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Abstract

The mechanism of phosphaturia induced by cAMP infusion
and the physiological role of extracellular cAMPin modulation
of renal phosphate transport were examined. In cultured opos-
sum kidney cells, extracellular cAMP(10-1,000 AM) inhib-
ited Na-dependent phosphate uptake in a time- and concentra-
tion-dependent manner. The effect of cAMPwas reproduced by
ATP, AMP, and adenosine, and was blunted by phosphodies-
terase inhibitors or by dipyridamole which inhibits adenosine
uptake. I3HIcAMP was degraded extracellularly into AMP
and adenosine, and radioactivity accumulated in the cells as
labeled adenosine and, subsequently, as adenine nucleotides in-
cluding cAMP. Radioactivity accumulation was decreased by
dipyridamole and by inhibitors of phosphodiesterases and ecto-
5'-nucleotidase, assessing the existence of stepwise hydrolysis
of extracellular cAMPand intracellular processing of taken up
adenosine. In vivo, dipyridamole abolished the phosphaturia
induced by exogenous cAMPinfusion in acutely parathyroidec-
tomized (APTX) rats, decreased phosphate excretion in intact
rats, and blunted phosphaturia induced by PTH infusion in
APTX rats. These results indicate that luminal degradation of
cAMP into adenosine, followed by cellular uptake of the nu-
cleoside by tubular cells, is a key event which accounts for the
phosphaturic effect of exogenous cAMPand for the part of the
phosphaturic effect of PITH which is mediated by cAMPadded
to the tubular lumen under the influence of the hormone. (J.
Clin. Invest. 1992. 90:848-858.) Key words: adenosine * cyclic
adenosine monophosphate - parathyroid hormone * phosphate
transporto proximal tubule

Introduction

Cyclic adenosine 3 ',5 '-monophosphate (cAMP) is currently ac-
knowledged as a second intracellular messenger involved in
signal transduction for peptidic hormones, including parathy-
roid hormone (PTH). Increased generation of cAMP is, to-
gether with phosphoinositide breakdown, one of the events
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which lead to PTHinhibition of sodium-Pi cotransport in renal
brush border membranes, the initial step of Pi reabsorption in
the renal proximal tubule ( 1-4). One unique feature of PTH
action in the proximal tubule, but not in other renal target sites
of the hormone (i.e., cortical ascending limb of Henle's loop
and distal convoluted tubule), is that a substantial part of gen-
erated cAMP is transferred from the cells into the tubular lu-
men through the apical membranes (5). Consequently, ex-
creted cAMPin the urine is approximately twice the filtered
cAMPload (6). The difference between excreted and filtered
cAMP, i.e., nephrogenous cAMP, is a reliable index of parathy-
roid function because it is elevated over normal values during
hyperparathyroidism (6) and it is equal to zero in acutely par-
athyroidectomized (APTX)' animals in which Pi excretion is
abolished or decreased (7). The question of whether luminal
cyclic AMPper se may influence Pi reabsorption has not been
adequately addressed. However, it has been clearly established
that the phosphaturic effect of PTH could be mimicked, in
vivo, by systemic infusion of cAMPto APTX animals (8, 9)
when plasma concentration of cAMPwas increased to the mi-
cromolar range. Interestingly, other renal effects of PTH, such
as those exerted on the loop of Henle or on the distal tubule,
were not reproduced by cAMPinfusion (8, 9). Moreover, in-
fused cAMPdid not mimick the renal effects of other peptidic
hormones, such as antidiuretic hormone (8, 9).

These results raise the possibility that handling (i.e., metab-
olism and/or transport) of extracellular cAMPby proximal
tubular cells was involved in the effects of the cyclic nucleotide.
However, the involved mechanism has not been fully eluci-
dated. That extracellular cAMPcould enter proximal cells at
their basal pole, through an organic anion transporter, has been
proposed (10, 11). However, evidence that cAMPhas a very
low affinity, in the millimolar range (1 1, 12), for this trans-
porter makes this hypothesis unlikely. Alternatively, proximal
tubules in suspension were shown to metabolize extracellular
cAMP and to uptake degradation products (13), especially
adenosine. Adenosine uptake by tubular cells has been exten-
sively characterized ( 14-17) and was reported to play a central
role in the protective effect of adenine nucleotides on tubular
function during and after anoxia ( 18).

The aim of the present study was: (a) to elucidate the mech-
anism by which extracellular cAMPinhibits proximal tubular
Pi transport and (b) to evaluate the extent to which extracellu-
lar cAMP, added to the tubular lumen under the influence of
PTH, participates to the overall phosphaturic effect of the hor-
mone.

1. Abbreviations used in this paper: APTX, acutely parathyroidecto-
mized; bPTH, bovine PTH; dBcAMP, dibutyryl-cAMP; MGP, a-

methyl-D-glucopyranoside; OK, opossum kidney; PAH, p-aminohip-
puric acid.
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Methods

This study combined in vitro experiments, conducted in cultured renal
cells, and in vivo experiments conducted in rats with various parathy-
roid status.

Materials. Ethanolamine, insulin, transferrin, hydrocortisone,
triiodothyronine, a-methyl-D-glucopyranoside (MGP), L-alanine, D-

aspartate, 1-34 fragment of bovine PTH (bPTH 1-34), Na selenite,
dipyridamole, probenecid, p-aminohippuric acid (PAH), amiloride,
adenine nucleotides, a,4-methyleneadenosine 5'-diphosphate, bovine
serum albumin were purchased from Sigma Chemical Co. (St. Louis,
MO). RO20-1724 was a kind gift from Hoffmann-La Roche Laborato-
ries (Basel, Switzerland). Tracers were from the following sources:

K2H32P04 and [methoxy-3H]inulin from NewEngland Nuclear (Bos-
ton, MA), methyl-a-D-[U-'4C]glucopyranoside (['4CIMGP), 32p
neutral sodium phosphate, [2,5',8-3H]adenosine, [2,8-3H]cAMP, D-

[3H]aspartate, and L-[2,3-3H]alanine from Amersham International
(Amersham, UK). Polyethyleneimine cellulose sheets were from E.
Merck (Darmstadt, FRG). Culture media and reagents were from
Gibco-BRL (Cergy-Pontoise, France). Plasticware was from Costar
(Cambridge, MA). All other reagents were of analytical grade.

Cell culture. Opossum kidney (OK) cells (passages 80-100) were

grown to confluence in 6- or 24-well trays in a medium consisting of a

1:1 (vol/vol) mixture of Ham's F-12 and Dulbecco's modified Eagle's
medium containing 15 mMHepes, 21.5 mMHCO3, 1 mMNa pyru-

vate, 4 mML-glutamine, 50 U/ml penicillin, 50 ,g/ml streptomycin,
50 nMNa selenite, 5 Ag/ml insulin, 5 ,g/ml transferrin, 5 nM triio-
dothyronine, 50 nM hydrocortisone, and 2.5% fetal calf serum. Me-
dium was changed on alternate days. Monolayers of OKcells reached
confluence after 4 d, and they were used for experiments 2 or 3 d after
confluence was achieved. Cells were subcultured weekly by trypsiniza-
tion. The splitting ratio was 1:5.

On the day before experiments, culture medium was changed to
hormone-free and serum-free medium, and, on the day of experiment,
preincubations with hormones or nucleotides were usually performed
in the same medium to which hormones or drugs were added as con-

centrated aliquots.
Uptake studies. Uptakes of Pi, MGP,alanine, aspartate, and adeno-

sine were performed as previously described with minor modifications
( 19, 20). Briefly, uptakes were performed at 37°C in a buffered solu-
tion with the following composition (mmol/liter): 137 NaCl, 5.4 KCI,
1 CaC12, 1.2 MgSO4, 15 Hepes (pH 7.4). The sodium-free solution was

made isoosmotic by replacing sodium chloride with N-methyl-D-gluca-
mine. After removal of culture medium, cells were washed with 1 ml
per well of the uptake solution, and were incubated for various periods
of time in the presence of one of the following: K2H32P04 (0.5 MCi/
ml), [14C]MGP (0.5 qCi/ml), L-[3H]alanine (1 ACi/ml), D-[3H]-
aspartate (1 ,uCi/ml), or [3H]adenosine (1 ,uCi/ml) and appropriate
concentrations of KH2PO4, MGP, L-alanine, D-aspartate, or adeno-
sine. All these steps were performed at 37°C. At the end of incubation,
the uptake was stopped by washing the cells three times with 1 ml/well
of ice-cold solution ( 137 mMNaCl/ 15 mMHepes, pH 7.4). Cells were

then solubilized in 0.5% Triton X-100 (250 Ml per well) and aliquots
were counted by liquid scintillation.

Uptake of [ 3H ] cAMPwas performed in Hank's balanced salt solu-
tion supplemented with 2 mMglutamine and 15 mMHepes, pH 7.4.
After removal of culture medium, cells were washed with 1 ml per well
of the uptake solution, and were incubated for various periods of time
in the presence of [3H]cAMP ( 1 ACi/ml) and appropriate concentra-
tions of cAMP. At the end of incubation, cells were processed as de-
scribed above for other uptakes.

Metabolism of labeled nucleotides. Procedures were adapted from
Boumendil-Podevin and Podevin (13). For these experiments, cells
were grown in six-well trays. Incubations with labeled cAMPwere per-

formed as described above for uptake studies. At the end of incubation,
a 200-Ml aliquot of medium from each well was transferred to a glass

tube containing 3 ml of ice-cold 90% isopropyl alcohol and the remain-
ing medium was aspirated. 1.5 ml of ice-cold 90% isopropyl alcohol
were then added to each well. Cells were sonicated in a water bath
during 2 min, the extracts were centrifuged to remove proteins, and the
supernatants were transferred to glass tubes. This operation was re-
peated once. Supernatants were pooled, extracts were evaporated to
dryness under vacuum, and the residues were dissolved in 100 ,uA of
90% isopropyl alcohol. Aliquots of the isopropanol solutions with ap-
propriate markers were spotted on polyethyleneimine-cellulose sheets
with wedged-tip division. The plates were developed for 6 h using a
solvent system of 95%ethanol/ 5 Mammonium acetate (5:2, vol/vol).
After drying, spots were located under ultraviolet light. Average RF
values for standards were as follows: uric acid, 0.00; ATP, 0.05; ADP,
0.08; AMP, 0.14; cAMP, 0.40; hypoxanthine-inosine, 0.60; adenosine,
0.68. The reference spots were cut out and removed from the plastic
backing by sonication in 2 ml of 0.1 NNaOH, and l-ml aliquots were
taken for radioactivity estimation. Recovery of 3H from the plates was
> 80%.

In vivo studies. Experiments were performed on 24 male Sprague-
Dawley rats, of average weight 198±8 g. Feeding, anesthesia, infusion
(saline, [3H ] inulin, 32p), surgical preparation and clearances were as
previously described (9). Seven groups of rats were studied. In group I,
three acutely APTXrats were infused with cAMP, 4 nmol/min per 100
g of body wt after a priming dose of 1 nmol/ 100 g of body wt, after a
control period. Group II consisted in three APTX rats, infused with
cAMPas in group I; in addition, dipyridamole, 25 gg/min per 100 g of
body wt, was infused throughout the experiment. Groups III and IV
consisted in APTX rats (n = 3 in each group) infused with dibutyryl-
cAMP(dBcAMP), 40 nmol/min per 100 g of body wt after a priming
dose of 5 nmol/ 100 g of body wt, after a control period. Dipyridamole
was infused in group IV as in group II. In groups V (n = 5) and VI (n
= 3), APTX rats were infused throughout the experiment with bPTH
1-34, 1 U/h per 100 g of body wt. Dipyridamole was infused in group
VI at the same rate as in groups II and IV, after a control period without
the drug. Finally, group VII consisted of four intact rats receiving a
dipyridamole infusion at the same rate as in groups II, IV, and VI, after
a control period without the drug.

Presentation of data. Uptakes of Pi, MGP,alanine, aspartate, aden-
osine, and cAMPwere expressed as picomoles or nanomoles per milli-
gram of protein (21 ). Na-dependent uptakes were calculated by sub-
tracting uptake values measured in the presence of N-methyl-D-gluca-
mine from those measured in the presence of Na. Results of in vivo
experiments were expressed in terms of fractional Pi excretion in urine.
Results were presented as mean±SE of three to five different experi-
ments (n) in which duplicates were obtained. One-way or two-way
analyses of variance were performed and, when allowed by the Fvalue,
results were compared by the modified t test (22).

Results

Extracellular cAMP uptake and metabolism. Incubation of
OKcells with [3H ] cAMPresulted in cellular accumulation of
radioactivity which increased linearly with time up to 3 h (Fig.
1 A). Radioactivity accumulation was decreased in a concen-
tration-dependent manner by RO20-1724 and probenecid,
two documented phosphodiesterase inhibitors (23-25) (Fig. 1
B), raising the possibility that extracellular cAMP was de-
graded into 5'-AMP before uptake. Cell-associated radioactiv-
ity, which accumulated mainly through a Na-independent
pathway (Fig. 2 A), was also decreased by a,,3-methyleneaden-
osine 5'-diphosphate, a 5'-nucleotidase inhibitor (reviewed in
reference 26), and by dipyridamole, which blocks adenosine
uptake (Fig. 2 A), suggesting that tritiated material was upta-
ken mainly as adenosine. This possibility was reinforced by the
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Figure 1. Uptake of radioactivity by OKcells incubated with [3H]-
cAMP: time course and effect of RO20-1724 and probenecid. (A)
OKcells were incubated during various periods of time in the pres-

ence of [ 3H ] cAMP(1 ,uCi / ml) and unlabeled cAMPeither at 1 ,M
(o) or at 10 AM(i). (B) OKcells were incubated during 3 h with
[3H ]cAMP (1 ,uCi/ml, 1 AM) and increasing concentrations of RO
20-1724 (o) or probenecid (i). Results are expressed as means±SE
of three different (n = 3) experiments in which duplicates were ob-
tained. *Significantly different from homologous control value, P
<0.01.

fact that addition of unlabeled adenosine, AMP, or ATP to the
incubation medium depressed radioactivity accumulation. In
contrast, hypoxanthine, xanthine, and inosine, which do not
lead to adenosine formation, were less or not effective (Fig. 2
B). Cellular accumulation of tritiated material was inhibited in
a concentration-dependent manner by cAMPand, to a much
lesser extent, by dBcAMP(Table I). In contrast, cGMPhad no

effect on radioactivity accumulation while PAHexerted only a

modest inhibition at the higher concentration used (1 mM)
(Table I). Kinetic analysis of 3H-labeled material uptake re-

vealed that two transport systems were involved: the first one

had a low capacity (Vmax = 123 pmol/mg protein per 1 h) and a

high affinity (Km. = 11.5 AM); the second one was character-
ized by a high capacity (Vmax = 19.8 nmol/mg protein per 1 h)
and a low affinity (Km2 = 3.6 mM)(Fig. 3).

When OK cells were incubated in the presence of [3H]-
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Figure 2. Uptake of radioactivity by OKcells incubated with [3H]-
cAMP: effect of metabolic or transport inhibitors and of nucleosites
and nucleotides. (A) OKcells were incubated during 3 h with [3H ]-
cAMP(1 IuCi / ml, 1 ,M) and dipyridamole (20 ,M), a,/3-methylene-
adenosine-5'-diphosphate (a,f-MA, 10 MM), or RO20-1724 (50
MuM), in isoosmolar solution containing either Na (solid columns) or

N-methyl-D-glucamine (NMG, dotted columns). 'Significantly dif-
ferent from homologous control value, P < 0.01. *Significantly dif-
ferent from homologous value with Na, P < 0.01. (B) OKcells were
incubated during 3 h with [3H]cAMP ( 1 MCi/ml, 1 MM) and adeno-
sine (ADO), AMP, ATP, hypoxanthine (HX), xanthine (X), or ino-
sine (In), each of them at 0.1 mMor 1 mM. *Significantly different
from homologous control value, P < 0.01. Results are expressed as

means±SE of four different (n = 4) experiments in which duplicates
were obtained.

cAMP, accumulated radioactivity was predominantly under
the form of adenosine which accumulated in a time-dependent
manner (Fig. 4). Both dipyridamole and RO20-1724 inhib-
ited adenosine accumulation. Adenosine accumulation pre-
ceeded that of AMP, ATP, and cAMPwhich accumulated in
the cells to a lesser extent (Fig. 4). Again, accumulation of
these nucleotides was dramatically inhibited by dipyridamole
and RO20-1724. In the medium, part of [3H ] cAMPhad been
converted to 5 '-AMP and, to a lesser extent, to adenosine (Fig.
5). As expected, RO20-1724 blunted conversion of cAMPinto
AMPand adenosine.
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Table I. Inhibitory Effect of Unlabeled Cyclic Nucleotides
and PAHon Radioactivity Accumulation in OKCells
Incubated with [3H]cAMP

Magnitude of inhibition

Concentration cAMP dBcAMP cGMP PAH

AiM

10 35.3±4.3 8.2±9.2 1.5±5.9 4.4±3.6
100 43.9±5.2 26.0±6.4 4.7±6.6 13.0±9.3

1000 55.0±2.1 43.2±2.7 10.0±9.2 27.1±4.9

OKcells were incubated during 3 h with [3H]cAMP (1 gCi/ml, 1 4M)
in the absence or presence of increasing concentrations of unlabeled
cAMP, dBcAMP, cGMP, or PAH. The control value, in the absence
of unlabeled nucleotides or PAHwas 19,600 ± 750 cpm/3 h per mg
of protein. For each concentration, the inhibition by dBcAMP,
cGMP, or PAHwas significantly of lower magnitude than that in-
duced by cAMP(P < 0.01). Results are expressed as means±SE of
three different (n = 3) experiments in which duplicates were obtained.

Adenosine uptake. Adenosine uptake by OKcells increased
linearly with time up to 20 min of incubation (Fig. 6). Uptake
was, to a large extent, Na-independent and was blocked by 20
,uM dipyridamole. Adenosine uptake was not affected by 1 mM
probenecid, 100 MMRO20-1724, and 1 mMunlabeled cAMP
(1.7±0.3, 1.5±0.2, 1.4±0.4, 1.7±0.2 nmol/mg protein per 10
min in control conditions and in the presence of probenecid,
RO20-1724, or cAMP, respectively; not significant). Analysis
of intracellular labeled metabolites after adenosine uptake re-
vealed a pattern similar to that observed when cells were incu-
bated with tritiated cAMP (Fig. 4): accumulated adenosine
was converted to ATP and, to a lesser extent, to cAMP.
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Analysis of the kinetic parameters of Na-independent aden-
osine uptake was consistent with the existence of one transport
system with the following kinetic parameters: Vma = 4.1 nmol/
mgprotein per 10 min; Km= 18 ,M (Fig. 7).

Effect of extracellular cAMPon Na-Pi cotransport in OK
cells. Extracellular cAMPdecreased Na-dependent Pi uptake
in a concentration- and time-dependent manner (Fig. 8). In
subsequent experiments, OKcells were incubated with cAMP
or other nucleotides during 3 h.

In order to evaluate whether metabolism of extracellular
cAMPinfluenced its action on Pi uptake, we first studied the
effect of the phosphodiesterase inhibitor RO 20-1724. As
shown in Table II, RO20-1724 inhibited concentration-depen-
dently Pi uptake, most likely as a result of increased intracellu-
lar cAMPaccumulation (27, 28). However, in the presence of
RO20-1724, the inhibitory effect of exogenous cAMP was
blunted (Table II). Similar results were obtained with probene-
cid (Fig. 9 A). At 1 mM, probenecid inhibited Pi uptake and
blunted to a large extent further inhibition of Pi uptake by
extracellular cAMP. Dipyridamole, at 20 MM, suppressed the
inhibition of Pi uptake induced by up to 100,uM cAMP(Fig. 9
A). The results obtained with dibutyryl-cAMP, a permeant,
phosphodiesterase-resistant analogue of cAMP, were strikingly
different (Fig. 9 B). The concentration-dependent inhibition
of Pi uptake elicited by dibutyryl-cAMP persisted to a similar
extent in the presence of probenecid and dipyridamole, sug-
gesting that, at variance with cAMP, dibutyryl-cAMP entered
the cells in intact form. Because PAHwas reported, in another
system, to compete with cyclic nucleotides for entry in proxi-
mal tubular cells ( 12), we evaluated the effect of increasing
concentrations of PAHon inhibition by 1 mMcAMPof Na-
dependent Pi uptake. At the maximal PAH concentration
tested, 1 mM, this drug had no intrinsic effect on Pi uptake
(5.8±0.4 vs. 5.4±0.6 nmol/mg protein per 5 min with or with-
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* '\

U)-

0.1 1 10 100 1000 4 6 8 10 12

[cAMPI (gM) V/S
Figure 3. Kinetic analysis of uptake of radioactivity by OKcells incubated with [3H ] cAMP. Left panel: OKcells were incubated during 1 h with
[ 3H ] cAMP( 1 yCi/ml) and various concentrations of unlabeled cAMP. Right panel: Eadie-Hofstee plot of data. Results are expressed as

means±SE of three different (n = 3) experiments in which duplicates were obtained.
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Figure 4. Identification of labeled metabolites accumulated in OKcells incubated with [3H ] cAMP. OKcells were incubated during 30, 60, or 120
min with [3H]cAMP (1 ,uCi/ml) in the absence or in the presence of dipyridamole (20 ,uM) or RO20-1724 ( 100 ,M). Labeled metabolites in
the cells were separated as described in Methods. Results are expressed as means±SE of three different (n = 3) experiments in which duplicates
were obtained. Abbreviations are as given in Fig. 2.

30 min

ATP ADP AMP Ado HX-In cAMP
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400000
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Figure 5. Identification of labeled metabolites accumulated extracellularly during incubation of OKcells with [3H ] cAMP. OKcells were incu-
bated during 30, 60, or 120 min with [3H]cAMP (1 ,uCi/ml) in the absence or in the presence of dipyridamole (20 ,M) or RO20-1724 ( 100
,uM). Labeled metabolites in the extracellular medium were separated as described in Methods. Results are expressed as means±SE of three dif-
ferent (n = 3) experiments in which duplicates were obtained. Abbreviations are as given in Fig. 2.
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Figure 6. Time course of adenosine uptake by OKcells. OKcells were
incubated with [3H]adenosine (1 I Ci/ml, 10 uM) during various
periods of time in isoosmotic solutions containing either Na (e) or
N-methyl-D-glucamine (NMG, o). Dipyridamole (20 ,uM, u) was
added to Na-containing solution. Results are expressed as
means±SE of three different (n = 3) experiments in which duplicates
were obtained.

out PAH, respectively, n = 3, NS). PAH did not affect the
inhibition by cAMPof Pi uptake: cAMPdecreased Pi uptake to
2.5±0.3 and 2.8±0.5 nmol/mg protein per 5 min in absence or
presence of PAH, respectively (n = 3, NS).

To test further the possibility that the effect of cAMPwas
exerted, at least in part, by a metabolite of the cyclic nucleotide,
we examined the effect of parent compounds on Na-dependent
Pi uptake. Incubation of OKcells during 3 h with adenosine,
AMP, or ATP, each of them at 1 mM, resulted in an inhibition
of Pi uptake (Fig. 10, top). Hypoxanthine, xanthine, and ino-
sine were without effect. In fact, adenosine-induced inhibition
of Pi uptake was already maximal at 10 ,uM adenosine (Fig. 10,
bottom). The effect of adenosine was abolished in the presence
of 20 uM dipyridamole.

Finally, we evaluated the effect of RO20-1724, dipyrida-
mole, and probenecid on PTH-induced inhibition of Pi up-
take. As previously reported by others (27, 28), PTHinhibited
Na-dependent Pi uptake in a concentration-dependent man-
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Figure 7. Kinetic analysis of Na-independent adenosine uptake by
OKcells. Left panel: OKcells were incubated during 10 min with
[3H]adenosine (1 gCi/ml) and various concentrations of unlabeled
adenosine in solution made isoosmotic with N-methyl-D-glucamine.
Right panel: Eadie-Hofstee plot of data. Results are expressed as
means±SE of three different (n = 3) experiments in which duplicates
were obtained.
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Figure 8. Time course of the effect of extracellular cAMPon Na-de-
pendent Pi uptake by OKcells. OKcells were incubated during
various periods of time (o) without or with (in) 10, (o) 100, or (*)
1000 gM cAMPbefore Pi uptake (0.5 ,Ci/ml, 0.1 mM, 5 min).
Results are expressed as means±SE of three different (n = 3) experi-
ments in which duplicates were obtained.

ner (Table III). RO20-1724, dipyridamole, or probenecid did
not influence the inhibitory effect of PTH.

Effect of extracellular cAMPon Na-Ala, Na-aspartate and
Na-MGPcotransport, and on Na-H exchange in OKcells. To
evaluate whether extracellular cAMPaffected selectively Na-Pi
cotransport, we studied the effect of cAMPand of activators of
the adenylate cyclase-cAMP system on other Na-coupled up-
takes. As shown in Table IV, neither extracellular cAMPnor
agents and hormones known to increase intracellular cAMP

Table II. Effect of Extracellular cAMPand RO20-1724, Alone
or in Combination, on Na-dependent Pi Uptake by OKCells

[RO 20-1724]

M
[cAMP] 0 10 50 100

'UM nmol/mg protein per 5 min

0 5.6±0.19 3.9±0.13 3.6±0.15 2.8±0.12
10 4.9±0.12 3.6±0.13 3.4±0.17 2.8±0.14

(-12.5±2.1%) (-6.7±3.3%) (-6.7±4.7%) (0.0±5.0%)
100 3.8±0.06 2.8±0.06 2.8±0.16 2.2±0.10

(-32.8±1.0%) (-29.5±1.5%) (-22.2±4.4%) -20.1±3.6%)
1,000 2.7±0.06 2.0±0.04 2.0±0.14 1.7±0.05

(-51.3±1.1%) (-48.2±1.0%) (-44.4±3.9%) (-31.3±1.6%)

OKcells were incubated during 3 h in the absence or presence of
cAMPand RO20-1724, alone or in combination, before Pi uptake
(0.1 mM). Numbers in parentheses refer to magnitude of inhibition
as compared to homologous value without cAMP. Results represent
means±SE of three different experiments (n = 3) in which duplicates
were obtained. At any concentration of RO20-1724, the inhibition
by cAMPwas significantly of lower magnitude than in the absence
of RO20-1724 (P < 0.05).
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Figutre 9. Effect of dipyridamole and probenecid on cAMP- and
dBcAMP-induced inhibition of Na-dependent Pi uptake by OKcells.
OKcells were incubated during 3 h with increasing concentrations
of cAMP (A) or dBcAMP(B) in the absence (black columnns) or in
the presence of probenecid ( 1 mM, haltcled columnns) or dipyridamole
(20 ,uM, gray columns) before Pi uptake (0.5 ,Ci/ml, 0.1 mM, 5
min ). Results are expressed as means±SE of four different (n = 4)
experiments in which duplicates were obtained. *Significantly differ-
ent from homologous value without cAMPor dBcAMP, P < 0.01;
tsignificantly different from homologous value without dipyridamole
or probenecid, P < 0.01.
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uptake by OKcells. (.1,) OKcells were incubated with cAMP, AMP,
ATP, adenosine (.Ado), hypoxanthine (HX), xanthine (NV), or ino-
sine (In), each of them at 1 mM, during 3 h before Pi uptake. (B)
OKcells were incubated with increasing concentrations of adenosine
in the absence (black columntis) or in the presence (hlatchled columns)
of dipyridamole (20 uM), during 3 h prior to Pi uptake (0.5 ,uCi/ml,
0. 1 mM. 5 min). Results are expressed as means ± SE of four differ-
ent (n = 4) experiments in which duplicates were obtained. *Signifi-
cantly different from control value. P < 0.01.
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had any effect on Na-dependent uptake of L-Ala, D-Asp, and
MGP. Adenosine was also ineffective to modulate these up-
takes.

E/et of/dip'ridamole on Pi 'xcretion ninviv. From in vitro
studies on OKcells, it appeared that extracellular cAMPinhib-
ited Pi transport through prior stepwise degradation of the cy-
clic nucleotide into adenosine followed by adenosine uptake.
Wetested the involvement of this pathway in vivo by evaluat-
ing the effect of dipyridamole infusion, intended to blunt aden-
osine uptake, on phosphaturia induced by cAMPinfusion. As
previously reported, infusion of cAMPto APTX rats, at a rate
documented to raise plasma cAMPconcentration between 1
and 2 ,uM (8), increased FE Pi from 0.05% to 14.5%. When
dipyridamole was infused together with cAMP, FE Pi raised to
only 1.0% (Fig. 1 1, left panel). Glomerular filtration rate was
not different in the absence ( 1.03±0.12 ml/min per 100 g of
body wt) or in the presence of dipyridamole (0.93+0.18 ml/

min per 100 g of body wt, NS). In contrast with the effect of
dipyridamole on cAMP-induced phosphaturia, induction of
phosphaturia by infusion of the permeant, phosphodiesterase-
resistant analog dBcAMP was unchanged by dipyridamole
(Fig. I 1, right panel).

Wenext turned to the question of whether nephrogenous
cAMPwas instrumental in the overall phosphaturic effect of
PTH. To answer this question, two sets of experiments were
performed. In the first one, PTH-infused APTX rats received
dipyridamole or its vehicle. As shown in Fig. 12 (left pantel)
dipyridamole decreased significantly Pi excretion. In the sec-
ond set of experiments, intact rats were infused with dipyrida-
mole. This drug decreased significantly Pi excretion to an ex-
tent similar to that observed in PTH-infused APTX rats. (Fig.
12, right panel). Again, glomerular filtration rate was unaf-
fected by dipyridamole infusion ( 1.28±0. 10 vs. 1. 12±0.15 ml/
min per 100 g of body wt, NS).
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Table III. Effect of Dipyridamole, Probenecid, and RO20-1724
on PTH-induced Inhibition of Na-dependent Pi Uptake
by OKCells

RO20-1724

Dipyridamole Probenecid AM
[PTH] Control (20,MM) (I mM) 10 100

nM nmolmg protein per 5 min

0 5.0±0.21 4.4±0.17 4.5±0.21 3.7±0.10 3.0±0.12
0.1 4.1±0.14 3.4±0.08 3.6±0.07 3.1±0.08 2.4±0.10
1 3.1±0.04 2.9±0.11 3.0±0.13 2.3±0.08 2.1±0.06

10 2.5±0.03 2.3±0.07 2.4±0.10 2.0±0.10 1.7±0.07

OKcells were incubated during 3 h in the absence or presence of
bPTH (1-34) and one of the agents at the indicated concentration be-
fore Pi uptake (0.1 mM). Results represent means±SE of three differ-
ent experiments (n = 3) in which duplicates were obtained. PTH, at
any concentration tested, inhibited significantly Pi uptake in all ex-
perimental conditions (P < 0.01). The magnitude of inhibition was
not significantly different whether dipyridamole, probenecid, or RO
20-1724 was present or absent.

Discussion

In the present study, we have demonstrated that: (a) in OK
cells, extracellular cAMPwas metabolized into adenosine be-
fore uptake; (b) in these cells, metabolism of extracellular
cAMPinto adenosine was a prerequisite to its inhibitory effect
on Pi transport; and (c) in vivo, this pathway was involved in
the phosphaturic effect of exogenous cAMPand of exogenous
or endogenous PTH.

Metabolism of extracellular cAMPprecedes uptake. That
metabolism of cAMPwas a prerequisite to uptake was evi-
denced by the following: (a) pharmacological inhibition of
phosphodiesterases, either by RO20-1724 (24) or, to a lesser
extent, by probenecid (26), decreased radioactivity accumula-
tion in cells incubated in the presence of labeled cAMP; (b)
inhibition of ecto-5'-nucleotidase by a,3-methyleneadenosine-
diphosphate (26) or of adenosine uptake by dipyridamole ( 14,
17, and Fig. 6) decreased dramatically uptake of labeled
cAMP, which strongly suggests that 5'-AMP was further con-
verted into adenosine and that the nucleoside was the uptaken
metabolite. This view is supported by the observation that un-

Table IV. Effect of Extracellular cAMPand of Agents
That Increase Intracellular cAMPon Na-coupled Uptake
of L-Ala, D-Asp, and MGPin OKCells

Na-dependent uptake

L-Ala D-Asp MGP

nmol/mg protein per 5 min

Control 6.0±0.54 4.8±0.03 0.36±0.03
PTH (10 nM) 5.4±0.09 5.4±0.14 0.36±0.01
cAMP(1 mM) 5.7±0.35 5.3±0.06 0.33±0.02
Cholera toxin (10 ig/ml) 5.1±0.35 4.8±0.08 0.31±0.09
Forskolin (10 MM) 5.5±0.14 5.3±0.35 0.34±0.09
RO20-1724 (50 uM) 5.6±0.39 5.7±0.45 0.39±0.02
Adenosine (1 mM) 5.8±0.65 5.2±0.19 0.38±0.09

OKcells were incubated during 3 h in the presence of one of the
agents at the indicated concentration before uptake of L-alanine (0.1
mM), D-aspartate (0.1 mM), or (MGP (0.1 mM). Results represent
means±SE of three different experiments (n = 3) in which duplicates
were obtained.

labeled adenosine or adenine nucleotides competed with
cAMP(Fig. 2). That OKcells, which express many features of
proximal tubular cells (27-29), were able to convert extracel-
lular cAMP into AMPand adenosine on the one hand, and
could synthesize ATP and, ultimately, cAMP from uptaken
adenosine on the other hand (Fig. 4) is in line with previous
reports on renal brush border membranes and proximal tu-
bules: rat renal brush-border membranes were reported to ex-
press the activity of ecto-enzymes, including phosphodiester-
ases (30) and 5 '-nucleotidase (3 1 ) responsible for stepwise hy-
drolysis of adenine nucleotides (32). Several lines of evidence
support the view that intracellularly accumulated [3 H]cAMP
resulted from intracellular processing of uptaken adenosine:
(a) appearance of [3H ] adenosine in the cell preceeded that of
[3H cAMP(Fig. 4); (b) blocking adenosine uptake prevented
[3H ] cAMPaccumulation. Similar results were obtained in sus-
pensions of rabbit proximal tubules which were shown to cata-
bolize extracellular cAMPprior to uptake ( 13, 25). Species
differences in enzymatic equipment account for the fact that
the chemical form of accumulated radioactivity differed in rat
or rabbit proximal tubules (33). Adenosine uptake, which has

C Control
[3 dBcAMP

Control Dtpyrldamole

Figure 11. Effect of exogenous cAMPor
dBcAMPand of dipyridamole on Pi excretion
in rats. Left panel: Effect of cAMPinfusion
on fractional excretion of Pi (FE Pi) in APTX
rats. In three rats (left columns), cAMPwas
infused alone. In three other rats (right col-
umns), cAMPwas infused concomitantly with
dipyridamole. *Significantly different from ho-
mologous value without dipyridamole, P <
0.01. Right panel: Effect of dBcAMP infusion
on FE Pi in APTXrats. In three rats (left col-
umns), cAMPwas infused alone. In three
other rats (right columns), cAMPwas infused
concomitantly with dipyridamole.
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Figure 12. Effect of dipyridamole infusion on Pi excretion in PTH-

infused APTX rats and in intact rats. Left panel: In five rats, frac-

tional excretion of Pi (FE Pi) was measured during infusion of PTH

alone (o; PTH/ PTH). In three other rats, FE Pi was measured during

infusion of PTH followed by infusion of PTH and dipyridamole in

combination (c; PTH/PTH+D). *Significantly different from ho-

mologous value without dipyridamole, P < 0.01. Right panel: Frac-

tional excretion of Pi was measured in four rats before (black column)

and during (hatched column) dipyridamole infusion. *Significantly

different from control value without dipyridamole, P < 0.01.

been extensively characterized in renal brush border mem-

branes ( 14-16), is known to occur through two distinct trans-

port systems, one of them being Na dependent ( 15, 16). These

transport systems are highly efficient inasmuch as they allowed

extracellular adenosine to play an important role in proximal

tubules by providing precursors for ATP regeneration after an-

oxia ( 18). In OKcells, adenosine uptake was mainly Na inde-

pendent (Fig. 6), and both Na-dependent and Na-independent

components were sensitive to dipyridamole which almost abol-

ished uptake. Sensitivity of adenosine transport systems to di-

pyridamole was reported to depend upon cell type or animal

species. In rat renal brush-border membranes, this sensitivity

varied from one study to another ( 14, 16). As suggested by

Franco et al. ( 16), these discrepancies may be accounted for by

the existence of different conformations of the adenosine trans-

porter which are not equally sensitive to dipyridamole and by

the fact that the equilibrium between these forms can depend

upon the way of preparing membrane vesicles. It is noteworthy

that, among the two transport systems involved in radioactivity

uptake in OKcells incubated with labeled cAMP(Fig. 3), the

high-affinity one had a Km value close to that of adenosine

uptake (Fig. 7), a feature consistent with the key role of the

adenosine transporter in accumulation of a cAMPmetabolite.

Mechanism of extracellular cAMP-induced inhibition of Pi

transport. That the effect of cAMPon Pi uptake in OKcells was

mediated by adenosine uptake was suggested by the following:

(a) inhibition of phosphodiesterases by RO20-1724 or by pro-

benecid blunted, to a large extent, the effect of cAMP. Intrinsic

inhibitory effect of both drugs on Pi uptake (Table II and Fig.

9) resulted likely from a decrease of both degradation and ef-

flux of intracellular cAMP(34). It should be pointed out that

the inhibitory effects of100,uM RO 20-1724 and of 1 mM

extracellular cAMPwere of similar magnitude (Table II). This

is an indication, although indirect, that, under basal condi-

tions, both intracellular cAMPgeneration and degradation in

OK cells were quite intense. In this situation, imbalance be-

tween production and breakdown, such as that induced by
phosphodiesterase inhibition, affected dramatically cAMP-re-
gulated Pi transport; (b) evidence that the inhibitory effect of
cAMP and adenosine was blunted by dipyridamole indicates
that adenosine uptake, rather than binding of the nucleoside to
putative membrane receptors, was a mandatory step in the
cascade of events leading to decreased Pi transport. The ab-
sence of nonspecific interaction between cAMPand probene-
cid or dipyridamole was ascertained by the evidence that
dBcAMP, a permeant, phosphodiesterase-resistant analogue of
cAMP, was still active in the presence of probenecid or of di-
pyridamole, which indicates that these drugs did not prevent
intracellular events involved in modulation of Pi transport to
occur. Along the same line, dipyridamole did not affect the
phosphaturic effect of dBcAMP in vivo (Fig. 11). It may ap-

pear surprising that, at high concentration, the inhibitory effect
of adenosine was of smaller magnitude than that of cAMP(Fig.
10). This could be accounted for by the documented inhibitory
effect of adenosine, at high concentration, on adenosine-kinase
which phosphorylates adenosine into AMPwithin the cell
18), leading ultimately to ATP formation.

Uptake of adenosine issued from metabolism of extracellu-
lar cAMPmay not have represented the unique way by which
high concentrations of cAMP affected Pi uptake. Indeed, at
millimolar concentrations, the effect of cAMP was only par-

tially reversed by dipyridamole (Fig. 9). This suggests that,
besides the adenosine pathway, cAMPmight enter cells in in-
tact form through a low-affinity transport system, possibly simi-
lar to that involved in cAMPefflux in several cell types (34).
Indeed, Ullrich et al. ( 12) reported that cAMP could enter
proximal tubular cells at their basal pole through a pathway
shared by PAH which competed with cAMP. The possibility
that such a transport system was responsible for entry and ef-
fect of extracellular cAMP in our model is unlikely for the
following: (a) Ullrich et al. reported that the affinity of the
involved transport system for cAMP ( 1.5 mM) was far lower
than that for dBcAMP, cGMP, or PAH. These findings are

strikingly different from our own results in OKcells in which
dBcAMP, cGMP, and PAHwere less effective than unlabeled
cAMP to decrease radioactivity accumulation in cells incu-
bated with [3H] cAMP(Table I); (b) while PAHtransport was

inhibited by hypoxanthine but not by adenosine, AMP, ADP,
and ATP ( 12), the pattern of inhibition of radioactivity accu-

mulation in our model was just the opposite (Fig. 2); (c) fi-
nally, neither hypoxanthine nor PAHhad any effect on cAMP-
induced inhibition of Pi uptake. Altogether, these results
strongly argue against a predominant, if any, entry of cAMPin
intact form in the cells, at least for the concentrations used.
Alternatively, cAMPmight bind to brush-border membranes
(35) and could therefore stimulate an ecto-protein kinase as

evidenced in other cells (36). These possibilities, however, are

unlikely to play a prominent role in vivo inasmuch as cAMP
concentration in the proximal tubular fluid would not exceed
10,uM in cAMP-infused rats (8). Luminal degradation of
cAMP into adenosine followed by adenosine uptake was the
most likely mechanism of cAMP-induced phosphaturia in that
it was abolished by dipyridamole. It is noteworthy that infusion
rate of dipyridamole was chosen in order to prevent any fall of
glomerular filtration rate resulting from adenosine-induced va-

soconstriction (37) which, in turn, would have been the conse-

quence of an increase availability of adenosine for binding to
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glomerular receptors (38). In these conditions, decreased Pi
excretion was univocally the reflect of enhanced tubular reab-
sorption.

As regards the intracellular steps involved in the biological
effects of extracellular cAMPbeyond adenosine uptake, evi-
dence that de novo ATP synthesis occurred (Fig. 4) is in line
with the results obtained by Mandel et al. who demonstrated
that, in proximal tubules exposed to anoxia, restoration of ATP
stores during reoxygenation was dramatically improved when
adenosine or adenine nucleotides were present in the extracel-
lular medium ( 18). That the part of cellular ATPwhich serves
as substrate for adenylate cyclase may be substantial was evi-
denced by Kather in adipocytes (39). In these cells, stimula-
tion of adenylate cyclase by catecholamines decreased ATP
content by 33% after 1 h (39). It is therefore reasonable to
propose that, given the very rapid ATP turnover in proximal
cells (18), additional ATP synthesis from adenosine might
have resulted in additional synthesis of cAMP. As discussed
above, both adenylate cyclase and phosphodiesterase activities
in proximal cells are high, as evidenced by the effect of imbal-
ance between these two phenomenons during phosphodiester-
ase inhibition (Fig. 8). Adenosine, which was also reported to
inhibit phosphodiesterases (24, 40), might have, by this way as
well, contributed to inhibit Pi transport. Concerning post-
cAMPevents, they included protein kinase A activation since
the effect of extracellular cAMPwas blunted in the presence of
H8, a protein kinase A inhibitor (not shown).

Involvement of luminal cAMPin the overall phosphaturic
effect of PTH. At this point, the question arises of whether
extracellular cAMPmay play a role in the modulation of renal
Pi transport under physiological conditions. Addition of cAMP
to the tubular fluid, which occurs under the influence of PTH
in the proximal convoluted tubule (7), combines with water
reabsorption to increase cAMP concentration to nearly 150
nMat the end of proximal tubule accessible to micropuncture
(7), that is, at the beginning of the proximal straight tubule, a
major site of PTH action on Pi transport (1). We therefore
hypothesized that, if cAMPdegradation in the lumen was in-
strumental to modulate Pi transport, dipyridamole, which was
shown to block luminal but not basolateral adenosine uptake
( 14), should decrease Pi excretion. This was indeed the case in
both PTH-infused APTX rats and in intact animals (Fig. 12),
indicating that part of the phosphaturic effect of PTHis, in fact,
exerted by extracellular cAMPadded to the lumen under the
influence of the hormone.

In conclusion, the present study has evidenced that extra-
cellular cAMP inhibition of renal phosphate transport oc-
curred most likely through stepwise hydrolysis of the cyclic
nucleotide into adenosine by the brush border membranes,
followed by luminal adenosine uptake. Luminal cAMP, added
to the tubular fluid under the influence of PTH, accounts for
one third of the overall phosphaturic effect of the hormone.
These results bring new insights in the mechanism of PTH
modulation of renal Pi transport and may open therapeutic
perspectives in hypophosphatemic genetic diseases.
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