
Basolateral membrane H/OH/HCO3 transport in the rat cortical
thick ascending limb. Evidence for an electrogenic Na/HCO3
cotransporter in parallel with a Na/H antiporter.

R Krapf

J Clin Invest. 1988;82(1):234-241. https://doi.org/10.1172/JCI113576.

Mechanisms involved in basolateral H/OH/HCO3 transport in the in vitro microperfused rat cortical thick ascending limb
were examined by the microfluorometric determination of cell pH using (2',7')-bis-(carboxyethyl)-(5,6)-carboxyfluorescein.
The mean cell pH in this segment perfused with 147 mM sodium and 25 mM HCO3 at pH 7.4 was 7.13 +/- 0.02 (n = 30).
Lowering bath HCO3 from 25 to 5 mM (constant PCO2 of 40 mmHg) acidified the cells by 0.31 +/- 0.02 pH units at a rate
of 0.56 +/- 0.08 pH units/min. Removal of bath sodium acidified the cells by 0.28 +/- 0.03 pH units at a rate of 0.33 +/-
0.04 pH units/min. The cell acidification was stilbene inhibitable and independent of chloride. There was no effect of bath
sodium removal on cell pH in the absence of CO2/HCO3. Depolarization of the basolateral membrane (step increase in
bath potassium) independent of the presence of chloride. Cell acidification induced by bath sodium removal persisted
when the basolateral membrane was voltage clamped by high potassium/valinomycin. Although these results are
consistent with a Na/(HCO3)n greater than 1 cotransporter, a Na/H antiporter was also suggested: 1 mM bath amiloride
inhibited the cell pH defense against an acid load (rapid ammonia washout), both in the presence and absence of
CO2/HCO3, and inhibited the cell acidification induced by bath sodium reduction from 50 […]

Research Article

Find the latest version:

https://jci.me/113576/pdf

http://www.jci.org
http://www.jci.org/82/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI113576
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/113576/pdf
https://jci.me/113576/pdf?utm_content=qrcode


Basolateral Membrane H/OH/HCO3 Transport in the
Rat Cortical Thick Ascending Limb
Evidence for an Electrogenic Na/HCO3 Cotransporter in Parallel with a Na/H Antiporter

Reto Krapf
Department of Medicine, Cardiovascular Research Institute, University of California, San Francisco, California 94143-0532

Abstract

Mechanisms involved in basolateral H/OH/HCO3 transport
in the in vitro microperfused rat cortical thick ascending limb
were examined by the microfluorometric determination of cell
pH using (2',7')-bis-(carboxyethyl)-(5,6)-carboxyfluorescein.
The mean cell pH in this segment perfused with 147 mM
sodium and 25 mMHCO3at pH 7.4 was 7.13±0.02 (n = 30).
Lowering bath HCO3from 25 to 5 mM(constant Pco2 of 40
mmHg)acidified the cells by 0.31±0.02 pH units at a rate of
0.56±0.08 pH units/min. Removal of bath sodium acidified the
cells by 0.28±0.03 pH units at a rate of 0.33±0.04 pH units/
min. The cell acidification was stilbene inhibitable and inde-
pendent of chloride. There was no effect of bath sodium re-
moval on cell pH in the absence of C02/HCO3. Depolarization
of the basolateral membrane (step increase in bath potassium)
independent of the presence of chloride. Cell acidification in-
duced by bath sodium removal persisted when the basolateral
membrane was voltage clamped by high potassium/valino-
mycin. Although these results are consistent with a Na/
(HCO3).>1 cotransporter, a Na/H antiporter was also sug-
gested: 1 mMbath amiloride inhibited the cell pH defense
against an acid load (rapid ammonia washout), both in the
presence and absence of C02/HCO3, and inhibited the cell
acidification induced by bath sodium reduction from 50 to
0 mM.

In conclusion, an electrogenic Na/(HCO3),,,l cotransporter
in parallel with a Na/H antiporter exist on the basolateral
membrane of the rat cortical thick ascending limb.

Introduction

Free-flow micropuncture studies have established that 50-70%
of the bicarbonate (HCO3) delivered out of the proximal con-
voluted tubule is reabsorbed in the loop of Henle (1, 2), at a
rate of about 35 pmol/min. Although the proximal straight
tubule can reabsorb HCO3, studies by Good (3) and Good et
al. (4) have shown that the rat medullary and cortical thick
ascending limbs (TAL)' reabsorb HCO3at a rate of - 5-10
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1. Abbreviations used in this paper: BCECF, (2',7')-bis-carboxyethyl)-
(5,6)-carboxyfluorescein; SITS, 4-acetamido-4' isothiocyanostilbene-
2,2'-disulfonate; TAL, thick ascending limb(s).

pmol/mm * min. These studies have suggested that the TAL,
which has a length in the rat of - 4 mm,maybe the important
site of loop of Henle acidification and may have a quantita-
tively important role in overall renal acidification. Net HCO3
reabsorption in the TAL correlates with the histochemical evi-
dence for carbonic anhydrase in this segment: rabbit TAL do
not reabsorb HCO3and are negative for carbonic anhydrase
(5, 6), whereas the HCO3-reabsorbing rat TAL is positive for
carbonic anhydrase (7). Interestingly, the human TAL is also
positive for carbonic anhydrase (8).

In the rat cortical TAL, HCO3reabsorption is sodium de-
pendent, electroneutral, dependent on carbonic anhydrase,
and inhibited by luminal amiloride (3), suggesting that a lu-
minal Na/H antiporter effects acidification (3, 9, 10). In addi-
tion, evidence has been provided for a luminal Cl/HCO3 ex-
changer in the mouse cortical TAL (9).

Net HCO3reabsorption in the rat TAL requires basolateral
base exit. In comparison to the luminal side less is known
about the transport mechanisms involved in H/OH/HCO3
transport across the basolateral membrane. Studies in the
mouse medullary TAL suggest that Na/H and Cl/HCO3 anti-
porters are present on the basolateral membrane (11). Al-
though they may be important in vasopressin-dependent hy-
pertonic cell volume regulation, their role in cell pH regulation
and transepithelial base reabsorption is unknown. Evidence
has also been provided recently for an electrogenic sodium-
dependent HCO3cotransport mechanism in fused cells from
the frog kidney diluting segment ( 12, 13), a segment that shares
many similarities with the mammalian TAL.

Therefore, the purpose of this study was to examine mech-
anisms of basolateral H/OH/HCO3 transport in the rat cortical
TAL. The technique of measuring cell pH with the pH-sensi-
tive dye, (2',7')-bis-(carboxyethyl)-(5,6)-carboxyfluorescein
(BCECF), was adapted to the in vitro microperfused rat corti-
cal TAL.

The results provide evidence for the existence of an elec-
trogenic, stilbene-sensitive Na/(HCO3),,l cotransporter func-
tioning in parallel with a Na/H antiporter on the basolateral
membrane of the rat cortical TAL.

Methods

In this study, the technique of in vitro microperfusion of isolated rat
cortical TAL was used, as previously described (14). Male, pathogen-
free Sprague-Dawley rats weighing 70-100 g (Taconic Farms, Ger-
mantown, NJ) with free access to commercial rat laboratory diet and
tap water were killed by decapitation. Kidneys were quickly removed
and cortical TAL segments were dissected from thin (- 1 mm)coro-
nal slices. The tubules were dissected in the cooled (4°C) control solu-
tion of the respective experiment (Table I). The tubules were trans-
ferred into a bath chamber with a volume of 150 ,ul. The bath fluid
was continuously exchanged at 10 ml/min by hydrostatic pressure.
With this setup, a complete fluid exchange can be achieved within - I
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s, as described previously (15, 16). Bath pH was monitored contin-
uously by placing a commercial, flexible pH electrode into the bath
(MI 21960, Microelectrodes Inc., Londonderry, NH). The bath solu-
tions were prewarmed to 370C and equilibrated with C02/02. Bath
temperature of 37±0.50C was maintained by a specially designed
heater (glass tubing surrounded by a coiled high resistance wire) placed
in-line just before the bath chamber.

To minimize motion, the distal end of the tubule was sucked gently
into a collection pipette. In addition, the average tubule length exposed
to the bath fluid was limited to - 250 Mm. The tubules were allowed to
equilibrate at 370C for - 30 min during which they were loaded with
the acetoxymethyl derivative of BCECF(BCECF-AM, Molecular
Probes, Eugene, OR) from the bath in a concentration of 10 MM.
Loading was continued until a signal to background fluorescence at the
450 nm excitation wavelength of 2 20:1 was achieved, usually requir-
ing 10-15 min.

The perfusion solutions used in this study are listed in Table I.
C02/HCO3-free solutions were bubbled with 100% oxygen passed
through 3 NKCNas a base trap. With these precautions bath total CO2
is zero (15). 4-Acetamido-4'-isothiocyanostilbene-2,2'-disulfonate
(SITS) was obtained from International Chemical and Nuclear (Cleve-
land, OH). Amiloride, nigericin, valinomycin, and all solution salts
were purchased from Sigma Chemical Co. (St. Louis, MO).

Cell pH measurement. Measurements were made with an inverted
fluorescent microscope (Fluovert, E. Leitz, Wetzlar, Federal Republic
of Germany) using a X 25 objective as previously described (15, 16).
An adjustable measuring diaphragm was appropriately placed over the
tubule and opened to a rectangle of - 10 X 40-gm side lengths. Back-
ground fluorescence was measured before loading the tubule with the
dye. After this measurement the measuring diaphragm was left in place
for the entire experiment.

Analysis. BCECFhas a peak excitation at 504 nm that is pH sensi-
tive and an isosbestic point at 436 nm, where fluorescence is indepen-
dent of pH. Peak emission is at 526 nm (17). Fluorescence was mea-
sured, as previously described (15-17) alternately at 500- and 450-nm
excitation and at an emission wavelength of 530 nm (interference
filters, Corion Corp., Holliston, MA). After correcting all measure-
ments for background, the mean of two 500-nm excitation measure-
ments was divided by the 450-nm excitation measurement between
them, thereby yielding the fluorescence excitation ratio (F500!F450). For
each determination, these measurements were performed twice and
their mean used to estimate cell pH. The use of the ratio provides a
measurement that is unaffected by changes in dye concentration (18).
After a solution change, steady-state cell pH values were determined
when the 500-nm excitation fluorescence had stabilized. Fluorescence
was not affected by addition of amiloride (peak excitation/emission:
364/418 nm) or SITS (peak excitation/emission: 348/416 nm).

To measure the initial acidification rate (dpH/dt) in response to an
experimental maneuver, fluorescence was followed at 500 nmwhile a
fluid exchange was performed, and recorded on a chart recorder (LS
52, Linseis Inc., Princeton Junction, NJ). The slope of a line drawn
tangent to the initial deflection (dF500/dt) defined the initial rate of
change in 500-nm fluorescence. By measuring fluorescence at 450 nm
before and after the fluid exchange, the actual value of the 450-nm
excitation at the time of the initial deflection of 500 nm could be
interpolated. The rate of change in the fluorescence ratio was then
calculated using the formula: d(F500/F450)/(dt) = (dF5oo/dt)/(F45o).

Dye calibration. In order to correlate the fluorescence excitation
ratios with cell pH, the dye was calibrated intracellularly using the
method of Thomas et al. (18). Tubules were perfused with well-buf-
fered solutions (25 mMHepes, 32 mMphosphate) containing nigeri-
cin (a K/H antiporter, 7 MM) and 64 mMpotassium. Inasmuch as
there are no data on the intracellular potassium activity for the rat
cortical TAL, we used the values as reported for the rat distal tubule
(46.5 mM, activity coefficient 0.73, Khuri et al. [19]).

Because of the uncertainties regarding the intracellular potassium
activity, 5 MMvalinomycin was added to the calibration solutions. In
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this setting, changes in potassium concentration from 64 to 128 mMat
pH 7.3 did not affect the excitation ratios (n = 3). Prior to exposure to
nigericin, the tubules were loaded with BCECFand then perfused with
the above solutions at different pH values from the lumen and the bath
or the bath only. Both methods gave similar results. Fig. 1 shows the
calibration curve with the results of 13 tubules. Since these studies
established a linear relationship between the fluorescence excitation
ratios and pH values from 6.7 to 7.5, each tubule was calibrated indi-
vidually with a two-point calibration procedure (usually at pH 7.5 and
6.7) at the end of the experiments.

Statistics. All studies were paired. After completion of the first
protocol the tubules were left to equilibrate in the control solution of
the second protocol for at least 5 min. The data were analyzed using
the paired t test. The calibration data were fit using linear regression.
Results are reported as means±standard error of the mean.

Results

Effect of peritubular pH on cell pH. In the first set of studies,
the effect of changes in peritubular pH on cell pH was exam-
ined. Tubules were perfused and bathed with a control solu-
tion containing 25 mMbicarbonate (pH 7.4, solution 1, Table
I). In the experimental period, the bath was changed to a solu-
tion containing 5 mMbicarbonate (pH 6.8, solution 2, Table
I). In each tubule, this experiment was performed in the ab-
sence and presence of 1 mMbath SITS. Fig. 2 shows that the
cells acidified by 0.31±0.02 pH units in the absence, but by
only 0.18±0.02 pH units in the presence of SITS (P < 0.005, n
= 11). In the control condition (bath pH 7.4), addition of SITS
significantly alkalinized the cells from 7.10±0.06 to 7.17±0.05
(P < 0.0025). The acidification rate induced by lowering bath
bicarbonate was also inhibited by SITS from 0.56±0.08 to
0.20±0.05 pH units/min (P < 0.001). These experiments dem-
onstrate the existence of a stilbene-inhibitable basolateral
pathway for movement of H/OH/HCO3 ions.

Effect of peritubular sodium on cell pH. To examine the
effect of peritubular sodium on cell pH, tubules were perfused
and bathed with 25 mMbicarbonate and 147 mMsodium (pH
7.4, solution 1, Table I). During the experimental period, so-
dium was removed from the bath and replaced with choline
(pH 7.4, solution 3, Table I). As before, this experiment was
performed in the same tubule both in the absence and presence
of 1 mMbath SITS. As shown in Fig. 3 and illustrated by the
original tracing in Fig. 4 (left sides), bath sodium removal
acidified the cells by 0.28±0.03 pH units. The initial acidifica-
tion rate was 0.33±0.04 pH units/min (n = 10). The right side
of Fig. 3 (compare Fig. 4 for original tracing) shows that SITS
reduced the decrease in cell pH to 0.07±0.02 pH units (P
< 0.001). SITS inhibited the acidification rate to 0.07±0.02
pH units/min (P < 0.001). Again, addition of SITS to the
control solution significantly alkalinized the cells from
7.10±0.04 to 7.14±0.04 (P < 0.025).

To examine whether this stilbene-sensitive cell acidifica-

1.5
1.4

0
° 1.3

1.2
0

1.0
0.9

n =13

I Figure 1. Intracellular dye cali-
bration: calibration curve with
the results from 13 tubules.

LdpHi /dt 0.56 ± 0.08 0.20 ± 0.05 *

ApHI 0.31 ±0.02 |0. 18 ±0.02 ***

7.2-

Q.

zN

a-.
a. 6.9

6.8-

[HCO,] e, 25 5 25 25 5 25

SLTSB 0 mM

7.2

7.

7.0

6.9

6.8

Figure 2. Effect of lowering bath HCO3on cell pH (pH1) and acidifi-
cation rate (dpH,/dt). Bath HCO3was lowered from 25 to 5 mM
(Abath pH 7.4-6.8) in the absence and presence of 1 mMbath SITS.
*P < 0.001; **P < 0.0025; ***P < 0.005.

tion induced by bath sodium removal was dependent on the
presence of chloride, cell pH was measured when bath sodium
was removed in the presence or absence of chloride. In the
presence of chloride, cell pH decreased by 0.27±0.05 pH units
when bath sodium was removed (solutions 1 and 3, Table I). In
the absence of chloride, bath sodium removal (solutions 4 and
5, Table I) acidified the cells by 0.37±0.06 pH units (n = 6,
NS). In chloride-free conditions, SITS had a similar effect on
sodium removal-induced cell acidification as when chloride
had been present: Fig. 5 illustrates that bath sodium removal
(solutions 4 and 5, Table I) acidified the cells by 0.41±0.05 pH
units in the absence of SITS, but by only 0.10±0.03 pH units
when 1 mMSITS was present in the bath (P < 0.001, n = 6)
and SITS also inhibited the rate of acidification from
0.30±0.06 to 0.07±0.02 pH units/min (P < 0.0025). These
studies demonstrate that cell acidification occurs upon bath
sodium removal, which is stilbene sensitive and chloride inde-
pendent.

Evidencefor coupling of sodium and pH effects on cell pH.
The above findings could be explained if a Na/HCO3 cotrans-

dpHi /dt 0.33 t 0.04 0.07 t 0.02*
ApHi 0.28 t 0.03 0.07 t 0.02 *

72-

i- 7'1Str N N

[Na]B 147 0 147 147 0 147
SITS B 0 mM

7.2

7.1

7.0

6.9

6.8

Figure 3. Effect of bath sodium removal on cell pH (pH,) and acidifi-
cation rate (dpHj/dt). Bath sodium was replaced by choline in the ab-
sence and presence of 1 mMbath SITS. *P < 0.001; **P < 0.025.
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|Nas1471 NaB ° | Nao 147 | Na5 0 | Na8 147 | Calibration|

--SITS

I min
1

+ I mMSITSB
Bath pH 7.4 7.5 7.5

L6.7F
Figure 4. Effect of bath sodium removal on fluorescence excitation
ratio (F500/F450): typical study. Changes in fluorescence are followed
at 500-nm excitation wavelength. Bars marked with X denote mea-

surements at 450-nm excitation wavelength. The study is performed
in the absence (left side) and presence (right side) of I mMbath

port mechanism existed on the basolateral membrane of the
TAL. Such a transporter was initially described by Boron and
Boulpaep (20) in the salamander proximal tubule. If this were

the case, symmetric sodium removal should inhibit the effects
of peritubular pH on cell pH. In addition, since this cotrans-
porter has an absolute requirement for C02/HCO3 (at least in
the mammalian proximal tubule, Krapfet al. [15]), the effects
of bath sodium removal on cell pH should be inhibited in the
absence of C02/HCO3.

Whensodium was removed from luminal and bath perfus-
ates, the cells acidified from 7.09±0.05 to 6.79±0.09 (n = 6, P
< 0.001). This degree of acidification was stable and fully re-

versible. No late alkalinization was observed as has been re-

ported for other nephron segments (17, 21, 22). This degree of
acidification markedly decreases intracellular base concentra-
tion thereby reducing the driving force across any base exit
mechanisms. Thus, the demonstration that sodium removal
inhibits the effects of lowering bath HCO3on cell pH would
have been unconvincing. Therefore, the effects of bath sodium

dpHi /dt 0.30 ± 0.06 -0.07 t 0.02 a

&pH 0.41: t0.05 O. IO :t0.03*

7.1 - 7.1

I7.0 _ 70
C-

z 6.9 - -/ _ 6.9

a. 6.8 -/ _ 6.8

6.7 - ~~~~~~~~~6.7

Na,3 147 ( 147 1147 0 147

SITSB 0 I mm
ClI L,BO 0 0 0 0 0

Figure 5. Effect of bath sodium removal on cell pH (pHj) and acidifi-
cation rate (dpH/dt) in the absence of chloride. The studies were per-
formed in the absence and presence of 1 mMbath SITS. *P < 0.001;
**P < 0.0025; ***P < 0.005; ****P < 0.05.

SITS. SITS markedly slows the change in 500-nm fluorescence and
inhibits the decrease in the Fi0/F450 ratio. Bath pH is monitored
continuously. At the end of the experiment, the tubule is calibrated
at pH 7.5 and 6.7. Note difference in time scale between experiment
and calibration.

removal were examined in the presence and absence of C02/
HCO3. Tubules were first perfused and bathed with 25 mM
bicarbonate and 147 mMsodium and then bath sodium was

removed in the experimental period (solutions 6 and 8, Table
I). The experiment was then repeated with C02/HCO3-free
solutions (solutions 7 and 9, Table I). To minimize endoge-
nous supply of bicarbonate, 0.1 mMacetazolamide was added
to lumen and bath solutions (periods with absence of C02/
HCO3only, Krapf et al. [15]). In addition, because further
studies had provided evidence for a Na/H antiport mechanism
on this membrane (see below), 1 mMamiloride was present in
the bath throughout, both in the presence and absence of
C02/HCO3. The results of this study are shown in Fig. 6.
Removal of C02/HCO3 abolished most of the cell acidification
induced by bath sodium removal. Thus, this study provides
evidence for a coupling of sodium and pH effects on cell pH.
In addition, this Na/base cotransport system is dependent on

C02/HCO3, suggesting that HCO3is the transported base spe-
cies.

dpHi/dt 0.21±0.02 0.03±0.02 *

ApHi 0.24 ± 0.03 0.03 ± 0.03 *

7.2 n s

z
W 7.0 -

a-

6.8 I

Nb 147 0 147 147 0 147
C02/HCO3 I

7.2

7.1

7.0

6.9

6.8

Figure 6. Effect of bath sodium removal in the presence (left side)
and absence (right side) of C02/HCO3 on cell pH (pH,) and acidifica-
tion rate (dpH,/dt). 1 mMbath amiloride was present throughout the
study. In the period without C02/HCO3, 0.1 mMacetazolamide was
added to luminal and bath fluids to minimize endogenous supply of
HCO3from metabolism (15). *P < 0.001.
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Evidence for electrogenicity of Na/HCO3 cotransport. An
increase in peritubular potassium causes a barium-sensitive
cell membrane depolarization in the TAL (23, 24). If the TAL
basolateral Na/HCO3 cotransporter were rheogenic, as in the
proximal tubule (17, 20, 25-29), depolarization of the basolat-
eral membrane by increased peritubular potassium should al-
kalinize the cell. In addition, this effect should be barium sen-
sitive. Fig. 7 shows that a step increase in bath potassium from
5 to 50 mM(solutions 10 and 11, Table I) alkalinized the cells
by 0.1 1±0.02 pH units (n = 6). Addition of 2 mMbath barium
also alkalinized the cells from 7.21±0.02 to 7.24±0.02 (P
< 0.02), but blocked the effect of increasing bath potassium on
cell pH (ApHi = -0.02±0.02, P < 0.001).

Barium is generally considered a specific inhibitor of a K
conductance. However, studies in the rabbit cortical TAL have
suggested a barium-sensitive KC1 symporter on the basolateral
membrane of the rabbit cortical TAL (23). It can be reasoned,
therefore, that increases in bath potassium could increase cell
chloride, which, in the presence of a basolateral Cl/HCO3 ex-
change mechanism, could drive HCO3entry across this ex-
changer and thus alkalinize the cells. Therefore, control exper-
iments were performed in the symmetrical absence of chloride.
In four tubules, perfused with zero chloride-solutions in all
periods (solutions 12 and 13, Table I), an increase in peritubu-
lar potassium alkalinized the cells by 0.20±0.02 pH units in
the absence, but by only 0.05±0.03 in the presence of 2 mM
bath barium (P < 0.005). Thus, the cell alkalinization induced
by increases in bath potassium concentration is secondary to
cell depolarization and is compatible with a chloride-indepen-
dent, electrogenic base exit mechanism.

Effect of basolateral voltage clamp on cell acidification in-
duced by bath sodium removal. The above results are compati-
ble with sodium-coupled, electrogenic HCO3transport, but do
not differentiate between an electrogenic Na/HCO3 cotrans-
porter or parallel Na and HCO3conductances. In the presence
of a voltage clamp across the basolateral membrane, bath so-
dium removal should not acidify the cells if there were parallel
conductances, whereas, a persistent acidification would be ex-
pected in the case of a Na/HCO3 cotransporter. Tubules were
therefore perfused with 100 mMsodium which was removed
from the bath in the experimental period. There was zero chlo-

[ ApHi +0.11 ± 0.02 | -0.02 t 0.02 *

7.4-

Z 7.3-
Q. It KM

z
J 7.2

a-
CL 7.1

7.0-

[K] 5 50 50 5
| Ba]wB 0 2mM

7.4

7.3

7.2

7.1

7.0

Figure 7. Effect of increasing bath potassium concentration from 5
to 50 mMon cell pH (pH1). The study was performed in the pres-
ence and absence of 2 mMbath barium. *P < 0.001; **P < 0.025;
***P < 0.02.

ride in all periods. The effect of bath sodium removal on cell
pH was recorded with normal extracellular potassium (5 mM)
or when the basolateral membrane voltage was clamped using
50 mMpotassium and 15 ,uM valinomycin (the lumen always
contained 5 mMpotassium, solutions 18-21, Table I). As
shown by Fig. 8 (left side), the cells acidified by 0.30±0.06 pH
units without a voltage clamp and by 0.15±0.05 in the pres-
ence of a voltage clamp (P < 0.005, n = 5). Application of the
voltage clamp alkalinized the cells by 0.21±0.06 pH units from
7.09±0.06 to 7.30±0.07 (P < 0.001).

In five additional tubules, the experiments were repeated in
the presence of 1 mMbath amiloride to inhibit a basolateral
Na/H antiporter (see below) and a possible sodium conduc-
tance. As illustrated by Fig. 8 (right side), there was a signifi-
cant persistent acidification after voltage clamp. The cells acid-
ified by 0.25±0.07 pH units when bath sodium was removed
in the absence of a voltage clamp and by 0.12±0.02 in its
presence (P < 0.005). Again, application of the voltage clamp
alkalinized the cells by 0.25±0.05 pH units from 7.10±0.06 to
7.35±0.1 1 (P < 0.001). Thus, these results suggest a Na/HCO3
cotransporter and argue against parallel conductances. The
smaller acidification after voltage clamp may be due to the fact
that this experiment eliminated the electrical driving force
across this transporter and possibly lowered cell sodium activ-
ity secondary to cell alkalinization. A cell alkalinization of this
magnitude can be expected to inhibit the rates of the luminal
and basolateral Na/H antiporters (see below). When potas-
sium and valinomycin where increased to 64 mMand 20 ,uM,
respectively, the persistent acidification was of a similar de-
gree, suggesting that the voltage clamp by 50 mMpotassium/
15 MMvalinomycin was adequate (two tubules).

Effect of amiloride on sodium-dependent H/OH/HCO3
transport. The fact that SITS inhibition of the effects of bath
sodium and HCO3changes on cell pH was incomplete (Figs. 2
and 3) suggested the presence of a SITS-insensitive, sodium-
dependent process on the basolateral membrane of the cortical
TAL. The next experiments were therefore designed to test for
the presence of an amiloride-sensitive Na/H antiporter. In the
first group of studies, the effect of 1 mMbath amiloride on the
cell pH recovery from an acid load was examined. In the ab-
sence of exogenous C02/HCO3, tubules were exposed to a
bath solution containing 20 mMof NH3/NH4. A bath fluid
exchange back to a NH3/NH4 free solution was then per-
formed (solutions 14 and 15, Table I). Due to its high perme-
ability, NH3 diffuses rapidly out of the cells leaving behind
protons, which represent the acid load to the cells (30). The

-1 mM +1 mM Figure 8. Cell pH changes
I -0.4 AMILORIDES AMILORIDEBCL induced by bath sodium re-

-. moval from 100 to O mM
0 in the absence (open bars)
z-0.2 and presence (hatchedLIJ _ bars) of a basolateral volt-

-0. age clamp (50 mMpotas-
o _ _ _ l l sium, 15 ,uM valinomycin).

The study was performed
in the bilateral absence of

chloride. The two bars on the left represent results from five tubules
in the absence of bath amiloride, the two bars on the right are results
from five tubules where 1 mMbath amiloride was present. There is a
significant persistent acidification under voltage-clamped conditions
that is amiloride insensitive.
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rate of cell pH recovery was then analyzed in the presence and
absence of 1 mMbath amiloride. Because amiloride competes
with sodium for the sodium-binding sites on the transporter,
tubules were perfused in lumen and bath with solutions con-
taining 50 mMsodium (31). As shown in Fig. 9 (left side),
amiloride significantly inhibited the cell pH recovery from this
acid load. The rate of cell pH recovery was reduced from
0.16±0.03 to 0.02±0.06 pH units/min (n = 6, P < 0.002). The
steady-state cell pH value before addition and removal of
NH3/NH4 was 7.02±0.03 in the absence and 7.03±0.02 in the
presence of amiloride. Similar experiments were also per-
formed in the presence of exogenous C02/HCO3 (solutions 16
and 17, Table I). In this setting, the cells recovered from the
acid load with a rate of 0.06±0.02 pH units/min. As illustrated
on Fig. 9 (right side), 1 mMbath amiloride inhibited the recov-
ery rate to 0.02±0.01 pH units/min (n = 5, P < 0.01). Again,
amiloride did not affect steady-state cell pH values signifi-
cantly (7.15±0.07 in the absence vs. 7.21±0.06 in the presence
of amiloride).

Thus, these studies provide evidence for a basolateral ami-
loride-sensitive Na/H antiporter involved in cell pH response
to an acid load. The slower recovery rate in the presence of
exogenous C02/HCO3 is probably due to the fact that the rapid
NH3 washout acidifies the cells to a lesser degree in the pres-
ence of exogenous C02/HCO3 due to the higher cellular buf-
fering power. The ammonia washout acidified the cells to
6.64±0.10 in the absence of C02/HCO3 and to 6.86±0.09 in
the presence of C02/HCO3. Thus, it is conceivable that the
Na/H antiporter was less stimulated in the presence of
C02/HCO3.

To investigate the possibility whether cell acidification in-
duced by bath sodium removal is also amiloride sensitive, tu-
bules were perfused symmetrically with solutions containing
50 mMsodium. Sodium was then removed from the bath in
the absence and presence of 1 mMbath amiloride (solutions 3
and 16, Table I). Fig. 10 shows that amiloride had a small, but
statistically significant inhibitory effect on cell acidification
induced by bath sodium removal. The cells acidified by
0.12±0.03 pH units in the absence, but by only 0.07±0.02 in
the presence of amiloride (n = 6, P< 0.005). Amiloride slowed
the cell acidification rate from 0.14±0.03 to 0.08±0.03 pH
units/min (P < 0.01).

Thus, it can be concluded that this amiloride-sensitive
Na/H antiporter is also sensitive to changes in bath sodium
concentration.
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Figure 9. Rates of cell pH defense against an acid load (rapid ammo-
nia washout) in the absence (two bars on the left) and presence (two
bars on the right) of C02/HCO3: effect of 1 mMbath amiloride.
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Figure 10. Effect of bath sodium removal (50 to 0 mM)on cell pH
(pHO) and acidification rate (dpHi/dt). The experiments were per-
formed in the absence and presence of 1 mMbath amiloride. *P <
0.0025; **P < 0.005; ***P < 0.01, ****P < 0.04.

Discussion

In this study, the technique of microfluorometric determina-
tion of cell pH (15, 17) using the fluorophore BCECFwas
adapted to the in vitro microperfused, rat cortical TAL. The
following were the key observations: (a) lowering peritubular
HCO3or sodium induced a stilbene-sensitive cell acidification
(Figs. 2, 3, and 4); (b) stilbene addition alkalinized the cells
(Figs. 2, 3, and 5); (c) cell acidification induced by peritubular
sodium removal was independent of chloride but was inhib-
ited in the absence of C02/HCO3 (Figs. 5 and 6); (d) cell
depolarization (induced by raising peritubular potassium con-
centration) lead to a barium-sensitive, chloride-independent
cell alkalinization (Fig. 7); and (e) cell acidification induced by
bath sodium removal persisted when the basolateral mem-
brane voltage was clamped with high potassium/valinomycin
(Fig. 8). All of these findings are consistent with the presence of
an electrogenic Na/(HCO3),,l1 cotransport mechanism on the
basolateral membrane of the rat cortical TAL.

In previous studies in the rat proximal convoluted tubule
(17, 22) and rabbit proximal S3 segment (21), bilateral sodium
removal initially acidified the cells (consistent with stopping
luminal Na/H exchange), which was followed by late cell al-
kalinization. This late alkalinization was probably due to some
sodium-independent proton extrusion, possibly via an H-
ATPase. In the present study, bilateral sodium removal acidi-
fied the cells by 0.3 pH units without evidence for a late alka-
linization. This suggests that the rates of sodium-dependent
transporters on both sides of the cortical TAL cells are the
major determinants of cell pH.

Because of the associated cell acidification it was not possi-
ble to address the question whether the cell alkalinization in-
duced by increases in bath potassium is inhibited by sodium
removal. In addition to associated decreases in cellular base
concentration, such cell pH changes are known to markedly
affect the cell membrane potential (32, 33). These complicat-
ing factors render such an experiment impossible to interprete
without exact knowledge of the membrane potential difference
changes. However, the following results from these studies
suggest the presence of an electrogenic Na/HCO3 cotrans-

Basolateral Membrane H/OH/HCO3 Transport 239

, _



porter rather than parallel sodium and HCO3conductances:
(a) There was a significant, amiloride-insensitive cell acidifica-
tion when bath sodium was removed in the presence of a
clamped basolateral membrane voltage (Fig. 8) and (b) 1 mM
bath amiloride failed to affect cell pH significantly. This con-
centration of amiloride is above those shown to inhibit known
epithelial sodium channels (34). If there were a basolateral
sodium conductance in parallel with a HCO3conductance, the
inward gradient for sodium would tend to depolarize the cell
membrane; amiloride should hyperpolarize the cell mem-
brane, increase the driving force for base exit, and acidify the
cell. There was no effect of amiloride on cell pH both at so-
dium concentrations of 50 and 147 mMin these studies.2

The facts that cell pH defense against an acid load was
inhibited by bath amiloride both in the presence and absence
of C02/HCO3 (Fig. 9) and that amiloride also exerted an inhib-
itory effect on cell acidification induced by bath sodium re-
moval (Fig. 10) provide evidence for a Na/H antiporter in
parallel with the Na/(HCO3)",, cotransporter. This combina-
tion of transporters has been described previously on the baso-
lateral membrane of the amphibian proximal tubule (20, 35).
Hebert ( 11) has also found evidence for a Na/H antiporter on
the basolateral membrane of the mouse medullary TAL. This
transporter, in parallel with a C1/HCO3 exchanger, seems im-
portant in vasopressin-dependent hypertonic volume regula-
tion in this segment. Although the intracellular sodium activ-
ity in the rat cortical TAL is unknown,3 it is reasonable to
assume that it is - 10-20% of the extracellular activity. Given
a cell pH of 7.13, as determined in these studies, the driving
forces dictate proton extrusion into the basolateral compart-
ment by the Na/H antiporter and would thus oppose the net
effect of the Na/(HCO3)> I cotransporter. In addition, this ba-
solateral Na/H antiporter would also be counterproductive to
the net sodium reabsorption in this segment. It is clear, how-
ever, that for net sodium-dependent HCO3 reabsorption to
occur (3, 4), sodium-coupled base exit has to dominate the
Na/H antiporter activity. It is important to realize that bath
sodium removal induced only very small changes in cell pH
and acidification rate after SITS inhibition (in the presence
and absence of chloride; see Figs. 3 and 5). Thus, even if one
assumes 100% inhibition by SITS, the rate of the Na/H anti-
porter is very slow (acidification rate after SITS inhibition
below 0.07 pH units/min). Therefore, the role of this transpor-
ter in transcellular H/OH transport is probably small. How-
ever, an important role in cell pH defense is suggested by the
interesting finding that bath amiloride markedly inhibited cell
pH defense against an acid load (Fig. 9). The luminal Na/H
antiporter (3) would also be expected to contribute impor-
tantly to cell pH defense in this setting and the marked degree
of inhibition of cell pH defense by bath amiloride alone is
surprising. Preliminary evidence from our laboratory directly
confirms the presence of a luminal Na/H antiporter in the rat
cortical TAL.4 Therefore, the relative importance of luminal

2. Addition of 1 mMbath amiloride to four tubules perfused with 147
mM(solution 1, Table I) had no effect on cell pH: 7.11±0.03 in the
absence as compared to 7.12±0.04 (NS) in the presence of amiloride.
3. Intracellular sodium activity has been measured only in the am-
phibian diluting segment and was found to be between 10 and 12
mmol/liter (36).

and basolateral Na/H antiporters in determination of cell pH
and cell pH defense need further investigation.

The failure to observe a late alkalinization after bilateral
sodium removal is an argument against an important role for
an H-ATPase (37) in luminal proton secretion. Such an ATP-
ase would be expected to be stimulated by cell acidification
and, since it is electrogenic, by the decrease in transepithelial
voltage associated with sodium removal (3). Thus, the func-
tional significance of a luminal H-ATPase for transcellular
proton secretion and/or cell pH defense seems small but more
direct studies will be needed to address this issue.

These studies do not address the possibility of sodium-de-
pendent, chloride-coupled base transport mechanisms (22, 38,
39). Since there is now evidence for an electrogenic Na/HCO3
cotransporter and the basolateral membrane is conductive for
chloride in the mammalian TAL (40), analysis of chloride-
coupled base transport mechanisms will require specific infor-
mation about changes in the basolateral membrane potential.

In conclusion, these studies provide evidence for the exis-
tence of an electrogenic Na/(HCO3)>,l cotransporter in paral-
lel with a Na/H antiporter on the basolateral membrane of the
rat cortical TAL. The results suggest a major role in basolateral
HCO3transport for the Na/(HCO3)",, cotransporter, whereas
the Na/H antiporter may be more important in cell pH de-
fense.
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