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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

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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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.
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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.
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