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Abstract

The present studies examined the mechanism of bicarbonate
transport across basolateral membrane vesicles prepared from
rabbit renal cortex. Isotopic sodium uptake was stimulated by
bicarbonate when compared with gluconate (2.5 nmol/mg protein
per 5 s versus 1.4 nmol/mg protein per 5 s), and this process
was inhibited by disulfonic stilbenes. Imposition of an interior-
positive potassium diffusion potential further stimulated isotopic
sodium uptake to 3.4 nmol/mg protein per 5 s, an effect that
occurred only in the presence of bicarbonate and was blocked
by disulfonic stilbenes. Kinetic analysis of the rate of bicarbonate-
dependent sodium uptake as a function of sodium concentration
revealed saturable stimulation with a V... of 2.7 nmol/mg protein
per 2 s and a Kmof 10.4 mM. The effect of bicarbonate concen-
tration on bicarbonate-dependent sodium uptake was more com-
plex. The present results demonstrate an electrogenic (negatively
charged) sodium/bicarbonate cotransporter in basolateral mem-
brane vesicles from the rabbit renal cortex. The electrogenicity
implies a stoichiometry of at least two bicarbonate ions for each
sodium ion.

Introduction

The mammalian proximal convoluted tubule reabsorbs most of
the filtered load of bicarbonate by proton secretion into the lu-
men (1). This process requires in the steady state that an equal
number of base equivalents be transported out of the cell across
the basolateral membrane (1). The mechanisms of bicarbonate
exit across the basolateral membrane have not been fully de-
scribed. Electrophysiological observations of the response to
changes in peritubular bicarbonate concentration have dem-
onstrated a conductive mechanism for bicarbonate transport in
rat (2, 3), amphibian (4, 5), and rabbit proximal tubule (6).

Boron and Boulpaep (5) used pH-, Na'-, and CP-sensitive
microelectrodes to study basolateral bicarbonate transport in
isolated perfused proximal tubules of the tiger salamander. They
concluded that bicarbonate flux is linked with sodium flux in a
manner consistent with electrogenic sodium/bicarbonate co-
transport, because sodium, bicarbonate, and net negative charge
are carried in the same direction. Other workers have demon-
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strated an electrogenic sodium/bicarbonate cotransport system
with electrophysiologic techniques in rat and rabbit proximal
tubules (7, 8). Sodium/bicarbonate cotransport has also been
demonstrated in the basolateral membrane by fluorometric
measurements of intracellular pH in microperfused rat proximal
convoluted tubules in vivo (9, 10). Recent studies have also
identified this system in cultured kidney epithelial cells of mon-
keys (1 1).

The purposes of the present studies were to confirm the pres-
ence of a sodium/bicarbonate cotransporter and to characterize
this system in basolateral membrane vesicles prepared from the
rabbit renal cortex. Weherein describe the effect of bicarbonate
on sodium transport in basolateral membrane vesicles under
clearly defined experimental conditions. Our findings imply that
the bicarbonate/sodium stoichiometric ratio of this transport
system is greater than unity, which would be consistent with an
electrogenic sodium/bicarbonate cotransport system.

Methods

Materials. All chemicals and enzymes were obtained from Sigma Chem-
ical Co., St. Louis, MO, unless noted, and were of the highest purity
available. 1 MN-methyl glucamine gluconate (pH 7.5) was made by the
titration of 1 MN-methyl glucamine with d-gluconic acid lactone. SITS'
(4-acetamido-4'-isothiocyanostilbene-2',2-disulfonic acid) and DIDS (4,4'-
diisothiocyanostilbene-2',2-disulfonic acid) were obtained from Pierce
Chemical Co., Rockford, IL. 22Na was purchased from New England
Nuclear, Boston, MA.

Membrane preparation. Basolateral membrane vesicles from rabbit
kidney cortex were prepared by differential and sucrose gradient cen-
trifugation, as described by Ives et al. (12). In brief, both kidneys of
female New Zealand white rabbits weighing 1.0-1.5 kg were perfused
via the renal artery with 35 ml of ice-chilled buffer (10 mMHepes/Tris,
pH 7.5, 250 mMsucrose, 5.0 mMEGTA). The cortex of each kidney
was sliced and homogenized with an Omni mixer (Dupont Instruments,
Newton, CT; setting 10; 4 min) in the same buffer. The resultant slurry
was centrifuged for 15 min at 2,450 g. Supernatants were recentrifuged
at 35,000 g for 30 min. The fluffy layer of the pellet was suspended in
250 mMsucrose, 10 mMHepes/Tris, pH 7.5, 1 mMmagnesium chloride
buffer, homogenized by passing through a 22-gauge needle and recen-
trifuged at 50,000 g for 30 min. The resulting fluffy layer was resuspended
in 250 mMsucrose, 10 mMHepes/Tris, pH 7.5, and aliquots were loaded
on linear 25-45% (wt/vol) sucrose density gradients containing 10 mM
Hepes/Tris, pH 7.5, and centrifuged at 100,000 g for 16 h. Twelve frac-
tions were obtained, and maltase (13) and Na,K-dependent ATPase (14)
activities were determined. Peak fractions of Na,K-dependent ATPase
activity were pooled and used as the basolateral membrane vesicles. The
enrichments of Na,K-dependent ATPase activity and maltase activity
of the basolateral membrane vesicle preparation compared with the ho-
mogenates were 16.44±0.06 and 1.51±0.10-fold (mean±SE, n = 6),
respectively. The sideness of the vesicles was estimated from the latency

1. Abbreviations used in this paper: DIDS, 4,4'-diisothiocyanostilbene-
2',2-disulfonic acid; SITS, 4-acetamido-4'-isothiocyanostilbene-2,2'-di-
sulfonic acid.
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of NaK-dependent ATPase by disruption with 1 mg/mi deoxycholate
and equilibration with monensin (1 5, 16). Unassignable vesicles, namely
sheets or leaky vesicles, accounted for 43.5 ±4. 1%(mean±SE) of the total
Na,K-dependent ATPase activity in nine separate preparations. The re-
sults of the estimation of vesicle orientation were right-side-out vesicles,
98.3±0.7%, and inside-out vesicles 1.6±0.7% of the assignable mem-
branes. Bicarbonate-dependent 22Na uptake activity was found in frac-
tions with Na,K-dependent ATPase activity, and was not observed in
the maltase-rich fractions (data not shown). Protein was assayed by the
method of Lowry et al. (1 7).

Transport measurements. Uptake of 22Na was measured at 250C by
a rapid filtration technique. The membrane vesicles were preincubated
for 2 h in a medium of 200 mMsucrose, 50 mMHepes/Tris, pH 7.5,
and 1 mnMmagnesium gluconate at room temperature. The experiment
was initiated by addition of 20dl membrane suspension to 1MOAl of
uptake media. The final concentrations are given in figure legends. The
uptake period was terminated by rapid mixture of 20 M of incubation
mixture with 1.5 ml of ice-cold stop solution containing 200 mMsucrose,
50 mMHepes/Tris, pH 7.5, and 40 mMpotassium sulfate. Uptake pe-
riods of <5 s were timed with a metronome as described by Wright et
al. (18). In these studies, 5 Al of membrane suspension were rapidly
mixed by vortexing with 25 Ml incubation buffer, and the reactions were
terminated by rapid injection of 1.5 ml of ice-cold stop solution. This
mixture was rapidly transferred to a prewetted 0.45-Mm filter (Millipore/
Continental Water Systems, Bedford, MA) and washed with an addition
of 3 ml stop solution. Filters were placed into scintillation vials and
counted by scintillation spectroscopy. Fig. 1 shows that the rapid uptake
method provided accurate measurements of the initial rate of bicarbonate-
dependent (left) and bicarbonate-independent (right) lNa uptake for
intervals up to 3 s. Results are expressed as mean±SE, and n refers to
the number of experiments, each of which was done with separate mem-
brane preparations.

Uptake media. Uptake media containing different concentrations of
bicarbonate were made by mixing 1 vol of potassium bicarbonate stock
solutions with 4 vol of a buffer containing 62.5 mMHepes/KOH, pH
7.5, and appropriate concentrations of sodium gluconate and potassium
gluconate. The pH stability of this medium was examined in a preliminary
experiment (Fig. 2). The change from the initial pH increased with time
after mixing but was <0.12 pH U during the initial 15 min. The change
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Figure 1. The time course of 22Na uptake in renal basolateral mem-

brane vesicles. Vesicles were preincubated in a buffer containing 200
mMsucrose, 50 mMHepes/Tris, pH 7.5, 1 mMmagnesium gluco-
nate, and 7 MuMvalinomycin. The transport medium contained 1 MCi
22Na, and when mixed with the vesicle suspension, resulted in final
concentrations of 42 mMsodium, 42 mMbicarbonate or 42 mMglu-
conate, 65 mMpotassium gluconate, and 50 mMHepes/KOH buffer,
pH 7.5. The rate of 22Na uptake in the presence of gluconate (bicar-
bonate-independent, right) was subtracted from the total uptake rate
to gave the rate of bicarbonate-dependent 22Na uptake (left). Each

point and bar represents the mean and SE of three uptake experiments
with different vesicle preparations.
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Figure 2. Effect of bicarbonate addition on the pH of22Na uptake me-
dia. 4 vol of a buffer containing 62.5 mMHepes/Tris, pH 7.5, 12.5
mMsodium gluconate and112.5 mMpotassium gluconate were
mixed with 1 vol of potassium bicarbonate with a final bicarbonate
concentration given on the figure. The pH of the mixed media was
measured continuously for 25 min with a glass electrode pH meter
and gentle stirring.

in bicarbonate concentration was <±2% of the prescribed value. All

uptake studies were done within 10 min of mixing of each potassium
bicarbonate stock solution with Hepes/Tris buffer.

Results

The experimental strategy for investigating sodium/bicarbonate
cotransport is indicated in Fig. 3.22Na uptake rates were mea-
sured with an uptake media containing either bicarbonate or

gluconate (Fig. 3, top). If there is a sodium/bicarbonate cotrans-
port system, increased 22Na uptake will be observed in the pres-

ence of bicarbonate compared with gluconate. Furthermore,
previous studies (5-1 1) have shown that SITS can inhibit so-

dium/bicarbonate cotransport. The effect of inwardly directed
potassium diffusion potentials on sodium/bicarbonate cotrans-
port were also examined (Fig. 3, bottom). The potential was
established by a high potassium concentration in the external

medium, and the potassium ionophore, valinomycin. Simple
sodium diffusion should be inhibited by the interior-positive
potential. In contrast, this positive potential should stimulate
electrogenic sodium/bicarbonate cotransport if the bicarbonate/
sodium stoichiometric ratio is greater than unity. Once again,
SITS should inhibit the sodium/bicarbonate cotransporter.

In the first series of experiments, we demonstrated the pres-
ence of an electrogenic sodium/bicarbonate cotransporter in the
basolateral membrane vesicles. Fig. 4 summarizes the sodium
uptake data with bicarbonate or gluconate buffer and the effects
of valinomycin and SITS. Sodium uptake with gluconate buffer
was 1.4±0.3 nmol/mg protein per 5 s and increased to 2.5±0.4
nmol/mg protein per 5 s when bicarbonate was present (P
<0.05). SITS (0.5 mM)completely inhibited the stimulation of

22Na uptake by bicarbonate. The addition of 7 MMvalinomycin,
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Figure 3. Experimental strategy
for sodium/bicarbonate co-
transport studies in basolateral
membrane vesicles.
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a rapid filtration technique at 5 s in eight different uptake conditions.
Basolateral membrane vesicles were preincubated with a buffer con-
taining 50 mMHepes/Tris, pH 7.5, 200 mMsucrose and 1 mMmag-
nesium gluconate. The uptake medium contained 50 mMHepes/
KOH, pH 7.5, 1 ACi 22Na, 10 mMsodium gluconate, 25 mMpotas-
sium bicarbonate or gluconate, 90 mMpotassium gluconate, and 1
mMmagnesium gluconate. Final concentrations of bicarbonate and
sodium were 2 land 8.3 mM, respectively. Valinomycin (7 MM)and
0.5 mMSITS were present when indicated. Each bar denotes
mean±SE of paired experiments (n = 5). Asterisk and double dagger
denote statistically significant differences from controls based on
paired comparisons (paired t test; P < 0.05 and P < 0.01 respectively).

which established an inwardly directed potassium diffusion po-
tential, increased 22Na uptake from 2.5±0.4 nmol/mg protein
per 5 s to 3.4±0.7 nmol/mg protein per 5 s when bicarbonate
was present. This effect was also inhibited by SITS. On the other
hand there was no effect of valinomycin or SITS on 22Na uptake
when gluconate rather than bicarbonate was present. The ad-
dition of valinomycin increased the difference between 22Na up-
take with bicarbonate-containing media and that with gluconate
media from 1.1±0.2 nmol/mg protein per 5 s to 2.0±0.5 nmol/
mgprotein per 5 s. The mean-paired increase of 0.9±0.4 nmol/
mg protein per 5 s was statistically significant (P < 0.05). The
equilibrium values for 22Na uptake and 3H-1-glucose space at
120 min were not significantly different between that with and
without bicarbonate, and that with and without valinomycin
(data not shown).

Weinterpret these findings as follows: 22Na uptake was stim-
ulated by bicarbonate and inhibited by SITS, consistent with
the presence of a SITS-sensitive sodium/bicarbonate cotrans-
porter. An interior-positive diffusion potential stimulated so-
dium uptake in the presence of bicarbonate, and this effect was
inhibited by SITS. These results suggested that the sodium/bi-
carbonate cotransporter was electrogenic and carried a net neg-
ative charge. Alternatively, these results could be interpreted as
a sodium-independent bicarbonate conductive pathway that was
inhibited by stilbenes. This interpretation is not consistent with
the stimulation of sodium uptake when valinomycin was present,
or depolarization of the basolateral membrane potential reported
in rat and rabbit proximal tubules when the bath sodium con-
centration was decreased (6-8). Another possible explanation of
our results is a C02/HCO3-stimulated sodium permeability.
Such a transport mechanism could explain the observed stim-
ulation of 22Na uptake by bicarbonate, but not the previously
observed effect of sodium gradients on bicarbonate transport
(8-10). In addition, SITS would not be expected to inhibit a
sodium conductance.

In the remaining experiments, bicarbonate-dependent 22Na
uptake refers to the difference between the initial rate of 22Na
uptake with bicarbonate buffer and the rate with gluconate buffer,
in the presence of an inwardly directed potassium gradient and
7 ,M valinomycin. Fig. 1 shows that both bicarbonate-dependent

(left) and bicarbonate-independent (right) 22Na uptake were ac-
curately measured for intervals up to 3 s under maximal gradient
conditions.

The effect of sodium concentration on bicarbonate-depen-
dent 22Na uptake was examined at a fixed bicarbonate concen-
tration of 21 mM. The bicarbonate-dependent 22Na uptake in-
creased with increasing sodium concentration from 4 to 42 mM
(Fig. 5). Kinetic analysis with Eadie-Hofstee plots (19) showed
a V.,, of 2.7±0.9 nmol/mg protein and a Kmof 10.4±2.3 mM
for sodium (mean±SE for five separate experiments).

The effect of bicarbonate concentration on bicarbonate-de-
pendent 22Na uptake was examined next at a constant sodium
concentration of 8 mM(Fig. 6). Increasing the bicarbonate con-
centration from 1 to 42 mMproduced a complex pattern of
stimulation of bicarbonate-dependent 22Na uptake. An initial
increase was observed at low bicarbonate concentrations, and a
sigmoidal stimulation of bicarbonate-dependent 22Na uptake
occurred above 4 mMbicarbonate. This biphasic relationship
suggests that more than one bicarbonate ion is associated with
the transport process, consistent with the previously described
electrogenicity of this transport system (Fig. 4). The kinetic
characteristics of the interaction of bicarbonate with the sodium/
bicarbonate cotransport system were analyzed using the Hill
equation ( 19) and are presented in Fig. 7. The Hill equation is:

v-[HCO31h X Vma,/(K' + [HCO31h),

where v is the rate of transport of sodium, [HCO3J is the bicar-
bonate concentration, Vi.. is the maximum transport rate, K'
is a constant comprising the interaction factor between binding
sites and the intrinsic association constant, and h is the Hill
coefficient. The logarithmic form of the Hill equation,

log (v/ VMax - v) = h X log (HCO3) - log (K'),

yields a plot of log (v/ Vm, - v) vs. log (HCO3) with a slope of
h. V.. was obtained from an Eadie-Hofstee plot of the data
with high bicarbonate concentrations presented in Fig. 6. The
Hill plot of the data from Fig. 6 was linear between bicarbonate
concentrations of 0.8 and 42 mM, with a Hill coefficient of
1.21±0.12 (mean±SD, Fig. 7). The 95% confidence interval for
the Hill slope was 1.21±0.29 (d.f. = 6). Similar analysis of the
data from Fig. 5 gave a Hill coefficient of 1.05±0.10 (mean±SD),
with a 95% confidence interval of 1.05±0.32 (d.f. = 3).

w
Figure 5. Effect of so-

f3 dium concentration on
+0 _ _ bicarbonate dependentNZ N _ 22Na uptake. The y axis

2 is the difference between
Z 0 the sodium uptake with
W EP /bicarbonate-containing

' uptake medium (21
Ec / mM)and that without

co / bicarbonate (gluconate
<° lo 20 30 40 substituted). The x axis

Na CONCENTRATION(m M) is the final sodium con-
centration of the uptake medium. 22Na uptakes were measured by a
rapid filtration technique at 2 s in the presence of 7 /AM valinomycin.
Each point represents mean±SE of five transport studies with different
basolateral membrane preparations. Eadie-Hofstee plots showed V.
and K. values of 2.7±0.9 nmol/mg protein per 2 s and 10.4±2.2 mM
sodium, respectively (mean±SE, n = 5).
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Figure 6. Effect of bicarbonate concentration on bicarbonate-depen-
dent 22Na uptake. Concentration of bicarbonate was changed as
shown in the figure at a constant sodium concentration of 8 mM. 22Na
uptakes were measured by a rapid filtration technique at 2 s in the
presence of 7 MMvalinomycin. Each point represents the mean±SE of
seven uptake studies with different basolateral membrane prepara-
tions. The dotted line was drawn based upon the Hill coefficients from
Fig. 7.

Finally, the effect of DIDS on the sodium/bicarbonate co-
transport system in basolateral membrane was tested. All ex-
periments were performed with an inwardly directed potassium
gradient and in the presence of valinomycin. The extravesicular
concentrations of sodium and bicarbonate were 5.8±42 mM
and 21 mMrespectively. DIDS was added to both the prein-
cubation buffer and the uptake medium at a final concentration
of 50 MM. DIDS decreased the Vn,. of bicarbonate-dependent
22Na uptake from a control value of 1.57 nmol/mg protein per
2 s to 0.88 nmol/mg protein per 2 s (44% inhibition, P < .05,
paired t test), but the Kmfor sodium was not significantly altered
(Table I).

[HCO3] Vmax

K + [HCOj]h

log V _ h log ( HCO ] - log K'
Vmax V

log [HCO;] (mM)

Figure 7. Kinetic analysis of bicarbonate-dependent 22Na uptake (Hill
plot).

Table I. Effect of DIDS on Bicarbonate-dependent 22Na Uptake

V. K. for sodium

nmol/mg protein per 2 s mm

Control 1.57±0.63 10.1±3.0
DIDS (50 MM) 0.58±0.40* 8.2±3.7

Basolateral membrane vesicles were preincubated with 200 mMsu-
crose, 50 mMHepes/Tris, pH 7.5, 1 mMmagnesium gluconate and 7
gMvalinomycin. The final concentrations in the uptake media were
6-42 mMsodium gluconate, 21 mMpotassium gluconate or potas-
sium bicarbonate, 95 mMpotassium gluconate, and 2 MCi 22Na. Iso-
molarity was maintained by addition of n-methyl glucamine-gluco-
nate. DIDS (50 MM)was present in the preincubation buffer and up-
take media when indicated. Kinetic parameters (mean±SE) were
obtained from studies with four separate vesicle preparations.
* Significantly different from control (P < 0.05).

Discussion

Technical considerations. The rate of sodium/bicarbonate co-
transport was determined by calculating the difference between
22Na uptake with bicarbonate buffer and that with gluconate
buffer, in the presence of an inwardly directed potassium gradient
and 7 ,M valinomycin. 22Na uptake with gluconate buffer might
slightly overestimate a true zero value; the sodium/bicarbonate
cotransporter might have some affinity for gluconate or hydroxyl
and transport it to a limited extent. Because we did not find any
effect of SITS, an anion transport inhibitor (20, 21) on 22Na
uptake in gluconate medium (Fig. 4), and the substitution of
gluconate with cyclamate had no effect on 22Na uptake, it seems
likely that the difference between 22Na uptake in the presence
of bicarbonate and gluconate is an accurate measure of the rate
of sodium/bicarbonate cotransport. The selectivity of this co-
transporter for anions other than bicarbonate, gluconate, and
cyclamate remains to be examined.

The driving forces for sodium/bicarbonate cotransport in
our experiments were the inwardly directed K' diffusion poten-
tial, the sodium concentration gradient, and the bicarbonate
concentration gradient. Rapid diffusion of dissolved CO2 into
basolateral membrane vesicles in the presence of carbonic an-
hydrase (22) could rapidly increase the intravesicular bicarbonate
concentration, thereby dissipating the bicarbonate concentration
gradient. In addition, increased intravesicular concentration of
sodium and collapse of the potassium gradient leading to a de-
creased diffusion potential would decrease the rate of 22Na up-
take. The time course study (Fig. 1), performed with maximal
gradient conditions, showed a linear relation between 22Na up-
take and incubation time up to 3 s, which then fell off at longer
time points. This linearity was observed with bicarbonate-de-
pendent 22Na uptake (Fig. 1, left), as well as with the bicarbonate-
independent component (right). Importantly, the linear regres-
sions had a Y-intercept that was not different than zero, indicating
that the driving forces were relatively constant when the initial
measurements were made. Therefore, we used 2-s uptakes as a
measure of initial rate for the kinetic analyses. The pH stability
of the uptake media with different bicarbonate concentrations
was confirmed by preliminary experiments (Fig. 2). Increased
pH of the incubation buffer will establish a pH gradient between
the intra- and extravesicular space, although the present studies
were intended to have the same pH inside and out. This deviation
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in the incubation conditions was minimized by using relatively
high concentrations of Tris/Hepes buffer and by preparing each
individual uptake medium immediately before use.

Presence of electrogenic sodium/bicarbonate cotransport. In
the first experiment, we have identified an electrogenic cotrans-
porter for bicarbonate and sodium in basolateral membrane
vesicles from the rabbit renal cortex with the following findings:
22Na uptake was stimulated by bicarbonate and inhibited by
SITS, consistent with sodium/bicarbonate cotransport. An in-
terior-positive potassium diffusion potential stimulated 22Na
uptake in the presence of bicarbonate, and this effect was inhib-
ited by SITS. This diffusion potential would decrease Na' entry
by simple diffusion (Fig. 3). That interior-positive diffusion po-
tential stimulated 22Na uptake when bicarbonate was present
(Fig. 4) suggests the presence of an electrogenic sodium/bicar-
bonate cotransporter. (In fact, since the preliminary studies pre-
sented in Fig. 4 were done with 5-s uptake measurements, the
stimulatory effects of bicarbonate and potassium diffusion po-
tential may have been underestimated.) Studies of the intact
proximal tubule (6-10) support this suggestion, rather than the
possible presence independent sodium and bicarbonate con-
ductive pathways. Furthermore, studies by Grassl et al. (23) have
demonstrated an "overshoot" in bicarbonate-dependent 22Na
uptake in basolateral membrane vesicles, consistent with a co-
transport process. An overshoot was demonstrated in the pre-
vious study (23), using 1 mM22Na with an inwardly-directed
bicarbonate gradient (55 mM)and pH gradient (1.5 pH U). We
have not observed an overshoot in bicarbonate-dependent 22Na
uptake when the interior and exterior pH were both 7.5, as in
the present experiments.

The sodium/bicarbonate cotransport system was previously
proposed from studies of perfused tiger salamander proximal
tubules in vitro (5), rat proximal tubules in vivo (8-10), and
perfused rabbit proximal straight tubules in vitro (6, 7). As de-
scribed in the Methods section, the basolateral membrane vesicle
preparation used in our studies is oriented right-side out, so the
translocation of sodium and bicarbonate in the present experi-
ments is in the reverse direction compared with the usual phys-
iological condition. Therefore, we may consider this cotransport
system to be reversible. Whether or not the kinetic features are
identical in both directions is an important question that must
be resolved before the kinetic features obtained with basolateral
membrane vesicles can be applied to the in vivo setting. The
SITS inhibition of sodium/bicarbonate cotransport is also con-
sistent with the right-side-out orientation of the vesicles, because
SITS inhibits anion transport only when applied to the outside
of red blood cell membranes (20).

The presence of a chloride/bicarbonate exchanger has also
been described in basolateral membrane vesicles from proximal
tubular cells (24; Eveloff, J., and D. G. Warnock, unpublished
observations). Burckhardt et al. (25, 26) have examined the effects
of pH gradients on sodium sulfate cotransport in basolateral
membrane vesicles, but not the effects of bicarbonate on this
system. The present studies were done without chloride, so that
chloride/bicarbonate exchange could not account for any of the
present findings. Preliminary studies from Grassl et al. (23) con-
firm the finding of a sodium/bicarbonate cotransporter in ba-
solateral vesicles from the rabbit renal cortex. The relative im-
portance and relationship between these two distinct bicarbonate
transport systems must be examined in further detail. However,
studies of intact tubules have revealed that complete removal
of sodium inhibits most of the basolateral membrane bicarbonate

permeability, which suggests that the sodium/bicarbonate co-
transporter is the major basolateral membrane bicarbonate
transport mechanism (8, 10).

Effect of sodium concentration on bicarbonate-dependent
22Na uptake. Wefound that increasing the external concentration
of sodium accelerated bicarbonate-dependent sodium uptake,
with an apparent Kmof 10.4 mMfor sodium when the external
bicarbonate concentration was fixed at 21 mM(Fig. 5). Recent
studies in the rat proximal tubule cell have revealed that the
intracellular sodium activity measured with sodium-selective
microelectrodes (27) is 13 mM, and the intracellular sodium
concentration determined by microprobe analysis is 19 mmol/
kg wet wt (28). If Km for sodium is similar on both sides of the
basolateral membrane, then our finding that Km for sodium is
10.3 mMsuggests that the intracellular concentration of sodium
may have an important role in regulating bicarbonate exit from
the proximal tubular cell and thus in regulating intracellular pH
(9, 10).

Effect of bicarbonate concentration on bicarbonate-dependent
22Na uptake. The results presented in Fig. 6 show that variations
in the bicarbonate concentration between 10 and 20 mMare
associated with parallel changes in the rate of bicarbonate-de-
pendent 22Na uptake. These findings suggest that physiologic
concentrations of bicarbonate may regulate the rate of sodium/
bicarbonate cotransport across the basolateral membrane, if it
can be assumed that the kinetic features of this exit pathway are
similar to those described with the present uptake studies in
right-side-out basolateral membrane vesicles.

Hill analysis of bicarbonate-dependent 22Na uptake (Fig. 7)
showed that one or more bicarbonate ions are involved in this
transporter when translocation occurs. Since the Hill analysis
requires that there be equivalent substrate binding sites with
marked cooperativity, the Hill coefficient may underestimate
the actual number of bicarbonate binding sites. Recent studies
by Yoshitomi and Fromter (8) have suggested that the stoichio-
metric ratio is three net negative charges per sodium ion. Solei-
mani et al. (29) have also reported the bicarbonate/sodium stoi-
chiometric ratio to be 3:1, by thermodynamic analysis of 22Na
uptake in rabbit cortical basolateral membrane vesicles. The
present results are not necessarily inconsistent with these con-
clusions, even though the Hill slope of our data (Fig. 7) was not
significantly different from unity, because the Hill slope only
provides a minimal estimate of the number of bicarbonate ion
binding sites.

Another possible explanation for the low Hill slope is a so-
dium carbonate/bicarbonate cotransport system. Studies by Bo-
ron and Russell (30) in the squid axon have been interpreted in
terms of a sodium carbonate ion pair/chloride exchange model
for transport. Becker and Duhm(31) have described a sodium
carbonate/bicarbonate exchanger in red cell membranes. Anal-
ogously, the bicarbonate exit step of basolateral membranes could
represent a sodium carbonate/bicarbonate cotransport system.
A sodium carbonate/bicarbonate cotransport model would carry
two net negative charges and have two anionic binding sites. In
this configuration, there would be transport of three negative
charges (CO; + HCO ) for every positive charge (Na+), a ratio
consistent with the charge stoichiometric ratio (3:1) observed by
Yoshitomi et al. (8) and Soleimani et al. (29). Furthermore, the
Hill slope of 1.21 (Fig. 7) could result from two distinct anion-
binding sites. Further studies are required to define the existence
and precise kinetic features of the sodium-coupled bicarbonate/
carbonate exit step of the basolateral membrane. At present, we

1476 T. Akiba, R. J. Alpern, J. Eveloff; J. Calamina, and D. J. Warnock



can conclude that the stoichiometric ratio is necessarily greater
than unity because the system is electrogenic (Fig. 4).

Effect of DIDS on bicarbonate-dependent 22Na uptake. SITS
and DIDS are well described inhibitors of anion transport in red
blood cells (20). Ullrich et al. (21) and Chan et al. (32) reported
that application of SITS to the pericapillary side inhibited bi-
carbonate reabsorption in the rat proximal tubule. Cohen et al.
(33) reported that 0.5 mMSITS, when added to the serosal side
of turtle urinary bladders, inhibited proton secretion by >80%
and increased cell pH, consistent with inhibition of a bicarbonate
exit step. Kleinman et al. (34) also described a bicarbonate-de-
pendent, SITS-sensitive cell acidification step in suspensions of
rabbit renal tubule fragments. All of these studies are consistent
with inhibition of a bicarbonate exit step by disulfonic stilbenes.

Although Koschier et al. (35) reported that DIDS competi-
tively inhibited PAHuptake in rabbit renal cortical slices, our
experiments suggest that DIDS is predominantly a noncompet-
itive inhibitor of bicarbonate-dependent 22Na uptake (Table I).
While it might be expected that DIDS would competitively in-
hibit the interaction between bicarbonate and anion-binding
sites, the present studies examined a range of sodium concen-
trations at a single bicarbonate concentration. It is known that
DIDS covalently binds to the band 3 protein (19). This sort of
interaction may account for the decrease in VN, of bicarbonate-
dependent sodium uptake observed when basolateral membrane
vesicles were pretreated with DIDS. If the isothiocyanate groups
of DIDS form covalent bonds with the sodium/bicarbonate co-
transporter, then this probe may be a useful tool for further
characterization and identification of this transport system in
the basolateral membrane.

In summary, an exit mechanism for bicarbonate from the
mammalian kidney proximal tubule cell was examined in ba-
solateral membrane vesicles prepared from the rabbit renal cor-
tex. Sodium/bicarbonate cotransport was demonstrated, and this
process was found to be electrogenic. This finding is consistent
with a bicarbonate/sodium stoichiometric ratio greater than
unity. The sodium/bicarbonate/carbonate cotransport system
may be regulated by the intracellular concentrations of sodium
in the proximal tubular cell. It provides a mechanism by which
both sodium and bicarbonate/carbonate can be transported
across the basolateral membrane of the proximal tubule cell.
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