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We have analyzed the combined utilization of highly permeant anions to induce membrane diffusion 
potentials and glucose uptake to probe the created potentials as a new approach to quantitative generation 
and estimation of membrane potential differences in vesicle studies. Rabbit jejunal brush-border membrane 
vesicles were used in our experiments so that membrane potential differences can be calculated from the 
Goldman-Hodgkin-Katz equation with the relative ion permeabiUties recently reported for this preparation 
(Gunther, R.D., Schell, R.E. and Wright, E.M. (1984) J. Membrane Biol. 78, 119-127) or approximated by 
the Nernst potential for the anion. Iodide was selected as the highly permeant anion after showing its 
absence of effect on glucose uptake with equal concentrations of Na ÷ inside and outside the vesicles and the 
membrane potential clamped to zero with gramicidin D. Membrane potential was varied by altering the 
intra- and extravesicular iodide concentrations while keeping isosmolarity and isotonicity constant by 
chloride replacement. In these conditions, glucose uptake was sensitive and correlated to the expected 
membrane potentials. Moreover, a linear relationship between the log initial rate of glucose transport and 
membrane potential differences could be established. This linear relationship was quite insensitive to inside 
replacement of choline by potassium and to pH variations in the incubation medium, thus showing the 
reproducibility and the versatility of the method and the adequacy of glucose uptake as a probe for 
membrane potentials. However, no information can be gained on the stoichiometry of the Na+-glucose 
transporter as the slope of the straight line depends on both the charge carried by the fully loaded carrier 
and the point in the electric field at which the transition state of the carrier from cis to t rans  occurs. This 
new approach was compared with the more conventional one using valinomycin-induced K+-diffusion 
potentials and the Nernst potential for potassium as means for creating and estimating membrane potential 
differences. Both techniques were not equivalent, as linear relationships showing smaller slopes and 
sensitivity to pH were recorded with the latter. These differences are compatible with a potassium 
permeability in the presence of valinomycin that is lower than generally assumed, at least when compared to 
the permeability of the other ions present in the incubation medium, it is concluded that our new procedure 
offers significant advantages over more classical approaches, particularly to test for membrane potential 
dependency of sodium cotransport systems in which cations have been implicated in the transport 

Abbreviations: FCCP, carbonylcyanide p-trifluoromethoxy- 
phenylhydrazone; Hepes, 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid; Mes, 4-morpholineethanesulfonic acid. 
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mechanism. This method can also be extended to other vesicle preparations by properly selecting an highly 
permeant anion. In the absence of knowledge upon the (relative) ion permeabilities of the membrane, an 
estimation of membrane potential differences by the Nernst potential for this anion should prove as good an 
approximation as the Nernst potential for potassium in the presence of valinomycin. 

Introduction 

Our recent studies on the characteristics of 
glutamic acid transport by rabbit jejunal brush- 
border membrane vesicles have led to the proposal 
of the existence of both protonated and unproto- 
nated forms of the anionic amino acid carrier [1]. 
From the postulated model, one can thus predict 
that glutamate transport should be electrogenic, at 
least in some conditions. However, many conflict- 
ing results have been obtained in the fast few 
years when trying to answer the issue of the 
rheogenicity of glutamic acid transport. For exam- 
ple, electrophysiological studies in vivo [2] have 
demonstrated that tubular resorption of acidic 
amino acids by the rat kidney depolarized the 
brush border membrane. In contrast, in vitro stud- 
ies with brush-border membrane vesicles isolated 
from the rat small intestine [3] or the rabbit kid- 
ney [4] have concluded to an electronetural Na +- 
dicarboxylic amino acid cotransport. In these last 
studies, electrical potentials across the brush- 
border membrane have been generated by using 
K ÷- or H ÷ gradients and valinomycin or FCCP, 
respectively. However, using the same techniques, 
Burckhardt et al. [5] reached the opposite conclu- 
sion when using vesicles originating from rat renal 
proximal tubules. Besides the possibility of species 
a n d / o r  organ differences, a problem associated 
with these studies is that both K ÷ and H ÷, the two 
ions used to generate a membrane potential, are 
also substrates for the transport system [1,6]. A 
similar constatation was also made recently by 
Nelson et al. [7]. It thus appears that in vitro 
studies should be reevaluated by using other ap- 
proaches. 

Another way to induce membrane potentials in 
vesicle studies has classically been performed by 
imposition of salt gradients using anions of differ- 
ent lipophilicity [8,9], but this method suffers from 
the lack of knowledge upon the permeability coef- 
ficients of the different anions and thus can only 
give qualitative information concerning the mem- 

brane potential dependency of transport. How- 
ever, since the report of Gunther et al. [10] who 
determined relative ion permeabilities of rabbit 
jejunal brush-border membrane vesicles, it ap- 
peared to us that salt-induced membrane poten- 
tials could be used for quantitative purposes. The 
high permeability reported for iodide as compared 
to chloride, sodium and potassium [10] makes it 
possible to consider the use of different concentra- 
tions of this anion inside and outside the vesicles 
in order to generate membrane potentials of dif- 
ferent magnitudes. The values of these induced 
potentials can then be calculated by introducing 
the relative ion permeabilities into the Goldman- 
Hodgkin-Katz equation [10] and estimated with 
an appropriate probe. 

This paper describes experiments designed to 
justify the utilization of iodide-induced membrane 
potentials for quantitative generation of electrical 
potentials across the brush-border membrane in 
rabbit jejunal vesicles. Uptake of glucose at low 
concentration (high-affinity pathway for glucose 
[11]) was chosen as a probe for quantification of 
the created membrane potentials. The method was 
also compared to the more classical utilization of 
valinomycin-induced K÷-diffusion potentials and 
proved to be of general application and, particu- 
larly, with systems in which K ÷ participates to the 
transport mechanism. 

Materials and Methods 

Chemicals. All salts and chemicals for buffer 
preparation were of the highest purity available. 
Labeled compounds were from New England 
Nuclear Corporation as follows: D-[U-14C]glucose 
(315 mCi /mmol )  and D-[1-3H(n)]mannitol (27.4 
Ci /mmol) .  Ionophores, valinomycin and gram- 
icidin D, were obtained from Sigma Chemical 
Company. Amiloride hydrochloride was a gift from 
Merck, Sharp and Dohme, Canada, Division of 
De Merck Frosst Canada Inc., Kirkland, Quebec. 

Preparation of brush-border membrane vesicles. 
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The small intestine was removed from 2.0-2.5 kg 
male New Zealand white rabbits (Ferme cunicole 
Leonard, Ste-Cholastique, Quebec) and flushed 
with ice-cold 0.9% NaC1, The mucosa from the 
jejunum was scraped with a spatula on a cold 
glass plate. Brush-border membranes were puri- 
fied by the calcium chloride precipitation method 
of Schmitz et al. [12] and vesicles were obtained 
by the method of Hopfer  et al. [13] with slight 
modification as described recently [1]. Based on 
sucrase activity, enrichment factors in the range 
13-18-fold over the homogenate were routinely 
obtained. 

Transport studies. Uptake studies were carried 
out by the rapid filtration technique of Hopfer et 
al. [13] as described previously [1]. The freshly 
prepared vesicles were resuspended to a final pro- 
tein concentration of 30 50 m g / m l  with the final 
resuspension buffer, and an aliquot (0.3-0.5 mg 
protein) was added to the incubation medium kept 
at room temperature (20°C) to start the transport 
experiments. The composition of the final resus- 
pension buffers for vesicles and the final con- 
centrations in the incubation media will be indi- 
cated in the legends of the figures. At time inter- 
vals, aliquots were taken from the incubation mix- 
ture, poured in 1 ml quenched ice-cold stop-solu- 
tion as in Ref. 1, filtered on a pre-wetted and 
chilled 0.45/~m nitrocellulose filter (Sartorium SM 
11306) and washed with 4 ml of nonradioactive 
ice-cold stop-solution. Filters were then dissolved 
in mini-vials by 15-min incubation with 5 ml 
Filter Count (United Technologies Packard) and 
subsequent vortexing. 3H and t4C radioactivities 
were determined using a Minaxi Tri-Carb Series 
4000, model 4450 scintillation counter (United 
Technologies Packard). 

Results are expressed as nmol solute u p t a k e / m g  
protein. Initial rates of uptake have been esti- 
mated from the 0.1 min time-point or by poly- 
nomial regression of the uptake time curve [11] 
and are expressed as nmol solute u p t a k e / m g  pro- 
tein per min. Relative uptake values were calcu- 
lated by normalization to 100 when membrane 
potential was set to zero. Regression analysis have 
been performed using an Apple IIe microcom- 
puter and a curve-fitter program (P.K. Warme, 
Copyright 1980, Interactive Microware Inc.). Stat- 
istical analysis were done with Statcalc [14] on the 

same microcomputer. 
Assays. Marker enzyme for the brush-border 

membrane, sucrase (EC 3.2.1.48), was routinely 
assayed by the method of Dahlqvist [15] as mod- 
ified by Lloyd and Whelan [16]. Protein was mea- 
sured according to Lowry et al. [17] with bovine 
serum albumin as standard. 

Results 

Absence of iodide effects on glucose transport 
In order to use iodide-induced membrane 

potentials across the brush-border membrane 
vesicles and glucose uptake as a probe, one must 
first verify the absence of iodide effects per se on 
glucose uptake. This question was addressed in 
setting equal concentrations of Na + both inside 
and outside the vesicles and clamping the mem- 
brane potential to zero with gramicidin D. As 
shown in Table I, I and C1 behaved similarly as 
far as initial rates of glucose transport are con- 
cerned at each pH of the incubation medium. 

TABLE 1 

ABSENCE OF IODIDE EFFECTS ON GLUCOSE TRANS- 
PORT 

Final resuspension buffers for vesicles: 50 mM Mes-Tris buffer 
(pH 6.0) or 50 mM Tris-Hepes buffer (pH 8.0), 0.1 mM 
MgSO 4, 100 mM NaCI plus 100 mM choline chloride or 100 
mM Nal plus 100 mM choline iodide. Final concentrations in 
the incubation media (0.25 ml): 50 mM Mes-Tris buffer (pH 
6.0) or 50 mM Tris-Hepes buffer (pH 8.0), 0.1 mM MgSO 4, 
100 mM plus 100 mM choline chloride or 100 mM Nal plus 
100 mM choline iodide, 0.01 mM P-[U-n4C]glucose, 0.5 mM 
amiloride and 0.016 mg gramicidin D. Values shown are the 
mean_+ S.E. of two experiments with different preparations of 
vesicles. Initial rates of glucose uptake have been estimated by 
polynomial regression of the uptake time-course from 0.1 to 
1.0 min (four points) as described in the text. One-way analysis 
of variance of the data performed as described in the text 
showed significant differences between uptakes at pH 8.0 and 
6.0 but nonsignificant differences between the chloride and 
iodide values at both pH values. 

pH Anions Initial rates of glucose uptake 
(pmo l /mg  protein per rain) 

6.0 C1 15.4±3.3 
I 14 .1±1 .4  

8.0 Cl 5.5±1.4 
I 5 .4±1.4 
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Fig. 1. Uptake time-course of glucose uptake at different ratios 
of intra- to extravesicular iodide concentrations. Final resus- 
pension buffers for vesicles: 50 mM Tris-Hepes buffer (pH 
7.5), 0.1 mM MgSO 4, and either 8 (n), 43 (zx), 68 (O),  104 (~ ) ,  
138 (B), 163 (A), or 198 mM  (O) choline iodide (overall 
isotonicity and isosmolarity maintained constant to 208 mM 
with choline chloride). Final concentrations in the incubation 
media: 50 mM Tris-Hepes buffer (pH 7.5), 0.1 mM  MgSO 4, 
0.01 mM o-[U J4 C]glucose, 0.5 mM  amiloride, 100 mM sodium 
chloride a n d / o r  iodide and 108 mM  choline chloride a n d / o r  
iodide to give iodide concentrations of 10 (o), 46 (A), 71 (11), 
104 ( ~ ) ,  140 (O),  165 (zx) and 200 m M  (E3). points shown are 
individual data-points from the same preparation of vesicles 
and are representative of the two experiments performed in the 
same conditions. The drawn curves have been obtained by 
polynomial regression as described in the text. Values for a 1 
were 0.158 (O), 0.257 (A), 0.368 (11), 0.416 (O),  0.522 (©), 
0.662 (z~) and 1.096 (t3) with coefficients of correlation of 
0.998, 0.990, 0.998, 0.987, 0.999, 0.995 and 0.995, respectively. 

Glucose uptake as a probe for membrane potential 
In order to get a valuable probe for quantita- 

tive estimation of membrane potentials, one must 
find a molecule whose uptake is sensitive to the 
membrane potential and follows some kind of 
reproducible correlation with it. From the data of 
Kaunitz and Wright [18], showing a linear rela- 
tionship between the log of initial rates of glucose 
uptake and the transmembrane potential dif- 
ferences in bovine intestinal brush-border vesicles, 
it appears that glucose transport could be such a 
probe. This possibility was analysed further in our 

183 

system by studying the membrane potential de- 
pendency of glucose uptake, and the results are 
shown in Figs. 1 and 2. In these experiments, the 
glucose concentration was set to 0.01 mM, a con- 
dition which isolates the high-affinity pathway for 
glucose in rabbit jejunal vesicles [11]. 

Fig. 1 clearly shows that membrane potentials 
positive with respect to the vesicle interior de- 
creased both the rate of glucose uptake and the 
maximum overshoot values, while the opposite 
polarity increased both parameters. Also, con- 
sidering that membrane potentials have been gen- 
erated by varying the iodide and chloride con- 
centrations inside and outside the vesicles, it ap- 
pears that iodide salts are effective in creating 
membrane potentials of different magnitudes. 

Initial rates of glucose uptake have been esti- 
mated from the data presented in Fig. 1 by fitting 
Eqn. 1 to the progress curve up to 1 min [11]: 

y = a ] t  + a2t 2 (1) 
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Fig. 2. Relationship between initial rates of glucose uptake and 
membrane potential differences. Initial rates of glucose uptake 
have been estimated from the data of Fig. 1 by polynomial 
regression (O)  or by 10×0.1 min uptake values (O) as de- 
scribed in the text. Voltages are with respect to the vesicle 
exterior, calculated with the use of the Goldman-Hodgkin-Katz  
equation and relative ion permeabilities as reported in Ref. 10 
(see text). Linear regression was performed as described under 
Materials and Methods and gave y intercepts of 0.4272 and 
0.3956 n m o l / m g  protein per rnin, slopes of 6.78.10 -3  and 
7.21.10 -3  , and coefficients of correlation of 0.998 and 0.995 
for (O)  and (O), respectively. 
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In all cases, it should be no ted  that  a coefficient  of 
corre la t ion  equal to or  higher than 0.987 was 
ob ta ined  and that  the curves d rawn in Fig. 1 
represent  the best  fit to Eqn. (1). Values for a 1 
have been p lo t ted  in Fig. 2 as the log init ial  
glucose t ranspor t  versus m e m b r a n e  potent ia l  dif- 
ferences across the b rush-borde r  membrane .  F o r  
compar i son ,  10 × 0.1 min up take  values have been 
p lo t ted  in the same way on the same graph.  It thus 
appears  that  the log of initial  rates of glucose 
up take  rose l inear ly with the m e m b r a n e  poten-  
tials. However ,  one must  consider  that  0.1 min 
up take  values underes t ima ted  init ial  t r anspor t  
rates by an average of 7 + 2% (S.E.) as compared  
to those de te rmined  through po lynomia l  f i t t ing 
but  that  this underes t imat ion  did not  affect sig- 
nif icant ly the slope of the straight  line ob ta ined  in 
Fig. 2. F o r  this reason,  we choose to use single (0.1 
min) t ime-poin ts  as a reasonable  app rox ima t ion  of 
init ial  rates in the fol lowing exper iments ,  

Fig. 2 clear ly demons t ra tes  that  a po ten t ia l  
difference,  vesicle exter ior  negat ive,  inhib i t s  
sod ium-coup led  D-glucose t ranspor t ,  while the op- 
posi te  polar i ty  p romotes  t ranspor t ,  in agreement  
with previous  qual i ta t ive  [19,20] and quant i ta t ive  
[18] observat ions  made  with glucose t r anspor t  in 
intest inal  vesicles. 

Versatility and reproducibility of  iodide-induced 
membrane potentials 

In the exper iments  repor ted  in Fig. 3, we have 
compared  the effect of replacing inside choline by 
potass ium and de te rmined  the effect of  p H  on the 
re la t ionship  between glucose up take  and mem- 
brane  potent ials .  Obviously,  none  of  these modif i -  
cat ions  affected the system, thus showing that  ion 
permeabi l i t i es  relative to sod ium were not  mod-  
if ied by p H  and that  their  values repor ted  in Ref. 
10 and used in the G o l d m a n - H o d g k i n - K a t z  equa- 
tion are quite reliable. Also,  consider ing the num- 
ber  of exper iments  repor ted  in Fig. 3, it appears  
that  our  method  is highly reproducible .  

The da ta  presented  in Fig. 3 is compat ib le  with 
a re la t ionship  between m e m b r a n e  potent ia l  and 
glucose uptake  having the form of Eqn. 2: 

J = Joe x~* (2) 

where J is the init ial  rate of glucose t ranspor t  
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Fig. 3. Effect of replacing inside choline by potassium and 
varying pH in the incubation medium on the relationship 
between glucose uptake and membrane potential differences. 
Final resuspension buffers for vesicles as in Fig. 1 with 50 mM 
Tris-Hepes buffer (pH 8.0) (O, A) or 50 mM Mes-Tris buffer 
(pH 6.0) (©, A) and with inside replacement of 104 mM 
choline by 104 mM potassium (zx, A) or not (©, O). Final 
concentrations in the incubation media as in Fig. 1 (©, O) with 
50 mM Tris-Hepes buffer (pH 8.0) (O) or 50 mM Mes-Tris 
buffer (pH 6.0) (©). Final concentrations of chloride, iodide, 
sodium, glucose and amiloride in the incubation media for 
K+-loaded vesicles as in Fig. 1, but with 50 mM Tris-Hepes 
buffer (pH 8.0) (A) or 50 mM Mes-Tris buffer (pH 6.0) (z~) and 
104 mM choline plus 4 mM potassium (zx, A). Points shown are 
the mean+S.D, of two (O, O) or three (zx, A) experiments 
performed in duplicate on different preparations of vesicles. 
Initial rates of glucose uptake were estimated by single (0.I 
min) time-point analysis. Voltages are as described in the 
legend of Fig. 2. Linear regression was performed as described 
in the text and gave a y intercept (0 potential) of 102, a slope 
of 8.16.10 _3 and a coefficient of correlation of 0.9946. 

measured  at different  membrane  potent ia ls  A~; J0 
is the t ranspor t  rate when A,/, = 0; and K repre- 
sents a cons tant  de te rmined  by  the slope of  the 
straight  line of Fig. 3. This equat ion is ana logous  
to Eqn. 3 previously  der ived by Turner  [21]: 

J = Joe""" (3) 

where z is the charge of the fully loaded carr ier  (in 
this case, the un loaded  carr ier  is neutral) ,  u = 
F A ~ / R T  (F,  R and  T have their  usual meaning)  
and  rt character izes  the poin t  in the electric field 



at which the t ransi t ion state of  the carr ier  from 
form cis to trans occurs within the l imits 1 > ~ >/0 
[21]. This  last  pa rame te r  can be ob ta ined  by com-  
par i son  between Eqns. 2 and 3 and can be ex- 
pressed as ~ = KRT/zF. With  K =  8 .16 .10  -3 
( f rom Fig. 3) and assuming z = + 1, + 2 and + 3, 
values of ~ = 0.473, 0.237 and 0.158 can be ob- 
ta ined,  respectively.  These values may  be com- 
pa red  with 77 = 0.24 for sodium-succ ina te  cot rans-  
po r t  with renal vesicles [22] and ~ = 0 . 0 9  for 
sodium-glucose  co t ranspor t  with intest inal  vesicles 
[18]. 

Comparison of iodide-induced versus valinomycin- 
induced membrane potentials 

In order  to jus t i fy  further the use of iod ide  
induced  m e m b r a n e  potent ia l s  across the rabbi t  
j e juna l  b rush -borde r  membrane  vesicles, we com- 
pa red  this new approach  with the more  classical 
use of  va l inomycin- induced  K+-di f fus ion  poten-  
tials. In Fig. 4, the membrane  potent ia l  was var ied 
by al ter ing the intra-  and  extravesicular  KC1 con- 
cen t ra t ions  as descr ibed [18] and es t imated by the 
Nerns t  potent ia l  for potass ium.  Also,  the experi-  
ments  have been pe r fo rmed  at ei ther p H  8.0 (closed 
symbols)  or  6.0 (open symbols) .  The straight  line 
ob ta ined  in Fig. 3 has been redrawn in Fig. 4 for 
compar i son  purposes .  It thus clearly appears  that  
bo th  methods  are not  equivalent  in their quant i ta -  
tive es t imat ion  of m e m b r a n e  potent ia l  values and 
that  po tass ium permeabi l i ty  in the presence of  
va l inomycin  is var iable  with the p H  of the incuba-  
t ion medium.  

Three  possibi l i t ies  should be  considered to ex- 
p la in  these differences.  Firs t ,  an overes t imat ion  of  
iod ide  pe rmeab i l i ty  relat ive to sod ium as de- 
t e rmined  in Ref. 10 would  lead to an overes t ima-  
t ion of  m e m b r a n e  poten t ia l  values ca lcula ted  by  
the G o l d m a n - H o d g k i n - K a t z  equat ion  and thus to 
an underes t ima t ion  of the slope in Fig. 3. Such an 
exp lana t ion  would  ampl i fy  the difference between 
the two methods  noted  in Fig. 4 and seems un- 
likely. Al ternat ive ly ,  the iodide  pe rmeab i l i ty  rela- 
tive to sod ium may  have been underes t imated  by  
G u n t h e r  et al. [10]. The  consequence  can be 
checked direct ly  by  calcula t ing the Nerns t  po ten-  
t ial  for iodide,  i.e., assuming that  iod ide  pe rmea-  
b i l i ty  great ly  exceeds the pe rmeab i l i ty  of  all o ther  
ions present ,  and  replo t t ing  the da ta  for glucose 
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Fig. 4. Comparison of iodide-induced versus valinomycin-in- 
duced membrane potentials. Final resuspension buffers for 
vesicles: 50 mM Tris-Hepes buffer (pH 8.0) (O) or 50 mM 
Mes-Tris buffer (pH 6.0) (O), 0.1 mM MgSO 4, 300 mM 
D-mannitol, 0.003 mM valinomycin and either 100 mM KCI or 
10 mM KCI plus 90 mM choline chloride. Final concentrations 
in the incubation media: 50 mM Tris-Hepes buffer (pH 8.0) 
(e) or 50 mM Mes-Tris buffer (pH 6.0) (O), 0.1 mM MgSO4, 
0.01 mM D-[U J4 C]glucose, 0.003 mM valinomycin, 0.5 mM 
amiloride, 100 mM NaCI, 80 mM mannitol, and 10-100 mM 
KC1 (isotonicity with respect to KC1 adjusted with choline 
chloride). Points shown are the meand-S.D, of three experi- 
ments performed in duplicate on different preparations of 
vesicles. Initial rates of glucose uptake were estimated by single 
time point (0.1 min) analysis. Voltages are with respect to the 
vesicle exterior, calculated with the use of the Nernst equation 
as in Ref. 18. Linear regressions were performed as described 
in the text and gave y intercepts of 115 and 112, slopes of 
2.53-10 -3 and 4.99.10 -3 and coefficients of correlation of 
0.981 and 0.997 at pH 6.0 (O) and 8.0 (e), respectively. For 
comparison purposes, the data from Fig. 3 have been redrawn 
intact ( ) or after recalculation of membrane potentials 
according to the Nernst potential of iodide ( - -  - -  --).  In this 
case, linear regression gave a y intercept of 104, a slope of 
6.68-10-3 and a coefficient of correlation of 0.994. 

up take  in Fig. 3 according  to these new poten t ia l  
values (dashed line in Fig. 4). Such a man ipu la t ion  
sl ightly reduces the slope difference be tween the 
two methods  at p H  8.0 but  not  enough to give 
comple te  superpos i t ion  of  the two relat ionships.  
W e  are thus left wi th  the third possibi l i ty ,  namely  
tha t  the Nerns t  po ten t ia l  for po ta s s ium overesti-  
mates  the true m e m b r a n e  poten t ia l  dif ference 
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Fig. 5. Reconciliation of the data from Fig. 4 with those from 
Fig. 3. Valinomycin-induced K +-diffusion potentials from Fig. 
4 were recalculated using the complete Goldman-Hodgkin-Katz 
equation with ion permeabilities relative to sodium reported in 
Ref. 10 and K + permeabilities relative to sodium of 4 and 16 
at pH 6.0 (O) and 8.0 (e), respectively. The drawn straight line 
corresponds to the regression line in Fig. 3. 

across the brush-border membrane. Assuming dif- 
ferent potassium permeabilities relative to sodium 
and using the Goldman-Hodgkin-Katz  equation, 
one can estimate new membrane potential values 
for the data of Fig. 4. As shown in Fig. 5, a 
complete identity between the data of Figs. 3 and 
4 can be obtained with relative potassium permea- 
bilities of 16 (pH 8.0) and 4 (pH 6.0). It thus 
appears that this last explanation is compatible 
with both the slope difference between the two 
methods and the pH effect observed with K +- 
valinomycin. 

Discussion 

The importance of membrane potentials in the 
energization and function of Na+-cotransport  sys- 
tems is now firmly established (see Refs. 20, 23 
and 24 for review) and can be demonstrated in 
studies using membrane vesicles [8,9,18-20,25]. In 
such studies, the general principle underlying the 
creation of membrane potentials of different mag- 
nitudes consists in the imposition of ion gradients 

that lead to the generation of diffusion potentials. 
Both cations in the presence of specific ionophores 
or anions with different lipophilicity have proved 
successful for this purpose (see Refs. 8, 9 and 24 
for review). However, the precise determination of 
the magnitude of such diffusion potentials is 
impaired by the tack of knowledge upon the rela- 
tive permeabilities for the ions used to establish 
the ion gradient and by difficulties associated with 
the utilization of several probes serving to esti- 
mate membrane potentials [8,9,24]. These consid- 
erations explain the paucity of kinetic data trying 
to quantify the effect of membrane potentials on 
Na+-dependent transport systems. One approach 
has been attempted recently by Kaunitz and 
Wright [18] who analysed the effect of transmem- 
brane potential differences on the uptake of D-glu- 
cose by bovine intestinal brush-border vesicles. In 
this paper, membrane potential was varied by 
altering the intra- and extracellular KCI con- 
centration and estimated by calculating the Nernst 
potential for potassium, thus assuming that potas- 
sium permeability in the presence of valinomycin 
greatly exceeds the permeability of all other ions 
present. However, the method cannot be of gen- 
eral use, particularly with systems in which potas- 
sium has been found to participate in the reaction 
mechanism, like the anionic amino acid transport 
system [1,3-7]. In these systems, an inhibitory 
effect resulting from the valinomycin-induced dis- 
sipation of the internal K + gradient (used as a 
supplementary driving force for uptake) could re- 
duce or even mask any stimulation produced by 
the so-created inside-negative membrane poten- 
tial. 

In this paper, we have designed experiments 
aimed at introducing an alternative method allow- 
ing quantitative estimation of membrane poten- 
tials generated by iodide, a highly permeant anion 
in rabbit jejunal brush-border vesicles [10]. Our 
results clearly show the validity of this new ap- 
proach on the following grounds. First, iodide per 
se has no effect on glucose uptake (Table I). Next, 
varying the ratio of intra- to extravesicular iodine 
concentrations allows a linear relationship be- 
tween the log of initial rates of glucose transport 
and membrane potential differences to be estab- 
lished (Fig. 2), in agreement with recently pub- 
lished results with bovine intestinal vesicles [18]. 



Moreover, it appears that the method is highly 
reproducible and versatile as it can be used in 
different ionic and pH conditions with the same 
efficiency (Fig. 3). It can also be concluded that 
glucose uptake is a good probe for quantitative 
estimation of membrane potential differences as it 
shows linearity over a large range of potential 
values independently of ionic and pH conditions. 
These results also show that membrane potential 
dependency of the Na+-D-glucose cotransporter is 
pH-independent. 

Finally, we compared our new approach with 
the use of valinomycin-induced K+-diffusion 
potentials [18]. It clearly appears from Fig. 4 that 
both methods are not equivalent. However, the 
difference is easily explained by a K + permeability 
relative to the other ions present in solution which 
is lower in the presence of valinomycin than gen- 
erally assumed. The instability of K+-diffusion 
potentials in KC1 solutions has been recognized by 
Wright during the calibration of membrane poten- 
tials by the dye, DiS-C3-(5 ), and was attributed to 
the chloride permeability [26]. For the study of 
Na+-cotransport systems, it also seems likely that 
the sodium permeability can interfere with the 
method and that replacing chloride by more im- 
permeant anions as suggested [26] will only solve 
part of the problem. In this context, it is interest- 
ing to compare the data of Fig. 3 with those of 
Fig. 8 from the work of Kaunitz and Wright [18]. 
It thus appears that the glucose transporter from 
rabbit intestinal membranes is quite more sensi- 
tive to the membrane potential than the bovine 
carrier. Besides species differences, this observa- 
tion could also be related to the techniques used 
to generate and estimate the potential differences 
across the membrane. 

It should also be noted that no information can 
be gained on the stoichiometry of the Na+-glucose 
transport in such studies, as the relationship be- 
tween glucose uptake and membrane potential 
differences depends on both the charge carried by 
the fully loaded carrier (z) and the point in the 
electric field where the transition from cis to t rans  

occurs (7)- As calculated in the Results section, 
the data is compatible with any charge from 1 to 3 
(or even more) being cotransported by the Na +- 
glucose-carrier complex. A last comment concerns 
the linearity of the relationship observed between 
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log glucose uptake and membrane potential dif- 
ferences. Such a result does not agree with the 
notion of 'saturating membrane potentials' [20,27] 
and with the expectations from theoretical analy- 
sis on either the effects of membrane potentials on 
the kinetics of solute cotransport [27,28] or the 
current-voltage relationships for cotransport sys- 
tems [29], but is a very special case analysed by 
Turner [21]. In Fig. 3, the 61 mV point (interior 
negative) has not been included in the linear fit of 
the data-points, as this point significantly deviated 
by about 10% from the drawn straight line. Al- 
though this deviation could be the result of an 
underestimation of the initial rate of glucose 
transport by the single time-point procedure used 
in these experiments, the possibility that satura- 
tion of glucose transport takes place for mem- 
brane potentials higher than 60 mV should also be 
considered in the future by extending the range of 
membrane potentials and estimating true initial 
rates. 

In conclusion, the new procedure described in 
this paper for quantitative creation and estimation 
of membrane potentials in rabbit jejunal brush- 
border membrane vesicles offers significant ad- 
vantages over more conventional approaches. It is 
easier to handle than techniques using ionophores 
which require a solubilization step in ethanol, thus 
limiting the concentration of ionophore that can 
be used. It is insensitive to pH variations, a char- 
acteristic not shared by the K+-diffusion poten- 
tials induced by valinomycin. Also, the high per- 
meability of the membrane to iodide makes the 
method more insensitive to ionic replacement than 
the other one, at least for C1- and K +, two ions 
which are used very often in vesicle studies. The 
utilization of sodium-dependent glucose uptake as 
a probe for membrane potentials circumvents the 
binding problems experienced with potential-sen- 
sitive dyes and the unknown mechanism of the 
dye response [8,9]. Finally, the method can be 
used with cotransport systems in which K ÷ a n d / o r  
H + have been shown to participate in the trans- 
port mechanism. This new method thus appears to 
be of more general use than methods with cations 
and ionophores. Moreover, the principle of this 
method should be applicable to other membrane 
vesicle systems if it is possible to find an anion 
with very high permeability. In the absence of 
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k n o w l e d g e  c o n c e r n i n g  the  ( re la t ive)  ion  p e r m e a b i l -  

i t ies in this new system,  the  N e r n s t  p o t e n t i a l  for 

the  se lec ted  a n i o n  shou ld  p r o v e  as g o o d  an ap-  

p r o x i m a t i o n  of  m e m b r a n e  po t en t i a l  va lues  as the 

N e r n s t  po t en t i a l  for  p o t a s s i u m  in the  p r e sence  of  

va l i nomyc in .  
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