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Abstract: Since the discovery of vasopressin (VP) and oxytocin (OT) in 1953, considerable knowl-
edge has been gathered about their roles in cardiovascular homeostasis. Unraveling VP vasocon-
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strictor properties and Vla receptors in blood vessels generated powerful hemostatic drugs and
drugs effective in the treatment of certain forms of circulatory collapse (shock). Recognition of the

key role of VP in water balance via renal V2 receptors gave birth to aquaretic drugs found to be
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useful in advanced stages of congestive heart failure. There are still unexplored actions of VP and
OT on the cardiovascular system, both at the periphery and in the brain that may open new venues
in treatment of cardiovascular diseases. After a brief overview on VP, OT and their peripheral ac-
tion on the cardiovascular system, this review focuses on newly discovered hypothalamic mecha-

nisms involved in neurogenic control of the circulation in stress and disease.
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1. INTRODUCTION

The golden era of peptide research gathered considerable
knowledge about the biological functions of the neurohypo-
physial peptides vasopressin (VP) and oxytocin (OT) on the
cardiovascular system, discovered in 1953 [1-3]. Under-
standing of the peripheral actions of VP on vascular resis-
tance was crucial for the development of effective vasocon-
strictor drugs, analogues of VP (felipressin, terlipressin) tar-
geting Vla receptors (V1aR) in blood vessels, used today as
first line treatment in some forms of upper gastrointestinal
tract (esophageal) bleeding. Also, the vasoconstrictor proper-
ties of VP turned out to be life saving in late stages of shock
(hemorrhagic, septic) when blood vessels become irrespon-
sive to circulating catecholamines. Appreciating the role of
VP in the pathogenesis of heart failure (HF) gave birth to
new class of aquaretic drugs, nonselective and selective V2
receptor (V2R) antagonists for advanced stages of congestive
HF associated with dilutional hyponatremia. The efficacy of
these drugs is being critically reviewed in professional and
medical journals [4-6].

VP and OT, both peripherally and centrally, have actions
on the cardiovascular system still not well understood. It has
been discovered that OT synthesized in the heart acts as an
important factor in cardiac cell differentiation and cardiac
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healing. Furthermore, a cardio-protective potential of OT
during cardiac ischemia and diabetes has been suggested.
These exciting new data are comprehensively reviewed by
the main contributors in the field [7, 8].

It is believed that shedding light on the central action of
VP and OT on the neurogenic control of the circulation may
open new venues in the treatment of cardiovascular diseases
associated with hyperadrenergic states such as primary hy-
pertension and HF. Autocrine and paracrine factors involved
in the local control of VP and OT release have been discov-
ered clarifying the functioning of magnocellular neurons
(MCN) located in the supraoptic nucleus (SON) and the
paraventricular (PVN) nucleus of the hypothalamus. Because
peripheral and central actions of VP and OT on the cardio-
vascular system are tightly interconnected, in the following
sections we will first give a brief and updated overview on
VP, OT and of their peripheral actions on the cardiovascular
system [9]. Then, we will focus this review on newly discov-
ered hypothalamic mechanisms modulating the excitability
of MCNs and of the pre-sympathetic VP and OT neurons
implicated in neurogenic control of the circulation in stress
and disease.

2. VP & OT: ORIGIN, STRUCTURE, RECEPTORS
AND FUNCTIONS

VP and OT are synthetized in the brain mainly by the
MCNs in the hypothalamic PVN and SON. They are small
cyclic peptides consisting of 9 amino-acids transcribed from
genes located adjacent to each other at chromosome 20, en-
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coding large pre-pro-peptides [10, 11]. Although similar in
structure (differing only in 2 amino-acids at position 3 and 9)
VP an OT exert diverse, often opposing biological actions,
and participate in cardiovascular homeostasis at the periph-
ery and in the brain. VP and OT containing MCNs in SON
and in the magnocellular part of the PVN project to neuro-
hypohysis where they are released directly into systemic
blood and hypophyseal portal circulation. Neurons from par-
vocellular part of the PVN project to extrahypothalamic
structures performing classical “wire” neurotransmission
[12]. In addition, VP and OT are released intranuclearly from
somata and dendrites of MCNs where they act in
autocrine/paracrine fashion, diffuse into extracellular fluid
and exert “volume” communication by reaching distant re-
ceptors [13].

All actions, including the cardiovascular actions of VP
and OT, are mediated via specific, very similar, membrane G
protein linked receptors, widely distributed in the body [14-
34]. The majority of central nervous system actions [35-40]
and of the peripheral actions of VP including vasoconstric-
tion [41, 42], glycogenolysis [43, 44] adrenal angiotensin II
secretion [45] and platelet adhesion [46] are mediated via
type 1 receptors (V1aR), coupled to a Gq/11 protein, phos-
pholipases C, D and A2 as well as intracellular calcium in-
crease [22, 23]. In the kidneys, VP binds to type 2 receptors
(V2R) coupled to cAMP production, and control agaporin-2
(Aqp-2) gene expression and synthesis, affecting water reab-
sorption and urine concentration [47, 48]. V1bR discovered
later, were found to modulate the effect of corticotrophin
releasing factor (CRF) on adrenocorticotrophic hormone
(ACTH) synthesis and release in the stress response [49].
V1bR were also found in the limbic system where they exert
anxiogenic effects [50-54]. OT, popularly called the “love
hormone” for its role in the regulation of reproductive and
social behaviors, binds to specific OT receptors (OTR) cou-
pled to Gg/11 protein, and also to V1aR [23, 24]. OT synthe-
tized in the heart was reported to support cardiac function,
development and regeneration [7, 8], and to reduce cardio-
vascular reactivity to stress [55-60].

It is important to mention that changes of the structure of
VP and OT and of their receptors are common, and, are due
to naturally occurring genetic polymorphisms and mutations.
These structural changes have been shown to affect VP and
OT release, receptor distribution and predilection to disease
[61]. In addition, the OT and VP pathways of the brain show
sexual dimorphism that impact reproductive and social be-
haviors [62, 63]. But we still do not know how these phe-
nomena affect cardiovascular homeostasis and susceptibility
to cardiovascular diseases.

3. VP & OT IN PERIPHERAL CONTROL OF THE
CIRCULATION

Blood osmolality is the best fine-tuned bodily variable
required for normal functioning of excitable tissues primarily
the brain and the heart. Changes in blood osmolality as small
as 1-2% are detected by osmo-sensitive receptors located in
the circumventricular organs and conveyed to the PVN to
modulate the synthesis and the release of VP [64]. An in-
crease in blood osmolality stimulates VP release into the
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blood. VP then binds to V2R in the membrane of epithelial
cells of the collecting duct of the kidneys, triggering fusion
of Aqp-2 (structural component of water channels) contain-
ing vesicles to the apical plasma membrane that enhances
water re-absorption with consequent normalization of blood
osmolality and urine concentration. Long-lasting osmotic
stimuli increase Aqp-2 gene expression and the number of
water pores in the apical membrane of the collecting ducts
[47, 48].

Loss of circulating blood volume during dehydration and
hemorrhage, is another strong stimulus to VP release into the
circulation [65-67]. Increased blood concentration of VP will
then stimulate V1aRs that are less sensitive than V2R, lo-
cated in the peripheral arteries, constrict them and increase
peripheral resistance to maintain the circulation. At a molar
basis VP has been shown to be the most potent vasoconstric-
tor, even more powerful than angiotensin II and noradrenalin
[41]. However, in some vascular beds, primarily the kidneys,
lungs and basilaries, VP produces vasodilatation involving
V2Rs or V1aRs and calcium dependent NO release [68-72].

OT also binds to V1aR in peripheral arteries and pro-
duces weak vasoconstriction except in the umbilical artery at
term [73, 74]. In some vascular beds with increased vascular
tone, OT produces vasodilation similarly to VP via V1aR
and calcium dependent NO liberation [75, 76]. Intriguingly,
the effect of OT on vascular tone is unaffected by pregnancy
[77].

VP and OT when applied peripherally and centrally in
very high, non-physiological (pharmacological) doses
change the mean level of arterial blood pressure (BP) in op-
posing manner [39, 78, 79]. However, under basal physio-
logical conditions, they do not contribute to BP maintenance
[39, 78, 79]. In rats with naturally occurring VP gene dele-
tion [80] and V1aR knock-out (KO) mice [45] basal values
of BP and heart rate (HR) were reported to be slightly lower
than those of the wild type controls. The lack of Vl1aRs-
mediated enhancement of BP baro-receptor reflex sensitivity
(BRS) in area postrema and the loss of VlaR-mediated
facilitation of renin release in macula densa seem to be the
cause [81]. In contrast, OT KO mice exhibit slightly higher
values of BP and HR [82].

Both VP and OT have been found to produce direct ac-
tions on the heart. In large doses VP was found to exert
negative inotropic effects via VIR, whereas in low doses it
produces an opposite effect [83]. Furthermore, the heart syn-
thesizes OT and expresses OTR, and under hypervolemic
conditions cardiac OTRs were found to increase atrial natri-
uretic peptide release and enhance natriuresis [84-87]. OTRs
were also found in the macula densa of the kidneys where
they produce natriuresis by the modulation of tubuloglome-
rular feed-back and solute transport [84]. In addition, in the
rat SON, every OT cell is osmo-sensitive that projects to the
posterior pituitary [88]. Nonetheless, OT natriuretic proper-
ties have not been confirmed in humans [89, 90].

It is worth noting that heart-derived OT seems to have a
role in the heart development and cardiac stem cell renewal
and regeneration [7]. The highest activation of the OT sys-
tem in the heart was observed in fetal and newborn rats [91].
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It has been shown that OT stimulates cardiomyogenesis in
several lines of embryonic stem cells isolated from rat hearts
[92, 93]. Moreover, OT has been found to exert cardiopro-
tective role under pathophysiological conditions such as car-
diac ischemia. Several peripheral mechanisms were found to
be implicated in the cardioprotective action of OT. Firstly,
OT was found to reduce HR by direct vagomimetic and NO
generating action, and by doing so, it increases diastole dur-
ing which cardiac oxygenation occurs [94]. Secondly, OT
acts as an antioxidant and prevents reactive oxygen species
synthesis presumably by opening mitochondrial K'srp chan-
nels and by inhibiting mitochondrial permeability transition
pore [95, 96]. Finally, during sepsis [97] and myocardial
infarction [98], OT has been found to exert anti-
inflammatory action via down-regulation of cytokines gene
expression, primarily tumor necrosis factor a (TNF-a), inter-
leukin 1B (IL-1P) and interleukin 6 (IL-6). OT has also been
shown to alleviate diabetic cardiomyopathy in rats [8]. Sur-
prisingly, chronic increase of OTR in the heart of transgenic
mice has been reported to be detrimental, not beneficial [99].

4. VP & OT IN NEUROGENIC CONTROL OF THE
CIRCULATION

4.1. Cardio-respiratory Reflexes

Receptors located in the large thoracic vessels and the
heart that perceive changes in blood pressure - baro-
receptors [100-103], blood volume - stretch-receptors [104-
110] and blood gases - chemo-receptors [111-116] modulate
VP synthesis and release [47, 48].

The key negative corrector of BP is the arterial baro-
receptor reflex. It is involved in the short-term and the long-
term BP control and its failure has been associated with car-
diovascular morbidity and mortality [117]. Changes of BP
are detected by baro-receptors that are located in the upper
part of the body in the aortic arch and carotid sinuses to en-
sure, at all times, adequate blood supply to the brain. Affer-
ent branches of the baro-receptor reflex, the vagus nerve (X)
and glossopharingeal nerve (IX), transmit information about
BP level directly to nucleus of the solitary tract (NTS) lo-
cated beneath the fourth cerebral ventricle. From NTS in-
formation diverge to caudal (CVLM) and rostral ventro-
lateral medulla (RVLM), vagal nuclear complex, and the
hypothalamus controlling VP release. Efferent branches of
the baro-receptor reflex arise from vagal nuclear complex
(dorsal nucleus and nucleus ambiguus) and RVLM where the
parasympathetic and sympathetic outflow to the cardiovascu-
lar system is set [118].

In experimental settings it has been observed that VP
acting at the periphery increases the sensitivity of the baro-
receptor reflex (BRS). Infusion of small doses of VP to con-
scious dogs were found to increase total peripheral resistance
and concomitantly to decrease cardiac output without affect-
ing the level of BP [119]. Furthermore, it was reported that
VP decreases HR and RSNA more than other vasoconstric-
tors for a given rise in BP, and that these effects could be
abolished by sino-aortic deafferentation and electrolytic de-
struction of area postrema [100-103]. Thus, it was postulated
that peripheral VP acts via area postrema, a structure easily
accessible from the blood and abundantly connected to NTS
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[120, 121], to sensitize the baro-receptor reflex [65, 122].
Pharmacological evidence pointed to both V1aR and V2R
receptors [123-129] as mediators of baro-receptor reflex de-
sensitization in area postrema. The role of V1aRs in baro-
receptor desensitization was confirmed in V1aR KO mice
[130], but the role of V2Rs were neither confirmed nor ex-
cluded. Despite the effectiveness of selective V2R agonists and
antagonists in the modulation of BRS, histological studies
did not confirm the existence of V2R in area postrema [21].

Changes of blood volume, are sensed by specific recep-
tors located at the junction of great thoracic veins and the left
atrium and initiate a stretch-receptor reflex in order to main-
tain BP in homeostatic range. Stretch-receptors share the
same glossopharingeal parasympathetic afferents with baro-
receptors, to convey information to the PVN. Both dehydra-
tion and hemorrhage, by unloading thoracic vessels, increase
sympathetic outflow and VP release, in a volume dependent
manner [104-110]. When extreme hypotension occurs during
hemorrhagic shock, Peuler and associates [109] provided
evidence that VP mediates renal sympatho-inhibition and
bradycardia, adjusting the functioning of the kidneys and the
heart to reduced circulation. This protective effect of VP
during shock seems to involve V1aRs [78, 106]. Conversely,
during hypervolemia, when circulating volume distends
stretch-receptors, the activation of pre-sympathetic PVN
neurons was observed [131, 132]. John Coote and collabora-
tors [133-138] identified two pools of PVN neurons in the
parvocellular division differentially affected by the stretch
receptors. Both project to the intermediolateral column
(IML) of the spinal cord near pre-ganglionic sympathetic
neurons. One pool of neurons contains OT and terminate at
the level of upper thoracic part of the spinal cord and medi-
ate tachycardia by OTR stimulation. The other pool of neu-
rons contain VP, project to lower parts of the spinal cord,
bind to V1aR and induce renal symaptho-inhibition, vaso-
dilatation and diuresis [66]. Thus, distension of stretch-
receptors creates a unique pattern of the hemodynamic re-
sponse in order to pump out superfluous volume.

In the aorta and the carotids, there are highly vascular-
ized structures - carotid bodies, embedding specific chemo-
receptors that detect changes of blood gases and pH. They
share the same parasympathetic afferent pathways with baro-
receptors to convey information to the brain. It has been
shown that the PVN is a key nucleus that receives informa-
tion about hypoxia, and then modulates respiration corre-
spondingly, synchronizing it with sympathetic outflow to the
cardiovascular system [111-116]. It has been documented
that neurons from the parvocellular division of the PVN con-
taining VP and OT, project to the pre-Botzinger complex and
phrenic motoneurons, while only PVN neurons containing
VP project to the RVLM. In these medullary structures both
OTRs and Vl1aRs were identified [40, 67, 139-141]. When
hypoxia is detected by chemo-receptors, VP and OT neurons
projecting to the pre-Botzinger complex and RVLM will
stimulate respiration and increase BP and HR [67, 140-143].
JapundndZié-Zigon and coworkers observed in freely mov-
ing rats concomitant increase of sympathetically- and respi-
ratory-mediated BP variability during hemorrhage [78, 144],
stress [39] and central cholinergic activation [146] involving
central V1aR. It is worth noting that VP also affects respira-
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tion at the periphery in a complex manner, by the stimulation
of V1aR located in area postrema [147] and in the carotid
bodies [148].

4.2. Cardiovascular Response to Stress & Feed-forward
Control

In everyday life, we are constantly exposed to environ-
mental stressors, and, inappropriate responses cause distress.
At long term, distress will increase cardiovascular morbidity
and mortality [149-151]. It is now acknowledged that each
type of stressor has characteristic neuorendocrine imprint
involving, to a different extent, sympathoadrenal system
(SAS) and hypothalamo-pituitary axis (HPA) [152, 153].
The role of VP, both as modulator of SAS and HPA axis in
the acute response to stress is undisputable [154, 155], as
well as in the process of adaptation [156, 157]. Acute stress
induces baro-reflex desensitization that allows concomitant
increase of BP and HR to prepare the animal for escape.
Electrophysiological and pharmacological experimentation
unraveled that stress-induced suppression of the baro-
receptor reflex comes from PVN neurons projecting to NTS.
Notably, centrally administered VP and VP microinjected in
NTS blunts arterial baro-receptor reflex and increases sym-
pathetic outflow to the cardiovascular system via V1aR
[158-161]. In rats exposed to air-jet paradigm VP was shown
to modulate neurogenic but not endocrine (ACTH — corticos-
trone) response [162, 163]. Collectively, these findings
sharply contrast reports on baro-receptor reflex sensitization
by VP in the area postrema. The dilemma was solved by
Unger and coworkers who showed that VP, at the periphery
and in the brain, acts differentially on baro-receptor reflex
sensitivity, involving different VP receptor subtypes [164].
Milutinovi¢-Smiljani¢  provided further pharmacological
evidence in rats that baro-receptor reflex desensitization and
tachycardia induced by immobilization involve central V1bR
and putative V2 receptors [165]. It was further suggested that
VP containing neurons in PVN projecting to NTS induce
baro-receptor reflex desensitization during exercise [166,
167]. Experimental evidence was then provided that PVN
neurons containing OT and project to the spinal cord mediate
stress-induced tachycardia by the stimulation of OTR [168].
Finally, evidence accumulated to clarify the functioning of
the PVN pre-sympathetic neurons under baseline conditions
and stress. It was shown that under baseline physiological
conditions gamma aminobutiryc acid (GABA) containing
neurons surrounding PVN tonically inhibit excitatory gluta-
mate inputs to pre-sympathetic neurons [169, 170].

The complexity of VP involvement in the hemodynamic
response to stress was robustly depicted in the experimenta-
tion by JapundZi¢-Zigon and collaborators in freely moving
rats using frequency analysis of BP and HR variability [39,
171]. They showed that VP contributes to the increase of
sympathetically mediate (low-frequency) BP and HR vari-
ability during acute exposure to stress, and, that at the same
time, VP stimulates respiration (high-frequency BP variabil-
ity) and vagal outflow to the heart (high-frequency HR vari-
ability). The effect on the respiration and the heart are bene-
ficial and may be lifesaving during shock, for at least three
reasons. First, deeper breathing expands alveolar surface for
more efficient blood oxygenation. Second, more negative
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intra-thoracic pressure produced by deep breathing provides
greater blood aspiration and heart filling. Finally, at the heart
level, VP preserves a balanced sympatho-vagal stimulation
protecting the heart from detrimental, stress-induced sympa-
thetic over-stimulation. They also found that effects of VP
on respiration were mediated via medullary V1aR [40, 140,
164] and also via V1bR located in the limbic structures
where VP exerts axiogenic effects indirectly impinging on
respiration during stress [51, 172-176].

Experimental evidence [55-60] and data collected from
humans [73, 177] suggest that OT diminishes emotional,
hormonal, and cardiovascular response to stress. OT KO
mice [82] and rats treated with OTR antagonist [60] were
reported to exert accentuated BP and blood corticosterone
response to stress. In contrast, lactating women with in-
creased level of blood oxytocin were reported to exhibit re-
duced cardiovascular reactivity to stress [177] and increased
vagal control of the heart [73]. The proposed anti-stress
mechanisms also tortuously involve OT that induces feelings
of love, trust and relaxation lowering the susceptibility to
stress.

4.3. Somato-dendritic Release of VP & OT and Cardio-
vascular Reactivity to Stress

It is now well established that brain peptides have actions
that are not restricted to synapses [13, 88]. Vesicles of pep-
tidergic neurons are larger than vesicles of neurons carrying
conventional transmitters, and have densely packaged cargo
that may be released all along the neuron. Somato-dendritic
release of peptides was confirmed by electron microscopy
visualization of omega fusion profiles in the dendritic plasma
membrane and of the dense-core vesicular content in the
extracellular space [178]. Once in the extracellular space,
peptides have long half-lives and use extracellular fluids
(volume) for transmission to reach remote receptors for
which they have high affinity. The end of peptide action is
elicited by down regulation of receptors rather than degrada-
tion by non-specific peptidases in extracellular fluids [13].

VP and OT released from somata and dendrites of hypo-
thalamic MCNs can occur independently from depolarization
and axonal release, and more importantly it can impinge on
axonal release of the peptides. It has been well established
that OT containing MCNs express OTR [179] and activation
of these auto-receptors has been shown to release calcium
from intracellular stores that trigger self-sustained OT re-
lease [180] synchronizing milk ejection with suckling [180,
181]. VP secreting MCNs also express V1aR and their
stimulation during dehydration has been found to induce the
regularization of the firing rate of the whole population of
MCNs enhancing VP release [182]. Notably, Son and col-
leagues [183] demonstrated that V1aR located on neurons in
the parvocellular division of PVN are stimulated by VP re-
leased by MCNs in the magnocellular division to provide an
integrated humoral and autonomic response to complex ho-
meostatic challenge such as osmotic challenge.

Given that the PVN is the key site of integration of neu-
roendocrine, autonomic and behavioral response to stress
[184], we addressed the question as to whether VP and OT
receptors in the PVN affect the stress response, particularly
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neurocardiogenic variables. Stress normally reduces BRS to
permit concomitant BP and HR increase, preparing the ani-
mal for escape [185]. By transgenic generation of distinct rat
phenotypes [186, 187], those over-expressing OTR or V1aR
in the PVN and by microinjecting selective blockers into the
PVN, we found that the OTR rat phenotype has a blunted
neurocardiogenic response to air-jet stress. OTR rats showed
no baro-receptor desensitization and the increase of sympa-
thetically-mediated BP variability was buffered compared to
wild type controls. In OTR rats the HR variability profile
uncovered concomitant sympathetic (harmful) and vagal
(protective) activation, while wild type rats exhibited solely
sympathetic cardiac activation [188]. In rats over-expressing
Vl1aR [186, 187] in the PVN air-jet stress produced even
greater baro-reflex desensitization than in wild type controls.
In Vl1aR rats, the increase of sympathetically mediated BP
variability and HR variability was greater than in wild type
controls. Bearing in mind the fact that increased cardiovascu-
lar variability and decreased BRS are acknowledged risk
markers in cardiology practice [117, 189], our results suggest
that OTR rat phenotype is protected while V1aR rat pheno-
type is vulnerable to stress (Fig. 1). Although there is not yet
convincing evidence that changes in V1aR, and OTR density
in PVN mark cardiovascular diseases, our results corroborate
well with the finding by Ribeiro and coworkers [190] who
observed that V1aR in the PVN of normotensive rats medi-
ate sympathetic activation during salt load.

The role of VIbRs on pituitary corticotrophs is well
known in stress. VP co-released with CRF in the hypotha-
lamic-hypophiseal portal circulation during acute stress po-
tentiates ACTH release [191]. V1bR are also found in the
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limbic system and pre-frontal cortex where they affect be-
havior during stress and contribute to the pathogenesis of
anxiety and depression [52-54]. Both stress and depression
are associated with increased risk of cardiovascular patholo-
gies, and in this view El-Werfali and colleagues [192] pro-
posed that V1bR in the PVN may be the link between these
two pathologies. This assumption was based on their finding
that nelivaptan, a selective V1bR antagonist microinjected in
PVN blocked the increase of BP, HR and RSNA by exoge-
nously applied VP.

In addition to auto-receptors, MCNs activity is modified
by peptides co-released with OT and VP, especially in the
stress response [193]. Both OT [193, 194] and VP [194, 195]
MCNs have been shown to co-express apelin, a bioactive
peptide [196, 197]. Furthermore, MCNs have been found to
express apelin APJ receptors [198] suggesting a direct feed-
back regulation of MCN neurons that co-release apelin. It
has been suggested [195, 198] that apelin inhibits typical
phasic firing pattern of VP MCNs thus decreasing systemic
VP release and by doing so increases diuresis. In addition,
these authors show that endogenous levels of VP and apelin
are conversely regulated suggesting the crucial role played
by apelin, along with VP, in the maintenance of body fluid
balance during lactation and water deprivation.

5.VP & OT IN HYPERTENSION

Primary hypertension is a hyperadrenergic condition that
primarily affects peripheral arterial resistance blood vessels
leading to their narrowing and compromising blood flow to
organs. Individuals with hypertension, generally symptom-
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Fig. (1). Hypothalamic rat phenotypes exhibiting distinct neurocardiogenic reactivity to stress. Left panel depicts a blunted response to
acute stress by rats over-expressing oxytocin receptors (OTR) on neurons and glia of the hypothalamic paraventricular nucleus (PVN): in-
creased baro-receptor reflex sensitivity (BRS) and decreased blood pressure (BP) variability and increased respiratory heart rate (HR) variability.
Right panel illustrates a marked response to acute stress by rats over-expressing vasopressin V1a receptors (V1aR) on neurons and glia of the
PVN: accentuated decrease of BRS and potentiated increase of sympathetically-mediated low-frequency component of BP and HR variability.
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less, are at an increased risk for end-organ damage including
heart, brain and kidneys. These complications are the leading
global causes of mortality. Though many factors have been
found to favor the occurrence of primary hypertension, its
cause is still unknown.

Extensive experimental evidence supports VP involve-
ment in the pathological process of hypertension, and V1aR
located in blood vessels. In genetically, spontaneously hy-
pertensive rats [199-204] and rats with endocrine deoxycor-
ticosterone acetate (DOCA) - salt hypertension [205] V1aR
antagonists applied peripherally have been found to reduce
blood pressure. Moreover, spontaneously hypertensive rats
and humans suffering from primary hypertension have been
shown to have elevated plasma VP concentration [206] and
to exhibit hypersensitivity of the vasculature to exogenously
applied VP [207]. Although the elevation of VP concentra-
tion in blood of hypertensive animals and humans is insuffi-
cient to justify the increase of BP, it correlates well to the
severity of disease [206]. Some earlier reports have sug-
gested that chronic peripheral stimulation of vascular V1aRs
in normotensive rat resulted in sustained hypertension [208,
209]. A more recent work by the same author [210] demon-
strated that VP in sub-pressor dose produces sustained hy-
pertension in Dahl salt sensitive rats with impaired renal
medullary NO. Peripheral administration of VP antagonists
uncovered a reduced buffering capacity of VP on BP short-
term variability in spontaneously hypertensive rats [145].
This finding suggests that VP might be involved in the
breakdown of neurogenic mechanisms in hypertension.

In many models of experimental hypertension (spontane-
ously hypertensive rats, DOCA-salt rats, renin transgenic
hypertension and reno-vascular hypertension) an over-
activation of the brain VP system and altered expression of
VP receptors in the brain was described [211-213]. Yi and
collaborators [214] reported increased VP synthesis in PVN
and SON of spontaneously hypertensive rats that develop
stroke. Coleman and colleagues [215] and Kc and colleagues
[142] also described augmented activity of VP secreting
MCNs in the PVN in the generation and/or maintenance of
chronic intermittent hypoxia-induced hypertension. Several
pathways have been suggested to enlighten pathophysiologi-
cal mechanism involving VP secreting MCNs in hyperten-
sion (Fig. 2): V1aR-mediated peripheral vasoconstriction by
VP released in peripheral circulation [216]; V1aR mediated
PVN sympatho-excitation in the brainstem and spinal cord
[217], brain RAS hyperactivity inducing VP release into the
circulation and activation of V2R in the kidneys [216-218].
It is estimated that up to 2000 PVN neurons project to the
brainstem and the spinal cord [219, 220], and terminate close
to sympathetic preganglionic neurons [221, 222]. That these
neurons co-express OT (up to 40%) and VP (up to 40%) was
confirmed by several methods: retrograde and anterograde
labelling, trans-synaptic tracing, immunohistochemistry and
in situ hybridization [222-224]. The question is what drives
these pre-sympathetic neurons in PVN to the hyperactivity
leading to hypertension. Several mechanisms have been re-
cently discovered (Fig. 2).

Considerable findings point to angiotensin II receptor
type 1 (AT-1R) and mineralocorticoid receptors (MR) lo-
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cated on VP secreting MCNs. Pietranera and coworkers
[225] showed in spontaneously hypertensive rat that VP neu-
rons in PVN over-express MR while Chen and colleagues
[226] found that knock-down of both MR and AT-1R in
PVN prevent reno-vascular 2-kidney 1-clip hypertension by
decreasing vasopressinergic input to the brainstem involving
Vl1aR. Recent evidence in high salt diet-fed Dahl sensitive
rats points to another, novel mechanism whereby elevated
orexin receptor type 1 (OXIR) activation in the PVN en-
hances VP signaling that maintains hypertension [227]. An
impaired intracellular chloride homeostasis was observed in
DOCA-salt hypertension. Namely, in VP MCNs there is an
up-regulation of CI" importer, Na"-K"-2CI cotransporter iso-
form 1 (NKCC1), and down-regulation of CI” extruder, K'-
2CI co-transporter isotype 2 (KCC2), which make a switch
from inhibitory to excitatory GABA-A input. In these ani-
mals, GABA-A receptor mediated tonic inhibition of VP
secreting MCNs in the PVN under baseline physiological
conditions is abolished [228]. This alteration in inhibitory
inputs drives excessive VP release in the blood and triggers
hypertension via peripheral V1aR-mediated vasoconstriction
[229]. Similar mechanism could be linking chronic stress
with hypertension. Under chronic stress conditions it appears
that neuron-specific KCC2 is down-regulated. Then the chlo-
ride gradient would reverse ion influx and GABA would
mediate neuronal depolarization instead of hyperpolarization
[230].

Neuroinflammation and cytokines derived from the pe-
riphery (vascular endothelial cells, white blood cells) and the
brain (microglia and astrocytes) are now recognized mecha-
nisms that can trigger over-activation of pre-sympathetic
neurons in hypertension [231]. Microglia are the major
sources to produce inflammatory molecules and neurotrophic
factors. Pro-inflammatory molecules such as IL-1B and
TNFa, as well as neurotrophic factors produced by microglia
have been found to increase the activity of pre-sympathetic
neurons in the parvocellular part of the PVN [232]. It was
proposed that IL-1p and TNFo promote neuronal excitation by
inducing over-expression of N-methyl-d-aspartate (NMDA)
receptor in the post-synapse [233]. A similar mechanism of
neuronal excitation (over-expression of post-synaptic NMDA
receptors) is suggested for microglia derived brain neurotro-
phic factor (BDNF) [234]. It then seems logical that mole-
cules such as IL-1p and TNFa and BDNF, that increase post-
synaptic NMDA receptor density that have essential role in
neuronal excitation and plasticity [235] can be key contribu-
tors driving hyper-activation of pre-sympathetic neurons in
PVN. Shen and coworkers [236] provided further experi-
mental evidence that no exacerbation of hypertension occurs
when microglia are depleted in PVN, and that this is associ-
ated with down-regulation of NMDA receptors. Further-
more, a growing body of evidence supports an elevated glu-
tamate tone [237] and increased glutamatergic innervations
density [238] as well as increased expression of NMDARSs
[239] in the SON and PVN of hypertensive rats. Stern and
collaborators [240] found that AT-1R receptor mRNA is
expressed in PVN astrocytes and that angiotensin II inhibits
glutamate transporter function, increasing in turn extracellu-
lar (non-synaptic) glutamate levels. This activates neuronal
extra-synaptic NMDA receptors, increases pre-sympathetic
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neuronal activity, enhances sympatho-excitatory outflow,
and increases blood pressure. Dange et al. [241] report that
pathogen recognition receptors, toll-like receptor type 4, that
are part of innate immune system, located on neurons and
microglia in the PVN contribute to hypertension in sponta-
neously hypertensive rats.

The involvement of OT in the pathogenesis of hyperten-
sion is not so obvious. There is one report in spontaneously
hypertensive rats by Petersson and coworkers [242]. Re-
cently, exciting new evidence has been provided in rats that
OT contributes to chronic intermittent hypoxia-induced hy-
pertension [243], a recognized model of human obstructive
sleep apnea (OSA) associated hypertension. The pathophysi-
ological mechanisms connecting OSA and hypertension are
well studied. Hypoxemia induced by periods of hypopnea
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and apnea during sleep causes systemic inflammation and
oxidative stress injuring vascular endothelium and produc-
tion of endothelial-derived NO. Hypoxemia also triggers
chemo-reflex and increases sympathetic tone and catechola-
mine release [244] potentiating vasoconstriction. OSA-
associated hypertension is resistant to treatment and has bad
prognosis. Thus, treating OSA should prevent the incidence
of hypertension and its major complications. Jamson and
colleagues [243] reported that OT released from the PVN
neurons into the brainstem is reduced in rats exposed to
chronic intermittent hypoxia-hypercapnia. Using optogenetic
tools to chronically activate this specific population of OT
secreting PVN MCNs they prevented the development of
hypertension. In line with this finding, Jain and coworkers
[245] reported that intranasal OT administration in patients
suffering from OSA reduces the frequency of hypopneas and
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Fig. (2). Hypothalamic targets in primary hypertension. Left: axonal projections of VP/OT neurons to neurohypophysis, rostral ventro-
lateral medulla (RVLM) and intermediolateral column (IML) of the spinal cord in dual, peripheral and central control of vascular resistance
and the kidneys. Right: molecules implicated in dysregulation of VP/OT neurons. V1aR: vasopressin V1a receptor; OTR: oxytocin receptor;
aAR: alpha adrenergic receptor; BAR: beta adrenergic receptor; AT1R: angiotensin II receptor type 1; MR: mineralocorticoid receptor;
NMDA: N-methyl-d-aspartate synaptic receptors, eNMDA: extra-synaptic NMDA receptors; TLR-4: toll-like receptor type 4; NKCC1: Na'-
K"-2CI cotransporter isoform 1; KCC2: K'-CI" co-transporter isotype 2; OX1R: orexin type 1 receptor; GLT1: glutamate transporter type 1;

BDNF: brain-derived neurotrophic factor.
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Fig. (3). Neuroendocrine remodeling in congestive heart failure. Decompensated form of heart failure (HF) has decreased cardiac output.
This triggers reflex sympathetic activation inducing tachycardia and vasoconstriction, renin-angiotensin-aldosterone (RAAS) and vasopressin
(VP) synthesis and release contributing to vasoconstriction and producing hypervolemia, congestion and edema.

duration of hypopneas and apneas, and increases cardiac
parasympathetic activity, improving overall cardiorespiratory
homeostasis, suggesting a role for OT in the pathophysiol-
ogy of OSA.

6. VP & OT IN HEART FAILURE

While hypertension is characterized by increased periph-
eral resistance and euvolemia, HF is characterized by in-
creased blood volume and increased peripheral resistance,
not necessarily associated with hypertension. It is now well-
established that VP contributes to the pathogenesis of HF.
Enhanced release of VP in the circulation is initiated by de-
creased cardiac output (an important determinant of the level
of BP) and subsequent stimulation of the baro-receptor reflex
(Fig. 3). In the circulation, VP targets the kidneys to produce
V2R mediated translocation of Aqp2 into the baso-lateral
membrane of epithelial cells in the renal collecting ducts and
conserve water which produces volume over-load. Another

important peripheral target of VP in HF is arterial resistance
vessels that are constricted via V1aR. Both hypervolemia
and increased peripheral resistance are aimed at supporting
circulation and compensate for reduced CO, but, they burden
the heart and precipitate failure. Therefore, pharmacotherapy
of HF (with reduced ejection fraction) is directed against
neuroendocrine arousal. Drug treatment with loop diuretics,
angiotensin converting enzyme (ACE) inhibitors, vasodila-
tors and beta adrenergic blockers alleviate the symptoms and
prolong survival [246]. However, in the late stage of HF,
when excessive VP release produces water intoxication the
use of selective V2R antagonist tolvaptan or nonselective
V1aR and V2R antagonist conivaptan is recommended [247,
248]. And although the vaptans are effective in eliminating
water in excess and restoring natremia, they regrettably, do
not increase survival [247].

Accumulated experimental evidence suggests that PVN
pre-sympathetic neurons elicit detrimental sympathetic over-
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Fig. (4). Hypothalamic targets in heart failure. Left: axonal projections of VP/OT neurons to neurohypophysis and rostral ventrolateral
medulla (RVLM) and intermediolateral column (IML) of the spinal cord involved in dual, peripheral and central control of the heart, vascu-
lar resistance and the kidneys. Right: molecules implicated in the dysregulation of VP and OT neurons. V1aR: vasopressin Vla receptor;
OTR: oxytocin receptor; aAR: alpha adrenergic receptor; BAR: beta adrenergic receptor; AT1R: angiotensin II receptor type 1; GABA-
gamma aminobutiryc acid; GABA-A: gamma aminobutiryc acid receptor type A at the synapse; eGABA-A: extra-synaptic GABA-A recep-
tors; GAT 3: GABA transporter type 3; nNOS: neuronal NO synthase; PIN: protein inhibitor of nNOS; ROS: reactive oxygen species; Nox:
NADPH oxidases; PGE2: prostaglandin E2; COX-2: cyclooxygenase type 2.

activation in HF, and that multiple molecular mechanisms
are involved (Fig. 4). As previously mentioned, the level of
sympathetic nerve activity directed from PVN to the brain-
stem autonomic centers is dependent upon the integration of
excitatory and inhibitory activation of pre-autonomic neu-
rons by GABA-ergic and glutamatergic inter-neurons that
surround the nucleus [238]. Under baseline physiological
conditions, pre-autonomic neurons are under tonic GABAer-
gic inhibition vie GABA-A receptors and NO signaling
[249]. When HF occurs, pre-autonomic neurons in PVN are
disinhibited due to the domination of excitatory glutamate
action [250]. This occurs because of the reduction of inhibi-
tory GABA action upon GABA-A receptors whose density is
decreased in the PVN [251]. It has been documented that, in
the PVN, GABA-A receptors are expressed both post-
synaptically and extra-synaptically, wherefrom they generate

two types of inhibitory action. GABA-A receptors located in
the synapse mediate conventional inhibitory post-synaptic
current (IPSC), while extra-synaptic GABA-A receptors are
responsible for persistent tonic inhibitory current (Iin;c). In
the experimental model of HF I,. and extra-synaptic
GABA-A receptors seem to have a major impact on neuronal
excitability of PVN neurons projecting to the brainstem,
where sympathetic outflow to the cardiovascular system is
set [252, 253]. It has been well documented that GABA de-
rived from glia is important in setting the level of Iy in the
brain [254]. This is counteracted by astroglial GABA clear-
ance by GABA transporter (GAT) type 3. In experimental
HF enhanced astroglial GABA uptake was recognized and
associated with a deficit in GABAergic tonic inhibition of
pre-sympathetic neurons that dictate sympathetic outflow to
the heart. Pandit and colleagues showed that nonselective
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GAT blocker (nipecotic acid, NPA) and GAT-3 selective
blocker (SNAP-5114), but not by GAT-1 blocker (NO-711)
reverse attenuation of ;. in HF, providing pharmacological
evidence that astroglial GABA uptake is a key mechanism
regulating Ii,n;c of PVN-RVLM neurons in HF [252]. They
also showed that GABA release is not affected by myocar-
dial infarction and that blockade of GABA-releasing anion
channel bestrophin-1 (Best-1) does not affect Iy in these
rats. Moreover, they found that there is reduced function of
extrasynaptic GABA-A receptors containing & subunits in
HF. Their findings pinpoint to astroglial GABA clearance as
new target for drug development aimed at reducing sym-
patho-excitation associated with HF. It is noteworthy men-
tioning that a recent report by Ferreira-Neto and associates
[255] identifies small conductance Ca’’-activated K'(SK)
channels on MCNs in SON and they found that they were
down-regulated in an experimental model of HF.

Nonetheless, the most studied mechanism involved in
PVN-RVLM sympatho-excitation in experimental HF is by
angiotensin II. In the PVN of rats subjected to myocardial
infarction by arterial coronary ligation, ACE is up-regulated
[256] along with the increase of AT-1 receptor (AT-1R) den-
sity [257, 258]. Thus, angiotensin II acting via over-
expressed ATIR in PVN, up-regulates the expression of pro-
tein inhibitor of nNOS (PIN), and consequently, at post-
translational level, down-regulates nNOS, disinhibiting sym-
pathetic outflow to the infarcted heart [259]. An interesting
finding by Sato and coworkers [260] suggests that apelin
improves angiotensin Il-induced cardiac disfunction and
remodeling and antagonizes endogenous angiotensin II-
induced impairment of heart contractility in elderly mice.
Using in situ hybridization and transgenic mice Sandgren
and colleagues [261] recently demonstrated that only in the
SON but not in the PVN, do neurons co-express VP and AT-
1AR mRNA and that these neurons are solely involved in the
osmotic regulation of VP secretion. In addition, evidence has
been provided that in HF, pre-sympathetic OT neurons are
implicated. Using immunohistochemistry and retrograde
labeling, Roy and colleagues [262] demonstrated that coro-
nary artery ligation in rats activates a distinct population of
PVN OT neurons located in the parvocellular part that pro-
ject to the RVLM. They also noted that intravenous admini-
stration of the OTR antagonist, retosiban that crosses the
blood brain barrier, prevented the myocardial infarction-
induced increase in cardiac sympathetic nerve activity,
which likely contributed to the reduced incidence of ven-
tricular arrhythmias and improved survival of infarcted rats.

Following an acute myocardial infarction, considerable
amount of pro-inflammatory cytokines is found in the blood,
and being transported into the brain via the circumventricular
organs. Within minutes TNF-a is observed in the brain of
rats with myocardial infarction [263, 264]. Also, TNF-a and
IL-1P have been shown to activate cyclooxygenase-2 (COX-
2) in macrophages located outside the blood-brain barrier
[265] and to increase prostaglandin E2 (PGE2) synthesis,
that can enter the brain [266] and excite PVN neurons. An-
giotensin II and pro-inflammatory cytokines are major acti-
vators of microglial cells, astrocytes and macrophages,
which consequently produce more pro-inflammatory cytoki-
nes triggering ROS generation and neuronal cell death [267].
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Of the many ROS-generating enzymes, activation of the
NAD(P)H oxidase (or Nox enzymes) appears particularly
involved in HF [268].

CONCLUSION

It is now well acknowledged that neurohypophysial pep-
tides VP and OT control the cardiovascular system both at
the periphery (kidneys, vasculature, heart) and in the brain.
In the last decade, exciting new evidence emerged about the
brain mechanisms controlling the synthesis and the release of
VP and OT: autocrine and paracrine factors, neuronal co-
transmission and neuro-inflammation. Collectively these
new findings pinpoint potential targets in hypertension and
heart failure for the development of new, centrally acting
cardiovascular drugs.

LIST OF ABBREVIATONS

ACTH = Adrenocorticotrophic hormone

Aqp2 = Aquaporin water channel type 2

ATIR = Angiotensin II type 1 receptor

BDNF = Brain derived neurotophic factor

BP = Blood pressure

BRS = Baroreflex sensitivity

COX-2 = Cyclooxygenase type 2

CRF = Corticotropin releasing factor

CVLM = Caudal ventrolateral medulla

DOCA = Deoxycorticostron acetate

GABA = Gamma aminobutiryc acid

GABA-A = GABA receptor type A

GAT = GABA transporter

HF = Heart failure

HPA = Hypothalamic-pituitary axis

HR = Heart rate

IL-1B = Interleukin 1 beta

IL-6 = Interleukin 6

IML = Intermediolatral column

IPSC = Inhibitory post synaptic current

Tionic = Tonic inhibitory current

KCC2 = K"-2CI" co-transporter isotype 2

KCI2 = K'-CI co-transporter isotype 2

KO = Knockout

MCN = Magnocellular neuron

MR = Mineralocorticoid receptor

NADPH = Nicotinamide adenine dinucleotide phos-
phate

NKCCI = Na'-K"-2Cl cotransporter isoform 1

NMDA = N-methyl-d-aspartate

eNMDA = extrasynaptic NMDA
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nNOS = Neural nitric oxide synthase

NO = Nitric oxide

NTS = Nucleus of the solitary tract

OSA = Obstructive sleep apnea

oT = Oxytocin

OTR = Oxytocin receptor

PGE2 = Prostaglandin E2

PIN = Protein inhibitor of nNOS

PVN = Paraventricular nucleus

ROS = Reactive oxygen species

RSNA = Renal sympathetic nerve activity

RVLM = Rostral ventrolateral medulla

SAS = Sympathoadrenal system

SK = Small conductance calcium activated K"
channel

SON = Supraoptic nucleus

TNF-a = Tumor necrosis factor alpha

Vl1aR = Vasopressin Vla receptor

V1bR = Vasopressin V1b receptor

V2R = Vasopressin V2 receptor

VP = Vasopressin
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