
REVIEW
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Abstract
Localization and distribution of hypothalamic neurons expressing the nonapeptide oxytocin has been extensively studied. Their
projections to the neurohypophyseal system release oxytocin into the systemic circulation thus controlling endocrine events
associated with reproduction in males and females. Oxytocinergic neurons seem to be confined to the ventral hypothalamus in all
mammals. Groups of such cells located outside the supraoptic and the paraventricular nuclei are summarized as Baccessory
neurons.^Although evolutionary probably associated with the classical magocellular nuclei, accessory oxytocin neurons seem to
consist of rather heterogenous groups: Periventricular oxytocin neurons may gain contact to the third ventricle to secrete the
peptide into the cerebrospinal fluid. Perivascular neurons may be involved in control of cerebral blood flow. They may also gain
access to the portal circulation of the anterior pituitary lobe. Central projections of oxytocinergic neurons extend to portions of the
limbic system, to the mesencephalon and to the brain stem. Such projections have been associated with control of behaviors,
central stress response as well as motor and vegetative functions. Activity of the different oxytocinergic systems seems to be
malleable to functional status, strongly influenced by systemic levels of steroid hormones.
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Introduction

Numerous studies have been performed on the hypothalamic
nonapeptide oxytocin (OT). Its importance as a neurohypophy-
seal hormone for the induction of labor and milk ejection led to
clinical applications, its ability to enhance sperm motility has
found practical use in veterinary medicine (Fuchs et al. 1989).
In addition, OT has been known for a long time to act as a
central neurotransmitter throughout the limbic system to con-
trol reproductive and social behaviors (review: Pedersen et al.
1988) as well as central and systemic stress response (Winter
and Jurek 2018). OT positive projections to the brain stem
seem to be involved in some functions of the autonomic ner-
vous system (Freeman et al. 2017). OT receptors have been
characterized and localized in different brain areas (Boccia
et al. 2013; Devost et al. 2008; Gould and Zingg 2003;
Marlin and Froemke 2017) and in numerous peripheral tissues
(review: Ivell et al. 2001). While peripheral OT expression has

been shown to occur in prostate, gonads, or skin, OTexpression
in the brain seems to be confined to the hypothalamus. It is
synthesized predominantly in the magnocellular hypothalamic
supraoptic (SON) and paraventricular (PVN) nuclei as well as
in some of the parvocellular neurons within the PVN (Figs. 1,
2, 3 and 4, Jirikowski et al. 1989). OT is also expressed in
single cells or groups of neurons outside these nuclei normally
referred to as Baccessory neurons^ (Møller et al. 2018).
Cerebral OT is synthesized as part of a precursor protein
Bprooxytophysin^ together with its associated neurophysin I
(NP1). This is in analogy to the closely related
Bpropressophysin^ which is transcribed in other populations
of hypothalamic neurons within SON and PVN and which is
processed to the antidiuretic hormone arginin vasopressin
(AVP), neurophysin II, and a glycoprotein (which is missing
in the OT precursor, review: Sofroniew 1983). The functional
importance of neurophysins is still a matter of discussion.
According to the textbook OT expression occurs in
magnocellular and in parvocellular hypothalamic nuclei.
Clearly the physiological properties of peptidergic neurons can-
not be assessed by their mere size. Recently, four different
genomic clusters of oxytocinergic hypothalamus neurons have
been described (Althammer and Grinevich 2017). OTand AVP
are normally expressed in distinct populations of neurons. This,
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however, seems to be malleable to functional status to some
extent since both nonapeptides are coexpressed in some of the
hypothalamic neurons upon chronic stress (Dief et al.
2018), during parturition (Jirikowski et al. 1991a) or un-
der septic shock (Sendemir et al. 2013). The total num-
ber of OT/AVP coexpressing neurons can increase up to
5% during lactation (Kiyama and Emson 1990; Gainer
2012). OT expression and terminal secretion depends in

part on steroid hormones: OT-induced behavioral chang-
es are enhanced by estrogens (Caldwell et al. 1989), OT
actions on stress response depend on glucocorticoids
(Jirikowski et al. 1993). Steroids are capable of crossing
the blood brain barrier, so they are likely to be peripheral
mediators of central oxytocinergic functions. On the oth-
er hand, OT secreted from peripheral organs is unlikely
to enter the brain.

Fig. 1 a Frontal vibratome section through the rat hypothalamus 0.8 mm
caudal from Bregma, immunostained for OT. Groups of OT neurons
occur in the supraoptic nucleus (SON) with predominantly
neurohypophyseal projections. OT positive perikarya are visible in the
anterior commissural nucleus (ACN, b) ventral to the Fornix (F). Their
projections stretch towards the bed nucleus of the stria terminalis (BST).
Single magnocelluar OT positive perikarya occur in the suprachiasmatic

nucleus (SCN, c). OT neurons in the periventricular nucleus (PEV)
extend processes through the ependymal layer towards the third
ventricle (III, d). OT positive perikarya in the medial preoptic area
(MPOA) seem to have projections within the anterior hypothalamus
and the preoptic region (c). CO = optic chiasma. Scale bar a = 300 μm,
scale bars b–d = 10 μm

Fig. 2 a Cross section through the rat hypothalamus 1.3 mm caudal from
Bregma: OT neurons appear in the rostral portion of the paraventricular
nucleus (PVN) and in the nucleus circularis (NCi). OT positive cell
bodies in the ACN b seem to extend their projections towards the

median forebrain bundle (MFB) and to the bed nucleus of the BST. The
recessus infundibularis (RI, c) in the posterior pituitary lobe is lined with
OT immunostained ependymal cells (E) which receive OT positive nerve
terminals (arrows). Scale bar a = 300 μm, scale bars b, c = 10 μm
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While there is a huge (and steadily increasing) body of
literature on the molecular physiological, pharmacological,
and behavioral significance of OT, the underlying neuro-
anatomical and neurochemical basis has been studied to a
much lesser extent and it seems that this topic has mostly
escaped researchers’ attention in the recent years. This is
especially true for oxytocinergic projections within various

brain areas. While there is ultrastructural evidence for
oxytocinergic synapses indicating that OT may act as a
neurotransmitter (Sofroniew 1983), axonal swellings in
neurohemal organs suggest paracrine secretion (Morris
et al. 1998). Close apposition of OT positive projections
to blood vessels (Møller et al. 2018) or to the ventricular
system (Vigh-Teichmann et al. 1970) may be indications

Fig. 3 a OT immunostained hypothalamus section 1.6 mm caudal from
Bregma: numerous OT neurons in the PVN extend their projections
dorsally and ventrally from F (arrows) and merge with SON projections
towards the median eminence. Groups of OT positive perikarya are

attached to blood vessels to form the nuclei circulares b. OT positive
processes with varicosities are associated with the vascular wall c. Scale
bar a = 300 μm, scale bars b,c = 10 μm

Fig. 4 a OT immunostained hypothalamus section 2.3 mm caudal from
Bregma: OT positive neurons in the caudal portion of the PVN project
parallel to the ventricular system towards the mesencephalon and the
brain stem. Groups of immunostained perikarya occur in the zona
incerta (ZI, b). They extend projections towards the reticular thalamic
nucleus (Rt). OT neurons in the retrochiasmatic portion of the SON
(rSON) seem to project to the median eminence (ME) while SON
neurons lateral from the optic tract (TO) appear to have projections to

the medial amygdala (MeA, c). OT positive neuronal projections in the
internal zone of the ME form the neurohypophyseal tract (NT, d). They
occasionally show close apposition to blood vessels (arrow). Scale bar
a = 300μm, scale bars b–d = 10μm. Stereotaxic coordinates according to
Paxinos and Watson (1986). Immunoperoxidase staining for oxytocin
(Peroxidase-anti-peroxidase method) of 100 μm thick serial vibratome
sections of formaldehyde-fixed rat brains. For details on the
immunocytochemical methods see Jirikowski et al. (1988).
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for further functional properties of the nonapeptide within
the brain.

Neurohypophyseal projections

OT neurons in the PVN extend long axons with numerous
varicosities through the lateral hypothalamus towards the
SON where they meet supraoptic projections to form the neu-
rohypophyseal tract. These fibers stretch on top of the optic
chiasm into the internal zone of the median eminence, the in-
fundibular stalk and to the posterior pituitary lobe where they
end as Herring bodies in close association with blood vessels
(Figs. 2, 3, and 4). Pituicytes are astrocyte-related glial cells that
mediate a functional blood brain barrier within this neurohemal
organ. This is known as hypothalamo neurohypophyseal sys-
tem (HNS). Given the axonal length, the numbers of varicosi-
ties and the size of a Herring body, the axonal volume of a
magnocellular OT neuron that projects to the posterior lobe is
likely to exceed the volume of the perinuclear cytoplasm by
500×–1000×. This OT storage packed with secretory vesicles
may be of great functional importance for stimulus secretion
coupling (Morris et al. 1998). Axonal OT pools may efficiently
replenish OT that had been released into the systemic circula-
tion. This way, immediate physiological demand for OTcan be
met independently from de novo transcription and processing
of the hormone. With in situ hybridization, we could demon-
strate that mRNA encoding prooxytophysin is located in
hypothalamo neurohypophyseal axons (Jirikowski 1992).
Hybridization product was located within secretory vesicles
indicating that OT-encoding transcripts may be subject to rapid
axonal transport (Jirikowski et al. 1990a). It has been proposed
that mRNA compartmentalized in axonal varicosities may be
the source of immediate prooxytophysin translation upon cer-
tain stimuli prior to de novo transcription. A similar mechanism
seems to exist in the HNS for the immediate early gene c fos
(Giovannelli et al. 1990).

Both expression and terminal secretion of OT depend on
estrogens. OT neurons express in part nuclear estrogen recep-
tors; estradiol treatment alters numbers and distribution of OT
immunoreactive neurons (Jirikowski et al. 1990b) as well as
levels of mRNA encoding OT precursor (Caldwell et al. 1988).
Estradiol treatment also changes systemic OT levels indicating
that biosynthesis and terminal secretion are malleable to sys-
temic steroid concentrations. Similar observations have been
made in parturient animals (Jirikowski et al. 1991a).
Interestingly, there is no linear relationship between steroid
concentrations and OT expression since low estrogen doses
given once seem to active OT expressing hypothalamus neu-
rons while chronic treatment with high estrogen doses seems to
down regulate SON and PVN (Jirikowski et al. 1988).

Hypophyseal secretion of OT seems to be influenced in a
similar fashion by glucocorticoids and by vitamin D

(Jirikowski et al. 2009). While nuclear steroid receptors are
present only in a portion of the oxytocinergic perikarya
(Jirikowski et al. 1993), the related steroid binding globulins
are expressed in most of the OT neurons (Sivukhina and
Jirikowski 2014). Sex hormone-binding globulin (SHBG),
corticosteroid-binding globulin (CBG), and vitamin D-
binding protein (DBP) were all found in OT positive
magnocellular neurons (review: Caldwell et al. 2017). It has
been discussed that these steroid-binding proteins may be
linked to non-genomic effects of steroid hormones. Steroid
dependent release of a neuropeptide from axon terminals is
most likely not mediated through genomic effects and nuclear
steroid receptors. Instead, this involves most likely rapid,
membrane actions. The underlying cellular and molecular
mechanisms are unclear to date. Membrane associated estro-
gen receptor GPR30 has been described in oxytocinergic neu-
rons (Sakamoto et al. 2007). Its functional interaction with the
binding globulins and nuclear receptors ERα and ERß has yet
to be characterized. Clearly, neurohypophyseal functions of
OT, e.g., in parturition, lactation of in stress response, require
fast release ion of OT from the posterior lobe. Posterior lobe
OT can be completely drained upon extreme challenge, e.g.,
during septic shock (Sendemir et al. 2013; Da Silva et al.
2014).

Hypophyseotropic OT system

Axons of OT neurons in SON, PVN, and perhaps the
perivascular groups pass through the internal zone of the me-
dian eminence (ME). Some of these OT positive varicosities
appear in close apposition to ME blood vessels (Fig. 4d). The
external zone of the ME is a neurohemal organ that hosts
blood vessels of the hypophyseal portal system as part of the
hypotha lamo adenohypophysea l sys tem (HAS) .
Hypothalamic releasing and inhibiting factors enter the portal
circulation to regulate endocrine cells of the anterior lobe.
Tanycytes, which are specialized ependymal cells on the base
of the third ventricle, interconnected by tight junctions provide
a functional blood brain barrier in this circumventricular or-
gan. So far, the internal zone of the ME was thought to exclu-
sively host axons of the magnocellular hypothalamic nuclei as
part to the HNS. However, the presence of blood vessels with
fenestrated endothelia (Wittkowski 1969) and with large
perivascular spaces in this region suggests a functional rela-
tionship also with the adenohypophyseal portal system. It has
been proposed that OT is the long sought after prolactin re-
leasing factor (Villegas-Gabutti et al. 2018) and the
perivascular spaces in the internal portion of the ME may be
the port of entry for OT to the HAS. So the milk ejecting
neurohypophyseal hormone may also be capable of stimula-
tion milk production in the mammary glands through adeno-
hypophyseal prolactin.
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Perivascular OT neurons

Clusters of OT positive neurons have been described in close
apposition to blood vessels that connect SON and PVN
(Fig. 3b,c). Such groups of neurons form small nuclei. They
are particularly abundant in human brain. Due to their crescent-
like shape along the large hypothalamic blood vessels, they
have been termed Ncll. circulares (NCi, Møller et al. 2018).
The functional properties of these neurons are still a matter of
controversy. Some of these neurons may contribute to the HNS
since their long processes with typical varicosities seem to
merge into the neurohypophyseal tract. They also may contact
the perivascular area, known as Virchow Robin space that con-
tains cerebrospinal fluid (CSF) and that is connected with the
ventricular system. OT liberated from these neurons in a para-
crine fashion (Morris et al. 1998) may therefore contribute to
CSF OT levels. Perivascular groups of OT neurons are mostly
found associated with larger blood vessels. It has been pro-
posed that neurosecretory nerve endings may be capable of
releasing OT into the vasculature, making the NCi a further
neurohemal organ (Møller et al. 2018). It is unclear why an
additional release site of OT into the systemic circulation
should be necessary. Considering that intrahypothalamic blood
vessels are most likely part of the blood brain barrier, systemic
release of OT should be rather unlikely from the NCi. It is
known however that the blood brain barrier is subject to some
functional dynamics: Diabetes insipidus caused by disruption
of the infundibular stalk and loss of systemic AVP is in many
cases only transitory although neurohypophyseal projections
are unlikely to regenerate. Posterior lobe hormones released
from perivascular intrahypothalamic groups may indeed sup-
plement or even replace neurohypophyseal functions (Blanco
et al. 1992). A similar situation may exist for OT during late
pregnancy, parturition, and lactation: We observed with immu-
nohistochemical electron microscopy plasticity of the interface
between perivascular OT neurons and the vasculature, suggest-
ing functional dynamics of the blood brain barrier in the NCi
(Blanco et al. 1990).

Perivascular OT and AVP may also have vasoactive prop-
erties by affecting smooth muscle cells of arterial walls. So
both nonapeptides could be involved in control of intracere-
bral blood pressure.

Periventricular OT neurons

The periventricular nucleus (PEV) hosts a large number of bi-
and multipolar neurons that show intense immunostaining for
OT. They are positioned below the ependymal layer of the
third ventricle and extend processes through the ependyma
towards the ventricular space (Fig. 1d). Some of these cells
even seem to be located inside the ventricular lumen. They
have been termed liquor contracting neurons (Vigh-

Teichmann et al. 1970) and are thought to be among the
sources of OT in the CSF. The functional properties of liquor
OT is far from being understood to date. It has been shown
that OT levels in CSF are dramatically reduced in patients
afflicted with severe chronic depression (Frasch et al. 1996).
It has been proposed that intranasal application of OTcould be
used as an antidepressant remedy (Leppanen et al. 2017).
Uptake of OT by the olfactory mucosa has been shown to
result in rapid increase of CSF OT levels which led to clinical
use of OT nasal spray for conditions including impaired lac-
tation, chronic pain, or male sexual dysfunctions
(Syntocinon®, BGP Products GmbH, CH 6341 Baar). The
olfactory mucosa is known to be a pharmacological access
to the brain since it allows for bypassing the blood brain bar-
rier (Scantamburlo et al. 2015). However, the actual physio-
logical basis of intranasal uptake of OT is not completely
understood today.

Neurohypophyseal projections of hypothalamic nuclei are
known to terminate as Herring bodies in the posterior lobe.
Some of these nerve endings appear in close apposition to
portions of the third ventricle within the infundibulum and
the neurohypophysis, termed recessus infundibularis (RI).
This structure is particularly well developed in larger mam-
mals including humans. The ependymal lining within the RI
has been shown to contain gaps that provide direct contact of
OT immunostained Herring bodies to the CSF. In conjunction
with secretory ependymal cells this may be a further source of
OT in the CSF (Fig. 2c). Early ultrastructural and histochem-
ical studies observed that the ependymal cells in this region
show features of secretory cells suggesting secretion of neu-
rohormones into the CSF (Wittkowski 1969). He proposed the
term Bependymokrinie.^ Although direct evidence for intra-
ventricular OT liberation within the IR is still missing, the
above-mentioned light- and electron microscopical studies
strongly argue in favor of this hypothesis.

Intracerebral projections of OT neurons

OT immunoreactive neurons within the classical nuclei as
well as accessory OT neurons are known to extend wide
spread axonal projections within the brain. Numerous tracing
studies have been performed in order to detect target sites of
SON and PVNOT neurons. These methods include stereotax-
ic in vivo injections with horseradish peroxidase (HRP,
Mohamadi et al. 2015), fluoro-gold, or viral constructs
(Althammer and Grinevich 2017), all combined with OT im-
munocytochemistry. Widespread oxytocinergic projections in
portions of the limbic system and their involvement in the
attenuation of fear response could be shown by viral vector-
based tracing (Knobloch et al. 2012). Tracing studies on single
accessory OT neurons in life animals become feasible with
this innovative method. Their actual projection sites are yet
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to be determined. Sofar immunocytochemistry of 100 μm
thick vibratome sections was one of the options for an approx-
imation of peptidergic target regions. In consecutive series of
such thick sections it was possible to follow OT projections
for some distance.

Immuno-electron microscopy revealed oxytocinergic syn-
apses in parts of the limbic system suggesting that the neuro-
hormone also has neurotransmitter properties throughout the
brain (Bakos et al. 2018, Buijs and Swaab 1979, Buijs and
Van Heerikhuize 1982). Oxytocinergic projections within the
brain have been linked to behavioral changes including sexual
arousal, maternal behavior, and stress response (Jirikowski
et al. 1988; Dief et al. 2018). Brain regions known to control
such behaviors express OT receptors (OTR, Clipperton-Allen
et al. 2012) as determined by immunocytochemistry, in situ
hybridization, radio ligand assays and RT-PCR (Review:
Devost et al. 2008). Stereotaxic injections with OT in pre-
sumed target areas have been shown to affect behaviors
(Pedersen et al. 1988), supporting the idea of receptor-
mediated OT effects. Different regions seem to be involved
in different behavioral functions.

Paraventricular nuclei

OT neurons in the posterio-lateral portion of the PVN project
to the median forebrain bundle and to the striatum (Fig. 2a).
These projections may either be collaterals of the neurohypo-
physeal tract or independent projections. Although the func-
tions of most of the centrally projecting OT neurons are yet to
be characterized, their great diversity suggests that there may
be multiple functional properties, ranging from influence of
the limbic system and behavioral changes, affections of the
brain stem to influence vegetative functions and intra hypo-
thalamic projections to exert neuroendocrine properties
(László et al. 2016).

Supraoptic nuclei

Single OT neurons in the caudal portion of the SON project in
part to nuclei of the medial and central amygdala. They seem
to modulate anxiety behavior to some extent (Gorka et al.
2015). Microinjections with OT into the central nuclei of the
amygdala result in positive reinforcement of reproductive and
social behaviors. Although the number of oxytocinergic
afferences from hypothalamic nuclei throughout the amygdala
is rather small, the expression of OTR is extensive in this part
of the limbic system (Jurek and Neumann 2018). It could well
be that single-defined SON neurons are important for
oxytocinergic innervation of specific portions of the
amygdala.

OT neurons in the retrochiasmatic portion of the SON
(rSON) form groups of cells that line the lateral basis of the
diencephalon (Fig. 4a). Their projections contribute to the

internal and external zones of the ME. In addition, they are
closely associated with the pia mater. It seems possible that
these neurons release OT into the external spaces of the CSF.

Periventricular nucleus

In addition to their above mentioned relationship to the third
ventricle, PEV neurons extend long axonal projections
subependymally parallel to the ventricular system (Fig. 1d)
through the mesencephalon and to the brain stem. These are
likely to be among the oxytocinergic projections (together
with the OT neurons in the caudal portion of the PVN) that
control various vegetative functions in mesencephalon and
brain stem: For example, OT-receptor-expressing neurons in
the parabrachial nucleus have been shown to regulate fluid
intake (Ryan et al. 2017).

Medial preoptic area

Single OT neurons have been observed in the medial preoptic
area (MPOA). Their importance for the control of sexual and
maternal behaviors is well established (Pedersen et al. 1988).
OT injections into the basal forebrain of rats have been shown
to have anxiolytic effects (Sabihi et al. 2014). OTeffects in the
MPOA clearly depend on steroid hormones. Interestingly, OT
neurons in the MPOA rarely show nuclear uptake of radio-
labelled estradiol indicating absence of classical estrogen re-
ceptors (Jirikowski et al. 2018). The MPOA is among the
brain regions with the highest density of estrogen target neu-
rons (Jirikowski et al. 1990a). So estrogen actions on OT
neurons in the MPOA may be mediated either through OT
negative estrogen target interneurons or through non-
genomic estrogen actions.

Zona incerta

Laterally to the posterior PVN is the zona incerta (ZI) which
also hosts numerous OT-stained neurons. They extend their
axons through the capsula interna, presumably to neocortical
regions (Figs. 4a,b). The functional importance of OT neurons
in the ZI is unknown so far. However, their numbers have
been shown to increase inmalemice duringmating, indicating
that they may play a role in this physiological state (Jirikowski
et al. 1991b).

Anterior commissural nucleus

A group of OT neurons is found ventro laterally to the anterior
commissure. These cells have been termed anterior commis-
sural nucleus (ACN) or lateral subcommissural nucleus (LSN,
Jirikowski et al. 1990a,b). These neurons seem to project in
part to the nucleus accumbens. These neurons also extend
projections to the lateral septum which is known to be an
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extensive OT target region. It has been shown that OT in the
lateral septum prevents social fear during lactation (Menon
et al. 2018).

Suprachiasmatic nucleus

Single magnocellular OT neurons have been detected in the
suprachiasmatic nucleus (SCN, Fig. 1a). The morphology of
the SCN has been shown to have gender differences although
OT positive neurons in the SCN occur in both males and
females. The SCN has been linked to endocrine events related
to circadian rhythm, light cyclus, and feeding behavior
(Santoso et al. 2017). The SCN is predominantly parvocellular
most of these cells express AVP. It is unclear whether the
single magnocellular OT neurons visible in the dorsal portion
of the SCN (Fig. 1c) are actually part of this nucleus or dis-
persed from the MPOA. This question has to be addressed to
genotyping and viral vector tracing.

Conclusions

OT neurons are confined to the hypothalamus although there
seems to be a huge functional diversity. On the other hand,
OTR is quite abundant throughout the brain. The current opin-
ion that oxytocinergic neurons are exclusively magnocellular
had to be revised some time ago. In addition to parvocellular
OT systems there may be more types of OT neurons which
cannot be characterized just by their size (Althammer and
Grinevich 2017). It should be emphasized that the different
oxytocinergic systems may not so much be structural as they
are functional (Lefevre et al. 2018). First of all, one
oxytocinergic neuron may have multiple functional proper-
ties: It may extend a dendrite to the wall of a blood vessel,
another one across the ependyma and an axon to the posterior
lobe with a collateral to the limbic system. Furthermore, there
seems to be some malleability to functional status. Estrogen
treatment greatly enhances numbers of OT positive neurons.
Interestingly, there is no linear relationship between steroid
concentrations and OT expression since moderate estrogen
concentrations seem to stimulate while chronic and high con-
centrations seem to deplete OT.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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