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Abstract

Classically, hypothalamic neuroendocrine cells that synthesize oxytocin and vasopressin were
categorized in two major cell types, the magnocellular and parvocellular neurones. It was
believed that magnocellular neurones project exclusively to the pituitary gland where they
release oxytocin and vasopressin into the systemic circulation. The parvocellular neurones, on
the other hand, project within the brain to regulate discrete brain circuitries and behaviours.
Within the last few years it has become evident that the classical view of these projections is
outdated. It is now clear that oxytocin and vasopressin in the brain are released extrasynaptically
from dendrites and from varicosities in distant axons. The peptides act principally to modulate
information transfer through conventional synapses (such as glutamate synapses) by actions at
respective receptors that may be preferentially localised to synaptic regions (on either side of

the synapse) to alter the ‘gain’ of conventional synapses.

The oxytocin and vasopressin system and its projections

Classically oxytocin- and vasopressin-synthesising neurones have been categorized as
two major types: magnocellular and parvocellular cells(1-3). They differ in size, shape,
anatomical location, function, projection sites, mode of release and electrophysiological
properties(4, 5). While there has recently been speculation about the potential existence of
additional oxytocinergic cell types, based on genetic cluster analysis(6), so far, no concrete
functional evidence has been provided to corroborate these findings. Moreover, due to the fact
that concrete genetic profiles for magno- and parvocellular oxytocin neurones are currently
missing, it is not possible to genetically target and reliably manipulate these two oxytocinergic
cell types.

Oxytocin neurones in the rodent brain are located almost exclusively located in the
PVN, SON and accessory nuclei of the hypothalamus, with a few scattered in the bed nucleus
of stria terminalis (BNST)(Fig. 1A)(7).

Recent publications on oxytocinergic transmission in the CNS suggest that the classical
view of projections from magno- and parvocellular oxytocin, as well as the presumed modes of
release from these axons, is outdated and may have to be abandoned. Using viral tracing and
whole-brain imaging, Zhihua Gao’s lab has recently reconstructed the three-dimensional
architecture of the hypothalamo-neurohypophysial system(8). It confirms our own work (9, 10)
and shows that most — if not all — magnocellular oxytocin neurones project collaterals from
axons of the hypothalamic-neurohypophysial tract to various forebrain regions. To this day,

more than 50 forebrain regions have been identified as targets for magnocellular oxytocin
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neurones(9, 10), which modulate contextual and social fear responses, emotional transfer
between conspecifics and even inter-female aggression(11-13).

Parvocellular oxytocin neurones project to the midbrain, brainstem and spinal cord and
are involved in food intake regulation(14), autonomic functions such as breathing(15), erection
and copulation(16), cardiovascular reactions(17), gastric reflexes(18) and pain perception(19).
All of these projections arise from a small population of parvocellular oxytocin neurones
residing within the PVN. While it is well established that parvocellular oxytocin neurones
synapse onto magnocellular oxytocin neurones located in the SON to control activity-dependent
release of oxytocin into the systemic circulation (Fig. 1E) (20, 21), it was recently demonstrated
that parvocellular oxytocin neurones control magnocellular oxytocin activity within the PVN
as well (20). While parvocellular oxytocin neurones have been underappreciated for most of
the 20" century, they recently emerged as key regulators of the oxytocin system. In fact, the
latest research suggests that somatosensory information first converges on parvocellular
oxytocin neurones, which, on activation, subsequently activate the much larger population of
magnocellular oxytocin neurones. This mode of action allows fine-tuned and effective global
activation of the oxytocin system, with coordinated release and context-dependent activity
patterns of magnocellular oxytocin PVN subdivisions (20).

Within the last 5 years, parvocellular oxytocin neurones have emerged as new players
in modulation of the oxytocin system and it has become evident that this small subpopulation
of cells plays a vital role in somatosensory signal integration during social interaction(22),
coordination of nociceptive response at both a central and a peripheral level(20) and context-
dependent activation of fear-sensitive oxytocinergic engram cells in the hypothalamus(21). In
fact, these studies suggest that parvocellular oxytocin neurones may be master regulators that
synaptically control and orchestrate magnocellular oxytocin neuron activity under various
conditions(22). Given the types of scenarios described (fear, pain and social interaction), it
seems reasonable to suspect that the coordination of magnocellular oxytocin release by
parvocellular oxytocin neurones may be the general rule rather than the exception.

In addition to the PVN and SON, vasopressin neurones are also found in various extra-
hypothalamic forebrain nuclei, including the suprachiasmatic nucleus, the bed nucleus of stria
terminalis (BNST), the medial nucleus of the amygdala(23) and the entorhinal cortex (24).

In transgenic rats expressing a vasopressin-GFP fusion protein under the control of the
vasopressin promoter(25), a GFP signal was also found in neurones of the olfactory system,
where vasopressin modulates the processing of olfactory social signals (Fig. 1B) (26, 27). Very

recently, it has also been shown that a small fraction of ganglionic cells in the retina expresses



vasopressin and, through its projections to the suprachiasmatic nucleus (which also contains
vasopressin cells) modulates circadian rhythmicity(28).

Similarly, to magnocellular oxytocin neurones, magnocellular vasopressin neurones
project not only to the posterior pituitary gland but also to multiple extrahypothalamic sites,
especially limbic regions, influencing emotional responses during stress coping and
motivational behaviours(24, 29, 30). Our own ongoing studies, employing new vasopressin
transgenic rats and viral vectors support these studies, indicating that magnocellular vasopressin
system, at least in rats, is not so elaborated as the oxytocin system. This can be probably
explained by more divergent vasopressin sub-systems in the brain and the specialization of
distinct vasopressin groups in modulation of certain types of behaviours, while magnocellular
vasopressin neurons are primarily involved in neurohormonal regulation of water homeostasis.

While the projections, properties and functions of parvocellular oxytocin neurones have
been extensively studied, very little is known about the respective role of parvocellular
vasopressin neurones. Early studies identified vasopressin as a regulator of the hypothalamic-
pituitary-adrenocortical axis and showed that vasopressin can potentiate the stimulatory effect
of corticotropin-releasing hormone (CRH) on adrenocorticotropin (ACTH) cells of the anterior
pituitary(31). Later, Greti Aguilera and her colleagues showed that synthesis of vasopressin in
CRH neurones is triggered by chronic stress, which coincides with downregulation of CRH
expression in these cells. It was proposed that vasopressin substitutes for CRH as the main factor
maintaining the release of adrenal corticosteroids under chronic stress and inflammatory
conditions(32-34). A similar mechanism has been observed in lactating rats, which exhibit a
blunted CRH response that is partly compensated by enhanced synthesis of vasopressin in CRH
neurones, which results in increased neuronal sensitivity(35). While it seems possible that
parvocellular CRH/vasopressin cells are involved in the stress-induced regulation of the CRH
system, especially under chronic inflammatory stress, no concrete evidence confirming this
theory has yet been presented. In addition, this particular line of research has been discontinued
and thus the role of CRH neurones co-expressing vasopressin should be re-visited, with
implementation of novel genetic and functional techniques developed during the last two
decades.

Taken together, the current body of knowledge does not provide evidence for a clear
magno-/parvocellular distinction based on projections, functions and input for vasopressin
neurones. In fact, the unique interaction of parvo- and magnocellular oxytocin neurones seems
to be a unique feature of the oxytocin system. A reliable discrimination of parvo- and

magnocellular oxytocin neurones based on their genetic profiles has not yet been achieved.



Genetic analysis of oxytocin neurones resulted in four different clusters, although it is not clear
whether parvo- and magnocellular oxytocin neurones are exclusively represented within those
genetic subgroups of oxytocin neurones (6). In a recent study(36), the laboratory of Gul Délen
reported autism risk genes to be enriched in parvocellular oxytocin neurones, which have been
genetically dissected based on anatomical location and Fluorogold (FG) labelling. Intriguingly,
the group reported that 34% of all oxytocin neurones are parvocellular (36), which is in stark
contrast to 1-5%, as has been previously reported in rats (1). While this discrepancy can partially
be attributed to a species-dependent difference in the composition of the oxytocinergic system
and technical limitations in the use of Fluorogold as a marker of magnocellular (neuroendocrine)
neurones, further identification of genetic markers discriminating oxytocin cell types will be
essential to dissect phenotypes of oxytocin neurones, which are not limited only to parvocellular

or magnocellular cells.

Modes of release of oxytocin and vasopressin

It has recently been reported that parvocellular oxytocin neurones form true synapses in
various structures including the SON, PVN, brainstem and spinal cord(20). Is oxytocin released
at synapses? It appears that a very few oxytocin vesicles are released into the synaptic cleft,
however there is also exocytosis from axonal swellings and even occasionally from undilated
axons (37, 38). It seems that the function of these synapses is to facilitate the release not of
oxytocin, but rather of glutamate. The vesicular glutamate transporter 2 is expressed and
glutamate is co-released with oxytocin (9, 21, 39).

There is very little evidence that magnocellular oxytocin neurones form true,
functionally-relevant synapses with other neurones. Although magnocellular oxytocin neurones
project axons to almost the entire rodent forebrain, there has been no report of actual synapse
formation by magnocellular oxytocin axons, except the synaptic contact found in the central
nucleus of the amygdala(9). Optogenetic experiments from our group suggests that
magnocellular neurones make true synapses in the amygdala, but oxytocin vesicles are not
located in the active zone of the synapse which, like the true synapses in the brainstem and
elsewhere formed by parvocellular neurones, release mainly glutamate(24).

Oxytocin and vasopressin are released from the somata and dendrites of magnocellular
neurones(40, 41), as well as from synapses. This non-axonal release does not necessarily
parallel release from axonal terminals in the neurohypophysis (41,42): although it may be
evoked by the same stimulus, it can occur on a different time scale and may be regulated

separately (Fig. 1D) (39). Dendritic release can be evoked by certain peptides; most notably,



oxytocin itself is a potent stimulator of oxytocin release. Oxytocin mobilizes intracellular Ca?*
and triggers release from dendrites independently of electrical activity, and also primes
dendritic stores of the peptide, making them available for activity-dependent release. Priming
is an important phenomenon that underlies functional reorganization of the magnocellular
system, leading to positive-feedback coupling between oxytocin cells and producing the intense
synchronized bursts observed during parturition and suckling(42, 43).

In addition to the function of dendritically-released peptides in autoregulating the
electrical activity of their cells of origin, paracrine actions of dendritically-released vasopressin
from magnocellular neurosecretory neurones, stimulating neighbouring presympathetic
neurones of different nature within a range of 100 um and thereby mediating interpopulation
crosstalk, have been described by Stern and colleagues(44). Moreover, the mechanisms
described seem to play a pivotal role in the vasopressin-dependent polymodal neurohumoral
response to a hyperosmotic challenge. Importantly, the interpopulation crosstalk between
magnocellular vasopressin and parvo-presympathetic-V1a receptor-expressing neurones may
also play an important role in prevalent cardiometabolic diseases, including hypertension, heart
failure and diabetes, conditions in which an exacerbated neurohumoral activation state,
characterized by elevated neurosecretory and sympathetic outflows, is known to influence
prognosis, morbidity and mortality(45-47).

Magnocellular oxytocin neurones also engage in volume transmission or en passant
release, which although not confirmed functionally, is likely to involve the synapse-
independent, diffuse release of a small number of large dense core vesicles (LDCVs, see
below), containing oxytocin, within a target region (Fig. 1D) (48). In this mode of release no
synapse formation is required and the bulk of released neuropeptide diffuses to its target site
down the concentration gradient. This phenomenon partly explains the occasionally observed
delays (up to 90 seconds) of oxytocinergic action after evoking instantaneous release via
optogenetics(9, 21).

The action of dendritically-released vasopressin and oxytocin may resemble that of
hormones (44) and involve general diffusion of the neuropeptide through the extracellular space
to a mixed population of functionally distinct neurones, with the specificity of signalling
depending simply on the presence of receptors specific for the transmitter. The behavioural
effects of oxytocin and vasopressin may be initiated at sites that are innervated by few peptide-
containing projections, but still express receptors for these neurotransmitters. Dendritically-
released transmitters may therefore produce long-lasting effects on behaviour by hormone-like

actions on the brain, which they reach by simple diffusion through the extracellular space,



although this remains controversial. Both vasopressin and oxytocin are present in the
cerebrospinal fluid (CSF), although the concentrations present within the brain areas do not
always reflect those within the CSF(40, 41). While both neuropeptides have half-lives of ~20
min in the CSF, they are likely to be degraded more rapidly by extracellular proteinases in the
parenchyma, and diffusion, either from release-sites or from the ventricles, will be restricted by
the tortuosity of the parenchyma: (for example, this delays by ~2—5 s the effects of vasopressin
on preautonomic neurones after its somato-dendritic release from sites some ~100-200 pm
away). However, it is still possible that hormone-like signalling by these neuropeptides may
occur over long distances and greater timescales, particularly in those regions of the brain that
express neuropeptide receptors but have no neuropeptide axons, such as the olfactory bulb.
Such hormone-like effects of vasopressin and oxytocin after somato-dendritic release could
also modulate the excitability of target neurones that also receive axonal projections from the
same (or parvocellular) neurones at a population level, upon which the short-term point-to-
point modulation achieved by synaptic transmission is superimposed. Resolving this

longstanding debate remains an ongoing challenge for the field.

Controversy surrounding oxytocin receptor activation at pre- and postsynaptic sites

For several decades it seemed clear that oxytocinergic activation of neuronal circuits
follows the classical cascade of Ca?'-mediated exocytosis and downstream oxytocin
signalling(49). Briefly, oxytocin is packaged in large-dense core vesicles (LDCVs), each of
which contains up to 85,000 molecules of the neuropeptide(50, 51). LDCVs are transported
along the axonal terminals to the readily releasable pool of vesicles and SNARE-mediated
fusion of vesicles with the presynaptic membrane, resulting in exocytosis, takes place in a Ca?'-
dependent manner. It was assumed that secreted oxytocin binds to postsynaptic oxytocin
receptors, triggering a postsynaptic G-protein-dependent signalling cascade involving various
G-protein subtypes/pathways (Gaq, Gall, Gi/o and B-arrestin)(48).

Despite extensive information on its synthesis and release, the precise mechanisms by
which oxytocin targets and activates cells still remain largely elusive. It is clear that oxytocin
can act on oxytocin neurones themselves (both in the SON and PVN), in a postsynaptic manner.
In the 1980’s several papers showed that oxytocin acts in an autocrine manner(52-55) and that
this process involves calcium release from intracellular thapsigargin-sensitive calcium
stores(42). Finally, Brussaard and colleagues showed that within oxytocin neurones, oxytocin
can also postsynaptically modulate the potency of GABAergic synapses(56). Although it has

been demonstrated that oxytocin receptor immunoreactivity is preferentially associated with



synapses, indicating that oxytocin may modulate synaptic activity(10), this does not necessarily
mean that oxytocin is released at those synapses. Mitre and colleagues demonstrated oxytocin
receptors at both sides of synapses (presynaptic terminals and post synaptic densities) and
showed that oxytocin, released extrasynaptically, may preferentially act on GABA and/or
glutamate synapses at either (or both) sides of the synapse(10).

Some reports have been published that suggest presynaptic expression of oxytocin
receptors(57-59). Their proposed mechanism of action includes activation of oxytocin receptors
on presynaptic neurones by neighbouring (or the same) cells, which may lead a subsequent
release of conventional neurotransmitters or neuromodulators (such as glutamate or serotonin),
which in turn activate the postsynaptic cell in addition to or instead of direct ‘postsynaptic’

oxytocin action on oxytocin-sensitive neurones.

Conclusions

In conclusion, magnocellular oxytocin and vasopressin neurones in addition to their
evolutionary-determined ‘endocrine’ specialization(60), also bear all the features of classical
neurones operating with conventional transmitters as was also reported for other hypothalamic
neuroendocrine neurones, producing releasing factors (for example corticotropin-releasing
hormone, luteinizing hormone-releasing hormone, thyrotropin-releasing hormone, etc.) or
peptidergic neurones expressing agouti-related peptide, neuropeptide Y, pro-opiomelanocortin,
vasoactive intestinal peptide, galanin and other neuropeptides. The implications of such
functional ‘dualism’ in hypothalamic neurones are far from clear, but this opens novel
directions to reveal how neuropeptides and transmitters exert their mutual action on target cells
ranging from neurones to glia cells(61). It is tempting to speculate that oxytocin and vasopressin
act synergistically with a conventional transmitter. It is plausible that even a few action
potentials may trigger synaptic glutamate release to initiate excitation of neurones, while
prolonged excitation of magnocellular neurones(62, 63) triggers axonal release of oxytocin or
vasopressin, which exerts long-lasting effects on the target neuronal networks and respective
behaviours.

During the last decade, substantial progress has been made in dissection of the anatomy
and functional role of subpopulations of parvocellular oxytocin neurones, which exist in
lower(64) to advanced vertebrates including humans(65). This cell type is very distinct from
magnocellular ones, which represent a ‘classical’ neuronal phenotype primarily operating by
glutamate and thus the expression of oxytocin in these cells seems to be subordinate to oxytocin.

However, the anatomical heterogeneity of these cells, the mode of oxytocin release (e.g.



dendritic or synaptic), and concomitant oxytocin and glutamate action on the midbrain,
brainstem and spinal cord networks all await further extensive studies.

In comparison to parvocellular oxytocin neurones, the presence of ‘pure’ parvocellular
vasopressin neurones in the PVN has not been clearly demonstrated. Although vasopressin is
expressed in 90% of CRH neurones upon chronic stress or adrenalectomy, these cells cannot be
distinguished from pre-sympathetic or classical neuroendocrine CRH-expressing neurones(66,
67). It is tempting to speculate, that that the vast majority of parvocellular neurones in the PVN
that express vasopressin are CRH neurones.

In summary, magnocellular oxytocin and vasopressin neurones, in addition to their
classic projection to the posterior pituitary, send axonal collaterals to forebrain regions and
release the neuropeptides non-synaptically (e.g. by ‘local micro-volume release’) to
subsequently modulate activity of target networks controlling various forms of behaviours.
Parvocellular oxytocin neurones, from one side, coordinate the activity of magnocellular
oxytocin neurones to elicit whole-body homeostatic adaption to occurring behavioural
challenges. In contrast, vasopressin is co-expressed in CRH neurones only under insufficient
glucocorticoid feed-back and thus these cannot be considered to be an independent parvocellular
vasopressin cell type.

Following this updated view of multifaceted hypothalamic oxytocin and vasopressin
neurones, further studies are required, particularly, to reveal the role of conventional transmitters
(such as glutamate) co-expressed and potentially co-released from same axonal terminals of
parvocellular vs. magnocellular oxytocin and vasopressin neurones, employing alternated
ablation of glutamate or oxytocin in the same cells along with high resolution imaging and
simultaneous recording of ‘postsynaptic’ cell responses. These and other studies addressing
similarity and distinction between parvocellular and magnocellular neurones will be essential
for understanding their mutual contribution to pathophysiology of metabolic, cardiovascular and

especially mental diseases in human patients.
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magno- and parvocellular oxytocin indicating that magnocellular neurones release oxytocin
(and vasopressin) from somas and dendrites, from axons passing by (en passant,) and from long-
range axons. Oxytocin receptors (OTR) have been found in various neuronal cell types,
including GABAergic interneurones and pyramidal cells. E) Brain scheme depicts the currently
known interconnectivity of magno- (red) and parvocellular oxytocin (green) neurones within
the paraventricular (PVN) and supraoptic nucleus (SON) and their distinct projections to the
pituitary, forebrain, midbrain, brainstem and spinal cord. The green dashed lines highlight
potential but so-far unconfirmed parvocellular oxytocin projections to the forebrain.
Parvocellular oxytocin neurones act as hypothalamic master cells and project onto
magnocellular oxytocin neurones in the PVN and SON to coordinate their activity. Somato-
dendritic release from magnocellular oxytocin neurones provides a feedback mechanism
between magnocellular oxytocin neurones. Parvocellular oxytocin neurones form clear synapses
with other neurones in the PVN and spinal cord, while secretion from magnocellular oxytocin
neurones via volume transmission or en passant release activates nearby neurones and
astrocytes.

Accessory nuclei: AN, Anterior olfactory nucleus: AON, Arcuate hypothalamic nucleus: Arc,
Auditory cortex: AC, Bed nucleus of stria terminalis: BNST, Basolateral amygdala: BLA,
Brainstem: BS, Central amygdala: CeA, Cerebellum: CB, Hippocampus: HC, Horizontal limb
of diagonal band nucleus: HDB, Island of Calleja: iCj, Lateral septum: LS, Locus coeruleus:
LC, magnocellular oxytocin neurones: magnOT neurones, Medial amygdala: MeA, Motor
cortex: MC, Nucleus accumbens: NAcc, Olfactory bulb: OB, Olfactory tubercele: Tu, oxytocin:
OT, Posterior pituitary: PP, Paraventricular nucleus: PVN, Paraventricular thalamus: PV,
parvocellular oxytocin neurones: parvOT neuroen, Piriform cortex: PC, Prefrontal cortex: PFC,
Prelimbic cortex: PLC, Raphe magnus nucleus: RMg, RVLM: Rostral ventrolateral medulla,
Somatosensory cortex: SSC, Spinal cord: SC, Suprachiasmatic nucleus: SCN, Supraoptic
nucleus: SON, Ventral diagonal band of Broca: vDB, Wide dynamic range neurones: WDR,
(adapted from (1, 68)).

References

1. Althammer F, Grinevich V. Diversity of oxytocin neurons: beyond magno- and
parvocellular cell types? J Neuroendocrinol. 2017; 10.1111/jne.12549.

2. Swanson LW, Sawchenko PE. Hypothalamic integration: organization of the
paraventricular and supraoptic nuclei. Annu Rev Neurosci. 1983; 6269-324.

3. Swanson LW, Sawchenko PE. Paraventricular nucleus: a site for the integration of
neuroendocrine and autonomic mechanisms. Neuroendocrinology. 1980; 31(6): 410-7.

4. Stern JE, Armstrong WE. Electrophysiological differences between oxytocin and

vasopressin neurones recorded from female rats in vitro. J Physiol. 1995; 488 ( Pt 3)701-8.

11



5. Hatton GI. Emerging concepts of structure-function dynamics in adult brain: the
hypothalamo-neurohypophysial system. Prog Neurobiol. 1990; 34(6): 437-504.

6. Romanov RA, Zeisel A, Bakker J, Girach F, Hellysaz A, Tomer R, Alpar A, Mulder J,
Clotman F, Keimpema E, Hsueh B, Crow AK, Martens H, Schwindling C, Calvigioni D, Bains
JS, Mate Z, Szabo G, Yanagawa Y, Zhang MD, Rendeiro A, Farlik M, Uhlen M, Wulff P, Bock
C, Broberger C, Deisseroth K, Hokfelt T, Linnarsson S, Horvath TL, Harkany T. Molecular
interrogation of hypothalamic organization reveals distinct dopamine neuronal subtypes. Nat
Neurosci. 2017; 20(2): 176-88.

7. Duque-Wilckens N, Torres LY, Yokoyama S, Minie VA, Tran AM, Petkova SP, Hao
R, Ramos-Maciel S, Rios RA, Jackson K, Flores-Ramirez FJ, Garcia-Carachure I, Pesavento
PA, Iniguez SD, Grinevich V, Trainor BC. Extrahypothalamic oxytocin neurons drive stress-
induced social vigilance and avoidance. Proc Natl Acad Sci U S A. 2020; 117(42): 26406-13.
8. Zhang B, Qiu L, Xiao W, Ni H, Chen L, Wang F, Mai W, Wu J, Bao A, Hu H, Gong H,
Duan S, Li A, Gao Z. Reconstruction of the Hypothalamo-Neurohypophysial System and
Functional Dissection of Magnocellular Oxytocin Neurons in the Brain. Neuron. 2021; 109(2):
331-46 ¢7.

9. Knobloch HS, Charlet A, Hoffmann LC, Eliava M, Khrulev S, Cetin AH, Osten P,
Schwarz MK, Seeburg PH, Stoop R, Grinevich V. Evoked axonal oxytocin release in the central
amygdala attenuates fear response. Neuron. 2012; 73(3): 553-66.

10. Mitre M, Marlin BJ, Schiavo JK, Morina E, Norden SE, Hackett TA, Aoki CJ, Chao
MYV, Froemke RC. A Distributed Network for Social Cognition Enriched for Oxytocin
Receptors. J Neurosci. 2016; 36(8): 2517-35.

11. Menon R, Grund T, Zoicas I, Althammer F, Fiedler D, Biermeier V, Bosch OJ, Hiraoka
Y, Nishimori K, Eliava M, Grinevich V, Neumann ID. Oxytocin Signaling in the Lateral
Septum Prevents Social Fear during Lactation. Curr Biol. 2018; 28(7): 1066-78 e6.

12. Ferretti V, Maltese F, Contarini G, Nigro M, Bonavia A, Huang H, Gigliucci V, Morelli
G, Scheggia D, Manago F, Castellani G, Lefevre A, Cancedda L, Chini B, Grinevich V, Papaleo
F. Oxytocin Signaling in the Central Amygdala Modulates Emotion Discrimination in Mice.
Curr Biol. 2019; 29(12): 1938-53 ¢6.

13. de Moura Oliveira VE, Lukas M, Wolf HN, Durante E, Lorenz A, Mayer AL, Bludau
A, Bosch OJ, Grinevich V, Egger V, de Jong TR, Neumann ID. Concerted but segregated
actions of oxytocin and vasopressin within the ventral and dorsal lateral septum determine
female aggression. . Nat Commun. 2021; in press.

14, Blevins JE, Schwartz MW, Baskin DG. Evidence that paraventricular nucleus oxytocin
neurons link hypothalamic leptin action to caudal brain stem nuclei controlling meal size. Am
J Physiol Regul Integr Comp Physiol. 2004; 287(1): R87-96.

15. Mack SO, K¢ P, Wu M, Coleman BR, Tolentino-Silva FP, Haxhiu MA. Paraventricular
oxytocin neurons are involved in neural modulation of breathing. J Appl Physiol. 2002; 92(2):
826-34.

16.  Melis MR, Argiolas A, Gessa GL. Oxytocin-induced penile erection and yawning: site
of action in the brain. Brain Res. 1986; 398(2): 259-65.

17.  Petersson M. Cardiovascular effects of oxytocin. Prog Brain Res. 2002; 139: 281-8.
18.  Sabatier N, Leng G, Menzies J. Oxytocin, feeding, and satiety. Front Endocrinol
(Lausanne). 2013; 4: 35.

19.  Rash JA, Aguirre-Camacho A, Campbell TS. Oxytocin and pain: a systematic review
and synthesis of findings. Clin J Pain. 2014; 30(5): 453-62.

20. Eliava M, Melchior M, Knobloch-Bollmann HS, Wabhis J, da Silva Gouveia M, Tang Y,
Ciobanu AC, Triana Del Rio R, Roth LC, Althammer F, Chavant V, Goumon Y, Gruber T,
Petit-Demouliere N, Busnelli M, Chini B, Tan LL, Mitre M, Froemke RC, Chao MV, Giese G,
Sprengel R, Kuner R, Poisbeau P, Seeburg PH, Stoop R, Charlet A, Grinevich V. A New

12



Population of Parvocellular Oxytocin Neurons Controlling Magnocellular Neuron Activity and
Inflammatory Pain Processing. Neuron. 2016; 89(6): 1291-304.

21. Hasan MT, Althammer F, Silva da Gouveia M, Goyon S, Eliava M, Lefevre A, Kerspern
D, Schimmer J, Raftogianni A, Wahis J, Knobloch-Bollmann HS, Tang Y, Liu X, Jain A,
Chavant V, Goumon Y, Weislogel JM, Hurlemann R, Herpertz SC, Pitzer C, Darbon P,
Dogbevia GK, Bertocchi I, Larkum ME, Sprengel R, Bading H, Charlet A, Grinevich V. A Fear
Memory Engram and Its Plasticity in the Hypothalamic Oxytocin System. Neuron. 2019;
103(1): 133-46 8.

22. Tang Y, Benusiglio D, Lefevre A, Hilfiger L, Althammer F, Bludau A, Hagiwara D,
Baudon A, Darbon P, Schimmer J, Kirchner MK, Roy RK, Wang S, Eliava M, Wagner S,
Oberhuber M, Conzelmann KK, Schwarz M, Stern JE, Leng G, Neumann ID, Charlet A,
Grinevich V. Social touch promotes interfemale communication via activation of parvocellular
oxytocin neurons. Nat Neurosci. 2020; 23(9): 1125-37.

23. De Vries GJ, Buijs RM, Van Leeuwen FW. Sex differences in vasopressin and other
neurotransmitter systems in the brain. Prog Brain Res. 1984; 61: 185-203.

24. Zhang L, Hernandez VS, Zetter MA, Eiden LE. VGLUT-VGAT expression delineates
functionally specialised populations of vasopressin-containing neurones including a
glutamatergic perforant path-projecting cell group to the hippocampus in rat and mouse brain.
J Neuroendocrinol. 2020; 32(4): e12831.

25. Ueta Y, Fujihara H, Serino R, Dayanithi G, Ozawa H, Matsuda K, Kawata M, Yamada
J, Ueno S, Fukuda A, Murphy D. Transgenic expression of enhanced green fluorescent protein
enables direct visualization for physiological studies of vasopressin neurons and isolated nerve
terminals of the rat. Endocrinology. 2005; 146(1): 406-13.

26. Tobin VA, Hashimoto H, Wacker DW, Takayanagi Y, Langnaese K, Caquineau C,
Noack J, Landgraf R, Onaka T, Leng G, Meddle SL, Engelmann M, Ludwig M. An intrinsic
vasopressin system in the olfactory bulb is involved in social recognition. Nature. 2010;
464(7287): 413-7.

27. Wacker DW, Tobin VA, Noack J, Bishop VR, Duszkiewicz AJ, Engelmann M, Meddle
SL, Ludwig M. Expression of early growth response protein 1 in vasopressin neurones of the
rat anterior olfactory nucleus following social odour exposure. J Physiol. 2010; 588(Pt 23):
4705-17.

28. Tsuji T, Allchorne AJ, Zhang M, Tsuji C, Tobin VA, Pineda R, Raftogianni A, Stern
JE, Grinevich V, Leng G, Ludwig M. Vasopressin casts light on the suprachiasmatic nucleus.
J Physiol. 2017; 595(11): 3497-514.

29. Hernandez VS, Vazquez-Juarez E, Marquez MM, Jauregui-Huerta F, Barrio RA, Zhang
L. Extra-neurohypophyseal axonal projections from individual vasopressin-containing
magnocellular neurons in rat hypothalamus. Front Neuroanat. 2015; 9: 130.

30.  Zhang L, Hernandez VS, Murphy D, Young WS, Eiden LE. Review of fine chemo-
anatomy of hypothalamic magnocellular vasopressinergic system with an emphasis on
ascending connections for behavioural adaptation In: Grinevich V, Dobolyi A, eds.
Neuroanatomy of Neuroendocrine Systems, Springer Nature 2021 (in press).

31.  Whitnall MH. Regulation of the hypothalamic corticotropin-releasing hormone
neurosecretory system. Prog Neurobiol. 1993; 40(5): 573-629.

32. Grinevich V, Harbuz M, Ma XM, Jessop D, Tilders FJ, Lightman SL, Aguilera G.
Hypothalamic pituitary adrenal axis and immune responses to endotoxin in rats with chronic
adjuvant-induced arthritis. Exp Neurol. 2002; 178(1): 112-23.

33.  Grinevich V, Ma XM, Herman JP, Jezova D, Akmayev I, Aguilera G. Effect of repeated
lipopolysaccharide administration on tissue cytokine expression and hypothalamic-pituitary-
adrenal axis activity in rats. J Neuroendocrinol. 2001; 13(8): 711-23.

13



34.  Grinevich V, Ma XM, Jirikowski G, Verbalis J, Aguilera G. Lipopolysaccharide
endotoxin potentiates the effect of osmotic stimulation on vasopressin synthesis and secretion
in the rat hypothalamus. J Neuroendocrinol. 2003; 15(2): 141-9.

35.  Walker CD, Tilders FJ, Burlet A. Increased colocalization of corticotropin-releasing
factor and arginine vasopressin in paraventricular neurones of the hypothalamus in lactating
rats: evidence from immunotargeted lesions and immunohistochemistry. J Neuroendocrinol.
2001; 13(1): 74-85.

36. Lewis EM, Stein-O'Brien GL, Patino AV, Nardou R, Grossman CD, Brown M,
Bangamwabo B, Ndiaye N, Giovinazzo D, Dardani I, Jiang C, Goff LA, Dolen G. Parallel
Social Information Processing Circuits Are Differentially Impacted in Autism. Neuron. 2020;
108(4): 659-75 ¢6.

37.  Morris JF, Pow DV. Widespread release of peptides in the central nervous system:
quantitation of tannic acid-captured exocytoses. Anat Rec. 1991; 231(4): 437-45.

38. Oti T, Satoh K, Uta D, Nagafuchi J, Tateishi S, Ueda R, Takanami K, Young LJ, Galione
A, Morris JF, Sakamoto T, Sakamoto H. Oxytocin Influences Male Sexual Activity via Non-
synaptic Axonal Release in the Spinal Cord. Curr Biol. 2021; 31(1): 103-14 e5.

39.  Hrabovszky E, Liposits Z. Novel aspects of glutamatergic signalling in the
neuroendocrine system. J Neuroendocrinol. 2008; 20(6): 743-51.

40.  Ludwig M, Leng G. Dendritic peptide release and peptide-dependent behaviours. Nat
Rev Neurosci. 2006; 7(2): 126-36.

41.  Landgraf R, Neumann ID. Vasopressin and oxytocin release within the brain: a dynamic
concept of multiple and variable modes of neuropeptide communication. Front
Neuroendocrinol. 2004; 25(3-4): 150-76.

42, Ludwig M, Sabatier N, Bull PM, Landgraf R, Dayanithi G, Leng G. Intracellular
calcium stores regulate activity-dependent neuropeptide release from dendrites. Nature. 2002;
418(6893): 85-9.

43, Rossoni E, Feng J, Tirozzi B, Brown D, Leng G, Moos F. Emergent synchronous
bursting of oxytocin neuronal network. PLoS Comput Biol. 2008; 4(7): €1000123.

44, Son SJ, Filosa JA, Potapenko ES, Biancardi VC, Zheng H, Patel KP, Tobin VA, Ludwig
M, Stern JE. Dendritic peptide release mediates interpopulation crosstalk between
neurosecretory and preautonomic networks. Neuron. 2013; 78(6): 1036-49.

45, Althammer F, Ferreira-Neto HC, Rubaharan M, Roy RK, Patel AA, Murphy A, Cox
DN, Stern JE. Three-dimensional morphometric analysis reveals time-dependent structural
changes in microglia and astrocytes in the central amygdala and hypothalamic paraventricular
nucleus of heart failure rats. J Neuroinflammation. 2020; 17(1): 221.

46. Biancardi VC, Son SJ, Sonner PM, Zheng H, Patel KP, Stern JE. Contribution of central
nervous system endothelial nitric oxide synthase to neurohumoral activation in heart failure
rats. Hypertension. 2011; 58(3): 454-63.

47.  Potapenko ES, Biancardi VC, Florschutz RM, Ryu PD, Stern JE. Inhibitory-excitatory
synaptic balance is shifted toward increased excitation in magnocellular neurosecretory cells of
heart failure rats. J Neurophysiol. 2011; 106(3): 1545-57.

48. Chini B, Verhage M, Grinevich V. The Action Radius of Oxytocin Release in the
Mammalian CNS: From Single Vesicles to Behavior. Trends Pharmacol Sci. 2017; 38(11):
982-91.

49.  Burbach JP, Luckman SM, Murphy D, Gainer H. Gene regulation in the magnocellular
hypothalamo-neurohypophysial system. Physiol Rev. 2001; 81(3): 1197-267.

50.  Morris JF. Hormone storage in individual neurosecretory granules of the pituitary gland:
A quantitative ultrastructural approach to hormone storage in the neural lobe. J Endocrinol.
1976; 68(02): 209-24.

14



51.  Nordmann JJ, Morris JF. Method for quantitating the molecular content of a subcellular
organelle: hormone and neurophysin content of newly formed and aged neurosecretory
granules. Proc Natl Acad Sci U S A. 1984; 81(1): 180-4.

52. Moos F, Freund-Mercier MJ, Guerne Y, Guerne JM, Stoeckel ME, Richard P. Release
of oxytocin and vasopressin by magnocellular nuclei in vitro: specific facilitatory effect of
oxytocin on its own release. J Endocrinol. 1984; 102(1): 63-72.

53. Moos F, Poulain DA, Rodriguez F, Guerne Y, Vincent JD, Richard P. Release of
oxytocin within the supraoptic nucleus during the milk ejection reflex in rats. Exp Brain Res.
1989; 76(3): 593-602.

54.  Moos F, Richard P. Paraventricular and supraoptic bursting oxytocin cells in rat are
locally regulated by oxytocin and functionally related. J Physiol. 1989; 408: 1-18.

55.  Freund-Mercier MJ, Richard P. Electrophysiological evidence for facilitatory control of
oxytocin neurones by oxytocin during suckling in the rat. J Physiol. 1984; 352: 447-66.

56.  Brussaard AB, Kits KS, de Vlieger TA. Postsynaptic mechanism of depression of
GABAergic synapses by oxytocin in the supraoptic nucleus of immature rat. J Physiol. 1996;
497 (Pt 2): 495-507.

57. Dolen G, Darvishzadeh A, Huang KW, Malenka RC. Social reward requires
coordinated activity of nucleus accumbens oxytocin and serotonin. Nature. 2013; 501(7466):
179-84.

58. Hung LW, Neuner S, Polepalli JS, Beier KT, Wright M, Walsh JJ, Lewis EM, Luo L,
Deisseroth K, Dolen G, Malenka RC. Gating of social reward by oxytocin in the ventral
tegmental area. Science. 2017; 357(6358): 1406-11.

59. Mairesse J, Gatta E, Reynaert ML, Marrocco J, Morley-Fletcher S, Soichot M, Deruyter
L, Camp GV, Bouwalerh H, Fagioli F, Pittaluga A, Allorge D, Nicoletti F, Maccari S.
Activation of presynaptic oxytocin receptors enhances glutamate release in the ventral
hippocampus of prenatally restraint stressed rats. Psychoneuroendocrinology. 2015; 62: 36-46.
60.  Knobloch HS, Grinevich V. Evolution of oxytocin pathways in the brain of vertebrates.
Front Behav Neurosci. 2014; 8: 31.

61. Wahis J, Baudon A, Althammer F, Kerspern D, Goyon S, Hagiwara D, Lefevre A,
Barteczko L, Boury-Jamot B, Bellanger B, Abatis M, Da Silva Gouveia M, Benusiglio D,
Eliava M, Rozov A, Weinsanto I, Knobloch-Bollmann HS, Kirchner MK, Roy RK, Wang H,
Pertin M, Inquimbert P, Pitzer C, Siemens J, Goumon Y, Boutrel B, Lamy CM, Decosterd I,
Chatton JY, Rouach N, Young WS, Stern JE, Poisbeau P, Stoop R, Darbon P, Grinevich V,
Charlet A. Astrocytes mediate the effect of oxytocin in the central amygdala on neuronal
activity and affective states in rodents. Nat Neurosci. 2021; 10.1038/s41593-021-00800-0.

62.  MacGregor DJ, Leng G. Spike triggered hormone secretion in vasopressin cells; a model
investigation of mechanism and heterogeneous population function. PLoS Comput Biol. 2013;
9(8): €e1003187.

63.  Maicas-Royo J, Leng G, MacGregor DJ. A Predictive, Quantitative Model of Spiking
Activity and Stimulus-Secretion Coupling in Oxytocin Neurons. Endocrinology. 2018; 159(3):
1433-52.

64. Wircer E, Blechman J, Borodovsky N, Tsoory M, Nunes AR, Oliveira RF, Levkowitz
G. Homeodomain protein Otp affects developmental neuropeptide switching in oxytocin
neurons associated with a long-term effect on social behavior. Elife. 2017; 6.

65. Swaab DF, Purba JS, Hofman MA. Alterations in the hypothalamic paraventricular
nucleus and its oxytocin neurons (putative satiety cells) in Prader-Willi syndrome: a study of
five cases. J Clin Endocrinol Metab. 1995; 80(2): 573-9.

66.  Aguilera G, Subburaju S, Young S, Chen J. The parvocellular vasopressinergic system
and responsiveness of the hypothalamic pituitary adrenal axis during chronic stress. Prog Brain
Res. 2008; 170: 29-39.

15



67. Dedic N, Kuhne C, Jakovcevski M, Hartmann J, Genewsky AJ, Gomes KS,
Anderzhanova E, Pohlmann ML, Chang S, Kolarz A, Vogl AM, Dine J, Metzger MW, Schmid
B, Almada RC, Ressler KJ, Wotjak CT, Grinevich V, Chen A, Schmidt MV, Wurst W, Refojo
D, Deussing JM. Chronic CRH depletion from GABAergic, long-range projection neurons in
the extended amygdala reduces dopamine release and increases anxiety. Nat Neurosci. 2018;
21(6): 803-7.

68. Althammer F, Stern JE, Grinevich V. Neuroanatomical and functional relationship
between parvocellular and magnocellular oxytocin and vasopressin neurons. In: Grinevich V,
Dobolyi A, eds. Neuroanatomy of Neuroendocrine Systems: Springer Nature 2021 (in press).

16



