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Abstract

Cortical collecting ducts (CCD) from rabbits treated with de-
oxycorticosterone (DOC) actively secrete bicarbonate at high
rates. To investigate the mechanism of bicarbonate secretion,
we measured bicarbonate and chloride transport in CCDfrom
rabbits treated with DOCfor 9-24 d. Removal of chloride (re-
placed with gluconate) from both perfusate and bath inhibited
bicarbonate secretion without changing transepithelial voltage.
Removal of chloride only from the bath increased bicarbonate
secretion, while removal of chloride only from the perfusate in-
hibited secretion. In contrast to the effect of removing chloride,
removal of sodium from both the perfusate and bath (replacement
with N-methyl-D-glucamine) did not change the rate of bicar-
bonate secretion. The rate of bicarbonate secretion equaled the
rate of chloride absorption in tubules bathed with 0.1 mMoua-

bain to inhibit any cation-dependent chloride transport. Under
these conditions, chloride absorption occurred against an elec-
trochemical gradient. Removal of bicarbonate from both the per-

fusate and bath inhibited chloride absorption. Removal of bi-
carbonate only from the bath inhibited chloride absorption, while
removal of bicarbonate from the lumen stimulated chloride ab-

sorption. Weconclude that CCDfrom DOC-treated rabbits ac-

tively secrete bicarbonate and actively absorb chloride by an

electroneutral mechanism involving 1:1 chloride/bicarbonate
exchange. The process is independent of sodium.

Introduction

Mammalian cortical collecting ducts perfused in vitro either se-

crete or absorb bicarbonate,' depending on the acid-base state
of the animal (1, 2). Bicarbonate secretion and absorption are

parallel, independently regulated active transport processes (1,
3, 4) that may occur via two distinct types of intercalated cells
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1. In this paper, the terms bicarbonate and total CO2 are used inter-
changeably since 95%of the total CO2is in the form of bicarbonate. The
transported ion is referred to as bicarbonate; we recognize, however, that
the techniques used cannot distinguish between the transport of HCO3
per se and the combined transport of OH- plus CO2.
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(5). Deoxycorticosterone (DOC)2 administration to rats or rabbits
fed an alkaline ash diet induces a very high rate of bicarbonate
secretion (3, 4, 6). These observations have led to the view that
bicarbonate secretion by cortical collecting ducts may be a phys-
iologically important response to net alkali intake or to metabolic
alkalosis (4).

The cellular mechanism of bicarbonate secretion is poorly
understood. Conflicting conclusions have been reached about
the ionic requirements for bicarbonate secretion. For example,
the transepithelial chloride concentration gradient influences the
rate of bicarbonate secretion (4, 7, 8) compatible with chloride
bicarbonate exchange as in other bicarbonate secreting epithelia
(9, 10). Yet, chloride replacement in both perfusate and bath
with methyl sulfate, nitrate, or isethionate did not inhibit bi-
carbonate secretion (8, 1 1), indicating that bicarbonate secretion
may not depend on chloride. The role of sodium is also unclear.
Bicarbonate secretion persisted despite inhibition of the Na,K-
ATPase with ouabain (3, 8, 1 1) and, therefore, was considered
to be independent of active sodium transport. Yet, bicarbonate
secretion was inhibited when choline replaced sodium in per-
fusate and bath solutions (1 1), raising the possibility that sodium
may be involved in another way.

Because cortical collecting ducts from rabbits treated with
DOCsecrete bicarbonate at much higher rates than previously
observed (3, 4), the rate of bicarbonate secretion now is more
easily and accurately measured. Also, the rate of net bicarbonate
secretion (1 5-20 pmol/min per mm[4]) is much greater than
the rate of simultaneous proton secretion (4-5 pmol/min per
mm[3, 4]), so that in DOC-treated tubules, the predominant
flux is bicarbonate secretion. In this paper, we used the DOC
model of bicarbonate secretion to investigate the mechanism of
bicarbonate transport in rabbit cortical collecting ducts. We
tested for chloride/bicarbonate exchange by studying the effect
of chloride removal and chloride concentration gradients on
bicarbonate secretion, as well as the effect of bicarbonate removal
and bicarbonate concentration gradients on chloride transport.
Wetested for sodium involvement in bicarbonate secretion by
studying the effect of replacing sodium with N-methyl-D-gluc-
amine.

Methods

Pathogen-free female NewZealand White rabbits (Small Animal Breeding
Facility, National Institutes of Health, Bethesda, MD) were injected with
DOCpivalate (12.5 mg/kg i.m.; Ciba-Geigy Corp., Pharmaceuticals Div.,
Summit, NJ). This depot preparation releases hormone for at least 4 wk.
The rabbits were given unlimited access to rabbit chow (National Insti-
tutes of Health Feed A) and water until they were used 9-24 d later
(weight 1.5-2.3 kg).

2. Abbreviations used in this paper: CCD, cortical collecting ducts; DOC,
deoxycorticosterone.
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The rabbits were killed by decapitation. The left kidney was removed
and sliced into coronal sections. Tubules were dissected at 15'C in control
A solution (Table I) gassed continuously with 95% 02 and 5% CO2.
Segments of cortical collecting ducts beginning at the last convergence
of initial collecting tubules were dissected. The length of the tubules was
always <2.5 mm.

After dissection, the tubules were transferred to a bath chamber and
mounted on concentric pipettes for perfusion (12). The tubules were
warmed to 370C in a temperature-controlled chamber and bathed with
solution kept at constant pH, PCO2, and P02, using a continuously
flowing bath system (13).

During a 15-30-min equilibration period, the perfusion rate was ad-
justed to about 1 nl/min per mm. Fluid leaving the tubule was collected
under water-equilibrated mineral oil into calibrated volumetric constric-
tion pipettes (5-13 nl). The flow rate was determined by measuring the
length of time needed to fill the volumetric pipette. The length of the
tubules was measured with an eyepiece micrometer.

Solutions and protocols. The composition of the solutions used is
shown in Table I. All bicarbonate-containing solutions were equilibrated
with 95%02/5% CO2. Bicarbonate-free solutions were equilibrated with
100% 02. N-methyl-D-glucamine bicarbonate was made by bubbling N-
methyl-D-glucamine (Aldrich Chemical Co., Inc., Milwaukee, WI) with
5% CO2. In solutions containing sodium gluconate (Aldrich Chemical
Co., Inc.), the ionic calcium activity (measured by a calcium ion electrode
model 93-20; Orion Research Inc., Cambridge, MA) was matched to the
control A solution by adding additional calcium salts. Six protocols were
performed.

Symmetric chloride removal (protocol 1). Control measurements were
made while the tubules were perfused and bathed with the control A
solution. Either before or after the control measurements, the perfusate
and bath were exchanged to the chloride-free solution or with a similar

Table I. Composition of Solution

Sodium- Chloride- Bicarbonate-
Component Control A free free*t Control Bt free*

mM mm mM mM mM

Na' 146 0 146 146 146
K+ 5 5 5 5 5
NMDG+ 145.5
Ca'+ 2 2 7 5 6
Mg++ 1.2 1.2 1.2 1.2 1.2

C1- 118 118 0 50 50
HCO3 25 25 25 25 0
Gluconate 128 74 101
Phosphate 2.5 2.5 2.5 2.5 2.5
Lactate 4 4 4 4 4
Sulfate 1.2 1.25 1.2 1.2 1.2
Citrate 1 0.8 1 1 1

Glucose 5.5 5.5 5.5 5.5 5.5
Alanine 6 6 6 6 6

Ouabain 0.1 0.1
(Bath only)

Solutions containing bicarbonate were equilibrated with 5%C02/95%
02. Bicarbonate-free solutions were gassed with 100% 02, then titrated
to 7.46 with 0.1 N NaOH. NMDG,N-methyl-D-glucamine.
* Solution 2 Cl, I mMCaCl2 replaced I mMCaGluconate2 in chlo-
ride-free solution. 10 Cl, 5 mMCaCI2 replaced 5 mMCaGluconate2
in chloride-free solution.
t Gluconate-containing solutions were titrated with calcium gluconate
to yield a calcium activity equal to that of the control A solution.

solution containing 2 mMor 10 mMchloride. Gluconate replaced chlo-
ride in all cases.

Bath chloride removal (protocol 2). After control measurements were
made as in protocol 1, the bath solution was switched to the chloride-
free solution.

Symmetric sodium removal (protocol 3). Tubules were perfused and
bathed with the sodium-free solution. N-Methyl-D-glucamine replaced
sodium. To ensure complete sodium removal, the perfusion and bath
exchange systems were washed exhaustively with 160 mMKCl followed
by the perfusion solutions; the tubules were set up in the sodium-free
solution. Samples of fluid obtained during the experiments from the
drain of the perfusate exchange system and from the bath chamber con-
firmed that the sodium concentration was <0.20 mM. After experimental
measurements were made, the perfusate and bath were switched to the
sodium-containing (i.e. control A) solutions; the control period always
followed the sodium-free period.

Symmetric bicarbonate removal (protocol 4). Control measurements
were made while the tubules were perfused and bathed with the control
B solution. In this and subsequent protocols, the bath always contained
0.1 mMouabain (Sigma Chemical Co., St. Louis, MO) to inhibit active
sodium- or potassium-dependent chloride transport. The chloride con-
centration was reduced (50 mM) so that a given absolute change in
chloride concentration would produce a larger, and therefore more ac-
curately measurable fractional change. After control measurements, both
the perfusate and bath solutions were switched to the bicarbonate-free
solution. The perfusion chamber was suffused with 100% 02 while the
tubule was bathed with the bicarbonate-free solution.

Perfusate bicarbonate removal (protocol S). After control measure-
ments were made as in protocol 4, the perfusate was exchanged to the
bicarbonate-free solution.

Bath bicarbonate removal (protocol 6). After control measurements
were made as in protocol 4, the bath was switched to the bicarbonate-
free solution.

Measurements. In bulk solutions, sodium was measured by a flame
photometer (model 143; Instrumentation Laboratory, Inc., Lexington,
MA); osmolality by a vapor pressure osmometer (model 5 1OOC; Wescor
Inc., Logan, UT); pH by a glass electrode (Radiometer America Inc.,
Westlake, OH); and total CO2 by an Ericsen CO2 analyzer (model E-
100; Coming Medical, Corning Glass Works, Medfield, MA). The ra-
dioactivity of ['4C]inulin was measured by a liquid scintillation counter
(model L5350; Beckman Instruments, Inc., Fullerton, CA), using Aquasol
scintillation fluid (New England Nuclear, Boston, MA).

The transepithelial potential difference was measured using calomel
cells connected to the perfusate and bath solutions by NaCl bridges ( 14).
When perfusate and bath solutions differed, a correction was made for
the liquid junction potentials, which were measured with a flowing KCI
junction replacing the perfusion pipette. The following values were added
to the measured potential to obtain the corrected potential: chloride-free
vs. control A, +6.2 mV; bicarbonate-free vs. control B, +0.6 mV.

In some experiments, net fluid transport was determined by adding
[carboxy-'4C]inulin (New England Nuclear) to the perfusate (20 ,uCi/
ml) and measuring radioactivity in perfusate and collected fluid. Fluid
transport rate (Jv, in nanoliters per minute per millimeter) was calculated
as J, = VL (CL/CO - 1), where VL is the fluid collection rate (nanoliters
per minute per millimeter) and CL/CO is the ratio of '4C activities in
collected and perfusate fluid.

The total CO2 concentration in perfusate, bath, and collected fluid
was determined by microcalorimetry (15). A linear standard curve was
obtained for each experiment. The precision of the instrument is sufficient
to resolve concentration differences between samples of 1-2 mM. The
net transport rate of total CO2was calculated as JTCO2 = (CO - CL) X VL,
where C0 is the total CO2 concentration measured in the perfusate, CL
is the total CO2 concentration measured in the collected fluid, and VL
is the tubule flow rate normalized per millimeter of tubule length. This
equation is valid when there is no net fluid absorption, as confirmed in
this study (see Results).

Chloride concentrations were measured in collected fluid, perfusate,
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Figure 1. Standard curve for chloride measurements using a continu-
ous flow ultramicrocolorimeter. Each point is the mean±SD for four
determinations.

and bath with a continuous flow ultramicrocolorimeter (16). In this an-
alytic method, chloride displaces thiocyanate from mercuric thiocyanate,
forming ferric thiocyanate, which absorbs light in the region 440-540
nM (diagnostic kit 460; Sigma Chemical Co.). Two optical filters (CS
4-76, Coming Medical; and Wratten 65, Kodak Laboratory and Specialty
Chemicals, Eastman Kodak Co., Rochester, NY) isolate a 50% trans-
mission band between 470 and 535 nm. A linear standard curve (Fig.
1) was obtained for samples containing up to 550 pmol of chloride. With
6-nl samples, a concentration difference of <1 mMcan be resolved at
50 mMabsolute chloride concentration. The net transport rate of chloride
was calculated using an equation analogous to that used for total CO2.

Total CO2or chloride in collected fluid was measured immediately
after the collection. In experiments in which both measurements are
reported, the collected fluid sample was split as follows: The flow rate
was determined with a 13-nl pipette. This sample was then redeposited
into the mineral oil in the original collection pipette. Two smaller pipettes
were then used to sample the larger volume for total CO2and chloride
measurements.

Statistics. For each perfusion condition a mean value for collected
total CO2, chloride, inulin concentration, tubule flow rate, and/or net
flux was calculated from the results of two or three measurements. When
available, control and recovery period values were averaged. This average
control value was compared with the experimental value using a paired
t test. Regression analysis was carried out using the method of least
squares. A P value of <0.05 was regarded as indicating a statistically
significant difference. All results are reported as mean± 1 SE.

Results

Net fluid transport
In previous studies of cortical collecting ducts, net fluid transport
was negligibly low or absent without vasopressin (3, 17). We

confirmed the absence of fluid transport in cortical collecting
tubules from DOC-treated rabbits under three specific conditions
used in this study, i.e., control (control A solution in perfusate
and bath), bath chloride removal (control A solution in perfusate
and chloride-free solution in bath), and sodium removal (sodium-
free solution in perfusate and bath) (Table II).

Net total C02 transport
Effect of chloride removal (protocol 1). Replacement of all chlo-
ride (n = 2) or all but 2 mMchloride (n = 2) with gluconate in
the perfusate and bath completely inhibited net total CO2 se-
cretion without a significant change in the transepithelial poten-
tial difference (Table III, Fig. 2). The inhibition was reversible.
In four additional tubules perfused and bathed with the 10-mM
chloride solution, the mean total CO2 flux was reduced from
-7.9±2.2 to -4.8± 1.1 pmol/min per mm.

Effect of imposed transepithelial chloride gradients (protocol
2). A recent study showed that removal of perfusate chloride
(replaced with sulfate or gluconate) inhibited total CO2secretion
in DOC-treated rabbits (4). These results were confirmed in four
tubules perfused with the chloride-free solution; the transepi-
thelial potential difference became more negative (-6.0±5.0 to
-22.8±5.8 mV, P < 0.05), while bicarbonate secretion was in-
hibited (-9.1±1.8 to -0.0±1.6 pmol/min per mm, P < 0.05).
The change in transepithelial potential difference was most likely
due to a chloride diffusion potential through the chloride selective
tight junction ( 18). To investigate whether bath chloride removal
affects total CO2 secretion, tubules were perfused with control
A solution and bathed with chloride-free solution (Table III,
Fig. 3). Complete bath chloride removal increased net total CO2
secretion (-16.1±3.2 to -30.8±6.4 pmol/min per mm), and
the transepithelial voltage changed significantly from - 17.9±6.4
to +5.2±10.6 mV.

Effect of sodium removal (protocol 3). In eight tubules, so-
dium was replaced in both perfusate and bath with N-methyl-
D-glucamine (Table IV, Fig. 4). Sodium removal significantly
changed the transepithelial potential difference (-22.0±7.3 to
14.5±3.9 mV), but the rate of total CO2 secretion remained
unchanged (-12.7±3.2 to -14.6±3.1 pmol/min per mm).

Net chloride transport
Weevaluated the effect of bicarbonate removal on chloride and
bicarbonate transport. The tubules were studied in solutions
containing 50 mMchloride (control B solution and bicarbonate-
free solution, Table I). Ouabain (0.1 mM)was added to the bath
to inhibit active sodium and potassium transport, and hence,
any chloride transport coupled to the active cation transport.

Effect of bicarbonate (protocol 4). Cortical collecting ducts
studied with the control B solution in the perfusate and bath
absorbed chloride (13.8±3.3 pmol/min per mm) and secreted

Table II. Net Fluid Transport Rate in Cortical Collecting Ducts from DOC-treated Rabbits

Experimental condition n Length Flow rate VW Jl

mm nl/min per mm mV nIl/min per mm

Control A 4 2.0±0.1 1.12±0.02 -22.8±6.2 -0.02±0.05
Bath chloride removal 4 2.0±0.1 1.16±0.06 -24.4±10.9 -0.00±0.02
Sodium removal 5 1.6±0.2 1.22±0.04 15.5±13.3 -0.04±0.02

Values are mean±SE. Vte, transepithelial voltage. J. net fluid transport rate.
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Table III. Effect of Chloride on Total CO2 Transport in Cortical Collecting Ducts from DOC-treated Rabbits

V,, TCO2 flux

Protocol n Length C E C vs. E C E C vs. E

mm mV mV P pmol/min per mm P

Symmetric chloride
removal* 4 1.6±0.3 -23.2±9.5 -26.5±8.9 NS -8.6±1.8 0.2±0.3 <0.05

Bath chloride removal 7 2.0±0.2 -17.9±6.4 5.2±10.6 <0.05 -16.1±3.2 -30.8±6.4 <0.05

Values are mean±SE. Negative fluxes indicate net secretion. Positive fluxes indicate net absorption. Mean perfusion flow rates were 1.1 to 1.2±0.1
nl/min per mmand did not differ significantly among groups. The transepithelial voltage (V,<) was corrected for liquid junction potentials (see
Methods). C, control. E, experimental. NS, not statistically significant, P > 0.05. TCO2, total carbon dioxide. * During experimental period,
perfusate and bath contained 0 or 2 mMchloride.

total CO2 (-12.6±3.5 pmol/min per mm)at nearly equal rates
(Table V, Figs. 5 and 6). Replacement of bicarbonate by glu-
conate in perfusate and bath significantly inhibited both chloride
absorption (to 3.5±1.4 pmol/min per mm) and total CO2 se-
cretion (to -3.9±0.9 pmol/min per mm). Note that despite
complete absence of exogenous bicarbonate and carbon dioxide
from both perfusate and bath, the tubules still secreted significant
amounts of total CO2, which presumably was derived from me-
tabolism (see Discussion).

Simultaneous total C02 and chloride transport
Under the conditions presented above, we found bicarbonate
secretion and chloride absorption were highly correlated. To
further determine the quantitative relationship between the rates
of total CO2 and chloride transport, tubules were perfused, in
five additional experiments, with bicarbonate removed either
from the perfusate or the bath (protocols 5 and 6, Table VI).
Bicarbonate removal from the perfusate increased both the rate
of total CO2 secretion and the rate of chloride absorption in
three individual experiments. Bicarbonate removal from the bath
decreased the rate of total CO2secretion and the rate of chloride
absorption in two experiments. These data are plotted with the
previous results in Fig. 6. The net total CO2flux and net chloride
flux were highly correlated (r2 = 0.92, P< 0.05). The relationship
between the two fluxes, as analyzed by linear regression, is shown
by the dashed line. The slope (-0.96) was not significantly dif-
ferent from -1.0, a consistent with 1:1 coupling of chloride and
bicarbonate transport. The transepithelial voltage did not cor-
relate significantly with the rate of bicarbonate secretion (r2
= 0.2, P > 0.05).

Discussion

The major conclusions from the present studies are a) cortical
collecting ducts actively secrete bicarbonate and actively absorb
chloride by 1:1 chloride/bicarbonate exchange; b) the overall
transepithelial process is electroneutral; and c) bicarbonate se-

cretion does not require sodium. The basis for these conclusions
follows:

Cortical collecting ducts actively secrete bicarbonate and ac-

tively absorb chloride. It was shown in earlier studies (3, 8, 11,
19) and confirmed in the present ones that cortical collecting
ducts can actively secrete bicarbonate. Bicarbonate secretion oc-

curred against both chemical and electrical potential gradients
since the lumen bicarbonate concentration was increased above
the bath when the electrical potential gradient was lumen neg-

ative (Table III).
Active chloride absorption was also demonstrated. In the

presence of ouabain, the transepithelial voltage was lumen pos-

itive and chloride was absorbed, decreasing its concentration in
the lumen below that in the bath (Table V). Normally, much
of the chloride absorption by cortical collecting ducts is passive,
driven by the lumen-negative voltage produced by active sodium
transport ( 17). Even under normal conditions, however, part of
the chloride absorption must be active, because the chloride
concentration in the lumen may become lower than can be ac-

counted for by the transepithelial voltage (20). Active chloride
absorption was also previously found in micropuncture studies
of rat superficial distal tubules (21, 22) that contain cortical col-
lecting duct cells in their terminal portions (23).

Bicarbonate secretion requires chloride. Replacement of
chloride with gluconate in the perfusate and bath completely

118 rrM 0 OR2 mrM 118 rmM

CHLORIDECONCENTRATION
PERFUSATEANDBATH

Figure 2. Effect of symmetric
chloride replacement with glu-
conate on total CO2 flux in cor-

tical collecting ducts from
DOC-treated rabbits. Open cir-
cles are means of two to three
collections taken from a single
tubule. Solid lines connect
paired measurements made
in individual tubules. P < 0.05,
0-2 mMchloride vs. 118 mM
chloride by paired t test.
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Figure 3. Effect of bath chlo-
ride replacement with gluco-
nate on total CO2 flux in corti-
cal collecting ducts from DOC-
treated rabbits. P < 0.05, 118
mMchloride vs. 0 mMchlo-
ride by paired t test.
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Table IV. Effect of Sodium on Total CO2 Transport in Cortical Collecting Ducts from DOC-treated Rabbits

VW TCO2flux

Protocol n Length E C E vs. C E C E vs. C

mm mV mV P pmol/min per mm P

Symmetric sodium
removal 8 1.8±0.2 14.5±3.9 -22.0±7.3 <0.05 -14.6±3.1 -12.7±3.2 NS

Values are mean±SE. Negative fluxes indicate net secretion. Positive fluxes indicate net absorption. Mean perfusion flow rates were 1.1 to 1.2±0.1
nl/min per mmand did not differ significantly between groups. C, control. E, experimental. TCO2, total carbon dioxide. Ve, transepithelial volt-
age.

and reversibly inhibited bicarbonate secretion (Table III). We
interpret this inhibition as an effect of chloride removal, per se.
Other possibilities can be ruled out. The transepithelial voltage,
a possible driving force for bicarbonate transport, did not change
significantly (Table III). A direct inhibition by the added glu-
conate is unlikely for a number of reasons. First, bicarbonate
secretion persisted despite the presence of 118 mMgluconate
when perfusate and bath contained 10 mMchloride. Second,
bicarbonate secretion increased when 128 mMgluconate re-
placed all the chloride in the bath (Table III). Third, replacement
of luminal chloride by sulfate instead of gluconate (4) also in-
hibited bicarbonate secretion. Fourthly, the inhibition of bicar-
bonate secretion by symmetric (chloride-free) gluconate solutions
was reversible (Fig. 2), ruling out any irreversible toxic effect of
gluconate. We conclude that bicarbonate secretion requires
chloride, as in the turtle urinary bladder (9).

In previous experiments, bicarbonate secretion was not sig-
nificantly inhibited by complete replacement of chloride with
nitrate or methylsulfate (I 1) and replacement of all but 2 mM
of chloride with isethionate (8). Although there were many dif-
ferences in the details of the experiments, a possible explanation
for the apparent disagreement of these results with ours is that
the anion specificity of the chloride/bicarbonate exchanger is
low and that certain anions other than gluconate anions can
substitute for chloride (or bicarbonate). Certainly, there are ex-
amples of rather low selectivity in other anion transport systems.
For example, sulfate and many other anions substituted for
chloride on the red blood cell anion exchanger (24), sulfate sub-
stituted for chloride in bicarbonate transport by Amphiuma je-
junum (10) and rabbit colon (25), and nitrate was transported
by the chloride transport system in shark rectal glands (26). We
have not directly investigated the anion selectivity of the chloride/

0-

_5_
2 Figure 4. Effect of symmetric

sodium replacement with N-
methyl-D-glucamine on total

-30- CO2 flux in cortical collecting
ducts from DOC-treated rab-

-35 , bits. P > 0.05, 0 mMsodium
°flMn 6 m* vs. 146 mMsodium by paired t

SODIUMCONCENTRATION
PERFUSATEAND ATH test.

bicarbonate exchanger in this study, but the information would
be of interest.

Chloride absorption requires bicarbonate. Whenouabain was
present to inhibit chloride transport linked to active sodium and
potassium transport, replacement of bicarbonate by gluconate
in the perfusate and bath virtually completely inhibited chloride
absorption (Table V). Following arguments similar to those
above, we interpret this inhibition as an effect of bicarbonate
removal, per se. The small amount of chloride transport that
persisted can be accounted for by residual transport of bicar-
bonate derived from metabolic CO2-3

Similar results have been reported in the turtle urinary blad-
der. In the presence of ouabain, chloride absorption required
bicarbonate (27), and removal of bicarbonate from the serosal
side inhibited the chloride absorption (9, 27).

The transepithelial chloride gradient affects bicarbonate se-
cretion. Removal of chloride from the perfusate inhibited bi-
carbonate secretion (4), while removal of chloride from the bath
increased bicarbonate secretion (Table III). Although the trans-
epithelial voltage changed in these experiments (due to a chloride
diffusion potential via the tight junction [ 18]), the bicarbonate
permeability of cortical collecting duct is so low (28) that any
resultant changes in passive bicarbonate transport should be too
small to account for the observed effects.

The transepithelial bicarbonate gradient affects chloride ab-
sorption. When ouabain was present, removal of bicarbonate
from the perfusate stimulated chloride absorption, while removal
of bicarbonate from the bath inhibited chloride absorption
(Table VI).

The flux ratio is 1:1 in the presence of ouabain. Wedeter-

3. The measured rate of total CO2secretion in the absence of exogenous
bicarbonate and CO2was somewhat greater than the rate of 14C carbon
dioxide production (0.6 pmol/min per mm)previously measured directly
in rat cortical collecting ducts (36). It was also somewhat higher than
the rate of CO2 production inferred from other measurements such as
oxygen consumption of rabbit cortical tubule suspensions in the presence
of ouabain (2.5 pmol/min per mm)(37) and the antimycin A-stimulated
lactate production of cortical collecting ducts (0.6 pmol/min per mm)
(38). In the present study, however, the collecting ducts were perfused,
which presumably increased the rate of transport and the metabolism
necessary to support the transport. Because these numbers are of the
same order of magnitude as the rate of secretion of bicarbonate by the
cortical collecting ducts in bicarbonate-free solutions, we believe that
metabolism is a plausible source of the secreted bicarbonate. Along the
same lines, enough CO2was apparently produced by metabolism of turtle
bladder cells in C02-free solutions to sustain acidification that otherwise
would have required exogenous CO2 (39).
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Table V. Total CO2and Chloride Transport in Cortical Collecting Ducts from DOC-treated Rabbits

Et, TCO2 flux Chloride flux

Protocol n Length C E C vs. E C E C vs. E C E C vs. E

mm mV mV P pmol/min per mm P pmol/min per mm P

Symmetric
bicarbonate removal 7 1.9±0.2 10.5±3.5 5.4±2.4 NS -12.6±3.5 -3.9±0.9 <0.05 13.8±3.3 3.5±1.4 <0.05

All values are mean±SE. All solutions contained 50 mMchloride. All baths contained 0.1 mMouabain. Mean perfusion rates were 1. 1- 1.2 nl/
min per mmand did not differ significantly between groups. C, control. E, experimental. TCO2, total carbon dioxide. Ve, transepithelial voltage.

mined the relationship between chloride and bicarbonate fluxes
in the presence of ouabain (Fig. 6). Under these conditions, net
sodium, potassium, and sodium-coupled chloride fluxes were
eliminated. Bicarbonate secretion and chloride absorption were
highly correlated with a slope of - -1.0. In this open-circuited
state, net transepithelial transfer of charge must be zero. Because
a 1: 1 coupling ratio completely satisfies this requirement, it is
unnecessary to assume that any other ion is involved in the
anion exchange process. From this correlation alone, we cannot
be certain that the coupling is direct via an exchanger. The lack
of any consistent relation between bicarbonate and chloride
transport and the transepithelial voltage (see below), however,
suggests to us that the coupling is likely to be direct.

The overall transepithelial process is electroneutral. Wedid
not find any consistent relation between the rate of bicarbonate
secretion and the transepithelial voltage. Removal of chloride
from the perfusate and bath inhibited bicarbonate secretion
without any change in the transepithelial voltage (Table III).
Also, removal of sodium from the perfusate and bath (Table
IV), addition of ouabain to the bath (3, 8, 1 1), or removal of
potassium from the bath (3) inhibited the lumen-negative voltage
without significantly affecting the rate of bicarbonate secretion.
Finally, comparing all of the individual collections under various
conditions, there was no significant relationship between bicar-
bonate transport rate and transepithelial voltage (results not
shown). Weconclude that under the conditions of our study,
bicarbonate secretion is electroneutral, that is, does not generate
a transepithelial voltage. Similarly, in the untreated turtle urinary
bladder, bicarbonate secretion is electroneutral (9), although an
electrogenic mechanism was induced by treatments that in-
creased intracellular cyclic AMP(29, 30).

Bicarbonate secretion does not require sodium. It was shown
in previous studies (3, 8, 1 1) and confirmed in the present ones

that ouabain, an inhibitor of the Na,K-ATPase, does not prevent
bicarbonate secretion by cortical collecting ducts. Therefore, so-
dium gradients generated by the Na,K-ATPase cannot be the
energy source for the active bicarbonate transport. By the same
reasoning the Na,K-ATPase cannot drive the active chloride
transport. Although we are not certain what primary active
transport is ultimately responsible for active bicarbonate and
chloride transport, we believe it likely to be a proton ATPase,
as recently proposed for the turtle urinary bladder (31).

We tested for dependence on sodium other than through
the Na,K-ATPase by measuring bicarbonate transport in the
absence of sodium. Bicarbonate secretion continued in the ab-
sence of sodium in the perfusate and bath (Table II). The mea-
sured sodium concentration was <0.2 mM, which is well below
the Michaelis constant reported for sodium in other sodium-
dependent transport processes such as a basolateral sodium/hy-
drogen exchanger in rabbit cortical collecting duct (- 15 mM)
(32), bicarbonate secretion in Amphiuma intestine (5 mM)(10),
or sodium chloride absorption in rabbit thick ascending limb
(3.6 mM) (33). Also, the sodium concentration was low enough
to eliminate the lumen-negative transepithelial voltage associated
with active sodium absorption.

In previous studies, replacement of sodium with a different
cation, choline, inhibited bicarbonate secretion in rabbit cortical
collecting ducts (11). In view of the lack of effect of sodium
replacement with N-methyl-D-glucamine in the present study,
we speculate that choline could have inhibited net bicarbonate
secretion. This is supported by the observation in the turtle uri-
nary bladder that choline inhibited net bicarbonate secre-
tion (34).

Summary. These results provide evidence that cortical col-
lecting ducts actively secrete bicarbonate and actively absorb
chloride by a process involving direct chloride/bicarbonate ex-

25 mM 0 mm 25 mM

BICARBONATECONCENTRAlTION
PERFUSATEANDBATH

Figure 5. Effect of symmetric
bicarbonate replacement with
gluconate on net chloride flux
in cortical collecting ducts from
DOC-treated rabbits. Ouabain
(0.1 mM)was present in bath.
P < 0.05, 25 mMbicarbonate
vs. 0 mMbicarbonate, by
paired t test.
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Table VI. Effect of Bicarbonate Gradients on Chloride Flux
and Total CO2Flux in Cortical Collecting Ducts

VI, TC02 flux Chloride flux

Protocol Length C E C E C E

pmol/min per
mm mV mV pmol/min per mm mm

5 2.4 11.0 4.2 -5.9 -11.5 7.7 10.4
1.4 5.5 5.5 -5.6 -16.8 7.1 13.3
1.7 6.3 9.0 -8.2 -17.4 12.1 19.4

Mean 1.8 7.6 6.2 -6.6 -15.2 9.0 14.4

6 2.4 11.2 12.8 -8.0 -.8 10.1 3.1
1.7 4.0 2.6 -10.0 -1.0 12.3 3.2

Mean 2.1 7.4 7.7 -9.0 -0.9 11.1 3.2

All values are mean±SE. All solutions contained 50 mMchloride. All
baths contained 0.1 mMouabain. Mean perfusion rates were 1.1-1.2
nl/min per mmand did not differ significantly among groups. C, con-
trol. E, experimental. TCO2, total carbon dioxide. Vt, transepithelial
voltage.

change.4 The evidence for direct coupling of chloride and bi-
carbonate fluxes is that bicarbonate secretion required the pres-
ence of chloride (Table III), that chloride absorption required
the presence of bicarbonate (Table V), and that the transport of
bicarbonate and chloride each was affected by transepithelial
gradients of the other (Tables III and VI). The lack of any con-
sistent relation between anion fluxes and the transepithelial
voltage rules out the possibility that the two fluxes are coupled
via the transepithelial voltage, as has been proposed for chloride
and proton secretion in the outer medullary collecting duct (35).
The 1:1 stoichiometry in the absence of net sodium and potas-
sium transport provides evidence that no other ions are involved
in the electroneutral exchange process. The bicarbonate secretion
and chloride absorption apparently are linked by direct chloride/
bicarbonate exchange.
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