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ABSTRACT Electrogenic cotransport of Na* with HCO3;
has been reported in numerous tissues. It has always been
shown with a net transfer of negative charge, but in some
situations achieves net outward transport of both species with
a stoichiometry of at least three HCOj ions per Na* ion (3:1),
and in other situations achieves net inward transport of both
species and has a stoichiometry of at most two HCOj ions per
Na* ion (2:1). This suggests either that there may be more than
one protein responsible for Na*~HCOj3 cotransport in differ-
ent tissues or that if there is a single protein, its stoichiometry
may differ depending on the orientation of net transport. The
present study, using conventional or double-barreled ion-
selective microelectrodes to follow basolateral membrane po-
tential and intracellular pH or Na* activity in Necturus prox-
imal convoluted tubule in vivo, shows that the orientation of the
basolateral Na*-HCOj3 cotransporter can be reversed upon
switching from a perfusate simulating normal acid-base con-
ditions to one that imposes peritubular isohydric hypercapnia.
Moreover, accompanying the reversal of orientation is a change
of apparent stoichiometry from 3:1 to 2:1. Given that the
observed change of orientation and accompanying change of
apparent stoichiometry occur within seconds and in the same
preparation, these results suggest that a single transport pro-
tein is responsible for both types of behavior.

The cotransport of Na* and HCOj , first demonstrated in the
proximal convoluted tubule (PCT) of the salamander (1), has
now been reported in numerous epithelial and nonepithelial
tissues (for a recent review, see ref. 2). In most cases this
transporter has been shown to be Cl—-independent, inhibited
by stilbene derivatives, and rheogenic, with a net transfer of
negative charge (HCOj or related species). Depending on the
tissue under consideration, the Na*-HCOj3 cotransport may
be outward-directed (extrusion of base-equivalents from the
cell) or inward-directed.

Interestingly, the stoichiometry of this cotransporter ap-
pears to be 3HCO5 :1Na* in the kidney (3, 4) where the net
transport is outward, whereas it appears to be 2:1 in other
tissues, both epithelial (5) and nonepithelial (6), where net
transport is inward-directed. In certain preparations, the
stoichiometry has been reported to be 1:1 (7) or has not been
clearly established (8—-10). These results suggest either that
there may be more than one Na*-HCOj transport protein or
that there is a single protein whose stoichiometry may
change.

In the Necturus PCT, Lopes et al. (11) clearly established
the presence of an outward-directed Na*-HCOj5 cotransport
with a stoichiometry of at least 3HCO3 :1Na*. In the present
study, we have applied a thermodynamic approach to esti-
mate the stoichiometry of Na*-HCOj5 cotransport in Nec-
turus PCT under normal acid-base conditions (outward-
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directed transport) and under experimental conditions that
reverse the direction of net transport. Our results suggest that
a change of apparent stoichiometry accompanies the change
of orientation of the transporter, though we cannot say
whether there is a cause—effect relationship between stoichi-
ometry and orientation.

METHODS

Animal Preparation and Peritubular Perfusion. Sala-
manders (Necturus maculosus) were anesthetized by immer-
sion in a solution of tricaine methanesulfonate (700 ug/ml),
and anesthesia was maintained during the experiment by
bathing the gills with a 1:5 dilution of the same solution. After
the peritoneal cavity was opened, the right kidney was
superfused with 87 mM NaCl/3 mM KCl/1 mM MgCl,/1.8
mM CaCl,/10 mM Tes, pH 7.5.

A peritubular vessel was perfused by using single or double
micropipettes to which the perfusion solutions were deliv-
ered by gravity feed via polyethylene catheters. The cathe-
ters and micropipettes were hermetically sheathed in a larger,
CO;-impermeable tube within which a gas mixture of CO,,
0., and N, was constantly perfused.

Two experimental acid-base conditions were used—either
physiological acid-base conditions or imposed isohydric hy-
percapnia. To simulate physiological conditions, the peritu-
bular perfusion solution was 91.8 mM NaCl/3 mM KCl/1
mM MgCl,/1.8 mM CaCl,/8.2 mM NaHCOs, equilibrated to
pH 7.6 by bubbling with 1% C0,/20% 0,/79% N,. In the
experiments using ion-selective microelectrodes to measure
intracellular pH (pH,) or intracellular Na* activity [(Na*)],
the perfusion solution was 81 mM sodium gluconate/10.8 mM
NaCl/3 mM KCl/1 mM MgCl,/5.4 mM CaCl,/8.2 mM
NaHCO;, equilibrated with the same gas mixture. (Due to
chelation of calcium by gluconate, it was necessary to
increase the concentration of CaCl, in order for free Ca2* to
be at the same concentration in both solutions.) The low Cl~
concentration of this solution was chosen to match that of the
solution used for isohydric hypercapnia.

To impose isohydric hypercapnia, the peritubular perfu-
sion solution was 18 mM NaCl/3 mM KCli/1 mM MgCl,/1.8
mM CaCl,/82 mM NaHCO;, equilibrated to pH 7.6 by
bubbling with 10% CO,/20% 0,/70% N,.

In a separate set of experiments, we eliminated the luminal
compartment by injecting colored castor oil through the
glomerulus. We then sectioned Bowman’s capsule wide-open
and sectioned the glomerular capillaries. In this way, the
proximal tubular epithelium was bathed only by the peritu-
bular perfusate.

Abbreviations: PCT, proximal convoluted tubule; pH;, intracellular
pH; (Na*); and [Na*];, intracellular Na* activity and concentration,
respectively; SITS, 4-acetamido-4’'-isothiocyanatostilbene-2,2'-
disulfonic acid; ¥p,, basolateral membrane potential; Ex, K* equi-
librium potential.
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Under both of these experimental conditions, we studied
the effects of 2 mM BaCl; (Sigma) and 1 mM 4-acetamido-
4'-isothiocyanatostilbene-2,2’-disulfonic acid (SITS) (BDH).

Electrophysiology. Basolateral membrane potential, ¥,
was measured with conventional microelectrodes filled with
1 M KCI. For simultaneous measurements of ¥, and pH; or
(Nat);, we constructed double-barreled ion-selective micro-
electrodes by our customary methods (12). To improve
response time of the double electrodes, their points were
carefully sharpened with a microbeveler (De Marco Engi-
neering, Geneva). The slope, S, of the double-barreled ion-
selective microelectrodes was 48-54 mV per decade for the
Na* electrodes and 50-58 mV per decade for the pH elec-
trodes. The insensitivity of these microelectrodes to the
partial pressure of CO, (Pco;) was verified by using them to
measure the pH in solutions buffered to the same pH with
either CO,/HCOj5 or Tes.

(Na*); was calculated according to (Na‘t); = (Na™)ees
10(¥N—¥m)/S where (Na*)es is the Na* activity in the super-
fusion solution and ¥y, is the measured electrochemical
potential difference for Na+.

pH; was calculated according to pH; = pHyer — (¥ —
V¥.,)/S, where pH s is the pH in the superfusion solution and
Wy is the measured electrochemical potential difference for
H*. Intracellular concentration of HCO; ([HCO;3]) was
calculated from individual pH; measurements by using the
Henderson-Hasselbalch equation with pK, = 6.17 and aco,
= 0.043 (at 22°C), which are the appropriate values for
cold-blooded animals (13, 14). We assumed that intracellular
Pco; was identical to that of the peritubular perfusate. This
assumption implies that the luminal Pco, near the impaled
cells was not significantly different from that in the peritu-
bular perfusate. The validity of this assumption was tested by
doing a series of experiments in which the lumen was blocked
by oil (see above).

Unless explicitly stated otherwise, all results reported
below refer to experiments in which the lumen was in the
free-flow condition.

Activity coefficient was taken to be equal to 0.75 for both
intracellular and extracellular ions. Concentrations are indi-
cated with square brackets, [ ], and activities with parenthe-
ses, ().

Thermodynamic Estimate of Na*-HCOj Stoichiometry. By
studying the effects of Ba?* and SITS on ¥,,, we determined
the position of the equilibrium potential for the Na*-HCO3
cotransporter with respect to ¥,.

Ba?* is a classic inhibitor of K* conductance (15). Its effect
on the value of ¥y, therefore indicates the position of the K+
equilibrium potential, Ex, with respect to ¥,,; that is, a
Ba2*-induced depolarization indicates that Ex is more neg-
ative than ¥, whereas a Ba?*-induced hyperpolarization
indicates that Ex is more positive than ¥, (16). In both cases,
the responses also indicate that there must be a significant
membrane conductance to some other ion whose equilibrium
potential is situated on the other side of ¥y,.

SITS was used here to inhibit the Na*-HCOJ3 cotransport,
though it is known that its effects are not specific to only this
transporter (17, 18). We considered, as have other authors,
that a SITS-induced hyperpolarization reflects inhibition of a
transporter carrying net negative charge outward (11) and
that a SITS-induced depolarization reflects inhibition of a
transporter carrying net negative charge inward (5).

The equilibrium potential Exa+_nco; is given by the equa-
tion

RT  (Na*)}(HCO;)N
(N-DF  (Na')o(HCO;)Y ’

ENa+-HcO; =
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Table 1. ¥, under normal physiological acid-base conditions
(1% CO,, pH 7.6): Effects of 2 mM Ba2* and 1 mM SITS

Ym, mV
1% CO,
Exp. Blood Control * Ba2+ SITS n
1 -629+30 —65.6+2.7* —52.6 +2.8F — 9

2 -67.6*31 —-67.1 +3.0* - -73.3 £ 331 7

*Not statistically significant compared with blood.
fStatistically significant, P < 0.001, compared with the preceding
condition.

where R is the universal gas constant, ¥ is the faraday
(=96, 510 C), T = 22°C, the suffix o refers to the extracellular
bath, and N is the stoichiometric ratio of HCO3 to Na*.

Using this equation and the measured (Na*); and (HCO3);
(from pH;), we estimated upper or lower integer bounds for
N from the inequalities Ena+—nco; > Wm, for net outward-
directed transport, and Ena+—nco; < ¥m, for net inward- -
directed transport.

Results are given as means * standard errors. Significance
of the results was assessed by using Student’s ¢ test for paired
samples.

RESULTS

Effects of Ba?* and SITS on W,. In the first series of
experiments, the effects of Ba?* and SITS on ¥, were
studied with conventional intracellular microelectrodes. This
was done under two distinct experimental conditions (see
Methods)—normal acid-base conditions or imposed isohy-
dric hypercapnia.

Upon perfusion with a solution approaching normal phys-
iological acid-base conditions (i.e., peritubular perfusion
with a solution at a Pco, of 1%, pH 7.6), ¥, had a value
similar to that measured spontaneously (i.e., blood perfu-
sion). Introduction of Ba2* depolarized ¥, with a return to
control values after removal of Ba?* from the perfusate.
Introduction of SITS, on the other hand, hyperpolarized ¥,,
with a partial or complete return to control values after its
removal from the perfusate (Table 1).

1min mvV

i 00210%+Ba
ES C0,10%+Ba +SITS

Fi1G.1. Effect of 1 mM SITS on ¥, (mV) in the presence of 2 mM
Ba2* during imposed isohydric hypercapnia. Original tracing, ob-
tained with a conventional intracellular microelectrode, is shown.
Timing of perfusion with experimental solutions is indicated by the
horizontal bars below the graph. Before and after these experimental
solutions, perfusion was with blood from normal circulation.
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Table 2. ¥, under imposed isohydric hypercapnia (10% CO2, pH 7.6): Individual and combined effects of 2 mM Ba?*

and 1 mM SITS
Yy, mV
10% CO,

Exp. Blood Control SITS © Ba?* + SITS n
1 -649 + 2.1 —88.0 + 3.1* -90.9 + 3.87 —_ _ 14
2 —-66.4 + 2.9 —88.0 + 1.9* —80.2 = 1.8* —_ 11
3 —-56.9 + 3.5 —_ -100.4 + 4.3* — —-84.1 + 5.1* 7

*Statistically significant, P < 0.001, compared with preceding condition.
tStatistically significant, P < 0.05, compared with preceding condition.

Under imposed isohydric hypercapnia (i.e., peritubular
perfusion with a solution at Pco, of 10%, pH 7.6), ¥, was
considerably more negative than under perfusion with circu-
lating blood. Under these conditions, introduction of Ba2* (n
= 14) led sometimes to a 2- to 3-mV depolarization (3/14),
sometimes had no effect on ¥y, (2/14), and most often led to
a 2- to 10-mV hyperpolarization (9/14); on the average, Ba2*
caused a small but significant hyperpolarization of 2.9 = 1.2
mV (P < 0.05). Introduction of SITS to the perfusate always
led to depolarization of ¥, followed by partial or complete
return to baseline after removal of SITS. In the presence of
Baz*, introduction of SITS provoked a larger depolarization
(Fig. 1 and Table 2).

These results suggest that SITS inhibits an anionic current
that is outward-directed under Pco, of 1% and inward-
directed under Pco; of 10%. In addition, the hyperpolariza-
tion usually induced by Ba2* under Pco, of 10% indicates that
under these conditions ¥y, is close to Ex and that it is most
often more negative than Ex.

To evaluate the relative importance of HCO; and K* for
V¥, we did a series of experiments (» = 12) in which we
switched from a solution at a Pco, of 10%, pH 7.6, supple-
mented with 2 mM Ba?* to a solution which also contained
2 mM Ba2?* at the same pH but which was nominally
CO,/HCOj -free (Tes-buffered). Removal of CO, and HCO3
in the presence of Ba2* depolarized ¥y, toward zero (Fig. 2).

Effects of SITS on pH;. In the second series of experiments,
we verified the hypothesis that SITS inhibits a current due to
HCOj (or related species). We studied the effects of SITS on
V¥, and pH; by using double-barreled pH-selective micro-
electrodes under the same two experimental conditions.

Under normal physiological acid-base conditions, SITS
hyperpolarized ¥, by 5.9 = 0.7 mV (n = 8, P < 0.001) and
increased pH; from 7.36 = 0.04t0 7.42 * 0.04 (n = 8, P <
0.001). Fig. 3 Left shows a representative record from one of
these experiments.

Under imposed isohydric hypercapnia, SITS depolarized
Y,by 58 0.5mV (n =9, P <0.001) and decreased pH;
from 7.09 + 0.03t0 7.02 £ 0.03 (n = 9, P <0.001). Fig. 3 Right
shows a representative record from one of these experiments.

Taken together, these results support the hypothesis that
SITS inhibits a current due to HCOj or related species. Since
the electrochemical driving force for HCO3 across the baso-
lateral membrane is outward-directed and of similar magni-
tude in both experimental conditions, the fact that the effect
of SITS on ¥, and pH; is opposite under our two experi-
mental conditions rules out the possibility that the effect may
be the result of inhibition of a pure HCO5 conductance. The
action of SITS is, however, consistent with inhibition of a
Na*-HCOj; symport whose direction reverses, as we have
argued above.

Thermodynamic Estimate of Na*-HCOj5 Stoichiometry. In
the last series of experiments, (Na‘); and pH; (used to
calculate [HCOj5];) were measured with double-barreled ion-
selective microelectrodes. An experimental problem may
arise, since it is possible that the [CO;] in tubule cells could
be lower than the [CO,] in blood at the time of the experi-

ments. Two experimental approaches could be used to cir-
cumvent this uncertainty. First, tubules and blood could be
perfused with solutions of identical Pco,; alternatively, a
tubule oil block could be used to prevent luminal Pco, from
affecting cell [CO,] and pH. We have elected the second
approach for technical reasons, and these values, as well as
those in unblocked tubules, are shown in Table 3. The values
of (Na*); and (HCO;5); measured during perfusion with Pco,
of 1% or 10% were used in Eq. 1 along with (Na*), = 75 mM
and (HCO;3), = 6.15 mM (for Pco, of 1%) or (HCO3), = 61.5
mM (for Pco; of 10%). With these activities, Ena+-nco; Was
calculated for both N = 2 and N = 3.

Under normal acid-base conditions, the calculation gave
Ena+-nco; = —84.0 mV for N = 2 or —48.3 mV for N = 3.
Since ¥, under these conditions was —68.3 = 3.3 mV (n =
13), a stoichiometry of 2:1 would imply inward-directed net
driving force for the Na*-HCO;3 cotransporter, and a stoi-
chiometry of 3:1 would imply an outward-directed net driving
force. The observed SITS-induced hyperpolarization implies
that Ena+—Hco; Was less negative than ¥y, which, together
with the observed cell alkalinization, argues for net outward
transport with a stoichiometry of (at least) 3:1.

Under imposed isohydric hypercapnia, the calculation
gave Ena+nco; = —112.1 mV for N = 2 or —72.1 mV for N

24 sec mV

B _ 0

2 i1 e e g s ST

L 120

= 00210%+Ba
] o, free+Ba

FiG. 2. Response of ¥, (mV) to removal of CO2/HCO7 (shift
from Pco, of 10%, 82 mM HCOj5, pH 7.6, to a nominally CO,/
HCOj -free, Tes-buffered, pH 7.6 solution) in the presence of 2 mM
Ba2*. Original tracing, obtained with a conventional intracellular
microelectrode, is shown. Timing of perfusion with experimental
solutions is indicated by the horizontal bars below the graph. Before
and after these experimental solutions, perfusion was with blood
from normal circulation.
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1min

B3 CO, 1%
B CO, 1% +SITS

pPH 6.9
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7

1min
CO,10%

CO, 10% + SITS

Fi1G. 3. Responses of pH; (upper traces) and ¥, (mV) (lower traces) to 1 mM SITS under conditions of physiological acid-base conditions
(1% COg) (Left) or acute peritubular isohydric hypercapnia (10% CO>) (Right). Original tracings, obtained with a double-barreled pH-selective
microelectrode, are shown. Note that the pH trace precedes the voltage trace by 18 sec, due to placement of pens on the chart recorder. Timing
of perfusion indicated by the horizontal bars corresponds to the pH trace. See Methods for complete description of the two perfusion solutions.

= 3. The measured ¥, under these conditions was —88.9 +
2.1 mV (n = 18). Thus, as for the case considered above, a
stoichiometry of 2:1 would imply an inward-directed net
driving force for the Na*-HCOj cotransporter, and a stoi-
chiometry of 3:1 would imply an outward-directed net driving
force. Under these conditions, however, SITS led to depo-
larization and cell acidification, meaning that Ena+_nco; Was
more negative than ¥, and leading to the conclusion of net
inward transport with a stoichiometry of (at most) 2:1.

DISCUSSION

Electrogenic coupled transport of Na* and HCO3 has been
demonstrated by many authors (3, 5, 6, 11, 19, 20) on the basis
of verification of the *‘predictions of the [general] model for
electrogenic Nat-HCOj; cotransport’’ [as defined by Boron
and Boulpaep (2)]. The demonstration rests on the observa-
tion of a membrane depolarization associated with intracel-
lular acidification during the reduction, at constant Pco,, of
[HCO5 ), and/or [Na*],, but it does not presume the direc-
tion of net cotransport, which may be inward-directed (5) or
outward-directed (1). Analysis of the effects of stilbene
derivatives permits determination of the direction of the net
transport: in frog retinal pigmented epithelium, the applica-
tion of 4,4'-diisothiocyanatostilbene-2,2’-disulfonic acid

(DIDS) depolarizes ¥, and decreases pH; (inhibition of net
inward transport) (5), whereas in the Necturus PCT, appli-
cation of SITS hyperpolarizes ¥y, and increases pH; (inhibi-
tion of net outward transport) (11). As in these earlier reports,
we have studied the effects of SITS on ¥, and pH;.

Our results are consistent with an outward-directed Na*t—
HCO; symport under normal acid-base conditions. The
thermodynamic approach we used here to conclude that the
Nat-HCOj cotransporter has a stoichiometry of 3HCO5:
1Na* under these conditions is similar to that used by Lopes
et al. (11), except that they were obliged to calculate the
stoichiometry by using values of (Na*); measured by other
authors (21, 22), whereas we were able to measure (Na*); and
(HCO3); in the same preparation.

During acute isohydric hypercapnia, SITS depolarized ¥,
and decreased pH; by about 0.07 pH unit, suggesting that
SITS blocked an inward-directed Na*-HCOj3 cotransport.
The membrane depolarization slightly preceded the fall in pH;
(as shown in Fig. 3) and persisted in the presence of BaZ*,
which indicates that it was not due to a secondary pH effect
on a pH-sensitive K+ conductance (23). In fact, in the
presence of BaZ*, the depolarization induced by SITS was
actually amplified, implying that in the presence of Ba2*
either the Na*-HCOj transporter represents a larger fraction

Table 3. Paired measurements of ¥, and (Na+);, or ¥ and pH;, in three experimental series: blood vs. 1% CO2, blood vs. 10% CO2,

and blood vs. 10% CO; under luminal oil block

Exp. Condition VYm, mV (Nat);, mM n Y, mV pH; [HCO5]i, mM n
1 Blood -62.5+29 7.94 = 0.97 7 -61.7 £ 5.7 7.35 £ 0.04 —_ - 6
1% CO, —-67.7 £ 3.4 7.70 £ 0.93 -69.1 + 6.4 7.34 £ 0.04 491 + 0.49
2 Blood -60.4 £29 7.99 + 0.90 9 -56.2 =29 7.36 £ 0.05 —_ 9
10% CO; —88.5 + 2.1 11.44 = 1.21 -89.3 + 3.8 6.99 + 0.06 23.15 £ 2.9
3 Under luminal oil block:
Blood -62.1 =3.1 7.32 + 0.04 —_ 10
10% CO, -912+19 7.03 = 0.04 24.45 + 1.94

[HCO73)i was calculated from pH; in individual experiments.
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of basolateral membrane conductance, or the basolateral
membrane resistance is increased, or both.

The Ba2?*-induced hyperpolarization observed under con-
ditions of isohydric hypercapnia is an argument in favor of an
inward-directed Na*-HCOj5; symport, because it means that
V¥, was more negative than Ex (16), which is only possible if
there is another major conductance whose equilibrium po-
tential is more negative than ¥ ,—namely, the SITS-sensitive
Na*t-HCOj3 cotransport with a stoichiometry of <2. The
hyperpolarization effect of Ba2* was unexpected, but has
been observed before (24), and suggests that ¥, is largely
determined by inward-directed Na*-HCOj cotransport. Re-
sults presented in Fig. 2 confirm that under acute isohydric
hypercapnia, HCO;3 ions are a major determinant of ¥,. In
the BSC1 monkey kidney cell line, an inward-directed Na*-
HCOj3 symport is also apparently responsible for the nega-
tivity of ¥, (25).

Although our results do argue in favor of an apparent
stoichiometry change of the Na*-HCOj cotransport in Nec-
turus proximal tubule, they do not allow a decision as to the
exact nature of the transported species. In the kidney, where
the Na*-HCOj cotransport assures transepithelial reabsorp-
tion of base-equivalents, a stoichiometry of 3:1 has been
reported (3), corresponding to three distinct sites: one for free
Na*, one for CO3~, and one for HCOj, the last one being
near saturation at physiological concentrations (4). In BSC1
cells, the Na*-HCOj3 symport is inward-directed with a net
transfer of one negative charge, corresponding to transport of
the pair NaCOj (one site) (26), whereas in retinal pigmented
cells, which also present inward-directed transport with a
stoichiometry of 2:1 (5), the transport of NaCOj is excluded,
as is that of a free Na* and a CO3~ (27), which leads to the
suggestion of a transporter with three sites (1Na*:2HCO3).

QOur results would also be consistent with a conformational
change of the transport protein, resulting in a change of the
affinity of a CO%~ site in favor of HCO3', which would also
have the effect of a change of apparent stoichiometry.* A
similar conclusion was also reached recently in a study of the
stoichiometry of Na*-HCOj cotransport in rabbit proximal
tubules (28).

Such a conformational change, leading to altered substrate
requirement, has been suggested for the furosemide-sensitive
cotransport of the medullary thick ascending limb; it has been
suggested that a change of stoichiometry from Na+:Cl~ to
Na*:K+:2Cl~ may be mediated by phosphorylation of the
transport protein itself or of a regulating protein (29). Phos-
phorylation probably also plays an important role in the
regulation of renal Na*-HCOj cotransport, since its activa-
tion parallels that of the apical Na*/H* antiporter (30) and
since it has recently been shown that its activity is regulated
by cAMP- and Ca?*-dependent protein kinases (31). Another
common feature between Nat-HCOj cotransport and the
Nat/H* antiporter is the presence of an internal proton-
sensitive modifier site in both proteins (32, 33). In our
experiments, we noticed that pH; fell by about 0.3 pH unit
during imposition of isohydric hypercapnia, compared with
normal physiologic conditions. The modulation by pH; of the
transporters that regulate pH; (a sort of feedback effect) may
be associated with protein phosphorylation, as has been
shown to be the case for the Na*/H™* exchanger isoform

*It can be shown, by assuming equilibrium of the chemical reactions,
that if the Pco is identical on both sides of the membrane, then
((HCO51i/[HCO51o)? = (ICO371;/[CO% o). It is then straightfor-
ward to show, for example, that the equilibrium potential for a
1Na:1CO%~ cotransporter is equal to that of a 1Na+:2HCOj3
cotransporter.

Proc. Natl. Acad. Sci. USA 90 (1993)

NHE; (34) or for the Na*-dependent C1-/HCOj; exchanger
(35). At present, the influence of pH; (or of other intracellular
parameters such as [Ca2*];) and/or altered protein phosphor-
ylation of the transporter or of a regulator protein on the
apparent stoichiometry of Nat*-HCOj; cotransport remains
to be clarified.

We wish to thank Philippe Hulin for helpful technical advice
throughout these experiments.

1. Boron, W. F. & Boulpaep, E. L. (1983) J. Gen. Physiol. 81,
53-91.
2. Boron, W. F. & Boulpaep, E. L. (1989) Kidney Int. 36, 392—
. 402.
Yoshitomi, K., Burckhardt, B.-C. & Fromter, E. (1985)
Pfliigers Arch. 405, 360-366.
4. Soleimani, M., Grassl, S. M. & Aronson, P. S. (1987) J. Clin.
Invest. 79, 1276-1280.

w

5. Hughes, B. A., Adorante, J. A., Miller, S. A. & Lin, H. (1989)
J. Gen. Physiol. 94, 125-150.

6. Deitmer, J. W. & Schlue, W. R. (1989) J. Physiol. (London)
411, 179-194.

7. Dart, C. & Vaughan-Jones, R. D. (1992) J. Physiol. (London)
451, 365-385.

8. Gleeson, D., Smith, N. & Boyer, J. L. (1989)J. Clin. Invest. 84,
312-321.

9. Strazzabosco, M., Mennone, A. & Boyer, J. L. (1991) J. Clin.

Invest. 87, 1503-1512.

10. Stahl, F., Lepple-Wienhues, A., Kuppinger, M., Tamm, E. &
Wiederholt, M. (1992) Am. J. Physiol. 262, C427-C435.

11. Lopes, A. G., Siebens, A. W., Giebisch, G. & Boron, W. F.
(1987) Am. J. Physiol. 253, F340-F350.

12. Anagnostopoulos, T. & Planelles, G. (1987) J. Physiol. (Lon-
don) 393, 73-89.

13. Reeves, R. B. (1976) J. Appl. Physiol. 40, 752-761.

14. Nicol, S. C., Glass, M. L. & Heisler, N. (1983) J. Exp. Biol.
107, 521-525.

15. Planelles, G., Teulon, J. & Anagnostopoulos, T. (1981) Naunyn
Schmiedeberg’s Arch. Pharmacol. 318, 135-141.

16. Laprade, R., Lapointe, J. Y., Breton, S., Duplain, M. &
Cardinal, J. (1991) J. Membr. Biol. 121, 249-259.

17. Aronson, P. S. (1989) Annu. Rev. Physiol. 51, 419-441.

18. Inoue, I. (1985) J. Gen. Physiol. 85, 519-537.

19. Alpern, R. J. (1985) J. Gen. Physiol. 86, 613-636.

20. Planelles, G. & Anagnostopoulos, T. (1991) Pfliigers Arch. 417,
582-590.

21. Matsumura, Y., Cohen, B., Guggino, W. B. & Giebisch, G.
(1984) J. Membr. Biol. 79, 145-152.

22. Morgunov, N. & Boulpaep, E. L. (1987) Am. J. Physiol. 252,
F154-F169.

23. Oberleithner, H., Kersting, U. & Hunter, M. (1988) Proc. Natl.
Acad. Sci. USA 85, 8345-8349.

24. Nishi, S. & Soeda, H. (1964) Nature (London) 21, 761-764.

25. Jentsch, T. J., Matthes, H., Keller, S. K. & Wiederholt, M.
(1986) Am. J. Physiol. 251, F954-F968.

26. Jentsch, T. J., Swartz, P., Schill, B., Langner, B., Lepple,
A. P., Keller, S. K. & Wiederholt, M. (1986) J. Biol. Chem.
261, 10673-10679.

27. La Cour, M. (1991) J. Physiol. (London) 439, 59-72.

28. Seki, G., Coppola, S. & Fromter, E. (1993) Pfliigers Arch., in
press.

29. Sun, A., Grossman, E. B., Lombardi, M. & Hebert, S. C.
(1991) J. Membr. Biol. 120, 83-94.

30. Geibel, J., Giebisch, G. & Boron, W. F. (1990) Proc. Natl.
Acad. Sci. USA 87, 7917-7920.

31. Ruiz, O. S. & Arruda, J. A. L. (1992) Am. J. Physiol. 262,
F560-F565.

32. Aronson,P. S.,Nee,J. & Suhm, M. A. (1982) Nature (London)
299, 161-163.

33. Soleimani, M., Hattabaugh, Y. L. & Bizal, G. L. (1992) J. Biol.
Chem. 267, 18349-18355.

34. Sardet, C., Counillon, L., Franchi, A. & Pouysségur, J. (1990)
Science 247, 723-725.

35. Boron, W. F., Hogan, E. & Russel, J. M. (1988) Nature
(London) 332, 262-265.



