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Abstract

We examined the hypothesis that proton-potassium-activated
adenosine triphosphatase (H-K-ATPase) mediates K absorp-
tion and acidification in the inner stripe of the outer medullary
collecting duct (OMCDi). Rabbits were fed a low-K diet (0.55%
K) for 7-14 d because we have demonstrated previously that
this low-K diet stimulates K-absorptive flux by the OMCDi.
Proton secretion was measured as net total CO2 flux (JTco2) by
microcalorimetry. After basal collections, either vehicle or an
inhibitor of gastric H-K-ATPase, omeprazole (0.1 mM), was
added to the perfusate during the second period. Addition of
vehicle to the perfusate changed neither the transepithelial
voltage (VT, in millivolts) nor the JTCO2. In contrast, the addi-
tion of omeprazole (0.1 mM) to the perfusate abolished JTCO2
(from 14.5±5.6 to -0.1±3.1 pmol - mm-' - min-') without sig-
nificantly affecting VT. In additional experiments, in 16 tu-
bulestherewassignificantnetKabsorption(JK)of5.0±1 .0pmol -

mm-I. min-' during the basal period, which exceeded the rate
of K absorption that could be attributed to a paracellular volt-
age-mediated pathway (JK' = 1.0±0.4 pmol* mm-' * min-', P <
0.01). Administration of vehicle did not significantly affect ei-
ther VT or JK. However, omeprazole abolished JK (from
5.1±1.0 to 0.1±2.5 pmol * mm-' * min-) without affecting VT
or JNa.

The present results demonstrate that the OMCDj pos-
sesses an active, omeprazole-sensitive acidification and K-ab-
sorptive mechanism. These findings are consistent with the
presence of H-K-ATPase activity in this nephron segment.

Introduction

There is morphologic, physiologic, and biochemical evidence
that the outer medullary collecting duct (OMCD)' is an im-
portant site ofK reabsorption2 when K intake is reduced. The
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1. Abbreviations used in this paper: CD, collecting duct; H-K-ATPase,
proton-potassium-activated adenosine triphosphatase; OMCD, outer
medullary collecting duct; OMCDj, outer medullary collecting duct
from the inner stripe.
2. The term K reabsorption is used within the context ofwhole-kidney
physiology to denote the absorption ofK by the OMCD that has been
previously secreted in the initial collecting tubule and cortical CD.
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first renal morphologic changes of K depletion occur in the
collecting duct (CD) (1, 2). Specifically, the intercalated cells of
the inner stripe of the outer medullary collecting duct
(OMCDi) undergo hypertrophy and ultrastructural changes
that suggest these cells are involved in K absorption (3, 4).
Moreover, dietary K restriction enhances the absorptive K
rate coefficient in the OMCDi (5). At physiologic flow rates
these changes in K-absorptive flux would significantly influ-
ence the rate of renal K excretion (5). Moreover, the recent
demonstration of ouabain-insensitive, omeprazole-sensitive,
potassium-activated adenosine triphosphatase (K-ATPase)
activity in the CD (6-8) that is increased in activity in the
OMCDi with K depletion (7) provides further indirect evi-
dence that K absorption may proceed via a primary active,
luminal K-absorptive pump. Thus, the present study was de-
signed to examine the role of proton-potassium-activated
adenosine triphosphatase (H-K-ATPase) on proton secretion
and K absorption in the OMCDi. Omeprazole, a potent inhibi-
tor of gastric H-K-ATPase, significantly inhibited both H se-
cretion and K absorption without affecting transepithelial
voltage (VT) or Na absorption.

Methods

Dietary pretreatment. Female New Zealand white rabbits were main-
tained on a low-K diet (0.55% K) (TD82075, Teklad, Madison, WI) for
7-14 d. This diet was selected because we found it enhances the ab-
sorptive (lumen-to-bath) K rate coefficient in the OMCDi (5).

In vitro methods. The microperfusion methods have been de-
scribed in detail previously (9, 10). In brief, rabbits were decapitated,
one kidney was quickly removed, and 1-2-mm slices were placed in a
chilled petri dish containing an artificial ultrafiltrate of plasma. The
bath and dissection solution was composed of the following (in milli-
molar): NaCl 105, KC1 20, NaHCO3 25, CaC12 1.8, Na2HPO4 2.5,
MgSO4 1.0, Na acetate 10, glucose 8, alanine 5, mannitol 150, urea
150, and 5% vol/vol fetal calf serum. Mannitol and urea were used to
approximate the osmolality and urea concentration expected in vivo
without producing large transcellular Na gradients (1 1). The perfusate
and the bath solution were identical with the following exceptions: (a)
the bath and dissection solutions contained 5% vol/vol fetal calfserum;
(b) the perfusate Na2HPO4 concentration was 0.5 mM to minimize
fixed buffer content and facilitate the measurement of changes in bi-
carbonate concentration due to acidification; and (c) the perfusate
contained 50 ,gCi of [methoxy-3H]inulin exhaustively dialyzed accord-
ing to the method of Schafer et al. ( 12). All solutions were gassed to a

pH of 7.4 with 95% 02 and 5% CO2.
Dissection proceeded superficially from the junction of the inner

and outer medulla. Care was taken to dissect only the portion of the
OMCD found adjacent to thin descending limbs of Henle (inner stripe
of the outer medulla). Tubules were transferred to a thermostatically
controlled chamber, and the two ends of the tubule were aspirated into
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holding pipettes. The perfusing pipette was advanced - 100 AM
beyond the holding pipette. VT was recorded continuously using a
KS-700 electrometer and Ag/AgCl electrodes (World Precision Instru-
ments, Inc., New Haven, CT), and the bath was exchanged contin-
uously at 0.64 ml/min. After perfusion at 370C for 30 min or until VT
was stable, samples of the effluent fluid were collected into a constant
volume pipette for analysis of total CO2 content3 (TCO2) or [Na] and
[K] as described below.

The bath was collected for analysis of [3H]inulin before and after
each set of collections to determine there were no mechanical leaks.
Tubules were not used when > 5% of the volume marker was present
in the bath. In most tubules the leakage rate was < 2%.

Net TCO2 flux (JTCO2, in picomoles per millimeter per minute
[pmol * mm-' * min-']) was calculated by the following formula: JTCO2
= VO/L([TCO2]i - [TCO2]0), where V0 is the collected fluid rate (in
nanoliters per minute), L is the length (in millimeters), and [TCO2]i
and [TCO2]0 are the perfused and collected fluid TCO2 concentrations
(in millimoles per liter), respectively. Similar equations were used to
calculate net sodium flux (JNa) and net potassium flux (JK). Positive
numbers denote net absorption, and negative numbers denote net
secretion. Total CO2 content was measured by a picapnotherm
(GVH-1, World Precision Instruments, Inc.) and displayed a linear
response throughout the range used. The slope of all curves exhibited a
sensitivity > 120 U/meq/liter) and could detect reliably differences in
TCO2 of 1.0 mmol/liter. This value is less than one-fourth the mean
difference in perfused and collected fluid TCO2 under basal conditions.
[K] and [Na] in the perfused and collected fluid were measured by
flameless atomic absorption spectrophotometry (13). This method can
detect reliably differences in the perfusate [K] of 0.6 meq/liter. This is
less than one-half the mean difference in perfused and collected [K]
under basal conditions. This method can detect reliably differences in
the perfusate [Na] of4.2 meq/liter. The mean paired difference in basal
perfused and collected fluid [Na] was 5.3±1.2 mmol/liter. Because this
value was close to the sensitivity of the assay, we examined the paired
differences between the perfused and collected [Na]. By paired analysis
in 16 tubules the collected fluid [Na] was always less than the perfusate
[Na], and this difference was highly significant (P < 0.0001). Were the
difference between the perfused and collected fluid [Na] beyond the
limit of resolution of the assay, the difference in the perfused and
collected fluid [Na] should have been randomly distributed about zero.

Studies examining proton secretion were conducted in two separate
series of experiments. In both series, after perfusion for at least 30 min
at 37°C, at least six collections were obtained for TCO2 determination
during the basal period, and then the perfusate was exchanged for
either vehicle or omeprazole (0.1 mM). After 20 min at least six addi-
tional collections were obtained for TCO2 determination. Six different
samples of the perfusate were analyzed in an identical manner.

Studies examining the effect of omeprazole on net Na and K flux
followed a protocol similar to the bicarbonate flux studies except that
three collections were obtained during the basal period for [Na] and
[K]. The perfusate was then exchanged for either vehicle or omepra-
zole (0.1 mM). After 20 min three additional collections were ob-
tained. Six different samples ofthe perfusate were analyzed identically.
In addition, each separate sample including the three basal samples
(collections), three vehicle or omeprazole samples, and six perfusate
samples were analyzed at least in quadruplicate for [Na] and [K] (13).
Thus, each period represents an average of at least 12 analyses for [Na]
and [K] in the collected fluid and 24 analyses for [Na] and [K] in the
perfusate.

Omeprazole was dissolved in pure polyethylene glycol (PEG-400,
Fisher Scientific Co., Pittsburgh, PA) to make a stock solution of 10

3. At physiologic pH (7.40), the vast majority of total CO2 content
reflects bicarbonate ion concentration. The terms net bicarbonate ab-
sorption and total CO2 absorption will be used interchangeably.

mM. The experimental perfusate was prepared by adding 20 ul of the
stock solution to 2 ml of the perfusate. The vehicle-treated perfusate
was prepared in an identical manner by adding 20 ,ul ofPEG-400 to 2
ml of perfusate. The passive paracellular K flux (JKP) was calculated
according to the Goldman flux equation:

P zF [K]b -[K]1 exp[VTzF/(RT)]
RKT T 1 - exp[VTzF/(RT)]

where PK is the paracellular K permeability, [K]b is the bath [K], [K],
the mean luminal [K], and z, F, R, and T have their usual meaning.

Statistics. Analysis of variance or paired t test were performed as
appropriate, and the null hypothesis was rejected at the 0.05 level of
significance. Means are reported ± the standard error of the mean.
Paired differences in the perfused and collected [TCO2J, [Na], or [K]
were computed for each set of experiments. All the statistically signifi-
cant results for net flux were matched by statistically significant results
for the corresponding concentration differences.

Results

Bicarbonate flux. Measurements of JTCO2 were made in 11
tubules. There was no significant difference by paired analysis
in the mean perfusion rate (5.4±0.6 nl/min) or tubule length
(1.5±0.2 mm) between the five vehicle-treated tubules and the
six omeprazole-treated tubules (4.6±0.2 nl/min and 1.4±0.1
mm). Moreover, by paired analysis there was no significant
difference in the perfusion rate before (4.7±0.2 nl/min) and
after (4.6±0.2 nl/min) addition of vehicle, nor was there any
significant difference in the mean perfusion rate for tubules
perfused in the absence (5.5±0.9 nl/min) and presence
(5.3±0.8 nl/min) ofomeprazole. Administration of vehicle did
not significantly change VT (5.7±2.6 mV, basal period vs.
8.1±3.3 mV, vehicle period). Likewise, omeprazole had no
significant effect on VT (4.9±1.6 mV, basal period vs. 5.1±1.9
mV, omeprazole period). Moreover, the voltages for both
groups were not significantly different by analysis of variance
for repeated measures.

There was no time-dependent change in bicarbonate ab-
sorption (vehicle-treated tubules). JTCO2 was 15.9±4.3
pmol-mm-'- min-' during the basal period and 20.6±5.5

p<0.05
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Figure 1. The effect of vehicle and omeprazole (OMPZ), 0.1 mM,
on JTCO2. In five vehicle-treated tubules, shown on the left, JTCO2 did
not change significantly between the first period (basal period, open
bar) and second period (vehicle period, hatched bar). In six omepra-
zole-treated tubules, shown on the right, JTCO2 decreased significantly
from the first period (basal period, open bar) to the second period
(omeprazole period, hatched bar).
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pmol * mm-' * min' during the vehicle period (Fig. 1). In con-
trast, omeprazole abolished net bicarbonate absorption
(14.5±5.6 pmol mm-' min-', basal period vs. -0.1±3.1
pmol. mm-' * min-', omeprazole period [P < 0.05]).

Sodium and potassium flux. To examine the effects of
omeprazole on Na and K transport, 16 tubules were perfused
in a similar manner as for the bicarbonate flux studies. Eight
tubules (mean length 1.1±0.1 mm and mean perfusion rate
4.6±0.1 nl/min) received vehicle during the second period,
and eight tubules (mean length 1.2±0.1 mm and mean perfu-
sion rate 4.9±0.2 nl/min) received 0.1 mM omeprazole during
the second period. There was no significant difference in the
mean tubule length or perfusion rate between the vehicle-
treated and omeprazole-treated groups. Perfusion rates were
identical before (4.6±0.1 nl/min) and after (4.6±0.1 nl/min)
luminal addition of vehicle. Likewise, perfusion rates were the
same before (4.8±0.2 nl/min) and after (4.9±0.3 nl/min) lu-
minal addition of omeprazole.

Neither vehicle nor omeprazole significantly altered VT,
consistent with the previous observations. In the vehicle group,
VT was 2.6±0.6 mV (basal period) vs. 3.0±1.3 mV (vehicle
period); in the omeprazole group VT was 7.3±2.8 mV (basal
period) vs. 5.2±1.6 mV (omeprazole period). The voltages
were not significantly different between the vehicle-treated and
omeprazole-treated tubules by analysis of variance for re-
peated measures.

Effect ofomeprazole on sodium absorption. Neither vehicle
nor omeprazole significantly affected JNa. In vehicle-treated
tubules, basal Na absorption was 17.4±5.4 pmol-mm-'-
min-' and was not significantly different after addition of ve-
hicle (9.5±3.2 pmol -mm-' min-'). In omeprazole-treated
tubules, basal Na absorption was 22.8±6.3 pmol * mm-' a
min' and was unchanged after the addition of omeprazole
(19.2±8.7 pmol -mm-' -min-').

Basal potassium absorption. During the basal period for all
tubules the mean transepithelial voltage was 5.1 ± 1.6 mV. This
lumen-positive VT could drive some K absorption. Thus, we
calculated the rate of K absorption from the Goldman equa-
tion that could be ascribed to passive diffusion via the paracel-
lular pathway, assuming a very large paracellular K permeabil-
ity (PK = 1.0 X 10-' cm/s). This value is larger than the appar-
ent K permeability of the OMCDj that has been directly
measured by Stokes (14) or by this laboratory (5). Using this
generous estimate of the paracellular K permeability,4 the rate
of paracellular K absorption (JKP) was 1.0±0.4 pmol.
mm- 1 min'. This represents less than one-fifth the observed
rate of net K absorption of 5.0±1.0 pmol mm-' * mm-'. This
difference between JK' and JK was highly significant (P < 0.01)
and indicates that K absorption was largely active.5

4. The following analysis assumes that passive net K transport pro-
ceeds via a paracellular pathway. Although passive tracer K flux may
also include transcellular K movement, in most transporting epithelia
net cellular K entry is energetically unfavorable and against the electro-
chemical gradient for passive net K movement (15). Thus, it appears
plausible to consider passive net K transport to be confined to a para-
cellular route.
5. The K tracer rate coefficient (KK) approximates an apparent K
permeability for the OMCDj during K repletion (14). Although KK is
< 1.0 X 10-' cm/s during K repletion, it has been demonstrated that

Effect ofomeprazole on potassium absorption. Despite the
lack of an effect of omeprazole on transepithelial voltage and
Na transport, there was a dramatic effect of omeprazole on K
absorption (Fig. 2). K absorption was unchanged by vehicle
(4.8±1.7 pmol-mm-'min-', basal period vs. 4.8±2.9
pmol * mm-' * min-', vehicle period). In contrast, addition of
0.1 mM luminal omeprazole abolished net K absorption
(5. 1±1.0 pmol * mm- 'min-', basal period vs. 0.1±2.5
pmol - mm-' * min-', omeprazole period, P < 0.05) (Fig. 2).

Discussion

The present studies demonstrate that omeprazole abolishes
both proton secretion and K absorption in the OMCDi of
rabbits conditioned to a low-K diet. These changes occurred
without significant changes in VT or JNa. These observations
are consistent with the hypothesis that omeprazole inhibits a
primary active pump that energizes the active exchange of
protons for K ions across the apical membrane. This model is
similar to that developed to explain proton secretion by the
gastric mucosa in which omeprazole inhibits active proton
secretion and active K absorption (16). Indeed, the CD ofboth
the rabbit and the rat has K-ATPase activity that exhibits inhi-
bition characteristics similar to the gastric proton pump (i.e.,
insensitive to ouabain but inhibited by vanadate and omepra-
zole (6-8). Furthermore, this enzyme activity is stimulated by
K depletion (7). Morphologic studies have demonstrated con-
sistently that K depletion induces hypertrophy of the interca-
lated cells of the OMCDi (1-4). The morphologic similarity of
the intercalated cell of the CD and the parietal cell of the
gastric mucosa makes the intercalated cell a plausible cell type
that may be responsible for K absorption and H secretion.

Omeprazole fully inhibited proton secretion in the OMCDi
of these K-restricted rabbits. This might suggest that omepra-
zole also inhibited an electrogenic proton ATPase (H-ATP-
ase), which has been proposed to be the major enzyme respon-
sible for luminal acidification in this segment (17). However,
the H-ATPase is electrogenic and, therefore, omeprazole
should have inhibited VT, whereas our results show clearly that
VT was in fact maintained. JTco2 was indistinguishable from
zero after omeprazole. This implies that either the H-ATPase
was not functional under the conditions of these experiments
or that significant bidirection proton flux is present in this
segment. Because removal of luminal Cl enhances acidifica-
tion in the OMCDi, the latter possibility is not excluded (18).
However, it should be stressed that K-ATPase activity is pres-
ent in rabbits on a normal K diet (7, 8). Furthermore, in the
colon aldosterone stimulates a putative H-K-ATPase (19) sim-
ilar to the stimulation of acidification in the OMCDi. Taken
together, these facts suggest that both H-ATPase and H-K-

KK increases dramatically after K restriction (5). It is instructive, there-
fore, to examine the rate of passive K transport predicted by the Gold-
man flux equation using a value ofPK = 2.0 X I0- cm/s. This value is
comparable to the value for the rate coefficient that was measured
during K restriction. Using this value for PK the rate ofpassive K flux is
less than half the observed rate of K absorption (JK' = 1.9+0.8
pmol * mm-' - min-') and the difference between JKP and JK is highly
significant (F = 8.0, P < 0.01).
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Figure 2. The effect of vehicle and omeprazole (OMPZ), 0.1 mM,
on JK. In eight vehicle-treated tubules, shown on the left, JK did not
change significantly between the first period (basal period, open bar)
and the second period (vehicle period, hatched bar). In eight ome-
prazole-treated tubules, shown on the right, K absorption (JKj de-
creased significantly from the first period (basal period, open bar) to
the second period (omeprazole period, hatched bar).

ATPase activity are present in the OMCDj normally and that
both may be stimulated by aldosterone. Potassium restriction
may act as an additional factor that stimulates the H-K-pump
(6). Because the diet used in this study profoundly suppressed
plasma aldosterone concentration (5), electrogenic acidifica-
tion may be small or absent during K restriction as supported
by the present data.6 Finally, the lack of any effect of omepra-
zole on VT and JNa demonstrates that the profound action of
omeprazole on both JTCO2 and JK cannot be attributed to non-
specific or toxic effects.

An important finding of the present study is that the CD is
capable of active K absorption. Thus, renal K excretion is
determined not only by active K secretion localized largely to
the renal cortex but also by active K absorption localized at
least in part to the OMCD.

The presence of a functional H-K-ATPase necessary for K
conservation may be relevant to chloride-resistant metabolic
alkalosis. This form ofmetabolic alkalosis is usually secondary
to mineralocorticoid excess and requires K depletion to pro-
duce maximal alkalinization of the extracellular fluid (21-23).
Chronic hyperaldosteronism or exogenous mineralocorticoid
therapy results in a three- to fourfold increase in K secretion in
the cortical CD and initial collecting tubule (24-26), although
effects on urinary K excretion are relatively minor (24). If net
K secretion in the cortical CD and initial collecting tubule
exceeds K intake, profound K depletion would ensue unless
there were a compensatory increase in K-absorptive flux in
more terminal nephron segments. Activation of a K conserva-
tion mechanism in the OMCDj, which is coupled to proton
secretion, would generate an extracellular metabolic alkalosis.
These findings are entirely consistent with the known effects of

6. The precise origin ofthe lumen positive voltage is not clear. Whereas
Lombard et al. (20) have reported that acetazolamide (0.1 mM) abol-
ishes the lumen positive voltage in the OMCDj from K-replete rabbits,
acetazolamide (0.1 mM) clearly does not abolish this voltage in the
OMCDj from rabbits on a K-restricted diet (unpublished observa-
tions).

mineralocorticoids to enhance renal net acid excretion and the
marked augmentation ofthis effect in the presence ofK depri-
vation (21, 27).
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