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Chloride Uptake by Brush Border Membrane Vesicles
Isolated from Rabbit Renal Cortex

COUPLINGTO PROTONGRADIENTSANDK+ DIFFUSION POTENTIALS

DAVID G. WARNOCKand VICTORIA J. YEE, Cardiovascular Research Institute and
Department of Medicine, University of California, San Francisco,
California 94143

A B S T RA C T Brush border membrane vesicles were
isolated from rabbit renal cortex by Mg++-precipitation
and differential centrifugation. NCI- and [3H]glucose
uptakes were simultaneously determined by a rapid
filtration technique. Lysis of the vesicles with distilled
water abolished 90-95% of the radioactivity on the
filters, suggesting that nearly all of the 36Cl- and [3H]-
glucose counts represented uptake into an osmotically
reactive intravesicular space. Inwardly directed K+
gradients plus valinomycin stimulated 36C1- uptake,
demonstrating a conductive pathway for chloride
uptake into brush-border membrane vesicles. 36C-
uptake could also be stimulated by inwardly directed
proton gradients (pHoutside < pHinside). This effect was
seen in the absence of sodium, as well as in the pres-
ence of valinomycin when the vesicles had equal K+
concentrations inside and out. An "overshoot" phe-
nomenon was observed when external 36C- was 2 mM
and the external pH was lowered from 7.5 to 6.0 or to
4.5. The effect of the proton gradient was presumed
to be different from the conductive mechanism because
(a ) the stimulation of 3Cl- uptake by inwardly directed
K+ diffusion potentials was additive to the proton
gradient effect, and (b) competition studies revealed
statistically significant effects of thiocyanate on the
conductive pathway, but not on the proton-driven
pathway.

HC1 cotransport or anion exchange are electrically
neutral mechanisms which could couple 3Cl- uptake
to inwardly-directed proton gradients in a brush border
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membrane vesicle. If both electrically neutral and
conductive pathways for chloride transport are present
in the luminal membrane of the proximal tubule, then
the mechanism as well as the direction of net chloride
transport will be influenced by the nature of the
accompanying cation transport process.

INTRODUCTION

There are several coupled transport processes in the
proximal tubule by which sodium is cotransported
with organic solutes across the luminal membrane
(1-4). The driving force for these reabsorptive processes,
by extrapolation from studies with other tissues, is
provided by the electrochemical gradient for sodium
between lumen and cell (5, 6). Sodium-dependent
glucose cotransport has been well characterized by
studies of brush border membrane vesicles prepared
from the intestine and renal cortex of rat, rabbit, dog,
and human kidney (7-17). The rate of glucose ac-
cumulation, including a transient "overshoot" phe-
nomenon, depends upon the particular anion that is
present during sodium-dependent glucose cotransport
(7, 8, 11, 13, 14, 17, 18). These anion effects are the
basis for the inference that there is a conductive
(i.e., electro-diffusional) pathway for anion transport
in parallel with the sodium cotransport mechanisms
in brush border membrane vesicles.

Most of the filtered load of bicarbonate and organic
solutes is reabsorbed in early segments, while chloride
reabsorption predominates in later segments of the
proximal tubule (19-25). Hence, there may be chloride
transport mechanisms in the late proximal tubule that
are fundamentally different from those associated with
sodium-coupled organic solute transport in the early
proximal tubule. Several investigators (19-25) have
proposed that "passive" paracellular transport mech-
anisms (e.g., diffusion, convection) may contribute
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to the reabsorption of salt and water in the late proximal
tubule (19-25). Alternatively, recent studies suggest
that transcellular, electrically neutral transport of
chloride may occur in the late proximal tubule (26-29).
A specific model for neutral NaCl reabsorption has
been proposed for the proximal tubule that incorpo-
rates a parallel arrangement of Na+/H+ and C1-/0H-
exchange mechanisms in the luminal membrane (29).
The presence of an electrically neutral Na+/H+ antiport
has been described in brush-border membrane vesicles
prepared from the small intestine and the renal cortex
(30). Other studies have examined electrically neutral
uptake mechanisms for various anions in brush border
membrane vesicles prepared from the small intestine
(31-33), and renal cortex (34-36). However, specific
information about the pathways of chloride transport
across the luminal membrane of the proximal tubule
is not currently available.

The present paper describes two possible mech-
anisms for 36Cl- uptake in brush border membrane
vesicles prepared from rabbit renal cortex. A conductive
pathway can be demonstrated by the stimulation of
36C1- uptake with inwardly directed K+ gradients plus
valinomycin (VAL).' 36Cl- uptake could also be stim-
ulated by inwardly directed proton gradients (pHo
[outside] < pH, [inside]). Both 3"Cl- uptake processes
can be demonstrated in the complete absence of
sodium, and are therefore not coupled to sodium trans-
port in an obligatory fashion. However, if these chloride'
transport pathways are functional in the in vivo tubule,
then chloride transport could be indirectly coupled to
sodium transport across the luminal membrane by (a)
the lumen-negative electrical potential difference (PD),
and depolarization of the luminal membrane associated
with electrogenic sodium transport (e.g., glucose co-
transport), or (b) by pH gradients generated across
the luminal membrane by Na+/H+ exchange. Hence,
the nature of the sodium transport mechanism may
determine the mode of chloride transport across the
luminal membrane of the proximal tubule. Electro-
diffusional chloride transport may accompany electro-
genic sodium transport in early segments of the
proximal tubule, while chloride transport that is coupled
to the proton gradient may predominate in the late
proximal tubule once the filtered loads of organic
solutes and bicarbonate have been reabsorbed.

METHODS
Membrane preparation. Female New Zealand white

rabbits, 2-3 kg in weight, were killed by decapitation. Each
kidney was perfused via the renal artery with 35 ml of ice-cold

IAbbreviations used in this paper: i, inside; Mes 2-(N-
Morpholino) ethanesulfonic acid; o, outside; PD, electrical
potential difference; TMA+, tetramethyl-ammonium; VAL,
valinomycin.

homogenizing solution: 50 mMmannitol, 2 mMTris/HCl
(pH 7.0), and 0.5 mMEDTA. The kidneys of two rabbits
were removed, and the cortical tissue was homogenized in
330 ml of homogenizing solution with an Omni-Mixer
(Sorvall, Du Pont Instruments-Du Pont Co., Newtown,
Conn.) for 4 min. Brush border membrane fractions were
then prepared by precipitation with 12 mMMgSO4 and
differential centrifugation (13, 15, 17, 37-39). Subsequent
homogenizations and centrifugations were usually done in a
solution containing 100 mMmannitol, 1 mMHepes/Tris
(pH 7.5), and 12 mMMgSO4. The final pellets were sus-
pended with a syringe and fine needle in -250 Al of the
appropriate buffer (indicated in text) for at least an hour
("preloading") before the uptake studies.

The purity of the membrane fractions was determined by
enzyme assays. The methods and results were quite similar
to previous reports (13, 14, 17, 33, 37-42). The enrichment
of the brush border marker, alkaline phosphatase, was 10-
fold (10 separate determinations), and the enrichment of the
baso-lateral marker, K+-stimulated phosphatase, was 0.4 (10
separate determinations).

Uptake studies. Solute uptake was assayed by a rapid
filtration technique (43). The usual composition of the final
incubation media was 40 mMK2SO4, 20 mMNa36Cl or
20 mMtetramethyl-ammonium (TMA)36CI (9.5 !Ci/ml), 0.14
mM _[3H]glucose (22 itCi/ml), and 50 mMHepes/Tris
(pH 7.5). The concentration of mannitol was adjusted so
that the buffer solutions were isoosmotic. The pH of incuba-
tion media and vesicle preparations was checked with a
combination pH/reference electrode (model MI-410; Micro-
electrodes, Inc., Londonderry, N. H.). The pH was adjusted
to the indicated values with Tris base or H2SO4. Changes in
the composition of the incubation media as well as the stop
solutions are indicated in the text, figure legends, and in the
tables. The stop solution contained 60 mMMgSO4, 40 mM
K2SO4, 150 mMmannitol, 1.0 mMglucose, 0.4 itCi/ml of
[I4C]glucose, and 0.2 mMphloridzin. Identical results were
obtained if the salts in the stop solution were 100 mM
K2SO4 or 100 mMpotassium gluconate. Cellulose nitrate
filters (0.65-um pore size; Beckman Instruments, Inc., Palo
Alto, Calif.) were used for the uptake assays. Usually 30 ,ul
of the membrane suspension was added to 140 iLl of incuba-
tion media at "zero" time, and then kept in a thermal block
at 25°C. VAL, or ethanol was added to the membrane sus-
pension before the addition of the incubation media. At
different time intervals (0.15, 0.5, 1, 2, and 6 min), a 20-,l
sample was removed from the incubation suspension and
diluted into 1 ml of ice-cold stop solution and immediately
filtered. The filters were then washed with 5 ml of ice-cold
wash solution to remove extravesicular radioactivity. Three
samples were assayed at 60 or 120 min to determine the
uptake counts at equilibrium. The wash solution was identical
to the stop solution except that ['4C]glucose was omitted.
The radioactivity on the filters was counted with standard
triple-label liquid-scintillation techniques (44). The percent
"spill" was determined with isotopic standards (average of
five determinations): 3H into the 14C channel, 0.026±0.004%;
3H into the 36Cl- channel, 0.000%; '4C into the 3H channel,
28.1±0.3%; '4C into the -"Cl- channel, 0.17±0.01%; M"Cl-
into the 3H channel, 3.6+0.1%; and 36Cl- into the "4C channel,
46.1 + 1.4%. These coefficients were used to solve three
simultaneous equations to obtain the spill-corrected 3H, 14C,
and 3MCl- counts for each sample. The "4C counts on each
filter originated in the iced-stop solution, and were used to
correct the 3H solute and 36Cl- counts for extravesicular
radioactivity. Aliquots of each of the final incubation mixtures
were counted for determining the specific activities of 3H
solute and 36Cl-. The protein concentration of each of the
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final incubation mixtures was measured with the Folin
phenol reagent (45), using bovine serum albumin as a stand-
ard, and ranged between 7 and 10 mg/ml.

Statistics and materials. Uptake results were expressed
as nanomoles per milligram protein, mean+SEM. Statistical
comparisons were done with paired, two-tailed t tests. P
values > 0.05 were considered to be nonsignificant. P values
c 0.05 are indicated by (*) in the figures.

All chemicals were of the highest purity available. VAL
and cellobiose were purchased from Sigma Chemical Co.
(St. Louis, Mo.), phloridzin from ICN K & K Laboratories,
Inc. (Plainview, N. Y.), and L-glucose from Calbiochem
Behring Corp., American Hoechst Corp. (La Jolla, Calif.).
D- and L-[3H]glucose were purchased from New England
Nuclear (Boston, Mass.). [14C]glucose, Na36Cl, H36Cl, and
TMA36C were purchased from ICN, Pharmaceuticals Inc.,
Irvine, Calif.

RESULTS

Uptake of D-[3H]glucose and 36C1- in the presence of
Na+. The uptakes of D-[3H]glucose and `1C6- are
presented in Fig. 1. The D-[3H]glucose uptake (0, Fig.
1) shows a typical "overshoot", and reaches a final
equilibrium value of 0.13+0.01 (n = 6) nmol/mg
protein at 60 min. 36C1- uptake values are shown in the
lower panel (0), and averaged 15.8+0.8 (n = 6) nmol/
mgprotein at 60 min. The effect of a transmembrane PD
on 36C1- uptake was examined by imposing an inwardly
directed K+ gradient ([K+]i > [K+]i). The membrane K+
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FIGURE 1 Uptake of D-[3H]glucose (A) and 36Cl- (B) by
brush border membrane vesicles: effect of inwardly directed
K+ gradient ([K+lo > [Ki]t) in the presence of Na+. Vesicles
were preloaded with 100 mMmannitol, 10 mMMgSO4, and
1 mMHepes/Tris (pHi = 7.5). Extemal incubation medium
contained 40 mMK2S04, 20 mMNa3Cl, 0.14 mMD_[3H]-
glucose, and 1 mMHepes/Tris (pH. = 7.5). 0, control series;
0, plus VAL (100lOg/ml). Starred values (*) are significantly
different from the control series (P c 0.05; n = 5 paired
studies).

conductance is increased by VAL (46, 47), and a K+
diffusion PD (interior-positive) is created. The inwardly
directed K+ gradient was achieved by preloading the
vesicles with 40 mMMgSO4, and incubating them in an
external medium containing 40 mMK2SO4. The effect
of the K+ diffusion potential (plus VAL) on D-
[3H]glucose uptake is shown by the closed circles in the
upper panel of Fig. 1. The overshoot was abolished, but
the final equilibrium value for D-[3H]glucose was the
same as the control series. In contrast, 36C1- uptake was
significantly increased at the earlier time points
without any effect on the 60-min equilibrium value (0,
Fig. 1B). The effects of a K+ gradient plus VAL on D-
[3H]glucose uptake are consistent with generation on
an interior-positive PD and consequent inhibition of
electrogenic sodium-coupled glucose cotransport (7-18).
Stimulation of36Cl- uptake by the inwardly directed K+
diffusion PDdemonstrates the conductive (i.e., electro-
diffusional) pathway for chloride entry. A conductive
pathway for chloride entry has been inferred from
previous studies of brush border membrane vesicles
(7-17), and has also been demonstrated in mitochon-
dria (48, 49).

Uptake of D[3H]glucose and 36C1- in the absence of
Na+. The presence of Na+ complicates the analysis of
NCl- uptake because of the variety of uptake processes
in which Na+ may participate (i.e., glucose-coupled
cotransport (7-18), possible conductive entry of Na+
[30, 50], neutral, coupled entry with chloride [28,
51-57], and Na+/H+ exchange [30, 58]). Therefore,
to simplify the study of 36CL- uptake, Na+ was replaced
by another cation, TMA+, which we assume to be
impermeant (28, 55). The studies in Fig. 2 examined
the effect of sodium removal upon the conductive
entry of 36C1-. The vesicles were preloaded with 40
mMMgSO4, and the external incubation media con-
tained 40 mMK2SO4. In the absence of Na+, the uptake
of D-[3 H]glucose at equilibrium is an indication of
intravesicular volume (7-18). The control values (O,
Fig. 2) were obtained without VAL. The addition of
VAL (, Fig. 2) increased 36C- uptake, but had no effect
upon D-[3H]glucose entry or on the equilibrium values
for D-[3H]glucose or 36C1-. These results show that
conductive uptake of 3Cl- can be driven by a K+ dif-
fusion PD (inwardly-directed K+ gradient plus VAL),
even in the absence of Na+ (0, Fig. 2B).

An inwardly directed chloride gradient ([Cl-]0
> [Cl-]1) may generate an interior-negative diffusion
PD via the conductive pathway for chloride entry.
Depending on the magnitude of the chloride diffusion
PD, adding VAL with equal K+ concentrations inside
and out ([K+] = [K+]i) may enhance 36C1- uptake by
allowing parallel, compensating charge movement
of K+ through the VAL pathway. Fig. 3 shows the
results when vesicles were preloaded with 40 mM
K2SO4, 100 mMmannitol, and 50 mMHepes/Tris
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FIGURE 2 Uptake of D-[3H]glucose (A) and NCI- (B) by brush
border membrane vesicles: effect of inwardly directed K+
gradient ([K+]. > [K+1]) in the absence of Na+. Vesicles
were preloaded with 40 mMMgSO4, 100 mMmannitol,
and 50 mMHepes/Tris (pHi = 7.5). External incubation media
contained 40 mMK2SO4, 20 mMTMA36C1, 0.14 mMD_(3H]-
glucose, and 50 mMHepes/Tris (pH0 = 7.5). 0, control series;
*, plus VAL (100 ,ug/ml). Starred values (*) are significantly
different from the control series (P s 0.5; n = 9 paired studies).

(pH 7.5). The buffer content, pH and K2SO4 concen-
tration of the external incubation media were identical
so that there was no transmembrane K+ gradient. The
control uptake values (minus VAL) are shown as open
circles in Fig. 3. The addition of VAL had no effect
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FIGuRE 3 Uptake of 36Cl- by brush border membrane
vesicles: effect of zero K+ gradient ([K+]i = [K+]L) in the
absence of Na+. Vesicles were preloaded with 40 mM
K2SO4, 100 mMmannitol, and 50 mMHepes/Tris (pH1
= 7.5). External incubation medium contained 40 mM
K2SO4, 20 mMTMA3C1, 0.14 mMD-[3HJglucose, and 50
mMHepes/Tris (pH0 = 7.5). 0, control series; 0, plus VAL
(100 ,ug/ml). Starred value (*) is significantly different from
the control series (P s 0.05; n = 5 paired studies).

on the uptake of D-[3H]glucose (data not shown). A
slight increase of NCl- uptake was observed with VAL
at 0.5 min (3.6±0.4 vs. 4.4±0.4 nmol/mg), which was
statistically significant (P c 0.001, n = 5 paired studies).
VAL did not affect 36C1- uptake at any of the other time
points (0, Fig. 3). The slight stimulation of -"Cl- uptake
at 0.5 min probably represents conductive entry of
3"Cl- accompanied by a parallel movement of K+
through the VAL pathway: K+ entry driven by the
inwardly directed 36C- gradient.

Stimulation of 36Cl- uptake by pH gradients.
Murer, Hopfer, and Kinne (30) found an electrically
neutral exchanger (antiport) for Na+/H+ in brush border
membrane vesicles from rat intestine and kidney cortex
(30). One feature of the Na+/H+ antiport was the
counterflow phenomena; 22Na+ entry could be stimu-
lated by an outwardly directed proton gradient (pHi
< pH,) (30). If the vesicle membrane also contains
Cl-/OH- exchangers or HC1 cotransport systems, then
a similar counterflow phenomena should be observed:
36Cl- uptake driven by an inwardly directed proton
gradient (pHo < pHi).

The same buffer systems described by Murer et al.
(30) were used to examine the effects of proton gra-
dients on 36C1- uptake. L-[3H]glucose, rather than
D-[3H]glucose, was used as the marker for intra-
vesicular volume to avoid the possibility that D-glucose
binding may vary with external pH (59). The vesicles
were preloaded with 180 mMmannitol, 1 mMHepes/
Tris (pH 7.5) buffer, and 40 mMK2SO4. The external
media contained 40 mMmannitol, 40 mMK2So4,
20 mMTMA36C1, 0.14 mML-[3H]glucose, and either
50 mMHepes/30 mMTris (pH 7.5) buffer, or 50 mM
2-(N-Morpholino)ethanesulfonic acid (Mes)/15 mM
Tris (pH 6.0) buffer. Mannitol was added to each buffer
stock so that their osmolalities were 100 mosmol;
the total mannitol concentration in the external in-
cubation mixtures was 60 mM(40 + 20 mM) when
pHo = 7.5, and 75 mM(40 + 35 mM) when pH. = 6.0.

The results are presented in Fig. 4. The control
series (pHi = pH. = 7.5) is represented by open circles.
The open squares in Fig. 4B show a significant stimu-
lation of 36C1- uptake by an inwardly directed proton
gradient (pH0 < pH1). L-[3H]glucose uptake, reflecting
the intravesicular volume, was also increased with the
inwardly directed proton gradient (O, Fig. 4A). These
results are presented as Series A and B in Table I.
L-[3H]glucose uptake was significantly increased at
each time point after 0.5 min when pH0 = 6.0.

The increased 36C1- uptake seen when pH0 = 6.0
may be explained by some nonspecific effect which
increased intravesicular volume (L-[3H]glucose uptake
at equilibrium). Cellobiose, an impermeant triose
(59) was added to the external incubation media in
the next series of studies to eliminate the volume
increase; 30 mMcellobiose prevented the increase
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A take that can be dissociated from any change in intra-
vesicular volume.

The last series in Table I (series D) examined the
effects of VAL on 36Cl- uptake. Because the internal
and external K+ concentrations were identical, the
addition of VAL should have minimized any change
in transmembrane PD due to the inwardly directed

0o proton gradient by providing a parallel pathway for
compensating charge movement. Addition of VAL

2 120 (series D, Table I) has no effect on the stimulation of `1C6-
uptake by the inwardly directed proton gradient. These

| B O results are consistent with, but do not prove, the thesis
that stimulation of NCl- uptake by inwardly directed
proton gradient represents an electrically neutral
mechanism.

It is important to determine if the results in Fig. 4
at and Table I represent uptake of isotope into osmotically

reactive intravesicular spaces rather than nonspecific
0 membrane binding. Distilled water was substituted

for the usual stop solution in a separate set of equilib-
rium assays for three of the control studies (series A

1 2 120 and C, Table I, and Fig. 4). This maneuver has been
Minutes used in previous studies to distinguish between uptake

and nonspecific binding (33, 40); vesicles burst in dis-
lucose (A) and lC te

(B) by brush tilled water and lose their intemal contents. The
Tfect of inwardly directed proton
cellobiose. Vesicles were pre- results are shown in Table II, and compare the equilib-
180 mMmannitol, and 1 mM rium uptake values that were obtained with the usual
External incubation media con- stop solutions to those obtained with distilled water
M TMA C1, 0.14 mML-[3H]- stop solutions. Nearly all of the counts were lost whenand 50 mMHepes/Tris (pH. the intravesicular space was abolished by lysis in dis-
pHo = 6.0) in the series denoted tilled water. Therefore, 87-90% of the L-[3H]glucose
pH. = 6.0) + 30 mMcellobiose counts and 95%of the 3CI- counts in the control series
tarred values (*) are significantly represent uptake of solute into osmotically reactive
senes (P s 0.05; n = 4 paired intravesicular spaces. The residual counts presumably

represent binding of isotope to the ruptured mem-
branes or the filters. External pH has no effect on the
counts remaining after hypotonic lysis (Table II).

,hen pH0 = 6.0. These results Similar results were obtained by treating vesicles
Iable I, and as closed squares with 0.5% Triton-X 100 (data not shown).
cose uptake values at each Simulation of 3Cl- uptake by pH gradients: over-
tistically different from the shoot phenomena. The next series of studies were
eries C to A, Table I, and designed to distinguish between an effect of acid
cles in upper panel, Fig. 4). external pH per se, and the effects of proton gradients
'Cl- uptake by the inwardly on 3Cl- uptake. The pH of the vesicles and incubation
pHo = 6.0) was still observed media was adjusted to the indicated values by additions
volume was controlled by of H2SO4 followed by preincubation for 1 h before
Alobiose to the external in- the uptake studies were begun. A single buffer sys-

series A and C, Table I, tem (50 mMHepes/30 mMTris) was used, and the
n circles, Fig. 4B). The 120- 3Cl- in the external incubation media was reduced to
for L-[3H]glucose and 3CI- 2 mMto increase the relative magnitude of stim-
,r series A (pH0 = 7-5) and ulation (32).
30 mMcellobiose), and the The effects of inwardly directed proton gradients
meation was unaffected by upon 3Cl- uptake are shown in Fig. 5. (Note that the
equilibrium values were the ordinal scale differs from that in Figs. 1-4.) The
id C, Table I). These studies vesicles were preloaded with 10 mMHepes/Tris
external pH upon 36C1- up- (pH 7.5) buffer, 100 mMmannitol, and 2 mMK2SO4.
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TABLE I
Effects of pH Gradients, Cellobiose, and VAL on L-[3H]Glucose and 36CI- Uptake by Renal Brush Border Vesicles

L-[3H]glucose uptake (nmol/mg) 3Cl- uptake (nmol/mg)

Extemal condition 0.13 min 0.5 min 1.0 min 2.0 min 120 min 0.15 min 0.5 min 1.0 min 2.0 min 120 min

A
7.5 0.010 0.021 0.028 0.032 0.119 1.3 3.8 5.6 6.8 14.4

±0.002 ±0.002 +0.003 ±0.003 ±0.007 ±0.4 ±0.4 ±0.6 ±0.7 ±0.9
B

6.0 0.015 0.031 0.037 0.045 0.146 3.5 7.0 10.4 13.0 20.9
±0.002 +0.002 ±0.003 ±0.005 ±0.008 ±0.2 ±1.6 ±1.7 ±1.7 ±2.3

C
6.0 0.011 0.023 0.029 0.036 0.111 3.0 7.2 9.9 12.0 13.7

+ Cellobiose ±0.002 ±0.001 ±0.001 ±0.003 ±0.008 ±0.2 ±0.3 ±0.4 ±1.2 ±1.2
D

6.0 0.013 0.028 0.032 0.038 0.123 3.6 6.8 9.7 11.6 13.9
+ Cellobiose ±0.001 ±0.005 ±0.003 ±0.003 ±0.008 ±0.3 ±0.5 ±0.7 ±1.8 ±1.4

+ VAL

B-A
mean paired 0.005 0.010 0.009 0.010 0.027 2.2 3.1 4.9 6.1 6.6

difference ±0.003 ±0.003 ±0.001 ±0.002 ±0.003 ±0.5 ± 1.4 ± 1.2 ±1.1 ±1.6
P value c NS 0.05 0.01 0.01 0.01 0.01 NS 0.01 0.01 0.01

C-A
mean paired 0.007 0.002 0.001 0.004 -0.008 1.7 2.7 4.3 5.2 -0.8

difference ±0.008 ±0.002 ±0.003 ±0.002 ±0.006 ±0.3 ±0.6 ±0.2 ±0.7 ±1.1
P value c NS NS NS NS NS 0.01 0.01 0.01 0.01 NS

D-C
mean paired 0.001 0.005 0.003 0.003 0.010 0.5 0.4 -0.5 -0.7 0.1

difference ±0.001 ±0.006 ±0.003 ±0.002 ±0.004 +0.3 ±1.1 ±0.3 ±0.6 ±0.5
P value c NS NS NS NS NS NS NS NS NS NS

Values are mean±SEM for four paired studies. Uptake values were determined at indicated times with a rapid filtration
assay. Vesicles were preloaded with 1 mMHepes/Tris pH = 7.5, 180 mMmannitol, and 40 mMK2SO4. The external incubation
media contained 0.14 mML-[3H]glucose, 20 mMTMA36C1, 40 mMK2SO4, and either 50 mMHepes/Tris (pH- 7.5), or
50 mMMes/Tris (pHO= 6.0), or 50 mMMes/Tris (pH,, = 6.0) plus 30 mMcellobiose. Final VAL concentration was 100
,ug/ml in series D.

The external incubation media contained 2 mMTris B), or 4.5 (series C) with H2SO4. The stimulation of
36C1, 2 mMK2SO4, 35 mMmannitol, 50 mMHepes/ 36CL- uptake was greatest with the largest proton
Tris buffer, and 0.14 mML-[3H]glucose. The pH of the gradient. An overshoot was observed with both pH,,
external media was adjusted to 7.5 (series A), 6.0 (series = 6.0 (L, Fig. 5) and pHo = 4.5 (A, Fig. 5). The values

TABLE II
Effect of Hypotonic Lysis on Equilibrium Uptake Values of L-[3H]Glucose and 36C1-

pH. = 7.5 pH,, = 6.0

L-[3H]glucose 36C1- L-[3Hlglucose 36C

nmollmg

Regular stop solution 0.122±0.004 14.6±0.7 0.113±0.006 13.8±0.9
Distilled water stop solution 0.011±0.001 0.75+0.08 0.014±0.001 0.62±0.08
Percent uptake 90.3%± 1.2% 95.0%±0.4% 87.2%±0.2% 95.8%±0.7%

The vesicles were preloaded with 40 mMK2SO4, 180 mMmannitol, 1 mMHepes/Tris (pHj = 7.5). Incu-
bation medium contained 40 mMK2SO4, 20 mMTMA36C1, 0.14 mML-[3H]glucose, and 50 mMHepes/Tris
(pHo = 7.5), or 50 mMMes/Tris (pH. = 6.0) plus 30 mMcellobiose. Equilibrium uptakes were assayed
in triplicate at 120 min. The results are presented as mean+SEMfor three separate experiments. Percent
uptake was calculated as 100 x (regular stop - distilled water)/regular stop.
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36Cl- uptake was not observed when the vesicles were
preequilibrated at pH. = 4.5 (compare series C and E,
Table III). Weinterpret these results as demonstrating
coupling of 36C1- uptake to inwardly directed proton
gradients in brush border membrane vesicles from the
rabbit renal cortex. This effect does not appear to be
explained by some nonspecific effect on membrane
permeability because it is observed when intra-

oN °vesicular volume was increased (series B, Table I),
2P decreased (series B and C, Table III) or remained the

o same (series C, Table I). The results presented in
o Table III demonstrate that NCl- uptake is coupled to

inwardly directed proton gradients, and is only slightly
2 6 120 stimulated by external acidity per se.

Minutes Effects of both proton gradients and K+ diffusion
potentials on 36C- uptake. The next series examined

y bruton grader mesmrale the separate effects of proton gradients and K+ diffusion
K2SO4, 100 mMmannitol, and PD (plus VAL) on 3C1- uptake (Table IV). Vesicles

1i= 7.5). The external incubation were preloaded with 40 mMMgSO4, 120 mMman-
16CI, 2 mMK2SO4, 35 mMman- nitol, and 50 mMHepes/Tris buffer (pHi = 7.5). The
Ter, and 0.14 mML-[3H]glucose. external incubation media contained 40 mMK2SO4,
esbeforeiitiatsng djusted ptwakh 20 mMTMA36C1, 40 mMmannitol, and either 50 mM

7.5 (O), 6.0 (O), or4.5 (A). Starred Hepes/Tris (pH 7.5) buffer or 50 mMMes/Tris (pH
lifferent from the control series 6.0) buffer. Uptake values at 1 min are presented in
es). Table IV. The increase in uptake when pH. = 6.0 is

shown in the first column (mean paired difference
= 3.9+0.8 nmol/mg, n = 8, P - 0.01). An inwardly

6 min significantly exceeded directed K+ diffusion PD (plus VAL) increased 36Cl-
lues at 120 min when pHo uptake at either external pH (for pHo=7.5, mean paired
rshoot was even more prom- differerence = 2.2+0.6 nmol/mg, n = 8, P c 0.01; for
d was observed as early as pHo= 6.0, mean paired difference = 2.7+0.7 nmol/mg,
uilibrium values were inde- n = 8, P c 0.05). The increases in 36C1- uptake with

VAL at either external pH were not significantly dif-
narized in Table III. The L- ferent. Similarly, the increases in 36Cl- uptake with
identical for 0.15 to 6.0 min inwardly directed proton gradients with and without

to A, Table III). The final VAL were not significantly different. These results
L-[3H]glucose uptake were demonstrate that 36C1- uptake coupled to inwardly
e final intravesicular volume directed proton gradients and NCl- uptake driven by
media. However, the over- electrical forces utilize transport pathways that are
observed at the initial time additive. These results could be explained by sum-

rlucose uptake values were mation of two distinct transport pathways, or by a single
nd C (Table III). pathway if the uptake of 36Cl- is limited by the rate

lucose and 36C1- when both of uptake of the accompanying cation.
were 6.0 were measured in The possibility that separate transport pathways
L-[3H]glucose uptake values couple 36Cl- uptake to electrical driving forces and to
ling 120 min, were identical proton gradients was examined by investigating the

pH. = pHi = 7.5. (compare competitive effects of various anions under either con-
III). Although there was a dition. Series A was done with an inwardly directed
uptake at 2 min, the marked proton gradient, and the results are presented in
by inwardly directed proton Table V. Vesicles were preloaded with 80 mMpotas-

ad (compare series B and D, sium gluconate, 140 mMmannitol, and 1 mMHepes/
ts were obtained when pH0 Tris buffer (pH, = 7.5). The external incubation media
mble III). There were slight contained 20 mMKIQC1, 50 mM Mes/Tris buffer
uptake at 2 and 6 min, and a (pH0 = 6.0), 0.14 mML-[3H]glucose and 80 mMof

rium value (compare series K+ with each of the various anions which are listed in
5ain, marked stimulation of Table V (40 mMmannitol was also added when the
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TABLE III
Effects of pH Gradients oil L-['3H]Glnt(ose an)d 3" Uptake by Renial Brisi Border Vesicles

L-[3HJGltcose tiptake (i11iol/mlig) aCL- tuptake (nniol/IImg)

0.15 0.5 1.0 2.0 6.0 120 0.15 0.5 1.0 2.0 6.0 120
iiiin m-in 1m1in Inin milill milill milill miii min Inii Inii ilmili

Internal pH = 7.5
External pH:

A 7.5 0.004 0.016 0.026 0.034 0.053 0.164 0.12 0.55 0.79 0.83 1.19 1.64
±0.006 ±0.007 ±0.007 ±0.007 ±(0.011 ±(0.016±f0.08 +0.14 ±0.15 ±(0.15 ±(0.15 +(0.19

B 6.0 0.003 0.017 0.024 0.034 0.055 0.141 0.33 1.27 1.77 2.33 2.47 1.66
±0.005 ±0.006 ±0.007 ±0.007 ±0.010 ±(0.016 ±O0.08 +(0.12 ±0.17 ±0.25 +0.21 +(0.12

C 4.5 0.006 0.021 0.028 0.038 (.(58 0.130 1.14 2.84 3.96 5.11 5.47 1.55
± 0.007 ±0.008 ± 0.007 ±0.007 ±0.009 +0.015 ± 0.27 ±0.42 ±0.41 ±0.47 ± 0.47 ± 0.15

External and
internal pH:

D 6.0 0.001 0.016 0.022 0.037 0.057 0.154 0.12 0.74 1.04 1.27 1.60 1.68
±0.007 ±0.0% ±0.006 ±0.()08 ±0.008 ±(0.015 ±0.06 ±0(.11 ±0.11 ±0.17 +(0.17 ±(0.20

E 4.5 0.008 0.027 0.035 0.044 0.073 0.135 0.11 0.59 0.76 0.79 0.71 (.(8
±0.005 ±0.007 ±0.003 ±0.0(03 0.006 ±(0.009 ±0.17 ±0.29 ±0.36 ±0.36 ±0.44 ±(0.13

B-A
mean paired -0.001 0.001 -0.001 0.004 0.(X)2 -0.023 0.21 0.71 0.596 1.50 1.29 0.02

difference ±0.003 ±0.004 ±0.004 ±0.003 ±0.001 ±0.008 ±0.08 ±0.15 ±0.23 ±0.26 ±0.21 ±0.13
P value NS NS NS NS NS 0.05 NS 0.01 0.05 0.01 0.01 NS

C-A
mean paired 0.002 0.005 0.002 0.004 0.005 -0.035 1.01 2.28 3.17 4.48 4.29 -0.09

difference ±0.003 ±0.003 ±0.003 ±0.002 ±(0.003 ±(0.005 ±0.21 ±0.37 ±0.42 ±0.41 ±0.46 ±(0.08
P value NS NS NS NS NS (.(1 (.(1 0.01 0.01 0.01 0.01 NS

D-A
mean paired -0.003 -0.001 -0.004 0.007 0.004 -0.011 0.01 0.19 0.24 0.44 0.21 0.26

difference ±0.005 ±0.005 ±0.005 ±0.005 ±0.006 ±0.013 ±0.04 ±0.14 ±0.11 ±(0.14 ±0.08 ±0.10
P value NS NS NS NS NS NS NS NS NS 0.05 NS NS

E-A
mean paired 0.006 0.015 0.015 0.020 0.028 -0.017 0.09 0.12 0.08 0.04 -0.33 -1.41

difference ±0.007 ±0.010 ±0.006 ±0.004 ±0.006 ±0.018 ±0.22 ±0.33 ±0.42 ±0.39 ±0.48 ±0.21
P value NS NS NS 0.01 0.01 NS NS NS NS NS NS 0.01

Values are mean±SEMfor five paired stuidies. Uptake valtues were determinied at indicated times with a rapid filtration assay. Vesicles were
preloaded with 100 mMmannitol, 2 mMK2SO4, and 10 mMHepes/Tris buiffer. The internal pH was 7.5 for series A-C, 6.0 for series D, and
4.5 for series E; pH was adjusted with H2SO4 and the vesicles preequiilibrated for 1 h. The external incubation media conitained 2 mM
Tris 3Cl, 2 mKK2SO4, 35 mMmannitol, 50 mMHepes/Tris btuffer, and 0.14 mML-_3Hlglticose. The pH of the external incuibation media was
adjusted to the indicated valuies with H2SO4 before initiating the uiptake stud(lies.

external incubation contained 40 mMK2S04). The
uptake of 36C1- in the presence of 80 mMunlabeled
KCI was assigned an arbitrary value of 100%, and the
uptake values in the presence of the other anions
was expressed as a percentage of the rate observed
with 80 mMunlabeled KCI. Uptake values were
normalized by the L-[3H]glucose uptake values as
indicated in the legend of Table V. The uptake values
were normalized by the simultaneously determined
L-[3H]glucose uptake values to control for any osmotic
effects that the various salts may have exerted on the
intravesicular volume. Gluconate and SO= did not
inhibit NCI- uptake at pH. = 6.0 as effectively as un-
labeled chloride. Acetate and SCN- (potassium thio-
cyanate) had intermediate effects, and NO-, Br-, and

I- were about as effective as unlabeled chloride in
the proton-driven mode.

Similar studies were done to describe the conductive
mode of 36C1- uptake (series B, Table V). Vesicles
were preloaded with 300 mMmannitol, 1 mMHepes/
Tris buffer (pHj = 7.5), and 100 ,ug/ml VAL. The ex-
ternal incubation media were similar to those used in
series A except that the external buffer was 50 mM
Hepes/Tris (pH 7.5). These results are also expressed
relative to the uptake of 36CI- in the presence of 80
mMunlabeled KCI. Note that the external [K+] was
always 100 mMso the magnitude of the inwardly
directed K+ diffusion PD (plus VAL) was presumably
the same in each case. Gluconate and SO= did not
inhibit 36CI- uptake as well as unlabeled chloride,
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TABLE IV
Effects of pH Gradients and K+ Gradients Plus VAL on

36Cl- Uptake by Renal Brush Border Vesicles

3'Cl- uptake Mean paired
External pH (nmol/mg at 1 min) difference P value '

- VAL + VAL

7.5 5.1+0.7 7.3±+1.1 2.2+0.6 0.01
6.0 8.9±1.5 11.7±1.6 2.7±0.7 0.01

Mean paired
difference 3.9±0.8 4.3±1.0

P value s 0.01 0.01

Values are mean±SEM for eight paired studies. Uptake
values were determined at 1 min with a rapid filtration
assay. Vesicles were preloaded with 40 mMMgSO4, 120 mM
mannitol, and 50 mM Hepes/Tris (pHi = 7.5). External
incubation media contained 40 mMK2SO4, 20 mMTMA36CI,
40 mMmannitol, and either 50 mMHepes/Tris (pH. = 7.5)
or 50 mMMes/Tris (pH. = 6.0). When present, final VAL
concentration was 100 ,ug/ml.

similar to their effects in series A. Acetate had an
intermediate effect, and SCN-, NO-, Br- and I- were
more effective (i.e., uptake < 100%) than unlabeled
chloride. The rank-order of competitive effects is
qualitatively different in the conductive mode (series
B, Table V):

SCN- > I- > NO- = Br- > C1- > acetate

> SO= > gluconate,

compared with the proton-driven mode (series A,
Table V):

Cl-= I-> Br-> NO- > SCN- > acetate

> SO= > gluconate.

DISCUSSION

Chloride transport mechanisms. These studies
demonstrate a conductive (i.e., electro-diffusional)
pathway for chloride transport in brush border mem-
brane vesicles prepared from rabbit kidney cortex.
This mode of chloride uptake is coupled to inwardly
directed K+ gradients plus VAL, presumably by the K+
diffusion PD (interior-positive) developed with VAL
(46, 47). The conductive mode can be demonstrated
in the presence or absence of Na+ in the incubation
media (Figs. 1 and 2). The inhibition of the Na+-
coupled overshoot of D-[3H]glucose uptake with con-
comitant stimulation of NCl- uptake by an inwardly
directed K+ gradient plus VAL is consistent with the
electrogenic nature of the sodium-coupled glucose
cotransport mechanism (7-18). The presence of an
anionic conductance pathway has been inferred from
the effects of anions on Na+-coupled D-[3H]glucose
transport rates and on the overshoot (7-17); permeable
anions like thiocyanate, nitrate, and chloride produce
larger overshoots than less permeable anions like
sulfate or cyclamate. The present studies provide
evidence for the presence of a chloride-conductive
pathway, confirming previous inferences about the
nature of anion transport in brush border vesicles
prepared from renal cortex or intestine (7-18, 31-33).
Furthermore, the apparent anion selectivity of the
conductive mode (series B, Table V) is identical to that
predicted from the overshoot phenomena (7-18):
SCN- > NO- > Cl- > SO=.

The effects of various anions on 36CI- uptake (Table
V) represent inhibition relative to that observed with
unlabeled chloride. Further studies are required to
determine the mechanisms by which a specific anion
inhibits 36C- uptake. Reduced 3Cl- uptake may repre-
sent competitive inhibition at a particular anionic

TABLE V
Effects of Various Anions on 36C1- Uptake by Renal Brush Border Vesicles

Competing anion Cl- Gluconate Acetate SCN- NO- SO; Br- I-

Uptake mode
A Proton gradient

(pHo = 6.0, pH, = 7.5) 100% 150+18% 121+6% 111+5% 107+4% 145±25% 104+8% 100±6%
B K+ Gradient plus VAL

(pHo = pH1= 7.5) 100% 203±32% 124±4% 88±4% 97±4% 171±4% 97±2% 91±3%

Values are mean+SEMfor at least five studies. 36C1- uptake was measured at 1 min with a rapid filtration assay. In series A,
vesicles were preloaded with 80 mMKGluconate, 140 mMmannitol, and 1 mMHepes/Tris (pH1 = 7.5) buffer. The external
incubation media contained 20 mMK 36C, 50 mMMes/Tris (pH 6.0) buffer, 0.14 mML-[3H]glucose, 80 mMK+, and the
various anions indicated in the table. In series B, vesicles were preloaded with 300 mMmannitol, 1 mMHepes/Tris (pHj = 7.5)
buffer, and VAL (100 Lg/ml). The external incubation media contained 20 mMK 36C1, 50 mMHepes/Tris (pH 7.5) buffer,
0.14 mML-[3H]glucose, 80 mMK+, and the various anions indicated in the table. 40 mMmannitol was also added wvhen
the external incubation media contained 40 mMK2SO4. Results are expressed relative to 36C1- uptake (normalized for
L-[3H]glucose uptake) measured in the presence of 80 mMunlabeled KCl: %uptake = 100 x (36C1- uptake/L-[3H]glucose
uptake)K anon /(36C1- uptake/L-[3H]glucose uptake)KCI.
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binding or transport site, noncompetitive inhibition
due to interaction at some other membrane site, or
diffusion of the anion through the lipid portion of the
membrane, resulting in collapse of the driving force
for NCl- uptake.

Coupling of36Ch- uptake to inwardly directed proton
gradients was demonstrated by the results in Tables I
and III. Stimulation of uptake above the equilibrium
value (overshoot) was more prominent with larger
proton gradients (series D and E, Table III). This
effect does not seem to be due to some nonspecific
effect on membrane permeability because (a) mem-
brane-binding of 3Cl- and L-[3H]glucose was unaf-
fected by external pH (Table II), and (b) the stimulation
of 36Cl- uptake could be dissociated from changes in
intravesicular volume (compare series B and C, Table
I and A, B, and C in Table III).

Our present studies do not permit any definitive
statement concerning the mechanism by which 36Cl-
uptake is coupled to proton gradients. Two possibilities
could explain these results: electrically neutral trans-
port (i.e., HC1 symport, Cl-/OH- antiport), or con-
ductive transport driven by an interior positive H+
diffusion PD due to the inwardly directed proton
gradient. The latter explanation requires a parallel
conductance pathway for protons through the mem-
brane. Previous workers have concluded that the
Na+/H+ antiport is electrically neutral, and that the pro-
tonic conductance of the brush border membrane
vesicle is very low (30, 58). If this previous conclusion
is correct, then our results cannot be explained by
electrical coupling between protons and chloride.
However, the anionic conductance pathway compli-
cates any further interpretation. For example, if a
protonic ionophore is added to an imposed proton
gradient, then transport of 36C1- via its conductance
pathway will occur, regardless of the intrinsic mech-
anism of coupling of 36C1- uptake to the proton
gradient. This is not an issue in studies of the Na+/H+
antiport because the sodium conductance of the brush
border vesicle appears to be very low in the absence
of cotransported organic solutes (30, 58).

VAL, a K+ ionophore, was used to investigate the
possibility that electrical effects may explain the
coupling between proton gradients and 36C1- uptake.
Vesicles were preequilibrated with VAL and 80 mM
K+ in series D, Table I. A concentration of VAL (100
,g/ml) was used that was shown to create a conductance
pathway for K+ transport (Figs. 1 and 2). No effect
of VAL on proton-driven 36C- uptake was observed
when [K+]0 = [K+]i = 80 mM(compare series D to C,
Table I). If K+ conductance exceeded H+ conductance
in this setting, then any diffusion PDdue to the proton
gradient would have been shunted by parallel move-
ment of compensating charge (i.e., K+ agress). This
possibility seems plausible when the low protonic

conductance (30, 58) and the relative magnitudes of
K+ and H+ concentrations (80 and 0.001 mM, re-
spectively) are considered. Another line of evidence
may be developed with the SCN- inhibition data in
Table V. SCN- is a lipophilic anion, and is the most
effective anionic inhibitor of 36C- uptake in the con-
ductive mode (series B, Table V). If the proton-driven
mode is an electro-diffusional mechanism, then one
could predict that SCN- would also compete for 36C-
uptake in series A, Table V. In fact, SCN- does not
significantly inhibit 36Cl- uptake in the proton-driven
mode, whereas in the conductive mode, SCN- sig-
nificantly inhibits 36C- uptake (mean paired difference
12.2±4.0%, n = 5, P < 0.05). These results imply that
the proton-driven mode of36Ch- uptake does not repre-
sent a conductive transport mechanism. However, it
is possible that proton gradients may affect 36Cl- up-
take by changing the membrane PD. Complete resolu-
tion of this issue will require measurements of the
membrane PD during the course of 36C1- uptake.2

Physiologic roles of chloride transport pathways in
the proximal tubule. The possibility of neutral NaCl
transport has been previously considered in the proxi-
mal tubule. Berliner (60), Turnberg et al. (61), Liedtke
and Hopfer (31, 32), and Green and Giebisch (62) have
pointed out that a parallel array of Na+/H+ and Cl-/
HCO- (or OH-) antiports could accomplish neutral
NaCl transport. A neutral NaCl transport model has
been proposed for the proximal tubule that uses anion
exchange mechanisms in the luminal and basolateral
membranes (29). Anion transport inhibitors (furosemide
and a disulfonic stilbene) markedly reduced reabsorp-
tion of a sodium chloride solution in microperfusion
studies of in vivo rat proximal convoluted tubules
(29). The present study provides evidence consistent
with an electrically neutral anion exchange mechanism
or HCI cotransport in the luminal membrane of the
rabbit proximal tubule; the stimulation of36Cl- uptake
by an inwardly directed proton gradient is consistent
with either process. This mechanism may operate in
the late proximal tubule when the luminal concentra-
tions of protons and chloride have increased with
respect to the initial glomerular filtrate. The parallel
operation of a Na+/H+ antiport and a Cl-/OH- antiport
would accomplish neutral NaCl transport across the
luminal membrane of the proximal tubule (29, 31, 32,
49-51), and provides a role for Na+/H+ exchange along
the entire length of the proximal tubule (29). Murer,

2 Preliminary studies were done to determine whether pre-
equilibration with VAL and 80 mMK+ "short-circuited"
Na+-coupled D-[3Hlglucose cotransport. However, external
acidity (pHo = 6.0) abolished the overshoot in D_[3H]glucose
uptake so this system could not be used to examine the
effects of VAL and K+ on electrogenic transport systems.
Similar results have been reported from studies with mouse
fibroblasts (18).
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Hopfer, and Kinne (30), Liedtke and Hopfer (31, 32),
and Kinsella and Aronson (58) demonstrated a Na+/H+
antiport in brush border vesicles prepared from in-
testine and kidney. This mechanism could be demon-
strated in the complete absence of chloride. Webelieve
that our results are consistent with a Cl-/OH- antiport
(or a HCI symport) in renal brush border membrane
vesicles prepared in the absence of sodium. Our
results, and those of Liedtke and Hopfer (31, 32) are
analogous to the counterflow effect of proton gradients
on 22Na+ uptake (30, 58) except that the direction of
the proton gradient is reversed. These observations
support the thesis that transport of sodium as well
as chloride may be coupled to proton gradients
across the luminal membrane.

Other workers have proposed that sodium chloride
is transported across the luminal membrane of the
proximal tubule, intestine, rectal gland, and gall-
bladder as an electrically neutral ternary complex
(28, 51-57). It is possible that this additional form of
transport couples chloride entry to the sodium gradient
across the luminal membrane of the proximal tubule.
Our results demonstrate coupling of 36C1- uptake to
proton gradients, but the possibility of coupling to
sodium gradients has not been directly examined. It
remains to be determined if 3Cl- uptake can be
directly coupled to transmembrane sodium gradients,
or if the coupling is indirect and accomplished by
means of the Na+/H+ antiport.3

The electrogenic sodium transport mechanisms in
the proximal tubule include sodium-coupled organic
solute cotransport (1-4) and simple rheogenic sodium
entry (50). Conventionally, the accompanying chloride
flux has been ascribed to the paracellular shunt path-
way (19-25). However, the present studies suggest
the possibility of electro-diffusional transport of
chloride across the luminal membrane. If the luminal
membrane is relatively depolarized during electro-
genic sodium-coupled cotransport, then chloride flux
may proceded from lumen to cell. Once the filtered
load of organic solutes is reabsorbed, chloride flux
through the conductive pathway may cease, or even
reverse. The latter possibility would result in a dis-
sipative flux of chloride from the cell back into the
lumen.

The direction of net electro-diffusional chloride
flux out of the cell would depend upon the relative
conductances of the luminal and baso-lateral mem-

3Kinsella and Aronson (58) examined the Na+/H+ exchanger
in brush border membrane vesicles prepared from rabbit
renal cortex. They did not observe any effect of external
chloride on 22Na+ uptake (Fig. 6 [58]). Their results do not
provide any support for either model of neutral NaCl transport
(e.g., ternary complex, or parallel exchangers). However,
their studies were not done under conditions which pertain
to the late proximal tubule (pH. < pHi).

branes. Electrophysiologic studies of the proximal
tubule have suggested that a conductive pathway of
bicarbonate, but not chloride, exists in the baso-lateral
membrane (20, 63, 64). Thus, if there is transcellular
electro-diffusional flux of chloride, then an electrically
neutral mechanism needs to be considered for its
exchange for bicarbonate across the baso-lateral mem-
brane (29). Recent studies of the Necturus gallbladder
have suggested that chloride conductance of the baso-
lateral membrane is low, but may increase if the cell
is depolarized (55, 65). It is presently unknown if the
anion conductance pathways in the proximal tubule
are controlled or influenced by the cell membrane PD.

Reuss and Finn (66) described a chloride conduc-
tance pathway in the luminal membrane of Necturus
gallbladder. Other studies have demonstrated that the
intracellular chloride activity exceeds its predicted
electro-chemical equilibrium value in the proximal
tubule of Necturus (28), gallbladder (51, 52, 54, 55)
and intestine (57). If applicable to the mammalian
late proximal tubule, these findings imply that (a) the
chloride conductance pathway may be inactivated in
the late proximal tubule once the filtered load of
organic solutes (e.g., electrogenic sodium cotransport)
has been reabsorbed, or (b) the dissipative leak of
chloride from cell to lumen may be limited if the
cationic conductance of the luminal membrane is low
or reduced in the absence of organic solutes. Sohtell
(67) has reported that the intracellular chloride activity
is at electrochemical equilibrium in the rat proximal
tubule. He did not localize his impalements with
respect to proximal tubule length so his results cannot
be fully interpreted.

Finally, it seems likely that the overall conductance
of the paracellular shunt pathway is greater than that of
the transcellular route. However, the ionic gradients
and electrical driving forces are very different across
these pathways so a detailed, quantitative analysis
would be necessary to fully assess the contribution of
each pathway to transepithelial chloride conductance.
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