suggests that the electrical potential differ- 
ence reached is near to the equilibrium value. If this 
is the case, electrical potential difference and the 
related fluorescence variations are poorly influenced 
by C1- conductance. 3 In contrast, the fact that in 
short circuit no fluorescence quenching is observ- 
able makes it impossible to evaluate the amount 
of C1- entering the vesicles, since it is no longer 
prevented by an electrical potential difference. In 
this case, the absence of a detectable C1-/OH- ex- 
change prevents quantification of the C1- inside ves- 

3 Considering the maximum fluorescence quenching (AF= 
41.5 _+ 2.9%, n = 4, measured at 30 sec), on the basis of the 
calibration curve (see paragraph 1 of Results), one can calculate 
a ApH of about 2 units. However, taking into account also internal 
buffer concentration (1 mM), the amount of H + that entered the 
vesicles should be in the order of 1 mM multiplied by intravesicu- 
lar total volume. Following electroneutrality of the solutions, this 
entry should be accompanied by an equivalent C1- entry that 
should bring internal [C1- ] to the order of 1 mM (considering that 
initial concentration is nominally zero). Let us consider that: (i) 
internal [C1-] has reached a value of about 10 4 greater than the 
external [H+], (ii) internal [H + ] (about 10 -s M) is negligible com- 
pared to external [C1- ]. IfCl- conductance is not totally negligible 
with respect to that of H + (which is reasonable considering the 
low H + conductance), the electrical potential difference is practi- 
cally dependent only on [C1-] (refer to the Hodgkin-Katz equa- 
tion). This implies that electrical potential is very near to the 
equilibrium potential for C1 . A confirmation comes from the 
constancy of fluorescence, which is related to the electrical poten- 
tial difference, after quenching has reached a maximum. The 
consequence is that C1- conductance could vary over a wide 
range without affecting electrical potential and consequently flu- 
orescence variations. 

icles. In intact tissue the apical membrane of rabbit 
gallbladder epithelium has a high conductance for 
K + , a slight conductance for Na + , and no conduc- 
tance for C1- (Cremaschi & Meyer, 1982). No data 
are available with respect to H + conductance. It is 
possible, therefore, that the C1- conductance re- 
vealed in the vesicles is too small to be measured 
with electrophysiologic methods used in the past or 
is dependent on the preparative procedure. 

POSSIBLE CONSEQUENCES OF THE METHOD OF 

VESICLE PREPARATION 

Results obtained with vesicles can vary according 
to the preparative method adopted. The choice of 
Ca 2+ or Mg 2+ in the initial preparation steps has 
been widely investigated. Some authors (Malathi et 
al., 1979; Yakymyshin, Walker & Thomson, 1982; 
Aubry, Merril & Proulx, 1986) maintain that vesicles 
from Mg 2+ treatment are more contaminated than 
those from Ca 2+ treatment. In our case, preparation 
with Mg 2+ or Ca 2+ gave similar enrichment values, 
although the latter gave a greater final yield than the 
former (29% instead of 15%; Bott~t et al., 1987). In 
other epithelia, Ca 2+ treatment has been shown to 
result in anomalous conductances for Na + or Cl- 
and to reduce the efficiency of the Na+/H + ex- 
change (Sabolic & Burckhardt, 1984; Lipkowitz & 
Abramson, 1987) and the rate the Na+-dependent 
glucose transport (Biber et al., 1981). The hypothesis 
that the effect of Ca 2+ is due to activation of mem- 
brane phospholipases (Hauser et al., 1980) is not 
supported by analysis of the levels of free fatty acids 
and membrane phospholipids, which seem to remain 
unaltered even in the case of Ca 2+ treatment (Aubry 
et al., 1986). A direct influence of Ca 2+ on the vesi- 
cles also seems to be excluded (Sabolic & Burck- 
hardt, 1984). In contrast, the isolation procedure 
itself seems to affect vesicle properties. The fact that 
we obtained similar results with vesicles from both 
treatments suggests no interference of Mg 2+ or Ca 2 + 
with the functional properties of the final prepa- 
ration. 

We are indebted to Dr. L. Spadavecchia (Istituto di Cibernetica 
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