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Abstract

Inhibitor-1 and DARPP-32 (dopamine and cAM P-regulated phosphoprotein, Mr 32 kDa) are each phosphorylated by cAM P-dependent
protein kinase, resulting in their conversion to potent inhibitors of protein phosphatase-1. Protein phosphatase-1 is involved in the
regulation of Na* reabsorption from renal tubule by modulating the activity of Na*,K *-ATPase. In this study, we have investigated the
regulation of inhibitor-1 and DARPP-32 phosphorylation in dices of rena medulla. Activation of cCAMP-dependent protein kinase by
forskolin and 8-bromo-cAMP increased the level of phosphorylated inhibitor-1. Okadaic acid (1 wM), used to inhibit protein
phosphatase-2A, increased the level of phosphorylated inhibitor-1, but cyclosporin A had no effect. DARPP-32, like inhibitor-1, was
phosphorylated by cAMP-dependent protein kinase and dephosphorylated only by protein phosphatase-2A. These data demonstrate that
the phosphorylation of inhibitor-1 and DARPP-32 is regulated by the balance of phosphorylation by cAMP-dependent protein kinase and
dephosphorylation by protein phosphatase-2A in renal medulla. Furthermore, the phosphorylation step is regulated by pharmacological

stimuli such as activation of B,-adrenoceptors and dopamine D1 receptors. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The regulation of Na™ reabsorption from renal tubule is
critical in the homeostasis of Na* and water balance.
Na*,K *-ATPase plays a centra role in the Na* reabsorp-
tion, and its activity is regulated by various hormones such
as catecholamines. Dopamine has been shown to inhibit
Na*,K*-ATPase activity by activating both dopamine D1-
and D2-type receptors in proximal tubule and by activating
dopamine D1-type receptors in the medullary thick ascend-
ing limb of Henle and collecting duct (Aperia, 2000).
Activation of dopamine D1-type receptors, which is an
essential component of dopamine signaling, stimulates
CAMP production and cAMP-dependent protein kinase
activity. The activation of cAMP-dependent protein kinase
increases the phosphorylation of its substrates, leading to
the inhibition of Na* ,K*-ATPase activity. However, the
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downstream signaling cascade of cAMP-dependent protein
kinase in rena tubule is not well characterized. It has been
reported that the a1 isoform of Na*,K*-ATPase is phos-
phorylated at Ser®® (rat sequence) by cAMP-dependent
protein kinase in vitro and in cell lines overexpressing the
ol isoform (Fisone et al., 1994; Begiun et a., 1996;
Cheng et a., 1997). This phosphorylation is associated
with the inhibition of enzyme activity (Fisone et al., 1994).
There are also reports using intact tissues showing that
activation of cAMP-dependent protein kinase does not
directly phosphorylate Na*,K*-ATPase, but inhibits
Na*,K*-ATPase activity by phosphorylating other sub-
strates that indirectly inhibit Na*,K*-ATPase activity
(Feschenko and Sweadner, 1995; Nishi et al., 1999a). In
these cases, DARPP-32 (dopamine and cAMP-regulated
phosphoprotein, Mr 32 kDa) and/or inhibitor-1 seem to
mediate the effects of cAMP-dependent protein kinase,
since the inhibition of protein phosphatase-1 activity was
associated with the reduction of Na*,K *-ATPase activity
in medullary thick ascending limb of Henle (Aperia et al.,
1991; Li et a., 1995) and, furthermore, the inhibitory
effect of dopamine on Na*,K *-ATPase activity was lost in
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neostriatal neurons from DARPP-32 mutant mice (Fien-
berg et al., 1998; Nishi et al., 1999b).

DARPP-32 is a cytosolic protein that is enriched in
medium-sized spiny neurons in neostriatum (for review,
see Greengard et a., 1999). Inhibitor-1 is also a cytosolic
protein that is ubiquitously expressed in almost all tissues
(Hemmings et a., 1992). Inhibitor-1 (at Thr*®) and
DARPP-32 (at Thr*) are each phosphorylated by cAMP-
dependent protein kinase, resulting in their conversion to
potent inhibitors of protein phosphatase-1. Phosphorylated
forms of inhibitor-1 and DARPP-32 are dephosphorylated
by protein phosphatase-2A and calcineurin in vitro (Hem-
mings et al., 1984a; King et a., 1984). It has been shown
that inhibitor-1 and DARPP-32 are highly expressed in a
nephron segment of medullary thick ascending limb of
Henle (Meister et al., 1989). The inhibition of protein
phosphatase-1 activity by phospho-Thr3* DARPP-32 pep-
tide and calyculin A resulted in the inhibition of Na*,K *-
ATPase activity (Aperia et al., 1991; Li et a., 1995),
indicating that protein phosphatase-1 plays a critical role in
the regulation of Na* reabsorption by modulating the
activity of Na*',K*™-ATPase. Thus, inhibitor-1 and
DARPP-32 seem to be physiological inhibitors of protein
phosphatase-1 in renal tubule, but there is no direct
evidence that phosphorylation of inhibitor-1 and/or
DARPP-32 is regulated in rena tubule. In this study, we
investigated the regulation of inhibitor-1 and DARPP-32
phosphorylation in slices of mouse renal medulla. This is
the first report demonstrating inhibitor-1/DARPP-32
phosphorylation in renal tissue by reagents, activating
CcAMP-dependent protein kinase or inhibiting protein phos-
phatase-2A, and by pharmacological stimuli.

2. Material and methods

2.1. Preparation and incubation of slices

Male C57BL /6 mice (6-8 weeks old) were anes-
thetized with diethyl ether and sodium pentobarbital (50
mg/kg body weight, i.p.), and the kidneys rapidly re-
moved and placed in ice-cold, oxygenated Krebs—HCO;
buffer (124 mM NaCl, 4 mM KCl, 26 mM NaHCO,, 1.5
mM CaCl,, 1.25 mM KH,PO,, 1.5 mM MgSO, and 10
mM D-glucose, pH 7.4). Corona dlices (350 pm) were
prepared using a vibratome. Renal medulla was dissected
from the dlices in ice-cold Krebs—HCO; buffer. Each
slice was placed in a polypropylene incubation tube with
2 ml of fresh Krebs—HCO; buffer containing adeno-
sine deaminase (10 w.g/ml) and sodium butyrate (1 mM).
The slices were pre-incubated at 30°C under constant oxy-
genation with 95% O,/5% CO, for 60 min. The buf-
fer was replaced with fresh Krebs—-HCO; buffer after
30 min of pre-incubation. Slices were treated with drugs as
specified in each experiment. Drugs were obtained from

the following sources: (+ )-6-chloro-7,8-dihydroxy-1-phe-
nyl-2,3,4,5-tetrahydro-1 H-3-benzazepine hydrobromide
(SKF81297), (4 )-2-hydroxy-5-[2-[[2-hydroxy-3-[4-
[1-methyl-4-(trifluoromethyl) -1 H-imidazol-2-yl] phenoxy]-
propyl]Jaminolethoxy]-benzamide methanesulfonate
(CGP20712A), (+)-1-[2,3-(dihydro-7-methyl-1H-inden-4-
yDoxy]-3-[(1-methylethyl)amino]-2-butanol hydrochloride
(IC1118551), 2-[(2-cyclopropylphenoxy)methyl]-4,5-dihy-
dro-1H-imidazole hydrochloride (cirazolin), and 5-bro-
mo-N-(4,5-dihydro-1 H-imidazol-2-yl)-6-quinoxalinamine
(UK14304) from Research Biochemicals International
(Natik, MA); forskalin, cyclosporin A, okadaic acid and
cayculin A from Alexis Biochemicals (San Diego, CA);
8-bromo-cAMP, 8-bromo-cGMP, isoproterenol and 3-
[ (4,5-dihydro-1H-imidazol-2-yl) methyl]- 6 -(1,1-dimethyl-
ethyl)-2,4-dimethylphenol hydrochloride (oxymetazoline)
from Sigma (St. Louis, MO); Calcimycin (A23187) from
Calbiochem (San Diego, CA). After the drug treatment,
dices were transferred to Eppendorf tubes, frozen on dry
ice, and stored at —80°C until assayed.

2.2. Immunoblotting

Frozen tissue samples were sonicated in boiling 1%
sodium dodecy! sulfate (SDS) and boiled for an additional
10 min. Small aliquots of the homogenate were retained
for protein determination by the bicinchoninic acid (BCA)
protein assay method (Pierce, Rockford, IL) using bovine
serum abumin as a standard. Equal amounts of protein

medulla cortex
'

A Str

(kDa)
1 34

inhibitor-1 “> S *w
B - 28

50pg 5S0pg 50ug

B Str Str  medulla cortex
Mw
(kDa)
L 34
DARPP-52-> D ——
- L 28

50pg 10pg 50pg 50 g

Fig. 1. Concentrations of inhibitor-1 and DARPP-32 in striatal and renal
tissues. Homogenates from mouse striatum (Str), renal medulla and renal
cortex (50 or 10 pg) were loaded on 12% SDS-PAGE. (A) Inhibitor-1
was detected at a molecular mass of ~ 29 kDa using a polyclonal
antibody (G185) against inhibitor-1. (B) DARPP-32 was detected at a
molecular mass of ~ 32 kDa using a monoclonal antibody (C24-5a)
against DARPP-32.
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(120-200 p.g) were loaded onto 12% acrylamide gels, the
proteins separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE), and transferred to nitrocellulose mem-
branes (0.2 wm) (Schleicher and Schuell, Keene, NH) as
described (Towbin et a., 1979). The membranes were
immunoblotted using a monoclonal antibody (mAb-23;
1:750 dilution) (Snyder et al., 1992), which is a phosphory-
lation state-specific antibody raised against a DARPP-32
peptide containing phospho-Thr3, the site phosphorylated
by cAMP-dependent protein kinase. The antibody recog-
nized both phospho-Thr* DARPP-32 and phospho-Thr®
inhibitor-1 due to the high degree of sequence homology at
the CAMP-dependent protein kinase sites of two proteins.
A monoclonal antibody (C24-5a; 1:7500 dilution) gener-
ated against DARPP-32 (Hemmings and Greengard, 1986)
and a polyclona antibody generated against inhibitor-1
(G185; 1:2000 dilution), which are not phosphorylation
state-specific, were used to estimate the total amounts of
DARPP-32 and inhibitor-1. None of the experimental ma-
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Antibody binding was revealed by incubation with goat
anti-mouse horseradish peroxidase-linked immunoglobulin
G (IgG) (1:2000-4000 dilution) or goat anti-rabbit
horseradish peroxidase-linked 1gG (1:5000 dilution)
(Pierce) and the Enhanced Chemiluminescence (ECL) im-
munoblotting detection system (Amersham, Arlington
Heights, IL). Chemiluminescence was detected by auto-
radiography using Kodak autoradiography film, and phos-
pho-inhibitor-1 bands were quantified by densitometry
using National Ingtitutes of Health (NIH) Image 1.61
software. Since the linear range for quantitation of signal
density using the ECL detection method is limited, we
routinely exposed chemiluminescent membranes to film
for varying periods of time in order to obtain autoradio-
grams, which provided signals within the linear range
for densitometry (Nishi et al., 1999c). Phospho-Thr
DARPP-32 bands were not quantified, because the ECL
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Fig. 2. Effect of forskolin on the levels of phosphorylated inhibitor-1 and DARPP-32. (A) Slices from renal medulla were incubated with forskolin (10
wM) for the indicated times. Phosphorylated inhibitor-1 and DARPP-32 at the cAMP-dependent protein kinase sites were both detected using a
monoclonal antibody (mAb-23) against Thr3*-phosphorylated DARPP-32. The phosphospecific antibody also detected a cross-reactive protein band at a
molecular mass of ~ 75 kDa. Total DARPP-32 (B) and total inhibitor-1 (C) were detected on the same membrane. The amounts of phospho-Thr®
inhibitor-1 in slices incubated with forskolin (10 wM) for the indicated times (D) and in slices incubated for 5 min in the presence of the indicated
concentrations of forskolin (E) were quantified by densitometry, and the data were normalized to the values obtained with untreated slices. Data represent
means + S.E. for four to five experiments. * P < 0.05, * * P < 0.01 compared with untreated slices; analysis of variance and Newman—Keuls test.
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signals in control conditions, which were detectable after
long exposure, were not strong enough for densitometric
analysis.

2.3. Satigtical analysis

Data were expressed as means + S.E. Data were ana
lyzed by analysis of variance and Newman—Keuls post hoc
test or Student’s t-test. Significance was considered to be
P < 0.05.

3. Results

3.1. Expression of inhibitor-1 and DARPP-32 in renal
medulla

The expression of inhibitor-1 and DARPP-32 in renal
cortex and medulla was examined in comparison with the
neostriatum. The amounts of inhibitor-1 and DARPP-32 in
neostriatum have been reported to be 20 and 100 pmol /mg
protein, respectively (Hemmings and Greengard, 1986;
Hemmings et al., 1992). The levels of inhibitor-1, deter-
mined using the inhibitor-1 antibody (G185), and DARPP-
32, determined using the DARPP-32 antibody (C24-5a), in
mouse renal medulla were estimated to be 800% and 20%
of that in neostriatum, respectively, and calculated to be
160 and 20 pmol /mg protein, respectively (Fig. 1). The
levels of inhibitor-1 and DARPP-32 in mouse rena cortex
were estimated to be 130% and 2% of that in neostriatum,
respectively, and calculated to be 26 and 2 pmol /mg
protein, respectively. The expression of inhibitor-1 and
DARPP-32 in rena medulla was much higher than that in
renal cortex. Furthermore, the level of inhibitor-1 expres-
sion in renal medulla was the highest in dl tissues (Hem-
mings et al., 1992), indicating a critical role of inhibitor-1
in the regulation of protein phosphatase-1 activity in this
tissue. For these reasons, we focused on studying the
phosphorylation of inhibitor-1 and DARPP-32 in renal
medulla

3.2. Phosphorylation of inhibitor-1 and DARPP-32

The phosphorylation of inhibitor-1 and DARPP-32 by
cAMP-dependent protein kinase was examined in slices of
mouse renal medulla using a phosphorylation state-specific
antibody that selectively detected the phosphorylation of
both inhibitor-1 (Thr®) and DARPP-32 (Thr*) at the
CAMP-dependent protein kinase-sites. Treatment of slices
with forskolin (10 wM) increased the level of phosphory-
lated inhibitor-1 and DARPP-32 within 2 min of incuba
tion, and was maximal at 10 min of incubation (Fig. 2A
and D). The total amounts of DARPP-32 and inhibitor-1
protein were unaffected in each treatment conditions (Fig.
2B and C). The effect of forskolin on inhibitor-1 phospho-
rylation was maximal at a concentration of 10 wM with a
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Fig. 3. Effect of cAMP and cGMP analogues on the levels of phosphory-
lated inhibitor-1 and DARPP-32. (A) Slices from renal medulla were
incubated with a cAMP analogue, 8-bromo-cAMP (8Br-cAMP; 1 mM),
or a cGMP analogue, 8-bromo-cGMP (8Br-cGMP; 1 mM), for 5 min. (B)
The amount of phospho-Thr® inhibitor-1 was quantified by densitom-
etry, and the data were normalized to the values obtained with untreated
dlices. Data represent means+ S.E. for four to five experiments. ™ “P <
0.01 compared with control; analysis of variance and Newman—Keuls
test.
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half maximal effect at ~ 4 uM (Fig. 2E). It is also known
that the cAMP-dependent protein kinase-sites of inhibitor-1
and DARPP-32 are substrates for cGMP-dependent protein
kinase in vitro and in neuronal and nonneuronal cells
(Towbin et al., 1979; Hemmings et al., 1984b; Snyder et
al., 1992). To test the ability of cGMP-dependent protein
kinase to phosphorylate inhibitor-1 and DARPP-32 in re-
nal medulla, slices were treated with a cGMP analogue
(Fig. 3). Treatment with the cAMP analogue, 8-bromo-
cAMP (1 mM), increased the levels of phosphorylated
inhibitor-1 by 23.0+ 1.6-fold and of phosphorylated
DARPP-32. In contrast, treatment with 8-bromo-cGMP (1
mM), which stimulated the phosphorylation of DARPP-32
in mouse neostriatal slices (data not shown), did not affect
the phosphorylation of either inhibitor-1 or DARPP-32,
indicating that cGMP-dependent protein kinase does not
play a significant role in the phosphorylation of inhibitor-1
or DARPP-32 in dlices of renal medulla.

3.3. Dephosphorylation of inhibitor-1 and DARPP-32

Phosphoforms of inhibitor-1 and DARPP-32 at CAMP-
dependent protein kinase-sites are dephosphorylated by
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Fig. 4. Effect of protein phosphatase inhibitors on the levels of phospho-
rylated inhibitor-1 and DARPP-32. (A) Slices from rena medulla were
incubated with okadaic acid (OKA; 1 wM) and/or cyclosporin A (CyA;
10 wM) for 60 min. Phosphorylated inhibitor-1 and DARPP-32 at the
cAMP-dependent protein kinase sites were detected using a monoclonal
antibody (mAb-23) against Thr3*-phosphorylated DARPP-32. The mobil-
ity of the ~ 75-kDa cross-reactive band was affected by okadaic acid.
(B) Slices from renal medulla were incubated with okadaic acid (1 M)
and/or cyclosporin A (10 M) for 60 min, or with okadaic acid for 60
min followed by incubation with Ca?"-free/EGTA medium (CaF) for 20
min. The amount of phospho-Thr® inhibitor-1 was quantified by den-
sitometry, and the data were normalized to the values obtained with
untreated slices. Data represent means+ S.E. for four experiments. * “ P
< 0.01 compared with control; analysis of variance and Newman—Keuls
test. (C) Slices from renal medulla were incubated for 60 min with the
indicated concentrations of okadaic acid (hatched bars) or calyculin A
(open bars). The amount of phospho-Thr® inhibitor-1 was quantified by
densitometry, and the data were normalized to the values obtained with
slices treated with okadaic acid (1 M). Data represent means+ S.E. for
four experiments.

control

protein phosphatase-2A and calcineurin, but not by protein
phosphatase-1 or protein phosphatase-2C in vitro (Hem-
mings et al., 1984a; King et a., 1984). We recently
reported that protein phosphatase-2A and calcineurin act
synergistically to maintain a low level of phosphorylated
DARPP-32 in neostriatal neurons (Nishi et al., 1999c).
Dephosphorylation of inhibitor-1 and DARPP-32 was ex-
amined in slices of mouse renal medulla using protein
phosphatase inhibitors. Treatment of slices with okadaic
acid, a protein phosphatase-1/protein phosphatase-2A in-
hibitor, increased the level of phosphorylated inhibitor-1
and DARPP-32 (Fig. 4A and B). Okadaic acid acted in a
dose-dependent manner with a half maximal effect on
inhibitor-1 at ~ 200 nM (Fig. 4C). A maximal effect of
okadaic acid was observed at a concentration of 1 wM, at
which the level of inhibitor-1 was increased by 21.6 4+ 4.5-
fold. Calyculin A, another protein phosphatase-1/protein
phosphatase-2A inhibitor that has a relatively larger effect
than does okadaic acid on protein phosphatase-1 activity,
had a dose-dependent effects similar to that of okadaic
acid on the level of phosphorylated inhibitor-1 (Fig. 4C).
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Fig. 5. Effect of Ca?"-ionophore on the levels of phosphorylated in-
hibitor-1 and DARPP-32. (A) Slices from renal medulla were pre-in-
cubated in the absence or presence of Ca?*-ionophore, A23187 (1 wM),
for 10 min, and then incubated with forskolin (10 wM) for an additional 5
min. (B) The amount of phospho-Thr® inhibitor-1 was quantified by
densitometry, and the data were normalized to the values obtained with
forskolin-treated dlices. Data represent means+ S.E. for three to four
experiments. * *P < 0.01 compared with control; "'P < 0.01 compared
with forskolin; analysis of variance and Newman—Keuls test.
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Treatment of dices with cyclosporin A (10 wM), an
inhibitor of calcineurin, did not affect the level of phos
phorylated inhibitor-1 or DARPP-32 in the absence or
presence of okadaic acid (1 wM) (Fig. 4A and B). Neither
FK506 (1 wM), another potent inhibitor of calcineurin
(data not shown), nor incubation with Ca®*-free/EGTA
medium (Fig. 4B), known to inactivate calcineurin in
neurons (Nishi et a., 1999c), affected inhibitor-1 or
DARPP-32 phosphorylation. To further examine the possi-
ble involvement of calcineurin in dephosphorylation of
inhibitor-1 and DARPP-32, dices were treated with the
Ca’*-ionophore, A23187, to increase intracellular Ca?*
and activate calcineurin (Fig. 5). Treatment with A23187
(1 wM) did not affect the basal level of phosphorylated
inhibitor-1 or DARPP-32, but reduced the forskolin (10
wM)-stimulated levels of phosphorylated inhibitor-1 by
24.7 + 5.7% and of phosphorylated DARPP-32.
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3.4. Effect of catecholamines on inhibitor-1 and DARPP-32
phosphorylation

It has been shown that Na* reabsorption in medullary
thick ascending limb of Henle is physiologically regulated
by catecholamines. The effect of activation of each cate-
cholamine receptor on inhibitor-1 and DARPP-32 phos-
phorylation was examined in slices of mouse renal medulla.
Treatment of dlices with a B-adrenoceptor agonist, iso-
proterenol, increased the levels of phosphorylated in-
hibitor-1 and DARPP-32 (Fig. 6C). The effect of isoprote-
renol was observed within 1 min of incubation and reached
amaximal level after 5 min of incubation (Fig. 6A). The
effect of isoproterenol on inhibitor-1 phosphorylation was
maximal at a concentration of 10 wM with a half-maximal
effect at ~ 100 nM (Fig. 6B). To determine the subtype of
B-adrenoceptors involved in the regulation of inhbitor-1
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Fig. 6. Effect of B-adrenoceptor agonist on the level of phosphorylated inhibitor-1 and DARPP-32. Slices from renal medulla were incubated with a
B-adrenoceptor agonist, isoproterenol (10 wM), for the indicated times (A) and with the indicated concentrations of isoproterenol for 5 min (B). The
amount of phospho-Thr® inhibitor-1 was quantified by densitometry, and the data were normalized to the values obtained with untreated slices. Data
represent means + S.E. for three to eight experiments. * * P < 0.01 compared with control; analysis of variance and Newman—Keuls test. (C and D) Slices
from renal medulla were incubated with isoproterenol (1SO; 1 wM) for 5 min in the presence of a 3,-adrenoceptor antagonist, CGP20712A (CGP; 1 M),
or a f,-adrenoceptor antagonist, 1C1118551 (ISI; 1 wM). The amount of phospho-Thr3® inhibitor-1 was quantified by densitometry, and the data were
normalized to the values obtained with isoproterenol-treated slices. Data represent means+ SEE. for four experiments. * P < 0.01 compared with
isoproterenol alone; analysis of variance and Newman—Keuls test.
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and DARPP-32 phosphorylation, slices were treated with a
B,-adrenoceptor selective antagonist, CGP20712A, or a
B,-adrenoceptor selective antagonist, 1C1118551 (Fig. 6C
and D). The effect of isoproterenol (10 wM) was com-
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Fig. 7. Effects of a-adrenoceptor and dopamine D1 receptor agonists on
the level of phosphorylated inhibitor-1 and DARPP-32. (A) Slices from
renal medulla were incubated for 5 min with an «-adrenoceptor agonist,
oxymetazoline (OXY; 10 wM), in the absence or presence of a B-adren-
oceptor agonist, isoproterenol (1SO; 10 wM). The amount of phospho-
Thr® inhibitor-1 was quantified by densitometry, and the data were
normalized to the values obtained with untreated slices. Data represent
means+ SEE. for six to ten experiments. * “P < 0.01 compared with
untreated slices; analysis of variance and Newman—Keuls test. (B and C)
Slices from renal medulla were incubated for 5 min with a dopamine D1
receptor agonist, SKF81297 (1 wM). The amount of phospho-Thr3
inhibitor-1 was quantified by densitometry, and the data were normalized
to the values obtained with untreated slices. Data represent means+ S.E.
for four experiments. "p <001 compared with control; Student’s t-test.

pletely abolished by CGP20712A (1 wM), but not by
ICI1118551 (1 M), indicating that isoproterenol activates
B,-adrenoceptors, increases CAMP levels and cAMP-de-
pendent protein kinase activity, and stimulates the phos-
phorylation of inhibitor-1 and DARPP-32 in renal medulla.
In contrast, treatment of slices with an «-adrenoceptor
agonist, oxymetazoline (10 wM), did not affect the basal
or isoproterenol-stimulated level of phosphorylated in-
hibitor-1 (Fig. 7A). Treatment with «;-adrenoceptor selec-
tive agonist, cirazoline, an o ,-adrenoceptor selective ago-
nist, UK14304, or cirazoline plus UK14304 had no effect
on inhibitor-1 phosphorylation (data not shown).

The effect of activation of dopamine D1 receptors on
inhibitor-1 and DARPP-32 phosphorylation was aso ex-
amined (Fig. 7B and C). Treatment of dices with a
dopamine D1 receptor agonist, SKF81297 (1 wM), slightly
increased the levels of phosphorylated inhibitor-1 by 2.18
+ 0.21-fold and of phosphorylated DARPP-32. Stimula
tion of inhibitor-1 phosphorylation by SKF81297 was much
weaker than that by isoproterenal.

4, Discussion

The results of this study demonstrate that, in renal
medulla, the state of phosphorylation of inhibitor-1 and
DARPP-32 is dynamicaly regulated by the balance of
phosphorylation by cAMP-dependent protein kinase and
dephosphorylation by protein phosphatase-2A (Fig. 8).
Activation of cAMP-dependent protein kinase by forskolin
or CAMP analogue or by stimulation of ,-adrenoceptors
or dopamine D1 receptors leads to phosphorylation of
inhibitor-1 and DARPP-32, resulting in inhibition of pro-
tein phosphatase-1 and an increase in the state of phospho-
rylation of protein phosphatase-1 substrate. Inhibitor-1 and
DARPP-32 at cAMP-dependent protein kinase sites are
also substrates for phosphorylation by cGMP-dependent
protein kinase in vitro and in intact tissues (Hemmings et
al., 1984b; Snyder et a., 1992; Tsou et a., 1993). How-
ever, in renal medulla, a cGMP analogue did not affect the
phosphorylation of inhibitor-1 or DARPP-32. These data
are in agreement with a report showing very low expres-
sion of cGMP-dependent protein kinase in renal medulla
(Gambaryan et a., 1996). These results indicate that in-
hibitor-1 and DARPP-32 function as a signaling cascade
for cAMP-dependent protein kinase, but not for cGMP-de-
pendent protein kinase, in renal medulla.

Phosphorylated forms of inhibitor-1 and DARPP-32 at
the cAMP-dependent protein kinase sites are substrates for
protein phosphatase-2A and calcineurin but not for protein
phosphatase-1 or protein phosphatase-2C in vitro (Hem-
mings et d., 1984a; King et a., 1984). In dlices from renal
medulla, the effect of okadaic acid on inhibitor-1 phospho-
rylation was maximal at 1 .M with an IC,, of ~ 200 nM.
We previously reported that okadaic acid at a concentra
tion of 1 wM completely inhibits protein phosphatase-2A
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Fig. 8. Model illustrating the regulation of phosphorylation /dephospho-
rylation of inhibitor-1 and DARPP-32 in renal medulla. Activation of
CAMP-dependent protein kinase (PKA) by B;-adrenoceptors and
dopamine D1 receptors, but not of cGMP-dependent protein kinase,
stimulates the phosphorylation of inhibitor-1 at Thr® (inhibitor-1-P) and
DARPP-32 a Thr3* (DARPP-32-P). Phospho-Thr® inhibitor-1 and
phospho-Thr3* DARPP-32 are dephosphorylated mainly by protein phos-
phatase-2A and possibly by calcineurin when it is activated. The state of
phosphorylation of inhibitor-1 and DARPP-32 is dynamically regulated
by the balance of phosphorylation by cAMP-dependent protein kinase
and dephosphorylation by protein phosphatase-2A. Phosphorylation of
inhibitor-1 and DARPP-32 at cAMP-dependent protein kinase-sites con-
verts them to potent inhibitors of protein phosphatase-1, resulting in the
increase in the phosphorylation levels and the altered functions of its
substrate proteins.

activity but it inhibits protein phosphatase-1 activity by
only 30% in dlices from neostriatum, where 100—1000
times higher concentrations of okadaic acid are required
than in in vitro conditions (Ishihara et a., 1989; Nishi et
al., 1999¢). These results, therefore, indicate that the effect
of okadaic acid is mediated through inhibition of protein
phosphatase-2A activity. In addition, calyculin A, which
has a relatively greater effect on protein phosphatase-1
activity than does okadaic acid, had dose-dependent effects
similar to okadaic acid on inhibitor-1 and DARPP-32
phosphorylation, supporting a significant role of protein
phosphatase-2A in the dephosphorylation of inhibitor-1
and DARPP-32.

The dephosphorylation of inhibitor-1 and DARPP-32 by
calcineurin was negligible under basal conditions, since
neither a high concentration of cyclosporin A (10 wM) nor
Ca’*-free/EGTA medium affected the dephosphorylation
of inhibitor-1 and DARPP-32. These results are in contrast
to the role of calcineurin in neostriatum, where the expres-
sion of calcineurin is high compared to renal tissues (Goto
et a., 1986; Tumlin et d., 1995), and where calcineurin
makes a greater contribution to the dephosphorylation of
DARPP-32 than does protein phosphatase-2A (Nishi et al.,
1999c). However, when calcineurin was activated by in-
creasing the concentration of intracellular Ca®* with
Ca’*-ionophore, calcineurin slightly reduced the forsko-
lin-stimulated phosphorylation of inhibitor-1 and DARPP-

32. Inhibitor-1 and DARPP-32 are dephosphorylated
mainly by protein phosphatase-2A under basal condi-
tions and slightly by calcineurin in response to stimuli that
increase the concentration of intracellular Ca?*. Thus, the
dephosphorylation of inhibitor-1 and DARPP-32 is regu-
lated by protein phosphatases in a tissue-specific manner.

The expression of inhibitor-1 in renal medulla was
estimated to be 160 pmol /mg protein, 8-fold higher than
that of DARPP-32 (20 pmol /mg protein), suggesting a
greater relative importance of inhibitor-1 as an inhibitor of
protein phosphatase-1 in this tissue. In addition to phos-
phorylation by cAMP-dependent protein kinase, inhibitor-1
(at Ser®) and DARPP-32 (at Thr™®) are each phosphory-
lated by Cyclin-dependent kinase (Bibb et al., 1999; Huang
and Paudel, 2000). Phosphorylation of DARPP-32, but not
inhibitor-1, by Cyclin-dependent kinase converts it into a
competitive inhibitor of cAMP-dependent protein kinase,
indicating that DARPP-32 and inhibitor-1 have different
functional roles. In neostriatal neurons, DARPP-32, phos-
phorylated by Cdk5, is involved in the modulation of the
efficacy of dopamine signaling (Bibb et al., 1999; Nishi et
al., 2000). We found that DARPP-32 at Thr” is highly
phosphorylated in renal medulla (Nishi, unpublished obser-
vations). These findings suggest that, in spite of low
expression, DARPP-32 plays a specific role in the regula-
tion of tubular functions.

Slice preparations of renal medulla were used in this
study. It has been reported that inhibitor-1 and DARPP-32
are selectively expressed in the nephron segment of thick
ascending limb using techniques of immunohistochemistry
and in situ hybridization (Meister et al., 1989). Because of
the selective expression of inhibitor-1 and DARPP-32 in
medullary thick ascending limb of Henle, changes in the
state of phosphorylation of those proteins observed in
dlices can be attributed to the changes in medullary thick
ascending limb of Henle. Medullary thick ascending limb
of Henle plays an important role in determining the rate of
Na* reabsorption. Changes in the state of phosphorylation
of inhibitor-1 and DARPP-32 modulate the activity of
protein phosphatase-1, resulting in changes in the phospho-
rylation level of its substrates. The inhibition of protein
phosphatase-1 activity by phospho-Thr3* DARPP-32 pep-
tide (Aperia et al., 1991) or protein phosphatase-1 in-
hibitors (calyculin A and okadaic acid) (Li et al., 1995;
Slobodyansky et a., 1995) has been reported to inhibit the
activity of Na™,K *-ATPase by increasing the phosphoryla-
tion of Na*,K*-ATPase at the cAMP-dependent protein
kinase site (Fisone et a., 1994; Cheng et d., 1997) or by
the phosphorylation of intermediate protein(s) that in turn
modulate the activity of Na*,K™-ATPase as previously
proposed (Feschenko and Sweadner, 1995; Nishi et al.,
1999a). Direct phosphorylation of Na*,K *-ATPase at the
CAMP-dependent protein kinase site may not be involved
in the inhibition of enzyme activity, since the phosphoryla-
tion of Na*,K*-ATPase at the cCAMP-dependent protein
kinase site, determined using a phospho-specific antibody
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against phospho-Ser®?® (Fisone et al., 1994), was not
modulated by the treatment of dlices with forskolin
(Higuchi and Nishi, unpublished observations)

Na* reabsorption from rena tubule is regulated by
various hormones and neurotransmitters. Sympathetic nerve
terminals densely innervate renal tubules and regulate the
rate of Na* reabsorption (DiBona and Kopp, 1997). Four
subtypes of B-adrenoceptors (referred to as B,, B,, B; and
B,) have been identified (Kaumann, 1997), and 3,- and
B3 ,-adrenoceptors are expressed in renal tubules (Elalouf et
al., 1993; DiBona and Kopp 1997). Activation of B,-
adrenoceptors, but not (,-adrenoceptors, stimulated the
phosphorylation of inhibitor-1 and DARPP-32. In agree-
ment with our results, a study in dissected segments of
medullary thick ascending limb of Henle revealed that the
expression of (3;-adrenoceptors is high but that of ,-
adrenoceptors is low (Elalouf et al., 1993). Activation of
a-adrenoceptors did not affect the phosphorylation of in-
hibitor-1 and DARPP-32 in basal and B-adrenoceptor ago-
nist-stimulated conditions. Aperia et a. (1992) reported
that activation of «-adrenoceptors increases the intra-
cellular Ca?" concentration and activates calcineurin in
proximal convoluted tubule, resulting in the activation of
Na*,K*-ATPase. The lack of effect of an «-adrenoceptor
agonist on inhibitor-land DARPP-32 phosphorylation in
medullary thick ascending limb of Henle could be ex-
plained by a low expression of a-adrenoceptors (DiBona
and Kopp, 1997) or by a small contribution of calcineurin
in dephosphorylation of inhibitor-1.

Dopamine functions as a natriuretic hormone by inhibit-
ing Na™ ,K *-ATPase activity in tubular segments including
medullary thick ascending limb of Henle (Aperia, 2000).
In contrast, activation of B-adrenoceptors has been re-
ported to stimulate Na* reabsorption in medullary thick
ascending limb of Henle (Bailly et a., 1990; Morgunov et
al., 1993). We found in this study that activation of
dopamine D1 receptors, as well as activation of 3-adrenoc-
eptors, stimulated the phosphorylation of inhibitor-1 and
DARPP-32, indicating that effects of B-adrenoceptors and
dopamine D1 receptors, which have opposing effects on
Na* reabsorption, are mediated through the same signal-
ing cascade: activation of CAMP-dependent protein kinase,
phosphorylation of inhibitor-1 and DARPP-32, and inhibi-
tion of protein phosphatase-1. Besides the regulation of
protein phosphatase-1 activity by inhibitor-1 and DARPP-
32, it is possible that additional signaling systems, which
are activated by each receptor or by other receptor sub-
types, are involved to induce the natriuretic or antinatri-
uretic effects. For example, dopamine D1 receptors have
been reported to couple to phospholipase C and phospholi-
pase A2 (Satoh et al., 1992; Yu et a., 1996 37; Hussain
and Lokhandwala, 1998). Furthermore, Gao et a. (1992)
reported that stimulatory or inhibitory effects of B-adren-
oceptors on Na* K *-ATPase activity are dependent on the
concentration of intracellular Ca?*. The importance of
intracellular Ca* is supported by the observation that the

effects of cAMP-dependent protein kinase and protein
kinase C on Na™ ,K "-ATPase activity are dependent on the
concentration of intracellular Ca®* (Cheng et al., 1999).
The complete mechanisms by which the activation of
CcAMP-dependent protein kinase and the inhibition of pro-
tein phosphatase-1 induce either inhibition or stimulation
of Na* reabsorption in medullary thick ascending limb of
Henle remains to be elucidated.
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