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We evaluated the H + :Na + coupling ratio of the Na + -H + exchanger present in microvillus membrane 
vesicles isolated from the rabbit renal cortex. Our approach was to impose transmembrane Na + and H + 
gradients of varying magnitude and then to measure the net flux of Na + over the subsequent 5-s period. The 
N a + - H  + exchanger was observed to be at equilibrium (i.e. no significant net Na n flux) whenever 
[Na+ ] i / [  Nan  ]o was equal to [ H + ] i / [ H  + ]o. Moreover, under all conditions the magnitude and direction of 
net Na ÷ flux was independent of  changes in the transmembrane electrical potential difference. These results 
are consistent with a value of 1.0 for the coupling ratio of  Na  ÷ -H ÷ exchange in renal microvillus membrane 
vesicles. 

The plasma membranes of diverse tissues 
possess Na+-H + exchangers that participate in 
the regulation of intracellular pH [1]. Microvillus 
membrane vesicles isolated from the rabbit renal 
cortex contain such an Na+-H + exchange system 
as indicated by the observations that imposing an 
inside-acid, transmembrane pH gradient drives 
uphill Na + accumulation, and that imposing an 
inwardly directed Na + gradient drives uphill H + 
extrusion [2]. Because the rate of Na + uptake by 
renal membrane  vesicles is unaffected by 
maneuvers that alter the transmembrane electrical 
potential difference, it has been presumed that 
N a + - H  + exchange is electroneutral with a 
H + : N a  + coupling ratio of 1.0 [2,3]. However, 
evaluating the voltage-sensitivity of the ra te  of 
transport of a solute is not necessarily a valid 
means for determining whether the transport of 
that solute is rheogenic (i.e. associated with a flow 
of charge) [4]. 

Clearly, the most direct approach for evaluating 
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the coupling ratio of the renal microvillus mem- 
brane Na+-H + exchanger would be to measure 
the efflux of H + as a function of Na + influx. 
Unfortunately, application of this approach is 
made difficult by the existence of leak pathways 
for Na + and H + . Although at Na + concentra- 
tions below 1 mM the N a+-H  + exchanger is es- 
sentially the only route for Na + transport in renal 
microvillus membranes [2,5], at the higher Na + 
concentrations necessary to generate measureable 
changes in extravesicular pH [3], significant Na + 
flux occurs via other pathway(s) (Kinsella, J.L. 
and Aronson, P.S., unpublished data). Similarly, 
renal microvillus membrane vesicles have been 
shown to possess a significant leak pathway for 
H + [6]. 

An alternative strategy for determining the cou- 
pling ratio of Na+-H + exchange can be based on 
equilibrium thermodynamics. If n represents the 
H + :Na + coupling ratio, then the conditions un- 
der which the Na+-H + exchanger will be at equi- 
librium (i.e. there are no net fluxes of Na + or H +) 
are given by Ref. 4. 
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When n has a value of 1.0, equilibrium will occur 
when [Na t ] i / [Na + ]o equals [H + ] i / [H ÷ ]o and will 
be unaffected by alterations in the transmembrane 
electrical potential difference, (tp o -~Pi). 

Our experimental approach was to impose 
transmembrane Na + and H ÷ gradients of varying 
magnitude and then to monitor the net flux of 
Na ÷ over the subsequent 5 s. The combinations of 
[Na+]i / [Na+]o and [H+ ] i / [H+ ]o causing the 
N a+ -H  + exchanger to be at equilibrium could 
thus be defined. The effect of altering the trans- 
membrane electrical potential difference was also 
evaluated. The contribution of Na ÷ leak pathways 
was minimized by our employing Na + concentra- 
tions *; 1 mM, under which conditions t> 90% of 
Na + transport has been shown to occur via the 
N a + - H  ÷ exchanger in these membrane vesicles 
[5]. Dissipation of imposed pH gradients was mini- 
mized by measuring net Na t flux over only a 5-s 
interval. Although a component of Na + uptake 
measured after prolonged incubations at low ionic 
strength may represent intravesicular binding [2], 
it is extremely unlikely that Na + binding and 
debinding contribute significantly to the apparent 
rates of Na + influx and efflux. The finding that 
both the rate of uptake and the rate of release of 1 
mM Na + can be almost completely inhibited by 
amiloride [5] argues that measured rates of Na t 
uptake and release must represent the transmem- 
brane influx and efflux of Na t rather than the 
process of binding and debinding. 

Microvillus membrane vesicles were isolated 
from the rabbit renal cortex, as previously de- 
scribed [7], and then suspended in an isosmotic 
mannitol medium buffered with 10 mM T r i s -  16 
mM Hepes, pH 7.5 or 16 mM T r i s - 1 0  mM 
ADA, pH 6.5. The membrane vesicles were pre- 
loaded with 1 mM NaC1 and tracer 22Na by 
preincubation for 1 h at 20°C. Intravesicular con- 
tent of 22Na was then measured by a rapid filtra- 
tion technique [8] both before and 5 s after dilu- 
tion of the vesicles into media of varying pH and 
Na t concentration. In each experiment, the 
specific activity of 22Na in the diluting media was 
the same as that in the preloading medium so that 
changes in intravesicular 22Na would be precisely 
proportional to changes in Na + content. The pH 
values of all solutions were checked daily. Each 
experiment was performed in triplicate on three 

separate occasions using different membrane prep- 
arations. The data represented in each figure are 
the means---S.E, for three experiments. Further 
details of the experimental methods are given in 
the figure legends. 

In the experiment illustrated in Fig. 1, the 
vesicles were pre-equilibrated with 1 mM Na t at 
pH 6.5 and then net Na t flux was assayed in the 
presence of a medium containing 0.1 mM Na t at 
pH 6.5, 7.5 or 8.5. At an external pH of 6.5, when 
[H+] i / [H+]o  was equal to 1.0, net efflux of Na t 
down its concentration gradient was observed. At 
an external pH of 7.5, when [H+] i / [H+]o  was 10 
and equal to [Na+]i / [Na+]o,  there was no net 
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Fig. 1. Net flux of Na + at varying external pH. Membrane 
vesicles were pre-equilibrated in 298 mM mannitol, 1 mM 
NaCI, 10 mM ADA, 16 mM Tris, pH 6.5, and then the 5-s net 
flux of Na + determined in the presence of 300 mM mannitol, 
0.1 mM NaCI, 10 mMADA, 16 mM Tris, pH 6.5 (O, 0); 299 
mM mannitol, 0.1 mM NaCI, 1.0 mM ADA, 14 mM Hepes, 10 
mM Tris, pH 7.5 (Fq, I ) ;  or 267 mM mannitol, 0.1 mM NaCI, 
1.0 mM ADA, 13 mM Hepes, 42 mM Tris, pH 8.5 (A, &). The 
experiment was performed in both the absence (0, I1, A) and 
the presence (O, O, A) of 22.4 t~g/ml FCCP. 



flux of Na  + . At an external p H  of 8.5, when 
[H+] i / [H+]o  was 100 and exceeded [ N a + ] i / I N a  + 
]o, net influx of Na  + occurred. The finding that 
equilibrium occurred when [H + ] i / [H + ]o was equal 
to [Na + ] i / [Na  + ]o indicates that the coupling ratio 
for N a + - H  + exchange must be 1.0. 

To confirm this conclusion, we examined 
whether altering the t ransmembrane electrical 
potential difference would affect the results in 
Fig. 1. The experiment was repeated in the pres- 
ence of FCCP, an agent that increases the H ÷ 
conductance of membranes [9]. In particular, we 
[2] and others [10] have previously shown that in 
the presence of an inside-acid p H  gradient, FCCP 
will shift the membrane potential toward greater 
inside-negativity in rabbit renal microvillus mem- 
brane vesicles. Despite this effect of FCCP to alter 
the membrane potential, there was no effect of the 
ionophore to displace the equilibrium that oc- 
curred at an external p H  of 7.5 in Fig. 1. Again, 
this result supports the conclusion that the cou- 
pling ratio for N a ÷ - H  + exchange is 1.0. 

In the experiment illustrated in Fig. 2, the 
vesicles were pre-equilibrated with 1 mM Na ÷ at 
p H  6.5 and then net Na + flux was measured in the 
presence of a medium containing 0.01, 0.10, or 1.0 
m M  Na + at pH 7.5. At 0.01 mM external Na +, 
when [Na+] i / [Na+]o  was I00 and exceeded the 
[ H + ] i / [ H + ] o  of 10, net Na  + efflux was observed. 
At 0.10 mM external Na  + , when [Na+] i / [Na+]o  
was 10 and equal to [H+] i / [H+]o ,  there was no 
significant net flux of Na  + . At 1.0 m M  external 
Na  + , when [Na+] i / [Na+]o  was 1.0 and less than 
[H÷] i / [H+]o ,  net Na  + influx occurred. Addition 
of FCCP to alter the transmembrane electrical 
potential difference had no effect on these results. 
The findings in this experiment thus provide addi- 
tional support for the concept that the H + : N a  + 
coupling ratio is 1.0. 

In the experiment illustrated in Fig. 3, the 
vesicles were pre-equilibrated with 1 mM Na + at 
p H  7.5 and then net Na  + flux was measured in the 
presence of a medium containing 0.01, 0.10, or 1.0 
m M  Na + at pH 8.5. At 1.0 mM external Na  +, 
when [Na+] i / [Na+]o  was 1.0 and less than the 
[H + ] i / [H + ]o of 10, net Na  + influx was observed. 
At 0.10 mM external Na +, when [Na+] i / [Na+]o  
was 10 and equal to [H+] i / [H+]o ,  there was no 
measurable net flux of Na  ÷ , consistent with a 

163 

3'01 pH i 6.5 

_ pH o 7.5 

~- (No*) i 1.OmM + 
o 

z 2 .0-  

¢-- 

I 

v z 

- -  ~ 1.0 
o 
O9 

I t_  
o 
x 
j 0 
L L  

I L l  ,_] 

i , i  

- I . 0  1 I l 

0.01 0.10 1.0 

(No*) o (mM) 

Fig. 2. Net flux of Na + at varying external Na + concentration. 
Membrane vesicles were pre-equilibrated in 298 mM mannitol, 
1 mM NaC1, 10 mM ADA, 16 mM Tris, pH 6.5 and then the 
5-s net flux of Na + was determined in the presence of 300 mM 
mannitol, 0.1 mM ADA, 10 mM Hepes, 16 mM Tris, pH 7.5 
with 0.01 mM NaCi (O, 0), and in the presence of 299 mM 
mannitol, 1.0 mMADA, 14 mM Hepes, 10 mM Tris, pH 7.5 
with 0.10 mM NaCi (ID, I )  or 1.0 mM NaCI (A, &). The 
experiment was performed in both the absence (0, II, &) and 
the presence (O, El, A) of 22.4/~g/ml FCCP. 

coupling ratio of 1.0 as previously discussed. How- 
ever, at 0.01 mM external Na  +, when [Na+]i//  
[Na+]o was 100 and exceeded [H+] i / [H+]o ,  there 
was also no measurable net flux of Na+ .  If  one 
were to assume that the N a + - H  + exchanger was 
at equilibrium under these latter conditions, then 
the H + :Na  + coupling ratio would have to be 2.0. 
However, the lack of any significant effect from 
altering the membrane potential with FCCP argues 
that the coupling ratio is indeed 1.0. It  is therefore 
probable  that the finding of no net Na  + flux at 
0.01 mM external Na  + resulted from the fact that 
net Na  + efflux was present but too low to be 
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Fig. 3. Net flux of Na  + at varying external Na  + concentration. 
Membrane vesicles were pre-equilibrated in 298 mM mannitol, 
1 mM NaCI, 10 mM MgSO 4, 10 mM Tris, 16 mM Hepes, pH 
7.5 and then the 5-s net flux of Na  + was determined in the 
presence of 259 mM mannitol, 10 mM MgSO 4, 42 mM Tris, 13 
mM Hepes, pH 8.5 with 0.01 mM NaCI (O, O), 0.10 mM NaCI 
(D, 1) ,  or 1.0 mM NaCI (/x, &). The experiment was per- 
formed in both the absence (0 ,  II ,  &)  and the presence 
(O, O, A) of 22.4 lag/ml FCCP. 

measurable rather than from the fact that the 
N a + - H  ÷ exchanger was actually at equilibrium. 
Despite a favorable thermodynamic driving force, 
Na  ÷ efflux was likely to have been impeded kinet- 
ically by the relative unavailability of external H + 
for exchange at pH 8.5. 

In summary, these studies indicate that the 
N a + - H  ÷ exchanger in rabbit renal microvillus 
membrane vesicles has a H ÷ :Na  ÷ coupling ratio 
of  1.0. Such a coupling ratio is consistent with 
H + : N a  + stoichiometries of  1:1, 2:2,  3:3, etc. 
However, we have previously observed that Na ÷ 
transport via the rabbit renal N a + - H  ÷ exchanger 
conforms to simple Michaelis-Menten kinetics [5], 
suggesting that each transport event is associated 
with the binding of a single Na  ÷ . We therefore 
conclude that the stoichiometry of N a + - H  ÷ ex- 
change in renal microvillus membrane vesicles is 
1:1. 
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