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Abstract. The transport mechanisms ofAmbystoma
proximal tubule that mediate transcellular Cl− absorption
linked to Na+ were investigated in isolated perfused tu-
bules using Cl−-selective and voltage-recording micro-
electrodes. In control solutions intracellular activity of
Cl− (ai

Cl) is 11.3 ± 0.5 mM, the basolateral (V1), apical
(V2), and transepithelial (V3) potential differences are
−68 ± 1.2 mV, +62 ± 1.2 mV and −6.4 ± 0.3 mV,
respectively. When Na+ absorption is decreased by re-
moval of organic substrates from the lumen,ai

Cl falls by
1.3 ± 0.3 mM andV2 hyperpolarizes by +11.4 ± 1.7 mV.
Subsequent removal of Na+ from the lumen causesai

Cl to
fall further by 2.3 ± 0.4 mM and V2 to hyperpolarize
further by +15.3 ± 2.4 mV. The contribution of trans-
porters and channels to the observed changes ofai

Cl was
examined using ion substitutions and inhibitors. Apical
Na/Cl or Na/K/2Cl symport is excluded because bu-
metanide, furosemide or hydrochlorothiazide have no ef-
fect onai

Cl. The effects of luminal HCO−3 removal and/
or of disulfonic stilbenes argue against the presence of
apical Cl-base exchange such as Cl-HCO3 or Cl-OH.
The effects of basolateral HCO−

3 removal, of basolateral
Na+ removal and/or of disulfonic stilbenes are compat-
ible with presence of basolateral Na-independent Cl-base
exchange and Na-driven Cl-HCO3 exchange. Several
lines of evidence favor conductive Cl− transport across
both the apical and basolateral membrane. Addition of
the chloride-channel blocker diphenylamine-2-
carboxylate to the lumen or bath, increases theai

Cl by 2.4
± 0.6 mM or 2.9 ± 1.0 mM respectively. Moreover, fol-
lowing inhibition by DIDS of all anion exchangers in
HCO−

3-free Ringer, the equilibrium potential for Cl− does

not differ from the membrane potentialV2. Finally, the
logarithmic changes inai

Cl in various experimental con-
ditions correlate well with the simultaneous changes in
either basolateral or apical membrane potential. These
findings strongly support the presence of Cl− channels at
the apical and basolateral cell membranes of the proxi-
mal tubule.
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Introduction

The proximal tubule epithelium reabsorbs a major part of
the filtered Cl−. The paracellular pathway of this epithe-
lium is highly permeable to Cl− in both mammalian and
amphibian kidneys (Boulpaep, 1971; Fro¨mter & Gess-
ner, 1974; Andreoli et al., 1979). Cl− reabsorption oc-
curs across both the paracellular and transcellular path-
way, although the relative magnitude of Cl− transport
across each pathway remains controversial in the mam-
malian proximal tubule (Aronson & Giebisch, 1997).
Tracer fluxes inNecturusproximal tubule indicate that
about one-third of filtered Cl− is reabsorbed via the trans-
cellular pathway and two-thirds are reabsorbed via the
paracellular pathway (Kimura & Spring, 1978).

Transcellular transport of Cl− has been reported to
be linked to Na+, either directly or indirectly. A direct
apical cotransport mechanism for Na+ and Cl− has been
described in the proximal tubule ofNecturus(Kimura &
Spring, 1978). Other studies failed to demonstrate the
presence of a NaCl symporter in the amphibian (Seifter
& Aronson, 1984; Abdulnour-Nakhoul & Boulpaep,
1986), as well as in the mammalian proximal tubule
(Seifter, Knickelbein & Aronson, 1984). Entry of chlo-
ride from the filtrate into the mammalian proximal tubule
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cell is an uphill process probably mediated by exchange
of Cl-formate (Karniski & Aronson, 1985; Schild et al.,
1987; Wang, Giebisch & Aronson, 1992), Cl− oxalate
(Wang et al., 1992), or Cl-HCO3 (Lucci & Warnock,
1979). Operation of apical Cl-base exchange in parallel
with apical Na-H exchange would couple Na+ and Cl−

transport indirectly. Moreover, apical Cl-base exchange
would lead to intracellular accumulation of chloride
above its predicted electrochemical equilibrium across
the apical membrane. The nature of the exit step for
chloride across the basolateral membrane of the mam-
malian proximal tubule remains controversial. Indirect
studies have suggested that a Na-driven Cl-HCO3 ex-
changer may be involved (Alpern & Chambers, 1987) or
that chloride exits via an electroneutral KCl symporter
(Eveloff & Warnock, 1987; Ishibashi, Rector & Berry,
1990). Patch-clamp studies have shown the presence of
basolateral chloride channels in single isolated proximal
tubule cells ofAmbystoma(Segal & Boulpaep, 1990) and
rabbit (Segal, Geibel & Boulpaep, 1993). Microperfu-
sion studies in rabbit (Schild, Aronson & Giebisch,
1991) and rat (Wang et al., 1992, 1995) proximal tubule
support the view that chloride may leave the cell through
basolateral chloride channels.

The purpose of the present study was to provide
more insight in the apical and basolateral transport
mechanisms of Cl− that participate in NaCl reabsorption
by the proximal tubule. We used the isolated perfused
proximal tubule preparation of the salamander,Ambys-
toma tigrinum,because the large cell size and shallow
basal infoldings permit stable microelectrode impale-
ments. To determine the linkage of Cl− transport to Na+

during transcellular NaCl reabsorption, we used luminal
removal of organic metabolic substrates and Na+, a ma-
neuver known to abolish effectively and reversibly NaCl
reabsorption (Forster, Steels & Boulpaep, 1980; Morgu-
nov & Boulpaep, 1987). Using Cl−-ion selective micro-
electrodes we monitored changes in intracellular chloride
activity (ai

Cl) that accompany transcellular NaCl absorp-
tion. Changes in cell membrane potential differences
were recorded simultaneously using conventional micro-
electrodes. We also examined the effect of diverse Cl−

transport inhibitors on steady-stateai
Cl as well as on

Na-linked Cl− movement.
The present results indicate that both direct and in-

direct mechanisms couple Cl− transport to the apical and
basolateral transport of Na+. At the apical membrane,
neither direct Na/Cl cotransport nor a parallel arrange-
ment of Na-H exchange with Cl-HCO3 or other Cl-base
exchange can explain the observed change in Cl− trans-
port. However, apical Cl− channels in combination with
the membrane potential changes induced by altered NaCl
transport, can account for the modulation ofai

Cl. At the
basolateral membrane, Cl-HCO3 or Cl-OH exchange is
present and the transport of Cl− may be linked to the

opposite movement of basolateral Na+ via Na-driven Cl-
HCO3 exchange, but neither transporter can explain the
shifts of Cl− activity observed during changes in trans-
cellular Na+ transport. In contrast, basolateral Cl− chan-
nels in association with basolateral membrane potential
changes account for the modulation ofai

Cl, that accom-
panies altered NaCl transport. The present experiments
also show that, when no anionic bases other than bicar-
bonate and lactate are present in the tubule lumen, the
uphill accumulation of Cl− into the cell results primarily
from basolateral stilbene-sensitive Cl-base exchange and
that under these conditions transepithelial Cl movement
should proceed via a paracellular route.

Materials and Methods

Female tiger salamanders,Ambystoma tigrinum,in the neotenic phase
were kept unfed in an aquarium at 4°C. The animals were anesthetized
by immersion in 0.2% tricaine methane sulfonate solution. The kid-
neys were removed, placed in chilled pre-oxygenated PVP Ringer so-
lution (solution 10, Table 1), and cut transversely into several pieces.
Proximal tubules were isolated and perfused as described by Sackin
and Boulpaep (1981a). Briefly, single tubules (100mm O.D.) with
glomeruli intact were isolated from the ventral surface of the kidney.
The early part of the tubule, 700 to 1,000mm in length, was dissected
and the ends opened with very fine forceps.

Tubule segments were transferred in a small amount of medium
to a perfusion chamber and connected to a pipette assembly as de-
scribed by Burg et al. (1966) and by Sackin and Boulpaep (1981a).
The apparatus consists of two sets of three concentric pipettes. The
tubule was mounted at each end between an outer (holding) and a
middle (perfusion) pipette by applying slight suction. Proper mechani-
cal and electrical seal around the tubule was thus formed at a constric-
tion in the holding pipette. Perfusion fluid was delivered to the inner
(exchange) pipette of the right-hand side assembly, at a rate of 1 ml/
min. Only a small amount of fluid entered the tip of the perfusion
pipette and tubule lumen (50 nl/min), the rest leaving the pipette
through a drain, where it contacted a flowing 3M KCl electrode (tip
diameter4 5 mm). The perfusate leaving the tubule entered the
middle pipette of the left-hand side assembly, where continuous suction
was applied to keep the liquid-air interface inside the middle pipette at
a vertical height of 15 mm above bath level. The solution bathing the
outside of the tubule was continuously exchanged at 3 ml/
min. Experiments were conducted at 21–25°C. Tubule cells were vi-
sualized with an inverted microscope (Reichert, Vienna, Austria) and
microelectrode impalements were made at a magnification of 400×.

SOLUTIONS

The composition of the solutions is given in Table 1. HEPES, N-
methyl-D-glucamine (NMDG), furosemide, hydrochlorothiazide
(HCTZ), and 4,48-diisothiocyanostilbene-2,28-disulfonate (DIDS) were
purchased from SIGMA (St. Louis, MO). 4-acetamido-48-
isothiocyanostilbene-2,28-disulfonate (SITS) was obtained from Inter-
national Chemical and Nuclear (Cleveland, OH). Whenever the
isothiocyanate-containing disulfonic stilbenes SITS or DIDS were
added to the solution, amino acids were omitted from the solution
leaving only glucose and lactate as organic substrate (Minimal Sub-
strates Solution 3 and 8 of Table 1). Diphenylamine-2-carboxylate
(DPC), obtained from Fluka (Ronkonkoma, NY), was dissolved in a
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small amount of dimethyl sulfoxide (DMSO) before addition to the
solution. The concentration of DMSO in the final solution never ex-
ceeded 0.1%. Bumetanide, (obtained from Hoffman-LaRoche, Nutley,
NJ) was dissolved in a small amount of NaOH before addition to the
solution.

ELECTRODES

Ling-Gerard microelectrodes were pulled from 1 mm O.D. borosilicate
fiber capillaries (FHC, Brunswich, ME) and filled with 3M KCl. Re-
sistances ranged from 25–50MV and tip potentials were <5 mV. Po-
tential differences were recorded as defined earlier (Sackin & Boul-
paep, 1981a). The basolateral membrane potentialV1 4 (Ci − Cbath)
was obtained from the intracellular voltageCi, recorded by a Ling-
Gerard microelectrode with reference toCbath, recorded by a free-
flowing 3M KCl electrode (tip∼5 mm) in the bath. The transepithelial
potentialV3 4 (Clumen− Cbath) was measured as the voltage difference
between a free flowing KCl electrode in the drain of the perfusion
pipette connected to the lumen (Clumen), and the bath electrode (Cbath).
Apical membrane potentialV2 was defined as (Clumen − Ci), the po-
tential in the lumen with reference to the cytosol, and calculated by
subtractingV1 from V3.

Ion-selective microelectrodes were pulled from aluminosilicate
glass (FHC, Brunswick, ME) on a Brown-Flaming micropipette puller
(Sutter, San Raphael, CA) and dried in an oven at 200°C for 2 hr.
Ten ml of tri-n-butyl-chlorosilane were then introduced in a closed
vessel (300 ml) that contained the microelectrodes, left for 2 min, after
which the silane fumes were vented and the electrodes left in the oven
for an additional 30 min. A small amount of chloride liquid ion ex-
changer (Corning 477913) was introduced into the tip of the electrodes
by means of very fine glass capillaries. The electrodes were further
backfilled with 0.5M KCl which made contact with a Ag-AgCl half
cell. The slope of each electrode (S) was determined from the equation

S=
V100 mM NaCl − V10mM NaCl

0.94
(1)

whereV100 mM NaCl andV10 mM NaCl denote the electrode potential in the
solutions in subscript, 0.94 equals the logarithm (base 10) of the Cl−

activity ratio of pure 100 mM over pure 10 mM NaCl. The average
slope of the electrodes was 56.4 mV/10-fold change in activity. The
selectivity for Cl− over HCO−

3 was calculated from the equation:

kCl − HC03
= 10@V100 HC03

1 − V100 Cl1#/S (2)

whereV100 HCO
−
3 is the voltage of the Cl− electrode in 100 mM NaHCO3

and V100 Cl− the voltage in 100 mM NaCl. The kCl−HCO3
was 0.09,

yielding a average selectivity ratio of Cl− over HCO−
3 of 11:1 (11 ±

0.02) (n 4 61).
The gross value of the ion-sensitive electrode potential (VCl) was

measured as the voltage difference between the Cl−-selective electrode
and a free flowing KCl electrode in the bath. The net Cl− potential (VCl

− V1) was obtained by electronic subtraction ofV1 from VCl. All elec-
trical potential differences were monitored and continuously recorded
on a four-channel strip chart recorder (Brush 2300; Gould, Cleveland,
OH).

The intracellular activity of Cl− (ai
Cl) was determined from:

ai
Cl = aCl100 mM NaCl ? 10@~VCl − V1!i − VCl − V1!100 mM NaCl]/S

− kCl−HC03
~ai

HCO3! (3)

where the subscripts ‘‘i’’ or ‘‘ 100 mM NaCl’’ refer to recordings of both

electrodes when they are located inside the cell or in a 100 mM NaCl
solution respectively, andaCl

100 mM NaCl is 0.778 at 25°C.
The correction termkCl-HCO3

(ai
HCO3) requires independent knowl-

edge of the intracellularai
HCO3. Assuming a control value of 4.7 mM

for ai
HCO3 as determined in our laboratory inAmbystomaproximal

tubule cells (Boron & Boulpaep 1983b), the correction would be 0.4
mM. Because theai

HCO3 could not be monitored independently and the
correction is smaller than the standard error of the determination of the
uncorrected chloride activity (seeResults), the second term of Eq. 3
was omitted from the calculation ofai

Cl. It is unlikely that unknown
interfering anions, other than HCO−

3, would have a higher selectivity or
be present in the cell at a substantially higher activity than HCO−

3.
Moreover, it is impossible to estimate the changes in intracellular con-
centration of such unknown interfering anions during the experimental
maneuvers in this study that affect anion transport. Therefore, no fixed
correction for interfering anions was used (Spring & Kimura, 1978).

Because the Cl− ion-selective electrode is sensitive to anion trans-
port inhibitors, such as SITS or DIDS (Chao & Armstrong, 1987), we
took special care not to expose the electrode to the inhibitor in the
bathing solution. Only those Cl−-selective electrode readings were in-
cluded where cell impalement had preceded the exposure of the tubule
to the inhibitor. Since cell membrane permeability to disulfonic stil-
benes is negligible (Grinstein, McCulloch & Rothstein, 1979), any
effect of the inhibitor on the intracellular recording could be neglected.

The Nernst equilibrium potential for Cl− across the basolateral
membrane was calculated from intracellular and bath activities of Cl−

ECl = −
RT

zF
ln

ai
Cl

abath
Cl

(4)

The Nernst equilibrium potential for Cl− across the apical mem-
brane was calculated from lumen and intracellular activities of Cl−

ECl = −
RT

zF
ln

alumen
Cl

ai
Cl

(5)

STATISTICAL ANALYSIS

The results are presented as mean ±SEM. The number of observations
is shown asn. Data were analyzed using the two-tailed paired Stu-
dent’s t test. When two different sets of experiments were compared,
unpairedt-test was used for analysis.

Results

In 49 proximal tubules perfused on both lumen and bath
side with control HCO−3 solution (Solution 1 of Table 1)
the basolateral membrane potential difference,V1, was
−68 ± 1.2 mV, the apical membrane potential difference,
V2 was +62 ± 1.2 mV, the transepithelial membrane po-
tential difference,V3, was −6.4 ± 0.3 mV and the intra-
cellular activity of chlorideai

Cl was 11.3 ± 0.5 mM (n 4
66). The measuredai

Cl yields an electrochemical equi-
librium potential for Cl− (ECl) across the basolateral
membrane of −48.0 mV (Eq. 4) and across the apical
membrane of +48.0 mV (Eq. 5). SinceECl for each
membrane is smaller than the electrical potential differ-
ence (V1 − ECl 4 −20 mV andV2 − ECl 4 +14 mV),
chloride is at a higher intracellular activity then predicted
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by equilibrium across either the basolateral or the apical
membrane of the cell. This is in agreement with previ-
ous findings inAmbystomaproximal tubule (Sackin &
Boulpaep, 1981b), in Necturusproximal tubule (Khuri et
al., 1975; Guggino, Boulpaep & Giebisch, 1982; Gug-
gino et al., 1983), and in mammalian proximal tubule
(Cassola, Mollenhauer & Fro¨mter, 1983; Ishibashi,
Sasaki & Yoshiyama, 1988).

ORGANIC SUBSTRATES AND/OR SODIUM IN THE LUMEN

MODULATE INTRACELLULAR CHLORIDE

To examine the effect of luminal Na+ on Cl transport, the
initial step was to remove substrates from the lumen.
Removal of organic substrates reduces fluid and salt ab-
sorption in the amphibian proximal tubule (Forster,
Steels & Boulpaep, 1980; Morgunov & Boulpaep, 1987).
Deletion of organic substrates, glucose, amino-acids and
lactate from the lumen eliminates the major pathways for
apical Na+ entry into the cell. The contribution of other
Na-linked transport mechanisms to Cl− transport was ex-
amined by monitoringai

Cl during subsequent removal of
luminal Na+. Deletion of organic substrates from the lu-
minal solution (Solution 2) hyperpolarizedV1 by −10.2 ±
1.4 mV (n 4 23), V2 by 11.4 ± 1.7 mV (n 4 15),

depolarizedV3 by +3.2 ± 0.4 mV (n 4 16) and decreased
the ai

Cl by 1.3 ± 0.3 mM (n 4 22) (data of Table 2-I).
The electrogenic response ofV1, V2, and V3 to the re-
moval of substrates is similar to that observed by Mor-
gunov and Boulpaep (1987) in the same preparation.
The observed changes upon removal of luminal sub-
strates required the presence of Na+ in the lumen (data
not shown).

Figure 1 shows a tracing of a representative experi-
ment in which Na+ was removed from the lumen (Solu-
tion 4), following the removal of substrates. In addition
to the electrical effect due to substrate removal, the ab-
sence of Na+ causedV1 andV2 to hyperpolarize further
by −10.8 ± 1.6 mV (n 4 22) and +15.3 ± 2.4 mV (n 4
16), respectively,V3 to depolarize by +3.0 ± 0.5 mV (n
4 16), andai

Cl to fall further by 2.3 ± 0.4 mM (n 4 22).
The data are summarized in Table 2-II. Since the effects
on ai

Cl were reversible, it can be assumed that substrate-
linked or Na-linked fluid absorption is associated with an
elevatedai

Cl. A fall in ai
Cl was also observed in Nectu-

rus proximal tubule cells after removal of Na+ from the
lumen (Spring & Kimura, 1978; Guggino et al., 1983).

The hyperpolarization ofV1 andV2 observed upon
removal of luminal Na+ in the absence of substrates sug-
gests the presence of a conductive pathway for Na+ at the
apical cell membrane (Abdulnour-Nakhoul & Boulpaep,

Table 1. Composition of solutions

Component Control
HCO−

3

0 Substrate
HCO−

3

Minimal
Substrates
HCO−

3

0 Na
0 Substrate
HCO−

3

0 Na
HCO−

3

Standard
HCO−

3-free
0 Substrate
HCO−

3-free
Minimal
Substrates
HCO−

3-free

0 Na
0 Substrate
HCO−

3-free

PVP
HCO−

3

Na+ 100.95 100.9 100.9 0 0.05 97.6 97.6 97.6 0 100.95
NMDG+ 0 0 0 100.4 100.4 0 0 0 97.1 0
K+ 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Mg++ 1 1 1 1 1 1 1 1 1 1
Ca++ 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Lys+ 0.2 0 0 0 0.2 0.2 0 0 0 0.2

Cl− 94.7 98.1 94.5 97.6 94.2 94.7 98.1 94.5 97.6 94.7
HCO−

3 10 10 10 10 10 0 0 0 0 10
H2PO−

4 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
HPO−

4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Lactate− 3.6 0 3.6 0 3.6 3.6 0 3.6 0 3.6
Glu− 0.05 0 0 0 0.05 0.05 0 0 0 0.05
HEPES− 0 0 0 0 0 6.7 6.7 6.7 6.7 0

Glucose 2.2 0 2.2 0 2.2 2.2 0 2.2 0 2.2
Gln 0.5 0 0 0 0.5 0.5 0 0 0 0.5
Ala 0.5 0 0 0 0.5 0.5 0 0 0 0.5
HEPES 0 0 0 0 0 6.7 6.7 6.7 6.7 0
Mannitol 0 4 0 4 0 0 4 0 4 0
PVP g/l 0 0 0 0 0 0 0 0 0 15
CO2 (%) 1.5 1.5 1.5 1.5 1.5 0 0 0 0 1.5
O2 (%) 98.5 98.5 98.5 98.5 98.5 100 100 100 100 98.5

Composition of solutions given in mM unless otherwise indicated.
PVP is polyvinylpyrrolidone (average molecular weight 40,000).
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1986). The hyperpolarization caused by luminal Na+ re-
moval increases the passive driving forcesV1 − ECl and
V2 − ECl, for Cl− exit across both the basolateral mem-
brane and apical membrane and could explain in part the
fall in ai

Cl. However, theai
Cl remains markedly above

equilibrium (V1 − ECl 4 −19.4 ± 1.4 mV andV2 − ECl

4 +20.4 ± 1.8 mV) after the combined removal of lu-

minal substrates and Na+. These findings indicate the
existence of an active transport mechanism for Cl− entry
into the cell which is independent of luminal Na+.

Following the removal of substrates and Na+ from
the lumen, Na+ was also omitted from the bath (Solution
5) as shown in Fig. 1.V1 andV2 depolarized on average
by +19.6 ± 1.1 mV (n 4 8) and by −20.7 ± 1.6 mV (n

Fig. 1. Effects of removal of luminal Na+ subsequent to the removal of luminal substrates and the effect of basolateral Na+ removal on four electrical
recordings. Top tracing: transepithelial potential (V3 4 lumen − bath4 V1 + V2). Second tracing from top: basolateral membrane potential (V1 4

cytosol − bath); Third tracing from top: gross potential of the chloride electrode (VCl). Bottom tracing: (VCl − V1), expressed as a logarithmic scale
of intracellular activity of chloride (ai

Cl). Data from this and similar experiments are summarized in Table 2-II and 2-III.

Table 2. Effect of removal of luminal substrates and Na+, and removal of basolateral Na+, on the basolateral (V1), luminal (V2), and the
transepithelial membrane (V3) potential differences and on intracellular activity of Cl−, (ai

Cl)

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM) V1-ECl (mV) V2-ECl (mV)

I Control (L and B) −56 ± 2.5 51 ± 2.9 −4.7 ± 0.4 12.8 ± 1.0 −8.6 ± 1.8 5.5 ± 1.8
0 Sub (L), Control (B) −66 ± 2.4 63 ± 3.2 −1.5 ± 0.4 11.5 ± 0.8 −16.5 ± 1.5 15.1 ± 2.0
n (23) (16) (16) (22) (22) (15)
P <0.001 <0.001 <0.001 <0.05 <0.001 <0.001

II 0 Sub (L), Control (B) −66 ± 2.3 62 ± 2.9 −1.2 ± 0.4 10.6 ± 0.7 −15.1 ± 1.2 13.1 ± 2.2
0 Na 0 Sub (L), Control (B) −77 ± 2.0 78 ± 2.6 1.8 ± 0.4 8.3 ± 0.6 −19.4 ± 1.4 20.4 ± 1.8
n (22) (16) (16) (22) (22) (16)
P <0.001 <0.001 <0.001 <0.001 <0.005 <0.005

III 0 Na 0 Sub (L), Control (B) −77 ± 4.5 76 ± 5.7 2.1 ± 0.8 8.2 ± 0.1 −19.3 ± 3.8 18.8 ± 4.6
0 Na 0 Sub (L), 0 Na (B) −57 ± 4.8 165 ± 4.7 1.9 ± 0.8 −5.8 ± 3.7 5.3 ± 3.7
n (8) (6) (6) (8) (8) (6)
P <0.001 <0.001 NS <0.02 <0.001 <0.001

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 11 different tubules.ECl is the
Nernst equilibrium for Cl− calculated as outlined in Materials and Methods Eq. (4) or (5).
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4 6), respectively, while theai
Cl increased by 2.1 ± 0.6

mM (n 4 8). The data are summarized in Table 2-III.
The depolarizations ofV1 andV2 agree with an overrid-
ing effect of Na+ removal on the membrane potential via
the electrogenic Na/HCO3 cotransporter on the basolat-
eral membrane (Boron & Boulpaep, 1983b). The depo-
larizations caused by Na+ removal from the bath de-
crease also the passive driving forces (V1 − ECl) and (V2

− ECl) for Cl− exit across both the basolateral and apical
membrane and could explain in part the rise inai

Cl.
Several mechanisms may contribute directly or in-

directly to the observed change inai
Cl that is associated

with Na-substrate-linked or Na-linked absorption. These
include: (i) at the apical membrane of the cell: Na/Cl or
Na/K/2Cl cotransport, (ii) at the apical membrane: Na-
independent Cl-base exchange such as Cl-OH, Cl-HCO3,
Cl-formate or Cl-oxalate exchange, (iii) at the basolateral
membrane: Na-independent Cl-HCO3 exchange or Na-
driven Cl-HCO3 exchange (with stoichiometry of Na/
HCO−

3 Cl/H or Na/2HCO3-Cl), and (iv) at apical and/or
basolateral membrane: Cl− channels. The following sec-
tions describe experimental maneuvers that test for the
presence of the transporters and channels listed and ex-
amine their role in chloride transport.

EFFECT OFBUMETANIDE, FUROSEMIDE,
AND HYDROCHLOROTHIAZIDE

The presence of a Na/Cl symporter as described forNec-
turus proximal tubule (Spring & Kimura, 1978), or a
Na/K/2Cl cotransporter similar to that present in the
mammalian thick ascending limb of Henle’s loop
(Greger & Schlatter, 1981), would explain the fall inai

Cl

upon removal of Na+ from the lumen. Bumetanide and
furosemide are two potent loop diuretics known to in-
hibit the Na/K/2Cl transporter (Oberleithner et al., 1982;
Schlatter, Greger & Weidtke, 1983). Bumetanide has

also been reported to block NaCl transport inNecturus
gallbladder (Larton & Spring, 1983).

Table 3 shows the effect of the addition of 10−4
M

bumetamide to the luminal perfusion fluid, as well as the
effect of removal of luminal substrates and sodium in the
presence of bumetamide. Perfusing the lumen with a
control solution containing 10−4

M bumetamide caused
slight but significant hyperpolarizations ofV1 andV2 of
−2.1 ± 0.6 mV and +4.2 ± 0.8 mV (n 4 13), respec-
tively, and a depolarization ofV3 of +2.0 ± 0.2 mV (n 4
14). However, theai

Cl remained unchanged (Table 3-I).
When substrates were removed from the lumen in the
presence of bumetanide,V1 and V2 hyperpolarized by
−12.6 ± 0.8 mV and +15.3 ± 0.8 mV (n 4 14), respec-
tively, V3 depolarized by +2.8 ± 0.2 mV (n 4 14), and
the ai

Cl fell by 1.3 ± 0.3 mM (n 4 10) (data of Table
3-II). These values are not different from those obtained
when substrates are removed in the absence of bu-
metanide. Further removal of Na+ from the lumen in the
presence of bumetanide (Table 3-III) hyperpolarizedV1

andV2 by −7 ± 1.9 mV and +10.6 ± 1.7 mV (n 4 11)
respectively, depolarizedV3 by +3.6 ± 0.5 mV (n 4 11),
and reducedai

Cl by 1.3 ± 0.2 mM (n 4 9, P < 0.001).
Thus, the loss of 1.3 mM ai

Cl upon removal of luminal
Na+ in the presence of bumetanide, results likely from
mechanism(s) other than Na/Cl or Na/K/2Cl symport.
Moreover, we found in a previous study using Na+ ion-
selective microelectrodes (Abdulnour-Nakhoul & Boul-
paep, 1986), that the activity of intracellular Na+ (ai

Na)
did not change upon the removal of luminal Cl− in the
presence or absence of bumetanide, which provides ad-
ditional evidence against a sizable Na/Cl or Na/K/2Cl
cotransport at the apical membrane. The addition of fu-
rosemide (10−4

M) to the luminal solution showed no
effect onai

Cl. The substrates and Na+ removal effects
are not altered by the presence of furosemide in the lu-
men (data not shown).

Table 3. Effect of 10−4M bumetanide in the lumen and the effect of removal of luminal substrates and Na+, in the presence of bumetanide

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM)

I Control (L and B) −70 ± 2.6 62 ± 2.7 −7.6 ± 0.5 11.1 ± 1.6
Bumetanide (L), Control (B) −72 ± 2.1 66 ± 2.1 −5.6 ± 0.3 11.0 ± 1.6
n (13) (13) (14) (7)
P <0.001 <0.001 <0.001 NS

II Bumetanide (L), Control (B) −68 ± 3.3 63 ± 3.3 −5.0 ± 0.3 9.8 ± 0.9
0 Sub + Bumetanide (L), Control (B) −81 ± 3.3 78 ± 3.4 −2.2 ± 0.3 8.5 ± 0.9
n (14) (14) (14) (10)
P <0.001 <0.001 <0.001 <0.001

III 0 Sub + Bumetanide (L), Control (B) −79 ± 4.5 78 ± 4.3 −1.4 ± 0.3 9.5 ± 0.9
0 Na 0 Sub + Bumetanide (L), Control (B) −86 ± 3.1 88 ± 3.1 2.2 ± 0.3 8.1 ± 0.8
n (11) (11) (11) (9)
P <0.005 <0.001 <0.001 <0.001

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 4 different tubules.
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Hydrochlorothiazide (HCTZ) is a known inhibitor of
Na/Cl symport in the distal tubule (Costanzo & Wind-
hager, 1978) and in the urinary bladder of the winder
flounder (Stokes, 1984). In a series of experiments on
Ambystomaproximal tubules, addition of HCTZ (10−4

M) to the luminal solution had no effect on the cell mem-
brane potential differences nor on theai

Cl. The effects of
luminal removal of substrates in the presence of HCTZ
were not different from the effects of substrate removal
under control conditions. When Na+ was removed from
the lumen in the presence of HCTZ,V1 hyperpolarized
from −81 ± 3.9 mV to −84 ± 3.4 mV (n 4 5; P < 0.01),
V2 also hyperpolarized from +81 ± 3.9 mV to +85 ± 3.5
mV (n 4 5; P < 0.005) andai

Cl decreased from 8.2 ± 1.2
mM to 6.9 ± 1.1 mM (n 4 4; P < 0.01). The reduced
hyperpolarization ofV1 andV2 following removal of lu-
minal Na+ in the presence of HCTZ, cannot be attributed
to the inhibition of the electroneutral Na/Cl cotransport
and is probably due to secondary actions of the drug on
the cells (Fernandez & Puschett, 1973). The present re-
sults indicating the absence of Na/Cl or Na/K/2Cl co-
transport in the apical membrane of the amphibian proxi-
mal tubule, confirm the report on rabbit renal microvillus
membrane vesicles (Seifter et al., 1984).

EFFECT OFSITS

Apical Cl-Base Exchangers

Several Cl-base exchangers have been shown to exist in
mammalian brush-border membrane preparations, such
as Cl-OH, Cl-HCO3, Cl-formate or Cl-oxalate exchange
(Warnock & Yee, 1981; Seifter et al., 1984; Karniski &
Aronson, 1985; Karniski & Aronson, 1987). The opera-
tion of Cl-base exchange in parallel with Na-H exchange
can lead to net NaCl uptake at the apical border of the
proximal tubule cell (Aronson, 1989). In the present ex-

periments, removal of Na+ from the lumen would reverse
the operation of the apical Na-H exchanger (Boron &
Boulpaep, 1983a) and cause a drop in pHi. Removal of
lactate from the lumen ofAmbystomaproximal tubule
would also decrease intracellular pH (pHi) in Hepes-
buffered media (Siebens & Boron, 1987). Therefore,
both the removal of substrates and that of Na+ from the
lumen are likely to reduce pHi and buffer anions in the
cell. In both maneuvers apical Cl-base exchangers (Cl-
OH, Cl-HCO3, Cl-formate or Cl-oxalate exchange), car-
rying Cl− into the cell and buffer anions out, would slow
down and cause a fall ofai

Cl.
The disulfonic stilbene SITS blocks Cl-HCO3 ex-

change (Cabantchik & Rothstein, 1972) and Cl− oxalate
exchange (McConnell & Aronson, 1994), but is less ef-
fective on Cl-formate exchange (McConnell & Aronson,
1994). Thus, SITS was applied to the lumen to examine
the contribution of Cl-base exchange to Cl− entry from
lumen to cell. To avoid covalent binding of SITS to
amino groups of amino acids, particularly of lysine,
amino acids were omitted (Solution 3) in the following
experiments, prior to the addition of SITS. The addition
of 5 ? 10−4

M SITS to the luminal solution gradually
depolarizedV1 andV2 by +4.7 ± 0.7 mV and −5.3 ± 0.7
mV (n 4 3), respectively, and there was a small but not
significant increase in theai

Cl. The data are summarized
in Table 4-I.

The removal of glucose and lactate from the lumen
in the presence of 5? 10−4

M SITS (Table 4-II) causedV1

andV2 to hyperpolarize by −7.8 ± 1.3 mV and +9.4 ± 1.4
mV (n 4 10) respectively,V3 to depolarize by +1.7 ± 0.2
mV (n 4 10) and theai

Cl decreased slightly by 0.7 ± 0.4
mM (n 4 10), but not significantly. This change inai

Cl

upon removal of luminal substrates in SITS was not dif-
ferent (P < 0.3) from the decrease inai

Cl of 1.3 ± 0.3 mM

(n 4 22, Table 2-II), observed in the absence of SITS.
The electrical changes were also not significantly differ-

Table 4. Effect of 5 × 10−4 M SITS in the lumen and the effect of removal of luminal substrates and Na+ in the presence of luminal SITS

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM)

I Minimal Sub (L), Control (B) −68 ± 4.2 66 ± 4.4 −2.0 ± 0.3 11.1 ± 0.9
SITS (L), Control (B) −63 ± 4.0 61 ± 4.9 −2.5 ± 0.6 14.0 ± 2.8
n (3) (3) (3) (3)
P <0.025 <0.02 NS NS

II SITS (L), Control (B) −53 ± 3.4 50 ± 3.7 −2.8 ± 0.4 14.2 ± 1.0
0 Sub + SITS (L), Control (B) −60 ± 4.4 59 ± 4.8 −1.1 ± 0.5 13.5 ± 1.1
n (10) (10) (10) (10)
P <0.001 <0.001 <0.001 NS

III 0 Sub + SITS (L), Control (B) −60 ± 4.4 59 ± 4.9 −1.3 ± 0.5 13.6 ± 1.3
0 Na 0 Sub + SITS (L), Control (B) −76 ± 2.1 78 ± 1.8 1.9 ± 0.3 9.5 ± 0.5
n (9) (9) (9) (9)
P <0.001 <0.001 <0.005 <0.025

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 3 different tubules.
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ent from those observed in the absence of SITS. Thus,
SITS-sensitive apical Cl-base exchange does not appear
to play a role in the observed fall inai

Cl after substrate
removal.

Subsequent removal of Na+ from the lumen further
decreased theai

Cl by 4.1 ± 1.5 mM (n 4 9, P < 0.025)
alongside a hyperpolarization ofV1 by −16.1 ± 2.8 mV,
of V2 by +19 ± 3.4 mV (n 4 9, P < 0.001) and a
depolarization ofV3 by +3.3 ± 0.7 mV (Fig. 2 and Table
4-III). Those values are not significantly different from
the values obtained upon removal of luminal Na+ under
control conditions. The persistent change inai

Cl upon
removal of luminal Na+ cannot be caused by a SITS-
inhibitable Cl-base exchanger operating in the apical
membrane in parallel with Na-H exchange.

Basolateral Cl-Base Exchangers

Na-independent Cl-HCO3 or Cl-OH exchange has been
described in the basolateral membrane ofNecturuskid-
ney (Edelman, Bouthier & Anagnostopoulos, 1981), of
rat and rabbit proximal tubule (Alpern & Chambers,
1987; Grassl, Holohan & Ross, 1987; Nakhoul, Chen &
Boron, 1990). Guggino et al. (1983) provided evidence
for a basolateral Na-driven Cl-HCO3 exchange mecha-
nism (Na/HCO3-Cl/H) in Necturusproximal tubule, that
translocates Cl− out of the cell and Na+ and 2 HCO−

3 into
the cell. A Na-driven Cl-HCO3 exchange has also been

described in the rat and rabbit proximal convoluted tu-
bules (Alpern & Chambers, 1987; Sasaki & Yoshiyama,
1988). SITS blocks both Na-independent Cl-HCO3

(Edelman et al., 1981; Alpern & Chambers, 1987) and
Na-driven Cl-HCO3 (Guggino et al., 1983) transporters,
and in addition inhibits the electrogenic Na/HCO3 co-
transporter (Boron & Boulpaep, 1983b). Both Na-
independent and Na-driven Cl-HCO3 exchange could ac-
count for the decrease inai

Cl following the removal of
luminal substrates and Na+. Indeed, removal of luminal
substrates and Na+ decreases not onlyai

Na (Morgunov &
Boulpaep, 1987) but also pHi (Boron & Boulpaep,
1983a). As a result of both a fall inai

Na and pHi, the
driving force would be increased for the Na/HCO3-Cl/H
exchanger to carry more Na+ and HCO−

3 into the cell and
more Cl− out. Similarly, as a result of the fall in pHi
Cl-HCO3(OH) exchange would be reduced causing less
Cl− to enter.

To examine whether the effect of luminal Na+ re-
moval onai

Cl is mediated indirectly by an effect on ba-
solateral Na/HCO3-Cl/H or Cl-HCO3(OH) exchang-
ers, the inhibition by SITS in the bath was tested in four
experimental protocols. The data are summarized in
Table 5 and a typical experiment is shown in Fig. 3.
In the first protocol, SITS (5? 10−4

M) alone was added
to the basolateral solution (Table 5-I). As a result,V1,
V2, andV3 gradually hyperpolarized by −7.3 ± 1.2 mV,
+5.6 ± 1.2 mV, and −1.6 ± 0.3 mV, respectively (n 4
14). Theai

Cl fell by 1.8 ± 0.6 mM (n 4 10). This hy-

Fig. 2. Effects of removal of luminal Na+ in the absence of luminal substrates and in the presence of SITS (5? 10−4 M) in the lumen. The changes
observed are not different from the changes in the absence of luminal SITS.V3, V1, VCl, andai

Cl have the same meaning as in Fig. 1. Data from
this and similar experiments are summarized in Table 4-III.
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perpolarization ofV1 is largely due to inhibition by SITS
of the electrogenic Na/HCO3 cotransporter (Boron &
Boulpaep, 1983b), that carries negative charge out of the
cell. The decrease inai

Cl upon addition of basolateral
SITS could be the result of the inhibition of a Cl− entry
step at the basolateral membrane such as Cl-HCO3(OH)
exchange.

In the second protocol substrates were removed
from the lumen, while the bath contained 5? 10−4

M SITS
(Table 5-II). Theai

Cl still fell by 1.2 ± 0.3 mM (n 4 11),
V1 hyperpolarized by −6.5 ± 0.9 mV,V2 by +14.1 ± 1.1
mV, and V3 depolarized by +7.6 ± 0.9 mV (n 4 13).
The various isoforms of the H+/monocarboxylate co-
transporter (MCT) differ in sensitivity to stilbenes

Fig. 3. Effect of addition of SITS (5? 10−4 M) to a bath that contained only the minimal substrates glucose and lactate (Min. Sub), followed by
the removal of luminal substrates, the removal of luminal Na+, and finally the removal of basolateral Na+ in the presence of SITS in the bath. The
gap in the record represents an interval of 6 min.V3, V1, VCl, andai

Cl have the same meaning as in Fig. 1. Data from this and similar experiments
are summarized in Table 5-I, 5-II, 5-III, and 5-IV.

Table 5. Effect of 5 × 10−4 M SITS in the bath and the effect of removal of luminal substrates and Na+ as well as the removal of basolateral Na+

in the presence of SITS in the bath

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM) V1-ECl (mV) V2-ECl (mV)

I Control (L), Minimal Sub (B) −71 ± 2.3 65 ± 2.3 −6.4 ± 0.7 10.3 ± 0.8 −21.3 ± 1.9 14.2 ± 1.8
Control (L), SITS (B) −78 ± 1.7 70 ± 1.9 −8.0 ± 1.0 8.6 ± 0.7 −23.2 ± 1.4 14.4 ± 1.6
n (14) (14) (14) (10) (10) (10)
P <0.001 <0.001 <0.001 <0.02 NS NS

II Control (L), SITS (B) −75 ± 2.8 66 ± 3.0 −8.8 ± 0.9 10.5 ± 1.1 −21.2 ± 1.2 11.8 ± 1.1
0 Sub (L), SITS (B) −82 ± 3.0 80 ± 3.3 −1.2 ± 0.4 9.0 ± 1.3 −23.5 ± 1.6 22.1 ± 1.6
n (13) (13) (13) (11) (11) (11)
P <0.001 <0.001 <0.001 <0.005 NS <0.001

III 0 Sub (L), SITS (B) −77 ± 3.4 75 ± 3.5 −1.5 ± 0.3 8.5 ± 1.0 −18.9 ± 3.2 17.2 ± 3.2
0 Na 0 Sub (L), SITS (B) −80 ± 3.2 82 ± 3.1 1.8 ± 0.4 7.3 ± 0.8 −18.7 ± 3.3 20.6 ± 3.2
n (15) (15) (16) (14) (14) (14)
P <0.005 <0.001 <0.001 <0.001 NS <0.02

IV 0 Na 0 Sub (L), SITS (B) −74 ± 3.9 76 ± 3.9 2.8 ± 0.2 6.2 ± 0.8 −7.9 ± 2.4 11.2 ± 2.5
0 Na 0 Sub (L), 0 Na+ SITS (B) −71 ± 2.8 71 ± 2.7 0.7 ± 0.2 6.2 ± 0.8 −5.1 ± 1.9 5.7 ± 1.9
n (14) (14) (14) (14) (14) (14)
P NS <0.05 <0.001 NS <0.02 <0.005

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 16 different tubules.
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(Wang, Levi & Halestrap, 1996). Renal basolateral lac-
tate transport via the basolateral H+/monocarboxylate co-
transporter (MCT) is not blocked by low concentrations
of DIDS (Rosenberg, Fadil & Schuster, 1993) and only
weakly inhibited by SITS in a nominally HCO3-free bath
(Siebens & Boron, 1987). Therefore, any fall in pHi,
potentially caused by the apical removal of lactate,
should not have been altered by the presence of SITS.
In contrast, inhibition of the basolateral rheogenic Na/
HCO3 transporter by SITS could have increased intra-
cel lu lar HCO−

3 and pH (Boron & Boulpaep,
1983b). There are two interpretations for the persistent
change inai

Cl: either lactate removal does not lead to a
drop in pHi in HCO3-containing solutions, or basolateral
Cl− base exchange is not responsible for the observed
changes inai

Cl.
In the third protocol luminal Na+ was removed in the

presence of basolateral 5? 10−4
M SITS (Table 5-III).

The sodium removal hyperpolarizedV1 by −3.3 ± 0.8
mV (n 4 15) andV2 by +6.7 ± 1.1 mV (n 4 15),
depolarizedV3 by +3.4 ± 0.5 mV (n 4 16), and de-
creased theai

Cl by 1.2 ± 0.3 mM (n 4 14). The hyper-
polarization ofV1 andV2 upon removal of luminal Na+

was significantly less in the presence of SITS (P < 0.005,
n 4 37 unpairedt-test andP < 0.005,n 4 31 unpaired
t-test, respectively) as compared to that observed upon
removal of luminal Na+ in the absence of SITS. The
reduced hyperpolarization ofV1 andV2 is most likely due
to the simultaneous inhibition of the rheogenic Na/HCO3

cotransporter by SITS. The change inai
Cl is reduced but

not abolished by the presence of SITS in the bath (P <
0.05, n 4 36 unpairedt-test). Thus, the reduced re-
sponse ofai

Cl to the assumed fall inai
Na and pHi may be

due to SITS-inhibitable basolateral Na/HCO3-Cl/H or
Cl-HCO3 (OH) exchange. The remaining portion ofai

Cl

change upon removal of luminal Na+ can indicate the
operation of SITS-insensitive Cl− transport mechanisms.

In the fourth protocol we verified the ability of
5 ? 10−4

M SITS to effectively block basolateral Na-
driven Cl-HCO3 exchange. When basolateral Na+ was
removed, in the presence of SITS in the bath, no signifi-
cant change inai

Cl resulted (Table 5-IV). This is in con-
trast to the increase inai

Cl observed upon removal of
basolateral Na+ in the absence of SITS in the bath (Table
2). Thus, the rise inai

Cl observed upon removal of ba-
solateral Na+ appears to be mediated by a SITS-
inhibitable mechanism, most likely Na/HCO3-Cl/H ex-
change. It may be noted that basolateral Na+ removal,
which normally depolarizesV1 by +19.6 ± 1.1 mV
(Table 2-III), did not affectV1 in the presence of SITS.
This confirms the concomitant inhibition of a basolateral
rheogenic Na/HCO3 transporter by SITS.

ROLE OF BICARBONATE

To examine whether the effect of luminal Na+ removal
onai

Cl is mediated indirectly by altered driving forces on

basolateral Na/HCO3-Cl/H or Cl-HCO3 exchange, the
role of bicarbonate removal was investigated. A typical
experiment is shown in Fig. 4 and the results are sum-
marized in Table 6. When the lumen was perfused with
a HCO−

3-free solution (Solution 6),V1 andV2 hyperpo-
larized by −5.3 ± 0.8 mV and +6.2 ± 0.7 mV (n 4 12),
respectively,V3 depolarized by +0.7 ± 0.2 mV (n 4 12),
whereasai

Cl decreased by 1.1 ± 0.3 mM (n 4 12) (Table
6-I). If Cl− uptake occurred in exchange for cellular
HCO−

3, removal of HCO−
3 from the lumen would be ex-

pected to drive more Cl− into the cell. In contrast, the
fall of ai

Cl upon removal of luminal bicarbonate argues
against apical CL-HCO3 exchange contributing to Cl−

uptake. When bicarbonate was subsequently removed
from the bath,V1, V2, andV3 depolarized by +5.7 ± 1.1
mV, −5.1 ± 0.8, and +0.8 ± .03 mV (n 4 11), respec-
tively whereasai

Cl increased by 1.5 ± 0.5 mM (n 4 11)
(Table 6-II). The effect of basolateral bicarbonate re-
moval onai

Cl is compatible with the operation of either
a basolateral Cl-HCO3 exchanger or a Na/HCO3-Cl/H
exchanger driving bicarbonate out and Cl− into the cell.
The changes in cell potential differences must be due to
the electrogenic exit of Na/HCO3 (Boron & Boulpaep,
1983b).

Long-term removal of HCO3 from lumen and bath
did not achieve electrochemical equilibrium for Cl−

across either basolateral or apical membrane (Table 7-I).
Several explanations exist whyai

Cl remains above equi-
librium in nominally HCO3-free solutions: (i) the experi-
mental solutions were not totally CO2- and HCO3-free,
(ii) an apical Cl-base exchanger that is not inhibited by
luminal SITS, (iii) basolateral Cl-OH exchange, also is
not fully inhibited by SITS.

Effect of Organic Substrate Removal and Na+ Removal
in HCO−

3 Free Solutions

In view of the preceding results, the response to substrate
and/or luminal Na+ removal was further examined in
nominally HCO3-free solutions in both lumen and bath
(Fig. 4 and Table 7). In the absence of bicarbonate, the
removal of substrates (Table 7-I) had no effect onai

Cl

and the hyperpolarization ofV1 by −4.5 ± 1.7 mV (n 4
10) was significantly smaller than that observed in Table
2-I upon removal of substrates in the presence of bicar-
bonate (P < 0.02,n 4 33, unpairedt-test). V2 hyperpo-
larized by +6.4 ± 1.8 mV (n 4 10) also less than in
HCO−

3 solutions (P < 0.05,n 4 26, unpairedt-test). The
depolarization ofV3 by +1.9 ± 0.4 mV (n 4 10) was not
different from that seen in bicarbonate. When substrates
are removed from the lumen, the inward current of apical
Na-glucose and Na-aminoacid transporters is abolished
andV1 andV2 will hyperpolarize to values determined by
the diffusional e.m.f.s at the apical and basolateral mem-
brane, in particular the K conductance of the basolateral
membrane (Morgunov & Boulpaep, 1987). However,
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the lactate removal in bicarbonate-free solutions induces
a marked fall of pHi of up to 0.4 pH units (Siebens &
Boron, 1987). Low pHi is known to depolarizeV1 (Bo-
ron & Boulpaep, 1983a) and to reduce the basolateral K
conductance (Steels & Boulpaep, 1987). Thus, the im-
portant fall of pHi due to the bicarbonate-free solutions
used in this experiment explains the reduced hyperpolar-
izations ofV1 andV2 as well as the depression of theai

Cl

response that accompanies such hyperpolarization.
In contrast to the effect of substrate removal, the

removal of Na+ from the lumen (Solution 9) had very
sizable effects (Table 7-II).ai

Cl decreased by 3.6 ± 1.1
mM (n 4 10), V1 hyperpolarized by −13.7 ± 1.5 mV (n

4 12), V2 hyperpolarized by +25.8 ± 1.3 mV andV3

depolarized by 11.9 ± 1.0 mV (n 4 12). The potential
changes ofV2 and V3 are significantly larger than the
values observed upon removal of luminal Na+ in bicar-
bonate (P < 0.005,n 4 28, unpairedt-test). It should be
noted thatV3 in the presence of a bath to lumen Na+

gradient was +9.4 mV. The enhanced electrical response
of V2 and V3 upon removal of luminal Na+ may result
from an increased paracellular diffusional e.m.f. for Na+,
perhaps due to a higher paracellular Na+ permeability in
bicarbonate-free solutions.

It should be noted that theai
Cl of 8.7 mM, measured

in the absence of bilateral bicarbonate and luminal Na+

Fig. 4. Effects of removal of HCO−3 and the effects of removal of luminal substrates and Na+ in the absence of HCO−3. V3, V1, VCl, andai
Cl have

the same meaning as in Fig. 1. Data from this and similar experiments are summarized in Tables 6-I, 6-II, 7-I and 7-II.

Table 6. Effect of removal of bicarbonate from the lumen first, then from the bath onV1, V2, andV3 and onai
Cl

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM)

I Control (L and B) −62 ± 3.0 56 ± 2.9 −6.8 ± 0.4 13.0 ± 1.1
HCO−

3-free (L), Control (B) −68 ± 2.9 62 ± 2.9 −6.1 ± 0.4 11.9 ± 1.1
n (12) (12) (12) (12)
P <0.001 <0.001 <0.005 <0.005

II HCO−
3-free (L), Control (B) −68 ± 3.1 62 ± 3.2 −6.4 ± 0.5 12.0 ± 1.1

HCO−
3-free (L and B) −62 ± 3.2 57 ± 3.0 −5.6 ± 0.6 13.5 ± 1.4

n (11) (11) (11) (11)
P <0.001 <0.001 <0.02 <0.02

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 10 different tubules.
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(Table 7-II), still exceeds that predicted by passive dis-
tribution across either the basolateral or the apical mem-
brane. Indeed, Table 7-II shows thatV1 − ECl 4 15.8 ±
1.5 mV, andV2 − ECl 4 +26 ± 2.3 mV (n 4 12). Thus,
the secondary active transport mechanism which raises
ai

Cl above equilibrium is not dependent on HCO−
3 and

does not require the presence of luminal Na+.

Effect of Organic Substrate Removal and Na+ Removal
in HCO−

3 Free Solutions Containing DIDS

The stilbene derivative DIDS is a powerful inhibitor of
Cl-base exchange including Cl-formate and Cl-oxalate
exchangers (Aronson, 1989), and of some Cl− channels
(Pusch & Jentsch, 1994). DIDS also inhibits the electro-
genic Na/HCO3 cotransporter, but DIDS was applied in
the present experiments always in combination with
HCO−

3 free solutions containing minimal substrate (So-
lution 8). Thus, DIDS was used to exclude the contri-
bution of all anion exchangers toai

Cl homeostasis or to
transcellular Cl− transport. When DIDS (10−4

M) and
HCO−

3 free solutions were present in both lumen and
bath, the proximal tubule continued transepithelial NaCl
absorption as evidenced by a very negativeV3 (Table
8-I). The largerV3 can result from a decrease in para-
cellular anion-selective conductance, if DIDS also inhib-
ited paracellular Cl− conductive pathways. Lucci &
Warnock (1979) suggested a possible effect of SITS on
the paracellular permeability and Schild et al. (1987)
attributed some effects of luminal DIDS to an action on
the paracellular pathway permeability. Althoughai

Cl did
not differ from control conditions, the distribution of Cl−

after DIDS inhibition approached equilibrium (Table 8-
I). Indeed, the passive driving force for Cl− exit across
the apical membrane (V2 − ECl) was not different from
zero. This suggests complete inhibition of all apical Cl-
base exchangers that may holdai

Cl above equilibrium
across that membrane. In addition, the passive driving
force for Cl− exit across the basolateral membrane (V1 −
ECl) became also very small, thus suggesting that any
basolateral Cl-OH exchange persisting in nominally

HCO−
3 free solutions was further inhibited by DIDS. Fi-

nally, it should be noted that, despite a complete inhibi-
tion of all Cl− transporters, it is physically impossible to
achieve simultaneously electrochemical equilibrium
across the Cl− channels of both cell membranes, because
the two membrane potentials are different whereas the
external luminal and basolateral solutions are solute-
clamped at identical Cl− concentrations.

Figure 5 and Table 8-I show the effect of glucose
and lactate removal from the lumen by substituting so-
lution 7 for solution 8, in the bilateral presence of DIDS.
V1 shows a minimal transient hyperpolarization followed
by a depolarization (Fig. 5). Similarly,V2 transiently
hyperpolarized followed by the depolarization, that is
reported in Table 8-I. This contrasts with the immediate
and sustained hyperpolarization observed when all sub-
strates (including amino acids) are removed in HCO−

3

containing solutions in the absence of DIDS. Since only
glucose and lactate were removed in this experiment,
abolishing the inward current of Na-glucose cotransport
may cause the modest transient hyperpolarization
whereas lactate removal probably causes the subsequent
depolarization over 3 to 4 minutes. Indeed, luminal lac-
tate removal by itself in HCO−3 free solutions induces a
marked fall of pHi over a similar time course as that of
the depolarization (seeFig. 1 of Siebens & Boron, 1987)
and intracellular acidification causesV1 to depolarize
(Steels & Boulpaep, 1987). The basolateral H+/
monocarboxylate cotransporter inAmbystomanormally
mediates the basolateral exit of lactate with protons
(Siebens & Boron, 1987). To the extent that the baso-
lateral H+/monocarboxylate cotransporter is inhibited by
DIDS (Wang et al. 1996, Rosenberg et al., 1993), the
resulting decrease in H+/monocarboxylate efflux from
the cell, or even flux reversal, would predict a further fall
in pHi. As a resultV1 would depolarize along the same
time course. The important difference between this ex-
periment and that reported in Table 5-II is the absence of
HCO−

3. In the presence of HCO−3, stilbenes in the bath
may exert an overriding alkalinization of pHi via the
inhibition of the basolateral rheogenic Na/HCO3 cotrans-

Table 7. Effect of removal of luminal substrates and Na+, in the absence of HCO−3

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM) V1-ECl (mV) V2-ECl (mV)

I HCO−
3-free (L and B) −54 ± 3.4 50 ± 3.3 −4.4 ± 0.5 14.0 ± 1.2 −10.9 ± 1.9 6.5 ± 1.7

0 Sub (L), HCO−
3-free (L and B) −59 ± 3.5 56 ± 3.7 −2.5 ± 0.4 13.7 ± 1.2 −15.1 ± 2.6 12.7 ± 2.6

n (10) (10) (10) (10) (10) (10)
P <0.025 <0.01 <0.005 NS <0.025 <0.005

II 0 Sub (L), HCO−
3-free (L and B) −58 ± 2.7 55 ± 2.8 −2.5 ± 0.3 12.3 ± 1.3 −11.0 ± 1.3 8.3 ± 1.3

0 Na 0 Sub (L), HCO−3-free (L and B) −72 ± 2.3 81 ± 1.9 9.4 ± 0.8 8.7 ± 0.9 −15.8 ± 1.5 26.0 ± 2.3
n (12) (12) (12) (12) (12) (12)
P <0.001 <0.001 <0.001 <0.01 <0.01 <0.001

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 4 different tubules.
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porter. In turn, opposite effects on pHi between the ex-
periments of Table 5-II and Table 8-I may explain the
opposite responses of the membrane potential.

Of importance is the finding that upon glucose and
lactate removal,ai

Cl slightly increased, although not sig-
nificantly (Table 8-I). This effect onai

Cl is opposite to
that seen in all previous substrate removal experiments,
but agrees with electrodiffusive shifts of Cl− driven by
the membrane potential changes, that are also opposite in
sign to those seen in previous substrate removal experi-
ments. It is noteworthy that neither (V1 − ECl) nor (V2 −

ECl) differ from zero, indicating a passive distribution of
ai

Cl. An electrodiffusive Cl− pathway, that is not inhib-
ited by DIDS, was also found in rat renal basolateral
vesicles (Grassl et al., 1987).

Figure 5 and Table 8-II show the effects of Na+

removal from the lumen, in the presence of DIDS and
HCO−

3-free solutions.V1 hyperpolarized by −11.9 ± 2.9
mV (n 4 14) alongside a hyperpolarization ofV2 by
+33.2 ± 3.1 mV.V3 depolarized by +21.4 ± 1.1 mV, a
value significantly larger than the depolarization ob-
tained in the absence of DIDS in either bicarbonate-free

Table 8. Effect of removal of luminal glucose and lactate (minimal substrates) and of Na+, in HCO−
3-free solutions in the presence of DIDS (10−4

M) in the lumen and bath

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM) V1-ECl (mV) V2-ECl (mV)

I Minimal Sub HCO−
3-free + DIDS (L and B) −60 ± 7.2 52 ± 7.5 −8.7 ± 1.1 12.7 ± 2.7 −12.5 ± 5.1 3.8 ± 4.8

0 Sub (L), HCO−
3-free + DIDS (L and B) −53 ± 7.4 46 ± 7.9 −7.0 ± 1.2 14.7 ± 2.7 −9.5 ± 4.5 2.7 ± 4.4

n (10) (10) (10) (10) (10) (10)
P <0.05 NS <0.02 NS <0.05 NS

II 0 Sub (L), HCO−
3-free + DIDS (L and B) −53 ± 5.1 48 ± 5.2 −5.4 ± 0.7 13.3 ± 1.5 −8.1 ± 2.9 2.0 ± 3.1

0 Na 0 Sub (L), HCO−3-free + DIDS (L and B) −65 ± 3.1 81 ± 3.4 16.0 ± 1.0 5.5 ± 1.1 5.5 ± 2.6 10.5 ± 2.3
n (14) (14) (14) (14) (14) (14)
P <0.005 <0.001 <0.001 <0.001 <0.001 <0.005

L 4 lumen; B4 bath; Sub4 substrates. The observations are paired and the experiments were performed on 7 different tubules.

Fig. 5. Effects of removal of minimal substrates (glucose and lactate) and the effect of subsequent removal of luminal Na+ in the presence of
bilateral DIDS (10−4 M). V3, V1, VCl, andai

Cl have the same meaning as in Fig. 1. Data from this and similar experiments are summarized in Table
8-I and 8-II.
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solutions (Table 7-II) (P < 0.001, n 4 26, unpaired
t-test), and also larger than in bicarbonate containing
solutions (Table 2-II). The electrical response ofV3

upon removal of luminal Na+ is possibly augmented by
two mechanisms: an enhanced paracellular diffusional
e.m.f. for Na+, resulting from a higher paracellular Na+

permeability in bicarbonate-free solutions and an in-
creased paracellular resistance resulting from partial in-
hibition of the paracellular conductance for Cl−. The
change inai

Cl upon removal of luminal Na+ was also
enhanced by the presence of DIDS;ai

Cl fell from 13.3 ±
1.5 mM to a very low value of 5.5 ± 1.1 mM (n 4 14,
Table 8-II). Since (V1 − ECl) is 5.5 ± 2.6 mV and does
not differ significantly from 0, the lowai

Cl in the absence
of transcellular NaCl transport and in the presence of
DIDS does not differ from a passive distribution across
the basolateral membrane. Large changes inai

Cl oc-
curred in parallel with large changes in membrane po-
tential. Thus, DIDS appears to block effectively all Cl-
base exchangers responsible for keepingai

Cl normally
above equilibrium, but DIDS fails to block those Cl−

channels that underlie the large electrodiffusive shifts
driven by membrane potential changes. This agrees with
the finding that DIDS fails to block a Cl-conductive
pathway in rat basolateral membrane vesicles (Grassl et
al. 1987).

EFFECT OF THECl− CHANNEL BLOCKER DPC

The basolateral membrane conductance to Cl− in the in-
tact amphibian proximal tubule was reported to be low
(Guggino et al., 1982). However, in the present experi-
ments changes inai

Cl occurred alongside changes in
membrane potential difference and the changes inai

Cl

were in the direction as predicted by the altered mem-
brane potential difference. These changes inai

Cl were
maximized by inhibition with DIDS. To further investi-
gate the presence of Cl− channels in the proximal tubule,
we used the Cl− channel blocker diphenylamine-2-
carboxylate (DPC). DPC inhibits Cl− channels in Cl-

transporting epithelia (Di Stefano et al., 1985; Go¨gelein
& Greger, 1986) and the Cl− channels in rat proximal
tubule that are stimulated by cAMP (Wang et al., 1995).
In our control conditions, the electrochemical driving
forces at the basolateral membrane (V1 − ECl) and apical
membrane (V2 − ECl), favor Cl− exit from the cell
through Cl− channels. Blocking these Cl− channels with
DPC would causeai

Cl to rise. The effect of DPC (10−4

M) in the lumen and in the bath is summarized in Table
9. A typical tracing is shown in Fig. 6. When DPC was
added to the luminal solution (Table 9-I),V1 depolarized
by +2 ± 0.6 mV; there was no significant effect onV2; V3

depolarized by +2.7 ± 0.3 mV, and theai
Cl increased

significantly by 2.4 ± 0.6 mM (n 4 22). In contrast,
when DPC was added to the bath only (Table 9-II), there
was no significant effect onV1 or V2; V3 hyperpolarized
slightly by −0.8 ± 0.2 mV, butai

Cl increased by 2.9 ± 1.0
mM (n 4 6). When DPC was added to lumen and bath
consecutively, the effects were additive as shown in Fig.
6. With DPC in both lumen and bath,ai

Cl rose to 17.6 ±
1.6 mM, whereasV1, V2, andV3 were −54 ± 3 mV, +50
± 3.2 mV and −4.6 ± 0.6 mV (n 4 11), respectively.
These changes inai

Cl upon addition of DPC are consis-
tent with the presence of Cl− channels at both the apical
and the basolateral membranes of the cell. The effects of
DPC were completely reversible. Whereas DPC affected
transepithelial potential difference, especially when ap-
plied from the lumen, it did not have a major effect on
either the apical or the basolateral membrane potential
difference. This could be explained if Cl− channels con-
tribute only a small fraction of the overall conductance of
either plasma membrane.

EFFECT OFORGANIC SUBSTRATE REMOVAL AND Na+

REMOVAL IN THE PRESENCE OF ACl−

CHANNEL BLOCKER

The hyperpolarizations of the basolateral and apical
membrane potential that accompany the removal of or-
ganic substrates and Na+ (Table 2-I and 2-II) are in the

Table 9. Effect of addition of DPC (10−4 M) to the lumen and to the bath

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM)

I Control (L and B) −71 ± 2.6 62 ± 2.6 −8.2 ± 0.7 9.9 ± 0.8
DPC (L), Control (B) −69 ± 2.8 63 ± 2.7 −5.4 ± 0.5 12.3 ± 1.2
n (22) (22) (22) (22)
P <0.005 NS <0.001 <0.001

II Control (L and B) −62 ± 4.1 53 ± 4.2 −8.6 ± 0.7 12.7 ± 2.3
Control (L), DPC (B) −65 ± 4.5 54 ± 4.7 −9.4 ± 0.6 15.6 ± 2.4
n (6) (6) (6) (6)
P NS NS <0.025 <0.05

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 7 different tubules.
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right direction to predict a fall inai
Cl caused by increased

efflux through Cl− channels. Similarly, the depolariza-
tions of the basolateral and apical membrane potential
that accompany the removal of Na+ from the bath (Table
2-III) are in the right direction to predict a rise inai

Cl

caused by decreased efflux through Cl− channels.
Table 10 shows the effect of the Cl− channel blocker

DPC on the responses to substrate and Na+ removal from
the lumen. First, in the presence of luminal DPC, the
response to substrate removal (Table 10-I) was quite
similar to that seen earlier without DPC: a hyperpolar-
ization of V1 andV2 by −8.1 ± 1.5 mV and +11.0 ± 1.6
mV, a depolarization ofV3 by +2.8 ± 0.3 mV, and a fall
of ai

Cl by 1.7 ± 0.4 mM (n 4 15). Second, in the pres-
ence of luminal DPC, the response to luminal Na+ re-
moval (Table 10-II) was also quite similar to that seen
earlier without DPC: a hyperpolarization ofV1 andV2 by
−8.9 ± 1.6 mV and +14.4 ± 2.1 mV respectively, a de-
polarization ofV3 by +5.9 ± 0.8 mV, and a fall ofai

Cl by
2.1 ± 0.6 mM (n 4 17). Third, in the bilateral presence
of DPC, the response to substrate removal (Table 10-III)
was also similar to that seen earlier without DPC: a hy-
perpolarization ofV1 andV2 by −7.5 ± 1.2 mV and +9.0
± 1.2 mV, respectively, a depolarizationV3 by +1.6 ± 0.4
mV, and a fall ofai

Cl by 1.7 ± 0.4 mM (n 4 6). Fourth,
in the bilateral presence of DPC, the response to Na+

removal (Fig. 7 and Table 10-IV) was not diminished:V1

andV2 hyperpolarized by −15.6 ± 2.3 mV and +21.6 ±
2.7 mV respectively,V3 depolarized by +6.0 ± 0.9 mV,
andai

Cl fell by 5.9 ± 1.3 mM (n 4 12).
The changes inai

Cl observed upon the addition of
DPC of Table 9 strongly suggest the presence of some
DPC-sensitive Cl− channels on both the apical and the
basolateral membrane of the cell. However, the Cl−

channels, that mediate the responses ofai
Cl elicited by

removal of substrates or Na+ (Table 10), do not appear to
be completely blocked by DPC.

Discussion

The present experiments confirm that intracellular chlo-
ride activity in theAmbystomaproximal tubule is higher
than predicted by electrochemical equilibrium of chlo-
ride across either the apical or the basolateral membrane
of the cell (Boron & Boulpaep, 1983a). This finding
requires the presence of an active entry step for chloride
at the apical and/or basolateral membrane.

Whereas it has been generally accepted that Cl− ab-
sorption in the proximal tubule is linked to Na+ transport,
the mechanism of the linkage is still poorly understood.
Apical Na/organic-substrate cotransport is the major
pathway for Na+ uptake into the proximal tubule cell and
a primary determinant of transepithelial potential differ-

Fig. 6. Effects of the addition of DPC (10−4 M) to the bath and to the lumen.V3, V1, VCl, andai
Cl have the same meaning as in Fig. 1. Data from

this and similar experiments are summarized in Table 9-I and 9-II.
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ence and of transepithelial fluid absorption (Forster,
Steels & Boulpaep, 1980; Morgunov & Boulpaep, 1987).
Chloride is the major anion accompanying Na+ during
isotonic fluid reabsorption in the amphibian proximal
tubule, because of the lower bicarbonate concentration in

the glomerular filtrate as compared to the mammalian
tubule, and also because the amphibian proximal tubule
secretes less acid (O’Regan, Malnic & Giebisch 1982).
Cl− reabsorption can follow either the paracellular or
transcellular pathway. Because the paracellular compo-

Table 10. Effect of removal of luminal substrates and Na+, in the presence of 10−4 M DPC in the lumen and in both lumen and bath

V1 (mV) V2 (mV) V3 (mV) ai
Cl (mM)

I DPC (L), Control (B) −60 ± 3.3 55 ± 3.4 −5.4 ± 0.6 14.6 ± 1.6
0 Sub + DPC (L), Control (B) −68 ± 3.5 66 ± 3.9 −2.6 ± 0.7 12.8 ± 1.6
n (15) (15) (15) (15)
P <0.001 <0.001 <0.001 <0.005

II 0 Sub + DPC (L), Control (B) −67 ± 3.1 65 ± 3.4 −2.4 ± 0.6 12.6 ± 1.4
0 Na 0 Sub + DPC (L), Control (B) −76 ± 1.7 79 ± 1.7 3.4 ± 0.6 10.6 ± 1.1
n (17) (17) (17) (17)
P <0.001 <0.001 <0.001 <0.005

III DPC (L and B) −52 ± 4.0 48 ± 4.4 −4.8 ± 1.0 17.5 ± 2.7
0 Sub (L), DPC (L and B) −60 ± 4.8 57 ± 5.4 −3.2 ± 1.1 15.8 ± 2.5
n (6) (6) (6) (6)
P <0.001 <0.001 <0.005 <0.005

IV 0 Sub (L), DPC (L and B) −51 ± 3.9 48 ± 4.1 −2.1 ± 0.7 18.5 ± 1.8
0 Na 0 Sub (L), DPC (L and B) −66 ± 2.4 70 ± 2.7 3.9 ± 0.5 12.5 ± 1.1
n (12) (12) (12) (12)
P <0.001 <0.001 <0.001 <0.001

L 4 lumen; B4 bath; Sub4 substrates. The observations (n) are paired and the experiments were performed on 11 different tubules.

Fig. 7. Effects of removal of luminal Na+ in the absence of luminal substrates and the bilateral presence of DPC (10−4 M). V3, V1, VCl, andai
Cl have

the same meaning as in Fig. 1. Data from this and similar experiments are summarized in Table 10-IV.
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nent of Cl− absorption is directly proportional to the
paracellular Cl− conductance and the transepithelial elec-
trochemical driving force for Cl−, coupling of paracellu-
lar Cl− absorption to Na+ absorption could be mediated
by altered paracellular driving forces. In contrast, the
transcellular component of Cl− absorption involves trans-
port steps at both cell membranes that may affect intra-
cellular Cl− activity. Therefore, we examined Na-linked
Cl-transport by monitoringai

Cl when Na+ uptake was
modified by means of two standard maneuvers: the re-
moval of substrates from the lumen, and the removal of
Na+ from the lumen.

Our data indicate that in control HCO−
3 solutions, the

removal of substrates from the lumen reduces theai
Cl.

Subsequent removal of Na+ from the lumen reduces the
ai

Cl further. Both changes occur alongside a hyperpolar-
ization ofV1, V2 and a depolarization ofV3. The present
results indicate that several transport mechanisms, both
apical and basolateral, contribute to the alterations ofai

Cl

linked to transcellular NaCl absorption.

APICAL Na/Cl AND/OR Na/K/2Cl COTRANSPORT

An apical transporter for Na+ and Cl− has been described
in the amphibian proximal tubule and would account for
the uphill accumulation of Cl− (Kimura & Spring, 1978).
The present experiments argue against the presence of a
Na/Cl or Na/K/2Cl cotransporter at the apical membrane.
First, in the absence of luminal Na+, theai

Cl is still at a
higher value than predicted by equilibrium (V1 − ECl 4
−19.4 mV andV2 − ECl 4 20.4 mV, Table 2-II), which
strongly suggests that Na/Cl or Na/K/2Cl is not the
mechanism for uphill Cl− entry into the cell. Second, the
steady stateai

Cl was not affected by the addition to the
lumen of bumetanide, hydrochlorothiazide, or furose-
mide, all of which are expected to inhibit Na/Cl or Na/
K/2Cl cotransport. In the presence of bumetanide, furo-
semide, or hydrochlorothiazide the fall inai

Cl upon re-
moval of luminal Na+ is still highly significant, which
implies that Na/Cl or Na/K/2Cl symport is not respon-
sible for the observed fall inai

Cl. Finally, previous data
using ion-selective Na+ microelectrodes have shown no
dependence ofai

Na on luminal Cl− (Abdoulnour-
Nakhoul & Boulpaep, 1986).

APICAL Cl-BASE EXCHANGE

The transport of Cl− across the apical membrane has
been suggested to occur by Na-independent Cl-base ex-
change such as Cl-OH, Cl-HCO3, Cl-formate or Cl-
oxalate exchange (Warnock & Yee, 1981; Seifter et al.,
1984; Seifter & Aronson, 1984; Karniski & Aronson,
1985; Karniski & Aronson, 1987). Cl-base exchange
working in parallel with Na-H exchange at the apical
membrane would result in net NaCl uptake leading to

active electroneutral NaCl reabsorption in the rabbit
proximal tubule (Schild et al., 1987; Aronson, 1989).

Our experiments provide six lines of evidence that
argue against apical Cl-base exchange as a mechanism
for Na-linked Cl− transport across the apical membrane.
First, the fall inai

Cl seen in control conditions after sub-
strate or Na+ removal from the lumen occurs in the nomi-
nal absence of formate or oxalate. Second, exchange of
Cl− for the organic anions lactate and glutamate cannot
be responsible for the observed changes inai

Cl following
removal of the substrates lactate and glutamate from the
lumen. Indeed, lactate removal from the lumen de-
creasesai

Cl which is opposite to the expected change if
lactate were leaving the cell through Cl-lactate exchange.
Moreover, the Cl-formate exchanger has little or no af-
finity for lactate (Karniski & Aronson, 1985; Karniski &
Aronson, 1987). Third, bicarbonate removal from the
lumen decreases theai

Cl, a change opposite to that ex-
pected if Cl-HCO3 exchange were present. Fourth, the
application of SITS in the lumen does not decrease
steady-stateai

Cl. Fifth, the decrease inai
Cl upon removal

of luminal Na+ is not significantly altered by the pres-
ence of SITS in the lumen. Sixth, the decrease ofai

Cl is
still very large when luminal Na+ is removed in the pres-
ence of DIDS in lumen and bath in HCO−

3-free solutions.

BASOLATERAL Na-INDEPENDENT Cl-HCO3 EXCHANGE

Basolateral Na-independent Cl-HCO3 or Cl-OH ex-
change was found inNecturus, rat and rabbit proximal
tubules (Edelman et al., 1981; Alpern & Chambers,
1987; Grassl et al., 1987; Nakhoul et al., 1990). The
presence of Cl-HCO3 exchange on the basolateral mem-
brane is supported by the observed changes inai

Cl in
three experimental conditions of our study. First, in con-
trol conditions the change in free energyDG across the
basolateral membrane for Cl-HCO3 exchange is negative
(Boron & Boulpaep, 1983b) predicting net Cl− influx
into the cell and HCO−3 efflux. When HCO−

3 is removed
from the bath, HCO−3 exit from cell to bath in exchange
for Cl− entry into the cell is accelerated, and theai

Cl rises
as shown in Table 6-II. Second, the observation that the
addition of SITS to the bath decreases theai

Cl (Table 5-I)
is also in agreement with the presence of Cl-HCO3 ex-
change. However, it should be noted that SITS inhibi-
tion was unable to bring theai

Cl in electrochemical equi-
librium across either cell membrane, suggesting that the
exchanger may have a low affinity for SITS. Third, ad-
dition of DIDS to lumen and bath in the absence of
HCO−

3 brings theai
Cl to a value not different from that

predicted by equilibrium across the apical membrane.
This finding suggests that DIDS blocks an active entry
step for Cl−, perhaps Cl-OH exchange.
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BASOLATERAL Na-DRIVEN Cl-HCO3 EXCHANGE (Na/
HCO3-Cl/H)

Na-driven Cl-HCO3 electroneutral exchange (Na/HCO3-
Cl/H) has been reported in the basolateral membrane of
Necturusproximal tubule (Guggino et al., 1983) and
mammalian proximal tubule (Alpern & Chambers, 1987;
Sasaki & Yoshiyama, 1988). First, our experiments in
Ambystoma(Table 2-III) confirm the observation inNec-
turus (Guggino et al., 1983), that removal of basolateral
Na+ causes theai

Cl to increase. These findings are con-
sistent with the presence of Na-driven Cl-HCO3 electro-
neutral exchange in the basolateral membrane ofAmbys-
tomaproximal tubule. However, because large depolar-
izations accompany the removal of basolateral Na+,
presumably resulting from the operation of the electro-
genic Na/HCO3 cotransporter, conductive Cl movement
could explain the increase inai

Cl as well. Second, the
effect of basolateral Na+ removal onai

Cl can be com-
pletely blocked by SITS in the bath (Table 5-IV). This
finding could argue in favor of basolateral Na-driven
Cl-HCO3 electroneutral exchange. However, SITS very
much reduced the depolarization caused by removal of
basolateral Na+, as expected from the known SITS-
sensitivity of the basolateral electrogenic Na/HCO3 co-
transporter. This leaves conductive Cl movement as an
alternative explanation for the increase inai

Cl.

APICAL AND BASOLATERAL Cl− CHANNELS

A chloride conductance was described in rabbit renal
microvillus membrane vesicles (Warnock & Yee, 1981;
Seifter et al., 1984), and in rat basolateral membrane
vesicles (Grassl et al., 1987). Patch-clamp studies have
detected single chloride channels in the basolateral mem-
brane of isolated cells ofAmbystomaproximal tubule
(Segal & Boulpaep, 1990) and of rabbit proximal straight
tubule (Gögelein & Greger, 1986; Segal et al., 1993).
Chloride channels in the basolateral membrane ofAm-
bystomaproximal tubule can be blocked in part by DPC
(Segal & Boulpaep, 1992).

Several lines of evidence in the present work favor
the existence of Cl− channels. First, because prevailing
electrochemical driving forces predict passive Cl− exit
across both apical and basolateral membrane, blocking
Cl− channels should result in an increase inai

Cl. Our
finding that ai

Cl increases after addition of DPC to the
lumen and/or to bath (Table 9-I and 9-II), is consistent
with the presence of Cl− channels at the apical and ba-
solateral membrane of the cell.

Second, when the contribution of all anion exchang-
ers toai

Cl homeostasis or to transcellular Cl− transport
was prevented by bathing the tubule on both sides in
DIDS and nominally HCO−3-free solutions,ai

Cl achieved
electrochemical equilibrium across the apical membrane

and departed only slightly from equilibrium across the
basolateral membrane.

Third, when in the presence of DIDS and HCO−
3-free

solutions largeai
Cl changes were induced by the block-

ade of transepithelial Na+ absorption, the Cl− distribution
remained in electrochemical equilibrium across the ba-
solateral membrane. Because DIDS fails to block the
Cl-conductive pathway in rat basolateral membrane
vesicles (Grassl et al., 1987), the present data are con-
sistent with the presence of Cl− channels at both the
apical and basolateral membrane.

Fourth, all experimental maneuvers, that caused a
hyperpolarization ofV1 or V2, resulted in a decrease of
ai

Cl. Similarly, experiments that caused depolarizations
of V1 or V2 resulted in an increase ofai

Cl. In the present
experiments the largest membrane potential changes re-
sulted either from alterations of the current carried by
Na/substrate symport across the apical membrane or
from alterations of the current carried by the electrogenic
Na/HCO3 cotransporter across the basolateral membrane
by Na/substrate symport. The resulting changes inV1 or
V2 observed during the 23 experimental maneuvers of
Tables 2–8,10 and the concomitant changes inai

Cl are
shown in Fig. 8A andB. Theai

Cl before an experimental
maneuver (ai

Cl pre) and after the maneuver (ai
Cl post) are

calculated as log(ai
Cl post/ai

Cl pre) and plotted in Fig. 8A
against the change in basolateral membrane potential
DV1 expressed as (V1

post − V1
pre). In Fig. 8B the values

of log (ai
Cl post/ai

Cl pre) are plotted against the change in
apical membrane potentialDV2 expressed as (V2

post −
V2

pre). The logarithmic changes inai
Cl are correlated to

the concomitant changes in basolateral membrane poten-
tial DV1, yielding a slope of 9.13 V−1, or a 3.4-fold
change inai

Cl induced by aDV1 of 58 mV. The loga-
rithmic changes inai

Cl are correlated with the concomi-
tant changes in apical membrane potentialDV2, yielding
a slope of −7.82V−1, or a 2.8-fold change inai

Cl induced
by aDV2 of 58 mV. The slope of both lines is less than
the Nernstian slope of 1/58 mV or 17.2V−1. However,
with two membranes in series and identical external Cl−

concentrations bathing each membrane, it is physically
impossible to satisfy electrochemical equilibration across
each membrane, unless theDV2 and DV1 are of equal
magnitude. Indeed, if both membranes contain Cl− chan-
nels, the relative Cl− conductance and potential change at
a particular membrane will determine how closelyai

Cl

approximates equilibrium across that membrane. As
shown by the intercepts of the regression lines the rever-
sal potentials forDV1 andDV2 do not differ from zero.
The data of Fig. 8 suggest that changes inai

Cl are me-
diated, at least in part, by movement of Cl− through Cl−

channels at either the apical or basolateral membrane.

Na-LINKED TRANSCELLULAR Cl TRANSPORT

Two maneuvers were used to test for Na-linked transcel-
lular Cl− transport: the removal from the lumen of or-
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ganic substrates taken up by the cell together with Na+,
and the removal of Na+ itself from the lumen. Multiple
pathways can be responsible for the apparent linkage
between Na+ and Cl− transcellular absorption.

At least two immediate effects of substrate removal
in HCO3 containing solutions are the source of altered
Cl− transport: (i) a decrease inai

Na and (ii) hyperpolar-
ization of V2 and V1. Activation of basolateral Na/
HCO3-Cl/H exchange by a loweredai

Na, and increased
potential differences across Cl− channels would each fa-
vor Cl− extrusion and thus explain the observed fall in
ai

Cl. Substrate removal in HCO3-free solutions provides
an additional source of altered Cl− transport: a decrease
of pHi caused by the one-sided removal of lactate. In
turn a low pHi would activate basolateral Na-indepen-
dent Cl-OH exchange.

In contrast, Na+ removal from the lumen has at least
three immediate effects that cause altered Cl− transport:

(i) a decrease inai
Na, (ii) a fall in pHi, and (iii) hyper-

polarization ofV2 andV1. Operation of SITS-inhibitable
basolateral Na/HCO3-Cl/H exchange and Cl-HCO3 (or
-OH) exchange together with increased driving forces
across Cl− channels would all favor Cl− extrusion and
thus explain the observed fall inai

Cl. The relative con-
tribution of each of these pathways cannot be fully es-
tablished from the present experiments. Indeed, bilateral
DPC does not blunt the fall inai

Cl upon removal of
luminal Na+. However, the startingai

Cl was higher in
the presence of DPC (17.5 mM) than in control (9.9 mM).
Any transport system that extrudes Cl− could be acti-
vated by an elevatedai

Cl. For example, the highai
Cl,

combined with a lowai
Na and pHi in response to the

removal of luminal substrates and Na+, would activate
the basolateral Na/HCO3-Cl/H exchange, driving Cl− out
of the cell and Na+ and HCO−

3 in. Moreover, Cl− chan-
nels insensitive to DPC (Segal & Boulpaep, 1992) may
still contribute to theai

Cl response. Conversely, in the
presence of bilateral DIDS, the removal of Na+ from
lumen still decreasesai

Cl, indicating that basolateral Na/
HCO3-Cl/H or Cl-HCO3 (OH) exchange is not the sole
mechanism by which luminal Na+ removal decreases
ai

Cl.
Finally, it should be pointed out that whereas the

logarithmic changes inai
Cl correlated well with induced

changes in basolateral membrane potential, the absolute
values ofai

Cl generally did not come into electrochemi-
cal equilibrium. The changes inai

Cl may therefore in
part be caused by some crosstalk between the apical and
the basolateral membrane, e.g., low or high states of
apical uptake of Na and Cl may cause an unknown trans-
duction mechanism to modulate basolateral chloride con-
ductance.

CELL MODEL OF TRANSCELLULAR Cl PATHWAYS

Figure 9 incorporates the cellular transport pathways for
Cl− in proximal tubules perfused with control solutions
that contain bicarbonate and lactate but no other carbox-
ylic acids. Cl− channels are shown at the apical mem-
brane. Na-independent Cl-HCO3 (or OH) exchange, Na-
driven Cl-HCO3 exchange, and Cl− channels are shown
at the basolateral membrane. Passive driving forces for
Cl− favor the exit of Cl− from the cell across the baso-
lateral membrane when (V1 − ECl) is negative and across
the apical membrane when (V2 − ECl) is positive. The
present results show the existence of electrochemical
gradients favoring Cl− exit in all experimental condi-
tions, except during some maneuvers in the presence of
DIDS where electrochemical equilibrium was attained.
In contrast, because a negative (V2 − ECl) was never
detected, apical Cl− uptake through Cl− channels is not
expected. Moreover, when the lumen does not contain
bases such as formate or oxalate, Cl− is not expected to
enter the cell through apical Cl-base exchange, except for

Fig. 8. (A) Changes inai
Cl plotted as log (ai

Cl in 0 Na/ai
Cl in 100 Na)

against the concomitant changes in basolateral membrane potential
DV1. Data of Tables 2–8,10. The regression equation is log (ai

Cl in 0
Na/ai

Cl in 100 Na)4 −0.009 + 0.00913DV1 (P < 0.0001). The inter-
cept does not differ significantly from 0.r 4 0.76. (B) Changes inai

Cl

plotted as log (ai
Cl in 0 Na/ai

Cl in 100 Na) against the concomitant
changes in apical membrane potentialDV2 (calculated asV2 in 0 Na −
V2 in 100 Na). Data of Tables 2–8,10. The regression equation is log
(ai

Cl in 0 Na/ai
Cl in 100 Na)4 0.011 − 0.00782DV2 (P < 0.0001). The

intercept does not differ significantly from 0.r 4 0.90.

33S. Abdulnour-Nakhoul and E.L. Boulpaep: Chloride transport in proximal tubule



unknown moieties of intracellular base (e.g., monocar-
boxylate) generated by cell metabolism. Thus, in our
experimental conditions transepithelial Cl− movement
should have proceeded via a paracellular route (Boul-
paep, 1971; Sackin & Boulpaep, 1981b).

What are the active transport mechanisms that keep
intracellular chloride activity in theAmbystomaproximal
tubule above that predicted by electrochemical equilib-
rium across either the apical or the basolateral membrane
of the cell? The model of Fig. 9 suggests that in the
absence of anionic bases in the tubule lumen, the prin-
cipal cause of an elevatedai

Cl is Cl-HCO3 or Cl-OH
exchange at the basolateral membrane. The electro-
chemical gradients for Cl−, Na+ and HCO−

3 in HCO3-
containing solutions predict Cl− to leave the cell across
the apical membrane via Cl− channels and across the
basolateral membrane via both Cl− channels and Na-
driven Cl-HCO3 exchange. In contrast, in nominally
HCO3-free solutions, apical and basolateral Cl− exit pro-
ceeds via Cl− channels only.

This work was supported by grants DK-13844 and DK-17433 from the
National Institutes of Health.
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