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Abstract: Vasopressins are evolutionarily conserved peptide hormones. Mammalian vasopressin
functions systemically as an antidiuretic and regulator of blood and cardiac flow essential for
adapting to terrestrial environments. Moreover, vasopressin acts centrally as a neurohormone
involved in social and parental behavior and stress response. Vasopressin synthesis in several cell
types, storage in intracellular vesicles, and release in response to physiological stimuli are highly
regulated and mediated by three distinct G protein coupled receptors. Other receptors may bind or
cross-bind vasopressin. Vasopressin is regulated spatially and temporally through transcriptional
and post-transcriptional mechanisms, sex, tissue, and cell-specific receptor expression. Anomalies of
vasopressin signaling have been observed in polycystic kidney disease, chronic heart failure, and
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neuropsychiatric conditions. Growing knowledge of the central biological roles of vasopressin has
enabled pharmacological advances to treat these conditions by targeting defective systemic or central
pathways utilizing specific agonists and antagonists.

Keywords: vasopressin; renal function; cardiac function; social behavior; sex differences; GPCRs

1. Introduction

Foreword: This review is the result of a didactic project at Concordia University in
Montreal employing a novel “write to learn” pedagogy [1] that we have used successfully
before [2,3]. Senior undergraduate students enrolled in a Comparative Physiology course
for third-year Biology majors were taught experientially how to research and study the
scientific literature to write a collaborative analytical review on the biological activity of
vasopressin. We apologize to those colleagues whose important research could not be cited
because of space or pedagogic constraints.

In humans and rodents, arginine vasopressin (AVP) regulates several diverse phys-
iological functions: Fluid balance, blood osmolarity, reproduction, complex behavior,
memory, and learning. An antidiuretic hormone, vasopressin is a nonapeptide conserved
from invertebrates to vertebrates that displays species-specific amino acid (aa) changes in
positions 3 and 8 [4]. Vasopressin is thought to have enabled the survival of land-dwelling
organisms by regulating tubular reabsorption in the kidneys to maintain internal water
homeostasis and blood osmolarity [5]. Here, we review the biology of AVP through ex-
amination of its normal physiological roles in the kidneys and heart, its neurological and
behavioral effects, how AVP dysfunction contributes to pathologies such as polycystic kid-
ney disease (PKD), heart failure (HF), neuropsychiatric disorders, and the pharmacological
manipulation of AVP-dependent pathways.

1.1. Early Discoveries

The antidiuretic function of AVP was first demonstrated in 1913 by E. Farini in Venice
and, independently, by von den Velden in Diisseldorf, who injected extracts from the poste-
rior lobe of the pituitary gland into anesthetized men to control excessive water loss due to
diabetes insipidus (a rare condition unrelated to type 1 diabetes (reviewed in [6]) or pituitary
damage [7-9]. At the time, bovine pituitary extract was known for its oxytocic (triggers
uterine contractions) and pressor (raises blood pressure) properties, albeit the underlying
mechanisms were unknown. In 1927, two active components were isolated and called
respectively «- and $-hypophamines (i.e., amines driven from the hypophysis). Their chem-
ical synthesis shortly followed, and the resultant products were assigned the trade names
oxytocin (OT; a-hypophamine or Pitocin) and AVP (3-hypophamine or Pitressin) [10,11].
AVP receptors (R) Avprla (today’s V1aR), Avpr2 (V2R), and Avprlb (V1bR) were subse-
quently cloned, as well as the single oxytocin receptor Oxtr (OTR) [12-19].

1.2. AVP Function

AVP secretion from the posterior pituitary is triggered by changes in the electrolyte-
water balance affecting intravascular blood volume and osmolality, that respectively ac-
tivate baroreceptors [20] and osmoreceptors [21]. When serum sodium (Na*) levels rise
above 145 mmol/L, the resulting hypernatremia activates the hypothalamic osmorecep-
tors within the organum vasculosum lamina terminalis (OVLT) and the subfornical organ
that signal to the supraoptic (SON) and paraventricular nuclei (PVN) and induce AVP
secretion by the posterior pituitary into the bloodstream [5,22]. Changes in osmolality of
the thalamic magnocellular cells activate nonselective cation channels, increase the action
potentials firing rate, and trigger AVP release from axon terminals ([23], reviewed in [24]).
Heightened hematic AVP leads to water reabsorption by the kidneys to dilute Na* in the
organism [20,21,23]. Conversely, decreased osmolality promotes AVP retention and in-
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creased water excretion [25]. AVP interacts with the transmembrane receptors V1aR, VIbR,
and V2R expressed by several cell types [25-27]. Patients suffering from congestive heart
failure (CHF) display high basal levels of AVP, which increases vascular smooth muscle
tone [28-30]. Changes in blood volume, especially when paired to a drop in blood pressure,
e.g., caused by hemorrhage, activate baroceptors, and can also induce AVP secretion [5]. In
the brain, AVP functions as a neuropeptide regulating social behavior [31-34].

1.3. AVP Gene Expression

The AVP gene expression is tightly controlled. The AVP promoter contains a cyclic
AMP (cAMP) response element (CRE) recognized by the phosphorylated CRE-binding
protein in response to increased intracellular cAMP [35-37]. The AP1 and AP2 transcription
factors promote AVP transcription, while the glucocorticoid receptor represses it [38].
Furthermore, the AVP mRNA is regulated post-transcriptionally through polyadenylation.
In the hypothalamic cells of salt-deprived rats, the AVP mRNA poly(A) tail length was
longer than in non-salt-deprived rats [39,40]. Long polyA tails are likely to increase
translation of the cognate protein [41]. In mammalian neurons, the poly(A) binding protein
bound to the AVP mRNA on the “dendritic localization sequence” increased mRNA
stability and translation [39].

1.4. AVP Synthesis

AVP is produced from a 164 aa long pre-pro-hormone precursor in the body of the mag-
nocellular neurons of both PVN and supra-ventricular nucleus of the hypothalamus [42],
and at lower levels in parvocellular neurons of the PVN [43]. Pre-pro-AVP contains an N-
terminal signal peptide, followed by the AVP nonapeptide, and the open reading frames of
regulatory peptides neurophysin-2 and copeptin [44]. Figure 1A illustrates the pre-pro-AVP
processing and post-translational modification [38,45].
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Figure 1. AVP (arginine vasopressin) synthesis and structure. (A) The hypothalamic neurosecretory neurons synthesize the

called pre-pro-AVP or AVP-neurophysin-copeptin. The signal peptide is cleaved by a signalase

in the endoplasmic reticulum to form pro-pressinphysin. Copeptin is glycosylated and cleaved by an endopeptidase in

the Golgi [8,35,45]. Such endopeptidase also separates the pro-AVP vasopressinyl-Gly-Lys-Arg peptide from neurophysin,

and pro-AVP is enclosed in vesicles. The C-terminal arginine and lysine are trimmed by carboxypeptidase E and the

newly exposed C-terminal glycine is oxidized by glycine monooxygenase into hydroxyl-glycine. Finally, a lyase converts

hydroxyl-glycine is into an amide group which subsequently reacts with glyoxylic acid to yield AVP [45]. (B) AVP structure.

Note the cyclic structure and primary amide (NHj).
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Pro-AVP is stored in membrane-associated granules and released in response to in-
creased extracellular fluid osmolarity and osmoreceptor activation [25]. The threshold
of AVP release and plasmatic AVP levels differ in men and women and among individu-
als [46,47]. Mature AVP is the cyclic nonapeptide Cys-Tyr-Phe-GIn-Asn-Cys-Pro-Arg-Gly-
NH; (reviewed in [42]) in which the two cysteines form a disulfide bridge, and the terminal
carboxyl residue is modified post-translationally into a primary amide ([37,48], Figure 1B).
AVP circulates as a free hormone and is degraded enzymatically in the liver and kidney
within 10-30 min of release [49].

1.5. AVP Receptors

V1aR, V1bR, and V2R are G protein-coupled receptors (GPCRs) that interact with
trimeric G proteins, Gq,11 and G [50]. Each receptor has distinct tissue expression. The
BGee gene expression database [51] lists 168 human tissues expressing V1aR mRNA, 59
for V1bR, and 129 for V2R and species-specific relative variability. V1aR expression in the
Suprachiasmatic nucleus (SCN) exhibits diurnal rhythmicity [52]. Functional information
for organs and tissues relevant to this review is listed in Table 1.

Table 1. AVP receptor function and expression.

Target Tissue Receptor Function References
Kidney—Macula densa, intermediate, Signal transduc.tllon, AQP2 shuttling to cell. surface and
. V2R water permeability, AQP2 mRNA synthesis, [14,53-56]
distal and collector tubules . .
intracellular cAMP regulation
Kldn.e y—Mesangial cells, efferent Vl1aR Vasoconstriction [57-59]
arterioles, renal tubules
Kidney V1bR Unknown [16,60,61]
Vascular Smooth Muscle V1aR Vasoconstriction, myocardlal hyPertroph}c V1aR [53,54,58,62]
mRNA upregulation, hypertension
V2R Vasodilation [53]
Brain—Anterior Pituitary V1bR éill"rl:s:ecretlon, stimulation of endocrine response [17,53,63-65]
Brain—diffused expression Vl1aR Regulation of emotional and adaptive behaviors, pain [66-69]
Brain—HPA axis (adrenal cortex) Vi1aR Cortisol synthesis and secretion [70]
Brain—SCN V1aR Circadian rhythm [71]
Brain—Cerebellum (rats) V2R Unknown [55]
. 2+ .
Pancreas VIbR Glucago.n relgase, intracellular Ca** regulation, [54,72]
cell proliferation
Liver—Hepatocytes V1aR Glycogenolysis [18,53]
Blood—Platelets Vl1aR Platelet aggregation [53,73]
Blood—Leukocytes V1aR Chemotaxis, chemokine and antibody production [74,75]
Myometrium Vi1aR Uterine contraction [53,76]
Prostate V1aR Un.known, causative upregulation in castration [18,77]
resistant prostate cancer
Skeletal muscle V1aR Unknown [18]
Lun. V1aR Unknown [58]

& V2R Anti-inflammatory [78]
Bone V2R Bone remodeling [79]
Cervical ganglion V1aR Unknown [80,81]
(rat)

Spleen V1aR Unknown [81]
(rat)
Gonads Vl1aR Unknown [80,82]

(rat)

HPA: hypothalamic—pituitary-adrenal, ACTH: adrenocorticotropic hormone, SCN: suprachiasmatic nucleus.
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1.5.1. Kidney

The V1aR receptor is expressed by the vesicular and smooth muscle cells of the renal
vessels and mediates the AVP vasopressor effects [67,83]. V1aR is also expressed in the
collecting duct. Upon AVP binding, the G4 protein subunits dissociate and the «q subunit
activates phospholipase C-3 (PLCf), which increases diacyl-glycerol (DAG) and inositol
triphosphate (IP3), releases calcium (Ca?*) from the endoplasmic reticulum and activates
the transient receptor potential (TRP) ion channel, which replenishes the Ca?* stores from
extra-cellular Ca%* [84]. V2R is expressed in the nephron, the basolateral membrane of
epithelial cells of the distal convoluted tubule, and the collecting duct where it mediates the
AVP antidiuretic action [24,85,86]. In the collecting duct, AVP binding to V2R dissociates
the receptor from the G protein subunits (Figure 2), which activates a signal transduction
cascade producing cAMP and Ca?* release from ryanodine-sensitive stores [87]. Such
a cascade leads to protein kinase A (PKA)-dependent phosphorylation of aquaporin 2
(AQP2) [88]. AQP2 is a water channel stored in intracellular vesicles [89]. Upon AVP
signaling, AQP2 vesicles are shuttled to and fused with the apical membrane, which
enhances water reabsorption (Figure 2) [90,91]. AVP can be translocated to the cytoplasm
and degraded by the proteasome, which dampens signaling and results in water excretion
as diluted urine [92-94].

@

Basolateral V2R

>

a Gy

&

Cell membrane

Adenylyl
cyclase

ATP cAMP

\\_/’ AQP2 Endosome
PKA\-P I I

P
1l “
AN
TFIuid Fluid
‘/ permeability ipermeability
Apic Pl I I I

H,0

Figure 2. Intracellular response to AVP in renal tubular epithelial cells. AVP binds to the V2R
G-protein coupled receptor on the basolateral membrane, which activates adenylyl-cyclase (AC).
Produced cAMP activates protein kinase A (PKA), which phosphorylates the AQP2 water chan-
nels stored in vesicular compartments. This promotes apical membrane relocation and increased
transmembrane water transport (modified after [95]).

1.5.2. Heart

Myocytes of the cardiac vascular smooth muscle express V1aR [83,96]. While AVP can
protect the heart from myocardial injuries [97,98], high levels of circulating AVP and V1aR
overexpression have been associated with heart failure, indicating the importance of V1aR
signaling strength [83].
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1.5.3. Brain

In the brain, V1aR, V1bR, and V2R mediate adaptive behavioral responses to cen-
trally released AVP. Typically, the brain displays species-specific AVP receptor expression
patterns, with V1aR and V1bR most commonly found in the lateral cortex [67,68]. The
corticotropic cells of the human anterior pituitary are rich in V1bR, which promotes adreno-
corticotropic hormone (ACTH) production. ACTH stimulates the adrenal synthesis of
cortisol, androgens, and aldosterone ([63,64], reviewed in [24]). Under stress, V1bR con-
tributes to activate the hypothalamo-pituitary-adrenal axis [99]. Implicating AVP in social
behavior and development, V1bR is also found in the CA2 region of the hippocampus
and the anterior region of the amygdala [100]. RT-PCR analysis indicated stable V2R
mRNA expression in the rat cerebrum and age-dependent decline in the hippocampus [55].
However, V2R function in the brain is unclear [31].

1.5.4. Other Tissues

In the human and rodent pancreas, AVP binding to V1bR augments insulin re-
lease [72,101]. Conversely, AVP engagement of hepatic V1aR increases glycemia and,
when prolonged, may predispose to glucose intolerance and diabetes [102,103]. As de-
tected by RT-PCR, the VIbR mRNA is also expressed in the adrenals and small intestine,
albeit how these cells respond to AVP remains undefined [72].

1.5.5. Regulation of AVP Receptor Expression

Several tissue-specific signals affect AVP receptor expression transcriptionally and
post-transcriptionally. In the collecting duct, metabolic acidosis increases V1aR [104]
and decreases V2R expression [85]. Dehydration upregulates V2R expression [85]. V2R
engagement by AVP stimulates faster ubiquitin-dependent degradation than steady-state
turnover [105]. V2R expression levels are sex-dependent, which may have a bearing for
AVP-V2R-linked pathologies (e.g., PKD below) [106]. In addition, both V1R transcription
and translation change in response to stress [107,108].

1.5.6. Receptor Desensitization

Alike other GPCRs, the signaling cascade from AVP receptor activation also results in
receptor desensitization, which interrupts downstream signaling [109-111]. This occurs
through GPCR phosphorylation by GPCR kinases, arrestin binding, G protein uncoupling,
and receptor internalization. V1aR is rapidly recycled to the cell surface; in contrast, V2R is
sequestered in perinuclear recycling compartments [112-114]. Because AVP receptors can
be phosphorylated by several kinases, heterologous desensitization can occur in response
to different signals (e.g., angiotensin II) [115].

2. AVP-Related Renal Pathology

Because of its many physiological roles, AVP dysregulation due to both loss-of-
function and gain-of-function leads to widespread complications. Mutations in the AVP,
V2, and AQP2 genes cause forms of diabetes insipidus that have been extensively reviewed
elsewhere [6,116-118]. Here, we will focus on AVP gain-of-function in PKD.

2.1. Polycystic Kidney Disease and AVP

In PKD, cystic degeneration of the kidneys progressively affects their function, dis-
rupting water balance. Autosomal dominant PKD (ADPKD) is a hereditary renal disease
affecting 12.5 million people worldwide [119]. The majority of mutations found in ADPKD
patients map to the PKD1 and PKD?2 genes [119,120]. In rare autosomal-recessive PKD
(ARPKD), mutations disrupt the PKHD1 gene [119,121,122]. PKD1, PKD2, and PKHD1 all
encode transmembrane proteins, namely polycystin 1, polycystin 2, and fibrocystin [122].
Polycystin 1 is considered an orphan, atypical GPCR. Polycystin 2 is a Ca?* permeable
non-selective cation channel with homology to the TRP superfamily [123-125]. Fibrocystin,
or polyductin, is also a transmembrane protein [126-129]. Polycystin 1, polycystin 2, and
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fibrocystin interact and can be found at the cilium, considered critical for PKD [124,125].
The precise mechanisms of cyst formation and growth are unknown; however, several
changes are known to occur at the molecular, cellular, and physiological levels that affect
tubular homeostasis and function. Neoplastic-like cystic growth and tubular epithelial cell
apoptosis characterize PKD [119,130]. Early PKD stages are characterized by abnormally
high fluid excretion, which causes dehydration and activates compensatory AVP release
to stem water loss [119,130-134]. While in ADPKD congenital cysts only occur in 1-3% of
nephrons, continued cystic growth and new cysts eventually deform and compress the sur-
rounding parenchyma, impair nearby nephrons, and increase cell death. At advanced PKD
stages, kidneys can quadruple their volume and reach the size of a football [119]. These
events eventually overwhelm renal compensation, causing end-stage renal disease and
kidney failure in half of the ADPKD patients [119,130]. AVP, V2R, and cAMP signaling are
all altered in PKD [122,135-138]. Moreover, AVP loss of function in the PCK rat (AVP~/~)
increases renal cAMP and ERK phosphorylation, reminiscent of ARPKD [122].

PKD1 and PKD2 mutations reduce Ca®* signaling in the primary cilia and endoplasmic
reticulum (ER) of the epithelial cells of the renal tubule, which in turn increases intracellular
cAMP and fluid excretion ([133], Figure 3). Concomitant up-regulation of V2R expression
in PKD kidneys further elevates intracellular cAMP, which in turn increases protein kinase
A activity and CI” secretion via the cystic fibrosis transmembrane conductance regulator
(CFTR), fueling cystic cellular proliferation and Cl"-dependent fluid secretion [131,139].
Finally, in PKD, V2R may redistribute apically in the tubular cells [137]. ARPKD cells also
feature AVP/V2R upregulation, cAMP-activated cellular proliferation, and reduced intra-
cellular Ca?* [135,140,141]. Therapeutic targeting of the AVP system with V2R antagonists
appears to be moderately effective in the short term and is discussed in Section 5.1.2.

Basolateral V2R
Cell membrane
== |ncreased in PKD

a ‘ @ Reduced in PKD
AVP secretion ‘—F

G, JLy @ Polycystin-1
from pituitary a

Polycystin-2
(compensatory) x

Adenylyl
I cyclase ER
Dehydration .
—— Fluid —CAMP € —~ W
excretion N
N
N
PKA —> II \\\;Cal‘

Cell proliferation and

Chloride-dependent S
fluid secretion Pl"\AQPZ k

Ca?*

phosphorylation ~ ~ Ca?*

.[ Cilia I ICa pump
—— g

o
ca = .
a

Insertion into
NBD1 R |neo2 CFTR membrane

S I

Figure 3. V2R and AVP signaling in normal and autosomal dominant polycystic kidney disease
(ADPKD) renal tubule epithelial cells. In normal cells, AVP binding to V2R promotes dissociation of
the trimeric G into its & and By subunits. The « subunit triggers adenylyl cyclase (AC)-mediated
cAMP synthesis, which activates PKA and phosphorylates AQP2. Phospho-AQP?2 is shuttled to the
apical cell membrane and water reabsorption increased. In ADPKD (red type), reduced Ca?* release
from the ER and impaired Ca?* import from polycystin 2 at the primary cilia elevate intracellular
cAMP (dashed), which in turn increases fluid excretion. Resulting dehydration triggers AVP release
from the pituitary. Furthermore, higher than normal intracellular ;cAMP in ADPKD boosts C1~ trans-
port via the cystic fibrosis transmembrane conductance regulator (CFTR) channel that contributes to
cystic cell proliferation and chloride-dependent fluid secretion.
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2.2. Biological Sex and PKD

Like female mice, women display higher V2R mRNA expression than their male
counterparts ([106], reviewed in [142]) corroborating evidence for sex-specific phenotypic,
clinical, and/or pharmacological differences in the AVP response. The relationship between
sex and PKD appears complicated and is incompletely understood. Notably, while men
seem more sensitive than women to several kidney diseases, in ADPKD such difference
appeared to be reduced, implicating that women may instead have faster disease pro-
gression [143]. More than 80% of ADPKD and severe polycystic liver disease patients
are females, suggesting that hormonal regulation may contribute to disease severity [119].
However, in a recent study, female patients displayed slower cystic progression than males,
adding to a recent proposal that men may be more severely compromised by ADPKD than
women, despite the latter being more affected numerically [144]. In contrast, both sexes are
equally affected by ARPKD [119]. Future studies will be needed to clarify this important
aspect of the PKD pathophysiology.

3. AVP and Heart Failure

As of the year 2015, cardiovascular disease had caused the death of 17.3 million people
worldwide, to which HF has been one of the leading causes [145]. The decline in the heart’s
ability to effectively operate as a fluid pump and maintain proper systemic circulation, HF
translates clinically into decreased cardiac output and stroke volume, regardless of total
circulatory blood volume [146]. Chronic HF patients exhibit two to three times higher serum
concentrations of AVP (2.5-6.4 pM) compared to healthy individuals (<1.6 pM). Higher
AVP levels are associated with later stages of HF and suggest that AVP may contribute to
disease progression [147,148]. AVP synthesis within the SON and the PVN is coordinated
with the afferent signaling pathways from baroreceptors localized within the aorta, the
carotids, the cardiac atria, and left ventricle [149,150]. In HE, decreased circulating blood
volume reduces baropressor sensitivity and stimulates non-osmotic AVP release [146].
Moreover, as a vasoconstrictor, AVP raises blood flow. Specific to HE, systemic AVP release
augments peripheral vascular resistance and compensates for reduced cardiac output
and stroke volume in the short-term [149,151]. However, chronic AVP hyperstimulation
eventually impairs the heart’s mechanical function, promotes extensive cardiac remodeling,
and causes fluid imbalances that synergistically exacerbate cardiac dysfunction and lead to
HF [147,152].

3.1. AVP-V1aR Signaling and Cardiac Contractility

In HF patients, elevated plasmatic AVP appears to correlate with V1aR mRNA up-
regulation in the left ventricular myocardium [98]. Similarly, HF induced by left coronary
ligation in the Ntac:SD*/* rat also featured upregulated V1aR mRNA within the left
ventricle [153]. Probing of the AVP-V1aR signal transduction pathway revealed that over-
expression of the human V1aR in mice cardiac myocytes, (V1a™/*) augmented AVP-V1aR
signaling and promoted Gyq protein recruitment to the plasma membrane, increased
D-myo-inositol 1,4,5 trisphosphate signaling and Ca?* mobilization (Figure 4A). V1aR
overexpression leads to extensive myocardial contraction, hypertrophy, vasoconstriction,
and reduced cardiac contractility [154,155]. Persistent AVP-V1aR signaling also disrupts
-adrenergic receptor activation and signaling (Figure 4B) [156]. Hence, physiological
coupling of higher AVP secretion and V1aR density appears to underlie changes in cardiac
contractility and morphology in HE.
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Figure 4. AVP-V1aR signaling contributes to weaker myocardial contractions and cardiac remodeling in heart failure

(HF). (A) AVP binding to V1aR during HF activates G«q protein-mediated signaling, which amplifies IP3 signaling and

triggers Ca2* release (dashed) from the sarcoplasmic reticulum (SR). Prolonged Ca?* mobilization leads to myocardial

hypertrophy. (B) Gq-independent signaling promotes GRK recruitment to the plasma membrane (PM) decreasing

catecholamine-f adrenergic receptor (BAR) activation and Ca®* mobilization. When prolonged, this condition impairs

myocardial contractions.

3.2. AVP-V1aR Signaling and Cardiac Remodeling

Cardiac fibroblasts are non-contractile cells amounting to up to 60% of the heart,
essential to maintain the structural integrity of the heart’s extracellular matrix (ECM) [152].
Activation of V1aR signaling was found to promote cardiac fibroblast proliferation and
function [147,152]. In cardiac fibroblasts, AVP-V1aR dependent signaling recruits GRK2
and f-arrestinl/2 and increases expression of matrix metalloproteinases MMP2 and MMP9,
functioning in ECM degradation and tissue remodeling [147,157]. Moreover, AVP-V1aR
signaling induces phosphorylation of mitogen-activated ERK1/2 kinase that binds GRK2
and f3-arrestinl/2 and stimulates cardiac fibroblasts proliferation [151,157]. Extensive ECM
deposition follows increased expression of connective tissue growth factor and endothelin-
1 that respectively promote collagen synthesis and inhibit MMP1 [147]. The combined
vasopressor function of AVP and endothelin-1 increase peripheral vascular resistance and
cardiac afterload, which—when prolonged—lead to adaptive myocardial hypertrophy to
try maintaining cardiac output to the periphery [146,149].

3.3. AVP-V2R Signaling for Fluid Volume Retention and Cardiac Function

In a healthy individual, the baroreceptor-mediated non-osmotic release of AVP is
meant to limit perturbation from normonatremic and euvolemic states and ensure proper
cardiac compliance. However, in the case of progressive HF, sustained non-osmotic
AVP release will induce AQP2-mediated water reabsorption at renal collecting ducts
and cause dilutional hyponatremia (serum Na™ level <134mEq/L) and expansion of the
circulatory blood volume [158,159]. A coronary-ligated rat model of congestive HF indi-
cated that AQP2 was also upregulated and further impaired cardiac performance through
greater infarction of the left ventricular free wall [160,161]. Moreover, prolonged AQP2
translocation to the apical membrane increased systemic fluid retention and fluid satu-
ration/hypervolemic state and cardiac preload. If sustained, this condition stresses the
diastolic wall, and promotes MMP activation and cardiac hypertrophy [147]. Altogether,
chronic AVP secretion coupled with activation of V1aR and V2R signaling contribute to
a vicious cycle of extensive myocardial remodeling and inefficient contractile events that
usually escalate into fatal HF [160,162].
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4. AVP and Brain Function

AVP functions as a neurohormone regulating memory and attention [163,164], in-
creases neural transmission in the amygdala [165,166] and participates in the neuroen-
docrine stress response [167]. AVP modulates social behavior in several fish, amphibian,
vertebrate, and mammalian species with sexual dimorphic displays ([168-170], reviewed
in [31]).

The AVP-synthesizing magnocellular neurons of the PVN project to the posterior
pituitary and release AVP into the circulatory system to induce water retention [171-174].
In contrast, the parvocellular neurons project from the PVN to the median hypothalamic
eminence, and release AVP to trigger the secretion of ACTH and several anterior pitu-
itary hormones [172,175]. Other AVP-synthesizing neurons can be found in the medial
amygdala, the bed nucleus of the stria terminalis (BNST), and the SCN, which all project
centrally to the brain preoptic and olfactory areas, hypothalamic, and extra-hypothalamic
regions [54,176-178]. These neurons are thought to be the source of neural AVP because
the blood brain barrier is impermeable to plasmatic AVP [166,179-181]. Seven of the nine
amino acids in AVP are identical to OT, another neurohormone, due to the partial overlap
of their genes [182,183]. The distinct expression and distribution of AVP, OT, their receptors,
and the reach of their neuronal projections further intertwine these systems (reviewed
in [68,166]). AVP and OT can function variably and antagonistically, depending on sex
and several context-dependent factors. While AVP appears anxiogenic, OT is anxiolytic
and pro-social [33,181,184-187]. Recently, it was found that the similarity between OT and
AVP results in their binding to each other’s receptors and substantial crosstalk in vivo,
especially at high AVP and OT concentrations [27]. Integrative functional models of AVP
and OT signaling are needed to reconcile observations made in disparate experimental set
ups and behavioral paradigms, with primary focus on OT and male individuals, to refine
understanding of the neural circuitry regulating social behaviors. Here, we will examine
the AVP functions, referring readers interested in the biology of OT to comprehensive
reviews [163,166].

4.1. AVP and Animal Behavior

AVP and its non-arginine vasopressin relatives (VP) preside to sociality in several
rodents (rats, mice, hamsters, voles, jerboas) as well as birds and fish through largely
conserved neural networks in the amygdala, BNST, lateral septum, medial preoptic area,
anterior hypothalamus, and the periaqueductal grey [68,169,188-196]. Despite these simi-
larities, the behavioral responses appear both species-specific and may vary among con-
specifics, likely due to the differential distribution and expression of neural AVP receptors
and influence by gonadal hormones [169,177,196]. Note, V1aR and V1bR are widely ex-
pressed in the brain (Table 1). To probe the AVP neural functions in vivo, gene knock-out
of AVP or its receptors and pharmacological targeting of AVP receptors have been em-
ployed in combination with behavioral tests such as the forced swim test, which assesses
the animal’s overwhelm from a prolonged drowning threat and the elevated plus maze
test that measures anxiety ([43], reviewed in [197]). In such contexts, the AVP response
appeared largely subject-specific and influenced by social experience, hormonal status, and
the neuronal connections within the hypothalamus and between the hypothalamus and
other areas [178,198,199].

4.1.1. V1bR and Behavior

V1bR engagement by AVP in the anterior pituitary and adrenal medulla promotes the
release of key stress hormone ACTH [25,200,201]. This adds to the V1aR-mediated synthesis
and cortisol release occurring in the adrenals [70]. Denoting altered stress response, during
the forced swim test and elevated plus maze, male VIbR~/~ mice displayed reduced
resting levels and impaired ACTH release compared to controls [25,99]. V1bR may also
mediate aggression [202,203], and the V1 bR~/~ mice display social deficits [204,205].
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4.1.2. V1aR and Behavior

V1aR may regulate individual recognition, pair-bonding, sexual behavior, social
memory, and aspects of parental care (e.g., maternal aggressive behavior, anxiety, depres-
sion) [25,169,206-209]. Intracerebral AVP microinjection and V1aR overexpression in the
lateral septum both improved social recognition; conversely, both V1aR knockout and
administration of V1aR antagonists severely impaired sociality [208,210-212].

4.1.3. Recognition

In rodents, species-specific recognition is largely based on olfactory cues, and depends
on species-specific distribution of AVP-immunoreactive nerve fiber types [213]. Pharmaco-
logical or genetic V1aR targeting prevented short-term social recognition in rats, possibly
through changes in olfactory processing [178,214,215].

4.1.4. Aggression

Several AVP-immunoreactive neurons in the medial amygdala and BNST that project
to the lateral septum and AVP-immunoreactive projections to the anterior hypothalamus
were implicated in aggression in rodents [169,216-219]. While this theme is conserved in
several species, anatomical specializations are thought to underlie species-specific behav-
iors. For example, VP infusion into the septum inhibited aggression against intruders in
the field sparrow, a territorial species [217], whereas it increased aggression in the colo-
nial zebra finch [218]. Note, the septum is involved in social cognition, stress response,
and anxiety.

4.1.5. Parental Care

In rodents, parental care (e.g., pup licking and grooming) is necessary for both early
development and the adoption of similar nurturing behavior as adults. Genetic and
pharmacologic evidence indicated that in both sexes, pup grooming and maternal post-
partum aggression are mediated by the AVP/VP network and the neuronal connections
between the hippocampus and both the amygdala and the basal forebrain (reviewed in [81]).
Engaging in parental behavior increased expression of both AVP and its receptors, which
consolidates gene expression and behavior [209,220-223].

4.1.6. Sexual Behaviors

The effects of AVP/VP on sexual behavior have been thoroughly reviewed else-
where [224].

4.1.7. Differential Sex Response to AVP

In most species (except hyenas and rats), estrogen and androgens seem to increase AVP
levels [177]. In rats, testosterone was found to modulate AVP/VP receptor expression and
localization, as well as the number of AVP-immunoreactive neurons [225-228]. Conversely,
castration reduced AVP expression in a subpopulation of cell bodies within the BNST of
amphibians, birds, and mammals [148,229]. Note, the BNST is a sexually dimorphic center
that integrates limbic information and valence monitoring and has been implicated in
several psychiatric disorders. Corroborating the importance of AVP signaling strength,
compared to females, male rats showed denser AVP-immunoreactive fibers in the lateral
septum and lateral habenular [230-232] that may impact a subset of AVP/VP responses
([233], reviewed in [31]). In naked mole rats, breeding dominant males and females were
found to contain more AVP-immunoreactive neurons than subordinates [177,234]. In
mandarin voles, dominant and subordinate females displayed different distributions of
AVP-immunoreactive neurons in the PVN and SON [235].

4.1.8. Changes in AVP-Signaling

The AVP system appears to adaptively respond to conditions and environments.
For example, maternal stress during late pregnancy reduced V1aR neural expression and
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impaired pup sociality [236]. Seasonal breeding [237,238] and fatherhood [239-242] also
appear to modulate AVP signaling.

4.1.9. Circadian Response

V1aR signaling affects circadian rhythmicity [71,243]. In mice, circadian non-endocrine
regulation elicited by SCN neurons triggered AVP release, OVLT activation, and increased
thirst before sleep to counter dehydration during the night hours [244,245].

4.2. AVP and Human Behaviour

The AVP (and OT) systems underlie human social cognition, with short-term effects
on context-specific behavioral responses and long-term behavioral regulation (e.g., anxiety,
reward) [246-248]. Alike other species, OT is pro-social [148,249-252]. Depending on
context, AVP can promote either pair bonding and cooperation or threat reaction and
anxiety [253-255]. Patients with certain personality disorders presented high AVP in the
cerebrospinal fluid, and often systemically [174,256]. Autism spectrum disorder (ASD),
Williams syndrome, schizophrenia, depression, social anxiety, and attachment disorders all
respond to AVP receptor blockade or seem linked to AVP and OT [166,257-268]. Reduced
AVP was found in patients with schizophrenia and bipolar disease, with lower AVP levels
possibly predisposing to psychoses, independent of OT [264,269]. Social stress is known to
increase odds to develop psychiatric disorders [270], albeit its effects on AVP are unknown.
Suggesting that AVP signaling may interface with the limbic system, serotonin modulates
AVP release and V1aR activation [271,272]. Certain polymorphic variants of V1aR and the
serotonin transporter SLC6A4 that are linked to creative and behavioral traits have been
found frequently associated in dancers and may relate to capacity for social empathy [273].
Depression, impulsivity, and violence seem causally linked to AVP regardless of other
factors, e.g., sex, stressors [274-277]. Childhood stress appears to affect sociality through
AVP [278]. Underscoring the complexity of the AVP neural network, the AVP system
was found to respond to both gonadal steroids and genetic background (more below),
and life history influences the individual responses to specific contexts [67]. Possibly
contributing to physiological and individual diversity, sensitivity to OT signaling and
its AVP-balancing functions seem to be established during early life [279]. Moreover,
the AVP-responsive amygdala, cingulate gyrus, and hypothalamus all impinge on social
behavior [261,280-282]. Recently, AVP-immunoreactive projections have been found in the
human male agranular insula [282], a region of the brain neocortex presiding to sensory
processing, high-level cognition, and affection [283]. Thus, AVP appears to be central to
the human neural developmental pathways. Polymorphic microsatellites upstream of the
V1aR gene may influence expression levels in the amygdala [284-288]. Furthermore, some
V1aR gene polymorphisms associate with behavioral traits, including novelty seeking,
sexual behaviors, musicality, and dance ([261,273,289,290], reviewed in [166]). Specific
polymorphisms and simple sequence repeats in the V1aR gene associate with schizophrenia
and ASD, social cognition deficits [34,291], and behaviors including aggression, altruism,
depression, and empathy [269,292,293]. Polymorphisms reducing AVP gene expression
have been linked to schizophrenia [294]. Consistent with a causal relationship, AVP
administration lessened the negative symptoms of some schizophrenic patients [264].

To study the effects of AVP in human subjects, intra-nasal administration is used in
combination with functional MRI (fMRI) to reveal the brain areas with changes in deoxy-
hemoglobin concentration in response to AVP [33,178,295,296]. As in animals, intranasal
AVP administration may increase endocrine stress by augmenting amygdala activity [165]
and promoting ACTH secretion [167] and favor negative responses in ambiguous social
situations [297]. While AVP reduced friendliness in men, it increased it in women [298].
Brain fMRI during a Prisoner’s Dilemma Game revealed that, upon intranasal administra-
tion of 20 international units (IU) of AVP and compared to placebo, AVP increased BNST
activity and reciprocated cooperation in men [255,299]. Note, the AVP and OT-responsive
BNST interfaces with the brain areas regulating affiliation, parental care, sexual behav-



Biomedicines 2021, 9, 89

13 of 32

iors, communication, and aggression [190,300]. In contrast, in women, AVP activated
the left caudate nucleus and left amygdala and increased cooperation following partner
defection [299]. In men, perceived unreciprocated cooperation appeared to reduce the
activation of the right amygdala, which is responsible for processing negative emotions,
and the anterior insula [148]. Interestingly, these patterns may be influenced by personal-
ity traits. Upon AVP administration, male participants with high neuroticism score also
displayed higher activity in the anterior cingulate cortex, medial prefrontal cortex, and
lateral temporal lobe in response to unreciprocated cooperation [301]. Note, such regions
mediate emotion, decision-making, and language. Conversely, cooperation activated the
right insula, which is linked to body awareness [301]. AVP increased male cooperation in
risky yet rewarding choices through decreased activity of the left dorsolateral prefrontal
cortex (which modulates cognitive flexibility during risky cooperation) [254]. AVP may
also alter male emotional processing. Normally, seeing facial displays of fear or anger
changes activity in the subgenual cingulate of the medial prefrontal cortex, which is part of
the limbic system. However, men treated with 40 IU) of intranasal AVP neither recognized
the difference between such displays, nor showed differential brain activity, and exhibited
decreased functional connectivity between the subgenual and supragenual cingulate [262].
Thus, the human AVP response seemingly shares traits with other mammals and birds,
and also displays unique species- and individual-specific traits due to individual genetics,
life history, and situation, which all contribute to the integration of sensory processing and
behavior to adapt to specific contexts.

5. Pharmacological Modulation of the AVP Pathways

The human AVP pathway has been targeted pharmacologically using AVP receptor
agonists and antagonists. Agonists are mainly AVP analogs that bind to the same receptor
site (orthosteric) as natural AVP, which are used to bolster AVP signaling in loss-of-function
conditions, e.g., diabetes insipidus and septic shock ([302], reviewed in [303]). Conversely,
antagonists lessen elevated AVP signaling (gain-of-function) in HF, PKD, and secondary
shock, and are aquaretic, i.e., promote excretion of solute-free water (reviewed in [304]).

5.1. Vasopressin Receptor Antagonists

Known also as vaptans, nonpeptide AVP receptor antagonists are administered orally
or intravenously to bind specifically and competitively to renal and cardiac V2R [305,306].
Tolvaptan, lixivaptan, satavaptan, and mozavaptan each have distinct chemical features
that uniquely influence receptor affinity and biological activity (Table 2). Upon receptor
interaction, the vaptans prevent AQP2 translocation to the apical membrane of the renal
collecting duct and increase aquaresis [307-309]. Conivaptan exhibits high affinity for
both V1aR and V2R. Upon binding to localized V1aRs, conivaptan can limit myocardial
hypertrophy [310,311]. Balovaptan selectively binds to neural V1aRs and exhibits po-
tential for treating human behavioral disorders [312,313]. Relcovaptan similarly binds
to Vl1aRs and is used to induce local vasodilatation in Raynaud’s disease and reduce
preterm labor contractions [314,315]. Note, Raynaud’s disease causes vasoconstriction
in hands and feet, and may lead to localized tissue necrosis. Nelivaptan interacts with
neuronal V1bRs, reduces ACTH secretion by approximately 15%, and is a potential anx-
iolytic and antidepressant [64,316,317]. Nelivaptan may also function in other tissue
contexts. Treatment of rodent and human pancreatic 3-cell isolates eliminated insulin
release [101]. Moreover, V1bR-selective non-peptide antagonist SSR-149415 abolished Ca?*
release, glucagon secretion, and cell proliferation of a glucagon-secreting «-pancreatic
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