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In this study, semiquantitative reverse transcription–PCR analysis
showed that estrogen receptor a (ERa) and b (ERb) mRNAs are
developmentally regulated in the rat heart. We found that ERa
mRNA was low in all heart chambers of 4-day-old rats, but was
elevated in the atria (6- to 18-fold) and ventricles (3- to 4-fold) of
adult rats. Western blotting analysis confirmed that these differ-
ences were efficiently translated into 67-kDa ERa protein. ERb
mRNA was expressed at its highest level in the left atrium and was
3- to 4-fold lower in other heart chambers of 4-day-old animals. In
adult rats ERb was decreased dramatically in the left atrium
(20-fold) and, to a lesser extent in the other heart chambers (2- to
4-fold). Significant ER changes occurred already in the first week
after birth. Accordingly, estrogen regulation in cells from neonatal
hearts, as reported in several studies, may not correspond to that
occurring in fully differentiated adult hearts, because of an altered
degree of ER expression. In adult rats, ovariectomy decreases atrial
ERa, the atriaybody weight ratio, and atrial natriuretic peptide
(ANP) transcription. Treatment of ovariectomized rats with 17-b-
estradiol (25 mg, 10 days, s.c.) reversed these changes. In addition,
there was no effect of ovariectomy and 17-b-estradiol supplemen-
tation on systolic blood pressure, but in ovariectomized rats a
decreased heart rate followed 17-b-estradiol administration. Sim-
ilar to the effects on ERa in the atria, ovariectomy lowered plasma
ANP levels, and 17-b-estradiol administration restored ANP in the
plasma of ovariectomized rats. Changes in plasma ANP correlated
with changes in ANP content in the right atrium, as demonstrated
by RIA. Increased ANP expression and secretion in response to ERa
activation may be a protective mechanism in the heart.

A trial natriuretic peptide (ANP) is a cardiac hormone pro-
duced predominantly in heart atria (1). It acts primarily on

the ANP A receptor, that is, guanylyl cyclase, which converts
GTP to cGMP. cGMP mediates the actions of ANP via protein
kinase G. ANP plays an integral role in the regulation of
hydromineral homeostasis under normal and pathological con-
ditions, through potent biological effects, including vasorelax-
ation, diuresis, natriuresis, and reduction of venous return by a
shift of plasma into the interstitium. The natriuretic and diuretic
actions of ANP result from enhanced glomerular filtration
andyor decreased tubular reabsorption of sodium and water,
suppression of renin, aldosterone, and vasopressin secretion, as
well as antagonism of most of the peripheral and central effects
of angiotensin II. The heart not only secretes ANP but also
expresses ANP receptors, which control heart functions through
cGMP production in cardiomyocytes and fibroblasts (2).

The ANP gene is strongly activated in response to hypertro-
phic stimuli in the heart and prevents hypertrophy by inhibition
of protein synthesis in cardiac myocytes via a cGMP-dependent
process (3). Mice lacking ANP or its guanylyl cyclase A receptor
exhibit marked cardiac hypertrophy that is disproportionately
large for the very modest blood pressure increases found in these
animals because of the loss of the vasodilating action of cGMP
(4, 5). In addition, chronic normalization of blood pressure in
these animals by administration of antihypertensive agents does
not decrease the degree of cardiac hypertrophy (6). Interestingly,
the hypertrophy is more evident in the atria than in the ventricles

of these knockout mice, and hearts from knockout male mice are
considerably more enlarged than those of female mice (4, 5),
suggesting a parallel role of estrogens and ANP in the prevention
of cardiac hypertrophy. The colocalization of estrogen receptors
(ERs) and ANP in cardiac myocytes (7) and stimulation of ANP
secretion from the isolated, perfused rat right atrium by 17-b-
estradiol (8) provide arguments for the hypothesis that ANP acts
as a mediator of estrogen action. In addition, ANP induces
vasorelaxation of coronary arteries (9), inhibition of L-type Ca12

channels in the myocardium (10), suppression of the renin-
angiotensin system (11), and decreased sympathetic nervous
system activity (12). These effects are recognized as being
protective to the cardiovascular system and are also induced by
estrogen (13).

Estrogen belongs to a class of steroid hormones that regulate
target cells upon binding to intracellular and membrane recep-
tors. Estrogen binding causes conformational changes to ERs,
with homodimerization and attachment to cellular proteins
serving as transcriptional coactivators (14). The dimeric recep-
tors exhibit high affinity for specific DNA sequences sensitive to
ER regulation. The result is alteration of cellular mRNA as well
as changes in the type and level of cellular proteins (15).
Although earlier studies showed binding of radiolabeled 17-b-
estradiol to the heart (16), the presence of ER, required for the
genomic effects on DNA and protein synthesis, was demon-
strated only recently in cardiac myocytes and fibroblasts (17).
Because of this ER localization, estrogen has been proposed to
play an important role in cardiac hypertrophy and remodeling
after myocardial infarction (18). On the other hand, studies of
reperfusion injury in isolated, perfused hearts revealed that
estrogen treatment of ovariectomized rats prevented myocardial
damage and interstitial edema formation (19, 20). Furthermore,
treatment of ovariectomized rats with 17-b-estradiol induces
nitric oxide synthase in cardiac myocytes (17) and reduces heart
contractility by inhibition of L-type Ca21 channel activity (21,
22), which mediates negative inotropic actions on these cells (15).

Estradiol mediates gene transcription through the activation
of two receptors: ERa and ERb (23). ERb is 96% identical to
classical ERa in its DNA-binding domain (23) but lacks homol-
ogy (18%) in the N-terminal transactivation domain. This lack of
homology led to speculation that the two ERs may differentially
regulate various genes (23). Recent observations suggest that
estrogen effects in vascular cells, and possibly in the myocardium,
depend on the relative expression of ERa and ERb (24).
However, the roles of ERa andyor ERb in cardiac functions are
not known.

Abbreviations: ANP, atrial natriuretic peptide; ER, estrogen receptor; RT-PCR, reverse
transcription–PCR.
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Because of the abundance of ER in atria but not in the
ventricles of adult rats (16) and the presence of ER in myocytes
secreting ANP (7), we hypothesize that estrogen induces ANP
synthesis and release from the heart through an ER-dependent
mechanism. Because ANP transcription changes during matu-
ration, we investigated ERa andyor ERb in newborn and adult
rats. Subsequently, in ovariectomized rats, we evaluated the
effect of 17-b-estradiol deficit and supplementation on ERa
andyor ERb activation in the atria and ventricles, and on cardiac
hypertrophy, blood pressure, heart rate, ANP synthesis, and
release.

Materials and Methods
Animals. Experiments were conducted in accordance with guide-
lines of the Canadian Council on Animal Care with the approval
of the institutional animal care committee of Centre Hospitalier
de l’Université de Montréal. Sprague–Dawley rats were ob-
tained from Charles River Breeding Laboratories. The ER
developmental study was performed in dissected heart compart-
ments obtained from 4- and 5-day-old male and female rats.

Estrogen effects also were investigated 14 days after surgery
in ovariectomized rats and sham-operated controls (200–225 g).
The serum estrogen concentrations increased by 2- to 3-fold
between implantation (days 6–7 after copulation) and day 18 of
rat pregnancy (25). This increase in serum estrogen is associated
with plasma ANP elevation (26). To mimic this increase in both
hormones, ovariectomized rats were treated with 17-b-estradiol.
Two weeks after ovariectomy 17-b-estradiol injections were
given (s.c.) daily for 10 days to rats randomly allocated to one of
three treatment groups: (i) sham-operated controls receiving 100
ml of sunflower oil (vehicle); (ii) ovariectomized controls receiv-
ing 100 ml of vehicle; and (iii) ovariectomized rats receiving 25
mg of 17-b-estradiol acetate in 100 ml of vehicle. All three groups
were housed in pairs in a light-controlled room (12 h light, 12 h
dark) with ad libitum access to tap water and food. Body weight
was recorded every 2 days. At the end of the experiment, the rats
were decapitated, and their hearts were rapidly removed and
blotted dry. The heart weight was recorded, after dissection of
the left and right atria, right ventricle, and left ventricle with
septum. Total heart, atria, and ventricle weight-to-body weight
ratio expressed the degree of myocardial hypertrophy.

Plasma estrogen levels and the absence of the ovaries and
uterine atrophy at necropsy verified the adequacy of ovariec-
tomy. Bilateral ovariectomy produced a plasma 17-b-estradiol
level of 5.7 6 1.0 pgyml, approximating values in similar studies
(20), which indicate an extraovarian source of estradiol in
plasma. This level increased to values occurring during early rat
pregnancy (122.1 6 13.3 pgyml) after 17-b-estradiol adminis-
tration, whereas the plasma of sham-operated controls con-
tained 19.5 6 3.9 pgyml of 17-b-estradiol.

Physiologic Measurements. Systolic blood pressures and heart rates
were recorded by the tail-cuff method with the Visitech BP-2000
system (Apex, NC) after 3 days of training before injection and
on the last days of the experiment from 9 a.m. to 11 a.m. daily.

ANP RIA. To quantify ANP in plasma, 2 ml of blood was collected
in chilled tubes containing 1 mgyml EDTA, 10 mM PMSF
(P7626; Sigma), and 5 mM pepstatin A (P4265; Sigma). After
centrifugation for 20 min in 4°C at 4,000 rpm, the separated
plasma was extracted immediately. Plasma ANP was measured
by RIA after extraction in C18 Sep-Pak cartridges (Waters), as
described (27).

For the determination of tissue ANP concentration, the heart
chambers were homogenized in 0.1 M acetic acid containing
protease inhibitors to a final concentration of 1 mgyml of EDTA,
5 mM pepstatin A, and 10 mM PMSF, at 4°C in a Polytron
homogenizer (setting: 10 3 3 for 20 s). After 20 min of

centrifugation at 30,000 3 g, the pellet was washed and reho-
mogenized in the same buffer. ANP concentration was deter-
mined by direct RIA in serial dilutions of the homogenates (27).
The values were normalized to protein concentration and re-
ported as mgymg protein (28).

Semiquantitative Reverse Transcription–PCR (RT-PCR). Total RNA
was isolated from the rat hearts with the use of Trizol reagent
(Life Technologies, Rockville, MD) according to the manufac-
turer’s specifications. Total RNA was then treated with RNase-
free DNase I under a standard protocol. The integrity and
quality of the purified RNA were controlled by formaldehyde
denaturing agarose gel electrophoresis and measurement of the
A260yA280 ratio. First-strand cDNA was synthesized in a final
volume of 40 ml containing first-strand buffer, 2 mg rat cardiac,
or uterine RNA used as a control; 2 mg hexanucleotide primer
(Amersham Pharmacia); and avian myeloblastosis virus reverse
transcriptase (12 unitsymg RNA; Life Technologies). Ten mi-
croliters of first-strand cDNA was added to a PCR mixture and
amplified for 25–33 cycles by incubation at 95°C for 1 min, 57oC
for 1 min, and 72°C for 1.5 min, with a final incubation at
72°C for 3 min, all in a Robocycler gradient 40 thermocycler
(Stratagene).

The methodology of semiquantitative RT-PCR and primer
selection for ERa and ERb transcript amplifications was
adapted from Kuiper et al. (29). A 262-bp fragment of ERb
mRNA was amplified with the oligonucleotides erbkg1: 59-
TTCCCGGCAGCACCAGTAACC (138 relative to ATG) and
erbkg2: 59-TCCCTCTTTGCGTTTGGACTA (1279 relative to
ATG). A 344-bp fragment of rat ERa mRNA was amplified with
the oligonucleotides kgb5: 59-AATTCTGACAATCGACGC-
CAG (1472 relative to ATG) and kgb6: 59-GTGCTTCAACAT-
TCTCCCTCCTC (1794 relative to ATG). The oligonucleotides
used for amplification of 18S RNA followed the manufacturer’s
protocol (Ambion, Austin, TX). Each cycle involved incubation
at 94°C for 1 min, 59°C for 1 min, and 72°C for 2 min followed
by a 5-min final extension at 72°C. For PCR quantitation, 10 mCi
of [32P]d-CTP was added to PCR buffer. Ten microliters of the
PCR products was electrophoresed on 1.5 agarose gel and
vacuum-transferred onto Hybond N1 nylon membranes (Am-
ersham Pharmacia) in 1.5 M NaCl and 0.5 M NaOH. For control
of specificity of PCR amplification, after agarose gel electro-
phoresis and blotting to nitrocellulose filters, the unlabeled PCR
products were hybridized to the internal oligonucleotides,
ERUR 4: 59-GGGACTCTTTTGAGGTTCTGC (1163–182
relative to ATG) for ERb, and KG50: 59-GCAGCGAGAAGG-
GAAACATGA (1518–538 relative to ATG) for ERa. RT-PCR
for ANP transcript was performed according to the method of
Chen et al. (30). Control RT-PCRs were conducted by omitting
reverse transcriptase or RNA from the reaction mixture. Ra-
dioactive bands were counted and analyzed with the Storm 840
Imaging System and IMAGEQUANT software (Version 4.2; Mo-
lecular Dynamics). To validate the use of this RT-PCR assay as
a tool for the semiquantitative measurement of ER mRNA,
dose–response curves were established for different amounts of
total RNA extracted from heart tissue, and the samples were
quantitated in the curvilinear phase of PCR amplification. These
data were normalized to the corresponding values of 18S RNA
PCR products in the same samples.

Western Blot Analysis. Tissue samples were homogenized in su-
crose buffer (20 mM HepesyTris with 250 mM sucrose, pH 7.4)
and then centrifuged at 3,000 3 g for 10 min at 4°C to remove
cellular debris. The supernatant was centrifuged at 100,000 3 g
for 30 min at 4°C, and the pellet was suspended in sucrose buffer.
The protein concentration was determined by a modified Brad-
ford assay (27). An aliquot (25 mg) was subjected to SDSyPAGE
under reducing conditions. The stacking gels contained 5%
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(wtyvol) acrylamide, and the separating gels were composed of
8% (wtyvol) acrylamide. The proteins were electrophoretically
transferred from the gels onto nitrocellulose paper (Hybond-C;
Amersham Pharmacia). The nitrocellulose blots were blocked
with 5% (wtyvol) nonfat milk in Tris-buffered saline, containing
20 mmolyliter TriszCl (pH 8.0), 140 mmolyliter NaCl, and 0.05%
(wtyvol) Tween-20. The membranes were then probed with a
mouse mAb (1:2,000) directed against ERa (catalog no. sc-8002,
Santa Cruz Biotechnology) or goat polyclonal antibody (1:1,000)
directed against ERb (catalog no. sc-6822, Santa Cruz Biotech-
nology). All antibody incubations and washes were performed in
Tris-buffered saline with 0.05% Tween-20. The Amersham
Pharmacia enhanced chemiluminescence system was used for
detection. Membranes were visualized by exposure to Kodak
X-Omat film.

Results
Differential Expression of ERs in Newborn and Adult Rat Hearts. With
the use of RT-PCR analysis, ERa and ERb mRNA were
detected in all heart chambers of adult and newborn rats (Fig.
1A). The resulting 344-bp and 262-bp PCR products were
amplified from cardiac cDNA but not from corresponding RNA
samples and confirmed as being ERa and ERb by Southern
blotting, with the use of a nested oligonucleotide probe. Addi-
tional controls included DNase treatment of RNA extracts
before RT-PCR. The possibility that artificial products were
amplified was further controlled by incomplete RT-PCRs, in-

cluding omission of DNA polymerase or one of the primers.
Total RNA samples from the hearts of newborn (1-day-old) rats
were included in each experiment and used as standards (100%)
for the calibration of ERa mRNA and ERb mRNA levels.

As shown in Fig. 1B Left, the highest levels of ERa mRNA
were detected in the right atrium and left ventricle of 4-day-old
rats with the lowest levels (2- to 3-fold, P , 0.05) in the left
atrium. The ERa mRNA levels increased by 6- to 18-fold in the
atria and by only 2- to 5-fold in the ventricles of rats on the 55th
day of age, as compared with the values in 4-day-old animals.
Relatively high ERa mRNA expression was found in adult rat
atria in comparison with that in the ventricles. The expression of
ERa mRNA was found to be significantly higher in the right than
in the left atrium (P , 0.05).

Similar ERb mRNA analysis revealed age-related changes
opposite those of ERa mRNA (Fig. 1B, Right). In 4-day-old rats,
ERb mRNA was about 2- to 3-fold lower than in newborn hearts,
with the exception of the left atrium. ERb mRNA was expressed
at its highest level in the left atrium and was 3- to 4-fold lower
in the other heart chambers of 4-day-old rats. In adult rats ERb
dramatically decreased in the left atrium (20-fold) and, to a lesser
extent, in the other heart chambers (2- to 4-fold). Finally, in the
adult heart, ERb mRNA levels were similarly expressed in the
left ventricle and both atria and were '2-fold higher in the right
ventricle (P , 0.05). Comparison of changes in ER mRNA in the
heart chambers revealed the most dramatic changes in both ERa
and ERb mRNA in the left atrium.

Because the presence of mRNA transcripts alone does not
prove similar regulation of a translated product, we measured
ER proteins. By Western blot analysis, we confirmed that
increases in cardiac ERa transcripts are efficiently translated
into 67-kDa ERa protein, which corresponds to the full sequence
of the ERa molecule (Fig. 1C). Because of its low expression,
ERb was undetectable by Western blotting in rat heart extracts
at all ages.

Effects of Ovariectomy and 17-b-Estradiol Supplementation. Another
set of experiments elucidated the role of estrogen in the control
of blood pressure, heart rate, heart, and body weight. Basal
systolic blood pressure and heart rate were not different in
sham-operated and ovariectomized rats. Pressure and heart rate
measurements obtained before death (Fig. 2) show that admin-
istration of 17-b-estradiol to ovariectomized rats did not change
blood pressure (138 6 6 vs. 143 6 5 mmHg). On the other hand,
blood pressure was lowest in sham-operated animals (128 6 9
mmHg). However, this result was not significantly different from
that in ovariectomized rats treated with 17-b-estradiol or ovari-
ectomized controls treated with vehicle. 17-b-Estradiol admin-
istration significantly decreased heart rate in ovariectomized rats
to 314 6 16 beats per min in comparison with vehicle-treated,
ovariectomized (371 6 9 beats per min, P , 0.05) or sham-
operated controls (369 6 9 beats per min, P , 0.05).

Table 1 shows that ovariectomized rats gained an average of
30 g more in body weight compared with their age- and weight-
matched sham-operated controls. 17-b-Estradiol administration
to ovariectomized animals decreased body weight by 9% com-
pared with vehicle-treated, ovariectomized rats (P , 0.05), and
their body weight was similar to that of sham-operated controls.
However, total heart weight was comparable in control and
17-b-estradiol-treated, ovariectomized groups (872 6 18 mg vs.
857 6 23 mg, respectively) and was significantly higher than that
of sham-operated controls (810 6 21, P , 0.05). Thus, 17-b-
estradiol treatment resulted in a higher heart-to-body weight
ratio in ovariectomized rats (3.29 6 0.08 mgyg) than in vehicle-
treated controls (3.05 6 0.05 mgyg, P , 0.05) that was not
different from that of sham-operated animals (3.17 6 0.04
mgyg). Further analysis demonstrated that the atria-to-body
weight ratio was 35–40% lower in the ovariectomized, vehicle-

Fig. 1. RT-PCR analysis of ERa and b transcripts in the heart chambers of
newborn (4-day-old) and adult (55-day-old) female rats. Total RNA (1 mg) was
reverse-transcribed, and cDNA was exponentially amplified in the presence of
gene-specific primers. (A) A PhosphorImager scan after separation of the
radioactive PCR product by electrophoresis in 1.5% agarose. Representative
bands obtained from three RNA samples of the right atrium (RA) and left
ventricle (LV) are shown. (B) Bar graphs depict ERa mRNA (Left) and ERb mRNA
(Right) levels verified by 18S RNA product used as internal standard. The
results were calculated as a ratio of the signal given by radioactive bands of
ERa mRNA or ERb mRNA to the corresponding 18S band. RNA samples from
the whole heart of newborn (1-day-old) rats were included in each experiment
and used as a standard (100%) for calibration of ERa mRNA or ERb mRNA
levels. Values are means 6 SEM for the right atrium and left ventricle, as well
as for the left atrium (LA) and right ventricle (RV). n 5 6; §, P , 0.05 vs.
4-day-old; *, P , 0.05 vs. LV. (C) Expression of ERa protein in the right atrium
and left ventricle of 4- and 55-day-old female rats. Twenty-five-microgram
protein homogenates of the right atrium and left ventricle were subjected to
SDSyPAGE, immunoblotted with an anti-ERa monoclonal antibody, and visu-
alized by the chemiluminescence technique. The uterus homogenate was
included as a positive control.
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treated group (0.19 6 0.01 mgyg) than in sham-operated con-
trols (0.32 6 0.02 mgyg, P , 0.05) and ovariectomized rats
receiving 17-b-estradiol (0.29 6 0.02 mgyg, P , 0.05). In
contrast, the ventricle-to-body weight ratio was comparable in
the ovariectomized, vehicle-treated (2.84 6 0.04 mgyg) and
sham-operated groups (2.84 6 0.04 mgyg) without a significant
difference from ovariectomized rats treated with 17-b-estradiol
(3.00 6 0.08 mgyg). These results suggest that circulating
17-b-estradiol in plasma specifically targets the atria, which
correlates with the predominant expression of ERa in these
cardiac chambers.

ERs and ANP in Response to Ovariectomy and 17-b-Estradiol Treat-
ment. ER mRNA expression in the heart does not indisputably
confirm the ability to respond directly to estrogen exposure.
Therefore, experiments were performed to verify the hypothesis
that estradiol effects on the atriaybody weight ratio are reflected
by ER changes. Indeed, as demonstrated in Fig. 3A, Western blot
analysis revealed that 67-kDa protein encoding ERa decreased
in the left and right atria after ovariectomy, and 17-b-estradiol
treatment of ovariectomized rats increased ERa to normal levels
in the right atrium and partially in the left atrium. The changes

in ERa protein paralleled the changes in ERa mRNA (Fig. 3 B
and C). Neither ovariectomy nor estradiol supplementation
changed ERb mRNA level in the right atrium (Fig. 3C), but in
the left atrium (Fig. 3B) 17-b-estradiol administration to ovari-
ectomized rats resulted in increased ERb mRNA. ANP mRNAs
also paralleled the results of ERa mRNA (Fig. 3 B and C),
indicating that ANP synthesis is associated with the plasma
17-b-estradiol level as well as with ERa expression in the atria.

As shown in Fig. 4A, these ANP mRNA changes were paral-
leled by small but significant variations in plasma ANP levels. In
ovariectomized, vehicle-treated rats, plasma ANP concentra-
tions (300 6 16 pgyml) were lower than in sham-operated
controls (365 6 26 pgyml, P , 0.05). Treatment with 17-b-

Fig. 2. Systolic blood pressure (A) and heart rate (B) in sham-operated
(sham), ovariectomized (ovx), and ovariectomized rats supplemented with
17-b-estradiol (ovxE). n 5 10; *, P , 0.05 vs. sham; §, P , 0.05 vs. ovx.

Table 1. Body and organ weight, and organ weightybody weight ratio in sham-operated, ovariectomized, and ovariectomized rats
supplemented with 17-b-estradiol

Sham-operated n 5 20 Ovariectomized n 5 10 Ovariectomized 1 E2 n 5 10

Weight OrganyBW, mgyg Weight OrganyBW, mgyg Weight OrganyBW, mgyg

Body weight, g 255 6 2 — 285 6 3* — 260.6 6 3† —
Uterus, mg 448 6 77 1.75 6 0.30 119 6 2* 0.42 6 0.01* 292 6 10† 1.12 6 0.03*†

Heart, mg 810 6 21 3.17 6 0.04 872 6 18* 3.05 6 0.05 857 6 23* 3.29 6 0.08†

Left atrium, mg 40 6 2 0.16 6 0.01 24 6 2* 0.08 6 0.01* 31 6 3* 0.12 6 0.01*†

Right atrium, mg 42 6 3 0.17 6 0.01 35 6 5 0.12 6 0.02* 45 6 4 0.17 6 0.02†

Atria, mg 83 6 4 0.32 6 0.02 59 6 5* 0.19 6 0.01* 76 6 4† 0.29 6 0.02†

Left ventricle, mg 599 6 10 2.35 6 0.03 668 6 10* 2.30 6 0.03 633 6 20 2.40 6 0.07
Right ventricle, mg 128 6 5 0.51 6 0.02 145 6 7 0.51 6 0.02 148 6 8* 0.57 6 0.03*
Ventricles, mg 728 6 10 2.84 6 0.04 813 6 17* 2.84 6 0.04 781 6 23* 3.00 6 0.08

E2, 17-b-estradiol. *, P , 0.05 vs. sham-operated. †, P , 0.05 vs. ovariectomized control.

Fig. 3. (A) ERa protein expression in atria of sham-operated (sham), ovari-
ectomized (ovx), and ovariectomized rats supplemented with 17-b-estradiol
(ovxE). Twenty-five micrograms of protein homogenates of the left atrium (1)
and right atrium (2) were subjected to SDSyPAGE, immunoblotted with an
anti-ERa mAb, and visualized by the chemiluminescence technique. (B and C)
RT-PCR analysis of ER transcripts and ANP in the left atrium (B) and right atrium
(C) of sham-operated (sham), ovariectomized (ovx), and ovariectomized rats
supplemented with 17-b-estradiol (ovxE). Total RNA (1 mg) was reverse-
transcribed and cDNA was exponentially amplified in the presence of gene-
specific primers. A PhosphorImager scan is presented after separation of the
radioactive PCR product by electrophoresis in 1.5% agarose. Representative
bands obtained in three RNA representative samples from sham, ovx, and ovxE
rats are presented. The results were calculated as the ratio of the signal given
by radioactive bands of ERa mRNA or ERb mRNA to the corresponding 18S
band. Values are means 6 SEM adjusted to the values (in percentage) of
sham-operated rats (100%). n 5 6; *, P , 0.05 vs. sham; §, P , 0.05 vs. ovx.
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estradiol significantly increased ANP in the plasma of ovariec-
tomized rats (375 6 37 pgyml, P , 0.05 vs. vehicle-treated
controls). RIA revealed that ovariectomy and estrogen treat-
ment decreased and increased, respectively, ANP concentrations
in the right but not in the left atrium (Fig. 4B). ANP in the right
atrium decreased from 4.6 6 1.1 mgymg protein in sham-
operated controls to 2.5 6 0.31 mgymg protein in ovariectomized
animals (P , 0.05) and increased significantly in 17-b-estradiol-
treated, ovariectomized rats to 4.8 6 1.8 mgymg protein (P ,
0.05), similar to that in the sham-operated group.

Discussion
The existence of two ER subtypes raises the possibility that
variation in the presence and relative extent of ERs or ER-
specific mechanisms mediates tissue-specific and physiological
state-specific actions of estrogen. In this study, with the use of
semiquantitative RT-PCR analysis and Western blotting, we
discovered that ERs are developmentally regulated in the rat
heart. Furthermore, we demonstrated that ERa expression rises
from low levels in newborns in a chamber-specific manner,
whereas ERb mRNA decreases in the adult rat heart, suggesting
a specific role of both receptors in heart maturation. High ERb
expression was observed in the newborn heart and at 4 days of
postnatal life, when extensive hyperplasia of the rat heart occurs
and the heart grows more rapidly than the body (31). Then, in
adult rats, ERb expression is low, in contrast to relatively high
ERa mRNA levels. Age-dependent increases in ERa suggest
that this receptor plays a role in heart maturation. The high ERa
expression thereafter suggests that it functions as a predominant
estrogenic mediator in the rat heart. In the adult rat heart, ERs
a are significantly more expressed in the atria than in the
ventricles. Atrial but not ventricular ERa levels decreased after
ovariectomy and were partially reconstituted in response to
estrogen treatment in ovariectomized rats. Ovariectomy also
reduced the heart-to-body weight ratio and mainly the atrial
weight-to-body weight ratio. The decrease in ERas in the atria

after ovariectomy was accompanied by decreased plasma ANP
levels. 17-b-Estradiol, administrated at the dose that elevated
plasma estradiol to supraphysiological levels, reconstituted these
values in the plasma of ovariectomized rats. Interestingly, this
increase was accompanied by a decreased heart rate. Variations
in plasma ANP were correlated with changes in ANP concen-
tration in the right atrium. The failure of ERa to be affected in
the ventricle by altered estrogen levels suggests that these
receptors are less responsive to estrogen.

Consistent with the concept that ERas are the predominant
estrogenic mediator in the heart in vivo, reduced 17-b-estradiol
and ERa levels in adult ovariectomized rats resulted in a
decreased heart-to-body weight ratio, which was restored by
estrogen supplementation. Thus, the reduced 17-b-estradiol
level in adult ovariectomized rats is associated with decreased
ERa transcripts and protein. Similarly, ER concentrations in
vascular tissue respond to changes in plasma estradiol level (32).
Estradiol also increased ERa as well as ERb transcripts in
cultured cardiomyocytes (17). Thus, ERa-induced increased
expression of certain genes may explain the greater heart-to-
body weight ratio in 17-b-estradiol-treated ovariectomized rats
than in vehicle-treated, ovariectomized controls, and recently
Wallen et al. (33) found that female rats have a greater cardiac
mass than males, which they attributed to estrogen.

In our experiments, the decrease in cardiac mass after ovari-
ectomy and its reconstitution by 17-b-estradiol administration
were well defined in the atria and paralleled the expression level
of ERa and ANP in these heart chambers. In addition, we found
that 17-b-estradiol treatment of ovariectomized rats resulted in
a pronounced increase in ERa mRNA and ERa protein in the
right atrium and, to a lesser extent, in the left atrium. These
increases were associated with heightened plasma ANP, aug-
mented ANP mRNA in both atria, and greater ANP concen-
tration in the right atrium. Our findings of ERa down-regulation
by ovariectomy and its reconstitution by 17-b-estradiol may
explain the increased Ca21 accumulation, myocardial damage,
and myocardial edema observed after ischemia-reperfusion in
ovariectomized rats (34), indicating that the absence of cardiac
ERa results in deleterious effects on the heart and underlining
the cardioprotective actions of ERa.

Further demonstrations that ERs are involved in myocardial
regulation is the observation that ERa knockout in male mice
leads to severe myocardial damage after ischemia-reperfusion
(35), and the report that a man with a disruptive mutation in the
ER gene had impaired flow-mediated, endothelium-dependent
vasodilation (36) and premature coronary artery disease (37) in
the presence of circulating estrogen. Recent studies have shown
that ovariectomy increases and estrogen decreases L-type cal-
cium channel density in rabbit ventricular myocytes (22). The
effects may be mediated by the nitric oxideycGMP pathway.
Fraser et al. (20) reported that chronic administration of 17-b-
estradiol to ovariectomized rats increases nitric oxide synthase
activity, restores impaired cGMP production, and improves
postischemic left ventricular work in hearts isolated from the
same animals. Although up-regulation of ERs in cardiomyocytes
was associated with an increase in nitric oxide synthase activity
(38), a similar ERa-dependent mechanism mediated by ANP
could also elevate cGMP and result in cardioprotection.

Plasma ANP augmented by 17-b-estradiol administration to
ovariectomized rats was reported by Zhang et al. (26), who
demonstrated that this effect was attenuated by combination of
17-b-estradiol with progesterone. In the uterus of ovariecto-
mized mice, 17-b-estradiol stimulated (3-fold) C-type natriuretic
peptide, whereas progesterone significantly attenuated this es-
trogen effect (39). Estrogen-stimulated increases in uterine
C-type natriuretic peptide were ER-dependent, as demonstrated
by inhibition with ICI-164.384, a nonselective ER antagonist.
Progesterone also can act directly on ER in cardiac myocytes

Fig. 4. Effect of rat ovariectomy and 17-b-estradiol supplementation on the
ANP level in plasma (A) and on ANP concentration (B) in the left atrium (LA)
and the right atrium (RA). The results are presented in samples from sham-
operated (sham), ovariectomized (ovx), and ovariectomized rats supple-
mented with 17-b-estradiol (ovxE). n 5 6; *, P , 0.05 vs. sham; §, P , 0.05
vs. ovx.
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and, therefore, decreases ANP synthesis, because both proges-
terone receptors and ER are colocalized in these cells (40).
Alternatively, progesterone by posttranslational mechanisms
may decrease the number of oxytocin receptors, as demonstrated
by Grazzini et al. (41), and this inhibition might lead to sup-
pression of ANP secretion, as we observed (42).

Our data are consistent with other studies showing that the
decrease in heart rate may be a direct effect of estrogen
administration (43). Thus, changes in heart rate can be due to
ER-mediated changes, inasmuch as experiments on the isolated
rat heart (44) show that 17-b-estradiol decreased the heart rate,
together with a dose-dependent negative chronotropic effect in
the right atrium but not in the left atrium. Correspondingly, we
have already demonstrated that the rat right atrium is the
primary source of ANP release in response to volume expansion
in association with heart rate reduction upon activation of
oxytocin receptors (42, 45). Our experiments show that, in
addition, 17-b-estradiol treatment increased ANP release and
synthesis concomitantly with bradycardia. ANP acts via ANP

receptors in the right atrium to activate particulate guanylyl
cyclase, leading to increased cGMP accumulation. Then, cGMP
decreases the rate of cardiac contraction by acting on the
sinoatrial node. The observation that both estrogen (21, 22, 46)
and ANP (10) inhibit Ca21 channels in cardiomyocytes is
consistent with linkage to cGMP elevation. In addition, the
negative chronotropic effects of ANP may be mediated by
stimulation of Ca21 and voltage-activated potassium channel
activity through activation of cGMP-dependent protein kinase
(47). This stimulation of Ca21 and voltage-activated potassium
channel activity may reduce oxygen consumption and produce
cardioprotection.
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