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1 The aim of the present study was to investigate the transduction pathways elicited by
prostaglandin E2 (PGE2) to inhibit hormone-stimulated adenosine 3':5'-cyclic monophosphate (cyclic
AMP) accumulation in the outer medullary collecting duct (OMCD) and medullary thick ascending
limb (MTAL) microdissected from the rat nephron.

2 In the OMCD, 0.3 mM PGE2 and low concentrations of Ca2+ ionophores (10 nM ionomycin or
50 nM A23187) inhibited by about 50% a same pool of arginine vasopressin (AVP)-stimulated cyclic
AMP content through a same process insensitive to Bordetella pertussis toxin (PTX).

3 Sulprostone, an agonist of the EP1/EP3 subtypes of the PGE2 receptor, decreased AVP-
dependent cyclic AMP accumulation in OMCD and MTAL samples. The concentration eliciting
half-maximal inhibition was of about 50 nM in OMCD and 0.1 nM in MTAL.

4 In MTAL, 1 nM sulprostone and PGE2 inhibited by about 90% a same pool of AVP-dependent
cyclic AMP content through a PTX-sensitive, Ca2+-independent pathway.

5 In the OMCD, PGE2 decreased by about 50% glucagon-dependent cyclic AMP synthesis by a
process sensitive to PTX and Ca2+-independent. Sulprostone 1 nM induced the same level of
inhibition.

6 These results demonstrate that PGE2 decrease hormone-dependent cyclic AMP accumulation
through a Gai-mediated inhibition of adenylyl cyclase activity in MTAL cells and glucagon-sensitive
cells of the OMCD or through a PTX-insensitive increase of intracellular Ca2+ concentration in
AVP-sensitive cells of the OMCD.
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Abbreviations: AVP, arginine vasopressin; [Ca2+]i intracellular free concentration of Ca2+; CCD, cortical collecting duct; cyclic
AMP, adenosine 3':5'-cyclic monophosphate; MTAL, medullary thick ascending limb; OMCD, outer medullary
collecting duct; PDE, phosphodiesterase; PGE2, prostaglandin E2; PTX, Bordetella pertussis toxin

Introduction

The urinary concentration process is regulated by arginine
vasopressin (AVP) which increases intracellular adenosine 3':5'
cyclic monophosphate (cyclic AMP) in two well-de®ned

segments of the rat renal tubule, the thick ascending limb and
the collecting tubule (Morel & Doucet, 1986). Previous studies
on rat microdissected segments have established that the AVP-

dependent cyclic AMP accumulation can be decreased by
prostaglandin E2 (Torikai & Kurokawa, 1983; ChabardeÁ s et
al., 1990; Aarab et al., 1993; Firsov et al., 1995; De Jesus
Ferreira et al., 1998). However, depending on the segment

studied, the transduction pathway involved in prostaglandin
E2 (PGE2)-mediated regulation of AVP-dependent cyclic AMP
accumulation appears di�erent. In the medullary portion of

the thick ascending limb (MTAL), PGE2 inhibits cyclic AMP
synthesis (Torikai & Kurokawa, 1983; Firsov et al., 1995) by a
process sensitive to Bordetella pertussis toxin (PTX) and thus

presumably through interactions with GTP-dependent Gai
proteins. In contrast, in the outer medullary portion of the rat

collecting duct (OMCD), PGE2-induced inhibition of AVP-
dependent cyclic AMP accumulation appears mediated mainly
by an increase of the cyclic AMP breakdown (ChabardeÁ s et al.,

1990) by a process insensitive to PTX (Aarab et al., 1993). This
increase of cyclic AMP catabolism might be linked to a rise of
intracellular free concentration of Ca2+ ([Ca2+]i) since PGE2

increases [Ca2+]i in the OMCD and that the inhibitory e�ect of
PGE2 on AVP-dependent cyclic AMP accumulation is not
observed in Ca2+-depleted tubule samples (Aarab et al., 1993).
In agreement with this hypothesis, it has been observed that

the phosphodiesterase activity measured in isolated rat OMCD
is stimulated by the addition of Ca2+ (Kusano et al., 1985).

AVP-dependent cyclic AMP accumulation in rat OMCD

and MTAL is also inhibited by Ca2+ ionophores. However,
the mechanism of action elicited by Ca2+ ionophores depends
on the segment studied and/or on the concentration tested. In

MTAL, Ca2+ ionophores decrease cyclic AMP accumulation
by an e�ect restricted to the catabolism of cyclic AMP
(Kusano et al., 1985). In the OMCD, high concentrations of
Ca2+ ionophores (in the micromolar range) inhibit cyclic AMP

synthesis whereas low concentrations are e�ective only on
cyclic AMP catabolism (Kusano et al., 1985; ChabardeÁ s et al.,
1996). These observations and the results obtained with PGE2

recalled above suggest that low concentrations of Ca2+

ionophores and PGE2 might have a same mechanism of action
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to inhibit AVP-dependent cyclic AMP accumulation in the rat
OMCD.

Morphological studies have established that the rat OMCD

contains mainly two cell types, the principal cell and the type A
intercalated cell (Madsen & Tisher, 1986). As previously
discussed, di�erent experimental results support the conclusion
that adenylyl cyclase activity is stimulated by AVP and

glucagon in principal cells and intercalated cells, respectively
(Morel & Doucet, 1986; ChabardeÁ s et al., 1996). In rat MTAL,
there is only one morphological cell type (Madsen & Tisher,

1986) and di�erent hormones including AVP and glucagon
stimulate the same catalytic units of adenylyl cyclase (Morel et
al., 1987). Thus, the di�erent e�ects elicited by PGE2 in MTAL

and AVP-sensitive cells of the OMCD re¯ect regulations
present in two di�erent well-de®ned cell types. To our
knowledge, a possible action of PGE2 in glucagon-sensitive

cells of the rat OMCD has not yet been described.
The present studies were designed to de®ne the cell types

sensitive to PGE2 and the mechanism of action of PGE2 in the
rat OMCD and MTAL. Di�erent approaches were used. The

®rst approach was to compare the properties of regulation
elicited by PGE2 and low concentrations of Ca2+ ionophores
in the AVP-sensitive cells of the OMCD in order to study if

these compounds inhibit hormone-dependent cyclic AMP
accumulation by a same mechanism of action. The second
approach was to compare the transduction pathway elicited by

PGE2 and sulprostone, a selective agonist of the EP1/EP3
subtypes of the PGE2 receptor (Coleman et al., 1994) in the
di�erent cell types studied. Finally, we investigated a possible

action of PGE2 in the glucagon-sensitive cells of the rat
OMCD. The results establish that PGE2-mediated inhibition
of hormone-dependent cyclic AMP accumulation is the
consequence of a cell-speci®c coupling of PGE2 to either a

PTX-sensitive inhibition of adenylyl cyclase activity or
through an increase of [Ca2+]i insensitive to PTX.

Methods

Measurement of AVP-dependent cyclic AMP
accumulation

The experimental conditions used to measure hormone-

dependent cyclic AMP accumulation on an intact single
segment have been detailed previously (ChabardeÁ s et al.,
1990; Aarab et al., 1993; Firsov et al., 1995) and will be

recalled brie¯y here. Experiments were performed on anaes-
thetized (pentobarbital, 6 mg 100 g71 body weight) male
Wistar rats (140 ± 180 g of body weight, I�a-Credo, France).

After perfusion and hydrolysis of the left kidney with
microdissection medium containing collagenase (collagenase
A from Clostridium histolyticum, 0.406 U mg71), single pieces

(0.3 ± 1.8 mm length) of collecting duct or thick ascending limb
were microdissected at 48C from the outer medulla. The
standard microdissection medium was composed of (mM):
NaCl 137; KCl 5; MgSO4 0.8; Na2HPO4 0.33; KH2PO4 0.44;

MgCl2 1; NaHCO3 4; CH3COONa 10; CaCl2 1.0; glucose 5;
1.2, N-2-hydroxyethylpiperazine N'-2-ethanesulphonic acid
(HEPES) 20, pH 7.4 and 0.1% (w/v) bovine serum albumin

(fraction V). The medium was supplemented with 5 mM
indomethacin and 0.5 u ml71 adenosine deaminase. The e�ect
of extracellular Ca2+ on cyclic AMP accumulation was

investigated in tubule samples microdissected and incubated
in media without CaCl2 and containing 0.1 mM [ethylene bis
(oxyethylenenitrilo)] N, N'-tetraacetic acid (EGTA). This long
duration in a Ca2+-free medium induces a marked depletion of

intracellular Ca2+ pools as indicated by the lack of agonist-
induced [Ca2+]i variations in such tubule samples. For long
preincubation periods, in experiments performed with Borde-

tella pertussis toxin (PTX) or bis-(o-aminophenoxy)-ethane-
N,N,N,'N'-tetracetic acid, tetra(acetoxymethyl)-ester (BAP-
TA/AM), all media contained essential and nonessential amino
acids as well as vitamins (minimum Eagle's medium).

Due to the small number of cells per tubule sample (from
about 200 ± 600 cells), cyclic AMP accumulation can be
measured only in the presence of a phosphodiesterase (PDE)

inhibitor. The incubation medium had the same composition
as the microdissection medium but included either 1 mM 3-
isobutyl-1-methylxanthine (IBMX), which blocks all PDE

types in the rat kidney (Hoey & Houslay, 1990), or 50 mM 4-(3-
butoxy-4-methoxybenzyl)-2-imidazolidinone (Ro 20-1724), a
speci®c inhibitor of the low Km cyclic AMP speci®c PDE

family IV. PDE family IV is not regulated by Ca2+ (Beavo,
1995). Ro 20-1724 therefore allows to measure cyclic AMP
accumulation resulting from e�ects on both cyclic AMP
synthesis and partial cyclic AMP breakdown and was used in

all experiments performed to study regulations of the response
to AVP. Unless otherwise speci®ed, each sample was
preincubated 10 min at 308C and then, after addition of

incubation medium containing the agonists to be tested,
incubated 4 min at 358C. The amounts of cyclic AMP were
measured on acetylated samples by radioimmunoassay. In our

conditions, the basal level of cyclic AMP present in one single
piece of tubule is close to, or below, the sensitivity threshold of
the assay (2 fmol cyclic AMP per reaction tube) and thus only

hormone-dependent cyclic AMP accumulation can be mea-
sured. AVP was used at concentrations which induce maximal
stimulation of adenylyl cyclase activity, i.e., 1 and 10 nM in
collecting duct and thick ascending limb tubule samples,

respectively. PGE2, Ca
2+ ionophores and sulprostone had no

intrinsic agonist activity in our experiments.
The results were calculated in femtomoles of cyclic AMP

accumulated per millimetre of segment per 4 min incubation
time (fmol mm71 4 min71). In each experiment, di�erent
experimental conditions were tested on replicate tubule

samples microdissected from a same rat kidney (6 ± 10 samples
per condition). The mean of the cyclic AMP values obtained in
each condition was taken as one single data point and the
results were expressed in absolute value or in percentage of the

response to AVP or in percentage of inhibition calculated from
the corresponding AVP value. Results were calculated from n
di�erent experiments or from n tubule samples in individual

experiments.

Measurement of intracellular Ca2+ concentration

Intracellular free concentration of Ca2+ ([Ca2+]i) was
measured in single tubule samples microdissected from

collagenase-treated kidneys by using the calcium-sensitive
¯uorescence probe acetoxymethyl ester of fura-2 (fura-2 AM)
as previously described (Aarab et al., 1993; Champigneulle et
al., 1993). Brie¯y, the samples were loaded for 60 min with

10 mM fura-2 AM. Each loaded tubule was then transferred to
a superfusion chamber ®xed on the stage of an inverted
¯uorescence microscope (model IM 35; Zeiss, Oberkochen,

Germany). The tubule was superfused at 378C at a rate of 10 ±
12 ml min71, corresponding to about ten exchanges per min.
The composition of the superfusion medium was similar to

that used in cyclic AMP experiments, except that serum
albumin, indomethacin and adenosine deaminase were not
added since the superfusion medium was ¯ushed continuously.
After a 5- to 10-min equilibration period, agonists were added
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to the medium and superfused over tubule. An area of 60 mm
diameter was selected over the tubule image and the
¯uorescence intensity emitted (during brief excitation periods

at 340 and 380 nm alternatively, at a maximal rate of 30
cycles min71) was recorded each 2 s. Calculations of [Ca2+]i
was performed as previously described (Champigneulle et al.,
1993). The results were obtained from di�erent tubules (n)

microdissected from several rats.

Statistical analysis

Data are presented as the means+s.e.mean. The statistical
evaluation of the data was assessed either by unpaired

Student's t-test or, for multiple comparison, by one-way
analysis of variance on weighted means followed by LSD
Fisher's t-test.

Materials

Unless otherwise speci®ed, the compounds were from Merck

(Darmstadt, Germany), Sigma (St Louis, MO, U.S.A.) And
from Calbiochem (San Diego, CA, U.S.A.). Collagenase and
adenosine deaminase were obtained from Boehringer (Man-

nheim, Germany). Amino acids and vitamins were obtained
from Eurobio (Les Ulis, France) and bovine serum albumin
was obtained from Pentex Miles Inc. (Kankakee, IL, U.S.A.).

Glucagon (human) was purchased from Neosystem Labor-
atoire (Strasbourg, France). Sulprostone (16-phenoxy-o-
17,18,19,20-tetranor-PGE2-methylsulfonylamide) was pur-

chased from Cayman Chemical Company (Ann Arbor, MI,
U.S.A.). Speci®c cyclic AMP antibody and 125I-labelled cyclic
AMP succinyl-tyrosine-methyl ester were purchased from
either Sano® Diagnostics Pasteur (Marnes-La-Coquette,

France) or NEN Life Sciences Products (Le Blanc Mesnil,
France).

Results

E�ect of Ca2+ ionophores on AVP-dependent cyclic
AMP accumulation and on [Ca2+]i in the outer
medullary collecting duct

Ca2+ ionophores induced a dose-dependent inhibition of AVP-
stimulated cyclic AMP accumulation (Table 1). For a same
concentration of Ca2+ ionophore, the level of inhibition was

more pronounced with ionomycin than with A23187. The
response to 1 nM AVP was inhibited to a similar extent by
50 nM A23187 or 10 nM ionomycin (Table 1) and the

percentage of inhibition observed in individual experiments
ranged from about 40 ± 70%. These values were similar to
those previously observed with 0.3 mM PGE2 (ChabardeÁ s et al.,
1990; Aarab et al., 1993). Thus, concentrations of 10 nM

ionomycin or 50 nM A23187 were used in the further
experiments and compared to the e�ect elicited by 0.3 mM
PGE2.

The [Ca2+]i variation induced by 10 nM ionomycin was
characterized by a slow and progressive increase up to a
maximal value which was maintained even after the end of

ionomycin superfusion (Figure 1). The mean increase over
basal value of [Ca2+]i calculated at the end of a 3 min
perfusion period with 10 nM ionomycin was of 50.4+7.1 nM

[Ca2+]i (n=11 single OMCD microdissected from ®ve
kidneys). As previously described (Aarab et al., 1993), a
di�erent pattern of [Ca2+]i was elicited by PGE2 which was
characterized by a peak followed by a plateau (Figure 1). In a

same OMCD sample, the response to ionomycin was not
modi®ed by a ®rst superfusion with PGE2 (Figure 1 and data
not shown).

Table 1 Ca2+ ionophore-induced inhibition of AVP-dependent cyclic AMP accumulation in the rat OMCD

Experimental series
Cyclic AMP accumulation
(fmol mm71 4 min71) P

% Inhibition of the
response to AVP

1. n=10, AVP 1 nM
+ionomycin 10 nM

2. n=5, AVP 1 nM
+ionomycin 50 nM

3. n=7, AVP 1 nM
+ionomycin 100 nM

4. n=10, AVP 1 nM
+A23187 50 nM

5. n=3, AVP 1 nM
+A23187 100 nM

74.2+6.1
31.3+4.6
42.0+5.8
7.4+0.8
55.0+12.9
10.5+2.7
61.0+7.4
31.0+5.9
47.1+4.1
15.3+1.6

50.001

50.001

50.01

50.025

50.005

58.0+4.8

80.5+4.1

81.5+4.2

51.7+4.1

69.0+1.9

Each experimental series corresponds to di�erent concentrations of either ionomycin or A23187. The incubation medium contained
50 mM Ro 20-1724. Data are the absolute mean values+s.e.mean calculated from di�erent experiments (n); P value compares the mean
value obtained with either ionomycin or A23187 to the corresponding AVP mean value. In each experiment, the percentage of
inhibition was calculated from the corresponding AVP mean value and the last column gives the mean values+s.e.mean obtained from
the di�erent experiments.

Figure 1 [Ca2+]i variations induced by PGE2 and ionomycin in the
outer medullary collecting duct. Representative traces of [Ca2+]i
variations elicited by adding 0.3 mM PGE2 and then 10 nM ionomycin
in the superfusion medium. The superfusion period for each agent is
indicated by the bar.
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Increases in [Ca2+]i by ionomycin may induce activation of
phospholipase A2 and thus the formation of metabolites which
might account for the observed inhibition. However,

indomethacin, which prevents endogenous synthesis of PGE2

by isolated segments, was present in all experiments (see
Methods section). The further addition of quinacrine, a
phospholipase A2 inhibitor, did not a�ect the inhibition

induced by 10 nM ionomycin (57.6+8.9% of inhibition and
57.6+12.2% without and with the addition of 20 mM
quinacrine, respectively, n=3). These results suggest that the

inhibitory e�ect observed with 10 nM ionomycin was not due
to an indirect regulation mediated by arachidonic acid
metabolites.

Comparison of the inhibitory properties induced by Ca2+

ionophores and PGE2 on AVP-dependent cyclic AMP
accumulation in the OMCD

The inhibition elicited by Ca2+ ionophores was no longer
observed in OMCD studied in Ca2+-free medium. A23187

elicited 45.2+6.1% of the response to AVP in 1 mM Ca2+

medium (P50.005 versus AVP) and 114.4+8.5% (NS) in
Ca2+-free medium, n=6; with ionomycin, the corresponding

values observed were of 55.7+9.4% (P50.05) and 88.0+1.0
(NS), n=3. In the same experiments, PGE2-induced inhibition
was also dependent from extracellular Ca2+ (31.0+2.2% of

the response to AVP (P50.001 and 98.3+6.2 (NS) in 1 mM

Ca2+ and Ca2+-free medium, respectively, n=9).
A potential role of the GTP-dependent protein Gai was

investigated by using PTX. In each experiment, OMCD
samples were microdissected from the same rat kidney, then
pre-incubated (2 h at 308C) in the presence or not (control) of
PTX and incubated as usual. This long pre-incubation period

decreased AVP-stimulated cyclic AMP accumulation in
control OMCD but PTX improved this response (Figure

2A). The inhibition induced by 50 nM A23187 was of
49.2+6.8% and 58.2+10.8% in PTX-treated and control
OMCD, respectively (n=3, Figure 2B). Studied in parallel,

PGE2-induced inhibition was also slightly reduced but was still
highly signi®cant in each of the experiments performed
(73.3+3.3% of inhibition and 63.0+4.9% in control and
PTX-treated OMCD, respectively, Figure 2B). In another

experimental series, 10 nM ionomycin led to a comparable
observation with an inhibition of 61.5+11.0% and
66.7+15.9% in control and PTX-treated OMCD, respectively

(n=3). In contrast, the inhibitory e�ect induced by the a2-
adrenergic agonist clonidine was relieved by pertussis toxin
(70.4+3.9% of inhibition and 14.8+8.9% in control and

PTX-treated OMCD, respectively, n=3, Figure 2B).
Experiments of multiple combined inhibition were per-

formed to compare the inhibition induced by either PGE2 or a

low concentration of A23187 to the inhibition elicited by the
simultaneous addition of both agents. Although the concen-
tration of Ca2+ ionophore used in these experiments did not
induce a maximal inhibition (see Table 1), the validity of the

summation experiments is ful®lled by the use of 0.3 mM PGE2,
a concentration which elicits a maximal PGE2-induced
inhibition of AVP-dependent cyclic AMP accumulation in the

rat OMCD (ChabardeÁ s et al., 1990; Aarab et al., 1993). Table 2
gives the detailed results obtained in a typical experiment with
A23187 and PGE2. The inhibition of AVP-dependent cyclic

AMP accumulation induced by A23187 and PGE2 alone was
not di�erent from the inhibition observed with the simulta-
neous addition of both agents. In ®ve di�erent experiments,

both agents inhibited by 61.1+2.6% the response to glucagon,
an inhibition similar to the e�ect of A23187 alone
(49.8+5.5%) or PGE2 alone (60.0+5.4%). The theoretical
value calculated assuming a cumulative inhibition hypothesis

was di�erent from the mean value obtained with the addition
of both A23187 and PGE2 (12.6+2.13 fmol mm71 4 min71

Figure 2 E�ect of pertussis toxin on AVP-dependent cyclic AMP accumulation and on the inhibitory e�ect elicited by either
clonidine, A23187 or PGE2 in the rat OMCD. (A) Absolute values of cyclic AMP accumulation induced by 1 nM AVP in the
presence of 50 mM Ro 20-1724 in control and PTX-treated OMCD. Tubule samples were microdissected from the same kidney and
preincubated 2 h at 308C either in the control medium or in the presence of 500 ng ml71 PTX. Data are the mean values+s.e.mean
calculated from three experiments. *P50.005 or 0.001 in individual experiments when compared to the corresponding response
obtained with AVP in control tubule samples. (B) In experiments presented in (A), the e�ect elicited by 1 mM clonidine, 50 nM
A23187 or 0.3 mM PGE2 on AVP-dependent cyclic AMP accumulation was tested in control and PTX-treated OMCD. Data are
expressed in percentage of the corresponding response to 1 nM AVP and are given as the mean values+s.e.mean; *P50.005 or
0.001 in individual experiments when compared to the corresponding response to AVP.
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and 24.2+1.7, respectively, n=5, P50.01). A23187 and PGE2

therefore were e�ective by a same mechanism to decrease
AVP-dependent cyclic AMP accumulation.

The role of [Ca2+]i increases to account for PGE2-induced
inhibition was further studied in OMCD preincubated 30 min
in the presence or not (control) of BAPTA (cell permeant
form), a Ca2+ chelator which prevents agonists-stimulated

increases in [Ca2+]i. PGE2 induced 49.5+7.8% of the response
to 1 nM AVP (P50.05) and 104.2+6.4 (NS) in control and
30 mM BAPTA-AM-treated OMCD, respectively, n=5.

Regulation of AVP-dependent cyclic AMP accumulation
by the EP1/EP3 agonist of the PGE2 receptor,
sulprostone

Tested at di�erent concentrations, sulprostone had a higher

e�ciency to inhibit AVP-dependent cyclic AMP accumulation
in MTAL than in OMCD samples. Indeed, 1 nM sulprostone
induced a maximal inhibition in the MTAL but had no e�ect
in the OMCD (Figure 3). As estimated from these results, the

concentration eliciting half-maximal inhibition of AVP-
dependent cyclic AMP accumulation was of about 0.1 nM in
the MTAL and 50 nM in the OMCD (Figure 3). In the same

experiments, the addition of 0.3 mM PGE2 decreased cyclic
AMP values to 8.4+1.2% of the respone to AVP (n=3) and to
58.1+3.7% (n=4) in MTAL and OMCD, respectively. These

values are similar to those induced by 0.1 mM sulprostone
(10.7+3.3% of the response to AVP and 60.9+6.7% in
MTAL and OMCD, respectively, Figure 3).

The pattern of [Ca2+]i increase induced by 0.1 mM
Sulprostone in the OMCD was comparable to that observed
with PGE2. The mean increase over basal value was of
42.6+5.3 nM [Ca2+]i and 21.2+1.7 nM at the peak and

plateau phase, respectively (n=®ve single tubules microdis-
sected from two kidneys). The superfusion of 1 nM sulprostone
induced a barely detectable peak of [Ca2+]i (stimulated minus

basal value=14.3+3.7, n=5) in the OMCD and had no e�ect
on [Ca2+]i variations in the MTAL.

Di�erent experimental protocols were performed in the

MTAL in order to de®ne the properties of inhibition elicited
by sulprostone and PGE2: (i) the presence or not of Ca

2+ in the
incubation medium did not impair PGE2-induced inhibition of
the response to 10 nM AVP (84.3+2.0% of inhibition and

82.1+6.1%, in 1 mM Ca2+ and Ca2+-free medium, respec-
tively, n=5). A similar result was obtained with 1 nM

sulprostone tested in some of these experiments (83.4+2.3%
of inhibition and 77.8+1.8 in 1 mM Ca2+ and Ca2+-free
medium, respectively, n=3); (ii) a preincubation of MTAL

samples during 4 h at 358C with 500 ng ml71 PTX relieved the
inhibition elicited by 1 nM sulprostone (Figure 4); (iii) in
experiments of multiple combined inhibition, the simultaneous
addition of 0.3 mM PGE2 and 1 nM sulprostone induced an

inhibition similar to that elicited by PGE2 alone (Table 3).

Table 2 Multiple combined inhibition of A23187 and PGE2
on AVP-dependent cyclic AMP accumulation in the rat
OMCD

Conditions

Cyclic AMP
accumulation

(fmol mm71 4 min71)

% Inhibition
of the response

to AVP

AVP 1 nM
AVP+A23187 50 nM
AVP+PGE2 0.3 mM
AVP+A23187+PGE2

49.8+3.6 (10)
23.4+4.3a (7)
27.2+3.3a (8)
23.1+4.6a,b (8)

53.0
45.4
53.6

Data are the means+s.e.mean calculated from replicate
samples (n) measured in a same experiment performed in the
presence of 50 mM Ro 20-1724. a: P50.01 when compared to
the cyclic AMP level obtained with 1 nM AVP, b: not
signi®cant from the inhibition obtained with either A23187 or
PGE2. Assuming the hypothesis of a cumulative inhibition
induced by the simultaneous addition of both agents (Aarab
et al., 1993), the calculated theorectical value of the residual
cyclic AMP and of the percentage of inhibition was of
12.8 fmol mm71 4 min71 and 74.3%, respectively.

Figure 3 Dose-response curves of sulprostone-induced inhibition of
AVP-dependent cyclic AMP accumulation in the rat MTAL and
OMCD. Di�erent concentrations of sulprostone were tested on cyclic
AMP accumulation induced by 1 nM (OMCD) or 10 nM (MTAL)
AVP in the presence of 50 mM Ro 20-1724. The results are expressed
in percentage of the corresponding response obtained with AVP. The
data are the mean values+s.e.mean calculated from three experi-
ments in the MTAL and from four experiments in the OMCD. In
each experiment, a statistical signi®cant inhibition was observed from
a concentration of either 0.1 nM in the MTAL (P50.005 ± 0.001
versus the corresponding AVP value) or 0.1 mM in the OMCD
(P50.025 ± 0.005).

Figure 4 E�ect of pertussis toxin on sulprostone-induced inhibition
of AVP-dependent cyclic AMP accumulation in the MTAL. MTAL
samples microdissected from the same kidney were preincubated 6 h at
358C in the control medium or in the presence of 500 ng ml71 PTX.
The e�ect elicited by 1 mM sulprostone is expressed in percentage of
the corresponding response to 10 nM AVP. Data are the mean
values+s.e.mean calculated from four experiments performed in the
presence of Ro 20-1724. *P50.01 ± 0.001 in individual experiments
when compared to the corresponding response to AVP.
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E�ect of PGE2 on glucagon dependent cyclic AMP
synthesis in the outer medullary collecting duct

These experiments were performed in the presence of 1 mM

IBMX so that the variations of intracellular cyclic AMP
content re¯ected regulations prevailing only on cyclic AMP
synthesis.

Glucagon-dependent cyclic AMP synthesis was measured in
OMCD samples incubated in the presence of di�erent
extracellular Ca2+ concentrations (Table 4). The adenylyl

cyclase sensitive to glucagon was lower in 2 mM Ca2+ medium
as compared to 1 mM Ca2+ or Ca2+-free medium. In contrast
to that observed in AVP-sensitive cells of the OMCD,

glucagon-dependent cyclic AMP synthesis was inhibited with
a similar e�ciency by PGE2 whatever the Ca

2+ concentration
present in microdissection and incubation media (Table 4).

Tested in 1 mM Ca2+ medium, 1 nM sulprostone inhibited the
response to glucagon to the same extent than 0.3 mM PGE2

(57.7+2.6% of inhibition versus 1 mM glucagon, P50.01,
n=3).

The transduction pathway mediated by PGE2 was further
studied on OMCD samples preincubated or not (control) with
500 ng ml71 PTX during 2 h at 308C. The inhibition elicited

by PGE2 was markedly decreased in PTX-treated tubule
samples (61.9+5.4% of inhibition and 19.4+6.0 in control
and PTX-treated OMCD, respectively, Figure 5).

Discussion

The di�erent results presented in this study allow the further

characterization of two di�erent transduction pathways
elicited by PGE2 to inhibit hormone-dependent cyclic AMP
accumulation along the rat renal tubule. The di�erent
properties of inhibition observed in this study and those

previously obtained with PGE2 in the rat OMCD and MTAL
are summarized in Table 5.

In the AVP-sensitive cells of OMCD, PGE2 and a low

concentration of Ca2+ ionophore exhibited similar properties
to inhibit a same pool of intracellular cyclic AMP content.
Previous studies in the OMCD have shown that the response

to forskolin is also inhibited by PGE2 and that PGE2-induced
[Ca2+]i increase consists of two phases, a release of
intracellular Ca2+ and an entry of extracellular Ca2+

(ChabardeÁ s et al., 1990; Aarab et al., 1993). The di�erent
observations made support the conclusion that PGE2-induced
inhibition is linked to its capability to increase [Ca2+]i in the
AVP-sensitive cells of OMCD and is due mainly to cyclic AMP

hydrolysis. In the glucagon-sensitive cells of OMCD and in the
MTAL cells, PGE2 decreased cyclic AMP synthesis through a
process sensitive to PTX and independent from extracellular

Table 3 Multiple combined inhibition with sulprostone and
PGE2 on AVP-dependent cyclic AMP accumulation in the
rat MTAL

Conditions

Cyclic AMP
accumulation

(fmol mm71 4 min71)

% Inhibition
of the response

to AVP

AVP 10 nM
AVP+Sulprostone 1 nM
AVP+PGE2 0.3 mM
AVP+Sulprostone+PGE2

41.9+1.6
4.9+0.7a

2.5+0.2a

2.4+0.2a,b

88.3+3.6
94.1+0.4
94.2+1.0b

Data are the means+s.e.mean calculated from three
experiments performed in the presence of Ro 20-1724. The
percentage of inhibition was calculated in each experiment
from the corresponding AVP value and expressed as the
means+s.e.mean obtained from three experiments.
aP50.001 when compared to the mean response obtained
with 10 nM AVP; bassuming an hypothesis of cumulative
inhibition induced by the simultaneous addition of both
agents, the calculated theorectical value of the residual cyclic
AMP and of the percentage of inhibition was of
0.3+0.03 fmol mm71 4 min71 and 99.3+0.2%, respectively
(P50.05 versus measured mean values).

Table 4 Regulation of glucagon-dependent cyclic AMP synthesis of PGE2 in the outer medullary collecting tubule

Cyclic AMP (fmol mm71 4 min71)
Experimental conditions Glucagon Glucagon+PGE2 P % Inhibition

2 mM Ca2+ (7)
1 mM Ca2+ (4)
Ca2+-free medium (4)

20.2+2.6*
45.5+10.1
41.8+4.4

9.4+1.1
16.1+ 2.1
21.7+2.6

50.005
50.05
50.01

51.1+4.8
61.9+5.4
47.3+6.2

OMCD samples were microdissected and incubated in either 2 mM Ca2+, 1 mM Ca2+ or Ca2+-free medium (0 Ca2++0.1 mM EGTA)
in the presence of 1 mM IBMX. The values obtained in Ca2+-free medium were obtained in OMCD samples studied in parallel in four
of the seven experiments performed in 2 mM Ca2+ medium. In each experiment, the percentage of inhibition was calculated from the
corresponding response obtained with glucagon. Data are the mean values+s.e.mean calculated from di�erent experiments (n). P refers
to the comparison of the absolute values obtained with glucagon and glucagon+PGE2; *P50.01 and 50.05 when compared to 1 mM

Ca2+ and Ca2+-free medium, respectively.

Figure 5 E�ect of pertussis toxin on PGE2-mediated inhibition of
glucagon-dependent cyclic AMP synthesis. In each experiment,
OMCD samples were microdissected from the same rat kidney,
preincubated (2 h at 308C) and incubated (4 min at 358C) in 1 mM

Ca2+ medium without (control) or with 500 ng ml71 PTX. Data are
the mean values calculated from four experiments peformed in the
presence of 1 mM IBMX. *Refers to the e�ect of 0.3 mM PGE2 on the
cyclic AMP synthesis induced by 1 mM glucagon, P50.001 in each
experiment; NS indicates that the e�ect of PGE2 was not signi®cantly
di�erent from the response to glucagon.
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Ca2+ variations. The same properties were observed with
sulprostone in MTAL and, in this segment, sulprostone and

PGE2 decreased a same pool of cyclic AMP content. These
data therefore support an interaction of PGE2 receptor with a
GTP-dependent Gai protein in the MTAL and the glucagon-
sensitive cells of the OMCD.

The sensitivity of sulprostone to inhibit the response to
AVP is much higher in MTAL then in OMCD. The
concentration of sulprostone eliciting half-maximal inhibition

is similar to that previously observed with PGE2 in the MTAL
(Torikai & Kurokawa, 1983; Firsov et al., 1995) and the
OMCD (ChabardeÁ s et al., 1990). These observations suggest

that, in the rat nephron, sulprostone is as e�ective as PGE2 to
decrease AVP-dependent cyclic AMP accumulation whatever
the transduction pathway accounted for this regulation. An
equipotent action of PGE2 and sulprostone to inhibit AVP-

induced cyclic AMP synthesis through a pertussis toxin-
sensitive process has already been described in rabbit kidney
cells (Sonnenburg & Smith, 1988). However, the higher

sensitivity of inhibition induced by sulprostone and PGE2 in
MTAL than in OMCD suggests that these compounds have a
higher potency to inhibit adenylyl cyclase activity than to elicit

[Ca2+]i increases in renal segments. Although di�erent
concentrations of sulprostone were not tested in our
experiments, the potency of sulprostone to inhibit glucagon-

stimulated cyclic AMP synthesis in the OMCD appeared
comparable to that observed in the MTAL cells.

The di�erent transduction pathways elicited by PGE2 in
MTAL and OMCD may result from the interaction of PGE2

to di�erent subtypes of PGE2 receptor (Coleman et al., 1994).
In di�erent species, both EP1 and EP3 subtype mRNAs have
been detected in the collecting duct and only EP3 subtype

mRNA in the thick ascending limb (Breyer et al., 1993; 1996;
Sugimoto et al., 1994; Takeuchi et al., 1994; Taniguchi et al.,
1994). The expression of EP1 subtype mRNA in transfected

cells or Xenopus oocytes results in [Ca2+]i increases but not
stimulation or inhibition of adenylyl cyclase activity (Funk et
al., 1993; Watabe et al., 1993). Multiple isoforms of the PGE2

receptor EP3 subtype mRNA have been cloned and one given
isoform can be coupled to multiple second messenger systems
(Coleman et al., 1994; An et al., 1994; Kotani et al., 1995;
Schmid et al., 1995; Boie et al., 1997). Most EP3 isoforms

decrease cyclic AMP content through a pertussis toxin-
sensitive inhibition of adenylyl cyclase activity (Coleman et
al., 1994; An et al., 1994; Kotani et al., 1995; Schmid et al.,

1995). PGE2 and Sulprostone have a higher a�nity to bind to
EP3 than to EP1 subtype (Coleman et al., 1994; Boie et al.,
1997; Kiriyama et al., 1997). In addition, tested on

transduction pathways, a higher potency of sulprostone and

PGE2 is observed in cells transfected with the rat EP3 subtype
as compared to the EP1 subtype transfected cells (Boie et al.,

1997). Thus, the localization of EP subtypes in the kidney, the
signalling properties of PGE2 observed in our experiments and
their comparison with the functional expression of EP1 or EP3
subtype in transfected cells suggest a di�erent coupling of

PGE2 along the rat renal tubule, i.e. to an EP1 subtype in the
AVP-sensitive cells of the OMCD, and to an EP3 subtype in
the glucagon-sensitive cells of the OMCD and the MTAL cells.

The observations made with sulprostone and PGE2 in MTAL
suggest that these agents interact with an EP3 isoform not
associated to [Ca2+]i increases. In agreement with this

hypothesis, PGE2 inhibits adenylyl cyclase activity and does
not increase [Ca2+]i in the cortical portion of the rat thick
ascending limb (De Jesus Ferreira et al., 1998).

The regulation elicited by PGE2 on the response to AVP in

the rat collecting duct di�ers from the observations made in
the rabbit collecting duct. Indeed, in the cortical portion
(CCD) of the rabbit collecting duct, PGE2 stimulates a

pertussis toxin-sensitive pathway which inhibits AVP-stimu-
lated cyclic AMP production (Gri�ths et al., 1993) and AVP-
dependent permeability to water (HeÂ bert et al., 1993). In the

same segment, PGE2 decreases sodium reabsorption through a
second pathway, Ca2+-dependent and pertussis toxin-insensi-
tive (HeÂ bert et al., 1993) but the precise cell type involved in

this regulation remains to be de®ned. In the rat CCD, PGE2

does not regulate either AVP-dependent cyclic AMP content
(ChabardeÁ s et al., 1990) or AVP-stimulated transepithelial
water permeability or sodium transport (Chen et al., 1991). In

the rat therefore, PGE2 inhibits the response to AVP in more
terminal portions of collecting duct and this action is not
mediated through a Gai-dependent inhibition of adenylyl

cyclase activity. In contrast to the species di�erences observed
in the AVP-sensitive cells of the collecting duct, PGE2-
mediated pertussis toxin-sensitive inhibition of adenylyl

cyclase activity is observed in MTAL isolated from all species
studied up to now, i.e. the rat, the mouse (Takaichi &
Kurokawa, 1988) and the rabbit (Gri�ths et al., 1993).

PGE2 and a low concentration of sulprostone also inhibited
adenylyl cyclase activity in glucagon-sensitive cells of rat
OMCD. A similar e�ect of PGE2 has been previously observed
in the isoproterenol-sensitive cells of rat CCD (ChabardeÁ s et

al., 1990). Glucagon- and isoproterenol-stimulated cyclic AMP
synthesis are located in intercalated cells which are involved in
proton secretion and/or bicarbonate reabsorption (Madsen &

Tisher, 1986; Morel & Doucet, 1986). These observations
therefore support a regulatory role of PGE2 in the control of
acid-base balance, in addition to its well known inhibitory

e�ect on the urinary concentration processes (Stokes, 1981).

Table 5 Properties of inhibition of PGE2 and/or sulprostone on hormone-dependent cyclic AMP content in AVP- and glucagon-
sensitive segments

Properties of inhibition OMCD: AVP-sensitive cells OMCD: GLU-sensitive cells MTAL cells

PGE2-elicited inhibition
SUL-elicited inhibition

Ca2+-dependent inhibition
PTX-sensitive inhibition
PDEs-mediated inhibition

42 ± 73%a,b,c

1 nM: no e�ecta

100 nM: 39%a

Yesa,c

Noa,c

Yesb

62%a

1 nM: 58%a

100 nM: NT
Noa

Yesa

Noa

82 ± 93%a,d,e

1 nM: 82%a

100 nM: 89%a

Noa

Yesa,e

Nod

The percentages of inhibition given in the table correspond to those found in the present study in 1 nM Ca2+ medium. These values are
in the range of those previously published (see Ref. b, c, d and e listed below). The letters given refer to the following results: afrom the
present study; bfrom ChabardeÁ s et al., 1990; cfrom Aarab et al., 1993; dfrom Torikai & Kurokawa, 1983; efrom Firsov et al., 1995.
OMCD: outer medullary collecting duct; MTAL: medullary thick ascending limb; GLU: glucagon; SUL: sulprostone; PTX: pertussis
toxin; PDEs: phosphodiesterases; NT: not tested.
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In summary, this study demonstrates a di�erential cell-
speci®c localization along the rat nephron of the transduction
pathways elicited by PGE2 to inhibit hormone-dependent

cyclic AMP accumulation. An interaction of PGE2 with Gai-
coupled inhibition of adenylyl cyclase is observed in MTAL
cells and the glucagon-sensitive cells of the OMCD. In AVP-
sensitive cells of the OMCD, the decrease of cyclic AMP

content results from PGE2-mediated [Ca2+]i increases through
a process insensitive to PTX. Compared to the low sensitivity
of PGE2 in the OMCD (ChabardeÁ s et al., 1990), the high

sensitivity of PGE2 (Torikai & Kurokawa, 1983; Firsov et al.,
1995) and sulprostone (this study) to inhibit hormone-

dependent cyclic AMP synthesis in the MTAL suggest that
low concentrations of PGE2 can be very e�ective to regulate
physiological functions of the rat thick ascending limb.
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