
Biochimica et Biophysica Acta, 1024 (1990) 241-248 241 
Elsevier 

BBAMEM 74850 

Further characterization of adenosine transport 
in renal brush-border membranes 

Rafael Franco *, Josep J. Centelles * and Rolf K.H. Kinne 
Max-Planck-lnstitut ftir Systemphysiologie, Dortmund (F.R. G.) 

(Received 18 September 1989) 
(Revised manuscript received 15 January 1990) 

Key words: Adenosine transport; Brush-border membrane; Adenosine deaminase, ecto enzyme; (Rat kidney) 

Adenosine transport has been further characterized in rat renal brush-border membranes (BBM). The uptake shows two 
components, one sodium-independent and one sodium-dependent. Both components reflect, at least partly, translocatlon 
via a carrier mechanism, since the presence of adenosine inside the vesicles stimulates adenosine uptake in the presence 
as well as in the absence of sodium outside the vesicles. The sodium-dependent component is saturable (K m 
adenosine ffi 2.9 pM, Vma x ffi 142 pmol/min per mg protein) and is abolished at low temperatures. The sodium-indepen- 
dent uptake has apparently two components: one saturable (K m ffi 4 - 1 0 / t  M, Vma x -- 174 pmol / m i n  per mg protein) and 
one non-saturable (Vmn ffi 3.4 pmol/min per mg protein, K m > 2000/zM). Inosine, guanosine, 2-chloroadenosine and 
2'-deoxyadenosine inhibit the sodium-dependent and -independent transport, as shown by trans-stimulation experi- 
ments, probably because of translocation via the respective transporter. Uridine and dipyridamole inhibited only the 
sodium-dependent uptake. Other analogs of adenosine showed no inhibition. The kinetic parameters of the inhibitors of 
the sodium-dependent component were further investigated. Inosine was the most potent inhibitor with a K i (1.9 pM) 
less than the K m of adenosine. This suggests a physiological role for the BBM ecto-adenosine deaminase (enzyme 
which extracellularly converts adenosine to inosine), balancing the amount of nucleoside taken up as adenosine or 
inosine by the renal proximal tubule cell. 

Introduction 

Adenosine has been shown to have a wide range of 
profound effects on renal function. Infusion of adeno- 
sine ' in vivo' produces renal vasal constriction [1-3], 
inhibits renal adenylate cyclase [4] and neurotransmitter 
release [5], reduces glomerular filtration [6] and sodium 
excretion [3] and inhibits renin release [7,8]. Many of 
these actions are mediated via specific receptors named 
P1 purinoceptors. From another point of view, the 
study of the physiology of adenosine in kidney is very 
important, since filtration and reabsorption of the 
nucleoside are important ways of conserving the purine 
ring. Also, excretion and metabolism of adenosine are 
vital in preventing an excessive intracellular accumula- 
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tion of this potent regulatory and potentially cytotoxic 
nucleoside. 

Extracellular adenosine is inactivated by two differ- 
ent mechanisms: degradation via ecto-adenosine de- 
aminase and cellular uptake. Recently, a hypothesis 
concerning the role of ecto-adenosine deaminase has 
been proposed by Franco et al. [9]. In short, the enzyme 
could either directly participate in the transport process 
or convert adenosine into inosine, which then can also 
be transported by cells. 

Trimble and Coulson [10] have demonstrated that 
adenosine undergoes carrier-mediated transport across 
both luminal and antilurninal membrane vesicles iso- 
lated from rat renal cortex. At physiological adenosine 
concentrations, the net transport of the nucleoside is in 
the direction of reabsorption. These authors reported, in 
the absence of sodium, a single transport system of low 
K m (5 g M )  in antiluminal vesicles a n d  two systems, of 
low (4.4 #M) and high (43/xM) K m in luminal vesicles. 
Although the high-g m system was insensitive to sodium, 
the low-K m system was stimulated by the presence of 
an inwardly directed sodium gradient. Moreover, Le Hir 
and Dubach [11] were able to demonstrate, in renal 
BBM vesicles, an overshoot in the presence of a sodium 
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gradient. The K m corresponding to the sodium-depen- 
dent system was 1.1 gM. 

From the point of view of specific inhibitors, adeno- 
sine uptake is extremely complex, and the transporter 
seems to transport other nucleosides as well [12,13]. 
Differences in the sensitivity of adenosine transport in 
erythrocytes and cultured cells to inhibition by nitro- 
benzylthioinosine and dipyridamole are largely species 
specific [14,15]. Detailed studies of dipyridamole-in- 
duced dissociation of nitrobenzylthioinosine from its 
sites lead to the conclusion that multiple forms of 
nitrobenzylthioinosine binding sites might correspond 
to interconvertible conformations of a single protein or 
macromolecular assembly [16]. On the other hand, Le 
Hir and Dubach [17] and Jarvis [12] have demonstrated, 
working with BBM from different sources, that the 
Na+-dependent component of the transport is shared 
by other nucleosides such as inosine, guanosine and 
uridine. In this paper, both the sodium-dependent and 
the sodium-independent components of the adenosine 
transport system have been studied in renal cortical 
BBM vesicles; in particular using inosine, dipyridamole, 
nitrobenzylthioinosine, adenosine agonists and other 
adenosine analogs, with regard to their substrate and 
inhibitor specificity. A clear difference between the two 
systems could be demonstrated. 

Materials and Methods 

Membrane preparation, determination of enzyme activities 
and protein content 

The preparation of the BBM vesicles was carried out 
at 4°C. Wistar rats (200-300 g) were killed by a blow 
on the neck and the kidneys were removed immediately. 
Thin slices of renal cortex were prepared with a razor 
blade. Brush-border vesicles were prepared by an MgC12 
precipitation technique [18]. Protein was measured by 
the method of Lowry et al. [19], using bovine serum 
albumin as standard. Alkaline phosphatase was de- 
termined as described by Berner and Kinne [20]. The 
purity of the preparation was assessed by the enrich- 
ment of alkaline phosphatase (EC 3.1.3.1) in the vesicles 
as compared to the starting homogenate, which varied 
between 9.5- and 13-fold. The enrichment factor of 
Na+/K+-ATPase (EC 3.6.1.3), a basal-lateral enzyme 
marker, was less than 0.15. The purified vesicles were 
suspended in a medium containing 100 mM mannitol 
and 20 mM Hepes-Tris (pH 7.4). They were stored at 
- 7 0  °C and, prior to use, were rapidly thawed in a 
37 ° C water bath and homogenized five times through a 
23 gauge needle. 

Uptake studies 
The uptake of [2,5',8'-3H]adenosine was measured in 

triplicate by a rapid filtration technique (Millipore 
HAWPO2500, 0.45 gm pore size filters). The composi- 

tion of the media is given for each experiment in the 
figure legends. When indicated, deoxycoformycin, an 
inhibitor of adenosine deaminase, was added to incuba- 
tion mixtures to prevent deamination of adenosine. 100 
gl of incubation medium and 10 gl of vesicles suspen- 
sion (90-110 gg protein) both kept at 20°C were 
pipetted separately onto the bottom of plastic test-tubes. 
Transport was started by mixing vigorously the two 
droplets on a Vortex mixer. The transport was 
terminated with 1 ml of an ice-cold solution containing 
150 mM NaC1, 100 mM mannitol and 20 mM Hepes- 
Tris (pH 7.4). The suspension was quickly filtered and 
the filter was washed once with 4 ml of ice-cold stop 
solution. To assess the performance of the stop proce- 
dure, filtrations were performed at different times, after 
the addition of I ml of cold stop solution. Radioactivity 
remaining in the filters did not vary for up to 60 s, thus 
indicating that, in these conditions, there is no release 
of radiolabelled adenosine from vesicles. The filters 
were transferred to scintillation vials and 7 ml of scintil- 
lation cocktail were added. The data were corrected for 
the radioactivity remaining on the filter in the absence 
of membrane vesicles in the incubation medium. All 
media and solutions used for isolation and transport of 
vesicles were filtered through Millipore filters (0.22 gm 
pore size) immediately before use, to avoid bacterial 
contamination. The time-course of the uptake in the 
absence or presence of sodium was hnear up to 10 s. 8 s 
was chosen as the time for the zero-trans experiments. 
To differentiate uptake into vesicles from binding, 
osmotically active vesicular space was systematically 
reduced by addition of sucrose to the incubation 
medium. At the highest osmolarity tested (1100 mosM), 
the transport was 18% of that obtained in the usual 
assay conditions. This indicates, in fact, that most of the 
radioactivity measured in the vesicles represents a trans- 
port rather than a binding on the outside of the mem- 
branes. 

Handling of data 
Kinetic parameters (Km, gmax, constant for non- 

specific binding and Hill coefficient) were calculated by 
non-linear regression using the appropriate equation. 
The adenosine and inhibitor concentrations used were 
previously determined using a program for continuous 
D-optimal experimental design [21]. A relative error was 
assumed in the design and a preliminary experiment 
was carded out to find an estimated value of all the 
kinetic constants. Data corresponding to inhibition 
studies were fitted assuming both competitive and non- 
competitive inhibition; results corresponding to the best 
fit (as indicated by the standard deviation of the fit) are 
presented. The program devised by Canela [22] was 
used. Goodness of fit was tested according to the re- 
duced X 2 or S.D. values given by the program. The 
modified F test was used to analyze whether the fit to 



one kind of model significantly improves the fit to 
another model (for instance comparing competitive and 
non-competitive inhibition models). The equation ap- 
plied in this test is the following: 

( ss, - SS2)/( d/~ - #2) 
F = SS2/df 2 

where S S  1 and S S  2 are residual sums of squares with 
the corresponding degrees of freedom df 1 and df 2. The 
F-values were calculated using (dfl-df2) degrees of free- 
dom in the numerator and df2 degrees of freedom in the 
denominator [23]. Where indicated, data are presented 
as mean + S.E. Statistical significance was determined 
by Student's two-sample t calculation with a P < 0.05 
level considered as significant. 

Thin-layer chromatography 
Composition of the radioactive label in the incuba- 

tion medium and within the vesicles after 8 s of 
[3H]adenosine uptake was measured by thin-layer chro- 
matography using silica-gel F254 plates (Merck). The 
eluent was n-butanol/ethyl acetate/methanol/ammo- 
nium hydroxide (7 : 4 : 3 : 4, v/v). It permitted a good 
resolution between adenosine, inosine, hypoxanthine 
and adenine nucleotides. The assays to study the distri- 
bution of radioactivity within the vesicles were per- 
formed as usual (see above). After filtration, vesicles 
were extracted with a 2 M solution of NH4OH contain- 
ing 10 -7 M deoxycoformycin. The solvent was removed 
by lyophilization and the residue was dissolved with an 
aqueous mixture of standards (adenosine, inosine, hypo- 
xanthine and AMP, 1 mM each) containing 10 -7 M 
deoxycoformycin. The extent to which [3H]adenosine 
was extravesicularly deaminated in 8 s was measured by 
including 2 /tM unlabelled adenosine and deoxyco- 
formycin (10 -7 M) in the cold stop solution. 

Vesicles were quickly pelleted (5 min 16 000 × g) and 
an aliquot was taken for chromatographic analysis. After 
chromatography, standards were detected under an ul- 
traviolet lamp and silica corresponding to each spot (4 
per sample) was scraped, put into a scintillation vial 
together with 10 ml of cocktail and counted. After 8 s 
incubation, 90-95% of radioactivity was present in the 
interior of the vesicles or in the incubation medium, 
with the same R~ value as unlabeled adenosine. 

Deoxycoformycin, an inhibitor of adenosine deamin- 
ase, prevents the metabolism of adenosine due to the 
enzyme of BBM. Vesicles were incubated for 90 rain at 
20°C with respectively 50 /~M of adenosine, inosine, 
guanosine, 2'-deoxyadenosine, 2-chloroadenosine or 
uridine with a medium containing 10 -7 M deoxyco- 
formycin. After extraction with a 2 M solution of 
NH4OH containing 10 - 7  M deoxycoformycin, vesicles 
were pelleted (5 min 16000 × g) and an aliquot of the 
supernatant was chromatographed, as described above. 
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The chromatography was developed by the fluorimetric 
method described by Guebitz et al. [24]. The vesicle 
extracts and the nucleoside blanks show the same pat- 
terns. This indicates that no significant metabolism 
occurs under these conditions. The limit of detection of 
the method is 5 ng of purine compound per chromato- 
graphic zone [24]. 

Results 

Time-course o f  adenosine uptake 
Adenosine uptake has a sodium-dependent compo- 

nent (see below). The time-course of the uptake in 
absence or in presence of sodium was linear up to 10 s 
(Fig. 1). 8 s was chosen as the time for the zero-trans 
experiments. As it is indicated in Materials and Meth- 
ods, at this time there is no significant metabolization of 
either intra- or extra-vesicular adenosine. 

Cation dependence o f  adenosine uptake 
Compared to a mannitol medium, initial (8 s) uptake 

of adenosine increased in presence of sodium but not of 
other monovalent (potassium, rubidium, lithium or 
choline) or divalent (calcium) ions (Fig. 2). 

Kinetic characterization of  adenosine uptake 
Previous authors have demonstrated the presence of 

sodium-dependent and sodium-independent adenosine 
transport systems in BBM. As shown in Fig. 3, in our 
experiments, the sodium-dependent component of the 
transport was saturable and displayed a K m (adeno- 
sine) of 2.9 + 0.6 #M and a Vma x of 142 + 18 pmol/min 
per mg protein (mean values + S.E. of six experiments). 
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Fig. 1. Initial time-course of uptake of adenosine by rat kidney 
brush-border vesicles. The incubation media contained (final con- 
centration) 100 mM mannitol, 5 /~M deoxycoformycin, 20 mM 
Hepes-Tris (pH 7.4), 1.3/AM [3H]adenosine and (D) 50 mM sodium 
nitrate or ( + )  50 mM potassium nitrate. Each point is the mean of 

three experiments with triplicates. Temperature was 20 o C. 
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Fig. 2. Cation dependence of adenosine transport in brush-border 
vesicles. The incubation media contained (final concentration) 100 
mM mannitol, 5/aM deoxycoformycin, 20 mM Hepes-Tris (pH 7.4), 
1.3/aM [3H]adenosine and 50 mM of the corresponding chloride salt. 
Incubation time was 8 s. All the differences with respect to mannitol 
(except for NaC1 (P < 0.05)) are statistically non-significant, n is 

shown under the corresponding bar. ChCI = choline chloride. 

In  addi t ion ,  for  the s o d i u m - d e p e n d e n t  up t ake  the  
s to ich iomet ry  and  the aff ini ty  for sod ium were de- 
termined,  b y  vary ing  the sod ium concen t ra t ion  in the  
incuba t ion  medium.  The  da t a  ob t a ined  with sod ium 
ni t ra te  or  sod ium sulfate are  p resen ted  in Fig. 4. F i t t i ng  
the da ta  to the Hi l l  equa t ion  (Fig.  5) an n ranging  
be tween 0.9 and  1.2 and  a K m (sodium)  of  2.1 + 0.4 
m M  were ob ta ined  (mean  value + S.E. of  four  separa te  
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Fig. 3. Concentration dependence of the initial rate (8 s) of uptake of 
adenosine by kidney brush-border vesicles. The incubation media 
contained (final concentration) 50 mM sodium nitrate (+)  or 50 mM 
potassium nitrate (O), 100 mM mannitol, 5/aM deoxycoformycin, 20 
mM Hepes-Tris (pH 7.4) and adenosine between 0.5/aM and 70/aM. 
(<5) Difference between uptake in presence of Na + and K +, i.e., 
sodium-dependent transport. The experiment shown is representative 

for six experiments with triplicates. 
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Fig. 4. Effect of sodium on the initial rate (8 s) of sodium-dependent 
adenosine uptake by kidney brush-border vesicles. The incubation 
media contained (final concentration) 100 mM mannitol, 5 /aM de- 
oxycoformycin, 20 mM Hepes-Tris (pH 7.4), 1.3/aM adenosine and 
different concentrations of (O) sodium nitrate or (+)  sodium sulfate. 
Potassium nitrate or sulfate was, respectively, added in order to have 
a 50 mM final concentration. Each point is mean of two experiments 

with triplicates. 

exper iments) .  The  d a t a  dep ic ted  in Fig.  4 also show 
elect rogenic i ty  of  the  s o d i u m - d e p e n d e n t  adenos ine  
t ranspor t ,  a resul t  expected  for  sod ium-adenos ine  
co t ranspor t .  

The  sa tu ra t ion  d a t a  ob t a ined  in the absence  of  
sod ium are, when f i t ted  wi th  the compu te r  p rogram,  
cons is ten t  wi th  two processes,  one  sa tu rab le  and  ano the r  
non - sa tu rab le  (Fig.  3). The  fit to two centers,  one 
sa tu rab le  and  ano the r  nonsa turab le ,  was s ignif icant ly  
be t te r  than  the fi t  to on ly  one center  (see Mate r ia l s  and  
Methods) .  The  sa tu rab le  system, which more  l ikely cor- 
r e sponds  to a t ranspor te r ,  d i sp layed  a K m (adenosine)  
in the range  4 - 1 0  # M  and  a Vm~ of  174 + 40 p m o l / m i n  
per  mg  prote in .  The  unsa tu rab le  system, which m a y  
co r r e spond  to s imple  diffusion,  d i sp layed  a kinet ic  value 
of  3.4 + 0.8 p m o l / m i n  per  mg  pro te in  (mean  values + 
S.E. of  six sepa ra te  exper iments) .  

In  o rde r  to  fur ther  charac ter ize  the sod ium-depen-  
den t  and  - i nde pe nde n t  c ompone n t s  of  the t ranspor t ,  
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Fig. 5. Hill plot corresponding to data of Fig. 4. 



uptake was studied at different temperatures. The re- 
suits indicate that at 0 °C the sodium-dependent com- 
ponent is almost completely abolished. Identical results 
were obtained at two adenosine concentrations (1.3 and 
15 #M) (Table I). At 0 o C, saturation experiments per- 
mit the fit of the data of the sodium-independent com- 
ponent to two systems, one saturable Km (adenosine) 
3.2-5.6 #M, Vma x 26-32 pmol/min per mg protein 
(15-20% of the Vm~x at 19°C; values for two separate 
experiments) and another non-saturable (K 0.6-0.8 
pmol/min mg protein). Comparing these results with 
those obtained at 19°C, K m and K for both processes 
are only slightly changed, whereas the Vma x is strongly 
decreased (see above). Due to the low sodium effect at 
0 ° C it was not possible to define the kinetic parameters 
(K m and Vmax) of the sodium-dependent component at 
0°C. 
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Substrate specificity and inhibitor sensitivity 
In order to investigate the specificity of the adeno- 

sine transporter, inhibitors of adenosine deaminase, 
adenosine agonists, analogs of adenosine and known 
inhibitors of the adenosine uptake were tested in assays 
where adenosine translocation was measured at 19 ° C in 
the presence of either potassium or sodium. 

Hypoxanthine (100 #M), caffeine (50 /~M), 3'-de- 
oxyadenosine (50 #M), the adenosine agonists L-PIA 
(50 /~M) and NECA (50 /~M), and deoxycoformycin 
(100/tM), which is an inhibitor of adenosine deaminase, 
did not inhibit adenosine uptake. Nitrobenzylthioino- 
sine, a potent inhibitor of the adenosine transport in 
other systems, did not inhibit (40 #M) the transport by 
BBM. 

Inosine, guanosine, 2'-deoxyadenosine, 2-chloro- 
adenosine and uridine, as well as dipyridamole, dis- 
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Fig. 6. Effect of some compounds on adenosine transport. Values are given in % with respect to the sodium-dependant (left side) or the 
sodium-indepandent (right side) adenosine transport control. The incubation media contained (final concentration) 100 mM mannitol, 20 mM 
Hepes-Tris (pH 7.4), 1.3 pM [3H]adenosine, 50 mM sodium or potassium nitrate and 50 pM of the corresponding compound. ( • • *) P < 0.001; 

( • • ) P < 0.01; ( • ) P < 0.1 (vs. the corresponding control). 
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played a different pattern of inhibition, as indicated in 
Fig. 6. Dipyridamole and uridine depressed mainly the 
sodium-dependent component of the uptake, whereas 
the potassium-dependent component is not significantly 
affected. Inosine, guanosine, 2'-deoxyadenosine and 2- 
chloroadenosine (50 #M) abolished the sodium-depen- 
dent component almost completely, whereas the 
sodium-independent component was less affected. 

TABLE I 

Temperature dependence of adenosine uptake in brush-border membrane 
oesicles 

The incubation media contained (final concentration) 100 mM man- 
nitol, 5/~M deoxycoformycin, 20 mM Hepes-Tris (pH 7.4), adenosine 
at the concentration indicated and 50 mM sodium or potassium 
nitrate (see Materials and Methods). Sodium-dependent uptake repre- 
sents the difference between uptake in the presence and absence of 
sodium. Values (in pmol adenosine/mg protein per min) are means + 
S.D. of at least four experiments. 

Adenosine: 1.3/aM 15/aM 

T ( ° C )  + N a  + - N a  + sodium + N a  + - N a  + sodium 
dependent dependent 

0 175:4 135:4 4 895:13 83+10 6 
19 395:7 22+4 17 2045:21 1445:10 60 
30 48+5 245:6 24 3005:18 200+13 100 
37 495:6 325:5 17 3165:14 2245:14 92 

TABLE II 

Inhibition of sodium-dependent adenosine transport system by oarious 
compounds 

Inhibition constants were determined by non-linear regression of a 
plot o vs. S. Three concentrations of adenosine (1 laM, 2 #M and 40 
/aM) were used. Mean values of three experiments performed in 
triplicate were used for the calculations (values+ S.D.). All inhibition 
was of the competitive type. 

Inhibitor Apparent g i (/aM) 

Inosine 1.9 5:0.3 
Guanosine 7 + 1 
Uridine 28 + 4 
2-Chioroadenosine 7.8 5:0.7 
2'-Deoxyadenosine 11.2 5:0.8 

Inhibitors of the sodium-dependent uptake were vari- 
able in potency, as indicated by their apparent K i for 
competitive inhibition of adenosine sodium-dependent 
uptake (Table II). Competitive inhibition showed in all 
cases the best fit (with r > 0.994). 

TABLE III 

Trans stimulation studies by inosine, guanosine, uridine, 2-chloroadeno- 
sine " and 2 -deoxyadenosme 

Vesicles were preincubated 90 min at 30 °C in the presence of 100 
mM mannitol, 20 mM Hepes-Tris (pH 7.4), 5/aM deoxycoformycin 
and the corresponding nucleoside indicated. In the vesicles, which 
were not preincubated with adenosine and /or  inhibitor, 0.909 /aM 
adenosine and /o r  4.545 /aM inhibitor were included in the uptake 
media. The uptake media contained (final concentration) 100 mM 
mannitol, 5 /aM deoxycoformycin, 20 mM Hepes-Tris (pH 7.4), 1.3 
/aM [3H]adenosine, and 50 mM sodium ( + N a  ÷ ) or potassium 
( - N a  ÷ ) nitrate. Sodium-dependent uptake represents the difference 
between uptake in the presence and absence of sodium. Mean values 
and standard deviations derived from three experiments are given 
(*) P < 0.05 in the paired Student's t-test. 

Trans Side % adenosine transported 

+ N a  + - N a  + sodium 
dependent 

0 100 100 100 
10 /aM Adenosine 135+ 7(*) 127+ 8(*) 145 
50 /aM Inosine 137+ 8(*) 115+ 7(*) 165 

0 100 100 100 
10 /aM Adenosine 126+ 4(*) 114+ 7(*) 141 
50 #M Guanosine 133+15(*)  132+ 6(*) 135 

0 100 100 100 
10 /aM Adenosine 120+21(*)  1275:20(*) 112 
50 /aM Uridine 1365: 3(*) 9 2 5 : 4  193 

0 100 100 100 
10 /aM Adenosine 1105: 3(*) 1035 :6  119 
50 /aM 2-Chloroadenosine 129+ 7(*) 133t- 8(*) 123 

0 100 100 100 
10 /aM Adenosine 127+ 7(*) 1235: 7(*) 132 
50 /aM 2'-Deoxyadenosine 145+ 9(*) 1325-10(*) 162 
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Competitive inhibition might be due to competition 
for binding at the transporter and/or  competition for 
translocation. In order to test whether the inhibitory 
effect of inosine, guanosine and uridine is due to trans- 
port by the same transporter, trans-stimulation experi- 
ments were performed. The results (Table III) indicated 
that there exists a clear stimulation of adenosine influx 
when inosine, guanosine or uridine are inside the 
vesicles. Adenosine inside was used as a control and it 
was demonstrated that inosine as well as guanosine and 
adenosine enhance both, sodium-dependent and inde- 
pendent components. In agreement with the inhibition 
studies, uridine enhances solely the sodium-dependent 
component of the uptake. This is a clear indication that 
the nucleosides are, at least partially, translocated by 
the same transporter as adenosine. 

Discussion 

In this paper we have further characterized the 
sodium-dependent and sodium-independent component 
of adenosine uptake by BBM from rat kidney. It was 
shown that there exists a sodium-dependent component 
of the uptake which possesses a very low K m for sodium 
(2.1 mM), if compared with the uptake of other sub- 
stances such as glucose (14 mM, [25]) or glutamate (76.9 
mM, [26]) by BBM. The Na+-independent transport 
was insensitive to ions such as K ÷, choline, Li ÷ and 
Rb ÷ (Fig. 2). These results are in contrast with those 
found by Lee et al. [27], since these authors demonstrate 
a K+-dependent transport of uridine in BBM from rat 
kidney. 

The experiments of adenosine uptake performed at 
different temperatures suggest that the sodium-depen- 
dent component as well as the saturable sodium-inde- 
pendent component are strongly dependent on the 
physical state of the membrane lipids. Studies with 
other sodium-dependent systems also show a depen- 
dence on temperature. For example, De Smedt and 
Kinne [28], working with hog renal BBM vesicles, ob- 
served a discontinuity between 12 and 15°C in the 
Arrhenius plot of the sodium-dependent D-glucose and 
phosphate uptake. 

The sodium-dependent component of the system dis- 
played a g m of 2.9/~M for adenosine, which is some- 
what higher than that found by Le Hir and Dubach [11] 
working also with rat kidney BBM. These authors were 
able to find an overshoot in the presence of an inwardly 
directed sodium gradient. The overshoot was also found 
by Le Hir and Dubach [17] when measuring the uptake 
of other purine nucleosides such as 2'-deoxyadenosine, 
guanosine and inosine. Thus, it seems that the sodium- 
dependent component of the transport is shared by 
different nucleosides. Our trans-stimulation results 
shown in Table III also support this hypothesis. 

Trimble and Coulson [10], working with rat kidney 
luminal vesicles, found, in the absence of sodium, two 
saturable systems of low (4.4 #M) and high (43 ptM) 
affinity for adenosine. In the absence of sodium, we 
have found two systems, but one was saturable ( g  m = 
4-10 #M) and the other non-saturable (K m > 300 ptM). 
In all experiments performed the complete set of data 
could not be fitted to a two saturable centers system, 
but to one saturable and another non-saturable. It 
should also be noted that Trimble and Coulson [10] 
found a sodium stimulation only in the case of the 
low-affinity system, but not in the case of the high-af- 
finity one. These differences can be due to a different 
way of preparation of BBM and of designing the experi- 
ment. 

The different pattern of inhibition demonstrates that 
the sodium-dependent component and the saturable 
component of the sodium-independent uptake corre- 
spond to separate systems of adenosine transport. The 
structural requirement of the sodium-adenosine cotrans- 
port system is low, since in addition to nucleosides of 
purine, it also interacts with the pyrimidine nucleoside 
uridine. In contrast, the sodium-independent compo- 
nent deals only with purine nucleosides. 

Plagemann and Woffendin [29] observed in mouse 
spleen cells also two systems for the nucleoside trans- 
port: a sodium-independent transporter with broad sub- 
strate specificity and a sodium-dependent transporter, 
specific for uridine and purine nucleoside. Other authors 
have also observed a relation between uridine trans- 
porter and purine nucleoside transport; so the sodium- 
uridine transporter presents a stoichiometry 1 : 1 [27], as 
does the sodium-adenosine transporter. Jarvis [12], 
working with rabbit intestinal BBM, observed an inhibi- 
tion of sodium-dependent uridine transport by adeno- 
sine, inosine, 2'-deoxyinosine and 2-chloroadenosine. Le 
Hir and Dubach [17] also demonstrated in BBM from 
rat kidney a strong competitive inhibition of Na+-de - 
pendent adenosine transport by inosine, guanosine, 2- 
chloroadenosine and 2'-deoxyadenosine. These and our 
results presented in Table II indicate that K i of inosine 
and guanosine is low and comparable with K m (adeno- 
sine). 

The fact that inosine inhibits adenosine uptake by 
presumably being transported by the same system as 
adenosine is very important from a functional point of 
view. Since ecto-adenosine deaminase can transform 
extracellular adenosine to inosine, the enzyme could 
balance the quantity of nucleoside (either adenosine or 
inosine) which enters the cell. The same could apply for 
2'-deoxyadenosine and deoxyinosine, although it is not 
likely to find these compounds extracellularly. For 
guanosine, which also strongly inhibits adenosine up- 
take, similar functional implications cannot be estab- 
lished due to the lack of metabolizing enzymes outside 
the cell. 
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Our BBM preparation was almost insensitive to di- 
pyridamole, a strong inhibitor of adenosine transport in 
other systems. Even in the same kind of BBM, Trimble 
and Coulson [10] were able to find a relatively high 
inhibition by the compound assayed at a concentration 
of 200 #M. Although in some cells there exists di- 
pyridamole-resistant nucleoside transporter, this varies 
from species to species and within a given species it 
depends on the type of cell [14]. This heterogeneity of 
results supports the view of Hammond and Clanachan 
[16] of the existence of different conformations for the 
transporter; we suggest that the equilibrium between 
these forms can be modified depending upon the way of 
obtaining the experimental preparations. 
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