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Review article 
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A B S T R A C T   

The neuropeptide oxytocin has been in the focus of scientists for decades due to its profound and pleiotropic 
effects on physiology, activity of neuronal circuits and behaviors, among which sociality. Until recently, it was 
believed that oxytocinergic action exclusively occurs through direct activation of neuronal oxytocin receptors. 
However, several studies demonstrated the existence and functional relevance of astroglial oxytocin receptors in 
various brain regions in the mouse and rat brain. Astrocytic signaling and activity is critical for many important 
physiological processes including metabolism, neurotransmitter clearance from the synaptic cleft and integrated 
brain functions. While it can be speculated that oxytocinergic action on astrocytes predominantly facilitates 
neuromodulation via the release of specific gliotransmitters, the precise role of astrocytic oxytocin receptors 
remains elusive. In this review, we discuss the latest studies on the interaction between the oxytocinergic system 
and astrocytes, including detailed information about intracellular cascades, and speculate about future research 
directions on astrocytic oxytocin signaling.   

1. Introduction 

The hypothalamic neuropeptide oxytocin (OT) has been in the focus 
of researchers for several decades, ever since it was first described by Sir 
Henry H. Dale (Dale, 1906). Due to its prosocial and trust-enhancing 
effects, the popular press even coined the term love hormone. In fact, 
OT is involved in a plethora of social interactions and emotional pro
cesses and is pivotal for pair bonding (Young and Wang, 2004) and 
attachment (Insel and Young, 2001). Current data suggest that OT first 
emerged around 600 million years ago (Gwee et al., 2009) and evolved 
with its sister peptide arginine-vasopressin (AVP) from a common 
ancestor peptide, namely vasotocin (Gwee et al., 2009; Theofanopoulou 
et al., 2021). Its function is the regulation of osmolarity, one of the 
crucial homeostasis parameters. It is assumed that over time, the vaso
tocin gene duplicated and gave rise to two distinct neuropeptides with 
different properties and physiological functions. While the first evolu
tionary lineage leads to AVP, which can be found in all vertebrates and is 
still critical for osmoregulation and control of blood pressure, the 
alternate path is at the origin of oxytocin-like peptides whose structures 

are dependent on the species: Isotocin can be found in fish, mesotocin is 
present in amphibia and reptiles, and OT is synthesized in all mammals 
(Gimpl and Fahrenholz, 2001; Jurek and Neumann, 2018; Theofano
poulou et al., 2021). It has been recently proposed to standardize the 
nomenclature of these two peptides across species to OT for all 
oxytocin-like peptides and VT for all AVP-like ones (Theofanopoulou 
et al., 2021). 

In mammals, the gene encoding OT (Oxt) is transcribed in the hy
pothalamus, and its mRNA is one of the most prevalent hypothalamic- 
specific mRNAs (Gautvik et al., 1996; Gimpl and Fahrenholz, 2001). 
Like many other peptides, OT mRNA is translated into an inactive pre
cursor, which is then cleaved into smaller fragments, ultimately result
ing in the active oxytocin peptide. Following synthesis, OT is stored in 
large dense-core vesicles (Leng and Ludwig, 2008), released via 
calcium-dependent exocytosis (Leng and Ludwig, 2008; Ludwig and 
Stern, 2015; Maicas-Royo et al., 2018; Tobin et al., 2012) and acts on the 
membrane-bound, G-protein-coupled oxytocin receptor (OTR) (Jurek 
and Neumann, 2018). To date, two distinct intracellular signaling cas
cades have been identified following OTR activation: Gαi/o- and 
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Gαq-dependent pathways (Jurek and Neumann, 2018). 
Different modes of OT release in the central nervous system have 

been described including axonal release (Grinevich et al., 2016; Kno
bloch et al., 2012), somato-dendritic release (Ludwig and Leng, 2006) 
and en passant release (Bakos et al., 2018; Fuxe et al., 2012; Ludwig and 
Leng, 2006). OT is also released into the portal circulation through the 
neurohypophysis in the posterior pituitary and reaches a variety of pe
ripheral targets via the blood stream. Targeted, local release of OT 
within different brain regions that express OTR allows the peptide to act 
both as a neurotransmitter (Althammer et al., 2021; Buijs, 1983; Land
graf and Neumann, 2004; Leng and Ludwig, 2008; Stoop, 2012) and a 
neuromodulator (Mitre et al., 2018; Owen et al., 2013; Stoop, 2012; 
Tirko et al., 2018), thus affecting a wide range of behaviors (Froemke 
and Young, 2021; Grinevich and Neumann, 2020). Past research on OT 
was solely focused on its direct effects on neural circuits. As a result, the 
prevailing hypothesis was that OTergic actions are exclusively mediated 
by neurons and this view has not been challenged until recently (Wahis 
et al., 2021). Moreover, a growing body of evidence suggests that 
oxytocin also acts directly on non-neuronal cells (Havranek et al., 2017; 
Mairesse et al., 2019; Tasker et al., 2012; Wang and Hatton, 2009). 

Recent studies suggest that neuronal and glial cells in the brain exist 
in a 1:1 ratio in the human brain, albeit the individual proportions 
strongly depend on brain regions and species (von Bartheld et al., 2016). 
Glial cells are composed of several types including astrocytes, microglia 
or oligodendrocytes. Per definition, they are non-electrically excitable. 
Thus, for a long time it was believed that they are merely passive cells 
and do not actively participate in sensory processing and signal trans
duction. While, to our knowledge, there is currently no evidence sug
gesting OTergic action on oligodendrocytes, it has been shown that 
oxytocin influences microglia activity (Inoue et al., 2019; Panaro et al., 
2020), neural progenitor differentiation (Palanisamy et al., 2018) and 
pituicyte stellation (Rosso et al., 2002). Importantly, evidence has been 
accumulating to demonstrate an action of oxytocin on astrocytes (Di 
Scala-Guenot et al., 1994; Panatier et al., 2006; Wahis et al., 2021). 

Astrocytes are paramount for brain homeostasis, nutrient supply and 
metabolism. They account for ~20–40 % of all glial cells, depending on 
the species and brain region (Augusto-Oliveira et al., 2020). Within the 
last two decades astrocytes emerged as key players involved in neuro
modulation and neuroinflammation both in the healthy and diseased 
brain. It is particularly intriguing how astrocytes mediate the function of 
local neurocircuits. Neurons and astrocytes are fundamentally different 
in their morphology and activity kinetics: neurons have characteristic 
dendrites and axons allowing the formation of long-range projections, 
while astrocytes possess a myriad of tiny filaments to infiltrate the local 
environment and can respond to many signaling cues; neurons have a 
millisecond-range electrical activity, whereas the duration of astrocytic 
calcium transients can range from minutes to hours (Bazargani and 
Attwell, 2016). This drastic temporal dynamic difference between the 
two cell types could affect the way that different neuromodulators 
operate within these microcircuits. Thus, it is imperative to understand 
the interplay of neurons and glial cells in response to neuromodulators 
to fully decipher their respective role in brain function. In this review, 
we explore the current literature on the action of OT on astrocytes, and 
we propose new models that could explain several observed phenomena. 

2. Oxytocin effects on astrocytes 

2.1. The oxytocin receptor is expressed in astrocytes 

In the brain, OT is mainly synthesized in three distinct hypothalamic 
nuclear formations: the paraventricular nucleus, supraoptic nucleus and 
scattered accessory nuclei. A feature of OTergic neurons is the somato- 
dendritic release, which prompted researchers to explore the role of 
OT in the hypothalamus. In the mid-80 s, it was shown that following 
high secretion/infusion of OT in this structure, active changes in the 
morphology of astrocytes occur in vivo (Salm et al., 1985; Theodosis 

et al., 1986a; Theodosis et al., 1986b). Thus, Di Scala-Guenot and 
Strosser performed binding studies to investigate whether cultured as
trocytes from the hypothalamus express the OTR. Using autoradiog
raphy of radioactive ligands, they found that the OTR is distributed all 
over the soma and processes of cells morphologically similar to those 
expressing the glial fibrillary acidic protein (GFAP), suggesting their 
astrocytic identity (Di Scala-Guenot and Strosser, 1992). In addition, 
using the same methods, OTR have been found in GFAP-expressing cells 
in primary cultures of spinal astrocytes (Evrard et al., 1997). With the 
help of in situ hybridization or immunolabeling, recent studies detected 
OTR expression in rodent astrocytes in the supraoptic nucleus of the 
hypothalamus (Wang and Hatton, 2006), the auditory cortex (Mitre 
et al., 2016), the central amygdala (Wahis et al., 2021), the ventral 
striatum (Amato et al., 2022), the hippocampus (Althammer et al., 
2022b) and even in the frontal cortex of humans (McKay et al., 2019) 
(Fig. 1A). Moreover, OTR can be co-immunoprecipitated with GFAP in 
supraoptic nucleus (SON) lysates, indicating that the receptor is bound 
to the astrocytic cytoskeleton (Wang et al., 2017). While each of these 
results suffer from inherent technical limitation, inviting to prudence 
when interpreting the presented data, OTR seems widely expressed in 
astrocytes of several brain structures. 

In all cases, this evidence does not provide proof of the receptor 
functionality. It must be noted here that albeit OTR expression in neu
rons is observed in a myriad of species and brain regions (Gould and 
Zingg, 2003; Mitre et al., 2016; Newmaster et al., 2020; Young and Song, 
2020), these studies did not investigate actual OTR expression levels in 
neurons on a quantitative, single cell basis. To the best of our knowl
edge, no studies have been published yet that directly assessed and 
compared neuronal and astrocytic OTR expression levels. However, a 
reanalysis of published in situ hybridization data for OTR mRNA suggest 
that astrocytic OTR levels could be 2–3-fold lower in the amygdala 
(Althammer et al., 2022a; Wahis et al., 2021) and dorsal CA2 region 
(Althammer et al., 2022b) (Fig. 1B). This constitutes an experimental 
challenge for scientists willing to study the cell-type specific OTR. Thus, 
a combination of single cell RNA sequencing or cell-type specific west
ern blots together with precise pharmacological experiments would be 
needed to unequivocally demonstrate the presence and function of 
astrocytic OTR. In addition, a new generation novel genetic models 
could help to provide a deeper insight into cell-type specific OTR 
expression and function. 

2.2. Astrocytic oxytocin receptors are functional 

The first indication of a direct action of OT on glial cells dates back to 
the mid-90 s, when Di Scala-Guenot and colleagues performed calcium 
imaging on cultured hypothalamic astrocytes. They observed that OT or 
[Thr4Gly7]-oxytocin (TGOT, a selective OTR agonist) application trig
gers monophasic calcium responses in the majority of recorded astro
cytes, but also calcium oscillation in ~15 % of them (Di Scala-Guenot 
et al., 1994). Such observation done in pure astrocytic culture suggests 
that astrocyte directly react to oxytocin. However, cultured astrocytes 
are known to be really different from those found in situ, both in term of 
morphology, protein expression and calcium signaling (Foo et al., 2011; 
Shigetomi et al., 2010a, 2010b). 

More recently, it has been showed that optogenetic photostimulation 
and subsequent release of OT from axonal terminals within the central 
amygdala triggers calcium transients in local astrocytes ex vivo (Wahis 
et al., 2021). This strongly suggests that endogenous OT release is suf
ficient to induce astrocyte calcium signaling. Yet, this effect could result 
indirectly from the activation of OTR on neighboring neuron termi
nals/fibers. Using a Cre/Lox approach, we knock out the OTR in GFAP 
expressing cells and observed a decrease of OTR-induced calcium re
sponses in astrocytes. Despite the potential issue regarding a putative 
Cre leakage from GFAP positive cells (Hu et al., 2020b; Stifter and 
Greter, 2020) this experiment corroborates the hypothesis that 
OT-mediated astrocyte activity might be dependent on astrocytic OTR 
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(Wahis et al., 2021). However, even if this GFAP OTR KO model high
lights the involvement of OTR in astrocyte activity, it does not rule out a 
potential participation of a neurotransmitter co-released together with 
OT from OTergic axon terminals. 

Based on these observations, it seems plausible that functional OTR 
could be expressed in astrocytes in several regions of the central nervous 
system. To fully understand the precise effect of OT on astrocytes, it is 
important to have a close look at the intracellular pathway triggered by 
binding of OT to astrocytic OTR. 

2.3. Oxytocin receptor-dependent signaling in astrocytes 

The oxytocin receptor (OTR) is a member of the class A G-protein 
coupled receptors (GPCR) family, composed of seven transmembrane 
domains. In mammals, the OTR is encoded by a single gene, however, its 
intracellular coupling is complex. The intracellular loops and the 
intracellular C-terminal domain link heterotrimeric G protein com
plexes. Each of them is composed of three subunits: Gα, Gβ, Gγ. Upon 
binding of their ligands, conformational changes of the receptor lead to 

Fig. 1. Astrocytic oxytocin receptor distribution in the brain. A. Known localization of astrocytic oxytocin receptor (OTR) in the rodent brain. Described in situ: 
Striatum (Str), Hypothalamus (Hyp), Central Amygdala (CeA), Auditory Cortex (AC). Described in culture: Spinal Cord (SC). B1. Combined RNAScope for OTR mRNA 
and immunohistochemical staining against glutamine synthetase and GFAP in dorsal CA2 of a wistar rat. Single white arrowhead highlights OTR-negative astrocyte, 
double arrowhead highlights OTR-positive astrocyte and hashtags highlight OTR-positive, GS-negative neurons. Bar graph shows that respective OTR mRNA 
transcript levels in astrocytes are significantly lower than neuronal OTR mRNA levels (n = 4 rats per group, 70–120 cells analyzed per animal, **p < 0.01). Recreated 
from Wahis et al., 2021. B2. Combined approach of conventional in situ hybridization for OTR mRNA and immunohistochemical staining against glutamine syn
thetase in the central amygdala of a wistar rat. Single white arrowhead highlights OTR-negative astrocyte, double arrowhead highlights OTR-positive astrocyte and 
hashtags highlight OTR-positive, GS-negative neurons. Bar graph shows that respective OTR mRNA transcript levels in astrocytes are significantly lower than 
neuronal OTR mRNA levels (n = 4 rats per group, 70–120 cells analyzed per animal, ***p < 0.001). Recreated from Althammer et al. (2022b). C. Intracellular 
pathways triggered by the activation of astrocytic OTR. Left: activation of the Gαq protein triggers the activation of the PLC-IP3 pathway that results in a calcium 
release from the endoplasmic reticulum (ER). Right: dissociation of the βγ complex is suggested to mediate the sequential activation of ERK1/2 and PKA that ul
timately results in a reorganization of the GFAP cytoskeleton. 
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the replacement of the guanine diphosphate bound to the Gα by a gua
nine triphosphate. Gα then dissociate from the Gβγ complex and act on 
various enzymes that produce second messengers. Interestingly, the 
OTR is functionally coupled to Gq and/or Gi/o proteins and its activation 
can produce a calcium surge from intracellular calcium stores (Busnelli 
and Chini, 2018; Gimpl and Fahrenholz, 2001; Jurek and Neumann, 
2018; Phaneuf et al., 1993). Apart from its effect on calcium signaling, 
the activation of OTR can activate various intracellular pathways second 
messengers, including cAMP, phospholipase C (PLC) and protein kinase 
C (PKC) (Chatterjee et al., 2016) (Fig. 1C). 

In astrocytes, OT-induced intracellular pathways are currently un
clear, with yet few studies raising different hypothesis. Indeed, appli
cation of OT or an OTR agonist on astrocyte cell cultures seems to trigger 
calcium transients via a mechanism that is independent of extracellular 
calcium influx but depends on endoplasmic reticulum stores (Di 
Scala-Guenot et al., 1994). These seminal data suggest are in accordance 
with the recruitment of the classical PLC-dependent Gq pathway in 
cultured hypothalamic astrocytes. 

In addition, OT application on SON slices increased the quantity of 
phosphorylated extracellular signal-regulated kinase 1/2 (ERK 1/2), 
strengthening the hypothesis that OTR activation in astrocytes affects 
the MAPK pathway in astrocytes (Wang and Hatton, 2007). Wang and 
colleagues further showed that OT decreases the expression of GFAP in 
SON astrocytes (Wang et al., 2017). This effect seems to be mediated by 
the Gβγ subunits of the G protein coupled to the OTR, which triggers the 
sequential activation of ERK1/2 and protein kinase A (PKA) (Wang 
et al., 2017). It is noteworthy that activation of ERK1/2 and PKA seems 
to have antagonistic effects on GFAP stability and that the consecutive 
action of ERK and PKA is needed: PKA initially provokes the breakdown 
of GFAP filament and then ERK1/2 stabilizes newly synthesized fila
ments (Wang et al., 2017). Recently, a study in astrocyte-like cells from 
astrocytoma showed that knockdown of OTR prevented OT-induced 
phosphorylation of ERK and interfered with the proliferation and anti
oxidant effects of OTR activation (Alanazi et al., 2020), thereby 
strengthening the idea of an OTR-mediated regulation of the MAPK 
pathway (Fig. 1C). 

As previously mentioned, OTR can also couple Gi/o proteins (Busnelli 
and Chini, 2018; Busnelli et al., 2012; Hoare et al., 1999; Phaneuf et al., 
1993; Strakova et al., 1998) but to our knowledge, no evidence has 
shown that stimulation of astrocytic OTR can trigger the activity of Gi/o 
proteins in astrocytes. It is also possible that the OTR couples different 
G-protein in the same cell type as shown in neuron-like cells (Gravati 
et al., 2010). This coupling might also depend on OTR localization in 
different microdomains of the plasma membrane (Rimoldi et al., 2003). 

3. Oxytocin-induced modulation of astrocyte morphology and 
functions 

Knowing that functional OTR are expressed in astrocytes, one can 
investigate the effect of OTR activation in those cells. Several studies 
indicate that binding of OT to astrocytic OTR triggers astrocyte calcium 
transients (Kuo et al., 2009; Wahis et al., 2021; Zatkova et al., 2018). 
However, the downstream targets and ultimate consequences of astro
cytic OTR signaling remain somewhat elusive. In this chapter we sum
marize the consequences of OTR activation on astrocyte morphology 
and neuronal network activity. 

3.1. Morphological consequences of astrocytic oxytocin receptor 
activation 

Hypothalamic OT neurons release the peptide locally, a phenomenon 
known as somato-dendritic release (Ludwig and Leng, 2006). This form 
of peptide release is thought to facilitate a local feedback mechanism, as 
well as to prime the neuroendocrine cells during challenging physio
logical situations such as parturition, lactation or other homeostatic 
challenges (Brown et al., 2013, 2020). 

Already in the mid 80′s it was reported that these conditions induce a 
strong OT release and lead to an important decrease in GFAP staining 
density within SON (Salm et al., 1985; Wang and Hatton, 2009). 
Furthermore, OT infusion in the SON resulted in an increase of neuronal 
somata contacts (Langle et al., 2003; Theodosis et al., 1986a, 1986b). 
This strongly suggests that OT can modify astrocyte morphology. This 
hypothesis was further confirmed in hypothalamic SON slices. Indeed, 
under normal conditions, there is almost no neuronal juxtaposition, as 
astrocytic processes separate them, but OT application triggers the 
retraction of astrocytic processes, leaving OTergic neurons in close 
contact. This modification of the astrocytic cytoarchitecture appears to 
be calcium-dependent (Langle et al., 2003). While authors did not pro
vide an explanation for this interesting observation, it can be speculated 
that activation of astrocytic OTR alters the astrocytic cytoskeleton by 
interfering with microtubule/actin dynamics. Indeed, it has been shown 
that calcium transients in astrocytes can regulate actin-remodeling 
proteins, such as cofilin. This has been demonstrated in the hippocam
pus where long term potentiation triggers withdrawal of peridendritic 
astrocyte processes from potentiated synapses (Henneberger et al., 
2020). Interestingly, such OT-mediated reorganization of the actin 
cytoskeleton has been observed in SON neurons, and probably in nearby 
astrocytes following OT application (Wang and Hatton, 2007) (Fig. 2). 

These morphological changes of hypothalamic astrocytes could 
potentially have many drastic and long-lasting consequences on the 
overall network activity. First, astrocytes maintain homeostasis for ions 
like potassium, which is known to be strongly implicated in neuronal 
excitability (Verkhratsky and Nedergaard, 2018). Thus, a reduction in 
astrocytic coverage could lead to important changes of the membrane 
potential of neighboring neurons. Second, astrocytes are important 
mediators of neurotransmitter clearance from the synaptic cleft. For 
example, GLT-1 and GAT transporters are present on the astrocytic 
processes and facilitate clearing of extracellular glutamate and GABA, 
respectively. Thus, a reduction in the clearance rate inevitably results in 
an increased extracellular concentration of neurotransmitters, which 
ultimately results in an amplification of post-synaptic currents. More
over, the neurotransmitters can spill over the synaptic cleft and activate 
presynaptic (e.g. mGluRs) or extrasynaptic (e.g. NMDA) receptors to 
promote a feedback regulatory effect or to modulate the efficiency/po
tency of neighboring synapses (Oliet et al., 2008). Third, the retraction 
of astrocytic processes may declutter the extracellular space, allowing 
the formation of new synapses, as suggested for the hypothalamus 
(Hatton et al., 1984) (For a more general review on the effects of as
trocytes morphological modification, see Lawal et al., 2022). 

In addition, astrocytes are known to release neuroactive molecules 
described as gliotransmitters. By retracting astrocytic processes, it is 
plausible that less gliotransmitters reach their receptors expressed by the 
surrounding neurons, leading to a change in the transmission of 
information. 

3.2. Astrocytic oxytocin receptor functions in gliotransmission 

The concept of communication from astrocytes to neurons by the 
release of gliotransmitters was first introduced in the 90′s (Grandes 
et al., 1991) but the first demonstration of a direct communication be
tween astrocytes and neurons was done by Parpura and colleagues, 
when they observed that glutamate released from astrocytes caused an 
increase in calcium activity of nearby neurons (Parpura et al., 1994). 
Later, adenosine triphosphate (ATP) was also shown to act on neuronal 
P2X receptors after being released by astrocytes (Zhang et al., 2003). It is 
important to note, however, that the mechanism underlying glio
transmission is still somewhat controversial (Fiacco and McCarthy, 
2018; Sloan and Barres, 2014), albeit the majority of researchers in the 
field seem to acknowledge its existence (Araque et al., 2014; Savtchouk 
and Volterra, 2018). 

In the SON, Panatier and colleagues showed that astrocytes express 
the serine racemase, an enzyme that converts L-serine to D-serine and 

A. Baudon et al.                                                                                                                                                                                                                                 



Progress in Neurobiology 217 (2022) 102328

5

that this D-serine is the endogenous ligand of the glycine site on NMDAR 
in the SON (Panatier et al., 2006). Furthermore, they demonstrated that 
NMDA currents are strongly impaired in D-amino acid oxidase (DAAO) 
-treated SON slices, an enzyme that breaks down extracellular D-serine. 
This impairment is rescued by the acute application of exogenous 
D-serine. These results suggest that astrocytes synthesize and release 
D-serine to induce an NMDA-dependent signal. Panatier and colleagues 
also performed ex vivo recordings of NMDA currents in SON neurons 
from virgin or lactating rats. They showed that in lactating rats, the 
AMPA/NMDA ratio was similar compared to virgin animal slices treated 
with DAAO and could also be rescued when applying D-serine. Given 
that NMDAR activation appeared to be essential for the establishment of 
long-term potentiation (LTP), they investigated the involvement of this 
receptor using several LTP protocols in neurons of the SON of virgin or 
lactating animals. In virgin animals, they observed a normal establish
ment of LTP compared to lactating rats in which no LTP occurred unless 
they supplied the slice with D-serine. Hence, it seems that D-serine 
supply from astrocytes is essential for neuronal plasticity in the SON 
(Panatier et al., 2006). However, it is noteworthy that the astrocytic 

origin of D-serine is still under debate (Coyle et al., 2020; Ivanov and 
Mothet, 2019; Papouin et al., 2017). 

More recently, we studied the implication of astrocytes in the lateral 
part of the central amygdala (CeL) in the regulation of neuronal activity 
in response to OT. In this structure, a population of CeL astrocytes seems 
to express the OTR and its activation triggers an increase in their calcium 
activity (Wahis et al., 2021). Furthermore, these changes in calcium 
activity seem to be linked to an increase in the electrical activity of 
neighboring CeL neurons. This increase is dependent on NMDAR and 
sensitive to the D-serine degrading enzyme DAAO, suggesting that as
trocytes modulate the activity of CeL neurons by releasing D-serine 
(Fig. 2). At a behavioral level, this neuronal network modulation seems 
to reduce negative emotional values such as anxiety. This demonstrates 
that CeA astrocytes are actively involved in the OT-induced modulation 
of a neuronal network (Wahis et al., 2021). 

Another circuit where astrocytes have been involved in the regula
tion of neuronal circuits can be found in the medial basal hypothalamus 
(Parent et al., 2008). In this structure, authors found no OTR in vivo on 
GnRH neurons, but on neighboring cells thought to be astrocytes, as 

Fig. 2. Effects of OTR activation on astrocytes. A. Top: OTR activation modulate astroneuronal communication. This gliotransmission has been seen in the hypo
thalamus where OT stimulation decreases the amount of available D-serine, and in the central amygdala where the opposite action has been observed. Bottom left: 
astrocytic OTR activation triggers the remodeling of astrocytic processes, as seen by their retraction in the hypothalamus and their length increased in cultured 
astrocytes. Bottom right: suggested hypothesis in which both mechanisms could occur at the same time. For instance, a retraction astrocytic processes could explain 
the decrease in D-serine availability observed in the hypothalamus. B. Proposed astrocyte-neuron interactions under normal conditions (astrocyte process extension, 
B1) and during physiological challenge (astrocyte process retraction, B2) based on our own experimental data. 
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suggested by OTR expression in astrocytes in vitro (Parent et al., 2008). 
Interestingly, intraperitoneal injection of OT reduced the GnRH inter
pulse interval known to be involved in sexual maturation. Suggesting 
that only astrocytes express the OTR in this structure, one can wonder 
how OT modulates GnRH release in the blood (ie. GnRH neuron activ
ity). Given that OT induce the Prostaglandin E2 (PGE2) release (Strakova 
et al., 1998), they hypothesized that it might mediate the communica
tion between astrocytes and GnRH neurons. Indeed, they found that 
PGE2 mimicked the OT effect by decreasing the GnRH interpulse inter
val. This study suggests that OT acts directly on astrocytes of the medial 
basal hypothalamus to trigger PGE2 release, which then acts on GnRH 
neurons to modulate the pulsatile neuronal secretion of GnRH and, ul
timately, the sexual maturation. 

Based on these observations, OT-activated astrocytes could 
communicate with neighboring neurons by releasing several glio
transmitters, such as D-serine or PGE2. 

4. Oxytocin and astrocytes: a glimpse into future research 
directions 

Within the last years, OTergic signaling in astrocytes emerged as an 
important mechanism involved in the regulation of astrocyte 
morphology, calcium signaling and even affects physiological regulation 
and emotional processing. However, several key questions about OTR- 
expressing astrocytes and their interaction with nearby neural cells 
remain. 

4.1. Can an astrocytic relay explain the pleiotropic effects of oxytocin? 

One of the biggest enigmas in OTergic research is that one neuro
peptide seems to facilitate a seemingly endless list of behaviors 
(Froemke and Young, 2021; Jurek and Neumann, 2018; Mitre et al., 
2018). To exert these functions, OTergic fibers and OTR are found in 
various brain regions such as the cortices, amygdala, hippocampus, 
hypothalamic nuclei, septum and thalamus (Knobloch et al., 2012; Mitre 
et al., 2016; Zhang et al., 2020). However, astrocytic OTR have been 
identified in only a few of them (see section The oxytocin receptor is 
expressed in astrocytes). In addition, their functions are even less studied, 
with evidences of functional OTR existing only in the hypothalamic 
astrocyte cultures (Di Scuala Guenot et al., 1994) and in the amygdala 
(Wahis et al., 2021) (see section Astrocytic oxytocin receptors are 
functional). 

Intriguingly, OT occasionally seems to elicit opposing behaviors 
depending on the involved brain regions or social context (De Dreu 
et al., 2011; Jurek and Meyer, 2020; Ma et al., 2015; Neumann and 
Slattery, 2016). Thus, it is important to note that astrocytes are known to 
be more than simple relays to neurotransmitters, even reversing the 
excitation/inhibition polarity of an input. This mechanism, called 
“incongruent”, has been demonstrated in several models such as the 
CA3-CA1 synapse where a GABA input is transformed into glutamate 
release (Caudal et al., 2020). However, if and how astrocytes are 
involved in the contradictory effects of OT on neural circuits and 
behavior, is currently unclear. 

Furthermore, neuropeptidergic cells co-express and co-release 
various neurotransmitters (Nusbaum et al., 2001; Svensson et al., 
2018; van den Pol, 2012). In hypothalamic OT neurons, several studies 
showed co-release of both glutamate and OT (Althammer et al., 2021; 
Eliava et al., 2016; Grinevich and Ludwig, 2021; Hasan et al., 2019; 
Hrabovszky and Liposits, 2008; van den Pol, 2012). There are several 
potential cross-talks between the glutamatergic and the oxytocinergic 
system, which could explain some of the pleiotropic context-, experi
ence- and brain region-dependent effects of OT release (Froemke and 
Young, 2021; Grinevich and Stoop, 2018; Jurek and Neumann, 2018; 
Lee et al., 2009; Mitre et al., 2018). For instance, varying degrees of OT 
and glutamate could be released from the same axonal terminal, and 
potentially act on different postsynaptic elements, thus providing 

fine-tuning of neural circuits. Moreover, OT-induced calcium transients 
can be blocked with an mGluR1a antagonist and promoted by an agonist 
(Kuo et al., 2009). This suggests that mGluR1a can form functional 
heteromers with OTR, thus adding a new level of complexity to the OTR 
intracellular pathways. However, no physical interaction has been 
demonstrated to date. 

Since OT has been shown by suggested modulate the activity of 
TRPV1 channel (Nersesyan et al., 2017), and given that astrocytes also 
express these channels in various species and brain regions (reviewed in 
(Kong et al., 2017) it is also possible that some OT actions on astrocytes 
may be mediated through these channels. Aside, there is currently no 
evidence that OT can directly activate TRPV1 channels in astrocytes 
(Gonzalez-hernandez and Charlet, 2018). Finally, it has recently been 
shown that OTR can physically heteromerize with the A2A adenosine 
receptor in the striatum. The functional effect of this association has 
been tested in striatal gliosomes and it was observed that OT prevents 
evoked glutamate release only if the A2A is not activated (Amato et al., 
2022). In future studies, it will be interesting to evaluate the effect of the 
concomitant activation of these receptors in a basal condition. More
over, it has been shown that OTR can heteromerize with D2R in the 
striatum (Romero-Fernandez 2013). Given the intricate cooperation of 
the oxytocin and the dopamine systems in social behaviors such as 
partner preference (Young and Wang, 2004), it can be interesting to 
assess the presence of such heteromers in astrocytes. 

Therefore, the study of astrocytes involvement in OT-induced mod
ulation of brain functions, in all its complexity, might be the key to 
unravel how OT exert its pleiotropic functions through modulation of 
numerous brain regions. However, this should be completed by 
considering the whole brain environment, from physiology to 
pathology. 

4.2. Do astrocytes-mediated oxytocinergic functions vary in a brain 
region or pathophysiological state manner? 

To date, the functions of putatively OT-activated astrocytic have only 
been studied in exceptional physiological conditions such as lactation 
and parturition in the SON (Panatier et al., 2006), sexual maturation in 
the medial basal hypothalamus (Parent et al., 2008) and chronic pain in 
the CeA (Wahis et al., 2021). However, the default role of OT-activated 
astrocytic subpopulation also remains unclear. This can be explained by 
a cofounding factor inherent of biological studies. Indeed, it is easier to 
study mechanisms that involve strong changes in physiological pro
cesses rather than small, everyday challenges that slightly modify the 
activity of neuronal circuits. There might be physiological processes 
during which OTergic activation of OT-sensitive astrocytes is not critical 
and where activation of OTR-expressing neurons is sufficient. 

One can also imagine that OT can trigger different effects according 
to the targeted region. For instance, it has been shown in the hypo
thalamus that OT triggers retraction of astrocytic processes during high- 
demanding OT situations, which is linked to a reduction in D-serine 
release by the astrocytes (Panatier et al., 2006). Conversely, OTR acti
vation in the CeL seems to trigger the release of D-serine by the astro
cytes (Wahis et al., 2021), suggesting morphological effect different than 
the retraction observed in the SON. This hypothesis is supported by in 
vitro assessment of OT action on glial morphology that reveal an un
foreseen OT-mediated increase in astrocytes-like U-87 MG cells pro
cesses length (Zatkova et al., 2018). Thus, OT effects on astrocyte 
morphology and functions could be region-dependent. 

Therefore, it will not be surprising to discover that OT effects on 
astrocyte morphology is region- and function-specific, paving the way to 
a better understanding of the plural OT functions in pathophysiological 
conditions. 
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4.3. What are the relative contributions of astrocytes and neurons to OT 
functions? 

Given that OTR has been shown to be expressed in both astrocytes 
and neurons, it is coherent to interrogate their respective contribution to 
OT functions. At first sight, one may suggest that OT acts on neuronal 
OTR to trigger a rapid, short lasting neuromodulation. On the other side, 
OT action on astrocytes may result in slower and longer mechanisms 
such as the metabolic regulation, release of lactate or gene regulation. 

However, CeA ablation of astrocytic OTR impaired the OT-induced 
neuromodulation of the local microcircuit (Wahis et al., 2021). This 
absence of OT-evoked neuromodulation despite the presence of 
neuronal OTR raises two hypotheses: i) OT only needs to act on astro
cytes to exert its neuromodulatory effect, ii) OT needs to activate 
simultaneously astrocytic and neuronal OTR. In the first scenario, OT 
initially acts on astrocytes to trigger the release of gliotransmitters 
which, in turn, increases neuronal excitability. However, this seems less 
probable since a higher portion of CeA neurons express OTR compared 
to astrocytes. The alternative scenario involves the concomitant acti
vation of both cell types: OT could act on OTR-expressing neurons to 
increase membrane potential, thus priming CeA neurons and enabling 
an astrocyte-driven long-lasting, sustained activation of the neural 
network. In fact, besides its intracellular calcium releasing action by the 
Gq-PLC-IP3R pathway, OT was shown to inhibit Na+-activated K+ leak 
channels in the myometrium (Ferreira et al., 2019) and spinal cord 
(Breton et al., 2009). These mechanisms can keep neurons closer to their 
firing threshold potential, thus making them more likely to respond to 
incoming stimuli. At the same time, OT can bind to astrocytic OTR to 
triggers calcium transients and ultimately, the release of gliotransmitters 
such as D-serine. Knowing the role of OT signaling in synaptic plasticity 
(Rajamani et al., 2018) and LTP formation (Lin et al., 2012), it seems 
plausible that coordinated dual activation of both NMDA and OTR could 
result in a potentiated neural response. 

In addition, OT can act directly on OTR-expressing neurons and 
indirectly on other neurons. For instance, CeA neurons can be broadly 
divided into SOM-expressing and PKCδ-expressing neurons (Haubensak 
et al., 2010; Hunt et al., 2017), which are thought to have antagonistic 
functions, at least in fear, anxiety (Janak and Tye, 2015) and pain 
expression (Wilson and Murphy, 2009). Haubensak and colleagues have 
shown that OTR expressing cells are more likely to be PKCδ, congruently 
with the fear-OFF function of those cells (Haubensak et al., 2010). In this 
context, one can imagine that OT directly activates PKCδ-positive neu
rons and indirectly inhibits PKCδ negative neurons, thus favoring a 
disinhibition of PKCδ-expressing neurons. 

To decide between those hypotheses, it will be interesting to spe
cifically ablate neuronal, but not astrocytic, OTR and to evaluate the 
effect of OT on those cells. 

4.4. Are intracellular pathways recruited downstream of the OTR 
different between astrocytes and neurons? 

As mentioned before, the OTR has the surprising feature to couple 
both the Gi/o and the Gq pathways (Busnelli and Chini, 2018). This point 
is of crucial importance given that activation of Gq and Gi/o proteins 
have opposite functions on neuronal excitability, with the former fa
voring neuronal spiking and the latter preventing it. To our knowledge, 
all published studies investigating the effect of OT on neuronal firing 
found an activity increase, suggesting no Gi/o coupling in neurons 
(Alberi et al., 1997; Barrett et al., 2021; Crane et al., 2020; Eliava et al., 
2016; Hu et al., 2020a; Knobloch et al., 2012; Ryan et al., 2017; Wang 
and Hatton, 2004, 2007). However, since the recruitment of both 
pathways in astrocytes was shown, independently of OTR, to trigger 
calcium transients (Durkee et al., 2019; Mehina et al., 2017), differen
tiating the pathway recruited cannot be done based on their calcium 
activity. To overcome this issue, biased agonists have been developed to 
trigger preferentially the recruitment of Gi/o proteins (e.g. Atosiban) or 

Gq proteins (e.g. Carbetocin) (Busnelli et al., 2012). It will be interesting 
for the next studies to investigate the recruitment of one pathway or the 
other in astrocytes and neurons. 

5. Conclusions 

Research in the last two decades has shown that astrocytes are much 
more than passive cells needed for neuronal support. It has become 
evident that astrocytes play a major role in metabolism, homeostasis, 
sensory information processing and cognitive functions. Many neuro
modulators that influence these functions also modulate astrocytic cal
cium activity, suggesting that astrocytes may be involved in the 
regulation of neuronal circuit activity. Among these neuromodulators, 
OT has been shown to trigger calcium transients in astrocytes, high
lighting a way of integrating OTergic information in the central nervous 
system. The difference in the temporal dynamic between astrocytes and 
neurons allows for an intricate interplay between the two cell types and 
could drastically influence the function of neuromodulators. 

The finding that OT induces morphological changes in hypothalamic 
astrocytes and thus directly affects neuronal transmission gives rise to a 
series of interesting hypotheses. OT could potentially gate a precise and 
temporally restricted enhancement of neurotransmission in local mi
crocircuits during important physiological situations. Retraction of 
astrocytic processes does not only make room for more extracellular 
signaling, but also impedes astrocytic clearing of transmitters via spe
cific transporters. Thus, OTergic priming of astrocytes could potentially 
have long-lasting effects on neural network activity. This would be in 
line with the idea that astrocytes can integrate, process and transmit 
information as part of an astro-neuronal network. Future studies are 
needed to precisely assess the role of neuronal OTR in these astrocyte- 
neuron networks. It seems plausible that activation of astrocytes by 
OT precedes OTR-mediated activation of neurons and that OTergic 
signaling in neurons enables sustained activity of the astrocyte-neuronal 
networks. Finally, it remains unknown how OTergic signaling in astro
cytes affects various behavioral paradigms and diseases, in which a 
compromised OT has been identified as an underlying cause such as 
autism spectrum disorder (Anagnostou et al., 2014; Domes et al., 2013; 
Ford and Young, 2021; Gordon et al., 2013; Guastella et al., 2010), 
Prader-Willi syndrome (Swaab, 1997; Swaab et al., 1995; Tauber et al., 
2017, 2011) or PTSD (Anagnostou et al., 2014; Domes et al., 2013; Ford 
and Young, 2021; Frijling, 2017; Frijling et al., 2014; Gordon et al., 
2013; Guastella et al., 2010; Meyer-Lindenberg et al., 2011; Olff et al., 
2010; Swaab, 1997; Swaab et al., 1995; Tauber et al., 2017). 
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