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The transport of sodium into inside-out basolateral plasma membrane vesicles from small intestinal epithelial 
cells has been examined. It was found, under equilibrium conditions, that binding of 22Na represents approx. 
55% of the total uptake during an equilibration period of 30 rain; 45% of the total uptake correspond to 
passive sodium entry in the vesicle space. In addition to binding and to passive Na + entry, two distinct 
mechanisms capable of accumulating sodium in the intravesicular space can be demonstrated when ATP is 
added to the incubation medium. One transports sodium actively in the absence of potassium, whereas the 
other requires the presence of potassium in the interior of the vesicles. The two mechanisms can also be 
differentiated by their affinities for sodium, their optimal pH and by their behaviour towards different 
inhibitors. Thus, the mechanism that transports sodium in the absence of potassium is refractory to ouabain, 
but is inhibited by ethacrynic acid and furosemide, whilst the mechanism that accumulates sodium inside the 
vesicles in the presence of internal potassium is strongly inhibited by ouabain, is weakly inhibited by 
ethacrynic acid and is insensitive of furosemide. ATP is a specific stimulator of both processes, and the 
requirement for magnesium is absolute in both cases. 

Introduction 

In the enterocyte the transcellular movement of 
sodium is known to be dependent on cellular 
energy and to involve the participation of carriers. 
Sodium enters the enterocyte across the mucosal 
plasma membrane and is extruded from the cell 
across the basolateral plasma membrane. Sodium 
extruded against an electrochemical potential 
gradient and requires coupling to a supply of 
metabolic energy. Evidence exists that this energy 
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is derived from the hydrolysis of ATP and that 
there exists at least one enzyme responsible for 
such hydrolysis, namely the ( N a ÷ +  K+)-ATPase. 
Experiments performed in vitro are consistent with 
this notion. For instance, the cardiac glycoside, 
ouabain, specific inhibitor of the ( N a + +  K+) - 
ATPAse, only inhibits the active absorption of 
sodium when added to the serosal face of the 
tissue [1]. The inhibition to transeplthelial sodium 
transport is accompanied by a loss of potassmm 
and by a gain of sodium by the cells. In addition, 
autoradiographic [2,3], histochemical [4] and cell 
fractionation studies [5,6] have located the binding 
of ouabain and the (Na ÷ + K ÷)-ATPase activity 
almost exclusively at the basolateral plasma mem- 
brane, with little or no actw~ty in the apical pole 
of the cell. 

In the small intestine, removal of potassium 



from the mucosal and serosal media causes a 
reduction in intracellular potassium and an equiv- 
alent gain in intracellular sodium, without change 
in cell water; the removal of potassium from the 
mucosal medium has no effect; whereas removal 
of potassium from serosal medium leads to a re- 
duction in cell potassium without concomitant 
changes in cell sodium or water content [7]. These 
observations suggest that the maintenance of high 
intracellular potassium and low sodium activities 
depend on the presence of potassium at the serosal 
face of the cell and that the apical membrane of 
the cell is little permeable to potassium. The re- 
moval of sodium from the mucosal or serosal 
solutions leads to a fall in intracellular sodium 
levels, but does not affect the intracellular potas- 
sium concentrations, nor the flux of potassium 
across the basolateral plasma membrane; the bi- 
lateral removal of sodium causes a reduction m 
both intracellular sodium and potassium, a de- 
crease in cell water and a diminution of potassium 
movement across the serosal membrane. In addi- 
tion, ouabam reduces cell potassium and increases 
cell sodium by equivalent amounts without chang- 
ing the cell water content [7]. These data support 
the hypothesis that a Na+-K+-exchange pump is 
responsible for the maintenance of the normal 
mtracellular concentrations of sodium and potas- 
sium, but appear to indicate that the regulation of 
the cellular volume is independent of tins process. 
On the other hand, it is known that solutes such as 
D-glucose and L-alanine strongly enhance transcel- 
lular movement of sodium by stimulating the entry 
of the cation across the apical pole of the cell [8], 
but they do not influence the rate of exchange of 
42K across the basolateral plasma membrane [7]. 
These observations agree with the findings of Lee 
and Armstrong [9] who determined the intracellu- 
lar activities of sodium and potassium in bullfrog 
small intestine using cation-selective microelec- 
trodes and observed that in the presence of 3-O- 
methylglucose, both ion activities were signifi- 
cantly reduced despite the stimulation of transcell- 
ular sodium transport caused by tins sugar. If 
there existed an absolute relationship between the 
sodium transport and Na+-K + exchange, an in- 
crement in cell potassium would be expected. In- 
deed, these observations have been recently con- 
firmed with isolated enterocytes [10] where it was 
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found that non-metabolizable hexoses elicit no rise 
in cell potassium despite a clear decrease in in- 
tracellular Na + concentration. 

In addition to the small intestine, there are 
other epithelia where there appears to be no strict 
relationship between transcellular sodmm trans- 
port and sodmm-potassium exchange [11-15]. In 
the proximal tubular cells of the guinea-pig kid- 
ney, two different mechanisms for sodium trans- 
port across the basolateral plasma membrane of 
the cell have been descnbed and characterized 
[16-18]. Once mechanism exchanges intracellular 
sodium for extracellular potassium, whilst the other 
actively expells sodium, the cation being followed 
passively by chloride and water. The first of these 
mechanisms is inhibited by ouabain, weakly in- 
hibited by ethacrynic acid and insensitive to fur- 
osemide and triflocin (a,a,a-trifluoro-m-tolul- 
dinonicotinic acid), whereas the second mecha- 
nism is refractory to ouabain, but inhibited by 
ethacrymc acid, furosemide and triflocm. Both 
mechanisms are dependent on cellular energy since 
both are suppressed by 2,4-dinitrophenol or anoxm, 
and it is believed that they both derive their energy 
from the hydrolysis of ATP. In this respect, it is 
significant that two Na+-dependent ATPase activ- 
ities have been found associated with basolateral 
plasma membranes isolated from guinea-pig renal 
proximal cells [19-21]. 

The evidence quoted above in favour of the 
existence of a sodmm transport mechanism inde- 
pendent of Na+-K + exchange in the small intesti- 
nal epithelial cells, is indirect. Therefore we decided 
to evaluate the possibility of the existence, in the 
enterocyte, of a mechamsm analogous to that 
descnbed for guinea-pig renal proximal cells. It 
was considered that a preparation of vesicles from 
basolateral plasma membranes would give a direct 
answer, since the composmon of both the external 
and the internal milieu of the vesicles could be 
easily controlled. 

In the present work, we demonstrate, using 
basolateral plasma membrane vesicles of small 
intestinal epithehal cells, the existence of two 
ATP-dependent active Na ~-transport mecha- 
nisms. 

Part of this work was presented to the 4th 
Conference of European Society for Comparative 
Physiology and Biochemistry in Bielefeld, F.R.G. 
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(1982) and to the 15th annual USSBE (USGEB) 
Meeting, Fribourg, Switzerland (1983). 

Materials and Methods 

Materials 
All chemicals were of their highest available 

purity. Dowex 50W-X8 resin (50-100 mesh) was 
purchased from Fluka (Bushs), Z2Na from 
Amersham International (Amersham), Tris-ATP, 
and valinomycin from Sigma (St. Louis) and 
p[NH]ppA, GTP, ITP, UTP, CTP, ADP from 
Boehringer (Mannheim). 

Preparation of basolateral plasma membrane vesicles 
Basolateral plasma membrane vesicles were ob- 

tained as described by Del Castillo and Robinson 
[22]. Briefly, guinea-pig small intestinal scrapings 
were homogenized in a medium containing 250 
mM sucrose and 20 mM Tris-HC1 (pH 7.2) and 
basolateral vesicles were isolated by differential 
centrifugation and application to a Percoll gradi- 
ent. The final fraction (F-II) containing vesicles 
was resuspended in the homogenization medium, 
such that the protein concentration was greater 
than 4 mg/mL F-II was immediately used for the 
transport experiments. It has been previously 
shown that this fraction contains 60% inside-out 
basolateral plasma membrane vesicles and is prac- 
tically free of others membrane contaminants. 

Proteins were routinely determined by the Folln 
method [23], using crystalline bovine albumin as 
standard. Since high concentrations of Percoll can 
interfere with this method, blanks were prepared 
from gradients run without membranes. In addi- 
tion, a modified Coomassie blue method [24,25] 
with which Percoll does not interfere [26] was also 
used to check the results obtained for fractions 
emerging from Percoll gradients. 

Sodium transport assays 
All transport experiments were started by the 

addition of the suspension of basolateral plasma 
membrane vesicles to the appropriated incubation 
medium. Aliquots of this mixture were then re- 
moved after different incubation times for the 
deterrmnation of radioactivity in the interior of the 
vesicles. Separation of the vesicles from the sus- 
pension medium was performed on Dowex 50W- 

8X columns. Generally, 50 /~1 of the incubation 
medium were applied to the columns and im- 
mediately eluted with 1 ml of washing solution of 
the following composition: 150 mM sucrose and 
20 mM Tris-HC1 (pH 7.2). The eluate was col- 
lected in counting tubes and its Z2Na activity was 
determined in a "/-counter. 

In general, the incubation medium contained 
(final concentrations): 50 mM sucrose, 20 mM 
Trls-HC1 (pH 7.2), 5 mM MgCl 2, 20 mM NaC1 
and 20 mM KC1 (or chohne chloride) and 5 mM 
of the appropriate nucleotlde. The final volume of 
the incubation mixture was 100 #l and the quan- 
nty of protein added varied between 40 and 200 
/~g. Sodium uptake was expressed in nmol /mg 
protein. 

In each experiment, two types of blank were 
run. The first contained no membranes but the 
same specific activity of 22Na; 50/~l of this solu- 
non were applied to the column and eluted in the 
same manner as the experimental specimens. In 
this way, the quantity of radioactivity that passes 
through the column in a non-specific manner can 
be assessed; in practice, less than 0.01% of the 
applied radioactivity passed through the column. 
The second blank determined the binding of 22Na 
to the membrane preparation. For this purpose, 
the vesicles were pretreated with a mixture of 
deoxycholate and EDTA (final concentration 
0.06% and 1 mM, respectively) for 30 in at room 
temperature, in order to open them [22]. The re- 
sulting membrane sheets were incubated in the 
same way as the sealed vesicle preparation and 
passed through the Dowex columns. It was found 
that the quantity of 22Na bound to membrane 
sheets represents approx. 55% of the radioactivity 
measured in sealed vesicle preparation after an 
incubation of 30 rain in the absence of ATP. This 
percentage, incidentally, agrees with that calcu- 
lated when the passive uptake of sodium is ex- 
pressed as a function of the reciprocal of the 
medium osmolarity (see later). 

All transport experiments were carried out in 
triplicate at 25°C. The elution time was 30 s. A 
comparison of the turbidity of the elute from the 
columns with that of an aliquot of the vesicle 
suspension added to 1 ml of the washing medium 
confirms that essentially all the vesicles passed 
through the column. 



The Dowex columns were prepared in the fol- 
lowing manner [27,28]: Dowex, purchased in the 
H ÷ form, was transformed to the Tris ÷ form by 
the addition of Tris-base (1 M) until a basic pH 
was attained. A small glass fiber plug was placed 
at the bottom of a Pasteur pipette (14.5 cm long) 
and then a height of 4-5  cm of Dowex (Tris ÷ 
form) were introduced. The columns were rinsed 
with 1 ml of the washing solution containing 2.5% 
albumin and stored at 4°C. Immediately before 
use, the columns were again rinsed with the same 
solution at 4°C. 

Results 

Sodmm uptake by basolateral plasma membrane 
vestcles m the absence of A TP 

Fig. 1 illustrates the uptake of sodium by baso- 
lateral plasma membrane vesicles as a function of 
the incubation time in the absence of ATP. Equi- 
librium is attained within 15-30 mm of the start 
of the incubation. It is noteworthy that the uptake 
after 5 min is about 70% of the equilibrium value. 
Identical results were obtained ff K + was removed 
from the incubation medmm and replaced by 
choline chloride. 

It is well known that biological membranes can 
brad ions to their surfaces, and it is probable that 
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F~g. 1. Uptake of sodium by basolateral plasma membrane 
vesicles as a function of the incubation time in the absence of 
ATP. The incubation me&urn consisted (final volume 0.1 ml) 
of 100 mM sucrose, 10 mM Trls-HCl (pH 7.0), 5 mM MgC12, 
20 mM NaCI, 20 mM KCI and 1 ~Ct 22Na Incubation 
temperature" 25°C. Results are means S:S.E of three expert- 
meats 
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the uptake shown in this figure represents not only 
movement of sodium into the interior of the vesicles 
but also binding of the cation to the surface of the 
membrane vesicles. Fig. 2 shows the uptake of 
sodium by basolateral plasma membrane vesicles 
after attainment of equdibnum, as a function of 
the reciprocal of the osmolarity of the incubation 
medium. As can be seen, the uptake decreases with 
the increment of the external osmolarity, indicat- 
ing that part of the uptake measured responds to 
an osmotically active space. Extrapolation of the 
straight hne to the ordinate, where the osmolarity 
ts theoretically infinite and the intravesicular space 
zero, indicates that the binding of sodium is of the 
order of 63% of the value obtained under condi- 
tions m which the transport experiments are gener- 
ally performed, that ~s to say that osmolarities m 
the incubation me&um varying between 150 and 
200 mosmol/l .  This value agrees with that ob- 
tained in experiments in which membranes sheets, 
prepared by treating vesicles with deoxycholate/  
EDTA [22], were incubated in the same way as 
membrane vesicles (see above in Methods). The 
results obtained after an incubation of 30 min 
showed that the binding in the absence or presence 
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Fig, 2 Relahonshlp between sodium uptake and the reciprocal 
of the osmolanty of the mcubauon medium. The basic incuba- 
tion medium was the same as m the experiment dlustrated m 
Fig 1. Its osmolanty was vaned by addition of different 
sucrose concentrations Results are the means of three experi- 
ments, r is the coefficient of correlation of the least-squares 
regression hne The intercept on the ordinate is gtven by the 
value 26.09, whereas the value of 41 18 refers to the sodium 
uptake at 150 mosmol/ l  
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of  ATP  represents 55% of the uptake observed at 
equilibrium. 

Effect of A TP on sodium uptake by basolateral 
plasma membrane vestcles 

It is well known that the binding sites for 
potassium and ouabain of  the N a + - K  + pump are 
on the external face of the membranes,  whereas 
binding sites for magnesium, sodium and AT P  are 
located at the cytoplasmic face of  the membrane.  
Our  preparat ion has 60% of vesicles oriented in- 
side-out [22], with the result that in this inside-out 
vesicles the binding sites for magnesmm, sodium 
and ATP are m contact  with the external medium. 
Thus, the effect of  ATP on sodium transport  in 
our vesicles can be studied directly. The results of 
these tests are illustrated in Fig. 3A. At time zero, 
A T P  or its non-hydrolyzable  analogue p [NH]ppA 
were added to different incubation media which 
contain vesicles that had been equilibrated with 
the medium for 30 min. The sodium uptake was 
then measured at different times after addit ion of 
the nucleotides. It may  be seen an additional in- 
crement of sodium uptake when AT P  is added to 
the medium containing magnesium plus sodium or 
magnesium, plus sodium plus potassium. This ad- 
ditional increment of  sodium uptake did not occur 
with p[NH]ppA.  These results suggest that baso- 
lateral plasma membrane  vesicles are capable of 
accumulat ing sodium ions above the equilibrium 
value when A T P  is present in the external medium. 
Since the results obtained m the presence and 
absence of  potassium are the same, it would ap- 
pear that there exists one single sodmm transport  
mechanism which was independent  of potassium. 
However, the fact that potassium has no addi- 
tional effect could simply mean that this cation 
does not gain access to its binding site which is at 
the internal face of  the inside-out vesicle. The free 
passage of  potassium towards the intravesicular 
space can be achieved by addit ion to the incuba- 
t ion med ium of  the potass ium lonophore ,  
valinomycin. In Fig. 3A can be seen that there is 
an addit ional componen t  of  ATP-dependen t  
sodium uptake, above that observed m the pres- 
ence of magnesium plus sodium or magnesium 
plus sodium plus potassium, when valinomycin is 
added to the incubation medium. The two compo-  
nents of  ATP-dependent  sodium transport  reach a 
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Fig. 3. (A) The effect of ATP on Na ÷ uptake by basolateral 
membrane vesicles Vesicles were premcubated at 25°C for 30 
rmn m the usual medmm (see legend Fig. 1), and then the 
nucleotades were added as shown (time 0 m this graph) Con- 
centratlons used vahnomycm 10 #M, ATP or p[NH]ppA 5 
mM Results are the means + S.E. of three experiments. (B) The 
lack of effect of ATP on sodium uptake by brush-border 
membrane vesicles The vesicles were premcubated in the usual 
medium for 30 nun, and ATP was added (final concentration 5 
mM) Results are means+S.E (n = 3) 

maxamum 20-30  m m  after addit ion of  the nucleo- 
tide. Fig. 3B illustrates the sodium uptake m 
brush-border  membrane  vesicles, prepared by the 
calcium precipitation method described previously 
[22], incubated in the usual medium in the pres- 
ence or not of  5 m M  ATP. Equilibrium ts also 
attained in this case 20-30  min after the start of 
the incubation, but addit ion of  ATP  has no effect 
on sodium uptake. This observation emphasizes 
that the phenomenon  observed m the basolateral 
plasma membrane  vesicles does not represent a 
nonspecific effect of  ATP  on the membrane.  

Dependence of sodtum transport on magnestum and 
on the nature of the accompanying anton 

Table I shows that both the Na÷-dependen t  
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TABLE I 

EFFECT OF THE PRESENCE OF Mg 2+ IN THE INCUBATION MEDIUM ON ATP- INDUCED SODIUM UPTAKE BY 

BASOLATERAL MEMBRANE VESICLES 

Experiments performed as m Fig 3, with or without 5 mM MgC12 A l, Na  + uptake m the presence of ATP mmus Na + uptake m the 
presence of p[NH]ppA. A 2, Na + uptake m the presence of Na + + K + + vahnomycm + ATP minus Na + uptake m the presence of 

Na + + ATP Results are means ± S.E of three experiments 

Incubauon 

medmm 

Na ÷ uptake ( n m o l / m g  protein per 15 mm) 

p[NH]ppA, ATP, Na + A 1 ATP, Na + , K ÷ , A 2 

Na + vahnomycm 

+ MgCI 2 47 4 ± 1.34 78.8 ± 0.44 31.4 109 0 ± 3.94 30.2 

- MgCI 2 42.6 ± 2.44 45.2 ± 1.76 2.6 46.2 ± 1 46 1.0 

and the (Na++ K+)-dependent components of 
ATP-induced sodium transport m basolateral 
membrane vesicles depend on the presence of 
magnesium in the incubation medium. This is not 
the case for the passive Na ÷ uptake. 

The uptake of sodium by the Na+-dependent 
ATP-induced mechanism was studied when C1- 
was substituted by Br- in the incubation medium. 
The Na + binding (23 nmol/mg protein per 5 
min), the passive Na + uptake in the presence or 
absence of p[NH]ppA (45 nmol/mg protein per 5 
min) and the active Na ÷ uptake (61.3 nmo/mg 
protein per 5 min), did not change when Cl was 
substituted by Br- .  

TABLE II 

EFFECT OF D I F F E R E N T  NUCLEOTIDES ON Na ÷ UP- 

TAKE IN BASOLATERAL MEMBRANE VESICLES 

The vesicles were pre-mcubated for 30 nun m the usual medmm, 

then the nucleot~de (5 raM) was added and the mcubauon 

continued for a further 15 nun Results are m e a n s ± S  E. of 

three experiments 

Nucleotlde Na + uptake 

( n m o l / m g  protem per 15 mln) 

Na  + Na + + K  + + 
valinomycm 

p[NH]ppA 41.1 ±6.86 41.2-t- 6.08 

ADP 43.2±3.11 38.8± 7.39 
ATP 86 9 ± 3.16 130.4 ± 10.84 
GTP 40.6+1 62 41.8± 5.12 
CTP 40.8 ± 2.66 46.6 4- 4.26 
ITP 40.0±3.19 39.6+ 5.14 

UTP 38.5 ± 3.30 33 8 ± 6.84 

Effect of dtfferent nucleondes on the two components 
of sodmm transport 

The stimulatory effect of ATP is specific for 
that nucleotide in the case of both components of 
transport (Table II). None of the other nucleotides 
tested was able to provoke a significant accumu- 
lation of sodium within the basolateral plasma 
membrane vesicles above the position of equi- 
librium. 

Sodium uptake as a function of the external sodtum 
concentration 

A study of each component of sodium uptake 
into basolateral plasma membrane vesicles as a 
function of the external sodium concentration is 
illustrated in Figs. 4 and 5. Sodium uptake was 
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Fig 4. RelaUonslup between the ATP-sumulated uptake of 
Na + through the Na+-dependent  mechamsm and the sodmm 
concentration of the mcubauon medium. The vesicles were 

premcubated for 30 nun, then the nucleotlde (5 mM) was 
added and the mcubaUon continued for a further 5 nun. The 
sodmm concentrauon was vaned by replacement vath equwa- 
lent quanttues of Tns-HCI. Results are means-t-S.E of four 

experiments 
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Fig 5 Relationship between the ATP-st~mulated uptake of 
Na ÷ through the (Na ÷ + K ÷ )-dependent mechamsm and the 
sodium concentration of the incubation medium The vesicles 
were premcubated for 30 nun in the presence of vahnomycm 
(10 #M), then the nucleotlde (5 mM) was added and the 
incubation continued for a further 5 mm The sodmm con- 
centrat~on was vaned by replacement w~th equivalent quant~tws 
of Trls-HCl Results are means+ S E. of four experiments 

measured  5 mln after  add i t ion  of  A T P  or  
p [ N H ] p p A  to an incuba t ion  m e d m m  m which the 
vesicles had  been equi l ibra t ing dur ing  30 min of 
pre incubat lon .  At  each sodium concentra t ion ,  pas-  
sive up take  and b ind ing  was measured  as de- 
scr ibed and subt rac ted  f rom the A T P - d e p e n d e n t  
up take  values. Fig. 4 reveals that  the N a + - d e p e n  - 
d e n t  c o m p o n e n t  exh ib i t s  k ine t i c s  of  the  
Mtchael is°Menten type and reaches its m a x i m u m  
value at an external  sod ium concent ra t ion  of 4 0 - 5 0  
mM. By p lo t t ing  the da t a  according  to W o o l f  
t r ans format ion  of  the Michae l i s -Menten  equat ion  
an appa ren t  K05 for N a  ÷ of 5 m M  can be  ob-  
tained.  On the o ther  hand,  the ( N a + +  K + )  - 
dependen t  componen t  gives a s igmold curve as a 
funct ion of  external  sod ium concen t ra t ion  (Fig. 5), 
which also reaches its m a x i m u m  at 50 m M  N a  +. 
These  da ta  were evalua ted  by  a Probi t  t ransforma-  
tion, using the exper imenta l ly  de te rmined  Vma x 
(16.99 n m o l / m g  pro te in  per  5 min)  as the asymp-  
tote of the curve. Then  a s traight  l ine with a 
corre la t ion  coefficient  of  0.971 is obta ined.  The  
appa ren t  K05 value for N a  + was 18 mM, 

Effect of pH  on Mg:  + -A TP-dependent sodtum up- 
take m basolateral plasma membrane vestcles 

The p H  dependency  of  the two componen t s  of  

ATP-s t imu la t ed  sodium uptake  into basola tera l  
p l a sma  m e m b r a n e  vesicles ~s i l lustrated in Fig. 6. 
The  N a  +-dependen t  componen t  exhibi ts  a p H  op-  
t imum close to 7.0 and is more sensmve to changes 
m p H  than the (Na  + + K +) -dependent  componen t  
whose p H  o p t i m u m  is at 7.2. 

Effect of dtfferent mhtbltors on the two components 
of sodium uptake m basolateral plasma membrane 
vestcles 

The fact that  our  p repara t ton  conta ins  60% 
ins ide-out  vesicles poses a p rob lem for the ex- 
p lo ra t ion  of  the effects of  ouabain ,  since the b ind-  
mg  site of this agent  ~s located w~thin the vesicles. 
In  order  to ensure contac t  of the inhib i tor  with ~ts 
m e m b r a n e  receptor ,  it is necessary to car ry  out  the 
p repa ra t ion  of  the vesicles with 1 m M  ouaba in  m 
the homogeniza t ion  med ium throughout  the pre- 
pa ra t ive  procedure .  In this way, one can be certain 
that  ouaba in  is present  mside  the vesicles at the 
t ime of  the pe r fo rmance  of the t ranspor t  experi-  
ment.  Resul ts  of two series of exper iments ,  with 
ouaba in  ei ther  present  only  in the external  med ium 
or  present  on bo th  sides of  the membranes  are 
shown in Table  I I I ;  the other  inhibl tors ,  fur- 
osemide  and e thacrynic  a o d ,  are only added  to the 
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Fig. 6. Relationship between the two components of ATP- 
sumulated sodmm uptake and the pH of the incubation 
medmm The separate components were evaluated as shown in 
Figs. 4 and 5. The (Na + + K+ )-dependent component was 
obtained in the presence of vahnomycm The various incuba- 
tion media were obtained by using buffers of different Tns-HCI 
compositions. The results are means_+S.E, of three different 
experiments 
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T A B L E  lI1 

E F F E C T S  O F  V A R I O U S  I N H I B I T O R S  ON C O M P O N E N T S  O F  N a  + U P T A K E  

Exper iments  were per formed as m Fig  3, w~th or wt thout  mh~b~tors * In these condi t ions  vesicles were p repared  m the presence of 1 
m M  o u a b a m  to insure that  the mh~bltor was present  at  the in ternal  face of the vesmles The effects of furosemlde (1.5 mM)  and  

e thacrymc acid (1.5 mM)  were tested. The values are means+_ S E. of three exper iments  m each case Uni t s  m n m o l / m g  prote in  per  15 

mln  

O u a b a m  A O u a b a m  * out- A Ouaba ln  * mmde + A O u a b a m  * reside + z~ 

only  outs ide  side and reside furosermde e thacrynlc  

outrode a o d  outs ide  

N a  + + p [NH]ppA 353_+3.08 - 3 9 7 + 1 9 1  - 3 9 5 + 2 0 0  - 251-+2 .40  - 

N a  ÷ + A T P  745_+271  3 9 2  7 3 . 9 + 2 8 8  34.2 5 8 . 9 + 0 8 1  1 9 4  252-+1.51 0.1 

N a  + + K  ÷ + A T P +  

v a h n o m y c m  111 8-+9.29 37.3 70 3_+2.33 - 3 . 6  57 45:2.59 - 1 . 5  2 4 . 5 + 2  38 - 0 . 7  

Cont ro l  A Furosermde A E thac rymc  A 

outs tde  actd outs ide  

N a  ÷ + p [NH]ppA 36.8-+1 12 - 37 8 + 2 . 8 8  26 5 + 3 . 5 6  - 

N a  ÷ + A T P  7 2 7 - + 0 8 6  3 5 9  4 7 4 _ + 2 0 8  9.6 2 7 5 + 1 7 1  11  

N a  + + K  + + A T P +  

va l lnomycln  9 9 3 - + 4 9 7  2 6 6  755-+6 .80  281  3 7 . 5 + 1 1 3  1 0 0  

incubation medium, since their binding sites are 
presumed to be at external face of the vesicles, i.e. 
the cytoplasmatic side of the native membranes. 
As expected, ouabain has no effect on either com- 
ponent of sodmm uptake when added only to the 
external medium; when it is present inside the 
vesicles, it inhibits the (Na++K+)-dependent 
component of the Mg2+-ATP-dependent sodium 
uptake but has no influence on the Na+-depen - 
dent component. On the other hand, addition of 
furosemide to the external medium reduces the 
Na+-dependent component by 45-60% but does 
not affect the (Na++ K+)-dependent one at all. 
Ethacrynic acid completely inhibits the Na+-de - 
pendent component when ~ts final concentration 
in the external medium is 1.5 mM, whilst it is only 
able to reduce the (Na + + K+)-dependent compo- 
nent by 60% under the same conditions; it also 
partially inhibits the passive uptake. These data 
indicate that the two components of Mg2+-ATP - 
dependent sodium uptake in basolateral plasma 
membrane vesicles can be separated functionally 
by their behaviour towards different inhibitors. 

Discussion 

Basolateral plasma membrane vesicles derived 
from epithelial cells of the guinea-pig small in- 

testine have been shown to be capable no only of 
binding but also of accumulating sodium ions. The 
extent of binding has been evaluated in two ways, 
(a) by plotting sodium uptake against the inverse 
of the osmolarity of the incubation medium and 
by extrapolating the resulting straight line to in- 
finite osmolarity, and (b) by incubating membrane 
sheets (opened vesicles) under identical conditions 
to those used with the vesicles. The two techniques 
give rather similar values. It is concluded that 
binding accounts for some 55% of the uptake 
observed at an osmolarity of 200 mosm/1. The rest 
(45%) corresponds to passive sodium entry. The 
values for passive uptake at equilibrium, following 
correction for the binding component, permit an 
estimation of the volume of the vesicles, for every 
mg of vesicular protein, the intravesicular volume 
is approx. 1 /Ll. This value agrees with that ob- 
tained earlier on the basis of equilibrium glucose 
uptake in the same vesicles, which was 1.2/d/rag 
protein [22]. 

The transport experiments described in this 
paper were performed under equilibrium condi- 
tions, that is to say, after the vesicles had been 
equilibrated with the incubation medium con- 
tained 22Na. 

Following this equilibration procedure, it was 
possible to examine the effects of ATP and its 
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non-hydrolyzable analogue, p[NH]ppA, on the 
transport of sodium. The addition of the analogue 
never influence the uptake of sodium by the vesic- 
ular preparation. On the other hand, addition of 
ATP provoked an accumulation of sodium inside 
the vesicle to attain a level that was 2.5-t~mes the 
equilibrium value (calculated from Fig. 3A after 
subtraction of a binding component of 55%). An 
additional component  of sodium uptake was ob- 
served in the presence of magnesmm, sodmm, 
potassmm and vahnomycm, a potassmm ~ono- 
phore which allows a constant concentration of 
this cation to be maintained wittun the vesicle; 
under this conditions, the intravesicular sodium 
level reached a value that was 3.8-times that ob- 
served at equilibrium. The demonstration of an 
actwe uptake of sodium, induced by Mg2+-ATP 
indicates that Na ÷ reflux is larger than Na ÷ ef- 
flux. This indicates that the vesicular membrane 
remains relatively impermeable to sodium. 

The stimulatory effect on sodium transport 
across the vesicular membrane is speofic for ATP, 
as shown in Table II; no other nucleotlde examined 
was ,able to eliot  a slgmficant enhancement of 
sodium uptake above the equlhbnum level. The 
fact that both components of ATP-induced sodium 
uptake absolutely depend on the presence of mag- 
nesmm ions in the incubations medium (Table I) 
suggests that the true substrate for the transport 
mechanisms is a Mg2÷-ATP complex, rather than 
ATP alone. 

The two components of Mg2+-ATP-stimulated 
sodium transport react differently to certain 
experimental situations, such as changes in exter- 
nal sodium concentration, alterations in pH or the 
presence of different inhibitors. Thus, both the 
Na+-dependent  and the (Na ÷ + K ÷)-dependent 
components, measured, respectively, in the pres- 
ence of sodium alone or sodmm, potassium and 
valinomycin, are saturable functions of the sodium 
concentration in the incubation medium; this is 
not the case for the passive component  of sodium 
uptake. However, the Na÷-dependent  component  
exhibits a Michaelis-Menten type relationship with 
an apparent K 05 of approximately 5 raM; but the 
( N a + +  K+)-dependent  component  reveals a 
sigmoid curve, from which an apparent K05 of 
about 18 mM can be derived with the aid of a 
probit transformation. As far as the dependence of 

the transport mechanisms of pH is concerned, the 
Na+-dependent  component  has its pH opt imum at 
7.0 and it is rather sensitive to changes in pH, 
whereas the ( N a + + K + ) - d e p e n d e n t  component 
has its pH opt imum at 7 2 and is less sensitive to 
pH changes. 

Finally, the two components differ in their 
sensitivities to some inhibltors. As shown in Table 
III,  the ( N a + +  K+)-dependent  component is 
completely inhibited when ouabain is introduced 
into the intravesicular space, though this drug has 
no effect when added simply to incubation 
medmm; the ouabam binding site is known to 
occur at the external face of native membranes 
and therefore at the interior of ms,de-out vesicles. 
In addition, ouabain never has any effect on the 
Na+-dependent  component  of sodium transport. 
Conversely, the latter is inhibited to the extend of 
about 60% by furosemide which does not influence 
the (Na + + K+)-dependent component. Lastly, 
ethacrynlc acid completely inhibits the Na+-de  - 
pendent component  but only pamal ly  inhibits the 
(Na + + K +)-dependent component 

The existence of a furosemlde-sensinve compo- 
nent of sodium movement m the basolateral mem- 
brane vesicles opens the questions as to whether 
this process bears any relationship to the fur- 
osemlde-sensitive Na+-C1 - symport which has 
been described m the basolateral plasma mem- 
brane of several epithelia [29]. This mechanism is 
beheved to effect the uphill transport of chloride 
from the interstitial space into the cell, the move- 
ment being coupled to the entry of sodium down 
their electrochemical gradient; it ~s though to play 
a central role in the secretion of ions across the 
epithelia from the serosal to the mucosal side of 
the cell. To our knowledge, its existence m the 
basolateral plasma membrane of the enterocyte 
has not yet been demonstrated experimentally, 
though it has often been inferred in discussions on 
intestinal secretion mechamsms [29]. There are two 
compelling reasons to negate any connection be- 
tween this hypothetical symport and our Na+-de - 
pendent  componen t  of MgE+-ATP-mduced  
sodmm uptake. First, the symport is believed to be 
responsible for movement towards the interior of 
the cell, whereas our mechanism is involved in 
sodmm extrusion from the cell; and secondly, the 
symport  mechamsm is supposed to be activated by 



the sodium electrochemical gradient across the 
basolateral plasma membrane,  which does not ex- 
ist in our experiments at the moment  in which 
ATP is added. The symport mechanism ~s thought 
also be independent of ATP hydrolysis. Our mech- 
anism is specifically stxmulated by ATP. Neverthe- 
less, we performed a series of experiments on 
sodium uptake in the absence of chloride; since 
the mechanism proceeded normally when all chlo- 
ride ions were excluded it is clear that any rela- 
uonship between our sodium extrusion mechanism 
and the hypothetical sodium-chloride symport ~s 
excluded. If both exist and are sensitwe of fur- 
osemide, this is purely fortuitous. 

Another possibility is whether the two systems 
are indeed present in the same vesicles or whether 
they are present in vesicles derived from different 
cells. On this regard, vesicles prepared from iso- 
lated villus cells showed similar results to those 
reported in this paper. Remains to be determined 
if there is any difference between jejunum and 
ileum. 

On the basis of our experimental results, we are 
in position to define clearly two modes of sodium 
transport across basolateral plasma membrane 
vesicles derived from small intestinal epithelium. 
Both components of transport are active, since 
sodium is accumulated within the vesicles above 
its equilibrium concentration. The source of en- 
ergy for these active transport mechanisms is ATP, 
since is the only nucleotide capable of stimulating 
sodium uptake, but the substrate for the reaction 
in both cases is MgZ+-ATP. The similarities be- 
tween the two components end there: their ionic 
requirements, their kinetic behaviour with respect 
to sodium ions, their pH optima and their sensitiv- 
ities to different mhibitors are different. 

The characteristics of the two components of 
sodium transport in basolateral plasma mem- 
branes of enterocytes correspond closely to those 
described for the sodium-pumping mechanism of 
renal proximal cell [30]. One is responsible for the 
transport of sodmm accompanied by chloride and 
water, whereas the other exchanges sodium for 
potassium. The former is insensitive to ouabain, 
but inhibited by ethacrynic acid, furosemide and 
triflocin, whereas the latter is totally inhibited by 
ouabain but is refractory to furosemide and is only 
partially inhibited by ethacrynic acid. These 
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marked similarities lead us to propose for the 
small intestine a similar model for sodium pump- 
ing as that developed for the proximal tubules of 
the kidney, namely two ATP-dependent mecha- 
nisms in parallel in the same membrane. The 
existence of two parallel pumps in the intestine 
could explain the lack of correlation between the 
movement of sodium and potassium observed ex- 
penmentaly when an organic solute is transported 
[31], and the lack of dependence of cell volume on 
the sodium/potass ium pumping mechanism sensi- 
tive to ouabain [7]. 

Recently, Boumendil-Povedin and Povedin [32] 
have studied Na ÷ transport in inside-out baso- 
lateral plasma membrane vesicles isolated from 
rabbit kidney cortex. They demonstrated an ATP- 
dependent Na  ÷ uptake in K+-loaded vesicles, sen- 
sltive to internal ouabain. However, they failed to 
show Na ÷ uptake in absence of potassium. This 
difference with our results may be due to their 
utihzation of EDTA (1 mM) in the homogeniza- 
tion medium, which inhibits the Na  ÷-ATPase [33] 
and probably the mechanism of Na  ÷ uptake inde- 
pendent of potassium. 
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