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Abstract The aim of the present study was to test the hypothesis that the decreased renal tubular reabsorption of
calcium observed in estrogen deficiency is associated with a local regulation of either PTHrP or PTH/PTHrP receptor
genes in the kidney. Rats were randomly sham-operated (S) or ovariectomized receiving either vehicule (OVX) or 4 µg
E2/kg/day (OVX1E4) or 40 µg E2/kg/d (OVX1E40) during 14 days using alzet minipumps. Plasma PTH and calcium
levels were lower in untreated OVX animals than in all other groups (P , 0.01). Plasma PTH was higher in OVX1E40
than in OVX1E4 (P , 0.05). PTHrP mRNA expression in the kidney was unaffected by ovariectomy but was increased in
OVX1E40 (0.984 6 0.452 for PTHrP/GAPDH mRNAs expression vs. 0.213 6 0.078 in sham, P , 0.01). PTH/PTHrP
receptor mRNA expression and the cAMP response of renal membranes to PTH were unaffected by ovariectomy and
estrogen substitution. In conclusion, renal PTHrP and PTH/PTHrP receptor mRNAs are not modified by ovariectomy.
However, 17b-estradiol increases renal expression of PTHrP mRNA without evident changes in its receptor expression
and function. This may help to explain the pharmacological action of estrogen in the kidney, especially how it prevents
the renal leak of calcium in postmenopausal women. J. Cell. Biochem. 70:84–93, 1998. r 1998 Wiley-Liss, Inc.
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In women, menopause results in an estrogen
deficiency. The major consequence is a bone loss
associated with a renal leak in calcium [Nordin
et al., 1991] and subsequent consecutive osteo-
porosis. Estrogen substitutive therapy limits
this decrease in bone mass. In addition to this
role on the skeleton, it has been suggested that
estrogen may act on calcium homeostasis, regu-
lating renal calcium reabsorption [Adami et al.,
1992; Prince, 1994], but the mechanisms are
still poorly understood.

Parathyroid hormone–related peptide (PTHrP)
is generally responsible for humoral hypercalce-
mia of malignancy [Suva et al., 1987]. While
many tumor types overexpress PTHrP, it is also
produced by a variety of normal tissues, includ-

ing the central nervous system, epidermal ker-
atinocytes, lactating breast, placenta, and vas-
cular smooth muscle [Kramer et al., 1991].
PTHrP is also expressed in fetal mice [Lee et
al., 1995], where it seems to play an important
role in normal growth and development, as
shown by the lethal skeletal dysplasia result-
ing from its gene disruption [Karaplis et al.,
1994; Amizuka et al., 1994]. In addition, PTHrP
mRNA and proteins have been identified in
specific zones of the fetal and adult kidney. In
adult kidney, PTHrP has been histochemically
located in glomerular epithelial cells and in
proximal, distal, and collecting tubule cells [Gar-
cia-Ocaña et al., 1995]. The rat PTHrP gene has
been characterized [Karaplis et al., 1990]. This
gene consists of only four exons. The first exon
encodes an alternative 5’ untranslated region
containing several GC-rich sequences, a TATA
box and a CAAT box, and several Sp1 binding
sites. The second exon encodes the prepro se-
quence. The third exon encodes a 139 amino
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acid sequence of the mature peptide, and the
fourth exon encodes for two extra amino acids,
the stop codon and the 3’ untranslated region. It
is simpler than in human but shows a strong
conservation of nucleotide sequence and amino
acid sequence homology up to residue 111.

Parathyroid hormone (PTH) (1-34) and
PTHrP(1-34) share similarities at the amino
acid sequence level as well as in three-dimen-
sional homology, accounting for the fact that
these two peptides act through the same PTH/
PTHrP receptor [Suva et al., 1987]. The rat
PTH/PTHrP receptor has been cloned [Abou-
Samra et al., 1992]; it is a member of the seven
transmembrane domain receptors coupled to a
G protein [Jüppner et al., 1991] and activates
at least two signal transduction pathways: the
adenylyl cyclase and the protein kinase C path-
ways. This receptor is distributed as widely as
PTHrP [Ureña et el., 1993], pointing to an auto-
crine-paracrine role for PTHrP in normal physi-
ology. Indeed, it has been demonstrated that
PTHrP regulates cell growth and differentia-
tion (in vitro and in vivo), relaxation of smooth
muscle cells, and vasodilation [Garcia-Ocaña et
al., 1995; Soifer et al., 1993; Nyby et al., 1995;
Shew et al., 1991]. Little is known about the
renal regulation of PTHrP expression, and its
precise role in the kidney is not well defined. In
the kidney, it has been shown that PTHrP,
acting through the PTH/PTHrP receptor, can
mimic PTH actions, in particular by stimulat-
ing calcium reabsorption by renal tubular cells
[Yates et al., 1988]. PTHrP is overexpressed in
the kidney after renal ischemia [Soifer et al.,
1993] and accelerates the growth of cultured
rabbit proximal tubule cells [Garcia-Ocaña et
al., 1995]. These last observations support the
hypothesis that PTHrP secreted by tubule cells
plays an important role in the regulation of
tubular cell growth during regeneration after
ischemia.

A recent study suggested that estrogen treat-
ment may play a role in the increase of renal
tubular reabsorption of calcium which results
in a decrease in urinary calcium excretion
[Criddle et al., 1997]. As it is known that estro-
gen increases PTHrP mRNA expression in vivo
in the rat uterus and given to the role played by
the PTH/PTHrP receptor in renal calcium han-
dling, we hypothesized that the reduction of the
renal leak of calcium oberved during estrogen
substitutive treatment [Adami et al., 1992] may

be associated with a local change in PTHrP
and/or PTH/PTHrP receptor expression.

To test this hypothesis, we used the model of
the ovariectomized mature female rat for estro-
gen deficiency, and we measured the renal ex-
pression of PTHrP and PTH/PTHrP receptor
genes expression in sham-operated, ovariecto-
mized untreated, and ovariectomized estrogen-
treated rats using a physiological and a pharma-
cological dose of 17b-estradiol.

MATERIALS AND METHODS
Animals and Treatment

The experiment was performed twice. We
once randomized 18 and once 40 3-month-old
Sprague-Dawley (S.D.) female rats (Charles
River Laboratories, St. Aubin les Elbeuf,
France), respectively, into three groups of six
animals (there was no OVX1E4 group) and
into four groups of ten animals. Animals were
kept under 12 h light-dark cycles.After anesthe-
sia with an intraperitoneal injection of Imal-
gene (Rhône-Biomérieux, Lyon, France), a sham
operation or ovariectomy was performed, and a
dorsal subcutaneous minipump (Alzet, France)
was inserted into OVX animals to deliver 17b-
estradiol (E2) (Sigma, St. Quentin-Fallavier,
France) or 50% DMSO/0.045% NaCl (vehicle)
alone. Sham-operated animals (S) served as
controls. Ovariectomized animals were given
either the vehicule alone (OVX), or 4 µg E2/kg
of body weight/day (OVX1E4) (only for the
second experiment) or 40 µg E2/kg/day
(OVX1E40). Treatment was started immedi-
ately after ovariectomy and lasted 14 days.

Tissue Preparation

Kidneys from anesthetized rats were either
frozen in liquid nitrogen for total RNA extrac-
tion or cytosol extraction or fixed in 4% parafor-
maldehyde (PFA) for in situ hybridization. Fixed
kidneys were rinsed in 5% sucrose in phosphate
buffered saline (PBS) and transferred to 30%
sucrose in PBS for at least 3 h before embed-
ding in Tissue-Teck 2 (Miles Laboratories, Eper-
non, France) and freezing in liquid nitrogen.
Five micrometer sections of fresh-frozen kid-
neys were cut on a cryotome (Frigocut 2700;
Microm, Venissieux, France) and collected on
Vectabond-coated (Superfrost; CML, Nemours,
France) glass slides.
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Biochemical Analyses

Serum total calcium and serum creatinine
were determined using a standard method on a
Kodak analyzer. Serum PTH was measured
with a rat PTH (1-34) radioimmunoassay kit
(Peninsula Laboratories, Belmont, CA). 17b-
estradiol was assayed with a radioimmunoas-
say kit (Sorin Biomedica, Antony, France).
PTHrP was evaluated in cytosol extracts of
kidneys using a human-PTHrP (1-34) immuno-
radiometric assay (Peninsula Laboratories).

Preparation of Total RNA

Total RNA was extracted by using a modifica-
tion of a previously described method [Chomic-
zynski and Sacchi, 1987]. Kidneys were homog-
enized in a solution containing isothiocyanate
guanidium and phenol (RNA Now; Biogentex,
Montigny-le-Bretonneux, France) with a Poly-
tron grinder (Scientific Bioblock, Illkirch,
France). Chloroform was added, and the aque-
ous phase was separated by centrifugation for
10 minutes at 12,500g. Total RNA was precipi-
tated by adding isopropanol to the aqueous
upper phase and centrifuging at 12,000g for 15
min. The pellet was washed twice with 70%
ethanol, dried in a Speed-vac, and resuspended
in RNAse-free water (treated with diethyl pyro-
carbonate and sterilized). Total RNA was deter-
mined by measuring absorbance at 260 nm.

Ribonuclease Protection Assay

The ribonuclease protection assay (RPA) was
performed essentially as described elsewhere
[Suarez et al., 1995]. The plasmid containing
the rat PTHrP fragment (kindly provided by
Dr. Thiede) was linearized by digestion with
HindIII (Gibco-BRL, Cergy-Pontoise, France).
To prepare the antisense riboprobe, we tran-
scribed 1 µg of linearized plasmid in the pres-
ence of 50 µCi [a-32P]UTP (400 Ci/mmol) (Amer-
sham, Les Ules, France) using T7 RNA
polymerase and reagents from the Gemini Sys-
tem (Promega, Charbonniéres, France) in a fi-
nal volume of 20 µl. An antisense rat GAPDH
probe was prepared by using a plasmid contain-
ing the specific rat GAPDH cDNA fragment
digested with StyI and PvuII (Promega, France).
For the analysis of PTHrP and GAPDH mRNAs,
100 µg of total RNA was hybridized overnight
at 55°C with 5 3 105 cpm of rat PTHrP and 5 3
104 cpm of rat GAPDH riboprobes (in a final
volume of 30 µl) and digested in 350 µl of RNase

digestion buffer containing 40 µg/ml RNase A
and 2 µg/ml RNase T1 (Boehringer-Mannheim,
Meylan, France). RNA fragments were electro-
phoresed in 6% polyacrylamide-urea gels in
parallel with an [a-32P]UTP-labeled RNA mo-
lecular weight marker (RNA Century Marker
Plus template set; Ambion, CliniSciences, Mon-
trouge, France). Gels were dried, and autoradio-
grams were prepared by exposure to films
(NEF-485; NEN, NEN Life Sciences, Le Blanc-
Mesnil, France) for 7 days at -80°C with two
intensifying screens. The unprotected PTHrP
riboprobe migrated at 400 bp and the protected
fragment at 330 bp. The GAPDH riboprobe
migrated at 192 bp when unprotected and at
164 bp when protected.

The protected mRNA fragments were quanti-
fied by counting radioactivity directly on dried
gels using an electronic autoradiographer (in
Instant Imager; Packard, France). Bands ob-
tained with PTHrP and GAPDH riboprobes
were quantified Rungis. Background was evalu-
ated to obtain the specific radioactivity of each
signal. Results were expressed in arbitrary units
as the ratio of PTHrP to GAPDH mRNA-
specific signals. In each experiment riboprobes
were incubated with yeast transfer RNA (Boeh-
ringer-Mannheim) before RNase digestion, and
fragments were undetectable in these samples.
RNAse protection was realized twice but only
in the experiment with 40 animals.

Reverse Transcription and Polymerase Chain
Reaction Analysis

Four micrograms of total RNA were submit-
ted to reverse transcription by incubation for 10
min at 23°C and 1 h at 37°C in a final volume of
20 µl containing 1 mM each dNTP (dNTP set;
Pharmacia, Orsay, France), 18 U of RNAse in-
hibitor (RNAsin; Promega), 200 U of Moloney
murine leukemia virus reverse transcriptase
(Gibco BRL), 50 pmoles of oligo-dT primer (Pro-
mega), 0.01 M DTT (Gibco BRL), and 4 µl of 53
first-strand buffer (Gibco BRL). Incubation was
done in a programmable thermal cycler (Techne,
France).

Nine microliters of cDNA was submitted to
amplification of rat PTHrP or rat PTH/PTHrP
receptor using 4 µl of 103 PCR incubation
buffer (Appligene, Illkirch, France) and 0.5 U of
Thermophilus aquaticus polymerase (Appli-
gene). We used 25 pmol of sense (58 TCTTCCTC-
CACCATCTGATTGC 38) and antisense (58
CAGAGTCAGCAGCACCAAGATAC 38) prim-
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ers (Genosys, Combs, UK) to amplify a 611 bp
fragment of the rat PTHrP cDNA. Sense (58

GTGTCAGAGCAACCTTGG 38) and antisense
(5’ AACCGCCATGACTGG 38) primers were
used to amplify a 641 bp fragment of the rat
PTH/PTHrP receptor cDNA. All these oligo-
nucleotides were located in two different exons.
Amplification was performed for 25 cycles
(PTHrP cDNA) or 30 cycles (PTH/PTHrP recep-
tor cDNA) based on a kinetic study of the ampli-
fication reaction. The reaction started with de-
naturation at 95°C for 30 s, annealing at 55°C
for 30 s, and elongation at 72°C for 30 s. The rat
GAPDH cDNA(ubiquitous internal control) was
amplified using sense (58 ATTGTTGCCAT-
CAACGACC 38) and antisense (58 CATGGACT-
GTGGTCATGAGC 38) oligonucleotide primers
to obtain a 450 bp fragment. Amplification was
performed as described for PTHrP.

Southern Blot and Hybridization

Amplification products were electrophoresed
on 2% agarose gel in Tris-EDTA-Borate buffer,
pH 8. A DNA molecular weight marker was
used to estimate band sizes (Marker VI; Boer-
hinger-Mannheim). DNA fragments were visu-
alized by ethidium bromide staining under UV
light. DNA fragments were transferred to a
nylon membrane (GeneScreen; NEN) using 0.4
N NaOH as described in the protocol recom-
mended by NEN.

Rat PTHrP, PTH/PTHrP receptor, and
GAPDH cDNA probes were [a-32P]-labeled us-
ing a random labeling system (Prime-a-gene;
Promega) with [a-32P]-dCTP (3,000Ci/mmol)
(NEN). Each membrane was incubated with
6 3 106 cpm of the corresponding specific probe
in hybridization solution (63 SSC, 50 µg/ml
yeast tRNA, 23 Denhardt’s solution, 10% soni-
cated herring sperm DNA) overnight at 42°C.
Nonspecific radioactivity was eliminated by
washing in 0.23 SSC/1% SDS at 42°C. Mem-
branes were then autoradiographed.

The films (NEF-485; NEN) were analyzed on
a densitometric scanner (Transidyne General
Corporation, Roucaire, Velizy-Villacoublay,
France), and results were expressed in arbi-
trary units as the ratio of PTHrP or PTH/
PTHrP receptor to GAPDH densitometric val-
ues. RT-PCR, Southern blot, and hybridization
of the membranes were realized at least two
times in each experiment.

Riboprobe Labeling and In Situ Hybridization

Sense and antisense rat PTH/PTHrP recep-
tor riboprobes were synthesized and 35S-UTP–
labeled with a riboprobe labeling system
(Gemini II Core System; Promega) and a-35S-
UTP (10 mCi/ml) (NEN) from clone R15B
(kindly provided by G.V. Segre) after lineariza-
tion with XbaI (Gibco-BRL) for the sense strand
or BamHI (Promega) for the antisense strand
and using T7 and SP6 RNApolymerases, respec-
tively. Cryosections were postfixed with freshly
prepared 4% PFA/0.01 M PBS for 15 min. After
washing in PBS, fixed sections were digested
with 2 µg/ml proteinase K at 37°C for 15 min
and again treated with 4% PFA/PBS for 10 min.
Sections were sequentially washed with PBS,
incubated with 0.2 N HCl for 10 min, washed
with PBS, acetylated with 0.3% acetic anhy-
dride in the presence of 0.1 M triethanolamine
for 10 min, gradually dried in ethanol, and
air-dried.

Hybridization with 106 cpm/section 35S-la-
beled riboprobe was performed in hybridization
solution containing 50% formamide, 10% Dex-
tran sulfate, 13 Denhardt’s solution, 600 mM
NaCl, 10 mM Tris-HCl, 0.25% SDS, 1 mM
EDTA, pH 8.0, and 200 µg/ml tRNA in a 50%
formamide/50% H2O atmosphere for 17 h at
55°C.

After hybridization, sections were washed,
treated with 10 µg/ml RNase A (37°C for 30
min), and dehydrated in ethanol. Slides were
exposed to films (Hyperfilms b-max; Amer-
sham) for 48 h, and autoradiograms were quan-
tified on an image analyzer (Biocom, Les Ulis,
France). The slides were then dipped in autora-
diographic emulsion (NTB-2, Integra-Biosci-
ences, Eaubonne, France) for 4 days.After devel-
opment, sections were stained with toluidine
blue and mounted with Fluoromount for X-ray
observation. In situ hybridization was repeated
at least two times but only in the experiment
with 18 animals.

Preparation of Renal Cortical Membranes
for Adenylate Cyclase Stimulation and Cyclic

AMP Assay

Cortical membranes were extracted as previ-
ously described [Marx et al., 1972]: the renal
cortex was dissected free and homogenized in
buffer containing 0.25 M sucrose, 10 mM Tris,
and 1 mM Na2EDTA, pH 7.5. The homogenized
tissue was centrifuged as follows: the rotor was
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stopped when it reached 2,500g, and the super-
natant was collected and centrifuged at 2,500g
for 20 min. The pellet was suspended in buffer
containing 10 mM Tris and 1 mM Na2EDTA,
pH 7.5. Protein content was measured using
the Bio-Rad kit (Bio-Rad, Paris, France) based
on Bradford’s method.

Renal membrane preparations containing 75
µg of protein were added to 50 mM Tris, pH 7.5,
1.7 mM MgCl2, 100 mM 3-isobutyl-1-methylxan-
thine (IBMX), 0.1% BSA, 7 mM phosphocre-
atine, 1.2 mM ATP, and 1 U creatine kinase in a
final volume of 100 µl. This mixture was incu-
bated for 30 min at 37°C with either 1 mM
acetic acid, 1 µM (1-34)bPTH (Sigma), 30 µM
forskolin (Sigma), or 10 µM isoproterenol
(Sigma). The reaction was stopped by heating
at 95°C for 3 min, and protein was removed by
adding 400 µl of absolute ethanol. Tubes were
centrifuged for 5 min at 10,000g, and the super-
natant was collected and evaporated overnight
at 37°C. The resulting pellet was dissolved in
500 µl of 50 mM sodium acetate, pH 6.2.

Cyclic AMP accumulation was determined by
radioimmunoassay (cAMP[125I] RIA kit; NEN)
after acetylation procedure. Adenylate cyclase
stimulation and cAMP assay were repeated at
least two times but only in the experiment with
18 animals.

Statistical Analysis

As identical significative differences were ob-
served between groups for the two experi-
ments, results were pooled together and ex-
pressed as the mean 6 SEM of both experiments.
The data were analysed by one-way ANOVA for
multiple comparison. The nonparametric Mann-
Whitney U-test was used when values were not

assessed to be Gaussian. P , 0.05 was consid-
ered significant.

RESULTS
Animals and Biochemicals Parameters

After sacrifice, untreated OVX animals
weighed significantly more (311 6 6.9 g) than
those in the other groups (273 6 2.8 g for sham,
283 6 7.1 g for OVX1E4). Treatment with 40
µg E2/kg/day (OVX1E40) induced a significant
reduction in weight (258 6 6.3 g) (P , 0.05).

Biochemical results are summarized in
Table I. OVX induced a slight but significant
reduction in plasma PTH (28.3 6 0.8 pg/ml vs.
31.9 6 1.1, P , 0.05) and total calcium (2.46 6
0.03 mmol/l vs. 2.59 6 0.06, P , 0.01) compared
with the sham group. Total calcium returned to
sham-control levels in OVX1E4 and OVX1E40
groups (2.65 6 0.05 mmol/l and 2.64 6 0.04
mmol/l). Plasma PTH returned to sham levels
in estrogen-treated animals but was significantly
increased with 40 µg E2/kg/day (32.6 6 1.1
pg/ml, P , 0.05) compared to untreated OVX.

Levels of 17b-estradiol were significantly
lower in OVX (5.2 6 0.8 pg/ml) and significantly
higher in OVX1E40 (58.0 6 9.2) than in the
sham (17.9 6 2.5), and OVX1E4 (15.5 6 1.3)
groups (P , 0.01).

PTHrP Gene Expression Regulation by
Ovariectomy and Estrogen

PTHrP mRNA levels were unmodified in OVX
(103 6 12% vs. sham) and OVX1E4 animals
(85 6 6% vs. sham) groups but were markedly
increased in OVX1E40 (288 6 28% vs. sham,
P , 0.0001) when compared to the levels mea-
sured in sham controls as shown by RT-PCR
analysis (Fig. 1).

TABLE I. Biochemical Parameters Obtained at Sacrificea

S OVX OVX 1 E4 OVX 1 E40

PTH (pg/ml) 31.9 6 1.1 28.3 6 0.8* 30.6 6 0.8 32.6 6 1.1
(15) (15) (10) (16)

Calcium (mmol/l) 2.59 6 0.06 2.46 6 0.03** 2.65 6 0.05 2.64 6 0.04
(11) (15) (9) (15)

E2 (pg/ml) 17.9 6 2.5 5.2 6 0.8*** 15.5 6 1.3 58.1 6 9.2***
(15) (15) (10) (16)

Creatinin (µmol/l) 46.3 6 2.7 43.0 6 3.3 51.5 6 2.4 48.3 6 3.9
(15) (15) (10) (16)

aPTH, immunoreactive rat (1—34)–parathyroid hormone; E2, 17b-estradiol; S, sham-operated; OVX, ovariectomized; OVX 1

E4, ovariectomized receiving 4 µg E2/kg/day; OVX 1 E40, ovariectomized receiving 40 µg E2/kg/day. The number of animals is
in parentheses.
*P , 0.01 compared to sham and OVX 1 E40.
**P , 0.01 compared to all other groups.
***P , 0.001 compared to all other groups.
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The ribonuclease protection analysis of
PTHrP mRNA supported the results obtained
by RT-PCR (Fig. 2). In the OVX1E40 group,
PTHrP mRNA was significantly increased
(0.984 6 0.506 as the ratio of PTHrP/GAPDH
mRNAs expression in arbitrary units) com-
pared to sham-operated (0.213 6 0.078, P ,
0.01) or untreated OVX animals (0.110 6 0.051,
P , 0.05), but no significant difference was
observed for OVX1E4 animals (0.420 6 0.140).

We tried to evaluate iPTHrP expression lev-
els using a human-PTHrP (1-34) IRMA kit in

cytosol extracts of the kidneys, but values were
not detectable in a sufficient number of samples
to elaborate statistical analysis, probably due
to low levels of the protein.

PTH/PTHrP Receptor Gene Expression and
Adenylate Cyclase Activity Are Not Affected

by Ovariectomy or Estrogen Repletion

PTH/PTHrP receptor mRNA and adenylate
cyclase activity were not affected by ovariec-
tomy or estrogen replacement treatment with
either 4 or 40 µg E2/kg/day. RT-PCR analysis of

A

Fig. 1. Semiquantitative RT-PCR analysis of PTHrP mRNA
expression in the kidney. bp, base pairs; OVX, ovariectomized
(n 5 15); OVX1E4, ovariectomized receiving 4 µg E2/kg/day
(n 5 10); OVX1E40, ovariectomized receiving 40 µg E2/kg/day
(n 5 13); S, sham-operated (n 5 15). A: Southern blot analysis of
PCR products was realized as decribed in Materials and Meth-

ods. One representative sample is shown for each group. Prim-
ers were used to amplify a 611 bp PTHrP fragment and a 450 bp
GAPDH fragment. B. Quantitative results are presented as the
ratio of PTHrP to GAPDH (internal standard). Results shown are
mean 6 SEM of the percentage of expression from sham con-
trols. aP , 0.0001 compared with sham.

A

Fig. 2. PTHrP mRNA expression analysis by ribonuclease pro-
tection assay. A: RNase protection analysis gel realized as
described in Materials and Methods. One representative migra-
tion of the molecular weight marker (lane 1), the 400 bp PTHrP
(lane 2) and the 192 bp GAPDH (lane 3) unprotected ribo-
probes, a specific hybridization with PTHrP and GAPDH ribo-
probes of the negative control yeast tRNA (lane 4), and a
representative hybridization sample of the sham-control (lane 5)

(n 5 7), OVX (lane 6) (n 5 6), OVX1E4 (lane 7) (n 5 7), and the
OVX1E40 (lane 8) (n 5 5) groups. Digested hybridized prod-
ucts are a 330 bp PTHrP fragment and a 164 bp GAPDH
fragment. B: Quantitative results are evaluated in cpm using
electronic autoradiography and are presented as the ratio of
PTHrP to GAPDH (internal standard). Results shown are mean 6

SEM of each group. aP , 0.01 compared with OVX. bP , 0.01
compared with sham controls.
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PTH/PTHrP receptor mRNA failed to show any
difference among the groups (Fig. 3). In situ
hybridization (Fig. 4) revealed no differences in
renal distribution of receptor transcripts; the
mRNAs were located closely in the renal cortex
in glomerular epithelial cells and in proximal,
distal, and collecting tubule cells. We also mea-
sured PTH/PTHrP receptor activity in renal
cortical membranes, and, after stimulation of
adenylate cyclase activity with PTH (10-6 M),
cAMP accumulation was unaffected by ovariec-
tomy or E2 treatment (Fig. 5).

DISCUSSION

In the present ovariectomized rat model, we
found that, although PTHrP gene expression
was unaffected by estrogen deficiency induced
by ovariectomy, it was increased by pharmaco-
logical 17b-estradiol supplementation, whereas
PTH/PTHrP receptor mRNA levels or adenylyl
cyclase-coupled activation were not affected by
ovariectomy or estrogen treatment. Calcemia,
and in a more discrete manner circulating PTH
levels, were modified as a function of estrogen
status. Other studies performed in rats have
suggested that estrogens may regulate PTH
and/or calcium homeostasis, but the results of
these studies are controversial: some authors
have failed to observe any difference in PTH
levels after oophorectomy, with a significant
increase in urine calcium [Dick et al., 1996];
others found a nonsignificant fall in PTH mRNA
levels after ovariectomy and a significant in-

crease after estrogen treatment [Naveh-Many
et al., 1992]. We found a significant reduction in
plasma PTH after ovariectomy (P , 0.05) and a
parallel decrease in plasma calcium (P , 0.01)
even if these changes have only minor physi-
ological significance. Treatment with 4 or 40 µg
E2/kg/day after ovariectomy restored plasma
PTH and calcium levels to control values.

Interestingly, estrogen replacement therapy
modified PTHrP mRNA levels in the kidney. In
our study, we observed no difference in PTHrP
mRNAexpression in OVX or in OVX1E4 groups
but a two- to fivefold increase in PTHrP mRNA
expression after substitutive treatment with 40
µg E2/kg/day (OVX1E40). The lack of effect of
the lowest dose might be an oddity, because

Fig. 4. PTH/PTHrP receptor mRNA analysis by in situ hybrid-
ization in the kidney. Representative sections of each group
were hybridized with a specific antisense 35S-labeled riboprobe,
and labeling was evaluated after exposure for 48 h for autoradi-
ography. Specific labeling was attested by hybridization with a
sense 35S-labeled riboprobe. OVX, ovariectomized; OVX1E4,
ovariectomized receiving 4 µg E2/kg/day; OVX1E40, ovariecto-
mized receiving 40 µg E2/kg/day; S, sham-operated.

A

Fig. 3. Semiquantitative RT-PCR analysis of PTH/PTHrP recep-
tor mRNA expression in the kidney. bp, base pairs; OVX,
ovariectomized (n 5 8); OVX1E4, ovariectomized receiving 4
µg E2/kg/day (n 5 5); OVX1E40, ovariectomized receiving 40
µg E2/k/day (n 5 10); S, sham-operated (n 5 9). A: Southern blot
analysis of PCR products was realized as decribed in Materials

and Methods. One representative sample is shown for each
group. Primers were used to amplify a 651 bp PTH/PTHrP
receptor fragment and a 450 bp GAPDH fragment. B. Quantita-
tive results are presented as the ratio of PTH/PTHrP receptor to
GAPDH (internal standard). Results shown are mean 6 SEM of
the percentage of expression from sham controls.
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when we analysed the results by the Student’s
t-test OVX rats were significantly lower than
OVX1E4, whereas no significance was noted
by one-way ANOVA. The fact that only the
highest dose of E2 induces a significant in-
crease of PTHrP mRNA expression may also be
explained by the estrogen receptor status of the
kidney. The effect of estrogen is highly depen-
dent on the number of receptors expressed and
thus on the tissue studied [Orloff et al., 1989].
Contrarily to the uterus, which is considered an
estrogen receptor–rich tissue, the kidney [Hage-
nfeldt and Erikson, 1988] is a secondary target
tissue for estrogens [Katzenellenbogen et al.,
1993] with low receptor content. For instance,
estrogen effects on bone resorption were ob-
served for doses about 100 µg E2/kg/day [Chow
et al., 1992; Shen et al., 1993]. Various studies
have previously shown that PTHrP mRNA ex-
pression is dependent on E2 status both in vitro
in primary myometrial cells and a rat pituitary
cell line [Suva et al., 1991; Weir et al., 1991;
Holt et al., 1994] and in vivo in the uterus
[Thiede et al., 1991], but the mechanism of
PTHrP regulation by estrogens has not been
elucidated yet. Although there is no evidence of
an estrogen-responsive element in the PTHrP
gene, it has been suggested that, as the effects
of estrogen were blocked by dexamethasone
[Suva et al., 1991], the responsiveness of the
PTHrP gene to estrogen may be due to interac-

tions with the previously described glucocorti-
coid-regulation pathway [Ikeda et al., 1989].
These results raise once more the possibility of
a local PTHrP gene regulation by estrogens in
the kidney.

As PTHrP acts as an autocrine-paracrine fac-
tor through the PTH/PTHrP receptor, we asked
whether this receptor was also affected by OVX
or E2 substitutive treatment. RT-PCR analysis,
in situ hybridization, and cAMP assay failed to
show any modification of the mRNAs levels,
renal distribution, and adenylyl cyclase activ-
ity of the PTH/PTHrP receptor by ovariectomy
and estrogen substitutive treatment. A dose
response to PTH stimulation might have been
more informative to observe changes in sensibil-
ity even if the regulation of the PTH-mediated
cAMP response by estrogens has been reported
only in bone cells [Fukayama and Tashjian,
1989; Kaji et al., 1996]. So, estrogen’s effects on
the kidney seem to be mediated by a regulation
of PTHrP and not by changes of the PTH/
PTHrP receptor gene expression.

The precise role of PTHrP in the kidney is not
well defined. A classical PTH-like action of
PTHrP, mediated via the PTH/PTHrP receptor,
is to increase the renal tubular reabsorption of
calcium [Strewler and Nissenson, 1994]. A re-
cent study has shown that estrogen also en-
hances the calbindin-D28k mRNA expression in
the rat kidney [Criddle et al., 1997] and pro-
poses that the kidney may participate in cal-
cium homeostasis in particular after the meno-
pause. It is likely to think that pharmacological
actions of estrogen on the kidney may also be
mediated through PTHrP and PTH/PTHrP re-
ceptor and lead to an increase in tubular reab-
sorption of calcium, limitating the renal leak of
calcium observed in postmenopausal women
[Nordin et al., 1991].

In conclusion, we found that renal PTHrP
and PTH/PTHrP receptor mRNAexpression was
not modified by ovariectomy. However, estrogen
replacement treatment significantly increased
the renal PTHrP mRNA expression without
evident changes in the renal PTH/PTHrP recep-
tor mRNA expression and adenylyl cyclase acti-
vation. This study suggests that, in the kidney,
pharmacological action of estrogen may be in
part mediated by PTHrP. This supports the
hypothesis that estrogen supplementation of
postmenopausal women may inhibit renal cal-
cium leak and prevent bone loss [Nordin et al.,
1991] by promoting tubular calcium reabsorp-

Fig. 5. Adenylate cyclase activity of PTH/PTHrP receptor in
the kidney. Cyclic AMP accumulation after stimulation with
PTH (10-6 M) was evaluated as described in Materials and
Methods. Quantitative results are presented as the percentage of
cAMP accumulation after stimulation with PTH compared to
basal cAMP accumulation after stimulation with acetic acid
(10-3 M). Results shown are mean 6 SEM of the percentage for
each group (n 5 10).
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tion through a local increase in renal PTHrP
expression [Strewler and Nissenson, 1994]. Fur-
ther in vitro studies to explore the PTHrP
mRNA and protein expression in cultured renal
cell lines will be helpful to understand the
mechanisms of estrogens on PTHrP expression.
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