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Abstract

Oxytocin (OT), a nonapeptide, was the first hormone to have its
biological activities established and chemical structure determined. It
was believed that OT is released from hypothalamic nerve terminals of
the posterior hypophysis into the circulation where it stimulates
uterine contractions during parturition, and milk ejection during lacta-
tion. However, equivalent concentrations of OT were found in the
male hypophysis, and similar stimuli of OT release were determined
for both sexes, suggesting other physiological functions. Indeed,
recent studies indicate that OT is involved in cognition, tolerance,
adaptation and complex sexual and maternal behaviour, as well as in
the regulation of cardiovascular functions. It has long been known that
OT induces natriuresis and causes a fall in mean arterial pressure, both
after acute and chronic treatment, but the mechanism was not clear.
The discovery of the natriuretic family shed new light on this matter.
Atrial natriuretic peptide (ANP), a potent natriuretic and vasorelaxant
hormone, originally isolated from rat atria, has been found at other
sites, including the brain. Blood volume expansion causes ANP
release that is believed to be important in the induction of natriuresis
and diuresis, which in turn act to reduce the increase in blood volume.
Neurohypophysectomy totally abolishes the ANP response to volume
expansion. This indicates that one of the major hypophyseal peptides
is responsible for ANP release. The role of ANP in OT-induced
natriuresis was evaluated, and we hypothesized that the cardio-renal
effects of OT are mediated by the release of ANP from the heart. To
support this hypothesis, we have demonstrated the presence and
synthesis of OT receptors in all heart compartments and the vascula-
ture. The functionality of these receptors has been established by the
ability of OT to induce ANP release from perfused heart or atrial
slices. Furthermore, we have shown that the heart and large vessels
like the aorta and vena cava are sites of OT synthesis. Therefore,
locally produced OT may have important regulatory functions within
the heart and vascular beds. Such functions may include slowing down
of the heart or the regulation of local vascular tone.
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�It does not seem justifiable... to draw... the
conclusion that the principle acting on the
plain muscle of the uterus is different from
that which acts on the arteries�.
Henry Dale: The actions of extracts of pitu-
itary body. Biochemistry Journal (1910), 4:
427-447.

Introduction

The first description of the uterotonic
action of pituitary extracts was given by Sir
Henry Dale in 1906 (1). A few years later,
Ott and Scott (2) showed that beside their
effect on uterine activity, the posterior pitu-
itary extracts also promote milk ejection -
the two principal activities of oxytocin (OT),
the structure and synthesis of which were not
elucidated until 50 years later by du Vigneaud
and co-workers (3).

OT is synthesized in magnocellular neu-
rons with cell bodies in the supraoptic and
paraventricular nuclei of the hypothalamus
and axons that project to the neurohypophy-
sis where it is stored and released into the
circulation.

It was believed that OT as well as argi-
nine vasopressin (AVP) were exclusively
released from the neurohypophysis although
Ott and Scott (2) reported that the extracts of
other tissues such as corpus luteum, pineal
and thymus glands have the same milk-eject-
ing properties. These observations were com-
pletely overlooked. However, recent studies
have shown that oxytocin is a ubiquitous
hormone, synthesized at many sites, and a
great array of physiological activities has
been attributed to this peptide.

Indeed, there is substantial evidence that
OT is an important hormone to induce sexual
and maternal behaviour or cognitive and
cardiovascular functions.

The hypothesis that oxytocin subserves
other physiological functions emerged from
the fact that the circulating level of OT and
the number of oxytocinergic neurons in the
hypothalamus are sex-independent (4). Fur-

thermore, stimuli such as increases in osmo-
lality, hypovolemia or angiotensin II, en-
hance the release of OT in females and males
in the same way. Oxytocin is associated with
reproduction not only in female rats but also
in males. In both sexes, oxytocin adminis-
tered chronically increases non-sexual so-
cial interactions.

It has long been recognized that oxytocin
increases renal electrolyte excretion in vari-
ous species, and that the natriuretic and kali-
uretic effects are vasopressin-independent.
There is evidence that OT produces natriure-
sis in rats at physiological plasma levels, and
that elevated plasma OT levels correlate with
increased sodium excretion (5).

Intracerebroventricularly injected OT
decreased blood pressure, whereas inhibi-
tion of brain OT synthesis by an anti-sense
oligonucleotide increased blood pressure in
rats (6). In primates, humans, and rats the
administration of oxytocin is often associ-
ated with a decrease in blood pressure (7,8).
The mechanism by which OT induces car-
diovascular effects is not yet known.

We hypothesized that regulation of car-
diovascular functions by OT is mediated by
the atrial natriuretic peptide (ANP) (9). ANP
is a potent diuretic, natriuretic and vasore-
laxant hormone originally found in the heart
atria but also present in the brain and various
peripheral tissues. This hypothesis is based
on several original and unique observations
made as a result of the studies on the role of
the brain in ANP release, and on our recent
finding of OT and oxytocin receptors (OTR)
in the heart.

Neural control of hydromineral
homeostasis

Central control of volume regulation is
believed to reside in the anteroventral third
ventricle (AV3V) area; however, this area is
part of a neuronal circuit that includes the
septal area, amygdaloid complex and hypo-
thalamus. ANP neurons (with cell bodies in
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the paraventricular nucleus projecting axons
to the external layer of the median eminence
(ME) and to the neural lobe) are important in
AV3V mediated natriuresis (10). Cholin-
ergic and adrenergic stimulation of AV3V
increases sodium excretion, which is associ-
ated with a rapid increase in plasma ANP.
Destruction of the AV3V inhibits sodium
excretion and results in a dramatic decrease
in plasma ANP as well as ANP in some brain
areas, without changes in blood pressure or
heart rate (10). Further, ME lesions largely
inhibit and neurohypophysectomy abolishes
the volume expansion-induced ANP release
(11). These observations led to the hypo-
thesis of a pituitary factor inducing ANP
release from the atria. Vasopressin has al-
ready been shown to stimulate ANP but only
at doses that increase blood pressure, indi-
cating a haemodynamic effect (12). There-
fore, we considered the possibility that oxy-
tocin released from the hypophysis circu-
lates to the heart and induces ANP release.
Indeed, there is evidence that oxytocin trig-
gers ANP release in vivo (13).

Natriuretic action of oxytocin

It has been long recognized that OT influ-
ences renal excretion of electrolytes. Acutely
hypophysectomized rats exhibit marked re-
tention of sodium (14) and a decline in blood
pressure and glomerular filtration rate (GFR)
probably due to the loss of pituitary function
(15). Further work of Balment et al. (16)
showed that neurohypophysectomized rats
avidly retain sodium in a manner similar to
that observed in acutely hypophysectomized
rats, implicating posterior pituitary factors in
the sodium retention following hypophysec-
tomy.

The acute renal actions of OT include
increased GFR, filtration fraction and so-
dium excretion without affecting potassium
excretion (17) in Brattleboro rats with a he-
reditary lack of AVP (18), which suggests
that OT exerts renal actions independent of

vasopressin. Oxytocin also has tubular ac-
tions (19) on apical sodium conductance that
may be related to increases in intracellular
[Ca2+] and cAMP production (20). It has
been suggested that at least part of the OT-
induced natriuresis is mediated by the kal-
likrein-kinin system (21).

Very early experiments on the renal ef-
fects of OT conducted in dogs indicated that
OT increases sodium excretion at low urine
flow, and at the same time may act as an
antidiuretic substance in water-loaded dogs.
Furthermore, Chan and Sawyer (22) also
found that high doses of OT induced natri-
uresis in water-loaded dogs.

Recent research of Verbalis et al. (5)
showed that OT produces natriuresis in con-
scious rats at physiological plasma concen-
trations. Subcutaneous infusion of graded
doses of OT, causing an increased plasma
OT level within the physiological range, in-
creased urinary sodium excretion in con-
scious rats maintained on a low sodium diet.
This effect was blocked by an OTR antago-
nist, was not affected by a vasopressin V1

antagonist and was partially inhibited by a
combination of V1 and V2 AVP antagonists.

It has been thought that the natriuretic
effect of OT was mediated by specific renal
OTR. However, very early observations of
Sedlakova et al. (23) indicated that at least
part of the natriuretic effect of OT may result
from secondary rather than primary hormone-
kidney interaction. The natriuresis produced
by OT and OT analogs was several-fold
greater when the substances were injected
into the carotid than into the renal artery.
Furthermore, in the isolated perfused dog
kidney, OT failed to induce any natriuresis.
Therefore, it appears that OT causes the
release of a substance that decreases sodium
reabsorption.

We have strong evidence that ANP is that
substance and that OT-induced renal actions
are mediated at least in part by ANP, a potent
diuretic, natriuretic and vasorelaxant hor-
mone synthesized in the heart atria and at
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many other sites (9,24).

Natriuretic peptide family

The natriuretic peptides, atrial (ANP),
brain (BNP) and C-type (CNP), act via endo-
crine and paracrine/autocrine mechanisms
as one of the key modulatory systems for
blood pressure regulation and body fluid
homeostasis (9,25,26). The natriuretic pep-
tides inhibit proliferation and hypertrophy
of vascular smooth muscle cells and endo-
thelial cells through cGMP production (27).
ANP plays an integral role in the regulation
of hydromineral homeostasis under normal
and pathological conditions through potent
biological effects, including vasorelaxation,
diuresis and natriuresis, and reduction of
venous return by a shift of plasma into the
interstitium. The natriuretic and diuretic ac-
tions of ANP result from enhanced GFR
and/or reduced tubular reabsorption of so-
dium and water, as well as suppression of
renin, aldosterone and vasopressin, and an-
tagonism of most of the peripheral and cen-
tral actions of angiotensin II (28).

BNP is secreted predominantly from the
cardiac ventricles in a constitutive manner in
response to increased pressure or stretch of
the ventricles. Plasma BNP levels are nor-
mally lower than ANP, but increase by 100-
fold in heart failure, where its levels in plasma
provide an index of cardiac dysfunction. The
biological actions of BNP mirror those of
ANP, i.e., diuretic and natriuretic properties,
as well as reduction of renin and aldosterone
secretion.

CNP (22 amino acids) shows remarkable
homology to ANP and BNP within the 17-
amino acid ring structure. CNP originally
isolated from porcine brain (26) and shown
as a neurotransmitter is now considered an
important component of peripheral tissues
including vascular endothelium (29) and ova-
ries (30). The actions of CNP are different
from those described for ANP and BNP.
CNP does not show any diuretic or natriuret-

ic actions in dogs and humans while it in-
duces potent hemodynamic effects (31). Also,
in contrast to ANP, CNP stimulates prolactin
secretion with a hypothalamic site of action
(32) and stimulates rather than inhibits water
drinking in rats (33). The place of CNP in
physiology and pathophysiology is much less
clear than that of ANP and BNP.

The biological actions of natriuretic pep-
tides are mediated by specific guanylyl cy-
clase receptors (GC-A and GC-B) through
generation of cGMP (34-36). The ligand
selectivity of GC-A is ANP ³ BNP > CNP,
and that of GC-B is CNP > ANP ³ BNP (37).
A third receptor, �C� or NPR-C, does not
show any ligand selectivity and thus may
promote clearance of the peptides from the
circulation (38). NPR-C may also mediate
inhibition of endothelin release and antago-
nism of the renin-angiotensin-aldosterone
system (28) via inhibition of adenylyl cy-
clase (39).

Among the natriuretic peptides, ANP has
been the most studied. ANP (28 amino ac-
ids) is a cardiac hormone released into the
circulation primarily by volume expansion
and atrial stretch (40,41). In addition, hu-
moral and neuronal factors such as adreno-
ceptor agonists, calcium channel agonists,
arginine vasopressin, angiotensin II, endo-
thelins and opioids have been shown to regu-
late ANP release, although the hemodynam-
ic effect of these peptides cannot be ruled
out (42-44).

We have recently added OT to these fac-
tors as a physiologically relevant stimulus of
ANP release.

Oxytocin and ANP release

ANP and OT are colocalized in some
hypothalamic magnocellular neurons (45)
with the highest percentage (90%) of
oxytocinergic neurons containing ANP im-
munoreactivity found in the intersupraoptico-
paraventricular island. The colocalization of
both these peptides provides a morphologi-
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cal basis for their interaction in the modula-
tion of physiological actions.

Oxytocin injected intraperitoneally or
intravenously induces dose-related increases
in plasma ANP that correlate with increases
in sodium and potassium excretion (13).
Blood volume expansion with isotonic and
hypertonic saline stimulates ANP as well as
OT release (46). Suckling, a physiological
stimulus for OT release, is also associated
with significant increases in plasma ANP.
Furthermore, OT induces ANP release from
quartered rat atria as well as during isolated
heart perfusion (47). An OT antagonist in-
hibited the stimulated and basal ANP release
from perfused rat heart. Therefore, we hy-
pothesized that the OT action on the heart is
mediated by specific OTR (48).

Oxytocin system in the heart

Heart oxytocin receptors

The oxytocin receptor gene is expressed
at various sites of the reproductive tract con-
sidered as target sites of OT actions, and in
some peripheral tissues such as kidney, pitu-
itary and mammary glands as well as in
various brain areas (49). The OTR has been
cloned and shown to be a member of OT/
vasopressin receptors that constitute a sub-
class of G protein-coupled receptors (50).

We have characterized oxytocin recep-
tors in the rat heart that appear to be identical
to those in other organs (48). The presence
of OTR in the rat heart was demonstrated by
autoradiography performed on frozen sec-
tions. The radiolabeled oxytocin antagonist
(125I-OTA) binding was progressively inhib-
ited by increasing quantities of unlabeled
OT. The OTR binding affinity was similar in
atrial and ventricular receptors, with Kd ~71
pM and Kd ~30 pM, respectively. The num-
ber of OTR was also similar in all heart
compartments.

The presence of specific transcript for
OTR in the rat heart was demonstrated by

1 2 3 4 5 6 Figure 1 - Detection of oxytocin
receptor mRNA in rat heart
chambers by RT-PCR. The pho-
tograph presents RT-PCR prod-
ucts amplified from cDNA sam-
ples after electrophoresis on 2%
agarose in ethidium bromide.
Lanes: 1, pBR322 DNA cleaved
with HaeIII; 2, uterus; 3, right
atrium; 4, left atrium; 5, right
ventricle; 6, left ventricle.

amplification of cDNA obtained from mRNA
of both rat atria and ventricles by PCR using
specific oligonucleotide primers. Amplified
rat heart OTR sequence was identical to
that of rat uterus and hypothalamus, indicat-
ing a close structural relationship. The size
of the PCR amplification product obtained
had the expected molecular size of 373
bp, the same receptor size found in the rat
uterus (Figure 1). The RT-PCR did not show
any extra band that could indicate the pres-
ence of different splicing forms. The pres-
ence of OTR transcripts was also shown
by in situ hybridization on atrial and ventric-
ular tissues using reverse PCR primers as
probe.

Functionality of heart OTR was demon-
strated by the ability of OT to release ANP
from the isolated perfused heart. Addition of
OT (10-6 M) to the perfusion buffer signifi-
cantly enhanced ANP release. Oxytocin 10-6

M resulted in a gradual and significant de-
crease in heart rate from 330 ± 12 to 288 ± 9
beats/min. The OTA inhibited ANP release
in a dose-related manner. Interestingly, OTA
at the concentration of 10-6 M decreased
ANP release below control levels. This ob-
servation implied the existence of intracar-
diac synthesis of OT.
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was demonstrated in all four heart compart-
ments by the amplification of rat heart cDNA
by PCR (Figure 4). The amplified fragments
of the OT gene generated from the rat heart
chambers are products identical in size to
those of the uterus. This finding indicates
that OT transcripts are structurally identical
in heart and uterus.

Oxytocin in vasculature

Since we have discovered that OT is
produced and released by the heart and acts
on its cardiac receptors to decrease cardiac
rate and force of contraction, we hypoth-
esized that OT might be produced in the
vasculature and dilate vessels. Indeed, our
studies show that an intrinsic OT system,
sensitive to estrogenic regulation exists in
the vasculature. Immunoreactive OT has been
identified in rat, sheep and dog vessels by a
specific radioimmunoassay, and character-
ized by HPLC (Figure 5). The RT-PCR anal-
ysis identified OT transcripts containing the
coding sequence of the OT gene in the aorta
(Figure 4) and vena cava. The membrane
binding with 125I-OTA and detection of OTR
mRNA confirmed the presence of OTRs in
the vasculature. Estrogen treatment enhanced
OT and OTR gene expression in the vena
cava, but only OTR mRNA was increased in
the aorta.

Summary

The results presented here demonstrate a
functional OT system in the rat heart and
vasculature. We have shown the presence of
OT mRNA in rat cardiocytes and large ves-
sels. All four heart compartments, as well as
large vessels, synthesize OTR, which is regu-
lated by estrogen. The functionality of heart
OTR has been shown by the OT ability to
release ANP, an effect that was totally inhib-
ited by an OTR antagonist.

We have reasons to believe that local OT
production in the heart is physiologically

Right atrium

Left atrium

Right ventricle

Left ventricle

Hypothalamus

Uterus

0 1000 2000 3000 4000 5000 6000 7000 8000

OT/mg protein OT/total tissue

OT (pg)

Figure 2 - Oxytocin (OT) concentration in the rat heart chambers vs uterus and hypothala-
mus obtained by RIA. Data are presented as OT, pg/mg protein, and OT, pg/organ or heart
chamber.

Figure 3 - Time-course of oxyto-
cin (OT) secretion from atrial car-
diomyocytes in vitro. Medium
samples were collected from 6
independent cultures and OT
was measured by RIA.
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Indeed, OT is present and synthesized in
the heart. The presence of OT was detected
by radioimmunoassay in all four chambers
of the rat heart (Figure 2). The highest con-
centration was found in the right atrium (2128
± 114 pg/mg protein) which is about the
same range as found in the hypothalamus
(51). Left atrial content was 1739 ± 16 pg/
mg protein. The ventricular OT levels were
lower in comparison to atria. In addition, in
vitro studies showed OT secretion from atrial
myocytes (Figure 3) and the presence of OT
in heart perfusate. Specific OT transcript
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relevant. It is conceivable that ANP released
through the activation of OTR slows the
heart by inducing a negative chronotropic
effect. The implication of the presence of the
OT system in the large vessels may include
local formation of CNP and ANP, which
consequently induces vasorelaxation. The

Figure 4 - Detection of oxytocin
mRNA in rat heart and aorta by
RT-PCR. The photograph pre-
sents RT-PCR products ampli-
fied from cDNA samples after
electrophoresis on 2% agarose
in ethidium bromide. Lanes: 1,
123-bp ladder Gibco/BRL; 2,
uterus; 3, cultured atrial myo-
cytes; 4, aorta; 5, right atrium; 6,
left atrium; 7, right ventricle; 8,
left ventricle.

1 2 3 4 5 6 7 8

indirect OT effect by the release of CNP or
ANP may inhibit growth and cell prolifera-
tion.

These results support the concept
that OT and ANP act in concert to control
body fluid and cardiovascular homeostasis.

Figure 5 - Reverse-phase HPLC
elution profile of oxytocin (OT)
immunoreactivity in the dog a-
orta. Tissue extracts were lyo-
philized and reconstituted in
20% acetonitrile in 0.1% TFA.
Oxytocin in eluted fractions was
measured by RIA.
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