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Renal collecting ducts play a critical role in acid-base homeostasis
by establishing steep transepithelial pH gradients necessary for the
almost complete reabsorption of bicarbonate and the effective
secretion of ammonium into the urine. The mechanisms of urine
acidification in collecting ducts involve active, electrogenic hydro-
gen (H*) secretion and, less importantly, potassium (K+)-H* ex-
change. Deranged renal acidification and the inability to lower
urine pH are hallmarks of distal tubular acidosis and often result
from inborn errors of metabolism involving vacuolar H*-ATPase
subunits in the collecting ducts. Three factors regulate H*-ATPase
activity in intercalated cells of collecting ducts: the acid-base
status, angiotensin Il, and aldosterone. Most effects of aldosterone
involve activation of the mineralocorticoid receptor and genomic
changes in transcription and protein synthesis. Here we demon-
strate a nongenomic pathway of vacuolar H*-ATPase activation in
intercalated cells of isolated mouse outer medullary collecting
ducts (OMCD). In vitro exposure of isolated outer medullary col-
lecting ducts to aldosterone (10 nM) for times as short as 15 min
increases vacuolar H*-ATPase activity ~2- to 3-fold. Neither inhi-
bition of mineralocorticoid receptors nor of transcription and
protein synthesis prevented aldosterone-induced stimulation of
H*-ATPase. Incubation with colchicine, however, abolished the
stimulatory effect of aldosterone, suggesting a role of the micro-
tubular network for H*-ATPase stimulation. Immunohistochemis-
try in kidneys from aldosterone-injected mice showed increased
apical H*-ATPase staining in OMCD-intercalated cells. The stimu-
latory effect of aldosterone was associated with a transient rise in
intracellular Ca2+ and required intact PKC. Thus, rapid nongenomic
modulation of vacuolar H*-ATPase activity in OMCD-intercalated
cells by aldosterone may play an additional role in hormonal
control of systemic acid-base homeostasis.

he kidney plays a major role in the control of systemic

acid-base homeostasis by reabsorbing filtered bicarbonate,
generating new bicarbonate, and secreting protons largely bound
to buffers such as phosphate and ammonia. The final step of
urinary acidification occurs along the cortical and outer med-
ullary collecting duct largely through the action of vacuolar
H*-ATPases in type A intercalated cells (1,2). H" /K*-ATPases
also contribute to H* secretion (3, 4). The activity of vacuolar
H*-ATPases in the collecting duct is regulated by the systemic
acid-base and electrolyte status and by hormones, most prom-
inently aldosterone and, angiotensin II (1, 2). Angiotensin II
stimulates several proximal tubule proton- and bicarbonate-
transporting systems, such as Na*/H* exchange, Na*/HCO5
cotransport, and vacuolar H*-ATPases, and urinary acidifica-
tion in the collecting duct (5-7). Aldosterone has both indirect
and direct effects on proton secretion. In the connecting segment
and cortical collecting duct, aldosterone stimulates the electro-
genic vacuolar H"-ATPase through increased reabsorption of
Na™ in principal cells, which renders the tubule lumen more
negative and thus facilitates proton diffusion into the lumen (1).
In the outer medullary collecting duct, aldosterone also stimu-
lates proton secretion, but this effect persists in the absence of
Na™ absorption, suggesting direct activation of vacuolar H"-
ATPase activity (8). Long-term stimulation of acidification by
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aldosterone has been described in rabbit and rat outer medullary
collecting ducts (9-11). The regulation of ion-transport pro-
cesses by aldosterone involves genomic changes in transcription
and synthesis of transport proteins, such as subunits of the
epithelial Na™ channel ENaC or the Na*/K*-ATPase (12-14).
However, increasing evidence demonstrates nongenomic actions
of steroid hormones, such as aldosterone, vitamin Ds, and
cortisone in both epithelial and nonepithelial tissues (15-17).
These hormone effects are characterized by rapid onset of
action, independence of known cytosolic steroid receptors, and
transcriptional events. In the present experiments we define such
a pathway of nongenomic stimulation of urinary acidification in
intercalated cells of renal tubules by aldosterone.

Materials and Methods

Animals. C57BL/6J mice (The Jackson Laboratory) (male, 25-30
g) were maintained on standard chow and had access to drinking
water ad libitum. All studies were approved by the Yale Animal
Care and Use Committee and the Swiss Veterindramt, Zurich.
To test for the effect of aldosterone on vacuolar H"-ATPase
abundance and localization, mice were injected i.p. either with
aldosterone (150 ug/kg of body weight), diluted in 0.9% NaCl,
or with vehicle (ethanol) alone (18). Animals were killed 30 min
after injection for Western blotting or for perfusion-fixing for
immunohistochemistry.

Tubule Preparation and Intracellular pH Measurements. Segments of
the outer medullary collecting ducts (OMCDs) were chosen
because of the large abundance of tubule cells with demon-
strated H"-ATPase activity (19). Intracellular pH (pH;) was
monitored in single type A intercalated cells in isolated OMCDs
that were prepared, with a small modification, as described (20).
In brief, mice were anesthetized and perfused through the left
ventricle with a phosphate/sucrose buffer (140 mM sucrose/140
mM NaH,PO,, pH 7.4) with collagenase (Sigma). Kidneys were
harvested, transferred to a dissection microscope, coronal slices
1-2 mm in thickness were prepared, and the outer medulla was
dissected. Outer medulla pieces were transferred to a digestion
buffer and incubated at 37°C for 30 min, washed several times
with ice-cold Hepes buffer, and stored on ice until further use.
OMCDs were identified under the dissection microscope and
transferred onto glass coverslips prepared with the biological
adhesive Cell-Tak. Glass coverslips were mounted on an inverted
microscope into a perfusion chamber (=3 ml/min flow rate,
37°C) with a feedback heater at 37°C. OMCDs were incubated
with the pH-sensitive dye BCECF (1 uM, Molecular Probes) or
the Ca?*-sensitive dye FURA-2 (2 uM, Molecular Probes) for 15
min and washed to remove all nondeesterified dye. pH; was
monitored by using the pH-sensitive dye BCECF and calibrated
with the high K" /nigericin technique as described (6, 20). All

Abbreviation: OMCD, outer medullary collecting duct.
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Fig. 1. Effect of aldosterone on vacuolar H*-ATPase activity. Aldosterone (10 nM) stimulated the Na*-independent pH; recovery of OMCD-intercalated cells

after 15 min of preincubation (A-C). (A and B) Original pH; tracings from single intercalated cells in isolated mouse OMCD. (C) Summary of the data from all
experiments. Of the Na*-independent pH; recovery 80 + 12% is due to the activity of the vacuolar H*-ATPase and can be blocked by the specific V-H"-ATPase
inhibitor concanamycin (200 nM). The increase in H* extrusion after incubation with aldosterone is mainly due to the stimulation of vacuolar H*-ATPase as
demonstrated by its sensitivity to concanamycin (D). Aldo, aldosterone; Conc., concanamycin.

experiments were performed in the absence of bicarbonate. The
initial solution was a Hepes-buffered Ringer solution (125 mM
NaCl/3 mM KCI/1 mM CaCl,/1.2 mM MgSQO,/2 mM KH,PO,/
32.2mM Hepes, pH 7.4). Cells were acidified by using the NH,4Cl
(20 mM) prepulse technique and washed into a Na*-free
solution (Na* was replaced by equimolar concentrations of
N-methyl-D-glucamine). The rate of H"-ATPase activity was
determined as the concanamycin-sensitive pH; alkalinization
rate in the absence of Na*. Rates were calculated over the same
range of pH; (6.60-6.75) for all cells studied. All chemicals were
of highest purity and were purchased from Sigma. Chemicals
were added to the perfusion solutions from stock solutions at the
given concentrations for each experimental protocol. All data
were tested for significance with the unpaired Student ¢ test, and
only results with P values of <0.05 were considered as statisti-
cally significant.

Immunohistochemistry. C57BL/6] mice were anesthetized with
ketamine and perfused through the left ventricle with PBS
followed by paraformaldehyde-lysine-periodate (PLP) fixative
(21). Kidneys were removed and fixed overnight at 4°C by
immersion in PLP. Kidneys were washed three times with PBS,
and 5-pum cryosections were cut after cryoprotection with 2.3 M
sucrose in PBS for at least 12 h. Immunostaining was carried out
as described (22). Sections were incubated with 1% SDS for 5
min, washed three times with PBS, and incubated with PBS
containing 1% BSA for 15 min before the primary antibody. The
primary antibodies [rabbit anti-a4 serum (20), 1:1,000, and goat
anti-human AQP-2 (Santa Cruz Biotechnology), 1:200] were
both diluted in PBS and applied either for 75 min at room
temperature or overnight at 4°C. Sections were then washed
twice for 5 min with high NaCl PBS (PBS plus 2.7% NaCl), once
with PBS, and incubated with the secondary antibodies [donkey
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anti-rabbit 586 and donkey anti-goat 488 (Molecular Probes) at
1:1,000 and 1:200, respectively] for 1 h at room temperature.
Sections were again washed twice with high NaCl PBS and once
with PBS before mounting with VectaMount (Vector Labora-
tories). Sections were viewed with a Leica confocal laser scan-
ning microscope. Pictures were processed (overlays) by using
PHOTOSHOP (Adobe Systems, Mountain View, CA). For cell
counts, kidneys from three animals for each treatment were used
and 5-10 pictures from at least two sections from each kidney
taken. Cells were counted as being positive either for a4 (inter-
calated cells) or for AQP-2 (principal cells). Intercalated cells
were further classified based on the predominant subcellular
distribution of a4 immunostaining as described (23, 24).

Results

In the absence of bicarbonate, the initial intracellular pH (pHj;)
of single type A intercalated cells in isolated superfused
OMCDs from mice on standard diet was 7.20 = 0.01 (n = 133,
12 tubules). Removal of Na* from the bath led to intracellular
acidification, which was further enhanced after an NH4CI
prepulse (20 mM NH4CI) to pH 6.62 * 0.01. Such changes in
cell pH have been described in other preparations (20). In the
continued absence of Na™, a slow intracellular alkalinization
of 0.040 * 0.002 pH; units/min was observed (Fig. 14). This
alkalinization was mainly due to H* extrusion by the vacuolar
H*-ATPase, because application of the specific vacuolar
H*-ATPase inhibitor concanamycin (200 nM; ref. 25) reduced
the rate of alkalinization by 80.0 = 12.2%, to 0.008 = 0.001 pH;
units/min (Table 1 and Fig. 1D). Adding Na* to the bath led
to a rapid alkalinization to the initial control pH; values. It is
reasonable to conclude that this final step of pH recovery was
due to Na*/H™ exchange (20).
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Table 1. Summary of intracellular pH (pH;) measurements in single intercalated cells in mouse OMCD fragments

Maximal Na* independent pH; No. of cells (OMCD
Initial pH;  aciditication, pH; recovery, ApH/min Final pH; fragments)
Control 7.20 = 0.01 6.62 = 0.01 0.040 =+ 0.002 7.13 £ 0.01 133 (12)
Concanamycin 7.22 = 0.01 6.63 = 0.01 0.008 = 0.001* 7.07 = 0.01 179 (10)
Aldosterone, 1 nM 7.21 £ 0.01 6.61 = 0.01 0.045 = 0.001 7.07 = 0.01 32 (3)
Aldosterone, 10 nM 7.20 = 0.01 6.61 = 0.01 0.093 = 0.004* 7.07 = 0.01 262 (20)
Aldosterone + concanamycin ~ 7.19 = 0.01 6.61 = 0.01 0.019 + 0.001%*.** 7.09 = 0.01 223 (12)
Spironolactone 7.22 £ 0.02 6.61 = 0.01 0.038 = 0.004 6.99 + 0.02 31(3)
Aldosterone + spironolactone  7.21 = 0.01 6.62 = 0.01 0.091 + 0.004* 7.19 = 0.01 132 (9)
Actinomycin 7.18 £ 0.01 6.62 = 0.01 0.043 + 0.003 7.00 = 0.02 49 (3)
Aldosterone + actinomycin 7.26 = 0.01 6.60 = 0.01 0.071 = 0.003* 7.07 = 0.01 102 (8)
Cycloheximide 7.23 £ 0.01 6.60 = 0.01 0.033 += 0.003 6.95 + 0.01 56 (5)
Aldosterone + cycloheximide  7.22 + 0.01 6.60 = 0.01 0.080 =+ 0.002* 7.13 + 0.04 169 (9)
Colchicine 7.20 = 0.01 6.62 = 0.01 0.037 = 0.002 7.10 = 0.02 55 (4)
Aldosterone + colchicine 7.22 = 0.01 6.62 = 0.04 0.035 + 0.001 7.15 = 0.01 146 (8)
Aldosterone + chelerythrine 7.28 + 0.01 6.52 = 0.02 0.030 = 0.003*** 7.21 = 0.02 29 (3)
Chelerythrine 7.27 £ 0.02 6.47 = 0.04 0.027 = 0.003 7.22 £ 0.03 15 (3)

The statistical mean + SEM are given. If not stated otherwise substances were used at the following concentrations: aldosterone, 10
nM; concanamycin, 200 nM; spironolactone, 10 uM; actinomycin, 10 uM; cycloheximide, 40 ng/ml; and colchicine, 10 uM. *, results
significantly different from control; **, significantly different from concanamycin alone; ***, significantly different from 10 nM

aldosterone (P < 0.001).

Preincubation of OMCDs with 10 nM aldosterone at 37°C
increased the Na*-independent alkalinization rate 2- to 3-fold,
to 0.093 = 0.004 pH; units/min (Table 1 and Fig. 1 B and C).
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Fig. 2.  Stimulation of vacuolar H*-ATPase activity by aldosterone does not

require the mineralocorticoid receptor, transcription, or protein synthesis. Paral-
lel incubation of OMCDs with aldosterone (Aldo, 10 nM) and the mineralocorti-
coid receptor antagonist spironolactone (Spiro, 10 uM) for 15 min did not prevent
the stimulation of vacuolar H™-ATPase activity in intercalated cells (A). The
inhibition of transcription or protein synthesis by preincubation with actinomycin
D (Actin., 10 uM) or cycloheximide (Cyclo., 40 ug/ml) for 15 min also failed to
prevent the stimulatory effect of aldosterone (B). #, results significantly different
from aldosterone alone; #, results significantly different from control.
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Again, inhibition of vacuolar H*-ATPase with concanamycin
reduced the rate of alkalinization to 0.019 =+ 0.001 pH; units/min
(Table 1 and Fig. 1D). This reduction indicates that increased H*
extrusion after aldosterone was mainly due to stimulation of
vacuolar H*-ATPase activity. The residual H* extrusion in the
presence of concanamycin, however, was also increased and
suggests that other transport pathways, such as H" /K*-ATPase,
could be stimulated. Incubation of OMCDs with 1 nM aldoste-
rone failed to increase the Na*-independent pH; recovery rate
significantly (Table 1 and Fig. 1C). The aldosterone concentra-
tions used occur in humans under conditions such a dietary Na*
restriction or hyperkalemia, which are associated with increased
urinary H* secretion (26). In addition, the concentration is in the
same range where many nongenomic effects of aldosterone have
been observed for several tissue preparations (16, 27).

The time course of stimulation of vacuolar H"-ATPase ac-
tivity within 15 min of application suggests a “nonclassical,”
nongenomic pathway of action. To further investigate the role of
the genomic pathway that depends on mineralocorticoid recep-
tor-mediated changes in transcription and protein synthesis (12),
inhibitors of this pathway were used. Blocking of the mineralo-
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Fig. 3. The stimulatory effect of aldosterone (Aldo) depends on an intact

microtubular network. Disruption of the microtubular network by preincu-
bation with colchicine (10 wM) for 10 min before exposure of aldosterone had
no effect on the Na*-independent pH; recovery but completely prevented the
stimulatory effect of aldosterone.
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Fig.4. Aldosterone alters the subcellular localization of vacuolar H*-ATPases containing the a4 isoform in mouse kidney medulla in vivo. Mice were injected
either with 150 ug of aldosterone per kg of body weight or with the vehicle alone i.p. and were killed after 30 min. Inmunostaining against the ATP6V0A4 (a4)
subunit (red) of the vacuolar H*-ATPase and against AQP-2 (green) was performed. In control animals a4 immunoreactivity was found on the luminal membrane
and in the cytosolic subapical compartment (A and B) in intercalated cells in the OMCD. In aldosterone-treated animals a4 staining appeared to be more luminal

and less cytosolic (C and D), suggesting that vacuolar H*-ATPases are trafficked into membrane on stimulation by aldosterone.

corticoid receptors with spironolactone (10 wM) had no effect
on the Na*-independent pH; recovery (Fig. 24 and Table 1). It
also did not prevent the stimulatory effect of 10 nM aldosterone
(Fig. 24 and Table 1). Moreover, inhibition of transcription or
of protein synthesis with actinomycin D (10 uM) and cyclohex-
imide (40 pg/ml) [preincubation of OMCDs (15 min) before
application of aldosterone (10 nM)] did not prevent the stimu-
latory effect of aldosterone on Na*-independent H* extrusion.
The stimulation, however, was slightly and significantly reduced.
In control OMCD, actinomycin D had no effect on basal rates
of H* extrusion, whereas cycloheximide alone decreased vacu-
olar H"-ATPase significantly (Fig. 2B and Table 1). These
results demonstrate that the stimulatory effect of aldosterone on
vacuolar H*-ATPase activity is mainly mediated by a non-
genomic pathway.

Good evidence exists that trafficking of vacuolar H"-ATPases
plays an important role in the regulation of their activity in the
plasma membrane of renal cells (1, 28-30). We tested the role
of such trafficking in the aldosterone-induced stimulation of
vacuolar H"-ATPase activity in OMCD-intercalated cells. Dis-
ruption of the microtubular network by preincubating tubule
segments with colchicine (10 uM) for 15 min had no effect on

Winter et al.

H™* extrusion in control intercalated cells (Fig. 3 and Table 1).
Preincubation with colchicine, however, completely prevented
stimulation of vacuolar H*-ATPase activity by aldosterone (Fig.
3 and Table 1).
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Fig. 5. Aldosterone (Aldo) requires PKC for stimulation of vacuolar H*-
ATPase activity in intercalated cells. Preincubation for 10 min with the PKC
inhibitor chelerythrine (Chel, 1 uM) prevented the aldosterone-induced stim-
ulation of vacuolar H-ATPase activity.
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Table 2. Subcellular localization of the a4 vacuolar H*-ATPase subunit in single intercalated

cells in the OMCD

IC, % PC, % Apical, % Subapical, % Diffuse, % Cells, n
Control 36.5 + 2.1 63.5 = 2.1 325 +2.2 56.8 = 1.7 106 = 1.9 265
Aldosterone 355+ 1.5 645+ 15 77.2 + 5.4*% 17.6 = 4.1* 52 +2.0 297

PC, principal cells; IC, intercalated cells. *, Significantly different from control (P < 0.001). Intercalated cells
were classified according to the predominant intracellular staining of the a4 subunit. Aldosterone injection
resulted in a percentual increase in intercalated cells with a predominantly apical staining.

The effect of aldosterone on vacuolar H"-ATPase protein
subcellular localization was also examined (Fig. 4). Mice were
given i.p. injections of vehicle alone (0.9% NaCl) or of aldoste-
rone (150 pg/kg of body weight) and examined after 30 min by
using immunohistochemistry. The a4 subunit was used for
immunohistochemistry because it has been shown to form an
integral part of the vacuolar H"-ATPase. Moreover it has
recently been shown that the a4 subunit is targeted to the
membrane of A type intercalated cells in response to changes in
the acid-base status (24). Immunohistochemical examination
showed that intercalated cells of control mice contained the a4
subunit (ATP6V0A4) of the vacuolar H"-ATPase both in the
apical membrane and in a subapical cytosolic compartment as
described (24). In contrast, mice injected with aldosterone
demonstrated enhanced staining of the luminal membrane as-
sociated with reduced cytosolic staining (Fig. 5). In control
animals 32.5 £ 2.2% of OMCD-intercalated cells showed a
predominant apical localization, whereas in aldosterone-injected
animals the percentage of intercalated cells was increased to
77.2 = 5.4%. These results are summarized in Table 2. Thus,
aldosterone requires an intact microtubular network for the
stimulation of vacuolar H"-ATPase activity in OMCD-
intercalated cells.

Previous studies examining the nongenomic effects of aldoste-
rone have implicated a variety of second messengers including Ca?*
and PKC (15, 16). To examine the role of intracellular Ca?* and
PKC in mediating the observed changes in H*-ATPase activity, we
carried out measurements of intracellular Ca?* by using FURA-2.
Addition of aldosterone illicited a transient increase in intracellular
Ca?* from 71.7 = 7.1 nM t0 96.2 = 9.4 nM (n = 4). Furthermore,
incubation with a specific inhibitor of PKC (chelerythrine, 1 uM)
abolished the stimulatory effect of aldosterone on H*-ATPase
activity (see Fig. 5 and Table 1). Chelerythrine had no effect on
alkalinization in the absence of aldosterone.

Discussion

A large body of evidence supports the view that mineralocor-
ticoids play an important role in modulating net excretion of
acid. These effects are exerted largely on such distal nephron
segments as the cortical and medullary collecting ducts.
Whereas adrenalectomy interferes with net acid excretion,
aldosterone has been shown to correct the inability to establish
steep urine-to-blood pH gradients (31). Furthermore, aldo-
sterone increases the activity of vacuolar H*-ATPases in rat
and rabbit cortical and medullary collecting ducts, and these
effects are mimicked in isolated turtle bladder (32). Evidence
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that this mineralocorticoid is necessary for appropriate uri-
nary acidification is also derived from patients with inborn or
acquired aldosterone deficiency syndromes (distal renal tubu-
lar acidosis type IV) or in animal models with adrenalectomy
or pharmacological blockade of the aldosterone pathway
(10, 33-36). In general, it is accepted that sustained effects
of mineralocorticoids on acid secretion involve genomic
mechanisms.

The main result of the present study was the identification of
a nongenomic pathway for the regulation of vacuolar H-ATPase
activity in the terminal nephron segment. Several nongenomic
effects of aldosterone have been described (17, 37-39). These
involve rapid modulations of epithelial Na and K channel activity
and of Na/H exchange (40, 41). Representative examples are
stimulation of Na*/H* exchanger by aldosterone in colon crypt
cells, the Madin—-Darby canine kidney cell line, and vascular
smooth muscle cells (40, 42, 43). Nongenomic actions have also
been observed for other steroid hormones, such as glucocorti-
coids, progesterone, and estrogen, and for androgens and vita-
min D3 (16, 27).

The nongenomic effects of aldosterone have been shown to be
mediated by various distinct intracellular signaling cascades that
appear to be tissue- or cell-specific (16, 27). In our experiments,
the nongenomic stimulatory effect of aldosterone required PKC
and was associated with a rapid transient increase of intracellular
Ca?*. A similar effect was reported in cultured cortical collecting
duct cells where aldosterone transiently increased intracellular
calcium, a response that could be prevented by inhibition of PKC
(38). Our experiments show that an intact microtubular network
is also necessary for the nongenomic targeting of the vacuolar
H*-ATPase to the apical membrane by aldosterone. Taken
together these results suggest that PKC-dependent phosphory-
lation may be an important element of regulation of vacuolar
H*-ATPase. This regulation could involve modification of either
microtubule or pump assembly. PKC has been shown to activate
apical membrane Nat/H* exchangers in proximal tubule cells
by altering the state of phosphorylation (44).

In conclusion, the present studies provide evidence for a
mechanism of stimulation of H*-ATPase by aldosterone. It
involves a rapid nongenomic steroid effect on pH; regulation and
expands the spectrum of mineralocorticoid effects on epithelia.
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