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ABSTRACT Atrial natriuretic peptide (ANP) and nitric
oxide (NO) are key regulators of ion and water transport in the
kidney. Here, we report that these cGMP-elevating hormones
stimulate Ca21 reabsorption via a novel mechanism specifi-
cally involving type II cGMP-dependent protein kinase (cGK
II). ANP and the NO donor, sodium nitroprusside (SNP),
markedly increased Ca21 uptake in freshly immunodissected
rabbit connecting tubules (CNT) and cortical collecting ducts
(CCD). Although readily increasing cGMP, ANP and SNP did
not affect Ca21 and Na1 reabsorption in primary cultures of
these segments. Immunoblot analysis demonstrated that cGK
II, and not cGK I, was present in freshly isolated CNT and
CCD but underwent a complete down-regulation during the
primary cell culture. However, upon adenoviral reexpression
of cGK II in primary cultures, ANP, SNP, and 8-Br-cGMP
readily increased Ca21 reabsorption. In contrast, no cGMP-
dependent effect on electrogenic Na1 transport was observed.
The membrane localization of cGK II proved to be crucial for
its action, because a nonmyristoylated cGK II mutant that was
shown to be localized in the cytosol failed to mediate ANP-
stimulated Ca21 transport. The Ca21-regulatory function of
cGK II appeared isotype-specific because no cGMP-mediated
increase in Ca21 transport was observed after expression of
the cytosolic cGK Ib or a membrane-bound cGK II/Ib chimer.
These results demonstrate that ANP- and NO-stimulated
Ca21 reabsorption requires membrane-targeted cGK II.

In mammalian kidney, active Ca21 reabsorption takes place
primarily in the distal part of the nephron and involves the
coordinated processes of passive Ca21 influx across the lumi-
nal membrane by a still unidentified transporter, followed by
diffusion through the cytosol of Ca21 bound to calcium-
binding proteins, and active extrusion across the opposing
basolateral membrane (1–3). It is well established that this
transcellular Ca21 transport is under control of hormones,
including parathyroid hormone (PTH), calcitonin, and
1,25(OH)2D3, but the regulatory mechanisms involved have
not been completely elucidated. One established pathway for
stimulating Ca21 transport is the activation of adenylyl cyclase,
accumulation of cAMP, and subsequent activation of cAMP-
dependent protein kinase (cAK) (4). However, recent studies
suggest a prominent role of protein kinase C (PKC) (5, 6),
possibly in combination with cAK (7), in hormone-stimulated
Ca21 transport. Because cGMP-elevating hormones have been

suggested to control ion and water transport processes in the
intestine and kidney (8, 9), we have now investigated the
possibility that cGMP may also have a role in kidney Ca21

transport regulation. Importantly, cortical collecting duct cells
have receptors and are considered a target for the action of
natriuretic peptides (10).

cGMP cascade activation by NO and natriuretic peptides
such as atrial natriuretic peptide (ANP) has been shown to
stimulate natriuresis and diuresis in the kidney by increasing
glomerular filtration rate, inhibiting renin release in juxtaglo-
merulosa cells, and inhibiting Na1 and water reabsorption in
the collecting duct (9, 11). Downstream effectors of cGMP
include cGMP-gated channels, cGMP-regulated phosphodies-
terases (PDE), and cGMP-dependent protein kinases (cGK)
(12–14). One or more of these targets may mediate cGMP
effects on a given function. For example, in the inner medul-
lary collecting duct, cGMP directly and indirectly, via cGK I,
inhibits cyclic nucleotide-gated nonselective cation channels
(15), thus decreasing Na1 reabsorption (16). Renin release
from juxtaglomerular cells not only is stimulated by a mech-
anism involving cGMP-inhibited PDE (17), but also is inhib-
ited by another mechanism involving cGK II (8, 18, 19). Kidney
contains both major types of cGK (8), which are products of
two separate genes (20–22). cGK II is a membrane-bound
enzyme, whereas the closely related cGK I (consisting of a and
b splice variants) is localized predominantly in the cytosol (22,
23). Both cGK forms have been shown to regulate ion chan-
nels, for example, cGK II activates the intestinal CFTR Cl2
channel (23), whereas cGK I inhibits a renal cGMP-dependent
cation channel (16). In addition, a membrane-bound cGK has
been implicated in the stimulation of Ca21-activated K1

channels present in the cortical collecting duct (24), and cGK
I has direct and indirect effects on Ca21-activated maxi-K1

(BKCa) channels in several cell types (25).
In the present study we investigated the ability of cGMP-

elevating agents, including ANP and the NO-donor sodium
nitroprusside (SNP), to modulate Ca21 uptake in freshly
isolated rabbit connecting tubules (CNT) and cortical collect-
ing ducts (CCD) and Ca21 and Na1 reabsorption in primary
cultures thereof. Because endogenous cGK II was present in
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freshly isolated cells but proved to be down-regulated in these
primary cultures, we performed transport measurements after
adenoviral vector-mediated reexpression of cGK II, cGK I,
and mutants of these cGKs, which possess different mem-
brane-binding properties (23). Our results demonstrate that
ANP and NO stimulate Ca21 reabsorption in CNT/CCD cells
by elevating cytosolic cGMP levels and the subsequent acti-
vation of membrane-bound cGK II.

MATERIALS AND METHODS

Chemicals and Antibodies. Collagenase A and hyaluroni-
dase were obtained from Boehringer Mannheim. All other
chemicals, including rat ANP, D-amino-cys, D-Arg-8-
vasopressin, 8-bromoguanosine cGMP (8-Br-cGMP), 8-Br-
cAMP, 3-isobutyl-1-methylxanthine, SNP, and FITC-
conjugated goat anti-rabbit IgG, were purchased from Sigma.
Polyclonal cGK I and cGK II antibodies, raised against re-
combinant cGK I or cGK II expressed in Escherichia coli, were
produced as reported previously (26). Characterization of
anti-rabbit cortical collecting system mAb (R2G9) has been
described previously (1). All stock solutions were stored at
220°C. Final vehicle concentrations never exceeded 0.1%
(vol/vol).

Construction of cGK Mutants and Adenoviral Vectors. A
nonmyristoylated mutant of cGK II (G2A), constructed by
mutation of Gly-2 to Ala (27), and a cGK II-cGK Ib (cGK
II/Ib) chimer, consisting of the first 29 N-terminal amino acids
of cGK II fused to the N terminus of full-length cGK Ib, were
made as described previously (23). Recombinant replication-
deficient (E1 deletion) adenoviridae type 5 containing the
coding sequences of rat cGK II (20), human cGK Ib (28), the
cGK II-G2A mutant, or the cGK II/Ib chimer were prepared
as described (23, 29). The titer of the adenoviral preparations
was approximately 1 plaque-forming unit (pfu) per 500 par-
ticles.

Culture and Infection of Rabbit Kidney CNT and CCD
Cells. Rabbit kidney CNT/CCD tubules were immunodis-
sected from the kidney cortex of New Zealand White rabbits
('0.5 kg) by using antibody R2G9 and then placed in primary
culture on permeable filters (0.33 cm2; Costar) as described in
detail previously (1). The culture medium was a 1:1 mixture of
DMEM and Ham’s F-12 medium (DME/F12; GIBCO) sup-
plemented with 5% (vol/vol) decomplemented FCS/50 mg/ml
of gentamicin/10 ml/ml of nonessential amino acids (GIBCO)/5
mg/ml of insulin/5 mg/ml of transferrin/50 nM hydrocorti-
sone/70 ng/ml of prostaglandin E1/50 nM Na2SeO3/5 pM
triiodothyronine and equilibrated with 5% CO2 at 37°C.
Confluent monolayers were infected at day 3 of culture by
adding culture medium (100 ml to apical and 600 ml to
basolateral compartment) containing adenoviral vectors (5 3
109 particles per ml) and subsequently were used for transport
assays at 2 days postinfection. As observed by confocal laser-
scanning immunocytochemistry, an infection efficiency of
more than 70% was reached for all constructs. Transepithelial
potential difference and resistance were checked routinely
before and after every transport measurement to confirm cell
confluency and integrity of the monolayer.

45Ca21 Uptake in Freshly Immunodissected CNT and CCD.
Freshly isolated tubules were resuspended in 300 ml medium
containing 140 mM NaCl/1 mM MgCl2/1 mM CaCl2/20 mCi/ml
45Ca21/10 mM Hepes/Tris, pH 7.4. Hormones and cGMP-
elevating agents were added, and 45Ca21 uptake was deter-
mined for 10 min at 37°C. Tubules were washed two times by
centrifuging (200 3 g for 5 min) in ice-cold stop buffer
containing 140 mM NaCl/1 mM MgCl2/1 mM CaCl2/1.5 mM
LaCl3/10 mM Hepes/Tris, pH 7.4, solubilized with 10% (wt/
vol) SDS, dissolved in scintillation fluid, and counted for
radioactivity.

Measurement of Transcellular Ca21 Transport. At 2 days
postinfection, confluent monolayers of rabbit CNT/CCD cells
growing on permeable filters were washed twice and preincu-
bated in physiological salt solution (PSS) containing 140 mM
NaCl/2 mM KCl/1 mM K2HPO4/1 mM MgCl2/1 mM CaCl2/5
mM glucose/5 mM L-alanine/5 mM indomethacin/10 mM
Hepes/Tris, pH 7.4, for 15 min at 37°C. Subsequently, the
monolayers were incubated in PSS (100 ml to apical and 600 ml
to basolateral compartment), with or without drugs and hor-
mones added to the apical and/or basolateral compartment, as
indicated in the text, and after another 90 min transepithelial
Ca21 transport was measured. Controls consisting of identical
concentrations of solvents (ethanol or dimethyl sulfoxide) used
to dissolve various agents were without effect. At the end of the
incubation period, 25-ml samples were removed in triplicate
from the apical compartment and assayed for their Ca21

concentration by using a colorimetric assay kit (Boehringer
Mannheim). Under these experimental conditions, net apical-
to-basolateral Ca21 f lux is linear with time for at least 3 hr (1).
Ca21 reabsorption was expressed in nmolzh21zcm22.

Measurement of Transcellular Short-Circuit Current. Con-
fluent monolayers were mounted between two half-chambers
(area of 0.33 cm2) and bathed at 37°C with PSS. The solutions
bathing the monolayer were connected via agar bridges and
Ag-AgCl electrodes to a voltage-clamp current amplifier
(Physiological Instruments, San Diego), and the short-circuit
current (ISC) was recorded. The benzamil-sensitive component
of the ISC was determined by addition of 10 mM benzamil to
the apical compartment, as an estimate of transcellular Na1

transport (30).
Measurement of Intracellular cGMP Levels. To assess the

effects of hormones and drugs on intracellular cGMP levels,
confluent monolayers were preincubated for 15 min in PSS
with 100 mM 3-isobutyl-1-methylxanthine. Hormones and
drugs were added to the apical and/or basolateral compart-
ment. At 15 min, basolateral medium was discarded and the
filters were excised and rapidly transferred to 100 ml of 0.1 M
HCl to terminate the generation of cellular cGMP. The cell
lysate was centrifuged (10 min, 20,000 3 g), and the superna-
tant was neutralized with 20 ml of 0.5 M Tris, acetylated, and
used for determination of cGMP by radioimmunoassay (31).

Immunoblotting. Freshly immunodissected CNT/CCD tu-
bules were frozen immediately in liquid nitrogen, thawed,
collected by centrifugation at 100,000 3 g for 30 min at 4°C in
an airfuge (Beckman), and heated for 10 min at 100°C in
SDS/PAGE sample buffer. CNT/CCD cells cultured on per-
meable filters were washed two times with PBS, and, subse-
quently, SDS/PAGE sample buffer was added directly to the
cells. All samples (20 mg of protein each) were heated for 10
min at 100°, separated on 7.5% (wt/vol) SDS/PAGE gels, and
blotted to nitrocellulose. Blots were incubated with cGK I or
cGK II antibody (1:3,000), and immunoreactive protein was
detected by using the enhanced chemiluminescence method as
described by the manufacturer (Amersham). Expression of
cGK proteins was quantitated by comparison of samples to
standard amounts of purified bovine lung cGK I, or recom-
binant rat intestine cGK II expressed in and purified from Sf9
cells (32), by using the Molecular Imaging System GS-363
(Bio-Rad).

Reverse Transcription–PCR (RT-PCR). Total RNA was
isolated from rabbit intestinal mucosa and reverse-transcribed
by oligo(dT) priming. The rabbit intestine cGK II cDNA
obtained was amplified by using the oligonucleotide primers
P1 and P2, described previously, with 35 PCR cycles (94°C,
45 s; 50°C, 45 s; 72°C, 1 min), followed by final elongation for
10 min at 72°C (20). The PCR product gave a single band of
'700 bp that was subcloned in a TA cloning vector (Invitro-
gen). Three identical clones were sequenced by using fluores-
cent-labeled vector primers, T7 DNA polymerase, and the
ALF Sequencer. The partial sequence of rabbit intestine cGK
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II was found to be 87% identical (at the nucleotide level) to the
corresponding sequence of rat intestinal cGK II (unpublished
observations). From this partial rabbit intestine cGK II se-
quence, new, specific oligonucleotide primers were designed
for amplifying rabbit kidney cGK II. These were 59-
CCAAGCCAGAGACGAGCAGTA-39 (sense, correspond-
ing to nucleotides 857–877 of the rat intestine cGK II se-
quence) and 59-TTCATCATCACGGTTCAGGTT-39 (anti-
sense, corresponding to nucleotides 1266–1286 of the rat
intestine cGK II sequence). Total RNA was extracted from
freshly isolated CNT/CCD tubules and primary cultures
thereof by the method described by Chomczynski and Sacchi
(33). RNA (2 mg) was used as starting material for RT-PCRs,
as described previously (8). Briefly, RT-PCR amplification of
rabbit kidney (CNT/CCD) cGK II was performed by using 35
PCR cycles (94°C, 1 min; 50°C, 1 min; 72°C, 1 min), followed
by elongation for 10 min at 72°C. The PCR product gave a
single band of 430 bp in size. Amplification of glyceraldehyde-
3-phosphate dehydrogenase as a control was performed under
similar conditions as described above by using primers of
59-GCTGAACGGGAAACTCACTG-39 and 59-TCCAC-
CACCCTGTTGCTGTA-39. As a negative control, PCR also
was carried out in the absence of reverse transcriptase.

Immunofluorescence Confocal Microscopy. Monolayers on
permeable filter supports were fixed in 1% (wt/vol) parafor-
maldehyde for 1 hr (3). Subsequently, the monolayers were
incubated for 10 min in Tris-buffered saline (TBS; pH 7.6),
containing 0.2% (vol/vol) Triton X-100/0.9% (wt/vol) NaCl/2.5
mM Tris/0.1% (wt/vol) BSA/0.01% (wt/vol) NaN3, and washed
three times for 5 min in TBS. After blocking for 30 min in 10%
(vol/vol) goat serum in TBS and rinsing thoroughly, the
monolayers were incubated overnight at 4°C with antiserum
against either cGK I or cGK II [1:200 diluted in 10% (vol/vol)
goat serum in TBS]. After this incubation, the filters were
rinsed three times and incubated for 1 hr at room temperature
with FITC-conjugated goat anti-rabbit IgG [1:50 diluted in
10% (vol/vol) goat serum in TBS]. The filters were washed
three times, dehydrated in methanol, and subsequently
mounted in Mowiol (Hoechst Pharmaceuticals) and visualized
by confocal laser-scanning microscopy (MRC-1000; Bio-Rad)
by using a Nikon Diaphot microscope.

Statistics. In all experiments the data are expressed as the
mean 6 SEM. Overall statistical significance was determined
by ANOVA. In the case of significance (P , 0.05), individual
groups were compared by contrast analysis according to
Scheffé (34).

RESULTS
45Ca21 Uptake Is Stimulated by ANP in Freshly Isolated

CNT and CCD. Fig. 1 shows that ANP (100 nM) significantly
increased the uptake of 45Ca21 in freshly isolated rabbit CNT
and CCD tubules by more than a factor of 2 (P , 0.05).
Because ANP generally acts through cGMP we subsequently
tested the effects of 8-Br-cGMP (100 mM) and SNP (100 mM).
Both cGMP-elevating agents increased the 45Ca21 uptake to
the same extent as ANP.

ANP Increases Cytosolic cGMP Without Affecting Ca21

Reabsorption in Confluent Monolayers of CNT and CCD. In
primary cultures of immunodissected CNT and CCD, both
ANP (100 nM, basolateral) and SNP (100 mM, both sides)
significantly increased cytosolic cGMP levels 2.5-fold, from
23 6 3 to 58 6 7 and 58 6 8 pmol cGMPzmg protein21,
respectively (n 5 4, P , 0.05). However, despite their marked
stimulation of cGMP, ANP, SNP, and 8-Br-cGMP (100 mM,
both sides), each had no significant effect on Ca21 reabsorp-
tion in these primary cultures (48 6 3, 50 6 3, and 47 6 2
nmolzh21zcm22, respectively, versus a control value of 51 6 2
nmolzh21zcm22; n 5 4, P . 0.2). To investigate possible reasons
for the lack of effect of cGMP on Ca21 reabsorption, the

expression of two important downstream mediators of cGMP
action, i.e., cGK I and II, was measured by immunoblotting and
RT-PCR both in freshly immunodissected CNT and CCD
tubules and primary cultures thereof. As shown in Fig. 2, cGK
I and II antibodies recognized purified cGK standards with
apparent Mr of 76 and 86 kDa, respectively. Freshly immuno-
dissected CNT and CCD tubules contained cGK II (30–50
ngzmg protein21); however, this enzyme was no longer detect-
able after 5 days of culturing on permeable supports (Fig. 2A).
In contrast, cGK I was not detectable in freshly isolated or
cultured CNT and CCD cells (Fig. 2 A). Consistent with the
immunoblot data, cGK II mRNA was present in freshly
immunodissected tubules and not detectable in cultured
monolayers, demonstrating that the cGK II messenger was
rapidly lost during culturing (Fig. 2B). Of note, equivalent
amounts of glyceraldehyde-3-phosphate dehydrogenase
mRNA were amplified in both RNA preparations, indicating
that similar amounts of tissue were compared in the PCRs. The
PCRs performed in the absence of reverse transcriptase were
negative for cGK I and cGK II, demonstrating the absence of
DNA contaminations.

Reexpression of cGK II Enables ANP to Stimulate Ca21

Reabsorption. Recombinant adenoviral vectors, containing
the coding sequence for rat cGK II, were used to reexpress
cGK II in the primary CNT/CCD cultures, which had lost
expression of the kinase. An expression level of 75–150 ng cGK
IIzmg protein21, comparable to that of endogenous cGK II in
freshly isolated cells, was observed (Fig. 2A). Reexpression of
cGK II revealed the stimulatory potential of ANP on Ca21

reabsorption (258 6 13% above control values) (Fig. 3).
Similar stimulation of Ca21 reabsorption by other cGMP-
elevating agents, such as 100 mM SNP (242 6 10%) and 100
mM 8-Br-cGMP (227 6 14%), also was observed. Of note, cGK
II expression alone did not significantly affect basal Ca21

transport.
Previous studies have demonstrated that cAMP-elevating

agents can also stimulate transcellular Ca21 transport (2, 4, 6).
However, reexpression of cGK II had no effect on the stim-
ulation of Ca21 reabsorption by either 8-Br-cAMP (100 mM,
both sides) or the cAMP-elevating hormone D-Arg-8-
vasopressin (10 nM, basolateral) (Fig. 3). To investigate the
relationship between the classical cAMP-mediated and the
novel cGMP-dependent pathway, the stimulatory effect of
8-Br-cAMP and 8-Br-cGMP, alone and in combination, on
Ca21 transport was studied. However, a combination of max-

FIG. 1. Stimulation of 45Ca21 uptake by ANP, SNP, and 8-Br-
cGMP in freshly isolated CNT and CCD tubules. Freshly immuno-
dissected CNT and CCD tubules were stimulated with ANP (100 nM),
SNP (100 mM), and 8-Br-cGMP (100 mM) in the presence of tracer
amount 45Ca21 for 10 min at 37°C. Basal 45Ca21 uptake is set at 100%,
to which all values are related. Values are means 6 SEM (n 5 5). p,
P , 0.05, significantly different from basal 45Ca21 uptake.
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imally effective doses of both stimulants did not further
increase the rate of calcium transport (100 mM 8-Br-cAMP,
126 6 6; 100 mM 8-Br-cGMP, 118 6 5; combination of
8-Br-cAMP and 8-Br-cGMP, 123 6 3 nmolzh21zcm22; n 5 3,
P . 0.2).

ANP Stimulation of Ca21 Reabsorption Is Specifically
Dependent on Membrane-Targeted cGK II. The specific prop-
erties of cGK II that might account for its stimulatory effect
on Ca21 reabsorption were investigated by using adenoviral-
vector-expressed mutant kinases. cGK II, cGK I, and their
modified constructs were compared with respect both to their
subcellular localization (Fig. 4) and their ability to stimulate
Ca21 reabsorption in CNT/CCD cells (Fig. 5). Immunofluo-
rescence confocal microscopy demonstrated that cGK II and
a chimer (cGK II/Ib), consisting of the first 29 N-terminal
amino acids of cGK II linked to the N terminus of full-length
cGK I, were positioned at the cell membrane (Fig. 4 C and B),
whereas cGK Ib and a myristoylation deficient (G2A) mutant
of cGK II had a predominantly cytosolic localization (Fig. 4 A
and D). The ability of the adenoviral-vector cGK constructs to
mediate ANP-stimulated Ca21 reabsorption was investigated
by stimulating infected cell monolayers with 100 nM ANP
(basolateral) and 100 mM 8-Br-cGMP (both sides). As dem-
onstrated in Fig. 5, only cGK II-expressing cells displayed

cGMP-dependent Ca21 reabsorption. Prevention of myristoyl-
ation of cGK II (G2A mutant) resulted in the inability of this
cGK to support Ca21 reabsorption. cGK Ib in its normal
cytosolic localization did not activate Ca21 reabsorption; how-
ever, unlike cGK II, membrane attachment in the form of the
cGK II/Ib chimer also did not result in such activity.

Na1 Reabsorption Is Not Affected by cGK. Transcellular
Na1 transport across the CNT/CCD monolayers was measured
as benzamil-sensitive ISC (Fig. 6). Whereas 10 mM benzamil
(apical side) markedly reduced ISC, addition of 8-Br-cGMP
(100 mM, both sides) had no significant effect on ISC either in
uninfected or in cGK Ib- or cGK II-infected monolayers. Na1

FIG. 4. Subcellular localization of cGK proteins expressed in
CNT/CCD monolayers. Monolayers were infected with adenovirus for
expressing either cGK Ib (A), a chimer of the N terminus of cGK II
linked to the N terminus of full-length cGK Ib (B), cGK II (C), or a
myristoylation-deficient (G2A) cGK II mutant (D). Two days after
infection, immunolocalization of the cGK proteins was visualized by
confocal laser-scanning microscopy. Membrane-associated (B and C)
or cytosolic (A and D) localization was observed. Specificity of cGK
immunostaining was confirmed by the absence of signal in noninfected
monolayers (not shown). (Bar 5 5 mm.)

FIG. 2. Analysis of endogenous and reexpressed cGK I and cGK II
in CNT/CCD cells. (A) Immunoblots of samples (20 mg protein each)
from homogenates of either freshly immunodissected CNT/CCD
tubules, monolayers of cells cultured from these tubules, or monolay-
ers infected with adenoviral-cGK constructs (described in Materials
and Methods) were labeled with antibodies against cGK I or cGK II
(A). Shown in the right lane of each blot are standards (2 ng) of either
purified bovine lung cGK I or recombinant rat intestine cGK II. The
86-kDa protein endogenously present in freshly isolated cells was
identified as cGK II, and this was confirmed with immunoblots by
using an additional antibody independently raised against cGK II (data
not shown). (B) cGK II mRNA was detected by RT-PCR in freshly
isolated and cultured CNT/CCD cells. Samples of RT-PCR-derived
cGK II (420 bp) and glyceraldehyde-3-phosphate dehydrogenase (309
bp) cDNA were analyzed on an ethidium bromide-stained 2% (wt/vol)
agarose gel. PCR was carried out either with (RT1) or without (RT2)
reverse transcriptase. RNA (2 mg) was used as starting material for
RT-PCRs.

FIG. 3. Transcellular Ca21 transport in monolayers of CNT/CCD
cells expressing cGK II. Cultured monolayers were either infected
(solid bars) or not infected (open bars) with adenovirus for expressing
cGK II. Two days after infection, transcellular Ca21 transport was
measured in the absence (control) and presence of either 100 nM ANP
(basolateral), 100 mM SNP (both sides), 100 mM 8-Br-cGMP (both
sides), 100 mM 8-Br-cAMP (both sides), or 10 nM D-Arg-8-vasopressin
(basolateral). Values are means 6 SEM (n 5 6). p, P , 0.05,
significantly different from the control values.
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transport itself did not appear to be affected by the infection
procedure as indicated by equivalent benzamil effects in all
cases.

DISCUSSION

The results of the present study demonstrate that ANP and NO
stimulate Ca21 reabsorption in rabbit CNT/CCD. This stim-
ulatory effect is specifically mediated by membrane-targeted
cGK II and is restricted to the process of Ca21 reabsorption
because electrogenic Na1 transport in these nephron segments
was not regulated by a cGMP-dependent mechanism.

A detailed molecular characterization of cGMP-stimulated
Ca21 reabsorption was made possible by reintroducing differ-
ent cGK gene products and mutants into primary cultures of
CNT/CCD cells that had lost endogenous cGK. cGMP-
stimulated Ca21 transport was specifically mediated by cGK II
but not cGK Ib. The membrane localization of cGK II seemed
to be a major determinant of its ability to activate Ca21

reabsorption because the myristoylation-deficient cGK II mu-
tant, which predominantly resided in the cytosol, was unable to
mimic the effect of wild-type cGK II. The requirement of
membrane targeting of cGK II for its ability to activate both
the CFTR Cl2 channel in intestinal cells (23) and, as we show
here, Ca21 reabsorption extends the emerging concept that
compartmentalization of protein kinases and their substrates
is a major determinant of their interaction under physiological
conditions (35, 36). Expression of a membrane-bound cGK
II/Ib chimer did not result in restoration of cGMP-stimulatable
Ca21 transport, indicating that membrane anchoring alone is
not sufficient to confer cGK Ib activation of the Ca21 transport
process and underscoring further the specificity for cGK II in
this process. In contrast, the membrane-bound cGK II/Ib
chimer partially phosphorylated and activated the CFTR Cl2
channel, the only known physiological cGK II substrate char-
acterized so far in intact cells, whereas cGK I did not (23, 37).
Assuming that Ca21 influx across the apical membrane is
rate-limiting in transcellular Ca21 transport, it is tempting to
speculate that cGK II, by analogy with the CFTR Cl2 channel,
directly activates this transporter. This would concur with a
distinct role for cGK II in regulating certain apical membrane
processes, particularly electrolyte transport (22).

The second messengers, cGMP and cAMP, stimulated Ca21

transport to the same maximal level, and their effects were not
additive, suggesting that cGK II and cAK phosphorylate the
same target in the process of Ca21 transport. Indeed, both cGK
II and cAK can phosphorylate similar consensus sequences
consisting of a phosphorylatable serine or threonine (at P 5
0) preceded at the P-2 and P-3 positions by basic amino acids
(22). The observation that ANP and NO failed to stimulate
Ca21 transport in noninfected cells convincingly demonstrates
that physiological activation of cGMP does not stimulate Ca21

reabsorption by cross-activation of cAK.
In contrast to cGK II stimulation of Ca21 reabsorption, cGK

II did not affect Na1 transport in CNT/CCD cells. Thus, ANP
inhibition of Na1 transport in general and, in particular, in the
inner medullary collecting duct (IMCD) (38) does not seem to
operate in CNT/CCD cells. ANP reduces amiloride-sensitive
Na1 transport in IMCD by inhibiting Na1 channels via both a
direct cGMP effect on the channel and an indirect effect
mediated by cGK I (15, 16). In contrast, our results show that
Na1 reabsorption in CNT/CCD cells, which occurs via a
different type of Na1 channel, the so-called ENaC (epithelial
sodium-selective channel), is not regulated by cGMP-elevating
hormones. This is in agreement with another recent report (39)
and consistent with the fact that ENaC contains no conserved
cAK/cGK phosphorylation sites (38).

Our immunoblot results suggest that the cGK II concentra-
tion present in rabbit CNT/CCD cells is perhaps 10-fold lower
than that previously measured in intestinal mucosa (29). Low
levels of cGK II have also been observed in rat kidney
juxtaglomerular cells, ascending thin limb, and proximal tu-
bule brush borders, but not other nephron segments (8). It is
not clear whether there are species differences between rat and

FIG. 6. Transcellular Na1 transport is not affected by cGK expres-
sion. Monolayers of CNT/CCD cells either were noninfected or
infected with adenovirus for expressing cGK Ib or cGK II. Two days
after infection, the effect of 100 mM 8-Br-cGMP (both sides, for the
period indicated in the figure) on the ISC was determined. Subse-
quently, transcellular Na1 transport was blocked by addition of 10 mM
benzamil to the apical compartment. Representative traces of three
experiments are shown.

FIG. 5. cGMP-stimulated Ca21 reabsorption in CNT/CCD mono-
layers expressing cGK proteins of different membrane-association
properties. Monolayers were noninfected or infected with adenovirus
for expressing either cGK II, a myristoylation-deficient cGK II mutant
(G2A), cGK Ib, or a chimer of the N terminus of cGK II fused to the
N terminus of full-length cGK Ib. Two days after infection, monolayers
either were not stimulated (open bars) or stimulated with 100 nM
basolateral ANP (shaded bars) or 100 mM 8-Br-cGMP added to both
sides (solid bars). Values are means 6 SEM of three experiments. p,
P , 0.05, significantly different from control values.
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rabbit expression of cGK II or whether immunodissection of
CNT/CCD cells permitted optimization of cGK II detection in
comparison with whole microdissected tubules. There is, how-
ever, some other independent, functional evidence for a
membrane-bound cGK that can activate basolateral, Ca21-
dependent K1 channels in excised patches from rat CCD cells
(24).

Comparison of CNT/CCD cells that had become deficient in
cGK II with cells in which cGK II was reintroduced by using
adenoviral vectors to rescue the in vitro knock-out system
provided a unique opportunity to establish cGK II as a
necessary mediator in the ANP/NO signal transduction path-
way leading to cGMP-dependent Ca21 reabsorption. Our
analysis of cGK II expression revealed that the cGK II present
in freshly isolated CNT/CCD cells was no longer detectable at
the mRNA and protein level after 5 days of cell culturing. This
demonstrates that cGK II gene expression is highly susceptible
to being switched off during culturing of these cells, a char-
acteristic of cGK I that has been observed at the protein level
in endothelial (40) and smooth muscle cell cultures (41).

It has been suggested that the natriuretic effect of ANP is,
in part, a result of an inhibition of the reabsorptive capacity of
the proximal tubule, leading to increased urinary excretion of
Na1, Ca21, Mg21, and PO4

32 (9). Thus, it is tempting to
speculate that the Ca21-sparing action of ANP in CNT/CCD
may serve to reduce Ca21 waste during ANP-induced natri-
uresis and, therefore, could be of considerable physiological
importance. Because, in the present study, freshly isolated
connecting tubules and cortical collecting ducts and primary
cultures thereof were used, future investigations are needed to
extrapolate our findings to the whole kidney level. cGK II and
cGK I (as control) knock-out mice (42) may be useful for this
purpose and for examining whether cGMP-dependent Ca21

reabsorption requires exclusively cGK II.

Note Added in Proof. While this report was being prepared, the
epithelial calcium Ca21 channel (ECaC) was cloned from rabbit CNT
and CCD (43). ECaC is expressed exclusively in 1,25-dihydroxyvitamin
D3-responsive epithelia. Sequence analysis revealed a protein of 730 aa
with a classical ion channel structure based on six transmembrane
spanning domains and a predicted hydrophobic stretch between
transmembrane segment 5 and 6 indicated as the pore region. Within
the C terminus of ECaC, two potential phosphorylation sites were
found for cGK II. The serine at position 669 and the threonine at
position 709 are part of a consensus phosphorylation sequence for
cGK II and cAK. Future studies will reveal whether ECaC is indeed
the final target for cGK II in the stimulatory effect of ANP on Ca21

reabsorption in CNT and CCD.
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