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Abstract

The effects of replacing luminal chloride with gluconate on
distal tubule bicarbonate transport were studied in vivo in nor-
mally fed rats, overnight-fasted rats, and rats made mildly
alkalotic by administration of desoxycorticosterone acetate
(DOCA). In paired microperfusions of the same tubule with 0
or 55 mM Cl at 25 nl/min, net secretion of bicarbonate by
distal tubules of fed rats was inhibited by chloride replacement.
Zero chloride perfusion in DOCA rats also resulted in an inhi-
bition of net bicarbonate secretion at 25 nl/min. In contrast,
replacement of 45 mM chloride also perfused at 25 nl/min in
fasted rats caused an increase in net bicarbonate reabsorption.

To further characterize the effects of changes in luminal
chloride, experiments were undertaken in fasted rats with 0,
45, and 100 mM chloride-containing solutions perfused at 8
and 25 nI/min. Perfusion with zero Cl resulted in net bicar-
bonate reabsorption at 8 nl/min that increased markedly with
high flow, whereas bicarbonate reabsorption did not change
significantly during perfusion at high flow with a 45-mM Cl
perfusate. In marked contrast, perfusion with a 100-mM Cl
solution resulted in only minimal bicarbonate reabsorption at 8
nl/min with significant secretion observed at high flow.

Thus, chloride-free perfusates inhibit bicarbonate secretion
and enhance bicarbonate reabsorption, while high chloride per-
fusates elicit net bicarbonate secretion in usually reabsorbing
distal tubules. (J. Clin. Invest. 1990. 85:1793-1798.) acid-
base - kidney - alkalosis - microperfusion

Introduction

McKinney and Burg (1) first showed that bicarbonate secre-
tion could be demonstrated in the in vitro perfused cortical
collecting duct of rabbits fed bicarbonate. Knepper et al. (2)
subsequently reported a high rate of net bicarbonate secretion
in cortical collecting tubules of rabbits receiving desoxycorti-
costerone acetate (DOCA),' while Garcia-Austt et al. (3)

An abstract referring to a portion of this work has already appeared
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showed that this secretion could be inhibited by chloride re-
placement. Subsequently, Star et al. demonstrated that a 1:1
Cl:HCO3 exchange mechanism is the probable basis for these
findings (4). Laski et al. (5) proposed that the transepithelial
chloride gradient might alter proton secretion by changes in
the VTE, or by influencing the apical Cl:HCO3 exchanger.

Bicarbonate secretion in vivo was first reported by us in
microperfused distal tubules of normally fed rats (6, 7), while
Bichara et al. (8) have recently demonstrated bicarbonate se-
cretion under free-flow conditions. The purpose ofthe present
investigations was to determine if luminal chloride modulates
in vivo bicarbonate transport by rat distal tubules. Our in vivo
model of bidirectional bicarbonate transport allows us to
change perfusate chloride concentration and assess separate
effects of such changes on tubules that either secrete or reab-
sorb bicarbonate. The results indicate that chloride replace-
ment arrests in vivo bicarbonate secretion in fed and DOCA
alkalotic rats and augments bicarbonate reabsorption in distal
tubules from overnight-fasted rats, and, with high chloride
concentrations perfused at high flow, this reabsorptive flux can
be transformed into net bicarbonate secretion.

Methods

These studies were performed on male Sprague-Dawley rats weighing
- 300 g, bred and raised in a climate-controlled facility at the Univer-
sity of Ottawa. Fed animals were allowed free access to water and rat
chow (5012; Ralston-Purina of Canada Ltd., Woodstock, Ontario,
Canada) that contained 22% protein. Overnight-fasted animals were
allowed water ad lib, but had no access to food for 16 h before the
experiment. DOCA rats received an injection of 5 mg/d i.p. DOCA in
an aqueous suspension (CSI Pharmaceuticals, Cherry Hill, NJ) for 3 d,
drank 150 mM NaHCO3 ad lib, and ate the same chow. DOCA rats
were also injected with 5 mg DOCA i.p. on the morning ofthe experi-
ment. Rats were housed in individual metabolic cages that permitted
urine collection for 16 h before the micropuncture experiment. Urine
was collected under oil using thymol as a preservative.

Rats were anesthetized with 100 mg/kg Inactin (BYK Gulden,
Konstanz, FRG) and were prepared for' micropuncture as previously
described (6, 7). All animals were infused with 0.5% body weight (BW)
of donor plasma followed by 1% BW/h of isotonic saline in fed and
fasted groups and 2% BW/h isotonic saline in the DOCA group. The
data derive from 106 collections obtained from 53 distal tubules.

Intratubular perfusion. Table I shows the perfusion solutions used.
All perfusion solutions contained 0.05% FD + C green dye and were
gassed with humidified 9% CO2, 91% 02 to attain a Pco2 of 65
mmHg. All in vivo collections were quantitative and timed, and the
concentration of [3Hjinulin was determined in the initial perfusate
and in the collected samples. In this way, significant departures from
nominal perfusion rates were detected. In the present experiments
in vivo perfusion rates were 7.9+0.2 (n = 31) and 24.5±0.3 nl/min
(n = 75).

Experimental design
Perfusion of single distal tubules at the sameflow rate with two solu-
tions. To examine the effects of change in chloride delivery without
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Table I. Perfusion Solutions

Fed rats DOCA rats Fasted rats

Protocol 1A lB 2A 2B 3A 3B 5A 5B

tCO2,mM 12 12 10 10 25 25 25 25
Na, mM 65 65 61 61 68 68 123 123
K,mM 2 2 1 1 2 2 2 2
C1,mM 0 55 0 51 0 45 0 100
Urea,mM 0 0 18 18 0 0 0 0
Gluconate, 55 0 51 0 45 0 100 0
mM

Osmolality, 134 134 141 141 140 140 250 250
mosmol/kg

All solutions contained 0.05% FD and C green dye. Solutions for
protocols 4A and 4B were identical to 3A and 3B, respectively.

changing flow rate or bicarbonate load, distal tubules from the three
groups of rats (DOCA, fed, and fasted) were perfused in a paired
fashion (9) with both a chloride-containing and a zero chloride solu-
tion at 25 nl/min (Table I). Two Hampel nanoliter drive pumps were
used for this procedure: the first loop of a double-looped surface distal
tubule was punctured with a perfusion pipette containing one solution,
then the first collection was made, and the perfusion pipette removed.
The second perfusion was then performed with the second perfusion
pipette in the same manner.

Perfusion ofsingle distal tubules with the same solution at twoflow
rates. To assess the effects of luminal chloride on distal tubule bicar-
bonate reabsorption which occurs in fasted rats, single distal tubules
were perfused at both 8 and 25 nl/min with a solution containing 0, 45,
or 100 mM Cl (Table I). To reduce interanimal variability, we at-
tempted to perfuse two tubules from each rat: one tubule was perfused
with the 0 Cl perfusate at 8 and 25 nlmin, while another tubule was
perfused with either 45 or 100 mM Cl, also at both flow rates. Thus,
data from fasted rats (protocol 4) include eight pairs of tubules from
eight rats, while one tubule perfused with 0 Cl was obtained from a rat
that did not provide 45-mM Cl perfusions. In protocol 5, six pairs of
tubules were obtained from six rats, while two tubules perfused with
100 mM Cl were obtained from rats that did not provide 0 Cl perfu-
sions. Fig. 3 also shows these data, where results from two tubules in
the same rats are plotted at 8 and 25 nl/min.

Analytical methods, statistical analyses, and calculations
Total carbon dioxide concentration was measured by microcalorime-
try (10). Particular care was taken to avoid loss of dissolved carbon
dioxide: micropuncture pipettes and sample handling pipettes con-
tained Hepes-buffered mineral oil and samples were placed on a quartz
dish flooded with Hepes-buffered mineral oil. A separate tray con-
tained four NaHCO3 standards (5, 10, 15, or 20 mM for experiments
with the 10- or 12-mM NaHCO3 perfusion solutions, or 10, 20, 30, and
40mM for experiments with the 25mM NaHCO3 perfusion solutions)
in water-equilibrated mineral oil. A standard curve was run before
sample analysis and standards bracketed the determination ofthe sam-
ples and perfusate tCO2 determinations.

Tubular fluid chloride concentrations were determined by electro-
titration (Microtitre, model ET- 1; WPI Inc., New Haven, CT) accord-
ing to the method of Ramsay et al. (1 1). Briefly, 5 nl of sample was
deposited into a sulphuric acid bubble sitting on a silver wire under
water-equilibrated oil. A current-passing electrode and a voltage-sens-
ing electrode (made from pulled glass pipettes filled with I M NaNO3
in 2% agar and a small volume of 1 M AgNO3, fitted in acrylic micro-
electrode holders [WPI Inc.]) were inserted into the sample droplet. A
constant current of known magnitude was applied to the droplet and
the coulometric titration was followed by the electrometer probe to the

preset endpoint voltage of250 mV. The total charge ofthe sample was
calculated by multiplying the titration time by the known current. A
series of standards was run before and throughout the analysis to
generate a regression line and assess instrument stability. For low chlo-
ride concentrations, a mid-curve chloride standard was added to the
sample or perfusate before titration.

Other methods and calculations have already been detailed (6)
except for the calculation of mean luminal chloride, which was taken
as the arithmetic mean of the perfusate and collected chloride concen-
trations.

The statistical analyses included the paired t test, unpaired t test,
analysis of variance, and regression analysis where appropriate (6). In
Table II, significance figures were obtained by assessing the t values
with B6nferroni probabilities.

Results

Whole animal data
Fasted animals showed a significant reduction in plasma tCO2
concentration, blood pH, and plasma [K] when compared
with fed animals (Table II). In contrast to the other groups,
fasted rats exhibited a significant decrease in body weight for
the 16 h before the experiment. These changes and the pattern
of urine electrolyte excretion in fed and fasted animals are
similar to those previously reported (7). DOCA rats had signif-
icantly higher values for plasma tCO2, pH, and urine pH than
fed or fasted animals. Plasma [K] was significantly lower.

Microperfusion data
Perfusion with two solutions in the same tubule (protocols 1, 2,
and 3). In protocols 1, 2, and 3 the effects of chloride replace-
ment were studied at constant flow. Distal tubules from fed,
DOCA, and overnight-fasted rats were perfused at 25 nl/min
with either chloride-containing or zero chloride solution (see
Table III and Fig. 1).

When perfused with 55 mM Cl, tubules from the fed group
secreted bicarbonate that was inhibited by perfusion with zero
chloride (JtCO2 = -28±8 and -2±9 pmol * min * mm', re-
spectively, P < 0.001). Chloride flux changed from modest
reabsorption to net secretion (Jcl = 16±50 to -255±36
pmol - min-' * mm-', respectively, P < 0.005). In the fed
group, four tubules were perfused with the chloride solution
first and three with the zero chloride solution first. Fig. 1 also
shows that tubules from DOCA-treated animals secreted bi-
carbonate at a high rate with 51 mM chloride perfusion, which
was changed to reabsorption with zero chloride (JtCO2
= -41±16 and 20±15 pmol- min-' . mm-', respectively, P
< 0.0005). Chloride reabsorption was significantly different
from zero in the DOCA group, which was also changed to net
secretion by chloride replacement (Jcl = 243±41 and
-101±33 pmol -min' mm-', respectively, P < 0.0005). In
the DOCA group four tubules were perfused with the chloride
solution first and three tubules were perfused with the zero
chloride solution first.

In contrast, fasted rats showed net bicarbonate reabsorp-
tion when perfused with 45 mM C1 perfusion, and this reab-
sorption was increased by Cl replacement (JtCO2 = 37±13 to
67±7 pmol * min-' * mm-', respectively, P < 0.05). Net reab-
sorption of chloride was observed with C1 perfusion, which
again changed to net secretion with chloride replacement (J0
- 13±32 and -143±29 pmol-min-' mm-', respectively, P
<0.001).
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Table II.

Fed(1) DOCA(2) Fasted(3)
(n=6) (n= 12) (n= 12) F Ivs.2 lvs.3 2vs.3

Blood data
pH 7.43±0.01 7.47±0.01 7.40±0.01 Sig. 0.01 0.001 0.001
Pco2 (mmHg) 44±1 46±1 44±1 NS
HCO3 (meq/liter) 28.6±0.5 33.0±0.8 26.1±0.4 Sig. 0.001 NS 0.001
Na (meq/liter) 148±1 148±1 148±2 NS
K (meqlliter) 5.0±0.1 3.5±0.1 4.3±0.1 Sig. 0.001 0.001 0.001
Cl (meq/liter) 104±1.0 102±0.4 106±1.0 Sig. NS NS 0.01
Protein (mg/dl) 5.3±0.1 4.8±0.1 5.5±0.1 Sig. 0.001 NS 0.001
A BW (g) 12.7±1.6 6.9±1.3 -23.4±1.3 Sig. 0.05 0.001 0.001

Urine data
pH 6.84±.07 8.12±.04 6.68±.06 Sig. 0.001 NS 0.001
HCO3 (ueq/16 h) 315±67 5,576±705 86±18 Sig. 0.001 NS 0.001
Na (,ueq/16 h) 2,204±201 8,197±686 559±65 Sig. 0.001 0.001 0.001
Cl (Aeq/16 h) 3,187±137 2,130±133 429±54 Sig. 0.001 0.001 0.001

F, F statistic obtained by analysis of variance.
weight for 16 h before experiment.

P values were obtained by t test corrected by Bonferroni method. A BW, change in body

Perfusion at 8 and 25 ni/min with 0, 45, and 100 mM Cl in
fasted rats (protocols 4 and 5; Tables I and III). We had hy-
pothesized that in bicarbonate-secreting tubules, reduction of
chloride load by perfusate chloride substitution caused a de-
crease in net bicarbonate secretion by reducing a unidirec-
tional secretory flux. If true, then a decrease in net bicarbonate
reabsorption in reabsorbing tubules from fasted rats might be
demonstrated by increasing Cl delivery rates and increasing
the unidirectional secretory flux. To test this proposition, tu-
bules from overnight-fasted rats were perfused at 8 and 25
nl/min, with either 0, 45, or 100 mM Cl perfusate as shown in
Table III and Fig. 2.

Perfusion with 45 mM C1 (protocol 4) resulted in signifi-
cant bicarbonate reabsorption at 8 nl/min that tended to be
diminished by perfusion at 25 nl/min (JtCO2 = 30±6 and
11±13 pmol. min-' mm-', respectively, P > 0.05). In con-
trast, perfusion with 0 mM C1 resulted in significant bicarbon-
ate reabsorption at 8 nl/min that increased further at 25 nl/
min (JtCO2 40±4 and 72±15 pmol - min '1 mm-', respec-
tively, P < 0.05; Fig. 3).

Since perfusion at 25 nl/min with 45 mM Cl reduced
JtCO2, in contrast to the increase we reported with 26 mM Cl
(6), we considered whether 100 mM Cl perfusate might further
suppress the net reabsorptive flux (see above). Tubules per-
fused with 100 mM C1 (protocol 5) at 8 nl/min exhibited low
rates ofbicarbonate reabsorption that changed to net secretion
at 25 nl/min (JtCO2 = 14±5 and -23±8 pmol - min-' mm-',
respectively, P < 0.05). Thus, the 100-mM C1 perfusate elicited
significant net tCO2 secretion in a setting where net reabsorp-
tion usually occurs. Table III shows that with the high osmolal-
ity perfusion solutions (SA and SB), J, is significantly less (P
< 0.01) than with the 45-mM chloride or gluconate solutions.

In this protocol, to decrease variability other tubules in the
same kidneys were also perfused with a zero chloride solution
matched for other constituents (Tables I and III). Mean JtCO2
at both 8 and 25 nl/min was significantly less when the tubule
was perfused at 100 mM chloride than when perfused at zero

chloride (P < 0.01 and 0.001, respectively, by unpaired t test;
Fig. 3).

Net chloride secretion was observed with 0 chloride perfu-
sion at 8 nl/min that increased at 25 nl/min (J0 = -91±19
and -201±50 pmol - min-' - mm-', respectively, P < 0.05). A
small amount of chloride reabsorption is observed at low flow
with 45-mM Cl perfusion that changes to secretion at high flow
(J0 = 34±27 and - 14±44 pmol-min-' mm-', respectively,
P > 0.05). In contrast, perfusion with 100 mM Cl resulted in
only net Cl reabsorption at both flows (Jcl = 163±21 and
156±43 pmol - mink - mm-', respectively, P > 0.05).

Mean luminal chloride concentrations
Mean luminal chloride concentrations were calculated and are
also given in Table III. On 50 pairs of data, stepwise linear
regression analysis was carried out in a fashion that evenly
represented values for JtCO2 at 0, 45, and 100 mM chloride
perfusion. Chloride load was the most significant predictor of
JtCO2 (r = 0.67, P < 0.001). Correlation of mean luminal
chloride concentration with JtCO2 was highly significant (P
< 0.001, r = 0.60). Flow rate was not significantly correlated
with JtCO2.

Discussion

Luminal chloride and distal tubule bicarbonate secretion
In vitro studies by McKinney and Burg (1) first demonstrated
that cortical collecting tubules from bicarbonate-fed rabbits
secrete bicarbonate, while in vivo microperfusion studies from
our laboratory have demonstrated bicarbonate secretion in
surface distal tubules from normally fed rats (6, 7). Knepper et
al. (2) first reported that cortical collecting tubules from
DOCA-treated rabbits secrete bicarbonate at a high rate, and
Garcia-Austt et al. (3) subsequently showed that this secretion
could be inhibited by luminal replacement of chloride. Evi-
dence that a tight Cl:HCO3 exchange process modulates bicar-
bonate secretion in this segment was provided by Star et al. (4),
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Table III. Summary ofMicroperfusion Data

No. tubules/ Tubular Perfusion Perfusate Mean luminal Perfisate Collected
Protocol No. rats length rate [ClI [Cl] [tCO2J [tC02J Jl Ja JtCO2

mm nl/min mM mM mM mM nI/min * mm pmol/min -mm pmol/min * mm

1. Fed rats 7/6 1.3±0.1 25 0 7.5±1.5 11.0±0.2 12.6±0.5 2.4±0.4 -255±36 -2±9
25 55 60.3±0.6* 11.5±0.3 16.0±0.9 3.3±0.7 16±50 -28±8*

2. DOCA rats 7/6 1.3±0.1 25 0 2.7±0.7 10.2±0.4 11.1±0.8 3.7±0.5 -101±33 20±15
25 51 50.0±1.3* 10.5±0.4 16.8±0.9 4.0±0.5 243±41 -41±16*

3. Fasted rats 8/6 1.6±0.1 25 0 5.1±0.8 25.9±0.9 27.9±1.0 3.2±0.3 -143±29 67±7
25 45 50.1±1.0* 25.9±0.9 30.3±1.0 3.3±0.4 13±32 37±13*

4. Fasted rats 9/9 1.4±0.1 8 0 10.8±1.4 26.7±0.5 31.3±0.9 2.1±0.3 -91±19 40±4
25 6.4±1.2§ 27.1±1.2 2.7±0.5 -201±50 72±15§

8/8 1.3±0.1 8 45 56.5±1.5 25.9±0.8 39.0±2.9 2.6±0.3 34±27 30±6
25 50.5±1.6§ 31.4±1.2 3.4±0.4 -14±44 11±13

5. Fasted rats 6/6 1.6±0.1 8 0 9.6±2.0 26.5±0.3 23.0±1.0 0.8±0.0 -87±22 38±6
25 5.2±1.3§ 24.1±1.2 0.9±0.4 -162±51 61±15

8/8 1.4±0.1 8 100 94.3±1.8 26.0±0.4 30.8±1.7 1.1±0.0 163±212 14±5
25 98.3±1.5§ 29.2±0.6 1.0±0.0 156±432 -23±8§

Nominal chloride loads at 25 nl/min were 1,375, 1,275, 1,125, 1,125, and 2,500 pmol minu', respectively, in protocols 1, 2, 3, 4, and 5. * P
< 0.05 vs. perfusion with 0 Cl. § P < 0.05 vs. perfusion at 8 nl/min. See text for other tests of significance.

and the kinetics ofthis exchanger have been further elucidated
by Schuster (12), who reported that half-maximal rates of bi-
carbonate secretion were seen at luminal chloride concentra-
tions of 4-1 1 mM.

We have previously reported that distal tubules of fed rats
secrete bicarbonate when perfused at 25 nl/min2 with a
26-mM Cl solution (6). In this study we perfused distal tubules
offed rats with 55 mM C1 or 0 Cl at 25 nl/min and showed that
in every tubule net bicarbonate secretion is inhibited by chlo-
ride replacement, although in some tubules secretion persists,
albeit at a lower rate. In DOCA-treated rats we also show that
bicarbonate secretion is inhibited with zero chloride perfusion.
Indeed, some tubules in the DOCA group showed brisk bicar-
bonate reabsorption when perfused with zero chloride (Fig. 1),
suggesting that unidirectional bicarbonate reabsorption is un-
masked by chloride replacement. This implies that net bicar-
bonate transport in rat distal tubules is the sum of opposing
unidirectional fluxes. In view of this, we hypothesized that if
the effects of zero chloride perfusion on net bicarbonate secre-
tion is due to inhibition of the unidirectional secretory flux,
then perfusing distal tubules from fasted rats with high chlo-
ride concentrations might reduce net bicarbonate reabsorption
by stimulating the unidirectional secretory flux. This possibil-
ity was explored by perfusing reabsorbing distal tubules with
100 orO mM Cl at 8 and 25 nl/min. Perfusion with 100mM Cl

showed that net bicarbonate reabsorption is converted to net
secretion (Table III).

Luminal chloride and distal tubule bicarbonate
reabsorption
Almost 30 years ago, perfusion with zero chloride solutions
was reported to increase the VTE of rat distal tubules (13).
Insofar as proton secretion is thought to be an electrogenic
process (14), this should increase bicarbonate reabsorption. In
vitro studies of the cortical collecting duct, a part of the
nephron sharing some of the same cell types as the latter part
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B

55 0 51
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0

2. Throughout the discussion, when we refer to perfusion at high flow,
we wish the reader to recall that loads of chloride and bicarbonate are
increased as well.

Figure 1. Distal tubule JtCO2 in fed (A) and DOCA-treated rats (B).
Tubules were perfused at 25 nl/min with chloride-containing or zero
chloride solutions. Means were significantly different by paired t test,
P < 0.001. See Table III.
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Jtco2
pmol

min-mm [CI] = 45 mM Figure 2. Distal tubule
o \ AJtCO2 in fasted rats.

Tubules were perfused
-20 > lCII = 100 mM at 8 and 25 nl/min with

0,45, or 100 mM Cl.
8 nil/min 25 nVmin See Results for signifi-

PERFUSION RATE cance tests.

ofthe surface distal tubule (15), have addressed this possibility.
Laski and Kurtzman (16) found that replacement of luminal
chloride with isethionate in rabbit cortical collecting tubules
increased net bicarbonate reabsorption and suggested that this
might occur via changes in the VTE or in an apical Cl:HCO3
exchanger. Laski and Kurtzman (16) have also reported that
maintenance of the VTE was a necessary concomitant of bicar-
bonate transport in cortical collecting ducts from starved rab-
bits: ouabain was shown to inhibit both the VTE and JtC02.

It was in this context that we undertook our evaluation of
the effects oflumen chloride on bicarbonate reabsorbing distal
tubules in vivo from overnight-fasted rats (7). When we per-
fused single distal tubules with solutions containing 45 or 0
mM Cl, we found that chloride replacement enhanced bicar-
bonate reabsorption (Fig. 2). We noted that the rate of bicar-
bonate reabsorption with the 45-mM Cl perfusate was less
than in a previous study using a 26-mM Cl solution (6). This
consideration led us to study the influence of larger chloride
concentration differences (O and 100 mM) by perfusing the
tubule with the same solution at 8 and 25 nl/min. Thus, in
protocol 4 tubules were perfused with 0 or 45 mM Cl at 8 and
25 nl/min, while in protocol 5 tubules were also perfused at
both flow rates with 0 or 100 mM Cl. The results show that
bicarbonate reabsorption increases at high flow with 0 C1, but
decreases at high flow with 45 mM Cl. Perfusion of tubules
with 100 mM Cl at 8 and 25 nl/min results in suppression of
JtCO2 at normal flow and elicits frank secretion at high flow,
as already noted.

100

75

JtCO2 50
pmol

min-mm 25

0

-25

-50

8 nI/min

7/ -

.-
TI

-- -

*-

V/514
100 0 100

PERFUSATE [CI] mM
0

Figure 3. Distal tubule JtCO2 in fasted rats. Different tubules from
the same rat were perfused with 0 or 100 mM Cl at 8 and 25 nl/min.
Mean JtCO2 was significantly increased by chloride replacement at
both flow rates by unpaired t test.

Possible mechanisms ofmodulation ofnet bicarbonate
fluxes by luminal chloride
Perfusion with two solutions at constant flow. In our experi-
ments we showed unequivocal suppression of bicarbonate se-
cretion when perfusate chloride was replaced without altering
flow (Fig. 1). Further, replacement of perfusate chloride led to
enhanced reabsorption, also at constant flow (Table III). Thus,
changes in flow are not sufficient to explain these findings.
Rather, it is likely that perfusion with zero chloride per se leads
to either suppression of net bicarbonate secretion or enhance-
ment of net bicarbonate reabsorption by inhibiting the unidi-
rectional bicarbonate secretory flux. This conjecture is sup-
ported by the mean luminal chloride concentrations, which
are in the range of concentrations corresponding to the pro-
posed Km of the luminal Cl:HCO3 exchanger (12).

Perfusion ofone solution at twoflow rates. The explanation
for changes in net bicarbonate flux with different chloride-
containing solutions perfused at two flow rates is less evident.
Sansom et al. ( 17) have shown that perfusate chloride replace-
ment in the cortical collecting tubule of the rabbit results in a
more negative VTE, which could alter proton secretion.

However, it is better to allow data from in vivo rat distal
tubules to guide us in the formulation ofmechanisms that may
explain our results. Four such studies are relevant. First,
Kunau and Walker (18) showed that 10-' M amiloride re-
duced distal tubule VTE from -45 to -4 mV, thereby reducing
JtCO2 by 50%. Second, Ellison et al. (19) showed that gluco-
nate replacement of chloride was without effect on the VTE of
the in vivo perfused rat distal tubule. Third, Good and Wright
(20) showed that increasing flow rate from 6 to 26 nl/min per
se reduces VTE. Thus, these in vivo distal tubule perfusion
studies strongly suggest that it is not the replacement of chlo-
ride, but rather the high flow rates, that suppress JtCO2 via a
reduction in VTE. A fourth in vivo study indicates that in-
creasing bicarbonate load elicits increases in JtCO2 in reab-
sorbing tubules (21). Taken together, these investigations sup-
port the view that with zero chloride perfusion the increase in
JtCO2 we observe at high flow is caused by an increase in
delivered bicarbonate load together with a suppression of the
unilateral secretory flux by low chloride concentrations (see
above). This occurs despite the possibility of a flow-induced
reduction in VTE. On the other hand, the failure of JtCO2 to
increase with high flow during perfusion with 45 or 100mM Cl
suggests that a continuing unilateral secretory flux, together
with a decrease in VTE that suppresses net bicarbonate reab-
sorption, more than offsets the influence of increases in bicar-
bonate load.

Why do we see secretion of bicarbonate at high flow with
the 100-mM but not with the 45-mM chloride perfusate? It
may be that very high luminal chloride concentrations and the
high delivered chloride loads have some unanticipated effect to
stimulate bicarbonate secretion other than via the Cl:HCO3
exchanger. Another possibility is that the 100-mM Cl solution
that results in the suppression of J. due to its high osmolality,
may in some fashion elicit the dissipation ofa limiting alkaline
boundary gradient.

Physiological significance ofchloride modulation ofdistal
tubule bicarbonate transport
Garcia-Austt et al. (3) have already provided an interpretation
of the role for chloride in the regulation of bicarbonate han-
dling. Galla and Luke (22) have reviewed their own important
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studies in which segmental chloride transport is related to the
maintenance and correction of chloride depletion metabolic
alkalosis, and have recently suggested (23) that during correc-
tion of chloride depletion metabolic alkalosis by administra-
tion of chloride, increased bicarbonate entry occurs at sites
distal to the superficial distal tubule accessible to micropunc-
ture. On the other hand, in a preliminary report Wesson and
Babino (24) have implicated distal tubule chloride handling in
the maintenance of chloride depletion metabolic alkalosis.

In conclusion, we have demonstrated for the first time that
net bicarbonate transport in the microperfused distal tubule in
vivo can be modulated by luminal chloride in normally fed,
overnight-fasted, and DOCA alkalotic rats. Bicarbonate secre-
tion is arrested by perfusion with zero chloride solutions. Bi-
carbonate reabsorption in overnight-fasted rats is enhanced
when chloride is absent from the perfusate. Most striking is the
demonstration of net bicarbonate secretion during perfusion
with high chloride loads in tubules that previously show brisk
bicarbonate reabsorption.
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