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Abstract: Background: In addition to the well-known role played in lactation and parturition, Oxyto-
cin (OT) and OT receptor (OTR) are involved in many other aspects such as the control of maternal 
and social behavior, the regulation of the growth of the neocortex, the maintenance of blood supply to 
the cortex, the stimulation of limbic olfactory area to mother-infant recognition bond, and the modula-
tion of the autonomic nervous system via the vagal pathway. Moreover, OT and OTR show anti-
inflammatory, anti-oxidant, anti-pain, anti-diabetic, anti-dyslipidemic and anti-atherogenic effects.  
Objective: The aim of this narrative review is to summarize the main data coming from the literature 
dealing with the role of OT and OTR in physiology and pathologic conditions focusing on the most 
relevant aspects.  
Methods: Appropriate keywords and MeSH terms were identified and searched in Pubmed. Finally, 
references of original articles and reviews were examined.  
Results: We report the most significant and updated data on the role played by OT and OTR in physi-
ology and different clinical contexts.  
Conclusion: Emerging evidence indicates the involvement of OT system in several pathophysiological 
mechanisms influencing brain anatomy, cognition, language, sense of safety and trust and maternal 
behavior, with the possible use of exogenous administered OT in the treatment of specific neuro-
psychiatric conditions. Furthermore, it modulates pancreatic β-cell responsiveness and lipid metabo-
lism leading to possible therapeutic use in diabetic and dyslipidemic patients and for limiting and even 
reversing atherosclerotic lesions.	  

Keywords: Oxytocin, oxytocin receptor, maternal behavior, social behavior, metabolic homeostasis, atherosclerosis, pain, neu-
roinflammation, autism, schizophrenia, depression, bipolar disorder.  

1. INTRODUCTION 

 In addition to the well-known role played in lactation and 
parturition, OT and OT receptor (OTR) are involved in the 
control of many functions as well as in pathologic conditions 
with emerging possible therapeutic implications. The aim of 
this paper was to review the literature dealing with the role of 
OT and OTR in physiology and in pathologic conditions, 
summarizing the main concepts emerging from the analysis of 
the data. Therefore, appropriate keywords and MeSH terms 
related to Oxytocin and Oxytocin Receptor and their possible 
functions were identified and searched in Pubmed and refer-
ences of original articles and reviews were examined.  
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 More exactly, we searched on PubMed the terms that 
include the following: “Oxytocin” AND “Oxytocin Recep-
tor” AND “Maternal behavior” AND "social behavior” AND 
“atherosclerosis” AND “pain” AND “neuroinflammation” 
AND “autism” AND “schizophrenia” AND “depression” 
AND “bipolar disorder". We particularly selected original 
articles and reviews written in English until September 2019. 
 This narrative review reports, therefore, the most signifi-
cant and updated data on the role played by OT both in 
physiology and in different clinical conditions. 

2. GENERAL ASPECTS OF OT SECRETION AND 
REGULATION 

 Oxytocin (OT) is a neuropeptide synthesized by magno-
cellular neurosecretory (MCN) neurons of the supraoptic 
(SON) and paraventricular (PVN) nuclei, localized in the 
anterior hypothalamus, playing an important role in the re-
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productive organs, such as breast and uterus, and some as-
pects of social behaviors in many species. The SON contains 
only MCN neurons which synthesize either OT and VP, 
whereas the PVN contains also parvocellular neurosecretory 
(PCN) neurons and sends OTergic and VPergic projections 
to other brain and spinal cord sites [1, 2].  
 OT gene encodes a precursor protein that is processed to 
synthesize OT and its protein carrier neurophysin I [3]. This 
process is activated via stimulation of nipples and cervix 
receptors during lactation and parturition. The signals origi-
nating from these receptors stimulate SON and PVN MCNs 
to secrete OT via brain pathways as the spinal cord (SP), the 
medial forebrain bundle (MFB), the dorsal lateral fasciculus 
(DLF), the mammillary peduncle (MP) and the nucleus in-
certus (NI) [4 - 6]. OT and its corresponding carrier protein, 
neurophysin I, are packaged into neurosecretory granules 
and transported via axoplasmic flow to axon terminals in the 
posterior pituitary (PP) and hence are released into the sys-
temic circulation in response to action potentials that depo-
larize the axon terminals by the opening of voltage-
dependent calcium channels inducing exocytosis of the se-
cretory granules [7, 8].  
 Circulating OT is not able to cross the blood-brain-
barrier (BBB) but is transported into the brain by the recep-
tor for advanced glycation end-products (RAGE) on the en-
dothelial cells of the capillary of the BBB. It has been ob-
served that expression of RAGE, a member of the immuno-
globulin superfamily that binds various ligands on the capil-
lary of endothelial cells is necessary for the transport of OT 
into the brain. In fact, mice RAGE KO are unable to increase 
brain OT following exogenous administration and show re-
duced maternal behavior [9]. 
 Peripheral signals as relaxin, secreted from the ovary 
during pregnancy, and gonadal steroids as 17βestradiol, se-
creted during lactation, stimulate OT synthesis via circum-
ventricular organs as subfornical organ (SFO) and organum 
vasculosum laminae terminalis (OVLT) [10 - 15], located 
into the anteroventral region of the third ventricle (AV3V), 
and synapsing on SON and PVN MCNs by afferent projec-
tions [8, 16 - 20]. In addition, estrogen receptors are ex-
pressed in various brain nuclei including OTergic and VPer-
gic neurons of SON and PVN [12, 13].  
 The synaptic inputs that these efferent projections trans-
mit to SON and PVN MCNs mobilize several neurotransmit-
ters and neuropeptides, that once released into the intersyn-
aptic space regulate synaptic actions in an autocrine or 
paracrine mechanism and stimulate OT release via activation 
of ligand-gated ion channels, induce rapid changes in mem-
brane potential, and G protein-coupled receptors (GPCRs) 
that activate a large variety of different signaling cascades 
that regulate action potential firing [21, 22].  

3. MOLECULAR MECHANISMS INVOLVED IN OT 
SECRETION AND ACTION 

3.1. Role of OT Receptor (OTR) 

 The OTR is a Gq/11 protein-linked receptor, a member of 
transmembrane GPCRs family, activated by OT release via 
regulation of ligand-gated ionotropic receptors, ligand-

induced trafficking of the GPCRs to the nucleus and differ-
ent ion channels (K+ and Ca++) [21, 22]. Studies using light 
microscopic autoradiography showed OT-binding sites in the 
central nervous system (CNS). OTergic neurons of SON and 
PVN project to brain areas containing high concentrations of 
OTR that are the olfactory bulb, nucleus accumbens septi, 
bed nucleus of the stria terminalis, hypothalamic suprachi-
asmatic, arcuate and ventromedial nuclei, limbic structures 
as amygdaloid nuclei, hippocampus, septal nuclei, the nu-
cleus of the solitary tract, the cingulate cortex and spinal 
cord [23]. OTR has also been identified in peripheral tissue 
as kidney, heart, thymus, pancreas and adipocytes [24]. 
 GPCRs play a role in the transmission of information 
from the extracellular environment to the cellular compart-
ment. This mechanism is rapidly attenuated via ligand re-
moval from the extracellular environment, receptor desensi-
tization, endocytosis and down-regulation [25]. The stimula-
tion of OTR causes desensitization and internalization, there-
fore OTR is sequestered into the intracellular space. Studies 
carried out using binding and fluorescence assay indicated 
that almost 85% of the OTR had returned to the cell surface, 
after 4 h, completely restored, thus showing that OTR recy-
cling is involved in the mechanism of the resensitization. 
Conti and coworkers [26] showed that the interaction be-
tween OTR and β-arrestin indicates the rate recycling of 
OTRs. In addition, studies of receptor recycling pathways 
demonstrate the location of OTR in vesicles containing the 
Rab 4 and Rab 5 small GTPase, which are markers of the 
“short cycle”, thus showing that OTRs promote re-
sensitization via the short cycle of receptor recycling [26]. 
Finally, intracellular serine after phosphorylation plays a 
crucial role in OTR trafficking and mediates the interaction 
OTR-βarrestin. A similar mechanism is observed for VP V2 
receptor-mediated trafficking of aquaporin 2 (AQP2) vesi-
cles to cell apical plasma membrane for collecting duct by 
phosphorylation of the C-terminal tail of AQP2 at serine 256 
[7, 27].  
 Sex differences have been reported for OTR expression 
showing left lateralization in the female auditory cortex and 
in right auditory cortex in males. This observation indicates 
that the higher expression of OTR plays a role in predispos-
ing female cortex to maternal behavior and modulating syn-
aptic transmission via cortical inhibitory interneurons. The 
GABA-A agonist muscimol injected in the left or right audi-
tory cortex showed an inhibitory role in pup retrieval behav-
ior only when administered in the left but not right auditory 
cortex, while OT reduces synaptic inhibition induced by 
GABA in multiple brain areas [28]. This action on inhibitory 
interneurons modulates GABAergic transmission and in-
creases synaptic excitability and the autocrine mechanism of 
OT-induced OT release in PVN [28]. Sex-specific differ-
ences of OTR expression and function might be related to 
different factors. OT in females has more access to the cen-
tral nervous system because the BBB permeability is more 
permissive in females [29]. Moreover, the saturation of OTR 
to OT secretion during social interaction occurs more rapidly 
in males than in females [30]. A higher expression of OTR in 
female left auditory cortex has been described, strictly condi-
tioning the maturation of maternal behavior by the left later-
alization of the auditory cortex [31].  
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3.2. OT Gene Expression 

 Signals arising from suckling and cervical stretch reach 
SON and PVN MCNs, via afferent pathways in the brain-
stem and spinal cord [4 - 6], and trigger trafficking of the 
neurokinin 3 receptor (NK3R) in OTergic and VPergic neu-
rons. The NK3R is associated with a nuclear chaperone pro-
tein called importin β1 which facilitates its movements 
through the nuclear pores inducing OT and VP synthesis in 
the Golgi complex and rough endoplasmic reticulum [32 - 
34]. This trafficking of the NK3R to the nucleus plays an 
important role in the regulation of genes involved in the in-
creased secretion of OT during lactation and parturition, and 
VP to osmotic stimuli (Fig. 1).  
 It has been reported that MCN and PCN neurons of SON 
and PVN express a large variety of genes controlling the 
synthesis of OT, VP, and their carrier proteins neurophysin I 
and II. Suckling and cervical stretch produce multiple 
changes in gene expression levels. In lactating female rats, a 
significant increase has been observed in OT mRNA tran-
scription at the level of MCN and PCN neurons of SON and 
PVN while osmotic stimuli increased more VP hnRNA but 

lowering OT hnRNA [35, 36]. GABAergic and NAergic 
regulation of MCN and PCN neurons within PVN has been 
investigated with bicuculline, a GABA-A receptor antago-
nist, and NA injected directly into the PVN. This pharmacol-
ogical approach induced a significant increase in OT and VP 
hnRNA and c-Fos immunoreactivity, thus showing a stimu-
latory NAergic and inhibitory GABAergic control of OT and 
VP gene expression [37-39]. A relationship between OT and 
VP gene expression has been observed in OT KO mice. VP 
mRNA in SON and PVN was significantly lower in KO 
mice compared to wild-type even if an up-regulation of VP 
gene expression in OT KO mice was observed after osmotic 
stimuli indicating a compensatory up-regulation of VP gene 
expression [40]. Differential kinetics of OT and VP hnRNA 
expression has been observed in the SON under osmotic 
stimuli. VP hnRNA levels increased few minutes after os-
motic stimuli, while OT hnRNA gene expression increased 
only three days following salt loading thus showing that OT 
gene transcription is not chronologically related with VP 
gene transcription in SON, thus highlighting two different 
excitation-secretion-transcription mechanisms involved in 
the regulation of OT and VP synthesis [41].  

 
Fig. (1). Anatomical, molecular and physiological mechanisms involved in OT and VP secretion. CCK: cholecystokinin; PG: prostaglandins; 
NTS: Nucleus of the solitary tract; CVOs: circumventricular organs; OVLT: organum vasculosum lamina terminalis; SFO: subfornical or-
gan; SON: supraoptic nucleus; PVN: paraventricular nucleus; NK3: neurokinin 3; NK3R: neurokinin 3 receptor; RER: rough endoplasmic 
reticulum; HNT: hypothalamo-neurohypophyseal tract; PP: posterior pituitary; ↑ increase; ↓ decrease. (A higher resolution / colour version of 
this figure is available in the electronic copy of the article). 
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3.3. Dendritic Plasticity and Synaptogenesis of SON and 
PVN 

 SON and PVN MCNs release neurohypophyseal hor-
mones OT and vasopressin (VP) at the dendritic level in or-
der to play an autocrine control. After the second postnatal 
week of life in rats, the dendritic arbor increases and the glu-
tamatergic postsynaptic receptor becomes functionally ac-
tive.  
 This dendritic plasticity and synaptogenesis are mediated 
by an interplay between the postsynaptic dendritic release of 
OT and VP and presynaptic glutamate release. In fact, in 
vivo administration of OT, VP and the glutamatergic receptor 
agonist N-methyl-D-aspartate (NMDA) stimulate dendritic 
plasticity and synaptogenesis; on the other hand, antagonists 
of OT, VP and NMDA inhibit the maturation of glutamater-
gic synaptic transmission and dendritic arbor increase of 
SON MCNs [42]. In addition, synaptic plasticity is mainly 
evident during lactation with an increase in glutamatergic 
synapses in OTergic and VPergic neurons of SON [43].  

3.4. Glial Regulation 

 The glial cells, mainly the astrocytes, regulate synaptic 
inputs inducing morphological plasticity of SON and PVN 
MCNs during lactation and dehydration. Histological 
changes are observed in MCNs as increased direct soma-
somatic contacts by retraction of fine glial processes, in-
creased cells with the dilated rough endoplasmic reticulum, 
increased direct juxtaposition of MC neuronal surface, and 
decrease of lysosomes during lactation and osmotic stimuli 
[44, 45]. In addition to morphological plasticity, astrocytes 
trigger the release of glutamate, ATP, purines, D-serine, 
TNF-α as gliotransmitters and express GPCRs [46 - 53]. In 
rat PVN, the excitatory effect of noradrenaline (NA) is me-
diated by ATP released from glial cells, thus showing the 
role of ATP as gliotransmitter in the regulation of postsynap-
tic efficacy. ATP binds to purinergic receptor (P2X7), local-
ized at the postsynaptic level of MCNs, inducing the opening 
of the P2X7 cation-channel with calcium influx in MCNs 
and hence increasing the postsynaptic efficacy to glutamate 
of these neurons [54 - 57]. Consequently, this mechanism 
determines both increased postsynaptic sensitivity to gluta-
mate and strengthened glutamate synapses in order to in-
crease MCNs excitability to synthesize and release OT and 
VP to osmotic and non-osmotic stimuli [58]. The ultrastruc-
tural changes in SON and PVN MCNs observed during lac-
tation indicate that this anatomical remodeling of glial cells 
plays an important role in the stimulatory mechanism of ac-
tion of glutamate synapses increasing glutamatergic tone and 
inhibiting GABA release by stimulation of glutamatergic 
receptors that block GABA release [59]. On the other hand, 
in resting conditions, the GABAergic tone prevails [59], thus 
showing many brain processes as under the excitatory con-
trol of glutamate, via action potential discharge, and 
GABAergic inhibition, via membrane hyperpolarization [60, 
61]; therefore a balanced interaction glutamate-GABA is 
required to maintain the physiological homeostasis [62, 63].  
 Kainate-receptors (KARs) are members of the glutamate 
receptor family and mediate synaptic transmission, post-
synaptically by ionotropic inputs, and pre-synaptically regu-

late GABA and glutamate release. The regulatory action on 
neurotransmitter release can be switched from stimulation to 
inhibition and is directly dependent on astrocytic plasticity. 
Activation of presynaptic KARs induces GABA release in 
OTergic and VPergic neurons of SON. On the other hand, 
glutamate increases during lactation, which is shown by re-
duction in astrocytic coverage of OTergic neurons, and in-
duces inhibition of GABAergic transmission [64]. These 
data indicate that increased levels of glutamate, released into 
the confined space of a synaptic cleft, cause the switch in-
duced by KARs. Therefore, the stimulation of GABAergic 
transmission blocked by the Ca(2+)-permeable KAR antago-
nist suggests an ionotropic mechanism of action. Instead, a 
metabotropic mode of action is involved in KAR-mediated 
inhibition that is blocked by a phospholipase C inhibitor 
[64]. Glial uptake of glutamate reduces the action potential 
discharge in SON and PVN MCNs under resting conditions; 
on the other hand, during osmotic and non-osmotic stimuli, 
the glial glutamate uptake decreases inducing neuronal activ-
ity, showed by c-Fos immunoreactivity, in SON and PVN 
MCNs. Therefore, astrocytes control, in MCNs, a direct 
crosstalk between NMDA and GABA-A postsynaptic recep-
tors in order to maintain this balance [60 - 63]. 
 OT and VP released from the dendrites of SON and PVN 
MCNs modulate synaptic transmission in two ways; at post-
synaptic level, inducing the axoplasmic transport of OT and 
VP to PP and at presynaptic terminals, inducing an autocrine 
control of afferent inputs to MCNs. OT acts as a presynaptic 
agonist in the SON and PVN by the inhibition of glutamater-
gic receptors. Therefore SON and PVN MCNs play a role 
both as site receiving afferent signals and regulators of the 
magnitude of afferent inputs [65]. 
 During osmotic and non-osmotic stimuli, the release of 
OT and VP depends also on changes of the cytoskeletal or-
ganization by the increase of actin filament density. Ultra-
structural changes of actin filaments along the hypothalamo-
neurohypophyseal tract (HNT), as well as migration, 
morphogenesis, axonal sprouting and endocytosis, are ob-
served during lactation and dehydration. The increased den-
sity of actin filaments is induced by contractile proteins, as 
plasma membrane phosphoinositides, thus inducing the 
axoplasmic transport of OT and VP to PP [66 - 69].  

4. NEURAL PATHWAYS AND HORMONES 
REGULATING OT SECRETION 

 Neural afferent pathways arising from stretching of the 
cervix during parturition (Ferguson reflex) and suckling of 
the nipple by the newborn (milk let-down reflex of Ely and 
Petersen) reach and synapse on OTergic neurons of SON and 
PVN via mesencephalic and diencephalic pathways as the 
SC, MFB, DLF, and MP [4-6]. The synapses that these neu-
ral pathways form on MCNs of SON and PVN express sev-
eral neurotransmitters and neurohormones. 

4.1. Dopaminergic Regulation 

 SON and PVN MCNs receive dopamine(DA)-ergic in-
puts from pathways originating in the arcuate and periven-
tricular nuclei [70, 71]. In lactating suckled rats, DA and 
apomorphine facilitate the milk-ejection reflex increasing the 
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activity of OTergic neurons [72]. DA depolarizes SON 
MCNs in hypothalamic explants. Similar responses have 
been observed for quinpirole, a D2 agonist, but not a D1 
agonist, whereas the action of DA is selectively antagonized 
by two D2 receptor antagonists, sulpiride and spiperone. 
These results show that DA depolarizes SON MCNs by 
stimulation of D2 receptors located at the soma-dendritic 
level and involves an intracellular Ca(2+)-dependent mecha-
nism [73]. 

4.2. Noradrenergic Regulation 

 OTergic neurons of the SON and PVN receive 
noradrenaline(NA)-ergic afferent projections from the A1 
and A2 cell groups of the medulla oblongata [70, 74]. Elec-
trophysiological studies showed that stimulation of A1 and 
A2 NAergic neurons enhanced the activity of SON and PVN 
MCNs. Chemical lesions of PVN NAergic terminal plexus 
by local application of the neurotoxin 6-OHDA blocked the 
stimulatory effect of A1 and A2 NAergic neurons, thus 
showing NAergic inputs arising from A1 and A2 medullary 
neurons to facilitate the activity of SON and PVN MCNs 
[75, 76].  
 In addition, it has been observed that histamine(H)-ergic 
and NAergic interactions control the OT and VP synthesis 
and release. Central administration of H or NA increases 
significantly OT and VP secretion. These responses were 
antagonized by H1 receptor antagonist mepyramine or H2 
receptor antagonist cimetidine. Moreover, systemic pre-
treatment with imetit, which inhibits neuronal synthesis and 
release of H, significantly decreased the OT and VP secre-
tion to NA [77], thus showing that NAergic inputs stimulate 
OT and VP secretion via involvement of Hergic neurons at 
the level of SON and PVN MCNs. 
 In vitro experiments, using perfused explant of the hypo-
thalamo-neurohypophyseal tract, synergistic responses be-
tween purine(P)-ergic and adrener(A)-ergic agonists have 
been observed. ATP increased OT and VP release, and this 
increase was synergized after the infusion of the α1-Aergic 
agonist phenylephrine that resulted in a threefold to fourfold 
increase of OT and VP. This effect was antagonized by a P-
receptor antagonist, a protein kinase C inhibitor, and actino-
mycin, an inhibitor of gene transcription [78], thus showing 
that the significant increase of OT and VP required Pergic 
receptor activation and gene transcription.  

4.3. Serotoninergic Regulation 

 The mesencephalic dorsal raphe nuclei (DRN), classified 
as B7-B8-B9 [74, 79, 80], the most important site of sero-
tonin (5-HT) neuronal cell bodies in the brain, are involved 
in the synthesis and release of OT and VP. Afferent projec-
tions originating in the DRN synapse in the SON and PVN 
[81, 82] and the enhancement of 5-HT in cultures of isolated 
rat neurohypophyseal tissue produce a significant increase in 
OT and VP, thus showing a 5-HTergic control of OT and VP 
secretion at the level of posterior pituitary [83]. The 5-
HTergic receptors involved in OT secretion are primarily the 
5-HT1A, 5-HT2C and 5-HT4. Indeed the stimulation of 
these receptors increased the level of OT mRNA both in the 
SON and PVN [72, 84]. 

4.4. GABAergic Regulation 

 GABAergic pathways originate in the limbic system and 
CVOs synapse on SON and PVN MCNs [85, 86]. GABA 
and its synthesizing enzyme, glutamic acid decarboxylase 
(GAD), have been revealed in OT-and VP-secreting neurons 
of SON and PVN as well as in the HNT [87, 88]. In addition, 
GABA microiontophoretically injected reduces significantly 
the activity of SON and PVN MCNs [89 - 91].  
 OT and VP release induced by hyperosmotic stress is 
inhibited by GABAergic neurons. It has been reported that 
chronic hyperosmotic stress reduced GABA synaptic inhibi-
tion of SON and PVN MCNs. In vitro studies performed on 
hypothalamic neurons of rats submitted to chronic hyperos-
motic stress showed that the GABAergic inhibition con-
verted into an excitatory response and the administration of 
the GABA-A antagonist bicuculline lowered OT and VP 
release under the chronic hyperosmotic stress. This switch 
from inhibition to excitation caused the increased release of 
OT and VP, and antagonized by blocking OT receptors. 
Therefore, upregulation of transmembrane Cl-gradients in 
postsynaptic neurons is the mechanism mediating the inhibi-
tory-to-excitatory switch of GABAergic transmission [92]. 

4.5. Opioid Peptides Regulation 

 Endogenous opioid peptide system modulates OTergic 
and VPergic neurons of SON and PVN both on the basal 
secretion and the release of osmotic and non-osmotic stimuli. 
Inhibitory mechanisms of basal secretion act at the level of 
terminal axons, whereas pre-synaptic inhibition of afferent 
inputs to MCNs plays a role during lactation or parturition 
[93]. The endogenous opioid peptide system consists of three 
families of opioid peptides: endorphins, enkephalins (ENK) 
and dynorphins; and three families of receptors: µ (MOR), δ 
(DOR) and κ (KOR). ENKergic pathways involved in SON 
and PVN MCNs activity originate in the nucleus of the soli-
tary tract (NTS) of the medulla oblongata [94], the bed nu-
cleus of the stria terminalis (BST), the centromedial 
amygdala [95] and the hypothalamo-septal pathway [96]. In 
addition, opioid synapses in the PP have been observed and 
the neurohypophyseal ENK content was significantly re-
duced following electrolytic lesions of SON [97], thus show-
ing ENK originating in SON and PVN MCNs to reach the 
PP via axoplasmic transport. Opioid peptides inhibit OT re-
lease in lactation [98, 99]. It has been observed that the 
opioid peptide dynorphin, centrally administered, attenuated 
the increase of OT secretion during dehydration. This effect 
was prevented by KOR antagonists, thus indicating that 
KORs were required for the biological response [99 - 101]. 
Moreover, the synthesis and release of both OT and VP, 
from SON and PVN MCNs, following an acute increase of 
angiotensin II (ANG II) in cerebrospinal fluid (CSF) are in-
hibited by leucin-ENK, centrally administered [102].  

4.6. Hormonal Regulation 

 The peptide hormone relaxin, released by the ovary dur-
ing the pregnancy, stimulates the secretion of OT increasing 
the firing rate of SON and PVN MCNs via SFO and OVLT 
[10, 11]. The mechanism of action played by relaxin during 
labor is the relaxation of pelvic ligaments and uterine muscu-
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lature, softening of the cervix and pubic symphysis, broaden-
ing of the pubic bone. Circulating relaxin is a peptide too 
large and hence is not able to cross the blood-brain-barrier 
(BBB), therefore its action is mediated by activation of re-
laxin receptors located within the SFO and OVLT [103] that 
lack the BBB. Direct efferent axons originating in the SFO 
and OVLT synapse on SON and PVN MCNs [16, 17, 19, 
104], thus showing that signals induced by relaxin during the 
pregnancy and parturition reach OTergic neurons via SFO 
and OVLT [104]. 17βestradiol (E2) stimulates the dendro-
somatic release of OT [14] and modulates the response of 
OTergic neurons in lactating rats [15]. The stimulatory ef-
fects of E2 on OT synthesis and release are mediated via 
SFO and OVLT that contain estrogen receptors (ERs) [12, 
13, 105]. ERs subtypes include the ERα, ERβ and the GPCR 
30 that are located both in OTergic and VPergic neurons of 
SON and PVN [12, 13]. ERβ plays an inhibitory role in the 
regulation of OT and VP mRNA expression. It has been re-
ported that ERβ KO mice are unable to decrease OT and VP 
gene expression after E2 treatment [106]. Hyperosmotic 
stimuli decrease ERβ expression in SON and PVN MCNs, 
therefore a down-regulation of ERβ, in response to osmotic 
or non-osmotic stimuli, removing an inhibitory control, 
stimulates OT and VP release [107].  
 Also the gonadal steroid progesterone (P) influences 
OTergic neurons during the pregnancy. Indeed, the initial 
phase of parturition is characterized by a P decrease. This 
fall of plasma P levels, removing the inhibitory control on 
uterine tone and neurons secreting OT, provokes high ex-
pression of uterine OT receptors and a positive feedback 
between these receptors and OTergic neurons in the SON 
and PVN. Therefore, during parturition, prostaglandins (PG) 
induce uterine contractions stimulating OT release, and con-
sequently, OT induces PG secretion that further enhances 
uterine contractions. The anatomical pathway involved in 
this mechanism, and triggered by uterine contractions, is the 
vagus nerve which projects neurons of the NTS in the me-
dulla oblongata, and hence from NTS to hypothalamic 
OTergic cells of SON and PVN [108, 109]. 
 Cholecystokinin octapeptide (CCK-8) stimulates OT re-
lease. It has been reported that systemic administration of 
CCK-8 induced a dose-dependent increase in plasma OT 
levels and gastric vagotomy reduced this stimulatory effect 
of CCK-8 on OT secretion [110]. In addition, the intravenous 
or intraperitoneal injection of CCK-8 increases the firing 
frequency of OTergic neurons but not VPergic neurons [111] 
and activates C-fos mRNA expression in OTergic neurons of 
SON and PVN [112]. Moreover, the administration of selec-
tive CCK-A receptor antagonists, but not CCK-B receptor 
antagonists, before the injection of CCK-8 prevented both 
plasma OT release and nuclear C-fos expression in SON and 
PVN MCNs [113,114], thus showing ascending gastric 
vagus to modulate hypothalamic OTergic and VPergic neu-
rons via NTS NAergic neurons of the dorsal medulla oblon-
gata [115 - 117], the A2 cell group [61, 65] (Fig. 2). 

5. PHYSIOLOGICAL EFFECTS OF OT 

 In addition to the effects produced during parturition and 
lactation, OT mediates the development of maternal behav-
ior, genetic regulation of the growth of the neocortex, and 

maintenance of the blood supply to the cortex thus inducing 
human intellectual development, social sensitivity and hu-
man sociality. Hormones of pregnancy, as estrogen and pro-
gesterone, prime the brain for the synthesis of OT and OTR 
for parturition. OTR are located in limbic areas that process 
olfactory information. Parturition triggers the signal originat-
ing in the uterus that reaches SON and PVN OTergic neu-
rons to stimulate the release of OT both into the circulation 
in order to cause the expulsion of the fetus and into the brain 
in order to enable the limbic olfactory area for mother-infant 
recognition bond. Furthermore, OT influences the autonomic 
nervous system by stimulation of vagal pathways, and exerts 
anti-inflammatory, anti-oxidant, anti-pain effects, and modu-
lates metabolic homeostasis. All these properties make OT a 
hormone playing an important role in the control of emo-
tional and physical health. 

5.1. Maternal Behavior 

 Maternal behavior represents the emotive and physio-
logical interactions between mother and sons during gesta-
tion, birth and postnatal period [118]. Increased immunore-
active levels of OT and OTR have been reported within sev-
eral brain areas in pregnant, parturient and lactating female 
rats mainly in the ventral septal area [119], SON [120, 121] 
and PVN [120]. OTR mRNA was highly expressed at partu-
rition in the SON, PVN, brainstem areas, medial preoptic 
area (mPOA), amygdala, hippocampus and olfactory bulb 
[122], thus showing that uterine contractions during labor are 
controlled by OTergic pathways. In the postpartum period, c-
Fos and OTR mRNA expression returned to levels observed 
in virgin rats [122], thus suggesting that the increased OTR 
expression in the brain plays a crucial role in the induction of 
birth. OT i.c.v. injected induces in virgin rats all aspects of 
maternal behavior as nest building, linking and grouping 
pups, arched-back nursing, crouching over pups, lactation, 
maternal aggression and pup retrieval. However, these ma-
ternal behaviors induced by OT require high plasma estradiol 
levels. In fact, only female virgin ovariectomized rats receiv-
ing estradiol benzoate showed full maternal behavior follow-
ing OT administration [123]. 
 The pharmacological approach to maternal behavior 
showed the involvement of brain DAergic and 5-HTergic 
neurons in the neural circuit subserving maternal behavior. 
DAergic neurons localized at the level of ventral tegmental 
area (VTA) and substantia nigra (SN), two brain areas in-
volved in affiliative behaviors as sexual behavior [124] are 
directly activated by OT, but are also indirectly inhibited by 
local GABA neurons [125]. Xiao et al. (2017) identified two 
distinct projections arising from PVN parvocellular OTergic 
neurons, synapsing to VTA and SN neurons. OTR mRNA is 
expressed in DAergic neurons of the VTA and in GABAer-
gic neurons of the SN. Therefore, OT released at VTA level 
increases DAergic activity, while inducing inhibition of SN 
DA neurons via local GABAergic interneurons. DAergic 
efferent projections arising from VTA and SN synapsing in 
the prefrontal cortex, caudate putamen, nucleus accumbens 
septi, and ventral hippocampus play opposite actions. VTA 
DAergic axons stimulate social interaction [126], while SN 
DAergic axons inhibit exploratory behavior via the control 
of the motor activity [127]. Therefore, activation of VTA 
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DAergic neurons by OT stimulates social behavior, and on 
the other hand, inhibition of SN DAergic neurons reduces 
exploratory motor behavior thus showing OT-DA crosstalk 
to play a significant role in social interaction. 
 It has been observed that the DA reuptake inhibitor 
amfonelic acid and the 5-HTergic reuptake inhibitor fluoxet-
ine increased several aspects of maternal behavior as nest 
building, linking and grouping pups. Concerning maternal 
aggressive postpartum behavior toward an intruder, DAergic 
stimulation decreased, while 5HTergic activation increased 
aggression [128]. DA and 5-HT induce these behavioral re-
sponses modifying OT levels mainly within the hippocam-
pus and amygdala [129]. 
 Individual variations in maternal behavior have been ob-
served in many species. Virgin female rats showed high in-
duction to maternal behavior following constant exposure to 
pups, compared to low licking and grooming mothers. Sig-
nificantly higher levels of OTR have been reported in moth-
ers with high maternal behavior in brain region as mPOA, 
lateral septum, PVN and BNST, whereas maternal aggres-
sion depends on the levels of these receptors in the central 
nucleus of the amygdala. OTR antagonist, centrally adminis-
tered, reverses these behaviors turning mothers from high to 
low licking and grooming. In addition, estradiol administra-
tion increases OTR binding in mPOA and lateral septum of 
female offspring with high but not low licking and grooming 
[130], thus suggesting that estradiol increases maternal be-
havior via OTergic neurotransmission [130]. 
 OT KO mice showed normal maternal behavior but the 
inability to nurse. Postpartum OT administration to OT KO 
mice restored milk ejection but did not restore fertility and 
parturition in these animals [131]. However, Pedersen et al. 
[132] showed that fewer OT KO female mice retrieved pups 
to a corner of the cage and mothered pups in the center of the 
cage. Also licking and grooming were lower compared to 
wild-type mice. These data indicate that OT plays a role in 
several expressions of maternal behavior and in the motiva-
tion to retrieve pups to a more secure location. Postpartum 

maternal behavior is attributed to the control of hypotha-
lamic corticotropin-releasing factor (CRF). mRNA expres-
sion for CRF receptor subtype 1 (CRFR 1), subtype 2 
(CRFR 2) and CRF-binding protein (CRFBP), was similar 
between virgin and lactating rats in the mPOA. Under stress 
conditions, activation mainly of CRFR 1 in the mPOA pro-
duces anxiogenic actions and reduces locomotion, while 
CRFR 1 inhibition increased maternal aggression. The acti-
vation of CRFR 1 within the mPOA increased local OT lev-
els. This OT release plays a regulatory role in order to inhibit 
the negative mechanism of action induced by CRFR on ma-
ternal behavior [133]. Neuroanatomical data showed the re-
ciprocal interaction between OT and CRF at the level of dor-
solateral BNST, a limbic forebrain structure that expresses 
OTR and CRFRs and play a critical role in social behavior. 
Dabrowska et al. [134] demonstrated that OTergic BNST 
axons express CRFR 2 which is localized at the presynaptic 
level on terminal axons. When Astressin 2B, a selective an-
tagonist of CRFR 2, was directly injected into the BNST, OT 
content in BSNT increased consistently thus showing the 
inhibitory role played by CRFR 2 on OT release. In addition, 
CRF by itself provoked a delayed increase of OT in the 
BNST [135]. These data indicate that CRFRs modulate the 
release of OT in the BNST, thus confirming that this fore-
brain structure is involved in behavioral interactions [136]. 
 Lactation releasing of OT increases the mother-infant 
relationship both as nourishment and as social and cognitive 
behavior. Moreover, lactation inhibits ovarian function in-
ducing amenorrhea by the contraceptive effect of OT [137]. 
Therefore, this lactational amenorrhea also plays a protective 
role for the mother in order to block frequent gestations. An-
other form of social and cognitive behavior between mother 
and baby is the presence of OT in milk. In addition, during 
lactation, the high plasma OT levels reduce the responsive-
ness of mother to stress [138].  
 OT significantly released during parturition converts 
GABAergic inhibition into an excitatory response. This 
switch from inhibition to excitation stimulates OT release 

 
Fig. (2). Midsaggital section of rat brain showing neural nuclei, peptides and neurotransmitters involved in OT and VP secretion. NTS: nu-
cleus of the solitary tract; PVN: paraventricular nucleus; SON: supraoptic nucleus; OVLT: organum vasculosum lamina terminalis; SFO: 
subfornical organ; B7-B8-B9: 5-HTergic mesencephalic neurons. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article). 
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and is antagonized by blocking OT receptors that aggravate 
the severity of hypoxia during delivery [139]. In fact, mater-
nal OT inhibits fetal neurons and consequently increases 
their resistance to hypoxia during childbirth in order to pro-
tect cortical tissue. The strong release of OT during parturi-
tion modulates also the synchronization of the fetal hippo-
campal neurons to transition from fetal to postnatal life. Dur-
ing fetal life, in fact, synchronized activity is absent in hip-
pocampal neurons. At birth, these neurons generate sponta-
neously synchronous non-synaptic calcium plateaus that are 
under the control of OT, thus showing the important role 
played by OT in the preparation of the fetal brain to parturi-
tion [140, 141].  

5.2. Sex-Differences in OT Secretion and Related Effects 

 Even if OT plays a pivotal role in social cognition, moti-
vation and behavior in both sexes, there is evidence for some 
sex differences in these behavioral aspects: in women, OT 
facilitates positive social judgment [142], approach behavior 
in social context [143], communal and familial social behav-
ior [144], and altruism behavior [145]. In men, it promotes 
negative social judgment [142], fidelity during a monoga-
mous relationship [146], tendency to competition [144], self-
ish behavior [145]. Finally, in couple conflict, intranasal OT 
administration determines the reduction of sympathetic ac-
tivity and emotional arousal in women, and on the other hand 
in men, the autonomic nervous system reactivity is increased 
as well as emotional arousal [147].  
 In the search of extrahypothalamic brain sites involved in 
emotional and social behaviors mediated by OT, the 
amygdala, a limbic area involved in fear and social behavior, 
has received particular attention because it expresses a high 
concentration of OTR [148]. Kirsch et al. [149] showed, after 
intranasal administration of OT, reduced activation of the 
amygdala and reduced synaptic inputs from amygdala to hip-
pocampus and septum, regions involved in behavioral mani-
festations of fear. A quantitative meta-analysis of neuroimag-
ing studies conducted by Stevens and Hamann [150] found 
sex differences in the activation of amygdala in response to 
positive and negative emotions. Women, during negative emo-
tion, showed greater activation than men in the left amygdala, 
thalamus, hypothalamus mammillary bodies and medial pre-
frontal cortex. On the other hand, men, during positive emo-
tions, showed greater activation than women in the left 
amygdala and inferior frontal gyrus. Therefore, as reported by 
Gao and coworkers [151], OT administration induces activa-
tion of amygdala in a sex-dependent manner in women 
facilitating positive social context, whereas the effect is 
negative in men. The cytoarchitecture of the amygdala shows 
three subregions: the laterobasal (LB), the centromedial (CM) 
and the superficial (SF) [152]. Gao et al. [151], using 
probabilistic maps that differentiate the LB area from the CM 
and SF subregions, suggested that OT acts mainly on LB 
subregion of the left amygdala, thus confirming the important 
role played in emotional and social behavior, and in reward 
learning [153].  
5.3. Effects of OT on Neuroinflammation 

 Recent studies have shown that OT plays an important 
role in the control of brain microglial reactivity. Activation 

of microglia, the innate immune brain cells, induces the re-
lease of various pro-inflammatory cytokines, chemokines 
and free radicals. These inflammatory substances cause det-
rimental effects on neurogenesis affecting neural progenitor 
cell proliferation, migration, neural maturation and synaptic 
structural plasticity of newly born neurons [154].  
 Glucocorticoids (GCs), released from the zona fascicu-
lata of the adrenal gland, with anti-inflammatory and immu-
nosuppressive properties, have shown also pro-inflammatory 
mechanisms. In fact, GCs potentiate spinal neuroinflamma-
tion [155] and systemic inflammatory response [156] deter-
mining alterations in the morphology of microglia and the 
inflammatory response of the hippocampus [157]. In addi-
tion, exposure to prenatal stress increases the activation of 
microglia in the hippocampus and cortex and induces the 
release of cytokines [158]. 
 It has been reported that psychological stress stimulates 
OT release [159]. Moreover, OT administration reduced sig-
nificantly ACTH, corticosterone [160] and cortisol [161] 
plasma levels both in basal conditions and in response to 
stress, and reduced molecular responses of the hypothalamo-
pituitary-adrenal axis [162]. Therefore, we can hypothesize 
that OT protects the brain from pro-inflammatory cytokines 
induced by GCs.  
 OT is able to induce social neuroprotection after cerebral 
injury. It has been observed that OTR antagonist eliminated 
the neuroprotective effect of social housing. On the other 
hand, OT administered in socially isolated mice restored 
neuroprotection induced by social housing and inhibited in 
vitro microglia activation, the mechanisms causing neuroin-
flammation after cerebral ischemia [163]. In addition, OT 
centrally administered in socially isolated mice reduced the 
effect of spared nerve injury on depressive-like behavior 
and blunted IL-1β protein levels within the frontal cortex, 
while OTR antagonist induced depressive-like behavior and 
augmented frontal cortex IL-1β protein levels [164]. 
Moreover, neuroinflammation and mitochondrial dysfunc-
tion observed in depressive disorders are improved by OT. 
Indeed, intracerebroventricular administration of OT in 
mice attenuates the depressive-like behavior induced by 
maternal separation stress via reduction of the hippocampal 
expression of immune-inflammatory genes and modulates 
mitochondrial function [165]. Thus it has been evident that 
OT reduces neuroinflammatory responses and depressive-
like behavior. 

5.4. OT-Mediated Analgesia 

 OT induces analgesia during parturition both in mother 
and the baby via reduction of the depolarizing action of 
GABA on nociceptive neurons as has been observed in neo-
natal trigeminal neurons [166], and protects mothers from 
postpartum depression [167]. There is also evidence demon-
strating the role of endogenous opioids in the control of pain 
threshold [168]. OT-induced antinociception in the nucleus 
accumbens septi was blunted by k- and -receptor antagonist 
thus showing the involvement of k- and µ-receptors in OT-
induced antinociception [169]. Moreover, endocannabinoids 
(eCB) are able to suppress pain pathways and may play an 
important role in OT analgesia, since eCB antagonists sup-
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press OT-induced analgesic effect. Therefore, OT reduces 
pain via opioid and cannabinoid pathways [170].  
 Parvocellular neurosecretory OTergic (PCN/OT) neurons 
project to the spinal cord (SC) and to the dorsal vagal com-
plex [171]. Synaptic inputs arising from PCOT neurons play 
a role in analgesic functions. This nociception OT-modulated 
comprises a peripheral and central component. Intravenous 
administration of OT induces two different responses, dose-
related, on spinal nociception and pain responses. A signifi-
cant reduction of the action potentials of C-type nociceptive 
fibers was observed following low doses of OT, whereas an 
increase, hence a pro-nociceptive effect, was observed after 
high doses. In addition, these effects were inhibited by the 
pretreatment with an OT antagonist thus showing that OT 
modulates nociception via C-type nociceptive fibers [172]. 
Centrally, increased OT levels have been observed in the SC 
of rats showing pain symptoms induced by inflammation. 
These effects are mediated via stimulation of neurosteroi-
dogenesis induced by OTR which potentiates GABA-A re-
ceptor-mediated synaptic inhibition in lamina II SC neurons 
exerting long-lasting analgesia [173].  
 Eliava et al. [174] identified a population of PCOT neu-
rons controlling MCN neurons, suppressing inflammatory 
pain and inducing analgesia via two pathways: releasing OT 
from axons synapsing on SC neurons and suppressing their 
activity, furthermore stimulating OT release from SON and 
hence from posterior pituitary into the periphery [174]. 
Therefore, it has been hypothesized that the anti-nociceptive 
effect of OT is mediated by synaptic crosstalk between MCN 
and PCN neurons within the SON and PVN. OT modulates 
pain signals via PCN-OT neurons that project and synapse 
on sensory wide dynamic range (WDR) neurons located in 
the SC deep lamina and on OTR, and OTergic neurons in the 
SON that release OT peripherally. These separate projections 
indicate the existence of two pathways modulating pain: in a 
fast manner via innervation of SC WDR neurons and in a 
slow manner via peripheral OT release [174].  

5.5. Growth of the Neocortex 

 There is evidence showing the role of OT in brain devel-
opment. Leuner and coworkers [175] reported the stimula-
tion of OT in neurogenesis and the inhibition of apoptosis. 
During the development of the neocortex, the neurons arising 
from progenitor neuronal cells in the ventricular and periven-
tricular areas of the embryonic brain are submitted to differ-
entiation, migration and growth, which results in the forma-
tion of neocortex cytoarchitecture. OT may induce neocorti-
cal growth by stimulation of undifferentiated stem cells to 
grow into cortical cells [176] and/or by inhibition of pro-
grammed apoptosis. OT is also capable of stimulating adult 
neurogenesis and inhibiting apoptosis in rats submitted to 
stress induced by glucocorticoid administration or cold water 
swim [175], thus showing OT stimulates neuronal prolifera-
tion and protects from suppressive actions of stress caused 
by glucocorticoids. Furthermore, neural differentiation of 
mouse adipose tissue-derived stem cells (ADSCs) has been 
investigated in vitro in the presence of different concentra-
tions of OT. This treatment, even in low OT doses, showed a 
stimulatory effect of OT on proliferation and differentiation 
of ADSCs. In addition, OT upregulated mRNA expression of 

OTR. These results indicate that OT improves neural differ-
entiation thus showing a significant role in neurogenesis and 
in the regeneration of adult neurons [177]. Moreover, in 
mouse knockout model deleting OTR, it has been observed 
that endogenous OT synaptic inputs, arising from PVN 
OTergic neurons and projecting directly to the CA3 region of 
the hippocampus, stimulate neurogenesis of dentate granule 
cells in adult mouse hippocampus via an indirect non-cell 
autonomous mechanism by OTR expressed in CA3 pyrami-
dal neurons [178].  

5.6. Vascular Effects 

 OT is synthesized in the PVN, one of the brain centers 
involved in the control of arterial pressure. Furthermore, 
brainstem nuclei act as the NTS where the vagus nerve syn-
apses contain a high concentration of OT receptors. OT con-
trols blood supply to the brain via heart rate, blood vessel 
and kidney directly and by affecting other mediators such as 
atrial natriuretic peptide (ANP), nitric oxide (NO), and α2-
adrenergic receptors [179]. Furthermore, brainstem nuclei 
act as the NTS, where the vagus nerve synapses contain a 
high concentration of OTR [180, 181]. OT reduces sympa-
thetic activation of vessel contraction [182] and dilates blood 
vessels innervated by parasympathetic nerves [183]. OT neu-
ron activation inhibits hypertension induced by hy-
poxia/hypercapnia in rats [184] thus showing stimulation of 
OTergic neurons improving autonomic control of blood pres-
sure.  
 In addition, emerging evidence indicates the role of the 
immune system in the pathogenesis of hypertension. Oxida-
tive stress stimulates inflammatory responses via inhibition 
of endothelial progenitor cells that play an important role in 
the repair and maintenance of vascular endothelium, and 
stimulation of inflammatory cytokines, that induce T-
lymphocyte activation and vascular infiltration of leukocytes, 
thus facilitating the development of hypertension. OT 
through its regulating immunologic activity reduces hyper-
tension [185 - 187]. 

5.7. Metabolic Homeostasis 

 Emerging evidence indicates that OT increases glucose 
uptake and stimulates lipid utilization in adipose tissue and 
skeletal muscle. These data suggest the role of OT in the 
pathogenesis of insulin resistance, obesity and dyslipidemia. 
It has been observed that mice KO for OT gene and/or re-
duced OTR gene mRNA expression induce obesity under 
normal conditions of motor activity, “ad libitum” food intake 
and increased levels of leptin. In humans, plasma OT levels 
are significantly decreased in diabetic obese patients and 
intranasal OT administration leads to a significant weight 
loss and improvement in insulin sensitivity, pancreatic β-cell 
responsivity and lipid metabolism thus suggesting a physiol-
ogic role of OT in metabolic homeostasis and possible thera-
peutic use [188, 189]. 

6. CLINICAL IMPLICATIONS  

 OT and VP may be involved in some cardiovascular and 
neuropsychiatric diseases as respectively atherosclerotic 
coronary dysfunction, and autism, schizophrenia and depres-
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sion [190, 191]. These vascular and social disorders show 
genetic and functional anomalies in gene expression, synthe-
sis of polypeptide sequence and release of OT and VP. 

6.1. Atherosclerotic Cardiovascular Disease 

 OT maintains cardiovascular integrity by inhibition of 
atherosclerotic lesions and its administration can reverse 
coronary artery occlusion. This effect is the result of the pro-
tection of the heart and vascular system from metabolic and 
inflammatory diseases as diabetes and hyperlipidemia. OT 
reduces the progression of atherosclerosis via OTR signaling 
pathways that involve phosphatidylinositol 3-kinase-Akt-
endothelial nitric oxide synthase cascades and extracellular 
signal-regulated protein kinase 1/2 [192]. Moreover, AMP-
activated protein kinase, Ca(2+)/calmodulin-dependent pro-
tein kinase signaling are also involved in the process that 
decelerates the progression of atherosclerosis by suppression 
of inflammatory cytokines [193]. Endoplasmic reticulum 
(ER) stress, the target of events producing atherosclerotic 
lesions, is the common cause of cardiovascular diseases 
[192]. ER stress reduces significantly OT mRNA [194] and 
OTR expression is decreased in the heart by 40% ische-
mia/reperfusion injury in C57B6 mice [195]. Moreover, OT 
administration plays cardiovascular protective effects inhibit-
ing the development of atherosclerosis [196] and repairing 
heart lesions caused by myocardial infarction and improves, 
partially, diabetes and fat metabolism [197].  

6.2. OT in Autism Disorders (AD) 

 AD leads to developmental impairments showing deficits 
in social interaction, reduced range of interests and activities, 
verbal skills impairments and repetitive behavior.  
 Investigations in children with AD by Modhal et al. 
showed significantly lower plasma OT levels than normal 
children [198]. These same authors subsequently demon-
strated that OT, as bioactive α-amidated peptide, was de-
creased but OT, as C-terminal extended peptide, was in-
creased thus showing alterations in OT pro-hormone proc-
essing [199]. However, studies on adults with AD reported 
increased plasma OT levels [200]. The discrepancy in these 
data might be the result of both molecular processing 
mechanisms and social behavior changes during the life of 
adults with AD. 
 The heritability of AD has been estimated at 55-80% thus 
showing a genetic role in this disorder. A meta-analysis of 
OT receptor (OTR) and OTR single-nucleotide polymor-
phisms (SNPs) indicated a significant association of AD with 
SNPs [201]. In addition, OTR was also found to be associ-
ated with AD in a gene-based test [201].  
 CD 38 is a transmembrane glycoprotein expressed in 
most tissues that cleave NAD (+) and NADP (+) generating 
cyclic ADP, nicotinic acid adenine dinucleotide phosphate 
(NAADP) and adenosine diphosphate ribose (ADPR), that 
are essential for the formation of intracellular Ca (2+) signal-
ing molecules [202]. CD 38 knockout (KO) female and male 
mice show a strong impairment of maternal and social be-
havior with increased locomotor activity, amnesia and ultra-
sonic vocalization [153 - 155]. Moreover, plasma OT levels 
are significantly decreased in CD 38 KO mice [203 - 205]. 

Subcutaneous injection of OT restores maternal behavior in 
CD 38 KO mice and OT secretion stimulated by depolariza-
tion and Ca (2+) elevation in OTergic neurons was absent in 
CD 38 KO mice [206, 207]. These data indicate the key role 
played by CD 38 in OT synthesis and release, and in the 
regulation of maternal and social behavior [207]. In subjects 
with AD, two genetic variants of CD 38 have been observed 
and a mutation that caused tryptophan to replace arginine at 
amino acid residue 140 [208]. Multiple genetic loci within 
OTergic neurons may contribute to social, maternal and re-
petitive behaviors, and to OT secretion thus playing a role in 
the development of AD [209 - 212].  
 The OTR is a GPCR, that is coupled via Gq proteins to 
phospholipase C-β [7, 8, 180], and plays a role in a variety of 
social behaviors [213], via binding of OT to its receptor. The 
presence of two SNPs and a haplotype constructed from 
them in OTR, as well as over transmission of the G allele 
across the OTR gene region, are associated with AD, thus 
showing variants of OTR gene a risk factor for AD [214, 
215]. A meta-analysis on 3491 subjects with AD showed a 
significant relationship between OTR SNPs and AD, includ-
ing Asperger Syndrome [216, 217].  
 In search of neural structures involved in OTR gene, 
variant investigations with multimodal neuroimaging identi-
fied structural alterations in the hypothalamic-limbic circuits 
[218, 219]; as the reduction of volume and function of the 
hypothalamus, and increased volume of the amygdala and 
hippocampus [220], two limbic structures were found modu-
lating emotional behavior and memory process.  
 OT has been employed in AD therapy; conflicting data 
has been observed as genetic alteration of OTR SNPs may 
cause a failure to respond to OT therapy [220 - 227]. How-
ever, Kosaka et al. [227] observed that OT efficacy is dose-
dependent. Intranasal OT induced beneficial effects at doses 
> 21 IU/die, and not when OT was administered at doses < 
18 UI/die as shown by Clinical Global Impression-
Improvement (CGI-I) scores.  

6.3. OT in Schizophrenia 

 OT exerts anxiolytic and antidepressive actions, protec-
tive aggression and maternal behavior [149, 227 - 237]. The 
antipsychotic effects of OT are exerted at the mesolimbic 
level by inhibition of DAergic mechanisms thus showing an 
action similar to antipsychotic drugs [238]. Moreover, OT 
pathways are impaired in the mouse model of psychosis 
[238]. Neurophysin I, the protein carrier for OT, is signifi-
cantly increased in cerebrospinal fluid (CSF) of patients with 
schizophrenia [239 - 240]. In addition, the administration of 
the DA agonist apomorphine in schizophrenic subjects in-
creased the OTergic tone [241]. Increased plasma OT levels 
are associated with reduced psychotic symptom severity as 
evaluated by Positive and Negative Syndrome Scale (PNSS) 
scores [242, 243]. 
 Variants of OT gene and haplotype block within OT lo-
cus are significantly associated with schizophrenia [244 - 
245]. The antipsychotic drug clozapine is able to stimulate 
OT release and when administered in schizophrenic patients, 
it reduced the severity of symptoms [246]. Therefore, the OT 
therapy, as adjunctive treatment, induces beneficial re-
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sponses and prevention of hospitalization when injected at 
the dose of 10 and 20 IU/die [247 - 248]. Similar data have 
been reported particularly for negative symptoms and de-
pressed mood [249]. Goldman and coworkers [250] ob-
served, following intranasal OT administration, facial emo-
tions decreased in both patients receiving 10 or 20 IU/die, 
although the group treated with 20 UI/die showed a better 
improvement in facial fear [251]. 
 Intranasal administration of OT, at the dose of 40 IU 
twice a day for 3 weeks, in association with antipsychotic 
drugs induced significantly reduced scores on the PANSS 
and CGI-I [252], and improvement in verbal memory and 
cognition [253]. Moreover, beneficial effects were observed 
on suspiciousness/persecutory, anxiety and paranoia sub-
scales [253]. Finally, in a randomized, double-blind, pla-
cebo-controlled study, patients in therapy with risperidone 
receiving intranasal OT showed a better response on the 
PANSS total score, positive subscale, negative subscale and 
psychopathology score [254].  

6.4. OT in Major Depressive Disorder (MDD) and Bipo-
lar Disorder (BD) 

 Anxiolytic effects of OT have been reported via inhibi-
tion of stress induced by corticosteroid hormones [160]. In 
addition, Rotzinger and coworkers [255] showed behavioral 
effects of OT in the rodent model of depression and anxiety. 
It is of interest that nocturnal OT secretion is significantly 
reduced in MD [256], as well as low plasma OT levels are 
present in MDD patients [257].  
 A gender difference in plasma OT levels has been re-
ported in female patients that showed significantly lower OT 
concentration [258]. The temperament dimension of reward 
dependence in MDD is strictly correlated with plasma OT 
levels, in fact, MDD female patients showed greater variabil-
ity in pulsatile OT release during 1-hour task session, and 
increased plasma OT levels during 1-hour affiliation-focused 
imagery session, thus showing a dysregulated OT secretion 
in MDD women [259]. 
 Low plasma OT levels during pregnancy may indicate 
the development of postpartum depression (PPD). Skrundz et 
al. [260] measured OT plasma levels during the third trimes-
ter of pregnancy and assessed PPD symptoms using the Ed-
inburgh Postnatal Depression Scale. A significant relation-
ship between plasma OT levels and PPD symptoms at two 
weeks postpartum was observed. The group that developed 
PPD showed low plasmatic levels of OT, thus showing that 
OT is a predictive factor of PPD. These data suggest that 
increasing OT release in women with low plasma OT levels 
during pregnancy may represent a preventive therapeutic 
approach to PPD.  
 Genetic studies indicate two variants of OTR in MDD 
patients [261]. OTR SNPs interacted with familial risk for 
depression and anxiety in adolescent girls [262] as well as in 
PPD [213]. 
 Beneficial effects of intranasal OT therapy, at the dose of 
8 IU twice a day, in association with escitalopram, at the 
dose of 20 mg once a day, have been reported [263]. 

CONCLUSION 

 Emerging evidence indicates the involvement of OT and 
OTR in several pathophysiological mechanisms as described 
above.  
 OT therapy may induce beneficial effects centrally be-
cause OT administered via intranasal route crosses the BBB 
and easily reaches brain nuclei involved in the control of 
blood pressure and social behavior. Peripherally, it stimu-
lates parturition and modulates pancreatic β-cell responsive-
ness and lipid metabolism, and in addition, it may suppress 
and even reverse atherosclerotic lesions. OT influences brain 
anatomy via the growth of the neocortex that produces cog-
nition and language, a sense of safety and trust.  
 Therefore, although patients with genetic disorders of 
OTR respond to exogenous OT with less efficacy because 
the binding of OT to its receptor is instable, encouraging data 
indicate a favorable effect of OT in several diseases and pos-
sible therapeutic applications.  
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