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Abstract. The proximal tubule Na+-HCO−3 cotrans-
porter is located in the basolateral plasma membrane and
moves Na+, HCO−3, and net negative charge together out
of the cell. The presence of charge transport implies that
at least two HCO−3 anions are transported for each Na+

cation. The actual ratio is of physiological interest be-
cause it determines direction of net transport at a given
membrane potential. To determine this ratio, a thermo-
dynamic approach was employed that depends on mea-
suring charge flux through the cotransporter under de-
fined ion and electrical gradients across the basolateral
plasma membrane. Cells from an immortalized rat
proximal tubule line were grown as confluent monolayer
on porous substrate and their luminal plasma membrane
was permeabilized with amphotericin B. The electrical
properties of these monolayers were measured in a
Ussing chamber, and ion flux through the cotransporter
was achieved by applying Na+ or HCO−3 concentration
gradients across the basolateral plasma membrane.
Charge flux through the cotransporter was identified as
difference current due to the reversible inhibitor dinitro-
stilbene disulfonate. The cotransporter activity was Cl−

independent; its conductance ranged between 0.12 and
0.23 mS/cm2 and was voltage independent between −60
and +40 mV. Reversal potentials obtained from current-
voltage relations in the presence of Na+ gradients were
fitted to the thermodynamic equivalent of the Nernst
equation for coupled ion transport. The fit yielded a co-
transport ratio of 3HCO−3:1Na

+.
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Introduction

The proximal convoluted tubule in higher vertebrates is
responsible for reabsorption of filtered bicarbonate
(HCO−3). The epithelial cells achieve this reabsorption
by secreting protons into the lumen and an equal number
of base equivalents across the basolateral plasma mem-
brane into the peritubular space. A Na+-HCO3

− cotrans-
porter has been identified in the basolateral plasma mem-
brane of several species as responsible transporter for
extrusion of base (Boron & Boulpaep, 1983; Burckhardt,
Sato & Fromter, 1984; Yoshitomi & Fromter, 1984; Alp-
ern, 1985; Biagi, 1985; Jentsch et al., 1985, 1986; Sasaki,
Shiigai & Takeuchi, 1985; Yoshitomi, Burckhardt &
Fromter, 1985; Akiba et al., 1986; Alpern & Chambers,
1986; Biagi & Sohtell, 1986; Lopes et al., 1987; Sole-
imani, Grassl & Aronson, 1987). The cotransporter has
been found to be electrogenic and linked to a net flux of
negative charge (Boron & Boulpaep, 1983; Biagi, 1985;
Jentsch et al., 1985; Sasaki et al., 1985; Yoshitomi et al.,
1985; Biagi & Sohtell, 1986; Lopes et al., 1987). This
property indicates that the stoichiometry of the process
involves more than one HCO−3 cotransported per each
Na+. Knowledge of the precise stoichiometry is impor-
tant for predicting direction of net transport. The larger
the stoichiometry, and hence the larger the net negative
charge movement per transport cycle, the more effective
is the membrane potential as driving force to move
HCO−3 out of the cell. The best estimates are a ratio of
3:1 for HCO−3:Na

+ based on rates of concentration
changes in rat proximal tubule in vivo (Yoshitomi et al.,
1985) and on driving forces necessary to prevent solute
flux through the cotransporter in rabbit basolateral
plasma membrane vesicle (Soleimani et al., 1987). Both
estimates depend on a number of assumptions or param-
eters that are difficult to measure with certainty, such as
cellular buffer capacity or formation of ideal diffusion
potentials.Correspondence to:U. Hopfer
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Because of the importance of the cotransporter stoi-
chiometry for overall HCO−3 absorption in the proximal
tubule and uncertainties in the limited number of studies
so far, we have reinvestigated this question in a new cell
model, namely a recently immortalized cell line from rat
renal proximal tubule. The cells form relatively high re-
sistance monolayers so that electrophysiological mea-
surements are feasible. To determine the stoichiometry,
the current through the cotransporter was isolated as dif-
ference current due to the inhibitor dinitro-stilbene-
disulfonate (DNDS) and the reversal potential deter-
mined in the presence of a Na+ gradient. Information on
the reversal potential and the Na+ gradient can be used to
calculate the stoichiometry based on thermodynamic
considerations.

Materials and Methods

CELL CULTURE

Experiments were carried with the rat proximal tubular cell line SKPT-
0193 Cl.2 (Woost et al., 1996). The line was derived from microdis-
sected primary cultures of the S1 region of the proximal tubule. Cells
were immortalized by infection with a retroviral vector coding for
SV40 large T antigen. Passages 80 to 100 were used for the reported
experiments. Cells were grown on collagen-coated (20% Ethicon in
60% ethanol) Millicell-CM filters (area4 0.6 cm2) in a 1:1 mixture of
Dulbecco’s Modified Essential Medium and Ham’s F12, supplemented
with 15 mM HEPES, 1.2 mg/ml NaHCO3, 5 mg/ml insulin, 5mg/ml
transferrin, 10 ng/ml Epithelial Growth Factor, 4m g/ml dexametha-
sone, and 10% fetal bovine serum. Usually, about 3 × 105 cells were
seeded and grown to confluence in five days. Light microscopy
showed ‘‘cobble stone’’ appearance that is typical for epithelial cells.
No piling of cells was observed.

ELECTROPHYSIOLOGY

Filters were mounted horizontally in a Ussing-type chamber (Analyti-
cal Bioinstrumentation, Cleveland, OH) equipped with a pair of voltage
and a pair of current electrodes. Electrophysiological measurements
were made with a voltage-clamp module (Model 558-C-5, Bioengi-
neering, University of Iowa, IA). The data were recorded on a strip-
chart recorder and in parallel through an A/D converter on a micro-
computer. The Ussing chamber and all solutions were maintained in a
heated incubator to control the partial pressure of CO2 and temperature.
Experiments were carried out at 37°C and at 5% CO2. CO2 pressure
was continuously monitored with a CO2 monitor (Puritan-Bennett, Los
Angeles, CA). The filter in the Ussing chamber was perfused with
modified Ringer solutions as explained in the text. The composition of
different solutions is given in Table 1.

MATERIALS

Amphotericin B, bovine serum albumin, HEPES,D-glucose, N-methyl-
D-glucamine (NMDG), gluconic acid, and all salts were purchased
from Sigma Chemical (St. Louis, MO). Dinitro-stilbene-disulfonate
(DNDS) was obtained from Pfaltz & Bauer, (Waterbury, CT).

Results

PROPERTIES OF APROXIMAL TUBULAR CELL LINE

The cell line for this study was derived from micro-
dissected proximal tubule S1 segments of rats. This
segment is known to contain considerable Na+-HCO−3
cotransporter activity. The cells formed confluent mono-
layers on the filters. One of the interesting characteris-
tics was the relative low monolayer conductance of about
1 mS/cm2 due to poor ion permeability of tight junctions.
This low baseline conductance allowed the detection of

Table 1. Composition of solutions (concentrations in mM)

Normal K K-free
Low Cl− Cl− free

Solution 1 2 3 4 5 6 7 8

Na-Gluc 40 40 10 40 40 10 20 60
NMDG 100 104.7 134.7 104.7 104.7 134.7 124.7 84.7
HCO3

−* 10 10 10 10 2 10 10 10
KCl 4.7 0 0 0 0 0 0 0
MgCl2 1.13 1.13 1.13 0 0 0 0 0
CaCl2 2.25 2.25 2.25 0 0 0 0 0
Ca-Gluc2 0 0 0 2.25 2.25 2.25 2.25 2.25
Mg-Gluc2 0 0 0 1.13 1.13 1.13 1.13 1.13
HEPES 20 20 20 20 20 20 20 20
D-Glucose 25 25 25 25 25 25 25 25
pH 7.0 7.0 7.0 7.0 6.4 7.0 7.0 7.0

* [HCO−
3] was calculated according to the relation: [HCO

−
3] 4 3 z 10−5 z 760 z f z 10(pH-6.1)wheref is the CO2

partial pressure.
All solutions were ‘‘preincubated’’ in the voltage-clamp setup incubator at 37°C and 5% CO2 for 2 hr before

the beginning of the experiment.
All solutions were supplemented with 0.1% BSA.
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electrical signals from cellular transporters without too
much ‘‘background’’ conductance from the paracellular
pathway for ion flow.

EXPERIMENTAL STRATEGY

Figure 1 illustrates the transporters that are thought to be
involved in Na+ HCO−3 reabsorption in the proximal
tubule. The transporters associated with electrical
charge movement are located in the basolateral mem-
brane. These include the Na+,K+-ATPase (the pump),
the Na+-HCO−3 cotransporter, and K+ channels. To re-
veal these electrogenic processes to external electrodes,
it was necessary to remove the electrical resistance of the
luminal plasma membrane. The polyene ionophore am-
photericin B has been used to specifically achieve this
aim in monolayers of epithelial cells (Kirk & Dawson,
1983). Amphotericin B renders the membrane perme-
able to small monovalent ions (Na+, K+, Cl−), but not to
those with higher valences, such as Ca2+, and stays re-
stricted for several hours to the plasma membrane to
which it was added. This property is a result of a re-
quirement for cholesterol in the membrane, the relatively
high cholesterol content of the plasma membrane, and
the relatively low content of intracellular membranes.

With permeabilization of the luminal membrane to
monovalent ions, the Na+,K+-ATPase turnover can be
measured by its ability to generate a current in symmetri-
cal solutions, i.e., in the absence of any electrical poten-
tial, ion concentration gradients, or osmotic or hydro-
static pressure differences. In other words, the short-
circuit current with identical solutions on both sides
quantitatively measures pump turnover. To identify cur-

rents associated with Na+-HCO−3 cotransporter activity,
the electrical current in response to appropriate ionic
gradients or cotransporter-specific conductance needs to
be measured. The cotransporter is known to be inhibited
by stilbene disulfonates. Therefore, the general ap-
proach for sorting out Na+-HCO−3 transport was to per-
meabilize monolayers on the luminal side with ampho-
tericin B and to measure either current generated by Na+

or HCO−3 gradients or conductance that could be inhib-
ited by the stilbene disulfonate DNDS. DNDS is a re-
versible inhibitor of the Na+-HCO−3 cotransporter which
allows meaningful control measurements after wash-out
of the drug.

PERMEABILIZATION OF THE LUMINAL PLASMA
MEMBRANE BY AMPHOTERICINB

Figure 2 shows the effect of luminal application of am-
photericin B. The permeabilization process can be con-
veniently followed by the short-circuit current (Isc). The
initial current is a result of a redistribution of ions after
permeabilization as well as ion flux generated by pumps
in the basolateral plasma membrane in response to ion
influx across the luminal plasma membrane. By defini-
tion, the change in steady-state current after permeabili-
zation is due to cellular ion pumps, either directly or
indirectly. The concentration of amphotericin B used in
the experiment in Fig. 2 was 40mM, which is optimal in
that it is the lowest concentration that gave a maximal
change in steady-state current. This value had been es-
tablished in preliminary experiments.

Fig. 1. Schematic presentation of the premises on which experiments
were based. The Na+-HCO−3 cotransporter and Na+,K+ ATPase trans-
port (n − 1) net negative and one positive charge, respectively. The
Na+/H+ exchanger is electrically silent. Luminal application of ampho-
tericin B ‘‘removes’’ functionally the luminal membrane for electrical
measurements.

Fig. 2. Short-circuit current (Isc) of a luminally permeabilized mono-
layer. Cells were initially perfused with normal-K+ Ringer (solution
[1). The increasedIsc following luminal application of amphotericin B
reflects the activity of the Na+, K+ ATPase. Inhibition of the enzyme
upon removal of K+ (OK+) (perfusion with K+-free Ringer (solution
[2)) or upon basolateral application of 1 mM ouabain (Oub) results in
a decrease inIsc.
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After permeabilization,Isc (equivalent to cation flux
from luminal to basal compartment) increased steeply
and then leveled off. Based on several criteria, the
steady-state current represents largely Na+, K+-ATPase
turnover: (i) The current could be reversibly inhibited by
replacement of K+ (solution[1, Table 1) with NMDG+

(solution[2) in both luminal and basal solution (Fig. 2).
(ii) It could be reversibly inhibited by 1 mM ouabain
added to the basal solution (Fig. 2). (iii) The current
depended on the presence of Na+ in the perfusion solu-
tions (data not shown). The amphotericin B permeabi-
lization did not substantially increase the total monolayer
conductance (data not shown). These results demon-
strate that the amphotericin B-treated monolayers re-
tained a substantial degree of cellular and monolayer
integrity, even though, the luminal membrane became
permeable to monovalent ions and thus electrically con-
ductive. Others, have shown that under these conditions,
the intracellular monovalent ion composition equilibrates
with that of the luminal solution (Kirk & Dawson, 1983).

Na+-HCO−3 TRANSPORTERACTIVITY

Flux through the Na+-HCO−3 cotransporter can be driven
by Na+ and/or HCO−3 gradients as well as by an electri-

cal potential as long as the coupling ratio of Na+:HCO−3
is different from 1. To measure ion gradient-driven co-
transporter turnover, Na+ or HCO−3 gradients were estab-
lished. TheIsc generated by these gradients, however,
has contributions from all conductance pathways in the
monolayer, in particular the paracellular pathway with
the tight junction and the lateral intercellular space. To
identify the Na+-HCO−3 cotransporter activity, the differ-
ence current due to the presence of 1 mM DNDS in the
basolateral solution was measured.

An experiment demonstrating the cotransporter ac-
tivity driven by a Na+ gradient is shown in Fig. 3. The
experiment shows the initial lowIsc generated by the
monolayer when perfused with a modified Ringer solu-
tion (solution[2) with 40 mM Na+, no K+, and only 4.8
mM Cl− (with replacement by gluconate). Luminal per-
meabilization generated a fast transient because Na+,K+-
ATPase activity is not sustained when K+ is replaced by
NMDG+. The imposition of a Na+ gradient by lowering
the Na+ concentration in the basal compartment (replace-
ment with solution[3) generated anIsc of about 14
mA/cm2 as well as a gradual increase in conductance (G)
measured with small current pulses. Contributions to the
current and to the conductance by the cotransporter could
be demonstrated by the effects of 1 mM DNDS in the
basal solution. The conductance decreased about 0.25
mS/cm2 while the current (lumen→ basal compartment)
increased by about 2mA/cm2 as expected for inhibition
of a luminal-to-basal anion (negative) current.

A Na+-dependent Cl−-HCO−3 exchanger has been de-
scribed in a variety of mammalian cells (Boyarsky et

Fig. 3. Activation of Na+-HCO−3 cotransport by a Na
+ gradient. Current

and conductance traces were measured in a Ussing chamber. Luminal
and basal compartments were initially perfused with a K+-free, 40 mM
Na+ solution (solution[2). Permeabilization with amphotericin B pro-
duced only a transient peak in current because Na,K-ATPase was in-
hibited by the lack of K+. Subsequently, a Na+-gradient (luminal 40 mM
to basal 10 mM) was established by decreasing basal compartment Na+

to 10 mM (solution[3). The Na+ gradient produced a Na+ flux and
large Isc that includes contributions by the cotransporter. Subsequent
basal application of the cotransporter inhibitor DNDS revealed a
DNDS-sensitive current and conductance. The DNDS-sensitive com-
ponent is observable even on the background of a Cl− conductance that
is increasing with time (compare the time-dependence of conductance
in the presence of Cl− in Fig. 3 with the lack of a time-dependent
component in Cl−-free medium in Fig. 4).

Fig. 4. Activation of Na+-HCO−3 cotransporter by a Na+ gradient in
Cl−-free solution. Current and conductance traces were measured in a
Ussing chamber. This experiment is similar to that in Fig. 3, except for
the lack of Cl−. Luminal and basal compartments were initially per-
fused with a K+- and Cl−-free, 40 mM Na+ solution (solution[4).
Activation of the Na+-HCO3

− cotransporter was achieved by establish-
ing a Na+-gradient (luminal 40 mM to basal 10 mM) with Cl−-free
solution (solution[6) on the basal side. The addition of 1 mM DNDS
to the basal compartment reveals a DNDS-sensitive current and con-
ductance even in the absence of Cl−.
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al., 1988; L’Allemain, Paris, & Poussegur, 1985;
Rothenberg et al., 1983). We, thus, wanted to determine
whether the proximal tubule cotransporter is Cl−-
dependent. To this aim we repeated the procedure de-
scribed in Fig. 3 for the activation of the cotransporter
after Cl− was completely eliminated from the medium
(solutions[4 and[5, with Cl− replaced by gluconate).
A representative result of such an experiment is depicted
in Fig. 4. Elimination of Cl− from the bathing media did
not eliminate DNDS-sensitive current and conductance;
in agreement with the presence of Cl−-independent co-
transporter. Further experiments were carried out in the
absence of Cl−.

Figure 5 shows the effect of lowering basolateral
(bl) [HCO−

3]bl from 10 mM to 2 mM by lowering the pH
from 7.0 to 6.4, at constant CO2 pressure (PCO2

), (replac-
ing solution[4 on the basolateral side with solution
[5). This manipulation resulted in a 2.1mA/cm2 de-
crease inIsc. 1 mM DNDS added to the basal solution
reversed the effect (Fig. 5). In control experiments in the
absence of Na+ (Na+ replaced with NMDG+ on both the
luminal and basolateral buffers), lowering [HCO−3]bl had
no effect onIsc (not shown). Table 2 summarizes the
effects of lowering peritubular Na+ and HCO−3 on the
DNDS-sensitiveIsc. It should be noted that in order to
lower [HCO−3]bl, from 10 mM to 2 mM, the pH of the
basal solution had to be reduced from 7.0 to 6.4. This
may add a complicating factor, as it generates a pH gra-
dient across the basolateral membrane, but has the ad-

vantage of avoiding CO2 gradient that would be difficult
to maintain across a membrane and in the intracellular
space due to the high membrane permeability of CO2.

One of the complications of permeabilized mono-
layers is that the conductance can increase with time.
This increase can interfere with the reliability of data on
difference currents that depend on sequential application
and removal of an inhibitor. Such an increase in con-
ductance with time is apparent in Fig. 3 but not in Fig. 4.
Because the major difference in condition between the
two experiments is the absence of Cl− from Fig. 4, the
results indicate that the permeabilized rat cell monolay-
ers develops a Cl− conductance with time.

THE STOICHIOMETRY OF THE

Na+-HCO−3 COTRANSPORTER

The cotransport of Na+ and HCO−3 across the basolateral
membrane can be described by:

Nai + nHCO−3i ↔ Nao
+ + nHCO−3o (1)

where the subscriptsi ando stand for inside and outside
compartments, respectively. The cotransport stoichiom-
etry of the Na+-HCO−3 cotransporter can be determined
by finding Na+ and/or HCO−3 concentration gradients and
membrane potentials at which no flux through the co-
transporter occurs because electrical and chemical driv-
ing force balance each other. The cotransporter reaction
(Eq. 1) is at equilibrium and no net flux occurs when:

DmNa
i-o = nDmHCO3

o-i (2)

where DmNa
i-o is the in-to-out electrochemical potential

difference for Na+, Dmo-i
HCO3

is the out-to-in electrochemi-
cal potential difference for HCO−3, andn is the number of
HCO−3 anions cotransported with each Na+ cation. Ex-
pressing the electrochemical potential differences in
terms of the relevant ion concentrations and the mem-
brane potential,Vm, yields:

[Na+]i

[Na+]o
exp

FVm
RT

= H[HCO3
−]o

[HCO3
−]i

exp
FVm
RTJn

(3)

Fig. 5. Activation of Na+-HCO−3 cotransport by a HCO
−
3 gradient. The

current trace was measured in a Ussing chamber. Luminal and basal
compartments were initially perfused with a K+- and Cl−-free, 40 mM
Na+ solution containing 10 mM HCO−3 (solution[4). The cotransporter
was activated by establishing a HCO−3-gradient (luminal 10 mM HCO−3
to basal 2 mM) by switching to solution[5 on the basal side. The latter
solution has a pH of 6.4 and HCO−3 of 2 mM at 5% CO2. The resulting
negative current returns to baseline levels upon basal application of 1
mM DNDS as expected for flux through the cotransporter.

Table 2. Response of DNDS-sensitive currents (DI) to imposed ionic
gradients

Ratio DI (mA/cm2)a n

[Na+]i/o 4 40/10b 1.8 ± 0.3 6
[HCO−

3]i/o 4 10/2c 2.1 ± 0.6 3

aMean ±SD, n is the number of monolayers.
b (luminal solution −[2/bath solution −[3)
c (luminal solution −[4/bath solution −[5)
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where F, R and T have their usual meaning and the
subscripted square bracketsi ando represent the concen-
trations of the indicated ions inside and outside the cell.
The membrane potential (Vm) at which no flux (current)
occurs is called reversal potential (Erev) and can be ex-
perimentally determined from the current-voltage rela-
tionship.Erev can be used to evaluate the actual HCO

−
3 to

Na+ transport ratio,n, according to:

Erev =
RT

F(n − 1) ln
[Na+]i [HCO3

−]i
n

[Na+]o [HCO3
−]o
n

(4)

Eq. 4 suggests thatErev depends logarithmically on the
intra- to extracellular ratio of Na+ and of HCO−3 concen-
trations; as well as on the cotransport ratio.

THE REVERSAL POTENTIAL

Erev for the Na+-HCO−3 cotransporter was determined
from the current-voltage relation. Figure 6 showsDI vs.
V for luminally permeabilized monolayers, whereDI is
the difference in current in absence and presence of 1 mM

DNDS andV is the transepithelial voltage. As was
shown by others (Kirk & Dawson, 1983), the complete
voltage drop is across the basolateral membrane when
the luminal membrane is permeabilized with amphoteri-
cin B. Initially, cells were perfused with 10 mM Na+, 10
mM HCO−3 (pH 7.0) modified Ringer solution (solution
[6). Following luminal membrane permeabilization
with amphotericin B (40mM) and stabilization ofIsc,
[Na+]bl was elevated to either 20 mM (solution[7) or 60

mM (solution[8), while [HCO−3], and the partial pres-
sure of CO2, on both sides remained unchanged. The
voltage across the monolayer was then stepped to various
values, between −60 and +40 mV, and the current was
recorded after a 5-sec delay to avoid transients. This
procedure was repeated with 1 mM DNDS added to the
basal compartment. It should be noted that in these ex-
periments the [Na+] gradient drives the Na+-HCO−3 co-
transporter in the ‘‘reverse’’ direction at zero membrane
potential.

As shown in Fig. 6, the reversal potential (Erev) for
the cotransporter (V at I 4 0) depends on the intracel-
lular to extracellular sodium concentration ratio: it is
−8.5 mV and −25 mV for [Na+] i/[Na

+]o ratios of 0.5 and
0.167, respectively. Note that at zero potential (V 4 0),
the cotransporter current (Isc) is positive for both ratios.
This is expected since, in this experiment, [Na+]bl was set
higher than [Na+] i and thus the cotransporter was oper-
ating in reverse direction at zero membrane potential.

In Fig. 7, Erev is plotted as a function of [Na+] i/
[Na+]o according to Eq. 4, whereby cotransport ratios (n)
of 3 and 2 where assumed. The measuredErev data from
Fig. 6 are located very close to the curve which corre-
sponds to a cotransport ratio of 3 HCO−3:1 Na+.

Discussion

The findings of the present study strongly support the
existence of an electrogenic Na+-HCO−3 cotransporter in
the basolateral membrane of a recently generated proxi-
mal tubule cell line. The electrogenic cotransporter
model, illustrated in Fig. 1 predicts that setting [Na+]bl <
[Na+] i at constantPCO2

, should drive the cotransporter
‘‘forward’’ and thus result with the exit of a net negative
charge and hence negative current. Our data clearly
show that setting [Na+]bl < [Na

+] i produces the predicted

Fig. 6. Current-voltage relation for the cotransporter in luminally per-
meabilized monolayers.DI is the DNDS-sensitive current. The poten-
tial of the basal compartment is taken as zero. Luminal and basal
compartments were initially perfused with 10 mM Na+, Cl−-free solu-
tion (solution[6). [Na+]bl was elevated from 10 mM to either 20 mM
(solution[7) (squares) or 60 mM (solution[8) (circles), while [Na+]ap
was kept at 10 mM. A straight line was fitted to the data of which the
slope is equal to the conductance of the cotransporter. The slopes are
0.22 (circles) and 0.23 mS/cm2 (squares). The reversal potential is −8.5
mV (squares) and −25 mV (circles). Each experiment was repeated
three times. Data represent average values.

Fig. 7. Plots ofErev vs. [Na
+] i/[Na

+]o for n 4 2 and n4 3. The plots
were generated using Eq. 4 with [HCO−3] i/[HCO

−
3]o 4 1. Also depicted

are the measuredErev values for two [Na+] i/[Na
+]o ratios, calculated

from Fig. 6. These experimental data indicate a 3HCO−
3: 1Na

+ cotrans-
port ratio.
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effect (Figs. 3 and 4). Exit of a net negative charge
would depolarize the inside negative, membrane poten-
tial as it would decrease the excess in negative charge
inside the cell. Indeed, it was shown that lowering
[Na+]bl depolarized the basolateral membrane potential
in a variety of tissues and that this depolarization resulted
from activation of the Na+-HCO−3 cotransporter (Boron
and Boulpaep, 1983; Yoshitomi et al., 1985; Lopes et al.,
1987). We also found that the current was blocked by
4,48-diisithiocyano-2,28-stilbene disulfonic acid (DIDS)
(not shown), a stilbene derivative that binds covalently to
the cotransporter anion site (Grassl & Aronson, 1986;
Aronson, 1989), and by DNDS, another stilbene deriva-
tive that binds in a noncovalent fashion to the Na+-HCO−3
cotransporter (Boron & Knakal, 1989) (Figs. 3, 4, 5).
As can be seen in Fig. 3, the initial large and rapid
increase inIsc observed immediately after reducing
[Na+]bl is followed by a small (2mA/cm2) and slow
decrease. It is possible that this decrease results from a
decrease in the paracellular permeability to Na+ due to
cell swelling caused by permeabilization of cells with
amphotericin B. Alternatively, it can be explained by an
unstirred layer effect in the lateral intercellular space.
Electron microscopy of the monolayers reveal that cells
grow tall on porous support and have many convoluted
intercellular lateral membrane foldings (Woost et al.,
1996). This space is inaccessible to stirring and there-
fore ion gradients would change with a different time
course than in the bulk solutions (Harris et al., 1994).

In the presence of Cl−, we observed a larger DNDS-
sensitive current and conductance components than in its
absence. For example DNDS-sensitive current was 1.8-
fold and the conductance 2.5-fold greater in the presence
of Cl− than in its absence. This may be explained by the
development of a DNDS-sensitive Cl− conductance
which is related to volume regulation. DNDS was
shown to inhibit Cl− conductance in a variety of cells
(Cabantchick & Greger, 1992). Variations between cells
at different passage numbers provide an additional ex-
planation. Indeed, even in the absence of Cl−, the
DNDS-sensitive conductance varied between 0.12 and
0.22 mS/cm2 (seeTable 3 and Fig. 6).

The model presented in Fig. 1 predicts that flux
through the cotransporter can be achieved by a [HCO−

3]
gradient. Indeed, we found that lowering [HCO−3]bl re-
sulted in generation of a negative current (Fig. 5), con-

sistent with activation of flux through the cotransporter.
This current was sensitive to DNDS added to the basal
solution, also supporting the involvement of a Na+-
HCO−3 cotransporter in the basolateral membrane. In in-
tact cells, the exit of negative charge, in response to
lowering [HCO−3]bl, would depolarize the membrane po-
tential. Such a depolarization was observed with a vari-
ety of cells (Boron & Boulpaep, 1983; Yoshitomi &
Fromter, 1984; Yoshitomi et al., 1985; Lopes et al.,
1987; Seki et al., 1993). Alternatively, the effect of low-
ering [HCO−3]bl on Isc could have been accounted for by
a simple HCO−3 conductance (i.e., a channel). However,
our observation that reducing [HCO−3]bl in the absence of
Na+ had no effect onIsc (not shown) argues against a
simple HCO−3 conductance and in favor of a Na

+-HCO−3
cotransporter. It should be noted that in the experiment
described in Fig. 4, the cotransporter was activated by
lowering basolateral [HCO−3]. Since the intracellular
ionic composition is mainly determined by the luminal
solution, this manipulation should not affect the intracel-
lular concentration of HCO−3, which is mainly deter-
mined by the luminal solution and the partial pressure of
CO2.

In the second part of this study, we measured the
current-voltage relation for permeabilized monolayers
and used the DNDS-sensitive current to obtained infor-
mation about the Na+-HCO−3 cotransporter (Fig. 6). Sev-
eral findings are remarkable: (i) The conductance (the
slope of the current-voltage relation) was independent of
voltage over a range of 100 mV for both sets of Na+

concentrations and gradients. There was no evidence for
a Goldman-type rectification. (ii) The conductance was
essentially the same for both sets of Na+ concentrations
and gradients. These results are consistent with a trans-
porter-mediated process that saturates at the substrate
concentrations employed.

In using Eq. 4 to calculate the stoichiometry of
HCO−3 to Na

+ cotransport (n) we assumed that the intra-
cellular concentration of HCO−3 is equal to its extracel-
lular concentration. This is a reasonable assumption, be-
cause the concentration of HCO−3 is determined by pH
and CO2 concentration, both of which equilibrate be-
tween the intracellular and luminal compartments. The
intracellular pH equilibrates with luminal pH through
rapid equilibration of protons across the luminally per-
meabilized membrane, while CO2 equilibrates by freely
diffusing through the plasma membranes (Yoshitomi &
Fromter, 1984).

In conclusion, in this study we found an electrogenic
Na+-HCO−3 cotransporter in the basolateral membrane of
a proximal tubule cell line. The cotransporter exhibited a
cotransport stoichiometry of 3 HCO−3 (or their equiva-
lents, i.e., one HCO−3 and one CO

24
3 ) per each Na+ trans-

ported out of the cell. This value is the same as that
reported for the cotransporter measured in vivo in

Table 3. Cl−-dependent and Cl−-independent DNDS-sensitive conduc-
tance (all solutions containing 10 mM HCO−3)

Solution [Cl−] (mM) G (mS/cm2)* n

[2 6.8 0.30 2
[4 0 0.12 2

* Mean, n is the number of monolayers.
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anesthetized rats (Yoshitomi & Fromter, 1985; Yoshi-
tomi et al., 1985);Necturus(Lopes et al., 1987) and
retinal glial cells (Newman & Astion, 1991); but differs
from the 2:1 stoichiometry reported for the cotransporter
of rabbit renal cortex (Soleimani et al., 1987), amphibian
astrocytes (Astion et al., 1989), amphibian retinal pig-
ment epithelium cells (Hughes et al., 1989), and leech
glial cells (Deitmer & Schlue, 1989). The different stoi-
chiometries may reflect differences in species or tissue or
perhaps the fact that less direct methods were used in
prior studies.
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