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A B S T R A C T Rabbit medullary collecting duct (MCD)
acidification has been demonstrated to occur by
means of a sodium-independent, aldosterone-stimu-
lated mechanism. Wehave examined the anionic de-
pendence of this process by means of the isolated per-
fused tubule technique. Total replacement of perfusate
chloride with gluconate enhanced tubular bicarbonate
reabsorption (JHCO3), from a basal rate of 10.7±1.0
pmol*mm-' *min-' to a rate of 15.01±1.0 pmol.
mm' min-'. Removal of bath chloride, with and
without removal of perfusate chloride completely
abolished acidification. Bath, but not luminal 4-acet-
amido-4' isothiocyano-2,2'-disulfonic stilbene pro-
voked a marked decrease in JHCO3 from 10.1±1.2
pmol mm-' * min-' to 2.3±0.3 pmol mm-' * min-.
Measurement of chloride reabsorptive rate (JCI) re-
vealed colinearity between JHCO3 (9.18±0.9 pmol.
mm-' .min-') and JCI (9.75±1.18 pmol*mm-'.
min-'). We propose a model of mammalian distal
nephron acidification in which (a) cellular base exit
is effected by means of a basolateral membrane Cl-
base exchanger and (b) net electroneutrality of elec-
trogenic proton secretion is maintained by the parallel
movement of an anionic species, functionally chloride.
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INTRODUCTION

Acidification in rabbit medullary collecting duct
(MCD)' perfused in vitro is effected by means of an
aldosterone-modulated mechanism that appears to be
independent of sodium (1, 2). With the demonstration
that MCDfrom inner stripe of outer medulla reabsorbs
bicarbonate at a rate of >10 pmol * mm-' * min- * (3),
but has negligible net potassium secretory or chloride
reabsorptive capacity (4), it appears that the sponta-
neously lumen-positive voltage characteristic of this
segment derives from a primary, electrogenic, proton
current. In support of this is the demonstration that
acetazolamide abolishes both bicarbonate reabsorption
and the lumen-positive voltage (3). A similar acidifi-
cation process has been described in the turtle bladder
(5), a model epithelium closely paralleling the col-
lecting duct functionally.

Such an electrogenic proton secretory mechanism
requires the net reabsorption of a positively charged
species and/or the parallel conductance of an anionic
species to maintain electroneutrality. Furthermore,
this model requires a mechanism for the disposal of
intracellular base, which accrues as a function of pro-

' Abbreviations used in this paper: JCl, net chloride flux;
J., net volume; MCD, medullary collecting duct; SITS, 4-
acetamido-4' isothiocyano-2,2'-disulfonic stilbene; VT, trans-
epithelial voltage.
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ton secretion. Recently, evidence has been provided
for a basolateral membrane Cl-base exchanger in turtle
bladder (6).

The present study examines the anionic dependence
of MCDacidification and the nature of the ionic spe-
cies balancing electrogenic proton secretion.

METHODS

MCDsegments from inner stripe of outer medulla of female
New Zealand white rabbits were dissected and perfused in
vitro as previously described (7). Inner stripe of outer me-
dulla was defined by dissecting three pars recta to their
points of tapering to thin descending limbs. The lowest point
of taper defined the proximal limit of the region from which
MCDwere harvested and the distal limit was defined by the
junction of red and white medulla. Tubule length averaged
1.45 mmand was not statistically different among protocol
groups.

Bicarbonate reabsorption was measured by microcalorim-
etry (8) and net chloride flux was assayed electrometrically
(9) (W-P Instruments, New Haven, CT). Two to three mea-
surements were made per experimental maneuver and chlo-
ride collections were bracketed by bicarbonate determina-
tions. [3H]Inulin was added to perfusate as a volume marker.
No tubule was accepted with a Jv _ 0.05 nl - mm-' - min-.
In all protocols involving bath and perfusate substitutions
or additions, tubule perfusion rate averaged 3.55 nl/min.
There was no significant difference in perfusion rates during
the various maneuvers. During experiments comparing the
bicarbonate reabsorptive rate (JHCO3) and the chloride flux
rate (JCI), perfusion rates averaging 1.81 nl/min were uti-
lized. Constant volume pipettes between 35 and 41 nl were
used for all flux measurements.

Two bath and perfusate solutions were utilized in the pro-
tocols: (a) 115 mmCl solution, a HCO3Ringer's solution
(NaCl 105 mM, KCL 5 mM, NaHCO325 mM, Na acetate
10 mM, CaC12 2.4 mM, Na2HPO42.5 mM, MgSO4 1 mM,
alanine 5 mM, glucose 8.3 mM) and, (b) 0 Cl- solution (Na
gluconate 105 mM, K gluconate (both from Sigma Chemical
Co., St. Louis, MO) 5 mM, NaHCO325 mM, Na acetate 2.5
mM, Ca acetate2 2.4 mM, Na2HPO42.5 mM, MgSO4.1 mM,
alanine 5 mM, glucose 8.3 mM). All solutions were equili-
brated with 95% 02, 5% CO2 at 370C to a final pH of 7.4.
Bath was supplemented with 5% fetal calf serum except
when 0 Cl- solution was used as bath. No inulin was added
when 0 Cl- solution was used as perfusate. The anion trans-
port inhibitor 4-acetamido-4' isothiocyano-2,2'-disulfonic
stilbene, SITS (Polysciences, Inc., Warrington, PA), was
added in a final concentration of 5 X 10-4 M to bath or
perfusate, as protocol dictated.

Transepithelial voltage (VT) was measured by means of
a circuit using a Ringer's solution/agarose bridge system
(10). Liquid junction potentials, generated by contact be-
tween the Ringer's containing bridge and 0 Cl- solution,
were measured using KNO3/KCI agarose bridges as de-
scribed previously (10, 11). The measured liquid junction
potential between normal (115 mM) Cl- solution and 0 Cl-
solution was 6.8 mV. All voltage measurements during which
either perfusate or bath was 0 Cl- solution have been cor-
rected for this liquid junction potential.

Chloride diffusion potentials across medullary collecting
duct were determined by cooling the tubule to 21°C (a
maneuver that reduced the lumen-positive voltage to values
not significantly different from zero) with 115 mMCl so-
lution as perfusate and bath. Then the bath was changed

from 115 mMchloride solution to 0-Cl solution. The dif-
fusion potential (after correction for liquid junction poten-
tial) was 7.55 mV. This diffusion potential was symmetrical
in that similar values were observed when perfusate was
changed to 0 Cl- solutions at 21°C.

Cl permeability was derived in the following manner: tu-
bules were perfused at 21°C with 115 mMCl, 140 mMNa
solution as described above, and bathed in an identical so-
lution. The bath or perfusate was then changed to a solution
containing 40 mMCl and 65 mMNa (i.e., a 75-mM NaCl
gradient was induced). Osmotic balance between perfusate
and bath was maintained by replacing the NaCI with raf-
finose. The resultant diffusion potential (corrected by the
liquid junction potential) was utilized to calculate the rel-
ative Na to Cl permeability via the modified Goldman equa-
tion as described previously (10). Using a Na permeability
for MCDof 0.4 X 10-5 cm * s-1, as reported by Stokes (12)
the calculated Pcl, so obtained was PNa X 1.2 or 0.48
X 10-5 cm* s-1.

Protocols
Luminal substitutions. JHCO3 and VT were measured

using 115 mMCl bath and perfusate. Perfusate was then
changed to 0 Cl solution and repeat JHCO3and VT deter-
minations were peformed. In separate experiments, JHCO3
and VT were measured before, and 30 min after, addition
of 5 X 10` MSITS to perfusate. Bath and perfusate consisted
of 115 mMCl- throughout the SITS experiments.

Bath substitutions. During continuous perfusion with
115 mMC1- solution, JHCO3 and VT were measured with
serial bath compositions of 115 mMCl-, 0 Cl-, and 115 mM
Cl-. In separate experiments, JHCO3and VT were measured
when both bath and perfusate were 0 C1 solution. Finally,
JHCO3and VT were determined before, and 30 min after
addition of 5 X 10' MSITS to bath.

Chloride flux determinations. Utilizing 115 mMC1 bath
and perfusate, JHCO3and JCl were sequentially measured
to compare flux rates.

RESULTS

Fig. 1 illustrates the effects of substitution of perfusate
Cl with gluconate and, in separate experiments, ad-
dition of SITS to perfusate. As illustrated, removal of
perfusate chloride increased JHCO3significantly from
10.7±1.0 pmol * mm-' * min-' to 15.01± 1.8 pmol .
mm-' min-'. Although VT corrected for liquid junc-
tion potential decreased from 12.9±4.0 to 8.7±3.9 mV,
the change was not significant. Also shown in Fig. 1,
addition of 5 X 10-4 MSITS to perfusate effected no
change in either JHCO3 (9.54±0.86 pmol- mm-1*
min-', control; 9.67±0.93 pmol - mm-' min-, exper-
imental) or VT (6.9±1.0 mV, control; 6.7±0.7 mV, ex-
perimental).

Fig. 2 illustrates the effects upon JHCO3and VT Of
total bath chloride replacement and, independently,
addition of SITS to bath. As can be seen, substitution
of gluconate for bath chloride resulted in a reversible
ablation of bicarbonate reabsorption (JHCO3 9.88±1.1
pmol * mm-1' min-', control; JHCO3- 0.19±0.19
pmol - mm-' * min', experimental; JHCO3 10.1±1.19
pmol * mm-' * min-', recovery). The lumen-positive

1506 D. K. Stone, D. W. Seldin, J. P. Kokko, and H. R. Jacobson



115mM 0mM 115mM 115mM
cr cl- cl- cr-

4+510-4M SITS

FIGURE 1

-14

E -14

iJ E - '

_E
so

CL -,

8 t E

6

4

2

0
0 2 4 6 8 10 12 14

JHCO3
pmol mm-1 min-1

FIGURE 3

voltage, corrected for liquid junction potential, did not
change significantly (10.5±2.0 mV, control; 8.7±0.7
mV, experimental) with this maneuver. In experiments
not illustrated (n = 4), tubules subjected to 0 Cl- bath
and perfusate demonstrated very low JHCO3and VT
(0.8±0.1 pmol * mm-' * min- and 1.8±0.2 mV, respec-
tively). Bath SITS at 5 X 10-4 M prompted a nonre-
versible fall in both JHCO3and VT to values, respec-
tively, 22 and 23% of control, as shown in Fig. 2.

Finally, Fig. 3 illustrates the relationship of net bi-
carbonate flux to net chloride flux in tubules perfused
and bathed with 115 mMCl solutions. As can be seen,
there is colinearity in the rates of bicarbonate reab-
sorption and chloride secretion with rates of 9.18±0.9
pmol - mm-' * min- and 9.75±1.19 pmol - mm-'-
min-1, respectively.

DISCUSSION

The present studies define a mechanistic role for C1-
in the process of medullary collecting duct acidifi-

T

115mM OmM 115mM 115mM
ci- ci- ci- cMI

5-10-4 M SITS

4

2

0

FIGURE 2

cation. Removal of luminal chloride enhanced bicar-
bonate reabsorption. In these studies there was a trend
(although not statistically significant) for the lumen-
positive voltage to become less positive owing to a bath
to lumen C1 diffusion potential. Such a diffusion po-
tential, by lowering the lumen-positive voltage, would
favor electrogenic proton secretion. Whether this is
the mechanism for the enhanced bicarbonate reab-
sorption seen with luminal Cl- replacement is still
unclear. It should be noted that correction of the ob-
served voltage (8.7 mV) by the bath to lumen Cl- dif-
fusion potential (7.6 mV) that is present when 0 Cl-
solution is in the lumen results in a VT that, compared
with control circumstances, is more lumen positive.

In contrast to luminal Cl- replacement, bath Cl-
replacement ablated bicarbonate reabsorption. Again,
lumen positive voltage did not change significantly but
tended to decline. However, in these experiments a
lumen-positive Cl diffusion potential exists owing to
the large chemical gradient for Cl- from perfusate to
bath. Correction of the observed voltage for this Cl-
diffusion potential results in a calculated VT of only
1.1 mV. These observations strongly suggest a require-
ment for chloride on the basolateral surface of med-
ullary collecting ducts. Indeed, the additional dem-
onstration that symmetric removal of chloride from
perfusate and bath ablates bicarbonate reabsorption
and reduces lumen-positive voltage to a value not dif-
ferent from that calculated above during only bath
Cl- replacement (1.8 vs. 1.1 mV) confirms a critical
role for peritubular Cl-.2 It is important to note that

2 The present studies were designed to examine a Cl- ef-
fect by replacing Cl- with an anion that was unlikely to be
an effective substitute (gluconate). The possibility that other
anions such as Br-, S0, NO- etc. could partially or com-
pletely substitute for Cl- is interesting and remains to be
tested.
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during our chloride substitution experiments we mea-
sured transepithelial voltage changes. The possibility
exists that replacement in perfusate and/or bath pro-
duced significant changes in apical or basolateral
membrane voltages in addition to diffusion voltages
across the paracellular shunt pathway. The magnitude
of cell membrane voltages changes and their impact
on acidification will require further studies utilizing
intracellular electrodes.

Our further observation that basolateral, but not lu-
minal, SITS markedly reduces acidification and lu-
men-positive voltage supports the notion that peritu-
bular chloride is instrumental to medullary collecting
duct acidification via its participation in a basolateral
membrane chloride-base exchanger. Thus intracellular
base, which accrues as a result of proton translocation
into tubular lumen requires peritubular Cl- for its ex-
trusion from the cell.

Under the conditions of the present study chloride
secretion occurred at a rate equal to proton secretion.
Such a colinearity would not be predicted given the
similarities of the passive permeabilities (X10-5 cm-
s-') of sodium (PNa = 0.4) and chloride (Pc1 = 0.48)
determined in MCD. If electrogenic acidification were
counterbalanced by passive conductances of sodium,
potassium and chloride as functions of their measured
passive permeabilities and chemical potentials, then
both net reabsorption of Na' and net secretion of Cl-
should occur. Indeed, JHC03 should be about twice
JCl owing to voltage-induced sodium reabsorption.
(Because [K] = 5 mM, in perfusate and bath the dis-
tribution of this species driven by the lumen-positive
voltage would be rapidly diminished by the generation
of a significant chemical potential [Kibath > [Kilumen).
Our finding that JHCO3and JCl matched under the
present conditions suggest that the MCDmay pref-
erentially utilize Cl- to shunt electrogenic acidifi-
cation. This is corroborated by the finding of Stokes
(4) that MCDhas no significant Na reabsorptive ca-
pacity under similar conditions. These observations are
compatible with the possibility that chloride conduc-
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tance during acidifying conditions differs from the
passive conductance measured at 21'C. To explain
this, transcellular movement of Cl is a likely event.
Such plasma membrane chloride conducting channels
have been described in neuronal tissues (13). A for-
mulation of MCDacidification, incorporating the find-
ings of the present studies is depicted in Fig. 4.

In summary, MCDacidification functionally re-
quires chloride in order to promote basolateral chlo-
ride-base exchange and to balance electrogenic proton
secretion.
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