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Abstract

Studies on microvillus membrane from rabbit kidney cortex sug-

gest that chloride absorption may occur by chloride/formate ex-

change with recycling of formic acid by nonionic diffusion. We
tested whether this transport mechanism participates in active
NaCI reabsorption in the rabbit proximal tubule.

In proximal tubule S2 segments perfused with low HCO3
solutions, the addition of formate (0.25-0.5 mM) to the lumen
and the bath increased volume reabsorption (Jv) by 60%; the
transepithelial potential difference remained unchanged. The ef-
fect of formate on Jv was completely reversible and was inhibited
both by ouabain and by luminal 4,4'-diisothiocyanostilbene-2,2'-
disulfonate.

Formate (0.5 mM) failed to stimulate Jv in early proximal
convoluted tubules perfused with high HCO3solutions. As mea-

sured by miniature glass pH microelectrodes, this lack of formate
effect on Jv was related to a less extensive acidification of the
tubule fluid when high HCO3solutions were used as perfusate.
These data suggest that chloride/formate exchange with recycling
of formic acid by nonionic diffusion represents a mechanism for
active, electroneutral NaCI reabsorption in the proximal tubule.

Introduction

In the early portion of the proximal tubule of the mammalian
kidney, isotonic volume reabsorption (Jv)' is associated with
preferential reabsorption of bicarbonate and organic solutes (1,
2). This results in increased chloride concentration in the later
portion of the proximal tubule and a shift of the transepithelial
potential from lumen negative to lumen positive. The generation
of a chloride diffusion potential by the transepithelial chloride
gradient reflects a relatively large conductance for Cl-, most
probably across the intercellular pathway (3, 4). Given the fa-
vorable passive driving force for Cl- in the late proximal tubule,
it is thought that a significant fraction of C1- reabsorption occurs

passively.
Onthe other hand, chloride reabsorption across the proximal

tubule has also been shown to continue in the absence of any

passive driving force for chloride (5, 6). This suggests an active,
transcellular mechanism of chloride reabsorption. It has been

Part of this material has been presented in abstract form. (1986. Kidney
Int., 29:407a.)

Dr. Karniski's present address is Department of Internal Medicine,
University of Iowa, Iowa City, IA 52242.

Receivedfor publication 22 May 1986.

1. Abbreviations used in this paper: DIDS, 4,4'-diisothiocyanostilbene-
2,2'-disulfonate; Jv, volume reabsorption; Vte, transepithelial potential
difference.

proposed that transcellular, electroneutral NaCl transport is in-
volved in this component of chloride reabsorption, but little is
known about its specific mechanism (7).

On the basis of studies on rabbit renal cortical microvillus
membrane vesicles, Karniski and Aronson have suggested that
chloride/formate exchange with recycling of formic acid by
nonionic diffusion could be a potential mechanism for active
C1- transport across the luminal membrane (8). If this anion
exchanger were to operate in parallel with Na+/H' antiport,
coupled electroneutral NaCl reabsorption would take place.

Our experiments were designed to test whether electroneutral
formate/chloride exchange plays a significant role in proximal
chloride reabsorption. The present study was performed to test
the following four predictions.

Physiological concentrations of formate should reversibly
stimulate Jv without changes in the transepithelial potential.

The formate-stimulated Jv should be subject to inhibition
both by 4,4'-diisothiocyanostilbene-2,2'-disulfonate (DIDS), an
inhibitor of formate/chloride exchange in renal microvillus
membrane vesicles, and by ouabain, the inhibitor of active Na
transport.

Stimulation of Jv by formate should be demonstrable in the
absence of any passive driving force for Cl.

Formate-induced water reabsorption should be affected by
luminal pH, to the extent that recycling of formic acid by non-
ionic diffusion is rate limiting for formate/chloride exchange
and thus also for NaCl reabsorption.

Our study demonstrates that these four predictions were ac-
curate.

Methods

Preparation and perfusion of isolated tubules in vitro. Segments of rabbit
proximal tubules were isolated and perfused in vitro with techniques
first described by Burg et al. (9). Briefly, New Zealand White rabbits
weighing 1.5-2 kg were used. The right kidney was rapidly removed and
cut in coronal slices - 0.5 mmthick. The dissection was done at 40C
in an ultrafiltratelike solution containing I g/100 ml albumin, buffered
at pH 7.4 with Hepes and gassed with 100% 02-

Two different segments of the proximal tubule were used in this
study. S2 segments, which include the last convolutions and the beginning
of the pars recta of the proximal tubule, were dissected using bundles
radiating from the cortico-medullary junction to the surface of the cortex.
Only tubules reaching the kidney surface, S2 superficial tubules, were
used. Early proximal convoluted tubules, defined as S1 segments, were
selected on the basis of their attachment to the glomerulus and their
localization in the superficial cortex. The dissected tubules were trans-
ferred into a temperature-regulated Lucite chamber containing 2 ml of
bathing solution at 37°C (see Table I) and mounted between appropriate
concentric pipettes. The flow rate of the perfusion was regulated by gravity
(hydrostatic pressure, 15-20 cm H20) to maintain a tubular perfusion
rate between 10 and 20 nl/min. Net Jv(nanoliter * minute' * millimeter')
was determined as the difference between the calculated perfusion rate
and the measured collection rate. The collection rate was measured by
collecting samples of the perfusate over timed intervals in calibrated
constriction pipettes with a volume > 50 nl. Exhaustively dialyzed meth-
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Table I. Composition of Solutions

Bath Perfusate

LowHCO5, Low HCO-, High HCO-,
Control high a- high Ca low C1

NaCI 115 135 135 115
NaHCO3 20 4 4 20
NaH2 PO4 4 4 4 4
KCI 5 5 5 5
CaC12 1.8 1.8 1.8 1.8
MgSO4 1 1 1 1
Acetate 5 5 - -
Glucose 5 5 - -
Alanine 5 5 - -

Mannitol - - 15 15
Albumin 6 g/100 ml 6 g/100 ml - -

C02 5% 1% 5%or 1% 5

oxy-[3Hfinulin (New England Nuclear, Boston, MA) was used as volume
marker and added to the perfusate at a concentration of 20 ,Ci/ml. The
perfusion rate was calculated from the collection rate and from the dif-
ference of inulin concentration between the perfusate and the collectate.

The compositions of the perfusion solutions and the bath solutions
are listed in Table I. S2 segments of proximal tubules were perfused with
a high-chloride, low-bicarbonate solution similar in composition to late
proximal tubule fluid. Solutions simulating serum and containing 6 g/
100 ml albumin were used as bath solution. SI segments were perfused
and bathed with symmetrical solutions containing either 20 or 4 mM
HCO . To obtain the same pH (7.30 to 7.35), the serumlike bath solutions
were bubbled with either 95%02-5% CO2or 99%02-1O% CO2gas mixture.
Dialyzed albumin (BSA Fraction V; Sigma Chemical Co., St. Louis,
MO) was added to the bath solution at a concentration of 6 g/100 ml.
No organic substrates were present in the perfusion solutions. All solutions
were adjusted to a total osmolality of 300 mosmol/kg H20 by adding
H20 or NaCI salt.

During the experiments, bathing solutions continuously flowed
through the chamber at a rate of -0.3 ml - min-'. The solutions were
preheated through tubing at a temperature of 40'C, and the bath tem-
perature was maintained in the chamber at 380C with a specially designed
temperature-regulating system. The bath was continuously bubbled with
the appropriate gas mixtures, and its pH was continuously monitored
with a miniature pH electrode (Beetrode; World Precision Instruments,
Inc., New Haven, CT) placed in the vicinity of the tubule.

The protocols were designed to study the effects of formate and dif-
ferent transport inhibitors on water reabsorption and the transepithelial
potential difference in the proximal tubule. The first collection began
after an equilibration time of 30 min, to be followed by several experi-
mental periods. Before starting collections, the holding pipette was care-
fully rinsed and the first collected sample was discarded. The tubular
collections were performed for at least 10 min to obtain a minimum of
two samples per period. Tubules were discarded if irreversible morpho-
logical changes such as cell swelling or cell granulation occurred during
the experiment.

Transepithelial potential difference measurements. The transepithelial
potential difference (Vte) was measured as in previous studies performed
in this laboratory (10). The perfusion pipette was used as a bridge to the
tubular lumen; the perfusion solution and the bath were connected to
calomel electrodes via 150 mMNaCl-agarose bridges. The potential
difference of this circuit was measured with a high-impedance electrom-
eter (model 750; World Precision Instruments, Inc.). The output of the
electrometer was displayed on a digital voltmeter (Newport Electronics,
Inc., Santa Ana, CA) and a strip chart recorder (model 220; Gould, Inc.,
Cleveland, OH). With no tubule in place this system was stable for several
hours. The reference baseline potential, measured at 38°C in the absence

of a tubule, never exceeded 0.5 mV. Correction of the liquid junction
potential was made in the following way. Before mounting a tubule
between the pipettes, the measured small circuit potential was compen-
sated and the potential was set to zero when the chamber was filled with
the bath at 370C. The perfusion pipette contained the perfusate. The
tubule was then mounted and cannulated, and the change in circuit
potential was recorded as the transepithelial potential. Tubules were per-
fused uniformly throughout the experiments with solutions of identical
ionic composition, or with such additions as submillimolar concentrations
of transport inhibitors and formate or acetate. Accordingly, corrections
for changes in liquid junction potentials were minimized in our exper-
imental settings.

pH measurements of the tubular fluid. pH-sensitive glass electrodes
were used to measure the pH of the tubular fluid at the distal end of the
perfused tubule. The pH-sensitive glass electrodes were constructed by
fusing pH-sensitive glass (World Precision Instruments, Inc.) to the tip
of a non-pH-sensitive glass capillary (Drummond Scientific Co.,
Broomall, PA) to form a bulb with a diameter of -40-50 sm. This
miniature pH electrode was filled with a citrate pH buffer (pH 6) and
connected via an electrode holder (World Precision Instruments, Inc.)
to a high impedance amplifier (model 750; World Precision Instruments,
Inc.). The electrodes were calibrated before and after the experiments in
a standard buffer solution. The slope of the pH electrode was 59.09±1.8
mV/pH U (mean±SD). The pH electrode assembly was inserted into
the collecting pipette. Its shape was modified by a constriction at the tip
of the pipette to accommodate the pH electrode. This made it possible
to measure the pH of the emerging tubular fluid in a small compartment
(100 nI). This minimized loss of C02 from the collected fluid (1 1). The
pH of the initial perfusion fluid was measured by two methods. The first
was to measure pH in the collection pipette assembly when tubules were
perfused under pressure at very high flow rate (in excess of 600 nl/min),
because pH changes by tubule activity are virtually abolished under these
conditions. This was demonstrated directly, as the pH values so obtained
were not different from values measured with the miniature glass pH
electrode in the initial perfusion fluid, bubbled with the appropriate gas
mixture.

Statistics. The results are expressed as the mean±SE of individual
measurements. In general, paired experiments were performed. Thus,
when appropriate, the mean paired t test was used (12).

Results

A summary of the effect of formate on transepithelial water
reabsorption and on Vte across the S2 segment of the proximal
tubule is presented in Fig. 1. Significant net fluid absorption is
apparent during perfusion of S2 segments with high-chloride-
low-bicarbonate solutions and a bath solution containing 20 mM
HCO . Addition of formate in submillimolar concentrations,
0.5 and 0.25 mMto the bath and the lumen, increased Jv sig-
nificantly, from 0.58±0.08 nl * min-'* mm-' (mean±SE) to
0.94±0.08 nl1 min- mm-' (mean±SE) and from 0.38±0.03
nl * min-' * mm-' (mean±SE) to 0.63±0.04 nl - min-'* mm-'
(mean±SE), respectively.2 Since the perfusion solution contains

2. The mean value of Jy obtained in the S2 segment was 0.47 nl/
min - mm±0.05 nl/min - mm(mean±SE). This value is between 0.56 nl/
min * mm, reported by Berry in the proximal convoluted tubule (1983,
J. Clin. Invest. 71:268-281.) and 0.38 nl/minm mm, reported by Schafer
et al. in the pars recta of rabbit kidney (1981. Kidney Int. 20:588-597.)
It is likely that our mean value of Jv obtained in the S2 segment reflects
the transition between the proximal convoluted and straight tubule. We
also note the difference in Jv between the two control groups using low
and high formate concentration. Wehave no explanation for this dif-
ference, but the design of our experiment includes the use of paired
samples, each tubule serving as its own control.
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Figure 1. Effect of formate, 0.5 mM(n = 10) and 0.25 mM(n = 13),
added to the bath and the lumen on Jv and Vte. S2 segments of the
proximal tubule were perfused with low HCO- solutions simulating
late proximal tubule fluid. The bath contained 20 mMHCO . In the
control conditions and after the addition of formate the mean perfu-
sion rates were 14.27±4 and 14.56±2.2 nl/min (mean±SE), respec-
tively.

mainly NaCl, we conclude that the increase in Jv reflects stim-
ulation of NaCl transport.

The Vte was positive during the control period and remained
unchanged after the addition of formate, 0.5 and 0.25 mM, to
the bath and lumen. The lumen positive potential under these
experimental conditions reflects the diffusion potential due to
the passive, intercellular movement of Cl- across the epithelium
(4, 5, 7, 13). The failure of Vte to change in parallel with the
increase in Jv suggests that formate stimulates an active, elec-
troneutral component of NaCl transport, and that formate does
not affect the passive paracellular component of Cl- movement
across the epithelium.

As shown in Fig. 2, the increase in water reabsorption induced
by formate was fully reversible. Thus, formate at the concentra-
tions used in these experiments did not cause irreversible alter-
ation of the tubular epithelium. To rule out a nonspecific met-
abolic effect as responsible for stimulation of J v by formate, we
measured Jv after addition of 0.5 mMacetate to the bath and
the lumen. As illustrated in Fig. 3, 0.5 mMacetate had no sig-
nificant effect on transepithelial water reabsorption. These data
suggest that formate increases the reabsorption of water in the
proximal tubule by stimulating a specific electroneutral transport
mechanism.

The effects of two transport inhibitors, ouabain and DIDS,
were also investigated. As shown in Figs. 4 and 5, these agents
significantly modify the effects of formate on proximal fluid
transport. The results of experiments performed on S2 segments
perfused with solutions simulating late proximal tubule fluid are
shown. Ouabain, at a concentration of 0.05 mM, suppressed
the increase in Jvdue to addition of formate to the bath and the
lumen. Transepithelial fluid reabsorption was not completely
abolished by ouabain because a favorable passive driving force
for NaCl absorption was present (4, 14). However, Jv in the
presence of ouabain was significantly lower (P = 0.018) than
that observed during the control period in which active transport
was present. The transepithelial potential difference remained

Figure 2. Reversibility of the effect of formate (0.5 and 0.25 mM) in
the bath and lumen on Jv and Vte. S2 segments of the proximal tu-
bule were perfused with low HCO- solutions and bathed with a solu-
tion containing 20 mMHCO3.

positive and unchanged after inhibition of active transport by
ouabain. Again this confirms that an important component of
NaCl transport is active and electroneutral and can be stimulated
by formate. The addition of the anion-exchange inhibitor DIDS
to the tubular lumen at a concentration of 1 mM, also suppressed
the stimulation of Jv induced by formate. This inhibitory effect
of DIDS is consistent with participation of a specific anion-ex-
change mechanism in the stimulation of NaCl transport by for-
mate. Interestingly, water reabsorption during perfusion with
luminal DIDS was significantly lower than that in the control
period (P = 0.003). The observation that the lumen positive
transepithelial potential difference dropped to 0 after addition
of DIDS suggests that DIDS, at a concentration of 1 mM, may
decrease the passive movement of chloride via the paracellular
shunt pathway in addition to inhibiting the luminal membrane
anion exchanger. This interpretation is consistent with the
suppression of Jv below control values by DIDS, because a re-
duction of the transepithelial chloride permeability would in-
terfere with that component of transepithelial fluid movement
driven by the chloride gradient.

The experiments described so far were performed in the S2
proximal tubules perfused with a solution simulating late prox-
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Figure 6. Effect of for-
mate (0.5 and 0.25 mM)
on Jv and Vte in the
proximal convoluted tu-
bule (S1 segment), per-
fused and bathed with
symmetrical low HCO3
solutions (4 mM).

imal fluid. In a second protocol we examined the ability of for-
mate to stimulate NaCl reabsorption in the early proximal con-
voluted tubule (segment S1), in which transepithelial gradients
of Cl and bicarbonate were initially absent.

Early proximal convoluted tubules were perfused and bathed
with symmetrical solutions high in NaCl and low in HCO- (Ta-
ble I). Under these conditions, in the presence of a low HCO3
concentration in the lumen and the bath (4 mM), it is unlikely
that a significant chloride gradient could develop across the
proximal tubule due to the preferential reabsorption of HCO3
(14). As shown in Fig. 6, formate in concentrations of 0.5 and
0.25 mMin the bath and the lumen increased reversibly the
reabsorption of fluid. Vte was not significantly different from
zero (-0.36±0.13 mV, mean±SE). The absence of a significant
lumen negative potential indicates that under these conditions
the passive driving force for transepithelial chloride movement
was minimal. Changes in Vte were not observed after addition
of formate.

Wealso tested the effect of formate on fluid movement across
the proximal convoluted tubule under conditions in which the
HCO5concentration in the bathing and in the perfusion solu-
tions was 20 mM. As shown in Fig. 7, in the presence of such
high HCO5concentrations in the tubule fluid, addition of for-

mate, 0.5 mMin bath and lumen, failed to stimulate significantly
the reabsorption of fluid.

It has been pointed out elsewhere (8) that in order for chlo-
ride/formate exchange to drive significant amounts of Cl- into
the cell, recycling of formate from the lumen to cell is required.
One possible mechanism for such formate recycling into the cell
is nonionic back diffusion of formic acid across the apical mem-
brane (8). Hence inefficient recycling of formic acid at a high
luminal pH could be responsible for the lack of effect of formate
observed in tubules perfused with high HCO5solutions.

In order to test this hypothesis we performed pH measure-
ments in the tubular fluid. As summarized in Table II, different
pH levels were obtained in the perfusion experiments with dif-
ferent HCO- solutions. In proximal convoluted tubules perfused
and bathed with symmetrical solutions containing 20 mM
HCO-, the pH of the perfusate decreased from 7.32 to 7.12
along the tubule. In this experimental setting, formate failed to
stimulate water reabsorption. On the other hand, in experiments
in which tubules were perfused and bathed with symmetrical
low HCO solutions (4 mMHCO), the fall in luminal pH was
greater, from 7.34 to 6.85. Under this condition formate stim-
ulated fluid reabsorption. These observations support the sug-
gestion that pH-sensitive recycling of formic acid across the apical
membrane may be rate limiting for the stimulation of NaCl
transport by formate in the proximal tubule.
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mate (0.5 mM)on Jv
and Vte in the proximal
convoluted tubule (S 1
segment), perfused and
bathed with symmetrical
high HCO- solutions
(20 mM).
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Table II. pH Data

pH in pH in pH difference
perfusion fluid collected fluid pH in bath Volume perfusion (perfusion, collected fluid)

nIl/min

4 mMHCO31% CO2 7.34±0.02 6.85±0.05 7.34±0.02 13.18±1.40 0.49
20 mMHCO35% Co2 7.32±0.02 7.12±0.03 7.35±0.01 12.97±1.9 0.20
4 mMHCO31% Co2 7.32±0.02 6.82±0.02 7.32±0.02 13.12±0.9 0.50

Direct pH measurements were performed in seven paired convoluted proximal tubules, first perfused and bathed with symmetrical low HCO3
solutions, then with solutions containing 20 mMHCO- during the second period. A third period of recovery was performed in five tubules.

Discussion

The major question addressed by this study is whether formate-
coupled transport of chloride contributes significantly to trans-
epithelial chloride reabsorption in the proximal tubule. The
chloride/formate exchange system and the nonionic diffusion
of formic acid have recently been proposed by Karniski and
Aronson to provide an electroneutral mechanism for secondary
active NaCl reabsorption across the luminal membrane of the
rabbit proximal tubule as depicted in Fig. 8 (8). Proton secretion
via the Na+/H' exchanger allows formic acid to enter the cell
by nonionic diffusion and maintains the intracellular formate
concentration above electrochemical equilibrium across the lu-
minal membrane. The outwardly directed electrochemical for-
mate gradient represents the driving force for an active Cl- ab-
sorption via the chloride/formate exchanger. An interesting fea-
ture of this model concerns the recycling of formate from the
lumen into the cell by nonionic diffusion. This mechanism po-
tentially allows low concentrations of formate to drive significant
amounts of C1- from the tubular lumen into the cell despite the
fact that formate is normally present in the plasma at levels of
0.1 to 1.4 mM(15). Our experiments show that low concentra-
tions of formate in the bath and the lumen stimulate isotonic
volume reabsorption, and as predicted by the model, the increase
in NaCl reabsorption is sensitive to anion-exchange inhibitors,
ouabain, and luminal pH.

It is generally agreed that both passive and active transport
contribute to NaCl reabsorption in the proximal tubule. Micro-
puncture experiments in the rat proximal tubule concluded that
a major fraction of NaCl reabsorption is dependent on active
transport processes because metabolic inhibitors reduce water

Lumen Cell Bath

Figure 8. Model proposed by Karniski and Aronson (8) for the role of
chloride/formate exchange in mediating Na-coupled active reabsorp-
tion of Cl across the luminal membrane of the proximal tubule cell.

reabsorption by one half to two thirds in the presence of a normal
chloride gradient (6, 14, 16).

There are basically two ways that active Na+ transport could
affect chloride reabsorption. First, simple electrogenic Na+
transport could result in a lumen negative transepithelial poten-
tial difference that would drive passive chloride flux through the
paracellular pathway. For instance, Cardinal et al. observed in
the superficial proximal tubule that in the presence of a chloride
gradient, ouabain shifts the positive transtubular potential in the
positive direction, thus suggesting a component of simple elec-
trogenic Na+ transport ( 17). Similar results suggesting the pres-
ence of an electrogenic Na+ transport have been reported in the
rabbit pars recta (4). Second, active Na+ transport may be cou-
pled to secondary active transcellular C1- transport. Recently,
Baumand Berry, studying the electrical nature of NaCl transport
in the rabbit proximal convoluted tubule, showed that ouabain
decreased the active transport of NaCl without affecting the
transepithelial potential (7). They concluded that active NaCl is
electroneutral and transcellular.

In agreement with the later observations, our experiments
presented in Fig. 4 indicate that reabsorption of NaCl in the S2
segment of the proximal tubule from a high-chloride solution
is stimulated by formate and inhibited by ouabain. Both of these
events occur without changes in the transepithelial potential.
The active component of NaCl reabsorption inhibited by ouabain
in these experiments is clearly electroneutral. Failure to find any
difference in the Vte suggests that simple electrogenic Na+ trans-
port providing the electrochemical driving force for passive C1-
reabsorption cannot account for the active, ouabain-sensitive
component of NaCl reabsorption. These results differ from those
reported by Schafer et al. for the pars recta ( 18) and suggest that
intrinsic differences regarding the mechanism of NaCl reab-
sorption may exist along the proximal tubule. Instead this find-
ing, in agreement with the result reported by Baum and Berry
in the proximal convoluted tubule, supports the notion that the
active component of NaCl transport is an electroneutral and
transcellular process stimulated by formate. It should be pointed
out that ouabain did not completely abolish the transepithelial
water flux (Fig. 4). This ouabain-insensitive component of Jv
probably reflects the passive diffusion of C1- due to the trans-
epithelial C1- gradient present in these experiments.

The experiments performed on the early proximal convo-
luted tubule (SI segment) perfused and bathed with symmetrical
high-chloride solutions are noteworthy in two respects. First they
indicate that the increase in J v due to formate accounts only for
a stimulation of the reabsorption of NaCl. For instance, if for-
mate would stimulate HCO- reabsorption, then the transepi-
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thelial HCO- flux, calculated from the difference in Jv before
and after the addition of formate, would exceed the quantity of
HCO- perfused into the tubular lumen.3 Second, these experi-
ments constitute additional evidence for an active transcellular
NaCI reabsorption stimulated by formate. Under these condi-
tions where no passive driving forces are present for Na' and
Cl- reabsorption, formate reversibly stimulated an electrically
silent NaCl reabsorption.

A possible mode of sodium-coupled electroneutral Cl-
transport involves parallel ion exchangers such as Na+/H' and
Cl-/OH- or CE-/HCO as identified in the Necturus proximal
tubule (19). The presence of a Cl-/HCOj or Cl-/OH- exchange
has not been reproducibly demonstrated in microvillus mem-
brane vesicles isolated from rabbit proximal tubule cells (20,
21), and Schwartz was unable to demonstrate the presence of
this parallel anion exchange system in the intact rabbit proximal
tubule (22). Chloride/formate exchanger in parallel with the Na+/
H' exchanger represents an alternative mechanism for trans-
cellular sodium-coupled Cl- transport.

There are several possible ways for formate to stimulate water
reabsorption in the proximal tubule. An increase in NaCl trans-
port related to stimulation of cell metabolism can be excluded
on the basis of the lack of effect of acetate on water reabsorption.
Acetate is involved in generating substrates for cellular metab-
olism but does not share the chloride/formate exchanger (8).
Moreover, luminal DIDS abolished the NaCl reabsorption stim-
ulated by formate. This suggests that a specific anion exchange
mechanism located at the luminal membrane is involved in the
active NaCl reabsorption induced by formate.

Luminal DIDS also resulted in a drop in the transepithelial
diffusion potential for Cl- and in a lower Jv observed in the
presence of luminal DIDS (0.35 nl * min- * mm-') compared
with the control condition (0.54 nl * min-'* mm-', P = 0.003)
in Fig. 5. The reduction of Jv below the control level could
reflect the inhibition of another anion exchange like
HCO/C1- involved in part of the volume reabsorption observed
during the control period. An effect of 4-acetamido-4'-isothy-
ocyanostilbene-2,2'-disulfonate on the paracellular permeability
pathway similar to the effect of DIDS on Vte has been reported
previously (13). The persistent volume reabsorption after the
addition of DIDS in the lumen is likely due either to an incom-
plete inhibition of the luminal chloride/formate exchanger, as
Karniski and Aronson reported a 60% inhibition of the chloride/
formate exchanger by 0.75 mMDIDS in rabbit microvillus
membrane vesicles (8), or to incomplete inhibition of passive
intercellular NaCl reabsorption.

Since the quantity of Cl- reabsorbed greatly exceeds any
possible net secretion of formate, formate must be recycled from
the lumen into the cell for the formate/chloride exchanger to
be operative in the active reabsorption of Cl-. The quantity of
Cl- reabsorbed will therefore depend on formate's ability to be
recycled back into the cell. One possible mechanism for the

3. Considering a luminal pH of 6.85, as measured in the collected fluid
of proximal convoluted tubules perfused and bathed with low HCO3
solution under control conditions (Tables I and II), this drop in luminal
pH represents a reabsorptive flux of HCO- of 37 pmol * min- * mm-'.
If formate stimulates HCO- reabsorption, the increase in Jvwould mean
an additional 60 pmol - min-' - mm-' of HCO- reabsorbed. Under this
condition, HCO5reabsorption would be twofold greater than the quantity
of HCO5perfused through the tubule.

recycling of formate is the nonionic back diffusion of formic
acid, as proposed by Karniski and Aronson. Accounting for the
pKa of formate (3.9), the permeability coefficient for diffusion
of formic acid across lipid bilayers (102 cm* s-') (23), and as-
suming a luminal pH of 6.8, as measured in the tubular fluid,
and an intracellular pH of 7.2, the calculated lumen-to-cell uni-
directional flux of formic acid is -30 pmol - min-' * mm-l when
the concentration of formate in the lumen was 0.5 mM. The
magnitude of this flux is sufficient to sustain significant volume
reabsorption in the proximal tubule.

On the other hand, we observed in the early proximal con-
voluted segment that formate failed to stimulate NaCl reab-
sorption when these tubular segments were perfused with a high
HCO- solution (Fig. 5), whereas in those perfused with low
HCO5solution formate did result in significant stimulation of
Jv (Fig. 6). One possible explanation is that the tubular fluid is
less effectively acidified during perfusion with a solution of a
high buffer content (20 mMbicarbonate) than with a solution
with a low buffer content (4 mMbicarbonate), so that the non-
ionic back diffusion of formic acid is compromised enough to
render the chloride/formate mechanism ineffective.

The pH measurements of the tubular fluid (Table II) indicate
that the absence of formate-induced NaCl reabsorption when
tubules were perfused with a high bicarbonate perfusate can be
correlated with a smaller drop in luminal pH. This observation
supports the hypothesis that nonionic back diffusion of formic
acid into the cell is essential for maintaining an intracellular
formate concentration high enough to drive active Cl- uptake
into the cell. However, we cannot exclude the possibility that
HCO_ directly inhibited the chloride/formate exchanger when
tubules were perfused with 20 mMHCO .

Even if the formate/chloride exchanger represents an im-
portant step in the active electroneutral NaCI reabsorption in
the proximal tubule, it is still not clear how Cl- is reabsorbed in
the absence of added formate and any electrochemical driving
force. For example, in the experiments illustrated in Fig. 6, the
small negative transepithelium potential (-0.3 mV) can passively
drive at most 10% of the Cl- reabsorption observed during the
control condition, assuming a permeability coefficient (Pa) for
chloride of 0.73 - 10- cm - s-', as reported in the rabbit proximal
tubule by Schafer et al (4). One possibility is that the intracellular
production of formate is sufficient to sustain a physiologically
relevant transcellular Cl- transport. The concentration of formate
produced within proximal tubule cells is unknown.

As discussed previously, another possibility is that
Cl-/HCO-exchange takes place. Certainly it is possible that
transport systems functional in the intact cell could be inactive
in isolated membrane vesicles. Finally, the low apical conduc-
tance to chloride in the rabbit proximal tubule (24), and the
probability that intracellular Cl- activity is above its electro-
chemical equilibrium, as in the rat proximal tubule (25), makes
passive diffusion of Cl- across the luminal membrane very un-
likely. Accordingly the mechanism of the baseline electroneutral
Cl- absorption in the absence of added formate requires further
investigation.

In summary, we have shown that formate in submillimolar
concentrations stimulates active electroneutral NaCl transport
in the SI and S2 segments of the proximal tubules of the rabbit
kidney. A specific anion exchange located at the luminal mem-
brane is involved in this transport mechanism. Our results are
compatible with the model already proposed where chloride/
formate exchange in parallel with Na+/H' antiport allows an
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electroneutral sodium-coupled, chloride-active reabsorption.
This mechanism of active NaCl transport contributes signifi-
cantly to the transepithelial reabsorption of NaCl in the proximal
tubule.
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