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The dpH-dependent  quenching of Acridine orange was used to characterize Na+-H + exchange and K + and 
H + conductances in brush-border membrane vesicles isolated by precipitation with either CaCI2 or MgCI 2 
from rat kidney cortex. A transmembrane pH difference of 2.5 units (inside acidic) was imposed and the 
initial rate of its dissipation was followed after injecting a puls of tetramethylammonium gluconate (control) 
or sodium or potassium gluconate. In membranes isolated by CaC! 2, the Na+-H  + exchange was partially 
electroneutrai (45% to 77% of the total exchange) and the rest was due to electrically coupled Na + and H + 
movements through conductive pathways in the membranes. In membranes prepared by MgCI z, the rate of 
total Na+-H + exchange was about twice as high as that in membranes obtained by CaCI 2 precipitation. 
However, total and electroneutrai exchanges were equal indicating negligible electrically coupled Na + and 
H ÷ movements in these membranes. K0. s for Na + in all preparations was in the same range, being in 
average 30 mM. Amiloride was a competitive inhibitor of Na+-H + exchange in membranes obtained with 
both preparations; K i values ranged between 0.1 and 0.58 mM. The rates of dpH-dissipation with K ÷ 
gradients ( +  valinomycin) were by 50% to 150% higher in membranes prepared with CaCI 2 than in 
membranes isolated with MgCI z indicating much higher H + and K + conductances in membranes obtained 
with CaCI 2. Therefore, the rate of Na+-H + exchange as well as the conductances for various ions in the 
isolated brush-border membranes depend on membrane preparation. 

Introduction 

Available evidence from proximal tubular cells 
[1-3] and brush-border membrane vesicles derived 
from proximal tubules [4-10] clearly suggests elec- 
troneutral N a + - H  ÷ exchange as the main mecha- 
nism for H ÷ secretion and Na + absorption in the 
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proximal tubule of mammalian kidney. An Na ÷- 
H + exchanger is present exclusively in the lumi- 
nal, but not in contraluminal membrane [10,11], 
and is specifically inhibited by amiloride [2,5,6,8,9]. 
However, the amiloride effects on the exchanger. 
as observed in Acridine orange studies [8,9], were 
recently questioned by finding of a nonspecific 
interaction of amiloride and Acridine orange 
[12,131. 

Conductances for H + , Na +, K +, and CI-  were 
also found in isolated brush-border membrane 
vesicles [7,8,10]. The pattern of conductances, as 
observed in isolated membranes, does not agree 
with that in intact cells, so that the physiological 
significance of all these conductances is doubtful 
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[10]. It is possible that the membranes are altered 
during the preparation procedure or, alternatively, 
that the cellular factors which control the permea- 
bility status of the membranes are lost in isolated 
membranes [10]. 

In the present report, we have tested two widely 
used techniques for preparation of luminal mem- 
brane vesicles, precipitation with CaC12 [14] and 
MgC12 [15], on the rate of Na+-H ÷ exchange and 
the conductances for Na ÷, H ÷ and K ÷. Great 
differences between the two preparations were 
found which indicate that the permeability pattern 
as well as the activity of the electroneutral Na+-H ÷ 
exchanger can be affected by the membrane pre- 
paration. In addition, we show an approach by 
which the specific inhibition of Na÷-H + exchange 
by amiloride can be demonstrated also in Acridine 
orange studies. 

Material and Methods 

Membrane preparation 
Brush-border membrane vesicles were prepared 

from rat kidney cortex by precipitation with either 
10 mM CaCI 2 [14] (further on: Ca-preparation) or 
12 mM MgCI 2 [15] (Mg-preparation). In addition 
to the divalent cations, the preparation buffers 
contained 10 mM mannitol, 2 mM Tris-HCl (pH 
7.1) (further on: buffer A) or 300 mM mannitol, 5 
mM EGTA, 12 mM Tris-HC1 (pH 7.4) (buffer B). 
In both preparations the homogenization of the 
cortical tissue was performed by an Ultra-Turrax 
(two times 60 s, instrument setting at 180 V) 
(Janke and Kunkel, Staufen, F.R.G.). All other 
steps in the preparations were the same as de- 
scribed previously [14,15]. With respect to the 
starting homogenate, the final membrane prepara- 
tions were enriched 10-15-times in the specific 
activity of the marker enzyme for luminal mem- 
branes, leucine arylamidase (EC 3.4.1.2). The en- 
richment factor for the (Na ÷ + K+)-ATPase (EC 
3.6.1.3), a marker for basolateral membranes, was 
always less than 1.0. 

The vesicles were preloaded with a buffer of 
desired ionic composition by two washings fol- 
lowed by an incubation in the same buffer at room 
temperature for 2 h. The preloading buffers con- 
tained either 290 mM mannitol, 150 mM TMA ÷ 
gluconate, 20 mM Mes/Tris ,  pH 5.8 (further on: 
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TMA buffer, pH 5.8) or 290 mM mannitol, 100 
mM K ÷ gluconate, 50 mM TMA ÷ gluconate, 20 
mM Mes/Tris ,  pH 5.8 (K buffer, pH 5.8). The 
protein concentration of the isolated membrane 
vesicles was adjusted to 16 m g / m l  and was mea- 
sured with a Bio-Rad protein assay kit using bovine 
serum albumin as a standard. 

Measurement of A pH 
The changes in transmembrane pH-gradients 

were vizualized by using the A pH-dependent 
quenching of Acridine orange fluorescence 
[7-10,16]. The fluorescence was continuously re- 
corded at 25°C in a Shimadzu RF 510 spectrofluo- 
rophotometer (excitation, 493 nm; emission, 525 
nm). During the measurement, the samples were 
continuously stirred. Under all experimental con- 
ditions, the fluorescence of Acridine orange before 
addition of vesicles was adjusted to the same level 
(100%) by changing the instrument gain. 

A preset ApH ( p H i , =  5.8; pHou t = 8.3) was 
imposed in all experiments [7,9,10], and the rate of 
dissipation of the pH gradient was followed after 
injecting a puls of a salt into the outside buffer. 
The composition of the outside buffer was either 
290 mM mannitol, 150 mM TMA ÷ gluconate, 20 
mM Hepes/Tris ,  pH 8.3 (further on: TMA buffer, 
pH 8.3) or 290 mM mannitol, 100 mM K ÷ gluco- 
nate, 50 mM TMA + gluconate, 20 mM Hepes /  
Tris, pH 8.3 (K buffer, pH 8.3). 

1.74 ml buffer (pH 8.3) was placed into the 
cuvette. The stock solutions of Acridine orange 
and either valinomycin dissolved in ethanol or an 
equivalent amount of ethanol were added (in a 
total volume of 10 #1) to give final concentrations 
of 6 p.M, 2.5 ~M and 0.25%, respectively. Vesicles 
(10 gl, pHm = 5.8) were added and the dissipation 
of the initial quenching was recorded. Exactly 10 s 
after addition of vesicles, 0.25 ml of TMA ÷ gluco- 
nate (control) or Na ÷ or K ÷ gluconate solutions 
were injected during continuous fluorescence re- 
cording and the resulting initial rates of fluores- 
cence recovery were determined. To prevent 
osmotic and pH changes in the outside buffer, all 
stock solutions of cations were made isotonic by 
appropriate additions of TMA ÷ gluconate and 
were buffered to pH 8.3. 

The initial rates of the reactions were de- 
termined by drawing the tangents on the record- 
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ings obtained in the first 2.5 s following the addi- 
tion of salts. The initial rates for Na  ÷- or K÷-con - 
taining samples were corrected for those observed 
in controls and were expressed as the difference in 
fluorescence change per 2.5 s (AF/2 .5  s). The 
measurements were made at least in triplicate with 
each preparation. 

When present, amiloride dissolved in water was 
added prior to vesicles addition in the final con- 
centration indicated in the figure and table legends. 
Statistical analyses were made by means of Stu- 
dent 's t-test. 

Acridine orange was obtained from Eastman 
Kodak (Rochester, NY, U.S.A.), valinomycin from 
Boehringer (Mannheim, F.R.G.), amiloride was a 
gift from Merck, Sharp and Dohme Research 
Laboratories (West Point, PA, U.S.A.); PMSF was 
from Sigma (St. Louis, MO, U.S.A.), trifluopera- 
zine-HCl from R6hm Pharma (Darmstadt ,  
F.R.G.), and mepacrine from ICN Pharmaceuti- 
cals Inc. (New York, NY, U.S.A.). All other chem- 
icals were reagent grade. TMA + gluconate was 
prepared by titrating tetramethylammonium hy- 
droxide pentahydrate with gluconic acid (50% 
solution in water). 

Results 

Kinet ics  o f  N a  + -H  + exchange 
The effect of various Na + concentrations on 

the dissipation of a transmembrane A pH was tested 
in brush-border membrane vesicles isolated by Ca- 
or Mg-preparation. The rate of dissipation of the 
preset pH difference increased with extravesicular 
Na  ~- concentration (Fig. 1). Na+-gradient-depen - 
dent rates of A pH-dissipation can be due to the 
action of an electroneutral N a + - H  ÷ exchanger 
and electrically driven Na ÷ and H + movements 
through parallel conductive pathways in isolated 
membranes [10]. The contribution of these two 
mechanisms to the total rate of N a + - H  ÷ exchange 
can be determined by the use of valinomycin and 
equimolar K ÷ concentrations on both sides of the 
vesicle membrane. By this approach, an Na ÷ dif- 
fusion potential as a possible driving force for 
increased H + extrusion is minimized, and only 
electroneutral N a + - H  ÷ exchange is recorded [10]. 

As shown in Fig. 1 (open circles), at each Na ÷ 
concentration, the rate of total N a + - H  ÷ exchange 

(absence of K ÷ and valinomycin) in the mem- 
branes obtained by Ca-preparation was about half 
of that in the membranes isolated by Mg-prepara- 
tion. However, when K + and valinomycin were 
present (closed circles), the rate of Na+-H  + ex- 
change in membranes obtained by Ca-preparation 
was about 35% smaller, but remained unchanged 
in membrane vesicles isolated by Mg-preparation. 
The results indicate the presence of electroneutral 
and electrically coupled N a + - H  ÷ exchange in the 
membranes prepared by Ca-preparation, the latter 
being probably due to simultaneously present Na + 
and H + conductances in these membranes. In 
membranes obtained by Mg-preparation, electri- 
cally coupled Na + and H + movements through 
conductance pathways are virtually absent; only 
electroneutral N a + - H  + exchange was recorded, 
which was 3-4-times bigger than in membranes 
isolated by Ca-preparation. 

In the measured range, the rates of N a * - H  + 
exchange in all preparations obeyed Michaelis- 
Menten kinetics (insets in Fig. 1). In membranes 
obtained by Ca-preparation, the values of K05 
(Na +) and Vma x for electroneutral N a + - H  ÷ ex- 
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Fig. 1. Kinetics of Na+-H + exchange in brush-border mem- 
brane vesicles isolated by Ca- or Mg-preparation. (O)  Total 
Na+-H + exchange: vesicles were preloaded with TMA buffer, 
pH 5.8, and diluted into TMA buffer, pH 8.3, which contained 
Acridine orange and ethanol. (O) Electroneutral Na+-H + ex- 
change: vesicles were preloaded with K buffer, pH 5.8, and 
diluted into K buffer, pH 8.3. which contained Acridine orange 
and valinomycin. The initial rates of fluorescence recovery for 
samples containing Na + were corrected for controls containing 
TMA + and are shown as means +S.E. of four membrane 
preparations. The insets show the Lineweaver-Burk plots of the 

same data. 
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T A B L E  I 

K I N E T I C  C H A R A C T E R I S T I C S  O F  N a ÷ - H  ÷ E X C H A N G E  IN R A T  R E N A L  B R U S H - B O R D E R  M E M B R A N E  V E S I C L E S  

I S O L A T E D  BY E I T H E R  Ca-  O R  M g - P R E P A R A T I O N ;  I N H I B I T I O N  BY A M I L O R I D E  

Measu remen t s  were per formed as descr ibed in the legends of Figs. 1 and  3. The  values for K0.5(Na ÷ ) and  I/ma X were ob ta ined  from 
Lineweaver-Burk  plots  by calculat ion,  and  those for g i (amiloride) ,  by ca lcula t ion  from Dixon  plots. Shown are the means  + S.E. for 

the number  of p repara t ions  indica ted  in brackets ,  n.s., not  significant,  n.d., not  de termined.  

Prepara t ion  Na  + -H + exchange K0. 5 (Na  ÷ ) Vma x K i (amilor ide)  
(mM)  (A F / 2 . 5  s) ( raM) 

Ca  2 + Total  34.9 + 8.31(4) 16.7 + 2.57 0.23 + 0.025(3) 

Elect roneutra l  16.0 _+ 1.55(4) 7.2 + 1.31 0.36 + 0.053(3) 
p < 0.05 < 0.01 n.s. 

Mg  2 + Total  34.5 _+ 4.22(4) 28.0 _+ 4.58 0.26 +_ 0.084(5) 

Elec t roneut ra l  31.7 _+ 7.89(4) 27.9 _+ 4.21 n.d. 
p n.s. n.s. 

change were half of those for total exchange (Ta- 
ble I). However, a significant difference in K0. 5 in 
these preparations is compromised by a consider- 
able scatter of the data from experiment to experi- 
ment; the K05 values ranged between 12.2 and 
53.5 mM Na ÷. In membranes prepared with 
MgCI 2, no difference in K05 (Na +) and Vma x w a s  

observed between the total and electroneutral ex- 
change; K05 was about 33 mM and Vma x about 
twice as high as the total exchange in the mem- 
branes prepared with CaClz. 

Inhibition o f  Na + -H ÷ exchange by amiloride 
Recently published papers [12,13] pointed out 

an interference of amiloride with the determina- 
tion of proton gradients by Acridine orange. The 
fact that amiloride quenches Acridine orange fluo- 
rescence but does not dissipate transmembrane pH 
gradients [12] was used here to demonstrate a 
specific inhibition of N a + - H  ÷ exchange in brush- 
border membrane vesicles isolated by Ca- and 

,rMg-preparation. 
The initial rates of dissipation of the preset pH 

gradients in control experiments (150 mM TMAo~ , 
> TMA~-n) were not influenced by up to 1.5 mM 
amiloride (Table II) proving again that amiloride 
does not act as a permeant base [12]. By changing 
the instrument gain after the addition of amiloride 
always to the same level (100%), the recorded 
curves following the addition of vesicles were only 
shifted up, in direction of the baseline (for illustra- 
tion see Fig. 2). As also shown in Table II, the 

initial rates of dissipation of t ransmembrane A pH 
were increased in the presence of a K ÷ gradient 
(12.4 mM Ko+t, 0 K{n) and valinomycin by 1.3 
fluorescence units /2.5 s over the control (TMA + ). 
These initial rates were not affected by amiloride 
concentrations up to 1.5 mM excluding effects of 
amiloride on K ÷ and H + conductances. 

Amiloride, however, inhibited the initial rates 
of fluorescence recovery dependent on Na + gradi- 

T A B L E  II 

E F F E C T  O F  A M I L O R I D E  O N  T H E  R A T E  O F  F L U O R E S -  
C E N C E  R E C O V E R Y  IN T H E  P R E S E N C E  O F  T M A  + O R  

K + G R A D I E N T S  

Vesicles were pre loaded  wi th  T M A  buffer, pH 5.8, and  d i lu ted  

in to  T M A  buffer, pH  8.3, which con ta ined  Acr id ine  orange,  

va l inomycin  and  the indica ted  final concen t ra t ions  of amilor ide.  

The  stock solu t ions  of T M A  + or K + g luconate  were injected 
10 s after  the add i t ion  of vesicles and  the rate of f luorescence 

recovery was recorded (for i l lustrat ion,  see Fig. 2). The  final 

concen t ra t ion  of the injected salts in the cuvet te  was 150 mM;  
the concent ra t ion  of K + was 12.4 mM. The ini t ial  rates of 

f luorescence recovery of samples  with K + were corrected for 
cont ro ls  ( T M A  + ). Each d a t u m  is a mean_+ S.E. for the number  
of de te rmina t ions  indica ted  in the brackets  ob ta ined  from a 

representa t ive  single prepara t ion .  

Ami lo r ide  Ra te  of f luorescence recovery 

concn.  (A F / 2 . 5  s) 

( m M )  T M A  + K + 

0 1.23 __+ 0.05(6) 1.30 __+ 0.06(4) 
0.5 1.17 + 0.07(3) 1.30 + 0.07(4) 

1.0 1.26 + 0.02(5) 1.30 4- 0.07(4) 
1.5 1.17 __+ 0.09(3) 1.30 + 0.08(5) 
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Fig. 2. The inhibition by amiloride of the initial rates of 
fluorescence recovery dependent on Na + gradients. Vesicles 
were prepared by Mg-preparation, preloaded with TMA-buffer, 
pH 5.8, and diluted into TMA buffer, pH 8.3, which contained 
Acridine orange and ethanol, without or with 1 mM (final 
concentration) amiloride. The stock solutions of TMA + or 
Na ÷ were injected 10 s after the addition of vesicles (arrow) 
and the subsequent recovery of the fluorescence was followed. 
The final Na ÷ concentration in the cuvette was either 3.1 or 
12.4 raM. The direction of the recordings is from right to left. 

en ts  as i l lus t ra ted  in Fig.  2. T h e  i nh ib i t i on  was 

s t ronge r  at  l ower  N a  + c o n c e n t r a t i o n  i nd i ca t i ng  a 

c o m p e t i t i o n  b e t w e e n  a m i l o r i d e  a n d  N a  ÷. As  s h o w n  

in Fig. 3 for  m e m b r a n e s  i so la ted  by  M g - p r e p a r a -  

t ion,  the ini t ia l  ra tes  o f  N a + - H  + e x c h a n g e  were  

m e a s u r e d  at  two N a  ÷ concen t r a t i ons ,  3.1 m M  and  

12.4 m M ,  in the  p re sence  o f  the i nd i ca t ed  a m i l o r i d e  

3 . 0 -  

2.5- t 

r-------0 I ~ , , , , , 
0 0.5 1.0 1.5 

Ami [or ide [ m m o I / I ]  

Fig. 3. The inhibition by amiloride of the initial rates of 
Na*-H " exchange in brush-border membrane vesicles isolated 
by Mg-preparation (Dixon plot). The measurements were per- 
formed as described in the legend of Fig. 2, except that the 
amiloride concentration varied as indicated. The initial rates of 
the fluorescence recovery for samples containing Na + were 
corrected for controls. The final concentrations of Na ÷ were 
3.1 mM (e) or 12.4 mM (O). Each point is a mean+S.E, of 
data from five preparations. 

concen t r a t i ons .  T h e  D i x o n  p lo t  of  the d a t a  re- 

vea led  a c o m p e t i t i v e  i nh ib i t i on  of  the  N a + - H  ÷ 

e x c h a n g e  by  ami lo r ide .  T h e  g i for  a m i l o r i d e  r anged  

b e t w e e n  0.1 a n d  0.58 m M ,  ave rag ing  0.28 + 0.084 

m M  ( T a b l e  I). T h e  va lues  o f  K i for  to ta l  and  

e l e c t r o n e u t r a l  e x c h a n g e  in m e m b r a n e s  o b t a i n e d  by  

C a - p r e p a r a t i o n  were  in the s a m e  range.  

The effect of oarious preparative conditions on maxi- 
mal rate of total and electroneutral Na ÷-H ÷ ex- 
change 

Preced ing  e x p e r i m e n t s  s h o w e d  the  p re sence  o f  

e l e c t r o n e u t r a l  a n d  e lec t r ica l ly  c o u p l e d  po r t i ons  of  

to ta l  N a + - H  + e x c h a n g e  in m e m b r a n e s  p r e p a r e d  

wi th  C a C I  2. In  m e m b r a n e s  o b t a i n e d  by M g - p r e -  

pa ra t ion ,  e lec t r ica l ly  c o u p l e d  N a  + -H ÷ e x c h a n g e  

was  v i r tua l ly  absent .  In  o rde r  to inves t iga te  the 

cause  of  f o r m a t i o n  of  the e lec t r ica l ly  c o u p l e d  

N a + - H  ÷ exchange ,  we c o m p a r e d  the rates  of  the 
to ta l  and  e l ec t roneu t r a l  N a + - H  ÷ e x c h a n g e  at a 

N a  ÷ g r ad i en t  (150 m M  Nao+t, 0 Na,+n) unde r  
va r ious  p r e p a r a t i v e  c o n d i t i o n s  ( T a b l e  III) .  A t  this 



Na + concentration, the recorded rate of N a + - H  + 
exchange was maximal. 

In vesicles obtained by Ca-preparation (buffer 
A), the maximal rate of electroneutral N a + - H  ÷ 
exchange was always smaller by 23% to 55% than 
total exchange indicating that a quarter to one half 
of total exchange corresponds to electrically cou- 
pled movements of Na t and H ÷ through conduc- 
tive pathways existing in these membranes. In 
membranes isolated by Mg-preparation (buffer B), 
the maximal rate of total exchange was about 
twice as high as that in Ca-preparation, and no 
influence of K ÷ and valinomycin was observed, 
suggesting again negligible electrically coupled 
movements of Na  + and H ÷ through conductive 
pathways in these membranes. 

When 12 mM MgCI 2 was present instead of 10 
mM CaC12 in a buffer normally used in Ca-pre- 
paration (buffer A), the total N a + - H  ÷ exchange 
was smaller than in membranes prepared with 
MgC12 in buffer B, but again no indication for 
significant electrically coupled Na ÷-H ÷ exchange 
was found. A smaller total N a + - H  + exchange in 
these experiments indicates that possibly the 
osmolarity a n d / o r  the pH of the homogenization 
buffer can also affect the rate of the exchanger. On 
the contrary, by preparing membrane vesicles with 
CaCI 2 instead of MgCI 2 in buffer B (EGTA 
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omitted), the total exchange in the vesicles was 
also smaller than in Mg-preparation (buffer B), 
but electrically coupled movements of Na ÷ and 
H ÷ were observed. 

Vesicles prepared by Ca-preparation in the 
presence of a protease inhibitor, PMSF, or a phos- 
pholipase-A 2 inhibitor, mepacrine [17,18], as well 
as trifluoperazine-HC1, an inhibitor of calmodulin- 
mediated processes [19], retained the pattern of the 
total and electroneutral N a + - H  + exchange as 
compared with preparation without inhibitors; the 
total exchange was smaller than in membranes 
prepared with MgCI 2 and a significant electrically 
coupled part of total exchange was always visible 
(Table III). When membrane vesicles prepared by 
Mg 2÷ (buffer B) were incubated for 2 h in the 
presence of 10 mM Ca 2÷, no difference between 
total and electroneutral N a + - H  + exchange was 
found (24.25 + 0.21 and 24.95 + 0.35 (n = 3) A F /  

2.5 s, respectively) indicating that conductances 
for Na ÷ and H ÷ were formed during the mem- 
brane preparation in Ca-buffers. 

The effect o f  various preparative conditions on H ÷ 
and K ÷ conductance 

The above-mentioned experiments clearly dem- 
onstrated that the membranes contain significant 
conductive pathways for Na + and H + only when 

TABLE Ill 

THE INFLUENCE OF DIFFERENT PREPARATIONS ON MAXIMAL RATES OF TOTAL AND ELECTRONEUTRAL 
Na+-H * EXCHANGE 

Vesicles were preloaded with either TMA buffer, pH 5.8, and diluted into TMA buffer, pH 8.3. which contained Acridine orange and 
ethanol (total Na*-H + exchange) or with K buffer, pH 5.8, and diluted into K buffer, pH 8.3, which contained Acridine orange and 
valinomycin (electroneutral Na+-H + exchange). If indicated, 1 mM PMSF, 0.1 mM mepacrine, or 0.01 mM trifluoperazine-HCl 
(TFP) were present in the preparation buffers. Initial rates of fluorescence recovery for samples containing Na ÷ (150 mM Nao~ut, 0 
Na~- n) were corrected for controls (TMA + ). Each datum is the mean + S.E. of the number of preparations indicated by n. The 
composition of the buffers A and B is described under Material and Methods. Statistically significant differences ( p < 0.05) between 
total and electroneutral exchange are indicated with asterisks. 

Precipitating Preparation 
cation buffer 

Na ÷-dependent fluorescence recovery (A F/2.5 s) 

Ethanol K~-= o + valinomycin 

10 mM Ca 2+ A 7 13.22.+0.90 8.56+ 1.01 * 
12 mM Mg 2. B 6 23.41 _+ 1.43 22.61 + 1.26 
12 mM Mg 2÷ A 4 14.51 -+0.25 14.67 5:0.51 
10 mM Ca 2 + B ( - EGTA) 5 18.48 -+ 1.00 14.41 5:1.41 * 
10 mM Ca 2 * A ( + PMSF) 3 15.75 4=_ 0.35 11.52 + 0.81 * 
10 mM Ca 2 ÷ A ( + mepacrine) 3 15.61 5:1.29 11.10 + 0.34 * 
10 mM Ca 2+ A (+T FP)  4 16.64-+0.69 12.68-+ 1.00 * 
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TABLE IV 

THE INFLUENCE OF DIFFERENT PREPARATIONS ON K ÷ AND H + CONDUCTANCE 

Vesicles were preloaded with TMA buffer, pH 5.8, and diluted into TMA buffer, pH 8.3, which contained Acridine orange and either 
ethanol (K + conductance) or valinomycin (H ÷ conductance). Shown are the initial rates of fluorescence recovery for samples 
containing K ÷ (150 mM K+ut, 0 K +) and corrected for controls. The data are means +- S.E. of the number of preparations indicated 
by n. Statistically significant differences ( p  < 0.05) in comparison to the corresponding Mg-preparation (buffer B) are indicated by 
asterisks. The composition of the buffers A and B is described in Material and Methods. The concentrations of PMSF, mepacrine, and 
trifluoperazine-HCl (TFP) in the preparation buffers were 1 mM, 0.1 mM, and 0.01 mM, respectively. 

Precipitating Preparation 
cation buffer 

K *-dependent fluorescence recovery (A F/2.5 s) 

Ethanol Valinomycin 

10 mM Ca 2+ A 7 1.11+_0.17 * 5.90_+0.26 * 
12 mM Mg 2+ B 6 0.73 +-0.09 3.78 +0.30 
12 mM Mg z+ A 4 0.76+-0.18 3.90_+0.11 
10 mM Ca 2+ B ( - EGTA) 5 1.34+-0.10 * 6.20+_0.10 * 
l0 mM Ca 2+ A ( + PMSF) 3 1.40 _+ 0.12 * 6.02 +- 0.37 * 
l0 mM Ca 2+ A ( + mepacrine) 3 1.59 _+ 0.05 * 6.80 + 0.47 * 
10 mM Ca z + A ( + TFP) 4 1.47 +- 0.10 * 6.55 +- 0.38 * 

prepared with CaCI 2. A lack of the electrically 
coupled Na+-H + exchange in the membranes pre- 
pared by MgC12 can be explained by the absence 
of Na + a n d / o r  H + conductances in these mem- 
branes. With the present method it is not possible 
to visualize Na + conductance independently of 
the conductance for H +. However, an H + conduc- 
tance of the membranes can be demonstrated sep- 
arately by imposing a K + gradient (150 mM K~u t, 
0 K i +) in the presence of valinomycin. By this 
way, a K + diffusion potential (inside positive) acts 
as a driving force for increased H + efflux through 
conductive pathways for H +, and is thus a quali- 
tative measure of H + conductances in the mem- 
branes. 

As indicated by the increased rates of A pH 
dissipation in the presence of a K + gradient and 
valinomycin (Table IV), an H + conductance is 
present in the membranes isolated with both pre- 
parations. These rates were by 50% to 75% higher 
in membranes isolated with CaCI 2 compared to 
membranes obtained by Mg-preparation, indicat- 
ing a higher H + conductance in membranes pre- 
pared with CaCI 2. PMSF, mepacrine or trifluo- 
perazine-HCl, had no effect on the calcium-in- 
duced high H + conductance. Considerable electri- 
cally coupled Na+-H ÷ exchange in membranes 
prepared by CaCI 2 indicates also a high Na + 
conductance in these membranes. As electrically 
coupled Na +-H + exchange was absent in Mg-pre- 

pared membranes, one has to assume a very small 
Na + conductance in these membranes. 

A relative measure of the K + conductance of 
the membranes was obtained from the rate of 
ApH dissipation in the presence of a K + gradient 
(150 mM Ko+,, 0 K+n), but without valinomycin. 
In this case, K + moved through intrinsic conduc- 
tive pathways in the membranes, and an inside- 
positive diffusion potential, thus formed, was a 
driving force for extrusion of H +. These signals 
were much smaller than those in the presence of 
valinomycin. As shown in Table IV, A pH dissipa- 
tion driven by a K + gradient was between 50% 
and 120% higher in membranes prepared with 
CaCi 2 than in membranes prepared by MgCI 2. 
This pattern was not changed when the vesicles 
were prepared with CaCI 2 in the presence of 
PMSF, mepacrine or trifluoperazine-HC1. 

An addition of 10 mM CaC12 to the vesicles 
isolated by Mg-preparation as well as an addition 
of 12 mM MgCI 2 to vesicles obtained by Ca-pre- 
paration, 2 h or immediately before the measure- 
ment, did not change the conductance pattern for 
H + and K + (data not shown). This suggests that 
the observed conductive pathways were formed in 
the membranes during the preparation. 

Discussion 

Using the ApH-sensitive dye Acridine orange 
we showed that brush-border membrane vesicles 



isolated from rat kidney cortex by precipitation 
with either CaCI 2 or MgCI 2 differ significantly in 
the rate of N a + - H  ÷ exchange, and in Na ÷, H + 
and K + conductances. 

Electronetural N a + - H  + exchange saturated at 
physiological Na ÷ concentrations (Ref. 10, and 
this study). Kinetic experiments revealed the same 
affinity of the N a * - H  + exchanger for Na ÷ in Ca- 
and Mg-preparations with half-maximal rate at 
about 30 mM Na +. The observed apparent K m for 
Na  ÷ is 2-6-t imes higher than that in rabbit renal 
brush-border membrane vesicles [5,8,9,20-23]. In 
contrast t o  g m, Ca- and Mg-preparations differed 
markedly in the maximal rate of the electroneutral 
N a + - H  + exchanger being about 3-4-times higher 
in membranes prepared by Mg-precipitation. 

The N a + - H  ÷ exchange was competitively in- 
hibited by amiloride. As shown in this paper, 
amiloride does not interact with H + and K ÷ 
conductances, and in agreement with our previous 
findings [12] and those from Cassano et al. [24], 
does not act as a permeant buffer dissipating 
preset pH differences. Therefore, in pH-jump ex- 
periments amiloride can be used with Acridine 
o r a n g e  af ter  p r o p e r  co r rec t ion  for  the 
amiloride-dependent fluorescence quenching. The 
K~ for amiloride was in the same range for Ca- and 
Mg-preparations, between 0.1 and 0.58 mM. The 
affinity of the exchanger for amiloride is about 
one order of magnitude smaller in rat kidney than 
in rabbit kidney [6,22,23]. Our findings agree with 
data from perfused rat proximal tubules and in 
situ experiments. Chan and Giebisch [25] observed 
an incomplete inhibition of bicarbonate reabsorp- 
tion by 1 mM amiloride at a luminal Na ÷ con- 
centration of 5 raM. At physiological Na ÷ con- 
centrations, Ullrich and Rumrich found an inhibi- 
tion of glycodiazine reabsorption (H ÷ secretion) in 
situ by only 14% in the presence of 1 mM amiloride 
(unpublished observations). In similar studies by 
Howlin et al. [26], 1 mM amiloride inhibited tubu- 
lar acidification in the rat kidney by 25-36% at 
physiological Na ÷ concentrations. Using the aver- 
age values for Ko s (Na ÷) and g i (amiloride) from 
our work (30 mM and 0.28 mM, respectively), one 
can calculate that at physiological Na ÷ concentra- 
tions N a + - H  ÷ exchange is inhibited by about 
4O%. 

Brush-border membrane vesicles prepared by 
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Ca-precipitation showed a considerable N a * - H  + 
exchange via conductance pathways for Na  + and 
H +. In vesicles prepared by Mg-precipitation, 
electrically driven N a + - H  + exchange was not de- 
tected (Ref. 24, and this study) indicating that Ca- 
and Mg-prepared vesicles differ with respect to 
their H + a n d / o r  Na  + conductance. An H + con- 
ductance is present in membrane vesicles obtained 
by either preparation as visualized by K + diffu- 
sion potential-driven H + efflux. The absence of 
electrically coupled Na +-H + exchange in Mg-pre- 
pared vesicles must therefore be due to a negligible 
Na + conductance. In vesicles prepared by Ca-pre- 
cipitation, a greater K+-driven H + efflux and 
electrically coupled N a + - H  + exchange indicate 
higher H + and Na + conductances in accordance 
to previous experiments with Acridine orange 
[8,10], potential-sensitive probes [27,28] and tracer 
technique [20,28]. 

Differences between Ca- and Mg-prepared 
brush-border membrane vesicles were previously 
indicated by transport experiments and determina- 
tion of the fatty acid composition of the mem- 
branes. Biber et al. [15] found higher rates of 
Na+-dependent  D-glucose and phosphate trans- 
port in membrane vesicles isolated by M g 2 + /  
EGTA precipitation. The data presented in this 
paper provide an explanation for the observed 
differences: membrane vesicles prepared with 
CaC12 are more leaky to Na +, thus allowing the 
faster dissipation of an Na + gradient through 
conductive pathways. The content of free fatty 
acids and lysophosphatides in brush-border mem- 
branes prepared by Ca-preparation was exception- 
ally high in comparison to Mg-preparation [29]. 
The reason for this difference was suggested to be 
an activation of membrane-bound phospholipase 
A by Ca 2+. When EGTA was present in the 
preparation buffers, the content of lysophospho- 
lipids decreased significantly. A similar mecha- 
nism has been also proposed for the increased H + 
and K + conductances in rat gastric membranes 
prepared in the absence of EGTA [30]. 

The differences between Ca- and Mg-prepared 
membrane vesicles described in this study may 
also be due to an action of Ca2+-activated phos- 
pholipases. However, the pattern of N a + - H  + ex- 
change and ion conductances in membranes pre- 
pared with CaCI 2 was not changed in the presence 
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of mepacrine, an inhibitor of phospholipase A 2 
[17,18], and trifluoperazine, a specific inhibitor of 
Ca 2+-ca lmodul in-media ted  processes. Ca 2 +- 
calmodulin has been found to increase the activity 
of phospholipase A 2 [19]. As PMSF did not alter 
the properties of Ca-prepared vesicles, an intrinsic 
proteolytic activity (which is present in plasma 
membranes of proximal tubule cells [31]) is either 
insensitive to PMSF or does not affect membrane 
conductances. A direct influence of Ca 2 ÷ on Na ÷- 
H ÷ exchange and permeability pattern can be 
excluded because preloading of Mg-prepared 
vesicles with 10 mM Ca 2+ had no effect. At pre- 
sent, we are not able to explain the cause of the 
differences in the permeability pattern for various 
ions and the rate of N a + - H  ÷ exchange in mem- 
branes prepared with CaC12 and MgC12. Never- 
theless, our data suggest that results concerning 
ion permeabilities of vesicles have to be considered 
with caution as they depend on membrane pre- 
paration and may not represent the in vivo proper- 
ties of the membrane. 
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